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A B S T R A C T

Drug-induced liver injury (DILI) is a challenging clinical problem with respect to both diagnosis and management.
As a newly emerging biomarker of liver injury, miR122 shows great potential in early and sensitive in situ
detection of DILI. Glycyrrhetinic acid (GA) possesses desirable therapeutic effect on DILI, but its certain dose-
dependent side effects after long-term and/or high-dose administration limit its clinical application. In this
study, in order to improve the precise diagnosis and effective treatment of DILI, GA loaded all-in-one theranostic
nanoplatform was designed by assembling of upconversion nanoparticles and gold nanocages. As a proof of
concept, we demonstrated the applicability of this single-wavelength laser-triggered theranostic nanoplatform for
the spatiotemporally controllable in situ imaging of DILI and miR122-controlled on-demand drug release in vitro
and in vivo. This novel nanoplatform opens a promising avenue for the clinical diagnosis and treatment of DILI.
1. Introduction

Drug-induced liver injury (DILI) has become a major clinical issue of
global concern due to its relatively high incidence [1]. It is estimated that
25% of safety issues in the clinic are caused by DILI, among which nearly
40% are related with herbs [2,3]. For instance, Dioscorea bulbifera
rhizome (DBR), a herb with the therapeutic function to treat goiters and
cancer, could trigger liver injury [4–6]. Currently, the diagnosis and
treatment of DILI are still difficult in clinical practice, because common
clinical diagnostic indicators, such as aminotransferase aspartate
aminotransferase (AST), alanine aminotransferase (ALT), and/or alkaline
phosphatase (ALP) are proven to be lack of sensitivity and specificity [7].
miR122, a non-coding RNA, shows high sensitivity in DILI diagnosis,
several clinical studies have demonstrated that miR122, with a shorter
half-life than ALT and AST, changes at least 8 h earlier than ALT after the
initial toxic invasion [8–10], and its abnormal expression is closely
related to the degree of liver injury [11]. Besides, miR122 is liver spe-
cific, its level in liver is much higher than in other organs; for instance,
the level of miR122 in heart is as low as negligible [12,13]. These unique
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properties make miR122 more suitable for serving as a biomarker for in
situ detection of liver injury.

Glycyrrhetinic acid (GA), one of the bioactive natural products from
Glycyrrhiza uralensis, has been extensively applied in the treatment of
various liver diseases [14,15]. However, its clinical application is limited
due to dose-dependent side effects, such as pseudoaldosteronism,
hypersalicin corticosteroid action and rhabdomyolysis, after long-term
and/or high dose administration [16–18]. Therefore, it is urgent to
design a multifunctional nanoplatform that can realize not only the
real-time detection of DILI in response to miR122, but also
target-delivery and on-demand release of GA according to the status of
DILI. To achieve these aims, photo-regulation is becoming a highly
sought-after means owing to its spatiotemporal precision and
non-invasion [19–23].

At present, the majority of existing light-controlled systems are driven
by ultraviolet visible (UV–vis) light, however, the weak points of UV–vis
light including poor penetration, phototoxicity and low photoactivation
efficiency in biological tissues hamper their application in vivo [24,25].
Upconversion nanoparticles (UCNPs) have been discovered as a
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Scheme 1. Schematic illustration of the fabrication of UCNPs-GA@Au NCs (a) and its application in DILI in situ detection and on-demand drug release therapy under
single-wavelength laser stimulation (b).
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practicable photo-responsive nanoplatform in disease theranostics since
UCNPs can absorb near-infrared (NIR) light and emit tuneable UV–vis or
NIR light, which significantly overcomes the abovementioned drawbacks
of UV–vis-driven systems [26–28].

In this study, UCNPs of a strong emission at 800 nmwere employed as
donor, while gold nanocages (Au NCs) with the localized surface plasmon
resonance (LSPR) peak at 780 nm were chosen as acceptor. Meanwhile,
Au NCs also functioned as drug carrier due to their porous walls and
hollow interiors. Based on the chain replacement reaction involving
miR122 aptamer and the luminescence resonance energy transfer (LRET)
between UCNPs and Au NCs, viz. UCNPs-GA@Au NCs, was thus
designed. In the nanoplatform (Scheme 1), Au NCs are loaded with GA
and conjugated with photosensitizer-modified G-quadruplex DNA (Gate)
to regulate GA release, which is then assembled with UCNPs by the
2

complementary base pairs between two nucleic acid chains L1 and L2.
miR122 acts as the start and regulation switch that can bind with L1 in
UCNPs-GA@Au NCs, resulting in L2 replacement and UCNPs-GA@Au NC
disassembly. Under 980 nm laser irradiation, the LRET between UCNPs
and Au NCs ceases, while the upconversion luminescence (UCL) of
UCNPs at 800 nm recoveries. At this point, the UV light from UCNPs
cannot be transmitted to the Gate on Au NCs; as a result, the Gate remains
intact and no GA is released. In contrast, in the absence of miR122,
UCNPs-GA@Au NCs remains stable, at this moment, the UCL of UCNPs at
800 nm is quenched and GA is released. This proposed nanoplatform
could detect miR122 with highly sensitive and release GA on-demand
under single wavelength laser irradiation, which provides a basis for
DILI in situ theranostic.
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2. Materials and methods

