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ARTICLE INFO ABSTRACT

Keywords: Lysosomes are critical organelles for cellular homeostasis and can be used as potential targets to kill tumor cells
Lysosome from inside. Many photo-therapeutic methods have been developed to overproduce reactive oxygen species
Tumo.r ) (ROS) to trigger lysosomal membrane permeabilization (LMP)-associated cell death pathway. However, these
Reactive oxygen species technologies rely on extra irradiation to activate the photosensitizers, which limits the applications in treating
Artemisinin d . . . . . .

L eep seated tumors and widespread metastatic lesions. This work reports a multifunctional nanocapsule to
Fluorescence imaging . . . . . o .
Nanomedicine achieve targeted lysosomal tumor cell death without irradiation and real-time monitoring of drug effect through

encapsulating artemisinin and dual protease light-up nanoprobe in a folate-functionalized liposome. The
nanocapsule can be specifically uptaken by tumor cells via folate receptor-mediated endocytosis to enter
lysosomes, in which artemisinin reacts with ferrous to generate ROS for LMP-associated cell death. By virtue of
confocal fluorescence imaging, the artemisinin location in lysosome, ROS-triggered LMP and ultimate cell
apoptosis can be visualized with the cathepsin B and caspase-3 activatable nanoprobe. Notably, the artemisinin-
mediated ROS evolving for tumor therapy and real-time therapeutic monitoring were successfully implemented
by living imaging in tumor-bearing mice, which broaden the nanocapsule for in vivo theranostics and may offer
new opportunities for precise medicine.

1. Introduction 2010; Oberle et al.,, 2010). It is noteworthy that ROS-associated
oxidation among these stimuli has attracted great interest because it
can directly and rapidly disturb the integrity of lysosomal membrane

for killing tumor cells (Denamur et al., 2011). Thus many lysosome-

Lysosomes are critical subcellular acidic, membrane-bound orga-
nelles for cellular homeostasis (Blott and Griffiths, 2002; Futerman and

Van Meer, 2004; Stinchcombe et al., 2004). Recently, increasing
evidences have shown that lysosomes become an Achilles heel of tumor
cells that can trigger cell death pathway after lysosomal membrane
permeabilization (LMP) (Aits and Jaatteld, 2013; Boya and Kroemer,
2008; Guicciardi et al., 2004; Gulbins and Kolesnick, 2013; Petersen
et al., 2013; Saftig and Sandhoff, 2013). In the presence of appropriate
stimuli such as reactive oxygen species (ROS) (Blomgran et al., 2007;
Trachootham et al., 2009), lipid-mediators (Kroemer and Jaattela,
2005; Zitvogel et al., 2010) and lysosomotropic detergents (Ostenfeld
et al., 2008), lysosomes undergo membrane permeabilization, which
leads to the spillage of hydrolases from lysosomal lumen into cytosol
and the activation of a caspase dependent apoptosis (Johansson et al.,

targeted photosensitizers have been developed to overproduce ROS
under extra irradiation to damage the lysosomes (He et al., 2015; Liu
et al., 2011; Mitsunaga et al., 2011; Tian et al., 2013, 2015; Wang et al.,
2011a; Yuan et al., 2015). However, these photosensitizers rely on the
penetration of light through tissue, making them difficult to treat deep
seated tumors and widespread metastatic lesions. Therefore, new
strategies that allow ROS-triggered LMP without irradiation are highly
desired to increase the efficacy and practicability of current lysosome-
based cancer therapeutics.

