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Abstract. Chimeric/mixed stimuli-responsive nanocarriers are promising agents for
therapeutic and diagnostic applications, as well as in the combinatorial field of theranostics.
Herein, we designed chimeric nanosystems, composed of natural phospholipid and pH-
sensitive amphiphilic diblock copolymer, in different molar ratios and assessed the polymer
lyotropic effect on their properties. Initially, polymer-grafted bilayers were evaluated for
their thermotropic behavior by thermal analysis. Chimeric liposomes were prepared through
thin-film hydration and the obtained vesicles were studied by light scattering techniques, to
measure their physicochemical characteristics and colloidal stability, as well as by imaging
techniques, to elucidate their global and membrane morphology. Finally, in vitro screening of
the systems’ toxicity was held. The copolymer effect on the membrane phase transition
strongly depended on the pH of the surrounding environment. Chimeric nanoparticles were
around and above 100 nm, while electron microscopy revealed occasional morphology
diversity, probably affecting the toxicity of the systems. The latter was assessed to be
tolerable, while dependent on the nanosystems’ material concentration, polymer concentra-
tion, and polymer composition. All experiments suggested that the thermodynamic and
biophysical properties of the nanosystems are copolymer-composition- and concentration-
dependent, since different amounts of incorporated polymer would produce divergent effects
on the lyotropic liquid crystal membrane. Certain chimeric systems can be exploited as
advanced drug delivery nanosystems, based on their overall promising profiles.
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INTRODUCTION

The therapeutic approach onmany complex human diseases
has lately been in the transit from conventional to more
sophisticated methods. One aspect of this transition relates to
the utilization of innovative medicines that are developed and

function in the nanoscale, based on drug delivery nanosystems
(DDnSs). Liposomes, dendrimers, and other types of nanoparti-
cles belong to this class of nanosystems and may be characterized
as conventional (cDDnSs) or advanced (aDDnSs), depending on
their composition. Nevertheless, their utility remains the same
and involves the control and modulation of drug release, which
brings about a number of therapeutic benefits. Briefly, pharma-
ceutical nanotechnology has offered solutions in fields like
imaging and diagnosis of tumors, real-time monitoring of
treatments and therapy, through delivery systems that provide
spatiotemporal drug release. Concerning DDnSs, specific tissue
targeting, long circulation, biodegradability, as well as physical
and biological stability of drugs are only some of the advantages
provided. The delivery of genes for efficient cancer therapy has
also been facilitated through such systems (1,2).

Recent advances in synthetic chemistry offer new possibili-
ties for controlling the in vivo behavior and consequent
absorption, distribution, metabolism, and excretion (ADME)
profile of aDDnSs. Namely, stimuli-sensitive/responsive biomate-
rials (e.g., polymers) have been widely discussed and studied as
components of self-regulated nanostructures, either through their
own self-assembly or by incorporating them into previously
developed systems. Their utility in targeted drug delivery is based
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on their tailored and precise composition, architecture, and
hydrophilic-to-hydrophobic balance, which is altered under
defined physiological conditions, inducing structural rearrange-
ments and perturbations on various levels of the nanocarrier and,
eventually, promoting drug release. The hydrophilic-to-
hydrophobic balance of biomaterials has been generally shown
to determine the thermotropic phase behavior and because of
that, the surface morphology of the nanostructures, which plays a
major role in their physical and biological stability. Stimuli-
responsive nanosystems allow spatially and temporally controlled
drug release, improving drug pharmacokinetic/pharmacodynamic
(PK/PD) profile and biodistribution and eliminating the toxicity
of otherwise toxic dosages (3,4).

The diverse physiology presented in certain pathological
states, like cancer or inflammation, compared with normal
ones, facilitates the utilization of biomaterials that undergo
functional alterations under such conditions. In the effort to
exploit the various phenomena that cause tissue and intracel-
lular acidosis for more effective diagnosis or treatment, pH-
responsive nanosystems were envisaged (5,6). There are a
number of ways to build pH-responsive liposomes, for
example by using pH-sensitive lipids and fusogenic peptides/
proteins or by anchoring pH-sensitive polymers on the lipid
bilayer, usually through hydrophobic alkyl chains (7). The
pH-sensitive polymer is usually composed of protonable/
deprotonable groups, which can be either anionic, like in the
case of poly(acrylic acid) (PAA) or cationic, like in poly(2-
(dimethylamino) ethyl methacrylate) (PDMAEMA) (8).
Another interesting application of PAA, combined with N-
isopropylacrylamide (NIPAAm), which is thermosensitive,
and other copolymers regards a series of dual-sensitive
hydrogels, utilized for encapsulation of cardiosphere derived
cells (CDCs) and stem cell cardiac therapy. These hydrogels
remain liquid at blood pH, while they solidify at the pH of the
infracted heart, facilitating the efficient delivery of cells (9).

Besides pH-responsive, thermoresponsive or
thermosensitive (nano)systems have been widely studied,
since most pathological sites present hyperthermia, but also
because of the elevated temperature of the physiological
environment. As a result, many applications on the afore-
mentioned myocardial infarction have arisen (10,11). Other
types of stimuli include endogenous ones, such as redox, ions,
enzymes, and biomolecules, while exogenous are ultrasound,
magnetic field, electric voltage, light. Shear stress, as it is with
heat, can result from both endogenous and exogenous
sources (12).

However, in order to elucidate and regulate the mor-
phology of such nonequilibrium systems, the thermodynamic
contribution and energy content of the surfaces resulting from
self-assembly must be clarified, and nanoscale-related prop-
erties should be taken into account (13). Such properties are
the chemical potential, number of surface molecules and
atoms, interfacial free energy, and surface properties. Surface
thermodynamics and subdivision potential govern self-assem-
bly, and the result is always a heterogeneous system, rich in
metastable and morphologically diverse phases (14–16). By
combining thermal analysis and imaging techniques, it is
possible to link the nature of biomolecules with the thermo-
dynamics and morphology of the emerging surfaces, which
constitute a roadmap for the biophysical behavior of nano-
particles (17).

The aim of this research work was to design, develop,
and study pH-responsive chimeric/mixed liposomal
nanoplatforms, attempting to delineate their properties and
behavior, so as to enable their future application as innova-
tive excipients of advanced therapeutics. In particular, L-a-
phosphatidylcholine, hydrogenated (soy) (HSPC) phospho-
lipid (Fig. 1a) and poly(2-(dimethylamino)ethyl methacry-
late)-b-poly(lauryl methacrylate) (PDMAEMA-b-PLMA)
amphiphilic diblock copolymers (Fig. 1b) were mixed at
different molar ratios, in order to obtain nanoassemblies in
aqueous medium. Initially, thermal analysis was applied on
lipid:block copolymer bilayers, to evaluate the biomaterial
cooperativity, based on the system thermotropic behavior.
Based on that, specific molar ratios were chosen to develop
several nanosystems, afterwards studied by a series of light
scattering and imaging techniques, to elucidate their physico-
chemical characteristics and morphology, respectively. The
systems were also evaluated for their in vitro toxicity, to assess
their safety and biocompatibility for future in vivo applica-
tions. Two PDMAEMA-b-PLMA copolymers, denoted as 1
and 2, were used, which differed in their composition and,
consequently, hydrophilic-to-hydrophobic balance. The hy-
drophobic segment, that is PLMA, serves as a hydrophobic
anchor for the attachment of the copolymer onto the
liposomal membrane, through hydrophobic interactions with
the phospholipid tails (18). A special feature of the copolymer
is the stimuli responsivity that it exhibits in pH fluctuations.
PDMAEMA is a polyamine, with each individual amino
group having a pKa of 7.5–8, according to the literature
(19,20). HSPC is a natural phospholipid with a relatively high
main transition temperature Tm = 51 ± 2°C (21). It is a major
component of liposomal products, with significant presence in
the market (22).

