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Introduction: Poor cell uptake and incomplete intracellular drug release are the two major
challenges for polymeric prodrug-based drug delivery systems (PPDDSs) in cancer treatment.
Methods: Herein, a PPDDS with pH-induced surface charge-reversal and reactive oxygen
species (ROS) amplification for ROS-triggered self-accelerating drug release was developed,
which was formed by encapsulating a ROS generation agent (vitamin K3 (VK3)) in pH/ROS
dual-sensitive polymetric prodrug (PEG-b-P(LL-g-TK-PTX)-(LL-g-DMA)) based micelle
nanoparticles (denoted as PVD-NPs).

Results: The surface charge of the PVD-NPs can change from negative to positive for
enhanced cell uptake in response to tumor extracellular acidity pH. After internalization by
cancer cells, PVD-NPs demonstrate dual drug release in response to intracellular ROS-rich
conditions. In addition, the released VK3 can produce ROS under the catalysis by NAD(P)H:
quinone oxidoreductase-1, which facilitates tumor-specific ROS amplification and drug
release selectively in cancer cells to enhance chemotherapy.

Conclusion: Both in vitro and in vivo experiments demonstrated that the PVD-NPs showed
significant antitumor activity in human prostate cancer.

Keywords: charge-reversal, dual-responsive, ROS generation, cancer specific chemotherapy

Introduction
During the past decades, polymeric prodrug-based drug delivery systems (PPDDSs)
have emerged as a promising platform for cancer therapy.'*> Compared with conven-
tional chemotherapeutic drugs, PPDDSs for cancer therapy have the following
advantages: improved drug solubility, prolonged circulation time, improved tumor
selectivity, and reduced side effects.”* Along with therir advantages in terms of
prodrug delivery and stimuli-responsive drug release capabilities, PPDDSs could
obviously improve the drug accumulation in the tumor tissue via the enhanced
permeability and retention (EPR) effect, thereby remarkably increasing the therapeu-
tic effects.””’ However, the poor tumor cells’ internalization and incomplete drug
release are the two major drawbacks hindering the clinical translation of PPDDSs.
Poly(ethylene glycol) (PEG) is mostly used as the hydrophilic component of
PPDDSs because of its good hydrophilicity, biocompatibility, and sustained blood
circulation.>® However, PEG surface modification could impede the uptake of
PPDDSs by cancer cells.””"" It has been reported that the positively surface-charged
nanoparticles can improve cellular uptake via electrostatic attraction to negatively
charged cell membranes.'>'> However, rapid body elimination and tissue toxicity
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hindering the application of positively surface-charged
nanoparticles.'*!> Recently, a new strategy of combining
the advantages of PEGylation and positively surface charged,
named as surface charge-reversal strategy, has been used for
drug delivery.'>"'® Such PPDDSs could maintain a negative
charged under physiological conditions (pH 7.4) to reduce
protein adsorption and avoid clearance by the reticuloen-
dothelial system (RES), and then charge to a positively sur-
face charge under conditions of extracellular acidity (pH
6.0-7.0) to improve cellular uptake.

After internalization in cancer cells, drugs should be
released selectively at the tumor site in a tumor-specific
manner, using cues such as an acidic environment, increased
secretion of enzymes, or high levels of glutathione (GSH) or
reactive oxygen species (ROS).'”'® Because both cancer and
healthy cells have lysosomes with an acidic pH and high
intracellular levels of GSH, pH- and GSH-triggered drug
release mechanisms offer limited selectively between healthy
and cancer cells."’ However, ROS levels in cancer cells are
tens-to-hundreds times higher than those in healthy cells, and
therefore ROS-responsive drug delivery systems provide
2021 Various ROS-
sensitive linkages such as thioketal (TK), boronic ester, and

more tumor-specific drug release.

alkylene sulfide have been widely evaluated in ROS-
responsive drug delivery systems for cancer treatment.?*?*
Unfortunately, variations in endogenous ROS concentrations
because of tumor heterogeneity result in incomplete com-
plete drug release from ROS-sensitive drug delivery systems
in vivo.>**** Therefore, pH/ROS charge-reversal PPDDSs
with ROS production capabilities represent a promising alter-
native strategy to overcome the drawbacks of PPDDSs.
Menadione, also named VK3, a quinone-type natural
molecule, showed an anti-tumor effect against prostate,
lung, hepatic, and breast cancer.’*?” Moreover, many studies
have shown that VK3 can produce ROS under catalysis by
NAD(P)H:quinone (NQO1).2327:28
Because NQOI1 is specifically overexpressed in cancer

oxidoreductase-1

cells, VK3 can specifically increase ROS levels in tumor
cells rather than in healthy cells.>*® Therefore, ROS-
responsive PPDDSs co-loaded with VK3 could remarkably
amplify ROS levels for complete drug release.

To overcome the aforementioned drawbacks, in the cur-
rent study, we report a self-amplifiable drug release PPDDS
with charge reversal capability, created by loading
VK3 in a pH/ROS dual-responsive micelle nanoparticle
(Scheme 1). In this nanosystem, a ROS-sensitive paclitaxel
(PTX) pro-drug (PTX-TK) and 2,3-dimethylmaleic anhy-

dride (DMA) were conjugated to the amino groups of PEG-

b-PLL to produce a pH/ROS dual-responsive component:
PEG-b-P((LL-g-TK-PTX)-(LL-g-DMA)), and then VK3
was encapsulated into the polymer micelles formed by
PEG-b-P((LL-g-TK-PTX)-(LL-g-DMA))
PVD-NPs). After intravenous administration to mice, PVD-

(denoted  as

NPs could ideally maintain a negative surface charge in
blood circulation, which quickly changed to a positive
charge when they reached tumor tissue, allowing them to
be quickly ingested by cancer cells. Finally, endogenous
ROS can trigger PTX and VK3 release, and the released
VK3 could induce ROS generation, consequently amplify-
ing drug release.

