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SYNTHESIS OF THEAFLAVINS FROM TEA
POLYPHENOLS CATALYZED BY LACCASE/MEDIATOR
CO-IMMOBILIZATION SYSTEM

ABSTRACT

Laccase, a type of polyphenol oxidase, is capable of enzymatic
oxidation using a variety of pollutants as substrates. During the oxidation
reaction, Laccase uses oxygen in the air as the receptor and produces no
by-products except water, so it is regarded as a green and efficient
enzyme for environmental protection. As small molecular compounds,
mediators play a role in laccase-catalyzed reactions by lowering the high
redox potential of the substrate, thus expanding the range of substrates
catalyzed by laccase. This catalytic system involving both laccase and
mediator is called laccase-mediator system (LMS). Theaflavins (TFs) are
used as a natural active ingredient with excellent lipid regulation, free
radical scavenging and antioxidant, anti-tumour, anti-bacterial and
anti-inflammatory effects, making them ideal natural materials for drug
development, functional foods and daily chemicals. In this paper, laccase
and mediator were co-immobilized on functionalized alginate composites
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using glycidyl methacrylate (GMA) and dopamine (DA) as modifiers to
prepare laccase-mediator co-immobilized catalysts, which were applied to
catalyze the synthesis of theaflavins from tea polyphenols; to study the
performance of the co-immobilized laccase-mediator system in catalyzing
the synthesis of theaflavins from tea polyphenols, and to evaluate the
biosafety of the catalytic products. The details of the study are as follows:

(1) To study the optimal process of free laccase catalyzing the
synthesis of theaflavins from tea polyphenols.

Free laccase was used to catalyze the synthesis of theaflavins from
tea polyphenols, and the optimal catalytic conditions were obtained
through one-way and multifactorial experiments as follows: the addition
of 0.1 mg of laccase, the substrate concentration of 1.34 mg/mL, pH 3.7,
and the reaction time of 47 min. On this basis, LMS was introduced, and
the type and amount of additive mediator were screened, and the 0.2
mmol/L ABTS was determined to be the optimal adaptor mediator.

(2) Preparation of co-immobilized laccase-mediator hydrogel
microspheres for the enzymatic synthesis of theaflavins.

Co-immobilized laccase and ABTS on GMA and DA graft-modified
alginate carrier materials, co-immobilized laccase/mediator hydrogel
microspheres Lac@PDG-Ca@ABTS were prepared with a diameter of
about 2 mm and a uniform size, and the catalyst microspheres were
characterized using scanning electron microscopy, Fourier infrared,
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fluorescence microscopy, EPR, etc, which demonstrated that the laccase
and the mediator were successfully co-immobilized on the functionalized
carrier. carriers. After co-immobilization, the acid and alkali tolerance,
thermal stability and storage stability of laccase and ABTS were
significantly improved compared with those of free laccase, with good
reusability, and the activity was still more than 60% after ten times of
reuse. The effects of different conditions on the preparation efficiency of
the co-immobilized microspheres and the synthesis yield of theaflavin
were investigated, and the optimal preparation conditions for the
co-immobilized microspheres were obtained as follows: the concentration
of laccase was 1.2 mg/mL, the amount of mediator added was 0.25 mM,
the immobilization pH was 3.5, and the concentration of teat polyphenol
was 1.5 mg/mL. The co-immobilized microspheres showed a good
catalytic effect on teat polyphenol, and the highest yield of theaflavin
reached 42.48%, which was significantly higher than the yield of free
laccase. free laccase.
(3) Evaluation of the biosafety of the catalytic products using
cytotoxicity as an indicator.
The cytotoxic activity of the catalytic product of tea polyphenol s
ynthesis of theaflavins catalyzed by co-immobilized laccase-mediator
microspheres was evaluated by HepG2 cell viability, cytotoxicity a
nd cell cycle energy indicators. Co-immobilized microspheres, Lac@
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PDG-Ca@ABTS, obtained a catalytic product with 84.15% survival

of HepG2, showed a significant increase in cell survival compared t
o the free group; the cell survival of co-immobilized microspheres

was only reduced by 5.4% compared to the raw tea polyphenols, s
uggesting that co-immobilization effectively encapsulates laccase and
ABTS, especially avoiding the toxicity of the high concentration of
free ABTS to the cells, but still showed slight leakage. The Lac@P
DG-Ca@ABTS+TPs group showed a similar number and distributio
n of red fluorescent dots and a smaller apoptotic effect compared t
o the Lac +TPs group without ABTS, and the cytotoxicity of the t
wo was comparable, suggesting that the leakage of ABTS from im
mobilized microspheres was slight and did not have any significant

toxicity to the cells.

The application of co-immobilized laccase-mediator to the catalytic
synthesis of theaflavins expands the application of the laccase-mediator
system in multiple fields, and lays the foundation for the large-scale
preparation of theaflavins and the biocatalysis of other high-value
chemicals.

Keywords: laccase, mediator, co-immobilization, theaflavins,

biocatalysis
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Fig. 1-2 Oxidation of catechins by polyphenol oxidase to produce monomeric theaflavins
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Fig. 1-3 Schematic representation of the three-dimensional structure of laccase and the active
center of laccase
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BREGHEAL IR 2 . OO R A, (AR5 eI . RO T8
FRATIEE AR B R RGBT ERT, W5 B TS A, 24 R TEIR R
TSN AW R S AR, A N B AR, V5 A BN
ANEBEEAT2S4 . Jhh, BREFEEME S IAGT . ENGL N AN AP 0% ik 38 55 07 T
LA TS50,

2.3.1 B 5E40L

EWAUTIE Y, SRR RS ENZ D ERRE JIEA R E S Bl
AT I SEE 2 R KRS A NG &R B AP LAV R K, X 588 )
RIS e REFRENS A UM AR, EAURAEMTE AN FAEER KN
JEHT 7381,

2.3.2 Bl AL B IR LTS YY)

B YT TV IR R 2, ekl K CLsch E B KIS Qi — . R EA—
MR E SR R FAHRA AR R Z gk Yl X T TRk
FNGURLEI =W ARG 2 B o BRI P] A3 5 U SR R K . BRI BRI AT
MRS ST R IR R 3235 e T3 AF 2 RIS 5 e . Horh, RmEX 4544, BN
MR AL B TE USR] T T2 IR
233 %M RMINW

RBERE N A TUORMIN L & RS S5 i AT, T RSB R B
PR o MR RIS KA ARG 2 ML B VR R, X2 B
THASE B REE SRR EY S EARS G RR S T REW, B
UUVE - RBE N AT LA SR R SR By 2R 0 L — M5B, v A 37 1 SRt
RV R R, B5GE ARRIRIR, S TR IASE k. 10 Bezerra SEOLK
Mt ] 7 7 I BB IR LT 4E 2R B S TSRS A, G R pE AL A fa SR
£ AV 73 I B AR T 61% AT 29%

2.4 FE-NT ARG (LMS)
R AT LA 22 P 2R R A A, (R 9 ST 5 L 34 LR (0.5-0.8 V),
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RS AR AL I T P 35 PR B 2 AR 5 2R 4540, AN BB S A o8 S PR T 284K B AN 3
I AEm A . AR, — LN A BRI LA TR S R
Z IR, By KRR RIE NG . BEES /N T i 1 245G TR B A
Jii %4 (Laccase-mediator system, LMS), HA#E{bidFEaE 1-4 Fiox.

Mediator (red) Substrate (0x)

H:0 Laccase (ox)
02 X Laccase (red) X Mediator (0x) X Substrate (red)

Bl 1- 4 LMS HEALALE]
Fig. 1-4 LMS catalytic mechanism

AR 2 N LA A EFIRIRA 8 N LA AR 2,2- B0
W -3- L FE R T BEME IR -6-F i FR(ABTS)~ 1-32 3491 = M(HBT) . ThFR 7 % (PTC).
WYEGE (PT) 25; RN THE (SA). WEER (PCA). 3-FRILALEK:E
FHER (3-HAA) MZFARER (VO) 55, ity Nk 1-5.

N/Q\N
O N Vi R N
O,FQ\/‘}‘ \’4@; ~o ; {
Ok T B
NNH A
ABTS HBT PTC
/ -
/N4 ‘ 4
Q" S = ' TN/
@ {)
0= [ \I
PT SA PCA 3-HAA VO

K 1-5 WA R R

Fig. 1-5 Commonly used mediators formulas

24, LMS RECEAFIED . JRi . 15/ ERE T IAERZ M

F10), Bourdnnais 25O E YRR I A A1 ABTS 1] DLBE i BB X A SR 2% 45 #4 1)
. IAMNERF-HBT RGAMET] LI SAKIE A2, LA B ERIRE .
JRFH) R R ARG AR P AFAE AT AR MR, HAFAER R | AR LB AT RO,
BRE-HBT RGuA Ae ST ol A=, TITERE i 28036 ) [ B I e SE I v A 72

B RE X 2 PRl BRI, (OGRS S v A I Jel, R LMS

R G A S Rk i € B AR162 631, Couto S5 104\ 7 AR BEH M AL FE N 28 R
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B (VIO) frik, RefsiEeihLr 97 FNERYELE: 26 P9 Fmi & M Yo kb it o, JoHE
BRVELT 97, 3 min PR AL 90%. ZBET &H (AS). T&HEE (SA) #ikN
T £ R R AR AR R SRR /K . Camarero 258 AFI ] AS. SA 2 5 R NI
WA 22 Goont v FEL A TEVE B L R W P ] e b bdEAT I 5, 30min P9I 14 2R
B 3R L  90%, K25 WA i L3R IL B 30%.

b5 SPRRERRE, Tolys g i H o mE, Hh 2805 FR A5 4
PIICHTEH . LMS BRI 2 Fhis RV A0 S PRI 59 I AN I VEDTVE AT SR
5 Y 2 BR165), Vandertol 2RISR 78 K B ABTS B4 B (L P i,  AL7E
— TV N AR SRR I E BB SR R . BEF-ABTS RGUAEE A 2%
38 v R L[] o )y D B OT), S e (b BB AR RREAR S0 RS A 50%
DL IR EEY), (B EREG-ABTS REGUGEE 24h, H8H %M 90%.

