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ABSTRACT 

 

 

This study was carried out to investigate the effect of different levels of magnesium (Mg) 
and zinc (Zn) on the growth, bioaccumulative capacity, protein and amino acid content, 
phytochemical content, antioxidant activity and antimicrobial activity of S. platensis, a 
cyanobacterium. The aim is to produce Spirulina by exposing it to mineral stress conditions to 
enrich its magnesium and zinc content while enhancing the production of organic and bioactive 
compounds, followed by evaluating its antioxidant and antimicrobial activity. These results show 
that magnesium and zinc mineral enrichment did not significantly affect Spirulina cell density 
throughout the experiment. Optic density values in the control group (0,230 ± 0,000) were 
generally similar or close to those of the mineral enrichment treatments, while the control group 
had the highest protein content (70,34%). The total phenol content of the magnesium-enriched 
groups was significantly higher than that of the zinc-enriched and control groups. Spirulina 
biomass enriched with Zn-5 mg/L, showed the highest degree of DPPH inhibition 101,346±9,274% 
for the methanol extract and 103,941±13,81% for the ethanol extract. All extracts showed 
antimicrobial activity against E. coli, K. pneumonia, S. aureus, B. cereus, C. albicans and A. flavus 
at a concentration of 100 mg/mL. Gram-positive S. aureus was the most sensitive bacterial species 
to Mg-200 mg/L methanolic extracts, followed by Zn-5 mg/L and Mg-100 mg/L with inhibition 
zones of 20 ± 1,31; 20 ± 0,00 and 19,5 ± 0,61 mm diameter, respectively. 
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ÖZ 

 

 

Bu çalışma, farklı seviyelerde magnezyum (Mg) ve çinkonun (Zn) bir siyanobakteri olan S. 
platensis'in büyümesi, biyoakümülatif kapasitesi, protein ve amino asit içeriği, fitokimyasal içeriği, 
antioksidan aktivitesi ve antimikrobiyal aktivitesi üzerindeki etkilerini araştırmak amacıyla 
gerçekleştirilmiştir. Amaç, Spirulina üretimini, mineral stres koşullarına maruz bırakarak 
magnezyum ve çinko içeriği artırırken organik ve biyoaktif bileşiklerin üretimini iyileştirmeyi 
hedeflemek ve ardından bu zenginleştirilmiş Spirulina'nın antioksidan ve antimikrobiyal 
aktivitesini değerlendirmektir. Bu sonuçlar, magnezyum ve çinko mineral zenginleştirmesinin 
deneme boyunca Spirulina hücre yoğunluğunu önemli ölçüde etkilemediğini göstermiştir. Kontrol 
grubundaki hücre yoğunluğu değerleri (0,230 ± 0,000) genel olarak mineral zenginleştirme 
uygulamalarınınkine benzer bulunurken, kontrol grubu en yüksek protein içeriğine (%70,34) sahip 
bulunmuştur. Magnezyumla zenginleştirilmiş gruplardan toplam fenol içeriği, çinko ile 
zenginleştirilmiş ve kontrol gruplarına göre önemli düzeyde yüksek olmuştur Zn-5 mg/L ile 
zenginleştirilmiş Spirulina biyoması, metanol ekstraktı için %101,346±9,274 ve etanol ekstraktı 
için %103,941±13,81 ile en yüksek DPPH inhibisyon derecesini göstermiştir. Tüm ekstraktlar 100 
mg/mL konsantrasyonda E. coli, K. pneumonia, S. aureus, B. cereus, C. albicans ve A. flavus 'a 
karşı antimikrobiyal etki göstermiştir. Gram-pozitif S. aureus Mg-200 mg/L metanolik ekstraktlara 
en duyarlı bakteri türü olmuş, bunu sırasıyla 20 ± 1,31; 20 ± 0,00 ve 19,5 ± 0,61 mm çapındaki 
inhibisyon zonları ile Zn-5 mg/L ve Mg-100 mg/L izlemiştir. 
 

Anahtar Kelimeler:  Spirulina, magnezyum, çinko, antioksidan aktivite, antimikrobiyal aktivite 
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GENİŞLETİLMİŞ ÖZET 

 

Mikroalgler, prokaryotik (Cyanophyta) veya ökaryotik (Charophyta, Chlorarachniophyta, 

Chlorophytum, Cryptophyta, Dinophyta, Euglenophyta, Glaucophyta, Haptophyta, 

Heterokontophyta ve Rhodophyta) fotosentetik mikroorganizmalardan oluşan canlı grubudur 

(Ibrahim ve ark, 2023; Mutanda ve ark, 2020) ve çeşitli sucul ve karasal ortamlarda yaşarlar. Tek 

hücreli veya çok hücreli olabilirler ve hızlı büyümeleri ve nispeten kolay yetiştirilmeleri, 

biyokütlelerinde değerli bileşikler üretmelerini sağlar. Bu nedenle mikroalgler, biyoaktif bileşikler 

üretmek için karasal ürünlere sürdürülebilir bir alternatif olarak giderek daha fazla görülmektedir. 

Mikroalg yetiştiriciliği, ekilebilir arazi gerektirmemesi ve tatlı su, deniz suyu, acı su ve hatta atık su 

kullanılarak gerçekleştirilebilmesi açısından bitkisel kaynaklara göre bir avantaja sahiptir. 

Biyoteknoloji sayesinde mikroalgler, hayvan ve insan beslenmesi, doğal renklendirici olarak gıda 

endüstrisi, ilaç ve farmasötikler, gıda üretimi, fonksiyonel farmasötikler ve nutrasötiklerin yanı sıra 

nemlendirici ve kırışıklık önleyici maddeler olarak kozmetik endüstrisi de dahil olmak üzere çok 

çeşitli uygulamalarda kullanılabilir. Ayrıca biyoyakıt (biyodizel, biyogaz ve biyoetanol) ve 

yenilenebilir enerji için umut verici bir kaynak olarak, tarımda doğal gübre ve bitki hastalıklarının 

biyolojik kontrolü, atık su arıtma sistemleri, karbondioksit yakalama, ağır metal giderimi ve 

biyopolimer üretimi olarak da birçok farklı alanlarda kullanılmaktadırlar. 

Mikroalgler, antioksidan özelliklere sahip çok çeşitli biyolojik olarak aktif bileşikleri 

sentezleyebilen organizmalardır. Karotenoidler, tokoferoller, çoklu doymamış yağ asitleri, 

fikobiliproteinler, astaksantin ve fukoksantin gibi bu bileşikler antioksidan ve anti-enflamatuar 

özellikleri nedeniyle gıda, kozmetik ve ilaç endüstrilerinde kullanılabilmektedir (Aburai ve ark., 

2015; Guerin ve ark., 2003; Yen ve ark., 2013). Mikroalgler ayrıca proteinler, yağ asitleri ve 

vitaminler dahil olmak üzere besin kaynağı olarak da kullanılabilir. Çevresel strese yanıt olarak 

biyoaktif bileşikler üretme yetenekleri nedeniyle, mikroalgler bu bileşiklerin üretimini en üst 

düzeye çıkarmak için kontrollü koşullar altında yetiştirilebilir. Bununla birlikte, mikroalglerde bu 

bileşiklerin üretiminin türlere, kültür koşullarına, hasat süreçlerine ve ekstraksiyon yöntemlerine 

bağlı olarak önemli ölçüde değişebileceği unutulmamalıdır. Sonuç olarak, bu doğal bileşiklerin 

üretimini ve kullanımını optimize etmek için bu alanda devam eden araştırmalara ihtiyaç vardır. 

Mikroalgler, metalleri biyolojik olarak biriktirme yetenekleri ve düşük ekonomik 

maliyetleri nedeniyle çevre dostu bir alternatif sunmaktadır (González-Camejo ve ark., 2021; Priya 

ve ark., 2022). Bu nedenle atık su arıtımında yeni bir biyoremediasyon teknolojisi olarak giderek 

daha fazla kullanılmaktadırlar. Metal kirliliğini azaltmadaki etkinlikleri, onları çevre dostu arıtma 

için tercih edilen bir seçenek haline getirmektedir. Bu genellikle çok sayıda çalışma tarafından 

ekonomik, etkili ve daha az toksik atık üreten yeşil teknikler olarak kabul edilen iki süreçle elde 

edilir. Bunlar biyoakümülasyon ve biyosorpsiyondur. 
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Siyanobakteriler fotosentetik prokaryotlardır ve 3,5 milyar yıl öncesine dayanan fosil 

kayıtları ile gezegendeki en eski organizmalardan biridir (Petrescu ve Ungureanu, 2022; Mazard ve 

ark., 2016). Dünya'nın karbondioksit açısından zengin bir atmosferden günümüzün nispeten oksijen 

açısından zengin atmosferine dönüşümünden sorumludurlar (Mazard ve ark., 2016). 

Siyanobakteriler çok çeşitlidir ve ekstrem koşullar da dahil olmak üzere çeşitli karasal, sucul ve 

havasal habitatları işgal ederler. Genellikle "mavi-yeşil algler" olarak adlandırılırlar, ancak kesin tür 

sayıları hala tartışmalıdır ve yaklaşık 8.000 olduğu tahmin edilmektedir. Morfolojik kriterlere ve 

moleküler analizlere göre 5185 tür tanımlanmış ve yedi takım halinde sınıflandırılmıştır: 

Chroococcales, Gloeobacterales, Nostocales, Oscillatoriales, Pleurocapsales, Spirulinales ve 

Synechococcales (Mehdizadeh Allaf ve Peerhossaini, 2022). 

Son yıllarda, farklı endüstriyel sektörlerde, çeşitli uygulamalar için mikroalg kullanımına 

artan bir ilgi görülmektedir. Alg türleri özel uygulamalarına göre seçilmektedir. Chlorella, 

Dunaliella ve bazı siyanobakteriler, özellikle Spirulina gibi bazı alg türleri, hücre işlevini 

değiştirme ve aşırı koşullara uyum sağlama yetenekleri nedeniyle birçok biyoproseste model olarak 

yaygın şekilde kullanılmaktadır. Örneğin, mikroalgler besinleri, ışığı ve CO2'yi yararlı moleküllere 

dönüştürebilir (Khan ve ark., 2018)  

Spirulina platensis, besinsel özellikleri ve biyoremediasyon, mikroelement 

biyoakümülasyonu ve sağlık alanındaki yararları potansiyel uygulamaları nedeniyle bu doktora 

tezinde çalışma modeli olarak seçilmiştir. S. platensis'in model olarak seçilmesi, magnezyum ve 

çinkonun büyüme mekanizmaları üzerindeki etkisini, bu minerallerin biyo-akümülasyonu yoluyla 

biyo-zenginleştirme kapasitesini, biyokimyasal bileşimini ve antioksidan ve antimikrobiyal 

özelliklerini anlamamızı sağlayacaktır. 

Bu doktora tez çalışmasında, farklı seviyelerde magnezyum (Mg) ve çinkonun (Zn) bir 

siyanobakteri olan S. platensis'in büyümesi, biyoakümülasyon kapasitesi, protein ve amino asit 

içeriği, fitokimyasal içeriği, antioksidan aktivitesi ve antimikrobiyal aktivitesi üzerindeki etkisi 

araştırılmıştır. Amaç, atık su arıtımı için bir kaynak oluşturmak üzere metal stresi altındaki 

Spirulina'dan organik bileşiklerin ve biyoaktif bileşiklerin üretimini ve aynı zamanda toksik 

olmayan mineral bakımından zenginleştirilmiş Spirulina üretmek için minerallerin 

biyoakümülasyonunu araştırmaktır. Bu sonuçlar, magnezyum ve çinko mineral zenginleştirmesinin 

deney boyunca Spirulina hücre yoğunluğunu önemli ölçüde etkilemediğini göstermektedir. Kontrol 

grubundaki hücre yoğunluğu değerleri (0,23 ± 0,00) genel olarak mineral zenginleştirme uygulama 

gruplarına benzer bulunmuştur. 

Denemenin son gününde, farklı gruplardaki magnezyum seviyeleri şu şekildedir: Mg-200 

mg/L grubu, Mg-100 mg/L grubu ve Kontrol grubu sırasıyla 348,150±44,845 mg/100 g, 

249,626±73,274 mg/100 g ve 210,250±5,254 mg/100 g olarak ölçülmüştür. Bu sonuçlara göre, Mg-

200 mg/L grubu deneyin son gününde (13. gün) en yüksek magnezyum konsantrasyonuna sahiptir.  
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Kontrol grubu ile karşılaştırıldığında, 5 mg/L ve 3 mg/L çinko konsantrasyonlarına maruz 

kalan S. platensis zamanla çinko içeriğinde önemli bir artış göstermiştir. 

Kontrol grubu en yüksek protein içeriğine (%70,34) sahip bulunmuştur. Bu çalışmada, 5 

mg/L çinko konsantrasyonunun kontrol grubuna kıyasla protein içeriğinde azalmaya sebep olduğu 

ve çinko konsantrasyonu arttıkça protein içeriğinde kademli bir düşüş gözlendiği belirlenmiştir. 

Aspartat, sistin, histidin, tirozin ve metiyonin gibi spesifik amino asitler dahil olmak üzere 

amino asit konsantrasyonları da mineral zenginleştirme koşulları altında değişiklik göstermiştir. 

Bu sonuçlardan, flavonoid içeriğinin farklı deneysel koşullara ve çözücülere göre önemli 

ölçüde değiştiği görülmektedir. Tanen içeriğinin Mg-200 mg/L ile muamele edilen grupta önemli 

ölçüde arttığı görülmektedir. Bu konsantrasyon Mg-200 mg/L grubunda, kontrol grubu da dahil 

olmak üzere diğer gruplardan önemli ölçüde yüksek bulunmuştur. 

Magnezyumla zenginleştirilmiş grupların toplam fenol içeriği, çinkoyla zenginleştirilmiş 

ve kontrol gruplarınınkinden önemli ölçüde yüksek bulunmutur. Çinko grubu, özellikle de Zn-5 

mg/L grubu, metanol ekstresi için %101,346±9,274 ve etanol ekstresi için %103,941±13,81 ile en 

yüksek DPPH inhibisyon derecesini göstermiştir. Tüm ekstraktlar 100 mg/mL konsantrasyonda 

antimikrobiyal etki göstermiştir. Gram-pozitif S. aureus Mg-200 mg/L metanolik ekstraktlara en 

duyarlı bakteri türü olmuş, bunu sırasıyla 20±1,31, 20±0,00 ve 19,5 ± 0,61 mm çapındaki 

inhibisyon zonlarıyla Zn-5 mg/L ve Mg-100 mg/L izlemiştir. 

Sonuçlar, magnezyum ve çinko maruziyetinin sadece bu siyanobakterinin büyümesi 

üzerindeki etkisine değil, aynı zamanda magnezyum ve çinko eksikliğiyle mücadele için potansiyel 

bir besin takviyesi ve atık su arıtımı için potansiyel bir alg olarak Spirulina platensis'in kalitesi ve 

besin değeri üzerindeki etkisine dair önemli sorular ortaya çıkarmaktadır. Böylece, bu doktora 

çalışmasında, S. platensis mineralleri biriktirebiliği ve biyoaktif bileşikler üretebildiği ortaya 

konmuştur. Magnezyum ve çinko ile zenginleştirilmiş Spirulina fenolik özütleri antimikrobiyal 

aktivite göstermiş, bu da onları terapötik amaçlar için ilginç ve gıda maddelerini ve kozmetikleri 

kirleten mikroorganizmalarla mücadele etmek için gıda maddelerine dahil edilmeye uygun hale 

getirmiştir. Spirulina platensis bileşikleri bu nedenle mikroorganizmaların gelişimini önlemede 

oldukça etkilidir. 

Minerallerin, pigmentlerin ve sekonder metabolitlerin biyoerişilebilirliğini anlamak ve 

çeşitli biyolojik aktiviteler üzerindeki etkilerini değerlendirmek, sağlık yararlarını göz önünde 

bulundurmak çok önemli hususlardır. Bu araştırma hattında umut verici bir yaklaşım, Spirulina’nın 

mineral bakımından zenginleştirilmiş özütlerinin kapsüllenmesini ve gıdalara dahil edilmesini 

araştırmaktır. İn vivo ve in situ çalışmalar, bu bileşiklerin biyolojik aktivitelerinin derinlemesine 

analiz edilmesini sağlayacaktır. Bu bakış açısı, gelecek için önemli bir araştırma alanını temsil 

etmekte ve bu unsurların sağlığı geliştirmek için nasıl kullanılabileceğini daha iyi anlamak için 

fırsatlar sunmaktadır. 

 



VI 

 

 

 

 

 

 

 

 



VII 

ACKNOWLEDGEMENT 

 

This thesis was achieved thanks to the indispensable support and invaluable advice I received 

from many people. I would like to express my sincere and deep gratitude to every one of them, as this 

work could not have been completed without their contribution. 

To my supervisor Prof. Dr. Oya IŞIK, who accepted me into his research team, guided and 

advised me at every stage of my research with her scientific knowledge and great patience, always 

motivating me to do better and go further, and passing on her vast knowledge and experience. 

I sincerely thank Prof. Dr. Ebru Kafkas for agreeing to be a member of my thesis committee. I 

express my gratitude for her insightful guidance both in theory and practice and for granting me access 

to her laboratory. Her availability and multifaceted support have greatly contributed to the 

accomplishment of this work. Please find here the expression of my deep gratitude.  

I sincerely thank Prof. Dr. Esra Çapanoğlu Güven for agreeing to be a member of my thesis 

committee. I express my gratitude for her availability and the insightful guidance she provided both in 

theory and practice, which greatly contributed to the accomplishment and improvement of the scientific 

quality of this work. Please find here the expression of my deep gratitude. 

I sincerely thank Prof. Dr. Işıl VAR for her valuable contribution, both in theory and practice, to 

this research work. I express my gratitude for her availability, rigor, and scientific expertise, which have 

greatly contributed to the completion and improvement of the scientific quality of this work. Please find 

here the expression of my deep gratitude. I would also like to thank his student, Hamza Saghrouchni, for 

his assistance with the microbiological analysis. 

I would also like to thank my jury member Assoc. Prof. Dr. Rozelin AYDIN for their interest in 

my work. 

Prof. Dr. Leyla USLU for sharing her knowledge, experience and advice throughout this work. 

I would like to thank Cukurova University Scientific Research Projects Unit (FDK-2019-

12327) for financial support. I would like To the Republic of Türkiye and YTB for offering me a 

scholarship to pursue my PhD. 

I would like to thank Choubila REDDAD, Yasemin , Farah, Merve and Taofeek for their 

assistance during this thesis. I would also like to thank all those who have contributed to the realization 

of this work, whether teachers, brothers, aunts and uncles, friends, etc. I cannot mention all your names 

for fear of forgetting some but find here the expression of my deep gratitude. I would like to express my 

sincere thanks to my parents for their encouragement, great patience, unfailing support and prayers. I 

would also like to sincerely thank my wife and sons for their unfailing support and patience during these 

long years of study. 

Above all, I thank Almighty God for giving me the courage, blessing and health to carry out 

this work. May the results of this study serve the world of science and humanity. 



VIII 

LIST OF TABLES 

 

Table 2.1.  Zinc content, zinc density, phytate content, and phytate-to-zinc molar ratios 

of commonly  consumed foods; data derived from the International 

MiniList
a
 ....................................................................................................................... 19 

Table 2.2.  Estimated physiologic requirements for absorbed zinc during childhood by age 

group and sex, and pregnancy and lactation, as developed by expert 

committees of the WHO, the US FNB/IOM and as reviewed by IZiNCG .................... 21 

Table 2.3.  Magnesium Content of Selected Foods ......................................................................... 24 

Table 2.4.  Recommended Dietary Allowances (RDAs) for Magnesium ........................................ 25 

Table 2.5.  Percentage of Spirulina amino acids .............................................................................. 32 

Table 2.6.  Vitamin content in μg/g Spirulina dry matter ................................................................ 33 

Table 2.7.  Mineral composition Spirulina in μg/g of dry matter from ........................................... 33 

Table 2.8.  Polyphenols contain in Spirulina ................................................................................... 41 

Table 2.9.  Reactive oxygen,  nitrogen and sulfur species ............................................................... 47 

Table 2.10.   Advantages and disadvantages of natural antioxidants, as compared with 

synthetic antioxidants .................................................................................................... 50 

Table 3.1.  Spirulina medium .......................................................................................................... 53 

Table 4.1.  Variation in magnesium accumulation in Spirulina platensis harvested at 

different times and with varying concentrations of mg ................................................. 77 

Table 4.2.  Variation in zinc accumulation in S. platensis harvested at different times and 

with different Zn concentrations .................................................................................... 78 

Table 4.3.  Changes in the amino acid content of S. platensis cultures grown with different ......... 80 

Table 4.4. Total phenol content (mg GAE/g DW) of Spirulina platensis in the different 

experimental groups ....................................................................................................... 81 

Table 4.5. Total flavonoid content (mg CE/g DW) of Spirulina platensis in the various 

experimental groups ....................................................................................................... 82 

Table 4.6.  Total tannin content (mg CE/g DW) of Spirulina platensis in the different 

experimental groups ....................................................................................................... 83 

Table 4.7.  Phenolic compounds and their amounts in S. platensis (mg/Kg DW) as a 

function of different zinc and magnesium concentrations ............................................. 85 

Table 4.8.  The percentages of inhibition of DPPH by S. platensis for the different 

experimental conditions and extraction solvents ........................................................... 86 

Table 4.9.  The percentages of inhibition of ABTS by Spirulina platensis for the different 

experimental conditions and extraction solvents ........................................................... 85 

Table 4.10.  FRAP essay by Spirulina platensis for the different experimental conditions 

and extraction solvents ................................................................................................... 86 



IX 

Table 4.11.  MIC results of S. platensis mineral enriched extracts .................................................... 88 

Table 4.12.  Agar diffusion essay ...................................................................................................... 91 



X 

LIST OF FIGURES 

 

Figure 2.1.  (A) Trichome of Arthrospira platensis. Trichome diameter ∼12μm .......................... 27 

Figure 2.2.  (A) Spirulina in Lake Chad ......................................................................................... 28 

Figure 2.3.  (A) Raceway tank for Spirulina cultivation. (B) Image Algal Biotechnology 

culture unit outdoor of Çukurova University in Adana, Turkey(original). ................. 28 

Figure 2.4.  (A) Flat plate Photobioreactors, (B) Tubular Photobioreactors .................................. 29 

Figure 2.5.  Structure of chlorophyll molecules ............................................................................. 34 

Figure 2.6.  Structure of carotenoids found in microalgae ............................................................. 35 

Figure 2.7.  Schematic diagram of phycobilisomes on thylakoid membrane of 

cyanobacteria: PC (blue color), PE (pink-red color), APC (blue-green color), 

and linker polypeptides (LPP) with PCB and PEB chromophores. PC: 

phycocyanin; PE: phycoerythrin, APC: allophycocyanin; PCB: 

phycocyanobilin, PEB: phycoerythrobilin .................................................................. 36 

Figure 2.8.  General structure of polyphenols ................................................................................ 37 

Figure 2.9.  Chemical structure of phenol acids ............................................................................. 38 

Figure 2.10.  General anthocyanin structure ..................................................................................... 39 

Figure 2.11.  Structure of tannins. (A) Tannin general structure, (B) tannic acid, (C) 

condensed tannin  . ...................................................................................................... 39 

Figure 2.12.  ROS-induced DNA oxidative stress ............................................................................ 48 

Figure 3.1.  Multiplication of inoculum (original) .......................................................................... 52 

Figure 3.2.  Ponds used in the experiment (original) ...................................................................... 54 

Figure 3.3.  Experimental design .................................................................................................... 55 

Figure 3.4.  Lyophilization of the biomass of Spirulina (original) ................................................. 57 

Figure 3.5.  Phycocyanin extraction ............................................................................................... 57 

Figure 3.6.  Microelements analysis ............................................................................................... 58 

Figure 4.1.  Changes in temperature of S. platensis cultures grown with different 

concentrations of Magnesium (100 and 200 mg/L) and Zinc (3 and 5 mg/L) 

during the experiment .................................................................................................. 66 

Figure 4.2.  Changes in pH of S. platensis cultures grown with different concentrations of 

Magnesium (100 and 200 mg/L) and Zinc (3 and 5 mg/L) during the 

experiment. .................................................................................................................. 67 

Figure 4.3.  Changes in light intensity of S. platensis cultures grown with different 

concentrations of magnesium (100 and 200 mg/L) and zinc (3 and 5 mg/L) 

during the experiment .................................................................................................. 68 

Figure 4.4.  Changes OD680 of S. platensis cultures grown with different concentrations of 

magnesium (100 and 200 mg/L) and zinc (3 and 5 mg/L) during the experiment ...... 69 



XI 

Figure 4.5.  Changes dry matter (g/L) of S. platensis cultures grown with different 

concentrations of magnesium (100 and 200 mg/L) and zinc (3 and 5 mg/L) 

during the experiment. ................................................................................................. 71 

Figure 4.6.  Changes Chlorophyll a of S. platensis cultures grown with different 

concentrations of magnesium (100 and 200 mg/L) and zinc (3 and 5 mg/L) 

during the experiment. ................................................................................................. 72 

Figure 4.7.  Changes carotenoids of S. platensis cultures grown with different 

concentrations of magnesium (100 and 200 mg/L) and zinc (3 and 5 mg/L) 

during the experiment. ................................................................................................. 73 

Figure 4.8.  Content of phycocyanin in S. platensis biomass cultivated in different metal 

enrichment ................................................................................................................... 76 

Figure 4.9.  Protein content of Spirulina platensis enriched with magnesium and zinc ................. 79 

Figure 4.10.  Chromatograms of phenolic compounds ..................................................................... 84 

Figure 4.11.  Plates for determining the minimum inhibitory concentration (MIC) of 

Spirulina extracts ......................................................................................................... 92 

Figure 4.12.  Zones of inhibition of S.platensis extracts on microbial strains .................................. 93 

 

 

 

 

 



XII 

LIST OF SYMBOLS AND ABBREVIATONS 

 

ABTS  : 2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid  

DPPH : 2,2-diphenyl-1-picrylhydrazyl 

DV  : Daily value  

FRAP : Ferric reducing antioxidant power 

GAE : Gallic acid equivalent 

Mg : Magnesium  

PPO : Polyphenol oxidase  

QUE : Quercetin equivalent  

TPC : Total phenol content 

TPF : Total flavonoid content  

Zn : Zinc  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

1. INTRODUCTION  

 

Currently, heavy metal pollution is primarily a result of human activities, although natural 

sources such as volcanoes and soil erosion also contribute. This pollution is predominantly 

attributed to anthropogenic activities associated with industrialization and increasing urbanization. 

The metallurgy sector, especially the automotive industry; intensive agriculture, involving the use 

of fertilizers and pesticides; municipal wastewater; and the chemical and pharmaceutical industries, 

discharging medicines and pharmaceutical products, constitute the primary sources of heavy metal 

emissions into the environment, leading to changes in ecosystems (He et al., 2005). 

However, the elimination of heavy metals from the environment presents a substantial 

challenge, as these elements exhibit high persistence (Yan et al., 2020). The pollution of water, soil 

and air by these heavy metals poses a great threat to the well-being of living organisms, including 

human beings. In addition to that, various trace ions like magnesium, cobalt, copper, iron and zinc 

are acknowledged contaminants in ground and surface water (both in marine and freshwater), 

making it crucial to reduce the discharges and emissions of these metals into the environment. 

Moreover, treating wastewater from industrial landfills is one of the most critical 

environmental challenges for preserving water quality as a natural resource. Although certain 

metals are essential for the growth of microorganisms beyond the recommended threshold, they 

become toxic to living organisms, resulting in physiological or morphological abnormalities 

(Choudhary et al., 2007) or genetic mutations, such as slowed or arrested growth or the appearance 

of mutations (Mitra et al., 2022). Some remediation techniques and technologies have been 

developed, such as filtration, precipitation, oxidation/reduction, reverse osmosis, and 

electrochemical methods, but these are still very costly and less effective. 

Furthermore, the preservation of the quality of water as a natural resource is one of the 

leading environmental concerns. The remediation of wastewater from industrial waste collection 

centers is a crucial issue. Traditional methods are often expensive, ineffective at metal 

concentrations below 100 mg/L, and complex, often resulting in inadequate treatment or secondary 

pollution (Zinicovscaia et al., 2021). Thus, to reduce metal pollution, environmentally friendly 

metal disposal methods are a primary environmental concern. This is why using microalgae as a 

new bioremediation technology to treat wastewater is becoming increasingly common due to their 

high capacity to bioaccumulate metals, efficiency, and low economic cost. 

