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Abstract Construction of biomacromolecules via enzyme-mediated catalytic assembly from small biomolecules is fasci-
nating for preparing functional biological materials. The challenge remains on how to control the structure and functions of
biomacromolecules through substrate regulation. A sequence of crucial biomacromolecules, melanin, were prepared via sim-
ple substrate derivation, which controls the key polymerization sites in enzyme catalyzed self-assembly process. In detail, we
designed three tyrosine derivatives, namely, 3-fluorotyrosine [Tyr(F)], N-acetyltyrosine [Tyr(N-Ac)], and tyrosine ethyl ester
[Tyr(OEt)]. The three substrates corresponded to the blockage of different tyrosinase-mediated polymerization active site, and
tyrosine was used as the reference. The above small molecules as substrates (1.0 mmol/L) and tyrosinase (2 U) were mixed in
phosphate buffer (pH=38.5, 0.10 mol/L, 2.0 mL), which was stirred in an air environment of 25 ‘C. After 24 h, the reaction
was quenched and the mixture was centrifuged to obtain different melanin nanoparticle products (MNPs). Characterizations
from transmission electron microscopy (TEM), infrared spectroscopy (IR), and X-ray photoelectron spectroscopy (XPS)
showed that all the melanin products had eumelanin-like skeleton, but were different in the degree of polymerization and
microscopic chemical structures. These structure-modified MNPs showed overall absorption in the ultraviolet-visible-near
infrared (UV-vis-NIR) region, thus enabling photothermal conversion in the NIR-I region. The photothermal conversion effi-
ciency of MNP, MNP(F), and MNP(OEt) (3 mgemL') was measured to be 46.6%, 37.0%, and 25.8% [laser 808 nm, 1.5 W,
where MNP(N-Ac) was not available due to rather low temperature increase]. Interestingly, in vitro experiment showed that
MNP(OE) exhibited better photothermal cytotoxicity than MNP, and this was probably because MNP(OEt) had a smaller
particle size and less negative {-potential, which could ease cell endocytosis. This work demonstrated the feasibility to regu-
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late enzyme-mediated catalytic pathway via simple substrate derivation. It provides insights for the construction of new func-
tional melanin materials and for revealing the relationship between biological macromolecular structure and function.
Keywords melanin; tyrosinase; enzyme-mediated catalyztic assembly; tyrosine derivative; photothermal material
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Figure 1 (a) Mechanism of tyrosinase catalysis from tyrosine (Tyr) substrate to melanin product, (b) active site of tyrosine reaction polymerization and
the structure of tyrosine derivatives used in this work, (c) schematic diagram of tyrosinase-mediated melanin production by regulating the active polymeri-
zation site through the derivatization of tyrosine substrates, and (d) images of melanin solution samples prepared from different substrates [from left to
right: MNP, MNP(OEt), MNP(F), and MNP(N-Ac) corresponding to Tyr, Tyr(OEt), Tyr(F), and Tyr(N-Ac)]
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Figure 2 Morphology and structural characterizations of melanin products

(a~d) TEM images of MNP, MNP(F), MNP(N-Ac) and MNP(OEt), respectively; (e) infrared spectra of four types of melanin, where the feature peaks (1) indicated
catechol and quinone groups, respectively; (f) XPS spectra of four types of melanin
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Figure 3  Structural diagram of molecular docking simulation of differ-
ent tyrosine substrates with energy minima in the tyrosinase activity
pocket. The substrates (a~d) are Tyr, Tyr(F), Tyr(N-Ac), and Tyr(OEt),
respectively. The substrate (omitting nonactive hydrogen atoms) is repre-
sented by a ball stick model, the amino acid residues within 3 A of the
substrate are represented by a colored stick model, and the oxo-dicopper
catalytic core is represented by a ball model

Acta Chim. Sinica 2023, 81, 1486—1492

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

HF A s R 0 AL RS [RI R B BB AR T A 5 B 1)
ghitraedy, ] 7 EEfE A R ST, P R
A7 S5O0 G IR BL A FE B B oK, T BRI RT e A £ L A
BRT o FALRH, R FRAR T A Sk i ) U
CAHEAER. SR 50—, ESER OB,
3-SR IR S B S AT VAT B AR kL, N- LIRS &
PR SR RS B4 U 5 R
23 EaRAAMEERR

