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In nature there are various specific reactions for which highly selective detection or support is required
to preserve their bio-specificity or/and functionality. In this respect, mimics of cell membranes and bio-
compartments are essential for developing tailored applications in therapeutic diagnostics. Being
inspired by nature, we present here biomimetic nanocompartments with ion-selective membrane
permeability engineered by insertion of ionomycin into polymersomes with sizes less than 250 nm. As a
marker to assess the proper insertion and functionality of ionomycin inside the synthetic membrane, we
used a Ca®*-sensitive dye encapsulated inside the polymersome cavity prior to inserting the biopore.
The calcium sensitive dye, ionomycin, and Ca?* did not influence the architecture and the size of
polymersomes. Successful ionomycin functionality inside the synthetic membrane with a thickness of
10.7 nm was established by a combination of fluorescence spectroscopy and stopped-flow spectroscopy.
Polymersomes equipped with ion selective membranes are ideal candidates for the development of
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medical applications, such as cellular ion nanosensors or nanoreactors in which ion exchange is required
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Introduction

In nature, both cells, and inner organelles as biocompartments
preserve their functions and communicate by signaling with
their environment via a permeable lipid membrane in which
membrane proteins mediate the transport of molecules, which
are vital for cell metabolism. Compartmentalization represents an
extremely efficient organization of membranes and biomolecules
that is needed to cope with a complex scenario of metabolic
reactions in a confined space, and whose stability and functions
are vital for life." Taking inspiration from natural biocompartments,
significant efforts have been made to produce compartments that
mimic cells and organelles, either in terms of their membrane
properties or of the reactivity of encapsulated biomolecules.”™
Whereas lipid based compartments (liposomes) are straightforward
systems for mimicking a cell/organelle membrane, and encap-
sulating biomolecules to perform specific reactions,” their
mechanical instability and the presence of membrane defects
limit applications that require robust compartments.® One
elegant way to avoid these drawbacks, and at the same time to
add new membrane properties, such as stimuli-responsiveness
or external functionalization for targeting approaches, is to use
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compartments generated from amphiphilic block copolymers.
A particularly interesting way to generate polymer compartments
with sizes in the nanometer range is to self-assemble amphiphilic
copolymers with appropriate chemical and physical properties.”
Indeed, polymer vesicles (polymersomes) are spherical 3-D compart-
ments surrounded by a synthetic membrane with greater stability
than liposomes.®

The architecture of polymersomes offers three different
regions for combination with biomolecules: the inner cavity
for encapsulating hydrophilic molecules, the membrane for
insertion of hydrophobic molecules, and the external surface
for attachment of molecules, by chemical modification of the
hydrophilic polymer block.”'® From a topologic point of view,
polymersomes are mimics of cellular compartments, which by
combination with active compounds can also be designed to act
and communicate similarly to intracellular organization. As a
result of simultaneously possessing hydrophilic and hydrophobic
molecules in a single compartment, various applications can be
developed based on polymersomes. These range from drug
carriers,"'™* and containers for contrast agents,'* up to nano-
reactors, and artificial organelles.'® In addition, in a bio-
mimetic approach, multicompartmentalized polymersomes
have been introduced to allow reactions between different inner
compartments encapsulated in a giant compartment.”>** A key
factor for controlling i situ reactions (either in a single compartment
or in multi-compartments) is the permeability of the polymersome
membrane,” which has to allow transport of molecules required for
the reaction (substrates of enzymes, products). This can be achieved
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in various ways by: (i) using a block copolymer, which forms a
porous membrane,** (ii) chemical modification of the membrane to
create pores,>?® (iii) blending block copolymers with lipids
followed by their extraction,®” (iv) insertion of biopores,*® and
(v) reconstitution of channel porins.'>?°7!

The permeabilization of synthetic membranes by intrinsic
or induced pores supports penetration of molecules with sizes
smaller than the dimension of the pores, but they are non-
selective in terms of specific molecules that are allowed to pass
through. A strategy to introduce selective transport of ions/
molecules through membranes is to insert biopores with
specific functionality, as for example ionophores. A first example
of a permeabilized membrane of giant polymer vesicles (GUVs)
for calcium ions was obtained by insertion of selective and
non-selective ionophores, including Lasalocid A, Alamethicin
(U22324), and N,N-dicyclohexyl-N',N'-dioctadecyl-3-oxapentane-
1,5-diamide (ETH5234).*> GUV membranes were permeabilized
towards calcium ions by insertion of calcimycin A23187 as well,
and served for development of a microreactor.®® While interesting
as a microreactor model, the system is not appropriate for medical
applications, due both to the size and instability of GUVs, and
the use of calcimycin A23187, with a medium efficiency in ion
transport.**