Microalgae are a diverse group of photosynthetic microorganisms, either prokaryotic 

(Cyanophyta) or eukaryotic (Charophyta, Chlorarachniophyta, Chlorophytum, Cryptophyta, 

Dinophyta, Euglenophyta, Glaucophyta, Haptophyta, Heterokontophyta, et Rhodophyta) (Ibrahim 

et al., 2023; Mutanda et al., 2020), living in a variety of aquatic and terrestrial environments. They 

can be unicellular or multicellular, and their rapid growth and relatively easy cultivation enable 

them to produce valuable compounds in their biomass. As a result, microalgae are increasingly seen 
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as a sustainable option for terrestrial plants to produce bioactive compounds. Microalgae 

cultivation has an advantage over plant sources in that it does not require arable land and can be 

carried out using fresh water, seawater, brackish water or even waste. Biotechnology has opened up 

a wealth of opportunities for the use of microalgae in various applications. These include animal 

and human nutrition, the use of natural colourants in the food industry, applications in medicine 

and pharmaceuticals, use in food production, the development of functional pharmaceuticals and 

nutraceuticals, and even their role in the cosmetics industry as moisturisers and anti-wrinkle agents. 

They are also used as a promising source of biofuels (biodiesel, biogas and bioethanol) and 

renewable energy, as well as in agriculture as a natural fertilizer and biological control of plant 

diseases, wastewater treatment systems, carbon dioxide capture, heavy metal removal and 

biopolymer production. 

Microalgae are organisms capable of synthesizing a wide range of biologically active 

compounds, some of which have antioxidant properties. These compounds, including carotenoids, 

tocopherols, polyunsaturated fatty acids, phycobiliproteins, astaxanthin and fucoxanthin can be 

utilized in the food, cosmetics and pharmaceutical firms for their antioxidant and anti-inflammatory 

characteristics (Aburai et al., 2015; Guerin et al., 2003; Yen et al., 2013). Microalgae can also be 

used as a source of nutrients, including proteins, fatty acids and vitamins. Because of their ability to 

produce bioactive compounds in response to environmental stress, microalgae can be grown under 

controlled conditions to maximize the production of these compounds. However, it should be noted 

that the production of these compounds in microalgae can vary considerably depending on species, 

culture conditions, harvesting processes and extraction methods. Consequently, ongoing research in 

this field is needed to optimize the production and use of these natural compounds. 

Microalgae, like higher plants, require light, carbon dioxide, water and the inorganic salts 

carbon (C), nitrogen (N), potassium (K), phosphorus (P) and sodium (Na) to promote growth and 

productivity. These elements are essential for photosynthesis and microalgae‘s production of 

organic matter. In addition to these elements, microalgae also need other microelements such as 

iron (Fe), magnesium (Mg), zinc (Zn), sulfur (S), calcium (Ca), manganese (Mn), chlorine (Cl), 

molybdenum (Mo), Boron (B), cobalt (Co) and copper (Cu) for proper growth. These 

microelements are important for ion and energy transport, pigment production, chlorophyll 

synthesis and enzyme activation. Nutrients, light, temperature, salinity and pH are among the most 

important environmental factors affecting the productivity and biochemical composition of 

microalgae (Dolganyuk et al., 2020; Villarruel- Lopez et al., 2017). The limitation or excess of 

these factors directly impacts the synthesis of biologically active substances, biomass growth and 

productivity, and photosynthetic processes in microalgae. Microalgae are at the top of the marine 

food chain. They are an essential food resource for many marine organisms, such as zooplankton, 

mollusks, fish, crustaceans and marine animals. 



3 

Microalgae offer an environmentally friendly alternative due to their ability to 

bioaccumulate metals and their low economic cost (González-Camejo et al., 2021; Priya et al., 

2022) . This is why they are increasingly used as a new bioremediation technology in wastewater 

treatment. Their effectiveness in reducing metal pollution makes them a preferred option for 

environmentally friendly treatment. This is generally achieved by two processes recognized by 

numerous studies as green techniques that are economical, effective and produce less toxic waste. 

These are bioaccumulation and biosorption. 

Bioaccumulation is a metabolically active process combining heavy metal adsorption and 

concentration in living cells. This process generally occurs during biomass cultivation in the 

presence of metal. Conversely, bioabsorption is a passive process involving metabolism-

independent mechanisms such as physical adsorption, chelation, ion exchange and precipitation 

(Kougia et al., 2023; Bilal et al., 2018) . Thus, the bioaccumulation of metals under controlled 

conditions can produce biomass enriched with targeted minerals. For example, it can contribute to 

wastewater remediation by promoting the production of Spirulina biomass bioenriched with 

microelements, phytonutrients and antioxidants. This helps combat nutritional deficiencies, 

oxidative stress and food preservation. 

Micronutrient bioenrichment or biofortification is one of the low-cost, sustainable 

strategies developed by the World Health Organization and the Food and Agriculture Organization 

of the United Nations to address trace element deficiencies. Biofortification is the laudable process 

of improving the level and bioavailability of nutrients in food crops using genetic engineering or 

conventional plant breeding. Biofortification, therefore, combines agricultural and nutritional 

sciences to reduce malnutrition by enhancing levels of nutrients such as iron, vitamin A, and zinc in 

staple foods at no increased cost to consumers (Yadav et al., 2022) . Today, nutrient deficiency is a 

global problem in many countries for both humans and animals. Over-reliance on refined, nutrient-

deficient food crops and a growing population highlight the need for strategies to improve food and 

nutritional security. Biofortification is a promising natural approach to enriching foods with 

essential nutrients, helping to combat malnutrition (Dhaliwal et al., 2022; Ofori et al., 2022). 

In addition, microalgae are often exposed to high levels of oxidative stress and toxicity due 

to various environmental factors. This can include heavy metals, including cadmium, mercury, 

chromium and lead, which may be present in their natural environment due to pollution. In 

addition, chemicals from pesticides, herbicides, or other industrial sources can also affect the 

growth and productivity of microalgae. These stresses can cause excessive accumulation of free 

radicals (Saha et al., 2013), damaging cells and important cellular constituents such as lipids, 

proteins and nucleic acids. Consequently, this can lead to a reduction in microalgae growth, 

productivity and viability. So, to cope with these conditions, microalgae have developed defense 

mechanisms involving the production of antioxidant molecules like superoxide dismutase, 

glutathione reductase, catalase, and protective molecules like phytochelatins, pigments 
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(carotenoids, chlorophyll), polysaccharides, polyphenols, and vitamins C and E. However, high 

levels of oxidative stress can be toxic beyond the defense capabilities of microalgae. It is, therefore, 

essential to monitor and minimize the existence of environmental stressors, like heavy metals and 

chemicals, to preserve the growth and productivity of microalgae, which play an important role in 

aquatic ecosystems and also have the potential for industrial applications such as the production of 

biofuels, food supplements and sustainable chemicals. These antioxidant defense systems help 

microalgae maintain redox balance and protect their cellular structures and vital functions from 

oxidative damage. However, the capacity of microalgae to cope with oxidative damage can vary 

according to species and specific environmental conditions. Prolonged or extreme stress conditions 

can overwhelm microalgae's defense capabilities, leading to irreversible cell damage or cell death 

(Zhao et al., 2020; Berges and Choi, 2014; Poljńak and Milisav, 2012; Affenzeller et al., 2009; 

Barbosa et al., 2003). 

In recent years, various industrial sectors have shown a growing interest in using 

microalgae for various applications. Algae species are selected according to their specific 

applications. Certain algal species, such as Chlorella, Dunaliella and certain cyanobacteria, 

particularly Spirulina, are commonly used as models in many bioprocesses due to their ability to 

modify cell function and adapt to extreme conditions. For example, microalgae can transform 

nutrients, light and CO2 into desired molecules (Khan et al., 2018). 

Cyanobacteria are photosynthetic prokaryotes and one of the oldest organisms on the 

planet, with a fossil record dating back 3.5 billion years (Petrescu and Ungureanu, 2022; Mazard et 

al., 2016). They are responsible for the Earth's conversion from a carbon dioxide-rich atmosphere 

to the comparatively oxygen-rich atmosphere of today(Mazard et al., 2016). Cyanobacteria are 

diverse and occupy various terrestrial, aquatic and aerial habitats, including extreme conditions. 

They are commonly referred to as "blue-green algae", but their exact number of species is still 

debatable and is estimated at around 8,000. According to morphological criteria and molecular 

analysis, 5185 species have been identified and classified into Chroococcales, Oscillatoriales 

Gloeobacterales, Nostocales, Pleurocapsales, Spirulinales and Synechococcales orders 

(Mehdizadeh Allaf and Peerhossaini, 2022). 

Cyanobacteria are distinguished by their ability to carry out oxygenic photosynthesis, in 

which water is oxidized to generate oxygen and transform light into chemical energy, similar to the 

process in plants. With a few exceptions, they synthesize chlorophyll a, the primary photosynthetic 

pigment, and phycobiliproteins, which are light-collecting pigments (Gómez et al., 2023; Garcia-

Pichel, 2009; Beale, 2008). Cyanobacteria, a type of prokaryote, have a productivity advantage 

over land plants due to their high growth rate and superior CO2 capacity (Demirbas and Fatih 

Demirbas, 2011). They constitute a vast reservoir of a wide variety of metabolites that can be low-

molecular-weight peptides, alkaloids, terpenoids, polysaccharides and lipopolysaccharides 

(Trabelsi et al., 2010) , phenolic compounds, flavonoids, photoprotective compounds, 
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phytohormones, cyanotoxins, biocides (Singh et al., 2017) that have application potential in several 

fields such as food, agriculture, pharmaceuticals and cosmetics. The growing desire of researchers, 

industrialists and consumers to find natural compounds that can replace synthetic antioxidants and 

preservatives illustrates the growing importance of functional foods. Cyanobacteria are well suited 

to this role and can be considered excellent candidates to meet this demand. 

Spirulina platensis was chosen as the model for study in this doctoral thesis because of its 

nutritional properties and potential applications in bioremediation, bioaccumulation of 

microelement and health benefits. The choice of S. platensis as a model will enable us to 

understand the effect of magnesium and zinc on its growth mechanisms, its capacity for bio-

enrichment through bioaccumulation of these minerals, its biochemical composition and its 

antioxidant and antimicrobial properties. 

Spirulina platensis or Arthrospira platensis (commercially known as Spirulina), a blue-

green, gram-negative, prokaryotic, photosynthetic, filamentous cyanobacterium that has been 

consumed since ancient times by the Kanembou of Lake Chad dried on the shores of Lake Chad in 

the form of dried cake called "dihé" and the Aztecs of Mexico for its nutritional and therapeutic 

potential (Fleurence and Levine, 2018; Masojídek and Torzillo, 2014). It thrives naturally in 

alkaline lakes located in sunny areas with high temperatures. Since then, this photosynthetic 

cyanobacterium has been rediscovered by scientists on numerous occasions, both for its nutritional 

and medicinal value. Today, it is produced commercially in large outdoor ponds or greenhouses 

under controlled conditions in various parts of the world. Spirulina and its by-products are 

marketed as tablets, dry powder, drinkable ampoules and capsules. The worldwide Spirulina 

market was estimated at $393.6 million in 2019 and is expected to rise $897.61 million by 2027 

(https://www.alliedmarketresearch.com/spirulina-market ). It was approved as a generally regarded 

as safe food by the FDA in 2002 (Marles et al., 2011). This cyanobacterium stands out for its 

composition, which is rich in highly digestible proteins (50-70%), peptides and essential amino 

acids, polyunsaturated fatty acids, minerals, vitamins and bioactive compounds. These 

characteristics make it a high-quality source of nutrients for human and animal nutrition. The 

consumption of Spirulina as a dietary supplement is highly recommended for its nutritional value 

and it is consumed in prevention and treatment of certain diseases. Moreover, Spirulina contains 

phytopigments including chlorophylls, phycocyanin, carotenoids and polyphenols (flavonoids, 

anthocyanins, tannins), which can be used as natural colorants and antioxidants. These molecules 

are mainly responsible for Spirulina's bioactivities, for example its antioxidant property (Ramon-

Mascarell et al., 2022; Grover et al., 2021; Agustini et al., 2015), anti-inflammatory (Hoseini et al., 

2013) , antimicrobial (Kaushik and Chauhan, 2008), antiviral (Ayehunie et al., 1998; Hayashi et al., 

1993) anticancer (Śmieszek et al., 2017; Koníčková et al., 2014) neuroprotective (Pérez-Juárez et 

al., 2016) probiotic (Cai et al., 2022), antiallergenic (Cingi et al., 2008), and immune system 

stimulant (Park et al., 2008) . This rich composition gives it interesting potential for various 

https://www.alliedmarketresearch.com/spirulina-market
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functional food applications and related new technologies. In addition, it can be used in the 

production of biofuels (Rahman et al., 2017) cosmetics (Rizzi et al., 2021), bioplastic materials 

(Zhang et al., 2020), water treatment (Zhou et al., 2017), carbon dioxide (CO2) fixation (Singh et 

al., 2016) and biofertilizers (Shedeed et al., 2022). 

As a photoautotrophic aerobic species, Spirulina's growth depends on its ability to 

photosynthesize using its chlorophyll pigments and photosystems I and II. For this process, 

Spirulina needs water and nutrients such as nitrogen, usually atmospheric carbon and phosphorus, 

which play an essential role in cellular metabolism and biochemical composition. Spirulina's 

physiological growth and biochemical composition depend on environmental and nutritional 

conditions. These include light, pH, temperature, nutrient composition and availability, agitation 

speed and salinity. A change in the concentration of these nutrients can stress these organisms. This 

stress accumulates lipids, sugars, proteins, bioactive substances and pigments (Richmond, 2007) 

and produces reactive oxygen species (Ismaiel et al., 2016). 

Like other microalgae, Spirulina is an essential source of polyphenols. Phenolic 

compounds are among the most numerous and widespread groups of secondary plant metabolites. 

They are stress metabolites that plants produce to protect themselves against abiotic and biotic 

factors. These compounds possess an aromatic ring containing one or more hydroxyl groups and 

function as antioxidants (Saranraj et al., 2019). The beneficial properties of polyphenol are 

manifold. Indeed, they possess biological activities identified as anticarcinogenic, antimutagenic, 

anti-inflammatory (Roleira et al., 2018) and antimicrobial (Zhang et al., 2022). These different 

activities are directly associated to the antioxidant activity of these compounds, making them 

extremely useful in the prevention and treatment of certain chronic or degenerative diseases such as 

cancer, diabetes, Alzheimer, cardiovascular disease and dementia. 

Moreover, dietary supplements increasingly use antioxidants as bioactive compounds to 

combat oxidative stress. They also have an essential role in food preservation, colouring, and 

preventing undesirable lipid peroxidation. For example, Spirulina biomass or its phenolic 

compounds can replace synthetic antioxidants suspected of being carcinogenic (Lourenço et al., 

2019). Hence, over the last decade, the need to develop environmentally friendly natural functional 

and bioactive compounds from marine plants, animals and microorganisms has become a 

sustainable alternative that offers new compounds with high biological activity (Ńimat et al., 2020). 

This trend has attracted the interest of the food, pharmaceutical and cosmetics industries and 

consumers, who increasingly avoid synthetic food additives. As a result, research increasingly 

focuses on using natural products, leading to a growing number of studies on secondary 

metabolites. 

Molecules derived from Spirulina platensis are promising due to their biological activities, 

large-scale cultivation and low production costs, and long consumption history. Given all their 

advantages, they can serve as reliable alternative antioxidant and antimicrobial agents. They can be 
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used as reliable alternative antioxidant and antimicrobial agents, as Spirulina has been consumed 

since ancient times. The extracts could be effective candidates for safe and effective medical 

applications (Abdel-Moneim et al., 2022) and have the advantage of being a natural food 

preservative (Ovando et al., 2018; Sun et al., 2016). Spirulina can produce bioactive molecules via 

photosynthesis, representing an economic interest supported by numerous applications in 

pharmacology, agri-food or cosmetology. 

Thanks to their various functional groups, such as carboxyls, hydroxyls, sulfates, 

phosphates and other groups that they contain, microalgae can absorb pollutants (Dotto et al., 

2012). However, research has focused on the impact of certain nutrients, such as nitrogen and 

phosphorus, light, temperature and pH, on the growth of microalgae and their biochemical 

composition. However, other microelements, such as magnesium and zinc also have an important 

role in various metabolic processes in microalgae. Magnesium is essential for chlorophyll synthesis 

and photosynthesis and is involved in lipid bioaccumulation in microalgae such as Chlorella 

(Gorain et al., 2013). For example, high levels of Mg2+ in the environment can cause environmental 

stress, leading to excess reactive oxygen species (ROS). These ROS can harm algal cells by 

oxidizing essential cellular components such as proteins, rendering metabolic enzymes inactive and 

affecting DNA and lipids. As a result, a defense mechanism against ROS is activated, comprising a 

range of non-enzymatic antioxidants, including SOD, which works together to neutralize the 

damaging effects of ROS (Salman et al., 2023).  

Zinc is an essential micronutrient for developing the immune system and the general well-

being of all living organisms. Zinc is a cofactor for many enzymes. It is involved in the synthesis of 

nucleic acids and proteins. However, an excess or deficiency of zinc can lead to health problems. 

Although zinc is essential for growth, high levels can inhibit growth and destroy the ecosystem. For 

example, three stress indicators were expressed in Spirulina biomass grown in Zn-containing 

multimetallic systems: a decrease in protein amount, a diminution in phycobiliprotein content and 

an augmentation in malondialdehyde quantity (Zinicovscaia et al., 2021). It is, therefore, essential 

to remove zinc from the environment by using microalgae to convert inorganic zinc into organic 

zinc, thereby improving its physiological activity and absorption rate while reducing its toxicity. It 

is well known that it improves tolerance to abiotic stress in various plant species. Various studies 

have evaluated the protective role of zinc on numerous abiotic stresses including drought, salinity, 

metals, low temperatures and acidic stresses. Studies have shown that exposure to zinc increases 

lipid peroxidation in certain algae (Li et al., 2006). Heavy metals, including zinc, can be 

bioaccumulated by microalgae such as Spirulina platensis, used in wastewater treatment. 

Spirulina is also one of the microalgae used to treat wastewater, thanks to its rapid growth 

and adaptability and the accumulation of precious metabolites (Zhou et al., 2022). Spirulina has a 

high capacity for metal ion bio-enrichment. Essential metal ions such as magnesium and zinc, 

which are of fundamental importance to human health, can also stimulate Spirulina growth and are 



8 

involved in protein synthesis, lipid and carbohydrate metabolism (Zhou et al., 2018) . Recently, 

Spirulina platensis has been actively used for metal accumulation in single or multi-component 

systems (Cepoi et al., 2020 a; Cepoi, et al., 2020 b ; Zhou et al., 2018; Nalimova et al., 2005). 

Several studies have shown that Spirulina has the capacity for high uptake and accumulation of 

metals in their cells (Ghanbarzadeh et al., 2022) , suitable for enrichment (Akbarnezhad et al., 

2019); it can, therefore, make an important contribution to producing functional foods rich in 

certain trace elements, such as zinc (Zhou et al., 2018), produce metabolites such as carotenoids 

(Ozturk Urek and Kerimoglu, 2019) and maintain optimal protein and lipid levels in biomass to 

ensure its ability to accumulate metal ions (Cepoi et al., 2020b). Only a few studies examine the 

influence of magnesium and zinc on Spirulina growth and their impact on biochemical 

composition. They have all been carried out in laboratory environments to treat natural or synthetic 

wastewater. These advances could lead to the production of functional foods beneficial to human 

health. 

In recent years, the growing demand for dietary supplements rich in micronutrients and 

natural antioxidants to combat microorganism resistance and the spread of infections has fuelled 

increased interest in discovering biologically active cyanobacterial metabolites with antioxidant 

and antimicrobial activity. Several studies have shown that various cyanobacteria release 

biologically active substances with antibacterial, cytotoxic, antifungal, antiviral and 

immunosuppressive properties.  

The general objective of this study was to determine the growth process of S. platensis in a 

medium enriched with magnesium and zinc outdoors under greenhouse conditions in a 1 m3 pound, 

the capacity of the biomass to accumulate these trace ions, the biochemical change of the Spirulina 

platensis biomass as well as the antioxidant and antimicrobial activity.  

The specific objectives are:  

 

1-  Determine the effect of magnesium and zinc on Spirulina platensis growth parameters, 

such as optical density and dry matter; 

2-  Assess the bioaccumulative capacity of Spirulina platensis for magnesium and zinc; 

3-  Analyze the protein and amino acid content of biomass enriched with magnesium and 

zinc; 

4-  Measure the content of pigments such as chlorophyll a, carotenoids and phycocyanin in 

Spirulina platensis enriched with magnesium and zinc; 

5-  Quantify total phenols, phenolic compounds, flavonoids and tannins in methanolic and 

ethanolic extracts of Spirulina enriched with magnesium and zinc; 

6-  Assess the antioxidant and antimicrobial activities of methanolic and ethanolic extracts 

of Spirulina platensis enriched with magnesium and zinc. 
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2. LITERATURE SUMMARY 

 

2.1. Studies assessing the impact of magnesium and zinc on Spirulina  

Ghanbarzadeh et al (2022) evaluated the effects different concentrations of iron (0.05, 0.1, 

0.2 and 0.3 g/L), zinc (2, 4, 6 and 8 mg/L) and manganese (6, 12, 25 and 40 mg /L) on A. platensis 

MGH-1 growth and ability to accumulate these micronutrients. A. platensis MGH-1 showed 

maximum growth parameters at 0.1 g/L iron, 2.0 mg/L zinc, and 6.0 mg/L manganese. Highest 

growth values were obtained at 2 mg/L ZnSO4. Dry matter, specific growth rate, and biomass 

productivity at 2.0 mg/L ZnSO4 increased by 14.02, 5.88 and 17.02%. The highest bioaccumulation 

was found in 0.31 g/L of iron, 8.0 mg/L of zinc, and 40 mg/L of manganese. Maximum level of 

antioxidant enzyme activity (SOD, POX, and CAT levels, respectively: 15.31±0.82, 40.53±0.9, and 

638.02±24.09 U/mg protein) and palmitic acid content (28.04±1.0) was found in A. platensis 

MGH-1 enriched with 4.0 mg/L zinc. Chlorophyll a concentration showed a significant increase at 

25 mg/L manganese. 

Jatupornpongchai et al (2022)studied the effects of zinc sulfate, nitrate and zinc chloride at 

levels of 0.4, 0.8 and 1.6 µmol Zn for 7 days. Spirulina (S. platensis) grown in medium containing 

zinc sulfate (1.6 µmol Zn) showed the highest biomass, with a dry weight of 4.03±0.01 g/L, a Zn 

content of 69.55 µg/g dry weight and a protein content of 63.11% compared with Zarrouk's 

modified media containing zinc nitrate and zinc chloride. 

The increase of up to 10 times in the concentration of Fe2+, Cu2+ and Zn2+ individually in 

the Zarrouk medium. No significant difference in weight was observed. The highest optical density 

was observed at Cu+2 (10 times).13.54 was the Zn+2 maximum enrichment factor. On day 7, 

chlorophyll a production reached 1.213±0.514 mg/L at all doses. After 14 days, Cu+2
-treated S. 

platensis had the highest total carotenoid concentration (0.0042±0.0004 mg/L). All treatments 

reduced phycobiliproteins (Akbarnezhad et al., 2020). 

Urek and Kerimoglu (2019) investigated the impact of Mg2+ (0-4 mM) and Cu2+ (0–5 M) 

on biomass, photosynthetic metabolites, and photosystem II activity in A. platensis Gomont 1892. 

Maximum biomass was 49.11.6 mg/mL in the control condition with Mg2+ (0.8 mM) and Cu2+ (0.5 

mM). Because of the Mg2+ content, the main components were phycocyanin and allophycocyanin. 

Chlorophyll reached its maximum at 0.5 M Cu2+. Without Cu2+, main carotenoid, β-carotene, 

reached 2400±60 μg mL-1. Mg2+ and Cu2+ excess and deficiency reduced A. platensis photosystem 

II activity. 

Balaji et al (2013) tested the biosorption of zinc and nickel by S. indica, S. maxima and S. 

platensis in laboratory conditions. They were grown in Zarrouk medium with varying 

concentrations of zinc and nickel (0.01, 0.05, and 0.1 mM). The biosorption of selected 

cyanobacterial strains was evaluated using doubling time, chlorophyll concentration (Chll a, Chll 

c), and protein value. Certain metals in cultural media had a significant impact on growth. At 0.1 
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mM, heavy metal stress slowed strain formation. S. maxima thrived at 0.01 mM zinc (6.9 mg/L) 

and 17 mg/L nickel. 

Li et al (2017) investigated the growth-enhancing effects of external zinc on A. platensis 

under low-temperature (LT) stress. After 24 h of treatment, A. platensis dry weights in the LT and 

LT-zinc groups significantly declined by 60.38% and 40.25%, respectively. The LT group showed 

less green than the control group, and chlorophyll a, carotenoid and phycocyanin contents declined 

by 27.4, 22.5 and 33.2%, respectively. After low-temperature stress, soluble sugar content showed a 

significant increase of 18.6%, and the LT group with additional zinc increased by 27.7%, compared 

with the low-temperature group. 

Zhou et al (2018) studied the effect of different initial Zn2+ concentrations on S. platensis 

growth and biochemical composition. Spirulina platensis biomass at each concentration peaked at 

the end of culture, but high levels could severely inhibit microalgal growth. OD560 was just 0.584 at 

8.0 mg/L, well below 0 mg/L by 70.33%. Fluorescence activity changed in response to heavy metal 

exposure, and biochemical composition altered with zinc stress, with the highest levels of PC, 

chlorophyll a, carotenoid and zinc accumulation. Chlorophyll a and carotenoid levels were highest 

at 4.0 mg/L and 1.0 mg/L Zn2+, respectively. The saturated and polyunsaturated fatty acid ratio 

increased constantly due to zinc exposition. 

Nalimova et al (2005) examined how Cu and Zn affect S. platensis (Nordst.) Geitl growth 

and heavy metal accumulation. Copper was lethal at 5 mg/l in the lag phase and 4 mg/l in the linear 

growth. HM-treated S. platensis cells accumulated ten times more copper and zinc than controls. 

Zinicovscaia et al (2021) studied the zinc accumulation ability of S. platensis and its 

chemical content by modelling four Zn-containing systems with various combinations of metal ions 

(Zn; Zn/Cu/Sr; Zn/Cu/Ni; Zn/Cu/Sr/Ba). Spirulina biomass cultivated in a mono-metallic system 

showed two indicators of biochemical stress. In contrast, in the case of multi-metal systems 

containing Zn, three stress parameters were observed: decreased protein levels, reduced 

phycobiliprotein contents, and increased malondialdehyde content. A neutron activation essay 

determined metal absorption by biomass. It demonstrated a high accumulation ability for all metals 

in the system tested, even at the highest metal concentration.  

Cepoi et al (2020b) evaluated metal accumulation by S. platensis, using synthetic effluents 

containing different metals concentrations. These effluents had the chemical compositions below: 

Cr/Fe, Cr/Fe/Ni, Cr/Fe/Ni/Zn, and Cr/Fe/Ni/Zn/Cu. The study was carried out over several culture 

cycles. The researchers introduced metal ions at various concentrations at two key points in 

biomass growth: the exponential and stationary phases. They then measured the absorption of these 

metallic ions by biomass through neutron activation ssay. In addition, they also assessed the impact 

of these metal ions on the biomass and the main biochemical components of Spirulina platensis, 

namely proteins, carbohydrates, lipids, phycobilins and beta-carotene. They found that when metal 
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ions were introduced during the stationary growth phase, Spirulina platensis exhibited a notable 

capacity for metal accumulation over a period ranging from 2 to 3 culture cycles. 

2.2. Studies relating to antioxidant effect of Spirulina 

Several in vitro studies have demonstrated the promising antioxidant activity of S. platensis 

or its derivatives. 

The results of the study by Wu et al (2005) revealed that DPPH essays also showed a 

similar trend to ABTS essays (EC50: 19.39 ± 0.65 μmol ascorbic acid equivalent/g Spirulina 

extract versus. 14.04 ± 1.06 μmol ascorbic acid equivalent/g Chlorella extract). Furthermore, 

aqueous extracts of both algae inhibited HSC and HepG2 proliferation, although Spirulina was 

shown to be a more powerful inhibitor than Chlorella. 

Abdel-Moneim et al (2022) studied the antioxidant capacity of S. platensis extracts. All S. 

platensis extracts demonstred a significant ability to scavenge ABTS and DPPH radicals. Methanol 

extract showed an inhibition rate of 93% for ABTS radicals and 90% for DPPH radicals. Acetone 

extract had inhibition rates of 88% for ABTS radicals and 82% for DPPH radicals, and hexane 

extract showed lower but still substantial inhibition rates of 60% for ABTS radicals and 55% for 

DPPH radicals, compared with the standard compound (tert-butyl hydroquinone) with inhibition 

rates of 96% for ABTS radicals and 94% for DPPH radicals. 

