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CONSTRUCTION AND APPLICATION OF NANOBIOSENSOR
BASED ON SEMICONDUCTOR HETEROJUNCTION

ABSTRACT

Sensing technology is one of the three pillars of information technology,
which is able to monitor events and transmit regular and readable signals that
meet the requirements of information extraction and analysis through special
sensors. Sensing technology has applications in all fields of social life, and the
daily activities of modern humans rely on the functions of various sensors.
Photoelectrochemical biosensor is a novel analytical method based on
photoelectrochemical chemistry (PEC) process and specific biometrics process.
In PEC detection, photochemically active materials are excited by an incident
light source and the resulting photocurrent is used as the detection signal, while
specific biomolecules are often used as biometric probes to capture analytes.
Since photochemical biosensors inherit the characteristics of optical analysis
and electrical analysis, these sensors possess the characteristics of rapid
response, simple operation, high sensitivity, high selectivity and easy
miniaturization. In addition, the completely separated incident light source and
detection signal effectively reduce the interference of background signals. The
PEC biosensor with these remarkable features makes it a valuable and sensitive
bioassays tool that has attracted the attention of many researchers. In this thesis,
the following studies were carried out on semiconductor heterojunctions for

PEC biosensing and environmental monitoring:

(1) This chapter have designed a non-precious metal coupled plasmon
nanostructure (TiO2/r-STO/Au) with efficient PEC performance. DFT and
FDTD calculations demonstrate that reduced SrTiOs (r-STO) is found to
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support localized surface plasmon resonance due to the sufficiently increased
and non-localized charge in r-STO. Under the synergistic coupling of plasma
r-STO and AuNPs, the PEC performance of TiO2/r-STO/Au is significantly
improved with a low onset reduction potential. This advantage supports TiO2/r-
STO/Au as self-powered immunoassay via a signal transduction strategy
mediated by the oxygen evaluation reaction. With the increase of the target
biomolecule (PSA), the catalytically active site of TiO./r-STO/Au was blocked,
leading to a decrease in the oxygen evaluation reaction. Under optimal
conditions, the immunoassay exhibited good detection performance with LOD
as low as 1.1 fg/mL. In this study, a novel plasma nanomaterial for
ultrasensitive PEC bioassay is proposed.

(2) This chapter developed a smartphone-adapted dual-mode detection
system by integrating the colorimetric and photothermal imaging analysis into
a metal-organic framework-based chip. With the superiority of portability, low-
cost and self-calibration. The dual-mode system showed excellent sensing
performance for the visual detection of H.S, the detection limit reached
0.01uM and 0.95 nM in photothermal and colorimetric assays, which provided

an innovative method for the accurate, portable and smart detection of HsS.

(3) Combining photochemical and colorimetric sensing techniques with
photothermal imaging analysis, This chapter propose a multimodal
iImmunoassay method. To this end, an integrated multifunctional chip
(TiO2/ZIF-8/Cu(Il)) was constructed by in-situ embedding of Cu (II) in the
MOF growth process. Then, an ALP-labeled magnetic probe was designed to
achieve a facile split-type detection for the target prostate-specific antigen
(PSA). In a sodium thiophosphate solution, the in-situ generated H.S via
biocatalytic reactions could react with Cu (11D to form small-size CuS due to
the nanoconfinement of ZIF-8 and thus result in the formation of p-n
heterojunctions (TiO2/ZIF-8/CuS) . The TiO2/ZIF-8/CuS could efficiently

v
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improve the light-harvesting ability and facilitate the charge separation
efficiency, thus finally resulting in the increased photocurrent in the PEC
detection mode. Furthermore, by constructing the portable colorimetric and
photothermal sensors based on the Arduino microcontroller and photothermal
imager, the TiO2/ZIF-8/CusS also provided point-of-care and visual detection
modes as the in-situ formed CuS exhibited peroxidase-mimicking activity and
outstanding photothermal property. The work had important prospects in
establishing multi-mode immunoassay for the accurate detection of cancer

markers in early disease diagnosis.

KEY WORDS: photoelectrochemistry, biosensing, semiconductor
heterojunction, surface plasmon resonance, multimode detection
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Figure 1-1 Classification of inorganic photoactive materialst*4l,
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FI1-2 2 G- A RS R R
Figure 1-2 Schematic diagram of the energy band of the semiconductor-semiconductor

heterojunctiont?®l,
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Figure 1-3 (A) Schematic diagram of BiOBr/Ag,S construction of type Il heterojunction. (B)
Schematic diagram of toluene degradation by the type 111 heterogeneous WO3x-R /GdCrOs. (C)
Schematic diagram of three types of Z-type heterojunction structures. (D) Schematic diagram of

AgsSi,07/Ce0; p-n type heterojunctiont?®l,
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Figures 1-4 The M-S contact model (a) consisted of Ag and N-type ZnO with Schottky contacts in
the initial state. (b) The oxygen vacancy is driven by the positive high pressure of the TENG and
accumulates a positive charge at the contact, where Schottky contacts can be converted to ohmic

contacts. (c) After the positive high-pressure treatment of TENG is withdrawn, the oxygen vacancy
slowly diffuses in the opposite direction, the positive charge disappears, and the Schottky barrier

appearst,
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Electron cloud

Electronic cloud

b\éL‘hv

Plasmon Hot carrier e-e scattering Thermal
excitation generation 100 fs-1 ps dissipation
1-100fs e-p scattering 10 ps-1 ns
1 ps-10 ps

