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Abstract
Alzheimer’s disease (AD), an irreversible degenerative disorder, is associated with accumulation and aggregation of amyloid-f
peptides, hyperphosphorylated tau proteins, and high level of metal ions in the brain. Up to date, there is no effective ther-
apeutic agent to stop the progress of the disease and thus early and accurate diagnosis of AD has gained increasing attention
in recent years. Among several diagnostic methods, an optical imaging using fluorescent probes is one of the most promising
tools to visualize AD biomarkers. In this review, we will introduce fluorescent probes that can be applied to in vivo brain
imaging of AD models and also their structure. It is expected that the present review will provide useful information to many

scientists in the related research fields.
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Figure 1. (a) Production of Ap monomer by sequential enzymereactions.
(b) Formation of AP plaque from Af monomer.

AT £ mMwe] AN PP 9 5 Ak 3HS 2
olek. A2 F5 gl Ar) Bel AN e A o
s

(weak penetration depth)2} 271 & F(autofluorescence) w415 34
7] 9J8te] 4 2] (near infrared, NIR) oA A5 5 WEsh=
i 289 o] gk XyEo itk 1T HE FF 28
d=slolH o] =9 nlo] QutAQl obHdZo]= WENamyloid beta, A
B) ¥ ER- H3(tau tangle) ¥} = LS zh= Zlow e glo
o, ol 54 Fato] dxsoln] TE R ¥ Y Ao}
7% oJgt Arel] - F-835HAl 281 = Qe ZRBO| LR o]
oI Ak gt ‘%3 A2 olefd FF =4S FEe] £
Ap ol dzstolng el Wy gl A wiAYS A9} BlEo
AzAY M FRELS G5 F7F 7S e gk & 2R
crolMe A oM Fo AEE WEchs 93 ZRpe)
A=sto]nH o] Hlo] Qu}H(AB, tau tangle 5)2] AAIZF A At
AL HZ ATsS Avlstr g Eolell tid &5 s AAl

shaa} e,

|

&=5l0|HE Hlo|201H2| ity

2.1. Amyloid-p (Ap)

57 2] amyloid-B (AP aggregate)= &=sto|w Aol 71k
A WegA] nARE g A Qlek webs] Ap aggregate s i%
Ao 7 AEd= AL d=Flojmye] ZEAQ 1S w1
W& AgstA xdsh= o Qo] wlg- sk & 4 qloH1,2]. O]‘ﬂ
St AB+= amyloid 7 THHA(APP) 2] S| ZH-E A4 ThFigure 1).
APP+ P-secretase®]l &3l 23l = o] APPspS} BtE whild BEQl B
-stubE AYAJ 3L ©]o]A] B-stubi= y-secretase®]] 23 3 E o] AR
Elo] = g (monomer) & 8/d $FCl(Figure 1a)[3,4]. AR WAl Al

2 At 2717t Skl AR Bast 725 2 SEa
(oligomer), A1 FH(fibril), Z&}=1(plaque) S 43 ¥ THFigure 1b)[5].
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2.2. Neurofibrillary tangles (NFTs)

Amyloid-B ©]¢]oll FQ38 Hlo| eulAR AERE I Q= Ho|
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Figure 2. Formation of neurofibrillary tangles (NFTs).

tion), 7F=-3ll(proteolysis), &2 SKglycosylation) 2} - ¥H3o] Ay
sttty oju] AAGEE %Ak ERY- Wl (hyperphosphorylated tau
protein, p-Tau)< WAlAT]] st Age-S AAse] B35 tau
aggregates AJAJ3HAl FhFigure 2)[7]. ¢ NFTsS] A o7 o]o]
AA =9, o] sl A MEZ FF AARo] P Wol Ao
2 ABAETE Abdeithg]. d=stoln] #1312 o X kinases 9}
phosphatase®] B+ 02 A3 2Q1Aks} BN whil o] YA} e 22
o vzl 4~8ul] Wo] FAJArtar A UTHI).
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1941711 congo red (CR)7} & ZZo|A AR Z&}TE HET
=g Aeko g gew 4= 9lLo) “L&lﬁ‘:}(Figure 3a)[10,11]. CR
sulfonate (-SO;H) 135S E&skl Qli= ok shgta A 3147do1H
AR Eete) dist A S Z2ka gle Edolrh v WPy
(blood-brain barrier, BBB)®l| EHEIT_ Fapdo] Ads] w7] witel A
el 1] HF2 @dells &8EA EsiGitk ol% thioflavin T
(ThT)[12], Methoxy-X04[13], AOI-987[14] 72 tjokdt ool &
A F2E Pl ol Bekstaat sialont o] EAES AR £t
Aol tigk Ageo] vta HelA wiE £k =9 3] 5o dRE 2
01317] wheell Al G/del del &A= KatslthFigure 3b~d).

|¥- #3K(charge)E ZtA] ¢+ Pittsburgh compound B (PiB)7} 7l
01 ol gt d=atolmry ¥ idel E7|AQ WA-E THA 2= A7}
= lth(Figure 3e)[15,16]. PIBE A &858 2 H o ] Ap Z&t
o] gk 233 BBB 7344 9 wlE St @ AE B3
th. @4 PiB: WM Y('CICH) 2 A5t 4 2 7%
AT PET /el gsiAl &85 ek ¢t PiBE 7122 ¢ U
&t FEAlEe] FE g ook Ade] Z]olsiSith o % @
< ATAEE O TR A 25 ATste] AR SAE
Ao GAel FF As WE, w2 AW, Ap Eeka A3 Al ¥
7] 1]71«1 ~7P '—)E 71xl m B o] kS Foto] ¥ FF dAtell
&

W A7 A 18] TAIF SR BN kA o] o dslE st
(i) tau aggregate A& A1E &= Qe T2 H 9 s (if) wE o]
&g ¥k ool BAE FAE] ptau aggregate?] 14 (pho-
sphate group, —PO4H)9]- 714 Adgro] 7lsdk 2B o] stk o]Fl
Al IA 7 7 BEFe R A7 JBE AT SHANL, p-tau aggregate
o gt TerE= AR AES Y% 28 B Audew Ao 1
O|= ZEH7} p-tau aggregate 9} Aok HlAUFO] FEEHA Al
Al A] FobA p-tau aggregate©l] teh 2 AT I} AR aggregate}
p-tau aggregateS TEE F e MBS 7R 2B 9] Fdo] 4
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Figure 3. Molecular structure of representative probes for diagnosis of Alzheimer’s disease.
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Figure 4. Molecular structure of (a) NIAD-4, (b) NIAD-11, and (c) NIAD-16.

