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Hepatocellular carcinoma (HCC), the ﬁfth most common cancer worldwide, is increasing nowadays and
poses a serious threat to human health. However, if treated effectively and timely, it is clinically
manageable or curable. Therefore, accurate detection and complete surgical resection remain priorities
for HCC with a high potential of improving both survival and quality of life. Lacking of real-time guide
technology, traditional surgery are usually relied on the subjective experience of surgeon, which have the
limitation of high sensitivity detection tumor. Here, we developed a contrast agent, ZnGa2O4Cr0.004
(ZGC), used for guided surgery during operation to accurate delineation of HCC. ZGC showed excellent
long-lasting afterglow properties that lasted for hours, which can aid in real-time guided surgery.
Meanwhile, ZGC display high spatial resolution and deep penetration during pre-operation for diagnostic
computed tomography (CT). Interestingly, we observed reverse imaging in the tumor region, known as a
“dark hole”, which further improves the contrast for surgery. This new multi-modality nanoparticle has
great potential for accurate liver cancer imaging and resection guidance.
© 2018 Published by Elsevier Ltd.
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1. Introduction
Surgery is the mainstay of Hepatocellular Carcinoma（HCC）
treatment. However, tumor recurrence rate complicates 75% of
cases at 5 years after resection. Therefore, complete surgical
resection remains priorities for HCC with a high potential of
improving both survival and quality of life [1]. Optical imaging has
be received signiﬁcant attention used for surgery guided owing to
its highly sensitive, noninvasive, and cost-effective characteristics,
and for allowing real-time imaging of whole organs at the
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macroscopic scale with the potential to zoom in and to visualize
macroscopic structures to microcosmic structures in regions of
interest (ROI) [2e4]. To date, various ﬂuorescence imaging studies
have been conducted in vitro and ex vivo. A series of ﬂuorescent
probes, ranging from organic ﬂuorophores to plasmonic nanoparticles, such as quantum dots [5], metal nanoclusters [6,7], and
upconversion nanocrystals [8], have been applied to ﬂuorescence
imaging [9e11]. However, conventional ﬂuorescent probes have
limited by tissue penetration depth, and are subject to photobleaching and optical quenching [12,13]. Moreover, the required in
situ excitation of conventional ﬂuorescent probes during in vivo
imaging produces strong tissue autoﬂuorescence, light scattering
and poor signal-to-noise ratio (SNR) [14]. Near-infrared (NIR)
ﬂuorescence imaging, with shows higher sensitivity and deeper
penetration, is an attractive modality for cancer diagnosis among
potential ﬂuorescence imaging technologies [15,16]. Recently,
several types of NIR emission agents such as CH1055 [17], Mndopant NaYF4:Yb/Er UCNPs [18], and C-dot [19] have been reported for reducing background noise in in vitro and in vivo
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imaging, however, in situ excitation during imaging is still needed.
The persistent luminescent nanoparticles (PLNPs) get increasing
attention in bioimaging recently, for the afterglow can last for
several hours after been excited in vitro [20e22]. Without continuous excitation, the SNR can be signiﬁcantly improved account of
avoiding background noise from in situ excitation [23e25]. NIRemitting PLNPs (NPLNPs) fall within the tissue transparency window, which is advantageous for long-term in vivo imaging with
high SNR [26], deep penetration and no need for in situ excitation
[27,28]. The temporal separation of excitation and luminescence
properties of NPLNPs makes them ideal as in vivo luminescence
imaging contrast reagents [29], providing new possibilities for
long-term in vivo high-sensitivity imaging of tumor [30,31].
