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ABSTRACT: Drug-induced liver injury (DILI) has the potential to cause : S S
severe hepatitis and increases the risk of death which remains unresolved in x
current medical practice. During DILI, the H,O, level is upregulated in the @ o ¢

liver. Conventional blood tests fail to offer early and real-time visualization of = ‘\:___,7/
DILI in vivo. Here we report a smart persistent luminescent approach to " Eanffon rescliony ,"
evaluate DILI in vivo using persistent luminescence nanoprobes which are N o "% FA -y
conjugated with single-stranded DNA containing Ferrocene (Fc). Upon L;::_:’_X:'\_wr__ A

injection, these nanoprobes mainly accumulate in the liver and the persistent
luminescence of nanoprobes remains suppressed owing to energy transfer to
the ferrocene. The presence of H,0, during DILI initiates the Fenton reaction
to induce cleavage of DNA chains, and the ferrocene dissociates from the
probes, leading to fast restoration of the persistent luminescence. The DILI
imaging results revealed a signal-to-noise ratio of 20.9, approximately 10 h
earlier than the serum-based detection methods. With its exceptional sensitivity, high signal-to-noise ratio, and real-time imaging
capabilities, this smart persistent luminescent approach holds great promise for the early diagnosis of DILL

KEYWORDS: Nanoprobe, Ferrocene, NIR-PLNPs, Early imaging of DILIL, Fenton reaction
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H INTRODUCTION H,0,, within the mitochondria. Consequently, this exacerbates
oxidative stress reactions, ultimately causing severe hepatotox-
icity and liver damage.11 Therefore, endogenous H,0, can
serve as an early in situ biomarker for DILL'>~"* Currently,
various fluorescence probes have been developed and
employed for the detection of H,0O, in biological systems.">~"*
However, most of these probes are small organic molecules
that exhibit susceptibility to photobleaching and possess poor
photostability.'” Moreover, the reported probes for endoge-
nous H,0, imaging rely on external light sources, which give
rise to autofluorescence signals from the biological system,
thereby reducing imaging sensitivity. Consequently, there still
exist limitations in achieving early and accurate diagnosis of
DILL

Near-infrared persistent luminescence nanoparticles (NIR-
PLNPs) are a class of nanomaterials capable of emitting
continuous near-infrared light, even post excitation light
cessation.'””” Their utilization in biomedical imaging circum-
vents autofluorescence signal interference arising from
excitation light sources and enhances imaging sensitivity.”""**

Drug-induced liver injury (DILI) is a common adverse
reaction caused by medications, which can lead to severe
hepatic dysfunction, failure, and even mortality.” Therefore, it
represents a critical issue that requires attention in clinical
practice.” Currently, the gold standard for diagnosing DILI in
clinical settings is quantifying hepatic enzymes in the
bloodstream, such as alanine aminotransferase (ALT) and
aspartate aminotransferase (AST).4 However, these markers
fail to provide early prediction of DILI and are often only
detectable after liver damage has already occurred.”® More-
over, their lack of specificity is evident as ALT and AST can
also indicate skeletal muscle injury.”® Due to the lack of early
stage symptoms in DILI, the absence of a highly specific
diagnostic marker results in missed or misdiagnosed cases,
posing challenges for clinicians to accurately assess the
incidence of DILL’ Furthermore, DILI can lead to severe
hepatitis and carry a risk of fatality. Therefore, an urgent need
exists for the development of a highly specific method capable
of early detection of DILL

Research has demonstrated that excessive drug exposure
during hepatic cellular metabolism undergoes enzymatic Received:  July 22, 2024
biotransformation through a series of oxidation reactions, Revised:  September 30, 2024
resulting in the generation of highly reactive intermediate Accepted:  October 2, 2024
metabolites. These excessive metabolites deplete glutathione Published: November 15, 2024
within the cytoplasm and mitochondria, leading to an
overproduction of reactive oxygen species (ROS),'" such as
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In this study, we modified the surface of ZGGO:Cr NIR-
PLNPs with single-stranded DNA containing a quenching
group, ferrocene, to fabricate a smart persistent luminescent
approach for highly sensitive imaging of DILI (Scheme 1).

