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Abstract
Amphiphilic diblock copolymers may assemble in aqueous solutions to form vesi-
cles delimited by a polymeric double layer, also known as polymersomes, consid-
ered a more robust option to liposomes. Diblock copolymers may respond to pH, 
temperature, and other conditions. Because of such properties, polymersomes are 
currently being studied as drug delivery systems or as nanoreactors. pH-responsive 
polymersomes are potentially crucial because unusual pH gradients are present in 
cells under several physiological and pathological conditions. We synthesized two 
diblock copolymers of poly [2-(dimethylamino) ethyl methacrylate]-block-polysty-
rene (PDMAEMA-b-PS) via RAFT. We both developed new materials and better-
understood polymersomes’ properties with pH and temperature-responsive groups 
with these polymers. GPC, 1H-NMR, and FTIR characterized copolymers. The 
ionization equilibrium of the PDMAEMA amino groups on the polymersomes was 
analyzed by potentiometric titration and Zeta potential measurements. The hydrody-
namic radius of the polymersomes in different pH and temperatures was analyzed by 
DLS. Entrapment of an electron paramagnetic resonance probe indicated the pres-
ence of a hydrophilic inner core. Negative staining transmission electron micros-
copy showed spherical aggregates and confirmed the diameter around 80 nm. These 
polymersomes with dual stimulus–response (i.e., pH and temperature) may be a 
platform for gene delivery and nanoreactors.
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Introduction

Polymersomes, or polymer vesicles, are nanometer-sized spheroidal aggregates that, 
in water, present an aqueous internal compartment, external and internal hydrophilic 
coronas, and a hydrophobic membrane-like structure separating the coronas [1].

Polymersomes have gained considerable interest due to their potential applica-
tions in drug delivery, gene therapy, theranostics, artificial organelles, and nanoreac-
tors [2–7]. Polymersomes are, in general, more stable and robust than liposomes and 
can respond to external stimuli [5, 8]. Interest in polymersomes’ pH responsiveness 
is significant since pH gradients are typical in several physiological and pathological 
conditions [3–5, 9–13]. Due to their broad range of applications, it is interesting to 
develop easy-to-obtain polymersomes that exhibit responses to external conditions 
changes [1, 3, 6, 14, 15].

As amphiphilic diblock copolymers may self-assemble in water, they can form 
polymersomes with potential applications in medical, biological, and chemi-
cal sciences [6, 16–19]. Amphiphilic diblock copolymers have a hydrophilic and 
a hydrophobic block. A block copolymer bearing poly [2-(dimethylamino) ethyl 
methacrylate] (PDMAEMA) as the hydrophilic block and polystyrene (PS) as the 
hydrophobic block (Fig. 1) forms aggregates that precipitate at higher temperatures 
due to the low critical solution temperature (LCST) of the PDMAEMA block. The 
temperature at which the polymersomes become water-incompatible is strongly 
pH dependent. Hence, these systems are both pH- and temperature responsive [7, 
19–28].

Genes [29] or gene/drugs [30] can be delivered using PDMAEMA and derived 
copolymers. PDMAEMA side chain amino groups undergo protonation/deprotona-
tion equilibrium, so negatively charged molecules like DNA can bind, mainly when 
the protonated form of the polymer predominates. Biological compartments such as 
the interior of cell organelles present pH variations so that the electrostatic bound 
may be weakened in higher pH, releasing the attached molecule—DNA, for exam-
ple—in a site of interest. That is a strategy to target a molecule (drug or nucleic 
acid) to specific locations inside the cell [3]. Supramolecular aggregates such as 
polymersomes containing PDMAEMA-based polymers may improve the delivery 

Fig. 1   General structure of diblock copolymers PDMAEMAn-b-PSm, obtained by the RAFT technique. 
m and n are the numbers of styrene and DMAEMA units, respectively. The end-groups are typical of a 
RAFT-made polymer with the specific CTA used in this work. The amine group on the DMAEMA unit 
is responsible for the pH-response of the copolymers in aqueous media
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properties of systems designed to carry genes or drugs; therefore, the deep under-
standing of their properties is of great interest, including the protonation equilibrium 
process on the polymersome surface.

