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ABSTRACT
Post-encapsulation and release of the anticancer drug doxorubicin hydrochloride (DOX·HCl) through 
cell-like transmission functions of polymeric vesicles were studied using cross-linked pH-responsive 
polymeric vesicles. The vesicles were fabricated for the first time via the redox-initiated reversible 
addition-fragmentation chain transfer dispersion polymerization in ethanol-water mixture, using 
2-(diisopropylamino)ethyl methacrylate and glycidyl methacrylate, and the vesicle membrane was 
modified post-cross-linking by using ethylenediamine. A phase diagram was constructed for 
reproducible fabrication of the polymeric vesicles, and well-shaped vesicles were formed when 
the target degree of polymerization of the hydrophobic polymer chains was equal to or higher 
than 50 with solid content in the range of 10–30 wt%. The cross-linked vesicle membrane served 
as a gate enabling “open” and “closed” states in response to pH stimulation. Up to 50% drug 
loading efficiency and 39% drug loading content could be achieved, and in vitro release of the 
DOX-loaded vesicles in aqueous buffer solutions showed a much faster DOX release rate at pH 
5.0 than at pH 6.5. The polymeric vesicles were of very low cytotoxicity to A549 cells up to the 
concentration of 2 mg/mL, and the IC50 of DOX-loaded vesicles were higher than that of the free 
DOX. The intracellular DOX release study indicated higher cellular uptake capability for DOX-loaded 
vesicles than that of free DOX.

1.  Introduction

Cancer has become one of the most serious diseases threat-
ening human life in recent years, and chemotherapy is the 
most commonly used treatment method, however, due to 
the severe side effects, poor stability and water solubility of 
the therapeutic drugs (Lee & Feijen, 2012; Hu et  al., 2013; 
Zhang et  al., 2016; Tenchov et  al., 2021), polymeric drug 
delivery carriers, which could potentially reduce the unex-
pected side effects, increase drug circulation time, improve 
drug solubility, and also make the targeted drug delivery 
possible (Peer et  al., 2007; Fox et  al., 2009; Liu et  al., 2009; 
Hu et  al., 2017; Tenchov et  al., 2021), have emerged and got 
more and more attention. For better realization of drug deliv-
ery, the design of controlled-release polymeric drug delivery 
carriers has evolved, especially the stimuli-responsive poly-
meric drug delivery carriers that exploit local biochemical 
changes (such as changes in pH, redox state, enzymatic 
activity, and ionic content) at the disease positions to trigger 
drug release (Kamaly et  al., 2016).

Several drug delivery carriers, such as polymers, poly-
meric micelles, nanoparticles, liposome, and polymeric ves-
icles, have been developed as the drug reservoir for 
therapeutic treatments. Among them, polymeric vesicles 

have received more and more attention because of their 
good designability and stability, internal and external hydro-
philic properties, and the hydrophobicity of the membrane 
core, which makes them useful as medical carriers for hydro-
phobic, hydrophilic, and amphiphilic therapeutics, such as 
anticancer drugs (Chen et  al., 2010; Karagoz et  al., 2014; 
Qiu et  al., 2016), nucleic acid drugs (Lomas et  al., 2007; Kim 
et  al., 2019), and functional enzymes (Liu et  al., 2017; 
Moreno et  al., 2021). A wide variety of responsive modalities 
has been incorporated into the building blocks for the 
design of smart polymeric vesicles to combat disease (Colley 
et  al., 2014; Feng & Yuan, 2014; Wang et  al., 2015; Che & 
van Hest, 2016; Thambi et  al., 2016; Yao et  al., 2020; 
Sztandera et  al., 2022). pH-responsive chimeric polymeric 
vesicles decorated with 2-[3-[5-amino-1-carboxypentyl]-urei-
do]-pentanedioic acid (Acupa) had been formed for drug 
delivery application, and could efficiently deliver therapeutic 
proteins into prostate cancer cells (Li et  al., 2015). 
CO2-responsive polymeric vesicles were synthesized by intro-
ducing 2-(dimethylamino)ethyl methacrylate (DMAEMA) into 
the core-forming block, and bovine serum albumin (BSA) 
was encapsulated and released via a CO2-trigger under mild 
conditions (Tan et  al., 2017). In addition, cross-linking of 
vesicle membrane endows them with good structural 
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stability and permeability property. Polyprodrug-gated cross-
linked vesicles poly(ethylene glycol)-b-p(camptothecin pro-
drug monomer-co-3-(trimethoxysilyl)propyl methacrylate) 
were fabricated and concomitant release of hydrophobic 
and hydrophilic drugs could be achieved through 
reduction-sensitive modulation of bilayer permeability (Hu 
et  al., 2018). The concurrent cross-linking and permeabilizing 
of pH-responsive polymeric vesicles containing Schiff base 
moieties via enzyme-catalyzed acid production were 
reported, and the permeabilization of the vesicles could be 
regulated through pH gradient to realize the controlled 
release (Liu et  al., 2022). The formulation of polymeric 
nano-objects by using the photosensitive monomers 
2-nitrobenzyl methacrylate (NBMA) and 7-(2-methacryloyloxy- 
ethoxy)-4-methyl-coumarin (CMA) was reported (Zhang 
et  al., 2017), and after post-polymerization photo-irradiation, 
the produced vesicles were endowed with pH-responsive 
performance and robust structures, which exhibited excel-
lent performance in drug delivery studies.