Introduction of selectivity of polymersome membranes
should support specific reactions inside the cavities, or the
development of nano-biosensors for molecules selected by their
specific permeability. In particular, biosensors are in focus as
diagnostic systems, because they can sense changes in biological
responses, which are then converted to detectable and measurable
signals.***® Such sensors based on nanoreactors have been devel-
oped recently, but only a few examples have been reported, either in
solution®” or immobilized on surfaces.*® However, these sensors are
based on the specificity of active compounds encapsulated inside
nanoreactors, and are not mediated by a selective membrane, as is
the case in natural biocompartments.

Here, we introduce polymersomes with sizes in the nanometer
range, and membranes engineered to be selectively permeable to
divalent ions in order to support applications that require transport
of a desired ion through the membrane, such as for specific in situ
reactions or nano-sensors. We selected poly(2-methyloxazoline)-
block-poly(dimethylsiloxane)-block-poly(2-methyloxazoline) (PMOXA,~
PDMS,~-PMOXA,) for vesicle formation, because this type of
amphiphilic triblock copolymer self-assembles in polymer-
somes when appropriate molecular properties (block length,
hydrophilic to hydrophobic ratio), and preparation conditions
(method of preparation, buffer) are used.'” The membranes of
such polymersomes are both stable and impermeable to ions
and small molecules,* except oxygen species.*® Various channel
porins can be inserted into this type of membrane; for example
outer membrane protein F (OmpF), which induces non-selective
permeability for molecules < 600 Da."”

As a model biopore, able to induce selective membrane
permeability, we selected ionomycin, a carboxylic acid iono-
phore (divalent anion polyether, My, 787.08 Da), produced by
Streptomyces conglobatus. Ionomycin allows specific transport

of divalent ions, such as Ca®",**™** which we selected because it
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Fig. 1 Design of Ca®*-selective permeable membranes by insertion of
ionomycin into polymersomes.

plays a pivotal role in biological systems where many cellular
responses are regulated by an ON and OFF mechanism that is
strongly correlated to the intracellular Ca>* concentration.** In
nature, calcium signaling is initiated by cells using both intra-
and extracellular sources of Ca®*, which are controlled by
channels, pumps and exchangers to provide cellular calcium
homeostasis for the cell integrity. Any perturbation in the
calcium regulating gates results in channelopathies correlated
with severe diseases, such as muscle or neurological disorders.*>*
The advantages of ionomycin compared to other ionophores, as
for example calcimycin, are a more efficient Ca** transport,® and
its lack of fluorescence, allowing a non-interfering use with
fluorescent molecules.***” A combination of light scattering (LS)
and transmission electron microscopy (TEM) has been used to
characterize the formation of biopore-equipped polymersomes
and their stability. Both fluorescence and stopped-flow spectro-
scopy were used to evaluate in details whether there was functional
insertion of the biopore, and thus selective permeabilization of
the membrane. In a systematic manner we took into account
the factors affecting the system, as for example the presence of
solvent, the gradient of ionomycin or the gradient of Ca**
concentration in order to obtain the optimum conditions for
selective membrane permeabilization without affecting the
architecture of polymersomes.

Our ion-selective permeable polymersome (Fig. 1) represents
progress in the development of mimics of a cell membrane, and
supports fine modulation of reactions inside the cavity or the
functionality of biosensors based on ion specificity. The system
represents an optimized candidate towards medical applica-
tions (in terms of vesicles size, efficacy of ionophore and the
improved stability of the polymer membrane).

Experimental

Materials and methods

Asante Calcium Green (ACG) K" salt, was purchased from TEFLabs
Inc, ionomycin from Alomone Labs, and N-(2-hydroxyethyl)-
piperazine-N'-(2-ethanesulfonic acid) sodium salt (HEPES), sodium
chloride (NaCl), calcium chloride dihydrate (CaCl,-2H,0), and
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ethanol (EtOH) from Sigma. All reagents and materials were
used as received.

