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Liposome-based technologies derived from lipids and polymers (e.g., PEGylated liposomes) have been
recognized because of their applications in nanomedicine. However, since such systems represent myriad
challenges and may promote immune responses, investigation of new biomaterials is mandatory. Here, we
report on a biophysical investigation of liposomes decorated with bioconjugated copolymers in the presence
(or absence) of amantadine (an antiviral medication). First, copolymers of poly(N,N-dimethylacrylamide-co-
fluoresceinacrylate-co-acrylic  acid-N-succinimide  ester)-block-poly(N-isopropylacrylamide)  (PDMA-b-
PNIPAM) containing a fluorescence label were biofunctionalized with short peptides that resemble the
sequence of the loops 220 and 130 of the binding receptor of the hemagglutinin (HA) protein of the
influenza A virus. Then, the bioconjugated copolymers were self-assembled along with liposomes composed
of 1,2 dimyristoyl-sn-glycero-3-phosphocholine, sphingomyelin, and cholesterol (MSC). These biohybrid
systems, with and without amantadine, were systematically characterized using differential scanning
calorimetry (DSC), dynamic light scattering (DLS), and cryogenic transmission electron microscopy (cryoTEM).
Finally, the systems were tested in an in vitro study to evaluate cytotoxicity and direct immunofluorescence in
Madin Darbin Canine Kidney (MDCK) cells. The biohybrid systems displayed long-term stability, thermo-
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DOI: 10.1039/d4tb00171k responsiveness, hydrophilic—hydrophobic features, and fluorescence properties and were presumable

endowed with cell targeting properties intrinsically integrated into the amino acid sequences of the utilized

rsc.li/materials-b peptides, which indeed turn them into promising nanodevices for biomedical applications.
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In recent years, an increasing number of contributions in the
field of nanomedicine have focused on the usage of new
biohybrid materials to formulate systems for improving drug
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administration.'™ In this regard, it has been documented that
combinations of biocompatible polymers with bioactive mole-
cules can enable synergistic properties for biomedical
applications.>® Fundamental knowledge related to biophysical
properties and intermolecular interactions of cell membranes
(or models) with other materials (e.g., smart polymers) is crucial
for developing new drug delivery systems.*'*'" Modern rever-
sible deactivation radical polymerization (RDRP) techniques
have enabled the synthesis of well-defined bioconjugated poly-
mer materials functionalized with specific bioactive groups,
such as lipids, carbohydrates, proteins, short active peptides,
drugs, nucleic acids, etc., with exceptional properties for appli-
cations in drug delivery systems.®®'>™'® From this perspective,
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a proper understanding of specific and non-specific interactions
between drug delivery systems and cell membranes is essential
for implementing new applications in nanomedicine.*'® Taking
the aforementioned information into account, one approach in
the design and investigation of efficient drug delivery systems
corresponds to the self-assembly of nanoplatforms that mimic
relevant biological systems. Therefore, fundamental knowledge
about interactions between the different components of the
systems is crucial. For instance, in biohybrid systems composed
of lipids and polymers and proposed as drug nanocarriers, it is
very important to characterize their thermodynamic properties,
which will provide valuable information about the intermolecular
interactions between the components of the nanocarriers and
their payloads.” " In this context, the investigation of biohybrid
systems that combine lipids, polymers, and bioactive moieties has
led to considerable progress in the development of new therapeu-
tic applications.>*'®' Furthermore, liposomes have been exten-
sively used as model systems in the research of biomembranes
and drug delivery approaches.?*>* For example, combinations of
liposomes with synthetic (co)polymers enable the self-assembly of
vesicular nanostructures via diverse (but demanding) formulation
processes, including microfluidic manufacturing.”>** However,
lipid vesicles located at an aqueous interface are exposed to non-
specific interactions, including electrostatic, hydrophobic, and
steric interactions, which may lead to oxidation and
hydrolysis.>'”** Such processes are related to relatively low stabi-
lity of liposomes in aqueous media, their chemical degradation,
subsequent aggregation or flocculation and, hence, a potential
premature loss of encapsulated payloads.**® Therefore, it is
thought that the limitations of liposome-based drug delivery
systems could be properly addressed and overcome with a better
understanding of the different physicochemical interactions
between the different components of these systems. In addition,
the utilization of biocompatible (co)polymeric materials with
suitable bioconjugated moieties could also provide specific cell
targeting features to liposome-based nanocarriers. Thus, these
biohybrid platforms may also be used to encapsulate bioactive
molecules or drugs of interest either inside the lumen, into the
lipid bilayer or in the polymer envelope. In connection with this,
synthetic polymers have been bioconjugated with peptides to
improve the affinity of the respective nanocarrier for a specific
cell or binding site."*?° In a similar fashion, it is known that viral
infections involve not only a specific binding of a virus to the
surface of a cell but also a fusion of the cell membrane with the
viral envelope.®>*! Therefore, viruses have evolved a capability to
self-replicate by infecting in a very specific manner either specific
cells, tissues, or host species; this ability is known as viral
tropism.>**! Hence, characteristics similar to those found in viral
tropism embedded into specifically designed drug nanocarriers
could enhance their ability to deliver their payloads (including
antivirals) in more efficient and specific manners via a mecha-
nism that resembles viral tropism. For instance, influenza A
viruses (Orthomyxoviridae family) possess negative-sense single-
stranded ribonucleic acid (RNA) molecules and a lipid membrane,
which bears two kinds of proteins (i.e., neuraminidase (NA) and
hemagglutinin (HA)) around its envelope.**** In turn, the HA
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protein can specifically recognize and penetrate host cells. In
particular, HA can bind to the sialic receptors available on the
surface of cell membranes. The receptor-binding site of HA is
composed of the 190-helix, and the 130- and 220-loops at the most
exposed and peripheral site of the protein.** Following this
natural approach, such an evolved mechanism could be imple-
mented in currently available drug delivery systems to improve
their cell targeting capabilities. Hence, the main objective in this
contribution is to study the interaction of bioconjugate copoly-
mers with a lipid membrane composed of DMPC, sphingomyelin,
and cholesterol to generate new biohybrid nanovesicles for bio-
medical applications. We developed and characterized biohybrid
systems from bioconjugated copolymers and liposome vesicles in
an attempt to resemble cell-targeting properties like those exhibited
by the HA protein of the influenza virus. To this end, we first
carried out the design and synthesis of the bioconjugated copoly-
mers. Thus, the utilized copolymer precursors poly(N,N-dimethyl-
acrylamide-co-fluoresceinacrylate-co-acrylic acid-N-succinimide
ester)-block-poly(N-isopropylacrylamide) (PDMA-b-PNIPAM) were
synthesized by the reversible-addition-fragmentation chain-
transfer (RAFT) polymerization technique; fluorescein moieties
were also incorporated as labels along the polymer chains
throughout the course of the polymerization reactions. Thereafter,
the copolymers were functionalized with the peptide sequences
Arg-Asp-GIn-Glu-Gly (L220) and Ala-Cys-Pro-His (L130) that
resemble the sequences of the 220 and 130 loops, respectively,
of the receptor-binding site of the HA of the influenza A virus
(Scheme 1).

