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Abstract: To explore the effects of various pretreatment methods on the extraction, separation, and processing properties of
Chlorella protein, freezing, freeze-drying, and spray-drying were applied. Proteins were subsequently extracted by high-
pressure homogenization and separated using chitosanase combined with ethanol precipitation, followed by determination
of extraction yield, purity, amino acid composition, and molecular weight distribution. The protein isolates underwent dif-
ferent storage conditions-refrigeration, freezing, hot-air drying, and freeze-drying-after which their functional properties
were evaluated. Results indicated that spray-drying significantly improved the protein extraction rate to 67.3% (ethanol con-
centration was 80%) and increased purity to 48.8% (ethanol concentration was 50%), outperforming both freezing and
freeze-drying while better preserving RubisCo and essential amino acids, with total amino acids reaching 74.8% and essen-
tial amino acids accounting for 40.8%. Refrigerated storage resulted in superior functional performance, yielding an emulsi-
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fying activity index (101.4 m%*g) 3.4 times higher than that of whey protein, along with significantly improved solubility

(52.9%) and foaming capacity (137.5%). These findings demonstrate that spray-drying enhances extraction efficiency

through effective cell wall disruption, while refrigeration maintains structural stability, reduces hydrophobic group expo-

sure, and optimizes functional properties, providing a theoretical basis for efficient extraction and industrial application of

Chlorella protein.
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INER#E (Chlorella vulgaris) — ZEXMAR YR
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FE>80%) Wy A IR R W ook L
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B 2 BRIHIR (T8 ) 22 7]; PowerPac™ Basic HLUK
A ARSRAE AT B2 A FR A F 5 1S-2012 BERS AL
A RS AR BRZA W15 L2000 Ss8oikAH
1% (high performance liquid chromatography, HPLC)

£ [E Agilent /A wl; LC-SFJ-10 ¥JFREHL il fi )=
FRPUAL RSB AT BR 2N 75 Paar Physica MCR 302 Jie#%
WAL LEARMAC ) A RS H]; UV2000 5356
D1015- 52 N e (= &R o VR S ) RSN I
12 SWHEE
1.2.1 /NERSEEFURHA TIALEE  /NBREEER R 824 4R
ZAEMIRHE AT T R L R TG . WS )5t
P ERE St BRI R CE B ET—20 C
VRKFE v AT ) ¥R VR T4 (=20 °C VRAR rh TR
12 h, FRE TURTHLIR R TR 48 h) | Wi5s TR (2E
R EE 180 °C, HEXURE 70 °C, FEFE#EE N 1 L/h) .
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1.2.2 CHPE #1 CPI #Jiil$¢ =% Grossmanna %58
BTk, W2 = Fh A B AT 4/ N LUt P el e B
SR 2.5%(m/v) /NEREEER IV pH 2 7. HHE
JEWE#E{Y (Constant Systems) 7E 30 kpsi [ JE 1 %
RN P, 5 E5.0(6000xg, 15 min) W FIgWk, B/
BR ¥ 5 R #E B ( Chlorella high-pressure extract,
CHPE)

1] 40 mL ) CHPE %R s s S E (24 U/
g), THHIRIRH T AE 55 °C IV 3 h, #3Y pH =
8 Jf K W (K N3k 100 °C, 10 min) ., HX CHPE %
W 10 mL IIATC/K LB, T s 2 Hh oK L s
F R BE S 518 33%. 50%. 66% Fll 80%(v/v), T2
& R 1 h J5 8500 (6000xg, 15 min), WEETLIEY)
IEHE 10 mL, BIZRASASIR] Z e BEACHRS A9/ NeR
HE W) (Chlorella protein isolate, CPI)
1.2.3 TYRRECENE  FHEEPIA—E R
By CHPE, 7E 80 °C FH4L 24 h J5846E5L T, TR
PREBCRF TR
(m,-m,)x10

MxV

K m, NERFEMITE, mg; m, LTS 0945
FETE, mg; M 2 10 mL /NERBEE W T, mg;
V SREE#ETh CHPE W4, mL,
1.2.4 FHEE IR ai B K BIRCRAME Bk
#JgkEL . CHPE M CPI H R 11 5T ot et F BV HLAR 53
M (TOC) I, FHliFH 4.44 (U5 WN A EH
Jo B ), B P SRR | 4l A RIS R

TR (%) = x100 = (D

CHPEZ [1/F 4RI (%) = %xwo &£
CPIE [ J 4 (%) = %xmo &® (3
CPI%Efﬁlﬁlq&%(%)z%xloo &®

K my my A mg 4351024 10 mL R/ ER R
# . CHPE I CPI H £ 55 i, mg; mg 2 10 mL
CPI Y15, mg.
1.2.5 AR EENE SESZHIGRER 197
s A Bh e ZL R S A AT I, 435 E 1 mL
CHPE =% CPI ££5 I 5 mL 6 mol/L AJELL, VK
TAEMWK 5 min BRZLES . S5 T 110 °C &g bm
24 h, IFIHEL 200 pL H#EATIEER, FEIILA 1 mL 24
PR IS 0.22 wm I, FAERY
1.2.6 HHBFEsMmlE CHPE 8 CPI HiE
RS T4 i i SDS-PAGE i JFU: H, ik 231

P,

1.2.7 SrFRESAANGE SRR FHEBH ik
M xE CHPE 8% CPI 14T 1434, BUASF IS MR
1 mL, F 0.22 um BERFE 38 T 0550 . WARE
PS5 AN RS R ZEHEAS 12000 B0 AR B, T

A Acclaim SEC 300, il 2§ Ay 24N RS, A0 35
KA 280 nm, AEHECN 25 °C, FRiE N 0.3 mL/min,
FEARER 50 uL, HishAHk pH7.0 BB IR EE 22 ik o
S R o AR UE T 2R (y=—9.4494x+236.39, y:
43T (kDa), x: Bf[E](min), R?=0.9959), iZih<di 1
HA R E 53T i R SR b R UE) SN . X EEhR
HESH ST HRUN | - FELATF(158 kDa), XS ZRIS 2 )5
(42.5 kDa), Sk 3R 1 (44.5 kDa) , 4= 1ML 26 1 R
(66 kDa) .

