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Synthesis of immobilized laccase
photothermal sensors and their

electrochemical performance

Abstract

Laccase is an oxidase characterized by the presence of four copper
centers and is extensively utilized in bioremediation, biosensing, and
various other applications. It is found in fungi, bacteria, and plants,
exhibiting specific recognition for phenolic compounds. However, the
operational efficiency of free laccase is relatively low, and its stability 1s
limited, which poses challenges to its application in biosensing
technologies. To address these limitations, the immobilization of laccase
presents a reliable and effective solution. Nonetheless, it should be noted
that immobilization may result in a decrease in laccase activity,
consequently diminishing the sensitivity of biosensors. Therefore, to
enhance the sensitivity of these biosensors, carrier materials with
excellent electrical conductivity and photothermal conversion capabilities
were designed and synthesized. The immobilized laccase sensors were

subsequently developed for rapid, sensitive, and reliable photothermal

VII



LR R R 3

analysis of hydroquinone, catechol, and epinephrine. The optimal pH
conditions as well as anti-interference ability, storage stability, and
reproducibility of the biosensor were investigated. The specific work is as
follows:

1. Carbon nanonets were synthesized using a hydrothermal method,
and the crude product was purified through filtration and centrifugation in
distilled water to obtain a carbon nanonet solution. The material was
subsequently activated and covalently bound to laccase, resulting in the
formation of laccase immobilized on carbon nanonet for the preparation
of 1mmobilized laccase (carbon nanonets-lac) electrodes. The
morphology, structure, and surface properties of the carbon nanonets
were characterized using transmission electron microscopy (TEM),
Fourier-transform  infrared spectroscopy (FT-IR), and X-ray
photoelectron spectroscopy (XPS). The electrochemical performances of
glassy carbon electrodes (GCE), carbon nanonets, and carbon nanonets-
lac were investigated. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) tests demonstrated that the incorporation
of carbon nanonets enhanced conductivity while reducing electron
transfer resistance, thereby confirming the successful construction of the
carbon nanonet-lac electrode. It is found that the carbon nanonet-lac
biosensor exhibited a favorable detection range from 1 to 1000 uM under

light conditions and from 10 to 1000 pM in darkness, with detection
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limits of 0.14 uM (S/N = 3) under light exposure and 7.26 uM (S/N = 3)
in dark conditions. The electrochemical tests indicated that the carbon
nanonets-lac biosensor exhibited excellent anti-interference capability,
selectivity, reproducibility, and storage stability. The outstanding
biosensing performance demonstrated that the carbon nanonets-lac
biosensor is capable of reliably and effectively detecting hydroquinone in
practical applications.

2. Au nanoparticles (AuNPs) were synthesized via a hydrothermal
method. The AuNPs were modified with mercaptopropionic acid to
obtain carboxylated AuNPs. The carboxylated AuNPs was activated and
covalently bound to laccase to obtain laccase immobilized on AuNPs and
prepare immobilized laccase (AuNPs-lac) electrodes. The morphology,
structure, and surface properties of AuNPs were studied by TEM and FT-
IR characterization methods. The electrochemical performance of GCE,
AuNPs, and AuNPs-lac electrodes was investigated. CV and EIS tests
showed that AuNPs enhanced the conductivity and reduced the electron
transfer resistance, proving the successful construction of the AuNPs-lac
electrode. It is found that the AuNPs-lac biosensor exhibited a good
detection range (1-1000 uM under light and 1-1000 uM in the dark), with
a detection limit of 0.04 uM (S/N = 3) under light and 0.31 uM (S/N = 3)
in the dark. The electrochemical behavior of the laccase biosensor was

investigated by electrochemical techniques such as cyclic voltammetry.
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The results indicated that the AuNPs-lac biosensor exhibited excellent
anti-interference ability, selectivity, reproducibility and storage stability.
The superior biosensing performance demonstrated that the AuNPs-lac
biosensor was capable of reliably and effectively detecting catechol in
practical applications.

3. The crude product of carbon nanonets was synthesized using a
hydrothermal method and subsequently purified through filtration and
centrifugation in distilled water to obtain a solution of carbon nanonets.
Following this, AuNPs was in-situ reduced and loaded onto the carbon
nanonets, resulting in the formation of carbon nanonets-Au
nanocomposites. After modification with mercaptopropionic acid, the
carboxylated carbon nanonets-Au was activated and covalently bound
with laccase to obtain laccase immobilized on carbon nanonets-Au
nanocomposites, which was utilized for preparing the immobilized
laccase (carbon nanonets-Au-lac) electrodes. The morphology, structure
and surface properties of carbon nanonets-Au were studied by TEM, FT-
IR and XPS characterization methods. The electrochemical performances
of GCE, carbon nanonets-Au and carbon nanonets-Au-lac electrodes
were investigated. CV and EIS tests showed that carbon nanonets-Au
enhanced the conductivity and reduced the electron transfer resistance,
proving the successful construction of the carbon nanonets-Au-lac

electrode. The carbon nanonets-Au-lac biosensor exhibited a good
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detection range (1-1000 uM under light and 1-1000 uM in the dark), with
a detection limit of 0.053 uM (S/N = 3) under light and 0.23 uM (S/N =
3) in the dark. The electrochemical behavior of the laccase biosensor was
investigated by electrochemical techniques such as cyclic voltammetry.
The results indicated that the carbon nanonets-Au-lac biosensor exhibited
excellent anti-interference ability, selectivity, reproducibility and storage
stability. The superior biosensing performance demonstrated that the
carbon nanonets-Au-lac biosensor was capable of reliably and effectively
detecting adrenaline in practical applications.

KEY WORDS: Immobilized laccase, Photothermal biosensor,

Electrochemistry, Hydroquinone, Catechol, Adrenaline

Wang Xinyue (Chemistry)

Supervised by Chen Zhiming
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Bl 1-1 SR A2 A6 (PDB 1GSK) 1) = 45 #4) 453 il F1 oKk 1 K 15 €4 5% %5 14 (PDB
3CG) M [R]Yi = B G5 Koy IR g 1) R 3l 5 A4 B
Fig.1-1. Cartoon structures of the three-domain laccase from Bacillus subtilis (PDB 1GSK)

and the homotrimeric two-domain laccase from Streptomyces coelicolor (PDB 3CG8)B3!,
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iR E T AGTI(GC@BAC)EA I, 5 TEV IR BR(NF) b, PR 4 il 1o 52 SR 0
AH A GC@BAC/NF I, #li&EH Lac/GC@B4C/NF HLBH T FRRZ %
FERG I . KN 25 R E W], Lac/GC@BA4C/NF HLHL£R 14 75 B 9(0.1 uM-2.6 mM)-.
Hr HBRAK(40 nM). 7 REBUE(76.05 A mM™Y). HLTHRAE a0, X E AR AR
A RIFIIFRENE . RIUTAE ARG 8B A P CE NG f Ak 2% AR A% 28 v ¥ R
FHERET Wit
1.2.1.2 IR BtsE

IR ] 5 o — P 7 B R T M R A A /S R PT J SE BR, 2 B R
55 RO ) AB KAV Se BB 5 . e riEM L, BT AR BRER
. KRB . SR SE TP E R B ol 45 4 1 [ e 1k 7 sRAE KA R
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G T FE B A 8RR L S8 NPT & 7 ZnO SUBBRANKET 4, FF LA
ZnO/CNFs B i Mg (Lac), M5 1 —Flogi B A WAL R o 12 4% Skt o o 2
T R m A R AEAER, REE Y 28.50 pA pM!, AR X 9.50 nM
(S/N=3), LMIEHN 0.5-2.06 WM, BA RUFHEREEMFRE N, HHHiE ST
FF- 52 B/ B v e 28 I AOAR I . Shumaila 25 NP7V 2 A 2 1 25 7 i g A
AR A SR R A AR AR R ﬁa%%ﬂéﬁﬁl%ﬂmwﬂﬁﬁT“Mo
ML B R0 B R R A5 2 Ak B VR AT S U, 3 3 A B R [ e A
AN AL B R BB (CF) AR b o S8 AR 22040 M, AN IRV 1R AR 24 A e e
FEANTR] L R 72 A IR HUAE 5 (DR BGVE 1 A 3R AT T AR AR 8. ¥ ik B 11
G055 L S AR R AR G . AR S R R AR e R A
AN 71 7 Rl S
1.2.1.3 NS

S ] 58 75 ZEAE R AN S AR T (AR B B ) — AN R B R T B E) E
FAEPIANHE LRSI A B ] o SRR AT ] 5 SR Wt ik T g 1) 2 B R I 5 P A7
FEI R H B RE AR SO REE o B RN AR BT R AR B (RS Az R, RISt [l e i)z
R IR . RILTERIENTT W] 5B R AR SO o e 285 Gk i AR i 1k
i AR, BERE R, (HERERIR. OREGE, DL AL B
Garcia-morales %5 \PSHRIE [ EEGAEIH N TiOy IAKBURL LA B E b i 72,
Pl 7RG R E M R A, R TREERIAE . Guliya 28 ADOR H G sk
UK TR LA B e AR, il 4% T — Fhop ALK 4 Hi A (LacNPs-AuE), % T —
AN 3 RUOR My AL WAL SR o IR S 1) A ) A TR LA A TR 4 M 9 L (0.1-100
uM A1 100-600 uM), FMFRA 0.3 uM, FEEEE, WS, RN A 3 s,
FH B A B A P A SRR R R L PR 0 24 0 1) S B AR i 2 BT 45 SR 5 A 6 BE VR A
Bl BT T I, R T AR A A AU, TESE T AR AR IR AR I R
UbAt, AEYAE AR B IR FIE 92%-98%, tHERH T A Wik A IERf 1 .
1.2.1.4 3ZBKK

ATIRE AL i e o A5 FH XD ﬁﬂb&ﬁ%%ih L RN TR £
ARG . ZITVE T AEREAR R MR . 45 S ik BT UG T A, (HRE RS T
FHCZ IR, B SR AT A B . Lin 558 AN BE (Lac)idid 1 —
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WA AE A S TE WO 5 A0 SR IR (LIG) AR b, il 4% 7 — i AT 450 1 Fi A 27 AR A A &
&, AT ETIRGA). EREXRMT, LiG/lac BB GA HA R
AR, X GA PIZRMERLIINE RS 0.1-20 mmol/L, REUE . tah, Z4
Pife A0 GA RAmRE R, JuTHaeiomdt H A RIF1H A 752
SENE, NEIZRFEMT GA KR HE TSR TS . Lee EAFIRIHL S
BEBEAC Bk, 4% 7 M N AR PVA/laccase-Au-NPs/Pt KN L3R MR (AA),
RINRME M PVA/laccase-Au-NPs/Pt 7E JLFHFHLIRG R R I R 47 g%
P R A R E

iy 4 € :z;;‘ )
Water . Clinical \ Antioxidant capacity in

Phenols in

o Diagnosis 3 fruits/beverages
purification viaurine wine herbs/ honey <, ‘% a3
o
@ &5
@ q
Pesticide Quality of Dermatological
detection Coffee/Tea cream testini’
\"'\ ‘ /""‘

~— -

P 1-2 R A WA TR A S 142
Fig.1-2. Applications of Lac enzyme-based biosensors [42/.