For the preparation of polymeric vesicles, self-assembly of 
block copolymers via post-polymerization processing steps 
is the conventionally-used method, but the lower solid con-
tent (typically less than 1%) and the complicated preparation 
process have limited its application. Reversible 
addition-fragmentation chain transfer (RAFT)-mediated dis-
persion polymerization is a one-pot polymerization strategy 
for the production of polymeric vesicles at much higher con-
centration with numerous monomers, which makes it poten-
tially scalable (Gao et  al., 2014; Zhang et  al., 2017). During 
the past several years, various RAFT techniques have been 
developed, such as thermal-initiated RAFT polymerization 
(Warren & Armes, 2014; Zhu et  al., 2017), redox-initiated RAFT 
polymerization (Deane et  al., 2020; Park et  al., 2020), 
photo-induced RAFT polymerization (Du et  al., 2021), 
metal-catalytic initiation (Gu et  al., 2014; 2015), 
polyethylene-terephthalate-RAFT (PET-RAFT) polymerization 
(Tian et  al., 2018), and enzyme-catalysis-mediated (Enz) RAFT 
polymerization (Liu et  al., 2017; Lv et  al., 2017). When com-
pared with thermal, light, metal, PET, and enzyme-catalysis 
initiated polymerization, redox-initiated polymerization could 
proceed under relatively lower temperatures and has been 
widely used in many industrial products. In the redox-initiated 
RAFT polymerization, the low reaction temperature could 
reduce the possibility of side reactions, resulting in high 
conversion and low dispersity. Poly(n-butyl acrylate) nanopar-
ticles were produced via the RAFT aqueous emulsion polym-
erization of n-butyl acrylate (nBA) with potassium persulfate 
(KPS)/ascorbic acid as the initiator at a polymerization tem-
perature of 30 °C (Deane et  al., 2020). Dispersion polymer-
ization of 2-methoxyethyl acrylate (MEA) was done in water 
to produce nanoparticles using the redox initiator KPS/
sodium ascorbate, and high efficiency was found at low 
polymerization temperatures of 30 or 40 °C (Liu et  al., 2011). 
Redox-initiated RAFT-mediated emulsion polymerization of 
glycidyl methacrylate (GlyMA) was conducted by using 
poly(ethylene glycol) methyl ether methacrylate-4-cyano-4-(do-
dec ylsulfanylthiocarbonyl)  sulfanylpentanoic acid 
(PEGMAn-CDPA-Me) as a macro-RAFT agent, and a range of 
morphologies, including spheres, worms, and vesicles, were 

prepared (Dai et al., 2019). However, to the best of our knowl-
edge, there have been no reports on the synthesis of pure 
polymeric vesicles with redox initiation via RAFT polymeriza-
tion in a non-aqueous solvent.

