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ABSTRACT: Recently, development of drug delivery systems for
accurate delivery of antitumor drugs to tumor sites to improve their
antitumor efficacy has attracted great interest in the area of cancer
immunotherapy. In this report, an intelligent biodegradable hollow
manganese dioxide (HMnO2) nanoparticle (NP) with a human
umbilical cord mesenchymal stem cell (hUC-MSC) membrane
coating was designed to exert efficient chemo-immunotherapy for
cancer treatment. A TAT peptide-modified membrane structure was
constructed for nuclear targeting. Our findings showed that this new
nanoreactor inherited the active targeting capability of MSCs and
exhibited tumoritropic accumulation significantly at the cancerous
parts. Compared with other formulations, intravenous injection of
the NPs markedly inhibited tumor growth, relapse, and metastasis.
Moreover, we found that the NPs effectively boosted dendritic cell maturation and recruited effector T cells into tumors. Overall,
this work demonstrates the great potential of applying MSC membrane-coated manganese dioxide NPs as nucleus-targeting
nanocarriers in cancer chemo-immunotherapy.
KEYWORDS: biomimetic delivery platforms, tumor immunotherapy, mesenchymal stem cell, manganese dioxide, nuclear-targeted

■ INTRODUCTION
Lung cancer is the second most commonly diagnosed cancer
and the leading cause of cancer death.1 The 5 year survival rate
of lung cancer is presently less than 20%.2 A combination of
paclitaxel (PTX), a traditional anticancer drug and platinum
drugs, is the first-line chemotherapy for multiple solid tumors.3

However, the low concentration of PTX at the tumor sites not
only attenuates the therapeutic outcome but also augments the
toxicity to normal tissues. The tumor microenvironment not
only plays an important role during tumor initiation,
progression, and metastasis but also heavily abates the efficacy
in many conventional treatment strategies.4 To enhance the
drug concentration in the tumor microenvironment, there is an
urgent need to deliver PTX efficiently and precisely to target
tissues and eradicate tumor cells.
Over the last decades, nanomedicine has shown great

promise and made breakthrough progress in the fields of
cancer diagnosis and treatment.5 However, most drug delivery
systems are based on “passive” delivery vehicles, which rely on
the enhanced permeability and retention effect of affected
vasculature to accumulate drugs in tumor sites.6 Unfortunately,
due to the lack of an active tumor-targeting mechanism and the
limited ability to escape immune surveillance, such passive

carriers are considered insufficient to achieve efficient drug
delivery in vivo.7 To confer tumor-targeting capability, many
strategies have been explored, including modification with
tumor-specific ligands (e.g., folic acid,8 peptides,9 and anti-
bodies10). However, these chemically modified “active” drug-
loaded carrier particles can easily activate the reticuloendothe-
lial system (RES) and are still cleaned out.11 Consequently, an
ideal tumor-targeting drug delivery system must incorporate an
ability to target tumors, avoid clearance, and overcome vascular
barriers for enhanced in vivo tumor therapy.
Recently, natural cells, such as erythrocytes,12 dendritic cells

(DCs),13 mesenchymal stem cells (MSCs),14 and macro-
phages,15 have been explored as drug carriers. For example,
erythrocytes are an attractive first choice for designing diverse
biomimetic camouflage strategies, owing to their superior
blood circulation half-life and limited immune cell clearance.
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Scheme 1. Preparation of HMnO2-MSC-TAT NPs and Schematic Illustration of Chemo-immunotherapy

Figure 1. Synthesis and characterization of NPs. (a) TEM images of HMnO2 NPs, MSC membranes, HMnO2-MSC NPs, and HMnO2-MSC-TAT
NPs. (b) Hydrodynamic sizes and (c) surface charges of SiO2 NPs, SiO2@MnO2 NPs, HMnO2 NPs, HMnO2-MSC NPs, and HMnO2-MSC-TAT
NP samples measured by DLS. Data are presented as the mean ± SD (n = 3). (d) Protein profiles of the MSC membrane, HMnO2 NPs, and
HMnO2-MSC-TAT NPs were analyzed by SDS-PAGE. (e) In vitro stability of HMnO2-MSC-TAT NPs maintained in H2O, PBS, and cell culture
medium at 4 °C for 2 weeks. Data are presented as the mean ± SD (n = 3).
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However, erythrocyte membranes lack relevant targeting
ligands to cancer cells and thus limit their applications.
MSC-based drug delivery systems have shown considerable
capabilities, such as inherent tumor-tropic properties, long
circulation times, and hypoimmunogenicity.14,16,17 However,
some researchers have confirmed that mesenchymal stem cells
may promote tumor progress or even differentiate into
tumors.18−20 Moreover, some concerning results indicate that
whole cell-based drug carriers may be potentially contaminated
with biological materials and have biosafety problems.21 In
order to overcome these disadvantages, researchers have strove
to eliminate the nucleic matters and developed novel cell
membrane-coated particles with minimum membrane protein
loss.22−24 Such cell membrane-camouflaged nanoparticles
(NPs) inherit various biological functions and/or targeting
specificities of natural cells. Multiple cell membranes, including
erythrocytes,25,26 white blood cells,27,28 stem cells,29,30 and
platelets,31,32 have been utilized to develop biomimetic NPs,
which possess many desirable properties.
The construction of drug carriers based on human umbilical