Scheme 1. Schematic Illustration of H,0,-Responsive NIR-
PLNPs for Diagnosis of DILI In Vivo
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After reacting with H,O,, this nanoprobe effectively restores
the near-infrared persistent luminescence signal of ZGGO:Cr,
thereby facilitating real-time monitoring of DILI in live animal
models. We successfully validated its response to H,O, in vitro
and demonstrated its application for the detection of
endogenous H,O,. In acute DILI mouse models induced by
acetaminophen (APAP), we achieved early diagnosis imaging
of DILI in mice, which was approximately 10 h earlier than
serum-based detection methods. Thus, this nanoprobe exhibits
promising potential as a valuable tool for early diagnosis of
DILL

B EXPERIMENTAL SECTION

Synthesis of ZGGO:Cr

Zn,,Ga, ¢Gey,0,4:Crgos(ZGGO:Cr) was synthesized as follows:
First, 1.2 mmoL of Zn(NOj;),, 1.6 mmoL of Ga(NO;);, 0.2 mmoL
of Na,GeO;, and 0.0075 mmoL of Cr(NO;); were dissolved in 11
mL of deionized water. Then, ammonium hydroxide (28 wt %) was
rapidly added to the solution and vigorously stirred to adjust the pH
to around 6.5. The mixture was stirred at room temperature for 2 h
and then transferred to a reaction vessel. The reaction was carried out
at 220 °C for 12 h. After the oven temperature returned to room
temperature, the reaction solution was transferred to a centrifuge tube
and washed three times with deionized water at 10,000 rpm. The
sample was then dried and stored for future use.

Surface Modification of ZGGO:Cr

Twenty mg of the material was added to a 50 mL solution of NaOH
(5 mM) and sonicated for 30 min. It was then stirred at room
temperature for 24 h and centrifuged three times at 10,000 rpm for 10
min each. The modified ZGGO:Cr—OH was weighed (30 mg) and
dispersed in 15 mL of DMF solution through sonication. The
dispersion was transferred to a 50 mL round-bottom flask, and 300 uL
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of APTES was added. The mixture was stirred at 80 °C for 24 h. The
sample was then washed three times with ethanol and deionized water
at 10,000 rpm. After drying, amino-modified ZGGO:Cr was
successfully obtained

Synthesis of ZGGO:Cr-Fc Probe

Single-stranded DNA modified with ferrocene, which had a carboxyl
group at one end, was activated. Thirty ug of the DNA was dissolved
in MES solution and mixed by shaking. After adding EDC, the
mixture was stirred for 10 min and then NHS was added and stirred
for 45—60 min. The pH was adjusted to 7—8 with NaHCO;. Then,
ZGGO:Cr-NH, was added and stirred overnight. The sample was
centrifuged at 10,000 rpm for 10 min.

Spectral Measurements

The luminescence intensity of ZGGO:Cr-Fc nanoprobes (1 mg/mL)
was measured at different H,0, concentrations. The ZGGO:Cr-Fc (1
mg/mL) nanoprobe was dispersed in 2 mL PBS buffer solution and
its pH was adjusted to S.And then add different concentrations of
H,0, (5 uM, S0 uM, 100 M, 150 M, 200 uM). After incubating for
2 h, the samples were centrifuged and the supernatant was removed.
PBS buffer solution was added again before measuring the
fluorescence spectra. The fluorescence spectra of ZGGO:Cr-Fc
nanoprobes (1 mg/mL) were also measured after incubating with
GSH, Na*, Fe*, Fe**, NO,”, NO;~, SO;>7, $O,*~, HCOj;",
CH,COO~, Mg*, Ca®, and K" (200 uM) for 2 h. The samples
were excited with a 659 nm light-emitting diode (LED) at an intensity
of 40 mW/cm™ for § min, and the spectra were measured at intervals
of 8 s using a spectrometer.

Cell Toxicity Assay

The standard cell counting kit-8(CCK-8) assay was used to measure
the viability of normal HepG2 liver cancer cells and MCEF-10A cells.
HepG2 cells and MCF-10A cells were seeded in a 96-well plate at a
density of 5 X 10° cells/well and cultured for 24 h at 37 °C with 5%
CO,. The cells were then treated with different doses of ZGGO:Cr-Fc
for 24 h. The culture medium was replaced with fresh medium
containing 10% CCK-8. After incubating for 1 h, the cells were
analyzed using an enzyme-linked immunosorbent assay reader.

