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Table 1 Application of fluorine—containing chiral alcohols in pharmaceutical synthesis
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gkl
ERIEIEAN Bty Bty 1EH
F BGEA R B A HWITE R E 1
OH $Fs o (Odanacatib)
o G
Bf s
MeO,S

1 SEEsENE

SAL A R — B 2 B Al st 2k iy
B R R Tk . el oy B alifb 2l Ak B
A A i B oy X BRSE PR R, T AZ IR R
HUERTE, 5 TaeEmy >,

1.1 B SEREA AT RIS R SR

WELHE (Lactobacillus brevis) WK £ B R
Z B LbADH 84 #¢ F T i i 45 28 1 F 1 Wi >,
LbADH (1) 5> F 5 £ 47 105 ku, F 4 /~H1 7] (14 317 5
AL, J&THbEm A M. 20134, Borzecka %
5% T LbADH fifb i J5E 4% 28 3 A 05 7 B 1) 1% e
538 T — R HA E R R (S)-FfnE (K2,
B 1), TEIIRE -, Rodrigue s ¥ YE— 5%
R, RS iEtERsR, KIS YTE
Ak (2, ZH2). MK (B) WHHIFA—E
BEREEE, o SRR, B U =R
LI E AR (B3 (con.) >90%) S
X EPE (BRI (ee) (H>99%)

i -, Noling %8 L B, WHE T B® H
(Clostridium acetobutylicum) W) £ BE i & [
(CaADH) A A X Bk A 1L i JU B 2 o 2015 4F
Panigrahi 55 "' | Ff CaADH X W 1 £ V5 b ffE 1k 38
J T B-Fi-o,0- —FUGEEERER SR (3R2, 4KH3), &
B RAEA 2R W2 N2 ik vh AT A S K AN
{8 %) W 12 Wl P PR IR SR AR P 45 IR OR
CaADH KB RAFHI7 4R (72%~93%) KA 1
XL PENE (e.e. B 93%~99%) o L3 2 ) 25 ik e
M I 25 F 2L 4l B NADPH. 2020 4, Kudalkar
S5 VR ILT CaADH I8 A] LU AL IR i ) — 2K &
FACE Y, BDXTHUCROY B = Bl (FR2, 4&H
4), Ho,0,0- =K O HI7E CaADH fi Ak T if J5
FEI(S)-fE, HeefH]99%, 77HHN95%.

WAh, RLFRE (Rhodococcus ruber) HEA
fEAL I S A i 2 o B R TR T R &
W EUHE ADH-A, % 38 ku AL EEZH Y [R]

W RAK, H53kIE T LBk E (Rhodococcus
erythropolis) 1) £, T/l Z i ReADH I 7 Hi AH LAY
WEALT KN (38 ku), I H & A s I ST 1Y
B AW SEAARE N SR LK
Uik Mt pH AR PE Dy T A % EELVEH . 2013
4F, Borzecka%§ ' F| ] ADH-A fEfLIA 545 2] T 4%
FN2EAE(R) -l (2, £&HS). Wik
AR P2 (R)-2-1R-1-(4-FHUR I ) 2 5-F2 B [ st
Wil R (CAD By AgiR Y. Bl J5 , Kedziora
4 2 g JEHFSY T ADH-A X a-58-o-FAC 2K 2 B
ARG E (K2, &H6). 45RE/R, ADH-A
PEALT RAF R XTI E B, (H AR X B 1R 1 A
i AR IR RS 3] — ki RE R 2 Ak
WAL A R . 2021 4F, LiuZg 5 42 1)
FHEKMER LI (PDA) A EEE T
BRE Y 25 8 U ADH K i K PR BCIR A ALE 20
K ik (DON) 4R 14 W 2% # &% 7% #E 1k 7
DON@ADH@PDA ., ] DON@ADH@PDA if J5i X
SR LA = 3 SR 2 A B SR, HOA
R B 7= 2 (86%~95%) AL S A o ik 36 6 %
(e.e. fHH99%) (%2, %H7). WHI/KEBERST
BEREME FEALTGTE, AP KFeHE S TREME AN/
£, A DON@ADH@PDA W] LLid i 25 .00 R 2 5
M T, 5 R A BRI HoAR AR ™= 22415 8K 58 21 70% A2
i, ARERE T AEYENRRE, BRI,