Artemisinin (ART) is a natural product isolated from the Chinese
herb Artemisia annua L (Klayman, 1985; Miller and Su, 2011; Tu,
2011). It is a sesquiterpene lactone with an endoperoxide bridge which
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can be cleaved by Fe(II) to generate ROS (Haynes and Krishna, 2004;
Liu et al., 2015; Mercer et al., 2011). Meanwhile, the content of Fe(II)
in tumor cells with high proliferation is greater than that of normal
cells (Daniels et al., 2006; Heath et al., 2013; Kalinowski and
Richardson, 2005), thus ART offers an opportunity for ROS-triggered
LMP in tumor cells without irradiation. However, some challenges are
still needed to be addressed. One of the major obstacles encountered
with LMP is the lack of specific delivery of hydrophobic ART into the
lysosome of tumor cells (Chaturvedi et al., 2010; Jefford, 2007).
Liposome, self-enclosed spheres of lipid bilayers and an aqueous core
within the bilayers, can effectively improve solubility of the embedded
drugs (Barenholz, 2012; Pattni et al.,, 2015; Torchilin, 2012).
Furthermore, liposomes modified with folic acid (FA) could be
employed to target tumor cells through specific binding with folate
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receptor (FR) that overexpressed on the membrane of tumor cells, and
rapidly concentrated in the lysosomes via a FR-mediated endocytic
pathway (Chen et al., 2013; Tian et al., 2016). We can therefore use FA
modified liposome to delivery ART into the lysosomes of tumor cells.
Since lysosomes are the targeted organelles in the LMP-induced cell
death, another challenge is that to develop a non-invasive imaging
method to visualize the location in lysosomes, the process of LMP and
the ultimate cell apoptosis, which is very important to evaluate the
therapeutic efficacy. In this respect, cathepsin B (CaB) as a lysosomal
cysteine protease (Mohamed and Sloane, 2006; Sevenich et al., 2010)
and caspase-3 as the chief executioner in the apoptosis (Lauber et al.,
2003; Shalini et al., 2015) can be used as the triggers to construct a
dual-protease light-up probe for visualization. Because both of the two
protease possess specific peptide cleaving capability (Lock et al., 2016;
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Scheme 1. Schematic illustration of (A) MNC and (B) GO-RhB-FAM for cathepsin B and caspase-3 activatable imaging and (C) FR-targeted delivery, ART-mediated ROS evolving and

dual protease light-up for imaging of lysosomal tumor cell death.
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Wang et al., 2011) and graphene oxide (GO) exhibits strong fluores-
cence quenching ability (Feng et al., 2013; Yang et al., 2013b), the
conjugation of fluorophore-labeled peptides onto the surface of GO
provides a convenient and feasible method for imaging the activity of
CaB and caspase-3. Finally, if the dual-protease light-up nanoprobe
could be integrated into the FA modified liposome loaded with ART,
the theranostic efficiency will be significantly improved, and such
nanomedicine has not been reported to date.

Herein, a multifunctional nanocapsule (MNC) has been designed
and synthetized. It is composed by a FA modified liposome with ART
encapsulated in the lipid bilayers and dual-protease light-up nanop-
robe in the aqueous core (Scheme 1A). For real-time imaging of ART
localized in lysosome and evaluation of ART-induced apoptosis, a
carboxylic GO nanosheet is covalently conjugated with CaB specific
substrate peptide labeled with rhodamine B (GFLGK-RhB) and cas-
pase-3 specific substrate peptide labeled with fluorescein (CALDEVD-
FAM) to act as the nanoprobe (GO-RhB-FAM). Close proximity of RhB
and FAM to the GO surface results in strong inhibition of fluorescence.
After the nanoprobe interacts with CaB and caspase-3, the peptide was
cleaved and RhB and FAM were released from GO surface to generate
fluorescence for detection of corresponding protease activity (Scheme
1B). The ART and GO-RhB-FAM can be integrated into the FA
modified liposome by a self-assembly process to form the MNC. The
MNC can be selectively taken up by FR high-expressed tumor cells into
the lysosome, in which the acidic pH environment induce the rupture
of liposome and the release of ART and GO-RhB-FAM. In these cases,
the RhB fluorescence is recovered by CaB activation to reflect the
entering of ART into the lysosome. Meanwhile, the released ART reacts
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with lysosomal Fe(II), leading to the breakage of endoperoxide bridge
to produce ROS for LMP which can be reflected by RhB fluorescence
diffusion to cytoplasm. After that, FAM fluorescence is lighten up by
caspase-3 activation, providing a convenient protocol to in situ monitor
the therapeutic efficacy (Scheme 1C). Therefore, this work reports a
simple and effective theranostic nanomedicine for precise lysosomal
cancer treatment.

