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Background: Co-delivery all-trans-retinoic acid (ATRA) and paclitaxel (PTX) is an effective
strategy for cancer therapy. However, in many previous reported ATRA conjugated co-delivery
systems, the ATRA was released slower than PTX, and the total drug release of ATRA far
lower than that of PTX.

Purpose: We designed and prepared a pH and redox dual responsive drug delivery system
(DA-ss-NPs) co-delivery ATRA and PTX for cancer therapy. The surface charge of DA-ss-
NPs could change from negative to positive under tumor slightly acidic microenvironment, and
both drugs could be quickly released from DA-ss-NPs under intracellular high concentration
of glutathione (GSH).

Methods: The DA-ss-NPs were constructed by encapsulating PTX into the hydrophobic core
of the polymer micelles, in which the polymer was synthesized by conjugating ATRA and
2,3-Dimethylmalefic anhydride (DMA) on side chains of Cystamine dihydrochloride (Cys)
modified PEG-b-PAsp (named DA-ss-NPs). The surface charge of DA-ss-NPs under different
pH conditions were detected. And the drug release was also measured under different concen-
tration of GSH. The therapeutic effect of DA-ss-NPs were investigated in Human lung cancer
A549 cells and A549 tumor-bearing mice.

Results: The zeta potential of DA-ss-NPs was -16.3 mV at pH 7.4, and which changed to 16
mV at pH 6.5. Cell uptake experiment showed that more DA-ss-NPs were internalized by A549
cells at pH 6.5 than that at pH 7.4. In addition, in presence of 10 mM GSH at pH 7.4, about
75%-85% ATRA was released from DA-ss-NPs within 48 h; but less than 20% ATRA was
released without GSH. In vivo antitumor efficiency showed that the DA-ss-NPs could affectively
inhibite the tumor in compared with control groups.

Conclusion: The charge-reversal and GSH-responsive DA-ss-NPs provide an excellent plat-
form for potential tumor therapy.

Keywords: all-trans-retionic acid, dual-responsive, charge reversal, PAsp, PEG-b-PLGA

Introduction

Cancer is one of the major causes of death around the world, and the treatment for
cancer remains one of the principal challenges.! Chemotherapy is also one of the main
strategies for cancer treatment in the clinic.> Combination chemotherapy, meaning
simultaneous administration of two or multiple therapeutic agents, can cause synergetic
responses, maximize the therapeutic effect, modulate different signaling pathways
in cancer cells and overcome drug resistance and is widely used in the clinic.>> For
example, Vogus et al® developed a nanodrug delivery system based on the hyaluronic
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acid for co-delivery of gemcitabine (GEM) and doxorubicin
(DOX) to treat triple-negative breast cancer; the in vitro and in
vivo experiments showed an effective synergistic therapeutic.
Moreover, Zhao et al” reported a nano-in-nano polymer—
dendrimer nanoparticle-based nanosystem to co-deliver
paclitaxel (PTX) and DOX for combination cancer therapy.

All-trans-retinoic acid (ATRA), a metabolite of vitamin A,
not only participates in various biological functions but also is
a promising agent for cancer prevention and treatment.®* How-
ever, it is reported that using ATRA alone in the clinical trial
does not show a significant therapeutic effect in cancer patients.'
However, when ATRA is combined with systemic chemother-
apy, such as DOX and PTX, it resulted in good responses and
significantly stabilized diseases in refractory metastatic breast
cancer.!" Moreover, because of the poor aqueous solubility,
low plasma concentration and potential side effects, the clinical
application of ATRA was limited.'>'* To resolve this problem,
many ATRA-conjugated nanoparticles for co-delivery of antitu-
mor agents have been developed.'>'” However, in these reports,
the ATRA was covalently bonded to the polymers through the
amine bond, which led to a slow drug release.'* 2 For example,
Hou et al”® developed a low molecular weight (MW) heparin-
all-frans-retinoid acid conjugate nanocarrier for co-delivery of
ATRA and PTX, in which <20% of ATRA was released within
20 days but about 70% of PTX was released.

Over the past decades, polyethylene glycol (PEG)-based
polymers have been widely explored for drug delivery because
the highly biocompatible macromolecule will prolong the
blood circulation of micelles and prompt them to passively
accumulate in the solid tumor tissues through the enhanced
permeability and retention (EPR) effect.?’ However, the
PEGylation appears to negatively affect the internalization of
nanoparticles and can therefore be an obstacle to the realiza-
tion of an effective therapeutic response.?>* It is reported that
nanoparticles with cationic surface enter cells relatively easily
because of adsorptive interaction with the cell membrane,
while positively charged nanoparticles are easily cleared
from blood circulation.?>?” Therefore, if a nanoparticle could
maintain its zeta potential as negative under blood circulation
but switch to its zeta potential as positive at solid tumor envi-
ronments, it could reduce the nonspecific protein adsorption
and promote cellular uptake at the same time.?%

It is well known that the extracellular pH of most tumor
tissues is more acidic (pH 6.5-6.8) than that of normal tissues
(pH 7.4), and the pH value of endosomes and lysosomes is about
4.5-6.5.334 Thus, pH-responsive nanoparticles can be designed
to control drug release at the specific tumor site. Moreover, the
concentration of glutathione (GSH) in the cytoplasm (about
2-10 mM) is 100—1000-fold higher than that in the extracellular

compartment.*>" In addition, GSH levels are found to be
further increased in tumor tissues compared to those in the
normal tissues.’>3* 4 Thus, disulfide linkage-based drug nano-
carriers are able to promote drug release in the tumor cells.*!