1.2.2 BB EREE R RRER AV KRR L
1.2.2.1 EZ

JETIER NB A TR — 5, SRAMERACF R G, AR
22 AR R R (Tyn) iR ARG 51 RS, ATRE 51 R 2 PO whBEAg, andlaie . e
FE RS ZERE . QI )5 MRS . BEAR S A0 R IR RS . AR T 254
B BN MK R . Dinu SEWBHEH T —Fh A T 5 259 TP S IR 1N T BB AL K
#%(Lacc/PPy/FeCN/SPCE). Lacc/PPy/FeCN/SPCE Wik st — M R . w3k
() Tyr Bl &, K ETEEN 0.2-6 x 100 M, MR HN 2.29 x 108 M, 5
JEBGAL AR A AR BAH L, A PR R ER TRV Ak, X R AR
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FRIREE— N RIL RIFHIFeE 1, I HAESEBRFE s (RIRA AR Tyr REEM
2i4) R B T2 0 R . Z BRI — D R R SIS ) L
T4 W 0 AE 0 A R £ R ) Tyr 7KSF, 6HAH 9 1 R S T LA 2 X

M5 =2 —FIEE T EM R SR AEDNE, Eh IS RGP i s
JRAETE, TEEME RGN B Wi PN E AT, AR RIEZ P D)

, ATFKFIIZEEL, LR EE AR, #HasUEamrrE, 51582
Tt Jp5 BEIR 25 o Dascalescu 55 APHRE 5T 17 2% g A5 1 1) 38 284 22 1 B0 R e 5% FL A
(OMC-SPE/Lac)f AL 22 M RE, AT =M R KRG & 4 78 77 7S = 0 € &=
Kll. 7638 M0, ZAERASAE 0.1-1.2uM RIZMESEE Y, AN 316 oM,
EEIR Y 948 nM. Jf H¥ OMC-SPE/Lac A= 41% K 38 1 HEAL 22 PR RS 5 R AB MR
FRIRERHBEAT 1 HUBL, 245 B L 1 AR WA B 1) OB I L R A o 7 B
TEH

Z W (DAY LRI R AN EY), R—MEZERMEER, MR
ELR K S8 o] SRS AR S 2 M & R . Rk, R DA & &
St T4 2 LE MR Y R B e B . W 25 NS P e Bt b e 1) A 0 £ A 3 i
Fg U S 1) 3 LM @z?~ﬁ%5mﬁﬁﬁﬁwgaﬁmm%%%$%@
o ARRY], 2B B A ISR PR0.08 uM). FEZMEIE [ (0.25 pM-76.81
uwu&%iﬁf\ﬂimimﬁﬂﬁ Yoo 2R RRE B AR kB, W]
AKX ETF . @ NMLES DA B4, R iz AR SLbrke
it 73 AT P R S A
1.2.2.2 I E NN

Xy ABPAE V2 N H A 7 BB BR e SR AN S5 iR, Tl 1
FEp R g, ARk UORMEAE . bR, RS AR . AR, AR
ifi, BPA (1P 43 T HURe i S FOk NS f BN ER BE AR s 51 ke 7 AT 0%
7. Cincotto 2 A4IE PPyMCA/SbOs/rGO FlZ Tl 55 & 4N K 45 K 154 1) 35 e Fi
M EAGEE T T30 A DISE B RG22 A A B o AR AR AE 0.1-1.0 uM 2R
T6 FE P BB AST IRy 9.9 nM, W 2243 Bk iR 22k I e X0y A BAT R A 10 )82 o
ARV AR AE H SRR P A BRI R I R R, Eou Sl %
WEDEA Pk . AR TOWE A B i R 0 R P A
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[FIHC AN 99.6%-101%,  IE SEHAE SEBRAE St Al ) ] SE 1k

S(CP), —HM )z AT DMK IS EE s BT ), s A CRiE it
ANIREE, BIMEIRBERRAC, T HAERREE P R AMEA A A, CP e x
JE i ™ WA, R B Th BE R AS . B W5 AERE . 1B, Quintanilla-
Villanueva ZEU7H H 7 —Flol iR B A A 2 43R Bl o1 1] 5 78 A5 4 s AR b oRAS
W CP MEAE T E. WHFIRIDA AL RS R e . REERMEIMEAT T R
GiTAl . TERERIRAE N, 12 REES AT NG 2-10 mg/L, Al BR A E SRR 4y
9 0.14 1 0.48 mg L. B 5045 LR V&R A C RIS, SR
IR TR EE T A

JLZRBNCOWE A —Fh SR B S35 Y, T2 N K 4 A T A0 o 24 4503
AF LR 30380 1t 3 7KORD 1 398 Hponf AR S IR B A B P2 A T R0 . Wang 45
ST S8R A0 B B AL (GC@B4C) AN 44K 42 (AuNPs) 23 5 Ay BT 36 A L gt 1)
FE S HEsEA L, B T — Bl ARG A 2 A AR RS . I R AL R AE
HLIARER(NF) LR L% AuNPs (212, 52 RBEF A (Lac) Ml GC@B4C BRI
ETE AuNPs/NF HL E. #1451 Lac/GC@B4C/AuNPs/NF HiH %} 482 —FH(CC)
(AR I HE O 7 1 B A VR R DU IR e B ) % A, iR iR AR
A TR METEH(0.1-500 pM). = REUE(157.3 pA mM). RAEFRQ25 nM). B
PR R mkae A Nl R i B M.

S5t T FE T (PNP) 2 Jor 6 1 TR AU SR MR R X AR, |32 PR . eikn). 28
B EGR RIEVEMER MBS EE. T PNP (5 Bk A B AR
TERBEN B FE AL . NMEFEEET =g E % T PNP, BRI T EY)
MIERHR . S HEREE R AAE BB, Jose 25 AWK AC/PAA/CFP &1fiH
WeR R e fE R G R b, 4 T —Fhm R mik Bt rxd &
My (PNPYRII AL K38 . MRS R oK, %A W B IR Hh PR PR 3 1N
1.74 nM A1 5 nM, £GP 5-250 nM. £ TIMEERIE BT, Fri]
(A=A AT PNP I FEAL A I B RAFRERENE, JE— D IGTE T ik i
TE B R AKFII KR, SRS P R S
1223 EmB &N

SV il f A — ol B A A0 A R R B AR M T, LD R A I L
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Mo BB Z (Dph)E A — Bl 05 B ik N-SEAE G, A 50 4 1 40 ) 25 1 1 2 R
Mg 1% 92 8 (¥ 95 7 o Shahtouri 28 APOSEIL 7 — Fl i T IR B [H 52 /£ ZrO,-BCyD-
PANI 44K 5 & MR8 B B Ak 2 AR A6 ik 2%, F T-IU5€ Dph. ZrO,-BCyD-
PANI 9K &M RHMENREGE B &, 15228 BUAE YL RS B HH RAFHIH
WS, MR E R, ZrO.-BCyD-PANI/Lac/SPCE AL & ES1E 0.05-100
nM 1)K 2V FE 96T Dph FA PRI R 15 (e e B2 RN [E] A9 15 s), A BR(LOD) A
0.029 nM, SE&EFRLOQ)N 0.098 nM, REE FEIA 234 pA-cm?uM™. %L IEKAE
BA RIFREFEEMEEE N, EIPERSD = 2.5%)MEEZ HRSD = 2.27%), A
FIT 22 R ORI BE G ) Dph A, g6 it o LA TS G e S it 1wl STy
o

& TRRPCAE A HAMN . TR S 2 EAEYEM, HENFE
i BRI K I RURT A . A ST N TR 2
SEAIS, UNARMEE . WG4, [FIRE, PCA TR A P AW T AR A IR 1k A R
ikl 25 & B TR IR B, LE &Rl B S U A R
e E) . Bounegru &5 NBURFHI 7 — Pkt BUBEAR A= W45 K28, W58 X A7 SR
(PCAYI & &, FL AR 2 POk 75 4l A0 4% T 12 1 £ Ttk 490 oK 21 24 22 1Y) B0 Il HR A3 (CNF-
CoPc-Lac/SPE), 3 LA AT BT, R FH I 5 - A8 BRIDE FH 52 A0S A% IR A8 1 AT
B AR IR I R B OR PCA BRI J5Ud FE R fase Aifgust . #F 8 A 5K
FIAGIAR 2 A0S BV, #E 0.1-202.5 uM MK FE T Bl 9 7 ST 1 % & R K
RRHEM L. AL AR 0.4-6.4 uM ANMETE Y AR AL AR (LOD)
AE FEPR(LOQYVERUK, 734 0.483 uM A1 1.61 uM.
13 IZmEX

1991 4F, [EFRAfRE 5 R LA 2 (UPAC) AL 24 k8 5 SR — il
A5 SO T HR R T8 B A3 TR FEE 381 56 B 1) 1 e W e e 9 vl LT 43 BT e
BRI E, KU AE BT DSk B B B )OS, R DAk B 4 i
FARGIIENET . AL AR AR AERF SRR BE 2D (I HES) T 1 2 AR AL RS T
TR AL 2 AR SRt S K — 00y, 3 I A I A0 25 S5 77 A B LA 5 SE I AT
IX 8 B 1 B RS 5 AT DU R S R R, A L R 2 i R 3 s o 1 B
ROERE. M5 RGN TFBA L, oAb 2 A% A LA RROA ks el R B ) 6

10
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Gy AR ARAS I PR A v R DA S 5 T /NA SR SE AL S, [ a8 24 3R 1]
SEMRI T A R . X LUARIRES ] T B RS, AnBEyT OREANZ T . PRSI AN &
an Lok, DA . e, EJR. R HAEE.

Bl E — B & Z WO I AR R, 2 — A RO AR AR, EAE
B EAAEYAE RGUR A T2 N . BAREEEERT LIA 2 72 E T 2R
W2 Ry RAAERY SR e, JF HoKEME— BRIV, (H 2 B 3N A e PE 2%
Xof PR ARURORI AL FH 2% AR 0 P2 4, S BUBAL AR IR ERR e . R
AU 75 i 55 07 TRATAE SR R, R BRLASAE H 3 A0 B R o i 3] 5 1 2 i ok
IR A RAFEEE, BARSR R E AL — AN IR R N, ] RE 2 AR
) RIE R A S T A BRAT Y SR ), (B sbonfg g fe e E . HEIM:, HEEAr
A DA S A I R . — LR g S [ E AE AN R A RE 28 B iy 1 Al DA
LB RRZII R . W FUE AT AR SRR R R, 1 & HA R 2 U7
%, RKEREEREEN . BRIEADRIT G KR 31y [ E AL B 2R AR, )%
faj 5, HArERmAAFERNERR, Ja&RmSIhaetk, T B
PR S TRER . —HE SRR AMHAERE, HARRIE
Yz et

AT T =FhDRes kL, BJ Carbon nanonets. AuNPs DL Carbon
nanonets-Au, JF5EEEE, EEREERE 2R AEYIMEREE, A BRI
PR, R T MY 9 ] E AR B AT, T — 4 e A s e Ml R
J& o FITAE S B AR AR RS R I R G VB TP BN R gy, AR AR IR R X
=R S ARSI T T AR I R AT ) A P R DA sE A TN VA L ARSI PR L o
€711 7/ E 7 N7 v S P ol = VA E R oM 1/ = < o A S T

11
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28 2 E Carbon nanonets-lac Je# & RREFHIHI & X B L R =R M sEft

1

P

\

PR e M W B S AR, T S TR At R EE
ATl T, R B2 K AR A A R G RS AR
SENRSFB, FEXSE L Bl A E B G A HE P s HE S
F KRR, TREE R — RIVER 8. 500K kil 7k, e
AR O S BERUIAI O R AT B, IR A, FEIT . A, REUEEAR
17 157 44 58590, (R, 3 ) 7 P RO R R A T . R
VU R A AR, N T AEMEE . A REESUR . HTZ  Ah
TUHE . EEAREYITR, WA AR I R E A T2 20, el Re s
W FE S5 B RS B A K0 U Z AR AN TE R B R
POTTRA R, T HAEN 28 B ARSI 5 T AR B ) R e P i [ %8,
SRTAEAF VT RIS, FESEBRMH] il B BB O AL AR Z IR, R A TR,
BELAS T LA AR A AT i P 182841 e ok b Ml o T 3] A SR s T & 2 4T
A SRR AR WU 1 BB R FH 12158 ©91, SR, [ A TT A 5 B0 B T ARG
NI FEAR A AR IR I R . R, & BE A B e A v 12 1 [ A R T
TSI AR AT BN FH ) AR A

BREEMRL,  ANBRAVKETYE . BRAVKE . IR SR SRR, A
AN ARG 2 A B IR E I, AR O RO AR R 78 Y
TS FRMERRTER S, BRIEEMRLRATROGRE AL A FARERE 1,
A 1 EDE R A V. JE T FaRAeE, AR 7T e
HRWEH) Carbon nanonets & Ht. 459K H], Carbon nanonets W34 1 %
BFFCT Pl ERAE VR AN A1 . RS REMIAK B, Carbon nanonets-lac A= 4 1% 2
wHARMREE . MNEEE T ANACEYI RN SZ ISR 05 3 £ 1A
EWE R ENE, #— BRI Carbon nanonets-lac ZEM & A AT 1E N
PRSI0 5 Wy R R E WAL AR I T RE

12
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2.1 SRR TR AN ]
2.1.1 EZ L

Bl T AR R A R AR . BREALI(AR). EEFALHI(ACS). Sk
BI(AR) VKEETR(99.7%) — /K& LBREN(GR). Xf 2K M (HPLC). 1-Z.3%-3-(3-
TR R R TR )RR D R TR R(98%) N-FE I BE I Wk W E(98%) . FH L %
(ACS). ZHE(GR). L J&(GC). MR (AR) AW AR (99%). M A(AR).
W B(AR). 2,3- 5 KM(98%) 3,4-FH AKBI(AR). TKFIMG(AR). BRI
BI(AR). THERE /K EHI(AR).

