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Carbon-coated iron-based nanoparticles have demonstrated a significant potential to enhance the performance of
biological processes, particularly microalgal cultivation. In this study, the effect of two types of commercially
available iron-based nanoparticles, namely CALPECH and SMALLOPS, was evaluated on Arthrospira platensis
metabolism during biogas upgrading in batch cultures. Both nanoparticles enhanced CO, capture, Oy production,
cyanobacterial growth and phycocyanin synthesis across all tested concentrations. However, the highest
phycocyanin content (180 mg-g~!) was reached by the addition of CALPECH nanoparticles at 100 mg-L™".
Further experiments under stress conditions, including increased light intensity (300 and 600 pmol-m~2s~1) and
salinity (0.1-0.5 M NaCl) confirmed the beneficial effects of CALPECH. At 600 umol~m’2~s’1 CALPECH nano-
particles enhanced biomass productivity and increased COy capture by 33 % while maintaining phycocyanin
content at 178 mg-g L. Moreover, the addition of 100 mg-L ! of CALPECH nanoparticles at 0.1 M NaCl slightly
improved biogas upgrading performance and increased phycocyanin content to 192.7 mg-g~1. In this context,
increasing salinity to 0.5 M caused stress in Arthrospira platensis cells, reducing photosynthetic efficiency
regardless of nanoparticle addition. These outcomes highlight the potential of carbon-coated iron-based nano-
particles to improve Arthrospira platensis growth and pigment production, which would ultimately increase the
techno-economic feasibility of photosynthetic biogas upgrading.

microalgae, have attracted growing attention in the field of biogas
upgrading. These biological systems offer a cost-effective solution for

1. Introduction

Biomethane is emerging as an important alternative to fossil fuels,
playing a key role in reducing greenhouse gas emissions, thereby sup-
porting efforts to mitigate climate change, and promoting strategic en-
ergy autonomy. Biomethane can be obtained by removing CO5 and other
impurities from biogas using different physicochemical and biological
upgrading technologies [1,2].

Physicochemical upgrading technologies are commonly employed at
a commercial scale, despite requiring high energy demand and incurring
significant operational costs. In addition, the separated CO2 from biogas
is typically released into the atmosphere, increasing environmental
concerns and wasting a valuable carbon source [3,4]. In this context,
biotechnologies, particularly photosynthetic processes based on

removing both CO, and H,S, while minimizing environmental impacts
[5].

Microalgae are capable of capturing CO; from biogas and converting
it into biomass and valuable compounds, enhancing the techno-
economic feasibility of the overall process [6]. Algae species, such as
Chlorella and Arthrospira, are commonly employed in photosynthetic
biogas upgrading due to their tolerance to high CO- levels (up to 50 %
(v/v)) and their high biomass productivities ranging between 0.3 and
0.6 g-L"1.d"! depending on operational and environmental conditions.
During photosynthetic biogas upgrading, up to 98.6 % of CO5 can be
removed, resulting in residual CO, concentrations of 2-6 % in upgraded
biomethane at pilot and demo scale, thereby boosting the biomethane
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content above 90 % [2,5,7,8]. However, the high sensitivity of micro-
algal metabolism to adverse cultivation conditions, such as excessive
light intensity, high salinity, pH fluctuations, alkalinity, and insufficient
CO;, transfer into the culture broth, can significantly decrease photo-
synthetic efficiency and biogas upgrading performance [9-11].

Currently, the integration of nanotechnology into biological systems,
particularly via NPs supplementation, has emerged as an effective
strategy to enhance processes such as anaerobic digestion and micro-
algae metabolism [12,13]. NPs have demonstrated multiple beneficial
effects on microalgae cultures, including improved CO; fixation,
enhanced light utilization and increased synthesis of high-value mac-
romolecules. Recent studies have reported that adding zero-valent
iron-based NPs improved photosynthetic biogas upgrading by promot-
ing the growth of Chlorella species, achieving biomass concentrations
above 3 g VSS-L ™! and biomass productivities up to 75 g-m~2-d~! in pilot
lab-scale systems [14,15]. Moreover, Giannelli and Torzillo [16] showed
that the addition of SiO5 NPs increased the light distribution in Chla-
mydomonas reinhardtii cultures, resulting in a 23 % increase in chloro-
phyll a content. In this context, employing high-value microalgae such
as Arthrospira platensis (A. platensis) in biogas upgrading represents a
promising approach to improve the economic feasibility of biomethane
production. Thus, the rising demand for natural and sustainable pig-
ments has positioned the phycocyanin (C-PC) market at USD 185.2
million in 2024, with projections reaching USD 276.4 million by 2030
[17]. Additionally, A. platensis exhibits high biomass productivities
(0.2-0.6 g L1 d’l), tolerance to alkaline environments and elevated
C-PC yields of up ~ 200 mg-g~!, positioning this microalga as an
attractive candidate for photobiorefinery-based biogas upgrading [8,
18].

This study investigated, for the first time, the effect of two distinct
carbon-coated iron-based NPs on the growth and phycocyanin produc-
tion of the cyanobacterium A. platensis during batch biogas upgrading
assays. The concentration of the most effective NP was further optimized
to maximize A. platensis growth and pigment synthesis. Finally, to
evaluate the potential of the optimal NPs dosage under stress conditions,
experiments involving high light intensity and elevated salinity were
conducted to assess its ability to sustain C-PC production coupled to
photosynthetic biogas upgrading.

