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Drug-induced liver injury (DILI) is the most common cause for acute liver failure in the USA and Europe.
However, most of DILI cases can recover or be prevented if treatment by the offending drug is
discontinued. Recent research indicates that peroxynitrite (ONOO™) can be a potential indicator to
diagnose DILI at an early stage. Therefore, the establishment of an assay to detect and track ONOO™ in

DILI cases is urgently needed. Here, a FRET-based ratiometric nano fluorescent probe CD-N-I was
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Accepted 22nd November 2023 developed to detect ONOO™ with high selectivity and excellent sensitivity. This probe consists of carbon
dots and a naphthalimide—isatin peroxynitrite sensing system assembled based on electrostatic

DOI: 10.1035/d35c05010f interactions. Using CD—N-I we were able to detect exogenous ONOO™ in live cells and endogenous
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Introduction

As a vital organ in the human body, the liver has multiple bio-
logical functions, including the immune response and vitamin
storage." One of its key roles is to remove drugs from the body.
This makes the liver a main target for drug-induced damage.”
Adverse drug reactions and overdoses are the main causes of
drug-induced liver injury (DILI).>* Acetaminophen (APAP), as
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ONOO™ in APAP-induced liver injury of HepG2 cells.

a typical analgesic and antipyretic drug, has been widely studied
since a large number of DILI cases are related to the use of
APAP.” Recent studies have found that peroxynitrite (ONOO™)
could be formed in vascular lumen during early stages of
treatment or due to an overdose of APAP.* As an early event in
DILI, reactive metabolites of APAP can bind to proteins in
hepatocytes, leading to mitochondrial oxidative stress.*® Then,
due to mitochondrial dysfunction, the respiratory chain
becomes inhibited, and the level of superoxide increases.>*”
When superoxide reacts with nitric oxide, ONOO™ is formed
and promotes intracellular protein nitration.**** Meanwhile,
with the continuous generation of intracellular ONOO™,
parenchymal injury of hepatocytes is simultaneously aggra-
vated.* In addition, immune-mediated injury, as one critical
mechanism of DILI, can not only lead to antibody-mediated cell
death but also the release of reactive oxygen species (ROS) and
cytokines, which results in hepatic injury.>"* However, most
DILI cases can recover or be prevented from developing into
chronic liver disease and acute liver failure if treatment by the
offending drug is discontinued.>*> At the same time, ONOO ", as
a ROS, can provide a potential indicator to diagnose drug-
induced liver injury at an early stage. In general, up to 5 pM
of ONOO™ exhibits a protective role towards the cardiovascular
endothelium.* However, when RAW 264.7 cells are exposed to
10-100 puM for 14 hours, cell apoptosis is observed.**** So, it is
important to establish an assay to detect and track ONOO™
selectively, sensitively and rapidly, especially in DILI.
Currently, electrochemical sensors, nitrotyrosine detection
and fluorescence monitoring are the most commonly used
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methods to detect ONOO™.'*'” Electrochemical sensors detect
ONOO™ through electrocatalytic reduction.'*'” However, due to
pH dependence of the peak potential and biocompatibility
problems caused by implantation, the application of this
approach is limited in complicated biological systems."”*° The
nitrotyrosine assay indirectly measures ONOO™ through the
measurement of the concentration of nitrotyrosine formed by
the nitration of tyrosine, determined wusing analytical
approaches, such as HPLC, LC-MS or GC-MS.*'>* However, this
method is not suitable for detecting ONOO™ in live cells.
Compared to the former two approaches, fluorescence-based
sensing exhibits the advantages of high sensitivity and selec-
tivity, as well as the ability to directly monitor ONOO™
concentrations and localization in real time with live cells and
in vivo.”®*” All these potential advantages make the detection
method based on fluorescent probes a hot area of research for
development.”®*®” In general, fluorescent probes respond to
target analytes based on specific interactions to generate
changes in fluorescence intensity.**** However, detection
methods based on emission intensities at a single wavelength
are not reliable and accurate enough due to the interference
from the environment and probe concentrations.*° Ratio-
metric fluorescent probes designed based on Fdster resonance
energy transfer (FRET) can avoid these kind of interference to
a significant extent.*”** Based on non-radiative diploe-dipole
interaction, the energy of a fluorophore donor in an excited
state can transfer to a fluorophore acceptor in the ground
state.”*® Due to the process of FRET, two fluorescent signals at
different wavelengths can be measured at the same time. This
method is more accurate because of the built-in correction and
avoids interference caused by environmental and concentration
changes.*>%*