cord-derived mesenchymal stem cell (hUC-MSC) membrane-
cloaked NPs has never been reported until recently reported
by the Yang group.33 However, they did not design the cell

membrane-camouflaged NPs for targeting the cell nucleus.
Herein, we developed hUC-MSC membrane-coated hollow
manganese dioxide (HMnO2) with TAT peptide modification
as a high-performance nucleus-targeting drug delivery system.
Because the intact MSC membrane surface proteins main-
tained the tumor homing properties and TAT peptide
promoted nuclear localization,34 our HMnO2-MSC-TAT@
PTX efficiently targeted the nucleus in vitro; moreover, upon
intravenous injection, this novel carrier effectively targeted
tumors and significantly enhanced the drug concentration in
the tumor. Due to the synergetic antitumor effect of PTX,
which induces immunogenic cell death (ICD), and Mn2+,
which augments cyclic GMP-AMP synthase (cCAS) and
stimulator of interferon genes (STING) activation,35,36

HMnO2-MSC-TAT@PTX promoted DC maturation and
effector T cell infiltration, and thus, these properties are
beneficial for lung cancer treatment. The detailed synthetic
procedures and treatment processes are illustrated in Scheme
1.

■ RESULTS AND DISCUSSION
Preparation and Characterization of HMnO2-MSC-

TAT NPs. HMnO2 NPs were synthesized via a three-step

Figure 2. pH-dependent NP decomposition and drug behaviors. (a) TEM images of HMnO2 NPs after incubation in buffers with different pH
values (7.4 and 5.5) for various periods of time. (b) UV−vis spectra of free PTX, HMnO2-MSC-TAT NPs, and HMnO2-MSC-TAT@PTX NPs.
(c) PTX loading weight ratios of HMnO2-TAT NPs and HMnO2-MSC-TAT NPs at various ratios of feeding drug: MnO2. Data are presented as
the mean ± SD (n = 3). (d) In vitro cumulative release profiles of PTX released from HMnO2-TAT NPs or HMnO2-MSC-TAT NPs in PBS at pH
7.4 and 5.5. Data are presented as the mean ± SD (n = 3).
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reaction37 (Figure S1). MSC membrane-cloaked NPs were
fabricated by coextruding the MSC membrane fragments and
HMnO2 NP cores.22 To further modify with TAT, the
prepared membrane-cloaked NPs were incubated with TAT-
conjugated 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-methoxy (polyethylene glycol) (DSPE-PEG-TAT), whose
carbon−hydrogen chains were spontaneously incorporated
onto cell membranes using a lipid-insertion approach.39

The transmission electron microscopy (TEM) image of
HMnO2 in Figure 1a clearly shows a regularly spherical and
hollow structure with diameter of ∼80 nm, which could also be
found in scanning electron microscopy (SEM) images (Figure
S2). The surface of HMnO2 was encapsulated with MSC
membrane to obtain HMnO2-MSC. As revealed by TEM, a
lipid layer could be clearly seen on the surface of HMnO2
(Figure 1a), demonstrating the successful coating with the cell
membrane. As measured by dynamic light scattering (DLS),
the hydrodynamic size of the resulting membrane-cloaked NPs

was increased from 107.4 ± 7.3 nm to 116.5 ± 5.7 nm upon
coating with MSCs (Figure 1b). DLS measurements indicated
successfully being coated with MSC membranes as the size of
HMnO2 NPs increased to closely that of pure membrane. The
zeta potential changed from −30.6 ± 1.1 mV (uncoated NPs)
to −17.8 ± 0.6 mV (MSC membrane-coated NPs), which was
approximate to that of MSC membranes (−17.4 ± 0.9 mV)
(Figure 1c). TAT peptide was conjugated to the outer surface
of HMnO2-MSC, which showed the peak corresponding to
TAT at 490 nm by UV−vis absorbance spectrometry
(Supporting Information, Figure S3). The average hydro-
dynamic size of HMnO2-MSC-TAT NPs increased to 124.3 ±
4.9 nm (Figure 1b), probably due to the additional PEG chains
incorporated onto MSC membranes after HMnO2-MSCs were
modified by DSPE-PEG-TAT. Subsequently, the membrane
protein ingredients of HMnO2-MSC-TAT were detected by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The PAGE protein separation assay showed that

Figure 3. Cellular and nuclear uptake and antitumor activity of nanoparticles in vitro. (a) CLSM images of A549 cells incubated with FITC-loaded
HMnO2-TAT NPs, HMnO2-MSC NPs, or HMnO2-MSC-TAT NPs. The scale bar is 50 μm. For each panel, the images from left to right show cell
nuclei stained by DAPI (blue), FITC fluorescence from NP in cells (green), and overlays of the two images. (b) Amount of cellular and nuclear
uptake of NPs by A549 cells at different time points. Data are presented as the mean ± SD (n = 3), and statistical significance was calculated using
Student’s t test (***p < 0.001). (c) Inhibition of A549 cells after 24 h incubation with free PTX, HMnO2-TAT@PTX NPs, HMnO2-MSC@PTX
NPs, or HMnO2-MSC-TAT@PTX NPs. Data are presented as the mean ± SD (n = 3), and statistical significance was calculated using Student’s t
test (**p < 0.01 and ***p < 0.001). (d) Apoptosis rates were assessed by flow cytometry (upper right quadrant and lower right quadrant represent
apoptotic cells). (e) Amount of released HMGB1. Data are presented as the mean ± SD (n = 3), and statistical significance was calculated using
Student’s t test (*p < 0.05 and **p < 0.01).
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the protein was undetectable in bare NPs, significant and
similar amounts of protein were detected in natural cell
membranes and HMnO2-MSC-TAT samples (Figure 1d).
TEM images showed that HMnO2-TAT NPs was a character-
istic core−shell structure, and the zeta potential of HMnO2-
TAT NPs was 21.9 ± 3.4 mV (Figure S4).
To further text for the long-term stability of the HMnO2-