Keeping these issues in mind, a pH and redox dual-
responsive drug delivery system with the surface charge-
reversal drug delivery system for co-delivery of PTX and
ATRA were designed to address difficulties in the drug deliv-
ery process (Scheme 1). First, cystamine dihydrochloride
(Cys) was conjugated on the side of poly(ethylene glycol)-
block-poly(B-benzyl-L-aspartate-N-carboxy-anhydride)
(PEG-b-PBLA) through an ammonolysis reaction to obtain
the redox-sensitive polymers (PEG-b-(PAsp-g-Cys)). Then,
ATRA and 2,3-dimethylmalefic anhydride (DMA) were
conjugated to the side of PEG-b-(PAsp-g-Cys) to produce
the pH and redox stimuli-responsive polymer prodrug (PEG-
b-(PAsp-g-ss-ATRA/DMA)). Finally, the polymer prodrug
and PTX were assembled into drug-loaded micelle (DA-ss-
NPs). The DA-ss-NPs micelle could keep negative charge
under blood circulation but switch to positive charge under
slightly acidic condition through the hydrolysis of DMA.
Then, the disulfide-contained micelle was quickly uptaken by
tumor cells and had rapid intracellular drug release because
of the reductive conditions in tumor cells.*? Therefore, the
drug delivery system has great potential to achieve the goals
including combined therapy, long circulation time, quick
cellular uptake and rapid intracellular drug release.

Experimental

Materials

Amino-terminated methoxyl poly(ethylene glycol) (PEG-
NH,) was obtained from Sigma-Aldrich Co. (St Louis,
MO, USA). The B-benzyl-L-aspartate was purchased
from Sigma-Aldrich Co., and the B-benzyl-L-aspartate-N-
carboxy-anhydride (BLA-NCA) was prepared by using the
Fuchs-Farthing method.*** PTX was purchased from Beijing
Huafeng United Technology Company (Beijing, China).
Cys, 1,6-hexanediamine (Hex), DMA, succinic anhydride
(SA) and ATRA were all obtained from Aladdin Reagent
Company (China, Shanghai, China).

Synthesis of PEG-b-PBLA

PEG-b-PBLA was synthesized according to literature.*>4
Briefly, PEG-NH, (2.5 g, 0.5 mM) and BLA-NCA (3.95
g, 15 mM) were completely dissolved in anhydrous N,N-
dimethylformamide (DMF). The reaction mixture was
stirred for 48 hours at 40°C under a nitrogen atmosphere
and then precipitated into excess cold diethyl ether to obtain
the PEG-b-PBLA.
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Scheme | Schematic illustration of pH and redox dual-responsive drug delivery system with the surface charge reversal for co-delivery of PTX and ATRA (their prolonged
blood circulation, pH-triggered surface charge reversal and redox-responsive on-demand drug release and combined chemotherapy).
Abbreviations: PTX, paclitaxel; ATRA, all-trans-retinoic acid; DMA, 2,3-dimethylmalefic anhydride; PEG, polyethylene glycol.

Synthesis of PEG-b-(PAsp-g-Cys)
Poly(ethylene glycol)-block-poly([aspartic acid]-graft-
[Cystamine dihydrochloride]) (PEG-b-(PAsp-g-Cys) was syn-
thesized through ammonolysis reaction. In brief, Cys (2.4 g,
10 mM), PEG-b-PBLA (0.9 g, 0.1 mM) and triethylamine
(3.25 mL) were dissolved in 40 mL dimethyl sulfoxide
(DMSO) and stirred for 24 hours at room temperature under
a nitrogen atmosphere. After that, the reaction mixture was
dialyzed (MW: 3,500 Da) against methanol for 72 hours and
distilled deionized water for 48 hours, and then, a white solid
was obtained by lyophilization.*

As a control, no-redox-responsive polymers (PEG-b-
(PAsp-g-Hex)) were also synthesized by using the same
method; just Cys was changed to Hex.

Synthesis of PEG-b-(PAsp-g-ss-AR)

The ATRA was conjugated to the side chains of PEG-b-
(PAsp-g-Cys) through the amidation reaction to obtain the
PEG-b-(PAsp-g-ss-AR). Typically, ATRA (150 mg, 0.5 mM),
3 (ethyliminomethylideneamino)-N, N-dimethylpropan-1-
amine, hydrochloride (96 mg, 0.5 mM) and n-hydroxysuccin-
imide (60 mg, 0.5 mM) were completely dissolved in 40 mL dry
DMF and stirred for 2 hours at room temperature to activate the
carboxyl of ATRA. Afterward, PEG-b-(PAsp-g-Cys) (900 mg,
0.1 mM) and 3.4 mL triethylamine (TEA) were dissolved in

30 mL dry DMF and then added dropwise to the above mix-
ture reaction solution. The mixture solution was stirred for
24 hours at 40°C under a nitrogen atmosphere. The result-
ing solution was dialyzed against DMF for 72 hours and
distilled water for 48 hours with a dialysis membrane (MW:
3,500 Da), followed by lyophilization to obtain ATRA con-
jugate: PEG-b-(PAsp-g-ss-AR). The amount of ATRA in
PEG-b-(PAsp-g-ss-AR) was determined by ultraviolet (UV)
absorption at 350 nm.?

As a control, ATRA was conjugated to the side chains
of PEG-b-(PAsp-g-Hex) to obtain the no-redox-responsive
polymer: PEG-b-(PAsp-g-cc-AR).