In this context, PDMA-b-PNIPAM block copolymers have
recently been regarded as promising candidates for the design
of drug delivery systems due to their thermo-responsiveness,
ability to stabilize cubosomes, and affinity to lipid
membranes.>® Beyond the field of lipid membranes, it has
been established that sphingomyelin and cholesterol enable
the formation of certain lipid domains that are important for
cell communication.**° Hence, we hypothesize that these
lipid domains, enriched with cholesterol and sphingolipids,
could favorably interact with the bioconjugated copolymers and
lead to a more effective binding of the latter onto the corres-
ponding lipid membranes. This capability has been previously
observed in other biological systems where lipid domains can
function as protein-anchoring platforms,*>***% and along these
lines, we have recently reported important features derived
from non-specific lipid-protein interactions of a lipid model
composed of  1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), sphingomyelin (SM), and cholesterol (chol) under
the influence of lysozyme and ovalbumin.'® Thereafter, we
combined the peptide-functionalized block-copolymers with
large unilamellar vesicles (LUVs) made of DMPC/SM/chol
(herein denoted as MSC) to obtain biohybrid liposomes deco-
rated with such bioconjugated copolymers, where the MSC
lipid mixture was employed as a platform for anchoring the
bioconjugated copolymers. Then, biophysical properties of
such biohybrid liposomes decorated with bioconjugated copo-
lymers were thoroughly evaluated by means of differential
scanning calorimetry (DSC), dynamic light scattering (DLS),

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic diagram of the preparation and investigation of liposome systems decorated with bioconjugated copolymers in the presence (or

absence) of amantadine.

cryogenic transmission electron microscopy (cryoTEM), cyto-
toxicity assays, and fluorescence microscopy (Scheme 1). Addi-
tionally, thermal properties and long-term size stability of these
bioconjugated copolymers/lipid systems were investigated in
the presence of amantadine (AMT), an antiviral/antiparkinso-
nian compound. The obtained results suggest that combina-
tions of synthetic bioconjugated copolymers with lipid vesicles
enable the access to self-assembled biohybrid nanovesicles of
long-term stability, with the capability to encapsulate hydro-
phobic bioactive compounds and with potential features to
mimic viral tropism mechanisms. This kind of copolymer/lipid
biohybrid platform could be implemented for the development
of nanodevices for biomedical applications, for example, inno-
vative drug delivery systems.

2 Materials and methods

2.1 Reagents

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC, P-0888, 99%),
4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid (HEPES, H3375
> 99.5%), sodium chloride (NaCl, S9888 > 99.0%), cholesterol
(chol, C8667 > 99%), and amantadine hydrochloride (A1260, >
98%) were purchased from Sigma-Aldrich, USA. N-Octadecanoyl-o-
erythro-sphingosylphosphoryl choline (sphingomyelin, SM brain
porcine, 860062P) was obtained from Avanti Polar Lipids, Inc.,
USA (chemical structures for lipids are depicted in Fig. S5, ESIT). It

This journal is © The Royal Society of Chemistry 2024

is important to comment that the SM reagent is a natural mixture
of sphingolipids where the main component corresponds to the
structure depicted in Fig. S5 (ESIt) (SM). Deionized water (18.2 MQ
cm) was obtained from a Millipore system (Simplicity, FICA58004A,
France). Four bioconjugated block copolymers, PDMA-b-PNIPAM-
1.220(1) (19.4 kDa), PDMA-b-PNIPAM-1.220(%) (30.5 kDa), PDMA-b-
PNIPAM-L130({) (18.5 kDa), and PDMA-b-PNIPAM-L130(h) (29.6
kDa) were synthesized via reversible-addition fragmentation
chain-transfer (RAFT) polymerization followed by a grafting-
through process for bioconjugation with different peptide
sequences.>"! Note that the acronym PDMA, as utilized in the
nomenclature of this contribution, refers, for simplicity and in
general, to the hydrophilic block of the bioconjugated block copo-
lymers, which are composed of DMA, fluorescein acrylate (FAc) and
acrylic acid-N-succinimide ester (NHSA) comonomers, where the
DMA content is at least 88 mol%. Bioconjugated block copolymers
were purified by dialysis and characterized by means of proton
nuclear magnetic resonance ("H NMR, Bruker Avance 300 MHz
spectrometer) and size-exclusion chromatography (SEC, Agilent
1200 series). More details related to the synthesis and characteriza-
tion of the investigated peptide-functionalized block-copolymers
can be found in the ESL¥

2.2 Method to obtain lipid films of DMPC/SM/chol for
preparing liposomes

Lipid films, free of organic solvents, were prepared from a
suspension of DMPC/SM/chol (MSC, 80/10/10 mol%) utilizing
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the small-volume evaporation methodology.**™** To this end,
lipids (powders) were carefully weighed and deposited in a
volumetric flask. The lipid powder was hydrated with deionized
water and stirred at 1000 rpm for 3 h at 37 °C to homogenize
the lipid mixture. Thereafter, the suspension was brought to a
volume of 50 mL at 25 °C. Next, the lipid suspension was
subjected to an evaporation process via the small-volume
evaporation methodology. Briefly, a small volume (50 pL) of
the lipid suspension was deposited onto different spots of a
porcelain plate (containing 12 sample depressions) and dried at
45 °C in a dry block heater (Ohaus, HB1DG, USA). The suspen-
sions were completely dried, and subsequently, additional
amounts of suspension were deposited onto the film that
resulted from a previous drying step. Next, the lipid films were
recovered, hydrated with deionized water, and brought to a
volume of 50 mL in a volumetric flask. This new suspension
was divided into 50 subsamples (1.0 mL each), which were
deposited in microtubes. Each of these 50 subsamples was
subjected to a second round of drying steps onto a polypropy-
lene surface using an amount of 25 pL for each step. Final
DMPC/SM/chol (MSC) films were hermetically sealed and
stored at —20 °C prior to usage.

2.3 Preparation of MSC LUVs/bioconjugated PDMA-b-
PNIPAM block copolymers self-assemblies

An MSC film and bioconjugated copolymer (powder) were
combined and hydrated with a HEPES/NaCl (10 mM/145 mM)
buffer solution (pH 7.4) at 37 °C. To obtain multilamellar
vesicles (MLVs), the sample was homogenized for 1 h at 1000
rpm at 37 °C. After that, the MLVs suspension was extruded in a
mini-extruder (610020, Avanti Polar Lipids, Inc., USA) using
polycarbonate membranes (800309, nucleopore track-etched
membrane, Whatman Inc., USA) with a pore size of 100 nm
to obtain large unilamellar vesicles (LUVs of ca. ~100 nm). To
obtain a homogeneous size distribution of LUVs, the MLV
samples were extruded 21 times across the polycarbonate
membrane pores at ~37 °C. For DSC analysis, the utilized
concentration of MSC and bioconjugated block copolymer was
1.5 and 0.14 mM, respectively. The concentration of MSC
represents the total concentration of the lipid mixture, con-
sidering a relative average molar mass where the contribution
of DMPC, SM, and chol is 80, 10, and 10 mol%, respectively. We
used this ratio of DMPC, SM, and chol owing to its importance
in the formation of lipid domains in the field of biophysics of
membranes, where this combination plays a crucial role as an
anchoring platform for hosting several macromolecules. Simi-
lar to a previous contribution from our group,** a total lipid
concentration of 1.5 mM was selected (considering the molar
mass of DMPC for the whole lipid formulation as this sub-
stance is the major component (80 mol%) of the investigated
lipid mixture). Under these considerations, the utilized bio-
conjugated block copolymer/MSC molar ratio was ca. ~0.09.
Similar to our previous contribution,*® this molar ratio was
selected under the assumption that the proposed multifunc-
tional bioconjugated block copolymers act as compatibilizers/
stabilizers between the different components of the investigated
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biohybrid systems/aqueous media. Hence, with the lipid mixture
being the major component of the biohybrid formulation, it
seems reasonable to assume that a “stabilizer” of the system
might be present in a lower proportion (up to a molar ratio of ca.
0.1 in our current investigations).**