24, LMS RGCEMKKIE A JuRliit. V53205 T a3 2 M
Fio SR80, LMS 78 DM AR AP A7 7E— 2 il f . e B A 2R AR 5 4k 22 A i
BOUNIN, G RGNS IR PR CIEE RO, A LA AR RN I R
Hh A SR A AT AR P T B RS 05 PR R BR I IR B AT AR AR S ik
IR G [EE AL BOR Y LMS A 2 b B3l . /A p ] [l R S 4t 1A AL
(I 58
2.5 B LB AR AT RE/ Ak

BREEEA Rz AR T — 1, HP=s—, RIET 2, R
AN, A B RN I UK, SRR, TR E SR . @i A E T LA R
AR R AR E YIRS 2, B ORI R VS L
2.5.1 EEITEE

(1) Wbk sl By 7S5 8k i F e . S s EE R, 1
SHL I BSEREAE B A B B RE . Cristova 2681 I WY BH00KE 148 il ] 52 70 SR MR 2T 4
b RN B B ) AR E MEAE X T R R R R S  Jia EONE RS b R
Meso-MIL-53(A1) i Z20E ik, SHRNgE e ik, FoRMAREmR — SR AW,
[i4] 7€ J5 () Lac-MILS3 (AL 14 [0 26 Je foe AR 1S 2 W& G ok, & 8 IREE B fF A
JEATIREDRFFZ) 60 Yol KNG o W BT ] 58 25 AR AT, A FH AR AR BT il 1 2 i 4
/N, AR T REAN A EAE R 055, FTRE S 5 BUM I VA 2R B0
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(2) HE: B R0 22 LG5 P Rp 1 ] H i G R A R 00,
FARA, BB TASEAR KA S, RIS TP AL SR,
X G IS TSR o WhEREIAET  FRIR  ES (FDHD B387E AP-TJ3R A, JF
RIT T W CaCla M1 APTES (IR E, SEUGIE ] AP-TMER AT A 2] 100% [l
TR, HESMHLKETIREE FDH & . Ha38%: H & H T/ 7 R A
PR, SeESE AT R T R T A HER G A O PR A PE 2,

(3) ATHRIE: A8 FH Th REAS BRI A5 g 70— R Ak e 3o S A 22 Bk ey 7 =] g 1731,
AT o FR) 2 (4] 03 ) e g O 1 AR RS PERE ], gk, REAE. BT
T2 SR T BRI . B ECR S

(4) AN EE Ak Yo7 S FE i 2 45 4 1 77 58 e 7E Bk 104,
A2 E A 3 A5 (i 5 A 7702 A R R AN AT B ST, LR BRI 2,
AR A, T BRI R e R B S I . JE AU GRS i f
I AN 4 A [ e A B I A P g, FE B ] E A T B K R =
88.27mg/g, H. pH Fa/EME. FEENE . Al A7 A E TR B 5248 FH I A X T Ui 19 Bl R
AT RERS.

2.5.2 [ & b ik

[#] 5E AL BE AR B R OCE B, BUAM S AN T BE B T g R
PR [F] 7 A BRI B R R 300 A A 5IR R BL; #h e AL g 4SS
BREEE] SRR ERERYESZIRMH,: S RELHTH HRARR. &
LI BRAR A T LB R s Sl e e 1, 08 m] ARG 1, AT — 255k
IEAV A A7 324, RIRE G TR SRR AN UN 1B 58 A BT F Tk 2 —

IR A —FIRAR 2, B — AR ENE . IR YRR 22 2 7, Mg
BN 7 TAEZA ORI R, WAL . G #E Ca-L- g e L)
Hix sk R AL A, BRCEKER R Ui ERERR R S Ca?ty Cu
ST IR, X BIRSROK BRI G, RS G HRBL ERIEE R T
KAEBAAER, MMITE R — N = 4EPPREBER 250, AT — A,
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B 1- 6 g L TR AR I 110 2 S 2 A7)
Fig. 1-6 Egg cartridge structure of copper alginate gels

2.5.3 BB AILE E

Jahangiri ZE0o0% 5 L UG IR EE . — 2 B NGRS A1 ABTS IR AHI7E
-20°CA R, SRIE LA 12 kGy BIERS R E B SHE &) 248 R & R BLA BIZZ B ABTS
(IR S o I T XU a BOMEALBEMR . Sun 5 NBOBFTE T P BERE S5 AL IR 5 A
JR ORI, SN AR S LE 52 IR o) dg tH — o ) I ) A
A, TR . SR, I8 I RN SR G [ A o AR M 4 i e 7
11 HL25 5 e A A AR, 2R 25 L JEUA IR Al JE RS 1

Gao SV R T R IE I AEAL MIBETE FesOa G KIB0RL, 8 ie I — I S I S il
A12,2,6,6-VU0 FHFLIRIE-1-2 (TEMPO) JL[RI[EE . JEEEEA TEMPO KL
BRI 2 R R A AR Ak, (BRI 16 /NG, RO R R AT 68.8%.
G A AN B8 2 SRR K AR RIZ R N, X F] R 2 5 B0 N 1 45
PN R AR A . Gu Il Xue 558 N (82 83K 2 7 Dy e A0 45 2 22 R BE MR A% SR 3L F]
[ BB, TR T 99.7%HIMIERT 100% I B . 281, FEFFE RS
(182 AT SR 52 2R BEESRR A I 2K 28 DT R[] 5 b 280 2R 25 R 3R B 52 T

3 IRERREMEERRAR
31 HRBEREBRN
ARPRRHERGEMN, U HTER 0.3%-1.5%, FHLERER B
R, HAE . A H LR CREEH P TIEAER . AL A ATE RN T8
FR M, ARG ER. BIP- W2 AL . WIRESNRZ B A LB A
M 6 o SR N AFIRAT, AL RCR 1, O R S B i K 2 s R ik
EERA
HAT, B0 e 0wt SO b, B2 B 5 g, i M
H TR G AT LM B ARSI £ _E 2 8. GMA [ PDA,
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HMHA GMA. PDA LRSI Brir S gt il e ae, R Ly
[ %€ /NP AR, B ] A - AR IR E AT, N AR A R 2 B
BHE R E R R, IR Y e, SEOUEAGT AT Rl R A
N ER IR ) £ B2 Rt . IR SCHIBOR R & 1-6.

%l%a@ﬁ —| EEM R ‘
,—-{ BT SR A RS }C E
P e
....................... |
¢ HE R S ‘
W/ ANIAEEE || smere ik EanEEs , ‘
ki s ot S —{ B hEs R TS R
]
i B RS/ 1 ﬁiﬁfﬂﬂn‘
1
....................... ST
1 3
3 . ok :
v
_-{ WL RS TS | —— minE } MR ‘
B o1-7 HoREgZ
Fig. 1-7 Technology route
32 FEMEANR

CIRIFFE BRI IR IR 2% 22 T A O T 3R I PTAT Vo DAV B g A fRE A 711
BRI R IRV . RSN E) B pH S5 DR F 253 R AR BRI, 3RTiE
BRMHEN R ZH AR E RN LS. IR RSN & AT I,
PAFEHNAR, T 5 4R EREg - AR SL [ E

(2) &R B AL B R, N TRE RIS . DURFEEIRE
i, &2 B BEEPGEER AR K H il Hgk A7 ThReAL MBI f5 i 4 XD Re Ak
SEILRBE- A R [ 2, 3RAS 3 [ e A K B K Lac@PDG-Ca@ABTS - Jiit
FT-IR. SEM. EPR. 0 {56 T BOAT RALIUE: BFFE 3k [ E Aok i s
SEME, DL [F) 25 A 0) L T8 AR S T 3R 77 R

(3) PR A 2 4t . 383t HepG 40 i AR S8 A 4 i 1
R SRR AR M R T, AR T ] R R - TR G A T 2 T R B (A
PRI AR S22 A
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BT HEABENERSHMENREE

15|18
VR — W L, AT DUR A A A R RS N T R, B R

HO. B — A I EYI BRI, EGTRENGLBIKBL G PREETS G i
RS AN A5 A UL A T W (0 B 77, (H2 R B B A A B B U
T EMIE IR B A TAE BV — 8N TSP a] BLFE Ak, A
e i T He A, AR TR LR, 2 i S IR i ) e R AL A A

AHR Iy LLiF BB EALTT), BREMEH R R NI 8] [z pH 25
DR 200 3 [ 2 A B3 Il 2R B R AR I BT, IRAS T = BRI AL o 2 By & OR TR
ML ZEZH. FER AR RSN EFEAT W0, RS MR, T )5 2k Eng
I PRIELE E -
2 SEWRA SR

*® 2- 1 LH Bl
Table 2-1 Experimental reagents

SR alifg 3tV R
KW AR 7 ik
KR GR g [EIH
R R 3B E TR GR g [EIH
KR 3% ETFRE GR g [EIH
R F B TR GR i[RI
HH i kg (e
LIE kg (e
2,2 FR R -XW-3- 2, FE A8 I N
- AR (GEVAD
1-FRHE IR IF = AR ITE DA
2,2,6,6-VU F LR IE -N-44, AR (GEvAN
LT A B AR (e
XA SR AR (e
T AR (e
N3 AR (e
LT A AR (GETN
Bl / AL A

12
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K 2-2 IAUA
Table 2-2 Experimental instruments

ey i GERSs R
BT R BS-124S Bl =ik
A 7KAX Milipore Elix 3 % [ MILIPORE A ]
CERNEESE HD2004W ¥R R AR A A
TR K HH-4 SIZM RIS
TR IR AR 5 IR AR ZQZY-78BV R A PR A T
P T e KQ-400KDB Bl i A s AR A A
K% pH 1t LE438 R E R A A R AT
T i T VR A A WH-3 RigE AT
e OBUAH t BEAX LC-20A H A i )
3 W
3.1 REEEETEME TS &

LA ABTS NJEHD, S SR 2 A3 1.8 mL pH 4.5 [ 50 mM BEFARR AN S ik
0.8 mL 1 mM ABTS. 0.4 mL & :SHBEHIEER, 1E 30°C/KHT 2614 N &M 30 min,
£ 420 nm A E RO RE LA IR BRI SR S A i, — MR 7 B (0D
SN E EIRFAETN, B | umol ABTS fr f B & . 1T 5 A 5

LURNGIPN

x /A x1076
s (U) = —— x
x A

Hre=3.6x10*L/mol-cm; ~ A: WOGERIARMAE: o RNEE: Ve BEx
PR Vs: RMRFEGRAA: ne BERRREREEL. RIGESE 3 R, AP
HE.

