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Abstract

Copper (Cu) is an essential trace element which ranks the third in abundance in
the human body. The ability of Cu to cycle between oxidized Cu*" and reduced Cu”
states is used by cuproenzymes involved in redox reactions, and plays a pivotal role
in many physiological processes in organisms. However, alterations in the cellular
copper homeostasis may cause oxidative stress, and destroy nucleic acids and
proteins. So, the cells exert precise control over their cellular copper pools by an
array of uptake, trafficking, and storage mechanisms that effectively maintain a low
concentration of free copper ions. In higher eukaryotes, and particularly in
specialized cell types associated with brain, heart, intestine, and liver tissue, the
molecular specifics of how copper pools are regulated at the subcellular level and the
consequences of copper misregulation in aging and diseases remain insufficiently
understood. The development of fluorescent probes that can sense and image the
intracellular copper pool will contribute to understanding the complex roles of
copper in physiological and pathological processes.

By the integration of highly specific recognition elements, such as organic
molecules or biomolecules, into inorganic nanomaterials of unique electronic and
optical characteristics, such as semiconductor quantum dots, carbon nanodots or
graphene quantum dots, this dissertation describes the synthesis and characterization
of three new ratiometric fluorescent sensors for Cu’". First, by co-modifying
CdSe/ZnS quantum dots with N-pyridin-4-ylmethylene-ethane-1,2-diamine (PYEA)
and [N-(2-aminoethyl)-N,N', N -tris(pyridin-2-ylmethyl)ethane-1,2-diamine]
(AE-TPEA), the selectivity of CdSe/ZnS quantum dots and dual emission of
nanocomposites can be achieved, and thus the ratiometric fluorescent biosensing and
bioimaging of intracellular Cu®" was fulfilled. Owing to the potential hazards of
semiconductor quantum dots to living cells and the nontoxicity of carbon nanodots
(C-dots) with tunable surface functionalities, we integrated an organic molecule
specific for Cu®* ions, AE-TPEA, into the hybrid system composed of C-dots and
CdSe/ZnS quantum dots and thus developed a selective and sensitive ratiometric
probe for intracellular sensing and imaging of Cu®" ions. As CdSe/ZnS quantum dots
were embedded in silica shells, the quantum dots were nontoxic to living cells and

insensitive to outer interferences. In view of good selectivity, fluorescence stability
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and biocompatibility, the inorganic-organic fluorescent probe was successfully
applied for the imaging and sensing of Cu®" ions in living cells. For the better
understanding of the roles of copper homeostasis in physiological and pathological
processes, we report a graphene quantum dots (GQDs)-based two-photon ratiometric
probe for imaging and sensing of Cu”" in living cell and tissue with high selectivity
and sensitivity, in which Nile blue A is inert to Cu*" and only serves as a reference
signal for providing built-in correction to avoid environmental effects, while Cu-free
derivative of bovine liver copper-zinc superoxide dismutase — E;Zn,SOD (E
designated an empty site) is designed and prepared as the unique receptor specific
for Cu®" because E,Zn,SOD can interact with Cu?" with high specificity to
reconstitute SOD. The remarkable analytical performance as well as the fascinating
properties of GQDs, such as excellent aqueous stability, good biocompatibility, and
long-term photostability, enable the imaging and sensing of Cu®" in live cell and
tissue at depths of 90-180 um by two-photon microscopy, and we further evaluate

the effect of L-ascorbic acid on the intracellular Cu®" binding to E,Zn,SOD.

Key Words: cupric ions, carbon nanodots, semiconductor quantum dots, ratiometric

fluorescent probes, fluorescence imaging

v



E PN e 2 DAY S S

=k

£ 1 = 1
O = 1 1
SO O B = 1 T~ 1
L1 2 BB FRIRI i, 1
L1 3 M PR s, 2
LL3. 1 M T CuMGIREr 2
L1132 ETFEARM COUBIEIRE ..o 3
1.1.3.3 MNIREI Cu R MiREr oo 4
1.1.3.4 WRA CuP M IREr - 4
1.1.3.5 FETZEMMEE S ) 5 AR I R B 35 5 78 Cu™ 78 e iR 4L 5
1.1.3.6 Cul b BRI aS 5
11,37 ETYRRBRLE) Cu™ BIRE ... 6

