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Abstract: When exposed to an external electric field, lipid bilayer membranes are subject to
increased permeability through the generation of pores. Combining this phenomenon, known as
electroporation, with liposomal drug delivery offers the added benefit of on-demand release of the
liposomal cargo. In previous studies, the maximum percent drug release when exposing liposomes
to a pulsed electric field has not surpassed 30%, indicating most of the drug is still retained in the
liposomes. Here we showed that by modulating the fluidity of the liposome membrane through
appropriate selection of the primary lipid, as well as the addition of other fluidity modulating
components such as cholesterol and biotinylated lipid, the electroporation-induced percent release
could be increased to over 50%. In addition to improved induced release from liposomes in
suspension, biomaterial scaffold-bound liposomes were developed. Electroporation-induced
protein release from this solid phase was verified after performing further optimization of the
liposome formulation to achieve increased stability at physiological temperatures. Collectively,
this work advances the ability to achieve efficient electroporation-induced liposomal drug
delivery, which has the potential to be used in concert with other clinical applications of
electroporation, such as gene electrotransfer and irreversible electroporation (IRE), in order to

synergistically increase treatment efficacy.



1. Introduction

Over the past several decades, liposomal drug encapsulation has become a standard for
controlled therapeutic delivery and paved the way for more sophisticated forms of nanomedicine.
Chief among the benefits of liposomal drug delivery are reduced toxicity (Kedar et al., 1997;
Alexander H van der Veen et al., 1998), improved pharmacokinetics (Anderson et al., 1994;
Gabizon and Papahadjopoulos, 1988), protection of the cargo from enzymatic degredation (Niu et
al., 2011), as well as the ability to modify the carrier surface for decreased detection (Kim et al.,
2002) or targeted distribution to specific cells or diseased sites (Belhadj et al., 2017). These
attributes have motivated the use of liposomes as protective delivery vehicles for large biological
pharmaceuticals. Liposomes or lipid nanoparticles have been successfully utilized as carriers for
vaccine antigens (Altin and Parish, 2006; Mulligan et al., 2020; Wassef et al., 1994; Yoshizaki et
al., 2014), for oral insulin delivery (Niu et al., 2011; Zhang et al., 2014), and for cytokine
immunomodulators used to treat cancer (Kedar et al., 1997; Alexander H. van der Veen et al.,
1998) and infectious disease (Mbawuike et al., 1990). Despite these benefits, there is little control
over when and how much drug is released from the liposomes after administration. For example,
for cell surface receptor targets it would be beneficial to achieve maximal drug release prior to
intracellular uptake of the liposomes. To address this shortcoming, several approaches have been
explored to obtain an inducible release of liposomal cargo. Yuyama et al. created a thermosensitive
liposome platform from which cargo could be released following application of focal hyperthermia
after passive liposome accumulation in a murine sarcoma tumor (Yuyama et al., 2000). Similarly,
Forbes et al. utilized near-infra-red laser irradiation to induce reversible release of drug from
thermosensitive liposomes tethered to hollow gold nanoshells (Forbes et al., 2014). Another
approach is to employ electroporation: a simple, nonthermal method to increase the permeability

of lipid bilayers through the generation of pores upon exposure to an electric field. Although more
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often studied in the context of cells, Teissie and Tsong were the first to experimentally demonstrate
that transient, electrically-induced pores could also be formed in the much smaller lipid vesicle
(Teissie and Tsong, 1981). Since then, electroporation of vesicles or liposomes has proven useful
in gene electrotransfer (Machy et al., 1988), electrofusion (Stoicheva and Hui, 1994; Stromberg et
al., 2001), on-demand controlled drug release (Denzi et al., 2017; Kulbacka et al., 2016; Retelj et
al., 2013; Srimathveeravalli et al., 2018), and as a method for loading therapeutics into
extracellular vesicles (Lamichhane et al., 2015; Pomatto et al., 2019).

The mechanism of electroporation-induced drug release lies in the dielectric breakdown of
the electrically insulating phospholipid membrane, resulting in the formation of nanometer-scale
aqueous pores (Davalos et al., 2005). The prevailing theory, substantiated by numerous molecular
dynamics studies, is that small “fingerlike” hydrophobic pores, which develop naturally due to
random thermal fluctuations among the phospholipids, are stabilized and enlarged by the applied
electric field (Golberg and Yarmush, 2013; Kotnik et al., 2012). Interaction between the electric
field and the intrinsic dipoles of the phospholipids favors the realignment of adjacent
phospholipids to form a hydrophilic pore, which reduces the interfacial pore energy (Glaser et al.,
1988; Weaver, 1993). By increasing either the magnitude of the electric field or the size of the
liposome, a greater proportion of the liposomal surface area is susceptible to this pore formation,
making the adjustment of these parameters a common and useful way to increase transmembrane
permeability (Rols and Teissié, 1990). Recent literature has also suggested that the composition of
the lipid bilayer plays a non-trivial role in this process, as lipid bilayers with increased surface
viscosity or bending stiffness require higher electric fields to undergo the same degree of
membrane deformation (Karal et al., 2020; Knorr et al., 2010; Perrier et al., 2018). This suggests

membrane composition is another suitable parameter by which electroporation-induced drug



release can be modulated. Once formed, electrically induced pores persist on the time scale of
milliseconds to tens of seconds and allow for diffusive and, if charged, electrophoretic transport
of molecules across the bilayer (Sukharev et al., 1992).

Unfortunately, to date, using electroporation to release the cargo of liposomes is still an
inefficient process, with the highest values for percent release reported in literature ranging from
10-30% (Teissie and Tsong, 1981; Yi et al., 2013). Optimization of the percent release in these
studies was limited to modulating electroporation parameters such as electric field strength and
pulse number as well as adding a pore-stabilizing amphiphilic peptide; investigation into the
effects of the liposomal lipid constituents was absent. Additionally, while much research has been
conducted on the electroporation of liposomes in suspension, the electroporation of liposomes
bound to a solid phase is understudied. A major application for solid-phase liposomes is the design
of multi-functional biomaterial scaffolds (Cheung et al., 2018; Feiner et al., 2018; Guo et al., 2019)
that employ tethered liposomes as an inducible release system for tissue engineering purposes.
Scaffolds are often designed to provide a continuous, sustained release of various drugs or
biological factors to act on the surrounding cellular microenvironment, but there is often no way
to interface with the scaffold to start or stop the release. Utilizing scaffold-bound liposomes in
conjunction with electroporation would allow for this increased temporal and spatial control over
cargo release.