Carbon dots (CDs), are zero-dimensional nanomaterial with
sizes typically less than 10 nm, consisting of sp® hybridized
carbon cores with partial sp> hybridized carbon domains and
shells rich with carboxyl, amino and hydroxyl groups.>>?® The
photoluminescence of CDs is in part dependent on sp* and sp*
carbon defects.®** Besides, CDs exhibit long absorption and
emission wavelengths, large Stokes shift and excellent
biocompatibility. In addition, due to their high fluorescence
quantum yields, CDs can improve the sensitivity of the whole
detection system. At the same time, their excellent water solu-
bility and photostability can help inhibit the aggregation of
fluorophores.’”*+* Compared with traditional molecular fluo-
rophores, the optical properties of CDs make them suitable as
energy donors to construct FRET-based ratiometric fluorescent
probes.®>¢¢

In our previous work, DSPE-PEG 2000 was used to encapsu-
late a naphthalimide-isatin peroxynitrite sensing system to
construct an ICT-based turn-on fluorescent probe DSPE-PEG/
HN-I to detect ONOO ™ with high selectivity. However, the probe
exhibited relatively poor imaging capability for endogenous
ONOO™ in live cells.*” Consequently, inspired by the properties
of CDs, we developed a FRET-based ratiometric nano probe CD-
N-Ito detect ONOO™ with high selectivity (Scheme 1). Therefore,
with CD-N-I, CDs were used as energy donors and a naph-
thalimide fluorophore was used as an energy acceptor to
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Scheme 1 Schematic diagram of the mechanism of peroxynitrite
detection using CD-N-I.

construct an effective FRET platform based on electrostatic
interactions. The addition of ONOO™ can trigger the activation
of the isatin receptor and switch on the FRET process. This kind
of ratiometric detection is more reliable due to reduced inter-
ference by environment factors. The supramolecular assembly
of probes with CDs is a particularly simple approach by which to
design FRET-type sensors as well as reducing the typical
aggregation-caused quenching of naphthalimide based fluo-
rescent probes. In addition, compared to using N-I alone, CD-N-
I is more sensitive towards the detection of ONOO™. As such,
CD-N-I could be used to image endogenous ONOO™ in APAP-
induced live cells. These results confirm the potential of CD-
N-I for the detection of ONOO™ in APAP-induced DILI.

Results and discussion
Preparation and characterization

In order to obtain the nano probe CD-N-I for the detection of
ONOO™, we independently synthesized CDs and the naph-
thalimide-isatin peroxynitrite sensing system N-I. Critic acid
and ethylenediamine were heated at 180 °C for 1 hour to
synthesize CDs based on the hydrothermal method.®**® As
shown by the TEM image (Fig. 1a and b), CDs were obtained as
quasi-spherical structures and were well dispersed with diam-
eters ranging from 1.3 nm to 4.5 nm. From Fig. 1c, the lattice
spacing of CDs was about 0.21 nm. Based on the XPS spectrum
of the CDs (Fig. Sla, ESIf), three main peaks at 532.2 eV,
399.1 eV and 284.7 eV correspond to O 1s, N 1s and C 1s
respectively. From the high-resolution XPS spectrum of C 1s
(Fig. S1b, ESI}), the peaks at 284.8 eV, 286.4 eV and 288.7 eV
correspond to the C-C/C=C, C-O/C-N and C=0 respectively.
For the high-resolution XPS spectrum of O 1s (Fig. Sic, ESIT),
the peaks at 532.4 eV and 532.5 eV correspond to the C=0 and
C-OH respectively. The high-resolution XPS spectrum of N 1s
also shows two peaks at 398.2 eV and 399.4 eV corresponding to
the C-N and N-H respectively (Fig. S1d, ESI{).**” The CDs were
also characterized by FT-IR infrared spectroscopy. As shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) TEM image of CDs. (b) The diameter distribution of CDs. (c)
HR-TEM image of CDs. (d) Zeta potential of CDs (37.2 pg mL™3), N-I
(147 uM) and CD—-N-1(72.3 ug mL™Y in deionized water (containing 1%
DMSO).

