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We report the design and fabrication of a multifunctional persistent
luminescent nanoprobe for imaging guided dual-stimulus responsive
and triple-synergistic therapy of drug resistant tumor. The integration of
the dual-stimulus of an acidic microenvironment and laser irradiation
with the triple-synergistic therapy of doxorubicin, photothermal and
siRNA offers excellent therapeutic performance for drug resistant tumor
cells with high specificity and little side effects.

The long-term use of chemotherapeutic drugs in cancer treatment
can easily lead to multiple drug resistance (MDR) of tumor, which
decreases chemotherapeutic efficiency."® MDR mainly results
from the overexpressed drug efflux transporters on the cyto-
membrane, such as P-glycoprotein (P-gp), which is capable of
transporting chemotherapeutic drugs out of cells to decrease
cytotoxicity.»> Small interfering RNA (siRNA) is able to down-
regulate the expression of MDR1 mRNA and P-gp to elevate
chemotherapeutic efficiency.®® Then, various strategies for
co-delivering siRNA and anticancer drugs on a single nanocarrier
have been demonstrated to be more effective than each individual
monotherapy.” "> Nevertheless, the tumor non-specificity of the
existing nanomedicines is the main cause of toxicity to normal cells.

Tumor specific ligands can increase the accumulation of
therapeutic agents at tumor sites and reduce the side effects of
anticancer drugs, showing more clinical significance."*'* At the
same time, the safety issue resulting from off-target effects
indicates that nanomedicines need more selective therapeutic
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conditions. Smart nanosystems based on stimulus-responsive
therapy have received increasing attention due to the gained
targeting therapeutic specificity of the nanomedicine. For
example, the abnormal acidic microenvironment of tumor
enables the low pH responsive release of drug and siRNA."™"°

The therapeutic efficacy of siRNA assisted chemotherapy
mainly relies on the P-gp silencing efficiency of siRNA. Off-target
effects of siRNA may potentially lead to low therapeutic
performance.'” Photothermal therapy has attracted much attention
due to it being less invasive than traditional tumor destruction
methods'®"® and its enhancing effect on tumor susceptibility to
chemotherapy.>** So, photothermal therapy is a good candidate to
overcome drug resistance to increase the efficacy of thermotherapy
and reduce side effects. Heat is induced by an external local
stimulus after the nanomedicine has targeted tumor cells.
Therefore, precise imaging guidance to monitor the direction
of the nanomedicine and the tumor location is urgently needed.

Persistent luminescent nanoparticles (PLNPs) possess good
biocompatibility and long-lasting afterglow, allowing autofluores-
cence free bioimaging without the need for in situ excitation.””>°
Persistent luminescence of near-infrared (NIR) PLNPs can be
activated with red photons that possess high penetration and
low energy. Thus, NIR emitting PLNP based probes are attractive
for imaging guided nanomedicine delivery and guided therapy.

Herein, we report the design and fabrication of a multi-
functional persistent luminescent nanoprobe for imaging-guided
dual-stimulus responsive and triple-synergistic therapy of MDR
tumor cells (Fig. 1a). Monodispersed hydroxyl functionalized
Zn, 1Ga, 5Geg 104:0.5%Cr*",0.5%Eu’" PLNP (PLNP-OH) is used as
the core due to its reactivatable NIR persistent luminescence by
650 nm LED light,”” while poly dopamine (PDA) is employed as the
shell to produce heat under laser irradiation and load doxorubicin
(DOX) though n-n stacking.”®*® Further conjugation with folic
acid (FA) modified polyethyleneimine (PEI-FA) improves the
biocompatibility and provides the ability of active tumor-
targeting and siRNA loading.*® The acidic microenvironment
promotes the release of siRNA from PEI via a “proton sponge”
effect.® Meanwhile, the acidic microenvironment facilitates the
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Fig. 1 (a) Scheme for the synthesis of the multifunctional persistent
luminescent nanoprobe (PPP-FA-DOX-siRNA). (b) Illustration of the multi-
functional persistent luminescent nanoprobe for imaging guided dual-
stimulus responsive and triple-synergistic therapy of MDR tumor cells.

protonation of the daunosamine group and diminishes the
hydrophobic n-n stacking interaction,?” thus triggering DOX
release. Laser irradiation triggers PDA to produce heat and
facilitates DOX release (Fig. 1b). This multifunctional nano-
probe integrates the dual-stimulus of the acidic microenvironment
and laser irradiation with the triple-synergistic therapy of DOX,
photothermal and siRNA, enabling excellent therapeutic per-
formance on drug resistant tumor cells with high specificity
and little side effects.