In the study conducted by Zaid et al (2015), the marine extracts of S. platensis recorded a 

percentage of inhibition of DPPH up to 81.1% (1.5 g/100 mL) and 40.45 mg/g of total phenolic 

content. 

Anbarasan et al (2011) used the scavenging activity of the DPPH and nitric oxide radicals 

to assess the antioxidant capacity of a Spirulina platensis ethanol extract in vitro. The extract was 

evaluated at four various concentrations: 25, 50, 75, and 100 g/mL. According to the study results, 

the extract showed antioxidant activity in a dose dependent. The percentage of DPPH radical 

scavenging activity increased from 10.30±0.80% to 27.88±1.21% as the dose increased from 25 

g/mL to 100 g/mL. At the same doses, the extract's radical nitric oxide increased from 1.84±0.44% 

to 20.27±0.1%. 

El-Tantawy (2015) conducted a study to assess the antioxidant power of a Spirulina 

supplement on lead-induced liver damage in rats. Five groups of rats were used: one control group, 

one treatment group with lead acetate (100 mg/kg), two treatment groups with lead acid (100 

mg/kg) and different doses of Spirulina (0,5 g/kg and 1 g/kg) and one treatment with lead Acetate 

(100 mg/kg) and 25 mg / 100 g of vitamin C (reference medicine). The results demonstrated that 

lead poisoning had caused significant liver damage, but that doses of Spirulina and vitamin C had 

improved biochemical parameters and prevented lead-induced changes in liver antioxidant status. 

Pereira et al (2019) evaluated mixotrophic cultivation conditions using the Zarrouk 

medium supplemented with whey (0,0; 2,5; 5,0 and 10%) from the production of buffalo 

mozzarella. The antioxidant activity declines with the increase in the concentration of serum, 
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measured by FRAP and ABTS methods. The highest FRAP values were observed at 0.0% whey, 

while ABTS was also the highest at this level. Whey concentrations of 2.5% and 5.0% showed a 

slight decrease in antioxidant activity, while at the highest concentration of 10,0%, FRAP and 

ABTS values decreased further. 

Dartsch (2008) tested the anti-free radical and anti-inflammatory activity of four 

preparations of Spirulina platensis. These are Biospirulina, SpiruComplex [Spirulina with naturally 

linked selenium (0.006%), chromium (0.003%) and zinc (0.115%), Charge L150492], SpiruZink 

[Spirulina with naturally linked zinc (0.25%), Charge L 110892] and Zinkspirulina + Acerola 

[Spirulina with naturally linked zinc (0.125%) and acerola powder (contains 5.5% ascorbic acid), 

Charge L 250692]. The results, therefore, suggest that the preparation Zinkspiruline + Acérola is 

most effective for inactivating the free radicals of oxygen, with an observed effective concentration 

of 100 μg/mL, followed by Spirucomplex and SpiruZink with an adequate level of 250 μg/mL, and 

finally BioSpirulina with an efficient level from 500 μg/mL. 

Kepekçi and Saygideger (2012) tested the antioxidant activities of S. platensis methanol 

extracts cultivated at three varying doses (40, 60 and 120 μmol photons m-2 s-1) of light irradiation. 

The highest antioxidant activities and quantities of polyphenols were found in cultures incubated at 

120 μmol m-2 s-1 photons. 

Magwell et al (2023) evaluated the activities of the antioxidant enzymes of the Spirulina 

platensis grown in a modified Jourdan environment with the supplementation of different 

concentrations of sodium bicarbonate (4, 8, 12 and 16 g/L) and 0 g/L for control. They show that 

increasing the concentration of NaHCO3 between 4 to 16 g/L increases peroxidase activity (POX) 

up to a highest value. A significant increase (P > 0,05) in polyphenol oxidase (PPO) activity was 

noted in mediums containing 16 and 8 g/L of NaHCO3 (0,32 ×10-3±0,00006 EU/μg and 0,24 ×10-

3±0.00005 EU/μg, respectively) versus to control (0,13 × 10–3± 0.000008 EU/μg). The levels of 

PPO activity were highest in environments at 16 and 8 g /L of NaHCO3 (1,22 × 10-3±0,0004 EU/μg 

and 1,09 × 10 -3 ±0,0006 UE/ μg, respectively) compared to control (0,65 × 10–3±0,004 EU/μg). 

Ismaiel et al (2016) investigated the effect of pH changes on antioxidant activity. The 

highest percentage of radical scavenging activity, reducing power and chelating activities were 

observed at pH 9.0, with an augmentation of 567%, 250% and 206%, respectively, in comparison 

control. They also observed that the activities of antioxidant enzymes were dependent on pH. They 

found that SOD activity was greatest at pH 10.5 (12.53±0.16 U/mg protein), while the activity level 

was lowest at pH 8.5 (10.16±0.60 U/mg protein). On the other hand, CAT activity was greatest at 

pH 7.5 (4.11±0.05 U/mg protein) and lowest at pH 11.0 (2.58±0.02 U/mg protein), while POD 

activity was highest at pH 7.5 (30.50 ± 0.80 U/mg protein) and lowest at pH 11.0 (17.50±0.25 

U/mg protein). 

The effect of CO2 enrichment on the antioxidant activity of methanolic extracts of A. 

platensis was tested by Aydi et al (2020). TAC, DPPH free radical neutralizing activity and FRAP 
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were utilized to determine the antioxidant activity. TAC was between 25 to 35 mg GAE/g dry wet, 

with CO2-free (-CO2) and CO2-supplied (+CO2) media, respectively.CO2 enrichment stimulated 

antioxidant power; the IC50 were enhanced by 25% and 65% on DPPH and FRAP, respectively. 

Gheda et al (2023) investigated the antioxidant activity of A. platensis methanolic extract. 

The DPPH radical scavenging activity of Arthrospira platensis methanolic extract was 79.7%. 

Chauhan et al (2023) evaluated the antioxidant potential of the extract‘s methanol, ethanol, 

acetone, ethyl acetate, hexane, and dichloromethane of Arthrospira sp. Each extract was prepared 

for antioxidant potential assessment by diluting it from an initial stock solution with a 

concentration of 2048 μg/mL to a final concentration of 1 μg/mL. Antioxidant potential in relation 

to % DPPH free radical scavenging activity ranged from 15.23±0.38 to 89.21±0.14. Methanol 

showed the highest inhibition value at 66 μg/mL. 

The antioxidant and anticarcinogenic properties of Nostoc linckia extracts were studied by 

Ramadan et al (2021) under stress conditions induced by heavy metals (zinc and copper) at 

different concentrations. The results showed that the antioxidant activity of the crude extract 

(DPPH and ABTS essays) increased with zinc concentration, reaching maximum activity at 0.44 

mg/L zinc (92.36±0.55 and 94.22±0.78% for DPPH with 30 and 60 min, respectively, and 81.22± 

0.69% for ABTS). The lowest copper concentration (0.079 mg/L) also demonstrated significant 

antioxidant activity against DPPH, superior to standard synthetic BHT. Furthermore, the highest 

antioxidant activity by the ABTS essay was observed at the same copper concentration 

(60.09±1.00%). 

 

2.3. Studies relating to antimicrobial activities of Spirulina 

The methanolic extract of Moroccan Spirulina did not show antimicrobial activity against 

bacteria such as B. subtilis, S. aureus, E. coli, M. luteus and molds studied in the study by Seghiri et 

al (2019). Nevertheless, they found antifungal activity against C. versicolor, with a highest 

inhibitory concentration (MIC) between 1/250 and 1/100 v/v of 1 g/10 ml. 

Aydi et al (2020) investigated the effect of CO2 enrichment of A. platensis on antimicrobial 

activity in methanolic extracts of A. platensis against six Gram-positive bacteria (Enterococcus 

faecalis; Listeria monocytogenes; Bacillus subtilis; Bacillus cereus; Bacillus thuringiensis; 

Micrococcus luteus)) and three Gram-negative bacteria (Salmonella enterica; Escherichia coli; 

Klebsiella pneumoniae). The results showed that the Gram-positive bacteria with the maximum 

mean zone of inhibition were L. monocytogenes at 19.3±0.2 mm for extracts without CO2 

enrichment and 19.4±0.4 mm with CO2 enrichment and B. thuringiensis at 19.6±0.1 mm for 

extracts without CO2 enrichment and 18.3±0.2 mm with CO2 enriched extracts. Among Gram-

negative bacteria, however, the highest zone of inhibition was recorded against K. pneumoniae 

(16.2±0.3 mm for extracts without CO2 enrichment and 16.3±0.2 mm for extracts with CO2 
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enrichment). Of all the bacteria studied, E. coli had the lowest zone of inhibition (13.4±0.3 mm for 

extracts without CO2 enrichment and 16.3±0.2 mm for extracts with CO2 enrichment). 

Gheda et al (2023) investigated the antifungal activities of Arthrospira platensis extracts 

against many pathogenic fungi, including Candida albicans, Trichophyton rubrum and Malassezia 

furfur, using various solvents including ethanol, methanol, ethyl acetate, and acetone. The 

methanolic extract of A. platensis inhibited Candida albicans the most, with a diameter of 19.2 

mm, followed by Malassezia furfur (17.3 mm) and Trichophyton rubrum (11 mm). Ethyl acetate 

extract, on the contrary, had a considerable influence on Candida albicans, reaching a zone of 

inhibition of 16 mm, followed by Malassezia furfur at 12.6 mm, and did not affect Trichophyton 

rubrum. Acetone extract inhibited Candida albicans reaching a zone of inhibition of 16.3 mm, 

Malassezia furfur with a zone of inhibition of 10.7 mm, and Trichophyton rubrum with no effect. 

For the Minimum Inhibitory Concentration (MIC), the lowest concentration of the methanolic 

extract of Arthrospira platensis only inhibited the growth of Candida albicans. Methanolic extract 

of Arthrospira platensis was effective against Candida albicans and Malassezia furfur at 8.29 

mg/mL. Growth inhibition of all fungi studied increased with concentration, reaching a maximum 

of 66 mg/mL, with the highest zone of inhibition observed in Candida albicans. 

A study revealed that extracts of Arthrospira sp have variable antibacterial activity against 

bacteria resistant to several antibiotics. The MeOH extract showed the highest activity in inhibition 

zone terms (24.20±0.1 mm) against E. coli. In contrast, the EtOH extract recorded relatively lower 

activity (9.01 mm to 13.29±0.3 mm). The Ace, AcOEt and DCM extracts showed no significant 

activity, as a small zone of inhibition (8 mm) was recorded against E. coli, P. aeruginosa and S. 

Typhimurium. The hexanal extract showed no antibacterial activity. The estimated MIC for 

methanol extracts was 256 μg/mL against E. coli, then 512 μg/mL against E. albertii and P. 

fluorescence, but was greater than 2048 μg/mL against P. aeruginosa, S. Typhimurium and S. 

dysenteriae (Chauhan et al., 2023). 

Singh et al (2021) evaluated the antibacterial activity of various crude Spirulina extracts 

against S. aureus, E. coli and S. Typhi, using various concentrations of methanol, ethyl acetate and 

acetone. The results showed variable antibacterial activity depending on the solvent and the 

bacterial strain targeted. Ethyl acetate (50%) showed development inhibition of E. coli and S. 

Typhi, whereas methanol nor acetone (50%) were ineffective. The crude extract obtained in acetone 

(100%) exhibited the highest inhibition zone of 12 mm against S. Typhi, while the crude extract 

obtained in ethyl acetate (100%) was efficient against E. coli and S. Typhi at 10 and 11 mm, 

respectively. Only the 100% methanol crude extract showed zones of inhibition against Candida (8 

mm) and Cryptococcus (10 mm). However, the other concentrations of the crude methanol extracts 

did not produce any effect on the fungi. 

According to Ozdemir et al (2004) methanol extracts of Spirulina exhibited higher 

antimicrobial effects compared to ethanol, hexane, acetone and chloroform extracts. This activity 
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was comparable to that of tobramycin (10 μg/disc), particularly against Streptococcus, 

Staphylococcus and Candida. 

Spirulina butanol extract demonstrated higher antimicrobial activity compared to other 

solvents against Staphylococcus epidermidis (19 mm), Staphylococcus aureus and Aeromonas 

liquefaciens (18 mm), Candida glabrata (13 mm), Enterococcus faecalis (12 mm), Campylobacter 

coil and Vibrio cholerae (11 mm); and lower activity against Salmonella Typhi (5 mm) (Sivakumar 

and Santhanam, 2011). 

 

2.4. Bioaccumulation of trace elements in microalgae 

Bioaccumulation refers to the process by which living cells absorb and store pollutants or 
toxins, resulting from a balance between absorption and elimination. It is a term often used 
alongside biomagnification to explain the toxicity of metals. Biomagnification refers to the increase 
in pollutant concentration as it moves from the environment to living organisms. The extent of 
bioaccumulation determines the expression of toxic effects. This process describes the transfer of 
pollutants and metals into a food chain and the accumulation of contaminants in the biological 
tissues of aquatic organisms. These contaminants come from water, food and suspended sediment 
(Blowes et al., 2003; Wang and Fisher, 1999). 

According to Blowes et al (2003)"absorption" designates the penetration of a chemical 
substance into an organism through respiration, ingestion or dermal absorption, without taking into 
account the storage, metabolism and elimination that occur. Bioconcentration is a type of 
bioaccumulation in which the level of a chemical substance in an organism exceeds that in the 
atmosphere or water surrounding the organism. Nevertheless, the process is identical for natural 
and artificial chemicals, "bioconcentration" is generally used to designate chemicals extraneous to 
the organism. In fish and other marine animals, bioconcentration following absorption via the gills 
or, in certain cases, via the skin is the principal bioaccumulation process. The term 
"biomagnification" designates the trend of contaminants to aggregate as they pass from one trophic 
level to the next. This process takes place when a chemical or metal increases in concentration as it 
passes up the food chain, that is, when feeding interactions among unicellular organisms and higher 
animal develop. The natural bioaccumulation process is important to organisms‘ growth and 
development.  

Several studies have shown that the bioaccumulation of heavy metals by algae can 
effectively remediate and control pollution and treatment in aquatic environments. Absorption, 
storage in cells and excretion depend on environmental factors, the characteristics of the 
microorganism species and the nature of the pollutant. 

Arunakumara and Zhang (2008) describe the mechanism of metal bioaccumulation. Heavy 
metals are introduced into algal cells by active transfer or endocytosis via chelating proteins, 
impacting a range of algal physiochemical processes. Toxicity results mainly through binding to 
protein sulphydryl groups, disruption of protein structure or displacement of crucial elements. 
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Metals may disrupt the oxidation balance of algae, triggering antioxidant enzymes such as 
superoxide dismutase, glutathione peroxidase and ascorbate peroxidase. The quantity of proteins 
and lipids oxidized in algal cells indicates the severity of the damage. The defense reaction against 
probable oxidative damage largely influences the tolerance of algae to metals. The synthesis of 
binding agents and proteins and the selective ion transporters' role in keeping metals out of cells, 
along with processes like excretion or compartmentalization, may mitigate the harmful effects of 
heavy metal toxicity. However, a comprehensive understanding of the mechanisms responsible for 
metal toxicity in microalgae and the development of tolerance mechanisms remains to be fully 
established. 

Microalgae have reactive groups with active binding sites that may interact with 
wastewater contaminants to generate chemicals. Total dissolved solids and total suspended solids 
are reduced throughout this flocculation process. Some cyanobacteria, like Anabaena, Oscillatoria, 
Phormidium, and Spirogyra, can naturally survive in heavy metal-contaminated water due to their 
resistance to heavy metal stress (Balaji et al., 2016; Leong and Chang, 2020). 

Heavy metals, such as mercury, chromium, cadmium, lead, arsenic, nickel, zinc, and 
copper, are dangerous even at low concentrations. They exist in the environment due to numerous 
industrial, residential, agricultural, medical, and technological uses. Heavy metals can persist in 
aquatic environments and biomagnify throughout the food chain due to natural processes and 
human activities such as urbanization, industrialization and wastewater discharges. They can cause 
respiratory, kidney, mental and cardiovascular disorders and lead to cancer (Chugh et al., 2022). 
Trace elements, on the other hand, are found in trace amounts in both natural and disturbed 
ecosystems, and excessive bioavailability can be hazardous to living species. Essential heavy 
metals needed for organisms, such as manganese, iron, cobalt, copper, and zinc, may be detrimental 
when their amounts exceed safe limits (Ali et al., 2019). So-called non-essential heavy metals, 
including cadmium, lead and mercury, are highly toxic but have no biological role to play. 
Moreover, some heavy metals are also essential for plants. They are used as trace elements by 
plants, contributing to growth, stress resistance and synthesizing important metabolites. 
Understanding the distribution and impact of heavy metals and trace elements is therefore crucial 
for assessing the state of the environment and protecting flora, fauna and human well-being. 

Chojnacka (2007) investigated Chlorella vulgaris's capacity to bioaccumulate metals. Her 
results demonstrated that the Chlorella vulgaris cell surface had three functional groups involved in 
metal bioaccumulation. C. vulgaris has naturally high quantities of microelements, including 380 
mg/kg copper, 690 mg/ kg manganese, 1.600 mg/kg zinc, and 240 mg/ kg chromium. 

Chojnacka et al (2005) study focuses on the biological uptake of heavy metal ions (Cr+3, 
Cd+2, Cu+2) by Spirulina platensis. They used potentiometric titration and adsorption methods to 
assess binding capacity on the cell surface. Results showed rapid uptake and equilibrium governed 
by the Langmuir equation. Kinetic experiments showed that the equilibrium point was reached 
rapidly in less than 5 to 10 minutes. Biological uptake was mainly chemical rather than physical. 
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Metal ions were bound to functional groups on the cell surface, and changes occurred as a function 
of pH. 

Liz et al (2005) studied the Cr (III) uptake mechanism by Spirulina platensis and explained 
this mechanism using thermodynamic isotherms. When chromium metal is present in the culture 
medium, it is initially physically adsorbed onto the algal cell wall by electrostatic effect, and most 
of the absorbed Cr is firmly bound to proteins, lipids, and polysaccharides. They reported that, in 
addition to factors such as temperature, light and cell concentration, pH was an important factor in 
chromium uptake by Spirulina platensis. 

Ayed et al (2017) evaluated the uptake of Mg2+ ions by Chlorella vulgaris under 
mixotrophic systems (10 g/L of glucose) in an agitated photobioreactor. The results showed that 
Chlorella vulgaris reached a higher biomass level of 1.2 g/L with glucose consumption of 8.5 g/L 
and nitrogen (as nitrate) consumption of 0.5 g/L. Mg2+ ion uptake was measured in a culture 
medium containing an initial magnesium concentration of 17.7 mg/L. An average clearance rate of 
4.0 mg Mg2+.g/dry biomass during the autotrophic growth phase and 2.3 mg Mg2+.g/dry biomass 
during the heterotrophic growth phase was reported. At the experiment's end (330 h), around 90% 
of the starting amount of Mg2+ in the medium was related to the microalgal biomass, with 4% 
adsorbed and 86% taken up by the cells. 

 

2.5. Generality 

2.5.1 Zinc 

Physical and chemical properties 

Zinc is an indispensable chemical element for life and a metal with a low melting point in 

the periodic table's Group 12 (formerly Group IIb or the zinc family). It is necessary for vital 

activity and is one of the Earth's most common and abundant metals. Zinc is represented by the 

symbol 'Zn' and has an atomic number of 30 and a standard atomic weight of 65.38 amu. On 

average, every metric tonne of the Earth's crust accounts for about 65 grams. Zinc is found mainly 

in franklinite, gahnite, goslarite, hemimorphite (zinc silicate), willemite, wurtzite, and sphalerite. 

Sphalerite (zinc sulphide) is the most abundant source of zinc. It is also present in minerals like 

smithsonite (zinc carbonate) and zincite (zinc oxide) in the +2 oxidation state (Goodwin, 2000).  

Zinc is one of the most common and essential metals, with a bluish-white appearance, 

found in the Earth's crust, air, water, and nearly all food items. It holds significant commercial 

importance. The primary zinc mineral is sphalerite (zinc blende), which, along with its oxidation 

products smithsonite and hemimorphite, accounts for most of the world's zinc ores. Zinc is a 

complex, brittle metal at most temperatures. However, it changes between 100 and 150°C and 

becomes soft and malleable. Various forms of zinc exist, such as zinc carbonate, chloride, zinc 

acetate, and zinc sulfide (Environment Health Criteria, 2001). 
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Zinc in the environment  

Zinc is a natural element in the earth's crust and an essential component of our 

environment. It is present in the lithosphere (earth), hydrosphere (water), biosphere (plants, animals 

and humans) and atmosphere (air). According to the American Galvanizers Association, zinc makes 

up 0.004% of the earth's crust, ranking 24th in order of abundance (https://galvanizeit.org ). It is 

introduced into the environment through natural processes and human activities such as erosion, 

industrialization, metallurgy and mining. Zinc concentrations can be high at industrial and mining 

sites, and in soils where zinc-based fertilizers are overused. It can contaminate water and soil 

through runoff and infiltration, damaging aquatic life, plants and animals. Although zinc is 

necessary for human health, excessive exposure can be dangerous; however, cases of acute 

poisoning are rare. To reduce the risks to the environment and human health, it is essential to 

effectively regulate zinc emissions and monitor contamination levels. 

As a result, on the one hand, the pollution of all ecosystems, and on the other, the race to 

recover secondary raw materials, i.e. the recycling of zinc-containing industrial waste, has become 

a global challenge. Several sustainable techniques have been developed to protect the environment 

and benefit the economy. 

 

Zinc in water  

Zn concentrations in surface waters are typically less than 10.0 µg/L, but groundwater 

values range between 10 and 40 µg/L (Elinder,1986). The average Zn concentrations in Chinese 

drinking water were 0.29 mg/l, below the EPA's equivalent level and WHO guideline values. The 

average daily intake of Zn in drinking water was 0.65 mg/d, i.e., 1.1% of the provisional tolerable 

daily intake (PMDI) set by the Joint FAO/WHO Expert Committee (Xu et al., 2006). 

Kaçar et al (2022) found a higher Zn concentration in IR in the summer with a level of 

2.343 mg/L which is higher than the Turkish Standards Institute (TS 266; 2005) 2,000 mg/L and 

lower than the Word Health Organization (WHO, 2011) 3,000 mg/L and the USA Environmental 

Protection Agency (EPA, 2008) 5.000 mg/L. However, the average Zn value (0.414±0.644 mg/L) in 

Çanakkale tap water does not exceed the thresholds set by national and international standards. 

It is therefore important to analyze metal levels systematically and periodically to assess 

the daily intake of metals in drinking water and to prevent contamination risks and dangers to 

human health. Heavy metal concentrations in drinking water are hazardous to human health. They 

can build up in the human body and create physiological and morphological problems like cancer. 

 

Zinc in food 

Zinc is present in almost all food matrices at varying levels. Foods of protein-rich animal 

origin, such as meat products, shellfish and fish, are essential sources of (Cosgrove, 1980) zinc. For 

example, oysters have the highest zinc concentration per serving (28.2-32 mg) of all foods 

https://galvanizeit.org/
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(https://ods.od.nih.gov/factsheets ). Beef also contributes around 20% of the zinc intake in the 

American diet (Foster et al., 2013). Plant-based products such as whole grains, legumes and nuts 

are also significant sources of zinc. Fruits, vegetables, and tubers are moderately low in zinc (Table 

2.1). The difference in zinc content between animal and vegetable products depends on the quantity 

of food and the bioavailability of zinc. The bioavailability of zinc in plant-based foods is lower than 

in animal-based foods due to the presence of phytates. 

Phytate, or phytic acid (inositol hexaphosphate), is the main form of phosphorus (P) and 

inositol storage in plants (Cosgrove, 1980). It has anti-nutritional activities by binding minerals 

such as zinc, iron and calcium, forming complexes that make their intestinal absorption difficult in 

humans and monogastric animals such as pigs and horses (Raboy, 2001).  

 

Table 2.1.  Zinc content, zinc density, phytate content, and phytate-to-zinc molar ratios of 

commonly  consumed foods; data derived from the International MiniList
a 

(Brown 

et al, 2004) 

 

 

Food groups 

Zinc content Phytate content 

 

mg/100 g 

 

mg/100 

kcal 

 

mg/100 g 

Phytate: 

zinc molar 

ratio 

Liver, kidney (beef, poultry) 4.2–6.1 2.7–3.8 0 0 

Meat (beef, pork) 2.9–4.7 1.1–2.8 0 0 

Poultry (chicken, duck, etc.) 1.8–3.0 0.6–1.4 0 0 

Seafood (fish, etc.) 0.5–5.2 0.3–1.7 0 0 

Eggs (chicken, duck) 1.1–1.4 0.7–0.8 0 0 

Dairy (milk, cheese) 0.4–3.1 0.3–1.0 0 0 

Seeds, nuts (sesame, pumpkin, almond, 

etc.) 

2.9–7.8 0.5–1.4 1,760–4,710 22–88 

Beans, lentils (soy, kidney bean, 

chickpea, etc.) 

1.0–2.0 0.9–1.2 110–617 19–56 

Whole-grain cereal (wheat, maize, 

brown rice, etc.) 

0.5–3.2 0.4–0.9 211–618 22–53 

Refined cereal grains (white flour, 

white rice, etc.) 

0.4–0.8 0.2–0.4 30–439 16–54 

Bread (white flour, yeast) 0.9 0.3 30 3 

Fermented cassava root 0.7 0.2 70 10 

Tubers 0.3–0.5 0.2–0.5 93–131 26–31 

Vegetables 0.1–0.8 0.3–3.5 0–116 0–42 

Fruits 0–0.2 0–0.6 0–63 0–31 

a. WorldFood Dietary Assessment Program, 2.0, University of California, Berkeley 

 

  

https://ods.od.nih.gov/factsheets


20 

Vegetarians and vegans have lower dietary zinc intakes and serum zinc levels than non-

vegetarians (Foster et al., 2013). It should be noted, however, that well-planned vegetarian diets can 

offer enough levels of zinc from plant sources. Fermented foods such as tofu and fortified morning 

cereals are examples of complete cereals (Saunders et al., 2013). 

Zinc requirements 

Zinc requirements in humans vary according to age, sex, physiological state (such as 

pregnancy or breastfeeding) and the amount of zinc absorbed and excreted by the body. Since the 

mid-1990s, several organizations, including the WHO, the FAO, the International Atomic Energy 

Association and the Food and Nutrition Board (FNB) of the Institute of Medicine (IOM), have used 

a factorial method to calculate the average physiological zinc requirement (Table 2.2). 



21 

T
ab

le
 2

.2
. 
 
