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Oral administration of highly bright Cr3+ doped
ZnGa2O4 nanocrystals for in vivo targeted imaging
of orthotopic breast cancer†

Hanghang Liu,a Feng Ren,a Hao Zhang,a Yaobao Han,a Huizhu Qin,b

Jianfeng Zeng,a Yong Wang,a Qiao Sun, a Zhen Li *a and Mingyuan Gao a

Near-infrared (NIR) long lasting persistent luminescence nanoparticles (PLNPs) have attracted considerable

attention in the area of in vivo bioimaging, due to their background-free luminescence characteristics

and deep tissue penetration. However, the low fluorescence quantum yield and short afterglow of the

currently available PLNPs limit their applications. Here, water-soluble Cr3+-doped ZnGa2O4 PLNPs with the

highest quantum yield (Z = 20%) ever reported, bright NIR emission, and excellent colloidal stability were

successfully prepared by a one-step hydrothermal method. The afterglow of the resultant nanocrystals

lasted for more than 5 days and could be repeatedly reactivated by the light (l = 657 nm) of a portable

light emitting diode lamp after decay. These nanocrystals were functionalized with a,o-dicarboxyl-

terminated poly(ethylene glycol) and poly(acrylic acid) to improve their stability and biocompatibility,

so that they could be conjugated with a c(RGDyK) peptide and labeled with 99mTc for targeted imaging

of orthotopic breast cancer by afterglow luminescence imaging and single-photon emission computed

tomography imaging. Our NIR-PLNP probes can effectively avoid tissue auto-fluorescence and the light

scattering caused by continuous excitation during the diagnosis of cancer.

Introduction

Various kinds of molecular imaging, such as optical imaging,1

ultrasound imaging,2,3 magnetic resonance imaging (MRI),4 and
nuclear imaging,5 have played significant roles in the diagnosis
and treatment of cancer, among which, optical imaging (e.g.,
photoluminescence) has received considerable attention because
of its merits of high sensitivity, low cost, good compatibility and
portability, and avoidance of harmful radiation.6 It can easily be
integrated with other imaging modalities and used for diagnosis
and/or imaging guided therapy. Many types of luminescent
probes,7 such as organic dyes,8,9 fluorescent proteins,10 semi-
conductor quantum dots,11–13 metal nanoclusters,14,15 and up-
conversion nanocrystals,16–18 have been developed. The in vivo
fluorescence imaging based on the above probes, however, has
issues of limited resolution and/or depth penetration due to the
strong tissue auto-fluorescence and light scattering arising

from their in situ continuous excitation.19,20 An alternative
probe is near-infrared (NIR) long-lasting persistent luminescence
nanoparticles (PLNPs), which work like rechargeable batteries
and with persistent photoluminescence that can last for several
hours even many days after they are ‘‘photo-charged’’ for a
few minutes.21–26 These ex situ excited PLNPs have excellent
chemical and thermal stability,27 minimal tissue auto-fluorescence
and background interference, and less toxicity induced by light after
they are delivered into the body.28,29 There are a few types of PLNPs
reported for in vivo animal imaging and therapy, of which Cr3+

doped zinc gallate (i.e., ZGC) has become one of the most attractive
phosphors because it emits a NIR persistent luminescence with a
tunable afterglow time.21,30

From the perspective of applications, there are increasing
demands for long afterglow from PLNPs for long-term bio-
imaging.31 The existing ZGC-based PLNPs have an afterglow
varying from several minutes to a few days, strongly depending
on the preparation methods. For example, 10 nm ZGC nano-
particles prepared via a biphasic hydrothermal route emitted
NIR persistent luminescence for more than 40 min after the
excitation was switched off.23 Furthmore, a two-hour afterglow
was observed for larger ZGC nanoparticles with a size of
20–60 nm, which were synthesized by the hydrothermal method
and then sintered in air at low temperature.21 Longer afterglow
(44 h) was also achieved in ultra-small ZGC nanoparticles
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(6 nm) fabricated by a non-aqueous sol–gel method with the
assistance of microwave irradiation.32

The afterglow time of ZGC-based PLNPs can be prolonged by
engineering their compositions.33 For example, co-doping of
Cr3+ and Pr3+ ions into Zn2.94Ga1.96Ge2O10 through a sol–gel
method led to a very long afterglow (415 days) of the resultant
nanopowders.29 By using a solid state reaction at high tem-
perature, a series of Cr3+-doped zinc gallate bulk NIR persistent
phosphors with a long afterglow of more than 360 h were
obtained.34 The engineered Zn–Ga–Sn–O solids also exhibited
long persistent luminescence over 300 h.35,36 These high-
quality bulk ZGC could be milled into nanopowders and then
modified for bioapplications, although the resultant nano-
particles had issues of reduced afterglow, large particle size,
poor homogeneity, poor water-solubility, and colloidal instability,
which are unfavorable for in vivo applications.

Besides the long afterglow luminescence, the ideal PLNPs for
bioapplications should also exhibit excellent water-solubility and
biocompatibility after surface functionalization37 and thera-
peutic functions. They should be able to be repeatedly excited
in situ for imaging and therapy by the light from a portable light
emitting diode (LED) or NIR laser.21,38–41 For example, the use of
808 nm NIR light for excitation could overcome the issues of
deep tissue-penetration, overheating, and strong irradiation
energy,42 which is beneficial for the photodynamic therapy
(PDT) of tumors. For the fabrication of PDT platforms, ZGC
PLNPs were either conjugated or made to adsorb photosensiti-
zers, which were directly excited by the emission from the ZGC
nanoparticles. Recently, there has been a report on ZGC nano-
particle enhanced cancer cell death.43 An injectable persistent
luminescence implant as a built-in excitation source for efficient
repeatable photodynamic therapy was demonstrated.44 In addi-
tion, ZGC nanocrystals were also coated with mesoporous SiO2

shells for drug delivery,45,46 and for tracking the metabolism of
drugs.47

The above examples clearly illustrate the great potential of
ZGC-based PLNPs in bioimaging and tumor therapy. The most
currently available ZGC nanoparticles, however, have one or
more of the following disadvantages: low fluorescence quan-
tum efficiency, short decay time, large particle size with a broad
size distribution, poor water solubility, or less biocompatibility.
These factors significantly influence their performance when
they are used for in vivo imaging and therapy. From an imaging
perspective, most ZGC nanoprobes have only been used for
luminescence imaging, which has limitations in sensitivity
because of a weak luminescence intensity and low quantum
yield. An alternative is the functionalization of ZGC nano-
crystals with other imaging modalities, such as MRI,4,48–51

and nuclear imaging.52 In terms of therapy (e.g., PDT), the
emission intensity and yield also directly determine the efficacy
of the therapy. The highest absolute fluorescent quantum yield
of the currently available ZGC nanocrystals is around 10%,23,39

however. In this context, the preparation of water-soluble and
biocompatible monodispersed ZGC nanoparticles with a high
quantum yield, long afterglow, and multifunctions is highly
significant.