Experimental Section

Materials

PTX was purchased from Beijing Huafeng United
Technology Co., Ltd (Beijing, China). Vitamin K3,
2.3-dimethylmaleic anhydride (DMA), succinic anhydride
(SA) and 3-mercaptopropionic acid were purchased from
Aladdin Reagent Company (Shanghai, China). Poly(ethy-
lene glycol)-b-poly(L-lysine) (PEG-b-PLL) was synthe-
sized as previously reported." Dichlorofluorescindiacetate
(DCFA-DA), a BCA kit, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) and DAPI were
purchased from Beyotime Institute of Biotechnology
(Shanghai, China).

Animal and Cell Lines
The human prostate cancer cell line PC-3 and mouse
embryonic fibroblast NIH-3T3 cells were obtained from
the Institute of Biochemistry and Cell Biology, Shanghai
Institutes for Biological Sciences, Chinese Academy of
Sciences (Shanghai, China). PC-3 cells were cultured in
RPMI 1640 culture medium, containing 10% (v/v) fetal
bovine serum, 100 IU/mL penicillin and 100 pg/mL strep-
tomycin at 37°C in a humidified 5% CO, atmosphere. The
NIH-3T3 cells were cultured in DMEM culture medium,
containing 10% (v/v) bovine calf serum, 1% glutamax, 1%
non-essential amino acids, 1% sodium pyruvate
(100 mM), 100 TU/mL penicillin, and 100 pg/mL strepto-
mycin at 37°C in a humidified 5% CO, atmosphere.
BALB/c nude mice (male, 4-6 w, 20 + 2 g) were pur-
chased from the Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China). All animals received care in
compliance with the guidelines outlined in the Guide for
the Care and Use of Laboratory Animals and all procedures
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Scheme | The illustration of the charge-reversal and intracellular ROS generation of PYD-NPs in tumor tissue.

were approved by The First Affiliated Hospital of Nanjing
Medical University Care and Use Committee.

Characterization

Nuclear magnetic resonance (NMR) spectra were recorded
using a Bruker AVANCE III spectrometer at 300 MHz
with deuterated dimethyl sulfoxide (DMSO-d6) or D,
O as the solvent. The size, size distribution, and the zeta
potential of particles in aqueous solution were determined
through dynamic light scattering (DLS, Zs90, Malvern
Instruments, Malvern, UK). The morphology of the parti-
cles was investigated using transmission electron micro-
scopy (TEM, Hitachi Ltd, Tokyo, Japan).

Synthesis of Thioketal (TK)

The TK linker was prepared as previously reported.”*
Briefly, anhydrous 3-mercaptopropinonic (6.0 g, 56.6
mmol) and anhydrous acetone (6.8 g, 115.6 mmol) were
mixed and stirred at room temperature for 6 h under dry
hydrogen chloride. At the end of the reaction, the flask was
placed in an ice-salt bath until the crystallization was
completed. Then, the mixture was filtered, washed with

abundant hexane and ice-cold water. The TK product was
obtained after drying under vacuum.

Synthesis of TK-PTX

TK-PTX was prepared as previously reported.’' Briefly, TK
(201.6 mg, 0.8 mmol), 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC, 230.4 mg, 1.2 mmol),
and N-hydroxysuccinimide (NHS, 138.0 mg, 1.2 mmol)
were dissolved in 40 mL of dry N,N-dimethylformamide
(DMF) and the reaction mixture was maintained under
stirring for 2 h under nitrogen atmosphere at room tempera-
ture. Then, PTX (427.0 mg, 0.5 mmol) and 4-dimethylami-
nopyridine (73.2 mg, 0.6 mmol) were added to the solution
and incubated for a further 24 h under nitrogen atmosphere
at room temperature. Finally, the solution was precipitated
with 400 mL of 0.1 M pre-chilled diluted hydrochloric acid.
TK-PTX was obtained through vacuum drying.

Synthesis of PEG-b-P(LL-g-TK-PTX)

In brief, TK-PTX (2.176 g, 2.0 mmol), EDC (480 mg,
2.5 mmol) and NSH (287.5 mg, 2.5 mmol) were dissolved
in 80 mL of dry DMF and stirred for 4 h at room tem-
perature under nitrogen atmosphere. Then, PEG-b-PLL
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(2.93 g, 0.4 mmol) was dissolved in 40 mL of dry DMF
and added to the mixture, which underwent further stirring
at room temperature for 48 h in a nitrogen atmosphere.
Finally, the mixture was dialyzed (MWCO, 3500 Da)
against DMF to remove unreacted small molecules and
then, dialyzed against distilled water to remove DMF. The
product PEG-b-P(LL-g-TK-PTX) was obtained through
lyophilization.

Synthesis of PEG-b-P(LL-g-TK-PTX)-(LL-
g-DMA)

Briefly, PEG-b-P(LL-g-TK-PTX) (1.7 g, 0.1 mmol) and
DMA (252.0 mg, 2.0 mmol) were dissolved in 50 mL of
DMF, and then TEA (150 pL) was added under nitrogen
atmosphere. The mixture was stirred at room temperature
for 12 h. At end of the reaction, the mixture was dialyzed
(MWCO 3500 Da) against distilled water at pH 8-9 for 24
h and the product, PEG-b-P(LL-g-TK-PTX)-(LL-g-DMA),
was obtained through lyophilization.