1.2.8 CPI It K CPI IS IE A= 1%,
2%. 4% (LT, wiv, pH7), 23 BIRFHE (4 °C,
12 h), %% (=20 °C, 12 h)  #EF(50 °C, 12 h) | & T
(=20 °C Wik 12 h, HTFHRTHLFE R T4 48 h) Y
Fop AS TR 0 968 25 AR AR A7 o A UR T BUE T AL B S
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LRI RE o
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1.2.10 FHEAEFEMWEMERZEEENE =%
Lyu & P2 04 Jr i, 43 B 1.2.8 tf PU Rl CPI A£ i
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K Microsoft excel 2016 A/ FHATEIEG TS
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RN SEPEEAREZE (Means+SD)” . SRFHPAN 2
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IS, W5 TR A F A/ NBRBE I A T B I ER
FIB ORI 5 69.5% Fll 67.3%, 5351 L& R T
AL B/ INER B = Y 25.1% FI 15.5%, HGve R T8 1
AEFRAG/INEREE ST 11.7% F1 21.7%. W85 R4l 7E
T AN R BRI B B R L3, HANE]
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Fig.1 Dry matter and protein extraction yields of CHPE
with different pretreatments
TE: AR /NG TR CSRAN TR FUAL B /N ke T B 2

B BCR 22 53 . 2% (P<0.05)

ZINER L5 1 R R R B BBUITAS I B 1 BT SR BBRAR AR
HAI . X AT Re2E sy Tl /NekisE 2 5081
R, G AR S A Y] RSB BRIV TR
TR R R, v AR B b/ T e S U N R A
it 52 B AS [R)RREE A IR LA A/ INER v 2R P Jo s sk e
- 2SR G Y2 2N R P20,

2.1.2 SFEMRA R FHE  WE CHPE e bRl
RSB, S5 HANER 1 B, SRR R TR
FE TR WiALTEAY CHPE WP &R B b5 5 38.1%.
36.2% Fl 45.0%. [FIAF, =Fp 7 Tk ¥4 CHPE
FLTFRIER S E BN 13.1%. 12.7% F11 17.0%,
5 SR A LU 538 34.4% . 35.1% Fil 37.8%.
mi5s TH2H Y CHPE W& 3t & 5 AL 7E 2R &
AR, USSR E T RERE S . X AT BRI Wi ss
AL TS 5%/ NER R 2 i R, AT R e A
TR, SRBUS 1S 2 2RSS 0T, M IR Finvg
FETRRA NG 2%, Ah, S8 FiALFE Y CHPE
PR N R I 8.8%, 43 B s HE 5B AN PR R 7 1k
4.5% Fl1 3.6%. TR Z R T/ DeREah iR
A, B URTIAEE AT G B HARIRAAR I T R sz
oK BRAEAS: 5 PR AT & 1A . RIS, R, %
RT3 T WAL R A CHPE HP A H &R & &
S5 1.7%. 1.3% Fl 2.1%, 958 2 R & 4 4 i
2.2%. 2.2% Fll 3.0%. 1§ & 1% N I 08 7E St A
T2 550G OB — AR 1,5- —WERR
AR NN (RuBisCo) HH Fr i = 5 P2, IR 15
AL B CHPE " RuBisCo & & Al BRI, TMimsE %5
TR WAL HE A /N ER B CHPE  RuBisCo & &1

2.1.3 HEHBrFHESTAG SRA] SDS-PAGE AR
FEA [ FAL PRI 19 CHPE AR R Ay T4
fi, GRWNE 2 iR, S5R BN, B TN
CHPE 119 2E M LA 4 F =7 Bl 11~245 kDa ¥
A . L2 R, BRI AN T 40 CHPE
BOEE R R Z /N TF 43 T i 25 kDa., A WFsE$s H,
25 kDa 4S5 T REEM SRR 5B A g S
B, XY AR A SR T R Y TR

#£ 1 ANEWLAY CHPE Hh & 5L/ &5 M2k

Table 1 Amino acid content and composition of CHPE with different pretreatments

BAHR (%) Bk VRT IR M5 55 T4 IR (%) Bk PURTH I 55 T 45
Lys 1.7£0.1° 1.3+0.1¢ 2.1£0.1° Tyr 1.0+0.1° 1.340.1° 1.440.1°
Trp - - - Glu 5.240.1° 5.8+0.1° 6.7+0.2*
Phe 1.3+0.1° 1.6+0.1° 2.2+0.1° Asp 2.840.1° 3.6+0.2° 4.4+0.1*
Met 0.3+0.1°* 0.2+0.1° - Pro 2.8+0.1° 2.4+0.1° 3.240.1°
Thr 2.240.1° 2.2+0.1° 3.0+0.1° Arg 1.1£0.1¢ 2.4+0.1° 2.6+0.1°

