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ABSTRACT

Optical bioimaging is an indispensable tool in modern biology and medicine, but the technique
is susceptible to autofluorescence interference. Persistent nanophosphors provide an easy-to-
perform and highly efficient mean to eliminate tissue autofluorescence. However, direct
synthesis of persistent nanophosphors with tunable properties to meet different bioimaging
requirements remains largely unexplored. In this work, zinc gallogermanate (Zn;:xGa,.
2xGex04:Cr, 0<x<0.5, ZGGO:Cr) persistent luminescence nanoparticles with composition-
dependent size and persistent luminescence are reported. The size of the ZGGO:Cr nanoparticles
gradually increases with the raise of x in the chemical formula. Moreover, the intensity and
decay time of persistent luminescence in ZGGO:Cr nanoparticles can also be fine-tuned by
simply changing x in the formula. /n vivo bioimaging tests demonstrate that ZGGO:Cr
nanoparticles can efficiently eliminate tissue autofluorescence, and the nanoparticles also show
good promise in long-term bioimaging since they can be easily reactivated in vivo. Furthermore,
an aptamer-guided ZGGO:Cr bioprobe is constructed and it displays excellent tumor-specific
accumulation. The ZGGO:Cr nanoparticles are ideal for autofluorescence-free targeted
bioimaging, indicating their great potential in monitoring cellular networks and construction of

guiding systems for surgery.

KEYWORDS: persistent luminescence, bioimaging, autofluorescence, aptamer, near-infrared

light, nanoparticle
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Optical bioimaging has revolutionized modern biology and medicine by providing optical,
thus spatially and temporally precise, ways to decode molecular and cellular behaviors in their
native contexts.'” Optical bioimaging provides benefits such as high sensitivity, non-
invasiveness and easy operation on readily available instruments.*” Despite the many merits, this
technique still faces challenges, most notably tissue autofluorescence interference.’ To
overcome this obstacle, several kinds of fluorescent materials were employed,'® such as near-

"3 and long-lifetime phosphors.'* Studies on clinical

infrared (NIR)-activatable phosphors
samples reported that some chromophores in tissue,"” such as cutaneous melanin,'® showed
autofluorescence even under NIR light excitation, which inevitably compromises the
effectiveness of NIR-activatable phosphors in avoiding autofluorescence. On the other hand, the
application of long lifetime phosphors is usually hindered by the need for complicated and
expensive time-resolved instruments.'” Therefore, developing phosphors that can efficiently
eliminate autofluorescence in an easily performed manner is still in urgent need.

Persistent luminescence refers to the phenomenon whereby luminescence remains after the
cessation of excitation.'™'? As the lifetimes of biological chromophores are in the range of
nanoseconds, tissue autofluorescence can be easily avoided by collecting the persistent

luminescence signal after the short-lived autofluorescence has decayed completely.*®°

In past
years, superior sensitivity and signal-to-noise ratio have been obtained in bioimaging with
persistent luminescence nanoparticles (PLNPs) due to the efficient elimination of
autofluorescence interference.”’> Besides, PLNPs, especially visible-light-activatable PLNPs,
are ideal candidates for long-term bioimaging, since they can be directly recharged in vivo.**>°

Although PLNPs provide many advantages, considerable challenges still have to be overcome in

their biomedical applications.”® Usually, PLNPs are prepared by top-down methods like
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grinding, which produce water-insoluble particles with uncontrollable size and shape.”’
Controlled synthesis of PLNPs remains largely unexplored at present,’”® and the lack of PLNPs
with controllable properties (size, luminescence, surface functionalization, etc.) inevitably sets
significant limitations on the biomedical applications of PLNPs. Consequently, developing
PLNPs with tunable properties to meet different biomedical requirements is highly desired.
Herein, we report the direct synthesis of zinc gallogermanate PLNPs (Zn;yGa;.2xGexO4:Cr, 0