2. Results and discussion
2.1. Characterization of GO-RhB-FAM

The GFLGK-RhB and CALDEVD-FAM were conjugated to car-
boxylic GO using the succinimide coupling (EDC-NHS) method (Sam
et al., 2010; Yang et al., 2013a, 2013b). The conjugation of GFLGK-
RhB and CALDEVD-FAM on GO surface was characterized by atomic
force microscopy (AFM). After sonication treatment, most GO sheets
showed single-layered dispersion with a dimension about 50 nm and
topological height of 1.1 nm (Fig. 1A). After conjugation, the obtained
GO-RhB-FAM nanosheets were still well dispersed and the correspond-
ing topological height became 4.2 nm, indicating the conjugation of
peptide on GO surface.

The absorption spectra of free GFLGK-RhB, CALDEVD-FAM, GO
and GO-RhB-FAM nanoprobe were measured to test the conjugation of
peptides on GO surface. The absorption spectrum of free GFLGK-RhB
showed a peak at 566 nm with a molar absorption coefficient & of
3.24x10* M™! em™), and a strong peak at 441 nm (e=3.89x10% M~
Lem™) was observed for free CALDEVD-FAM (Fig. 1B). The absorp-
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Fig. 1. (A) AFM images (top) and height profiles (bottom) of GO and GO-RhB-FAM. (B) Absorption spectral of 6.7 uM Pep-RhB, 2.5 uM Pep-FAM, 0.2 mg mL"! GO and 0.2 mg mL™*
GO-RhB-FAM, respectively. (C) Fluorescecnce spectral and intensity at 580 nm (inset) of response of 0.2 mg mL~! GO-RhB-FAM to different concentrations of CaB. (D) Fluorescecnce
spectral and intensity at 520 nm (inset) response of 0.2 mg mL™* GO-RhB-FAM to different concentrations of caspase-3. Data are means + SD (n=3).
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tion curve of free GO spanned over a broad range from the ultraviolet
to near-infrared region. The appearance of two absorption peaks at 566
and 441 nm for GO-RhB-FAM further demonstrated the successful
conjugation of GFLGK-RhB and CALDEVD-FAM on GO surface.

2.2. Fluorescence response of GO-RhB-FAM

The capabilities of the GO-RhB-FAM for in vitro detection of CaB
and caspase-3 activity were examined with fluorescence spectra. In the
absence of CaB, the fluorescence emission of GO-RhB-FAM was very
weak (Fig. S1) due to the energy transfer from RhB to GO. After CaB
was added into GO-RhB-FAM solution at 37 °C for 60 min, a sig-
nificant fluorescence peak at 580 nm was observed, suggesting the
cleavage of GFLGK and the release of RhB. On the contrary, the
presence of antipain as a strong CaB inhibitor obviously hinder the
fluorescence recovery of RhB after addition of CaB, which indicated the
specific fluorescence response of GO-RhB-FAM to CaB. With increasing
the concentration of CaB, the fluorescence intensity increased linearly
over the CaB concentration range from 0.25 to 5 UmL™ (Fig. 1C).
Similarly, the GO-RhB-FAM was found to give fluorescence signals
linearly correlated to the concentrations of caspse-3 range from 0.25 to
4UmL™! (Fig. 1D) and the specific activation of GO-RhB-FAM by
caspase-3 (Fig. S2). Therefore, these results demonstrated the feasi-
bility of GO-RhB-FAM as a dual-protease light-up nanoprobe.

2.3. Characterization of MNC

Because of the hydrophobicity of ART, severe aggregation was
observed in aqueous solution (Fig. S3). After encapsulation in lipo-
some, ART was well dispersed in aqueous solution. The liposome was
assembled by 1,2-distearoyl-sn-glycero-3-phosphoethanol-amine-N-
[folate(poly ethylene glycol)-2000] (DSPE-PEG,go0-FA), 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE) and cholesteryl hemisuc-
cinate (CHEMS). The ART can be embedded in the lipid bilayers
through hydrophobic interaction. The encapsulation efficiency of ART
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in liposome was measured with UV-Vis method to be 91.7% (Fig. S4).

