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ABSTRACT: Biodegradable polyelectrolyte surfaces for gene
delivery were created through electrospinning of biodegradable
polycations combined with iterative solution-based multilayer
coating. Poly(f-amino ester) (PBAE) poly(1,4-butanediol
diacrylate-co-4-amino-1-butanol) end-capped with 1-(3-ami-
nopropyl)-4-methylpiperazine was utilized because of its ability
to electrostatically interact with anionic molecules like DNA,
its biodegradability, and its low cytotoxicity. A new DNA
release system was developed for sustained release of DNA
over 24 h, accompanied by high exogenous gene expression in
primary human glioblastoma (GB) cells. Electrospinning a
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different PBAE, poly(1,4-butanediol diacrylate-co-4,4'-trimethylenedipiperidine), and its combination with polyelectrolyte 1-(3-
aminopropyl)-4-methylpiperazine end-capped poly(1,4-butanediol diacrylate-co-4-amino-1-butanol)-based multilayers are
promising for DNA release and intracellular delivery from a surface.
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B INTRODUCTION

Cationic poly(f-amino ester)s (PBAEs) have been shown to
have superior transfection efficiency and less toxicity compared
to leading commercial reagents such as Lipofectamine 2000 in a
variety of cell systems.'~* These polymers can electrostatically
condense DNA into nanoparticles between 80 and 180 nm in
diameter and neutral to positive surface charge. These
properties are conducive to intracellular delivery.” PBAEs can
also be synthesized under highly controlled conditions, allowing
the polymer properties to be tailored according to the needs of
a particular application.® Even though these nanoparticles are
hydrolytically degradable, we have been able to store polymer/
DNA nanoparticles in a dry, ready-to-use form for several
months, increasing their ability to be used in a clinical setting.®
Unlike some conventional chemotherapeutics used for the
treatment of cancer, a DNA therapeutic requires an intracellular
delivery system to be successful. An implantable device for gene
delivery that could enable both controlled release and
intracellular delivery of DNA would open new, complementary
avenues for treatment of diseases like brain cancer, the disease
model used in this study.

In this manuscript, we use a layer-by-layer (LBL) assembly
technique to construct multilayer films. Thin films can allow
nanometer-scale composition and a high degree of spatial
control.”® Such films have a wide range of applications with the
ability to load different cargos, including proteins, peptides,
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nucleic acids, and a broad range of hydrophobic drugs.”~"* As
another method of preparing polymer-based films, electro-
spinning has gained widespread application in tissue engineer-
ing and drug delivery."> Electrospun fibers are structures that
can mimic the natural extracellular matrix, and, due in part to
their high surface area, they can be a useful tool for fabricating
surfaces that interact with cells and can function as drug
delivery carriers."* While the 1-(3-aminopropyl)-4-methylpiper-
azine end-capped poly(1,4-butanediol diacrylate-co- 4-amino-1-
butanol) PBAE (called 447 below) is effective in nucleic acid
delivery in several different systems,>*'>™'7 it has not been
used previously in DNA delivery from a substrate, such as the
LBL system presented here. Similarly, although PBAEs like
poly(1,4-butanediol diacrylate-co-4,4'-trimethylenedipiperi-
dine) (called 4P below) have been used for LBL film
construction,'® previous work with such materials has
necessitated the addition of a separate commercial reagent to
released DNA in order to facilitate transfection. In this work,
we combined traditional LBL approaches with electrospinning,
combining the physical advantages of 4P, which can form solid
structures at room temperature, and the transfection ability of
447, able to delivery DNA into cells with better safety and
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efficacy than leading commercial reagents,"”*° to prepare thin

films as DNA delivery systems that can enable both controlled
release and intracellular delivery. We examined the release
kinetics of these films, their DNA loading efficiency, and their
in vitro efficacy at transfecting human glioblastoma cells. We
evaluated PBAE/DNA films prepared through an LBL iterative
coating method, an electrospinning method, and a combination
of the two (Figure 1).
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Figure 1. Thin layer fabrication: (A) scheme of LBL iterative dipping
process, (B) electrospinning process.

