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Polymersomes are formed by the self-assembly of amphiphilic
block copolymers in aqueous solution.!"! Polymersomes, like
other vesicular structures, combine the unique ability to
encapsulate hydrophilic compounds within their lumen as
well as hydrophobic and amphiphilic molecules within their
membrane.!! The macromolecular nature of the polymer-
some building blocks leads to the formation of non-ergodic
structures with no detectable exchange of individual copoly-
mer chains with their environment.”! This makes polymer-
somes much more stable than their low-molecular-weight
surfactant liposome counterparts.”! Given this important
advantage and their wholly synthetic nature, polymersomes
are potential candidates for many applications, ranging from
drug delivery to nanoreactors.'” However, one of the
limitations in developing commercial applications for poly-
mersomes is their associated high stability and thus the
relatively high energy penalty required for their formation."!
This problem is typically overcome using various processing
techniques, such as solvent exchange, electroformation, ultra-
sound, and extrusion under high shear.! However, these
strategies are often not compatible with the encapsulation of
sensitive biomolecules, especially if good size control is
required.

In principle, this problem can be addressed by exploiting
the supramolecular nature of polymersomes to temporarily
destabilize their membrane so as to allow in situ loading of
preformed polymersomes. Herein we explore this approach
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using electroporation. This is a well-known process whereby
cellular membrane can be permeabilized by applying an
external electrical field.") When this external electric field
exceeds a certain threshold, the phospholipids that comprise
the cellular membrane rearrange to form a nanoscopic pore
that allows the passage of ions, molecules, and even macro-
molecules.! Electroporation is widely used in molecular and
cellular biology for introducing plasmid DNA (pDNA) (and
other biomolecules) into live cells*® When an applied
external field exceeds the capacity of the cell membrane,
the temporary osmotic pressure forces the phospholipids to
rearrange, stabilizing the formation of hydrophilic pores and
the consequent diffusion of water and its solutes. The critical
transmembrane potential at which poration occurs depends
on cell membrane compositions as well as cell size, with large
cells having much lower thresholds than small organelles.”*!
The formation of these transient pores occurs within milli-
seconds, whereas resealing happens over time scales of
minutes. The extension as well as the lifetime of these pores
can be controlled using square-wave pulse generators, where
pulse amplitude and pulse length can be modulated to
optimize poration and diffusion of solute across the mem-
brane.>

Herein we present electroporation as a new approach to
encapsulate biological macromolecules into polymersomes by
exploiting their supramolecular nature. Polymersome mem-
branes have already been reported to undergo electropora-
tion by Aranda-Espinoza et al.’! The breakdown potential
(V.) increased with the hydrophobic thickness d of the
membrane. The V_is 9V for polymersomes with d =15 nm,
compared to 1 V for liposomes with d =3 nm. In this present
study, proteins (bovine serum albumin, BSA; myoglobin,
Mb), antibodies (immunoglobulin G, IgG), nucleic acids
(pDNA or small interfering RNA, siRNA), and enzymes
(Lysozyme, Lz) are used as model biological macromolecules
and loaded into poly(2-(methacryloyloxy)ethyl phosphoryl-
choline)-b-poly(2-(diisopropylamino)ethyl methacrylate)
(PMPC-PDPA) polymersomes, which combine the highly
biocompatible nature of the PMPC block with the pH-
responsive nature of PDPA block.®! We have reported using
such PMPC-PDPA polymersomes for the delivery of DNA,"!
antibodies,!'”! small molecules,'!! and nanoparticles!'!! within
live cells with no effect on their metabolic activity across
several cell types.*®'112l We have furthermore shown that
cellular uptake can be effectively controlled by size, surface
chemistry, and surface topology,'>'¥ making this particular
polymersome formulation very promising for several bio-
medical applications. More importantly, the pH-sensitive
nature of PMPC-PDPA polymersomes allows encapsulation
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by using a pH switch to control copolymer self-assembly, !
which makes it an appropriate model system to compare with
other encapsulation strategies (for details of the encapsula-
tion of biomacromolecules within polymersomes using the
traditional pH-switch method, see the Supporting Informa-
tion, Figure S1).

Electroporation depends on several parameters, such as
the applied voltage (V,), the number of pulses, duration,
frequency, and also the properties of the solution.®!
Membrane permeabilization only occurs at a characteristic
critical field strength. Above this threshold value, its extent is
controlled by the number (and duration) of the electrical
pulses.™ It has been observed that the critical threshold also
depends on the cell size, with submicrometer vesicles requir-
ing much higher voltages.'® Accordingly,”! we applied the
maximum voltage (V,=2500 V)achievable for our electro-
porator to induce polymersome membrane rupture and
examined whether electroporation affected the original
polymersome morphology and size distribution. Transmission
electron microscopy (TEM) and dynamic light scattering
(DLS) studies confirmed that the morphology and size
distribution of the PMPC-PDPA polymersomes before (Fig-
ure 1A) and after (Figure 1B,C) electroporation remains
essentially unchanged. These data indicate that electropora-
tion only temporarily disrupts the membrane, which self-heals
without inducing inter-polymersome interactions that might
otherwise cause precipitation, fusion, or other unwanted
changes in polymersome morphology.

