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Background: It is of great significance to develop intelligent co-delivery systems for cancer
chemotherapy with improved therapeutic efficacy and few side-effects.

Materials and Methods: Here, we reported a co-delivery system based on pH-sensitive
polyprodrug micelles for simultaneous delivery of doxorubicin (DOX) and paclitaxel (PTX)
as a combination chemotherapy with pH-triggered drug release profiles. The physicochem-
ical properties, drug release profiles and mechanism, and cytotoxicity of PTX/DOX-PMs
have been thoroughly investigated.

Results and Discussion: The pH-sensitive polyprodrug was used as nanocarrier, and PTX
was encapsulated into the micelles with high drug-loading content (25.6%). The critical
micelle concentration (CMC) was about 3.16 mg/L, indicating the system could form the
micelles at low concentration. The particle size of PTX/DOX-PMs was 110.5 nm, and
increased to approximately 140 nm after incubation for 5 days which showed that the
PTX/DOX-PMs had high serum stability. With decrease in pH value, the particle size first
increased, and thenwas no longer detectable. Similar change trend was observed for CMC
values. The zetapotential increased sharply with decrease in pH. These results demonstrated
the pHsensitivity of PTX/DOX-PMs. In vitro drug release experiments and study on release
mechanism showed that the drug release rate and accumulative release for PTX and DOX
were dependent on the pH, showing the pH-triggered drug release profiles. Cytotoxicity
assay displayed that the block copolymer showed negligible cytotoxicity, while the PTX/
DOX-PMs possessed high cytotoxic effect against several tumor cell lines compared with
free drugs and control.

Conclusion: All the results demonstrated that the co-delivery system based on pH-sensitive
polyprodrug could be a potent nanomedicine for combination cancer chemotherapy. In
addition, construction based on polyprodrug and chemical drug could be a useful method
to prepare multifunctional nanomedicine.

Keywords: pH-responsive, polyprodrug micelles, co-delivery, controlled release, cancer
therapy

Introduction

Chemotherapy is still currently the most commonly used treatment for various
cancers in clinics.' Some efficient chemical anticancer drugs, such as doxorubicin
(DOX),* paclitaxel (PTX),” and camptothecin (CPT),® have been developed for
cancer chemotherapy. However, a lot of shortcomings have been reported during
clinical use.” '° For example, DOX also induces damage of normal tissues, especially

the heart, meanwhile killing the tumor cells.'" Furthermore, small chemical
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anticancer drug molecules would be cleared quickly by the
reticuloendothelial system (RES) and blood/renal during
circulation in the body after administration, leading to the
quite low concentration at the tumor sites.'*”'> When the
dose of drug is increased, the adverse side-effects become
severe. Therefore, it is of great significance to find a method
to solve this dilemma. With the rapid development of bio-
nanotechnology recently, a nanoscale stimuli-responsive
drug delivery system (DDS) has emerged and attracted
more and more attention, and has been deemed to be an
effective strategy to increase the drug concentration at the
tumor sites and remit the unwanted side-effects of chemical
anticancer drugs.'®>* In the past years, various DDSs have
been designed and developed for drug delivery, such as
polymeric micelles (PMs),> hybrid nanoparticles (NPs),*®
metal-organic framework (MOF),?” liposomes,® and liquid
emulsion.”” Generally, the chemical drugs are physically
loaded in the core of the system or chemically linked on the
carriers. After administration, the drug-loaded systems
would remain stable and compact in the blood circulation
in case the cargos are leaked. Once they arrive at the tumor
sites by the enhanced permeability and retention (EPR)
effect, the drug would be released by responding to the
specific tumor microenvironment cues (eg, low pH, high
glutathione concentration and special enzyme), followed by
inducing the death of tumor cells.>*** Compared with other
nanoscale carriers, PMs which are self-assembled from
amphiphilic copolymers have several unique superior
advantages.**° For instance, it is easy to modify the copo-
lymer to obtain multifunctional carriers. And the PMs pos-
sess high drug loading efficacy, high biocompatibility, and
low toxicity.>” Compared to the physical drug loading
method, the drug molecules are chemically linked on the
carriers via sensitive bonds, such as disulfide bonds and
hydrazone bonds, resulting in a polyprodrug which could
effectively reduce the drug burst release and efficiently
protect the drugs during blood circulation.**>° Combining
the advantages of both (PMs and prodrugs), some novel
nanomedicines have been reported.**** Ma et al prepared
a prodrug comprised of mussel-derived biomimetic peptide
with fluorescein isothiocyanate for imaging, RGD sequence
for targeting, and a pH-sensitive conjugation of antitumor
drugs. The prodrug could self-assemble into polyprodrug
micelles which were used for active targeted delivery of
anticancer drug. The in vivo experimental results showed
that this system could effectively deliver drug to tumor cells
and suppresstumor growth.*’