3.2 ZERNRNSE

R FARUERE A B 1 mg IR B AR UE S, ) ST B UK 1 mg/mL
MIRFRL,  -20°CHEEARAT

FTEFWAHPRAER: 4 E IR RIFR G 25 UM RE R 1004 2004 500+ 1000+ 5000
ng/mL HIFRHER -

22 [ br GBT30483, Ml A AR A S 3 & i W 21 m AR AR

13
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PRI il Shim-packGIST-C18 A H: (4.6 mmx250 mm, 5 um).
WA AN 0.1%FRR/KIER, Wt B ACKEEMR . Wk 0.8 mL/min, FEFE
220 uL, MY 280 nm, FEIE 30°C. BRIV E LK 2-3.
# 2-3 HPLC Wl i
Table 2-3 HPLC elution gradients

F<J 18] /min
iRk
0 6 10 25 35 40 49 49.01 50
A/% 8 8 15 25 25 27 27 8 8
B/% 92 92 85 75 75 73 73 92 92
RERGEIUTHE AR W TR:

. o x X X

PAN [Sa==g =

K ETE %) <105 % x 100

s A-Fr IR A I oy AW T AR s fowa- PITIU B83 BRRS TE PR (pg/mL) s
VAEARR(mL); d-FRBER T m-FERE(R):  -FEMITYIR S E (%)
33 RMENESHERFARAERIE

HEHUAR BRI DR [N TR [ S pH PUAN BRI 04T B[R 3R 52 0
PSR 3 FR 2R 30 2 FR AR bR, W SN IR DR 3R AR AR A0 il o 3 2 (R R
3.3.1 BEEFINEN & BR R R RN

PRIC BRI I B XA B AL & AR 8 22 (B2, 7E 50 mL 1 mg/mL % 2 s
WA 2> BRI 0.05. 0.1. 0.15. 0.2, 0.25 mg ¥, 7£ 30°C, 200 r/min %1 F
B 45 mine RMERG, WA RNAARLL 30 s k2 1k kM, 3000 rpm T
B0 10 min J5, B EIE, I 0.45 pm BEMES, I8 S ABRURE G R I 2 B R
.,
3.3.2 RYIREXNEBREETENEW

IRITIRYDIR BE R AR B AL 5 R B 2R BURE MR, 70l 7E S50 mL 0.5, 1. 1.5, 2.
2.5 mg/mL 7% Z By sl A n 0.1 mg #28 , 78 30°C, 200 r/min  55F F )W 45 min.
RMNER G, P R MR F 308 i ¢ 1k ) B, L 3000 rpm 250> 10 min J5 HY
F3E, T 0.45 pm YRS 8 = OB A IO B R R A
3.3.3 R BLEF A A AR B R T R W

RIT NI AR B AL A BOR BE R REA, #E 50 mL 1.4 mg/mL 7% 2 i

14
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WA 0.1 mg ¥ EE, 43 7HI7E 30°C, 200 r/min 514 F XM 15 304 45, 60-
75 min. SN 45 R G B EEAN AR 2 30 s B IR UM, BL 3000 rpm B0 10 min
JEHCEIE, T 0.45 pm YRS 8 I = OO A IO B B R A
3.3.4 X B pH X & AR KR = F KL

PRI pH WP BB AL A SR B R A2, £ 50 mL pH 73714 2.8+ 3.6,
4.4, 52, 61 1.4 mg/mL % ZByER AN 0.1 mg ¥EE, 7E 30°C, 200 r/min 2%
NP 45 mine RNEE G, B REAN I NAR & 30s fi 2 0k R, BL 3000 rpm
BS0 10 min JFHL BT, 3d 0.45 pm 8RR I & RO (BRI R 5 R R
34 RBEAESHMEMFEARIEARIH

N TR TR A & R B R R R A, AR R R SRR b, DABREES N
B.ORREE . RBIREL, R pH NI, R RV RS, Bt

F KPR . 3 2-4 MRS A 2K
% 2- 4 W B AT

Table 2-4 Response surface test factor level

IS
KT ABEERIE  BERYIKE  C RBIE D
/mg mg/mL /min pH
-1 0.05 1 20 .
0 0.1 1.4 45 35
1 0.15 18 60 )
3.5 kA THiE

IEHO\FHRIRANN T & BN T 48537918 ABTS. HBT. TEMPO. VO,
SA. VA. AS. PCA. ¥/ TR BN Z Mk R T, T8 RE -
NMERG (LMS) BT AR ZEHE MR ER. S0 mL KA RH 1.4 mg/mL
KZW. 02mM A 0.1 mg BERFA L. 7F 30°C FEIEHREF % LA 200 r/min
(I L S 45 3B fa, MBS TR ™3, DLVPAl AR B2 ) LMS 56 3
AR, IF A fE SR SLE A SRAF IR A
3.6 STk ME

TN ARSI S R R 2 T & R B R B . £ 50 mL %5 H 1.4
mg/mL 7% £ H}. 0.1 mg EEBEH SOV AR F A1 53 73511 0.1.0.15.0.2.0.25.0.3 mmol/L
[FIA44, 7 30°C, 200 r/min 254 N R 45 min. RIGHRG, RN RBAE R

15
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30 s Tk & 1k s B, A 3000 rpm B0 10 min J5EX B, iF 0.45 um JEMR G @
RSO B A S T B R
4 LGRMVTL
4.1 ZEERNSENTE
4.1.1 XL B FEZERW

ZERANP 2-1, MR R AL AIT I 2-1 Ca) RIS A 8558 GAL EGC.
C. EC. EGCG. ECG, @FRZMHFMEE)LREMI . 52 AR AR
FI R AR BB & R A 3 R BRI 2-1 (b)Y Fio, ARYE H s IR I, 42 %1A TF
(TF1). TFDG (TF3). TF3G (TF2a). TF3’G (TF2b).

100
a EGCG b

80 |

60

mAU
mAU

40 L

20 -

0

L 1 1 1 1 1 L
0 10 20 30 40 0 10 20 30 40
Time(min) Time(min)

Kl 2-1 %ZWHia). KR (b) mRAH I K
Fig.2-1 HPLC of tea polyphenols (a) and theaflavins (b)

4.1.2 RERIRE HI L2215
BRARTA I S B R o o G 2-2 SIS 2 5 R DU R s b v o 1 R R
oy TR E AT EL SR 2 R A it v B8 DU A SR AU, PR S Ao il 2 SR SR B B

mAU
2o A ©
- 8 8 8 B B 8§ B

E B 8 & 8

Time (min)

- 2 & 8 8 B
e

20 %
Time (min) Time (min)

B 2- 2 20 3 DU A B i AU €3 1
Fig.2-2 HPLC of four monomers of theaflavins
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X 2% R AR WU e AR KR VOB AT v BRI, P 2-3 S i ) 2 3 2R U o
R AEIZE, KR ARG RSEIARELNER R, HiRZERD, o U Z il

AR H R R B

10000000
12000000 P p— ;ﬁ;:;;gg;x-z.ﬁwmsa
Ko 8000000F
9000000 @
2 4
g @ 6000000
£ 6000000 E
& & 4000000
0000 2000000
0 0
01 0.2 0.3 0.4 05 02 93 04 03 09
TF concentration (ma/ml) TF3G concentration (mg/ml)
10000000
y=2.41743E7x 4.12665E6 15000000  y=4.06293E7x-391981E6
R?=0.99741 R?=0.99915
6000600 12000000
© ©
9 [
T 6000000 & 9000000
) 4
g [
a 4000000 & 6000000
2000000 3000000
" 0
0.2 03 0.4 0.5 06 0.1 0.2 0.3 0.4 0.5

TF3-3'G concentration (mg/ml)

TFBG concentration (mg/ml)

B 2- 3 8 2R DU s A o il 28

Fig.2-3 Standard curve of four monomers of theaflavin

4.2 FBEXESHFARBERIR
4.2.1 BREERIMEN RERTRHEM

TEONEYIMEALT, BB TNIN 2 R AL RCR B B R, AR
PIE R AR CR AN 2 nl e 2 3 B0 1Y 2 18] A7 B R B AR A 7T -
el 2-4, HEEFAINE M 0.05 mg HNE] 0.1 mg I, FREHEHAHEIRE,
BRI KA, KRS BRI, SRPCE R, FIRtRBRIVE &
BRBEAE S NAR AR, BN T BE Oy T T BT, A R A R, S EUR SRR
PRERCNEE, H RSN A RER R R - DR EOR AR . KRR, FHEORE
AR

H B/
E TS

25
20
~ 15 F
5 =
L \-
“:: 10
#*
5F
0 L L L L L
0.05 0.10 0.15 0.20 0.25

EEEHE (mg)
B 2- 4 BRBEVSIN B0 28 B3R 77 2 ) FE
Fig.2-4 Effect of laccase addition on the yield of theaflavin
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4.2.2 IRUIREX R E R0

TE—EIBERIE AT, JRIRIE SRRV 2 RAFE R E I IEA SRR, H
3 2 R AU RS ERY, SERRBE I R IR PEFIRITORE R, i B
Py o (f B e JvE e, AF LR LR R AR, T G SRR A (A KA,
ToiFE BB KB AL . Wil 2-5, HJRYIIKETE 0.5-1.5 mg/mL [8], 7=ZFf
F SRR FE 3B N T 0, 78 1.5 mg/mL B IA B E AR, 24 R T 4k a3y
R R PRI/, MO N AT RE H BRI IR

20 F
~ 15+
R
%

%
5 L
O 1 1 1 1
0.5 1.0 1.5 2.0 2.5
JRAHRE (mg/mL)
Bl 2-5 YD EEX B3 3 P 2 R

Fig.2-5 Effect of substrate concentration on the yield of theaflavins

4.2.3 [ MR TRLX 2R 38 R 7 FR AR

WL RGEIMEAER], LR 3 B Se i B Ay QBB 2R e am L SR (] Fe e 2K &
PRAEZRTER, AR A DOl AL I AR SR LU RN 3R, BT DAL ZI0RT e b
IR BEAT AR, Qe 2-6, BEZE SOMIN TR0, SRPEERIBHR S, £ 45 min
BB R IR TR, TRER KDy OV S K m, SBORZ MR R
Ja it D HATR AR FHAL ), AR T E R G MR R .

