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Zusammenfassung 1]

Zusammenfassung

Kardiovaskulére Erkrankungen weisen die hdchste Sterblichkeitsrate in der westlichen
Welt auf. Zu ihnen gehoren viele verschiedene Krankheiten, wie z.B. die koronare
Herzkrankheit (KHK). Der Hauptausléser fur die Entwicklung dieser Erkrankungen ist
die Atherosklerose. Sie ist ein fortschreitender, entziindlicher Prozess, bei dem eine
Verengung der Arterien durch die Bildung von atherosklerotischen Plaques auftritt.
Dadurch kann weniger Blut zum Herzen transportiert werden, was zu einer generellen
Unterversorgung des Herzmuskels oder im schlimmsten Fall zu einem Myokardinfarkt
fuhren kann. Um den natirlichen Blutfluss in dem verengten Abschnitt der Arterie
wiederherzustellen, sind zwei interventionelle Therapieoptionen Ublich: 1) die
Koronararterien-Bypass-Operation (CABG) oder 2) die perkutane transluminale
Koronarangioplastie (PTCA). Wahrend bei der CABG uberwiegend autologe
Venentransplantate verwendet werden, wird bei der PTCA ein Ballon fir die
Erweiterung der Arterie verwendet, mit der Option, einen Stent Gber den Katheter zu
platzieren. Beim Einbringen der bisher Ublichen Stents, wie Bare Metal Stents (BMS)
oder Drug Eluting Stents (DES), kann das Endothel durch das Expandieren des Stents
und durch dessen Drahtgeflecht geschéadigt werden und es kann zu einer
nachfolgenden Entzindungsreaktion und einem Wiederverschluss (Restenose)
kommen. Mit den DES wird dieses Risiko minimiert, da sie antiproliferative oder
immunsuppressive Wirkstoffe freisetzen. Jedoch birgt dieser Vorteil auch einen
Nachteil, da die Wirkstoffe gleichzeitig das Wachstum von Endothelzellen hemmen
und Patienten langer auf antithrombotische Medikamente angewiesen sind.
Gegenwartig gibt es viele verschiedene Ansatze zur Entwicklung von Stents der
nachsten Generation, um unerwiinschte Reaktionen wie die In-Stent-Restenose (ISR)
und eine spate Stentthrombose zu verringern.

Ein initialer Prozess wahrend der Entwicklung der Atherosklerose und nach Verletzung
des arteriellen Gewebes durch die Stent-Implantation ist die Rekrutierung von
Leukozyten. Diese wird durch verschiedene zellulare Adhasionsmolekile (CAMs) wie
z. B. dem interzellularen Adhé&sionsmolekil 1 (ICAM-1), welches im Bereich der
Verletzung von Endothelzellen vermehrt gebildet wird, vermittelt. ICAM—-1 gehért zur
sogenannten Leukozytenadhasionsmolekilkaskade.

Wenn es moglich ware die Bildung des ICAM-1 sowie die Bildung weiterer relevanter
Proteine spezifisch durch siRNA zu hemmen, so konnte die initiale
Leukozytenadhasionsmolekiillkaskade durchbrochen und die Restenosegefahr
vermindert werden.

Drei verschiedene Stent-Beschichtungssysteme zur substratvermittelten small
interfering  RNA (SiRNA)-Freisetzung gegen ICAM-1 wurden in dieser Arbeit
entwickelt. Als Basis fur die Schichtsysteme dienten Lipoplexe aus
Lipofectamine®2000 und spezifische sowie fluoreszenzmarkierte siRNA oder
Polyplexe aus Poly(ethylenimin) (PEI) und siRNA. Als Biomaterialien fur die Einbettung
der Lipo- oder Polyplexe wurden Atelokollagen, verschiedene Poly(lactid-co-glycolid)
(PLGA) Resomere oder Polyelektrolyt-Mehrschicht (PEM)-Schichtsysteme aus PEI
und Hyaluronséure (HA) verwendet. Die Aufnahme bzw. Transfektion von siRNA in
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Zellen der Zelllinie EA.hy926 konnte mit allen drei Stent-Beschichtungssystemen
nachgewiesen werden. Darlber hinaus wurde untersucht, ob die Schichtsysteme tber
eine Langzeitfreisetzung verfligen oder die siRNA Uber einen kurzen Zeitraum
abgeben. Die langfristige Freisetzung von siRNA ist besonders interessant fur die
Stent-Therapie, da der Stent in der Arterie verbleibt, um ihn offen zu halten, und die
Heilung eines verletzten Endothels bis zu drei Monate dauern kann.

Die erwiinschte Langzeitfreisetzung von Lipoplexen, die in die PLGA-Beschichtungen
eingebettet waren, konnte vom ersten bis zum zwanzigsten Tag gezeigt werden. Die
etablierte Atelokollagen-Beschichtung mit silCAM-1-Lipoplexen bewirkte eine
signifikante Reduktion der ICAM-1-Expression bis zum achten Tag. In beiden
Ansatzen wurde die spezifische Spaltung der ICAM-1 messenger RNA (mRNA)
gezeigt und eine gute Zellviabilitat und Ha&mokompatibilitat der Beschichtungen
nachgewiesen.

Der PLGA-Mehrschichtaufbau eignet sich auRerdem zur simultanen Kotransfektion
der grun fluoreszierenden (eGFP)mMRNA und siRNA. Die beiden substratvermittelten
siRNA-Freisetzungssysteme mit Langzeitwirkung ebnen den Weg fir neue
therapeutische Stentbeschichtungen, um das ISR-Risiko nach der Stentimplantation
zu reduzieren.

Das PEM-System mit HA und Polyplexen zeigte eine schnelle Freisetzung von siRNA-
Partikeln innerhalb der ersten Stunde. Eine signifikante Verringerung des ICAM-1
Proteins wurde nachgewiesen und die Zellviabilitat war nicht signifikant reduziert.
Somit liefert diese Entwicklung ein weiteres lokales Anwendungssystem, das in die
PTCA integriert werden kann.
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Summary

Cardiovascular diseases have the highest mortality rate in the western world. They
include many different diseases, such as the coronary heart disease (CHD). The main
trigger for the development of these diseases is atherosclerosis. It is a progressive,
inflammatory process in which arterial narrowing occurs through the formation of
atherosclerotic plaques. As a result, less blood can be transported to the heart, which
can lead to a general undersupply of the heart muscle or in worst case to a myocardial
infarction. To restore natural blood flow in the narrowed section of the artery, two
interventional therapy options are common: 1) coronary artery bypass graft (CABG) or
2) percutaneous transluminal coronary angioplasty (PTCA). While CABG uses
predominantly autologous vein grafts, the PTCA uses a balloon to dilate the artery,
with the option of placing a stent by catheter. When introducing conventional stents,
such as bare metal stents (BMSs) or drug-eluting stents (DESS), the endothelium can
be damaged by the expansion of the stent and its wire mesh, and a subsequent
inflammatory reaction and re-occlusion (restenosis) can occur. DES minimizes this risk
by releasing antiproliferative or immunosuppressant drugs. However, this advantage
also has a disadvantage, since the active ingredients simultaneously inhibit the growth
of endothelial cells and patients are more dependent on antithrombotic drugs. There
are currently many different approaches to developing next-generation stents to
minimize adverse reactions such as in-stent restenosis (ISR) and late stent
thrombosis.

An initial process is the recruitment of leukocytes during the development of
atherosclerosis and after injury of the arterial tissue by the stent implantation. This is
mediated by various cellular adhesion molecules (CAMs), such as the intercellular
adhesion molecule 1 (ICAM-1), which is increasingly formed around injury to
endothelial cells. ICAM-1 belongs to the so-called leukocyte adhesion molecule
cascade.

If it were possible to specifically inhibit the formation of ICAM-1 and the formation of
other relevant proteins by siRNA, the initial leukocyte adhesion molecule cascade
could be disrupted, and the risk of restenosis reduced.

Three different stent coating systems for substrate-mediated siRNA release against
ICAM-1 were developed in this work. Lipoplexes of Lipofectamine®2000 and specific
and fluorescently labeled siRNA or polyplexes of poly (ethyleneimine) (PEI) and siRNA
served as basis for the coating systems. As biomaterials for embedding the lipo- or
polyplexes, atelocollagen (ATCOL), various poly (lactide-co-glycolide) (PLGA)
resomers or polyelectrolyte multilayer (PEM) systems of PEI and hyaluronic acid (HA)
have been used. The uptake or transfection of SiRNA into cells of the cell line EA.hy926
was detected with all three stent coating systems. In addition, it was investigated
whether the layer systems have a sustained release or release the siRNA over a short
period of time. The long-term release of siRNA is particularly interesting for stent
therapy because the stent remains in the artery to keep it open, and the healing of an
injured endothelium can take up to three months.
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The desired sustained release of lipoplexes embedded in the PLGA coatings could be
demonstrated from the first to the twentieth day. The established ATCOL coating with
silCAM-1 lipoplexes resulted in a significant reduction in ICAM—-1 expression until the
eighth day. Both approaches demonstrated specific cleavage of the ICAM-1
messenger RNA (mRNA) and demonstrated good cell viability and hemocompatibility
of the coatings.

The PLGA multilayer construction is also suitable for simultaneous co-transfection of
green fluorescent (eGFP)mRNA and siRNA. The two long-acting substrate-mediated
SiRNA release systems pave the way for new therapeutic stent coatings to reduce ISR
risk after stent placement.

The HA and polyplex PEM system showed rapid release of siRNA patrticles within the
first hour. Significant reduction of the ICAM-1 protein was demonstrated, and cell
viability was not significantly reduced. Thus, this development provides another local
application system that could be integrated into the PTCA.
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1 Introduction

1.1 Cardiovascular disease and the coronary heart disease

Cardiovascular diseases (CVDs) claimed more than 17.7 million deaths in 2015 and
are responsible for a death rate of 31% worldwide, leading the mortality statistics on
global scale [1-3]. Within this group, there are different classifications of this disease,
such as the coronary heart disease (CHD) where arterial vessels are affected that
generally apply oxygen-rich blood to the myocardium. The occurrence of
arteriosclerosis in the CHD causes a narrowing of the artery due to atherosclerotic
plaques and a lower blood flow to the heart. As a result, the heart muscle is no longer
sufficiently supplied with oxygen and nutrients and parts of it can die off resulting in the
worst case in myocardial infarction [4]. The main risk factors for the development of an
atherosclerosis are: hypertension, diabetes mellitus, hyperlipidemia, obesity, smoking,
genetic abnormalities and lack of physical activity and should therefore be treated with

preventive care [5, 6].

