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A B S T R A C T

Theranostic nano-drug delivery systems are promising candidates for early diagnosis and treatment of tumors.
However, it is a great challenge to achieve accurate intracellular delivery and stimuli-responsive drug release
with the enhanced anti-tumor effects and reduced side effects. Herein we report the fabrication of polyamide-
amine (PAMAM) dendrimer grafted persistent luminescence nanoparticles (PLNPs) via in situ growth of PAMAM
on the surface of PLNPs and its application in targeted bioimaging and drug delivery. The developed PLNPs-
PAMAM possesses strong renewable near-infrared persistent luminescence for imaging and gives abundant
terminal groups for further functionalization. Aptamer AS1411 coupled to the PLNPs-PAMAM surface can
specifically bind to the over-expressed nucleolin on the membrane of tumor cells and improve the intracellular
accumulation of the nanoparticles. Doxorubicin (DOX) is loaded on PLNPs-PAMAM by a pH-sensitive hydrazine,
can be specifically released in the intracellular acid environment, leading to apoptosis of HeLa tumor cells and
inhibition of tumor growth. The as-prepared smart drug delivery nanoplatform with persistent luminescence,
PLNPs-PAMAM-AS1411/DOX, shows a good application prospect for precise cancer theranostics.

1. Introduction

Cancer is a disease with high incidence rate and high mortality rate,
and has seriously threatened human health [1,2]. The emergence and
development of chemotherapeutic agents delivery system mediated by
nanoparticles have brought opportunities to overcome the short-
comings of traditional chemotherapy drugs with nonspecific distribu-
tion, systemic toxicity and poor therapeutic effect [3,4]. The multi-
functional intelligent drug delivery systems based on various
nanoparticles with special properties such as optical imaging, photo-
thermal and photodynamic therapy have gained considerable attention
[5–7]. Persistent luminescence nanoparticles (PLNPs) can release
afterglow signal slowly for a long time after stopping excitation, and
have aroused widespread interest for autofluorescence free bioimaging
because of their unique optical properties such as no need for in-situ
excitation, near infrared (NIR) luminescence and persistent luminescent
renewability by NIR light [8–11]. These unique properties have paved
the way to biomedical applications [9].

Previous PLNPs-based theranostic drug delivery systems have been

developed by encapsulating other materials (mesoporous silica [12],
hollow silica [13], liposomes [14] and zeolitic imidazolate framework-
8 [15]) with drug loading capability. Dendrimers, a class of fully
branched polymers consisting of a series of repetitive units extending
outward from the core, have aroused wide attention in recent years
because of their precise molecular structure, high geometric symmetry
and controllable molecular weight [16–18]. Dendrimers can endow
nanoparticles with abundant superficial functional groups compared
with other polymers, which is of great significance to improve surface
properties and new functions [19–21]. Polyamide-amine (PAMAM)
dendrimer is simple to prepare and possesses good physical and che-
mical properties, and has played a role in biomedical applications such
as drug delivery [22–28].

Targeted intracellular delivery and stimuli-responsive release are
crucial for nano-drug delivery system to enhance theranostic efficiency.
Compared with conventional passive targeting from the enhanced
permeation and retention (EPR) effect in the tumor vasculature, active
targeting strategy via specific binding of ligands to tumor markers
greatly improves intracellular accumulation. The targeting ligands
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including folic acid [29], RGD peptide [30], phenylboronic acid [31]
and galactose [32] are often coupled to the surface of nanoparticles to
perform active targeting functions. Aptamers are considered excellent
candidates for targeting tumors due to their ability to bind specifically
to target molecules with high affinity [33,34]. Various aptamers such as
AS1411 [35] and MUC1 [36] have been coupled to the surface of drug
delivery systems to increase their ability to enter cancer cells. In ad-
dition, conjugating drug candidates to the surface of nanocarriers via
specific linkers such as pH-sensitive covalent bonds and enzyme-clea-
vable peptide that can be broken in cancer cells upon microenviron-
ment stimulation is an effective strategy to achieve controlled drug
release with a slight side effect [37–42].

