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Abstract

Thermoresponsive nanomaterials have led to a plethora of new applications in the fields of Nanobiotechnology, Biomedi-
cine and Therapeutics. Since liposomal membranes are lyotropic liquid crystals, the development of thermoresponsive
liposomes for drug delivery has been recognized as an attractive scientific field. Additionally, plenty of studies utilizing
the temperature-dependent response of certain synthetic polymers are conducted, alone or in combination with liposomes.
In the present study, we combined the liposomal and thermoresponsive polymer technologies, in order to create functional
chimeric/mixed liposomal nanosystems with innovative properties. Initially, differential scanning calorimetry was applied
on chimeric/mixed bilayers to evaluate the effect of polymeric guests on the thermotropic behavior of lipidic membranes.
Thereafter, chimeric/mixed liposomes were built and their physicochemical properties, as well as their colloidal stability
were measured and evaluated. The nature of the self-assembled structures and the lipidic membrane morphology were
investigated through cryo-transmission electron microscopy, while their thermoresponsiveness and its consequences on
the lipidic membrane properties were assessed, through a simple heating protocol. The presence of a new thermodynamic
phase on the lipidic membrane acts as an agglomeration and aggregation inducer, affecting the whole colloidal chimeric/
mixed nanosystem. This mechanism might be characterized as “phase functionality” and may be utilized for drug delivery
purposes and also in other applications. Biophysics and thermodynamics are very important tools to study the self-assembly
process, as well as the stability and bio-functionality of drug delivery systems.

Keywords Chimeric liposomes - Thermoresponsiveness - Thermal analysis - Light scattering - Cryo-TEM - Phase
functionality

Introduction

Functional advanced drug delivery nanosystems (aDDnSs)
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for effective control of the membrane disruption and con-
sequently, release of the drug molecule or the therapeutic
moiety in a spatiotemporal way. As a result, the bioavailabil-
ity of drugs is increased and accumulation in healthy tissues
is minimized, resulting in enhanced effectiveness and safety
of these nanomedicines [5, 6].

Thermoresponsive polymers belong to the class of
“smart biomaterials,” and their intensive study is expected
to deliver novel and revolutionary therapeutic approaches.
Their unique behavior is “encoded” during their synthe-
sis and hidden inside certain functional chemical groups.
These groups are sensitive to heating or cooling at certain
temperature ranges, interacting with each other or with the
environment, which leads to alteration of the molecular
physicochemical characteristics on various levels, such as
their hydrophilic-to-hydrophobic balance and spatial confor-
mation. Thermoresponsiveness is exploited to build “smart
nanodevices” for the diagnosis, monitoring and treatment of
various diseases, including the release of drug molecules in
specific disease sites, such as tumors, and in specific kinetic
manners. This is achieved either by developing nanoparticles
composed of thermoresponsive polymers, e.g., micelles or
polymersomes, or by integrating them on other nanotech-
nological platforms, in a way that combines their structural
benefits and responsive properties benefits. An example
application of the latter is polymer-modified thermosensi-
tive liposomes (TSLs) [7, 8].

PNIPAM is a thermoresponsive polymeric molecule that
comprises hydrophilic and hydrophobic domains and is con-
sidered as the most investigated “smart thermoresponsive
material.” Its solubility in water depends on temperature,
due to the characteristic lower critical solution temperature
(LCST), initially described as a parameter that induces phase
separation when heating the aqueous solution above 32 °C
[9]. The thermoresponsive behavior of PNIPAM is attributed
to the temperature-dependent alteration in hydrogen bonding
between the side chain amide groups and the surrounding
solute molecules in the microenvironment. Below LCST,
the functional groups are in a hydrated state, whereas above
LCST, there is low affinity of these groups for water mol-
ecules, making the polymer less hydrophilic [10, 11]. The
driving force for this “hydrophobic effect” is the entropy
of water, and the LCST is an entropically driven property
[12]. The result of hydrophobicity is that the polymer tran-
sits from an extended coil state to a shrunk globular state
when heated above the LCST [13]. This utility enables for
building a wide range of technological platforms for biomed-
ical purposes, such as thermoresponsive controlled delivery
of bioactive molecules, gene delivery, tissue engineering,
self-healing, bioimaging and other applications. In particu-
lar, the thermo-reversible phase transition of PNIPAM and
its derivatives have been extensively utilized for hydrogel
development and find application even in three-dimensional
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bioprinting [14]. Other types of PNIPAM-based systems
include micelles, polymersomes, films and particles [15].
What is more, the LCST of PNIPAM and related bioma-
terials can be tailored and adjusted close to physiological
temperature values (37 °C), by copolymerization with other
hydrophilic or hydrophobic monomers, control of the molec-
ular weight and architecture and finally, control of the overall
hydrophilicity of the final molecule [16, 17].

Thermal analysis is the first step to rationally design chi-
meric/mixed liposomal nanosystems, by predicting the sta-
bility of nanoparticles that will occur from the self-assembly
of phospholipids and polymers, also assessing the function-
ality that the stimulus-responsive polymer will impart to
the liposomal membrane [18, 19]. Various membrane phe-
nomena are the result of the thermotropic effect that “for-
eign” biomaterials bring about on the dynamic phospholipid
assembly, altering its phase behavior and fluidity, inducing
phase separation and creating new metastable phases [20].
In any case, the lyotropism of these nanomaterials is the
main protagonist, since their relative concentration inside
the aqueous medium has shown to be of primary importance
[21, 22]. The effect of guest biomaterials on the thermo-
tropic behavior of bilayers and liposomes has been exten-
sively investigated by DSC, with respect to the nature and
concentration of these molecules. Examples include drug
molecules, proteins, dendrimers, amphiphilic polymers and
carbon nanomaterials, aiming either to build liposomal drug
nanocarriers or to exploit phospholipid bilayers as model
membranes and evaluate the biophysical effect of certain
molecules on them [23-26]. On top of these, thermorespon-
sive polymers are expected to promote the creation of inno-
vative thermotropic properties inside chimeric membranes
that could lead to thermoresponsiveness and consequently,
bio-functionality of the developed nanosystems [27]. In
this scenario, thermodynamics is expected to delineate the
interactions between these biomaterials, providing a predic-
tion of the final structure stability and functionality, while
together with biophysics, they constitute the building blocks
of aDDnSs [28].