As a control, SA was reacted with PEG-b-P(LL-g-TK-
PTX) using the same method mentioned above to obtain
a no-charge-conversion polymer prodrug: PEG-b-P((LL-
g-TK-PTX)-(LL-g-SA)).

PTX content in the PEG-b-P((LL-g-TK-PTX)-(LL-
g-DMA)) and PEG-b-P((LL-g-TK-PTX)-(LL-g-SA)) was
determined using a 'H NMR and UV spectrophotometer at
a wavelength of 254 nm. The PTX content was calculated
using the following formula:

weight of PTX
weight of polymer

PTX% = x100%

Nanoparticles Preparation

VK3 and PTX co-loaded nanoparticles were prepared using
the coprecipitation method. Typically, PEG-b-P((LL-g-TK-
PTX)-(LL-g-DMA)) (15 mg) and VK3 (3 mg) were dissolved
in 1 mL of DMF and stirred for 1 h at room temperature. Then,
the mixture was added dropwise into 10 mL of distilled water
under vigorous stirring and then dialyzed (Mw: 3500 Da)
against water for 12 h. The PVD-NPs were obtained after
filtration using a Millipore filter (pore size: 0.45 um) to
remove unencapsulated VK3. The control groups used the
following treatments: 1) PTX-loaded PPDDSs named PD-
NPs; 2) PTX and VK3 co-loaded PPDDSs with no surface
charge-reversal capability named PVS-NPs. Moreover, cou-
marin-6 loaded PVD-NPs and PVS-NPs were also prepared
using the same method.

The drug loading content (DLC) for VK3 was deter-
mined through HPLC. The HPLC analysis for PTX was
performed using a phase column (Agilent ODS C18 col-
umn, 4.6 x 250 mm?, 5 pm particle size) eluted with
methanol: water (65/35, v/v) at a flow rate of 1 mL/min
and the column effluent was monitored using a UV detec-
tor set at 227 nm. For VK3 analysis, the mobile phase
consisted of methanol: water (70/30, v/v) and UV detec-
tion at 265 nm was used.>* The DLC was calculated using
the following formula:

weight of the drug in the micelles

DLC(wit%)= x100%

weight of the whole micelles

pH-Triggered Charge Changes in
PVD-NPs

The surface charge changes of the particles at different pH
values were determined by incubating PVD-NPs (0.1 mg/
mL) and PVS-NPs (0.1 mg/mL) in PBS (pH 6.5 or 7.4,
0.1 mM) at 37°C. Samples were taken at designated times,
and the zeta potential was determined through DLS.

In vitro Drug Release

PTX and VK3 release from PVD-NPs at various ROS
levels was measured via the dialysis method. Typically,
2 mL of PVD-NPs containing 1.0 mg of PTX and 0.5 mg
of VK3 was transferred into a dialysis bag (Mw: 5000 Da)
and immersed in 48 mL of PBS (pH 7.4) containing 0.8%
Tween 80 with 0 mM, 0.1 mM or 10 mM H,0,. Every
sample was gently shaken at an appropriate speed at 37°C.
At predetermined time points, 1 mL of solute outside the
dialysis bag was removed and replaced with an equal
volume of fresh medium. The amount of released PTX
and VK3 was measured using HPLC.

Protein Adsorption and Stability of
PVD-NPs

Bovine serum albumin (BSA) was used as a model protein
to investigate the protein adsorption capacity of the PVD-
NPs, as previously reported.! The PVD-NPs and PVS-NPs
were separately incubated with a BSA solution in PBS at
pH 6.5 or 7.4, and the final concentration of nanoparticles
and proteins was fixed at 0.3 and 0.5 mg/mL, respectively.
After incubation at 37°C for 12 h, each sample was cen-
trifuged at 12,000 rpm for 10 min to precipitate the pro-
tein-adsorbed nanoparticles. The concentration of residual
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BSA in the supernatant was measured using commercial
BCA protein assay kits.

For stability tests, PVD-NPs, PD-NPs, and PVS-NPs
were incubated in PBS (pH 7.4) with or without 20% fetal
bovine serum (FBS) for 1, 2, 4, 8, 12, 24, or 48 h. At the
end of the incubation, the size of all nanoparticles was
measured through DLS.

Cell Uptake in Different pH Conditions
The pH-enhanced cell uptake of PVD-NPs in PC-3 cells
was visualized using a confocal laser scanning microscope
(CLSM) and quantitatively analyzed through flow cytome-
try. PC-3 cells were seeded in six-well plates (2 x 10° cells
per well) and incubated overnight under normal culture
conditions. Then, the culture medium was replaced with
RPMI 1640 medium containing PVD-NPs and PVS-NPs
(equal to 5 ug/mL of PTX, 200 ng/mL of coumarin-6) at
pH 7.4 or 6.5. After 1, 2, or 4 h of incubation, the cells
were washed using PBS and fixed using a 4% paraformal-
dehyde solution for 10 min. The cell nuclei were stained
using DAPI for 10 min and then observed using a CLSM
(Zeiss, Germany).

For flow cytometry analysis, PC-3 cells were seeded
into six-well plates at a density of 2 x 10° cells per well
and incubated for 24 h under normal culture conditions.
Then, the culture medium was replaced with RPMI 1640
medium containing PVD-NPs or PVS-NPs (equal to 20
pg/mL of PTX, 200 ng/mL of coumarin-6) at pH 7.4 or
6.5 for 1, 2, or 4 h at 37°C, and then the medium was
removed and the cells were washed thrice using PBS.
Subsequently, the cells were harvested, and quickly
assessed through flow cytometry (MACSQuant Analyzer
10, Miltenyi Biotec, Germany)

Intracellular ROS Generation Study

The concentration of intracellular ROS was detected using
a CLSM and flow cytometer by using DCFA-DA as
a probe. For the CLSM assay, PC-3 cells were seeded in
six-well plates at a density of 1 x 10° cells per well for 24
h. The cells were incubated with VK3, PVD-NPs, PVD-
NPs + dicoumarol (DIC), or PD-NPs for 8 h (equivalent to
PTX 20 pg/mL or VK3 30 pg/mL). Cells without any
treatment were used as a control. After treatment, the
cells were washed using pre-chilled PBS three times and
the media were replaced with 2',7'-dichlorofluorescein
diacetate (DCFH-DA) at 37°C for 20 min. After washing,
the cells were observed using a CLSM.