25

\
/

—_—
(=3

KRR (%)
[

5
0 15 30 45 60 75
J= BLE ] (min)
B 2- 6 Jo NI ) 6F 45 36 28 72 SR 1 52 )

Fig.2-6 Effect of response time on the yield of theaflavins
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4.2.4 RN pH X RE R R IR

BRI TR 5, S2AM TR BT AR K, pH {E ARG 22 2 51 S g
I TEAL R B AL, Wi S BUEE 0 N EEs IR A E Rz, SPUELYERFY
=SS V2 AR, TR A 2R IRE, SR E AR E. Wk 2-7,
SN pH A 2.8 HERH 3.6 I, SRIERREE R, B pH kSN, 7%
WRTRE TGS, WERMAERIERM M EtEE R, HRZ MR R
FHORE T HAEPER A NI RENE, P RECR IR R N

g T
SISt / \
o R

2 2.8 3.6 44 5.2 6
pH

Kl 2-7 S0 pH X A B3R 7 3 R
Fig.2-7 Effect of Reaction pH on the yield of theaflavins

4.3 FBELERFRRSERIE
FE DRI 3R SESG LA b, B FEREERINE (A, RPIKE (B), BRHE (O
SN E] (D) PYAS BRI R BEAT W N AL e, JFRARTEER R (Y) 9
fabr, BT RIETHIE R ZHE MR R LR . #id Design-Expert12.0.3.0 3K
X 2-5 BEAT BHE 0 A
R 2- 5 M ST S e e S R

Table 2-5 Response surface test design and results

. A B C D KRR
R I

RUEIE Ak o R (%)

1 0.1 2 2.8 45 24.57

2 0.05 2 3.6 30 23.23

3 0.05 1 3.6 45 23.35

4 0.15 1.5 3.6 60 22.57

5 0.05 1.5 2.8 45 21.25

6 0.05 1.5 4.4 60 23.35

7 0.1 1 2.8 45 22.02

8 0.1 1.5 3.6 45 26.79

9 0.1 1 4.4 45 24.79
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10 0.1 1.5 4.4 45 21.35
11 0.05 2 4.4 45 22.68
12 0.1 1.5 3.6 30 20.36
13 0.1 1.5 4.4 30 22.57
14 0.05 1.5 3.6 30 22.02
15 0.1 1 3.6 60 24.24
16 0.1 1.5 2.8 45 21.81
17 0.1 1.5 4.4 45 22.57
18 0.15 2 3.6 60 22.8
19 0.1 1 3.6 45 22.8
20 0.15 1.5 3.6 45 26.79
21 0.1 1.5 2.8 30 21.46
22 0.1 1.5 2.8 60 2291
23 0.15 1.5 3.6 45 26.79
24 0.1 1.5 3.6 60 22.57
25 0.15 1.5 3.6 45 27.12
26 0.15 1 3.6 30 2291
27 0.1 1.5 3.6 45 27.23
28 0.1 2 3.6 45 22.02
29 0.1 2 3.6 45 21.81

KRS RTTE gk 2-6 s, PAE/MT 0.0001, I RALHOR IR 2%
BRAGR KMIPEN 0.0997>0.05, ARZE, SEHIRBALSA KL, NHiZEIE
B SL, m] AR AR DAL o AN TR 30 25 /KT 22 57 T TRV JEE (B
MWL (C) MARMEKRRAARZEES, BIANE (A, KMEE (D) Xt

AP F TR PR AF AR 25 2
% 2- 6 [MIAAT7 7o

Table 2-6 Variance analysis of regression model

P SV SEHA HHE %175 F 1A P1H o
Y 101.99 14 7.28 51.27 <0.0001 significant
A-EBE I & 1.47 1 1.47 10.35 0.0062
B- iR 0.7500 1 0.7500 5.28 0.0375
C-FRJE 0.9020 1 0.9020 6.35 0.0245
D-J5 7 i ] 2.89 1 2.89 20.35 0.0005
AB 0.0289 1 0.0289 0.2034 0.6589
AC 0.1089 1 0.1089 0.7664 0.3961
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AD
BC
BD
CD
A2
B2
2
D2

Residual

Lack of Fit

Pure Error

Cor Total

0.6889

543

0.7744

0.1122

58.21

12.77

29.69

30.88

1.99

1.81

0.1839

103.98

1

14

10

4

28

0.6889

543

0.7744

0.1122

58.21

12.77

29.69

30.88

0.1421

0.1805

0.0460

4.85

38.21

5.45

0.7898

409.71

89.89

208.97

217.36

3.93

0.0449

<0.0001

0.0350

0.3892

<0.0001

<0.0001

<0.0001

<0.0001

0.0997

not

significant

PIZR B RO NAE, Sl RS BRI E (A, JRIKRE (B,
BRI (C) A MR ] (D) Z 822 AR R pm w1, 454 WK 2-8. an Py
N, PEVEEIN, BERAINE SRR . REEININE S pH. pH 5 SBR[
AR TR AL 25 RO o TR BN N B S I ) s JERADIR P 5 e I )

AR RN H,

| VA
iz

DS w71 PSE ST RER (A T E
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ABHEZREBEZEEW

BCHARRBEZE BDMAREREXEEM COMEREREXEEMN

B 2- 8 %R 2 A2 HL 5 Wi v L ] 14

Fig.2-8 Response surface plots of the interaction of factors

i Design-Expert12.0.3.0 FC2F0h e B [ 46 SR g AT BIH TR S, 15202
T3 B2y N
Y=26.944+0.35A-0.25B+0.2741C+0.4908D-0.0849AB+0.165AC-0.415AD-1.165BC
-0.44BD-0.1675CD-2.99575 A2-1.40325B2-2.1395C2-2.182D?, 155 £ % R2=0.9809.

BRI BEEERINEAN 0.103 mg, JKYIKE A 1.339 mg/mL, pH 3.683.
SN [A] 46.78 min, HIRMI A A TR 3N 27.016%. 25 R SKbRiAE B AT AT,
KA ROR SR BEFAINEN 0.1 mg, JEYIKRIE AN 1.34 mg/mL, pH 3.7 Flx
R 1) Y 47 min, 383 S0 F A I R 28 B 3R 0N 26.47%, 5 TRIME R % 2%,
Ui I RAL 25 A 25 SR A T HE I
4.4 frixFh3E0HE

J\FP ST N T RIR SR /INS T ARTEE BS LMS 4 3 oo R B AL 5 2 T 6
RMEREITE 2-9 Fros. BlgE S BAMRERZHEMAHERIGE ), 7R
294 24.52%, NMERMANIG, NEFREEIAFHERN G HE. PCA BEMHIFE
ZM4 . HBT. TEMPO. SA. VA SRR RILEEEM M. AS. VO il &
FRFAHEERH, JLHLL02mM ABTS AR SR R 2R E T 52.65%.
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LMS MR IR AR B BB AR @ PR D) IEAROG . il il oy, MM
g5k EHUREEI TR R, MR B R AR, AR T RS EEE
SRNEENE . BRI A 5B A 2 1 H AL B, RN YA A 1 R S
PRI b it e T BRI M AF A T 3G 5, X SRR IR BRAR T e AT 100 F k2 L3
VO. AS R RARMEI, BT RAH A, HmEREELAA A At 1-H:CO B
RIE, fRBE T 2R B AR e, XBRR T HRARG . EHFE RN LR,
FCnT e R g s S A, HE T R T A 2 SN IR 2R 2 T i RO AL, Rt
VO. AS BEHE T HHRMARAE. ABTS BT N B2, HIRALHH
2 /N-SOs BRI H A AN AL T Re /), XM KT ABTS ' N HHEHT =
WL, AR YR AT H S B S NS PR S B, R P B R A 1 2% 2 5 A

HHEINACERE. Bk, SIEFETHAE, R ABTS U 6.
40 a
% %
:\°30 . d ) . %
s EESEUBERE T
i'r‘E(
&
10
0

NN » O (&) \ad » <O
F T L LT W
Y S 2

Bl 2- 9 SriRRpiE
Fig.2-9 Medium type screening

4.5 frxRMETFE

LMS R, k2 —RBFAES Rk, K3 T R LI
L ABTS J9fil, %BEHE e84k ABTS, ABTS K& FER T ANLSHHE T H
Hi3% (ABTS™), #8J5, ABTS"#EBURMIIRA BT B S L5, HHKE )
IRIEJRASHY ABTS. XFE, ABTS WifE—MEM N B 7 A, R D9k %
T A . BRI G 1E LMS R4 fE 58 O SR A8 R &S IO 16 38 B8,
HRSFEAPHAE, HFEAINE B0 5 B SR .

DA RIS INEAE A R 3R, BRI RN 25 2 AL BCR s, aniEl 2-10
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B~ MR IR FETE 0.1-0.2 mmol/L B, Bl MMATSIIE 3G N, HEEN A 2B
AL SR AW N, 1E 0.2 mmol/L I, ZEHE ™ HIAFF AN 38.6%, UMK
TR Ak S T, AT SRR, T A 2 W K Ak SR A B R B v 1
JEFEANWT A, BRI Id o (R A A R B 2 4 S SN2 HEAT, PRI B 0.2 mmol/L 1
N ABTS SI&U &

0 7

\y

553
=3

KHFTE (%)
N
N

=3

0 0.1 0.15 0.2 0.25 0.3
RN R (mM)

B 2- 10 SR Es NI i ik

Fig.2-10 Screening of mediator additions

5 Mg

KRBT T 7R Z AR m R R 7%, W€ 1 e R0BOH i R il 2548
i FH U SR A2 2 By & USSR, SRl B PR 3R 22 TR 3 S 15 1) S i b A
SN BEFAINE 0.1 mg, JEVIIKE 1.34 mg/mL, pH3.7. J<Sil}[A] 47 min,
FEML A T d i B0 TE IR A3 B 2R 38 R 72 560N 26.47%.. SERIE A A ARG
BB A o 2 W& s s a3 R (e HEE L, R SR R AR AN & /N T AR 1
PRI = AT IRk, mAHE ABTS N, H&EEHRMERN 0.2
mmol/L, &85 56 B8 SKUR LA .

