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pH-responsive mechanism of cuttlefish melanin nanospheres and their effect on
photoprotection of hair scales

ZHU Yuanyu', ZHAO Hongde®, ZHAO Zhiging' , WANG Xinhao', WANG Jigian', WANG Dong'"
(1. College of Chemistry and Chemical Engineering, China University of Petroleum ( East China), Qingdao 266580, Shandong,
China; 2. Huangdao Customs of the People’s Republic of China, Qingdao 266000, Shandong, China)

Abstract: The inherent structural heterogeneity and pronounced insolubility of natural cuttlefish melanin, a biomacromolecule, pose
critical bottlenecks in material characterization and functional regulation, severely limiting its advanced applications in cosmetics. To
overcome these technical limitations, this study innovatively employed a pH-modulated structural remodeling strategy to
systematically elucidate the structure-function relationships governing its solubility evolution and functional enhancement. Multi-scale
structural analyzed (SEM/TEM) reveal that alkaline treatment induced a phase transition from native compact spherical particles
(neutral pH) to fibrous-amorphous composited with elevated surface activity. This structural reconfiguration enhanced aqueous
solubility and interfacial binding capacity compared to native melanin. Using human hair fibers as a photodamage protection model,
FT-IR spectroscopy confirmed stable keratin-melanin complex formation through reconstructed hydrogen-bond networks following
alkaline treatment. UV-Vis spectroscopy demonstrated an improvement in UVA/UVB absorption efficiency ( 280-400 nm
wavelength range ). Notably, confocal microscopy revealed that modified melanin forms continuous photoprotective films within
cuticle interstices, achieved lower UV reflectivity compared to the discrete distribution pattern of native melanin. This research
established a dual theoretical-technical framework for developing marine biomass-derived advanced photoprotective cosmeceuticals,
offering insights into biomacromolecule functionalization through supramolecular restructuring.
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S0 SRR R IR IR B e SR RN SR (0 R AR A A AR R A B A A ) I 2 A
B DIREEE S At SIS M A, P RARE - REENEYRAY,) 2o m T AR,
HEA MO Pk SEETESRENY BURREED RO T aE ) Y Ak 2 R i
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TR REG R ITORE , AR T — R oK 5 AR VKD RE B BT K IR 2, FH T AT B Lk AR R T
TGy B RERE NS TR, R & B BSB89 KSR A3, o] A A i 7
FARGSANFA R FH T S AR EEATI > FE G R Rl T, 58 40 R0 2R S B S AN R M Bl T R Bk
SRR A Y, BORARSH L ERR, AR MRIL, v LA R E S SR T, YR
PR BB F b A 07 A e B ) S at KRR R e R A 2 1 B 2R MR, T K v I 1 e S e
Y ELA AR BRAE T, R S B BE AR IR LG T ISR (0 7k b B e )

RGO R AR B RIRF R T A 1053 W) B R A O 4 B LA Aot 5 S50 ) 1oy R AT ™ 552
B, B TIZAE Y Ko FAEH A R R PR 4808 K 28088 0.8 mg-mL™") . HRBHIZFA
A, A ST QBT R pH IR SR A T R G0 9T i A pH 2.0~ 12.0 MY SEIUb PR R | & B VE S5
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MR R SR BT X T B F R 5 ) S 45 6 B 1 S S0 epi B BRI i, ko8 i ke 7 pH 5
S B AL R A5 K - DI RE Y R ALATL | A T & s BRI P WG B P R AL T B SR AR B AR

1 ZR#Hs

1.1 SReHH

SUEALAN (NaOH , JR /380N 99% ) EALE (HCL, B /080 99.8% ) AL ( KBr, i 734500 99% )
FIBR RN ( BaSO, , i /040N 99.9% ) 1 | Macklin A FRZS 7 ; i 25 L7 (FBS ) W EH Wi K AT 4= MR H A R
/3] ; DMEM/HIGH GLUCOSE #5373 | JHRA i (1% 71 =2 500 units/mg ) BERRZE #F% (PBS 0.2 mol-L™") |
calcein-AM ( 5t 4340 = 90% ) FIHLAL N IE ( Propidium iodide , Jii & 4350 & 98% ) ) H Cytiva Biotechnology 43
FRAH]
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W 22y BRI TR B i 25 B8 oKk, G T f b ae it 2 h 2 BUR AR ER0 )1 7104 g T &
015 min, ZRJ5 B B OFWAR, FH 25 B oK VEIRDINE . B B 5 W, SRR S RIMTTEYE 60 T T &
235 MR RIS o il st SRR Ry, B TS RO TTTE W ISR T B A0 0 , PR AT 07 4, 5 300 o b 35 5 1 2R
OEN, M 25 DHEREIUR ot B RIS Sk K 47 4k FE 58 T/ P2 2 h, KRR W44, FERF5EHT,
i 1 GR AUEE MBS | X 3k A 2T i 9l e 5 Sl A WA i il R A5
1.2.2 #4t%F 244 (TEM) M X

