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intracellular hydroxyl radical imaging to predict
drug-induced liver injury†
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Drug-induced liver injury (DILI) is a serious concern in modern medicine due to its unpredictability.

Currently, biochemical serum markers are being used in DILI detection. However, these biomarker-

based methods lack sensitivity and specificity. A high intracellular level of hydroxyl radicals (cOH) has

been regarded as an early indicator of DILI. Therefore, we proposed an cOH-responsive and

hepatocyte-targeted nanoprobe via conjugation of carboxyfluorescein-labeled DNA and pegylated

galactose on the surface of gold nanoparticles. The nanoprobe could bind to a hepatocyte-specific

asialoglycoprotein receptor through galactose, and it could be internalized into liver cells. In the

presence of high levels of cOH in DILI, the DNA could be cleaved to release carboxyfluorescein,

leading to remarkable fluorescence enhancement for cOH detection. Confocal fluorescence

imaging demonstrated that the nanoprobe could be successfully applied in monitoring high cOH

levels resulting from acetaminophen or triptolide-induced liver injury, which may provide a simple

but powerful protocol for the prediction of DILI.
Introduction

Drug-induced liver injury (DILI) is a long-standing concern and
a serious problem in modern medicine.1–3 The liver is extremely
vulnerable to various drugs and/or their metabolites because
the majority of detoxication occurs in the liver.4,5 DILI has
become an important problem in drug development and has
caused the withdrawal of the approved drugs from the market
in the pharmaceutical industry.6–8 Furthermore, the incidence
of DILI has increased signicantly due to the abuse of drugs.9

Hence, the early detection of potential drug-induced hepato-
toxicity during the drug exploitation process and preclinical
development is of paramount importance.

Serum alanine aminotransferase (ALT) and serum aspartate
aminotransferase (AST) are commonly used as the gold stan-
dard indicators for evaluating liver injury in clinical prac-
tice.10,11 However, these clinical biomarkers used for DILI
detection are generally nonspecic and hysteretic in detecting
liver damage. Thus, the development of a more selective and
sensitive method is highly desired for the detection of drug-
induced hepatotoxicity. Recently, reactive oxygen species
(ROS) have been reported as distinct sources of production by
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direct or indirect oxidation of phase I metabolizing enzymes in
the early DILI process.12–16 In particular, the hydroxyl radical
(cOH) is the strongest oxidizing agent among ROS, and it can
cause irreversible oxidative damage to DNA.17–20 Therefore, the
accurate detection of endogenous cOH during DILI may
contribute insights into the mechanism of drug-induced
hepatotoxicity.

To achieve this goal, an cOH-responsive and hepatocyte-tar-
geted nanoprobe based on Förster resonance energy transfer
(FRET) was developed in this work to evaluate the drug-induced
hepatotoxicity. The nanoprobe was constructed by covalent
conjugation of thiolated single-stranded oligonucleotide labelled
with carboxyuorescein (HS-AGGGTTAGGG-FAM) and thiol-
poly(ethylene glycol)2000-galactose (HS-PEG2000-Gal) on the
surface of gold nanoparticles (AuNPs). Due to the high quenching
efficiency,21 convenient surface modication22 and good biocom-
patibility23 of AuNPs, they can serve as ideal carriers and electron
acceptors in the prepared nanoprobe. The close proximity of
AGGGTTAGGG-FAM to AuNP results in strong inhibition of FAM
uorescence due to the FRET effect. Additionally, PEG2000-Gal is
also immobilized on the surface of AuNPs to ensure stability and
specic recognition toward the asialoglycoprotein receptor
(ASGPR)-rich hepatocyte.24,25 Aer the nanoprobe is specically
internalized into the liver cells through ASGPR-mediated endocy-
tosis, AGGGTTAGGG with TT as the recognition sequence26 can be
cleaved by cOH during DILI to release FAM from the surface of
AuNPs, leading to a distinct uorescence enhancement at 520 nm.
By virtue of confocal uorescence imaging, DILI can be
detected and visualized in a noninvasive manner in living cells,
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 A schematic illustration of (A) the structure of the nanop-
robe and (B) function of fluorescence activation via elevated cOH levels
during DILI in liver cells.
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View Article Online
which provides a new method to detect DILI at an early stage
(Scheme 1).