L2 TSR E T EMARI. 6
1.3 BT YRS ARG R ALK, . 9
L4 R . 10
L4 1 BRGUCK IR, 10
L4 2 BRGUKEIE . o e 11
1.4.2.1 Top-down 77K . .o 12
1.4.2.2 Bottom-up J7iF oo 14
14.2.3 BRAEDKEAY. . 16
1.4.2.4 BRERIEINAEAL. .. o 17
Lo4.3 RGHBRAEIVER . . 17
1.4.3.1 SRErESAAk. 17
L4302 JEF k. 18
L4303 GHMERNE. . 21

L4 4 RGEREMIAEMIRG. ..o 22
1.4.5 A ATAEMBIRIGER. .. 22
146 BRAMI R GRYE. 23
L6 AXHIMIFREE . WESEIH S, 24
L5 L R . 24
R L 7o = S 25

JOE I 1 2= 26
B TR E T S R ORI N S . 27
0 = 1= 27



BN e L VAT S S

S | 28
2. 2. 1 WAIEMRL 28

2. 2. 2 B 29
2.2.3 AE-TPEA A o oo 29
2.2.4 PYEA BB . o oo oo 30
2.2.5 CdSe@PYEA-TPEA M4 . oo 30
2.2.6 AHIEETE. . 30
2.2.6. L AU T o 30
2.2.6.2 MHMAEAR. . 30
2.2.6.3 AHMARA. ... 31

2. 2.7 AMIERESLIR . 31
2.2.8 BIETFMME . . o 31
2.2.9 B GRAR. 32

2. 3 A . 32
2.3.1 QDs@PYEA-TPEA [ZRAE. . oo 32
2.3.1.1CdSe/ZnS T AMIRIE ..o 32

2.3. 1.2 THEEEM TRIRAE. ..o 34
2.3.1.3 QDs@PYEA-TPEA HJRAE. ...l 35
2.3.2 QDs@PYEA-TPEA 45l Cu® ... ... ... ... .. ... ....... 36
2.3.3 QDs@PYEA-TPEA MRS .. ..o 38
2.3.4 CdSe@C-TPEA HIeRasEME . ..o o 40
2.3.5 QDs@PYEA-TPEA HI4HBEFFME:. .. ..o 42
2.3.6 ﬁ? QDs@PYEA-TPEA (4R Cu™ Mg 5. ........ 42

A N 44
B ﬁﬂww RUIZ AR A M A A B AR R S LU RO R . L. 45
TR = 1= 45
3 I I 46
3.2. 1 WAIEMEL 46
3. 2. 2 A R 47
3.2.3 C-dots FIBT . o e e e e 47
3.2.4 AE-TPEA FUA . . oo 47
3.2.5 CdSe@SiO, 5 CdSe@C-TPEA MMl #& ......ooooii.. 47

3. 2.6 S TE. 48
3.2.6. L AR T 48
3.2.6.2 AHMMALAR. . 48
3.2.6.3 HMERA. ..o 48

2.7 HHMIEEVESEIG. 49

2.8 FEBETAR. .. 49



E PN e 2 DAY S S

3.3 A . 49
3.3.1 CdSe@C-TPEA HIZRME . . ..o 49
3.3.1.1 C-dots HUZRAE . .o 49
3.3.1.2 AE-TPEA MIRAE . .o 51

3.3. 1.3 CdSe@SiOa HIRAE ..o 51
3.3.1.4 CdSe@C-TPEA [FJRAE . .o oot 52

3.3.2 CdSe@C-TPEA /& Cu®™. . ... ... . 54
3.3.3 CdSe@C-TPEA AN E . ..o 55
3.3.4 CdSe@C-TPEA MR . ..o 56
3.3.5 CdSe@C-TPEA MIHMEEME . ..o 58
3.3.6 3T CdSe@C-TPEA [IZHMIA Cu” BAG SAE& . ........... 59

