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Synthesis of NQO1-activatable Optoacoustic Probe and
Its Imaging of Breast Cancer
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Science and Engineering, GuangZhou 510640, China)

Abstract NAD(P)H:quinone oxidoreductase-1 (NQO1) is a cytosolic two-electron-specific reductase whose abnormal ex-
pression is associated with breast cancer, and NQO1 has been regarded as an important biomarker for monitoring the occur-
rence and development of breast tumors. Although there are some research reports involving fluorescent probes for imaging
NQOL1 in vivo, they generally suffer from the strong light scattering by tissues which would cause the spatial resolution of
fluorescent signals degrade rapidly with imaging depth. On the other hand, as an emerging detection and imaging modality,
optoacoustic tomography (OAT) is capable of providing more detailed information in deep biological tissues than fluorescent
imaging, since in OAT ultrasound signals are the reporting signals. To overcome the inherent defects of fluorescent imaging,
in this work, we developed a novel near-infrared (NIR) NQO1-activatable optoacoustic (OA) probe TPA-X-Q based on the
push-pull internal charge transfer (ICT) scaffold. TPA-X-Q consists of a NQO1-responsive moiety, quinone propionate group
and a NIR chromophore TPA-X-OH. In the absence of the enzyme NQO1, the probe displays nearly no noticeable OA signal
upon NIR excitation. Whereas in the presence of NQO1, the quinone propionate group of TPA-X-Q is reduced and cleaved
by the enzymatic reaction triggered by NQO1, and thus TPA-X-Q is transformed into TPA-X-OH, consequently evident OA
signal is generated, thereby realizing the detection and imaging of NQO1. As for the probe, the limit of detection (LOD) is
determined to be 0.193 pgemL . Furthermore, the probe TPA-X-Q displays several advantages, such as quite good selectivi-
ty towards NQOI1, low cytotoxicity and excellent photostability. Moreover, the probe has been successfully utilized to detect
and image the overexpressed NQO1 in the breast cancer-bearing mouse model. Orthogonal-view three-dimensional (3D)
images can also be obtained by using multispectral optoacoustic tomography (MSOT), and thus precise localization of the
breast cancer tumors can be achieved. This probe holds great potential for being employed as an efficacious tool for diagnos-
ing breast cancer via responding to NQO1.
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Figure 1 The response and imaging mechanism of TPA-X-Q
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Figure 2 (A) Absorption spectra of TPA-X-Q (10 pmolsL "),
TPA-X-OH (10 pmol-L™"), TPA-X-Q upon reaction with NQOI (the
concentration of probe was 10 pmoleL™'; that of NQO1 was 15 pgemL™;
the reaction time was 40 min). (B) The HR mass spectrum of TPA-X-Q
upon reaction with NQOI1 (the concentration of probe was 10 pmolL™;
that of NQO1 was 15 pgemL™'; the reaction time was 10 min). (C)
Time-dependent absorption spectra (0~40 min) of the probe in the pres-
ence of NQO1 (15 pugemL™"). (D) Absorption spectra at 40 min of the
probe (10 pmolsL ') in the presence of varied levels of NQO1 (0~15
pgemL ). These measurements were performed in PBS (pH=7.4, con-
taining DMSO(¢=1%) and 100 pmol-L"' NADH cofactor) at 37 C
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Figure 3 (A) The wavelength dependence of probe’s (10 pmol-L ')
normalized optoacoustic(OA) intensity in the presence of NQOI1(15
pgemL™"). (B) OA response of the probe (10 pmoleL™") to NQOI of
varied levels (sample size n=3); The inset shows the representative
optoacoustic images of the probe in phantom at varied NQO1 level; Exci-
tation wavelength: 710 nm. (C) OA response of the probe (10 umol-L ") in
the presence of NQO1(15 pgemL ") and (D) anti-interference test (n=3);
The concentration of NaCl, KCl, alanine (Ala), arginine (Arg), tyrosine
(Tyr), homocysteine (Hcy), cysteine (Cys), DL-dithiothreitol (DTT),
glutathione (GSH), Urea, ascorbic acid (AA), serine was 1 mmolsL !;
that of BSA was 20 mgemL " '; that of glucose was 10 mmol-L '. These
measurements were performed in PBS (pH=7.4, containing DMSO(p=
1%) and 100 pmol*L "' NADH cofactor) at 37 “C

