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Abstract: Abstract: BackgroundThe enzyme alkaline phosphatase (ALP) is gaining interest because it
exerts bioactive properties and may be a potentially important therapeutic agent for many disorders
and diseases. Microalgae are considered an important novel source for the production of diverse bio-
compounds and are gaining momentum as functional foods/feeds supplements. So far, studies for
the production of ALP are limited to mammalian and partly to some heterotrophic microbial sources
after its extraction and/or purification. Methods: Arthrospira was cultivated under P-limitation
bioprocess and the effect of the P-limitation degree on the ALP enrichment was studied. The aim
of this work was to optimize the cultivation of the edible and generally-recognized-as-safe (GRAS)
cyanobacterium Arthrospira platensis for the production of single-cell (SC) biomass enriched in ALP
as a potential novel functional diet supplement. Results: The results revealed that the relationship
between intracellular-P and single-cell alkaline phosphatase (SC-ALP) activity was inverse; SC-ALP
activity was the highest (around 50 U g−1) when intracellular-P was the lowest possible (around
1.7 mg-P g−1) and decreased gradually as P availability increased reaching around 0.5 U g−1 in the
control cultures. Under the strongest P-limited conditions, a more than 100-fold increase in SC-ALP
activity was obtained; however, protein content of A. platensis decreased significantly (around 22–23%
from 58%). Under a moderate P-limitation degree (at intracellular-P of 3.6 mg-P g−1), there was a
relatively high SC-ALP activity (>28 U g−1) while simultaneously, a relative high protein content
(46%) was attained, which reflects the possibility to produce A. platensis enriched in ALP retaining
though its nutritional value as a protein rich biomass source. The paper presents also results on
how several parameters of the ALP activity assay, such as pH, temperature etc., and post-harvest
treatment (hydrothermal treatment and biomass drying), influence the SC-ALP activity.

Keywords: alkaline phosphatase; Spirulina; functional food; bioprocess; enzymes

1. Introduction

Phosphatases belong to the superfamily of metalloenzymes that hydrolyze a variety of
organic phosphorus compounds into orthophosphate. Among the different phosphatases,
ALP (EC 3.1.3.1), a non-specific phosphomonoesterase [1], is gaining interest because
of its potential for diverse applications in analytical chemistry, environmental engineer-
ing, food/feed production, and medicine. More specifically, ALP could be used as a
labeling enzyme applied in electrochemical immunoassays and immunosensors [2], or
applied in environmental engineering systems for the biodegradation of organophosphorus
pesticides [3]. Moreover, ALP exerts anti-inflammatory properties and may be a poten-
tially important therapeutic agent for many disorders and diseases [4–7]. For example,
Martínez-Moya et al. [4] showed that the administration of exogenous ALP complemented
endogenous enzyme protection in colonic inflammation and reduced bacterial transloca-
tion in rats. More recently, Kühn et al. [8] have shown that oral administration of ALP
promotes the growth of intestinal symbiotic bacteria conserving homeostasis of the gut
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microbiota protecting intestine from inflammation caused by bacterially derived proin-
flammatory factors. They concluded that oral ALP supplementation might be a novel
therapy against chronic inflammation related to aging process in humans. In another study,
Haarhaus et al. [5] suggest that ALP could act as a novel treatment against cardiovascu-
lar disease, a main cause of early death in the settings of chronic kidney disease. Other
potential biomedical uses of ALP include bone tissue engineering [9].

Microalgae (including cyanobacteria) are becoming a very promising source of nu-
tritional food/feed, and nowadays, some species, like Arthrospira platensis (commonly
known as Spirulina) and Chlorella vulgaris, are commercially cultivated to produce biomass
traded as food supplements [10]. Moreover, microalgae are gaining momentum as a novel
source for the development and production of functional foods/feeds. This is because
they synthesize various bioactive metabolites such as polysaccharides [11,12], polyun-
saturated fatty acids [13,14], antioxidant compounds [15,16], vitamins [17,18], etc., that
have proven health promoting properties, and therefore, they could be used as ingredients
to develop novel functional foods/feeds [19–24]. Besides these nutritional compounds,
there is also a huge potential to produce diverse intracellular or extracellular high-value
products from microalgae including enzymes, such as cellulases, proteases, galactosidases,
lipases, phosphatases, etc., which might have diverse applications in food or chemistry
sectors [25–27].