B 25 AL =R PR A | . B/K LEE(AR) 5 IAEE(AR) T4 BF(AR)-
NN-HIEFEIZ(AR) . ANKEEREE(AR). NAK S REEREE(AR). JLK A IR
(AR). THMRHEI(AR).

e REFHEARA R AR (99%). H R (HPLC).

JoNEE AT AR RR(AR).

2.1.2 EELNER

175 5§ L83 (FEI Talos F200S). X S0 HL 1 REHEAY (XPS. Thermo ESCALAB
250Xi). fH B EIE(FT-IR. Thermo Scientific Nicolet iS20). JE4E k22 T
YB3 CHIT60E
22FEWHE
2.2.1 Carbon nanonets HI%I| %

B, K 312.5 mg MR 0.5 mL 4 AR EAE 20 mL Il T, T
25°CHiHE 20 min, A ZHEC 10 min. B, KRGV BN A R,
7E 180°C NI T/KAI N 4 /N o WHIE =G, 1/ 0.22 um B3, FEEE
7 4 R (2 7 e R 500 Da)fE & 3B F/KENT 4l 12 /i, DLRBRA
SN R BN 20— o 3BT IS IR 10000 rpm B0 10 min, ZFRUTIE, 4°C
{R47~ Carbon nanonets ¥A 7 -

2.2.2 Carbon nanonets-lac A& B

AR E R, % Smg () EDC A1 NHS 713 2ml f) Carbon nanonets &
Wi . 7£ 25°CRIEE 0.5 h, BE/EIIAN 200 pL FHEEEE, 7E 25°C F4ERF 1 h, &
JE U875 3 Carbon nanonets-lac, 4°CIR17% M

13
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2.2.3 Carbon nanonets-lac B3R B &

K 0.3 pm FAE T B IO B AR T (BLAE 4 3 mm), B ME Al
KM OB TS, HAR TR B £ 3K i A (GCE) LITTAR 6 uL Carbon
nanonets-lac, JF7E 4°C FT4, #4 T Carbon nanonets-lac it 2R)5, 4 2
uL 0.5 wt% Nafion ¥ 7E GCE K, f£ 4°C N1, RAMER TG E T
Carbon nanonets-lac H.4% .

2.2.4 REGEE RGN 3T BRI

DI 2R Wy s, B R T AL B 5 4 (] 2-1): 7E Carbon nanonets-
lac AEVIAL AR RIMMEMDGHE, S B RImIR AL, HEim g SR BE I . g E
o B R R SR A 28 By AR, ARG 1 4- KR . T AR R SR T T
SEREY TR ER NS K AN, &5 REEE 54
A ELAE FH S R A S (R, JRE R FE AR P ARk, AN IR R R A LA

Photothermal detection @: Carbon nanonets

AR oe
5& Laccase

Aot
i

1000,M  Light

4] 2-1 Carbon nanonets-lac 25471 8 5 o xof 248 — oy £4) R PR A DR P A B
Fig. 2-1. Schematic diagram of electrocatalysis of hydroquinone by Carbon nanonets-lac

biosensor.

23 HBR5THL
2.3.1 Carbon nanonets B TEM FRA4E K 5317
HEEFERA 4 fE 0 LS AT 180°C R /K#AAbEE 4 h #il]£ Carbon

14
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nanonets 2-2a N Carbon nanonets 8.7 TEM B4, XM NER N 11-
18 nm. fEP 2-2b H% A M EE B FH A5 2540, B Carbon nanonets 7EAH _F &6
T .

i

2-2 (a)#I(b) Carbon nanonets [{] TEM

Fig. 2-2. (a) and (b) TEM of N-doped carbon nanonets.

2.3.2 Carbon nanonets B FT-IR FRAEX 94

Transmittance (%)

. 1 M I ' T : I 5 1 ' T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

] 2-3 Carbon nanonets [ FT-IR i &

Fig. 2-3. FT-IR spectrum of Carbon nanonets.

) A8 L 2R 6 2T A6 15 (FT-IR) 2047 7 Carbon nanonets RIS S . 21
2-3 ffran, fE 3325 A 3183 em AR Bk, Rox O-H A1 N-H Fif#Ra) .

15
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1643 A1 1380 cm™ Ak (32 s 70 A A AL F--COO- Al N-H it C=0 i,
X Carbon nanonets F A 2 T RE {06671,
2.3.3 Carbon nanonets B XPS FRAE K 534

Wit XPS 43 #rift—PAESE T Carbon nanonets R IEFIAF/E. XPS &6 HL
= A~FE) Carbon nanonets (& 2-4a), 4rAlER T C 1s. O 1s fI N 1s 47
fE. Carbon nanonets [1] C 1s ii#(|&] 2-4b){E 284.5. 285.5 Fl1 287.1 eV AbFH =/ %,
XA PAVHRF C=C. C-N/C-OH F1 C=0 ##+H [ C JR-F6 67, £ N 1s Y it 2-
4y, HAITE 398.7. 399.6 A1 401.3 eV A KB 1 X MF C=N. C-N #l N-H
61 () NP If0G. 7E 531.7 eV #1530.5 eV T, O IsI&ALIEERZ O 7E C-OH
A C=0 LA pRicn o8, dxdazk B, Carbon nanonets s2H C. N A1 O 40
JHY, SR R .

() ®) | c1s

-

= 0Ols N s 5

= Cls o

>, Z

5 2

2 g

= =

L . L . L L 3 : : . : ;
1200 1000 800 600 400 200 Q 294 292 280 288 286 284 282 280
Binding Lnergy (eV) Binding Lnergy (eV)

—_—
o
—
—_
(=9
—

Qls

Nls

Intensity (a.u.)
Intensity (a.u.)

208 406 a4 a02 400 a8 ag6 394 540 538 536 534 522 530 528 526
Binding Energy (eV) Binding Encrgy (cV)

2-4 Carbon nanonets [] XPS Jiti. (a)&i%G K, (b-d)C 1s. N Is fl O Is FIE 7 #ER
XPS i
Fig.2-4. XPS spectra of Carbon nanonets. (a) complete survey, and (b-d) high-resolution XPS

spectra of C 1s, N 1s, and O 1s.

2.3.4 Carbon nanonets B {¥. 5 M BE R
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60 1500
(a)
N S = Carbon nunonets-lac
[ E"":'",,__I »  Carbon nanonets
-« GCE
1000
a
3 =
e
= N
% 500 i
ll.‘:::‘..' ‘a‘
e, 4 : Py
f‘..- * *a ., L
0,
-60 T T T T T T
0.2 0.2 0.4 0.6 0.8 o 500 1000 1500
L (V) 2(9)
2! 0.6
(©) {d)
L4
0.5
Q % —_
3 Z
R oy
Pl 0.4
»
T - T T T 0.3 T T T T T T T
0.0 0.2 04 0.6 0.8 is 44 4.5 3.0 55 6.0 6.5
E (V) pH

2-5 (a) GCE. Carbon nanonets 1 Carbon nanonets-lac L[] CV HiZkF1(b) Nyquist [&]
(fE7 5 mM [Fe(CN)6] >/ [#) 0.1 M KCLI#E# H &), (c) Carbon nanonets-lac FLHE 0.2 M 7%
500 pM ¥R Ry B ER S R ) OV 2R, (d)F L IEHALEE pH BRI . S
Z: 100 mV-s's

Fig. 2-5. (a) CV curves and (b) Nyquist plots of GCE, Carbon nanonets, and Carbon
nanonets-lac electrodes (measurement in a 0.1 M KCl solution containing 5 mM [Fe(CN)s] 3/4),
(c) CV curves of Carbon nanonets-lac electrode in a 0.2 M acetic acid buffer solution containing
500 uM hydroquinone, and (d) the plot of the oxidation peak potentials versus pH values. Scan

rate: 100 mV-s!.

TEIMR ZE(C V)R T8 9T GCE. Carbon nanonets F1 Carbon nanonets-lac 1E
“AH 0.1 M KCLHI 5 mM [KFe(CN)6]** S8 i JF A s i i) i T 36 i A7 R (1A
2-5a). W1 2-5a flizn, GCE. Carbon nanonets F1 Carbon nanonets-lac f] CV K
Zeion e ALk RE, RIBRFUYEC SV P AFAE Fe/Fe? AL X o
7 GCE R 3| — XA IR IR0, BHARIEH T (Ipa)y 41.02 pA, WEHALZE
(AEp)4 0.130 V. Carbon nanonets ¥ F1&1fi GCE KI5, Ip.#&H 5, AEp g
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A Bk (Ipa = 41.53 pA, AEp=0.114 V), iX;&H T Carbon nanonets $i T 155 |
GCE R FH, &, f#H Carbon nanonets-lac ‘T2 Ipa F#fIk, AEp (Ipa =
35.86 pA, AEp = 0.148 V)Jt7Er, X2 H TR T RHWT 7 B R ITE AL A,
SENGRRRY ik ey £ S

SR FH AL 2 BT S (EIS) MR i — DB 0 T AW A% A (Y B b 1k e, DAV
il LR 00, A R R L R B MR 7 o U T (1 5
BAR R T A Re), RoRHFRBERE, MBI T2t a8m 59 i
A K. MNMER RS WE 2-5b MEE s, B 2-5b /R8T GCE.
Carbon nanonets 1 Carbon nanonets-lac ] EIS IRa&. 5#R GCE I Hifar # # HifH
(Ret)Z)N 822.6 Q #EL, Carbon nanonets FLA% ) Ret &% 604.3 Q £ 4, R H
T Carbon nanonets FJFL - FHE 5, HTHHEHKMK. Carbon nanonets-lac H
) Ret (IS INF]2) 935.4 Q, FKH[EELE Carbon nanonets K44} T (1B 75
TH SR, FIRGRIE T Carbon nanonets-lac FLA% A h 4 £ .
2.3.5 Carbon nanonets-lac 4 #)f& B% 88 S8 S 1k

f# ] Carbon nanonets-lac =415 I A% iff 2 Rl % 2K W i ek pHL, W& 2-
Sc fiione Bl pH MERIIGIN, AEVIR ISR AL UE#T T, 75 pH [EN 5.0
AR, BEfSTE 5.0-6.5 VU F . B 2-5d R T E LI BN S pH (HHY
TN TR (5 ZU AR A S, 3R B B 7E AR WA TR 38 W) 2] S B T 72 v o o A
F L Her AT 5 1 e DL AL UL K
2.3.6 BIRR M NFEMRR

A A S BB ) S A R TR R T BOE R, X AR R A
B Ik, 7EEH 500 pM W EHY 0.2 M ESIRZZ S (pH = 5.0)4, LA
AR HE T T Carbon nanonets-lac i) CV k. & 2-6a Bor 1 EALIE
JE A A P I 1 S R (R B N T R, I ELU A PR S A R T R R O R B
FHIG. ] 2-6b FraR RI4U A 25 ST AR R A A Py i P At A x5 4 4 e e S 30
R R = 1.05v"2 + 0.21, R2 =0.996; Tc=-1.07v"? + 0.65, R? = 0.999),
Forp Tpa B Tpe 2990 227 BH AR W AT A AR U FEURABL (A), v RN FERIEZR mV-s™).
LEVEARSCMER W, ¥ HGE AR5 HI1% Carbon nanonets-lac HiA 2 T 1) HELI 1 40 3R
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20 8
(d) (b)
100 mV/s . ‘ :
1 121 ipal A= 1.050'*+0.21 (R*=0.996)
1 10 mVis
64
— i & Oxidation peak
<§. " g 9 » Reduction peak
= =
-6
-104 \
i3 'pC(FiA)— -LO0T0 065 (R7-0.999)
20 T T T 18

T T T T
-02 0.0 0z 04 0.6 08 2 4 8 1]

E (V) o2 (Vi
] 2-6 (a)fEF 500 uM X 2K 1) 0.2 M B ER & %W (pH = 5.0)H 10-100 mV-s' AN [H]
HHHZ T Carbon nanonets-lac VL KZR ) CV 2L, (b)IEH B R SHFER TR
KEML.
Fig. 2-6. (a) CV curves of Carbon nanonets-lac biosensor in 0.2 M acetic acid buffer solution
(pH = 5.0) containing 500 uM hydroquinone at various scan rates of 10-100 mV-s !, and (b) the

plot of the peak current versus square root of the scan rates.