Synthesis of PEG-b-(PAsp-g-ss-AR/DMA)
PEG-b-(PAsp-g-ss-AR) (450 mg, 0.05 mM) and DMA
(63 mg, 0.5 mM) were dissolved in DMF (15 mL), and then,
TEA (200 puL) was added under nitrogen atmosphere. The
mixture was stirred at room temperature for 24 hours. The
resulting solution was dialyzed (MW: 3,500) against distilled
water at pH 8-9 for 24 hours, followed by lyophilization to
obtain the purpose polymer PEG-b-(PAsp-g-ss-AR/DMA).
On the other hand, DMA reacted with PEG-b-(PAsp-
g-cc-AR) by using the same method to obtain the no-
redox-responsive polymer with charge-reversal polymer:
PEG-b-(PAsp-g-cc-AR/DMA).
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Moreover, SA was grafted to PEG-b-(PAsp-g-ss-AR)
by a similar procedure to obtain the non-charge-changing
polymer: PEG-b-(PAsp-g-ss-AR/SA).

Preparation of drug-loaded micelle
To prepare the double drug-loaded micelles with redox-sensi-
tive and charge-reversal polymer (named DA-ss-NPs), 20 mg
PEG-b-(PAsp-g-ss-AR/DMA) and 6 mg PTX were dissolved
in 3 mL of DMF and stirred at room temperature for 2 hours.
After that, the mixture solution was added dropwise into 10 mL
of PBS (0.01 M, pH 7.4) under vigorous stirring. The micelle
solution was then dialyzed (MW: 3,500 Da) against PBS for 24
hours and filtered by a Millipore filter (pore size: 0.45 um) to
remove unencapsulated PTX. The drug loading content (DLC)
and drug encapsulation efficiency (DEE) of PTX or ATRA
were determined by HPLC or UV spectroscopy, respectively.
Additionally, the micelles formed from PEG-b-(PAsp-
g-ss-AR) (positively charged nanoparticles, abbreviated as
P-ss-NPs), PEG-b-(PAsp-g-cc-AR/DMA) (redox-insensitive
nanoparticles, abbreviated as DA-cc-NPs) and PEG-b-(PAsp-
2-ss-AR/SA) (non-charge-reversal nanoparticles, abbreviated as
SA-ss-NPs) were prepared using the same method as that for DA-
ss-NPs; just the PEG-b-(PAsp-g-ss-AR/DMA) was changed to
the corresponding polymer. Furthermore, the coumarin-6-labeled
micelles were also prepared, and the method was similar to that
of DA-ss-NPs; just the PTX was changed to coumarin-6.

Characterization

The abovementioned facts about polymers were measured
by nuclear magnetic resonance spectroscopy (‘H NMR)
on a Bruker AVANCE III spectrometer at 300 MHz with
DMSO-d, as the solvent. The size and the zeta potential of
all micelles were determined using dynamic light scattering
(DLS, ZS90; Malvern Instruments, Malvern, UK). The mor-
phology of all micelles was investigated using transmission
electron microscopy (TEM; Hitachi Ltd., Tokyo, Japan).

pH-induced zeta-potential change in the

micelles

To study the surface charge characteristics of the micelles,
DA-ss-NPs (0.1 mg/mL), P-ss-NPs and SA-ss-NPs
(0.1 mg/mL) were dispersed in PBS (pH 6.5 or 7.4, 0.2 mM)
and incubated at 37°C. Samples were taken at designated time
intervals and the zeta potential was determined by DLS.

Disassembly and drug releasing of drug-

loaded micelles
The disassembly of redox-sensitive DA-ss-NPs micelles in
response to the various concentrations of GSH at different

times was determined by DLS. In brief, 3 mL of DA-ss-NPs
micelle solution containing GSH (0, 10 uM and 10 mM) was
placed in an incubation shaker at 37°C and stirred at 100 rpm
for 4 hours, and the changes in the sizes were measured
by DLS. As a comparison, redox-no-sensitive DA-cc-NPs
micelles incubated with and without 10 mM GSH were
included as controls.

The drug released from DA-ss-NPs and DA-cc-NPs
micelles at various concentrations of GSH was investigated
using a dialysis method. Typically, 3 mL of DA-ss-NPs
micelles containing 0.6 mg of PTX were enclosed in a
clamped dialysis bag (MW: 3,500 Da) and immersed in
50 mL of PBS buffer solution (pH 7.4) containing 5% (w/v)
Tween 80 and different concentrations of GSH (0, 10 uM
and 10 mM). Every sample was gently shaken at an appro-
priate speed at 37°C. Then, at different time intervals,
1 mL of solute outside the dialysis bag was removed and
replaced with equal volume of fresh medium. The amount
of ATRA release was quantified using UV spectrophotom-
eter at 350 nm. The quantification of PTX was performed
on a HPLC system with a reversed-phase C18 column
(250%4.6 mm, 5 um) determined at 227 nm. The mobile
phase consisted of acetonitrile/water 65:35 (v/v) at a flow
rate of 1 mL/min.

Measure the stability of nanoparticles

The DA-ss-NPs, P-ss-NPs and SA-ss-NPs micelles were
gently mixed with Roswell Park Memorial Institute (RPMI)
1640 culture medium with 10% FBS at pH 7.4 or 6.5. The
size of these micelles after different periods of incubation
time was determined by DLS.