24



LA AR - 2lk i S

B=F HETERE-NEFREEUEIIMAERETES
15|18

R B AN R SL [F] 2 5 (A B AR R 0 11 A 2R U0 Bl - AR &R (LMIS) 324,
LMS RECIEAKIEA R A V5 LRSS AR Z M. R0,
LMS 7£ LAV AL R A A — L o) . e REAR R IR S A 2 Rl i, &
JRRBE S A P TCIEAE R B, R DA ISR R s SR R R AR ) A
AT AEA AT B BRI 77 P R B R A AR B R AT AR 48 5 3 R — IR 5 %
BEXFUA BRI, [EE AR LMS R R g . AR al RO St T
RUIfRRTT

AN DA S A B R, A S 2K GMA T DA B B R
B b, A AR B 3L R ] B i b, 15 3 S e R - A A K IR Tk
Lac@PDG-Ca@ABTS. i FT-IR. SEM. EPR. %645 T BOEAT R
U WFFUSLEE AR IAS B I, DA RCAN [F) S A 0] FE [ T8 203 SR T 3R 77 R 5%
M o
2 SIS

2 3- 1 LR

Table 3-1 Experimental reagents

ey 4z LR
e IR AR bigET
HhiR % O AR BTN
FH 3 P R 4 /K H IR (GMA) AR BN
N-F2 R R IAME )2 (NHS) AR BN
1-Z K- (- HIBEEUHE L) B AR ETN
TIFHEER IR ER(EDC)

R R AR ETN

FoAt 270 7] 2.1
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* 3-2 EEAAE
Table 3-2 Main instruments
ZHK LRSS PR
HA AT AL SITA-10N-50A TG TR A ]
B4 A BT 6 JSM-6700F HAX JEOL 7]
] B AR S 21 AP T AY IRPrestige-21 H A B A #
o =R E5r TS2R-FL HZ Nikon 2]

HAth A A= H 2.1
3 LA

3.1 #[EERE-I & RR0FI &

FEZHURM NN 0.5 g FIMEEEFRENAT 45 mL 2557 7K, 60 °C, 500 rpm [
FM TR A . ERSWRYT, KM 45 mg BB E A1 200 uL
GMA, $ii#k 2 h (FH A EM. EiRAHEE 30 min f5, A 113 mg EDC Al
67 mg NHS $t $E35 4k 40 min, #f 150 mg 2 M AN B 4R 4L B 4 h, N
ZERJE NN 5 mL 2 mM ABTS N 30 min, B J5 K5 50 mg BRI B4E & bt 3
30 min 5 B BCARA A, B BRI AOE, BRERHIERED 0.55 mm 4
e N 4%[1) CaCLiEW H, 38 1 mL/min, FE4LAZEE 40 min, £ T/K¥%
BR=k, 1933 [ E BREE- AR Lac@PDG-Ca@ABTS.

3. 2 H[E B R EEENE

LA ABTS AJEH, HL 1.0 g L[ & B - N AR MOERE B OF d, A 4.5 mL
BRI VAT (pH=5), /KIBHH (40°C) Fi# 40 min 5, JIA 0.5mL 1 mM
ABTS ¥ B 3 min, 7E 420 nm A4 T IE FIERBOGEE, PURIE IR
B~ AR S YR YR A 0o S4BT SRS 1 B min A4k Tumol ABTS Jir
TR . ARWF

xA x1076

fEE (U) =———— %
x

xt

Hhe=3.6x10* L/'mol'min;  A4: WOLEEMBIME: ¢ RISEHE: Ve &
RPARR Mo: I EERBEI R n: BERMRA S WM ESE 3, W
FIME

FAKTEES : B B B KAE RN N 100%,  FHEt S AL S2 a6 A e
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BEUE EIUC N R (%) = =2 x 100.

2P R 2 ] A B ) S BEE RIS (%), Ao A2 ] AL A B ) B B S (UD,
A RGBSR R S (U)
3. 3 L[ EREE- T A HFRAE
3.3.1 FBTF B

W 1) 88 10 3 [ TR - AR ORI I A R TR LR TR, T A b,
FE TSR N WS /N TR T FH AR AT P T SRR ALE
3.3.2 EEM-AIMGHE

B § 7870 T8 ) Lac@PDG-Ca@ABTS TR AR AL #1 NI A F R 3415
JETINBEE RIS, A5 AT, 36 Y 4000~400 cm™.
3.2.3 R BB

WIS B8 6 FH B IR B 22 PRV R, N 100 pL 1 mg/ml B % FHH B GL (055,
TE 4°CHEIR T BEG [ BE 24 h, A5 e 858 B 18 P AERE 23559 3500 Da [ T/
BT 48 h, BRERSELE A IBOYEL . ARG AR TIRRR LK, 5 Bid
3.2.1 [ & A 75 V) % S B SE R K, 40 ) AR R 2% R /K e ke = o Ui
BRFOC ThRl B ok )5, W 5uhric ([ E L HERTE 488 nm ¥
R AT ISR HT
3.3.4 EPR

M FH FL T iR 6 A 6 1) 6 [ IR I - R R A R AT 25 LMIS AR &R i H
R, BAKEEAMEN: # 10 mg laccase +10 mg ABTS ¥y K1 1.0 g (i H)
Lac@PDG-Ca@ABTS 13k 73 7 I\ BB R £h 22 i, 384T EPR M. (X%
AR SR 9 B30y 20.00 mW, ISR 4 9.853 GHz, H10 3754 3510 G,
AR E Y 200 G.
3.4 IL[E ERE- T A ELTIEE M RR
3.4.1 Lac@PDG-Ca@ABTS #Fa5E

VL (1] R AN SR B 20 0 BT pH 4.5 50 mM R Eh gt ehii b, 4 ilAE
30-70°C/KIB A FAFI 1 h Jo5, e HARSH e
3.4.2 Lac@PDG-Ca@ABTS ®hifa & 1

P A B AN L [ 2 VA 2 ) B T 10 mL 50 mM [ pH N 3.5. 4. 4.5, 5.
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5.5, 6 HIZerPilrh, 4°CIRAF 12 h Jo MR ERBEAE RGP, 38 70 LR DAS E 1E
3.4.3 Lac@PDG-Ca@ABTS fi&f-fa & M

e 1) 6 14D e ] 52 VAR TRV 5 AR I 20 i A7 AE 50 mM B IR Bh 22 Pl (pH=4.5)
H4°CHISRAE N, BE=RIE— KBS, THEARENE, R e 1.
3.4.4 Lac@PDG-Ca@ABTS #1EfaE

KW 1.0 g L2 BB A MERTE 50 mL R Btk R L | mg/mL 2521,
F 30°CREPRH7E 200 r/min 251 T N 45 min, KNSR G, i AL E
B, HEBE K RME=00G, BXRESMH, #TaRMEe R, L1240
JEIR, 3 SR s R AR A IR, R HAR R e
3.5 HEIEREEM EREKEUEZSHERFRE
3.5.1 /N[ kAt [ R A6 2 3R R i

NP GEAN RIS ] 58 25 A T BT o0 24 3 3 20 S i [ R AR i), AL
[#5] 5 A ER 1) % o Hp 0 1) XA R /R (0.2-1.6 mg/mL ) SRR (0.15-0.3 mM)
[#] & 44, pH(pH 3.0-6.0)1] 2 AN [Fl ¥ L[ e A sk, F T AL AN R P I 4% 2
$1(0.5-3.0 mg/mL), Kl 7% 3 377 2 SO MG R R AU, FH T 0P L A 3ok
3.5.2 FHERMELA R

R 351 BN RBUETEE, # 1.0 g LM @RI AHEk S B I A £
VAR — RN 250 mL #ETE I R N, O AR B I BT, K BB
0.45 um TALIEMEE JE S, AR & 7 2
4 GRMVTIL
4.1 FRAE
4.1.1 SEM

LMS BRI 22 1 S A H S5 A a0 B 3-1 B, AT DLW S50k AR R
TEEEH, RIEA —EAMPERRLREE, 45T DL IF 0 5IRY R B . TR
RIS, BN 2 mm KA, fE TR S 5IRY B, SEILAEAR R R
PRI o BT A B IR ZOIR 54, ] = AR AR 1 Bl 2 T RRUR 20 5 R A v 45 4 ]
ASE IR g 1) B 6 o, AR T3 s Rkt B R [ e A PR RE (R 38 K S LR
VIR AL i, SER T IR S 5455 .

28


mailto:1.3.4.4Lac@PDG-Ca@ABTS

TR - S

Kl 3- 1 Lac@PDG-Ca@ABTS ¥k (a) KIHBET (b) 1) SEM B .
Lac@PDG-Ca@ABTS WERSEMIE A (c)

Fig 3-1 SEM images of Lac@PDG-Ca@ABTS microspheres (a) and their cross-section (b).

Lac@PDG-Ca@ABTS microsphere (c)

4.1.2 B ML A6 AT

InVEl 3-2 456 IR E B - AR AN - A 7 OB EE R A, 1630 e AN 1418
oAb BRI AT WA SR T 7 R A R R TR R AT ) AR X PR AR 0 R A 72 B 891
1080 cm™\ 892 cm™\ 615 cm'f¥jU4 2 ABTS H R h 32 [ (1) fh 405 91 3l Ve A 25 iy
PRE) RS, Fe] ABTS U &M RT3 R AE LA R AN 9 2 S5 1A« 3420 cm ™!
Ak PRV VA U 2 Y il v 2 R AT 1) N-HL AR i e 30871, I B R i A ] e 3 i A
MR BEAh, HIER AR AR K H s E R R RERETE (917 em™) JEH 5
(881, XYL BRI IIANATH T GMA _ERIE SR, 7 1436 cm A1 1632 cm ™' H
R il b5 22 kg B R C-N SN B IE AR 445 R B ORI89), X 3 WY PR R A A R
KR AN 22 e O RO 256 2SRRI B & A RL |, S T BB AT 1
R E AL o
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- ——PDG-Ca
—— PDG-Ca@ABTS
= Lac@PDG-Ca@ABTS d
x 2
& ®
Q e
o 81 7 m@
£ &
iS5 =]
7 .
% c g
[= o
'—
A B ——ABTS ——DA——GMA——LAC

4200 3500 2800 2100 1400 700 0 4200 3500 2800 2100 1400 700 0

wavelength (cm™) wavelength (cm™)