2. Materials and methods
2.1. Nanoparticle solutions

The carbon-coated iron-based NPs investigated in this study were
kindly provided by the Spanish companies CALPECH and SMALLOPS.
These NPs were mainly produced from olive mill waste and iron salts.
CALPECH NPs contained 8.7 wt% Fe, while SMALLOPS NPs contained
34.1 wt% Fe. The optical properties of each NPs were determined in
terms of absorbance by preparing solutions with the corresponding
tested concentration in modified Zarrouk media and measuring within
the wavelength range of 440-800 nm. The complete physicochemical
characterization of both NPs has been described in a previous study
[15]. Before each batch experiment, a fresh stock solution containing
4 g~L_1 of the corresponding NP was prepared in A. platensis culture
medium. The stock solution was sonicated for 1 h to prevent NP
agglomeration and ensure homogeneous dispersion of the NPs
throughout the cultivation system.

2.2. Microorganism and culture medium

Arthrospira platensis SAG 21.99 (commonly known as Spirulina) was
obtained from the SAG culture collection of the University of Gottingen
(Sammlung von Algenkulturen der Universitat Gottingen). A. platensis
cultures were maintained in Zarrouk medium composed of (per liter):
16.8 g NaHCOs, 1 g NaCl, 0.04 g CaCl,-2 H,0, 2.5 g NaNOs, 0.01 g
FeS04.7H20, 0.08 g EDTA, 0.2 g MgS04.7H20, 0.5 g KoHPO4, and 1 mL
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of a micronutrient solution containing (per liter): FeSO4.7H50 (0.07 g),
ZnS04.7H20 (0.1 g), MnClp.4H,O (0.5 mg), H3BOs (0.2 g), Co
(NO3)2.6H20 (0.02 g), NapM004.2H50 (0.02 g), CuSO4.5H20 (0.5 mg)
and EDTA.2H30 (1.02 g). The cultures were incubated at 25 °C under
illumination of 80 + 10 pmol-m 2.5}, provided by LED lights (Phillips,
Spain) with a 12:12 h dark:light cycles.

Before each batch test, an inoculum of A. platensis was grown in a
2.1 L glass bottle with an effective liquid volume of 0.2 L of modified
Zarrouk media, in which NaHCO3 was reduced to 7 g-L™L. To acclimate
A. platensis to experimental conditions and shorten the lag phase, the
headspace of the bottle was composed of synthetic biogas 70:30 (%, v/v)
CH4:CO, (Carburos metalicos, Spain). The inoculum was then incubated
at a light intensity of 300 pmol-m~2s~!, 25 °C and 250 rpm, until the
culture reached the exponential growth phase.

2.3. Experimental set-up

Batch experiments were conducted in 2.1 L glass bottles with a
working volume of 0.2 L and a headspace of 1.9 L. Initially, the bottles
were filled with modified Zarrouk medium (7 g~L’1 of NaHCOs3), sealed
with butyl rubber septa and aluminium caps, and sterilized at 121 °C for
20 min. After cooling, the corresponding carbon-coated iron-based NPs
were added to the sterile medium. The headspace was initially purged
with helium for 10 min using inlet and outlet needles to remove atmo-
spheric air and subsequently replaced with synthetic biogas (70:30, v/v,
CH4:COy) for an additional 10 min. Subsequently, the bottles were
magnetically stirred at 250 rpm for 1 h to promote equilibrium between
the gas and liquid phases. Finally, the bottles were inoculated with
A. platensis to an initial optical density of 0.35 at 750 nm (ODysp).
Cultures were incubated at 25 + 2 °C under continuous illumination,
provided by visible LED lights (Phillips, Spain) at a light intensity of 300
pmol-m~2-s~!, with constant agitation at 250 rpm to prevent sedimen-
tation, enhance gas-liquid CO; transfer and maintain uniform exposure
of cyanobacterial cells to the photic zone.

2.4. Experimental design

The influence of the NP type and concentration, light intensity and
salinity on biogas upgrading and C-PC production was investigated
through four distinct batch test series (A, B, C, D). Tests A and B were
focused on evaluating the effects of CALPECH and SMALLOPS NPs, at
different concentrations 50, 100, 150 mg~L’1. In Test series C, the effect
of the optimal NP type and concentration was evaluated at different
light intensities (300 and 600 pmol-m 2-s1). Finally, test series D
examined the effect of optimal NP type and concentration addition on
different salinity levels: 0.1, 0.3, 0.5 M NaCl. In test series A, B and C, a
control without NPs was also run, whilst in test series D the control
contained the optimal NP dose without salinity. All experimental trials
were performed in biological duplicates. Independent replicate bottles
were sampled to assess biological variability and ensure result repro-
ducibility. Test durations were determined based on biomass growth
and CO; uptake. In test series A, CALPECH NPs cultures remained active
for up to 115 h, while SMALLOPS NPs cultures reached stationary phase
after 103 h. Each trial concluded when CO, consumption and biomass
growth stabilized.

2.5. Analytical procedures

A. platensis growth was monitored by measuring the ODy5¢ of 2 mL
using a spectrophotometer (UV-2550, Shimadzu Corporation, Japan),
which was then converted to biomass concentration (g VSS~L’1) using
ad-hoc calibration curves. The pH was recorded using a pH meter (BASIC
20 +, Crison Instruments, Spain) equipped with a suitable electrode. The
composition of biogas in the headspace of the bottle was analyzed using
a gas chromatograph equipped with a thermal conductivity detector
(GC-TCD, CP-3800, Varian, USA) following the methodology outlined
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by Posadas et al. [19]. Dissolved inorganic carbon (IC), total organic
carbon (TOC), total carbon (TC) and total nitrogen (TN) concentrations
were determined using a Total Organic Carbon analyzer (TOC-VCSH,
Shimadzu, Japan), fitted with a TNM-1 chemiluminescence module and
an ASI-L autosampler (Shimadzu, Japan). Light intensity was measured
using a quantum light meter (LI-250A LI-COR, Biosciences, Germany).
Total Suspended Solids (TSS) and Volatile Suspended Solids (VSS)
concentration were analyzed following standard methods [20]. The
ODys0, pH and gas composition were measured twice a day, whereas IC,
TOC, TC and TN concentration were determined at the beginning and
end of each trial.