MSC-TAT NPs, they were suspended in three commonly used
biological media, that is, distilled water, pH 7.4 phosphate
buffer solution (PBS), and cell culture medium. The NP size
was continuously monitored by DLS for 2 weeks. The minimal
changes of size confirmed the good stability of HMnO2-MSC-
TAT NPs in stock solution (Figure 1e).
To evaluate the safety of HMnO2-MSC-TAT NPs to cells,

we determined the viability of LO2 cells and BEAS-2B cells
using the MTT assay (Figure S5). Even when the NP
concentration was increased, the cell survival rate remained
above 80%, which confirmed the low toxicity of our drug
carrier.
pH-Dependent NP Decomposition and Drug Behav-

iors. The tumor microenvironment responsiveness is the
essential property for HMnO2-MSC-TAT to realize drug
release at the tumor site. Figure 2a shows HMnO2 NPs
dissolved in solutions of different pH (7.4 and 5.5) values for
various durations. The morphology of HMnO2 NPs in the pH
7.4 solution after 8 h remained almost intact. In contrast, these
pH-responsive hollow particles appeared swollen at pH 5.5 and
was then hardly observable after 8 h. To examine the
degradation rates of the obtained HMnO2-MSC-TAT NPs,
we measured the MnO2-characteristic absorbance band by
UV−vis spectra (Figure S6). The results further demonstrate
the ultrasensitive response to the acidic tumor microenviron-
ment.
The surface area and average pore size of HMnO2 were

calculated to be 106.24 m2 g−1 and 8 nm, respectively, by the
Brunauer−Emmett−Teller (BET) method (Figure S7). The
hollow structures of HMnO2 were utilized for efficient drug
loading. To prepare PTX-loaded nanoshells, those nanoshells
were mixed with different concentrations of PTX under
overnight stirring. UV−vis spectra of HMnO2-MSC-TAT@
PTX showed the absorption peak of PTX at 227 nm,
demonstrating that PTX was successfully loaded (Figure 2b).
At the proportion (PTX/MnO2) of 3:1, the PTX loading
efficiency of HMnO2-MSC-TAT and HMnO2-TAT reached
rather high ratios of 74.9 and 70.91%, respectively (Figure 2c).
To mimic the drug release behaviors of HMnO2-TAT@PTX

and HMnO2-MSC-TAT@PTX NPs in physiological states, the
release profile was evaluated by dialyzing NPs at pH 7.4 and
pH 5.5 (Figure 2d). At pH 7.4, about 37.9% of PTX was
released from HMnO2-TAT@PTX after 24 h. However, only
24.3% of PTX was released from HMnO2-MSC-TAT@PTX,
which indicated that MSC membranes may play the part of
protective layer and hinder the leakage of PTX from the
HMnO2-TAT@PTX NPs. When tested at pH 5.5, 84.1 and
76.1% of PTX were released from HMnO2-TAT@PTX and
HMnO2-MSC-TAT@PTX within 24 h, respectively. More-
over, HMnO2-MSC-TAT released PTX more slowly compared
with HMnO2-TAT@PTX, which may be caused by the MSC
barriers. These results indicated that HMnO2-MSC-TAT@
PTX NPs had advantaged in improving the drug-loading
capacity and controlling the drug release behavior.
Cellular Uptake Results In Vitro. To understand the

cellular and nuclear uptakes of HMnO2-MSC-TAT NPs, A549

cells were incubated with HMnO2-TAT NPs, HMnO2-MSC
NPs, and HMnO2-MSC-TAT NPs (100 μg/mL) for 12 h and
then imaged by confocal laser scanning microscopy (CLSM).
To visualize the location of HMnO2 NPs at the subcellular
level, FITC-labeled HMnO2-MSC-TAT NPs were synthetized
in a similar way as HMnO2-MSC-TAT@PTX NPs. In the
absence of MSC membranes, a weak green fluorescence signal
could be found in the cytoplasm, indicating that HMnO2-TAT
NPs could hardly be taken up into the cells (Figure 3a). In
contrast, HMnO2-MSC NPs could enter the cells much more
efficiently due to the inherent tumor-tropic property of MSCs,
as demonstrated by a significant enhancement of the green
fluorescence signal from HMnO2-MSC NPs in the cytoplasm
(Figure 3a). Importantly, the green fluorescence signal in the
nuclear region indicated that HMnO2-MSC-TAT NPs
successfully penetrated into nuclei (Figure 3a). This proves
that the TAT peptide plays a crucial role in the nucleus
targeting process.
The quantification of cellular and nuclear uptakes of NPs

(Figure 3b), determined by ICP-OES measurements of the Mn
contents, further demonstrated that HMnO2-MSC-TAT NPs
could specifically target A549 cells, thanks to the MSC
membranes, resulting in remarkably enhanced cellular uptake
(5.6 times that of HMnO2-TAT NPs). Furthermore, HMnO2-
MSC-TAT NPs greatly promoted nuclear penetration (11.3
times that of HMnO2-MSC NPs).
In Vitro Cytotoxicity Evaluation and Anticancer