X] 0}7] wZolth AA7EA] AT p-tau aggregate HES -rlﬁ_ z2

= AP aggregate 9 TEHI} fARE 2R VAL o] F
p-tau aggregate$} AgEo] ¥ w2 EAE2E 2] 9 0]'04 = e
=A2'd W (random screening method)©] =3t olzfst A+ 4
3}, 22 H 9] HA} F7)(electron donor) 2} BN (electron acceptor) AFO]
o] A7} 13~19 Ao p-tau aggregate©l] thal] A&Ado] =31, o]R
o Fe ARE JpA T2 H = AB aggregate®] T3l Agido] =rh=
Zlo] HaEglom, vs=dt 735 7 ZRHXNE e 18 ¥
ElE 283l Q= Ao B ‘:P““?J_Oﬂ il Hlad 2 dEdE Kol
= Zlo] L RltH19].
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4.1. Dithiophene 7#& 7|8} ZZH
Dithiophene %5 21 Q1= NIAD-4= AP 1S5 IS §
3 3 =7] A9 TR H F S| tHFigure 4a)[20]. NIAD-4+=
Apell thsl st AT S BT (K = 10 nM), AP aggregate <}
A Al BF A7 oF 4oouﬂ ol AA Tkl 545 2kl Sitk
& 9o NIAD-45 49 FAKE A3t BBBE &¥sto] Ap Z¢t
a5 FAssh= AT AN A E2ka S FAES
ANEIA gt Zlo)7] witel AA|l d=stoln] ke A3
= 2l gAo)x] Zalt} o]3F Bacskaioll 2J3l NIAD-42] %= 7|4lko
E 3}o] NIAD-117} NIAD-16°] 45 3 THFigure 4b,c) [21]. + Z
FHE WE 700 nm o)) GdolM F E g wojEow
WA Godel AgetA g4E & e 7FedE B3k

4.2. Cyanine X 7[d} Z2H
42.1. Ap E2f3 F& AHH

Cyanine T2 A8+ 574 w44 94 Aol &85 7= <

(b) AN-SP

(c) MC-1 (d)ZT-1
Figure 5. Molecular structure of (a) IR-780, (b) AN-SP, (¢) MC-1,
and (d) ZT-1.

T 2 o8k G Fofell d] AREE I Qlvk tlaEAlQl ZA 2 2R
B2l A2 IR-780 (Figure 5a), indocyanine green (ICG) S°] 3Tk
[22]. SHAIRE, A Q) YA FBE YERY= cyanine FEAES
BBB F#/d0] wo} d=sto]mge] ulo] e wnlA Oﬂ}\o]'ﬂ'—a” ek 22
BHE -8R d9dtk 2016d0] Yi ATH-S aminonaphthalene
2-cyanoacrylate (ANCA)%} spiropyran (SP)= 23 AN-SP X2 HE
7NeFakd ElFigure 5b). AN-SP= PBS©lA] 557, 701 nmelA 5 71
33 E S UeRich 3 AR WAL ARl g
(quantum yield, QY)2] Wzl GIAINE AB oligomers} HEE- Al QY
7} 0.98%014 163%= AA Z7kek= A#E VERITH23]. mEst
AN-SP= AB oligomer®]] tisto] =& A= (K, = 1.7 uM)= BH3i+=
gl o]:= AP oligomer?] 4~ FEI }AN SPo|A SP H-4-9] - A+
FAgoR Qi A AFS FYTY 5 V] wiFolth g=stolH
W = 59 triple Tg miceo] tisle] ZE2HE F=¢Jsto] 12 h &

Z235F A} in vivoR} ex vivo G BT ] TR Z8ta BoRS

)
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Figure 6. Molecular structure of CyPDA2.

Zh= o om|A7h AEAE ST o]y e AW A TE Ed(wild
type mice)olli= UFEFLFA] &2 Z1O0F Hol AN-SP= A Ul AB

oligomer %733}l &84 4= Sl= 7FedS B 2017 AB ag-
gregateS 71&317] 913t cyanine =419 MC-10] ¥.17.¥] ] cHFigure
5¢). MC-1-> IR-780 F-Z=ol|lA] oFdske U= s 1714 4
= ZEF 8 7E2E gFste] ®k=olRlth MC-1-> 695 nme] =
3} AB aggregate©l] tlal & AEE BT OM(Ky = 59.09
nM), ex vivo @ IX APP/PS1 €] ¥ Aol 1= AR aggregate s
AAE 5 STk g=stol S 9k 14 months F & UPFOE &
&St in vivo ¥ FAFeIME A Fol vlEl] %2 FF AEE Ve
TH24]. 2019%d Kong A7-Ho] 7138t ZT-1 (Figure 5d) MC-11.th
9 70 BE 98 JEF T e = 752 nm). E3h ZT-1:S MC-1%
SF1S W, in vivolt in vitro BT AP aggregate©] tiste] o<