2.4 Preparation of MSC LUVs/amantadine (AMT)/
bioconjugated PDMA-b-PNIPAM block copolymers self-
assemblies

To favor the incorporation of AMT in the lipid bilayer, the
previous method was slightly modified. Thus, AMT was
weighed in a vial containing an MSC film and hydrated with
HEPES/NaCl (10 mM/145 mM) buffer solution (pH 7.4) at 37 °C.
The MSC/AMT LUVs system was obtained in a similar way to
that described in the previous subsection. After that, to incor-
porate the PDMA-b-PNIPAM block copolymer bioconjugates
onto the MSC/AMT liposomes, the powder of the copolymer
bioconjugates was dispersed with the MSC/AMT LUVs solution
previously prepared and homogenized at 1000 rpm at 40 °C for
1 h. Then, the samples were subjected to a second cycle of
extrusion in a similar fashion described before for the prepara-
tion of LUVs. This second method was preferred because we
expect that it facilitates the incorporation of AMT into the lipid
membrane without the influence of the utilized bioconjugated
copolymers. The concentration used for DSC analysis was 1.5
mM, 10 mM and 0.14 mM for MSC, AMT and bioconjugated
copolymer, respectively. The concentration ratio for AMT/MSC
was equal to 6.6 (r = 10 mM/1.5 mM).

2.5 Differential scanning calorimetry

Thermodynamic properties of the copolymer-decorated lipo-
somes were estimated using differential scanning calorimetry
experiments. For this purpose, the reversible thermotropic gel-
fluid transition of the MSC model and the thermal response of
bioconjugated copolymers were both separately and jointly
evaluated using a power compensation microcalorimeter
NanoDSC (Microcalorimeter NanoDSC, TA Instruments, USA).
This equipment utilizes capillary cells to achieve high sensitiv-
ity within a volume of 300 pL. From the recorded raw calori-
metric profiles of the investigated systems, we obtained their
molar heat capacity (C,) value at constant pressure, as a
function of temperature (7). The sample was equilibrated at
room temperature (25 °C) for 15 min and degassed by applying
low pressure (635 mmHg in a degassing station, TA Instru-
ments, USA) for 15 min at 25 °C before the corresponding
calorimetric analysis. Each sample was scanned in heating
mode. After 600 s of equilibrium time, the profile was recorded
at a heating rate of 1.0 °C min ™' and a cell pressure of 3 atm. C,,
values were obtained from the corresponding calorimetric
profile after subtracting physical (buffer-buffer trace) and
chemical (a spline function joining the pre- and post-regions
of the phase transition) baselines. To recover the MSC and the
bioconjugated copolymer contributions in the DSC traces, raw
data below and above 40 °C were normalized to MSC and the
corresponding bioconjugated copolymer weights, respectively.
The temperature where Cj, is maximum (T,,, phase transition

This journal is © The Royal Society of Chemistry 2024
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temperature), the enthalpy change (AH) and the width of the
transition (ATy,) at half peak height were obtained from
the recorded DSC traces. AH was calculated by obtaining the
integral value of the molar heat capacity from the initial (7}) and
final (Ty) temperatures of the phase transition, ie.,

AH = J";‘ CpdT. Such thermodynamic parameters were estimated

using homemade Python scripts. For the DSC analysis, each
thermogram and the related parameters represent an average of
at least six scans, considering three scans from each replicate.

2.6 Dynamic light scattering

Dynamic light scattering (DLS) was used to monitor the hydro-
dynamic diameter of the investigated biohybrid systems. Each
measurement was carried out using 50 pL of each sample
housed in disposable cuvettes ZEN0040. The instrument used
was a Zsizer Nano ZSP (Malvern Instruments, USA). The laser
wavelength and the detector angle location were 633 nm and
173°, respectively. The intensity fluctuations were registered
followed by their analysis using the Stokes-Einstein equation
R = KgT/6mnD, where R, K, T, n and D correspond to the
hydrodynamic radius, the Boltzmann constant, the tempera-
ture, the dynamic viscosity, and the diffusion coefficient,
respectively. Samples were measured at 25 °C, in duplicate with
at least five repetitions each. For DLS measurements, the
sample prepared for DSC was diluted to 0.5% with a buffer
solution of HEPES/NaCl (10 mM/145 mM) and subjected to
scattering analysis.

2.7 Cryogenic transmission electron microscopy (cryoTEM)

LUV solutions for cryoTEM investigations were obtained by
direct dispersion into a buffer of HEPES/NaCl (10 mM/145 mM)
at pH 7.4 according to the concentrations summarized in
Table S3 (ESIt). The measurements were performed on an FEI
Tecnai G2 20 platform with a LaB6 filament at 200 kV acceleration
voltage. Samples were prepared on quantifoil grids (R2/2) which
were treated with Ar plasma prior to use for hydrophilization and
cleaning. 8.5 pL of the dispersions (Table S3, ESIT) was applied
onto the grids utilizing a FEI Vitrobot Mark IV system (offset:
—5 mm, blotting time: 1 s). After blotting, the samples were
immediately plunged into liquid ethane to achieve vitrification.
Samples were transferred to a Gatan cryo stage and subsequently
into a Gatan cryo holder (Gatan 626) and were transferred into the
microscope by always maintaining a temperature below —168 °C
during the whole transfer and measurement process after vitrifi-
cation. Images were acquired using a Mega View (OSIS, Olympus
Soft Imaging Systems) or an Eagle 4k CCD camera. Due to the
amount of effort required for the cryoTEM measurements and the
large number of samples, only selected samples were imaged
using this technique, where the selection was based on the DLS
results.

