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promise to solve these limitations.

Objectives: A novel nanocarrier composed of red blood cell (RBC)-derived vesicles (RDVs) surface-linked
with doxorubicin (Dox) using glutaraldehyde (glu) to form Dox-gluRDVs was investigated for improved
cancer therapy.

Methods: We investigated the in vivo antineoplastic performance of Dox-gluRDVs through intravenous (i.
v.) administration in the mouse model bearing subcutaneous (s.c.) BI6GF10 tumor and examined the
in vitro antitumor mechanism and efficacy in a panel of cancer cell lines.
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Results: Dox-gluRDVs can exert superior anticancer activity than free Dox in vitro and in vivo. Distinct
from free Dox that is mainly located in the nucleus, but instead Dox-gluRDVs release and efficiently deli-
ver the majority of their conjugated Dox into lysosomes. In vitro mechanism study reveals the critical role

of lysosomal Dox accumulation-mediated mitochondrial ROS overproduction followed by the mitochon-
drial membrane potential loss and the activation of apoptotic signaling for superior anticancer activity of

Dox-gluRDVs.

Conclusion: This work demonstrates the great potential of RDVs to serve a biological DDS of Dox for sys-

temic administration to improve conventional cancer chemotherapeutics.

© 2020 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Despite many efforts have been made in the development of
cancer treatment, chemotherapy remains the main intervention
for cancer management. However, the use of chemotherapeutic
drugs is often limited by several drawbacks such as poor solubility,
non-specific distribution between cancer cells and non-cancer
cells, rapid elimination, and the inaccessibility to cancer cells. In
this regard, nanotechnology has drawn attention as one of the
most promising approaches for an effective and specific
chemotherapy in cancer management. Many biomaterials have
been used to construct nanoplatforms as drug delivery systems
(DDSs) [1]. DDSs can be artificially made from synthetic or natural
components, and therefore these artificial DDSs (aDDSs) possess
advantages of rational design, diversity, and feasible manipulation
of materials [2] but an inherent disadvantage of clinical biocom-
patibility hazard as well. In contrast, biological DDSs (bDDSs) com-
posed of natural cells and their segments demonstrate much better
biocompatibility and natural biofunctions. In addition, hybrid DDSs
(hDDSs) are developed to theoretically combine advantages of
aDDSs and bDDSs while alleviating their shortcomings [2,3].

Red blood cells (RBCs) with many biological advantages are
most frequently explored as a source for bDDSs [2,3]. However,
the size of these carrier RBCs in the micrometer level limits the
accessibility of carrier RBCs with their cargos to extravascular tar-
gets, including tumors [4]. Lejeune et al. first reported the prepara-
tion of sub-micron vesicles named nanoerythrosomes (nEryt) by
physical extrusion of RBC ghost membranes. In a mouse model
intraperitoneally bearing P388D1 leukemia tumor, the daunoru-
bicin (DNR)-conjugated nEryt (nEryt-DNR) at higher concentration
of DNR showed better antineoplastic activity than free DNR via
intraperitoneal (i.p.) injection [5]. Theoretically, nEryt could reach
RBC-inaccessible target sites including tumors; however, systemic
antineoplastic studies, i.e. intravenous (iv.) administration of
nEryt, of this bDDS had not been proceeded in vivo, perhaps due
to a rapid clearance from blood circulation [6] as nEryt lost the bio-
compatibility during preparation process [7]. For nEryt and other
bDDSs that are entirely cell-based [3], the direct drug loading
might further affect their stability and biocompatibility. Recently,
the hDDS system of using RBC membranes to camouflage synthetic
nanoparticles have been demonstrated to practice in vivo biomed-
ical applications including anticancer therapies [8,9]. However,
potential hazards associated with xenogeneic nanomaterials are
largely pending once their RBC cloaks are degraded.

We have developed a novel nanocarrier composed of RBC-
derived vesicles (RDVs) that could efficiently encapsulate proto-
porphyrin IX (PpIX), and the as-synthesized PpIX-encapsulated
RDVs (PpIX@RDVs) showed highly phototoxic effect in Huh7 cells
upon irradiation in vitro [10]. Our previous studies suggest that
RDVs possessing sufficient stability and biocompatibility could be
a facile and effective bDDS for systemically administered cancer
therapy [10,11].
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In the present study, therefore, we bound the antitumor drug
doxorubicin (Dox) onto RDVs with glutaraldehyde (glu) linker as
previously reported [5], resulting in the synthesis of Dox-
conjugated RDVs (Dox-gluRDVs). We investigated the in vivo anti-
neoplastic performance of Dox-gluRDVs through iv. administra-
tion in the mouse model bearing subcutaneous (s.c.) B16F10
tumor and examined the in vitro antitumor mechanism and effi-
cacy in a panel of cancer cell lines between Dox-gluRDVs and free
Dox to explore the potential of RDVs for being a bDDS for conven-
tional cancer chemotherapy.