2.3.7 Carbon nanonets-lac E#ERFZHITIMNE., WEEFEREM. REM. &
MRS

30 ES
(a) (b)
g ¥
o = 34 1 z
204 g = g g E
= =2 = o=} =
=] & ‘g = E
g z 2] z g <
] = - s = e
_ = - —_ b= = T
= 2 ES = MeCN
<:[:L 10 Ph Zn < T IPA e
ES
o’ — 14
g L s [ L |
L MJ
; | | I e
o Mg Cutt Ith et Ace DMF
Z14
-10 T T . T : ; ; : ‘
0 200 400 GO0 800 1 000 4] 200 400 600 300 1000 (200
t(s) t(s)
s0 120
{c) (d)
401 100
o v Y
f : R ey
01 - b £ =
= = £ = = B0+
- £ i 5 =82 |2
o 201 T BPE = o moas 5]
= | | £ 60
| o
S 1 1
= 104 5 ] \ 2
w 2w
0- ‘ ‘ =
]
| s
“104 cp Ga LIS e 20
20 . . . . : ‘ ol
0 200 200 600 HO0 1000 1200 2 4 6 8 o2 416 I8
t(s) Days
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A
=
=

= i
(e) B sk (D
120+
=
_ T 100
§ 104 é
c = i)
= &
b= % RSD=1.27%
w =
E 5 607
5 51 2
o = a0
o
3 204
0+ 0 . . ;
4 4.5 5 5.3 6 b 2 4 6 8 10
pIl Independent experiments

4] 2-7 Carbon nanonets-lac 2% &A% (a) &R B T 321, (b) AHLEFII 2L, (o)t T
P, (R EVE@ECHELE), (e)EAR pH FH 50 K5 fsEE, HEMME.
Fig. 2-7. Carbon nanonets-lac biosensor (a) resistance to metal ions, (b) resistance to organic
solvents, (c) resistance to interference, (d) storage stability (4°C storage), (e) stability after 50

scans at different pH, (f) reproducibility.

— MR, AR AR A B R R S RS IR . T VA
Carbon nanonets-lac I AYE, T8I R GINMAL Y, 50T &8 2R
HHALAEIN Carbon nanonets-lac A=W KA HIHIEH . W& 2-7a B, 1E
FE R 220 (30 mL)HF I 200 pM Cr¥*y Pb?'. Mg Zn*". Cu®*, XJIEAEREAT
) S ST S, 0 R K R I ) R S e SR S PR AE . k4,
¥ 10 pL 4BE(Eth). FAEEAPA). HEE(Met). HAlH(Ace). LE(MeCN). N,N-
T BRI (DMF) UG IR & 45 200 uM 2K 5 30 mL BERRZE v i h
o IR S A R R . IX 25 IR B, Carbon nanonets-lac X G ML A9 E
15 RUF [ 5% 7% . Carbon nanonets-lac 2F 4 1% 8 2% B4 Sk BT M IH IR T+ Carbon
nanonets IERIEF, AT 38 T V4Rl PR AR R PR AR R IS e KT T -

N 7 VFAt Carbon nanonets-lac [HTT-HEEE Sy FLESENE, 2 HII0A 200 uM Xt
Wy, M A (BPA). A& ZERY(CP). A B (BPB). BEIAENGA). 2,3-—
SEM(2,3-DCP). [ ZE —Fy(RO)M 3,4- & My (3,4-DCP) T 30 mL BERLZ2 0
d, FFRIESSRE, WK 6c fTzR. Carbon nanonets-lac E 5] AKX 2 ) J5 R HLH
PROE T BUR I RN A, TR 51 I S e B R . IR E
Hol X )5, Carbon nanonets-lac A 4% JE 4% #0526 B H FH 11 B0 14 S o
IXLLLE SRR, Carbon nanonets-lac £ 9% Bas HAT 157 BT TPk A ek 5 4
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141, Carbon nanonets-lac [fIfifi 75258 14 AR, 18 K5 HAILATE AT LR £F
68.4%, & 2-7d fix. £ pH N 4.0-6.0 TGN, TEFF 50 k)5 CV REALIE
HI NI T 1.68%-3.51%(1& 2-7¢), ] Carbon nanonets-lac AE¥4% & BA R
trrkaE . R ML MERER B, Carbon nanonets-lac 45 4% I 8% 1F 58 s b
JH R A0 28 Iy A B B T — PR SRR T k. A, T RUAR R 7 2 45
O ANIMSLAEIRES, 0 R IR AR AR AE R ZE O 1.27% (K 2-70). 454
REERESE, T Carbon nanonets [ BAES 7E X 2K i Il - BA R AT
WREE . FRE A E A
2.3.8 Carbon nanonets-lac 4 4)1% R% 88 §0a 57 14 4E

2-8a JE7N T IELLUN NN 28 9 1) Carbon nanonets-lac 7 )t HE AN BE I 2% A4
IR RN EG . Carbon nanonets-lac AE 445 B AE N X 28 ) Je R B HA R
I RI(TE 5 s N), T TIZADIE RS A . ERE =2, BT Carbon
nanonets I I AL LB = T R L, AR TEEAETE, ITERIE %
AT B HL VR I R T A BRI AR A R R S . AE DG IR BB 258 R, Carbon
nanonets-lac A 4% &A% (1] HLJE -5 % 2K R B 2 [|] (R 2 P 56 R ] 2-8b T
ERBIE R T, 72 10 pM-1000 uM Ik ITEE Y, FR Y 7.26 uM (S/N = 3),
MM T, £ 1 pM-1000 pM RS ITERE A, Rl PR 0.14 pM (S/N = 3),
W13 3 HE Carbon nanonets-lac A= WL A 32 1 REUE .

25 24

(a) (b)
10 o
i e Lem : Light
1M Al =0.02C (R*=0.995)
15
Z 12
= =
3 =
— < -
0 04 Al =0.01C (RT:(_)._(}_RJS)
o 200 400 500 800 1000 0 200 400 500 500 1000
t(s) ¢ (M)

K 2-8 (a)Carbon nanonets-lac A= P45 B3 X 0T 28 Ty (1) 22 55 8, (b)AH B2 AR HE B
JEUR: 980 nm O, 1 W-em?
Fig. 2-8. (a) Amperometric responses of Carbon nanonets-lac biosensor to hydroquinone, and

(b) the corresponding calibration plot. Light. Source: 980 nm laser, 1 W-cm™

21



LR R R 3

2.3.9 RNEE BRI R Z B ROZIRRT EE
% 2-1 EEEL T Carbon nanonets-lac 15 FiAth 4 T8 1% B8 0 48 — [y iR A6 I 2 E
453K W], Carbon nanonets-lac B2 Vi [ A R 5 O FML G M2 . 1X—
KIZEH], Carbon nanonets-lac 7] AVEJy—HA R DGV I &8 F -0 48—
Py F o 0
2R 2-1 XK AR IR AR T U

Table 2-1 Comparison of hydroquinone sensors.

Linear Detection

Sensors Analytic method range limit Ref.
(uM) (1M)

MIL-101(Cr)-rtGO Electrochemistry ~ 4-1000 0.66 [69]
Fe;0,@COF@HRP Electrochemistry  (.5-300 0.12 [70]
PANI/CuCNFs-Lac Electrochemistry  (.50-110 0.24 [56]
Cu-MOF-GN/GCE Electrochemistry 1-1000 0.59 [52]
TpBD-COF Electrochemistry 1-2000 0.31 [71]
PANI/MG-Lac/GCE Electrochemistry  (.4-337.2 2.94 [58]
CotA/thGP/AuNPs/GCE Electrochemistry  1.6-409.6 0.3 [65]
Lac-PB/PANI/CC Electrochemistry  (.25-900 0.25 [57]
Pt-MoS,/Si0» Colorimetry 0.5-9 0.242 [72]
Van-Pd, NPs Colorimetry 1-100 0.323 [73]
Si QDs fluorescence 6-100 2.63 [74]
Si NPs Colorimetry 2.5-27 0.68 [75]
Carbon nanonets-lac Electrochemistry 1-1000 0.14 This
work

2.3.10 Carbon nanonets-lac £ #)1& % 25 SE BR7K AE M E 3T X — B 35

T IS BAL SR KRR FE WKV = S M KT AK R AT R B b, YRR T
Carbon nanonets-lac =LK HISEFRN. ] . 3% 2-2 4 Carbon nanonets-lac “E%)
IR S R, TR AR AK KT F R AAAERT K By e FEIAR ]
WS [0~ J5, Carbon nanonets-lac A=) 4% R 2% G5 Y AT RS I A6 26—y o
B R By AR R UER 22 (RSD) N 1.41%-8.48%, HIEERI Ny 99.4%-
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101.25%., X4gh KB, Carbon nanonets-lac £ % 4% & F T 52 bRk A Xt
B S L 1 bl R
# 2-2 Carbon nanonets-lac A=) 4% & &5 6 HGE I E 7KFF: Hhobs 28 — 1y
Table 2-2 Photothermal determination of hydroquinone in real water samples by Carbon

nanonets-lac biosensor.

