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P H Y S I O L O G Y

Biomimetic multifunctional persistent luminescence 
nanoprobes for long-term near-infrared imaging 
and therapy of cerebral and cerebellar gliomas
Jianglong Kong1, Rui Zou1, Ga-Lai Law2*, Yi Wang1*

Glioma is the most common malignant primary brain tumor, and the accurate diagnosis of glioma has always 
been a challenge. Moreover, cerebellar glioma, which is difficult to be detected by magnetic resonance imaging, 
is not usually diagnosed until after the appearance of clinical symptoms. In this study, TRZD, a near-infrared (NIR) 
persistent luminescence (PL) nanoparticle with a dual function of imaging and therapy, was synthesized based on 
ZnGa2O4:Cr3+,Sn4+. TRZD showed excellent rechargeable NIR PL for more than 30 hours in vivo with good tissue 
penetration for long-term autofluorescence-free imaging. The tumor growth of both the subcutaneous and 
orthotropic glioma models was significantly inhibited by TRZD. This is the first-time approach using NIR PL 
nanoprobes for both diagnosis and therapy of glioma. This is also the first-time report of nanotechnology-based 
diagnosis and therapy of cerebellar gliomas. This study offers a highly promising multifunctional nanoparticle for 
theranostics of a wide range of brain diseases.

INTRODUCTION
Glioma is one of the most common primary intracranial tumors in 
the central nervous system (CNS) (1). It has the characteristics of 
poor prognosis, strong invasion, high recurrence rate, and low sur-
vival rate (2, 3). Moreover, cerebellar glioma, which accounts for 
the highest proportion of CNS tumors in children (4), is even worse 
since it is difficult to detect by magnetic resonance imaging and is 
not usually diagnosed until after the appearance of clinical symptoms 
(5). Tumors in other parts of the brain, such as brain stem gliomas, 
cerebellopontine angle tumors, fourth ventricle tumors, and pineal 
area tumors, tend to metastasize to the cerebellum from the sur-
rounding areas. At present, there are many reports on the diagnosis 
of cerebral gliomas, but there are few literatures on the diagnosis of 
cerebellar gliomas. Optical imaging has attracted significant atten-
tion for diagnosis because of its high sensitivity, relatively low cost 
of the equipment, and suitability for image-guided surgery. However, 
its applications were limited by its low spatial resolution and short 
penetration depth (6, 7). Nanoparticle (NP)–assisted optical imaging 
system, such as fluorescent silicon NPs (8) and quantum dots (QDs) 
(9), have shown improvements. However, the fluorescent nanoprobes 
need to be excited in real time and are easily interfered by auto-
fluorescence, which limited their applications in clinical trials.

Recently, a previously unknown optical contrast agent, the near-
infrared (NIR) persistent luminescence (PL) NP (NIR-PLNP), was 
reported by de Chermont et al. (10). This kind of NPs emits NIR PL 
within the tissue transparency window of 650 to 1350 nm with no 
background autofluorescence for hours after the termination of excitation 
(11, 12). Compared with QD and traditional organic dyes, NIR PL 
has the advantages including the emission of long-term luminescence, 
multiple excitation bands, and rechargeability. NIR PL has a special 
nonlinear radiation process that involves the absorption and retention 

of photons for hours. For biological application, NIR PL has poten-
tial to work as previously unknown optical contrast agents for in vivo 
bioimaging. NIR PL has a high signal-to-noise ratio for bioimag-
ing because most proteins or organelles emit a luminescence signal 
within the visible or ultraviolet (UV) window (13–17). Moreover, 
PL can be renewed; thus, long-term imaging can be performed 
without the limit of the lifetime of luminescence (18). However, al-
though PLNPs provide many advantages, there are still considerable 
challenges to be overcome before they can be tested in clinical trials.

In the design of drug carriers, consideration of important factors 
such as biocompatibility, immune-invasive capacity, and protection 
of the cargoes for long circulation lifetime is necessary due to the 
different kinds of cell membranes involved for the treatment of 
different diseases, such as thrombosis (19, 20), ischemic stroke 
(21, 22), and tumor (23, 24). Surface modification of cell mem-
branes with targeting ligands that specifically bind to tumor cells is 
likely to further improve the drug delivery efficiency for cancer 
treatments.

The blood-brain tumor barrier (BBTB), which is between the 
CNS and peripheral blood circulation, is another challenge in the 
diagnosis and therapy of glioma (25). More than 98% of small-
molecule drugs and contrast agents cannot transfer across the BBTB 
(26, 27). To overcome the BBTB, many drug delivery methods have 
been developed: (i) The damages caused by the osmotic shocks (28), 
ultrasonic waves (29), or magnetic fields (30) can temporarily 
disable the BBTB and allow drugs to transfer from the circulatory 
system to the CNS. (ii) Cell-penetrating peptides, which conjugate 
to therapeutic agents and biopolymer drug carriers, are capable of 
rapidly crossing through the cell membranes of the BBTB (31, 32). 
(iii) Receptor-mediated BBTB penetration, the most widely used 
methods, takes advantage of transferrin receptors (TfRs) (33), lacto-
ferrin receptors (34), folate receptors (35), lipoprotein receptor–
related protein (36), and glucose receptors (37).

In this study, a previously unknown NIR-PLNP with the dual function 
of imaging and therapy was synthesized based on doxorubicin (DOX)– 
and ZnGa2O4:Cr3+,Sn4+ (ZGOCS)–loaded mesoporous silica NPs 
[DOX-ZGOCS@MSN (ZD)]. The red blood cell membrane (RBM) 
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was coated on ZD to increase stability and slow down reticulo-
endothelial system (RES) uptake, and the T7 peptide for both BBTB 
penetration and glioma targeting was further conjugated on the 
surface to form DOX-ZGOCS@MSN@RBM-T7 (TRZD). Such a 
long lifetime rechargeable nanoprobe could bring high imaging 
sensitivity and enhanced antitumor efficacy to both the cerebral and 
cerebellar gliomas. To the best of our knowledge, no such drug 
delivery approach using the NIR PL nanoprobes for the theranostics 
of glioma has been reported so far.

RESULTS AND DISCUSSION
Synthesis and physicochemical characterizations of ZGOCS@
MSNs, ZGOCS@MSN@RBM, and ZGOCS@MSN@RBM-T7
ZGOCS@MSN@RBM (RZ) was formed by the coating of RBM on 
ZGOCS@MSNs (ZM), while ZGOCS@MSN@RBM-T7 (TRZ) was 
synthesized through the surface conjugation of T7 on RZ (Fig. 1). 
The morphology and size distribution of ZM and RZ were charac-
terized using transmission electron microscopy (TEM) (Fig. 2, A and B). 
Figure  2A shows that the prepared ZMs were uniform, mono-
disperse, and spherical NPs. The mesoporous structure and ZGOCS 
NPs can be clearly observed. These dark spots well distributed in the 
nanopores of MSNs. Well-dispersed spherical particles with uniform 
particle sizes were also observed in TEM images of RZ. The size of 
ZM was 97.25 ± 1.37 nm, while the size of RZ was 115.07 ± 2.75 nm. 