ART and GO-RhB-FAM were encapsulated into the liposome to
construct MNC by a thin film hydration method (Chen et al., 2012;
Rengan et al., 2015; Xie et al., 2012). Transmission electron micro-
scopic (TEM) image showed well dispersed spherical structure of MNC
(Fig. 2A), and the average size was determined to be 240 nm by
dynamic light scattering (DLS) (Fig. 2B). The apparent zeta potential is
often used as an index to reflect the stability of nanomaterials in
aqueous solution (White et al., 2007). We measured the zeta potentials
of MNC and MNC (without ART) as a liposome without ART
encapsulation to be -26.4+0.8mV (Fig. 2C) and -24.7 +0.9 mV
(Table S1), indicating the embedded ART did not influence the stability
of the liposome. The zeta potential of MNC (without FA) was increased
to be —-15.1 £ 1.2 mV due to the lack of negatively charged FA.

GO-RhB-FAM as a hydrophilic nanoprobe was encapsulated into
the aqueous core of MNC. When adding the CaB or caspase-3 into the
solution of MNC, the fluorescence of RhB or FAM did not recovery,
which could be explained that the membrane of liposome prevented
interaction between the inside GO-RhB-FAM and outside protease.
However, after Triton X-100 as a non-ionic surfactant was added into
the mixture of MNC and protease, remarkable fluorescence enhance-
ment for RhB (Fig. S5) and FAM (Fig. S6) was observed, indicating that
Triton X-100 ruptured the liposome to release GO-RhB-FAM, and led
to the fluorescence recovery of RhB or FAM by CaB or caspase-3
activation. A slight red-shift with about 2 nm of the fluorescence
emission maxima was also observed after addition of Triton X-100,
which was attributed to the disappear of confinement effect (Raino
et al. 2010) due to the shedding of RhB or FAM from the surface of GO.
These results demonstrated the successful encapsulation of GO-RhB-
FAM into the aqueous core of MNC.

2.4. In Vitro ART Release Profiles

The in vitro release of ART from MNC was investigate by
equilibrium dialysis method (Modi and Anderson, 2013). At pH 7.4,
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Fig. 2. (A) TEM image of MNC. Scale bar: 500 nm. (B) Size distribution of MNC measured by DLS. (C) Apparent zeta potential distribution of MNC. (D) In vitro release profiles of ART

from MNC at pH 7.4 and 5.0. Data are means + SD (n=3).
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Fig. 3. Internalization and location of MNC in HeLa cells. (A) Time course fluorescence and DIC images of HeLa cells upon incubation with the MNC (6.1 uM ART equiv.). Scale bar:
25 um. (B) Co-staining of MNC-loaded HeLa cells with LysoTracker green and Hoechst 33342. Scale bar: 15 um. (C) Three-dimensional luminescence images of MNC-loaded HeLa cells
with LysoTracker green and Hoechst 33342 (6.1 uM ART equiv.) for 6 h at 37 °C. Scale bar: 5 pm.

MNC was stable and no significant release of ART was observed over
24 h incubation (Fig. 2D). However, at acidic environment of pH 5.0,
the ART rate of release was apparently accelerated. The accumulatively
released ART could reached at 90 + 3% after incubation for 6 h. TEM
image of MNC at pH 5.0 showed cracked structures (Fig. S7), thus
leading to the rapid release of ART. This pH-controllable ART release
of MNC could be attributed to the presence of DOPE (Paliwal et al.,
2012), a cationic lipid, which ensured an effective ART delivery and
release into the acidic lysosomes of tumor cells.