Protein adsorption of the micelles

BSA and fibrinogen (FBG) were used as model proteins
to study the protein adsorption of the micelles. The DA-
ss-NPs, P-ss-NPs and SA-ss-NPs micelles were incubated
with protein solutions in PBS at pH 6.5 or 7.4, with the
final concentration of micelles and proteins fixed at 0.2
and 0.3 mg/mL. After incubation at 37°C for 2 hours, the
aliquots of the samples were centrifuged at 10,000 rpm and
the supernatants were collected to measure the BSA concen-
tration using the commercial BCA Protein Assay Kit.?? After
that, the adsorbed proteins on the aggregate were calculated
against a standard calibration curve of the BSA and FBG.
The standards were analyzed at the same conditions.

Cells lines and animals
The human lung cancer cell line A549 was obtained from
the Institute of Biochemistry and Cell Biology, Shanghai
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Institutes for Biological Sciences, Chinese Academy of
Sciences (Shanghai, China) and cultured in the RPMI 1640
culture medium, containing 10% (v/v) FBS and 100 IU/mL
penicillinand 100 pg/mL streptomycin at 37°C in a humidified
5% CO, atmosphere.

BALB/c nude mice (male, 4-5 weeks, 2022 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
were approved by the Shuyang Hospital Affiliated to Xuzhou
Medical University Care and Use Committee.

In vitro cell uptake

A549 cells were seeded into six-well plates at a density of
1x10° cells/well and incubated for 24 hours under normal
culture conditions. Then, the media were replaced with the
RPMI 1640 medium containing the coumarin-6 labeled DA-
ss-NPs, P-ss-NPs and SA-ss-NPs micelles at the concentra-
tion of 100 ng/mL of coumarin-6 at pH 7.4 or 6.5. Cells were
incubated for 3 hours under normal culture conditions. After
that, cells were washed twice with precooled PBS and fixed
with 4% paraformaldehyde solution for 10 minutes, stained
with Hoechst 33342 for 10 minutes, and then observed under
an inverted fluorescence microscope (Leica Microsystems,
Wetzlar, Germany).

HPLC analyses of cellular uptake of PTX

with the different formation

A549 cells were seeded into six-well plates at a density of
3x10* cells per well in 2 mL of cell culture medium and
incubated at 37°C for 24 hours. The original medium was
replaced with DA-ss-NPs, DA-cc-NPs, P-ss-NPs and SA-
ss-NPs in the RPMI 1640 medium of pH 6.5 or 7.4 and
cultured for 1, 2 and 4 hours at 37°C, respectively. After
incubation, the cells were washed three times with precooled
PBS, added with 200 pL of cell lysis buffer (1% of Triton
X-100) into each pore and incubated for 30 minutes at room
temperature. After that, 100 uL of cell lysate was mixed with
200 uL of acetonitrile by ultrasonication for drug extraction
followed by centrifugation at 8,000 rpm for 15 minutes;
the supernatant was collected, and the concentration of
PTX was detected by HPLC. All the determination of PTX
concentration was normalized to the protein content of cell
lysate.

In vitro cytotoxicity assay
First, the cytotoxicity of free drug combinations was studied
by using the MTT assay. A549 cells were seeded into 96-well

plates at a density of 5x10* cells per well and incubated over-
night. Then, the cells were treated with free PTX, free ATRA
and PTX+ATRA (mass ratio of PTX to ATRA was fixed at
1:1, 1:2 and 1:4, respectively) at different drug concentrations
for 48 hours. The cell viability was analyzed using MTT and
detected at 490 nm on a microplate reader (Thermo Multiskan
MK3; Thermo Fisher Scientific, Waltham, MA, USA).4647
The combination index (CI) of two drugs was determined
based on the additive effect of the two drugs effect equation
according to the previous reports:®’

da dc
=—a4 —
Da Dc

CI

where Da and Dc denote the inhibitor concentration (IC)
value of drug 1 alone and drug 2 alone, respectively. da
and dc denote the concentration of drug 1 and drug 2 in
the combination group at the IC value. CI>1 represents
antagonism, CI=1 represents additive and CI<1 represents
synergism.

The in vitro cytotoxicity of the drug-loaded micelles
was evaluated against A549 cells by the MTT assay. The
cells were seeded into a 96-well plate with a density of
5x10? cells per well and incubated overnight at 37°C in 5%
CO, atmosphere. The culture medium was replaced with
200 uL of fresh medium without FBS containing DA-ss-NPs,
DA-cc-NPs, P-ss-NPs or SA-ss-NPs at pH 7.4 or 6.5. After 4
hours incubation, the medium was removed and washed twice
with PBS and 200 uL fresh medium at pH 7.4 was added. After
another 45 hours incubation, the cell viability was analyzed
using MTT and detected at 490 nm using a microplate reader
(Thermo Multiskan MK3; Thermo Fisher Scientific).

In vivo tumor inhibition

Six-week-old male BALB/c nude mice were subcutaneously
injected with 6x10° A549 cells at the right flank region.
When the tumor size reached ~50-100 mm?, the mice were
randomly divided into seven groups (n=6) and intravenously
injected with saline, free PTX, PTX+ATRA, DA-ss-NPs,
DA-cc-NPs, P-ss-NPs or SA-ss-NPs every other day for
four times. The dosages of PTX and ATRA were each
10 mg/kg. The tumor volume and mouse body weight were
monitored every 2 days, and tumor size was calculated using
the following formula: volume=0.5x(width)*x(length). After
treatment for 20 days, the mice were sacrificed and tumor
section was harvested. Then, tumors were fixed in 4% (v/v)
formalin saline for 1 day, followed by tissues embedded in
paraffin and cut into a slice and then stained using H&E
histopathological evaluation.
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Statistical analysis

All the data were presented as mean+SD from at least three
independent experiments. The differences among groups
were calculated using Student’s #-test or one-way ANOVA.
Statistical analysis was performed using SPSS 20.0 software.
Differences were considered as significant when *P<<0.05,
**P<0.001 and ***P<<0.0001.