The cell membrane coating, with an average thickness of 8.91 nm, 
was successfully formed on the surface of ZM to establish a core-shell 
structure. To investigate the crystal structure of ZM, x-ray diffrac-
tion (XRD) was conducted (Fig. 2C). Compared with the spectrum 
of ZnGa2O4 [Joint Committee on Powder Diffraction Standards (JCPDS) 
no. 38-1240], all the characteristic XRD peaks of ZM matched quite 
well, which indicated that the pure cubic phase ZnGa2O4 was obtained. 
The broad diffraction peak at about 20° was the characteristic signal 
from the amorphous MSN.

To study the elemental composition of ZM, scanning electron mi-
croscopy (SEM) images, elemental mapping images, the spectrum of 
the energy-dispersive x-ray spectroscopy, and the amounts of repre-
sentative elements were obtained and calculated, and the results were 
shown in Fig. 2D and fig. S1. O and Si, which belonged to MSN, and 
Ga, Zn, Sn, and Cr, which belonged to ZGOCS, were detected, and the 
amounts were confirmed. PL of ZM was optimized by co-doping Cr3+ 
and Sn4+, since it was reported that the Cr3+/Sn4+ co-doped ZnGa2O4 
gave more intense PL than the single Cr3+-doped ZnGa2O4 (38, 39). 
Sn4+ played an important role in increasing the amount of antisite 
defects, which were responsible for PL of Cr3+ in the ZnGa2O4 host. 
These results confirmed that ZM had been successfully produced.

To evaluate the respective stability of ZM, RZ, and TRZ, particle 
size and size distribution, polydispersity index (PDI), and surface 
charge of the particles were analyzed using dynamic light scattering. 
The mean hydrodynamics of ZM, RZ, and TRZ were 181.37 ± 4.01 nm, 

Fig. 1. Scheme of the formation of TRZD and the proposed mechanism of action for the diagnosis and treatment of cerebral and cerebellar gliomas. (A) Design 
of TRZD. ZGOCS was loaded in mesoporous silica NPs (MSNs) to form ZM (ZGOCS@MSN). DOX was loaded in ZM to form ZD. RBM was extracted from red blood cell (RBC) 
and coated on ZD to form RZD (DOX-ZGOCS@MSN@RBM). T7 peptide, for both BBTB penetration and glioma targeting, was conjugated on RZD to form TRZD 
(DOX-ZGOCS@MSN@RBM-T7). The suspension of TRZD was excited by 254-nm UV light for 5 min and then injected through the tail vein into the mice. (B) Blood-brain 
barrier (BBB) penetration and glioma targeting of TRZD. In the brain, TRZD penetrates through the BBB via receptor-mediated transcytosis, because T7 exhibits high 
binding affinity to the TfR, which is overexpressed on BBB. TRZD will also target at glioma cells since TfR is also overexpressed on tumor cells, including glioma cells. After 
the receptor-mediated endocytosis to glioma cells, DOX will perform a controlled release from TRZD for the chemotherapy of glioma. (C) NIR imaging of cerebral and 
cerebellar gliomas. TRZD, which contains ZGOCS, will show excellent rechargeable NIR PL for more than 30 hours in vivo with good tissue penetration, which enables 
long-term autofluorescence-free imaging of orthotopic glioma at both cerebrum and cerebellum.
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220.93 ± 0.51 nm, and 205.83 ± 1.50 nm, respectively (Fig. 2E and 
table S1). With the coating of the cell membrane and the conjuga-
tion of the T7 peptides, the size of TRZ was about 25 nm larger than 
that of ZM. The PDI values of ZM, RZ, and TRZ were 0.17 ± 0.03, 
0.11 ± 0.09, and 0.17 ± 0.11, respectively (table S1). The zeta potentials 
of ZM, RZ, and TRZ were  −14.8  ±  1.3 mV, −20.23  ±  1.46 mV, 
and −28.67 ± 0.97 mV, respectively (Fig. 2F), which indicated that both 
RZ and TRZ had good stability in the dispersion. The protein com-
position of the RBM coating on RZ and TRZ was examined using SDS–
polyacrylamide gel electrophoresis (PAGE) with Coomassie staining. 
As shown in Fig. 2G, there was no change in the protein composition of 
RBM after coating on RZ and TRZ compared to that of RBM itself.

The conjugation between T7 and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide(polyethylene glycol)] 
(DSPE-PEG-MAL) was studied using Fourier transform infrared (FTIR) 

and 1H nuclear magnetic resonance (NMR). Figure 2H shows the finger-
prints of DSPE-PEG-MAL in the spectrum at 3466.96 and 1657.54 cm−1, 
which were attributed to the weak stretching vibration of N─H 
and C═O, respectively. These two stretching bands are characteristic 
absorptions of amide II in the structure of DSPE-PEG-MAL. In the 
spectrum of DSPE-PEG-MAL-T7, the intensity of the two peaks 
at 3466.96 and 1657.54 cm−1 increased significantly compared with 
those in the spectrum of DSPE-PEG-MAL, which could be attributed 
to the sum of the seven amide II in the T7 structure. The 1H NMR spectra of 
DSPE-PEG-MAL, T7, and DSPE-PEG-MAL-T7 were shown in Fig. 2I.  
The peak at 6.73 parts per million (ppm) indicated MAL. After the 
conjugation of T7 and DSPE-PEG-MAL to form DSPE-PEG-MAL-T7, 
the peak at 6.73 ppm disappeared. All of these results confirmed the 
successful conjugation of DSPE-PEG-MAL and T7. The preparations 
with different ratios of ZM and the tetramethylrhodamine (TMR)–
labeled DSPE-PEG-MAL-T7 showed different conjugation rates 
between T7 and ZM (fig. S2). When the ratio was 10:1, the conjuga-
tion rate reached 97.42 ± 0.18%. Therefore, the ratio 10:1 of T7 and 
ZM was selected for further experiments.

NIR PL imaging of TRZ
PL excitation and emission spectra of the aqueous dispersion of ZM 
were obtained at 240 and 695 nm, respectively (Fig. 3A). The decay 
curve and the average lifetime of PL of ZM were recorded and 
calculated (fig. S3). Figure 3B shows that ZM could be repeatedly 
reactivated using 254-nm UV light without obvious loss of the 
intensity of PL. After excitation using 254-nm UV light for 5 min 
at room temperature, PL intensity was significantly enhanced 
(Fig. 3C). After the coating of RBM on ZM to form RZ, there were 
no changes in PL intensity between ZM and RZ (Fig. 3D). RZ had 
an afterglow time of over 2 hours at the excitation wavelength of 
254 nm. PL of RZ could be renewed by UV light (Fig. 3E). The tissue 
penetration depth study of PL of TRZ was conducted (fig. S4), and 
the penetration depth of the excitation light (254 nm) was also 
evaluated (fig. S5). After the injection of RZ via tail vein, the imaging 
of PL in the normal mouse model was recorded using the charge-
coupled device camera of an in vivo imaging system. The results 
confirmed that ZM, RZ, and TRZ could all be used as imaging 
probes for diagnosis purposes (fig. S6). The long-lasting and renewable 
luminescence of TRZ ensured long-term body imaging without 
being limited by luminescence duration and autofluorescence.