T HIFE A f RAA R  GOULEE R, N PR A F AR S #EFT T TEM (JEM 1400Plus (JEOL) HE - W S 8%,
120 KVHNE R E) ML, ¥ 10 wL A[F] pH (B #2844 HORTE TE 300 H A MR L, 46 Itk 2s 5 200 B 531k
T Y S A R IR, 29 10 min J5 FHUEARRR 25 22 43 B 0 HOR, SR 5 5 A 0
1.2.3 425w -F 2448 (SEM) Ml 3%

TR T = LS SR PR VR T8 24 b SR RO R R MG 78 S il b IFEM AR R 4,
£ 1FE S 7E FEI QUANTA FEG250 SEM b #1720 HT ASKISIE SR 2 4E
1.2.4 A% 2 e+ 3 3521 98 (FT-IR ) i 247 il 5%,

R S AR (KBr) 1R A A0 B, 76 TG 3 R A BS ,  B0H R, 7E 64 W T B ER1E, 3T AE 500 ~
4000 cm™" 143 50 FEL SRR B
1.2.5 ESh—7T L (UV-vis) 3 5 4 X

FH UV=-2600 % UV-vis 7GRN E B S-HOR R UV-vis OGS, SRR a6l 7 a0
T oK REZETETREE /K, H HCL A NaOH 715 pH, #75 (40 kHz) 43X 30 min, #8& 4.5 h, SR 54
PR Wy, — I B 4 54T UV-vis SR, 55— 2 DA 21 [ (R B4 3 FH T [ K UV-vis JaiEi
R, Bk L R R AR T, BTF 10 min, IR, 700G TE ) [ R 0 3R R 5
BORNERLTYE,

1.2.6 fala3zir £

DL B R AT 4240 (HSF) 52 bt £, 37 °C 5% CO, AT, 7EE A 10% 3K G 4 1ML (FBS)
i) DMEM/HIGH GLUCOSE 537 5% 5% .

1.2.7 miaiE ik

Calcein—AM J&—FhiE 40 I YL kL, 7T LS 1% 4 I 25 5 77 AR S 658 P WE (PL) J& —FhsE 4 i ek, H
REHEASEAN M 7= A= 20 (096, B R 50 ELTF 24 h )5, 1 AM/PL 40 e €0 ), 4 FH 420 B 9% Ol W i is
(DMI3000, Pk ) WA M ER A AR AE T A fIB A
1.2.8 UV R fdExtE s 2 e Fu3n ik

AR SCR KB (50T DK-S24, ) R %5 521 B X o0 BORCIR S ™ B EZE 52 m, M6 R AE 5 il
2 50 HORCIRAS 1 UV-vis BESAHTR , BES 205 8 T 50,60 F1170 CTHIKHH 0~52 h, £iBE 4 h 2 AL AR
Pt 270 nm ARG EE . FHEEAME(250 mW-om™) BRES PN TR AL 0~24 h, B3F% 3 h BURE | 07 76 %
£ 270 nm 4ZbAIWGRE
1.2.9 AKRELR Lo§RELE

BB E RN NKERIIT T B EIMRTR, HREE ST L8 KA, T80 &k &y
1 mg-mL™" 5] HOR , 9% )5 ] NaOH 1A 15 pH, 31 F A8 75 P08 20 B0 43 8 30 min, ¥ 8& 4.5 h, 2R )5
HCUR 4 B ) pH i 13 2 7, Bk ZLF e 2 e R AR P 10 min, (EBRARR TWM, SR E7E =R
TRA . H 250 mW/em?® (5 UV SEIRGF AL 70 b RAIASFERAA T (1) B R IZ A 4liK AR 451
KT RS ; (2) FH pH o4 13 AbBRAY R AR IR N A F ST BRGT ; (3) 4 N IR A Sk th I F S8 AT BRG
(4) H pH 13 A BB ERIRBE N LI R SMT RS (5) Hl pH o 7 RSB R IR BN I AT IRGS
Bk KA AL 10 h 5 ASRIT SRJE K Sk R AR 4 EF UV T, i i 2% 8 3408% ( Leica Microsystems,
Wetzlar, Germany) Fll UV-vis 7366 T UV-2600 ML Xt L,
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1.2.10  HABALERRAE
1£ Malvern Zetasizer Nano ZS 47T T sh A GHUS (DLS) 8256, 702 /0 1 S92 56 R F 41 4 H1 8% ( SEM,
FEI QUANTA FEG250) #£47REi%5#r (EDS) ,