Bl 3-2 FT-IR Jtils: A-JL[E B Akt il (a) PDG-Ca. (b) PDG-Ca@ABTS. (c)
Lac@PDG-Ca@ABTS;B-$4173 i (d) Lac. (e) GMA (f) ABTS (g) DA
Figure 3-2 FT-TR spectra: (a) PDG-Ca, (b) PDG-Ca@ABTS, (¢) Lac@PDG-Ca@ABTS
of A-co-fixed laccase-mediator microspheres; B-one-component spectra (a) Lac, (b) GMA (c)
ABTS (d) DA

4.1.3 RACEMGREE ST

BEEH % PHH B JetabF )G, EDOLEMET Ra e, Wkl 3-3, ®it
Gt (1) B 24 HOR 2> BOEEER B, W] BE 2 RN BRI il i N 4% (1% Ca?
TR 77 O UK, 18 i DA B BOIRES  l id RAEE %E Lac@PDG-Ca@ABTS
SRUCRERAR, @ EER (A FIEE (B) X, RIUEERAN A I 5
R, UEWIBRBEE R E A H A L

3- 3 LA SR B AR (A KA (B) 2GR
Figure 3-3 Co-immobilized laccase-mediator microspheres (A) and cross-section (B) fluorescence

patterns

4.1.4 EPR &t

Lac@PDG-Ca@ABTS #1 free laccase+ABTS 1] EPR Ml i1 & 3-4 Fiw, 77
BRI B — A5 ABTS H (G5, KU ABTS e /E R B 10 1E F F
FALECY ABTS H B 5 o fESL [ E BREE A A AL 7 Lac@PDG-Ca@ABTS H [A]F
RO AE [F] 0 255, DEBAZI [E i A B, REGATI SR Re 8 A I TR A 1

T
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A E R o X TR IE B R A R R D[R] ] A i R A sk, IR HA A
(K] ABTS 73145 8E Drfp HAF o A IR S 3 TR P o (EL G [ 5 Sl e 1) bt 245
TR, Al AESE RN e JE R B AR 0 2 T L FEE K 3 B H S S e

Lac@PDG-Ca@ABTS /\I

free laccase+free ABTS

3460 3480 3500 3520 3540 3560
Field (G)

K 3-4 Lac@PDG-Ca@ABTS Al free laccase+ABTS [ EPR &
Figure 3-4 EPR plots of Lac@PDG-Ca@ABTS and free laccase+ABTS

4.2 IL[E EREE- T A REKEEFEE R
4.2.1 A E M

N 3-5, iR ERBEAE 40°CR B B AN G, 1T 3 [ 5E B A AE 45°CiE
B AN EYE, R IR N 2 A et . A FREEALE S, 1 30-65°C
0 Bl P 5 8] 5 A sk PR R T i V7 350 v T U0 S AR, L S S iR P AR E
Viswanath® V408, K2 5 B EBECE 35°C-70°CZ 8] BAT S Heim 1, 1 B9V
R A 3 A R HETRLIRE S 35°C,40°C AN 50°C12, 171 [ 5 14 148 il P s e W ke o 0,
Wi B AR TR R, 20 BIAE 40°C, 50°CHN 60°C13, FEff- A4t [ Akt v
(A0 B B B B PSR FHAR B R AR TS T UM S A T, B R/ R A
AR, DRI R I T R 1 R RE R PR B T (4 SR M A T I B

5
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100}
__ 8ot
X
3
Nz 60}
B
=
.
40t
—n— B
—o— St [
20}
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BE ()
3- 5 R 5 [ A AR ) AR e

Fig. 3-5 Thermal stability of free laccase and immobilized laccase

4.2.2 BB E T

pH X RBEA 5 1 52 45 & 3-6 For, Ui B BRI S KA X g pH A
4.5, ZMBEMNSG, o RAE X B pH AE W 2 4.00 W< BRAEX R IEIA
SPGB0, AR TR R E A ST R A S S o XM pH RS Rl REAS 2 T
AR B SRR R T B VA 9 R B T 11 7 H A ELAE P AN AUBRES), kg, ]
SENIEAR T RME 7 T RO AL R ZUR AR R Rl e, G5 7RI pH AR AL IR I 52
M.

—e— iR
100} —m— i

{'\é\
90} \i/
80}
/* *

60

FHXSTEE (%)

3:5 4?0 4:5 5?0 5:5 6:0
pH
Bl 3- 6 Vi B9 ER I ] e AR R 1) pHL AR e

Fig.3-6 The pH stability of free laccase and immobilized laccase

423 EFREd
U] 3-7 B, Gl A o) B PR U 5 A T AR L (] 7 Y2 0 1140 P Ko 2 25 I B (1) 28 K
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M o SRT,  FE I E B A AS E VE I s T . 15 KRG, ThREIR 2
T1%HE I, TR EAR R 25T T, 0-3 RAIKEIERIFIEE, 3-15 REHK
KBRS, A 15 KIa i BB EEACH 28.6%. 3 [ & B e 1 if A1k
REFETT, 2t T BE > 1 e A B R EJ5 20T AR R 0855, g7 1 1is PE
Lo BEARARE ), HLI R AL M R PEAL s T R AR IR ORI, Ay B TR = il A

SETELT,

100 =
&g
\i\i
80 \
~ i\i
<
- sol \
Eal
z :
2 40}
z2 \i\
—o— Jiif Bl ]
20F  —m—JLEE RS
0 3 6 9 1.2 1.5

I (RO
B 3- 7 i BRI 55 ] 2 AL R Il P i A A B

Fig. 3-7 Storage stability of free laccase and immobilized laccase

4.2.4 BIERE M

5 R A LG, 5 E B R] LR 5 Ry B R E A, ROR
BEARHEAL A A peAs . 8] 3-8, JLREDEMERE X ELMEH G, iRefrie
60% LA F &, JUHR AT =40 WS EE R, AR ZBEe LT A =R,
R RYERFAE 37% /A0 AWM - R A R ARk b, AT A Al
JS2H T 2% B R AL 1) 4%

50 100

B =%
T

L L
[0} o]
o o

~
B RIS (%)

1 2 3 4 5 6 7 8 9 10 11 12
JE3

P 3-8 [l P ) = A2 A
Fig. 3-8 Reusability of immobilized enzyme
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4.3 AN EIFHXTREE-IT (R L E EHE T
4.3.1 BEEGHIGE Bt 3L [ 2 ARSI R KR R R W

S e A b, R B A6 VS N R R R B RICR A 1] 329, MIEREE R IR AE
0.2-1.2 mg/mL [8], Fifi A5 BB N 30, B s RISCR FRE R &, Sk 2 79%.
I, AHRLZE 3 R WA R, RS 50N 33%. 4RSS IR mE A &,
BERG [ETSOR RS 3E  REBEARYEF TR, B INE T m i (>1.2 mg/mL), 3k
[# 5 FAA I 25 G b AT Re e Y, I ELRTREF= A2 25 (AL HISY, DT e Bl 5 2
PREGAHELAEF, 38 PO I [RSC R % B 3™ 2 IR /N R e

100
ES G
40 [ [ A e
480
Sl o £
R =
i% 20 H =
" 140 uz
®e
10 ™| o 20
od 0

02 04 06 08 10 12 14 16
BEFEE (mg/mL)
3- 9 R4 U FH B 0T 3 ] 5 1 B v TET WA R 2 3 36 A B ) 5

Fig. 3-9 Effect of laccase content on the efficiency of theaflavin synthesis

4.32 MR MEN R H R AR

FESLE e R, RIS A RIS o0 BB, A 1A AR I R A L [
TE R - A AR S T 1) R AR AR o 1 3-10 FRAS IR AT I & 1 45 [ e 1k
TRERIE AL A Z By A P A e R I ()RS . BB A ARSI R 38 0, L[] 5 R -
I ARTRER AT 25 22 B 14 A 280 23R [ B o 5 4 A BF ] 71 S8 K T T 42 7, 0.25 mM
ABTS. 4 h FIRE R HRIAH] 42.1%, HFRENAERINER 03 mM, 3.5h /)5
IR EE R P2 RIAE] 42.2%, 4 hJGIEH] 42.48%, FEAREREAZS, LRERTF. A
BE 2 R A [ 5E AL R 7R 0.25 mM ABTS 0 a] LA 285 245 1K) B Fh 3 SR 41 5 2 Al i
WIR LW, Wil & ABTS BRBE A LG ol fE2 A Hh R =4, BU iR mg i i A
A BAGREGRED,
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[ 0.15 mmol/iL Al
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Fig. 3-10 Effect of mesocosm concentration on the efficiency of theaflavin synthesis

4.3.3 [H L pH M FRH RS RHI M

S E A BE I pH R 3E M AR BRI A, Al 3-11, ad R we ) [ e AL
VAR R 2 PRGBS IR, B b, R R PR 88 T R TR B-ABTS (13 [
SERZR BRI AN, Bo@E L e ) pH AR 4 1, M BERE RIS oK, 185
85.6%;: pH Ny 3.5 I, R 37 F W de K, 35 3] 33.8%, JHH IR R RS [T UL 78.8% o
S 2 A A AR R R AZTE ABTS H EHAE, 1M ABTS H HHEEFERME A T 4
DR Fr AR E, B ABTS HIAFALE ] DL— @R B2 E MR pH 028 1 3 350
SR ERE N B

o= 100
40} ] A i %
{80
g g
s {60 =
i =
% 20t &
& {40 32
%
10} 120
ol 0
30 35 40 45 50 55 6.0
pH
Bl 3- 11 [ A pH 6 [ e A Bl v 0] i3 e 7% 385 25 6 B AT el

Fig. 3-11 Effect of immobilized pH on the efficiency of theaflavin synthesis

4.3.4 AL I N RPIIR BE R TR R R IR0

B 3-12 5% 7 0.5~3 mg/mL 7% 2 Bk BEXT [ 8 AU MR AL A 7R 337
IFEMT o AEAR R SN 2R AR AN B A 7% 22 B PR A 2003 i A [ g iR g - 1 A
EALTAEAL S BN TB) (R AR TGN, [OBL 3 h J5 2R 3R R I INIE L R, AR
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EFERURES . MR ZERE AN 0.5 mg/mL, 1.5 mg/mL B, JEYIHRE KA H
NIRRT, R R R, EXRZEREN 2.5 mgmL, 3 mgmL I, X
PR RN, AR 5% 2 By AR B0 T ik EE Y, nl RE R R ik
JE BRI AT A — s S A, ELRE S SR DI S 1 T R PR