For flow cytometry quantitative analysis, PC-3 cells
were seeded onto six-well plates and incubated for 48
h. Then, the cells were treated using VK3, PVD-NPs,
PVD-NPs + DIC, or PD-NPs. After incubation for 8 h,
the cells were washed using PBS three times and the cell
culture medium was replaced with DCFH-DA at 37°C for
20 min. Then, the cells were collected, washed with PBS,
and quickly assessed using a flow cytometer.

The intracellular ROS generation ability of VK3 in
normal NIH-3T3 cells treated with VK3, PVD-NPs, or
PD-NPs was also determined through flow cytometry.

Intracellular Drug Release

The intracellular ROS-responsive drug release of PVD-
NPs and PD-NPs was investigated through HPLC. For
the HPLC study, PC-3 cells were seeded in six-well
plates and incubated for 24 h. Then, the cells were
treated using PVD-NPs, PVD-NPs + DIC, or PD-NPs
(equal to 20 pg/mL PTX) for 8 h, 12 h, or 24 h. After
incubation, the cells were washed twice using cold PBS.
Subsequently, 200 pL of cell lysis buffer (1% TritonX-
100) was added and incubated for 30 min. Then, the cell
lysate (400 pL) was mixed with acetonitrile (200 pL)
through ultrasonication for drug extraction, followed by
centrifugation at 8000 rpm for 10 min. The supernatant
was collected and the concentration of active PTX was
measured through HPLC.? The PTX content was normal-
ized to the protein concentrations of the cell lysate. The
protein concentration of the cells was measured using
a BCA kit.

In vitro Cytotoxicity Study

An MTT assay was employed to evaluate the cytotoxicity
of all the drug forms. In brief, PC-3 cells and NIH-3T3
cells were seeded in 96-well plates at a density of 5 x 10°
cells per well for 24 h. Then, the cells were treated with
PTX, VK3, PTX + VK3, PVD-NPs, PVS-NPs, or PD-
NPs at different concentrations. After incubation for 48 h,
20 uL of MTT solution (5 mg/mL) was added to each
well and incubated for another 4 h. Subsequently, the cell
medium was replaced with 200 uL. of DMSO, and the
absorbance was detected at 490 nm using a microplate
reader (Thermo Multiclan MK3; Fisher
Scientific, USA).

Thermo

Hemolysis Assay
Fresh mouse blood was diluted using PBS (pH 7.4), and red
blood cells (RBCs) were collected through centrifugation.
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The RBCs were further diluted using PBS. Then, the RBC
suspension was added to the PVD-NP, PVS-NP, and PD-NP
solutions, and the concentration of PTX in the nanoparticles
ranged from 0.0001 to 1 mg/mL. The mixtures were main-
tained at 37°C for 2 h after gentle shaking. After that, the
mixtures were centrifuged, and the absorbance of the super-
natant of each sample was detected using a microplate reader
at 540 nm. PBS and TritonX-100 (2%) were used as
a negative and positive control, respectively. The hemolysis
ratio (HR) of the RBCs was calculated using the following
formula:

A sample — A negative control

HR (%)= x100%

A postive control — A negative control

All hemolysis experiments were carried out in triplicate.

Pharmacokinetics of PYD-NPs and Free
PTX

PC-3 tumor-bearing mice were randomly divided into two
groups (n = 3 per group) and then intravenously injected
with PTX or PVD-NPs at a PTX-equivalent dose of 5 mg/
kg. At predetermined times, blood samples were collected
and centrifuged at 6000 rpm and 4°C for 10 min, and then
100 pL of the supernatant plasma was mixed with 900 pL
of acetonitrile to precipitate all the proteins. After centri-
fugation, the supernatant was collected and concentrated,
and subsequently, the concentration of PTX was deter-
mined through HPLC.

PTX Biodistribution in Major Organs and

Tumor Tissue

Mice bearing PC-3 tumors were randomly divided into
two groups (n = 3) and intravenously injected with PTX
or PVD-NPs at a PTX-equivalent dose of 5 mg/kg. After
24 h, all the treatment mice were sacrificed, and the major
organs, including the heart, liver, spleen, lung, and kid-
neys, as well as the tumor were collected and washed
using PBS. Subsequently, the organs were homogenized,
and PTX was extracted with 200 puL of pre-chilled acet-
onitrile containing 0.5% acetic acid.** After centrifugation,
the supernatant was concentrated and assessed using
HPLC.

Evaluation of in vivo Antitumor Therapy

Mice bearing PC-3 tumors were randomly divided into six
groups (n = 6) and intravenously injected with saline,
PTX, PTX + VK3, PVD-NPs, PVS-NPs, or PD-NPs at

an equivalent PTX injection dose of 5 mg/kg. The treat-
ment was implemented through an intravenous injection
once every 3 d.*' The body weight and the tumor volumes
were measured at intervals of 3 d. Tumor volumes were
calculated by the formula: volume = (L x W?2)/2, where
L and W are the largest and smallest diameters of the
tumor, respectively. After 21 d, the mice were sacrificed,
and the major organs or tissues including the heart, liver,
spleen, lung, kidney, and tumor tissues were collected and
fixed in 4% formaldehyde for histological examination.
Hematoxylin and eosin (H&E) staining was performed to
evaluate acute toxicity.