2.1. Instruments

The TEM measurements were performed on an HT7700 (Hitachi,
Japan) transmission electron microscope operating at an acceleration
voltage of 100 kV. X-ray powder diffraction (XRD) measurements were
carried out on a Bruker D8 Advance diffractometer. Energy dispersive
spectroscopy (EDS) was performed on an S–3400 N (Hitachi, Japan)
scanning electron microscope. Zeta potentials and dynamic light scat-
tering (DLS) measurements were performed on a Zetasizer Nano ZS901
(Malvern, UK) instrument. UV–vis spectra were acquired on a microplate
reader (U-3900, BioTeK Synergy, USA). Fourier transform infrared (FT-
IR) spectroscopy was conducted on an IR Affinity-1S1 spectrometer
(Shimadzu, Japan). Fluorescence imaging in vitro was performed on an
Olympus FV3000 confocal microscope (Japan). UCL spectra were
recorded on a fluorescence spectrometer (RF-5301PC, Shimadzu, Japan)
using an external 980 nm laser (Ningbo Yuanming Laser Technology Co.
Ltd, China) as the excitation source. UCL imaging in vitro was acquired
using an Olympus microscope equipped with an additional 980 nm
external laser and CCD camera (Andor, UK). UCL imaging in vivo was
performed with a modifiedMaestro in vivo imaging system (CRi Inc) from
EINST Technology equipped with a 980 nm optical laser (Hi-Tech Op-
toelectronics Co., Ltd, China) as the excitation source.
2.2. Fabrication of UCNPs-GA@Au NCs

First was the preparation of UCNPs-L1. UCNPs-L1 was synthesized as
previously reported methods with some adjustments [29]. Briefly,
UCNPs (1 mg mL�1) were mixed with L1 (20 nM) in 2 mL PBS (pH 7.4).
The mixture was ultrasonicated for 30 min, and then incubated at 37 �C
for 12 h. After centrifugation at 6654 g for 10 min, the precipitates were
washed with PBS thrice and mixed with disodium glycerol phosphate
(GDSH, 100 � 10�6 M) in 2 mL PBS. Subsequently, the mixture was
stirred at room temperature for 24 h. The obtained UCNPS-L1/GDSH was
collected by centrifugation at 6654 g for 10 min, washed with PBS thrice,
and re-dispersed in 1 mL PBS.

Next was the preparation of GA@Au NCs-L2/Gate/PEG. Au NCs
(0.6 mg) were dispersed in 1 mL ethanol containing 1.95 mg mL�1 GA
and stirred in dark at room temperature for 24 h. Free GA was removed
by rapid centrifugation (9600 g, 15 min) and the resultant products were
washed with ethanol (2 mL) thrice. Subsequently, the precipitates were
re-dispersed in 2 mL PBS (pH 7.4) containing 40 nM L2 and 40 nM Gate,
and the mixture was incubated at 37 �C for 3 h 10 μL of NaCl (1.67 M)
was added drop wise to the above solution every 30 min and repeated 6
times, then the mixture was incubated for another 16 h. Centrifugation
was performed at 9600 g for 15 min and the precipitates were washed
with PBS thrice. Upon the precipitates were incubated with HS-PEG
(4 μg mL�1, Sigma) at 37 �C for 1 h, the products were precipitated by
centrifugation at 9600 g for 15 min and washed with PBS thrice, and
finally re-dispersed in 1 mL PBS.

The synthesis of UCNPs-GA@Au NCs was as follows. UCNPs-L1/
GDSH were mixed with GA@Au NCs-L2/Gate/PEG in 3 mL PBS and
incubated at 37 �C for 2 h. The products were obtained by centrifugation
at 6000 g for 15 min, washed with PBS for three times, and re-dispersed
in 20 mL PBS. To calculate the conjugation efficiency of L1, L2 and Gate
on the nanoplatform, fluorescent group-modified nucleic acids (L1-FAM,
L2-ROX, Gate-Cy5) were used to fabricate the nanoplatform. The fluo-
rescence was measured by an Envision®Multimode Plate Reader (Per-
kinElmer). The loading efficiency of GA was calculated by high-
performance liquid chromatography (HPLC), the mobile phase was
methanol-0.1% phosphoric acid aqueous solution (95:5), the UV detec-
tion wavelength was set at 250 nm, the flow rate of the mobile phase was
1.0 mL min�1, and the column temperature was 30 �C.

The loading efficiency of GA was calculated as follows:
3

Drug loading efficiency¼MGAðoriginalÞ �MGAðsupernatantÞ
MUCNPs�Au NCs

(1)
where MGA (original) is the mass of initial GA, MGA (supernatant) is the mass of
GA in the supernatant, and MUCNPs-Au NCs is the mass of null UCNPs-Au
NCs without GA.