[ 0.5 mg/mL
40 [_]1.5mg/mL T -

[ ]25mgmL *} -I- l
[ JsomgmL N < M

<30t tI: i
~ = -+

‘M’ = & )

15 2.0 25 3.0 3.5 4.0
Time (h)

3- 12 IR EERT 7 T 3 B IR [R5 i

Fig. 3-12 Effect of substrate concentration on the efficiency of theaflavin synthesis

435 FREETRUR
RERAAERNE IR HFNME, HRSETHRERSERI,

TE1) 0.3-1.5%, RHBFNRIEERA K S, MZEFERMER RS A S
HIAME TR AL Z . (R, JEIHRE S AR, LM A b
CASIZjit, BRI M0 C A BEATR ST T RS RN SRS T 3R . B i — R T 4%
- e R EX TFs, $- IR Z104 32.5% AR & 7% P KsFe(CN)s« Fea(SO4)s
FETHEMNFMEACTE Z T BLE ) LA BRSO 3R - AL R 2 By AT
MR ME AL, B3R TR B ik B 29.8% o F B I S i e A Tk A
K3Fe(CN)s:NaHCO AL & A E R, 75%F 10.14%. WG 3 EaE RN T
REEE RIS LR AR T . WH T ZE M, RrmEZ, EeREEN
BORIZEE, 088, 7E TN FAZFERRIAE . 1 H H A AR WX G il 15 2%
RN AT, XAEE M. B2 FH A7 AR e XU

AR & AR et i IR DA SR RUE SO R R I EIR A T . 24
W 7 B A 2 W B )L FONJERER LR A 2 By 8 T Re BB A4 & 7 T
FEER, FEAMLZHNAR, RERPTEA RER, FERWEEERES K
H, JEORR S AR Al LA R AR 2R LR R IR SR 2B,
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AEI T E R T 2R E MR R, AR EAARE S (gL,
m/V), WHREESL (mm, %), A BRI FR P28 8 R 40t
JRERR (m). M4k, EIEFRE, HHEURZmMIEMASH, F12L
FM LA R B S IR P R 57 N 2R S BOR B3 FR IR ) LU R
Z G hRAE o AR SCHR ARSI BRI T H B, 3 T — S R R AR
(% 3-3). JAPBTE, KBRS RATLE] 42.48%, HAYPENH.

R 3-3 WA 5 B B AR/ B AR AR R LA
Table 3-3 Yield of TFs/TF synthesize by enzymatic catalysis

SRR R ity TFs/TF 2% (%) STk
EGCG/ECG Polyphenol oxidase from tea leaves 33.74% (TFDQG) [100]
EGCG/ECG Tyrosinase 29.6% (TFDQ) [101]
EGCG/ECG Polyphenol oxidase from apple 18.2% (TFDG) [100]

Polyphenol oxidase from Trametes
TPs 10.19% (TFs) [33]
trogii

Polyphenol oxidase from bergamot

TPs 10.8 (TFs) [102]
yam
TPs Polyphenol oxidase 15.05 (TFs) [103]
5 NG

AT DL RS AR, 22 T A R 68 DR 0 R A 7K H i ot FL kAT D ek
B, BB ABTS L [l € 76 D Re b B ik b, 15 213k ] 5 B g - A AR ek
Lac@PDG-Ca@ABTS. #id FTIR. SEM. EPR. %)t E1s & AL I
IR T ] B AEAE BT RE L, HLI ] 2 el 25 P w1 Mg A A7 A E PR AN 1A
FoEPE, PR TEREE RO BTz pH BRI S B RE JT o ff e S ] 5 Tk 1 e £
BFM BB YIME 2 1.2 mg/mL, NAUINE 0.25 mM, [HE4k pH 3.5, FHL
L 1.5 mg/mL KRR 2T A BORHE R, KPR R R 1A F] 42.48%.

FH L[ 78 R B AR R AL o 2 T S AR TR, AR A B 3 2 [ I
SEEMEA R AT SR o S5 4k T DUR N FEE B AN A 44 1 B AR [T s AL, 4
F AT, D AR T I ] e RN 2 A . AR FERIE T L S R A A
WHIN TR R G, IRERERTH, NEIRT A T 30E 24
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BUE ELPIRRINREEMR

1 5|8

I FH ) 2% 1 3 [ 8 iR - A R R R 2 G o i E, A )
AR TN ZITIE R TN B B RE S, HET R E R EA 25 Ak
A R IITEETh R, #) 2 A8 FHONThRe It RIRZGY) . PR HEAL P ) 22 A 2
AL RE A RRUASAL ] B B Al 2 —

AHB il HepG M A AH SSHE bR an A0 i % 20 e el AR At o 1, 48 58
R Bl AR TOR AL 2% 2 T & R B R AL P D A oh 22 4t
2 SRR SRS

® 4-1 35

Table 4-1 Experimental reagents

e (INA
CCK-8 il & BHER
PI 21 i J) 370 & BRR
AnnexinV-FITC/PI 28 i 5 T A6 I 77 £ BHER
MNIF4nidE (HepG2) 4 Hh [ Bl A Bt i 4 M P
DMEM #4773 HRR
JE A i AP
T 57 3 B2 RO BHER
* 4-2 FES
Table 4-2 Main instruments
i i {7
e ARG SW-CJ-1FD pivA K NG|
CO, Yl 1R I 15 7 AF 150i %E Thermo A7
AR TR CytoFLEX =/
PR B B TS2R-FL H 4% Nikon

3 LA
3.1 fAfE S
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VA I HepG2 400, 1F 37°COKIB %A TR, B0 ERRGAA, TIA
DMEM #5373 (10%J645 M5 1% & R-5E% 51050 PRS-, REHER
FERFRMLA, 1E 37°C 5% CO2 1Hilk 5 77 86 h 15 77 240 % LA F 80%~90%, T
HEEFRAE, TN 2 mL PBS BAHE RIE YL 1-2 Ik, EBREFIIFLAM . B ImL
JEE B AL 1-2 min, THALSE A CE BAET P WSRAIMEAS, #ilE e s
JG, MU 2 mL B3R b EAL, FIR MR A R vE IR R L T, 1500
rpm/min, B0 5 min, NOIRGE BIE SN FREE(EAG AN R, R AR L
A 280t A AT AR AR 2 R R R SR AT — A B = AR R B =
RIGRETE G, TR T 85
3.2 45 A

S FH CCK-8 VA A0 B 71 o R H0] HepG2 40 LA 1x105 A4 i/ FLze A
T 96 fL 40 Mo K 7= Ak B RF 7% 24 h, 0N 10uL A FE LR R CA:
Lac@PDG-Ca@ABTS+TPs , B: Lac +ABTS+TPs , C: Lac +TPs , D:
Lac@PDG-Ca@ABTS+ H,O, E:TPs, F:Blank-H,O) #4k&:1%9% 24 h J5, E&HD
FLHR I 10pL CCK-8 R 57 4 h JG1E 450 nm Ab 2 BN FLAIROGRE , FH 4208
TR AR AR

. SEIG2H OD — 28 41 0D
%%ﬁﬁ%mwoz*l =R x 100%
X HEZH OD — %5 44 OD

3.3 DREALE R = V0% 41 B SEIR S KIS R

{8 F] Annexin V-FITC A1 PI UG WA [RIHE AL A 27 P00t A0 G SEARAS 52
M o K6 X 2500 Hep G2 40 LA 1 100 A4l A/ ALE A T 6 FLABMIIE TRt 5 9% 24 h,
B85 N 100 pL AS[FEMEAL AR 2778 (A: Lac@PDG-Ca@ABTS + TPs, B: Lac +
ABTS +TPs, C:Lac+TPs, D:Lac@PDG-Ca@ABTS, E:TPs, F:Blank- H;0)
B35 24 h 5. RN LA BIE R B FEA A A A S EDTA BBREGE 1L
E MG REAN M, HF R SE (40 B0 e Rk 9738, PBS &k 2~3 IR, T
FiEJEIIN 50 pL f#) Annexin V-FITC F1 20 pL f) PT e i, E%H H 540 iR
5, FEiREOGEE 30 min, MG R EEBRGYEHIN 100ul PBS H 401, i
Ao I AT ASOUE A
3.4 NFEEALE 2= Y04 L T IR
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K F Annexin V-FITC 1 PT XU SLy2:56 4 A A8 T2 55 BB A 700 52 o K Adb 6 250
HAK HepG2 4R T 13100 AN/FLEEF T 6 FLARANARES FRM T, AR i 2 L iy
J& » B HREE RIS NN 100 pL AN [ AR R4 (A: Lac@PDG-Ca@ABTS + TPs,
B: Lac + ABTS + TPs, C: Lac +TPs, D: Lac@PDG-Ca@ABTS, E: TPs, F: Blank-
H0), }57%24h J5. #%M0 3.1.3 M757%, KabEarmgnp, Wik B EmA 100
uL Binding Buffer H 241, I 5 uL ) Annexin V-FITC 1 10 uL 1] PI 403,
BB SRS, SRBEEE 15 min, KNS5 H )G 400 uL Binding Buffer
RN, A R A e OU S A o
4 GR5VR
4. 1 L X 4R RRE H1 B2 AR

SR o A AR T FIHE AL AR R P25 HepG2 AR AISEM . P 4-1 R [F]
AR 74 [F)— I )X Hep G2 4 I3 14 1R 54

TPs JbFEAH (B) UM IAFTE RIAE] 95.35%, SHH (F) LEEMEZER,
W TPs %f HepG2 47 - 3t [H £ #HFR Lac@PDG-Ca@ABTS (D) Fll Lac+TPs

(ORI BRI A5 47, X WL [ T ok B B A7 A2 — € Mg ABTS
MR, PTREANE] T AR AR K . (R IR 2 R, R TPs 5300 T
B 7 4.5% and 6.7%. WEBSHEIL R4 Lac +ABTS+TPs (B) HIP=“4%F HepG2 4 i
AR H B g, ARAEIE AN 77.03%, B AXHRAER T 20.4%, X
JETE EDIRAS TR E R ABTS MMM E . SIRI- ML E S (A,
HAE AL P2 W% HepG2 1715 ik 3 84.15%, Bl B A M40 /s R B3R
(P<0.05). [, 5 TPs 4 (E) AHEL, ShIEE MOk B2 7S ALK T 5.4%.
g BRTIR, SLREE LA R SR AN ABTS, JedL % T Ik ABTS
SIS, (R TIRRIH R RO .
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a a
100 F b
b —
: — [
7 I
- 8or —
N
5 60F
i
= 40}
g
20F
A B C D E F/
NG ]

