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ABSTRACT: Near-infrared persistent luminescence nano-
particles (NIR-PLNPs) are promising imaging agents due to
deep tissue penetration, high signal-to-noise ratio, and
repeatedly charging ability. Here, we report liposome-coated
NIR-PLNPs (Lipo-PLNPs) as a novel persistent luminescence
imaging guided drug carrier for chemotherapy. The Lipo-
PLNP nanocomposite shows the advantages of superior
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Drug delivery
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persistent luminescence and high drug loading efficiency and enables autofluorescence-free and long-term tracking of drug

delivery carriers with remarkable therapeutic effect.

anotechnology has produced a great impact on cancer
diagnosis and therapy applications.”” The afterglow of
persistent luminescence nanoparticles (PLNPs) can last for
hours or even days after stopping the external excitation.
Compared with traditional fluorescent imaging materials,
PLNPs successfully avoids strong tissue autofluorescence,
phototoxicity, and photobleaching in bioimaging.”* In
particular, near-infrared (NIR) emitting PLNPs have emerged
as promising in vivo optical imaging agents due to the
advantages of deep tissue penetration, and no in situ excitation
is needed.>™® Therefore, PLNPs have been considered as a new
generation of superior bioimaging contrast agents due to high
signal-to-noise ratio (SNR). Moreover, Cr’*-doped NIR-
emitting PLNPs can be reactivated under a tissue-penetrating
red light-emitting diode (LED); thus, their application to in
vivo imaging is no longer limited by afterglow time.””
Engineering PLNPs to multifunctional nanocomposites for
simultaneous bioimaging and therapy is a recent hot research
topic.'”"" Such examples include multifunctional PLNP/Cu$S
nanoprobe for in vivo activatable luminescence imaging and
effective photothermal therapy'” and indocyanine green and
PLNP coloaded mesoporous silica nanocarriers for persistent
luminescence imaging and photothermal therapy."> Usually,
mesoporous silica nanoparticles are integrated into PLNP as
trackable drug carriers due to the mesoporous structure and
large specific surface area.'”'> However, synthesis of meso-
porous silica-based nanocomposites is relatively complicated
and time-consuming. In particular, the loading efliciency is
relatively low, and complex modification is needed when
hydrophobic drugs are encapsulated,'®"” which greatly limits
their application as drug carriers.
Liposomes are spherical-shaped nanovehicles consisting of
concentric lipid bilayer entrapping an internal aqueous core.'®
They are extensively approved for biomedical applications with
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merits of biocompatibility, biodegradability, and low toxic-
ity.'?° Especiall_?r, liposomes have been apglied as the carriers
of hydrophobic'”*' and hydrophilic drugs,'® gene agents,”* and
anticancer metals™ as well as imaging contrast agents.”"*
However, it is hard to monitor in real-time drug encapsulated
liposomes in biological systems due to the absence of
detectable signals. Therefore, it is necessary to develop
nanoplatforms to integrate imaging agents and drug carriers
for in vivo monitoring the delivery route of drug carriers.

Herein, we report the preparation and application of
liposome-coated PLNPs (Lipo-PLNPs) as the carrier of
paclitaxel (PTX) for luminescence imaging guided chemo-
therapy. PTX, which is a water insoluble antitumor drug of
wide spectrum and hard to modify, can be successfully
encapsulated in liposomes and improve therapeutic efli-
ciency.%_28 Zn, ;Ga, 3Gey;0,:Cr>* PLNP is used as imaging
contrast agent due to the long persistent luminescence and red
LED light-renewable ability.'” Lipo-PLNPs are simply prepared
using a thin layer evaporation method. The developed Lipo-
PLNPs not only show high drug loading efficiency but also
possess superior bioimaging ability without autofluorescence in
vivo. Furthermore, Lipo-PLNPs can passively target the human
breast cancer (MCF-7) xenograft in nude mice with enhanced
permeability and retention (EPR) effect, acquiring effective
cancer therapy.

B RESULTS AND DISCUSSION

Well-dispersed Zn, ;Ga, sGe,;0,:Cr** PLNP was synthesized
using a direct hydrothermal method without high-temperature
sintering.”'” The PLNP shows an average size of 27.6 + 4.6 nm
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Figure 1. (a) Transmission electron microscopy (TEM) image of the
PLNP. (b) TEM image of the liposomes. (c) TEM image of the Lipo-
PLNPs. (d) FT-IR spectra of the PLNP, liposomes, and Lipo-PLNP.
(e) Hydrodynamic size distribution of the PLNP, liposomes, and Lipo-
PLNP.
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Figure 2. In vitro release properties of the PTX from Lipo-PTX and
Lipo-PLNP-PTX in different media at 37 °C (50% human serum, 75%
human serum, and 75% human blood, respectively) or under storage
conditions (10 mM PBS, pH 7.4, 4 °C).

