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Optimization of Protein Extraction Conditions from Spirulina (4rthrospira platensis) by

Microbial Fermentation Using Response Surface Methodology

Ji-Sun Choi

Department of Food Science and Technology, Graduate School,

Pukyong National University

Abstract

The global population continues to grow at an alarming rate, creating significant challenges in
maintaining a sustainable and sufficient food supply to meet rising demand. Compounding this
issue are factors such as increasing greenhouse gas emissions, environmental pollution,
ecosystem degradation, and the overexploitation of land and natural resources, all of which
necessitate innovative approaches to food production. Protein, a vital macronutrient, is projected
to become increasingly scarce, underscoring the need for alternative protein sources and more
efficient production technologies. Marine biomass has emerged as a promising resource for the
future due to its low greenhouse gas emissions and high nutrient density. This resource category
includes all marine organisms that can be harnessed for various applications, with microalgae
such as spirulina (Arthrospira platensis) standing out due to their exceptional nutritional profile
and versatility. Recent research has focused on optimizing the extraction of key components
from marine biomass. Microbial fermentation has proven particularly suitable for large-scale
and industrial applications. This study aimed to optimize the microbial fermentation process to
extract protein from spirulina effectively and to evaluate its viability as an alternative protein
source. Using response surface methodology, the fermentation conditions were optimized to
enhance protein yield. The selection of strains and media that facilitated high protein extraction

was followed by single-factor analysis and a Box-Behnken design to refine fermentation

-viii-



parameters. The model demonstrated high reliability, with an R? value of 0.9900. The optimal
conditions identified were a fermentation temperature of 35.39°C, a fermentation time of 24 h
2 m 24 s, and a microbial inoculation rate of 4.275%. The composition and amino acid profile
of the spirulina protein extract (FSP), produced via microbial fermentation, were compared with
those of untreated spirulina (unFSP). Results revealed a higher concentration of essential amino
acids (EAA) in FSP. Electrophoresis confirmed that FSP contained proteins with lower
molecular weights. Additionally, FSP exhibited significant antioxidant activity and higher levels

of phenols and flavonoids, demonstrating its strong potential as an alternative protein source.
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Aol AR A FE v B2Vl (Uijeongbu, Korea)oll A 23] F2] Lt
e T, Aol Bagsko] ARgsklvh A ol ARE-sE7] A el petri dish
(SPL, Pocheon, Korea)ol] 10~ 11 g & A3} 6 h 59+ UVC o ZAF3F3A )

Ao AFEH g4 W AR Trichoderma reesei 2] cellulase (EC 3.2.1.4),
Aspergillus sp.2] viscozyme L (A& 22 w3l @4 =345, alcalase, Bacillus
spp. 2] protease (EC 3.4.21.14), Canca papapya °] papain (EC 3.4.22.2), ¥}l o &
%71 2] bromelain (EC 3.4.22.32), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), Folin-
Ciocalteu reagent, gallic acid, (#)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (trolox), Iron (III) chloride hexahydrate, quercetin, 2,4,6-Tris(2-
pyridyl)-s-triazine (TPTZ), Coomassie brilliant blue, sodium dodecyl sulfate,
acrylamide, < Sigma-Aldrich (St. Louis, MO, USA)°l| 4 %13}l t}. Aluminium
(IIT) chloride, potassium persulfate, sodium carbonate, sodium hydroxide, sodium
nitrite i= Junsei Chemical Co., LTD. (Tokyo, Japan)l| A <] 3} 31 T}

n| A5 752 A% all culture broth (ACB) B %] o] HE3}0] 37127 o A]

242 1 AIRHESE Wl Fsho] A B el ALg-3hSTt



2. 29 F2 Yy aiid 2525 A% A Y

2.1. &84 A2 ¥

2l A2 W o2 = 25 9F 49, homogenizer, 27 F&& AHESI3ITH

\1

2T R B2 10 g 3 FFF 200 mL 2 E£33H0] 5% (wiv%)

Z:-—ﬂ’er‘a]”]' A_Q_o_% Xﬂi‘é}‘}’f‘\‘:} '—%T‘ X%E] }__ &]F/HJ sonication

N

(Powersonic 610, Hwashin, Seoul, Korea 400 W, 40 kHz)?} probe 3 Ej]2]
ultrasonication (Sonics & materials, inc., Newtown, United States, 750 W, 20 kHz) &
AFE-3FA T}, Sonication & Al 7]= ARAF vl Al 2 3k 3 02 A5 10 min
&9+ 22313 AL, ultrasonication < amplitude 40%= 10 min &<+ %] 2] 3} T}
Homogenizer (SHG-15A, SciLab®, Seoul, Korea)s= 10,000 rpm ©1* 10 min 3V
Aglatdth. & A4 F5850°C, 60°C I 5% (SB-1000, EYELA, Tokyo, Japan)
oA 1,2,3h 2% A3 F A4 (10,000 Xg 20 min, 4°C) F A5 A<

32 5ol A ol ALg- 5k,
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Trichoderma reesei, viscozyme L), ¥ 2 -3l § 4 4 F (Alcalase, Protease from
Bacillus spp., Papain from Canca papapya, Bromelain) ©. % Sigma-Aldrich (St. Louis,
MO)o A Fufato] AF-&3FA TH(Table 1). AxE A3 F21}F 10 g ¥ SH5 200
mL & &3+ 5% (Wwv%) S5 AT Fey 78S Az, 3% (W/iv)
v &2 AAste] 2+ §45 H71ekeith AAE Table 1.o] wE H 2 pH =
St3=7] $1@l INNaOH, IN HCI & AF8-3Fo] pH & =43} 11, 50°Cell A 2 h &<t
200rpm © % & 4 7kl = A skl vk 71 o] 5ol A G = AIskY] Sl S
100°Cl| A 5 min 7+ %23k 32, 10,000 X g ol 4 20 min 7+ QA 2] & A5 S

Aol A3



Table 1. Enzymes for spirulina protein extraction

Optimal hydrolysis
Enzyme Composition conditions

pH Temperature (°C)

Alcalase Endopeptidase 8.0 50

Protease from Bacillus spp. Endopeptidase 10.0 50
Viscozyme L Hemicellulase 5.0 50
Cellulase fromrie’rez;hioderma Cellulase 5.0 50
Papain from Canca papaya Endopeptidase  5.0~7.0 50
Bromelain Endopeptidase 5.0 ~8.0 50