In this article, size-tunable highly bright, water-soluble
Cr3+-doped ZnGa2O4 (ZGC) nanoparticles are prepared by the
one-step hydrothermal method, and then functionalized with
poly(ethylene glycol) (PEG) and poly(acrylic acid) (PAA) for
conjugation with a c(RGDyK) peptide and labeling with radio-
active nuclide 99mTc (Scheme 1). The functional ZGC nano-
particles exhibited the highest absolute photoluminescence
quantum yield (Z = 20%) ever reported, and a long afterglow
(up to 5 days), making them suitable for background-free
targeted imaging of an orthotopic murine model of breast
cancer by afterglow luminescence imaging and single-photon
emission computed tomography (SPECT)/computed tomography
(CT) imaging (Scheme 1).

Results and discussion

As illustrated in Scheme 1, the ZGC nanocrystals were prepared
using a hydrothermal method. Compared with the conven-
tional hydrothermal approach, ammonium hydroxide solution
rather than NaOH was selected to control the pH of the mixed
solution, as the excessive ammonium can easily evaporate.38

The size of the ZGC nanocrystals can be tuned by changing the
reaction parameters as shown in Table 1.

Fig. 1(a–d) show the transmission electron microscopy
(TEM) images of the purified ZGC nanoparticles, which have
narrow size distributions (Fig. S1 in the ESI†) and average sizes
of 8.7, 14.2, 20.6, and 32.4 nm, respectively. These nanoparticle
samples are referred to as ZGC-8, ZGC-14, ZGC-20, and ZGC-32,
respectively. The crystal structures of the as-synthesized ZGC
nanoparticles were examined by powder X-ray diffraction (XRD)
(Fig. 1e). The narrow and sharp diffraction peaks suggest that
the ZGC nanoparticles were well crystallized under the hydro-
thermal conditions. The good crystallinity is also demonstrated
by a typical high resolution TEM (HRTEM) image (Fig. S2a,
ESI†), the lattice planes of which have a spacing of 0.208 nm,
corresponding to the (400) planes of spinel ZnGa2O4. In addi-
tion, all the diffraction peaks match well with those of cubic
spinel ZnGa2O4 (JCPDS No. 38-1240) as shown in Fig. 1e and
Fig. S2b (ESI†), indicating the high purity of the resultant ZGC

Scheme 1 Schematic illustration of the synthesis of multifunctional ZGC
nanocrystals, and in vivo afterglow imaging and SPECT/CT imaging of a
mouse after intra-gastric administration of the nanocrystals.
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nanocrystals and successful removal of impurities with a
diluted HCl solution. The high purity of the resultant nano-
particles can be also proved by the atomic ratio of Zn : Ga : O,
which was determined using energy dispersive X-ray spectro-
scopy (EDX) to be 1 : 2 : 4 (Fig. S3, ESI†), which is consistent with
the theoretical ratio.

The purified ZGC nanoparticles can be well dispersed in
water because of their positively charged surface, e.g., the zeta
potential of ZGC-14 is (+38.4 � 1.5) mV. Their hydrodynamic
sizes (Fig. 1f) were measured to be 32.7 nm, 43.8 nm, 50.7 nm,
and 58.8 nm, respectively, using a dynamic laser scattering (DLS)
method. The ultraviolet-visible (UV-vis) absorbance of different-
sized ZGC nanocrystal solutions with the same concentration of
nanoparticles (0.5 mg mL�1) is compared in Fig. S4a (ESI†),
where no obvious absorption peak is observed. They exhibit an
intense fluorescence in the range of 600–800 nm with two
typical emissions located at 696 nm and 712 nm [Fig. S4(b
and c), ESI†]. The former peak is attributed to the 2E - 4A2

transition from the distorted Cr3+ ions in gallate related to an
antisite defect,29,48,53 which is due to the fact that the phonon
energy of the Cr3+ dopant matches well with that of the gallate-
containing host.54,55 The latter peak is ascribed to the anti-
Stokes phonon side bands (PSB).21,29 The surface zeta potential
in Fig. S4d (ESI†) shows the negligible difference between these
different-sized nanocrystals.

It should be noted that the photoluminescence peaks of
these ZGC nanocrystals are size-independent (Fig. S4b, ESI†),
which could be due to their unique luminescence mechanism.
As shown in Fig. 2, upon UV light (254 nm) excitation, the
electrons are generated and transited from the valence band
(VB) to the conduction band (CB) of the ZnGa2O4 nanoparticles.