2. MATERIALS

1,4-butanediol diacrylate (B4), 4-amino-1-butanol (S4), and 1-(3-
aminopropyl)-4-methylpiperazine (E7) were purchased from Alfa
Aesar (Ward Hill, MA). 4,4’-Trimethylenedipiperidine (SP) and
poly(e-caprolactone), 70—90 kDa (PCL) were purchased from Sigma
Aldrich (St Louis, MO). pEGFP-N1 DNA was amplified by Aldevron
(Fargo, ND). All cell culture media components and other reagents
were used as received.

2.1. Polymer Synthesis. PBAEs were synthesized by modifying
previously described procedures,” summarized in Figure 2. The
naming convention for 1-(3-aminopropyl)-4-methylpiperazine end-
capped poly(1,4-butanediol diacrylate-co-4-amino-1-butanol) as “B4-
S4-E7” or “447” comes from our recent work on a library of PBAEs
used to fabricate nanoparticles® and refers to the four carbons
between acrylate groups in “B4” and the four carbons between the
amine and alcohol groups in "S4.” The name “B4-SP” or “4P” for
poly(1,4-butanediol diacrylate-co-4,4’-trimethylenedipiperidine) ex-
tends this naming convention (side chain “P” for piperidine) and
indicates directly the structural similarity between these two polymers,

with B4—S4 being more hydrophilic and B4-SP more hydrophobic.
For B4-S4-E7 (447), the diacrylate backbone monomer (B4) was
mixed with the amine-containing side chain (S4) at 1.05:1 molar ratio
and stirred overnight at 90 °C to form the B4—S4 base polymer. Five
grams of the base polymer were dissolved in anhydrous tetrahydrofur-
an (THF) at 167 mg/mL. Ten milliliters of a 1 M solution of the end-
cap (E7) in THF was added, and the mixture was shaken at 5000 rpm
for 1 h at room temperature. These end-capped polymers were
purified by precipitation into anhydrous diethyl ether. Excess
precipitant was decanted, and the polymers were washed with ether
again and the ether decanted. Traces of solvent were removed by
vacuum for 48 h. End-capped polymers were stored at —20 °C either
neat (for electrospinning) or as 100-mg/mL solutions in anhydrous
DMSO (for dipping and conventional nanoparticle formation). For
B4-SP (4P) synthesis, SP was dissolved in THF at S00 mg/mL and
added to neat B4 at a 1.05:1 molar ratio (B4:SP). The mixture was
stirred 2 days at SO °C. Synthesized polymer was stored as a solution
in THF at —20 °C.

2.2. Chemical Analysis of Polymers. For gel permeation
chromatography (GPC) of 447, polymer in DMSO was diluted in
BHT-stabilized THF with piperidine (final composition of complete
GPC solvent: 94% THF, 5% DMSO, 1% piperidine) at a final 5.5 mg/
mL concentration of 447. The polymer solution was filtered with a 0.2
pum PTFE syringe filter to remove any particulates before flowing
through a Waters (Milford, MA) GPC system and analyzed with
Breeze 2 software. For nuclear magnetic resonance (NMR) analysis,
447 in DMSO was frozen and lyophilized overnight to remove most of
the DMSO solvent, then redissolved in CDCl; with 0.03%
tetramethylsilane (TMS) internal standard. The spectrum was
acquired with a Bruker 400 with TopSpin 2.0 software. Analysis was
done using NMR Processor v.12 (ACD Laboratories, Toronto,
Canada).

For analysis of 4P, polymer in THF was precipitated as described
above, using hexane as the precipitant in place of diethyl ether. After
being dried, neat polymer was dissolved in complete GPC solvent for
molecular weight analysis or in CDCIl; for NMR analysis. Polymer
analysis results are presented in the Supporting Information, Figure S1.

2.3. Layer-by-Layer (LBL) Film Assembly. The LBL films were
fabricated by depositing materials with complementary charge onto a
glass substrate (diameter 1S mm). Briefly, the glass substrates were
sterilized by incubation in 70% ethanol and exposure to UV light for
30 min. The glasses were then placed into 24-well plates and coated
with a 1 M NaOH solution for § min. The base was removed and the
glass substrates neutralized by incubating in 1 M HCI for 1 min. The
glass substrates were rinsed twice with sterile UltraPure distilled water,
dried completely, and stored under vacuum until use. For the bottom
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layer, substrates were coated for 5 min using either 20 or 5 mg/mL
polymer 447 in sterile DMSO solution, or 20 or S mg/mL poly(p-
lysine) (PDL) in 100-mM sodium acetate buffer (pH S). Substrates
were then washed twice in water for 1 min each. Next, the substrates
were coated with 0.75 mg/mL DNA in 100 mM sodium acetate buffer
for S min and again washed twice with water, then treated with S mg/
mL 447 in 100 mM sodium acetate for 5 min and washed twice with
water. Each bilayer contained one layer of DNA and one layer of 447.
Films with 3, 4, 6, 9, and 12 bilayers were constructed in this study to
determine the optimal layering protocol.

