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Abstract: Stimuli-responsive polymersomes have emerged as smart drug delivery systems for pro-
grammed release of highly cytotoxic anticancer agents such as doxorubicin hydrochloride (Dox·HCl).
Recently, a biodegradable redox-responsive triblock copolymer (mPEG–PDH–mPEG) was synthe-
sized with a central hydrophobic block containing disulfide linkages and two hydrophilic segments
of poly(ethylene glycol) methyl ether. Taking advantage of the self-assembly of this amphiphilic
copolymer in aqueous solution, in the present investigation we introduce a solvent-exchange method
that simultaneously achieves polymersome formation and drug loading in phosphate buffer saline
(10 mM, pH 7.4). Blank and drug-loaded polymersomes (5 and 10 wt.% feeding ratios) were prepared
and characterized for morphology, particle size, surface charge, encapsulation efficiency and drug
release behavior. Spherical vesicles of uniform size (120–190 nm) and negative zeta potentials were
obtained. Dox·HCl was encapsulated into polymersomes with a remarkably high efficiency (up to
98 wt.%). In vitro drug release studies demonstrated a prolonged and diffusion-driven release at
physiological conditions (~34% after 48 h). Cleavage of the disulfide bonds in the presence of 50 mM
glutathione (GSH) enhanced drug release (~77%) due to the contribution of the erosion mechanism.
Therefore, the designed polymersomes are promising candidates for selective drug release in the
reductive environment of cancer cells.

Keywords: polymersome; triblock copolymer mPEG–PDH–mPEG; redox-responsive; doxorubicin
hydrochloride; smart drug delivery systems; drug release kinetics

1. Introduction

Doxorubicin (Dox) is a broad-spectrum antibiotic used as a first line treatment against
various solid tumors. However, due to its very narrow therapeutic index, direct administra-
tion of Dox is frequently associated with severe side effects such as cumulative cardiotoxic-
ity and nephrotoxicity. These major drawbacks can be overcome by encapsulating Dox in
nanocarriers like polymersomes, that avoid non-specific drug distribution, reducing the
acute toxicity of the free drug and improving its therapeutic efficacy [1–5].

Polymersomes are self-assembled vesicles prepared from synthetic, biodegradable
and biocompatible amphiphilic block copolymers, which have attracted growing interest in
recent years for their wide use as drug delivery systems. Polymersomes contain an aqueous
core suitable for encapsulating hydrophilic drugs surrounded by a hydrophobic bilayer
membrane that can load hydrophobic molecules. The size, membrane thickness, mechanical
strength and permeability of polymersomes can be modulated by changing the copolymer
composition and molecular weight. This versatility is a clear advantage over nanocarriers
of similar architecture such as liposomes because adjusting lipid properties is limited. Other
benefits of polymersomes over their lipidic counterparts are in better colloidal stability,
higher mechanical robustness, tunable functionalization, higher drug-loading capacity,
improved controlled release properties and prolonged circulation time [5–11].
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Due to the leaky vasculature in tumor tissues, polymersomes (≤200 nm) can passively
accumulate within a tumor cell through enhanced permeability and retention (EPR). Poly-
mersomes with hydrophilic blocks such as poly(ethylene glycol) (PEG) can avoid plasmatic
protein adsorption to prolong blood circulation half-life. The poorly developed lymphatic
drainage of pegylated polymersomes also contributes to their accumulation at the tumor
site [4,12–14].

To achieve active targeted drug delivery and improved therapeutic efficiency and
specificity of polymersomes, stimuli-responsive linkages can be incorporated into the de-
sign of the constituent copolymer blocks. Stimuli both internal (pH, temperature, redox
potential, enzymes) and external (light, temperature, ultrasound, magnetic field) have
been used to achieve controlled drug release and improve biodegradation of the polymeric
nanosystem at the tumor site [15–24]. Regarding scalability, costs and regulatory considera-
tions, the application of internal triggers has considerable advantages [25,26]. Moreover, as
the cancer cells contain higher levels of reducing agents (glutathione -GSH- concentration
2–50 mM) compared to healthy cells (2–20 µM), redox-responsive polymersomes are a
promising smart platform for intracellular drug delivery into a tumor [16,27–32].

Based on this concept, the redox-responsive amphiphilic triblock copolymer mPEG–
PDH–mPEG was synthesized in a previous study [33] using a simple, reproducible and
easily scalable methodology. The hydrophobic central block (PDH) containing multiple
disulfide bonds (S–S) was prepared in the first step, which was further extended with
poly(ethylene glycol) methyl ether (mPEG). As outlined before, the hydrophilic PEG blocks
impart structure stability and increases polymersome circulation time. The hydrophobic
PDH block effects the polymersome response to the redox environment as the disulfide
bonds are easily reduced to thiol groups (2 SH per S–S linkage) under the hypoxic conditions
of the tumor microenvironment. The copolymer was chemically characterized and its
ability to self-assemble in water at 37 ◦C tested. The preformed vesicles were loaded with
the model drug by the gradient concentration difference between donor and acceptor
compartments separated by a dialysis membrane. However, drug permeation across the
dialysis membrane would not ensure the diffusion of drug molecules into the vesicle.

As parameters such as non-solvent pH and temperature could affect the properties of
self-assembled structures [34], the aim of the present study was to investigate the dynamic
self-assembly of this amphiphilic triblock copolymer in phosphate buffer saline (PBS)
(10 mM, pH 7.4) at room temperature. Furthermore, an optimized and reproducible method
was established to accomplish polymersome formation and drug loading simultaneously
with high encapsulation efficiency. Doxorubicin hydrochloride (Dox·HCl) was chosen as
a model hydrophilic chemotherapeutic drug due to its wide use in cancer therapy. The
physicochemical characteristics of the polymersomes—-size, zeta potential, morphology
and drug encapsulation efficiency—-were evaluated. In vitro drug release behavior was
also analyzed in detail fitting the experimental data to different kinetic models to elucidate
the drug release mechanism from the designed polymersomes.

2. Materials and Methods
2.1. Materials

The reduction-sensitive mPEG–PDH–mPEG triblock copolymer was kindly supplied
by Departamento de Química Orgánica y Farmacéutica (Facultad de Farmacia, Universidad
de Sevilla) and synthesized as previously reported [33]. Briefly, the hydrophobic disulfide-
containing block (PDH) was obtained by the reaction of commercial 2,2′-dithiodiethanol
(DiT) and hexamethylene diisocyanate (HMDI) at room temperature, under an inert atmo-
sphere, using N,N-dimethylacetamide (DMA) as a solvent and dibutyltin (II) dilaurate as a
catalyst. The mixture was further reacted with a solution of 2000 g·mol−1 poly(ethylene
glycol) methyl ether (mPEG2000) in DMA to afford the triblock copolymer (Figure 1). A
white solid with a yield of 82% was obtained, its chemical structure characterized by 1H
and 13C NMR and FTIR spectroscopies. The weight-average molecular weight (Mw) of this
copolymer, as determined by size-exclusion chromatography (SEC), was 25,804 g·mol−1,
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with a narrow polidispersity (Mw/Mn 1.02). The thermal behavior of the copolymer exam-
ined by Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)
revealed the semicrystalline nature of the material, with a glass transition temperature
(Tg) of 1 ◦C and a melting temperature (Tm) of 145 ◦C. Moreover, the material shows high
thermal stability, with a decomposition onset temperature (Td) of 259 ◦C.
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Figure 1. Schematic representation of the molecular structure of mPEG–PDH–mPEG copolymer and
the self-assembly of drug-loaded polymersomes.