Aegs Za Qe Aoz wuHdrk2s] 2y A%
MC-1E = Yil7] wjiol(Ky = 445 nM) &5 G314¢1 JA3=E 9
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2013\ d%0] Bai AI7E2 5 0® 2HA Pl HFE o)
™ tau aggregates PEL T AUE X ZHQl CyDPA2E 7]
W51 CHFigure 6). CyDPA2+= indocyanine green7-3=°]| tau aggregate
o] Ikl ® K7 AEs 4 % zine dipicolylamine (DPA-Zn)
£ Adsto] 9=tk CyDPA2E= F 7112] DPA-Zn(Il) -7} tau
aggregate®] A1l HEAE Pt S AHS Hol
(ECso = 0304 pg/mL), 840 nmellA &4 W& 942 vepdth o]

ratiometric
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xR = Qs | el Sy A3 A] 8107 710 nme] S5 ¥
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43.1. A E2f3 o A+

Curcumin> 3%}, 3bsl, a¢ls 5 ohofst A=t G4 Z2ku
e HAEZ I#A Tk Curcumin ThF in vitro 2! & 54

S &85 in vivo A7 AR EEHAE AT AFE T}
SARE w2 BBB £, g2 34 W 9, wkE Ak S5 59

st Hl 32 A A1 = 2021
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Figure 7. Molecular structure of (a) CRADAD-2, (b) CRANAD-58,
(¢) CRANAD-3, and (d) CRANAD-102.

]

s o R 8l Xhg xeH 2= g 857 Zalgivh27]. 2009
W, Ran A58 N,N’-dimethyl group} 2,2-difluoro-1,3-dioxaborines
o] Z&% curcumin Q1 CRANAD-2E /N33 th(Figure 7a).
CRANAD-2+= AR E¢ta8t A3 5 715 nme] 33 4= 349 =
& o) &3 S7h, 28 K = 38.69 nMo] AEHES vEhl
t}. SA|TE CRANAD-2+= ©HFAIL oligomer FE|C] ABE HE3HA|
331, &% s £ 57 =2]thbrain 2 min/brain 30 min = 2.4)= &
& Zka QIrH28]. 2013, Ran 175> CRANAD-29] F sl
g F SIE pyridine2 2 X&ste] 2144dE =9 CRANAD-58%
7§28k thFigure 7b). CRANAD-58S 7F&-A1 3 B84 Ap W5 7
8 5 e A4t Ap42 Ao skl 7} Ky = 105.8
nM, 45.8 nM2] Z3=S JehGt ek, AR 33 93 Aol
A4 55 EYWT mice)?} 4 months ¥ &=3Jo]
mice)S TS = AJTH29]. 01F 20150 2L A
s AR S A7V fl8te] CRANAD-28] B HA
idine % X33t CRANAD-3E 71%&}33 th(Figure 7c). Pyridyl 112
off EAEHE A4 Ao}l AR 1He] 4 AFSE Q3| AP monomer
(FFZA), dimer, oligomerel]l tidll 25 AE =] Frlsiglov; ¥4
WE S o] ZE B HE] AA THachke AE YERITH e
= 730 nm)[30].

2017'd Ran 91782 CRANAD-3 ZZo] #3]7} & phenoxy-alkyl
715 E815l0] AEL T-%29] CRANAD-102Z 7H+6k3i thFigure 7d).
CRANAD-102%= AB40 aggregate (Kq = 505.9 + 275.9 nM)ELT} AB42
oligomer (Kq = 7.5 £ 10 nM)°l] thet Aggo] B2 &) H3k Ap
AU dimer 2} AE5HS W oligomert; aggregate 2} A 5SS
e oS A FF 2sE dERith o 54 delx
CRANAD-102= %2 BBB 314 4l 3}8H4 obdAlg ®-{-3kar Q)
o] A9 AoME nwd st JeEl= EAE = ek A G
A& oA 5 months APP/PS1 mice2} WT miceol|Zll Z}2} AWFAE
2 F 30 min F A9 S vl A, d=stoln] 2o
oA G AZ|7F BS Aet Z1E ER1E = SISIt: olejst A=
S 53 CRANAD-102% 7H4 Ape] WslE Hgz o HES

= o
QS AoF oAETH3.
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Figure 9. Molecular structure of (a) BAP-2, (b) BD-Oligo, and (c)
QAD-1.

9] AgrS zk31 9 01 Tau-GFP-transfected SHSY-5Y A3 ol A
tau aggregatess H=3 = UAUTH32] SHAIRE 1= 620 nme| FF
WE 9T w2 HEd(AB aggregatesol] =2 AFE) O E Q3| AY
Al W BN Tl s g3} shs ZEH R AREE Yol SHAI7) Sl
o]% el wh Ao st HEAd-S =0]7] $13) 3,5-dimethoxy-N,N- di-
methylanilin-4-yl T7%& 2t Q& 3hE 7Ws3it) 3he tau ag-
gregate©l] TSt AE8Jo] AP aggregatesol] thdh e R} 3.80)] 4
5 =27 650 nme] FF H=E S ZEa QIoH33).
2017 d %0l 22 AFEleAE 7|E 2B E HAglsto] 308 o
& ABLoE AFAIA =42 S 7T 2¢
E JNEskRleh 2¢9) % WE 9 690 nmo]™] tau aggregate©]|
ojgk AEAle A AR BSAel Blgte] 242t 103, 19.59) =& 2

(S

aggregateS Q3= Zlo] 7Fs3ItH34]. B35k Chong ATEL A
%% difluoroboron B-diketonate™} N,N-dimethylaniline 218715 323+
3tal Sle %3 985 RSt ZEH 26 690 nmollA] Fgo]
WZ5H tau aggregate®] Tt AEIA2 AR 41523 BSA] H]5
717} 8.8, 620 32 AWE YeRlck 3, 205 Fg-sto] dxslo]
W 32} ¥ S} Aol GAlE D83t tau aggregate s FHETH A}
o} AL fAket 91AE A = SUUTH3s].

