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Absrac

Theescalatng global burdenof diabees underscores heurgenneed for susainable insulin producton.
This sudy explores he poental of Arthrospira platensis SPKY1 as an alernatve source of insulin,
partcularly pertnen in regions wih high diabees prevalence like India. Through comprehensive
experimenaton, facors inuencing insulin producton inA. platensis SPKY1 are investgaed, including
growhmedia compositon, pH levels, ligh conditons, greenhouse cultvaton,waer ypes and carbon
sources. Resuls reveal hose higher concenratons of specic growh media componens, such as
NaHCO

3
, NaNO

3
, NaCl, K

2
SO

4
, and K

2
HPO

4
, correlae wih increased insulin producton. Among hese

componens, K
2
SO

4
a a concenraton of 1.4 g L-1 showed he highes insulin producton, reaching 27.5

µg g-1. Additonally, he sudy evaluaed he impac of various pH levels, nding ha pH 10.0 yielded
optmal insulin producton,wihapeakof 21.3 µg g-1. Blue ligh exposure stmulaed hemos signican
increase in insulin producton,wih levels ranging from5.4 o25.1 µg g-1. Additonally, enriched seawaer
proved more eectve han regular medium for insulin producton. The sudy also demonsraed ha
glucose proved o be he optmal carbon source,wih insulin producton reaching 29.4 µg g-1. The sudy
deermines he optmal growh conditons ofA. platensis SPKY1 for insulin producton on a pilo scale.
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INTRODUCTION

Diabees poses a signican and enduring
challenge, characerized by elevaed blood sugar
levels semming rom irregulariies in b-cell
uncon aecng insulin acviy.1 According o
he Inernaonal Diabees Federaon (IDF), he
global prevalence o diabees reached 537million
individuals in 2021, represenng a subsanal
burden on healhcare sysems.2,3Age-sandardized
prevalence raes surged by approximaely 90.5%
rom 1990 o 2021, wih paricularly noable
increases o over 90% in regions such as Souh
Asia, Wesern and Easern Europe, and over
100% in areas including Cenral Asia, Souhern
Lan America, and high-income Norh America.
In conras, some regions experienced more
moderae rises, wih increases o less han 30%
noed in counries likeMexico and he Philippines,
while ohers sawdramac spikes o up o 200%, as
seen in naons like Egyp, Greenland, and Timor-
Lese.4

According o a 2023 sudy by he Indian
Council o Medical Research (ICMR), 11.4% o
India’s populaion, amouning o 101 million
individuals, are diagnosed wih diabees. The
prevalence o diabees varied signiicanly
across dieren saes, ranging rom 4.8%
o 26.4%. Speciically, Jharkhand, Nagaland,
Manipur, and Punjab exhibied prevalence
raes beween 5.0% and 9.9%, while Tamil
Nadu, Andhra Pradesh, Karnaaka, Maharashra,
Gujara, and Bihar repored raes rom 10.4%
o 14.9%. Addionally, Kerala, Madhya Pradesh,
Rajashan, Wes Bengal, and Himachal Pradesh
had prevalence raes exceeding 15%. Diabees
prevalence was signiicanly elevaed in boh
he souhern and norhern pars o India, wih
urban areas consisenly demonsrang elevaed
prevalence raes. Conversely, he cenral and norh
easern regions displayed lower prevalence raes.5

Diabees has he poenial o aec
variousorgansysems in hebody, leading osevere
complicaons over me. These complicaons are
ypically classiied as eiher microvascular or
macrovascular.Microvascularcomplicaons involve
damage o he nervous sysem (neuropahy), renal
sysem (nephropahy), and eyes (renopahy).
On he oher hand, macrovascular complicaons
include cardiovascular disease, sroke, and

peripheral vascular disease. Peripheral vascular
disease can resul in non-healing bruises or
injuries, gangrene, and ulimaely, he need
or ampuaon.6 These complicaons no only
signicanly impac he morbidiy and moraliy
associaed wih diabees bu also conribue o
he growing coss relaed o is managemen.

Currenly, he primary herapeuic
regimens or ype 2 diabees mellius (T2DM)
involve he injecon o insulin-like agens and
he oral adminisraon o hypoglycemic agens.
However, while hese agens are crucial or T2DM
reamen, hey oen come wih undesirable
side eecs.7,8 Insulin has been a he oreron o
managing unconrolled insulin-decienDMsince
is discovery.9

Insulin is a vial medicaon ormanaging
boh T1DM and T2DM, recognized by he World
Healh Organizaion (WHO) as an Essenial
Medicine necessary or addressing global healh
needs and promong cos-eecve healhcare
resource ulizaon.10 Despie being discovered
almos a cenury ago, insulin remains inaccessible
o millions due o inadequae availabiliy and
excessively high prices.11,12

In India, selec insulin producs are
lised in boh naional and sae Essenial
Medicines Liss (EMLs), allowing or heir ree
provision in public-secor healh aciliies.13

However, limied unding or India’s cenral and
sae public healh sysems resrics healhcare
coverage or much o he populaion.14 As a
resul, diabees paens ofen urn o he privae
secor or healhcare, necessiaing ou-o-
pocke paymens.15 Addiionally, paiens may
acquire medicaons rom privae-secor online
pharmacies or governmen iniaves like he Jan
Aushadhi Scheme (JAS), aimed aproviding qualiy
medicines a aordable prices o all.16,17