KI1-5 JRIR IS5 8 bR (LSPR) JH B . (a) LSPRIZFLE. &maikhit
P T B ANSOER IR . (b))  LSPRATEUR IR B AR N ) A 7] 31 ] 7= 2 Pl 1490
Figure 1-5. Localized surface plasmon resonance (LSPR) and its excitation process. (a) Schematic
diagram of the LSPR. The electron cloud in metallic nanoparticle oscillates with the electric field of the
incident light. (b) Schematic diagram showing the excitation processes of the LSPR and their

corresponding time ranges(*3,

I 0o R THT 45 B TR I BRI 9T, R I SPRZ IE 47 i A JFUAH 38 571 Ak #l Pl
TR IIR, TOCASN TiZdtm. RAOAeRne. R SRR E S
iR S AP KR IR ORI S X R SPRAFFIEISL. B 2%, EWI RN T2 — A F
PR R R AL H . AR B, B 5E A N~100 pm, MEERET, €
(¥ 2 B P B N ~10 pm, I Hyk A ] DL 21 mmbEel,  SPR 82 % Jaj 5 LA 5t 4F 6
I, DRICAE A A IR VR B AR DA R BRI M 0 S5 AT S R S I < R oKk
TREMER TR RRIA R, R RAEG KR T K2R L, ARk &
A B TR, LSPREEZAEMIFLIK. JefiRyT. diiia T iy bl
W e S SRR A 20 5 2 it 1800 — S R T RR e 2 ARkl R



LRI R 2 185

REOE K. X—HOZMA TR, HHF XS GIE 7R E R, W
TEBR. HREEREFE . b2 DU Be RS 7 T

HT PEC &IN5 BT & BAPKA R AP — Rl RS BMUT & Bk
BHEHEH T PEC f2K. MR HUCEBAVKAM RSO RERT, 4588 1A R B id 1 )
AR S R ) AR T R, ANTTTOR m e A B T (BRI ) B
5R2G AT RAER L. 3 MRS BT S Bk EHE A T PEC £
&, MSESHUCEE S R AYURMEIE S, WEESGIEEMEL. R % & EoT
G JE M) LSPR RFMERIG 58 AR AR R SRAN e R 7, T 3 IR o — D i
AR R R B AR I 7]

(1) SFRHICEBYPIKMEHE PEC R RSP EENH R REEERA
EY 1) LSPR S50 2 s = AR i e F AT BRI T (VPRI 7O SRSEIL . P2 AR 1)
PR AT DU R B H 20 7 b, B3 S E A IE R B, AT 500
PEC Bl FE L5 5. fELIERE 1, FTSEB g i) PEC A&7 .

B WOLE BRIV RIS IS LSPRAE R I 15 27~ A K E R & AT,

X e B P I R E R R R N S 5PEC L B, AT A ZMIER A BHES
5PEC & H#AERE S Wi sMninE b EITBEISMT . SEEUcS Bl
KM EHESCIE T R AE BT ERE, 7EAME BB TR Ul i DB %S 5 8 b R 3B
53]

(2) Plasmonics: @40 K4 k}E] 4 8 H T PECAL J#&

Plasmonic s J& 40 KA kL B 38 B FH T-PECAL 2%, S FH o 4 J8 4 K AR I3k
THT 55 B SRR AR P A - 2 O B S 5 AGIE IR IR B, Plasmonic 4 Ja 44K A4k
(1452 87 FH - PE C A 13 Ut 38 3 14 5 B 4 JB 40 KA R (T L SPRASUN SR 472 1 s LT VA )
[ FE - G B RE T

54 JBLSPRA NI i SAMBHIAL R AHE: (1) DRGS0k fe 5
B R m e 7 (BRI, R 2 HUE L N2 i, il oy
HERTER) o (i) REBpggsm,  GiD SR-EREEE LR R %2,
Civ) JLRAET LIRS, i m e i RS B R B SR (DEHU) « (v)
SEBWOIT R MR, BT BB, & 1-6 TR



N N e e VAT

B Local electromagnetic
field enhancement

A Hot electron injection
e’

J

hu \
C Dipole-dipole coupling .
enabled resonant /

energy transfer

D Light scattering

E Plasmonic heating effect
1-6 LSPRIY 58 - T A4 v L AU AN R AL A1l s 2 1) O
Figure 1-6 Diagrams of Different Mechanisms for LSPR-Enhanced Photoactivity of

Semiconductors!®1l,

e J5y #8 FLBES7 1Y ot AN A - A ARORE & SRR BE R A IO S B o i S 3L IR AE
Fett (BRI RN SR, 25 BT RN FA RN 3 B4 < R 40 R S5 A4 A e A
SR BT, A B T IR R HGE AL, R AN 2 B R A S AR B R ) g R0,
PR 3 B O A BT SR AE B AR . B T ID R MG EU X SR PECTE 1
PG5 I HLEERT 5T o

FEEBBOTH IR R, 558 TRGUR S MR 1 BE & RT DO py il
BN RS 2 A B o SR AERE: (D mBu A G b B Btk 2 5%
(62,631, 55 — P LI AR T T B AR S T LAT RS, Bl e 3 R I 1 e AE e A
W N B R AR B TR LRI T R B SR K FR R, B SR AR R T
o5 B TR BT MR O AR e e R RE . e R S SE L M
FET RN T A B A AR R R IR AL 3 . B -~ 3 R PR 2 B KOk 1
ESHBNEINE S SRR EEB RN EEZNL. OF 2T RER 7l A
TENFRE) T S AT R AT IR EEER T (RET) AR RIRINEEE T

10



LRI R 2 185

PRI e 1 AT R MESST), JE — R BT 51k T AR R R, PRy e 8 I Ak -
AR G PR T R BRE NIRRT e, TEXFEGL N, 5 B TR A8 & T DL Bed 6
P AT T A 1) H -3 O T8,

o PR IE I AR S LR PR AR, R TR (HED 2 06IR g Kok 1
(K15 BRI 5. MR TS5 8 Al Ty R FEAR, ORI (Bl
T MRS T B WKL (B B, 3T/ TF20 nmif & s kg0 Kk 71,
W TREE (En) #HETFHE (En) 7EEF < En< Er + hotGHK, TS IOR FIIH
TREMINMG 2, HAr e, IR FIIREE K T A H R Re &2, 7 rT L%
MR R R B SR T . SR (WA, PRIAQ) 1E N5 Sk
E AL, AT DR KRR b4 v K B BB A 4 R R Ay 20 8, AT i — 2D 4
PECHERENL "2, Weids NLPIRI B A LSPRAS. B AuZA K FURAZ 1 ZnO/CAS K bk
%1 (ZnOICAS/AuU NTAs) ENJEHPHML, kAU NPsA BAF= A2 56 2 [ #v el 1 ok HoE
N FAHLE I CASH Ty i, IXASAF 30 1% BEI I, it 1 6B 1 L CdS T ZnO )
¥, DRAIE T 6SUE T IA SR AR A, R K = T PECHERE, WEI1-7A.