Ile 1.5+0.1° 1.74£0.1°* 1.7£0.1° Ala 8.8+0.1° 43+0.1° 5.2+0.1°

Leu 2.840.1° 2.8+0.1° 4.2+0.2° Gly 2.2+0.1% 2.1+0.1° 2.5+0.1°

Val 3.0+0.1° 2.5+0.1° 3.1£0.1° Ser 1.240.1° 1.5+0.1° 1.9+0.1°

His 0.4+0.1° 0.4+0.1° 0.7£0.1° MR 38.120.2° 36.2+£0.4° 45.0£0.6°
Whits TR 13.140.3° 12.7+0.1° 17.0+0.3°

TE: AT AR NG FRRFOR R UL B CHPE H R & 22 53 .35 (P<0.05), “—" FURAHGH .
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Fig.2 Protein molecular weight distribution of CHPE
with different pretreatment methods
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2.1.4 CHPE 43T 8 RS T HEBH (o) 2
RIE AL PR 7 2 F CHPE 43 T 434, 45 il 3
Atas. B THEEY) CHPE HFAIFEE AR . 5L
PR RS T IRGY), T K 2 hsy
FHRE R WRURTHRA I SE T340 CHPE 1955
TSI S AT B R e v EL SO I B v, TV VR
ZH 1% CHPE [ 53~ HE M A0 53 A7 W AE X 43830 HL I
WEEIGARL R /N . EASIC UL, v T g Fms 25 e 2l
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Fig.3 Molecular weight distribution of CHPE with different
pretreatment methods
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/N, GEEIE 2 Bn, BRAATEIZ S T R RN A
VKEEAT, RV B8 0T, X R W VR % REdi
I R 2 5SS Ry TR sk G4, R 7R
ZH X/ INER i AR P T BSURSCRAS A 55— 5 21 R HRG
/A
2.2 AEFAIETEX N EKEER S BRI
2.2.1 SEEASTLEEENRCR I AN [R] FAL 3 7 vk
N CPI ZFE AR 5 IR, X 40y CHPE, 4552
AnE 4 fios . AnE 4(a) FioR, FER R FITE 35 )8
ZH 1Y) CPI Hh, B DOREE AR TR 4 e BE R 38 i, 25
PR gl iR 5t BTt SR, fER IR TR
) CPI v, FR (R4l fE 22 R AW . FELBEHRE N
66% B}, S UREH . W UR TS AH A 35 1120 1Y CPI &
PR 2 BEAH HE AR 43 BS ) CHPE Hha 1 B ali B 45 ) 4
BT 43.1%. 6.9% Tl 24.5%., 455K 1 5, 3E—
A 3 B T 25 1 gk 21 i BOGAS 3 0 22 H 4 O v Y 2R
El 44 K 3 B, iR TR 2 BUS 2 i A
A BE T Z2 1b 5 H A 5T AN 22 MR AR S 0 X E LA
%%”‘”, SECHAR ARl 22 S S TR R P g 2Lk
BEICK
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AN 4(0) FioR, IR T R 55 1k
ZH CPI M8 T [R5 5 B A TR A v i) £ 1
e B B 3 o us b L B0 BN, FE LR R R
80% H), V&R TRl FNE 25 T 20 ) CPI 1Y 2& 5T
B 3R 49.1% Fll 69.3%, B 2B )& 33%
A A 8 0T ARSI I T 41.5% F11 46.1%. &
FABE [ AR 5 2 e B S IEAR G, AT RESE i T 2 it
58 T 2R SRR BB RVER o, R A T R 2R TR I F
ULTED®, SR, Y URLH Ay CPI MR H 5T [BIRTE 2,
B R 80% B Ry 43.6%, %8 ZUEEHREE A 33% A i
FEEREIMCR TR T 9.6%. 4567 1 5, X AlfE
SRR R FR LR B T B 2 R 1, HAT 3mE
KM, TERBAR LR T e R R EDIRE, ¥
Py Bk — 2R R 2 80% I, A AE S BB T
TERE ST, BB O | MELL SO DR A AA TS,
F4), ITTIRRAR T T3 [EIReRES
222 IR EEMA  NIRFEA R T Tk
SR BLTR B2, Y645 CHPE TEAHXTRAE (50% ) FE
151 (80% ) 1Y) Z W5 B2 T 4385 [T 45 CPI 2 LR & &l
21 BRI AT 2 43 BT (33% AYMR MR FEAL B CPI
R GRS 1), 45 R a3 2 s, X
6 Fhatifbdy i e S e & B, 2 B IR
T 40%. BEAb, PTREIDFR o 1 2 W5 BE T /NER
B T 2 R & AT B g . WSS T RRA
CPI 22 31 & Hr BT R AL R v 1) 2 Isave 3 T v T g
%, ZEEHFE N 50% THZE 80% B, M ILMR & =
74.8% [RZE 43.8%. XTI HEZH T Wiss T4 1Ak 2
JE RSSO RE R T IR A PERR BT, $RAS S R K
WIERAEE AR 1 O Eemr) , AR PR R P s K S A 5%

i HAE AR Z B 3 (50% ) R R AT A 2 LiERs, St
AR S m . Y OB T E 80% A, &
ZBAEEE AP BRI —FIUTHE, MR T4 &=
Py e R S T E A LR EIPY TR A R T
PRI CPT Y Z AR 5 1 W BT  RE vh i) L ik
FEFH I I, P TR R R N 80% Hsf ik 0%
B, BEERR & m T T 67%. XAl HEjE i T¥%
URZH AV R T H I BESRAIR, B B 2230 R
PRARTS, ISR 75 T 5 LR EE (80% ) A REAA 545y
B, WA SR B bl S e BE T T BT kAR, B
IR EE NI E ALE S 2.2.1 PIEMNE
M4l A R 2E 5 ke 1 4.44) . XAl REZ
Y R iR B R EZAEE RS A IS,
W23 | AR FNTCHLERP . th e R Vi S 2.
HAEAHE IR T — L E i S A AL G, [/ ekise s
S YDiga=-27/ B E SN L ViR