Preparation of polymersomes and insertion of ionomycin

Polymersomes were prepared by the film rehydration method*®
at room temperature using a PMOXAs-PDMS,,~PMOXA; triblock
copolymer.*® Briefly, for each sample, 5 mg of the block copolymer
was dissolved in 1 mL of ethanol and subsequently evaporated
under reduced pressure (150 mbar) to render a thin film. This film
was then rehydrated with: (i) 1 mL HEPES buffer (20 mM HEPES,
50 mM NaCl, pH = 7.4) (empty polymersomes), or (ii) 1 mL of
20 UM ACG solution in HEPES buffer (polymersomes with
entrapped ACG). The polymer suspensions were stirred over-
night at room temperature (RT) and afterwards extruded
(13 times) through a 200 nm pore-size polycarbonate (PC)
membrane (Merck, Germany), using an Avanti mini-extruder
(Avanti Polar Lipids, USA). Extravesicular dye was separated
from polymersomes that contained entrapped dye by passage
through a 20 cm® in-house prepacked size exclusion column
(Sepharose 2B, Sigma Aldrich). Ionomycin was added to the
polymersomes mixture from a stock solution of ionomycin in
EtOH (1.17 mM). Ionomycin molecular dimensions were deter-
mined using Visual Molecular Dynamics (VMD) software.”°

Efficiency of the ACG entrapment process and ionomycin
insertion in polymersomes

The concentration of encapsulated ACG in polymersomes was
determined by UV-Vis spectroscopy at 4 = 517 nm. For this, a
value of 24310 M~ ' cm ™" for the extinction coefficient of ACG
in HEPES buffer was obtained based on a calibration curve for
the dye. The entrapment efficiency of the process (EEP) was
determined as a percentage of the ratio between the concen-
tration of ACG in polymersomes after encapsulation and pur-
ification (c.p) and the initial concentration of ACG used for the
film rehydration (c;):*®

EEP[%J::%?-IOO (1)

A calibration curve was obtained by measuring ionomycin
absorbance at 280 nm, in the presence of polymersomes (an
extinction coefficient of 5410 M~" cm™ ' was determined for
ionomycin). The percentage of ionomycin inserted into the
polymersome membrane was calculated after removal of the free
ionomycin from the polymersome samples containing different
amounts of ionophore, by size exclusion chromatography.

Preparation of giant unilamellar vesicles (GUVs)

For the generation of giant unilamellar polymeric vesicles
(GUVs), 30 pL of the polymer dissolved in EtOH (4 mg mL ™)
was spread on an ITO-coated glass plate. The polymer solution
was dried in high vacuum for 2 h in order to form a smooth
polymer film on the glass surface. A chamber was formed with
an O-ring and filled with 100 mM sucrose solution containing
20 uM of ACG. The chamber was closed with a second ITO-
coated glass plate facing the ITO side to the solution, and then
exposed to an AC current (2.5 V, 3.0 Hz) overnight at 20 °C.

15540 | Phys. Chem. Chem. Phys., 2015, 17, 15538-15546
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Characterization techniques

Light scattering (LS). Dynamic and static light scattering
(DLS and SLS) studies were performed on an ALV/CGS-8F
goniometer (Langen/Hessen, Germany) equipped with a He-Ne laser
power supply (JDS Uniphase, 4 = 632.8 nm). Polymersome suspen-
sions were serially diluted to polymer concentrations ranging from
0.0920 mg mL ™" to 0.0125 mg mL™", and measured in 10 mm
cylindrical quartz cells at 20 °C. Prior to light scattering measure-
ments, all samples were filtered through 0.45 pm hydrophilic, PTFE
syringe filters (Millipore Millex-LCR) to remove any dust particles.
The photon intensity auto-correlation function, g%(¢), was determined
by using an ALV/LSE-5004 digital correlator (at scattering angles
between 30° and 150°, with an angular step of 10°). A non-linear
decay-time analysis supported by regularized inverse Laplace trans-
form of g”(¢) (CONTIN algorithm) was used to analyze the DLS data
and to evaluate the apparent hydrodynamic radius (R;,) of polymer-
somes. The angle-dependent apparent diffusion coefficient was
extrapolated to zero momentum transfer (¢*) using the ALV/static
and dynamic FIT and PLOT 4.31 software. Angle and concentration-
dependent SLS data were analyzed using Guinier plots and used to
determine the apparent molecular weight (M, ), the radius of
gyration (Ry), and the second virial coefficient (4,) of the polymer-
somes. The average aggregation number (N,g) of self-assembled
structures (Table S1, ESIT) was calculated from their M, ., according
with the eqn (2):

MwAagg

Nagg = M.
w

(2)

where M,, is the average molecular weight of the PMOXA4-
PDMS,,~PMOXA; triblock copolymer.*®

Transmission electron microscopy (TEM). TEM micrographs
were acquired using a transmission electron microscope (Philips
Morgagni 268D). 5 pL of polymersome solutions were adsorbed
for 1 min on glow-discharged carbon-coated copper grids. Then
the samples were blotted, the grids were washed with pure water
and negatively stained with 2% uranyl acetate solution.

