Sustainable Processes Connect
ISSN: 3079-1421 SCIFINITI

2025, Atrticle ID. 2025.0009, Cite as: https://doi.org/10.69709/SusProc.2025.156377
Research Article

OPEN (", ACCESS

Enhanced Biomass and Photosynthetic Pigment
Productivity of Spirulina platensis Using a
Sustainable Medium from Chicken Feather and
Moringa oleifera Leaf Extract

Oscar Simplice Wamba Fotsop™'™ Pierre Fils Rodrigue Magwell>%3"~ Carlos Loubadoum™'
Kennedy Tchoffo Djoudjeu™?" Pascaline Laure Nyabeu Ngnikeu™'" Belise Gladyce Nangueu*
Claude Simo™""" Emile Minyaka™?" Léopold Gustave Lehman ™3

1 Laboratory of Plant Biology, Faculty of Science, University of Douala, P.O. Box 24157 Douala, Cameroon

2 Biochemistry Laboratory, Faculty of Science, University of Douala, P.O. Box 24157 Douala, Cameroon

3 Institute of Agricultural Research for Development, Nko’olong Station, P.O. Box 219, Kribi, Cameroon

4 Institute of Agricultural Research for Development, Specialized Research Station in Marine Ecosystems, P.O. Box 219 Kribi, Cameroon
5 Laboratory of Animal Biology and Physiology, Faculty of Science, University of Douala, P.O. Box 24157 Douala, Cameroon

Article History
Submitted: April 09, 2025 Accepted: August 08, 2025 Published: October 11, 2025

Abstract

Spirulina platensis biomass represents a renewable resource for the sustainable production of high-quality products. However,
substantial costs and nutrient availability limit large-scale production. Nutrients from agro-industrial by-products can serve as
supplementary sources to enhance S. platensis production. This study evaluated chicken feather (CF) medium and Moringa oleifera
leaf extract (MLE) as eco-friendly alternative culture media for increasing Spirulina platensis biomass and photosynthetic pigment
production. The culture medium was formulated by processing chicken feathers to produce a CF-based medium. Different MLE
concentrations (0, 10, 15, and 20 g L) were subsequently prepared in distilled water. S. platensis was cultured in cylindrical vessels
under greenhouse conditions for 27 days. The CF media enriched with 15 g L™* M. oleifera leaf extract (CF-MLE-15) presented
the highest optical density (1.68 + 0.03) and dry-biomass concentration (1.98 + 0.05 g L™%), outperforming the values observed
in the standard (JM) and the control (CF-MLE-0) media. Moreover, the content and productivity of carotenoids and chlorophyll a
were significantly higher (p <0.05) in the CF-MLE-15 treatment than in the other CF-MLE and control treatments. Nonetheless, the
contents of chlorophyll a (1.72 + 0.12 mg L™%), carotenoids (0.90 + 0.003 mg L™1), and phycobiliproteins in the standard medium
(IM) exceeded those found in the CF-MLE treatments. Consequently, a CF medium supplemented with 15 g L™* of M. oleifera leaf
extract may be a viable and economical alternative for producing S. platensis biomass and photosynthetic molecules.
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1. Introduction tive photosynthetic pigments [2]. Spirulina platensis

(S. platensis), a blue-green, filamentous, photosynthetic
Microalgae have attracted significant global attention due cyanobacterium, is recognized as a highly promising
to their potential applications across diverse sectors, in-  species that thrives in aquatic habitats such as lakes, rivers,
cluding renewable energy, pharmaceuticals, nutraceuti- and oceans [3]. S. platensis is particularly noteworthy

cals, food production, and cosmetics [1]. Microalgae for its high nutritional value and therapeutic properties.
biomass is a renewable and cost-effective source of bioac-
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S. platensis contains a high percentage of protein (50—
70%), polyunsaturated fatty acids (x-linolenic acid, y-
linolenic acid), photosynthetic molecules (chlorophyills,
carotenoids, and phycobiliproteins), vitamins (provita-
mins A, vitamin B1), and minerals (iron, calcium, mag-
nesium, zinc, and potassium) [4,5]. The Food and Agri-
culture Organization recognizes S. platensis as a vital
food resource for the 21st century [6]. S. platensis has
therapeutic properties, including anti-aging, anti-cancer,
immunomodulatory, antibacterial, and anti-inflammatory
effects [7,8].