(Figure 1a) with a cubic spinel structure of Zn,GeO, (JCPDS
25-1018) and ZnGa,0, (JCPDS 38-1240) (Figure S1).
Liposomes and Lipo-PLNPs were prepared us1ng the thin
layer evaporation and subsequent hydration method.”” The as-
prepared liposomes show the morphology of lipid bilayer
vesicles with an average size of 100.4 + 12.8 nm (Figure 1b).
The Lipo-PLNP has an average size of 112.5 + 18.3 nm with a
S nm-thick lipid layer coating (Figures 1c and S2a,b). The PTX
loaded Lipo-PLNP (Lipo-PLNP-PTX) shows an obscure
bilayer due to the PTX encapsulation (Figure S4a).

The Lipo-PLNP shows not only the characteristic Fourier
transform infrared (FT-IR) vibration bands of PLNP (465
cm™' for Ga—O bending, 610 cm™ for Zn—O bending) but
also those of liposomes (2925 and 2853 cm™' for —CH,—
asymmetric and symmetric stretching, respectively; 1737 cm™!
for C = O bending; 1268 and 1072 cm™" for P = O asymmetric
and symmetric stretching, respectively; 974 cm™' for N—CH,
stretching), confirming the successful preparation of Lipo-
PLNP (Figure 1d). Lipo-PLNPs gave much larger hydro-
dynamic size (122.0 nm) than the PLNP (37.8 nm) (Figure le)
but much less positive Zeta potential (+6.6 mV) than the
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Figure 3. (a) Cellular uptake of Lipo-PLNPs in MCF-7 cells. The red
color represents the intracellular location of the Lipo-PLNPs, and the
blue color results from DAPI for cell nuclei staining. Scale bar: 100
pum. (b) Cell viability of MCF-7 and 293T cells against different
concentrations of Lipo-PLNPs. (c) Cell viability of MCF-7 cells
against different concentrations of Lipo-PLNP-PTX. **P < 0.01.
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Figure 4. (a) In vivo persistent luminescence images of normal mice
and MCF-7 tumor-bearing mice after intravenous injection of Lipo-
PLNP-PTX (10 min excitation with a 254 nm UV light before
intravenous injection, 2 min excitation with LED lamp before each
acquisition). (b) Persistent luminescence images of tumor and major
organs dissected from sacrificed tumor-bearing mice at 24 h
postinjection. (c) Signal ratio of tumor to normal tissues (T/N) of
MCF-7 tumor-bearing mice (n = 3) as a function of time. (d)
Biodistribution of Lipo-PLNPs in MCF-7 tumor-bearing mice (n = 3)
at 24 h after intravenous injection. % ID/g is the percentage of injected
dose per gram.
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Figure S. (a) MCF-7 tumor growth curves of three mice groups after
various treatments. *P < 0.05, **P < 0.01. (b) Representative
photographs of mice from different groups after a 14 day treatment.
(c) Histological staining of tumor tissues from different treated mice
groups. Scale bar: 20 ym.

PLNP (+27.0 mV) due to the coating of negative liposomes
(Figure S2c).

The as-prepared PLNP shows luminescence emission at 695
nm (°E — *A, transition) and three characteristic excitation
bands at 280 nm (band-to-band transition), 440 nm (*A, —
T, transition), and 570 nm (*A, — *T, transition) (Figure
$3a).%” The PLNP exhibits good persistent luminescence after
5 min of illumination with a UV lamp due to the slow release of
the stored energy after excitation (Figure S3b). Moreover, the
persistent luminescence can be repeatedly activated by a red
LED light, which is deep tissue penetrating (Figure S3c). The
Lipo-PLNP and Lipo-PLNP-PTX still maintains strong
emission intensity and long-time persistent luminescence
(Figure S4b—d), indicating the potential of Lipo-PLNP and
Lipo-PLNP-PTX for in vivo imaging applications.