Therefore, increasing attention has focused on the development
and application of NPLNPs. Some NPLNPs have been successfully
applied in bioimaging. Yan et al. synthesized functional NPLNPs
(Zn2.94Ga1.96Ge2O10:Cr3þ, Pr3þ) for in vivo bioimaging, monitoring
more than 450 min in vivo without any excitation source [32]. Qiu
et al. utilized FA-conjugated Zn1.1Ga1.8Sn0.1O4:Cr3þ (ZGSC) nanoparticles for targeted optical imaging of colorectal carcinoma. The
small-sized nanoparticles displayed remarkably long persistent
luminescence for over 10 h in the NIR region, and rendered speciﬁc
targeting abilities with enhanced SNR [33]. Richard and co-workers
synthesized non-toxic NPLNPs (ZnGa1.995Cr0.005O4) to achieve the
mechanism of in vivo imaging of colorectal carcinoma [34]. Most
nanoparticles accumulated in the liver upon intravenous administration, which was probably associated with a global uptake by the
reticulo-endothelial system (RES) [35e37]. The RES, especially in
the liver, constituted of Kupffer cells, which represent the most
abundant macrophage population in the body [38,39]. The RES
swallows the nanoparticles, yet tumor cells do not [40], this phenomenon coincidentally create a “dark hole” for imaging, which has
exhibited great advantages for NPLNP in in vivo luminescence imaging with high signal-to-background ratio (SBR).
In the current study, we developed a ZnGa2O4Cr0.004 NPLNPs
(ZGC) used for luminescence imaging guidance during HCC operation, and supplied a pre-operation CT imaging. ZGC aided in
accurately delineating HCC in live mice and more radical excision of
tumor tissue. ZGC exhibited excellent NIR emission at 696 nm, with
long afterglow luminescence lasting for 5 h, indicating the capacity
for real-time in vivo imaging continuously for long periods. In
addition, ZGC have great advantages for luminescence-guided liverresection with high SBR. Interestingly, we found ZGC accumulated
in the liver tissue, but less taken up by the HCC tumor tissue. The
tumor in the liver looked like a “dark hole” under all imaging
technologies. Taken together, the results indicate that ZGC offers
attractive synergistic advantages for biomedical applications
(Scheme 1).
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ammonium hydroxide (28%) added to the solution to adjust the pH
9e9.5. The mixture stirred for 30 min at 25  C, and then transferred
into a reactor and stirred at 220  C for 10 h. Then, it naturally cooled
to room temperature. Subsequently, the white product collected by
centrifugation, dispersed in hydrochloric acid solution to remove
impurity. Next, ZGC nanoparticles washed by centrifugation with
excess isopropanol.
2.3. ZGC characterization
The morphology and microstructure of the nanoparticles were
analyzed by TEM (JEOL-1011; JEOL, Japan), and SEM (HITACHI S4800, Hitachi, Japan). High-resolution TEM (HRTEM) images were
performed using a JEM-2100F transmission electron microscope.
Energy dispersive X-ray spectroscopy (EDS) was conducted by
STEM (JEM-2100F, JROM, Japan) at an accelerating voltage of 200kv.
X-ray photoelectron spectroscopy (XPS) was acquired by an X-ray
photoelectron spectroscopy (Escalab 250Xi, Thermo Fisher Scientiﬁc, UK). The X-ray powder diffraction (XRD) was performed on a
Bruker D8 Advance X-ray diffractometer, Cu-Ka (l ¼ 1.540562 Å,
40 kV, 40 mA) X-ray source. (Germany). The hydrodynamic particle
size distribution was characterized by DLS using a Malvern Zetasizer (ZEN 3600, Malvern, UK). The persistent luminescence excitation and emission spectra of ZGC were detected by ﬂuorescence
spectroﬂuorometry (F-7000, Hitachi, Japan) at room temperature.
2.4. Cell culture
Human HCC cells (HepG2 and Huh7) and normal liver cells
(LO2) were used for both ex vivo and in vivo experiments. HepG2fLuc cells and Huh7-GFP-fLuc cells expressing green ﬂuorescent
protein and ﬁreﬂy D-luciferin, which was used as a standard in the
stable transfection protocol. All cells were grown in medium, in a
CO2 incubator (Heracell, USA).