<x<0.5, ZGGO:Cr) with composition-dependent size and persistent luminescence. The size

and persistent luminescence of the ZGGO:Cr nanoparticles can be fine-tuned by simply changing
x in the chemical formula. The ZGGO:Cr nanoparticles can efficiently avoid tissue
autofluorescence since they can remain luminescent after excitation ceases, and the nanoparticles
also display special advantages in long-term bioimaging due to their long persistent
luminescence. An aptamer-guided ZGGO:Cr bioprobe was further constructed and it showed
significantly improved tumor accumulation and retention. The developed ZGGO:Cr
nanoparticles provides ideal candidates for autofluorescence-free bioimaging and can be further
applied to potential areas such as real-time monitoring of biological processes and constructing

guiding systems for surgery.
RESULTS AND DISCUSSION

All of the Zn;GayxGexO4:Cr (0<x<0.5) nanoparticles were prepared by a hydrothermal
method. The size and crystal structure of the nanoparticles were studied using transmission
electron microscopy (TEM) and X-ray powder diffraction (XRD) measurements. As shown in
Figure la and Figure S1, all of the ZGGO:Cr nanoparticles are well-dispersed with uniform
shape and size. The size of the ZGGO:Cr nanoparticles gradually increases as the value of x in

the chemical formula increases. Energy-dispersive X-ray analysis shows the presence of Zn, Ga,
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Figure 1. TEM images (a), HRTEM images (b) and (c) corresponding size distributions of the

Zn1+xGay 2xGexO4:Cr nanoparticles with x from 0 to 0.5.

Ge, O and Cr in the ZGGO:Cr nanoparticles (Figure S2). XRD measurements (Figure S3) further
indicated that all of the ZGGO:Cr nanoparticles are highly crystalline with typical cubic spinel
structure (JCPDS file number 38-1240), indicating the formation of a homogeneous Zn,;yGa,.
2xGex04:Cr solid state solution. High-resolution TEM (HRTEM) images of the ZGGO:Cr
nanoparticles (Figure 1b) with different chemical composition display lattices corresponding to
the (311) spacing of the cubic spinel. The size distributions of the ZGGO:Cr nanoparticles were
further determined and are shown in Figure lc and Figure S4. It is clear that the size of the
ZGGO:Cr nanoparticles increases from about 7 nm to around 80 nm with increasing x in the
formula from 0 to 0.5. Further increasing x to 0.6 leads to the formation of a ZnGa,04 and
Zn,GeO4 mixture (Figure S5, S6). The above results clearly show that the sizes of the Zn;,Ga,.
2xGex04:Cr nanoparticles can be fine controlled by simply tuning the chemical composition.
Efficient visible light activation of persistent phosphors is crucial for long-term bioimaging to

ensure in vivo recovery of persistent luminescence to increase imaging sensitivity and signal-to-
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noise ratio.”* The visible light-activated persistent luminescence in Zn;GayxGexO4:Cr
(0<x<0.5) nanoparticles was further investigated. The excitation spectrum of the ZGGO:Cr
nanoparticles shows the typical excitation bands of Cr’" in the visible region (Figure S7).>* The
steady-state emission spectrum of ZGGO:Cr nanoparticles under visible light excitation (550
nm) is shown in Figure 2a. For all of the ZGGO:Cr nanoparticles, the spectrum is composed of
zero photon lines (R and N2) and Stokes phonon side bands (S-PSB).” The R and S-PSB bands
are ascribed to Cr’" ions with an ideal octahedral environment (Crg), while the N2 line is indexed
to Cr’* ions in an octahedral environment distorted by neighboring charge defects (Cry,),* as
labeled in Figure 2a. The intensity of the R and S-PSB bands gradually decreases and the N2 line
dominates the spectrum with increasing x, suggesting an increase of Crnp in the ZGGO:Cr
nanoparticles. Previous studies have demonstrated that Crn, is the dominant contributor to