(8)-3,5- W =5 H AR L BEE WA B AT IETE
Il PRIVFAL BV 245505 . FAAE 2006 4, Pollard
A B4R ) FH ReADH Ak A 52 3,5- 30— 3 T B
LE, 135)(8)-3,5- N =P IR L (K2, &
H8), #4k%>98% Fle.e. {H>99.9%. ReADH [/}
TR R 160 ku, Sz FH 4/ HH ] S 3L 41 A% ) Fh &
Sl IZOT IR A R G T T Ak, R
FH % It 2 It o i 2 il 00, T A R W L
(GDH) IR EMETAr . 1G TR sE, ARdtm T
TR R st 28 P

e 5 N ARy S BER R 1 0 T, M IR
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(Leifsonia sp.) B 2 LsADH ] X 4 74
XFFRIE B P, LsADH Y43 B84 100 ku, Hi 4
AABIFI P IELH B . A BER T 5 55 O R0 ) B e
A EL AT 30%~50% A [A] P 1 . LsADH J¥ 41 Al
LbADH I, 7E37 (L HA KRR MK, %5kHE
TE P 72 i Sl X NADH 9 i 4 ol 25 G s VEH
[H It LsADH J& NADH & ##i 8 i & B . 2012 4F
Itoh %5 7 4¢3l T LsADH {E 5 B (IPA) -/K A1 Jit
H AT R AR W e AR i S AL B ) 915 fif
HIS N BB AR R GE, AR R X
WA BEFEME R . LsADH MEALIA R a,0,0- = FHA 2T
HRNFIN ) SHIAE, Hoe e {HN99%, FribEN
100% (2, ZH9). XML A 3K
SR DA Tl H

FL ) ) Machielsen 25 PY £ & W 4 W
(hyperthermophilic archaeon) 5% Z1 1 # BR
(Pyrococcus furiosus) BT —FH ) NADH 4K
J61 8L 2 BB S0 PPADH. B, Zhu 55 gF—2F
PR T PTADH #1630 [ 5L f QIR )Xo a5 (3R
2, 4H 10), 20 2 ) FH G 2 0 o S R R 25 b
SN A . S5 BoR, PIADH LR 5452
SR O A R 47 EL AR R G R e BV (ee. (E>
99%) . FEBLIERE I, Zhu % 0 DU NS 0 %A
FEAE Sk S AR SE PR i NADH 548 ol iz 7 ik
AR S5 2- -4 TR S B 2- 502/, 4-ZF R
MARE] THAN R (R) -BE (FR2, KB, %
BT R (89%~92%) M iRy 7 M ik R
(e.e. {H°H 98%~99%) o A BRI A 2 1) AR &
BCEAT BE 2RO & B A s TR B )
[ETEZ N

Pennacchio 45 ' 15 754 s 8 AT 25 (1) 8 AT
W (Thermus thermophilus) HB27 H & L T —Fh
T T U TtADH.  TtADH J& —Fif DU R4l
H 256 AR AL AN, T8 TR A M. %A
BA B Emmg AR e e, BXHE DA LY
A RUFT 2. FH TIADH kIR I 2,2,2- =31
R OTSB) m ot E A B (R)-2,2,2- = 9K L%
(e.e fHH93%) (2, & H12). HilENADH ] L
WL T ADH (BsADH) maUsi i .

Lavandera 557 M K Hf 84 & B W
(Sphingobium yanoikuyae) 53 & i — F NADPH
A4 7R i A 10 Sl SyADHL, o AT R A8 i — b
WERFEAAEY (N, O/ W35 T 5
(methyl isobutyl ketone, MIBK) . NERER) . Ffif5,

Kedziora 5§ ' & 3 SyADH fifbid Ji o-58-o-FA R
oW B, AT H A 2 B A (ADH-A
RasADH. LbADH) W4l & (1) de {5 (45%) ,
HEee AR (59%) (2, %HI13). a-FH-a-
FACEEAEA LA A VP2 R

20194F Gonzalez-Martinez 4% * % ¥, Ras-ADH
AIEALIE I — 251 1-55%6-2,2,2- = LB, LA
b A = 1 B RS (R)-BE . Ras-ADH R R T
%R W8 K H R (Ralstonia sp.) DSM 6428
NADPH (i ) 2, Bt 5 S0 0 204 32 38 3 o g A
It U S PR AR B NADPH (984 . 83 %05 1 T il
J A B 2 21 B KA ) B s IR R R A
(Odanacatib (MK-0822) ) FYEZH B 1- (4-754
B 222-=HOEE (£2, %HI14).