Herein, we reported the preparation of polymeric vesicles 
via RAFT dispersion polymerization with the redox initiator 
KPS/sodium bisulfite (SBS) in an ethanol-water solvent. 
Poly(ethylene oxide)-4-(4-cyanopentanoic acid) dithiobenzoate 
(mPEG-CPADB) was synthesized and used as a macro chain 
transfer agent, and 2-(diisopropylamino)ethyl methacrylate 
(DIPEMA) and GlyMA were used as monomers for the prepa-
ration of pH-responsive polymeric vesicles. The obtained 
polymeric vesicles were further cross-linked by using eth-
ylenediamine (EDA), which endowed the membrane of the 
vesicles with “open” and “closed” states by adjusting the pH 
value. For the implementation of cell-like functions within 
vesicles, post-encapsulation with doxorubicin hydrochloride 
(DOX·HCl, an anthracycline-based broad-spectrum anticancer 
drug (Li et  al., 2022)), was performed without changing the 
morphology of the vesicles, and the in vitro release of the 
DOX-loaded vesicles in aqueous buffer solutions was evalu-
ated (Scheme 1). The cytotoxicity of the polymeric vesicles, 
free DOX and DOX-loaded vesicles to non-small cell lung 
carcinoma A549 cells and the intracellular drug delivery were 
also investigated.

2.  Materials and methods

2.1.  Materials

The α-methoxy-ω-hydroxypoly(ethylene oxide) (mPEG, num-
ber average molecular weight (Mn) = 1900), DOX·HCl, CPADB, 
4-(dimethylamino)pyridine, and dicyclohexylcarbodiimide 
were purchased from Aladdin and used as received. DIPEMA 
(97%) and GlyMA were purchased from Aladdin and purified 
by passing the compounds through a column of Al2O3 to 
remove inhibitors. KPS (United Initiators (Shanghai) Co., Ltd.), 
SBS (Damao Chemical  Reagent Fac tor y) ,  and 
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride 
(DAPI, Solarbio) were purchased and used without further 
purification. Other chemicals were of analytical grade and 
used as received.

2.2.  Preparation of polymeric vesicles with cross-linked 
membrane

For the preparation of the polymeric vesicles, redox-initiated 
RAFT dispersion polymerization was applied. The macro-RAFT 
agent, mPEG-CPADB, was synthesized by an esterification 
reaction in anhydrous dichloromethane at room temperature 
using CPADB as the RAFT agent (Zhang et  al., 2021). A typical 
protocol was performed as followed. First, DIPEMA (0.3413 g, 
1.6000 mmol), GlyMA (0.0569 g, 0.4000 mmol), mPEG-CPADB 
(0.0440 g, 0.0200 mmol), KPS (0.0014 g, 0.0050 mmol), SBS 
(0.0005 g, 0.0050 mmol), and a solvent (2.5166 g, with a mass 
ratio of ethanol-water = 6:4) were added into a glass tube 
with a magnetic bar. The oxygen was removed from the 
reaction mixture by three pump-N2 purge cycles before seal-
ing the glass tube, and then put it in the oven at 35 °C with 
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magnetic stirring for 7 h. The reaction mixture was put into 
cold water to be quickly cooled and then opened to air to 
quench the polymerization.

The cross-linking of the mPEG-P(DIPEMA-co-GlyMA) vesicle 
membrane was done as followed. 0.2000 g of the produced 
samples were diluted 20-fold with the reaction solvent, and 
then ethylenediamine (EDA; 0.0017 g, 0.0270 mmol, EDA/
GlyMA molar ratio = 1:1) was added. The reaction was pro-
ceeded for 24 h under stirring at 24 °C, and then the unre-
acted EDA was removed through centrifugation- 
redispersion cycles.

2.3.  Encapsulation of DOX into the vesicles

The cross-linked vesicles (0.01 g) after purification were dis-
persed in an acid buffer solution (pH 3.0, 4.0 or 5.0 buffer 
solution, 4 mL), and then DOX·HCl (5.0 mg) was added to the 
dispersion. The mixture was stirred at room temperature for 
one day in the dark, and then NaOH aqueous solution (0.2 M) 
was used to adjust its pH to about 8.0. The unencapsulated 
DOX was removed by dialysis (molecular weight cutoff of 
the dialysis tube, 3500 Da) against a phosphate-buffered 
saline (PBS) solution (pH 7.4, 0.02 M) with regular exchanges 
of the solution with fresh PBS until no more DOX could be 
detected in the solution outside the dialysis tube. The drug 
loading efficiency (LE) and drug loading content (LC) of the 
vesicles were determined by using an ultraviolet-visible 
(Uv-vis) spectroscopy quantitative method to determine the 
amount of drug dialyzed into the PBS solution, which could 
be used to calculate the amount of DOX encapsulated, and 
a standard curve was acquired by plotting the Uv absorbance 
at 480 nm against the DOX concentration in the PBS solution. 
LE and LC were calculated according to equations (1) and 
(2), respectively, as:
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2.4.  In vitro pH-regulated drug release