The scope of this work was to integrate the technology
of thermoresponsive amphiphilic polymers into the liposo-
mal platform, through the development of chimeric/mixed
nanosystems and evaluation of their functional properties on
a thermodynamic basis. The results of this work might be
used as technological background for evaluating thermore-
sponsive chimeric/mixed liposomal nanosystems as drug
delivery carriers. The chimeric/mixed nanosystems com-
prised phospholipids, specifically 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine (DPPC) or of L-a-phosphatidylcholine
(Egg, Chicken) (EPC) and thermoresponsive amphiphilic
diblock copolymers, namely poly(N-isopropylacrylamide)-
b-poly(lauryl acrylate) (PNIPAM-b-PLA) 1 or 2 (Fig. 1).
DPPC is characterized by a gel-to-liquid crystalline phase
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Fig. 1 Molecular structures of a DPPC, b EPC and ¢ PNIPAM-b-
PLA 1 (with n:m weight ratio being 34:64) or 2 (with n:m weight
ratio being 50:50) and the resulting chimeric/mixed d bilayers

transition (7)) of around 41 °C, while EPC melts at very
low temperatures, evidently at — 5 °C [29, 30]. Considering
the copolymers, they were composed of a different number
and ratio of PNIPAM and PLA segments and as a result,
they differed in composition and molecular weight (M,,).
PNIPAM-b-PLA 1 was 66-34% w/w in composition, with
M,,=18,000, while PNIPAM-b-PLA 2 was 50-50% w/w,
with M, =6400, making it richer in hydrophobic PLA and
shorter in length as a macromolecule. The difference in
nature of these molecules allowed for evaluation of their
lyotropic effect on the liposomal membrane, based on their
hydrophilic-to-hydrophobic balance and size. The herein uti-
lized techniques provided a picture of the interactions that
take place in both the hydrophobic and the polar regions of
the membranes, with the PLA segment being the polymer
anchor that stabilizes the membrane, while PNIPAM extends
outside the membrane and provides colloidal stability and
functionality. In addition, the copolymers contained a car-
boxyl end group —COOH at the PLA block free end. The
effect of these polymer molecules on liposomal membranes
was evaluated through various techniques.

Materials and methods
Materials
The saturated phospholipid 1,2-dipalmitoyl-sn-glycero-

3-phosphocholine (DPPC) and phospholipid mixture of L-a-
phosphatidylcholine (Egg, Chicken) (EPC) were purchased
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and e liposomes comprised of phospholipid and thermoresponsive
amphiphilic diblock copolymer

from Avanti Polar Lipids Inc. (Alabaster, AL, USA) and
used without further purification (Fig. 1a, b). They each
have molecular weight of 734.039 and 770.123, respec-
tively, according to product description. DPPC has two
16:0 lipid chains 16:0 and its main transition temperature
(T, is around 41 °C, while EPC is a phospholipid mixture
that reportedly melts at —5 °C. Chloroform and other rea-
gents were of analytical grade and purchased from Sigma-
Aldrich Chemical Co. The poly(N-isopropylacrylamide)-b-
poly(lauryl acrylate) (PNIPAM-b-PLA) thermoresponsive
amphiphilic diblock copolymers were synthesized in two
different weight compositions, 66—34% w/w for PNIPAM-
b-PLA 1 and 50-50% w/w for PNIPAM-b-PLA 2 (Fig. 1¢).
The M, of copolymers equals to 18,000 and 6400,
respectively.

Synthesis of PNIPAM-based Thermoresponsive
Amphiphilic Diblock Copolymers

The reversible addition—fragmentation chain-transfer
(RAFT) polymerization methodology was used to syn-
thesize the PNIPAM-b-PLA 1 and 2 copolymers, which
were further characterized by size exclusion chromatogra-
phy (SEC) and nuclear magnetic resonance spectroscopy
(NMR). More details on the block copolymer synthesis by
RAFT are provided in our previous works [19]. The weight-
average molecular weights M, of PLA and PNIPAM blocks
were 5800 and 12,200 (18,000 total) for PNIPAM-b-PLA
1 and 3900 and 2500 (6400 total) for PNIPAM-b-PLA 2,
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respectively. Polydispersity index (M,/M,) of the copoly-
mers was 1.55 and 1.16, respectively.

Preparation of Lipidic and Chimeric/Mixed Bilayers

Pure lipid and chimeric bilayers were prepared for DSC
analysis by mixing the appropriate amounts of DPPC and
PNIPAM-b-PLA 1 or 2 (9:0.02, 9:0.05, 9:0.1, 9:0.2, 9:0.5
and 9:1 molar ratios) in chloroform solutions and subse-
quently evaporating the solvent under vacuum and heat
conditions, through a rotary evaporator (Rotavapor R-114,
Buchi, Switzerland). Chimeric phospholipid/block copoly-
mer films were formed by removing the solvent at 40 °C.
The films were maintained under vacuum for 30 min, and
then in a desiccator, for at least 24 h, in order to remove
traces of solvent.

Differential Scanning Calorimetry (DSC)

DSC experiments were carried out by utilizing an
822°Mettler-Toledo (Schwerzenbach, Switzerland) calorim-
eter, calibrated with pure indium (7,,=156.6 °C). Sealed
aluminum crucibles of 40 pL capacity were used as sample
holders. Fully hydrated bilayers were investigated. This was
achieved by placing 3.0 mg of each sample in a crucible,
hydrating with 20 pL of phosphate-buffered saline (PBS),
sealing and leaving samples to anneal for 30 min. Two heat-
ing—cooling cycles and a third heating scan were performed,
in order to ensure good reproducibility of the data, with an
empty aluminum crucible as reference. The temperature
range was between 20 and 60 °C, while the scanning rate
was 5 °C min~!, under constant nitrogen gas flow rate of
50 mL min~". Before each cycle, the samples were subjected
to a constant temperature of 20 °C for 10 min, in order to
ensure equilibration. The calorimetric data obtained (charac-
teristic transition temperatures Ty o s and Ty, €nthalpy
changes AH,,, and widths at half peak height of the C,
profiles AT, ..s) were analyzed with Mettler-Toledo STAR
¢ software. All transition enthalpies were normalized per
total biomaterial mass, including phospholipid and polymer.
Furthermore, the correlation between polymer concentration
and the transition specific enthalpy values for each polymer
was investigated through scatter analysis, using “Microsoft
Office EXCELL.” For this purpose, the R-squared values
were assessed.

Preparation of Lipidic and Chimeric/Mixed Vesicles

Liposomal systems of DPPC or EPC and PNIPAM-b-PLA
1 or 2 were prepared, by utilizing the thin-film hydration
method. Specifically, appropriate amounts of lipid and lipid/
polymer (9:0.02, 9:0.05, 9:0.1 and 9:0.5 molar ratios) were
dissolved in chloroform and then transferred into a round
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flask, connected to a rotary evaporator (Rotavapor R-114,
Buchi, Switzerland). Vacuum was applied, and thin films
were formed by slow removal of the solvent at 40 °C. There-
after, they were maintained under vacuum for at least 24 h
in a desiccator, in order to remove possible traces of solvent.
Afterward, they were hydrated with PBS (pH="7.4), by slow
stirring for 1 h in a water bath, above the phase transition
temperature of the containing phospholipid (45 °C for DPPC
and 25 °C for EPC). The final total biomaterial concentration
of the liposomal systems was 5 mg mL~! in every case. The
resultant suspensions were subjected to two 5 min sonication
cycles (amplitude 70%, cycle 0.5 s), interrupted by a 5-min
resting period, by using a probe sonicator (UP 200S, dr.
Hielsher GmbH, Berlin, Germany). The resultant chimeric
systems were allowed to anneal for 30 min.

Light Scattering Techniques

The size, size distribution and zeta potential of the obtained
liposomes were investigated by dynamic and electrophoretic
light scattering (DLS and ELS, respectively). The physico-
chemical characteristics were measured immediately after
preparation (¢=0 days), as well as over a 10-day period for
DPPC liposomes and 30-day period for EPC liposomes, to
monitor the colloidal system physical stability. For DLS and
ELS, aliquots were diluted 30-fold 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 the CONTIN
method (MALVERN software).

