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ABSTRACT

Drug-induced hepatotoxicity represents an important challenge for safety in drug development. The 

production of peroxynitrite (ONOO-) is proposed as an early sign in the progression of drug-induced 

hepatotoxicity. Currently, reported ONOO- probes mainly emit in visible range or the first NIR 

window, which have limited in vivo biosensing application due to the autofluorescence and photon 

scattering. Herein, we developed a peroxynitrite activatable second near-infrared window (NIR-II) 

molecular probe for drug-induced hepatotoxicity monitoring, based on the fusion of an NIR-II 

fluorescence turn-on benzothiopyrylium cyanines skeleton and the phenyl borate. In the presence of 

ONOO-, the probe IRBTP-B can turn on its NIR-II fluorescence by yielding its fluorophore IRBTP-O 

and display good linear response to ONOO-. Tissue phantom study confirmed reliable activated 

signals could be acquired at a penetration depth up to 5 mm. Using this probe, we disclose the 

upregulation of ONOO- in preclinical drug-induced liver injury model and the remediation with N-

acetyl cysteine (NAC) in vivo. We expect that this strategy will serve as a general method for the 

development of activatable NIR-II probe based on the hydroxyl functionalized reactive sites by 

analyte-specific triggering.

KEYWORDS

NIR-II probe, fluorescence, activatable, peroxynitrite, hepatotoxicity

INTRODUCTION

Drug toxicity is not only an important safety evaluation target in preclinical research and 

development of candidate drugs, but also a major cause for post-marketing drug withdrawals.1 

Metabolic organs, especially liver, are the major site to convert drugs to various metabolites.2 In the 

liver, drugs are enzymatically biotransformed into polar, water-soluble, and excretable metabolites 

accompanied by the generation of reactive radicals or reactive electrophiles, such as reactive oxygen 

species (ROS) and reactive nitrogen species (RNS), to affect normal liver physiology, which is the 
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primary cause of drug-induced hepatotoxicity.3,4 The production of RNS, particularly peroxynitrite 

(ONOO-), is proposed as an early sign in the progression of drug-induced hepatotoxicity.5

For the ONOO- detection, fluorescence imaging is a promising tool owing to the advantages of 

being non-invasive, good sensitivity and selectivity.6-9 Up to now, quite a few fluorescence probes 

for ONOO- detection in visible range and the first near-infrared window (NIR-I, 750-900 nm) were 

reported.10-25 However, the fundamental barriers to bio-tissue fluorescence imaging in those windows 

is the photon penetration depth which is limited by the wavelength-dependent behavior of scattering 

and absorption.26 Recently, fluorescence imaging in the second near-infrared window (NIR-II, 900-

1700 nm) has come into the spotlight because it can benefit from the reduced autofluorescence, 

absorption and scattering to reach deeper penetration depths, resulting in high image quality and 

diffraction-limited resolution.27-30 Till now, the majority of NIR-II contrast agents for in vivo imaging 

are comprised of nanomaterials such as carbon-nanotube31, quantum-dot32 and rare-earth doped 

nanoparticles33,34. Owing to unknown long-term toxicity concerns, it is necessary to design organic 

small-molecule NIR-II fluorophores to facilitate FDA approval and clinical translation. So far, there 

are only a handful of organic molecules with fluorescence NIR-II emission.35-42 However, an intrinsic 

issue of above NIR-II contrast agents is their always-on fluorescence behavior, which means that the 

fluorescent signals have no response to specific target. This is one of the primary reasons for 

hampering the in vivo biosensing applications43,44.

Herein we developed ONOO- activatable NIR-II fluorescent probe (IRBTP-B) based on the 

incorporation of phenyl borate group and benzothiopyrylium cyanines skeleton. In the presence of 

ONOO-, the masking group phenyl borate can be removed to turn on the NIR-II fluorescence. Tissue 

phantom study confirmed reliable activatable signal was acquired at a penetration depth up to 5 mm. 