Exploring alerna ive sources or
insulin producon is crucial or overcoming he
challenges o cos andaccessibiliy. By invesgang
microorganisms, plan-based sysems, researchers
aim o develop more aordable and scalable
mehods or producing insulin. These innovave
approaches have he poenial o signiicanly
reduce producion coss, making insulin more
accessible o individuals worldwide who depend
on his essenial medicaion or managing
diabees. Spirulina has garnered aenon or is
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poenal an-diabec properes. A sudy suggess
ha Spirulinamay help regulae blood sugar levels
by improving insulin sensiiviy and reducing
insulin resisance.18

Research on Spirulina supplemenaon
or lowering blood sugar levels has no pinpoined
he specic molecules responsible or is an-
diabec eecs. However, despie he absence
o whole genome sequencing in hese sudies,
a recen invesigaion ideniied a poenially
benecial srain, A. platensis SPKY1. This strain
was subjeced o whole genome sequencing and
subsequenly submied o NCBI (GenBank ID:
JAWMAM000000000.1). Insulin producon was
validaed using mulple analycal echniques,
including proein quancaon, SDS-PAGE, 2D
gel elecrophoresis, and MALDI, all consisenly
deecng a 6 kDa band, aligning wih prior insulin
ideniicaion sudies. The genome size o A.
platensis SPKY1 was ound o be 5.7 Mb, wih
a oal o 7,731 genes encoding hypoheical
proeins. Gene analysis revealed our unique
hypohecal proeins, each made up o six amino
acid residues, ha pereclymach human insulin.
Furhermore, eigh proeins belonging o he
insulinase amily were discovered.19 Thereore,
he primary aim o his sudy is o invesgae he
opmal growh condions or A. platensis SPKY1
o enhance insulin producon on a pilo scale.

MATERIALS AND METHODS

The A. platensis SPKY1 used in his sudy
were isolaed rom Ennore esuary, Chennai,
Tamil Nadu. The srain is idened hroughwhole
genome sequencing and compared wih he NCBI
WGS daabase. A. platensis SPKY1 showed high
similariy o A. platensis. However, due o he
presence o insulinase, he srain is designaed as
A. platensis SPKY1.

Unialgal culure
Obaining unialgal culures is essenal or

he sudy. As a rs sep, he colleced waer was
lered using mesh cloh, ollowed by lraon
hrough a 47-µm pore membrane. The pH o
he colleced waer was hen adjused o 12 and
mainained or 48 hours. Afer incubaon, he
pH was lowered o 9 using a bicarbonae buer.

To eliminae conaminaion, he culure was
reaed wih ceoxin (76.9 µg mL-1) or 48 hours
in he dark. Following incubaion, he culure
was washed by cenriugaon a 2000 rpm or
5 minues. Unialgal A. platensis SPKY1 culures
were obained hrough serial diluon (1:1000).
Culures were examined under a microscope o
ideny conaminans beore each experimen. All
subsequen experimens ulized culures derived
rom his moher culure (conrol).

Growh conditons
Analycal-grade chemicals were used,

and he medium was serilized a 120 °C or 15
minues prior o inoculaon, wih pH checked o
ensure suiabiliy. Clean conical asks were used
and mainained a a consan emperaure below
30 °C, ypically around 21 °C. Sock culures were
mainained on agar slans, and beore inoculaon,
culureswere examined or conaminans under a
microscope. For inoculumpreparaon, a porono
he sock culurewas shakenwih serilemedium.
50 mL o he suspension were inoculaed ino
reshly prepared Zarrouk’smedium.20 Illuminaon
was provided by cool whie uorescen lamps
a a ligh inensiy o 50 µmol phoons m-2 s-1,
measured using a Luron Lx-130 ligh meer,
wih a 12-hour ligh-dark cycle. The culure was
mainained or 20 days, afer which he algae
and medium were separaed by cenriugaon,
washed, and he biomass yield was deermined
ollowing he procedure o Donmez et al.21

Eec of media manipulaton
A. platensis SPKY1was grown in dieren

concenraons o NaHCO
3
(14.8-18.8 g)

,
NaNO

3

(1.5-3.5 g), NaCl (0.6 o 1.4 g), K
2
SO

4
(0.6 o 1.4

g), K
2
HPO

4
(0.3 o 0.7 g) remaining ingrediens

were kep consan as regular sandard Zarrouk’s
medium. Due o producion cos concerns,
his sudy examined he impac o varying he
composiion o Zarrouk’s medium rom he
sandard ormula. All medium manipulaed
culures were compared wih conrolled A.
platensis SPKY1 culure which was grown in
sandard Zarrouk’s medium.

Eec of pH
The eec o pH on A. platensis SPKY1

growh and insulin producion was evaluaed
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using Zarrouk’s medium adjused o pH levels
ranging rom 7.0 o 12.0. A he sar o he
experimen, he pHwas adjused using 8MNaOH
or 1 N HCl soluons. For he experimen, 2000mL
Erlenmeyer asks conaining 1000 mL omedium
were prepared, wih he pH adjused beore
auoclaving. A wo-week-old A. platensis SPKY1
moher culure was uniormly inoculaed ino all
asks, which were subsequenly incubaed or 20
days.