Reversible deactivation radical polymerization (RDRP) techniques allowed the 
production of polymers with precise architecture and composition. Advances of 
RDRP are crucial to the synthesis of diblock copolymers tailored to assemble in 
water in various types of aggregates, including polymersomes, because they allow 
the synthesis of a homopolymer block that can be further extended with a differ-
ent monomer, resulting in a diblock copolymer [5, 7, 28, 31–39]. Therefore, RDRP 
techniques are crucial to  the development of new routes to synthesize functional 
block copolymers such as PDMAEMA-b-PS [28], used in this work.

The RDRP variant known as reversible addition-fragmentation chain transfer 
(RAFT) polymerization is useful to generate amphiphilic diblock copolymers prone 
to assemble into polymersomes [31]. In this work, we synthesized two different 
diblock copolymers (PDMAEMA-b-PS) by RAFT and assembled polymersomes in 
aqueous solutions. This system’s in-depth characterization is presented, including 
average size, size distribution, surface charge density, and probing of the internal 
aqueous compartment.

Experimental

Materials

Deuterated chloroform (CDCl3), deuterated water (D2O), dimethyl-2-(aminoethyl) 
methacrylate (DMAEMA, 98%) and styrene (98%) were from Sigma-Aldrich. 
Monomers stabilizer was removed by De-HiBit-200 (Polysciences, Inc.). NaH2PO4, 
HCl and NaOH were from Merck. 2,2′-azobis-isobutyronitrile (AIBN), 1,1′-Azobi
s(cyclohexanecarbonitrile) (ACHN), and the chain transfer agent (CTA) 2-Cyano-
2-propyl dodecyl trithiocarbonate were from Sigma-Aldrich and used as received. 
Milli Q (Millipore Co.) purified water was used throughout. The spin probe 4-tri-
methylammonium-2,2,6,6-tetramethylpiperidine-1-oxyl iodide (CAT1) was obtained 
from Fisher Scientific. Tetrahydrofuran (THF) (HPLC grade) was from J.T. Baker. 
All other chemicals were of analytical grade, obtained from Sigma-Aldrich and used 
without purification.

RAFT polymerization synthesis of amphiphilic diblock copolymers 
of PDMAEMAn‑b‑PSm

The materials used to assemble into polymersomes were synthesized via RAFT. 
Two PDMAEMAn-b-PSm copolymers bearing the same PDMAEMA block were 
used. Briefly, a PDMAEMAmacroCTA was first synthesized, in bulk, using 
2-cyano-2-propyl dodecyl trithiocarbonate as chain transfer agent (CTA) and 
ACHN as initiator. The PDMAEMAmacroCTA-homopolymer was purified 
by several dissolution/precipitation cycles in THF and methanol. As the aim of 



788	 Polymer Bulletin (2022) 79:785–805

1 3

this synthesis was macroCTA, the relatively high Mw/Mn (1.65, Table 1) of the 
product was considered acceptable for further use. Purified macroCTA was used 
to synthesize, in bulk, two PDMAEMA-b-PS with different PS block lengths 
(PDMAEMA315-b-PS244 and PDMAEMA315-b-PS781) with AIBN as initiator. 
The two copolymers obtained were isolated by precipitation in hexane (from THF 
solutions) and dried for 2 days at 40 °C. All syntheses were performed in argon 
atmosphere and under 600 rpm magnetic stirring.

Characterization of amphiphilic diblock copolymers of PDMAEMAn‑b‑PSm

GPC

Gel permeation chromatographic (GPC/SEC) was used to determine the average 
molar masses of the PDMAEMAmacroCTA and of the copolymers [40] on a GPC 
Shimadzu Prominence series equipped with a pre-column Phenogel, 5  μm, and 
two columns in series: Phenogel 5 μm, 1 × 106 Å and 5 μm, 1 × 104 Å (Phenom-
enex). The injected volume of the sample was 10 µL (10 mg mL−1), and the anal-
ysis was performed at 35 °C. A differential refractive index detector (Shimadzu 
RID-10A) was used. The mobile phase was THF with triethylamine 0.3% at a flow 
rate of 0.8  mL  min−1. The system was calibrated with polymethylmethacrylate 
(PMMA) (EasyCal, Sigma-Aldrich) standards (Mp ~ 800 –2,000,000  g  mol−1). 
The polymer chains molar mass progression of all syntheses was monitored by 
GPC analysis of the aliquots taken at different reaction times.