ELR S, YR CPI USRI & a4
BRI U AR, 2 Ol 80% B, BN IEIR O i
F+ZE 66.7%, Fohgi /K Z SR & 5 B B 8 (G &R
M 6.5% F+Z 7.4%, BRI 3.8% F+ = 5.3%), X
PR URTIAL RSB T IS AR A A St A0 g
F TR BTN E IR 2 T s, MR = A e
RS TR Sk A IR E RS P Al Zs
N 50% IF, B35 T4 CPI U JEMR & b sy,
74.8%, M5 THRFAT A/ DR E T E = o
2.2.3 CPI WEHR4rF 4348 @l SDS-PAGE
Sy AT AN R T AL B T I TR /N ek i 2 g B S SR Y
CPI W& AT F 4, a5 R aE 5 s 856
B 2 7T U, 4B AR B %) 2R 10 I S 2] B e A

%£2 RREITALFRE CPL 2 LW & A4

Table2 Amino acid content and composition of CPI with different pretreatment methods

IR (%) BUR(CES0%)  BUR(CE80%)  AUHRTE(LEES0%)  WHETHR(ZE80%) Wi THR(ZEES0%)  Wi%E T (Z80%)
Lys 2.6+0.1° 3.340.1° 1.8+0.1° 3.440.1° 3.6+0.1° 2.0+0.1°
Trp - - - - - -
Phe 3.540.1¢ 4.3+0.1° 3.040.1¢ 3.440.1° 3.9+0.1° 2.4+0.1°
Met 0.140.1¢ 0.5+0.1° 0.340.1° 0.5+0.1° 0.140.1¢ 0.3+0.1°
Thr 3.840.2° 3.840.1° 2.840.1° 3.940.1° 4.8+0.1° 2.3+0.1¢
Ile 2.540.1° 3.240.1° 2.0£0.1¢ 2.9+0.1° 3.0+0.1% 1.940.1¢
Leu 6.5+0.1° 7.440.2%® 4.9+0.1¢ 7.340.1%® 8.3+0.2° 3.840.1°
Val 3.840.3° 5.3£0.1° 3.4£0.1% 5.3+0.2° 5.1+0.1° 3.240.1°
His 1.3+0.1° 1.340.1° 0.8+0.1° 1.7£0.1°* 1.6+0.1° 0.8+0.1°

Wits Z AR 24.2+0.7° 29.0+0.2° 19.0£0.1¢ 28.30.1° 30.5+0.5° 16.740.1¢
Tyr 2.9+0.1° 2.9+0.2° 2.0+0.1° 2.8+0.1° 3.240.1° 1.440.1°
Glu 7.8+1.1° 6.7+0.1% 4.7+0.1¢ 8.0+0.1% 8.4+0.1° 5.9+0.1¢
Asp 4.540.1° 5.3£0.1% 3.3+0.1¢ 4.9+0.1° 5.7+0.1° 3.0+0.1¢
Pro 4.6+1.0° 6.6£0.1" 6.3£0.1® 6.3£0.1%® 8.1+1.1° 4.8+0.1°
Arg 2.9+0.1¢ 3.4+0.1% 2.4+0.1° 4.0+£0.2° 4.5+0.1° 3.640.1°
Ala 5.240.2¢ 5.740.1° 4.0+0.1¢ 5.9+0.2° 6.740.1° 3.540.1°
Gly 3.8+0.1¢ 4.3+0.1° 3.1£0.1° 3.740.1¢ 4.5+0.1° 2.740.1°
Ser 2.4+0.1° 2.740.1° 1.940.1¢ 2.6+0.1° 3.140.1° 1.940.1°

R 58.3+0.9° 66.7+0.8" 46.7+0.1¢ 66.6+0.5 74.8+0.3 43.8+0.2°

AN RING SRR AN R AL B CPIA LR 5 1 25 57 1.3 (P<0.05) .
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Fig.5 Protein molecular weight distribution of CPI protein
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Fig.6 Molecular weight distribution of CPI with different
pretreatment methods
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52.9%. 50.0%. 14.7% Fll 41.7%. XF=H, AN[E T
FSRAEXT T/ NER R A TS R g . AT
SN, B R S AR B K — ok
R, AT HTK N, B . [FIET,
B M BB /K B A R R 22 R EGE A MUK A BAE
JHBEEE, AR 85 s SRR ACTE, D A PR A
BEREAK . BRI, HETZHFIR T 201 CPI ¥ 72 AH X
BARTT B TR R S BUNERBE R I BB T
W2 K L A4S

100

[ee]
S
T

D
(=]
T

- o

BRI (%)
~
=

[
(=)
T

C

[ ]
g &R - Ht
K7 CPIAEARIRINRARAE T 8 H T i
Fig.7 Protein solubility of CPI with different
storage conditions
E: ARG FREUERA RS T B8 07 i 1 22
B3 (P<0.05)

2.3.2 Btk MEASEE A R CPL AR
PERRE R CE N, FFUARLIE R A NS, g5 1k 3
FRAS o PURBIE R A5 2R AR FR T (19 CPI ¥ 22 80 H 4 T
WP PRI S R AR e M, TV e R R4 80
et BB HR 2% 1 4% B, e 2H A
WP EE WP 43517 41.8% Fll 40.0%, ¥& 14 28 Ay A iy
P e WP 43515 33.1% F1 30.6%. 33X AT AESEE MK