Cryogenic Transmission Electron Microscopy
(cryo-TEM)

Cryo-TEM micrographs were obtained using a Tecnai F20
TWIN X microscope (FEI Company, USA), equipped with
field emission gun, operating at an acceleration voltage of
200 kV. Images were recorded on the Eagle 4 k HS camera
(FEI Company, USA) and processed with TIA software (FEI
Company, USA). Specimen preparation was done by vitri-
fication 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 15 s in oxygen plasma using a Femto plasma
cleaner (Diener Electronic, Germany). Cryo-samples were
prepared by applying a droplet (3 pL) of the suspension to
the grid, blotting with filter paper and immediate freezing
in liquid ethane using a fully automated blotting device Vit-
robot 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.
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Heating of Thermoresponsive Liposomes

In order to study the thermoresponsive behavior of the
developed chimeric nanosystems, samples were placed in
the oven, at 45 °C for 30 min, then left to reach room tem-
perature and measured for their size and polydispersity with
DLS, after 30-fold dilution in HPLC-grade water. Next, they
were subjected to two 5-min probe sonication cycles, inter-
rupted by a 5-min resting period; they were left to anneal
and measured again for size and polydispersity. Finally, they
were again placed in the 45 °C environment, so as to evalu-
ate the reproducibility of the process.

Statistical Analysis

DLS and ELS results are shown as mean value + standard
deviation (S.D.) of three independent measurements. Sta-
tistical analysis was performed using Student’s ¢ test, and
multiple comparisons were done using one-way ANOVA.
P values < 0.05 were considered statistically significant. All
statistical analyses were performed using “Microsoft Office
EXCELL.”

Results and discussion
DSC Analysis on Chimeric Bilayers

Differential scanning calorimetry (DSC) was conducted
on polymer-grafted chimeric/mixed bilayers, composed of
the phospholipid DPPC, which is an extensively studied
phospholipid in terms of thermal analysis, and each one
of the thermoresponsive amphiphilic diblock copolymers
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PNIPAM-b-PLA 1 and 2. The DSC heating curves for the
DPPC:PNIPAM-b-PLA systems are presented in Figs. 2 and
3, while the respective thermodynamic parameter values are
listed in Tables 1-4. Scatter analysis for both polymers is
presented in Fig. 4. The plots between transition enthalpy
and polymer molar ratio for the 1st and 2nd heating scans
are available in the supporting information section, in Fig-
ure S1, while the corresponding cooling curves and cooling
thermodynamic parameter values are provided in Figure S2
to S3 and Table S1 to S2.

Initially, the heating and cooling curves of DPPC mem-
branes were obtained in PBS, as references for the chimeric
systems. At first glance, the three heating curves of DPPC
were almost identical to each other, with totally reproducible
phase transitions. Those were the pretransition from gel (L)
to rippled (Py) phase and the main transition from rippled
(Pg) to liquid crystalline phase (L,). The thermodynamic
parameters of these phase transitions are in line with the
literature, if we take into consideration the effect of hydra-
tion medium, which in our case is PBS, on phospholipid
mesophase behavior [31]. Specifically, the main transition
enthalpy is approximately 45 J g~!, which translates to
33 kJ mol~! or 7.9 kcal mol~! of DPPC. As expected, the
cooling process exhibited slightly higher transition enthalpy,
a slight hysteresis, as well as lack of pretransition [32].

Considering the incorporation of PNIPAM-b-PLA 1,
with molecular weight 18,000 and relative block compo-
sition 66-34%, inside DPPC bilayers, the thermodynamic
effect of increasing amounts of the copolymer is presented
in Fig. 2 and Tables 1 and 2. What we observe at first is that
for chimeric systems there is a great difference between the
curves of the 1st and 2nd heating scans (Fig. 2a, b) and,
respectively, a deviation in the thermodynamic parameter

(b) h.

Heat flow/mW Endo «— Exo
J \
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Fig.2 DPPC:PNIPAM-b-PLA 1 a Ist and b 2nd DSC heating cycles for systems (a) DPPC and DPPC:PNIPAM-b-PLA 1 (b) 9:0.02, (c) 9:0.05,

(d) 9:0.1, (e) 9:0.2, (f) 9:0.5, (g) 9:1 and (h) PNIPAM-b-PLA 1
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Fig.3 DPPC:PNIPAM-b-PLA 2 a Ist and b 2nd DSC heating cycles for systems (a) DPPC and DPPC:PNIPAM-b-PLA 2 (b) 9:0.02, (c) 9:0.05,

(d) 9:0.1, (e) 9:0.2, (f) 9:0.5, (g) 9:1 and (h) PNIPAM-b-PLA 2

values of the main transition. After that, the 3rd heating scan
(data not shown) was exactly the same with the 2nd, which
confirms that the systems reached equilibrium after the 1st
heating and phase transition. This difference between the 1st
and the 2nd proceeding heating processes was polymer con-
centration dependent, becoming much clearer in the cases
of high polymer concentration inside the bilayer, especially
above 9:0.1. Apparently, by gradually adding amounts of
polymer, the main transition of DPPC is decreased, with
reduced peak height and enthalpic content, giving its place
to a new phase, which is of different organization and stabil-
ity, leading to higher transition temperature [20, 24]. This
phase begins as a shoulder to the DPPC main transition at
low polymer concentrations and prevails at higher ones, i.e.,
9:0.2 and above. However, after the 1st heating, the ther-
moresponsive copolymer rearranges inside the membrane
and disrupts it, leading to a phase that is very similar to the
reference one, only lower on transition specific enthalpy,
depending again on polymer concentration. The displace-
ment of the main transition from higher temperature to lower
and the decrease in enthalpic content are due to the polymer
molecules that rearranged inside the lipid membranes during
the first transition, disturbed the membranes and disrupted
the bilayers [6, 33]. The concentration-dependent enthalpy
decrease between scans is expected, since the higher the
membrane polymer content, the more the groups of PLA
inside and groups of PNIPAM around the membrane that
respond to heat and promote perturbation and disruption. As
a result, the polymer amount is the cause for both the crea-
tion of a new, non-equilibrium/metastable and non-reversi-
ble phase and at the same time, the reason for thermorespon-
sive membrane disruption and reduced energetic content. We
could say that the newly formed phase is a functional and
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thermoresponsive phase, which alters greatly the thermody-
namic profile of the membrane after the 1st heating process.
The plots between transition specific enthalpy (AH ,)) and the
concentration of the incorporated polymer for both scans are
provided in Figure S1A. The deviation between 1st and 2nd
heating cycles is apparent from molar ratio 9:0.5 and above.
In addition, correlation analysis between polymer molar
ratio inside the nanosystem and transition specific enthalpy
revealed that the enthalpy decreases in a logarithmic man-
ner as polymer amount is increased from 0.05 to 1 (Fig. 4a).