Fig. S2t (black line), the stretching vibration of O-H and N-H
correspond to the absorption at 3000-3500 cm™'. Meanwhile,
the stretching vibration C=0 and C-N were observed at 1000-
1750 em . These results indicate that CDs are rich with
carboxyl and amino groups.

Two absorptions at 245 nm and 350 nm in the UV-Vis spec-
trum of the CDs correspond to the transition of w-7* and n-m*
(Fig. S3a, ESIf).**"* As expected, CDs exhibit excitation-
independent emission (Fig. S3b, ESIf). When the CDs were
excited by wavelengths ranging from 350 nm to 420 nm, there
was no obvious red shift of the emission spectra just decreasing
fluorescence intensities. To date, the photoluminescent mech-
anism of CDs is still not fully understood. It is possible that
conjugated m-domains and surface states tune the photo-
luminescence of the CDs.”>” It has been suggested that the
emission of the synthesized CDs follows Kasha Rules, which
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also explains their fluorescence
behaviour.”*””

We readily obtained N-I (Scheme 2).>%¢”7%# The naph-
thalimide fluorophore with Boc protection 1 and the isatin
group 2 were separately synthesized (Scheme S1, ESIT). Then,
the two parts were linked by a nucleophilic reaction and
compound 3 was obtained in a yield of 26%. TFA was then used
to deprotect the Boc group and obtain N-I. All the compounds
obtained were fully characterized using NMR, IR and HRMS.

A solution of CD-N-I was prepared by mixing two stock
solutions of 2.48 mg per mL CDs and 9.78 mM N-I in PBS
buffer (5.5 mM, pH = 7.4) with a ratio of 1:1 for 30
minutes.®*® The zeta potential was used to confirm the
assembly between the CDs and N-I (Fig. 1d). The zeta potential
value of the CDs is —6.56 mV while the zeta potential value of
N-Iwas 3.55 mV. After self-assembly, the zeta potential value of
the nano probe CD-N-I was —4.02 mV. This value confirms the
assembly of CDs and N-I was based on electrostatic
interactions.®>%

excitation-independent

Spectral properties of CD-N-I

In order to construct an efficient FRET platform between the
CDs and N-I, the excitation wavelength of the CDs was selected
according to the absorption wavelength of N-I1. Based on UV-Vis
and fluorescence spectra, when CDs were excited at 400 nm,
there was a maximal overlap between the emission spectrum of
the CDs and the absorption spectra of N-I (Fig. S4, ESIf).
Therefore, 400 nm was selected as the most suitable excitation
wavelength for CD-N-I. The fluorescence properties of CD-N-I
were then evaluated in PSB buffer (5.5 mM, containing 1%
DMSO) at pH = 7.4 and 25 °C. As shown in the UV-Vis spectrum
(Fig. 3a), after the addition of ONOO™, a new absorption at
450 nm in addition to the original absorption at about 400 nm
was observed. The fluorescence properties of CD-N-I were then
investigated. Due to the isatin group, the ICT process of the
naphthalimide fluorophore was inhibited so that the FRET
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Scheme 2 The synthetic route of N-1 and its proposed reaction mechanism with ONOO™.
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Fig. 2 The proposed mechanism of CD—N-I with ONOO™.