S. platensis is highly adaptable and can thrive un-
der various nutritional conditions [9]. S. platensis typi-
cally uses Jourdan and Zarrouk media as nutrient sources.
These two inorganic media are complex, expensive, and
not widely available [10]. To reduce the production costs

2. Materials and Methods

2.1. Preparation of Chicken Feathers
Medium Supplemented with Moringa
oleifera Leaf Extract

The chicken feathers were collected from a slaughterhouse
in Douala, Cameroon. The samples were washed at 50 °C
in 0.5% v/iv H,O, to remove residues of blood, feces, fat,
offal, and sand. The washed chicken feathers were then
rinsed and dried at 105 °C for 24 h. Once dried, the barbs
were manually separated from the shaft and carbonized at
440 -C for 10 min in a muffle furnace to obtain ash [22].
Subsequently, 10 g of ash was dispersed in 100 mL of dis-
tilled water (1:10 w/v) and left to stand for 24 h to create
a homogenate of chicken feathers. After the homogeniza-

of S. platensis, researchers are exploring more cost-effective 10N Process, the mixture was passed through the What-

and readily available alternative culture media [11-13].
Studies have investigated the use of agro-industrial by-
products, such as chicken feathers and M. oleifera leaves,
as potential sources of nutrition for microalgae cultiva-
tion [14,15]. M. oleifera leaves contain vitamins and
essential micronutrients such as magnesium, potassium,
iron, and copper, which are necessary for microalgal
growth [16,17]. Chicken feathers are a cost-effective,
nutrient-rich source of nitrogen, phosphorus, calcium, and
magnesium for microalgae cultivation [18,19]. The com-
plementary nutrient profiles of these two agro-industrial
by-products synergistically enhance microbial metabolic
activity and stimulate biomass production [20,21]. De-
spite their inherent nutrient richness, no prior study has in-
vestigated the potential of chicken feathers and M. oleifera
leaf extracts as an alternative medium for S. platensis
biomass and photosynthetic pigment production.

The novelty of this study lies in the use of agro-
industrial by-products, such as chicken feathers and
Moringa oleifera leaves, as prospective substrates for cul-
tivating microalgae, including Spirulina platensis. The
strategy helps mitigate production costs and alleviates
challenges in agro-industrial waste management. The use
of chicken feathers and Moringa oleifera leaf extract in
microalgae cultivation also provides an eco-friendly alter-
native to synthetic media.

Thus, the current study investigated the potential of
chicken feathers and M. oleifera leaf extracts as an eco-
friendly alternative medium for producing S. platensis
biomass and photosynthetic pigments. These findings
highlight the promising use of these alternative media
for producing S. platensis biomass and photosynthetic
pigments.

man No. 2 filter paper. The filtrate collected was used as
chicken feather medium (CF).

Fresh M. oleifera leaves were harvested at the
SAGRIC farm in Douala, Cameroon. The leaves were
cleaned, and different quantities (20 g, 30 g, and 40 g)
were mixed with 1 L of distilled water for 7 days un-
der agitation using a homogenizer [15]. The suspension
was subsequently filtered through sterile muslin cloth and
Whatman No. 1 filter paper to eliminate solid particles.
The filtrates obtained were diluted with an additional 1 L
of distilled water to achieve final concentrations of 10, 15,
and 20 g L-! Moringa oleifera leaf extracts and sterilized
at 121 -C for 30 min. The obtained extracts were used as
the M. oleifera leaf extract (MLE).

2.2. Microalgae and Inoculum Culture
Conditions

The strain of S. platensis used in the experiments was har-
vested from the algal culture collection of the SAGRIC
farm in Douala, Cameroon. To produce the inoculum,
the S. platensis strain was cultured in Jourdan’s medium,
which contained per liter: NaHCOs; (8 g), NaCl (5 g),
KNO; (2 g), MgSO. (0.16 g), (NH4).HPO4 (0.12 g),
(NH;)2CO (0.05 g), FeSO4 (0.02 g), and CaCl, (0.02 g).
The culture of the inoculum was maintained at 28 + 0.5 °C,
under alkaline conditions (pH = 9.0 £ 0.4) in a green-
house with white LED tube lamps (200 pmol photons
m-2 s-1) and constant aeration supplied by a membrane
pump (Laboport KNF, Freiburg, Germany).

2.3. Experimental Design

The study used a systematic methodology, wherein S.
platensis was cultivated in chicken feather medium (CF).
Culture media were prepared by supplementing CF medium
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with 0, 10, 15, or 20 g L-* of MLE for CF-MLE-0 (con-
trol), CF-MLE-10, CF-MLE-15, or CF-MLE-20, respec-
tively. Jourdan’s medium served as the established stan-
dard medium (Table 1). The microalgae S. platensis was
grown in 20 L cylindrical vessels set in a greenhouse
maintained at 28 £ 0.5 °C, under white LED illumination
(200 pmol photons m-2 s-1) and continuous aeration sup-
plied by a membrane pump. A 10% inoculum (Inoculation
volume/Medium volume) was used at the beginning of the
cultivation experiment. The salinity and the pH were ad-
justed to 11.4 £ 0.5 PSU with NaCl and 9.0 = 0.4 with
2 N NaOH, respectively. The trials were conducted in
triplicate over the 27-day experimental period.

