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Abstract: Drug toxicity is a long-standing concern of modern
medicine. A typical anti-pain/fever drug paracetamol often
causes hepatotoxicity due to peroxynitrite ONOO~. Conven-
tional blood tests fail to offer real-time unambiguous visual-
ization of such hepatotoxicity in vivo. Here we report a lumi-
nescent approach to evaluate acute hepatotoxicity in vivo by
chromophore-conjugated upconversion nanoparticles. Upon
injection, these nanoprobes mainly accumulate in the liver and
the luminescence of nanoparticles remains suppressed owing to
energy transfer to the chromophore. ONOO~ can readily
bleach the chromophore and thus recover the luminescence, the
presence of ONOO™ in the liver leads to fast restoring of the
near-infrared emission. Taking advantages of the high tissue-
penetration capability of near-infrared excitation/emission,
these nanoprobes achieve real-time monitoring of hepatotox-
icity in living animals, thereby providing a convenient screen-
ing strategy for assessing hepatotoxicity of synthetic drugs.

Drug-induced liver injury is a common concern for the
majority of modern medicine.'! Serum alanine aminotrans-
ferase (ALT), an enzyme commonly used as the indicator for
liver damage, has been used as a gold standard biomarker for
evaluating acute hepatocellular injury.”) However, taking
ALT levels as the standard test cannot accurately reflect the
situation of liver necrosis; for example, skeletal muscle injury
can also raise the level of ALT in the blood.”! Preclinical
hepatotoxicity screening presents a powerful method to
identify the potential hepatotoxic effect of candidate drugs

during the drug development process. Paracetamol (acet-
aminophen or APAP) is a commonly used anti-pain/fever
drug. An overdose of APAP can cause severe hepatotoxicity
due to reactive nitrogen species (RNS) generated in mito-
chondria, alone or in combination with other drugs.! APAP
undergoes enzymatic biotransformation in the liver to
generate RNS through a cascade of oxidation reactions,°!
which involves the participation of Kupffer cells (macro-
phages in the liver).” Tt has been proposed that the
production RNS is an early sign of hepatotoxicity associated
with APAP overdosage. In particular, ONOO™ is recognized
as a direct indicator of hepatotoxicity.®! ONOO™ can lead to
rapid cell death by reacting with a wide array of biomolecules,
such as proteins, lipids, and nucleic acids.”’ Due to the short
half-life of ONOO™ (ref. [10]), it is challenging to detect it in
plasma. As such, in situ detection of the RNS at the site of
formation is required.

To address this issue, we have developed multilayered
lanthanide-doped upconversion nanoparticles (UCNPs)
coated with polyethyleneimine (PEI) and cyanine (Cy7)
chromophores (abbreviated as Cy7-PEI-UCNPs) as the
nanoprobe. Upon reacting with ONOO™, the nanoprobe is
designed to generate near-infrared (NIR) emission at 800 nm,
which can be used to monitor the APAP-induced drug
hepatotoxicity within living small animals (Figure 1a). In
contrast to organic fluorophores, UCNPs possess many
intriguing characteristics, such as high photostability, not
any auto-luminescence, and high signal-to-noise ratio. There-
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Figure 1. a) Rational design of chromophore-assembled UCNPs for the detection of nitrosative hepatotoxicity in vivo. b) Proposed reaction
mechanism for the “turn-on” luminescence by which the energy acceptor Cy7 (marked with green star) degrades after oxidation by ONOO™ or
ClO™. ¢) UV/Vis spectra of chromophore measured in the absence (green line, 28 um) and presence (red line, 18 um) of ONOO™ and
upconversion emission spectrum of UCNPs under excitation at 980 nm (purple line). The spectrum was recorded under the excitation of

a 980 nm continuous-wave laser at a power of 1 W. d) Mechanism of APAP-induced hepatotoxicity.

fore, UCNPs-based nanoprobes for invivo imaging and
sensing of whole-body animals have recently attracted
a great deal of attentions."!! Till now, a number of UCNPs-
based energy transfer systems have been developed to detect
various analytes."”!