For investigation of the DOX release efficiency from the 
DOX-loaded vesicles, different pH conditions (pH = 5.0 and 
6.5) were studied. 1.5 mL of the above prepared DOX-loaded 
vesicle solution was added to a dialysis tube (molecular 
weight cutoff of 3500 Da), and then put in a weighing bottle, 
followed by the addition of 40 mL of buffer solution with pH 
= 5.0 or 6.5. The weighing bottle was kept at 37 °C on a 
shaking bed with rotational speed of 200 rpm. At selected 
time points, 3 mL of the dialysis solution was removed for 
measurement of the released DOX, while an equal volume 
of fresh buffer solution was added to the bottle. Uv standard 
curves of DOX in pH = 5.0 and 6.5 buffer solutions were 
generated as above in PBS solution, which were used for the 
evaluation of the selected samples at different dialysis times, 
and then the DOX releasing curves were acquired. To mini-
mize the experimental error, each test was done in duplicate, 
and the mean value was recorded.

2.5.  In vitro cytotoxicity evaluation

A549 cells were chosen for evaluating the in vitro cytotoxicity 
using a Cell Counting Kit-8 (CCK-8) assay. The cells were first 
cultured in Dulbecco’s modified Eagle’s medium/nutrient mix-
ture F-12 Ham (DMEM/F-12 1:1) supplemented with 10% FBS 
at 37 °C in a CO2/air (5:95) incubator. For CCK-8 assay, 96-well 
plates were used for the cell incubation, and each well was 
seeded with 5000 A549 cells. After incubating for one day, 
different concentrations of either DOX·HCl solution, the 
cross-linked vesicle solution, or the DOX-loaded vesicle solu-
tion were added to the wells and incubated for another 24 h. 
Then the culture medium was taken out and added with 
100 μL of 10% CCK-8 solution and incubated for 2 h at 37 °C. 

Scheme 1. “Open” and “closed” cycles of the membrane of the vesicles in response to pH stimuli.
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Thermo 1510 instrument was applied to measure the absor-
bance values of the samples at a wavelength of 450 nm, and 
[(As-Ab)/(Ac-Ab)] × 100% was used for the cell viability calcu-
lation, where As and Ac are the absorbance values with and 
without the addition of the vesicles (with or without DOX), 
respectively, and Ab is the absorbance value of the plain 
medium. Each test was done in duplicate, and the mean 
value was recorded.

2.6.  Intracellular drug delivery

A549 cells were cultured in DMEM/F-12 1:1 supplemented 
with 10% FBS in a 4-well plate under an atmosphere of 5% 
CO2 at 37 °C for 5 h, and the culture medium was refreshed 
with DMEM/F-12 with the free DOX solution or the DOX-loaded 
vesicle solution, equivalent to a 0.2 μg/mL concentration of 
DOX. The culture medium was taken out and the cells were 
washed with PBS two times after culturing for 24 h, and then 
formaldehyde was added to fix the cells for 0.5 h at room 
temperature. After removal of the formaldehyde, the cells 
were washed with PBS two times and then stained with DAPI. 
After washing with PBS three times, the cells were observed 
with a confocal laser scanning microscope (CLSM) (Leica TCs 
SP8) at 488 nm and 595 nm (Ex = 405 nm and 488 nm).

2.7.  Characterization

The morphologies of the nanoparticles were measured with 
transmission electron microscopy (TEM, JEM-2100 Plus elec-
tron microscope) at an accelerating voltage of 200 kv. The 
samples were dispersed in ethanol-water or buffer solution 
and then deposited on copper grids, and then stained with 
phosphotungstic acid before characterization. The 1H NMR 
spectra were carried out on a Bruker DMX500 spectrometer, 
and CDCl3 was used as the solvent and tetramethylsilane 
was used as an internal reference. Hydrodynamic diameter 
and zeta potential measurements were done on a dynamic 
light scattering (DLS) spectrometer (PPS Z3000, Particle 
Sizing Systems, UK). The acid-base titration was carried out 
on a ZDJ-4B automatic potentiometric titrator. The Fourier 
transform infrared (FTIR) spectroscopy was performed on a 
PerkinElmer Frontier FTIR spectrometer. Uv-vis measure-
ments were carried out on a TU-1901 Uv-vis spectropho-
tometer. CLSM images were recorded on a Leica TCS SP8 
microscope.