Nuclear magnetic resonance (NMR)

Copolymer chemical structure and PDMAEMA/PS ratios were determined by 
1H-NMR spectra using a Varian (Mercury model) spectrometer operating at 
300  MHz (1H frequency). The spectra were recorded at room temperature in 
CDCl3 (10 mg mL−1) and were obtained with 90o pulses of 8.0 µs and a spectral 
window of 12 ppm. 1H-NMR chemical shift assignments of all materials were in 
agreement with the literature [7, 41, 42].

Table 1   Synthesis parameters 
and characterization data of the 
polymers [PDMAEMAn-b-PSm]

a n/m ratios (PDMAEMA (n) and polystyrene (m)) were calculated 
from the areas under the 1H NMR peaks and GPC total molar mass 
(see "Methods")
b Data obtained by GPC

Material n:ma Mn
b (kg mol−1) Mw

b/Mn

PDMAEMA315macroCTA​ – 54.7 1.65
PDMAEMA315-b-PS244 1:0.775 74.8 1.56
PDMAEMA315-b-PS781 1:2.48 145 1.49
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Fourier Transform Infrared Spectroscopy (FITR)

Fourier transform infrared spectroscopy (FTIR) analysis was used to confirm the 
copolymer molecular structure and to prove the purity of the synthesized poly-
mers. Measurements were performed on IR Prestige 21 spectrometer (Shimadzu) 
using ATR mode.

Titration

The pKa of the amino groups of the copolymers were determined potentiometri-
cally in a DIGIMED DM-20 pH meter (São Paulo, Brazil) equipped with a semi-
micro-combination electrode (Corning, USA) in N2 atmosphere as described 
by Saraiva et  al. [43]. The copolymers were solubilized in THF, maintained 
under stirring for 2  h and, after solubilization, kept in a refrigerator overnight. 
The stock solutions of PDMAEMA315-b-PS244 and PDMAEMA315-b-PS781were 
0.02538  g  mL−1 and 0.05135  g  mL−1, respectively. Copolymer concentrations 
were calculated to yield the same moles of amine groups in both experiments. For 
PDMAEMA315-b-PS244 titration, 0.12 mL of the solution was added to 30 mL of 
HCl 0.0025 M, pH 2.45, under vigorous stirring and the titration was performed 
with NaOH 0.05 M. For PDMAEMA315-b-PS781, 0.06 mL of the stock solution 
was used. The HCl 0.0025 M, pH 2.45, solution was previously titrated with the 
same NaOH solution.

Assembly of polymersomes in aqueous solution

Polymersomes based on copolymers of DMAEMA and PS were prepared via sol-
vent switch [41, 44]. The two amphiphilic block copolymers were dissolved in 
tetrahydrofuran (THF) to a final concentration of 40 mg mL−1. Subsequently, in a 
flask containing 2 mL of Tris–HCl buffer 10 mmol L−1, pH 7.4, under stirring at 
1000 rpm, 50 µL of the copolymers in THF was slowly added for the assembly of 
the polymersomes in the final concentration of 1 mg mL−1. Polymersomes were 
prepared at room temperature, and the final THF content was 2.5% (v/v).

Determination of the aqueous internal volume of polymersomes—Encapsulation 
of CAT1 probe measured by electronic paramagnetic resonance (EPR)

Spectra were obtained in a Bruker EMX-200 spectrometer (Bruker, Germany) 
using trimethylammonium-2,2,6,6-tetramethylpiperidine-1-oxyl iodide (CAT1) as 
probe [45].

Polymersomes were prepared by injecting 50 µl of each copolymer solution (at 
concentration of 40 mg mL−1 of copolymer in THF) to 2 mL of Tris–HCl buffer 
10 mmol L−1, pH 7.4, containing 1.5 mmol L−1 of CAT1 spin probe, to a final 
concentration of 13.4 µmol L−1 of PDMAEMA315-b-PS244 and 6.9 µmol L−1 of 
PDMAEMA315-b-PS781.
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EPR signal of 170 µL of the sample, placed in flat quartz cells (Wilmad, USA), 
was measured before and after the addition of 10 µL of a 0.04 mol L−1 of ascor-
bic acid solution freshly prepared, to a final concentration of 2.35 mmol L−1 of 
ascorbic acid. The CAT1 signal is suppressed by an oxidation–reduction reaction 
with the ascorbic acid. The ratio between the signal before (total signal) and after 
(residual signal) suppression adjusted for the dilution was used to calculate the 
percentage of encapsulated probe and the total internal volume of the aqueous 
compartments inside the polymersomes (Eq. 1) [46].