2.3. UCL measurements

UCNPs-GA@Au NCs were mixed with different amounts of miRNA,
where the equivalent concentration of UCNPs was 0.1 mg mL�1 and
miRNA ranged from 1.0 � 10�12 nM to 1.0 � 10�7 nM. After being
incubated at 37 �C for 15–90 min, the UCL spectra of these mixtures were
recorded on a fluorescence spectrometer with an external 980 nm laser
(1 W) as the excitation source. UCL ratio (UCL-UCL0)/UCL0 was applied
to measure the diagnosis characteristic of the nanoplatform, where UCL0
is the UCL intensity of the control group and UCL is the UCL intensity of
the experimental group. The standard deviation produced from three
measurements was depicted as error bars.

2.4. NIR-responsive drug release in vitro

UCNPs-GA@Au NCs and miR122 were mixed in 40 mL of 1% PBST-
80, where the equivalent concentration of GA was 0.3 mg mL�1 and
miR122 was 10�9 M. The mixture was incubated at 37 �C for 1 h and
irradiated at 980 nm (0.5 W) for 1 min at an interval of 30 s for 5
consecutive times. The mixture was continuously incubated and 1 mL
solution was collected at different time point within 0.1–48 h, mean-
while, the same volume of fresh medium was added. These solutions
were centrifuged at 4000 g for 5 min and the concentration of GA was
calculated by HPLC. The UCNPs-GA@Au NCs prepared by photo-
insensitive Gate (in-Gate), incubated without miR122, or irradiated
with 365 nm light were as control.

2.5. UCL imaging in vitro

HL7702 cells or RAW264.7 cells were seeded in a 24-well plate
(5 � 103 cells well�1) containing cell slides. After the cells were cultured
for 12 h and adhered to the slides, UCNPs-GA@Au NCs were added with
a concentration of 100 μg mL�1 4 h later, the medium was removed and
the cells were washed with cold PBS thrice. The cells were fixed with 4%
paraformaldehyde (Beyotime Biotechnology Co., Ltd., Shanghai) and
stained with DAPI (Beyotime Biotechnology Co., Ltd., Shanghai). The
UCL images (800 � 25 nm) were acquired by a 60 � objective on a
microscope equipped with an additional 980 nm external laser (0.5 W)
and CCD camera.

2.6. UCL imaging in vivo

Male ICR mice (20 � 2 g) were purchased from Laboratory Animal
Centre of Yangzhou University (Yangzhou, China) and housed under
standard laboratory conditions with free feeding of standard diet and tap
water ad libitum. The extraction procedure of DBR and the establishment
of DBR-induced liver injury mouse model were performed as previously
reported [30]. The mice were intragastrically (i.g.) administered with
DBR extract (25 g kg�1) for 3 days, the control group was i.g. adminis-
tered with 200 μL of 0.5% carboxymethylcellulose sodium. Different
nanoplatform (25 mg kg�1) and saline (China Resources Double-crane
Pharmaceutical) were first intravenously (i.v.) injected into mice for 3
days via the tail vein when they were given DBR, and then continued to
be given without additional DBR for another 3 days. After the mice were
administered with the nanoplatform for 2 h, the UCL imaging
(800 � 40 nm) was performed, or the mice were irradiated with or
without a 980 nm laser (1 W for 2 min time�1,1 min interval, 5 times).
Seven days later, the serum and organs of mice were collected for
biochemical index detection and haematoxylin and eosin (H&E) staining.



Fig. 1. TEM images of core: NaYF4:Yb, Tm (a) and core-shell: NaYF4:Yb,Tm@NaYF4 (OA-UCNPs) (b). (c) XRD pattern of NaYF4:Yb, Tm and OA-UCNPs. (d) High
resolution TEM image of OA-UCNPs. (e) UCL spectrum of OA-UCNPs. (f) TEM image of Ag NCs. (g) LSPR of Ag NCs. (h) LSPR of Au NCs. (i) TEM image of Au NCs. (j)
Scheme illustration of miR122 activated chain substitution detection principle. (k) SDS-PAGE image of M: Marker, lane 1: miR122, lane 2: L1, lane 3: L2, lane 4:
L1þmiR122, lane 5: L1þL2, lane 6: L1þL2þmiR122. The concentration of H1 was 1 � 10�8 M, H2 was 1 � 10�8 M, miR122 was 1 � 10�8 M. Each team was cultured
in PBS at 37 �C for 1 h. Gels conditions: 20% PAGE, 100 V of separated voltage, 20 μL loading amount of each sample, 10 μL of 2 � loading buffer.
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3. Results and discussion

3.1. Characterizations of NaYF4:Yb, Tm and NaYF4:Yb,Tm@NaYF4

Because the doped ions are homogeneously distributed in the host
lattice, the conventional UCNPs are prone to be quenched by surface
quenchers and lose their excitation energy, eventually leading to weak
and vulnerable emission. Conversely, the upconversion emission of the
UCNPs with core-shell structure and doped with lanthanide ions is
greatly enhanced, and the optical integrity is largely preserved [31].
4

