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ABSTRACT: We report the design and characterization of pH-responsive polymer coatings that
enable catheter balloon-mediated transfer of DNA to arterial tissue in short, clinically relevant
inflation times. Our approach exploits the pH-dependent ionization of poly(acrylic acid) (PAA)
to promote disassembly and release of plasmid DNA from polyelectrolyte multilayers. We
characterized the contact-transfer of multilayers comprised of PAA, plasmid DNA, and linear
poly(ethyleneimine) (LPEI) identified as promising in prior studies on the delivery of DNA to
arterial tissue. In contrast to thinner films evaluated previously, we found thicker coatings
comprised of 32 repeating (LPEI/PAA/LPEI/DNA) tetralayers to swell substantially in
physiologically relevant media (in PBS; pH = 7.4). In some cases, these coatings also
disintegrated or delaminated rapidly from their underlying substrates, suggesting the potential for
enhanced balloon-mediated transfer. We developed a technically straightforward agarose gel-
based hole-insertion model to characterize factors (inflation time, lumen size, etc.) that influence
contact transfer of DNA when film-coated balloons are inflated into contact with soft surfaces.
Those studies and the results of in vivo experiments using small animal (rat) and large animal
(pig) models of peripheral arterial injury revealed catheters coated with these materials to
promote robust contact transfer of DNA to soft hydrogel surfaces and the luminal surfaces of
arterial tissue using inflation times as short as 30 seconds. These short inflation times are
relevant in the context of clinical vascular interventions in peripheral arteries. Additional studies
demonstrated that contact transfer of DNA using these short times can promote subsequent
dissemination and transport of DNA to the medial tissue layer, suggesting the potential for use in
therapeutically relevant applications of balloon-mediated gene transfer.
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Introduction

Thin polymer-based films fabricated by the layer-by-layer assembly of oppositely
charged polymers (known as ‘polyelectrolyte multilayers’, or PEMS) have attracted significant
interest in many fundamental and applied biomedical and biotechnological contexts owing, in

part, to their compositional complexity and the ease with which they can be applied to the
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surfaces of complex objects.” ~ The mild aqueous conditions that are often used for the assembly

of these materials can preserve the bioactivities of nucleic acids and proteins, rendering this

approach particularly attractive for the design of coatings comprised of bioactive agents.” '’

The iterative nature of layer-by-layer assembly can also provide opportunities to manipulate

structure and composition at the nanoscale or incorporate design elements that are useful for the
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subsequent controlled release or local delivery of macromolecular drugs. The work reported

here was motivated broadly by potential applications of PEMs as platforms for the local delivery
of DNA during vascular interventions and, in particular, by key challenges associated with the
design of coatings that can promote the rapid and uniform ‘contact transfer’ of DNA to vascular

tissue from the surfaces of interventional devices used during minimally-invasive surgeries.
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Our group and others™™ have previously reported on strategies to promote the

release of transcriptionally active DNA from surfaces coated with PEMs. These strategies have
generally focused on the design of multilayers that erode, disassemble, or deconstruct in aqueous

environments promoted, at least in part, by the chemical degradation of their polymeric building
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blocks. For example, cationic polymers that are hydrolytically, reductively,

> or enzymatically** degradable have been used to tune film disassembly and promote the

sustained, surface-mediated release of DNA over periods ranging from days to weeks or



months.*®**°*>7 In contrast, there are fewer reports describing approaches useful for the release
or delivery of DNA on shorter time scales (e.g., over periods of a few seconds or a few

. 50, 55, 60-62
minutes).”

In the context of potential applications in clinical interventions, another
significant and related challenge lies in designing PEMs that can be transferred rapidly and
faithfully from one surface to a second target surface (e.g., by temporarily pressing a coated

device into contact with soft tissue).*> **

Materials that promote the contact transfer of DNA onto
other soft surfaces could provide new tools for basic biomedical research and could also enable
new approaches to localized gene-based therapies. The degree of control over physicochemical
and temporal factors that influence the levels of film stability—and instability—required for
effective contact transfer differs substantially from that required for the design of PEMs that
simply disintegrate and release their contents into solution.

We previously reported on a strategy for the design of DNA-containing PEMs that
addresses some of the challenges noted above and enables the contact transfer of DNA to other

60, 62
surfaces.”™

That approach exploited phenomena arising from pH-dependent ionization of a
weak polyelectrolyte, poly(acrylic acid) (PAA), in multilayers fabricated from PAA, plasmid
DNA, and the cationic polymer linear poly(ethyleneimine) (LPEI). PEMs fabricated from these
components in a repeating “tetralayer” structure [e.g., (LPEI/PAA/LPEI/DNA)] eroded,
disintegrated, and released transcriptionally active DNA rapidly upon incubation in aqueous
media at physiologically relevant pH (e.g., in PBS; pH = 7.4). We also demonstrated that this
‘weak polyelectrolyte approach’ could be used to fabricate uniform coatings on inflatable

balloon catheters and promote the contact transfer and localized expression of plasmid DNA in

vivo using a rat model of vascular injury.®* In those experiments, we used balloons coated with



plasmid DNA encoding a reporter gene and balloon inflation times of 20 minutes to increase the
likelihood of transfer and gene expression.

This study sought to further characterize the physicochemical behaviors of
LPEI/PAA/LPEI/DNA-based coatings and develop approaches useful for the rapid, balloon-
based contact transfer of DNA on substantially shorter and clinically relevant time scales. As
part of these efforts, we also developed a technically straightforward agarose gel-based ‘hole-
insertion’ model that can be used to characterize factors that influence the contact-mediated
transfer of DNA to adjacent soft surfaces when film-coated balloon catheters are inflated into
contact. The results of those model studies and the results of subsequent in vivo experiments
using small animal (rat) and large animal (pig) models of peripheral arterial injury demonstrate
that balloons coated with LPEI/PAA/LPEI/DNA films 32-tetralayers thick can promote robust
contact transfer of plasmid DNA to soft hydrogel surfaces and the surfaces of soft arterial tissue
using inflation times as short as 30 seconds. These times are substantially shorter than contact-
transfer times reported in past studies on thinner LPEI/PAA/DNA coatings (20 minutes), and are
relevant in the context of clinical vascular interventions in peripheral arteries. These and other
results arising from this study suggest the potential for use in therapeutically relevant

applications of balloon-mediated gene transfer.