MATERIALS AND METHODS

Materials

The natural phospholipid HSPC was purchased from
Avanti Polar Lipids Inc. (Alabaster, AL, USA) and used
without further purification (Fig. 1a). It has a molecular
weight (Mw) of 783.774, a fatty acid distribution of lipid
chains 16:0 11.4 and 18:0 88:6%, and its main transition
temperature Tm is around 51 ± 2°C. It is also a component of
liposomal products. Chloroform and other reagents were of
analytical grade and purchased from Sigma-Aldrich Chemical
Co. The PDMAEMA-b-PLMA amphiphilic diblock copoly-
mers were synthesized by RAFT polymerization methodolo-
gies, in two different molar and weight compositions, 70–30
and 59–41 for PDMAEMA-b-PLMA 1 and 58–42 and 46–54
for PDMAEMA-b-PLMA 2 (Fig. 1b). The Mw of copolymers,
determined by size exclusion chromatography (SEC), equals
8900 and 10,800, respectively, while the calculated length of
extended chain was L = 12.5 nm for PDMAEMA-b-PLMA 1
and L = 14.0 nm for PDMAEMA-b-PLMA 2.

Synthesis of pH-Responsive Amphiphilic Block Copolymers

The PDMAEMAblock was prepared first and then used as a
macromolecular chain transfer agent for the synthesis of the second
PLMA block. A typical RAFT polymerization scheme for the
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synthesis of PDMAEMA homopolymer is described in the
following: to a round bottom flask (25 mL), 2-
(dimethylamino)ethylmethacrylate (DMAEMA)(3 g, 19.1mmol),
4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid
(0.24 g, 0.6 mmol), AIBN (0.0098 g, 0.06 mmol), and 7 mL of
dioxane were added. The final solution was degassed by nitrogen
gas bubbling for 15min and subsequently left for polymerization at
65°C for 18 h. The Mw of the PDMAEMA block was 4900 and
5000 for PDMAEMA-b-PLMA 1 and PDMAEMA-b-PLMA 2,
while the molecular weight polydispersity index (Mw/Mn) was 1.15
and 1.14, respectively. Both values were obtained by SEC. The
RAFT polymerization procedure for the synthesis of the
PDMAEMA-b-PLMA block copolymers is as follows: to a round
bottom flask (25 mL), lauryl methacrylate (LMA) (0.5/1.0 g, 1.96/
3.93 mmol), poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA 1/PDMAEMA 2) (1.1/1.0 g, 0.224/0.198 mmol),
AIBN (0.0184/0.0163 g, 0.1121/0.0995 mmol), and 4.8/6.0 mL of
benzene were added. The final solution was degassed by nitrogen
gas bubbling for 15min and left for polymerization at 65°C for 24 h.
The Mw values of the diblock copolymers were 8900 and 10,800
and the Mw/Mn values were 1.16 and 1.19 for PDMAEMA-b-
PLMA 1 and PDMAEMA-b-PLMA 2, respectively. Both values
were obtained by SEC. The copolymers contained 41.09/
53.61 wt% PLMA, as determined by 1H NMR spectroscopy (23).
Finally, the chain length was calculated from the number of
segments and the known length of each monomeric unit for
methacrylate-based polymers (0.254 nm).

Preparation of Pure and Chimeric Bilayers

Pure lipid and chimeric bilayers were prepared by mixing
the appropriate amounts of HSPC and PDMEMA-b-PLMA
1/2 in chloroform/methanol (9:1 v/v) solutions and the
subsequent evaporation of the solvents under vacuum and

heat. Briefly, stock solutions were prepared by dissolving the
copolymers PDMEMA-b-PLMA 1/2 in chloroform/methanol
(9:1 v/v). Appropriate amounts of these solutions were mixed
with 30.0 mg of HSPC, in order to obtain the desirable molar
ratios (9:0.02, 9:0.05, 9:0.1, 9:0.2, and 9:0.5), and the solutions
were transferred into vials. Then, the vials were placed into a
vacuum machine (TechneDri-Block DB-3 Thermostat Teche
Sample Concentrator). Chimeric phospholipids/block copoly-
mer films were formed by removing the solvent at 50°C. The
films were maintained under vacuum for 2 h and then in a
desiccator for at least 24 h, in order to remove traces of
solvent. The obtained laminated bilayers were hydrated into
the appropriate aqueous medium and then studied by
differential scanning calorimetry (DSC).

Differential Scanning Calorimetry

DSC experiments were carried out using an 822eMettler-
Toledo (Schwerzenbach, Switzerland) calorimeter calibrated
with pure indium (Tm = 156.6°C). Sealed aluminum 40-μL
crucibles were used as sample holders. Conventional HSPC
and chimeric HSPC:PDMAEMA-b-PLMA 1/2 (9:0.02, 9:0.05,
9:0.1, 9:0.2, and 9:0.5 molar ratios) fully hydrated bilayers
were investigated. Thirty minutes prior to measurements,
3.0 mg of each mixture, after placed in the crucible, was
hydrated using 20 μL of medium (phosphate buffer saline
(PBS), pH = 7.4 or citrate buffer, pH = 4.5). Then, the crucible
was sealed. Two heating-cooling cycles and a heating scan
were performed, in order to ensure good reproducibility of
the data. The temperature range was from 20 to 60°C and the
scanning rate 5°C/min. Before each cycle, the samples were
subjected to a constant temperature of 20°C, to ensure the
equilibration, while an empty aluminum crucible was used as
reference. The second heating and cooling runs were taken

a

b

Fig. 1. Chemical structures of a HSPC phospholipid and b PDMAEMA-b-PLMA block
copolymer. The segments’ molar ratio (n:m) of the copolymers is 70–30 for the
PDMAEMA-b-PLMA 1 and 58–42 for the PDMAEMA-b-PLMA 2
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into account, and the calorimetric data obtained (character-
istic transition temperatures Tonset,m/s and Tm/s, enthalpy
changes ΔHm/s and widths at half peak height of the Cp

profiles ΔT1/2,m/s) were analyzed using Mettler-Toledo STARe

software. Furthermore, the linear correlation between the
polymer concentration and the transition specific enthalpy
values for each polymer in each buffer medium was
investigated through scatter analysis, using BEXCELL.^ For
this purpose, the R-squared values were assessed.

Preparation of Pure and Chimeric Vesicles

Different chimeric formulations of HSPC:PDMAEMA-
b-PLMA 1 and 2 have been prepared, using the thin-film
hydration method. Briefly, appropriate amounts of HSPC and
PDMAEMA-b-PLMA 1/2 (9:0.02, 9:0.1, and 9:0.5 molar
ratios) were dissolved in chloroform/methanol (9:1 v/v) and
then transferred into a round flask, connected to a rotary
evaporator (Rotavapor R-114, Buchi, Switzerland). Vacuum
was applied and the chimeric phospholipid/block copolymer
thin film was formed by slow removal of the solvent at 41°C.
The mixed film was maintained under vacuum for at least
24 h in a desiccator to remove traces of solvent. Subsequently,
it was hydrated with PBS (pH = 7.4), by slowly stirring for 1 h
in a water bath, above the phase transition temperature of the
lipid (52°C for HSPC), for a total concentration of 5 mg/mL.
The resultant structures (apparently multilamellar vesicles,
MLVs) were subjected to two 5-min sonication cycles
(amplitude 70%, cycle 0.5 s) interrupted by a 5-min resting
period, using a probe sonicator (UP 200S, dr. Hielsher
GmbH, Berlin, Germany). The resultant chimeric nanostruc-
tures (tentatively assigned as small unilamellar vesicles,
SUVs) were allowed to anneal for 30 min.