2.5. Subcellular Internalization and Location of MNC

Human cervical carcinoma HeLa cells were used as a FR high-
expressed cell model and incubated with MNC at 37 °C to perform
confocal fluorescence imaging. After incubation for 2 h, red fluorescent
spots of RhB were observed in HeLa cells (Fig. 3A), indicating the rapid
internalization of MNC into HeLa cells and subsequently fluorescent
activation by CaB. The amount and intensity of fluorescence spots
increased gradually with the increasing incubation time and reached a
maximum at 6 h. In order to study subcellular location of MNC in cells,
the MNC-incubated HeLa cells were co-stained with a lysosome probe,

728

LysoTracker Green, and a nucleus dye, Hoechst 33342. The red RhB
fluorescence overlapped well with the green LysoTracker fluorescence
(Fig. 3B), demonstrating that the florescence activation of the MNC
occurred in lysosome. Furthermore, the stained HeLa cells was carried
out by serially scanning at increasing depths along the z-axis for three-
dimensional (3D) visualization. By virtue of 3D reconstruction of serial
xy sections, the yellow fluorescence spots originated in fluorescent
overlapping of red RhB and green LysoTracker were apparent (Fig. 3C
and Movie S1), thus the location of MNC in lysosome could be
reflected by monitoring the fluorescence of RhB.

Supplementary material related to this article can be found online
at doi:10.1016/j.bi0s.2016.10.004.

2.6. Specificity of Internalization for MNC

To explore the targeting effect of FA, HeLa cells were also incubated
with MNC (without FA). The intracellular RhB fluorescence was much
weaker compared with that of MNC treated cells (Fig. S8) owing to the
lack of FA targeting. As an additional control, a blocking dose of 10 uM
FA was added for 30 min before the MNC incubation (FA + MNC). By
observation of the intracellular RhB fluorescence, the internalization of
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Fig. 4. Confocal fluorescent images of HeLa cells with different treatments for 6 h. The cells were treated with PBS, MNC (6.1 uM ART equiv.), MNC (30.5 uM ART equiv.), VC+MNC,
MNC (without ART) or TPEN+MNC, and further incubated with DCFH-DA for 30 min or AO for 15 min before CLSM analysis. Scale bars: 20 um.

MNC into HeLa cells was obviously suppressed, which indicated that
FA played an important role in the targeted delivery of MNC into HeLa
cells via a FR-mediated endocytosis pathway. To further investigate the
specificity of internalization, FR low-expressed human lung carcinoma
A549 cells were incubated with MNC for 6 h and showed much weaker
signal intensity than that of FR high-expressed HeLa cells. Moreover,
almost no fluorescence was observed for the MNC treated human
umbilical vein endothelial HUVEC cells due to the no-expression of FR
(Fig. S9). These results validated that the presence of FA on MNC
specifically bound to FR that was generally overexpressed on the
membrane of tumor cells, resulting in receptor-mediated endocytosis
for specific imaging and drug delivery.

2.7. Cytotoxic Selectivity of MNC

Cytotoxicity of MNC was investigated using MTT assay. HeLa cells
were incubated with various concentrations of MNC (ART equiv.) and
MNC (without ART) for 24 h. The cytotoxicity increased along with the
concentration of MNC (Fig. S10) with a 50% growth inhibition
concentration (ICsp) of 6.1 uM (ART equiv.). In the absence of ART,
the cell viability of the MNC (without ART) treated cells remained
above 90% (Fig. S10), which indicated that the cytotoxicity of MNC was
attributed to the loaded ART and the nanocapsule had good biocom-
patibility. Furthermore, the cytotoxicity was found to be FA dependent
(Fig. S11), the cell viability of the cells treated with MNC (without FA)
or FA+MNC could remain above 75%, demonstrating the necessity of
FA in the targeted delivery of ART into tumor cells.