Cell Experiments

Cell imaging was performed to verify the endogenous H,O,
concentration in HepG2 cells after different treatments. HepG2
cells were divided into three groups: Group 1, cells cultured normally;
Group 2, cells pretreated with 1000 #M APAP for 12 h; Group 3, cells
pretreated with NAC (500 uM) for 2 h, followed by treatment with
APAP (1000 M) for 12 h. Finally, 100 uL ZGGO:Cr-Fc probe (1
mg/ mL) was added and incubated for 2 h. Fluorescence imaging was
performed using an IVIS Lumina II in vivo imaging system (Caliper
Life Science, Inc., USA) after illuminating the mice with a 659 nm
LED at an intensity of 40 mW/cm ™ for 5 min. The exposure time
was 100 s.

Animal Models

Female Balb/c mice (6 weeks old) were obtained from
GemPharmatech LLC. For the drug-induced liver injury model,
acetaminophen (APAP) was injected into the mice at a dose of 300
mg/kg via intraperitoneal injection, followed by a drug injection into
the tail vein after 1 h. For the treatment model, NAC (150 mg/kg)
was injected 1 h before APAP (300 mg/kg) injection. The control
group received an equivalent dose of PBS via intraperitoneal injection.

In Vivo Persistent Luminescence Imaging

200 pL nanoprobes (1 mg/mL) of PBS buffer solution was injected
into the tail vein of the mice. Under 2% gas anesthesia, the mice were
illuminated with a 659 nm LED at an intensity of 40 mW/ cm~2for §
min, and the persistent luminescence (PersL) images were recorded
at different time points (10, 20, 40, 60 min) using an IVIS Lumina II
in vivo imaging system. The major organs (heart, liver, spleen, lungs,
and kidneys) were dissected and imaged with an exposure time of 180
s. All images were processed using Living Image software (Caliper
Life Science, Inc., Version 4.3.1).

https://doi.org/10.1021/cbmi.4c00056
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Figure 1. (a) TEM image and particle size distribution of the nanoparticles. (b) Emission peak of ZGGO:Cr. (c) Decay curve of PersL emission at
696 nm after S min of LED irradiation at 659 nm. (d) ZGGO:Cr-Fc “off-on” mechanism. (e) Intensity comparison and spectral changes of PersL
emission before and after surface modification of ZGGO:Cr with Fc, as observed with a CCD camera. ***p < 0.001, n = 3. (f) Postreaction PersL
emission intensity of ZGGO:Cr-Fc with different concentrations of H,O,. (g) Fluorescence intensity of ZGGO:Cr-Fc in the presence of different
analytes: 1, blank; 2, GSH; 3, NO,; 4, HCO;; 5, NO;™; 6, CH,COO; 7, Na*; 8, Fe™; 9, SO,*; 10, SO,*7; 11, Mg™*; 12, Ca**; 13, Fe**; 14, K;

15, APAP; 16, NAC; 17 H,0,,. (200 ymoL/L).

B RESULTS AND DISCUSSION

ZGGO:Cr Synthesis, Modification, and Response to H,0,

We synthesized Zn,,Ga;Gey,0,:Crygs through a hydro-
thermal synthesis method. The particle size and distribution
were observed using TEM. As shown in Figure la, the
synthesized nanoparticles exhibited excellent dispersion with a
uniform diameter of 25 + 5 nm. Elemental analysis using high-
angle annular dark-field scanning and EDS confirmed the
presence of Zn, Ga, Ge, O, and Cr as the main constituents of
ZGGO:Cr (Figure S1). Additionally, XRD analysis confirmed
the high crystallinity and typical cubic spinel structure of
ZGGO:Cr, indicating the successful synthesis of the desired
persistent luminescence nanoparticles (Figure S2).And the
ZGGO:Cr were effectively dispersed and maintained stability
in both serum and cell medium environments (Figure S3)..