Light Scattering Techniques

The size, size distribution, ζ-potential, and morphology
of the obtained structures were investigated by dynamic and
electrophoretic light scattering (DLS and ELS). The physi-
cochemical characteristics were measured immediately after
preparation (t = 0 days), as well as over time (t = 30 days for
neat liposomes and t = 60 days for chimeric systems), for the
monitoring of the system’s physical stability. For DLS and
ELS, 100 μL aliquots were 30-fold diluted in HPLC-grade
water. In addition, acidic protocol was performed, by 10-fold
diluting 100 μL of the samples in citrate buffer (pH = 4.5),
allowing them to anneal for 15 to 20 min and then 3-fold
diluting them in HPLC-grade water. Measurements were
performed at a detection angle of 90° and at 25°C, in a
photon correlation spectrometer (Zetasizer 3000 HSA,
Malvern, UK) and analyzed by CONTIN method
(MALVERN software). Details on the methods have been
published elsewhere (24).

Atomic Force Microscopy

For atomic force microscopy (AFM) measurements,
aqueous dispersions were spin coated onto mica surface using
a standard spin coater model SPIN150, SPS-Europe B.V. (the
Netherlands) with 400 rpm for 600 min, and then samples
were dried at room temperature for 24 h. AFM images were

obtained using a MultiMode with Nanoscope IIId controller,
Veeco (USA) AFM equipped with a piezoelectric scanner
with a scan range of 10 × 10 μm2. The imaging of samples was
conducted in the tapping mode in ambient air conditions at a
scan rate of 1 Hz using etched silicon probes (TESP,
BRUKER) of nominal spring constant 42 N/m and
operating at a resonant frequency of 320 kHz. All samples
were imaged at room temperature. The Veeco NanoScope
V531r1 program was employed to analyze the recorded
images.

Cryogenic Transmission Electron Microscopy

Cryogenic transmission electron microscopy (cryo-TEM)
micrographs were obtained using a Tecnai F20 TWIN
microscope (FEI Company, USA), equipped with field
emission gun, operating at an acceleration voltage of
200 kV. Images were recorded on the Eagle 4k HS camera
(FEI Company, USA) and processed with TIA software (FEI
Company, USA). Specimen preparation was done by vitrifi-
cation of the aqueous (HPLC-grade water) suspensions on
grids with holey carbon film (Quantifoil R 2/2; Quantifoil
Micro Tools GmbH, Germany). Prior to use, the grids were
activated for 30 s in oxygen plasma using a Femto plasma
cleaner (Diener Electronic, Germany). Cryo-samples were
prepared by applying a droplet (2.1 μL) of the suspension to
the grid, blotting with filter paper and immediate freezing in
liquid ethane using a fully automated blotting device Vitrobot
Mark IV (FEI Company, USA). After preparation, the
vitrified specimens were kept under liquid nitrogen until they
were inserted into a cryo-TEM holder Gatan 626 (Gatan Inc.,
USA) and analyzed in the TEM at − 178°C. Pictures were
processed using ImageJ software.

In Vitro Screening

The MCF 10A cell line was used for all the in vitro
experimental procedures. The cells were cultured in a 5%
CO2 at 37°C. At confluence, they were harvested and
reseeded in a 96-well plate at a density of 10,000 cells per
well. The chimeric systems were inoculated for 3 days with
the cells. Then, the cell viability was measured, using an MTT
assay described in previous publications (25).

Statistical Analysis

DLS and ELS results are shown as mean value ±
standard deviation (SD) of three independent measurements.
Statistical analysis was performed using Student’s t test and
multiple comparisons were done using one-way ANOVA. P
values < 0.05 were considered statistically significant. All
statistical analyses were performed using BEXCELL.^
Concerning the in vitro experiments, we utilized logit-log plot
for linear regression of the cell viability data (average values
from 3 independent experiments), in order to calculate the
IC50 curves for the studied systems. The half-maximal
inhibitory concentrations (IC50) were determined using a
logit-log plot and linear regression of the data, using
SigmaPlot software (Systat Software, Inc., San Jose, CA,
USA).
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RESULTS AND DISCUSSION

Thermotropic Behavior Investigation of Chimeric Bilayers

The DSC profiles of the prepared pure HSPC bilayers, as
well as of the PDMAEMA-b-PLMA 1 and PDMAEMA-b-
PLMA 2-grafted HSPC bilayers, in PBS (pH = 7.0) and
citrate buffer (pH = 4.5) are presented in Figs. 2, 3, 4, and 5.
Both heating and cooling scans are included. The values of
the corresponding thermodynamic parameters for the system
phase transitions are shown in Tables I, II, III, and IV. The
effect of the presence and amount of the block copolymers
upon the lipid membrane’s thermotropic/phase behavior is
discussed, in terms of self-assembled organization, fluidity,
and cooperativity.

The neat HSPC bilayers exhibit a major sharp endother-
mic phase transition, from gel (Lβ′) to liquid crystalline phase
(Lα), centered at 54.3°C, when hydrated in PBS medium
(pH = 7.4) (Fig. 2a). The calculated values for the thermody-
namic parameters of the main transition are in line with past

studies (26). After the hydration of the bilayers in citrate
buffer (pH = 4.5), the main transition becomes sharper and
more symmetric (Fig. 2b). The onset (Tonset,m) and peak (Tm)
temperatures of the main transition remained almost unaf-
fected, while the half width at half peak height (ΔT1/2,m)
underwent a significant reduction, of 1.5°C, and the transition
specific enthalpy (ΔHm) was increased by 9.2 J/g. These
alterations in acidic pH indicate increased chain cooperativity
inside the phospholipid bilayer. Finally, a secondary broad
low-enthalpy pretransition, from gel (Lβ′) to rippled (Pβ′)
phase, was only observed in acidic pH, during heating and in
PBS, during the cooling process. Both are broad and low-
enthalpy transitions that occur at temperature lower than the
main transition event. It should be noted that the observation
of the pretransition and calculation of its specific enthalpy are
not easy in the case of HSPC (27).

The grafting of the HSPC bilayers with the PDMAEMA-
b-PLMA 1 block copolymer made the main transition sharper
and more symmetric for the chimeric membranes, after
hydration in PBS (Fig. 2a). Concerning the thermodynamic

Fig. 2. DSC heating scans of HSPC:PDMAEMA-b-PLMA 1 chimeric bilayers in a PBS
(pH = 7.4) and b citrate buffer (pH = 4.5). Molar ratios for the two components are a.
9:0, b. 9:0.02, c. 9:0.05, d. 9:0.1, e. 9:0.2, and f. 9:0.5
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parameters, the onset temperature of the main transition
remained almost unaffected. Conversely, the peak tempera-
ture underwent a downshift of around 1°C, for all the
polymer ratios, as did the half width at half peak height, up
to 1.4°C, which is almost 50%, leading to sharper transitions.
An exception to the last is the HSPC:PDMAEMA-b-PLMA
1 9:0.02 system, where the half width increased by 0.6°C,
because of the appearance of a shoulder on the main
transition. These phenomena indicate slight fluidization,
induced by the insertion of the block copolymer, as well as
increased biomaterial transition cooperativity, at the same
degree for all molar ratios (28). At the same time, the
transition specific enthalpy presents a gradual reduction for
the increasing polymer ratio, for a maximum difference of
19.4 J/g between 9:0.5 and HSPC systems, which comes hand
in hand with the sharpening of the transition.