2 #EHREHW

21 EZHZBRENMULEH

TEM BB B, 5 10 B0 3 7F 4l /K 43 B 22 v 19 J00RE 2 B R Bk B 300, K42 434 & 80 ~ 150 nm
(B 1(a)—(c))., W, XML L JE T DHI 5 DHICA HAAGHE i 35 F 3 w-m HESAE ] H 4259
BT R R B 2 — VR AT RE S - E S AR 5 ORL R 5 BE 22 1) B Bh A AT A DG, 3 AT |
UKL 22 (8] B 5 0 P SR AT Xt 2 FLAE /K A R AN e 1) R A

KA SEM RAEE A, 7E 0.5 k 2 50 k BURAEEC T REMAT R AR FOWIESL, 0.5 k BORAEE (KR
100 pm #7/) FEYFILE SEM BHR (K 1(d)) SR B AR R EMFORGRERIES , LG T =
10 k(5 pm A5 R B, @A R (B 1(e) ) 1 MTHE 7R SRR B WEAOKR R BB A 3 HE B A B, 38 3 78 2
KMEL , Fe ZAE 50 k HRATEL (200 nm A5 ) B AT #4) 10k S0k 1 B AR PR T ——i 428 52t B4 1l o3 A
BRI A0 K BoRL (18 1) ), Geit H AR50 5 80 ~ 180 nm ( WLFFF 5% & S1(b)) , % R ~F 404 i Fl 5 TEM %
TGS SR —3,

(®) .

1 (o )pH I 7 B, B SR G200 TEM 1%, (d—f) B0 6240 SEM 12
Fig.1 (a-c) TEM images of cuttlefish melanin at pH 7; (d-f) SEM images of cuttlefish melanin powder

KM TEM RGEWESE pH AR EEXS 5 0 O R ES A2 (1 S2) . 45R B8 76 pH 1~7 JuE N, BER
AR B IER (1 S2(a) —(d) ), IESEHE > T AU X R VE IR BT HA S5k k. 4 pH JH= 9 B,
BORWOES LA TR, 18 S2(e) s T RS WK Y NP WKL w25 TS 00 o W]
WNIE S2(f) PELEFKARCHTR , KBURIT U6 K AR R 2R .

4 pH FE—BHIRH] 11 F 13 I, RO R PR ERIEIE S 56 2T 0%, 3L 1 2RGS0 HER 2548 01 R
SEA SR OLAS ) (18] S2(g)— (1) ) o I pH AR 14 45 14 15 1 26 W1 B P B 05 0 8 (0 3 A HAT B 35 ke
HEVERT, BT, B4 pH 11 A1 13 AR R IEAT S BRI IE , AR R AR WO, BRERTE
pH 11RNIFE 1 h 5 (18 2(a) ) , B LA LI BRI S EERREIR | 778 T AORPEEE R . ANZL (7 Sk P | X 2845
A ER A8 B AT AS U WL BN LI S5 48 B9 K 8 (2R (TSR ) o AAORBR S HA O T 2B 48 7 IR € AV R [
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BT R RGO B A B a3, 28003 hm , i SeIURE— 2B AR JE R T 40P 2(b) Frs B 224K
SR, 3 ELRIE A B 0 R BORE Hh R A W RE LU S e — B0

2 pH 13 LB 1 h (RO AR LE TEM BR8] 2(c) ) 2IABNIEL (R OF Sk nit) HRIRE S
TR (B OFTk AR ) SR (L @R RERRR)  SERALHEZ 3 h i, SIS HAT 2 ARA e HES1 ) 58 25 A
(F2(d)) AR ATCH I PEHEB AL i 3 S B R IE WL, % R 5N 25 AR IS R R A e
SRR PRI 2 B R SR A AL R IR IO AS A0 pH (AR A0 ELAT 35 AW SRR

(&)