2.4. Estimation of the Eco-Friendly
Chicken Feathers Medium
Supplemented with Moringa oleifera Leaf
Extract

The expense associated with chicken feather medium en-
riched with Moringa oleifera leaf extract was calculated
by taking into account the concentration and cost of every
substance employed in the production of 1 kg of the mate-
rial. Taxes, energy consumption, and transportation costs
were excluded from the analysis. The prices for all the
chemicals utilized were sourced from previous research
reported by Magwell et al. [23] (Table 2).

2.5. Biomass and Growth Rate
Assessment

S. platensis samples were collected every 3 days to eval-
uate the dry biomass and cell optical density. The opti-
cal density of the cells was measured at 680 hm via a
UV-VIS spectrophotometer (UV-VIS Spectrophotometer
BK-S380, Shandong, China). Dry biomass determination
was performed by filtering 20 mL samples through 47 mm
GF/C glass fiber filters (X1, g). The cells within the fil-
ters were rinsed twice with distilled water, oven-dried at
50 -C for 24 h, and subsequently weighed (X2, g). The
dry biomass was calculated per Equation (1):

Dry biomass (X, g L-1) = [(X1 — Xz) x 1000]/20 (1)

The biomass productivity (Px) and growth rate (p) of S.
platensis were determined from Equations (2) and (3), re-
spectively:

Biomass productivity (Px, g L-* d-1) = [X¢ — Xo]/t (2)

Growth rate (u, d-1) = [InX¢ — InXq]/t 3)

Xo and Xs represent the dry biomass at the initiation and
termination of the cultivation process (t), respectively.

Upon completion of the exponential growth phase
(21 days), S. platensis samples were collected to assess
protein, cysteine, and pigment contents.

2.6. Biochemical Analysis

2.6.1. Photosynthetic Pigments
Chlorophyll and Carotenoid Contents

Chlorophyll a, b, and carotenoids were isolated from S.
platensis biomass (2 mg) by adding 1 mL of 90% acetone
in the absence of light for 24 h at 4 °C. After centrifugation
for 15 min at 5000 rpm (Sigma 1-15K, Osterode am Harz,
Germany), the supernatant was harvested from each sam-
ple. The absorbances of chlorophyll a, b, and carotenoids
were measured at 662 nm, 645 nm, and 470 nm, respec-
tively. The contents of chlorophyll and carotenoids were
assessed using the extinction coefficient in acetone and
calculated from Equations (4)—(6) [24].

Chla (mg L-%) = 11.24 X ODeg; — 2.04 X ODgss  (4)

where Chl a is chlorophyll a, ODgs2 denotes the optical
density at 662 nm, and ODs4s indicates the optical density
at 645 nm.

Chlb (mg L‘l) =20.13 X ODe¢ss — 4.19 X ODgg2 (5)

where Chl b is chlorophyll b, ODess denotes the optical
density at 645 nm, and ODgs; signifies the optical density
at 662 nm.

Carotenoids (mg L) = [(1000 X ODg70) —

(1.90 X Chla) — (63.14 x Chl b)]/214 ©

where ODa47o represents the optical density measured at
470 nm, Chl a denotes chlorophyll a, and Chl b is chloro-
phyll b.

Phycobiliproteins Contents

The fresh S. platensis biomass was mixed with phosphate
buffer (0.05 M, pH 6.7) at a ratio of 1:3 (w/v) through
three successive freeze-thaw cycles over 24 hat 4 °C, in
the dark. Subsequently, the mixtures were centrifuged at
5000 rpm for 20 minutes, and the resulting supernatants
were analyzed using a UV-VIS spectrophotometer. The
absorbance values of C-phycocyanin, allophycocyanin,

and phycoerythrin were recorded at 562 nm, 615 nm, and

652 nm, respectively. The contents of C-phycocyanin

C, allophycocyanin, and phycoerythrin were determined

through the application of Equations (7)—(9) [25]:

C-Phycocyanin (C-PC) = [ODgis — 0.474 x ODes.]/5.34 (7)

Sustainable Processes Connect
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Allophycocyanin (APC) = [ODss2 — 0.208 x ODe15]/5.09  (8)

