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Fig.1 Application of L-lactic acid detection in food science, biotechnology and medical fields

E%B‘Uk@ﬁﬁ
o Tl EBEE AR
o 2k IR M

[26]

E1 L-ZEBenEamilz, EYEAMEFSusimA >

1 BEeriRFLER(E SR IG I R I

R A YR S T R T R T O Ik
K SR —BlpT BRI E A, ARA T M e ot A
BRI, RAEYUEYI R (B Pos, bk
MRAE) BEAY) (YD) A B D lgool e
TER b, il AR o7 Z I R SRR,

B 15 HRO AR SRS S, SO 72
HR A B R 5 A OS5 R R i P I ) T e
WIEARSG, BT S BT H 64 0 A 400 14 1 i g
L2l B

Tl FL AW A S [T PR 5 L U 28 P A
B AR 2 5 TR A A s o, i (22
Fiik) PR EHEALSAEOR , BRI T R



2023; 50 (3

WHER, % ETHERNIBRGNEMERS -531-

I PR ST AE R S MNP BB (s 1 4 s F A
AR R R L) BB Y AR T
LR E E R i I e 11 ) 1R = R A D ¢ G R 2
YIFAFAERIIEOL T, H I IS 0™ A Y L A7
A A R Y R AL B AT (FLIRSE ) BY
HSELAMEAR S i, (A A SRS AL R
Z ORI, T I [ Rl ) T AR AR AL,
{il AR A ) LS R T AR R RIS LR 22 [ )
HL L i Sl T DR e Al A AL AL 2 5
BRI SRV W SR 7 e i N G SR AL 2 X 7 L i
HATHE R, P JRor fl— otk s pe s =, N
AT AR

TERL AR, iz P b s = A%
BEEG R b (812), Hrh 2ok Gl
W Ag/AgCIIED) B T TAERAMHL, T4t
AT EE R, 5 TR AL T AL,
TAFR IR AERS , SR A e THeR%, X
e 5 AR A AR ZH BSCHRL AR [P

RIS 23R 2R S8 A0 ) B AL~ A5 R 4
8o WUMNRGES R R A, TR Rt
Pz B T R B R A A N LR 5o 2 JoR T
— ARUER) =R A SOV R G, TR A 0
ity oy T B R B L (GCE) AEo8 TR
e, BAZEFNEL AAL L F AR 23 51 A X B AR A 2 L
R

R 27 B0 b B

TAEHMR

Eat S03

AR AR ...

Rt

Fig.2 Three—electrode electrochemical reaction system
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Fig. 3 Structural characteristics, origin and catalytic mechanism of L-LOD
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Fig. 4 Structural characteristics, origin and catalytic mechanism of L-LDH
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Fig. 5 Strategies for the performance improvement of lactate biosensors based on enzyme electrode
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Fig. 6 Classification of L-lactic acid biosensors based on carrier materials '

30]

E6 EF A RIL- LB E e I 5 )




*538- EMUFESEYIRHR

Prog. Biochem. Biophys. 2023; 50 (3

5 B LEsrRRFLERIE RIS

FIRTE A 2 M A WA I I P T 1l PR sl 1 T
WA (2 1) FTFLIRIN E B Ry A W 15 s

AR A I 4 BN AE TP B BT RY 43T B[]
g, R
KB WL RS (Biosen C-line. YSI 2300

STAT PLUS. CITSens Bio lactote PG13.5 C-cit AG.
SBA-40EBRAM) FELSHFIN. FH 5 MBS L, 78
BEBE e E Y A ] . T BEST . R E IR &
Y LactateScout+i5 25 1] ATE T &7 3L 3, FEL5H I
TAREEE, BS5 AREER AL, i
ARV B e B AR W) A SRR I — IR PRI AR A, 3X
PR R ZBE M1 StatStrip® Lactate
ARG FE N T ERE P M FLAR & BRI E, DIgk
T IIAE A B B . EDGE IR W I Z= 48 ] LA 4y
Mrasmiredh, Bef E 4 AU . SR, RS

Tﬁ@%ﬁ%%ﬁﬁﬁ@ﬂ(%%&m)i%
W,%hjﬁﬁuiﬁgﬂﬁgéﬂm v A1 EZ N RN
T2 7K 1 A8 A o Al AR 7 3 o A 2 BL A 152 4%
LactatePro 2 LT-1730, LactatePlus,

Biosen C-line FJ LA [] B & LR Al A 4 b, LG

o 2 DL A8 6 B AR ST A T T B R ] Y
FERARAL, ATSEEL6 000 YR Y LRSI K Iifs IR 22 4
A HRE H S . YSI 2300 STAT PLUS 2 ME—

—ONGH TE MBE I LR 73 A, & AT LIOKS B kil 4
AT AR DCHE bR, A0S I AR 20 . il
REP R FLERSE, i H ARSI 5 To/u R AR, i
FIFAEH B9 FEML AR . CITSens Bio lactote PG13.5
CmAGTUTﬁ%m%@ﬁ%ﬁﬁEmmﬁﬁ
(animyg) HxtFLRRIE T LL B IR A I i, RRRgIE
ﬁfﬂ%%%ﬁﬁﬁ,%ﬁwiﬁéo$%yéﬁ
F A& SBA-40E 2 LA [ 5 fhFL 2 A AL i oy iUkt
1, R B R S B AR R R ) FL IR A A% Ik
o B H R I s AR R BB AL GR Tuﬁ
20 s WE f AT ATRE L R ELER B i, HLA I
P OREHERE S L e ANIG . BRAERT AR B
HIAIESE AT A TR A5 B2 . B U= S+
YRR, Bt MO AR AR AL
MR AL . LR S SO, DI S
P s L g =il ig , e — 24 m L
PRI IR R e v . R . B SEtEne, i —
AT E AU S T g se g