Eec of ligh
To assess he impac o ligh on insulin

producion, various lighing condiions were
employed using colored LEDs. The LEDs generaed
ligh in he ollowing specral ranges: red (620-680
nm), blue (420-475 nm), green (495-570 nm), and
yellow (570-590 nm), wih an inensiy o 150
µmol phoons·m-2s-1 measured using a Luron
LX-130 ligh meer. Freshly prepared sandard
culuremedia (1000mL)were inoculaedwih he
A. platensis SPKY1 moher culure. Each culure
was exposed o illuminaon rom LEDs emitng
he designaed color. To ensure ha only he
inended ligh specrum reached he culures, hey
were housed in specially consruced boxes ha
excluded exernal ligh inererence.

Eec of culure sysem
The eec o he culvaon sysem on

A. platensis SPKY1 growh and insulin producon
was evaluaed using an open culivaion and
green house seup. Open sysem: In his seup,
he moher culure was exposed o ambien air
and direcly illuminaed by sunligh in open plasc
rays, each wih a capaciy o 10 L. Greenhouse
eec: To sudy he impac o solar irradiance,
greenhouse nes were used o parally cover he
rays, reducing ligh inensiy. Boh seups (open
sysem and green house rays) were mainained
in separae locaons wihin a 10 meer radius
o minimize cross-inererence and poenial
conaminaon.

Eec of waer ype
5Lo seawaerwas colleced romEnnore

esuary. Inially he colleced waer was lered
wih mesh o remove larger and smaller wase
parcles. The moher culure was inoculaed in
Zarrouk’smediumpreparedusing seawaer (Enrich

medium) and only sea waer (wihou addion o
nuriens). Boh media were serilized by using
auoclaving beore inoculaon and growh was
comparedwihmoher culure growh in Zarrouk’s
medium prepared using dislled waer.

Eec of organic carbon sources
In order o ideny he opmal growh

based on he carbon source availabiliy, various
concenraons oorganic carbon sources (glucose,
rucose, galacose, sucrose and glycerol) were
added a dieren concenraons (0.5-1.5 g L-1)
in he sandard Zarrouk’s medium.

Insulin estmaton
To exrac insulin rom biomass aer

applying various srain improvemen echniques,
a series o seps were ollowed according o
Khanna et al.22 Insulin ELISA ki was purchased
rom Genei Laboraories Pv. Ld., Bangalore.
Exraced insulin rom all reaed culure was
esmaed by ollowing procedure. Prepare he
ELISA plae by seing sandard, es sample
(dilued a leas 1/2 wih sample diluon buer),
and conrol (zero) wells, hen aliquo 100 µL o
sandard soluons ino he sandard wells, add
100 µL o sample diluon buer ino he conrol
well, and add 100 µL o properly dilued sample
ino es sample wells. Incubae he plae a 37
°C or 90 minues, and hen wash i 2 mes wih
wash buer. Careully add 100 µL o he Bion-
labeled anbody working soluon o each well,
ensuring no o ouch he side walls. Incubae he
plae a 37 °C or 60 minues, hen wash i hree
mes using wash buer. Nex, dispense 100 µL o
HRP-Srepavidin Conjugaeworking soluon ino
each well, cover he plae, and incubae a 37 °C
or 30 minues. Wash he plae ve mes wih
wash buer. Following his, add 90 µL o 3,3',5,5'
-Teramehylbenzidine (TMB) subsrae o each
well, cover, and incubae a 37 °C in he dark or
10-20 minues. To hal he reacon, inroduce 50
µL o sop soluon ino each well, mix horoughly,
and immediaelymeasure heOpcal Densiy (OD)
absorbance a 450 nm using a microplae reader.

For daa analysis, deermine he mean
OD450 nmvalues romduplicae readings o each
sandard, conrol, and sample. Subrac he OD
450 nm blank o obain he correced OD 450 nm
values. Consruc a our-parameer logisc (4PL)
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sandard curve by plotng he mean absorbance
or each sandard agains is concenraion.
Finally, deermine he sample concenraion
by inerpolang he OD 450 nm value rom he
sandard curve, adjusng or any diluon acor
applied.23

Satstcal analysis
Each experimen in his sudy conduced

in ve 1000mL ask and daawere analysed using
SPSS soware (Version 25). Mean values and
sandard deviaons (SD) o insulin concenraon
were measured. A wo-sided  was used o
compare all reaed culures and he absolue
dierence was analysed and repored wih 95%
condence inerval. A p-value o less han0.05was
considered signican. The daa were checked or
normaliy, homogeneiy o variance, and ouliers
beore conducing he analysis o ensure he
accuracy and validiy o he analysis. Signicance
dierences in insulin level beween dieren
concenraions o each reaed culures were
analyzed using one-way ANOVA. The ores plo
represens odds raos (OR) wih 95% condence
inervals (CI) or insulin producon under dieren
experimenal condions. The red dashed line a
OR = 1 indicaes he conrol. OR greaer han 1
represens increased insulin producon relave o
he conrol, while values below 1 indicae reduced
producon.