Phycoerythrin (PE) = [ODsg; — (2.41 X C-PC)

— (0.849 x APC)]/9.62 ©)

2.6.2. Productivity of Chlorophyll, Carotenoids,
and Phycobiliproteins

The productivities of chlorophyll a (Pchia, mg.L-1.d-Y),
chlorophyll b (Pchb, mg.L-1.d-!), carotenoids (Pcat,
mg.L-1.d-1), C-phycocyanin (Pcec, mg.L-1.d-1), allo-
phycocyanin (Parc, mg.L-1.d-1) and phycoerythrin (Pee,
mg.L-1.d-1) were assessed based on dry biomass, as out-
lined in Equations (10), (11), (12), (13), (14) and (15) re-
spectively. Where X, Chl a, Chl b, Cat, C-PC, APC, PE,
and At represent dry biomass, chlorophyll a, chlorophyll
b, carotenoids, C-phycocyanin, allophycocyanin, phyco-
erythrin, and cultivation time, respectively.

Pcnia (g.L-1.d-Y) = [Chl a X X{]/At (10)
Penib (9.L-1.d-Y) = [Chl b x X{/At (11)
Pcat (g.L-1.d-1) = [Cat X X{]/At (12)
Pc-pc (g.L-1.d-1) = [C-PC X X{]/At (13)
Papc (9.L-1.d-%) = [APC X X{]/At (14)
Pee (g.L-1.d-1) = [PE x Xi]/At (15)

2.6.3. Protein and Cysteine

The protein content was analysed using the method out-
lined by Bradford [26], which relies on the binding of pro-
teins to a dye and the subsequent color change observed
between 465 and 595 nm. For protein extraction, S. platen-
sis dry biomass (5 mg) was mixed with 2 mL of 50 mM
potassium phosphate buffer (pH 6.2) and incubated for
10 min. The resulting mixture was collected after cen-
trifugation at 3500 rpm for 10 min at 4 °C (Sigma 1-15K,
Osterode am Harz, Germany). A volume of 0.1 mL of
the supernatant was combined with 2 mL of the Brad-
ford reagent (Sigma-Aldrich, Taufkirchen, Germany), and
subsequently incubated in the dark for 10 min. After-
wards, the solution was transferred into cuvettes and the
absorbance was recorded at 595 nm using a UV-VIS spec-
trophotometer (BK-S380, China).

The cysteine content was assessed through the method
outlined by Gaitonde [27]. Cysteine extraction was per-
formed by mixing S. platensis dry biomass (5 mg) with
5 mL of 80% ethanol and centrifuging it at 3000 rpm for
10 min. Cysteine crude extract (0.15 mL) was mixed with
0.35 mL of acidic ninhydrin reagent [1.3% (w/v) ninhydrin
in 1:4 HCI:CH;COOH conc] (Sigma-Aldrich, Germany).
The mixture was homogenized and heated at 100 *C for

10 min, then cooled on ice. After adding 1 mL of 95%
ethanol, the optical density was assessed at 560 nm against
a blank containing 80% ethanol instead of the cysteine
crude extract.

3. Data Analysis

All the experiments were carried out in triplicate, and the
results were presented as means + standard deviations.
The statistical analysis was performed using IBM SPSS
Statistics 26 and GraphPad Prism 8.0 software (Graph-
Pad Software Inc., San Diego, CA, USA) through anal-
ysis of variance (ANOVA). Multiple mean comparisons
across different treatments were performed using Tukey’s
test with a 95% confidence level. A statistically signifi-
cant difference was identified when p < 0.05.

4, Results and Discussion

4.1. Effects of Chicken Feathers Medium
Supplemented with Moringa oleifera Leaf
Extract on Spirulina platensis Growth
Performance

The variations in the cell density and dry biomass of
S. platensis cultivated in CF medium enriched with M.
oleifera leaf extract are illustrated in Figure 1A,B. An ex-
ponential increase in cell density and dry biomass was
noted from day 1 to day 21. However, a significant de-
crease was observed from day 21 to day 27, especially in
the control medium with chicken feather medium, which
resulted in reduced growth from day 9 onwards. The
chicken feathers medium supplemented with 15 g L-!
M. oleifera leaf extract (CF-MLE-15) presented signifi-
cantly (p < 0.05) higher cell density (1.68 £ 0.03) and
dry biomass (1.98 + 0.05 g L-!) than standard Jourdan
medium (JM), with a cell density and dry biomass of
158 £ 0.05g L and 1.83 %+ 0.04 g L-%, respectively.
In contrast to the other treatments, the chicken feathers
medium without M. oleifera leaf extract (CF-MLE-0)
showed the lowest cell density (0.50 = 0.03) and dry
biomass (0.42 £+ 0.06 g L-1) of S. platensis (Table 3).
These results are attributed to the nutrient content, namely
nitrogen, potassium, phosphorus, calcium, sodium, and
magnesium, present in the leaves of Moringa oleifera and
chicken feathers, which collectively enhanced cell growth
and carbon metabolism during the photosynthetic activity
of Spirulina platensis [22,28,29]. Therefore, CF-MLE-15
is more conducive to growth and consequently higher cell
density. The findings presented a higher level of efficacy
than those reported by Wamba et al. [15] for a medium
containing M. oleifera leaf extract enriched with either