Added Found RSD Recovery
Sample

(uM) (uM) (%) (%)

0 Not detected / /

5 5.05 3.53 101.0
Tap Water

10 10.12 8.48 101.2

15 14.91 6.36 99.4

0 Not detected / /
Yangtze 5 5.04 2.83 100.8
River
Water 10 9.98 1.41 99.8

15 15.06 4.24 100.4

2.4 INGE

KRTAENGE T EREHE A Carbon nanonets F X 78 Wy (i e PG . 38
KH KK A Carbon nanonets #1725, &gt B.OAbEE GRS S 26 B 1)
Carbon nanonets AW, Hid I 45A S5 NEE . Carbon nanonets & & $HE &

B E R e AT AP . BEARSEEG 25 K0, Carbon nanonets-lac “E W15 8 2%
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& EETFHAENNEWRE RS2, JHEA RE N E .
Carbon nanonets (1% R8N 3175 [8] 52 ARG A Sy DRUIERS I 5o 24— 3 1) 2B 4 4 Tk
WA R REER . MR, 5EEASMHEL, B ER S T AL
JERASASTIN 1) R . Carbon nanonets-lac ZEW)E 1 ZS B A 0.14 uM(S/N = 3)HIK
R BR A 1-1000 pM 1 58 M By . A EEE /&, Carbon nanonets-lac A= 4% &
FRAE E SRR AKBE R E i b R T RERI S5 3L, 3R B AR SRk AR XS
R TGRS R R ORI 7 7
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8 3 & AuNPs-lac AR AR AUHI & KB U F R R REMR

BT s R IEAE B E LS R G . KA LA R Tk
2 AN HoAh 5 QM B 28 VA IR L85 Jent AR A T ORISR 76 71,
By, WPFON LRI B 1,2- TR, M s e, TN T
Tk A=, A FES G ARG K U8 Q2R Wil Tz T A s RO
7 ARNBRAR R, R B, . 914, it A
QAT AR B TR RIS A Ak e BRI S 2 mT 51 A SR AR AR B R
mIPERE R, BRESHEEMWENME. A3kt KERE EH]
I X 22 2R G A LA A T i, X AT R A T R L A W i B
EHAERENE, BFE B DOEE S MmN, SRR KRR A & dh,
Jit BLE AR R IR KPS A B A7 AL X N AR A A 7™ gy, it ) 5 St )™ s 11
PR, IR R o AR . DR, IR B D) K IR
MR B R, RO K AR . B IR ATAE . A R
GiA T, JFRETR DNA S, 200 4xBRON AP 54 HE AL hld 3 R R 1,
g, J5fE . AERRMAS I K BT A B Ty, R A R G HR A R
P ATVE B AR BRAF T S0, 2R B S pude N 5 7. 4%
R KAL) 47 2B F AL 2 A TR s COT A M T 405K A trs: 81 841, (HiX s
MEPUT IR IR E . ET Ik, BT R R AR S T H R AR
Yo e 1 52 2R A (1 9T,

sEEMEL e, R TR E SR, BT HAAmSREMZ
THRERFIE, — B DR AR R 7E ) 2 MR . (R, SR
BERA S TR0, rInsR s ReF Lo e,  Mamde e 1 181 € AL B i (4L
Wk fELE, ASCRTE T T B E AL EREER) AuNPs fU5 . ZREW], AuNPs
BERE VIR B E A APE. MERY], AuNPs-lac EVfLRGEHEA
e R . X< B T A L S R S PR aE . 0 5R  E BEE A B2 kA
FaE . tbAh, IEENL T AuNPs-lac AW)A% AR AT Dy PRage e i <8 % — My i) 't #4
ML IRER I Th RE .
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3.1 SRR FI R AL R
3.1.1 EE L

Bl T AR R A R AR . BREALI(AR). EEFALHI(ACS). Sk
BH(AR)~ UKEEER(99.7%)~ — /KA LIFREA(GR) 48K —Mi(AR). 1-Z.%&-3-(3-—H
RNk I HZER IR #5(98%) N-FRAEBRIH ML N2 (98%) VUG & B IE )
(23.5%-23.8%) X} fi 2 K Fy(HPLC)  [A] 2K W (AR). 4B & K By (99%) XM
B(AR). 2,3- S HMH(98%). FilREH(AR). MLIE(ACS). =ZJZ(AR). VUSRI
(AR). TIKATEILIN(AR).

[ 254 B =R G R A F . RCHEAR). =S FHE(AR). TUSLHR(AR).
ANIKERIREN(AR). NKERIREE(AR). 1/ UKEBREE AR). 7S/KA HR AN
(AR).

g MRA R AR AR 3-SR ER(99%)-

e E REFHEAR AR EEIARH99%).

3.1.2 EELNER

1% 5t B 48 (FEI Talos F200S). Mapping (FEI Talos F200S). f# HH2L 481
(REH#EAR FT-IR-850). JfEH L= T/ExE CHI760E.
32XWHE
3.2.1 AuNPs B9 &

[ SR P N 50 mL ABAI/K A& S uL PO E S BRIAT,  Framisdi st
B S min J5, WM 1.875 mL 1 wt%ITERR =8, 4682 15 min, 153
AuNPs H W -

3.2.2 AuNPs-lac 9 &

HY 2 mL AuNPs ¥ ¥, M 20 pL 20 mM FiFE R RIER, 30°CH#z¥% 1 h, B
IR FTIR I REAL AuNPs KATRL. IS SEEARRIBMIR] AuNPs DA
40 mg EDC F1 NHS, 30°C/ . 1 h, BPF3RTS ATk ThaE L AuNPs Kitkl.
FTRThEEAL AuNPs PUKAHRI I 200 pL BREEEW, BEEHS N 130 UmL, T
30°CHkiz 1 h, EIAJ3R4T AuNPs [f & 03 .

3.2.3 Carbon nanonets-lac B3R HOH &
KHT 0.3 pm S ACEEA HT BE SO B Bk AR T (BLAE N 3 mm), P B e 4l
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IKFI SR G E, HAR TR BiJS7EBR B (GCE) LUT# 6 L AuNPs-lac,
IFIE 4°C T4, #1447 AuNPs-lac HBf)k. 285, #% 2 uL 0.5 wt% Nafion S5 7E
GCE K [fl, f£4°C 8. KHMHFKITIESR % T AuNPs BHK.
3.2.4 REGEARAG N R AK — I R IR

PASER Wy nf], e A LB R R G (] 3-1): #E AuNPs-lac 424
IR AR RN, SRR TR L, 3R 1 0 SR B e . Rl —
HLT I R SR A A R i ik, AR 1L2-2R R . i AR F AR R T ) s L
FETHTHRBERS AL MR B EL, EE )G @RS 5 A RHE
B A EHEREA G RN, RS R Ak, AR R RN EL .

Photothermal detection U AuNPs

5%3;%;; Laccase
AN

LAC[&(I H20

NN

LACnxid

3-1 AuNPs-lac ZEW) A% B a0 AT 2 — Iy ) R AL SR 3R

Fig. 3-1. Schematic diagram of electrocatalysis of catechol by AuNPs-lac biosensor.

33 HR5TL
3.3.1 AuNPs B TEM. EDX RIEKR D

i TEM MER 7T AuNPs IIFESH 54540, K. ail 3-2(a)ffTzn, AuNPs
BAKRIRY, KAKE—, FHEALN 20 nm. B 3-2(b)2 AuETFHITHR
MU, BoRT AuliFRAEAE. L BT DUEBFRA TR A % T AuNPs.
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(A
] 3-2 AuNPs [1)(a) TEM FI(b)EDX

Fig. 3-2. AuNPs (a) TEM and (b) EDX.

3.3.2 AuNPs B4 FT-IR RIER 4

i FTIR Yeili LAEHE— B WAL AuNPs 40K R T £ 158 . @ik xt b
AuNPs 1 AuNPs-Lac [¥J FTIR J6i%, & 3-3 s, MERIMERZ £ 1570 cm™
(N-H, 25 dhiRs MBI 11 4 1647 e’ (C=0, Fifi)RFIERICH, PLAR R
ERTE 1440 om™ (XS FRPARIRSD, 10 _F AR REAE AL FrD H B0 O il > B 1 o el
FURRMIGECO 52, 100 WG C 4 8] € /£ AuNPs b

Intensity(a.u.)

1570

1647

3000 2000 1000
Wavenumber(cm™)

3-3 (a)AuNPs F(b)AuNPs-lac ] FT-IR i %]

Fig. 3-3. FT-IR spectrum of (a)AuNPs and (b)AuNPs-lac.
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3.3.3 AuNPs B L Z M RERIER 74

60 1400
Rs CPE1
(a) (b),)
40 12004 Ret w1
m AUNDs-lac
1000 « GCE

20

= 1800 1
2 o <
— i N 600
QU- = e AL!NI’S-Ialc S
—GCl 400 a

— AulPs
=404

ol Mf _*‘_' . .._.::_‘_.-'

200 400 600 500 1000 1200 1400

Z(Q)

0:6 0.8 30 3.5 4.0 4.5 3.0 5.3 6.0 6.5

02 E(V) 04 i
3-4 (a) AuNPs. GCE fll AuNPs-lac HL#) 1] CV H1ZEH1(b) Nyquist E(7E 5 mM
K4Fe(CN)6/K3Fe(CN)s Al 0.1 M KCHFR &), (c) AuNPs-lac FRARAE 0.2 M 2 600 uM 4%
R HIBER MR CV #IZ,  (d)F LI HALEE pH (A AR . FAEZ: 100
mV-s',
Fig. 3-4. (a) CV curves and (b) Nyquist plots of AuNPs, GCE, and AuNPs-lac electrodes
(measurement in a 0.1 M KCl solution containing 5 mM K4Fe(CN)s/K3Fe(CN)s ), (c) CV curves
of AuNPs-lac electrode in a 0.2 M acetic acid buffer solution containing 600 uM catechol, and (d)

the plot of the oxidation peak potentials versus pH values. Scan rate: 100 mV-s !,

N T RFTAS A AR E, SR T PR R 22 (CV) R HLAL 2 BE B 1
(EIS)#ATHRAE. K 3-4a AT ELJER T AuNPs-lac. GCE 1 AuNPs HLHR/E & 0.1
M KCI #J 5 mM Ka4Fe(CN)o/K3Fe(CN)6 i H AT H CV lliX. GCE XFRif) CV
fHh 22 RO BH AR U AF FELARL N 42.30 pA,  FIARIEAE R If Y-43.25 pA, IE{E FA7 % (AED)
N 0117 V. 5 AuNPs EAHHAHEL, CV HARIER 15(47.00 pA)FT The(-
47.72 pAEIN . F4h, BT BH AR VA AE PR Y B R RS 0 R B AR U PR (9 I F
Rissl, WELH| AEp [EIR/NE 0.85V. AuNPs-lac fIHLIERE S T I, X2&HT
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BRI AR R B AN AZ GRS 1 T AR IR, R TG ] A e KR T

[50]

o

E5H 5 mM KaFe(CN)o/KsFe(CN)o [ 0.1 M KCLETRF, X 5454 H kit
1T EIS W& . M45 B LA Nyquist BITEURRFERE 3-4b . 455K W], GCE
HAR N Ret {H(727 Q), EHRHER EJIAR AuNPs J5, BT 1 51 B 14%
¥, B HEILRCFFRZN 300 Q, 4R1M, H AuNPs-lac [&l5€ 75 HLAR K i
J5, Ret {H(845.4 QA . i i1 5 B R A B 1) o - 3 B A
9 T MDY, OV G IRABIESL TR — . X RR I IRA O S T ok
it ] 52 /£ AuNPs L.

3.3.4 AuNPs-lac 4 )18 Rk E8 LU0 S 1K

FESAH 600 uM <F2K M) 0.2M BERZZival T, i CV REHEF pH
X AEDR KA IO . IX LYY pH EVEE Y 3.5-6.0. MKl 3-4c ATLAE
B ALY RARTE pH=3.5 I RIUR KA IR E, & T 1% pH BRI
BT TR XPILRIETAEZ pH YG A, FE IR IR N AR K 40 28 I A A aE S
RS ER. Bl 3-4d SR T FHRIERALE pH E 8N ) B e A0 %
Y, RO FIEAMAL RS IR FUR NS R P SR, A ] e kiR
il LR A SR S5 A K
3.3.5 BIRR MNEh HFEMR

LinA) 1.271240.66 (RZ 0.999)

a Oxidation peak
v Reduction peak

i, 0a)=-0.74v 12032 (R2-0.993)

-20 T T T T -20 T T T T
02 0.0 0.2 04 0.6 0.5 2 4 ] g 1o 12
LV) v (mVis)'?