In addition, the pretransition of DPPC disappeared for
molar ratios above 9:0.05, indicating interaction of the
copolymer with the polar head groups of phospholipids and
reduction of their mobility [18]. However, this occurred
only for the 1st heating scan and the pretransition peak
reappeared during the 2nd and 3rd scans for certain sys-
tems that contained low polymer amount, meaning that the
polar head group mobility was restored after one heating
cycle. The interesting phenomenon here is that although we
did not observe a pretransition for 9:1, a low enthalpy peak
appeared above the main transition during the 2nd and 3rd
scans, which is probably associated with the non-equilib-
rium thermoresponsive phase that was recorded for the 1st
heating. Finally, another type of phase transition was the
one close to the LCST of PNIPAM, which was recorded at
around 28 °C. Particularly, this transition occurred during
the 1st scan for chimeric nanosystems with molar ratio 9:0.5
and 9:1 (1.63 J and 4.65 J per g of total sample or 77 kJ
and 173 kJ per mol of PNIPAM), as well as for the tested
neat polymer sample (5.84 J g™! or 159 kJ mol™"), but dur-
ing the next scans, not only it appeared for 9:0.1 and 9:0.2,
but it also increased in enthalpic content for the aforemen-
tioned systems. Specifically, if calculated per total sample
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7.4) (1st heating cycle)

Table 1 Calorimetric profiles of DPPC:PNIPAM-b-PLA 1 chimeric bilayers in PBS (pH

AH /T g™! T,/°C AHJI g! T/°C AHJI g™

T,/°C

Molar ratio

Sample

ATy /°C

Tonsel,l/ OC

AT, J°C

Tonset,s/ OC

ATy /°C

Tonset,m/oc

—5.81
-532
-1.84

86
80

1.

36.62
36.12

35.16

—44.60
—52.88
—-51.05
—44.72
—-39.28

—25.55
—17.00

1.44
1.68
1.56
3.94
3.43
2.30
2.07

41.80
41.90
41.64

42.07

41.04
40.88

Lipid

1.

34.54
34.06

9:0.02

Chimeric

1.99

35.95

40.83

9:0.05

9:0.1

Chimeric

40.65

Chimeric

40.66 44.42

0.2
0.5

9:

Chimeric

—1.63
—4.65
-5.84

3.94

30.07

27.13

44.76

42.92

9:

Chimeric

431
3.08

28.71

25.72

44.99

43.43

Chimeric

2797

25.65

Polymer

T gnser: temperature at which the thermal event starts; T: temperature at which heat capacity (AC,) at constant pressure is maximum; AT, width at half peak height of the transition; AH: transi-

tion enthalpy normalized per gram of chimeric system. m: main transition; s: secondary transition; t: thermoresponsive transition

weight, chimeric system 9:1 exceeded the polymer sample
(10.42J g7 vs. 7.03 T g7 and if calculated per moles of
PNIPAM, all systems from 9:0.1 to 9:1 showed increased
enthalpy values (232 to 388 kJ mol~! vs. 192 kJ mol~"). This
is a new phase that is created after the 1st heating, which is
strongly associated with the LCST of PNIPAM. It has been
proposed in our previous investigation that this may be due
to lateral diffusion of the incorporated polymer and phase
separation into polymer-rich and polymer-poor domains
[20, 34]. In this case, the membrane phase is determinant
for the polymer conformation inside the bilayer, where the
transition from gel-to-liquid crystalline phase may allow
for polymer redistribution and domain formation [35]. It is
indeed highly unlikely that this transition is owed purely
to the polymer, because of the fact that its concentration is
very low (0.33 mM for 9:0.1 to 3.3 mM for 9:1), compared
with neat polymer solution (5.8 mM) or compared with other
DSC studies on this molecule and only interactions between
polymer and membrane could create such a phase [36]. The
additive effect of PBS-contained salts on the LCST of PNI-
PAM was also manifested on the thermotropic behavior of
the chimeric systems. In specific, it has been documented
that the Hofmeister anions, such as chloride and phosphate
ones, affect the phase transition of the polymer in a linear
way, depending on their concentration, as well as on the
polymer M,,. In this case, the concentration of chloride ani-
ons (0.14 M) brings about the greater effect; however, the
rest of the salts contribute as well, resulting in the observed
PNIPAM-related phase transition of the membranes being
around 28 °C [37].

As a result, it is evident that the incorporated amount
of polymer creates a new functional phase inside the phos-
pholipid membrane, which is thermoresponsive and when
heated, it disrupts the lipid bilayer and allows the copoly-
mer to diffuse, leading to phase segregation and creating
new domains or self-assembly into polymeric aggregates
through its hydrophobic PLA segment [6, 33, 38]. This
transition and consequent effects are polymer concentra-
tion dependent, since the systems with higher amount of
polymer reduced more the main transition enthalpy after
the 1st heating cycle and also exhibited a thermoresponsive
phase transition of higher enthalpy than the others. At higher
polymer concentrations, we observe that the energy of the
main transition is reduced between the two first cycles and
simultaneously, the pretransition of DPPC appears and the
thermoresponsive transition associated with the LCST of
PNIPAM is increased. We could say that energy is trans-
ferred from one phase to the others. The lyotropic and ther-
motropic effect of the utilized biomaterial on phase crea-
tion and “phase functionality” is most evident in the case
of DPPC:PNIPAM-b-PLA 1 9:1, where thermoresponsive-
ness through phase transition led to membrane disruption
and polymer aggregation, greatly reducing the DPPC main
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7.4) (2nd heating cycle)

Table 2 Calorimetric profiles of DPPC:PNIPAM-b-PLA 1 chimeric bilayers in PBS (pH
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AH /T g™! T,/°C AHJI g! T/°C AHJI g™

T,/°C

Molar ratio

Sample

ATy /°C

Tonsel,l/ OC

AT, J°C

Tonset,s/ OC

ATy /°C

Tonset,m/oc

—4.78
-541
—4.50
-2.19

-1.31

2.06

36.54
36.12

34.60
34.09
33.62
33.22
33.34

—44.88
-50.22
—48.43
—39.55
-30.62
—16.86
—8.25

1.45
1.17
1.13
1.26
1.22
1.35
1.38

41.88
41.43
41.40
41.49
41.45
41.26

41.17

41.05
40.78

Lipid

2.06
2.32
2.39
2.26

9:0.02

Chimeric

35.69
35.22
35.24

40.74

9:0.05

9:0.1

Chimeric

—1.82
—3.84
—-6.93
-10.42
-7.03

2.05
2.21
2.34
2.49

2.

27.90
27.82

27.81

26.28

40.69

Chimeric

26.02
25.82

40.66

0.2
0.5

9:

Chimeric

40.46
40.27

9:

Chimeric

46.36 1.72 —-2.57 25.51 27.61

44.79

Chimeric

78

2797

25.63

Polymer

T gnser: temperature at which the thermal event starts; T: temperature at which heat capacity (AC,) at constant pressure is maximum; AT, width at half peak height of the transition; AH: transi-

tion enthalpy normalized per gram of chimeric system. m: main transition; s: secondary transition; t: thermoresponsive transition

transition, creating a new phase above the main transition
and increasing the thermoresponsive transition. This is the
only studied chimeric system with all these phases present
on a single curve. The st cooling scan was consistent with
the 2nd heating scan, indicating that after the 1st heating,
the new phases were in equilibrium and all non-reversible
phenomena had ended (Figure S2 and Table S1). This is also
evident from the cooling thermodynamic parameters, which
were close to those of the 2nd heating. During the cooling
process, the main transition temperature presented a slight
hysteresis, the main transition enthalpy was slightly higher,
and the thermoresponsive transition of PNIPAM appeared in
higher temperature and also appeared for 9:0.05. The unique
phase of 9:1 was observed, however could not be integrated,
because it was very close to the main transition, practically
as a shoulder.