Herein, core—shell UCNPs with emission at 800 nm were
used as the energy donor and an RNS-responsive NIR
absorbing chromophore Cy7 was taken as the energy acceptor
(Figure 1b). In the absence of ONOO™, the Cy7-PEI-UCNPs
nanoprobe gives suppressed luminescence at 800 nm due to
an efficient energy transfer from the nanoparticle to Cy7.
However, once oxidized by RNS, the Cy7 molecule breaks
into two parts and is unable to absorb the luminescence
emitted by the nanoparticle (Figure 1¢). Therefore, the
introduction of RNS leads to turn-on luminescence of
UCNPs at 800 nm. As aforementioned, overdosed APAP
induces the generation of RNS. Specifically, APAP at a toxic
dosage (>300 mgkg™") undergoes N-hydroxylation and fol-
lowed by dehydration through a hepatic cytochrome P450
enzymatic process to form a minor yet significant alkylating
metabolite known as NAPQI (N-acetyl-p-benzoquinone
imine) which binds to cellular proteins to induce mitochon-
drial dysfunction. Moreover, Kupffer cells also participate in
the production of reactive nitrogen and oxygen species.
During the enzymatic process, ONOO™ has been produced
(Figure 1d) which reacts with biomolecules and eventually
causes cell death. Compared to the probes with “turn-off”
characteristics, a “turn-on” probe provides a positive signal
readout against a dark background with a fine spatial
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resolution for assessing the drug-induced hepatotoxicity.!™!

More importantly, in contrast with the previously reported
optical method for the APAP-induced hepatotoxicity assay,!
which features an excitation at 580 nm and an emission at
820 nm, our UCNPs-based technique involves 980 nm exci-
tation and 800 nm emission, both being located in the NIR
spectral region. Such a feature is in favor of biosensing and
bioimaging because of its associated low autofluorescence
and high penetration depth under in vivo conditions.!'”!

To achieve high luminescence intensity for in vivo detec-
tion and imaging, core-shell UCNPs (NaYF,:20% Yb/
2 mol % Tm@NaYF,) were synthesized using a layer-by-
layer seed-mediated shell growth strategy.'® Transmission
electron microscopy images of the nanoparticles before (see
Figure Sla in the Supporting Information) and after (Fig-
ure S1b) the shell coating clearly shows an increase in the
particle size from 20 to 24 nm. X-ray powder diffraction
studies confirm the hexagonal phase of the as-synthesized
core—shell nanoparticles (Figure 1c). Notably, the core—shell
design efficiently protects the luminescence of the lanthanide
activators from environmental quenching (Figure 2c,d).'"”! To
ensure the surface conjugation of Cy7 molecules to the
nanoparticles, we first removed stabilizing oleic acid ligands
from the nanoparticle by acid treatment, followed by PEI
coating and Cy7 coupling. Upon successful conjugation of
Cy7 molecules, the colloidal solution turned green and its
emission at 800 nm was almost completely quenched (Fig-
ure 2a). We found that the emission lifetime of the as-
prepared nanoprobes at 800 nm decreased from 332.4 to
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Figure 2. a) Luminescent signals of nanoparticles at 800 nm before and after modification with chromophore dispersed in water. Inset: Color
change of the aqueous solution of nanoparticles before and after modification with the chromophore. b) The lifetime of nanoparticles in the
absence and presence of dye modification. c) In vitro cell viability of HelLa cells incubated with nanoprobes at different concentrations for 24 h at
37°C. d) Photoluminescence response of as-developed nanoprobes in aqueous solutions (0.3 mgmL™") as a function of ONOO™ concentration
(0-17.5 um). The samples were measured under the 980 nm excitation (1 W) immediately after ONOO™ was added. Inset: Color change of the
aqueous solution of nanoprobes in the presence of ONOO™. e) The plot of luminescence intensity at 800 nm against the ONOO™ concentration.
f) The absorption spectra of the dye (28 um) upon gradual addition of ONOO™ (from 0 to 18 pum). Inset: Plot of absorption intensity at 780 nm as

a function of ONOO™ concentration.