PLNP-OH was prepared according to our previous work?’
with slight modifications (ESIT). PDA was coated on PLNP-OH
via self-polymerization of dopamine. PEI-FA was prepared from
PEI and FA through an acylation reaction (Fig. Sla and b, ESIT).
The PDA-coated PLNP (PP) was further functionalized with PEI-FA
via Schiff base reaction between the oxidized quinone of catechol
and the amines of PEI-FA. Finally, DOX and siRNA were adsorbed
on the PEI-FA functionalized PP (PPP-FA) through n-r stacking and
electrostatic interactions to get the multifunctional nanoprobe
PLNP-PDA-PEI-FA-DOX-siRNA (PPP-FA-DOX-5iRNA).

The core PLNP-OH has a pure spinel phase structure of
ZnGa,0, and Zn,GeO, (Fig. S2b, ESIT) with an average diameter
of 35.4 nm (Fig. S2a, ESIt). Coating of PDA on PLNP-OH changed
the zeta potential from —18.3 mV to —29.7 mV due to the -OH
groups on the PDA shells (Fig. S3, ESIT). The PDA shell exhibited
a thickness of 3.33 nm (Fig. S4c, ESI{). The characteristic peaks at
284 nm and 370 nm in the UV-Vis absorption spectrum (Fig. S5a,
ESIt) and the band of the -CONH- stretching vibration at
1660 cm ' in FT-IR spectrum (Fig. S5b, ESIf) confirm the
successful conjugation of PEI-FA and PP. Besides, the change in
zeta potential from negative (—29.7 mvV) to positive (+35.8 mV)
also confirms the successful functionalization of PEI-FA on PP
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Fig. 2 Agarose gel electrophoretic assay of PPP-FA-DOX-(P-gp) siRNA at
various weight ratios (PPP-FA-DOX:P-gp siRNA): 0:1,1:1,2:1,4:1,8:1,
16:1, and 32:1.

(Fig. S3, ESIt). The new peak in the UV-Vis absorption and
fluorescence spectra (Fig. S5a and S6, ESIT) along with the slight
change of zeta potential (Fig. S3, ESIT) suggest the successful loading
of DOX. The extent of DOX loaded on PPP-FA was 254 jig mg™ .

P-gp siRNA binds to PPP-FA-DOX through electrostatic inter-
action, forming PPP-FA-DOX-(P-gp) siRNA. The binding capacity
was investigated by using agarose gel electrophoresis. The
brightness of the free P-gp siRNA band decreased as the weight
ratio (w/w) of PPP-FA-DOX/P-gp siRNA increased, indicating that
the binding efficiency of P-gp siRNA increased with the weight
ratio (Fig. 2). P-gp siRNA was completely absorbed on PPP-FA-
DOX at the weight ratio of 32:1, and the extent of P-gp siRNA
loaded on PPP-FA-DOX was 31.25 ug mg™ .

The as-prepared PLNP-OH core gave a NIR phosphorescence
emission peak at 695 nm with a long lasting NIR luminescence
afterglow under 254 nm UV light excitation (Fig. 3a and Fig. S7a,
b, S8a, ESIf). Moreover, the phosphorescence and NIR
luminescence afterglow of PLNP-OH can be reactivated by a
red LED light (Fig. S8b, ESIt), providing great potential for long-
term autofluorescence free in vivo imaging.
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Fig. 3 (a) Excitation and emission spectra of the as-prepared PLNP-OH
powder. (b) Temperature change of PP at various concentrations under
808 nm laser irradiation (2 W cm™2, 10 min).
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We first optimized the amount of dopamine as the NIR
absorption capacity of PDA has an impact on PLNP luminescence
and photothermal conversion ability. The temperature increment
of PP increased with the amount of dopamine (Fig. S4b, ESIY),
whereas the luminescence intensity of PP decreased, which is
unfavourable for bioimaging (Fig. S4a and S9, ESIt). Considering
both the photothermal conversion efficiency and the luminescence
intensity, 70 ug of dopamine was chosen as a compromise to react
with 1 mg of PLNP-OH to get PP.