This study aims to address both the issue of inefficient electroporation-induced release as
well as the lack of research on electroporation-induced release from solid phase liposomes. First,
we show that the percent release of electroporated liposomes in suspension can be increased
beyond what has been previously demonstrated (Teissie and Tsong, 1981; Yi et al., 2013) by

modulating the lipid composition and the concomitant membrane fluidity. Second, we develop and



test a liposome-bearing, microporous poly(caprolactone) (PCL) scaffold to demonstrate
electroporation-induced liposomal drug release from a solid phase. We conclude by performing a
proof-of-concept electroporation-mediated release of the inflammatory and immunomodulating
cytokine, tumor necrosis factor alpha (TNF-a), from the scaffold-bound liposomes, thus validating
the potential feasibility and usefulness of electroporation-mediated release of biomolecules from

a solid phase.

2. Materials and Methods
2.1 Materials and Reagents

The following reagents were used for the current study: poly(caprolactone) (MilliporeSigma,
USA; M, 80,000), dichloromethane (MilliporeSigma, USA), poly(vinyl alcohol) (Polysciences
Inc., USA; My, 25,000, 88% hydrolyzed, reagent grade), sodium chloride (MilliporeSigma, USA),
ethanol (Decon Laboratories, Inc., USA; 200 proof), ethylenediamine (MilliporeSigma, USA),
isopropyl alcohol (MilliporeSigma, USA), fluorescamine (MilliporeSigma, USA), acetone
(MilliporeSigma, USA), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (Avanti Polar
Lipids Inc., USA), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) (Avanti Polar Lipids
Inc., USA), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) (Avanti Polar Lipids
Inc., USA), cholesterol (ovine) (Avanti Polar Lipids Inc., USA), chloroform (MilliporeSigma,
USA), carboxyfluorescein (MilliporeSigma, USA), 1 M Tris buffer, pH 8 (Thermo Fisher
Scientific, USA), polycarbonate membranes (Whatman, USA), 2-(N-morpholino)ethanesulfonic
acid (MES) (Thermo Fisher Scientific, USA), streptavidin (MilliporeSigma, USA), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) (Thermo Fisher Scientific, USA), 1M



Tris buffer, pH 7.4 (Genesee Scientific, USA), Triton X-100 (MilliporeSigma, USA), TNF-a (Sino

Biological, USA), human TNF-o ELISA kit (Thermo Fisher Scientific, USA).

2.2 Scaffold fabrication

Polymer scaffolds were fabricated from PCL microspheres, which were prepared as
previously described (Pelaez et al., 2020; Rao et al., 2016). Briefly, PCL microspheres were
generated by emulsifying a 6% (w/w) solution of PCL in dichloromethane with a 10% (w/w)
poly(vinyl alcohol) solution and homogenizing at 10,000 rpm for 1 min. Microspheres were
lyophilized with a FreeZone 2.5 L Freeze Dryer (Labconco, USA) for 48 h at -80 °C and then
mixed with sieved sodium chloride particles (250-425 pum) in a 1:30 (w/w) ratio.
Microsphere/sodium chloride mixtures were pressed to 3,300 Ibs (15 kN) for 45 s in a 5 mm steel
die (Specac, UK). Pressed disks were heated on each side to 60 °C for 5 min and then foamed at
55.2 bar for approximately 24 h, after which the gas was released at 1.38 x10 m?-s™!. Salt particles
were dissolved by submerging disks in deionized (DI) water for 90 min on a rocking platform. The
resulting polymer scaffolds were approximately 5 mm in diameter and 2 mm thick. Polymer
scaffolds were sterilized by soaking in 70% ethanol and then rinsed with sterile water and dried on

a sterile gauze pad. Scaffolds were stored at -80 °C until further use.

2.3 Aminolysis of polymer scaffolds
The aminolysis reaction with PCL scaffolds was adapted from Nisbet et al. (Nisbet et al.,
2008). PCL scaffolds were placed in a 0.05 M ethylenediamine solution in isopropyl alcohol and

incubated at ambient pressure at either room temperature for 10 min or at 37 °C for 24 h. Scaffolds



were then rinsed three times with DI water, with a 5 min soak in DI water between each rinse

followed by a final 1 h soak prior to use.

2.4 Primary amine characterization

Primary amine functionalization of PCL scaffolds was characterized by fluorescence
labeling using fluorescamine. PCL scaffolds were placed in a 10 mM fluorescamine solution in
acetone. Immediately afterwards, an equal volume of borate buffer, pH 9, was added to the
fluorescamine solution. After 10 min, scaffolds were rinsed three times with water, with a 5 min
soak between each rinse. Scaffolds were imaged using an EVOS FL Auto Microscope (Thermo
Fisher Scientific, USA) equipped with a 357 nm/447 nm excitation/emission wavelength light

filter.

2.5 Liposome formation

Liposomes were prepared by hydration of lipid films followed by extrusion. Briefly, either
DPPC or POPC was combined with biotin-labeled phospholipid and cholesterol in chloroform to
form a 13.3 mM total lipid solution. 4 pmol of total lipid, dissolved in 300 pL chloroform, was
placed in a 5 mL round bottom flask and heated to 50 °C, then dried using a rotatory evaporator
(LabTech Srl, Italy) at 60 rpm under vacuum for 5 min to form a thin lipid film. The films were
lyophilized overnight at -80 °C. Each film was then hydrated with 500 pL of 90 mM
carboxyfluorescein in an internal buffer comprised of 1 M Tris buffer, pH 8, with varying
concentrations of NaCl for 3 h at 50 °C in a water bath with periodic gentle agitation. Hydrated
lipids were then extruded through a 100 nm, 200 nm, 1 um, or 10 pm polycarbonate membrane 27

times using a manual extruder (Avanti Polar Lipids Inc., USA) at 50 °C or room temperature for



DPPC or POPC liposomes, respectively. Liposomes were separated from the unencapsulated
solution using a PD MiniTrap G-25 Sephadex column (GE Healthcare, USA) flushed with 1 mL
of an external buffer comprised of 1 M Tris buffer, pH 8 or 7.4, with varying concentrations of
NaCl. Approximately 500-600 pL of liposomal solution was collected, the volume at which the
front of the free carboxyfluorescein had reached the bottom of the column. Liposome solutions
were either used immediately or stored at 4 °C prior to use. Liposome size was characterized by

dynamic light scattering using a Nanotrac Flex particle size analyzer (Microtrac, USA).