1.1.1 Atherosclerosis and its genesis

Atherosclerosis represents the most common cause for CVD like CHD, coronary artery
disease (CAD) and peripheral artery disease that are special types of arteriosclerosis.
While arteriosclerosis describes the loss of elasticity of the large arteries,
atherosclerosis is a progressive disease where an atherosclerotic plague is formed by
lipids and fibrous elements causing the hardening of the artery. Although not all factors
of atherogenesis have been revealed, it is known that the morphology of the endothelial
cells (ECs) and low-density lipoproteins (LDLs) play a major role in the initial step of
vascular lesions. ECs in tubular regions with laminar blood flow have an ellipsoid shape
and are aligned to the bloodstream. However, ECs in branching or curvature regions
show polygonal undirected shape with a thin glycocalyx layer and are predominated
for endothelial lesion [7, 8]. The spontaneous damage of the arterial endothelium due
to turbulence blood flow, low fluid shear stress or other endothelial injuries leads to
increased permeability for macromolecules [7, 9]. In this process, the two proteins
endothelial nitric oxide synthase (eNOS) and superoxide dismutase (SOD) show
reduced expression. Consequently, their reduction causes the retention of LDL via
apolipoprotein B (apoB) leading to accumulation of LDL in the subendothelial layer, the

tunica intima [10]. Generally, a normal nitric oxide (NO) level acts as a protector against
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the development of atherosclerosis and inhibits platelet and leukocyte aggregation,
prevents platelet, leukocyte and monocyte adhesion on the endothelium, and reduces
vascular smooth muscle cell (VSMC) proliferation [11, 12]. Additionally, SOD is
necessary for the cells to protect them against the superoxide anion radical [13]. One
major cause for atherogenesis is the activation of endothelial cells via increased
transcription factor NF-kB due to the oxidation of LDL by reactive oxygen or enzymes
and the subsequent inflammatory processes [14, 15]. Oxidized LDL (oxLDL)
accumulates in the subendothelial layer and stimulates the ECs to produce
macrophage colony-stimulating factor (M-CSF), monocyte chemoattractant protein—1
(MCP-1), and the increased expression of cellular adhesion molecules (CAMs) which
attract leukocytes and platelets to the endothelium (exactly described in chapter 1.1.2)
[16, 17]. After monocyte infiltration into subendothelial layer, M-CSF causes the
phenotypically change into macrophages. The scavenger receptors, CD36, lectin-like
receptor-1 (LOX-1) or CXCL16 on the macrophages are responsible for the
internalization of the oxLDL leading to its accumulation and foam cell building of
macrophages [18]. The ongoing formation of foam cells lead to fatty streaks in the
tunica intima. Fatty streaks can appear in arteries in early life and can regress again,
if foam cells do not recruit VSMCs ending up in advanced lesion. Different types of
atherogenic cytokines or chemoattractants form foam cells. ECs and T-cells induce the
migration and proliferation of the VSMCs from the tunica media to the intima and are
responsible for intimal thickening (Figure 1) [19]. Here, phenotypic change of VSMCs
causes expression of different receptors like scavenger receptors, CD36, and LOX-1
for the uptake of oxLDL [20]. Additionally, VSMCs are responsible for vascular
remodeling due to the production of extracellular matrix (ECM) proteins like collagen,
proteoglycans, fibronectin and elastin and the formation of a fibrous cap protecting the
underlying core of foam cells and necrotic tissue [18, 21]. Different cytokines of the
ongoing inflammatory process destabilize the atherosclerotic plague. The apoptosis of
macrophages and foam cells causes an enlargement of the lipid core and the fibrous
cap gets thinner due to VSMC death as well as the lack of stabilizing ECM proteins
[19]. This thin layer of the fibrous cap can break up very easily in the arterial lumen and
the thrombogenic lipid core, and its high amount of tissue factor are released [22]. The
coagulation cascade starts and platelets react with adhesion and aggregation leading
to thrombosis and consequently to clinical incidences like myocardial infarction or
stroke [23, 24].
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Figure 1: The development of atherosclerosis. It begins with monocyte infiltration and leukocyte
adhesion with diapedesis, followed by plague formation, plaque rupture and ends with the formation of
a thrombus. Redesigned an inspired by the image of Libby et al., 2011 [25].

1.1.2 Cellular adhesion molecules and leukocyte adhesion cascade

Tissue injury or inflammation is the trigger for the recruitment of leukocytes from the
blood to the site of injury or inflammation where the immune response is needed for
tissue repair. The leukocyte migration and the following diapedesis is targeted and
controlled by proinflammatory cytokines that lead the leukocytes to the site of
inflammation, so the surrounding healthy tissue is not attacked. The cytokines
Interleukin—1 (IL-1), Interleukin—6 (IL—6), tumor necrosis factor-a (TNF-a) and
chemokines are distributed and activate endothelial cells which react with increasingly
expression of the CAMs like intercellular adhesion molecule-1 (ICAM-1), vascular cell
adhesion molecule-1 (VCAM-1), P-selectin, and E-selectin [26, 27]. An important
factor for the adhesion of leukocytes and platelets is the slowing down of the blood
stream due to the inflammation, which simplifies their binding to the adhesion
molecules. The leukocyte adhesion cascade is divided into three sections according to
the original model: 1) selectin-mediated leukocyte rolling, 2) chemokine-mediated

leukocyte activation, and 3) integrin-mediated leukocyte arrest [28] (Figure 2).
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Figure 2: The leukocyte adhesion cascade during inflammation with leukocyte rolling, activation,
arrest, and transmigration. ICAM-1 is marked in yellow because it is important for this thesis. Different
selectins, chemokines, and integrins are involved in this process: PSGL-1: P-selectin glycoprotein
ligand-1; VLA4: very late antigen 4; LFAL: lymphocyte function-associated antigen 1; MADCAML1:
mucosal vascular addressin cell adhesion molecule 1; PI3K: phosphoinositide 3-kinase; MACL:
macrophage—1 antigen; VCAM-1: vascular cell adhesion molecule-1; ICAM-1: intercellular adhesion
molecule—1; VCAM-1: vascular cell adhesion molecule—1; PECAM-1: platelet/endothelial-cell adhesion
molecule—1; JAM: junctional adhesion molecule; ESAM: endothelial cell specific adhesion molecule.
Adapted and modified from Ley et al., 2007 [29].

First, rolling of leukocytes is mediated by E-selectin and P-selectin of activated ECs. It
iIs a low-affinity and reversible interaction with fast on and off rates between the
selectins and their ligands of leukocytes where the aminoterminal lectin domain of the
selectins binds carbohydrate groups attaching to the proteins of leukocytes [26]. The
rolling of the leukocytes allows further activation of the cells by chemokines. The
chemokine receptors of the leukocytes interact with the chemokines and the integrins
of leukocyte are activated. The integrin lymphocyte function-associated antigen 1
(LFA1L) of the B2 family binds firmly to ICAM-1 of the immunglobulin superfamily as
well as the integrin very late antigen 4 (VLA4) of the 31 family to VCAM-1 [30]. The
adhered leukocyte reaches by crawling, also called locomotion, the site for
transmigration with the interaction of integrins and ICAM-1 [31]. Adhesion molecules
like platelet/endothelial-cell adhesion molecule—1 (PECAM-1) or vascular endothelial
cadherin (VE-cadherin) lead to transmigration of leukocytes and move to the tunica

intima [30].
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1.1.3 Therapy of atherosclerosis and its pitfalls

Patients suffering from atherosclerosis can significantly improve the prognosis for CVD
by changing their lifestyle. These include, for instance, weight loss, termination of
smoking or physical activity [32, 33]. The second prevention step is the drug therapy
with B-blockers, statins, angiotensin-converting enzyme (ACE) inhibitors, antiplatelet
therapy or the new drug proprotein convertase subtilisin/kexin type—9 inhibitor (PCSK-
9) which is intended for patients who are symptom-free or clinically stable [33, 34].
Surgery intervention is unavoidable for patients with persistent or exacerbating
symptoms after the first and second prevention step could not improve the ordeal [35].
The discovery of the coronary angiography paved the way for the development of the
following two surgical techniques: 1) coronary artery bypass surgery (CABG), 2)
percutaneous transluminal coronary angioplasty (PTCA), recently called percutaneous
coronary intervention (PCI) due to a broader spectrum. CABG was developed and
performed in the 1960s by several physicians and Vasilii Kolesov succeeded in a
sutured anastomosis of a coronary artery to an artery [36]. Afterwards, the performance
of a saphenous vein-coronary bypass was introduced by Michael DeBakey’s team [37].
This surgical revascularization method gained center stage in the treatment of CAD
and is still of enormous importance, especially for patients with complex lesions [38].
In 1977, Andreas Grlintzig achieved another milestone in CAD therapy by laying the
foundation for PTCA as an alternative treatment [39]. During an angioplasty treatment,
the stenotic vessel can be expanded via a balloon or stent insertion using a minimally
invasive catheter inserted (Figure 3). For the implementation of balloon angioplasty,
various parameters have to be clarified individually for each patient, like the diameter
of the balloon, the pressure for inflation, and the duration of inflation. Uncoated
balloons, as well as coated ones are recommended for therapy by the ESC/EACTS
Guidelines on myocardial revascularization in 2014 [40]. Scheller et al. clearly could
prove using a paclitaxel-coated balloon which was able to minimize restenosis after
use of a BMS [41]. Paclitaxel is known as a chemotherapeutic for cancer and is also
used as an antiproliferative agent in balloons or stents with an antirestenotic effect.
Drug-coated balloons are different from stent therapy because they do not require
prolonged dual antiplatelet therapy, leave no foreign body inside the vessel, which can

lead to restenosis, and release the active substance within seconds.
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Figure 3: Therapy of atherosclerosis with PTCA and the insertion of a stent. In worst case, it may
come again after insertion of a stent to narrowing of the vessel lumen, the so-called in-stent restenosis
(shown in the last vessel). Designed with smart, Servier Medical Art.