Using an acetaminophen (APAP)-induced liver injury model, we successfully realized the real-time 

monitoring of preclinical drug-induced liver injury. 
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EXPERIMENTAL SECTION

Synthesis of 7-bromo-2-(4-methoxyphenyl)-4H-thiochromen-4-one (1). A mixture of 

polyphosphoric acid (PPA, 22 g), 3-bromothiophenol (2 g, 10.6 mmol) and ethyl 3-(4-

methoxyphenyl)-3-oxopropanoate (2.6 g, 11.66 mmol) was stirred at 95 oC for 2 h. After cooling to 

room temperature, ice water was added to quench the reaction and extracted with DCM (100 mL × 

3). The combined organic extracts were dried with Na2SO4, filtered, and evaporated. The crude 

product was further purified by a flash column chromatography [silica gel, PE/DCM = 1/1 to 0/1, 

v/v] to give 1 (yield: 2.6 g , 70%). 1H NMR (400 MHz, CDCl3) δ 8.53 (d, J = 8.0 Hz, 1H), 7.86 (d, J 

= 8.0 Hz, 1H ), 7.69 (d, J = 8.0 Hz, 2H), 7.43 (t, J = 8.0 Hz, 1H), 7.24 (d, J = 16.0 Hz, 1H), 7.02 (d, 

J = 8.0 Hz, 2H), 3.88 (s, 3H).

Synthesis of 7-(diethylamino)-2-(4-methoxyphenyl)-4H-thiochromen-4-one (2). A tube was 

charged with compound 1 (694 mg, 2 mmol), Pd2(dba)3 (45.8 mg, 0.05 mmol), DavePhos (19.7 mg, 

0.05 mmol), and Cs2CO3 (1.63 g, 5 mmol, 5 mmol). The tube was sealed and evacuated/backfilled 

with nitrogen (3×). Anhydrous dioxane (10 mL) was added, following the addition of dibutylamine 

(1.7 mL, 10 mmol). The reaction was stirred at 100 °C for 18 h. After cooling to room temperature, 

the mixture was filtered, and the filtrate was evaporated. The crude product was further purified by 

silica gel column chromatography (EA/DCM = 1/10, v/v), obtaining product 2 (685 mg, 86.6 %).1H 

NMR (400 MHz, CDCl3): δ 8.32 (d, J=12 Hz, 1H),7.62 (d, J=12 Hz, 2H), 7.09 (s, 1H), 6.98 (d, J=12 

Hz, 2H), 6.84-6.81 (dd, J1=4 Hz, J2=12 Hz, 1H), 6.64 (s, 1H), 3.87 (s, 3H), 3.36 (t, J=8 Hz,4H), 1.65-

1.58 (m, 4H), 1.44-1.35 (m, 4H), 0.99 (t, J=8 Hz, 6H). 13C NMR (100 MHz, CDCl3): δ 180.0, 161.4, 

150.5, 149.9, 140.3, 129.8, 129.2, 128.1, 121.8, 119.4, 114.4, 112.9, 104.8, 55.4, 50.7, 29.2, 20.2, 

13.9. Maldi-Tof/Tof-MS: calcd for C20H22NO2SH+ [M+H]+, 396.1992; Found, 396.3009. [M+H]+..

Synthesis of 7-(diethylamino)-2-(4-methoxyphenyl)-4-methylthiochromenylium perchlorate 

(3). Compound 2 (395 mg, 1 mmol) was dissolved in anhydrous THF (10 mL) in a flame dried flask 
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under nitrogen. 1.0 M CH3MgBr (3.6 mL) was added dropwise to this solution and allowed to stir at 

room temperature for 2 h. The solution was poured into 10% aqueous HClO4 (10 mL) and extracted 

with DCM (25 mL × 3). The combined organic extracts were dried with Na2SO4, filtered, and 

evaporated to give 3 (yield: 480 mg, 97.3 %) without further purification. 1H NMR (400 MHz, CDCl3) 

δ 8.27 (d, J = 8Hz, 1H), 7.91 (s, 3H), 7.38 (d, J = 8Hz, 1H), 7.32 (s, 1H), 6.99 (d, J = 8Hz, 2H), 3.84 

(s, 3H), 3.55 (s, 4H), 2.90 (s, 3H), 1.67 (s, 4H), 1.46 (s, 4H), 1.00 (s, 6H); 13C NMR (100 MHz, 

CDCl3) δ 164.1, 162.8, 159.9, 151.8, 145.5, 132.0, 129.7, 126.5, 124.4, 121.5, 119.6, 115.5, 105.8, 

55.8, 51.7, 29.3, 23.0, 20.0, 13.8; Maldi-Tof/Tof-MS: calcd for C25H32NOS+ [M]+, 394.2199; Found, 

394.2234. [M]+.

