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Abstract
The development of nanotechnology has drawn increased attention to the risks of nanoparticles (NPs). In this work, the 
near-infrared persistent luminescence imaging technique was used to track the biodistribution of NPs in vivo in zebrafish. 
Zebrafish were used as a vertebrate animal model to show NPs distribution and the effects of exposure.  ZnGa2O4:Cr (ZGOC) 
was chosen as the probe in this work. In continuous exposure experiments, the results showed more particles accumulated 
in the intestines than in the gills in both groups. In both the gills and abdomen, the NPs contents were greater in the ZGOC–
NH2-treated groups than in the ZGOC groups, and the NPs caused damage to the gills and intestines. Removal exposure 
experiments indicated that ZGOC and ZGOC–NH2 could be excreted from the body. The metabolism, excretion of NPs, the 
quantification and monitoring of NPs behavior in biological systems should be examined in further studies.
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Engineered nanoparticles (NPs) have increasingly entered 
the environment. The risks posed by these NPs to the envi-
ronment and health have also increased (Furman et al. 2013). 
The substantial differences in physicochemical properties 
between nanomaterials and bulk-phase materials have been 
recognized in numerous scientific and technological areas 
(Mahmoudi et al. 2010). Nanomaterials can enter the body 
and might interact with intracellular structures and macro-
molecules over a long duration. With the rapid increase in 
nanomateial-based products, including NPs, NPs have been 
released into aquatic environment without further treatment 
(Wiesner et al. 2006), and have inevitably entered aquatic 
organisms, ultimately affecting higher organisms through 
food chains (Zhu et al. 2010). Due to their ability to pass 
through the blood–brain barrier and deposit in cells and 

tissues, NPs can affect and damage normal functions. NPs 
might also interfere with the cell surface structure, causing 
disorders in cell metabolism and inducing cell apoptosis or 
necrosis.

Therefore, there is a growing demand for detecting and 
monitoring nanomaterials to better understand the influ-
ence of NPs on organisms. However, in addition to NPs’ 
small-size effect, conventional methods still have many 
limitations in tracking and displaying of NPs in animals. 
Electron microscopy methods display a partial but not a full 
view of organisms. ICP-MS detects NPs quantitatively, but 
it cannot discriminate between NPs and ions. Therefore, 
optical imaging techniques can address the disadvantages 
mentioned above as an ideal solution. With the develop-
ment of in vivo optical imaging, this technique has become 
a powerful research tool in the field of biomedicine. As one 
type of in vivo imaging technology, persistent luminescence 
imaging has emerged recently (Chermont et al. 2007). Due 
to the minimal biological damage caused by this technique 
and repeatedly re-charged in situ external excitation, high 
signal-to-noise ratio in vivo images have been obtained, thus 
have attracting even more attention. However, this imaging 
technique still has some shortcomings. The surface of persis-
tent luminescence NPs lacks active organic groups that can 
form interactions with biomolecules. Furthermore, control-
lable methods for the synthesis of monodisperse NPs with 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s0012 8-019-02642 -w) contains 
supplementary material, which is available to authorized users.

 * Hongwu Zhang 
 hwzhang@iue.ac.cn

1 Key Laboratory of Urban Pollutant Conversion, Institute 
of Urban Environment, Chinese Academy of Sciences, 
Xiamen 361021, China

2 University of Chinese Academy of Sciences, Beijing 100049, 
China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00128-019-02642-w&domain=pdf
https://doi.org/10.1007/s00128-019-02642-w


268 Bulletin of Environmental Contamination and Toxicology (2019) 103:267–273

1 3

high luminescent intensity and long persistent duration are 
still scarce. However, a sol–gel method was used to syn-
thesize persistent luminescence materials, and suitable NPs 
were selected via separation and screening. After in vitro 
excitation, the NPs were injected into mice through the tail 
vein to realize real-time optical imaging of the living body 
for up to an hour, which addressed the above deficiencies. 
The emergence and development of persistent luminescence 
materials probes at the nanoscale (Zou et al. 2017a, b) have 
expanded their application domains. A new generation of 
persistent luminescence materials emitting in the near-infra-
red (NIR) range provides improved tissue penetrability and 
can be monitored in real time without excitation light or 
substrate injection. The NIR persistent luminescence imag-
ing technique can spatially and quantitatively monitor nano-
probes in vivo to minimize cytotoxicity.