The sources studied so far for potential ALP production are limited only to mam-
malian and partly to some heterotrophic microbes [3,28,29]. A major disadvantage facing
these production sources is that they necessitate the extraction and/or purification of ALP
in order to be used, especially in food/feed applications. Since A. platensis is one of the
few microalgae species considered so far to be generally-recognized-as-safe (GRAS) and
its consumption is permitted, the production of microalgal SC-ALP might be of particular
interest as a simpler means to orally administrate ALP as healthy food/feed supplement.
Arthrospira species exert also important biomedical properties such as anticancer, antihy-
pertensive, and anti-inflammatory activities and immune system enhancement [30]. It was
also found that it exerts nutritional properties such as anti-diabetes and anti-obesity activi-
ties, while it could be used as an agent against heavy metal toxicity or as anti-microbial
agent; Arthrospira contains a relative high content of antioxidants, vitamins, and trace
elements and therefore belongs to the category of superfoods with great potential to be
used as ingredient for the development of functional foods/feed [30–32]. A. platensis has
been successfully incorporated in various food products, such as cookies [33], bread [34],
pasta [35], cheese [36], etc., or in feed for feeding fish [37], poultry [38], piglets [39], etc.
Moreover, A. platensis is a photosynthetic and alkalophilic microorganism which might
provide easier cultivation facilities (no sterilization needed, low contamination potentials,
etc.) for the production of SC-ALP.

So far, the studies dedicated to microalgal ALP are focused mainly on ALP extraction,
purification and characterization processes [27], while there is in general a lack of data on
the production process and optimization of microalgal SC-ALP and on some downstream
treatment parameters (such as drying of biomass) that might affect the SC-ALP activity.
Thus, the present study aimed to bring to the fore and provide some aspects on this
potentially new topic of microalgal SC biomass enriched in enzymes. This report will
present its results in three main sections: (i) how the cultivation process, in particular
different phosphorus limitation degrees, affects the biomass production and the SC-ALP
content in order to optimize the SC-ALP production; (ii) how several parameters of the ALP
activity assay, namely pH, incubation temperature, the addition of chelator (EDTA), and the
addition of metal cations (Ca2+. Mg2+ and Zn2+) influence the SC-ALP activity; and (iii) how
downstreaming, i.e., post-harvest treatments, such as hydrothermal thermal treatment, and
thermal biomass drying, affect the thermostability and SC-ALP activity, respectively.
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2. Materials and Methods
2.1. Microorganism and Cultivation Conditions

The cyanobacterium Arthrospira platensis SAG 21.99 used in the study was obtained
from SAG (Sammlung von Algenkulturen der Universität Göttingen). A. platensis was
grown in modified Zarrouk medium with the following composition (per liter): 16.8 g
NaHCO3, 1.0 g K2SO4, 1.0 g NaCl, 0.04 g CaCl2, 0.08 g Na2EDTA, 0.2 g MgSO4·7H2O, 0.01 g
FeSO4·7H2O and 1.0 mL of trace elements (per l): 2.86 g H3BO3, 0.02 g (NH4)6Mo7O24, 1.8 g
MnCl2·4H2O, 0.08 g CuSO4·5H20 and 0.22 g ZnSO4·7H2O, while phosphorus (supplied
in form of K2HPO4) was provided in different concentrations (see Section 2.2 for more
details). Cultivations were carried out in closed cylindrical glass photobioreactors with
an inner diameter of 76 mm and working volume of 0.5 l. The cultures were aerated with
filtered air provided by a membrane air pump for agitation reasons. Cultivation was
performed in a room with controlled temperature at 28 ◦C (± 2 ◦C). Light intensity was set
at 150 µmol m−2 s−1 (measured by SpectraPen, PSI, Czech Republic) and was provided
continuously through a 30W LED panel on the one side of the photobioreactors.