Doxorubicin hydrochloride (Dox·HCl) (>98.0% purity, Mw 579.98 g·mol−1, orange-to-
red powder) (batch LC49367), a water-soluble anticancer drug, was purchased from AK
Scientific, Inc. (Union City, CA, USA).

L-Glutathione reduced (GSH) (batch 8M014235) (Panreac, Barcelona, Spain) was used
as a tripeptide responsible for the reduction of disulfide linkages.

Anhydrous tetrahydrofuran (THF) (batch 0001599876) (Panreac, Barcelona, Spain)
and phosphate buffer saline (PBS) (10 mM, pH 7.4) were used as solvent and non-solvent,
respectively, for the solvent-switching method.

Ultrapure water (18 MΩ·cm resistivity) was obtained from Milli-Q system (Merck
Millipore, Darmstdat, Germany) and used for all studies.

All other solvents and chemical reagents were of either High Performance Liquid
Chromatography (HPLC) or analytical grades.

Spectra/Por® 3 (MWCO 3.5 kD) dialysis membranes were supplied by VWR Interna-
tional Eurolab, S.L. (Barcelona, Spain) and used for the drug loading experiments. Dialysis
float devices (Spectra/Por® Float-A-Lyzer® G2, MWCO 3.5–5 kD; volume 1 mL) were
supplied by Sigma-Aldrich (St. Louis, MI, USA) and used for the drug release experiments.

2.2. Methods
2.2.1. Preparation of Blank Polymersomes

The polymersomes were prepared using the solvent-switching or solvent-exchange
method as follows. After a preliminary screening of different experimental conditions, a
weighed amount of the triblock copolymer (50 mg) was dissolved in 5 mL of anhydrous
THF in a round-bottom flask. Then, 10 mL of PBS (10 mM, pH 7.4) was dropwise added
to the organic phase at a rate of 0.1 mL·h−1 (Syringe Pump 11 Elite, Harvard Apparatus,
Holliston, MA, USA) and under vigorous magnetic stirring. Subsequently, the organic
solvent was evaporated under exposure to air for 48 h. A cloudy dispersion was obtained
with a polymer concentration of 5 mg·mL−1.
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2.2.2. Morphology, Particle Size and Zeta Potential Measurements

Transmission Electron Microscopy (TEM) measurements were carried out to ob-
serve the morphology of the prepared polymersomes. The polymersomes dispersion
was dropped onto 200 mesh carbon-coated copper grids—-the extra sample wiped off
with filter paper—- and air dried. TEM images were captured with a Philips CM200
transmission electron microscope (Philips Electron Optics GmbH, Hamburg, Germany)
operating at 200 kV, available at Centro de Investigación, Tecnología e Innovación (CITIUS)
(Universidad de Sevilla).

The intensity-average diameter and size distribution of the polymersomes were mea-
sured by Dynamic Light Scattering (DLS) using disposable polystyrene cuvettes. Briefly,
the polymersomes suspended in PBS (10 mM, pH 7.4) were diluted 20% v/v in MilliQ
ultrapure water, sonicated for 20 min and filtered (0.45 µm). Samples were then analyzed
with a Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK) equipped with
a 4 mW He–Ne laser operating at 633 nm through back-scattering detection (173◦). All
measurements were performed in triplicate at 25 ◦C.

The electrophoretic mobility (µ) of the polymersome dispersion was also measured
by the same equipment using disposable folded capillary cells. The electrophoretic mo-
bility was converted to the zeta (ζ) potential using the Smoluchowski approximation. All
measurements were made in triplicate at 25 ◦C.

The particle size and zeta potential were analysed periodically by DLS to evaluate
polymersome stability after storage at 4 ◦C for 1 month.

2.2.3. Preparation and Characterization of Drug-Loaded Polymersomes

For encapsulation of Dox·HCl, the preparation method of blank polymersomes was
modified to simultaneously accomplish the self-assembly of mPEG–PDH–mPEG copolymer
and drug loading (Figure 1). The triblock copolymer (10 mg) was dissolved in anhydrous
THF (5 mL) in a round-bottomed flask. Then, 1 mL of Dox·HCl aqueous solution (concen-
tration adjusted to obtain theoretical 5 wt.% or 10 wt.% drug/polymer feed weight ratios)
was dropwise added (0.15 mL·h−1) to the organic phase followed by the addition of 9 mL
of PBS (10 mM, pH 7.4) (Syringe Pump 11 Elite, Harvard Apparatus, Holliston, MA, USA)
under vigorous magnetic stirring. The resulting dispersion was then sealed into a dialysis
bag (Spectra/Por® 3, MWCO 3.5 kD) and dialyzed against PBS (1 L) for 6 h (renewed every
2 h) to remove THF and unencapsulated drug if present. The polymersome concentration
after dialysis was approximately 0.5 mg·mL−1. The whole process was performed in the
dark to avoid photodegradation of Dox·HCl.

The polymersome dispersion, with a visible orange opalescence (Figure 2) indicative
of drug encapsulation, was wrapped in aluminum foil and stored in a refrigerator at 4 ◦C.

The morphology of drug-loaded polymersomes was evaluated by conventional TEM
following the method for blank polymersomes. In addition, other microscopic tech-
niques available at CITIUS (Universidad de Sevilla) were applied to drug-loaded (10 wt.%
Dox·HCl) polymersomes to further investigate the morphology of the self-assembled
structures and the drug distribution.

Hence, samples of drug-loaded (10 wt.% Dox·HCl) polymersomes were subjected to
negative staining for imaging using a Zeiss Libra 120 transmission electron microscope
(Carl Zeiss Microscopy, Oberkochen, Germany) operating at 120 kV. The polymersome
dispersion was dropped on a 300-mesh Formvar-coated copper grid and, after 1 min of
incubation, the extra sample was wiped off with filter paper. Subsequently, the sample
was stained using 1.0 wt.% phosphotungstic acid solution for 1.5 min, the excess dye was
blotted using filter paper, and air dried samples were imaged.

The drug distribution within the polymersomes was also verified by Confocal Laser
Scanning Microscopy (CLSM) (Zeiss LSM7 Duo, Carl Zeiss Microscopy, Oberkochen, Ger-
many). The dispersion was mounted onto a microscope slide and fixed. The fluorescence
of Dox·HCl was examined with excitation wavelength (λexc) at 488 nm and emission
wavelength (λemiss) at 596 nm.
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The size and zeta potential measurements of drug-loaded polymersomes were per-
formed by DLS following the method for blank polymersomes.

2.2.4. Calculation of Drug Encapsulation Efficiency and Drug Loading Content

Drug encapsulation efficiency (DEE, wt.%) and drug loading content (DLC, wt.%)
were determined by High Performance Liquid Chromatography (HPLC) (Agilent 1200,
Waldbronn, Germany). Samples (1 mL) of the polymersome dispersion were centrifuged at
10,000 rpm and 4 ◦C for 15 min. Supernatant and precipitate were separated, and the super-
natant diluted with 1 mL DMSO and vortexed for 1 min. Samples were filtered (0.45 µm)
prior analysis and eluted through a Inertsil ODS-3 C18 column (5 µm, 250 mm × 4.6 mm,
GL Sciences Inc., Tokyo, Japan) at 30 ◦C. The mobile phase consisted of a 49:20:31 mix-
ture (v/v) of pure HPLC-grade methanol–acetonitrile–phosphate buffer solution (25 mM
Na2HPO4 and 30 mM KH2PO4 with pH adjusted to 5.0), delivered at a constant flow rate
of 1 mL·min−1. The injection volume was 30 µL and the detection wavelength was set
at 480 nm. The retention time for doxorubicin was 4.7 min. The data were acquired and
processed by means of HP ChemStation software. Samples concentration was determined
from a calibration curve of peak area vs. concentration of doxorubicin in DMSO in the
range of interest (r2 = 0.999).