2.5. Cytotoxicity assay
Huh7 cells, LO2 cells and HepG2 cells were plated in 96-well
plates (10,000 cells/well), and cultured for 24 h, respectively. The
viability of cells subjected to various treatments was assayed by the
MTS colorimetric assay. Brieﬂy, ZGC at different concentrations (0,
0.111, 0.222, 0.925, 1.85, 3.7, and 7.4 mM medium) were replaced
with ZGC at 200 mL/well. Subsequently, the plates were incubated
for 24 h. Fresh medium (100 mL) and MTS solution (20 mL) were
added to each well at 37  C for 4 h, and then the absorbance at
490 nm was read using a microplate reader (Molecular Devices,
USA).
2.6. In vitro phagocytosis

2. Methods and materials
2.1. Materials
Zn(NO3)2$6H2O (98%), Cr(NO3)3$9H2O (99.90%), Ga(NO3)3$H2O
(99.90%), isopropanol, hydrochloric acid (36%) and ammonium
hydroxide (28%) were purchased from Alfa Aesar (Beijing, China).
All chemicals used without further puriﬁcation.
2.2. ZGC synthesis
ZGCs synthesized following a previously published synthetic
method with minor modiﬁcation [41]. The synthetic route shown in
Scheme 1A. Zn(NO3)2$6H2O (2 mmol), Ga(NO3)3$H2O (2 mmol) and
Cr(NO3)3$9H2O (0.04 mmol) were added to 15 mL of deionized
water (DI water) under stirring at 1000 rpm. After the stirring,

To assess phagocytosis of ZGC by cells using confocal microscopy. 1 mg of ﬂuorescein isothiocyanate (FITC) dispersed in l mL
Dimethyl sulfoxide for further application. FITC combined ZGC
were obtained by stirring 0.01 ml of FITC solution dispersed in 2 mL
of ZGC aqueous solution (7.4 mM) for 24 h at room temperature.
Then, it puriﬁed by ﬁltration through 8 KDa molecular weight cutoff ﬁlters to remove excess FITC. LO2 cells, Huh7 cells and HepG2
cells were seeded in confocal capsules (1  104 cells/well) and
cultured for 24 h. FITC combined ZGC was added at a concentration
of 200 mg/mL incubated for 4 h. Then, the cells were washed twice
with phosphate buffer solution, ﬁxed in paraformaldehyde. Nuclei
were counterstained with 40 ,6-diamidino-2-phenylindole (DAPI),
and the cytoskeleton was labeled with TRITC-phalloidin. The cells
were imaged using a confocal laser-scanning microscope (Leica
Microsystems), with an FITC ﬁlter (excitation wavelength 495 nm,
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Scheme 1. Schematic illustration of the synthetic route of ZGC (A) and biological applications of ZGC (B).

emission wavelength 520 nm) to detect ZGC. Additionally, the uptake of ZGC by cells was detected by ﬂow cytometry. FITC combined
ZGC was incubated with LO2/HepG2/Huh7 cells. PBS and FITC alone
were used as controls. After 4 h, the cells were centrifuged, and
washed twice, and resuspended in PBS. Flow cytometry was performed using 1  104 cells/sample and data were analyzed using
FlowJo 10.0 software (Oregon, USA).
2.7. Establishment of the tumor model
Five-week-old male BALB/c mice were purchased from Beijing
Vital River Laboratory Animal Technology (China). The experiments
were performed according to the guidelines of the Institutional
Animal Care and Ethics Committee of Zhujiang Hospital of Southern
Medical University after approval. Subcutaneous and orthotopic
tumor models were established using two different cell lines, Huh7
and HepG2, to prove the feasibility of ZGC. Cells (1  106) were
injected into the abdomen of mice to establish the subcutaneous
tumor model. The mice were anesthetized by intraperitoneal
administration of 2% pentobarbital sodium at a dosage of 40 mg/kg
before establishing the orthotopic hepatic cancer model. Then,
1  106 HepG2-fLuc cells and Huh7-GFP-fLuc cells were implanted
into the livers of nude mice. After 12 days subcutaneous and
orthotopic liver tumor-bearing mice were monitored using a smallanimal optical molecular imaging system (IVIS Imaging Spectrum
System). Brieﬂy, the mice were anesthetized with 2% isoﬂurane
(Beijing Yeeran Technology, China)/air mixture, and injected with
luciferin solution (100 mL, 15 mg/mL; Fremont, CA, USA) 10 min
before imaging. The mice were imaged in a supine position.