4.4. BODIPY R=A 7[Ht ==2H

44.1. A E2t3 G4 A+

BODIPY (Boron-dipyrromethene) 5+ -3+ &34 F
A T3] A FHOZ Q18| AP aggregates A
+ FFY Y ZEHE ATEHACH36]. 2013'd, Ono ATH
BODIPY 7Z°] thiophene 1353 =313t BAP-2E 713513 th(Figure
92)[37]. BAP-2= A9 412l 708 nmollA FF W& s 7t
3 glom AB aggregate$} 2 ATHE YERNUCHK, = 55 nM).
Chang 178 phenol 7-2F X33l 3l BD-Oligos $/J35k3

THFigure 9b). BD-Oligos &-8-3t0] HHZ 02 AB oligomerE =

i)

oy
Mo fu b

o do ox

37
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R

3|
er

(a) Tau 1
Figure 10. Molecular structures of Tau 1 and Tau 2.

(b) Tau 2

St ATE st A3 AB oligomer?] A Fi) L2 H 7H
rn AEAgoR g v Ap kAL A-A(fibrils) Bt Ap
oligomer#} TS 75l AgHK,y = 048 uM)FHth= 212 wck Ao
W= 32 604 nmo]™ AP oligomer?} AFsI3S 749 580 nm=
blue-shift 1T} BD-OligoE 18 months ¥ APP/PS1 mice®ll 8} A}
£ &3l Tt & F 3 QS BESGlES o, BBBel dist 7
33 AR FE0] 7hs A& ERISHItE Solgt A2 3 Alert
el 9171 AR Eehaewt ofye} 59 FteA & YER =t
O] 72 AB oligomerQ! Z O o/FET}38].

0]% Hu A7 elA 2% BODIPY ZZH3 QAD-1<3 /a3
CHFigure 9c). QAD-1> BODIPY %8} 8 &% 232 i
(quenching) A4 = Q1= #8719 tetrahydro-quinoxalines Z35}0]
AR BE $lste] FfE HAHO](photo-induced electron transfer)
HAUFS E-85F3TH39]. =, QAD-1°] vle] enpA 9} Ae 39,
BODIPY ¢} tetrahydro-quinoxaline®] 72|17} H3FaA &3o] LRt
o} QAD-12 w2 vl A% (background signal)9} AB aggregate®l]
sl K = 27 nM9] 2 A¥#S 2t Qith 53] QAD-19] W
W7 A5 in vitrool| A A1 & ARA ke A A AB ag-
gregate 340] 713 EE SIETh In vivool A= 6 months APP/ PSI
mices &85 FF el &L= Uk

4.4.2. Tau tangle G4 A4

2017\ Kim 9782 BAP-19] %5 7|81C 2 tau aggregateS 71
Z%3}17] 913 BODIPY 454 2B Tau 1, 25 7§28l thFigure
10). Tau 13} 2 25  large stoke shifte} 71 W& 3 5 Hold &
=284 EA-& B3 OH(Tau 1: 733 nm, Tau 2: 712 nm) tau aggre-
gateol] T3k =& MEAdS Bt 3L Tau 13 2+ ER- €
W} Agfsto] g 257t 247} 6.4 12]aL 9.3u) S7FS Wb, AP ag-
gregate A BtollX= FFo] FTFeHA dgttt. olegt EAS &8
&ty Tau 12 = ZZA oA tau aggregatesE 50|40 2 HES = 9]
Ak A 9% AFelA 15 months E 3xTg mice 29| tau ag-
gregates & X0 F JJsl & 4 SIoH40].

4.5. Carbazole R=A| 7|8t =26

44.1. A E2t3 G4 A+

2012\, Wong A7H2 carbazole 55 7|WEOZ 8 Y ZE B
¢l SLOHE M3l th(Figure 11a). SLOHE= AP aggregate©l 2 3)a}
o] FFL A7t aA F7H> 80l 5SS 2l s B ofy
2} A HEfo| =9 B3 dNS FAE Atk 7T YE How
HIEtH41]. 201610 22> ATHelA dibutylaniline 1558 238}
I Q= AlE2 SLOH -=A41Q! DBA-SLOHE 7138tk Figure 11b).
DBA-SLOH+ quinolinium®] %¥3+s 2t QAT aniline L&l )

=

o I
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Figure 12. Molecular structure of DANIRs.

= #8449 alkyl chain®] 9&° 2 BBBE F31& 4= 9low &34 v
& 342 672 nmo]th. T3 DBA-SLOH: AB403} AB42 peptide =
5-E] AB oligomer®] /3 AT 5 Sho] el L=sto|wge]

o= T 2 T »u
ABAR AFE 5 gl 7FeAS BT A A Aol

DBA-SLOHE #4519 6, 12 months APP/PS1 mice®] ¥ G4 AT&
AEA oz 38 4= QIUt) SHA|R DBA-SLOHE AP aggregate©]l
gk deeEo] ks o] ItkKy = 1.13 uM)[42]. 15~ 20183
quinolinium®} cyanineS 7|¥FO.Z 3k SLM| A7l 5| I th(Figure 11c¢).
SLM-Z 677 nm2| Huj] W& 34-S B35k 9loH AP aggregate S}
A Al B A7 S7kske 520 Atk A 7dellA 9 months
APP/PS1 mice®} WT miceZ B]i 3} SLMO| ARFS HET F 3
th= A& gRIskSItt AW SLM K3 AB aggregatee] thsh A=
o] 3] Wk wWhdo] QITiKy = 13.1 uM)[43].

4.5. Dicyanomethylene F=H| 7[HF T2

44.1. A 2213 E& AF

20143, Cui 9782 W= 118]Q1 N, N-dimethylaminophenyl &
2} F/M =, dicyanomethyleneg A} W7 E ©]-8-3 DANIRS T/Jst
S TH(Figure 12). ©] <&, DANIR 2c-2 AP aggregate®] t]ste] &2
SH(Ky = 26.9 nM)2 Zt1L 2/} DANIR 2¢7} AP aggregate 2} 23t
S}7 = blue-shift® 18] W& 32 665 nmollA 625 nm= 74
sht @3 2359 12v] S7Heit) s& ”fﬂoﬂ’ﬂ 22 months
APP/PS1 mice?} WT miceS A} 30 min $ H|walRS o, 2
3 g B0 Yol ¥ AlsrE EA s AE JE e AB
aggregate A% 7Fe/dS HOIFTH44]. DANIR 3¢ DANIR 2¢2

TFZ)4 dimethylaminophenyl -5 dimethylaminonaphthyl 2871

AR

25t M 32 A M 1 F, 2021

ol
-

23
W

(b) DBA-SLOH
Figure 11. Molecular structure of (a) SLOH, (b) DBA-SLOH, and (¢) SLM.