163.1 ps after dye coupling (Figure 2b). The decrease of the
average lifetime and intensities indicates that the quenching
of luminescence occurs not only through reabsorption but
also through Forster resonance energy transfer. The ligand-
exchange processing and dye-conjugation step did not induce
noticeable changes in the size and morphology of the particles
(Figure S2a,b). Infrared spectroscopic and zeta potential
characterization further confirm the conjugation of the dye
molecules to the surface of the particle (Figure S2¢,d).

To furthest quench the luminescence of the nanoparticles,
the highest loading amount of Cy7 molecules was adopted.
The modification rate was estimated to be 9.8 wt% by
spectroscopic absorption analysis (Figure S2e.,f), which
quenches more than 90 % of the upconversion luminescence.
The cell viability determined by the methyl thiazolyl tetrazo-
lium assay proved that the as-synthesized nanoprobes have
good biocompatibility at different particle concentrations.
The survival rates of the Hela cell were higher than 90 % in all
cases after 24 h of incubation (Figure 2c). The selectivity test
proved that the as-developed nanoprobe was only sensitive to
the ONOO™ compared with other common ROS/RNS species
under the same testing condition. (Figure S3a and 3b)
Importantly, the as-developed nanoprobe remains stable
when dispersed in biological settings (Figure S3c).

As a proof-of-concept experiment, we explored the utility
of the as-synthesized nanoprobes for ONOO™ detection in
aqueous solution. ONOO™ of various concentrations ranging
from 3.5 to 17.5 um were spiked into the nanoprobe solution
(0.3 mgmL™). As expected, with increasing ONOO™ con-
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centration, the emission intensity of the nanoprobes at
800 nm was gradually increased (Figure 2d,e), accompanied
by the decrease in dye absorption (Figure 2 f). To identify the
decomposed products of Cy7 on addition of ONOO™, we
analyzed the sample with reversed-phase high-performance
liquid chromatography and mass spectrometry (Figure S4).
These data confirmed that the reaction products have no
absorption in the NIR region. In addition, we found that the
bleaching response of the Cy7 molecules to ONOO™ could
take place within only one second, (Video 1), suggesting the
luminescence of developed nanoprobes recovers quickly and
is practical for rapid and real-time detection of RNS.

To understand the site-specific targeting of the as-
synthesized nanoprobes, the biodistribution of nanoprobes
in vivo was studied in BALB\c nude mice. The polyethylene-
imine-capped nanoparticles without dye conjugation were
chosen. The nanoparticles were intravenously administrated
(5mgmL~!, 100 uL) to mice and their biodistribution was
traced by luminescence imagine. Strong luminescence signals
were observed near the liver region after injection with the
nanoparticles (Figures S5 and S6a). In addition, ex vivo
imaging of each organ clearly confirmed that the nano-
particles are accumulated mainly in the liver (Figure S6b,c).
We also tracked the biodistribution of the nanoparticles with
intraperitoneal injection. After being intraperitoneally
injected with nanoparticles for 1h (100 pL, 5 mgmL™"), the
mice were sacrificed to harvest the liver and gastrointestinal
system for imaging (Figure S7). The results showed that the
nanoparticles can be simultaneously taken up by both the
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liver and gastrointestinal system. The liver-targeting property
can be attributed to the uptake of the nanoparticles by liver
macrophage-Kupffer cells'® which are mechanistically
important in RNS and superoxide formation. We confirmed
the uptake of nanoparticles by Kupffer cells after injection of
the nanoparticles by ex vivo microscopy and TEM (Fig-
ure S8). Once the APAP is overdosed, the apoptotic hepato-
cytes will activate the Kupffer cells and trigger the generation
of RNS.*7 Therefore, our nanoprobes can thus serve as
hepatotoxicity sensor through the detection of RNS in the
Kupffer cells. It is plausible that the luminescence recovery is
due to several factors: disassociation of the dye molecules to
the nanoparticles; dye biodegradation, or RNS generation
induced by the nanoprobes. To exclude these possibilities, the
stability of the nanoprobes was also tested in vivo. In stark
contrast with the biodistribution results, after intravenous
injection, the luminescence remained undetectable through-
out the 6 h timeframe of monitoring (Figure S9). The low
background noise over time suggests that these nanoprobes
are adequately stable in vivo. By assessing the penetration
depth of the visible and NIR emission of UCNPs under
980 nm laser irradiation, we affirm that the NIR (800 nm)
light has higher penetration depth than the visible (540 nm
and 650 nm), and mitigates auto-fluorescence from the
biological sample (Figure S10). Taken together, these results
strongly validate the capacity of the as-prepared nanoprobes
for RNS detection and imaging in the liver.