The effect of the HSPC:PDMAEMA-b-PLMA 1 on the
HSPC membranes was stronger in the acidic environment of
the citrate buffer (Fig. 2b). Specifically, the main transition
exhibits a gradual broadening, asymmetry, and shortening, as

the polymer ratio increases, with respective change of the
thermodynamic parameters. The onset and peak tempera-
tures exhibit an escalated reduction, of 7.3 and 2.8°C
correspondingly, while half width at half pick dramatically
increases, for a final 3.4°C, leading to broader transitions. The
different rates of these changes result in the transition being
more asymmetric, as more copolymer is incorporated inside
the bilayer. Finally, a concurrent escalated reduction for the
specific enthalpy is observed, for a maximum difference of
35.3 J/g between 9:0.5 and HSPC systems, accompanying the
great shortening of the transition, as the polymer ratio
increases. In this case, the concentration-dependent fluidiza-
tion of the membrane is obvious, explained by the electro-
static repulsion between the practically fully charged
PDMAEMA amino groups, which mobilizes the incorporated
PLMA groups and leads to bilayer perturbation and probable
disruption/pore creation. What we can also observe is the
disappearance of the pretransition for the chimeric systems in
citrate buffer. This finding is attributed to the PDMAEMA
segment of the polymer interacting with the polar head

Fig. 3. DSC heating scans of HSPC:PDMAEMA-b-PLMA 2 chimeric bilayers in a
PBS (pH = 7.4) and b citrate buffer (pH = 4.5). Molar ratios for the two components are
a. 9:0, b. 9:0.02, c. 9:0.05, d. 9:0.1, e. 9:0.2, and f. 9:0.5
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groups of the phospholipid, which reside on the exterior of
the membrane, affecting their mobility and stabilizing the gel
phase against the ripple phase (16).

Similar to PDMAEMA-b-PLMA 1, the insertion of
PDMAEMA-b-PLMA 2 in the HSPC membranes made the
main transition sharper and more symmetric, in the PBS medium
(Fig. 3a). The thermodynamic parameter variations also showed
the same trends, with the onset temperature remaining almost the
same, the peak temperature exhibiting a small downshift of 1°C,
the half width at half peak height significantly declining, with a
difference up to 1.5°C, and the transition specific enthalpy
gradually being reduced, for a maximum difference of 19.9 J/g.
Slight fluidization and increased cooperativity are also the case for
this lipid/copolymer system (28). What distinguishes these
systems from the previous ones is that, for the 0.02, 0.05, and 0.1
copolymer ratios, a pretransition appeared but was not observed
when more copolymer was incorporated inside the lipid bilayer.
These events are considered as metastable and are expected to
influence the liposomal membrane biophysical properties, includ-
ing stability and drug release (16).

As for the citrate buffer, the PDMAEMA-b-PLMA 2-
grafted bilayers exhibit similar thermodynamic behavior
with the PDMAEMA-b-PLMA 1-grafted ones (Fig. 3b).
However, the effects of the second polymer on the HSPC
membrane were not as intensive. As expected, the
PDMAEMA-b-PLMA 2 polymer consists of fewer pH-
sensitive DMAEMA segments and, consequently, has fewer
ionized groups in acidic pH, thus affecting the lipid bilayer
to a lesser degree. Finally, as with PDMAEMA-b-PLMA 1,
the pretransition of the HSPC bilayer disappears in citrate
buffer, probably because of the interaction of the
PDMAEMA segment of the PDMAEMA-b-PLMA 2 with
the polar head groups and the stabilization of the gel phase
(16).

Finally, the long hysteresis in the cooling diagrams of all
systems, conventional and chimeric, possibly suggests the
formation of interdigitated phase (Figs. 4 and 5). Especially in
the case of HSPC, the appearance of a low-enthalpy
pretransition event during the cooling process, combined
with the hysteresis, strengthens this assumption (29).

Fig. 4. DSC cooling scans of HSPC:PDMAEMA-b-PLMA 1 chimeric bilayers in a PBS
(pH = 7.4) and b citrate buffer (pH = 4.5). Molar ratios for the two components are a. 9:0, b.
9:0.02, c. 9:0.05, d. 9:0.1, e. 9:0.2, and f. 9:0.5
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The plot of the transition enthalpy as a function of polymer
concentration exhibits a rather linear character in most cases of
heating the samples, which declares that the lyotropism of the
systems is altered proportionally to the polymer-guest amount.
In the first case of HSPC:PDMAEMA-b-PLMA 1 in PBS, the
regression line approximates the data very well, with regression
coefficient r2 = 0.9651 (Fig. 6a). This effect is rather surprising,
since lipid membranes are considered dynamic/nonlinear and
this finding suggests that certain features of their behavior are
the resultant of individual linear relationships. The enthalpy-
concentration relationship approaches linearity in the second
and third cases as well, with r2 = 0.9681 and 0.9702, respectively
(Fig. 6b). In the fourth case, the r2 coefficient was lower and
equal to 0.9187 (Fig. 6d).

Overall, the thermotropic effect of the block copolymer
guest on the bilayer in both PBS and acidic environment
suggests a homogeneous distribution among the phospho-
lipids, which in PBS does not affect the fluidity, enhances
cooperativity, and reduces the total transition enthalpy, while
in acidic pH perturbates the membrane, affecting all

thermodynamic parameters, in a concentration and
composition-dependent manner.

Physicochemical Characterization, Stability Evaluation, and
pH-Responsiveness of Chimeric Vesicles

The physicochemical characteristics of conventional
HSPC and chimeric HSPC:PDMAEMA-b-PLMA 1 and 2
systems (9:0.02, 0.1, and 0.5 molar ratios) in PBS and acidic
conditions (pH = 4.5) are presented in Table V. Their
respective size distribution curves are provided in our
previous publication (30). The PBS buffer is chosen as a
physiology simulator, attributed to its pH being around 7.4
and its ionic strength I = 0.154 M. In this case, it is of interest
to study the various effects of the buffer ions (e.g., sodium
and phosphate) on the solvation effects occurring on the
bilayer surface (i.e., phospholipid head groups) and how
those affect the properties of the systems. In addition, the
acidic pH simulates the environment existing within late
endosomes and lysosomes. The pH transition from 7.4 to 4.5

Fig. 5. DSC cooling scans of HSPC:PDMAEMA-b-PLMA 2 chimeric bilayers in a PBS
(pH = 7.4) and b citrate buffer (pH = 4.5). Molar ratios for the two components are a. 9:0, b.
9:0.02, c. 9:0.05, d. 9:0.1, e. 9:0.2, and f. 9:0.5
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helps us determine the pH-responsive behavior of these pH-
sensitive block copolymer-grafted vesicles.

The size of HSPC liposomes in PBS was around 100 nm,
which is in agreement with previous publications. Their ζ-
potential was close to 0, because of the absence of net charge
on the nanocarrier surface (4,31,32).

Concerning size, the incorporation of either block
copolymer led to particles of larger diameter, with the largest
being that of low hydrophobic ratio. In particular, among the
chimeric systems, for each copolymer separately, the largest
particles consisted of low polymer ratio, the smallest had
medium amount, and the high polymer ratio resulted in
intermediate diameter values. The polydispersity of the
chimeric systems, compared with conventional liposomes,
for both copolymers, was higher for the lowest polymer ratio,
lower for medium and high amounts of PDMAEMA-b-
PLMA 1, indicating more homogeneous colloidal dispersions
and almost the same for medium and high amounts of
PDMAEMA-b-PLMA 2. The ζ-potential of the chimeric
liposomes was found to be higher than that of conventional
ones, ranging from around 10 mV to a bit higher than 20 mV.
This was expected, since the pH of PBS medium (7.4) is
slightly lower than the pKa value of the amino groups in the
PDMAEMA block (7.5 to 8.0) and the outer hydrophilic
PDMAEMA layer should be positively charged under such
conditions (19,20). It is notable that even low polymer molar
ratios (0.02, 0.1, or 0.5) raise the particle charge substantially,

since the copolymer chains extend around the liposomal
membrane.