23. 73 2a U

Bacillus 58] w5 AF&sto] Washs HA ol AuFevte] b
FEota Al skttt o] Ao A protease E/J0] =11, €3 24, biogenic
amine 5 & FAAdo] &Rlsto] A H Bacillus & 7 11 S5 Aol
AF-E-3FA TH(Table 2). 11 52| Bacillus spp.= all culture broth (ACB) HlJ %] <]
HE8ko] 37°Co A 24 h - qk wiFsklth wiFE o A& 5% (wivie) 23] F2 v

T Mol 1% (v/v) A E3t0] 37°CellA] 24 h & <QF 150 rpm O & & v ka3l

jud)
==
o2

o

| Bk atg Ay F ey 292 10,000 X g ol A 20 min 7F QA EE] 3 &

5ol g o) A7 AHgHATh



Table 2. 11 Bacillus strains with high protease activity

No. Strains
MUI Bacillus altitudinis AC11.2
MU2 Bacillus amyloliquefaceins MU2
MU3 Bacillus vallismortis SAB12
MU7 Bacillus velezensis ZY 1
MUI12 Bacillus subtilis MMS
MUI13 Bacillus subtilis HY-88
MU14 Bacillus subtilis ZIM3
MUI15 Bacillus rugosus SPB7
MU17 Bacillus subtilis PEBSB307040301
MU20 Bacillus altitudinis LNPC8
MU21 Bacillus safensis MU4




3. 293 B 23] 0 58 AR % ofs] A B4
3.1. 993 5 & AL
el 2l 5 % = bicinchoninic acid assay (BCA; Pierce™ BCA Protein Assay Kit,

Thermo Fisher Scientific, Rockford, IL, USA)= Cho et al. (2024) 2] ¥+ & W& 5}

37°CollA 30 min b BjFEFA T Synergy HTX microplate reader (BioTek

instruments) & AF2-3t%] 562 nm oA =73 th Bovine serum albumin &

EFEEAE AHgetel B AR 8 BE FAL YYD, oI
R FAS Bgete] AvFele] A F TS 79 F olg o) 42 o) 43
S 2% a2 AAreke )
. L ™ Prsp
Protein extraction yield (%) = x 100

(R X Psp X 10°)

Prgp =% WM 07 A3k Ay Fejy @ d 55 (ug/mL)
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#El ofulnal BAHE AFFHW (MFDS, 20292 AFE AR AP

r&ﬂ of\

ofmj = 4ke] WS A WY ste] X3S TH(Liu et al., 2017). &4 7
AYFU a5 0.5g2 HF5Ho] 70% ethanol £ 25 mL & 7|3t F vl 14| €]
HEE ©]-&5fo] 1 h &<t wHE =31t o] & A5 & 4°Col| 4] 13,000 rpm =
10 min 7+ ¥ A12] (Supra R22; Hanil Scientific Inc., Gimpo, Korea)d}o] o] 2}%]
(No. 2; Advantec, Tokyo, Japan) & ©] ¥}3}= 774 & 2 ¥ REE 5 flat bottom flask ]|
AT FF Zetihde] Bl A de IFUYESFT] (Hei-VAP Core;
Heidolph, Schwabach, Germany)E ©]-8-3}o] 35°Ce|A Aeks=3ste] 0.1 N
Hydrochloric acid (Samchun, Seoul, Korea) 2 mL ¢l <51 % 0.20 wm membrane filter
(Advantec)= o] sttt o E Alg N2 3|4 S high-performance liquid
chromatography (HPLC; Agilent 1260 Infinity I LC, CA, USA)E ©]&3d}o]
2 8 thH(Table 3). HPLC & ©]8-3F fr2obr] =it 4] Al o-phthaldialdehyde

(OPA; Sigma-Aldrich, MO, USA)E ©]&-%F pre-column 5435 X135t &

Ol

S|
ax

M

tRom, EF 92 AAS18 (Sigma-Aldrich)yS AHE-3HSA T,
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Table 3. HPLC condition for the free amino acids analysis of spirulina protein

extraction
Analysis condition
Equipment Agilent 1260 Infinity
Column Agilent AdvanceBio AAA 4.6 x 100 mm, 2.7 £ m
Mobile Phase A: 10 mM NaHPOQ4, 10mM NazB4O7, 5 mM NaNs, pH 8.2
B: Acetonitrile:Methanol:Water (45:45:10, v;v;v)
0-0.35 min: 2% B
Gradient 13.4 min_: 57% B
13.5-15.7 min : 100% B
15..8-18 min : 2% B
Detector Diode Array Detector, 338 nm
Oven temperature 40°C
Flow rate 0.8 mL/min
Injection volume 1uL

-12-



3F Tadd3 T dads et Ba S AT T4 92 dextrose,

sucrose, fructose, 2 2~ © % = protease peptone, beef extract, yeast extract = 417

%l g 3}o 1) 1.5} Th(Table 4; Yoo et al., 2021). ZF 8-, A 4 9L 1% (w/iv%)
FEZ WE Fol 2972 E Wrhskel 5% (whv) 23 Felt 540w

N

%39t} B. amyloliquefaciens MU2 = all culture broth (ACB) vl ] of] 7 %=3} o]
37°Co A 24 h F <k vl ¥ U, v AF 1 S 5% AT T2 L RN ol 1% (viv)

HE ko] 37°CellA] 24 h 5-2F 150 rpm ©. & 1T vl oFakelch, v ko] i i
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Table 4. Selection of carbon and nitrogen sources for media exploration

Sources Media
Dextrose

Carbon sources Sucrose
Fructose

Protease peptone
Nitrogen sources Beef extract

Yeast extract

14-
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Y:bo-i- Z biXi + Z biiXiz + Z leXIX_I

Y = ¢l 5 & H(response)

Xi==HWF
bo = 745~ Al 5~ (constant coefficient)

bi, bi ¥ by = 1. & 28 7| 5= (interaction coefficient)

43. A W5 x4 AF

SYWS FHor AIFIHYE B amyloliquefaciens MU2 =

Tastior, % W oS g @ A5 e ANOVA & o] &3]
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Korea)s}o] o] 74| (No. 2; Advantec, Tokyo, Japan)% o] 2}&}= 274 & 2 ®H W&
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performance liquid chromatography (HPLC; Agilent 1260 Infinity Il LC, CA, USA)=
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Table 5 . Conditions for the free amino acids analysis of spirulina protein

extraction
Analysis condition
Equipment Agilent 1260 Infinity
Column Agilent AdvanceBio AAA 4.6 x 100 mm, 2.7 £ m
A: 10 mM NazHPO,, 10mM Na;B4O7, 5 mM NaNs, pH 8.2
Mobile Phase
B: Acetonitrile:Methanol:Water (45:45:10, v;v;v)
0-0.35min: 2% B
13.4 min : 57% B
Gradient
13.5-15.7 min : 100% B
15..8-18 min: 2% B
Detector Diode Array Detector, 338 nm
Oven temperature 40°C
Flow rate 0.8 mL/min
Injection volume 1uL
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6.2. SDS-PAGE
29 FEy A5 HA 2o R HE st vy il 752 Mini-
Protein BioRad electrophoresis system (BioRad Laboratories Ltd., Watford, UK)=