Therefore, in order to improve the detection sensitivity and therapy ef-
ficiency of the nanoplatform, core–shell UCNPs were adopted in this
research. The morphologies of the UCNPs were characterized by trans-
mission electron microscopy (TEM), and it illustrated that the UCNPs
exhibited high uniformity and monodispersity, the core nanoparticles
(NaYF4:Yb,Tm) were approximately 25 nm, and the core–shell UCNPs
(NaYF4: Yb,Tm@NaYF4, OA-UCNPs) were about 27 nm (Fig. 1a and b,
Fig. S1a-b). DLS measurement further verified the particle size of the
nanoparticle (Fig. S1c-d). The XRD spectra showed that the peaks of
NaYF4:Yb, Tm and NaYF4:Yb,Tm@NaYF4 corresponded well to the pure



Fig. 2. (a) TEM images of UCNPs-GA@Au NCs. (b) Drug loading efficiency of GA with different ratios of GA to UCNPs–Au NCs. The weight of UCNPs-Au NCs was
1.3 mg. (c) UCL spectra of UCNPs-GA@Au NCs when incubated with different concentrations of miR122 in the range of 0 M – 1 � 10�7 M. The equivalent con-
centration of UCNPs was 0.1 mg mL�1. (d) Relationship between quenching efficiency UCL-UCL0)/UCL0 and logarithm of miR122 ranging from 1 � 10�12 M to
1 � 10�7 M. The calibration equation was ðUCL－UCL0Þ=UCL0＝0:166logCmiR122＋2:12with a correlation coefficient of R2 ¼ 0:993. The equivalent concentration of
UCNPs was 0.1 mg mL�1. (e) Quenching efficiency of UCNPs-GA@Au NCs with different miRNAs. The equivalent concentration of UCNPs was 0.1 mg mL�1, and
miRNAs were all 1 � 10�8 M. (f) Drug release behaviours of UCNPs-GA@Au NCs or in-Gate modified UCNPs-GA@Au NCs (in-Gate) with or without miR122 and a
980 nm laser or 365 nm UV–vis light irradiation (0.5 W for 1 min, 30 s interval, 5 times in total). The equivalent concentration of UCNPs was 0.1 mg mL�1. The
concentration of the miR122 was 1 � 10�8 M (Data are medians � quartiles, n ¼ 3).
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hexagonal of NaYF4 (JCPDS card: No.16-0334) (Fig. 1c), combining with
high-resolution TEM (Fig. 1d) and EDS analysis (Fig. S1e), it could be
concluded that NaYF4:Yb,Tm@NaYF4 have been successfully synthesized
and have an integrity hexagonal crystal structure. Under 980 nm single
laser irradiation, the fabricated UCNPs could emit 800 nm NIR light and
365 nmUV light, thus enabling in situ detection and allowing release drug
without exogenous UV light (Fig. 1e). Subsequently, the OA-UCNPs were
transformed into hydrophilic UCNPs to prepare the nanoplatform, the
results indicated that after modification, the morphology (Fig. S2a), size
(Fig. S2b-c) and UCL spectrum (Fig. S2d) of UCNPs were all not affected.

3.2. Characterizations of Ag NCs and Au NCs

Au NCs were synthesized by galvanic replacement, in this reaction,
preparation of Ag NCs with high-quality was the critical step [32]. As
could be seen, the Ag NCs were cube shaped with good dispersibility and
relatively uniform size at about 43 nm (Fig. 1f). DLSmeasurement further
validated the size of Ag NCs (Fig. S2e). The UV–vis spectrum of Ag NCs
revealed that the LSPR peak of Ag NCs was about 420 nm, and the small
peak around 354 nm corresponded to the angular position of Ag NCs
(Fig. 1g). With addition of HAuCl4, Ag NCs were converted into Au NCs
with different void/pore sizes and the LSPR peak was continuously
shifted from visible to NIR region [32]. Fig. 1h shows that the LSPR peak
of Au NCs was 780 nm, which satisfied the need of LRET between Au NCs
and UCNPs. The DLS measurement of Au NCs shows that the synthesized
Au NCs were about 45 nm (Fig. 1i, Fig. S2f).

3.3. Validation of the chain substitution detection feasibility of miR122

In this study, the nucleic acid chains L1 and L2 (Table S1) were
involved in the detection of miR122 by chain substitution detection
method in addition to being the linkers connecting UCNPs and Au NCs.
Fig. 1j shows an overview of the chain substitution detection method
5

triggered by miR122. As can be seen, L1 and L2 can be partially con-
nected to form the complex of L1-L2. As the aptamer of miR122, L1 can
specifically recognize miR122 with stronger binding ability than L2.
When miR122 is present, L2 in the complex will be replaced, causing L1-
L2 broken and forming L1-miR122. 20% PAGE was applied to verify the
feasibility of the chain substitution detection assay. As illustrated in
Fig. 1k, three bands due to miR122, L1 and L2 were detected in Lane 1,
Lane 2 and Lane 3, respectively. When L1 was mixed with miR122 (Lane
4) or L2 (Lane 5), an extra band due to L1-miR122 or L1-L2 appeared,
respectively. When miR122 was mixed with L1-L2 complex and incu-
bated at 37 �C for 1 h (Lane 6), a band corresponding to L2 emerged.
These results indicated that the chain substitution detection assay is
feasible.
3.4. Construction and characterization of UCNPs-GA@Au NCs