RESULTS

The sudy invesgaed he poenal oA.
platensis SPKY1 as an alernave source o insulin,
ocusing on opimizing acors inluencing is
producon.Keyvariablesassessed includedgrowh
media composion, pH levels, ligh condions,
greenhouse culvaon, waer ypes, and carbon
sources. The daa invesgaes he eec omedia
manipulaon on insulin producon, ocusing on
addives such as NaHCO

3
, NaNO

3
, NaCl, K

2
SO

4
,

and K
2
HPO

4
. The resuls show ha culures

reaed wih 1.4 g L-1 o K
2
SO

4
and 17.8 g L-1 o

NaHCO
3
produced 72.9% and 60.3% higher insulin

producon, respecvely, compared o he conrol
culure. Conversely, NaCl and K

2
HPO

4
consisenly

demonsraed enhanced insulin producion o
52.8% and 47.7%, respecvely, when compared
o he conrol culure. Lower concenraons o

hese addives ofen led o signicanly decreased
insulin producon compared o hemoher culure
(Table 1).

Figure 1 demonsraes he OR and 95%
CI or insulin producion under various media
opimizaion condiions compared o conrol
culures (OR = 1). For NaHCO

3
, insulin producon

decreases a 14.8 g L-1 (OR = 0.7, CI: 0.5-0.9) and
15.8 g L-1 (OR = 0.9, CI: 0.7-1.1) bu signicanly
increases a 17.8 g L-1 (OR = 1.6, CI: 1.4-1.8), beore
declining slighly a 18.8 g L-1 (OR = 1.2, CI: 1.0-
1.4). For NaNO

3
, lower concenraons (1.5 g L-1,

OR = 0.7, CI: 0.4-0.9; 2 g L-1, OR = 0.9, CI: 0.7-1.1)
reduce producon, while higher concenraons
(3 g L-1, OR = 1.3, CI: 1.0-1.6; 3.5 g L-1, OR = 1.7, CI:
1.5-2.0) enhance i. NaCl shows a seady increase
in insulin producon rom 0.6 g L-1 (OR = 0.9, CI:
0.7-1.2) o 1.4 g L-1 (OR = 1.5, CI: 1.2-1.7). Similarly,
K
2
SO

4
improves producon, sarng a 0.6 g L-1 (OR

= 0.9, CI: 0.6-1.2) and peaking a 1.4 g L-1 (OR = 1.7,
CI: 1.5-1.9). For K

2
HPO

4
, producon is lowes a

0.3 g L-1 (OR = 0.7, CI: 0.5-1.0) bu increases wih
concenraon, reaching a maximum a 0.7 g L-1

(OR = 1.5, CI: 1.2-1.7)
Table 2 illusraes various growh

condions aimed a opmizing insulin producon
hrough adjusmens in pH levels, ligh color,
culure sysems, and waer ypes. The resuls
show ha increasing pH generally correlaes
wih higher insulin producion. The maximum
insulin producon (33.9%) was observed a pH
10, compared o he conrol culure. A similar
posive rendwas noedwihdieren ligh colors,
wih blue ligh resulng in he mos signican
increase (57.8%) in insulin producion, while
yellow ligh showed he leas growh compared o
he conrol culure. Regarding culure sysems, he
greenhouse sysemproduced 10.7%higher insulin
producion compared o he conrol culure.
Finally, he highes insulin producon (59.7%)was
observed in enriched seawaer, compared o he
conrol culure.

Figure 2 illusraes he odds raos or
insulin producon under varying condions, wih
he OR = 1 represenng he conrol. For pH levels,
insulin producon increases wih pH, reaching a
peak a pH 10 (OR = 1.3, CI: 1.1-1.5) and remaining
sable a higher levels. For ligh color, blue ligh
demonsraes he highes enhancemen in insulin
producion (OR = 1.6, CI: 1.4-1.8), ollowed
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Table 1. Opmizaon o insulin producon hrough media manipulaon

Media Insulin (µg g) (n = 5) Mean ± SD p* p** Mean Dierence
Manipulaon rom conrol
gL-1 5th Day 10th Day 15th Day 20th Day culure a 20th

Day (15.9 µg g-1)
Mean (CI) p#

NaHCO
3

14.8 2.4 ± 0.2 4.0 ± 0.3 8.1 ± 0.1 11.4 ± 0.2 0.004 <0.001 -4.4 (-4.9, -3.9) 0.001
15.8 2.7 ± 0.1 5.7 ± 0.1 9.5 ± 0.3 14.5 ± 0.3 0.001 -1.4 (-2.0, -0.7) 0.012
17.8 4.3 ± 0.3 9.7 ± 0.3 14.8 ± 0.4 25.5 ± 0.4 0.001 9.6 (8.8, 10.4) 0.001
18.8 3.3 ± 0.1 8.5 ± 0.4 12.3 ± 0.3 19.3 ± 0.3 0.002 3.4 (2.8, 4.0) 0.002
NaNO