2.2. Experimental Design

The cultures were performed in aa semi-continuous mode and lasted for more than
2.5 months in order to ensure a steady state and reliable results. The dilution rate was
set at 20% and feeding performed every day, 7 days per week. All nutrients, including
phosphorus, were fed semi-continuously at a volume equal to the volume withdrawn
from the cultures according to the dilution rate (20%). The phosphorus was supplied
in the range of 0.75–9 mg L−1 (0.75, 1, 2, 3, 4.5, 6, 7.5 and 9 mg L−1), while the control
culture contained about 89 mg L−1 (0.5 g L−1 K2HPO4). In all cultures (except that of the
control), phosphorus measured in the daily withdrawn portion of the growth medium was
completely removed (less than the detection limit of 50 µg-P L−1), and it was assumed that
all of the provided phosphorus was taken up by A. platensis and therefore it was considered
that the removed P was transformed into intracellular-P (mg-P per g of DW biomass). The
main aim of the cultivation design was to investigate if there is any relationship between
intracellular-P (as an indicator of the degree of P-limitation level) and ALP enrichment of
biomass, and subsequently to produce biomass for SC-ALP activity studies.

Besides the main experimental series, another triplicate of cultures with 1.5 mg-P L−1

were subjected in lower light intensity (PAR of 50 µmol m−2 s−1) in order to study whether
light conditions have any effect on the SC-ALP production capacity of A. platensis. In
another series of cultures, nitrogen and potassium were also completely omitted from the
growth medium in order to perceive if there was any effect on the ALP biosynthesis in
Arthrospira cultivated under P replete conditions. All cultures were carried out in triplicates
and results are their mean values (±standard deviation).

2.3. Analytical Methods

Dry algal biomass was measured after harvesting the cells of an aliquot of 50 mL in
a paper filter (40 µm pore size) and drying it in an oven at 80 ◦C for 3 h. For the various
analyses and assays, the cells were harvested using centrifugation (5000 rpm for 5–10 min)
and washed at least 3 times with DI water in order to exclude the salts of the growing
medium. Proteins, carbohydrates, lipids, phycocyanin and phosphorus were measured
according to the analytical methods used in a previous study [40]. All above colorimetric
analyses were performed using a spectrophotometer (Cadas 50, Dr. Lange, Germany).

ALP activity was assayed with the p-nitrophenyl phosphate (p-NPP) method [41,42].
Briefly, a 250 µL sample of fresh biomass, 125 µL of buffer solution and 250 µL of p-NPP
were mixed and incubated for 20 min in an incubator with controlled temperature. The
reaction was stopped by the addition of 125 µL of 4N NaOH and the samples where cen-
trifuged for 5 min. The optical absorption of the released p-nitrophenyl in the supernatant
of the reaction mixture was measured at 410nm in a microplate reader (Molecular Devices,
SpectraMax 340PC, San Jose, CA, USA). For the calibration curve, p-nitrophenyl was used.
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The specific ALP activity was calculated as units per 1 g of biomass (DW, Bonn, Germany)
of A. platensis. One unit of ALP activity was defined as the quantity of the enzyme required
to release 1 µmol of p-NPP per min [41]. All assays for ALP activity were performed using
fresh biomass that was withdrawn every day from the cultures. Biomass was separated
through centrifugation and washed 3 times and resuspended in DI water. The standard
SC-ALP activity assays were performed using a 1M buffer of pH 12.5 (KCl/NaOH), 2.5 µM
p-NPP and temperature of 37 ◦C. In any other case, the different assay conditions will be
stated in the text. All analyses were carried out at least in triplicates for each replicate; how-
ever, the results given are the average of the three replicates (n = 3) ± standard deviation
(SD). For the calculation of the Michaelis–Menten constant (Km; mM) and the reaction ve-
locity (Vmax; mM gbiomass

−1 min−1), SC-ALP was assayed by ranging p-NPP concentration
from 40 to 0.0375 mM. Data were linearized through Lineweaver–Burk transformation.

2.4. Statistical Analysis

Statistical analysis was performed using SigmaPlot v.12.0 (Systat Software, Inc.,
San Jose, CA, USA). Before conducting the statistical analysis, the data were checked
for normality and homogeneity by the Shapiro–Wilks test. To test the statistical differences,
a one-way ANOVA test with Duncan post-hoc was performed. The data were displayed as
means ± standard deviation (SD) of three biological (independent) replicates (n = 3). For
each biological replicate, a triplicate of analyses were performed. Data were considered
significantly different at p ≤ 0.05.