Results and discussion

Synthesis and characterization of ATRA
conjugates

The synthesized amphiphilic ATRA conjugates are shown in
Scheme S1. First, PEG-b-PBLA was synthesized; then, Cys
or Hex was conjugated to the side chain of PEG-b-PBLA
through ammonolysis reaction; finally, ATRA, DMA or SA
was conjugated to PEG-b-P(Asp-g-Cys) through ester or
amide formation.

'"H NMR spectra of ATRA, PPEG-6-PBLG, PEG-b-
(PAsp-g-Cys), PEG-b-(PAsp-g-ss-ATRA) and PEG-b-
(PAsp-g-ss-ATRA/DMA) are shown in Figures S1-S3.
All peaks in the spectra were well assigned according to
references.?** As determined by "H NMR spectroscopy of
PEG-b-PBLA (Figure S1), there were 18 degrees of polym-
erization for PBLA blocks by comparing the integration of
PEG with the integration of benzene of benzyloxycarbonyl.*
According to the '"H NMR spectra of PEG-5-PBLG and
PEG-b-(PAsp-g-Cys), the disappearance of the peaks of the
benzyl at 7.2 and 5.1 ppm demonstrated that the aminolysis
reaction was successful (Figures S2 and S3). The character-
ization peaks of ATRA were at 1, 1.5-2.3 and 5.5-7.5 ppm;
that of Cys was at 3.0 ppm and that of DMA was at 1-1.5
ppm.? These indicated successful conjugation of Cys,
ATRA and DMA to PEG-b-PBLA.?' The average amount
of ATRA determined by UV-vis spectrophotometer was
about 15.6%+1.22%.

Preparation and characterization of PTX-

loaded micelles

To measure the optimal combination ratio of ATRA and
PTX, the in vitro toxicity of A549 cells treated with free
ATRA, free PTX and PTX+ATRA at various mass ratios

Table | Characterization of PTX- and ATRA-loaded micelles

was evaluated by MTT assay. The results showed that the
minimum CI was achieved at a PTX/ATRA mass ratio of 1:1
(Figure S4); this result was same as previously reported.*
Therefore, this mass ratio was selected as the optimal ratio
for the following studies.

To determine the charge-reversal ability and redox-respon-
sive drug release property, we prepared the DA-ss-NPs (charge
reversal with redox-responsive micelle), SA-ss-NPs (non-
charge switch and redox-sensitive micelle), P-ss-NPs (posi-
tive charge with redox-sensitive micelle) and DA-cc-NPs
(charge reversal with redox-insensitive micelle) by mixing
PTX and different ATRA-conjugated copolymers and simul-
taneously encapsulating into the hydrophobic core by a nano-
co-precipitation method. The characterization data are shown
in Table 1. The drug loading efficiency (DLC) of PTX and
ATRA in DA-ss-NPs was 14.1%%3.5% and 13.7%%2.7%,
respectively. There was no obvious difference in DLC of
all micelles. All micelles form was determined by TEM; the
images showed that all micelles were well dispersed with a
regular spherical shape (Figure 1A-D), and their size was
about 100 nm, which was consistent with the DLS detection
results (Table 1).

pH-triggered surface charge reversal

To investigate micelles’ surface charge-switchable property,
different micelles were respectively dispersed in PBS at
pH 6.5 or 7.4 and their charge was detected at predesigned
time points. The results are shown in Figure 1E. All the
micelles (excepted P-ss-NPs) revealed a nearly neutral con-
stant surface charge at pH 7.4 during the incubation time,
indicating that they were relatively stable at pH 7.4. While
these micelles incubated at pH 6.5 for 4 hours, the surface
charge of DA-ss-NPs was increased quickly and reached a
positive zeta potential of about 16 mV within 1 hour, a little
lower than P-ss-NPs, which might be not all the carboxyl
groups dissociated and transformed to amino groups.*
The charge of DA-cc-NPs also quickly changed to positive
at short incubation time. In contrast, the zeta potential of
SA-ss-NPs had barely changed during the incubation time.
These results demonstrated that the DA-ss-NPs had a good
charge transition ability.

Micelles Size (nm) PDI Zeta (mV) DLC of PTX (%) DEE of PTX (%) DLC of ATRA (%)
DA-ss-NPs 12212 0.22+0.02 ~16.340.9 14.143.5 8247.5 13.742.7
DA-cc-NPs 107+15 0.23+0.01 ~17.240.9 13.643.7 79+6.2 13.741.9
SA-ss-NPs 11918 0.29+0.03 ~17+0.8 14.543.9 85+5.5 13.642.2
P-ss-NPs 132422 0.3340.02 27417 12.942.7 7449.1 13.842.1

Abbreviations: PTX, paclitaxel; ATRA, all-trans-retinoic acid; PDI, polydispersity index; DLC, drug loading content; DEE, drug encapsulation efficiency.
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and P-ss-NPs as a function incubation time at pH 6.5 or pH 7.4 (mean£SD, n=3).
Abbreviation: TEM, transmission electron microscopy.