Effects. To study the anticancer effect of NPs, we incubated
A549 cells with different preparations. The blank HMnO2-
TAT NPs, HMnO2-MSC NPs, and HMnO2-MSC-TAT NPs
had little effect on the viability of A549 cells (Supporting
Information, Figure S8). When cells were treated with
HMnO2-MSC-TAT@PTX NPs for 24 h, cell viability was
lower than those treated with HMnO2-TAT@PTX NPs,
HMnO2-MSC@PTX NPs, or free PTX at the same dose
(Figure 3c).
As shown in Figure 3d, the cellular apoptosis rates were 11.0,

33.3, 35.7, and 51.7% when treated with free PTX, HMnO2-
TAT@PTX, HMnO2-MSC@PTX, and HMnO2-MSC-TAT@
PTX, respectively. These results indicate that this drug delivery
system induced higher cellular apoptosis than free PTX.
Moreover, the cytotoxicity of HMnO2-MSC-TAT@PTX
against cancer cells is remarkably higher than that of either
HMnO2-TAT@PTX or HMnO2-MSC@PTX due to the
specific targeting effect of MSC membranes and nuclear
targeting of TAT peptides.
In Vitro Induction of High Mobility Group Box 1

(HMGB1) Release. Recent studies have shown that PTX can
elicit ICD by triggering apoptotic tumor cells to secrete
damage-associated molecular patterns (DAMPs), such as
calreticulin expression and HMGB1 release.40,41 Next, to
study whether HMnO2-MSC-TAT@PTX can induce ICD, the
levels of HMGB1 were examined. Compared with the control,
the samples treated with PTX or HMnO2-MSC-TAT@PTX
NPs showed significantly increased HMGB1 release (Figure
3e). It was also found that HMnO2-MSC-TAT@PTX NPs
induced a comparatively greater release of HMGB1 than PTX.
This demonstrated that HMnO2-MSC-TAT@PTX could
enhance the ICD response in vitro.
Biodistribution and Pharmacokinetics Study of

HMnO2-MSC-TAT NPs. To monitor the in vivo distribution
of NPs, a near-infrared fluorescent dye, ICG, was loaded into
HMnO2-TAT@ICG NPs, HMnO2-MSC@ICG NPs, and
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HMnO2-MSC-TAT@ICG NPs. At various time points after
injection, the fluorescence signals were monitored by in vivo
imaging. As displayed in Figure 4a, free ICG had no significant
aggregating in the tumor site 24 h after injection. Notably, the
fluorescence of ICG delivered by HMnO2-TAT NPs, HMnO2-
MSC NPs, and HMnO2-MSC-TAT NPs peaked at approx-
imately 2, 6, and 6 h, respectively. The fluorescence signal of
HMnO2-MSC-TAT@ICG NPs was significantly stronger than
that of HMnO2-TAT@ICG NPs, especially at 24 h after
injection. To determine the precise localization of NPs, major
organs and tumors were collected 24 h after injection. As
shown in Figure 4b, the fluorescence intensity in tumors was
greater in animals treated with HMnO2-MSC-TAT NPs than
that in animals treated with HMnO2-TAT, which further
confirmed the tumor-targeting property of HMnO2-MSC-TAT
NPs. Altogether, HMnO2-MSC-TAT NPs were able to
efficiently target tumor, and the amount of HMnO2-MSC-
TAT NPs internalized by the liver and lung was less than that
of HMnO2-TAT NPs (Figure 4c), indicating that MSC
membrane coating effectively decreased its clearance by RES.
To examine the pharmacokinetics, the plasma PTX

concentration was measured after intravenous injections of
PTX or PTX nano-carriers (Figure 4d). PTX concentrations at
0.5 h after HMnO2-MSC-TAT@PTX NP injection were 1.99-
fold higher than that after PTX injection and 1.34-fold higher
than that after HMnO2-TAT@PTX NP injection. PTX

became undetectable 12 h after free PTX injection, 24 h
after HMnO2-TAT@PTX injection, and 36 h after HMnO2-
MSC-TAT@PTX injection. These observations indicate that
the circulation time was also evidently prolonged.
Furthermore, the biodistribution of PTX was explored in

C57BL/6 tumor-bearing mice (Figure 4e). HMnO2-MSC-
TAT@PTX NPs showed significantly more accumulation in
tumors compared with that of free PTX or HMnO2-TAT@
PTX NPs. At 24 h, PTX concentration in the tumor tissues
treated with HMnO2-MSC-TAT@PTX NPs was 4.01 μg/g,
which was 4.05-fold that of animals treated with free PTX or
1.93-fold that of HMnO2-TAT@PTX NPs, while there was no
significant difference between those treated with HMnO2-
MSC-TAT@PTX NPs and HMnO2-MSC@PTX NPs. This
phenomenon can be explained by the tumor-tropic property of
MSC membranes, which may be conducive for HMnO2-MSC-
TAT NPs to exert a better therapeutic effect than HMnO2-
TAT. When compared to the NP groups, free PTX showed a
slightly faster elimination at all observation time points in the
tissue samples (heart, liver, spleen, lungs, and kidneys) (Figure
4e). These results indicate that HMnO2-MSC-TAT efficiently
accumulated and remained in tumors after i.v. injection, which
could be propitious to anticancer applications in vivo.
In Vivo Antitumor Efficacy. In a tumor growth inhibition

assay, a unilateral tumor model was developed according to the
scheme shown in Figure 5a. When the tumor sizes approached