2.8 Invitro cytotoxicity of copolymer-bioconjugates decorated
liposomes

Cytotoxic evaluations were performed using Madin Darbin
Canine Kidney (MDCK) cells. Briefly, MDCK cells were seeded

This journal is © The Royal Society of Chemistry 2024
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in 96 well plates at a cell density of 1 x 10> cells per well. After
cells reached confluency, they were washed 2x with a
phosphate-buffered saline (PBS) solution (pH 7.2) and incu-
bated with the corresponding copolymer-bioconjugate system
at six different concentrations (from 100 to 3.25 pg mL ™)
diluted in Dulbecco’s Modified Eagles Media (D-MEM) in
quadruplicate. After 72 h of incubation time, the cells were
fixed and stained with 0.4% crystal violet in methanol for 30
min, washed under running tap water and let to dry. To
determine cytotoxicity, plates were analyzed at a wavelength
of 490 nm in an automated UV-vis plate reader Victor 3x. The

cytotoxic response was fitted to the Hill equation, y=

1
1+ (CCsp/ 1)~
the input concentration, CCs, is the cytotoxic concentration
and n is the Hill coefficient. Fitting was carried out using the
non-linear least-squares minimization and curve-fitting for
Python (LMFIT) methods.*

where y is the output cytotoxic response, I is

2.9 Direct immunofluorescence of liposome/copolymer-
bioconjugate systems

MDCK cells were seeded in circular 22 mm coverslips. After the
cells reached 60% confluency, they were washed 2x with the
PBS solution and incubated with the corresponding liposome/
copolymer-bioconjugate system in D-MEM at a concentration of
50 pM. Cells and the biohybrid system were incubated for 48 h
at 37 °C under an atmosphere containing 5% CO,, thereafter,
the inoculum was removed and the cells were washed 1x with
PBS solution, fixed in cold acetone and incubated at room
temperature with 10 pL of 0.2 mM Hoechst stain solution for
5 min. Cells were washed 1x with PBS solution and mounted
into a Vectashield mounting medium (Vector Laboratories, Inc).
Cells were directly observed using a fluorescence microscope
(DM4000 B LED; Leica, Germany) equipped with a CCD camera.
Images were taken with a filter L5, at 4 550 nm for green
fluorescence and a filter A at 4 350 nm.

3 Results and discussion

3.1 Physicochemical characterization of DMPC/SM/chol
(MSC) LUVs and peptide-block copolymer bioconjugates
dispersed in an aqueous buffer at pH 7.4

Liposome-based nanocarriers are established platforms in
nanomedicine. Nonetheless, stability issues have been reported
during long storage periods owing to aggregation and floccula-
tion effects that substantially impact the vesicle size over
time.">*>*® Hence, knowledge about the size stability of
liposome-containing nanocarriers is an important aspect of
biomedical formulations derived from these compounds.??
Thus, the first analysis of the biohybrid systems investigated
herein utilized the DLS technique to determine the hydrody-
namic size distribution of biohybrid LUVs based on the MSC
(DMPC/SM/chol, 80/10/10 mol%) lipid system and of the four
PDMA-h-PNIPAM block copolymer bioconjugates: PDMA-b-

J. Mater. Chem. B, 2024, 12, 5823-5837 | 5827
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PNIPAM-L220(1), PDMA-b-PNIPAM-L220(%), PDMA-b-PNIPAM-
L130(1), and PDMA-b-PNIPAM-L130(%) (all materials dispersed
in a buffer solution of HEPES/NaCl (10 mM/145 mM) at a pH
value of 7.4). The MSC mixture served as a lipid membrane
platform for the subsequent self-assembly of the bioconjugated
copolymers that formed the investigated biohybrid nanocarrier
systems described in the next section. The bioconjugated
copolymers contain peculiar functionalities provided by their
comonomer units such as thermo-responsiveness in the PNI-
PAM block, hydrophilicity ascribed to the PDMA segment,
fluorescence due to the presence of the FAc units, and cell-
targeting properties related to the amino acid sequences. The
latter derived from the 220-loop (L220, Arg-Asp-Gln-Glu-Gly)
and the 130-loop (L130, Ala-Cys-Pro-His) of the receptor bind-
ing site of the hemagglutinin protein of the influenza virus.*>
Furthermore, the hydrophobic end group of the bioconjugated
copolymers ascribed to the n-dodecyl (C;1,H,5) moiety of the
RAFT agent utilized during their synthesis might also influence
the self-assembly properties of these materials as discussed
elsewhere.?” This could also promote hydrophobic interactions
and activate the incorporation of these materials into the lipid
membranes. Fig. 1(a)-(c) displays the hydrodynamic size dis-
tributions for reference MSC LUVs (i.e., free of bioconjugated
copolymers) and bioconjugated block copolymers (i.e., free of
MSC liposomes) dispersed in a buffer solution. The hydrody-
namic size distributions are shown in terms of intensity and
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volume with an attempt to visualize subpopulations of different
sizes and the relative proportion of components of multiple
sizes contained in the samples. As it can be observed for
LUVs of pure MSC, both distributions in terms of volume and
intensity are similar to each other indicating the presence of
only one population with a size centered at 134 nm. The
hydrodynamic diameter of the four block copolymers bioconju-
gated with peptides (i.e., free of liposomes) displayed interest-
ing changes after extrusion (i.e., samples were extruded across a
polycarbonate membrane with a pore size of 100 nm). PDMA-b-
PNIPAM-L220(l) and PDMA-b-PNIPAM-L130(l) (bioconjugates
featuring a low molar mass, 19.4 and 18.5 kDa, respectively)
displayed more than one size distribution when they
were evaluated in terms of intensity, being the subpopulation
centered around 10 nm the most abundant as indicated in
the size estimation as a function of volume. In contrast, for
the case of copolymer bioconjugates with high molar mass
(PDMA-b-PNIPAM-L220(h) and PDMA-b-PNIPAM-L130(%), 30.5
and 29.6 kDa, respectively), they only exhibited one size dis-
tribution featuring sizes >100 nm. However, it is important
to consider that the DLS technique applied to polydisperse
and non-spherical shape systems, like polymers, can
potentially cause some drawbacks for the particle size
interpretation.*®*° Thus, our results indicate that these bio-
conjugated copolymers tend to form aggregates in aqueous
buffer solution (pH 7.4).
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Fig. 1 Hydrodynamic diameter distributions estimated from DLS measurements (a)—(c), and experimental calorimetric profiles obtained via DSC (d)—(f)
for LUVs of DMPC/SM/chol (MSC, 80/10/10 mol%) and peptide—copolymer bioconjugates measured in HEPES/NaCl (10 mM/145 mM) buffer at a pH
value 7.4. LUVs and block-copolymer bioconjugated with peptides were extruded across polycarbonate membranes with a pore size of 100 nm. PDMA-
b-PNIPAM block copolymer is bioconjugated with the sequence L220 (Arg—Asp—Gln—-Glu—-Gly) and the sequence L130 (Ala—Cys—Pro—His). These amino
acid sequences are related to the 220 and 130 loops of the receptor binding site of the hemagglutinin protein of the influenza virus.>? Peptide—
copolymer bioconjugates with low and high molar mass are represented by [ and h, respectively. Solid and dotted lines in DLS curves indicate the size
distributions in terms of volume and intensity, respectively. The concentrations used for DSC analysis were 1.5 mM and 0.14 mM for MSC and
bioconjugated copolymers, respectively. Whereas for DLS, the samples were diluted to 0.5% with the buffer solution as described in the Materials and
methods section.
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It is known that phospholipids hydrate in aqueous media to
form self-assembled structures with different lamellar and non-
lamellar phases, which is a property inherent to cell mem-
branes and key in nanomedicine. Due to the amphiphilic
nature of phospholipids, the polar regions (‘“head”) of these
compounds favorably interact with water molecules when they
self-assemble as lipid bilayers, maintaining a permanent elec-
trostatic repulsion to each other, which is compensated by van
der Waals forces existing between the hydrophobic regions of
the lipids (“tail”). These interactions minimize the free energy
of the system leading to the formation of a membrane mor-
phology, which effectively expels water molecules from the lipid
region. Lipid membranes exhibit a thermotropic behavior that
can be examined using DSC and used to investigate effects that
membrane-active molecules can inflict on them. To character-
ize the thermotropic behavior of the MSC system, we measured
the calorimetric profile of the corresponding LUVs dispersed in
a buffer solution of HEPES/NaCl at pH = 7.4 and in the absence
of bioconjugated copolymers. Similarly, we characterized the
thermotropic behavior of peptide-bioconjugated block copoly-
mers in the absence of liposomes provided that these materials
contain two thermo-responsive segments, ie., the PNIPAM
block and the peptide sequences. Fig. 1d reveals that LUVs,
derived from the MSC lipids mixture, at pH 7.4 and under ionic
strength (145 mM NacCl) have an expanded thermal transition
ranging from 20 to 36 °C with a C, max around 25.8 °C and a
calorimetric enthalpy of ca. 8.7 k] mol™ " (see Table 1). However,
the observed endotherm was lower in cooperativity with a ATy,
value of ca. 4 °C and revealed an asymmetrical profile. This
suggests the formation of domains, where sphingomyelin and
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cholesterol might be heterogeneously distributed within the
DMPC bilayer, indicating a thermal and dynamic reorganiza-
tion process.*>*® Although sphingomyelin and cholesterol can
migrate from different domains with specific T}, contributions,
consecutive heating scans (repeated at least three times for
each sample) demonstrated that the phase transition for the
MSC system is reversible and proceeds close to equilibrium.
Importantly, it has been observed that sphingolipid/cholesterol
domains can diffuse across the plasma membrane as small
units.® Based on these observations, the prepared MSC
membrane probably contains domains with different sphingo-
myelin and cholesterol ratios, which agrees with other experi-
mental and theoretical investigations of similar membrane
models where the formation of lipid domains induced by such
compounds has been reported.*>>° This property, next to the
capability of anchoring macromolecules such as proteins,
might be two main factors for driving the observed assembly
of the lipid/copolymer biohybrid systems herein investigated.
In addition, the DSC thermograms in Fig. 1(e) and (f) confirm
that, owing to the thermo-responsive PNIPAM block, the
peptide-bioconjugated block copolymers have a thermotropic
response with a broad phase transition ranging from ~45 to
65 °C and a high AT;, value (see Table 1), which is also affected
by the presence of the PDMA segment, the fluorescein units,
and the corresponding peptide sequence. Similar effects have
been also reported for lysozyme-bioconjugated PNIPAM-b-
PDMA block copolymers.>”