3. Results and Discussion
3.1. Phosphorus Concentration Effect on Biomass Production and Biochemical Composition

Figure 1 illustrates the biomass concentration of A. platensis cultivated in semi-continuous
mode with different concentrations of phosphorus. The cultures were kept for more than
2.5 months of operation and the biomass concentrations shown in Figure 1a were in effect
unchanged for more than 1.5 months, where during this period, all analytical work was
performed using freshly harvested biomass.

As shown in Figure 1a, in the low end of P concentrations (0.75–4 mg-P L−1), there
was a stepwise increase (p < 0.05) of biomass production as P increased up to 3 mg-P 4−1.
This biomass increase was proportional to P provided, i.e., of about 150 mg DW for every
additional 250 µg-P 4−1. By increasing the concentration from 4 mg-P l−1 and further, the
biomass concentration reached a plateau (p > 0.05) ranging between 1.64–1.73 g 4−1. In
contrast, intracellular-P was in its lowest level (around 1.7–2.1 mg-P g−1) in the cultures
with the lowest P concentration (of up to 3 mg-P L−1), while it increased gradually when
P provided in higher amounts. At this point, it was assumed that the cultures with up to
3 mg-P L−1 were not light-limited and the biomass production capacity was ruled by the
available P, which should have been the main growth limiting factor. This is based on the
fact that there is a threshold of an intracellular nutrient content, the so-called “subsistence
quota”, where when the intracellular nutrient content reaches this threshold, algae do not
grow further [43]. When nutrients are replete, other environmental and cultivation limiting
factors, such as light, exist, which determine the overall maximum biomass production
potential of a specific cultivation system.

The cultures in this study became light limited at higher P concentrations (>4 mg-P L−1)
where biomass concentration reached that given plateau, where no further biomass could
be produced due to the cell-shading effect [44]. The amount of P provided and subsequently
the intracellular-P affected strongly the biochemical composition of A. platensis as shown in
Table 1; at the lower P concentrations, the higher SC-ALP content was accompanied with
higher carbohydrates, and lower protein and phycocyanin content. In other words, there is
a trade-off between accumulation of ALP and protein and phycocyanin content.
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Figure 1. (a) Relationship between phosphorus concentration with biomass production and intra-
cellular phosphorus content of A. platensis cultivated in semi-continuous mode with diverse phos-
phorus limitation degrees. (b) Relationship between intracellular phosphorus content and single-
cell alkaline phosphatase activity of A. platensis. 

ALP content (expressed as SC-ALP activity U g−1) was significantly impacted by the 
P availability (Figure 1b); more specifically the relationship between intracellular-P and 
SC-ALP activity was inverse. The highest values of ALP activity (around 50 U g−1 of DW 
biomass) were obtained with the lowest intracellular-P (at ‘‘subsistence quota” level), 
while increasing intracellular-P, SC-ALP activity decreased reaching the lowest value of 
around 1.7 U g−1 of DW biomass in the control cultures. It is hypothesized here that the 
increased SC-ALP activity reflects the intensification of the efforts that cells make to cope 
with decreased P-availability by increasing the probability to gain P from the surround-
ings by hydrolyzing compounds that might contain P. These results come in general in 
agreement with previous studies of Markou [40] and Adams et al. [45], where it was 
shown that a specific relationship between intracellular nutrient limitation and biomass 
composition (for example carbohydrates and lipids) of several microalgal species exists. 
Explicitly, at a specific minimum intracellular nutrient concentration, the desired biomass 
compound content is accumulated gradually as intracellular nutrient concentration ap-
proaches the ‘‘subsistence quota” level. 

The above conclusion is confirmed also by the additional experimental series con-
ducted where A. platensis was cultivated with phosphorus concentration of 1.5 mg-P L−1 
but at lower light intensity (50 μmol m−2 s−1 photon flux). The biomass produced in this 

Figure 1. (a) Relationship between phosphorus concentration with biomass production and intracel-
lular phosphorus content of A. platensis cultivated in semi-continuous mode with diverse phosphorus
limitation degrees. (b) Relationship between intracellular phosphorus content and single-cell alkaline
phosphatase activity of A. platensis.