Concerning PNIPAM-b-PLA 2, with molecular weight
6400 and relative block composition 50-50%, this copoly-
mer is more hydrophobic in terms of its relative composi-
tion and hydrophilic-to-hydrophobic balance; however, it is
lower in total mass. These two parameters might have an
unpredictable effect on the thermotropic behavior of DPPC
membranes, compared with PNIPAM-b-PLA 1 (Fig. 3 and
Tables 3, 4). At first glance, all thermotropic effects seem
less intense than before. Polymer molar ratios up to 9:0.2
produce a slight thermotropic effect on DPPC membranes,
leading to chimeric system 9:1, where a new phase has been
clearly developed. However, this happened from polymer
ratios as low as 9:0.2 in the case of PNIPAM-b-PLA 1
and additionally, we did not observe any shoulders on the
main transition for this case, except maybe for 9:0.5. These
shoulders are indicators of inhomogeneous distribution of
phases inside the phospholipid membrane, with probable
clusters of polymer in various sites, what tends to lead to the
phenomenon of “phase separation” [39]. What we can say
for both polymers is that there is no clear phase separation
near the main transition for any polymer amount during the
Ist heating cycle (Figs. 2a, 3a). Only during the 2nd cycle
and for chimeric systems DPPC:PNIPAM-b-PLA 1 or 2 9:1
(Figs. 2b, 3b), we can distinguish the creation of two high
temperature phases on the same curve. Regarding the main
transition enthalpy, it was in all chimeric system cases lower
than the reference lipid system and this reduction was less
acute than the first polymer, confirming that the polymer
architecture defines the intensity of the thermotropic effect
(Figure S1B). The same applies on the 2nd heating cycle
and additionally, the thermoresponsive enthalpy reduc-
tion from 1st to 2nd is almost nonexistent, indicating that
the PNIPAM segment, which is much longer in the case
of PNIPAM-b-PLA 1, due to both polymer composition
and molecular weight, is responsible for the membrane-
disruptive behavior and creation of a new, low-temperature
transition. Correlation analysis gave for both heating cycles
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Table 3 Calorimetric profiles of DPPC:PNIPAM-b-PLA 2 chimeric bilayers in PBS (pH=7.4) (Ist heating cycle)

Sample Molar ratio Topserm!°C T,/°C AT /°C AH T g7} Tosers!°C T/°C AT, /°C AHJT g7
Lipid - 41.04 41.80 —44.60 —44.60 35.16 36.62 1.86 -5.81
Chimeric 9:0.02 41.25 4221 —52.88 —-42.93 33.37 35.83 2.69 -3.08
Chimeric 9:0.05 41.05 41.95 —51.05 —34.02 33.87 35.73 2.16 -1.75
Chimeric 9:0.1 41.15 42.15 —44.72 —46.93 32.65 35.11 2.67 -2.16
Chimeric 9:0.2 40.93 41.93 —39.28 —45.87 - - - -
Chimeric 9:0.5 40.79 42.57 —25.55 —38.64 - - - -
Chimeric 9:1 42.30 44.85 —17.00 —27.89 - - - -
Polymer - - - - - - - - -

T ynser: temperature at which the thermal event starts; 7: temperature at which heat capacity (AC,) at constant pressure is maximum; AT ,: width

onset*

at half peak height of the transition; AH: transition enthalpy normalized per gram of chimeric system. m: main transition; s: secondary transition

Table 4 Calorimetric profiles of DPPC:PNIPAM-b-PLA 2 chimeric bilayers in PBS (pH=7.4) (2nd heating cycle)

Sample Molar ratio Topserm!°C T,/°C AT /°C AH /T g7} Topsers!°C T/°C AT, /°C AHJY g7
Lipid - 41.05 41.88 —44.88 —44.88 34.60 36.54 2.06 —4.78
Chimeric 9:0.02 41.03 41.86 -50.22 —41.72 33.77 35.49 2.21 -2.67
Chimeric 9:0.05 40.84 41.51 —48.43 —33.52 33.68 35.23 1.90 -1.93
Chimeric 9:0.1 40.85 41.62 —39.55 —45.47 33.21 34.95 2.03 -2.17
Chimeric 9:0.2 40.65 41.39 —30.62 —44.25 32.77 34.39 1.91 —-1.07
Chimeric 9:0.5 40.45 41.39 —16.86 —36.56 - - - -
Chimeric 9:1 40.46 41.51 -8.25 —25.83 - - - -
Polymer - - - - - - - - -

onset*

T oot temperature at which the thermal event starts; T: temperature at which heat capacity (AC,) at constant pressure is maximum; AT ,: width

at half peak height of the transition; AH: transition enthalpy normalized per gram of chimeric system. m: main transition; s: secondary transition

a linear dependence, which is an interesting feature for such
dynamic nanosystems and has been observed previously for
other systems as well (Fig. 4b) [19].

Regarding the pretransition in the case of PNIPAM-b-
PLA 2, it is present up to molar ratio 9:0.1 for the 1st heating
and also reappears for 9:0.2 during the 2nd. Another inter-
esting finding is the shoulder that is visible above the main
transition in the case of cooling for systems 9:0.2, 0.5 and
1 (Figure S3 and Table S2). This was only verified during
2nd heating for 9:1 and contrary with PNIPAM-b-PLA 1,
where it was visible for 9:1, it could mean that the polymer-
grafted membrane responds during cooling as well, affecting
the polymer conformation inside and in these cases requires
both heating and cooling to adopt its final organization. This
phase is possibly hidden inside the main transition during
the 1st heating of both polymers, was distinguished during
cooling, especially for PNIPAM-b-PLA 2 and finally led to
phase separation for the molar ratio 9:1. In lower polymer
concentrations, the thermoresponsive main transition led to a
single phase at these temperatures. To summarize, the effect
of PNIPAM is much different in the case of PNIPAM-b-PLA
2, because of no thermoresponsive reduction of the main
transition enthalpy, as well as lack of a transition close to

the LCST of PNIPAM and these phenomena are expected
if we take into account the lack of transition for the neat
polymer sample. Consequently, the thermodynamic effect
of the polymer on DPPC membranes is also polymer com-
position dependent, apart from concentration dependent.
The length of individual segments, PNIPAM and PLA, and
overall molecular weight are key factors for the insertion,
conformation inside the membrane and final functionality,
which determine the biophysical behavior of these chimeric
membranes [40].

Our first conclusion is that these chimeric nanosystems
are indeed thermoresponsive and they require heating above
their main phase transition in order to reach an equilibrium
state, producing an effect that could be called “phase func-
tionality.” This behavior might be the main parameter to
modulate their biophysical behavior in vivo. However, their
initial non-equilibrium and metastable phase is what makes
them unique as aDDnSs and potential nanocarriers of drug
molecules, or other therapeutics [20]. This is because for the
first time, it is evident that the functionality of nanosystems
and especially stimuli-responsive ones hides inside tempo-
rary thermodynamic states, which in this case are temper-
ature-dependent. Functionality is set off by the membrane
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Fig.4 Regression analysis plots of transition specific enthalpy
(AH,,) versus the concentration of the incorporated polymer for a
DPPC:PNIPAM-b-PLA 1 b DPPC:PNIPAM-b-PLA 2

Table 5 Physicochemical
characteristics of DPPC/

EPC conventional and DPPC/

EPC:PNIPAM-b-PLA 1/2
chimeric systems in PBS
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phase transition, which allows for polymer lateral diffusion,
phase segregation and formation of hydrophobic polymer
domains inside the bilayer. At the same time, it is defined by
the polymer phase transition, which less hydrophilic at high
temperatures and tends to aggregate [13, 35]. These states
are tools of bio-functionality, and their analysis on a thermo-
dynamic basis is the first step toward the delineation of the
biophysics of stimuli-responsive chimeric nanosystems [28].