The endothermic phase transition observed for the peptide-
bioconjugated block copolymers occurs reversibly and under
equilibrium as suggested by repeated DSC measurements.

Table 1 Thermodynamic parameters for LUVs of DMPC/SM/chol (MSC, 80/10/10 mol%) under the effect of peptide-bioconjugated copolymers and
amantadine estimated from DSC endotherms in HEPES/NaCl (10 mM/145 mM) buffer at pH 7.4

System Tm (°C) AH_ o (K] mol ™) ATy, (°C)
MSC 25.8 £ 0.1 8.66 £ 0.24 41 +0.3
PDMA-b-PNIPAM-L220(1) 51.6 + 0.1 34.03 + 2.24 8.2 £0.1
PDMA-b-PNIPAM-1.220(h) 54.5 + 0.1 13.97 + 1.30 7.0 £ 0.1
PDMA-b-PNIPAM-L130(1) 52.7 £ 0.4 52.03 £ 3.52 9.0 £0.3
PDMA-b-PNIPAM-L130(%) 54.7 £ 0.1 52.17 £ 0.50 9.3 £0.1
MSC/PDMA-b-PNIPAM-L220(]) L 24.8 £ 0.3 10.68 £ 0.82 2.5+ 0.3
MSC/PDMA-b-PNIPAM-L1220(1) P 50.2 + 0.3 36.46 + 3.98 8.6 £1.1
MSC/PDMA-h-PNIPAM-1220(%) L 25.2 4+ 0.7 9.11 + 0.33 7.4+ 0.4
MSC/PDMA-b-PNIPAM-L220(h) P 54.3 + 0.4 12.09 £+ 1.54 6.6 + 0.6
MSC/PDMA-b-PNIPAM-L130(]) L 24.5 £ 0.1 8.37 + 0.24 1.9+ 0.1
MSC/PDMA-b-PNIPAM-L130(]) P 52.7 £ 0.7 55.91 + 4.22 9.1 £ 0.5
MSC/PDMA-b-PNIPAM-L130(%) L 24.0 £ 0.1 8.17 + 0.17 3.6 04
MSC/PDMA-b-PNIPAM-L130(%) P 54.9 + 0.2 38.52 + 2.18 9.0 £ 0.2
MSC/AMT 23.7 £ 0.2 10.33 £ 0.61 2.8+ 0.4
MSC/AMT/PDMA-b-PNIPAM-1220(1) L 22.7 £ 0.1 15.45 £+ 0.83 1.9+0.1
MSC/AMT/PDMA-b-PNIPAM-1220(1) P 46.9 £ 0.1 40.53 + 2.11 6.0 £ 0.8
MSC/AMT/PDMA-b-PNIPAM-L220(%) L 26.3 £ 0.6 12.79 £+ 0.63 7.6 £0.3
MSC/AMT/PDMA-b-PNIPAM-L220(h) P 52.5 + 0.2 13.54 £+ 1.30 7.4 £0.2
MSC/AMT/PDMA-b-PNIPAM-L130(]) L 23.4 £ 0.1 9.00 £ 0.17 2.8 +0.1
MSC/AMT/PDMA-b-PNIPAM-L130(1) P 51.4 £ 0.2 37.22 + 2.52 7.4 £ 0.2
MSC/AMT/PDMA-b-PNIPAM-L130(%) L 22.1 £0.2 7.04 + 0.95 2.6 £0.2
MSC/AMT/PDMA-b-PNIPAM-L130(%) P 52.9 & 0.2 26.98 + 2.32 6.5 + 0.2

(1), low molar mass (considering 19.4 and 18.5 kDa for PDMA-b-PNIPAM-L220 and PDMA-b-PNIPAM-L130, respectively). (%), high molar mass
(considering 30.5 and 29.6 kDa for PDMA-b-PNIPAM-L220 and PDMA-b-PNIPAM-L130, respectively). L, thermodynamic parameters estimated in
terms of the gel-fluid transition of MSC. P, thermodynamic parameters estimated in terms of the “coil-globule” transition of peptide-
bioconjugated-copolymers.
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PDMA-b-PNIPAM-1220(1) and PDMA-h-PNIPAM-L130([) revealed
a phase transition temperature of ca. 52 °C, which is slightly
lower than that one observed for PDMA-b-PNIPAM-L220(h) and
PDMA-b-PNIPAM-L130(h), T, ~ 54 °C (see Table 1). In this
regard, it has been reported that the phase transition of
PNIPAM occurs in a relatively broad temperature range from
30 to 40 °C.”* Moreover, the AH value of the investigated peptide-
bioconjugated copolymer ranges from 13 to 52 kJ mol~" (see
Table 1). It is worth emphasizing that the thermo-responsiveness
of PNIPAM discussed in polymer research often refers to a phase
transition where this polymer in aqueous media at a specific
concentration goes from a soluble to a non-soluble state upon
heating, which is manifested like a change in the turbidity of the
solution featuring the so-called lower critical solution tempera-
ture (LCST).>* The dehydration process that polymers undergo
showing an LCST behavior implies a loss of hydrogen bonds
between the polymer chains and water molecules, which involves
an entropically driven endothermic process.”**> This process
exhibits hydrated coiled polymer chains/dehydrated globular
polymer conformations, which are often referred to as “coil-
globule” polymer transitions.>® In our investigation, T}, refers to
the temperature value where C, shows a maximum value in the
DSC thermogram of the corresponding peptide-bioconjugated
copolymer and does not only engulf the dehydration process of
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the PNIPAM block but also indicates that this phase transition is
influenced by the PDMA segment, fluorescein units and the
corresponding peptide sequence. This latter component may
also feature a thermo-responsive behavior due to its composition
of amino acids.