IRALTE (4 °C . —20 °C i) B RFR e T4
PR R AR G2, FEHT B /K X Fe 53 255, A ) TPk
[ 25 - TR AR R 9 U0, kAh, 24 CPI M
R 4% B, BET2H 3RAS B i A VRS e P, oA 65.4%,
Lt WP EAHFEI R M B i 15.5% X AT HEEMLT
A FR DA ARG B T ST IR TR, Fmi R
SR MRS PRSI0 45 SR/ INBR R P R
PEREDL T WP, HASR B S A4 % T/ INER e 2 1 1)
AR W, IR AT & &R R S R
AL PR, s i B 2R N (VA A . W vRe) 3 iy B
EEE o/ SO P ERIUN i N (T (B2 (195- 5 Y = (@2 B E DD a0
PEARNT A

# 3 CPLAEA[FITHURAE T mk i kg
Table 3 Foaming properties of CPI with different
storage conditions

AR (%) IR ENE (%)

WAL iy EAvgE BAKE EARE
2%(w/v) 4%(w/v) 2%(w/v) 4%(w/v)

WP 66.3+6.5° 97.5+4.3 26.9+4.6° 49.9+6.2"
s 108.1+7.8°  137.5+7.5 50.5£6.8"  53.2+3.6"
Bk 99.4+1.1° 128.144.8° 45.9+4.7° 43.342.9"
HET 70.0+£4.1° 84.2+5.1° 52.6+4.6®  65.443.9"
T 92.5+5.4% 99.2+3.1° 62.943.0° 57.3+4.2°

1 WP: FLIE R 15 ANRVNG FRH AR AR 18 R
I RS 25 57 W 3% (P<0.05) o

2.3.3 FfkME WEAFEESA N A CPI iFLL
W F1FE B (EAD MFL LA e HEFR S (ESD), JFLIFLIE
FEHNSIE, 25 ANER 4 PR DURPIE e &4, ¥
JCLH CPI o B i ZLARPERE, R4 CPI 19
FLAL P BE AR T ¥ gk 4H, T ML T 41 AN T4 /Y
CPI Mzl etEREsE 22, INTFRLIEE M.

# 4  CPLTEARIE AT T RFL I TERE
Table 4 Emulsifying properties of CPI with different
storage conditions

A (m?g) ARz EH(D)

WIFINE mevels BAwE O BERE  BAWE
2%(w/v) 4% (w/v) 2%(w/v) 4%(w/v)

WP 24.9+0.7° 29.7+0.3° 20.5+0.1° 16.9+0.9°
s 24.3+0.5° 101.4+1.3° 11.9+0.2° 62.7+0.1°
Bk 24.2+0.5° 94.5+1.6° 2.6+0.1¢ 3.540.1°
T 11.0£0.5° 14.340.0¢ 3.540.1° 15.140.1°
T 10.7+0.0° 15.1£0.5¢ 2.6+0.1¢ 1.9+0.1¢

: WP: FUIEE A RFEVNE FEHAREAR GRS T R A Bl rE R
FLAbRRE M2 7 B 2 (P<0.05)

MEPRURIE N 2%, i 10 min B, FLEE M
EAI {5, N 24.9 m?/g, YWi4A R CPT =R
FLiEE B EALE, 9 24.3 m¥Yg., MEHREEE RN
4%, FrE 10 min B, FIZLIE E FUAH LR B4 FTA R
ZH1Y CPI Y EAIL 43542/ T 71.7 m*/g F1 64.8 m’/g,
Vo TELE I (29.7 mYg) . XAl GBS N R H
WRBETR, /NERSEEE 15T [RIVE FH 55, T Rl id) S e
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(137.5%) iR 8N FA . XS5 R A/ INBR s 1 iR
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BERE AN B M NG AR B, BRI LA/
SR 3, ThReRMESZRR . ASIFST A Bl sk 5
AbFREEE IR FA L, 7R T P FE S ERA b PR R
FAHRE S B RN TR RS2, A okl S iR
Kb FREE AR

© The Author(s) 2026. This is an Open Access article dis-
tributed under the terms of the Creative Commons Attribution

License (https://creativecommons.org/licenses/by-nc-nd/4.0/).

SELHK
[1] BITO T, OKUMURA E, FUJISHIMA M, et al. Potential of
Chlorella as a dietary supplement to promote human health[J].
Nutrients, 2020, 12(9): 2524.
[2] TORRES-TII Y, FIELDS F J, MAYFIELD S P. Microalgae
as a future food source[J]. Biotechnology Advances,2020,41:
107536.
[3] YAN Na, FAN Chengming, CHEN Yuhong, et al. The poten-
tial for microalgae as bioreactors to produce pharmaceuticals[J].
International Journal of Molecular Sciences, 2016, 17(6): 962.
[4] KUMAR R, HEGDE A S, SHARMA K, et al. Microalgae as a
sustainable source of edible proteins and bioactive peptides—Current
trends and future prospects[J]. Food Research International, 2022,
157: 111338.
[5] CARULLO D, ABERA B D, CASAZZA A A, et al. Effect of
pulsed electric fields and high pressure homogenization on the
aqueous extraction of intracellular compounds from the microalgae
Chlorella vulgaris[J]. Algal Research, 2018, 31: 60—69.
[6] SOTO-SIERRA L, STOYKOVA P, NIKOLOV Z L. Extrac-
tion and fractionation of microalgae-based protein products[J].
Algal Research, 2018, 36: 175—192.
(7] 3 sUIR, & @3¢, % Uik, % # A HH & G &R RuBisCO
AR T]. 55 R BT Ak, 2024, 50(13): 340-348. [ FENG