AFg-3Fo] SDS-PAGE = 43It 7] 952 12% separating gel 2} 5%

o

stacking gel = AF&-3to] A3 WR] S AT AP sto] %138k TH(Cho et al., 2024).
MEZ-S 5X SDS-PAGE HZ &= a3} 4:1(viv)2 vl & =2 Z83laL 100°Co] A
10 #-5< 7FA3FATE 20 uL &) A EE well ol 2 E 110V o4 2h F2F 47

5 AAES AYESItt. 2SS coomassie blue G-250 S 2 AMEtIL

fllo

LM EAHI BE& /= (1:4:5, viviv) & q& ARgsto]l @4 8F3iTth HiQ BluePlus
Protein Markers (A20028; BioD, Gwangmyeong, Republic of Korea)T 10~245

kDa ] A% M glol A 23L st AHEE

mlo

6.3. Native-PAGE

29 FEy A5 H4 202 Hg st AuFE| o] gl 732 Mini-
Protein BioRad electrophoresis system (BioRad Laboratories Ltd., Watford, UK)=
AFE-3Fod Native-PAGE = S 3T 7] 452 12% separating gel ¥ 5%

stacking gel = AF-&-3Fo] A3 WH S A5 W1 3 ko] 7 8513 TH(Cho et al., 2024).

o2
[

=S 4X native-PAGE A& &5 N3 3:1(v/v)Y B &2 315t 20 uL o

AR 2
k=

S well ol 2 $ 110V elA 2h 5 A7) G5 AAEE AP

s

7 -& coomassie blue G-250 ©. % 3 M3} 31 o} M| EAN/ W BH&/5E(1:4:5, viviv) SN &

o

Ab-g-3to]  EAEFSITE HiQ BluePlus Protein Markers (A20028; BioD,
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Gwangmyeong, Republic of Korea):= 10 ~ 245 kDa ] Z=&F WA +3&

A shed) ALgE g,

I

7. 88 AL 2 TAT A9 F o] g FAt3} A S

7.1. DPPH radical 27 4 573

DPPH (2,2-diphenyl-2-picrylhydrazyl) radical 2~ &/ Jo et al. (2023)°]
W e WE@ste] EASHA Y Av R U T g 52 5 dxske] |
mg/mL & 30 23 of] AF2-5} 3t Al & 500 uL ©ll 0.15 mM DPPH (Sigma-Aldrich)
LN I mL & 5t 29 Ao A 30 min 7F BE-S-A1Z1 $, 13,000 rpm o] A

10 min 7+ A4 2] skt At 2] 3 245 9 200 uL = 96 well plate ©f] &3} 3L

AL AL, R TIET SR 1,000 ppm Trolox (Sigma-Aldrich)E  methanol
(Honeywell Burdick and Jackson, Morristown, NJ, USA) ¢l =] A}4-3}%1 ). DPPH

radical 7] 314 & ol o] A 2bA& o] §5ke] AR

DPPH radical scavenging activity (%)

Absorbance of control — absorbance of test
= x 100

Absorbance of control

22-



7.2. ABTS radical 24 84 &%
ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical 2~ &4
Ryu et al. (202009 ®WHS WHYPste] AT A9 Fy @z
=+ DPPH radical &7 &4 Sl AMEHE A3 22 o=
TH|3F T 2.4 mM potassium persulfate 5 Z35H= 7 mM ¢ ABTS (Sigma-
Aldrich)E A %3 & Fal oA 16 h B#3}o] ABTS &Fo] 2 radical & FAJA1Z1
<, microplate reader (Synergy HTX Multi-mode reader, BioTek, Winooski, VT,
USA)E 734 nm oA FFEEF S 3ke] gto] 0.700£0.005 7t ¥ £5F SHT=
34 8k ARG-8ESI L 314 9 ABTS -84 1 mL 2k A & 10 uL & & 35Fo] 6 min 1t
Ao A o] bAoA HEg- & 245 200 pL & F 3l 96 well plate o =535}

=93sit. SANETE NEY 53 FFFE

il

734 nm oA 4=
A3,

o=
of2f AlrtA & 0] 8-5Fo] ABTS radical 2271 B4 & 74ka} Tt

il

T O = 1,000 ppm Trolox (Sigma-Aldrich)E A3} T}

ABTS radical scavenging activity (%)

Absorbance of control — absorbance of test
= x 100

Absorbance of control

7.3. Ferric reducing antioxidant power (FRAP)
FRAP < Han et al. (2017)2] ¥l wel 24 3lth A9 Fu AlRE
DMSO °ll 1 mg/mL & 35°] 31 o #}ato] 413 of] AFE-3} 31 o FRAP €< 300 mM

Acetate buffer (pH 3.6; Sigma-Aldrich)$} 10 mM 2,4,6-tripyidyl-S-triazine (Sigma-
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Aldrich) solution, 20 mM FeCls - 6H,O (Sigma-Aldrich)E 10:1:1 (v/v/v)= 23
A 7o &3 9l 37°Col| A 233t 96 well plate o] 23] F2]u Al 10 uL £}
FRAP €9 190 uL & #53}a7 37°ColA] 30 min 7+ ¥H-8-A1 71 % 593 nm °J| A

FYEE YA SANETOR AR 5P

lo
o
<
7]
o)
il

>
ofo
ol
38
M

A 7} 32 FeSO4 - 7TH,0 (Sigma-Aldrich) & &4 2 sto X445 2/d3st

o

mM FeSO; - 7H,0 equivalents/10pL = YEFU S}

7.4. Oxygen radical absorbance capacity (ORAC)

ORAC <> Zulueta et al. (2009)°] -5 WHsto] LA sl A9 F2u
Al=E DMSO | | mg/mL & *50°]3L o] 3}alo] 0|8ttt 78 mM fluorescein
(TCI, Zwijndrecht, Belgium) % 221 mM 2,2’-azobis (2-methylpropionamidine)
dihydrochloride (AAPH; Sigma-Aldrich):= 75 mM phosphate buffer (pH 7.0)°]] 35
AFE-3FATE. 96 well plate o] 3] F2] L} Al 10 pL 2} 78nM fluorescein 50 ul =
& 3tstar37°Co| A 15 min gF RES- A1 71 %= 25 ul ©] 221 mM AAPH ¢} RE-&-A] At
RESgNo A FFELS FhAh JEE 482 nm 9] o179 49 535 nm <