Table 1. Biochemical composition of A. platensis cultivated in semi-continuous mode with different phosphorus concentra-
tions. Data shown are the mean ± SD of n = 3.

P concentration
(mg-P L−1)

Intracellular P
(mg-P g−1)

Proteins
%DW)

Carbohydrates
(%DW)

Phycocyanin
(%DW)

Lipids
(%DW)

0.75 1.81 23.55 ± 2.37 a 65.66 ± 7.55 a 1.52 ± 0.23 a 6.53 ± 1.23 abc

1 1.74 22.67 ± 1.65 a 64.24 ± 3.44 a 1.49 ± 0.32 ab 6.14 ± 0.69 ac

1.5 1.85 23.88 ± 2.14 a 66.12 ± 2.78 a 1.67± 0.12 a 5.98 ± 1.11 ac

2 1.75 22.44 ± 2.98 a 65.46 ± 6.79 a 1.22 ± 0.23 b 6.99 ± 1.36 abc

3 2.10 25.39 ± 2.44 a 62.99 ± 4.22 a 2.45 ± 0.55 c 8.45 ± 0.96 b

4 2.73 31.49 ± 1.94 b 42.14 ± 3.47 b 7.78 ± 1.05 d 5.44 ± 0.55 c

6 3.64 45.96 ± 3.59 c 25.83 ± 2.59 c 9.98 ± 0.98 e 7.76 ± 2.01 ab

9 5.23 55.58 ± 4.17 d 14.29 ± 1.55 d 12.32 ± 2.04 f 7.42 ± 1.87 ab

89 (Control) 8.55 58.48 ± 3.42 d 12.11 ± 2.84 d 12.12 ± 1.26 f 7.29 ± 1.84ab

Same alphabetical symbol denoted no statistically significant differences.

ALP content (expressed as SC-ALP activity U g−1) was significantly impacted by the
P availability (Figure 1b); more specifically the relationship between intracellular-P and
SC-ALP activity was inverse. The highest values of ALP activity (around 50 U g−1 of DW
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biomass) were obtained with the lowest intracellular-P (at “subsistence quota” level), while
increasing intracellular-P, SC-ALP activity decreased reaching the lowest value of around
1.7 U g−1 of DW biomass in the control cultures. It is hypothesized here that the increased
SC-ALP activity reflects the intensification of the efforts that cells make to cope with
decreased P-availability by increasing the probability to gain P from the surroundings by
hydrolyzing compounds that might contain P. These results come in general in agreement
with previous studies of Markou [40] and Adams et al. [45], where it was shown that a
specific relationship between intracellular nutrient limitation and biomass composition
(for example carbohydrates and lipids) of several microalgal species exists. Explicitly, at
a specific minimum intracellular nutrient concentration, the desired biomass compound
content is accumulated gradually as intracellular nutrient concentration approaches the
“subsistence quota” level.

The above conclusion is confirmed also by the additional experimental series con-
ducted where A. platensis was cultivated with phosphorus concentration of 1.5 mg-P L−1

but at lower light intensity (50 µmol m−2 s−1 photon flux). The biomass produced in this
experimental series had intracellular-P of 3.8 mg-P g−1 and SC-ALP activity of around
25 U g−1. This result suggests that light had an effect on SC-ALP activity only because
it regulates the biomass production capacity of the culture, and thus the intracellular-P
content for given P concentration provided, which in turn regulates the SC-ALP content
(expressed as SC-ALP activity).

Interestingly, A. platensis with an intracellular-P of 3.6 mg-P g−1 had a relatively high
ALP activity (>28 U g−1) and at the same time, a relatively high protein content (46%;
Table 1). This shows that it is possible that under optimized conditions, A. platensis could be
produced as SC protein enriched in ALP, i.e., combining the nutritional value of A. platensis
proteins with the potential functionality of the biomass because of the enrichment in ALP.