Nevertheless, in 2004, a meta-analysis revealed that in non-acute coronary disease
the insertion of stents reduced mortality rather than balloon angioplasty at 6 months
[42]. Moreover, the ESC/EACTS Guidelines on myocardial revascularization
recommend stenting over balloon angioplasty in a first PTCA application [40]. The
insertion of a stent works via balloon catheter over which the stent is inverted in an
unexpanded and ‘crimped’ state. Inflation of the balloon causes the stent to expand
against the arterial wall and remains in that formation as the deflated balloon catheter
is removed. The first generation of stents belongs to the bare metal stent (BMS).
However, the risk of an early stent thrombosis and an ISR after stent implantation is
comparably high [43, 44]. This is due to the occurring trauma to the intimal structure
as well as an atherosclerotic plaque rupture during stent implantation causing a
cascade of wound-healing mechanisms, known as neointimal hyperplasia [45, 46].
This adverse effect is known as rapid progression of atherosclerosis starting with the
infiltration of inflammatory cells besides a cascade of various events like smooth
muscle cell proliferation and migration, platelet aggregation, release of growth factors,

and extracellular matrix remodeling [45] (described in detail in chapter 1.1.2). The risk
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of stent thrombosis can be minimized with drugs such as aspirin and platelet
aggregation inhibitors such as clopidrogel [47], but not the ISR. This unwanted
occurrence led to the development of the second generation of stents inhibiting
neointimal hyperplasia: the drug-eluting stent (DES). The DES has as a basic skeleton
a BMS, which is coated with polymer and drug, and which is delivered to the arterial
wall after stent implantation. The first two Food and Drug Administration (FDA)
approved DESs were the sirolimus-eluting Cypher™ stent in 2003 and the paclitaxel-
eluting Taxus™ stent in 2004 [47]. Sirolimus is an immunosuppressive agent and
paclitaxel an antiproliferative one. These first generation DES agents prevent smooth
muscle cell proliferation and accumulation of macrophages on the stent, thereby
reducing the incidence of ISR. Unfortunately, the proliferation of endothelial cells is
negatively affected as well as the migration, proliferation and differentiation of
endothelial progenitor cells from blood for the mandatory re-endothelialization of the
stented region [48]. Further, after discontinuing the dual antiplatelet therapy with
aspirin and clopidrogel, the risk of late stent thrombosis increases [49]. The
development of the second-generation DES with thinner struts provoked indeed a
faster re-endothelialization [50]. However, new approaches for re-endothelialization
are being sought. One approach for next-generation stents is the coating with anti-
CD34 antibodies to bind the endothelial progenitor cells from the blood to the stent
[51]. Similarly, the development of bioabsorbable stents is being researched with
mainly two different materials like polymers, which are degraded by hydrolysis, for
example poly(lactic acid), and alloys with magnesium [52]. These stents may also be
provided with an antiproliferative agent to minimize restenosis. Recent results show
however, that the polymer-based bioabsorbable stents cause more heart attacks than
the metal stents a few years after insertion. The background probably lies in the
irregular degradation of the polymers and the deformation of the inserted stent. The
degradation products of magnesium also appear to have a negative effect [53].
Another promising approach is the coating of stents with nucleic acids like siRNA for

gene silencing, which is described in the following chapters.

1.1.4 Chances for DES with siRNA against CAMs

As stated above, the onset of ISR is an inflammatory process that results from injury
to the intima upon insertion of the stent. A crucial mechanism is the enhanced
expression of the CAMs like ICAM-1, E-selectin, P-selectin, and VCAM-1 on the

endothelial cells, which leads to increased binding of leukocytes and platelets with
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following leukocyte diapedesis into the intima. Additionally, the activation of VSMCs
induces their proliferation and migration from the media into the neointima producing
extracellular matrix proteins and a chronic inflammatory process is evoked [28, 54].
The focus of research is now on siRNAs directed against these CAMs. Petersen et al.
proved the effectiveness of an siRNA against VCAM-L1 in isloated smooth muscle cells
(SMCs) from aorta of C57BL/6 mice. The transfected cells reacted in a scratched area
of an SMC monolayer with reduced migration in comparison to non-transfected cells
[55]. The inhibition of VCAM-1 by siRNA even reduced restenosis in a surgical
mechanical de-endothelialized rat carotid [56]. Recently, Sager et al. demonstrated the
effect of an siRNA mixture of ICAM-1/-2, VCAM-1, E-selectin, and P-selectin on the
fibrotic cap and necrotic core. The matrix metalloproteinases (MMPs) from
inflammatory cells are responsible for the degradation of fibrous caps, vessel
remodeling, and weakening of the atherosclerotic plagues and hence, a further pivotal
point in the development of DES with siRNA. The mixture of SIRNAs provoked 85%
reduction of mMRNA level of several MMPs in mice, protease activity was significantly
reduced, and plaque collagen was increased leading to smaller necrotic cores and
thicker fibrous caps [57]. ICAM-1 is of particular interest as it plays a key role in
leukocyte endothelial adhesion. Walker et al. succeeded in reducing ICAM-1 after
mimicking an inflammation by TNF-a treatment with sSiRNA against ICAM-1 [58].
Furthermore, Chung et al. demonstrated in a mouse model with flow-induced
atherosclerosis that polyplexes with siiCAM-1 bound to the flow-disturbed endothelium
and reduced ICAM-1 expression [59]. The idea behind the application of ICAM-1
SiRNA is that early intervention in the inflammatory cascade may inhibit leukocyte-
endothelial adhesion and subsequent processes as SMC mobilization. The other
participating CAMs, such as VCAM-1 or E-selectin, should also be considered for a
holistic approach [60]. The advantage of sSiRNAs used as therapeutic is their specific

function, which will be explained in the following sections.

1.2 The RNA interference using small interfering RNA

RNA interference (RNAI) is a conserved self-defense mechanism in eukaryotic cells
that prevents the integration of foreign DNA or double-stranded RNA (dsRNA) by
viruses, transposons or transgenes and regulates gene expression of protein-coding
genes [61]. In 1990, this mechanism was first revealed in petunia, when it was
attempted to alter the flower color via the introduction of a gene responsible for flower

pigmentation [62]. The RNAI mechanism was also described by Fire and Mello, who
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received the Nobel Prize in Medicine in 2006 for their discovery. They detected the
mechanism in the nematode Caenorhabditis elegans by introducing dsRNA into the
organism and the resulting degradation of messenger RNA (mMRNA), which is essential
for the translation of proteins [63]. Understanding the RNAIi pathway, it has been
discovered that the dsRNA was shortened into an RNA piece of approximately 21
nucleotides (nt), which is called small interfering RNA (SiRNA) or micro RNA (miRNA).
Both small RNAs arise via the RNAI pathway, differing in biogenesis by other proteins
and complexes. However, the function of repression of mMRNA translation is the same
[64]. In 2001, Elbashir et al. artificially produced 21 nt siRNA for post-transcriptional
gene silencing in mammalian cell lines, which has paved the way for further promising
RNAI applications with siRNA [65].

1.2.1 The RNAI pathway of siRNA

The pathway of mMRNA degradation by RNAI is divided into two different phases: 1) the
initiation phase and 2) the effector phase. The pathway is described in Figure 4. In the
first step, precursor dsRNA from exogenous or endogenous sources enters the
cytoplasm. There, the long dsRNA is cleaved in a 21-23 nt RNA unit by the
endonuclease RNase lll, called Dicer [66, 67]. The resulting siRNA has a 5’—phosphate
and a 3’-hydroxyl group with 2-3 nt overhanging 3'—ends on each strand, which are
necessary for the correct cleavage targeting [68]. With the beginning of the second
phase, the siRNA is incorporated into the RNA induced silencing complex (RISC)
containing a sequence-specific nuclease [69]. Here, the ATP-dependent unwinding of
the siRNA duplex takes place and activates the RISC [70]. Central importance in the
RNAI pathway is attributed to the Argonaute protein 2 (Ago2) which is located in the
RISC [71]. Ago2 binds the guide (antisense) strand and extrudes the passenger strand
[72]. The guide strand of the now single-stranded siRNA guides the endonuclease
Ago2 to the complementary or nearly complementary target mRNA via base-pairing
followed by its cleavage [68, 73]. Generally, the mRNA is cleaved in the middle of the
complementary region, where the siRNA/RISC complex binds [74, 75]. This results in
an RNA 5—fragment with a 3'-hydroxyl group and a 3'-fragment with a 5’-~phosphate
group. Due to the unprotected RNA ends, different exonucleases degrade the mRNA
fragments [76]. The degradation of the mRNA causes the decrease of the mRNA
amount for translation and consequently, less protein is synthesized and present. The
RISC can be recovered and can perform multiple cleavage cycles [77, 78].



Introduction 10

dsRNA |§|=||=m|;||nma| ‘ ﬂamﬂg |=|| SiRNA

~4

\/_'

=4 S, Y [ . e, W e . CETH S R )
- G AN g ' |, \_*_/ A X A 7 L~
C Y /'\\/\ - X}—/ T ~ l\-/'i/L “ 7/}\ A
Noo \'Ve O CH< O~
r< ) 5 >
—_— ), € - . >
~ \I > 4 7/
J

v
LT sirva

RISC assembly ﬂ"?i'" m ; /
RISC activation @ﬁ Guide strand

It : Lll.. Passenger strand cleavage I o J'*L, Target mRNA cleavage

Target mRNA

Figure 4: The mechanism of the RNAIi pathway. Designed with smart, Servier Medical Art. The
illustration is based on basics of the publications [66-75].