3940 thus the increased Crnp ratio indicates a

persistent luminescence in Cr’* doped zinc gallate,
significant change of persistent luminescence in ZGGO:Cr nanoparticles. The persistent
luminescence decay in Zn;xGay.2xGexO4:Cr (0<x<0.5) nanoparticles was further measured with
pre-excitation by a commercial orange LED (1000 lumen), as shown in Figure 2b. All of the
ZGGO:Cr nanoparticles are efficiently activated and strong persistent luminescence is clearly
observed after removal of the LED. The persistent luminescence intensity and decay time first
increase and then decrease with increasing x from 0 to 0.5. It is noteworthy that the ZGGO:Cr
nanoparticles with x = 0.2 display strong persistent luminescence even after 10 h of decay,
suggesting their good promise in long-term bioimaging. Additionally, the decay and reactivation
circulation of the ZGGO:Cr (x = 0.2) nanoparticles was measured (Figure S8). During the ten

cycles, no obvious changes of the persistent luminescence decay in ZGGO:Cr (x = 0.2)

nanoparticles are observed, suggesting that the ZGGO:Cr nanoparticles possess good
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photostability. The above results thus clearly demonstrated that Zn;;Ga; xGexO4:Cr PLNPs
with composition-dependent size and persistent luminescence have been successfully developed

and can be further utilized to meet different requirements in biomedical applications.
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Figure 2. Photoluminescence spectrum (a) and persistent luminescence decay images (b) of the

Zn1+xGay.2xGexOq4:Cr nanoparticles with x from 0 to 0.5.

The capability of the developed ZGGO:Cr nanoparticles to eliminate tissue autofluorescence
was further investigated. Tissue autofluorescence decays rapidly after excitation cease due to its
short lifetime, while ZGGO:Cr nanoparticles can remain luminescent after the stoppage of
excitation (Figure S9). Thus autofluorescence interference can be avoided by collecting the
persistent luminescence signal of ZGGO:Cr nanoparticle after autofluorescence decays
completely. As illustrated in Figure 3a, ZGGO:Cr nanoparticles were injected into mice and the
nanoparticles were directly activated in vivo. The mouse displays strong autofluorescence under
excitation, which seriously decreases the imaging sensitivity and signal-to-noise ratio. However,
after the removal of the excitation source, the tissue autofluorescence disappeared rapidly but the
persistent luminescence signal remained, leading to efficient elimination of autofluorescence

interference. In this study, trace amounts of ZGGO:Cr (x 0.2) nanoparticles were

subcutaneously injected into mice and were further activated in vivo with an orange LED. The
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luminescence signal of the injected nanoparticles was captured with an IVIS Lumina XR
Imaging System after the removal of LED excitation. In addition, a cyanine-derivative dye (Agm
= 670 nm, Figure S10a) and Ag,Se (Agm = 740 nm, Figure S10b) were also subcutaneously
injected into mice for comparison. As shown in Figure 3b (left panel), the emission signal from
the injected ZGGO:Cr nanoparticles is clearly visualized without any autofluorescence
interference. As for cyanine-derivative dye (middle panel) and Ag,Se (right panel) injected mice,
strong autofluorescence is observed and the emission signal of the injected cyanine-derivative
dye or Ag,Se can hardly be distinguished. These images clearly show the potent ability of

ZGGO:Cr nanoparticles in eliminating autofluorescence interference.
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Figure 3. (a) Elimination of autofluorescence interference with ZGGO:Cr nanoparticles. (b) In

vivo mice imaging with ZGGO:Cr (x = 0.2) nanoparticles, cyanine-derivative dye and Ag,Se.
The injected dosage of ZGGO:Cr (x = 0.2), cyanine-derivative dye and Ag,Se is kept as 1 pg.
Since the ZGGO:Cr nanoparticles can be efficiently activated by an orange LED, the
persistent luminescence of injected nanoparticles can be easily recovered whenever needed. The
in vivo reactivation and long-term bioimging potential of the ZGGO:Cr nanoparticles were
further tested. The ZGGO:Cr (x = 0.2) nanoparticles were subcutaneously injected into mice and