process was in an off state (Fig. 2). So, there was only one
emission at 462 nm when excited at 400 nm (Fig. 3b). As ex-
pected, upon the addition of ONOO™, cleavage of the isatin
group turned on the ICT process of the naphthalimide fluo-
rophore and switched on the FRET process from the CDs to N
(Fig. 2).” Due to the efficient energy transfer, a decreasing
emission at 462 nm and an increasing emission at 562 nm with
higher concentrations of ONOO™ was observed (Fig. 3b). For
concentrations of ONOO™ ranging from 0 pM to 40 uM, the
fluorescence intensity ratio Ise,/Is¢, increased linearly (Fig. 3c).
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The limit of detection of CD-N-I for ONOO™ detection was
determined as 0.22 pM. Significantly, compared to using N-I
alone, CD-N-I is more sensitive towards ONOO ™, especially at
low concentrations (Fig. S5, ESIT).

We then evaluated the pH sensitivity of CD-N-I by measuring
the ratio of fluorescence intensities at I5¢,/I46, in solutions with
different pH values ranging from 4.0 to 9.0 (Fig. 3d). The results
indicated that CD-N-I exhibited low sensitivity to pH changes,
which confirms that it can be used in biological systems. Based
on Fig. S61 and 3d, CD-N-I displayed good pH stability which
was better than that observed for just CDs or N-I. As shown in
Fig. 3e, about one minute was needed to complete the reaction.
This result indicated that CD-N-I can respond rapidly to
ONOO™. Results shown in Fig. S7t indicate good photostability
of CD-N-I in the absence and presence of ONOO™ upon expo-
sure to 365 nm light irradiation for 70 minutes. The thermal
stability of the material was also evaluated (Fig. S8, ESIt). In the
absence and presence of ONOO™, no obvious changes in the
Isep/146, ratio of CD-N-I were observed over a temperature range
from 25 °C to 45 °C, confirming its potential for use in cell
imaging at 37 °C. Finally, the selectivity of CD-N-Iwas evaluated
(Fig. 3f and S9, ESIt). Upon the addition of competing ROS and
metal ions (ROO", H,0,, CIO™, O," ", "OH, '0,, Fe**, Fe*", Cu®",
Zn>*, Co**, Mn”" and Se*"), minimal changes in the fluorescence
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Fig. 3 (a) UV-Vis spectra of 72.3 pg per mL CD—N-I without (black line) or with (red line) the addition of 40 uM ONOO™. (b) Emission spectra for

CD-N-I(72.3 ng mL™Y in the presence of ONOO™ (0, 5, 10, 15, 20, 25,

30, 35, 40 uM). (c) Linear fluorescence ratio Isgo/l46, of CD—N-I towards

ONOO™ (0-40 pM). (d) Effects pH on the fluorescence intensities of CD—N-I (72.3 ng mL ™) with (red bars) or without (black bars) the addition of
ONOO™ (40 uM). (e) Time dependence of 72.3 ug per mL CD—-N-I with the addition of ONOO™ at concentrations of O uM (black line), 20 uM (red

line) and 40 pM (blue line). (f) Selectivity data for CD—N-I (72.3 ng mL~

Y in the presence of ONOO™ (40 uM), "OH (500 uM), O,"~ (500 uM), 10,

(500 uM) after 5 minutes. H,O5 (1 mM), ROO" (500 uM) and ClO™ (500 uM) were measured after 30 minutes. The data was obtained in PBS buffer
(5.5 mM, containing 1% DMSO), pH = 7.4 at 25 °C, Aex = 400 nm, Aem, = 462 nm and 562 nm.
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intensity ratio Ise,/I6, Were observed, which confirms the high
selectivity of CD-N-I for ONOO™.