Drug loading and biosafety of ZM, RZ, and TRZ
The successful encapsulation of DOX in ZD, RZD (DOX-ZGOCS@
MSN@RBM), and TRZD was studied using UV-visible spectroscopy, 
and the spectra were shown in Fig. 4A. The peak at 410 nm corre-
sponded to RBM in both RZD and TRZD. The broad peak at 
480 nm corresponded to DOX. The in vitro release of DOX from 
DOX, ZD, RZD, and TRZD was studied. Our result showed that 
free DOX had a burst release at the start of the test, and the release 
in phosphate-buffered saline (PBS) reached 100% after about 
2 hours. ZD, RZD, and TRZD showed controlled release of DOX, 
and both RZD and TRZD had a slower release rate than ZD 
(Fig. 4B). In addition, the respective release of RZD and TRZD in 
the solvents of PBS with 10% serum (pH 7.4) (Fig. 4C) and cerebro-
spinal fluid (CSF) (Fig. 4D) also showed a slower release rate than 
that of ZD. These results confirmed the enhanced stability of ZM 
and the controlled release behavior of ZD, RZD, and TRZD after the 
red blood cell (RBC) membrane coating. Encapsulation efficiency 

Fig. 2. Structural and chemical characterizations of NPs. TEM images of (A) ZM 
and (B) RZ. Scale bars, 100 nm. (C) XRD of MSN and ZM. a.u., arbitrary units. (D) SEM 
and elemental mapping images of ZM. Scale bar, 500 nm. (E) Size distribution and 
(F) zeta potential of ZM, RZ, and TRZ. (G) The respective protein composition of 
RBM, RZ, and TRZ was examined using SDS-PAGE. (H) FTIR and (I) 1H NMR spectra 
of DSPE-PEG-MAL, T7, and DSPE-PEG-MAL-T7.
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(EE) and loading efficiency (LE) of ZD at various DOX to ZM ratios 
were obtained (table S2). ZD with a DOX to ZM ratio of 1:8 showed 
the highest EE and LE of 97.54 ± 0.17% and 10.87 ± 0.02%, respec-
tively, and was chosen for further study. The high EE and LE 
confirmed that ZM was a good drug carrier of DOX.

Before the in vivo evaluations of NPs, the study of the hemolytic 
assay of NPs was conducted to confirm the safety of NPs. ZM, RZ, 
and TRZ were separately incubated with the blood collected from 
the mice for 2 hours at 37°C. Water and PBS were selected as posi-
tive and negative controls, respectively. Figure S7 showed that the 
deionized (DI) water group caused hemolysis, while no obvious 
hemolysis was observed in the PBS, ZM, RZ, or TRZ group. Fur-
thermore, the effect of the concentrations of TRZD on hemolysis 
was studied and the result was shown in Fig. 4E. The hemolytic rate 
was slightly increased with increased concentration of TRZD. The 
hemolytic rate was still at a low level even at a high concentration of 
500 g/ml, indicating good biocompatibility of TRZD.

Blood chemistry test was then conducted (Fig. 4, F to H, and 
fig. S8). The alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) levels are related to the functions of the liver. 
Increased levels of ALT and AST are usually caused by liver damage 
or disease. The creatinine (CREA) levels and blood urea nitrogen 
(BUN) levels are related to the functions of the kidney. Elevated 
CREA and BUN levels indicate impaired kidney function or kidney 
disease. The AST levels of mice treated with DOX were significantly 
higher than those of the PBS groups (Fig. 4F). BUN levels of mice 
treated with ZM or RZD were significantly lower than those of the 

PBS group (Fig. 4G). In addition, RZD caused a significant increase 
in CREA levels (Fig. 4H). No significant hematological toxicity was 
caused by TRZD, which confirmed the lower toxicity and better in vivo 
safety of TRZD than the other NPs. The advantage of TRZD in 
biosafety could be due to the integrated effect of the enhanced target-
ing ability of T7 conjugation, the minimized RES uptake because of 
membrane coating, and the controlled drug release of DOX from ZM.

The short blood circulation time of the drug is a challenge to 
drug delivery in chemotherapy. We compared the pharmacokinetic 
profiles of DOX, ZD, RZD, and TRZD (Fig. 4I). The elimination 
half-life (T1/2) of RZD (18.2 hours) and TRZD (17.4 hours) was 
higher than that of ZD (6.6 hours) and DOX (1.7 hours). The 
enhanced blood retention of the drug indicated that RBM coating 
could make RZD and TRZD invisible to the host immune system.

Cellular uptake and permeability through the in vitro 
blood-brain tumor barrier
The cytotoxicity of DOX, ZM, ZD, RZD, and TRZD on U87-MG 
cells was evaluated using the traditional Cell Counting Kit-8 
(CCK-8) method. After a 48-hour incubation of NPs and cells, ZM 
showed negligible cytotoxicity at concentrations of 0.5, 1, 5, and 
10 g/ml in U87-MG cells, indicating good biocompatibility of ZM 
(Fig. 5A). Figure 5B shows that ZD displayed lower cytotoxicity 
than free DOX, which could be due to the sustained release of DOX 
from ZM. The free DOX and TRZD exhibited the strongest cellular 
toxicity at DOX equivalent concentrations of 0.5, 1, and 5 g/ml, 
while the coating of the RBC membrane reduced the toxicity of 

Fig. 3. Evaluations of the persistent luminescence of NPs. (A) Excitation (Ex) and emission (Em) spectra of the aqueous dispersion of ZM. The inset shows a digital 
photo of the aqueous dispersion of ZM under 254-nm UV light, where the deionized water was set as control. (B) Renewable PL of ZM. (C) PL of ZM before and after UV 
excitation. (D) PL of ZM and RZ after UV excitation. (E) Renewed PL of various concentrations of RZ after 5-min excitation using UV light.
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RZD. This indicated that the function of T7 on the TRZD surface 
enhanced the targeting abilities of NPs to U87-MG cells and thereby 
increased the cytotoxicity to the cells compared to that of RZD. DOX, 
ZD, RZD, and TRZD at a DOX equivalent concentration of 5 g/ml 
were incubated with U87-MG cells for 24 hours, and the induced 
apoptosis was measured using the Annexin V-FITC Apoptosis De-
tection Kit. As shown in Fig. 5 (D and E), the apoptotic ratios of the 
cells were 22.26 ± 1.05% and 22.02 ± 2.64% after treatments of free 
DOX and ZD, respectively. However, U87-MG cells incubated with 
RZD and TRZD showed higher levels of apoptosis of 24.26 ± 0.54% 
and 27.80 ± 1.60%, respectively. Figure 5E shows that TRZD signifi-
cantly increased the rate of apoptosis, which confirmed that the T7 
peptide on the surface of TRZD enhanced the uptake of TRZD by 
cells, and thereby induced more cell apoptosis.

