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HIGHLIGHTS

® A pH/ROS cascade-responsive carrier-free nanodrug with self-targeting activation and ROS regeneration abilities.
e On-demand release of VES in response to intracellular ROS to accelerate drug release via positive-feedback loop.

e Highly synergistic therapeutic efficiency via orchestrated cooperation of oxidation-chemotherapy.

ABSTRACT Carrier-free nanodrug with exceptionally high drug payload has attracted
increasing attentions. Herein, we construct a pH/ROS cascade-responsive nanodrug which
could achieve tumor acidity-triggered targeting activation followed by circularly amplified
ROS-triggered drug release via positive-feedback loop. The di-selenide-bridged prod-
rug synthesized from vitamin E succinate and methotrexate (MTX) self-assembles into
nanoparticles (VSeM); decorating acidity-cleavable PEG onto VSeM surface temporarily
shields the targeting ability of MTX to evade immune clearance and consequently elongate
circulation time. Upon reaching tumor sites, acidity-triggered detachment of PEG results

in targeting recovery to enhance tumor cell uptake. Afterward, the VSeM could be dissoci-

ated in response to intracellular ROS to trigger VES/MTX release; then the released VES
could produce extra ROS to accelerate the collapse of VSeM. Finally, the excessive ROS
produced from VES could synergize with the released MTX to efficiently suppress tumor growth via orchestrated oxidation-chemotherapy.

Our study provides a novel strategy to engineer cascade-responsive nanodrug for synergistic cancer treatment.
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1 Introduction

Integrating advantages of carrier-free nanodrug (e.g., excep-
tionally high drug payload and avoidance of possible toxicity
and immunogenicity caused by carrier materials) [1, 2] and
prodrug (e.g., controlled release) [3, 4], carrier-free nano-
prodrug has emerged as a promising alternative strategy to
circumvent the obstacles of traditional chemotherapy (e.g.,
poor tumor selectivity and toxic side effects) and improve the
anticancer effects [5—7]. Taking the advantage of enhanced
permeability and retention (EPR) effect, carrier-free nano-
prodrug could remarkably improve the transport efficiency
of anticancer drug to tumor sites, hence enhancing the bio-
availability and therapeutic efficacy [8, 9]. Insufficient accu-
mulation of carrier-free nano-prodrug both at tumor sites and
within tumor cells remains one of the significant challenges
for preclinical translation [10, 11]. Meanwhile, inadequate
controllability for drug release within tumors over surround-
ing normal tissues further limits the therapeutic efficacy
while increasing the toxicity [12—14]. To improve thera-
peutic efficacy and minimize undesirable toxicity, consider-
able efforts have been devoted to develop tumor-targeting
stimuli-triggered nano-systems [15—18]. On one hand, the
nano-systems should keep their stealth function in blood cir-
culation but sequentially undergo a transformation process
once reaching at tumor sites for enhancing the binding to
tumor cells to increase cellular uptake [10, 11]. Owing to
the weakly acidic feature of tumor microenvironment, tumor
acidity-triggered active targeting activation strategy based on
pH-responsive dePEGylation and re-exposure of targeting
ligand was typically utilized [11], which could temporarily
shield targeting function under physiological environment
(pH 7.4) to evade the immune clearance and improve the cir-
culation time, while the targeting function could be recovered
once exposing to weakly acidic tumor microenvironment (pH
6.5-6.8) to enhance tumor cell uptake [19, 20]. However,
almost all foreign ligands rarely possess any therapeutic func-
tion by themselves [21]. It could be imagined that develop-
ing a self-targeting carrier-free nano-prodrug without foreign
ligand would be rather more attractive to satisfy both target-
ing and therapeutic needs while avoiding additional design
complexity. On the other hand, after internalization into cells,
the nano-systems should display on-demand drug release by
responding to the internal or external stimuli [22, 23]. In con-
trast to lysosomal acidic pH and intracellular high glutathione
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level which exist both in normal and cancer cells, the level of
reactive oxygen species (ROS) involving hydrogen peroxides
(H,0,), superoxide anion (-O, "), and hydroxyl radicals (-OH)
in cancer cells (50-100x 10~ M) is far more higher com-
pared to that in normal cells (~20X 107° M) [24, 25]; thus,
nano-system with ROS-responsive characteristic is a prom-
ising alternative to specifically release drug within tumor
cells. Diversified ROS-cleavable group including thioether,
thioketal, phenylboronic ester, peroxalate ester, and selenium/
tellurium have been widely utilized to integrate within drug
delivery systems [26, 27]. However, the endogenous ROS
level is still not high enough to sufficiently trigger the com-
plete decomposition, therefore not enough for adequate drug
release (required ROS level window: 1-100x 107> M) [28,
29]. Furthermore, the endogenous ROS level is also hugely
varied among cancer cells due to the tumor cell heteroge-
neity [30]. Therefore, it would be very important to in situ
amplify the ROS levels to accelerate drug release and over-
come tumor heterogeneity on-demand.

Vitamin E succinate (VES, a succinyl derivative of vita-
min E, Scheme 1a) has be recognized as a carrier skeleton
for loading drugs, and at the meantime it also could be
utilized as a therapeutic molecule due to its intrinsic anti-
cancer activity [31-33], which has been proved in prelimi-
nary clinical trials [34-36]. Interestingly, the VES could
further interact with the ubiquinone (UbQ)-binding site
in mitochondrial respiratory chain Complex II to interfere
the electron transport chain for rapid and preferential ROS
generation [31-33], and this process accompanied with the
consumption of adenosine triphosphate (ATP) which could
increase the chemotherapeutic sensitization of tumor cells
to synergistically augment anti-tumor efficiency of chemo-
therapeutic drugs [37]. Thus, we inferred that introducing
VES in ROS-triggered nano-prodrug can selectively and cir-
cularly amplify intracellular ROS in tumors to realize rapid
and adequate drug release as well as synergistic therapy.