2.8. In vivo NIR-emitting long-persistent luminescence imaging
Before imaging, ZGC was pretreated under a 254 nm UV lamp for
5 min for activation. Then, 0.0074 mmol of ZGC was injected into
tumor-bearing mice (n ¼ 3) under anesthesia with 2% isoﬂurane.
Persistent luminescence images were captured using IVIS. Owing to

slow ZCG luminescence extinction, the probe could be re-activated
by 1 min LED irradiation of the tumor region every 1 h.
2.9. In vivo CT imaging
Approximately 0.03 mmol of ZGC were i.v. injected into tumorbearing mice (n ¼ 3) under anesthesia with 2% isoﬂurane. CT imaging was conducted on a homemade Optical Multimodality Molecular Imaging System for Small Animals (independent research in
our lab) [42] under 80 kV and 0.075 mA. CT reconstruction and
volume-rendered three-dimensional (3D) images were obtained
with the 3D Med 4.6 (www.3Dmed.net) software.
2.10. Fibered confocal ﬂuorescence microscopic imaging studies
The visualization of the distribution of ZGC in the liver and tumor at a microscopic scale was visualized using a ﬁbered confocal
ﬂuorescence microscopic imaging system (Cellvizio, Mauna Kea
Technologies, France). Then, 0.0074 mmol of ZGC was injected into
the tumor-bearing mice under anesthesia with 2% isoﬂurane. All
imaging was carried out using a frame rate of 9 Hz (full FOV), a ﬁeld
of view of 618  609 mm and 100% laser power at 488 and 660 nm.
Images were analyzed using the Cellvizio dual viewer.
2.11. ZGC NIR-emitting long-persistent luminescence imaging
during liver surgery
Tumor-bearing nude mice were anesthetized with 2% pentobarbital sodium at a dosage of 40 mg/kg after ZGC injection, ﬁxed
on the operational platform in the supine position. The abdominal
cavities were exposed with a longitudinal incision in the middle of
the abdomen. The surgeon then removed the tumor tissue with
maximum protection of the normal tissue under the guidance of
the NIR luminescence imaging system. The resected tissue was
histologically examined.
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2.12. Bio-distribution and histology studies
Healthy and tumor-bearing mice were injected with ZGC
nanoparticles for imaging studies. Pathology was veriﬁed by circulation of ZGC in vivo. Mouse tissues, including tumor, heart, lung,
intestines, liver, spleen and kidney were collected, snap-frozen, cut
into 68-mm-thick sections, and stained with hematoxylin and
eosin.
3. Results and discussion
3.1. Synthesis and characterization of ZGC NPLNPs
The ZGC NPLNPs synthesized by a previously reported hydrothermal method. Ga(NO3)3, Zn(NO3)2, and Cr(NO3)3 precursor solutions were mixed, and ammonium hydroxide (28%, wt) was added
to achieve a pH of 9. The mixed solution was stirred at 220  C for
10 h. The ZGC NPLNPs used for biological applications in our study,
as shown in Scheme 1B. The nanoparticles size and size distribution
shown in 1A-C. ZGC showed a narrow size distribution, with an
average of approximately 10 nm (Fig. 1C), as observed by transmission electron microscopy (TEM) (Fig. 1A) and scanning electron
microscopy (SEM) (Fig. 1B). The TEM and SEM image showed that
the ZGC were mostly cubic in shape with good mono-dispersity. The
selected area's electron diffraction (SAED) result indicated that ZGC
had a clear single-crystal spinel structure (Fig. S1). According to
analyze the result of HRTEM image (Fig. 1A), the synthesized ZGC
has a clear lattice ﬁngerprint (311) of a plane, and conﬁrmed that
ZGC has a clear cubic single-crystal spinel structure. The results of
XRD pattern indicated the formation of a pure cubic spinel phase
ZnGa2O4 with a Fd3m space group (JCPDS card no. PDF#38-1240;
Fig. 1D). The result of the X-ray photoelectron spectroscopy (XPS),
as shown in Fig. 1E and Fig. S2, indicates that existence of Zn, Ga, Cr
and O on the surface of the ZGC nanoparticles. Energyedispersive xray spectrometry (EDS) results shown that the elements of Zn, Ga,
Cr and O constituted the ZGC nanocrystal (Fig. S3). Dynamic light
scattering (DLS) measurements indicated that ZGC nanoparticles
were characterized by a narrow size distribution centered on 17 nm
with a high polydispersity index (0.1e0.2) (Fig. S4).