First was the preparation of UCNPs-L1/GDSH. L1 was modified to
UCNPs through the high affinity between polycytosine (poly-C) and
UCNPs [29], and GDSH was modified to improve the stability and
biocompatibility of the nanoplatform. As shown in Fig. S3a, after modi-
fying the negatively charged L1, the charge of UCNPs changed from
þ31 � 1.6 mV to �13.6 � 1.8 mV, and the electronegativity increased
(�21.3 � 2.6 mV) after the modification of GDSH, suggesting the suc-
cessful preparation of UCNP-L1/GDSH. The particle size was measured as
approximately 37 nm (DPI ¼ 0.25, Fig. S3b) by DLS method.

The following was the construction of GA@Au NCs-L2/Gate/PEG.
Circular dichroism spectroscopy (CD) was applied to investigate the
structure of the Gate, as shown in Fig. S3c, the positive peak at 260 nm
and the negative peak between 240 and 245 nm indicated that the Gate
had G-quadruplex parallel structure. Subsequently, L2, Gate and PEG
were modified to Au NCs via gold-sulfur bonds. As Fig. S3d shown,
compared with Au NCs (�18.2 � 1.4 mV), the negative potential of Au
NCs-L2/Gate (�30.2 � 1.4 mV) increased due to L2 and Gate were
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negatively charged; after modification with PEG, the zeta potential of Au
NCs-L2/Gate/PEG increased (�16.5 � 0.6 mV). Fig. S3e shows that the
prepared Au NCs-L2/Gate/PEG was about 78 nm (DPI ¼ 0.37).

Finally, UCNPs-GA@Au NCs were constructed by UCNPs-L1/GDSH
and GA@Au NCs-L2/Gate/PEG through the complementary base pair
between L1 and L2. The TEM (Fig. 2a) and DLS (Fig. S3f) results depicted
that UCNPs-GA@Au NCs were successfully fabricated with a size of about
102 nm. The synthesis of UCNPs-GA@Au NCs was further studied by FT-
IR, as shown in Fig. S3g, the characteristic vibrations of thymine at
1714 cm�1 (υC––O) and sugar phosphate at 1250 - 1000 cm�1 confirmed
the successful preparation of UCNPs-GA@Au NCs. L1-FAM, L2-ROX and
Gate-Cy5 were applied to roughly quantify the modification amount of
L1, L2 and Gate on UCNPs-GA@Au NCs. It was calculated that the
modification amounts of L1, L2 and Gate on UCNPs-GA@Au NCs were
approximately 12.9� 1.7 nmol mg�1 (Fig. S4a,b), 48.9� 3.6 nmol mg�1

(Fig. S4c,d) and 34.8 � 0.6 nmol mg�1 (Fig. S4e,f), respectively. Driven
by the concentration-gradient diffusion, GA was encapsulated in the Au
NCs, and the loading efficiency of this nanoplatform was calculated by
HPLC. As Fig. S5 and Fig. 2b shown, when the mass ratio of GA to Au NCs
was 1.5, UCNPs-GA@Au NCs had the highest drug-loading efficiency of
about 22 wt%.
3.5. Performance of UCNPs-GA@Au NCs in miR122 detection and on-
demand drug release

Coupling amount of UCNPs and Au NCs affects the performance of the
nanoplatform. Therefore, the ratio of UCNPs to Au NCs was optimized
and set as 0.3 (Fig. S6a). The incubation time of UCNPs-GA@Au NCs and
biomarker also plays an important role in improving the detection effi-
ciency of the nanoplatform. As Fig. S6b shown, (UCL-UCL0)/UCL0
increased rapidly as incubation time went on, and the curve entered a
plateau stage after 60 min. Thus, the incubation time of UCNPs-GA@Au
NCs was optimized as 60 min.

Subsequently, the detection feasibility of the nanoplatform was
studied by comparing the normalized UCL of different nanoparticles. As
shown in Fig. S7a, compared with UCNPs, the UCL of UCNPs-GA@Au
NCs distinctly decreased due to the LRET among UCNPs and Au NCs;
what's more, this phenomenon indicated again that UCNPs-GA@Au NCs
were successfully fabricated. However, the UCL of the mixture of UCNPs
and GA@Au NCs (UCNPs þ GA@Au NCs group) did not change, indi-
cating that the free Au NCs had little effect on the UCL of UCNPs. When
miR122 was added to UCNPs-GA@Au NCs (UCNPs-GA@Au
NCs þ miR122 group), the UCL restored due to the structure destruction
of UCNPs-GA@Au NCs. This result indicated that UCNPs-GA@Au NCs
could be applied for miR122 detection.