In view of that bi-functional targeting and anticancer can-
didate molecules attracted increasing attention for develop-
ing a simplified yet multifunctional nano-prodrug, we were
greatly motivated and interested in methotrexate (MTX,
Scheme 1b), which not only possess anti-tumor function
but also show innate affinity toward folate receptors [38,
39]. Fortunately, our preliminary experiments demonstrated
that both VES and MTX could exert a synergy in anti-tumor
effectiveness against HeLa and MCF-7 cells via cytotoxicity

https://doi.org/10.1007/s40820-020-00492-4



Nano-Micro Lett. (2020) 12:182

Page30of 18 182
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Scheme 1 a Chemical structure of VES and ROS production mechanism of VES by specifically interacting with ubiquinone (UbQ)-binding site
in complex II of the mitochondrial electron transport chain in tumor cells. b Optimized molecular structures and chemical structures of FA and
MTX (FA analogue). MTX is structurally similarity to FA regardless a key feature that MTX possesses an amino group whereas FA possesses a
hydroxyl group at the 4-position of pteridine ring. ¢ Synthesis routes of ROS-responsive VES-Se-Se-MTX and tumor acidity-responsive VES-
N=CH-PEG. d Illustration of pH/ROS cascade-responsive VSeM-N=CH-PEG nano-prodrug with tumor acidity-triggered active self-targeting
recovery and amplified ROS-triggered drug release for synergistic oxidation-chemotherapy

assessment and combination index (CI) analysis using a clas-
sic isobologram equation of Chou-Talalay (Fig. S1).
Herein, we constructed a pH/ROS cascade-responsive
vitamin E nanodrug which could achieve tumor acidity-trig-
gered self-targeting activation followed by circularly ampli-
fied ROS-triggered drug release via positive-feedback loop
(Scheme Ic, d). Firstly, the VES and the MTX were selected
to synthesize VES-Se-Se-MTX prodrug via di-selenium link-
age, which could self-assemble into VSeM nano-prodrug in
aqueous solution by di-selenium-induced small-molecule
assembly [40, 41]. Sequentially, the surface of VSeM nano-
prodrug was functionalized with tumor acidity-responsive

SHANGHAI JIAO TONG UNIVERSITY PRESS

VES-N=CH-PEG which was synthesized by dynamic covalent
benzoic-imine linkage. Theoretically, this nano-prodrug could
provide practical benefits in a programmable manner: (1) the
PEG shell could temporarily shield targeting function, and thus
evade the immune clearance and prolong the circulation time;
(2) once exposed to tumor microenvironment, the intrinsic
weak acidity could trigger the detachment of PEG shell to
re-expose the MTX ligand on the surface, which could lead
to the recovery of self-targeting to recognize folate receptor
and therefore promote the tumor cell internalization; (3) after
uptake into tumor cells, the inherent ROS only could partially
trigger disassembly of VSeM core to release a certain amount
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of VES by cleaving the di-selenium linkage; (4) the released
VES could interfere the electron transport chain to produce
additional ROS and consume ATP, thus resulting in the accel-
eration of core collapse and drug release via positive-feedback
loop. Finally, the VES could synergize with MTX to aggravate
tumor cell killing. Thus, our designed tumor microenviron-
ment-activated self-recognizing and ROS-generating vitamin
E nanodrug might provide a promising candidate for syner-
gistically improving oxidation-chemotherapeutic efficiency.

2 Experimental and Characterization
2.1 Materials

Vitamin E succinate (VES), methotrexate (MTX), folic acid
(FA), 4-carboxybenzaldehyde (p-CBA), N-hydroxysuccin-
imide (NHS), 1-hydroxybenzotriazole (HOBt), dimethyl-
aminopyridine (DMAP), and 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC-HCI) were obtained
from Aladdin Chemistry Co., Ltd. (China). MEPG-OH
(M,,~2000 Da) was purchased from XiaMen Sinopeg Bio-
tech Co., Ltd. (China). Selenocystamine dihydrochloride (Se-
CYS-HCI) was purchased from Accelerating Scientific and
Industrial Development thereby Serving Humanity (China).
3-(4, 5-dimethyl-thiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide (MTT) was purchased from Sigma-Aldrich (USA). 2/,
7'-dichlorofluorescein diacetate (DCFH-DA), LysoTracker
Green DND-26, and Hoechst 33258 were supplied by Beyo-
time Biotechnology Co., Ltd. (China). Fetal bovine serum
(FBS), penicillin—streptomycin, Dulbecco’s modified Eagle’s
medium (DMEM), and trypsin were purchased from Gibco
Life Technologies (AG, Switzerland). All chemical reagents
of analytical grade and used as received.

2.2 Characterization

Transmission electron microscopy (TEM) imaging was
performed on a JEOL JEM-1400 electron microscope
(Japan). Scanning electron microscopy (SEM) imag-
ing was performed on a LEO1530VP SEM (Germany).
UV-Vis-NIR absorption spectra were acquired from a
UV-3600 plus UV-Vis-NIR spectrometer (Japan). Fou-
rier transform infrared spectroscopy (FT-IR) spectra
were collected on a Bruker IFS-55 infrared spectrometer
(Bruker, Switzerland). Fluorescence spectra were obtained

© The authors

from a FluoroMax-4 spectrophotometer (USA). Nuclear
magnetic resonance (NMR) spectra were recorded on a
Bruker AV400 MHz NMR spectrometer (USA). High-
resolution mass spectra (MS) were recorded with a Bruker
Apex Ultra 7.0 FT-MS mass spectrometer. Matrix-assisted
laser desorption/ionization time-of-flight mass (MALDI-
TOF MS) was conducted on a Bruker Microflex LRF mass
spectrometer. Dynamic light scattering (DLS) and zeta
potential measurements were carried out on a Malvern
Zetasizer. Confocal laser scanning microscopy (CLSM)
imaging was performed with a Leica TCS SP5 confocal
laser scanning microscopy (Germany). Fluorescence imag-
ing was performed by an IVIS Lumina imaging system
(USA). Photoacoustic imaging was carried out using a
VisualSonics Vevo-2100 system (Canada).