Herein, we report the preparation of PAMAM grafted PLNPs (PLNPs-
PAMAM) with terminal hydrazide group as the nanoplatform for ap-
tamer guided imaging and acid-responsive drug delivery. PLNPs is used
as the core of the nanoplatform due to its super long NIR persistent
luminescence. PAMAM is grafted onto the surface of PLNPs to improve
the biocompatibility of the nanoplatform and to provide abundant
terminal groups for further functionalization and drug loading. Further
conjugation of aptamer AS1411 endows the nanoplatform with tar-
geting ability with high specificity for the over-expressed nucleolin on
the membrane of cancer cells.

2. Experimental section

2.1. Preparation of PLNPs-PAMAM

The PLNPs and amino-functionalized PLNPs (PLNPs-NH2) were
prepared according to our previous work [11]. The 2.5th generation
(G2.5) PAMAM dendrimer grafted PLNPs was first synthesized with
ester end-functional groups [43]. Briefly, 250 mg of PLNPs-NH2 was
dispersed in 12.5 mL methanol, then 2.5 mL methyl acrylate (MA) was
added under stirring. After 2-day reaction, the resulting the half gen-
eration PLNPs-PAMAM (G0.5) was collected by centrifugation, washed
and re-dispersed in 12.5 mL methanol. To the PLNPs-PAMAM (G0.5)
methanol dispersion, 12.5 mL ethylenediamine (EDA) was added under
stirring. After another 2 d reaction, the product PLNPs-PAMAM (G1)
was separated by centrifugation and washed with methanol. G1.5, G2
and G2.5 were acquired by repeating the above two steps. Furthermore,
the third generation (G3) PAMAM dendrimer grafted PLNPs with hy-
drazide end-functional groups was obtained from the reaction of PLNPs-
PAMAM G2.5 with hydrazine hydrate as described above.

2.2. Conjugation of aptamer AS1411

AS1411 was conjugated onto the surface of PLNPs-PAMAM (G3) via
an amide condensation reaction. 15 μL of AS1411 (100 μM) was mixed
with 900 μL phosphate buffer solution (PBS, pH 7.4) containing 100 μL
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
(100 mg mL−1) and N-hydroxysuccinimide (NHS) (100 mg mL−1)
under stirring. After activation for 15 min, 100 μL of PLNPs-PAMAM
(5 mg mL−1) was added to the mixture solution. After 12-h reaction,
the resulting PLNPs-PAMAM-AS1411 was collected by centrifugation,
washed and dried for further use.

2.3. Loading of DOX

The PLNPs-PAMAM-AS1411/DOX nanoplatform was prepared by
coupling DOX to PLNPs-PAMAM-AS1411 via an acylhydrazone bond.
Briefly, 0.5 mg PLNPs-PAMAM-AS1411 and 0.25 mg DOX were mixed
in 100 μL dimethyl sulfoxide (DMSO), and then a few drops of acetic
acid were added as catalyst. After 48 h stirring reaction in dark, the
resulting PLNPs-PAMAM-AS1411/DOX was collected by centrifugation,
washed and dried. In addition, the PLNPs-PAMAM-DOX was prepared
in the same way.

2.4. Hydrolytic release of DOX

The in vitro release of DOX from PLNPs-PAMAM-AS1411/DOX was
assessed via dialysis. The prepared PLNPs-PAMAM-AS1411/DOX was
separately dispersed in PBS solution at pH 7.4 and 5.0, transferred into
a dialysis bag and placed in PBS solution under constant shaking. At the
designed time points, 1 mL of release medium was taken out for the
measurement of DOX and 1 mL fresh PBS was added again for further
drug release. The DOX released were determined by fluorescence
spectrometry at 600 nm.

2.5. Cell imaging

HeLa and 3T3 cell lines (Shanghai cell bank of Chinese Academy of
Sciences) were cultured in DMEM medium, and seeded into the con-
focal dish with 5 × 103/well in incubator at 37 °C in 5% CO2. After 24 h
culture, the medium was replaced with the fresh medium containing
50 μg mL−1 of PLNPs-PAMAM-AS1411/DOX, and incubated for addi-
tional 2 h. Afterwards, the medium was removed and the cell was im-
mobilized using 4% polyformaldehyde for 15 min. The cell imaging was
performed on confocal laser scanning microscopy (CLSM) after staining
with DAPI solution for 10 min. The DOX release behavior of PLNPs-
PAMAM-AS1411/DOX in HeLa cell was explored as described above.