Parts of the excited electrons are captured by their native
defects of ZnGa2O4. Then the energy is transferred from the
ZnGa2O4 host to the Cr3+ ions by nonradiative energy transfer.29

The energy transfer (ET) excites the electrons of the Cr3+ ions
transiting from the ground state to the excited state and thus
induces the persistent luminescence after UV light is turned off.
The excited state electrons of the Cr3+ ions can be captured by
traps with different depths. Electrons in the shallow traps are
partially transferred to deep traps through nonradiative relaxa-
tion. Meanwhile, a slow tunneling process accompanied between
the electrons in the deep traps and the nearby ionized Cr3+ ions
results in the long term persistant luminescence.34,39

The absolute fluorescence quantum yields (Z) of different-
sized ZGC nanocrystals were respectively measured to be 12.0%,
19.6%, 6.5%, and 9.4% (Table 1), by using the De Mello method
based on an integrating sphere incorporated into a spectro-
fluorimeter. The fluorescence quantum yield can be further
improved to 27% by replacing ammonia with sodium bicarbo-
nate. There are many factors influencing the quantum yield of
ZGC nanoparticles, such as crystallinity, trap type, trap number,
trap depth, and surface defects, which are strongly dependent on
the preparation approach and reaction parameters.56 The high
fluorescence quantum yield could be attributed to the hydro-
thermal conditions and high reactant concentrations. The
hydrothermal method could provide a high temperature and
pressure to generate highly crystalline nanoparticles.30 High
reactant concentrations could lead to more traps and less sur-
face defects, and result in a high fluorescence quantum yield.
The results demonstrate the importance of controlling reaction
conditions such as precursor concentration and base solution,
and that small modifications could make a huge difference.

ZGC-14 was selected for further characterization and modi-
fication. Fig. 3a shows the excitation and emission spectra
of a ZGC-14 solution with a concentration of 0.5 mg mL�1.

Fig. 1 (a–d) TEM images of ZGC-8, ZGC-14, ZGC-20, and ZGC-32,
respectively, and the corresponding (e) XRD patterns, and (f) hydrodynamic
sizes.

Fig. 2 Schematic description of the persistent luminescence mechanism.
The energy transfer was referred to as ET.

Table 1 Synthesis of different sized ZGC NCs

NCs Zn(NO3)3�6H2O (mmol) Ga(NO3)3�xH2O (mmol) Cr(NO3)3�9H2O (mmol) Particle size (TEM, nm) Quantum yield (%)

ZGC-8 1.2 2 0.004 8.7 � 0.9 12.04
ZGC-14 3.6 6 0.012 14.2 � 1.7 19.60
ZGC-20 0.8 1.33 0.0027 20.6 � 1.9 6.45
ZGC-32 0.4 0.67 0.00135 32.4 � 4.4 9.36
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The strongest excitation peak at 267 nm is from the charge
transfer band of Cr3+ between 4A2 (4F) - 4T1 (4P),47 which
mainly contributed to the NIR emission at 696 nm. In addition
to the main peak at 267 nm, there are two relatively weak peaks
at 430 nm and 570 nm (Fig. S5a, ESI†), which come from the
charge transfer of the 4A2 (4F)–4T1 (4F) and 4A2 (4F)–4T2 (4F)
transitions of Cr3+ respectively.21,34,57 To further confirm these
two weak peaks, the excitation spectrum of the ZGC-14 powder
was also collected (Fig. S5b, ESI†), which clearly shows the three
characteristic absorbance peaks in the range of 240–680 nm.
Furthermore, the emission spectrum of ZGC-14 excited at
657 nm in Fig. S5c (ESI†) shows the feasibility of excitation by
a LED lamp with a wavelength of 657 nm.

An important feature of PLNPs is their ultra-long afterglow,
and the long-term afterglow decay of ZGC-14 nanocrystals (NCs)
was monitored through a charge coupled device (CCD) camera
after being irradiated with 254 nm UV light for 10 min (Fig. 3b).
The decay curve reveals that the afterglow decayed very fast in
the initial 100 min, and then slowly decayed and lasted for
about 5 days. Their emission spectra obtained at different times
after the UV excitation was turned off (Fig. S5d, ESI†) also

demonstrate the existence of long afterglow of the ZGC nano-
particles. To evaluate the effectiveness of different excitation
wavelengths of afterglow luminescence, different decay curves
of afterglow were measured under different excitation wave-
lengths in a range of 240–680 nm after the excitation light was
turned off (Fig. 3c). The corresponding intensities of afterglow at
696 nm recorded at the 10th second were plotted as a function of
the excitation wavelength and shown in Fig. 3d. These results
shown in Fig. 3d and Fig S5b (ESI†) indicate that the ZGC-14
nanocrystals can be effectively excited by light between 240 nm
and 400 nm, but less effectively by the light with a wavelength of
400 nm to 680 nm. To test their photostability and the feasibility
of re-activation, the ZGC-14 nanocrystals were re-excited with
254 nm UV light and 657 nm LED light (for the spectrum of the
LED light, see Fig. S5e, ESI†), respectively, after their afterglow
had decayed for 30 min [Fig. 3(e and f)]. The luminescence
intensities for UV and visible excitations are 4.09 � 105 and
2.84 � 105 a.u., respectively. The similar luminescence intensity
and decay profile of the afterglow after each excitation with UV
and red light demonstrate their excellent photostability. The
re-excitation of ZGC nanocrystals with 657 nm light ensures the
regeneration of luminescence after the initial decay during
the long term in vivo imaging.

For the in vivo imaging, surface functionalization of the ZGC
nanocrystals was conducted to achieve good colloidal stability.
Because of the intensely positive charges on the surface of the
ZGC nanocrystals, the a,o-dicarboxyl-terminated PEG (MW = 2000)
and polyacrylic acid (PAA) (MW = 3000) were attached on the
surfaces of the ZGC-14 nanocrystals via electrostatic interactions
(Scheme 1).38 Fig. S6a (ESI†) clearly shows that the ZGC suspen-
sion became relatively transparent after modification with PEG
and PAA. The Fourier transform infrared (FTIR) spectra of
pristine ZGC, ZGC@PEG, and ZGC@PEG@PAA (Fig. 4a) further
confirm the successful modification of nanocrystals and the
presence of –COOH groups on their surface. Specifically, in the

Fig. 3 (a) Emission and excitation spectra of the ZGC-14 nanocrystal
solution with a concentration of 0.5 mg mL�1; (b) afterglow decay curve
of ZGC nanopowder after excitation with 254 nm UV light for 10 min and
recording on a CCD camera, the inset shows the luminescence of the ZGC
powder before excitation (left) and after decay for 5 days (right); (c) afterglow
decay curves of ZGC-14 nanopowder measured with different excitation
wavelengths (the emission is set at 696 nm) and (d) plot of corresponding
afterglow intensities of the decay curves recorded at the 10th second after
switching off the xenon lamp as a function of excitation wavelength; (e and f)
afterglow decay curves of ZGC nanocrystals repeatedly reactivated with
254 nm and 657 nm light, respectively.