K2 ssfa @R TEM KIfR: (a) pH 11 T 1 h; (b) pH 11 P 3 h;(c) pH 13 FIEF 1 h;(d) pH 13 FIFFT 3 h
Fig.2 TEM images of cuttlefish melanin; (a) incubated at pH 11 for 1 h; (b) incubated at pH 11 for 3h; (c¢) incubated at pH 13
for 1 h; (d) incubated at pH 13 for 3 h
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s {0 B O R B 5 A= ] WO EHE (3 (a) ) 18 270 nm (UV-C i BE) 4k 52 BURFIE I o, H iz
PIAEANTR] pH AL B 43 O AR FFRRE . AR T pHAER 7 M43 HB0R, pH E28 9 .11 R 13 BB A 50 UK
FEIL BB TR A 2R SRR RE ST . X R, R R AR S T AU TG R, AR RS R AR
£ pH 7 BKH 438U 0.8 mg/mL, 76 pH 13 /K 43EUEEE Ry 12.4 mg/mL AP PS040 15.5 £, 7850 40
IE B P Ak BT P68 38 AR R 7 o BB e VR

AR 3CE T EDS S TRAR pH {E4 7 1 13 IR ARFES TR 2550 ik 3(b) A& 3(c) FiR,
K 3b s THR(C) JA(N) Z(0) 1 (Na) BE(Mg) B (P) B (S) F(K) FIEG( Ca) X N IERYAATE , He
T R R I B IC R BE G R RIS SR R IR R IO R A BT RS
1Y 49.80% , JLF- AR —2F . HoAth 51 20 R A AR & & 23 R 32.03% Ml 13.75% , MILZ T8,
i PR SSER CE S R T 1%, pH A 130 (E 3(c)), 5 pH A 7 If AR E R A, EDS JGi R
AL IEARAE . 26 S1 0, 76 pH (B8 7 A1 13 i, 246 F A9 e R AL B /R IEAT AN A, 76 pH Eh 13 (122
B FRAE T B LU B N2 NaOH Ab FH AR (9 25 5 | 3 Ud B Btk b BT TR R T 2 & s s AR /N, #E
MY seh  BaRmE UESEMA, BEASaRERNEI -0 WL 28 8n (B 3(d)) :pH 7
5 pH 13 FEMIITE UV-A BBt (370 nm) 5 IURFIE IS | HAE 215 ~280 nm {0 [ & B0 wa 3 W Woke e, ik
— 494 190 ~220 nm DX [A], K0 E) 4 D IESLRFAENE (18] 3 (e) ) , HIEE 535 E AT 197,203,205 F1211 nm,
A it ) A B 0 2 W | I S Ak AR e 0, 22 TS () S M SO S ST 254 TR B BB TR S B SRR 3%
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EUA R 2 S i e

SMBERTE pH 7 5 pH 13 £ T H FT-IR JGik /et an & 3(f) frn, pH 7 M RIS & IR . 76
3600~3200 cm™' &b LA 3 380 cm ™' Sy H (A MGG 2 i O—H B N—H M Fi 3R sh5 121451 580 cm™ Ak
C=CH5 A sl ML PR IR S al S ER PR 315 1 375 em ' Ab g I JE AR L) O—H 51 Wi, 7861
IR KL T C—H 1, infig i C—H 78 2 917 em ™ Ay hi AR 8l , ikt H CH, 7F 2 852 cm ™' 4b iy C—H X
FROCAFLL S 13- 3y C—H 7£ 801 nm ZLMHiff, 5 pH 7 B AR A FRA L, pH 13 BB EAERELET
BRI AL WA BN 1580 cm™ 488 1 615 em™ | X & F C=C J5&F MR35 COO™ s X FR A 1 77
e, DA ZAEAET 1468 em™ Kb A IEIE R BN & nE g SRR iR 2, RIS B R BUR AR R G
WHETS 73K . FTARRY FT-IR 56355 SCHk P O—H \N—H ,C=C Fl C—H 55 5E 1 L K it 8 15| e 55 45 4 —
O RIS I Binsi B BAEE ST AR BTRRAEDY
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3 (a) SPHURIRAS IR AR LS -FT UGS ; (b) pH 7 BB A KD EDS J6i%; (¢) pH 13 BB EAEE EDS J6il; (d—e)
I S ) S R A A0 =TT WO 5 (F) SREFBIRAY FT-IR Jtik
Fig. 3 (a) UV-vis spectra of melanin in solution state; (b) EDS spectra of melanin at pH 7; (c) EDS spectra of melanin at
pH 13; (d-e) UV-vis spectra of melanin in solid state; (f) FT-IR spectra of melanin powder
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23 BEEZEINEVHEETN