I B N 7 60
SV T SR T S RO T B SR A RET 9% 6 G 4T B A ZH 2L A B
A 61
T = 61
4 I . 62
4.2.1 WAV GMRL 62

4. 2. A R, 63
4.2.3 AR E T EMIA . 63
4.2.4 FEBEYIEAEERIH . 63

4. 2.5 YK E A HE GQD@Nile-E,Zn,SOD 4% ..ol 63
4.2.6 RMECESEIG . 64
4.2.7 AOCFRIGIEEXOCFERB. ... 64
4.2.8 IR GE . . 64
4.2.9 AT A, 64
4.2.10 BHPEETE. 65
4.2.10. 1 BRI TR o 65
4.2.10.2 GHRAEAR. .o 65
4.2.10.3 GHBARAR. ..o 65
4.2.11 HMIERESLIR . 66
4.2.12 BRI RELIG . . 66
4.2.13 HAVI R RIS GI . 67
4.3 AR G . 67
4.3.1 GQD@Nile-E,Zn,SOD HIERAE ... ..o 67
4.3.2 GQD@Nile-EoZn,SOD Kl Cu™ . ..o 72
4.3.3 GQD@Nile-E,Zn,SOD HIESENE ... 74
4.3.4 GQD@Nile-E,Zn,SOD W4zt . ... 74

4.3.5 3T GQD@Nile-E,Zn,SOD 4N Cu® g SR ... ...

VII

7



BN e L VAT S S

4.3.6 #T GQD@Nile-E,Zn,SOD HIHLAN Cu® i SR .. ..., 79

404 R 82
B A G . 83
B L B 83
B . 83
B 85
B HR. 86
AN A R Z RIS FORRR. o 99

VIII



F1

e
it

1.1 $AEFRIMR

1.1.1 $AEBFRARENX

W NANFE =FERMESETR . MU BRI S TS
AN R AL ), B eV 2 AR B At R O R . BT
BT T LAYE s i) B B AT IR SR R, 0 Cu® el AR A P o
FRIBU LTI Ot T ik sl A B BRI SR BRI Ji, T Cu™ ] DA 2 47
TERRUCA TGS, BT LR B I mT 1 i R A AR AL SR (T 2R R
W5 RORNIE, ] e AT GRS B B (A B i
BEE T P

RN, 200 1A 40 1) 230 25 T 48 AR 3R L S — 2 77 R A 1E S A GBS,
Blhn, ERRRG SR E R A SRR s M R B AR s 52 B, 10 LT e e
BEWEHEFAEAT ZFL, g4, SR RmE B% 0 R M EIR1T 5k
T ELIE B R IR RRE P20, A & R ERER 2T RE b R B A I R T4 [
I, AT T B B AR R e 1s S Al A LA™ R £ 1 20 B PAY 0 4R P
K5 A o

Wil A TE O T AR R SRS . OREF . HE AR TR
BT, RHRE T AEIX g S b TS R e R g i IR RS T
AR AU S O B LSO S B0 2 4 M 2 G ] 5 SV 48
JE D 54 1 AR E DA S AR (3l 21 i 25 L -5 3 22 AR 1A 5K 2R 1) T AT 4%
BRGNP R REURETT H AT DR S e
) N R EeS R D P I R s v i Z T i LS R D e S R T N e PR L RO
H, X TR R B 0 R e A B (0,

1.1.2 $AEFHRIREM 5%

AR 2 5 WA EEA O R T IROBIE . R ARG
WA R RS BETEE. 2OWEHE. AR B & 4 &
TR . SR T IROCHREM R T R SRR RS R B 41
THIRESI5E DVEE SR, SRR IX AN RE SR FTIll e R I 25

1



FIGF RS AR T N NI REGRAT BRI 8 B 1 AL R

TP T TS0 e IR FEAE RSN 2 SR A 3%, BRI AT RIBUE
s BRAERR, RS RS ER R TSR E 7 M E 5451
METHRERAKR, CAHEDOCEETESPUCTI. AHER S5 E 7 4-
Jo U IR 1 RG] 0 2 LA AR B SRR il AT AR B R Sk . K
JCRIEPEIERE, AE TR R EDIRE S I E « AL SAk B AR 2R
e, BAREL POEA R R AI0 R . A PR A 22 70 Bk b v AR 22V EAE
TEMA DK 5 48 B T B I Bk AR B Se Bl T3 Cu? e R, mikdF
PERCI,  IF Rz B T B B Cu Rk EE e B