We then investigated the temperature change of PP at different
concentrations under 808 nm laser irradiation (2 W cm™?) for
10 min (Fig. 3b). These results show that the prepared PP exhibits a
distinct increase of temperature upon 808 nm laser irradiation and
displayed a time- and concentration-dependent trend. The tempera-
ture of different concentrations of PP solution rose from the initial
25 °C to a different maximum temperature from 37 °C to 45 °C.

DOX release was examined in aqueous solutions at pH 5.5
and pH 7.4 to simulate the tumor acidic microenvironment and
normal physiological environment, respectively. The solutions
were treated with or without 808 nm laser irradiation for 10 min
at a fixed time interval. 54.0% and 21.1% DOX were released at
pH 5.5 and pH 7.4, respectively, after incubation for 48 h and
irradiation at a fixed time interval. In contrast, 46.3% and
17.0% DOX were released at pH 5.5 and pH 7.4, respectively,
without irradiation (Fig. 4). These results demonstrate that the
acidic environment made DOX more water soluble and easy to
release while the laser irradiation also accelerated DOX release.
The sustained site-specific release process of DOX may potentially
avoid side effects in further in vivo applications.

The above results encouraged us to apply the multifunctional
PLNP nanoprobe in cell imaging and therapy. Both 293T cells
(normal cells, FA receptor low-expressed) and MCF-7/ADR cells
(DOX resistant MCF-7 cells, FA receptor over-expressed) were
employed as model cells. The confocal laser scanning micro-
scopy (CLSM) images (Fig. 5) show that more PPP-FA was
internalized in the MCF-7/ADR cells than 293T cells. To better
verify the selectivity of the nanoprobe, MCF-7/ADR cells whose
FA receptor was blocked with FA were subsequently incubated
with PPP-FA. The results show that the amount of nanoprobe
entering the untreated cells was higher than that entering the
blocked cells (Fig. S10, ESIt), suggesting that PPP-FA offered the
ability of targeting and imaging tumor cells.
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Fig. 4 DOX release profile at pH 5.5 and 7.4, treated with or without
808 nm laser irradiation (2 W cm™2, 10 min) over 48 h.
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Fig. 5 CLSM images of 293T and MCF-7/ADR cells after incubation with
PPP-FA. Scale bar = 100 pm.

The light assisted DOX release behavior of the nanoprobe
was evaluated using MCF-7/ADR cells. The drug resistance of
MCF-7/ADR cells compared with MCF-7 cells was firstly tested
by incubating with free DOX. Strong fluorescence of DOX was
observed in the nucleus of the MCF-7 cells (Fig. S11, ESIT),
whereas little free DOX entered the MCF-7/ADR cells, indicating
the drug efflux property of the MCF-7/ADR cells. MCF-7/ADR
cells were also incubated with PPP-FA-DOX under 808 nm laser
irradiation or not (2 W em™?, 10 min). Incubation of MCF-7/
ADR cells with PPP-FA-DOX gave stronger DOX fluorescence
than that with free DOX because the nanoprobe entered the
cells in a FA-mediated manner. Due to the sustained release
process and drug efflux, most DOX remained in the cytoplasm
at the time of our observation. However, when the nanoprobes
entering the cells were exposed to laser irradiation, the released
amount of DOX increased, and the amount of DOX entering the
nucleus also increased (Fig. S11, ESIf), thereby increasing
the sensitivity of the MCF-7/ADR cells to DOX, which may be
the key factor contributing to the synergistic therapy effect of
DOX and photothermal on drug-resistant tumor cells.