Protein adsorption experiment

Reduced nonspecific protein adsorption of the charged nano-
particles is an important indicator for the prolonged blood
circulation.’ Therefore, we have investigated the interaction
of all micelles with proteins at different pH values by select-
ing BSA and FBG as models of plasma proteins.’> As shown
in Figure S5A, at neutral pH condition, both DA-ss-NPs and
SA-ss-NPs exhibited slight protein adsorption (<15%) after
2 hours incubation, indicating that the negative potential on

the surface of the micelles could contribute to prolonging their
circulation time in blood. When the pH value decreased to 6.5,
DA-ss-NPs strongly interacted with the proteins, showing that
more than 80% protein adsorption occurred within 2 hours,
nearly to the adsorption of P-ss-NPs (Figure S5B). However,
SA-ss-NPs exhibited much less protein adsorption presented
in the same conditions. The positive charge micelles P-ss-NPs
showed stronger protein adsorption at all the measured pH val-
ues of 7.4 and 6.5. These results were in good agreement with
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the pH-dependent charge conversion behavior of DA-ss-NPs
at pH 6.5 and implied that micelles with a positive charge may
potentially be cleared from blood circulation.>
Furthermore, to study the stability of the micelles, all
of them were incubated in RPMI 1640 containing 10%
FBS at pH 7.4 or 6.5. As shown in Figure S5C, at physi-
ological pH condition, the sizes of DA-ss-NPs, DA-cc-NPs,
and SA-ss-NPs exhibited little changes after incubated for
24 hours. While they were incubated at pH 6.5, the sizes of
DA-ss-NPs and DA-cc-NPs quickly changed from about
100 nm to >600 nm within 2 hours, which might owe to the
adsorption between micelles with proteins (Figure S5D). The
SA-ss-NPs showed a negligible size change at the same con-
ditions. Moreover, the size of the control P-ss-NPs showed
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a great change whether at pH 7.4 or pH 6.5. These results
were consistent with the pH-dependent charge conversion
behavior and protein adsorption of DA-ss-NPs at pH 6.5 and
indicated that nanoparticles with positive charge might be
unstable at blood circulation.

Redox-responsive micelles’ disassembly
and drug release

The time-dependent size change in DA-ss-NPs and DA-
cc-NPs micelles under different conditions was investigated by
DLS to present the redox-sensitive disassembly (Figure 2A and
B). DA-ss-NPs and DA-cc-NPs micelles were quite stable at
both pH 7.4 and 5.5 for 24 hours, indicating that these micelles
could not disassemble at low pH. However, the average micelle
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Figure 2 Size changes in DA-ss-NPs (A) and DA-cc-NPs (B) after incubating with or without GSH. Cumulative release of ATRA (C) and PTX (D) at pH 7.4 or 5.0 with or

without GSH (meantSD, n=3).
Abbreviations: GSH, glutathione; ATRA, all-trans-retinoic acid; PTX, paclitaxel.
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size of DA-ss-NPs increased from 120 to about 358 nm, fol-
lowed with additional 10 mM GSH, and the polydispersity
index (PDI) changed from 0.21 to 0.53 within 2 hours; more-
over, after incubation for 8 hours, the average particles size
of DA-ss-NPs was changed from 120 to 695 nm and the PDI
was changed from 0.21 to 0.73, which indicated the cleavage
of the disulfide bond.>* As a control, the size of DA-cc-NPs
had no obvious change under different conditions.

It is well known that there exists a reductive condition in
tumor cells. In our hypothesis, the PTX and ATRA would be
quickly released from DA-ss-NPs under the reductive condi-
tion, but barely release in low pH value condition. In order to
simulate the amide bond hydrolysis under acidic conditions
torelease ARTA, we prepared the DA-cc-NPs, and we hoped
that ATRA and PTX would be slowly released from DA-cc-
NPsunder low pH environment. The drug release behavior is
shown in Figure 2C and D. Little ATRA release was observed
from DA-cc-NPs micelles within 48 hours in both the absence
and the presence of 10 mM GSH. While under pH 5.5 with or
without GSH conditions, about 15.3%%2.5% or 16.7%%3.7%
ATRA was released from DA-cc-NPs within 48 hours, respec-
tively, which might be contributed to the hydrolysis of amide
bond under acidic environment. This phenomenon was also
observed in DA-ss-NPs. However, when DA-ss-NPs incu-
bated with GSH, a burst release of ATRA was observed, and
about 75%—-85% ARTA was released from DA-ss-NPs within
48 hours under pH 7.4 (normal physiological environment)
or pH 5.5 (the pH in endosome of tumor cells). At pH 5.5,
the release rate was slightly accelerated because of the higher
hydrolysis of the amide bond under acidic condition.

PTX release profiles of DA-ss-NPs and DA-cc-NPs
micelles are shown in Figure 2D. DA-ss-NPs and DA-cc-
NPs micelles showed a slow release of PTX in the absence of
GSH, and only 30% of the total PTX was released within 48
hours. In the presence of 10 mM GSH, no acceleration in PTX
release was observed for DA-cc-NPs micelle, while PTX’s
release from DA-ss-NPs drastically accelerated, and about
70% of PTX was released from DA-ss-NPs within 48 hours.
This might be due to the disassembly of DA-ss-NPs micelles
induced by GSH.* These results suggested that DA-ss-NPs
were triggered to release drug rapidly in response to highly
redox environment after intracellular uptake.