Materials and Methods
Materials. Linear poly(ethyleneimine) (LPEI, MW = 25,000) and poly(acrylic acid) (PAA, MW
= 90,000) were purchased from Polysciences, Inc. (Warrington, PA). Plasmid DNA encoding

luciferase (pCMV-Luc; 6201 b.p.) was purchased from Elim Biopharm (San Francisco, CA).



Fogarty arterial embolectomy catheters (2-French diameter) were purchased from Edwards
Lifesciences, LLC (Irvine, CA). For experiments requiring fluorescently labeled DNA, a
tetramethylrhodamine (TMR) Label-IT nucleic acid labeling kit was purchased from Mirus Bio
Corporation (Madison, WI) and was used according to the manufacturer’s instructions. Solutions
of sodium acetate buffer (VWR, West Chester, PA) and phosphate-buffered saline (PBS; EM
Science, Gibbstown, NJ) were prepared by diluting commercially available concentrate. All
materials were used as received unless otherwise noted. Solutions of LPEI and PAA used to

fabricate multilayers were filtered through a 0.2 pm nylon membrane syringe prior to use.

General Considerations. Sodium acetate buffer (100 mM, pH = 4.9) was used for all rinsing
steps during film fabrication and the preparation of polymer and DNA solutions. Fluorescence
microscopy and phase contrast microscopy images were acquired using either an Olympus 1X70
fluorescence microscope, Nikon Eclipse E600, or a Ti-U Eclipse fluorescence microscope using
Metavue 7.1.2.0, cellSens, or Nikon Elements software packages, respectively. Optical
microscopy images were analyzed using ImageJ Software (NIH). The morphologies of coatings
fabricated on the surfaces of catheter balloons were characterized using scanning electron
microscopy (SEM) using a LEO SEM microscope in high-vacuum mode at 5 kV. The amount of
DNA released from the multilayered films during incubation in PBS was quantified by recording
UV-vis absorbance values at a wavelength of 260 nm (corresponding to the absorbance
maximum of double-stranded DNA) using a DU 520 UV-vis spectrophotometer (Beckman

Coulter, Fullerton, CA).



Preparation of Polyelectrolyte Solutions. Solutions of LPEI and PAA (5 mM with respect to
the repeat unit molecular weight of the polymer) were prepared using 100 mM sodium acetate
buffer (pH 4.9). Solutions of plasmid DNA were prepared at 1 mg/mL in 100 mM acetate buffer
(pH 4.9) but were not filtered prior to use. For experiments requiring fluorescently labeled DNA,
labeled DNA was added to a solution of unlabeled DNA to give labeled/unlabeled plasmid

solutions of 5% (w/w) for in vitro experiments and 40% for in vivo experiments.

Fabrication of Multilayered Films on the Surfaces of Inflatable Catheter Balloons. Films
were fabricated layer-by-layer on embolectomy catheter balloons using an automated dipping
robot (Riegler & Kirstein GmbH, Potsdam, Germany) according to the following protocol: 1) the
balloons were completely immersed in a solution of LPEI for 5 minutes, 2) the balloons were
removed and immersed in two wash baths of 100 mM acetate buffer for one minute each, 3) the
balloons were then immersed in a solution of anionic polymer (either PAA or DNA; as
appropriate, see below) for 5 min, and (4) the balloons were rinsed again in the manner described
above. Up to four balloons were coated simultaneously using this approach, and this cycle was
repeated until the desired numbers of cationic and anionic polymer layers were deposited. This
general procedure was used to fabricate films having the following general structure:
(LPEI/PAA/LPEI/DNA),, where ‘x’ denotes the number of polymer ‘tetralayers’ deposited.
After fabrication, film-coated balloons were rinsed with 18 MQ deionized water, allowed to air
dry following the final rinse step, and then stored in their original packaging in a dry, dark

location prior to use. All films were fabricated and stored at ambient room temperature.



Characterization of Film Stability and DNA Release Profiles. Experiments designed to
investigate film stability and characterize the release of DNA from multilayered films were
performed in the following general manner. Film-coated inflatable embolectomy catheter
balloons were submerged in PBS (1 mL, pH = 7.4, 137 mM NaCl) in plastic UV-transparent
cuvettes. The cuvettes were sealed using parafilm, and the samples were incubated at 37 °C
without agitation and removed at predetermined intervals for characterization and UV-vis
spectroscopy. The concentration of DNA released from the films into solution over time was
characterized by measuring the UV absorbance of the PBS incubation buffer (at a wavelength of
260 nm, the absorbance maximum of DNA). After each set of measurements, the coated
substrates were placed into new cuvettes with fresh aliquots of PBS and returned to the incubator

at 37 °C.

Characterization of Contact-Mediated Transfer of DNA Using an Agarose Gel Model.
Agarose gels were prepared by dissolving agarose powder (Difco Agar Noble, Becton,
Dickinson and Company, Sparks, MD, USA) in PBS buffer (pH = 7.4) at a concentration of 3%
by mass.®® The mixture was heated using a microwave until the agarose powder was completely
dissolved. The resulting solution was cooled under running tap water and then poured into a
polystyrene chamber (Nunc Lab-Tek II Chamber Slide System, Thermo Scientific, USA). A
solid metal cylinder of known diameter (i.e., 2 mm, 3 mm, or 4 mm) was inserted during gel
solidification and removed after the gel was completely solidified to create well-defined holes

41, 62

with sizes similar to those of arteries in rats and pigs used in our past studies. The gel was

equilibrated to 37 °C prior to use. Film-coated catheter balloons were imaged using a



fluorescence microscope and then inserted vertically into the hole of the gel. The balloon was
then inflated with ~2 mL of air until it expanded against the wall of the hole. After incubation for
a defined period of time at 37 °C, the balloon was deflated, removed, dried under a stream of air
for ~3 min and then imaged again using fluorescence microscopy. The fluorescence intensity of
each balloon was then analyzed again using ImagelJ software. After removal of the balloons, gel
samples were collected, sliced horizontally and/or vertically, and the resulting cross-sections

were imaged using fluorescence microscopy.