The drug encapsulation efficiency (DEE, wt.%) and drug loading content (DLC, wt.%)
were indirectly determined using Equations (1) and (2), respectively:

DEE(wt.%) =
(Weight of feeding drug−Weight of drug in supernatant)

Weight of feeding drug
× 100 (1)

DLC(wt.%) =
(Weight of feeding drug−Weight of drug in supernatant)

Weight of block copolymer
× 100 (2)

Moreover, the absence of unencapsulated drug in the dialysis reservoirs was confirmed
by HPLC measurements.

2.2.5. In Vitro Drug Release Study

The in vitro release of doxorubicin from the polymersomes was assessed by the dial-
ysis method. Drug-loaded (10 wt.% Dox·HCl) polymersomes dispersion (1 mL) was
introduced into a dialysis float device (Spectra/Por® Float-A-Lyzer® G2, MWCO 3.5–5 kD)
and immersed in a Falcon flask containing 10 mL of PBS (10 mM, pH 7.4) at 37 ◦C to
simulate the physiological environment. The entire assemblies were kept under agitation
(50 oscillations/min) using a Unitronic Vaivén (J.P. Selecta S.A., Barcelona, Spain) shak-
ing water bath. At predetermined time intervals, samples (1 mL) of the release medium
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were withdrawn and replaced by an equal volume of pre-heated fresh release medium
to maintain sink conditions. The samples were analyzed by UV-Vis spectrophotometry
(Agilent 8453, Waldbronn, Germany) (λ 485 nm) and the concentration of released drug
was determined using a standard calibration curve in PBS (r2 = 0.991).

Tests were also performed adding GSH 50 mM to the vesicle suspension in the dialysis
tube to simulate the reducing environment in the tumor cells. All the release experiments
were conducted in triplicate under dark conditions.

2.2.6. Statistical Analysis

The results were expressed as mean ± standard deviation (SD). IBM® SPSS® Statistics
version 26 software (Armonk, NY, USA) was used for statistical analysis of the data. One-
way analysis of variance (ANOVA) with a Bonferroni multiple comparison test was used
to determine statistical significance between the groups. Differences with a p value < 0.05
were considered statistically significant.

3. Results and Discussion
3.1. Preparation and Characterization of Blank Polymersomes

Polymersomes from the triblock copolymer mPEG–PDH–mPEG were obtained by the
solvent-exchange method through the slow addition of PBS (10 mM, pH 7.4) to the polymer
solution in THF. The solvent-exchange method was chosen because it is a widely applicable
preparation technique due to its simplicity, easy scale-up and immediate formation of
polymersomes with controlled size and narrow size distribution [27,29,34,35].

The weight fraction of the hydrophilic blocks of the amphiphilic copolymer (
∫

value)
played a critical role in polymersome formation [26,27,36]. The triblock copolymer mPEG–
PDH–mPEG had a

∫
value of ~15% (w/w), which agreed with the

∫
PEG ≤ 35 ± 10% (w/w)

values found for vesicular structures [5,16,27,29,37,38].
A combination of scattering (DLS) and imaging (TEM) techniques was used to assess

the vesicular morphology, particle size and zeta potential of the polymersomes. The TEM
image (Figure 3) shows the typical morphology of spherical vesicular structures with an
inner hydrophilic core and outer hydrophobic shell, similar to other representative images
of PEGylated polymersomes from the literature [16,18,39–41].
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The DLS results shown in Figure 4a revealed that the average hydrodynamic diam-
eter of the blank polymersomes was 193.5 ± 2.9 nm with a polydispersity index (PDI)
of 0.121 ± 0.011 (n = 3), indicating a narrow size distribution [3,42,43]. The particle size
from DLS measurements was considerably higher than the range observed in the TEM
images (less than 100 nm), which could have been due to the shrinkage of the PEG hy-
drophilic segment upon drying [21,41]. On the other hand, the hydrodynamic diameter was
larger than the value of 130 nm reported by Benito et al. [33], which was attributed to the
different dispersion media. Bartenstein et al. [44] also found larger sizes for poly(butadiene)-
poly(ethylene oxide) (PBD-PEO) polymersomes dispersions in PBS compared to water,
suggesting a reduction in the steric repulsion between the hydrophilic PEO segments in
the presence of PBS. As a result, these blocks could be densely packed, leading to a smaller
polymersome curvature.
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The zeta potential for blank polymersomes (Figure 4b) was −22.4 ± 2.3 mV (n = 3),
indicative of a stable nature, as high zeta potential values impede nanoparticle aggrega-
tion [12,41]. The net negative charge could be due to the presence of PEG and the pH of the
dispersion medium [45,46].

Changes in particle size distribution and zeta potential were monitored each week
over 1 month at a storage temperature of 4 ◦C to investigate the stability of the blank
polymersome dispersion. The results are illustrated in Figure 5. No statistically significant
changes (p > 0.05) in hydrodynamic diameter or size distribution were observed at 4 ◦C for
the test period. In the second week of storage, a statistically significant increase (p < 0.01) in
zeta potential value was noticed, indicating maximum stability, but that started to decrease
significantly (p < 0.01) after four weeks of storage. Bartenstein et al. [44] also reported a
higher stability for PBD-PEO polymersomes in PBS than in water, which was attributed to
phosphate–PEO interactions.
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3.2. Preparation and Characterization of Drug-Loaded Polymersomes

Dox·HCl loading was performed at theoretical 5 and 10 wt.% feed-weight ratios by the
solvent-exchange method at pH 7.4. To improve the encapsulation efficiency of Dox·HCl,
drug loading was simultaneously accomplished to the self-assembly polymeric process of
mPEG–PDH–mPEG [9,35].

The morphology of the self-assembled structures and the drug distribution were
observed by complementary microscopic techniques. Conventional TEM images of drug-
loaded (5 wt.% Dox·HCl) polymersomes (Figure 6) confirmed the spherical vesicular
morphology. TEM images obtained from negatively stained drug-loaded (10 wt.% Dox·HCl)
polymersomes (Figure 7) clearly showed the presence of Dox·HCl in the hydrophilic core
of the vesicles [18,27,47]. Confocal laser scanning microscopy (CLSM) further aided in
observing the drug distribution within the drug-loaded (10 wt.% Dox·HCl) polymersomes
(Figure 8). Fluorescent polymersomes could be seen at the emission wavelength of 596 nm.
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Results from the physical characterization of the drug-loaded polymersomes are
illustrated in Table 1. The hydrodynamic size was significantly smaller (p < 0.01) than
that of the blank polymersomes, which may have been due to the lower polymer volume
fraction and the changes in the aggregation behavior of drug-loaded polymersomes during
the loading of Dox·HCl [21,48]. The Dox·HCl feeding ratio did not significantly (p > 0.05)
affect the average particle size or the narrow size distribution of the polymer vesicles. The
particle dimensions kept then within the precept that particles smaller than 200 nm reach
tumor site through EPR [12,26].