The cellular uptake of DOX, ZD, RZD, and TRZD by U87-MG cells 
was studied (Fig. 5F). U87-MG cells were cultivated with DOX, ZD, 
RZD, or TRZD at a DOX equivalent concentration of 2 g/ml for 
1 hour. DAPI (4′,6-diamidino-2-phenylindole), which gave blue fluores-
cence, was used to stain the nucleus, and the red fluorescence was given 
by DOX. Comparison of the cellular uptake of DOX, ZD, RZD, and TRZD 
showed that the intensity of the red fluorescence in the TRZD group 
increased substantially, which indicated the enhancement in the cel
lular uptake of TRZD by the conjugation of the T7 peptide.

Flow cytometry was used to quantify the fluorescence intensity 
in the cells after the cellular uptake of NPs (Fig. 5C), and the results 
of the statistical analysis were shown in Fig. 5G. It could be seen that 
TRZD showed enhanced cellular uptake, and the fluorescence given 
by TRZD had significant differences to that given by ZD and 
RZD. This further suggested that the conjugation of T7 peptide 
could efficiently promote the cellular uptake of U87-MG. To study 
the permeability of NPs through the blood-brain barrier (BBB)/
BBTB, a monolayer of the endothelial bEnd.3 cells was established 
and used as an in vitro BBB/BBTB model (Fig. 5H). The cell mono-
layer was integrated and ready for use when the transepithelial 
electrical resistance (TEER) value was ≥180 ohm·cm2. ZM, RZ, and 
TRZ were separately added to the apical chamber of the Transwell. 
The results showed that, after 4  hours of incubation with TRZ, 
luminescence intensities in the apical chamber and basolateral 
chamber were significantly higher than those after the incubation 
with ZM and RZ, respectively (Fig. 5,  I, K, and L). As shown in 
Fig. 5J, the TEER value of each group did not show any significant 
changes throughout the experiment, suggesting that the integrity of 
the bEnd.3 cell monolayer was maintained (40). The in vitro 
BBB/BBTB study concluded that T7 could efficiently promote the 
penetration of TRZ through the BBB/BBTB following TfR receptor–
mediated transcytosis (41).

Fig. 4. Evaluations of the controlled release and biosafety of DOX-loaded NPs. (A) UV-visible spectra of DOX, ZD, RZD, and TRZD. Cumulative releases of DOX from 
DOX, ZD, RZD, and TRZD in (B) PBS (pH 7.4), (C) PBS with 10% serum (pH 7.4), and (D) cerebrospinal fluid (pH 7.2) at 37°C. Data are presented as means ± SD (n = 3). 
(E) Hemolysis test of TRZD using mouse blood at 37°C for 2 hours (n = 3). Deionized water and PBS were selected as positive and negative controls, respectively. (F to H) Blood 
chemistry tests: (F) aspartate aminotransferase (AST), (G) blood urea nitrogen (BUN), and (H) creatinine (CREA). Data are presented as means ± SD (n = 5); ***P < 0.001, 
**P < 0.01, and *P < 0.05. (I) In vivo pharmacokinetic profiles after intravenous injections of DOX, ZD, RZD, and TRZD. Data are presented as means ± SD (n = 3).
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In vivo luminescence imaging and biodistribution study 
using the subcutaneous U87 tumor model and orthotopic 
cerebral/cerebellar glioma models
To evaluate the capability of TRZ as the optical probe for biomedical 
imaging, in vivo luminescence imaging using a subcutaneous U87 
tumor model was conducted. In Fig. 6A, the tumors in the mouse 

model were marked using the red circle. After excitation using the 
254-nm UV light for 5 min, the suspension (100 l, 2 mg/ml) of 
TRZ was injected into the mouse model through the tail vein. Thirty 
minutes after the injection, PL at the tumor site of the mice could be 
observed without in situ excitation, indicating that a certain amount 
of TRZ was transported to and accumulated at the tumor (Fig. 6A). 

Fig. 5. In vitro studies of cytotoxicity, cellular uptake, and BBB penetration of DOX-loaded NPs. (A) Cell viability of U87-MG cells incubated with various concentrations 
of ZM (n = 6). (B) Cell viability of U87-MG cells incubated with various concentrations of DOX, ZD, RZD, and TRZD (n = 6). (C) Histogram profiles of flow cytometry of 
U87-MG cells incubated with DOX, ZD, RZD, and TRZD for 2 hours (n = 3). (D) Apoptotic effect of DOX on U87-MG cells. (E) Fluorescence intensities of apoptotic cells analyzed 
by flow cytometry and annexin V–fluorescein isothiocyanate (FITC)/propidium iodide (PI) double staining. Data are presented as means ± SD (n = 3); **P < 0.01, ***P < 0.001. 
(F) Confocal laser scanning microscopy images of U87-MG cells treated with DOX, ZD, RZD, and TRZD for 2 hours. Blue fluorescence showed the cell nucleus, while red 
fluorescence indicated NPs. (G) Statistical results of fluorescence intensities of flow cytometry tests. Data are presented as means ± SD (n = 3); ***P < 0.001. (H) Scheme of 
the setup of the Transwell for in vitro BBB/BBTB penetration experiments. (I) Luminescence images of the apical (AP) chamber and the basolateral (BL) chamber of the 
Transwell after 4 hours of incubation with ZM, RZ, and TRZ. (J) Transepithelial electrical resistance (TEER) of the bEnd.3 monolayer measured before and after incubation 
with ZM, RZ, and TRZ. Data are presented as means ± SD (n = 3). Luminescence intensities of (K) AP and (L) BL. Data are presented as means ± SD; *P < 0.05 and **P < 0.01.
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To evaluate the in vivo rechargeability of TRZ, the tumor region 
was irradiated with 254-nm UV light for 5 min at the time points of 
2, 6, 8, 24, and 30 hours. The NIR PL of TRZ could be observed 
again after each in situ excitation. Benefiting from its rechargeability, 
the application of TRZ as a NIR PL probe was no longer limited by 
the decay behavior of the traditional PL probes. At the time points 
of 1, 2, 6, 8, 24, and 30 hours, similar luminescence signals were 
observed at the tumor site of the TRZ group, while the ZM and RZ 
groups generally did not show the distinct luminescence signal at 
the tumor site for almost all the time points, except for the time 
points of 6 and 8 hours for the ZM group and those of 6 and 30 hours 
for the RZ group. In summary, it was demonstrated that TRZ was 

capable of long-time in vivo imaging assisted by the repeat in situ 
excitation of UV light.