3
o
fob

(c) SLM

SOhReS
\'T‘ CN

DANIR 3¢

(0]
OO 0
2
\'T‘ CN

Probe 12d

NMCN
\T N/ CN

Probe 18

2 vt g 71 ¥ e S ZEE ST en = 678 nm)
[45]. =3, DANIR 3ci= DANIR 2c .Ul AB aggregate©] tisho] o<
£2 A3ES HA3ItHKy = 1.9 nM). 34 4E naphthalene 112 %
Q18] #|g-do] F715F31 1(logP of DANIR 2¢ = 3.37, logP of DANIR
3c =4.56), o= &l H ZAoA wiE Hirt Hdeke dilo] st
SITHDANIR 3c (brain 2 min/brain 30 min) = 5.6 and DANIR 2c (brain
2 min/brain 30 min) = 3.3]. °]& FFF g vEEEHA] ok =2
w74 A1 % (background signal)®] 2.Qlo] Hth o] Cui ATHAA X
2B A5E Folal, vpolenpA g}l AYEHA] ok T2 HI wiE
EEE 7M7) S8t AES- F2E 2= DANIR 8¢9} Probe
12d5 AAIEFITH46,47]. &3], DANIR 8c+ in vivoollX] AP ag-
gregates&} AESHA =W FFe] A717} vl s o629 B 57D,
blue shift7} A DHTHAm = 798 nm — 678 nm). 3k DANIR
3053]— B wskslS ;q], k]oﬂ/q ol:E%LZJQ_] E/ﬁo] é‘k)\lﬂgi]:]—. Probe
12d= AP aggregate®} AgE o] oW (K, = 7.3 nM) 4 24 9o
o 9 WE AT em = 715 nm). FEFF 7] 2] 2R Ho] uls] v
= &7} A KV\PQO*U} 2019, Cui 782> AB aggregate 9}
QAkeHE tau ©he] RS A o] 2 L2 HQI DADNIR 28
AABIRATHZZY, Ky = 1.04 nM, Ky = 041 nM). ©|F Z& 55 29
(APPswe/PSENT mice)oll ] AEE gt A} 7 viojenr] B5F
Q7dslet=dl e shaAt48]. SHAITE o] ZE B = AP aggregate?} tau
proteing TEehE 582 Gojths WS Bkl itk o)y
T SAS SHSA F vl enAE S Q= Probe 185
7W¥8FA 31, Ooshika-Lippert-Mataga (OLM) 7218 ARg-8}o] njo]
2w}l A e

SATHeo

(¢3

F7E(eo, permittivity)ell whe} T2 2l A3t
TG ARG AolE T o) oA E RSk

| 533



RECSRE

lo

Slsh FF ZrE A 7

Table 1. Summary of Physical Properties of Fluorescence Probes for Imaging AD Biomakers

. Aem (nm)°
Class Probe Biomakers K4 (nM) Reference
Free Binding
AOI-987 AB 670 680~720 0.22 [14]
IR-780 [22]
AN-SP AB 557, 701 1.7 x 10° [23]
Cyanine MC-1 695 630 59.09° [24]
ZT-1 752 720 445.0° [25]
CyDPAD2 Tau 833 (with Zn) [26]
CRANAD-2 805 715 38.7° [28]
CRANAD-58 AB 750 672 105.8°, 45.8¢ [29]
CRANAD-3 730 650~670 244 23 7% [30]
) CRANAD-102 700 505.9°, 7.5 [31]
Curcumin
lc 620 620 770 [32]
3h 650 1.02 x 10°, 1.50 x 10° [33]
Tau

2¢ 690 [34]
2e 690 [35]
BAP-2 708 ~710 54.6° [37]
BD-Oligo AP 604 (DMSO) 580 480° [38]
BODIPY QAD-1 755 (DMSO) ~700 18°, 6, 27° [39]

Tau-1 733
Tau [40]

Tau-2 712
SLOH [41]
Carbazole DBA-SLOH AB 672 650 1.13 x 10° [42]
SLM 677 625 13.1 x 10° [43]
DANIR 2c 665 625 26.9° [44]
DANIR 3¢ 783 678 1.9° [45]
DANIR 8¢ 798 678 14.5° [46]

Dicyano-methylene AB

Probe 12d 820 715 7.3° [47]
DADNIR 2 690 642 1.04° [48]
Probe 18 762 650 43.1° [49]

* Measured in PBS. ® For Ap42 monomer. © For AP42 oligomer and AP42 plaque(aggregate). ¢ For AP40 monomer. ¢ For AB40 oligomer and AP40 aggregate.

of AB aggregates = 2.89 and & of tau protein = 3.96)[49]. A=
probe 18> AP aggregate, tau proteinZ} A3elol-S ) 247 vhE
WE AAEGS Uehle 2o maHg.