1.3 Small interfering RNA and its stabilization

The use of siRNA as a molecular therapeutic agent in acquired and inherited diseases
is becoming increasingly important. The exogenous, chemically synthesized siRNA
arises from created algorithms which allows the siRNA to bind to the complementary
target mMRNA. Important parameters for this purpose are for instance: suitable length
of sSiRNA, low GC content, and asymmetry between guide and passenger strand with
a less stable 5—end of the guide strand [79, 80]. Despite promising therapeutic
approaches, the main challenging aspects are the stabilization of siRNA, the cellular
uptake, and its target delivery. Free and naked siRNA runs the risk of being digested
by endo- and exonucleases that are found in blood, serum, and living cells by
minimizing its half-live in vivo [81, 82]. Chemical modifications are known to protect
siRNA from degradation with nucleases by its stabilization. Different modifications at
the 2’ position of the backbone ribose like 2’-O-methyl, 2’-deoxyribose or 2’-fluoro help
to stabilize the siRNA at the 3'-end of the guide strand [82-84]. Soutschek et al. was
able to produce a functional siRNA by chemical modifications of the apoB siRNA, which
led to a reduction of the mRNA level. The 3'-end of both strands were stabilized using

phosphorothioate and two 2’-O-methyl nucleotides were added at the 3’ end of the
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guide strand, while the passenger strand was modified with cholesterol [82].
Nevertheless, chemical modifications are often not sufficient for high transfection or
efficient gene silencing which is partly due to the large molecular weight of about
13 kDa and the polyanionic character of about 40 negative phosphate charges [85].
The way to enable a high transfection rate and the target delivery of siRNA is discussed

in the following chapters 1.3.1-1.3.3.

1.3.1 Transfection methods

For the successful transfection of cells with exogenous RNA, several important
requirements have to be considered. After the appropriate sSiRNA has been designed
and synthesized, the molecular characteristics (as described in 1.1.2) hinder the
entrance of naked siRNA through the negatively charged and hydrophobic cell
membrane by passive diffusion. Various methods of transfection are available, such
as the biological method with viruses as a vector, the physical method by
electroporation or laser irradiation, and the chemical method with lipids, polymers or
calcium phosphate [86]. Transfection with genetic material differentiates between a
stable and a transient one. While in a virus-mediated stable transfection, also called
transduction, DNA is integrated into the host genome, a transient transfection leads to
a short-term change in gene expression without integration. Incidentally, in transient
transfection in vitro and in vivo, the introduced genetic material can be minimized by
cell division. Due to these facts, the choice of the transfection method depends on
which purpose would be achieved, for instance up- or downregulation of gene
expression or the production of recombinant proteins [86]. The chemical transfection
agents like cationic lipids or cationic polymers are suitable for transient transfection of
cells and are used in the present thesis for the purpose of substrate-mediated gene
silencing.

The chemical transfection agents should fulfill the following aspects for successful and
efficient siRNA delivery into cells: protection of siRNA against degradation, high
biocompatibility and low toxicity, uptake into cells, escape from endosomes and
lysosomes, prevention of errant SIRNA compartmentalization (correct localization:
cytoplasm), siRNA availability at the site of action, and maintaining siRNA gene

silencing activity [87].



Introduction 12

1.3.2 Lipids and liposomes as transfection agent

Lipids or liposomes are often used for siRNA transfection due to their advantages as
a reliable delivery vector. Lipids consist of a positively charged, hydrophilic head with
nitrogen atoms which interacts with the negatively charged sugar-phosphate backbone
of the nucleic acid. The spacer of the lipid is followed by the hydrophobic tail with
hydrocarbon chains [88]. The amphiphilic character of lipid molecules enables the self-
assembly of lipid bilayers followed by the formation of liposomes due to energetic
advantages [88]. Within the liposomes, polar drugs, such as the nucleic acid, can be
encapsulated in the agueous core for gene delivery. The lipid structure has the great
advantage that the head group can be modified and the neutral lipid can be changed
into a negatively or positively charged lipid. Cationic lipids are produced by modifying
the head group with positively charged amine groups and are eminently suitable for
the transfection of the polyanionic nucleic acids including siRNA. The negatively
charged phosphate backbone of the siRNA interacts via electrostatic binding with the
positively charged head group and the so called lipoplex is formed by self-assembly
[89]. The mixing ratio of nucleic acid and lipid is crucial for the subsequent liposomal
net charge [90]. A slight positive net charge of the lipoplex enables the interaction with
the negatively charged cell membrane and the following uptake mainly by endocytosis
[89]. Although the mechanism of lipoplex release from the endosome cannot yet be
fully explained, Elouahabi and Ruysschaert suggest that a detergent-like
destabilization of the endosomal membrane releases the lipoplexes into the cytosol
[90]. After the interaction of the lipoplex with different cell organelles like the
endoplasmic reticulum, Golgi, mitochondria, and nuclear membrane, the complex
dissociates and releases the nucleic acid into the cytosol [90].

A well-known cationic lipid for siRNA transfection is the commercially available
Lipofectamine consisting of two different lipid types: 2,3-dioleyloxy-N-
[2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-propanaminium trifluoroacetate
(DOSPA) and 1,2-dioleoyl-sn-glycero-3-phosphoetanolamine (DOPE). The cationic
lipid DOSPA and the neutral lipid DOPE occur in the ratio 3:1 [88]. DOPE is considered
as a helper lipid because it destabilizes the endosomatic membrane and thus the
lipoplex ends up in the cytosol [91]. The formation of the lipoplexes with SiRNA is very
simple, since only the two products are mixed together. However, care should be taken
that the mixing ratio of nucleic acid and lipofectamine matches because uncomplexed

cationic liposomes may compete with the lipoplexes during transfection process [90].
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1.3.3 Polycationic transfection agent

Cationic polymers can bind nucleic acids via electrostatic interactions and, like cationic
lipids, are an excellent carrier for transfections. The complexation of cationic polymers
and nucleic acids is called polyplex. Several polycationic molecules are known as
potent candidates like the natural polymers chitosan, atelocollagen or the synthetic
polymers like poly-L-lysine or poly(ethylenimine) (PEI). Among them, PEI is one of the
most popular synthetic polymers for nucleic acid delivery, as it was discovered as the
first transfection agent in 1995 [92]. An important chemical property is the high cationic
charge density. PEI possesses an amino nitrogen on every third atom that can be
protonated in an endosome [92]. Therefore, PEI is capable to act as a buffer at virtually
any pH, protects the nucleic acids against lysosomal degradation and provokes the
influx of chloride anions. Water is thereby drawn into the endosome and osmotic
swelling is the result. This ‘proton sponge effect’ is responsible for the bursting of the
endosome and the following release of PEI-nucleic acid complexes into the cytoplasm
[93]. Successful transfection efficiency is influenced by several characteristics of the
polymer like the choice of branched or linear polymer structure, the molecular weight
with the possible occurrence of toxicity as well as the nitrogen/phosphate (N/P) ratio.
For each transfection, these parameters and the type of cells to be transfected should
be taken into account. Branched PEIs are known to have greater ability to complex
nucleic acids compared to the linear ones, since the structure here is more flexible
(Figure 5). Unfortunately, branched PEls provoke stronger complexation and smaller
transfection complexes which leads to lesser transfection efficiency [94].

Likewise, the molecular weight is of great importance for transfection efficacy, as the
molecular weight of PEI increases, the toxicity also increases [95]. The cytotoxic effects
are probably caused by the permeabilization of the cell membrane [96]. Here,
Zintchenko et al. described the modification of branched 25 kDa PEI with organic
substances like ethyl acrylate, succinic or acetic anhydride, and 3—propionic acid which
caused an improvement in compatibility and a reduction of the toxicity [97]. Another
possibility is to combine PEI polyplex applications with the natural polymer hyaluronic
acid (HA), as HA is able to reduce the cytotoxic effects of PEI [98, 99]. The N/P ratio
has also a crucial meaning for an efficient gene delivery. The ratio is defined as
guotient of the moles of the positive charged amine groups of the cationic polymer to
the negative charged phosphate groups of the nucleic acid. The ratio determines the

size of the particles and as N/P ratio increases, the complex sizes decreases [100-
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102]. A complex size of about 200 nm should not be exceeded [100]. Nevertheless, it
is imperative to test polyplexes from PEI for the respective cell type, since this can

react differently to the transfection complexes.
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Figure 5: Branched and linear PEI. The branched molecule is known to complex nucleic acids more
easily than the linear one due to its greater flexibility. The figure is adopted from Demeneix and Behr,
2005 [103].

1.3.4 Therapeutic potential of RNAi with siRNA

The possibilities for using siRNA therapy for gene silencing are very diverse and
currently of particular interest for the development of new therapeutic approaches. Due
to the RNA interference mechanism, targeted siRNA therapy can be used to switch off
genes coding for proteins and are associated with a disease. Although RNAI therapy
is referred to as gene therapy by the regulatory authorities, siRNA is not integrated into
the genome. The siRNA only intervenes in the process of gene expression for a certain
time. This has the advantage that the therapy can take place as long as it is necessary
and desired for the cure of a disease. Great hopes are placed in the siRNA therapy,
especially in diseases that are not yet to cure or show only moderate success
according to the state of current therapies. These include the fight against viral
infections such as HIV or HBV, the treatment of neurological diseases like Parkinson’s
disease or amyotrophic lateral sclerosis (ALS), the therapy of different cancers, the
elimination of inflammatory processes [104], such as atherosclerosis and in-stent
restenosis (ISR). In fact, the world’s first siRNA therapeutic was developed by Alnylam
and approved by the FDA in August 2018. ONPATTRO™ is a lipid siRNA complex
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injection and used for the therapy of the polyneuropathy of hereditary transthyretin-

mediated amyloidosis [105].