A study of the chimeric liposomes’ physicochemical
behavior in acidic pH was also conducted. The buffer was
citrate, with pH = 4.5. In those conditions, HSPC liposomes
more or less retained their size, polydispersity, and ζ-
potential.

By assessing the particle hydrodynamic diameter differ-
ence for each system, we observed that all of them exhibited
size reduction, with most being around 10 to 20 nm smaller in
acidic pH, except for the HSPC:PDMAEMA-b-PLMA 2
9:0.02, which was over 100 nm smaller. Furthermore, aside
from those with the highest lipid:copolymer ratio, most
colloidal systems were found to be more homogeneous,
regarding size, as indicated by their reduced PDI values from
DLS. Potentially, the liposomes approach one another more
easily when PDMAEMA chains are only half-protonated,
that is in physiological pH, in comparison with the case of full
protonation. This may lead to increased size extracted by
DLS, while polydispersity might also vary. On the other hand,
when PDMAEMA segments are 100% charged and ex-
tended, vesicles repulse each other, size drops, and heteroge-
neity meliorates (33). Changes in size may also be a result of
the brush conformation of PDMAEMA chains due to
protonation. Such a conformation increases the spatial
requirements of the PDMAEMA-grafted chains, leading on
a change of the lipid membrane structure and to a lower

Table I. Calorimetric Profiles of HSPC:PDMAEMA-b-PLMA 1 Chimeric Bilayers in Two Dispersion Media, PBS (pH = 7.4) and Citrate
Buffer (pH = 4.5) (Heating)

Sample Molar
ratio

Dispersion
medium

Tonset,m

(°C)
Tm

(°C)
ΔT1/2,m

(°C)
ΔHm

( J
g−1)

Tonset,s

(°C)
Ts

(°C)
ΔT1/2,s

(°C)
ΔHs

( J
g−1)

HSPC – PBS
(pH = 7.4)

52.1 54.3 3.1 50.2 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.02 PBS
(pH = 7.4)

51.8 53.1 3.6 46.9 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.05 PBS
(pH = 7.4)

52.0 53.5 1.7 48.2 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.1 PBS
(pH = 7.4)

51.9 53.3 1.7 44.3 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.2 PBS
(pH = 7.4)

51.8 53.3 1.7 39.6 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.5 PBS
(pH = 7.4)

51.6 53.0 1.7 30.8 – – – –

HSPC – pH= 4.5 52.2 53.8 1.6 59.4 45.6 48.2 3.2 2.8
HSPC:PDMAEMA-
b-PLMA 1

9:0.02 pH = 4.5 52.1 53.6 1.6 58.7 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.05 pH = 4.5 51.7 53.3 1.7 53.3 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.1 pH = 4.5 50.8 53.1 2.3 46.9 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.2 pH = 4.5 49.2 52.3 2.9 42.2 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.5 pH = 4.5 45.2 51.0 5.0 24.1 – – – –

HSPC: L-a-phosphatidylcholine, hydrogenated (soy); PDMAEMA-b-PLMA: poly(2-(dimethylamino)ethyl methacrylate)-b-poly(lauryl
methacrylate); PBS: phosphate buffer saline; Tonset: temperature at which the thermal event starts; T: temperature at which heat capacity
(ΔCp) at constant pressure is maximum; ΔT1/2: width at half peak height of the transition; ΔH: transition enthalpy normalized per gram of
liposomal system; m: main transition; s: secondary transition
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overall size of the nanostructure. Finally, ζ-potential values
were generally higher in acidic pH, which is attributed to the
protonable amino groups of the PDMAEMA chains being
fully protonated in such conditions.

The colloidal stability, in terms of size and polydispersity,
of the chimeric systems in PBS was also assessed, for a 2-
month period (Fig. 7 and Fig. S1). HSPC conventional
liposomes, which were studied for 34 days, underwent size
increase, reaching ca. 152 nm and polydispersity decrease,
reaching 0.288 (32).

Size significantly increased for the systems with low
copolymer ratios, to 444 nm for the first copolymer and to
551 nm for the second, after 2 months. Their respective PDI
values were 0.968 and 1.000, indicating total heterogeneity.
The incorporation of higher amounts of copolymers into the
liposomal bilayer led all the other four chimeric systems to be
practically stable, concerning size and polydispersity. This is
mechanistically explained by the pH-sensitive character of the
PDMAEMA chains, which at pH values below their pKa

have their amino groups in charged protonated form, and
thus, the segments adopt a fully stretched conformation, due
to electrostatic repulsion between them. The result is
repulsion and colloidal stability, due to steric interactions,
osmotic effects, because of increased macromolecule concen-
tration in the overlap region and enthalpic stabilization,
which arises from the ejection of surface-adsorbed water
molecules and consequent enthalpy increase (34).

Overall Morphology and Membrane Structure Investigation
of Chimeric Systems

The developed vesicles with molar ratios 9:0.1 and 9:0.5
were further studied by AFM, along with cryo-TEM, for the
parallel elucidation of the morphological characteristics of the
chimeric systems in PBS. AFM and cryo-TEM, combined
with light scattering results, provide a more comprehensive
understanding of the self-assembly behavior of such combi-
natorial systems, consisting of more than one biomaterials
and have been previously employed for this purpose (4,30).
Representative AFM and cryo-TEM micrographs are given
for every one of the four systems in Figs. 8 and 9, respectively.

Concerning AFM, the diameter of sphere-like structures
is calculated, through measurement of the horizontal distance
of the cap-like structures formed by adsorption of the
prepared vesicles on the surface coating (Fig. 8) (35,36). All
chimeric system objects revealed on the micrographs were
differentiated into two fractions. Τhe average diameters and
heights of small and large vesicles, extracted by calculation of
the horizontal and vertical distances of the cap-like structures,
are provided in our previous work (30).

The average diameter and height of small fraction
particles was 100–130 and 20–28 nm approximately, while
large objects were 130–280 nm and with 30–80 nm height. The
small object diameters are in line with DLS results, except for
HSPC:PDMAEMA-b-PLMA 2 9:0.5. This is explained by the

Table II. Calorimetric Profiles of HSPC:PDMAEMA-b-PLMA 2 Chimeric Bilayers in Two Dispersion Media, PBS (pH = 7.4) and Citrate
Buffer (pH = 4.5) (Heating)

Sample Molar
ratio

Dispersion
medium

Tonset,m

(°C)
Tm

(°C)
ΔT1/2,m

(°C)
ΔHm

( J
g−1)

Tonset,s

(°C)
T s

(°C)
ΔT1/2,s

(°C)
ΔHs

( J
g−1)

HSPC – PBS
(pH = 7.4)

52.1 54.3 3.1 50.2 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.02 PBS
(pH = 7.4)

52.0 53.6 1.9 48.4 45.1 47.7 3.2 1.8

HSPC:PDMAEMA-
b-PLMA 2

9:0.05 PBS
(pH = 7.4)

52.0 53.5 1.8 46.4 44.9 47.3 2.9 2.2

HSPC:PDMAEMA-
b-PLMA 2

9:0.1 PBS
(pH = 7.4)

51.9 53.3 1.6 43.1 44.8 47.1 2.6 1.7

HSPC:PDMAEMA-
b-PLMA 2

9:0.2 PBS
(pH = 7.4)

51.8 53.3 1.6 38.8 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.5 PBS
(pH = 7.4)

51.4 53.0 1.7 29.3 – – – –

HSPC – pH = 4.5 52.2 53.8 1.6 59.4 45.6 48.2 3.2 2.8
HSPC:PDMAEMA-

b-PLMA 2
9:0.02 pH = 4.5 52.0 53.6 1.6 57.7 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.05 pH = 4.5 52.0 53.6 2.1 52.0 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.1 pH = 4.5 51.6 53.3 1.8 42.8 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.2 pH = 4.5 50.7 52.8 2.1 37.4 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.5 pH = 4.5 49.1 52.2 3.1 22.4 – – – –