The % of entrapment and internal aqueous volume was analyzed as a function of 
the final polymer concentration in the sample. Control samples to test the signal sup-
pression reaction consisted of the CAT1 solution in buffer without the polymers in 
which ascorbic acid was added at the same proportion of the sample containing the 
polymersomes.

Dynamic Light Scattering (DLS)

The hydrodynamic diameter (Dh) and the surface charge density (Zeta potential) of 
the polymersomes were measured by dynamic light scattering (DLS) using a Zeta-
sizer Nano 317 (Malvern) at 25  °C. Buffers were previously filtered through Mil-
lipore Millex LCR (0.22 µm) and the copolymer solutions in THF through Millipore 
PTFE filters (0.45 µm). The concentration of all buffers was 0.01 mol L−1. The aver-
age size of the polymersomes prepared in different buffers was studied at different 
temperatures ranging from 25 to 85 °C to verify thermal transitions such as LCST 
and the conditions in what the transition takes place. Hydrodynamic diameter data 
are expressed both as size scatter average (calculated averaging the total scattered 
light intensity as function of size, Fig.  5) and as size number average (calculated 
from the total scattered light normalized by each related size, Table 2). Size scatter 

(1)
%Entrapment = 100 ∗ Residual signal∕Total signal = 100 ∗ Internal volume∕170 μL

Table 2   Hydrodynamic 
diameter (number average, 
nm), polydispersity index 
(PdI) and zeta potential (mV) 
values of polymersomes of 
PDMAEMA315-b-PS244 and 
PDMAEMA315-b-PS871, 
with the respective standard 
deviations (SD), in different 
buffers (0.01 mol L−1) and pHs. 
All experiments were performed 
at 25 °C

Buffer pH Diameter (number 
average, nm) (SD)

PdI (SD) Zeta poten-
tial (mV) 
(SD)

PDMAEMA315-b-PS244

 Acetate 5.0 96 (6) 0.64 (0.20)  + 44.2 (1.9)
 Tris–HCl 7.4 147 (25) 0.71 (0.24)  + 29.3 (3.9)
 Tris–HCl 8.0 86 (26) 0.54 (0.06)  + 25.0 (2.4)
 Phosphate 8.0 93 (9) 0.45 (0.05)  + 12.8 (1.0)

PDMAEMA315-b-PS781

 Acetate 5.0 104 (18) 0.46 (0.02)  + 43.0 (1.0)
 Tris–HCl 7.4 80 (20) 0.36 (0.08)  + 33.5 (1.2)
 Tris–HCl 8.0 58 (3) 0.29 (0.06)  + 20.9 (2.1)
 Phosphate 8.0 111 (19) 0.29 (0.11)  + 12.6 (0.5)
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average is used to monitor overall changes in the size distribution of the sample as 
temperature was increased, while size number average values report the size distri-
bution in terms of number of particles at each size. All data are the mean of tripli-
cate measurements ± SD.

Analyzes of polymersomes by negative staining transmission electron 
microscopy (TEM)

TEM was performed using a FEI Tecnai G20 200 kV transmission electron micro-
scope, at the Institute of Biomedical Sciences (ICB) of University of São Paulo 
(USP). A grid, 400 mesh of a carbon thin layer film (Electron Microscopy Sciences), 
was negatively glow-discharged for 15 s at plasma current of 14 mA. Then, the grid 
was added to the top of a drop of 20 μL of polymersomes at the concentration of 
2.5 mg mL−1 for 2 min followed by two rinses using water. The grid containing the 
sample was put at the top of a 2% uranyl acetate drop for 2 min, followed by dry-
ing using a filter paper and left to dry at room temperature. The images were then 
obtained, and visualization, selection and analysis were performed using ImageJ 
program.