1.4 Delivery systems for siRNA gene silencing

The way of clinical administration of therapeutic siRNA is important for therapeutic
success besides the above-mentioned stabilization of the siRNA. Three different
delivery systems for siRNA are approved in clinical therapy: systemic, targeted, and
local delivery. Each application has its advantages and disadvantages and should be
considered when developing an siRNA application system. A systemic delivery system
is easy to realize in clinical application and is often used in therapeutic cases, where
the target of interest is quite difficult to reach or is widely found in the body, as in cancer
or metastases. The administration of the therapeutic agent can occur via intravenous
or intraperitoneal injections and oral administration, respectively [106-108]. However,
in this mode of administration, a systemic infiltration of the drug takes place, care being
taken to ensure that no uninvolved cells or tissues are affected in their function by
SiRNA transfection. Release systems can be developed that bind targeted by specific
binding to the place where gene silencing is desired to prevent adverse side effects.
Targeted release of an siRNA silencing therapeutic can ensure the accumulation of
the therapeutic at the target site, as is often desired in clinical applications.
Consequently, the amount of drug can be reduced for therapy. An excellent approach
for targeted siRNA delivery in cancer therapy is the folate-mediated uptake, as cancer
cells overexpress the folate receptor [109]. Folate can be covalently linked to siRNA
for instance with poly(ethylene glycol) (PEG) for successful gene silencing [110].
Further modification approaches are the linkage of antibodies or antibody fragments
and the arginine-glycine-aspartate (RGD) sequence [111-113]. Another approach for
a site-specific siRNA release is the local delivery via local application systems or
medical devices to different kinds of organs. In this case, unwanted systemic off target
effects can be avoided and the amount of drugs can be reduced due to the location-
limited release. Several methods have already been successfully tested like the
intraocular injection of siRNA Bevasiranib (Acuity Pharmaceuticals) as well as
Ranibizumab (Merck-Sirna therapeutics) for inhibiting neovascularization as a therapy
in wet-age macular degeneration [114]. Likewise in respiratory diseases caused by
viral infections, a local intranasal administration with sSiRNA may be a treatment option.
Alnylam Pharmaceuticals developed successfully an antiviral SiRNA for the treatment

of the respiratory syncytial virus provoking no side effects [115]. Some experimental
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approaches also show great promising results such as an siRNA collagen-
chitosan/silicone membrane for reducing scars in wound healing or an siRNA
poly(caprolactone)-PEG nanofibrous mesh for the treatment of diabetic ulcers [116].
Local delivery of siRNA shows great potential in the field of atherosclerosis or
associated (in-stent) restenosis. The long-time delivery by stents or short delivery by
balloons might be methods of choice to prevent the progression of inflammatory
processes. In the next chapter, different approaches to local nucleotide acid release in

combating atherosclerosis will be discussed.

1.4.1 Local delivery in atherosclerotic therapy

Although BMS and DES are well accepted in atherosclerotic therapy, the above
mentioned pitfalls require new therapeutic strategies in stent or balloon angioplasty
therapy. Various efforts have already led to promising results in recent years. San Juan
et al. developed a gene silencing stent coating of cationized pullulan hydrogel which is
loaded with siRNA targeting MMP2 in VSMCs. The siMMP2 loaded stent was
implanted in balloon-injured hypercholesterolemic carotid arteries of white rabbits
leading to a significant reduction of pro-MMP2 and a decrease in MMP2 activity without
influencing pro-MMP9 [117]. In another study of Li et al., the NOX2 protein (Cybb) was
down-regulated after balloon angioplasty of carotid artery in an atherosclerotic rat
model with an amino-acid-based nanoparticle HB-OLD7 and siCybb complex. The
investigations showed significant reduction of Cybb, NOX2, reactive oxygen species
production, and neointima formation. Since the NOX2 seems to be the major oxidase
affecting intimal SMCs, it is a meaningful participant in the development of restenosis
and atherosclerosis [118]. Focusing on the release system, the polymer PLGA is
promising for cardiovascular stent coating as a drug carrier as thin coatings or PLGA
NPs. Currently commercially available DES like Nevo™(Johnson & Johnson) and
Supralimus ™(Sahajanand Medical) with PLGA coating are already being used to
prevent ISR [119]. A study of Brito et al. demonstrated the effectiveness and long-term
effect of a PLGA and gelatin coating with eNOS expressing plasmid DNA lipoplexes
that coated stainless steel stents. The use of stents in a rabbit iliac artery restenosis
model resulted in eNOS production which provoked suppressed SMC proliferation and
a re-endothelialization of the artery followed by a significant reduction in restenosis
[120]. Additionally, Klugherz et al. transfected successfully in pig stent-angioplasty
studies the arterial wall with plasmid DNA-loaded PLGA NPs that were coated on

expandable stents [121]. Another promising local delivery system approach is the use
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of polyelectrolyte multilayers (PEMSs) that can be produced using the versatile layer-
by-layer (LbL) technique. The use of positive and negative charged materials creates
electrostatic interactions that stabilize the structure on the substrate. Several
biomaterials are popular in PEM research work due to their positive charge like poly(L-
lysine), chitosan, and PEI and their negative charge like alginate, HA, and polyacrylic
acid [122-127]. PEIl is much favored for sSiRNA PEM build-up, as it forms a non-covalent
bond with its strong cationic charge density. Because drugs can be incorporated into
PEMs, this system is predestined for incorporation and a substrate-mediated release
of siRNA particles for gene silencing [128-134]. Hossfeld et al. established a PEM
depot system with HA and incorporated fluorescence labeled siRNA/chitosan NPs. Cell
culture tests with ECs demonstrated the occurrence of sSiIRNA NPs until day six in the
cells. The coated stent with HA and siRNA/chitosan NPs provoked an uptake of the
siRNA NPs in the cells of the arterial wall in an ex vivo model with carotid porcine
arteries [133].

1.5 Characteristics of biomaterials for medical applications

Biomaterials are of natural or synthetic origin and are used for medical devices or
implants where they come into contact with the biological system. Generally,
biomaterials are used to support or replace a damaged organ or tissue. It is therefore
essential that the implanted biomaterial does not induce short-term or long-term
defense reactions in the body or cause life-shortening damage. Biomaterials can be
divided into three fields: bio-inert materials that do not interact with the tissue and do
not trigger an immune response, bioactive materials that can mimic natural tissue, and
biodegradable materials that are absorbed by the body and replaced by tissue
regeneration [135]. Bioactive biomaterials are of particular interest for research in
biomaterial-based devices as the biomaterial can be modified by introducing biological
agents, drugs, peptides, and nucleic acids or by transforming it via temperature change
or light and is therefore comparable with a drug.

When developing a biomaterial for the biotechnology field or medical application, the
following aspects are of importance: the interaction between the biomaterial surface
and the cells, the stability or instability of the material with respect to degradation, the
micro- and macro-mechanical properties compared to the tissue and the ability to
sterilize the biomaterial [136]. In addition, the proof that the material or the medical
device is biocompatible is a prerequisite for market approval and is defined in EN ISO

10993. The product, which may later come into contact with tissue, blood or other body



Introduction 18

fluids, is hereby investigated for possible side effects. For this, different tests can be
carried out in cell culture experiments already during the selection of the biomaterial
and during various development steps of the medical device. These include for
instance the determination of the cell adhesion and morphological evaluation, the

examination of an immune response and cytotoxicity as well as the hemocompatibility.

1.5.1 Biomaterials for bioactive applications and gene delivery systems

One of the most popular and FDA-approved biomaterial in drug delivery systems is
poly(lactic-co-glycolic acid) (PLGA) that is a copolymer of poly lactic acid (PLA) and
poly glycolic acid (PGA) [137, 138]. A significant advantage of PLGA in medical
applications is the low systemic toxicity it exerts. The majority suggests that PLGA
degrades by hydrolysis. However, it cannot be completely ruled out that enzymes are
involved in the degradation process. During hydrolysis, the ester bond is broken and
the monomers PLA and PGA are formed. Lactic acid naturally occurs in the
tricarboxylic acid cycle and therefore PLA can be included in this cycle, metabolized
and excreted as water and carbon dioxide [138]. Presumably, the same thing happens
with PGA or it is excreted via the kidneys [138]. For the development of a bioactive
coating for implants, the duration of the degradation is mostly important, so that the
duration of effect can be maintained for the respective application. The physico-
chemical properties of PLGA like the molecular weight, the end groups that can be
capped or uncapped, and PLA:PGA ratio determine the degradation time from months
up to years [139-141]. A higher content of PGA leads to a faster degradation of PLGA
with the exception of PLGA 50:50 with the fastest degradation time of one to two
months [142, 143].

A naturally occurring polymer which is often used as a biomaterial in different
applications is HA. It is a negatively charged glycosaminoglycan consisting of D-
glucuronic acid and N-acetyl-D-glucosamine linked by 3-1,4— and 3—1,3—glycosidic
bonds [144]. HA is a major component of the extracellular matrix and occurs in
biological fluids like synovial fluid, umbilical cord and blood with a molecular range from
103-107 Da [144-147]. Due to its biocompatibility, biodegradability, and no signs of
immunogenicity, HA is excellent for wound healing, treatment of osteoarthritis, and for
scaffolds in tissue engineering [148-151]. Although HA is not a classic transfection
agent because of its negative charge, it is often used in combination with biomaterials
like chitosan, poly-L-arginine, collagen or PEI for nucleic acid delivery and is able to

reduce cytotoxic effects of PEI as mentioned before [98, 152-155]. Likewise, HA seems
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to enhance transfection. An experiment by Han et al. showed that the complex of PEI-
siRNA/HA provoked higher gene knockdown in different tumor cells than the complex
without HA [98]. HA is also able to interact with cell surface receptors like HA-mediated
motility receptor, CD44 or ICAM-1 that are responsible for cellular processes like
migration, proliferation, differentiation and angiogenesis [156-160]. Since CD44 and
ICAM-1 are over-expressed in atherosclerotic processes, it seems likely that good or
better transfection results can be achieved in combination with HA.