The excitation peak of ZGC mainly centered on 260 nm
(Fig. S5).The emission spectra of ZGC shown in Fig. 1F. ZGC has a
sharp emission peak at 696 nm after excitation by 254 nm using a
UV lamp. Furthermore, it also exhibited an excellent
longeafterglow property in a cycle experiment. The afterglow
signal of ZGC can persisted for long time after excitation at 254 nm
with a UV lamp for 5 min, and can re-illumination by a commercial
white LED light source (5000 lm, CREE-T6). After UV irradiation at
254 nm for 5 min, the persistent luminescence of ZGC at 696 nm
decayed slowly, with the signal lasting up to about 5 h (Fig. 1G). This
is because the energy stored in the crystal trap of nanomaterials can
sustain NIR persistent luminescence for a long time. When the
persistent luminescence signal becomes very weak, short excitation (1min) with a white LED can renovate persistent luminescence
and the signal can lasted for up to 60min (Fig. 1H). To test dispersion stability, we dissolved ZGC in deionized water (DI water), the
ZGC in solution showed no signiﬁcant changes, even after storage
for 2 weeks (Fig. S6). In addition, we concluded that ZGC was stable
in serum by assessing the hydrodynamic size distribution over a
24 h of incubation in fetal bovine serum (FBS) (Fig. S7). The results
indicated that ZGC has good dispersion stability.
3.2. In vitro detection of ZGC PLNPs by CT and NIR-emitting
persistent luminescence imaging
Then, the in vitro detection threshold of ZGC for each modality
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was determined. A panel of agarose phantoms, containing ZGC at
different concentrations (0, 3.7, 7.4, 14.9, 29.7, and 44.6 mM) was
assessed by CT and luminescence imaging (Fig. 2), and signal intensities were determined by ROI analysis. With increasing concentration, CT images became brighter because the CT values
increased, and increased in linear correlation (Fig. 2A). CT values
increased mainly owing to the attenuation of X-rays caused by the
large amount of Zn and Ga in ZGC. NIR luminescence images of ZGC
at various concentrations were observed for in vitro diagnosis. As
shown in Fig. 2B, the signal intensity gradually increased with
increasing concentration of nanoparticles. CT and luminescence
signal produced by ZGC were highly linearly correlated with ZGC
concentration (R2 ¼ 0.99197 and 0.99466 respectively), which indicates the stability of ZGC in vitro and its potential for future usage.
3.3. ZGC PLNPs in vitro and in vivo toxicity
For future biomedical applications, toxicity testing of ZGC is a
critical requirement. The cytotoxicity of ZGC was studied in a human hepatic cell line (LO2) and HCC lines (HepG2 and Huh7). As
shown in Fig. 3D and E, no signiﬁcant toxic effect on three cell lines
was observed after incubation with ZGC at different concentrations(0, 0.111, 0.222, 0.925, 1.85, 3.7, and 7.4 mM) for 24 h. In addition, histological analysis (Fig. S8) indicated that major organs
showed no obvious change in morphology at one week and one
month after intravenous (i.v.) injection of ZGC (7.4 mmol per mice).
These results indicated that ZGC had neither acute nor long-term
toxicity, demonstrating its good biocompatibility. It is well known
that raw materials constituted of the metal elements (Zn, Cr and
Ga) have relatively as nontoxic material. Zn is one of the essential
trace elements for the human physiological process [43]. Cr in diet
is beneﬁcial trace elements to human health [44], and most of
nanoprobes constituting with Ga element, were widely used for
cancer diagnosis [45].