2.6 Modification of scaffolds with tethered liposomes

Aminolyzed scaffolds were functionalized with streptavidin by soaking them for 2 h at
room temperature in an MES conjugation buffer (0.1 M MES, 0.9% NacCl, pH 4.7) containing 60
nM streptavidin and 6.5 mM EDC. Following conjugation, the scaffolds were washed with 3
rounds of DI water and then soaked in DI water for 1 h. Streptavidin-conjugated scaffolds were
then stored in DI water at 4 °C or immediately loaded with liposomes. To tether the liposomes to
the scaffold surface, streptavidin-conjugated scaffolds were partially dried, immersed in liposome
solution (~300 pL/scaffold), and incubated at 4 °C on a rocker overnight (>12 h). Non-bound
liposomes were removed by washing the scaffolds at least 3 times using 1M Tris buffer, pH 7.4,
and then soaking them in buffer for 1 h. Liposome-tethered scaffolds were used immediately for

experimentation.

2.7 Electroporation treatment and dye release measurement
A volume of 130 pL of each prepared liposome solution was placed in an electroporation

cuvette with aluminum plate electrodes spaced 2 mm apart (Fisher Scientific, USA). The two



electrodes were then connected to an ECM 830 electrical pulse generator (BTX/Harvard
Apparatus, USA) in order to induce a homogeneous electric field throughout the liposome solution.
The electric field was determined by dividing the applied voltage by the distance between the
electrodes. Liposomes were subjected to either 500, 1500, or 2000 V-cm™! in 99 square pulses with
100 ps pulse duration at a frequency of 1 Hz. Release of encapsulated carboxyfluorescein
following electroporation was determined from the fluorescence intensity of the solution. 100 pL
of treated liposome solution was placed in a well of a black, round-bottom 96-well plate (Corning,
USA) and fluorescence intensity (490 nm/520 nm excitation/emission wavelength) was quantified
with a Synergy H1 microplate reader (BioTek Instruments Inc., USA). For positive controls
representing total release, liposomes were mixed in equal volume with 2-4% Triton X-100 to
disrupt liposome assembly. Untreated liposomal solution was used as a negative control. Percent

Release (%), was calculated using the following formula:

Fg—F._

Percent Release (%) = 100
2+F  —F_

(1)
where F§, F_, and F'+, are the fluorescent intensities of the treated sample, negative control, and
positive control, respectively. The fluorescent intensity of the positive control, F'+, is multiplied by

a factor of 2 to account for the 1:1 dilution with Triton X-100.

2.8 Liposomal stability assessment

Carboxyfluorescein-loaded liposomes, either in free solution or tethered to scaffolds, were
fabricated as mentioned above and incubated at either 4 °C or 37 °C in external buffer (pH 7.4, 1
M Tris buffer, 150 mM NaCl). At days O (i.e. no incubation), 2, and 4, aliquots were removed,
electroporated, and analyzed with a microplate reader to measure the fluorescence. Liposome-

tethered scaffolds were treated with electroporation in a similar manner as the liposomal solution
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by placing the scaffolds in an electroporation cuvette filled with 130 pL of external buffer. Stability
was quantified as the amount of dye released on day j as a percent of the total release from

liposomes electroporated without incubation on day 0 (Normalized Releasable Cargo):

Normalized Releasable Cargo (%) = @ * 100 (2)

0~ Fnpo
Where F;; and F,; are the fluorescence intensities of the electroporated sample and its negative
control (not electroporated) after incubation for j days, and Fy and F, are the fluorescence
intensities of the electroporated sample and its negative control on day 0. For the stability of
liposomes in solution, the negative control, F,;, represents the fluorescence of liposomal solution
not treated with electroporation. For the stability of scaffold-bound liposomes, F},; is calculated as
the average fluorescence of untreated scaffold-bound liposomes plus the average fluorescence of
electroporation-treated, unmodified PCL scaffolds incubated with liposomes (to account for the

effect of non-specific liposome binding).

2.9 Cryogenic Scanning Electron Microscopy (Cryo-SEM) imaging

A small portion (approximately 1 pL) of the scaffold specimen was applied to a brass
freezer planchet and sandwiched with a second brass freezer planchet. The freezer planchet was
scored initially to increase mechanical adhesion between the specimen and the planchet. The
HPMO10 high pressure freezing machine (Bal-Tec AG, Liechtenstein) was used to freeze the
sample. The cooling time from room temperature to -182 °C was achieved within 5-8 ms at 2,100
bar. The frozen sample was mounted onto a specimen holder in a cryo-preparation workstation
(Leica Mikrosysteme GmbH, Austria) and was transferred into an EM ACE600 high vacuum
sputter coater (Leica Mikrosysteme GmbH, Austria) via an EM VCTI100 shuttle (Leica

Mikrosysteme GmbH, Austria). The specimen stayed in the specimen holder pre-cooled with
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liquid nitrogen during the transfer. The specimen was cleaved with a pre-cooled knife manually at
-153 °C. After cleavage, the fractured specimen was heated to -105 °C at a rate of 3 °C per min
and sublimed for 10 min. After the sublimation, the fractured specimen was sputter coated with
platinum at around -116 °C, giving a thickness of 5 nm. The specimen was imaged at -112 °C with

1 kV accelerating voltage using the SU8230 CFE-SEM (Hitachi High Technologies, Japan).

2.10 Liposomal TNF-o. release

To produce liposomes loaded with TNF-a, lipid films with a composition of 80:10:10
DPPC:cholesterol:biotinylated lipid were prepared as described above. The films were hydrated
for 3 h at 50 °C with 300 pL of an internal buffer consisting of 1M Tris buffer at pH 8§ and either
200 mM or 300 mM NaCl. Liposomes were extruded through a 200 nm polycarbonate membrane
as described above and then mixed with a solution of human TNF-a reconstituted in the same
hydration buffer as the liposomes such that a final TNF-a concentration of 800 pg/mL was
obtained. To encapsulate the TNF-a, two freeze-thaw cycles were performed, as recommended by
Costa et al., by placing the liposome suspension in liquid nitrogen for 20 s followed by a passive
thaw at room temperature (Costa et al., 2014). TNF-a loaded liposomes were separated from non-
encapsulated TNF-a by 2 cycles of ultracentrifugation for 30 min at 70,000 g using an Avanti J-
20 XP centrifuge (Beckman Coulter, USA). The liposomes were resuspended in the internal buffer
and incubated with streptavidin-conjugated scaffolds as previously described for
carboxyfluorescein-loaded liposomes (approximately 300 pL liposomal solution/scaffold). The
liposome-tethered scaffolds were then washed 2 times and soaked for 75 min using the matching
internal buffer and finally washed once more using an external buffer of 1 M Tris at pH 7.4 with