Wenjuan, GAO Sicong, HUANG Wenxuan, et al. Research progress
of RuBisCO, a new plant protein source[J]. Food and Fermentation
Industries, 2024, 50(13): 340-348. |
[8] sk, b, KRR, . RIFRE TSRS AR
SR [T]. A M 3 4R, 2020, 60(8): 1521-1533. [ ZHANG Sheng-
jie, CAI Zhonghua, ZHU Weisheng, et al. Advances in extracellular
polymeric substances in phycosphere environment[J]. Acta Micro-
biologica Sinica, 2020, 60(8): 1521-1533. ]
[9] LAFARGA T. Cultured microalgae and compounds derived
thereof for food applications: Strain selection and cultivation, drying,
and processing strategies[J]. Food Reviews International, 2020, 36
(6): 559-583.
[10] IZANLOU Z, AKHAVAN M M, GHESHLAGHI R, et al.
Sequential extraction of value-added bioproducts from three
Chlorella strains using a drying-based combined disruption tech-
nique[J]. Bioresources and Bioprocessing, 2023, 10(1): 44.
[ 11] WELLADSEN H, KENT M, MANGOTT A, et al. Shelf-life
assessment of microalgae concentrates: Effect of cold preservation
on microalgal nutrition profiles[J]. Aquaculture, 2014, 430: 241—
247.
[12] 30403, #h5e, 246, 5. M X AL F R R Ao A0 B
Fom A AR 1], F B A4 T4 4 &, 2021,41(9): 92-100.
[ SUN Liping, XU Wan, LI Mengwei, et al. Advances of the phys-
iochemical properties of sporopollenin and its biomedical applica-
tions[J]. China Biotechnology, 2021, 41(9): 92—100. ]
[ 13] SAFI C, CHARTON M, PIGNOLET O, et al. Influence of
microalgae cell wall characteristics on protein extractability and
determination of nitrogen-to-protein conversion factors[J]. Journal
of Applied Phycology, 2013, 25(2): 523—529.
[14] &, KREE, EE, F. TIBF XA L4 mprE LI 45
#y e % v [J). Ak b T A2 % 3R, 2021,6(6):58-65. [ CAO
Mengdan, ZHANG Xuexia, REN Wenting, et al. Effect of drying
methods on the cell wall pore structure of Phyllostachys edulis[J].
Journal of Forestry Engineering, 2021, 6(6): 58—65. ]
[15] Gk, A2 Ak TR A2k & 2K AT B 40 B0 45 09 %
v BRI AEAE A (D] Z 0 R R Ak K %, 2023 [ SANG Yue.
Effect of ice crystals on cell damage of Bifidobacterium longum
during vacuum freeze-drying and its regulation[D]. Lanzhou: Gansu
Agricultural University, 2023. ]
[16] x5BE, 27, F 57, ¥ KBRABAE L5 S F 45T
Rt 1], £ R, 2023, 13(4); 547-555. [ LIU Ronglin,
WANG Ning, LI Yanyi, et al. Reasearch progress of cryopreserva-
tion technology in biological products[J]. Current Biotechnology,
2023, 13(4): 547-555. ]
[ 17] HU Xiaozhong, CHENG Yonggiang, FAN Junfeng, et al.
Effects of drying method on physicochemical and functional proper-
ties of soy protein isolates[J]. Journal of Food Processing and
Preservation, 2010, 34(3): 520—540.
[ 18] GROSSMANN L, EBERT S, HINRICHS I, et al. Effect of
precipitation, lyophilization, and organic solvent extraction on
preparation of protein-rich powders from the microalgae Chlorella
protothecoides[J]. Algal Research, 2018, 29: 266—276.
[19] GONZALEZL CV, del CARMEN C G M, FERNANDEZ F
G A, et al. Protein measurements of microalgal and cyanobacterial
biomass[J]. Bioresource Technology, 2010, 101(19): 7587-7591.
[20] #&XE, A 2E, REE. T DRERLBRBRE S UK
o [7]. & s A5, 2011,32(5): 254-257. [ WEI Wenzhi, FU
Lixia, CHEN Guohong. Multivariate analysis of amino acid compo-
siton of 7 types of ChlorellalJ]. Food Science,2011,32(5):
254-257. ]


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.3390/nu12092524
https://doi.org/10.1016/j.biotechadv.2020.107536
https://doi.org/10.3390/ijms17060962
https://doi.org/10.1016/j.foodres.2022.111338
https://doi.org/10.1016/j.algal.2018.01.017
https://doi.org/10.1016/j.algal.2018.10.023
https://doi.org/10.13995/j.cnki.11-1802/ts.036730
https://doi.org/10.13995/j.cnki.11-1802/ts.036730
https://doi.org/10.13995/j.cnki.11-1802/ts.036730
https://doi.org/10.13343/j.cnki.wsxb.20190477
https://doi.org/10.13343/j.cnki.wsxb.20190477
https://doi.org/10.13343/j.cnki.wsxb.20190477
https://doi.org/10.13343/j.cnki.wsxb.20190477
https://doi.org/10.1080/87559129.2019.1655572
https://doi.org/10.1186/s40643-023-00664-1
https://doi.org/10.1016/j.aquaculture.2014.04.016
https://doi.org/10.1007/s10811-012-9886-1
https://doi.org/10.1007/s10811-012-9886-1
https://doi.org/10.19586/j.2095-2341.2023.0045
https://doi.org/10.19586/j.2095-2341.2023.0045
https://doi.org/10.1111/j.1745-4549.2008.00357.x
https://doi.org/10.1111/j.1745-4549.2008.00357.x
https://doi.org/10.1016/j.algal.2017.11.019
https://doi.org/10.1016/j.biortech.2010.04.077

76 - £ Tl B4

2026 4F 8 A

[21] SARDARIR R R, JASILIONIS A, RENHULDT N T, et al.
HPAEC-PAD analysis for determination of the amino acid profiles
in protein fractions from oat flour combined with correction of
amino acid loss during hydrolysis[J]. Journal of Cereal Science,
2023, 109: 103589.