Table 10 ¥ =FelA 27let F4 Z2H 9| Fiel 5214 54
& eopsil,

5.2 B
Sslolvg s 27l AHeA AVT F U 4

xZg2ro )

Fg3to] A}

77‘1(AB tau tangle)S HE3}7|
W g8 A5 ARSI
Bh el zajolo Slais of
FAZE SAEE 2ev A7 ApdE 2E
FEmel dxsloluyel 4 Aetk 79 o2
A Al Al B89 5 YTk 1B B o

F

TAES] oW wHo <l 2o AL Aol 2§
EAES s 4% 5, %‘Z—% BBB &3 58 4 A kA
e 2 e AEE 2A9d 9 2ROt A&H o7 s
=Tk E3 oz Agtste] B8t A5t A

Aol Adeid s I=r) =
"/}% A 2 el vjsl & e
Atk T 7158 AFtellx] Bard dhte) &
EZZHE= opURol= HEl 53] Al(aggregates) o w2 AT S 7z
I gloy olHn ¥ A5l &2 Aow dHA e 7
o Fe e opdzo|= Hete] tist AF e W
HA v} HT opdrolE Her SE]aume} 2 AYE ¢
HE CRANAD-1027} A7 gl o} o] 8] W=k nk
o];q J_?L%]- 74 oz OLE%Z% 011:].. 6k‘
u] E dulxog A=
Qo] e ke

o w3 B o

Zow
[e}}

Appl. Chem. Eng., Vol. 32, No. 1, 2021



o]

Z=99As 1
WA S Eaho] AlE %RVJE’J%%Q 7H‘ﬂa‘i+ ool 4= 9l
o now oAkE ] PET, SPECTS} 22 &9]sh 922 38}

é/\]— 7]1:)!;]4 \:}—X'lo] %igtq O]/\]—oﬂl: 7(-]_9_51 _"r: ol = 7],};*-]0] Oh:]_

)\
=

T PUE AT Boto] FHHOR Yol £7] kst
Aol BEE F Qe FEF ¥ G ZEne g e

Acknowledgement

This work was supported by the National Research Foundation of
Korea (Grant number: 2019R1F1A1061596).

References

. J. Greenwald and R. Riek, Biology of amyloid: Structure, function,
and regulation, Structure, 18, 1244-1260 (2018).

. P. Faller, C. Hureau, and O. Berthoumieu, Role of metal ions in
the self-assembly of the Alzheimer’s amyloid-beta peptide, /norg.
Chem., 52, 12193-12206 (2013).

. Y.-H. Suh and F. Checler, Amyloid precursor protein, presenilins,
and @ -synuclein: Molecular pathogenesis and pharmacological ap-
plications in Alzheimer’s disease, Pharmacol. Res., 54, 469-525
(2002).

. U. C. Miiller, T. Deller, and M. Korte, Not just amyloid: Phy- sio-
logical functions of the amyloid precursor protein family, Nat. Rev.

18, 281-298 (2017).

. K. P. Kepp, Bioinorganic chemistry of Alzheimer’s disease, Chem.
Rev., 112, 5193-5239 (2012).

. K. Igbal, A. del C. Alonso, S. Chen, M. O. Chohan, E. El-Akkad,
C.-X. Gong, S. Khatoon, B. Li, F. Liu, A. Rahman, H. Tanimukai,
and 1. Grundke-Igbal, Tau pathology in Alzheimer disease and oth-
er tauopathies, Biochim. Biophys. Acta, Mol. Basis Dis., 1739, 198-
210 (2005).

. K. V. Kuchibhotla, S. Wegmann, K. J. Kopeikina, J. Hawkes, N.
Rudinskiy, M. L. Andermann, T. L. Spires-Jones, B. J. Bacskai,
and B. T. Hyman, Neurofibrillary tangle-bearing neurons are func-
tionally integrated in cortical circuits in vivo, Proc. Natl. Acad.
Sci. U. S. 4., 111, 510-514 (2014).

. G. Lippens, A. Sillen, I. Landrieu, L. Amniai, N. Sibille, P. Barbier,
A. Leroy, X. Hanoulle, and J.-M. Wieruszeski, Tau aggregation in
Alzheimer’s disease, Prion, 1, 21-25 (2007).

. I. Grundke-Igbal, K. Igbal, Y. C. Tung, M. Quinlan, H. M.

Wisniewski, and L. I. Binder, Abnormal phosphorylation of the

microtubule-associated protein tau (tau) in Alzheimer cytoskeletal

pathology, Proc. Natl. Acad. Sci. U. S. A., 83, 4913-4917 (1986).

A. Lorenzo and B. A. Yankner, Beta-amyloid neurotoxicity re-

Neurosci.,

10.
quires fibril formation and is inhibited by congo red, Proc. Natl.
Acad. Sci. U. S. A., 91, 12243-12247 (1994).

. W. E. Klunk, M. L. Debnath, and J. W. Pettegrew, Chrysamine-G
binding to Alzheimer and control brain: Autopsy study of a new
amyloid probe, Neurobiol. Aging, 16, 541-548 (1995).

12. H. Naiki, K. Higuchi, M. Hosokawa, and T. Takeda, Fluorometric

25t M 32 A M 1 F, 2021

o %

il

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

fot

X3

determination of amyloid fibrils in vitro using the fluorescent dye,
thioflavine T, Anal. Biochem., 177, 244-249 (1989).

. W. E. Klunk, B. J. Bacskai, C. A. Mathis, S. T. Kajdasz, M. E.

McLellan, M. P. Frosch, M. L. Debnath, D. P. Holt, Y. Wang, and
B. T. Hyman, Imaging A8 plaques in living transgenic mice with
multiphoton microscopy and methoxy-X04, a systemically ad-
ministered congo red derivative, J. Neuropathol. Exp. Neurol., 61,
797-805 (2002).

M. Hintersteiner, A. Enz, P. Frey, A.-L. Jaton, W. Kinzy, R. Kneuer,
U. Neumann, M. Rudin, M. Staufenbiel, M. Stoeckli, K.-H.
Wiederhold, and H.-U. Gremlich, In vivo detection of amyloid- 8
deposits by near-infrared imaging using an oxazine-derivative probe,
Nat. Biotechnol., 23, 577-583 (2005).

A. G. Vlassenko, T. L. S. Benzinger, and J. C. Morris, PET amy-
loid-beta imaging in preclinical Alzheimer’s disease, Biochim.
Biophys. Acta, Mol. Basis Dis., 1822, 370-379 (2012).