In addition to the advantages of low space requirements, 
low-cost maintenance, short generation cycle, and rapid 
development, zebrafish (Danio rerio) have been widely used 
as a model organism due to the similarity between their gene 
sequences and organ systems and those of humans (Love 
et al. 2004; Stern and Zon 2003). The zebrafish is also an 
ideal model organism for bioimaging due to its relative 
transparency.

Some studies have reported the distribution of probes, 
such as quantum dots, in animals (e.g. nematodes, mice). 
However, the use of persistent luminescence materials in 
zebrafish is rare. In this work, we used an NIR persistent 
luminescence imaging technique as an innovative in vivo 
method to detect and monitor the migration and distribu-
tion of NPs in zebrafish. To evaluate the effects of surface 
groups, two types of NPs with different surface groups 
were used in this study. This research was also conducted to 
explore the potential risks of the presence and application 
of NPs in water.

Materials and Methods

Ga(NO3)3·6H2O, Zn(NO3)2·6H2O and Cr(NO3)3·9H2O 
were obtained from Aladdin (Shanghai, China). Ammo-
nia solution (28%), citric acid monohydrate, and absolute 
ethanol were purchased from Sinopharm Chemical Rea-
gent (Shanghai, China). Tetraethyl orthosilicate (TEOS) 
(3-aminopropyl)-triethoxysilane (APTES), dimethylsulfox-
ide (DMSO) and methyl thiazolyl tetrazolium (MTT) were 
sourced from Sigma-Aldrich (USA). Human umbilical vein 
endothelial cells were obtained from the Cell Resource 
Center of the Shanghai Institutes for Biological Sciences 
(SIBS, China).

According to a previous study, ZGOC NPs were synthe-
sized via a sol–gel method (Sun et al. 2018). Briefly,  Zn2+, 
 Ga3+, and  Cr3+ were mixed in a molar ratio as  ZnGa2O4:Cr0.005. 

After addition of 2 g of citric acid, the above mixture was 
stirred to form a viscous gel in a drying oven. Then, the gel 
was sintered at 800 °C. According to previous reports (Li 
et al. 2014; Shi et al. 2015),  NH2 layers were obtained on the 
ZGOC NPs via surface modification. Briefly, ZGOC NPs were 
first hydroxylated by suspension in NaOH solution. Subse-
quently, hydroxyl-ZGOC particles were surface modification 
by APTES. Then, ZGOC–NH2 NPs were obtained.

Transmission electron microscopy (TEM, Hitachi, Japan) 
was used to characterize the morphology of the samples and 
the mean size of the particles, and to view histological sec-
tion at 100 kV. A PANalytical X’ pert PRO diffractometer 
equipped with Cu Kα radiation (k = 1.5418 Å) was used to 
perform X-ray powder diffraction (XRD) analysis at room 
temperature. The zeta potentials were measured using a Mal-
vern Zeta-sizer 3000 HS instrument. The electrophoretic 
mobility of the charged NPs was determined in an electric 
field at 25°C. Automatic measurements (10–100 runs) were 
performed in triplicate. An FLS920 spectrometer (Edin-
burgh, UK) was used to acquire excitation and emission 
spectra and determine the NIR afterglow decay. A Nicolet 
iS10 spectrometer (Thermo Scientific, USA) recorded the 
Fourier transform infrared spectroscopy (FTIR) spectra.

A cell viability assay (MTT) was conducted to measure 
the cytotoxicity of ZGOC and ZGOC–NH2 NPs. The MTT 
assay was performed according to Sun et al. (2018).

Adult zebrafish were obtained from a market (Xiamen, 
China). Animal care and maintenance protocols were 
approved by the Animal Ethical Experimentation Committee 
of Xiamen University in accordance with the requirements 
of the National Act on the Use of Experimental Animals 
(China).

An IVIS Lumina II imaging system was used to demon-
strate the distribution of NPs in zebrafish. Zebrafish were 
exposed to one of the following treatments: (1) continu-
ous exposure to one of the two types of solution (ZGOC 
or ZGOC–NH2) for 30 days or (2) exposure to one of the 
two types of solution for 10 days, followed by breeding in 
clean cultivation water. The zebrafish housing conditions 
are shown detailed in supplementary information (SI). The 
detailed process of bioimaging is also provided in the SI. 
The values are presented as the means ± standard deviations 
(SDs) in a triplicate experimental set. Variation analysis was 
conducted with one-way analysis of variance (ANOVA) at 
p < 0.05 via PAST. Histological sections were obtained with 
the protocol described in the SI.