3

1.5 1.8 ± 0.1 4.2 ± 0.2 6.4 ± 0.2 10.5 ± 0.2 0.002 <0.001 -5.3 (-5.7, -4.9) 0.001
2.0 2.4 ± 0.2 5.3 ± 0.2 8.5 ± 0.2 13.6 ± 0.3 0.002 -2.3 (-2.9, -1.6) 0.004
3.0 3.8 ± 0.1 7.8 ± 0.2 13.3 ± 0.4 20.4 ± 0.4 0.001 4.5 (4.2, 4.7) 0.001
3.5 4.3 ± 0.2 9.4 ± 0.3 14.9 ± 0.3 26.6 ± 0.6 0.002 10.7 (9.7, 11.6) 0.001
NaCl
0.6 2.9 ± 0.4 6.4 ± 0.2 8.8 ± 0.3 14.4 ± 0.2 0.001 <0.001 -1.5 (-1.9, -1.0) 0.006
0.8 3.5 ± 0.2 7.4 ± 0.2 10.3 ± 0.3 15.2 ± 0.3 <0.001 -0.6 (-1.1, -0.2) 0.031
1.2 4.3 ± 0.3 8.2 ± 0.3 14.4 ± 0.3 22.5 ± 0.3 <0.001 6.6 (6.1, 7.1) 0.001
1.4 5.0 ± 0.3 9.1 ± 0.2 15.6 ± 0.3 24.3 ± 0.3 <0.001 8.4 (7.9, 8.9) 0.001
K
2
SO

4

0.6 3.6 ± 0.2 5.6 ± 0.3 8.4 ± 0.4 14.2 ± 0.4 <0.001 <0.001 -1.7 (-2.4, -0.9) 0.010
0.8 3.8 ± 0.3 6.7 ± 0.3 10.4 ± 0.2 15.3 ± 0.3 <0.001 -0.6 ( -1.1, -0.3) 0.031
1.2 4.8 ± 0.2 7.6 ± 0.2 16.7 ± 0.3 21.5 ± 0.3 <0.001 5.6 (5.1, 6.1) 0.001
1.4 5.3 ± 0.2 8.4 ± 0.3 18.4 ± 0.2 27.5 ± 0.3 <0.001 11.6 (11.1, 12.0) 0.001
K
2
HPO

4

0.3 3.3 ± 0.4 5.7 ± 0.3 8.5 ± 0.2 11.3 ± 0.4 <0.001 <0.001 -4.6 (-4.8, -4.3) 0.001
0.4 4.1 ± 0.3 6.6 ± 0.3 11.7 ± 0.3 14.7 ± 0.3 <0.001 -1.2 (-1.6, -0.7) 0.007
0.6 4.6 ± 0.2 7.5 ± 0.3 15.6 ± 0.3 20.6 ± 0.4 <0.001 4.7 (4.2, 5.1) 0.001
0.7 4.7 ± 0.3 7.4 ± 0.3 17.5 ± 0.3 23.5 ± .4 <0.001 7.6 (7.3, 7.9) 0.001

*- signicance rom 5th-20th day, **- signicance wihin groups, #- signicance beween reaed and conrol culures

by green ligh (OR = 1.4, CI: 1.1-1.7). Culure
sysems show a minor increase in producon in
greenhouses (OR = 1.1, CI: 0.9-1.4) compared
o open sysems. Waer ype reveals enriched
seawaer as mos eecve (OR = 1.6, CI: 1.4-1.8),
while regular seawaer also enhances producon
(OR = 1.3, CI: 1.1-1.5).

Table 3 illusraes various growh
condions aimed a opmizing insulin producon
hrough various carbon sources a dieren
concenraons. Resul shows ha he maximum
insulin producon compared o he conrol culure
at the 20th daywas observedwih glucose a 85.9%
higher han he conrol, ollowed by rucosewih
a 78.3% increase. Galacose showed a 47.2%
enhancemen in insulin producon, while sucrose
resuled in amoremodes17.6% increase.Glycerol

produced he leas impac, wih only an 11.3%
increase in insulin producon compared o he
conrol culure.

Figure3demonsraes heodds raosand
95% condence inervals or insulin producon
across various sugar ypes and concenraons
compared o conrol culures (OR=1). Glucose and
rucose show a srong dose-dependen increase
in insulin producon,wih glucose peaking a 1.5 g
L-1 (OR = 1.8, CI: 1.3-2.2) and rucose a he same
concenraon (OR = 1.8, CI: 1.3-2.0). Galacose
exhibis moderae eecs, wih he highes OR o
1.5 a 1.5 g L-¹ (CI: 1.1-1.9), while sucrose shows
smaller improvemens, reaching anORo1.2 a1.5
g L-1 (CI: 0.9-1.6). Glycerol has minimal inuence,
wih OR values remaining relavely sable across
concenraons, peaking a 1.1 (CI: 0.9-1.4).
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Table 2. Growh opmizaon or insulin producon

Growh Insulin (µg g-1) (n = 5) Mean ± SD p* P** Mean Dierence
condions rom conrol