UV-Vis spectroscopy. UV-Vis spectra were acquired on a
SpectraMaxPlus 384 (Molecular Devices, Sunnyvale, USA) using
a 96-well absorbance microplate.

Fluorescence spectroscopy. Diluted polymersome solutions con-
taining entrapped ACG without, and with ionomycin, and in the
presence of CaCl,, were mixed in 3 mL quartz cuvettes and placed
in a LS 55 Fluorescence Spectrometer (Perkin Elmer) for fluores-
cence and kinetic measurements. The samples were excited at A =
517 nm and emission was monitored at A = 540 nm (7.5 nm slits).

Stopped-flow spectroscopy with fluorescence detection.
Samples consisting of polymersome suspensions loaded with
ACG, without or with ionomycin, were injected into a SX20
stopped-flow apparatus (Applied Photophysics, UK), using a
monochromator set at 517 nm and a cut-off filter of 530 nm.
The kinetic data were fitted using a double exponential equation:

A(t) = AAy-exp(ky-t) + Ady-exp(kyt) + Ay 3)

where k; and k, are the observed rate constants for the first and
second components of the double-exponential reaction,

This journal is © the Owner Societies 2015
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respectively, and A4, and AA,, are the corresponding amplitudes
for the first and second components of the double-exponential
reaction. A,, represents the final value of the fluorescence
intensity.

Surface ({) potential measurements. The (-potential of:
(i) free calcium sensitive dye (ACG), (ii) empty polymersome
solutions without ionomycin, in the absence of calcium ions,
(iii) polymersomes with entrapped ACG solutions without
ionomycin, in the absence of calcium ions, (iv) polymersomes
with entrapped ACG solutions with ionomycin, in the absence
of calcium ions, and (v) polymersomes with entrapped ACG
solutions with ionomycin, in the presence of calcium ions was
investigated. We used disposable folded capillary cells placed
in a Zetasizer Nano ZSP (Malvern Instruments), at 25 °C.

CLSM imaging of GUVs and FCS measurements. Confocal
laser scanning microscopy (CLSM) and fluorescence correlation
spectroscopy (FCS) measurements were performed on a Zeiss
LSM 510-META/Confcor2 laser-scanning microscope equipped
with an Argon/2 laser (1 = 514 nm) and a 40x water-immersion
objective (Zeiss C/Apochromat 40X, NA 1.2). Excitation power of
the laser was 15 mW and the excitation transmission was set to
10%. For imaging of GUVs, the laser beam was guided through
a dichromatic beam splitter (HFT 514), a secondary dichroic
beam splitter (NFT 515), and a low pass filter (LP 530). GUVs
were immobilized on microscopy slides by diluting the GUVs
(sucrose solution) in HEPES buffer; the GUVs sink to the bottom
of the glass slide and adhere on the surface. Images were taken
before and after bleaching for 3 s at 100% transmission.

For FCS measurements, the diameter of the pinhole was set
to 74 um, and the diffusion time for ACG (25 nM) in Hepes
buffer was fixed in the fitting procedure. Empty polymersomes
were incubated overnight with 20 uM ACG at RT, then 10 pL of
these solutions were placed on microscopy glass slides, and FCS
measured at an excitation transmission of 10% over 20 x 10 s.
Autocorrelation functions were fitted with a two-component model
including triplet state.”® From the two-component fitting model,
the percentages of fast-diffusing (free ACG) and slow-diffusing
fractions (ACG-containing polymersomes) were obtained.

Z-scan FCS. GUV membranes were stained with Bodipy
630/650 NHS ester (Thermo Fisher Scientific Inc; Waltham,
MA, USA) by the addition of 5 uL of a 25 nM Bodipy stock
solution in buffer to the immobilized GUVs on the glass surface.
Z-scans were recorded as previously described,’® except that a
He-Ne laser was used (4 = 633 nm, 1% transmission at 15 mW).