Results and discussion

Polymer synthesis and characterization

Figure  2 shows typical GPC (see "Methods" section) traces of the polymers. 
Copolymers showed only one signal throughout the polymerization, indicating that 
PDMAEMA chains were extended. As the total average molar masses were deter-
mined by GPC using PMMA standards, the molar mass units in Table  1 refer to 
PMMA molar mass/hydrodynamic relationship.

Characterization data of the polymers are described in Table  1. The molar 
mass dispersities (Mw/Mn) below 1.5 are characteristic of controlled radical 

Fig. 2   GPC elution profiles 
of PDMAEMA315-b-PS781, 
PDMAEMA315-b-PS244, and 
PDMAEMA315macroCTA. The 
mobile phase was THF with 
triethylamine 0.3% at a flow rate 
of 0.8 mL.min −1
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polymerizations [34]. The results presented here are around or higher than that. 
Even though this finding points out to some lack of polymerization control, RAFT 
was used here in order to solely facilitate the generation of block copolymers. That 
goal was accomplished, as demonstrated by GPC, FTIR and NMR, so the relatively 
high values of Mw/Mn are not relevant in this context. As mentioned previously, 
all PDMAEMAmacroCTA chains were extended during the copolymerization, 
so is very likely that all of them carried the RAFT agent functionality before PS 
elongation.

The hydrophilic (n) and hydrophobic (m) blocks ratios (Fig. 1, Table 1) and the 
copolymer average formula [PDMAEMAn-b-PSm] were calculated combining the 
total molar masses (GPC data) and the data obtained by 1H-NMR (Fig. 3).

PDMAEMA/PS ratios (n/m ratio) of the copolymers were calculated from the 
areas under the 1H NMR signals corresponding to the side chain methylene group of 
the ester in the PDMAEMA unit (–O–CH2–) (n), and the aromatic protons of the PS 
block (m) according to Eq. 2:

In Eq. 2, Ad represents the area under the methylene groups peak of PDMAEMA 
and Ac is the area under the peak of the aromatic protons of PS. The coefficients 
5 and 2 normalized the areas for the number of hydrogens from the methylene of 
DMAEMA and the aromatic ring of PS, respectively. The indexes n and m are the 
number of units of DMAEMA and PS, respectively, in the copolymer chains. The 
total polymer mass, Mn, is given by the relative composition of the two monomers 
as described in Eq. 3:

where (PDMAEMA) and (PS) are the monomer molecular masses, i.e., 157.9 and 
104 g.mol−1, respectively. Mn was obtained by GPC analysis.

All spectra exhibit the 1H-NMR peaks at 0.6, 2.3, 2.6, and 4.1 ppm, character-
istics of the PDMAEMA block (Fig.  3a–c). The 1H-NMR peaks of the aromatic 
hydrogens in the PS block of the copolymers were between 6.5 and 7.5  ppm in 
copolymers PDMAEMA315-b-PS244 and PDMAEMA315-b-PS781(Fig. 3b, c)[47].

In the FTIR spectra of both PDMAEMA315-b-PS244 and PDMAEMA315-b-PS781, 
strong signals at 698 cm−1 related to out-of-plane angular deformation relative to the 
aromatic rings of the styrene structure were evident (Fig. 3b, c) [48], demonstrating 
effective copolymerization. Additionally, the C-H stretching signals near 3030 cm−1, 
characteristic of aromatic C–H bonds [49], were also evident in the copolymer spec-
tra (Fig. 3). The expected PDMAEMA carbonyl ester stretching signal at 1725 cm−1 
is present in all spectra, a clear evidence of the presence of the block [50].

The pH-dependent protonation/deprotonation of PDMAEMA alters the hydro-
philic/hydrophobic balance of the corresponding copolymers determining the 
morphology and the size of the self-assembled structures [20, 21, 25, 37, 51–54]. 
The pKa of the DMAEMA monomer is ca. 8.3 [22, 23, 55–57]. Titrations of 
PDMAEMA315-b-PS244 and PDMAEMA315-b-PS781 exhibited two endpoints 
(Fig. 4): the first one corresponding to the titration of the excess HCl and the second 

(2)n(PDMAEMA)∕m(PS) =
(

A
d
∗ 5

)

∕
(

A
c
∗ 2

)

(3)M
n
= n ∗ (PDMAEMA) + m ∗ (PS)