Fig. 4 (a and b) FTIR spectra and zeta potentials of pristine ZGC,
ZGC@PEG, ZGC@PEG@PAA, and ZGC@PEG@PAA-arginylglycylaspartic
acid (RGD), respectively; (c) in vitro relative cell viabilities of 4T1 cells
after incubation with different concentrations of ZGC@PEG@PAA and
ZGC@PEG@PAA-RGD NCs for 24 h.
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spectrum of ZGC@PEG@PAA, the peaks at 3300 cm�1 (O–H,
stretching vibration), 2940 cm�1 (–CH2–, symmetrical stretching
vibration), 1540 cm�1 (–CH2–, bending vibration), 1323 cm�1

(symmetric deformation vibration), 1100 cm�1 (–C–O–C–, sym-
metrical stretching vibration), 954 cm�1 (–C–O–C–, in-plane
deformation vibration), and 853 cm�1 (–CH2CH2O–, in-plane
deformation vibration) were clearly observed. The successful
modification is further demonstrated by the gradual variation
of their surface charges from positive to negative (Fig. 4b), i.e., the
zeta potential changed from (+38.3 � 1.51) mV for pristine ZGC,
to (+19.0 � 1.12) mV for ZGC@PEG, and (�37.1 � 0.81) mV for
ZGC@PEG@PAA. The contents of PEG and PAA that were coated
on the surfaces of the ZGC nanocrystals were estimated via
thermogravimetric analysis (TGA) (Fig. S6b, ESI†) to be 60%
and 10%, respectively.

It should be noted that the surface modification did not
weaken the fluorescence of the ZGC nanocrystals, as shown
in Fig. S6c (ESI†). The modified ZGC nanocrystals (i.e., ZGC@
PEG@PAA) can be well dispersed in different media, such as
H2O, phosphate buffered saline (PBS), Roswell Park Memorial
Institute (RPMI) medium, 10% fetal bovine serum (FBS), and
0.9% NaCl. The different solutions show a similar mean
hydrodynamic size, as determined by dynamic light scattering
(DLS) and shown in Fig. S6(d and e) (ESI†), and there is
no obvious difference after 15 days of storage. The results
demonstrate the excellent colloidal stability after surface
modification.

The above modified nanocrystals provide functional groups
to conjugate with c(RGDyK) for tumor-targeting imaging. The
chemical structure of c(RGDyK) is shown in Fig. S7 (ESI†), and
c(RGDyK) was conjugated with the ZGC nanocrystals through
the reaction of its amine group with the carboxyl group in the
PAA and HOOC–PEG–COOH under the catalysis of EDC and
NHS. The FTIR spectra of the conjugates (Fig. 4a) show the
typical N–H bending vibration of amide II bound with a
c(RGDyK) peptide at 1560 cm�1 in comparison with that of a
c(RGDyK) peptide, and the characteristic peaks of PEG and PAA
(Fig. S7a, ESI†), demonstrating the successful conjugation of the
c(RGDyK) peptide on the surfaces of the nanocrystals. The zeta
potential changed slightly from �37.1 mV to �34.1 mV, and no
obvious increase in hydrodynamic size was observed after the
conjugation with the c(RGDyK) peptide (Fig. S7b, ESI†).

It is well known that RGD-based peptides have excellent
biocompatibility, and the conjugation of RGD with ZGC@
PEG@PAA not only improved the targeting efficiency but also
improved the biocompatibility of the nanocrystals.58 The
potential cytotoxicity of ZGC@PEG@PAA and ZGC@PEG@PAA-
RGD towards 4T1 cells was assessed through a standard methyl
thiazolyl tetrazolium (MTT) assay. As shown in Fig. 4c, the
results clearly illustrate the improvement of the biocompatibility
of the nanocrystals after conjugation with the peptide. The cell
viability remained above 90% when the nanocrystal concen-
tration was increased from 0 to 160 mg mL�1. In contrast, the
cell viability gradually decreased from 100% to 75% without
RGD modification as the concentration of ZGC@PEG@PAA
increased to 160 mg mL�1.

The endocytosis of RGD-modified and un-modified nano-
crystals was investigated using a confocal microscope and is
compared in Fig. 5(a and b). The red color is from the emission
of ZGC nanocrystals excited with a 405 nm laser, and the blue
color is from the nuclei of the cancer cells (i.e. 4T1 cells) that
were stained with Hoechst 33342. The results demonstrate that
the RGD-modified nanocrystals were more efficiently taken up
by the 4T1 cells than the un-modified nanocrystals, due to the
specific interactions of the RGD peptide with the integrin on
the surfaces of the cancer cells. To further prove the endocytosis
of the ZGC nanocrystals, all the cells were collected after being
cultured with nanocrystals and irradiated with 254 nm UV light
for 10 min, and the afterglow luminescence was recorded with a
CCD camera (Fig. 5c). Although the UV light could kill the cells,
it will not influence the ZGC contents in the cells which were
collected and irradiated after being cultured with ZGC nano-
crystals. The cells can also be re-excited with 657 nm light for
3 min using a LED lamp. The luminescence in both cases lasted
for more than 10 min after excitation. The cells labeled with
ZGC@PEG@PAA-RGD nanocrystals clearly exhibited a stronger
afterglow under both excitation conditions, compared with
those labeled with ZGC@PEG@PAA nanocrystals. This is attri-
buted to the targeting ability of the RGD peptide. The specificity
of RGD towards cancer cells was also tested by labeling the U87
cells with the ZGC@PEG@PAA-RGD and ZGC@PEG@PAA nano-
crystals, respectively. The results are compared with the 4T1 cells
and shown in Fig. S8 (ESI†), demonstrating the negligible
difference between these two kinds of cancer cells. To further
demonstrate the specificity of RGD, healthy cells (i.e., NIH3T3
cells) were also labeled with the ZGC@PEG@PAA-RGD and
ZGC@PEG@PAA nanocrystals (Fig. S9, ESI†), respectively.
There is no noticeable difference in the NIH3T3 cells treated
with ZGC@PAA and ZGC@PEG@PAA-RGD, due to the absence
of integrin on the surfaces of healthy cells.