Table 1 Commercial lactic acid sensors for lactic acid determination

Fz1 ATIENENEAZBRERS
2 AR kg il p/ S BEARA R ffike MR e ok 5
EA ) (mmol-L™")  H]/s AR M (mmol-L'™") %
LactatePro 2 LT-1730 — 15 e, 03ul 1840 H 0.5~25 HARE K. a7 H T R
iz
Biosen C-line 0.5 20~45  KEEW. 4, 50d 0.5~40 MEEKF K. ZREAE SR
™) 20 ul W, " HEAT 6 000 WK
W=
LactateScout+ 0.5 10 41, 0.2 pl — 0.5~25 TEIEEKF 8 A0 5 8 I3k )

G 20T EE 7D




2023; 50 (3) BGEE, % ETEERMIBENEYERS 539
g3k
T FH AR DA R i R/ Wi FEARER T fEfifa LR MY/ e A
AR (mmol-L™")  I5[a)/s (LA M (mmol-L'") [F 5
StatStrip® Lactate 03 13 S, 0.6u 2440 A — S[HNova R /N I BF A 5 AT 76 4
- = I JR] 25 R e e
R
0.7 45 4, 3l — 0.7~22.2 I BRERAE. R
é.»‘ <

LaboTRACE compact trace 0.5 45 451, 0.5ml — 0.5-30 MmE ke MR R

analytics 4r. e PR

| —
ﬂ'-e« o _ |
CITSens Bio lactote PG13.5 1 — 40, 0.5 ul — 1~60 it ELAELLIE AL A B
C-cit AG SE, ToTE YR

YSI2300 STAT PLUS 0.1 <45 REE. 4, 14d 0.1~15 EE  HORERI OIS

25l BAEM R4, LT
HLRE S8

SBA-40E 0.1 20 KRR A, — 0.1~12 dhE I E R, A R
25l WL EBRAERE R WE

P EEE 5 N [ reg =
[LENEES




*540- EMUFESEYIRHR

Prog. Biochem. Biophys. 2023; 50 (3

6 FLEREMIERERAIR RN R T

IR E AR FLIR A W15 AR e 2 A S AT T
i AT (D), B — AR ) LR A
MR, 2ok 40 ZAEM R, HAEARF T B2
(ffhiE ) W SLPr S A R A & AT R,
JCHAE Bt AR 7 v i 0 P 3 SR BR T 2L
VR 260G P 7 i o A e R R . AN AR
i AVGCRE R A7 gy pHAE DL R FLIRR Y8 L5 1
WA, R FLIR A= L I as PR e e oK A7
TE2E 5 . Przybyt 55 "2 il i QUAL JUICE 3t H ¥
W 103 L-FL R B9 Rk AR A% B H T 23R
L-FLIR A I A B, HUT 28— S ] B (R A it o 25
(an FH R I e 6 AR 2R & M Mk gt 4o I WA s e 40 Jo
XPFE SR A TAlAL) A — e E R A s (RN
), AIDTEAN U AL IRAR S5 H 05 B0 T 2R 0
FHA ™ S AT o S B2 B 2L AE WL IR AR
ANTEE AR T L B2 B At TRl . i
Hh, FEAE S Tl e e AR i, L-FLER
I 1 S AR ARAS I AR P AL DD RE L R TR
RGBS E AT . W SRS i A
PEH, ILMIEEL AL RS BA B RN 0
I, AHARXS T L-ZLER B e () Iz N, g
W FLIR A NG B AR TR S T BRI AN e 3, 52
FEAL B B BT 28 . (B IRasfae MERe e &
FERIURE | BRI S KM, LAIE I
TV P A et 7 L-2LER S W A K

e A RS B R, WAt R A AR iR
o R A W IR R H T LR RN Y BTy
6= WD 9/ = W 4= 1 Y o1 RS 5 ol B B 214
KB o I HL G S A A I 25 L 1R 1) 52 1
RN, BEE VAR ERIEROR A R, R A
BIEF A5 (point-of-care testing, POCT) f&E& ik
HIAT 2R A8 AT & TAE SRR TR
61 ETFTARGKBAYATFHIEEANRFRETA
e

VAR, FE2A 8 f X el i T 2 A
R ORI RIS PR B ARAR A POCT )28 1. B
SR ZFNIURERR AL AT TR AMARIR, (B R ZH00F
FESET TR . THW . 20K . PP AT A A
KA YR A AR A AR B R T

TR T2 — PR s A AT s AR A EZL
PRI, AnTER MRS bl Ay AR A s
LR 1, AR RS T T LoD, HT

T S AN S W I AR LR K. BRI
Hb, TEZEEAE AL B Tk A T I [ 2 A o
AL A A4S (OECT) f41es, mILUTIE
AT ZER A AT AL AT, FEHRORR Bl i 5 s D A ) i
B, FH TR DA 06 AR BRI N I FLER T Gao
8 R LR EA B R A S R RE B I b —
TSI P S SR AL TR 1), S L R VR P St A
(R EUF 220 nA/(mmol <L) ), iZ AL S HLIT
PERBLS . R taR, HARLN .