Results and Discussion

TEM revealed that NPs had irregular morphologies 
(Fig. S1a, b), with diameters ranging from 30 to 100 nm. 
The XRD results (Fig. S1c) showed a typical spinel phase 
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of  ZnGa2O4 (JCPDS Card No. 71–0843). ZGOC and 
ZGOC–NH2 have similar excitation and emission spec-
tra (Fig. S2a). After excitation at 254 nm, a narrow-band 
emission peak appeared at 696 nm. After irradiation with a 
white-light LED lamp for 5 min, the long-afterglow intensity 
was monitored at 698 nm, and the intensity slowly decayed 
with time. The persistent luminescence intensity was main-
tained for over 30 min (Fig. S2b). The surface modifica-
tion of the NPs was confirmed by zeta potential analysis 
and FTIR spectra (Fig. S3). The surface zeta potentials of 
ZGOC and ZGOC–NH2 were 4.79 and 21.6 mV, respec-
tively (Fig. S3a). The change in zeta potential after the 
amination process supported the success of the amination 
modification. In addition, two strong absorption bands at 
3423 cm−1 (N–H) and 1012 cm−1 (Si–O–R) appeared in the 
FTIR spectra, again indicating surface modification of the 
NPs with amines (Fig. S3b).

Nanoprobes with low toxicity are critical for in vivo or 
in vitro studies (Shi et al. 2015; Maldiney et al. 2014). After 
24 h of incubation, the viability showed minimal obvious 
changes (Fig. S4). Following treatment with 100 mg/L 
ZGOC and ZGOC–NH2, the cell viabilities were 95.1% and 
95.3%, respectively. Therefore, the ZGOC and ZGOC–NH2 

NPs induced minimal cytotoxicity and were ideal probes 
for in vivo imaging. Although the behaviors of the zebrafish 
were normal at all experimental intervals, a limited number 
of zebrafish died during the experimental periods.

To confirm the lowest detectable dose, different volumes 
of ZGOC/ZGOC–NH2 NP suspensions were injected into a 
pork sample (detailed in Fig. S5). Then, the linearity of the 
signals generated by varied amounts of NPs was obtained 
and is shown in Fig. S5. Figure 1 shows the process of con-
tinuous exposure: ZGOC/ZGOC–NH2 NPs with different 
surface groups entered the fish. In the first two days, a sub-
stantial number of NPs were detected in the gills and abdo-
men of the two groups. In the gills, the signal intensities 
of ZGOC were much higher than those of ZGOC–NH2 at 
the corresponding time point (D1, D3). The NPs the trans-
ferred from the gills to the abdomen. There was a significant 
difference on D1 between the two groups in the gills and 
abdomen. On D10, the NP signals in the gills decreased 
sharply, and NPs were mainly located in the abdomen. In 
the following days, the signal intensities in the gills of both 
groups were generally unchanged, whereas the NP contents 
in the abdomen increased with exposure time. After 30 days 
of exposure, the NPs were primarily accumulated in the 

Fig. 1  Detection sensitivity for ZGOC/ZGOC–NH2 in  vivo. a 
In  vivo luminescence images of zebrafish after 120  s of irradiation 
with a white-light LED lamp. The scale of luminescent intensity 
ranges from 20 to 70, 20 to 90, 15 to 100, 15 to 150, and 20 to 200. 

b and c The mean photon count of different parts of zebrafish in the 
two groups. Error bars represent the SD in a triplicate experimen-
tal set. “*” indicates significant differences between the two groups 
(p < 0.05)
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abdomen. Moreover, few NPs were found in other organs. 
Although there were significant differences in the abdomen 
(D3, D10 and D14), different surface groups had little effect 
on the migration process of NPs in this work. The two NPs 
with the same positive zeta potential could be the reason for 
this. Previous studies indicated that gastrointestinal absorp-
tion often serves as the prevalent exposure route (Bergin and 
Witzmann 2013) and that the intestinal tract has absorptive 
functions. Absorption was a potential outcome of NP inges-
tion, which might explain why the NPs accumulated in the 
abdomen.