Figure 4. Biodistribution and pharmacokinetics study of HMnO2-MSC-TAT NPs. (a) In vivo imaging of A549 tumor-bearing mice at different
time points after intravenous administration of free ICG, HMnO2-TAT@ICG NPs, HMnO2-MSC@ICG NPs, or HMnO2-MSC-TAT@ICG NPs.
(b,c) Ex vivo images of tumors (b) and other tissues (c) 24 h after treatment with the various formulations. (d) Pharmacokinetics of drugs in
plasma. (e) In vivo biodistribution of PTX in LLC tumor-bearing C57BL/6 mice at 24 h after i.v. injection of PTX, HMnO2-TAT@PTX NPs,
HMnO2-MSC@PTX NPs, or HMnO2-MSC-TAT@PTX NPs at a dosage of 4 mg of PTX/kg. Data are presented as the mean ± SD (n = 3), and
statistical significance was calculated using Student’s t test (*p < 0.05 and **p < 0.01).
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100 mm3, tumor-bearing C57BL/6 mice were randomly
assigned to eight treatment groups: PBS, MnCl2, HMnO2-
MSC-TAT NPs, free PTX, MnCl2 + PTX, HMnO2-TAT@
PTX NPs, HMnO2-MSC@PTX NPs, and HMnO2-MSC-
TAT@PTX NPs. The tumor sizes were measured for the
following 2 weeks. At day 21, the tumors were harvested and
weighed.
As illustrated in Figure 5b,c, tumor growth was minimally

inhibited in groups treated with MnCl2, HMnO2-MSC-TAT
NPs, or free PTX. MnCl2 + free PTX demonstrate an
enhanced antitumor efficiency and reduced the tumor size to
51.2% that of PBS treatment at day 21. This may be attributed
to the synergetic effects of chemo-immunotherapy. Released
PTX could cause dying tumor cells and secrete or exposure of
DAMPs. Meanwhile, Mn2+ could induce the maturation of
DCs and T-cell infiltration through the PTX-triggered cGAS/

STING pathway. PTX can induce DNA damage and activate
the classical STING/TBK1/IRF3 pathway and non-classical
STING-NF-κB signaling complex.42 In addition to chemo-
therapeutic agents, manganese can enhance STING activation.
Hou et al. designed a manganese-based drug-loaded carrier
particles, which could increase the concentration of drug for
inducing DNA damage and Mn2+ to enlarge STING activity,
boosting DC maturation and increasing cytotoxic T
lymphocyte (CTL) infiltration in tumor sites.43 Remarkably,
compared with the HMnO2-TAT@PTX NPs (34.3%) and
HMnO2-MSC@PTX NPs (28.2%), tumor growth was more
effectively inhibited in the HMnO2-MSC-TAT@PTX group
(14.8% tumor size of PBS) at day 21. Similarly, the superior
antitumor effect of HMnO2-MSC@PTX NPs was also proved
by tumor weighting (Figure 5d).

Figure 5. In vivo antitumor efficacy. (a) Schematic illustration of the drug administration schedule. (b) LLC tumor growth curves in mice after i.v.
drug administration. Data are presented as the mean ± SD (n = 4), and statistical significance was calculated using Student’s t test (*p < 0.05 and
***p < 0.001). (c) Representative images of the excised tumors after various treatments. (d) Tumor weights of each group after 15 d of treatment.
(e) Percentages of surviving mice treated with various formulations. Data are presented as the mean ± SD (n = 10).
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Moreover, HMnO2-MSC-TAT@PTX significantly extended
the survival time (Figure 5e). Notably, 4 out of 10 mice
survived until day 55 after treatment with HMnO2-MSC-
TAT@PTX. As shown in the HE-stained sections (Figure S9),
areas with massive apoptosis or necrosis were observed in
tumor sections from mice treated with HMnO2-MSC-TAT@
PTX. These results strongly demonstrate that the direct
intranuclear delivery of PTX by HMnO2-MSC-TAT induced a
substantially stronger tumor inhibition than other delivery
systems.
Inhibition of Distant Tumor Growth by Various

Treatments In Vivo. To determine whether such a
HMnO2-MSC-TAT@PTX would inhibit the relapse and
metastasis of tumors, a bilateral lung tumor model mimicking

relapse and metastasis was established (Figure 6a). Lewis lung
cells (LLCs) (tumor cells) were subcutaneously injected into
both the right (primary tumor) and left (distant tumor)
inguinal regions of the mice. Consistent with the results
described above (Figure 5b), the HMnO2-MSC-TAT
effectively inhibited the primary tumor progression compared
with other groups (Figures 6b and S10). Before the end of the
observation period, the mice of non-NP groups (PBS, MnCl2,
free PTX, and MnCl2 + PTX) had to be euthanized as the
primary tumor volume exceeded 2000 mm3. Notably, the
growth of the right-side tumors (distant tumors) in the
HMnO2-TAT@PTX NP, HMnO2-MSC-TAT@PTX NP, and
HMnO2-MSC-TAT@PTX NP groups was significantly in-
hibited (Figure 6c). This may be attributed to the activation of