3.2 Thermal response and size stability of biohybrid
liposomes decorated with bioconjugated copolymers

To improve the performance of liposome-based drug delivery
systems, we hypothesize that combinations of phosphocholine,
sphingomyelin, and cholesterol with block-copolymer bioconju-
gates could enhance not only the stability of liposome formula-
tions derived thereof but also increase their specificity. In this
section, we investigate the thermal effects induced by the
presence of peptide-bioconjugated copolymers in MSC LUVs
dispersed in a HEPES/NaCl buffer via DSC measurements. The
corresponding endotherms and thermal parameters were ana-
lyzed considering both contributions derived from the gel-fluid
phase transition of the phospholipid vesicles and the “coil-
globule” polymer transition ascribed to the respective peptide-
bioconjugate copolymer. The thermal responses of these biohy-
brid systems (Fig. 2) were compared with those discussed in the
previous section, where MSC liposomes and the peptide-
bioconjugated copolymers were individually evaluated. In general,
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Fig. 2 DSC thermograms of extruded large unilamellar vesicles from DMPC/SM/chol (MSC, 80/10/10 mol%) in the presence of peptide-bioconjugated
block-copolymers. MSC LUVs with PDMA-b-PNIPAM block copolymers bioconjugated with the peptide sequences L220 (a) and L130 (b). The
calorimetric profile considers the contribution of the MSC and the transition of the corresponding peptide-bioconjugated block-copolymer, which
were normalized to their respective molar mass. The C, scale for copolymers is displayed on the right-hand sides of the plots. T, of the MSC LUVs in the
absence of copolymers is used for comparison purposes and it is indicated by the vertical dashed line. (c) and (d) show the relative Tm(Tr*n) and the
relative AH(AH*), respectively, for the MSC/bioconjugated systems with respect to the gel-fluid phase transition of MSC and the “coil-globule”
Ti(system) . T (system) . AH (system) . AH (system)
Tw(MSC)’ Ta(P) = T (copolymer)’ AH(L) = AH(MSC) "’ and AH(P) = AH (copolymer)
performed at a pH value of 7.4 using a HEPES/NaCl (10 mM/145 mM) buffer solution.

copolymer transition, i.e., T (L) = . The experiments were
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it appears that the presence of bioconjugated block copolymers
shifts T,,, to a lower temperature (~1-2 °C) and produces enthal-
pic changes (Fig. 2¢ and d), suggesting that the block copolymers
are able to interact with the lipid bilayer. However, for the case of
the MSC/PDMA-h-PNIPAM-L220(%) system, the shape of the calori-
metric profile in the region of the lipid transition (20-36 °C)
presents an attenuated-broadened peak. This result could indicate
a different level of copolymer/bilayer interactions, where some
moieties of PDMA-b-PNIPAM-L220(k) may be incorporated either
totally or partially in the polar region of the surface of the lipid
membrane. The effect on Ty, is more clearly observed in Fig. 2¢ for
the MSC/bioconjugated systems where the relative T, is below
1.0. This relative value represents the ratio of the estimated DSC
parameter (Ty, or AH) of the MSC/bioconjugated systems divided
by the thermal parameter of either pure MSC or the respective
pure bioconjugated copolymer. The system with the highest effect
on Ty, was MSC/PDMA-b-PNIPAM-L130(h). However, this system
did not reveal any significant change in the transition of the “coil-
globule” copolymer counterpart. Regarding the observed AH
changes, note that PDMA-b-PNIPAM block copolymers functiona-
lized with peptide L220 (Arg-Asp-GIn-Glu-Gly) yielded a higher
calorimetric AH value than that observed for the transition of the
lipid counterpart. In contrast, those copolymers functionalized
with peptide L130 (Ala-Cys-Pro-His) displayed a lower value for
this thermodynamic parameter. Indeed, these changes in AH
values suggest that copolymer moieties are adsorbed onto the
lipid membrane at the polar regions of the bilayer. Considering
that the L220 or L130 peptide functionality represents the main
difference between the four investigated bioconjugated copoly-
mers, and being the nature of these amino acid sequences polar,
it is reasonable to assume that these functionalities play an
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important role in the interaction between the copolymers
and the polar region of the surface of the MSC lipid bilayer.
Furthermore, n-dodecyl (Cj,H,s) (ie, hydrophobic moiety)
attached to the RAFT agent could favor the anchoring of the
bioconjugated copolymers onto the lipid membrane. In summary,
these results suggest that these bioconjugated copolymers are
preferably located at the surface of the lipid bilayer.

To evaluate the size stability of the MSC/bioconjugated
systems over time, we carried out DLS experiments. First,
MSC/bioconjugated samples were measured after preparation,
and then they were maintained in storage in a refrigerator
(4 °C) for a long period (months). The size of these systems was
monitored at different times over the storage. Fig. 3 displays the
hydrodynamic diameter distributions for the MSC/bioconju-
gated systems. It is worth noting that the size of these biohybrid
liposomes remains stable for at least six months.

These findings might be useful to enhance the performance
of formulations derived from these proposed systems in bio-
medical applications. As such, these nanocarrier systems are
thermoresponsive and highly stable over time and contain
features to potentially improve cell-specificity. Due to the nature
of the lipid and peptide moieties used to self-assemble these
biohybrid vesicles, we believe that these systems possess biomi-
metic and biocompatible capabilities, which make them attrac-
tive candidates for potential medical applications. Furthermore,
the size distributions in terms of both intensity and volume
corroborate the presence of only one size population in the
samples. This fact suggests that the bioconjugated block copoly-
mers preferably interact with the lipid membrane and do not
produce bulk aggregates as observed for the individual biocon-
jugated copolymers (i.e., in the absence of liposomes).
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Fig. 3 Hydrodynamic diameter distributions for extruded LUVs of DMPC/SM/chol (MSC, 80/10/10 mol%) under the effect of peptide-bioconjugated
copolymers. Vesicles were extruded across polycarbonate membranes with a pore size of 100 nm. The vertical dashed line indicates 100 nm.
Experiments were buffered at a pH value of 7.4 with a HEPES/NaCl (10 mM/145 mM) solution. The plot shows DLS characterization of samples measured

immediately after preparation and after six months of being stored at 4 °C.
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3.3 MSC/bioconjugated bilayer in interaction with amantadine