Table 1. Physicochemical characteristics of the drug-loaded polymersomes.

Dox·HCl
(Theoretical

Load)

Average
Diameter

(nm)
PDI

Zeta
Potential

(mV)

DEE
(wt.%)

DLC
(wt.%)

5 wt.% 139.1 ± 7.5 0.151 ± 0.016 −7.0 ± 1.5 93.83 ± 0.01 4.69 ± 0.00
10 wt.% 124.2 ± 12.0 0.164 ± 0.071 −23.8 ± 0.9 98.26 ± 0.10 9.83 ± 0.01

Data represent mean ± SD, n = 3.

The absolute value of the zeta potential for drug-loaded (5 wt.% Dox·HCl) polymer-
somes (Table 1) decreased significantly (p < 0.01) compared to the blank polymersomes.
This could have been due to partial neutralization of the negative charge of the vehicle by
the positive charge of the drug that could be partially adsorbed on the polymersome sur-
face. It was reported [1,2,4,5,38,48] that, when loaded at pH 7.4, most of the Dox molecules
were protonated and might have been localized in the hydrophilic reservoir of the vesi-
cles although a small amount of Dox could be partially adsorbed at the outer surface of
the assemblies. As the zeta potential for drug-loaded (10 wt.% Dox·HCl) polymersomes
significantly (p < 0.01) increased to values similar to those of the blank polymersomes, we
postulated that the drug was preferentially localized in the inner core, as could be seen in
the stained-TEM image (Figure 7). Moreover, the highly negatively charged drug vehicles
were more stable and exhibited prolonged blood circulation [4,49].

3.3. Calculation of Drug Encapsulation Efficiency and Drug Loading Content

Encapsulation efficiency is one of the most important parameters for evaluating
the quality of nanoparticulate formulations. Dox·HCl was used as a model hydrophilic
anticancer drug to investigate the drug-loading capability of the designed polymersomes.

Drug encapsulation efficiency (DEE, wt.%) and drug loading content (DLC, wt.%)
were indirectly determined by HPLC after sample centrifugation. A reddish precipitate
and nearly colorless supernatant were observed (Figure 9), suggesting the encapsulation of
Dox·HCl into polymersomes. Results in Table 1 showed that Dox·HCl was successfully
encapsulated with high drug encapsulation efficiency (>90%). Efficiency and drug-loading
increased with a higher feed–weight ratio as more molecules were available for entrapment,
in agreement with other authors [2,49].
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3.4. In Vitro Drug Release Study

In vitro drug release testing is important for quality control as well as for prediction of
the in vivo performance of drug delivery systems. Due to the higher DLC (9.8 wt.%) and
improved stability (high negative surface charge) of 10 wt.% Dox·HCl polymersomes, this
formulation was chosen for subsequent release experiments.

Drug release studies were carried out by dialysis, one of the most widely used methods
for release testing of nanoparticulate systems [50,51]. For comparative purposes, the drug
release behavior of drug-loaded polymersomes was assessed at pH 7.4 in the presence
and absence of 50 mM GSH to mimic intracellular and extracellular redox environments,
respectively. The tripeptide glutathione was chosen as the reducing agent to evaluate the
redox responsive nature of polymersomes due to the higher GSH concentration of cancer
cells compared to healthy cells [16,27–29]. The concentration of GSH was selected based
on the results obtained by Anajafi et al. [27,47] and Karandish et al. [28], who reported
deformation or disruption of the vesicles when incubated with 50 mM GSH.

The cumulative release profiles of drug-loaded (10 wt.% Dox·HCl) polymersomes
in PBS (10 mM, pH 7.4) are illustrated in Figure 10. They exhibited a prolonged drug
release behaviour, with 34.3 ± 8.4% drug released at physiological pH after 48 h. This
cumulative release percentage was in the range obtained for other PEGylated polymer-
somes when tested at pH 7.4 for 24–48 h [18,37,40,49]. The prolonged drug release at
physiological conditions was attributed to the structural stability of the polymersomes, so
drug diffusion through their membrane was postulated as the main release mechanism
under these conditions.
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The drug release rate increased in the presence of 50 mM GSH (Figure 10), with
a cumulative drug release up to 77.1 ± 3.1% after 48 h. The disulfide linkages in the
hydrophobic block of the copolymer were cleaved in the reductive environment, leading to
the rupture of polymersomes, which subsequently accelerated drug release. The chemical
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degradation of the PDH block under physiological conditions and in the presence of
GSH was demonstrated in previous studies by a combination of GPC, AFM and SEM
techniques [33,52,53]. The degradation profile was characterized by a rapid decrease in
molecular weight during the first two days, followed by a second degradation step at
a low rate. As a consequence, the spherical shape of the polymersomes was destroyed.
Other authors also found an abrupt drug release of doxorubicin from redox-responsive
polymersomes in the presence of high concentrations of GSH (10–50 mM) [14,16,47,54].

Based on these results, a low doxorubicin release was predicted at normal physiological
conditions as well as faster drug release in the redox environment of cancer cells after
polymersomes uptake. Together with the high concentration of GSH, the mildly acidic
endolysosomal pH also contributed to accelerated drug release through the protonation
of the doxorubicin glycosidic amine group (pKa 8.25) and the consequent increase in its
hydrophilicity and solubility [14,16].

The drug release kinetics from the designed polymersomes were also investigated.
Mathematical modeling of drug release profiles is essential for elucidating drug release
mechanisms and providing valuable information for formulation optimization to achieve
the desired release rate [50,51]. Because drug release from nanoparticulate systems is a
complex process where several mechanisms may be involved, different kinetic release
models were applied such as zero-order (3), first-order (4), Higuchi (5), Korsmeyer–Peppas
(6), Peppas–Sahlin (7), Hixon-Crowell (8) and Baker-Lonsdale (9) [55,56].

Mt

M∞
= k0·t (3)

ln
(

1− Mt

M∞

)
= −k1·t (4)

Mt

M∞
= kH ·t0.5 (5)

Mt

M∞
= kK·tn (6)

Mt

M∞
= kd·tm + kr·t2m (7)(

1− Mt

M∞

)1/3
= −kHC·t (8)

3
2

[
1−

(
1− Mt

M∞

)2/3
]
− Mt

M∞
= kBL·t (9)

where Mt/M∞ is the fractional drug release at time t (M∞ is considered equivalent to the
drug loading); k0 is the zero-order release rate constant; k1 is the first-order release rate
constant; kH is the Higuchi kinetic constant; kK is the Korsmeyer kinetic constant; n is a
release exponent that depends on the release mechanism and the geometry of the system; kd
and kr are the diffusion and relaxation rate constants, respectively; m is the purely Fickian
diffusion exponent for a device of any geometrical shape which exhibits controlled release;
kHC is the Hixon–Crowell dissolution rate constant and kBL is the Baker–Lonsdale release
rate constant.

The optimum values for the parameters in each equation (Table 2) were determined by
linear or non-linear least-squares fitting methods using SPSS® Statistics 26 software. The
adjusted coefficient of determination (r2

adj) and F-ratio probability were used to test the
applicability of the release models.
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Table 2. Mathematical modeling and drug release kinetics from drug-loaded (10 wt.% Dox·
HCl) polymersomes.