A SRS 38 L W TE R A FLER R A R A T
A NIRRT B BOE IR % ) LR E:
LIRS, AEFLRA A YIS BT — 4%
4. TRIFEE . S—Fmr il AR L s
FROMMER P AFLIR, IR IRR SRR R AR
KW (PPD) /LOD I T B+ (PB)
TERRS, TERVERMNE NIRRT 454 T
FIFTER A EGRLAR M SXFP AR A B e AL I
A B bR E S M LR, NI S B R s e 1
AR 8RR (R S A
62 FAIFHIEMANRIABREYERZEIGEHPE
RfRRFE

BT, AR AR LRR A AT SR AP
ZHRER, Bk KRRENE . R REUE . K
WIFRR . BEFERMA: WA E R Y T R AR
[, AR T2 3l T BOER K AR EAS T Im LA T
U7 SO PR T e e e e U= 2 NSy N 1 VI
ASEREEER N U HIER T8 ey, Hep
iU AT e Z BN E R HLI . fh = R i Bk
% 0, TR et R R 1 X AR AR AT
U TR A DRk BE Bk AR . BETF 205 i mT Bl Ak
AR IR 2 I, W L R ER S
(A9 e LA BTN, 1 25 18T Ao RS e P A0 B AR A e
e BB R, ks ] oE I A A Y SE A
B, 25 T AR B AR RIS il s A Jm A el it

il £ SR B R e Tk 112 e B 2 B2 I POCT
WAy S ) SR 2T R, 24
S8, WpHH . BFmE . AFEKTHAHr Y
PRAESRAE CAMREE . WL, AN ER) #R AT Rhek AR
TR AR BIRR e ME R BRI . R T T IR R M ) A
V2 FLIRAE [RAR AR T AR Z T A 7 Fi A
PO TURHE, AR ) S v A W 2 AR 2 A T L
HE— 25 4 L R R 1 12 MRS FEA P TE
HER (Q0Na', K°) FOIELL T, XL R A 4 i
PEFT T BRI . R T P R, AR



2023; 50 (3

WHER, % ETHERNIBRGNEMERS

-541-

ABEZ AT LA i BN S AL B HR v B 2
R0 R TN A 2 (R LR MRS 120 b, adad i
A%%Mﬂ(éﬁﬂ%%\$WNMMwamw
SO FB, AT DM R AR A T BRIG5R T
EZ

7 BEERE

FEASFPRLRRARIN i, FLRRA: (L A
REJER . B R, RIER A FHF‘K%‘ ﬁii
. AR ARG, SR BRI R ELR
Rl o AR, 9oRMRERUIN T4 AR VS &
%F}SUC{EL_T?L@M?@%%EF‘ g TR
FEEAAR 1, XS AR R R R R TS
JER Y @ﬁa, [ st (i A AR A AP O 2,
20 B R RO MR B8 A A A IR, A 1% 55 09 ARV
(/K. MRS PR &R TRE . (IR FL
Rt AR IR AR E— 2/ NBAR )12 T AT 2t
fa . fa R W 5 S8 LR K A 275 1R
K — BB EOE . ARORAEFLIRA: W 15 B Al L-31
FRATIRE TAER %4035« a. PE— ALK S5 LA
WESRIE LI 5 b. FF A BT R 5 Ak TR S A
ﬂ:lmfk@ﬁ%umﬁlﬁ%i’ﬁ?fﬁﬂ\ AR c it

AR IERES YT TR T SRR, BHRIEER N T
EE%’“‘“E’J J, S AR BRI R B T s R A
T, SCIELRRAOSERT . 7ELR . JEAAGI; d. HRTHY
g R A ARG -5 A 2 [ L AR R,
LA AL FLRR I S R T BB T BRI 4 %
T, P L BT R S5 A PR B A AL R
PEf E’JFEJE?W% MG OB AL BT 45 R
[ %ﬁ% B85 162 AR TR B 2R s
i%ﬁ?u Tk A7 LA L K A ] i 4Tk
AR

2 % x W

[1]  FahmidaA, Sohini R C, Hasnain J A, et al. Lactate biosensing: the
emerging point-of-care and personal health monitoring. Biosens
Bioelectron,2018,117: 818-829

[2]  KucherenkoIS, Topolnikova Ya V, Soldatkin O O. Advances in the
biosensors for lactate and pyruvate detection for medical
applications: areview. Trends Anal Chem, 2019, 110: 160-172

[3]  Kost G J. New whole blood analyzers and their impact on cardiac
and critical care. Crit Rev Clin Lab Sci, 1993,30(2): 153-202

[4] Bakker J, Gris P, Coffernils M, et al. Serial blood lactate levels can
predict the development of multiple organ failure following septic
shock. AmJ Surg, 1996,171(2): 221-226

[S]  ZRNUE, XVWFF, A, S5 ) I LR P g i 18 e T 10 H i

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

S TCARE SIS T MG B4k, 2022, 38(1): 94-98
Wei Y R, Liu Y'Y, Zhou T X, et al. Journal of Cangzhou Normal
University, 2022, 38(1): 94-98

T, AL e A M FLIR A LRV B R H8 S B AR
FIFIUG B AT RO R R . rhARbef) 5 Q) miE 2 24K, 2022,
38(1):68

ZangY, Shen CA. Chinese Journal of Burns, 2022,38(1): 68

Khan M R R, Oh S, Choi G, ef al. Highly sensitive, fast and wide
dynamic range lactate sensor containing solvatochromic sensing
membrane by combining the capacitance-to-phase conversion
technique. Sens Actuators B Chem, 2020,309: 127783

Mazzei F, Azzoni A, Cavalieri B, et al. A multi-enzyme
bioelectrode for the rapid determination of total lactate
concentration in tomatoes, tomato juice and tomato paste. Food
Chem, 1996,55(4):413-418

W, RN, AT, 55 IRTFEER SR RIS . #lbk i PR
AAME B LR . FLRRTE BR A MBS PPAS N (8. R DT ER
2:41%,2021,42(9): 83-89

Wu Y, Yang D X, Wang H, et al. Journal of Kunming Medical
University, 2021, 42(9): 83-89

Nguyen H B, Rivers E P, Knoblich B P, et al. Early lactate
clearance is associated with improved outcome in severe sepsis
and septic shock. Crit Care Med, 2004, 329(8): 1637-1642

