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A Ratiometric Upconversion Nanoprobe for Detection of HNO
Based on Luminescence Resonance Energy Transfer

Wang, Peipei’ Liang, Tao" Zuo, Miaomiao” Li, Zhen*’ Liu, Zhihong™*
(“ College of Chemistry and Molecular Sciences, Wuhan University, Wuhan 430072)
(® College of Chemistry and Chemical Engineering, Hubei University, Wuhan 430062)

Abstract Nitroxyl (HNO), produced by nitric oxide (NO) with one-electron reduction and protonation, has recently re-
ceived substantial interest due to its important roles in various biological functions and pharmacological activities. Research
indicates that HNO also has many potential pharmacological applications for different diseases. Therefore, the development
of a reliable method for HNO assay in biosystems is highly desired. Ratiometric fluorescent probes show significant ad-
vantages over traditional “turn-on” ones, because simultaneous measurement of two emission signals can provide a built-in
correction and thus minimize the inaccurate fluorescence signal readouts. As far as we know, there is no ratiometric fluores-
cent probe for HNO detection based on upconversion nanoparticles (UCNPs). Herein, a ratiometric nanoprobe for HNO assay
was constructed based on the luminescence resonance energy transfer (LRET) principle by using UCNPs with a core-shell
structure (NaYbF4:30%Gd@NaYF,:2%Yb:1%Tm) as the energy donor and an organic dye FI-TP as the potential energy
acceptor. The oleate-coated UCNPs (OA-UCNPs) and FI-TP were assembled through hydrophobic interaction to construct the
upconversion nanoprobe (termed as FI-TP-UCNPs). Because of the ring-closed form, FI-TP displayed weak absorption and
was non-fluorescent, which blocked the LRET process. After reaction with HNO, the triphenylphosphine moiety left and
released FI-HNO with the fluorescent ring-open form. FI-HNO showed strong absorption in the range of 400~500 nm,
which completely overlapped with the blue luminescence of UCNPs and triggered the LRET process between UCNPs and
FI-HNO. Thus, the luminescence from UCNPs around 480 nm decreased and the emission from FI-HNO around 525 nm
increased with a [HNO]-dependent manner. The ratiometric luminescence intensity Fsys nm/Fago nm Showed a good linear rela-
tionship (R*=0.9914) to the logarithm of AS (Angeli’s salt, a generally used HNO donor) concentration in the range of 3~
100 pmol+L ™" and the limit of detection was 23.4 nmoleL™". The excellent sensitivity, stability, selectivity and low cytotoxi-
city endow FI-TP-UCNPs with the superior capability for HNO assay in vitro and in vivo. We found that FI-TP-UCNPs probe
is appropriate for monitoring HNO in living cells as well as imaging HNO in liver tissues. This probe may be a powerful tool
for HNO assay in various physiological processes.

Keywords upconversion nanoparticles; luminescence resonance energy transfer; ratiometric signal; nitroxyl; fluorescence
bioimaging
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Figure 1 Schematic illustration of the construction of FI-TP-UCNPs
ratiometric probe and sensing of HNO through LRET principle
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Figure 2 (A) Absorption spectra of FI-TP and FI-HNO as well as the
emission spectrum of UCNPs; (B) Emission spectra of FI-TP responding
to different concentrations of AS (Angeli’s salt, a generally used HNO
donor)

I UK UCNPs HEATRAE, &4t 7 Bt E1E
(Transmission electron microscopy, TEM)3 B A3 il %
{1 UCNPs B A5 RAFHIE S — R~ (E3A~D). H
o % g K R R R 42 8 (20.0 £ 1.5) nm, A% 55451
UCNPs HISFRiAZ N(27.541.7) nm, FEEEAHN 3.8
nm. fif§ UCNPs §) X S 28 RATH (X-ray powder dif-
fraction, XRD)EIE 54r1E/N 7740 NaYF, [#11% El(JCPDS
No. 16-0034)—Fk, FHIH N7NT7HH (& 3E).