Cell uptake of different micelles

In order to estimate whether the surface positive charge
could enhance cellular internalization of nanoparticles, the
cell uptake of DA-ss-NPs, DA-cc-NPs, P-ss-NPs and SA-
ss-NPs in the human lung cancer cell A549 at pH 7.4 or 6.5
was qualitatively assessed by a fluorescence microscope. As

shown in Figure 3A and B, after culturing with cells for 2
hours, the fluorescence intensity of P-ss-NPs was the stron-
gest in A549 cells and there was no significant difference
between pH 7.4 and 6.5. In contrast, no difference was
observed when the cells were incubated with DA-ss-NPs,
DA-cc-NPs and SA-ss-NP at pH 7.4. However, when the pH
value was decreased to 6.5, the fluorescence intensity in A549
cells of DA-ss-NPs and DA-cc-NPs was obviously stronger
than in those of SA-ss-NPs and nearly reached with those of
P-ss-NPs. These results demonstrated that the response of
DA-ss-NPs to the low pH value of the tumor microenviron-
ment could enhance their uptake by the tumor cells.

To further demonstrate this phenomenon, we quantita-
tively evaluated the intracellular concentration of PTX after
incubation for 1 hour, 2 hours and 4 hours at different pH
values. As shown in Figure 3C and D, cell uptake of PTX with
different forms was dose dependent, and the concentration
of PTX within A549 cells incubated with DA-ss-NPs, DA-
cc-NPs and SA-ss-NPs was very low. When cells incubated
with P-ss-NPs at pH 7.4 or 6.5, the intracellular concentration
of PTX had no significant difference and was the highest. In
contrast, after incubating with DA-ss-NPs and DA-cc-NPs at
pH 6.5, the intracellular concentration of PTX was signifi-
cantly higher than that of cultured SA-ss-NP. These results
are consistent with the previous quantitative results.

In vitro cytotoxicity assay

The aim of this study was to demonstrate that the charge-
reversal micelles could promote cellular uptake and the
quick release of ATRA could enhance the synergy therapy
with PTX. To verify this assumption, we have evaluated the
viability of the A549 cells after incubation with different
micelles at different pH values by MTT. Many studies have
shown that PTX and ATRA have synergistic anticancer
effects;'® 2 thus, in the present study, we have not detected
the cytotoxicity of free PTX, ATRA and PTX+ATRA.
As shown in Figure 3E and F, all the micelles had a dose-
dependent effect on the cell viability. The cell viabilities of
A549 after treating with positive charge P-ss-NPs micelles
were all <20% in the presence of pH 7.4 or 6.5 when the
dose of PTX reached 50 pug/mL. AtpH 7.4, the cell viabilities
of A549 cells treated with DA-ss-NPs were about 70% even
if the highest dose of PTX reached 50 pg/mL. In contrast,
the cell viabilities of A549 cells incubated with DA-ss-NPs
were <25% under pH 6.5, while the dose of PTX reached
to 50 ug/mL. Compared to the charge-reversal DA-ss-NPs,
the cell viabilities of A549 cells cultured with non-charge-
reversal SA-ss-NPs were all >70% at pH 7.4 and pH 6.5 at
all dose of the drug. These demonstrated that pH-sensitive,
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Figure 3 Fluorescence microscope images of A549 cells after incubating with DA-ss-NPs, DA-cc-NPs, SA-ss-NPs and P-ss-NPs for 2 hours at pH 6.5 (A) or pH 7.4 (B).
Cellular accumulation of PTX at pH 6.5 (C and D) in A549 cells after incubating with DA-ss-NPs, DA-cc-NPs, SA-ss-NPs or P-ss-NPs. E-F: Cell viabilities of A549 cells after
incubating with DA-ss-NPs, DA-cc-NPs, SA-ss-NPs or P-ss-NPs at pH 6.5 (E) and pH 7.4 (F) through MTT assay (meanSD, n=6, **P<0.02, ***P<<0.001).

Abbreviation: PTX, paclitaxel.

charge-switchable DA-ss-NPs showed a more effective inhi-
bition proliferation against cancer cells at tumor extracellular
pH value than SA-ss-NPs. These results were similar to those
of previous reports.?*

Moreover, at pH 7.4, the cell viabilities of A549 cells after
treating with DA-cc-NPs were higher than 75% at all concentra-
tion and higher than those of DA-ss-NPs at the same conditions.

However, when the pH decreased to 6.5, the cell viabilities of
A549 were also higher than 55% after incubating with DA-
cc-NPs, which were significantly higher than the viabilities
of cells treated with DA-ss-NPs at the same conditions. As
mentioned earlier in this paper, cellular uptake of DA-ss-NPs
and DA-cc-NPs had no obvious difference, but the drug release
rate of DA-cc-NPs was slower than that of DA-ss-NPs at the
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same conditions. Therefore, we could conclude that the cell
inhibition proliferation against A549 cells of DA-ss-NPs was
more effective than that of DA-cc-NPs, which contributed to
the slow intracellular drug release, and the root cause was the
slow hydrolysis of the amide bond at pH 5.0. This phenomenon
was also similar to that of the previous report.'° Therefore, these
results have demonstrated that our hypothesis is true.

In vivo antitumor efficiency

To further explore the abovementioned results, the in vivo
antitumor efficiency of all micelles was evaluated using
human lung cancer A549 tumor-bearing nude mice. Tumor-
bearing mice were randomly divided into seven groups with
six mice in each group: PBS, PTX (free PTX), PTX+ATRA
(free PTX and free ATRA), DA-ss-NPs, DA-cc-NPs and SA-
ss-NPs. When the tumor grew to a size of about 50-100 mm?,
1 week after inoculation of the cancer cells, different formula-
tions with equivalent doses of PTX (10.0 mg/kg) and ATRA
(2.5 mg/kg) were given via tail intravenous (i.v.) injection.