The FA-mediated targeting was further confirmed by incubating
HelLa cells, A549 cells and HUVEC cells with the MNC for 24 h. Unlike
HeLa cells, the cell viability remained above 75% for A549 cells and
almost no cytotoxicity was observed for normal HUVEC cells (Fig.
S12). Since Fe(II) is essential to induce the toxicity of ART, the
intracellular content of Fe(II) was detected by an iron colorimetric
assay kit. The content of Fe(II) in cancerous HeLa and A549 cells were
10-fold higher than that in normal HUVEC cells (Fig. S13), which could
be ascribed to high-expressed transferrin receptors on cancer cells.
Although the content of Fe(II) in A549 cells was high, the expression of
FR was much lower compared with HeLa cells, leading to a lower
cytotoxicity. Thus the dual targeting MNC possessed of therapeutic
selectivity to FR and Fe(II) high-expressed cancer cells.

2.8. ART-Mediated ROS Evolving and LMP

ART-mediated ROS evolving in MNC-treated HeLa cells was
evaluated with 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA)
as a ROS probe. It is non-fluorescent but can be oxidized to be highly
fluorescent 2’,7’-dichlorofluorescein (DCF) by intracellular ROS (Wang
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et al., 2016). After staining with DCFH-DA, the MNC-treated group of
HeLa cells emitted bright DCF fluorescence in lysosomes compared
with that of PBS group (Fig. 4), and the fluorescence intensity was
MNC concentration dependent, indicating massive production of ROS.
To investigate whether the generated ROS affect the integrity of
lysosome, acridine orange (AO) was employed as an indicator which
emits red fluorescence in lysosomes and green fluorescence in cytosol
and nuclei (Chen et al., 2014). For the MNC-treated HeLa cells, the red
fluorescence from AO was remarkably decreased, demonstrating that
ROS cause LMP. However, the addition of vitamin C (VC) as a ROS
scavenger before MNC incubation could inhibit ROS generation, and
the lysosomal compartments were well maintained. For the cells
treated with MNC (without ART), or N,N,N’,N’-tetrakis(2-pyridyl-
methyl)ethylenediamine (TPEN) as a high-affinity Fe(II) chelator
(Jabado et al., 2003) before MNC incubation, the DCF fluorescence
was significantly suppressed and the red fluorescence of AO was
obvious, suggesting that ART reacts with intracellular Fe(II) to over-
produce ROS in lysosome and leads to LMP.

2.9. Therapeutic Self-monitoring

MNC induced lysosomal tumor cell death was evaluated with
confocal fluorescence imaging through monitoring RhB fluorescence
diffusion and FAM fluorescence activation by caspase-3 (Fig. 5A). After
incubation with MNC for 6 h, red RhB fluorescence was mainly
concentrated in lysosomes, while no FAM fluorescence was observed.
At this time point, the lysosomes were intact and the cells were healthy.
However, after incubation for 12 h, red RhB fluorescence diffused to
cytoplasm and green FAM fluorescence appeared, indicating the
rupture of lysosomes and activation of caspase-3 in the process of
apoptosis. After 24 h incubation, RhB fluorescence diffusion and FAM
fluorescence activation became more apparent, demonstrating the
capability of therapeutic self-monitoring.

Flow cytometry was further used to clarify the advantage of MNC
for therapeutic self-evaluation (Fig. 5B). Without FA targeting, the
nanocapsule could not be internalized into tumor cells, thus most of the
cells were in the RhB"/FAM region. With the help of FA targeting, the
MNC (without ART) could be effectively uptaken into tumor cells as
reflected by RhB fluorescence. However, without ART encapsulation,
the nanocapsule did not produce ROS to induce LMP, thus most HeLa
cells were located in the RhB*/FAM™ region. For the MNC treated cells,
the percentage of cells in the RhB*/FAM* region significantly increased
from 7.00% to 26.75%, revealing distinct cell death and self-feedback
functionality for therapeutic efficacy.
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Fig. 5. (A) Time course fluorescence images of HeLa cells upon incubation with the MNC (6.1 uM ART equiv.). Scale bar: 10 um. (B) Flow cytometer assay of HeLa cells incubated with

MNC (without ART), MNC (without FA) and MCN (6.1 uM ART equiv.) for 24 h.
2.10. In Vivo Tumor Therapy and Real-time Imaging