2.4. Quantitative Assessment of Film Fabrication. Plastic 96-
well plates with UV-transparent bottoms were used to measure DNA
adsorption in the films. LBL films were fabricated in the 96-well plates
as above. After each layer, the DNA content was measured by
absorbance at 260 nm using a Synergy 2 Multiplate Reader with Gen$
software (Biotek).

2.5. Electrospinning of Nanofibrous Scaffolds. The basic
experimental setup used for electrospinning is schematically shown in
Figure 1B. Polymer 447 was dissolved in a 9:1 (v/v) mixture of DCM/
DMF to obtain a final concentration of 70% (w/v). 37.5% (w/v) 4P in
THF was then added to equal weight of 11% (w/v) PCL in DCM/
DMF. All resultant mixtures were vortexed to form a clear and
homogeneous organic phase, then loaded into a 1 mL syringe fitted
with 27G blunt needle that was clamped directly to the positive
electrode of the high voltage power supply. The flow rate of the
solution was governed by controllable syringe pump. 447 solution was
electrospun at 7 kV with solution flow rate of 0.35 mL/h. The
spinneret was fixed 8 cm away from the aluminum rotating collection
plate. Glass substrates were fixed to the aluminum plate rotating at 260
rpm and were coated with nanofibers for 3 or 5 min, then transferred
to 24-well plates for further layering or other studies. The SP/PCL
blend was electrospun at 7 kV over 8 cm and for 10 min on a rotating
mandrel. During SP/PCL electrospinning, the needle moved toward
the rotating plate at a rate of 0.1 mm/s, the plate rotated at 260 rpm,
and the solution feeding rate was 0.25 mL/h.

2.6. DNA Release from Films. For release studies, the films on
glass substrates were placed in 24-well plates and immersed in 300 xL
of 1X PBS. At predetermined time points, the solution was removed
and replaced with fresh PBS. Samples of DNA and PBAE in PBS were
kept frozen at —20 °C until use. The concentration of released DNA
was measured by NanoDrop 2000 and associated software (v.1.4.1)
(Thermo Fisher, Waltham, MA).

2.7. Cell Culture and DNA Transfection. Primary glioblastoma
(GB) cell line GB 319 was derived from intraoperative samples from a
patient as previously described’ and was cultured as adherent cells in
complete medium (1:1 DMEM/F-12, 10% fetal bovine serum, 1%
antibiotic-antimycotic). To verify that DNA released from films
remained active, we seeded GB cells onto complete LBL films using
two different methods to measure direct transfection from the film
surface. In the first method, the films were coated with an additional
layer of 447 at 20 mg/mL in DMSO, which was removed from the
films by aspiration after S min incubation. The cover glasses were then
placed into 24-well plates and GB cells seeded on the films at 1.5 X 10°
cells/mL (7.5 X 10* cells/LBL film). Wells were imaged by
fluorescence microscopy 48 h later. In the second method, no
additional polymer was added after the standard layering protocol.
Instead, GB cells were seeded on the film as above and allowed to
adhere overnight. The next day, 447 was dissolved in 25 mM sodium
acetate buffer at 2 mg/mL, and 100 xL (200 pg polymer) was added
to the culture medium (0.33 mg/mL final polymer concentration in
each well). After 2 h incubation at 37 °C, the media were aspirated and
replaced with fresh culture medium. Wells were imaged 48 h after
addition of polymer.