E

st
im

at
ed

 p
h

y
si

o
lo

g
ic

 r
eq

u
ir

em
en

ts
 f

o
r 

ab
so

rb
ed

 z
in

c 
d
u
ri

n
g
 c

h
il

d
h
o
o
d
 b

y
 a

g
e 

g
ro

u
p
 a

n
d

 s
ex

, 
an

d
 p

re
g
n

an
cy

 a
n

d
 l

ac
ta

ti
o

n
, 
as

 d
ev

el
o

p
ed

 b
y
 e

x
p

er
t 

co
m

m
it

te
es

 o
f 

th
e 

W
H

O
, 
th

e 
U

S
 F

N
B

/I
O

M
 a

n
d
 a

s 
re

v
ie

w
ed

 b
y
 I

Z
iN

C
G

 

W
H

O
 

F
N

B
/I

O
M

 
R

ev
is

io
n

s 
su

g
g

es
te

d
 b

y
 I

Z
iN

C
G

 

A
g
e,

 s
ex

 

R
ef

er
en

ce
 

w
ei

g
h

t 
(k

g
) 

P
h

y
si

o
lo

g
ic

 

re
q

u
ir

e
m

e
n

t 

(m
g

/d
a
y

) 
A

g
e,

 s
ex

 

R
ef

er
en

ce
 

w
ei

g
h
t 

(k
g
) 

P
h
y
si

o
lo

g
ic

 

re
q

u
ir

e
m

e
n

t 

(m
g

/d
a
y

) 
A

g
e,

 s
ex

 

R
ef

er
en

ce
 

w
ei

g
h

t 
(k

g
) 

P
h

y
si

o
lo

g
ic

 

re
q

u
ir

e
m

e
n

t 

(m
g

/d
a
y

) 

6
–1

2
 m

o
 

9
 

0
.8

4
 

7
–1

2
 m

o
 

9
 

0
.8

4
 

6
–1

1
 m

o
 

9
 

0
.8

4
 

1
–3

 y
rs

 
1

2
 

0
.8

3
 

1
–3

 y
rs

 
1
3
 

0
.7

4
 

1
–3

 y
rs

 
1

2
 

0
.5

3
 

3
–6

 y
rs

 
1

7
 

0
.9

7
 

4
–8

 y
rs

 
2
2
 

1
.2

0
 

4
–8

 y
rs

 
2

1
 

0
.8

3
 

6
–1

0
 y

rs
 

2
5

 
1

.1
2
 

1
0
–1

2
 y

rs
, 
M

 
3

5
 

1
.4

0
 

9
–1

3
 y

rs
 

4
0
 

2
.1

2
 

9
–1

3
 y

rs
 

3
8

 
1

.5
3
 

1
0
–1

2
 y

rs
, 

F
 

3
7

 
1

.2
6
 

1
2
–1

5
 y

rs
, 
M

 
4

8
 

1
.8

2
 

1
2
–1

5
 y

rs
, 

F
 

4
8

 
1

.5
5
 

1
5
–1

8
 y

rs
, 
M

 
6

4
 

1
.9

7
 

1
4

–1
8
 y

rs
, 
M

 
6
4
 

3
.3

7
 

1
4

–1
8

 y
rs

, 
M

 
6

4
 

2
.5

2
 

1
5
–1

8
 y

rs
, 

F
 

5
5

 
1

.5
4
 

1
4

–1
8
 y

rs
, 

F
 

5
7
 

3
.0

2
 

1
4

–1
8

 y
rs

, 
F

 
5

6
 

1
.9

8
 

P
re

g
n

a
n

c
y

 
—

 
2

.2
7
 

P
re

g
n

a
n

c
y

 
(1

st
, 

2
n

d
, 

3
rd

 
tr

im
e
s-

 

te
r)

 

—
 

4
.1

2
, 

4
.4

2
, 

5
.0

2
 

P
re

g
n

a
n

c
y

 
—

 
2

.6
8
 

L
a
c
ta

ti
o

n
 

—
 

2
.8

9
 

L
ac

ta
ti

o
n
 

(0
–3

, 
3
–

6
, 

6
–1

2
 m

o
) 

—
 

4
.9

2
, 

3
.8

2
, 

4
.5

2
 

L
a
c
ta

ti
o

n
 

—
 

2
.9

8
 



22 

International Zinc Nutrition Consultative Group (IZiNCG), Hotz C, Brown KH. 

Assessment of the risk of zinc deficiency in populations and options for its control. Food Nutr Bull 

2004;25(suppl 2): S99-203. 

Zinc deficiency occurs when insufficient zinc intake meets the body's physiological needs. 

Inflammatory bowel disease, ulcerative colitis, Crohn's disease, malabsorption syndrome (Valberg 

et al., 1986), chronic liver or kidney disease, diabetes, malignant tumors and other chronic diseases 

(Prasad, 2013) chronic diarrhoea/tropical enteropathy (Akhtar, 2013) all lead to excessive zinc loss. 

 

Importance of zinc  

Zinc is an essential trace element that plays many vital roles in the body. It is involved in 

many biological functions and is considered a versatile trace element due to its ability to bind to 

over 300 enzymes and more than 2 000 transcription factors (Chasapis et al., 2020). Zinc is 

required for many processes, including gene expression, enzymatic reactions, immune function, 

protein synthesis, DNA synthesis, wound healing, growth and development. Zinc also plays a role 

in the proper functioning of lipid and glucose metabolism and the regulation of insulin expression 

(Hara et al., 2017). It also reduces oxidative stress by participating in the synthesis of antioxidant 

enzymes. Due to its unique chemical properties, zinc is crucial to many biological processes. It has 

a strong affinity for electrons and generally binds to amino acids, peptides and nucleotides. This 

ability gives biological systems essential catalytic and structural functions (Shrimpton, 2001). 

Long-term zinc intake can stimulate the production of antioxidant proteins such as 

metallothioneins. Metallothioneins are cysteine-rich proteins that protect against free radicals and 

toxic metals such as iron and copper (Mezzetti et al., 1998). 

 

2.5.2. Magnesium 

Physical and chemical properties 

Magnesium has a silvery or white appearance and belongs to the alkaline-earth metal 

group. It is relatively reactive, but less so than alkali metals such as sodium or potassium. In 

aqueous media, it forms Mg2+ ions and has the particularity of forming certain highly soluble salts. 

Magnesium has a relatively low density of around 1.74 g/cm3 and a melting point of around 

650°C (Campbell, 2012). With the chemical symbol Mg, atomic number 12 and atomic mass 

24.305 u, magnesium is an essential catalyst for photosynthesis in plants. It is also widely used in 

industry, particularly in sectors requiring light metal alloys. Given this advantage, magnesium 

alloys are attracting interest from several industrial sectors. They are used in automotive, 

aerospace, and personal electronics due to their low weight and the ease with which they are 

malleable (Atrens et al., 2018).   
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Magnesium in the environment 

Magnesium is the sixth most abundant metal and one of the most common elements on the 

planet. It generally occurs in salt form and has a 0.13% concentration in saltwater. In 1808, it was 

first found in metallic form (Barbare, 2005). Certain human activities, such as fuel combustion and 

producing magnesium-based products and materials, can release magnesium into the environment. 

It occurs as magnesite (magnesium carbonate, MgCO3), dolomite (calcium magnesium carbonate 

Ca Mg (CO3)2) and brucite (magnesium hydroxide Mg (OH)2). It is also found as carnallite 

(magnesium chloride, KMgCl3∙6H2O) and kieserite (magnesium sulphate MgSO4·H2O ) and in 

many common silicates, including talc, olivine and majority types of asbestos (Chen et al., 2023; 

Loring et al., 2019).  It is present in minerals such as serpentine, chrysolite and sea foam. Seawater 

contains around 0.13% magnesium, mainly dissolved chloride, which gives it its characteristic 

bitter taste (Chapman, 2002). Magnesium is an important nutrient for human, animal, and plant 

well-being. 

Magnesium in water 

Magnesium can be found in particularly all natural water sources, such as rivers, lakes, 

seas, and oceans. It is dissolved in water by erosion, soil leaching and anthropogenic activities. 

Magnesium concentrations in natural waters vary depending on the geological composition of the 

region. Seawater contains about 1.3 g/L of magnesium, mainly in the form of dissolved chloride, 

which gives it its characteristic bitter taste (Tran et al., 2013). 

Although present at low levels, drinking water is a significant source of daily intake of 

trace elements that play a key role in many biochemical reactions in living organisms. Their 

content is subject to national and international standards. Regarding the magnesium content in 

drinking water, the Turkish Standards Institute (Türk Standartları Enstitüsü) and the European 

Union (EC) have set a limit of 50 mg/L (https://dobisu.marmara.edu.tr/orta-menu/yararli-

bilgiler/icme-suyu-kabul-edilebilir-degerler ).  

Magnesium in food 

Magnesium is widely found in foods of plant and animal origin, as well as in beverages. 

Green leafy vegetables are excellent sources of magnesium. Legumes, nuts, and whole grains are 

also rich in magnesium (Fox et al., 2001b). Some food sources of magnesium are shown in Table 

2.3. 
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Table 2.3.  Magnesium Content of Selected Foods (ods.od.nih.gov/factsheets/Magnesium-

HealthProfessional ) 

 Milligrams 

(mg) per 

 

Percent 

Food serving DV* 

Pumpkin seeds, roasted, 1 ounce 156 37 

Chia seeds, 1 ounce 111 26 

Almonds, dry roasted, 1 ounce 80 19 

Spinach, boiled, ½ cup 78 19 

Cashews, dry roasted, 1 ounce 74 18 

Peanuts, oil roasted, ¼ cup 63 15 

Cereal, shredded wheat, 2 large biscuits 61 15 

Soymilk, plain or vanilla, 1 cup 61 15 

Black beans, cooked, ½ cup 60 14 

Edamame, shelled, cooked, ½ cup 50 12 

Peanut butter, smooth, 2 tablespoons 49 12 

Potato, baked with skin, 3.5 ounces 43 10 

Rice, brown, cooked, ½ cup 42 10 

Yogurt, plain, low fat, 8 ounces 42 10 

Breakfast cereals, fortified with 10% of the DV for magnesium, 1 

serving 

42 10 

Oatmeal, instant, 1 packet 36 9 

Kidney beans, canned, ½ cup 35 8 

Banana, 1 medium 32 8 

Salmon, Atlantic, farmed, cooked, 3 ounces 26 6 

Milk, 1 cup 24–27 6 

Halibut, cooked, 3 ounces 24 6 

Raisins, ½ cup 23 5 

Bread, whole wheat, 1 slice 23 5 

Avocado, cubed, ½ cup 22 5 

Chicken breast, roasted, 3 ounces 22 5 

Beef, ground, 90% lean, pan-broiled, 3 ounces 20 5 

Broccoli, chopped and cooked, ½ cup 12 3 

Rice, white, cooked, ½ cup 10 2 

Apple, 1 medium 9 2 

Carrot, raw, 1 medium 7 2 

*DV = Daily Value. The U.S. Food and Drug Administration (FDA) developed DVs to help 
consumers compare the nutrient contents of foods and dietary supplements within the context of a 
total diet. The DV for magnesium is 420 mg for adults and children aged 4 years and older (food-

labeling-revision-of-the-nutrition-and-supplement-facts-labels). FDA does not require food labels 
to list magnesium content unless magnesium has been added to the food. 
Foods providing 20% or more of the DV are considered to be high sources of a nutrient, but foods 
providing lower percentages of the DV also contribute to a healthful diet. 
The U.S. Department of Agriculture‘s (USDA‘s) FoodData Central (https://fdc.nal.usda.gov/)  
lists the nutrient content of many foods and provides a comprehensive list of foods containing 
magnesium arranged by nutrient contain and by food name. 

 

https://www.federalregister.gov/documents/2016/05/27/2016-11867/food-labeling-revision-of-the-nutrition-and-supplement-facts-labels
https://www.federalregister.gov/documents/2016/05/27/2016-11867/food-labeling-revision-of-the-nutrition-and-supplement-facts-labels
file:///D:/flavien/FoodData%20Central%20(https:/fdc.nal.usda.gov/)
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Recommended magnesium intakes 

Recommended magnesium intakes vary according to age and sex. Table 2.4 shows 

recommended daily intake values for different population categories. 

Table 2.4. Recommended Dietary Allowances (RDAs) for Magnesium (IOM,1997) 

Age Male 

(mg) 

Female

(mg) 

Pregnancy 

(mg) 

Lactation(mg) 

Birth to 6 months 30 30 

7–12 months 75 75 

1–3 years 80 80 

4–8 years 130 130 

9–13 years 240 240 

14–18 years 410 360 400 360 

19–30 years 400 310 350 310 

31–50 years 420 320 360 320 

51+ years 420 320 

Importance of magnesium 

It participates in approximately 300 processes involving enzymes. It is necessary for 
muscular function, a regular heartbeat, a healthy immune system, and blood pressure control. It 
also involved energy metabolism, protein synthesis, and nerve signal transmission (Jahnen-Dechent 
and Ketteler, 2012). Magnesium, like other electrolytes such as sodium, potassium and calcium, 
plays a crucial role in many physiological processes and is precisely regulated to maintain a proper 
balance in the human body (Glasdam et al., 2016). Many foods contain magnesium, and vitamins 
are often supplemented with it. Magnesium sulfate can be used topically as a dip, internally as a 
laxative or intravenously during pregnancy to control eclampsia and uterine activity (Barbare, 
2005). 

2.5.3. Spirulina 

Spirulina is a blue-green cyanobacterium due to the presence of the pigments phycocyanin 
(blue) and chlorophyll (green). It is a photoautotrophic prokaryote capable of photosynthesis. 
Spirulina microalgae photosynthesize from mineral elements, water in the culture medium and 
light, thanks to their chlorophyll in the presence of light. In this way, Spirulina absorbs carbon 
dioxide and releases oxygen. Spirulina grows naturally in specific warm (around 30 °C), basic, 
brackish lakes in the tropics of Africa and Central America. This cyanobacterium discovered 
around 3.5 billion years ago, is one of planet oldest life forms (Schoofs et al., 1997). It was in 1844 
that Wittrock and Nordsted described Spirulina as Spirulina jenneri plantensis Nordsted (Vonshak, 
1997). 
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This microalga was rediscovered until 450 years later by Belgian botanist J. Léonard 

during a Belgian-French trip to Chad (1964-1965). He observed that the Kanembou of southern 

Kanem harvested these abundant algae from the natural ponds around Lake Chad, which are rich in 

sodium carbonates. They made a blue-green purée from it to prepare sun-dried local cakes called 

"dihé". As early as 1940, French phycologist Dangeard examined these cakes and found them made 

from edible blue-green algae. Subsequently, by studying samples from Léonard's expedition, 

Belgian researcher Compère confirmed that these cakes were mainly composed of the S. platensis. 

The Belgian researchers demonstrated that they were extremely protein-rich (Léonard and 

Compère, 1967). Spirulina platensis was subsequently cultured, and its composition was 

established in the 70s by Delpeuch et al (1975) and Sautier et al (1975). Since the 1980s, these 

blue-green algae have attracted growing interest in scientific research. Researchers worldwide have 

conducted numerous studies to better understand the positive effects of daily Spirulina 

consumption on being well. These studies have examined various aspects, such as Spirulina's 

nutritional composition, effects on the immune system, role in combating malnutrition, antioxidant 

properties, metabolism, etc. 

However, despite the many studies carried out, it's important to note that Spirulina research 

is still ongoing, and new discoveries are regularly made to confirm existing results and explore new 

areas of application due to its richness in nutrients and bioactive compounds. 

The two best-known Arthrospira species are Arthrospira platensis and Arthrospira 

maxima. Alternatively, Spirulina platensis refers to Arthrospira platensis (Gershwin and Belay, 

2007). Spirulina measures around 250 µm and 10 to 12 µm in diameter. Size generally varies 

according to strain and culture conditions. Spirulina platensis from Chad can reach 350 µm and a 

diameter of between 6 and 12.45 µm. It is the best known and most widely cultivated in the world. 

Spirulina maxima is distinguished by trichomes 70 µm 80 µm long and 7 to 9 µm in diameter (Fox, 

1999a). It is made up of trichomes coiled in the form of spires (spira from Latin), supposedly end to 

end, called filaments (figure 2.1). This filament, in the form of a tiny Spirulina spiral, is the origin 

of the name "Spirulina". Its helical shape enables it to move by motility (Charpy et al., 2008). It is 

classified in the plant kingdom on account of its high chlorophyll content, and in the bacterial 

kingdom on account of its biochemical characteristics. 
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(A)                                     (B)                                          (C) 

Figure 2.1. (A) Trichome of Arthrospira platensis. Trichome diameter ∼12μm (Borowitzka, 2018). 

(B) Trichome (Sili et al., 2012). (C) Spirulina platensis filament (objective x40) (original) 

Natural habitat 

The great lakes of Africa and Central America, such as Lake Chad and Lake Texcoco, as 

well as the lakes of the Great Rift Valley in East Africa, are regions where the Spirulina species can 

be found naturally when water conditions are suitable for its growth. This strict photoautotrophic 

cyanobacterium grows naturally in warm (30 to 40 degrees Celsius), alkaline (pH 8 - 11.5), soft 

waters, preferably highly mineralized (nitrate, phosphate, iron) waters rich in sodium bicarbonate 

(NaHCO3) and sodium carbonate (Na2CO3). For several centuries, lakes Bodou and Rombou in 

Chad have been home to a stable monoculture of Spirulina. The alkaline environment in which 

Spirulina thrives makes it difficult, if not impossible, for other micro-organisms to survive (Kebede 

and Ahlgren, 1996) . Moreover, in its natural state, because of its thermophilic nature and its need 

for light for photosynthesis, this microalgae colonizes certain lakes in tropical Africa and Central 

America (Holman and Malau-Aduli, 2013) . 

Spirulina cultivation 

Nowadays, growing Spirulina is relatively simple. It can be found just about anywhere in 

aquatic and terrestrial environments. This ease of cultivation has made it, along with other 

microalgae such as Chlorella and Dunaliella, the focus of research in many biotechnology 

laboratories. 

Two microalgae production systems exist open ponds and closed systems, known as 

photobioreactors and bioreactors. Open systems can be either natural (Figure 2.2) or artificial 

(circular or raceway) (Figure 2.3). 
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(A)                                                                                          (B) 

Figure 2.2. (A) Spirulina in Lake Chad (https://www.unesco.org). (B) Spirulina harvesting by the 

Aztecs in the lakes of the Valley of Mexico. (Peter, 1978). 

Today, open microalgae production systems are the most widespread worldwide, 

particularly in developed countries. This system is economical. Soni et al (2017)have shown that 

this system can have its drawbacks. The disadvantages of open ponds are poor light utilization, 

evaporation losses, carbon dioxide diffusion and land clutter. Inefficient aeration leads to low mass 

transfer rates, reduced biomass productivity and contamination by fast-growing organisms. 

Researchers are proposing closed systems combined with new technologies to solve these 

problems. 

Figure 2.3. (A) Raceway tank for Spirulina cultivation. (B) Image Algal Biotechnology culture unit 

outdoor of Çukurova University in Adana, Turkey(original). 

Photobioreactors are closed, lighted vessels used for the controlled cultivation of biomass. 

They are made of transparent materials to ensure sufficient light exposure for cultivation. 

Photobioreactors provide a controlled environment and high productivity in the cultivation of 

microalgae, allowing precise regulation of cultivation parameters such as CO2 supply, water 

availability, optimum temperature, light intensity, levels pH, gas exchange, aeration and crop 

density. These cultivation systems can be illuminated using either artificial or natural light sources, 

or a combination of both. In the laboratory, fluorescent lamps or external light sources are 

commonly used to artificially illuminate photobioreactors. Temperature control is relatively 

https://www.unesco.org/
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straightforward in some photobioreactors, although maintaining optimal conditions in large-scale 

outdoor systems requires significant technical expertise. Despite the associated costs, 

photobioreactors offer many advantages over open systems, including minimized contamination 

risks, improved environmental control, reduced carbon dioxide losses, prevention of water 

evaporation, potential higher cell concentrations, improved production of complex 

biopharmaceuticals, the ability to grow diverse species of microalgae, uniform light distribution, 

and minimal areas without light exposure. For the cultivation of microalgae and cyanobacteria, flat-

plate photobioreactors (Figure 2.4 A) and tubular photobioreactors (Figure 2.4 B) are two 

commonly used types of systems (Soni et al., 2017). Many other types include coils, rigid panels, 

and ring reactors (Richmond, 2007). 

(A)                                                                  (B) 

Figure 2.4. (A) Flat plate Photobioreactors, (B) Tubular Photobioreactors (Soni et al., 2017) 

Growth 

Algae have a wide variety of nutritional mechanisms. Most algae are photoautotrophic, 

meaning they use light, carbon dioxide and water to produce organic compounds through 

photosynthesis. As inorganic carbon sources for photosynthesis, they can absorb both dissolved 

CO2 and bicarbonate (HCO3
-). However, some algae have more specific nutritional needs and

require organic molecules, such as vitamins, in addition to carbon dioxide, for their growth. These 

are known as auxotroph. On the other hand, some algae can adopt a heterotrophic, or 

chemoorganotrophic, mode of nutrition, feeding on simple organic compounds such as acetate or 

glucose in the absence of light. Thus, algae have developed a diversity of nutritional strategies to 

adapt to different environments and growth conditions (Borowitzka, 2018). 

Spirulina is an aerobic photoautotrophic species, thanks to its chlorophyll pigments. Unlike 

anaerobic photoautotrophic bacteria, which possess photosystem I only, Spirulina possesses both 

photosystems I and II (Merceron, 2006). 

Photosynthesis is a crucial physiological process, essential to life in all animal and human 

forms. It enables a photosynthetic organism to produce the organic matter necessary for its 

development by using light to transform mineral elements, carbon dioxide and water, and by 

producing oxygen.  
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To carry out photosynthesis, Spirulina requires water, carbon and nutrients, notably 

nitrogen. It takes in atmospheric carbon dioxide as a source of mineral carbon, which it transforms 

into biochemically available energy in the form of glucose. Unlike other cyanobacteria, Spirulina 

lacks the complete Krebs cycle (Fox, 1999a; Doumenge et al., 1993). 

Chlorophyll pigments capture light energy. In Spirulina and other photosynthetic bacteria, 

chlorophyll is found in compartmentalized areas of the cell wall known as thylakoid 

phycobilisomes. Photosynthesis is composed into two phases: "light" reactions, which need the 

presence of light and take place in thylakoid membranes. The thylakoids comprise photosynthetic 

pigments arranged into two photosystems: PS I and PS II. These photosystems are located in 

membranes common to two thylakoids, and are generally near each other (Morot-Gaudry, 2006) 

Photosystem I (PS I) has a higher diversity of pigments than Photosystem II (PS II) and is 

abundant in chlorophyll P700, which uptake at wavelengths of 430 nm in blue and 700 nm in red. 

Electrons come from minerals and organic molecules. Photosystem II is rich in P680-type 

chlorophyll a. This is where water photolysis occurs, where electrons released by water molecules 

are captured. Phycobiliprotein has a prolonged absorption capacity thanks to phycocyanobilin, a 

chromophore. In addition, it exhibits optimal energy overlap to transfer energy to photosystem II 

(Shively et al., 2009). 

During the light phase, water photolysis occurs, separating oxygen and hydrogen 

molecules. The synthesis of ATP, a molecule that liberates large amounts of energy when 

consumed, and NADP is also observed (Morot-Gaudry, 2006) 

Dark reactions occur in the thylakoid's stroma (matrix in which the energy generated in the 

light phase is accumulated in the form of ATP and reduced NADP. That energy is utilized to 

synthesize organic molecules by reducing carbon dioxide. The dark phase takes place in the 

absence of light, although this does not mean that it takes place exclusively at night. These 

reactions form the Calvin cycle, which leads to the synthesis of glucose (Morot-Gaudry, 2006). 

The general formula for photosynthesis can thus be expressed as follows: 

6 CO2 + 6 H2O + (light energy) → C6H12O6 + 6 O2 

Although Spirulina maxima contains only chlorophyll a, other types of chlorophyll, such as 

chlorophylls b, c and d, are found in other types of algae. 

All chlorophyll pigments are chromoproteins with a common molecular structure, featuring 

a hydrophilic porphyrin-based prosthetic group constituted of four tetrapyrrolic rings centered on a 

magnesium atom and esterified with a hydrophobic carbon alcohol called phytol. The differences 

between chlorophylls lie in their pyrrolic substituents, molecular structure, and light absorption 
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wavelength. In thylakoids, chlorophyll granules are associated with proteins, forming pigment-

protein complexes. 

Chlorophylls are photosynthetic pigments that are excitable by light. Their excitability is 

caused by the existence of conjugated bonds with delocalized electrons. When excited by a photon, 

electrons change from a ground state to an excited state. 

 Chlorophyll then returns to its ground state, which can happen in several ways: by emitting 

light (fluorescence), by transferring energy to a neighbouring molecule (resonance), or by losing 

electrons (photochemistry), enabling chlorophyll to trap electrons, reduce an electron acceptor and 

participate in the photosynthetic chain. 

Before cyanobacteria appeared on Earth, photosynthesis was called "primitive bacterial 

photosynthesis". At that time, photosynthetic pigments formed a single photosystem, and the source 

of electrons was reduced sulphur mineral compounds. With evolution and the appearance of 

cyanobacteria, photosynthesis evolved: 

 The electron source became water;

 Oxygen was produced as the final electron acceptor;

PS I and PS II photosystems were present. 

There was a coupling between photochemical reactions and carbohydrate synthesis. 

Spirulina produces energy by respiration during the night to ensure its survival and growth. 

Glucides generated during the day are oxidized to convert them into protides, while CO2 dissolved 

in the culture medium and water is produced (Fox, 1999a). When daylight returns, the CO2 takes 

part in a new photosynthesis cycle. 

Biochemical compositions 

The macronutrient and micronutrient composition of Spirulina varies according to several 

factors. Spirulina composition varies according to strain, growing conditions, production 

conditions, medium design, harvesting and post-harvest processes such as drying, grinding and 

storage. Spirulina generally contains 55-70% protein, 20% carbohydrates, 5% lipids and 7% 

minerals. It is also rich in vitamins and other substances, such as the pigment chlorophyll and 

phycobiliproteins. 

Spirulina's proteins are qualitatively complete, containing all the essential amino acids 

(Table 2.5) that make up around 47% of the total protein content. Moreover, these proteins are of 

high biological value, as they are highly digestible due to the absence of cellulose walls. However, 

Spirulina contains reduced amounts of methionine, cysteine and lysine compared to commonly 

known protein sources such as meat, eggs, or milk (Falquet, 1996). 
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Table 2.5. Percentage of Spirulina amino acids 

Amino acids Jacquet 1974 Clement 1975 Fox 1999 

Essential amino acids 

Isoleucine 5,60 6,40 5,98 

Leucine 8,00 9,00 8,71 

Lysine 4,20 4,80 5,28 

Méthionine 2,25 2,60 2,85 

Phénylalanine 4,40 4,60 5,09 

Thréonine 4,70 5,50 5,58 

Tryptophane 1,00 1,60 1,48 

Valine 5,70 6,90 7,72 

Non-essential amino acids 

Alanine 7,25 7,90 8,24 

Arginine 6,60 6,70 7,92 

Acide 

aspartique 

9,30 9,20 9,50 

Cystéine 0,95 0,90 0,93 

Acide glutamique NC 12,90 13,20 

Glycine 4,80 5,00 5,07 

Histidine 1,60 1,60 1,50 

Proline 3,60 3,90 4,32 

Sérine 5,00 5,60 5,46 

Tyrosine 4,30 4,90 - 

Lipids account for 6–8% of Spirulina sec and are divided into two fractions: a saponifiable 

fraction (83%) and a non-saponifiable fraction (17%). Spirulina biomass contains a high 

concentration of the essential fatty acid polyunsaturated fatty acids (PUFAs), i.e., 1.5 to 2% of the 5 

to 6% of total lipids (Habib, 2008). It is also a significant source of gamma-linolenic fatty acid 

(GLA), a precursor of several hormones such as prostaglandins, leukotrienes and thromboxanes. 

These hormones are essential in metabolism and modulate the immunological response, reducing 

inflammation and blood pressure (Lordan et al., 2011; Ronda and Lele, 2008). 

Carbohydrates make up 15–25% of Spirulina's dry weight. They can generally be found in 

simple sugars, such as rhamnoses and glucosan amines; and polyols such as glycogen and starch.  

Spirulina also contains calcium-spirulan, a sulfated polysaccharide with biological properties( 

Hayashi et al., 1996; Mishima et al., 1998).  

The vitamin content of Spirulina can vary widely based on the species and the 

environmental conditions in which it is cultivated. Virtually all vitamins are present in Spirulina in 

optimal quantities (Table 2.6). Most of these organic substances are bioavailable. This is the case of 

vitamin B12, which is especially important for vegetarians, who are often deficient in this nutrient, 

mainly due to limited consumption of foods of animal origin or limited assimilation of this 

cyanocobalamin.  
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Table 2.6. Vitamin content in μg/g Spirulina dry matter (Charpy et al., 2008) 

Vitamin Content 

Hydrosoluble vitamins 

B1 (thiamin) 34 – 50 

B2 (riboflavin) 30 – 46 

B3 (niacin) 130 

B5 (pantothenate) 4.6 – 25 

B6 (pyridoxin) 5 – 8 

B8 (biotin) 0.05 

B9 (folate) 0.5 

B12 (cobalamin) 0.10 - 0.34* 

C (ascorbic acid) - 

Liposolubles vitamin 

Provitamin A (β-carotene) 700 – 1700 

Cryptoxanthin 100 

E (alpha-tocopherol) 50 – 190 

 

Like other nutrients, Spirulina's mineral composition can vary according to various factors 

such as cultivation conditions, Spirulina strain and laboratory analysis methods. In general, 

Spirulina is a good source of minerals (Table 2.7). It contains all the essential minerals, 

representing around 7% of its dry weight. 

 

Table 2.7. Mineral composition Spirulina in μg/g of dry matter from (Falquet and hurni, 2006) 

Mineral Content (mg/kg) Doses required 

(mg /day) 

Calcium 1300 – 14000 1200 

Phosphorus 6700 – 9000 1000 

Magnesium 2000 – 2900 250 – 350 

Iron  580 – 1800 18 

Zinc 21 – 40 15 

Copper 8 – 10 1.5 – 3 

Chromium 2.8 0.5 – 2 

Manganese 25 – 37 5 

Sodium 4500 500 

Potassium 6400 – 15400 3500 

Selenium 0.01 - 50 0.05 
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Pigments 

Cyanobacteria are the only prokaryotes with the ability to perform oxygenic 

photosynthesis. Their main light-harvesting capacity is associated with large antenna complexes, 

phycobilisomes, located on photosynthetic membranes' surfaces (Morançais et al., 2018). Pigments 

also have antioxidant, anticancer, anti-inflammatory, anti-obesity and neuroprotective proprieties 

(Cuellar-Bermudez et al., 2015; Guedes et al., 2011). The three main types of pigment present in 

Spirulina are chlorophylls, carotenoids and phycobiliproteins(Bortolini et al., 2022). 