793

1 3

Polymer Bulletin (2022) 79:785–805	

Fig. 3   1H-NMR (left) and FTIR results spectra (right) of a PDMAEMA315macroCTA, b 
PDMAEMA315-b-PS244 and c PDMAEMA315-b-PS781. NMR peaks were assigned (letters a–f). The 
peaks used to confirm the copolymerization by FTIR are indicated in the IR spectra
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corresponding to the total dissociation of the amino groups of PDMAEMA (Fig. 4). 
Both copolymers exhibited a wide pH dissociation range, at pH values lower than 
that of the DMAEMA monomer (pKa 8.3) [58]. The pH range where the cationic 
chain of the copolymers dissociated is between 4.74 and 8.46 for PDMAEMA315-
b-PS244 (mean pKa of 6.60) and between 4.91 and 8.23 for PDMAEMA315-b-
PS781 (mean pKa of 6.57). As previously reported, regarding the ionization state 
of PDMAEMA diblock copolymers, both copolymers’ mean pKa was ca. 1.5 pH 
units lower than that of the monomer [43]. The interdependence of the amino groups 
close together in the same polymer chain explains both the lower pKa (as compared 
to the monomer) and the wider dissociation range [43]. In addition, the size of the 

Fig. 4   Titration curves of the copolymers a PDMAEMA315-b-PS244and b PDMAEMA315-b-PS781. 
PDMAEMA 315 -b-PS 244 (0.0030 g) and PDMAEMA 315 -b-PS 781 (0.0061 g) in THF were added, 
under stirring, to the HCl solution. The final % THF was 0.4%
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hydrophobic PS block of PDMAEMA-b-PS did not modify the copolymers’ mean 
pKa.

Polymeric vesicles assembly and characterization

Hydrodynamic diameter and zeta potential of the polymersomes—dynamic light 
scattering

The average hydrodynamic diameters (number average, nm) and size distribution 
(polydispersity index, PdI) of the polymersomes, prepared with different buffers 
and pHs, were measured by DLS (Table  2). The average hydrodynamic diameter 
values presented in Table  2 were calculated from the number distribution of par-
ticles of each size ("Experimental" section). The aggregates formed by both poly-
mers showed hydrodynamic diameters ranging from 58 nm (PDMAEMA315-b-PS781 
Tris–HCl pH 8.0) to 147 nm (PDMAEMA315-b-PS244, Tris–HCl, pH 7.4), consistent 
with the expected size of vesicles, suggesting that these copolymers assembled into 
polymersomes in aqueous buffer solution.

The zeta potential of the aggregates formed by both the copolymers decreased 
from ca. + 44 mV to ca. + 12 mV with increasing pH, a result compatible with amine 
deprotonation (Table 2). The length of the hydrophobic PS block did not affect the 
pH effect on the Zeta potential significantly in good agreement with the titration 
results (see above) (Fig. 4). Zeta potential values of both copolymers at pH 8.0 in 
phosphate buffer, however, were appreciably lower than those obtained at the same 
pH in Tris–HCl buffer (Table 2). Phosphate anion may bind to the copolymers more 
efficiently than Cl−, as observed in a variety of other self-aggregated structures [59].

As the pH increases from 5.0 to 8.0, the PDMAEMA block becomes less charged, 
due to ammonium deprotonation, decreasing the repulsion between the segments 
of hydrophilic chains. The change in the ionization state of the amino groups with 
increasing pH can trigger a decrease in the hydrodynamic diameter of the polymer-
somes, since the decrease in charge/charge repulsion can allow tighter packing of 
the repetitive units of PDMAEMA, leading to less stretched chains.

As the pH increases, the hydrophilic corona becomes thinner due to the decrease 
in self-repulsion [20–22, 55]. This effect was observed for the polymersomes of 
both copolymers. The size comparison only makes sense for the same buffer (same 
counterion). PDMAEMA315-b-PS244 size drops 41% going from pH = 7.4 to 8.0. 
PDMAEMA315-b-PS781 size decrease was 28% for the same pH change (Table 2). 
Such differences are probably related to multiple factors, including the average num-
ber of unimers in each aggregate and the hydrophilic/hydrophobic ratio of the copol-
ymers [16].