GB cells were also transfected separately using DNA prereleased
from the LBL films. Cells were seeded at 1.5 X 10* cells/well in 96-
well plates. The DNA samples collected in PBS from release studies
were isolated by precipitating in 70% ethanol with 90 mM sodium
acetate (pH S buffer). Samples were kept at —20 °C for 30 min for
complete DNA precipitation, then centrifuged at 12 000 g for 15 min
at 4 °C. The supernatants were aspirated, the pellet washed with 70%
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ethanol, and the samples centrifuged again as above. The supernatants
were aspirated, and the pellet was air-dried for 5 min and resuspended
in 50 uL of 25 mM sodium acetate buffer. The concentration of all
DNA samples was quantified using NanoDrop. Polymer 447 was
diluted in 25 mM sodium acetate buffer at 60 polymer-to-DNA weight
ratio (w/w) according to the DNA concentration in each sample.
Forty-five microliters of polymer solution was mixed with 45 uL of
DNA solution, and particles were allowed to form over 10 min.
Twenty microliter particles were added to each well (final volume 120
uL in each well) with n = 4 for all treatment groups. Cells were
incubated with particles for 2 h at 37 °C before the media were
changed. Gene expression was quantified 48 h later by flow cytometry
as a percentage of GFP" cells (emission detected at 530/30 nm).
FlowJo 7 was used for analysis. As a control, fresh DNA (not
previously used for coating) was diluted to the same concentration as
each of the release study samples and also made into particles with 447
at 60 w/w. Efficacy of released DNA was evaluated by comparing its
transfection efficacy to that of fresh DNA.

Cytotoxicity of the polymer 447 alone or in complex with GFP
DNA was assessed by seeding GB 319 cells in 96-well plates and
transfecting them as described with 447/DNA nanoparticles at
dosages ranging from 20.3 ng/mL to 20.8 ug/mL final DNA
concentration per well after adding to media. Polymer:DNA ratio
was held constant at 60 w/w for final polymer concentration of 1.22
pug/mL to 125 mg/mL. Free 447 polymer in solution was added to
other cells in the absence of DNA to assess cytotoxicity of the polymer
when not in nanoparticle form. Twenty-four hours after transfection,
MTS assay (CellTiter 96 AQueous One Solution Proliferation Assay,
Promega, Madison, WI) was used to assess viability. For other
transfections, viability was similarly measured by MTS assay 24 h after
polymer or polymer/DNA nanoparticles were added to the cells or
after cells were seeded onto DNA/polymer LBL films.

2.7. Gel Electrophoresis. Precipitated DNA from each sample
was also analyzed by gel electrophoresis. Samples in sodium acetate
buffer (25 mM, pH 5) were further diluted in sodium acetate to 10
ng/uL concentration based on NanoDrop measurements. Ten
microliters (100 ng) was loaded into each well of a 1% agarose gel
with 1 pg/mL ethidium bromide with 5:1 ratio of sample to loading
buffer (30% glycerol). Samples were run for 1 h at 100 V before
visualization under UV light.

Gel retardation assay was also done to test the ability of 447 to form
complexes both with fresh DNA and with plasmid layered and then
released. DNA collected at the 6 h time point from 4-bilayer films with
50 mg/mL 447 as the bottom layer was used after precipitation for the
“released DNA” sample. Fresh and released DNA were diluted
separately to 10 ng/uL in 25 mM sodium acetate. 447 was diluted in
25 mM sodium acetate to a range of concentrations (0—200 w/w or
447:DNA mass ratio) and then added to diluted DNA at a 1:1 v/v
ratio. Samples were mixed by pipetting and allowed to self-assemble
over 10 min. Loading buffer was added, and each sample was loaded
into each well of the gel (with 1 yg/mL ethidium bromide). Samples
were run for 1 h at 100 V before visualization under UV light.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Release Properties of LBL Films.
An increase in the amount of DNA incorporated into the film
with each bilayer was measured by absorbance at 260 nm using
a Synergy 2 Multiplate Reader. The DNA mass contained in
the LBL films after each of four bilayers is constructed is shown
in Figure 3A. The bottom layer of the films was made with
either PDL or 447, both cationic polymers; PDL is commonly
used to promote effective attachment to growth surfaces, while
447 has been used for DNA complexation and delivery. Films
with 447 as the bottom layer had higher DNA loading
compared to films made with PDL (Figure 3A). The linear
increase in DNA mass with the number of bilayers
demonstrates that sequential layering with polyelectrolytes of
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Figure 3. (A) DNA loaded mass versus number of 447/DNA bilayers
with 447 or PDL as the first layer. (B) Comparison of DNA release
over time from films with the same structure but a different number of
layers.

alternating charge is a viable method of loading nucleic acid
onto a surface.

