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Abstract

To optimize the extraction process of Mycosporine-like Amino Acids (MAAs) from Pyropia haitanen-
sis, response surface methodology was employed to systematically optimize the ultrasonic extrac-
tion parameters. The effects of ultrasonic energy density (35%~45%), extraction time (30~90 min),
and solid-liquid ratio (1:25~1:45 g-mL-1) on extraction efficiency were focused on, and the MAA
components were separated and identified by High-Performance Liquid Chromatography-tandem
Mass Spectrometry (HPLC-MS/MS). The results showed that Pyropia haitanensis mainly contained
two characteristic MAAs, namely Shinorine and Porphyra-334, both of which exhibited typical ul-
traviolet absorption properties. The optimal ultrasonic extraction conditions were determined as
follows: 39% ethanol as the extraction solvent, mixing the sample with the solvent at a solid-liquid
ratio of 1:35 in a constant temperature water bath at 35°C, and continuous ultrasonic treatment at
500 W power (corresponding to 40% energy density) for 60 min. Under these conditions, the MAA
yield reached 14.63% * 0.32%. Compared with the traditional water extraction method, this pro-
cess not only shortened the extraction time by 33.3% and reduced the solvent consumption by 20%,
but also significantly increased the MAA yield by 17.3% (P < 0.05). This ultrasonic-assisted extrac-
tion process provides a reference for the application of MAAs in the fields of sunscreen cosmetics
and functional foods.
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1. 5|15

SURURBE ) S0 S SR AT A )08 5 L S B2, EL R A BR P TR [ 1] UV-
B W B AT AR S B AR /7, T S AN DNA LR G5B I TH RS (2] (3], WA
G MIA S T AL B A O 4], 7EFREVA TR, N T4 B SN 0131 % 1Y e 75 e
(AR A E S 1 R R TF R 5 S 5.

T EIERRMAAS) T 3 W KT AL TR B 20 T A0 R, SIS RUBRAR SEHLS MO T 3
7E UV-A/UV-B BB OE THEHRAE A1(6]. BUAFAZ), ZOE 1A MAAs H92EM) & Ak 1 5 3%
BT SRR, FrF RS N IR R, SEARI 1) % R T U A AR A 2 AT TR 1
FERAMELTI-19. SR BRI VST T AR B, BIAT SR A AT 7 A A 2 . PR S IR
s TRMUIH, 1205 R AR A P AR [10]-[12].

TRV SRR AR B 1311151, BF9C LA A R AL AL LR 9 T 2 00 U A%, i
RAMATES R, HIEERR MAAs BB B BOR BR A1 6] 9% B R BAL G BT e AL R 3 /)
e TR B T AT 1 7)-[19], 484 BUAR A TR STHLP= W04 HORSEEARNT DA TT %
BRI 1 714 SRR P R FUBRG S120] [21].
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2. R H*®
2.1. SCIEHHE

AHIRESE, Bl THERMAERAR,; gk, WrmEmn e A RA; PRk, Lz
M EUR BRI AR AR LBR(EA), EiRZ MR AR AR JoK LB Hral), K
HH AP AR R A A .

2.2. IZERE MAAs IRILTE

BRI R SLG K ST T PR EE LA T RO . 35% M0 2L LA 1:30 BRI ELAE 32°C IS5 1E T
13 45 min, AUREOIFE] BIEWR, T OEERIRIE A 80%EEYT 8 h, AR kA DNA R F[22].

40°C Jielk 28 R o 22 KR /K RNV, AT ERR, 53] MAAs MIEHWI. 43 55 75 I 1]
R FE AN . CBEUREE S WBORILL | R P IR AT TRSREG o e ER2 v DA 2 P8R AR TR kAT o 7 AR AL

W 87 THT 5206 MR P RS2 86 45 5, SR Box-Behnken Wi B[ it 777, R TUAR & = /K Pt
HEse, DLREIEL. AR, HAE S, OEREAM AT, IR+ MAAs H2HUE (mg/g)
SR AR, SR S TR G T A A AR I T 2 5 50231 HARIG R R KRG E VELE 1.

Table 1. Table of factors and levels for response surface optimization experiment

= 1. mEEAEREERK TR

K FHR /g ml ! P R 18] /min A B % LBERIE %
-1 30 45 35 30
0 35 60 40 40
1 40 75 45 50

vE: A AURKRINE A 40 KHz D% 500 W, 75 BEfE % B 40%% 7R 500 W-40%. Note: The maximum frequency of
the ultrasonic instrument is 40 KHz and the power is 500 W, Ultrasonic energy density 40% represents S00W-40%.