Results and discussion

The process of generation of polymersomes with selective
permeable membranes (Polsp) by insertion of biopores has to
preserve both the architecture of the polymer vesicles and the
functionality of the biopores which, depending on their func-
tionality, should span or cross the entire membrane. The
membrane permeabilization upon insertion of ionophores
results from a selective transport of ions, which is mediated
by the ionophore through the membrane. In this respect, we
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selected PMOXA4-PDMS,,~PMOXA; copolymers with a membrane
thickness of 10.7 nm (almost twice as thick as a lipid bilayer)*’
and ionomycin, a model ionophore for efficient membrane
permeabilization for Ca®" ions.

Architecture of polymersomes before and after ionomycin
insertion

We combined light scattering (LS) and transmission electron
microscopy (TEM) to evaluate the formation of polymersomes
using specific conditions aimed at not affecting ionomycin
functionality. We were interested in establishing whether the
engineering of Polsp is influenced in terms of polymersomes
size, shape and stability by the components of the system: i.e.
whether the selected calcium sensitive dye (ACG), ionomycin
used for polymer membranes permeabilization, or the presence
of calcium ions, influences the self-assembly process.

First, 3-D supramolecular assemblies were formed in the
presence of ACG. TEM indicated the formation of spherical
structures upon encapsulation of ACG, with radii around 100 nm
(Fig. 2A), and no changes were observed in either shape or size of
the 3-D supramolecular assemblies upon addition of ionomycin
(Fig. S1, ESIt), or ionomycin and CaCl, (Fig. 2B).

To obtain insight into the size, shape and stability of the 3-D
supramolecular assemblies that resulted from encapsulation of
ACG, in the presence of ionomycin, or/and Ca** ions, we also used
light scattering measurements. Their hydrodynamic radius (Ry,) was
determined by dynamic light scattering, whilst the radius of
gyration (R,) was measured by static light scattering (Table 1).

The 3-D supramolecular assemblies resulting from encapsulation
of ACG, and in the presence of ionomycin or/and Ca** ions, have
radii of gyration around 100 nm, in agreement with the values
obtained from TEM micrographs (Table 1 and Fig. 2). The
observation of a monomodal distribution peak with a narrow

Fig. 2 TEM micrograph of AgB44Ae polymersomes with encapsulated
ACG (A), and in the presence of 3.74 uM ionomycin and 830 uM CaCl, (B).

Table 1 Size of 3-D assemblies of PMOXAg—PDMS4,—-PMOXAg without
and with ionomycin, and in the presence of 830 uM CaCl,

. . . DLS/SLS
Size and stability of calcium
sensing nanodevices Ry [nm] Ry, [nm] p = Rg/Ry
A¢BuaAg 115 128 0.89
AeB44Ag + ionomycin 132 145 0.91
A¢B,Ag + ionomycin + CaCl, 117 122 0.96

Phys. Chem. Chem. Phys., 2015, 17, 15538-15546 | 15541
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size distribution indicates that only one population of 3-D
supramolecular structures is present in solution (Table S1, ESL,
PDI values). For the 3-D supramolecular assemblies, the struc-
tural parameter p (p = Ry/Ry) has values of 0.89-0.96, which are
close to the value of 1.0 for hollow spheres. Therefore, the 3-D
supramolecular assemblies are polymersomes after encapsula-
tion of ACG, and there is no influence on their architecture when
ionomyein is inserted into their membranes and/or Ca>" ions are
present in their surroundings. Moreover, within the investigated
concentration range, there was no significant variation in their
radii, indicating that the measurements were in a concentration
regime without interactions between polymersomes. The increase
In My, 460 and N, by addition of ionomycin confirms the presence
of ion-carriers in the self-assembled structures, in agreement with
reports indicating that Ry, and N,g, values of nano-objects are highly
dependent on the length and content of the constituent mole-
cules®> (Table S1, ESIt). By changing the hydrophobic to hydro-
philic ratio of the membrane, a nonlinear increase of N, has been
observed, whilst the size of the vesicles only slightly increased,*®
which is also the case for our polymersomes upon insertion of
ionomycin (Table 1 and Table S1, ESIt). In addition, the insertion
of the charged molecules of ionomycin in the hydrophobic domain
of the membrane decreased the (-potential of polymersomes, and
contributed to the increase in the N, value (Tables S1 and S2,
ESIt). The stability of supramolecular assemblies in the absence
and in the presence of ionomycin, as well as upon addition of
CaCl,, is supported by the very small and slightly negative values of
the second virial coefficients (4, ~ 10~%). Both the low PDI values
and the very low values of the second virial coefficient A4, indicate
no interaction of polymersomes, which would result in a merge
of vesicles. Therefore, the change in M, ., and N,g, values is
attributed only to the insertion of the ionophore into the vesicle
membrane.