Excellent PersL performance of PLNPs is very important to
achieve early high-sensitivity imaging of DILI. As the excitation
and emission spectra shown (Figure S4), the photolumines-
cence of ZGGO:Cr can be excited by a light source around
659 nm. Upon 659 nm LED light irradiation, ZGGO:Cr
exhibited a strong NIR PersL emission peak at 696 nm (Figure
1b). Furthermore, ZGGO:Cr exhibited a slow NIR PersL
decay and could be repeatedly excited by 659 nm LED (Figure
Ic and Figure SS). To further investigate the NIR PersL
properties of ZGGO:Cr, we employed a charge-coupled device
(CCD) camera to measure its NIR PersL. Following
irradiation with a 659 nm LED for S min, the changes in
PersL intensity over the decay time were illustrated in (Figure
SSa). Remarkably, even after 30 min, the NIR PersL emitted
from ZGS was still detectable using the CCD camera.
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In order to achieve susceptible and specific detection of
endogenous H,0,, the development of H,0,-responsive “off-
on” nanoprobes holds significant importance. Therefore, we
employed a single-stranded DNA linkage to connect ferrocene
with nanoparticles, creating an H,O,-responsive “off-on”
persistent luminescence nanoprobe based on the Fenton
reaction (Figure 1d). The ZGGO: Cr was initially function-
alized with hydroxyl groups, followed by amino-functionaliza-
tion using APTES. Subsequently, an amide reaction was
employed to couple carboxyl-modified single-stranded DNA,
with ferrocene attached at one end, to the amino groups of
ZGGO:Cr. The change in zeta potential from negative to
positive from the hydroxyl-modified to amino-modified state,
and then from positive to negative after coupling with
ferrocene, indicated the successful attachment of ferrocene-
modified single-stranded DNA to ZGGO:Cr (Figure S6). We
performed TEM and DLS of the nanomaterial ZGGO:Cr-Fc,
the particle size of the nanoprobe becomes larger after
modifying and the particle size is about 130 nm (Figure S7).
Additionally, we observed a significant decrease in the
persistent luminescence intensity of ZGGO:Cr upon attach-
ment of ferrocene-modified single-stranded DNA, indicating
quenching induced by ferrocene (Figure le). This quenching
effect arises from the spectral overlap between the absorption
peak of ferrocene and the emission peak of ZGGO:Cr (Figure
S8). The results indicate the successful engineering of a
nanoprobe in an “off” state, designated as ZGGO:Cr-Fc. Then
we validated the response of ZGGO:Cr-Fc to H,0, in vitro,
specifically its ability to transition from the “off” state to the
“on” state. Prior to this, H,0, was introduced into an

https://doi.org/10.1021/cbmi.4c00056
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Figure 2. (a) Pretreatment and imaging process of HepG2 cells. (b) Imaging results of HepG2 cells in different groups. (c) Statistical fluorescence
intensity of HepG2 cells in different groups. ***#p < 0.0001, n = 3, ***p < 0.001, n = 3. (d, e) Cytotoxicity of MCF-10A cells and HepG2 cells.

unmodified ZGGO:Cr PBS buffer solution, and it was
observed that the persistent luminescence intensity of
ZGGO:Cr remained unaffected. This observation indicates
that the material itself does not exhibit a response toward
H,0, (Figure S9). Subsequently, we introduced different
concentrations of H,0, into a PBS buffer solution containing
the prepared ZGGO:Cr-Fc nanoprobe. In the solution system,
upon encountering H,0,, ferrocene initiates the Fenton
reaction,” leading to the generation of hydroxyl radicals.
These highly reactive species effectively cleave single-stranded
DNA molecules. Consequently, ferrocene dissociates from the
nanoprobe, facilitating the recovery of persistent luminescence
signal in ZGGO:Cr. As shown in Figure 1f, following
incubation of ZGGO:Cr-Fc in a PBS solution with H,0,,
the centrifuged sample exhibited an enhanced persistent
luminescence intensity. Furthermore, the fluorescence intensity
increased gradually increased with escalating H,0, concen-
tration and the LOD is 4.469 umoL/L. To investigate the
specificity of ZGGO:Cr-Fc for H,0, detection, we measured
the persistent luminescence spectra in the presence of other
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substances under identical experimental conditions (Figure
1g). Remarkably, only H,0, induced a significant enhance-
ment in persistent luminescence emission, while other
substances exhibited negligible interference. indicating the
high selectivity of ZGGO:Cr-Fc for H,0,. These findings
unequivocally demonstrate the exceptional selectivity of
ZGGO:Cr-Fc toward H,0,.