The specific growth rate (u) was calculated using the natural loga-
rithm of the biomass concentration during the exponential growth phase
and the corresponding time according to Eq. (1):

In(Xz) — In(X;)

Pa— (€8]

pd’] =
where yu is the specific growth rate (d’l), X; and X, are the biomass
concentrations (g TSS-L™1) at times t; and t; (d), respectively.

The biomass productivity (P,) of A. platensis was calculated using the
biomass concentration during the exponential growth phase and the
corresponding time, as shown in Eq. (2):

XXy
-t

Py [gTSSeLled'|= @)
where P, is the biomass productivity (gTSS-L’Ld*l) [21].

C-PC concentration was determined by taking 2 mL samples, fol-
lowed by centrifugation (11,000 x g, 5min). The supernatant was
carefully removed and 1 mL of 0.1 M phosphate buffer (pH 7.0) was
added to the pellet. Then, the C-PC was extracted through 3 freeze-thaw
cycles followed by centrifugation (11,000 x g, 5 min). The absorbance
of the resulting supernatant was measured at 620 nm and 650 nm, and
the C-PC concentrations were calculated based on the Eq. (3) [18,22]:

_ A620 —0.474 « A650

o 5.34 3

Cc,pc [mg ° mLil]
where Ccpc is phycocyanin concentration in the extract (mg-mL™1),
while Ay indicates the absorbance of the final extract at wavelength x
(nm); The resulting C-PC values were expressed as milligrams of

phycocyanin per gram of dry biomass (mg-g™1).
2.6. Statistical analysis

All treatments were performed in duplicate. Results were expressed
as mean =+ standard deviation of biological duplicates. Statistical dif-
ferences among groups were evaluated using one-way analysis of vari-
ance (ANOVA), followed by Tukey’s test. A p-value < 0.05 was
considered statistically significant. Analyses were conducted using IBM
SPSS Statistics for Windows, Version 27.0 (IBM Corp., Armonk, NY,
USA). A Principal Component Analysis (PCA) was performed using the
Orange Data Mining v.3.38.1 software for investigating the effects of the
two carbon-coated iron-based NPs on A. platensis growth (biomass
concentration, Oy production), biogas upgrading (CO» consumption)
and C-PC accumulation in A. platensis [23].

3. Results and discussion

3.1. Effect of nanoparticles on COy assimilation, growth and phycocyanin
content of A. platensis

The addition of CALPECH NPs at varying concentrations enhanced
the metabolic activity of A. platensis, primarily by accelerating growth
and increasing biomass concentration under batch cultivation. As
illustrated in Fig. 1a, the presence of CALPECH NPs increased CO; up-
take compared to the control over the 115-hour cultivation period, with
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CO,, concentration reaching 32 % at 100 mg-L 1, followed by a 29 % at
50 mg-L™! and 25 % in the control assays. This enhanced metabolic
activity was further demonstrated by significant increases in specific
growth rate and biomass productivity, with the highest values observed
at a CALPECH NP concentration of 100 mg-L™! (x = 0.69 d!, P, =
0.97 g TSS-L~1-d 1), surpassing the control (x = 0.57 d%, P, = 0.60 g
TSS-L~1.d™1). This growth enhancement was also reflected in the sig-
nificant reduction in the final IC levels, which decreased from
543 mg-L ™! in the control to 355 mg-L™! at 100 mg-L ™! of CALPECH
NPs. This intense IC consumption can be attributed to an increased
photosynthetic activity induced by CALPECH NPs addition, which
mediated a more efficient carbon and nitrogen assimilation as shown in
Table 1 [24]. Similarly, the growth of A. platensis was also improved,
with the highest biomass concentration reaching 3.5g VSS-L™! at
100 mg-L™}, in contrast to the 2.3 g VSS-L™! observed in the control
(Fig. 1le). Similar biomass concentrations were reported by
Vargas-Estrada et al. [24] in a high rate algal pond (HRAP) after the
addition of 70 mg-L™! of carbon coated zero-valent iron NPs. Compa-
rably, Hoyos et al. [14] observed an increased biomass concentration up
to 3.1 g VSS-L™! induced by the addition of 140 mg-L~" of the same NPs
in a HRAP system. However, when CALPECH NPs concentration was
increased to 150 mg-L ™!, a reduction in CO, consumption and Oy pro-
duction was observed.

At this point, it is important to stress that the UV-VIS spectra of the
CALPECH NPs solutions (Fig. 2) showed increased absorbance with
higher NP concentrations, substantially reducing light penetration into
the cultures. The stimulatory effect was evident after 24 h of cultivation,
with NP-supplemented cultures entering the exponential growth phase
approximately 24-h earlier than the controls. Moreover, the UV-VIS
spectra of CALPECH NPs exhibited characteristic z—z* transitions, with
higher peaks observed in the range of 240-290 nm. Although the posi-
tion of z—z* transitions is intimately related to the structure of the
material [25], phenolic compounds, such as graphene, humic acids,
flavonoids (A ring), and other aromatics, typically absorb within this
range. These chemical compounds, particularly humic acids, have been
reported to exert hormetic effects in microalgae, plants and bacteria due
to their capacity to transfer electrons, chelate metals and activate anti-
oxidant enzymes [26]. Accordingly, increasing the NP concentration
resulted in a higher abundance of phenolic compounds, as reflected in
Fig. 2, likely leading to an increased electron flux that boosted the
metabolic activity of A. platensis cultures. Interestingly, when
150 mg-L~! CALPECH NPs were added, the hormetic effects of the NPs
remained evident. Indeed, cultures supplemented with 150 mg-L_1
CALPECH NPs presented the same accelerated growth pattern as those
supplemented with 50 and 100 mg-L~! CALPECH NPs, particularly at
the beginning of the exponential phase, however, their final perfor-
mance was lower compared to cultures receiving lower NPs doses.
Thereby, it can be hypothesized that the reduced beneficial effects of the
NPs at the highest concentration tested were likely due to the hormetic
effects of phenolic compounds. In this context, Toropkina et al. [27]
observed that adding 0.001 - 0.003 % humic acids enhanced the
photosynthetic activity and biomass production of Chlorella vulgaris
(C. vulgaris), whereas concentrations above 0.003 % inhibited growth.
Similarly, the growth of Scenedesmus capricornus (S. capricornus) was
promoted by 17 % when 0.5 mgC L™} of humic acids were added to the
cultures, whilst concentrations above 2 mg L™! inhibited S. capricornus
growth [28]. Nonetheless, A. platensis cultures supplemented with
150 mg-L~! CALPECH NPs still outperformed control cultures (0 mg-L™*
NPs).