Recently, several limitations of single drug cancer che-
motherapy have been reported such as poor bioavailability,
low therapeutic efficacy, and multidrug resistance.**
Therefore, combination chemotherapy of two or more
anticancer drugs has been thoroughly investigated and
extensively developed in the past few years.*™*® For
example, Zhu et al prepared a poly(lactic-co-glycolic
acid) nanoparticle (PLGA NPs) for co-delivery of doce-
taxel (DTX) together with vitamin E TPGS with improved
therapeutic  efficacy against multidrug resistance.*’
Danafar et al reported drug conjugated PEG-PCL NPs
for co-delivery of hydrophilic and hydrophobic anticancer
drugs. The DOX-conjugated block copolymers were
synthesized first, and then curcumin was physically loaded
in the polymeric core during the self-assembly in aqueous.
The cytotoxicity assay showed that the system had
a higher cytotoxic effect against A549 cells compared
with free drugs.® Therefore, co-delivery of multidrugs
using intelligent nanoscale carriers could be a potent
method to enhance therapeutic efficacy and overcome
drug resistance.

Herein, inspired by the specific tumor microenvironment
cues, we designed and prepared a co-delivery system com-
posed of pH-sensitive polyprodrug copolymer and antic-
ancer drug PTX. The DOX-conjugated diblock copolymer
was synthesized in our previous work.’' Here,
these polyprodrugs were not only used as nanomedicine,
but also simultaneously utilized as stimuli-responsive car-
rier for encapsulation and delivery of PTX with
pH-triggered drug release profiles for cancer combination
chemotherapy, as shown in Figure 1. The DOX-conjugated
copolymer molecules could self-assemble into polymeric
micelles together with hydrophobic PTX in aqueous, result-
ing in PTX-loaded PMs (so-called PTX/DOX-PMs). For
PTX/DOX-PMs, the DOX molecules were chemically
linked on the pH-sensitive diblock copolymers, and PTX
molecules were physically loaded in the micellar core. The
PTX/DOX-PMs showed high stability for extended circula-
tion in the body at normal pH (pH 7.4). After deposition at
the tumor sites, part of tertiary amine residues in PAE block
would be protonated which led to the increase of surface
charge of PTX/DOX-PMs, facilitating the cellular uptake
by tumor cells. And then, the pH-sensitive bonds between
polymer and DOX molecules would be cleaved by respond-
ing to the intracellular acidity. All of the tertiary amine
residues in PAE block would be protonated, resulting in
disassembly of PTX/DOX-PMs to release the encapsulated

PTX molecules. Moreover, the drug release mechanisms of
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Figure | Self-assembly of pH-responsive polyprodrug micelles for co-delivery of PTX and DOX with pH-triggered drug release profiles.
Abbreviations: DOX, doxorubicin; PTX, paclitaxel; mPEG-b-PAE-cis-DOX, diblock copolymer poly(ethylene glycol)methyl ether-b-poly(B-amino esters) conjugated with
DOX via acid-labile cis-aconityl moiety; PTX/DOX-PMs, paclitaxel and doxorubicin-loaded polymeric micelles; i.v. injection; intravenous injection; PTX/DOX, paclitaxel and

doxorubicin molecules.

chemically loaded DOX and physically loaded PTX were
investigated based on a comprehensive semi-empirical
equation. The pH-triggered drug release profiles and cyto-
toxicity of systems against different tumor cell lines were
investigated. In addition, some other physicochemical prop-
erties of PTX/DOX-PMs, such as particle size, zeta poten-
tial and pH -sensitivity, were also studied in this work.

Materials and Methods

Materials

Diblock copolymer poly(ethylene glycol)methyl ether-
b-poly(f-amino esters) conjugated with DOX via acid-
labile cis-aconityl moiety (mPEG-b-PAE-cis-DOX) was
synthesized as reported in our precious work.”'
Doxorubicin hydrochloride (DOX-HCl) was purchased
from Wuhan Yuan Cheng Gong Chuang Co. Ltd (Wuhan,
China). Paclitaxel (PTX) was purchased from Xi’an Helin
Pharm Co., Ltd. (Xi’an, China) Methylthiazoltetrazolium
(MTT) was purchased from Sigma-Aldrich. Dulbecco’s
modified eagle media (DMEM) growth media, fetal bovine
serum (FBS), trypsin, penicillin, streptomycin, and other
biological agents were all purchased from Invitrogen.
A549, MDA-MB-231, A2780 and NCL-H460 cell lines
were obtained from the American Type Culture Collection
(ATCC). All other chemical and biological reagents were
used as received.