Fig. 5 Confocal fluorescence microscopy images of 4T1 cells treated
with (a) ZGC@PEG@PAA, and (b) ZGC@PEG@PAA-RGD. Nuclei were stained
with Hoechst 33342 in blue, and the ZGC fluorescence in the cells is red.
(c) Luminescent images of ZGC@PEG@PAA (top) and ZGC@PEG@PAA-RGD
(bottom) in 4T1 cells after excitation with 254 nm UV light and 657 nm LED
light, respectively.

Journal of Materials Chemistry B Paper

Pu
bl

is
he

d 
on

 0
5 

Fe
br

ua
ry

 2
01

8.
 D

ow
nl

oa
de

d 
by

 M
IT

 L
ib

ra
ry

 o
n 

10
/0

9/
20

18
 0

2:
30

:1
4.

 
View Article Online

http://dx.doi.org/10.1039/c7tb03148c


This journal is©The Royal Society of Chemistry 2018 J. Mater. Chem. B, 2018, 6, 1508--1518 | 1513

All the in vitro results indicate that the RGD-modified highly
fluorescent ZGC nanocrystals could be efficiently taken up by
the cancer cells and used for in vivo long term targeted imaging
of cancer. To test the feasibility of in vivo imaging, 50 mL of
ZGC@PEG@PAA nanocrystals (3.6 mg mL�1) were excited for
10 min using a 254 nm UV lamp, and then subcutaneously
injected into a healthy nude mouse. The luminescence was
collected via an IVIS Lumina XRMS Series III Imaging System.
The images in Fig. 6 clearly demonstrate that the afterglow of
ZGC nanocrystals can last for about 3 h without any re-
excitation, and there was no autofluorescence from the nude
mouse. After the luminescence had decayed, 657 nm light from
a LED lamp was used to re-excite the nanocrystals for 3 min,
and strong luminescence was observed again. More impor-
tantly, these injected nanocrystals can be repeatedly excited
many times, showing the great potential for long-term in vivo
imaging.

In contrast to most RGD-modified nanoparticles which are
intravenously injected for targeted imaging or therapy, the
in vivo tumor targeting and imaging in this case was performed
by oral administration of the RGD-modified ZGC nanocrystals.
The oral administration route was selected because it has mini-
mal side effects (noninvasive in nature) due to the protection
afforded by the digestive tract during diagnosis and treatment,59

and easy acceptance, as well as its convenience.39,60 The
un-modified nanocrystals (i.e., ZGC@PEG@PAA) were used to
compare with the RGD-modified probes. The same amounts
of both the modified and un-modified ZGC nanocrystals
(3.6 mg mL�1, 200 mL) were pre-excited with 254 nm UV light for
10 min, and then respectively delivered into 4T1-bearing tumor
mice by gavage administration. Each mouse had two tumors at
the second and fourth breast on the right side, respectively. The
in vivo afterglow luminescence and images were collected using
the same imaging instrument (i.e., an IVIS Lumina XRMS Series
III Imaging System). In the first 10 min, the bright luminescence
of the nanocrystals was mainly detected in the stomach and the
intestine (Fig. 7a and Fig. S10a, ESI†). The luminescence can

last for about 2 h without excitation, and weak luminescence at
the tumor site was observed during the first 2 h. Then, the mice
were irradiated with 657 nm light for 3 min at intervals of 2 h
(Fig. 7b). Strong luminescence at the tumor site was observed at
4 h post-administration, reached its maximum at 8 h, and then
decreased due to the dynamic accumulation of nanocrystals. In
the control group, the luminescence at the tumor site was much
weaker in the same time frame (Fig. S10b, ESI†), due to the
lesser accumulation of nanocrystals arising from the absence of
a RGD peptide. This result demonstrates the excellence of RGD
peptides for targeted imaging. Interestingly, the upper tumor
near the ‘‘armpit’’ of the front left leg exhibits stronger lumi-
nescence than the one at the abdomen, which could be due to
the rich lymph nodes and the metastasis of tumor cells near the
‘‘armpit.’’61

It is known that RGD peptides can be degraded under the
harsh conditions in the stomach. Fig. S11 (ESI†) shows the
variation of UV-vis absorbance of RGD functionalized ZGC
nanocrystals in the presence of pepsin under strong acidic
conditions (pH = 1–2), which are similar to that of stomach
conditions. The results show the partial decomposition of the
RGD peptide under these harsh conditions. Our results demon-
strate that RGD-modified ZGC nanocrystals could be orally
delivered and used for targeted imaging of the tumor, although
they lose some targeting capacity due to the harsh conditions in
the stomach.

To evaluate the biodistribution of ZGC nanocrystals in
tumor-bearing mice, the major organs (i.e., heart, liver, spleen,
lung, kidney, tumor stomach, and intestines) were excised at 8 h
after oral administration of the RGD-modified and un-modified
nanocrystals (i.e., ZGC@PEG@PAA-RGD and ZGC@PEG@PAA
nanocrystals). As shown in Fig. 8, both the modified and
un-modified ZGC nanocrystals mainly remain in the stomach,
lung, and intestines, as indicated by their stronger afterglow

Fig. 6 In vivo NIR luminescent images of a normal mouse after subcuta-
neous injection with ZGC@PEG@PAA nanocrystals (3.6 mg mL�1, 50 mL)
which were pre-excited with 254 nm UV light for 10 min before injection.
The mouse was irradiated with 657 nm LED light for 3 min at 3 h post
injection, and then re-irradiated at intervals of 1 h after that.