3.  Results and discussion

3.1.  Fabrication of vesicles via redox-initiated RAFT 
dispersion copolymerization of DIPEMA and GlyMA

Redox-initiated RAFT dispersion polymerization was done in 
ethanol-water solvent by using DIPEMA and GlyMA for the 
fabrication of pH-responsive polymeric vesicles, and water 
soluble KPS/SBS were used as the redox initiator. The results 
of thermal-initiated RAFT dispersion copolymerization of 
DIPEMA and GlyMA in a previous study (Zhang et  al., 2021) 
showed the formation of well-shaped mPEG-P(DIPEMA- 

co-GlyMA) vesicles with a large space on the phase diagram, 
and the produced vesicles showed clear pH responsiveness 
after cross-linking of the vesicle membrane. To better under-
stand this redox-initiated polymerization system, a phase 
diagram was also constructed to identify the conditions for 
the production of pure vesicles. mPEG-CPADB (Mn = 2500 
and Mw/Mn = 1.18) was synthesized by the esterification 
reaction of mPEG and CPADB in anhydrous dichloromethane 
at room temperature and then used as the macro-RAFT agent 
in the following RAFT dispersion copolymerization. A lower 
polymerization temperature of 35 °C was used due to the 
lower activation energy and higher radical generation rate 
of the redox initiation. The solid content and the target 
degree of polymerization (DP) of the P(DIPEMA-co-GlyMA) 
block, which were the two main factors affecting the 
nanoparticle morphologies, were used for the generation of 
the phase diagram, as shown in Figure 1. With solids content 
in range of 10 to 30%, only spheres and vesicles could be 
fabricated, and at each value of the solids content, with the 
increasing of target DP, similar morphological transition was 
found, from spheres to vesicles, and along with the two 
mixed phases. When the target DP of P(DIPEMA-co-GlyMA) 
≥ 50, pure polymeric vesicles could be obtained, which indi-
cated that vesicles could be produced in a wide space in 
this polymerization system. Similar to the previous study of 
azobisisobutyronitrile (AIBN)-initiated RAFT dispersion copo-
lymerization of DIPEMA and GlyMA (Zhang et  al., 2021), rel-
atively lower target DP was needed for the polymeric vesicles 
preparation in this redox-initiated polymerization system, 
while DP was generally ≥ 80 for methacrylate monomers in 
other RAFT dispersion polymerization systems to fabricate 
vesicles (Penfold et  al., 2019; Xu et  al., 2019).

3.2.  Evaluation of vesicles with cross-linked membrane

For the preparation of polymeric vesicles with permeable 
membranes, cross-linking of the mPEG-P(DIPEMA-co-GlyMA) 
vesicle membrane was performed by using EDA to react 
with the epoxy functional groups on the vesicles in an 
ethanol-water mixture. After the cross-linking reaction, the 
produced samples were further purified via the 
centrifugation-redispersion cycles. 1H NMR was applied to 
characterize the chemical structure of the mPEG-P(DIPEMA-co-
GlyMA) vesicles produced via the redox-initiated polymer-
ization system, as shown in Figure 2(a), and obvious epoxy 
group signals were found (peaks at δ 3.2 (c), δ 2.63, and 
2.82 (d)). And the reaction between the epoxy groups and 
EDA was confirmed by FTIR spectroscopy, as shown in 
Figure 2(b) for the FTIR spectra, after the reaction the 
absorption peak of the epoxy group at 842 cm−1 became 
much weaker.

The tertiary amine groups in the PDIPEMA block could be 
protonated under acid condition (pKa is approximately 6.3 
(Bories-Azeau et al., 2004)), and the degree of the protonation 
of the PDIPEMA block on the cross-linked vesicles was stud-
ied by using the acid-base titration method at pH 3.0, 4.0, 
5.0, 6.0 and 7.0 conditions. The cross-linked vesicles were 
first dispersed in deionized water and titrated with 
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hydrochloric acid to the pre-set pH value, and then sodium 
hydroxide was used for titration to determine the end points. 
The degree of protonation of the PDIPEMA block decreased 
with the increasing of pH value of the dispersion solution, 
and was higher than 60% when pH value was equal to or 
lower than 5.0, as shown in Figure 2(c).