Results and discussion
Characterization of the nanoprobe

AuNPs were synthesized using the classical citrate reduction
method.27 The UV-Vis absorption spectrum of AuNPs revealed
that the maximum absorption of AuNPs was at 519 nm
(Fig. S1†). In addition, the absorption spectrum of AuNPs
overlapped with the emission spectrum of FAM, which peaked
at 520 nm, and this indicated that the uorescence of FAM
could be effectively quenched by AuNPs due to the FRET effect.
Fig. 1 (A) TEM image (inset) and size distribution of AuNPs. (B) TEM
image (inset) and size distribution of the nanoprobe. (C) Zeta potentials
of AuNPs and the nanoprobe. (D) Absorption spectra of AuNPs and the
nanoprobe.

This journal is © The Royal Society of Chemistry 2018
The transmission electron microscopy (TEM) image veried the
formation of uniform and spherical AuNPs (Fig. 1A), and the
average hydrodynamic diameter of AuNPs was measured to be
approximately 15.6 nm by dynamic light scattering (DLS)
(Fig. 1A). The nanoprobe was synthesized though a rapid and
facile method based on the synergistic protection effect of PEG
on AuNPs.28 The TEM image (Fig. 1B) exhibited that the
nanoprobe was similar to AuNPs but with high dispersibility
owing to successful PEG conjunction. Meanwhile, the DLS
result showed that the hydrodynamic diameter of the nanop-
robe increased from approximately 15.6 nm (Fig. 1A) to 22.0 nm
(Fig. 1B), indicating that the surface coating of PEG2000-Gal and
oligonucleotides increased the size of the nanoprobe. Further-
more, the zeta potential of AuNPs was measured to be�34.2 mV
(Fig. 1C), which suggested high stability of AuNPs due to the
presence of the negatively charged citrate ligand. The zeta
potential of the nanoprobe increased to�14.9 mV; this could be
because the citrate salt on the surface of AuNPs was replaced by
PEG2000-Gal and oligonucleotides via a ligand exchange reac-
tion. The zeta potential was approximately �15 mV, indicating
that the nanoprobe was still stable in aqueous solution.29

Moreover, in contrast to the UV-Vis spectrum of AuNPs with
only one absorption peak at 519 nm, the UV-Vis spectrum of the
nanoprobe exhibited an extra characteristic DNA peak at
260 nm (Fig. 1D), conrming the successful conjugation of DNA
sequences on the AuNP surface. The number of DNA molecules
modied on the AuNPs was calculated based on the mercap-
toethanol reduction method.30 It was conrmed that each AuNP
carried approximately 159 � 2 FAM–DNA (Fig. S2†). Taken
together, these results indicated that the nanoprobe was
successfully assembled.
Response of the nanoprobe toward cOH

Aer characterization of the nanoprobe, we tested its uores-
cence response toward cOH generated by a Fenton reaction (Fe2+

+ H2O2 ¼ Fe3++ OH� + cOH) using different concentrations of
Fe2+ and excessive H2O2 (1 : 6 mol per mol).31 Therefore, the
concentration of Fe2+ in the Fenton reaction served as the
concentration of cOH in the following experiments. There was
almost no background uorescence in the absence of cOH
(Fig. 2A and B) because of the high quenching efficiency of
AuNPs with respect to FAM. Aer the addition of 1 mM cOH,
a signicant uorescence enhancement of the nanoprobe was
observed owing to the elimination of the FRET effect, which was
induced by the cleavage of DNA. Kinetic studies showed that the
nanoprobe responded to cOH within 15 min (Fig. S3†). The
relatively long response time could be ascribed to the slow
Fenton reaction with a rate constant of 40–80 mol�1 L s�1.32

Furthermore, when dimethyl sulfoxide (DMSO) as a typical cOH
scavenger33 was added into the reaction mixture of Fe2+ and
H2O2, the uorescence of the nanoprobe was signicantly
suppressed, conrming that the emission of the nanoprobe was
due to the cOH-induced breakage of DNA chains. The uores-
cence intensity of the nanoprobe increased gradually along with
the concentration of cOH from 0 to 1 mM (Fig. 2C). A good linear
correlation between the uorescence intensity and
RSC Adv., 2018, 8, 22062–22068 | 22063
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Fig. 2 (A) Fluorescence spectral responses and (B) relative fluores-
cence intensity (F/F0) at 520 nm of the nanoprobe with respect to cOH
in the absence or presence of DMSO. (C) Fluorescence spectra of 1 nM
nanoprobe after addition of 0, 0.01, 0.1, 0.2, 0.4, 0.6, 0.8 and 1 mM cOH.
(D) Linear correlation between cOH concentration and fluorescence
intensity at 520 nm. Data are means � SD (n ¼ 3).