The relative long-term biodistribution of TRZ in the tumor 
mouse model was studied by ex vivo NIR luminescence imaging. 
Major organs were collected from the mouse model at 24 hours 
after the intravenous injection of TRZ. The NIR luminescence images 
of major organs as well as the tumor were obtained (Fig. 6B), and 
luminescence intensities were calculated and shown in Fig. 6G. The 
NIR luminescence signal could be detected in the organs. The highest 
intensity of luminescence was observed in the tumor of the TRZ 
group, which confirmed that TRZ had an enhanced targeting ability 
to glioma by T7 as well as a minimized RES uptake because of the 

Fig. 6. In vivo NIR persistent luminescence images of the subcutaneous tumor model and orthotopic cerebral/cerebellar glioma model. (A) In vivo imaging of the 
subcutaneous tumor treated with ZM, RZ, and TRZ at various time points and (B) ex vivo imaging of major organs as well as the tumor. In vivo imaging of orthotopic 
(C) cerebral and (D) cerebellar brain glioma mice at various time points with treatments of ZM, RZ, and TRZ. Ex vivo imaging of major organs as well as the tumor of the 
(E) cerebral and (F) cerebellar glioma model after 1-hour treatment of ZM, RZ, and TRZ. Luminescence intensities of major organs as well as the tumor of the (G) subcutaneous 
tumor model, and (H) orthotopic cerebral and (I) cerebellar glioma models after treatment for an hour (n = 3).
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cell membrane coating. The brain sections were also obtained and 
observed using a confocal microscope (fig. S9). DAPI was used to 
dye the nuclei, and fluorescein isothiocyanate (FITC) was used to 
show the cells. The results showed that TRZ (red fluorescence) 
entered glioma cells and stayed around the nuclei. The targeting 
effect and the prolonged circulation suggested that TRZ had a high 
potential as nanoprobes for imaging and therapy with targeting 
drug delivery.

To evaluate the performance of TRZ for the diagnosis of orthotopic 
glioma, mouse models of orthotopic brain glioma at the regions of 
cerebrum (Fig. 6C) and cerebellum (Fig. 6D) were established and 
tested. After 10 days of inoculation of U87-Luc cells in the brain, the 
tumor size, which was marked by the red circle, was recorded using 
IVIS Spectrum Live Imaging System (IVIS) (Fig. 6, C and D). Then, 
NPs were intravenously injected into orthotopic glioma-bearing 
mice, and luminescence images at various time points of 5, 15, 30, 
and 60 min were captured. The luminescence images were also taken 
at the time points of 2, 4, 8, and 24 hours after the renewal of PL 
using UV light for 5 min. At 1 and 24 hours, the luminescence of 
TRZ was shown at the tumor sites, while the mice in the groups of 
ZM and RZ showed no luminescence at the tumor site. TRZ with 
the high targeting ability and immune escape characteristics was able 
to penetrate the BBTB and bind to U87-MG cells at the tumor site. 
The ex vivo images of major organs as well as the tumor showed a 
clear luminescence signal in the brain tumor region (Fig. 6, E and F), 
an observation that was consistent with the results of the in vivo 
studies mentioned above. These results confirmed that TRZ was 
capable of tumor targeting PL imaging for the diagnosis of glioma.

The clearance of NPs from the brain and the body was studied. 
After the administration of ZM, RZ, and TRZ, orthotopic glioma 
model mice were sacrificed at 24 and 48 hours. The brains were 
obtained, and the brain tissue slices were prepared and observed 
using IVIS (fig. S10). The results showed that, 24 hours after adminis-
tration, RZ and TRZ were observed and accumulated in the tumor, 
while ZM could not be observed in the brain. Forty-eight hours 
after administration, no luminescence of ZM, RZ, and TRZ could 
be observed in the brain. The luminescence intensity of the RZ and 
TRZ groups decreased 1.5- and 2-fold, respectively, from 24 to 
48 hours after the administration. The results indicated that ZM, 
RZ, and TRZ were capable to leave the brain to avoid potential 
long-time disturbance.

We also studied the possibility of the release of the metal ions 
from NPs, and the results were shown in fig. S11. One milligram of 
ZM was dissolved using the mixed solvent in the ratio of HF:HNO3: 
HCl = 1:1:1, and the original total content of Cr3+ and Sn4+ loaded 
in ZM was determined by inductively coupled plasma mass spec-
trometry (ICP-MS). The results showed that the concentrations of 
Cr3+ and Sn4+ in ZM were 66.03 ± 1.78 and 184.58 ± 2.53 parts per 
billion (ppb), respectively. Then, 1 mg of ZM was placed in dialysis 
bags and dialysis was carried out in the solution of PBS (pH 7.4), 
fetal bovine serum (FBS) (pH 7.4), and CSF (pH 7.2). After 7 days, 
the sample solution outside the dialysis bag was collected and the 
content of elements in the solution was measured using ICP-
MS. The results showed that the concentrations of Cr3+ and Sn4+ 
were 1.82 ± 0.07 and 1.03 ± 0.29 ppb in PBS, 3.97 ± 1.19 and 
12.7 ± 1.22 ppb in FBS, and 4.20 ± 0.52 and 9.10 ± 0.22 ppb in CSF 
(fig. S10). Less than 10% of Cr3+ and Sn4+ will be released after 7-day 
soaking in PBS, FBS, and CSF. While 24 hours after administration, 
NPs started to leave the brain and about half of TRZ was left after 

48 hours (fig. S9). Therefore, Cr3+ and Sn4+ in ZM will not be 
released from the inorganic core and will leave the brain starting 
from 24 hours after administration.

Figure 6 (E and F) also shows that a large quantity of TRZ was 
accumulated in the lungs. After the injection of NP suspensions in 
mice via their tail veins, TRZ entered the heart following blood 
circulation. As a biomimetic NP coated with RBM, TRZ then entered 
the lung through the pulmonary artery, where the real erythrocyte 
completed the exchange of carbon dioxide and oxygen. TRZ then 
returned to the heart through the pulmonary vein. In the pulmo-
nary artery, TRZ was filtered and intercepted by the lung tissue, 
which may delay the returning of TRZ to the heart, and thus, the 
accumulation of a large quantity of TRZ in the lungs was observed.