Fig. 7 In vivo luminescent images of 4T1 tumor-bearing mice after oral
administration of (a) ZGC@PEG@PAA-RGD NCs (3.6 mg mL�1, 200 mL,
excited with 254 nm UV light for 10 min before injection); (b) the mouse
NCs were irradiated with a LED lamp (657 nm) for 3 min at different times
after oral administration. The exposure time for collecting images was
60 s. The parallel experiments were set as n = 3.
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luminescence in comparison with other organs. More un-
modified ZGC nanocrystals are accumulated in the stomach than
RGD-modified nanocrystals. The ZGC@PEG@PAA-RGD nano-
crystals are uniformly distributed in the lung in comparison with
the unmodified ZGC nanocrystals. These organs exhibit afterglow
luminescence after they were excited by 657 nm light from a LED
lamp for 3 min. The luminescence in the tumors from the mouse
orally administrated with the RGD-modified nanocrystals is
stronger than that in the mice treated with the unmodified
nanocrystals. In both cases, the tumor in the second breast in
the right side of the mouse (referred as tumor-1) shows a brighter
persistent luminescence than the tumour in the fourth breast on
the right side (referred to as tumor-2) due to its higher content
than tumor 2 (i.e., 3.9%ID g�1 vs. 1.9%ID g�1 in the case of oral
administration of RGD-modified ZGC). In contrast, the persistent
luminescence in the heart, liver, spleen, and kidney is much
weaker, and the luminescence in the kidney from the mouse
administrated with RGD-modified nanocrystals is stronger than
that treated with unmodified nanocrystals. These results are
consistent with the in vivo imaging in Fig. 7 and Fig. S10 (ESI†),
illustrating that modification of ZGC nanocrystals with a RGD-
peptide improved the blood circulation, biodistribution and
targeting ability of the nanocrystals.

To further demonstrate the dynamic accumulation of ZGC
nanocrystals in the tumor, highly sensitive SPECT/CT imaging
was performed after the RGD-modified and unmodified
nanocrystals were labeled with the clinically used radioisotope
99mTc (half-life, t1/2 = 6.02 h, gamma-ray emission energy:
140 keV).62–64 It should be noted that both nanocrystals have
a similar hydrodynamic size before and after labeling with
99mTc (Fig. 9a). The labeled nanocrystals (3.6 mg mL�1,
100 mL) were orally delivered into the stomach. Obviously, there
is a relatively remarkable emission of gamma rays from the
99mTc-ZGC@PEG@PAA-RGD accumulated in the tumor after
oral administration (Fig. 9b). In addition, strong signals were
found from the stomach, intestine, and bladder. In contrast,
only weak gamma ray emissions at the tumor sites from the

accumulated 99mTc labeled ZGC@PEG@PAA were observed
(Fig. S12, ESI†). These results are consistent with those from
luminescence imaging.

The intense luminescence in the intestinal tract and bladder
imply that ZGC nanocrystals might be cleared out through renal
excretion and intestinal metabolism. The luminescence of ZGC
nanoparticles in feces and urine were measured, and the obvious

Fig. 8 Ex vivo luminescence images of the heart, liver, spleen, lung, kidney,
tumor-1, tumor-2, stomach, and intestines from the 4T1 tumor-bearing
mouse collected at 8 h post oral administration of ZGC@PEG@PAA (top) and
ZGC@PEG@PAA-RGD (bottom). Tumor-1 and tumor-2 refer to the tumors
in the second and fourth breast on the right side of the mouse, respectively.

Fig. 9 (a) Hydrodynamic size of the ZGC@PEG@PAA nanocrystals and
99mTc-labeled ZGC nanocrystal solutions; (b) in vivo SPECT/CT images of
the 4T1 tumor-bearing mice after oral administration of 99mTc-labeled
ZGC@PEG@PAA-RGD NCs. The tumors are indicated by the red circles.

Fig. 10 (a and b) Luminescent images of feces and urine collected from
mice respectively administered with ZGC@PEG@PAA and ZGC@PEG@PAA-
RGD NCs; (c and d) TEM images with HRTEM images in the insets and (e and f)
size distributions of ZGC particles found in feces (c, e) and urine (d, f).
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difference in the luminescence intensity before and after excita-
tion by a LED lamp [Fig. 10(a and b)] demonstrates that
modification of ZGC nanoparticles with RGD peptides could
improve their clearance. To demonstrate the morphology and
composition of nanoparticles found in feces and urine, the feces
and urine of mice were purified to collect the nanoparticles,
which were characterized using TEM [Fig. 10(c and d)]. The
nanoparticles found in urine have a smaller size [(6.2 � 0.9) nm]
and a narrower size distribution than those found in feces
[(12.9 � 3.0) nm]. Their HRTEM images clearly present lattice
fringes with an interplanar spacing of 0.298 nm which matches
well with the (220) plane of spinel ZnGa2O4 and demonstrate
the in vivo stability of the nanocrystals. The clearance of ZGC
nanocrystals through feces and urine could minimize their
potential side effects.

Conclusion

In summary, highly bright, long afterglow ZGC nanocrystals were
successfully prepared using a one-step hydrothermal method.
The resultant ZGC nanocrystals exhibit an absolute fluorescence
quantum yield of 20% and 5 days of afterglow. Their lumines-
cence can be activated repetitively by 657 nm LED light for deep
tissue penetration and long-term bioimaging. They were function-
alized with a c(RGDyK) peptide and the radioisotope 99mTc for
successful targeted imaging of orthotopic breast cancer through
afterglow luminescence imaging and SPECT/CT imaging after oral
administration. The stronger signal at the tumor sites when using
both imaging methods demonstrates the great potential of multi-
functional persistent luminescent probes in the targeted imaging
of cancer cells.

Methods and experimental
Materials

Zinc nitrate hexahydrate [Zn(NO3)2�6H2O, 98%], gallium nitrate
hydrate [Ga(NO3)3�xH2O, 99.9%], chromium nitrate nonahydrate
[Cr(NO3)3�9H2O, 99%], ammonium hydroxide (28%, wt), hydro-
chloride acid (analytical grade), isopropyl alcohol and sodium
hydroxide were used as received. a,o-Dicarboxyl-terminated PEG
(HOOC–PEG–COOH, MW = 2000) was prepared as described
elsewhere.65 Polyacrylic acid (PAA, average MW = 3000) was
purchased from Aladdin (Shanghai, China). Phosphate buffer
solution (PBS, pH = 7.4) was purchased from Shanghai Hongbei
Reagent Co. N-Hydroxysuccinimide (NHS) was purchased from
J&K and N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydro-
chloride (EDC) was purchased from Aladdin. c(RGDyK) peptide
(MW = 722.38) was obtained from Bankpeptide Co. Ltd (Hefei,
China). Milli-Q water (Millipore, USA, resistivity 418 MO cm)
was used in the experiments.