Fig. 3 (A) MTT assay of L-02 cells incubated with varying concen-
trations of AuNPs and the nanoprobe for 24 h. (B) MTT assay of L-02
cells treated with 1 nM AuNPs and the nanoprobe at different times.
Data are means � SD (n ¼ 3).

Fig. 4 TEM images of cellular uptake of nanoprobe (without Gal) and
nanoprobe. The pictures displayed below are the enlarged views of the
red frames.
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concentration of cOH was obtained with F ¼ 6.52179 + 71.76379
[cOH] (R2 ¼ 0.9963) (Fig. 2D). The selectivity of the nanoprobe
towards cOH was examined by monitoring the uorescence
changes in the presence of various ROS, reactive nitrogen
species (RNS) and iron. Signicant uorescence enhancement
was observed for cOH, whereas other interferences could not
induce the uorescence change, verifying the high selectivity of
the nanoprobe towards cOH (Fig. S4†). The uorescent stability
of the nanoprobe was also investigated in phosphate buffered
saline (PBS) and Dulbecco's modied Eagle's medium (DMEM)
with 10% fetal bovine serum (FBS). The uorescence of the
nanoprobe showed negligible changes in these two media from
1 to 7 days (Fig. S5†). The results revealed the sensitivity,
specicity and stability of the nanoprobe for cOH detection.

Biocompatibility of the nanoprobe

To evaluate the biocompatibility of the nanoprobe in living
cells, an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay was carried out in the
human normal liver cell line L-02. The absorbance of the
produced formazan at 490 nm depends on the cell viability. The
MTT assay showed that AuNPs and the nanoprobe were almost
noncytotoxic to living cells at concentrations of up to 2.5 nM
(Fig. 3A) aer 24 h incubation (Fig. 3B), which revealed that the
nanoprobe exhibited good biocompatibility in living cells.

Cellular uptake of the nanoprobe

Aer incubation with liver cells, it was found that the intracel-
lular amount of the nanoprobe was much more than that of the
nanoprobe without Gal (Fig. 4). The galactose residue of
PEG2000-Gal exposed on the surface of the nanoprobe could
promote cellular uptake of the nanoprobe into hepatocytes by
22064 | RSC Adv., 2018, 8, 22062–22068
an ASGPR-mediated endocytosis pathway. The increased size of
100 nm of the intracellular nanoprobes was due to the trapping
and aggregation of multiple nanoprobes in the lysosomal
compartments. The result demonstrated that the nanoprobe
with Gal modication could effectively target the liver cells.

Imaging of cOH in APAP-induced liver injury and the
remediation effect of NAC or QUE

The nanoprobe was used to investigate the uctuation in cOH
levels in liver cells under different pathological conditions by
confocal uorescence imaging. Acetaminophen (APAP), a widely
used analgesic and antipyretic drug, is mainly employed to treat
pain and fever.34 An overdose of APAP can result in the excessive
production of ROS and RNS, which is a major cause of liver
injury through enzymatic biotransformation35,36 The cell
viability of L-02 cells decreased to 85% with a concentration of
APAP of 8 mM (Fig. S6A†), and the intracellular ROS level clearly
increased (Fig. S6B†), revealing that the cells were slightly
injured by ROS. The L-02 cells were treated with APAP and
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (A) Confocal fluorescence, BF and merged images of L-02 cells
treated with various concentrations of TP for 12 h and then incubated
with 1 nM nanoprobe for 2 h. (B) Confocal fluorescence, BF and
merged images of L-02 cells treated with 120 nM TP at different times
and then incubated with 1 nM nanoprobe for 2 h. Scale bar: 20 mm.
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incubated with the nanoprobe to perform confocal uorescence
imaging. The intracellular uorescence intensity increased
gradually with the increasing concentration of APAP (Fig. 5) and
incubation time of the nanoprobe (Fig. S7†), which indicated
cOH production in the process of APAP-induced liver cell injury.
Conversely, no difference in the activity of ALT or AST as the
classical serum biomarker was observed aer the cells were
treated with different concentrations of APAP for 4 h (†), which
conrmed that cOH imaging using the nanoprobe was more
sensitive than the conventional methods for DILI detection.