General Surgical Procedures. For experiments using rats: After induction of anesthesia with
2.5% isoflurane, arterial injury was induced in male Sprague-Dawley rats (~2-3 months old,
~350 g) by means of carotid balloon angioplasty as described previously.®® Briefly, a
longitudinal incision was made in the neck of the rat in order to isolate the left external, internal,
and common carotid arteries. Three passages of an uncoated angioplasty balloon inflated to a
pressure of 2 atm were then used to denude the common carotid artery of the endothelial layer.
Next, a balloon coated with a LPEI/PAA/LPEI/DNA film (32 tetralayers thick, see below) was
inserted and inflated until it was observed to expand against the arterial wall (~2 atm). After a 2-
minute incubation period, the balloon was deflated and removed from the artery. The external
carotid artery was then ligated, blood flow was restored to the common and internal carotid
arteries, and the surgical wound was closed layer-to-layer. Animals were sacrificed post-
operatively at a predetermined time depending on the timescale of the experiment (see below).
For experiments using pigs: Swine (25-30 kg) were pre-medicated with a drug cocktail

composed of Telazol (4-6 mg/kg IM) and Xylazine (2 mg/kg, IM), intubated, and anesthetized



with isoflurane (1-5%). All animals were placed on a heating pad to prevent a drop in body
temperature upon administration of anesthesia. A cut down to access the femoral artery was
performed and 2-3 inches of artery was exposed and dissected free from the surrounding tissue.
Vascular clamps were placed on the artery above and below the incision to control bleeding. A
small cross-sectional cut was made in the artery and an uncoated angioplasty balloon was
inflated to a pressure of 4-6 atm (depending on the size of the artery) and advanced and retracted
10 times to denude the artery of the endothelial layer. Next, a balloon coated with a
LPEI/PAA/LPEI/DNA film (32 tetralayers thick, see below) was inserted and inflated until it
was observed to expand against the arterial wall (4-6 atm). After a 30-second or 1-minute
incubation period, the balloon was deflated and removed from the artery.

For studies designed to characterize initial DNA transfer, animals were sacrificed
immediately and treated vessels were collected. For studies designed to characterize DNA
dissemination over time, treated vessels were repaired with 10-0 proline and then the muscle and
skin were closed in layers and the animal was recovered for 15 hours, at which time the animal
was sacrificed and the vessels were collected for histology. All experimental protocols were
approved by the Institute Animal Care and Use Committee at University of Wisconsin-Madison
(#M02285 and #MO01839) and conformed to the Guide for the Care and Use of Laboratory

Animals published by the NIH Publication No. 85-23, 1996 revision.

Characterization of DNA Delivery and Dissemination in Rat and Pig Arteries. For
experiments designed to characterize the extent of contact-transfer of DNA to rat and pig arterial

tissue following balloon-mediated delivery, the artery (carotid for rats; femoral for pigs) was



treated with a balloon coated with a film having the structure (LPEI/PAA/LPEI/pCMV-
Lucrmr)s2. Balloons were inflated for a pre-determined period of time (see text) and then
deflated and removed. Animals were sacrificed either immediately or 15 hours after surgery, and
film-treated arteries were embedded and frozen in OCT compound and cut into 5 pm sections for

characterization by fluorescence microscopy.

Results and Discussion
Characterization of Film-Coated Balloon Catheters

Balloon catheters were coated with LPEI/PAA/LPEI/DNA films 32-tetralayers thick
using a layer-by-layer fabrication procedure similar to our previous methods (see Materials and
Methods for additional details).”” Films having this general 32-tetralayer structure will be
referred to from here on with the following notation: (LPEI/PAA/LPEI/DNA)s,. For physical
characterization studies and most other studies described below, films were fabricated using a
plasmid DNA construct (pCMV-Lucrmr) encoding firefly luciferase and fluorescently labeled
with the fluorophore tetramethylrhodamine (TMR) to permit characterization of film uniformity
using fluorescence microscopy; past studies demonstrate that the balloon catheters used here do

140

not exhibit confounding autofluorescence in the red (TMR) channel.™ All experiments were

performed using standard-sized 2-French balloon catheters.
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Figure 1A shows a schematic illustration of a balloon catheter showing the selective
fabrication of DNA-containing multilayers, shown in red, on the inflatable balloon. Figure 1C
shows a low-magnification fluorescence microscopy image of a film-coated balloon. Inspection
of this image reveals fluorescence to be distributed uniformly over the surface of the balloon.

Figure 1B shows a higher magnification image of a portion of the film-coated balloon shown in

A B

Figure 1: (A) Schematic showing a catheter balloon coated with a multilayer film (shown
in red). (B, C) Fluorescence microscopy images of a balloon coated with a
(LPE/PAA/LPEI/DNA),, film fabricated using a plasmid labeled with the fluorophore

TMR (red) at (B) high and (C) low magnification. The dashed box in (C) indicates the
location of the portion of the film shown at higher magnification in (B). Scale bars in (B,
C) are 500 um. (D, E) SEM images of (D) a bare, uncoated balloon and (E) a balloon
coated with a (LPEI/PAA/LPEI/DNA),, film. Scale bars in (D, E) are 100 um.
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Figure 1C to show additional detail. Further characterization of film morphology was performed
using scanning electron microscopy (SEM). The panels in Figure 1D-E show SEM images of a
portion of a bare (uncoated) balloon (Figure 1D) and a balloon coated with a 32-tetralayer
LPEI/PAA/LPEI/DNA film (Figure 1E). Comparison of these images reveals (i) the presence of
a uniform coating on the surface of the balloon (consistent with the fluorescence microscopy
images) and (ii) that these 32-tetralayer films are relatively smooth and devoid of significant

topographic features, similar to the surfaces of the bare, uncoated balloons.