section view ' mechanism
»m) [ >>m)
\ $7, 505
S e

Hotelectron  Local electro-

Q Au@Ag NP transfer magnetic field

5 ‘ hy o / 2 ©9¢ ;

| — FlOLUMO | Pees 48 3

dsDNA | rD T PN

N L “

j o W O Homo B transfer

® N\ € —_— nergy transfer
A Resbs” h {\

& CdS@g-CyN, nanowire Ax AA |

= 5 AA Scattering

K1-7 (A) ZnO/CdS/Au NTASEFH M H it T H B HLEUR K, (B) CdS@g-CaNast: i
LERAU@AQINKHL T 2 [ 7E Y6 IR B R s 5 A2 i F204, (C) Au NCs-Ag@SiO, 49k B &)
LSPR Tt i 41 i 147 2 3
Figure 1-7 (A) Schematic diagram of carrier transfer mechanism in ZnO/CdS/Au NTAs
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Figure 1-8 Development of PEC sensors in the detection of DNA, protein, RNA and tumor
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Figure 1-9 Schematic diagram of ZnO/Au/GaN heterojunction self-powered PEC sensor®,
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2.2.2 SLIG{NES

* 2-2 LEKILIANAS

DEEAA D& e PR
(R DHG-9036A A R SRS R A% A IR E ) U
AR RS ZNCL-BS T T AR A IR SR A F
KL Smart-S15 AR ER A PR A ]
PE I X T 1 DHG-9036A R 2R SRR A A PR A
A T R S-4800 H AHitachi 2 ]
375 5 L R Talos F200S 2% [E Thermo Fisher Scientific
X-SFF AT X D8 ADVANCE 8 [ A 6 s bk
X-SF 260 FL T RETEAX Thermoj(;isztific K- % [E Thermo Fisher Scientific
piriESy CEL-F2-A AR P BRI R A F
FL TR L a1 A3 Bruker EMX PLUS P [E A & v A W]

2.2.3 TiO/-STO/AUBYE X,

TiO& i@ I 4 B K PERIH & 1. 2%, KL em =<4 emIFTOBI 7 Jil & T
CWE KA AT A EE, TR IFTORIS B T 4 HH0 (7.5mL) . HCI
(7.5 mL) FELERPY T HE (0.25 mL) KIRAWIT . RIEH IR SR 5 e N g h
FFE150°C F4ERFA ho FIZKPRIE*WIIFAETOC T T e, RS EFE
FHAEA50°C T IR K1/

B R TiO49 KA B 41 iU T Sr(OH)2% Wi (20 mL, 0.02 M) #13f HTE180°C
MAAFE A (1, 2, 384 h) o AJ5, HNaBHs (0.2 g) 5] 7 55 i 15
TiO2/STOJ HAE320°CH X N INF#A42 he 78 /KW BE % J5 F Fr 43 TiO2/r-STO T4
B Jr B TiO2/r-STOGN KR FEHIIR N 545 mM HAUCLIA TR (pH = 7) KW+, 7+
FE70°C T In#42h13 2| TiO2/r-STO/Aus

2.2.4 TiO2/r-STO/AURRIE S TR IR

HE, K10 L Hifk (0.5 mg/mbL) R EIFHAEACTIEEL2 he REH
PBS (0.01 M, pH =7.4) Jeikitk. JEFrmtEai &0 miH1% BSAHET. BE/EHAA
AR EEPSAPTEL0 uL, &1 hj5 FIPBSHE .
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2.2.5 FELFMEREMIR

PEC SRIRRTE AL AR, (b il RAEE A BR A 7 CHI 660E) L4300
W T VR IR eI E T ). #EPBS (0.1 M, pH=7.4) ZZpiER+, WEHEERE
N0V (vs. Ag/AQCD) , 8 I Z L iR AgI AQCIFI T BRI AR F = Fe W A R k4T Bk,
SPEREMIR . 7E550.1 mM KCIf{I5mM [Fe(CN)e]* 7+ ¥ HH 34T s AL 22 BHLPTIE (EIS)
i

2.3 ER51118
2.3.1 MHRIFRAE

P

oo

> LU =gt

FT

TiO, TiO,/r-STO TiO,/r-STO/Au

STO
d;(=0.352 nm

X

200 nm 200 nm 200 nm 200 nm

K2-1 (&) TiO/r-STO/Aul %/~ K. TiO/r-STO/AUf) (b) SEM. (c) TEM.
(d) HRTEM. (e) HAADF. (f) O. (@) Ti. (h) Srk (i) AustZEW,
Figure 2-1 (a) Schematic diagram of the preparation of TiO/r-STO/Au. (b) SEM, (c) TEM, (d)

HRTEM, () HAADF of TiO2/r-STO/Au. Elemental mapping of (f) O, (g) Ti, (h) Srand (i) Au.

TiO2/r-STO/AUST 5t 45 # Z @ ik /K LM T SR R A (F2-1a) kil . f#
P B BT (SEMD FIIE S BT RAEE (TEMD ST S RTE ST HiR (&
2-1b. ¢ . ATLAMERR], HSIHITIONr-STO/AUIE ELHESI/E I K 21200 nmFJFTOH 3
F. Ellc-dZI/RTiO/r-STO/AUS it 45 # I TEM & . &l 2-1d v &7 [1)0.236 nm Al
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STORIAU, XHFEMBEATXPSM . WnE2-2bfl7R, 4 FHiXPSH: itk oRxTi, O, Srfll
AUIfFTE. K2-2C. D EI/RTI 2pF10 1slgf B /3 A . KI2-2eHLL135.351133.6 eV2Hy
O (UG 23 Tt ISt 3dar2 f13dsr2,  Au 4F (FEI2-2) [ 20 HEXPSTE ) 612 88,6 A1
84.1eV, 43Hlxt N AU 4fspAIAU 4frz. 1Eg=2.0034k H B HH & 5 B 7RG 4E (EPR)
55, NOVIILAE S, KMr-STOFAEEOv. Ak, Sr3diffr & IER, Xk
FEHT MM (B2-20) o FibRgh R I T TiO2/r-STO/AU.