Preparation of PTX/DOX-PMs

The PTX/DOX-PMs were prepared using dialysis method.
Briefly, polyprodrug mPEG-b-PAE-cis-DOX (20 mg) was
dissolved into DMF (20 mL) with stirring for 30 min.
Then PTX (5 mg, 10 mg, 20 mg) was added into the
solution. The mixed solution was transferred into a pre-
swollen cellulose membrane bag (MWCO 3500-4000),
followed by placing in a beaker (1 L). The dialysis process
was carried out for 48 h against deionized water at room
temperature. The deionized water was replaced every
2 h in the first 12 h and then every 6 h. After filtration
by 0.45 um filter and lyophilization, the PTX/DOX-PMs
were obtained and stored at —20°C for further studies.
DOX-PMs were prepared in a similar way as reported
elsewhere.”!

Characterization

The particle size of PTX/DOX-PMs and DOX-PMs was
measured by dynamic light scattering (DLS, Malvern
Zetasizer Nano S, Malvern, UK). As a topical experiment,
PTX/DOX-PMs were re-suspended in PBS at different pH
values (9.0, 8.0, 7.4, 7.0, 6.8, 6.5, 6.0, 5.5, 5.0, and 4.0) at
a concentration of 1.0 mg/mL, and incubated for 2 h. The
samples were measured in a 1.0 mL quartz cuvette using
a diode laser of 670 nm at room temperature. The zeta
potential of samples was measured in a similar method.
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To evaluate the serum stability of PTX/DOX-PMs, the
samples were prepared as previously mentioned. Then the
samples were incubated in PBS with 20% FBS at 37°C for
5 days, the particle size and polydispersity index (PDI) of
samples were recorded every day using DLS.

Drug Loading Efficacy

The PTX loading content (LC) and encapsulation efficiency
(EE) were analyzed using high- performance liquid chroma-
tography (HPLC, Waters 2690 Separations Module system,
Milford, MA) consisting of a P-900 gradient pump system
and an Ultra C18 5 pum column (250 % 4.6 mm). Briefly, 1 mg
of PTX/DOX-PMs was first dissolved into dichloromethane
(DCM) for 30 min. Then, the resultant solution was filtered
by 0.45 pm filter. The HPLC analysis was performed using
acetonitrile/water (v/v = 4: 1) as the mobile phase at 30°C
with a flow rate of 1.0 mL/min and detected at a wavelength
of 227 nm (UV detector, Waters). The LC and EE were
calculated according to the following equations:

Weight of loaded drug
L = 1
(%) Weight of drug loaded — NPs x 100%
Weight of loaded drug
EE = ‘ 100
(%) Weight of drug in feed X %

The DOX conjugated efficiency (DCE) has already been
confirmed using UV-vis spectrophotometer (UV-2450,
Shimadzu, Japan), as reported elsewhere.’'

Critical Micelle Concentration (CMC)

Measurement

The CMC values of systems were measured by the fluores-
cence technique using pyrene as a probe dye. In brief, the
block copolymer was first dissolved into deionized water at
a concentration of 0.1 mg/mL. The systems were mixed with
the pre-prepared pyrene solution to prepare a series of mixed
solutions with concentrations from 0.0001 to 0.1 mg/mL, and
the final concentration of pyrene was 6x10°’ M. Before
measurement, the obtained mixture was equilibrated in the
dark for one day at 25°C. The excitation spectra of samples
were tested with a fluorescence spectrophotometer (F-4500,
Hitachi, Japan) at 373 nm with a bandwidth of 0.2 nm.

In vitro Release of PTX and DOX from PMs

To acquire sink conditions, in vitro drug release study was
performed at low drug concentration. The release profiles of
PTX and DOX from PTX/DOX-PMs were investigated
using a dialysis method. Briefly, 2 mg of PTX/DOX-PMs
was re-suspended in 2 mL of PBS at pH 7.4, 6.5 or 5.0, and

then the solution was transferred into a pre-swollen cellulose
membrane bag (MWCO 3500-4000) which was immersed
into 38 mL of respective PBS solution in a beaker with
stirring of 110 rpm at 37°C. At pre-determined time inter-
vals, 1 mL of sample was drawn from the beaker and 1 mL
fresh respective PBS was added. The PTX and DOX con-
centrations of every sample were analyzed using HPLC and
UV-vis spectrophotometer as previously mentioned, respec-
tively. The accumulative release amount of drug (E,) was
calculated based on the following equation:

V.Y Ci+ 1C,

Merug

E. (%) = x 100%

where, mg, represented the amount of PTX or DOX in
the PTX/DOX-PMs, ¥V, was the whole volume of the
release media (Vy = 40 mL), and C; represented the con-
centration of PTX or DOX in the iy, sample.