Materials and methods
Preparation and characterization of Dox-gluRDVs

Blood samples of were collected from healthy regular donors
with informed consent approved according to the procedures of
the institutional review board of the National Health Research
Institutes (NHRI), Taiwan (EC1031204). The preparation of RDVs
was performed as previously described [11]. Briefly, blood cell sed-
iments were mixed with a gradient of CaCl2 (1 M) and EDTA
(390 mM) at 45 °C for 30 min, followed by centrifuging at 1,700
g at 4 °C for 10 min. RDVs were harvested by centrifugation at
16,000 g at 4 °C for 10 min, and resuspended in Dulbecco’s phos-
phate buffered saline (DPBS, GIBCO). RDVs generated from three
randomized donors’ blood samples were pooled and used in each
single experiment. For the synthesis of Dox-gluRDVs or gluRDVs,
RDVs were lysed in 5% SDS and Bradford Protein Assay (Bio-Rad)
was used to determine the protein concentration of RDVs. RDVs
(2 mg) was incubated with Dox (ENZO life science) (400 pg) or
not in the presence of 0.05% glutaraldehyde (EMS) in a final volume
of 2 mL in PBS at 37 °C for 30 min and the reaction was stopped by
the addition of 0.3 mL of 15% glycine (Sigma). DOX-gluRDVs or
gluRDVs was collected by centrifugation at 16,000 g for 10 min
at room temperature with PBS wash for 3 times. The conjugation
of Dox with gluRDVs may vary depending on donors and their
RBC statuses. To determine the conjugation efficiency, DOX-
gluRDVs pellets were incubated with lysis buffer (5% SDS), and
the solution was then examined spectrophotometrically at
570 nm using a microplate reader (SpectraMAX M2, Molecular
Device). The conjugated Dox content was calculated from a stan-
dard plot of known concentrations of free Dox vs. the correspond-
ing absorbance density. The particle size and zeta pontential of
RDVs, gluRDVs, and Dox-gluRDVs were determined by Nano ZS
(Malvern). The particle size and the surface potential quite vary
depending on donors and their RBC statuses. The morphology
was determined by Hitachi H-7650 Transmission Electron Micro-
scope (TEM) at 100 kV. To determine the protein contents, RDVs
or RBCs were lysed using RDV lysis buffer containing 1.5 M ammo-
nium chloride, 10 ptM sodium bicarbonate, 12 pM EDTA (all from
Sigma) and the protein concentration was determined by Bradford
Protein Assay. The protein samples were separated by elec-
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trophoresis in a 10% polyacrylamide gel and transferred to PVDF
membrane. The membranes were incubated with TBS plus 0.1%
Tween 20 (TBST) and 5% bovine serum albumin (BSA) for 1 h at
room temperature. After incubation, primary antibodies (Band3,
dilution 1:1000, Santa Cruz; Stomatin, dilution 1:1000, Santa Cruz;
Flotillin1, dilution 1:1000, Santa Cruz; Flotillin2, dilution 1:1000,
Santa Cruz; Hemoglobin, dilution 1:5000, Santa Cruz; B-actin, dilu-
tion 1:10000, Santa Cruz) were added to TBST containing 1% BSA
and incubated with the membranes at 4 C overnight. The mem-
branes were then incubated with HRP-conjugated secondary anti-
bodies (dilution 1:5000, Santa Cruz) and were developed using the
Luminata Cresendo Western HRP substrate (Millipore).

Cell culture

Murine melanoma B16F10 cells were cultured in high-glucose
DMEM, human colon adenocarcinoma HT-29 cells, human uterine
sarcoma MES-SA cells and MES-SA/DX5 cells were cultured in
McCoy’s 5A medium, human prostate adenocarcinoma PC3 cells
were cultured in low-glucose DMEM, and human ovary adenocar-
cinoma TOV21G cells were cultured in RPMI1640. All media were
purchased from GIBCO and supplemented with 10% fetal bovine
serum (FBS) (FetalEqual), 100 U/mL of penicillin, and 100 pg/mL
of streptomycin (GIBCO). All cultures were maintained in a 5%
CO2 atmosphere at 37 °C.

In vitro cytotoxicity assay

Cells (1 x 10 cells) were seeded in a 96-well plate and allowed to
attach for 24 h, and then treated with free Dox or Dox-gluRDVs at the
indicated Dox concentrations, or with gluRDVs at the proportional
concentrations to Dox-gluRDVs in growth media for 24 h. To evalu-
ate the role of reactive oxygen species (ROS) in the cytotoxicity, in
some experiments cells were pretreated with N-acetylcysteine
(NAC, Sigma) at 5 mM for 2 h before the treatments of gluRDVs, free
Dox or Dox-gluRDVs. The cell viability was determined using 3-[4,5-
dimethylthiazol-2-yl] —2,5-diphenyltetrazolium bromide (MTT)
reduction assay by microplate reader (SpectraMAX M2, Molecular
Device). The data are expressed as the percentage variation of con-
trol cell viability as 100%.

In vivo anticancer activity assay

Six-week-old female C57BL/6 were purchased from the
National Laboratory Animal Center of Taiwan and housed under
specific pathogen-free conditions and with a 12 h light/12 h dark
cycle. Mice were injected subcutaneously in the right flank with
5 x 10° B16F10 murine melanoma cancer cell suspended in
100 pL of PBS. At day 12 and day 19 post the cancer cell inocula-
tion, mice were injected with vehicle (control, n = 4), gluRDVs
(n = 6), free Dox (0.5 mg/kg, n = 5 or 5 mg/kg, n = 5), or Dox-
gluRDVs (0.1 mg/kg of Dox, n = 6) through the lateral tail vein.
Tumor volume was measured by caliper and calculated according
to the formula: volume = length x width?/2. Animal experiments
were carried out according to the guidelines of the Institutional
Animal Care and Use Committee (IACUC) of NHRI (NHRI-IACUC)
and performed after receiving approval from NHRI-IACUC
(104143-A).

Intracellular Dox distribution and ROS generation

To observe the intracellular distribution of Dox, cells were
seeded in a p-Slides 8 Well (IBIDI) (2 x 10* cells per well) and
allowed to attach overnight, and then treated with free Dox or
Dox-gluRDVs at 10 pM Dox for 1 h at 37 °C, followed by PBS wash.
Fresh media containing 50 nM LysoTracker Blue DND-22 (Molecu-
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lar Probes) were added and incubated for 20 min. The cells were
washed with PBS and observed with TCS SP5 confocal microscope
(Leica) using a 63x oil immersion objective. Todetermine the intra-
cellular ROS generation, cells were seeded in 6-well plate (2 x 10°
cells per well) and allowed to attach for 24 h, and then pretreated
with N-acetylcysteine (NAC at 5 mM) or not (CTL) for 2 h, followed
by the treatment with vehicle (control), gluRDVs at the propor-
tional concentrations to Dox-gluRDVs, free Dox, or Dox-gluRDVs
at 1 uM Dox for 24 h at 37 °C. The cells were washed and incubated
with 10 mM 2’,7'-Dichlorofluorescin diacetate (DCFDA, Sigma) for
20 min, and then trypsinized and collected with DPBS on ice for
flow cytometry analysis.