2.3. I3t MAAs BRNEXITESE

MR SCERIRIE I MAAs BE/RTE G R %L ¢ BJ7HE[24]-[26], AT HIZESE MAAs 1 MAAs S5 &,
AW
M

X =Ax—
&

A X MAAs il mg; A NRFIETCE K 334 nm R IOBRE; M A5 FIRE 332, g/mol; & fy
MAAs BE/RH 6 2% 43,700, L-mol '-cm™!

w=""4100%
M
A, WA MAAs 5F(%); m AV MAAs R & (g); M NIRRT RTE().
2.4. IEEE MAAs ¥R OB 5 REE

HPLC J5E: FH C18 #:(5 um, 4.6 mm x 150 mm), N 25°C, HEFEE 20 ul, WBhHH A N 0.3%
LGRS, RENAE B NHEE, J# A 1.0 mL/min, &MV 334 nm, £ W24 0~10 min, B%:
10%~70% [27].
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ESI-MS Ml : W%k 45 psi, ZSIE 10.0 L/min, TR 350°C, BUREHIE 100V, B4 H
JE 4500V, 4x133#(Scan), S TR : 121.0509, 922.0098, 1y H B 1R & 45 S 34T SEH R 1E,
Iy HEEE m/z £E 922.0098 Ab4s TN A 11,300, Jii 47 Hb(m/z) Y8 FEL#E 120~1000 [28].

UV-Vis Spec #ll 72 : 3375 200 nm~500 nm, BREETEE 3 nm, FHEE #1000 nm/min,
Wi 2 A] 0.5~1 s, FIHHE Abs F1H#[29].

2.5. I MAAs FRmOy B4

K FH 5 ROBRR i 43 B AR 4 e i TR AN [R) 43 S SR A R R, 48 22 VB Z5 TR AR T 5 753 3
PARAE R MAAs FRH[30], 2L 99.7%.

2.6. BEERIZS5KETIEME

X LE PR BRI T Z AR IS ], VAFEAERE, B35, HMEZ T EMNH.
3. ZRE 7
3.1. BERMEZTEXIZER MAAs SEANERNE

B 1 a4, 7E 15~90 min G N TERT 60 min $EHLE B 75 R 093 I G 0, 60 min 2 f5 g
A NEE, FMRYEAEE I AT RE 5 DR 9 B A B R G, RS BT AR I R B I R RS, X
FEIRES AR AT BEXT MAAs G A2 = A= R4 /B o DRI EY 60 min Sy i A6 75 2 B[R]

—o—MAASHREU# MAAs extraction rate

13 12.437 12.295

MAAsHEUZ MAAS extraction rate
(mg-g™")
)
T

10 20 30 40 50 60 70 80 90 100
R ] ultrasound time

(min)

Figure 1. Effect of ultrasound time on MAAs extraction rate

1. FBAEREI MAAs 12BN

3.2. MAAs iR NR Z A ThRFEHINE

MR 2 G550 0, AERCRTIAR 500 WIS AR D 3RAE 25%~55% VG I N 2056 BT R
BERCESS, M S R IX R 35%~45%, W] BERS I K 28 Dk 75 2 AR BRI AN A2 DARBCMA 58 S 20 i B A T e
I MAAs, RS RERERA S S MAAs 7> T4 0. 9P IRICICR S REFERCA, 500 W B3
1 40% 7 7% LB ade TV A A 7= 1 B R S 4
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Figure 2. Effect of ultrasonic energy density on MAAs extraction rate
2. BEREEZEX MAAs IREEMT M

3.3. ZEEREHREMIZES MAAs RIS RANIERAN

1 3 SEER A T L, LREIREZXT MAAs (ISR HUREAELR . 2 CERR RIS, BT MAAs &)
YRR EY), AR CRERINNE 5KBONHEIE, X MAAs (IEMVEATR, S DUA RN 40 4544 1
MAAs BEUER, [N RERATIXT MAAs HIGEFEEA G REA L, TOIEA B SN LS &5,
R FEAFRMAIC. g SRR E B — R, 40%/ 0, CRFREREORTF — & IR IRV R MAAS,
SCRA BRI ARIETE, 7T DL b 7 S 20 L B AR MBS AR SO0y 1 R S, AR P9 () MAAs B 51
R FRBGA T, I MAAs FIFRIUR B T, 18 B — MR K 24 ORI 4k Tt =
T 60% L B N, LRFRIPEE DG, ATRES REUMAAs FEH AP VEMRE R FE. I, R
JE i LI F] RE 2 (AR N AR S AE BOE FEDOTE s BT MAAs, FHASHBREUT R, I f# MAAs
FIIRECR TR A2 R HAMRAE, 40% B EHAE N LI R s MAAs 755 (R BAR G £