To evaluate the performance of the nanoprobe, the sensitivity and
specificity of UCNPs-GA@Au NCs were investigated. It could be seen that
with the increase of miR122, the UCL intensity of UCNPs-GA@AuNCs
enhanced (Fig. 2c). When miR122 ranged from 1 � 10�12 M to
1 � 10�7 M, the calibration curve of (UCL-UCL0)/UCL0 corresponding to
the logarithm relative value of miR122 exhibited a well-fitted linear
relationship (Fig. 2d), the calibration equation was ðUCL－UCL0Þ=
UCL0＝0:166 logCmiR122＋2:12 with a correlation coefficient of R2 ¼
0:993, and the detection limit was 5 � 10�13 M. The specificity of the
nanoplatform was demonstrated in the potential interferences such as
miR155, miR192, and bases mismatched miR122 (mis-miR122).
Compared with miR122, the (UCL-UCL0)/UCL0 of these nonspecific
miRNAs had nearly no noticeable change (Fig. 2e), suggesting that this
nanoprobe had favourable selectivity for miR122.

The following was the investigation of on-demand drug release of
UCNPs-GA@AuNCs. As shown in Fig. 2f, once UCNPs-GA@Au NCs were
irradiated with 365 nm UV–vis light, almost all GA was released 12 h
later due to the Gate had no selectivity for 365 nm UV–vis light, and the
cumulative release of GA reached about 90% (miR122 þ 365 nm group,
and 365 nm group). A similar effect occurred when UCNPs-GA@Au NCs
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were irradiated with 980 laser (980 nm group). When miR122 was
present, less drug was released under irradiation of 980 nm laser
(miR122 þ 980 nm group), which could be explained by the fact that
after the emergence of miR122, the structure of UCNPs-GA@Au NCs was
destroyed and the UV emitted from UCNPs could not transfer to the Gate
on Au NCs. On the contrary, without 980 nm laser irradiation, UCNPs-
GA@Au NCs did not undergo drug release (miR122 group). However,
the UCNPs-GA@Au NCs fabricated by photo-insensitive Gate (in-Gate)
had no drug release no matter irradiated with 365 nm UV light (in-
Gateþ365 nm group) or 980 nm laser (in-Gateþ980 nm group). In
conclusion, 980 nm laser and photosensitive Gate were the necessary
conditions for the drug release of UCNPs-GA@Au NCs, in which miR22
played a regulatory role.

UCNPs-GA@Au NCs will eventually be used for in situ detection in
vivo; therefore, the stability of the nanoplatform should not be ignored.
The stability of the nanoplatform was studied in the serum diluted 8-fold
with PBS and 0.1 U μL�1 DNase I (Sangon). The UCNPs-GA@Au NCs
were diluted in above medium and incubated at 37 �C for 24 h, and the
UCL signal and the drug release were measured every 2 h. It could be seen
that after 24 h of incubation, UCL (Fig. S7b), cumulative drug release
(Fig. S7c) and size of the nanoplatform (Fig. S7d-e) did not change
significantly. Long-term stability studies showed that when the nano-
platform was stored at 4 �C for 28 d, the UCL (Fig. S7f) and size (Fig. S7g)
showed no significant changes, but a small amount of drug leakage
occurred at 21st days (Fig. S7f). These results demonstrated that the
UCNPs-GA@AuNCs had favourable optical stability and can be stored for
a long time.

3.6. Performance of UCNPs-GA@Au NCs in vitro

After determining the feasibility and optimal operating conditions of
the nanoplatform, its imaging detection capability and on-demand drug
release performance in vitrowere studied. HL7702 cell line was applied in
this research unless otherwise stated. First was the cytotoxicity study of
UCNPs-Au NCs, methyl thiazolyl tetrazolium (MTT) assay was adopted in
this research. HL7702 cells were exposed to different amounts of UCNPs-
Au NCs and irradiated with or without 980 nm laser (0.5 W for 1 min
time�1, 30 s interval, 5 times). As shown in Fig. S8, the cell viability was
higher than 90%, indicating that the synthesized nanoplatform exhibited
good biocompatibility and had little effect on cell viability.

To evaluate the cellular uptake of the nanoplatform, L1-FAM and L2-
ROX fabricated nanoplatform (UCNPs(L1-FAM)-GA@Au NCs(L2-ROX))
was co-incubated with hepatocytes (HL7702 cells) and macrophages
(RAW264.7 cells), respectively. Confocal fluorescence images of the cells
pre-treated with different nanoplatform showed that compared with the
normal nanoplatform (UCNPs-GA@Au NCs), the HL7702 cells pre-
treated with UCNPs(L1-FAM)-GA@Au NCs(L2-ROX) exhibited a signifi-
cant fluorescence signal (Fig. S9a). The nanoplatform incubated with
RAW264.7 cells had the same performance (Fig. S9b). These results
suggested that both hepatocytes and macrophages could internalize the
nanoplatform. The prevailing hypothesis is that most of the particles are
absorbed or internalized by macrophages and further transferred to he-
patocytes, where internalization of macrophages facilitates the insertion
of nanoparticles into hepatocytes [33,34]. To better demonstrate this
result, darkfield images of UCNPs-GA@Au NCs and UCNPs-GA@AuNCs
pre-treated HL7702 cells were obtained. It could be seen that some
bright green points appeared when the UCNPs-GA@Au NCs were placed
in the darkfield; in contrast, there were no bright points in the images of
the HL7702 cells; after 3 h co-incubation of UCNPs-GA@AuNCs and
HL7702 cells, some bright points appeared (Fig. S10). This result further
proved that the nanoplatform could be endocytosed by HL7702 cells.