Zhu L K, Li Y P, Carrera C A, et al. Calibration of a lactic-acid
model for simulating biofilm-induced degradation of the dentin-
composite interface. Dent Mater, 2017,33(11): 1315-1323

HINT A, WRINOE, S8 2%, 45 LR I 53 B8 VI 2R R O it L e
RIS  RHBHE, 2021, 48(8): 78-81

Cao L Q, ChenJ L, Guo YL, et al. Tianjin Science & Technology,
2021,48(8): 78-81

Batra B, Narwal V, Pundir C S. An amperometric lactate biosensor
based on lactate dehydrogenase immobilized onto graphene oxide
nanoparticles-modified pencil graphite electrode. Eng Life Sci,
2016,16(8): 786-794

Iria B, Monica R P, Félix P, et al. Reagent-Less and robust
biosensor for direct determination of lactate in food samples.
Sensors,2017,17(12): 144

Monosik R, Stred’ansky M, Greif G, et al. A rapid method for
determination of L-lactic acid in real samples by amperometric
biosensor utilizing nanocomposite. Food Control, 2012, 23(1):
238-244

Dai GY, HuJ L, Zhao XY, et al. A colorimetric paper sensor for
lactate assay using a cellulose-binding recombinant enzyme. Sens
Actuators BChem, 2017,238: 138-144

Kusbaz A, Gocek I, Baysal G, er al. Lactate detection by
colorimetric measurement in real human sweat by microfluidic-
based biosensor on flexible substrate. J Text Inst, 2019, 110(86):
1725-1732

Promphet N, Rattanawaleedirojn P, Siralertmukul K, et al. Non-
invasive textile based colorimetric sensor for the simultaneous
detection of sweat pH and lactate. Talanta, 2019, 192: 424-430
Bollella P, Sharma S, Antiochia R, et al. Microneedle-based



-542-

EMUFESEYIRHR

Prog. Biochem. Biophys.

2023; 50 (3)

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(311

(321

[33]

[34]

[35]

biosensor for minimally-invasive lactate detection. Biosens
Bioelectron,2019,123: 152-159

Shoji A, Takahashi Y, Osato S, et al. An enzyme-modified capillary
as a platform for simultaneous fluorometric detection of D-glucose
and L-lactate. J Pharm Biomed Anal, 2019, 163: 1-8

X, XD, 22255 0 A RN T FLIRR AN 2 R I SE RIS
JiT, 2021, 48(5): 91-93

ZhaoX,ZhaoHY,LiS Q. Liquor Making,2021,48(5): 91-93
FRTv, 2 Bk, BN, 4 . 0 T SLRR AT I 5 3 BT T i RIS
BH%,2021,325(7): 115-118

Chen Q, Luo Z, Liao Q J, et al. Liquor-Making Science &
Technology, 2021,325(7): 115-118

Sriboonvorakul N, Leepipatpiboon N, Dondorp A M, et al. Liquid
chromatographic-mass spectrometric method for simultaneous
determination of small organic acids potentially contributing to
acidosis in severe malaria. J Chromatogr B, 2013, 941(100):
116-122

North S H, Lock E H, Taitt C R, et al. Critical aspects of
biointerface design and their impact on biosensor development.
Anal Bioanal Chem, 2010, 397(3): 925-933

Nikolaus N, Strehlitz B. Amperometric lactate biosensors and their
application in (sports) medicine, for life quality and wellbeing.
Microchim Acta, 2008, 160: 15-55

Rattu G, Khansili N, Maurya V K, ef al. Lactate detection sensors
for food, clinical and biological applications: a review. Environ
Chem Lett, 2020, 19: 1135-1152

BRI, AT 2, R, A R T R AL A R
s K O R R R A RIE S R R L B R B T, 2022, 48(18):
337-344

RaoJY,WuRZ,CaoYR,etal Food and Fermentation Industries,
2022,48(18):337-344

Nguyen H H, Lee S H, Lee U J, ef al. Immobilized Enzymes in
Biosensor Applications. Materials, 2019, 12(1): 121-128

R, R, d K, G5 BEE A WA SR A DA T A F
FEIERE AT 2 A BT A A4, 2019, 10(20): 6902-6908

Cao Q, Xiao Y S, Meng Q Y, et al. Journal of Food Safety and
Quality Inspection, 2019, 10(20): 6902-6908

Pundir C S, Narwal V, Batra B. Determination of lactic acid with
special emphasis on biosensing methods: a review. Biosens
Bioelectron, 2016, 86: 777-790

Lin D, DuD, Zhang X J, et al. Trends in cell-based electrochemical
biosensors. Curr Med Chem, 2008, 15:3160-3170

Romero M R, Ahumada F, Garay F, et al. Amperometric biosensor
for direct blood lactate detection. Anal Chem, 2010, 82(13): 5568-
5572

Chaubey A, Malhotra B D. Mediated biosensors. Biosens
Bioelectron, 2002, 17(6): 441-456

Jalal AH, Umasankar Y, Gonzalez P J, et al. Multimodal technique
to eliminate humidity interference for specific detection of
ethanol. Biosens Bioelectron, 2017, 87: 522-530

Zhang C, Zhang R, Gao X, et al. Small naked Pt nanoparticles

confined in mesoporous shell of hollow carbon spheres for high-

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

performance nonenzymatic sensing of H,O, and glucose. ACS
Omega,2018,3(1):96-105

BENHL, Vi, ZRHR, 45 FLIRR AL G AL LR 7= P R R . 17
S HREE A W244H), 2001, 7(6): 102-105

GulJS,XuP, LiTL, et al. Journal of Applied and Environmental
Biology,2001,7(6): 102-105