W20l 0 2 5 min o] d WA 120 min < 37°ColA] =A 3T

dlo
oX,
=
BN
~d
|o
il
>
kil
o
offl
ol
1o,
)
<
n
o
ulf
>
ofo
ol
v
£
i,
1
ni)ﬁ\i
rlo
ﬁ
=R
S
[
aq
B
iy
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% = T Tsai et. al. (2008)°14] AA|E HHS HEslo] F451%]
2y Ry @i F2E2EE Xk SRl 05 mgml 2 o] ARR
AFE-3FS T A& 0.2 mL ©ll 1 N folin-ciocalteu reagent (Sigma-Aldrich) 1mL &

&3tato] AF2-olA 3 min {F WA SFTE 1§, 10% sodium carbonate (Sigma-
Aldrich) 2 mL & &3ka1, 229 H2 o A 30 min 7F W] 3F -, 15,928 xg ol A]
5 min 7+ ¥4 F2]slo] A5 A2 96 well plate ol 200 pL F5+3} 37, 760 nm ©l] A

1A S e
‘—I/1\__E

)
!
2

==
L

EHEE =AU Gallic acid (Sigma-Aldrich) S %+

7.6.F ZZLR ol TF S

T Z2H o= S Tsai et al. (2008)9] WS Harsle] B3
A FYy g FE5EE B A5k TR0 0.5 mg/mL E 50] Al 52
ARSI T A8 S 2Lk Al & 0.25 mL ©fl 5= 1 mL 5% NaNO; (Sigma-Aldrich)
0.75 mL & &38}] A2 oA 5 min 7F WA SFSATE 71 0] $-of] 10% AICI; (Sigma-
Aldrich) 0.075 mL & &3+l A2 oA 5 min 3+ W] $F F, E3t o] IM NaOH
(Daejung, Siheung, Korea) 0.5 mL %! 1 =7 1.175 mL £ 7}k, =39 96 well
plate o] 200 pL =3} th 510 nm oA 53 % 5751531, quercetin (Sigma-
152 3 o%

o},

53|

Aldrich)2 %

2
(QE)/mg = L}eh)

i

=345 #AJSkal, uM quercetin equivalents

32
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8. 54 4

AT AL 3 3] RbEste] st on, Adghe B £ RFHAE
et ok A 33k FAA /F943-& e 7] 91380 SPSS (version 29.0.2.0,

SPSS Inc., USA) ZZ TS AFE-3Fo] ANOVA (analysis of variance) +4]<

T3 =, p<0.05 5=l 4] Duncan’s multiple range test & AF-&3} 31 T}
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ﬂﬂ
Ak
)
)
SH,
e
o
ofo
ok
[»
K
ut
A
v
&V
=z
i
P
e

itk Au Ry G S 93k B A Ay A3 ¢ Il FE FES
v 13k THFig. 1). =8l 41 A& AFEste] FEake W olA F3 FE 9
sonication <= 25.76 + 0.522%, homogenizer °I|X+= 35.46 + 2.234%, probe
& Bl 9] ultrasonication < 90.31 + 1.545%% YEFTH d5-5 A&l &3
A F5250°C, 60°Cell A 1,3,5h A 2] o] off g+ ehei ]l 5 =55 v wak3d

50°Coll Al 1 h <= 61.06 + 0.493%, 3 h el A= 56.70 + 0.859%, 5 h °ll 4] 51.53 +
1.003%% WEFSEAL, 60°CellA] 1 h oll4<= 45.97 + 0.908%, 3 h o] A& 35.84 +
0.656%, 5h ol A<= 31.17 + 1.108% = WFEFRETE. & 2] 4] A 2] B3 5 probe & B 9]

ultrasonication ©] WA F= FFo] 7 E S FQleA Tt Moringa

= FEo] vt A2 52 UEY ouAE AR AY AL = 37

=
=
A%, A= AXHL sk Zo] RE Bho] ARH Ao ek

(Zhou et al., 2021).
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Fig. 1. Change of protein extraction yield from spirulina according to the

treatment methods
A; sonication, B; homogenizer, C; ultrasonication, D; 50°C, 1 h, E; 50C, 2 h,
F; 50C,3 h, G;60C,1h, H; 60C, 2 h, I, 60C, 1 h. Values with different

letters indicate significant differences at p <0.05 using one-way ANOVA.
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12. &4 AYE AR 29T B 25

2 Aol A4 = proteases (alcalase, microbial protease, papain and bromelain) 2}

2

1] A

rlr

cellulases (cellulase and viscozyme L)7} A~ 3] F2| 18] @iz =& &

(o]

]

[e]

rlr

1o
A ol

o
o
DX
i

zAbSRe T 29 e e e FE6) g 5 9l

Fe=o 2 540 H A pH 9F & oA 2h B¢k A 2] 3 An Fgu)

=LY
U

2
)
0}

i)

T55 YER Sl th(Fig. 2). 3ZZ 2 H| o} A Q] alcalase, microbial protease, papain,

X"
o

bromelain <= 37.96 = 0.385%, 34.88 £ 0.806%, 28.38 £ 2.964% “12] 31 20.79 =
1.569% o] a1, M| A=W -3 & 42 cellulase 2} viscozyme L = 212} 8.59 £ 0.688%,

9.19 = 1.024%% YEFST}. Chlorella vulgaris 9|~ & 2 S35t of alcalase 2}

s
flo
koj
P~
il
>
ofo
ol
9
i
[lo
A%
=
X
o
a
b
fifo
o
J |
rO
=
iy,
il
rlr
rie
[-'O
4
2
>
kit

A Y A E AdHZ g3 sta A Tl fefatr] witol] @ FE FEo]
=7 YERE A 0 2 A} 5 ¥ TH(Verdasco-Martin et al., 2019). 5=}, Cellulase 2} &2
Al el Bao] A, TR ohE ol A B e Wl v, S A,
AR 584 5 H3st Alx xR Qe = @ =5 g9t