Evaluation of the antitumor activity using a  
subcutaneous U87 tumor model
The timeline of the experiment was shown in Fig. 7A. Briefly, 
nude mouse models with subcutaneous glioma were divided into 
five groups (n = 10), which were given treatments of PBS, DOX, ZD, 
RZD, and TRZD. As shown in Fig. 7 (B and C) and fig. S12, 16 days 
after the first treatment, the tumor volume of mice in the TRZD 
group was the smallest among the five groups. As shown in Fig. 7D, 
the average weight of all groups showed an upward trend through 
the duration of the study. The survival time of the group treated by 
PBS was less than 60 days, while the TRZD group achieved the 
longest survival (Fig. 7E). The antitumor effect of TRZD was further 
studied using terminal deoxynucleotidyl transferase–mediated 
deoxyuridine triphosphate nick end labeling (TUNEL) and CD31 
staining of the excised tumor tissues. After TUNEL staining (Fig. 7F), 
more intense green fluorescence indicated higher degrees of apop-
tosis. After CD31 staining (Fig. 7G), less red fluorescence indicated 
higher degree of tumor inhibition. The TRZD group showed the 
maximum degree of apoptosis and minimum degree of angiogenesis, 
which indicated that TRZD performed the best in the suppression 
of the growth of the tumor cells among the treatment groups. 
Histopathological analysis of the tissues of major organs was also 
conducted (fig. S13). In the groups of DOX and ZD, the arrange-
ment of myocardial cells was disordered, and some myocardial 
fibers in the heart were broken (labeled by A and marked by the red 
arrows). There was no such damage shown in the RZD or TRZD 
groups, which was probably due to the reduced DOX accumulation 
in the heart. Owing to the cell membrane coating on RZD and 
TRZD, the cardiotoxicity of DOX was reduced. In addition, in the 
groups of DOX and RZD, the boundary of some glomeruli was 
not clear, and inflammatory cell infiltration and renal tubular 
stenosis were also found in the kidney (labeled by B and marked by 
the red arrows). The results confirmed that, as a brain-targeting 
drug carrier, TRZD had no safety problems and no side effects on 
major organs.

Evaluation of the antitumor activity using a cerebral 
orthotropic U87 glioma model
The chemotherapeutic efficacy of TRZD was evaluated using a cere-
bral orthotropic U87 tumor-bearing mouse model (Fig. 8A). Five 
groups of mice (n = 6) were intravenously injected with 200-l 
suspensions of PBS, DOX, ZD, RZD, and TRZD, every 3 days. From 
the results of the change of body weight (Fig. 8B), it can be concluded 
that the weight of mice in all the groups decreased through the 
duration of the experiments with no significant difference, and the 
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PBS group decreased the most. The tumor size and the intensities of 
the fluorescence given by the tumor cells were recorded and calcu-
lated. As shown in Fig. 8 (C and D), fluorescence intensities at the 
glioma site, which were indicative of the tumor size, of the TRZD 
group were lower than those of the other groups at all the time points, 
which indicated the highest level of suppression of the glioma growth 
of the TRZD group. It was also shown that the mice in the TRZD 
group survived the longest time among all groups (Fig. 8E).

The images of the hematoxylin and eosin (H&E) staining of 
the slices of brain tissues were also obtained (Fig. 8F). The tumor 
region was marked by a yellow dashed line. The TRZD group 
showed the smallest tumor size as compared with the other groups 
after the 15-day treatment. These results were consistent with the 
in vivo images (Fig. 8, C and D), demonstrating that TRZD could 
significantly inhibit the growth of glioma. The images of TUNEL 
staining of the TRZD group showed an extensive cell apoptosis in 

the glioma region, but not in the normal brain tissue, confirming 
the good selectivity of TRZD (Fig. 8, G and I). The images of CD31 
staining showed that the expression of CD31 decreased in the group 
of PBS, to that of DOX, ZD, RZD, and TRZD, and the intensity of 
the red fluorescence of TRZD group was significantly lower than 
those of the other groups (Fig. 8, H and J). This indicated that TRZD 
could induce ablation of blood vessels in glioma and cause apoptosis 
of glioma cells the most among the groups. As shown in the images 
of the H&E staining of major organs (fig. S14), DOX caused the 
rupture of some myofibrils and showed strong cardiotoxicity in 
the heart (labeled by A and marked by the white arrow). ZD causes 
the thickening of the alveolar septum and the infiltration of the 
inflammatory cells in the lung (labeled by B and marked by the 
white arrow). In addition, DOX and ZD caused the infiltration of 
the renal interstitial inflammatory cells, such as macrophages and 
lymphocytes, and the unclear boundary of glomeruli in the kidney 

Fig. 7. In vivo study of the antitumor efficacy using a subcutaneous glioma model. Mice were administered with PBS, DOX, ZD, RZD, or TRZD after tumor implantation. 
(A) Scheme of the experimental timeline. (B) Representative tumor images of mice in different groups. (C) Volume of the tumors of the subcutaneous glioma mouse 
model of the PBS, DOX, ZD, RZD, and TRZD groups. Tumor volumes were measured every 3 days after the first administration of PBS, DOX, ZD, RZD, and TRZD. Data are 
presented as means ± SD (n = 10). (D) Profiles of the change of the body weight of the mice. Data are presented as means ± SD (n = 10). (E) Cumulative survival study. 
(F) TUNEL staining and (G) CD31 staining of tumor tissues of the subcutaneous glioma model. Cell nuclei were stained with DAPI (blue). The mean fluorescence intensity 
of the images of (H) TUNEL staining and (I) CD31 staining was calculated using ImageJ. Data are presented as means ± SD (n = 5); ***P < 0.001 and **P < 0.01.
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Fig. 8. In vivo study of the antitumor efficacy using an orthotropic cerebral glioma model. Mice with gliomas were administered with PBS, DOX, ZD, RZD, or TRZD. 
(A) Scheme of the experimental timeline. (B) Profiles of the change in the body weight of mice. Data are presented as means ± SD (n = 6). (C) Representative luminescent 
images of U87-Luc glioma-bearing mice in different groups. (D) Intensity of luminescence in brain tumors. Data are presented as means ± SD (n = 6); **P < 0.01. (E) Cumulative 
survival study. (F) H&E staining of brain tissues of orthotopic glioma-bearing mice. The yellow dashed lines represented the boundaries of glioma. (G) TUNEL staining 
and (H) CD31 staining of brain tissues of orthotopic glioma-bearing mice. Cell nuclei were stained with DAPI (blue). The yellow dashed lines represented the boundaries 
of glioma, and the yellow arrows point to glioma. Scale bars, 100 m. The mean fluorescence intensity of images of (I) TUNEL staining and (J) CD31 staining was calculated 
using ImageJ. Data are presented as means ± SD (n = 5); **P < 0.01.
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(labeled by C and marked by the white arrows). However, no organic 
lesions were found in the RZD or TRZD groups. The results con-
firmed that, as a BBTB penetrable NP with the properties of glioma 
targeting and prolonged circulation, TRZD highly reduced the side 
effects of the drug and could be a promising drug carrier for imaging 
and therapy of glioma as well as other brain diseases.