were further activated in vivo with an LED. As shown in Figure 4a, the emission signal from the
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valuable in long-term bioimaging.
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injected ZGGO:Cr nanoparticles is clearly observed and luminescence remains even after 1 h of
decay. The injected nanoparticles were further reactivated in vivo with the LED and decay
images are shown in Figure 4b. Bright luminescence from the ZGGO:Cr nanoparticles is
observed, suggesting that the nanoparticles can be efficiently reactivated in vivo. The
luminescence signal also remains after 1 h of decay. The third in vivo reactivation gives similar
decay images (Figure 4c). Moreover, compared to the former two groups, no obvious decrease of
luminescence intensity is observed at the same time point, suggesting the good photostability of
the ZGGO:Cr nanoparticles. The above in vivo reactivation tests clearly demonstrated that
persistent luminescence of the ZGGO:Cr nanoparticles can remain for more than 1 h and can

further be efficiently recovered with an orange LED, making the ZGGO:Cr nanoparticles
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Figure 4. (a) In vivo imaging of normal mice after subcutaneous injection of ZGGO:Cr (x = 0.2)

nanoparticles. Decay images after the second (b) and third (c) in vivo activation.
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The ZGGO:Cr nanoparticles were directly synthesized by a hydrothermal method, which

ensures good dispersability and abundant surface functional groups for bioconjugation. As

illustrated in Figure 5a, the ZGGO:Cr were further functionalized with DNA aptamer

(ZGGO:Cr-Apt) for targeted bioimaging. The 4T1 murine breast cancer cells and a G-rich DNA
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Figure 5. (a) Construction of ZGGO:Cr-Apt probe for recognition of target cancer cells.
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Confocal microscopy images of 4T1 cells treated with ZGGO:Cr-Apt (b) and ZGGO:Cr-rDNA

(c). The emission signal is from the nanoparticles upon excitation with a 405 nm laser. Flow

cytometry histograms to monitor the binding of ZGGO:Cr-Apt (d) and ZGGO:Cr-rDNA (e) with

4T1 cells. The emission signal is from the FITC labeled on aptamer and random DNA molecules.
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aptamer targeting 4T1 cells were employed as the model.* For comparison, a random DNA
(rDNA) molecule was also grafted to the surface of ZGGO:Cr nanoparticles (ZGGO:Cr-rDNA)
for bioimaging tests. Zeta potential measurements suggest that DNA aptamer is successfully
conjugated to the surface of ZGGO:Cr nanoparticles (Figure S11), and the hydrodynamic
diameter of the ZGGO:Cr nanoparticles is about 50 nm (Figure S12). Cell cytotoxicity assay
further shows that the ZGGO:Cr-Apt nanoparticles possess good biocompatibility (Figure S13).
The binding of the ZGGO:Cr-Apt probe and ZGGO:Cr-rDNA to target cancer cells was
investigated with confocal microscopy and flow cytometry. As shown in Figure 5b and Figure
S14, strong emission signal was detected in 4T1 cells after incubation with the ZGGO:Cr-Apt
probe. Overlays of dark-field and bright field images demonstrate that the signal was primarily
within the cytoplasm, indicating the aptamer-mediated internalization of the probe into 4T1 cells.
In contrast, no obvious emission signal was observed in 4T1 cells treated with the ZGGO:Cr-
rDNA, suggesting that ZGGO:Cr-rDNA displays little binding affinity to 4T1 cells. Flow
cytometry results are presented in Figure 5d and Se. A large fluorescence peak shift is observed
for 4T1 cells incubated with the ZGGO:Cr-Apt probe, clearly indicating the strong binding
affinity of the probe to target cells (Figure 5d). However, both rDNA and ZGGO:Cr-rDNA
exhibit weak affinity to 4T1 cells, as evidenced by the small fluorescence peak shifts (Figure Se).
These results thus clearly demonstrate the aptamer-guided binding of the ZGGO:Cr-Apt probe to
target cells.