HSPC: L-a-phosphatidylcholine, hydrogenated (soy); PDMAEMA-b-PLMA: poly(2-(dimethylamino)ethyl methacrylate)-b-poly(lauryl
methacrylate); PBS: phosphate buffer saline; Tonset: temperature at which the thermal event starts; T: temperature at which heat capacity
(ΔCp) at constant pressure is maximum; ΔT1/2: width at half peak height of the transition; ΔH: transition enthalpy normalized per gram of
liposomal system; m: main transition; s: secondary transition
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bimodal distribution observed in its DLS curve, which is more
or less expressed by the two AFM fractions, with the DLS
diameter being an approximate average of them. As a result,
we could say that the two object populations are almost equal
in number. For the other two chimeric systems exhibiting
bimodal curves, the AFM small fraction is close to the first
DLS curve peak. The first system is morphologically the most
homogeneous, as the DLS diameter, DLS curve, and AFM
small fraction are in very good correspondence. Large
fraction particles are present there too, but probably in small
quantity.

Chimeric systems of molar ratios 9:0.1 and 9:0.5 were
also analyzed by cryo-TEM (Fig. 9). Vitrification by plunge
freezing during cryo-preparation is utilized to preserve the
hydrated state of the various dispersed structures and
aggregates. This process is performed under controlled
conditions, to avoid concentration alterations. The trans-
parent film, formed by the amorphous ice, allows observa-
tion of the objects contained in the film. Cryo-TEM
provides information about species morphology, size, and
wall thickness. Black dots of size around 15 nm are also
occasionally visible. These probably originate from ice
contamination appearing during cryo-preparation but could
also be the result of polymer self-assembly. All species
observed in the cryo-TEM micrographs were categorized
based on their conformation, size, and membrane profile,
while the diameter and percentage quantity of objects were

calculated and are provided in Table S1. Information on the
wall thickness for vesicles and core diameter for worms
have been previously presented (30).

The majority of objects identified by cryo-TEM for all
chimeric systems are vesicular forms, with a close to 6-nm-
thick membrane and sizes in the range of 69–80 nm. These
morphologies are close to neat HSPC liposomes, consider-
ing both the diameter results from DLS and the known
liposome membrane thickness documented in the litera-
ture, which is around 4–5 nm (35,37). However, their
bilayer is thicker, probably indicating the incorporation of
a small and nonobservable amount of polymer, through
anchoring of the PLMA hydrophobic block. DSC results
also confirm this assumption, where the alteration of the
membrane phase transition thermodynamic parameters
indicates distribution of the copolymer inside the lipid
bilayer. These liposomes exhibit faceting, which means that
their membrane is not smoothly round, but rather angu-
larly shaped. This phenomenon has been related with the
cryo-TEM preparation conditions, where the liposomal
membrane is in the gel phase, due to submission to
temperatures below the main transition point Tm (14).
However, a study suggested that HSPC liposomes above
40 nm do not adopt faceted conformation and another that
the same applies to liposomes without cholesterol above
100 nm (38,39). As a result, the observed faceting could be
induced by the insertion of the polymer inside the

Table III. Calorimetric Profiles of HSPC:PDMAEMA-b-PLMA 1 Chimeric Bilayers in Two Dispersion Media, PBS (pH = 7.4) and Citrate
Buffer (pH = 4.5) (Cooling)

Sample Molar
ratio

Dispersion
medium

Tonset,m

(°C)
Tm

(°C)
ΔT1/2,m

(°C)
ΔHm

( J
g−1)

Tonset,s

(°C)
Ts

(°C)
ΔT1/2,s

(°C)
ΔHs

( J
g−1)

HSPC – PBS
(pH = 7.4)

52.8 50.5 2.4 55.8 44.4 40.4 4.5 3.0

HSPC:PDMAEMA-
b-PLMA 1

9:0.02 PBS
(pH = 7.4)

52.3 50.4 2.1 49.8 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.05 PBS
(pH = 7.4)

51.3 49.8 1.9 50.5 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.1 PBS
(pH = 7.4)

51.3 49.8 1.9 46.1 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.2 PBS
(pH = 7.4)

51.3 49.8 2.0 45.0 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.5 PBS
(pH = 7.4)

51.1 49.8 1.9 31.3 – – – –

HSPC – pH= 4.5 51.7 50.2 1.8 68.3 – – – –
HSPC:PDMAEMA-
b-PLMA 1

9:0.02 pH = 4.5 51.6 50.2 2.0 57.2 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.05 pH = 4.5 51.5 50.2 2.2 53.3 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.1 pH = 4.5 51.1 49.2 3.1 42.4 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.2 pH = 4.5 51.3 49.7 2.6 47.9 – – – –

HSPC:PDMAEMA-
b-PLMA 1

9:0.5 pH = 4.5 51.2 48.8 5.2 25.8 – – – –

HSPC: L-a-phosphatidylcholine, hydrogenated (soy); PDMAEMA-b-PLMA: poly(2-(dimethylamino)ethyl methacrylate)-b-poly(lauryl
methacrylate); PBS: phosphate buffer saline; Tonset: temperature at which the thermal event starts; T: temperature at which heat capacity
(ΔCp) at constant pressure is maximum; ΔT1/2: width at half peak height of the transition; ΔH: transition enthalpy normalized per gram of
liposomal system; m: main transition; s: secondary transition
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membrane, which plays the role of cholesterol and is due
to nanodomain formation, which could not be confirmed by
classic DSC (7,40).

Other morphologies observed in cryo-TEM images
include polymersomes, disc-like objects, and worm-like
micelles, all of them being responsible for the bimodal
distribution in most DLS curves. Polymersomes are larger
(116–154 nm) and with membrane that is thicker (13–15 nm)
and with lower electron beam contrast than liposomes. The
self-assembly of the PDMAEMA-b-PLMA 2 copolymer
resulted in vesicles of larger diameter, with thicker mem-
brane, attributed to its relatively higher molecular weight
(41). They might also be chimeric, containing a small and
nonobservable amount of lipid, not high enough to induce
faceting, because polymers prevent the gel phase rigidity of
lipids (8). Furthermore, some vesicles seem to have a visually
heterogeneous Bpatchy^ membrane. Literature suggests that
this visual finding occurs when the electron beam ends up on
differently oriented facets (42). The formation of polymer
Braft-like^ nanodomains is also probable in these systems, as
discussed for the faceting phenomenon (4). Besides
unilamellar structures, multilamellar and multivesicular struc-
tures were observed, which consist of polymersomes, similar
with the above described. A certain number of disc-like
objects are also observable in the images, probably coming
from compressed polymersomes, as they exhibit thickness
which is close to twice the polymersome membrane (32).

Finally, worm-like micelles are present in the chimeric
systems, mainly for 9:0.5 molar ratio cases, occasionally for
HSPC:PDMAEMA-b-PLMA 2 9:0.1 and not at all for
HSPC:PDMAEMA-b-PLMA 1 9:0.1. Their core diameter
corresponds well with polymersome membrane thickness and
their length begins from 800 nm and reaches over 1000 nm.
This kind of structures has been mentioned for systems
composed of lipid:PEGylated lipid and, recently, for chimeric/
mixed systems, composed of lipid and polymer (43,44).