PDMAEMA copolymers usually present a lower critical solution temperature 
(LCST) at which the interaction of the hydrophilic groups with water decreases, 
turning them insoluble [20, 21, 55]. For PDMAEMA-based polymers LCST occurs 
at lower temperatures for higher pH’s. Above LCST, the copolymer is insoluble, 
mainly because the entropic component of the solubilization process becomes more 
significant than the enthalpic component, resulting in a positive solubilization ΔG 
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Fig. 5   Hydrodynamic diameter (size scatter average, Dh) and polydispersity index (PdI) of polymersomes 
as a function of temperature, at different pH and buffers (0.01 mol L−1). a Acetate, pH 5.0; b Tris–HCl, 
pH 7.4; c phosphate, pH 8.0; d Tris–HCl, pH 8.0
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value for the corona. This effect is determined mainly by hydrogen bond interactions 
(or not) between the solvent and the polymer functional group [20].

LCST of the polymersomes were studied by increasing the temperature from 
25 °C to 85 °C and measuring the hydrodynamic diameter, calculated from the scat-
ter intensity of each particle, leading to a size-averaged diameter, as described in the 
"Experimental" section, in opposition to the number average presented previously. 
By considering the hydrodynamic diameter, calculated from the scatter intensity dis-
tribution, one should note that the values differ from those presented at Table 2. The 
hydrodynamic diameter calculated from the scatter distribution is used here to moni-
tor overall changes in particle size because the larger particles have more impact on 
the average.

No significant change on the average size of the vesicles was observed at the 
three pH values for acetate and Tris–HCl buffers for both copolymers in all tem-
perature range studied (Fig. 5). For phosphate buffer at pH = 8.0, as the temperature 
increased, an increase in the hydrodynamic diameter and polydispersity index of 
polymersomes of PDMAEMA315-b-PS244 and PDMAEMA315-b-PS781 was observed 
at 65 °C and 85 °C, respectively (Fig. 5). Nucleation and conformational effects of 
phosphate on polyamines have been recently described and may account for this 
effect [60]. The surface charge density also affects the temperature transition since, 
in more positively charged surfaces, the magnitude of the water-copolymer inter-
actions (ion–dipole) is larger when compared to less charged surfaces at the same 
temperature. Surface hydration could explain the LCST effects observed for samples 
prepared in phosphate buffer that present lower Zeta potentials (Table 2), and are not 
observed in samples prepared in Tris–HCl buffer in which polymersomes present 
higher Zeta potential. Since LCST is the temperature in which both enthalpic and 
entropic contributions to solubilization are equal, a greater enthalpic contribution, 
in a process with (the same) negative entropy variation, leads to the LCST to be at a 
higher temperature.

The behavior reported here confirms that polymersomes of PDMAEMA-b-PS 
respond both to pH and temperature, and to other factors, such as the type of buffer 
and the anions present. All those variables can be combined to tailor systems based 
on this material that undergo precipitation at a particular temperature, pH or the 
presence of a specific kind of salt.

An internal aqueous compartment in the polymersomes

Evidencing the existence of an internal aqueous compartment is crucial for the 
demonstration of the existence of a closed vesicle-like aggregate. To verify the 
presence of an internal aqueous compartment in the polymeric aggregates, we 
prepared polymersomes in a solution of CAT1, a cationic and hydrophilic EPR 
probe. EPR signals of the sample before and after the addition of ascorbate in 
the bulk solution were measured (Fig.  6) [61]. Ascorbate reacts with the probe 
quenching its EPR signal (transferring of the unpaired electron to ascorbate). The 
residual signal after ascorbate reduction of CAT1 in the external aqueous phase 
was ascribed to the entrapped spin probe (See "Methods" section, Fig. 6, inset).
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The calculated percentages of entrapment were 0.59 and 0.53% of samples’ total 
volume for PDMAEMA315-b-PS244 and PDMAEMA315-b-PS781polymersomes, 
respectively, at a final concentration of 1 mg of the copolymer in 1 mL solution 
(Table 3). These results demonstrated the presence of an internal aqueous com-
partment, impermeable to both CAT1 and ascorbate.