Lysosomal Dox accumulation and mitochondrial ROS generation

To distinguish between lysosomal Dox and ROS location, cells
were seeded in a p-Slides 8 Well (IBIDI) (2 x 10* cells per well)
and allowed to attach for overnight, treated with free Dox or
Dox-gluRDVs at 10 uM Dox for the indicated times at 37 °C, and
then washed and incubated with 10 mM DCFDA for 20 min. After
PBS wash, cells were then stain with 50 nM LysoTracker Blue
DND-22 and 20 nM MitoTracker Deep Red for 20 min and observed
with TCS SP5 confocal microscope.

Measurement of mitochondrial membrane potential (Ayym)

Aym was determined using Rhodamine-123 (Rh-123, Sigma)
staining. Cells were seeded in either 6-well plate (2 x 10° cells
per well) for flow cytometry analysis or p-Slides 8 Well (2 x 10*
cells per well) for microscopic observation, and allowed to attach
for 24 h. After treatment with vehicle (control), gluRDVs at the pro-
portional concentrations to Dox-gluRDVs, free Dox, Dox-gluRDVs
at 10 uM Dox, or carbonyl cyanide 4-(trifluoromethoxy) phenylhy-
drazone (FCCP at 100 pM, Sigma) as positive control for 8 h, cells
were incubated with 2 pg/mL Rh-123 for 5 min in the dark. Cells
in 6-well plate were collected by trypsinization in DPBS on ice
for flow cytometry. In addition, cells seeded in p-Slides 8 Well were
stained with 10 pg/mL Hoechst33342 (Sigma) for 5 min in the dark
and then observed with TCS SP5 confocal microscope.

Western blot analysis

Cells (1 x 10° cells) were seeded in 2 mL growth medium in a 3-
cm dish. Following a 24-h incubation period at 37 C, cells were
treated with vehicle (control), gluRDVs at the proportional concen-
trations to Dox-gluRDVs, free Dox, and Dox-gluRDVs at 0.3 pM Dox
in growth media for 24 h, lysed using RIPA lysis buffer, centrifuged
to collect the supernatants, and the protein concentration was
determined by Bradford Protein Assay. The protein samples were
separated by electrophoresis in a 10% polyacrylamide gel and
transferred to PVDF membrane. The membranes were incubated
with TBS plus 0.1% Tween 20 (TBST) and 5% bovine serum albumin
(BSA) for 1 h at room temperature. After incubation, primary anti-
bodies (ERK, dilution 1:500, Santa Cruz; p-ERK, dilution 1:500,
Santa Cruz; Procaspase-3, dilution 1:1000, Cell signaling; Cleaved
caspase-3, dilution 1:500, Cell signaling; GAPDH, dilution
1:10000, Santa Cruz) were added to TBST containing 1% BSA and
incubated with the membranes at 4 ‘C overnight. The membranes
were then incubated with HRP-conjugated secondary antibodies
(dilution 1:5000, Santa Cruz) and were developed using the Lumi-
nata Cresendo Western HRP substrate (Millipore).

Statistical analysis

Data are presented as the mean + standard error of mean (SEM)
for the indicated numbers of separate experiments. The results
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were compared using Student’s t-test in case of two groups for
comparison. Statistical significance was assigned if the probability
value (p) was<0.05.

Results and discussions

Synthesis and characterization of Dox-conjugated RDVs (Dox-
gluRDVs)

The features of RBC-based bDDS and hDDS may vary due to dif-
ferent preparation processes as well as post-modifications. For
example, in contrast to nEryt which were obtained by extrusions
of hemoglobin-emptied erythrocyte ghosts [5] as most RBC-
based bDDS and hDDS were emptied of their hemoglobin, our
RDVs generated from CaCl,/EDTA-induced budding of RBCs
retained hemoglobin (Hb) to favor photodynamic therapy (PDT)
in vitro [11]. Also, the components of RBC-based bDDS and hDDS
differ from their parent RBCs. As shown in Fig. 1A, band 3, flotillin
2 and stomatin proteins were much more expressed but actin
could not be detectable in RDVs compared to RBCs. RDVs expressed
less Hb than RBCs. The alterations of features may offer RBC-based
bDDS and hDDS diverse pros and cons of systemic interventions.
Using glutaraldehyde (glu) as a linker, Dox was conjugated onto
the surface of RDVs, and therefore gluRDVs (without Dox conjuga-
tion) and Dox-gluRDVs were synthesized. Although the sizes of
gluRDVs and Dox-gluRDVs slightly increased, they were highly
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monodispersed as native RDVs with an average diameter of
296.8 nm in the aqueous solutions, such as phosphate buffered sal-
ine and cultured medium, and had average diameters of 359.6 nm
and 487.0 nm, respectively (Fig. 1B). The surface charge was not
significantly different between RDVs and gluRDVs or Dox-
gluRDVs. The zeta potentials of RDVs, gluRDVs or Dox-gluRDVs
were about —6.50 + 0.39, —9.31 + 042 and —-10.12 £ 0.89 mV,
respectively. Fig. 1C shows the TEM images of RDVs, gluRDVs or
Dox-gluRDVs. RDVs, gluRDVs or Dox-gluRDVs were quasi-
spherical and displayed no morphological difference, but gluRDVs
and Dox-gluRDVs were prone to agglomerate. In the samples from
eleven experiments, 33.8 + 4.1% of loaded Dox (200 pg), about
67.5 g of Dox, were conjugated with gluRDVs (1 mg).