Concluding, by assessing the overall statistics of each
structure in every chimeric system (Table S1), the formation
of nonliposomal morphologies was found to be both copol-
ymer concentration- and composition-dependent. Specifically,
all these objects appear more often in systems of 9:0.5 molar
ratio, while also the self-assembly of HSPC:PDMAEMA-b-
PLMA 2 into polymersomes, discs, and worms is more
frequent and is attributed to its relatively higher hydrophobic
character. The most noteworthy polymersome (25%)
and worm (21%) populations are observed in the
HSPC:PDMAEMA-b-PLMA 2 9:0.5 system, where lipo-
somes are only 51%. Overall, the different morphologies, as
well as the various membrane phenomena, highlight the
lyotropic effect of amphiphilic molecules of different
hydrophilic-to-hydrophobic balance on lipid membranes,
even in small amounts, which arises from the gap between
the biomaterials’ properties and leads to various paths of self-
assembly and final polymorphic structures.

Table IV. Calorimetric Profiles of HSPC:PDMAEMA-b-PLMA 2 Chimeric Bilayers in Two Dispersion Media, PBS (pH = 7.4) and Citrate
Buffer (pH = 4.5) (Cooling)

Sample Molar
ratio

Dispersion
medium

Tonset,m

(°C)
Tm

(°C)
ΔT1/2,m

(°C)
ΔHm

( J
g−1)

Tonset,s

(°C)
Ts

(°C)
ΔT1/2,s

(°C)
ΔHs

( J
g−1)

HSPC – PBS
(pH = 7.4)

52.8 50.5 2.4 55.8 44.4 40.4 4.5 3.0

HSPC:PDMAEMA-
b-PLMA 2

9:0.02 PBS
(pH = 7.4)

51.4 49.8 2.1 52.3 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.05 PBS
(pH = 7.4)

51.3 49.8 2.0 48.8 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.1 PBS
(pH = 7.4)

51.3 49.9 1.8 45.4 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.2 PBS
(pH = 7.4)

51.3 49.8 1.9 40.4 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.5 PBS
(pH = 7.4)

51.2 49.8 2.0 30.5 – – – –

HSPC – pH = 4.5 51.7 50.2 1.8 68.3 – – – –
HSPC:PDMAEMA-

b-PLMA 2
9:0.02 pH = 4.5 51.7 50.3 1.9 55.1 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.05 pH = 4.5 51.5 50.0 2.2 50.2 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.1 pH = 4.5 51.4 50.0 2.4 46.0 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.2 pH = 4.5 51.2 49.7 2.5 37.2 – – – –

HSPC:PDMAEMA-
b-PLMA 2

9:0.5 pH = 4.5 51.2 49.2 3.3 23.4 – – – –

HSPC: L-a-phosphatidylcholine, hydrogenated (soy); PDMAEMA-b-PLMA: poly(2-(dimethylamino)ethyl methacrylate)-b-poly(lauryl
methacrylate); PBS: phosphate buffer saline; Tonset: temperature at which the thermal event starts; T: temperature at which heat capacity
(ΔCp) at constant pressure is maximum; ΔT1/2: width at half peak height of the transition; ΔH: transition enthalpy normalized per gram of
liposomal system; m: main transition; s: secondary transition
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In Vitro Screening of the Cytotoxicity of Chimeric Systems

Having a complete picture about the thermotropic,
physicochemical, and morphological properties of the
chimeric systems, we decided to move on to assessing their
in vitro cytotoxicity, evaluating their safety and biocompat-
ibility for future utilization in drug delivery applications.
To the best of the authors’ knowledge, there are limited
publications regarding the nanotoxicity of pure newly
designed nanocarriers in the literature, though the
growth-inhibiting effect of lipid vesicles on cells was
investigated a long time ago (45). In our opinion, this is a
very important issue, because the safety of nanocarriers is
strongly related to the future effectiveness of encapsulated/
incorporated drug molecules. An example for that is a
previously established cell growth inhibition on murine
cells of drug-free liposomes, compared with amphotericin
C-loaded ones (46). What is more, cationic liposomes have
been previously reported to exhibit elevated cytotoxicity
on certain types of cells and in vitro screening is a fast way

to assess their effect on cellular growth. In addition, it has
been previously reported that aside from dose and charge,
factors like size, composition, shape, and solubility play an
important role in the toxicity of nanoparticles (47).

The toxicity profiles of all chimeric systems are presented in
Fig. 10, for each system separately. For this evaluation, human
mammary fibroblasts (MCF 10A) were inoculated with the
various systems, at the following concentrations: 30, 60, 125, 250,
and 500 μM, and the resultant toxicity, in terms of percentage
cell survival, was recorded, for each case. In every one of the six
cases, the survival was inversely proportional to the concentra-
tion of the system, occasionally beginning from above 97%, for
very low chimeric system concentrations and reaching close to
10%, for very high ones. Another observation, based on the
half-maximal inhibitory concentration (IC50) values, suggests
that the molar ratio of the amphiphilic copolymer in the system
affects the toxicity of the whole system, for both types of
copolymer utilized. To be more specific, the in vitro toxicity of
the chimeric systems is copolymer concentration-dependent;
higher PDMAEMA-b-PLMA amounts result in less cell
survival. Moreover, by comparing the two different amphiphilic
block copolymers, PDMAEMA-b-PLMA 1 and PDMAEMA-
b-PLMA2, which have a different composition and hydrophilic-
to-hydrophobic balance, one can observe varying IC50 values for
the same concentrations. In this case, the lowest concentration
of PDMAEMA-b-PLMA 1 led to higher toxicity, compared
with PDMAEMA-b-PLMA 2. In general, the toxicity of the
chimeric mixture also depends on the composition of the block
copolymer. Namely, concentrations of chimeric systems with
molar ratio 9:0.02 or 9:0.1 up to 125 μM ensure the survival of
over 80% of the cell population. In both cases of 9:0.1, the IC50

drops dramatically, because of the high toxicity of the two
highest nanosystem concentrations (250 and 500 μM).

To sum up, the overall toxicity of the novel formulations
is higher, in comparison to our previous investigation of other
chimeric nanosystems (4). In that study, conventional lipo-
somes composed of synthetic phospholipid 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) were found to be more
toxic than those of natural phospholipid HSPC (IC50 578 and
> 970 μM, respectively). However, those biomaterials are
considered safe and biocompatible and are ingredients of
liposomal products that are present in the market (48). The
chimeric systems exhibited very high IC50 values (> 970 μM),
due to the Bstealth^ properties of the utilized copolymer.
Compared to those results, the chimeric liposomes herein are
a bit more toxic, however are still in the range of 100–
1000 μM, and consequently, their toxicity is considered as
acceptable and the formulations are safe to forward toward
in vivo studies. The toxicity is also comparable with other
liposomal formulations from the literature, where polymeric
guest was not utilized (46,47).

Maybe the polymer concentration-dependent toxicity
is due to the high pKa value of the amino groups leading
to partially positively charged PDMAEMA chains, which
act as Bsurfactants^ on the negatively charged physiolog-
ical cell membranes. Positive charge-related toxicity has
been previously attributed to cationic lipids. As a solution
to this, it has been reported that the cross-linking of
membrane-incorporated polymers contributes to shield
this charge and prevents its toxic effects (49). Another
reason could be that the heterogeneity of the chimeric
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Fig. 6. Linear regression analysis plots of transition specific enthalpy
(ΔΗm) versus the concentration of the polymer inside the system for
PDMAEMA-b-PLMA 1 in a PBS and b acidic pH and PDMAEMA-
b-PLMA 2 in c PBS and d acidic pH

2983Stimuli-Responsive Chimeric Nanostructures



Table V. Physicochemical Characteristics of HSPC Conventional, HSPC:PDMAEMA-b-PLMA 1 Chimeric and HSPC:PDMAEMA-b-PLMA
2 Chimeric Systems in Two Dispersion Media