Synthesis of IRBTP-O. A mixture of 4-hydroxyisophthalaldehyde (50 mg, 0.33 mmol) and 

compound 3 (329 mg, 0.66 mmol) was dissolved in Toluene/n-butanol (3 mL/3 mL). The reaction 

mixture stirred for overnight at 100 oC under an Ar atmosphere. After completion, the reaction 

mixture was concentrated by evaporation under reduced pressure. The crude product was purified by 

preparative RP-TLC (DCM/MeOH = 10:1, v/v) to give the desired product (yield: 105 mg, 35%). 1H 

NMR (400 MHz, DMSO-d6) δ 8.97-8.76 (m, 2H), 8.66-8.17 (m, 5H), 8.05 (t, J = 8Hz, 2H), 7.95-

7.55 (m, 4H), 7.45-7.32 (m, 2H), 7.27-7.10 (m, 5H), 6.97-6.81 (m, 1H), 6.57 (d, J = 8 Hz, 1H), 6.50 

(d, J = 8 Hz, 1H), 3.89 (s, 3H), 3.83 (q, J = 8 Hz, 2H), 3.74-3.67 (m, 2H), 3.62 (s, 2H), 3.53 (s, 2H), 

3.19 (s, 3H), 1.60 (s, 4H), 1.41-1.19 (m, 12H), 0.93 (q, J = 8 Hz, 8H), 0.87 (t, J = 8 Hz, 4H). 13C 

NMR (100 MHz, DMSO-d6) δ 164.0, 163.6, 159.9, 158.2, 158.0, 154.3, 154.2, 152.0, 147.3, 145.6, 

145.3, 145.0, 134.1, 132.3, 132.2, 130.00, 127.7, 126.9, 119.4, 119.2, 119.1, 118.7, 118.5, 115.9, 

115.8, 114.20, 107.2, 56.3, 55.5, 50.9, 50.0, 29.4, 20.1, 19.9, 14.2. HRMS (ESI) m/z calcd for 

C58H65N2O3S2
+ [M]+, 901.4431; Found, 901.4459.

Synthesis of 2-(4-(iodomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4). (4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanol (2 g, 8.5 mmol) was dissolved in 60 
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mL acetonitrile and cooled to 0 oC. NaI (3.84 g, 25.63 mmol) was added, and then TMSCl (3.25 mL, 

25.63 mmol) was added dropwise. The reaction mixture stirred for 30 mins at room temperature, then 

diluted with EtOAc, and washed with water, then brine, dried over Na2SO4, and evaporated under 

reduced pressure. The crude product was purified by column chromatography on silica gel 

(EtOAc/PE = 5:95, v/v) to give compound 4 as a white solid (yield:2.44 g, 83 %). 1H NMR (400 

MHz, CDCl3) δ7.75 (d, J = 6Hz, 2H), 7.40 (d, J = 6Hz, 2H), 4.46 (s, 2H), 1.35 (s, 12H).

Synthesis of Compound 5. 4-hydroxyisophthalaldehyde (200 mg, 1.33 mmol) was dissolved in 4 

mL dry DMF and cooled to 0 oC. K2CO3 (405 mg, 2.93 mmol) was added and the solution stirred at 

0 oC for 10 min. Then compound 4 (916 mg, 2.66 mmol) was added. The reaction mixture stirred at 

room temperature for 12h. After completion, the reaction mixture diluted with Et2O and was washed 

with saturated solution of NH4Cl. The organic layer was separated, washed with brine, dried over 

Na2SO4, and evaporated under reduced pressure. The crude product was purified by column 

chromatography on silica gel (EA/PE = 3:7, v/v) to give compound 5 (yield: 380 mg, 78%). 1H NMR 

(400 MHz, CDCl3) δ10.56 (s, 1H), 9.94 (s, 1H), 8.36 (d, J = 2Hz, 1H), 8.08 (dd, J1 = 2Hz, J2 = 8Hz, 

1H), 7.87 (d, J = 8Hz, 2H), 7.45 (d, J = 8Hz, 2H), 7.18 (d, J = 8Hz, 1H), 5.32 (s, 1H), 1.35 (s, 12H). 