C. A. Mathis, N. S. Mason, B. J. Lopresti, and W. E. Klunk,
Development of positron emission tomography # -amyloid plaque
imaging agents, Semin. Nucl. Med., 42, 423-432 (2012).

N. A. Murugan, R. Zalesny, J. Kongsted, A. Nordberg, and H. Agren,
Promising two-photon probes for in vivo detection of £ amyloid
deposits, Chem. Commun., 50, 11694-11697 (2014).

. P. Verwilst, H. S. Kim, S. Kim, C. Kang, and J. S. Kim, Shedding

light on tau protein aggregation: the progress in developing highly
selective fluorophores, Chem. Soc. Rev., 47, 2249-2265 (2018).
P. Verwilst, H.-R. Kim, J. Seo J, N.-W. Sohn, S.-Y. Cha, Y. Kim,
S. Maeng, J.-W. Shin, J. H. Kwak C. Kang, and J. S. Kim, Rational
design of in vivo tau tangle-selective near-infrared fluorophores:
expanding the bodipy universe, J. Am. Chem. Soc., 139, 13393-13403
(2017).

E. E. Nesterov, J. Skoch, B. T. Hyman, W. E. Klunk, B. J. Bacskai
and T. M. Swager, In vivo optical imaging of amyloid aggregates
in brain: Design of fluorescent markers, Angew. Chem. Int. Ed.,
44, 5452-5456 (2008).

S. B. Raymond, J. Skoch, I. D. Hills, E. E. Nesterov, T. M. Swager,
and B. J. Bacskai, Smart optical probes for near-infrared fluo-
rescence imaging of Alzheimer’s disease pathology, Eur. J. Nucl.
Med. Mol. Imaging, 35, 93-98 (2008).

Y. Wang, T. Liu, E. Zhang, S. Luo, X. Tan, and C. Shi, Preferen-
tial accumulation of the near infrared heptamethine dye IR-780 in
the mitochondria of drug-resistant lung cancer cells, Biomaterials,
35, 4116-4124 (2014).

G. Lv, A. Sun, P. Wei, N. Zhang, H. Lan, and T. Yi, A spiropyr-
an-based fluorescent probe for the specific detection of b-amyloid
peptide oligomersin Alzheimer’s disease, Chem. Commun., 52, 8865
(2016).

J. W. Yan, J. Y. Zhu, K. X. Zhou, J. S. Wang, H. Y. Tan, Z. Y.
Xu, S. B. Chen, Y. T. Lu, M. C. Cui, and L. Zhang, Neutral mer-
ocyanine dyes: for in vivo NIR fluorescence imaging of amyloid-
B plaques, Chem. Commun., 53, 9910-9913 (2017).

H. L. Yang, S. Q. Fang, Y. W. Tang, C. Wang, H. Luo, L. L. Qu,
J. H. Zhao, C. J. Shi, F. C. Yin, X. B. Wang, and L. Y. Kong,
A hemicyanine derivative for near-infrared imaging of betaamyloid
plaques in Alzheimer’s disease, Eur. J. Med. Chem., 179, 736-743
(2019).

H. Y. Kim, U. Sengupta, P. Shao, M. J. Guerrero-Muiioz, R. Kayed,
and M. Bai, Alzheimer’s disease imaging with a novel Tau targeted
near infrared ratiometric probe, Am. J. Nucl. Med. Mol. Imaging,



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

3, 102-117 (2013).

S. Aggarwal, H. Ichikawa, Y. Takada, S. K. Sandur, S. Shishodia,
and B. B. Aggarwal, Curcumin (diferuloylmethane) down-regulates
expression of cell proliferation and antiapoptotic and metastatic
gene products through suppression of [ £ B @ kinase and Akt acti-
vation, Mol. Pharmacol., 69, 195-206 (2006).

C. Ran, X. Xu, S. B. Raymond, B. J. Ferrara, K. Neal, B. J. Bacskai,
Z. Medarova, and A. Moore, Design, synthesis, and testing of di-
fluoroboron-derivatized curcumins as near-infrared probes for in
vivo detection of amyloid-beta deposits, J. Am. Chem. Soc., 131,
15257-15261 (2009).

X. Zhang, Y. Tian, Z. Li, X. Tian, H. Sun, H. Liu, A. Moore, and
C. Ran, Design and synthesis of curcumin analogues for in vivo
fluorescence imaging and inhibiting copper-induced cross-linking
of amyloid beta species in Alzheimer’s disease, J. Am. Chem. Soc.,
135, 16397-16409 (2013).

X. Zhang, Y. Tian, C. Zhang, X. Tian, A. W. Ross, R. D. Moir,
H. Sun, R. E. Tanzi, A. Moore, and C. Ran, Near-infrared fluo-
rescence molecular imaging of amyloid beta species and monitor-
ing therapy in animal models of Alzheimer’s disease, Proc. Natl.
Acad. Sci. U. S. A., 112, 9734-9739 (2015).

Y. Li, J. Yang, H. Liu, J. Yang, L. Du, H. Feng, Y. Tian, J. Cao,
and C. Ran, Tuning the stereo-hindrance of a curcumin scaffold
for the selective imaging of the soluble forms of amyloid beta spe-
cies, Chem. Sci., 8, 7710-7717 (2017).

K. S. Park, Y. Seo, M. K. Kim, K. Kim, Y. K. Kim, H. Choo, and
Y. A. Chong, Curcumin-based molecular probe for near-infrared
fluorescence imaging of tau fibrils in Alzheimer’s disease, Org.
Biomol. Chem., 13, 11194-11199 (2015).

Y. Seo, K. S. Park, T. Ha, M. K. Kim, Y. J. Hwang, J. Lee, H.
Ryu, H. Choo, and Y. Chong, A smart near-infrared fluorescence
probe for selective detection of tau fibrils in Alzheimer’s disease,
ACS Chem. Neurosci., 7, 1474-1481 (2016).