K] 3-5 (a)fE 7 600 uM &1 2K 19 ) 0.2 M BEER 2 W (pH = 3.5)H 10-100 mV-s! AN[A]

FHEAET AuNPs-lac ZEVE G CV 2k, (b)Ifl IR S M AT IR SC R 2k

Fig. 3-5. (a) CV curves of AuNPs-lac biosensor in 0.2 M acetic acid buffer solution (pH =
3.5) containing 600 uM catechol at various scan rates of 10-100 mV-s *!, and (b) the plot of the

peak current versus square root of the scan.
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N T WFFARIE B(E AuNPs-lac “ER AT I AL S IR NI, I CV
£ 0.2 M (pH = 3.5) 545 600 uM 452 —Bh(FHH5E 2 10-100 mV s [RIBS R r i
W(pH = 3.5 WHFL 1 h 77 M A AR S M R &R . i 3-5a BioR, B
FHEEFM 10 mV s 3] 100 mV s 80, WA FIRURETIE R, T A R 0
HURL oI 1E 7 7 R 2l AL 3-5b A LA, SAUPG UG A J5 e ) I 8 FRLIR 5
8 R BT 7R B 58 R(1=1.27v"2+0.66, R?=0.999; I,=-0.74v"2-0.32,
R?=0.995), IESEAR 2K My 1) AL S AL 2 — AN i A
3.3.6 AuNPs-lac ML RSB T, TEFIREM. EMMHRR

40 40 —
(a) Z (b) = 2
304 = B 301 E g
3 g 3 3 8 7
204 3 5 204 £ 7
? 3 Mg2— \ i 3
Lio J S |
—_ —_
: | : |
K- AlB+ Mn2Zl Cet I ] cn Y
" io THMs A
20 . : : . : 20 " " ; " v
200 400 600 200 1000 1200 1} 200 400 600 200 1000 1200
1(s) us)
40 120
© = 2 | @
301 = 5 E 100
2 3 | S
204 E] T cr T \g 804
b =
o <
im 1 £ 60+
= ‘ x o
w
0 ETE ™ Z 40} 4
GA PNP 2 =
=4 -
10+ g &2 207
20 . . . ; : 0-
0 200 400 600 800 1000 1200 0 2 4 6 8 o 1z 14 16
t(s) Days
& 3-6 AuNPs-lac A= Y)1% K3 (a) &8 B i 52, (b) ANUEAII 21, (bt Fiitk, ()i
1ifa e tEdoChit1r).

Fig. 3-6. AuNPs-lac biosensor (a) resistance to metal ions, (b) resistance to organic solvents, (c)

resistance to interference, (d) storage stability (4°C storage).

N T VA AL B T T T IO S S e £, i 1-t ME SRR
Py P <62 Je8 B8 1 BCA MU — oIS B IEAT PR . ] 3-6a Fla, fE 0.2 M EEIR
2% MK NN 200 uM KT, Mgty APT. Mn?*'. Co*'. Ce*', XFIELEHEATIF
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SLTG B AR, U IR SE RN 1 42 8 B T A E R . sk, Wil 3-6b, W)
0.2 M BRI IN 16 uL =& H KE(THMs). PUEALIR(CTC). = ZJE(TEA).
HOKLCYH) PUARRIR(THF) MEREPY), XoF B0 NG B R R o X e 4
K], AuNPs-lac X T H ISV EA RIFHI 24

N7Vl AuNPs-lac FIFLT-HREE I RUE SR, 4351 40 mL BATRZE M+
IO 200 pM 2878 Wy, @AIKRENGA). 2K HyRC). XL ZEE(PNP). XL
%y B(BPB). S&H(CP). 2,3- & #My(2,3-DCP), FFi&ES:pi+k, &l 3-6¢ Fin.
AuNPs-lac 7E 5] N &0 1 o I H ARG T RO RN . fHR, FHEFIR AR
BB B N . IRE R 5 NAR 5, AuNPs-lac £ W% B 41
R R Y. XS R, AuNPs-lac AP KA H AR 57 10 hi
TP EE RN . M4, AuNPs-lac FIfEfAfasE 4 NlE, 14 R HVIH
EETIREF 79.1%, Kl 3-6d Fros. DULRARALATERER D], AuNPs-lac £
P JERASAE S bR L g 802K Iy R 4 i T — bl SRR ik
3.3.7 AuNPs-lac 4 )& R% 28 A Mo 5 14 BE

1M
1
1000 uM

Light

Al-0.03¢ (RZ-0.999)

Al e (R2-0.999)

0 TR TR PR rERAT T 0 200 400 600 800 1000
t(s) c(uM)
4 3-7 (a) AuNPs-lac 2L IR0 QA My i) 2 85 B, - (o)A R RIAHE RS JEd: 980
nm #H0OE, 1 W-em?
Fig. 3-7. (a) Amperometric responses of AuNPs-lac biosensor to catechol, and (b) the

corresponding calibration plot. Light. Source: 980 nm laser, 1 W-cm™

] 3-70 JER T HELEURINADE 0 AuNPs-lac 76 CHR R SR A& 5 F 122
JERIX . AUNPs-lac 25 A 46\ 403 — B DL MO, S T 3%
B A A SN, T AuNPs SBRL SR B T R, AT
93 T AEALIR Y, TRLLTE YRR P T 0 RO SRR T 6 S P T W
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TESGIB A BERG 26 1F T, AuNPs-lac A= )15 A% (1 HLJ5 400 28 ik JBE 2 IR fr) 2 1k
KAMWE 3-70 ffiox. EREEAAET, £ 1 pM-1000 uM Rk IlE R A, A IiRR
790.31 uM (S/N = 3), TG T, 78 1 pM-1000 pM A IS B Y, A
B4 0.04 uM (S/N = 3), FKIELEHAKTIN AuNPs-lac VML IR IE R T RBUE .
3.3.8 TNEMERLR M PR — BRI BIR T EE

#* 3-1 BT AuNPs-lac 5 HAt AR TE & AR A0 A — My R I VERE . 45
W], AuNPs-lac BN EAA IR 5 CF KL RS 4. X— KKV,
AuNPs-lac 7] DIE N —FA 80 e B E A5 R T 41 28 By ikl

& 3-1 AR I s ) LA

Table 3-1 Comparison of catechol sensors.

Linear range  Detection limit

Sensors . Ref.
Analytic method (LM) (LM)
Lac/AP-rGOs/Chit/GCE ~ Electrochemistry 15-700 7 [87]
FYSSns-2-Lac/GCE Electrochemistry 12.5-450 1.6 [88]
Lac-a-Fe,03NC-CPE Electrochemistry 8-800 4.28 [89]
Lac-Nafion ECNFs/GCE ~ Electrochemistry 1-1300 0.63 [90]
AuNP-MoS;,-Lac/GCE Electrochemistry 2-2000 2 [16]
Lac/GC@BAC/AuNPs/NF  Electrochemistry 0.1-500 0.025 [48]
Ag-TiO./[FGG Electrochemistry 0.4-300 0.16 [91]
Electrochemistry This
AuNPs-lac 1-1000 0.04
work

3.3.9 AuNPs-lac & 415 B a3 L PRk #EM E SRR — B At 3%
2% 3-2 AuNPs-lac A= 4% Bas e AL 58 /K BE Fh AR 2K — 1%

Table 3-2 Photothermal determination of catechol in real water samples by AuNPs-lac

biosensor.
Added Found RSD Recovery
Sample
(uM) (uM) (%) (%)
Yangtze River Not
0 / /
Water detected
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5 5.04 2.8 100.8
10 10.00 0 100.0
15 14.98 1.4 99.87

AT IR AuNPs-lac A& IE&25 I BRIy I se I, i i =S H&
TLKBEAT S T . OB RS SRAOHERAYE, SR T ARUER I NI » 3@ 7E
BURE R IZ D SN CRNECR PR (D 2R ), IR ORI NI AR
SRR 3-2 Fin, AR By BIAE X AR ZE (RSD)A 1.4%-2.8%, JNFE RN
N 99.87%-100.8%. ik | BT H A A% B4 76 2 B I /KA vh AR 1y & &7
T P HER PE AN RS2, AT H A8 1 FLAE S BR B A AR)sd F

3.4 INGE

RTAENA T KR EEE 2 7E AuNPs b 40K By R Al . R A /K #4
A AuNPs 18T, FHARIEE SIRBEILN [ € . AuNPs $2 5 1 ERE I 1E
FesE AN ANE . SRI0 45 RE W], AuNPs-lac ZEMfE AN & 8 B F ARG ML &
VRG22, I HEA BE AR ENE. AuNPs BOGHRLRE15 [#
S8 PR EAE Sy PRS0 28 Iy ) AR A% SRR R S AR A I P R . e BRI R
W, SRS, IR EIR S T AR B I R UE . AuNPs-lac 4
WAL S B 0.04 pM(S/N = 3)FHMRAS I FR A 1-1000 M [ 58 Wi S Yl o S B B
FSAIE 7R, AuNPs-lac A= P& AR TE KT KFE 6B b oR TR 25 51,
T W FLAE SRR AR SRR Bk I o (0 R AR B T 7
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28 4 Z Carbon nanonets-Au-lac F L R 23 AU & K B L F1E R

TEREMTST

B IR (EP) 2 — P EE M AT, X4 R GRS SR AR
2931, ey DLIE ik 3 m FF JEE o £ 03 D g 2R 4 o v D R O QR Sk i v L AR 7K F
N RILHTE 2 RE R, TIPS, PRIRCRTM R =S, V2w 5 R
RIREBEYIADE, WEii e R 280 FRSIEERE . &m0, o
TR, ARV H S F IR R IR RV 2 5 I E S Wik dE, B
BETF R —FE 2000 B & S I vk 2 oC s IOl Hyp, CARiE T
SRS ERREAGITT S, kR, B ERIK. JeEh ik, OB ik
WENHEREE . AU R Tk O A R DU TS BRI, HE
MIIIRAFAE — LA P e (R B, A% B0 B ELARRRR, Ry s kB 4G, sk
ISR ER SIS, MG R, A AR RO DU 5 7 (8 . 45 E ff 5.
M 7 T3 FEE BRI R E K 22 K 2 v it e ST

MRS St AR, BT B e SR 2 R e, —
B AR AR R T ) AR N (AR R, BRIEAMORLS 5T 4 AR
HRA IR . BRI, 3 I 5 W] W E) 1Y SR A G 10 e L T LB T
Kelure e L NIRRT 1 [ E (R B R A e . JE Tk, ASHE
TR T T B E LR Carbon nanonets-Au ()& . 45 %% W], Carbon
nanonets-Au 2. 35 32 = 1B I AR AR e PEAT At . HEREMINR B R, Carbon
nanonets-Au-lac AEWL KRS B AT m R X &8 & TGS i 2
Bt RS IE PR B AR e M. Ah, PR T Carbon nanonets-
Au-lac ARV AR Ay DU I B _E IR R OG5 SRR (R Th RE
4.1 SERIR T R AN 2]

4.1.1 EZ LR

Brhr T AR R AR AR BRFEAH(AR). EEFALH(ACS). HL

I(AR). JKEEFR(99.7%) =/K& LBRN(GR). HMEIZ(ACS). 4% (GC). &

IKFT R ANAR). A A SRR (23.5%-23.8%) 1-2.3E-3-3- — R H KA
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FE )k 0 i ER R £5.(98%)~ N-FRJEBEFAME I i%(98%) L JE(GR). 4 —E#(GC)-
B FAR IR AR (98%) JRER(99%) /K FEG(AR) BiFRER(AR).

H LN FHRFNERAT . LR LBEAR) REH(AR). & F HE(AR)-
R(AR). & FEAR). HZMR(AR). L-ZR(BR). NN-_H I H I (AR).
ANIKETHIREE(AR). ASKEEAEI(AR). ANKETERIR(AR). TIRHYAR). L
IKEFRBRPEAR). FALEN(AR).

B E TR NFA R AT 3-SR ER(99%).

EHH REBHEA R AT BEIK(98%). DL-KAZKR(98%).

I E TR T AR (AR),

4.1.2 EELNER

175 5§ L83 (FEI Talos F200S). X #4206 HLF BRI (XPS. Nexsa G2X). fHiH
M 47 b ) #%(FT-IR. Thermo Scientific Nicolet iS20). Ji& & Hi fk 2% T 1F 34
CHI760E
42 EWHR
4.2.1 Carbon nanonets HI%I| %

B, K 312.5 mg AR 0.5 mL 4 IR STE 20 mL BT, T
25°CHiAE 20 min, EFH/EL 10 min. BEfE, BREIRE PR B R 1 P4
E 180°C N AT /KIS 4 /i o ARG, M 0.22 pum BTy, BE)5(H
FEF 4 R TR (o T REUEEA 500 Da)fE 258 F/K BT alifh 12 /NE, LLEBR
AN B G AN 4 % . EATJE IR 10000 rpm B0y 10 min, ZEBRUTIE,
4°CRAF N Carbon nanonets ¥ -

4.2.2 Carbon nanonets-Au A&

[ P UG A NN 10 mL Carbon nanonets 357+ 40 mL 47K LK 5 uL Y
HEEMREW, Franidist, Z 5 min J5, #0 1.875 mL 1 wt%frE R =
B4, k82N 15 min, 73] Carbon nanonets-Au KM Kl .