The amount of released DNA in the incubation solution was
measured by absorbance at 260 nm using a NanoDrop 2000.
Figure 3B shows the release of DNA from LBL films, again
showing higher DNA loading and release with an increasing
number of bilayers. These data also show DNA release over 20
h, correlating with the dissolution or degradation of the PBAE/
DNA film in PBS over this time period.

The observation in Figure 3A is confirmed and expanded in
Figure 4 to show the effect of the polymer concentration in the
bottom layer of the film. The in vitro DNA release profiles
show highest loading and release from films using 447 as the
bottom layer; increasing the 447 concentration also increases
the amount of DNA released.

3.2. Preservation of Function of Layered and
Released DNA. We performed a gel electrophoresis study to
compare plasmid integrity before being used in our multilayer
films as well as after its release into PBS. The gel
electrophoresis data are shown in Figure 4B, C. Fresh DNA
(ie, not used in layering) and released DNA both are fully
complexed by 447 at 10 w/w or above, important because
transfection experiments were typically done in this study at 60
w/w. As seen in Figure 4B, fresh DNA has a primarily
supercoiled structure. After deposition on and release from a
film, an additional band of nicked or linear plasmid appears
strongly.

Although this nicking seems to have occurred in all groups
and even at early time points, it does not seem to have a
significant negative impact on the function of the plasmid, as
assessed by transfection experiments. Cells seeded onto the
LBL films were successfully transfected with GFP (Figure S).
Although additional polymer was required for successful
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Figure 4. (A) Cumulatively released DNA mass vs incubation time for
three 4-bilayer films deposited on glass substrates with the bottom
layer being composed of PDL, 20 mg/mL 447, and 50 mg/mL 447.
Substrates were incubated in PBS buffer at 37 °C, and supernatant was
collected over time. (B) Agarose gel electrophoresis corresponding to
Figure 4A. Lanes are labeled with the time that supernatant samples
were collected. All DNA samples were diluted to 10 pg/mL before
loading into the gel. Lanes 1, 2, and 3 correspond to PDL, 20 mg/mL
447, and 50 mg/mL 447, respectively. The lanes labeled "G" used the
fresh GFP as a ladder marker. (C) Agarose gel electrophoresis of DNA
after mixing with 447 at the 447:DNA w/w ratios written above the
lanes, showing tight complexation of DNA by 447 even at low w/w
with both the fresh DNA and DNA released from 50 mg/mL 447 at 6
h.

transfection, adding polymer to the top layer of the films
before seeding cells or adding polymer to the medium after
seeding cells were both effective methods to enable high gene
delivery with low cytotoxicity (91 + 2.1% and 82 + 3.4%
viability, respectively). Interestingly, this shows that the DNA
released from the films and additional polymer in the well were
able to form complexes and transfect cells even when delivered
separately. Because the amount of 447 polymer released into
the culture system would vary with time in a LBL system, we
tested the cytotoxicity of 447 by treating GB 319 cells with
varying doses of 447, either free in solution or complexed with
eGFP DNA at a 60:1 polymer:DNA weight ratio (w/w). Both
showed expected dose—response curves in terms of viability,
and the viability of cells transfected directed from LBL films
was found to be between the two predicted values (Figure S).

For quantitative assessment of the DNA quality after
layering, transfections were also carried out with DNA plasmid
released from multilayer film supernatants at various time
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Figure S. Six bilayers of 447/DNA were seeded with cells for
transfection directly from the film surface. (A) Additional 447 polymer
was added to the medium after seeding cells. (B) Additional 447 was
added as the top layer of the film before seeding cells. For both, top
image, Brightfield+ GFP; bottom image, GFP only; scale bar, 500 pm.
(C) GB 319 cells treated with varying concentrations of 447 free
polymer or 447/DNA nanoparticles at varying doses (60 w/w used for
all). Cell viability of cells transfected directly on LBL films were
between the predicted values from free polymer and polymer/DNA
treatments.

points and isolated via ethanol precipitation. Fresh 447 polymer
at 60 w/w was used to ensure successful transfection of the
released DNA. Forty-eight hours after transfection, flow
cytometry analysis showed comparable or higher transfection
efficiency than the positive control (fresh DNA), as shown in
Figure 6. It should be noted that the DNA release and
expression in each of the images shown is not cumulative but
rather indicative of the amount of DNA released within the
particular window of time after the previous time point and up
to the time listed above the image. Thus, the amount of
incremental DNA that was released even 12—18 h after
beginning the release study was still enough to cause positive
transfection.