2
ot
iy
e
Y
o
Hl
A
o
it}
P
an
o
o
[
9_’.
l\.)
S
N
N
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Fig. 2. Change of protein extraction yield from spirulina according to the treatment
with different enzyme
A, Alcalase; B, Protease from Bacillus spp.; C, Viscozyme L; D, Cellulase from
Trichoderma reesei; E, Papain from Canca papaya; F, Bromelain. Values with

different letters indicate significant differences at p <0.05 using one-way

ANOVA.
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13,005 $ES S9 Av S gud 23
A7 9 Bacillus % 5= 29 F 2 ] A starter 2 485k A9 F2 L
3). B. amyloliquefaciens MU?2 o7} 60.35 +

Fig.
2.102%% 7 =2 A = 55 UEFS O, 54.61 + 1.453% < Bacillus

g

w2
g
%
o
4

(T
2
il
i
rlo
Sy
o
o
W
:‘l
o
N
3
I
rlo
o
e
4
o
ro
Ml
N
rlr

#5042 strain o 02} 23] F2] @l o] F3 4ol ol 7} Yz A S
213}t B, subtilis 2] 73-F strain ©f W} A¥] F2jv; gl A ==

<
T

W3} 7} 49.02 £2.263 ~ 53.53 £2.009 = 7} & W3S vpEbu) o] 28k A=
u]

o
0,

22 FolH 2t strain of| e} A AFSk= 48] &4 of] xpo| 7} g el wiiE <l
2 AFZE 2 AT e 3 B el el H strain o] THE 79
ool b A3 sk Slith(Mawadza et al., 2000). B. amyloliquefaciens &
Gl 7FR 3l E 1S neutral protease & U2 A4S = Q1= v AER
ayAog  Fysiy, Az i wwdS  JElol=s)

ofm| Ao 2 FEE dwA == 8-S A S 7HA H th(Zalila-Kolsi et al.,
2023). &3}, B. amyloliquefaciens 7} § 2}t neutral protease + T3 2 7} 5]
Bk olye} Vs HEtel= AR Ylojsta nH-I7EA] AlsE Akl

7hs st A o7 e 4 ) th(Wang et al., 2016; Zhang et al., 2022).
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Fig. 3. Change of protein extraction yield from spirulina according to the various
microbial fermentation
A; Bacillus amyloliquefaciens MU2, B; Bacillus altitudinis AC11.2, C; Bacillus
altitudinis LNPCS, D; Bacillus subtilis MMS, E; Bacillus subtilis HY-88, F;
Bacillus subtilis ZIM3 G; Bacillus velezensis ZY 1, H; Bacillus rugosus SPB7,
I; Bacillus subtilis PEBSB307040301, J; Bacillus vallismortis SAB12, K;
Bacillus safensis. Values with different letters indicate significant differences at

p <0.05 using one-way ANOVA.
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=
o]l 7hk A YElth 9E, 99 53, ultrasonication = ©]

23 FEt WA FE W 7|2 2 elbe] B okl ieite) F3e

Z}7} 3,074.46 mg/100 g, 548.81 mg/100 g, 145.88 mg/100 g, 37.59 mg/100 g © =
ekt e st A Fe urt B vlal 81.79 v, 7HE © e A FE 80
3 SXH ultrasonication ©f] H] 3l 25.39 vl 3£ Z1& eIttt =& 50 I

2

olu| AR TFEA Wl do] FQ3F QAR KB IY I 9 TH(Vieria et al., 2018).
=5 A FF A A A 24 o o] 5l valine, isoleucine ¥ leucine =

E ek A 4] o} ] Ak (Branched-chain amino acids, BCAA)+ % & & A3

okl 2 == W o A 1,499.57 mg/100 g, D FE 2 AFE-5F W o A = 144.87

O:

~

mg/100 g, ultrasonication = A&t ®WH 3} 7]E0] AnFEo] dheke 717
31.61 mg/100 g, 12.80 mg/100 g &% UG st AT F 27} BCAA 3 &

Hlal 117.15 ¥, 718 @& 3% =80 4 ultrasonication ©f H] 2l 47.44 wj
o e AT daske A nAEe] ofn|xA FA AEE

#2794 3}sto] BCAA ¢F Aspotr|indte] Frhstttal e gl=dl, 1 F oA
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BCAA (leucine, isoleucine, valine)= pyruvic acid 7 =, & 0}u] = 4F-2 aspartate
BEE @Agste] 24 2d ¢ oif 559 AR oprxAr LR E
S 7FA1ZItH(Wang et al., 2022; Zalila-Kolsi et al.,, 2023; Wang et al., 2019).
Ultrasonication &] 7d-¢-, @2 F& +5 =X 228402 A X & 933
B, A= 94 AR5 2493kekA] o471 wiel BCAA ¢F grofbn| ik

Z& ofn| wAke] ghEFo] SUFelA] ¢S A O 2 AlE E Uh(Parimi et al., 2015).
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Table 6. Composition of free amino acids of spirulina according to different

extraction methods

Free amino acid

(Ma/100) unSP” FSP WSP USP
Aspartic acid 74.4300% 1502.0093% 356.7009° 144.5561°
Glutamic acid 102.4745° 2038.5518% 424.1910° 193.4398°

Serine 5.1953¢ 47.0255% 32.7705° 11.8467¢
Histidine 3.8739¢ 157.8527% 33.0090° 7.8306°
Arginine 12.5824¢ 1204.2726% 69.5823° 28.4026°
Glycine 4.3289¢ 51.0659? 26.0762° 9.0885°
Threonine 6.0795¢ 66.8989° 32.6124° 13.9429°¢
Alanine 12.6143¢ 656.7643% 162.4055° 50.0083°
Tyrosine 6.3517¢ 159.7420% 72.4024° 22.0795°

Cystine 25.9483¢ 2150.3005° 407.3906" 113.5570°

Methionine 5.2622¢ 318.9238% 86.3993" 15.9087°¢

Valine 2.7307¢ 274.8505% 47.6061° 10.4011°

Phenylalanine 5.82401 417.6294% 82.2816" 23.5348°

Isoleucine 6.0671¢ 469.3999* 33.1628" 11.8646°

Leucine 3.9981¢ 755.3185% 64.1031° 9.3424°¢

Lysine 3.75344 613.5888* 169.6338° 53.0558°

Total 276.3191¢ 10,884.1944*  2,100.3275" 718.8594°

D The different superscript lowercase letters in the same row indicate significant

differences (p<0.05).