CALPECH NPs positively influenced C-PC content in A. platensis
cultures. Cultures supplemented with 100 mg-L~! CALPECH NPs ach-
ieved a C-PC concentration of 180 mg-g™!, representing an approxi-
mately 59 % increase compared to the control (113 mg-g~'). This
enhancement in C-PC content was closely followed by cultures supple-
mented with 50 mg-L™!, which accumulated a C-PC content of
169 mg-g~!, and by those supplemented with 150 mg-L™!, which
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Fig. 1. Time course of key photosynthetic and growth parameters during A. platensis cultivation with CALPECH and SMALLOPS NPs. a) CO, consumption (% v/v), b)
0, production (% v/v), ¢) biomass concentration (g VSS-L™!) and d) phycocyanin content (mg-g~! biomass) with CALPECH NPs; and a) CO, consumption (% v/v), b)
0, production (% v/v), c) biomass concentration (g VSS-L™) and d) phycocyanin content (mg-g~* biomass) with SMALLOPS NPs at different concentrations: control
(green), 50 mg~L’1 (red), 100 mg~L’1 (blue), 150 mg~L’1 (yellow). Data are presented as mean =+ standard deviation (n = 2). VSS: Volatile Suspended Solids.
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Table 1

Biomass productivity (P,), specific growth rate (1) and initial and final inorganic
carbon (IC), total organic carbon (TOC), total nitrogen (TN) concentration
(mg-L ™) and pH values in A. platensis batch cultures with addition of CALPECH
NPs at the concentrations of 50, 100, and 150 mg-L’l.

CALPECH NPs
Parameter Control 50 mg-L~! 100 mg-L ! 150 mg-L~!
pdh 0.57 0.67 + 0.01 0.69 + 0.00 0.64 + 0.00
+0.04
P, (g 0.60 0.91 + 0.02 0.97 + 0.07 0.84 +0.03
TSSL~1d™!))  +0.08
ICinitial 1133.09 1153.88 1090.26 1139.99
(mgL™) +1.09 + 34.02 +27.00 +13.20
ICinal 542.55 416.58 355.00 377.63
(mgL™) + 77.00 +51.13 +22.11 +41.02
TOCinitial 44.00 41.91+217  41.37 42.77 £ 5.22
(mgL™Y) + 35.00 +25.13
TOCtinar 270.77 623.58 712.81 492.60
(mgL™) +17.03 +10.08 +2.74 + 39.00
TNinitial 436.97 426.39 423.47 424.08
(mg-L™") +2.44 +5.12 +5.55 +2.70
TNfinal 285.05 235.55 199.82 260.25
(mgL™Y) +0.29 +1.08 +1.90 +5.87
PHinitial 7.61 7.59 + 0.08 7.57 + 0.05 7.55 + 0.04
+0.05
PHeinal 9.00 9.86 + 0.01 10.05+0.03  9.49 +0.18
+0.01

*TSS: Total Suspended Solids

107 —e— 50 mg-L" CALPECH
—+—100 mg-L"' CALPECH
‘,\\ 150 mg-L' CALPECH

0.8 ‘ \ 50 mg-L"' SMALLOPS

100 mg-L"' SMALLOPS
——150 mg-L-' SMALLOPS

Absorbance (mAU)

T T T
450 550 650

Wavelength (nm)

T
350

Fig. 2. UV-VIS spectra of the CALPECH and SMALLOPS NPs solutions at
different concentrations. Spectra illustrate absorbance values across wave-
lengths for NPs at 50, 100, and 150 mg-L 1.

reached 152 mg-g~! (Fig. 1g). Interestingly, the addition of the NPs
triggered the accumulation of C-PC at the beginning of the exponential
phase, suggesting that the reduced light availability caused by NPs
positively affected C-PC synthesis. In this context, previous studies have
demonstrated that A. platensis cultures produced higher C-PC concen-
trations under low light intensity. For instance, the C-PC content of
A. platensis cultures decreased from 74 to 56 mg-g~* when the light in-
tensity was increased from 100 to 203 pmol-m~2.s~! [29]. Moreover,
according to Chaiklahan et al. [30] C-CP content decreased from
approximately 200 mg-g~! at 100 pmol-m 257! to 25 mg-g~! at 500
pmol-m~2s~1. However, at a NPs concentration of 150 mg-L™}, a
reduction in C-PC levels was observed, likely due to stress conditions
that limited C-PC synthesis [31]. Indeed, a high concentration of
phenolic-based compounds, including humic acids, can induce oxidative
stress in microalgae species such as Chlorella sp. or Coelastrella sp. Thus,
the elevated NPs concentration could have triggered oxidative stress in
A. platensis cultures, thereby reducing the C-PC content compared to the
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cultures supplemented with 50 and 100 mg~L’1 NPs [32,33]. Moreover,
the increased NPs concentration could have induced an electron flux
beyond the tolerance of A. platensis, thereby reducing C-PC levels as a
protective response to prevent excessive electron formation [34].