2.6. Flow cytometry

HeLa and 3T3 cells were seeded in a 6-well with a density of
1 × 104/well and cultured for 24 h. Further incubation was carried out
using a fresh medium containing 50 μg mL−1 PLNPs-PAMAM-AS1411/
DOX for 2 h. The medium was then discarded and the cells were washed
with PBS for three times, digested with 0.25% trypsin, collected by
centrifugation for flow cytometry analysis.

2.7. MTT assay

To evaluate the cytotoxicity of PLNPs-PAMAM-AS1411 and the
chemotherapeutic efficacy of PLNPs-PAMAM-DOX and PLNPs-PAMAM-
AS1411/DOX, HeLa and 3T3 cells were planted into the 96-well plates
(1 × 104 cells/well) and cultured for 24 h. Then, the medium was re-
placed with a fresh medium containing different concentrations (0, 10,
30, 60 and 100 μg mL−1) of PLNPs-PAMAM-AS1411. Continuous in-
cubation was carried out with a fresh medium containing
0.25 mg mL−1 MTT for 4 h. The DMSO (100 μL/well) was added to
dissolve the MTT-formazan produced by living cells after removing the
old medium. At last, the cell viability was calculated according to the
measured absorbance values at 490 nm via a microplate reader.

The viability of HeLa cells in media containing different con-
centrations (0, 0.1, 0.5, 1, 2, 3 and 5 μg mL−1 as DOX) of free DOX,
PLNPs-PAMAM-DOX and PLNPs-PAMAM-AS1411/DOX was examined
with 4-h incubation in accordance with the above procedure, respec-
tively. The absorption was determined after a further incubation for 36
and 72 h.

2.8. In vivo imaging of HeLa tumor-bearing mice

Animal experiments strictly followed the guidelines of the Tianjin
Committee of Use and Care of Laboratory Animals, and approved by the
Animal Ethics Committee of Nankai University. The Balb/c nude mice
(4 weeks, female, 15 g) were purchased from Shanghai Slac laboratory
animal Co, Ltd. HeLa cells (5 × 106 cells per mouse) were inoculated
into nude mice by subcutaneous injection to produce tumors.

The PLNPs-PAMAM-DOX and PLNPs-PAMAM-AS1411/DOX
(200 μL, 2 mg mL−1 as PLNPs) after a pre-excitation with a 254 nm UV
light for 10 min were injected into mice via tail vein. Repeated acti-
vations were carried out by irradiating mice with a LED lamp
(650 ± 10 nm, 5000 lm) for 2 min before acquiring images. The
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persistent luminescence signals were collected on the IVIS Imaging
System at designed time points.

2.9. In vivo therapeutic effect

HeLa tumor-bearing mice were randomly assigned to 4 groups and
then intravenously injected with PBS, free DOX, PLNPs-PAMAM-DOX
and PLNPs-PAMAM-AS1411/DOX (200 μL, 0.3 mg mL−1 as DOX) once
every two days for three times, respectively. The length and width of
the tumor were measured every two days for 20 days and the volumes
were calculated by the formula: length × width2/2 for ellipsoid tumors
[44,45]. The body weight changes of mice were recorded during
treatment.

2.10. Statistical analysis

Experimental data are expressed as means ± standard deviation.
Significance analysis was carried out by two-way ANOVA.