Kinetic Model Parameters pH 7.4
Release Medium

pH 7.4/50 mM GSH
Release Medium

Zero-order (3) k0 (h−1)
r2

adj

0.0049
0.8617 (F = 70)

0.0146
0.8074 (F = 26)

First-order (4) k1 (h−1)
r2

adj

0.0065
0.8977 (F = 98)

0.0297
0.9348 (F = 87)

Higuchi (5) kH (h−0.5)
r2

adj

0.0392
0.9572 (F = 247)

0.1230
0.9154 (F = 66)

Korsmeyer–Peppas (6)
n

kK (h−n)
r2

adj

0.31
1.1077

0.9762 (F = 452)

0.76
1.0549

0.8466 (F = 34)

Peppas–Sahlin (7)
kd (h−0.43)
kr (h−0.86)

r2
adj

0.0827
−0.0048

0.9755 (F = 220)

0.2489
−0.0125

0.9174 (F = 34)

Hixson–Crowell (8) kHC (h−1)
r2

adj

0.0020
0.8862 (F = 87)

0.0077
0.8993 (F = 55)

Baker–Lonsdale (9) kBL (h−1)
r2

adj

0.0005
0.9700 (F = 356)

0.0036
0.9829 (F = 347)

k0, zero-order release rate constant; k1, first-order release rate constant; kH, Higuchi kinetic constant; n, release
exponent; kK, Korsmeyer kinetic constant; kd, diffusion kinetic constant; kr, relaxation kinetic constant; kHC,
Hixon–Crowell dissolution rate constant; kBL, Baker–Lonsdale release rate constant; r2

adj, adjusted coefficient of
determination; F, F distribution for residual variance analysis (p < 0.01).

The drug release profile at pH 7.4 best fitted the Korsmeyer–Peppas, Peppas–Sahlin
and Baker-Lonsdale models. In the case of pure Fickian release from a spherical geometry,
the exponent n in the Korsmeyer–Peppas equation had the limiting value of 0.43, while the
value for Case II transport (relaxation or erosion) was n = 0.85. The low n value (0.31) in
Table 2 could be indicative of a quasi-Fickian diffusion. Similar values were found by other
authors for doxorubicin release from polymersomes in pH 7.4 dissolution media [2,49].
Sanson et al. [2] attributed this deviation from a pure diffusion release mechanism to the
aggregation of Dox in the membrane of the polymersomes. Hence, drug solubilization
was necessary before molecular diffusion. Additionally, the prevalence of kd over kr in the
Peppas–Sahlin model revealed that diffusion predominated over relaxation or erosion. The
accurate fit of the release profile to the Baker–Lonsdale model also confirmed that drug
release from the spherical matrix predominantly followed a diffusion-controlled process.

In general, the drug release profile at pH 7.4 in the presence of 50 mM GSH showed
higher variability and poorer correlation to the fitting models than in the absence of the
reduction agent due to the rupture/degradation of the polymersomes. The n value in the
Korsmeyer–Peppas equation increased to 0.76, indicating an anomalous transport. This
could have been attributed to the breakdown of disulfide bonds in the polymersomes that
accelerated drug release by a combined mechanism of diffusion of the drug molecules
through the membrane and erosion of the polymeric membrane. The increase in kHC from
the Hixon–Crowell cube root law also indicated a change in the surface area and diameter
of the polymer systems due to erosion. Simultaneously, faster diffusion rate constants
were observed in the Higuchi, Peppas–Sahlin and Baker–Lonsdale models due to the
loss of membrane integrity. An increase in the contribution of the erosion mechanism
in the presence of different concentrations of GSH has been reported for other types of
biodegradable redox-responsive polymersomes [14].



Pharmaceutics 2022, 14, 1724 14 of 16

4. Conclusions

We successfully obtained polymersomes from the self-assembly of the amphiphilic
biodegradable mPEG–PDH–mPEG triblock copolymer in a phosphate buffer solution
(pH 7.4, 10 mM) at room temperature. By means of the proposed optimized self-assembly
method, the anticancer drug Dox·HCl was encapsulated into the polymersomes’ hy-
drophilic core (10 wt.% feeding ratio) with a remarkably high loading efficiency (98%
wt.%). The size of the resulting polymersomes (124 nm) was also appropriate for achieving
passive targeting via the EPR effect, and the negative zeta potential (−24 mV) confirmed
their stability. These drug-loaded polymersomes demonstrated prolonged drug release
under physiological conditions mainly governed by drug diffusion through the polymeric
membrane. Furthermore, the redox-sensitive nature of the polymersomes accelerated the
release of doxorubicin under reductive conditions (50 mM GSH) by a combined mechanism
of diffusion and erosion. In conclusion, the designed polymersomes represented a versatile
smart platform that combined the advantages of PEGylated formulations that prolong
circulation half-life with the benefit of a specific activation in a reductive environment to
trigger the rapid release of doxorubicin at the tumor site. Therefore, this study provided
proof that the obtained redox-responsive polymersomes could be a potential candidate for
further exploration into controlled drug delivery applications.

Author Contributions: Conceptualization, C.F., M.C. and I.C.; methodology, C.F. and M.C.; formal
analysis, C.F.; investigation, C.F. and M.C.; data curation, C.F.; writing—original draft preparation,
C.F.; writing—review and editing, C.F., M.C. and I.C.; funding acquisition, I.C. and C.F. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was part of the project RTI2018-095041-BC31 and was funded by MCIN/AEI/
10.13039/501100011033 and by ERDF A way of making Europe.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Albuquerque, L.J.C.; Sincari, V.; Jäger, A.; Kucka, J.; Humajova, J.; Pankrac, J.; Paral, P.; Heizer, T.; Janouškova, O.; Davidovich,

I.; et al. pH-Responsive Polymersome-Mediated Delivery of Doxorubicin into Tumor Sites Enhances the Therapeutic Efficacy and
Reduces Cardiotoxic Effects. J. Control. Release 2021, 332, 529–538. [CrossRef] [PubMed]

2. Sanson, C.; Schatz, C.; Le Meins, J.F.; Soum, A.; Thévenot, J.; Garanger, E.; Lecommandoux, S. A Simple Method to Achieve High
Doxorubicin Loading in Biodegradable Polymersomes. J. Control. Release 2010, 147, 428–435. [CrossRef] [PubMed]

3. Yassin, M.A.; Appelhans, D.; Wiedemuth, R.; Formanek, P.; Boye, S.; Lederer, A.; Temme, A.; Voit, B. Overcoming Concealment
Effects of Targeting Moieties in the PEG Corona: Controlled Permeable Polymersomes Decorated with Folate-Antennae for
Selective Targeting of Tumor Cells. Small 2015, 11, 1580–1591. [CrossRef]

4. Zhao, L.; Zhang, X.; Liu, X.; Li, J.; Luan, Y. pH-Responsive Poly(Ethylene Glycol)-Poly(ε-Caprolactone)-Poly(Glutamic Acid)
Polymersome as an Efficient Doxorubicin Carrier for Cancer Therapy. Polym. Int. 2017, 66, 1579–1586. [CrossRef]