2.3 FI-TP-UCNPs {R§tBORAE
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DSPE-PEG(4) ¥ &5 ¥ 20 B 82 Az )il i i /K 1 FH A 78
OA-UCNPs, £ UCNPs K ¥ sgiKiE. biJE FI-TP i@
K- AR T HKEE N, 588 FI-TP-UCNPs
PRET (e 1 ) e A L o A8 8 21 41l 3 B (Fourier
transform infrared spectra, FTIR)%} FI-TP-UCNPs #£%1 3
ITRAE, W S3 AR, 1769 cm™' 2 1640 cm ™' 43 Bl %} &
FI-TP %1 M Hs%E 2 DSPE-PEG 4> T N EEHCGH T C=0
(45 PR BNEAYT SiE R FI-TP-UCNPs 20235 5% 3. TEM
K% & B {E18 11T )5, DSPE-PEG@UCNPs 5 FI-TP-
UCNPs MBS A KA B4 (K S4A, B). HT
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Figure 3 The transmission electron microcopy (TEM) images of
OA-coated (A) NaYbF4:Gd and (B) NaYbF,:Gd@NaYF4:Yb:Tm. Histo-
grams of the size distribution of (C) NaYbF4:Gd and (D) NaYbF,.Gd@
NaYF,Yb:Tm. (E) XRD patterns of the core structure NaYbF,:Gd,
core-shell structure NaYbF;:Gd@NaYF4:Yb:Tm, UCNPs@PEG and
FI-TP-UCNPs
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Figure 4 (A) Emission spectra of FI-TP-UCNPs responding to different
concentrations of AS. (B) The linear relationship between ratiometric
fluorescence signal (F'szs nm/Fasonm) Of FI-TP-UCNPs and the logarithm of
AS concentration

2.5 FI-TP-UCNPs iR§tRUIEFME STRE M
NSEBAEYIR RPN, RCIREN TR A& R AT
R SR Y LA e IR A LIRS P AR .
SRE IR RN, TEAH A2 AF T MR 0 HAL T4
M RL G S9 s, &)@ 3T 2 AR . ROS RSSO
PEBRZEPIIR) . RNS S FHAnS L3R % (5 5 IR IR

800  http://sioc-journal.cn

© 2020 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

AN, REEXT HNO AR fF ik £ ME. MG R A
FI-TP-UCNPs #R4t ity # 2 PEAT pH A2 1. @] S10A
Fizn, 137 CRE 2 h, FEHREREREATLLL.
UbAh, Wil S10B fis, 7 4.5~8.0 ¥ pH JEFlN, #REF
1) AR R B B A CR R RS e . DL R4 IR IR e A
B ROFESME. ARt pH foett, Wi d
Yk &9 HNO Fifg 4 AT AT .

2.6 ARG

MR IR E B A % R E MR, %R
CCK-8 i 50 % SRE A k. Wil S11 Fo, 125
A[FHE FI-TP-UCNPs (0~0.6 mgemL ¥ & 24 h )5,
HeLa ZHHA7IE R IO BARE, RPRE S HERAK, &
EHTEWSAZ. BEJE, A TAE#%% T FI-TP-UCNPs i
MEEAHH HNO & &L EE 7). FI-TP-UCNPs (0.3
mgemL R4S HeLa A0 & 2 h, @i i RN
YA, B S P AR R (4 AS (0, 10, 50, 100 pmolsL ™)
AERGHM 1 h JEIEATROLRUE. W SA~D Fow, BEE
HNO K JEHK, UCNPs JHIE [)79¢ ' K 5 30 R 12 7 A,