On the other hand, the addition of SMALLOPS NPs at 100 mg-L~}
resulted in a marked increase in CO5 consumption during the cultivation
period (Fig. 1b), with a final CO; content of 30 + 0.01 % compared to
the 27 + 0.15 % in the control. The presence of 100 mg-L~! SMALLOPS
NPs to the culture broth enhanced the metabolism of A. platensis during
batch biogas upgrading, as evidenced by the higher specific growth rate
(u = 0.78 d™!) and biomass productivity (P, = 0.90 g TSS~L’1-d’1)
compared to the control (u = 0.69 d™}, P, = 0.73 g TSS-L"1.d1). This
improvement coincided with a measurable reduction in the final IC
concentration, which decreased from 863 mg-L™! in the control to
810 mg-L™! in the assay supplemented with 100 mg NP-L™!. This
decrease suggests an improved assimilation of CO; facilitated by the
NPs. The production of Oy was also slightly higher at 100 mg-L™},
reaching a final concentration of 34 % compared to the control (30 %),
although this difference was not statistically significant (Fig. 1d). At this
point it is important to highlight that SMALLOPs NPs seem to contain
traces of phenolic compounds (Fig. 2), which can be inhibitory for
microalgae. In fact, the initial TOC concentration increased with
increasing SMALLOPS NPs concentration (Table 2). Moreover, SMALL-
OPS NPs exhibited higher absorbance within the wavelength range
corresponding to Chlorophyll a, and C-PC light absorption, potentially
reducing the growth performance of supplemented cultures. Neverthe-
less, a modest increase in biomass concentration, peaking at 2.9 g
VSS-L7! in the assays supplemented with 100 mg-L™!, was recorded
compared to a slightly lower value of 2.5 g VSS-L™! in the control
(Fig. 1f). The analysis of TOC, TC, TN concentrations and pH values
(Table 2) at the end of the cultivation further supported the finding that
100 mg-L~! SMALLOPS NPs promoted A. platensis growth. However, at
150 mg-L ™%, both A. platensis growth and biogas upgrading efficiency
declined compared to the control. This reduced A. platensis performance
could be attributed to the hormetic effects of phenolic compounds pre-
sent in the NPs, which surpassed A. platensis tolerance. Phenolic com-
pounds (including humic acids) are well-known stimulants of
microalgae and plants when applied at low concentrations (<
20 mg-L™1), but higher often produce detrimental effects due to the
induction of oxidative stress. In such conditions, O, acts as an electron
acceptor, generating reactive oxygen species (ROS), including super-
oxide free radicals [32].

Table 2

Biomass productivity (P,), specific growth rate (1) and initial and final inorganic
carbon (IC), total organic carbon (TOC), total nitrogen (TN) concentration
(mg-L ™) and pH values in A. platensis batch cultures with addition of SMALLOPS
NPs at the concentrations of 50, 100, and 150 mg-L’l.

SMALLOPS NPs

Parameter Control 50 mg-L~! 100 mg-L~! 150 mg-L~?
pd™h 0.69+£0.00 0.71+0.01  0.78 + 0.00 0.68 + 0.03
P, (g 0.73+0.03 0.80+0.04  0.90 + 0.01 0.69 + 0.03
TSSL~.d™)
ICinitial 1183.68 1020.63 1052.33 1074.31
(mgL™h + 20.00 +1.34 +39.02 +37.11
ICfinal 863.27 879.08 810 + 32.08 1104.59
(mgL™h) +94.03 +78.00 +8.06
TOCinitial 49.76 69.13 78.90 + 8.45  65.10 + 3.41
(mg-L™Y) +7.70 +3.94
TOCfinal 65.56 130.50 158.80 95.87
(mg L™ + 16.00 +7.12 +54.85 +14.47
TNinitial 348.54 350.47 364.90 355.65
(mgL™) +21.16 +15.20 +1.29 +3.73
TNfinal 270.50 210.50 160.88 295.27
(mg L™ +7.71 +12.16 +10.10 +12.03
PHinitial 7.64+0.02 7.57+0.10  7.67 +0.05 7.75 + 0.02
PHeinat 9.11+0.04 9.46+0.07 9.52+0.26 9.21 £ 1.05

*TSS: Total Suspended Solids
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Finally, the C-PC content reached a maximum of 173 mg-g~! at
100 mg NP-L ™%, followed by 158 mg-g~! and 139 mg-g~* at 150 and 50
mgNP-L™}, respectively, compared to the lowest value of 120 mg-g~*
observed in the control assay (Fig. 1h). Interestingly, the addition of
100 mg-L™! SMALLOPS NPs increased the C-PC content from the
beginning of the exponential phase, whereas cultures supplemented
with 50 and 150 mg NP-L ™! exhibited patterns similar to the control.
Despite the higher iron content of the SMALLOPS NPs may have induced
an oxidative stress on A. platensis cultures, no significant reduction in C-
PC content was observed compared to CALPECH NPs (p > 0.05). Similar
findings have been reported by Ismaiel et al. [35], who found that
increasing iron concentrations did not enhance C-PC content of
A. platensis, despite the essential role of iron in photosynthetic pigment
synthesis. Thus, the increased C-PC content in A. platensis cultures sup-
plemented with SMALLOPS NPs was likely due to the stimulating effect
of phenolic compounds present in the NPs rather than to the iron
content.