13C NMR (100 MHz, CDCl3) δ 190.4, 188.7, 165.1, 138.1, 135.7, 135.6, 132.1, 130.0, 126.7, 125.4, 

113.9, 84.2, 71.2, 25.1.

Synthesis of IRBTP-B. A mixture of compound 5 (100 mg, 0.27 mmol) and compound 3 (269 

mg, 0.54 mmol) was dissolved in Toluene/n-butanol (3 mL/3 mL). The reaction mixture stirred for 

overnight at 100 oC under an Ar atmosphere. After completion, the reaction mixture was concentrated 

by evaporation under reduced pressure. The crude product was purified by preparative RP-TLC 

(DCM/MeOH = 10:1, v/v) to give the desired product (yield: 98 mg, 32% ). 1H NMR (400 MHz, 

DMSO-d6) δ9.08 (d, J = 8Hz, 1H), 8.88 (s, 1H), 8.80 (d, J = 8Hz, 1H), 8.46 (d, J = 16Hz, 1H), 8.28 

(s, 3H), 8.20 (d, J = 16Hz, 1H), 8.06 (d, J = 8Hz, 3H), 8.02 (d, J = 8Hz, 1H), 7.90 (d, J = 8Hz, 2H), 
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7.80 (d, J = 8Hz, 2H), 7.60 (d, J = 8Hz, 2H), 7.51 (s, 1H), 7.46 (s, 1H), 7.25-7.15 (m, 7H), 5.28 (s, 

2H), 3.90 (d, J = 8Hz, 6H), 3.35 (s, 8H), 1.50 (s, 8H), 1.34 (s, 18H), 1.22 (s, 2H), 0.92 (s, 12H). 13C 

NMR (100 MHz, DMSO-d6) δ 163.7, 163.5, 159.8, 158.2, 157.6, 153.9, 153.5, 151.7, 145.5, 145.3, 

144.5, 140.0, 135.2, 133.0, 132.7, 129.9, 129.6, 127.4, 127.3, 125.0, 122.3, 119.4, 119.2, 119.1, 118.9, 

118.0, 115.9, 115.8, 113.9, 107.0, 106.9, 84.3, 70.6, 56.3, 50.8, 29.5, 25.4, 25.1, 19.9, 14.2. HRMS 

(ESI) m/z calcd for C35.5H41.5B0.5N1O2.5S1
+ [M/2]+, 559.2913; Found, 559.2922.

Preparation of dye-loaded phospholipid nanomicelles: The nanomicelles were prepared using 

modified film hydration technique. In a typical procedure, 100 mg of DSPE-mPEG2000 was 

dissolved in 0.8 mL DMF. Then 200 μL of dye solution (IRBTP-O, IRBTP-B or D632, 5 mM in 

DMF) was mixed. 9 mL of deionized water was added under sonication to make the clear 

nanomicelles solution with dye concentration of 100 μM. The nanomicelle solution was further 

concentrated if necessary by using a 30 K Amicon Ultra filter (Millipore Corporation) under 

centrifugation at 2,000 g for 5 min.

Determination of fluorescence quantum yields: Quantum yields (Φfl) were determined in 

various solvents relative to IR26 (Φfl = 0.05% in DCE)36,45-49, from plots of integrated fluorescence 

intensity vs. absorbance, according to the following relationship: 

(1)Φ𝑓𝑙,𝑠 = Φ𝑓𝑙,𝑟 ×
𝑛2

𝑠

𝑛2
𝑟
(𝐾𝑠

𝐾𝑟)

where subscripts r and s denote standard and test sample, respectively, Φ is the fluorescence 

quantum yield, K is the slop of the integrated fluorescence intensity vs. absorbance plot, and n is the 

refractive index of the solvent. Measurements were performed with the absorbance at 808 nm of all 

dye solutions ≤ 0.08 in order to maximize illumination homogeneity and optical transparency. The 
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808 nm laser was used as the excitation source and the emission spectrum in the 900-1500 nm region 

was acquired in fluorescence spectrometer.