Live cell imaging

Before imaging ONOO™ in live cells, the cell viability of CD-N-I
was assessed in live HepG2 cells using a cell counting kit-8
(CCK-8) assay. After 72.3 pg per mL CD-N-I was incubated
with the cells for 6 hours or 24 hours, minimal cell death was
observed, which confirms the low cytotoxicity of CD-N-I
(Fig. S10, ESIt). Then, CD-N-I was evaluated for imaging exog-
enous and endogenous ONOO™ respectively in HepG2 cells.
Cells were pre-treated with 3-morpholinosydnonimine hydro-
chloride (SIN-1, a known ONOO™ donor) or N-acetylcysteine
(NAC, an ONOO™ scavenger).**®” We observed that when cells
were pre-treated with SIN-1, the fluorescence intensity ratio (I/
Iz) of the CD-N-I in HepG2 exhibited a significant
concentration-dependent enhancement with respect to the
control group (Fig. 4a and ¢ and S11, ESIt). However, upon pre-
treatment of cells with NAC, the increase in fluorescence

a Blue Channel Green Channel
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intensity ratio (I/Iz) of CD-N-I that was induced by SIN-1 was
attenuated (Fig. 4a and c).

Given the high expression of ONOO™ in cells induced by
certain hepatotoxic drugs, we then investigated the applicability
of using CD-N-I for the real-time monitoring of DILI. We used
acetaminophen (APAP), a painkiller and antipyretic, to induce
hepatocytes (HepG2 cells) a classic cell model for DILI
research.®® Strong blue fluorescence and weak green fluores-
cence were observed in APAP-free HepG2 cells (Fig. 4b and
d and S12, ESIf). However, pre-treatment of cells with APAP (4
mM) for 24 h and 48 h led to a significant time-dependent
increase in the fluorescence ratio (G/B) of CD-N-I (Fig. S12,
ESIt). To confirm that the fluorescence ratio (Ig/Igz) was trig-
gered by the excessive production of ONOO™, HepGz2 cells were
preincubated with NAC, an agent that mitigates APAP-induced
hepatotoxicity. The results aligned with our expectations, as
there was a marked decrease in fluorescence intensity ratio
(Ig/Ig) due to the reduced ONOO™ production (Fig. 4b and d).
These findings demonstrate that CD-N-I can not only monitor
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Fig. 4 (a) Fluorescence imaging and (c) fluorescence quantification of HepG2 cells treated with the CD=N-I (72.3 ng mL™% 2 h) in the absence
and presence of SIN-1 (2 mM) and NAC (1 mM). Fluorescence data was collected using Aex = 405 nm, A, = 440-500 nm and 540-600 nm. **P <
0.01. Error bars represent S. D. (n = 3). (b) Fluorescence imaging and (d) fluorescence quantification of HepG2 cells treated with the CD—N-I|
(72.3 ug mL™%, 2 h) in the absence and presence of APAP (4 mM) and NAC (1 mM). Fluorescence data was collected using ey = 405 NM, Aemn =
440-500 nm and 540-600 nm. ***P < 0.001. Error bars represent S. D. (n = 3).
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and visualize the process of liver injury but could also be used to
assess the efficacy of hepatoprotective drugs in hepatocytes.

Conclusions

In brief, we have developed a self-assembled FRET-based ratio-
metric nano probe CD-N-I formed by electrostatic interactions
between CDs and a naphthalimide-isatin peroxynitrite sensing
system. On reaction with ONOO™, the isatin is cleaved which
switches on the FRET process from the CDs to the naphthalimide
fluorophore. Based on the sensing performance in solution and
live cells, CD-N-I exhibits high selectivity and excellent sensitivity
towards ONOO™ over other ROS. At the same time, due to its low
cytotoxicity, excellent water solubility and photostability, CD-N-I
was successfully used to image exogenous and endogenous
ONOO in live cells. In particular, the imaging ability of CD-N-I
in APAP-induced cells indicates that the probe has great potential
for applications in evaluating DILI.
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