K. S. Park, K. Yoo, M. K. Kim, W. Jung, Y. K. Choi, and Y.
Chong, A novel probe with a chlorinated @ cyanoacetophenone
acceptor moiety shows near-infrared fluorescence specific for tau
fibrils, Chem. Pharm. Bull., 65, 1113-1116 (2017).

K.-S. Park, M. K. Kim, Y. Seo, T. Ha, K. Yoo, S. J. Hyeon, Y.
J. Hwang, J. Lee, H. Ryu, H. Choo, and Y. A. Chong, Difluoroboron
8 -diketonate probe shows “Turn-on” near-infrared fluorescence
specific for tau fibrils, ACS Chem. Neurosci., 8, 2124-2131 (2017).
A. Loudet and K. Burgess, BODIPY dyes and their derivatives:
Syntheses and spectroscopic properties, Chem. Rev., 107, 4891-4932
(2007).

H. Watanabe, M. Ono, K. Matsumura, M. Yoshimura, H. Kimura,
and H. Saji, Molecular imaging of (-amyloid plaques with near-in-
frared boron dipyrromethane (BODIPY)-based fluorescent probes,
Mol. Imaging, 12, 338-347 (2013).

L. Teoh, D. Su, S. Sahu, S. W. Yun, E. Drummond, F. Prelli, S.
Lim, S. Cho, S. Ham, T. Wisniewski, and Y. T. Chang, A chem-
ical fluorescent probes for the detection of AB oligomers, J. Am.
Chem. Soc., 137, 13503 (2015).

W. Ren, J. Zhang, C. Peng, H. Xiang, J. Chen, C. Peng, W. Zhu,
R. Huang, H. Zhang, and Y. Hu, Fluorescent imaging of beta-amy-
loid using BODIPY based near-infrared off-on fluorescent probe,
Bioconjugate Chem., 29, 3459-3466 (2018).

%

o

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

¥ ZEH I 9

P. Verwilst, H.-R. Kim, J. Seo, N.-W. Sohn, S.-Y. Cha, Y. Kim,
S. Maeng, J.-W. Shin, J. H. Kwak, C. Kang, and J. S. Kim,
Rational design of in vivo tau tangle-selective near infrared fluo-
rophores: Expanding the BODIPY universe, J. Am. Chem. Soc.,
139, 13393-13403 (2017).

W. Yang, Y. Wong, O. T. Ng, L. P. Bai, D. W. Kwong, Y. Ke,
Z. H. Jiang, H. W. Li, K. K. Yung, and M. S. Wong, Inhibition of
beta-amyloid peptide aggregation by multifunctionalcarbazole-based
fluorophores, Angew. Chem. Int. Ed., 51, 1804-1810 (2012).

Y. Li, D. Xu, S. L. Ho, H. W. Li, R. Yang, and M. S. Wong,
A theranostic agent for in vivo near-infrared imaging of £ -amyloid
species and inhibition of & -amyloid aggregation, Biomaterials, 94,
84-92 (2016).

Y. Li, C. Chen, D. Xu, C.-Y. Poon, S.-L. Ho, R. Zheng, Q. Liu,
G. Song, H.-W. Li, and M. S. Wong, Effective theranostic cyanine
for imaging of amyloid species in vivo and cognitive improve-
ments in mouse model, ACS Omega, 3, 6812-6819 (2018).

M. Cui, M. Ono, H. Watanabe, H. Kimura, B. Liu, and H. Saji,
Smart near-infrared fluorescence probes with donoracceptor struc-
ture for in vivo detection of B -amyloid deposits, J. Am. Chem.
Soc., 136, 3388-3394 (2014)

H. Fu, M. Cui, L. Zhao, P. Tu, K. Zhou, J. Dai, and B. Liu,
Highly sensitive near-infrared fluorophores for in vivo detection of
amyloid-8 plaques in Alzheimer’s disease, J. Med. Chem., 58,
6972-6983 (2015).

H. Fu, P. Tu, L. Zhao, J. Dai, B. Liu, and M. Cui, Amyloid-/J) de-
posits target efficient near-infrared fluorescent probes: Synthesis, in
vitro evaluation and in vivo imaging, Anal. Chem., 88, 1944-1950
(2016).

K. Zhou, Y. Li, Y. Peng, X. Cui, J. Dai, and M. Cui, Struc-
ture-property relationships of polyethylene glycol modified fluo-
rophore as near-infrared A8 imaging probes, Anal. Chem., 90,
8576-8582 (2018).

Y. Li, K. Wang, K. Zhou, W. Guo, B. Dai, Y. Liang, J. Dai, and
M. Cui, Novel D-A-D based near-infrared probes for the detection
of beta-amyloid and Tau fibrils in Alzheimer’s disease, Chem.
Commun., 54, 8717-8720 (2018).

K. Zhou, C. Yuan, B. Dai, K. Wang, Y. Chen, D. Ma, J. Dai, Y.
Liang, H. Tan, and M. Cui, Environment-sensitive near-infrared
probe for fluorescent discrimination of A# and tau fibrils in AD
brain, J. Med. Chem., 62, 6694-6704 (2019).

Authors
Changho Min; B.Sc., Graduate Student, Department of Applied

Chemistry, School of Applied Chemical Engineering, Kyungpook
National University, Daegu 41566, Republic of Korea; alsckdghl
(@naver.com

Heonsu Ha; B.Sc., Graduate Student, Department of Applied Chemistry,

School of Applied Chemical Engineering, Kyungpook National
University, Daegu 41566, Republic of Korea; 9137546@naver.com

Jongho Jeon; Ph.D., Assistant Professor, Department of Applied

Chemistry, School of Applied Chemical Engineering, Kyungpook
National University, Daegu 41566, Republic of Korea; jeonj@
knu.ac.kr

Appl. Chem. Eng., Vol. 32, No. 1, 2021