Photostability of dyes: Photostability of dyes were tested with ICG as the reference. The 

absorbance at max of the dye solution at the corresponding maximum absorbing wavelength was 

adjusted to 1 for both dyes and the reference. Both solutions were subjected to irradiation by a 2.8 W 

cm-2 808 nm laser. The solution temperature was maintained steady by air-cooling. The absorption 

spectrum of the solution was checked every 30 seconds.

Determination of pKa values: The calculation of pKa values was performed with Origin 2017 

software (OriginLab, Northhampton, MA), using the Bolzmman fitting function: 

(2)𝑦 =
𝐴1 ― 𝐴2

1 + 𝑒
(𝑥 ― 𝑥0) 𝑑𝑥

+ 𝐴2

On the basis of the calculated equation of pKa,  corresponds to the pKa value.𝑥0

Cell viability: CaOV3 cell line was provided by American Type Culture Collection (ATCC, 

Manassas, VA, USA). The cytotoxicity was measured by using Cell Counting Kit-8 (CCK-8) assay. 

The cells (1×104) were incubated in each well of a 96-well plate for 24 h, then incubated with IRBTP-

B and IRBTP-O micelles (dye concentration: 0, 2.5, 5, 20, 40, 50 μM) with different concentrations 

for 24 h, respectively. Enzyme dehydrogenase in living cells was oxidized by this kit to orange 

carapace. The quality was assessed calorimetrically by using a multi-reader (TECAN, Infinite M200, 

Germany). The measurements were based on the absorbance values at 450 nm. Following formula 

was used to calculate the viability of cell growth: Viability (%) = (mean absorbance value of 

treatment group/mean absorbance value of control group) × 100.
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Animal models of drug-induced hepatotoxicity: All animal experiments were in agreement with 

the guidelines of Fudan University’s Administrative panel on Laboratory Animal Care. Five weeks 

old female mice were purchased from Shanghai SLAC Laboratory animal CO. Ltd. And the animal 

experiments were permitted by the Shanghai Science and Technology Committee. All groups within 

study contained n=3 mice. Five weeks-old female nude mice (~15 g) were fasted for 12 h to avoid 

the possible food fluorescence interference and randomly divided into three groups: For the control 

group, the mice were administered an intraperitoneal injection of PBS buffer (200 μL) before being 

given a tail-vein injection of probe (IRBTP-B or D632, 200 μL, 1 mM. The APAP group was given 

an intraperitoneal injection of APAP (300 mg/kg), and then a tail-vein injection of probe (IRBTP-B 

or D632, 200 μL, 1 mM) 2 h later. The mice in the last group were pretreated with an intraperitoneal 

injection of NAC (300 mg/kg) 1 h before drug administration. Then all of the mice were anesthetized 

and the livers of the mouse were imaged.

Histology staining assays: Five weeks-old female nude mice (~15 g) were treated with PBS, 

APAP or NAC + APAP respectively following above procedure. The mice were dissected to isolate 

the livers, which were then fixed with 10% PFA for 48 h. Then the samples were dehydrated with 

ethanol and embedded in paraffin before 6 µm sectioning. H&E staining samples were prepared from 

the mice stained by hematoxylin and eosin under standard protocols.

RESULTS AND DISCUSSION

Design and synthesis of activatable NIR-II probe for ONOO-. Polymethine dyes are one type 

of the widely employed fluorophores for NIR fluorescent sensor design, due to their high extinction 

coefficients, moderate quantum yields and facile synthesis and modification.50-54 By introducing 

strong electron withdrawing groups (benzothiopyrylium) at both ends of the skeleton, a novel 

fluorophore is expected to emit NIR-II fluorescence (Figure 1). In addition, the turn-on fluorescence 

property of the fluorophore can be obtained by the fusion of a phenol moiety with methylene chain. 
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The incorporation of phenyl borate can actualize the responsiveness of the probe towards ONOO-. 