HRIETT R — Pk B B R & ZEIN R N
B e IR 967 T 8, I AR AL TR RE VA 9T B E I A0
B 3031 L e R R 5 e Y BV T R 1Y) B A
RO MR REAERI-T W-IE X B 1SR
W, BrARAEITLIAN T X (780~900 nm)E 4T AE
BRI T B A VAR IR LA G e PR RE, AT AR AP 25
PEIRO AT B F e RGATT . FRATHUE T 25 BRI (1.0
mmol/L)JEA) S S 15 E1 1 DU Fh 28 €0 3R i g A7 RSO 15
TR, KB R R AE 300~900 nm [X 3 H AT 4 i i)
(B da). o iR S (0 2 AT (0 K LR TE 808 nm AL I
FERE AR 0.18 F10.21, iz T HAC B B R N-L B2
R (5518 0.06 F10.05, B S2, W HHER).
X ] B A T R RN I R £ I 28 i A A 58 4 OB,
PRB) 7R EAR R BRI, T 3-REER S N-&
FEE 2 IR AL I B AR 52 4, A B R R . 3RAT]
HE—DHEF T DU AR S TE 808 nm WOLCHF %
N 1.5 Weem 2)REF R L HGE N, 45 RR, EHIFLE
TREHE R, AR FHEEIR K ZESR. HhEEa
. FREBEARMEOROBEAMITNTHERE, o
BN 209, 182 F119.8 C, i N-ZBtEE B T~%
ik, FHEIEEE/NT 2 C(El 4b). [FRF, 7E 5 ANMEIEIT/C
JEARAN, BB #GE 3 oW B AR, R EAT]
AA Rt @B Eait5 T AR BOER
FI eGSR, b 5 SR 0, 2 A6 3R LR e IS
PR, AN 47.3%8139.6%. HILLZ R, #HACE
R T HORBRLE D, SR PR AR, 1R
25.8%(F 1). N-Z.W A Z H T7E R IGO0 R FAHRA
B, BARIERERK, TikA R RBCERIATT L.

THHE AL R e E R T IO E RT T 4
RCRF T R B, LU SRR, (LRI E R R
FAEGIN CREFERE TR T BORPDERFEIHSER, H
[F e T B R BOGRE, IR 5 R B AR
AP FHESCR. HEUX — IR AR K A RE N, H 6
JRPIRFE T T ML IR 1R, SRR AR LR
B R A AR, B A B FRAR. JE AR e i e IR
SERSINE 83, W FHE R, iR AT AN T
IR FLFA 2 A 0.15 F1—0.72 V, T B (2K 2 B0 R
Mty F0 7 (AN B340 3l 9 0.20 A1—0.48 'V, HLEHT
MiEH BEAEEMNETHR. B THRRBARM N-&
Tk 22 (0 2 KA PR, A DABEFE FEAR b, WOR BRI 5 ER

http://sioc-journal.cn 1489



Al Hiocis
a b
(@ 15 SiNE (b) 55 NP MNP(F)
— MNP(F) 504—— MNP(N-Ac) —— MNP(OEt)

S——— = (&) A A\ \

L 10/ MNP(N-Ac) g / 1

F ——— MNP(OEY) £ 7\ j

5 g [\

:

O 0.5

§ L

0.0 25 . ; . .

300 400 500 600 700 800 900

Wavelength/nm

B4 DU RO RO R

Irradiation time/min

() DU B ZR 5L S - T —IE LA (b) DU B8 0 R AE SO IRUN N TR R AR T il Ze (e A FAEMIRZIIN 3 mgemL ™!, oL 808 nm, Tj%

L5 W, B X b ) 28 B T R T 5T

Figure 4 Characterization of the photothermal conversion effect of four types of melanins
(a) UV-Vis-NIR absorption spectra of four types of melanins; (b) temperature rise-fall cycles of four types of melanin under laser irradiation (the concen-
tration of melanin sample is 3.0 mgemL "', the laser is 808 nm, and the laser power density is 1.5 Wecm 2. The curve segments in the yellow area are taken

for photothermal efficiency calculation)
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Table 1 Photothermal conversion efficiency calculation parameters of MNP, MNP(F), and MNP(OEt)

[(Onet Quis)/E+To] /K Co'/K (—8Cp)s™ AP GWKY) One/W n R*
MNP 49.5 —19.8 —0.00751 1.073 0.031 0.650 0.473 1.000
MNP(F) 50.7 —18.2 —0.00432 1.959 0.018 0.386 0.260 1.000
MNP(OEt) 514 —18.4 —0.00610 1.431 0.026 0.572 0.396 0.999

“Fitted parameters according to Eqs. 1~3; ® sample absorption at 808 nm; ¢ regression coefficient-square. Other constants include Qgis=0.02 W, and 7,=28.2 C.
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Figure 5 MTT assay of 4T1 cell vialibity after exposure to different concentrations of (a) MNP, (b) MNP(F), (¢) MNP(N-Ac), and (d) MNP(OEt) with or
without 808 nm laser irradiation (1.5 Weecm 2) for 3 min [error bars represent the standard deviation (7=6)]
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4.3 YHEEEIRSEIHMEEEMIK
43.1 mAaER

ANERFLIRFE AN AT 4 20 [ A R B 4
E, 1E 37 CH AR ECN 5% AT
BFR, BFRENTHERSECN 10%64- M5 1%
% Z 55 R Dulbecco’s modified Eagle’s medium
(DMEM) 5 F# 4.

432 PTG R E TR

KH MTT 0Pl AN [F] BE 5 0 FE i AR 32 1 41
TETE. K 4T GHMALE 96 FLAR A% BE AL 104 N4
BEATERN, JERFE 12 ho SRJE 5 AN (R FE 1 A b 2
OEPETACFRANM, 808 nm BOG(1.5 Weem2))GHE 3
min, ¥ H 24 h. FF LRI, AN PBS iYL 2 .
FUIMAE MTT (0.5 mgemL "4 R 72 5E(100 uL)4k
SEEEFE 4 h NOWRBRFLN IS IR, SEFLIIA 100 pL —
3L TEA(DMSO), BEECE 15 min. FHEEFR OO &5
ANFEGL 570 nm ARG RE, G EAS HAH AR TS .
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