In order to investigate whether ALP activity could be increased by other nutrient
limitation, nitrogen and potassium depleted conditions were also studied. The results
(data not shown) showed that there was no SC-ALP activity increase compared to the
control (replete P cultures), which suggest that ALP is not synthesized due to nitrogen or
potassium starvation. Although microalgal ALP activity has been extensively investigated
in studies on the field of ecology [46,47], to the best knowledge of the author, this is the first
report on how the intracellular-P content affects the SC-ALP activity providing a deeper
insight for the optimization of SC-ALP production by the photosynthetic cyanobacterium
A. platensis.

ALP production by microalgae has been extensively studied as an indicator of the
trophic conditions (P availability) of natural environments concerning the ecological and
environmental significance of eutrophication. It is known that different classes of microbes
(bacteria, eukaryotic microalgae, cyanobacteria, etc.) synthesize ALP as a mechanism
to cope with low P availability [48,49], a fact that is confirmed also in the present study.
Nevertheless, there is lack of studies dealing with the bioprocess optimization of ALP
production by microalgae and cyanobacteria, where the present work aims to give some
new perspectives on the exploitation of ALP production. Studies towards production
optimization of ALP with the aim to be used in different applications focus mainly on
heterotrophic microbes that excrete ALP in the surroundings which is then recovered and
purified [50,51]. Moreover, there is a strong diversity between various microbial species
and different genes (regulons) are responsible for the synthesis of ALP isozymes [52]. The
amino-acid sequences of the enzymes impact their activity, where some sources like mam-
malian cells give more active (20–30-fold) ALP than other bacterial ones [53]. Consequently,
there is more research needed to better understand the differences that occur between the
various sources. Since ALP produced by A. platensis is homologous to the ALP types of the
other sources, it is hypothesized that the SC-ALP could find applications in developing of
medical or functional foods/feed. For example SC-ALP could be applied as an ingredient
in fish feed as an agent to compact the toxicity derived from contaminated waters with
organophosphorus pesticides, such as Chlorpyrifos [24].
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3.2. Parameters Affecting the Enzymatic Activity of Single-Cell Alkaline Phosphatase

In this section, the main parameters of the SC-ALP activity assay are investigated in
order to partially characterize the A. platensis SC-ALP. The effect of buffer pH (Figure 2a),
incubation temperature (Figure 2b) and buffer molarity (Figure 2c) on the SC-ALP activity
is shown. The SC-ALP activity was increased with increasing pH displaying a sharp peak
at pH 12.5. A. platensis is an alkalophilic cyanobacterium that thrives in growing media rich
in bicarbonates/carbonates and pH values greater than 9.5 (in the present study, the pH of
the growth media ranged between 10.00 and 10.50), a fact that explains the affinity of this
ALP for higher pH values. The value of pH 12.5 found in this study is higher than it was
observed in extracted and purified ALP on the works of Thengodkar and Sivakami [54] and
Asencio et al. [55], who both reported optimum pH of 11.5 (p < 0.05); however, it is worth
noting that pH 11.5 was the highest value assayed in both the studies of Thengodkar and
Sivakami [54] and Asencio et al. [55] and it is probable that they would have found higher
pH values if they had assayed a wider pH range. The best temperature for the ALP activity,
as shown in Figure 2b, was 37 ◦C (p < 0.05), with a steep decrease when the temperature
raised to 47 ◦C and above. Similar results were reported also by Singh et al. [56] in the
cyanobacterium Anabaena oryzae where SC-ALP activity was the highest at temperature
around 35–38 ◦C. Regarding the effect of the buffer (KCl + NaOH) molarity on the SC-ALP
activity (Figure 2c), the highest ALP activity measured was obtained in 1M buffer, where at
the half of the molarity (0.5 M), ALP activity was around 80% (and statistically different,
p < 0.05) of that of 1M. In the study of Upadhyay and Verma [57], where extracted ALP
from milk was assayed, it was reported that the optimum ionic strength (molarity) of the
buffer was 0.5M, while increasing it further, there was a slight decrease in ALP activity up
to 0.8M of buffer. However, these differences could be due to the fact that SC-ALP is located
either in the cell wall or in the inner layer of the sheath of the filament of A. platensis [55]
which might require stronger buffer for enhanced activity or that the polysaccharides of
the cell walls act as protective agents against higher ionic strengths.