The ZGGO:Cr-rDNA and ZGGO:Cr-Apt were further injected into 4T1 tumor-bearing mice
through tail vein to investigate tumor-specific accumulation capability. For mice injected with

ZGGO:Cr-rDNA (Figure 6a), the luminescence signal was observed at the tumor site within 10
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Figure 6. In vivo and ex vivo luminescent images of 4T1 tumor-bearing mice after intravenous
injection of ZGGO:Cr-rDNA (a) and ZGGO:Cr-Apt (b) nanoparticles.

min, due to the enhanced permeability and retention effect in tumor vasculature. The
luminescence signal at the tumor site almost disappears at 3 h. In contrast, ZGGO:Cr-Apt probe
displays significantly improved tumor-targeting capability. As shown in Figure 6b, a noticeable
emission signal was observed in tumor sites within 10 min. The signal intensity reached a
maximum at 1 h and then decreased gradually. It is noteworthy that the emission signal from the
tumor site is still clearly visualized at 5 h. Mice injected with the ZGGO:Cr-Apt probe were
sacrificed after 1 h of postinjection, and the ex vivo images of the various organs and tumor are
presented. Strong emission appears in the tumor tissue, suggesting the efficient accumulation of
the probe in tumor tissue. The relative distribution of the ZGGO:Cr-rDNA and ZGGO:Cr-Apt

nanoparticles in the isolated tumor and organs (Figure S15) further indicates the efficient
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accumulation of ZGGO:Cr-Apt nanoparticles in tumor. The above results clearly demonstrated
that the bioimaging probe possesses better tumor accumulation capability and longer tumor
retention than ZGGO:Cr-rDNA, and this can be ascribed to the strong binding affinity of DNA
aptamer to their target cells.*** Additionally, the biocompatibility of the ZGGO:Cr-Apt was
systematically investigated. The body weights of healthy Kunming mice injected with
ZGGO:Cr-Apt nanoparticles show no obvious difference to that of mice injected with PBS buffer
(Figure S16). Most of the injected ZGGO:Cr-Apt nanoparticles can be cleared from mice after
24 h of postinjection (Figure S17), and almost complete amount of ZGGO:Cr-Apt nanoparticles
were cleared from mice after 3 weeks of postinjection (Figure S18). Blood biochemistry and
hematology examinations (Figure S19) show that the liver function indexes, kidney function
indicators, and blood indexes of mice injected with the ZGGO:Cr-Apt have no significant
differences compared with the control group. The lethal dose 50 (LDsp) examinations suggest
that the LDsy value of the ZGGO:Cr-Apt nanoparticles is higher than 2000 mg/kg (Table S1).
These results clearly show that the ZGGO:Cr-Apt nanoparticles possess good biocompatibility.
As a result, the ZGGO:Cr-rDNA probe holds good promise in areas such as cancer diagnosis and

deciphering specific cellular networks.

CONCLUSIONS

In this work, we have presented the composition-dependent properties of ZGGO:Cr
nanoparticles and their excellent performance in bioimaging. The ZGO:Cr nanoparticles were
directly synthesized via a hydrothermal method. The size of the ZGGO:Cr nanoparticles can be
fine-tuned from sub 10 nm to about 80 nm. In addition, the persistent luminescence intensity and
decay time can also be fine-tuned by simply changing the chemical composition of the

nanoparticles. /n vivo mice imaging tests demonstrated that ZGGO:Cr nanoparticles can
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efficiently eliminate tissue autofluorescence interference and are ideal for long-term bioimaging.
Furthermore, aptamer-guided ZGGO:Cr nanoparticles showed significantly improved tumor
specific accumulation ability and long tumor retention, making them valuable in cancer
diagnosis. To conclude, the developed ZGGO:Cr nanoparticles are ideal for autofluorescence-
free targeted bioimaging over a long period, and they can further contribute to areas such as the

study of complex molecular networks and construction of guiding systems for surgery.
EXPERIMENTAL SECTION