Statistical Analysis

All the results are expressed as mean + standard deviation
(SD). The differences among groups were calculated using
Student’s #-test or one-way ANOVA. Differences were
* p<0.05, ** p<0.01,

considered significant when

*** p<0.001, respectively.

Results and Discussion

Preparation and characterization of
PEG-b-P((LL-g-TK-PTX)-(LL-g-DMA))

The detailed synthesis route of the pH/ROS dual-responsive
prodrug polymer PEG-b-P((LL-g-TK-PTX)-(LL-g-DMA)) is
shown in Scheme S1. The PEG-b-PLL was synthesized as
reported in our previous study, and the degree of polymeriza-
tion of lysine was 18.! Firstly, a ROS-sensitive TK linker was
synthesized as previously reported ("H NMR in Figure s1).2
Secondly, TK was reacted with PTX to obtain TK-PTX
("H NMR in Figure S2, mass spectrum in Figure S3).
Finally, TK-PTX and DMA were conjugated to the side
chain of PEG-b-PLL through an amide reaction to obtain the
final product. The "H NMR spectrum of PEG-b-P((LL-g-TK-
PTX)-(LL-g-DMA)) is shown in Figure 1. As shown in the
'H NMR spectrum of PEG-b-P((LL-g-TK-PTX)~(LL-
g-DMA)), the characteristic peaks at 1.60, 2.65, and 2.85
ppm were attributed to TK; the typical peaks at 7.3-8.1 ppm
were attributed to PTX; the characteristic peaks at 1.8
ppm were attributed to DMA; the representative peaks at 3.6
ppm were ascribed to protons of PEG. These results suggest
that TK-PTX and DMA were successfully conjugated to the
side chain of PEG-b-PLL. The degree of substitution of DMA
on PLL is 67%, as assessed through the peak area of MDA and
PEG. The PTX content in PEG-b-P((LL-g-TK-PTX)-(LL-
g-DMA)) was calculated as 24.3% (weight ratio) by compar-
ing the peak integration of the phenyl proton of PTX with the
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Figure | The 'H NMR spectrum of PEG-b-P((LL-g-TK-PTX)-(LL-g-DMA)).

PEG methylene proton signal; the content of PTX was mea-
sured as 20.3% using a UV spectrophotometer. Because of the
relative accuracy of the UV spectrophotometer, we finally
chose 20.3% as the content of PTX.

The Characteristics of PYD-NPs

The PTX-loaded charge-reversal PPDDSs (denoted as PD-
NPs), PTX and VK3 co-loaded charge-reversal PPDDSs
(denoted as PVD-NPs), and the PTX and VK3 co-loaded
no-charge-reversal PPDDSs (denoted as PVS-NPs) were
prepared through a nano-precipitation method. The charac-
terization data for these three nanoparticle types are shown
in Table 1 and Figure 2. The DLC of PTX and VK3 in the
PVD-NPs was 9.3 + 0.9%, and 2.3 + 0.2%, respectively.
Moreover, as shown in Figure 2, the size of the PVD-NPs,
PVS-NPs, and PD-NPs in aqueous solution, as measured
through DLS, was 123 = 3.3 nm, 112 + 3.5 nm, and 105 +
2.7 nm, respectively. The morphology of the nanoparticles
was observed through TEM, and the images showed that all
micelles were well-dispersed with a regular spherical shape
(Figure 2A—C) and their size was approximately 100 nm,
which is consistent with the DLS results (Table 1).
A fluorescence assay showed that the PD-NPs had

5 B
1 (ppm)

a relatively low critical micelle concentration of 2.8 ug/
mL (Figure 2D). Moreover, a stability assay indicated these
three nanoparticle types had good structural stability in PBS
(pH 7.4), with or without 20% serum (Figure 2E and F). In
addition, the hemolysis rate of these nanoparticles at pH 7.4
(blood pH environment) was less than 5% at 0.0001 mg/mL
to 1 mg/mL of PTX (Figure S4). These results suggest that
these nanoparticles may overcome the dilution effect in
blood circulation and could be injected intravenously.”

Surface Charge Conversion Capacity of

PVD-NPs

One of the major features of the PVD-NPs is their weakly
acidic tumor microenvironment-activated charge-reversal.
The changes in the surface charge of the PVD-NPs after

Table | Characteristics of All Drug-Loaded Nanoparticles

Nanoparticles | Size PDI? | Zeta DLC of DLC of
(nm)? (mV)? VK3 (%) PTX (%)
PD-NPs 105+27 | 0.187 | -142+08 | - 203 £ 1.1
PVS-NPs 112+£35 | 0.154 | —153£09 | 225 1.5 16.7 £ 0.8
PVD-NPs 123 £33 | 0.189 | —145+£07 | 232 1.3 154 £ 0.6

Note: “measured through DLS.