Drug Release Mechanism Study

The drug release mechanism from PMs was very complex
and not completely understood until now. Peppas et al
established a comprehensive semi-empirical equation to

roughly analyze the mechanism,*>>* as follows:
M,
— =k"
M,

This formula has a transformation, as follows:

log(}\%{)) =nlogt+ logk
Where, M/M,, was the accumulated amount of drug at
time ¢. k was the constant incorporating structural and
geometric characteristics of carrier which indicated the
drug release rate, and n was the release exponent indi-
cating the drug release mechanism. The value of n was
0.43 for Fickian diffusion and n < 0.43 corresponded to
the combination of diffusion and erosion control, 0.43
< n < 0.85 was for anomalous transport mechanism, and
n was 0.85 for swelling-controlled mechanism.

Cell Culture

The cell culture protocols for A549, MDA-MB-231, A2780,
NCL-H460 and NIH 3T3 cell lines were similar as reported
elsewhere.’'>* The cells were cultured in the medium sup-
plemented with 10% FBS, 100 units/mL penicillin and
100 pg/mL streptomycin at 37°C in an incubator. After
two or three times of passage, the cells were used for future
studies.
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Cytotoxicity Assay

The cytotoxic effects of diblock copolymer, free DOX, free
PTX, mixture of free DOX and PTX, DOX-PMs, PTX/
DOX-PMs against these cell lines were evaluated utilizing
the standard methylthiazoltetrazolium (MTT) assay. Tumor
cells were seeded in a 96-well plate at a density of 1 x 10
cells per well in 200 puL of medium. The 96-well plate was
cultured in the incubator for one day. After removing the
culture supernatants, the prepared diblock copolymer, free
DOX, free PTX, mixed free DOX and PTX, DOX-PMs and
PTX/DOX-PMs medium solution with a concentration gra-
dient were added into the wells. Tumor cells with fresh
medium were used as blank back-ground. Live tumor cells
without any treatment were used as a control with no exo-
genous cytotoxicity. After incubation for 48 h, 20 pL of
MTT solution (5 mg/mL) was added into the wells. The
96-well plate was shaken at 150 rpm for additional 10 min,
followed by incubation for 4 h. The supernatants in every
well were discarded, and 200 pL. of DMSO was added to
dissolve the formazan crystals, and the plate was shaken for
15 min. The 96-well plate was measured by a microplate
reader (Multiskan Spectrum, Thermo Scientific, Finland) at
490 nm. The relative cell viability (%) was calculated using
the following formula:

Asample - Ablunk

Cell viability = x 100%

Acontrol - Ablank

where, 4 was the absorbance at 490 nm. The cytotoxicity

test was performed in replicates of six wells.
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Statistical Analysis

The experimental data were presented with average values,
expressed as the mean =+ standard deviation (S.D.).
Statistical analysis was conducted using two-sample
Student’s #-test of origin 8.5 or ANOVA analyses, and
considered to be significant when p < 0.05.

Results and Discussion

Preparation and Characterization of PTX/

DOX-PMs

The PTX/DOX-PMs were prepared using dialysis method.
The particle sizes of DOX-PMs and PTX/DOX-PMs were
recorded by DLS, as shown in Figure 2A. The hydrody-
namic diameters of DOX-PMs and PTX/DOX-PMs were
102.3 nm and 110.5 nm, respectively. After PTX loading,
the particle size was slightly increased due to the entrapped
hydrophobic PTX molecules in the micellar core. As
reported, the PMs with size of 50-200 nm were suitable
for accumulation at tumor sites through EPR effect in cancer
therapy.” In order to receive high accumulation at the site of
tumor, the PTX/DOX-PMs should have high serum stability.
Next, the serum stability of PTX/DOX-PMs in PBS contain-
ing 20% FBS at pH of 7.4 was evaluated, as shown in
Figure 2B. After incubation for 1 day, the particle size was
increased from 110.5 nm to approximately 130 nm. Even
after incubation for 5 days, the particle size of PTX/DOX-
PMs was still less than 150 nm, indicating that the co-deliv-
ery system, PTX/DOX-PMs, had high serum stability. In
addition, the PDI of PTX/DOX-PMs after incubation for

B 200 1.0
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Figure 2 (A) Hydrodynamic diameter of DOX-PMs and PTX/DOX-PMs measured by DLS. (B) Particle size and polydispersity index (PDI) of PTX/DOX-PMs after
incubation in the presence of 20% FBS in PBS at pH 7.4 at 37°C for 5 days (n = 3, mean * SD).
Abbreviations: DOX-PMs, doxorubicin-loaded polymeric micelles; PTX/DOX-PMs, paclitaxel and doxorubicin-loaded polymeric micelles; DLS, dynamic light scattering;

FBS, fetal bovine serum; PBS, phosphate buffer solution; PDI, polydispersity index.
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different times was still less than 0.3, suggesting the good
uniformity and higher stability. These findings proved that
the PTX/DOX-PMs had proper particle size and high serum
stability, thereby enhancing the accumulation at tumor sites
via EPR effect.