3.4. ZGC PLNPs in vivo biodistribution and the potential underlying
mechanism
The in vivo biodistribution of ZGC was assessed in healthy mice
(n ¼ 3) (Fig. 4A). The results showed that most of the ZGC successfully taken up by the RES, further demonstrating the application potential of ZGC. In the biodistribution experiment, a LED light
source was used to restore luminescence every 1 h, and observations were made up to 48 h. As shown in Fig. 4A, the persistent
luminescence signal was mainly detected within the RES organs
(liver and spleen) at the ﬁrst 10 min after i.v. ZGC injection.
Although the persistent luminescence intensity of ZGC gradually
decreased, the signal remained largely detectable for 1 h after UV
excitation (5min). We observed a major accumulation of ZGC
within the liver 6 h after injection (Fig. 4B and C). After 8 h,
persistent luminescence was also detected within the intestines.
During the ﬁrst 24 h, major accumulation was observed in the intestines. The involvement of the RES was supported by endocytosis
of the nanoparticles in the different cell lines. Efﬁcient endocytosis
was veriﬁed by confocal ﬂuorescence microscopy in LO2 cells
(Fig. 3A). There was not obvious difference between LO2 cells, Huh7
cells (Fig. 3B) and HepG2 cells (Fig. 3C) in terms of intracellular
uptake of ZGC. However, according to the quantiﬁcation of cellular
endocytosis of ZGC (200 mg/mL) by ﬂow cytometry, ZGC uptake
efﬁciency in the normal cell line LO2 was higher than that in the
HCC cell lines HepG2 and Huh7. A distinct change in the ﬂuorescence intensity of ZGC-fed LO2 cells at the ﬂa-1channel (563 nm)
was observed (Fig. 3F). Compared with that of the control cells
without feeding, the ﬂuorescence intensity of the ZGC fed cells was
more than 10-fold higher, suggesting that a signiﬁcant amount of
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Fig. 1. Characterization of ZGC nanoparticles. (A) TEM and HR-TEM image of ZGC. The distance between the lattice is 2.55 A as determined by HR-TEM. (B) SEM image of ZGC. (C)
Size distribution of ZGC. (D) X-ray diffraction pattern of ZGC. (E) X-ray photoelectron spectroscopy of ZGC. (F) Emission spectra of ZGC. (G) Afterglow decay curve of ZGC after
irradiation with a 254 nm UV lamp for 5 min (the inset shows NIR luminescence decay images were acquired by IVIS system at different points after stopping irradiation with a
254 nm UV lamp for 5 min). (H) Afterglow decay curve of ZGC after excitation 1min by a white LED lamp (the inset shows NIR luminescence decay images were recorded by IVIS
system at different points after stopping irradiation with a white LED for 1min). The exposure time is 60 s in (G) and (H).

nanoparticles had been taken up by LO2 cells. In contrast, ZGC-fed
HepG2 cells (Fig. 3G) and Huh7 cells (Fig. S9) showed less than 10fold ﬂuorescence intensity as the control cells. This is likely owing
to the different cellular microenvironments in vitro and tumor
microenvironments in vivo, where RES generates a “dark hole”.

3.5. ZGC PLNPs allow multi-modality liver cancer visualization in
intact living mice
We evaluated multi-modality liver cancer visualization by ZGC
in live mice. ZGC nanoparticles display a high target to background
ratio (TBR) in luminescence imaging in vivo (Fig. S10).
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Fig. 2. Properties of ZGC nanoparticles. (A) CT value for ZGC at various concentrations (the inset shows CT images); (B) NIR Luminescence intensity for ZGC at various concentrations
(the inset shows NIR luminescence images, exposure time: 60 s).

Fig. 3. Cytotoxicity and endocytosis of ZGC nanoparticles in vitro. Confocal microscopic images of ZGC taken up by LO2 cells (A), Huh7 cells (B), and HepG2 cells (C). The nuclei of
cells were stained with DAPI (blue), where actin was stained with TRITC- phalloidin (red), and ZGC are visible in green; (D, E) Cell viability assay using various concentrations of ZGC;
Flow cytometric analysis of the cellular uptake of ZGC in LO2 cells (F) and HepG2 cells (G). Cell-only group is highlight with red, ZGC-fed cell group is highlight with blue. (H) Flow
cytometric histograms depicting the log relative cellular uptake of ZGC in comparison with HepG2 cells and LO2 cells. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the Web version of this article.)