International Journal of Nanomedicine 2020:15

submit your manuscript 71

Dove


https://www.dovepress.com/get_supplementary_file.php?f=230237.docx
http://www.dovepress.com
http://www.dovepress.com

Xu et al Dove

A B
o gt L% ose b,
- L S
4
154
= =
& &
5 5
£ IS
54
0
50 100 150 200 250 300 100
Size (nm) Size (nm)
C 30 D
400
254
>
= CMC: 2.3 ng/mL
20 2 3001
2
> £
‘@ 154 © 200
& 2
- (O]
< 104 9
® 1004
s
51 T
0 —=——"77
0' v T ¥ T ¥ T v T ¥ T . T . T * T .
100 200 300 025 05 1 25 5 10 20 40
Size (nm) Concentration (ng/mL)
E 150 F 150
140.- —=— PVD-NPs 140:
| —e— PVS-NPs |
130 —— PD-NPs 130
. 120 1 . 120
E 110+ 5 110+
@ 1 7T o 4 o e I
N - 1 + N - + =
P 100- I o 100‘
90 1 90 1 —=— PVD-NPs
1 1 —e—PVS-NPs
80+ 80+ —a—PD-NPs
70 T v T ¥ T T T v T T T 70 T v T T T v T v T v T
0 10 20 30 40 50 0 10 20 30 40 50
Time (h) Time (h)
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concentration (CMC) value of PD-NPs. (E-F) The stability of the three PPDDSs in PBS (E) and PBS with 20% FBS (F). Data are shown as mean + SD, n = 3.

incubation at pH 7.4 or 6.5 were measured. As shown in  conditions (pH 7.4) and only slightly changed after incuba-
Figure 3A, the surface charge of the PVD-NPs and PVS-  tion for 6 h. However, under weakly acidic conditions, the
NPs remained strongly negative under physiological zeta potential of the PVD-NPs rapidly changed from
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Figure 3 (A, B) The surface charge changes of PVD-NPs and PVS-NPs in pH 7.4 (A) and pH 6.5 (B) condition, respectively. (C) Bovine serum albumin (BSA) adsorption of

PVD-NPs and PVS-NPs in pH 7.4 and pH 6.5. Data showed mean * SD, (n = 3).

negative to positive (from —11.3 mV to +12.3 mV) at pH 6.5
within 6 h (Figure 3B). This is ascribed to the hydrolysis of
DMA derived amides of PLL in response to the acidic
environment.” However, no significant charge-switchable
behavior was observed for the PVS-NPs because the SA
group is more stable than DMA, and it is not easily hydro-
lyzed in a slightly acidic environment.'*'>* These results
indicate that the PVD-NPs had good surface charge conver-
sion capabilities. It is has been reported that NPs with
a positive charge can adsorb large amounts of protein.>'°
Therefore, BSA was used as a model protein to investigate
the protein adsorption ability of the PVD-NPs. As shown in
Figure 3C, only a small quantity of BSA was adsorbed onto
the PVD-NPs (9.1%) and the PVS-NPs (8.3%) at pH 7.4
within 12 h. However, more than 80% BSA adsorption was
observed for the PVD-NPs at pH 6.5 within 12 h. In com-
parison, the BSA adsorption of the PVS-NPs at pH 6.5 for
the same duration was below 15%. These results were
ascribed to the pH-triggered charge-switching of the PVD-
NPs. PEG functionalized and negatively charged nanoparti-
cles can minimize nonspecific serum protein absorption and
prolong circulation time,>**> which is consistent with the
results of the stability assay (Figure 2E and F). In addition,
positively charged NPs can promote cell uptake and subse-
quent drug accumulation at tumor sites.*® Because of the
acidic microenvironment of tumor tissue, the pH-triggered
charge-switching of the PVD-NPs could potentially improve
drug delivery efficiency.

Enhanced Cell Uptake of PVD-NPs

In our previous work, we demonstrated that NPs with
charge-reversal properties could enhance cell uptake.! To
investigate this phenomenon, PC-3 cells were treated with
coumarin-6 loaded PVD-NPs and PVS-NPs at pH 7.4 or 6.5,
respectively, and then analyzed through CLSM and flow

cytometry. As shown in Figure 4A, the green fluorescence
signals of coumarin-6 in PC-3 cells were enhanced with
increased incubation time in all treated groups. At pH 7.4,
after incubation for the same time, the fluorescence intensity
in PVD-NPs and PVS-NPs was not significantly different.
However, at the same incubation time, the fluorescence
intensity in the PVD-NP group was significantly higher
than that in the PVS-NP group at pH 6.5. As shown in
Figure 4B, the mean fluorescence intensity (MFI) in PC-3
cells cultured with PVD-NPs and PVS-NPs at pH 7.4 was
not significantly different at different incubation times.
However, after the pH value decreased to 6.5 (Figure 4C),
the MFI in PC-3 cells treated with PVD-NPs was 5.6-, 8.7-,
and 6.2-fold higher than that of the PVS-NPs group after
culture for 1 h, 2 h, and 4 h, respectively. These results
suggest that the response of PVD-NPs to the weakly acid
conditions of the tumor microenvironment could enhance
their uptake by cancer cells. The surfaces charge of PVD-
NPs can switch from negative to positive under acidic con-
ditions, resulting in enhanced PVD-NP attachment to the

negatively charged cell membranes.*’~*

ROS-Triggered Drug Release from

PVD-NPs

To study the ROS-responsive properties of the PVD-NPs, H,
0, was used to imitate the ROS conditions in cancer cells.*®
As shown in Figure 5A and B, after incubation for 48 h in the
absence of ROS, there was almost no PTX release from the
PVD-NPs, and only 27.2% VK3 release from the PVD-NPs
was observed, indicating the good stability of the PVD-NPs.
After treatment using 0.1 mM H,O, for 48 h, approximately
51.3% of the PTX and 66.0% of the VK3 were released from
the PVD-NPs. When the H,O, concentration was increased
to 10 mM, the cumulative release of PTX and VK3 increased
to 88% and 96%, respectively, at the same time point. These
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results suggest that the PVD-NPs have good ROS-responsive
properties. Moreover, the size changes in the PVD-NPs after
treatment using different concentration of H,O, for 12 h was
measured through DLS. As shown in Figure 5C, the size of
the PVD-NPs in the absence of H,O, was approximately 120
nm. However, this rapidly changed to 630 nm in the presence
of 10 mM H,0,, and the PDI changed from 0.12 to 0.88,
indicating the high sensitivity of the nanoparticles to ROS.
The hydrophobic core of the nanoparticles becomes hydro-
philic after the dissociation of PTX mediated by ROS, which
then induces nanoparticle disassembly.