Subsequently, the nanoprobe was used to examine the
protective effect of drugs on APAP-induced liver cell injury. N-
acetylcysteine (NAC) and quercetin (QUE) as active ingredients
for protecting against liver injury37–39 were added before the
APAP treatment. NAC acts as an antidote to APAP-induced liver
injury though upregulation of the intracellular GSH and elimi-
nation of ROS.37,38 QUE is an effective antioxidant, which can
directly remove various free radicals and inhibit oxidative
stress.39 The MTT assay showed that NAC (Fig. S8A†) and QUE
(Fig. S9A†) were nontoxic to L-02 cells. The 8 mM APAP-induced
intracellular ROS production could be signicantly suppressed
by 2 mM NAC (Fig. S8B†) and 20 mM QUE (Fig. S9B†). Confocal
uorescence imaging revealed that pre-treatments with NAC
(Fig. S10†) and QUE (Fig. S11†) could remarkably reduce the
uorescence of the nanoprobe compared to that of single APAP
administration. These results veried that the nanoprobe can
be employed to visualize the protective effects of NAC and QUE
on APAP-induced liver cell injury.
Imaging of cOH in TP-induced liver injury

Triptolide (TP) is a diterpenoid triepoxide with a variety of
biological activities.40 However, the potential hepatotoxicity of
TP is associated with the intracellular accumulation of ROS,
which limits its clinical application.41 To investigate the hepa-
totoxicity of TP, L-02 cells were incubated with TP for per-
forming MTT and ROS assays. There was only slight reduction
in the cell viability of L-02 cells at a concentration of up to
120 nM (Fig. S12A†) and an incubation time of 12 h (Fig. S13A†).
On the contrary, the level of intracellular ROS clearly increased
at a concentration of 120 nM of TP (Fig. S12B†) and an incu-
bation time of 12 h (Fig. S13B†), suggesting that the intracel-
lular high-expression of ROS could be used as a more sensitive
indicator to reect the TP-induced liver cell injury. Therefore,
the L-02 cells were treated with TP and then incubated with the
nanoprobe to implement confocal uorescence imaging. The
Fig. 5 Confocal fluorescence, bright field (BF) and merged images of
L-02 cells pre-treated with various concentrations of APAP for 4 h and
then incubated with 1 nM nanoprobe for 2 h. Scale bar: 20 mm.

This journal is © The Royal Society of Chemistry 2018
green uorescence of the nanoprobe in the L-02 cells increased
gradually along with the increasing concentration (Fig. 6A) and
time (Fig. 6B), and the uorescence was distinct when the TP
concentration was 60 nM and the incubation time was 6 h,
indicating that the intracellular cOH generation during TP
treatment could be detected by the nanoprobe at a low dosage
and early time. We also determined the activity changes of ALT
and AST in L-02 cells treated with various concentrations of TP
for 12 h. No signicant difference was found in the activities of
ALT (Fig. S12C†) and AST (Fig. S12D†). L-02 cells were incubated
with 120 nM TP for different times. Aer 24 h of TP adminis-
tration, a remarkable change in the activities of ALT (Fig. S13C†)
and AST (Fig. S13D†) could be observed. It is noteworthy that
the positive time of 6 h using nanoprobe imaging was superior
to that of 24 h for ALT- and AST-based conventional detection
methods, demonstrating the generality and advantage of the
nanoprobe for the early detection of DILI.