Physicochemical Characteristics and Colloidal
Stability of Chimeric Liposomes

Chimeric/mixed liposomes comprised of DPPC, EPC and
the two thermoresponsive amphiphilic diblock copolymers
were developed in certain lipid/polymer molar ratios, and
their physicochemical properties are presented in Table 5.
In addition, the physical colloidal stability of the liposomes,
in terms of size and polydispersity, is presented in Figure S4
and S5, respectively.

Initially, thermoresponsive chimeric liposomes composed
of DPPC and PNIPAM-b-PLA 1 or 2 were constructed.
The size and polydispersity for DPPC were around 50 nm
and 0.2, respectively. The zeta potential was estimated
close to zero. Concerning the chimeric nanosystems, those
were developed by incorporating increasing concentration
of each copolymer inside the liposomal membrane. This

Sample Molar ratio ~ Dj/nm  SD? PDI? SD z-pot/mV  SD
DPPC - 53.8 0.9 0.235 0.010 23 1.1
DPPC:PNIPAM-b-PLA 1 9:0.02 114.0 4.0 0.549 0.058 0.1 0.5
DPPC:PNIPAM-b-PLA 1 9:0.05 113.7 3.1 0.574 0.009 -0.2 0.7
DPPC:PNIPAM-b-PLA 1 9:0.1 103.2 2.5 0.596 0.008 0.9 0.5
DPPC:PNIPAM-b-PLA 1 9:0.5 286.3 43 1.000 0.000 - -
DPPC:PNIPAM-b-PLA 2 9:0.02 337.8 7.4 1.000 0.000 - -
DPPC:PNIPAM-b-PLA 2 9:0.05 355.8 335 1.000 0.000 - -
DPPC:PNIPAM-b-PLA 2 9:0.1 131.7 2.6 0.381 0.012 -64 0.3
DPPC:PNIPAM-b-PLA 2 9:0.5 286.3 43 1.000 0.000 - -
EPC - 92.0 2.9 0.440 0.006 -24 1.5
EPC:PNIPAM-b-PLA 1 9:0.02 97.1 1.2 0.365 0.020 -5.6 2.1
EPC:PNIPAM-b-PLA 1 9:0.1 127.9 0.6 0.280 0.022 -1.0 1.4
EPC:PNIPAM-b-PLA 1 9:0.5 Aggr Aggr Aggr Aggr Aggr Aggr
EPC:PNIPAM-b-PLA 2 9:0.02 89.1 0.4 0.437 0.006 -5.0 0.5
EPC:PNIPAM-b-PLA 2 9:0.1 74.3 1.2 0.257 0.036 -11.8 1.6
EPC:PNIPAM-b-PLA 2 9:0.5 80.6 44 0.320 0.055 -13.2 2.5

"Hydrodynamic diameter
2Standard deviation
3Polydispersity index
4Zeta potential

5 Aggregates
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integration led to physicochemical properties that were poly-
mer composition dependent, but not polymer concentration
dependent, contrary to previous investigations [19, 21]. In
particular, the copolymer of higher molecular weight and
of more hydrophilic composition, i.e., percentage in PNI-
PAM segments, allowed for formulation of lipid/polymer
nanosystems of various molar ratios, while the one of lower
weight and more hydrophobic balance could only be suc-
cessfully incorporated at one specific molar ratio. Namely,
for DPPC:PNIPAM-b-PLA 1 chimeric systems, molar ratios
of 9:0.02, 9:0.05 and 9:0.1 led to self-assembly of the bio-
materials to nanostructures of size between 100-115 nm
and polydispersity 0.5-0.6, while for DPPC:PNIPAM-b-
PLA 2, only 9:0.1 lipid-to-polymer ratio led to structures of
promising physicochemical properties, that is size around
130 nm and polydispersity of 0.4 (Table 5). This differ-
ence between the two cases highlights the fact that not only
the length of the hydrophobic anchor of a copolymer, but
also the whole polymer size and relative balance between
hydrophilic and hydrophobic segments are very crucial
parameters for chimeric liposomal system development.
The rest of the chimeric systems, DPPC:PNIPAM-b-PLA
1 9:0.5, DPPC:PNIPAM-b-PLA 2 9:0.02, 9:0.05 and 9:0.5,
self-assembled into totally heterogeneous populations of
large aggregates. As a result, we did not attempt to prepare
liposomes with higher amount of polymers, due to their
hydrophobic character rendering the hydration process
impossible and producing aggregates. The zeta potential of
all chimeric systems that had no aggregates and thus could
be measured was close to zero, with only DPPC:PNIPAM-b-
PLA 2 9:0.1 exhibiting slightly negative charge, presumably
attributed to the carboxyl group —COOH of the copolymers
being ionized at this pH (7.4).

EPC was also utilized for chimeric liposomal formula-
tions. Neat EPC liposomes had a size of 90 nm and polydis-
persity near 0.4. The zeta potential was also close to zero in
this case as well. Regarding the EPC-containing chimeric
nanosystems, we utilized three different concentrations of
each thermoresponsive copolymer. As expected, the differ-
ent mass and composition of the two copolymers defined
the self-assembly process and led to different results in each
case. Interestingly, in the case of EPC, PNIPAM-b-PLA 2
exhibited higher cooperativity with the phospholipid. This
is evident from the smaller size of EPC:PNIPAM-b-PLA 2
nanoparticles (75-90 nm), compared with EPC:PNIPAM-b-
PLA 1 (95-130 nm), as well as from the fact that EPC could
incorporate successfully the highest amount of PNIPAM-b-
PLA 2 (9:0.5), while PNIPAM-b-PLA 1 led to aggregates.
The zeta potential of most chimeric liposomes was slightly
negative, owed to the ionized carboxyl group —COO™ of the
copolymers and EPC:PNIPAM-b-PLA 2 exhibited a poly-
mer-concentration-dependent charged surface, going from
—5mVtoupto—13mV.