Intracellular ROS-Generation and

Self-Amplifying Drug Release

The intracellular ROS-generation and self-amplifying drug
release capabilities of the PVD-NPs were investigated in the
PC-3 human prostate cancer cell line and the NIH-3T3 non-
cancerous cell line, using a DCFH-DA assay, in which non-
fluorescent DCFH-DA can be easily oxidized by ROS and
produce highly fluorescent 2.7-dichlorofluorescein (DCF).>’
PC-3 cells treated with VK3, PD-NPs, PVD-NPs, and PVD-
NPs with DIC, an NQOI inhibitor,** were stained using
a DCFH-DA kit, and intracellular ROS production was deter-
mined through CLSM and flow cytometry. As shown in
Figure 6A, both VK3 and the PVD-NP groups significantly
generated ROS compared with the control and PD-NPs
groups. PVD-NP treatment resulted in the highest ROS levels,
which were 170-fold higher than those of the control group
(Figure 6A and B). These results demonstrate the potential
ROS production capability of the PVD-NPs in cancer cells.
However, the PVD-NP-mediated induction of ROS generation
in PC-3 cells was significantly suppressed after the addition of
DIC, an NQOI1 inhibitor. It was demonstrated that the ROS
production ability of PVD-NPs in PC-3 cells was dependent
on NQOIL. It has been reported that NQO1 is overexpressed

100-fold in cancer cells compared with healthy cells.?*~*° For
comparison, we investigated the ROS levels in NIH-3T3 cells
through flow cytometry. As shown in Figure S5, the MFI in all
drug formulation treatment groups in NIH-3T3 cells was sig-
nificantly lower than that in cancer cells during the same
incubation period, demonstrating the limited ROS-genera-
tion of VK3 in non-cancerous cells. Therefore, PD-NPs can
effectively and selectively induce ROS generation in cancer
cells, resulting in intracellular self-amplifiable drug release.

To further verify the intracellular self-amplifiable drug
release behavior of the PVD-NPs, active PTX in PC-3 cells
after treatment with PVD-NPs and PD-NPs was detected
through HPLC. As shown in Figure 6C, after incubation for
8 h, 12 h, and 24 h, the active PTX in the PVD-NPs group
was 10.1-, 8.1-, and 7.2-fold higher than that in the PD-NPs
group, respectively. Moreover, PTX released from the PVD-
NPs in the PC-3 cells was evidently suppressed on adding
DIC. This result suggests that the PVD-NPs could effec-
tively realize intracellular self-amplifiable drug release,
which was dependent on NQO1.

In vitro Tumor Specific Cytotoxicity of

PVD-NPs

The in vitro cytotoxicity of the PVD-NPs, PD-NPs, and PVS-
NPs, as well as the free drugs, was determined through MTT
assays in PC-3 cells. Firstly, the cytotoxicity of the free drugs
was evaluated. As shown in Figure 7A, the cytotoxicity of
PTX combined with VK3 at the relevant weight ratio
(approximately 1: 1.5) was not significantly higher than that
of free PTX, suggesting a low combination effect for PTX and
VK3. Compared with the PD-NPs, the PVD-NPs produced
lower cell viability after the introduction of VK3 (Figure 7B).
The ICsq value of the PVD-NPs was 4.5-fold lower than that
of the PD-NPs (Figure 7E). However, when the PVD-NPs
were combined with the NQOI inhibitor DIC, their

International Journal of Nanomedicine 2020:15

submit your manuscript 75

Dove


https://www.dovepress.com/get_supplementary_file.php?f=230237.docx
http://www.dovepress.com
http://www.dovepress.com

Xu et al

Dove

A Control

B
I PVD-NPs
I PD-NPs
20 1 PVD-NPs + DIC
1600 S
© 154
" Q.
L 1507 2
= ] %’ 104
100 ;<>‘
= 54
50 o
0 I 0_

T T
Control VK3 PVD-NPs

PD-NPs PVD-NPs + DIC

PVD-NPs PVD-NPs+DIC

Time (h)

Figure 6 Intracellular ROS generation of different drug formulations. (A) CLSM images of ROS levels in PC-3 cells after treatment with PD-NPs, VK3, PVD-NPs, and PVD-
NPs + DIC (dicoumarol). (B) Mean fluorescence intensity (MFI), analyzed through flow cytometry, of DCF signal in PC-3 cells after treatment with PD-NPs, VK3, PYD-NPs,
and PVD-NPs + DIC. (C) Intracellular active PTX concentration in PC-3 cells after treatment with PVD-NPs, PD-NP, and PYD-NPs + DIC. Data are shown as mean * SD,

n = 3, ¥ p<0.001.

cytotoxicity significantly decreased, indicating that NQO1
was critical in promoting PTX release (Figure 7B and E).
Considering the low combination effect of PTX and VK3,
the high cytotoxicity of the PVD-NPs was not attributed to the
combined effect of PTX and VK3, but VK3 could effectively
generate ROS when catalyzed by NQOI, resulting in accel-
erating PTX release and severe cytotoxicity. For comparision,
the cytotoxicity of all the drug formulations against NIH-3T3

cells was also determined through MTT. As presented in
Figure S6, the cytotoxicity of the PVD-BPs and PD-NPs
against NIH-3T3 cells was not significantly different, and it
was significantly lower than that against PC-3 cells, indicating
cancer cell selectivity. Additionally, the cytotoxicity of the
PVS-NPs and the PVD-NPs was not significantly different
at pH 7.4 (Figure 7C and E). However, at pH 6.5, the cell
viability of the PC-3 cells treated with PVS-NPs was
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remarkably higher than those in the PVD-NPs group, and the
ICsq value of the PVD-NPs at pH 6.5 was 2.6-fold that of
the PVS-NPs (Figure 7D and E). These results indicate that
the surface charge-reversal of the PVD-NPs could effectively
enhance cell uptake and lead to greater cytotoxicity.