FI-HNO Merge

Ratio High

UCNPs

Bright fi_e[d

x

Probe
Ratio Sig?al Intensity

Probe+
[y
[e)
2

Probe+

100 ymol-L"AS 50 umol-L"AS 10 ymol-L-* AS

Probe+

0.6 1

0.4 4

FF\-HNO/FUCNPS

0.2 4

0.0
A B C D

B 5 HelLa 43R EKME, (A~D) A FI-TP-UCNPs (0.3 mge
mL ") B H 2 h, REHMAERFEIRER AS (A: 0; B: 10 pmoleL ™ ; C:
50 umolsL™'; D: 100 pmolsL "Y4t¥ 1 h; (E) E(A~D)ILLRES
(Frrano/Fuenps). W8 400~500 nm (UCNPs JEi&)A 500~600 nm
(FI-HNO ##i#E) 55, AR 20 pm

Figure 5 Confocal microscopic images of HeLa cells incubated with
FI-TP-UCNPs (0.3 mgemL ') for 2 h: (A) cells incubated with
FI-TP-UCNPs only; (B~D) cells treated with (B) 10 umol-L ' AS; (C)
50 umolsL ~' AS; (D) 100 pmoleL ~' AS after pretreated with
FI-TP-UCNPs. (E) Ratiometric signal of FI-HNO emission to UCNPs
emission in images (A~D). The emissions were collected at 400~500
nm (UCNPs channel) and 500~600 nm (FI-HNO channel), respectively.
Scale bar: 20 pm
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Figure 6 Confocal microscopic images of HeLa cells incubated with
FI-TP-UCNPs (0.3 mgemL ') for 2 h: (A) cells incubated with
FI-TP-UCNPs only; (B) cells pretreated with 200 pmolsL ' Na,S for 0.5
h; (C) cells pretreated with 200 pmolsL ' Na,S for 0.5 h and 1 mmolsL "
DETA NONOate for another 1 h; (D) cells pretreated with 200 pmolsL ™"
Na,S for 0.5 h and then 1 mmolsL ™' NAC for another 0.5 h, finally 1
mmoleL ' DETA NONOate was added for 1 h. (E) Ratiometric signal of
FI-HNO emission to UCNPs emission in images (A~D). Images were
acquired at 400~500 nm (UCNPs channel) and 500~600 nm (FI-HNO
channel), respectively. Scale bar: 20 pm
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Figure 7 Confocal microscopic images of mice liver slices injected with
FI-TP-UCNPs (0.3 mgemL ). (A~C) Mice injected with AS (A: 0 pmol;
B: 0.5 umol; C: 1 umol). (D) Ratiometric fluorescence signal of images
(A~C). The emissions were collected at 400~500 nm (UCNPs channel)
and 500~600 nm (FI-HNO channel), respectively. Scale bar: 200 pm.
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FRINFEE T T HNO Al i B R A b 36 075 e o
KAREE. ZREH LT LRET JEH, PLUCNPs NfE &ALk,
RNEATEY FI-TP B /ERE R 2. 5 HNO R 7=
NiJE, BTk T LRET {EA, UCNPs “%J65mE e,
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XA AT RO SC R, 2R ET A B R i RS
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TEAHM UL R R HNO (RN E R, [, B
RAF 5 WAL R 7RIS R AT S ﬁt%ﬁﬁnaﬁﬁb,
ZARAH AT S T W % b AR PR FE R R HNO 5
B

4 SIGERSY
41 FI-TP B9E&RR

AN S12 iR, a2 A 4 $2HE SRR
EA R G s Hik& 4 2 (200 mg, 0.6 mmol) il
1b&%0 4 (185 mg, 0.72 mmol )& iR T H R T, #£60 C
KR8 h, HEMERAEZENAE. 'TH NMR (400
MHz, CDCL;) ¢: 8.03 (d, J=7.3 Hz, 1H), 7.71~7.58 (m,
2H), 7.16 (d, J=7.5 Hz, 1H), 6.77 (dd, J=5.1, 2.4 Hz,
2H), 6.71~6.52 (m, 4H), 3.98 (t, J=6.5 Hz, 2H), 1.84~
1.73 (m, 2H), 1.44 (d, J=7.0 Hz, 2H), 1.26 (s, 24H), 0.88
(t, J=6.8 Hz, 3H).