AR SNAS, B . PR R A R e A R LR ST e P BF 5T 0E
J A AR, 2003, 30(7): 86-90

GuJ S, QuY B. Bulletin of Microbiology, 2003, 30(7): 86-90
Karube I, Matsunaga T, Teraoka N, et al. Microbioassay of
phenylalanine in blood sera with a lactate electrode. Anal Chim
Acta, 1980,119(2):271-276

Matsunaga T, Karube I, Teraoka N, et a/. Determination of cell
numbers of lactic acid producing bacteria by lactate sensor. Appl
Microbiol Biotechnol 1982,16(2): 157-160
Clark L C, Noyes L K, Grooms T A,
micromeasurement of lactate in whole blood. Crit Care Med, 1984,
12(5):461-464

JEISC, 21K . FURR I UG5 e e e AR I e e
TR E 3R 4%, 2020, 7(4): 396-401

Zhou W L, Miu M Y. Electronic Journal of Metabolism and
Nutrition of Cancer, 2020, 7(4): 396-401

Laidler K J, Bunting P S. The chemical kinetics of enzyme action. J
Am Chem Soc, 1959, 81(6): 1521-1522

B VK, WRakak, UL, 55 L-FLIRRJBE A A0 S AL B
RFFE R . fL2Eimdiz, 2000, 63(1): 15-21

HouR B, ChenZ D, BianJ, et al. Chem Bull, 2000, 63(1): 15-21
Bernard N, Ferain T, Garmyn D, et al. Cloning of the D-lactate

et al. Rapid

dehydrogenase gene from Lactobacillus delbrueckii sub sp.
bulgaricus by complementation in Escherichia coli. FEBS Lett,
1991,290(1-2): 61-64

Gué A M, Tap H, Gros P, ef al. A miniaturised silicon based
enzymatic biosensor: towards a generic structure and technology
for multi-analytes assays. Sens Actuators B Chem, 2002, 82(2-3):
227-232

Rahman M M, Shiddiky M, Rahman M A, et al. A lactate biosensor
based on lactate dehydrogenase/nictotinamide  adenine
dinucleotide (oxidized form) immobilized on a conducting
polymer/multiwall carbon nanotube composite film. Anal
Biochem, 2009, 384(1): 159-165

Pereira A C, Aguiar M R, Kisner A, ef al. Amperometric biosensor
for lactate based on lactate dehydrogenase and Meldola Blue
coimmobilized on multi-wall carbon-nanotube. Sens Actuators B
Chem, 2007, 124(1): 269-276

Thévenot D R, Toth K, Durst R A, et al. Electrochemical
biosensors: recommended definitions and classification. Biosens
Bioelectron,2001,34(5): 635-659

Blaedel W J, Engstrom R C. Reagentless enzyme electrodes for
ethanol, lactate, and malate. Anal Chem, 2002, 52(11): 1691-1697
Mamkhezri S. Electrocatalytic reduction of H,0, on the surface of
thionin incorporated onto MWCNTs modified glassy carbon

electrode: application to glucose detection. Electroanalysis, 2007,



2023; 50 (3

WHER, % ETHERNIBRGNEMERS

-543-

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

19:1100-1108

GoranJ M, Lyon J L, Stevenson K J. Amperometric detection of L-
lactate using nitrogen-doped carbon nanotubes modified with
lactate oxidase. Anal Chem, 2011, 83(21): 8123-8129

Gamero M, Pariente F, Lorenzo E, e al. Nanostructured rough
gold electrodes for the development of lactate oxidase-based
biosensors. Biosens Bioelectron, 2010, 25(9): 2038-2044

Yu Y Y, Yang Y, Gu H, et al. Size-tunable Pt nanoparticles
assembled on functionalized ordered mesoporous carbon for the
simultaneous and on-line detection of glucose and L-lactate in
brain microdialysate. Biosens Bioelectron,2013,41(1): 511-518
He X R, YuJ H, Ge S G, ef al. Amperometric L-lactate biosensor
based on sol-gel film and multi-walled carbon nanotubes/platinum
nanoparticles enhancement. Chin J Anal Chem, 2010, 38(1): 57-61
Liu'Y, Yu J. Oriented immobilization of proteins on solid supports
for use in biosensors and biochips: a review. Microchim Acta,
2016,183(1): 1-19

SEIRBI, A7, DIV, S5 T S A AR AR BT S R L A
A TR AN~ 4R, 2018, 9(5): 1031-1037

WuZM, Yang M, SunY, et al. Journal of Food Safety and Quality
Inspection, 2018, 9(5): 1031-1037

Krajewska B. Application of chitin- and chitosan-based materials
for enzyme immobilizations: a review. Enzyme Microb Technol,
2004,35(2-3): 126-139

FERZAL, B . Fe ML HE S Rl BT 05 A0 A B ST RO RIT ST
Ml BE2#,2022, 42(3): 256-260

Tang Z H, Chen Z. Stomatology, 2022, 42(3): 256-260

Popelka A, Novak I, Lehocky M, et al. A new route for chitosan
immobilization onto polyethylene surface. Carbohydr Polym,
2012,90(4): 1501-1508

TR (R0, 00 S, A% 205K, A5 RTEAT TR S TR 2T 48 3R i 26 P
A B X S AC i L6 2 IS . R AR 4001, 2022, 43(4):
13-18

GengJ Q,LiuCS,Hao YL, et al. China Pulp Paper Industry, 2022,
43(4): 13-18

Wu S C, Lia Y K. Application of bacterial cellulose pellets in
enzyme immobilization. J] Mol Catal B Enzym, 2008, 54(3-4):
103-108

Vujci¢ Z, Margetic A, Bozic N, et al. Immobilization of cell wall
invertase modified with glutaraldehyde for continuous production
ofinvertsugar. JAgric Food Chem, 2010, 58(22): 11896-11900
HRLLE, T IEAL, RS, 45 IR BN 5 MOFs &2 45 M RHE 2
BRSO B, 2020, 48(23): 6-9