In vitro cytotoxicity and in vivo anticancer activity of Dox-gluRDVs

The in vitro cytotoxicity of Dox-gluRDVs was examined on a
panel of cancer cell lines including melanoma B16F10, colon HT-
29, uterine sarcoma MES-SA, prostate PC3, and ovarian TOV21G
cells using MTT reduction assay. As control, cells were treated with
the same amount of gluRDVs as the one used in the Dox-gluRDVs,
demonstrating no observed cytotoxic effects of gluRDVs on these
cancer cell lines, except that gluRDVs at higher concentrations
had a little cytotoxic effects on B16F10 cells (Fig. 2A) since possibly
B16F10 cells were more sensitive to the coverage effect of gluRDVs
on cell surface. There was no significant cytotoxicity difference
between free Dox and gluRDVs/free Dox in all tested cancer cell
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Fig. 1. Characterization of RDVs and Dox-gluRDVs. (A) The different profile of protein component in RBCs and RDVs. (B) Particle-size distribution of RDVs, gluRDVs, and Dox-

gluRDVs. (C) TEM image of RDVs, gluRDVs, and Dox-gluRDVs.
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Fig. 2. In vitro cytotoxicity and in vivo anticancer activity of Dox-gluRDVs. (A-E) These cells, including B16F10 cells (A), HT-29 cell (B), MES-SA cells (C), PC3 cells (D), and
TOV21G cells (E), were incubated for 24 h with increasing antitumor drug concentrations of free Dox, Dox-gluRDVs or a mixture of gluRDVs and free Dox without conjugation
procedure (gluRDVs/free Dox) and then processed for MTT cell viability assay (p-values: * < 0.05 as compared with control; # < 0.05 as compared with free Dox). (F) Tumor
growth curves of different groups of B16F10-bearing mice (n = 4 to 6 mice per group) (p-values: * < 0.05 as compared with control). At the low concentration of free Dox used
(0.5 mg/kg), Dox did not show significant tumor growth inhibition while the antitumor activity of Dox was significantly elevated at high concentration of 5 mg/kg as
compared to control. To avoid the possibility of immunologic responses by xenogeneic RDVs, Dox-gluRDVs at 0.1 mg/kg of Dox was used by comparison with the same
amount of gluRDVs as the one used in the Dox-gluRDVs. At that concentration, gluRDVs did not show inhibitory effect on tumor growth. No difference of animal body weight

between groups was observed (data not shown).

lines. As shown in Fig. 2A, free Dox, gluRDVs/free Dox and Dox-
gluRDVs showed an onset cytotoxicity at 0.1 pM and dose-
dependent cytotoxicity while Dox-gluRDVs were more cytotoxic
than free Dox and gluRDVs/free Dox on B16F10 cells at all tested
dosages. In HT-29 cells, Dox-gluRDVs showed the significant onset
cytotoxicity at 0.1 M were much more cytotoxic than free Dox
and gluRDVs/free Dox at 0.1 uM, 0.3 uM and 1 pM while free
Dox and gluRDVs/free Dox had an onset cytotoxicity at 3 pM. How-
ever, Dox-gluRDVs were as cytotoxic as free Dox and gluRDVs/free
Dox at 3 uM and 10 pM on HT-29 cells (Fig. 2B). In MES-SA cells
(Fig. 2C), free Dox, gluRDVs/free Dox and Dox-gluRDVs had an
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onset cytotoxicity at 0.1 puM. Free Dox and gluRDVs/free Dox
showed a dose-dependent cytotoxicity while the cytotoxicity of
Dox-gluRDVs was dramatically increased at 0.1 pM but till
0.3 uM and the following higher concentrations. Nevertheless,
Dox-gluRDVs exerted more potent cytotoxicity than free Dox and
gluRDVs/free Dox in the treated increasing concentrations except
3 uM and 10 uM on MES-SA cells. In Fig. 2D, the cytotoxicity of
Dox-gluRDVs was markedly to commence at 0.1 M but not signif-
icantly augmented along with the increasing concentration while
the cytotoxicity of free Dox and gluRDVs/free Dox was commenced
with less effect at 0.1 uM than Dox-gluRDVs but displayed dose-
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dependent cytotoxicity on PC3 cells. Also, Dox-gluRDVs were much
more cytotoxic than free Dox at 0.1 pM, 0.3 uM and 1 pM but as
cytotoxic as free Dox and gluRDVs/free Dox at 3 pM and 10 uM
on PC3 cells. In TOV21G cells, the cytotoxicity of Dox-gluRDVs
was to commence at 0.1 uM while the cytotoxicity of free Dox
and gluRDVs/free Dox was commenced with a minor effect at
0.3 pM. The cytotoxicity of free Dox, gluRDVs/free Dox and Dox-
gluRDVs gradually increased according to their increasing concen-
tration. Still, Dox-gluRDVs were much more cytotoxic than free
Dox and gluRDVs/free Dox on TOV21G cells at all tested dosages
(Fig. 2E). These results demonstrate that Dox-gluRDVs exert supe-
rior antitumor activity than free Dox in vitro (Supplementary
Fig. S1). Different from nEryt that could only maintain the same
antitumor activity of conjugated DNR as the free DNR on P388D1
cells in a long-term incubation condition (72 h) in vitro [5] gluRDVs
conferred higher antitumor activity on their conjugated Dox on a
number of cancer cells in a shorter incubation period (24 h).

Next, the antitumor activity of Dox-gluRDVs was assessed
through i.v. administration, as demonstrated by tumor size, on s.
c¢. melanoma B16F10-bearing mice (Fig. 2F). Surprisingly, Dox-
gluRDVs (at 0.1 mg/kg of Dox) exerted equal antitumor activity
as free Dox at 5 mg/kg but far more effective antitumor activity
than free Dox at 0.5 mg/kg, indicating that gluRDVs could enhance
the systemic therapeutic index of Dox. Altogether, the in vitro and
in vivo data indicates the great potential of RDVs for being a sys-
temic bDDS to improve doxorubicin therapeutics for cancer.