Figure 6. Inhibition of distant tumor growth by HMnO2-MSC-TAT NPs. (a) Schematic illustration of HMnO2-MSC-TAT NP experiment design.
(b,c) LLC tumor growth curves for primary tumors (b) and distant tumors (c) in mice. Data are presented as the mean ± SD (n = 3), and
statistical significance was calculated using Student’s t test (*p < 0.05, **p < 0.01, and ***p < 0.001). (d,e) Percentages of mature DCs
(CD80+CD86+) and CTLs (CD3+CD8+) in distant tumor. (f) Secretion of cytokines in serum and distant tumor tissues was measured by ELISA
(levels of IFN-β, TNF-α, and IL-6). Significance between each pair of groups was calculated using Student’s t test. *p < 0.05, **p < 0.01, and ***p
< 0.001.
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cGAS/STING pathways and promotion of DC maturation by
the treatment of primary tumor with HMnO2-MSC-TAT@
PTX, which significantly induced CTLs to kill the metastatic
tumors cells. As shown in Figure 6d,e, the HMnO2-MSC-
TAT@PTX-treated group showed the largest number of
mature DCs and CTLs at the distant tumor regions, suggesting
that it could induce systemic immune responses.
Secretion of cytokines, such as IFN-β, TNF-α, and IL-6

which are critical immunostimulatory cytokines and are
important for the formation of antitumor immune responses,
was measured.44 As shown in Figure 6f, HMnO2-MSC-TAT@
PTX induced the highest levels of IFN-β, TNF-α, and IL-6 in
serum and distant tumors compared to HMnO2-TAT@PTX
and HMnO2-MSC@PTX. The above observations unambig-
uously demonstrated that HMnO2-MSC-TAT@PTX boosted

systemic immune responses to inhibit tumor relapse and
metastasis.
Safety Evaluation of HMnO2-MSC-TAT@PTX In Vivo.

In addition to the therapeutic efficacy, safety is also crucial for
applications in the clinic. The body weights had no obvious
changes in the treated mice (Figure 7a), suggesting that
HMnO2-MSC-TAT@PTX has no systemic toxicity. Compared
with PBS control, the levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), creatinine (Cre), and
blood urea nitrogen (BUN) in mice receiving nano-carriers
treatment showed no significant elevation (Figure 7b). In
addition, H&E staining showed that there were no obvious
inflammatory infiltrates or morphological differences of the
major organs compared with control (Figure 7c). These results
proved the safety of HMnO2-MSC-TAT@PTX NPs in vivo.

Figure 7. Biosafety of HMnO2-MSC-TAT NPs. (a) Body weight of tumor-bearing mice was monitored during the treatment period (15 days).
Data are presented as the mean ± SD (n = 4). (b) Serum levels of biochemical parameters, including AST, ALT, Cre, and BUN, in mice at various
time points after treatment with HMnO2-MSC-TAT NPs. Data are presented as the mean ± SD (n = 3). (c) HE staining of mouse organs at
various time points after treatment with HMnO2-MSC-TAT NPs. The scale bar is 50 μm.
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■ CONCLUSIONS
In summary, a potent biomimetic nanoplatform consisting of
an HMnO2 NP core and human umbilical cord-derived MSC
membrane surface cloaking with TAT peptide modification
was developed for the systemic treatment of NSCLC. The
nanocarriers could be taken up by tumor cells, penetrate into
nuclei, release the drug, and eliminate tumor cells.
Furthermore, the NPs achieved targeted delivery of chemo-
therapeutic drugs into the cancer cell nuclei and induced the
maturation of DCs and infiltration of T cells, resulting in
efficient inhibition of the growth, relapse, and metastasis of
tumors. Direct intranuclear delivery of chemotherapeutics
could be a potential approach in lung cancer therapy.

■ METHODS
Cell Line and Animal. LLCs, LO2 cells, BEAS-2B cells, and A549

cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and 1% 100 U/mL
penicillin/streptomycin at 37 °C under 5% CO2. WT C57BL/6 mice
(6−8 weeks) and BALB/c nude mice were housed under normal
conditions. All animal experiments were performed with the approval
of the Nanjing Medical University Laboratory Animal Center
(Jiangsu, China).
Synthesis of HMnO2 NPs. Hollow manganese dioxide (HMnO2)

NPs were synthesized following the reported method.37 First, solid
silica NPs (sSiO2) were prepared by the widely adopted Stöber
method.38 Then, 25 mL of absolute ethanol, 0.5 mL of distilled water,
and 1.5 mL of aqueous ammonia were mixed in a flask while stirring
at 500 rpm for 10 min. Then, 0.75 mL of TEOS was added dropwise
while stirring at 40 °C, and the reaction proceeded for 12 h. Next,
sSiO2 was obtained by centrifugation at 10,000 rpm for 20 min and
washed with absolute ethanol and distilled water three times.

Second, the synthesized Stöber NPs were coated with a
mesoporous manganese dioxide shell. For this step, the obtained
sSiO2 (20 mg) was redispersed in distilled water, and then, KMnO4
solution (150 mg) was added drop by drop into the above solution at
room temperature while stirring at 500 rpm for 6 h. Next, the
mesoporous MnO2-coated sSiO2 NPs (SiO2@MnO2) were precipi-
tated by centrifugation at 15,000 rpm for 20 min and washed with
distilled water three times.