2.3 Synthesis of ROS-Responsive VES-Se-Se-MTX

VES-Se-Se-MTX was synthesized between VES and
MTX via the bridge of Se-CYS with EDC/NHS catalysis.
For the synthesis of VES-CYS, VES (53.0 mg), EDC-CI
(57.4 mg), and NHS (34.5 mg) were dissolved in 10 mL
of dimethylsulfoxide and stirred for 4 h to activate the
carboxyl of VES. Afterward, Se-CYS-Cl (47.8 mg) dis-
solved in dimethylsulfoxide/deionized water (20: 1, v/v)
was added dropwise to the above solution and stirred for
24 h under an argon atmosphere. The resultant compound
was dialyzed with deionized water (MWCO =3500 Da),
centrifugated, washed, and lyophilized. For the synthesis
of VES-CYS-MTX, MTX (68.1 mg), EDC-C1 (86.1 mg),
and NHS (51.7 mg) were dissolved in 10 mL of dimethyl-
sulfoxide and stirred for 4 h to activate the carboxyl of
MTX. Subsequently, the synthesized VES-CYS dissolved
in dimethylsulfoxide was added dropwise to the above
solution and stirred for 24 h under an argon atmosphere.
The resultant compound was dialyzed with deionized
water (MWCO =3500 Da) and lyophilized. The produc-
tivity was estimated to be ~64%.

2.4 Synthesis of pH-Responsive VES-N=CH-PEG

MPEG-CHO was synthesized between MPEG-OH and
p-CBA via EDC/DMAP catalysis. VES-NH, was also
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synthesized between VES and ethanediamine via EDC/
HOBt catalysis. Afterward, VES-N=CH-PEG was syn-
thesized between MPEG-CHO and VES-NH, via benzoic-
imine linker. In brief, VES-NH, (85.8 mg) and MPEG-CHO
(213.2 mg) were dissolved in 20 mL of dichloromethane and
stirred for 24 h under an argon atmosphere. Afterward, the
reaction mixture was rotary-evaporated to remove dichlo-
romethane. After adding ice-cold diethyl ether/acetone, the
resultant was precipitated to separate from unreacted and
excess VES-NH,. Lastly, the resultant VES-N=CH-PEG
was re-dispersed in ethyl alcohol/deionized water (1: 1, v/v)
for dialyzing with deionized water (MWCO = 3500 Da) fol-
lowed by lyophilization.

2.5 Preparation of VSeM-N=CH-PEG

The VSeM-N=CH-PEG was prepared by self-assembly tech-
nique followed by surface insertion method. Briefly, 10 mg
of VES-Se-Se-MTX was dissolved in 2 mL of dimethylsul-
foxide, and 10 mL of deionized water was added dropwise.
After ultrasonication at 800 W for 10 min and stirring for 2 h
at room temperature, the VSeM nanodrugs were obtained by
di-selenium bridge-induced assembly. Then, 2 mg of VES-
N=CH-PEG was added to the obtained VSeM dispersions.
After ultrasonication at 200 W for 10 min and stirring for
6 h, the resultant VSeM-N=CH-PEG nanodrugs was cen-
trifugated, washed, and re-dispersed in deionized water.
Besides, the VSeM-PEG nanodrugs were prepared with the
similar method except that pH-responsive VES-N=CH-PEG
should be replaced by pH-unresponsive VES-PEG. For fluo-
rescence labeling, the DiD/DiR-labeled VSeM-N=CH-PEG
nanodrugs were prepared with the similar method except
that 10 mg of VES-Se-Se-MTX should be replaced by 10 mg
of VES-Se-Se-MTX and 0.2 mg of DiD/DiR.

2.6 In Vitro Drug Release

Typically, 2 mL of ROS-unresponsive VCM-N=CH-PEG
or ROS-responsive VSeM-N=CH-PEG (1 mg mL™') were
transferred into a dialysis bag (MWCO =3, 500), and then
immersed within 60 mL of PBS without or with H,O,
(0, 0.1, 1, and 10 mM) at 37 °C in a beaker flask. At pre-
determined time intervals, 2.0 mL of external PBS was
collected and then replaced with 2.0 mL of fresh PBS.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

Finally, the concentration of MTX was determined by
HPLC analysis.

2.7 In Vitro Cellular Uptake

The cellular uptake was studied in HeLa and MCF-7 cells
by using CLSM and flow cytometry. For CLSM observa-
tion, HeLa cells were seeded in 6-well plates at 1.0 X 10°
cells per well and cultured for 24 h. Subsequently, the DiD-
labeled VSeM-PEG or VSeM-N=CH-PEG was added to
different wells and the cells were incubated at pH 7.4 or 6.5
for different times. After incubation, the cells were orderly
washed thrice with PBS, fixed with 4% formaldehyde for
20 min, stained with Hoechst33258 for 10 min, and visual-
ized by a Leica TCS SP5 CLSM. For flow cytometry analy-
sis, HeLa cells were seeded in 6-well plates at 5.0 x 10°
cells per well and cultured for 24 h. Subsequently, the DiD-
labeled VSeM-PEG or VSeM-N=CH-PEG was added to
different wells and the cells were incubated for different
time periods. Finally, the cells were washed thrice with
PBS, harvested with trypsin, and analyzed by a FACSCali-
bur flow cytometer.