150 mM NaCl. The scaffolds were then incubated in external buffer at 37 °C for 0, 2, or 4 days
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before being treated with electroporation as described above. The treated solutions were
centrifuged at 500 g for 5 min to remove PCL scaffold debris and then frozen and stored at -80 °C.
The presence of TNF-a in the release solution was measured using ELISA with a slight
modification of the manufacturer’s instruction: wells for samples were loaded with 50 pL of the
external buffer from liposome preparation instead of the provided incubation buffer. The amount
of electroporation-induced liposomal TNF-a released was calculated as the concentration of TNF-
a in the release solution of the streptavidin-conjugated scaffolds minus the average concentration

of TNF-a in the release solution of 4 unmodified, plain PCL scaffolds.

2.11 Statistical analysis

Data are the result of three or more biological replicates and are presented as mean =+
standard deviation (SD) or standard error of the mean (SEM), as indicated in the figure captions.
Statistical significance was determined using GraphPad Prism software with one- or two-way
ANOVA as appropriate, and p-values were calculated using Tukey’s method for multiple
comparisons, with p < 0.05 considered significant. For the design of experiment study performed
in section 3.4, a Box-Behnken statistical design with 12 edge points and 4 center points was used.
The resulting data were fit to a second order model using the response-surface regression (rsm)
function in R statistical software. Significance of each factor was assessed using ANOVA with

Type III contrasts to account for unbalanced data.

3. Results

3.1 Fabrication of scaffold-bound liposomes
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The process for fabricating the scaffold-bound liposomes is depicted in Scheme 1.
Microporous PCL scaffolds were chosen as the solid phase backbone for liposomal tethering, as
they are known to facilitate cellular integration (Azarin et al., 2015; Rao et al., 2016), and we have
previous experience utilizing them for tissue engineering purposes (Lam et al., 2020; Pelaez et al.,
2018) including modifying them with metal mesh electrodes to allow for uniform irreversible
electroporation (IRE) of the infiltrated tissue within the scaffold (Pelaez et al., 2020). We
hypothesized that liposomes could be securely bound to the scaffold surface using a streptavidin-
biotin connection, with streptavidin conjugated to the polymer surface and biotin to a fraction of
the liposomal lipids. We first activated the PCL scaffold surface with an aminolysis reaction to
allow for further surface modification. This introduced primary amine functionality by partially
degrading the PCL ester linkages. To validate sufficient transformation of the surface chemistry,
we labeled the scaffold primary amine groups with fluorescamine and measured the resulting
fluorescence. An aminolysis reaction occurring at 37 °C for 24 h generated the highest yield of
primary amine groups (Fig. 1A-E), so these parameters were chosen to modify all subsequent
scaffolds. Following the introduction of primary amines, the scaffolds were subjected to a
carbodiimide coupling reaction to conjugate streptavidin to the scaffold surface. Next,
phosphatidylcholine-based liposomes were generated using up to 20% biotinylated lipid (BL) and
varying amounts of cholesterol and then incubated with the scaffolds overnight to allow for

binding.
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Scheme 1. Schematic for attaching drug-loaded liposomes onto microporous polymer scaffolds. PCL
scaffolds were chemically modified with primary amines. EDC was used to catalyze the covalent bond
between the carboxyl groups on streptavidin and primary amines on modified PCL scaffolds. The strong
streptavidin-biotin interaction facilitated the binding of drug-loaded particles (green sphere) labeled with
biotin (pink square) to PCL scaffolds for inducible release.
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Fig. 1. Evaluation of PCL scaffold surface activation with primary amines. (A-D) Fluorescence imaging
of microporous PCL scaffolds after no ethylenediamine (ED) reaction (A) or 0.05 M ethylenediamine in
isopropyl alcohol at room temperature (RT) for 10 min (B) or 24 h (C), or at 37 °C for 24 h (D). All scaffolds
were treated with fluorescamine to fluorescently label primary amines. Scale bar indicates 500 pm. (E)
Average signal intensity taken from scaffold samples normalized to scaffolds treated without
ethylenediamine. Intensity values were averaged over the three individual scaffold samples per reaction
condition. The average intensity per scaffold was quantified from four separate images taken for each
scaffold. * p < 0.001 compared to scaffolds treated without ethylenediamine. Normalized signal intensity
data is mean + SD, n = 3.

-
e
o

5.0 4

Signal Intensity Normalized to A

15



To verify successful tethering of the liposomes to the scaffold following overnight
incubation, we examined the surface of the scaffolds using cryo-SEM (Fig. 2). Fig. 2D suggests
successful liposome binding, as numerous spheroidal features with an average diameter of 180 +
40 nm can be seen, which are not observed on the plain PCL scaffold control (Fig. 2C). The size
range of these features matches well with the nominally sized 200 nm liposomes that were extruded

and used in the fabrication process.

Fig. 2. Verification of liposomal attachment to scaffold surface. Representative cryo-SEM images of the
scaffold surface for (A, C) a blank PCL scaffold control or (B, D) a liposome-conjugated scaffold bearing
nominally 200 nm liposomes with a composition of 80% DPPC/10% cholesterol/10% BL. Round features
on (D), a few of which are denoted by white arrows, are 180 £ 40 nm according to ImagelJ analysis.