Sample Molar ratio Dispersion medium Dh (nm) SD PDI SD ζ-pot (mV) SD

HSPC – PBS (pH = 7.4) 104.0 0.4 0.384 0.020 2.2 0.6
HSPC:PDMAEMA-b-PLMA 1 9:0.02 PBS (pH = 7.4) 161.2 0.7 0.656 0.017 12.6 3.9
HSPC:PDMAEMA-b-PLMA 1 9:0.1 PBS (pH = 7.4) 134.0 1.0 0.304 0.003 11.0 6.9
HSPC:PDMAEMA-b-PLMA 1 9:0.5 PBS (pH = 7.4) 145.2 0.4 0.267 0.007 19.0 5.2
HSPC:PDMAEMA-b-PLMA 2 9:0.02 PBS (pH = 7.4) 273.4 19.2 0.934 0.114 13.7 0.4
HSPC:PDMAEMA-b-PLMA 2 9:0.1 PBS (pH = 7.4) 124.6 1.0 0.384 0.021 20.7 0.4
HSPC:PDMAEMA-b-PLMA 2 9:0.5 PBS (pH = 7.4) 188.2 2.9 0.425 0.012 10.6 4.8
HSPC – pH = 4.5 107.6 2.4 0.367 0.010 0.0 3.3
HSPC:PDMAEMA-b-PLMA 1 9:0.02 pH = 4.5 151.5 1.9 0.558 0.032 18.7 0.6
HSPC:PDMAEMA-b-PLMA 1 9:0.1 pH = 4.5 120.6 0.9 0.211 0.018 11.4 22.6
HSPC:PDMAEMA-b-PLMA 1 9:0.5 pH = 4.5 127.8 1.0 0.255 0.013 20.6 3.3
HSPC:PDMAEMA-b-PLMA 2 9:0.02 pH = 4.5 168.4 5.4 0.725 0.110 4.9 12.4
HSPC:PDMAEMA-b-PLMA 2 9:0.1 pH = 4.5 107.2 0.4 0.284 0.015 15.6 1.4
HSPC:PDMAEMA-b-PLMA 2 9:0.5 pH = 4.5 163.4 1.7 0.434 0.037 19.3 2.4

HSPC: L-a-phosphatidylcholine, hydrogenated (soy); PDMAEMA-b-PLMA: poly(2-(dimethylamino)ethyl methacrylate)-b-poly(lauryl
methacrylate); PBS: phosphate buffer saline; Dh: hydrodynamic diameter; SD: standard deviation; PDI: polydispersity index; ζ-pot: ζ-potential
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Fig. 7. Stability assessment of a HSPC conventional and HSPC:PDMAEMA-b-PLMA 1
and b HSPC conventional and HSPC:PDMAEMA-b-PLMA 2 chimeric structure size in
PBS. Standard deviation is provided on each measurement
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systems, in terms of structure and morphology, as pre-
sented in the cryo-TEM, is the cause of this behavior. The
9:0.1 molar ratio resulted in primarily vesicular forms
(lipidic or polymeric), for both types of polymer, while
9:0.5 led to the appearance of worm-like structures, which
may be responsible for the observed elevated cytotoxicity.
Other studies have previously demonstrated the shape
dependence of cytotoxic effects and cell viability, including
apoptosis and necrosis, reactive oxygen species (ROS)
generation, and proinflammatory response of macrophages
(50). Furthermore, filamentous morphologies have been
associated with increased circulation time and organ
accumulation, which are discouraging for biomedical
applications, as they are likely to cause severe side effects
(51).

CONCLUSIONS

The utilization of Bsmart^/functional biomaterials in
imaging and treatment methods for complex diseases is
very promising. Liposomes are present in the market for

many years now, offering many advantages in these fields,
while stimuli-responsive nanosystems are a recently
emerging innovation, with the first thermosensitive formu-
lation having reached phase 3 in the clinic. However, in
order for aDDnSs to reach the clinical stage, it is essential
that they initially exhibit promising toxicity profiles and
biological effectiveness. Especially for dynamic/
nonequilibrium nanosystems, such as liposomes and their
derivatives, this can only be guaranteed if their contained
units are well-defined, in terms of composition,
hydrophilic-to-hydrophobic balance, and self-assembly be-
havior, and the resulting nanostructures are thoroughly
studied with physicochemical, thermodynamic, and imag-
ing techniques. In the present study, chimeric liposomes,
comprised of the natural phospholipid HSPC and the
amphiphilic diblock copolymer PDMAEMA-b-PLMA,
were designed, developed, and investigated. The distinc-
tive feature of the utilized copolymers is their pH
responsivity, which comes from the PDMAEMA amino
groups (extensively protonable at pH values below 7.5–
8.0) and renders the liposomes pH-responsive. The
different number of monomers leads to different segment

Fig. 8. AFM images of HSPC:PDMAEMA-b-PLMA 1 a 9:0.1 and b 9:0.5 chimeric systems
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lengths and, thus, different copolymer composition, which
defines its architecture, hydrophilic-to-hydrophobic bal-
ance, and consequently, its pH responsivity, as evaluated
by the experimental results.

At first, DSC measurements were performed on
chimeric bilayers, hydrated with physiological or acidic
medium. The PLMA group penetrates the lipid bilayer,
affecting its packing, organization, and fluidity. The results
denoted the slight fluidization and concentration-
dependent cooperativity induced by the copolymer inser-
tion in PBS, while in citrate buffer, fluidization was more
intense, especially in the case of the copolymer with more
pH-sensitive PDMAEMA monomers. Concerning lipo-
somes, the physicochemical study showed that the incor-
poration of the copolymers, in all cases, led to positively
charged particles of larger diameter, but higher
lipid:copolymer ratios would lead to better properties,
including homogeneity and colloidal/physical stability, the
latter due to steric repulsions. By performing an acidic
protocol, we could also ascertain the pH responsivity of
the nanosystems, which altered their physicochemical
characteristics. The AFM and cryo-TEM studies offered

an insight on the membrane morphology and structure
heterogeneity generated in these chimeric systems, be-
cause of mismatch between the two kinds of biomaterials
(e.g., phospholipid and block copolymer) and structural
polymorphism arising from the interfacial phenomena
during the self-assembly. These phenomena could not be
verified through classic DSC, either because their mem-
brane thermodynamic contribution is not important and
lies beneath the method’s limit of detection or because
they are somehow hidden inside the main transition, as
parts of its nanothermodynamics. The hydrophobicity and
amount of block copolymer in lyotropic systems are two
determinant factors that induce the formation of
nonvesicular assemblies, including worm-like micelles,
while the copolymer molar ratio is generally very low
(0.1 or 0.5). Finally, the in vitro screening of the chimeric
nanosystems correlated the composition and concentration
of the copolymer with the cytotoxicity of the developed
formulations. In this context, the probable relationship
between morphologically heterogeneous systems and in-
creased toxicity is suggested. However, all chimeric
systems are considered as nontoxic in vitro, due to the

Fig. 9. Cryo-TEM images of HSPC:PDMAEMA-b-PLMA 1 a 9:0.1 and b 9:0.5 and
HSPC:PDMAEMA-b-PLMA 2 c 9:0.1 and d 9:0.5 chimeric systems. The scale bar in all
micrographs is 500 nm
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IC50 values being in the range of 100–1000 μM and, as a
result, probable candidates for in vivo applications.

In summary, the most suitable pH-responsive chimeric
nanosystems for further applications in drug delivery or other
fields are the HSPC:PDMAEMA-b-PLMA 1/2 9:0.1 ones.
Those exhibited the most promising properties, among which
was morphological homogeneity, which is considered a
prerequisite of paramount importance for biological stability
and effectiveness. The control of the liposome membrane
properties can offer promising aDDnSs, while the observed
structural polymorphism and morphogenesis may provide
explanation on how macromolecule insertion affects the
biophysics of biological membranes.
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