When the phenol is protected by phenyl borate, the conjugated π-electron system is divided in half, 

which results in the masking of the NIR-II fluorescence emission. In the presence of ONOO-, the 

dioxaborolane group is firstly oxidized to generate intermediate A, which converts to intermediate B 

after electron rearrangement. Further electron rearrangement results in generation of the fluorophore 

(IRBTP-O) with entire conjugation which is expected to emit NIR-II fluorescence. Moreover, the 

incorporation of various analyte triggering groups to hydroxyl should allow design of different 

functional NIR-II activatable probes.

Polymethine dyes are prepared through the introduction of an activated heterocycle to a 

bis(aldehyde) equivalent (Figure 1 and S1). Compound 1 has been synthesized by condensation of 

substituted 3-bromothiophenols and ethyl (4-methoxybenzoyl) acetate. The amine derivative 2 has 

been obtained by the Buchwald–Hartwig amination of 1 with dibutylamine. Addition of MeMgBr to 

the carbonyl group of 2 followed by elimination with HClO4 provides the important intermediate 3. 

Condensation of compound 3 with 4-hydroxy-1,3-dialdehyde or 4 yields the final pentamethine 

compounds IRBTP-B and IRBTP-O respectively.

Photophysical properties and penetration effect of IRBTP-O. Two absorption peaks at 575 and 

905 nm are shown for IRBTP-O with its emission peak beyond 1000 nm (Figure 2a, 2b and Table 

S1). In comparison, IRBTP-B does not exhibit any absorption or fluorescence emission in the NIR-

II region (Figure 2a and 2b). For in vivo applications, micelles containing IRBTP-O or IRBTP-B 

were prepared based upon prior reports with mPEG-DSPE lipids.36 An average diameters of 8.3 and 

6.3 nm, respectively, were obtained for IRBTP-O and IRBTP-B micelles (Figure S2 and S3). With 

IR-26 as reference (QY= 0.05 %, Table S1), the quantum yield of IRBTP-O was determined to be 

0.10 % in methanol (Figure S4). Then, the absorbance and fluorescence profiles of IRBTP-O at 

different pH values were examined and a pKa of 6.75 was calculated from pH-fluorescence profile 
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(Figure S5). As can be seen, IRBTP-O shows moderate fluorescence at physiological pH, suggesting 

its suitability for biological applications. Compared with ICG, both IRBTP-O and IRBTP-B showed 

excellent photostability (Figure 2c). Next, we investigated the penetration effect of IRBTP-O in 

capillary tubes in different imaging windows through using long pass (LP) filters from 850 to 1300 

nm on tissue phantom (1 % Intralipid in water to mimic biological soft tissue). Better resolution of 

the capillary tubes and attenuation of image intensities were obtained when imaging in the window 

with longer wavelength filters due to the reduced photon scattering (Figure 2d and S6). In addition, 

we also evaluated the signal-to-noise ratio (SNR) of the capillary tubes in these imaging windows. 

The optimal SNR was obtained at wavelength beyond 1100 nm when the covered phantom is more 

than 5 mm due to the much weak signal in the imaging windows beyond 1200 and 1300 nm (Figure 

2e). According to the Rose criterion, it can be concluded that emissions beyond 1100 nm is favorable 

for in vivo applications with the relative higher SNR and higher penetration depth.