Characterization of Film Stability and Release of DNA in Physiological Media

Our past studies demonstrated that LPEI/PAA/LPEI/DNA films up to 16 tetralayers thick
fabricated on planar silicon substrates release DNA rapidly (with >65% of DNA released in the
first five minutes) when incubated in physiologically relevant media (e.g., PBS; pH = 7.4;
37 °C).%* To characterize the rates and extents of the release of DNA promoted by the thicker 32-
bilayer films investigated here on the soft and flexible surfaces of the latex balloon catheters
used here, we incubated uninflated balloons coated with (LPEI/PAA/LPEI/DNA)s; films in PBS
at 37 °C. The amount of DNA released as a function of time was monitored by both UV-Vis
absorbance using films fabricated using non-labeled DNA (Figure 2A) and by fluorometry using

films fabricated using DNA labeled with TMR, as described above (Figure 2B).
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Figure 2: Plots of DNA released versus time for balloons coated with
(LPEI/PAA/LPEI/DNA),, films incubated in PBS at 37 °C, as determined using UV-Vis

absorbance (A) or fluorometry (B). Data represented by the open squares correspond to an
experiment in which film delamination was observed to occur. DNA release is presented as
percentages of the total DNA released from the balloons in each experiment.

The 32-tetralayer coatings used here were observed to swell substantially upon
introduction to PBS, as determined by visual inspection. The release of DNA from the film-
coated balloons into solution was generally fast in all cases, but we observed some variation in
the rates of DNA release from experiment to experiment. In some cases, we observed large-scale
film delamination and/or the rapid loss of large pieces of disintegrated coatings into surrounding
buffer. In these cases, the release of DNA into solution occurred rapidly and nearly quantitatively
(e.g., Figure 2A, open squares; when delamination and disintegration were observed, more than
95% of DNA was released within the first five minutes). In other cases, film delamination and
disintegration was not observed. In these cases, DNA was released more gradually, with about
90% released over a period of about one to two hours [e.g., Figure 2A (solid circles) and Figure
2B].
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The swelling and delamination of these 32-tetralayer coatings, and the subsequent rapid
delamination observed in some cases, contrasts to the behaviors of the 16-tetralayer coatings
characterized in past studies (which do release DNA rapidly, but were not observed to swell or
delaminate substantially upon introduction to PBS).* The factors leading to differences in the
observed behaviors of these films were not investigated further as part of this study. However,
the observation that these 32-tetralayer films can swell and delaminate readily from their
underlying balloon substrates prompted a series of additional studies, described below, to
determine the potential utility of these coatings in the context of inflation-mediated contact

transfer.

Characterization of Contact-Mediated Transfer of DNA to Secondary Surfaces Using an
Agarose Gel Model

In view of the observations of film swelling and delamination discussed above, we
reasoned that these 32-tetralayer films might be particularly well suited for the development of
new approaches to the rapid contact transfer of DNA to secondary surfaces because the extent of
release or transfer of DNA from the surfaces of coated balloons may no longer depend solely on
the rate of film dissolution and the release of soluble DNA. We also reasoned that physical and
mechanical forces that would be experienced either (i) during simple balloon inflation or (ii)
when a film was pressed into firm and direct contact with other secondary surfaces upon balloon
inflation (e.g., as would occur during inflation in an artery) might lead to more rapid,
delamination and/or transfer of the films than was observed during the incubation of uninflated

balloons in PBS buffer.
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To test this hypothesis and characterize the inflation-mediated contact transfer of DNA to
secondary surfaces under well-defined and controlled conditions, we developed a simple
hydrogel hole-insertion model. For these experiments, we prepared thick slabs of agarose gel
containing holes appropriately sized for the insertion and inflation of film-coated balloons
(Scheme 1A). This agarose gel model is simple to prepare, and it enables parameters such as hole
diameter and gel stiffness (as well as the extent of hydration, inflation time, and the balloon/hole
ratio) to be varied in a soft, compliant, and transparent system that can be sliced and imaged

readily to characterize the extent of film transfer using fluorescence microscopy. For the

A
“Hole”
Empty well Place cylinder Pour agarose gel Remove cylinder
Insert coated balloon Inflate balloon Remove balloon

Scheme 1: (A) Schematic illustration showing the process used to design the agarose gel
hole-insertion model used to characterize inflation-promoted contact transfer of DNA to soft
surfaces. (B) Schematic illustration showing the insertion, inflation, and subsequent
deflation and removal of a film-coated balloon using this gel model to characterize film
transfer.
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experiments described below, we prepared samples of 3% agarose (w/v) in PBS at pH 7.4.° A
cylinder of known diameter was inserted during gel solidification and removed after the gel was
completely solidified to create well-defined holes with sizes similar to those of arteries in rats
and pigs (Scheme 1A; described in greater detail below).*” *' Characterization of the wet

surfaces of the holes created using this method using pH paper revealed a pH of ~7.

Influence of Cavity Size on the Contact Transfer of DNA

In a first series of experiments using our hydrogel hole-insertion model, we sought to
characterize the influence of the size of the hole on the contact transfer of DNA. Cylinders with
different diameters of 2 mm, 3 mm, or 4 mm were used during the gel solidification stage to
create gel slabs with holes 2 mm, 3 mm, or 4 mm in diameter. The panels in Figure 3A-D show a
schematic illustration of a top-down view (Figure 3A) and three representative top-down optical
microscopy views (Figure 3B-D) of gel slabs fabricated with holes with diameters of 2 mm, 3
mm, and 4 mm, respectively. The panels in Figure 3E-H show a schematic illustration of a side-
view (Figure 3E) and three representative side-on optical microscopy images (Figure 3F-H) of
the same gels shown in Figure 3B-D (the gels were sliced longitudinally along the long axis of
the holes using a razor blade prior to imaging). Inspection of these images reveals well-defined

holes with smooth edges.
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Figure 3: (A) Schematic illustration showing the top view of a gel slab containing a well-
defined hole with diameter (®). (B-D) Representative top-down bright-field microscopy
images of gel slabs with hole sizes of 2 mm (B), 3 mm (C) and 4 mm (D). (E) Schematic
illustration showing a side view of a gel slab containing a well-defined hole. (F-H)
Representative side-on bright-field microscopy images of gel slabs with hole sizes of 2 mm
(F), 3 mm (G) and 4 mm (H).