To explore the possible mechanism for RDV-enhanced antitu-
mor activity of Dox, in vitro flow cytometry was used to examine
and compare the cellular uptake efficiency of free Dox and Dox-
gluRDVs. However, our results suggested that gluRDVs-enhanced
therapeutic index of Dox might not be mediated by the enhance-
ment of short-term uptake inside Dox-gluRDVs-treated cells (Sup-
plementary Figs. S2 and S3).

Intracellular distribution of free Dox and released Dox of Dox-
gluRDVs

The mechanistic basis for the cytotoxicity of Dox has been
mainly attributed to its nuclear-targeting function, the inhibition
of topoisomerase Il and DNA intercalation; however, oxidative
stress caused by cytoplasmic Dox away from the nuclear DNA
has also been known to play a role in the anticancer activity
[12-15]. Therefore, using confocal microscopy, we examined
the subcellular distribution of Dox in free Dox-treated and
Dox-gluRDVs-DiD-treated cancer cells. As shown in Fig. 3, Dox
(10 uM at 1 h) signals were concentrated in the nucleus but dis-
played less in the cytoplasm in free Dox-treated cancer cells; how-
ever, in Dox-gluRDVs-DiD-treated cancer cells, the Dox signals
were localized predominantly in the cytoplasm rather than the
nucleus. Moreover, the cytoplasmic Dox signals were shown to
be mainly colocalized with LysoTracker Blue DND-22 (blue) stain-
ing for lysosomes to display merged purple signals, indicating that
in Dox-gluRDVs-DiD-treated cancer cells cytoplasmic Dox likely
located in acidic lysosome compartments. Interestingly, the few
cytoplasmic Dox signals were also shown to be located in lyso-
somes indicated by merged purple signals in free Dox-treated can-
cer cells, but Dox-gluRDVs-DiD-treated cancer cells displayed
much stronger purple signals than free Dox-treated cancer cells
because the most of Dox enriched in lysosomes in Dox-gluRDVs-
DiD-treated cancer cells. In addition, the confocal images showed
that Dox-gluRDVs-DiD-treated TOV21G cells displayed cytoplas-
mic DiD signals (green) away from lysosomal Dox fluorescence
(red) (Fig. 3E), demonstrating the separate uptake of conjugated
Dox and gluRDVs-DiD in TOV21G cells as observed in Supplemen-
tary Fig. S2E. These results suggested that Dox-gluRDVs released
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and transported their conjugated Dox through different pathway
from that of free Dox, resulting in distinct subcellular localizations
of conjugated/released Dox with cytoplasmic (lysosomal) preva-
lence from free Dox with nuclear prevalence (Fig. 3A-E and Sup-
plementary Fig. S4A). Moreover, the data suggested the
involvement of gluRDVs-mediated redistribution of intracellular
Dox in gluRDVs-enhanced antitumor activity.

ROS generation

We next investigated whether the lysosomal Dox could induce
oxidative stress in Dox-gluRDVs-treated cancer cells. In B16F10
and TOV21G cells, gluRDVs and free Dox induced a minor increase
of DCF fluorescence. In HT-29 and PC3 cells, a weak increase of DCF
fluorescence was observed with free Dox but not gluRDVs. Neither
gluRDVs nor free Dox could induce significant increase of DCF flu-
orescence in MES-SA cells. Although Dox has been reported to be
able to stimulate ROS production in various cancer cells [13-15]
our results suggested that free Dox at low dose inefficiently induce
significant ROS production in these cancer cell lines. However,
incubation with Dox-gluRDVs showed marked increases of DCF flu-
orescence in all cancer cell lines (Fig. 3F and Supplementary
Fig. S4B), suggesting that enriched lysosomal Dox could induce
intracellular oxidative stress in Dox-gluRDVs-treated cancer cells.
Although we could not conclude the precise role of lysosomal
Dox-mediated ROS in the elevated cytotoxicity of Dox-gluRDVs
(Supplementary Fig. S5), these results that Dox-gluRDVs could
more efficiently induce ROS generation than free Dox suggested
the important contribution of ROS overproduction to gluRDVs-
enhanced cytotoxicity of Dox.