FI-TP @il NAIABOP IR R). B 2-( R B R
H B2 (0.17 mmol) % T 6 /K N,N- = HBE O R
(N,N-Dimethylformamide, DMF) . 7EUK¥ 24+, I
A 37 mg (0.2 mmol) ] 1-2.3E-(3-— F SE &I 4 28 ) Bk
=W B #: B2 #R (1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride, EDCI)F1 2 mg (0.02 mmol)F

- F A B BE (4-dimethylaminopyridine, DMAP). &
N 0.5h &, M 110 mg (0.2 mmol)iL &4 5, THEE=S
IR, RNIRERINIKF, )ﬂz@azﬂaiﬂl
JEMEZE bR 2B HUER, e A E 7 5s, 192805~
Yl FI-TP 64 mg, /“% N 45%. 'H NMR (400 MHz,
CDCl3) 6: 8.28~8.20 (m, 1H), 8.01 (d, J=7.4 Hz, 1H),
7.58~7.69 (m, 2H), 7.49~7.44 (m, 2H), 7.38~7.26 (m,
10H), 7.14 (d, J=7.5 Hz, 1H), 7.02~6.97 (m, 1H), 6.95
(d, J=2.2 Hz, 1H), 6.76~6.70 (m, 2H), 6.69~6.64 (m,
1H), 6.64~6.57 (m, 2H), 3.97 (t, J=6.5 Hz, 2H), 1.87~
1.73 (m, 2H), 1.51~1.40 (m, 2H), 1.32~1.22 (m, 24H),
0.88 (t, J=6.8 Hz, 3H) (/& S13). *C NMR (101 MHz,
CDCly) d: 169.37, 164.76, 161.03, 153.13, 152.24, 151.83,
151.75, 141.72, 141.44, 137.51, 137.40, 135.08, 134.52,
134.14, 134.13, 133.93, 133.92, 132.76, 131.43, 131.41,
129.79, 128.93, 128.87, 128.86, 128.66, 128.64, 128.58,
128.57, 128.38, 126.51, 125.05, 124.08, 117.45, 116.73,
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112.34, 110.61, 110.46, 101.35, 82.60, 68.42, 31.94, 29.71,
29.69, 29.67, 29.61, 29.58, 29.37, 29.09, 26.01, 22.71,
14.14 (& S14). HRMS (m/z): [M+ Na]" caled for
[CssHs,0O6NNa] " 867.3785, found 867.377 (&l S15).
4.2 HERIEIHEY LRGSR EN (OA-UCNPS) & BX

UCNPs R Z i P A KIE G . &5k, B 0.5
mmol HIEZ £h[n(Yb*") : n(Gd®")=70 : 30], 20 mmol %L
#H(NaF), 10 mL JHiR(Oleic acid, OA)F1 10 mL + )\ Jd
(1-octadecene, ODE)IIAF| = FgeifiH. =, (L
SERT, FHEZR 110 CHREF 1 h, BE/EFHREZE 320 C
{RFF 75 min. BUH 4 mL PR T2 G RIE, A5
¥ HE 8 mL OA/ODE BA 1 0.4 mmol JHER#:
(YT D n(YD'") D n(Tm® " )=75 © 4 © 11513 M A )8
HIR, GREELREF 320 CRB 40 min. JRATRDEI 2%
T, SRR SR AR K BORLTTE T oK, 9Kk A
RIS 101 K SR =I5, 40 EUE Cke B
5 H.
4.3 %% FI-TP-UCNPs #£4t

¥ 1 mgemL ™" ] OA-UCNPs F1%% Jiii ¥ DSPE-PEG
SETERT R, WRBHE SR B RS IER A, B
FA¥YI(DSPE-PEG@UCNPs) 7 BU{E R4tk 1. FI-TP T
DMF 1, 2R J5 42 1% 3§ N 2 4 # & [¥) DSPE-PEG@
UCNPs H, ibifiist. 20kk2k2 21 DSPE-PEG M
FI-TP, yiie F R Atk ok 5 6 05 IR BUTE B 2ok, 158
#| FI-TP-UCNPs, #2445 H 1 mgemL .
4.4 FI-TP-UCNPs #E7Ki% i & B K2