4.2.3 Carbon nanonets-Au-lac B4 A}

HX 2 mL Carbon nanonets-Au Z9KA1EL, I 20 uL 20 mM FiZE ARG,
30°CHk% 1h, BIT]3RAETIRERIEIL Carbon nanonets-Au KAk}, B33 A R
&1fif¥) Carbon nanonets-Au Z9KAFEHINA 40 mg EDC I NHS, 30°C/ M 1h, Ef
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T 3R 15 TR By BE 4L Carbon nanonets-Au 29K A1 KL, F [ Fr 3k B AE 4k Carbon
nanonets-Au 2K R II 200ul BREFIATR, EERE N 130 U/mL, T 30°CHk
% 1h, RIA[%:75 Carbon nanonets-Au [ & 1L EE .

4.2.4 Carbon nanonets-lac B8R A9 &

KH 0.3 pm A ACAEA T BRSO C BBk AR T (BLAR N 3 mm), P e Al
KM EE R EEYE, BRTH. B85 £ B (GCE) LT 6 uL Carbon
nanonets-Au-lac ¥V, JF7E 4°C N, % J Carbon nanonets-Au-lac FiH%.
SRJG, ¥ 2 ul 0.5 wt% Nafion bE457E GCE £fil, 1E 4°C KT, RAMERIT
1 4& 7 Carbon nanonets-Au A% .

4.2.5 REGEEAREN'S LR RRIE

CLG B RRE A, e AR T A LR R34 4 R (] 4-1): 7E Carbon nanonets-
Au-lac FPEIREERMHAOCK, IREBUAR MG, S mRmatE. &
eI T IR R AL B BRI, AR BRI i AR R R
M ESEADTHFEBEERSNAEE S FIRENEN, &5 )5 3R
5 EURAR BLAE RO A S B, IR AR AR K, BN AR
N LI .

Photothermal detection

OH OH

HO NH oy O N ch, +2H*
HO 0

P . ;A?,,_

L Lat" xid Lacrcd
Ry _J
T,.y
Carbon nanonets-Au Laccase

K] 4-1 Carbon nanonets-Au-lac A= V)& EEE 5 F R 0 A fie Ak SR B R = 1
Fig. 4-1. Schematic diagram of electrocatalysis of epinephrine by Carbon nanonets-Au-lac

biosensor.

37



TR R 1R

43R5
4.3.1 Carbon nanonets-Au f TEM., EDX FKIEX 7347
it TEM MHR$RFT Carbon nanonets-Au FITESH 54544, K/h. B 4-2a 4
Carbon nanonets-Au )% TEM BIg, KUIFEHINVEALN 10-20 nm. £ 4-2b
HsA S B B A% 25 8L, T AuNPs 1N T0E TEANKRIURL 73 A £ Carbon nanonets
t, Frbl& it TEM Z20#71, # P Carbon nanonets-Au fEASi & g K .
Carbon nanonets-Au [f] EDX E{& 41 4-3 Fizx, £ C. N. O Ml Au J&FHIFEAE,
ESE T Carbon nanonets-Au 4K &G AR ) & k-

P 4-2 Carbon nanonets-Au J(a)f1(b)TEM

Fig. 4-2. Carbon nanonets-Au (a) and (b) TEM.
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¥] 4-3 Carbon nanonets-Au H] EDX

Fig. 4-3. EDX of Carbon nanonets-Au.

4.3.2 Carbon nanonets B9 FT-IR FRAER 574

i FT-IR Ygitf it — 25 4 #1 Carbon nanonets. Carbon nanonets-Au LA
Carbon nanonets-Au-lac K[ K E e . 411&l 4-4 s, FTIR 73t RWILE 1641 Al
1382 e AL BRI R BRI HT 2373 VA TR T-COO-H N-H 75 C=0 e, 1
3400-3100 cm™ 4 B4 O-H A1 N-H $i i1 4 2h (0 Fp AER Wicrs , R W Carbon
nanonets-Au K[ &H 3. K 4-4c BaFih 7 2971 em (-C-H BEIFA
1711 em™'(-C-O B8 A1) 5 3 Bl KR AR VA7 391, IE SR lg 1 Dy #h ] € £ Carbon
nanonets-Au & & 9K EL .
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3404 3141 1382

= (a) / / /
g b 1641
s @ \;
=
g
té (c) 3391 2971 1711 1307
= /
—
= —— Carbon nanonets

—— Carbon nanonets-Au

—— Carbon nanonets-Au-lac

4000 3000 2000 1000

Wavenumber(cm™)
K 4-4 (a)Carbon nanonets (b)Carbon nanonets-Au F1 (c) Carbon nanonets-Au-lac ] FT-IR
&
Fig. 4-4. FT-IR spectrum of (a) Carbon nanonets, (b) Carbon nanonets-Au and (c) Carbon

nanonets-Au-lac.

4.3.3 Carbon nanonets B XPS FRAEX 574
i XPS it —2 704t T Carbon nanonets-Au K E G # R ITER C.

N. O 1 Au B4 k%, XPS 4r#rE7~, Carbon nanonets-Au ) C 1s (& 4-5a)1%
284.67. 285.58 Al 287.35 eV AbH =AM, 735|)HJ& T C=C. C-N/C-OH 1 C=0
B C R, fE N 1s i 4-5b), 22 SIFE 398.72. 399.75 1 399.88
eV AR T X BT C=N. C-N F1 N-H g1 N gl 1201, 7F 531.06 eV
1 532.70 eV &, O 1s g LLESER O £ C-OH #1 C=0 " fFL[EpTmkl. 7
Au 4f6iEF, R T 83.73. 84.50 1 87.31 LU 88.19 eV Ak fFfE X} b T
Au 4f7n 1 Au 4fsp, [T Au 4, 20 HIBLNMFAEIE, R W] Au(0)F1 Au(1)[FII 77
e, 5 233 95 Carbon nanonets 1 XPS #(#E %} Lt B] Carbon nanonets ]
XPS TR, XL BB, Carbon nanonets-Au 72 C. N. O Al Au
LR o
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(a) (b)
- -
3 =
< R
' -
= 2
£ =
L 1
=1 =1t
= =
294 282 290 288 286 284 282 280 408 406 4 402, 40O \3}9)3 396 394
Binding Energy(eV) g Energy(e
©) (D) | agar
—_
5 -
—
3 g
2
= o
&= =z
g a
2 5
= =
—
540 538 536 534 532 530 528 90 88 86 B4 82 80

Binding Energy(cV) Binding Lnergy(eV)
K 4-5 Carbon nanonets-Au 1] XPS Y61, (a-d)C 1s. N 1s. O 1s Fll Au 4f &40 #ER

XPS i
Fig.4-5. XPS spectra of Carbon nanonets-Au. (a-d) high-resolution XPS spectra of C 1s, N 1

s, O 1 s and Au 4f.

4.3.4 Carbon nanonets-Au FE {214 8 FRAE
F G AR 223 (C VB FAE i AR 1 AL 24T 9. Bl 4-6a /R T GCE.

Carbon nanonets-Au I Carbon nanonets-Au-lac &1 AE S 0.1 M KCI ] 5
mM [Fe(CN)e] ** ¥y CV 4k, AR AR 7 A E T . £
GCE KM &2 21— X AR SR, FHARIE L (Tha) 9 40.51 pA, WA 2 (AED)
N 0.112 V. Carbon nanonets $i 1&1fi GCE K5, L.l&H &, AEp B&HRE
fi%(Ipa = 50.00 nA, AEp = 0.79 V), JHET Carbon nanonets-Au ¥ I | HL 1 4%
Botiem 7 AR A 1 AL ERE . AHLLZ R, f#H Carbon nanonets-Au-lac
S8 Ipa [EAK, AEp FHEi(Ipa = 44.07 pA, AEp = 0.110 V), X F g 7e 243k
SHEN, R TEBEY,
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( ) G0 1200 . po—
a b
( ) Ret w1
ENE 1000 4
+ Carbon nanonets-Au
204 800 + 4 Carbon nanonets-Au-lac
—_ P » GCE
i 04 Zooo
= N S
20 4004 . At
—Carbon panenets-Au | | ., u* .* AA“ o h
40 —— Carbon nanonets-Au-lac 200+ gaiiasna, o, e
0 4
-60 T T ; T ; T T T T T
0.2 0.0 0.2 04 0.6 0.8 0 200 400 600 800 1000 1200
L(V) FA(9))

210_ J
=7

04 02 00 02 04 ; ; . . i . 5,
pH pH

K] 4-6 (a) GCE. Carbon nanonets-Au FlI Carbon nanonets-Au-lac Hi#l[#) CV HIZF1(b)
Nyquist BI(7E 0.1 M 7 5 mM [Fe(CN)g]** 1] KCl 3 #ill &), (c) Carbon nanonets-Au-lac
HARAE 0.2 M7 400 uM ' L IR BB FRZZ VA 0 CV ik, ()AL IEHEALBE pH E Y
A HHEER: 100 mV-sts

Fig. 4-6. (a) CV curves and (b) Nyquist plots of GCE, Carbon nanonets, and Carbon
nanonets-lac electrodes (measurement in a 0.1 M KCI solution containing 5 mM [Fe(CN)g] >4 ),
(¢) CV curves of Carbon nanonets-Au-lac electrode in a 0.2 M acetic acid buffer solution
containing 400 uM epinephrine, and (d) the plot of the oxidation peak potentials versus pH values.

Scan rate: 100 mV-s!.

) LA 5 BE BT B (BIS)H AR B 78 1 FL AR R TH 1) H Aif i 1 A i (e 20 0122, [
4-6b &7~ T GCE. Carbon nanonets-Au FI Carbon nanonets-Au-lac 1&11fi FLARAE &
A 5 mM [Fe(CN)s] **7 0.1 M KCl M F 1] Nyquist Bl SR IUE BN
GCE. Carbon nanonets-Au 1 Carbon nanonets-Au-lac FE % 1) B 17 5% # H BH.(Rct)
S35y 586+ 205 #1461 Q. 5 GCE HifAHEL, Carbon nanonets-Au FAR ) Ret
ELLE T Ret [/, RUTRARTE 5 [Fe(CN)e] >+ PREF Z 1] ) HL 1~ 1% i3 A< 4 5,
PiH Carbon nanonets-Au HKE G ELAA RIF1 oM. BT EEEMLESM,
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Carbon nanonets-Au-lac HL#% ] Ret {E A%} T Carbon nanonets-Au # Kk, UFSE T 1E
B BRI FAE AR T P74 T 4% )2 N Ret S BT HElT, ST a7
R B R BB /E Carbon nanonets-Au FELAR T AOZH2E, UiBIERFC 2K
Ij[# %€ #£ Carbon nanonets-Au i .
4.3.5 Carbon nanonets-Au-lac 4 #1& B 3E SLIE -1k

Ml ) R PR ATV e AR T o B A ) pHUAEL,  ANIRIHS) pH AR R i il 5 i
A BAHEAEN, JEH pH BB EIRER SHE0 S G s
RIMP BT HRN )15 w514 1T AL 5 SURAA BHE thEl FEf, X
SR YR IRAR AT SRS, SR T WRIT pH BN HAL S HLA A R SRR RE I R
M, RGN T S5A 400 uM B ERRRMAE pH EIBSERZZ M. B
Bon, WA pHAAMRE N, AWIE RS IS iR Lk E &%, 76 pHE N
5.5 BHAREAE, BEJS/E 5.5-6.5 VulE N FF%. KUk, pH {EA 5.5 Wil e Nt
pH %A, JEZESRIeIfE Lt pH {H FET (&l 4-60). K 4-6d Bin T AMIEHRA
pH B3 N (8] SR ZU AR O, 2 B 7 72 AR A% IR AR R 4 S R i R v A
EEAEA,  H R [ AR DU AL R JE K
4.3.6 BIRK NN HFHAR