—e— MAASHEHLZ (extraction ratio of MAAs)

11.341

(mg-g™)

6.731

MAAsHEE % extraction ratio of MAAs

6 I 1 1 1 1 I I
10 20 30 40 50 60 70

M5 K & ethanol concentration
(%)

Figure 3. Effect of ethanol concentration on MAAs extraction rate
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3.4. BHREEXT MAAs IREUER IR NG

IS 4 WA, BRI EE 2O IR 558 MAAs F53R E FOGBEAE T, D0 ] VRORH TA) F) o A% 3 1) LU 3T
BOBAA S ERUDI, SIS et MAAs ANBEFE /AT HY, BRI ot B i AN 3267,
SR AL PR R ANE B RHEVR B . PRI ER 1:35 N SR I T Z R BRR L -

—e— MAAs $2HUR MAAs extraction rate

14
f‘_-é 12 | ’{\E
8
g
St
<%
S ¢
> g
¥ 8
=
4
3
= 6 |-

4 L 1 L 1 L 1 " 1 " 1

0 10 20 30 40 50
BHEEE solid-liquid ratio
(g'ml™)

Figure 4. Effect of solid-liquid ratio on MAAs extraction rate
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3.5. BAEEES MAAs 2ENER SN
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Figure 5. Effect of ultrasound temperature on MAAs extraction rate

E 5. BAIREX MAAs fZEURAIFZ0

Hil 5 TG, AE AR LRI, D TEsiiia g, B SERZ E EEAE EREE. Je, B
SRR BE A RN, (Bl IR AR, VAR MAAs [T IRAE /IR, HLARMRAE A a5k i
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WA BN, MAAs HELLAAE N 78 70 BEGEE R, SEERIUREIR. BB AR T3 —
SEVEHEL, 30°C~45°C, 7> 7GSRI SR A SRS RS S, T S R A W
PIEHE MAAs HPRETR, Il e st v i) 55 ¥ T A LA TR THR IR o TR, 3 B AR P vl e i
MAAs fIEE MRS E, AT HAERBULRE P ORE, HE— PR MR R . A I 50°CRIMH
I, ATRE A E AR : He—, SR GIR MAAs 70 T IR RN, 3 8B0A B & R L,
VT AR IR PRAR AL RO A PR E ,  [RII SI ARtk RN 2 5 80E), A FEERIACRE TR,
IO KR R, A R AR RIEFE LLZ) 10°C/h (R IR, IR THIR S IR SO TR R
B, B, ZRE5 IBIEBIMEE A IR 33°C, S— /MR 4R ETH A 40°C A AR IR B .«

3.6. MAAs FRfE B2k R 2255

WSCEE TR AR £ R I HE VAR 7 ML 32 P (1 P MAAs, Shionrine Fl Porphyra-334 #1573 2 MAAs
A FERE S, EC I RO ERE IR T M I AR e M 26 ) 25 (23] ] BAMA U2 B T 0, R — 8 IR BT
PR A S5 A S B A AE B, FR 1A 6 FT %0, MAASs 7E 0.04~0.14 mg/ml (VB N B A RIFIILME LR,
HRBLESEH MAAs ILPERIT 5 FE Y y =5.4893x + 0.0953, FIK A% R2=0.9993, #il] MAAs & &EE
MAAs 7E 0.04~0.14 mg/ml (VU N EA RIFIEHER R ZIZ NG ST 75 MAAs W I8 E S it
TR T

09 - 0.8661

0.8 |-

r=0.99929
y=5.4927x+0.09533

0.6

WOGEE (Abs)

0.5
0.4

03 |

0.04 0.06 0.08 0.10 0.12 0.14
MAAsH 5 % & (mg/ml)

Figure 6. Standard curve of MAAs
6. MAAs frE 22 [

3.7. MM HESEBIERE S

Nt DIRMIZ R MAAs SR, A SRS R K A S B0 SRR 2 I ETHE (2
10°C/hy, RXAETHT A G AR IEM R, BRI IMBR LR a M. Kk, Za%E
WHAAR R A 33°C, A AR 1 /NI I AERE A RIEFETE 2 40°CHY, JR455R MAAs HIFRIBUS R
B, DLHCRLEL. IR B A DI, ORRREOV AR, 555K MAAs 133OI NAE, BE1T I
KB, AR I 2.