To study the lysosome escape ability of UCNPs-GA@AuNCs, L1-FAM
fabricated nanoplatform (UCNPs(L1-FAM)-GA@Au NCs) were used in
this research. As could be seen from the time-dependent colocalization
(Fig. S11), the fluorescence of red (LysoTracker deep red stained endo/
lysosome) and green (UCNPs(L1-FAM)-GA@AuNCs) were merged at 1st



Fig. 3. (a) UCL images of HL7702 cells with miR122 OE or KD incubated with UCNPs-GA@Au NCs for 3 h. Wild-type HL7702 cells were used as a control. The power
of the 980 nm laser was 0.5 W. (b) Confocal images of HL7702 cells with miR122 OE or KD incubated with UCNPs-Nile red@Au NCs. These cells were irradiated with a
980 nm laser (0.5 W for 1 min, 30 s interval, 5 times) after 3 h of incubation and then continued for another 4 h incubation. The wild-type HL7702 cells were used
as control.
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Fig. 4. (a) Representative UCL images of mice pretreated with DBR and i. v. with UCNPs-GA@Au NCs (25 mg kg�1) at different times. (b) Quantification of the UCL
intensity from (a). (Data are medians � quartiles, n ¼ 5). (c) Distribution of UCNPs-GA@Au NCs in heart, liver, spleen, lung, kidney after the mice was i. v with UCNPs-
GA@Au NCs (25 mg kg�1) for 2 h. (d) UCL imaging of liver slice.
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h, which indicated that the nanoplatform was engulfed by endo/lyso-
somes. 3 h later, the merged fluorescence separated in the cytoplasm,
which illustrated that the nanoplatform could escape from the endo/
lysosome entrapment. Accordingly, the UCNPs-GA@Au NCs could enter
the cell and escape from the endo/lysosome to fulfil their detection and
drug delivery functions.

In order to explore the performance of the nanoplatform in DILI
detection and treatment, HL7702 cells with miR122 overexpression (OE)
or knockdown (KD) were applied to simulate different states of DILI. The
RT-qPCR analysis is shown in Fig. S12, it could be seen that the cell
model with miR122 OE or KD was successfully constructed. The UCL
imaging of miR122 OE or KD cells treated by UCNPs-GA@Au NCs are
shown in Fig. 3a, as could be seen, compared with normal cells, the UCL
of miR122 OE cells was markedly increased; conversely, the UCL of
miR122 KD cells was significantly decreased. These results confirmed
that the nanoplatform could be used for intracellular visual imaging of
miR122.

The feasibility of on-demand drug release of this nanoplatform in vitro
was studied by Nile red-loaded nanoplatform (UCNPs-Nile red@AuNCs).
UCNPs-Nile red@Au NCs were incubated with HL7702 cells containing
different amounts of miR122 for 3 h, and then irradiated with 980 nm
laser (0.5 W for 1 min time�1, 30 s interval, 5 times), after another 4 h
incubation, the release of Nile red was observed by confocal microscopy.
As shown in Fig. 3b, compared with the control group, almost no Nile red
8

was released in miR122 OE cells, while a large amount of Nile red was
released in miR122 KD cells. Subsequently, the in-Gate modified UCNPs-
Nile red@Au NCs were set as the negative control to further investigate
the role of 980 nm laser and photosensitive Gate in on-demand drug
release. As Fig. S13 shown, the in-Gate modified UCNPs-Nile red@Au
NCs did not engage in drug release when incubated with miR122 KD cells
and irradiated with 980 nm laser or 365 nm UV light. This result was
consistent with the study of drug release in buffer solution (Fig. 2f),
which further demonstrated that under 980 nm laser irradiation, the
nanoplatform can release drugs on-demand.
3.7. Performance of UCNPs-GA@Au NCs in vivo

The following described the investigation of the diagnostic and
therapeutic performance of UCNPs-GA@AuNCs in vivo. The first was to
study the in vivo distribution of the nanoplatform. UCNPs-GA@Au NCs
(25 mg kg�1) were i. v. administered to the mice pre-treated with DBR
(200 mg kg�1). As shown in Fig. 4a and b, after the administration of the
nanoplatform, the UCL in the liver was significantly enhanced and
reached to the plateau 2 h later, and it kept stronger luminance even 6 h
later, which clarified that the nanoplatform had good stability in vivo.
Subsequently, the mice were killed to investigate the distribution of the
nanoplatform in various organs after administered with UCNPs-GA@Au
NCs for 2 h. As Fig. 4c shown, the nanoplatform mainly accumulated in