104 ) 052 10T nags

2 Oxidadon peak
pik

10 mVi3
L
100 mVvis

v Redueton pea

. =

a4 Lt =081 20 SR 2=0.699)

I(pA)

-4 -2 0.0 02 04 (L6 L 1.0 z 4 16 12

E (V) vfli? <m\//i)1-"2
B 4-7 (a)fE 7 400 uM B ERERA) 0.2 M BERRZ2 0 R (pH = 5.5) 10-100 mV s AN [
A T Carbon nanonets-Au-lac )& 2519 CV #2k, (b)IEAE -5 HHECR T 5 iR
IR R
Fig. 4-7. (a) CV curves of Carbon nanonets-Au-lac biosensor in 0.2 M acetic acid buffer
solution (pH = 5.5) containing 400 uM epinephrine at various scan rates of 10-100 mV-s!, and (b)

the plot of the peak current versus square root of the scan rates.
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N TSR BRI S %, RAEIMR S 400 pM
B EARZEM 0.2 M BEIRZE IS (pH 5.5) HBHTIE, HHE#ERTEEA 10-
100 mV/s. N 4-6a frow, A IE J5 04 H It i) 182 B 41 il e 1) s T G R, B
MU LA ) TE 7 ) RS2, T AE L A B AR e Ay ) 47 75 ) A% 3. ] 4-6b BT (H14
BRI T AR I AR Py e P IR 5 4 o R 2 ) B AR A (T = 0,590
+0.57, R?=0.994; Ipc=-0.81v">+0.50, R =0.999), FH I, F I 4351 F 7 BHAR
U 0 B A 0 R VRBL(RA), v ROR TR A (mV-sT). PSR IE B IR ERAE
Carbon nanonets-Au-lac HA) b If HL A AL — AN Bz hild #2024,
4.3.7 Carbon nanonets-Au-lac EHME AT M, THEFEIREM. REM.
EUMHRR

— R, AMRIRBEL T Z RS IR S R . T PR
Carbon nanonets-Au-lac I AT, SEILRHG R NI R SE, WHAL T &85
TR HUL A% Carbon nanonets-Au-lac A=) 4% B3 IO4MHIE . W& 4-8a BT
7N, FEBERRZE (40 mL)H A 200 uM Mn?*. Co?'. Ni**. Ca’*. Zn>*. Pb*,
X B R A SR S B S, U B I R N ) 4 R B T SRR B
WER . 4h, K 16 pL 4 FE(EG). LEMeCN). & H Hi(DCM). T4 il
(Ace)s LTR LBE(EtOAc). N, N-H I HEZ(DMF)K XM EEH 200 uM
B FARERD 40 mL BEERZZIHIARH, ST FRR I R A R . X gk BRI,
Carbon nanonets-Au-lac X WL G Y HA RI4FHIMY 32 E . Carbon nanonets-Au-
lac “EYL AR L BT TR ERETI I T Carbon nanonets-Au [IERFER, M
SR T B A SE P AR TS S T

N7 vHE Carbon nanonets-Au-lac FIHTTHLRE AL #FEME, 4 200 pM 'H |
JRZR(EP). JRIR(UA). Hi%&iBE (GL). JRE (U). BHAMK(Glu). HEM(Gly). &
RIR(Trp) AR L EFR(ASPYIKIK I N 40 mL BERRZE P rp, FRESLmRE, WK
4-8¢c ffi7~. Carbon nanonets-Au-lac 75 N 1l 2 5 2 30 H PR ) BURR ) S Lo
MR, FHRAMAKS R EZEEBRES, E—DRIE T ARSI
SREF SN FIRZ S, Carbon nanonets-Au-lac 25 ¥)1% J58% #5 2 BL HY L33 i
BURHI RN . X Ee4E KB, Carbon nanonets-Au-lac A=#)1% 18 a8% H A 10 7 (4T
TFARIEM L. h4k, Carbon nanonets-Au-lac (/2 FaE M4 N, 14
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RIGHAIEE AR EF 88.1%, Wil 4-8d Fizn. X1 LAAHE 7 =il & 09 8 ANk
SEARIRES, B RSN AR AR HE R ZE O 2.23% (ML 4-8e). IXLELE R,
2£F Carbon nanonets-Au [FJEBE(% AL H L RRZAE I BAT RIF IR EEE
e AN E

a0 30

indm
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|
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Independent experiments

K 4-8 Carbon nanonets-Au-lac ZEYfE KR ()& B B T 52,  (b) BHUAEFI 2, ()bt
T, (AR E M CHEfF), () I,
Fig. 4-8. Carbon nanonets-Au-lac biosensor (a) resistance to metal ions, (b) resistance to organic

solvents, (c) resistance to interference, (d) storage stability (4°C storage), (e) reproducibility.

4.3.8 Carbon nanonets-Au-lac 4 #11% B 25 B Mo B 14 BE
KA ZENECTI AR, -t fi1Z8)PF{l Carbon nanonets-Au-lac %15 IR %
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fIme S . 1&] 4-9a BT A IE LA INE R Carbon nanonets-Au-lac 7E % HE A1

W5 261 ) 2285 [e WX B . Carbon nanonets-Au-lac W& RS EMN 'S PR &R
JERILH POoE w5, R T AL A A . EREENE, BT
Carbon nanonets-Au 38 3d Y AL i T R IIRAE, MTE5R T a1, Filk
FE GRS T IR L e S T 7E SRS SR N WA S, o E G T BRI 25 T
Carbon nanonets-Au-lac AWML S T E IR IR E 2 ARtk ¢ R K
4-9b fir7n. £ 1-1000 pM HJZRPEVE A, RIS AT IR 254 T ARG I BR 7 301l
0.23 uM 1 0.053 pM (S/N = 3), EKHEEEHEEI Carbon nanonets-Au-lac 424
A S T REUE.
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Fig. 4-9. (a) Amperometric responses of Carbon nanonets-Au-lac biosensor to epinephrine,

and (b) the corresponding calibration plot. Light. Source: 980 nm laser, | W-cm 2

4.3.9 FEMERZRENE LR ZHHR IS
# 4-1 tLEL T Carbon nanonets-Au-lac 5 HoAth O 48 A4 845 B _E 3R i Aar il
PEfE. 253K W], Carbon nanonets-Au-lac 128G FEIAIAG I IR 5 O A7 1AL K 3
=, B B IRR AR AR I K
R 41 F RIRRAL R

Table 4-1 Comparison of epinephrine sensors.

Linear Detection
Sensors Analytic method range limit Ref.
(HM) (HM)
MoS»/MW-CNTs/GCE Electrochemistry  9.9-137.9 3 [125]
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MGO/GCE Electrochemistry  100-600 0.13 [126]
APT-BDD Electrochemistry 1-100 0.27 [127]
GCE/PANI/NiO Electrochemistry  50-1000 0.05 [128]
NiO-rGO/GCE Electrochemistry  50-1000 10 [129]
Au-MWCNT-PANI-TIiO; Electrochemistry ~ 4.9-76.9 0.16 [130]
Lac/GC@B4C/NF Electrochemistry  (.1-2600 0.04 [35]
Carbon nanonets-Au-lac Electrochemistry 1-1000 0.053 This work

4.3.10 Carbon nanonets-Au-lac & #f& A ZLFRK N E S EIRZMR

T A LR E B PRIBGEAT Y6 #r #r, PR Carbon nanonets-Au-lac 44
fEIRER I SEFR N o 38 4-2 24 Carbon nanonets-Au-lac A= 4% B A% A 25 5,
BN NTIRBPRYIAFAEE ERER. EIMAANFEREZRE EIRZEE, Carbon
nanonets-Au-lac V)L A Ton TR B EIR RS EKF. B EIRE A
X AR R 22 (RSDYA 2.12%-3.53%, INFE RN A 99.5%-100.6%. X L4 FE
], Carbon nanonets-Au-lac AEP1% B 18 H T L br /K e S _ERRE OGIVET I o

% 4-2 Carbon nanonets-Au-lac "= A8 eI E N T IR E LIRS
Table 4-2 Photothermal determination of epinephrine in synthetic urine samples by Carbon

nanonets-Au-lac biosensor.

Added Found RSD Recovery
Sample

(uM) (uM) (%) (%)

0 Not detected / /

5 5.03 2.12 100.6
Synthetic

Urine
10 9.95 3.53 99.5
15 14.97 2.12 99.8
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4.4 INEE

KR TAEN TR £ 4 Carbon nanonets-Au 15 AR K 6 HE:
Mo Gk #GE A B Carbon nanonets K=/, Zeid i, Aifh. 25000 5 R
= 4HE 1) Carbon nanonets ¥, R4 JEALIE I /1 %0 7E Carbon nanonets, #xJ&
2RI G HEBEIEH [ 5E . Carbon nanonets-Au $& 5 1 ¥ B 0 AT VE VAR A
Mo SZIGSE LW, Carbon nanonets-Au-lac AL EAS X &) B T AN &
P HA RSS2, IfF B A BE 7 FE . Carbon nanonets-Au [ #
RN A A5 1] 5 AR AR S DR AT I b R 2 AR A RS B R HE A
BRI, 5B, SRR E S T AR A BRI 1) R U
AYRIEZREA 0.053 pM(S/N = 3)FMIRAZIIBRFN 1-1000 pM (1) 58 i 5.7 Fl o
H 1)/, Carbon nanonets-Au-lac A=P)fE A EN T IR 6 #8o # s
FIEERIEE IR, RUIILAE SCBR /KA b R g v 0 B2 2 B Y 7

NORE

il
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BEESRE

Rl e — Fp HA DU O R A, TR M T AR AR iReE
YU LR AN TR . WA, NSRS YR R E ST
SRIMAESEPR L A, Ui B R B AR AR AR AN &, R A R, BEAS 7 HLAEAEY)
P SR AT I I8 P o e e PR A SR T (3] 5 4 SR WS P I S AR T A W A% SRR AR AR R A
i A, KT, [ 5E AT e BOARBEE 1 K, AT B A1 AR A 28 1 RS
PRI, TR B (R e v it ek AR R e P 11 [ 5 9 i e ST LA ) A SR R 1 0 2
A ABFRBH TR T =M EA RS EVERDG I I BA AR, 2
LT — PR ROE A R T A SRS TN 2R Ak S ) BRI A e A S . R
NAELT

(1) Btk #yk 4 K Carbon nanonets 17~ 5, & RINAMLALFEGTIE. Bl
S5)3R15 = 4 FE 1) Carbon nanonets ¥ FF 5 BRI E AL, B D ) 2% HA 1] e 4 1R
B KA R, Rt — D R A . 1% Carbon nanonets A= 4)4% A% 5t X 2K
ZEy R SRS s KBRS WRE S, FR AAR SRR NEEE T
MANACE P R 2 1 05 i PRI GE A7 AR E 1. 4345 T Carbon
nanonets It 5 (AL 2B, Carbon nanonets-lac AE W45 I 8848 R G I0AIE 7T 1
ST X 2 IS ) e I AL A% . Carbon nanonets-lac A= 9)% K Es 76 6
THA SR B EREA, mNRKE 0.14 uM (SN = 3), WMNTEHEN 1-
1000 uM. BEAbh, 7ES2FRB A I&IE 5T Carbon nanonets-lac A= #4& A% 1E H KK
FRITAKFE DGR BT R B P EERPERE, R T ARSI S bRk A o 73
W5 G 77 TH ) 52 bR S FH A A

(2) FIRKPGEG R T 99Kk 7 (AUNPs), 3 53 EFHTICM 44, lTh
i) 6 A ] A BRI G R A R, IR — P AL BRI . % AUNPs 216
Be X AR IR Wy B P B )RR A, R AR REUE. e RE TG
FULE YD RPN 32 RS e R A AR E . 1955 T AuNPs .51k
L, AuNPs -lac AEWAE S 28 2R Gtk rl Ay H T 482K Iy ksl i ot i Ak
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YAt 4% . Carbon nanonets-lac A= ¥ 4% J& a5 72 06 8 TN AT v R ABUEE I R I
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