To check the stability of the cross-linked vesicles in acid 
buffer solutions, the cross-linked vesicles were redispersed 
in pH 7.4 PBS solution, pH 5.0, pH 4.0 and pH 3.0 buffer 
solutions, and the TEM images, zeta potential, and hydrody-
namic diameter and its distribution index (PDI) were studied. 
Seen from Figure 2(e)–(h), clear and thin vesicle membranes 
could be observed in pH 7.4 PBS solution, while the vesicle 
membrane became more and more thicker and unclear as 
the decreasing of the solution pH value, which was consis-
tent with the Eisenberg group result on the vesicle wall 
structure at different pH values for poly(ethylene oxide
)-b-polystyrene-b-poly(2-diethylaminoethyl methacrylate) ves-
icles (Yu et  al., 2009). The cross-linked vesicles were swollen 
at the acid conditions for the protonation of the tertiary 
amine groups in the PDIPEMA block, while their morpholo-
gies could be maintained. The hydrodynamic diameter of 
the vesicles in different buffer solutions was also evaluated 
by DLS, and it showed a significant increase from about 
195 nm in pH 7.4 PBS solution to about 380 nm in pH 3.0 
buffer solution, while the PDI kept in range of 0.10–0.14, as 
shown in Figure 2(d), and the zeta potential showed a little 
decrease as the increasing of the solution pH value. For the 
non-cross-linked mPEG-P(DIPEMA-co-GlyMA) vesicles, when 
dispersed in pH 4.0 buffer solution, transparent solution 
would be obtained and no vesicle could be observed on 
the TEM photo (Figure 2(i)). This indicated that cross-linking 
of the vesicle membrane increased the structural stability of 
the vesicles in an acid environment, which made it a possible 
candidate to utilize the pH responsibility of the cross-linked 
vesicles for encapsulation and release of the drugs.

3.3.  Encapsulation of DOX

For the general drug encapsulation method, the formation 
of the nanoparticles and encapsulation of the drugs were 
done at the same time, which was to mix the drugs and 
block copolymers together in organic solvents, and after 
addition of a non-solvent into the mixture, the drugs were 
encapsulated accordingly during the nanoparticle formation 
process (Zhu et  al., 2013; Zhang et  al., 2017). Herein, the 
vesicles with cross-linked membrane were pre-prepared, and 
the anticancer drug DOX was loaded into the vesicles by 
mixing DOX·HCl and the cross-linked vesicles in an acid buffer 
solution (in which the pores in the vesicle membrane would 
open for the protonation of the tertiary amine groups in 
PDIPEMA block), and after stirring for 24 h, the pH of the 
solution was adjusted to approximately 8.0 to close the pores 
in the vesicle membrane and encapsulate DOX inside the 
vesicles, as illustrated in Scheme 1.

For this post-encapsulation method, the DOX was encap-
sulated into the vesicles through the pores of the vesicle 
membrane under acidic environment, and the hydrogen bond 
interaction between the cross-linked vesicle membrane 
P(DIPEMA-co-GlyMA) and DOX also helped DOX to enter the 
vesicles. The produced DOX-loaded vesicles were dialyzed in 
PBS (pH = 7.4) to completely remove the unencapsulated 
DOX. Figure 3(a) shows the Uv curves of the vesicles, DOX·HCl, 
and the DOX-loaded vesicles, and the DOX characteristic peak 
in the range of 420–550 nm was clearly observed for the 
DOX-loaded vesicles. Figure 3(b)–(d) shows the TEM morphol-
ogy of the DOX-loaded vesicles prepared in pH 3.0, 4.0 and 
5.0 buffer solutions, and the vesicle morphology could be 
maintained after DOX encapsulation.

To calculate the drug loading efficiency (LE) and drug 
loading content (LC) in the vesicles, a Uv-vis quantitative 
method was used. A standard curve was made by plotting 
the Uv absorbance at 480 nm against the concentration of 
DOX, and the regression curve y = 0.01792x − 0.00162 with 