mERpTR, ELYE RS, B
IR0 32, FFEN BN 2 254 e v a4
AL IR I il i B . AN, sambis e e —Fi Il
2 Y, BRI RO R — 2 AR
SRR B 4 (S)-1-(2,6- —5-3-F A3 ) . FH
2E TR R, T B A R S A A SRS A T
FHERS, SRESR . WOREK (32%) 2, hif
— R AR A N R, SRS fE T
I 2 T it 20 it A1 B0 P R OG0 & il A 30 Dl ) 4%
(8)-1-(2,6- 5 -3-AKL) omrIrk (382, 4%
H 15) . i iz 1 Ik R A R s 38 5 2
50%, E=PakifE - 100%., 14 2 b i B s i A
FHF 40 NADH (9 F4 o 7E b 3Emt 1, BRI
g S T AR AR R, DA AR A
it A A A Il . FHZOT AR I 2,6- —4-3-91
KO, 1S8R (93.75%) . ELF ol
(e.e. HN99%) 1y (S)-1-(2,6- —5H-3-FAKL) (&
2, &H16). 20194, MREE > LT —FEHY
B AlA T, AT I T A A A A D
S BERTY, BA SR GRBRES, EARI
R HBDKAE R, JF B T SRR %)
P30 52 A B U HE R P A Al , Al s o7 B 28
o IR 1-(2,6- "4 -3-OR %) TR, 155546
BE (9% LA L) 1 (8)-1-(2,6- — 4 -3-%0RE) (&
2, %&H17),

REZHEYREEA AR SRS, T 348
6T S5 S REIR A, Friest 45 ) XTHEMS
HREZ E R BIE R FERIT T, e
T NADH i 1 2, i i S0 SSADH10. 1% i 11 5
FE N R R 80°C , T A A IR b 35 3 A 3]
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N SEIEE (%2, 5&H18), HAmXTIBEETE
(e.efH97%), (HZWCRE M (70%). KR
P Sy B 700 B i 1 P R . R S R
YR 2 R AT DO I e AR . [l
SsADHI10 Al AEAFI ] (405 SIRIEIR, e.e fHATS
1 94%~96% ) .,
1.2 R[EEEN AT FRIE R SR

WFFE K% B, 2EEFTE (Bacillus sp.) EU0013
HH R TS DR LA R ) ST AR B R R I R
fif 521 B it — A AR X B R, NI A Y
T B 3 B H — il NADPH 4 5t 250 i ) i J52 it
(YtbE) , iZAK Z LA %58 It S 1 Sk ol i P26 il
YtbE J& THEFiA R (AKR) #BHEKE, H—2%4%
F4 5 HoAth AKR #8515 10 38 J5 il EL A 47%~34% 11 [F]
VRPE . YOE 1E R — il FH 038 g, X 7 et 2%
G WA RAFH 772 X2k 8k, K,
0,0, 00- — FEA L EA JAS B AN 1Y R 7, Hoee.
M 99%, 72K K 100%. 4,4,4- =R LEELFR TR
PR JF R B EaiE (ee { ] 99%) B (R)-4,4,4-
SHES-RIETMRER (£2, £H19), k&Y Hh
BUAAR 2 DL 038 e A

55\ HEREAS h JEATRE R 3% 7 19 4% G2 0 356 A
b, JEHAZIRE R AR EAFNER %
2011 4F, Wang %5 ) 3 o X 5 B 140 Jirt il ) ik [ 41
288, MR ORI (Streptomyces coelicolor)
R IR T —F NADH AR ALIA 5 (ScCR) . DL
N EEVE ) NADH P (0 A, il X 75 R 24
1 W AT W R B B B (ece (H>99%) (3
2, %H20). ScCR ALY B =ik 600 g/L,
7 AR = BRI 52 AL S i S AR R
FH ScCR HAT Tl HE I o