A PCA analysis was performed to evaluate the effect of carbon-coated
iron-based NPs at different concentrations on four measured responses:
final biomass concentration, biogas upgrading (COy consumption and
O, production) and C-PC content. The PCA plot (Fig. 3) of the two iron-
based NPs showed that the first two principal components accounted for
59.8 % of the total variance in the dataset, with PC1 and PC2 explaining
35.3 % and 24.5 %, respectively. This indicates that these two compo-
nents captured a significant part of the overall variability, providing a
meaningful overview of the NPs effects on the measured responses. The
PCA plot revealed that the analyzed samples were grouped into two
distinct clusters based on their similarities. In particular, CALPECH and
SMALLOPS NPs did not overlap, suggesting that they exerted different
effects on the responses. This distinction confirms that each NP exhibits
a unique profile across the four measured responses. Within the CAL-
PECH NP group, all concentrations were clearly distributed along the
PC1 axis. This was particularly evident between the control (0 mg-L™1)
and the 100 mgNP-L ™! treatment, which are placed far apart on the plot,
indicating that their effects on the responses were different and signif-
icant. In contrast, in the SMALLOPS NP group, the different concentra-
tions were closely together with limited dispersion, suggesting that the

PC2 (24.5 %)
o

-2
-3

© CALPECH
-4 © SMALLOPS

T 0 1 2 3 4 5 & 7 8
PC1 (35.3 %)

Fig. 3. Principal Component Analysis (PCA) plot illustrating the effect of
CALPECH (blue) and SMALLOPS (red) NPs at different concentrations. Marker
shapes correspond to concentrations of 0 (circle), 50 (cross), 100 (triangle), and
150 mg-L~! (plus) on biomass concentration, biogas upgrading (CO, con-
sumption and O, production) and phycocyanin production. The axes (PC1, PC2)
represent the principal components explaining the largest variance among
the samples.
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use of various concentration did not have a strong impact on the re-
sponses. Overall, the PCA plot suggests that the concentrations of
CALPECH NP produced more distinct effect on regulating the responses
of A. platensis in batch cultures.

These findings revealed that the supplementation of iron-based NPs
at nearly all tested concentrations significantly enhanced A. platensis
growth and CO; consumption in batch cultures. This improvement can
be attributed to the presence of phenolic compounds, the attenuated
light availability and the iron content in the NPs. Iron is an essential
trace element that support cyanobacterial growth and photosynthesis by
acting as a redox catalyst in electron transport reactions [36]. Although
the iron content of the NPs varied significantly, A. platensis did not
experience notable growth inhibition following the addition of the two
NPs, particularly the SMALLOPS NPs, as this species is known to tolerate
relatively high iron concentrations [37]. Both CALPECH and SMALLOPS
NPs are coated with carbon, on which their positive biostimulant nature
relies, as low concentrations of phenolic compounds have been shown to
enhance microalgal metabolism [38]. Certainly, the specific phenolic
compounds of each NP are intimately related to the nature of their
precursors, with SMALLOPS NPs exhibiting a higher phenolic compound
concentration, which significantly influenced A. platensis performance.
Hence, CALPECH NPs demonstrated higher growth stimulation and
greater efficiency in the biogas upgrading process than SMALLOPS NPs
under the same experimental conditions. These differences are primarily
attributed to variations in their physicochemical properties, morphology
and iron content. Among all the above tested cultivations with the two
carbon-coated iron-based NPs under different concentrations, CALPECH
NPs at 100 mg-L~! provided the greatest enhancement in A. platensis
growth, CO4 consumption and C-PC content, and were therefore selected
for subsequent batch experiments.

3.2. Effect of nanoparticle addition and light intensity on CO,
assimilation, growth and phycocyanin content of A. platensis cultures

The beneficial effects of CALPECH NPs at the optimal concentration
of 100 mg-L ™! on A. platensis growth and C-PC synthesis were evaluated
under different light intensities. The addition of 100 mg-L~! of CAL-
PECH NPs under light intensities of 300 and 600 pmol-m 25! signifi-
cantly enhanced COz consumption (p < 0.05), reaching a CO»
concentration of 33 % at both light intensities, compared to 29 % and
25 % at 300 and 600 pmol-m2-s~! without NPs, respectively (Fig. 4a).
O, production in assays with NPs followed a similar trend, showing a
slight increase to 44 % at 600 pmol-m~2s~! compared to 41 % at 300
pmol'm~2s~!. In contrast, O, production in the absence of NPs was
higher at 300 pmol~m_2~s_1 (31 %) than at 600 pmol~m_2~s_l (18 %),
corresponding to a 42 % reduction in photosynthetic efficiency
(Fig. 4b). This decline was mainly attributed to the formation of ROS,
which are typically produced when light intensity exceeds the capacity
of microalgae to absorb light [39]. Hence, the protective action of the
NPs can likely be ascribed to antioxidant compounds present on their
surface, that acted as light scavengers and prevented oxidative damage
in cultures exposed to a high light intensity. Indeed, CALPECH NPs
enhanced growth at both tested light intensities, with the most pro-
nounced effect observed at 600 pmol-m~2-s~. Under this condition, the
specific growth rate increased from 0.55 to 0.67 d~!, and Px rose from
0.61 to 1.06 g TSS-L™1.d 1. Additionally, IC levels decreased by 49 %,
confirming the stimulation of metabolic activity in the presence of NPs
(Table S1). The evolution of biomass concentration in the presence of
NPs mirrored these patterns, with significant increases up to 3.4 g
vSS-L ! and 3.6 g VSS-L ™! at 300 and 600 pmol-m 2.5, respectively,
compared to 1.9.g VSS-L ™! and 1.6 g VSS-L™! in the absence of NPs
(p < 0.05) (Fig. 4c). The TOC, TC, TN concentrations and pH values
(Table S1) further supported that the addition of 100 mg-L~! CALPECH
NPs prevented photoinhibition of A. platensis at the highest light in-
tensity. Although biomass concentrations were consistently higher at

600 pmol-m 25! than at 300 pmol-m 25! in the presence of NPs, the
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Fig. 4. Time course of photosynthetic and growth parameters during A. platensis cultivation under different light intensities with and without CALPECH NPs
supplementation. a) CO, consumption (% v/v), b) O, production (% v/v), c) biomass concentration (g VSS-.L 1) and d) phycocyanin content (mg~g’1 biomass) under
300 pmol~m’2~s’1 (light blue), 300 pmol~m’2~s’1 + NPs (blue), 600 |1m01~m’2~s’1 (green), 600 umol-m’2~s’1 + NPs (dark green). Data are presented as mean +

standard deviation (n = 2). VSS: Volatile Suspended Solids.

difference between the two light intensities was not statistically signif-
icant. This suggests that CALLPECH NPs supplementation mitigated the
effects of increased light and maintained stable growth performance
under both conditions.