A | vAnatase JCPDF No.21-1272 b B C [Tz ) fa
+Rutile JCPDF No.88-1175 as . o Pz Psz
— | vAu -(?33; —_ & o “l' e /L TiOr-STO/Au
5 v s et - ,
z I 1| . T = [Tio/r-STO/Au LL-—J._._'W 3 A
= Ti0,/r-STO/AY = = Ll TiO/rSTO
= | sTO [uoi BT Yo b.u‘__,,ﬂu__l_‘“‘ = 10,/
= o lao N " 5 [TiO0,r-STO = 7
2 Ti0,r-STO| 2 Sr3d| = |
s : g 7 2 0,
S LA . e = [riojsio i - L\ Ti0,STO
- 1 Tioysto| = i\
. A 'y Ak, - I' 1
TiO, TiO, -y Ti0,
20 30 40 50 60 70 80 1200 800 400 0 470 460 450
20 (degree) Binding Energy (eV) Binding Energy (eV)
d 0ls O—H\ /Ti-O C [sra 3y, /]d - f Au 41 T
Ti0y/r-STO/Au N ~

— T | Tioyr-sTO/AM -~

. 5| - 3

E:- li0,rSTO = =

& z g

= = TiO/r-$TO z 4

z Ti0,STO £ 2 »

E —— | E =

L S

TiO, Ti0,/STO
_mo, 0 e\ TioySTO Guey
545 540 535 S30 525 144 130 136 132 128 124 100 95 90 8 80 75
Binding Energy (¢V) Binding energy (eV) Binding Energy (V)

F2-2 () #I&FEMIXRD, (b)) &FFEXPSHIE. (o) Tiv (d) O. (e) Srfl (f)
AU & 7 HERXPS G i
Figure 2-2. (a) XRD.(b) full-scan XPS spectra. High-resolution XPS spectra of (c) Ti, (d) O, (e) Sr
and (f) Au of the prepared samples
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2.3.2 TiO2Ar-STO/AUMTEIRBRE FE FIAIN AR

B, MIRRTHERISEIG AT TH R B T r-STOM S5 TR RN, . TE% ¥
PRI T, RESES T IR AAE A TAL 4 <4 <4 Hefk SrTios #gL
Bk, B E R E N 12.5%. 1§ Vienna Ab-initiof/j B (VASP) FI A 1
SR (PAW) 7 VAT 5 R Ah . A2 B8R A Perdew-Burke-Ernzerhof (PBE) pf %t
ATACER, SPTERE EE BE R E N 450 eV N T ARAL JLFATT AR AN S AR R SE, A
IHIXFR 73R 2>@2>2 Monkhorst-Pack kKA. HETHEUSRER FRI{E Y 107 eV,
S U A S B el A, BRI R ORI FE 0.02 eV AT LA, HL T EL
PR SRR T AE S5 91,00 @ A, HL T o b6 5] 2 B MR/ T (100) MO 3T )7
FESITIOsH A AL R B REMR A 7 R IR A A R e . iR 4Er-STOHEA
B, 2 e (DFT) 45 RERTE2-3 (a-f) . WE2-3 (a-d) flow, JR
ISTO A - FARMERT, VKA A BB 7S AES:, K& HASTEE R0 2phl
EHM . AL, KREME BT IOKER, RN
SEVERURE T ERIAMN. B EfmE (ELF) R, BAETANTIER 7 A
FEL 2 ) |72 2 B A, JF Hs T JR4ASTO  (J82-3efiif) o iE TR H B
FLA] 2 S A ASAIE BE AT 2514 o

a b 1.0
3 3
& B
z &
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I''XYTZR2T T202T V2 Energy (eV)
[
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200
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>

-100

-200

Energy (eV)

K|2-3 (a) STOM (b) r-STOMIREMI45M). (c) STOM (d) r-STOMPRASZE . (e) STO

A (F) r-STOM L7 E 7 R £
Figure 2-3 Band structure of (a) bulk STO and (b) r-STO. The density of state of (c) bulk STO
and (d) r-STO. Electron localization function of (e) bulk STO and (f) r-STO.
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a 19 00 b - 12.5k 40/ 1.8k
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161 L0.35 E 160 E
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gl 1030 > 1201 ¢ > 201
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K2-4 (a) r-STORIH . (b)) JFIATIONr-STORIFRIIAHIEIL. () r-STOMIZ 7] Lt
Wi, (d) HBZREIRAAEAN T, (o) AugikiiTH (f) TiOl/r-STO/Augl
KL 72 () R 32 2 A
Figure 2-4 (a) The refractive index of r-STO. (b) The electromagnetic field simulation of pristine
TiO2/r-STO. (c) Spatial EM field distribution of r-STO. (d) The variation curve of the EM field
intensity along with the red dotted line. Spatial EM field distribution of (¢) Au and (f) TiO2/r-STO/Au

nanoparticle.