* unSP, untreated spirulina; FSP, fermented spirulina; WSP, water extraction spirulina;

USP, ultrasonication spirulina.
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A 3}7} Fig. 4 o] th. §491 21 dextrose, sucrose, fructose &= Z}Z} 49.957 + 0.870%,
44.058 + 0.529%, 48.117 + 0.928% % FEF%EIL, A A 919] protease peptone, beef

extract, yeast extract = Z}Z} 61.147 £ 0.144%, 62.587 + 0.461%, 65.173 £ 0.609% =

Vel 71 5 80 T2 1A = 1% (W/iv%) 2] yeast extract O = Q15131 T

S ThH(Spinola et al., 2024; Pérez-Alva et al., 2024).
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Fig. 4. Change of protein extraction yield from spirulina according to the various
media used in fermentation
A; Dextrose, B; Sucrose, C; Fructose, D; Protease peptone, E; Beef extract, F;
Yeast extract. Values with different letters indicate significant differences at p

<0.05 using one-way ANOVA.
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0

30 BT BAEE o] 8% AN} il 228 99 TE
A x4 8

3.1. Single-factor %4

AuF2 el B, amyloliquefaciens MU2 °] # 2 g 715 AAst7] 9l
RSM & AH&-3F3 o, 7} 5wl ol t gk } 9] & A A 817] 913l A single-factor
TAS st A 5 & PS8 RSM = AFE-sto] HA 215

EEHHAATES 0O B AT B B LECC), BE

Aot a5 o @il =5 52 35°C7) 70.611%% Ve
Fold o7 =9kom, 25°Co A= 63.923%= 30, 35°Ce] H] &) -2 4 0 2 vk
Z& 23k th(Fig. 5). W& Al 24 h oA T E A A FEve] g
FZ 580°] 70.611%= 6 h 9 12 h o] v]& F2] 8 0= &£39kom, 30 h o]
% 580] 66.304% % 524 0 7 A UEF tH(Fig.

_ir
5). 1 AF 0l gel whE Gl 35 FEL 4% 4 71472%E 7HE Eoko
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S AN WA LECO), W AR, # AE HE0HT FARSE

AFE-3F= o] f-AFSHH(Hu et al., 2016; Wang et al., 2024).

-39-



(A)

~
n

§, a a
= 70 b
=
- .
5 654 o
z d
=
= 60+
%
“
=
.§ 55-
=l
=
50 Ll 1 1 Ll 1
25 30 35 40 45
Fermentation temperature (°C)
(B)
75

704

654

60~

55+

Protein extraction yield (%)

50 Ll Ll L) Ll 1

Protein extraction yield (%)

Rl T T T T

1 2 3 4 5
Inoculation rate (%)

Fig. 5. The yield of protein extraction of spirulina fermented with Bacillus
amyloliquefaciens MU?2 according to various single factor
(A) fermentation temperature (°C), (B) fermentation time (h), (C) Bacterial
inoculation rate (%). Values with different letters indicate significant

differences at p <0.05 using one-way ANOVA.
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3.2. Box-Behnken Design = %3t A3 F2|ye] ity HA3 &2

A FEo] Gl =Zof tst B, amyloliquefaciens MU2 ©] Wa Z71-&
HA g st7] Y3l single-factor A S Z|Hto R 7} RSO FES
A3t o, o5 24zt 1,0 2 1 2 F 5318 th(Table 7). W& 25, 30°C,
35°C 3 40°C, "¢ A17F18h, 24 h " 36 h, o A1E ¥ & 3%, 4% 2 5% = 212t -1,
0,+1 = A 33t

RSM-BBD £ o|&3lo] H2# g x5 HAAsty] 9la) dAd A3 =4S

(L
I

Table 8.9} o, 5 A9 SeMN)e SHAT] 5k 371 2 T H oA 9

3152(Cp) 5 3 ol whe} % 17 7 (N=2k(k-1)+Cp) 2 A 7 3} A TH(Table 9).

41-



Table 7. Experimental range and level of independent variables designed to

optimize the fermentation condition of protein extraction from spirulina

Single factor -1 0 (center point) 1
Temperature (°C) 30°C 35°C 40°C
Fermentation time (h) 18h 24 h 30h
Inoculation rate (%) 3% 4% 5%
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Table 8. Experimental design of independent variables for developing the

optimized condition using Box-Behnken Design

Independent variables

No Temperature (°C) Fermentation time (h) Inoculation rate (%)
1 30 24 5
2 35 24 4
3 35 24 4
4 35 24 4
5 35 18 3
6 40 24 5
7 35 24 4
8 40 30 4
9 35 18 4
10 35 30 4
11 40 18 4
12 40 24 3
13 30 24 3
14 35 30 3
15 35 18 5
16 35 24 4
17 35 30 5
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FATF No. 7 (Xi, 35°C; Xa, 24 h; Xs, 4%) 2]

S

z2 44
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2

=4

I 2 %} 3] AWE A4S Table 10 o YEF O,

317] 913

s}
o}
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Table 9. Box-Behnken Design of independent variables and response values

(predicted and actual value)

Independent variables Predicted value  Actual value

No. X,V X X; Yield of protein extraction (%)
1 30 24 5 68.702 68.427
2 35 24 4 71.385 71.371
3 35 24 4 71.385 71.408
4 35 24 4 71.385 71.234
5 35 18 3 65.906 65.534
6 40 24 5 70.244 70.281
7 35 24 4 71.385 71.659
8 40 30 4 69.248 68.813
9 30 18 4 68.114 68.496
10 30 30 4 65.278 65.155
11 40 18 4 68.508 68.578
12 40 24 3 67.6 67.822
13 30 24 3 64.778 64.688
14 35 30 3 64.54 64.672
15 35 18 5 68.872 68.687
16 35 24 4 71.385 71.118
17 35 30 s 68.142 68.460

1) Xi, Fermentation temperature (°C); X,, Fermentation time (h); X3, Inoculation rate (%)
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Table 10. The polynomial equation derived from the Design-Expert program

based on the various fermentation conditions for spirulina protein extraction

Dependent variable Second-order Polynomial Equation

Y="71.358+1.091X,-0.524X,+1.642X;
Protein extraction yield (%) +0.894X,X,-0.32X,X5+0.159X,X3-1.316X >
-2.282X,%-2.238X5?