C-PC synthesis was also enhanced by the addition of NPs, reaching a
maximum of 178 mg-g~! at 600 pmol-m 2.5~ with NPs, followed by
170 mg-g~* at 300 pmol-m~2s~. In contrast, although biomass con-
centrations of A. platensis cultures in the absence of NPs supplementa-
tion were similar at both light intensities, the C-PC content was
significantly reduced to 87 mg-g ! at 600 pmol-m~2-s ! (Fig. 4d). These
findings confirm that NPs acted as protective agents against the oxida-
tive damage mediated by the increased light intensity. Numerous studies
have shown that NPs tend to accumulate on the surface of photosyn-
thetic microorganisms, forming aggregates that may reduce light
penetration to the underlying algal cells. This observation aligns with
the fact that the typical cell wall pore diameter of microalgae ranges
from 5 to 20 nm, which is considerably smaller than many NPs used in
cultivation systems. Consequently, surface accumulation likely creates a
physical barrier or shading effect that limits excessive light and nutrient
penetration, thereby protecting cells from photodamage. Although
direct microscopic evidence of NP internalization within Arthrospira
filaments is limited, SEM and EDX analyses in similar microalgal systems
consistently indicate that extracellular localization is the predominant
mechanism of NP interaction [40-42].

While light is essential for promoting photosynthesis, excessive
exposure in the absence of NPs can impair this process due to photo-
oxidative stress, leading to reduced photosynthetic efficiency, a phe-
nomenon known as photoinhibition [43]. Yang et al. [44] demonstrated
that graphene oxide quantum dots improved photosynthetic efficiency
and CO;, fixation in Chlorella pyrenoidosa cultivation by mitigating UV
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stress. Similarly, iron NPs have been shown to enhance photosynthesis
and carbon fixation by scavenging ROS and improving iron bioavail-
ability, which is essential for electron transport and enzymatic processes
[45-48]. Moreover, Vargas-Estrada and co-workers demonstrated that
the addition of carbon-coated zero-valent iron NPs scavenged UV-light
stress in a mixed microalgae-bacteria consortium, and in Chlorella sor-
okiniana cultures devoted to biogas upgrading [15,49]. Some NPs also
exhibit light-harvesting properties, compensating for inefficient light
utilization commonly observed in dense algal cultures [48]. In contrast,
in the absence of NPs, a high light intensity negatively affected C-PC
production, aligning with earlier studies indicating that lower light in-
tensities favor pigment accumulation in A. platensis. Schipper et al. [50]
reported that low light intensities (~ 80 pmol-m~2s!) tend to promote
higher C-PC content in microalgal species, including A. platensis, while
higher intensities (300-1800 pmol-m~2s~1) reduce pigment levels by
53 % and 79 %. Similarly, Xie et al. [51] observed an initial increase in
pigment productivity up to 40 mg-L™!-d™! when irradiation increased
from 75 to 300 pmol-m 2571, followed by a decline to approximately
1 mg-L~1.d! at 450 pmol-m~2s~?, indicating that photoinhibition may
occur beyond a certain light threshold. This reduction could be due to
the fact that cells achieved a sufficient light absorption, thereby
reducing the need for C-PC as a light-harvesting pigment. Certainly,
cultures exposed to 600 pmol-m~2.s™! without the addition of NPs
exhibited delayed C-PC synthesis, which became evident only during the
exponential phase, indicating that self-shading within A. platensis may
have triggered C-PC formation. Overall, the above findings underscore
the photoinhibition mitigation potential of NPs supplementation to
A. platensis cultures while simultaneously promoting growth, CO; cap-
ture, C-PC production, and resistance to oxidative stress.
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3.3. Effect of salinity and NPs supplementation on CO2 assimiliation,
growth and C-PC content of A. platensis cultures

Salinity is another environmental factor that influences the growth,
productivity and photosynthetic performance of A. platensis [52,53].
Moderate salinity levels can stimulate pigment biosynthesis by upre-
gulating related gene expression, whereas excessive salinity induces
osmotic and oxidative stress, disrupting cellular metabolism and ulti-
mately inhibiting photosynthesis [54,55]. Recent studies have demon-
strated that NPs supplementation can enhance algal growth and improve
salinity tolerance by regulating hormone levels, antioxidant activity, ion
balance, and the expression of stress-related genes [56,57].

The impact of different salinity levels on A. platensis growth and
biogas upgrading was evaluated in the presence of 100 mg-L™! of
CALPECH NPs. This approach provides valuable insight into strategies
for improving microalgal growth and pigment synthesis by assessing
whether CALPECH NPs enhance A. platensis tolerance to saline condi-
tions. The metabolic impact of NPs supplementation on A. platensis was
comprehensively assessed by monitoring CO, consumption, Oy pro-
duction, biomass concentration, and phycocyanin content, which
represent robust physiological and biochemical indicators commonly
used in microalgae process studies [58-60]. As shown in Fig. 5a, culture
exposure to 0.1 M NaCl resulted in the highest CO5 consumption (35 %),
closely followed by the control (34 %), while cultures supplemented
with 0.3 M and 0.5 M NaCl showed lower consumption levels of 30 %
and 28 %, respectively. Although the slight increase in NaCl concen-
tration up to 0.1 M did not result in a significant difference in CO, up-
take compared to the control, further increases in salinity reduced COy
capture efficiency. O, production exhibited a similar trend, with a slight
increase to 42 % at 0.1 M compared to 40 % in the control (Fig. 5b). A
maximum biomass concentration of 3.0 g VSS-L™! was observed at
0.1 M salinity, decreasing to 2.15 g VSS-L ™' and 1.98 g VSS-L ' at 0.3 M
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and 0.5 M, respectively (Fig. 5c¢). These results were further supported
by biomass productivity, specific growth rate, final IC, TOC, TN con-
centrations and pH values at the end of the trials (Table S2). Hence, the
addition of NPs mitigated the inhibitory effects of salinity in cultures
exposed to 0.1 M NaCl, even though salinity stress typically increases
the energy demand required to maintain turgor pressure, thereby
limiting biomass growth [35].