Phycobiliproteins and carotenoids are commercially important and are utilized in food ingredients, 

cosmetics, pharmaceuticals, food colorings and biomedical products. The lability of coordinated 

magnesium, which causes yellow to brownish colouring, limits the usage of chlorophyll and the 

water-soluble chlorophyllin (Mortensen, 2006).  

Chlorophyll 

Animals also do not synthesize chlorophyll.  It must be provided by food. Marine 

organisms are also an essential source of chlorophyll. Spirulina is a good source of chlorophyll. It 

is attracting the attention of scientists and industrialists because of its ease of cultivation. This 

pigment is responsible for the green coloring of Spirulina and many other algae. Apart from its 

utilize as a natural colorant in the food industry, it can also be extracted and used as an antioxidant 

and anticancer agent (Asghari et al., 2016). The chlorophyll molecule contains a magnesium atom 

in its center (Figure 2.5)  

Figure 2.5. Structure of chlorophyll molecules (Fiedor et al., 2008). 

Carotenoids 

Carotenoids are a class of natural, liposoluble pigments responsible for the red, yellow and 

orange hues observed in various plant species and micro-organisms. They are divided into two 

groups: provitamin A, such as beta-carotene, and the others (lycopene, phycoxanthin, zeaxanthin, 

lutein, astaxanthin and cryptoxanthin) (Figure 2.6). They can be converted into vitamins in 

mammals. Carotenoids are used as food colourants in the food industry. They also protect against 

oxidative stress, ageing, cancer, degenerative diseases and eye diseases. Around 80% of the 
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carotenoids in Spirulina are beta-carotenes, or provitamin A, which can be converted into vitamin A 

by animals. It is one of the hydrocarbon carotenoids synthesized in plants, phytoplankton and 

certain photosynthetic microorganisms. It is involved, for example, in the biosynthesis of 

zeaxanthin from phytoene (Dey and Rathod, 2013) and plays an essential role in the fight against 

cancer and xerophthalmia (Seshadri et al., 1991). Carotenoids are also used as colorants in the food 

industry. 

Figure 2.6. Structure of carotenoids found in microalgae (Gong and Bassi, 2016) 

Phycocyanin 

Phycobiliproteins are non-toxic, hydrophilic pigments that function as a highly fluorescent 

chromophore. They are classified into three classes based on the colour of the phycobilin moiety: 

phycocyanin (blue chromophore), phycoerythrin (red chromophore), and allophycocyanin 

(yellowish chromophore) (Sinha et al., 1995) and phycoerythrocyne (Stadnichuk et al., 2015) . 

Phycocyanin is a water-soluble pigment protein accounting for more than 15% of its 

weight of Spirulina (Hayashi et al., 1996). Phycobilisomes (PBS) serve as antennas for the 

photosynthetic pigment machinery in cyanobacteria (Figure 2.6). Light-absorbing pigments may be 

classified into chlorophylls, which take up light at wavelengths > 640 nm (red) and < 440 nm 

(blue) of the luminous spectrum, and carotenoids, phycobiliproteins, phycoerythrin and 

phycocyanin (470-630 nm) (Chan, 2003). Phycocyanin is composed of two subunits and possesses 

a linear tetrapyrrole, phytochromobilin, covalently linked to its polypeptides by a thioether bond to 

a conserved Cys residue (Wu et al., 2016). Responsible for blue coloration, phycocyanin, 

depending on its properties, can be divided into c-phycocyanin and R-phycocyanin. The term 

phycocyanin refers to the phycocyanin in Spirulina.  In addition to its photosynthetic properties, 

this pigment is used as a natural colorant in food, nutraceuticals, cosmetics, fluorescent dyes and 

pharmaceuticals. 
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Figure 2.7. Schematic diagram of phycobilisomes on thylakoid membrane of cyanobacteria: PC 

(blue color), PE (pink-red color), APC (blue-green color), and linker polypeptides (LPP) with PCB 

and PEB chromophores. PC: phycocyanin; PE: phycoerythrin, APC: allophycocyanin; PCB: 

phycocyanobilin, PEB: phycoerythrobilin (Kannaujiya et al., 2021). 

PC is present in cyanobacteria (blue-green), Rhodophyceae (red), and Cryptophyceae and 

is known as C-PC and R-PC depending on the species. R-Phycocyanin is a minor pigment found in 

red microalgae. An (αβ)3 trimer is the structure. Both α and β subunits have the PCB chromophore, 

however, the β subunit has a second chromophore: PEB. The most prevalent, C-PC, is made up of 

two α and β subunits that have a hexameric conformation (αβ)6 at pH 5-6 and a trimeric 

conformation (αβ)3 at pH 7. Only the PCB chromophore is found in both the α and β subunits. 

Phycocyanin, an antioxidant molecule, has several beneficial therapeutic effects. It has 

been shown to neutralize alkoxy (RO) and hydroxyl (OH) radicals and lipid peroxidation, thereby 

reducing oxidative stress (Eriksen, 2008; Li et al., 2019; Riss et al., 2007; Udayan et al., 2017). 

Phycocyanin has immunomodulatory, anticancer, antiviral and cholesterol-reducing effects (Belay, 

2002). In addition, phycocyanin has demonstrated antimalarial activities (Wulandari et al., 2017) 

and possesses chemopreventive properties against tumors (Li et al., 2005). Furthermore, it has been 

shown to inhibit histamine release from mast cells, thus playing an important role in allergic 

inflammation (Remirez et al., 2002) and antibacterial (Sarada et al., 2011).  

Phenolic compounds 

Phenolic compounds, or polyphenols, are plants' most common secondary metabolites. 

Phenolic compounds are categorized as secondary metabolites since they do not serve a direct role 

in the essential processes of plant organisms, such as growth or production. They are defense 

molecules that plants synthesize to cope with various biological and physical stresses. These 

compounds are among the main constituents of the human diet and are provided by fruit, 
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vegetables and legumes. Natural polyphenols can be simple molecules such as phenolic acids or 

highly polymerized complex substances such as tannins. They are characterized by benzene rings 

carrying one or more hydroxyl functions. The presence of these hydroxyl groups gives phenols 

their antioxidant properties. These substances are widely diversified. They are divided into 

phenolic acids (hydroxybenzoic and hydroxycinnamic acids), stilbenes, lignins (non-flavonoids) 

and flavonoids (Manach et al., 2004; Robards et al., 1999). Each subclass contains various 

compounds with a wide range of activities. The antioxidant power of a phenolic compound varies 

according to the number and position of the hydroxyl group (Figure 2.7). They are synthesized by 

the shikimate pathway from L-phenylalanine and L-tyrosine and contain one or more hydroxyl 

groups attached directly to the aromatic ring (Kumar and Goel, 2019) . 

Figure 2.8. General structure of polyphenols (Nollet and Gutierrez-Uribe, 2018) 

Phenolic acids 

Phenolic acids (non-flavonoids) are simple forms of polyphenols, the best known of which 

are hydroxybenzoic and hydroxycinnamic acids. This class includes p-hydroxybenzoic, 

protocatechic, vanillic, gallic, syringic, p-coumaric, caffeic and ferulic acids (Figure 2.8). They can 

demonstrate antioxidant activity by scavenging the hydroxyl radical, the superoxide radical anion, 

several organic radicals, the peroxyl radical, peroxynitrite and singlet oxygen, among others.  The 

HPLC-DAD profiles of the Spirulina phenolic extracts revealed the presence of a significant 

variety of phenolic acids and flavonoids at various amounts. Gallic, chlorogenic, cinnamic acids, 

pinostrobin, and p-OH-benzoic acids are the most prevalent elements in the extracts (Abd El Baky 

et al., 2009). 
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Figure 2.9. Chemical structure of phenol acids (Wang, 2016; Stalikas, 2007). 

Flavonoids 

Flavonoids are ubiquitous phenolic compounds in the plant kingdom. They are the main 

metabolites responsible for pigmentation, like chlorophyll and carotenoids in plant products. Some 

4,000 flavonoids have been identified in plants. Flavonoids have a basic 15-carbon skeleton (C6-

C3-C6). They are classified according to their degree of oxidation and saturation of the C ring: 

Flavanones, flavones, flavonols, dihydroflavonols, flavan-3-ols, flavan-4-ols, flavan-3,4-diols 

(leucoanthocyanidins), and anthocyanidins (Nollet and Gutierrez-Uribe, 2018). 
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Anthocyanins 

Anthocyanins are the pigments responsible for the color (red, blue, and violet of flowers 

and fruit) most widespread in the different species of the plant. They play a role in pollination and 

the absorption of UV radiation. A skeleton of flavylium cations characterizes their basic structure, 

hydroxylated in different positions to give rise to anthocyanidins (Mattioli et al., 2020). 

Anthocyanins share a common structure of 15 carbon atoms, with aromatic rings linked by three 

carbon atoms to form an oxygenated heterocycle (Figure 2.9). 

Figure 2.10. The General anthocyanin structure (Kent et al., 2018). 

Tannins 

Tannins are a structurally complex group of polyphenols, including hydrolyzable tannins, 

proanthocyanidins (also known as condensed tannins) and phlorotannins (Figure 2.10) (Bule et al., 

2020; Suvanto et al., 2017). Since antiquity, tannins, widespread polyphenols found in plants, have 

been utilized in the tanning industry to render skin resistant to decay. From a food point of view, 

they are responsible for the astringency of many fruits, vegetables, and products derived from 

them. This characteristic is due to their property of complexation with salivary proteins. Tannins 

are also used in plant protection as anti-predation agents or pesticides (Patachia and Croitoru, 

2016). Condensed tannins are the types most associated with the medicinal properties attributed to 

tannins(Bule et al., 2020). 

(A )                                          (B )                                    (C ) 

Figure 2.11. Structure of tannins. (A) Tannin general structure, (B) tannic acid, (C) condensed 

tannin (Bule et al., 2020) .  
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Polyphenols and Spirulina 

Microalgae are an important source of polyphenols. These phenols are a major antioxidant 

contributor (Maadane et al., 2015; Hajimahmoodi et al., 2010). Thanks to their varied structures, 

these substances enable microalgae to resist various stresses through their antioxidant, 

antimicrobial and photoprotective properties.   

Several studies have shown the presence of many polyphenols and flavonoids at varying 

levels in Spirulina. These metabolites are generally produced to protect against environmental 

stresses. The content of these compounds varies according to the conditions under which Spirulina 

is grown and the method used to prepare the extracts. Nutrients such as sodium nitrate (Abd El-

Baky et al., 2009) , temperature, (Colla et al., 2007) ,cultivation method (Kepekçi and Saygideger, 

2012) , or growth mediums (Asnake Metekia et al., 2022) are the most important factors 

influencing the content of Spirulina phenolic compounds. In addition, the content of these 

secondary metabolites varies according to the solvents used and the extraction conditions (Table 

2.8). 
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Role of phenolic compounds 

They form the basis of active plant ingredients with a wide range of biological activity, 

making them interesting to researchers and industrialists. As a result, these compounds' antioxidant, 

antiviral, antimicrobial, anti-inflammatory, antitumor, anti-platelet aggregation, antihypertensive, 

antiallergic and cholesterol-lowering activities are well known. On the other hand, secondary 

metabolites are associated with plant colors, tastes and odors (Ashraf et al., 2018). Examples 

include vanillin, used to flavor foods; anthocyanins, responsible for fruit coloring or bitterness; and 

salicylic acid, a precursor of aspirin. 

Antioxidant activity 

Cyanobacteria have considerable promise as a source of phenolic compounds with strong 

antioxidant properties, which might assist various sectors, including medicines, food, and 

cosmetics (Ijaz and Hasnain, 2016). The antioxidant potential of algae and Spirulina species is 

attracting increasing attention. Numerous in vitro and in vivo studies have shown that treating or 

supplementing Spirulina or its compounds significantly reduces oxidative stress. These antioxidant 

and protective effects are provided by phycocyanin, phenolic compounds, β-carotene and other 

vitamins and minerals in Spirulina (Abdel-Daim et al., 2013; Abd El-Baky et al., 2009; Upasani 

and Balaraman, 2003). The results of the study by Wu et al. (2005) revealed that DPPH- essays also 

showed a similar trend to ABTS-
+ essays (EC50: 19.39±0.65 μmol ascorbic acid equivalent/g 

Spirulina extract versus 14.04±1.06 μmol ascorbic acid equivalent/g Chlorella. Furthermore, 

aqueous extracts of both algae demonstrated antiproliferative effects on hepatic stellate cells 

(HSCs) and HepG2, but Spirulina proved to be a more potent inhibitor than Chlorella. Spirulina 

protects organs from damage caused by metal such as lead exposure (Upasani and Balaraman, 

2003). Kalafati et al (2010) found that Spirulina supplementation significantly improved physical 

performance, glucide oxidation, and fat oxidation rates, while also increasing glutathione (GSH) 

levels. The levels of Thiobarbituric acid reactive substances (TBARS) and protein carbonyls, 

catalase, and TAC also increased immediately and 1 hour after exercise. This suggests that 

Spirulina supplementation may enhance lipid peroxidation and improve overall performance. 

Antimicrobial activity 

Many studies have shown that microalgae and their extracts are effective antimicrobial 

agents (antiviral, antibacterial, antifungal, antiprotozoal). Among microalgae, Spirulina possesses 

natural antimicrobial activity against various microorganisms. Several solvents, such as water, 

methanol, ethanol, dichloromethane, hexane, petroleum ether and ethyl acetate were used to extract 

Spirulina platensis bioactive molecules with antimicrobial activity against microorganisms in vitro. 

Spirulina's antimicrobial activity depends also on the extraction method, the extract doses used and 

the bacterial strains targeted. Spirulina platensis can inhibit the growth of certain Gram-negative 
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and Gram-positive bacteria. It has shown inhibitory activity against Escherichia coli, Pseudomonas 

aeruginosa, Proteus vulgaris, Staphylococcus aureus, Bacillus subtilis and Bacillus pumulis, with 

maximum activity against Proteus vulgaris (Bhowmik et al., 2009). For example ,Spirulina 

methanol extract showed higher antimicrobial activity than extracts of hexane (Kaushik and 

Chauhan, 2008), dichloromethane (Kaushik and Chauhan, 2008; Ozdemir et al., 2004), petroleum 

(Ozdemir et al., 2004), ethyl acetate (Kaushik and Chauhan, 2008; Ozdemir et al., 2004) and 

volatile components (heptadecane and tetradecane) (Ozdemir et al., 2004), in particular against 

Streptococcus faecalis (Ozdemir et al., 2004), Staphylococcus epidermidis (Ozdemir et al., 2004) 

and Candida albicans (Ozdemir et al., 2004), as well as Gram-positive Staphylococcus aureus 

(Kaushik and Chauhan, 2008) and Gram-negative Escherichia coli (Kaushik and Chauhan, 2008). 

Purified C-phycocyanin from S. platensis significantly suppressed the development of many drug-

resistant bacteria, including E. coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and 

Staphylococcus aureus (Sarada et al., 2011). Spirulina peptides also have antimicrobial properties. 

In a study by Sun et al (2016), the SP-1 peptide was found to have a minimum inhibitory 

concentration of 8 mg/mL for E. coli and 16 mg/mL S. aureus. 0.1% Spirulina was found to 

improve the ability of 3-week-old chicks injected with E. coli or S. aureus suspensions to rid 

themselves of bacteria, as evidenced by the improved activities of various phagocytic cells in 

chickens, including heterophils, thrombocytes, macrophages, and monocytes (Qureshi et al., 1996). 

Spirulina biomass also has a stimulating effect on growth during fermentation and/or 

improves survival during storage of lactic acid bacteria such as Bifidobacterium (Mocanu et al., 

2013), Lactobacillus casei and Lactobacillus acidophilus (Bhowmik et al., 2009), Lactobacillus 

bulgaricus (Akalin et al., 2009) and Streptococcus thermophilus (Fadaei et al., 2019; Malik et al., 

2013). 

Spirulina extracts also have antifungal activity. Methanolic extracts containing 1.15 mg of 

phenolic compounds per gram of Spirulina platensis have demonstrated antifungal activity against 

Aspergillus flavus, inhibiting glucosamine production by up to 56% (Souza et al., 2011). In Balb/C 

mice infected with candidiasis, the immunostimulatory activity of S. platensis extract was tested. 

Mice pretreated with 800 mg/kg extract for 4 days before intravenous inoculation with Candida 

albicans produced more of the cytokines TNF- and interferon-gamma (IFN-), resulting in enhanced 

survival and clearance of fungal infection compared to control groups (Soltani et al., 2012).  

Spirulina is rich in bioactive compounds such as phenols, biopeptides, β-carotene, 

polyunsaturated fatty acids (PUFAs), calcium-spirulan, B-complex vitamins, particularly vitamin 

B12, and antioxidant minerals such as selenium and zinc. These elements stimulate the immune 

system and strengthen the body's defense mechanisms against infection. Recently, the use of 

Arthrospira maxima powder inhibited SARS-CoV-2 infection using a concentration of 50 

TCID50/ml for both experimental regimens, but the percentage of protection was lower when the 

viral inoculum was increased to 100 TCID50/ml; viral RNA decreased 48 hours after infection, 
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reaching a 250-fold difference at 72 hours. The study carried out by Daoud and Soliman (2015) 

confirmed the biological activity of the ethanolic extract of S. platensis against types O, A and 

SAT2 of the foot-and-mouth disease virus in old baby Swiss mice. Calcium-spirulan (Ca-SP), a 

sulfated polysaccharide extracted from Spirulina platensis, has demonstrated antiviral properties 

against various enveloped viruses such as herpes simplex type I, measles, HIV-I and influenza. 

This powerful antiviral activity has been attributed to the chelating effect of calcium ions on the 

sulfate groups, which affects the molecular conformation of the polysaccharide (T. Hayashi et al., 

1996). 

2.5.4 Oxidants and Antioxidants 

Oxidants 

Free radicals are chemical compounds with unpaired electrons, making them highly 

reactive. To achieve stability, they seek to fill this free electron by accepting it from or transferring 

it to another molecule (Afonso et al., 2007). The two most important types of free radicals in the 

body are oxygen and nitrogen free radicals (Table 2.5). They are a radical species or non-radical 

species. RNS (Reactive Nitrogen Species) are a group of p-oxidizing molecules involved in various 

biological processes, primarily derived from the nitric radical (NO•). They include nitric oxide 

(NO-), nitrite peroxide (ONOOH) and nitrite (NO2
-). Free radicals are generated by normal

physiological processes in organisms, including aerobic metabolism and inflammatory responses, 

to eliminate invading pathogenic microorganisms (Govindarajan et al., 2005). However, external 

factors such as exposure to pollution, smoking, UV radiation, heavy metal ions, ozone, allergens, 

drugs, toxins, pollutants, pesticides, or insecticides can also contribute to an increase in free radical 

production in cells (Oke et al., 2019; Mahajan et al., 2018; Antunes dos Santos et al., 2018). The 

endogenous production of free radicals can occur in the body during various metabolic reactions. 

For example, during the transport of electrons in the respiratory chain, the superoxide radical (O2
•−)

is formed in the mitochondria generally by dismutation. Phagocytic cells, polymorphs, and 

macrophages contain a membrane enzyme known as NADPH oxidase. This specialized enzyme 

generates superoxide radicals (Bedard and Krause, 2007). Superoxide can also be formed during 

the catabolism of adenosine triphosphate by xanthine oxidase. Certain metal ions, such as iron and 

copper, generate ROS by converting hydrogen peroxide (H2O2) into a more dangerous hydroxyl 

radical (OH•). Free radicals can also be formed during the production of humoral mediators such as 

prostaglandins and leukotrienes, as well as during the catabolism of certain xenobiotics. Moreover, 

the RNS, particularly nitric oxide (NO•), can be synthesized in certain cells through NO-synthase 

from amino acids such as arginine and oxygen. When its concentration increases, nitric oxide can 

combine with the superoxide radical (O2
•−) to form peroxynitrite (ONOO-), a powerful oxidant

(Oldham and Bowen, 1998). 
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The production of reactive oxygen species (ROS) in the chloroplasts of green plants and 

algae, especially under stressful conditions such as intense light or limitation of CO2 fixation. 

During photosynthesis, the oxygen produced accepts electrons, thereby generating ROS such as 

O2
·– and H2O2 (Telfer et al., 1994; Asada et al., 1974). In addition, energy transfer between 

photosystems can produce 1O2. These ROS can damage proteins and cellular structures. There are 

protective mechanisms in place, such as the reduction of oxygen by superoxide dismutase (SOD) 

and the presence of antioxidants such as ascorbate and tocopherol. The balance between ROS 

production and neutralization is essential to preserve chloroplast integrity and photosynthetic 

function. 

In normal quantities, free radicals are necessary for life (Valko et al., 2006), but if their 

overproduction, they can cause cellular damage and alter components such as proteins, lipids and 

DNA (Pizzino et al., 2017). This contributes to ageing and the development of chronic and 

degenerative diseases. Therefore, the balance between free radicals and antioxidants is important to 

maintain cell protection and prevent free radical damage. This phenomenon is known as oxidative 

stress. It is characterized by an imbalance between the production of reactive oxygen species by 

cellular metabolism and the body's ability to neutralize and repair oxidative damage (Sies, 2019). 
Under normal conditions, the body has a complex system of antioxidant defense mechanisms to 

maintain a balance between the production and elimination of ROS, known as redox homeostasis. 

Enzyme systems such as superoxide dismutase, catalase and glutathione peroxidase play an 

important role in neutralizing and detoxifying ROS. 

Although oxidative stress is a normal phenomenon, it is important to maintain a balance in 

redox homeostasis to prevent excessive damage and promote overall good health. This can be 

achieved through a healthy lifestyle, including varied and balanced diet rich in fruits, vegetables 

and marine products, rich in antioxidants (beta-carotene, flavonoids, vitamins C and E), regular 

physical activity, stress management and avoiding or reducing exposure to environmental toxins. 

The superoxide radical or superoxide ion (O2
•−) is one of the most important reactive 

oxygen species (ROS), resulting from the reaction of oxygen with an electron in the electron 

transport chain of the mitochondrial membrane. They are produced by NADPH oxidases, 

cyclooxygenase, lipoxygenase, xanthine oxidoreductase and cytochrome p450 (Finkel, 2003). It is 

neutralized by SOD (superoxide dismutase), an enzyme dependent on dietary microelements (Mn-

SOD, Cu-SOD) (Evans and Halliwell, 2001).   

The hydroxyl radical (OH•) is one of the most reactive oxygen species and the most 

damaging to cells and biological molecules. It is mainly formed in vivo during reactions of metal 

ions such as iron II or copper I with hydrogen peroxide, described as Fenton reactions (Fenton, 

1894).  
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Fe2+ + H2O2 → Fe3+ + HO• + OH− (Fenton reactions)

Under stressful conditions, biological systems can generate hydroxyl radicals (OH-) from 

superoxide anion and hydrogen peroxide in the presence of metal ions such as iron and copper, 

according to the Haber-Weiss reaction (Haber and Weiss, 1934):  

O2
•− + H2O2 → O2 + OH• + OH− (Haber-Wei reaction)

These reactions can lead to disorders such as atherosclerosis, cancer and neurological 

pathologies (Lipinski, 2011). 

Hydrogen peroxide (H2O2): one of the most stable oxidants. It is formed by the reaction of 

two superoxide ions (O2
•−) thanks to an enzyme called superoxide dismutase (SOD).

Singlet oxygen (1O2) is an extremely reactive and unstable form of oxygen. It gets

generated when two oxygen molecules (O2) absorb energy, often from UV light. This absorption of 

energy excites the oxygen molecules, causing them to enter an excited electronic state. This excited 

state is referred to as singlet oxygen. 

In addition to ROS and RNS, there is also a Species of Reactive Sulfur (RSS) (Table 2.9). 

RSS is a broad group of reactive species that includes radical and non-radical sulfur-based 

fractions. This category includes radicals such as the RS radical (where R can represent different 

alkyl or aryl groups) and the glutathionyl radical (GSSG•) generated from glutathione. It also 

includes non-radical reactive sulfane species, such as polysulfides, persulfides and thiosulfates (Ali 

et al., 2020). 



47 

Table 2.9. Reactive oxygen,  nitrogen and sulfur species (Ali et al., 2020; Tvrdá and Benko, 2020) 
Reactive Oxygen Species (ROS) 

Radical species Nonradical species 

Name Formula Name Formula 

Superoxide O2 •-
Hydrogen peroxide H2O2 

Hydroxyl radical OH• Hypochlorous acid HOCL 

Peroxyl radical ROO• Hypobromous acid HOBr 

Alkoxyl radical RO• Ozone O3 

Hydroperoxyl radical HO2 • Singlet oxygen 
1
O2 

Lipid peroxyl radical LOO• Lipid peroxide LOOH 

Reactive Nitrogen Species (RNS) 

Name Formula Name  Formula 

Nitric oxide NO• Nitrous acid HNO2 

Nitrogen dioxide NO2
•

Nitrosyl cation NO+ 

Nitroxyl anion NO- 

  Dinitrogen tetroxide N2O4 

Dinitrogen trioxide N2O3 

Peroxynitrite ONOO- 

  Peroxynitrous acid ONOOH 

Nitronium (nitryl) 

cation NO2
+

Nitryl chloride NO2Cl 

Alkyl peroxynitrite ROONO 

Reactive Sulfur species 

Name Formula Name Formula 

Thiyl radical RS• Reactive sulfane species RSR 

Glutathionyl radical GSSG• Reducing sulfur species H2S, GSH 

Sulfur atom RSR• Reactive sulfur 

substances 

SO2, SO3 

Sulfur secondary 

metabolites 

Allicin C6H10OS2 

When prolonged stress conditions occur, cells can significantly increase oxidative damage 

caused by reactive oxygen species (ROS) or free radicals. The damaging effects of ROS on cells 

generally manifest themselves in the 3 main macromolecules (Juan et al., 2021).  

 Oxidative stress and DNA

They can damage DNA and RNA, leading to alterations in genetic structure and RNA

sequence, disrupting normal cellular functions and thus leading to mutagenesis,

mutagenesis, carcinogenesis and ageing (Juan et al., 2021; Valko et al., 2006). The DNA

damage caused by ROS includes various modifications such as breaks in the DNA strands,

alterations in the bases or deoxyribose sugar, telomeres, and DNA cross-link formation
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(Figure 2.11). These DNA damages can have significant effects, including the interruption 

or activation of transcription, the activation of signalling pathways, errors during DNA 

replication, and the promotion of genomic instability. These consequences are closely 

linked to the development of cancer (Cooke et al., 2003; Juan et al., 2021; Marnett, 2000; 

Valko et al., 2006). 

 

 

Figure 2.12. ROS-induced DNA oxidative stress (Juan et al., 2021) 

 

 Oxidative stress and protein  

When proteins undergo oxidation, they are either broken down through hydrolysis or 

processed by the proteasome to prevent them from spreading in the body or interacting 

with other proteins. The impact of reactive oxygen species (ROS) on proteins is diverse and 

includes the oxidation of amino acid residues, the cleavage of peptide bonds, and the 

aggregation of proteins (Juan et al., 2021). Sulfur-containing amino acids such as cysteine 

and methionine are easily oxidized (Mythri et al., 2013). Several metabolic diseases, such 

as Alzheimer's disease, rheumatoid arthritis, mitochondrial damage and neurodegeneration, 

have been linked to protein oxidation (Milkovic et al., 2019; Mythri et al., 2013). 

 Oxidative stress and lipids 

Lipid peroxidation (LPO) is a chain reaction generally induced by free radicals, where one 

radical can oxidize many substrate molecules, mainly polyunsaturated fatty acids (PUFAs). 

The initiation of this reaction occurs through the abstraction of a hydrogen atom from a 

reactive methylene group of a PUFA. Monounsaturated and saturated fatty acids are less 

reactive and generally do not participate in LPO. These reactions play an important role in 

oxidative stress and associated cellular damage (Abuja and Albertini, 2001). The process is 

generally initiated by a sufficiently reactive radical (R⋅): 
 LH +R•→L•+RH     

 

Molecular oxygen is rapidly added to the carbon-centered radical (L⋅) formed during this 

process, resulting in the lipid peroxyl radical (LOO•): 
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L•  + O2→ LOO• 

In turn, the lipid peroxyl radical (LOO⋅) can also extract a hydrogen atom from another 

polyunsaturated fatty acid (PUFA), similar to what is described in equation (1). 