By dividing the fraction of encapsulated ACG by the initial
amount used for encapsulation, we calculated the entrapment
efficiency process of ACG as 7.5%.

Polymersomes with inserted and functional ionomycin

Although ionomycin was successfully inserted and functional
in lipid membranes, it is interesting to study whether it is still able
to mediate Ca®" transport when inserted in polymer membranes
with double the thickness of lipid membranes. Ionomycin has a
diameter of 1.5 nm, as calculated from the crystal structure of the
calcium complex® (Fig. S2, ESIT).

First, we evaluated the changes in fluorescence intensity of
the free ACG, induced by the presence of a CaCl, solution under
similar conditions to those used for assessing ionomycin
functionality in ACG-loaded polymersomes. The fluorescence
intensity of ACG was evaluated in the presence of ionomycin,
and EtOH was used for ionomycin solubilization. Neither
ionomycin nor EtOH had any influence on ACG fluorescence
intensity (Fig. S3, ESIt). Secondly, the change in fluorescence
intensity of encapsulated dye was evaluated, both without and
in the presence of ionomycin, to provide evidence of eventual
defects in the polymer membrane (in the absence of ionomycin),
and on successful insertion of ionomycin. If ionomycin is inserted
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Fig. 3 Ca2* influx through AgB4sAg polymer membrane. ACG-loaded
AeB4sAs polymersomes (black curve), with EtOH (red curve), at the
optimum concentration of 3.74 puM ionomycin (blue curve), in the
presence of 830 pM CaCl,.

into the membrane, Ca*" ions from the environment of the
vesicles will penetrate the membrane, resulting in an increase
in fluorescence intensity of the encapsulated dye.

ACG-loaded polymersomes without ionomycin had low
fluorescence intensity in the presence of 830 puM CaCl,
(Fig. 3, black curve), and did not change in the presence of
EtOH (Fig. 3, red curve). The slight increase in fluorescence
intensity upon addition of CaCl, may be due to a small fraction
of ACG that was incompletely removed during purification of
the ACG-containing polymersomes.

It was only when ionomycin was added that the fluorescence
intensity increased significantly. This indicates a calcium influx
through the ionomycin (Fig. 3, blue curve), and thus demon-
strates their proper insertion and functionality. The fluores-
cence intensity of ACG-loaded polymersomes increased with
increasing ionomycin concentration in a range of 117-3740 nM
(in the presence of 830 uM CaCl,), at which maximum of
fluorescence intensity was reached (Fig. S4, ESIf). For low
initial amounts of ionomycin, an insertion efficiency close to
100% was obtained, which slightly decreased upon increasing
the ionomycin amount (for 3.74 uM, the insertion efficiency
was of 93%). To calculate the number of ionomycin molecules/
polymersome we used a simple model based on uniform
distribution of ionomycin molecules in polymersomes, and
neglected the statistical character of the self-assembly process
of polymersome formation. This results in aprox. 9.14 x 10°
ionomycin molecules/polymersome for the initial amount of
3.74 UM ionomycin, and 2.28 x 10"' polymersomes (obtained
from light scattering data).

Further increases in ionomycin concentration up to 10.40 pM
resulted in lower increases in the fluorescence intensity of the
encapsulated ACG. It indicates that a high amount of ionomycin
influence the transport of Ca>* ions through the polymersome
membrane by unspecific attachment of ionomycin molecules
on its external surface or by formation of 1:2 Ca-ionomycin
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complexes (Fig. S4, ESIT). Only 80% of the initial ionomycin
amount (10.4 uM) was inserted in polymersome membrane
(Fig. S5, ESIT). At higher initial concentration of ionomycin
(15 uM) a significant fraction of polymersomes did not preserve
their architecture (Fig. S6B, ESIt), resulting in leakage of the
entrapped dye, as observed by the very high fluorescence
intensity (Fig. S4, ESIT).

To obtain insights into the efficiency of calcium influx
through the ionomycin ion-carrier in the first short period of
time (<15 s), we used stopped-flow spectroscopy (Fig. S7, ESIT).
An increase in the fluorescence intensity of the ACG in polymer-
somes upon insertion of 3.74 uM ionomycin was observed, in
agreement with the behavior of Polsp, as established by fluores-
cence spectroscopy. Ca®" ions are transported at a fast rate
by the functional inserted ionomycin, resulting in a instant
Ca*"-selective and permeable polymer membrane.