3. Results and discussion

3.1. Design, preparation and characterisation of PLNPs-PAMAM-AS1411/
DOX

The design and preparation of PLNPs-PAMAM-AS1411/DOX ther-
anostic nanoplatform for aptamer guided persistent luminescence
imaging and acid-responsive drug delivery are illustrated in Scheme 1.
To grow PAMAM dendrimer on the surface of the PLNPs, PLNPs-NH2
was prepared according to our previous work [11]. The propagation of
PAMAM dendrimer onto the surface of PLNPs-NH2 was performed via a
standard method for synthesizing PAMAM dendrimer. MA reacted first
with the amine groups of PLNPs-NH2 via Michael addition reaction to
form PLNPs-PAMAM (G0.5). Subsequent amidation of EDA and the
prepared G0.5 gave the first generation of PLNPs-PAMAM (G1). Other
generations of PLNPs-PAMAM (G1.5, G2 and G2.5) were prepared by
repeating the steps described above. The third generation of PLNPs-
PAMAM (G3) with hydrazine group as terminal group was obtained by
an amidation of hydrazine hydrate. Such grafting of PAMAM dendrimer
on the surface of PLNPs provides abundant active groups for drug
loading and improves the water solubility of the nanoparticles. Subse-
quently, the aptamer AS1411 was conjugated onto the surface of
PLNPs-PAMAM (G3) via amide condensation to give the nanoplatform
the ability to target cancer cells. Finally, DOX was loaded onto the
nanoplatform via acid-sensitive hydrazone bond to achieve intracellular
response release of drugs.

The as-synthesized PLNPs were spherical nanoparticles with an
average size of 15.2 nm (calculated from 100 randomly selected par-
ticles) (Figs. S1a and b) as well as the spinel phase of Zn2GeO4 (JCPDS
25–1018) and ZnGa2O4 (JCPDS 38–1240) (Fig. S1c) and the lattice
space of 0.272 nm (Fig. S1d). TEM images also reveal that the mor-
phology and size of the nanoparticles did not change significantly after
grafting PAMAM (Fig. 1 a-f. Figs. S1a and b).

The successful preparation of PLNPs-PAMAM was confirmed by FT-
IR spectrometry (Fig. 2a). The PLNPs-NH2 gave N–H bending vibrations
from –NH2 at 1632 cm−1, strong stretching vibrations of O–Si–O at
1042 and 1122 cm−1, and the symmetrical and asymmetrical stretching
vibrations of –CH2- at 2925 and 2855 cm−1, suggesting the successful
amino functionalization. All half-generation products including G0.5,
G1.5 and G2.5 showed clear stretching vibration bands of C]O from
the ester groups at 1737 cm−1, indicating that MA reacted with the
amino groups on the surface of PLNPs-NH2 and the propagation oc-
curred. However, the above ester band disappeared in the FT-IR spectra
of the corresponding full-generation products (G1, G2, and the hy-
drazine hydrate of G3 (PLNPs-PAMAM-hyd)), demonstrating successful
amidation with EDA. Moreover, the FT-IR spectra of the products
starting from the first generation display the strong bands from the C]

O stretching of –CONH– at 1651 and 1560 cm−1.
Growth of PAMAM with subsequent conjugation of the aptamer

AS1411 onto the surface of PLNPs-NH2 was also evidenced by the
changes of the Zeta potential and the hydrodynamic size. Zeta potential
of PLNPs-NH2 is 21.4 mV and that of PLNPs-PAMAM (G1, G2 and G3)
slightly increased as the increase of grafting generation due to the in-
crease of amino groups on the surface of nanoparticles (Fig. 2b). The
conjugating of aptamer AS1411 made the Zeta potential dramatically
decreased to −7.0 mV owing to the negative charge of the phosphoric
acid skeleton in the aptamer. Furthermore, the hydrodynamic size of
the increased from 58.1 nm for PLNPs-NH2 to 110.3 nm for PLNPs-
PAMAM-AS1411 due to the introduction of PAMAM and aptamer
AS1411 (Fig. 2c).

Elemental mapping further confirms the successful synthesis of
PLNPs-PAMAM-AS1411. While Zn and Ga represent the PLNPs core, C
and N are mainly from PAMAM and AS1411, and P comes from the
phosphoric acid skeleton of AS1411 (Fig. 2d). PLNPs-PAMAM-AS1411/
DOX gave the characteristic absorption band at 490 nm (Fig. S2a) and
the fluorescence emission at 600 nm (Fig. S2b), demonstrating the
successful loading of DOX.