3.2 Optimizing liposomal parameters for maximal electroporation-induced drug release
In previous studies exploring electroporation-induced release of a drug from liposomes,

only a minimal percent release of the encapsulated cargo was observed (~10-30%) (Teissie and
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Tsong, 1981; Yietal., 2013). Aiming to significantly increase the percent release, we investigated
two separate liposome characteristics - formulation and size - for their effect on electroporation-
induced release. Two different primary constituent lipids were chosen such that the liposomal
membrane would exist at two different phases at physiological temperatures: DPPC to produce an
ordered gel phase membrane, and POPC to give a liquid crystalline phase membrane. Liposomes
of varying size (Fig. S1) and lipid constituents were electroporated with increasing electric field
strengths, and the percent release of an encapsulated, self-quenching fluorescent dye,
carboxyfluorescein (CF), was measured (Fig. 3A-C). The percent release increased with size and
electric field strength for the DPPC liposomes, as expected. For example, a 2000 V-cm™ electric
field achieved a 3.8 + 0.8% percent release for 100 nm extruded liposomes (Fig. 3A), a 13 = 2%
percent release for 1 um extruded liposomes (Fig. 3B), and 22 + 6% percent release for 10 um
extruded liposomes (Fig. 3C). However, these relationships were not seen in the case of POPC
liposomes, which released less than 5% of CF over the entire range of both factors. Although
percent release increases as liposome size is increased, it has been shown that liposomes with
nominal sizes above 200 nm are more likely to be discovered and cleared in vivo by phagocytes
from the mononuclear phagocyte system (Chu et al., 2016; Alexander H van der Veen et al., 1998).
Therefore, we decided to choose a liposome size of 200 nm, the largest possible size subject to this
constraint, for all future experiments.

As the percent release for the tested liposomes closest in size to 200 nm (100 nm, Fig. 3A)
was still no higher than 5%, we hypothesized that the addition of cholesterol, a modulator of
membrane fluidity (Bhattacharya and Haldar, 2000), could increase electroporation-induced CF
release from 200 nm liposomes. As seen in Fig. 3D and E, for a low electric field strength (500

V-cm™) an increase in the cholesterol content from 0% to 70% caused a small increase in the
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percent release of CF for DPPC (from 0.06 + 0.05% to 0.9 £ 0.1%) as well as POPC liposomes
(from 0.11 £ 0.02% to 1.4 + 0.4%). However, at high electric field strengths (2000 V-cm™!), DPPC
liposomes exhibited a decrease in the percent release from 17 + 3 % to 2 + 2% as cholesterol
content increased from 0% to 70%, but POPC liposomes displayed an increase in percent release
from 1.4 £ 0.4% to 6.5 = 0.2% over the same range. Notably, percent release values for POPC
liposomes were consistently smaller than that of the DPPC formulations. Given that percent release
was the highest in DPPC liposomes with 0-30% cholesterol under 2000 V-cm™!, we decided to
focus on optimizing these liposomes in a more localized parameter space. Upon a closer
examination of the effects of low cholesterol levels on DPPC liposomes electroporated at 2000

V-cm! (Fig. 3F), a local maximum in percent release of 25 + 4% at 20% cholesterol was observed.
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Fig. 3. Effect of liposome composition on electroporation-induced release of CF. (A-C) Percent release of
CF from POPC and DPPC liposomes following electroporation with 99 pulses at 100 ps pulse duration at
1 Hz at either 500, 1500, or 2000 V-cm™ on liposome preparations extruded though 100 nm (A), 1 um (B),
and 10 um (C) filters. (D-G) Percent release of CF from 200 nm liposomes with 200 mM NaCl and
dispersed in an external buffer of 1 M Tris HCI pH 8. Release was induced by electroporation with 99
pulses at 100 ps pulse duration at 1 Hz. (D-E) Percent release from liposomes with either 500, 1500, or
2000 V-cm™ electric field. Lipid films were composed of either DPPC (D) or POPC (E) with increasing
amounts of cholesterol comprising the remainder. (F) Percent release from DPPC liposomes with increasing
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amounts of cholesterol at 2000 V-cm™. (G) Percent release from DPPC liposomes with fixed 10% BL and
increasing amounts of cholesterol at 2000 V-cm™. (A-G) Percent release is mean + SD, n = 3. Data was

analyzed by two-way (A-E) or one-way (F,G) ANOVA, and multiple comparisons were performed with
Tukey’s method; * p <0.05, ** p <0.01, *** p <0.001.

Next, we explored the effect of adding BL to the low cholesterol DPPC liposomes, as BL
is necessary for the eventual tethering of the liposomes to the PCL scaffold surface. Surprisingly,
after the addition of 10% BL to low cholesterol DPPC liposomes, the percent release increased
dramatically, but only for DPPC liposomes with 20% and 30% cholesterol, which displayed a two-
and three-fold increase in percent release, respectively (Fig. 3G). This suggests a synergistic effect
between cholesterol and BL for this range of cholesterol, indicating a promising parameter space
for further optimization. Choosing the 20% cholesterol DPPC liposomes, we more thoroughly
explored the influence of varying levels of BL. As seen in Fig. 4A, even small amounts of BL
(0.1%) caused a large increase in the percent release from 25 + 4% (0% BL) to 49 + 1%. However,
further increasing the content of BL to 20% only raised the percent release to 56 + 1%. Finally, we
repeated this experiment with the scaffold-bound liposomes rather than liposomes freely
suspended in solution (Fig. 4B). Again, higher levels of BL resulted in greater amounts of released
CF. These analyses indicate that 20% cholesterol DPPC liposomes with 20% BL (60:20:20
DPPC:cholesterol:BL liposomes) provide maximal electroporation-induced cargo release. Outside
of liposomal composition, other minor parameters such as transmembrane gradients in ionic
species theoretically have the potential to affect release, however when we varied the internal NaCl
concentration (Fig. S2) and the pH of the external buffer (Fig. S3) we observed negligible impacts

on percent release for 200 nm liposomes.
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Fig. 4. The presence of BL in liposomes significantly increases electroporation-induced CF release. (A)
Percent release of CF from 200 nm 20% cholesterol DPPC liposomes containing increasing levels of BL
(with an internal concentration of 200 mM NaCl) following electroporation. (B) Fold change in CF release
from scaffold-conjugated liposomes with increasing levels of BL compared to those without BL. Liposomes
attached to scaffolds were 200 nm DPPC liposomes with 20% cholesterol. They contained 150 mM NaCl
and were dispersed in 1 M Tris HCI pH 7.4 with 200 mM NacCl. Fold change in release from scaffolds was
determined by normalizing the released fluorescence to that of scaffolds with 80% DPPC/20%
cholesterol/0% BL liposomes. Released fluorescence was determined by subtracting the fluorescence of an
untreated scaffold control from the fluorescence of the electroporation-treated scaffold with the same
liposomal formulation. (A-B) Freely suspended and scaffold-conjugated liposomes were electroporated at
2000 V-cm™ for 99 pulses at 100 ps pulse duration at 1 Hz. Bars are mean + SD. Results were analyzed
with a one-way ANOVA and Tukey’s method for multiple comparisons. * p < 0.05, ** p < 0.01 *** p <
0.001.