5th Day 10th Day 15th Day 20th Day culure a 20th Day
(15.9 µg g-1)
Mean (CI) p#

pH
7 3.5 ± 0.07 5.1 ± 0.1 9.0 ± 0.07 13.1 ± 0.1 <0.001 0. 025 -2.8 (-3.0, -2.5) 0.023
8 3.8 ± 0.03 6.1 ± 0.08 11.2 ± 0.1 16.4 ± 0.9 <0.001 0.5 (0.3, 0.7) 0.048
9 4.4 ± 0.07 8.1 ± 0.2 14.4 ± 0.1 19.5 ± 0.07 <0.001 3.6 (3.3, 3.8) 0.009
10 4.7 ± 0.3 9.8 ± 0.1 17.1 ± 0.1 21.3 ± 0.4 <0.001 5.4 (4.6, 6.2) 0.001
11 4.7 ± 0.03 7.4 ± 0.1 11.1 ± 0.2 18.3 ± 0.2 <0.001 2.4 (2.0, 2.8) 0.001
12 4.1 ± 0.1 6.8 ± 0.3 8.2 ± 0.06 19.1 ± 0.2 <0.001 3.2 (3.0, 3.6) 0.001
Ligh colour
Red 4.5 ± 0.4 7.5 ± 0.1 11.2 ± 02 17.3 ± 0.2 <0.001 0.019 1.4 (1.1, 1.8) 0.007
Blue 5.4 ± 0.4 9.1 ± 0.1 15.2 ± 0.2 25.1 ± 0.6 <0.001 9.2 (8.8, 10.2) 0.005
Green 4.6 ± 0.4 8.6 ± 0.3 14.3 ± 0.3 22.4 ± 0.3 0.002 6.5 (6.0, 7.1) 0.001
Yellow 3.4 ± 0.2 6.2 ± 0.2 10.6 ± 0.3 18.4 ± 0.4 0.001 2.5 (1.8, 3.1) 0.001
Culure sysem
Open sysem 2.3 ± 0.2 5.2 ± 0.2 8.3 ± 0.1 16.4 ± 0.3 0.004 0.039 0.5 (0.3, 0.6) 0.005
Greenhouse 4.1 ± 0.2 7.5 ± 0.3 11.3 ± 0.4 17.6 ± 0.1 0.001 1.7 (1.4, 1.9) 0.003
Waer ype
Sea waer 4.9 ± 0.1 7.8 ± 0.2 14.7 ± 0.1 20.5 ± 0.3 0.001 0.015 4.6 (4.0, 5.1) 0.002
Enrich Sea waer5.6 ± 0.1 9.5 ± 0.2 16.7 ± 0.1 25.4 ± 0.3 0.001 9.5 (9.1, 9.7) 0.001

*- signicance rom 5th-20th day, **- signicance wihin groups, #- signicance beween reaed and conrol culures

DISCUSSION

India, wih a populaon exceeding 1.4
billion, has a signiican burden o diabees.
According o he IDF, he counry has one o he
highes numbers o people living wih diabees
worldwide, wih esmaes suggesng over 77
million cases in 2021. This high prevalence o
diabees drives a subsanal demand or insulin,
which is a vial componen in he managemen
o diabees, especially or T1DM and some cases
o T2DM requiring insulin herapy. As awareness
and diagnosis raes o diabees improve, more
people are prescribed insulin, leading o increased
demand. Despie India’s growing demand or
insulin, aordabiliy and accessibiliy remain
signican challenges.Many peoplewih diabees
ace economic barriers oaccessing insulin, leading
o disparies in reamen oucomes.24

Theproducono insulinusingEscherichia
coli (E. coli) has been he sandard mehod since
he 1980s when recombinan DNA echnology
revoluionized insulin manuacuring. This
approach is used o produce large quanes o

human insulin and insulin analogs or diabees
reamen.25,26 However, E. coli-based producon
has is challenges, including high coss, complex
puricaon processes, and sringen regulaory
requiremens.27 As a resul, here is a growing
ineres in nding alernave sources or insulin
producon ha are easier o culvae and more
cos-eecve.

Spirulinahasbeenharvesed or cenuries
by various indigenous culures as a valuable
ood source.28 I is renowned or is rich nurien
prole, making i a popular supplemen and a
key componen in radiional dies.29 Despite
is esablished beneis, i has ye o arac
signican aenon as a poenal source o insulin
producion. Sudies have repored ha blood
glucose,30,31 and HbA1c,32,33 level was decreased
and insulin level,34,35 was increased in human and
animal model by Spirulina supplemenaon. Bu
hese sudies no isolaed and idened any bio
molecules responsible or his reducon glucose
level.

The rs sudy by Sliva et al.36 idened
he presence o insulin in Spirulina maxima;
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Figure 1. Fores plo or odd raos wih 95% CI or insulin producon by media opmizaon culures compare o
conrol culure

however, he insulin levels in hese species were
no specied. Subsequenly, research by Razique
Anwer et al.37 conrmed insulin presence in 16
ou o 23 Arthrospira srains screened. Bu his
sudy evaluaed only eec o media alernaon
or opmizing he insulin producon. Recenly
the A. platensis SPKY1 have been isolaed rom
Ennore esuary shows he presence o insulin
and eigh insulinase amily proein.19 The insulin
producon by A. platensis SPKY1 was 15.9 µg g-1

at 20th day, which is lesser han he S. platensis
(CFTRI, Mysore) repored by Anwer et al.37 In he
presen sudy,A. platensis SPKY1were exposed o
various srain improvemen sraegies o enhance
he insulin producon.