Experimental section
Materials and reagents

Chloroauric acid (HAuCl4$4H2O, 99.99%), sodium citrate
(Na3C6H5O7), sodium chloride (NaCl), tween20, hydrogen
peroxide (H2O2, 30%), sodium hypochlorite solution and
ferrous sulfate (FeSO4$7H2O) were purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). Acetaminophen
(APAP), N-acetylcysteine (NAC) and triptolide (TP) were
purchased from Aladdin Co. Ltd. (Shanghai, China).
RSC Adv., 2018, 8, 22062–22068 | 22065
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Ethylenediaminetetraacetic acid (EDTA), quercetin (QUE) and
20,70-dichlorodihydrouorescein diacetate (DCFH-DA) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetra zolium bromide (MTT)
was purchased from KeyGen Biotech. Co. Ltd. (Nanjing, China).
Quantitative detection kits for alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were obtained from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
FAM-modied single-stranded oligonucleotide (50-FAM-(CH2)6-
AGGGTTAGGG-(CH2)3-SH-30) was synthesized and puried by
Sangon Biotech Co. Ltd. (Shanghai, China). Thiol-poly(ethylene
glycol)2000-galactose (HS-PEG2000-Gal) and thiol-
monomethoxypolyethylene glycol 2000 (mPEG2000-SH) were
synthesized and puried by Hunan Huateng Pharmaceutical
Co. Ltd. (Hunan, China). All chemicals were of analytical grade
and used without further purication. Ultrapure water was
prepared using the Millipore Simplicity System (Millipore,
Bedford, USA) with a resistivity of 18.2 MU.
Apparatus

Absorption spectra were recorded on an UV-2550 UV-Vis spec-
trophotometer (Shimadzu Company, Japan). Fluorescence
spectra were measured on a Carry Eclipse Fluorescence spec-
trophotometer (Agilent, USA). The hydrodynamic diameters of
the nanoparticles were measured by dynamic light scattering
(DLS) at 25 �C using 90 Plus/BI-MAS equipment (Brookhaven,
USA). The morphology of the nanoparticle was characterized
with a Hitachi HT7700 transmission electron microscope (TEM)
operating at 200 kV. Zeta potential measurements were ob-
tained at 25 �C on a Zetasizer (Nano-Z, Malvern, UK). The MTT
assay was measured by a microplate reader (Biotek, USA).
Confocal uorescence imaging of cells was performed on
a confocal laser scanning microscope (CLSM, LSM800, Zeiss,
Germany).
Preparation of AuNPs and the nanoprobe

AuNPs were prepared by the citrate reduction method.42 In
brief, 10 mL trisodium citrate (0.25%) was rapidly added into
a boiling 100 mL HAuCl4 solution (0.01%) with strong stirring.
The solution was maintained with continuous stirring for
30 min. Aerwards, the solution was allowed to cool to room
temperature and stored at 4 �C. The AuNP concentration was
measured by UV-Vis spectroscopy using molar extinction coef-
cients at the wavelength of maximum absorption, as reported
previously.43

The nanoprobe was prepared by a rapid and facile method.28

Ten mL of 1 wt% tween20 and 20 mL of 10 mM Gal-PEG2000-SH
were added into 1 mL of 2 nM AuNP solution to obtain nal
concentrations of 0.01% Tween20 and 200 nM Gal-PEG2000-SH,
respectively. Aer mixing, 6 mL of 100 mM thiolated DNA was
added to the mixture and then, 2 M NaCl solution was added to
obtain a nal concentration of 0.8 M. Aer aging for 60 min at
room temperature, unbound reagents were removed by centri-
fugation (12 000 rpm, 20 min, 4 �C). The precipitate was
centrifuged and washed three times with PBS. The mPEG2000-
22066 | RSC Adv., 2018, 8, 22062–22068
SH and DNA-modied AuNPs were prepared using a similar
method.

Quantitation of DNA chains loaded on the AuNPs

DNA chains loaded on AuNPs were quantitated according to
a published protocol.30 Briey, mercaptoethanol was added
(nal concentration 20 mM) into 1 nM nanoprobe solution; the
mixture was incubated with stirring for 12 h at room tempera-
ture. The released DNA chains were collected via centrifugation,
and the uorescence intensity of FAM–DNA was measured with
a uorescence spectrometer. The uorescence was converted to
molar concentration of DNA chains via calculations from
a standard linear calibration curve prepared with known
concentrations of FAM–DNA with identical buffer pH, ionic
strength and DNA concentrations.