Using PBAE 447 as the degradable polycation enables DNA
loading into LBL films and DNA release that can enable high
transfection efficacy in human cells. Polymer 447 used here
interacts electrostatically with DNA to form not only LBL
structures but also complexes/nanoparticles with DNA isolated
from release study aliquots, in contrast to previously reported
PBAE LBL systems.'® This showed DNA release sustained over
18 h and high gene expression of nearly 90% transfection using
DNA that was released from LBL films, isolated from ethanol
precipitation, and complexed with fresh 447. Although
additional 447 polymer is needed to transfect cells seeded
directly onto the surface, simply adding 447 separately into the
medium or to the LBL film is sufficient for high transfection.
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Figure 6. Transfection efficiency and viability (relative metabolic
activity) in GB 319 cells assessed by (A) flow cytometry and MTS
assay and (B) fluorescence microscopy (GFP channel alone is shown).
Transfection was carried out with the plasmid released from multilayer
films and collected over each time period: 0—1 h, 1—6 h, 6—12 h, and
12—18 h and combined with polymer 447. Transfection was measured
48 h post-transfection. For all, the number in the upper right-hand
corner is the final concentration of DNA added to each well in that
condition. For all, scale bar is 500 ym.

The 447/DNA nanoparticles are hydrolytically degradable
through cleavage of the PBAE ester group, and 447 facilitates
DNA escape from the endosome to the cytoplasm via the
proton sponge mechanism.®*"**

Work previously conducted on LBL DNA delivery systems
using a non-447 PBAE (polymer 4P) as the polycationic layer
also showed DNA release over time but required the use of
Lipofectamine 2000, a commercially available reagent, to
achieve transfection in an easy-to-transfect cell type (COS-
7),'* as PBAE 4P does not itself efficiently facilitate high
transfection. The authors of this previous study suggested that
the nature of the LBL system might allow the direct
incorporation of next-generation materials that can effectively
complex with and deliver DNA intracellularly. The PBAE used
in the current study, 447, has been shown in other systems to
be very effective at nucleic acid delivery to hard-to-transfect
cells like the glioblastoma cells studied here,>' as well as
fibroblasts,* endothelial cells,'” hepatocytes and livery cancer
cells,® and stem cells.'® Direct addition of 447 during
transfection or during the layering process allows high
transfection of GB cells seeded onto these films.
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LBL design allows additional spatial control over a drug
delivery system compared to therapeutics delivered in solution
or in fluid suspension, which can diffuse or flow quickly away
from the site of interest, and has been investigated for delivery
of various therapeutics from the surface of implanted
devices.”> ™ For applications like brain cancer therapy, in
which direct local access to residual tumor is often available
following surgical resection, local delivery from an implantable
device could be particularly useful. For example, the Gliadel
wafer,”® which releases a conventional chemotherapeutic at the
tumor site, is in use in the clinic for treatment of glioma but,
even in combination with other available therapies, provides
only a modest improvement in prognosis; DNA-based
therapeutics delivered locally from LBL films may further
improve the current treatment regimens.

3.3. Electrospun Films: Fiber Morphology and DNA
Release. Although the LBL process with polymer 447 enabled
successful gene delivery, we were also interested in varying the
underlying substrate material. The extracellular matrix contrib-
utes to the mechanical properties of tissue.”” This matrix has a
largely porous structure, with a wide pore size distribution. To
mimic this natural substrate, we explored biochemical
composites for the incorporation of plasmid DNA into delivery
vehicles and tissue engineering scaffolds. Electrospinning is a
simple, straightforward, and cost-effective method to make
various types of scaffolds. Moreover, it can provide a highly
porous microstructure with interconnected pores and extremely
large surface-area-to-volume ratio, which is conductive to tissue
growth.”®