Comparing he resuls o insul in
producon wih he ndings o Anwer et al.,37

on S. platensis (CFTRI, Mysore). We can observe
some parallels and disncons in how dieren
media componens aec insulin producion.
Boh in A. platensis SPKY1 and S. platensis (CFTRI,
Mysore) insulin producon generally increases
wih higher concenraions o various media
componens, demonsraing a dose-response
relaionship. In A. platensis SPKY1, we see a
seady increase in insulin producon wih higher
concenraons o NaHCO

3
. Specically, a 17.8

g L-1, insulin producon on he 20th day reaches
25.5 µg g-1, signicanly exceeding he moher
culure. Maximum insulin conen (5.6%) wih
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Table 3. Opmizaon o insulin producon by various concenraons o carbon sources

Carbon Insulin (µg g-1) Mean ± SD p* p** Mean Dierence
source rom conrol
(g L-1) 5th Day 10th Day 15th Day 20th Day culure a 20th Day

(15.9 µg g-1)
Mean (CI) p#

Glucose
0.5 4.4 ± 0.2 7.3 ± 0.2 11.7 ± 0.2 18.1 ± 0.3 <0.001 0.001 2.2 (1.4, 2.8) 0.006
1.0 5.4 ± 0.2 9.3 ± 0.3 16.4 ± 0.1 22.4 ± 0.4 <0.001 6.5 (5.5, 7.4) 0.001
1.5 8.4 ± 0.1 12.5 ± 0.1 23.3 ± 0.3 29.4 ± 0.3 <0.001 13.5 (13.2, 13.9) 0.001
Frucose
0.5 3.5 ± 0.1 6.3 ± 0.2 10.3 ± 0.1 17.2 ± 0.2 <0.001 0.001 1.3 (0.7, 1.9) 0.011
1.0 4.7 ± 0.1 8.5 ± 0.2 15.0 ± 0.2 20.5 ± 0.2 <0.001 4.6 (4.1, 5.0) 0.001
1.5 7.3 ± 0.1 11.6 ± 0.2 19.3 ± 0.1 28.4 ± 0.3 <0.001 12.5 (12.2, 12.8) 0.001
Galacose
0.5 3.5 ± 0.2 5.5 ± 0.2 9.5 ± 0.3 16.6 ± 0.3 <0.001 0.001 0.7 (0.2, 1.6) 0.049
1.0 5.3 ± 0.2 8.0 ± 0.2 13.6 ± 0.2 18.7 ± 0.2 <0.001 2.8 (2.1, 3.4) 0.003
1.5 7.2 ± 0.2 10.4 ± 0.1 17.5 ± 0.3 23.4 ± 0.2 <0.001 7.5 (7.2, 7.8) 0.001
Sucrose
0.5 3.3 ± 0.1 4.3 ± 0.2 10.4 ± 0.2 16.6 ± 0.2 <0.001 0.264 0.7 (0.2, 1.3) 0.029
1.0 3.7 ± 0.1 5.1 ± 0.2 12.5 ± 0.3 17.4 ± 0.2 <0.001 1.5 (1.0, 2.0) 0.006
1.5 3.5 ± 0.4 5.4 ± 0.3 13.7 ± 0.3 18.7 ± 0.3 <0.001 2.7 (1.9, 3.4) 0.004
Glycerol
0.5 3.5 ± 0.2 5.7 ± 0.2 11.4 ± 0.2 16.1 ± 0.4 <0.001 0.490 0.3 (-0.1, 0.6) 0.094
1.0 3.6 ± 0.2 5.4 ± 0.4 12.4 ± 0.2 16.7 ± 0.2 <0.001 0.8 (0.3, 1.3) 0.020
1.5 3.5 ± 0.3 5.6 ± 0.3 13.3 ± 0.2 17.7 ± 0.2 <0.001 1.8 (1.2, 2.4) 0.005

*- signicance rom 5th-20th day, **- signicance wihin groups, #- signicance beween reaed and conrol culures

180 mM NaHCO
3
on day 12, was repored in S.

platensis (CFTRI, Mysore) indicang ha insulin
producon increases wih his componen bu
shows adecline afer hepeak poin. InA. platensis
SPKY1 shows ha insulin producon reaches 26.6
µg g-1 wih NaNO

3
, indicang a seady increase

wih higher concenraons. Similarly, S. platensis
(CFTRI, Mysore) noed he highes increase in
insulin conen (22.14%) a 55 mM NaNO

3
on day

12, suggesng ha his compound is eecve a
promong insulin producon. Our resuls show
ha NaCl conribues o insulin producon in a
more gradual manner compared o oher media
componens. A a 1.4 g L concenraon, insulin
producon reaches 24.3 µg g-1. Anwer et al.,37 do
no repor specic values or NaCl, highlighng a
poenal area where our resuls diverge or oer
addional insighs. The producon o insulin wih
K
2
SO

4
appears somewha variable across dieren

concenraons in our daa. A 1.4 g L-1, it shows a
signican increase in insulin producon, reaching
27.5 µg g-1, he highes among all componens.
S. platensis (CFTRI, Mysore) shows increase in
insulin levels o up o 26% wih sulae addions,
reinorcing he idea ha K

2
SO

4
can signicanly

boos insulin producon. Our daa demonsraes
ha insulin producion increases wih higher
concenraons oK

2
HPO

4
, wih amaximumo 23.5

µg g-1 a 0.7 g L-1. Iwas repored ha in S. platensis
(CFTRI, Mysore) an increase o 3.75% in insulin
conen when K