2015 4F, Xu % " G BT — Bl B 18 JE
RIS L F e RE - (Debaryomyces hansenii) H1iY
DhCR. DhCRJ&F SDR %, J&H 34 ku lHE4 %,
(R R AR, Bl HAT RS TR H R SRR E 1Y
NADPH {4 B 30 S5l , 3 I = 3R
RN HSRIEE, 7% K 90%, ee (HART99% (F
2, B 21) . 0 FH AW SO 2 S S
fiff A . I8 R DhCR 784 A M (8 19 25 o ki 18
P55 T HAT VT o

ZJii, Contente 5§ ' AR G i £ He R 2 £
CBS 5766 (1) R 20 b 455 th— Pt i NADPH # i
PEX ZBEAR )R (KRED1-Pglu) . %8 R
THY IR X e e MR TR () -2 3 7 . B Contente

4 2RI, KREDI-Pgluffbif )i 2,2,2- = 5-1-7
KON 2,2,2- = 5-1-(WEWy2-38 ) LT R g
AR A e e PE (2, 45H 22). 2021
4F Rabuffetti 55 '© & B KRED1 Pglu A F T e #6114
AR 1,2- WA A o S A XA — A SRR
T, RIB RN, FRET97%, P
() N PEAR L, ¥ EA X s (ee (>
98%) (#£2, 7 H 23). Xflif§ KREDI1-Pglu /i h
— il A £ R Al o BRI A A4

2016 4%, BEME Y AHT —MHTE W
(8)-1-(2,6- — G -3-FAKE ) & T 1% 387 il i Ji ity
KREDS2 (2, 5H 24), ILHEFEA mxFmeik s
(e.e. fH>99.9%) H AJMELI YV B =ik 621 g/L.
(S)-1-(2,6- — 5 -3-FUARIL) L BIEA Mg e
(Crizotinib) BRI . 1% T 2R T 15 & al
(8)-1-(2,6- & (-3-FARHL) BRI, HAHE
H i R FH AL

20184F, WRM&SE O R T —Fh BRI A i
fitg, AIRRSEPEIL R 2-5-1-(6-F-3,4- & -2H-1-7K
JEmbmg-2-5) 28 (CLK) 15 2-%-1-(6-%-3,4-—
H-2H-1-4IFmg-2-3%) 4B (CLA), CLARER
B LA 2 ) ER R A U IR B RITAS . LS AR
A Mt R, A b G 24 NADH K i B,
(R)-CLK 7£ R-FR B0 B AE T, 45380 (R,R)-
CLA =¥y ; 76 S-RJEEFMIMER T, H8(R,S)-
CLA =5 (S)-CLK7E (R)- IR R EFIVEF T,
HE](S,R)-CLA=Y); (S)-CLK7E(S)-J Feik J5 il
FITERR . 1931(S,8)-CLAT Y (2, £&H25),
IR 4 PRy TUAS E () 72 1) CLA 215 >98%, e.ce. {H>
99%, WLH=>95%. &Ik AR, #E T ik
SRR TR 2 B R, A Tl kA

(R)-2-54-1-(3,4-—H &) B¢ (CFPL) &
e R g S R o R Bl T N = v 87 s
FH T 190 B BN 220 56 Dk £ 45 A 3 ik ok e A A e
2019 4%, ZEARAE N HIRRIE T A& U(R) -2-5-1-
(3,4-—HURIL) LR (K2,
4 H 26). Rk A 55 E BN 2B R i) KRED 848
PRTT LLIR 5 180 o/L I B, A2 SO0 Bk ] 3k
Ko B, b TERRES BB, 20224F, He s
TE B AR /R IRT8 T (Paraburkholderia phymatum)
STMS815 H & BT — i 1) NADH 44 i 78 14 Ji i
PpKR8. # PpKR8 FHHj % 1 it 0 il 75 KM 1 B o
()2 T8 AT AR =53k 300 g/L Y 2-58-1-(3,4-—
FAEL) M (CFPO) 544k A (R)-CFPL,
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ee [HRKT99.9% (22, &H27). WA, & LIREELWRY s bk 77 HORXTFRE A+