Atelocollagen (ATCOL) is an enzymatically modified collagen type | without
telopeptides, the N- and C-terminal ends [161]. The modification leads to the absence
of immune stimulatory effects and the biocompatibility of collagen creates a well-
tolerated material for medical application like cartilage repair or wound-healing [162,
163]. ATCOL can exist in different states of aggregation depending on the temperature
and concentration. ATCOL is liquid when temperature is below 10° C and agelat 37° C
with a concentration above 0.5%. Higher concentrations cause liquefaction of the
polymer with a viscosity similar to blood. Several studies dealing with the delivery of
siRNA confirmed ATCOL as a potent carrier as well as an amplifier for gene silencing
and protector against nucleases [162, 164-167]. Takei et al. demonstrated the gene
delivery efficiency of ATCOL with siRNA against VEGF [168]. The polyplex remained
for at least 8 days in the tumor tissue, whereas naked siRNA showed low persistence
at day 1, and no occurrence at day 8. Furthermore, the tumor growth and the
microvessel density were lower than in the control showing the efficiency of
SiRNA/ATCOL transfection.
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1.6 Aim of the thesis

Cardiovascular atherosclerosis is often treated by PTCA, in which a stent can be
inserted at the affected narrowed site. Unfortunately, inserting a BMS or a DES may
damage the endothelium, causing a wound-healing mechanism, followed by an ISR or
stent thrombosis. The mechanism causes an up-regulation of the CAMs like ICAM-1,
VCAM-1, E-selectin and P-selectin. Thus, the leukocytes have more receptors
available, to which they can bind and migrate into the tunica intima — a chronic,
inflammatory process arises. The pivotal point of the thesis was the establishment of
bioactive surface coatings consisting of a biomaterial and an embedded, complexed
SiRNA against the endothelial surface receptor ICAM-1 for local gene silencing. This
approach is intended to further develop eluting stents with the aim of specifically
minimizing the expression of ICAM-1 to prevent ISR. For this purpose, different
biomaterials, such as natural or synthetic polymers should be applied to model
substrates. Monolayer and multilayer systems, as well as polyelectrolyte layers should
be investigated for the release of complexed siRNA particles. The biocompatibility of
the polymers could be determined either with fluorescence microscopy, cell viability or
cell number. Different siRNA complexes should be evaluated with a liposomal
transfection reagent and a cationic synthetic polymer as transfection reagent. One
intention was the substrate-mediated transfection of an endothelial cell line with the
embedded and complexed siRNA particles. Therefore, the transfection efficiency of
these siRNA particles should be determined by flow cytometry. Also, a major aim of
this thesis was the substrate-mediated gene knockdown of ICAM-1. The ICAM-1
expression of the receptors should be examined by flow cytometry after TNF-a
activation and antibody staining. Additionally, the site specific ICAM-1 knockdown by
silCAM—1 can be proven by 5’-RLM-RACE-PCR. Of particular interest in terms of stent
or balloon coatings are the duration of the siRNA release from the coatings, the
duration of transfection and gene knockdown. The supernatants and the coated
substrates of the incubated biomaterials with fluorescence labeled siRNA should be
examined for their fluorescence intensity with a fluorescence reader. Since the long-
term goal of this work is clinical application, the hemocompatibility of the coatings
should be confirmed as well as a possible immune response against the biomaterial

and siRNA lipoplexes.



Results 21

2 Results

2.1 Publication |

Koenig O., Nothdurft D., Perle N., Neumann B., Behring A., Degenkolbe 1., Walker T.,
Schlensak C., Wendel HP., and Nolte A.

An atelocollagen coating for efficient local gene silencing by using small interfering
RNA

Molecular Therapy Nucleic Acids, 2017 March; 6:290-301

CVDs lead the mortality statistic on a global scale with 17.3 million deaths per year and
caused especially with CHD 20% dead in the European population. The development
of a CHD is mainly triggered by atherosclerotic processes. Different treatment
strategies like medication with ACE inhibitors, antiplatelets, and 3-blockers or surgical
interventions by CABG or PTCA with or without stent insertion are helpful and widely
used. Nonetheless, tissue trauma in the tunica intima often occurs after deployment of
stents, resulting in ISR. The trauma creates an inflammatory process that causes the
endothelial cells to increasingly express adhesion molecules such as E-selectin,
VCAM-1 and ICAM-1. Leukocytes migrate via leukocyte diapedesis into the tunica
intima and cause proliferation of smooth muscle cells and further inflammatory
processes. Re-narrowing and an occlusion of stented atherosclerotic vessel is the
result. DESs release anti-proliferative agents to counteract neointimal hyperplasia.
However, these agents are suspected to cause unwanted late restenosis as they
prevent re-endothelialization of the vessel. The aim of this study was to develop a local
siRNA delivery system as a stent coating for the endothelial adhesion molecule ICAM-
1 which is able for long-term release and ICAM-1 knockdown. ATCOL, known for its
low immunogenicity, was selected as a suitable biomaterial with transfection and depot
effect. First, the most biocompatible ATCOL coating was determined by testing four
different ATCOL concentrations on cell viability with EA.hy926 cells. ATCOL coatings
of 0.008%, 0.016%, 0.032%, and 0.064% solution were prepared by diluting the stock
solution with 5 mM sodium acetate buffer (pH 5.5) and 100 pL were air-dried on glass
slides (10 x 10 x 1 mm). The cell viability was tested after 48 h cultivation of EA.hy926
seeded onto the coated glass slides by determination of the cell number by CASY cell
counter and by microscopy images. The coatings of 0.008%, 0.016%, and 0.032%

showed instead of 0.064% no significant decrease in cell number and morphology and
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were comparable to the cells cultured on the uncoated glass control. Therefore, in the
following experiments, the 0.008% and 0.032% ATCOL coatings were tested as
possible siRNA transfection coatings. Both ATCOL solutions were mixed with different
siRNA-Lipofectamine®2000 solutions of 1 pug siRNA + 1 pL Lipofectamine, 2.5 ug
SsiRNA + 2 pL Lipofectamine, and 5 pg siRNA + 3 L Lipofectamine and incubated for
20 min for complexation before 100 puL were air-dried on glass slides. ATCOL/sIRNA
coatings were observed for the release kinetic of SIRNA AF 488 particles and the
transfection efficiency with and without Lipofectamine by flow cytometry. The ICAM-1
expression was tested with ATCOL/siICAM-1 coatings after 48 h cultivation of
EA.hy926 on coated glass slides and activation with TNF-a for 14 h. Long-term
knockdown of ICAM-1 was determined over eight days with cells either cultivated on
ATCOL/siICAM-1 coated glass slides or cells seeded one day prior experiment before
incubation with ATCOL/siICAM-1 complexes in liquid form for 4 h and replaced by cell
culture medium. The silCAM-1 mediated cleavage site of ICAM-1 mRNA after
transfection was analyzed with the 5’-RLM-RACE-PCR technique. Hemocompatibility
of the coatings was determined with human blood incubation and ELISAs. The
transfection potential of ATCOL was tested using the transfection efficiency and ICAM—
1 knockdown experiments. No significant transfection efficiency could be detected with
0.008% or 0.032% ATCOL/siRNA AF 488 coatings without the use of Lipofectamine.
The addition of Lipofectamine resulted in a significant increase in efficiency with a
maximum value of 68.9% positive cells with 5 ug siRNA and 0.008% ATCOL coating,
and 75.2% with the same amount of siRNA and 0.032% ATCOL. The ICAM-1
expression of cells cultivated on 0.008% ATCOL and silCAM-1 without Lipofectamine
also showed no reduction of the ICAM-1 expression. However, coatings with
Lipofectamine caused a concentration dependent decrease in expression. An ICAM—
1 knockdown of 47.9% was observed with 0.008% ATCOL and 5 ug siRNA showing
significant decrease compared to the control with siSCR (scrambled siRNA). The same
results were achieved with the 0.032% coating, whereby a higher ICAM-1 knockdown
of 60.4% was seen here. The long-term knockdown experiment revealed the
effectiveness of the ATCOL-mediated local transfection in comparison to the
conventional transfection, where transfection particles linger in suspension. The
0.008% ATCOL and 5 pg silCAM-1 coating achieved significant knockdowns after
cultivation day 2, 4, and 6 and a knockdown until day 8 with 11.6%. Highest knockdown
was seen on day 2 with 68.9%, followed by day 4 and 6 with 63.3% and 48.7%,
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respectively. In contrast, transfection particles in suspension could not provoke a
significant ICAM-1 knockdown during the whole experiment and furthermore, showed
significant higher ICAM-1 values until day 6 in comparison to the ATCOL/silICAM-1
coatings. The 0.032% coating caused a lower knockdown than the 0.008% ATCOL
coating, and therefore, only a significant reduction of ICAM—1 expression was seen
until day 4. Additionally, there were no significant ICAM-1 differences between the
ATCOL coating- and the suspension-mediated transfection process. Knockdown with
41.1% and 41.0% was observed on day 2 and 4. The results of the release study were
comparable and in line with the knockdown experiments. After 9 days release of SiRNA
AF 488, 0.032% ATCOL with 5 pg siRNA contained the highest residual amount of
SiRNA followed by 0.008% ATCOL with the same amount SiRNA. A significant
difference between 1 pg and 5 pg siRNA AF 488 with 0.032% ATCOL coating was
observed at this time. The highest amount of SiRNA release from all coatings happened
within the first 4 h. After 24 h, the release rate of 0.008% ATCOL coating was higher
than the one of the 0.032% coating. The specific mMRNA degradation by knockdown
experiments with ATCOL/siICAM-1 coatings was proven with the 5’-RLM-RACE-PCR
technique. The specific cleavage site at bp 1,818 was detected only with this coating
and not in control layers without silCAM—1. The hemocompatibility of the highest
concentration 0.032% ATCOL/siICAM-1 coating was analyzed after 1 h incubation
with human blood. The cell numbers of leukocytes, erythrocytes, platelets,
lymphocytes, monocytes and granulocytes showed no significant changes in
comparison to the 1 h control. Additionally, SC5b9 and C3a of the complement system
and PMN elastase also revealed no change in values. Furthermore, a significant
increase in hemolysis values was detected, wherein the limit for hemolysis of

40 mg/100 mL was not exceeded.
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2.2 Publication Il

Koenig O., Zengerle D., Perle N., Hossfeld S., Neumann B., Behring A., Avci-Adali M.,
Walker T., Schlensak C., Wendel HP., and Nolte A.