Fluorescence measurements

In the uorescence assay, cOH was generated through the
Fenton reaction (Fe2+ + H2O2 ¼ Fe3+ + OH� + cOH) by different
amounts of Fe2+ and excess H2O2 (1 : 6 mol per mol). Therefore,
in the following experiments, the concentration of Fe2+ in the
Fenton reaction served as the concentration of cOH. A certain
concentration of cOH (Fe2+ with concentrations of 0, 0.01, 0.1,
0.2, 0.4, 0.6, 0.8, and 1 mM) generated through the Fenton
reaction by different amounts of Fe2+ and H2O2 was added to
1 nM nanoprobe solution. Aer incubation at 37 �C for 15 min,
the uorescence intensity of the mixture was excited at 488 nm
and measured at 520 nm. To investigate the specicity of the
nanoprobe for cOH, 0.1% DMSO was added to the 1 nM
nanoprobe solution before the addition of 1 mM Fe2+ and 6 mM
H2O2. Aer incubation at 37 �C for 15 min, the uorescence
intensity of the mixture was excited at 488 nm and measured at
520 nm.

Kinetics of the nanoprobe

Fenton reagents were added to 1 nM nanoprobe solution. The
uorescence intensity of the mixture was scanned from 0 to
30 min in the absence and presence of 1 mM cOH (1 mM Fe2+ and
6 mM H2O2). The uorescence intensity of the mixture was
excited at 488 nm and measured at 520 nm.

Selectivity experiment

Fluorescence responses of 1 nM nanoprobe in PBS buffer
(0.01 M, pH¼ 7.4) toward different ROS and RNS including cOH
(1 mM), singlet oxygen (1O2, 1 mM), H2O2 (1 mM), superoxide
anion radical (O2c�, 1 mM), tert-butyl hydroperoxide (TBHP, 1
mM), tert-butyl peroxyl radical (OtBu�, 1 mM), peroxynitrite
anion (ONOO�, 1 mM), hypochlorite anion (ClO�, 1 mM) and
Fe2+ (1 mM) were tested. The uorescence intensity of mixture
was detected aer incubation at 37 �C for 15 min. 1O2 was
formed by the addition of NaClO to H2O2 (1 : 1 mol per mol),
and O2c� was obtained by 1 mM KO2 in DMSO. OtBu� was ob-
tained via the addition of TBHP to H2O2 (1 : 1 mol per mol).
ONOO� was obtained by the addition of NaNO2 to H2O2

(1 : 1 mol per mol).31,44
This journal is © The Royal Society of Chemistry 2018
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Stability of the nanoprobe

An equal volume of PBS or DMEM with 10% FBS was added into
the nanoprobe (1 nM) and then, the uorescence intensity of
the nanoprobe was measured by a uorescence spectrometer at
0, 1, 2, 3, 4, 5, 6 and 7 days.

Cell culture

Human normal liver cell line (L-02) was obtained from KeyGEN
Biotech Co. Ltd. (Nanjing, China). L-02 cells were cultured in
Dulbecco's modied Eagle's medium (DMEM, Gibco) supple-
mented with 10% fetal calf serum (FBS, sigma), penicillin (100
mg mL�1), and streptomycin (100 mg mL�1) at 37 �C in
a humidied incubator containing 5% CO2 and 95% air. The
medium was replenished every other day, and the cells were
subcultured aer reaching conuence.

MTT assay

The cytotoxicities of the nanoprobe and AuNPs to L-02 cells
were investigated by using the MTT assay. Briey, the L-02 cells
were seeded into 96-well plates (4 � 103 cells per well) in a total
volume of 200 mL per well and then incubated overnight. Aer
the original medium was removed, AuNPs and the nanoprobe
(0, 0.5, 1, 1.5, 2 or 2.5 nM) were added. The cells were incubated
for 24 h. Then, 20 mL of MTT solution (5 mg mL�1 in PBS) was
added for another 4 h. Aer that, the MTT solution was carefully
removed. Formazan crystals were solubilized by the addition of
150 mL DMSO, and the absorbance at 490 nm was measured on
an automated microtiter plate reader. Cell viability was calcu-
lated based on the absorbance at 490 nm.

Cellular uptake of the nanoprobe

L-02 cells were seeded onto 6-well plates and incubated with
1 nM AuNP and nanoprobe for 2 h. Cells with internalized
nanoparticles were washed with PBS, trypsinized, and centri-
fuged to remove excess nanoparticles. Next, the cells were xed
with 1 mL fresh 2.5% glutaraldehyde. Aer one day, the cells
were washed with PBS to remove the xatives and then, they
were dehydrated in an alcohol series, embedded in epon, and
sliced to a �75 nm thickness. TEM images of the slices were
obtained with Hitachi HT7700.