The production of C-PC exhibited a trend similar to that of biomass
concentration. The final C-PC concentration reached 179 mg-g~! in the
control and 193 mg-g~! at 0.1 M NaCl. However, the increase in NaCl to
0.3 M and 0.5M induced a decrease of C-PC content by 16.5 % and
48.5 %, respectively (Fig. 5d). Despite the observed decrease in C-PC
content with increasing salinity, the results obtained herein were
significantly higher than those obtained by Ismaiel et al. [35], who re-
ported C-PC contents ranging between 60 and 130 mg g~ ! in A. platensis
cultures exposed to 0.04-0.34 M NaCl. This confirms the beneficial role
of NPs supplementation in enhancing C-PC synthesis and A. platensis
metabolism.

Among all the tested salinity levels, 0.1 M NaCl consistently sup-
ported the highest growth, CO, consumption, Oy production, and C-PC
content, closely followed by the control. In contrast, salinities above
0.1 M negatively impacted A. platensis cultures. These results are in
agreement with Sujatha and Nagarajan [61], who reported that
A. platensis growth and C-PC production increased approximately to
110mgg! at 0.1M and 0.2M concentrations, and decreasing
approximately to 80 and 60 mg g~ ! at 0.3 M and 0.4 M. Previous studies
have also shown that deviations from the optimal salinity can disrupt
ionic balance and photosynthetic processes, leading to morphological
and physiological changes that reduce A. platensis productivity [62,63].
High salt concentrations impair metabolism, inhibit growth and
photosynthesis, and induce oxidative stress through the accumulation of
ROS, which damage cellular components and alter metabolic pathways
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Fig. 5. Time course of photosynthetic and growth parameters during A. platensis cultivation under different salinities with 100 mg-L~ of CALPECH NPs. a) CO,
consumption (% v/v), b) O, production (% v/v), ¢) biomass concentration (g VSS-.L™Y) and d) phycocyanin content (rng-g’1 biomass) at control (green), 0.1 M NaCl
(light brown), 0.3 M NaCl (dark green), 0.5 M NaCl (dark brown). Data are presented as mean + standard deviation (n = 2). VSS: Volatile Suspended Solids.
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[64-66]. Specifically, ROS accumulation damages photosystems,
reducing oxygen release [67]. Additional ROS, malondialdehyde
(MDA), and antioxidant enzyme analyses are needed for a deeper un-
derstanding of oxidative stress mechanisms. As described in Section 3.2,
the addition of NPs improved CO, consumption and photosynthetic
activity in A. platensis cultures by scavenging ROS, boosting antioxidant
defenses and regulating stress response pathways, particularly at low
salinities (0.1 M NaCl) [68]. However, at salinities above 0.1 M NaCl,
biomass productivity decreased, leading to a reduced CO; biofixation by
A. platensis cultures even with NPs supplementation [69]. Nonetheless,
A. platensis demonstrated robust growth across a range of salinities, with
optimal growth occurring at lower salinity levels.

Beyond the physiological responses observed under NPs supple-
mentation, A. platensis biomass cultivated in Zarrouk medium enriched
with carbon-coated iron-based NPs holds promising potential for
downstream applications. The harvested biomass can be further valo-
rized for the production of bioactive compounds with uses in pharma-
ceutical, nutraceutical, environmental, food, and agricultural sectors.
NPs can be efficiently separated from the biomass using conventional
methods such as centrifugation, gravity settling, filtration, or dissolved
air flotation. Magnetic separation, in particular, offers a highly effective
and sustainable approach due to the intrinsic magnetic properties of
iron-based NPs [70,71]. Furthermore, the NPs can be efficiently recov-
ered and reused following separation, maintaining their performance
over multiple cycles and confirming their stability and economic feasi-
bility for repeated microalgae harvesting and environmental applica-
tions [70,72-74].

4. Conclusion

This study demonstrated that A. platensis cultivation supplemented
with carbon-coated iron-based nanoparticles offers a promising strategy
for enhancing CO, capture, microalgal growth, and phycocyanin pro-
duction. Among the two commercial nanoparticles tested, CALPECH
NPs at a concentration of 100 mg-L ™! proved to be the most effective,
likely due to their chemical composition, which contributed to a more
efficient CO5 uptake and pigment synthesis. Nanoparticle supplemen-
tation boosted biomass productivity up to 1.06 g-.L *-d~! and phyco-
cyanin content up to 178 mg-g', under high light intensity (600
pmol-m~2.s71). In contrast, increasing light intensity from 300 to 600
pmol-m 257! led to a 42 % reduction in photosynthetic efficiency,
likely due to photooxidative stress. NaCl levels above 0.2 M also induced
stress in A. platensis, leading to a reduced photosynthetic efficiency in
the presence of NPs. Overall, carbon-coated iron-based nanoparticles
demonstrated antioxidant and biostimulant effects on A. platensis cul-
tures, representing a promising strategy to enhance CO, capture,
microalgal productivity and high-value compounds production during
photosynthetic biogas upgrading. These findings lay the groundwork for
future pilot-scale applications targeting sustainable biogas upgrading
through A. platensis cultivation.
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