Preparation of Zn;+,Ga;.,,Ge;04:Cr (0<x<0.5) nanoparticles. The synthesis of ZGGO:Cr
nanoparticles with composition of x = 0.1 is used as an example. Typically, 1.1 mmol Zn(NOs3);,
1.8 mmol Ga(NOs;);, 0.1 mmol Na,GeOs, 0.0075 mmol Cr(NOs); were dissolved in 11 mL
deionized water. Then, ammonium hydroxide (28%, wt) was quickly added to the above solution
to adjust the pH value to around 8.5 with vigorous stirring. Then the mixture was left stirring for
1 h at room temperature. After that, the solution was transferred to a Teflon-lined autoclave and
reacted at 220 'C for 6 h. The as-prepared ZGGO:Cr nanoparticles were collected by
centrifugation and washed 3 times with deionized water. The remaining ZGGO:Cr nanoparticles
were synthesized with corresponding amounts of Zn(NOs),, Ga(NOs);, and Na,GeO; precursors

according to the above procedure.

Measuring the persistent luminescence in ZGGO:Cr nanoparticles. The ZGGO:Cr
nanoparticles with different compositions were placed in a 24-well-plate. Then the nanoparticles
were illuminated with a commercial orange LED (1000 lumen) for 5 min and put into an IVIS

Lumina XR Imaging System to record the decay images. The exposure time was set at 5 s.

Autofluorescence-free bioimaging study. Healthy Kunming mice were purchased from

Hubei Provincial Academy of Preventive Medicine (Wuhan, China). The ZGGO:Cr
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nanoparticles (x = 0.2), cyanine-derivative dye and Ag,Se (1 pg in 30 pL) were subcutaneously
injected into mice, respectively. The ZGGO:Cr injected mice were illuminated with the LED for
2 min before capturing the luminescence images with an IVIS Lumina XR Imaging System in
the bioluminescence mode. The fluorescence images of the cyanine-derivative dye and Ag,Se
injected mice were obtained with the IVIS Lumina XR Imaging System in the fluorescence

mode.

Long-term bioimaging study. In a typical experiment, ZGGO:Cr nanoparticles (x = 0.2, 40
uL, 3 mg mL™") were subcutaneously injected into healthy Kunming mice at the left leg. Then
the LED was applied to activate the injected nanoparticles for 2 min and the mice were
immediately placed in the imaging system to record the decay images. After 1 h of decay, the
mice were again illuminated with the orange LED for 2 min, and the persistent luminescence

images within 1 h were recorded. The exposure time was set at 5 s.

Preparation of ZGGO:Cr-Apt and ZGGO:Cr-rDNA. Amino groups were first conjugated
to the surface of ZGGO:Cr nanoparticles (ZGGO:Cr-NH;) by the hydrolysis of APTES
according to the protocol reported in previous studies.”’”'** Briefly, 50 mg of ZGGO:Cr
nanoparticles (x = 0.2) was dispersed in 20 mL of dimethylformamide (DMF) by sonication.
Then 200 pL of APTES was added dropwise to the nanoparticle solution under vigorous stirring.
The reaction mixture was kept at 80 'C for 12 h with vigorous stirring. The obtained ZGGO:Cr-
NH; nanoparticles were washed with DMF three times and further dispersed in 25 mL deionized
water. The ZGGO:Cr-Apt nanoparticles were further prepared according to a previously reported
method.**** Typically, ZGGO:Cr-NH, nanoparticles (I mg) were dispersed in 1 mL HEPES
buffer (10 mM, pH = 7.2) by sonication. Then 0.2 mg Sulfo-SMCC was added to the

nanoparticle dispersion. The resultant mixture was kept at 25 "C for 0.5 h with shaking. Then, the
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maleimide-activated nanoparticles were recovered by centrifugation and re-dispersed in 1 mL
Tris-HCI buffer containing 2 nmol DNA aptamer. The solution was allowed to react at 25 'C for
12 h. Afterwards, the as-prepared ZGGO:Cr-Apt nanoparticles were collected by centrifugation
and the free aptamer was removed by washing three times with Tris-HCI buffer. The ZGGO:Cr-

rDNA were prepared by the same procedure.