Hao HY, Yu Z H, Zhan H J, et al. Journal of Anhui Agricultural
Sciences, 2020,48(23): 6-9

HEJ A, XHCMT, EH 8 . I A AR e . i
FREARSEBESAAR: [ IRFAR, 2013, 13(4): 295-298

Dong Y Y, Liu C H, Ma X. Journal of Technology, 2013, 13(4):
295-298

TR, AT, TRARAR, 5 A ™ PR S LXEP-120 [F1
PREWTEDTSE . ) PTG R 22244 (F SR BL24R), 2018, 36(4):
108-118

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

(76l

[77]

[78]

Xu S, Li R Q, Zhang J F, et al. Journal of Guangxi Normal
University (Natural Science Edition), 2018, 36(4): 108-118

B B TR AL BT I Ay 280 S o 5 AR U1l 14 ) 6 B R AT
[D]. UM : WL Tl R %2, 2019

Wei W. Preparation and Characterization of Immobilized Lipase
Based on Macroporous Adsorbent Resin[D]. Hangzhou: Zhejiang
University of Technology, 2019

SKERER, A ERER AL T RGP AR 2 AL TR A= 1 5
TR AR IBRTFERERE . AT AL TR, 2017,36(12): 1-4

Zhang W W, Yang H X. Petrochemical Industry Application, 2017,
36(12):1-4

Wang H, Huang J, Wang C, et al. Immobilization of glucose
oxidase using CoFe,0,/SiO, nanoparticles as carrier. Appl Surf
Sci, 2011,257(13): 5739-5745

F24H . CuTAPP-Fe 0, 24K S 857 fb GOD K H )i HI[D].
PR TR, 2008

Cheng J. Immobilization of God on Cutapp-Fe,O, Nanocomposite
Particles and Its Application[D]. Wuhan: Wuhan University of
Technology, 2008

Singh V, Singh D. Polyvinyl alcohol-silica nanohybrids: an
efficient carrier matrix for amylase immobilization. Process
Biochem, 2013, 48(1):96-102

SRR, 400, BB . DAL RE v g AL T A [ 8 L BT
Hho R L B A Ak 5 g T AR 2 i, 2020, 36(4):
392-400

Zhang W W, Yang H X, Xue P. Chinese Journal of Biochemistry
and Molecular Biology, 2020, 36(4): 392-400

FHEIK . WO KR X i i CRL (9 [ 32 fR[D]. #7727
KA,2019

Yang Y E. Magnetic Nanoparticles Immobilized of Lipase CRL
[D]. Nanning: Guangxi University, 2019

Fg, 2 R A P R AL TR BT R R L AR B T
Mk, 2017,38(20): 196-198

Wang M, Li W. Modern Business Trade Industry, 2017, 38(20):
196-198

You J K, Yu XY, Zhao P. Progress and trend of adsorption-based
enzyme immobilization. Chem Eng (CHN),2012,40(4): 1-5
EIF IR IR A R T SRS R I B A B[R] X
Mg SR BIEE . 15t ST, 2005, 21(1):9-16

Wang F F, Zheng Y H, Xu F, ef al. Ton Exchange and Adsorption,
2005,21(1):9-16

RIS, £ R, T2, 55 TCHLE AN -2 1k 5 2 AL R 7
R ARBITSE  TLPY Al K241, 2019, 41(1): 186-196

Lin HJ, Wang Y P, Zhang Y, et al. Acta Agriculturae Universitatis
Jiangxiensis, 2019,41(1): 186-196

X2, W2, S5 PRAE, 55 MR VI G Lip2 76 7% 22 23 11 Sk [
FHAEARMET . T PR R 222441, 2018, 29(2): 84-90

Deng DM, Pan S L, Lao Z H, et al. Journal of Guangxi University
of Science and Technology, 2018, 29(2): 84-90

XUPE, JH e, Xk, 55 | FLRR AL Iy i ALY s 54
) TF2,2020,37(12): 40-44

Liu Y, Zhou J H, Zhao Q, et al. Chemistry and Bioengineering,



-544-

EMUFESEYIRHR

Prog. Biochem. Biophys.

2023; 50 (3)

[79]

[80]

[81]

(82]

(83]

(84]

[85]

[86]

[87]

[88]

[89]

[90]

[o1]

[92]

[93]

2020,37(12):40-44

Chesne S, Villiers C L, Arlaud G J, et al. An improvement
glutaraldehyde crosslinking method for enzyme immobilization
on chitosan. Chin J Biotechnol, 1996, 64(6): 697-706

Han Z P, Ye J Z, Luo R Q. Progress of immobilized enzymes in
preparation and application in food processing field. Storage and
Process, 2012,12(5):48-53

A, WRFTHN, JH b, S5 9 R TR G BRI B 1 L R 4R A B AR
DL-FLgA: =N ERRR . b FH 12, 2008, 25(4):489-493

Wang Y, Yao L L, Zhou L, et al. Chinese Journal of Applied
Chemistry, 2008, 25(4):489-493

S, TR . e 2 G vk [ AL PR A AR T T A
YIRS, 2013,10:1-7

Lang W C, Zhang L. Biotech World, 2013,10: 1-7

Faccio G. From protein features to sensing surfaces. Sensors,
2018,18(4): 1204

Hochuli E, Bannwarth W, Dobeli H, e al. Genetic approach to
facilitate purification of recombinant proteins with a novel metal
chelate adsorbent. Nat Biotechnol, 1988, 6(11): 1321-1325
R, BE AR, XK ST, 55 . ZLGR BB E L REAIT 7T
JE UEY)AFIEAR, 2020, 47(7): 2177-2192