2.3.3 TiO2/r-STO/AuRY B BB PEC 4 E

N T A& R B E TV, AR EE JRAEPBSIER (0.1 M, pH = 7.4)
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(e) fERFALFN (F) WUXT B S 5min /5 IEPR.
Fig. 2-5 (a) LSV, (b) i-t,(c) M-S, (d) OCPD of the prepared TiO2/r-STO/Au and counterparts. EPR

of the samples (e) in dark and (f) irradiated with xenon lamp for 5 min.
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dbAh, IR RS (OCPD) 43 #r >R Ak ) A 22 ik sy 77 51400, dn Pl 5dl fifr
Ny FERSRIORPHYERR T, BT HR R AR R I Hm i, PR (Voo
SERRTRE . BEAh, TiOr-STO/AUE R A K HIVoe, FRHRIGIE 1 AF/5t 6w S5 8 1 7
JRESFTESE -2 O BT I W R S AR . b, AT BARIEE T (h)
TESMEAGE R ATy, A 112,2,6,6-D4 FHHE-1-WRE (L) (TEMPO) 1E9h*if H Hi
FIERA, BT TR TIREIERE (EPR) o ENFAEREN T, TEMPOfS 5iK38, S
BURA == A ARAE IS S (5 528 0k, o] DUEDWbHEID G OR 2 i dicE . 1B
2-5e & 7R TiO2/r-STOIAUATXS R E R H (I TEMPO RIS 5 . DGIES min/5, (55 W Sk
55, TiO2/r-STO/AUH TEMPORY 5 EAR T JRAG TIO M TION-STO (EI2-5F) o X —450%K
W, HF2E TR-STOMAUNPSIIGI N, TiO/r-STO/AUH Rk 25 /OB i 25 1 i,
X5 FAR AR 2 E S B TR TION-STO/AUR: it 45 H 4 57 (MIPECTE g
(Rruah, A& LIPSAYY H bRttt 1 Gtk ol vy B it e PEC s Al 7772

2.3.4 TiO2/r-STO/Au PECH & S #r itk &

LAPBS (0.1 M, pH = 7.4) AR, MR SRR Rl k. B4, H
SRR MR (K7 R 4% T PUARIBIRIPEC R . BEEPSAPURIE M, T8 Hr
H RV PR AR 2B W BELBT, AT S BO s i (B2-6a) o AFEARE T PSARIN &
I T TSI R IS, Fo o 7 I 5] 960 min. S 1R, PECHEINSE £ MEVE
1073010, 2t HREfEA Al (a) =-2.84 x10%1log Cesa (g/mL) +5.39 <10 (&
2-60) . PR (LOD) fHitik£E1.1 x10®g/mL (SN =3) , Wil F 5 piikid
Mg, BT r-STORAUTH RS, TiOJr-STOIAUEA B IPECH:fE, AFHIAM
He A% BAT ORI PERE AN 2 (MR PEVE . AR BRER Y (AFP, 108 g/mL) \ ZRf
HEEEA (BSA, 108 g/mL) FEREPLE (CEA, 108 o/mL) AFH4, T T SUEE: %
FEHTERTPSA (10° g/mL) (i #EME. FETMAAERNIEN T, A WL W& 2-6cF
INHEHIR AR . thAh, TEEAPSARNESYI, SRS BT R 8, &
WA G ARG DI LA R R BE M . BRI S BT O IR R (' F R 7T A A I 3
feEtt. SCHIRJ LR, RYIPECHIZERINEH T-PSARI BAT RAFIIFENE.
T it — B PR TIO-STO/AU PEC 4 e A I B T AT 1, A 36 %6 A ML 7 A A o PS ARG il
(10°g/mL) 347 T EE VT 5AVBOTL ARG A A fase, bRdE £ 4183.3%
(El2-6d) o thAbh, AR NIETE SEFRRE SR EAT T IS, DLVPA L SERR A o
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K12-6 (a) LWL XA FVRBEPSARD RUAIMR R, (b)) JE LA SPSAMREEIZ IR & .
(©) AWMEIEZNT HARPSARIE BRI TR /7. (D) SR ERIEXPSA (10°g/mL) [HifeE
P,
Figure 2-6 (a) Photocurrent responses of the biosensors to different concentrations of PSA. (b) The linear
relationship between the photocurrent and PSA concentrations. (c) selectivity and anti-interference ability of the
biosensor against the target PSA. (d) Stability of the immunosensors toward PSA (10 ° g/mL).

33



LRI R 2 185

2.4 KB

g bLRTR, AT T —MAE SR SRR A S TR R RS (TiOr-
STO/AW . DFTIHEA JJiE 1, Gl rl @i TR, STOIR) Jay i i fir 25 B Wl 25 42
. I HA R B A T SCRFLSPRAKN - 55 B9 1A r-STO R AuNPs 1 13 [7] 5 X,
TiO2/r-STO/AUR I H I 57 PECHEAL M REANELAR AT S LA R, IX S TiO/r-STO/AU
A T TR B TE A 7 B G DN 5 i . B DU R R I PSARI N, FH T
LR (PSA) (BRI AR VERL 55, 3 BLTIO/r-STO/AUFR Y FL I I 2 P . XU
G5 A TR HTER PSARA B R R EE /7, ot BRIKELL fg/mL, XL
VERH R BIIPECHEYI A T HE It T — R 15 S T 3Rus, IR ST B It RI 55
TR BT SR T B 7 2
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MG TR, AR EE =P AR BRI TN VF 22 AR B AR A 1R K sz i D143l HoSoK
TR S L MR AT O, WORESRR . TIEAL . R IR LR A AR AR R 2K i BRI 4147,
F T 22 oo B A R A RO BR A58y e () 50, ) Sl R A TAT P58 465 P M 00 288 X H2S 11
FEFR I 2, BIHAT NI, SR T 2R liHSI 7%, A G AL AL
FRUABISO] o b 8 IS S A AT 2SS R AR SIS, SR, A G e R ¥
VEIRE AT KBRS B AR, ARA RS, 5o, KEHULESRT 5
5 I SR DA TS0 r— (i R B 2 A R SR e, 3R AE Y
T AFEHEAEE . AERIRZE . AR ERET S, £ SLPrR A ] fe i B
BH 1k BB B kR 2, S P N FRARI02 1631 s XA SR K T (45 5 B R B — M
HRGT, AHSHIHREL T — AN EW AR TR, KA RAA SR FAMERM
BOAIE PEDEH 1651 R IR AL SO ORI, DAL B, D7 BRI ESS, Rk
BT AT 2 RS, SR, R TR R AR AL AN R AL LB AR 1 2 Th e (S
SRS RATIIE MR A A M, W0 2 R R G RaE . eAh, R LG A
ARG WA B —HUE IR B LA B (45 U T & AR T