The mechanism of membrane permeabilization for Ca>"
ions upon insertion of ionomycin was further investigated by
evaluating diffusion within a very similar triblock copolymer
membrane (A;B4A;) of the fluorescent dye molecule Bodipy,
which is similar in size to ionomycin (Fig. S8 and Table S3,
ESIT). The analysis of the diffusion by Z-scan FCS shows that
Bodipy has a free-diffusion character (¢, = 0, Fig. S8B, ESIt)
as already observed for fluid phase of lipid membranes.**>®
This indicates that PMOXA-PDMS-PMOXA triblock copolymer
membranes provides a fluid homogenous hydrophobic medium, in
which the ionophores are able to freely move. We have recently
showed for a library of polymer membranes that the fluidity of such
polymersome membranes based on PMOXA-PDMS amphiphilic
block copolymers is similar to the fluidity of lipid bilayers.*

Studies of ionomycin in model liposome membranes
revealed a Ca®* permeabilisation of the membrane by formation of
Ca-ionomycin complexes, and transport through the membrane.*">*
Interestingly, calcium transport through polymersome membranes,
which are twice thicker than lipid membranes (10.7 nm thickness),
was successful upon insertion of ionomycin, resulting from the
appropriate fluid environment of the membrane.*

Sensitivity of the calcium selective membrane of
polymersomes: nano-sensor functionality

Intracellular calcium concentrations vary from 100 nM, con-
sidered as the concentration when cells are at rest, up to 1 pM
when processes inside cells are activated. In the extracellular
space, the calcium amount can be as much as 10*-fold higher
than the intracellular concentrations.”” As in a biomimetic
approach, since our Ca>" selective polymersomes were intended
to sense calcium amounts in various biological conditions, we
were interested in determining the lowest concentration of Ca>*
that can be sensed by our polymersomes containing ionomycin.
In order to do this, we varied the concentration of Ca®" in the
environment of Polsp using the optimum concentration of
3.74 uM ionomycin (Fig. 4). Polsps respond to the presence of
100 uM CacCl,, resulting in an increase of the fluorescence
intensity of encapsulated ACG. Increased concentrations of
CaCl, induced a higher fluorescence intensity of Polsp, up to
830 pM CacCl,. Significant increases in the initial concentration
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Fig. 4 Optimum concentration of CaCl,. ACG-loaded AgB44As polymersomes
without ionomycin, in the presence of EtOH and 830 uM CaCl, (red bar),
compared with ACG-loaded AgB44As polymersomes equipped with 3.74 uM
ionomycin and increasing concentrations of CaCl, (blue bars). Error bars are
shown as standard deviations of three individual measurements.

of CaCl, in the environment of polymersomes resulted in a
plateau and slight decrease of the fluorescence intensity from
encapsulated ACG (a saturation effect). Similar behavior has
been reported for the initial rate of calcium transport through
liposome membranes as function of Ca®>" concentration.>* The
saturation effect for high Ca>* concentrations was explained by a
favored formation of 1:2 Ca-ionomycin complexes, which decrease
the efficiency of Ca transport through the membrane.*">*

Interaction of ACG with the polymer membrane

We used fluorescence correlation spectroscopy (FCS)"** to

investigate why a slight increase in ACG fluorescence intensity
appears in ACG-containing polymersomes without ionomycin
after purification by size exclusion chromatography (Fig. S9,
ESIt). FCS provides information on the sizes of particles by
determining their diffusion time through the confocal volume
of the laser beam. The short diffusion time of free-diffusing
ACG in HEPES buffer (tqacc = 40 ps) is typical for small
molecular mass fluorescent dyes. Interaction of ACG with the
polymersome membrane was assessed by adding ACG (20 uM)
to empty polymersomes, which initially showed no fluores-
cence signal. After overnight incubation, the autocorrelation
function of the fluorescence signal could be fitted with a
bimodal model, which indicates the presence of two different
populations of diffusing particles in the solution: a fraction of
free ACG, and a second population with a significantly slower
diffusion time (tqyesicie & 7000 ps). As the second population
has a diffusion time characteristic of polymersomes with
hydrodynamic radii of 50-100 nm,”® this fraction represents
polymersomes to which ACG is attached by nonspecific binding.
To gain more details about this nonspecific interaction of ACG
with the polymersomes membrane, we formed giant unilamellar
vesicles (GUVs) with entrapped ACG, and visualized them by
confocal laser scanning microscopy (CLSM). CLSM micrographs
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(Fig. S10, left, ESIT) revealed GUVs containing free ACG molecules
in the intravesicular volume. Upon increasing the laser intensity,
the encapsulated dye was bleached, and the fluorescence intensity
of the GUV membrane clearly indicates that the dye is interacting
with the membrane (Fig. S10, right, ESIt). This behaviour was
unexpected, due to the hydrophilic nature of ACG, and explains the
slight increase of the fluorescence intensity of ACG-containing
polymersomes upon addition of CaCl, (Fig. 3, black curve).