LH + LOO• → L•  + LOOH 

This reaction step is known as propagation, implying that a single initiator radical can 

catalyze the conversion of many polyunsaturated fatty acids (PUFAs) into lipid hydroperoxides. 

Lipid hydroperoxide (LOOH) represents the initial, comparatively stable product formed 

during lipid peroxidation. When lipid peroxidation is initiated continuously, a termination reaction 

occurs to limit the extent of the reaction, producing non-radical products (NRPs) and 

simultaneously removing two radicals: 

LOO• + LOO• → NRP 

Antioxidant 

Antioxidants are any substances present at low concentrations relative to oxidizable 

substrates that retard, prevent, or inhibit oxidation or damage to these substrates (Halliwell and 

Gutteridge, 1995). This defense mechanism is achieved by the release of one or more electrons. In 

the body, antioxidants are synthesized, forming the primary defense system comprising enzymes 

such as superoxide dismutase, catalase and glutathione peroxidase. In addition to this system, the 

diet provides a secondary defense system comprising minerals such as selenium and zinc, vitamins 

C and E, polyphenols and carotenoids. 

Both mechanisms, enzymatic and non-enzymatic antioxidants, are essential to sustaining 

the life of organisms by maintaining an intracellular redox balance and minimizing unwanted 

cellular damage caused by free radicals. 

Natural antioxidants have a wide range of biological activities, generating considerable 

interest in industry. They are widely distributed in plants, algae and various food groups. 

Tocopherols, flavonoids, and phenolic acids are the most significant classes of natural antioxidants. 

As a result, several efficient techniques for extracting these bioactive compounds have been 

developed and evaluated for various applications, such as promoting functional foods, 

nutraceuticals, pharmaceuticals and food additives. 

Natural antioxidants include enzymes such as superoxide dismutase (SOD), catalase, 

glutathione peroxidase (GPX), glutathione reductase (GRD), glutathione transferase (GRT), 

quinone reductase, as well as vitamins such as vitamin C, tocopherols, vitamin Q (Ubiquinone), 
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vitamin A; minerals such as selenium, zinc, copper, magnesium and manganese; and 

phytochemicals such as polyphenols, carotenoids and terpenes. 

Synthetic antioxidants include, for example, BHT (3,5-ditert-butyl-4-hydroxytoluene), 

BHA (3-tert-butyl-4-hydroxyanisole), TBHQ (tert-butylhydroxyquinone), trolox (6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid), propyl, octyl and dodecyl gallate; citric and tartaric 

acid, ethylenediaminetetraacetic acid (EDTA), sodium and calcium salts (Pokorny et al., 2001). 

Antioxidants are commonly used in the food industry as additives in fats, oils and 

processed foods to prevent or retard oxidative deterioration. The oxidation of dietary fats can lead 

to the formation of free radicals and lipid peroxidation, which affect the quality of foods, both from 

the point of view of flavor and nutritional security (Taghvaei and Jafari, 2015). 

Both natural and synthetic antioxidants have advantages and disadvantages, as shown in 

(Table 2.9) 

Table 2.10.  Advantages and disadvantages of natural antioxidants, as compared with synthetic 

antioxidants (Valenzuela and Nieto, 1996) 

Synthetic antioxidants Inexpensive Natural antioxidants Expensive 

Wikely applied Use restricted to some products 

Medium to high antioxidant activity Wide-ranging antioxidant activity 

Increasing safety concern Perceived as innocuous substances 

Use banned for some of them Increasing use and expanding applications 

Low water-solubility Decreasing interest A broad range of solubilities Increasing 

interest 
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3. MATERIAL AND METHOD 

 

3.1. Material 

3.1.1. Spirulina platensis 

 

Spirulina platensis M2 strain was used in this study. 

Spirulina platensis in the systematics is given. 

Section: Cyanophyta 

Class: Cyanophyceae 

Order: Nostocales 

Family: Oscillatoriacea 

Genus: Spirulina Turpin (1827) 

Species: Spirulina platensis 

 

3.1.2. Spirulina platensis Stock Cultures 

Spirulina platensis produced as inoculum in the experiment is maintained under laboratory 

conditions with a constant illumination of 80 μmol m-2 s-1 and an ambient temperature of 30±1 °C, 

regulated by an air conditioning device. Initially, the stocks were produced in 250 and 500 mL 

Erlen Mayer under laboratory conditions (Figure 3.1 A). Then, they were used to inoculate 2, 4 and 

8-liter containers (Figure 3.1 B and C). These inoculums are acclimatized outdoors and multiplied 

to 200-250 liters (Figure 3.1 D). Before being used as inoculums in the experimental ponds (Figure 

3.1 E).       
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Figure 3.1. Multiplication of inoculum (original) 

3.1.3. Culture medium 

In this experiment, Spirulina medium was used to produce S. platensis. This medium 

consists of a mixture of three different solutions (Part 1, part 2 and Microelement solution), the 

composition of which is shown in Table 3.1.  
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Table 3.1. Spirulina medium 

The medium solution Matter 

 

Quantity 

Part 1 NaHCO3 

Na2CO3 

K2HPO4 

distilled water 

18.6g 

8.06g 

1.00g 

500 mL 

Part 2 NaNO3 

K2SO4 

NaCl 

MgSO4. 7H2O 

CaCl2.2H2O 

FeSO4.7H2O 

EDTANa2 

Micro element solution 

Distilled water 

5.00g 

2.00g 

2.00g 

0.40g 

0.02g 

0.02 

0.16g 

10.0 mL 

500 mL 

Microelement solution ZnSO4.7H2O 

MnSO4.7H2O 

H3BO3 

Na2MO4.2H2O 

Co (NO3)2.6H2O 

CuSO4.5H2O 

FeSO4.7H2O 

EDTANa2 

Distilled water   

0.001g 

0.002g 

0.01g 

0.001g 

0.001g 

0.00005g 

0.7g 

0.8g 

1L 

 

3.1.4. Culture of Spirulina 

The experiment used ponds of 1x5x0.2 m, 1 m³ capacity, fiberglass (Figure 3.2). A pedal 

system provides the mixture in ponds. The mixing speed was adjusted to 20 cm/s. The ponds are in 

the greenhouse on the building‘s roof of the Faculty of Fisheries Faculty of Cukurova University. 
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Figure 3.2. Ponds used in the experiment (original) 

3.2. Methods 

In this thesis, the culture of Spirulina platensis was carried out using the Spirulina culture 

medium (Table 3.1). As part of the experiment, this medium was enriched with two doses of 

magnesium (100 g/L and 200 g/L) for the experimental magnesium group and two different doses 

of zinc (3 mg/L and 5 mg/L) for the experimental zinc group. No enrichment was performed for the 

control group. 

At the beginning of the experiment, several parameters were measured daily to monitor the 

growth of the Spirulina, including temperature, pH, light intensity (Licor, model LI-250) and 

optical density. Dry matter, phycocyanin, chlorophyll and carotenoids were determined every two 

days to assess biomass composition during growth. Magnesium and zinc bioaccumulation in 

biomass was assessed at 1, 3, and 5 hours after start-up, as well as on day 5, day 9, and at the end of 

the experiment. 

At the end of the experimentation, harvesting of S. platensis was carried out by natural 

gravity filtration using a fine mesh of 200 µm, 100 µm, and 45 µm. The filtrate was washed, 

scraped, and pressed to obtain a Spirulina paste. That paste was lyophilized. Finally, the resulting 

biomass was reduced to powder before being stored at -24 ◦C to determine the biochemical 

composition, antioxidant and antimicrobial activity. Figure 3.3 shows the experimental design. 
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Figure 3.3. Experimental design 

3.2.1. Spirulina platensis growth condition 

pH, Temperature and light intensity 

The pH and the temperature of the culture medium were evaluated using a pH meter, while 

the light intensity was measured using the Licor device, model LI-250. 

Before experimentation 

Experimentation (day 1) 

Zn 5mg/L    Zn 3 mg/L    Mg 100 g/L    M g 200 g/L    Control  

Temperature, pH, light, Optic density (everyday) Chll a, carotenoids (every 2 days)       Harvesting and freeze-drying: phycocyanin (every 2 days )   

Mg and Zn content (1st , 3rd , 5th hour and 5th , 9th and 13th day ) 

Harvesting and freeze-drying
biomass of S.platensis  

Extraction  of phenolic 
compounds 

Antimicrobial activity

- MIC

-Agar diffusion 

Antioxidant activity

- DPPH

- ABTS

- FRAP

Phytochemicals analysis

- Total phenol

- Total flavonoids

- Tanin 

- Phenolic compounds

Total protein and amino acids 
analysis 

Multiplication of inoculum 

in laboratory conditions  

Acclimatisation of 

inoculum in outdoor 

conditions 
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Cell Density 

The optical density is measured daily at the wavelength OD680 nm using a 

spectrophotometer (Spectrophotometer UV-Vis SP-3000 nano). 

 

Dry matter 

10 mL of Spirulina culture was taken daily from each flask. The Spirulina cells were 

filtered using a Whatman GF/C filter paper with a mesh size of 0.45 μm, which were previously 

kept in an oven at 105°C for 1 hour, cooled in a desiccator and tared. The filter papers were then 

dried in an oven at 105° C. for 2 hours. After cooling in a desiccator, the samples were weighed on 

a precision balance and the dry matter content was calculated (Vonshak, 1997).  

 

Chlorophyll and carotenoids 

Five mL of each culture of Spirulina (enriched with magnesium, zinc and control) was 

filtered through a filter (Whatman GF/CTM, 1.2 μm, UK). The filters were placed in glass tubes, 

and 10 mL of a 90% ethanol/water mixture was added for chlorophyll and carotenoid extraction. 

The tubes were placed in the refrigerator for 24 hours and analyzed the following day. Tubes were 

centrifuged (Hettich EBA-20) at 6000 rpm for 15 minutes at room temperature. Extracts were 

collected using Pasteur pipettes and chlorophyll was determined spectrophotometrically using 3 

wavelengths: 470, 649 and 665 nm. Chlorophyll and carotenoids were calculated using the 

equations of (Strickland & Parsons, 1965). 

 Chl 𝑎 =  13.36 Absorbance 665 −  5.19 Absorbance 649                                                   
(3.1) 

 Chl   =  27.43 Absorbance 649 −  8.12 Absorbance 665                                                               

(3.2)   

 Carotenoids =   (1000 Absorbance 470 − 2.13 Chl 𝑎 − 97.64 Chl 𝑏)209                                            (3.3) 

 

Harvesting and drying  

harvesting of S. platensis was carried out by natural gravity filtration using a fine mesh of 

200 µm, 100 µm, and 45 µm. the filtrate was washed, scraped, and pressed to obtain a Spirulina 

paste that was lyophilized in the Department of Animal Science of Cukurova University (Figure 

3.3). The lyophilized Spirulina was ground into powder and stored at -24 ◦C for to prepare future 

different analysis. All subsequent analyzes were performed using the freeze-dried sample. 
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Figure 3.4. Lyophilization of the biomass of Spirulina (original) 

Phycocyanin 

The extraction was done by mixing 100 mg of freeze-dried Spirulina with 10 mL of 0.1 M 

phosphate buffer pH 7.0. After homogenization and ultrasonication for 10 minutes at room 

temperature, the samples were subjected to freezing (- 24 °C) and thawing (room temperature). 

This procedure was repeated twice. The extracts were then centrifuged at 6000 rpm for 20 min. 

After centrifugation (Figure 3.4), the optical density of the supernatant is measured at 615 and 652 

nm. Phycocyanin (PC) concentration, according to Bennett and Bogorad (1973), was defined as 

follows: 

PC =  (OD615  − 0,474(OD652))5,34         (3.4) 

Where PC is the phycocyanin concentration (mg/mL), OD615 is the optical density of the 

sample at 615 nm, OD652 is the optical density of the sample at 652 nm. 

Figure 3.5. Phycocyanin extraction 
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Microelements analysis 

For magnesium and zinc analysis, 200 mg of freeze-dried and ground Spirulina samples 

were weighed and incinerated in a muffle furnace at 550°C for 8 hours. After incineration, the ash 

was dissolved in 1/3 HCl and filtered through a blue-band filter (Figure 3.5 A) and the 

concentrations of Magnesium and Zinc were determined by an atomic absorption spectrometer 

(Agilent) (Figure 3.5 C) (H. D. Chapman & Pratt, 1961). 

 

 
Figure 3.6. Microelements analysis 

 

3.2.2. Protein analysis  

Total crude protein and dry matter were determined using the AOAC (Association of 

Official Agricultural Chemists) method of 1995 (AOAC, 1995). 

 

Amino acid analysis 

The amino acid profile was determined following the method described by (Zeng et al., 

2015) with minor modifications. Dried samples of 0.5 g were hydrolyzed using 10 mL of 0.1 N 

HCl at 110 °C for 24 hours under reflux. Then, 2 mL of the liquid was withdrawn and filtered 

through a 0.45 size filter. The analysis was conducted using a Shimadzu HPLC device (LC-20A) at 

the Horticulture Department, Cukurova University. Samples derivatized with 3-MPA, OPA, and 

FMOAC were injected into the Agilent Eclipse Plus C18 column (3.5 μm, 4.6×100 mm). The 

mobile phase, 20 mM potassium phosphate buffer (45/40/15: acetonitrile/methanol/water) (pH 6.9), 

was used. Amino acids were detected based on the retention times of the standards, and 

calculations were performed using peak areas at 262 nm for proline and at 338 nm for other amino 

acids. 
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3.2.3. Extractions of polyphenols 

The extractions of polyphenols was determined using the method of Papalia et al ( 2019) 

with slight modifications. 1 g of freeze-dried Spirulina biomass was mixed with 5 mL of 80% 

methanol-water and 80% ethanol-water (v/v) (milli Q-water). The whole is vortexed for 3 minutes 

at room temperature. The tubes were placed in a sonication bath (Bandelin Sonorex RK 510 H, 35 

kHz, Germany) at room temperature in dark for 45 minutes. The extracts were centrifuged at 5500 

g at 4°C for 10 minutes, and the supernatants were separated. Then, the collected supernatant was 

filtered through a 0.45 µm membrane and then concentrated to dryness using a freezer dryer 

(FD8518, ll Shin Lab Co. Ltd., Korea) at -72◦C.  

3.2.4. Determination of phenolic compounds 

Determination of total phenol content  

The total phenol content was determined by the folin-Ciocalteu method (Singleton and 

Rossi, 1965). 125 µL of the Spirulina extracts at optimum conditions was added to 12 µL folin 

Ciocalteu and incubated for 6 min in the dark at room temperature. Then, 1,250 µL of 7% Na2CO3 

was added to the mixture, and the solution was maintained at a volume of 3 mL with the addition of 

water. The mixture was incubated for 2 h in the dark at room temperature and the absorbance was 

read at 760 nm. Each essay was performed in triplicate. The result was expressed as mg gallic acid 

GAE/g dry weight. 

Determination of total flavonoid content 

The total flavonoid content was determined using the method of Dewanto et al (2002) with 

slight modifications. Briefly, 250 μL of diluted Spirulina extracts was added to 75 μL of a 15 % 

NaNO2 solution. After incubating for 6 minutes at room temperature, 150 μL of a 10% AlCl3 

solution was added to the mixture. Following a 6 minute resting period at room temperature, 500 

μL of 1M NaOH solution was added to the mixture. The final volume was adjusted to 2500 μL with 

distilled water. The absorbance of the preparation was measured at 510 nm using a 

spectrophotometer. The flavonoid content was expressed as milligrams of catechin equivalent per 

gram of dry biomass of Spirulina (mg CE/g DW). 

Determination of condensed tannins 

The condensed tannin content was determined according to the Broadhurst and Jones 

(1978) method using catechin as a standard. In brief, 1,500 µL vanillin solution (4%) was added to 

25 µL Spirulina extract. Afterward, 750 µL of concentrated H2SO4 was added to the mixture. The 

latest was incubated for 15 min in the dark at room temperature and then the absorbance was read 

at 500 nm using a spectrophotometer. The total condensed tannins were expressed as mg 

equivalents of catechin (CTE) per gram dry weight. 
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Determination Phenolic compounds by HPLC 

Phenolic compounds analysis s Spirulina extracts were analyzed by HPLC (Agilent 

Technologies, 1290 infinity model), and analysis was performed on an LC-18 İNTERSİL ODS-3 

column (4,6x250mm, 5um particle size) (GL Sciences, TOKYO). The mobile phase consisted of 

acetic acid (3%, solvent A) and methanol (solvent B) gradient methods, with gradient elution of 0.8 

ml/min. An Agilent Technologies, 1260 infinity model detector was used to detect phenolic 

compounds from λ 254 to 330 nm at a colon temperature of 25°C and an injection volume of 20 µl. 

Quantification of phenolic compounds was determined with standard curves of 3-hydroxy benzoic 

acid, 4-hydroxy benzoic acid, benzoic acid, chlorogenic acid, caffeic acid, gallic acid, p-coumaric 

acid, rosmarinic acid, synaptic acid, syringic acid, t-cinnamic acid, t-ferulic acid, catechin, 

epicatechin, hesperidin and quercetin. This analysis was conducted at the Scientific and 

Technological Application and Research Center (ASÜBTAM) of Aksaray University. 

 

3.2.5. Antioxidant activities  

Three different methods (DPPH, ABTS and FRAP) were used to assess antioxidant 

capacity.  

 

DPPH (2,2-diphenyl-1-picrylhydrazyl radical) scavenging activity 

The DPPH essay was done according to the method of Brand-Williams et al (1995) with 

some modifications. 50 μL of the Spirulina extracts was taken from Falcon tubes and placed in 2 

mL Eppendorf tubes in a dark place; 1950 μL of a 0.06 millimolar DPPH (2,2-diphenyl-1-

picrylhydrazyl) solution was added. 250 μL of each sample was loaded onto the plate. 50 μL of 

pure water and 1950 μL of DPPH solution were used as controls. Blank: 50 μL of 80% methanol or 

ethanol and 1950 μL of DPPH solution were used. Readings were taken at a wavelength of 515 nm 

in the spectrophotometer. The percentage of DPPH radical scavenging was calculated using 

equation 3.7. 

 DPPH  scavenging activity (%) = (Control Abs −  Sample Abs control  Abs ) x 100                               (3.7) 

 

Where Abs represents absorbance. 

 

ABTS (2,2-Azino-bis-3-ethylbenzothiazoline-6-sulfonic Acid) essay 

The ABTS scavenging activity of the extract was assessed following the method of Ozgen 

et al (2006) with slight modifications. In brief, a freshly prepared methanolic solution of ABTS (7 

mM) was mixed with 2.45 mM of potassium persulfate and incubated for 12 hours in the dark at 

room temperature, with the absorbance set at 0.700±0.01. Subsequently, 100 µL of the Spirulina 



61 

extracts was added to 900 µL of the mixture, and the absorbance was measured at 734 nm using a 

spectrophotometer. As a blank control, 80% methanol and ethanol were used. The ABTS radical 

scavenging activity was calculated using the following equation 3.8. 

ABTS scavenging activity (%) = ((Control abs −   Sample abs)/( control  abs)) × 100      (3.8) 

Where Abs represents absorbance. 

FRAP (Ferric reducing antioxidant power) essay 

FRAP essay was performed according to the method of Benzie and Strain (1996) . Briefly, 

the FRAP mix (300 mM acetate buffer, pH 3.6, 10 mM TPTZ, 40 mM HCl, and 20 Mm FeCl3) was 

freshly prepared. At optimum extraction conditions, 2,950 µL of FRAP mix was added to a 50 µL 

Spirulina extracts. The mixture was incubated in the dark at room temperature for 4 min, and then 

the absorbance was read at 593 nm using a spectrophotometer against a blank. The results were 

expressed as µmol Trolox/g dry weight. 

3.2.6. Antimicrobial activity 

Growing media 

For the disc diffusion method, Muller Hinton Agar (MHA), Sabouraud Dextrose Agar 

(SBA), and Malt Extract Agar (MEA) were used, respectively, for bacteria, yeast, and mold. For 

the microdilution technique, the broths used are Sabouraud Dextrose Broth (SBB) for yeast and 

Muller Hinton Broth (MHB) for bacteria, and Malt Extract Broth (MEB) for mold. All media were 

autoclaved at 121°C for 15 minutes. All media were obtained from Biokar, France. The studies 

were conducted in the Food Microbiology Laboratory of the Food engineering department of 

Cukurova University. 

Microbial strains 

In this study, the microbial activity of plant extracts was tested against four bacterial 

strains: two Gram-negative strains: Escherichia coli, and Klebsiella pneumonia; Gram-positive 

strains: Staphylococcus aureus, and Bacillus cereus; one yeast, Candida albicans; one 

mold: Aspergillus flavus. These strains were conserved in glycerol at -20°C. All the strains were 

obtained from the Food Engineering Department, Cukurova University, Adana, Turkey.  
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Inoculum standardization 

The bacterial inoculum was obtained by taking 2-3 colonies from 24-hour cultures which 

were aseptically collected and suspended in 0.9% sterile saline solution and shacked for 15 

seconds, the turbidity was adjusted to 0.5 McFarland. The bacterial suspensions contain 

approximately 1-2 x 108 CFU/ mL, while the yeast suspension contains approximately 1-5 x 106 

CFU/ mL. Regarding the fungal inoculum, sporulation was obtained by culturing A. flavus on MEA 

medium at 27°C for 7 days. Briefly, the spores were collected by flooding the plate with 5 mL of 

0.05 % (v/v) tween 20, using a sterile spread rod. The number of spores in the mother suspension 

was counted using a hemocytometer calculator (area: 0.0025 mm2; depth: 0.2 mm) with light 

microscopy before being diluted to 106 spores/mL in 0.9% NaCl solution. 

 

Well agar diffusion method 

The plates containing the agar mediums MHA, SDA, and MEA were inoculated with 

impregnated swabs with bacterial and fungal standardized suspensions; then, the plates were dried 

for 10 min. Afterwards, 6-mm wells were performed on the surface of pre-inoculated agar. Then, 

100 μL of the Spirulina extracts (100 mg/mL of 5% Dimethyl sulfoxide (DMSO) were added to the 

wells, 1 to 10. Ampicillin 10 μg/well (AMP antibiotic) and kanamycin 10 μg/well (KAN antibiotic) 

were used as positive controls for bacteria and fluconazole X μg/well (FLU: antifungal) for fungal 

species. DMSO (Dimethyl sulfoxide) 5% was used as a negative control. Finally, the plates were 

incubated for 24 hours at 37°C for pathogens, and 30°C for Bacillus spp. Yeast and mold plates 

were incubated at 25-27°C for 3 days and 5 days, respectively. After incubation, the diameters of 

the inhibition zones were measured in millimeters using a transparent ruler. 

 

Determination of the minimum inhibitory concentration MIC 

Microdilution essays determined the MICs according to the standards of the NCCLS (Patel 

and Clinical and Laboratory Standards Institute, 2017) . 50 μL of the growth medium was 

deposited in each well of the microplate; MHB for bacterial strains and SBB for the yeast strain. 

Then, one hundred microliters of each Spirulina extract (1/10 diluted in growth medium) were 

poured into the first well. After that, a micro-dilution was done by diluting the sample by a factor of 

2 in each well, except for the last well, which acted as the positive control for growth. Finally, the 

inoculation was carried out by depositing 50 μL of the microbial suspension (1/150 diluted in 

growth medium) whose turbidity had been verified previously. After that, the plates were incubated 

under agitation for 24 h at 37°C. 20 μL of the 0.2% 2,3,5-triphenyltetrazolium chloride (TTC) 

revealer (Biokar, France) was added to each well, giving a pinkish coloration where there is growth 

due to the activity of the dehydrogenases after incubation for 2 hours. After 2 h of incubation, the 

MIC corresponds to the lowest concentration that does not produce a red color. 
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3.2.7. Statistical Analysis 

The experiment was performed in triplicate, and the data were expressed as the mean ± 

standard deviation (SD). Statistical analysis was conducted using the SPSS statistical program 

(Version 25.0). One-way analysis of variance (ANOVA) was applied, followed by Duncan's 

comparison test. The  𝜒2  test was used to compare means for two groups.
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4. RESULTS AND DISCUSSION 

 

4.1. Growth of Spirulina platensis 

4.1.1. Temperature  

During this study, the temperature in S. platensis cultures was measured daily. Temperature 

changes (°C) are shown in Figure 4.1. There was no significant difference between mean 

temperatures (p > 0,05) among the groups, statistically. The mean culture temperature values for 

each treatment were 33,21±2,82 °C for Mg-100 mg/L, 34,06±3,39 °C for Mg-200 mg/L, 

32,59±2,38 °C for Zn-3 mg/L, 32,75±2,37 °C for Zn-5 mg/L and 32,876±2,673 °C for the control, 

during the experiment. The overall mean culture temperature was 33,10±2,71 °C. 

Spirulina is a thermophilic cyanobacterium. According to Richmond (2018), the optimal 

temperature for Spirulina growth is between 35°C and 37°C. Temperature is the fundamental factor 

for all living organisms, particularly microalgae, given its impact on metabolic processes and the 

cellular biochemical composition. The ideal growth temperature and resistance to extreme 

temperatures typically differ from one strain to another. At a temperature of 45°C, no growth has 

been observed, accompanied by the disappearance of pigmentation in Spirulina (Kumar et al., 

2011). Kumar et al (2011) reported that the growth rate of S. platensis increases with increasing 

temperature, reaching a maximum of 35°C. Above this temperature, a reduction in pigments was 

observed. 
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Figure 4.1. Changes in temperature of S. platensis cultures grown with different concentrations of 

Magnesium (100 and 200 mg/L) and Zinc (3 and 5 mg/L) during the experiment 

4.1.2. pH 

During this study, the daily pH in S. platensis cultures was measured daily. pH changes are 

shown in Figure 4.2. There was no significant difference between mean pH (p > 0,05), statistically. 

The mean pH values for each treatment were 10,10±0,14 for Mg-100 mg/L, 10,10±0,13 for Mg-

200 mg/L, 10,12±0,13 for Zn-3 mg/L, 10,12±0,11 for Zn-5 mg/L and 10,16±0,160 for the control, 

during the study. The overall mean culture pH was 10,1215±,02516.  
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Figure 4.2. Changes in pH of S. platensis cultures grown with different concentrations of 

Magnesium (100 and 200 mg/L) and Zinc (3 and 5 mg/L) during the experiment. 

 

4.1.3. Light intensity  

During this study, the light intensity in S. platensis cultures was measured daily. pH 

changes are shown in Figure 4.3. There was no significant difference between mean temperatures 

(p > 0,05), statistically. The mean the light intensity values for each treatment were 

1108,33±180,05 µmol m-2s-1for Mg-100 mg/L, 1006,99±232,42 µmol m-2s-1for Mg-200 mg/L, 

1141,27±212,02 µmol m-2s-1 for Zn-3 mg/L, 1035,923±176,48 µmol m-2s-1 for Zn-5 mg/L and 

1130,54±175,57 µmol m-2s-1 for the control, during the study. The overall mean culture pH was 

1084,61±197,88 µmol m-2s-1. 
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Figure 4.3. Changes in light intensity of S. platensis cultures grown with different concentrations of 

magnesium (100 and 200 mg/L) and zinc (3 and 5 mg/L) during the experiment 
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4.1.4. Optical density 

Figure 4.4. Changes in OD680 of S. platensis cultures grown with different concentrations of 

magnesium (100 and 200 mg/L) and zinc (3 and 5 mg/L) during the experiment 

Two different magnesium concentrations (100 mg/L and 200 mg/L) were used for 

evaluating the magnesium effect on S. platensis growth. The experiment was continued for 13 days, 

and the optical absorbance values (OD680) indicating the initial cell density were determined at 

0,21±0,005, 0,23±0,00 and 0,23±0,00 for the Mg-100 mg/L groups, Mg-200 mg/L and control, 

respectively. During the experiment, the cell density increased steadily and no decrease was 

observed until the end of the experiment, which ended on the 13th day when the culture was 
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harvested. The maximum cell densities observed on the last day were 2,11±0,26, 2.10±0.06 and 

2.12±0.056 for the Mg-100 mg/L, Mg-200 mg/L and control groups, respectively. 

Also, two different zinc concentrations were used in the zinc group: 3 mg/L and 5 mg/L for 

the experiment. The experiment was conducted for 13 days, and the optical density values (OD680), 

which indicate the initial cell density, were measured on the first day. Initial cell density values 

were 0,23±0,01, 0.24± 0,01 and 0,23±0,00 for the Zn-3 mg/L, Zn-5 mg/L and control groups, 

respectively. During the experiment, the cell density increased steadily and no decrease was 

observed until the end of the 13th day when the culture was harvested. On the last day of the 

experiment, the maximum cell densities were recorded at 2,14±0,01, 2,08±0,05 and 2,12±0,05 for 

the Zn-3 mg/L, Zn-5 mg/L and control groups, respectively. 