HeLa tumor-bearing BALB/c nude mice were intravenously in-
jected via tail vein with MNC at a dose corresponding 0.2 mg kg™! of
ART. After 8 h post injection, strong RhB fluorescence signal was
observed from the tumor region and the signal could be sustained to be
32 h (Fig. 6A), validating the targeted tumor location and retention of
MNC which can be selectively and effectively internalized into the
lysosomes of HeLa cells to emit RhB fluorescence by CaB activation.
The apoptotic FAM fluorescence signal appeared at the tumor site after
16 h post injection, revealing that tumor cells were underwent apop-
tosis. After 32 h post injection, the MNC-treated mice were sacrificed
and the tumor and major organs were harvested for ex vivo imaging.
Significant RhB and FAM fluorescence activation was occurred in the
tumor (Fig. S14). On the contrary, the MNC (without ART) treated
tumor-bearing mice showed that no FAM fluorescence signal was
observed in tumor region, although the RhB fluorescence signal
appeared (Fig. 6B). These results indicated that MNC-induced anti-
tumor effect was attributed to ART and the therapeutic efficacy could
be self-monitored in real-time.

The long term in vivo antitumor efficacy was further assessed by
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measuring the tumor volume. Tumor growth was significantly sup-
pressed in HeLa tumor-bearing mice treated with MNC compared to
the saline treated control mice (Fig. 6C), while no obvious therapeutic
effect was observed in the MNC (without ART) treated mice, confirm-
ing the antitumor effect was attributed to ART. The HeLa tumor-
bearing mice intravenously injected with MNC (without FA) showed
much weaker antitumor efficiency due to the lack of FA targeting. The
histologic images of the tumor section stained by hematoxylin and
eosin (H & E) showed a massive tumor cell remission after treating with
MNC (Fig. 6D). In addition, the apoptotic FAM fluorescence was also
detected in the tumor slice (Fig. 6D and Fig. S15), providing further
evidence for targeted tumor treatment and therapeutic self-evaluation.
The mice were intravenously injected with different nanocapsules and
the body weight during treatments was measured to assess the
potential in vivo side effects of MNC. The mice did not show notable
body weight loss during 16 days after treatment (Fig. S16). Meanwhile,
no obvious pathological abnormalities were observed on major organs
including heart, liver, spleen, lung and kidney for the MNC treated
mice compared with other control group of mice (Fig. S17), confirming
the good biosafety of MNC for in vivo tumor theranostics.
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Fig. 6. In vivo fluorescence imaging of the HeLa tumor-bearing mice at 8, 16, 24 and 32 h after intravenous injection of (A) MNC or (B) MNC (without ART). Circle indicate the tumor
region. (C) Change of relative tumor volume upon different treatments. Data are means + SD (n=6), ***P < 0.001 compared to other groups using a one-way ANOVA. (D) Histological
observation of the tumor tissues from different treatment groups stained with H & E and fluorescence images of tumor slice stained with Hoechst 33342. Scale bars: 100 pm.

3. Conclusions

In summary, a multifunctional nanocapsule has been developed to
achieve targeted lysosomal tumor cell death and real-time therapeutic
monitoring by encapsulating ART and dual-protease light-up nanop-
robe into a FA-functionalized liposome. The nanocapsule with target-
ing properties to FR high-expressed tumor cells selectively transports
and releases ART and reacts with Fe(II) to produce ROS for lysosomal
damage. The fascinating advantage of the ROS-triggered lysosomal cell
death strategy is its implementation without extra irradiation. By
monitoring the fluorescence activation of dual-protease light-up na-
noprobe, the location of ART in lysosome, the ROS-triggered LMP and
the caspase-3 activation can be visualized in situ and in real time,
which provides a valuable and convenient function for therapeutic
monitoring. The nanocapsule has been successfully utilized for tumor
theranostics in tumor-bearing mice and is safe for in vivo applications.
Although autofluorescence was occurred during the in vivo imaging
process due to the visible region of wavelength (400—-700 nm), this
study should substantially broaden the perspective for further manu-
facturing a near-infrared (700-1000 nm) nanomedicine to achieve
precise tumor theranostics.
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