http://sioc-journal.cn 333



o F 5 R

SAEMANIINQOL A L A th & & A8k, S IRE
FERL R EEAE SRR T e BAROETS, HAE 710 nm
ARSI EEAE 1 h IR TR SE N A R AR A (]
S16), RWIHRE BAT RUFpeasett
2.3 FLEREDRREEE K

FEEAT /N BB RGP BB SR 30 2 /i, BATH S50
FI MTT AN A AR AR A PR A (o A1 & )
I S RS AR B k. SCIR SR R o (K S17), Kk
FEREFE LRI GRS AT 40 2 1 240 o 7 2
AT] BIEANTE PAMETE S RE AE B &Y R, /D
BT T A L AR AR (T S18). 145 R W]
ZIREHA R BAT R I E A B A BRI B M B 1,
PR RTINS

N T PP AR T R AR N R R A
NQOI1 =AM R, AT ST B AR, FRATaE ST
TR /N R, i, P MEE BALB/e #R
Bl 1 285 DU 0F LB A 39 S S5 AR AR ) PBS G2t (pH =
T4 AT1 GHNLEIFIR, FEST T X HRZLRI/IN B L e
M. W 4A Fow, — R, SIRAVNRAMEIEF,
A6 R 2 /)N Bt 8 585 DU 0 27 L A 17 S8 Y T B
MR, 2 JEIRATR TPA-X-Q #REFES A FLIIE /N RS

B

Control Breast cancer

\
| I
.... L

0 min

Activated @
probe

Merge

10 min 30 min 60 min

B4 (A) S PBS SR HR)ELE 4T1 4 7 22 1 (RL R e L
N1 RGN R EG. B) FUERE D BB RE ES RE ER
(0 min) 12 J5 10, 30 F1 60 min I FYREEE G A EME; AN KXARA
i OA R 5 ufE. (bHE: BORIRE DA E SR, T Bun et
LIREET FRDG AR S BN IE)

Figure 4 (A) Representative bright-field images of nude mouse 1 week
after injection of PBS (Control) or 4T1 cell suspension (Breast cancer
model). (B) Representative cross-sectional OA images of the breast can-
cer-bearing nude mouse model before injection of the probe (0 min) and
10, 30, 60 min after injection of the probe; the color bar on the right side
reflects different OA intensities. (Upper row: the OA signal image of
activated probe; lower row: the overlay of the OA signal images of acti-
vated probe and grayscale background)
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Figure 5 Representative 3D OA images of the breast cancer-bearing
nude mouse model before injection of the probe (0 min) and 10, 30, 60
min after injection of the probe; the color bar on the right side reflects
different OA intensities. (Upper row: the OA signal image of activated
probe; lower row: the overlay of the OA signal images of activated probe
and grayscale background)
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=14.1 Hz, 2H), 7.39 (t, J=7.4 Hz, 4H), 7.25 (t, J=7.0
Hz, 2H), 7.21 (d, J=8.0 Hz, 2H), 6.22 (d, J=14.0 Hz,
2H), 3.76 (s, 6H), 2.75 (t, J=6.2 Hz, 4H), 1.95~2.0 (m, J
=6.4 Hz, 2H), 1.73 (s, 12H). HRMS (ESI): calcd. for
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1.89~1.79 (m, 2H), 1.73 (s, 6H). HRMS (ESI): calcd. for
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(Bl A AR, JRBIMA &R L, Vs o Vow
=20 : 1), 192G ER AR E K495 mg, 72%)LE) 4,
Bl 5% 7 4E 5 #] TPA-X-OH. 'H NMR (600 MHz,
DMSO-ds) 6 8.06 (d, J=13.5 Hz, 1H), 7.63~7.62 (m,
2H), 7.47 (d, J=7.4 Hz, 1H), 7.34 (s, 1H), 7.31 (d, J=7.7
Hz, 1H), 7.20 (d, J=8.6 Hz, 2H), 7.12 (d, J=8.9 Hz, 4H),
6.95 (d, J=8.9 Hz, 4H), 6.80 (d, J=8.2 Hz, 2H), 6.39 (d, J
=10.3 Hz, 1H), 6.32 (d, J=10.6 Hz, 1H), 5.87 (d, J=13.4
Hz, 1H), 3.76 (s, 6H), 2.61~2.62 (m, J=7.6 Hz, 2H),
2.59~2.60 (m, J=6.4 Hz, 2H), 1.76~1.78 (m, J=6.8, 6.4
Hz, 2H), 1.65 (s, 6H), 1.27 (s, 3H). 3C NMR (151 MHz,
Chloroform-d) 6 156.24, 148.83, 143.62, 142.68, 140.48,
139.96, 139.81, 132.71, 132.14, 132.07, 132.02, 130.17,
128.92, 128.60, 128.52, 128.26, 127.53, 127.09, 122.91,
122.10, 119.33, 118.32, 115.92, 114.85, 108.39, 104.89,
102.91, 55.53, 47.78, 29.95, 28.58, 24.89, 24.49, 21.26.
HRMS (ESI): caled. for C46Ha3sN,04[M]7687.3217, found
687.3207.