2.8 In Vitro ROS Detection

HeLa cells were seeded in 6-well plates at 1.0 x 10° cells
per well and cultured for 24 h. Subsequently, the cells
were incubated with VES, VES/MTX, VCM-N=CH-PEQG,
VSeM-PEG, and VSeM-N=CH-PEG at pH 6.5 for 4 h and
then washed thrice with PBS. At the end of incubation,
the DCFH-DA fluorescent dye was added and co-incu-
bated for 20 min. Finally, the cells were washed thrice
and imaged by a Leica TCS SP5 CLSM with 488 nm exci-
tation. Besides, the cells were washed thrice with PBS,
harvested with trypsin, and assayed using a FACSCalibur
flow cytometer.

2.9 In Vitro Mitochondrial Membrane Potential
Detection

HeLa cells were seeded in 6-well plates at 1.0x 10° cells
per well and cultured for 24 h. Subsequently, the cells were
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incubated with VES/MTX, VCM-N=CH-PEG, VSeM-
PEG, and VSeM-N=CH-PEG at pH 6.5 for 12 h. At the
end of incubation, the cells were washed thrice with PBS.
Subsequently, the JC-1 fluorescent probe was added and co-
incubated for 30 min. Finally, the cells were washed thrice
and the mitochondrial damage/disruption was detected by a
Leica TCS SP5 CLSM and a FACSCalibur flow cytometer.

2.10 In Vitro Cytotoxicity

The cell viability was evaluated with MTT assay. HeLa and
MCF-7 cells were seeded into 96-well plates at 1x 10* cells
per well and cultured for 24 h. Subsequently, the medium
was removed and replaced with 200 pL of complete medium
containing different concentrations of VES/MTX, VCM-
N=CH-PEG, VSeM-PEG, and VSeM-N=CH-PEG at pH 6.5
in the presence of 10 pM H,0,. On the other hand, HeLLa and
MCEF-7 cells were incubated with different concentrations of
VSeM-PEG and VSeM-N=CH-PEG at pH 7.4 or 6.5 for tumor
acidity-triggered cytotoxicity assay. After 24 h of incubation,
the cells were washed thrice with PBS, and 150 pL of MTT
solution (0.5 mg mL™") was then added to each well. After 4 h
of treatment, the MTT solution was discarded, and 150 pL of
dimethylsulfoxide was added to dissolve crystals. Finally, the
absorbance was recorded at 490 nm by a microplate reader.

2.11 In Vitro Apoptosis

HeLa cells were seeded in 6-well plates at 2.0 x 10° cells
per well and cultured for 24 h. Subsequently, the cells were
incubated with VES/MTX, VCM-N=CH-PEG, VSeM-PEG,
and VSeM-N=CH-PEG at pH 6.5 for 12 h. At the end of
incubation, the cells were harvested, washed thrice with
ice-cold PBS, and stained with Annexin V and PI using an
Annexin V-FITC/PI apoptosis detection Kit according to the
manufacturer’s instruction. Finally, the cell apoptosis was
analyzed by a FACSCalibur flow cytometer.

2.12 In Vitro Live/Dead Cell Staining

HeLa cells were seeded in 12-well plates at 1.0x 10° cells
per well and cultured for 12 h. Subsequently, the cells were
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incubated with VES/MTX, VCM-N=CH-PEG, VSeM-
PEG, and VSeM-N=CH-PEG at pH 6.5 for 12 h. At the
end of incubation, the culture medium was discarded and
the cells were washed thrice with PBS. Afterward, the cells
were stained with calcein-AM and PI using a calcein-AM/
PI staining Kit for 20 min. Finally, the cells were washed
thrice with PBS and imaged by CLSM. Green fluorescence
of calcein-AM was excited at 488 nm and detected with a
500-550 nm bandpass filter. Red fluorescence of PI was
excited at 633 nm and detected with a 660-710 nm band-
pass filter.

2.13 Animals and Tumor Models

All procedures of animal study were approved by the Insti-
tutional Animal Care and Use Committee of Xiamen Uni-
versity. BALB/c female nude mice (4-6 weeks old, ~ 18 g)
were supplied by Experimental Animal Laboratory of Can-
cer Research Center of Xiamen University. 100 puL of cell
suspensions containing 5 x 10° HeLa cells were injected
subcutaneously in the right flank region of BALB/c female
nude mice. The tumors were allowed to reach approximately
100-150 mm? before subsequent experiments.

2.14 In Vivo Pharmacokinetics

The HeLa tumor-bearing BALB/c mice were intravenously
injected with 200 pL of VES/MTX, VSeM, VSeM-PEG,
and VSeM-N=CH-PEG at the same concentration of MTX
(4 mg kg™"), respectively. The tail blood was taken at deter-
mined time points (30 min, 1, 2, 4, 8, 10, 12, and 24 h) and
centrifuged at 3000 rpm for 15 min. Afterward, the obtained
plasma was treated with acetonitrile/methanol mixture (1:
1, v/v) and separated by centrifugation for determination of
MTX concentration by using high-performance liquid chro-
matography (HPLC) method.

2.15 In Vivo Biodistribution

The HeLa tumor-bearing BALB/c mice were intravenously
injected with 200 pL of VES/MTX, VSeM, VSeM-PEG,
and VSeM-N=CH-PEG at the same concentration of MTX
(4 mg kg™!), respectively. At different time points, the mice
were sacrificed to excise various tissues including the heart,
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liver, spleen, lung, kidney, and tumor. Subsequently, the tis-
sues were homogenized with acetonitrile/methanol mixture
(1: 1, v/v) and separated by centrifugation for determination
of MTX concentration using high-performance liquid chro-
matography (HPLC) method.

2.16 In Vivo Fluorescence Imaging

The HeLa tumor-bearing nude mice were injected with
200 pL of free DiR, DiR-labeled VSeM, VSeM-PEG,
VSeM-N=CH-PEG, and VSeM-N=CH-PEG + free FA at
the same concentration of DiR, respectively, via tail vein.
The fluorescence imaging was acquired an IVIS Lumina
imaging system at different time points (1, 2, 4, 8, 24,
and 48 h). At 48 h post-injection of Cy5.5-labeled VSeM-
N=CH-PEQG, the mice were sacrificed, and the organs and
tumor tissue were excised for ex vivo fluorescence imaging
and semi-quantitative analysis.