Wamba Fotsop et al.
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Table 1: The chemical compound of the chicken feathers medium supplemented with M. oleifera leaf extract and Jourdan medium

was employed for the production of Spirulina platensis biomass.

Jourdan Standard Medium (JM)

Chicken Feathers Medium Supplemented with M. oleifera Leaf Extract

Constituents Concentration (g L) Treatments Constituents Concentration (g L)
(NH2),CO 0.05 NaHCOs * 8
(NHg4)2HPO, 0.12 NaCl * 5
KNO; 2 CF~* 10

MgSO4 0.16

CaCl; 0.02 CF-MLE-0 (control) 0
FeSO4 0.02 CF-MLE-10 10
NaCl 5 CF-MLE-15 MLE * 15
NaHCO; 8 CF-MLE-20 20

* Note: CF (chicken feathers medium), MLE (M. oleifera leaf extract). NaHCO; and NaCl were added in all the treatments of the M. oleifera

leaf extract.

Table 2: Estimation of the expenditure of the eco-friendly chicken feathers medium supplemented with Moringa oleifera leaf extract
and Jourdan standard medium employed for the production of Spirulina platensis biomass.

Jourdan Standard Medium (JM)

Chicken Feathers Medium Supplemented with Moringa oleifera Leaf

Extract
Components Price (USKg™) Components Price (USKg)
(NH2).CO 342.13 NaHCO; 69.08
(NH4)2HPO4 130.75 NaCl 49.90
KNO3 119.42 CF* 0
MgSO4 233.17 MLE * 0
CaCl, 128.57
FeSO, 82.92
NaCl 49.90
NaHCO; 69.08
Total price 1155.94 Total price 118.98

* Note: The chicken feathers and Moringa oleifera leaf used to prepare CF (chicken feathers medium) and MLE (Moringa oleifera leaf extract),
respectively, were freely collected as waste from a slaughterhouse and the SAGRIC farm in Douala, Cameroon.

kanwa or sodium bicarbonate. The variation observed
may be related to the formulation of the medium and the
duration of the cultivation.

Biomass productivity (Px) and growth rate (M)
showed an upward trend in chicken feather media with
increasing concentration of M. oleifera leaf extract. It was
observed that the standard Jourdan medium resulted in the
highest biomass productivity (0.032 + 0.003 g L-! d-%)
and growth rate (0.040 £ 0.001 d-!). Nonetheless, the
CF-MLE-15 medium significantly (p < 0.05) increased
the biomass productivity (0.028 £ 0.002 g L- d-') and
growth rate (0.038 % 0.001 d-!) compared with those
of the different chicken feathers media supplemented
with M. oleifera leaf extract and the control medium
(—0.011 £0.001 g L-*d-* and —0.057 % 0.002 d-Y)
(Table 3). These findings can be explained by the provi-
sion of essential nutrients from Moringa oleifera leaf and
chicken feather extracts during the cultivation of Spirulina
platensis. These results are congruent with the findings of
Suparmaniam et al. [30], emphasizing the essential role of
chicken feather nutrients in promoting microalgal growth.

4.2. Effects of Chicken Feathers Medium
Supplemented with Moringa oleifera Leaf
Extract on the Chlorophyll and
Carotenoid Contents and Productivity of
Spirulina platensis

The contents of carotenoids, chlorophyll a, and chloro-
phyll b in S. platensis biomass cultivated from chicken
feathers supplemented with various concentrations of

M. oleifera leaf extract are presented in Table 4 and
Figure 2. The variations in the carotenoid and chloro-
phyll a and b contents were correlated with the M. oleifera
leaf extract concentrations in the medium. Supplemen-
tation of the chicken feathers medium with 15 g L-!