SCHERFFEUE S, B PR B AR FL 0 S8 AP RCREE (UVB-UVA, 280~400 nm) , ZEXG B4 B0 s i
BRI I 70 A A A T S T PR R R A E A N T AR R 4 B AR AE . T HSF 40 TE
pH 71 13 b P 5 (14 B8 65 Z20E 54 (9 40 M 55-7E , Calcein AM/PL WYL (6, TiFF 5% 28 68, 25 0 20 i TR 25 i s iy, v 4
ARG A, 21 RPN, X HEZH HSF 452 B AR (UL 230 i (K 4 (a) F1 4(b) ), Bt
FAE pH 7 PG, SIS, W5 HSF 4N RAERI G (K 4(c) ), HSF 4 REF T Il 3T
ML RO A R AR S BN AR L, AU T A A B A B i (& 4(d) ), HBEAEE pH 13 N
JE ARG TR WG B RAEAT AW W BRI, TS (I 4 (e) ) S5 X HEZH HSF 4H0AH{L, 5 pH 7 4035 8
AL FET- 20 A B s (B 4(f) ) Z5RR il b Ab ¥R A% 1 28 pH 13, AT RO BR B 0 %
SR 114 2 T SR AR A4, MITT 8 3 B T LA 28 4k

@) OF ="

(b) (d

K4 I%/5C HSF Mg (3RAE : (a) 25 IR IRTG 0L ; (b) 25 FAXSHEBEANNE ; (¢) 5 pH 7 AL (0 3 S [m] 5 5% T % 4i i
(d) 5 pH 7 ib 35 B R ILF BE R T AC4IM; (e) 5 pH 13 AbFR G AR ILFRE IR FIGAUML; (f) 5 pH 13 Ab3RJ5 2
R IR 57 T A A

Fig.4 Live/dead cell staining of HSF cells; (a) blank control living cells; (b) blank control dead cells; (c) living cells co-
cultured with melanin after pH 7 treatment; (d) dead cells co-cultured with melanin after pH 7 treatment; (e) living cells
co-cultured with melanin after pH 13 treatment; (f) dead cells co-cultured with melanin after pH 13 treatment
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LOME ST T HORAS B E DL T R (K 5(a) ) o 270 nm AR SEEEXT HE B, Wil pH 2k 44k
PR R AR AR RS R rh ) OGBS Rk, SR, pH O 13 MUBRPERR BRI T R AR U,
FEOHOR T R EZ ST pH A 7 B ER . L, 7E 3 h A9 BREHS A T IR R R AR
AR . & S3 H3R T RESHTE pH 2 7 B, 76 270 nm AL BYRREZ 4 75 UV BRI 3 h 5 i 25055 , F 0] 8
BRRMEMALE, M2 T, pH A 13 MR EARSBIRE UV JET7E 0~24 h PIARFFIE(E (B S4) o TESEm i
Ab B AT 45 AR E T

X (0 ZRE T RN ) R PEAIFST . DLS 455 (& S5) W pH 7 5544 F , B0 WOk () 1 IR SR A%
7 500 nm 3 BB P9, 10 205 = I, RSFE R FZY 3 000 nm, 3iE 52 3% 4K 22 78 7K A7 78 B I 1] 96 3% 1l 58 4 fhi
], ST pH 13 £ T B0 2 A 4RI 55 30 DLS Ao 158 25 R A5 8 | A WF 5% 4b 75 48 b — ] W i 1%
HATRUEPEIBER . SAMAT OGS (] S6) W ihPES5F (pH 7) HEAhTE 270 nm FEAFRIE T25 — J8 5 58 2 TH 2k
IZING: ) DLS A 1% 2 4 B S TH- 45 SR AH B EPE , $2 7 FF i T BB & A R ol ™ SR R AL UTUE . 76 pH 13 T Ab3
FRRE G (22 AT OGS (18 S6) i, Bl 1] 254k, 270 nm Ab4RAE I % A B 7258 4k, | 26 B L ELA 10 S 14 s 1)
FREME,

SRR AFRGETIE T i % B0 R BRAR M 0 5 ), ASRIF 530 2 0 A0S 56 W AR & 7 270 nm &b (IO AE
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Table S1 Element proportion of cuttlefish melanin with different pH values PN . %
JLR A

pH

C N (0] Na Mg P S K Ca
7 49.80 13.75 32.03 0.43 1.82 0.03 0.39 0.23 1.51
13 50.40 11.77 32.62 0.48 1.70 0.25 0.47 0.41 1.91
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Fig.S1 SEM image (a) and particle size distribution (b) of melanin at pH 7
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