RNA-eluting surfaces for the modulation of gene expression as a novel stent concept

Pharmaceuticals, 2017 February; 10(1): 23

The coronary artery disease is caused by atherosclerosis in heart coronary vessels
triggering stroke and heart attack. A common treatment used in vasoconstriction is the
established PTCA method. In this minimally invasive procedure a balloon catheter can
be introduced, with which at the same time a coronary stent can be placed at the
affected atherosclerotic site. Nevertheless, the insertion of stents, such as BMS or DES
involves the risk of ISR or stent thrombosis. Placing of the metal mesh at the affected
artery damages the endothelial cells in the tunica intima and provoke atherosclerotic
plaque rupture. Consequently, the wound-healing mechanism, called neointimal
hyperplasia, starts with the first step: inflammatory cell infiltration. Inflammatory
mediators and chemoattractant factors recruit leukocytes from the blood system for
their diapedesis at the damaged tissue. ECs react with an enhanced expression of
their binding sites, the CAMs like ICAM-1, VCAM-1, E-selectin, and P-selectin. The
leukocytes adhere on the endothelial binding sites and migrate into the tunica intima.
Additionally, the vascular smooth muscle cells proliferate and migrate from the intima
to the neointima due to the chronic inflammatory process. A promising approach to
circumvent these adverse effects by bare metal stents was the development of DES
with chemotherapy medication or immunosuppressants. Although ISR could be
reduced up to 60%—80%, DESs provoke slow re-endothelialization causing a late in-
stent thrombosis and demand a prolonged antiplatelet therapy. All these adverse
effects have to be eliminated with new approaches in the design of drug eluting stents.
The purpose of this study was to establish a long-term drug-eluting coating system with
three different derivatives of the approved biomaterial PLGA which were: PLGA
Resomer® RG 752 H, 75:25, acid terminated, 4,000-15,000 Da (= PLGA 1); PLGA
85:15, ester terminated, 50,000-75,000 DA (= PLGA 2); PLGA Resomer® RG 756 S,
75:25, ester terminated, 76,000-115,000 Da (= PLGA 3). The degradation of PLGAs
by hydrolysis depends on their molecular weight, end groups (capped or uncapped)
and the PLA:PGA ratio, whereby the increase of PGA accelerates the degradation.

The eluting drug was siRNA against ICAM-1 alone or with eGFPmMRNA together. They
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were Lipofectamine® 2000—encapsulated and locally transfected. The PLGA was
freshly dissolved in ethyl acetate before each use with a concentration of 1 pg/uL.
Coverslips (15 mm diameter) were used for pH value analysis, cell viability assay and
hemocompatibility test with air-dried coating of 50 ug of each PLGA (1 to 3). For co-
transfection with siRNA and mRNA 13 mm diameter coverslips were air-dried with
PLGA 1 (50 pg/ pL) containing a transfection mix of 10 pg eGFPmMRNA, 3 pg siRNA,
and 2 pL Lipofectamine. Glass slides (10 x 10 x 1 mm) were coated for all other
transfection experiments to evaluate transfection efficiency, knockdown and 5’-RLM-
RACE-PCR. For this, Lipofectamine and siRNA were complexed in Dulbecco’s
Modified Eagle Medium (DMEM) for 30 min with different amounts: 1 ug siRNA and
1 pL Lipofectamine, 3 ug and 2 pL, and 6 pg and 4 pL. Subsequently, PLGA and
Lipofectamine/ siRNA complexes were mixed 1:1 and 100 pL of this solution were
pipetted onto one glass slide. First of all, the degradation of PLGA 1-3 alone was
tested over four weeks in cell culture medium under standard culture conditions
regarding the pH value stability. Furthermore, the cell viability of EA.hy926 was tested
with the supernatants after one, two, three, and four weeks of cultivation of the pH
value test with the CASY® cell counter and the MTT-assay after 48 h cultivation.
Hemocompatibility of PLGA 1-3 was tested with fresh human blood after 1 h gently
shaking at 37° C. Different inflammatory markers were determined after the incubation
of human vascular endothelial cells (hVECs) with PLGA 1-3 coatings and in
combinations with Lipofectamine alone or with silCAM-1 or scrRNA by quantitative
Real-Time PCR (gRT-PCR). The uptake of PLGA-eluting siRNA AF 488 was analyzed
by flow cytometry after 24 h incubation of coated slides laying on EA.hy926 cells. The
ICAM-1 knockdown and the ICAM-1 expression was determined after 48 h of
transfection with coatings consisting of PLGA1-3 and 3 pg silCAM-1/Lipofectamine
complex by flow cytometry and gRT-PCR with EA.hy926 and hVECs. The ICAM-1
specific cleavage site was determined with the 5’-RLM-RACE-PCR. PLGA mediated
long-term release was tested with sSiRNA AF 488 and a multilayered coating system
consisting of eight alternately dried layers of 500 ug PLGA and 3 pg siRNA complexed
with Lipofectamine and a capping layer of 1 mg PLGA. The co-transfection of
eGFPmMRNA and siRNA AF 555 in PLGA 1 was examined by flow cytometry. The first
result of pH stability examination showed the same variations in pH value in all three
PLGA samples and the uncoated coverslip control. Lower pH values were observed

for PLGA 1 after two, three and four weeks and for PLGA 2 after two and four weeks
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in comparison to PLGA 3. The cultivation of EA.hy926 and the supernatants of PLGA
1-3 caused no significant changes in cell viability. The highest but not significant
decrease in cell viability was seen with the three-week-old supernatant, with viability
decreasing to 85% with the PLGA 2 and 3 supernatant and to 90% with PLGA 1. The
hemocompatibility of PLGA 1-3 could be proven by the tests with fresh human blood
after 1 h incubation. The blood cells like erythrocytes, platelets, leukocytes,
lymphocytes, monocytes, and granulocytes showed no significant changes after 1 h
incubation with PLGA 1-3 coated slides in comparison to the control slides. Also, no
significant changes in the values of the parameters of the complement system C3a
and SC5b9 were found between 1 h control and samples. Significant increases in
complement system samples and blood parameters were only seen between 0 h
controls and the 1 h control. The PLGA 1-3 coatings did not provoke a significant
change within these parameters. The results of [-Thromboglobulin,
polymorphonuclear granulocyte (PMN)-elastase, and thrombin-antithrombin IlI-
complex (TAT) examination with PLGA 1-3 coatings did not differ significantly from the
1 h control. The analysis of the immune response regarding inflammatory markers
CXCL-7, CXCL-10, signal transducer and activator of transcription 1 (STAT1), and
OAS detected no augmentation in mRNA level when only PLGA 1-3 was used. The
addition of Lipofectamine caused an increase in mRNA expression, which was
intensified by silCAM-1 and scrRNA. However, dsRNA augmented the mRNA
expression of CXCL-10, STAT1, and 2'-5'-oligoadenylate synthetase (OAS) to a much
greater extent. When analyzing the data of the short-term uptake of SiRNA AF 488, the
appropriate amount of SiIRNA could be determined for further experiments. The amount
of 3ug siRNA with Lipofectamine and PLGA 1-3 effected significant higher
transfection efficiencies than with 1 pug. Although, the increase to 6 ug resulted in the
highest level with 96% and 95% for PLGA 2 and PLGA 1, this increase was not
significant. Consequently, 3 ug siRNA was used in the following experiments, whereby
PLGA 1 revealed the highest efficiency. Also in the knockdown experiment, the 3 pg
siRNA amount resulted in the highest significant ICAM-1 knockdown of 36% with
EA.hy926 and the highest knockdown of 22% with hVECs. While significant ICAM-1
knockdown could be observed with EA.hy926 in comparison to the controls with TNF-
a, PLGA 1 and TNF-qa, and PLGA 1 with scrRNA and TNF-a, hVECs did not show such
clear results. Subsequently, it was demonstrated that the silCAM-1 transfection and

the following mediated knockdown correctly cleaved the mRNA transcript at the base
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pair 1818. The long-term uptake experiment of siRNA AF 488 revealed high
transfection efficiency values until day six and long-lasting efficiency until day twenty.
Very high values were reached with at least 80% after the first incubation day and 85%
after the second. PLGA 1 noted the highest efficiency with 96%. Within the third to
sixth day, efficiency dropped to a baseline of 1-2%. The co-transfection experiment of
SiRNA AF 555 and eGFPmMRNA proved that PLGA 1 is suitable as a coating system
for this purpose. The co-transfection yielded 11% positive cells for siRNA AF 555 and
eGFPmMRNA. Separate transfection of PLGA 1 with siRNA AF 555 complexes showed
26% positive cells and PLGA 1 with eGFPmMRNA 11%.
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2.3 Publication 1l
Koenig O., Neumann B., Schlensak C., Wendel HP., and Nolte A.

Hyaluronic acid/poly(ethylenimine) polyelectrolyte multilayer coatings for siRNA-

mediated local gene silencing

PLOS ONE, 2019 March; 14(3): e0212584

The RNAiI mechanism is a promising approach for various therapeutic applications, like
infectious diseases, cancer or CVDs with the aim of transient specific gene silencing.
Local gene silencing is of particular importance for therapeutic approaches where a
local and specific knockdown via siRNA is desired. PEMs offer the possibility to build
a construction via the versatile LbL technique into which active agents can be
integrated and afterwards released. The build-up of PEMs is generally carried out with
familiar biomaterials of opposite charges such as with the synthetic cationic polymer
PEI. Itis known as a transfection agent for gene delivery with its condensing ability and
Is often used with sSiRNA. The negatively charged polymer is the naturally occurring
HA. Its high molecular weight variant is attributed a cytotoxic-reducing effect of PEI.