ROS detection

In the experiments for ROS levels of APAP-induced liver injury,
L-02 cells (4 � 103 cells per well) were seeded in 96-well blank
plate and exposed to APAP (1–8 mM) for 4 h. Aer that, the cells
were incubated with DCFH-DA (10 mM) for 30min at 37 �C in the
dark and then, they were washed in 100 mL ice-cold PBS. Fluo-
rescence was measured using a microplate reader (Thermo
Scientic Vario Skan Flash, USA) with the excitation wavelength
at 488 nm and the emission wavelength at 520 nm.

In the experiment for the remediation effect of NAC or QUE,
L-02 cells (4 � 103 cells per well) were seeded in a 96-well blank
plate and exposed to 8 mM APAP for 4 h following incubation
with NAC (0.5, 1, 2 mM) or QUE (5, 10, 20 mM) for 1 h and then,
8 mM APAP was added for another 4 h. Aer that, the
This journal is © The Royal Society of Chemistry 2018
uorescence was measured with the same experimental proce-
dures as mentioned.

In the experiment for ROS levels of TP-induced liver injury, L-
02 cells (4 � 103 cells per well) were seeded in a 96-well blank
plate and exposed to TP (30, 60, 90, 120 nM) for 12 h. Another
group was incubated for 3, 6, 12 and 24 h aer TP (120 nM) was
added. Aer that, the uorescence was measured with the same
experimental procedures as mentioned.
Confocal uorescence imaging of cOH in living cells

L-02 cells were seeded into 35 mm confocal dishes (Glass Bottom
Dish) at a density of 1 � 104 per dish and incubated for 24 h at
37 �C. The medium was then replaced with fresh serum-free
culture medium containing APAP (8 mM) for 4 h and then
incubated with 1 nMnanoprobe for different times at 37 �C. Aer
that, the cells were washed three times with PBS. Confocal uo-
rescence imaging was performed to visualize the intracellular
FAM uorescence. FAM was excited at 488 nm with an argon ion
laser, and the emission was collected from 505 to 535 nm.

For APAP-induced cell injury imaging, cells were treated with
APAP (1–8 mM) for 4 h and then incubated with 1 nM nanop-
robe for 2 h before imaging. For the remediation investigation,
cells were pretreated with NAC (0.5, 1, 2 mM) or QUE (5, 10, 20
mM) for 1 h before APAP (8 mM) administration and then
incubated with 1 nM nanoprobe for 2 h. Aer incubation, the
cells were washed, and confocal uorescence imaging was
performed to visualize the intracellular FAM uorescence.

For TP-induced cell injury imaging, cells were treated with TP
(30, 60, 90, 120 nM) for 12 h and then incubated with 1 nM
nanoprobe for 2 h before imaging. For another group, cells were
treated with TP (120 nM) for 3, 6, 9, 12 and 24 h and then incu-
bated with 1 nM nanoprobe for 2 h before imaging. Aer incu-
bation, the cells were washed, and confocal uorescence imaging
was performed to visualize the intracellular FAM uorescence.
Statistical analysis

Data were expressed as mean � SD from at least three experi-
ments. One-way ANOVA was used to compare the treatment
effects. P < 0.05 was considered to be statistically signicant.
Conclusions

In summary, we have reported an cOH-responsive and hepatocyte-
targeted nanoprobe, which exhibits several advantages including
high sensitivity, selectivity, stability and good biocompatibility.
The nanoprobe with Gal modication can be effectively internal-
ized into liver cells via an ASGPR-mediated endocytosis pathway.
Confocal uorescence imaging results conrm that the nanoprobe
can be successfully utilized for visualizing intracellular cOHduring
the process of drug-induced liver cell injury. The positive time
using the nanoprobe is superior to those of ALT- and AST-based
conventional methods. Although the emission wavelength of the
nanoprobe is located in the visible region, which limits the in vivo
application of DILI imaging, this study should signicantly
broaden the perspectives for the further development of
RSC Adv., 2018, 8, 22062–22068 | 22067
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bioluminescent or near-infrared nanoprobes to predict DILI and to
help prevent drug-induced side effects.
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