Lysosomal Dox accumulation followed by mitochondrial ROS
generation

Given the fact that the released Dox was enriched and located in
lysosomes in all Dox-gluRDVs-DiD-treated cancer cells and Dox-
gluRDVs indeed induced ROS overproduction in all the cells
(Fig. 3 and Supplementary Fig. S4), these cancer cell lines were
simultaneously stained and examined for their lysosomes with
LysoTracker Blue DND-22 and mitochondria with MitoTracker
Deep Red both indicated in red as well as ROS production with
DCFDA and the auto-fluorescence of Dox indicated in green to
determine the distribution/production of Dox/ROS. With the incu-
bation time progression, lysosomal Dox signals (merged in yellow
noted with yellow arrows) were gradually increasing and markedly
showed at 8 h incubation but declined at 12 h incubation in free
Dox-treated B16F10 cells (Fig. 4A, top panel), moreover, obvious
ROS signals emerged and were localized with MitoTracker Deep
Red staining (mitochondria) at 12 h incubation in free Dox-
treated B16F10 cells (Fig. 4A, bottom panel). In Dox-gluRDVs-
treated B16F10 cells, released Dox signals (noted with yellow
arrows) significantly expressed in lysosomes at 4 h incubation
but less remained in lysosomes at 8 h incubation, accompanying
with more obvious nuclear Dox than 1 h incubation (Fig. 3A), how-
ever, lysosomal Dox signals (noted with yellow arrows) largely
arose again but nuclear Dox disappeared at 12 h incubation
(Fig. 4B, top panel). Furthermore, ROS signals were remarkably
generated at 8 h incubation and immensely visualized at 12 h incu-
bation, and colocalized with mitochondria (Fig. 4B, bottom panel).
In free Dox-treated HT-29 cells, lysosomal Dox signals arose faintly
at 4 h incubation and were getting increased with incubation time
progression (Fig. 4C, top panel), along with visible mitochondrial
ROS at 8 h incubation and greater ROS production at 12 h incuba-
tion (Fig. 4C, bottom panel). In Dox-gluRDVs-treated HT-29 cells,
released Dox signals significantly but less remained in lysosomes
at 4 h incubation than 1 h incubation (Fig. 3B) but increasingly
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Fig. 3. Intracellular distribution of free Dox and Dox-gluRDVs and ROS generation. (A-E) These cells, including B16F10 cells (A), HT-29 cell (B), MES-SA cells (C), PC3 cells (D),
and TOV21G cells (E), were treated with free Dox or Dox-gluRDVs-DiD at equally higher concentration of Dox (10 uM) after 1 h of incubation and then stained with
LysoTracker Blue DND-22 (blue). Concentrated Dox in the nucleus (N in red) was marked with red arrow in free Dox-treated cells; in contrast, faint Dox in the nucleus (N in
white) was marked with white arrow in Dox-gluRDVs-DiD-treated cells. Colocalization of Dox with lysosome was shown as purple staining marked with purple arrow. Scale
bar: 10 pm. (F) Cells, pretreated without (CTL, blank bar) or with NAC (5 mM) (black bar), were treated with vehicle (control), gluRDVs, free Dox or Dox-gluRDVs at equally
low concentration of Dox (1 pM) after 24 h of incubation and then stained with DCFDA for flow cytometry assay (p-values: * < 0.05 as compared with control; # < 0.05). See

supplementary data for detail of Fig. 3.

re-colocalized with lysosomes with incubation time progression,
simultaneously accompanying with more accumulated nuclear
Dox (Fig. 4D, top panel). The occurrence of mitochondrial ROS hap-
pened at 4 h incubation and the incubation time-dependent ROS
increase was observed in Dox-gluRDVs-treated HT-29 cells
(Fig. 4D, bottom panel). Interestingly, in free Dox-treated MES-SA
cells, both lysosomal Dox signals (Fig. 4E, top panel) and mitochon-
drial ROS (Fig. 4E, bottom panel) were observed at 4 h incubation
and enlarged at 8 h incubation but simultaneously declined at
12 h incubation. However, in Dox-gluRDVs-treated MES-SA cells,
both lysosomal Dox signals (Fig. 4F, top panel) and mitochondrial
ROS (Fig. 4F, bottom panel) were remarkable at 4 h incubation
and getting stronger with incubation time progression, nuclear
Dox signals seemed to be getting stronger with incubation time
progression as well (Fig. 4F, top panel). Moreover, both lysosomal
Dox signals and mitochondrial ROS appeared to be much more evi-
dent in Dox-gluRDVs-treated MES-SA cells than free Dox-treated
MES-SA cells at the same incubation time points (Fig. 4E, top panel
vs. Fig. 4F, top panel and Fig. 4E, bottom panel vs. Fig. 4F, bottom
panel). In free Dox-treated PC3 cells, lysosomal Dox signals were
greatly produced at 4 h and augmented with the incubation time
progression (Fig. 4G, top panel), along with visible mitochondrial
ROS production at 4 h and profound mitochondrial ROS increase
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with the incubation time progression (Fig. 4G, bottom panel). Dra-
matically, in Dox-gluRDVs-treated PC3 cells, immense lysosomal
Dox signals retained all the time (Fig. 4H, top panel), moreover,
grand mitochondrial ROS was observed at 4 h incubation and much
profounder mitochondrial ROS was time-dependent produced
(Fig. 4H, bottom panel). In free Dox-treated TOV21G cells, both
lysosomal Dox signals (Fig. 41, top panel) and mitochondrial ROS
(Fig. 41, bottom panel) were significantly observed at 4 h incuba-
tion and getting stronger with incubation time progression, how-
ever, in Dox-gluRDVs-treated TOV21G cells, tremendous
lysosomal Dox signals were maintained at 4 h incubation as com-
pared with 1 h incubation (Fig. 3E), despite they seemed to be
decreased instead but still maintained highly remarkable (Fig. 4],
top panel). Interestingly, tremendous mitochondrial ROS was also
observed at 4 h incubation and displayed a declined- but still
highly expressed-pattern with incubation time progression
(Fig. 4], bottom panel). Our results (Fig. 4 and Supplementary
Fig. S6) indicated that free Dox and Dox-gluRDVs’ Dox would be
mostly distributed between lysosomes and nucleus but Dox-
gluRDVs displayed much greater efficiency in lysosomal Dox accu-
mulation than free Dox did and the intracellular ROS was mainly
generated in mitochondria but not in Dox-existing lysosomes (Sup-
plementary Fig. S7). Because in all tested cancer cells, no matter
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with free Dox or Dox-gluRDVs treatment, the lysosomal Dox distri-
bution always preceded the ROS production, we suggested that the
accumulation of lysosomal Dox to an adequate concentration
threshold, in spite of either free Dox or released Dox from Dox-
gluRDVs, could subsequently cause the mitochondrial ROS produc-
tion through unrevealed mechanisms in the present study.
Although the distribution ratio of free Dox and Dox-gluRDVs-
released Dox between lysosomes and nucleus and the consequent
ROS production rate varied depending on the cell type, Dox-
gluRDVs could more efficiently and promptly deliver their released
Dox into lysosomes than free Dox, and hence Dox-gluRDVs could
more quickly induce much more mitochondrial ROS than free
Dox, suggesting that Dox localization in lysosomes or/and lysoso-
mal Dox-caused ROS indeed played the critical role for the superior
cytotoxicity of Dox-gluRDVs but the secondary role of nuclear-
targeting function of release Dox also existed in Dox-gluRDVs-
treated cells.