The luminescent stability of the ZGGO:Cr-Fc nanoprobe
was further evaluated under various conditions, including
different ion concentrations, pH levels, and in cell culture
media containing 10% (v/v) fetal bovine serum. Remarkably,
the results demonstrated exceptional luminescent stability of
the nanoprobe (Figure S10). These results demonstrate that
ZGGO:Cr-Fc exhibits excellent NIR PersL performance,
suggesting its great potential for early high-sensitivity diagnosis
of DILL
ZGGO:Cr-Fc Nanoprobe: Safety Assessment and Response
to H,0, in Liver Injury Cell Model

DILI commonly arises from intentional or accidental overdose.
APAP, a clinically relevant drug is associated with DILI due to

https://doi.org/10.1021/cbmi.4c00056
Chem. Biomed. Imaging 2025, 3, 77—-84
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its capacity to drive the occurrence of cellular mitochondrial
oxidative stress, during which a large number of ROS are
produced.”*** Consequently, APAP-induced liver injury serves
as an ideal model for investigating cellular oxidative stress
potential.”>** And NAC is a choice drug for the treatment of
drug-induced liver injury.27_29 Thus, the imaging capability of
the ZGGO:Cr-Fc nanoprobe was evaluated in an APAP-
induced liver injury cell model (Figure 2a). As shown in Figure
2b, fluorescence imaging revealed enhanced fluorescence
intensity in HepG2 cells after APAP treatment compared to
the control group. Pretreating the cells with NAC decreased
the fluorescence intensity compare to APAP group. Mean-
while, statistical analysis was conducted on the fluorescence
intensity of cells in different groups, providing support for the
imaging results. These results demonstrated that the
ZGGO:Cr-Fc nanoprobe exhibited the ability to detect
endogenous H,0, in the APAP-induced liver injury cell
model. (Figure 2c).

In order to further investigate the in vivo imaging potential,
it is imperative to verify the biological safety of the ZGGO:Cr-
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Fc nanoprobe. First, a CCK-8 assay was performed to evaluate
the cytotoxicity of ZGGO:Cr-Fc on MCF-10A, AML12 and
HepG2 cells. Our findings reveal no significant toxicity
following 24 h of incubation with varying concentrations of
ZGGO:Cr-Fc (Figure 2d,e and Figure S11).Then, hemolysis
assays revealed that even at a high concentration of 200 ug/
mL, the nanoprobe exhibited a hemolysis rate below 1%,
indicating minimal hemotoxicity of ZGGO:Cr-Fc (Figure
S12). Additionally, the biodistribution of the ZGGO:Cr-Fc
nanoprobe was assessed by employing inductively coupled
plasma mass spectrometry (ICP-MS). The results revealed that
the nanoprobe primarily accumulated in the liver and lungs,
with peak concentration observed at 3 h postinjection,
gradually diminishing over time (Figure S13). Then,
histological analysis of major organs in healthy mice injected
with the ZGGO:Cr-Fc nanoprobe, as compared to a control
group receiving saline injections, revealed no significant
pathological abnormalities (Figure S14). These findings
substantiate the excellent biocompatibility of the ZGGO:Cr-
Fc nanoprobe.
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Figure 4. (a) Histological liver sections stained with HE staining from mice in different groups (n = 3), scale bar = S0 um. (b, c) Time-dependent
changes in serum ALT and AST levels in different groups of mice. (d) Urinary iron ion concentrations in different groups (n = 3), **p < 0.01.