2
HPO

4
was added a 5.5 mM,

indicang hawhile K
2
HPO

4
has an impac, imay

no be as pronounced as wih oher componens.
In his sudy, A. platensis SPKY1 insulin

producion was assessed across various pH
levels, wih he highes producon (21.3 µg g-1)
observed a pH 10.0. This can be aribued o
he opmal enzymac acvies associaed wih
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boh phoosynhesis and respiraon wihin his
pH range.38 Prior research has indicaed ha a
pH o 10.0 osers an ideal environmen or S.
platensis growh and nurien synhesis, resulng
in increased biomass, proein, carbohydrae,
and pigmen producon.39 Presen ndings align
closely wih hose o Abd El-Baky et al.,40 who
noed opmal growh and chemical producon
in S. platensis and S. maxima a pH 10.5. Similarly,
Raqui et al.,41reporedmaximal proein conens
in S. platensis and S. fusiformis a pH 9.0 and 10.0,
respecvely. A sudy has consisenly highlighed
pH10.0 as he poinoopmizaon or S. platensis
growh.42

The daa suggess ha ligh color plays
a signican role in insulin producon rom A.
platensis SPKY1. Across all observaons, here is
a noceable increase in insulin producon when
exposed o dieren colors o ligh over me.
Blue ligh appears o smulae he highes insulin
producon (5.4 o 25.1 µg g-1). This rapid increase
suggess ha blue ligh is parcularly eecve in
enhancing insulin producon inA. platensis SPKY1.
Noably, red ligh resuls in a moderae increase
in insulin producon, green and yellow ligh also
suppor insulin producon, bu o varying exens.
Sudies have ound ha blue ligh enhance he
biomass and proein conen in Spirulina sp.43-45

In conras, a sudy have repored ha spirulina

Figure 2. Fores plo or odd raos wih 95% CI or insulin producon by growh opmizaon culures compare
o conrol culure
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growhwas observed lesser in blue ligh compared
o orange and whie ligh.46

The resuls o he presen sudy sugges
ha a conrolled greenhouse sysem may be
more eecve han an open sysem or culvang
Spirulina or insulin producon. This suggess ha
he greenhouse sysem consisenly produces
higher insulin levels han he open sysem. The
consisen increase in insulin producion in
he greenhouse sysem could be due o beer
environmenal conrol, allowing or opimized
growh condions and reduced conaminaon

risk. A sudy repored ha Spirulina grown in jars,
bags and ponds under greenhouse eec enhance
he biomass and proein conen.47Anoher sudy
shows that S. platensis produced 1.73 g L under
greenhouse eec.48

The sudy invesigaed he impac o
dieren waer ypes on insulin producion in
Spirulina. The resuls demonsraed ha enriched
sea waer led o higher insulin producon han
regular sea waer over he same period. The
enriched sea waer conains addional essenal
nuriens and minerals ha promoe Spirulina

Figure 3. Fores plo or odd raos wih 95% CI or insulin producon by various carbon sources reaed culures
compare o conrol culure
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growh andmeabolic acviy, leading o increased
insulin synhesis. In conras, regular sea waer
has a lower nurien concenraon, which may
limi Spirulina growh and hus resul in lower
insulin producion. Similarly, a sudy repored
a large-scale culivaion o Spirulina grown in
sea waer enriched wih NaHCO

3
and FeSO

4

shows he average biomass (10.3 g) and proein
(66.6%)producon.49Anoher sudy repored ha
Spirulina biomass producon was enhanced in
medium enriched wih sea sal (Nacl 40 g L-1). In
conras a sudy did no nd any signican growh
in sea water.50

The producon o insulin across dieren
carbon sources and varying concenraons over
a 20-day period was examined. Across all carbon
sources, he insulin producon generally increased
rom he 5th to the 20th day. This suggess ha he
sysem is responsive o he carbon source and ha
he producon process becomesmore ecien as
me progresses.

Glucose had he highes insul in
producon, especially a hehigher concenraons
reached 29.4 µg g-1, a signican increase rom
he moher culure. This indicaes ha glucose
is a poen carbon source or insulin producon.
Frucose and galacose boh had moderae
resuls. Sucrose and glycerol had relavely lower
resuls compared o glucose, rucose, and
galacose indicang ha hese are less ecien
carbon sources or insulin producon. Research
indicaed ha cyanobacerial growh raes were
boosed by all carbon sources excep lacose.
The highes growh rae o S. platensis occurred
on he ourh day o culvaon when glucose,
rucose, and succinae were presen.51 These
indings are consisen wih previous sudies.
The concenraon o glucose noably impaced
biomass yield, wih C. protothecoides and C.
saccharophila exhibingheerorophic growhand
yielding higher biomasswhen organic compounds
were used as carbon sources.52,53 In conras,
oher sudies ound ha elevaed carbon source
concenraons could inhibimicroalgal growh.54,55

CONCLUSION

The op-perorming Spirulina srains
idened in his sudy, showing he highes levels
o insulin producon, will be seleced or gene

expression analysis and pilo-scale producon. By
examining hese srains, gene expression proles,
we can ideny he specic genes responsible or
increased insulin synhesis, allowing or argeed
genec modicaons or culure opmizaons o
urher boos producon. Pilo-scale producon
will provide insighs ino he commercial viabiliy
o hese srains, helping o bridge he gap
beween laboraory-scale research and ull-scale
commercial insulin producon romSpirulina. This
approach could pave he way or innovave, cos-
eecve soluons o mee he growing demand
or insulin, especially in regionswih high diabees
prevalence.
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