Cell cytotoxicity assay. The 4T1 cells (1 x10° well™" in 180 pL of cell culture medium) were
seeded into a 96-well cell-culture plate. Then ZGGO:Cr-Apt in PBS buffer (20 puL) with desired
concentrations was added to the test well. The resultant cell mixture was incubated normally for

48 h and a standard MTT assay was further applied to measure the viability of cells.

Targeted cell imaging. The ZGGO:Cr-Apt and ZGGO:Cr-rDNA (100 uL, 1 mg mL™") were
co-incubated with 4T1 cells (0.5 mL, 1x10° mL™") at 37 "C in binding buffer for 2 h. Then the
cells were centrifuged and washed three times with washing buffer to remove the free ZGGO:Cr-
Apt or ZGGO:Cr-rDNA nanoparticles. The resultant cells were dispersed in 500 pL binding
buffer and subjected to confocal fluorescence microscopy analysis.

Flow cytometric analysis. Typically, FITC labeled DNA aptamer (20 uL, 10 uM), ZGGO:Cr-
Apt probe (200 pL, 1 mg mL™), FITC labeled rDNA and ZGGO:Cr-rDNA nanoparticles were
co-incubated with 4T1 cells (0.5 mL, 1 x10° mL™") at 4 'C in binding buffer for 1 h. The cells
were centrifuged and washed three times with washing buffer. The resultant cells were re-
dispersed in 500 pL of binding buffer and further subjected to flow cytometry analysis by
counting 10000 events.

In vivo cytotoxicity study. Healthy Kunming mice (~25 g) were intravenously injected with
ZGGO:Cr-Apt dispersion at the desired dose (0 mg kg™, 10 mg kg™', 25 mg kg™, 50 mg kg™).

The body weights of the mice were recorded within the following 1 month as an indicator for
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studying toxic effects of the ZGGO:Cr-Apt probe.

Biodistribution study. The ZGGO:Cr-Apt (150 pL, 2 mg mL™") was injected through the tail
vein into healthy Kunming mice. The luminescence images of the mice were recorded with the
imaging system within 12 h. Mice were sacrificed 24 h post-injection, and ex vivo luminescence
images of the various organs were recorded. The mice and isolated organs were illuminated with
the orange LED for 2 min before capturing the luminescence images. The exposure time was set
to 60 s.

Blood biochemistry and hematology examinations. Healthy Kunming mice were injected
with the ZGGO:Cr-Apt nanoparticles at different doses (0, 10, 25, 50 mg/kg) through the tail
vein (n =4 in each group). The blood of mice were collected after 3 weeks of postinjection. The
blood biochemistry and hematology examinations were conducted on an automatic biochemical
analyzer and an automatic blood cell analyzer, respectively.

Lethal dose 50 (LDsp) study. Healthy Kunming mice were intravenously injected with
ZGGO:Cr-Apt saline solution at different doses (0, 50, 250, 500, 1000, 2000 mg/kg, n = 8 in
each group). The mice were observed for 2 weeks after the injection. The number of dead mice
in each group were recorded.

In vivo targeted tumor imaging. Briefly, ZGGO:Cr-rDNA and ZGGO:Cr-Apt (150 pL, 2 mg
mL™") were injected through the tail vein into 4Tl-tumor bearing mice. The luminescence
images of the mice were recorded with the imaging system. Mice injected with ZGGO:Cr-Apt
were sacrificed 1 h postinjection, and ex vivo luminescence images of the isolated organs and
tumor tissue were captured. The parameters for in vivo mice imaging and ex vivo organ imaging
were similar to those in the biodistribution study.
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Supporting Information.

TEM images, EDX measurements, XRD measurements, excitation spectrum of the ZGGO:Cr
nanoparticles, and bioimaging images are provided. This material is available free of charge via
the Internet at http://pubs.acs.org. This material is available free of charge via the Internet at
http://pubs.acs.org.
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