3.2. Persistent luminescence performance

The as-prepared PLNPs gave a near infrared luminescence emission
at 700 nm originating from the 2E→4A2 transition of distorted Cr3+

ions in gallogermanate with an excitation spectra in the ultraviolet
region (Fig. 3a; Figs. S3a and b), and exhibited good persistent lumi-
nescence performance after stopping excitation with a 254 nm ultra-
violet lamp for 5 min (Fig. S4a). Furthermore, the persistent lumines-
cence can be repeatedly activated via a 650 nm red LED lamp (Fig. S4b
and Fig. S5). PLNPs-PAMAM-AS1411/DOX had similar luminescent and
afterglow properties (Fig. 3a and b).

3.3. Targeted cellular uptake

To examine the targeted cellular uptake and imaging performance
of PLNPs-PAMAM-AS1411/DOX, HeLa (cancer cells, overexpressed
nucleolin) and 3T3 (normal cells, low nucleolin expression) were se-
lected as model cells. CLSM imaging and flow cytometry analysis show
much stronger luminescence signal (red) of the PLNPs in the cytoplasm
of HeLa cells compared to 3T3 cells after incubation with PLNPs-
PAMAM-AS1411/DOX (Fig. 4a–c), indicating that the specific binding
of AS1411 and over-expressed nucleolin on the membrane of HeLa cells
promoted the uptake of PLNPs-PAMAM-AS1411/DOX. To further con-
firm that the targeting effect originates from aptamer AS1411, the in-
hibition experiment was carried out by adding aptamer AS1411 in
advance. As expected, the luminescence intensity dramatically de-
creased for HeLa cell because the added AS1411 blocked the affinity
interaction between PLNPs-PAMAM-AS1411/DOX and the nucleolin,
but did not show obvious change for 3T3 cells (Fig. 4 a,d,e).

In addition, the influence of incubation time on the uptake capacity
of HeLa and 3T3 cells was investigated. HeLa cells showed high uptake
efficiency due to the active targeting of the PLNPs-PAMAM-AS1411/
DOX to HeLa cells and the uptake approached to the maximum within
3 h (Figs. S6a and b). In contrast, 3T3 cells exhibited much lower up-
take efficiency in a strong time dependent manner and the uptake in-
creased slowly with incubation time (Figs. S6c and d).

3.4. DOX loading and release

The influence of DOX content in the reaction system and different
generations of PLNPs-PAMAM (G1, G2 and G3) with hydrazide as the
terminal on DOX loading capacity was investigated. The DOX loading
capacity increased rapidly with the added amount of DOX below
2.0 mg mg−1, then tended to the maximum because the reaction sites
gradually exhausted (Fig. S7). In addition, the DOX loading capacity
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increased with the increase of grafting generation due to the production
of more reaction sites on the surface of the nanoprobe (Fig. S8). This
fully reflects the necessity of introducing dendrimers to effectively
improve drug loading.

We then examined the acid-responsive DOX release performance of
PLNPs-PAMAM-DOX or PLNPs-PAMAM-AS1411/DOX nanocomposites.
Buffer solutions at pH 7.4 (normal physiological environment) and pH
5.0 (acidic cellular compartments (endosome/lysosome)) were chosen
as simulation systems. The DOX release from PLNPs-PAMAM-DOX and
PLNPs-PAMAM-AS1411/DOX at pH 5.0 was significantly faster than
that at pH 7.4 (Fig. 5a). More than 60% of DOX released at pH 5.0 in
36 h, whereas only about 10% of DOX released at pH 7.4. Such a re-
markable difference indicates that the PLNPs-PAMAM-DOX and PLNPs-
PAMAM-AS1411/DOX nanocomposites possess excellent acid-re-
sponsive ability to achieve controlled drug release, leading to high drug
utilization and low side effects, which is conducive to the application in
cancer therapy. This specific response is attributed to the acid sensi-
tivity of the hydrazone bond between DOX molecules and PLNPs-
PAMAM which is stable under neutral condition but cleavable due to
hydrolysis under acidic condition (Fig. 5b).