The particle size, PDI, LC and EE of PTX/DOX-PMs at
different mass ratios of PTX and polyprodrug copolymer
were shown in Table 1. With increase of PTX in feed, the
LC of PTX increased, as expected. When the PTX in feed
was 5 mg (PTX: carriers= 1: 4, mass ratio), the LC and EE
were 16.8 % and 80.3%, respectively. When the mass ratio
was 1: 2 (PTX in feed was 10 mg), the LC markedly
increased to 25.6%, while the EE was slightly decreased to
75.4%. When the PTX in feed was 20 mg (PTX: carriers= 1:
1, mass ratio), the LC slightly increased to 29.4%, but the EE
was sharply decreased to 55.8%. These results showed that
the 10 mg of PTX in feed (PTX: carriers= 1: 2, mass ratio)
could be the optimal formulation, and these PTX/DOX-PMs
were used for the following studies. Additionally, the particle
size of PTX/DOX-PMs was slightly increased with increase
of PTX in feed, resulting from more PTX molecules in the
micellar core thereby enhancing the core of PMs. Moreover,
the average number of DOX molecules conjugated on the
PAE chain was and 2.5 + 0.2 per polymer molecule.’’

pH Sensitivity of PTX/DOX-PMs

Next, the pH sensitivity of PTX/DOX-PMs was studied by
measurement of particle size, zeta potential and CMC values of
systems at different pH conditions. As seen in Figure 3A, when
the pH was higher than 7.4, the particle size of PTX/DOX-PMs
was quite stable (110 nm-120 nm). When the pH decreased
from 7.4 to 6.5, the particle size of PTX/DOX-PMs sharply
increased. In particular, the particle size increased to 165.8 nm
at pH of 6.5. The reason could be that part of tertiary amine
residues in PAE block were protonated at weakly acidic con-
dition which induced the solubility transformation of PAE
segment from hydrophobicity to hydrophilicity, resulting in
swelling of PTX/DOX-PMs. When the pH decreased

sequentially (< 6.5), no particles were detectable, indicating
there were no particles. The reason might be that all of the
tertiary amine residues in PAE segment were ionized, leading
to the hydrophilic PAE segment. Moreover, the pH-sensitive
bonds cis-aconityl linker between copolymer and DOX mole-
cules were cleaved, resulting in detachment of the hydrophobic
DOX. Therefore, the original amphiphilic block copolymer
mPEG-b-PAE-cis-DOX was changed to hydrophilic diblock
copolymer mPEG-b-PAE, suggesting the disassembly of PTX/
DOX-PMs. Figure 3B shows the zeta potential of PTX/DOX-
PMs at different pH values. As expected, the zeta potential
rapidly increased (from —7.8 mV to +56.1 mV) with decrease
in pH (from 9.0 to 4.0), attributed to the ionization of tertiary
amine residues of PAE segment. Figure 3C shows the CMCs of
DOX-PMs and PTX/DOX-PMs at different pH conditions.
For DOX-PMs, the CMC was increased from 3.6 pg/mL to
45.2 pg/mL when the pH decreased from 7.4 to 6.8. A similar
change trend was observed for PTX/DOX-PMs system. The
CMCs were 3.16 pg/mL (Figure S1), 18.55 pg/mL and 49.64
pg/mL, respectively, at pH 7.4, 6.8 and 6.5. This was ascribed
to part of the tertiary amine residues of PAE segment being
protonated which enhanced the molecular polarity, thereby
requiring greater driving force for micellization to counteract
the greater electrostatic repulsive force. When the pH was
lower than 6.5, the CMCs of DOX-PMs and PTX/DOX-PMs
were not detectable, resulting from ionized tertiary amine
residues in PAE segment and cleavage of pH-sensitive bonds.
The micelles were disassembled at this stage. In addition, the
CMC of PTX/DOX-PMs was slightly lower than that of DOX-
PMs due to the introduction of hydrophobic PTX molecules in
the system. In summary, the particle size, zeta potential and
CMC of PTX/DOX-PMs were dependent on the pH value.
These results proved that the PTX/DOX-PMs possessed pH

sensitivity.

pH-Triggered DOX Release in vitro
Since the pH sensitivity of PTX/DOX-PMs has been con-
firmed, in vitro release profiles of PTX and DOX from

Table | Particle Size, Polydispersity Index (PDI), Drug Loading Content (LC) and Encapsulation Efficacy (EE) of PTX/DOX-PMs at