EIR-HHHEZE (MOF) & — i i1 22 A UHC AR <5 Ja 1 k) 2T B 22 FL i A
MR, BFEEEENAE T BRI, Hl& T2 RIGER S, £ 2 IR R
e rh 452 Sy 66, 167 ekl T AL I S R 4K SR AR, MOFSSg7E B 1 B 41
PIFLRR A BR AL R HE i, L 2 AE MORZE R H T B B 43 B P g Ait 1 2 AR ) 7 =
[681, Shy 7 S HLAR Ab S K8 485« VR A AR U, AR S o i/ 42 MO - (ZIF-
8ICw , JFR 7 —FhidH T8 e AL A S0 AR E 5T 6. Ak
SAAERS, BRALE T LR S CuB Z MZIF-8 i R AN . HH T ZIF-8F 4 K BRI 24
R, JEALTER T AN RSPEEE FARCUS, FFIRT 7O R OL R DA RE,  SEIL T MR
S RECERSB T WAh, BT BRI CuS & —Fh R 47 1 28 i S M B 9 K
P IE AT T A AR 3,3 15,5 1 -DU IR A (TMB) -He02 2 4 5 B, AT N
HaSH AT AR AR ISR 3L T 5 — R b o i =X 3 T8 BB L OO = e I 7 125,
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3.2.2 SLIG{NES

* 3-2 T EMSLRAN AT

EEA S D€ e GV
B R R SR WA A IR A E
(EVMTE R YOS o DHG-9036A
X
FT-IR St Nicolet iS20 Z:[® Thermo Fisher Scientific
ENCE AR S DHG-9036A RS R SR R A AT PR A
EEE{i e AT 15 S-4800 H 7 Hitachi 2 &)
37 5 L S R Talos F200S S%[E Thermo Fisher Scientific
X-SHATHHMX Smartlab SE H A3
X-SFF 20 HL T RE X Thermo Kalpha Z%[® Thermo Fisher Scientific
ELAR AR ALAR 73 A A % 5 ASAP2460 3% EMICROMERITICS 2 ]
TeIRARAX P10B HIKMICROA [ ]

[

— IIIII-DEUE
— —

30°C 1 80°C

Photothermal imaging

Dual-mode D
integrated chip -
ZIF-8/Cu ( MB D
—
i ox-TMB

Colorimetric screening

[K13-1 2 T-ZIF-8/Cu (1% B T WA H S Il 1) AT AL 43 #7258 &
Figure 3-1 Schematic diagram of visual analysis of the dual-mode H>S detection of a smartphone based
on ZIF-8/Cu.

3.2.3 ZIF-8/ICubHIE 5 & R

W /S/KIBIREE (6 mmol) #10.045 g7 bidk = ARk 4L (CTAB) ¥#fiE 160
mLEB KT ENETRa. #2- Rk (27.249) 1B T-300 mL 2= 5 1K T NI
Wibe R IEIR S RS0 min. &5, H OEERGRTTIE IR FELE M FE -H7E70°C
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TR, FRIGZIF-8.

B7SKAHEREE (3 mmol) « =J/KASERE (3 mmol) FMICTAB (0.045 g) #fifT
60 mL % & TR FE N A, A1 2- LIk (27.24 @) ¥# 1300 mLE B FK
HE R RD, I RIR A FRBEEE30 min, 55 I BUTE fE10000 r/min R B0 IR,
SRJALETOC R Tk, 13 EIZIF-8/Cu.

3.2.4 BAL SR FAE T

K FE O B4 (P10B, HIKMICROF R 7)) SEBL e H i g i, i
FH K 29808 nm (1O A Fr o {8 HI 3D Max R f4F B TS 48, {8 FH 3D AT BN ML
(ENDER-3 S1, QI8 =4GR Aw) HfFESZR. ARG, EhempoE bix b
—%POAESL (BEAR4 mm) R, DUEE S X, )55 ZIF- 8/Cu
(10 mg/mL) TAES A EIF78 0 T8 . NaSEER M &4 T — B LLHS [ A7 AE,
I Bz VRV H2S IR IR . 58 7EAS RV BE (M BRAG A Hh % 5 20 min, 485 A4t
KBRS . K BATBCUE I R8T 0L B IE R HA SR AL S 808 AT L min & ot 4
BAEIE
325 MUK L BN

WS FRAEE I P AT BRI TMB (5 mM) IERAEH2024F 15 T AL R EE
il FH R RE T B (10 328 € 2% IS P R P EAT WL LU st AN 7 A

3.3 ER51ie
3.3.1 MHRIFRAE

KRBT EME (SEM) FIES B -FERE (TEM) XZIF-8/CufiEsnitiir#
fiFo WE3-2AFF7~x, CultiiB44iefs 5l ZIF-8IE50 [k AR, ZIF-8/Cufsds 1 ZIF-8J5 A
(IST T 45K AR, i TR AR RS AT ZIF-8/C Ut T 2 R 23 AT
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K3-2 ZIF-8/Cuff) (A) SEM. (B) TEM. (C) HAADF. (D-F) JuZMiE.
Figure 3-2 (A) SEM, (B) TEM, (C) HAADF, (D-F) elemental mapping of ZIF-8/Cu.