Balloon catheters coated with (LPEI/PAA/LPEI/DNA)s;, films fabricated using
fluorescently labeled DNA were then inserted into the holes in the gels and inflated for a
predetermined duration (Scheme 1B). In this first series of experiments, film-coated balloons
were inflated with 2 mL of air for two minutes, such that the surfaces of the balloons were
pressed into firm contact with the edges of the holes. After deflation and removal of the balloon
(Scheme 1B), the gel slab was imaged from both the top (Figure 4A-D) and the side (Figure 4E-
K) as described above. Inspection of these images reveals bright red DNA-associated
fluorescence distributed uniformly around the circumference of the holes in which the balloons
were inflated. The linear red ‘rays’ observed to emanate from the surfaces of the holes in the top-
down images in Figure 4B-D resulted from the transport of DNA into small cracks that formed in

the gel during balloon inflation. Characterization of sliced gel slabs (Figure 4F-K) also revealed
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that DNA was transferred to the gel along the length of the balloon (e.g., everywhere that the
surface of the balloon was in contact with the gel during inflation). A comparison of the images
in Figure 4I-K, which show bright-field images of side views of the gels after inflation of the
balloons, to the images shown in Figure 3F-H before balloon inflation, also reveals the extent to
which the surfaces of the holes are deformed during balloon inflation. Further evidence in
support of the contact-transfer of DNA is shown in panels L-Q of Figure 4, which show images
of the film-coated balloons before (Figure 4L-N) and after (Figure 40-Q) the two minutes of
inflation in the holes of the gel slabs used in these experiments. These images reveal decreases in
the fluorescence intensities on the surfaces of the balloons after inflation, consistent with

observations of the contact transfer of DNA to the surfaces of the holes in Figure 4B-D and 4F-H.
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Figure 4: (A) Schematic illustration showing a top-down view of a gel slab containing a well-
defined hole. (B-D) Representative top-down fluorescence microscopy images of gel slabs
with hole sizes of 2 mm (B), 3 mm (C), and 4 mm (D) after the inflation of a film-coated
balloon for two minutes. (E) Schematic illustration showing a side-on view of a gel slab
containing a well-defined hole. (F-K) Representative side-on fluorescence microscopy (F-H)
and bright-field (I-K) images of gel slabs with hole sizes of 2 mm (F,I), 3 mm (G,J), and 4
mm (H,K) after the inflation of a film-coated balloon for two minutes. (L-Q) Representative
fluorescence microscopy images of film-coated balloons before (L-N) and after (O-Q)
insertion in holes of size 2 mm (L,0), 3 mm (M,P), and 4 mm (N,Q) for two minutes.

To facilitate quantitative interpretations of these results, we measured the average
fluorescence intensity on the surface of each film-coated balloon before (Figure 4L-N) and after
(Figure 40-Q) inflation in the hydrogel holes in the experiments described above, and then
calculated the relative intensity of the DNA left on the balloons as the percentage of the original
intensity prior to insertion and inflation (Figure 5). ANOVA Single Factor analysis of variance

was used to determine the statistical significance of differences between each group with
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Figure 5: Plot showing the relative fluorescence intensities on the surfaces of film-coated
balloons before and after insertion and inflation in gel slabs with hole sizes of 2 mm, 3 mm,
and 4 mm. Average values and error bars (shown as standard deviations) were calculated
using measurements for six arbitrarily chosen regions on the surfaces of the balloons shown
in Figure 4L-Q (n = 6). The intensity values after balloon insertion (white bars) are
presented as a percentage of the fluorescence intensity measured before balloon insertion
(black bars). Statistical analyses were conducted using ANOVA Single Factor analysis of
statistical variance with the following reported p values: *p < 0.05, **p > 0.50; N.S., non-
significant.

different hole sizes. Inspection of this plot reveals that, for each hole diameter, there is a
significant decrease (p < 0.05) in fluorescence intensity on the surface of each balloon (white
bars) relative to the amount prior to insertion and inflation (black bars). In particular, only
approximately 40% of the original amount of DNA remained on the surfaces of the balloons
after two minutes of inflation in holes with sizes of 3 mm and 4 mm (corresponding to the

contact transfer of approximately 60% of the DNA to the gel under these conditions).
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Further analysis of the balloons used in these experiments demonstrated that, in general,
the fluorescence remaining on the surfaces of film-coated balloons decreased as the diameter of
the holes increased (differences between the fluorescence intensities on balloons inflated in 2
mm and either the 3 mm or 4 mm holes were determined to be statistically significant (*p < 0.05),
while the difference between balloons inflated in 3 mm and 4 mm was not statistically significant
(**p > 0.50). These results reveal the size of hole relative to the size of the balloon (and thus,
likely, the extent to which the balloon and the coating are stretched upon inflation prior to
making contact with the surface of the gel) to influence the extent of contact-mediated DNA
transfer. For the remainder of the studies described below, we used gels containing holes 3 mm
in diameter because this hole size led to significant amounts of contact transfer in this hydrogel
model and it is more similar in size to the peripheral arteries of pigs used in our in vivo studies

than the larger 4 mm holes.