2.17 In Vivo Anti-tumor Effect

The HeLa tumor-bearing mice were divided to five groups
(n=06 per group): (I) PBS, (II) VES/MTX, (III) VCM-
PEG, (IV) VCM-N=CH-PEG, (V) VSeM-PEG, and (VI)
VSeM-N=CH-PEG. Each mouse of different group was
earmarked and followed individually throughout the whole
experiments. The tumor sizes and body weights were meas-
ured every day until the test was ended. Tumor volume (V)
was calculated using the formula: V(mm?®) = 1/2 x length
(mm) X width (mm)?. After 14 days, the mice were sacri-
ficed. Subsequently, the tumors were separated, weighted,
and photographed. For histopathologic analysis, the sepa-
rated tumors and major organs (heart, liver, spleen, lung,
and kidney) were fixed in 10% formalin, embedded in paraf-
fin, and sectioned at 8 mm for hematoxylin—eosin (H&E),
TUNEL, and Ki-67 staining assay.

2.18 Statistical Analysis

Statistical evaluations of data were performed using the one-
way analysis of variance (ANOVA). All results were expressed
as mean =+ standard error unless otherwise noted, in which
P <0.05 (*) was significant, P<0.01 (**) was very significant,
and P <0.001 (***) was highly significant.
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3 Results and Discussion

3.1 Synthesis and Characterization of pH/ROS
Cascade-Responsive VSeM-N=CH-PEG

The synthetic route of both VES-Se-Se-MTX and VES-
N=CH-PEG as two key assembly motifs of VSeM-N=CH-
PEG was illustrated in Scheme 1a. Typically, the VES-Se-Se-
MTX was synthesized between VES and MTX via ROS-liable
di-selenium linkage (Fig. S2), and VES-N=CH-PEG was syn-
thesized between VES and PEG via tumor acidity-cleavable
benzoic-imine linkage (Fig. S3). Then, the VSeM-N=CH-PEG
nano-prodrug was prepared via di-selenium bridge-induced
assembly of VES-Se-Se-MTX followed by surface insertion
of VES-N=CH-PEG (Scheme 1b). The 'H nuclear magnetic
resonance (NMR), Fourier transform infrared spectroscopy
(FT-IR), ultraviolet—visible (UV-Vis), matrix-assisted laser
desorption/ionization time-of-flight mass (MALDI-TOS
MS), and ultrahigh-resolution Fourier transform-ion cyclotron
resonance mass spectrometry (FT-ICR MS) results validated
the chemical structure of different intermediate products and
confirmed the successful synthesis of both VES-Se-Se-MTX
and VES-N=CH-PEG (Figs. S4-S9). The evident changes in
aforementioned 'H NMR and FT-IR spectra upon the intro-
duction of weakly acidity and H,0, demonstrated their pH/
ROS-responsive characteristics (Fig. S10) [42].

The SEM, TEM, CLSM, and dynamic/electrophoretic light
scattering (DLS/SLS) results revealed that the VSeM-N=CH-
PEG exhibited a uniform spherical morphology, a hydrody-
namic particle size of ~ 100 nm, and a negatively charged sur-
face (Figs. 1a and S1la, b). The elemental mapping images
clearly revealed the homogeneous distribution of four elements
(C, N, O, and Se) in the assemblies (Fig. 1a). Furthermore,
the VSeM-N=CH-PEG remained stable in various fluid cir-
cumstances including water, PBS, and PBS with 10% FBS for
5 days (Fig. S11c).

3.2 Tumor Acidity-Responsive PEG Shell Detachment
and ROS-Responsive VSeM Core Disassembly

To investigate the response of VSeM-N=CH-PEG to
tumor acidity and ROS, TEM and DLS/SLS were used to
analyze the morphology, size, and surface charge change
of VSeM-N=CH-PEG before and after the stimuli of pH
and ROS. As illustrated in Fig. 1b, the VSeM-N=CH-PEG
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Fig. 1 Characterization of VSeM-N=CH-PEG. a SEM, TEM, element mapping, and CLSM images of VSeM-N=CH-PEG nano-prodrug. b
TEM images of VSeM-N=CH-PEG nano-prodrug at pH 7.4 and 6.5 without or with H,0, (1 mM) for 0.5 h (pH 6.5) and 2 h (pH 7.4). ¢ 'H
NMR analysis of VSeM-N=CH-PEG nano-prodrug at pH 7.4 and 6.5. d Cumulative release of MTX from VSeM-N=CH-PEG at pH 6.5 with
various concentrations of H,0,. e Flow cytometry profiles and f CLSM images of ROS levels in HeLa cells treated with VES/MTX, VCM-
N=CH-PEG, VSeM-PEG, and VSeM-N=CH-PEG at pH 6.5 for 6 h. ROS was stained with DCFH-DA

exhibited no obvious shell detachment and core col-
lapse in the absence of H,0, at pH 7.4. Moreover, the
outer PEG shell was partially or completely departed
from the VSeM core and the PEG-detached VSeM could
remain stable at pH 6.5. "H NMR spectra, particle size,
zeta potential change provided further evidences for the
detachment of PEG shell around the VSeM core (Figs. lc,
S12, and S13).