A biomimetic BBTB penetrable NIR PLNP for the diagnosis and 
treatment of glioma was developed. The luminescence of the NIR 
PLNPs could last longer than 7200 s and still hold appreciable 
intensity, and luminescence can also be renewed with UV light. With 
the coating of RBM and the conjugation of the T7 peptide, TRZ NPs 
exhibited significantly higher permeability to cross the BBTB in vitro. 
Furthermore, TRZ NPs had a good diagnostic ability for the orthotopic 
glioma at regions of both the cerebrum and cerebellum. The lifetime 
of the NIR PLNPs for the diagnosis of the orthotopic U87-MG 
tumor was 24 hours, and it was 30 hours for the subcutaneous 
tumor. With the loading of DOX, TRZD enhanced the cellular 
uptake of DOX. The apoptosis rate of TRZD on U87-MG cells was 
3.27 times and 2.51 times of that of ZD and RZD, respectively. 
Moreover, TRZD NPs prolonged the survival time of the mice and 
showed superior tumor inhibition when applied in both subcutane-
ous and orthotropic glioma mouse models. These findings provide 
insights into the development of biomimetic BBTB penetrable NIR 
PL nanodrug carriers for precise diagnosis and therapy for not only 
glioma but also other brain-related diseases.

MATERIALS AND METHODS
Materials
T7-based peptide (T7-Cys, CHAIYPRH, 92.0%) was purchased 
from GenScript (Zhejiang, China). DSPE-PEG2000-MAL was 
provided by Ruixi Biological Technology Co. (Xi’an, China). DOX 
and the Bradford Protein Assay Kit were obtained from Solarbio 
Science & Technology Co. Ltd. (Beijing, China). CCK-8 was purchased 
from Dojindo (Kumamoto, Japan). Minimum essential medium (MEM), 
RPMI 1640 medium, penicillin-streptomycin, FBS, and trypsin-
EDTA were obtained from Gibco (Waltham, MA, USA). Chloro-
form, ethanol, ammonium hydroxide, cetyltrimethylammonium 
bromide (CTAB), tetraethyl orthosilicate, and triethylamine were 
purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,  
China).

Cell lines
Cell lines were obtained from the National Infrastructure of Cell 
Line Resource.

Animals
Nude BABL/c mice were purchased from Shanghai Experimental 
Animal Center (Shanghai, China). All studies involving animals 
were approved by the Research Ethics Committee of the Hong Kong 
Baptist University.

RBM derivation
RBM was obtained according to a previously reported method with 
modification (42). Briefly, whole blood from the heart of the rat 
was collected and centrifuged at 1000g for 10 min at 4°C to collect 
RBC. Hemoglobin was removed by centrifugation (12,000g, 10 min, 
and 4°C). The collected RBM was stored at −20°C for subsequent  
studies.

Synthesis of MSNs
MSN was prepared according to the literature with modification 
(43). Briefly, DI water (560 ml), ethanol (160 ml), and ammonium 
hydroxide (1 ml) were mixed with CTAB (11.50 g) and stirred for 
30 min. After further stirring in an oil bath for 30 min at 60°C, 30 ml 
of tetraethylorthosilicate was added into the mixture drop by drop, 
and the reaction was continued at 60°C for 2 hours and then cooled 
to 25°C. After centrifugation, the samples were washed with 
ethanol and DI water for three times, dried at 60°C for 12 hours, 
and annealed at 550°C for 5 hours to obtain MSN.

Synthesis of ZM
ZM was synthesized based on MSNs according to the literature with 
modification to limit the size distribution (44). One milliliter of 
Ga(NO3)3 solution (1 M) was mixed with Zn(CH3COO)2·2H2O, 
Cr(CH3COO)3, and SnCl4 at an atomic ratio of Ga:Zn:Cr:Sn = 
1.98:1:0.01:0.01 to form precursor solution, which was then mixed 
with 1 g of MSN and dried in a vacuum oven at 60°C for 12 hours. 
The dried sample was presintered at 600°C for 2 hours with a heating 
rate of 5°C/min. After grounding the heated mixture into powders, 
the presintered material was annealed at 1000°C for 4 hours. Last, 
ZM was obtained after cooling down to 25°C.

Preparation of RZ and TRZ
To prepare RZ, RBM with protein concentrations of 0.08, 0.2, 0.4, 
and 2 mg/ml was mixed with 1 mg of ZM and sonicated at 100 W 
for 10  min at 4°C. DSPE-PEG2000-MAL was conjugated to the 
cysteine residues of T7 to form DSPE-PEG2000-Mal-MAL. Briefly, 
T7 peptides were reacted with DSPE-PEG2000-Mal in a molar ratio of 
1.5:1 in the solvent of the mixture of chloroform and triethylamine 
for 24 hours. The reactants were dialyzed with DI water for 48 hours 
to eliminate the organic solvent and the unreacted agents. Solutions 
in the dialysis bag were concentrated and dried using a rotary evapo-
rator to obtain dry powders. Analysis using 1H NMR and FTIR was 
carried out. To prepare T7-conjugated RZ (TRZ), the lipid insertion 
technique was used. DSPE-PEG2000-T7 was incubated with RZ in 
PBS (pH 7.4) for 4 hours to produce TRZ. To test the conjugation 
efficiency, a dye of the T7 peptide, TMR, was used and conjugated 
on T7 of TRZ. The conjugation efficiency of T7 was calculated 
according to the formula as follows

	​ Conjugation efficiency (%) = ​ Total T7 − Free T7  ───────────  Total T7  ​ × 100%​	

Preparation of ZD, RZD, and TRZD
To prepare ZD, the solution of ZM was sonicated for complete 
dispersion. Then, DOX was added into the dispersion and stirred 
for 24 hours. After the reaction, DOX residual was removed by 
dialysis. Following a similar procedure, RZD and TRZD were 
prepared by loading DOX into RZ and TRZ. EE of DOX was deter-
mined using spectrophotometric methods. Drug LE and EE were 
calculated according to the formulas as follows

​         Drug loading efficiency (%) =

 ​  
   Weight of the DOX encapsulated

   ───────────────────   Weight of the nanoparticles  ​ × 100%​
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​          Encapsulation effciency (%) =

 ​ 
Weight of the DOX encapsulated

   ───────────────────   Weight of the total DOX added  ​ × 100%​

The respective in vitro DOX release profiles of free DOX, ZD, 
RZD, and TRZD were obtained using the dialysis method. A DOX 
equivalent concentration of 1 mg/ml and dialysis bags with a 
cutting off molecular weight of 10 kDa were selected for the tests. 
Dialysis bags containing the prepared solutions of free DOX, ZD, 
RZD, and TRZD were kept in 25 ml of PBS (pH 7.4) under horizontal 
shaking at 100 rpm for 48 hours. At selected time points, 200 l of 
the samples was collected and replaced with 200 l of fresh PBS. The 
amounts of the released DOX were measured using a microplate 
reader (Infinite F200, TECAN, Austria).

In vitro cell viability
U87-MG and U87-Luc cells were cultured in MEM medium and 
RPMI 1640 medium, respectively. The in vitro cytotoxicity of DOX, 
ZM, ZD, RZD, and TRZD was evaluated using CCK-8. U87-MG 
cells (1 × 104 cells per well) were separately cultivated into 96-well 
plates and incubated with DOX, ZM, ZD, RZD, and TRZD for 
24 and 48 hours. At 1 hour, color intensity was recorded by measuring 
the absorbance of the cells at 450 nm.