1) Xi, Fermentation temperature (°C); X», Fermentation time (h); X3, Inoculation rate (%)
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Table 11. ANOVA for the analysis of variance and adequacy of their quadratic

model
Protein extraction yield
Sum of Squares  Mean Square F-value p-value
Model 92.8 10.31 76.91 <0.0001
significant
X1 9.52 9.52 71.03 <0.0001
X 2.2 2.2 16.41 0.0049
Xs 21.58 21.58 160.96 <0.0001
X1 X2 3.2 3.2 23.85 0.0018
X1 X3 0.4096 0.4096 3.06 0.124
XoX3 0.1008 0.1008 0.7519 0.4146
Xi? 7.29 7.29 54.36 0.0002
X2? 21.92 21.92 163.53 <0.0001
Xs? 21.09 21.09 157.28 <0.0001
Residual 0.9385 0.1341
Lack of Fit 0.7722 0.2574 6.19 09552
Not significant
Pure error 0.1662 0.0416
Cor Total 93.74
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20 A3 & FRlatr] 918t 3] 7134 A 7= Table 12 o YEFHTE $5
W g=of th3l quadratic model & A3 @A F&F 582 A R2 g
0.9900 ©. = UtERRtTh BHC] R? gho] 1 o 7T S
Atolof| 4] & i a A& YR = B oA ARy ald 5 S8 S
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flo
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&
TH(Jeong et al., 2022). Coefficient of variation (¥ 7| 7) &= TS5 ol 4 10

mlukel Ao Ve A a4 Qi FEelS 91519 ChPark et al., 2021),
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Table 12. Regression analysis for the quadratic model

Sum of square Evaluation values

Standard deviation 0.3622
Mean 68.6120

Model degree Quadratic
Coefficient of variation 0.5337
PRESS 12.6023
R-squared 0.9900
Adjusted R-squared 0.9771
Predicted R-squared 0.8656
Adequate precision 24.3849
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Fig. 7. Comparison of predicted and actual value for yield of protein extraction.
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Table 13. Optimized model of fermentation condition to increase the yield of

spirulina protein extraction

Independent variables Numerical optimization model
Fermentation temperature (°C) 35.39
Fermentation time (h) 24.04
Inoculation rate (%) 4.275
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Table 14. Validation of the optimized model on the yield of spirulina protein

extraction
Dependent variables Predicted value Actual value
Protein extraction yield 71.823 71.797 + 0.662 9

Y Each value is mean + S.D (N = 3).
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8l
FEE e v debth 53, e e H4 200w

-+

Hast A0F2uk(74.286 0.513%)°] LE(70.059 = 0.295%)°l B3|
FoH oz A et AR & @B S dE0] 6838 £
0.251%, a3 A9FU7F 3417 = 0711%%E =953, o= B
amyloliquefaciens °] protease ¢} 2 HA wH W gigdFoE <l
~F R v gF AdEe] Wet, ©A W udld geFo] Frhshal
sl 0] sheFo] 7haw 2 o7 Alm ¥ UtR(Bai et al., 2022; Zalila-Kolsi et al.,
2023; Zhang et al., 2022). Bacillus 7t55 AF§3to] Wa & Fubdd 3hgko)

Z7h8ha W5 5 E Fao) Frastths UE Aol A K AR Ao} ek

& &213}5 th(Chen et al, 2010; Teng et al., 2012; Gao et al., 2013).
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Table 15. Comparison of proximate compositions of spirulina

% unESpPY FSP t-test p-value
Moisture 4.153+0.4452  5988+0.364 5.525 0.780
Ash 7.218+0.141  9.206%0.273 -11.226 0.178
Crude protein ~ 70.059+0.295  74.286+0.513 -12.125 0.198
Crude lipid ~ 11.731+0.167  7.102+0.754 6.541 0.552
Carbohydrate  6.838+0.251  3.417+0.711 6.455 0.111
Total 100.000 100.000

1) unFSP, not fermented spirulina; FSP, fermented spirulina under optimum conditions.

2) Each value is mean = S.D (N=3).
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AgstA 2 dE ARy HA xdow wadsh AvFYul]
opm| Ao FA S Ve Sl A el obrl eAkS Bl om, e

A= Table 16 o] YERASITE 27 7HA] F72 frelotn|icito] AEH 3 a1,
AgetA ek A8 ~vYus 4 zHow W

olu] = Ak $FekS- 7171 429.312 4 10,047.98 mg/100 g ST H 5= ofn] = Ako] 73 -9-

fol
o
[
o
i
)
=
1o
Jo
Ak

HA zror Tast Ay Pyl A {2 opn Ak ghek2 5,585.715
mg/100 g & AHetA & 9= 29 F2rt (55.019 mg/100 g)X.th 101.5 vl
=Skt}. 1 5ol A alanine, glutamic acid, proline ¥} 7+0] A~ B S 8HE 9=
ofbu] AR FAksl B4 7 22 e E4 S48 7R 2 S th(Kurt et al., 2023;
Moayedi et al., 2017). Alanine, glutamic acid, proline ¢ 3% WH3}& 23 o
Ak &2 dEANME ZhZE 31.381, 237.522 mg/100 g, proline A+

AZE A FkAIRE, & A 230 W a st AvFeubel M = 2H 620.459, 290.772,

449.789 mg/100 g ©. = F7tato] HZA o2 g sk AvFerfe] 3Aks)

245} 2o Qe BY S0 SR A0E e FETh 5P Fohe Bl

12

=]
=

o

Ao =2 5% B-amino isobutyric acid (BAIBA)Q} Al7d o] ¢k 2 7]
S XA} 7] = y-amino-n-butyric acid (GABA)+= A 2] 5}A] ¢ & oA HAEH A
AuATE, HA o w dra sk Av R M = 22t 309.697, 63.214 mg/100

g © 2 YEFSTH(Diez-Gutiérrez et al., 2020). 2] oFv] =4k 415 A3}, 24

Q0% WES AuFUt AsA G AFel uld B obv]weat
Fepol £ 202 Uehaa, 75 4o wol Fi-Hlo} 9lof A F2] A v
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A gepe] btk o

o}

Hr

1213} %) th(Dajanta et al., 2011).
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Table 16. Free amino acid compositions of unfermented spirulina (unFSP) and

spirulina protein extracted by fermentation (FSP)

Amino acids
(mg/100 9) unFSP FSP
P-Serine 39.613 558.259
Taurine 10.756 ND
PEA ND 224.064
Aspartic acid 10.918 76.754
Threonine” 6.525 92.654
Serine 7.951 11.725
Glutamic acid 237.522 290.772
a-AAA ND 96.015
Glycine 7.432 320.222
Alanine 31.381 620.459
a-ABA ND 224.892
Valine” 8.845 886.028
Cysteine ND ND
Methionine” ND 277.358
Isoleucine” 8.467 720.669
Leucine” 12.695 1,919.278
Tyrosine 6.825 ND
Phenylalanine” 11.463 1,028.016
B-Alanine ND 228.268
-amino isobutyric acid ND 309.697
y-amino-n-butyric acid ND 63.214
NHs-N 10.33 272.03
Ornithine ND 716.108
Lysine” 7.024 549.022
Histidine” ND 112.69
Arginine 11.565 ND
Proline ND 449.789
SIEAAY 55.019 5,585.715
> NEAA 374.293 4,462.265
TAA 429.312 10,047.98

1) EAA, essential amino acid; ND, not detected; NEAA, non-essential amino acid; TAA, total
amino acid.