Synthesis of size tunable Cr3+ doped ZnGa2O4 nanocrystals

The Cr3+ doped ZnGa2O4 nanoparticles were prepared using
a hydrothermal method. Typically, 3.6 mmol Zn(NO3)3�6H2O,
6 mmol Ga(NO3)3�xH2O, and 0.012 mmol Cr(NO3)3�9H2O were

dissolved in 15 mL of Milli Q water. Around 3 mL of ammonium
hydroxide (28%, wt) was quickly added into the above mixture
to adjust its pH to 9–9.5. The transparent solution rapidly
became turbid, and the formed suspension was stirred vigorously
for 30 min. The suspension was then transferred into a Teflon-
lined autoclave (25 mL) and hydrothermally treated at 220 1C for
10 h. After natural cooling to room temperature, the thus-formed
white precipitates were separated through centrifugation, and
washed with 0.01 M HCl several times to remove ZnO impurities.
The purified ZGC nanocrystals were redispersed in Milli-Q water
for further characterization, and surface modification. The
particle size can be tuned by changing the reaction parameters
and Table 1 shows the parameters used to prepare 8.7, 14.2,
20.6, and 32.4 nm ZGC nanocrystals.

Functionalization of ZGC nanocrystals

The above purified ZGC nanoparticles were used for surface
modification. Specifically, 20 mg ZGC nanoparticles were dis-
persed in 20 mL of 0.9 mM HCl solution, and vigorously stirred
for 30 min. Then, 743.9 mg HOOC–PEG–COOH was added into
the solution and stirred overnight to form a clear and relatively
transparent solution. The resultant nanoparticles (denoted as
ZGC@PEG) were purified by ultrafiltration and diluted to 20 mL
with Milli-Q water. To further modify the ZGC@PEG nano-
particles with PAA, 0.1 M NaOH was used to adjust the pH of
the diluted solution to 8–10, and then 892.7 mg PAA was added
into the solution and stirred overnight. The modified nano-
particles (denoted as ZGC@PEG@PAA) were purified by ultra-
filtration at 4500 rpm several times by using a membrane with a
molecular weight cutoff of 100 kDa.

To conjugate the modified nanoparticles with RGD peptide for
tumor-targeted imaging, 100 mL (3.6 mg mL�1) of ZGC@PEG@PAA
solution was added into 10 mL PBS (pH = 6.5) solution, and then
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC�HCl, 4 mg) and N-hydroxysuccinimide (NHS, 10 mg) were
added into the mixture sequentially. The above mixture was
stirred for 2 h. Next, 18 mg c(RGDyK) was added into the solution
and the pH of the above mixed solution was adjusted to 8 using
0.1 M NaOH. The unreacted RGD was removed by centrifuga-
tion through a High Speed Refrigerated Centrifuge (Beckman
Allegra 64R, USA), and the conjugates (denoted as ZGC@PEG@
PAA-RGD) were washed (20 000 rpm, 15 min) several times with
PBS (pH = 6.5) solution and finally dispersed in 0.9% NaCl
solution.

Characterization of ZGC nanoparticles

The morphology and crystal structure of the ZGC nanocrystals
were characterized through an FEI Tecnai G2 field emission
high-resolution transmission electron microscope (HRTEM)
with an accelerating voltage of 200 kV. The ZGC nanopowder
obtained by natural drying was characterized using a Shimadzu
XRD-6000 X-ray diffractometer equipped with Cu Ka1 radiation
(l = 0.15406 nm). The scanning rate was 0.05 s�1 for collecting
the diffraction data in the range 201 o 2y o 801. The hydro-
dynamic size and zeta potential of the ZGC colloids were
measured at 25 1C using a dynamic light scattering instrument
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(Zetasizer Nano ZS90, Malvern). The absorption spectra
were recorded on a UV-3600 ultraviolet-visible-near-infrared
(UV-vis-NIR) spectrophotometer (Shimadzu, Kyoto, Japan).
Fourier transform infrared (FTIR) spectra (4000–500 cm�1) were
collected on a Magna-560 spectrometer (Nicolet, Madison, USA).
The fluorescence spectra and afterglow decay curves were collected
on a FLS980 spectrometer (Edinburgh Instruments, UK). The
concentration of ZGC nanocrystals was quantified using induc-
tively coupled plasma-mass spectroscopy (ICP-MS) (Thermo
Elemental, UK). The absorbance of the formazan formed during
the MTT assay was measured by a microplate reader (Thermo,
Varioskan Flash). The in vivo imaging of the mouse was performed
using a IVIS Lumina XRMS Series III Imaging System (PerkinElmer,
America) with a XGI-8 system. The single-photon emission com-
puted tomography – computed tomography (SPECT/CT) imaging
was performed on an animal SPECT (MILabs, Utrecht, the
Netherlands) imaging system.

Measurement of absolute photoluminescence quantum yield

The excitation and emission spectra of the ZGC nanocrystals, as
well as their absolute photoluminescence quantum yield (QY),
were measured using an Edinburgh Instruments FLS980 spectro-
meter equipped with an integrating sphere. In detail, a quartz
cuvette containing 3 mL of sample solution was used and 3 mL
of Milli-Q water was set as a reference. The fluorescence emis-
sion spectra were collected in the range of 500–800 nm and
excitation spectra in the range of 250–285 nm. The QY of the
ZGC nanocrystals can be expressed by eqn (1),66,67

QY ¼ number of photons emitted

number of photons absorbed

¼
Ð
LðsampleÞ

Ð
EðreferenceÞ �

Ð
EðsampleÞ

(1)

where L(sample) is the photoluminescence intensity of the ZGC
aqueous solution (1 mg mL�1), E(reference) and E(sample)
are the excitation light intensities of the reference and the
sample, respectively.68 ÐLðsampleÞ is the area under the curve
of the photoluminescence spectrum of the ZGC sample, and
Ð
EðreferenceÞ,

Ð
EðsampleÞ are the areas under the excitation

spectra of the reference and the sample,23 respectively.