M. oleifera leaf extract (CF-MLE-15) led to a significant
(p < 0.05) increase in the carotenoid (0.82 = 0.02 mg
L-1), chlorophyll a (1.67 + 0.07 mg L-%), and chloro-
phyll b (1.20 £ 0.09 mg L-?) contents. Nevertheless, the
Jourdan standard medium presented significantly higher
(p < 0.05) contents of carotenoids (0.90 + 0.003 mg L-Y),
chlorophyll a (1.72 £ 0.07 mg L), and chlorophyll b

Sustainable Processes Connect

Wamba Fotsop et al.


https://scifiniti.com/
https://scifiniti.com/journals/sustainable-processes-connect

2025, Vol. 1, Article ID. 2025.0009
https://doi.org/10.69709/SusProc.2025.156377 ® SCI FI N ITI

A . JM (standard) L] CF-MLE-0 (control} N CF-MLE-10 B . JM (standard) L] CF-MLE-0 (control) a CF-MLE-10
v CF-MLE-15 CF-MLE-20 v CF-MLE-15 CF-MLE-20
2.0 2.5+
b4
] 2.0 .
. - y
g 15 ; S §
s L = t
2 . 2 i = i
[ ] — 15_
g f 5 T -
= 1.0+ x . 2 ¥
z i : z i FE
c & S
g i o 1.0 .
T o * s H .
g o5 i : P, 5 P L |
=] m
© ! 0.5~ H . §
L} ] ¥
-
L]
. »
I s S IS RN Y S E— 0.0 T T T T T T T T T T
0 3 6 9 12 15 18 21 24 27 0 3 6 9 12 15 18 21 24 27
Culture time (Days) Culture time (Days)

Figure 1: Growth performance of S. platensis in chicken feathers medium enriched with M. oleifera leaf extract (CF-MLE) and
Jourdan medium (standard). (A) Optical density, (B) Biomass dry weight. The data are presented as means + standard deviations
(n = 3). The bars represent the standard deviation.

Table 3: Optical density (ODsso nm), dry biomass (X), biomass productivity (Px), and growth rate (um) of S. platensis after 27 days
of cultivation in chicken feathers medium enriched with M. oleifera leaf extract (CF-MLE).

Culture Medium Treatments (g L2) OD (680 nm) X (gL Px(gLtd™) M (d2)
Jourdan (standard) M 1.58 £0.05° 1.83+0.04" 0.032 + 0.003 2 0.040 +0.001 2
CF-MLE-O (control) ~ 0.50 +0.03¢  0.42+0.06¢ —0.011+0.001¢ —0.057 +0.002°¢
CICKEl I(:‘alll(:‘f_S b b c b
M. oleifera CF-MLE-15 1.68+0.03% 1.98+0.05%  0.028 +0.002° 0.038 +0.001 @
earextract CF-MLE-20 163+004° 19040047  0.025+0002>  0.036 +0.001°

Note: The data are presented as the means % standard deviations. The means with matching superscript letters (a > b > ¢ > d) within the same
column are not significantly different (p > 0.05) according to the Tukey test.

Table 4: Chlorophyll (Chl a and b), total carotenoid (Cat), C-Phycocyanin (C-PC), Allophycocyanin (APC), and Phycoerythrin (PE)
contents of S. platensis after 27 days of cultivation in chicken feathers medium enriched with M. oleifera leaf extract (CF-MLE).

Treatments Chla Chlb Cat C-PC APC PE

Culture Medium L) (mg L) (mg L) (mg L) (mg L) (mg L) (mg L)
Jourdan (standard) M 172 +0122 1.33+0042 090+00032 0.86+001¢ 036+0022 0.0 +0.007 2
Chicken feathers C(E;)'\,ft';oﬁgo 1.06 +0.02° 061+0069 020+0001¢ 030+001¢  017+001¢  0.11+0.003°"
supplemented with CF-MLE-10 111+003% 1.06+006° 052+0001¢ 0.75+0.0L° 0.26 +0.01° 0.18 + 0.005 2
M. oleifera leaf CF-MLE-15  167+005° 120+005" 0.82+0.002° 077 +003" 028+003"  0.19+0.001¢2
extract CF-MLE-20  1.19:0.12b 1.12+004¢ 071+0002b 075+00lP 025+00Lb  0.18+0.005¢%

Note: The data are presented as means % standard deviations. The means with matching superscript letters (a > b > ¢ > d) within the same column
are not significantly different (p > 0.05) according to the Tukey test.