K Design-Expert13.1.0.1 BAFx5 4 2 (iR 00 45 R AT 2047, 453 o] R .
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Y =14.64 +0.2459 A —0.0691 B+ 0.0813 C—0.1132 D + 0.6468 AB —0.1620 AC + 0.1010 AD + 0.7800
BC +0.2505 BD + 0.3480 CD — 0.8896 A2 —1.30 B> - 1.53 C2 - 1.99 D?,

Table 2. Experimental design and results of response surface method

2. AR R 55R

SEIGS number BB /g ml™! it 75 i) ] /min R /% LEERE Y% FERR /mg-g™!
1 30 45 40 40 13.155
2 40 45 40 40 12.293
3 30 75 40 40 11.361
4 40 75 40 40 13.086
5 35 60 35 30 11.356
6 35 60 45 30 10.968
7 35 60 35 50 10.612
8 35 60 45 50 11.616
9 30 60 40 30 11.812
10 40 60 40 30 12.221
11 30 60 40 50 11.315
12 40 60 40 50 12.128
13 35 45 35 40 12.512
14 35 75 35 40 11.303
15 35 45 45 40 10.965
16 35 75 45 40 12.876
17 30 60 35 40 11.611
18 40 60 35 40 12.368
19 30 60 45 40 12.102

20 40 60 45 40 12.211
21 35 45 40 30 11.762
22 35 75 40 30 10.996
23 35 45 40 50 10.925
24 35 75 40 50 11.161
25 35 60 40 40 14.816
26 35 60 40 40 14.691
27 35 60 40 40 14.831
28 35 60 40 40 14.626
29 35 60 40 40 14.213

NT IR ESE MAAs $REL T 2 M AR A 24, 6 RIS 347 5 22400, A& 3 AT LA Y,
ZAEA F=44.38, P<0.0001, 5% EIRIZEE MAAs SEHUSCR G AR B s B g it22 B 3 . iE
ZHR? (Ad))=0.9559 FKIHRE R Z/DN, #ETRR . B E 22 R2=0.9780, FliliAH¢ % R? (Pred) =
0.8962 —F KAl 22 AE G FRYE s BRI A0 45 5 P=0.4662 (AR 3), ULEHILG T FEREE A 2K
S EL S N B T s AR5 R C.V.% N 2.19%, KR T SEIG BT RN ABR TN AR e . (5 MLk
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(Adeq Precision) = 21.0518, KT InSHA 4, KRB & . Kk, 27200 T 08 A iz 558
MAAs LRI T Z.

Table 3. Results of Analysis Of Variance (ANOVA) and significance test
3. FESHREEMRIGER

A SRR P HHE ¥ % F-value p-value B
A model 44.81 14 32 44.38 <0.0001 Hox
A-ERE L 0.7257 1 0.7257 10.06 0.0068 o
B-8 A I [] 0.0573 1 0.0573 0.7941 0.3879
C-tB A e i 0.0794 1 0.0794 1.1 0.3119
D- 2B 0.1537 1 0.1537 2.13 0.1664
AB 1.67 1 1.67 23.2 0.0003 o
AC 0.105 1 0.105 1.46 0.2476
AD 0.0408 1 0.0408 0.5658 0.4644
BC 243 1 2.43 33.74 <0.0001 o
BD 0.251 1 0.251 3.48 0.0832
CD 0.4844 1 0.4844 6.72 0.0213 *
A? 5.13 1 5.13 71.18 <0.0001 o
B? 10.93 1 10.93 151.56 <0.0001 o
C? 15.28 1 15.28 211.92 <0.0001 o
D2 25.65 1 25.65 355.63 <0.0001 *ox
#% % residual 1.01 14 0.0721
JAUTA lack of fit 0.7572 10 0.0757 12 0.4662
4lii% 72 pure error 0.2525 4 0.0631
BAR S cor total 45.82 28

VE: R EEP <0.01); *E3FH (P <0.05). Note: **highly significant (P < 0.01); *significant (P < 0.05).

3.8. BT EXIZEN MAAs IEINENEIFEE

HHAE 3 AT 5, ZEEAR R B AR — I A TR0 A%, B2, C?. D? XHEE5E MAAs 2R A ]
BELW(P < 0.01). WM SHTEERERE, 5 TESET MAAs SRS R IR B HHRBMEK N :
BHELL > ZBOREE > @A > JAERE.