The fluorescence response of IRBTP-B towards ONOO-. Next, the time dependent fluorescence 

response of IRBTP-B to ONOO- was studied (Figure S7), which showed the obvious enhancement 

of fluorescence with the time and a plateau after 3 minutes. Then, the optical sensing toward ONOO- 

at varied concentrations (0-11 µM) was studied in PBS buffer solutions (pH 7.4). Upon reaction 

with ONOO-, the NIR absorption at 850 nm was generated, accompanied by the reduction of the peak 

at 600 nm (Figure 3a). Meanwhile, the fluorescence intensity within NIR-II window was increased 

gradually with increase of ONOO- concentration (Figure 3b), and a good linearity (R2= 0.9897) was 

obtained with the detection limit determined to be 55.9 nM (Figure 3c). The selectivity experiment 

showed that biothiols (cysteine and NaHS), ROS and other RNS had no apparent influences on the 

fluorescence response of IRBTP-B, illustrating the good selectivity of IRBTP-B to ONOO- (Figure 

3d and S8). The activatable fluorescence property of IRBTP-B  was then assayed by comparison with 

the widely used commercial ONOO- probe D63255 on a tissue phantom study (Figure 3e, S9 and 
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S10). In the absence of ONOO-, both capillary tubes loading IRBTP-B and D632 showed no 

detectable fluorescence signals before and after being covered by Intralipid. However, when ONOO- 

was added, the fluorescence of IRBTP-B was turned on and the edges of the capillary tube could still 

be resolved from the images obtained beyond 1100 nm even at 5 mm Intralipid (Figure 3e). On the 

contrary, the fluorescence signal from D632 can only be detected when the thickness of Intralipid is 

smaller than 2 mm. In both the capillary tubes with IRBTP-B and D632 in the presence of ONOO-, 

activated ratio decreased with increasing the thickness of Intralipid, while the line width (FWHM, 

full width at half maximum) showed an opposite dependence. Due to the longer emission wavelength 

in the NIR-II region, imaging with IRBTP-B favors more clarity than that of D632 whose emission 

lies in the visible region. Furthermore, the distance between the liver and skin of nude mouse is about 

0.59 mm (Figure S11), which encouraged us to use IRBTP-B for in vivo monitoring of preclinical 

drug-induced hepatotoxicity. All above results indicate that IRBTP-B can be used for ONOO- 

detection under normal physiological conditions with deep penetration depth.

Imaging APAP-induced hepatotoxicity in vivo. Motivated by these promising results, we next 

examined the ability of IRBTP-B probe to visualize production of ONOO- in a drug-induced 

hepatotoxicity model in nude mice. A CCK8 assay with CaOV3 cells was first performed and 

identified the low cytotoxicity of IRBTP-B and IRBTP-O (Figure S12). It is well-known that an 

overdose of APAP, a commonly household antipyretic and analgesic agent, is the leading cause of 

hepatotoxicity even acute liver failure due to the overproduction of RNS. Therefore, by guiding with 

the imaging biomarker ONOO-, drug-induced liver damage can be visualized in nude mice with the 

aid of IRBTP-B. Meanwhile, N-acetyl cysteine (NAC) was used as the antidote for APAP overdose, 

which was reported to remediate cell injury via the depletion of the RNS levels by increasing the 

GSH level and binding with the toxic metabolite of APAP. Generally, female nude mice were 

randomly divided into three groups: PBS (control group), APAP, and NAC + APAP. 300 mg kg-1 of 
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APAP and 300 mg kg-1 of NAC were Intraperitoneal injected as needed because those doses are 

reported to efficiently induce and recover inflammation respectively.17 Weak fluorescence signal was 

obtained in the mice liver of the control group, implying little production of ONOO- level under 

normal conditions (Figure 4a). In contrast, after the administration of APAP, the fluorescence 

intensities of the mice livers displayed gradual increments in a time-dependent manner and reached 

a maximum after 15 minutes of injection of IRBTP-B (Figure 4a and 4b), indicating the increased 

generation of ONOO- after drug treatment. Moreover, no obvious fluorescent intensity augmentation 

was observed with time in the NAC pretreatment group, indicating effective NAC remediation. 