The intracellular release of DOX from PLNPs-PAMAM-AS1411/DOX

was further demonstrated on HeLa cells (Fig. 5c). CLSM imaging of the
cells after 1 h incubation with the nanoprobe shows the luminescence
signal (red) of DOX from PLNPs-PAMAM-AS1411/DOX nanocomposites
mainly appeared in cytoplasm, indicating that only a small amount of
the DOX released within 1 h. In contrast, free DOX displayed strong
luminescence signal in the nucleus of HeLa cells because DOX is a
water-soluble small molecule and can quickly spread to the cells and
intercalate DNA in the nucleus [18]. The luminescence signal of DOX
from PLNPs-PAMAM-AS1411/DOX was significant in the nucleus after
5 h incubation as the DOX gradually released in an acid intracellular
environment (endosome/lysosome) of HeLa cells.

3.5. In vivo persistent luminescence imaging

The performance of in vivo persistent luminescence imaging of
PLNPs-PAMAM-AS1411/DOX was investigated by subcutaneous injec-
tion on normal nude mice. The persistent luminescence imaging signal
can be observed after stopping excitation, and the persistent lumines-
cence intensity can be restored quickly and effectively after repeated
activations with LED lamp (Fig. S9). In vivo imaging after subcutaneous
injection of PLNPs-PAMAM-AS1411/DOX and DOX was carried out for

Scheme 1. (a) Scheme for the synthesis of PLNPs-PAMAM-AS1411/DOX. (b) Illustration for the utilization of PLNPs-PAMAM-AS1411/DOX as the nanoplatform for
aptamer AS1411 guided tumor imaging and acid-responsive drug delivery.
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comparison (Fig. 6). The signal-to-noise ratio (SNR) of PLNPs-PAMAM-
AS1411/DOX (227) was much higher than that of the DOX (2.96) due
to the absence of autofluorescence interference under the condition of
no in situ excitation for PLNPs-PAMAM-AS1411/DOX. In addition, the
ventral views of mice show that the PLNPs-PAMAM-AS1411/DOX can
still give clear persistent luminescence imaging signal with a strong
tissue penetration from the near-infrared luminescence, while the DOX
cannot provide a resolvable fluorescence imaging signal. These ex-
cellent properties of PLNPs-PAMAM-AS1411/DOX pave the way to its
application in vivo autofluorescence-free imaging.

The inspiring results of the in vitro cell targeted uptake and in vivo
imaging encouraged us to evaluate PLNPs-PAMAM-AS1411/DOX for in
vivo target-specific cancer imaging. PLNPs-PAMAM-DOX was used for
comparison. PLNPs-PAMAM-DOX and PLNPs-PAMAM-AS1411/DOX
were irradiated with a 254 nm UV light for 10 min before injection. 2
min LED light (650 nm) irradiation was applied on the mice before
acquisiting luminescence images. Significant luminescence signal from
PLNPs-PAMAM-AS1411/DOX was observed in the tumor area of HeLa
tumor-bearing mice for at least 8 h (Fig. 7a), while the PLNPs-PAMAM-
DOX doesn't give a visual image signal, indicating that AS1411 aptamer

Fig. 1. TEM images (a,c,e) and diameter distributions (b,d,f) of PLNPs-PAMAM (G1) (a,b), PLNPs-PAMAM (G2) (c,d), PLNPs-PAMAM (G3) (e,f).

Fig. 2. (a) FT-IR spectra of PLNPs-NH2,
PLNPs-PAMAM (G0.5), PLNPs-PAMAM
(G1), PLNPs-PAMAM (G1.5), PLNPs-
PAMAM (G2), PLNPs-PAMAM (G2.5), and
PLNPs-PAMAM (G3). (b) Zeta potentials of
PLNPs-NH2, PLNPs-PAMAM (G1), PLNPs-
PAMAM (G2), PLNPs-PAMAM (G3) and
PLNPs-PAMAM-AS1411. (c) Hydrodynamic
diameter distributions of PLNPs-NH2,
PLNPs-PAMAM (G1), PLNPs-PAMAM (G2),
PLNPs-PAMAM (G3) and PLNPs-PAMAM-
AS1411. (d) Elemental mapping of PLNPs-
PAMAM-AS1411.
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functionalized nanoprobe has active targeting effect and can promote
the accumulation of nanoparticle in tumor site. In addition, the major
persistent luminescence signal appeared in the liver area (one of the
major reticuloendothelial system organs) because of the strong phago-
cytosis. Furthermore, the concentrations of element Ga from PLNPs 8 h
and 24 h after intravenous injection further revealed the distribution of
PLNPs-PAMAM-DOX and PLNPs-PAMAM-AS1411/DOX in the major
organs (heart, liver, spleen, lung and kidney) and tumors (Fig. 7b). The
uptake of the nanoprobes by HeLa tumor increased with time, while the
accumulation of PLNPs-PAMAM-AS1411/DOX in tumor area is sig-
nificantly higher than that of PLNPs-PAMAM-DOX.