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Fig. 4. Biodistribution of ZGC in healthy mice. (A) NIR luminescence images of healthy mouse in pre-injection and at 10 min to 48 h post-injection (exposure time: 60 s). (B) NIR
luminescence images of organs isolated from healthy mouse ex vivo, 6h after intravenous injection of ZGC. (1) Heart, (2) lung, (3) liver, (4) spleen, (5) pancreas, (6) kidney, (7)
intestines (exposure time: 60 s). (C) Ex vivo quantiﬁcation was performed from persistent luminescence signal after organs collection.

Subcutaneous tumor-bearing mice (n ¼ 3) were utilized to explore
the feasibility of ZGC as a contrast agent for in vivo luminescence
imaging applications. Images were acquired after intravenous injection of ZGC for 10 min, as shown in Fig. 5A. The persistent
luminescence signal was weaker in the tumor than in healthy tissue
at 10 min. Furthermore, the signal was so weak that not be able to
detect in the tumor region after 30 min, but was rather strong in
liver and spleen, with NIR afterglow signal intensity, at this time
point. Subsequent, activation of persistent luminescence for 1min
by LED did not obviously enhanced signal in the tumor region. The
luminescence signal in liver and tumor were quantiﬁed. The
luminescence signal intensity ratio (luminescence signal intensity
in liver to total luminescence signal intensity in the entire mouse
body) increased from 15.5% to 25.8% during the ﬁrst 10e30 min, but
it decreased in the tumor region from 1.45% to 0.9% (Fig. 5C). This
result is in good agreement with a great amount of ZGC concentration in the liver and ﬁnal uptake by Kupffer cells. In orthotopic
hepatic cancer model, but the contrast of persistent luminescence
signal from phagocytized ZGC nanoparticles in liver and orthotopic
tumor was not obvious, when the images acquired through the
intact abdominal wall (Fig. S11).
We next investigated whether ZGC was able to use for orthotopic liver cancer detection in live mice. Imaging properties of ZGC,
such as, depth of penetration and spatial resolution capability was
evaluated using CT imaging. We hypothesized that in orthotopic

hepatic cancer model, the nanoparticles would less be retained in
cells within the tumor, but would largely accumulate in the liver
parenchyma due to RES interaction. Biodistribution of ZGC tracked
by consecutive CT imaging (Fig. 5B) in each mice pre-injection and
at 1, 6 and 8 h post-injection of ZGC. The post-injection images
demonstrated clear visualization of the tumor, despite the images
acquired through the intact abdominal wall (Fig. 5B). ROI quantiﬁcation of the signal in the liver showed a signiﬁcant increase. The
contrast-to-noise ratio (CNR) was observed to markedly increase
between the pre-injection and 6h post-injection time points in CT
imaging (from 0.886 ± 0.187 to 2.427 ± 0.218 (mean ± SD),
P < 0.001) (Fig. 5D). Signiﬁcant positive contrast enhancement in
healthy liver tissue, but no obviously detectable enhanced signal in
the tumor site was observed, and the tumor could be clearly
distinguished because of the CT contrast effect of ZGC. These results
are in full agreement with the ZGC biodistribution in healthy mice,
concentration in the liver through uptaking by Kupffer cells.
Interestingly, we also detected MR signal weakly, which need
advanced research (Fig. S12).
3.6. Evaluation of ZGC PLNPs NIR-emitting long-persistent
luminescence imaging during liver surgery
After localization by CT imaging in vivo post-injection of ZGC,
the results notably explored a clearly orthotopic tumor in the liver.