Finally, the physical colloidal stability of the chimeric
nanosystems was tested and is presented in Figure S4 for
size and Figure S5 for polydispersity. Concerning DPPC,
conventional liposomes underwent a size increase that tri-
pled their diameter from 60 nm to 180 nm, due to aggrega-
tion phenomena and membrane fusion, while chimeric sys-
tems more or less preserved their properties (Figure S4A and
S5A). On the other hand, EPC liposomes did not increase
as much in size as DPPC ones, apparently due to their ini-
tial size being larger, with lower surface free energy and
lower tendency to aggregate. The chimeric liposomes with
EPC were physically stable only in the case of PNIPAM-
b-PLA 1 (Figure S4B and S5B). Judging from both DPPC
and EPC cases, the stabilizing role of PNIPAM-b-PLA 1
(66-34%, 18,000) definitely exists in the chimeric liposomal
systems. Even though their zeta potential was around zero
for all nanosystems and electrostatic interactions were mini-
mum, the incorporated polymers formed a corona around the
membranes, which in certain cases provided colloidal stabil-
ity through steric repulsion. Specifically, the hydrophobic
PLA segment is incorporated inside the bilayers, while the
hydrophilic PNIPAM chains extend around the liposomal
membrane and promote the entropic effect, osmotic effect
and enthalpic stabilization each time two nanoparticles
approach one another, maintaining the stability of the system
[41, 42]. Tt is most probable that in the case of PNIPAM-b-
PLA 2 (50-50%), this mechanism does not prevail, because
of the less hydrophilic character of the copolymer, as well as
its overall lower molecular mass (6400), which means that
the hydrophilic chains are much shorter than in the case of
PNIPAM-b-PLA 1.

Cryo-TEM Imaging of Chimeric Liposomes

Chimeric liposomal formulations consisting of DPPC or
EPC and PNIPAM-b-PLA 1 were analyzed with cryo-TEM,
in order to assess the self-assembled nanoparticle nature and
morphology. Previous investigations have discussed how
the individual biomaterials’ properties, as well as their rela-
tive molar ratio and total concentration may affect the final
structure formation and the equilibrium state of membranes
inside the colloidal dispersion [21, 43]. Herein, cryo-TEM
images of DPPC:PNIPAM-b-PLA 1 9:0.05, EPC:PNIPAM-
b-PLA 1 9:0.02 and EPC:PNIPAM-b-PLA 1 9:0.1 are pro-
vided in Fig. 5.

Concerning DPPC:PNIPAM-b-PLA 1 9:0.05, the pic-
tures in Fig. 5a reveal the nature, size and morphology of
nanostructures. In particular, we observed the existence of
vesicles, with membrane thickness around 5—6 nm and size
10-100 nm and below. Some unclosed membranes were also
present, as well as a few multiwall/multilamellar particles
with diameter 200-350 nm. The effects of faceting and con-
trast-heterogeneity are seen on the membrane of liposomes
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Fig.5 Cryo-TEM images of aggregates of a DPPC:PNIPAM-PLA 1
9:0.05, b EPC:PNIPAM-PLA 1 9:0.02 and ¢ EPC:PNIPAM-PLA 1
9:0.1 chimeric systems

as “irregularities” and according to the literature, they are
common phenomena in chimeric nanosystems, attributed
to either the technique conditions or to the existence of
anchored polymer molecules onto the membranes, which
promote the formation of nanodomains [43—47]. The most
interesting finding in this case of chimeric nanosystem was
the co-existence of normal-looking membranes and mem-
branes that exhibited a “football-like” surface, like vesicles
growing from another vesicle. This behavior is expected,
due to the different hydrophilic-to-hydrophobic balance of
the phospholipid and the copolymer or as documented, the
mismatch between the molecules. This “incompatibility”
leads to mismatch between the thickness of lipid and poly-
mer membranes, finally promoting the formation of domains
of one biomaterial inside the other, characterized by a hydro-
phobic mismatch on the boundaries, which energetically sta-
bilizes the domains. Another scenario is that these domains
are of lipidic nature and are stabilized by the copolymer at

@ Springer

the boundaries [46, 48, 49]. However, these mechanisms
have been associated with large vesicular structures, i.e.,
a few micrometers, and not liposomes of 100 nm size. We
assume that the smaller the size, the most difficult it is for
such areas to form upon membranes, due to high curvature
and energetic disfavor. On top of that, we did not find an
image of similar-looking nanoparticles, especially referring
to the high curvature of domains existing on the membranes,
forming a morphology that is rather unique.

The chimeric nanosystems incorporating EPC and
PNIPAM-b-PLA 1, in molar ratios 9:0.02 and 9:0.1, are
presented in Fig. 5b, c, respectively. Both these systems
presented only vesicles of membrane thickness 3—4 nm.
Particles have been classified to two categories of hydrody-
namic diameter, 10—150 nm and larger particles of hydrody-
namic diameter that exceeds 200 nm. Contrary with DPPC,
these nanosystems were homogeneous in terms of membrane
morphology and no football-like structures were observed.
As a result, we conclude that the different phospholipid
and the lyotropism between the biomaterials, i.e., the self-
assembly behavior based on the individual molecule prop-
erties and concentration, are the parameters that promote
the morphogenesis of these structures [50]. In these cases,
we also observed no membrane irregularities, what may be
associated with the low phase transition temperature of EPC
and probably indicating the homogeneous distribution of
polymer inside the liposomal membrane [51].

Summarizing, all the studied chimeric nanosystems were
homogeneous in terms of membrane morphology and self-
assembled into vesicles and not into other morphologies,
such as “worm-like” or “disk-like” micelles, which have
been previously observed for similar systems [43]. These
vesicles are characterized by membrane thickness between
3 and 6 nm, being close to the documented 3—5 nm for con-
ventional liposomes and membranes [52]. Consequently,
they are mainly liposomes and not polymersomes, whose
membrane thickness is between 10 and 50 nm, based on
the hydrophobic segment and molecular weight of the poly-
mer [53]. Polymer insertion inside the liposomal membrane
may induce an increase in the membrane thickness, which
explains why some vesicle membranes reached 6 nm [54].
Nevertheless, since no other morphologies are present and
the self-assembled membranes are indicative of liposomal
formation, we conclude that the amphiphilic copolymers are
attached on the membranes, either homogeneously distrib-
uted or in nanodomains, depending on the utilized phospho-
lipid and the biomaterial concentration.

Thermoresponsiveness of Chimeric Liposomes
In order to assess the concentration-dependent thermore-

sponsive effect of the polymers on the membranes, we
utilized the chimeric liposomes composed of DPPC and
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PNIPAM-b-PLA 1. The formulations of molar ratios
9:0.02, 0.05 and 0.1 were tested for alteration of their
physicochemical properties during day 10 post-prepara-
tion, after heating for 30 min at 45 °C (above the main
transition temperature observed for the 1st heating scan
through DSC), as well as after probe sonication. The stages
before heating, after heating, after reaching room tempera-
ture and after heating again are depicted in Fig. 6a, along-
side a proposed mechanism on the nanosystems’ behavior
(Fig. 6b). The results regarding the hydrodynamic diam-
eter and polydispersity are presented in Fig. 7, while the
corresponding intensity plots are provided in Figure S6.

First of all, DPPC liposomes were exposed to increased
temperature conditions for 30 min, where bilayers existed
in the liquid crystalline phase (L,) and as a result, were
more fluid and susceptible to membrane fusion during
vesicular contact. This led to a slight hydrodynamic diam-
eter (D,) and polydispersity (PDI) increase, from 180 nm
to 200 nm and from 0.35 to 0.42, respectively. The particu-
lar behavior was expected, and after probe sonication, the
vesicles returned to their initial physicochemical proper-
ties [55].