3.3 Optimizing membrane composition for liposomal stability at physiological temperatures

As an on-demand drug delivery system, it is important not only to maximize liposomal
drug release upon application of the electrical pulses but also to minimize premature release or
leakage of the drug before electroporation is administered. Because the 60:20:20 liposome
formulation was shown in our studies to exhibit the highest electroporation-induced drug release,
we next assessed its ability to maintain stable barrier properties under exposure to physiological
temperature (37 °C). 60:20:20 liposomes were loaded with CF, and their electroporation-induced
release was measured after up to 4 days of incubation in isothermal conditions. As seen in Fig. 5A,

although these liposomes retained stability at 4 °C (typical storage conditions) their barrier
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properties diminished extensively when incubated at 37 °C, with evidence of almost complete
leakage by 2 days.

Because of cholesterol’s influence on membrane permeability (Briuglia et al., 2015), we
varied the cholesterol content between 10% and 30% to examine its effect on preserving the
thermal stability of the liposomes. Changing the cholesterol content in this manner did not
significantly change the initial (day 0) percent release of CF compared to the original 60:20:20
formulation. Values were maintained between 55 and 58 percent for all conditions (Fig. S4). As
seen in Fig. 5B, in the case of the 80:10:10 liposomes, a lower cholesterol content was able to
recover membrane stability, and the liposomes still maintained 40 + 33 % of releasable CF cargo
at day 4. In contrast, formulations with higher levels of cholesterol had lost all CF cargo even by
day 2. Next, we investigated if the BL content could be increased while still maintaining the
stability seen in a liposomal composition with 10% cholesterol, as this might improve liposomal
binding to the scaffold. However, increasing the BL content to 20% (with a 70:10:20 liposome
formulation) eliminated the thermal stability seen in the 80:10:10 liposomes (Fig. S5). Finally, we
sought to validate the improved stability of 80:10:10 liposomes compared to 60:20:20 liposomes
when in the scaffold-bound solid phase. Once again, 80:10:10 scaffold-bound liposomes displayed

increased stability over 60:20:20 scaffold-bound liposomes (Fig. 5C).
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Fig. 5. Thermal stability of liposomes and scaffold-bound liposomes at physiological temperature. (A) The
percent release of 60% DPPC/20% cholesterol/20% BL liposomes was measured in response to
electroporation treatment after 2 and 4 days of pre-incubation at 4 °C or 37 °C. Results were normalized
to treated liposomes with 0 days of incubation to obtain Normalized Releasable Cargo. (B) Normalized
Releasable Cargo for liposomes with varying levels of cholesterol were measured for 2 and 4 days of pre-
incubation at 37 °C. Formulations are described as DPPC:cholesterol:BL. (A-B) Normalized Releasable
Cargo is mean + SEM, n = 3 (C) Normalized Releasable Cargo of scaffold-bound liposomes bearing 200
nm liposomes of either 60% DPPC/20% cholesterol/20% BL or 80% DPPC/10% cholesterol/10% BL after
2 or 4 days of pre-incubation at 37 °C. Normalized Releasable Cargo is mean £ SEM, n = 5. (A-C)
Liposomes, either free or conjugated to a scaffold, contained an internal buffer of 1 M Tris HCI, pH 8, 200
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mM NaCl, and were dispersed in an external buffer of 1M Tris HCI, pH 7.4, 150 mM NacCl. All were treated
with 99 pulses at 100 ps pulse duration at 1 Hz with an electric field strength of 2000 V-cm™. Data was
analyzed with a two-way ANOVA, and multiple comparisons were performed using Tukey’s method; * p
<0.05, ** p<0.01, *** p < 0.001.

Despite the improved stability of the 80:10:10 scaffold-bound liposomes, there was still
significant leakage of CF, as over 75% of releasable CF was lost after 4 days of incubation at 37
°C. Although further decreasing the cholesterol content would likely improve membrane stability,
some level of cholesterol is still necessary to allow for an appreciable release upon electroporation
(Fig. 3G). However, as the final design goal is the release of a macromolecular cell-signaling cue,

which should exhibit a higher retention level given its large size relative to CF, we moved forward

with the 80:10:10 formulation for studying electroporation-induced cytokine release.

3.4 Electroporation-induced release of a macromolecule from scaffold-bound liposomes

Finally, we inquired if scaffold-bound liposomes could be utilized for electroporation-
mediated inducible release of the macromolecule cytokine TNF-a. Acknowledging the larger
structure of a protein adjuvant versus the small indicator molecule CF, we allowed for the
possibility of a decrease in release due to steric effects and explored the parameter space of several
key factors to further increase its induced release from the liposomes. A Box-Behnken statistical
design of experiment was performed on TNF-o loaded 80:10:10 liposomes to investigate the
effects of the number of electrical pulses applied to the liposomes, the concentration of TNF-a
used to load the liposomes, and the initial transmembrane ionic strength difference. By fitting the
results to a second order response surface model, we observed that the latter two factors
significantly affected the amount of electroporation-induced release (Fig. S6). Accordingly, we
assembled TNF-a loaded liposomes with a high loading concentration of TNF-a (800 pg/mL) and

a high internal ionic strength (200 and 300 mM NacCl; as compared to 150 mM external NaCl),
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and we tethered them to scaffolds. The amount of TNF-a released via electroporation was
measured after varying lengths of pre-incubation at 37 °C. As seen in Fig. 6, scaffold-bound
80:10:10 liposomes successfully released encapsulated TNF-o when subjected to electroporation.
Although there was no statistically significant difference in release observed between pairwise
comparisons of 0, 2, or 4 days of 37 °C pre-incubation, the factor of incubation time, as a whole,
had a statistically significant effect on the amount of TNF-a released (p < 0.05); longer incubation
times caused a decrease in the releasable cargo. After 4 days of pre-incubation at 37 °C, the
scaffold-bound liposomes only released 20-50% of the amount of TNF-a that they released with
no pre-incubation at 37 °C. This indicates that cargo leakage is likely still occurring, but not to the

same degree as was seen for CF-encapsulating scaffold-bound liposomes.
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Fig. 6. Electroporation-induced release of TNF-a from scaffold-bound liposomes. Scaffold-bound
liposomes were fabricated using 200 nm 80% DPPC/10% cholesterol/10% BL liposomes. The liposomes
encapsulated TNFa dissolved in 1 M Tris HCI pH 8 with either 300 mM or 200 mM NaCl. The scaffold-
bound liposomes were pre-incubated for 0, 2, or 4 days at 37 °C before being electroporated with 99 pulses
with a 100 ps pulse duration at 1 Hz and 2000 V-cm™. The concentration of released TNF-a was measured
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(A) and used to calculate the Normalized Releasable Cargo (B). Graphs depict mean £ SEM. Data were
analyzed with a two-way ANOVA, which revealed that the factor of time had a statistically significant
effect (p < 0.05). However, Tukey’s method for multiple comparisons revealed no significant difference
between any pairwise combination of treatment groups (p > 0.05).