414 &4 5(TPA-X-Q)89 41 %

# 344 mg (ALAY) 4(0.5 mmol)Fl 125 mg ] 3,3-
TUF3E3-(2,4,5- = I HE-3,6- IR O -1,4- 138
PiB2(0.5 mmol)/& T 4 mL & b B T8 R e
B, WHEIE 0 C. K 207 mg I CHERR K
(DCC)(1 mmol)Fl 6 mg ] 4- — F L JE ML IE(DMAP)(0.05
mmol)¥&T 3 mL & ke, FE RS ER, RS
ST, B ZIR A VAR S 2 1 N B S MR R
In#AE FIR R 16 h. Frfg R BOEH/KES &R et AT
RV x 0V —gen=111). WEFHZ, HlidH 2 0E
AR R R EA NV, X ppd i 2 A i 774l
(I e A AR, WANA N R/ B, V s - V o
=50 : 1), 132G S EM AR EKQ277 mg, 53%)ILED)
5, HI#R%F TPA-X-Q. '"H NMR (600 MHz, Chloroform-d)
5 8.62 (d, J=15.1 Hz, 1H), 7.57~7.49 (m, 3H), 7.44 (t, J
=7.3 Hz, 1H), 7.19 (s, 1H), 7.14 (d, J=8.8 Hz, 5H), 7.10
(d, J=8.6 Hz, 2H), 6.97 (d, J=8.6 Hz, 2H), 6.90~6.88
(m, 5H), 6.86 (d, J=2.2 Hz, 1H), 3.82 (s, 6H), 3.32 (s,
2H), 2.85 (s, 2H), 2.68~2.65 (m, 2H), 2.60 (s, 2H), 2.21
(s, 3H), 1.99~1.89 (m, 9H), 1.81 (s, 6H), 1.56 (s, 6H). 1*C
NMR (151 MHz, Chloroform-d) § 186.28, 177.52, 169.89,
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158.68, 155.48, 155.27, 152.72, 150.62, 148.27, 145.08,
141.10, 140.84, 139.07, 138.72, 129.29, 129.13, 128.83,
128.75, 128.38, 126.81, 126.24, 126.09, 121.19, 118.69,
118.34, 118.04, 116.74, 114.57, 113.90, 113.84, 112.35,
106.59, 105.77, 54.51, 49.77, 46.67, 37.51, 33.59, 28.68,
28.10, 27.03, 23.54, 21.67, 19.26, 13.49, 11.66, 11.21.
HR-MS (ESI): calced. for CsoHsoN,O7[M]919.4317, found
919.4304.
4.2 FiEsoth