As shown in Figure 2 A, we examined the feasibility of
encapsulating a model protein, BSA, within polymersomes
and explored the effect of varying the applied voltage and the
number of pulses on the encapsulation efficiency (further
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Figure 1. TEM images obtained for PMPC-PDPA polymersomes

a) before and B, C) after electroporation at 2500 V to encapsulate
either BSA (B) or siRNA (C). Scale bars =100 nm. D) Correlation
function C(7) for PMPC-PDPA polymersomes before (o) and after (0)
electroporation as measured by DLS. E) The corresponding size
distribution.
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Figure 2. Effect of varying A) the number of pulses (V,=2500V) and
B) the applied voltage (5 pulses) on BSA encapsulation efficiency by
electroporation Ly=loading number, Ly =loading efficiency. Initial
loading concentration of BSA: 2.5 mgmL™".

results are also summarized in the Supporting Information,
Table S1). Each experiment was performed at BSA and
polymersome concentrations of 2.5 mgmL~" and 10 mgmL~!,
respectively, in 0.1M phosphate buffer solution (PBS). After
electroporation, the BSA-loaded polymersomes were puri-
fied by size-exclusion chromatography (SEC) according to
a previously published procedure. The concentration of the
encapsulated BSA was determined by UV/Vis spectroscopy
(Supporting Information, Figures S2 and S3). Electroporation
allows effective encapsulation of BSA within PMPC-PDPA
polymersomes. The number of BSA molecules per polymer-
some (Ly) and the loading efficiency (Lg, expressed as the
ratio between the encapsulated BSA number per polymer-
some and the theoretical encapsulated BSA number per
polymersome) are both given in Figure 2A. The latter
parameter, also known as statistical encapsulation, is calcu-
lated as the number of proteins encapsulated when the BSA
concentration within the polymersomes is equal to the bulk
BSA concentration (for this calculation, see the Supporting
Information). This is a theoretical upper limit as it corre-
sponds to a BSA concentration gradient of zero across the
polymersome membrane. If this loading efficiency (Lg) is
higher than unity (the loaded BSA number is higher than the
maximum value by diffusion), it would suggest a positive
interaction between the polymersomes and the encapsulated
molecules, as previously reported for DNA encapsulation
using the pH switch method.®* The data shown in Figure 2 A
indicate that the loading efficiency varies from 14 % to 23 %
depending on the number of pulses, suggesting that electro-
poration allows loading efficiencies much higher than the
theoretical limit. As shown in the Supporting Information,
Figure S9, BSA does not undergo denaturation after
20 pulses. More importantly, the maximum encapsulation
efficiency (Eg) is 17.1 %. This value achieved with 20 pulses
(Supporting Information, Table S1) is very close to that
obtained using the pH switch method. In a comparative study,
BSA (2.5mgmL™") was loaded into the PMPC-PDPA
polymersomes (10 mgmL™") using a pH switch, and the Ej
of BSA was found to be 23.9%.

www.angewandte.org

11123


http://www.angewandte.org

Angewandte

1M124

Communications

In particular, increasing the number of pulses consider-
ably increases the number of BSA molecules encapsulated
within a single polymersome, while the applied voltage has
almost no effect on the encapsulation efficiency. Moreover,
the data suggest that polymersome membrane poration
occurs at voltages as low as 500 V. Electroporation occurs
when an applied external field exceeds the capacity of the cell
membrane. Transient hydrophilic pores are formed and the
external material enters the cell membrane owing to the
osmotic pressure.'’ For phospholipid membranes, the pore
lifetime has been estimated to be less than one millisecond,
whereas pore resealing occurs over a time scale of seconds.*!
A higher applied voltage leads to an increase in the transient
membrane area where permeabilization occurs. In such areas,
the extent of permeabilization is controlled by the number of
pulses.