3.6. Toxicity evaluation of PLNPs-PAMAM-AS1411

In vitro cytotoxic evaluation of PLNPs-PAMAM-AS1411 against
cancer cell HeLa and normal cell 3T3 was carried out by MTT assay. No
noticeable toxicity to the two cell lines was observed after incubation
with PLNPs-PAMAM-AS1411 at concentrations ranging from 0 to
100 μg mL−1 for 24 h (Fig. S10). For further assessment of in vivo
toxicity, the nude mice were divided into one control group without
any treatment and one experimental group injected intravenously with
PLNPs-PAMAM-AS1411. The mice viability was still 100% at 20 days

after tail vein injection of PLNPs-PAMAM-AS1411 and the weight gain
of the PLNPs-PAMAM-AS1411 treated group and the control group of
the mice exhibited a similar trend (Fig. S11). In addition, the histolo-
gical examination revealed that the main organs (heart, liver, spleen,
lung and kidney) of PLNPs-PAMAM-AS1411 treated group had no ap-
preciable damage sign or abnormality compared with the control group
(Fig. S12). The above results demonstrate that PLNPs-PAMAM-AS1411
possesses good biocompatibility for biomedical application.

3.7. In vitro anti-tumor activity

The cytotoxicity of free DOX, PLNPs-PAMAM-DOX and PLNPs-
PAMAM-AS1411/DOX towards HeLa cells were tested by MTT assay to
evaluate anticancer activity (Fig. 8a and b). Overall, the lethal effects of
free DOX, PLNPs-PAMAM-DOX and PLNPs-PAMAM-AS1411/DOX on
cells were positively correlated with incubation time and DOX con-
centration. The concentration yielding half-lethal (LC50) to HeLa cell
was tested as 1.9, 2.3 and 3.6 μg mL−1 (as DOX) for free DOX, PLNPs-
PAMAM-AS1411/DOX and PLNPs-PAMAM-DOX. The cytotoxicity of
PLNPs-PAMAM-AS1411/DOX with targeting effect for nucleolin was
higher than that of PLNPs-PAMAM-DOX, which is also consistent with
the results observed in confocal imaging of cell uptake and drug release.

Fig. 3. (a) Emission spectra of the PLNPs, PLNPs-PAMAM, PLNPs-PAMAM-AS1411 and PLNPs-PAMAM-AS1411/DOX. (b) Persistent luminescence images of the
PLNPs-PAMAM-AS1411/DOX aqueous dispersion after 5 min excitation with a 254 nm UV lamp and 2 min re-activation with red LED light. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. (a) CLSM images of HeLa and 3T3 cells incubated with PLNPs-PAMAM-AS1411/DOX (−) and PLNPs-PAMAM-AS1411/DOX (+) for 2 h + and - represent
with and without inhibition from the aptamer AS1411, respectively. Flow cytometry analysis and the corresponding mean luminescence intensity (MFI) of HeLa (b,c)
and 3T3 (d,e) cells treated with PLNPs-PAMAM-AS1411/DOX (−) and PLNPs-PAMAM-AS1411/DOX (+) for 2 h.
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This result indicates that AS1411 aptamer-guided tumor-targeting is
feasible to enhance the inhibitory effect of the theranostic nanoprobe.
In addition, free DOX gave the highest cytotoxicity because the DOX in
the medium can rapidly diffuse into the nucleus to inhibit the DNA
replication, which means that free DOX is not specific in the course of

administration and possesses strong side effects on normal cells and
tissues [18].