Furthermore, the PEG-shielded VSeM core (pH 7.4)
displayed no significant morphology change upon the
addition of H,O, within 2 h (Fig. 1b and S14a), whereas

© The authors

the PEG-detached VSeM core (pH 6.5) was partially
disintegrated upon the addition of H,O, (1 mM) within
0.5 h and nearly completely disintegrated within 2 h
(Figs. 1b and S14b). The morphology observation was
further supported by the size variations determined by
DLS with similar trend (Fig. S14c). The underlying
mechanism was that the further cleavage of di-selenium
linkage triggered by ROS broke the hydrophobic/hydro-
philic balance to result in the structural disintegration
after dePEGylation caused by pH-triggered benzoic-
imine cleavage [27, 43].

https://doi.org/10.1007/s40820-020-00492-4



Nano-Micro Lett. (2020) 12:182

Page9of 18 182

3.3 In Vitro Drug Release

To further verify the ROS-responsive behaviors of VSeM-
N=CH-PEGQG, the release profiles of MTX and VES from
VSeM-N=CH-PEG were evaluated in PBS buffers with/
without H,O, at pH 6.5 [42], and the VCM-N=CH-PEG
was employed as the control. Only ~15% of MTX and
~10% of VES were leaked from VSeM-N=CH-PEG at
pH 6.5 in the absence of H,0, for 24 h (Figs. 1d and S15).
In contrast, approximately 50% of MTX and 40% of VES,
respectively, released from VSeM-N=CH-PEG at pH 6.5
upon addition of 100 pM H,O, (simulated tumor intracel-
Iular ROS environment). The faster release of MTX than
VES was likely due to that the solubility of MTX in PBS
was higher than that of VES. Furthermore, when the H,0,
level reached 10 mM, the cumulative release amount of
MTX and VES increased to 90% and 70%, respectively.
These results further demonstrated the triggering effect
of H,0O, on drug release [44]. Additionally, the cumula-
tive release of VSeM-N=CH-PEG was apparently faster
compared with that of VCM-N=CH-PEQG at different H,0,
levels. These results suggested the excellent structural sta-
bility of VSeM-N=CH-PEG in physiological conditions
and its outstanding responsiveness to ROS for controlled
drug release [45].

3.4 In Vitro ROS Production

To explore the ROS generation efficiency of VSeM-
N=CH-PEG in cancer cells, HeLa cells were incubated
with VES, VES/MTX, VCM-N=CH-PEG, VSeM-PEG,
and VSeM-N=CH-PEG in tumor acidic condition (pH
6.5), and then stained with 2', 7'-dichlorofluorescein
diacetate (DCFH-DA) as ROS indicator. As shown in
Figs. le, f, and S16, VES, VES/MTX, and VSeM-N=CH-
PEG produced significantly higher ROS compared with
the control, VCM-N=CH-PEG, and VSeM-PEG group. It
could be explained that the VSeM could be disassembled
in response to intracellular ROS to trigger the release of
VES, which could further produce ROS, and thus in turn
accelerate the VSeM disassembly and VES release via
positive-feedback loop. Furthermore, when HeLa cells
were incubated with VSeM-N=CH-PEG at physiological
pH, the evidently lower ROS levels were clearly observed
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(Fig. S17). This difference in ROS generation efficiency
might be resulted from the difference in cellular internali-
zation between pH 6.5 and 7.4 (discussed as below).

3.5 In Vitro Cellular Uptake

To investigate the cellular uptake efficiency of VSeM-
N=CH-PEG, HeLa cells with overexpressed folate recep-
tors on the surface under physiological pH and tumor acidic
extracellular pH, were evaluated by CLSM visualization
and flow cytometry analysis. Prior to cell imaging, a lipo-
philic DiD fluorescence probe was encapsulated into VSeM-
N=CH-PEG. As demonstrated in Fig. 2a—d and S18, the cel-
lular uptake efficiency of VSeM-N=CH-PEG at pH 6.5 was
approximately 8 times higher than that at pH 7.4. In contrast,
the acidity-unresponsive VSeM-PEG (the similar morphol-
ogy and size with VSeM-N=CH-PEG, Fig. S19) exhibited
no distinctive difference in cellular uptake between pH 7.4
and 6.5, implying that the targeting ability was activated
via the exposure of MTX ligands rather than pH variation.
Moreover, the uptake of VSeM-N=CH-PEG in HeLa cells
was dramatically reduced upon co-incubation with FA (a
preferred ligand of folate receptor) at pH 6.5 (Fig. 2b—d);
the internalization of VSeM-N=CH-PEG into A549 cells
(a human lung cancer cell line) or LO2 cells (a normal
human liver cell line) at pH 6.5 was also evidently lower
compared to that in HeLa cells at the same pH, because of
the extremely low expression of folate receptors on A549 or
L02 cells (Fig. 2e). These results consistently demonstrated
that VSeM-N=CH-PEG possessed excellent tumor acidity-
responsive targeting recovery capability [46]. In addition,
the VSeM-N=CH-PEG was comparable in cellular uptake
efficiency to VSeF-N=CH-PEG (VES-Se-Se-MTX was
replaced with VES-Se-Se-FA, Fig. S20) under tumor acidic
extracellular pH (Fig. 2f—h). These results demonstrated the
high targeting efficiency of PEG shell-detached VSeM core.

3.6 Macrophage Clearance

Owing to the immunogenic, hydrophobic, and exogenous
property of targeting ligands, the delivery efficiency to
tumor sites could be inevitably limited by macrophage rec-
ognition and clearance [47, 48]. Thus, the uptake of VSeM-
N=CH-PEG by macrophages was investigated on RAW
264.7 cells at physiological pH. The VSeM without dynamic
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PEGylation was used as the control. As shown in Fig. S21,
the uptake efficiency of VSeM-N=CH-PEG by RAW 264.7
cells was evidently decreased compared with that of VSeM,
due to that the PEG shielding could effectively decrease the
macrophage capture. Thus, the VSeM-N=CH-PEG could
evade immune clearance by macrophages, which would be
helpful to prolong circulation time and increase tumor accu-
mulation [19, 47].