Yao J H, Xue Y J, Zhao Y L, et al. Microbiology China, 2020,
47(7):2177-2192

BRIGEHL T B 1 2 ML AR 1y o 6 M 1 A U 9 1o AT 5
[D]. B : $HT TR K%, 2018

Cai X M. Preparation of Novel Magnetic Flexible Carriers and Its
Application in Immobilization of Lipase[D]. Hangzhou: Zhejiang
Gongshang University, 2018

XIEL, B MELL, XVCRR, 55 . R TE7E RWE TR ] 55 SO 7L AR 4
PRt 2 s BAE T, 2007, 82:310-313

Liu Zhen, Chang Y H, Liu R L, et al. Modern Chemical Industry,
2007,S82:310-313

B, X Bhe, M 5 . 5T R I 5 A LI 2 A o 5 B il
SEVEFIIGE . TR A2, 2009, 25(5): 571-574

QinJJ, Liu X, Liu C X. Journal of Analytical Science, 2009, 25(5):
571-574

Minagawa H, Nakayama N, Matsumoto T, et al. Development of
long life lactate sensor using thermostable mutant lactate oxidase.
Biosens Bioelectron, 1998, 13(3-4):313-318

Hiraka K, Kojima K, Tsugawa W, et al. Rational engineering of
Aerococcus viridans L-lactate oxidase for the mediator
modification to achieve quasi-direct electron transfer type lactate
sensor. Biosens Bioelectron, 2020,151: 111974-111982

Hiraka K, Tsugawa W, Asano R, et al. Rational design of direct
electron transfer type L-lactate dehydrogenase for the
development of multiplexed biosensor. Biosens Bioelectron,
2021,176(1): 112933-112942

Zheng H, Zhang S, Liu X, et al. Synthesis of a PEDOT-TiO,
heterostructure as a dual biosensing platform operating via
photoelectrochemical and electrochemical transduction mode.
Biosens Bioelectron, 2020, 162: 112234-112243

Rattu G, Khansili N, Maurya V K, ef al. Lactate detection sensors

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

for food, clinical and biological applications: a review. Environ
Chem Lett,2020,19: 1135-1152

Serra B, Reviejo A J, Parrado C, et al. Graphite-Teflon composite
bienzyme electrodes for the determination of L-lactate:
application to food samples. Biosens Bioelectron, 1999, 14(5):
505-513

Rassaei L, Olthuis W, Tsujimura S, et al. Lactate biosensors:
current status and outlook. Anal Bioanal Chem, 2016, 406(1):
123-137

Sprules S D, Hart J P, Wring S A, et al. A reagentless, disposable
biosensor for lactic acid based on a screen-printed carbon electrode
containing Meldola’s Blue and coated with lactate
dehydrogenase, NAD" and cellulose acetate. Anal Chim Acta,
1995,304(1): 17-24

Haghighi B, Bozorgzadeh S. Fabrication of a highly sensitive
electrochemiluminescence lactate  biosensor using ZnO
nanoparticles decorated multiwalled carbon nanotubes. Talanta,
2011,8540:2189-2193

RV, Bli 2 . SR N5 e A~ A 2 [ il S H 5 G il 1%
A IRER L 2005, 4:619-621

ZhuL P, LuY. Journal of Functional Materials, 2005, 4: 619-621
Pereira A C, Kisner A, Tarley C R T, et al. Development of a carbon
paste electrode for lactate detection based on Meldola's Blue
adsorbed on silica gel modified with niobium oxide and lactate
oxidase. Electroanalysis, 2011, 23(6): 1470-1477

Prieto-Simén B, Fabregas E, Hart A. Evaluation of different
strategies for the development of amperometric biosensors for L-
lactate. Biosens Bioelectron, 2007, 22(11): 2663-2668

Pereira A C, Aguiar M R, Kisner A, ef al. Amperometric biosensor
for lactate based on lactate dehydrogenase and Meldola Blue
coimmobilized on multi-wall carbon-nanotube. Sens Actuators B
Chem, 2007, 124(1):269-276

Jena B K, Raj C R. Amperometric L-lactate biosensor based on
gold nanoparticles. Electroanalysis, 2007, 19(7-8): 816-822

Wang Y T, Yu L, Wang J, et al. A novel L-lactate sensor based on
enzyme electrode modified with ZnO nanoparticles and multiwall
carbon nanotubes. J Electroanal Chem, 2011, 661(1): 8-12

Cosnier S. Biosensors based on electropolymerized films: new
trends. Anal Bioanal Chem, 2010, 17(3): 1701-1715

Halliwell C M, Simon E, Toh C S, et al. Immobilisation of lactate
dehydrogenase on poly(aniline)-poly(acrylate) and poly(aniline)-
poly(vinyl sulphonate) films for use in a lactate biosensor. Anal
ChimActa, 2002,453(2): 191-200

Shu H C, Mattiasson B, Persson B, et al. A reagentless
amperometric electrode based on carbon paste, chemically
modified with D-lactate dehydrogenase, NAD", and mediator
containing polymer for D-lactic acid analysis. 1. Construction,
composition, and characterization. Biotechnol Bioeng, 1995,
46(3):270-279

Hajizadeh K, Halsall H B, Heineman W R. Immobilization of
lactate oxidase in a poly(vinyl alcohol) matrix on platinized

graphite electrodes by chemical cross-linking with isocyanate.