4. Discussion

In designing an electroporation-triggered drug release system, it is desirable to engender
maximal if not complete release of liposomal contents upon application of the pulsating electric
field. This can be accomplished by optimizing the factors relating to the mechanism of pore
formation and persistence. The central parameter controlling the onset of pore formation is the
induced transmembrane voltage, A¥n. According to the Schwan equation (3), AW is dependent

on
3 -t
A‘PmZEE'R'COSH[l—eTm] 3)

the magnitude of the electric field, £; the radius of the liposome, R; the position along the
membrane with respect to the direction of the field, 0; time, #; and a membrane charging time
constant, Tm, which is a function of membrane properties and the conductivity of the surrounding
media (Kotnik et al., 2012). When AWn modestly surpasses the dielectric strength of the
phospholipid bilayer, pore formation is induced in a manner known as reversible electroporation
or reversible electrical breakdown wherein the pores will eventually reseal after the electric field
is removed. However, if A% is much higher than the membrane dielectric constant, irreversible
electroporation (IRE) will take place in which pores are either irreversibly enlarged or entire
liposomal fragmentation occurs (Tsong, 1991). In this study we used a range of electric fields that
cover both the reversible and irreversible electroporation regimes. The electric fields chosen are
commonly used for in vivo electroporation studies and should not cause adverse cardiovascular or

neurological events in animals (Jiang et al., 2015). It should be noted that for the higher electric
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field strengths tested, such as 2000 V-cm!, cell membrane dissociation and death will occur in the
treatment region, but this is a desirable outcome for many applications such as tissue ablation.
We first investigated the effects of liposomal size and electric field strength on the percent
release of CF from electroporated liposomes, and although they followed the relationship implied
by (3), they alone were insufficient to increase the percent release of DPPC or POPC liposomes
above 30%. Besides these two parameters, electroporation-induced drug release can also be
modulated by adjusting the physical properties of the lipid membrane through control of the lipid
composition. The main physical aspect of the membrane likely to be implicated in the response to
electroporation is its fluidity. This is chiefly governed by the thermodynamic state of the bilayer:
the ordered gel phase below the transition temperature, Tm, or the liquid crystalline phase above
Tm. Originally, we hypothesized that liposomes in the more fluid liquid crystalline phase would be
more vulnerable to electric field-induced membrane deformation compared to liposomes in the
more rigid gel phase, thus leading to increased drug release (Knorr et al., 2010; Perrier et al., 2018).
However, when we tested the electroporation-induced release of CF between POPC and DPPC
liposomes, the gel phase DPPC liposomes exhibited a higher release than the liquid crystalline
phase POPC liposomes. In fact, as argued by Weaver, there is much evidence that the biochemical
composition of the membrane has a very minor impact on the AWm, with the onset of
electroporation dominated by the strength of the electric field (Weaver, 1993). Instead, membrane
composition and its resulting impact on fluidity likely play a larger role affer removal of the electric
field, where membrane fluidity/rigidity impacts the speed of pore resealing. Numerous studies
have shown that the time frame for pore resealing can be on the order of seconds to minutes (Glaser
etal., 1988; Hibino et al., 1993; Rols and Teissié, 1990; Sukharev et al., 1992). This is much longer

than the length of the electroporation pulse (here 100 ps), meaning that diffusional release of drug
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in the timeframe between electric field removal and pore resealing largely exceeds the amount of
drug released due to the diffusional and electrophoretic driving forces during the pulse itself. As
demonstrated by Knorr et al. (Knorr et al., 2010) and Rols et al. (Rols et al., 1990), membranes
with higher lipid mobility and fluidity, as in fluid-state POPC liposomes, are quicker to reseal their
pores after each pulse. This would suggest less overall drug release, which is what we observed.
By selecting a DPPC parent liposome and then varying the levels of the other two
components — cholesterol and BL — we were able to further increase the percent of CF released
during electroporation treatment. Cholesterol displayed a biphasic effect on electroporation-
induced release, with a local maximum occurring around 20% cholesterol. In gel state membranes,
like DPPC liposomes at room temperature, cholesterol’s rigid and bulky structure disrupts the
close packing of the saturated phospholipid alkyl chains, thus promoting increased fluidity
(Coderch et al., 2000; Ohvo-Rekild et al., 2002). The increase in alkyl chain mobility presumably
leads to a faster resealing of membrane pores and a concomitant decrease in the percent release of
CF. Shorter pore lifetimes can also be rationalized from the knowledge that for many lipid bilayers,
cholesterol increases the line tension of the pores, a driving force for pore resealing (Karatekin et
al., 2003; Portet and Dimova, 2010; Zhelev and Needham, 1993). This hypothesis of decreased
pore lifetime appears to be substantiated by the data for DPPC liposomes with increasing
cholesterol content beyond 20%. However, small amounts of cholesterol (10 - 20%) increase the
percent release relative to 0% or > 30% cholesterol DPPC liposomes. One possible explanation is
the tendency for cholesterol to preferentially localize in gaps or defects in the packing of the lipid
membrane (Bhattacharya and Haldar, 2000). This would effectively decrease membrane fluidity
for small amounts of cholesterol, whereas larger amounts would begin disrupting the bulk

phospholipid packing and increase fluidity. Additionally, Sutkowski et al. showed that 20%
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cholesterol in DPPC liposomes promotes a favorable conformation of phospholipids by limiting
the interaction of neighboring phospholipid head groups (Sutkowski et al., 2005).