Third, HMnO2 NPs were formed by etching with sodium
carbonate. The as-synthesized mesoporous SiO2@MnO2 was added
to 2 M sodium carbonate aqueous solution at 60 °C, and the reaction
proceeded for 12 h. The product was centrifuged and washed thrice
with distilled water.
Preparation of HMnO2-MSC-TAT@PTX NPs. For loading PTX,

the HMnO2 solution (0.2 mg/mL) was incubated with various
concentrations of PTX for 24 h at room temperature to form
HMnO2@PTX NPs.

The human umbilical cord mesenchymal stem cell membrane was
prepared using the reported method.22 The resulting packed MSC
membranes were obtained by differential centrifugation and
resuspended in 1× PBS. Then, membrane fragments were coextruded
with HMnO2@PTX nanoparticulate cores to form MSC membrane-
coated NPs and then dispersed in PBS. To form TAT peptide-
modified MSC membranes, 0.1 mg/mL DSPE-PEG-TAT was added
to the above solution while stirring for 2 h, and DSPE-PEG-TAT was
inserted into the MSC membranes using a lipid-insertion approach.39

Next, the mixture was redispersed in PBS buffer.
Preparation of HMnO2-TAT@PTX NPs. The HMnO2 NPs were

synthesized, as described above. Then, 5 mL of HMnO2 solution (2
mg/mL) was mixed with 10 mL of PAH solution (5 mg/mL) and
ultrasonicated for 2 h, and the precipitate was washed with distilled
water three times. The solution of HMnO2/PAH was mixed with 10
mL of PAA (5 mg/mL) and ultrasonicated for 2 h, and HMnO2/
PAH/PAA was collected by centrifugation and washed with water
three times. The obtained HMnO2/PAH/PAA was mixed with 50 mg
of NH2-PEG-NH2 and ultrasonicated for 1 h. TAT was dissolved with

1-ethyl-3-(3-dimethly_aminopropyl) carbodiimide (EDC) and N-
hydroxysuccinimide (NHS), and the mixture was stirred for 30 min.
Then, HMnO2−NH2 was added to the above solution, and the
mixture was stirred for 12 h. The prepared HMnO2-TAT was
collected by repeatedly washing the NPs. For PTX loading, the
HMnO2-TAT solution (0.2 mg/mL) was added to various
concentrations of PTX for 24 h. The HMnO2-TAT@PTX was
obtained by centrifugation and washed with water three times.
Characterization of NPs. The hydrodynamic diameters and zeta

potentials of the NPs were determined by DLS (Malvern Instruments,
UK). The morphology of HMnO2-MSC-TAT NPs was characterized
by TEM (FEI Tecnai G2, USA) and SEM (Zeiss Sigma 300,
Germany). UV−vis spectra were measured using a PerkinElmer
Lambda 750 UV−vis−NIR spectrophotometer. The surface area and
pore size of HMnO2 were measured by a Surface Area and Porosity
Analyzer (ASAP2460, USA). The concentrations of Mn were
determined by ICP-OES (ICPE 9000, Japan). The protein contents
in the membranes of the NPs were measured by SDS-PAGE.
Biocompatibility. LO2 cells and BEAS-2B cells were used for

biocompatibility studies. Cells in 0.2 mL of cell culture medium were
incubated with various concentrations of HMnO2-MSC-TAT (3.13,
6.25, 12.5, 25, 50, 100, and 200 μg/mL) for 24 h. Cell viability was
assessed by the standard MTT assay.
In Vitro Encapsulation and Loading of PTX. The PTX content

in HMnO2-MSC-TAT@PTX NPs and HMnO2-MSC-TAT@PTX
NPs was measured by an UV−vis spectrometer at 227 nm. The drug
loading efficiency and encapsulation efficiency were calculated as
follows

=

×

loading efficiency(%)

(the total weight of PTX the weight of free drug)/total

weight of NPs 100%

=

×

encapsulation efficiency(%)

(the total weight of PTX the weight of free drug)/initial

weight of PTX 100%

In Vitro Degradation and Release of PTX. HMnO2 was
incubated in PBS at different pH values (5.5, 6.5, and 7.4) for various
durations, and the solution was characterized by TEM and UV−vis
spectrometry. The release of PTX from NPs was measured by dialysis
against PBS with different pH values (5.5 and 7.4) at 37 °C. The level
of PTX release at predetermined time intervals (30 min, 45 min, 1 h,
2 h, 4 h, 8 h, 12 h, and 24 h) was determined by the UV−vis spectra.
In Vitro Cell Uptake. A549 cells were seeded and cultured for 24

h at 37 °C. Cell were incubated with fluorescently labeled NPs
(HMnO2-TAT@FITC, HMnO2-MSC@FITC, and HMnO2-MSC-
TAT@FITC) for 12 h. After incubation, the cells were washed with
PBS and fixed with 4% cold paraformaldehyde for 15 min. Then, the
cells were stained with DAPI for 15 min and observed by CLSM
(Lsm710, Germany).
In Vitro Quantification of NPs in the Cells and in the