(4 B 0 TSR, il P AR, 3R PpKRS /311
AWl SR AR A AR Tolb v g o

(R)-[3,5-B (= W) K] LBE((R)-
3,5-BTPE) &G I NK-1 ZARFE L2740, &
PRI 5% -4 A SC TR P ) iR (7, 20194F,
Tang % ™ JF & T —Fh i L4 0 R A 8 (R) -
[3,5-%0 (=) KIL] 4mR Ik, BFH
Leifsonia sp. S749 H (1) i 1 Ji filf KRO1 K 3,5- XL
I ) KB (BTAP) #4kH(R)-3,5-BTPE
(F£2, &KH28), HARIFHTEERX BN
TEB A N 24 R, KROL A% 600 g/L 3,5-BTAP
R K (R)-3,5-BTPE (€.6.599.9%), #AbR N
98.3%, J=# K59 g/L/he B A NADPH 451 54 Bk
FLIR S5, R S 9 BT AE S NADPH,  ILAk,
KRO1 ] 7E 57 90% S P4 B 14 s o TR A 4 Hh o & At
FZE TR . XIRIEA 0 1A BRI R A )
i 3,5-BTAP 1 e e IR A faf FAE P72 38 007 vk
R ESH 25 (R)-3,5-BTPE A 7= 1.2,

2020 4F, Raynbird & "7 FI] FH 5 FH i 34 i i
KRED #EfbIA i T — R 51 T5 L2y ¥ i 14 il o i
TR R, DI EEAE I, DI
4T NADPH 19 P-4 o H o i ot e o 2- - 1-
(3,4- R EL) SR JF AN (S)-BE (k%
96%, e.e.{>99.5%) (F£2, &H29); 3,5-W (=
FHIL) RO FOAR (R)-FE (F1b390%,
e.e. [5>99.5%), ZALE Y TH WP EILIH . X
A JIUER T R KRED 76 F T4 PP U s
25T TE A

2 EYRELE

S AR S SRR A LA 25 T R 4
HAfb AR, AEFRMBIMYHBIE T, Kt
PRSI RRMAT B . ROV RLAAIR 7 NN, F 2
A=W LR AE AN 5 OG0 AAE M N A SR 1Y
TP, B AN Ak ] Rk R ]

2.1 MEVABELRITRIER SRR

MR, AT — B AR A A
RESEAT A AR T RO 7, 8 B AR X RR A i
A FPER L A YA LR, EAREELE (baker’s
yeast) FILHTIZ B I A0 RE S R LG X a2
Bk B, Yadav & U IR 1AL B
T (R)2-BA-1-(4-FHKKL) OB, RN
90%, e.e fH N98% (F2, &H30) . BRAHELEY

TPEEL

FIRE, AME (G candidum) TEAEALIA R ER
ALY R 52, BB XMk PR
If . MBS A S . S RAE . LI B S50
M BB Nakamura 88 70 HiGE T HB R AL
WJF2,2,2- = LR, AFAFHIN 1 (S)-BE, e.e.
] 98%. J=#>99%, Ffif5, Matsuda s ™" F|H
PR A A R A 2SRRI A, 58] T HA
SR L ) TR ALEE (22, KZH3D ., fElt
JLAl I, de Oliveira Lopes &¢ ' ¥ (3 25 78 [ 2 4k
J&, RS T AT T 508, BBk TR
REEFE], P2 T RN, A Ak 5 4'-Br-
2,2,2- =R AR 2,2,2- =G0 BRI 4 30
AL ORI P X B R (3R 2, 4 H 32).
2018 4%, 45 ™ ) M R A AL R 2,6- —
A-3-FAR A R (S)-1-(2,6- —F-3-FAI) &
e (2, £H33), PR NI3%, ee l>99.9%.
(8)-1-(2,6- 5 -3-3AKL) LB TOMRER JE 1)
HhalA

B KDL (Ezetimibe) & FH TG 97 R &M &
I LR AT R 2, T AR RS o XU, 5
B MR A DL B AL TR B R AN X R A SRR
filil . 2010 4F, Kyslikova 55 ™ 95k & B T 20 BRI
(Rhodococcus fascians) M022 R A Xf Fx 18 5 R 9
(3R, 48)-1-(4-FFARKE)-3-[3-(4-FRKE)-3-E0A
H]-4-(4-FR ORI ) FARIR T be-2-Hi il & (3R,
48)-1-(4-F R H ) -3-[ (35)-3-(4-FUA I ) -3-F2 H A
B J-4-(4-F2FFEIL) 2-F R T heli] (KDL,
HALRA 1K 95%, ee fH 7 99.9% (2, %H34).
SR B YA ) SR AN X Bt AL S o] £ A s
KDL b, O P T R A A
— A A