5. Zhu, D.; Wu, S.; Hu, C.; Chen, Z.; Wang, H.; Fan, F.; Qin, Y.; Wang, C.; Sun, H.; Leng, X.; et al. Folate-Targeted Polymersomes
Loaded with Both Paclitaxel and Doxorubicin for the Combination Chemotherapy of Hepatocellular Carcinoma. Acta Biomater.
2017, 58, 399–412. [CrossRef] [PubMed]

6. Aibani, N.; Nesbitt, H.; Marino, N.; Jurek, J.; O’Neill, C.; Martin, C.; Di Bari, I.; Sheng, Y.; Logan, K.; Hawthorne, S.; et al.
Electroneutral Polymersomes for Combined Cancer Chemotherapy. Acta Biomater. 2018, 80, 327–340. [CrossRef]

7. Alibolandi, M.; Abnous, K.; Mohammadi, M.; Hadizadeh, F.; Sadeghi, F.; Taghavi, S.; Jaafari, M.R.; Ramezani, M. Extensive
Preclinical Investigation of Polymersomal Formulation of Doxorubicin versus Doxil-Mimic Formulation. J. Control. Release 2017,
264, 228–236. [CrossRef]

8. Araste, F.; Aliabadi, A.; Abnous, K.; Taghdisi, S.M.; Ramezani, M.; Alibolandi, M. Self-Assembled Polymeric Vesicles: Focus on
Polymersomes in Cancer Treatment. J. Control. Release 2021, 330, 502–528. [CrossRef]

http://doi.org/10.1016/j.jconrel.2021.03.013
http://www.ncbi.nlm.nih.gov/pubmed/33716094
http://doi.org/10.1016/j.jconrel.2010.07.123
http://www.ncbi.nlm.nih.gov/pubmed/20692308
http://doi.org/10.1002/smll.201402581
http://doi.org/10.1002/pi.5416
http://doi.org/10.1016/j.actbio.2017.06.017
http://www.ncbi.nlm.nih.gov/pubmed/28627436
http://doi.org/10.1016/j.actbio.2018.09.005
http://doi.org/10.1016/j.jconrel.2017.08.030
http://doi.org/10.1016/j.jconrel.2020.12.027


Pharmaceutics 2022, 14, 1724 15 of 16

9. Xu, J.; Zhu, X.; Qiu, L. Polyphosphazene Vesicles for Co-Delivery of Doxorubicin and Chloroquine with Enhanced Anticancer
Efficacy by Drug Resistance Reversal. Int. J. Pharm. 2016, 498, 70–81. [CrossRef]

10. Li, J.; Li, Y.; Wang, Y.; Ke, W.; Chen, W.; Wang, W.; Ge, Z. Polymer Prodrug-Based Nanoreactors Activated by Tumor Acidity for
Orchestrated Oxidation/Chemotherapy. Nano Lett. 2017, 17, 6983–6990. [CrossRef]

11. Aibani, N.; Khan, T.N.; Callan, B. Liposome Mimicking Polymersomes; A Comparative Study of the Merits of Polymersomes in
Terms of Formulation and Stability. Int. J. Pharm. X 2020, 2, 100040. [CrossRef] [PubMed]

12. Alibolandi, M.; Ramezani, M.; Abnous, K.; Sadeghi, F.; Atyabi, F.; Asouri, M.; Ahmadi, A.A.; Hadizadeh, F. In Vitro and in Vivo
Evaluation of Therapy Targeting Epithelial-Cell Adhesion-Molecule Aptamers for Non-Small Cell Lung Cancer. J. Control. Release
2015, 209, 88–100. [CrossRef] [PubMed]

13. Hasannia, M.; Aliabadi, A.; Abnous, K.; Taghdisi, S.M.; Ramezani, M.; Alibolandi, M. Synthesis of Block Copolymers Used in
Polymersome Fabrication: Application in Drug Delivery. J. Control. Release 2022, 341, 95–117. [CrossRef] [PubMed]

14. Nehate, C.; Nayal, A.; Koul, V. Redox Responsive Polymersomes for Enhanced Doxorubicin Delivery. ACS Biomater. Sci. Eng.
2019, 5, 70–80. [CrossRef]

15. Haas, S.; Hain, N.; Raoufi, M.; Handschuh-Wang, S.; Wang, T.; Jiang, X.; Schönherr, H. Enzyme Degradable Polymersomes from
Hyaluronic Acid-Block-Poly(ε-Caprolactone) Copolymers for the Detection of Enzymes of Pathogenic Bacteria. Biomacromolecules
2015, 16, 832–841. [CrossRef]

16. Lale, S.V.; Kumar, A.; Prasad, S.; Bharti, A.C.; Koul, V. Folic Acid and Trastuzumab Functionalized Redox Responsive Polymer-
somes for Intracellular Doxorubicin Delivery in Breast Cancer. Biomacromolecules 2015, 16, 1736–1752. [CrossRef]

17. Liu, F.; Kozlovskaya, V.; Medipelli, S.; Xue, B.; Ahmad, F.; Saeed, M.; Cropek, D.; Kharlampieva, E. Temperature-Sensitive
Polymersomes for Controlled Delivery of Anticancer Drugs. Chem. Mater. 2015, 27, 7945–7956. [CrossRef]

18. Saravanakumar, G.; Park, H.; Kim, J.; Park, D.; Lim, J.; Lee, J.; Kim, W.J. Polymersomes with Singlet Oxygen-Labile Poly(β-
Aminoacrylate) Membrane for NIR Light-Controlled Combined Chemo-Phototherapy. J. Control. Release 2020, 327, 627–640.
[CrossRef]

19. Tsai, M.F.; Lo, Y.L.; Huang, Y.C.; Yu, C.C.; Wu, Y.T.; Su, C.H.; Wang, L.F. Multi-Stimuli-Responsive Dox Released from Magneto-
some for Tumor Synergistic Theranostics. Int. J. Nanomed. 2020, 15, 8623–8639. [CrossRef]

20. Wei, P.; Sun, M.; Yang, B.; Xiao, J.; Du, J. Ultrasound-Responsive Polymersomes Capable of Endosomal Escape for Efficient Cancer
Therapy. J. Control. Release 2020, 322, 81–94. [CrossRef]

21. Xu, J.; Yi, X.; Zhao, D.; Yuan, G.; Zhuo, R.; Li, F. A Three-Drug Co-Delivery System Based on Reduction-Sensitive Polymeric
Prodrug to Effectively Reverse Multi-Drug Resistance. Chem. Res. Chin. Univ. 2017, 33, 484–491. [CrossRef]

22. Yildirim, T.; Traeger, A.; Sungur, P.; Hoeppener, S.; Kellner, C.; Yildirim, I.; Pretzel, D.; Schubert, S.; Schubert, U.S. Polymersomes
with Endosomal pH-Induced Vesicle-to-Micelle Morphology Transition and a Potential Application for Controlled Doxorubicin
Delivery. Biomacromolecules 2017, 18, 3280–3290. [CrossRef] [PubMed]

23. Li, J.; Dirisala, A.; Ge, Z.; Wang, Y.; Yin, W.; Ke, W.; Toh, K.; Xie, J.; Matsumoto, Y.; Anraku, Y.; et al. Therapeutic Vesicular
Nanoreactors with Tumor-Specific Activation and Self-Destruction for Synergistic Tumor Ablation. Angew. Chem. Int. Ed. 2017,
56, 14025–14030. [CrossRef] [PubMed]