2023;

50 (3

WHER, % ETHERNIBRGNEMERS

545

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

Talanta, 1991, 38(1): 37-47

LiM, LiY T, Li D W, et al. Recent developments and applications
of screen-printed electrodes in environmental assays-a review.
Anal ChimActa, 2012, 734:31-44

Piano M, Serban S, Pittson R, et al. Amperometric lactate
biosensor for flow injection analysis based on a screen-printed
carbon electrode containing Meldola's Blue-Reinecke salt, coated
with lactate dehydrogenase and NAD". Talanta, 2010, 82(1): 34-37
Kwan R C H, Hon P Y T, Mak K K W, et al. Amperometric
determination of lactate with novel trienzyme/poly(carbamoyl)
sulfonate hydrogel-based sensor. Biosens Bioelectron, 2004,
19(12): 1745-1752

Zanini V P, Mishima B L, Labbé P, et al. An L-lactate
amperometric enzyme electrode based on L-lactate oxidase
immobilized in a laponite gel on a glassy carbon electrode:
application to dairy products and red wine. Electroanalysis, 2010,
22(9):946-954

Przybyt M. Lactate biosensors for food industry. Biotechnol Food
Sci, 2014,78(1): 71-88

TN, A R, AR AR BRI SR B SR ] AL
B IR . R (5 B RN, 2022, 52(1): 54-74
SuBT,LiJL,XuHH, etal. Sci Sin Inform, 2022, 52(1): 54-74
Labroo P, Cui Y. Electrical, enzymatic graphene biosensing of 5-
aminosalicylic acid. Analyst, 2013, 138(5): 1325-1328

Kim J, Campbell A S, Wang J, et al. Wearable biosensors for
healthcare monitoring. Nat Biotech, 2019,37(4): 389-406

Liu Y, Pharr M, Salvatore G A. Lab-on-skin: a review of flexible

and stretchable electronics for wearable health monitoring. ACS

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

Nano,2017,11(10): 9614-9635

Gao W, Emaminejad S, Nyein H Y Y, et al. Fully integrated
wearable sensor arrays for multiplexed in situ perspiration
analysis. Nature, 2016, 529(7587): 509-514

Yang Y, Gao W. Wearable and flexible electronics for continuous
molecular monitoring. Chem Soc Rev, 2019, 48(6): 1465-1491
Bandodkar A J, Wang J. Non-invasive wearable electrochemical
sensors: areview. Trends Biotechnol, 2014, 32(7): 363-371

Gao W, Ota H, Kiriya D, et al. Flexible electronics toward
wearable sensing. ACC Chem Res, 2019, 52(3): 523-533

Wang Q, Ling S, Liang X, ef al. Self-healable multifunctional
electronic tattoos based on silk and graphene. Adv Funct Mater,
2019,29(16): 1808695

Heikenfeld J, Jajack A, Rogers J, et al. Wearable sensors:
modalities, challenges, and prospects. Lab Chip, 2018, 18(2):
217-248

Jolly P, Tamboli V, Harniman R L, et a/. Aptamer-MIP hybrid
receptor for highly sensitive electrochemical detection of prostate
specific antigen. Biosens Bioelectron, 2016, 75: 188-195
Bandodkar A J, Jeerapan I, Wang J. Wearable chemical sensors:
present challenges and future prospects. ACS Sens, 2016, 1(5):
464-482

Taghdisi S M, Danesh N M, Emrani A S, et al. A novel
electrochemical aptasensor based on single-walled carbon
nanotubes, gold electrode and complimentary strand of aptamer
for ultrasensitive detection of cocaine. Biosens Bioelectron, 2015,

73:245-250



546- EMUESEYYIEHRE  Prog. Biochem. Biophys. 2023; 50 (3)

Lactic Acid Biosensor Based on Enzyme Electrode”

CHEN Yan-Ru"”, GONG Wei-Li"”", MA Yao-Hong"?, WANG Bing-Lian"”, ZHANG Zhen-Yu'?,
MENG Qing-Jun'”, YANG Yan'?, YANG Jun-Hui"”, LIU Qing-Ai"?, ZHENG Lan"”

("Biology Institute, Qilu University of Technology (Shandong Academy of Sciences), Jinan 250103, China;
IShandong Provincial Key Laboratory of Biosensors, Jinan 250103, China)

Abstract Lactic acid (C,;H,O;), also known as 2-hydroxypropionic acid, propanoic acid, is a type of hydroxy
acid. It is an essential metabolite of human and microbial cells. In diagnosis and medical management,
determination of lactate level in serum is greatly required, and it is also important to measure lactate in
fermentative foods to access their quality. Therefore, how to detect lactic acid in different samples with high
throughput has become the focus of different researches. The traditional lactic acid detection methods are
complicated, time-consuming and laborious, or requires expensive detection equipments. However, the
electrochemical enzymatic L-lactate biosensors combining the robustness of electrochemical techniques with the
specificity of biological recognition processes showed great advantages over the conventional analytical
techniques in size, cost, sensitivity, selectivity, response speed and sample pre-treatment, which show a broad
application prospects. There are two main types of lactate biosensors based on L-lactate oxidase (L-LOD) and
L-lactate dehydrogenase (L-LDH). Designing a successful enzyme-based L-lactate biosensor requires assembling
the enzyme onto a solid carrier and selecting an appropriate transduction strategy between the enzyme and the
electrode. Due to the restriction of enzyme molecular structures, reaction mechanism and electrode materials, the
traditional lactate biosensors have some limitations in sensitivity, selectivity and stability. Therefore, an increased
research was performed to improve the performance of lactate sensors according to the characteristic of the
enzymes and the electron transfer type. In this paper, we provide an overview of the structural characteristics,
origin and catalytic mechanism of L-LOD and L-LDH, and discuss three strategies, including electrode material
modification, enzyme immobilization and enzyme engineering modification, to improve the performance of
enzyme electrode based lactate biosensors. In addition, the lactate biosensors were compared and analyzed on the
basis of different carriers including membrane, transparent gel matrix, hydrogel carrier, nano-particles, etc.
Finally, we comprehensively described the merits and demerits of current commercial lactate sensors and

preconceive how emerging new technologies may benefit to future lactate biosensor design.
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