(1.33 = 0.12 mg L-%) than the other treatments. Sim- and 2.66 mg L%, using Schldsser and whey media under
ilarly, the productivity of chlorophyll and carotenoids mixotrophic conditions as a substitute for synthetic media.
of S. platensis showed a downward trend with the M. This increase is attributed to the potassium, calcium, and
oleifera leaf extract concentration in the chicken feath- iron supplied by chicken feather and M. oleifera leaf ex-
ers medium (Table 5). The productivity of chlorophyll tracts, which activated metabolic enzymes, regulated cel-
and carotenoids of S. platensis was significantly higher lular processes, and maintained the structural integrity of
(p <0.05) in CF-MLE-15 with 0.16 £ 0.001 g L-! d-*  the photosynthetic apparatus [32,33]. The ability to en-
and 0.11 + 0.002 g L-* d-%, respectively, than the control  rich chicken feathers medium with concentrations of 15 g
(0.02£0.002gL-*d-' and 0.01 £0.001gL-*d-Y) L-* MLE was noteworthy, as it influenced growth, dry
(Table 5). The range of chlorophyll a, b, and carotenoids biomass, and photosynthetic pigments. Conversely, at
in the current study is consistent with that reported by higher concentrations of MLE, cellular growth and photo-
Herrera et al. [31], who reported values between 0.83  synthetic efficiency were significantly reduced, resulting
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Figure 2: Chlorophyll a, b, and carotenoid content in Chicken feathers medium supplemented with M. oleifera leaf extract (CF-MLE).
The data are presented as means *+ standard deviations. The bars represent the standard deviation. The means with matching
superscript letters (a > b > ¢ > d) within the same column are not significantly different (p > 0.05) according to the Tukey test.

Table 5: Chlorophyll (Chl a and b), total carotenoids (Cat), C-Phycocyanin (C-PC), Allophycocyanin (APC), and Phycoerythrin (PE)
productivities of S. platensis after 27 days of cultivation in chicken feathers medium enriched with M. oleifera leaf extract (CF-MLE).

; Treatments Pchia Pchin Pcat Pcrc Papc Pee
CultureMedium (g L) @Lldh  @Lldl)  @Lldh  @Lldh  @Ltdh) (gL ldh
(gt‘;‘r’][jdaig) M 015+0001%  012+0002°  008+00003%  008+0002° 0030003 002 0.001°
_ CF-MLE-0 . b . b b b
Chicken feathers (control) 0.02 + 0.002 0.01 + 0.001 0004 £0.0007¢  0.006+0.001° 0003 0001° 0002 0.001
vﬁ?ﬁ%e“S?e”ffifa CF-MLE-10  0.09£0.001®  0.09+0.0032  0.04 +0.0004° 0.06 £0.001%  0.02 +0.0022 0.01 + 0.001 2
leaf extract CF-MLE-15  016+0001°  011£0.002°  0.07+0.0002°  0.07+0.005®  0.03+0.004> 002 0.002°
CF-MLE-20  011£0002°  010+0.001®  005+00009°  007%0001®  002£0001® 002z 0002°

Note: The data are presented as means % standard deviations. The bars

represent the standard deviation. The means with matching superscript

letters (a > b > ¢ > d) within the same column are not significantly different (p > 0.05) according to the Tukey test.

in decreased chlorophyll and carotenoid levels. Further-
more, Saad et al. [34] reported that the pigment content of

S. platensis was lower under mixotrophic conditions than
autotrophic conditions.

4.3. Effects of Chicken Feathers Medium
Supplemented with Moringa oleifera Leaf
Extract on the Phycobiliprotein Content
and Productivity of Spirulina platensis

The phycobiliprotein contents in the S. platensis biomass
grown in the different media are shown in Table 4 and
Figure 3. The mean phycocyanin concentrations mea-
sured in biomass grown in CF-MLE-10, CF-MLE-15,

and CF-MLE-20 were 0.75 £ 0.01, 0.77 £+ 0.03, and

0.75 £ 0.01 mg L-?, respectively (Figure 3). Although
the phycocyanin content in the JM treatment was higher
than that in the CF-MLE treatment, no significant differ-
ence was observed. The mean content of phycoerythrin
and allophycocyanin, measured in the biomass grown in
CF-MLE-15, was 0.28 + 0.03 and 0.19 + 0.001 mg L%,

respectively (Figure 3). Similar to the phycocyanin con-
tent, the JM treatment exhibited the highest concentra-
tions of phycoerythrin and allophycocyanin, which were
not significantly different from those observed in the CF-
MLE treatments. The productivity of phycocyanin, phy-
coerythrin, and allophycocyanin of S. platensis in CF-
MLE-15 was found to be similar to the standard medium.
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Figure 3: Phycobiliproteins content of S. platensis in chicken feathers medium supplemented with M. oleifera leaf extract (CF-MLE).
The data are presented as means * standard deviations. The bars represent the standard deviation. The means with matching
superscript letters (a > b > ¢ > d) within the same column are not significantly different (p > 0.05) according to the Tukey test.