24. Li, J.; Ge, Z.; Toh, K.; Liu, X.; Dirisala, A.; Ke, W.; Wen, P.; Zhou, H.; Wang, Z.; Xiao, S.; et al. Enzymatically Transformable
Polymersome-Based Nanotherapeutics to Eliminate Minimal Relapsable Cancer. Adv. Mater. 2021, 33, 2105254. [CrossRef]

25. Joglekar, M.; Trewyn, B.G. Polymer-Based Stimuli-Responsive Nanosystems for Biomedical Applications. Biotechnol. J. 2013, 8,
931–945. [CrossRef]

26. Meng, F.; Zhong, Z.; Feijen, J. Stimuli-Responsive Polymersomes for Programmed Drug Delivery. Biomacromolecules 2009, 10,
197–209. [CrossRef]

27. Anajafi, T.; Scott, M.D.; You, S.; Yang, X.; Choi, Y.; Qian, S.Y.; Mallik, S. Acridine Orange Conjugated Polymersomes for
Simultaneous Nuclear Delivery of Gemcitabine and Doxorubicin to Pancreatic Cancer Cells. Bioconjug. Chem. 2016, 27, 762–771.
[CrossRef]

28. Karandish, F.; Mamnoon, B.; Feng, L.; Haldar, M.K.; Xia, L.; Gange, K.N.; You, S.; Choi, Y.; Sarkar, K.; Mallik, S. Nucleus-Targeted,
Echogenic Polymersomes for Delivering a Cancer Stemness Inhibitor to Pancreatic Cancer Cells. Biomacromolecules 2018, 19,
4122–4132. [CrossRef]

29. Nahire, R.; Haldar, M.K.; Paul, S.; Ambre, A.H.; Meghnani, V.; Layek, B.; Katti, K.S.; Gange, K.N.; Singh, J.; Sarkar, K.; et al.
Multifunctional Polymersomes for Cytosolic Delivery of Gemcitabine and Doxorubicin to Cancer Cells. Biomaterials 2014, 35,
6482–6497. [CrossRef]

30. Bej, R.; Ghosh, S. Glutathione Triggered Cascade Degradation of an Amphiphilic Poly(Disulfide)-Drug Conjugate and Targeted
Release. Bioconjug. Chem. 2019, 30, 101–110. [CrossRef]

31. Tsai, M.F.; Lo, Y.L.; Soorni, Y.; Su, C.H.; Sivasoorian, S.S.; Yang, J.Y.; Wang, L.F. Near-Infrared Light-Triggered Drug Release from
Ultraviolet- And Redox-Responsive Polymersome Encapsulated with Core-Shell Upconversion Nanoparticles for Cancer Therapy.
ACS Appl. Bio Mater. 2021, 4, 3264–3275. [CrossRef] [PubMed]

32. Zou, Y.; Meng, F.; Deng, C.; Zhong, Z. Robust, Tumor-Homing and Redox-Sensitive Polymersomal Doxorubicin: A Superior
Alternative to Doxil and Caelyx? J. Control. Release 2016, 239, 149–158. [CrossRef] [PubMed]

33. Benito, E.; Romero-Azogil, L.; Galbis, E.; De-Paz, M.V.; García-Martín, M.G. Structurally Simple Redox Polymersomes for
Doxorubicin Delivery. Eur. Polym. J. 2020, 137, 109952. [CrossRef]

http://doi.org/10.1016/j.ijpharm.2015.12.003
http://doi.org/10.1021/acs.nanolett.7b03531
http://doi.org/10.1016/j.ijpx.2019.100040
http://www.ncbi.nlm.nih.gov/pubmed/31956860
http://doi.org/10.1016/j.jconrel.2015.04.026
http://www.ncbi.nlm.nih.gov/pubmed/25912964
http://doi.org/10.1016/j.jconrel.2021.11.010
http://www.ncbi.nlm.nih.gov/pubmed/34774891
http://doi.org/10.1021/acsbiomaterials.8b00238
http://doi.org/10.1021/bm501729h
http://doi.org/10.1021/acs.biomac.5b00244
http://doi.org/10.1021/acs.chemmater.5b03048
http://doi.org/10.1016/j.jconrel.2020.09.010
http://doi.org/10.2147/IJN.S275655
http://doi.org/10.1016/j.jconrel.2020.03.013
http://doi.org/10.1007/s40242-017-6450-1
http://doi.org/10.1021/acs.biomac.7b00931
http://www.ncbi.nlm.nih.gov/pubmed/28809539
http://doi.org/10.1002/anie.201706964
http://www.ncbi.nlm.nih.gov/pubmed/28940903
http://doi.org/10.1002/adma.202105254
http://doi.org/10.1002/biot.201300073
http://doi.org/10.1021/bm801127d
http://doi.org/10.1021/acs.bioconjchem.5b00694
http://doi.org/10.1021/acs.biomac.8b01133
http://doi.org/10.1016/j.biomaterials.2014.04.026
http://doi.org/10.1021/acs.bioconjchem.8b00781
http://doi.org/10.1021/acsabm.0c01621
http://www.ncbi.nlm.nih.gov/pubmed/35014413
http://doi.org/10.1016/j.jconrel.2016.08.022
http://www.ncbi.nlm.nih.gov/pubmed/27569664
http://doi.org/10.1016/j.eurpolymj.2020.109952


Pharmaceutics 2022, 14, 1724 16 of 16

34. Mohammadi, M.; Ramezani, M.; Abnous, K.; Alibolandi, M. Biocompatible Polymersomes-Based Cancer Theranostics: Towards
Multifunctional Nanomedicine. Int. J. Pharm. 2017, 519, 287–303. [CrossRef] [PubMed]

35. Du, Y.; Chen, W.; Zheng, M.; Meng, F.; Zhong, Z. pH-Sensitive Degradable Chimaeric Polymersomes for the Intracellular Release
of Doxorubicin Hydrochloride. Biomaterials 2012, 33, 7291–7299. [CrossRef] [PubMed]

36. Zhu, J.; Hu, M.; Qiu, L. Drug Resistance Reversal by Combretastatin-A4 Phosphate Loaded with Doxorubicin in Polymersomes
Independent of Angiogenesis Effect. J. Pharm. Pharmacol. 2017, 69, 844–855. [CrossRef] [PubMed]

37. Chen, W.; Meng, F.; Cheng, R.; Zhong, Z. pH-Sensitive Degradable Polymersomes for Triggered Release of Anticancer Drugs: A
Comparative Study with Micelles. J. Control. Release 2010, 142, 40–46. [CrossRef]

38. Guo, C.; Yuan, H.; Zhang, Y.; Yin, T.; He, H.; Gou, J.; Tang, X. Asymmetric Polymersomes, from the Formation of Asymmetric
Membranes to the Application on Drug Delivery. J. Control. Release 2021, 338, 422–445. [CrossRef]

39. Hu, M.; Shen, Y.; Zhang, L.; Qiu, L. Polymersomes via Self-Assembly of Amphiphilic β-Cyclodextrin-Centered Triarm Star Poly-
mers for Enhanced Oral Bioavailability of Water-Soluble Chemotherapeutics. Biomacromolecules 2016, 17, 1026–1039. [CrossRef]

40. Quadir, M.A.; Morton, S.W.; Mensah, L.B.; Shopsowitz, K.; Dobbelaar, J.; Effenberger, N.; Hammond, P.T. Ligand-Decorated
Click Polypeptide Derived Nanoparticles for Targeted Drug Delivery Applications. Nanomed. Nanotechnol. Biol. Med. 2017, 13,
1797–1808. [CrossRef]