The tumor size was measured every other day. As shown in
Figure 4A, the growth of tumor was inhibited to a certain
extent after the treatment with all drug formations compared
with PBS control group. Administration of SA-ss-NPs and
DA-cc-NPs resulted in a slightly better inhibition of tumor
growth, while treating with DA-ss-NPs showed a more sig-
nificant inhibition of tumor growth compared with treating
with SA-ss-NPs or DA-cc-NPs. The slight tumor inhibition
for DA-cc-NPs indicated that the slow drug release could
not completely eliminate the tumor. The tumor weight and
volume of the excised tumor (Figure 4B and D) agreed well
with those measured in living mice (Figure 4A). Meanwhile,
the body weight of mice remained stable during the treatment,
suggesting no significant systemic toxicity for all formula-
tions (Figure 4C). The histologic images of the tumor sec-
tion stained by H&E showed the highest level of tumor cell
nuclear ablation after treatment with DA-ss-NPs as shown in
Figure 4E. These results demonstrated that the DA-ss-NPs
had a good antitumor potential in vivo.
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Figure 4 (Continued)
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Figure 4 In vivo antitumor effect of all drug formations.

Notes: (A) Tumor volumes of different groups of tumor-bearing mice at different days after treating with physiological saline, free PTX, PTX+ATRA, DA-ss-NPs, DA-cc-NPs,
SA-ss-NPs and P-ss-NPs (***significant difference between DA-ss-NPs and DA-cc-NPs or SA-ss-NPs). (B) Excised tumor weight of different groups. (C) Mice weight of
different treatment groups. (D) Photos of excised tumors. (E) Histology analysis by H&E staining was performed for the different treatment groups using a virtual microscope
(200x vision). All data were represented as meantSD. n=6, *P<<0.05, **P<<0.0| and ***P<0.001.

Abbreviations: PTX, paclitaxel; ATRA, all-trans-retinoic acid.

Conclusion

We have developed a pH-triggered surface charge reversal
with redox-responsive rapid drug release polymer micelle
co-loaded with PTX and ATRA for combination anticancer
therapy. The micelle thus exhibited prolonged circulation
time owing to the reduced nonspecific protein absorption of
the negative charge at natural condition, while the response of
micelle to acidic condition resulted in switching to being posi-
tively charged and hence further promoting the cancer cell
internalization in vivo and then rapidly releasing drug under
a high concentration of GSH environment, which in turn
resulted in an increased inhibition of tumor growth. The rapid
release of two drugs at the same time significantly enhanced
the antitumor efficiency in vivo. The described technology
unifies the surface charge reversal, on-demand quick drug
release, combination therapy and excellent biocompatibil-
ity into one formulation and hence has a great potential to
achieve better therapeutic effects in cancer treatment.
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Scheme S| The synthesis route of PEG-b-(PAsp-g-ss-RA/DMA).

Abbreviations: PEG, polyethylene glycol; BLA-NCA, B-benzyl-L-aspartate-N-carboxy-anhydride; PBLA, poly(3-benzyl-L-aspartate-N-carboxy-anhydride); Cys, cystamine
dihydrochloride; ATRA, all-trans-retinoic acid; DMA, 2,3-dimethylmalefic anhydride; DMF, N,N-dimethylformamide; RT, room temperature; TEA, triethylamine; EDC,
3 (ethyliminomethylideneamino)-N,N-dimethylpropan- | -amine,hydrochloride; NHS, n-hydroxysuccinimide; RA, all-trans-retinoic acid; '"H NMR, nuclear magnetic resonance.
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Figure S1 'H NMR spectra of PEG-b-PBLA in DMSO-dé.
Abbreviations: PEG, polyethylene glycol; PBLA, poly(B-benzyl-L-aspartate-N-carboxy-anhydride); DMSO, dimethyl sulfoxide; 'H NMR, nuclear magnetic resonance.
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Figure S2 'H NMR spectra of PEG-b-(PAsp-g-ss-AR).
Abbreviations: PEG, polyethylene glycol; DMSO, dimethyl sulfoxide; '"H NMR, nuclear magnetic resonance; RA, all-trans-retinoic-acid.
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Figure S3 'H NMR spectra of ATRA, PEG-b-(PAsp-g-Cys) and PEG-b-(PAsp-g-ss-AR/DMA) in DMSO-dé.
Abbreviations: ATRA, all-trans-retinoic acid; PEG, polyethylene glycol; Cys, cystamine dihydrochloride; DMA, 2,3-dimethylmalefic anhydride; DMSO, dimethyl sulfoxide;

RA, all-trans-retinoic-acid.
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Figure S4 (A) Viability of A549 cells incubated with free PTX, free ATRA and PTX+ATRA with a different mass ratio for 48 hours at the different drug concentrations.
(B) The ClI of different drug ratio.

Abbreviations: PTX, paclitaxel; ATRA, all-trans-retinoic acid; Cl, combination index.
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Figure S5 BSA and FBG adsorption of DA-ss-NPs, DA-cc-NPs, SA-ss-NPs and P-ss-NPs at pH 7.4 (A) or pH 6.5 (B), mean£SD, n=3. Changes in particle size of DA-ss-NPs,
DA-cc-NPs, SA-ss-NPs and P-ss-NPs following incubation with RPMI 1640 culture medium with 10 FBS at pH 7.4 (C) or pH 6.5 (D); the diameters of all micelles at time 0
were determined in PBS, mean+SD, n=3.

Abbreviations: FBG, fibrinogen; RPMI, Roswell Park Memorial Institute.
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