Different Mass Ratios of Drug and Carriers

Prodrug (20 mg) PTX (mg) Size (nm)? PDI? LC (%)° EE (%)°
DOX-polymer 5 102.2+2.4 0.131+£0.014 16.8+1.5 80.3%3.1
10 110.5£3.1 0.135£0.021 25.6%1.7 75.4£25
20 113.6£2.5 0.140£0.018 29.4%1.6 55.8+2.8

Note: *Measured by dynamic light scattering (DLS), ®measured by high-performance liquid chromatography (HPLC).
Abbreviations: DOX, doxorubicin; PTX, paclitaxel; PTX/DOX-PMs, paclitaxel and doxorubicin-loaded polymeric micelles.
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Figure 3 Particle size (A) and zeta potential (B) of PTX/DOX-PMs incubated in PBS solutions with different pH values for 4 h (n = 3, mean * SD). CMC values (C) of DOX-

PMs ad PTX/DOX-PMs in PBS solutions with different pH values (n = 3, mean % SD).

Abbreviations: DOX-PMs, doxorubicin-loaded polymeric micelles; PTX/DOX-PMs, paclitaxel and doxorubicin-loaded polymeric micelles; PBS, phosphate buffer solution;

CMC, critical micelle concentration; ND, not detectable.

PTX/DOX-PMs at different pH values were investigated,
as shown in Figure 4. Figure 4A shows the DOX release
profiles from PTX/DOX-PMs at different pH conditions
(7.4, 6.5 and 5.0). The drug release rate and accumulative
release were obviously dependent on the pH values. At pH
7.4, the DOX release rate was quite low, and the accumu-
lative release of DOX was less than 10% (9.8%) for 48
h. Because the DOX molecules were chemically linked on
the PAE chains, and the polyprodrug molecules were
stable at pH 7.4. When the pH was 6.5, the release rate
rapidly accelerated. The accumulative release was about
20% for 2 h and more than 75% at 48 h, respectively,
resulting from the cleavage of pH-sensitive bonds between
DOX molecules and polymer. When the pH was 5.0, the

release rate was much faster in comparison to that at pH
6.5, and the accumulative release was about 30% for
2 h and higher than 95% at 48 h, respectively. The key
reason might be that all of the pH-sensitive bonds between
DOX and copolymer were broken. Furthermore, the PMs
were disassembled, and the free DOX molecules were
easily diffused into the solution. Figure 4B shows the
PTX release profiles from PTX/DOX-PMs at different
pH values (7.4, 6.5 and 5.0). Although the PTX release
profiles were dependent on the pH values, the release rate
of PTX was faster than that of DOX at pH 7.4. The
accumulative release of PTX was more than 10%
(12.6%) at 2 h and about 40% (39.8%) at 48 h, respec-
tively. The reason could be that the PTX was physically
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solution.

loaded into the micellar core by hydrophobic interaction
during the self-assembly process. Some PTX molecules
could be released and diffused into the solution during
incubation at pH 7.4 due to the swelling of PMs. When
pH was decreased to 6.5 or 5.0, the release rate markedly
accelerated compared with that at pH 7.4. The accumula-
tive release of PTX was about 20% and 40% at pH 6.5 and
5.0 (for 2 h), and about 85% and 98% at pH 6.5 and 5.0
(for 48 h), respectively. The reason could be that the
tertiary amine residues in PAE segment were gradually
protonated and the pH-sensitive bonds were broken, indu-
cing the swelling and disassembly of PTX/DOX-PMs.
Collectively, the release rates of DOX and PTX were
accelerated by the decrease in pH. Therefore, the drugs’
(DOX and PTX) release profiles from PTX/DOX-PMs
were pH-triggered.

Drug Release Mechanism

During preparation of co-delivery system PTX/DOX-PMs,
the DOX molecules were chemically linked on the PAE
segment, and the PTX molecules were physically loaded in
the micellar core. The release profiles were dependent on the
pH, but the release mechanism needed to be studied. Here,
the drug release mechanism was investigated using
a comprehensive semi-empirical model. Based on the experi-
mental data in Figure 4, the drug release process was divided
into two stages, one was from 0 h to 12 h, and the other was
from 12 h to 48 h. Figure 5 showed the theoretical curves
fitted to experimental release data based on the mathematical
model. The release exponent (n) and rate constant (k) for two
stages of DOX and PTX release profiles were tabulated in
Table 2. Good linearity for two stages could be observed in