41. Laskar, P.; Dey, J.; Ghosh, S.K. Spontaneously Formed Redox- and pH-Sensitive Polymersomes by MPEG Based Cytocompatible
Random Copolymers. J. Colloid Interface Sci. 2017, 501, 22–33. [CrossRef] [PubMed]

42. Fu, J.; Liang, L.; Qiu, L. In Situ Generated Gold Nanoparticle Hybrid Polymersomes for Water-Soluble Chemotherapeutics:
Inhibited Leakage and pH-Responsive Intracellular Release. Adv. Funct. Mater. 2017, 27, 1604981. [CrossRef]

43. Liu, G.; Ma, S.; Li, S.; Cheng, R.; Meng, F.; Liu, H.; Zhong, Z. The Highly Efficient Delivery of Exogenous Proteins into Cells
Mediated by Biodegradable Chimaeric Polymersomes. Biomaterials 2010, 31, 7575–7585. [CrossRef] [PubMed]

44. Bartenstein, J.E.; Robertson, J.; Battaglia, G.; Briscoe, W.H. Stability of Polymersomes Prepared by Size Exclusion Chromatography
and Extrusion. Colloids Surfaces A Physicochem. Eng. Asp. 2016, 506, 739–746. [CrossRef]

45. Kumar, R.; Kulkarni, A.; Nagesha, D.K.; Sridhar, S. In Vitro Evaluation of Theranostic Polymeric Micelles for Imaging and Drug
Delivery in Cancer. Theranostics 2012, 2, 714–722. [CrossRef] [PubMed]

46. Mason, A.F.; Thordarson, P. Polymersomes with Asymmetric Membranes Based on Readily Accessible Di- and Triblock Copoly-
mers Synthesized via SET-LRP. ACS Macro Lett. 2016, 5, 1172–1175. [CrossRef]

47. Anajafi, T.; Yu, J.; Sedigh, A.; Haldar, M.K.; Muhonen, W.W.; Oberlander, S.; Wasness, H.; Froberg, J.; Molla, M.S.; Katti, K.S.; et al.
Nuclear Localizing Peptide-Conjugated, Redox-Sensitive Polymersomes for Delivering Curcumin and Doxorubicin to Pancreatic
Cancer Microtumors. Mol. Pharm. 2017, 14, 1916–1928. [CrossRef]

48. Luo, Z.; Li, Y.; Wang, B.; Jiang, J. pH-Sensitive Vesicles Formed by Amphiphilic Grafted Copolymers with Tunable Membrane
Permeability for Drug Loading/Release: A Multiscale Simulation Study. Macromolecules 2016, 49, 6084–6094. [CrossRef]

49. Liu, H.; Gong, L.; Lu, S.; Wang, H.; Fan, W.; Yang, C. Three Core-Shell Polymersomes for Targeted Doxorubicin Delivery:
Sustained and Acidic Release. J. Drug Deliv. Sci. Technol. 2021, 61, 102293. [CrossRef]

50. Shen, J.; Burgess, D.J. In Vitro Dissolution Testing Strategies for Nanoparticulate Drug Delivery Systems: Recent Developments
and Challenges. Drug Deliv. Transl. Res. 2013, 3, 409–415. [CrossRef]

51. Wallace, S.J.; Li, J.; Nation, R.L.; Boyd, B.J. Drug Release from Nanomedicines: Selection of Appropriate Encapsulation and
Release Methodology. Drug Deliv. Transl. Res. 2012, 2, 284–292. [CrossRef] [PubMed]

52. De Paz, M.V.; Zamora, F.; Begines, B.; Ferris, C.; Galbis, J.A. Glutathione-Mediated Biodegradable Polyurethanes Derived from
L-Arabinitol. Biomacromolecules 2010, 11, 269–276. [CrossRef] [PubMed]

53. Ferris, C.; De Paz, M.V.; Aguilar-De-Leyva, Á.; Caraballo, I.; Galbis, J.A. Reduction-Sensitive Functionalized Copolyurethanes for
Biomedical Applications. Polym. Chem. 2014, 5, 2370–2381. [CrossRef]

54. Bej, R.; Sarkar, J.; Ray, D.; Aswal, V.K.; Ghosh, S. Morphology Regulation in Redox Destructible Amphiphilic Block Copolymers
and Impact on Intracellular Drug Delivery. Macromol. Biosci. 2018, 18, 1800057. [CrossRef]

55. Costa, P.; Sousa Lobo, J.M. Modeling and Comparison of Dissolution Profiles. Eur. J. Pharm. Sci. 2001, 13, 123–133. [CrossRef]
56. Peppas, N.A.; Sahlin, J.J. A Simple Equation for the Description of Solute Release. III. Coupling of Diffusion and Relaxation. Int. J.

Pharm. 1989, 57, 169–172. [CrossRef]

http://doi.org/10.1016/j.ijpharm.2017.01.037
http://www.ncbi.nlm.nih.gov/pubmed/28115259
http://doi.org/10.1016/j.biomaterials.2012.06.034
http://www.ncbi.nlm.nih.gov/pubmed/22795540
http://doi.org/10.1111/jphp.12725
http://www.ncbi.nlm.nih.gov/pubmed/28425588
http://doi.org/10.1016/j.jconrel.2009.09.023
http://doi.org/10.1016/j.jconrel.2021.09.003
http://doi.org/10.1021/acs.biomac.5b01676
http://doi.org/10.1016/j.nano.2017.02.010
http://doi.org/10.1016/j.jcis.2017.04.034
http://www.ncbi.nlm.nih.gov/pubmed/28432913
http://doi.org/10.1002/adfm.201604981
http://doi.org/10.1016/j.biomaterials.2010.06.021
http://www.ncbi.nlm.nih.gov/pubmed/20599266
http://doi.org/10.1016/j.colsurfa.2016.07.032
http://doi.org/10.7150/thno.3927
http://www.ncbi.nlm.nih.gov/pubmed/22896773
http://doi.org/10.1021/acsmacrolett.6b00747
http://doi.org/10.1021/acs.molpharmaceut.7b00014
http://doi.org/10.1021/acs.macromol.6b01211
http://doi.org/10.1016/j.jddst.2020.102293
http://doi.org/10.1007/s13346-013-0129-z
http://doi.org/10.1007/s13346-012-0064-4
http://www.ncbi.nlm.nih.gov/pubmed/23110256
http://doi.org/10.1021/bm9011216
http://www.ncbi.nlm.nih.gov/pubmed/19954212
http://doi.org/10.1039/c3py01572f
http://doi.org/10.1002/mabi.201800057
http://doi.org/10.1016/S0928-0987(01)00095-1
http://doi.org/10.1016/0378-5173(89)90306-2

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Preparation of Blank Polymersomes 
	Morphology, Particle Size and Zeta Potential Measurements 
	Preparation and Characterization of Drug-Loaded Polymersomes 
	Calculation of Drug Encapsulation Efficiency and Drug Loading Content 
	In Vitro Drug Release Study 
	Statistical Analysis 


	Results and Discussion 
	Preparation and Characterization of Blank Polymersomes 
	Preparation and Characterization of Drug-Loaded Polymersomes 
	Calculation of Drug Encapsulation Efficiency and Drug Loading Content 
	In Vitro Drug Release Study 

	Conclusions 
	References