[22] LYU Siwen, CHEN Meiru, WANG Ying, et al. Foaming
properties of egg white proteins improved by enzymatic hydrolysis:
The changes in structure and physicochemical properties[J]. Food
Hydrocolloids, 2023, 141: 108681.

[ 23] LIN Zexin, WEI Han, ZHANG Yufei, et al. Improving emul-
sification properties of alkaline protein extract from green tea
residue by enzymatic methods[J]. Current Research in Food Sci-
ence, 2022, 5: 1235-1242.

[24 ] GUO lJiaxin, CUI Lujie, HUANG Yizhou, et al. Spirulina
platensis protein isolate nanoparticle stabilized O/W Pickering emul-
sions: Interfacial adsorption and bulk aggregation[J]. Food Research
International, 2022, 161: 111815.

[25] AZIZ A, KHAN N M, ALIF, et al. Effect of protein and oil
volume concentrations on emulsifying properties of acorn protein
isolate [J]. Food Chemistry, 2020, 324: 126894.

[26] AF%, FAE, FWm, F. ABERBFFDRERGR
I ERAD]. £ &5 AT %, 2018,44(9):212-217. [HU
Shouzhen, BI Shenglei, HUANG Lili, et al. Optimization of protein
extraction from heterotrophic Chlorella using thermo-alkaline[J].
Food and Fermentation Industries, 2018, 44(9):212-217. ]

[27] #pfh, 3283, 3Rk, . v i AR BU R B G A&
H A ], F B A & 4R, 2018, 18(6): 183-190. [ YANG
Q, CAI X X, GUO L K, et al. Optimization of protein extraction
from Chlorella vulgaris using respone surface methodology and
study on its property [J]. Journal of Chinese Institute of Food Sci-
ence and Technology, 2018, 18(6): 183—190. |

(28] &Shra, akde, RO A 3T & O MR B LRI
(J]. &5 & 8 T 1k, 2023,49(21): 346-357. [ MENG Danyang,
DU Yan, CHEN Fusheng. Research progress on extraction methods
of proteins from microalgae[J]. Food and Fermentation Industries,
2023, 49(21): 346-357. ]

[29] ALJABRI H, CHERIF M, SIDDIQUI 8 A, et al. Evidence of
the drying technique’s impact on the biomass quality of Tetraselmis
subcordiformis (Chlorophyceae) [J]. Biotechnology for Biofuels
and Bioproducts, 2023, 16(1): 85.

[30 ] SOMPACH G, RODKLONGTAN A, NITISINPRASERT S,
et al. Microencapsulating role of whey protein isolate and sucrose in
protecting the cell membrane and enhancing survival of probiotic
lactobacilli strains during spray drying, storage, and simulated gas-
trointestinal passage[J]. Food Research International, 2022, 159:
111651.

[31] MARTIN A H, NIJEUWLAND M, de JONG G A H. Charac-
terization of heat-set gels from RuBisCO in comparison to those
from other proteins[J]. Journal of Agricultural and Food Chem-
istry, 2014, 62(44): 10783-10791.

[32] di STEFANO E, AGYEI D, NJOKU E N, et al. Plant
RuBisCo: An underutilized protein for food applications [J]. Journal
of the American Oil Chemists' Society, 2018, 95(8): 1063—1074.
[33 ] LIUSL, GIFUNI I, MEAR H, et al. Recovery of soluble pro-
teins from Chlorella vulgaris by bead-milling and microfiltration:

Impact of the concentration and the physicochemical conditions
during the cell disruption on the whole process[J]. Process Bio-
chemistry, 2021, 108: 34—47.

[34] FENG Yangyang, MA Xiaoli, KONG Baohua, et al. Ethanol
induced changes in structural, morphological, and functional proper-
ties of whey proteins isolates: Influence of ethanol concentration [J].
Food Hydrocolloids, 2021, 111: 106379.

[35] BENELHADJ S, DOUIRI S, GHOUILLI A, et al. Extraction
of Arthrospira platensis (Spirulina) proteins via Osborne sequen-
tial procedure: Structural and functional characterizations[J].
Journal of Food Composition and Analysis, 2023, 115: 104984.
[36] OLIETE B, YASSINE S A, CASES E, et al. Drying method
determines the structure and the solubility of microfluidized pea
globulin aggregates[J]. Food Research International, 2019, 119:
444454,

[37] Rabdr, ok, A%, F. S B RRE]. RRAFH
AR H3,2021,39(3): 11-21. [ RONG Ruifen, QI Lin, SU Chen, et
al. Research progress on walnut polysaccharide[J]. Journal of Food
Science and Technology, 2021, 39(3): 11-21. ]

[38] LOURENCO S O, BARBARINO E, LAVIN P L, et al. Dis-
tribution of intracellular nitrogen in marine microalgae: Calculation
of new nitrogen-to-protein conversion factors[J]. European Journal
of Phycology, 2004, 39(1): 17-32.

[39] GAUR R K. Membrane and non-membrane proteins-a com-
parison[J]. Tioab Journal, 2015, 6(1): 12—15.

[40] SILA A, SAYARI N, BALTI R, et al. Biochemical and
antioxidant properties of peptidic fraction of carotenoproteins gener-
ated from shrimp by-products by enzymatic hydrolysis[J]. Food
Chemistry, 2014, 148: 445-452.