#£ HEPES (100 mmolsL ™', pH=7.2)2 &+,
0.05 mgemL ' ffJ FI-TP-UCNPs 5 A [FKEH AS (0~
100 pmoleL "4, 37 “CJM 1 h. L 980 nm SO
PRI IEVE, U 400~600 nm Y5 N 5 OG1E S
45 EFEM

7t HEPES (100 mmolsL™ ', pH=7.2)Z M T,
0.05 mgemL ' ] FI-TP-UCNPs 5 AS (100 pmolsL ™ ")Fll
HABTHA(100 pmoleL ™ ")7E 37 CHEE 1 h. LL 980 nm
HESRHOGER O EIR, WEE 400~600 nm Y P 172
RS
4.6 iﬁ {3

7t HEPES (100 mmolsL™', pH=7.2)Z MW T,
0.05 mgemL ' ff] FI-TP-UCNPs 7£ 37 CH#¥ 5 2 h, UEEAR
[FJ S B R 3soe 5 5, M R e e . 7EmE
FRGE AT A, MEASE pH SHEEHHIEI, 37 C44F
TIFE 1 h, YK ERERSRTOE S, WERENR) pH e
PE.

4.7 ‘HEAEM
WA FETE ] CCK-8 WIS H LR, Bk
HeLa ZHf3 T 96 FLARH, HEH 10%06 245 15 Al

Acta Chim. Sinica 2020, 78, 797—804



1 F F ®R

1% 5 R/ 5 2 DMEM K597 %8, 37 CH59524 h. B
Ja M EHEARFEWE FI-TP-UCNPs #£4F(0. 0.1, 0.24
0.3+ 0.4, 0.5, 0.6 mgemL )15 e 55 7% e 4k 845 9% 24 h.
ZJEHEALIIN 10 pL (1) CCK-8, k40 H 4 h. fie)o Fl kG
PRI E 450 nm AL IWROGRE, THEAHIAETE 2%, dHMf7E
TR 7 N (FI-TP-UCNPs  2H 1P 20Ol FE /% e
HIPF IR EE) X 100%.
4.8 MBERI&

¥ HeLa 40 fefh T4/, £53% 24 h. 58
Jei I 0.03 mgemL ™" FRAET (B i1 IR L 4R S0 2 h
F PBS i ¥ = IR LABR K R NP IGIRET, BB NS
A ARFRE AS (0. 104 50, 100 pmolsL ™ ") Hr 1% 77
FYREEIEE 1 h, H PBS EEE =005, LR AESIE.

PR FOZIRE RE T S5 T HoS 5 NO AH BAE
FF=AE ) HNO 8%, K HeLa 40 f4fh T I3 A/
W, NP, K59% 24 he ARG HEH 0.03 mgemL ' £
ErMBrif s gk E 2 he 2 — 4 HAEH
FI-TP-UCNPs 40FH 2 h. % — 41 F] FI-TP-UCNPs 4L ¥ 5
k22 200 pmoleL ' Na,S 4b#E 30 min. 5 =4 HEFH
“HKIRVEF M 1 mmolsL ™' DETA NONOate % &
1 h SBIUAMKIRES S —HEAE, £ DETA
NONOate Hij, 46/ 1 mmolsL ™' NAC W7 30 min. #J5,
H PBS {E¥E =ik, HLERENE.
49 4RO

Balb/c /)N (HEME, 20 g) i b B O 2 AE RN A
PR B g, 30 5 M A v 5 1 N B (n = 3) 4k P 7 4
FI-TP-UCNPs (200 pL, 5 mgemL ' 4} E¢ T4 # £ 7K). 20
min 5, I8 ik IR R S A 5 R X RN R AR AR S AN TR
W) AS W (TAFR A 100 uL, PIREIES 5N 0, 0.5
pumol A1 1 umol). 3 h &, ¥/ RS HBFAEHL, K
I, HRERG.
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