In the above section, we presented biophysical properties of
MSC/bioconjugated copolymer systems, which revealed that the
bioconjugated copolymers preferably interact with the surface
of the lipid bilayer enabling the successful formation of self-
assembled biohybrid LUVs. These biohybrid vesicles revealed a
high stability in size for a considerable period of time and
possess interesting properties for potential biological applica-
tions. These observations next to the intrinsic cell-targeting
features of the utilized bioconjugated copolymers suggest that
the proposed systems might be potentially good candidates for
smart drug delivery carriers. For this reason, we have formu-
lated MSC/bioconjugated copolymer nanovesicles in the
presence of the antiviral/antiparkinsonian compound amanta-
dine (AMT). AMT is a tricyclic amine (see chemical structure in
Fig. 4) with lipophilic properties and exerts its antiviral activity
by blocking the function of the M2 proton channel in a virus,
which prevents virus replication and virus membrane
fusion.’*>® On the other hand, the antiparkinsonian effect of
AMT is related to the modulation of the dopamine system and
the inhibition of the N-methyl-p-aspartic acid (NMDA)
receptor.”® However, interesting results have also been reported
for AMT in interaction with lipid membranes.’”*® Hence, we
herein report our first investigations of interactions between
AMT and a lipid DMPC/SM/chol membrane with improved
properties via the incorporation of the proposed bioconjugated
block copolymers that may mimic a viral tropism mechanism.
To evaluate whether AMT interacts with an MSC lipid
membrane, a suspension of MSC LUVs in the presence of
AMT was prepared in a HEPES/NaCl buffer solution at a pH
value of 7.4, whose thermal response was evaluated via DSC.
The AMT/MSC ratio was equal to 6.6, (i.e., 7 = AMT (10 mM)/
MSC (1.5 mM)). Fig. 4a reveals that AMT is incorporated into
the MSC bilayer as suggested by the differences between the
displayed calorimetric profiles, where T, shifts to a lower
temperature in the presence of AMT. The calorimetric enthalpy
also increased for the MSC LUVs containing AMT (Table 1). In
this respect, a shifting of T, toward lower temperatures
together with an increment in AH indicates that AMT can
interact with the lipid molecules of the MSC membrane via
electrostatic (at the “head”) and hydrophobic interactions (at
the “tail”). The preferential location of AMT at the hydrophilic/
hydrophobic lipid interface has been described by Conggang Li
and coworkers®® using NMR and molecular dynamic simula-
tion. They reported that AMT is located parallel to the bilayer
normal, where its amine group aligns toward the head of a
DMPC bilayer. Furthermore, as expected, DLS experiments in
Fig. 4b also show that MSC and MSC/AMT LUVs have a very
similar size distribution centered around 100 nm. We also
evaluate some additional biophysical properties of the MSC/
AMT LUVs with improved characteristics via the incorporation
of peptide-bioconjugated PDMA-h-PNIPAM block copolymers.
As expected, endotherms of MSC/bioconjugated LUVs con-
taining AMT suggest that AMT is encapsulated into the hybrid
vesicles. Fig. 5(a)-(d) compare the calorimetric profiles of the
four MSC/bioconjugated systems, which show the effect of
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Fig. 4 Calorimetric profile (a) and hydrodynamic size distribution (b) of
DMPC/SM/chol (MSC, 80/10/10 mol%) under the effect of the AMT drug in
a HEPES/NaCl buffer solution at a pH value of 7.4. Bare MSC LUVs are
plotted for comparison purposes. A representation of the chemical struc-
ture of AMT hydrochloride is also depicted. The concentration ratio AMT/
MSC was equal to 6.6 (i.e., r = AMT (10 mM)/MSC (1.5 mM)).

adding AMT in the gel-fluid MSC transition as well as in the
“coil-globule” bioconjugated block copolymer transition. These
results indicate that the system with the lower impact is the
MSC/AMT/PDMA-b-PNIPAM-L220(h), suggesting that this sys-
tem may be less effective in preventing a prompt release of
AMT. As observed, AMT tends to shift T}, of the gel-fluid phase
transition to lower values, which is an indication that at least a
fraction of the drug is incorporated into the lipid bilayer.
Complementarily, when the effect of the presence of AMT in
the MSC/bioconjugated systems is evaluated considering the
“coil-globule” polymer transition, we can also observe that
AMT shifts Ty, to lower values, which suggests that AMT also
incorporates into the bioconjugated copolymer domains. We
may speculate that the excess of AMT that was not incorporated
into the lipid membrane may be encapsulated into the copoly-
mer envelope as indicated by the endotherms at the right-hand
side of the DSC thermograms of Fig. 5. Thus, the MSC and the
peptide-bioconjugated block copolymers might synergistically
cooperate to make AMT encapsulation more efficient. Further-
more, we monitored the stability of the MSC/AMT/bioconjugated
systems via DLS measurements of the size distribution of freshly
prepared samples and after six months of being stored at 4 °C.
Fig. 5(e)-(h) demonstrate that the MSC/AMT/bioconjugated for-
mulations revealed a “long-term” stability (i.e., up to 6 months),
which suggests their potential use for drug delivery applications.
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Fig. 5 DSC thermograms (a)-(d) and DLS size distributions (e)—(h) for the MSC/PDMA-b-PNIPAM-L220((), MSC/PDMA-b-PNIPAM-L220(h), MSC/
PDMA-b-PNIPAM-L130(l) and MSC/PDMA-b-PNIPAM-L130(h) systems in the presence of AMT in a HEPES/NaCl buffer solution at a pH value of 7.4.
Thermograms below and above 40 °C were processed in terms of the contribution of the gel-fluid phase transition (lipid transition) and the “coil-
globule” phase transition (polymer transition), respectively. The C scale for copolymer transitions is indicated on the right-hand side of the DSC plots.
The measured T, value for bare MSC LUVs and pure bioconjugated copolymer is used as a reference and it is indicated by the vertical dashed lines. For
the DLS measurements, the vertical dashed line indicates the 100 nm mark. The samples were measured immediately after preparation and after six
months of being stored at 4 °C. The concentration used for DSC analysis was 1.5 mM, 10 mM and 0.14 mM for MSC, AMT and bioconjugated copolymer,
respectively. For DLS, the samples were diluted to 0.5% with a buffer solution.