[Fl4F, Swizdor % B BT R A& BT 4 JOUUAL B
(Didymosphaeria igniaria) KCH 6670 B F ) it &
Mg 15 M o K R AR = SRR IR R R A I ) S
B, 77 100%, ee fHH82% (K2, 5H35),

A AR G — 1 T Sk %) e R 2 R i )
e, TR S — o e 4 B I e T ) 4 3K
TH % Araujo 55 ) 3B 1 Rg D5l AT DL R
U 503 40 4 B N IS R), ARAS 2 T RS 1
= DI REC, Ribeiro 28 PV BEH TS
FH W A0 B (ZF fFT 5 FPZSP0O0S ., A % AT 18
FPZSP088. Mi A& 2ZF 8 #F & FPZSP055 i
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BC-FPZSP051) AWk JFHMAR L (%2, 4%H
36), ALK& i Sy e IR) o S JiR S 7 2 A e
TFHERT,  ZEAORT IR 0 RE AN R VT B A AL iR
FARER , 7 FRAE 26%~42% JEE N, e.e (N 5%~
62%. 4N AEH BB I, BB
AL SRR XTI BEME (ece (H>99%) o X IR
VR A S S5 R P oA N AR AR AT 9T . R
SRIBOE RS SN P — R, AFURAT S8R A T SRV B
B, JE—MREWI Ik,

(S)-[3,5- W =g ) RKE | LWEC(S)-
BTPE) J&4 A2 ARFE B FNHTAMAR 551 114 &k v ]
&, HFIRIT — R 50 AR FUR R pl 2 3 o 2
2020 4, Wang &5 3 ]\ - HERE 5 43 21 4 5
YR (Sphingomonas) LZ1 BEHE, AT A X
FRAEALIA TR 3,5-%0 (= HH IL) 2R A5 (S) -
[3,5-X0 (=g H3) I ] OB, EHR 94%,
e.e [H499.6%. 2B ML LZ1 38 T LUK FR
MK Z2 o s T SIS JFOR AR i, IR
A R IFRR R EEE (ee H>97%) (%2, %4%H
37). 20214, WangZs 9 A A 3ERE 2 2 2
Bow o Rk, B OB 4O N (Rhodotorula
mucilaginosa) NQ1 Mk, RE AT LU & 17 %
PEALIE AR (S)-[3, 5- X ( =FU 35 ) K KL ] 2B
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Abstract Due to the remarkable properties of fluorine atoms, the physicochemical properties of many
molecules can be significantly improved after introducing the fluorine atoms. Therefore, fluorine atom is more
and more widely used in pharmaceutical field. In addition, 80% of pharmaceutical compounds are chiral
molecules. It should be mentioned that chiral fluorinated alcohols are commonly uslized to bulid chiral
pharmacecutical ingredients. Hence, the research exploring the synthesis methods of such structures is of great
importance. Asymmetric reduction of fluorinated ketones is a common method for obtaining this structure.
Compared with chemical reduction, biocatalytic reduction shows many advantages, such as high
enantioselectivity and yield, easy separation and purification. Biocatalysis, especially enzyme-catalyzed reduction
of fluorinated ketones, has grown a research hotspot in the field of preparing chiral compounds. At present,
biocatalysis methods have some disadvantages. The reaction time is relatively long and the price of biological
enzymes and coenzymes is expensive. Accordingly, the scientists should work on shortening the reaction time,
recycling biological enzymes and developing more efficient and economical coenzyme regeneration systems. In
this paper, the recent development of biocatalytic reduction of fluorine-substituted ketones to fluorinated chiral
alcohols is reviewed from the aspects of purified enzyme catalysis and whole-cell catalysis. Moreover, the effect
of fluorination on the biocatalytic reduction of ketones is highlighted and the prospect of catalytic reduction

method is also put forward in this review.

Key words chiral fluorinated alcohols, fluorinated ketones, chiral drug, biocatalysis, asymmetric reduction
DOI: 10.16476/j.pibb.2022.0322

# This work was supported by a grant from The National Natural Science Foundation of China (21672151).
#:# Corresponding author.

WU Fan-Hong. Tel: 86-21-60877220, E-mail: wth@sit.edu.cn

WU Jing-Jing. Tel: 86-21-60877220, E-mail: wujj@sit.edu.cn

Received: July 12, 2022  Accepted: September 8, 2022