© The authors

3.7 In Vitro Anti-tumor Activity

To investigate the anti-tumor activity of VSeM-N=CH-PEG,
the cytotoxicity of different formulations toward HeLa and
MCF-7 cells was firstly examined using a standard MTT
assay. Prior to cell experiments, the pH of cell culture
medium was adjusted to 6.5. As shown in Fig. 3a, b, the
VSeM-N=CH-PEG treatment led to similar cytotoxicity to

https://doi.org/10.1007/s40820-020-00492-4
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VES/MTX. Moreover, the VSeM-N=CH-PEG displayed
remarkably improved cytotoxic damages against cancer cells
compared with VCM-N=CH-PEG [24].

Additionally, more than 80% of normal cells including
HUVEC and LO02 cells survived from VSeM-N=CH-PEG
treatment at physiological pH in the same concentration
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range (Fig. S22), implying the negligible cytotoxicity of
VSeM-N=CH-PEG toward normal cells. These results
revealed that VSeM-N=CH-PEG could efficiently and selec-
tively kill cancer cells while keeping no harm to normal
cells.

We further try to clarify the cytotoxicity of VSeM-
N=CH-PEG toward cancer cells at various pH conditions
(7.4 and 6.5). As shown in Fig. 3c, d, the VSeM-PEG exhib-
ited similar level of cytotoxic damage at both acidic and
physiological pH conditions. On the contrary, the cytotoxic
damage of VSeM-N=CH-PEG at tumor acidic pH was sig-
nificantly higher than that at physiological pH. This substan-
tial increase in cytotoxicity proved the tumor acidity-respon-
sive active targeting recovery. Besides, the FA pre-blocking
dramatically reduced the cytotoxicity of VSeM-N=CH-PEG
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against HeLa cells at pH 6.5 due to the less effective cel-
lular uptake (Fig. S23). These results validated the folate
receptor-mediated endocytosis of VSeM-N=CH-PEG upon
acidity-triggered PEG shell detachment [49, 50].

To further clarify intracellular changes induced by
VSeM-N=CH-PEG, the mitochondrial membrane poten-
tial decrease and mitochondrial oxidative stress state,
were investigated using a JC-1 fluorescent probe and a
MitoTracker Red CM-H,Xros fluorescent probe, respectively
(Fig. 3e, f) [51]. Compared with the VCM-N=CH-PEG and
VSeM-PEG-treated HeLa cells, the VSeM-N=CH-PEG-
treated cells exhibited a significant decrease in mitochondrial
membrane potential, as revealed by the increased green fluo-
rescence from JC-1 monomer and decreased red fluorescence
from J-aggregate (Figs. 3e, S24a, and S25). Moreover, the

VSeM Control

VSeM-PEG

=CH-PEG

VSeM-N

free FA

Fig. 4 In vivo pharmacokinetics, biodistribution, and tumor accumulation of VSeM-N=CH-PEG. a Pharmacokinetics and b biodistribution of
HeLa tumor-bearing mice after intravenous injection of DiR-labeled VES/MTX, VSeM, VSeM-PEG, and VSeM-N=CH-PEG. DiR was used as
a control. ¢ Time-lapsed NIR fluorescence imaging of HeLa tumor-bearing mice. d NIR fluorescence imaging of excised normal and tumor tis-

sues at 48 h post-injection. Error bars indicate SD (n=3). **P <0.01
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VSeM-N=CH-PEG-treated HeLa cells induced a significant
increase in mitochondrial oxidative stress state, as reflected
by the enhanced orange-yellow fluorescence of the oxidized
species which was converted from MitoTracker Red CM-
H,Xros by mitochondrial ROS-induced oxidization (Figs. 3f
and S24b). Furthermore, the VSeM-N=CH-PEG also starkly
upregulated intracellular ROS levels and caspase-9/cas-
pase-3 activity, and downregulated intracellular ATP levels
(Fig. S26). Overall, our VSeM-N=CH-PEG could effec-
tively blockATP supply and induce programmed cell death
by mitochondrial dysfunction [51, 52].

The cytotoxicity data and intracellular changes were
further supported by calcein AM/PI-mediated live/dead
cell staining assay as well as cell morphology analysis
(Fig. 3g). Moreover, the Annexin V-FITC/PI apoptosis
analysis revealed that the VSeM-N=CH-PEG induced the
most severe apoptosis among all formulations (Fig. 3h and
S27). Thereby, the enhanced anti-tumor activity could be
explained by the tumor acidity-triggered active targeting
recovery, the amplified ROS-triggered drug release, and
the disruption of mitochondrial functions [53].

3.8 In Vivo Pharmaceutics and Biodistribution

Prior to in vivo study, blood hemolysis test was carried out
to study the blood compatibility of VSeM-N=CH-PEG.
No obvious hemolysis was observed from blood treated
with VSeM-N=CH-PEG at the highest concentration of
~1 mg mL™! for 4 h (Fig. S28), suggesting the minimum
damage of VSeM-N=CH-PEG against red blood cells and
their excellent blood biocompatibility.

To monitor the in vivo pharmacokinetics of VSeM-
N=CH-PEQG, the plasma drug concentration was deter-
mined following intravenous injection to HeLa tumor-
bearing nude mice. As exhibited in Fig. 4a, the residual
amount of VSeM-N=CH-PEG and VSeM-PEG in the
bloodstream decayed much slower than that of VSeM and
even VES/MTX, indicating the elongated circulation time
of VSeM-N=CH-PEG.

Considering the increased circulation longevity would
enhance the accumulation of drug in tumors via both EPR
effect and ligand-mediated active targeting, we subsequently
investigated the biodistribution of VSeM-N=CH-PEG
in vivo. As shown in Fig. 4b, the drug amount of VSeM-
N=CH-PEG accumulated at tumor site was remarkably
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higher compared with that of VSeM-PEG, VSeM, and VES/
MTX. Moreover, the amount of drug delivered by VSeM-
N=CH-PEG to tumor tissues was remarkably higher than
that delivered to the other organs. These results revealed that
the VSeM-N=CH-PEG could deliver drugs to tumors via
both EPR effect-based passive targeting and tumor acidity-
activated active targeting mechanisms [54].