3.4 Morphological characterization, in vitro cytotoxicity, and
direct immunofluorescence for MSC and MSC/AMT liposomes
decorated with bioconjugated copolymers

In addition, cryoTEM investigations revealed important mor-
phological aspects of the biohybrid liposomes of MSC (Fig. S6,
ESIT) and the MSC/AMT systems decorated with the bioconju-
gated copolymers (Fig. 6). Micrographs of the biohybrid lipo-
somes confirm the formation of vesicles with a size of ca.
100 nm in agreement with the previously discussed DLS results.
The micrographs also revealed the presence of vesicles of a
smaller size in the samples containing PDMA-b-PNIPAM-
L220(h) as compared to the other investigated systems. More-
over, the cryoTEM images corresponding to the biohybrid
systems show the coexistence of vesicles with a wider peripheral
thickness than those observed for pure MSC and MSC/AMT
samples (some examples are pointed out by red arrows in Fig.
S6 and Fig. 6, ESIf). In addition, the coexistence of multi-
lamellar vesicles along with single vesicles can be mainly

This journal is © The Royal Society of Chemistry 2024

observed for systems containing the block copolymer of lower
molar mass and in the absence of AMT (Fig. S6, ESIt). This
suggests that the presence of AMT may also have an influence
on the morphology of the investigated biohybrid systems.
Furthermore, the results of performed cytotoxicity assays
showed that pure PDMA-H-PNIPAM-L220(1) was the most cyto-
toxic case of the investigated systems (CCs, = 50 uM) followed
by AMT (CCs, = 99 uM). In contrast, bare MSC liposomes were
not cytotoxic even at the highest tested concentration of 100 pM
(Fig. 7). However, the hybrid system MSC/PDMA-h-PNIPAM-
L220(1) shows an attenuated cytotoxic effect (CCso = 94 pM).
And, the MSC/AMT/PDMA-b-PNIPAM-L220(]) system reveals a
lower cytotoxicity with an estimated CCs, value of 569 M.
Balestri and coworkers®' recently reported a similar effect in
PDMA-h-PNIPAM stabilized cubosomes, where the higher lipo-
philicity of the stabilizer plays a preponderant role in the
internalization and cytotoxicity of this kind of nanovectors
proposed as vehicles to deliver anticancer drugs. This finding

J. Mater. Chem. B, 2024, 12, 5823-5837 | 5833


https://doi.org/10.1039/d4tb00171k

Published on 06 Caxah Alsa 2024. Downloaded on 18/07/2025 10:20:20 PM.

Paper

+PDMA-b-PNIPAM-L220(!) +PDMA.
Ay g4 A ¢

View Article Online

Journal of Materials Chemistry B

Fig. 6 Representative cryoTEM micrographs of MSC/AMT liposomes decorated with bioconjugated block copolymers.

further supports the potential applications of these biohybrid
systems as drug delivery platforms.

To evaluate if the biohybrid systems can be absorbed in the
plasma membrane and reach the cell cytoplasm, we carried out
immunofluorescence assays in MDCK cells. Once CCs, concentra-
tions were determined, direct immunofluorescence assays were
performed for the MSC/AMT, MSC/PDMA-b-PNIPAM-L220(1), and
MSC/AMT/PDMA-b-PNIPAM-1220(]) systems at a concentration of
50 pM. As expected, the results showed that the MSC/AMT system
does not exhibit bright fluorescence; in contrast, in the MSC/PDMA-
b-PNIPAM-L220(1) and MSC/AMT/PDMA-b-PNIPAM-L1220(]) systems,
fluorescence is observed as small green dots distributed throughout
the cell cytoplasm, in some cells, the accumulation of fluorescent
particles closest to the nucleus is visible (Fig. 8f and i). These results
confirm that liposome systems decorated with bioconjugated copo-
lymers enhance preponderant features for biomedical applications.

From this perspective, several studies have well reviewed the
relevance of progress toward the engineering of smart materials.

1001 3
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Fig. 7 Cytotoxic investigations in MDCK cells for MSC, AMT, PDMA-b-
PNIPAM-L220(l), MSC/PDMA-b-PNIPAM-L220(l), and MSC/AMT/PDMA-b-
PNIPAM-L220(l). Data were fitted with the Hill equation and thus the
corresponding CCsq value for each system was estimated.
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For example, Meyer and coworkers® presented an interesting
review related to the advantages of biohybrid materials resulting
from the combination of biomolecules such as proteins and lipids
with synthetic polymeric arrays. Chen and coworkers® summar-
ized how polymer bioconjugates and their combination with
biological molecules represent superior materials for the develop-
ment of new technologies for biomedical applications. Also,
Moulahoum et al."” recognized that one of the main problems
of nanocarriers based on nanovesicles such as liposomes and
polymersomes is the passive way that they deliver their content,
which leads to prompt degradation and random tissue interac-
tions. They discuss that liposomes and polymersomes bioconju-
gated with antibodies potentially provide a high level of
specificity. Furthermore, Fang-Yi and coworkers®® demonstrated
that biohybrid systems composed of polymers and liposomes can
be engineered with targeting and pH responses to deliver anti-
biotics. It has been reported that the ion traffic in hybrid lipid/
polymer vesicles can be modulated, which is a relevant point for
considering the development of technologies for drug delivery.®*
Interestingly, Pippa et al.** reported that biohybrid lipid/polymer
systems composed of phospholipids (DPPC and HSPC) and
poly(oligoethylene glycol acrylate)-b-poly(lauryl acrylate) have
important physicochemical, biological, and low cytotoxicity prop-
erties to be suitable for nanocarriers. Such systems were demon-
strated to be stable for weeks in aqueous dispersion media. This
group also reported that phosphatidylcholines such as DPPC,
DMPC, and DSPC can lead to the formation of polymer-lipid
nanostructures when interacting with poly(2-(dimethylami-
no)ethyl methacrylate)-b-poly(lauryl methacrylate), where Ty, of
the phospholipid determines the final morphology and physico-
chemical properties of the hybrid systems.®®

4 Conclusions

The investigation of biohybrid materials to improve the
controlled release of drugs has gained extensive attention.
The purpose of the present work was to design, assemble,

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Representative fluorescence microscopy of MDCK cells incubated with MSC/AMT (a)—(c), MSC/PDMA-b-PNIPAM-L220(l) (d)-(f), and MSC/AMT/
PDMA-b-PNIPAM-L220(1) (g)-(i) for 48 hours. The left panel shows blue cell nuclei stained with Hoechst (a), (d) and (g). Middle panel shows the green
fluorescence channel: (b) cells incubated with LUVs without copolymers; (e) cells incubated with LUVs without AMT but containing copolymers; and (h)
cells incubated with LUVs containing both AMT and copolymers. Right panel (c), (f) and (i) shows a merge of the previous two channels imaging.

Micrographs were collected at 100x objective.

and investigate the properties of innovative platforms for
synthesis of block
copolymer-bioconjugates with differences in composition,
molar mass, and specific features was carried out by reversi-
ble-addition-fragmentation chain-transfer polymerization, fol-
lowed by their characterization using proton nuclear magnetic
resonance and size-exclusion chromatography. Second, a sys-
tematic physical characterization of liposome systems deco-
rated with bioconjugated copolymers was performed via DSC,
DLS and cryoTEM. Finally, such biohybrid systems were sub-
jected to an in vitro study to evaluate cytotoxicity and direct
immunofluorescence. Such copolymer/lipid hybrid platforms
reveal important biophysical and in vitro properties that could
be of practical relevance for improving drug delivery systems
mimicking viral tropism as observed in the influenza A virus via

biomedical applications. First, the

its corresponding HA protein. These nanovesicles possess
excellent biocompatibility and stability over time (at least for
six months) and have potential target capabilities, which are
preponderant features for the designing of effective drug nano-
carrier systems for encapsulating hydrophobic molecules such

This journal is © The Royal Society of Chemistry 2024

as antiviral amantadine. In future work, we look forward to
extending this investigation to characterize encapsulation effi-
ciency and kinetics of drug delivery.
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