In addition to BSA, we demonstrate that electroporation
is also applicable to other biomolecules, such as Mb, Lz, IgG,
siRNA, and pDNA. The biomacromolecule concentration
and its loading efficiency are characterized by UV/Vis
spectroscopy, high-performance liquid chromatography
(HPLC), and fluorescence spectrophotometry (Supporting
Information, Figures S4-S8). As shown in Figure 3, each
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Figure 3. Encapsulation efficiencies E; loading efficiencies Lg for BSA,
1gG, siRNA, pDNA, Mb, and Lz within PMPC-PDPA polymersomes by
electroporation at pH 7.3 (except Lz, loaded at pH 11). The applied
voltage was 2500 V for BSA, IgG, pDNA, and Mb, and 1800 V for
siRNA; 5 pulses (except siRNA: one pulse). Initial loading concentra-
tions for BSA, 1gG, siRNA, DNA, Mb, and Lz into the polymersomes
solution were 2.5 mgmL™", 5 pgmL™", 66.5 ugmL™", 180 ugmL™",
2.5mgmL~", and 2.5 mgmL™", respectively.

biomacromolecule is successfully encapsulated within the
PMPC-PDPA polymersomes. The Eg value of IgG also
increases with the number of pulses, with values similar to
BSA being obtained (Supporting Information, Figure S9). We
tested the effect of electroporation on the IgG functionality
using an ELISA assay and observed no negative effects
(Supporting Information, Figure S11). For nucleic acid encap-
sulation, we initially examined the effect of electroporation
on naked pDNA and siRNA, assessing their structural
integrity by gel electrophoresis (Supporting Information,
Figure S12 and S13). pDNA can withstand the electropora-
tion conditions with no apparent degradation; only a con-
formational change was induced by the electroporation
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process. Moreover, pDNA-loaded PMPC-PDPA polymer-
somes formed by electroporation can effectively transfect
cells. HEK293T cells were incubated for 48 h with polymer-
somes encapsulating E2-Crimson, and good-quality far-red
fluorescence images were obtained (Figure 4; Supporting
Information, Figure S14). In contrast, control cells incubated

v

I
10 pm

Figure 4. E2-Crimson expression in HEK293T cells 48 h after incuba-
tion with PMPC-PDPA polymersomes loaded with E2-Crimson plasmid
DNA by electroporation.

with empty polymersomes (without any loading pDNA) did
not display any fluorescence, as expected. This confirms that
the plasmid is not degraded by electroporation and is able to
produce functional protein after its polymersome-mediated
delivery to the cell nucleus. Compared to pDNA, siRNA is
much more sensitive and a lower voltage is required to ensure
the integrity of the latter. Thus electroporation was per-
formed using just a single pulse at a V, of 1800V to
encapsulate siRNA. Despite these milder conditions com-
pared to the BSA experiments, loading efficiencies (Lg)
calculated for IgG, pDNA, and siRNA macromolecules
always significantly exceeded unity. Given that each of
these species is negatively charged at pH7.3 (see zeta
potential data in the Supporting Information, Table S2), we
postulate that electrophoretic motility drives the diffusion of
these biomacromolecules within the polymersome lumen.
The same anionic character of these biomacromolecules is
critical to facilitate their encapsulation into PMPC-PDPA
polymersomes by electrostatic interaction with the cationic
PDPA chains at acidic pH.*>!

A more challenging biomacromolecule is myoglobin. This
protein has an isoelectric point at pH 6.8 and hence is
positively charged at acidic pH (zeta potential of 6.5 mV at
pH 6) and slightly negatively at neutral pH (zeta potential of
—5.9mV at pH 7.3). This protein is therefore very difficult to
encapsulate using the pH switch with Eg of only 0.50 % owing
to the repulsion interaction between the positive protein and
PDPA chains at acidic pH. On the contrary, electroporation
enable Mb encapsulation with Ey, equal to 7.97 % . We explore
the effect of the biomacromolecule charge using lysozyme
(Lz) as model. This is positively charged at acidic and neutral
pH (zeta potentials are 4.3 mV at pH 6.5 and 3.2 at pH 7.3,
respectively). Using the pH switch method, Lz was encapsu-
lated with a Eg value of 2.60%. Using electroporation at
pH 7.3 we achieved an encapsulation efficiency of 0.83%.
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However, when the pH of the solution was increased to 11,
the zeta potential of Lz becomes negative (—7.8 mV), and the
Ey increased to 6.36 %, confirming that surface charge of the
biomacromolecules is one of the dominant factors dictating
encapsulation efficiency. Previous studies have shown that
during electroporation, diffusion alone is the cause of trans-
membrane uptake for small molecules only. With increasing
molecule size, uptake is affected by a combination of diffusion
and electrophoretic forces.”

In summary, six biomacromolecules were successfully
encapsulated within PMPC-PDPA polymersomes by electro-
poration. The morphology and the size of the polymersomes
remain essentially unchanged by electroporation, which
indicates efficient self-healing of the defects generated
within the polymersome membranes after the applied high
voltage pulses. The surface charge of the biomacromolecules
plays a key role for during electroporation, since negatively
charged molecules can be loaded much more than positively
charged molecules. The encapsulation efficiency, loading
number, and loading efficiency of the biomacromolecules
increases dramatically as the number of pulses is increased,
but is barely affected by the applied voltage. Electroporation
provides a new and highly convenient approach for the
efficient encapsulation of a range of delicate anionic biomac-
romolecules within polymersomes for drug delivery and gene
therapy applications.
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