Influence of Balloon Inflation Time on Contact Transfer of DNA

The results of the studies described above demonstrate that the inflation of film-coated
balloons in a hydrogel containing a hole 3 mm in diameter leads to the contact transfer of ~60%
of the DNA to the surface of the hole after insertion and inflation for two minutes. In a
subsequent series of experiments, we sought to characterize the influence of balloon inflation
time on the contact-transfer of DNA using this hydrogel hole-insertion model. For these studies,
we performed experiments using gel slabs with holes 3 mm in diameter and three different short
time durations of 5 minutes, 2 minutes, and 30 seconds. After deflation and removal of the

balloons, the gel slabs were imaged from both the top (Figure 6A-D) and the side (Figure 6E-K)
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using fluorescence microscopy. Inspection of these images again reveals bright red DNA-
associated fluorescence distributed uniformly around the circumference of the holes (Figure 6A-
D) and along the length of the hole that was in contact with the inflated balloon (Figure 6E-K).
The images in Figure 6L.-Q show the film-coated balloons imaged before (Figure 6L-N) and after
(Figure 60-Q) inflation in the holes of the gel slabs, revealing again a decrease in fluorescence
intensity after deflation and removal and consistent with the levels of contact-transfer of DNA

shown in Figure 6A-K.
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A) Top View
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E) Side View
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Balloon After

Figure 6: (A) Schematic illustration showing a top-down view of a gel slab containing a
well-defined hole. (B-D) Representative top-down fluorescence microscopy images of gel
slabs with a hole size of 3 mm after the inflation of a film-coated balloon for 5 min (B), 2
min (C), and 30 s (D). (E) Schematic illustration showing a side-on view of a gel slab
containing a well-defined hole. (F-K) Representative side-on fluorescence microscopy (F-H)
and bright-field (I-K) images of gel slabs with a hole size of 3 mm after the inflation of a
film-coated balloon for 5 min (F]I), 2 min (G,J), and 30 s (H,K). (L-Q) Representative
fluorescence microscopy images of film-coated balloons before (L-N) and after (O-Q)
insertion in holes of size 3 mm for 5 min (L,0), 2 min (M,P), and 30 s (N, Q).

To quantify the amount of DNA transfer from the surface of each balloon, we again
characterized the average fluorescence intensity on the surface of each film-coated balloon
before (Figure 6L.-N) and after (Figure 60-Q) inflation in the hydrogel holes, and then calculated
the relative intensity of the fluorescence on the balloons as the percentage of the original
intensity prior to insertion and inflation (Figure 7). Inspection of this plot reveals a significant

decrease in fluorescence intensity (p < 0.05) on the surface of each balloon after inflation (white
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Figure 7: Plot showing the relative fluorescence intensities on the surfaces of film-coated
balloons before and after insertion and inflation in gel slabs with a hole size of 3 mm for 5
min, 2 min, and 30 sec. Average values and error bars (shown as standard deviations) were
calculated using measurements for six arbitrarily chosen regions on the surfaces of the
balloons shown in Figure 6L-Q (n = 6). The intensity values after balloon insertion (white

bars) are presented as a percentage of the fluorescence intensity measured before balloon
insertion (black bars).

bars) relative to the amount present prior to inflation (black bars). Further analysis of balloons
inflated at these three inflation times suggested no statistically significant differences between
the amount of DNA transferred after 5 minutes, 2 minutes, or 30 seconds (with p > 0.10 for all
comparisons).

It is not completely clear why longer inflation times do not lead to further increases in
DNA transfer in this model, and why extents of transfer of ~60% appear to be the upper limit of

the levels of contact transfer that can be achieved using this balloon/coating/hydrogel system.
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We note that, because these experiments were conducted by inserting film-coated balloons into
hydrogel holes devoid of bulk water (see Scheme 1B and Materials and Methods for additional
details), and because the holes were not flushed with water prior to characterization by
fluorescence microscopy, we regard the amounts of DNA that were contact-transferred to be
equivalent to 100% of the initial amount of DNA minus the amount of DNA left on the balloons
after deflation, since no other clear opportunities for the loss or removal of DNA from the system
exist. One possibility is that while the top-most portion of the film may adhere strongly to the
surface of the hydrogel (and thus remain transferred to the surface of the hole when the balloon
is deflated and removed), the bottom-most portions of the coatings may adhere more strongly to
the surface of the latex balloons used here. We note here, however, that in cases where the
delamination of coatings was observed when film-coated balloons were incubated in PBS
(Figure 2A), DNA was released or transferred into solution quantitatively. Because these
hydrogel hole-insertion experiments were conducted using holes devoid of bulk water (Scheme
1B), this comparison hints at the role that the availability of abundant water may play in
saturating or softening the films and/or influencing the nature of interactions at the
balloon/coating interface in ways that lead to more effective or quantitative film transfer.

Overall, the results of these model experiments demonstrate that significant amounts of
contact-transfer can be achieved by the inflation of films coated with (LPEI/PAA/LPEI/DNA )3,
for times as short as 30 seconds. In the studies described below, we selected the two shortest
balloon inflation times investigated here (2 minutes and 30 seconds) to characterize the potential
of this balloon-mediated approach to promote the rapid transfer of DNA to arterial tissue in vivo.

The results of broader studies to exploit this and other hydrogel-based models to discover and
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characterize the behaviors of other polyelectrolyte multilayer systems for the rapid contact

transfer of DNA will be reported separately.®’

Contact Transfer of DNA to Arterial Tissue in Rat and Pig Models of Arterial Injury

We demonstrated in a past study that balloon catheters coated with
LPEI/PAA/LPEI/DNA films can be used to promote contact-transfer of DNA to vascular tissue
using a rat model of carotid artery injury and a balloon inflation time of 20 minutes.”> The
conditions in that study were selected (i) on the basis of prior studies on the transfer of DNA
using balloons coated with slowly-eroding hydrolytically degradable PEMs (also inserted and

- 41 and (ii) to maximize the likelihood of film transfer and local

inflated for 20 minutes)
transgene expression in proof of concept experiments.

In the work reported here, we sought to characterize extents of balloon-mediated transfer
of DNA to arterial tissue using substantially shorter inflation times of 2 minutes, 1 minute, or 30
seconds. These inflation times were selected, in part, based on the results of the studies described
above using our agarose gel hole-insertion model. These times were also selected to evaluate
extents of DNA transfer on clinically relevant time scales. For these experiments, we used two

40, 41 and

relevant animal models: (i) the rat model of carotid artery injury used in our past studies
(i1) a pig model to characterize the transfer of DNA to the femoral artery in a large animal model
frequently used for the pre-clinical characterization of vascular interventions.®® The panels in
Figure 8A-C show schematic illustrations of the basic procedures used in these experiments.

Unless otherwise noted, arterial tissue was harvested immediately after treatment with a film-

coated balloon (i.e., after removal of the balloon, but prior to the restoration of blood flow) to
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characterize extents of initial DNA transfer independent of any potential confounding effects of
blood flow (see Materials and Methods for additional details related to surgical and tissue

harvesting procedures).