The Lipo-PLNP-PTX still shows high drug encapsulation
efficiency (69.2 + 2.8%), although less than that of the PTX
loaded liposome (Lipo-PTX) (89.2 + 1.5%). The drug release
of the drug carrier Lipo-PLNP-PTX was studied in different
media. Human serum and blood were used to mimic the in vivo
environment. From Figure 2, the Lipo-PLNP-PTX shows a
similar drug release (98.9 + 2.4%) in 50% human serum at 37
°C after 24 h, compared with that of the Lipo-PTX (96.5 +
2.9%). The Lipo-PLNP-PTX and Lipo-PTX show a little slower
drug release (85.9 + 2.4%, 78.6 = 1.9%) in 75% human serum
and a much slower drug release (47.1 + 3.0%, 39.2 = 2.5%) in
75% blood. However, the Lipo-PLNP-PTX and Lipo-PTX
show limited drug release in PBS (10 mM, pH 7.4) at 4 °C
after 24 h (10.5 = 0.3%, 9.1 + 0.5%, respectively), indicating
relatively good stability of the drug carriers under storage
conditions.
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Human breast cancer (MCF-7) cells were incubated with
Lipo-PLNPs to investigate the application of Lipo-PLNPs for
imaging cancer cells. Luminescence signal in MCFE-7 cells was
obviously observed compared to the control group, indicating
the successful internalization of Lipo-PLNPs in cancer cells
(Figure 3a). The result suggests that the Lipo-PLNPs are
capable of imaging cancer cells in vitro. To evaluate the
cytotoxicity of Lipo-PLNPs, MCF-7 and 293T cells were
treated with different concentrations of Lipo-PLNPs for 24 h.
The cell viabilities are still over 85%, showing low cytotoxicity
of Lipo-PLNPs (Figure 3b). In addition, the in vitro
cytotoxicity of Lipo-PLNP-PTX was also evaluated. The cell
viability of MCEF-7 cells treated with Lipo-PLNP-PTX
decreased to 39.8%, even at the low PTX concentration (2.5
ug/mL, 92 ug mL™" as PLNP) (Figure 3c). These results reveal
that Lipo-PLNP-PTX has superior therapeutic efficacy in vitro.

To study the imaging ability of Lipo-PLNPs in vivo, the
Lipo-PLNPs were intravenously injected into normal mice. As
shown in Figure S6, luminescence signals were observed for at
least 7 days after injection. Strong luminescence intensity was
observed in liver and spleen, showing the accumulation of Lipo-
PLNPs in the reticuloendothelial system organs (RES). These
results indicate that Lipo-PLNPs possess the long-term
bioimaging ability and can be used as trackable drug carrier
in vivo.

To further study the imaging ability of PTX-loaded
nanocomposite in vivo, Lipo-PLNP-PTX was intravenously
injected into normal mice and MCF-7 tumor-bearing mice,
respectively. The luminescence signal was visualized nearly in
the whole body at 2 h postinjection, suggesting the distribution
of the composite throughout the body (Figure 4a). Compared
with the normal mice, luminescence signal was obviously
observed in the tumor area of tumor-bearing mice at 4 h and
increased at 24 h postinjection (Figure 4c), indicating the
composite can be accumulated to the tumor site due to long-
time circulation and EPR effect. The ex vivo persistent
luminescence images of tumor and main organs showed the
most luminescence signals in liver, spleen, lung, and tumor
(Figure 4b), which was fairly consistent with the biodistribution
result indicated by the Zn concentration (from PLNP) in the
organs determined by ICPMS (Figure 4d). The bioimaging of
Lipo-PLNPs plays a role in guidance of further therapeutic
application.

To investigate the therapeutic efficacy of Lipo-PLNP-PTX in
vivo, MCF-7 tumor-bearing athymic mice were randomly
divided into three groups (one experimental group treated with
Lipo-PLNP-PTX, two control groups treated with Lipo-PLNPs
or PBS only). The tumor volume curves and representative
photographs of the mice show that tumor growth was
dramatically inhibited by Lipo-PLNP-PTX (Figure Sa,b),
indicating the effectiveness of PTX for killing cancer cells.
The histology study confirms that the Lipo-PLNP-PTX
administered by intravenous injection induced significant
necrotic response (Figure Sc). These results suggest that
Lipo-PLNPs are a kind of promising drug carrier for cancer
therapy in vivo.

To further evaluate the toxicity of Lipo-PLNPs in vivo, H&E
staining of major organs was performed (Figure S8). No
remarkable damage sign of the organs such as liver, spleen,
heart, lung, and kidney was found. In addition, the cumulative
excretion of the nanoparticles was studied. The result shows
that 74.1% of the nanoparticles were excreted via feces of mice
in 10 days after intravenous injection (Figure S7). The results
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demonstrate that Lipo-PLNPs possess minimal toxicity in
healthy mice.

In summary, we have reported a novel persistent
luminescence imaging guided drug carrier for chemotherapy.
The integration of PLNPs and liposomes renders the Lipo-
PLNPs high drug loading and therapeutic efficacy with
excellent imaging ability without autofluorescence interference,
making Lipo-PLNPs promising as trackable drug delivery
vehicles for biomedical applications.
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