[41] STADTMAN E R, LEVINE R L. Free radical-mediated oxi-
dation of free amino acids and amino acid residues in proteins[J].
Amino Acids, 2003, 25(3): 207-218.

[42] ZKR. R RBEHGRB TS HAKKELE AR
[D]. &£ 4 .ix & X %, 2024. [ WU Changbin. Thermostability
modification, highly efficient expression and application of chi-
tosanase[D]. Wuxi: Jiangnan University, 2024. ]

(43 ] sRede, mmedy. 3500 Rk a0 HUBE 09 2 AR 40 25 B 4B AL 4
BF 73 B (0], A 308 3], 2023,39(5): 1-6. [ ZHANG Wenhua,
ZANG Xiaonan. Research progress on functional component and
assembly mechanism of Chlamydomonas reinhardtii cell wall[J].
Bulletin of Science and Technology, 2023, 39(5): 1-6. ]

[44 ] SHEN Yanting, TANG Xiao, LI Yonghui. Drying methods
affect physicochemical and functional properties of quinoa protein
isolate [J]. Food Chemistry, 2021, 339: 127823.

[45] WIERENGA P A, MEINDERS M B J, EGMOND M R, et al.
Protein exposed hydrophobicity reduces the kinetic barrier for
adsorption of ovalbumin to the air-water interface[J]. Langmuir,
2003, 19(21): 8964—8970.

[46 ] SU Ruihan, ZHANG Xueqing, CAO Jia, et al. Exploring the
interfacial behavior and foam characteristics of various soy protein
aggregates: Insights of morphology and conformational flexibility
[J]. Food Hydrocolloids, 2025, 166: 111362.

[47] NICOUD L, LATTUADA M, YATES A, et al. Impact of
aggregate formation on the viscosity of protein solutions[J]. Soft
Matter, 2015, 11(27): 5513-5522.


https://doi.org/10.1016/j.jcs.2022.103589
https://doi.org/10.1016/j.foodhyd.2023.108681
https://doi.org/10.1016/j.foodhyd.2023.108681
https://doi.org/10.1016/j.crfs.2022.07.016
https://doi.org/10.1016/j.crfs.2022.07.016
https://doi.org/10.1016/j.crfs.2022.07.016
https://doi.org/10.1016/j.foodres.2022.111815
https://doi.org/10.1016/j.foodres.2022.111815
https://doi.org/10.1016/j.foodchem.2020.126894
https://doi.org/10.13995/j.cnki.11-1802/ts.016436
https://doi.org/10.13995/j.cnki.11-1802/ts.016436
https://doi.org/10.13995/j.cnki.11-1802/ts.033701
https://doi.org/10.13995/j.cnki.11-1802/ts.033701
https://doi.org/10.1186/s13068-023-02335-x
https://doi.org/10.1186/s13068-023-02335-x
https://doi.org/10.1016/j.foodres.2022.111651
https://doi.org/10.1021/jf502905g
https://doi.org/10.1021/jf502905g
https://doi.org/10.1021/jf502905g
https://doi.org/10.1002/aocs.12104
https://doi.org/10.1002/aocs.12104
https://doi.org/10.1016/j.procbio.2021.05.021
https://doi.org/10.1016/j.procbio.2021.05.021
https://doi.org/10.1016/j.procbio.2021.05.021
https://doi.org/10.1016/j.foodhyd.2020.106379
https://doi.org/10.1016/j.jfca.2022.104984
https://doi.org/10.1016/j.foodres.2019.02.015
https://doi.org/10.12301/j.issn.2095-6002.2021.03.002
https://doi.org/10.12301/j.issn.2095-6002.2021.03.002
https://doi.org/10.12301/j.issn.2095-6002.2021.03.002
https://doi.org/10.12301/j.issn.2095-6002.2021.03.002
https://doi.org/10.1080/0967026032000157156
https://doi.org/10.1080/0967026032000157156
https://doi.org/10.1016/j.foodchem.2013.05.146
https://doi.org/10.1016/j.foodchem.2013.05.146
https://doi.org/10.1007/s00726-003-0011-2
https://doi.org/10.1016/j.foodchem.2020.127823
https://doi.org/10.1021/la034868p
https://doi.org/10.1016/j.foodhyd.2025.111362
https://doi.org/10.1039/C5SM00513B
https://doi.org/10.1039/C5SM00513B

	1 材料与方法
	1.1 材料与仪器
	1.2 实验方法
	1.2.1 小球藻原料的预处理
	1.2.2 CHPE和CPI的制备
	1.2.3 干物质提取率测定
	1.2.4 蛋白质提取率、纯度及回收率的测定
	1.2.5 氨基酸含量测定
	1.2.6 蛋白质分子量分布测定
	1.2.7 分子量分布测定
	1.2.8 CPI的贮藏
	1.2.9 蛋白质溶解性测定
	1.2.10 蛋白质起泡性和起泡稳定性测定
	1.2.11 蛋白质乳化活力指数和乳化稳定性指数的测定

	1.3 数据处理

	2 结果与分析
	2.1 不同预处理方法对小球藻蛋白提取效果的影响
	2.1.1 干物质和蛋白质提取率
	2.1.2 氨基酸组成及含量
	2.1.3 蛋白质分子量分布
	2.1.4 CHPE分子量分布

	2.2 不同预处理方法对小球藻蛋白分离效果的影响
	2.2.1 蛋白质纯度和回收率
	2.2.2 氨基酸含量和组成
	2.2.3 CPI的蛋白质分子量分布
	2.2.4 CPI的分子量分布

	2.3 不同的贮藏条件对小球藻蛋白分离物加工性能的影响
	2.3.1 溶解性
	2.3.2 起泡性
	2.3.3 乳化性


	3 结论
	参考文献