Compared with conventional liposomes, the response of
the chimeric nanosystems to heating was more profound.
The suspensions of chimeric liposomes went from homo-
geneous and uniformly blur to biphasic, containing in each
case one, large hydrophobic agglomerate/aggregate, sur-
rounded by transparent suspension (Fig. 6a). This phenom-
enon is indicative of phase separation inside the systems,
attributed to the tendency of PNIPAM chains to expel mol-
ecules of water from their surrounding environment and
promote the switch of hydrophilic surfaces to hydrophobic
when exposed to temperature that exceeds the phase tran-
sition temperature [35]. These surfaces in turn approach
one another, because they thermodynamically avoid con-
tact with the aqueous phase and the membrane stabilizing
mechanisms are reversed (Fig. 6b) [11, 41]. As a result, a
single and large agglomerate/aggregate is created, which
is partially reversible, if left to anneal and reach room
temperature again [56]. Afterward, we observed that by
heating again, the heat-driven effect that was produced
was not exactly the same. In particular, DPPC:PNIPAM-
b-PLA 9:0.02 led to almost the same result as before; how-
ever, the two higher in polymer amount systems did not,
especially the one with the highest. Instead, they looked
almost unaffected after heated a second time. This means
that at low polymer concentration, the new phase and lipo-
somal structure are mostly reversible after the 1st heat-
ing, because the number of polymer molecules onto the
membrane is not enough to permanently alter them, and
therefore, the same result is produced after a 2nd heating.
As the polymer increases, the impact of thermoresponsive
behavior of PNIPAM affects significantly the liposomal

(b)

Thermoresponsive liposomes

Fig.6 a DPPC:PNIPAM-b-PLA 1 chimeric liposomes during day
10 at room temperature (upper left), after heating (upper right), after
reaching room temperature (down left) and after heating again (down
right) and b illustration of the thermoresponsive aggregation of chi-
meric liposomes. Sample 1: DPPC:PNIPAM-b-PLA 9:0.02; Sample
2: DPPC:PNIPAM-b-PLA 9:0.05; Sample 3: DPPC:PNIPAM-b-PLA
9:0.1

membrane, leading to permanent disruption after the 1st
heating process [6, 33]. This is a polymer-concentration-
dependent effect that is also confirmed by the DSC results
discussed earlier.

Specifically, the particle size of chimeric nanosystems
was profoundly affected after heating the formulations
at 45 °C and leaving them to anneal at room temperature
(Fig. 7a). For DPPC:PNIPAM-b-PLA 1 9:0.02, it increased
from 130 nm to around 400 nm, for 9:0.05 it went up to
520 nm, and finally, for 9:0.1 it reached almost 1000 nm.
In all cases, the homogeneity of the system was minimum
after heating, with PDI values being always maximum
(Fig. 7b). These measurement results verify the polymer-
concentration-dependent liposomal aggregation and mem-
brane disruption that occur after stimulating the thermore-
sponsive systems [6, 31]. As more polymer molecules are
incorporated inside the membrane, the agglomeration and
aggregation phenomena increase and greatly affect the
physicochemical properties of liposomes, especially in the
case of molar ratio 9:0.1. In contrast, the reference DPPC
liposomes did not exhibit such hydrodynamic diameter and
polydispersity differences after exposure to increased tem-
perature. Therefore, the functionality of the incorporated
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Fig. 7 Physicochemical characteristics, regarding a size and b poly-
dispersity, of DPPC:PNIPAM-b-PLA 1 chimeric systems during day
10 in room temperature, after heating at 45 °C and after probe sonica-
tion

thermoresponsive copolymer on the liposomal membranes
exists and is manifested through alteration of the hydrophilic
surface around liposomes and consequent agglomeration
via hydrophobic interactions between these surfaces [35].
Finally, the chimeric nanosystems were subjected again
to sonication, in order to re-disperse them in the aqueous
medium. The results of this attempt were in agreement with
DSC, since higher polymer concentration inside liposomal
membranes led to permanent disruption after the 1st heat-
ing process, which could not be reversed by sonication. In
particular, we were able to revert the aggregation effect on
DPPC:PNIPAM-b-PLA 1 9:0.02 and 9:0.05, but not so much
for 9:0.1, which ultimately had size around 170 nm and poly-
dispersity close to maximum 0.9.

The metastable phase that is created by inserting ther-
moresponsive copolymer chains inside the membrane is of
similar energetic content with DPPC membranes in the case
of DPPC:PNIPAM-b-PLA 9:0.02, not so similar for 9:0.05
and different for 9:0.1 [20]. From DSC results, it was evi-
dent that this phase becomes more present as more copoly-
mer is incorporated inside the bilayer and melts at higher
temperature. It was also evident that if transition occurs,
the available energetic content leads to a non-reversible
process and a distinct thermoresponsive behavior, which is
observed for liposomes as well. That content is defined by
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the information-to-entropy balance between the two utilized
biomaterial, inside specific lyotropic conditions of concen-
tration and relative molar concentration. These in turn lead
to self-assembly and morphogenesis of liposomal structures,
where the copolymer resides inside the membranes in a cer-
tain conformation that is stable but may induce dynamic
effects if stimulated properly [43, 50].

Conclusions

Chimeric/mixed bilayers and liposomes consisting of
DPPC or EPC and PNIPAM-b-PLA copolymers of dif-
ferent molecular characteristics were designed, developed
and studied through various methods. The DSC results
suggest the organization and creation of a new functional
phase inside the membrane, which follows a polymer-con-
centration- and composition-dependent manner. From the
physicochemical results, it is evident that the copolymer
PNIPAM-b-PLA 1 stabilizes better the liposomal mem-
brane in certain amounts and no more than 9:0.1. This
restriction is correlated with the lyotropic effect that this
component has on membranes, meaning that its chemistry
and concentration in the chimeric system define its final
conformation inside the liposomal membrane. Cryo-TEM
revealed the morphological characteristics of the nano-
particles, indicating homogeneous vesicular systems, with
the interesting finding of “football-like” membranes for
DPPC:PNIPAM-b-PLA 1 9:0.05. Finally, the thermore-
sponsive behavior of chimeric liposomes after heating was
in agreement with DSC results and suggested an agglom-
eration and aggregation effect, which occurs once and
alters permanently the membrane properties, with impact
on the particle size and polydispersity.

The critical parameter and driving force for the creation
and behavior of functional phases is the lyotropism of the
utilized biomaterials, which depends on their molecular
properties, such as hydrophilic-to-hydrophobic balance, as
well as on their concentration inside the chimeric system.
The composition- and concentration-dependent lyotropic
effect of thermoresponsive copolymers on phospholipid
membranes defines the self-assembly process and depend-
ing on the system’s information-to-entropy balance, leads
to morphogenesis of specific structures with certain phys-
icochemical properties and functional behavior. These
nanostructures possess chimeric and innovative properties,
such as “phase functionality,” that originate from the com-
bined properties of membranes and polymers, however, are
completely new. Overall, polymer incorporation produces
functional non-equilibrium/metastable and non-reversible
structures and phases with specific information/energy
content and information-to-entropy balance, and by heat-
ing, we can induce their functionality, which in turn shifts
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this balance to an equilibrium state. The interpretation of
the thermoresponsiveness and functionality in general of
chimeric/mixed nanosystems on the basis of biophysics
and thermodynamics is mandatory to fully realize how
these systems work and will impact greatly the field of
drug delivery, offering utilities that will lead to improved
clinical effectiveness and safety.
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