Figure 5. For DOX release mechanism (Figure 5A), the
n values for two stages at pH 7.4 were, respectively, 0.279
and 0.362 which were less than 0.43, indicating that the
release mechanism corresponded to combination of diffusion
and erosion control. Furthermore, the & values for two stages
were 0.025 and 0.024, respectively, suggesting the similar
drug release rate in two stages over time. At weakly acidic
conditions, the »n values at first stage were 0.726 and 0.625 at
pH 6.5 and 5.0, respectively, which were higher than 0.43 but
less than 0.85, indicating the DOX release behavior followed
the anomalous transport mechanism in the first 12 h due
to the cleavage of pH-sensitive bonds. At the second stage,
the n values were 0.067 and 0.073 at pH 6.5 and 5.0, respec-
tively, which were less than 0.43, indicating the DOX release
mechanism corresponded with the combination of diffusion
and erosion control. The results displayed that the free DOX
molecules that detached from PAE chains due to the cleavage
of pH-sensitive bonds might diffuse from PTX/DOX-PMs
over time, as well as swelling and disassembly of PTX/DOX-
PMs. With decrease in pH, the k value increased, which
suggested the drug release rate accelerated, showing the
DOX release profile was pH-dependent which was consistent
with the result of in vitro experiment (Figure 4). Specifically,
the k values at pH 5.0 were much higher than those at pH 6.5
and 7.4 at two stages, showing the fastest drug release rate.
For PTX release mechanism (Figure 5B), the n value in the
first 12 h at pH 7.4 was 0.431 (= 0.43) which indicated that
the PTX release from PTX/DOX-PMs corresponded to the
Fickian diffusion mechanism. At the second stage,
the n value was 0.181 (< 0.43), suggesting the PTX release
mechanism was changed to the combination of diffusion and
erosion control as time went on. At weakly acidic conditions
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Figure 5 Plots of log (M/M.,) against log t for DOX (A) and PTX (B) release from PTX/DOX-PMs at pH 7.4, 6.5 and 5.0.
Abbreviations: DOX, doxorubicin; PTX, paclitaxel; PMs, polymeric micelles; PTX/DOX-PMs, paclitaxel and doxorubicin-loaded polymeric micelles; t, time; h, hour; MJ/M..
were the absolute cumulative amount of drug released at time t and infinite time, respectively.

(pH 6.5 and 5.0), the # values at the first stage were, respec-
tively, 0.550 and 0.595 (0.43 <n < 0.85), showing the PTX
release mechanism corresponded to anomalous transport
mechanism during the process of swelling and disassembly
of PTX/DOX-PMs. At the second stage, the n values were
0.155 and 0.030 (< 0.43), respectively, indicating the PTX
release behaviors corresponded with the combination of dif-
fusion and erosion control. The change trend of £ value was
similar to that of DOX release process, demonstrating the
PTX release rate accelerated with pH decrease and time

increase.

Cytotoxicity Assay

Next, the cytotoxic effects of diblock copolymer, free PTX,
free DOX, mixture of free DOX/PTX, DOX-PMs and PTX/
DOX-PMs for several cell lines were evaluated using MTT
assay, as shown in Figures 6 and 7. As seen in Figure 6, the
cytotoxicity of diblock copolymer slightly increased with the
increase of copolymer concentration, but the cell viability of
A549, MDA-MB-231, A2780, and NCL-H460 cells treated

with diblock copolymer was still higher than 90% even at
the highest concentration (500 pg/mL). In addition, the cell
viability of normal cell line (NIH 3T3, Figure S2) treated
with diblock copolymer was also higher than 90% at con-
centration of 500 pg/mL. These results demonstrated that the
diblock copolymer (nanocarrier) showed negligible cyto-
toxicity. Figure 7 showed the cytotoxicity of free DOX,
free PTX, mixture of free DOX/PTX, DOX-PMs and
PTX/DOX-PMs against four kinds of tumor cells. As for
A549 (Figure 7A), the cell viabilities were, respectively,
20.2%, 12.1%, 8.5%, 9.2% and 5.5% for free PTX, free
DOX, mixture of free DOX/PTX, DOX-PMs and PTX/
DOX-PMs at the highest concentration of drugs (20 pg/
mL). The IC50 values were 2.02 pg/mL, 1.21 ug/mL, 0.33
pg/mL, 0.48 ng/mL and 0.25 pg/mL, respectively, for free
PTX, free DOX, mixture of free DOX/PTX, DOX-PMs and
PTX/DOX-PMs, showing the PTX/DOX-PMs had the high-
est cytotoxicity in comparison to the other formulations. To
further confirm the generality, the cytotoxicities of different

formulations for MDA-MB-231 (Figure 7B), A2780

Table 2 Release Exponent (n), Rate Constant (k) for PTX/DOX-PMs in PBS at Different pH Values

PTX/DOX-PMs pH n (0-12 h) k (0-12 h) n (12-48 h) k (12-48 h)
DOX 7.4 0.279+0.015 0.025+0.006 0.362+0.021 0.0240.007
6.5 0.726+0.036 0.084+0.01 | 0.067+0.012 0.609+0.038
5.0 0.625+0.04 0.209£0.015 0.073£0.013 0.736+0.055
PTX 74 0.432+0.033 0.077+0.017 0.181+0.044 0.198+0.012
6.5 0.550+0.016 0.098+0.010 0.155+0.036 0.401+0.020
5.0 0.595+0.022 0.238+0.023 0.030+0.008 0.887+0.039