These results show that the mineral enrichments of magnesium and zinc had no significant 

effect on the cell density of the Spirulina during the experiment. The cell density values in the 

control group are generally similar or close to those of the mineral enrichment treatments. This 

suggests that mineral enrichments did not have a significant impact on S. platensis growth over the 

duration of the experiment. 

Thus, the outdoor cultivation of S. platensis in different concentrations of magnesium (100 

and 200 mg/L) and zinc (3 and 5 mg/L) led to rapid adaptation of the microalgae and discrete lag 

phase. These observations indicate an excellent performance of S. platensis against abiotic stress. 

Furthermore, the results show that S. platensis can photosynthesize efficiently, allowing it to 

accumulate biomass in the presence of light. The optical density of each mineral concentration 

reached its maximum value at 13 days of culture. 

During the incubation period, Ozturk Urek and Kerimoglu (2019) observed that the 

presence of Mg2+ increased the OD values of Arthrospira platensis. Ben Amor-Ben Ayed et al 

(2015) reported similar results. They kept the same level of growth of C. vulgaris from 8.9 to 456 

mg/L of Mg2+ and concluded that magnesium is not toxic for C. vulgaris, even at high 

concentrations. 

Magnesium plays a crucial role in the chlorophyll molecule by acting as a constituent 

element of the chlorophyll skeleton. It is essential for the formation of chlorophyll and directly 

impacts the biogenesis of this molecule for photosynthesis (Sarma et al., 2014; Carvalho et al., 

2011). It also acts as a transporter and contributes as a cofactor for many enzymes. It is one of the 

main constituents of the microalgae culture medium. When microalgae are subjected to magnesium 

deprivation during their growth, it significantly reduces chlorophyll production, negatively 

affecting their ability to carry out photosynthesis efficiently, while starch accumulation increases 

dramatically (Volgusheva et al., 2014). 

Similar results showed no significant differences in OD values between the control group 

and the other treatments after the 14th day of culture (Akbarnezhad et al., 2019). Balaji et al (2014) 

report that S. indica, S. maxima, and S. platensis could tolerate low concentrations of zinc and 
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nickel (0.01 mM) for 13 days. According to Zhou (2018), Spirulina can grow in a medium 

containing minerals, particularly zinc. However, high zinc concentrations can decrease the growth 

curve from the 14th day of incubation in a medium containing a tenfold higher zinc concentration 

(Akbarnezhad et al., 2019). The previous study showed that growth parameters increased with 

varying concentrations of ZnSO4 except at 8.0 mg L−1 zinc (Ghanbarzadeh et al., 2022). Thus,

exposure to a high zinc level could be toxic, reducing biological activity and potentially lethal to 

Spirulina platensis (Zhou et al., 2018). Therefore, S. platensis has a high growth potential and is a 

potential candidate for treating wastewater containing low concentrations of heavy metals. 

4.1.5. Dry matter 

Biomass measurements were checked on the first, third, sixth, and ninth day, as well as the 

last day of the experiment, as shown in Figure 4.5. A general trend of gradual increase in the 

biomass of S. platensis over time is observed for all conditions tested. 

Figure 4.5. Changes in dry matter (g/L) of S. platensis cultures grown with different concentrations 

of magnesium (100 and 200 mg/L) and zinc (3 and 5 mg/L) during the experiment. 

The maximum biomasses were observed on the 13th day of the experiment for all the 

groups. The final biomass values were for the groups exposed to a zinc concentration of 5 mg/L 

(3,84±0,52 g/L), followed by the group exposed to 3 mg/L zinc (3,82±0,15 g/L), the group exposed 

to 100 mg/L magnesium (3,79±0,03 g/L), the unenriched control group (3,63±0,22 g/L), and finally 

the group exposed to 200 mg/L magnesium (3,61±0,12 g/L). No significant difference was 

observed in the biomass on the last day of the experiment. 
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The effects of zinc on the biomass of S. platensis may not be as pronounced as those of 

magnesium. Magnesium enrichment also benefits Spirulina growth but to a lesser extent than zinc 

enrichment. These results suggest that mineral enrichment, particularly zinc, and magnesium, could 

effectively improve Spirulina biomass production, which is essential in algae production for food, 

nutrition, medical, or environmental purposes. 

Similar results were observed in a previous study by Zinicovscaia et al (2021). In this 

study, they also found that when they exposed Spirulina to a medium containing zinc ions at 

different concentrations (2.5, 5.0 and 10.0 mg/L), biomass production was similar to that of the 

control group. On the other hand, according to the study carried out by Pane et al (2008), the 

addition of zinc ions at concentrations ranging from 0.5 to 2 mg/L caused a reduction of around 

50% in the biomass of S. platensis. Omar (2002) observed that very low zinc concentrations 

stimulated the growth of Scenedesmus obliquus and S. quadricauda. In contrast, when zinc 

concentrations were lower (i.e. 1.5, 4.5 and 8.0 μg L-1), the growth of S. quadricauda was inhibited. 

This suggests that the effect of zinc on algal growth depends on the concentration used. According 

to the study conducted by Baścik-Remisiewicz et al (2009), zinc promotes growth rate because it is 

an essential metabolic requirement for microalgae and acts as an important enzyme cofactor. 

4.1.6. Chlorophyll a 

The quantities of Chlorophyll a (µg/L) are shown in Figure 4.6. In the Mg-100 mg/L essay 

group, the maximum chlorophyll a concentration was reached on day 6, with a value of 2,493±0,03 

µg/L, while the minimum chlorophyll a concentration was 0,62±0,07 µg/L on day 13. As for the in 

Mg-200 mg/L group the experiment, the maximum chlorophyll a concentration observed was 

2,70±0,89 µg/L on day 9, while the minimum value recorded was 0,46±0,13 µg/L on day 13. 

Figure 4.6. Changes in Chlorophyll a of S. platensis cultures grown with different concentrations of 

magnesium (100 and 200 mg/L) and zinc (3 and 5 mg/L) during the experiment. 

0

1

2

3

4

5

1 3 5 7 9 13

C
h

lo
ro

p
h

y
ll

 a
 (µ

g/
L)

 

Time (day) 

Mg- 100 mg/L Mg-200 mg/L Zn- 3 mg/L Zn- 5 mg/L Control



73 

In the Zn-3 mg/L experiment group, the maximum chlorophyll a value was observed on 

day 3, with a value of 2,46±0,11 µg/L, while the minimum chlorophyll value was 0,44±0,06 µg/L 

on day 13. In the Zn-5 mg/L experiment group, the maximum chlorophyll a value was observed on 

day 9, with a value of 3,79±0,49 µg/L, while the minimum value was 0,45±0,03 µg/L on day 13. 

In the Zn-5 mg/L experiment group, the maximum chlorophyll a value was observed on 

day 9, with a value of 3,79±0,49 µg/L, while the minimum value was 0,45±0,03 µg/L on day 13. In 

the control group, the maximum chlorophyll a value was observed on day 6, reaching 2,87±0,21 

µg/L, and the minimum value was 0,42±0,27 µg/L on day 13. No statistically significant difference 

(P< 0,05) was observed in chlorophyll a level between the different groups on the last day of 

experimentation. 

 

4.1.7. Total carotenoids 

The quantities of total carotenoids (µg/L) are shown in Figure 4.7. The maximum 

concentration of total carotenoids in the Mg-100 mg/L experiment group was 1,01± 0,28 µg/L on 

the 9th day, and the minimum concentration was 0,21± 0,01 µg/L on the 1st day of the experiment. 

In the Mg-200 mg/L experiment group, the maximum concentration of total carotenoids was 0,87± 

0,09 µg/L on the 5th day, and the minimum concentration was 0,23± 0,05 µg/L on the 1st day of 

the experiment. 

 

 
Figure 4.7. Changes in carotenoids of S. platensis cultures grown with different concentrations of 

magnesium (100 and 200 mg/L) and zinc (3 and 5 mg/L) during the experiment. 
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group, a maximum value of total carotenoids of 0,93± 0,17 µg/L was observed on the 5th day and a 

minimum value of 0,222± 0,037 µg/L on the 1st day of the experiment. chlorophyll a and 

Carotenoid levels throughout the culture showed a consistent accumulation, as depicted in Figure 

4.6. and 4.7. The results show that mineral enrichment, particularly magnesium and zinc, can affect 

carotenoid concentrations in S. platensis. However, no obvious pattern emerges since 

concentrations and mineral enrichment concentrations change with time. The interactions between 

minerals and Spirulina may be complex, depending on nutrient availability, the growth of cells, and 

other factors. 

Chlorophyll and Carotenoids are vital natural pigments found in plants and algae, playing a 

crucial role in photosynthesis. They are important indicators of the growth and health of plants and 

microalgae. These pigments are essential for capturing light energy and facilitating the process of 

photosynthesis, which is vital for producing energy and organic compounds in plants and algae. 

The reduction in the amount of chlorophyll between days 9 and 13 could be explained by 

several factors, such as nutrient depletion, the accumulation of metabolic waste produced during 

growth, environmental conditions, the natural growth cycle of Spirulina, which naturally reaches a 

stage of reduced growth, as well as the biological responses of Spirulina. 

The previous study showed that the chlorophyll a levels declined in media with 0.2 mM 

and without Mg2+ after the 6th day, as the dry biomass was lower at these concentrations. This 

decrease might be attributed to the essential nutrient Mg2+ since its deficiency did not promote dry 

biomass growth. A positive correlation was observed between maximum dry biomass and Chl a 

values, indicating that chlorophyll a indicates microalgae growth. After 6 days, chlorophyll a levels 

decreased in Mg2+
-deficient and Mg2+

-absent conditions, suggesting that chlorophyll a molecules 

might lose Mg ions in the active center (Ozturk Urek and Kerimoglu, 2019). on the other hand, 

Finkle and Appleman (1953) reports that excessive amounts of Mg in culture media cause an 

increase in the chlorophyll content of cells. this could reduce light diffusion in the culture and thus 

lead to a decrease in culture productivity (Mitra and Melis, 2008). Magnesium plays a crucial role 

in the photosynthesis process as the central element of chlorophyll. It is essential for microalgae 

growth because it ensures ribosome stability, helps chlorophyll to function properly and activates 

the enzymes essential for photosynthesis and respiration. Ermis et al (2020) reported no significant 

differences in biomass quantity and chlorophyll content between the different samples studied. 

However, they did observe variation in carotenoid concentrations. The 0.4 mM MgSO4 group 

(equivalent to 7.4 mg L-1) showed the highest concentration of carotenoids among all samples and 

enrichment concentrations. In the control group, the carotenoid concentration was 3.3 mg L-1, while 

it reached 5.8 mg L-1 in the presence of 5.1 mM MgSO4.

Ghanbarzadeh et al (2022) reported a significant increase in chlorophyll a levels when zinc 

concentrations were 4.0 mg L-1, with an increase of only 2.70% compared to the control group. In 

contrast, carotenoid content at 4.0 mg L-1 zinc increased significantly by 14.73% compared with the 
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control sample. Zhou et al (2018) also reported that under zinc stress, chlorophyll-a concentration 

increased rapidly to 4.0 mg/L zinc ions between 12 and 15 days, reaching its maximum level 

compared to other stressed groups. In multi-component systems, β-carotene content varied between 

0.23% and 0.29% of dry biomass, remaining very close to the value of the control group (0.26%) 

(Zinicovscaia et al., 2021). In the mono-metal system, the chlorophyll content in the biomass was 

closely linked to the zinc concentration in the solution. At a zinc concentration of 2.5 mg/L, 

chlorophyll a was comparable to that in the control group but gradually decreased with increasing 

zinc concentration in the medium. When the zinc concentration reached 10 mg/L, chlorophyll a in 

the biomass decrease by 31% compared with the control group (Zinicovscaia et al., 2021). 

Carotenoids are accumulated by microalgae as a function of metal concentrations and types 

when growth and production are affected by stress. They are synthesized in the chloroplast by the 

action of a series of nuclear-encoded membrane proteins. 

4.1.8. Phycocyanin 

The maximum and minimum phycocyanin concentrations of each group, with their 

respective times as a function of the different experimental conditions, are shown in Figure 4.8. In 

the experimental group with a zinc concentration of 5 mg/L, phycocyanin levels reached a 

maximum concentration of 0,29±0,003 mg/L on day 3, while they reached a minimum 

concentration of 0,25±0,003 mg/L on day 11. In the experimental group with a zinc concentration 

of 3 mg/L, phycocyanin levels reached a maximum concentration of 0,26±0,008 mg/L on day 7, 

while they reached a minimum concentration of 0,24±0,008 mg/L on day 11. 

In the experimental group with a magnesium concentration of 100 mg/L, phycocyanin 

levels reached a maximum concentration of 0,26±0,002 mg/L on day 1 and a minimum of 

0,24±0,008 mg/L on day 5. In the experimental group with a magnesium concentration of 200 

mg/L, phycocyanin levels reached a maximum concentration of 0,29±0,000 mg/L on day 7, while 

they reached a minimum concentration of 0,24±0,004 mg/L on day 13. 

In the experimental control group, phycocyanin levels reached a maximum concentration of 

0,29±0,004 mg/L on day 9, while they reached a minimum concentration of 0,25±0,004 mg/L on 

day 11. 
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Figure 4.8. Content of phycocyanin in S. platensis biomass cultivated in different metal enrichment 

These results show variations in phycocyanin values on day 13 between the different 

experimental groups. The control group had the highest phycocyanin value (0,29±0,001 mg/L) 

compared with the other groups. 

Zinc enriched groups showed slightly lower values than the control group at concentrations 

of 5 mg/L (0,24±0,002 mg/L) and 3 mg/L (0,25±0,001 mg/L). Similarly, the magnesium enriched 

groups, with concentrations of 100 mg/L (0,25±0,001 mg/L) and 200 mg/L (0,24±0,004 mg/L), 

also showed slightly lower values, and this difference was significant (P < 0,05) when compared to 

the control group (0,29±0,001 mg/L).The reduced phycocyanin concentrations in the mineral-

enriched groups could be explained by a possible inhibition of phycocyanin production due to the 

effects of these metal ions.  

Akbarnezhad et al (2019) also observed phycobiliproteins decrease in the Spirulina 

treatment by Fe 2+, Cu2+ and Zn 2+ . Phycobiliproteins, including phycocyanin and allophycocyanin, 

exhibit distinct preferences in binding to heavy metal ions, with phycocyanin displaying a higher 

affinity for such ions (Bellamy-Carter et al., 2022). These proteins, found in microalgae, are 

distinguished by their brilliant colors and fluorescence, making them one of the most colorful and 

luminescent proteins in nature. Phycobiliproteins, found in microalgae, are distinguished by their 

bright colors and intense fluorescence, making them among the most colorful and luminescent 

proteins in nature. These characteristics enable them to capture light energy in auxiliary 

photosynthetic complexes called phycobilisomes (Dagnino-Leone et al., 2022). These natural 

pigments are of great importance to sectors such as food, cosmetics, nutraceuticals and 

pharmaceuticals (Pagels et al., 2019). Phycocyanin, the most abundant phycobiliprotein, is an 

intense blue water-soluble protein produced by the phycobilisome in cyanobacteria and red algae. It 

can bind to heavy metal ions, inhibiting their fluorescence. This property has led to phycocyanin 

being considered a potential biosensor for heavy metals. Bellamy-Carter et al (2022) observed that 

phycocyanin and allophycocyanin had minimal binding to metal cations such as zinc and iron. 
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Other authors have reported that phycocyanin is a potential biosensor for heavy metals, particularly 

mercury (Hg2+)(Chi et al., 2020; Bhayani et al., 2016). 

 

4.1.9. Metal accumulation  

Magnesium accumulation 

 

Table 4.1.  Variation in magnesium accumulation in Spirulina platensis harvested at different 

times and with varying concentrations of mg 

 S. platensis Magnesium content (mg/100 g DW) 

 Magnesium enrichment 

Time   Mg-100 mg/L Mg-200 mg/L Control 

1st hour  3065,87±24,30a
 2254,16±98,64b

 1637,63±,17,72c
 

3rd hour   2874,67±45,14b
 3133,76±61,47a

 1034,65±24,57c
 

5th hour  5663,50±46,47c
 7189,42±107,97a

 6471,97±204,23b
 

Day 5 119,79±8,54a
 126,35±23,57a

 127,97±17,52a
 

Day 9 136,26±40,28a
 125,33±35,87a

 140,43±33,32a
 

Day 13 249,62±73,27ab
 348,150±44,84a

 210,25±5,25b
 

Different letters in the same row indicate statistically significant differences (p<0.05). 

 

The table 4.1. demonstrates the levels of variation in the magnesium content of Spirulina 

platensis at different times and under different experimental conditions. 

In the Mg-100 mg/L group of the experiment, the maximal value of magnesium 

concentration was 5663,50±46,47 mg/100 g at the 5th hour and the minimal was 119,79±8,54 

mg/100 g at the 5th day. In the Mg-200 mg/L group of the experiment, the maximal value of 

magnesium concentration was 7189,42±107,97 mg/100 g at the 5th hour and the minimal was 

125,33±35,87 mg/100 g at the 9th day. In the experiment's control group, the maximal value of 

magnesium content was 6471,97±204,23 mg/100 g at the 5th hour and the minimal 

was127,97±17,52 mg/100 g at the 5th day. 

On the last day of the experiment, the magnesium levels in the different groups were 

respectively 348,150±44.845 mg/100 g, 249,626±73,274 mg/100 g, 210,250±5,254 mg/100 g in the 

Mg-200 mg/L group, Mg-100 mg/L group and Control group. According to these results, the Mg-

200 mg/L group had the highest magnesium concentration on the experiment's last day (13th day). 

It was followed by the Mg-100 mg/L group with a lower concentration and the Control group with 

the lowest magnesium concentration. 

These results show that magnesium enrichment at a concentration of 200 mg/L led to a 

more significant accumulation of magnesium in Spirulina platensis compared with the other 

groups. This confirms that the higher the magnesium concentration, the higher the magnesium 
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content. Magnesium enrichment had a significant effect on magnesium bioaccumulation by 

Spirulina platensis. 

Zinc accumulation 

Table 4.2. shows variations in zinc accumulation in S. platensis biomass collected at 

different times (1h, 3h, 5h, day 5, day 9 and day 13) during the experiment. In the Zn-3 mg/L 

experiment group, the maximum zinc content value was observed on the 5th hour of the 

experiment, with a value of 117,98±27,91 mg/100g, while the minimum value was 1,77±1,40 

mg/100 g on the 9th day. In the Zn-5 mg/L experiment group, the maximum zinc content value was 

observed on the 5th hour of the experiment, with a value of 178,54±5,61 mg/100g, while the 

minimum value was 1,65±0,52 mg/100 g on the 1st hour. 

In the control experiment group, the maximum zinc content value was observed on the 9th 

day of the experiment, with a value of 2,70±0,78 mg/100g, while the minimum value was 

1,76±0,48 mg/100 g on the 3rd hour. 

Table 4.2.  Variation in zinc accumulation in S. platensis harvested at different times and with   

different Zn concentrations 

Spirulina platensis Zinc content (mg/100 g DW) 

Zinc enrichment 

Time  Zn-3mg/L Zn-5mg/L Control 

1
st
 hour 2,18±1,31a

 1,65±0,52a
 1,87±0,11a

 

3
rd

 hour  16,05±0,77b
 9,47±1,65a

 1,76±0,48c
 

5
th
 hour 117,98±27,9b

 178,54±5,61a
 1,77±0,11c

 

Day 5 2,48±0,27a
 2,49±0,07a

 2,21±0,36a
 

Day 9 1,77±1,40a
 1,80±0,14a

 2,70±0,78a
 

Day 13 3,57±0,14a
 2,84±0,36a

 2,54±0,97a
 

Different letters in the same row indicate statistically significant differences (p<0.05). 

S. platensis exposed to zinc concentrations of 5 mg/L and 3 mg/L showed a significant 

increase in zinc content over time compared with the control group. A progressive increase in zinc 

content was observed for both zinc concentrations (Zn 5mg/L and Zn-3 mg/L) up to day 5, 

followed by a decrease on day 9. This could be explained by a certain saturation or equilibrium 

between Spirulina platensis and zinc after a specific exposure. Long-term exposure to zinc in S. 

platensis produces different effects from those observed in the short term, suggesting an adaptation 

of this microalga to prolonged exposure. The results raise pertinent questions about the impact of 

zinc exposure, not only on the quality and nutritional value of Spirulina platensis as a potential 

dietary supplement to combat zinc deficiency but also as a potential alga for wastewater treatment. 
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Zhou et al (2018) also observed a significant increase in zinc accumulation resulting from 

increased zinc concentrations before 4.0 mg/L. A 27.2-fold increase in total zinc content at 4.0 

mg/L Zn2+ compared with the control group was found. Zinicovscaia et al (2021) evaluated the 

capacity of Spirulina platensis to accumulate Zn, Ni and Cu ions in the context of environmental 

bioremediation. They found that Spirulina platensis had a better zinc bioaccumulation capacity 

than nickel and copper ions. This alga could be an exciting option for removing heavy metals from 

the environment due to its strong capability adsorb and accumulate these toxic heavy metal ions 

(Zinicovscaia et al, 2021). 

4.2. Protein 

Figure 4.9. shows the results of protein levels in Spirulina platensis as a function of 

different zinc and magnesium concentrations. The control group presented the highest protein 

content (70,34%), followed by the magnesium 200 mg/L group (63,73%) and the Mg-100mg/L 

group (61,89%). The zinc group had a lower protein content than the other groups. The protein 

content was 55,59% for the Zn-3 mg/L group and 51.43% for the Zn-5 mg/L group. 

This study shows that the higher concentrations of zinc harm protein content compared 

with the control group, with a progressive decrease in protein content observed as the zinc 

concentration increases. In contrast, higher magnesium concentrations have a slightly positive 

effect on the protein content of Spirulina. Protein content values increased somewhat with 

increasing magnesium concentration. 

The control group received no additional treatment and had the highest protein content 

(70,34%).  

Figure 4.9. Protein content of Spirulina platensis enriched with magnesium and zinc 
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4.3. Amino acid 

In the Mg-100 mg/L group, histidine has the highest amino acid concentration, reaching 

2,58±0,010 g/100g DW, while glycine reaches its minimum level at 0,09±0,005 g/100g DW. In the 

Mg-200 mg/L group, histidine has the highest amino acid content, reaching 2,30±0,08 g/100g DW, 

while glycine reaches its minimum level at 0,06±0,004 g/100g DW. In the Zinc-3 mg/L group, 

histidine has the highest amino acid concentration, reaching 2,24±0,05 g/100g DW, while glycine 

comes to its minimum level at 0,07±0,005 g/100g DW. In the Zinc-5 mg/L group, glutamate has the 

highest amino acid content, reaching 2,37±0,07 g/100g DW, while glycine comes to its minimum 

level at 0,07±0,004 g/100g DW. In the control group, histidine maintained a high 2,55±0,02 g/100g 

DW as the most predominant amino acid. In comparison, glycine presented the weakest amino 

acid, represented by 0,09±0,001 g/100g DW. The amino acid values (g/100 g) for Spirulina 

platensis in the different experimentation groups are given in Table 4.3. 

Uslu et al (2009) reported that climate change significantly influences protein content and 

that amino acid concentration is higher during the summer growth period than during the winter. 

Amino acids such as proline, cystine and arginine were only observed in winter. 

Table 4.1. Changes in the amino acid content of S. platensis cultures grown with different 
S. platensis amino acid content (g/100 g DW) 

Mineral enrichment 

Amino acid Mg-100 mg/L Mg-200 mg/L Zn-3 mg/L Zn-5 mg/L Control 

Aspartate ASP 1,58±0,01a
 1,27±0,04c

 1,40±0,03b
 1,37±0,03b

 1,56±0,05a
 

Glutamate GLU 2,43±0,003a
 2,30±0,08b

 2,18±0,04c
 2,37±0,07ab

 1,29±0,03d
 

Serine SER 1,009±0,003a
 0,732±0,036c

 0,87±0,02b
 0,83±0,02b

 1,007±0,006a
 

Glycine GLY 0,09±0,005a
 0,06±0,004c

 0,07±0,005b
 0,07±0,004b

 0,09±0,001a
 

Histidine HIS 2,58±0,01a
 1,92±0,09c

 2,245±0,05b
 2,14±0,06b

 2,55±0,02a
 

Threonine THR 0,68±0,003a
 0,62±0,02b

 0,60±0,007b
 0,67±0,01a

 0,68±0,004a
 

Arginine ARG 1,01±0,004a
 0,75±0,03c

 0,87±0,02b
 0,83±0,02b

 1,01±0,008a
 

Alanine ALA 1,40±0,001a
 1,03±0,04d

 1,22±0,03b
 1,15±0,01c

 1,40±0,007a
 

Tyrosine TYR 0,81±0,004a
 0,59±0,05c

 0,70±0,01b
 0,65±0,01b

 0,81±0,02a
 

Cystine CY2 0,297±0,019a
 0,259±0,016a

 0,26±0,02a
 0,265±0,023a

 0,29±0,026a
 

Valine VAL 0,43±0,01a
 0,32±0,01d

 0,38±0,01b
 0,36±0,01c

 0,42±0,002a
 

Methionine MET 0,35±0,001a
 0,12±0,01d

 0,30±0,009b
 0,19±0,01c

 0,36±0,002a
 

Phenylalanine PHE 0,61±0,001a
 0,46±0,02c

 0,54±0,012b
 0,52±0,006 b

 0,61±0,001a
 

Isoleucine ILE 0,41±0,004a
 0,31±0,01d

 0,37±0,01b
 0,34±0,01c

 0,40±0,001a
 

Leucine LEU 1,27±0,001a
 0,94±0,05c

 1,12±0,03b
 1,07±0,04b

 1,26±0,001a
 

Lysine LYS 0,78±0,005a
 0,56±0,02c

 0,69±0,02b
 0,56±0,03c

 0,79±0,02a
 

Proline PRO 0,54±0,03a
 0,36±0,01c

 0,48±0,01b
 0,35±0,01c

 0,52±0,04ab
 

Different letters in the same row indicate statistically significant differences (p<0.05) 
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Zinc and magnesium concentrations can decrease or increase the amino acid content of S. 

platensis, but variations depend on the specific amino acid. These results show the variability of 

amino acid concentrations under different processing conditions, including specific amino acids 

such as aspartate, cystine, histidine, tyrosine and methionine. These variations could majorly 

impact the nutritional value and potential applications of Spirulina platensis. 

 

4.4. Polyphenols  

4.4.1. Total phenolic content  

The total phenol content (mg GAE/ g DW) of S. platensis in the different experimental 

groups is shown in Table 4.4. In the Mg-100 mg/L group, total phenol content was 10,56±1,50 mg 

GAE/g DW for methanol and 14,25±0,50 mg GAE/g DW for ethanol extract. In the Mg-200 mg/L 

group, total phenol content was 10,85±0,38 mg GAE/g DW for methanol and 17,52±1,29 mg 

GAE/g DW for ethanol extract. In the zinc 3 mg/L group, total phenol content was 11,25±0,78 mg 

GAE/ g DW for methanol and 11,98±0,59 mg GAE/ g DW for ethanol extract. In the 5 mg/L zinc 

group, total phenol content was 10,41±1,43 mg GAE/ g DW for methanol and 10,85±0,54 mg 

GAE/ g DW for ethanol extract. In the control group, the total phenol content was 9,85±0,94 mg 

GAE/g DW for methanol and 14,03±0,66 mg GAE/g DW for ethanol extract.  

 

Table 4.2. Total phenol content (mg GAE/g DW) of Spirulina platensis in the different 

experimental groups 
  S. platensis total phenol content (mg GAE/g DW) 

  Mineral enrichment 

  Mg-100 mg/L Mg-200 mg/L Zn-3 mg/L Zn-5 mg/L Control 

Solvent  Methanol  10,56±1,50aA
 10,85±0,38aA

 11,25±0,78aA
 10,41±1,43a A

 9,85±0,94aA
 

Ethanol 14,25±0,50bA
 17,52±1,29aB

 11,98±0,59cA
 10,85±0,54cA

 14,03±0,66bB
 

Different letters (a-c) in the same row indicate statistically significant differences (p<0.05). Different letters 

(A-B) in the same column indicate statistically significant differences (p<0.05). 

 

The effect of zinc on total phenol content in the zinc-enriched groups shows no clear trend 

at different concentrations. No statically significant differences were observed between zinc- 

enriched groups using the two solvents. However, the ethanol extract appears slightly higher than 

the methanol extract.  

In contrast to the zinc group, a progressive increase in total phenol content with increasing 

magnesium concentration was observed, independent of the solvent used. 