Increasing the composition of BL had the surprising effect of substantially increasing the
electroporation-induced release of CF from liposomes. Interestingly this effect is almost binary,
with a large jump in percent release between 0% and 0.1% BL but little further change upon
increasing the amount of BL up to 20%. Although little research has been done on the effects of
BLs on the fluidity of membranes, Swamy et. al. determined the phase transition temperature for
the BL used in this study (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl)) to be
40.7 °C, which is very similar to that of DPPC (41°C) (Swamy et al., 1994). This implies that the
observed effect of BL on the percent release of CF is not mediated by changing the apparent phase
transition temperature of the liposome. Rather, Swamy et al. also showed that due to the
hydrophobic nature of biotin, saturated phospholipids bearing it as a headgroup tend to pack
themselves in the lipid membrane in a way that interdigitates their acyl chains with those of
surrounding phospholipids (Swamy et al., 1993). Chain interdigitation could lead to a decrease in
phospholipid mobility, resulting in longer times for pore resealing following electroporation. This
would explain the increased release of CF from liposomes containing BL. As an additional benefit,
not only does increasing the percentage of BL increase the amount of cargo released during
electroporation, but it also increases the probability of liposomes tethering to the streptavidin
functionalized scaffold.

In addition to maximizing the release of drug during electroporation, we also wanted to
minimize passive, non-induced release at physiological temperatures. Although a 60:20:20
liposome formulation was shown to provide the highest electroporation-induced drug release, it

was suboptimal for physiological stability at 37 °C due to higher levels of both cholesterol and BL.
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Regarding cholesterol, several studies have indicated that it reduces membrane permeability in
both the ordered gel and liquid crystalline states (Bhattacharya and Haldar, 2000; Hofmann et al.,
2020; Kirby et al., 1980). However, in our particular system liposomes are being incubated at
physiological temperature, which is just under the transition temperature for a pure DPPC
liposome (41 °C). As mentioned earlier, cholesterol is known to fluidize gel state membranes,
which results in a broadening of the transition temperature below 41 °C, much closer to 37 °C (Eze,
1991). Thus, these liposomes are likely existing in an intermediate state between the gel and liquid
crystalline states. Several studies have shown that liposome permeability is maximized in such a
case, arguing that defects occurring on the gel and liquid crystalline phase boundaries allow for
the facilitated escape of encapsulated molecules (Blok et al., 1975; Grit and Crommelin, 1993;
Shimanouchi et al., 2009). Regarding BL, Rongen et al. linked the increase of its percent
composition in DPPC liposomes to a concomitant increase in membrane permeability, although
the mechanism is not well understood (Rongen et al., 1994). By reducing the levels of cholesterol
and BL to 10% each, we were able to recover some liposomal stability while still maintaining the
same level of electroporation-induced percent release (58 + 7% for 80:10:10 compared to 57 = 1%
for 60:20:20).

After optimizing liposome formulation for both maximal release and increased
physiological stability, we demonstrated the successful electroporation-induced release of a
therapeutic protein (TNF-a) from a biomaterial scaffold. To our knowledge, this is the first
example in literature of electroporation-mediated liposomal drug release from a solid phase. Such
a technology stands to further expand the repertoire of multifunctional scaffold technologies for
tissue engineering and assist in the development of electroporation-based therapies. For example,

gene electrotransfer, the process of transfecting cells with plasmid DNA by increasing their bilayer
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permeability via electroporation, has shown promise in the gene therapy field for mediating wound
healing (Steinstraesser et al., 2014), DNA vaccination (Dayball et al., 2003; Escoffre et al., 2009),
and erythropoietin therapy (Kreiss et al., 1999). However, it is known to be hampered by the poor
mobility of injected DNA in tissues (Escoffre et al., 2009; Haberl and Pavlin, 2010) as successful
transfection will only occur where the plasmid is available within the region of electroporated
tissue (Chabot et al., 2019). Using an implantable scaffold with tethered DNA-encapsulating
liposomes would ensure that the plasmid cargo is distributed evenly throughout the entire region
of interest during electroporation. For this application, where cell death is undesirable, a lower
electric field should be used, which might require further optimizing other electroporation
parameters, such as the number or timing of the pulses, to achieve sufficient liposomal release.
For other applications, such as cancer treatment, localized cell death is in fact the goal,
meaning higher electric fields (1500 or 2000 V-cm™!) are appropriate. For example, electrically-
triggered release from scaffold-bound liposomes could be used in conjunction with
electrochemotherapy, an electroporation-mediated cancer treatment that decreases the necessary
dose of hydrophilic drugs like bleomycin and cisplatin by increasing their access to target cell
cytosol through cell membrane permeabilization (Jaroszeski et al., 2000; Orlowski et al., 1988;
Yarmush et al., 2014). Finally, it can also complement a nascent cancer treatment known as
electroimmunotherapy (Geboers et al., 2020; Zhao et al., 2019), which couples the immunogenic
cell death of IRE-induced tumor ablation with concurrent administration of immunostimulatory
biologic drugs to induce a systemic anti-tumor immune response. Here, IRE can be used to
simultaneously ablate the cancerous tissue and release a payload of immunostimulatory agents

from proximally implanted scaffold-bound liposomes.
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It is important to note that limitations with this system remain. Firstly, despite increasing
the physiological stability of the liposomes by lowering the levels of cholesterol and BL,
considerable passive leakage still occurs. To address this issue, future iterations of the liposomes
could use 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) (Anderson and Omri, 2004) instead
of DPPC as the predominant lipid, which has a phase transition temperature (55 °C) that is much
higher than physiological temperatures compared to DPPC. Secondly, it will be necessary to show
that scaffold-bound liposomes remain stable when exposed to serum-containing, biological media.
It is possible that the higher protein concentration could destabilize the liposomes leading to
premature release, which might require adjustment of the liposomal formulation (Magin and
Niesman, 1984). If these limitations are addressed, liposome-coated tissue scaffolds have the

potential to improve the efficacy of electroporation-based therapies.

5. Conclusion

Electroporation is a facile way to generate inducible drug release from liposomal carriers.
This, in turn, greatly extends the utility of liposomal drug delivery, especially for time-sensitive
treatments or when the cargo needs to interact with cell surface receptors for therapeutic efficacy.
Here we raised the efficiency of electroporation-induced liposomal drug release. By increasing the
strength of the electroporation parameters and optimizing liposomal composition, we achieved a
significant increase in the percent drug release from electroporated liposomes over previously
reported attempts. Additionally, we demonstrated the development of a liposome-coated PCL
scaffold with the ability to release a payload of protein biologics from a localized, solid phase.
Such a device could find use in the controlled tailoring of cellular microenvironments. We also

showed that further optimization of the liposomal composition has the potential to increase the

31



thermal stability of the liposomes, thus positioning this technology as a unique and promising tool

for on-demand release of bioactive molecules from tissue engineering scaffolds.
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