EER ARV RE R B A, AR A A IR 1S B IR, AT DR
R R FELRORE B A 1 A SR RSO G B B LR A AR B T T
PRI 3 8 75 VA AN RS B R B 723 18] o3 A BB S 5 B 02 UL etk
AL 8B 2 SRS AR A A 18] 0 AT, (ER IR VR B, R B K,
115 L 3 853 [ 5 A A0 M AT L GURE AR, U VA R 7 3 v LA AR e I A e
ORI PR E, UM O'Cu BB A SR, 1fiH “Cu )
FREWEGE (137 h), ATRERRHIZELLSLIG Wit . DL XSt iRl 2N
FEPIIR B AP AIOR T . BT, WA CAESE 2 1 H G )l DU TR A
WL SHEREN Cu /Ny THROEH TR B AN 5O
REEHMER R JE TR RURE B A= O 0 1% S AN 3 E IR BRARGE R 711 o

1.1. 3 B FRRIAETIIE

kAR, FORRAR BN R R RSN, BARRREN SRS T
FOCREr . PR LRSS WA RIR R RE . BRI AR B 1 R R e A7 T
S 0 FAZ K 2 I ST ) 20 PR AR A A 1 — i K TR, {H E AT A 28 R IR
A=A 2 B4R B TR TG VF 22 R e . Bian,  7EZ0 BB e SR e R B v, A
NEBELEEAER Cu'Reidd BT EH B BB Ko, M AR K
W 2R 5 AR N Cu* A Cu’. 1 Cu® B T B A R R AT d° F 72 45
FAE KIS AR 2R 5 R e o
1.1.3.1 I7N3F Cu' S HARE

24, OF ZREA TR ICTREN N — b 270 A I A B8 78 b 15 41 i
PR Cu'o a0, FE ek e 5ot 5 RES IR BB A Cu' B4 e ik 52 4
P B CTAP-1 SGHEN AT 40 Cu' AR ). 7 365 nm B4R
T, AR IR Cu JF H R R K 4.6 fi5. HEIKER CuVast
9505, NIH3T3 BT 4E40 M N () CTAP-1 ¢ o B2 B i, St 4 i ge 3k e

2



BI1E 5 F

PR s 5 X IO AN RAE Y Cu” 32 25 A0 AR X Fh 20 ML I o JR ek
LRI o

SR, Chang BRAEALKE T UK BB IIE R WOL B TE . AEWS
AR Cu P HRER €SI, %R % & 1 BODIPY YGRS & &
Tk ) 52 AR B, RERS I FEPE RN Cu' J A BmEHE K 10 . IZIREF AR AED
AR EeRE T (s, mteEmEie d XeEE T 1T, R
HA R BRI S A (Ka=3.6 pMD . fEILRAETOCHUGIHSHM (HEK 293T)
S, IZERER A LA P Cu R LR AR A . A T AT g AR IR Cu B
FAVAT DL B ACZ L P PR 5 DB, IR WA S G R B e 05wt A 00 4 e P
Cu' 7K B o 2R ET T AN RS20 % T 0 S04 2R 1 B0 o 4m e A BT 78 2
A, B0 T 00T (B 5 0 s 2L b 4 S B T AR [ P54,

R T RO ZOCIREHE il vh R AR, HRAER
AR R T ARET IR B S L A B 5 32 230, NI BB HA IS AR A 1 A4
NPT ARH R A 1 LR AR AT LS A A B SR, BRI e H A
FERT G PIAMRHIESS 5 RO EUE BEAT E 0. Chang IRFEHIRIERIELHRAL Cu™
JEIEREF (RCSD AT LU INANMI Y Cu'7K-F B AL . RCST R4 B AT & (i F1E,
R TR Cu”y I ELAE DU I 1R A 2R 5 4 e N A 5 R R
BE G 2 I IR TE Cu' 7K