3.9. MRz E3Z EAER 534 BB iE eI

2R [ 2 SR I, 150 B R BN R 5 MAAs SRR A Bk OK o >4 55w 28 1 52 90 B 8 (R B KRR AIE T
RS N R R AR R A EAE . RHEESE MAAs JRBUCRE I KN AR L, HRoh o
BEVRJE . S DA I [R], 532 3 P R —8. B 7 wRn, 8 7S AR S Th AR AL HAR
FAXTIZS5E MAAs $EEUEE M R, IX — IR T8 AE I DR 3588 P S HCR A B UR iR B 5, 3R,
3 I A R B R A M R e PR RS RO R . RN, ROk EL 5 A B IR (R A8 ELAE R 2 (251, T
F &5 A0 BRI R 2H G AR A W] d e 2O A B B0 ) SRR S ) E bR A BV . pR R AR T 1 15 56
¥ MAAs BAESREUT 29 BHE LG 1:35.6965, 8 A I [H] 60.1849 min, #E RER % FE 40.1009%, L EEAKE
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39.7788%, I RAEHHTMIE A 14.6542% . AT I EA T HAE, B RAFASOVENELE 1:35, 8 A I [E
60 min, 7 HE B 40%, LEEIRIE 39%. £ it T 2S5 AT = UCFAT SRR E , 12532 MAAS
MIFEELR A 14.375% + 0.09%3X 5 FME e B0 , DR a2 A0 m] 205 o e 0 AR 0L 3 2658 MAAs [R5 36
= EINE e

S SOS SoC
S OSSO NN

S
S
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jon rate

PRRE (mge)
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REUE (mgg')
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Figure 7. Response surface of the interaction of various factors on the yield of MAAs from Porphyra haitanensis

7. EEEXEIERAIIEEIE MAAs BSEFORNE

3.10. MAAs L &I S

FH i 280 FE 2 v 1 A A% BF 1) 3 min A1 3.5 min B8 B RIS 2S8R TR MAAs, 2 BT
FeH 433547 200 nm 2 500 nm E NG B BIFIISAE 334 nm A ORI, SO TR
JFIR FHAS I, 759 31 28 — AN R LE A 347, 58 AN LE oA 333, AR HE STk vT I 7 HH 25— M4 A4 Shionrine
5 AN Porphyra-334. 4345 14 2RI ECHE O T ] 8.

wy
2000 |- N
I
R =
1500 - i o n - 04
ml g "ig}g
= Yo Sy 3
=) ot -~ 2
< 1000 = > ’ g
E - °
= e i &
1 o] ‘ k 2
sl @ Ml e £ 02
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5 ‘E 1 »
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Figure 8. Liquid-chromatography, mass-spectrometry and ultraviolet-spectrum of MAAs
8. MAAs iRIHEIE. FRiE. RIMEIEE
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3.11. MAAs L&A FHERN T Z Xt
T 4050, AR KRR IREUN (7). EFFEE. SR ENA BT L.

Table 4. Comparison of two extraction processes for MAAs

= 4. MAAs L E¥IFATEER T ZXfEE

TEHA jé 7 I 1] /min LTEFER/m] 132/%
KL 120 15.84£0.25 12.47 £0.35

B IR R 60 13.2+0.25 14.63 +£0.32

%of bl 2 5 W 1h FEAK 20% BT 17.3%

e CEEREEFERN T B RS OB PR GE e A K O THEAR R, R T2 LR RR T 82.4%
(EHE A AR L 42°C)

4. Z5ig

I = RO B — VSR AT, B 0E 15 537 (Pyropia haitanensis) = Z & Shinorine (£& & i 8] 3 min,
[M + H]* m/z 333)# Porphyra-334 ({845 ] 3.5 min, [M+H]* m/z347), 24404 Hi R AR i
FHEWEIAL T 334 nm; PR RS R, WORHEXT MAAs 18R 50 i o 3% (F = 10.06, P < 0.01), %L
CSHO AR R L T EE 52.6%. S RINERAG S B R N AT 500 W (& REE R
40%), ACEERSIE]: 60 min, WRME: 1:35(grmL™), ZBEEKEE: 39% (viv), i&EE: 36C £ 1CEILAMET
FEIE 14.375% + 0.09% (n = 3), BAEGIKILIEIRTF 17.3% (t=8.41, P < 0.05), H AEEFICRATIE 82.4%
(WEFE 2R E 42°C) IR SRS R B I R AR 5 B H IR S %

E&mH
IR 2R B 2 Bt KA A A gt kil i H (2025DCAO01).

S Hk
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