MCF-7/ADR cells were also incubated with free P-gp siRNA
and PPP-FA-(P-gp) siRNA, which results from electrostatic binding
of PPP-FA and P-gp siRNA. P-gp siRNA was labelled with
6-carboxyfluorescein (FAM) to verify the delivery ability of the
nanoprobe for siRNA. The FAM fluorescence in MCF-7/ADR
cells incubated with PPP-FA-(P-gp) siRNA was clearly stronger
than that with free P-gp siRNA (Fig. S12, ESIt), indicating that
the free P-gp siRNA scarcely entered the MCF-7/ADR cells, but
P-gp siRNA on the nanoprobe could enter the MCF-7/ADR cells
through endocytosis.

Efficient knockdown of a drug resistant gene can elevate the
internalized amounts of drugs and chemotherapeutic effect in
drug resistant tumor cells. So, the knockdown efficiency of
MDR1 mRNA and P-gp expression was assayed. The quantitative
reverse transcription-PCR results indicate that PPP-FA-(P-gp)
SiRNA gave a higher MDR1 mRNA knockdown efficiency (43%)
than other control groups (Fig. S13a, ESIt). PPP-FA-(P-gp) siRNA
also had a higher P-gp silencing efficiency (41%) compared with
other control groups (Fig. S13b, ESIf).

MTT assays were performed to evaluate the potential anti-
tumor activity of the multifunctional nanoprobe. The viability
of MCF-7/ADR cells incubated with different nanoprobes displayed
a concentration-dependent manner (Fig. S14, ESIf). PPP-FA-DOX
and DOX gave similar cytotoxicity, likely due to the sustained release
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of DOX from the nanoprobe. 120 ug mL~ " PPP-FA-DOX-(P-gp) siRNA
showed a cell viability decrease of about 20% compared with
PPP-FA-DOX, indicating that P-gp siRNA downregulated the
expression level of P-gp and elevated the chemotherapy efficiency.
The photothermal effect caused the viability of cells incubated
with 120 pg mL~" PPP-FA-DOX-(P-gp) siRNA to further decrease to
27%. The triple synergistic cell killing effect was higher than the
sum of PPP-FA-DOX-(P-gp) siRNA (67% alive) and the photo-
thermal effect (68% alive), indicating that the photothermal
effect accelerated the release of DOX and improve the efficiency
of entering the nucleus. PPP-FA-DOX under laser gave a higher
cell killing effect of 58% cells death compared to the sum of
PPP-FA-DOX (13% death) and the photothermal effect (32%
death), while laser irradiation itself showed no cytotoxicity on
MCF-7/ADR cells (Fig. S15, ESIT). The results demonstrate that
the multifunctional nanoprobe not only co-delivered anticancer
drugs, but also produced a triple-synergistic therapeutic effect
for drug resistant tumor cells.

To show the potential application ability of the nanoprobe
in vivo, the preliminary imaging effect was tested in MCF-7 cell
tumor-bearing mice. The nanoprobe was pre-irradiated with UV
light for 10 minutes and subsequently intratumorally injected
into the mice. The mice were irradiated with red LED light for
5 minutes before acquiring luminescence images each time.
The tumor still had obvious luminescence 4 h after injection
(Fig. S16, ESIt), which proves the stability of the long afterglow
luminescence. More importantly, since the luminescence
images were collected without in situ excitation, no interference
of background bioluminescence was observed, while the fluores-
cence of DOX under 500 nm excitation had strong background
interference (Fig. S17, ESIT).

In conclusion, we have reported a multifunctional persistent
luminescent nanoprobe for imaging guided dual-stimulus respon-
sive and triple-synergistic therapy for drug resistant tumor cells. The
FA and the persistent luminescence of the nanoprobe provided
precise autofluorescence-free optical imaging guidance for therapy.
The dual-stimulus of 808 nm laser irradiation and the acidic
microenvironment triggered siRNA and DOX release while
808 nm laser irradiation stimulates the nanoprobe to produce
heat and accelerates DOX release, avoiding non-specific target-
ing and side effects. DOX, siRNA and photothermal exhibit
good triple-synergistic therapeutic performance towards MDR
tumor cells, showing great potential in MDR tumor applications. In
future, the multifunctional nanoprobe will be further explored in
the treatment of drug resistant tumor in vivo.
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