1.1.3.2 ETFEARA CuRAIRE

EER TREREARRR RN ENZEZ B BA Co IR 568 F 4Rt
TTH. #ilan, ¥ s Cu Mg mBrma & GRSk E AR
H Cu'ME SRR T A hliEsET e R SHAaTOMED, MG
A Cu'f, PIANTIEE A WP RS o R AR, i3 S8 3 R R AR AR AL
T R BSURS V8 SCAIE WX 2R % R T FH T4l Cu' ) R BRI

Merkx BREEH TSR] Cu'Bef8 51 KA — 5K, @it 7 AR Atox1
H5H4MEE B ATP7b IR SR AN ThRe B, T 2ROt IRAEE % R,
LT CuHILLR TR, RS ZIRE T Cu BN, (ERRE-SRE &
Vo2 B H RS DTT T 54, S ANBEARBINE, %RETX Zn™
PO S B s FIT DA B 28 T AR L SR AL Zn® 3 R G 5% e 4R 4T o 1T Wegner
PR AL A B R S R (Amt]) EEF ARCEASEAYOLEN,
#HT Cu'HRNGmLR AW, ZHEA R GERREN CuEMS (K =
2.5x107"% mol/L), REMGHLIR o 40 B8 ) LI FEAR AL (AN PR, 3F HLEA BRI
WO RN BEIE, 2R S — D TR R Acel CHiid &I 280 ()

3



FIGF RS AR T N NI REGRAT BRI 8 B 1 AL R

WA 5 Macl CHRISRZ IS I3E D ARG &3, M 1 9Ot RaE
BRI,

1.1.3.3 REIRENHY Cu RN

BTV, AERIEAR R (I AR IR A HEAT AR AT 10 )4 2 S N A
A ECE IR BTS2 B . BT AR S 0 e Al 2
MG B A AE I AT DU A S LA 2 I Bk A, TR 51 AR 2 ' AT B RO B2 Bl
RMCFHER AR . XAl S S BE AT DU 187 5 R KA, 0T DA ¥ K AT (1)
TR, TRBIE B2k 1 6 R A RO I B 3 3000 TR AR 3 N 5 O 6% «

Cu'fi b ie 5 BB AW I DA = M2 i b2 34T, 2 Cu™fiiifl
B RUR N B3E 44 1 — AN, Faheni SEERAH R Cu LT 5K R
REaREMRAE RN, HTER=MERES KRR, §EE,
Hulme A5 ZH )RR ) (00 S S AR R 0 Bu e & 905 7 B A b 326 1] 22 1) it
XA N AT PLEEGUEE R BT I A e H IRAFAE T 34T, BRI BB B 3]
i g,

RN Cu' &322 mik B W IREE AR, s e & as ]
DATE A 3R B (A5 O H RRAAAE OB PRSI Cu”, (E1F AL BREs N EE A
BROCIRET A i Ab 78 Fltn, Taki PRERZLF|FH “REESERF = [(2-MEIE 5 )- FH 2]
iz 53 JR A ¢ ZOESE A R T BT Cu i B AL R i B R g e 5 Cu’
BA, 5 FS RN A BGOSR IR - (A1), XA (R 2 S A B AR Tk
REIH DA R RATE Y 2 O E S B R RO R 1. RE Bk
NS AT ], %GB AL A W NAF S A PEH IR 2148, JF A
CURIH AT A0 A CuBIRTI, A48 T Cu R SR IME A kD .

1.1.3.4 BREB Cu™ RIeinst

HT Cu™ B IRRGTE, RISy Cu® PR WK R REr, RIZEEIR
BRI Cu® G SR ALK o I — R SO R TR T GG IRE T T
FLPY Cu® I o 2 A P Tk e B e P 5 7 L R AT AR 2 F A
T AT LA Cu® I T4845H) . Job HIZEAN X 4T LR AR SEHIE I Cu® 54R%H
Z I 101 B S BORIGTE K o ZIRET X HE 14 Mg )i i 7o R B . 4
HIE UG SEERE WA TE 5 Cu® FL8E 7R (1 LLC-MK2 41 u Py iZ 4R B Ak 5 1@ 56k
SR JEE YR S 1 77 ORI 4R A Py Cu® KPR T . Sibr b, SIS e BREH AR L,
XA K BGOCHET I 22 70 HE AR AN, B9 OB 5279 55 P (S A5t A
KA U R B A