Bl 4- 1 AR ZR P20 4 B3 PR 1) 52 ((A: Lac@PDG-Ca@ABTS + TPs, B: Lac +
ABTS+TPs, C: Lac + TPs, D: Lac@PDG-Ca@ABTS, E: TPs, F: Blank-H>0))

Fig. 4-1 Effect of the products of different catalytic systems on cellular activity

4. 2 L T AR R SE AR SRR

WA EE AL A F P2 A RS B 4E MO0 N Annexin V-FITC Al PI 47 444, @

RIS T I, TR BRI, SEARM S BN AL B T A M AT T
REKBEUWMEL LUK 4-2 frox. 5FEA (F). TPs 4 (E) M, HAth&
2H (PSRN B B 3 A AN RAR LI BT, JGH R Lac +ABTS+TPs(B) I ZL 175 £
BB L, KRR RSES T ABTS X 40 g A 1R K i 55 1%
Lac@PDG-Ca@ABTS+TPs 2 (A) it I I am i, I 24 L [ i A i
g A0 AR AT RE K A2 T ABTS 58, 3 35— LU 4 g S8 10004, {H R (R I
Lac@PDG-Ca@ABTS+TPs #4157 ABTS ] Lac +TPs 41AHLL, #4098
HOE A A G S, A A A 2, X 2B F [ 8 R R i) ABTS itk
R, X5E 4-1 NS FEEE B0 T A R RUE U =

4.93%:.

B 4- 2 ANFEEACAR R P20 GRS SRR 52 (A: Lac@PDG-Ca@ABTS + TPs, B: Lac +
ABTS + TPs, C: Lac + TPs, D: Lac@PDG-Ca@ABTS, E: TPs, F: Blank-H>O)
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Fig. 4-2 Effect of the products of different catalytic systems on cell viability and death

4. 3 fEAL 3T AR AT RO R

] 4-3 j& HepG2 40132 B A R A0 AR R~ W) Ab B2 R A T 45 R K,
BT DA =280, BRI 2D, BRI T CH TR BIE T
Y SR FEARNE R BR D) o B B AR g+ 445 1 Ak BEZELAH Bb Atk A P 2H v A 0 4
Dy N T72.12%, T A [ R A A 7R A ERZELRT C -V 5 AR Tl AL P 4L 4
8%, 73N 82.87%M 84.31%, KMIFE ABTS i1 H & # X 4l is A —
SETT, SIS, B E S, SXTRA DA, 1D E 5
W AsE /N, WUTHIIE B A i A e E B b, BOAE T ] AR - A e e A 77

LI 2 At
o
. a:P1 o b:P1 « c:P1
- Q1-UL(1.98%) Q1-UR(6.36%) T 3ot -UL(0.54%) Q1-UR(7.77%) A (el -UL(2.60%) Q1-UR(6.61%)
3 . L - ‘?7
< =] o A
<o < =L
ie e ge
3 - =
2y ) CF
o4 p o
! . Q1-LRE.78%) Q1LL(T72 Q1-LR(19.58%) Q1-LL(84.3" Q1-LR(6.47%)
e : T :
0o 100 104 108 108 0 10 " 105 108 105 108
amexinvFITC-A " annexin v FITC-A
—
A N 4:p1 o P1 % P1
Tian -UL(1.98%) Q1-UR(5.72%) T 1ot -UL(2.23%) Q1-UR(6.41%) Q1-UL(5.28%) Q1-UR(4.79%)
; < 2
% il L & ey P
< i < <
o & e §e
= 2 B =
CE = 2
o] o3 - o] i
Q1-LL(8! Q1-LR(6.92%) Q1-LL(85. Q1-LR(6.07%) Q1-LL(87.5: Q1-LR(2.41%)
e . . rrevm :
0 10°% 10* 108 108 1] 10° 4 108 108 [IJ 1‘03 1‘0“ 1‘05 108
annexin-v FITC-A annexin-v FITC-A annexin-v FITC-A

v

Annexin-FITC

Bl 4- 3 ARMEAE R =Y TR 520 (A: Lac@PDG-Ca@ABTS + TPs, B: Lac +
ABTS + TPs, C: Lac + TPs, D: Lac@PDG-Ca@ABTS, E: TPs, F: Blank-H>O)
Fig. 4-3 Effect of products of different catalytic systems on apoptosis

5 Mg

ATEANTRAE 1 3L E BB - R AL AL TR 22 B 5 R SRR T I I A
Gz P RBTR A E . I HEAL TR HepG2 200 i (¥ 4 i s - 400 ff 2 5 A
AR RE SR bR, BUE 1AL VI 2 A, SRS RN - AL N R A
fER e, (AFEERBL, SAMERFH . o5k, JREEBRE- N AT 5%
WA % R AW 2 e, a8 TN SR AL E 1R 2L Al
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i 5RE
1 &g
DM 2 Ty A ERL, TFR T MR AL & RS S B L. o 2R s

BEURAE T 45 Z BB A& R BRI PIAT I, i R WA 2 R R S0k T
AL S, FESLIEAE B Sl NERBE-NMA RS (LMS) MRS, ik 55
BEE AL B ABTS. B GMA 1 DA X BRENIEAT Be iz 11, 153X
THEEA I FF S8R R, K 3L T SRR A A PR R [ s A, 1) 6 15 2011 ] il
AR Lac@PDG-Ca@ABTS, R THA R Z W& s 3= X3k i &
VRG-SR AT RAE S B 2 VT AT AR TE . VPAl T AL = gl i s 1, B
B R AT

(1) BRI R 2 E MR E R, 8w RO 2 2% 5
FOE, WEREERNINEN: A1EH: Shim-packGIST-C18 ARG (4.6
mmx250 mm, 5pm). WENH A N 0.1% (viv) HEKIER, WEAH B NN
W . PE W BN 0.8 mL/min, JAFEHEFEE N 20 uL , R ERNPE KN 280 nm,
FEIR 30°C. i B N 3RS0 20 AR SO BBV N & o IR EE L SRSLIS [ 0 g
pH XEFHEN R Z A BRI, Hodid 2RSSR, &AWL, &I
AL SR AT D ERBEA I &N 0.1 mg, TR 1.34 mg/mL, pH 3.7 FlJ NI (8]
N 47 min, FEFRSFILH] 26.47%. BB EXT LMS RS8R SEFIAN 4
IR AT IRIE, BN LMS i ABTS, )5 22550 2958 ALl

(2) PR AILE EAE GMA F1 DA XU e A A i 0 i B R N 314 L,
5 31 I 8] 52 FEBE- A R AL 77 Lac@PDG-Ca@ABTS, @it FTIR. SEM. EPR.
SO RAELE R, UEIIERRE A R4 R D [ e A 5 Bk . BEFE 1 JEE e
AT AR T, S0 SR B AR L, L e (R R AR B P . TRIAS E AR
YRk, HILE e Al B A& B AR e TEA T SR, 7E 4°CoR I Nt A7
15 RIGVIREEZ) T1% 0, HEE THIRIEH G, 60T DUREF 60%iE . K
HRH TR 2 & A B3, B SN R L[ 8 2640 R PR oo 2 s 3277 %
S BE RISCR R R, 7E L 8 sk ] £ T 72 p 0 i SO R P . AR
[# 5 Ak pH il 4% A [F L e sk, TR FREE IR 2 By, Rl 2%
TR S R B (RSO o 45 FE I L [ TR A 700 28 3 3 R A RCR R

43



LA AR - 2lk i S

KM E R HRIET] 42.48%, WEE TSR HEABR, HAZTESM.

(3) AR T = PIRT HepG2 4HMIIIAR SCHR bR, B FUMEAL = MR A1 22
AV, 45 BRI A I R R A A A R O R, (A R R AR, R
E T AT I AR A 22 4
2 RE

A& TR RABM I E S8k, R ISR b5 L e B
Bk HENRMEN ARG EE N TARIE A GRS R befg, 1Y)
AL G O ) L IR AR 2D, AR SOH R T 2 B & AR B3R, IR0 A
W= 2 VAT ER TT, A R TR ARG 1 R G E AR VA0 ST e ik — 2D T
T ABARSCHITR TR E EARE — B A2, A5 AT DA — P %

(1) LMS 41, NMAZ5RBINLEIEAES E4, fI1583 3K, aEbT
% ((Electron transfer, ET). &5l T ¥ # (Hydrogen atom transfer, HAT) A & f£.2%
B 7 i1 (Tonic mechanism type). H AT, AZ 1S5 1ERBEHE AL AL R S
W= RGT T . ASCER T 8 ik, REZMIERPEHE 4 FILKRRBMAE, &
BRBG/AR ) R E U A S 3R & 4 B R R AR, RS AR
FrIE ARSI A T DL B AT S 45 2 B (A B RO AR ok T R, )5
Z0] DU AR IR . S50 RIS S5 A ST AL, AR AN R ity
KIS T 3R A R (R 1 22 57

(2) [ 5E BRI AR 22 53t DL R B 58 (L BER (M 2 AR 8 T /A AR S ]
TR B AT TR S B SE I 45 A, AN BE O 1R 15 1k
B =R TE AR e, HEBARIE B IR RS T BB IS PEAL A, BRI T AR
AT A, S T HEATIEARR E tEe SRT, AR DAAT b 77 204 3 [
SEERAR b, BTV AIIERI SN, FEN B ]2 S, DAY
TR 2 IRE 25 18] F R AR T M BRG], TS R IR NAHF AT

(3) FEEEA—FBER SRR, BRRmA. R4 ERE.
BAE A IR A 5 3 W v 110 22 Ak SR o ] (AL i AN A A/ 1 ) e 1k
D72 $E AR AN AT o] 7 AR A KRR PR D/ S [ e Al 7 A A P it R 22
KEE, BRUINBTAN. PR T REIE TEAT) TR IR AT AR SCHIE 7
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