By contrast, large amount of free Dox in the cell nucleus indi-
cated the nuclear-targeting function mainly responsible for the
cytotoxicity of Dox in free Dox-treated cells, however, free Dox,
along with Dox incubation time progression, was also shown to
increasingly localize in lysosomes followed by the time-
dependent increase of ROS in mitochondria, suggesting that the
contribution of lysosomal Dox to the cytotoxicity of Dox in free
Dox-treated cells could not be excluded (Supplementary Fig. S8).
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Lysosomal membrane permeabilization (LMP) and mitochondrial
membrane potential (Ayym) loss

Due to the enriched lysosomal Dox and the consequently much
more mitochondrial ROS production in Dox-gluRDVs-treated can-
cer cells than free Dox-treated cancer cells, we wondered whether
these lysosomal Dox in Dox-gluRDVs-treated cancer cells could
induce lysosome-dependent cell death (LCD) or ROS could induce
the loss of mitochondrial membrane potential (Ayrm). LCD is initi-
ated primarily by lysosomal membrane destabilization or lysoso-
mal membrane permeabilization (LMP), which allows the release
of lysosomal contents into the cytosol and is considered to be act-
ing either an initiator or amplifier of lysosomal death pathway.
Although the precise molecular mechanisms responsible for LMP
are not completely understood, various stimuli have been reported
to be able to induce LMP and lead to subsequent LCD via different
mechanisms [16-18]. It is known that ROS can induce LMP primar-
ily via peroxidation of membrane lipids. Particularly the lysosomal
membrane is prone to ROS-mediated damage because of the lyso-
somal iron content, which can produce intra-lysosomal ROS via the
Fenton reaction [18-20]. Moreover, certain stimuli can generate
the production of ROS inside lysosomes [18,21], although the ini-
tial burst of ROS is most likely generated by destabilized mitochon-
dria [18,22]. In addition, because of increased metabolic demands,
resulting in lysosomal alterations in cancer cells, it is acceptable to

(@]

Dox & Lysosomes

ROS & Mitochondria

o

Dox & Lysosomes

ROS & Mitochondria

Fig. 4. Lysosomal Dox accumulation followed by mitochondrial ROS generation. Cells, including B16F10 cells (A, B), HT-29 cells (C, D), MES-SA cells (E, F), PC3 cells (G, H), and
TOV21G cells (I, ]), were treated with free Dox (A, C, E, G, and I) or Dox-gluRDVs (B, D, F, H, and ]) at equally higher concentration of Dox (10 M) at 4 h, 8 h, and 12 h of
incubation (Dox signal was designed as shown in green), followed by DCFDA staining for ROS generation (green) and then co-stained with LysoTracker Blue DND-22
(designed as shown in red) and MitoTracker Deep Red (red). Colocalizations of Dox with lysosome, and ROS with mitochondria were shown as yellow staining. Scale bar:
5 um. See supplementary data for detail of Fig. 4.
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Fig. 4 (continued)

propose that cancer cells are more susceptible to LMP-associated
LCD than normal cells [16,17]. Basic drugs can accumulate in lyso-
somes and result in LMP and LCD [23,24]. Several reports indicate
that anticancer agents can target lysosomes and induce LMP to
lead LCD, either as the major cytotoxicity mechanism or partially
contributing to the overall cytotoxicity [16]. Upon LMP, cathepsins
(e.g., cathepsins B and D) release from the lysosomal lumen has
been proposed to be critical for LCD [17,25,26] and, therefore,
can be a determiner of LMP. Until now, to our knowledge, there
is no report about the induction of LMP mediated by lysosomal
accumulation of Dox or Dox-induced ROS, although an increased
expression of cathepsin B but not cathepsins D and L was induced
in Dox-treated cancer cells and required for Dox-induced cell death
[27]. However, neither cathepsins D release from lysosomes nor
acridine orange (AO) fluorescence shift [28] could be observed
(data not shown), indicating no LMP or lysosomal membrane
destabilization was induce by free Dox or Dox-gluRDVs, which sug-
gested that LMP-associated LCD might not be involved in Dox-
gluRDVs-enhanced cytotoxicity.

ROS-mediated mitochondrial dysfunction is an important path-
way for inducing cell death. To determine whether mitochondrial
dysfunction was involved in Dox-gluRDVs-enhanced cytotoxicity,
we measured Aym in all tested cancer cells using Rhodamine-
123 (Rh-123) as a fluorescent probe. Compared to control cells or
free Dox-treated cells, Dox-gluRDVs-treated cells became rounder
and shrunk as well as exhibited significantly reduced Rh-123 fluo-
rescence in each of all cancer cell lines (Fig. 5A and Supplementary
Fig. S9A). Also, as shown in Fig. 5B and Supplementary Fig. S9B, by
using flow cytometry to quantify Aym, Dox-gluRDVs significantly
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decreased Ay/m in all tested cells, but not free Dox did. Thus, the
data demonstrated that rather Dox-gluRDVs than free Dox caused
mitochondrial dysfunction likely mediated by ROS overproduction,
which appeared to play the critical role for the superior cytotoxic-
ity of Dox-gluRDVs.