To investigate the distribution of the two NPs in organs 
after continuous exposure, we dissected the main viscera of 
the zebrafish and detected the signal strength on D14 and 
D30 (Figs. 2, S6). The signal intensities of the digestive 
tracts in both groups were significantly higher than those of 
other organs, which suggested the NPs mainly accumulate 
in the gastrointestinal tract. The results are consistent with 
the results mentioned above (Fig. 1) and the results from a 

previous study (Bisesi et al. 2014). Generally, toxic reactions 
such as hemolysis are more likely to be induced by cati-
onic surface materials because of their affinity for negative 
phospholipid groups or proteins on cell membranes. Plasma 
protein binding can also be affected by surface charge. This 
phenomenon affects in vivo organ distribution and NP elimi-
nation from the circulation (Saxena et al. 2007).

The gills of both groups were damaged to different 
degrees, and certain organelles displayed swelling or cavita-
tion phenomena (Fig. 3a, b) on D30. The suspended ZGOC/
ZGOC–NH2 NPs can adhere to the mucus in gills. Mucus 
secretion increased the epithelial cells in the cheeks. This 
process could lead to a lack of oxygen. Within a certain con-
centration range, the fish can remove the adherent particles 
via certain reactions. Therefore, a decrease in particle signal 
intensities was observed. It was found that acute and chronic 
exposure could induce a series of ultrastructural altera-
tions in gill cells. Due to their functions of gas exchange, 
hydromineral control, acid–base balance and nitrogen excre-
tion, the gills are crucial for maintaining homeostasis in fish 
(Leguen and Prunet 2004; Evans et al. 2005).

Figure 4 shows the differences between intestines treated 
with ZGOC and those treated with ZGOC–NH2. The intes-
tinal structure was in good condition (D1). Free surface 
epithelial cells were densely packed with neat microvilli 
(Fig. 4a–d). The columnar epithelium consisted of high 
cells joined through clear complete junctional complexes 
with intact and organized brush borders. On D30, hyper-
emia and mild edema were observed in the intestines after 
dissection, but no obvious change in the length and hard-
ness of the intestines was noted. Enterocytes presented large 
light vacuoles in both groups. In the ZGOC-treated group, 
obvious morphological changes were noted in the intestinal 
epithelial cells. The microvilli became sparse and were no 
longer neatly arranged. This change was consistent with the 
results of Bisesi et al.’s research (2014). In the ZGOC–NH2-
treated group, the intestinal epithelial cells and microvilli 
were nearly unchanged. Interactions between intestinal cells 

Fig. 2  In vitro luminescence images of zebrafish organs. a Lumines-
cence images of isolated organs after continuous exposure to ZGOC/
ZGOC–NH2 for 10 days. The scale ranges from 25 to 300. b Lumi-
nescence of different organs after continuous exposure to ZGOC/
ZGOC–NH2 for 30  days. The scale ranges from 200 to 1000. (1) 
Brain (2) heart (3) liver (4) spleen (5) gill (6) kidney (7) gonads, and 
(8) gut

Fig. 3  TEM images of zebrafish 
gills exposed to ZGOC and 
ZGOC–NH2 for 30 days. Bar 
a 10 μm and bar b 5 μm. The 
cells marked with a cross were 
hyperplastic/swollen
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and NPs, including deposition and/or effects on motility, 
could be a reasonable explanation for this result. The posi-
tive surface charge of the particles prevents adhesion and 
facilitates penetration. NPs adhered to mucin and aggregated 
NPs might disrupt the architecture of the mucus and gills, 
which enables penetration caused by subsequent exposure. 
Figure 4 also shows the fusion of pinocytosis vesicles and 
lysosomes. In other words, endocytosis was active, and 
NPs accumulated in this manner in the intestinal cells. This 
observation illustrated another explanation of why the accu-
mulation of a large number of NPs can be detected in the 
digestive tract. In certain TEM images, we observed that 
mast cells released mucinogen granules within the lumen. 
Although this release can be spontaneous, it could also be 
caused by intestinal stimulation induced by the accumulation 
of NPs. Further studies are needed.

Although the in vitro MTT results indicated low cytotox-
icity of ZGOC/ZGOC–NH2, the in vivo results showed dif-
ferences. NP toxicity in the body can be caused by different 
mechanisms, but the most likely reason for intracellular and 
in vivo toxicities from NPs is excess reactive oxygen species 
(Nel et al. 2006; Moller et al. 2010). Nel et al. noted that cell 
signaling might be affected by NP-induced oxidative stress 
in three stages (Rallo et al. 2011). Intensive research on this 
topic is necessary in future work.