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Fig. 5. In vivo multi-modality imaging of tumor-bearing mice. (A) Persistent luminescence images of tumor-bearing mice (exposure time: 60 s). (B) CT images of tumor-bearing mice
before and 1, 6, and 8 h after intravenous injection with ZGC; (C) Quantization of ROI accumulation in liver and tumor, expressed as a percentage of the total luminescence signal
detected from the entire animal; (D) The CNR of CT in mice before and at 1, 6, and 8 h post-injection. *P < 0.05; #P < 0.001.

Next, the optical property of ZGC was able to apply to HCC detection
by persistent luminescence imaging for liver-resection guidance.
Before the surgery, the distribution of ZGC in the liver and tumor on
a microscopic scale was detected by probe-based confocal laser
endomicroscopy (Fig. 6A). Compared with pre-injection, ZGC was
extensively distributed in normal liver tissue and the peri-tumoral
area, but less in the tumor, at 6h after injection. Microscopic tumor
blood vessel imaging revealed good agreement with the “dark
hole” in the tumor region in the ZGC biodistribution experiment.
After veriﬁcation by microscopic ﬂuorescence imaging, orthotopic
hepatic tumor-bearing mice (n ¼ 3) were subjected to laparotomy
with general anesthesia and subsequent luminescence imaging
liver-resection guidance (Fig. 6B and Fig. S13). The lesions were
then removed with the guidance of ZGC-mediated persistent

luminescence (Fig. 6Bi). The whole tumor and residual liver were
visualized by luminescence imaging (Fig. 6Bii), with a SNR of
5.22 ± 0.88, showing a notable effect after the surgery. Tumor was
conﬁrmed by GFP ﬂuorescence derived from Huh7-GFP-fLuc cells
(Fig. 6C). In postoperative histological analysis of the tumor specimen, the staining pattern overlapped with the persistent luminescence images acquired during operation (Fig. 6D). In addition,
we compared the survival rates of mice (n ¼ 6 in each group)
received luminescence-guided liver cancer surgery with the ZGC
probe (ZGC-surgery) with that of mice received traditional surgery
(T-surgery) to investigate whether luminescence imaging-guided
surgery could improve the survival of mice. As shown in Fig. 6E,
the survival rates of mice in luminescence-guided surgery group
were higher than that of mice in traditional surgery group. These
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Fig. 6. NIR luminescence imaging applied to liver surgery. (A) Probe-based confocal laser endomicroscopic ﬂuorescence images of the liver, peri-tumoral area and tumor sites 6 h
after ZGC injection. The blood vessel stained with Evans blue as shown in red, while green represents ZGC luminescence. (B) Luminescence images of the exposed tumor lesion
following ZGC injection (after excitation 1 min by a white LED lamp, exposure time: 60 s). (C) GFP ﬂuorescence images of the exposed tumor lesion were merged with the whitelight images. Scale bar is 2 mm in above and 5 mm in below. (D) Histological analysis of tumor specimen from the resected tissue in (C). (E) The survival rates of mice. The mice in
different groups were monitored for 42 d after received traditional surgery (T-surgery) and imaging-guided liver cancer surgery with the ZGC probe (ZGC-surgery). *P < 0.05. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

data demonstrated that ZGC with NIR emission long-persistent
luminescence have great advantages for luminescence-guided
liver-resection with high SNR, avoiding phototoxicity and no need
for in situ excitation. Altogether, ZGC PLNPs could be regarded as a
persistent luminescence probe for guiding liver cancer intraoperative resection.
4. Conclusion
We synthesized a “dark hole” multi-modal nanoparticle
ZnGa2O4Cr0.004 NPLNP (ZGC) for liver cancer imaging and
luminescence-guided surgery. ZGC, as a non-toxic multi-modality
nanoparticle based on CT and NIR persistent luminescence, could
guide orthotopic tumor surgery in deep tissues, especially in the
liver. ZGC exhibited a CT contrast effect because of its attenuation of
X-rays caused by the large number of Zn and Ga molecules in ZGC.
ZGC helped in accurately delineating HCC in live mice, and
improved radical excision of tumor tissue by exploiting the complementary strengths of each modality. Furthermore, the ability of

ZGC to emit persistent luminescence in vivo is a meaningful discovery for future uses, as such unique characteristics could assist in
surgery guidance.
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