Cytotoxicity assay and cell imaging

4T1 murine breast cancer cells were cultured in 96-well plates
with a standard cell medium at 37 1C in a 5% CO2 atmosphere
for 24 h, and the density of the 4T1 cells was about 8000 per
well. The original medium was removed and the cells were washed
with 100 mL PBS and then incubated with the ZGC@PEG@PAA
and ZGC@PEG@PAA-RGD nanocrystals which were diluted
with the culture medium to different concentrations (i.e., 0, 5,
10, 20, 40, 80, 160 mg mL�1) for another 24 h, respectively. After
that, the cells were washed with another 100 mL PBS and
incubated with 100 mL medium containing 10% 5 mg mL�1

MTT for 4 h. After the removal of the culture medium, 100 mL
dimethyl sulfoxide (DMSO) was added into each well to dissolve
the thus-formed formazan crystals. The absorption of formazan

solution was measured at 490 nm on a microplate reader
(Thermo, Varioskan Flash). The cell viability was calculated
using eqn (2).

Cell viability (%) = AT/AC � 100% (2)

where AT is the mean absorbance of the treatment group, and
AC is the mean absorbance of the control.

For cell imaging, 4 � 104 T1 murine breast cancer cells were
seeded into 35 mm glass bottom culture dishes incubated with
4T1 cells at 37 1C for 24 h. The culture medium was removed,
and fresh RPMI medium containing 0.1 mg as-prepared
ZGC@PEG@PAA and ZGC@PEG@PAA-RGD nanocrystals was
added into the culture dishes, respectively. After culturing for
another 24 h, the medium was discarded and the cells were
washed with PBS solution (pH = 7.2–7.4) twice. Afterward, the
cells were fixed with 70% ice ethyl alcohol for 30 min, and
washed several times with PBS. Then, Hoechst dye (1 mL,
10 mg mL�1) was used to stain the nuclei of the cells for 5 min
in a dark room, followed by washing with PBS several times. As a
control, U87 cells and NIH3T3 cells were treated using the same
procedure. The cell uptake of nanocrystals was observed using
confocal fluorescence microscopy.

To further evaluate the difference in endocytosis of 4T1 cells
toward the ZGC@PEG@PAA and ZGC@PEG@PAA-RGD nano-
crystals in vitro, 2.5 � 105 4T1 cells were cultured in RPMI
(1640) medium with these ZGC nanocrystals in 60 � 15 mm
culture dishes for 24 h. Then, the cells were washed several
times with PBS, digested by trypsinization, and collected via
centrifugation. The afterglow signal of the cells was obtained
using a CCD camera of a IVIS Lumina XRMS Series III Imaging
System (PerkinElmer, America) with a XGI-8 gas anesthesia
system, after excitation with a 254 nm UV lamp for 10 min or
a LED lamp for 3 min. The exposure time during signal collec-
tion was set to be 60 s. The intensity and wavelength of the LED
lamp were 30 W and 657 nm, respectively.

Animal model

Specific pathogen free (SPF) grade nude female mice (15–20 g)
were purchased from Shanghai SLAC Laboratory Animal Co.,
Ltd and used under protocols approved by the Laboratory
Animal Center of Soochow University. The tumors were grafted
by subcutaneous inoculation of 2 � 106 4T1 cells in about 50 mL
PBS into the breast of each mouse. The tumor gradually grew to
around 100 mm3 within 10 days, and the mice could then be
used for imaging experiments. The nude mice were fasted for
24 h before oral administration of ZGC nanoprobes.

In vivo imaging

ZGC@PEG@PAA and ZGC@PEG@PAA-RGD nanoparticles were
respectively dispersed in 0.9% NaCl solution (3.6 mg mL�1) and
excited with a 254 nm UV lamp for 10 min. Then 200 mL of the
two types of as prepared nanoparticles were delivered into
different 4T1 tumor-bearing nude mice through intra-gastric
administration, respectively. After the luminescence of the ZGC
nanocrystals had decayed until it could not be detected with the
IVIS Lumina II imaging system, the same LED lamp was
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adopted to irradiate the mice for 3 min, and the luminescent
signals were collected again using the same instrument.

99mTc labeled ZGC NPs for SPECT imaging

Na[99mTcO4] was purchased from Shanghai GMS Pharma-
ceutical Co., Ltd 20 mL SnCl2 (1 mg mL�1, in 0.01 M HCl) solution
was added into 300 mL Na[99mTcO4] solution with a radioactivity of
about 3 mCi and then vibrated gently for 5 min. The ZGC@PEG@
PAA or ZGC@PEG@PAA-RGD NP solution (200 mL, 3.6 mg mL�1)
was added into the above radioactive solution and vibrated gently
for 30 min at room temperature. The obtained 99mTc labeled ZGC
(denoted as 99mTc-ZGC or 99mTc-ZGC-RGD for short) nanoparticle
solutions were purified via ultrafiltration to remove free 99mTc and
concentrated to about 200 mL. The radiolabeling yields were
estimated to be around 54% (99mTc-ZGC) and 78% (99mTc-ZGC-
RGD), respectively. 100 mL 99mTc-ZGC or 99mTc-ZGC-RGD nano-
particles were delivered into the stomachs of 4T1 tumor-bearing
mice through gavage and the SPECT/CT images were collected by
using an animal SPECT/CT (MILabs, Utrecht, the Netherlands)
imaging system after various times.

The extraction of nanoparticles from feces and urine

The feces and urine of the tumor-bearing nude mice that were
orally administered with ZGC@PEG@PAA or ZGE@PEG@PAA-
RGD nanoparticles were continuously collected using a metabolic
cage. The feces were dispersed in Milli Q water by ultrasonic
processing, and then separated at 6000 rpm for 10 min. The
supernatant was dialyzed against Milli Q water with a universal
dialysis tube [molecular weight cut-off (MWCO) of 8–14 kDa] for
48 h to remove impurities. The dialysis solution was lyophilized
for further use.
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