The interaction between NPs and biosystem is rather 
intricate and dynamic in vivo. Due to the interactions with 
biological components, NPs can be absorbed after their 
entry into the body. Subsequently, the NPs could remain 

in the same structure or could be modified or metabolized 
after distribution into diverse organs (Borm et al. 2006). The 
period of time before NPs are transferred from the organs in 
which they enter the cells to another location or are excreted 
is unknown. However, we do know that NPs are found in 
feces (Deng et al. 2007; Yang et al. 2007).

To further evaluate NP metabolism, we conducted 
removal treatment. Figure 5 shows the process by which 
ZGOC/ZGOC–NH2 NPs distributed in the body. The results 
for the gills (Fig. 5b) revealed differences between the two 
groups. When the NP administration was removed, the sig-
nals of the two groups increased on the first day (D11-). The 
signals of ZGOC reduced (D13-) and subsequently increased 
(D17-), whereas the signals of ZGOC–NH2 NPs in gills 
decreased gradually. The abdominal results for both groups 
also show differences. On D11-, the signal intensity of the 
ZGOC–NH2-treated group decreased, whereas that of the 
ZGOC-treated group increased. The signals of both groups 
increased on D13- and subsequently increased on D17-.

Figure 5c shows that the signal intensities of the abdo-
men first increased and eventually decreased (D17-) after 
NP removal. As indicated in Fig.  6, after ZGOC and 
ZGOC–NH2 exposure, NPs mainly accumulated in the guts, 
which indicated that the gastrointestinal tract was one of the 
possible excretion routes. The increased signal intensities 
in the gills might be induced by adhesion of the excreted 
particles. In other reports, urination via the kidneys (Singh 
et al. 2006) and defecation via the biliary duct (Renaud et al. 
1989) are regarded as the primary routes of elimination. Of 

Fig. 4  TEM images of zebrafish intestines exposed to ZGOC and 
ZGOC–NH2 for 1 and 30  days. a–d Images of the intestine after 
exposure for 1 day (marked as D1). e–h are images of the intestine 
after exposure for 30 days (marked as D30). a, b, e and f Images of 

groups treated with ZGOC. c, d, g and h Images of groups treated 
with ZGOC–NH2. Bar a, c, g and h 2 μm, bar b, d, and f 0.5 μm and 
bar e 10 μm
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course, many other routes of elimination exist, such as spu-
tum, perspiration, mammary lacteal glands, spermatic fluids 
and exhaled breath.

The main viscera of the zebrafish were dissected, and 
the signal intensities revealed the biodistribution of NPs. 
Figure 6 shows the results for the two experimental groups 
on D13-. NPs were found in the gut in both groups, whereas 
NPs in other organs were not clearly observed from the 
figure.

In this work, we utilized NIR persistent luminescence 
imaging to reveal the NP distribution in zebrafish. Com-
pared with other imaging techniques (Bisesi et al. 2014; Li 
et al. 2014), the persistent luminescence imaging technique 

achieved long-time, high-sensitivity and in vivo detection 
of NPs.

Continuous exposure influences the uptake and biodis-
tribution of NPs in vivo in adult zebrafish. Both the ZGOC- 
and ZGOC–NH2-treated groups showed particle accumula-
tion in the abdomen, especially in the intestines. The particle 
contents were higher in the ZGOC–NH2-treated group than 
in the ZGOC-treated group, and continuous exposure caused 
damage to the gills and intestines. After a period of expo-
sure, both the ZGOC and ZGOC–NH2 particles could be 
excreted. The metabolism and excretion of NPs and the 
quantification and monitoring of NP behavior in biological 
systems should be examined in further studies.

Fig. 5  Detection sensitivity for ZGOC/ZGOC–NH2 in vivo. a In vivo 
luminescence images of zebrafish after 120  s of irradiation with a 
white-light LED lamp. The scale of counts ranges from 20 to 70, 20 
to 90, 15 to 100, 20 to 70, 12 to 70, and 9 to 30. b and c The mean 

photon count of different parts of zebrafish in the two groups. Error 
bars represent the SD in a triplicate experimental set. “*” indicates 
significant differences between the two groups (p < 0.05)

Fig. 6  In vitro luminescence images of zebrafish organs. Luminescence images of isolated organs after removal from exposure to ZGOC/
ZGOC–NH2 on the third day. (1) Brain (2) heart (3) liver (4) spleen (5) gill (6) kidney (7) gonads, and (8) gut. The scale ranges from 18 to 50
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