3.8. Chemotherapy

In vivo chemotherapy was conducted on HeLa tumor-bearing
athymic nude mice to evaluate the therapeutic effect of PLNPs-PAMAM-
AS1411/DOX. The mice were randomly divided into four groups: three
treatment groups injected intravenously with free DOX, PLNPs-
PAMAM-DOX and PLNPs-PAMAM-AS1411/DOX, respectively, and one
control group injected with PBS only. As shown in Fig. 9a, the tumor
growth of the control group was rapid and the tumor volume increased
to about 9.5-fold of the initial volume after 20 days. In contrast, the
three drug treatment groups all showed inhibition on tumor growth to
some extents. However, the mice treated with PLNPs-PAMAM-AS1411/
DOX exhibited dramatic therapeutic effect and the tumor inhibition
rate can reach about 66% at 20 days after treatment (Fig. 9b), in-
dicating that the nanovector with targeting and acid responsive drug
delivery could maximize the antitumor efficiency. The tumor weights at
20 days after treatment are shown in Fig. 9c to further illustrate the
good antitumor efficacy of PLNPs-PAMAM-AS1411/DOX in vivo. In
addition, no appreciable change in the mice weight was observed in all
groups throughout the treatment period (Fig. 9d), demonstrating the
limited side effects of the PLNPs-PAMAM-AS1411/DOX.

4. Conclusions

In summary, we have shown the design, preparation, and applica-
tion of the PAMAM dendrimer grafted persistent luminescent nano-
platform with the dual function of targeting and drug delivery for in
vitro and in vivo imaging and chemotherapy. The synergistic effect of
the renewable long NIR persistent luminescence from PLNPs, the spe-
cificity and affinity of aptamer AS1411 toward tumour cells, and the
intracellular controlled release of DOX via a pH-sensitive hydrazone
makes the PLNPs-PAMAM-AS1411/DOX full of potential for bioimaging
and treatment of tumors with high specificity and efficiency. This work
furnishes a prospective strategy to design the intelligent multifunctional
nano-drug delivery systems for precise cancer theranostics.

Fig. 5. (a) Release profiles of DOX from PLNPs-PAMAM-DOX and PLNPs-PAMAM-AS1411/DOX in neutral (pH 7.4) and acidic (pH 5.0) media. (b) Illustration of acid-
responsive DOX release mechanism. (c) CLSM images of HeLa cells treated with free DOX and PLNPs-PAMAM-AS1411/DOX for 1 and 5 h (scale bar, 30 μm).

Fig. 6. In vivo imaging comparison of PLNPs and DOX after subcutaneous in-
jection of PLNPs-PAMAM-AS1411/DOX and DOX. PLNPs-PAMAM-AS1411/
DOX was irradiated with a 254 nm UV light for 5 min before injection, and the
signal of PLNPs was acquired under the luminescent imaging mode without
excitation. The signal of DOX was acquired in the fluorescent imaging mode
with excitation at 500 nm.
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Fig. 7. (a) In vivo persistence luminescence images of HeLa tumor-bearing mice post intravenous injection of PLNPs-PAMAM-DOX and PLNPs-PAMAM-AS1411/DOX
(irradiated with a 254 nm UV lamp before injection, irradiated with a 650 nm LED light for 2 min before each acquisition, circle represents tumor site). (b)
Biodistributions of PLNPs-PAMAM-DOX and PLNPs-PAMAM-AS1411/DOX in HeLa tumor-bearing mice at 8 and 24 h after intravenous injection.

Fig. 8. Viability of HeLa cells in different mediums containing free DOX, PLNPs-PAMAM-AS1411/DOX and PLNPs-PAMAM-DOX with the same concentration of DOX
in different periods: (a) 36 h; (b) 60 h.

Fig. 9. (a) HeLa tumor growth profiles of
mice treated with PBS, free DOX, PLNPs-
PAMAM-DOX and PLNPs-PAMAM-AS1411/
DOX. (b) Tumor growth inhibition ratio
after 20 days treatment. (c) Tumor weights
after different treatments. (d) Body weight
changes of HeLa tumor-bearing mice
treated with PBS, free DOX, PLNPs-
PAMAM-DOX and PLNPs-PAMAM-AS1411/
DOX.
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