A) Step 1: Insert balloon into artery

e

B) Step 2: Inflate in the artery

—&

C) Step 3: Remove balloon

— . ———
— . ——————

Figure 8: (A-C) Schematic illustration showing the insertion (A), inflation (B), and subsequent
deflation and removal (C) of a film-coated balloon in an artery to promote the contact transfer
of DNA to the arterial wall (C; shown in red). (D, E) Fluorescence microscopy images of a
film-coated balloon before (D) and after (E) insertion and inflation in the artery of a pig for 30
sec (corresponding to results from experiments shown in Figure 10G-I; see text). Scale bars = 1
mm.

Figure 9 shows fluorescence microscopy images of cross-sections of rat carotid (Figure
9A-C) and pig femoral (Figure 9D-I) arteries after inflation of balloons coated with our
(LPEI/PAA/LPEI/DNA)3; quick-release films with inflation times of either 2 minutes (Figure
9A-C; rat model), 1 minute (Figure 9D-F; pig model), or 30 seconds (Figure 9G-I; pig model).
All films were fabricated using DNA labeled with TMR, which appears in these images as red
(the green in these images arises from tissue autofluorescence). Panels A, D, and G show a

merge of images acquired through the red and green channels for each sample. Panels B, E, and

H show corresponding images acquired through the red channel only (green tissue
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autofluorescence not shown). The images in panels C, F, and I show higher magnification
images acquired through the red channel showing additional details of the portions of panels B, E,

and F enclosed by the dotted white squares.
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Figure 9: Fluorescence microscopy images showing the transfer of DNA to the arterial wall
after the inflation of balloons coated with films fabricated using fluorescently labeled DNA in
the carotid artery of a rat (A-C) or the femoral arteries of pigs (D-I) for either 2 minutes (A-C),
1 minute (D-F), or 30 seconds (G-I). Panels A, D, and G show a merge of images acquired
through the red and green channels for each sample (red corresponds to DNA; green
corresponds to tissue autofluorescence). Panels B, E, and H show corresponding images
acquired through the red channel only. The images in panels C, F, and I show higher
magnification images acquired through the red channel showing additional details of the
portions of panels B, E, and F enclosed by the dotted white squares. The designation ‘L’ in
images C, F, I indicates the location of the artery lumen. Scale bars for are 200 pm (A-B, D-E,
G-H) and 100 pum (C,F,I) respectively.

Inspection of these images reveals the presence of bright red DNA-associated

fluorescence located circumferentially along the luminal side of the arterial wall in each sample

(e.g., at 2 minute, 1 minute, and 30 second inflation times). These results demonstrate that it

1S
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possible to promote robust and uniform contact-transfer of DNA to vascular tissue in pigs using
balloon inflation times as short as 30 seconds (Figure 9G-I) and in rats using times as short as 2
minutes, the shortest time tested in that species (Figure 9A-C). Fluorescence microscopy images
of balloons before (Figure 8D) and after (Figure 8E) inflation and contact-transfer in pigs for 30
seconds also revealed a reduction in fluorescence consistent with the transfer of DNA from the
surface of the balloon. The levels of reduction (~70%) observed here were generally greater than
those described above (~60%) using the agarose gel insertion model. We speculate that
differences in the physical, chemical, and mechanical properties and the more hydrated
environment present in the blood vessels investigated here (relative to our hydrogel model) may
contribute to promoting adhesion at the film/tissue interface and/or the disruption of adhesive
interactions at the film/balloon interface. We note that while residual blood was present in the
arteries at the time of insertion and inflation of the film coated balloons, the balloons were
introduced within 1-2 centimeters of the treatment site in these experiments. The loss of DNA
from the surfaces of the balloons is thus not likely to result from prolonged contact with blood
prior to inflation and deployment at the treatment site, and the results shown in Figure 9 are
consistent with the transfer of substantial amounts of DNA to the arterial wall under these
conditions.

The results of these experiments are important for at least two reasons. First, they provide
the basis of a new and useful approach to the rapid contact-transfer of DNA to vascular tissue in
a clinically relevant large animal model used frequently for the pre-clinical evaluation of new

vascular interventional procedures. Second, they demonstrate methods for the robust transfer of
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DNA upon inflation and contact with soft tissue on clinically relevant time scales (e.g., as short

as 30 seconds, the shortest time evaluated in these studies).

Characterization of Dissemination of DNA in Arterial Tissue Following Contact-Transfer

The results of the studies above show that inflatable balloon catheters coated with
(LPEI/PAA/LPEI/DNA)3; films can promote the initial transfer of DNA to the luminal wall
when inflated in the femoral arteries of pigs. We note, in this context, that past studies from our
group using balloons coated with hydrolytically degradable multilayers have demonstrated that
DNA that transferred to the injured carotid arteries of rats can subsequently be transported
deeper into the medial layers of tissue (over a period of 10-24 hours), and that this approach can
lead to robust gene expression in rat models.*’ We also note that significant differences exist
between the arteries of rats and the larger, thicker, and less mechanically compliant arteries of
pigs.®® We conducted a final experiment to characterize the extent to which this balloon-
mediated approach to rapid DNA transfer might also promote the time-dependent dissemination

of DNA deeper into the medial layer of tissue in the femoral arteries of pigs.
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Figure 10: (A-B) Representative fluorescence microscopy images of a film-coated balloon
before (A) and after (B) insertion in the femoral artery of a pig for one minute. (C-D)
Representative fluorescence microscopy image (C) and the corresponding bright-field image
(D) of a cross-section of an artery treated with the film-coated balloon shown in (A-B). (E-F)
Representative fluorescence and bright-field microscopy images of an uninjured and untreated
artery used as a control.

For these experiments, balloons coated with films fabricated using fluorescently labeled
DNA were inserted into the femoral arteries of pigs and inflated for 1 minute to promote initial
film transfer, as described in the section above. Figure 10 shows representative fluorescence

microscopy images of a balloon used in these experiments before (Figure 10A) and after (Figure

32



10B) inflation and removal from the artery. Inspection of these images reveals a substantial
decrease (~80%) in fluorescence intensity on the surface of the balloon, consistent with the
results described above and confirming the transfer of DNA in this experiment. After removal of
the balloon, blood flow was restored for 15 hours prior to the harvesting, processing, and
imaging of the balloon-treated tissue.