IS XRD 7> M ZIF-8MIZIF-8/Cutt) Sk 4y,  WiEI3-3AM7x. ZIF-8/CutlZIF-8HY
XRDATHHIERL, R IICUHE AN SR ZIF-81) B 4. X EZZHFCu® (0.71 A
znZ  (0.74 A WIRSHEIE, MIMAREE T ZIF-8IAA O ST 7 fil b Xof Btk 0 435 4 5 %8
Vo tnE2BF R, xS TR (XPS) W T &40 ik A0 2 FIAR EAE
. ZIF-8/CUuffIXPS4 it &N, Cus Znit &, EWZIF-8/Cus k. ZIF-8]
N1sl%A398.9 eV yH Ly, TMZIF-8/CulfINLs4: & e i MK RE R A . BE4,
T-Cu2-FIEBk ML 28 &, ZIF-8/Cu™Zn 2pa2 Al Zn 2pan i) e Bl AR T ZIF-8 1 i i
W e A 7 AT AB IO, Hhu A3 IR T 1044.7 eVATL021.7 eV 45 LB R % 1 ZIF-
8ICuUg KL 77 B3-3CEIR T ZIF-8FIZIF-8/Cufffd L AR e 21 4h (FTIR) i, i
HAETLET62. 994, 1147F11179 cm™ i, J& T C-HEZS ti A A A2 T 4R 3. 3435.1
cm AL I BE AR JE TN-H 1 O-HIF R 4a iR 3. A BMIFTIROGIEG 3 —ESE T Culfi#B 7k
Xt ZIF-81 B 4% A 500 . ZIF-8/CufIBET EL R AR 4] 718.04 m?-g, FHIZIF-8/Cu
HARER Z LA MAE R LR .
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WA G
Figure 3-3 (A) XRD, (B) full-scan XPS, (C) FTIR of ZIF-8 and ZIF-8/Cu. (D) N; adsorption-
desorption isotherm of ZIF-8/Cu.

3.3.2 MUSBIRREAL T 14 BE

WEBOLT, EROH SR (102 M) MG, &5 H TEMXT T & 1
ZIF-8/CuSHEAT AL . WE3-4f17~, TEMEGA T 2 B b B 7~ 4 AR 1) 7 8 2
(KI3-4E&F) , XEMEILM T /MNUTHICUS. ZIF-8EA MR Z ALYKLE M, fEf
AR R aE T ST A s NI BORI A . R4, ZIF-81H 2 FLAK A5 MR L1 9K
BR324 A E ZIF-8 L JEUAL I st/ RS & 7 B CuS F Atk 1 i (3R 858170 ZIF-84L/
e T 5 A 11 R o) 4 P 58 T B A f B AE 8 P R B ) FLRR v, IR E S I
fiE 7 AL A R G AR .
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K|3-4 ZIF-8/ Cuff] (A) TEM. (B) HAADF. (C-F) je&EMSE .

Figure 3-4 (A) TEM, (B) HAADF, (C—F) elemental mapping of ZIF-8/CusS.

5, ZIF-8/NRGT B ECUSH A AR KA it 1 AR )1 . AERr Il AR,
I 3DITERHEAR W T T R RETFHEI e siig 3¢ B (KI3-BA) . RIFHITL 4N
(808 nm) ML min, & RE FHUENC KD CRBURAGHEAT b EI3-5 (B-D) B/ T
EERCE OB E R DI BE . BT T BRI CUS HAT S5 B ORI, BRI
JE IR T

AN, BEEHSIERIEK, HESHSKE 2 RIFIZE SR (E3-5B) o MR,
KI3-4CHHSEE I H P FSAG G, o] LA B S B BE A6 HaSUR L 3G N, LR R AALIR
B AR AL, AT MR NHSHIE BT 4, MIEI3-SDHI R AT LA
S E S AR, e IR T, AR TTIARE T (CH A
EMRET (OH)  WHEARE T (SO « MIRIRE T (CO#) . MMMRET (S0
MBREEAR T (HCOs) » P RETHIOCARURRE B IR e . AT sl
RO RA YRR .. PragilR ], AR EE T RETHLCHRUR S B
WA EA RAFHIRIIEE
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Figure 3-5 (A) Schematic diagram of the smartphone-adapted photothermal imaging device. (B)

Relationship between the temperature and H,S concentration. (C) Temperature changes in different
concentrations of HS. (D) Reproducibility of the photothermal imaging mode. (E) Colorimetric

responses and calibration curves to different concentrations of HS. Inset: the picture of the reaction

solutions. (F) Anti-interference ability of the smartphone-adapted colorimetric sensor toward H»S.
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K3-6 (A) ZIF-8/Cufil (B) CuSHIZ[HH#iA 4. (C) 107M H.SIF B ZIF-8. ZIF-
8/CuMZIF-8/CuSHIEHE . (D) ITLLAMBOLIRS T ZIF-8. ZIF-8/CuMIZIF-8/CuSH it 2 I [A]
A4k .

Figure 3-6 Spatial electromagnetic field distribution of (A) ZIF-8/Cu and (B) Cus. (C)
Photothermal diagram of ZIF-8, ZIF-8/Cu and ZIF-8/CuS incubated in H,S of 1072 M, (D) Temperature

changes of ZIF-8, ZIF-8/Cu and ZIF-8/CuS with time under NIR laser, (E) the peroxidase-like activity
of ZIF-8/CusS.

i T CuSgh K B A i E A W B AL IS 1, FEH202727E N il LLAEL S B I TMB I
AR A ox-TMB . B85 i 5 FIR E FIHS N J&, TEATMB-H2020k & P i &
20 min. fa, BT EETFYUEECApp (TR EZS) WM Hris i Bt . Wik 3-
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4.2.3 BARFFREITIOZNZIF-8/Cu (1) By &

TiO K ¥ (TiO2 NRs) 2 8 i ¥ 71 #2125 11 2031, 4 TiO2/ZIF-8/Cu(11) & Jk
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G SR T B TiO2 NRSIN B TRAF AR B IR A H EE20 min.
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SR RRANA (1.0 wi%) i &, FERIIE30 min. ARJEAHIE R, 55]2022 nmJAu
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Bk ek (21 9) « FEBEBR (051 g0 MZERM (3.3 ¢) WM T 2 BRI
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FesOs2F W IMAEDC (200 pL, 20 mg/mL) FINHS (200 puL, 10 mg/mL) , fiFE
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425 ELEiMSELG
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Arduinofldss il 8 E 1 b L B g E 4T Hr G il
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Figure 4-1. lllustration of the Proposed Multi-Mode Photoelectrochemical Immunoassays-Based on