Abbreviations: DOX, doxorubicin; PTX, paclitaxel; PTX/DOX-PMs, paclitaxel and doxorubicin-loaded polymeric micelles; PBS, phosphate buffer solution; h, hour.
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Figure 6 Cell viability of block copolymer after incubating with A549 (A), MDA-MB-231 (B), A2780 (C), and NCL-H460 (D) cells for 48 h (n = 6, mean * SD).
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(Figure 7C) and NCL-H460 (Figure 7D) cells were
analyzed. For MDA-MB-231, the IC50 values were
332 pg/mL, 2.85 pg/mL, 1.41 pg/mL, 1.49 pg/mL and
0.91 pg/mL, respectively, for free PTX, free DOX, mixture
of free DOX/PTX, DOX-PMs and PTX/DOX-PMs. For
A2780, the IC50 values were 4.02 pg/mL, 3.11 pg/mL,
1.36 pg/mL, 2.01 pg/mL and 0.65 pg/mL, respectively, for
free PTX, free DOX, mixture of free DOX/PTX, DOX-PMs
and PTX/DOX-PMs. For NCL-H460, the IC50 values were
0.96 pg/mL, 0.75 pg/mL, 0.54 ng/mL, 0.57 pg/mL and 0.38
ug/mL, respectively, for free PTX, free DOX, mixture of
free DOX/PTX, DOX-PMs and PTX/DOX-PMs. As
a result, the cell viabilities of three kinds of tumor cells
were quite low at drug concentration of 20 pg/mL, suggest-
ing the high cytotoxic effect of various drug formulations.
Particularly, the cytotoxicity of different drug formulations
was in order of free PTX< free DOX< DOX-PMs< free

DOX/PTX< PTX/DOX-PMs. Therefore, the findings
demonstrated that the PTX/DOX-PMs exhibited the highest
cytotoxic effect for tumor cells. These findings showed
that the co-delivery system PTX/DOX-PMs could be
a promising therapeutic option for cancer treatment with
high cytotoxicity.

Conclusion

Combination chemotherapy of multiple anticancer drugs
has attracted more and more attention due to the improved
therapeutic efficacy. In this work, we designed and pre-
pared a co-delivery anticancer drug system based on
pH-sensitive copolymer-based polyprodrug (mPEG-
b-PAE-cis-DOX) and hydrophobic chemical drug (PTX)
for combination chemotherapy. The co-delivery system
was able to self-assemble into polymeric micelles (PTX/
DOX-PMs) with suitable particle size (c.a. 110 nm) and
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Figure 7 Cell viability of free DOX, free PTX, DOX-PMs and PTX/DOX-PMs after incubating with A549 (A), MDA-MB-231 (B), A2780 (C), and NCL-H460 (D) cells for

48 h (n = 6, mean * SD).

Abbreviations: DOX, doxorubicin; PTX, paclitaxel; PMs, polymeric micelles; DOX-PMs, doxorubicin-loaded polymeric micelles; DOX+PTX, mixture of doxorubicin and
paclitaxel; PTX/DOX-PMs, paclitaxel and doxorubicin-loaded polymeric micelles; h, hour.

low PDI. PTX molecules could be efficiently encapsulated
into the core by hydrophobic interaction during the process
of self-assembly, resulting in the high drug loading content
and encapsulation efficacy. The particle size, zeta potential
and CMC of PTX/DOX-PMs were increased with the
decrease in pH from normal physiological environment
to weakly acidic condition, especially disassembly of the
system at pH 5.0, demonstrating the pH sensitivity of
PTX/DOX-PMs. The PTX and DOX release profiles
in vitro from PTX/DOX-PMs were obviously influenced
by change in pH, indicating the pH-triggered drug release
property. Furthermore, the drug release mechanism for
PTX and DOX was studied based on a comprehensive
semi-empirical model, proving the drug release was
dependent on pH value. Furthermore, the reasonable drug
loading method could be selected for “on-demand” drug

delivery. In addition, the cytotoxicity of diblock copoly-
mer, free drugs, single drug delivery system DOX-PMs
and co-delivery system PTX/DOX-PMs against different
cell lines was extensively studied. The results showed that
the PTX/DOX-PMs exhibited the highest cytotoxic effect
for tumor cells while the carrier had negligible cytotoxi-
city. In short, PTX/DOX-PMs could be a promising nano-
medicine for combination chemotherapy. By the way,
in vivo anticancer efficacies and bio-distributions of
PTX/DOX-PMs and other co-delivery systems would be
systematically studied in future.
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