Similar procedures were also performed to evaluate commercial ONOO- probe D632 (Figure 4c and 

S13). In comparison, higher SNR and relative fluorescent intensity were obtained from IRBTP-B 

due to the reduced autofluorescence and photon scattering in NIR-II window (Figure 4d and 4e), 

indicating IRBTP-B is more sensitive than commercial D632 for in vivo imaging. Next, the 

histological analysis on the liver tissues were carried out to identify the histological changes during 

the drug administration (Figure 4f). The livers from the control group were found to have intact 

centrilobular vein (arrow 1), healthy hepatocytes and liver cells were arranged in the radial shape 

with the center of central vein. On the contrary, a non-uniform morphology of the hepatocytes, 

inflammatory cells infiltration (arrow 2), and hemorrhage (arrow 3) could be obviously observed 

after the administration of APAP, implying APAP-induced liver injury. Significantly improved 

symptoms could be observed with NAC pretreatment, indicating effective remediation with NAC. 

These results were in good agreement with the observation of in vivo fluorescence imaging.

CONCLUSION

In summary, we have constructed an ONOO- activatable NIR-II probe for APAP-induced 

hepatotoxicity monitoring. It was found that an apparent ONOO- level upregulation occurred during 

the drug-induced liver damage. Therefore, we anticipate that IRBTP-B may be employed as a 
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powerful tool to probe ONOO- for preclinical drug-induced organism injury. Preclinical interrogation 

of drug hepatotoxicity will add benefits in improving patient safety and therapeutic outcomes. We 

expect that this strategy may be extended for the development of a wide variety of activatable NIR-

II probes by masking the hydroxyl functionalized reactive site with an analyte-specific triggering 

group.
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FIGURE CAPTION

Figure 1. Design and synthesis of ONOO- activatable molecular probe with NIR-II fluorescence. 

Conditions: a) Et2NH, Pd2(dba)3, DavePhos, Cs2CO3, dioxene, 95 oC, 18h; b) i CH3MgBr, ii HClO4; 

c) toluene/n-butanol, 100 oC, 12h.

Page 19 of 25

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 2. (a) Absorption and (b) fluorescence of IRBTP-O and IRBTP-B in CHCl3. (c) Photostability 

comparison of ICG, IRBTP-B and IRBTP-O in PBS. (d) Fluorescence images of capillaries filled 

with IRBTP-O in NIR-II (1100 nm LP) region immersed in 1% Intralipid with varying depth, Scale 

bar: 2 mm. (e) Measured SNR of capillary images under different depth. SNR values were calculated 

by dividing average signal intensity (ROI1) by the average back-ground signal intensity (ROI2). 

Insert: SNR of capillary images under 5 mm.
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Figure 3. (a) Absorption and (b) fluorescence changes of IRBTP-B (10 μM) upon addition with 

ONOO- (0 - 11 μM) in PBS. (c) Plots of fluorescence intensity at 950 nm with varied concentrations 
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of ONOO- in PBS. (d) The fluorescent response of IRBTP-B to bioreactive reagents. (e) Tissue 

phantom study of the penetration depth of IRBTP-B (1100 nm LP) and D632 (540 nm band pass 

(BP)) in the absence and presence of ONOO-. (f) Activated ratio comparison of IRBTP-B and D632 

under different depth. Activated ratio values were calculated by dividing average signal intensity of 

ROI1 by the average signal intensity of ROI2. (g) Feature width of capillary images filled with 

IRBTP-B or D632 in the presence of ONOO- as a function of depth in 1% Intralipid.
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Figure 4. In vivo imaging of endogenous ONOO- in the livers of mice during an APAP-induced 

hepatotoxicity by IRBTP-B and D632. (a) In vivo imaging of livers of mice from IRBTP-B treated 
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with various substances: PBS, APAP, and NAC + APAP. (b) Relative fluorescence intensity of livers 

of mice treated with various substances following by IRBTP-B over time. (c) In vivo imaging of 

livers of mice from D632 treated with various substances: PBS, APAP, and NAC + APAP. (d) Signal 

to noise ratios (SNR) obtained for IRBTP-B and D632 from different groups. (e) Relative intensity 

of livers of mice after injection of IRBTP-B and D632 in different groups. (f) Representative 

histology (hematoxylin and eosin staining (H&E)) of the livers of mice treated with PBS, APAP or 

NAC + APAP (arrow 1: centrilobular vein, arrow 2: inflammatory cells infiltration, arrow 3: 

hemorrhage, KC: Kupffer cell.) Scal bar: 50 µm.
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