Figure 10 also shows representative fluorescence and bright-field microscopy images of
cross-sections of the artery treated with this film-coated balloon (Figure 10C-D) as well as
images of an uninjured and untreated artery control (Figure 10E-F). Inspection of the image in
Figure 10C reveals intense but variable levels of red, DNA-associated fluorescence on the
luminal side of the artery. When compared to the result shown in Figure 10E (untreated control
artery) this result demonstrates that significant amounts of DNA transferred during initial
contact-transfer remain on the inner surface of the artery after 15 hours of exposure to normal
blood flow (that is, DNA initially transferred is not completely rinsed or washed away upon the
restoration of blood flow for at least 15 hours). It is possible that significant amounts of
transferred DNA are also lost upon the restoration of blood flow, but the experiments described
here did not address that question. The non-uniform distribution of red fluorescence in Figure
10C could result from non-uniform loss of DNA upon the restoration of blood flow or the non-
uniform initial transfer of DNA during the contact-transfer procedure (or some combination of
both factors; other possibilities are discussed below). Regardless, we conclude on the basis of
these results that substantial amounts of DNA remain on the surface of the treated artery for 15

hours after blood flow is restored.
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Figure 11: (A) Reproduction of the fluorescence microscopy image of the cross-section of the
balloon-treated artery shown in Figure 10C, augmented with two boxed regions (1 and 2)
enclosing two areas of high and low fluorescence intensity in the medial layer of the tissue. (B)
Plot showing the relative fluorescence intensities in regions 1 and 2 compared to that of
representative regions of the control artery shown in Figure 10E. Average values and error bars
(shown as standard deviations) were calculated using measurements made in 10 arbitrarily
chosen areas in regions 1 and 2 shown in (A). Statistical analyses were conducted using
ANOVA Single Factor analysis of statistical variance with p (region 1, control), p (region 2,
control) and p (region 1, region 2) < 0.05.

Further inspection and analysis of the image shown in Figure 10C reveals lower and
non-uniform levels of fluorescence in the medial layers and around the circumference of the
treated artery that appear to be higher than those observed in the medial layer of the untreated
control artery (Figure 10E). This result suggests that DNA can potentially be transported from
the luminal side of the arterial wall more deeply into medial tissue over the 15-hour period
following initial transfer. To further characterize the extents of DNA dissemination in the media
layers of arterial tissue arising from this experiment, we selected two regions in the medial layer
of the treated artery of a pig (n=1) where high levels of fluorescence (Region 1, dashed box in

Figure 11A) and low levels of fluorescence (Region 2, dashed box in Figure 11A) were observed
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and quantified fluorescence intensities in these regions using computer image analysis. Average
fluorescence intensities (with standard deviations) were calculated using measurements in 10
arbitrarily chosen areas in the medial layers of tissue located in Regions 1 and 2 of the image
shown in Figure 11A. The results of this analysis are shown in the plot in Figure 11B. Statistical
analysis conducted using ANOVA Single Factor analysis of statistical variance revealed the
intensity of fluorescence in the medial layer in Region 1 to be significantly higher than that in the
medial layer in Region 2 (p < 0.05), and the average fluorescence intensities in both Regions 1
and 2 were significantly higher (p < 0.05) than those measured in the medial layers of tissue in
the uninjured and untreated control (e.g., Figure 10E).

These results are preliminary and arise from the analysis of tissue samples from a single
biological replicate, but provide further support for the view that DNA that is initially transferred
to the luminal side of the arterial wall of the femoral artery in pigs may also be transported
deeper into medial tissue. They also suggest that the transport of DNA into the medial layer of
tissue in Region 1 occurred to a greater extent than the transport of DNA into the medial layer of
tissue in Region 2. This difference is likely a result of variability in the initial transfer of DNA to
the portions of the luminal walls in these regions (as discussed above). In view of the results
shown in Figure 11B, we consider the alternative possibility of the faster dissemination of
uniformly-transferred DNA into medial tissue in Region 2 (as compared to Region 1) to be less
likely. Such potential differences in non-uniform DNA dissemination and transport deeper into
tissue could also result from non-uniformities in the extents of initial balloon-mediated arterial
injury (e.g., prior to the balloon-treatment step; see Materials and Methods for details); additional

experiments would be required to investigate that possibility more completely.
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Summary and Conclusions

Our results demonstrate that polymer coatings assembled from LPEI, DNA, and PAA can
promote balloon-mediated transfer of DNA to arterial tissue and other soft surfaces with balloon
inflation times as short as 30 seconds. These times are substantially shorter than contact-transfer
times of 20 minutes reported in past studies on thinner LPEI/PAA/DNA coatings. Studies of
contact transfer in rat and pig models of peripheral arterial injury reveal inflation times of 30
seconds to one minute to promote circumferential transfer of fluorescently labeled DNA to the
arterial wall, and suggest that transferred DNA is able to subsequently diffuse or be transported
into medial layers of tissue in pigs over a period of 15 hours. The experiments described here
were focused largely on understanding the time scales over which these materials can be used to
promote the initial contact transfer of fluorescently labeled plasmid DNA. Follow-up studies
using reporter plasmids will be necessary to understand relationships between inflation time,
contact transfer, and extents of subsequent gene expression that can ultimately be achieved at
these short inflation times. In addition to studies of the transfer of DNA to arterial tissue, we also
developed a straightforward agarose gel-based hole-insertion model that can be used to
characterize the contact-mediated transfer of DNA to other soft surfaces and probe parameters
that influence contact transfer in this system. In addition to the potential utility of these materials
in the context of gene delivery, the weak polyelectrolyte approach to promoting rapid release and
contact transfer of DNA could also prove useful for the design of other types of ‘quick-release’

multilayers that promote rapid contact-transfer of siRNA, proteins, peptides, or other
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