In Figure 2d,e, the effect of the addition of metal cations (Mg2+, Zn2+ and Ca2+),
and of the chelator (EDTA), respectively, on the SC-ALP activity is shown. SC biomass
was incubated at room temperature for 2 h in the presence of the cations and was then
centrifuged and washed 2 times with DI water. The addition of Mg2+ and Zn2+ resulted in a
decreased SC-ALP activity, displaying around 55–70% and 15–17% of the standard activity,
reflecting the inhibitory effect of these metal ions on the SC-ALP activity. In contrast,
Ca2+ resulted in significantly higher values (108–121% of the standard activity), which
reflects that SC-ALP activity was enhanced by the addition of calcium. These findings
are in line with those of Asencio et al. [55], who concluded that ALP of A. platensis is
calcium-depended and requires this metal ion to be active. Regarding the addition of
EDTA, at very low concentrations (0.015–0.03 mM), there was an increase (110–116% of
the standard activity) in the SC-ALP activity, while at higher concentrations, the activity
strongly decreased. At low doses of EDTA, it is presumed that the increased activity is due
to the chelation and removal of some inhibitory metals (probably trace elements originating
from the growth medium) that were attached to the enzymes, while at higher doses, EDTA
might cause chelation of the required metal enzyme co-factor (such as calcium) resulting in
apoenzymes, and therefore, in inactivation of the enzymes [55,58].
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Figure 2. Effect of selected parameters on the single-cell alkaline phosphatase activity assay: (a) ef-
fect of the pH of the buffer (1 M KCl + NaOH, pH 12.5, T = 37 °C), (b) temperature of incubation (1 
M KCl, pH 12.5), (c) molarity of the buffer (pH 12.5, T = 37 °C), (d) of the treatment of biomass with 
metal ions (Mg2+, Zn2+, and Ca2+); (1 M KCl, pH 12.5, T = 37 °C) and (e) of the treatment of biomass 
with EDTA (1 M KCl, pH 12.5, T = 37 °C). Data shown are the mean ± SD of n = 3. 

Figure 3 shows the Michaelis–Menten kinetics of SC-ALP activity by varying the sub-
strate (p-nitrophenyl phosphate; p-NPP) concentration. Under standard assay conditions, 
and after linearization of the data through the Lineweaver–Burk transformation (R2 = 
0.9955), the Michaelis–Menten constant Km and the maximum reaction rate Vmax of the SC-
ALP of A. platensis was calculated as 2.06 mM and 0.131 mM gbiomass−1 min−1, respectively. 
Km gives an estimation of the substrate’s affinity for the enzyme, where small Km indicates 
higher affinities. The Km of ALP varied greatly and can range between 0.011 and 15 mM, 
depending on its origin (microbial or mammalian origin) and the activity assay conditions 
[59]. There are no available published data on the Km of ALP from A. platensis or only few 
from other microalgae in order to compare the results of the present study. It is hypothe-
sized that the Km of enzymes associated attached in the biomass will display higher values, 
i.e., lower affinities, since the cell wall itself could be a kind of barrier for the maximum 
activity of the enzymes. This hypothesis could be confirmed by the Km of the extracellular 

Figure 2. Effect of selected parameters on the single-cell alkaline phosphatase activity assay: (a) effect
of the pH of the buffer (1 M KCl + NaOH, pH 12.5, T = 37 ◦C), (b) temperature of incubation (1 M
KCl, pH 12.5), (c) molarity of the buffer (pH 12.5, T = 37 ◦C), (d) of the treatment of biomass with
metal ions (Mg2+, Zn2+, and Ca2+); (1 M KCl, pH 12.5, T = 37 ◦C) and (e) of the treatment of biomass
with EDTA (1 M KCl, pH 12.5, T = 37 ◦C). Data shown are the mean ± SD of n = 3.