In vivo Pharmacokinetics and

Biodistribution

As mentioned above, the PVD-NPs were stable in PBS
(pH 7.4) with 20% FBS, indicating that they could prolong
circulation time. To evaluate this capability, the in vivo
pharmacokinetics of the PVD-NPs were measured in PC-3

tumor-bearing mice. As shown in Figure 8A, the PVD-
NPs showed great longevity in circulation compared with
free PTX over the same period. The t;,, of PTX was 2.38
h, which was 3.5-fold lower than that of the PVD-NPs.
The area under the curve (AUC) of the PVD-NPs was
5.7-times higher than that of PTX. This was attributed to
the protection of the PEG layer and the negatively charged
surface of the PVD-NPs.” Prolonged blood circulation
could promote nanoparticle accumulation in tumor tissue
through the EPR effect.'” Therefore, we studied the
in vivo biodistribution of the PVD-NPs. As shown in
Figure 8B, compared with free PTX, the amount of PVD-
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Figure 8 In vivo pharmacokinetics, biodistribution, and anti-tumor effects assay. (A) Pharmacokinetics of PTX and PVD-NPs after intravenous injection into PC-3 tumor-
bearing mice at a PTX dose of 3 mg/kg for 48 h. (B) Biodistribution of PTX and PVD-NPs in PC-3 tumor-bearing mice after treatment for 24 h. (C-E) Relative tumor
volume (C), extracted tumor weight (D), and tumor inhibition rate (E) of mice after treatment with different formulations. (F) Mouse body weight after treatment with
different formulations. (G) H&E staining of tumor sections. The images were acquired at 20% objective. Data represent the mean * SD (n = 6), * p<0.05, ** p<0.01.

NPs in the tumor tissue was increased nearly three-fold,
demonstrating that the PVD-NPs could effectively deliver
PTX to the tumor tissue through the EPR effect and pH-
triggered surface charge-reversal.

In vivo Tumor Inhibition of PYD-NPs

The above experiments demonstrated that the PVD-NPs could
effectively accumulate in tumor tissue and be internalized by
tumor cells. These advantages were further confirmed by
assessing tumor growth inhibition in PC-3 tumor-bearing
mice. When the tumor volume reached 100 ¢cm>, the mice
were treated with free saline, PTX, PTX + VK3, PVD-NPs,

PD-NPs, or PVS-NPs. The tumor volume changes, isolated
tumor weight, and tumor inhibition rate are shown in
Figure 8C-E. Compared with the saline group, the free PTX
and PD-NP groups demonstrated only moderately inhibited
tumor growth and the tumor inhibition rate was 38.9% and
50.1%, respectively. Administration of the PVS-NPs resulted
in a slightly better inhibition of tumor growth (tumor inhibi-
tion rate: 72.2%), while treatment with the PVD-NPs resulted
in a more significant suppression (tumor inhibition rate:
83.4%) of tumor growth compared with the PD-NPs or PVS-
NPs. The H&E staining results for tumor sections obtained at
the end of the treatments are shown in Figure 8G. Compared
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with the other formulations, the PVD-NPs produced the most
efficient suppression of tumor cell proliferation. The potential
reasons for this are as follows: 1) the negative surface charge
and PEGylation of the PVD-NPs could remarkably prolong
their circulation time and lead to increased particle accumula-
tion at the tumor site through the EPR effect; 2) the tumor
tissue pH-triggered surface charge-reversal could significantly
increase PVD-NP internalization in cancer cells; 3) endogen-
ous ROS could trigger drug release and lead to PVD-NP
disassembly, whereupon released VK3 could induce ROS
generation, resulting in accelerated drug release and PVD-
NP disassembly.*'** These factors contributed to the superior
anti-tumor efficacy of the PVD-NPs.

The in vivo biosafety of the PVD-NPs was also stu-
died. As shown in Figure 8F, the body weight of mice
treated with PTX and PTX +VK3 reduced by approxi-
mately 20% during treatment. However, mouse body
weight in the PVD-NPs, PD-NPs, and PVS-NPs treated
groups showed no significant changes during treatment,
indicating that the nano-drug formulations could remark-
ably reduce systemic toxicity. Furthermore, H&E staining
of the major organs including the heart, liver, spleen, lung,
and kidney also showed that all the formulations produced
no distinct damage (Figure S7). These results demonstrate
that the PVD-NPs produced no obvious systemic toxicity.

Conclusion

In summary, we have developed a pH/ROS dual-responsive
drug delivery platform (PVD-NPs) with surface charge-
reversal and self-accelerating drug release for tumor therapy.
PVD-NPs exhibit prolonged circulation time, because their
PEGylation and negative surface charge leads to reduced
non-specific protein absorption. The response of the PVD-
NPs to the acidic tumor microenvironment results in
a transformation to a positive surface charge and thereby
enhances cancer cell internalization in vivo. Moreover,
a high level of NQOI in cancer cells could catalyze the
production of ROS by VK3, resulting in an amplification of
drug release, which in turn increases the inhibition of tumor
growth and reduces side effects. The current study provides
a promising drug release nano-platform with superior tumor
therapy efficacy.
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