Figure 1. Phase diagram generated by varying the target DP of P(DiPeMA-co-glyMA) and the solid content.
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Figure 2. (a) 1H NMr spectra of mPeg-P(DiPeMA-co-glyMA) vesicles; (b) FTir spectra of mPeg-P(DiPeMA-co-glyMA) vesicles before and after reacting with 
eDA; (c) the degree of the protonation of the PDiPeMA block vs. pH value of the dispersion solution; (d) hydrodynamic diameter, PDi and zeta potential of 
the vesicles measured in pH 7.4 PBS solution, pH 5.0, pH 4.0 and pH 3.0 buffer solutions by using DlS; (e-h) TeM images of cross-linked mPeg-P(DiPeMA-co-
glyMA) vesicles dispersed in pH 7.4 PBS solution, pH 5.0, pH 4.0 and pH 3.0 buffer solutions respectively; and (i) TeM image of non-cross-linked mPeg-P(DiPeMA-co-
glyMA) vesicles dispersed in the pH 4.0 buffer solution.
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R2 = 0.9996 was obtained for the DOX concentration. LE and 
LC of the DOX-loaded vesicles done in pH 3.0, 4.0 and 5.0 
buffer solutions were shown in Figure 4(a), and both LE and 
LC decreased as the increasing of the pH value of the buffer 
solution used for drug encapsulation, which indicated that 
the lower the pH value, the better the membrane permea-
bility of the cross-linked vesicles. The effect of weight ratios 
of vesicles/DOX on LE and LC were also studied in pH 4.0 
buffer solution. As shown in Figure 4(b), both LE and LC 
increased as the DOX loading ratio increased, and as high 
as 50% LE and 39% LC could be achieved with vesicles/DOX 
at 1.5:1. Further increasing the DOX loading ratio caused 
instability of the vesicle solution after adjusting solution pH 
to 8.0, which might be caused by the poor solubility of DOX 
in the solution. The successful encapsulation of DOX into 

the vesicles indicated that vesicles with cross-linked mem-
branes have certain permeability and could be potentially 
used for drug encapsulation.

3.4.  In vitro release of DOX

As mentioned previously in the introduction, for the pro-
tonation of the tertiary amine groups on PDIPEMA chains 
in acid conditions, the pores in the vesicle membrane would 
open and the DOX in the DOX-loaded vesicles can be 
released under the acidic environment (as illustrated in 
Scheme 1). For the in vitro release study of the DOX-loaded 
vesicles (prepared with a weight ratio of vesicles: DOX = 2:1 
in pH 4.0 buffer solution), buffer solutions of pH = 6.5 and 

Figure 3. (a) uv curves of vesicles, DOX·HCl, and the DOX-loaded vesicles; and (b-d) TeM images of the DOX-loaded vesicles prepared in pH 3.0, pH 4.0 and 
pH 5.0 buffer solutions respectively.

Figure 4. (a) Drug loading efficiency (le) and drug loading content (lC) values vs. pH value of the buffer solutions; (b) drug loading efficiency (le) and drug 
loading content (lC) values vs. weight ratios of vesicles/DOX.
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5.0 (microenvironment of tumor approximately pH = 6.5, 
and tumor cell approximately pH = 5.0–5.5 (Yu et  al., 2020)) 
were used as the dialysis solution to simulate the tumor 
environment, and the results are shown in Figure 5. When 
the drug release test was carried out at pH = 6.5, about 
12% of the DOX in the vesicles was released within the first 
24 h, and then the release amount did not change much, 
and only increased to about 15% after 72 h; while in pH = 
5.0 buffer solution, a much more rapid release of DOX from 
the vesicles could be observed, as shown in Figure 5. Up 
to 47% of DOX was released within the first 8 h, and reached 
as high as 65% after 72 h, which was owing to the proton-
ation of the tertiary amine groups in the more acidic solu-
tion, and thus making the pores in the vesicle membrane 
open for easy release of the drug. The result was consistent 
with reported result for the pH-responsive release of the 
polymeric nano-objects made by NBMA and CMA (Zhang 
et  al., 2017), and a much faster drug release speed at pH 

Figure 5. DOX release profiles of the DOX-loaded vesicles in the aqueous 
buffer solutions at pH = 6.5 and at pH = 5.0 (cumulative release (%) vs. time 
(h)).

Figure 6. (a) Cell viability vs. different concentrations of cross-linked vesicles; and (b) cell viability vs. different concentrations of free DOX and the DOX-loaded 
vesicles.

Figure 7. Confocal laser scanning microscope images of the A549 cells treated with free DOX solution and the DOX-loaded vesicle solution at 37 °C for 24 h 
and stained with DAPi. The images from left to right display DAPi (blue), DOX (red), and a merge of the two images.
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5.4 than in a pH-neutral environment for the DOX-loaded 
nano-objects. The pH responsibility of the cross-linked ves-
icles could avoid DOX leakage during blood circulation stage 
and enable fast release at the acidic tumor locations.