Figure 3 shows the Michaelis–Menten kinetics of SC-ALP activity by varying the
substrate (p-nitrophenyl phosphate; p-NPP) concentration. Under standard assay con-
ditions, and after linearization of the data through the Lineweaver–Burk transformation
(R2 = 0.9955), the Michaelis–Menten constant Km and the maximum reaction rate Vmax
of the SC-ALP of A. platensis was calculated as 2.06 mM and 0.131 mM gbiomass

−1 min−1,
respectively. Km gives an estimation of the substrate’s affinity for the enzyme, where small
Km indicates higher affinities. The Km of ALP varied greatly and can range between 0.011
and 15 mM, depending on its origin (microbial or mammalian origin) and the activity assay
conditions [59]. There are no available published data on the Km of ALP from A. platensis
or only few from other microalgae in order to compare the results of the present study. It
is hypothesized that the Km of enzymes associated attached in the biomass will display
higher values, i.e., lower affinities, since the cell wall itself could be a kind of barrier for the
maximum activity of the enzymes. This hypothesis could be confirmed by the Km of the
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extracellular and purified ALP from the microalga Chlamydomonas reinhardtii, which was
0.517 mM [41]. Nevertheless, more research is needed in order to have a deeper inside on
the SC-enzyme kinetics.
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Figure 3. Michaelis–Menten kinetics of A. platensis single-cell enriched in alkaline phosphatase
(standard assay conditions: 1 M KCl, pH 12.5, T = 37 ◦C).

3.3. Downstream Treatments Affecting the Single-Cell ALP Activity

Figure 4a illustrates the SC-ALP activity of A. platensis after its hydrothermal treatment
for 2 h under different temperatures (40–65 ◦C). As shown there, when A. platensis was
treated with 40 and 45 ◦C, it displayed a slight increase in SC-ALP activity (around 105% of
the standard SC-ALP activity), while at higher temperatures, it was decreased, gradually
reaching around 25% of the SC-ALP activity at 65 ◦C. The results are in total agreement
with Thengodkar and Sivakami [54], who also observed that extracted ALP activity from
A. platensis had a gradual decrease as temperature treatment increased from 50 to 80 ◦C.
In addition, in this study, A. platensis enriched in ALP was subjected to a biomass drying
process in order to investigate the effect of drying on the SC-ALP activity. As shown in
Figure 4b, SC-ALP activity was strongly affected by drying even at the lower temperature
(40 ◦C), displaying almost 40% of the initial SC-ALP activity, and decreased to around 20%
upon increasing temperature.

It is hypothesized here that the drying and dewatering per se of biomass is a stronger
factor that affects SC-ALP activity compared to the temperature. This is based on three
observations: (i) the SC-ALP activity of hydrothermal treated A. platensis was in general
higher than the dried biomass, (ii) at 40–45 ◦C, the SC-ALP of the hydrothermal treated
A. platensis was even enhanced in contrast to the dried biomass where SC-ALP activity was
significantly decreased, showing that the temperature per se is not an inactivation factor,
and (iii) the curve of the SC-ALP activity of the hydrothermal treatment (Figure 4a) was
steeper compared to the drying process (Figure 4b), suggesting that the dewatering of the
biomass was a stronger inactivation factor than temperature. The effect of drying in the
activity of different enzymes in plant materials are previously also observed [60].
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Figure 4. Effect of (a) hydrothermal treatment and (b) drying temperature of single-cell ALP activity
of A. platensis enriched in ALP. Data shown are the mean ± SD of n = 3. Same alphabetical symbol
denoted no statistically significant differences between the means.

4. Conclusions

SC-ALP activity was proportional to the intracellular-P content, which is the main
parameter that influences the biomass ALP content. Under optimized conditions, it is
possible to produce A. platensis with relative high protein content (46%), while at the same
time, to be enriched in ALP (28 U g−1). SC-ALP displayed optimum activity at pH 12.5,
temperature 37°C and buffer molarity 1M. The addition of Ca2+ enhanced the SC-ALP
activity. Drying of the biomass strongly decreased the SC-ALP activity; the dewatering of
biomass was a stronger factor than the temperature of drying.

Funding: This study was funded by the Eranet BlueBio project AquaTech4Feed (General Secretariat
for Research and Innovation GSRI, Greece, MIS 5070470/T11EPA4-00038).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.
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