This result was significantly higher (p < 0.05) than the con-
trol treatment, which had a yield of 0.006 + 0.001 g L-*
d-%, 0.003 £+ 0.001 g L-* d-%, and 0.002 £+ 0.001 g
L-t d-%, respectively (Table 5). The results for phyco-
cyanin content differ from those of Simo et al. [13], who
received 0.14, 0.20, and 0.05 mg L-* for C-phycocyanin,
allophycocyanin, and phycoerythrin, respectively, in a
medium formulated with 8 g L-* oil palm empty fruit
bunch medium. These differences may be attributed to
the essential role of potassium and nitrogen supplied by
Moringa oleifera leaf extract and chicken feather in the
medium. Indeed, activating enzymes involved in phyco-
biliprotein synthesis affect phycobiliprotein production in
metabolic responses to changes in medium nutrient avail-
ability, as reported by Baslam et al. [32].

4.4, Effects of Chicken Feathers Medium
Supplemented with Moringa oleifera Leaf
Extract on the Protein and Cysteine
Contents of Spirulina platensis

The protein content of S. platensis biomass grown in
chicken feathers medium supplemented with different

concentrations of M. oleifera leaf extract is presented in
Figure 4. The protein content (94.5 + 1.52 mg L-!) was
higher in CF-MLE-15 than in the other treatments and
the control (39.3 £ 4.21 mg L-Y). A high protein con-
tent (110.2 = 6.14 mg L) was also observed in Jour-
dan’s standard medium. Compared with the control, the
addition of M. oleifera leaf extract to the chicken feather
medium significantly increased the protein content of S.
platensis biomass in all the treatment groups (p < 0.05).
Therefore, mineral elements such as nitrogen, magnesium,
and potassium in CF-MLE may be essential cofactors for
protein production [35]. The cysteine content of S. platen-
sis grown on CF-MLE-15 (12.5 £ 1.14 mg L-*) and Jour-
dan standard medium (14.1 %+ 0.81 mg L-!) was signifi-
cantly higher (p < 0.05) than that of the other treatments
and the control (3.8 & 0.27 mg L-1). The cysteine content
observed in this study was lower than the 0.16 g L-* re-
ported by Magwell et al. [36] in MgSOs-enriched medium.
This difference could be explained by the composition of
the culture medium in which the microalgae grew.
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Figure 4: Protein and cysteine contents of S. platensis in Chicken feathers medium supplemented with M. oleifera leaf extract (CF-
MLE). The data are presented as means * standard deviations. The bars represent the standard deviation. The means with matching
superscript letters (a > b > ¢ > d) within the same column are not significantly different (p > 0.05) according to the Tukey test.

5. Conclusions

This study investigated the potential of chicken feathers
and Moringa oleifera leaf extract as eco-friendly media for
the production of biomass and photosynthetic pigments
from Spirulina platensis. The results revealed that the
biomass production, protein, and photosynthetic pigment
contents were related to the concentration of M. oleifera
leaf extract in chicken feather media. The highest biomass,
protein, and photosynthetic pigment content were ob-
served in the chicken feather medium supplemented with
15 g L-* M. oleifera leaf extract, in addition to the stan-
dard medium. Thus, chicken feathers and M. oleifera leaf
extract have emerged as promising and eco-friendly ap-
proaches for co-producing biomass and pigments from S.
platensis for pharmaceutical, nutraceutical, food, and cos-
metic applications. Future research should focus on the
life cycle assessment and scalability of the CF-MLE-15
medium in photobioreactors to evaluate its performance,
cost-effectiveness, and feasibility for industrial Spirulina
platensis production.

List of Abbreviations

APC  Allophycocyanin
Allophycocyanin Productivity
Carotenoid

Parc
Cat

CF Chicken Feathers

CE-MLE Chicken Feathers medium supplemented
with Moringa oleifera Leaf Extract

Chla Chlorophyll a

Pchia Chlorophyll a Productivity

Chlb Chlorophyll b

Pchib Chlorophyll b Productivity

C-PC C-phycocyanin

Pc-pc C-phycocyanin Productivity

oH Measure of Acidity or Alkalinity
(Potential of Hydrogen)

JM Jourdan Medium

LED Light Emitting Diode

MLE Moringa oleifera Leaf Extract

oD Optical Density

PE Phycoerythrin

Ppe Phycoerythrin Productivity
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