Nucleus. A549 cells at a density of 3 × 106 cells were treated with
HMnO2-TAT, HMnO2-MSC, or HMnO2-MSC-TAT (100 μg/mL)
for 4, 12, and 24 h. Cell nuclei were isolated from the cytosol
according to a reported method.38 The cells were suspended in a 100
mM NaCl solution with 1 mM EDTA, 1% Triton X-100, and 10 mM
Tris buffer (pH 7.4). Then, the suspension was centrifuged, and the
precipitate of cell nuclei was obtained. Next, 3 mL of cell lysis solution
was added to disrupt the cell nuclei. The mass of HMnO2-TAT,
HMnO2-MSC, or HMnO2-MSC-TAT in the A549 cell nuclei was
assessed by measuring the Mn concentration with ICP-OES. The
cellular uptake of HMnO2-TAT, HMnO2-MSC, or HMnO2-MSC-
TAT was measured, as described above without the step of nuclei
isolation.
In Vitro Cytotoxicity and Apoptosis Tests. The cytotoxicity of

HMnO2-TAT, HMnO2-MSC, or HMnO2-MSC-TAT was determined
by MTT assay. A549 cells were incubated with various concentrations
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of NPs (3.13, 6.25, 12.5, 25, 50, 100, and 200 μg/mL) for 24 h.
Relative cell viability was calculated as the percentage in relation to
untreated control cells. The therapeutic effect of NPs loaded with
PTX was assessed, as described above.

For flow cytometric analysis, A549 cells at a density of 5 × 105 cells
were treated with free PTX, HMnO2-TAT@PTX, HMnO2-MSC@
PTX, or HMnO2-MSC-TAT@PTX NPs for 24 h in a six-well plate.
Then, cancer cells were stained with Annexin-V-FITC and propidium
iodide (PI) and analyzed by flow cytometry (BD FACSCalibur,
USA).
In Vivo Fluorescence Imaging. BALB/c nude mice were

injected with 1 × 105 A549 cells in the right flank. ICG, a near-
infrared fluorescent dye, was used to label the NPs. Free ICG,
HMnO2-TAT@ICG, HMnO2-MSC@ICG, or HMnO2-MSC-TAT@
ICG were injected intravenously. Fluorescence images were captured
at different time points (1, 2, 6, 8, 12, and 24 h) postinjection using a
Lumina LT Series III (PerkinElmer, USA).
In Vivo Pharmacokinetics and Biodistribution. Female

C57BL/6 mice were injected subcutaneously with 1 × 105 LLC
cells on the right flank. Free PTX, HMnO2-TAT@PTX, HMnO2-
MSC@PTX, or HMnO2-MSC-TAT@PTX (PTX: 4 mg/kg) were
injected into the tail vein of tumor-bearing mice. Eye arterial blood
was withdrawn at designated times (0.5, 1, 2, 4, 8, 12, 24, 36, and 48
h) after drug injection. After centrifugation at 5000 rpm for 8 min,
100 μL of plasma was maintained at −20 °C. Then, PTX was
extracted by vortexing with chloroform/methanol for 5 min and
centrifuged at 15,000 rpm for 5 min to collect the lower solution for
detection. The collected solution was dried under nitrogen and
dissolved in methanol before it was analyzed by HPLC (LC-10AT,
Japan).

For biodistribution, the heart, liver, spleen, lung, kidney, and tumor
were collected at 24 h after injection. The tissues were then washed
with saline, weighed, and homogenized. The PTX content was
quantified by the HPLC method mentioned above.
In Vivo Therapeutic Efficacy. Female C57BL/6 mice were

subcutaneously injected with LLC cells (1 × 105) on the right flank
(primary tumor) and the left flank (distant tumor). When tumors
reached ∼100 mm3, mice were randomly divided into eight treatment
groups as follows: PBS, MnCl2 (5 mg/kg), HMnO2-MSC-TAT (dose
of MnO2 = 5 mg/kg), free PTX (10 mg/kg), MnCl2 (5 mg/kg) + free
PTX (10 mg/kg), HMnO2-TAT@PTX, HMnO2-MSC@PTX, and
HMnO2-MSC-TAT@PTX (dose of MnO2 = 5 mg/kg, PTX = 4 mg/
kg). Except for the MnCl2 group, all treatments were administered by
i.v. injection. MnCl2 was administered intranasally. The injection was
performed six times every 2 days. Tumor growth and body weight of
the mice were monitored every other day. The tumor volume was
calculated based on the formula: volume = width2 × length/2. The
mice were euthanized at the end of the study. The tissue and tumors
were collected and stained by HE. Finally, the survival time of the
mice was determined.
Immune Cell Infiltration in the Tumor Microenvironment.

To evaluate the systemic immune responses of HMnO2-MSC-TAT@
PTX in tumor-bearing mice, the percentage of mature DC
(CD80+CD86+) and CTLs (CD3+CD8+) in distant tumor were
determined by flow cytometry. The single-cell suspensions were
harvested by digestion of tumor tissue. For mature DC evaluation,
cells were stained with anti-CD80 and anti-CD86 monoclonal
antibodies. Meanwhile, cells were stained with anti-CD3 and anti-
CD8 monoclonal antibodies for evaluating CTL infiltration.
ELISA. The HMGB1 concentration in the cell supernatant was

detected by an HMGB1 ELISA kit according to manufacturer’s
instruction. Interferon-beta (IFN-β), tumor necrosis factor alpha
(TNF-α), and interleukin-6 (IL-6) in the blood samples and tumor
samples of mice were measured by ELISA.
Statistical Analysis. Data are expressed as the mean ± standard

deviation (SD) and estimated by the analysis of Student’s t test or
one-way analysis of variance. Differences were considered statistically
significant at *p < 0.05, **p < 0.01, and ***p < 0.001.
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