Confocal laser scanning microscope studies
Cellular uptakes of U87-MG cells were examined using a confocal 
laser scanning microscope (CLSM; FV3000, Japan). Cells (3 × 104) 
were cultured for 2 days. Then, cells were treated with DOX, ZD, 
RZD, or TRZD for 2 hours. Cells were fixed with 4% formaldehyde 
for 30 min and washed with PBS again. The cell nucleus was stained 
with DAPI, and cellular uptake was observed using CLSM.

Apoptosis assay
The rate of apoptosis in U87-MG cells after incubating with DOX, ZD, 
RZD, or TRZD was evaluated using an annexin V–FITC/propidium 
iodide (PI) apoptosis detection kit (Beyotime, China). U87-MG cells 
(1 × 105) were cultured in a six-well plate and incubated at 37°C for 
24  hours. Then, cells were treated with fresh culture medium 
containing DOX, ZD, RZD, or TRZD with a DOX equivalent 
concentration of 5 g/ml. After 24 hours of incubation, cells were 
collected and stained, and then analyzed using flow cytometry.

Permeability through the in vitro BBB
bEnd.3 cells (5.0 × 104 cells per well) were seeded in a 24-well Transwell 
plate to establish the in vitro BBB model. After the cells were 
cultured at 37°C with 5% CO2 for 7 days, TEER values of the cells, 
which indicated the tightness of the cell monolayer, were measured 
using the EVOM2 Epithelial Voltohmmeter (WPI, USA). The mono-
layer of the cells with at least 180 ohm·cm2 of TEER was selected for 
further experiments. ZM, RZ, and TRZ were added to the apical 
chamber of the Transwell. After the cells were incubated for another 
4 hours, the medium in the apical chamber was removed and the 
chamber was washed by PBS three times. Then, the luminescence of 
the apical and basolateral chambers was measured using IVIS.

In vivo imaging and biodistribution
For in vivo imaging, 200-l suspensions of ZM, RZ, and TRZ with a 
ZM equivalent concentration of 2 mg/ml were excited by 254-nm 

UV light for 5 min and then suspensions were injected into the mice 
through their tail veins. UV light (254 nm), which has a strong 
bactericidal effect, is routinely used for surface sterilization. Long-
term repeated exposures of UV light can induce skin cancer and 
cause great damage to the eyes. Careful protection should be pro-
vided when using 254-nm UV for diagnosis purposes. IVIS was 
used to obtain the fluorescent distribution of NPs in the whole mice 
at 0, 15, and 45 min. Ex vivo imaging of major organs was obtained 
after the mice were sacrificed.

Pharmacokinetics
Sprague-Dawley rats (220 to 230 g) were randomly divided into four 
groups (n = 3). DOX, ZD, RZD, or TRZD was administered intra-
venously via the tail vein with a DOX equivalent concentration of 
5 mg/kg. At 0.25, 0.5, 1, 2, 4, 6, 12, 24, and 48 hours, blood samples 
were collected. The concentrations of DOX in the plasma were 
determined using high-performance liquid chromatography.

In vivo NIR PL imaging and evaluation of the antitumor 
activity using a subcutaneous U87 tumor model
The suspension of U87-MG cells (200 l, 1 × 107 cells/ml) was 
subcutaneously injected into the mice. Mice were sacrificed 14 days 
after the injection, and subcutaneous tumors were cut into small 
pieces in the size of 4 mm3. Pieces of tumor tissues were then subcu-
taneously placed into the right hind limb of nude mice. Seven days 
after the implantation, 200-l suspensions of ZM, RZ, or TRZ with 
a ZM equivalent concentration of 2 mg/ml were excited by 254-nm 
UV light for 5 min and injected into mice through their tail veins 
for in vivo PL imaging. The mice were anesthetized and imaged 
using IVIS at 0, 0.5, 1, 2, 6, 8, 24, 36, and 48 hours. NPs with PL were 
re-excited by UV light for 5 min before imaging was taken at 2, 6, 8, 
24, 36, and 48 hours. The exposure time of imaging was set as 60 s.

For antitumor activity, the mice were randomly divided into five 
groups (n = 10) and treated with saline, DOX, ZD, RZD, or TRZD 
with a DOX equivalent concentration of 5 mg/kg every 3 days. 
During the experiments, the body weight of the mice and the size 
of the tumors were recorded. Tumor volumes were calculated using 
the formula

	​ Tumor volume  = ​ 
Length × ​Width​​ 2​

  ─ 2 ​​	

In vivo NIR PL imaging using the orthotropic U87 
glioma models
To establish cerebral and cerebellar glioma models, 6- to 8-week-old 
male nude mice (about 18 g) were obtained. U87 MG-Luc cells 
(5 × 105) were suspended in 3 l of culture medium. For the cerebral 
glioma model, cell suspension was injected into the right cerebral 
hemisphere (0.4 mm anterior and 2 mm lateral to the bregma with 
3 mm depth). For the cerebellar glioma model, cell suspension was 
injected into the right cerebellum (1 mm to the right of the midline 
and 1 mm posterior to the lambdoid suture with 3 mm depth). 
Ten days after injections, nude mice were imaged using IVIS for the 
confirmation of the successful establishment of the glioma model. 
On the next day, 200-l suspensions of ZM, RZ, and TRZ with a ZM 
equivalent concentration of 2 mg/ml were excited for 5 min using 
UV light and injected into the mice through their tail veins for the 
in vivo PL imaging. The mice were anesthetized and imaged using 
IVIS at 5, 15, and 30 min, and 2, 4, 8, and 24 hours. NPs with PL 
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were re-excited by UV light for 5 min before the imaging was taken 
at 2, 4, 8, and 24 hours. The exposure time of imaging was set as 60 s.

Evaluation of the antitumor activity using an orthotropic 
U87 glioma model
For the evaluation of the antitumor activity, mice of the orthotropic 
U87 cerebral glioma model were randomly divided into five groups 
(n = 6). From day 0, each group of mice was intravenously injected 
with 200 l of PBS, DOX, ZD, RZD, or TRZD with a DOX equivalent 
concentration of 5 mg/kg every 3 days. During the experiments, the 
body weight of the mice and the imaging of the tumors were recorded.

Immunofluorescence histochemical analysis
Tumors of the subcutaneous U87 tumor model and brain tissues of 
the orthotropic U87 glioma model were separately fixed with 4.0% 
paraformaldehyde. TUNEL staining and CD31 staining were applied 
on the paraffin-embedded tissue sections. Fluorescence images of 
each tissue section were obtained and analyzed by ImageJ.

Statistical analysis
All experimental results were expressed as means ± SD. The signifi-
cance of group differences for normally distributed data was assessed 
by one-way analysis of variance (ANOVA) followed by Tukey’s test. 
P < 0.05 was considered statistically significant. In vivo images were 
collected using IVIS, and fluorescence and luminescence intensities 
were statistically analyzed using the IVIS software. The other data 
were analyzed using the Origin 8.1 software.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm7077

View/request a protocol for this paper from Bio-protocol.
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