3.5.  In vitro cytotoxicity evaluation

The cytotoxicity of the polymeric vesicles, the corresponding 
DOX-loaded vesicles and the free DOX in A549 cells were 
tested using a CCK-8 assay, which is to detect the number 
of viable cells in cell proliferation and cytotoxicity assays 
(Zhuang et  al., 2016; Zhao et  al., 2020). During the cytotox-
icity evaluation, different concentrations of cross-linked ves-
icle solutions, free DOX solutions and DOX-loaded vesicle 
solutions were added to the wells with A549 cells and incu-
bated for one day to check the absorbance values. Figure 
6(a) shows the relationship of cell viability versus the con-
centrations of the cross-linked vesicles, and the cell viability 
showed almost no decrease up to the concentration of 
2.0 mg/mL, and thus the cytotoxicity of the cross-linked ves-
icles was very low. However, after treating A549 cells with 
free DOX solutions or the DOX-loaded vesicle solutions (DOX 
concentration of DOX-loaded vesicles was calculated based 
on the drug loading content), an obvious decline of the cell 
viability was observed with a DOX concentration in the range 
of 0.1–1.0 μg/mL, and then the cell viability decreased slowly 
as the DOX concentration increased, as shown in Figure 6(b). 
To compare the 50% cellular growth inhibition (IC50) values 
to A549 cells, IC50 was 0.68 μg/mL for the free DOX solution, 
while for the DOX-loaded vesicle solution, the value was 
1.15 μg/mL (the release of DOX from the DOX-loaded vesicles 
should cause the cytotoxicity). The cytotoxicity of the free 
DOX could be reduced obviously by encapsulation into the 
vesicles, which also demonstrates the advantages of applying 
polymeric vesicles as the drug carriers.

3.6.  Intracellular DOX release

Free DOX solution and DOX-loaded vesicle solution (with 
0.2 μg/mL concentration of DOX) were used for the investi-
gation of intracellular DOX release. The A549 cells were 
treated with free DOX solution or DOX-loaded vesicle solution 
at 37 °C for 24 h, and stained with DAPI (a blue fluorescent 
dye that can stain the nuclei of the cells) after the cells were 
fixed with formaldehyde, and then CLSM was applied to do 
the evaluation. For the cells incubated with free DOX solution, 
strong blue fluorescence could be seen for the nuclei of 
A549 cells stained with DAPI, as shown in Figure 7, and weak 
red fluorescence was also observed, which demonstrated that 
DOX entered the cell nuclei. While for the A549 cells treated 
with the DOX-loaded vesicle solution, much stronger red 
fluorescence was detected, indicating that more DOX-loaded 
vesicles entered into the cells than did the free DOX, and 
thus higher cellular uptake capability could be achieved for 
the DOX-loaded vesicles. This was consistent with the 
reported result where the entry of free DOX into HeLa cells 
was slower than that of DOX-loaded nano-objects due to 
the low solubility of DOX in aqueous solution (Qiu et al., 2016).

4.  Conclusions

In this study, the post-encapsulation and release of drugs 
were examined through the cell-like transmission function 
of polymeric vesicles. Accordingly, pH-responsive vesicles 
with cross-linked membranes were fabricated through a 
post-cross-linking approach, using mPEG-P(DIPEMA-co-
GlyMA) vesicles produced through a redox-initiated revers-
ible addition-fragmentation chain transfer dispersion 
polymerization in ethanol-water mixture. The membrane 
of the vesicles served as a gate and underwent “open” 
functionality to enable the anticancer drug DOX to diffuse 
into the vesicles in an acidic environment, and underwent 
“closed” functionality to trap the drug in the vesicles under 
weak alkaline conditions, achieving up to 50% LE and 39% 
LC. In vitro release of the DOX-loaded vesicles in the aque-
ous buffer solutions was much faster at pH = 5.0 than at 
pH = 6.5. The polymeric vesicles caused virtually negligible 
cytotoxicity to A549 cells up to a concentration of 2.0 mg/
mL. The IC50 of DOX-loaded vesicles was higher than that 
of the free DOX. The intracellular DOX release study indi-
cated higher cellular uptake capability for DOX-loaded 
vesicles than that of free DOX. Therefore, preparation of 
the pH-responsive vesicles with cross-linked membranes 
demonstrated a potential method for anticancer drug deliv-
ery application.
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