As mentioned above, lysosomes can offer an anticancer target
for a number of agents mediated by lysosomal membrane perme-
ability or lysosomal disruption. More recently, a new ‘drug free’
strategy to Kkill cancer cells through controlling the aggregation
state of otherwise inert Au nanoparticles in lysosomes has been
reported [29,30]. However, in contrast to LMP-induced LCD, cancer
cells develop mechanisms to inhibit LMP and to evade LCD by
modifying their lysosomes [17], moreover, cumulative evidence
demonstrate that lysosomes play an important role in hydrophobic
weak base chemotherapeutic drug resistance via lysosomal
sequestration [31-33]. Lysosomal sequestration of anticancer
drugs, such as Dox, resulting in their marked accumulation and
compartmentalization in lysosomes, can significantly affect their
subcellular distribution and hinder their access to their target sites,
thereby to lower their ability to exert a cytotoxic effect [33-35].
Additional report suggests that lysosomal accumulation of anti-
cancer drugs trigger exocytosis of the lysosomal content [36]. Thus,
our findings suggested that the released Dox of Dox-gluRDVs, but
not free Dox, could be efficiently internalized into lysosomes to
be able to overcome lysosomal extrusion via exocytosis, which
provide a novel strategy, lysosomal-mitochondrial axis-
dependent cancer cell death, to target lysosomes with doxorubicin
delivery but instead through mitochondrial ROS overproduction to
kill cancer cells without lysosomal damage.
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| 4h 8h Activation of apoptotic signaling

Although several reports have demonstrated the important
role of ROS in Dox-induced cancer cell killing, it is still somewhat
controversial that other studies did not support the role of ROS in
cancer cell death induced by Dox and other chemotherapeutic
drugs [37,38]. Considering the role of ROS in Dox-induced cancer
cell killing, the extracellular signal-regulated kinase (ERK) has
been reported to be upregulated in response to DNA-damaging
chemotherapeutic agents, such as Dox, and the activation of the
ERK pathway has been considered to correlate with increased cell
death [36,37]. In addition, the ERK activation requires ROS pro-
duction to induce cell death, whereas ERK activity in cell death
could be responsible for ROS production [39-41]. Moreover, it
has been reported that the activation of caspase-3, a key factor
in the execution of apoptosis, is involved in Dox-induced ROS-
mediated cancer cell killing [12,13], and ERK activity has been
involved in activation of caspase-3 [39,40]. We therefore investi-
gated the effects of free Dox and Dox-gluRDVs on the activation
of ERK and caspase-3. We found that Dox-gluRDVs but not free
Dox treatment resulted in dramatic ERK activation (phosphoryla-
tion) in all cancer cells and that free Dox induced either none or
weak of the appearance of cleaved isoform of caspase-3 (cleaved
caspase-3), however, Dox-gluRDVs indeed caused much stronger
increase of cleaved caspase-3 than free Dox in all tested cancer
cells (Fig. 5C and Supplementary Fig. S9C). The much stronger
effects of Dox-gluRDVs than free Dox on the activation of ERK
and caspase-3, mitochondrial dysfunction, mitochondrial ROS
production, and lysosomal localization/accumulation showed the
great consistence in all cancer cells, suggesting that the activation
of ERK and caspase-3 might act as the crucial signaling responsi-
ble for lysosomal Dox-caused ROS overproduction-mediated
mitochondria-dependent cell death.
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Fig. 5. Mitochondria membrane potential (Aym) loss and activation of apoptotic signaling. (A, B) Cells were treated with vehicle (control), gluRDVs, free Dox, Dox-gluRDVs at
equally higher concentration of Dox (10 uM) or FCCP (100 pM as positive treatment) after 8 h of incubation and then stained with Rh-123 for microscopic observation (A) and
flow cytometry (B). (A) Rh-123 staining for mitochondrial membrane potential. Reduced Rh-123 fluorescence (green) was shown in Dox-gluRDVs-treated cells. Hoechst33342
staining for nucleus (blue). Scale bar: 10 pum. (B) Flow cytometry quantification of Aym presented by mean fluorescence intensity (MFI) of Rh-123 (p-values: * < 0.05 as
compared with control; # < 0.05 as compared with free Dox). (C) Cells were treated with vehicle (control), gluRDVs, free Dox or Dox-gluRDVs at equally lower concentration
of Dox (0.3 uM) after 24 h of incubation and then processed for western blot analysis of ERK phosphorylation and active caspase-3. GAPDH as internal control.
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Fig. 6. Schematic illustration of the superior anticancer activity of Dox-gluRDVs. A systemic bDDS (RDVs) of doxorubicin is developed for improved cancer therapy. The as-
synthesized Dox-gluRDVs demonstrated superior in vivo anticancer activity in subcutaneous melanoma B16F10-bearing mice through intravenous administration. A novel
lysosomal-mitochondrial axis-dependent cell death mechanism is revealed: Dox-gluRDVs can efficiently deliver Dox into lysosomes, resulting in the accumulation of
adequate quantities of Dox to consequently fuel the mitochondrial ROS overproduction, and subsequently resulting in mitochondrial membrane potential loss and apoptotic
activation, which is responsible for superior anticancer activity of Dox-gluRDVs in vitro and in vivo.

Conclusion

In summary, we have developed a systemic bDDS of doxoru-
bicin (Dox-gluRDVs) for improved cancer therapy. The as-
synthesized Dox-gluRDVs demonstrated superior in vitro cytotoxi-
city on a panel of cancer cell lines and enhanced in vivo anticancer
activity in subcutaneous melanoma B16F10-bearing mice through
intravenous administration. Interestingly, in vitro novel mecha-
nism (Fig. 6) showed that the superior cytotoxicity of Dox-
gluRDVs was not attributed to cellular uptake enhancement but
the preference for intracellular distribution of Dox-gluRDVs’
released Dox into lysosomes instead. Distinct from free Dox, Dox-
gluRDVs can efficiently deliver Dox into lysosomes, resulting in
the accumulation of adequate quantities of Dox to consequently
fuel the mitochondrial ROS overproduction, and subsequently
resulting in mitochondrial membrane potential loss and apoptotic
activation, which is responsible for superior anticancer activity of
Dox-gluRDVs in vitro and in vivo. Overall, this work can not only
verify that RDVs provide a biocompatible material to improve con-
ventional cancer chemotherapeutics, but also offer a new thought
to develop the efficient cancer therapeutic through lysosome-
mediated mitochondrial ROS overproduction, a new strategy of
lysosomal-mitochondrial axis-dependent cancer cell death.
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