* Essential amino acid
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( A) Albumin unFSP unFSP FSP  FSP (B) Albumin unFSP unFSP FSP  FSP
M Lanel Lane2 Lane3 Lane4 Lane5 M Lanel Lane2 Lane3 Lane4 Lane5

75 kDa 75 kDa
60 kDa 60 kDa
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35kDa 35kDa
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<10 kDa ~5 kDa

Fig. 8. (A) SDS-PAGE, (B) Native-PAGE analysis of protein fractions from
unfermented spirulina (unFSP) and optimum condition fermented
spirulina (FSP)

M denotes the protein molecular marker (10~245 kDa).
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DPPH &t Zt AA 52 T2 53t free radical = A A7) AL &

A& o] FHA free radical ©] 2~AYE dEE
o] &3ttt (Jung & Jung, 2024). HZ ZHo =z wrgdt AvFE el 7]E9]
2932 o] DPPH &) Z &7 %S Fig. 9A o YERITE 4 o=

g sk AgFEeyel 7]E9 AV FEUe Z) 40.162 £ 1.469%, 20412 +

1.116%°.%2 H & o7 wadt AuFeurl #2924 02 v =4 Yelstth

ABTS 2}t] Z- 4~ A 52 ABTS = potassium persulfate &= AHSHA] A A4 /4d ¥ ABTS
Fol2 ghr)Zho] A 5 o] &Atst =4l ol ofsf ghelo] ¥ = e e]E o] & Fh(Re
et al, 1999). 7]&9 Ay FeEiel HF Fxo=w wast A¥Fy
F-E A 25 9] ABTS 2h] Z 4752 Fig. 9B ol YER Itk A3 F2uhe) 3 4

g3k A9 S ABTS 275> 212} 10.185 + 0.126%, 19.350 +
0.487%% A xHow Wgd AuFurt FoHo = FA4 yERth

A= 55 Tas Aol E 9E g @do] Frtsks ool
FrAbst 71 0 2 YEFSTH(Dai et al., 2017).

FRAP 3¢5 A& Ul &4ksl E4e) o3 Fe-TPTZ 7} Fe'-TPTZ =
g95= dgE o] &3 TH(Griffin & Bhagooli, 2003). & Z3}d A3 F2jve}

7129 A3 F2 9] FRAP 8952 Fig. 9C o YelIth H 4 o=

WEs AgFEguer gixzdo] ZF 16.629 £ 0221 mM FeSO; - 7H,O
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equivalents/10uL, 3.588 + 0.464 mM FeSOs - 7H,O equivalents/10pL = # 4
Ao E Bgs A FYYIL FY Ao ® A vEE T ol s A3 EE
gst AFeAE ast Wo]l FRAP #|so] Frtste Aol
A8 th(Dey & Kuhad, 2014).

ORAC +2 % peroxyl radical generator *l| 4] =% peroxyl radical o tf

H7tsto] @itz EA-S S35k A olth(Kwon et al., 2019). 24 270 =
a sk Av eyl 7]Ee] AvFEte] ORAC &4 A+ Fig. 9D 9
LERATE 71E 9] A9 321t ORAC &4 4 3= 47.952 + 0.690 uM trolox
equivalents/10 pL o] 31, & A o2 ¥rg ot Au]Feuo] A gk 290.81 +

1.080 uM trolox equivalents/10 pL ©] &/d S LR SlTh.
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9. Comparison of antioxidant activities of between unfermented spirulina

(unFSP) and optimum condition fe

rmented spirulina (FSP).

DPPH (A), ABTS (B), FRAP (C) and ORAC (D). ** p <0.005, *** p <0.001 ;

an independent t-test comparison of different two samples (unFSP, FSP).
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Ao dAakst 4 T2 A, T4 FojA W 55 Aol EAR
2hg-3 e SA SR Q& FAakshAl o eS8kl 3l th(Kaur & Kapoor, 2002).
HA oz Tast A9FEust 7|E A9 FEite] gt A3 Fig
10A o] YEF QT ZF A3 gk 7)E 0] AT ubE= 4.20 + 0.286 pg GAE/mg,
HAA 2AAEe A FE=953+0343 ugGAE/mg = 4 27 o= vk 3k
T 2 = Yebst. ol et Ay= Wa st kinema 7f

o
o
g o R 5 vs ko] Srbekl v Boardk vlel A 2] 5131 th(Moktan

ETtE o) EE AR 07 Fo] BAste dAEmAY 7 & AF SR I,
ol 5 W AEsSHH A S 71X a1 ltiJohn et al, 2014). H & Ao
D a st AuFeubel 71E8 ATt F et o] & EF- Fig. 10B ©ll
e o A9 Feu &4 dh g a o 2t o] 2h2E 12.89 + 0.962 pg QE/mg,
4.00+0.000 ug QE/mg 0. & H A Ao 7 g st ~Avu Ty} o207 &7
LEFSE T}, o] 2 3t A 3= Citrus reticulata 742 -2 (CRPP)S W a s Ao A &
#HA x7oF Wadk CRPP o] WashA] ¢ CRPP R} F ZEfH o=
greFol btk Bk 213 fAbeE Z1E ghlek 3l th(Mamy et al., 2024).

o/l FAitst &4, T dv 9 EENol=S AiE TR,



AL ol A A | A shekEo] kst adE SXIA 7= 7] o8kl AL,
o] ¥ gk ¥ 5= DPPH, ABTS, ORAC, FRAP & TheFst @aks) Al§l o)A &4 &
T3t 7= A o2 &2l ¥ 2 th(Guilherme et al., 2020; Wolosiak et al., 2021; Xu et
al., 2024) o|2j3t A3} = Lactobacillus plantarum © % WE3F A3 F2 7}
TPC 7} 320%, B4t st 274 0] 79% 57tok A 3} & A9 A3} A Al o=

LFEFSETH(de Castro et al., 2019; Masten et al., 2021)
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unfermented spirulina (unFSP) and optimum condition fermented

spirulina (FSP).
TPC (A), TFC (B). ** p <0.005, *** p <0.001 ; an independent t-test

comparison of different two samples (unFSP, FSP).
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