In Vivo DILI Mouse Imaging

The capability of ZGGO:Cr-Fc nanoprobe to detect
endogenous H,0, in living cells has been experimentally
validated. Then we investigated the imaging diagnostic
capabilities of ZGGO:Cr-Fc nanoprobes in a DILI mouse.
APAP is known to induce DILI more effectively in mice than
other drugs, making it a suitable model for studying liver injury
and recovery that closely resembles human pathological
physiology.”>***" Thus, in this study, DILI was induced in
mice by intraperitoneal administration of APAP (300 mg/kg)
in the DILI group, while the control group received an
equivalent dose of PBS. In the treatment group, NAC was
administered to one treatment group 1 h prior to APAP
injection (150 mg/kg). Subsequently, we employed the
ZGGO:Cr-Fc nanoprobes for liver injury imaging (Figure
3a). As shown in Figure 3b, the imaging results of the control,
APAP-treated and NAC-treated groups were recorded at 10,
20, 40, and 60 min after intravenous injection. The
fluorescence intensity in the liver region of the control group
remained consistently weak and unaltered throughout the
duration of the experiment. In contrast, APAP-treated mice
exhibited a significant increase in liver fluorescence intensity
starting at 20 min postinjection, reaching its peak at 40 min,
with an impressive signal-to-noise ratio of 20.9. NAC-treated
mice also showed a slight enhancement in liver fluorescence
intensity from 20 min onward, significantly lower than that
observed in APAP-treated group (Figure 3b,c). Furthermore,
at 60 min after injection of ZGGO:Cr-Fc nanoprobes, different
groups of mice organs (heart, liver, spleen, lungs, and kidneys)
were removed, and the fluorescence intensity was measured. As
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shown in Figure 3d and e, the fluorescence intensity in the liver
was significantly higher than in other organs. Notably, the
APAP group exhibited a more pronounced fluorescence signal
compared to both the NAC-treated and healthy groups, which
is consistent with the findings from our in vivo imaging
analysis. These results demonstrated that the persistent
luminescence nanoprobe enables highly sensitive detection of
liver injury and evaluation of therapeutic efficacy.

Serum Enzyme Assay and Histological Analysis of Mice

We further conducted histological analysis on liver tissues from
mice treated with APAP and NAC at different time points
(Figure 4a). The liver tissue sections from the control group
remained histologically normal throughout the experiment,
without any vacuolation or other abnormalities. In contrast, the
APAP group exhibited progressive liver damage over time,
characterized by nuclear cytoplasmic separation and extensive
vacuolation. Similarly, the NAC-treated group showed a similar
trend but with significantly milder damage, indicating
consistent results between tissue staining and imaging findings.
Additionally, we performed serum liver function tests on
different groups of mice and observed that ALT and AST levels
in all mice remained within the normal range for the first 6 h
after drug administration (Figure 4b,c and Figure S15). At 12 h
post-treatment, there was a significant increase in ALT and
AST levels in APAP-treated group, indicative of liver injury.
Compared to ALT/AST levels, ZGGO:Cr-Fc nanoprobes
enabled early detection of changes in fluorescence signals
almost 10 h earlier, demonstrating their high sensitivity
imaging capabilities for early detecting liver injury.
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On the other hand, when H,O, is present, the Fenton
reaction occurs in the body, leading to the production of
hydroxyl radicals that cleave DNA chains and release iron ions.
We tested the concentration of urinary iron ions and found
that the levels in the urine of mice in APAP-treated and NAC-
treated groups were higher than normal mice (Figure 4d). And
the APAP-treated group had higher urinary iron ion
concentrations than the NAC-treated group, indicating a
correlation between urinary iron ion concentration and the
severity of liver injury. The results confirmed that the analysis
of urinary iron ions in this study can provide additional insights
into the extent of liver injury.

B CONCLUSION

In summary, we have successfully developed a novel approach
for early diagnosis of DILI using ZGGO:Cr-Fc persistent
luminescence nanoprobes that exhibit specific responsiveness
to H,0,. This approach exhibits exceptional optical stability
and biosecurity, yielding a signal-to-noise ratio of up to 20.9
during liver injury imaging in mice. Importantly, in a murine
model of hepatic injury, the utilization of persistence
luminescence imaging for liver damage diagnosis enables the
detection of injury approximately 10 h earlier than the standard
clinical serum testing methods. Additionally, the DNA strand
on the ZGGO:Cr-Fc nanoprobe caused by liver injury is
broken, resulting in the separation of ferrocene loaded on the
nanoprobe and its metabolism into the urine through the
kidney, which increases the content of iron ions in urine, and
can indicate the occurrence of liver injury. These results
suggest that the smart persistent luminescence-based approach
holds promising potential as a valuable tool for early diagnosis
of DILL
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