Total phenol content values in the magnesium-enriched groups were significantly higher 

than in the zinc and control groups, independent of the solvent used. Phenol content was also found 

to vary according to the solvent used. Thus, ethanol extracts generally showed higher total phenol 

contents than those extracted with methanol. 



82 

4.4.2. Total flavonoid content 

The total flavonoid content (mg catechin equivalent/g DW) of S. platensis in the different 

experimental groups is shown in Table 4.5. 

In the Mg-100 mg/L group, total flavonoid content was 3,42±0,18 mg CE/g DW for 

methanol and 36,15±0,83 mg CE/g DW for ethanol extract. In the Mg-200 mg/L group, the total 

flavonoid content was 5,33±0,31 mg CE/g DW for the methanol and 27,29±3,62 mg CE/g DW for 

the ethanol extract. In the Zn-3 mg/L group, total flavonoid content was 2,63±0,18 mg CE/g DW 

for methanol and 26,030±3,709 mg CE/g DW for ethanol extract. In the 5 mg/L zinc group, total 

flavonoid content was 6,22±0,34 mg CE/g DW for methanol and 33,86±3,02 mg CE/g DW for 

ethanol extract. In the control group, total flavonoid content was 6,51±0,64 mg CE/g DW for 

methanol and 25,14±4,56 mg CE/g DW for ethanol extract. 

From these results, it appears that flavonoid content varied significantly according to the 

different experimental conditions and solvents. For example, in the zinc treatment group, flavonoid 

concentrations appeared to increase with increasing zinc concentrations. Consequently, the Zn-5 

mg/L group had the highest flavonoid content among extracts obtained with both solvents. No 

significant difference (P<0,05) in total flavonoid content was observed between the methanol 

extract of the Zn-5 mg/L group and that of the control group. 

For the magnesium group, the methanol and ethanol extracts from the magnesium group 

had the highest total flavonoid content compared to the other groups. The use of ethanol as an 

extraction solvent produced higher values for flavonoid content than extracts obtained with 

methanol. 

Table 4.3. Total flavonoid content (mg CE/g DW) of Spirulina platensis in the various 

experimental groups 

S. platensis total flavonoid content (mg CE/g DW) 

Mineral enrichment 

Mg-100mg/L Mg-200 mg/L Zn-3 mg/L Zn-5 mg/L Control 

Solvent Methanol 3,42±0,18cA
 5,33±0,31bA

 2,63±0,18dA
 6,22±0,34aA

 6,51±0,64aA
 

Ethanol 36,15±0,83aB
 27,29±3,76bB

 26,03±3,70bB
 33,86±3,02aB

 25,14±4,56bB
 

Different letters (a-c) in the same row indicate statistically significant differences (p<0.05). Different letters 

(A-B) in the same column indicate statistically significant differences (p<0.05). 
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4.4.3. Tannin Content 

Table 4.6. shows the tannin content (mg catechin equivalent /g DW) of Spirulina platensis 

in the various experimental groups. 

In the Mg-100 mg/L group, tannin content was 18,34±0,44 mg CE/g DW for methanol and 

24,16±1,12 mg CE/g DW for ethanol extract. In the Mg-200 mg/L group, the tannin content was 

32,0±3,76 mg CE/g DW for the methanol and 21,35±1,73 mg CE/g DW for the ethanol extract.  

In the zinc 3 mg/L group, tannin content was 18,23±0,63 mg CE/g DW for methanol and 

30,20±4,30 mg CE/g DW for ethanol extract. In the 5 mg/L zinc group, tannin content was 

21,02±2,79 mg CE/g DW for methanol and 23,41±0,50 mg CE/g DW for ethanol extract.  

In the control group, tannin content was 24,37±0,69 mg CE/g DW for methanol and 

18,05±0,98 mg CE/g DW for ethanol extract. 

Tannin content appears to vary with different zinc concentrations. The results show that 

tannin content in the Zn-5 mg/L group was significantly higher than in the zinc group and even in 

the control group. 

Tannin content seems to increase significantly in the group treated with Mg-200 mg/L. This 

concentration was significantly higher in the Mg-200 mg/L group than in the other groups, 

including the control group. 

 A variation in Spirulina platensis tannin content as a function of solvent was noted. 

Ethanol extracts generally had a higher tannin content than methanol extracts.   

Table 4.4.  Total tannin content (mg CE/g DW) of Spirulina platensis in the different experimental 

groups 

Spirulina platensis tannin content (mg catechin equivalent/g DW) 

Mineral enrichment 

Mg-100 mg/L Mg-200 mg/L Zn-3 mg/L Zn-5 mg/L Control 

Solvent Methanol 18,34±0,440
cA

 32,00±3,76
aA

 18,23±0,63
cA

 21,02±2,79
bcA

 24,37±0,69
bA

 

Ethanol 24,16±1,12
bB

 21,35±1,73
bBc

 30,20±4,30
aBB

 23,41±0,50bA
 18,05±0,98

cB
 

Different letters (a-c) in the same row indicate statistically significant differences (p<0,05). Different letters 

(A-B) in the same column indicate statistically significant differences (p<0,05). 

4.4.4. HPLC analysis of phenolic compounds 

Figure 4.10. shows chromatograms of the mixtures of standards used, analyzed at four 

different wavelengths: 254, 278, 287 and 330 nm. The identification and quantification of phenolic 

compounds contained in Spirulina methanolic extracts is carried out by comparing the retention 

times and surface areas of the standards used with those obtained by analyzing the extracts. A total 

of 16 phenolic compounds including 3-hydroxy benzoic acid, 4- hydroxy benzoic acid, benzoic 

acid, catechin, hydrate, chlorogenic acid, caffeic acid, epicatechin, gallic acid, hesperidin, p-

coumaric acid, quercetin, rosmarinic acid, synaptic acid, syringic acid t-cinnamic acid and t-ferrulic 

acid was used to determine the quantities of these compounds in the Spirulina extract. 
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Figure 4.10. Chromatograms of phenolic compounds 

The HPLC profile of Spirulina phenolic extracts showed the presence of phenolic acids (3-

hydroxy benzoic acid, 4-hydroxy benzoic acid benzoic acid, chlorogenic acid, caffeic acid, gallic 

acid, p-coumaric acid, rosmarinic acid, synaptic acid, syringic acid, t-cinnamic acid, t-ferulic acid) 

and flavonoids (catechin, epicatechin, hesperidin, quercetin). 

These results (Table 4.7.) showed a significant change in the quantity of phenolic 

compounds as a function of magnesium and zinc concentrations. Quercetin and rosmarinic acid are 

the majority in the zinc group, and their quantities increased with zinc concentration. In the 

magnesium group, compounds such as 4-hydroxybenzoic acid, gallic acid, catechin hydrate, 

quercetin and epicatechin are in the majority. The amount of chlorogenic acid is much lower in the 

mineral-rich group than in the control group (21,83±1,96 mg/kg DW). Catechin hydrate (6,39±1,07 

mg/kg DW), a catechin derivative, was only detected in the Mg-100 mg/L group. 3-Hydroxy 

benzoic acid (1,11±0,01 mg/kg) was only detected in control group and Benzoic Acid only in Zn-

5mg/L group (0,13±0,10 mg/kg). 

 It is important to note that variations in the amount of this compound did not follow a clear 

trend with zinc and magnesium doses. However, the enrichment of Spirulina cultures medium with 

zinc and magnesium affected the phenolic compounds in S. platensis. Changes in the 

concentrations of these compounds may be linked with the various metabolic mechanisms involved 

in their biosynthesis under normal conditions, or with Spirulina's response to stress, notably 

involving changes in enzymes. 
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4.5. Antioxidant activities 

DPPH, ABTS and FRAP essays were used to assess the antioxidant capacity of S. platensis. 

4.5.1. DPPH 

Table 4.8 shows the percentages of inhibition of DPPH by Spirulina platensis for the 

different experimental conditions and extraction solvents, namely methanol and ethanol. DPPH is a 

stable free radical soluble in alcohols (methanol and ethanol) and is widely used to assess the 

antioxidant properties of chemical compounds by spectrophotometry. It is generally expressed as a 

percentage or Trolox equivalent. The highest percent inhibition exhibits the strongest antioxidant or 

inhibition capacity. 

In the Mg-100 mg/L group, the percentage inhibition was 78,83±13,36% for the methanol 

extract and 62,76±23,31% for the ethanol extract. In the Mg-200 mg/L group, the inhibition 

percentage was 71,91±9,96% for the methanolic extract and 64,47±9,84% for the ethanolic extract.  

In the Zn-3 mg/L group, the inhibition percentage was 72,36±7,27% for the methanol 

extract and 70,09±4,33% for the ethanol extract. In the Zn-5 mg/L group, the inhibition percentage 

was 101,34±9,27% for the methanolic extract and 103,94±13,81% for the ethanolic extract. In the 

control group, the inhibition percentage was 92,93±6,73% for the methanol extract and 

78,73±11,47% for the ethanol extract. 

These results show that the zinc group, particularly the Zn-5 mg/L group showed the 

highest degree of DPPH inhibition 101,34±9,27% for methanol extract and 103,94±13,81% ethanol 

extract, compared with the magnesium and the control groups with extracts from both solvents 

(Table 4.8). It should also be noted that the rate of DPPH inhibition of Spirulina in these studies 

also varied according to the solvent used. In all groups, the rate of DPPH inhibition was higher for 

the methanol extract than for ethanol. This may indicate that the active compounds in S. platensis 

are better extracted with methanol, resulting in this higher antioxidant capacity. 

Table 4.6.  The percentages of inhibition of DPPH by S. platensis for the different experimental 

conditions and extraction solvents 

Spirulina platensis DPPH (% inhibition) 

Mineral enrichment 

Mg-100 mg/L Mg-200 

mg/L 

Zn-3 mg/L Zn-5 mg/L Control 

Solvent Methanol 78,83±13,36bc
 71,91±9,96

c 
72,36±7,27

c
 101,34±9,27a

 92,93±6,73
ab

 

Ethanol 62,76±23,31
b
 64,47±9,84

b
 70,09±4,33

b
 103,94±13,81

a
 78,73±11,47

ab
 

Different letters in the same row indicate statistically significant differences (p<0,05). 
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4.5.2. ABTS 

The results of the percentages of inhibition of the ABTS radical by S. platensis for the 

different experimental conditions and extraction solvents, namely methanol and ethanol, are 

showed in Table 4.9. In the Mg-100 mg/L group, the percentage inhibition was 82,49±0,06 % for 

the methanol extract and 46,95±14,71 % for the ethanol extract. for the Mg-200 mg/L group, the 

inhibition percentage was 77,65±1,58 % for the methanolic extract and 74,18±1,60 % for the 

ethanolic extract.  

For the zinc 3 mg/L group, the inhibition percentage was 20,44±0,83 % for the methanol 

extract and 46,50±5,84 % for the ethanol extract. In the 5 mg/L zinc group, the inhibition 

percentage was 76,19±6,04% for the methanolic extract and 52,68±15,90 % for the ethanolic 

extract. 

In the control group, the inhibition percentage was 79,98±1,90 % for the methanol extract 

and 53,07±1,03 % for the ethanol extract. 

These results show that the ABTS radical's inhibition percentage varies significantly as a function 

of the extraction solvent and different mineral enrichment concentrations. For example, the Mg-100 

mg/L group and the control group showed a higher percentage of inhibition of the ABTS radical 

than the other groups with methanol extracts. The Zn-3mg/L group, on the other hand, showed a 

lower percentage of inhibition with the extracts of two solvents than the other groups. Unlike 

DPPH, where the zinc group showed strong antioxidant activity, with ABTS, the magnesium group 

showed strong antioxidant activity. 

 

Table 4.9.  The percentages of inhibition of ABTS by Spirulina platensis for the different 

experimental conditions and extraction solvents 
  Spirulina platensis ABTS (% inhibition) 

 

  Mineral enrichment 

  Mg-100 mg/L Mg-200 mg/L Zn-3 mg/L Zn-5 mg/L Control 

Solvent  Methanol 82,49±0,06a
 

 

77,65±1,58ab
 

 

20,44±0,83c
 

 

76,19±6,04b
 

 

79,98±1,90ab
 

Ethanol 46,95±14,71 b
 

 

74,18±1,60a
 

 

46,50±5,84 b
 

 

52,68±15,90b
 

 

53,07±1,03b
 

Different letters in the same row indicate statistically significant differences (p<0.05). 

4.5.3. FRAP 

The results of FRAP essay of S. platensis for the different experimental conditions and 

extraction solvents, namely methanol and ethanol, are showed in Table 4.10. The 

ferric-reducing antioxidant power (FRAP) values of extracts were expressed 

in μmol Trolox equivalent/g dry weight (μmol TE/g DW).  

In the Mg-100 mg/L group, the FRAP was 37,54±8,80 μmol TE/g DW for the methanol 

extract and 130,29±17,32 μmol TE/g DW for the ethanol extract. for the Mg-200 mg/L group, the 
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FRAP was 67,10±5,26 μmol Trolox/g dry weight for the methanolic extract and 128,88±36,80 

μmol TE/g DW weight for the ethanolic extract.  

For the zinc 3 mg/L group, the FRAP was 59,19±9,52 μmol TE/g DW for the methanol 

extract and 123,59±26,98 μmol TE/g DW for the ethanol extract. In the 5 mg/L zinc group, the 

FRAP was 120,80±7,83 μmol μmol TE/g DW for the methanolic extract and 183,89±15,58 μmol 

TE/g DW weight for the ethanolic extract. 

In the control group, the FRAP was 68,81±16,25 μmol TE/g DW for the methanol extract 

and 152,36±33,76 μmol TE/g DW for the ethanol extract. 

These results show significant variation in the antioxidant activity of FRAP with different 

concentrations of minerals and solvents. Unlike other methods (DPPH and ABTS), the FRAP value 

is generally related to mineral enrichment in zinc and magnesium, suggesting that the enrichment 

of Spirulina platensis with these minerals affects Spirulina's antioxidant activity. The variations in 

Spirulina antioxidant activity results using the DPPH, ABTS and FRAP methods may be explained 

by differences in the radicals or ions they use, and also by specific metal reduction or chelation 

mechanisms. Each of these methods has its advantages and limitations, and they are often used in 

complementary ways to obtain a more complete assessment of antioxidant activity. 

However, the FRAP activity value obtained with the ethanol extract was significantly 

higher than that of the methanol extract. No significant difference was observed between the 

groups in the FRAP values of the ethanolic extract. The highest FRAP value was observed in the 

Zn-5mg/L group and the lowest in the Mg-100 mg/L group with the methanol extracts. 

The results of this study show that the mineral enrichment of Spirulina, particularly with 

high levels of zinc and magnesium, and the choice of extraction solvent significantly impact the 

antioxidant activity of Spirulina platensis.  

Table 4.10.  FRAP essay by Spirulina platensis for the different experimental conditions and 

extraction solvents 
Spirulina platensis FRAP (μmol TE/g DW) 

Mineral enrichment 

Mg-100 mg/L Mg-200 mg/L Zn-3 mg/L Zn-5 mg/L Control 

Solvent 
Methanol 37,54±8,80

c
 67,10±5,26

b
 59,19±9,52

b
 120,80±7,83

a
 68,81±16,25

b
 

Ethanol 130,29±17,32
a
 128,88±36,80

a
 123,59±26,98

a
 183,89±15,58

a
 152,36±33,76

a
 

Different letters in the same row indicate statistically significant differences (p<0.05). 

In the present study, the phytochemical constituents such TPC, TFC and tannin of S. 

platensis enriched by different concentrations of zinc and magnesium methanol and ethanol extract 

were determined (Table 4.4 et 4.5 and 4.6). 

Microalgae are a rich source of phytochemicals containing high levels of compounds such 
as phenolic acids, flavonoids and tannins, which contribute to the antioxidant activity of their 
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extracts. Phenolic compounds are essential antioxidants because they can scavenge radicals by 
donating a hydrogen atom or an electron, which gives them numerous biological activities (Machu 
et al., 2015) . In general, these compounds play a vital role in protecting plants against ultraviolet 
rays and pathogens (Manach et al., 2004). They also play an essential role in pigmentation, 
reproduction and plant growth (Zern and Fernandez, 2005). As a result, several methods, including 
so-called unconventional methods such as pulsed electric fields (PEF), high-pressure 
homogenization, the use of artificial intelligence, ultrasound, microwaves, subcritical and 
supercritical fluid extraction, have been suggested as suitable techniques for maximizing the 
extraction of these compounds. The phenolic content of Spirulina varies according to drying 
technique, choice of solvent and extract concentration. For the quantitative phytochemical 
screening of S. platensis in this study, the ethanol extract presented a maximum content of phenolic 
compounds, flavonoids and tannin compared to those obtained with methanol. Although 
methanolic extracts had lower levels of total polyphenols, flavonoids and tannins than ethanolic 
extracts, they showed higher antioxidant and antimicrobial activity than ethanolic extracts in all 
Spirulina groups. This may be due to the high polarity of the solvents and the solubility of the 
active compounds present in S. platensis. 

This study confirms the results of some researchers on the appropriate choice of solvent for 
the extraction of phytochemicals in general and those of S. platensis in particular. Kavisri et al 
(2023) recorded 96.7±0.008 µg/mg phenolics, 56.3±0.004 flavonoids and 18.1±0.92 µg/mg tannins 
in the methanolic extract of S. platensis. Silva et al (2023) reported that although continuous drying 
at 65°C gave the best results for TPC, reaching 319.22 mg gallic acid/100 g DW of sample, 
compared with fresh Spirulina (462, 12 mg gallic acid/100 g DW), the intermittent combination 
alternating between 65°C and 50°C produced a similarly higher TPC of 423.67 mg gallic acid/100 
g DW, approaching the values observed in fresh material. Golmakani et al (2018) reported that the 
amounts of TPC and TFC in Spirulina methanolic extract were 38.04±3.07 mg GAE/g and 
1.86±0.33 mg QUE/g, respectively. Boyanova et al (2022) found that Spirulina extracts obtained 
with 80% methanol had a TPC quantity of 140.2±3.0 mg GAE/100g DW. Machu et al (2015) 
reported that the total phenolic content of Spirulina platensis (mg g-1 GAE) varied according to the 
different extraction methods: 43.2 ± 1.0 for distilled water extraction, 17.0 ± 0.5 for methanol-
water-acetic acid extraction (30: 69:1, v/v/v), 23.9±0.1 for 80% methanol extraction, 18.4±0.1 for 
70% acetone extraction and 24.4 ± 0.2 for 100% methanol extraction. Maadane et al (2015) 
reported that the DPPH IC50 effect of the ethanolic extract of Moroccan marine microalgae 
Tetraselmis sp., Dunaliella sp. and Nannochloropsis gaditana was higher, at 247±0.01, 283±0.09 
and 365±0.05 µg/ml, respectively. 
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4.6. Antimicrobial activity  

4.6.1. Minimal Inhibitory Concentration (MIC) determination 

Table 4.11 shows the results of the minimum inhibitory concentration (MIC) test for 

different mineral-enriched extracts of S. platensis (Mg-100 mg/L, Mg-200 mg/L, Zn-3 mg/L, Zn-5 

mg/L, Control) on different strains of Gram-negative bacteria (Escherichia coli, Klebsiella 

Pneumonia), Gram-positive bacteria (Staphylococcus aureus, Bacillus cereus), yeasts (Candida 

albicans) and molds (Aspergillus flavus). These values indicate the lowest concentration of 

methanolic and ethanolic extracts of S. platensis required to inhibit the growth of each 

microorganism. In this study, the MICs were determined by microdilution essays according to the 

(Patel and Clinical and Laboratory Standards Institute, 2017) NCCLS standards (Figure 4.11). 
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Overall, the inhibitory effect of the extracts varied according to solvent, microbial strain 

and mineral concentration. In Gram-negative bacteria, the inhibitory activity of the ethanolic 

extract was stronger than that of the methanolic extract. E. coli is the strain most sensitive to strains 

other than ethanolic extracts. For example, for E. coli, the MIC was lowest with the ethanolic 

extract of S.platensis enriched with Zn-3 mg/L, Mg-100 mg/L and Mg-200 mg/L with a MIC of 

0,625 mg/ml. Whereas, for K. pneumonia, the lowest MIC (0,625 mg/ml) was obtained with the 

ethanolic extract of S.platensis enriched with Zn-3 mg/L and Mg-100 mg/L. In Gram-positive 

bacteria, MIC varied according to S.platensis extract, microorganism and solvent. For example, S. 

Aureus, a lower MIC value (0,312 mg/mL) was observed with the methanolic extract of the control 

group. However, for S. aureus and B. cereus, the lowest MIC (0,625 mg/mL) was obtained with the 

ethanolic extract of S. platensis enriched with Zn-3 mg/L and Mg-100 mg/L. 

Concerning yeast (C. albicans) and mold (A. flavus), the MIC values are higher than for 

bacteria, thus suggesting a relative resistance to extracts of S.platensis. It varies between 2,5 to 10 

mg/mL in C. albicans and 5-20 mg/mL in A. flavus. However, C. albicans seems less resistant than 

A. flavus. Zn-5 mg/L group. 

The MIC results obtained in this study ranged from 0,312-20 mg/mL. They differ from 

those obtained by Abdel-Moneim et al (2022) who obtained a lower MIC (1-2 mg/mL) with 

methanolic S. platensis compared to other extracts. Moreover, the methanolic extract of Spirulina 

also showed higher antifungal activity than the other extracts, with MICs of between 15 and 21 mm 

compared to diniconazole. 

Figure 4.11. Plates for determining the minimum inhibitory concentration (MIC) of Spirulina 

extracts 
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4.6.2. Agar diffusion essay 

Table 4.12 shows the inhibition test results for various S.platensis extracts on the growth of 

different bacteria, yeasts and molds. The values in the table are the mean diameters of the inhibition 

zones in millimeters. These inhibition zones indicate the extent to which the various S.platensis 

extracts tested were able to inhibit the growth of micro-organisms, namely Gram-negative bacteria 

(Escherichia coli, Klebsiella pneumoniae), Gram-positive bacteria (Staphylococcus aureus, 

Bacillus cereus), a yeast (Candida albicans) and a mold (Aspergillus flavus). The larger the 

diameter of the zone of inhibition, the greater the inhibitory effect of the extracts on the growth of 

the microorganism. Concerning the antimicrobial activity, the first test with a concentration of 10 

mg/ml showed no antimicrobial activity. It was decided to increase the concentration to look for an 

activity. 

All extracts showed antimicrobial effects with a 100 mg/mL. Gram-positive bacteria, 

particularly Staphylococcus aureus, appeared highly sensitive to methanolic extracts of S.platensis 

enriched with Mg-200 mg/L and Zn-5 mg/L. Variations in the antimicrobial activity of extracts 

indicate variations in their chemical compositions. The antimicrobial activity of the various S. 

platensis extracts against the four bacterial strains, one yeast strain and one mold strain tested in 

this study and their potency are qualitatively and quantitatively assessed by the presence or absence 

of a zone of inhibition and the diameter of this zone (Figure 4.12 ). 

Figure 4.12. Zones of inhibition of S.platensis extracts on microbial strains 
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The Gram-positive bacteria S. aureus was the most sensitive bacterial species to 

methanolic extracts of Mg-200 mg/L followed by Zn-5 mg/L and Mg-100 mg/L with respective 

inhibition zones of 20±1.31, 20±0.00 and 19.5±0.61 mm of diameter. No significant statistical 

difference was observed between these different groups, but they were above the zone of inhibition 

of the control group, which was 15.15±4.24 mm of diameter. These values differ from those 

obtained with antibiotics such as ampicillin and kanamycin, which presented a zone of inhibition of 

48±0. 00 and 29±0.00 mm of diameter, respectively. While Gram-negative K. pneumonia was the 

least sensitive to methanol and ethanol extracts in all groups. The inhibition zones varied from 6-

8±2.83 mm in diameter. No antibiotic activity against this bacteria was observed with Ampicillin 

with a 0±0.00 mm diameter, while a 20±0.00 mm diameter zone of inhibition was observed with 

Kanamycin. The results of the present study revealed that S. platensis extracts have a higher 

bactericidal potential against gram-positive bacteria than gram-negative bacteria. This effect can be 

attributed to gram-positive bacteria's complex bacterial wall structure. 

These results could be linked to the high phytochemical compounds in these groups 

compared to the control group of Spirulina. It could also be linked to the magnesium and zinc 

content high in the Mg-200 mg/L group and Mg-100mg/L, Zn-5mg/L. These minerals are known to 

exhibit antimicrobial activities. Thus, Imani and Safaei, (2019) reported that magnesium oxide 

nanoparticles could significantly reduce the number of Gram-positive and Gram-negative bacteria 

and be a suitable alternative to commonly used antibacterial agents to combat drug resistance in 

pathogens. 

Kaushik and Chauhan (2008) reported that polyphenol extracts from S. platensis inhibited 

the growth of S. aureus, E. coli, P. aeruginosa, S. Typhi and K. pneumoniae. The most effective 

minimum inhibitory concentrations were obtained with methanolic extracts compared with the 

other extracts (hexane, ethyl acetate, dichloromethane). They were 128 µg/mL and 256 µg/mL in S. 

aureus and E. coli, respectively. 

The antimicrobial activity of the methanolic and ethanolic extracts of Spirulina studied was 

attributed to the presence of functional compounds that are antibiotically active, such as phenolic 

acids, flavonoids and tannins. These compounds act as antimicrobial agents, in particular as a 

bacteriostat, bacteriocides, fungistatics or fungicides, inhibiting the growth and killing bacteria, 

fungi and yeasts by reaching the bacterial cell walls and causing their disintegration and reducing 

the viability of the microorganisms (Bush, 2012) 

So, according to this study, the phenolic extracts of Spirulina enriched with magnesium and 

zinc have shown antimicrobial activity, making them not only interesting for therapeutic purposes 

but also suitable for incorporation into foodstuffs to combat the microorganisms that contaminate 

foodstuffs and cosmetology. The compounds in Spirulina platensis are, therefore, highly effective 

in preventing the development of microorganisms. 
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5. CONCLUSION

The thesis aims to investigate the impact of varied concentrations of magnesium (Mg) and 

zinc (Zn) on the growth rate of S. platensis, its bioaccumulative potential for both Mg and Zinc, its 

biochemical and phytochemical composition, and its antimicrobial and antioxidant activities. This 

study shows that magnesium (100 and 200 mg/L) and zinc (3 and 5 mg/L) enrichment produced 

results similar to those of the control group concerning S. platensis growth. At the end of the 

experiment, it was observed that Spirulina had accumulated higher levels of magnesium and zinc. 

Specifically, magnesium levels were high in the group exposed to 200 mg/L magnesium, reaching a 

concentration of 348,15±44,84 mg/100 g DW. Compared with the control group, a significant 

increase in zinc content was also observed in S. platensis exposed to zinc concentrations of 5 mg/L 

and 3 mg/L. 

 The highest protein content (70,34%) was observed in the control group, and as zinc 

content increased, protein content decreased polyphenols' concentration exhibits variations 

depending on the solvents employed; for example, ethanol extracts displayed elevated levels of 

secondary metabolites, including tannins and flavonoids. Significantly, the magnesium-enriched 

groups exhibited a markedly higher content of these compounds than the zinc-enriched and control 

groups. In contrast, methanol extracts showed high levels of biological activity. The zinc group, 

particularly the Zn-5 mg/L group, showed the highest degree of DPPH inhibition for the methanol 

extract. All extracts showed an antimicrobial effect at 100 mg/mL. 

The results raise significant questions about the impact of exposure to magnesium and zinc 

on both the growth of Spirulina and the quality and nutritional value of S. platensis as a possible 

dietary supplement for addressing deficiencies in these minerals. Furthermore, S. platensis has 

demonstrated an ability to accumulate minerals and generate bioactive compounds when subjected 

to stress. Spirulina phenolic extracts enriched with magnesium, zinc and the control group 

exhibited antimicrobial activity. This renders them intriguing for therapeutic usage and inclusion in 

food products to combat microorganisms that contaminate foodstuffs and cosmetics. 

This study focused on the effects of minerals such as magnesium and zinc on the growth of 

Spirulina algae. It can be extended to study the growth of Spirulina and other microalgae with a 

multimetal or multimineral system. These aspects need to be addressed if the benefits of 

wastewater treatment are to be real. Understanding the bioaccessibility of minerals, pigments and 

secondary metabolites, as well as assessing their effects on various biological activities, are crucial 

aspects in considering health benefits. A promising approach in this line of research is to explore 

the encapsulation and incorporation of Spirulina's mineral-enriched extracts into foods. In vivo and 

situ studies would enable in-depth analysis of the biological activities of these compounds. This 

perspective represents a significant avenue of research for the future, offering opportunities to 

better understand how these elements can be harnessed to promote health. 
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