The degree of encapsulation of the EPR probe measured for both polymer-
somes preparations is in agreement with calculations considering particle radius, 
polymer concentration, molecular weight, and area per molecule [62]. Taking 
extruded polymersomes with a diameter of 400  nm and sharp size distribution, 
we estimate, for a 1 mg mL−1 polymersome suspension, an entrapment percent-
age of ca. 0.45% [62].

Fig. 6   EPR spectrum of CAT1 in a suspension of PDMAEMA315-b-PS781 polymersomes before and after 
(inset) addition of ascorbate. Polymersomes were prepared at 1 mg ml−1, in Tris–HCl 10 mol L−1pH 7.4, 
CAT1 1.5 mmol L−1. Final concentration of ascorbic acid was of 2.35 mmol L−1

Table 3   EPR total and residual signals before and after ascorbate addition, percentage of entrap-
ment, and total aqueous compartment volume of 1  mg  mL−1 solution of PDMAEMA315-b-PS244 and 
PDMAEMA315-b-PS781 polymersomes

Sample Total EPR sig-
nal (× 10–3)

Residual EPR 
signal (× 10–3)

% of entrapment Polymersomes total 
internal volume 
(µL)

Control 2.816 Not detectable – –
PDMAEMA315-b-PS244 2.790 0.0163 0.59 ± 0.07 1.00
PDMAEMA315-b-PS781 2.706 0.0143 0.53 ± 0.05 0.90
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Size distribution and morphology of polymersomes by TEM

Negative staining-TEM of the polymersomes formed in water showed the presence 
of spherical aggregates resembling a vesicle bearing an internal hydrophilic com-
partment isolated from bulk solution by a polymeric continuous layer (Figs. 7 and 
8).

Images in Figs. 7a, b and 8a, b show aggregates of different diameters, but, as 
the aggregates may be in different depth planes in the grid, the degree of polydis-
persity may be lower than that in the image. Due to this fact, statistical analysis of 
polymersomes average diameter and size distribution was performed considering 
the contrast level of the observable polymer vesicles. PDMAEMA315-b-PS244 and 
PDMAEMA315-b-PS781 polymersomes have diameters of 74 ± 18  nm (n = 18) and 

Fig. 7   Negative staining-TEM images of polymersomes of PDMAEMA315-b-PS244 assembled in 
10 mmol L−1 Tris–HCl buffer (pH 7.4). a–d Correspond to different places of the grid and magnification. 
The bar on the bottoms of each micrograph serves as size reference



800	 Polymer Bulletin (2022) 79:785–805

1 3

78 ± 24 nm (n = 23), respectively, Figs. 7c, d, 8c, d, in agreement with data obtained 
by DLS (Table 2).

EPR and TEM results together strongly suggest that the polymersomes have an 
internal hydrophilic compartment, separated from the external hydrophilic bulk 
solution by an amphiphilic bilayer. The hydrophobic layer is formed by PS blocks 
and the hydrophilic layer by PDMAEMA, according to the schematic representation 
in Fig. 9.

The character of the inner and outer hydrophilic cores can make the polymer-
somes presented here interesting for gene delivery, because of the ability of the posi-
tively charged amino groups of PDMAEMA to complex DNA [48, 53]. Also, the 
structures formed by the copolymers have a hydrophilic inner compartment capa-
ble of entrapping water and, therefore, water-soluble substances, which makes them 
potential candidates for nanoreactors [63].

Fig. 8   Negative staining-TEM images of polymersomes of PDMAEMA315-b-PS781 assembled in 
10 mmol L−1 Tris–HCl buffer (pH 7,4). a–d Correspond to different places of the grid and magnification. 
The bar on the bottoms of each micrograph serves as size reference
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Conclusions

Diblock copolymers of PDMAEMA-b-PS obtained via RAFT technique aggregate 
in aqueous solutions forming well-characterized multi-responsive polymersomes. 
pH, temperature and the type of buffer affect the aggregates’ size, indicating that 
the dissociation degree of the PDMAEMA amino group and the net charge of the 
corona are central for the structure and stability of the aggregates. Such variables 
may be used to generate tailored systems for numerous applications. EPR and nega-
tive staining-TEM analyses demonstrated that the aggregates are polymersomes with 
a hydrophilic inner core, impermeable to ascorbic acid and the cationic EPR probe 
CAT1. Among other potential applications, these polymersomes are potential plat-
forms for nanoreactors and gene delivery.
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