TiOo/ZIF-8/Cu(ll).
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Kl4-2 (a) TiO./ZIF-8/Cu (1) % TZ/RERl. (b) TiO2NRsHl (c) TiO2/ZIF-8/Cu
D MSEMXRE . TiO2/ZIF-8/Cu (1D ff) (d) TEM. (e) HAADF-STEM. (f—k) JuzEMLsH
D AR
Figure 4-2 (a) Schematic diagram of the preparation process of TiO2/ZIF-8/Cu(ll). SEM spectra
of (b) TiO2 NRs and (c) TiO2/ZIF-8/Cu(ll). (d) TEM, () HAADF-STEM, (f—k) elemental mapping,
and (1) line scan analysis of TiO2/ZIF-8/Cu(ll).
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LA 2 o T B S (VR A X RN A 4 A AR B B I AR 3. ZIF-8/Cu (D iR ZE S
FETIOR I AK T —2H )2, WE4-2c,dfiR. & AFER & BT R
(HAADF-STEM) . Juz ML AN N 434 70t (184-2e - 1) IE#EHERTIL O,
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Figure 4-3 (a) XRD spectra of TiOz and TiO2/ZIF-8/Cu (I1). High-resolution XPS spectra of (b) Ti
and (c) N (d) Full XPS spectra of the samples.
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RS B & B R T I A Bl . ZIF-8/Cu (11D 5TIOfEN 1st it H121399.10 eV A 0
X N N-Ti-O, FEAZIF-8/Cu (11D 5TiO2hBELR®), 4k, zZn, CufOfE A
XPSH:itrp LAE (4-3d) , X NTIO/ZIF-8/Cu (1) [ Ih il 43240t 1 54 1 0AE
Wi o AZEIMIR T TiO/Cu (1) FATIOAZIF-8/Cu (1) N2 -WEFff £k . I AZIF-8
J&, BETHAEZEN N, M85.6 m2ghdnz267.0 m¥g. HTH KT R, LIL4L
PRI 7 Cu (1D B, TR Pl R K i A I (1 R

200 nm
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Kl 4-4 TEBRACBEBR BN W I AL [ NS T B TiOL/ZIF-8/CuSHI (a) TEM.  (b)
HRTEM. (c¢) HAADF-STEM. (d-h) JeZHE.
Figure 4-4 (a) TEM, (b) HRTEM, (c) HAADF-STEM, and (d-h) elemental mapping of

TiO2/ZIF-8/CusS after in situ reaction in sodium thiophosphate solution.

EALPRIGE A B IR NS IR I & J5, JEAZE I H2S 5 Cu (D B A: ilp 2 2
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BEAh, M FERGE B T RS (HRTEM) % rf, AT DL 28 Hi 0L 22 81 CuS i
(103) @t~ FI (El4-4b) , BURLCK/N A~ 4.4 nm, 3X BE € FETiO2/ZIF-8 F 1
/NCUSITE . TEARFISLE T, BAT A2 LUK M I ZIF-8{E 3t T S8 25 i
Az A HeO Ak, 2 LYK G A AR BR ISR g /N RSH R 43 B CuSTE
TiO2 b AL T R AL T FRAR A 1 2072, 15 35 T ZIF-8 b LB 25 14 HO 4K BRI
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K4-5 (a) i-tE. (b) EISE. (¢) M-SE. (d) HI&FEHIIOCPS T, TiO2/ZIF-8/CuS
FITIOL/ZIF-8/Cu (11> 7E300 W XeAT S (e ) O minfll (f) 5Smin I TEMPOIEPRYGHE

Figure 4-5 (a) i-t. (b) electrochemical impedance spectroscopy (EIS). (c) MS plot. (d) OCP analysis
of the prepared samples. EPR spectra of TEMPO in the presence of TiO2/ZIF-8/CuS or TiO2/ZIF-8/Cu
(1) at irradiation times of (e) 0 min, and (f) 5 min with a 300 W Xe lamp.
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Kl4a-6 (a) FT3RAZMITIONZIF-8/CuSHH A AN [FIPSAMK It - Rl 2. (b) T4l
WRIZAEL pg/mLZE]100 ng/mLiE FE N FRIPSAR S 2 R HE I Ze . (o) SRe il g ik FE AT
TFHAETT o CrsalliEE 1 ng/mL, HARTF-HAKEHL0 ng/mL.  (d) A THMPSA (Cpsa, 1
ng/mL) G2l 5E AR E 1

Figure 4-6. (a) Photocurrent—time curves of the obtained TiO»/ZIF-8/CuS toward different
PSA concentrations. (b) Calibration curve of the immunoassay for the detection of PSA with
concentrations ranging from 1 pg/mL to 100 ng/mL. (c) Selectivity and anti-interference ability of
the immunoassay. (Cpsa, 1 ng/mL, and the concentrations of other interferents, 10 ng/mL). (d)

Stability of the immunoassay for the detection of PSA (Cpsa, 1 ng/mL).

unkEl4-6apiN, BEEPSAIRFERIIGIN, f£ERIAFIEL07H]1072 g/mLyE B N RILHE R
HZ T (4-6b) , £ FE N1 = 2.48 x10°° Ig CPSA +5.61 <10 (R?=0.997) .
R 90.16 pg/mL (SIN = 3) o NFLZITVAREFEMPTTILEE /1, BABSA.
CEA. AFPEEH WA B/E Xt SN TPSAH 105 2 KT, EOLHRRAA
Bk s, WE4-6cHTR, 3R G A AR X PSAH B IR BRI 4 T H A
Ak, 500 sHISANAE R “TF-O07 S A IR LB, R G ile A
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Figure 4-7. (a) Front view and (b) the top view of the Arduino microcontroller-based colorimetric
sensor with digital display. (c) Calibration curve of the colorimetric mode of the immunoassay for the
detection of PSA with concentrations. (d) Selectivity and anti-interference ability of the immunoassay.

(Cpsa, 1 ng/mL, and the concentrations of other interferents, 10 ng/mL).
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Figure 4-8. (a) Schematic diagram of the photothermal imaging device.(b) Photothermal images of
the integrated chips toward PSA with different concentrations. (c) Calibration curve of the photothermal
imaging mode of the multifunctional immunoassay for the detection of PSA with concentrations. (d)
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