To take into account both fractions of ACG (encapsulated
and attached to the membrane), we analysed the stopped-flow
data by a double-exponential equation. The change over time in
the intensity of the fluorescence signal upon mixing the ACG-
containing polymersomes with CacCl, solution indicates that there
are two kinetic processes taking place. The kinetic parameter of the
first exponential term (k; & 4 s~ ) obtained from a sudden increase
in fluorescence intensity had similar values for ACG-containing
polymersomes, ACG-containing polymersomes upon addition of
EtOH, and Polsp (Table S3, ESIf). Therefore this parameter
describes the interaction of Ca®" ions with ACG molecules attached
on the outer surface of the polymersome membrane. The kinetic
time constant of the second exponential term (k,) is ~50 times
slower than for ACG-containing polymersomes without ionomycin
(ks ~ 0.8 s7') in the presence of CaCl,. When ACG-containing
polymersomes contained ionomycin, k, was three times higher
(k» =0.27 s ") in the presence of CaCl,, indicating that transport of
Ca™" ions through the membrane occurs as a result of functional
insertion of ionomycin. In addition, both the amplitude of the
second time rate (AA4,), related to the change in the signal intensity
of the encapsulated dye, and the amplitude (A4,), related to the
dye attached to the membrane, are almost double for the Polsp
compared to the ACG-containing polymersomes without iono-
mycin (Table S3, in ESIt). The higher value of A4, in the case of
Polsp is related to the freely diffusing dye molecules inside the
polymersome cavity, which react with Ca®>" ions that diffuse
through the ionomycin. The difference in AA; values between
Polsp and ACG-containing polymersomes, indicates that ACG is
also attached to the inner surface of the membrane, as expected
due to the symmetric character of membrane formation by the
self-assembly process.

Overall, the stopped-flow parameters indicate a selective
permeabilization of the membrane by appropriate and functional
insertion of ionomycin, and give an insight into the interaction of
the selected dye with the polymer membrane.

Conclusions

We have introduced synthetic compartments with sizes in the
nanometer range (polymersomes) equipped with ionomycin in
order to induce selective membrane permeability for support-
ing applications in which it is necessary to provide an influx of
ions to the inner cavity for in situ reactions, or to sense low
changes in the concentrations of ions in the environment.
Polymersomes with ionomycin inserted in their membrane
were produced by self-assembly in dilute aqueous solutions,
as a straightforward mild method. PMOXA,-PDMS,~-PMOXA,
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amphiphilic copolymers were used to generate polymersomes,
with a membrane thickness of 10.7 nm, in order to see whether
functional insertion of ionomycin (1.5 nm size) is possible in
such thick membranes. Ionomycin was successfully inserted
into membranes up to 3.74 pM, without affecting the stability
and architecture of the polymersomes, and allowed a rapid
influx of Ca®" ions through the synthetic membrane, as established
by a combination of fluorescence spectroscopy and stopped-flow
spectroscopy. Polymersomes equipped with ionomycin allowed a
rapid sensing of Ca®" ions in the concentration range 100-860 M,
and the rate of Ca®" transfer was evaluated for the first time in a
synthetic membrane. This concentration range covers both intra-
cellular and extracellular conditions, and thus supports possible
biological applications as sensitive cellular ion sensors, or for the
development of nanoreactors in which an influx of specific ions is
necessaty for reactions inside the inner cavity. By a systematic study
of the factors affecting the insertion and functionality of
the ionophore in polymersome membranes we were able to
successfully obtain a selective nanosized polymersome membrane
as an optimized candidate towards medical applications (in terms
of vesicles size, efficacy of ionophore and the improved stability of
the polymer membrane). In addition, our selective ion polymer-
somes can support applications in environmental science, food
technology or catalysis, because they are able both to shield the
encapsulated molecules from harsh external conditions, and to
sense a large ionic range with rapid and selective efficacy.
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