To evaluate if the cationic polymer used in this study, 447,
could be used in other ways to fabricate a polymer-based
surface for DNA delivery, we electrospun 447 into nanofibers
on glass substrates. Although fibers could be formed, 447
substrates were viscous liquids at room temperature and tended
to be easily deformed upon addition of aqueous media. Another
related PBAE, 4P, which is solid at room temperature and more
hydrophobic than 447, was therefore used as the primary PBAE
for electrospinning in order to create a more durable substrate.
PCL was also spun in some cases as an added component
under the hypothesis that the more hydrophobic and slowly
degrading PCL would slow the degradation of the PBAE
substrate upon addition of aqueous media. Electrospinning 4P
on its own, in alternating layers with PCL, or as a single layer of
a 4P/PCL blend gave us not only different fiber morphologies
but also variation in the ability of cells to attach to the surface.
The 4P/PCL blend was the most conducive to cell attachment
and viability, as shown in Figure 7. Higher cell viability was also
observed on electrospun 4P than on 447.

Although 4P, being of high molecular weight and hydro-
phobicity, was insoluble in aqueous solvents and therefore
could not on its own be used in nanoparticle formation or in
transfection, it served well as a base on which to build an LBL
film for DNA delivery using 447. Electrospun PBAE fibers
could then be combined with PBAE polyelectrolyte multilayers
to create surfaces that were especially effective for nonviral gene
delivery (Figure 8). During the transfection, the sample
containing DNA released between S and 10 h was so effective
that, even after diluting the DNA/particles by a factor of 4,
intracellular DNA delivery occurred in greater than 90% of the
primary human glioblastoma cells in the presence of serum.
This demonstrates both the high release dosage and also the
delayed release kinetics as opposed to only a large burst in the
first few hours.
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Figure 7. (A) Electrospun fiber morphology, and (B) average fiber
diameter and cell viability after being seeded onto fibers. For all, scale
bar: 100 ym.

4. CONCLUSIONS

This study demonstrated that the cationic poly(f-amino ester)
1-(3-aminopropyl)-4-methylpiperazine end-capped poly(1,4-
butanediol diacrylate-co- 4-amino-1-butanol) (447) is a
promising material for the construction of polyelectrolyte
multilayers for gene delivery. This study also demonstrated that
electrospun fibers composed of poly(1,4-butanediol diacrylate-
co-4,4’-trimethylenedipiperidine) (4P) and PCL can be
combined with 447-based multilayers to form PBAE-based
surfaces that can enable gene transfer. PBAEs are biodegradable
via hydrolytic cleavage of their ester groups. Polymers 447 and
4P used in this study showed they could be applied in different
ways to achieve their desirable effect as gene delivery coatings
and surfaces. Electrospinning and dipping into solutions are
effective methods of depositing PBAE polymer onto substrates,
which allows for DNA loading and release over 24 h.
Combining the two methods can enhance DNA release when
evaluated in vitro with a GB 319 human glioblastoma cell line.
Ultimately, the released DNA performed as well as fresh DNA
in transfection studies, and polymer 447 mediated highly
effective gene delivery to human brain cancer cells. Used for
layering as well as for a DNA transfection agent, 447 was able
to achieve 60—80% transfection efficacy with DNA released
from the LbL films with <20% loss in cell viability. Cells seeded
directly onto LbL films could be transfected with <20% loss in
viability when films were fabricated with an extra top layer of
447, and cells seeded onto films and incubated with additional
447 were transfected with <10% loss in viability. Electrospun
PBAEs and their combination with polyelectrolyte PBAE
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Figure 8. Green fluorescent protein expression of GB 319 cells. Cells
were transfected with released DNA from the films with the structure
of electrospun fiber (4P/PCL blend), followed by 4 bilayers of 447
and DNA. Transfection efficiency measured by (A) flow cytometry
and (B) fluorescent microscopy with the plasmid released from
electrospun fibers and collected over each time period. 1 h, 0—1h; Sh,
1-5 h; 10 h 4x dil, 5—10 h diluted 4-fold, etc. For all, numbers in the
upper left corner refer to the final concentration of DNA added to
each well in the transfection. For all, scale bar is 500 pm.

multilayers are promising for DNA release and delivery from a
surface.
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