Fig. 5. (a) Treatment Timeline. (b) Representative in vivo UCL images of mice pretreated with UCNPs-GA@Au NCs for 3 d, 4 d, 5 d, 6 d. (c) Corresponding UCL
intensity of mice treated with UCNPs-GA@Au NCs for different time in (b). (n ¼ 5 mice per group). (d) Representative UCL images of DILI mice with different
treatments. DBR: the mice were only given DBR and without other treatment; DBR þ Laser: the mice were treated with DBR and irradiated with a 980 nm laser;
DBR þ NPs: the mice were treated with DBR and injected with UCNPs-GA@Au NCs; DBRþin-GateNPs þ Laser: the mice were treated with DBR and injected with in-
Gate modified UCNPs-GA@Au NCs, and then irradiated with a 980 nm laser; DBR þ NPs þ Laser: the mice were treated with DBR and injected with UCNPs-GA@Au
NCs and irradiated with a 980 nm laser. WT ICR mice were as control. (e) Corresponding UCL intensity of mice with different treatments in (d). The power of the
980 nm laser was 0.5 W, and n ¼ 6 mice per group.
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the liver, which stated that the nanoplatform exhibited good liver spec-
ificity. The UCL imaging of liver slices (Fig. 4d) showed that both he-
patocytes and liver macrophage-Kupffer cells could take up the
nanoplatform. It was speculated that Kupffer cells contributed to the
liver-targeting property of nanoparticles.

Our previous study showed that the variation of miR122 in liver were
related to the degree of hepatotoxicity [30]. To investigate the role of the
nanoplatform in guiding the treatment of DILI, the UCL of the mice that
treated with this nanoplatform for different times was explored. The
treatment timeline is shown in Fig. 5a. As can be seen, the UCL enhanced
as time went on and basically returned to normal after 6 days of treat-
ment (Fig. 5b and c). To explore the diagnostic and therapeutic
9

performance of UCNPs-GA@AuNCs on DILI, the mice were i. v. injected
with different nanoparticles and irradiated with 980 nm laser or not, and
then the UCLs were compared. As shown in Fig. 5d and e, the UCL of the
DILI mice (DBR group) was lower than the wild mice; however, the UCLs
of the mice irradiated alone with 980 nm laser (DBR þ Laser group),
treated with the nanoplatform (DBRþ NPs group), or administrated with
in-Gate modified nanoplatform (DBRþin-GateNPs þ Laser group) were
same to that of DBR treated mice; conversely, when the mice gained 6
days of effective treatment (DBR þ NPs þ Laser group), their UCL
returned to a normal level as the control group. On the last day, the
relative expression of miR122 in liver, serum biochemistry (ALT, AST),
and liver ratio were investigated to validate the efficiency of the
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nanoplatform, and it showed that only the DBR þ NPs þ laser group got
recovered (Fig. S14). The histopathologic evaluation (H&E staining) of
the liver (Fig. S15) demonstrated that except the DBR þ NPs þ laser
group, the liver of other four groups still had necrotic lesions. Subse-
quently, UCNPs-GA@Au NCs (25 mg kg�1) were given to the mice that
pre-treated with different doses of DBR (0, 12.5, 25, 50 g kg�1) to verify
their diagnosis and treatment effectiveness of DILI in different degree.
After 6 days of treatment, the UCL imaging of the mice in the low- and
medium-dose groups was similar to the control group; while the UCL
images of the mice in the high-dose group was lower (Fig. S16a-b). The
serum biochemistry (ALT, AST), liver ratio, and liver H&E staining sup-
ported above results (Fig. S16c-f). These studies indicated that
UCNPs-GA@AuNCs played a positive role in guiding the treatment of
DILI, and could be used for the effective treatment of DILI.

Finally, the hepatorenal toxicity of the nanoplatform was studied by i.
v. injecting GA unloaded nanoplatform (eNPs, 25 mg kg�1) to the wild
mice for different days, and the serum biochemical indices were
observed. It could be seen that compared with the control group, even the
mice were given eNPs for 14 days consecutively, their hepatic function
indexes (ALT, AST, TBA, Fig. S17a-c) and renal function indexes (CRE,
BUN, UA, Fig. S17d-f) had no significant changes. H&E staining of the
liver and kidney agreed with the above measurements (Fig. S17g). These
results suggested that UCNP–Au NCs were safe and had no significant
hepatorenal side effects on mice.

4. Conclusion

In summary, a novel theranostic nanoplatform was designed. Under a
single 980 nm laser irradiation, it could not only achieve the visually
sensitive detection of miR122 in vitro and in vivo, but also intelligently
release drug on demand, enabling accurate in situ detection and efficient
treatment of DILI. The use of a 980 nm laser as the activation switch
could avoid the photodamage and phototoxicity caused by exogenous
UV–vis light. Undoubtedly, this smartly assembled nanoplatform shows
great promise for the in situ diagnosis and treatment of other diseases.
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