BERE TPA-X-Q HRZE DMSO WHECAIKRE N 1
mmoleL ' IRER. {EFHE, WK REEAH PBS Sl
(pH=7.4)FiFt. 7EHEST NQO1 A #hm Rzl R, AH
M FE ) NQO1 A TPA-X-Q ] PBS 22l (pH=
7.4, TPA-X-Q 2K E 10 pmol-L !, & DMSO(p=1%)
F1100 pmoleL ! FIFHEE R NADH)H. T-37 C/KB T
SBE, R AT T R K ' 7 e R Y 1 7 3 1] s AR
3.
4.3 YHREEMSE

REF TPA-X-Q FAE A LAY TPA-X-OH X4l
(EEPEHE MTTAISO 10993-5 Frifk)iziFAh. K 4T1 41
ESH 10%K FBS K FIEF R 7RG, LL 1X10°
cells/mL FIIREHEFIE 96 FLARAF, N 37 CH& 5%
CO BT F%. 24 h )5, W IR BB RRIG R4, H
TGS R PBS SRR Pe s anie, 2 )5 & AR E
(0~50 umolsL "TPA-X-Q = TPA-X-OH [1]#5 773
(pomso=0.2%)4k B8535 24 h. 2 J5H] PBS L Pl vk,
HIMAE (0.5 mg/mL)MTT (5532368595 3 h. PG FEFR
BERF LI 150 uL ¥ DMSO & fRITEY. &)n
{8 F Thermo MK3 ELISA Eg#R {3 & 570 nm A& 9%
FE. BAWRERE T 8 AN, 40 st i R
Pt i 22 A
4.4 EYRLMSE

FEME BALB/c #RER (6 JEIR)BEHL B —2H, B4 6
W, 50K 3.4 mg/kg #R%4F TPA-X-Q Fll 4.6 mg/kg A=t
B E ) TPA-X-OH S NFE L/ N, RS54
U PBS iR (pH="7.4)i%F AF| N —4L/NR A, Bl
Ja SR 7 R E RSN AR E AR
4.5 FLBRENRARBRENL

FEMETE BALB/c #ER(6 JAIR)BENL /> P 2H, &:2H 6
HoB 1X1004 4T1 408 23F T 80 uL PBS 2 (pH
=7.4)F, BEJE %A BT SN — 2N R
B 4 5F FLRRAR W 4 (R i 7 89935 80 L), 1E L AR
BRI, FR SRR PBS G S N A — 4/ R A
WA FEIALE, 1E AN IRAL. 2 JR 8 B Ent b 2 s 41
/N BRFHRI JH IR R 1 O
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4.6 1RE TPA-X-Q X/ R ZLBR 2 X 13 A9 A A5 1%
FEHATIR AR P A SE 56 2 A, 38 3k PR BB /)N R
(fREMPEFAT 34 CHIRE IS AN & A 1% 5 T
ACAHE N R IR S AT R . ¥ 2.85 mgkg REF
TPA-X-Q 83T f Ty 48 1) 75 2 N 3k /) BB DU L i
R, ARG AT AL, o0 SIFERREHE S HT(0 min)FlyE
%5 10, 30, 60 min REJEH EUE, HHIZPK N 0.1 mm.
RIEA B HALAY) TPA-X-OH FlIfIL 2T 8 3 R USOG i (1)
5 LR 2 A K 680, 690, 700, 710, 730, 760, 800 Al
850 nm(fE N 5. BB KL 5 wilkE. 53080m
B4 )5, M MSOT R4k TEaE, HE8 =4 K%,
SRR GR35k B A B L& TPA-X-OH
(BRIERET ) ' 75 45 5 A0 P A S W A1 (L 4T 8 1T
FRMAEAFHIDLHEES.
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