As mentioned earlier, an overdose of APAP can result in
liver injury through the overproduction of ONOO™. There-
fore, APAP-induced hepatotoxicity can be considered as an
ideal model to examine the validity of the as-developed
nanoprobes for RNS detection in the liver. The selectivity of
the nanoprobes depends on the type of chromophore. The
specificity of the dye toward ONOO™ under physiological
conditions in vitro has been demonstrated previously. In the
selectivity test, both ONOO™ and ClIO™ were found to lead to
dye bleaching in vitro. However, ONOO™ is the main

Brig*i;eld
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Figure 3. a) Representative images of mice receiving hanoprobes (100 pL, 5 mgmL™)
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(control) at a different time point. The images were collected at 790 +40 nm upon irradiation at 980 nm. b) The luminescence intensity over time,
data were obtained from the liver area of images after the background was subtracted. (n=3 mice per group).
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biomarker for APAP-induced hepatotoxicity.’] Therefore,
the luminescence recovery of the nanoprobes can be attrib-
uted to ONOO " in the liver.

To verity the capability of the developed nanoprobes for
detection of RNS-induced hepatotoxicity, we carried out
intraperitoneal injection of APAP at different concentrations
(500, 250 and O mgkg™") to a series of living mice. After
15 minutes, we injected chromophore-conjugated nanoprobes
(5 mgmL™', 100 uL) through the tail vein of the mice and then
anesthetized them for luminescent imaging at different time
intervals (30, 50, and 70 minutes). As shown in Figure 3 a, the
images captured from the APAP-treated mice showed
a remarkable enhancement of luminescent signals in the
liver region after particle injection, while a low level of
luminescence was observed from the control. Furthermore,
the increment of the signals within the liver region is
dependent on the dosage of the administrated drug (Fig-
ure 3b). Consistent with our ex vivo imaging studies, the
signals were mostly obtained from the liver (Figure S11). The
emission intensity from the liver of APAP-treated mice was
much stronger than that recorded for the control experiment.
Consequently, it is conceivable that these nanoprobes are
suitable for screening APAP-induced hepatotoxicity in living
bodies in response to nitrosative stress in liver.

To verify the possibility of monitoring APAP-induced
hepatotoxicity through other administration routes, intra-
peritoneal injection of the nanoprobes was also employed.
Luminescence imaging of the mice injected with APAP at
dosages of 250 and 500 mgkg ' also showed an obvious signal
enhancement after intraperitoneal administration of the
nanoprobes (Figures S12 and S13). Ex vivo imaging of each
organ showed that both the liver and the gastrointestinal tract
have luminescence signals (Figure S14). The luminescence
from the gastrointestinal tract is likely due to an increased
ROS level."™ These results demonstrated that the chromo-
phore-conjugated upconversion nanoprobes can be used to
detect APAP-induced hepatotoxicity through either intra-
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venous or intraperitoneal injection. It should be noted that no
marked change in luminescence intensity is observable from
the mice injected with a low dosage of APAP (100 mgkg ")
(Figure S15), which is in accordance with the manifestation of
APAP-induced hepatotoxicity in mice.”"!

In summary, we have developed a new platform on the
basis of “turn-on” luminescence from chromophore-modified
upconversion nanoparticles for rapid, sensitive detection of
ONOO™ both invitro and in vivo. Our nanosystem offers
a low detection limit down to 0.08 um (S/N=3) and a fast
in vitro analyte response (less than 1 second). Taking advant-
age of the unique optical properties of UCNPs, we have also
demonstrated our hybrid nanoprobes for in vivo RNS detec-
tion in living animal models with APAP-induced hepatotox-
icity. Once defined, this UCNPs-based sensing platform may
serve as a convenient assay kit to facilitate screening of
hepatotoxicity for newly developed drug molecules.
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