3.9 In Vivo Tumor Accumulation

To investigate the accumulation ability of VSeM-N=CH-
PEG in tumors, fluorescence imaging was performed on
HeLa tumor-bearing nude mice. For animal imaging, DiR,
a lipophilic near-infrared (NIR) probe, was encapsulated
within VSeM-N=CH-PEG. As illustrated in Figs. 4c,
S29, and S30a, the fluorescence signals of VSeM-PEG in
tumors reached a peak at 24 h post-injection; thereafter, the
fluorescence signals began to decline. By sharp contrast,
the fluorescence signals of VSeM-N=CH-PEG in tumors
continued to increase until 48 h, and the fluorescence sig-
nals were significantly and consistently stronger than that
of VSeM-PEG-injected mice over a period of 48 h. This
result demonstrated both superior tumor accumulation and
stronger tumor cell internalization of VSeM-N=CH-PEG,
and this conclusion could be further supported by the result
of ex vivo fluorescence imaging (Figs. 4d and S30b) and
CLSM imaging of frozen sections (Fig. S30c). Moreover,
the VSeM-N=CH-PEG-injected mice with FA pre-infusion
exhibited significantly lower tumor accumulation than those
without FA pre-infusion, indicating a key role of folate
receptor-dependent cellular uptake in vivo. In addition, the
accumulation of VSeM-N=CH-PEQG in liver was lower than
that of VSeM-PEG and VSeM, demonstrating the reduced
immune recognition and reticuloendothelial system (RES)
capture of VSeM-N=CH-PEG. Taken together, these results
demonstrated the outstanding tumor accumulation and pro-
longed tumor retention of VSeM-N=CH-PEG.

3.10 In Vivo Anti-tumor Efficacy
of Oxidation-Chemotherapy

Encouraged by the excellent tumor accumulation, we investi-

gated the anti-tumor efficacy of VSeM-N=CH-PEG in vivo.
As illustrated in Figs. 5a and S31a, the groups treated
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with PBS exhibited remarkably rapid tumor size increase.
Besides, the groups receiving treatment with VES/MTX
showed a slight suppression of tumor growth due to the very
limited accumulation of free VES and MTX in tumors. In
contrast, the groups receiving treatment with VCM-N=CH-
PEG and VSeM-PEG showed better tumor growth inhibi-
tion because of active targeting recovery or ROS generation,
respectively. But above all, the groups receiving treatment
with VSeM-N=CH-PEG exhibited the strongest anti-tumor
efficacy that the tumor size was evidently decreased after
treatment for 14 days without any body weight loss (Fig.
S31b). The above results were again supported by the anal-
ysis of excised tumor weight/volume (Figs. 5b and S31c)
and the tumor inhibition rate (Fig. S31d). Additionally,
the VSeM-N=CH-PEG group also remarkably extend the
survival time of tumor-bearing mice in comparison with
the other treatment groups after 40 days (Fig. 5c). The rea-
sons for the remarkably increased anti-tumor efficiency
could be elucidated as follows: (1) PEG shielding effect of
VSeM-N=CH-PEG could increase the circulation longev-
ity and enhance the tumor accumulation via EPR effect;
(2) tumor acidity-activated self-targeting could effectively
increase internalization efficiency of VSeM-N=CH-PEG;
(3) intracellular ROS could trigger structure collapse and
drug release, and released VES would further generate ROS
(Fig. 5d) for amplification of drug release; (4) VES could not
only inhibit ATP production but also synergize with MTX,
provoking tumor cell apoptosis with high-efficiency. The
integration of active self-targeting recovery and ROS ampli-
fication strategy contributed to the pronounced therapeutic
effect of VSeM-N=CH-PEG.

Hematoxylin-eosin (H&E), TUNEL, and Ki 67 stain-
ing assay were carried out to further verify the improved
anti-tumor effect of VSeM-N=CH-PEG (Fig. 5¢). Among
all groups, the VSeM-N=CH-PEG groups resulted in the
most significant cell apoptosis activity, as observed by the
most severe cellular shrinkage and nuclear condensation
in H&E staining images, and the most extensive apop-
totic nuclear fragmentation in TUNEL staining images,
and the lowest Ki-67 expression in Ki-67 staining images.
These results revealed that the VSeM-N=CH-PEG could
efficiently kill tumor cells in vivo.
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3.11 In Vivo Biosafety

The biosafety of VSeM-N=CH-PEG nano-prodrug, a
prerequisite for their in vivo applications, was further
investigated by histological, hematological, and blood bio-
chemical analysis. Negligible morphological/histological
damage in major organs (Fig. S32), no significant change
in hematological/biochemical indexes (Figs. S33 and S34),
and no body weight loss were found in VSeM-N=CH-PEG
groups, indicating the superior in vivo biocompatibility
of VSeM-N=CH-PEG. The results consistently revealed
that the VSeM-N=CH-PEG nano-prodrug significantly
enhanced anti-tumor efficiency while reduced the system-
atic toxicity.

4 Conclusions

In summary, a cascade-triggered programmable anticancer
nano-prodrug with self-targeting-activation and ROS ampli-
fication was proposed for highly efficient synergistic tumor
therapy. Both in vitro and in vivo studies comprehensively
validated that the VSeM-N=CH-PEG not only exhibited
better tumor accumulation, prolonged tumor retention, and
enhanced cellular uptake via tumor acidity-triggered active
self-targeting, but also efficiently generated extra ROS to
achieve accelerated structure collapse and drug release while
blocking ATP supply. Taken together, here proposed strategy
shows dramatically improved therapeutic effect with negli-
gible toxicity via the synergy between oxidation therapy and
chemotherapy, and it will inspire the development of safe
and effective drug delivery systems in future.
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