During an inflammatory process such as in atherogenesis, different CAMs like E-
selectin, VCAM-1, and ICAM-1 are increasingly synthesized by overexpressed genes
on activated endothelial cells. The consequence of this is that leukocytes interact with
the receptors of the CAMs and the diapedesis with previous rolling and tethering
occurs. In case of stent insertion, the endothelium may be injured at the site of
placement, which also causes an inflammatory process with leukocyte diapedesis. As
a result, this can lead to reocclusion of the artery as well as to stent occlusion. Hence,
in this study an LbL build-up of HA and PEI-siRNA were established and tested as a
novel local gene silencing construction for the cell adhesion molecule ICAM-1. Herein,
20 uM siRNA and 25 kDa branched PEI were both diluted in 0.15 M NaCl for 10 min
and afterwards mixed with a ratio of 18,75 mN/P. After 20 min of incubation, the PEI-
SsiRNA complexes were ready for LbL build-up on 10 x 10 x 1 mm glass slides. Sodium
hyaluronate 95% was dissolved with 1 mg/mL in 5 mM sodium acetate buffer (pH 5.5).
First, precursor layers, consisting of a monolayer with 750 kDa PEI and two following
bilayers of HA and 25 kDa PEI, were deposited on the slides by a 10 min dipping and
in between 3 x 2 min washing steps. Bioactive bilayers of HA/PEI-siRNA were applied

afterwards in the same way.
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Preseeded EA.hy926 cells were incubated in a “reverse assay” for 24 h with the LbL
coated glass slides. Afterwards, the ICAM—1 receptor expression was examined by
flow cytometry. Here, control cells incubated with uncoated slides, cells with PEI-
silCAM-1 coated slides, and cells with PEI-siSCR coated slides were stimulated with
TNF-a for 14 h to induce ICAM-1 expression. However, neither the 3 nor the 10
bilayers of PEI(HA/PEI)2(HA/PEI-siICAM-1) provoked a significant reduction of the
ICAM-1 expression. Consequently, the LbL technique was modified by exchange the
dipping steps of HA and PEI-siRNA to drying steps. An advantage of this technique
was that the amount of incorporated siRNA could be provided. With every drying step
of PEI-siRNA, 0.5 ug siRNA was deposited in one bilayer. In this case, the ICAM-1
expression of EA.hy926 was significantly decreased with PEI(HA/PEI)2(HA/PEI-
SilCAM-1)3,57,1012 in comparison to the TNF-a control and to their
PEI(HA/PEI)2(HA/PEI-siSCR)s,5,7,10,12 controls. The highest ICAM-1 reduction was
determined with 10 bilayers and 44% remaining ICAM—1 expression.

Afterwards, this successful established transfection system was tested for transfection
efficiency with fluorescence labeled siRNA (siRNAy), for duration of siRNAs release and
ICAM-1 knockdown, and for cell number determination. The transfection efficiency test
of 3 and 10 bilayers confirmed the effectiveness of the bilayer system with a result of
50% transfection efficiency using coated slides with PEI(HA/PEI)2(HA/PEI-siRNA()1o0.
Since it was noted in the ICAM-1 knockdown experiment that 12 bilayers could not
provoke a higher knockdown than 10 bilayers, it was of interest whether a significant
increase in bilayers can further reduce the ICAM-1 expression. However, the
augmentation of bilayers up to 24 did not reduce the ICAM-1 expression more than
the 10 bilayers. To determine the duration of the release, the PEM coated slides
already cultured for 24 h were cultured again on preseeded cells for further 24 hours.
A non-significant reduction of ICAM-1 expression was found in both PEMs
PEI(HA/PEI)2(HA/PEI-siICAM-1)12,24. The release study confirmed this result showing
an initial burst release within the first hour of all PEM bilayers followed by a minor
release until 48 h at 37 °C in PBS. Additionally, the fluorescence intensity of the
completely scanned coated PEMs showed highest values at time point zero before
incubation and a significant decrease of intensity after 1 h incubation under same
conditions. The living cell number of PEM PEI(HA/PEI)2(HA/PEI-siiICAM-1 or -

siSCR)10dried coatings was compared to a monolayer with the same amount of SiRNA.
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The results showed a significant reduction of living cell number in the monolayer

consisting of 5 pg silCAM-1 or siSCR.
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3 Discussion

3.1 Efficient local gene silencing mediated by ATCOL coatings with embedded
SiRNA lipoplexes

Cardiovascular stent therapy needs new ways to improve the outcome of long-term
therapy. During angioplasty therapy, inserting the stent is seen as a trauma to the
intimal structure of the arterial wall, resulting in an immune reaction and ultimately a
re-narrowing of the vessel due to wound-healing mechanisms [169]. The commonly-
used DESs were introduced to inhibit neointimal hyperplasia and consequently, reduce
the risk of ISR. However, first and possibly also second generation of DESs fail to
prevent late stent thrombosis after discontinuing the dual anti-platelet therapy [48]. The
development of gene-eluting stents is a promising new approach for the alteration in
gene expression involved in vascular wall regeneration. For this purpose, a surface
coating with ATCOL was developed in this project, which can release a complexed
siRNA over a longer period of time. Different ATCOL concentrations were tested in a
cell culture assay with the immortalized EC line EA.hy926 to determine the cell viability
on the surfaces. ATCOL has the property that its physical state changes depending on
the temperature and concentration. At a temperature less than 10° C ATCOL is liquid
and with increasing temperature the protein becomes a gel between room temperature
and 37° C depending on the concentration [166]. Cultivation of cells on the coatings
with 0.008%, 0.016%, and 0.032% ATCOL showed cell counts comparable with cells
growing on the uncoated glass slide. The 0.064% ATCOL coating provoked a
significant reduction of the cell number in comparison to all samples. In addition, the
light microscopic images showed an atypical morphology with a rounded cell body and
hardly any pseudopodia. The stiffness of the substrate plays a crucial role in cell
adhesion, migration, proliferation, and differentiation [170-175]. Each cell type is
adapted to its environment and therefore prefers either a hard or a soft substrate for
cell growth. Also, Nolte et al. achieved lower cell viability and/or adhesion in a softer
substrate with PEMs from natural polymers compared to a stiffer material with synthetic
polymers [176]. Likewise, the softer substrate caused the rounding of the cells.
Consequently, an increasing ATCOL concentration is responsible for softer coatings.

During the development of a gene-releasing coating, release and transfection are the
pivotal point. Despite literature statements from studies with ATCOL [161, 162, 165,
166], the embedded siRNA particles did not allow efficient uptake into the cells with
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0.008% and 0.032% ATCOL concentrations in combination with 1, 2.5, and 5 pg siRNA
AF 488 after 48 h. Likewise, no reduction of the ICAM-1 protein could be achieved
with these coatings when using siRNA against ICAM-1. Other studies, however,
showed successful transfection with an efficiency of 40—60% with 0.008% ATCOL
layers and gene silencing with siRNA [161, 177]. The difference with our static method
Is that the coating was made by rotating the ATCOL solution with siRNA. This could
be the reason for the different efficiencies and outcome as well as the use of other cell
lines. By complexing the siRNA with Lipofectamine®2000, the transfection efficiency
could be significantly increased. Highest transfection efficiency was reached with 5 ug
fluorescent-labelled siRNA and 0.008% ATCOL with 68.9% fluorescence positive cells
and 0.032% ATCOL with 75.2%. Overall, the 0.032% ATCOL coatings provoked higher
transfection efficiency values than the 0.008% ATCOL.

The gene silencing of ICAM-1 was tested in a short-term experiment with 0.008% and
0.032% ATCOL coatings with embedded 1, 2.5 or 5 ug silCAM-1 lipoplexes. A
significant reduction in ICAM-1 was achieved with 5 pg silCAM-1 and the 0.008% and
0.032% coatings, respectively. Thus, the ICAM-1 gene silencing approach for
preventing the leukocyte adhesion cascade could be a promising therapeutic option to
prevent an inflammatory process after stent placement. This involves intervening in an
early state of wound healing before the inflammatory process provokes for instance
the SMCs recruitment [28, 54]. The functionality of the local ATCOL delivery system
with embedded silCAM-1 lipoplexes showed the proof of the correct cleavage site for
the ICAM-—1 mRNA by 5-RLM RACE PCR by 5-RLM RACE. This demonstrates that
the gene silencing of ICAM-1 was due to the specific SiRNA for ICAM-1 and no side
effects have influenced the process.

Since sustained release of the lipoplexes is desired for substrate-mediated gene
silencing, release with complexed siRNA AF 488 to day 9 was tested. The combination
of 0.032% ATCOL and 5 ug siRNA showed the highest release over time until day 9
followed by 0.008% ATCOL and 5 pg siRNA. An initial burst release within the first 4 h
was observed followed by a sustained release until the end of the experiment. In the
first days of transfection, burst release seems to be an important prerequisite for high
and long lasting gene silencing [178, 179]. The difference between the releases of the
SiRNA AF 488 with the two differently concentrated ATCOL coatings is due to the
collagen matrix density. A lower collagen concentration leads to a reduced matrix

density, which leads to a faster escape out of the matrix [167]. The results of the
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release study and of the long-term transfection experiment support this finding of Sano
et al.

During the long-term gene-silencing experiment, the superiority of substrate-mediated
transfection and gene silencing compared to the suspension-mediated variant was
clearly demonstrated with 0.008% ATCOL coating and 5 pg silCAM-1. The gene
silencing of ICAM-1 was significantly higher until day 6 using substrate-mediated
transfection and the gene silencing still showed a knockdown of 11.6% on day 8,
whereas no effect was seen in the suspension-mediated transfection. In general, the
0.032% ATCOL coating could not provoke such considerable ICAM-1 knockdown
values and significant gene silencing was observed until day 4 by substrate-mediated
transfection. The higher transfection efficiencies and higher release values of 0.032%
ATCOL with 5 pug siRNA could be explained by chemical processes. If the amount of
ATCOL for the complexation of the siRNA is increased next to Lipofectamine, the two
positively charged substances compete for the negative siRNA. Therefore, there could
be more naked siRNA, which increases levels in the release and transfection efficiency
study. Consequently, naked siRNA could be degraded by nucleases and led to lower
gene silencing with 0.032% ATCOL coating.

With regard to application of the coating on coronary stents, the hemocompatibility of
ATCOL/lipoplex coating was proved. No significant reduction of blood parameters was
observed and the parameters of the complement system SC5b9 and C3a as well as
the PMN elastase were not increased. Additionally, the coatings provoked no

hemolysis.
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3.2 PLGA layers for the modulation of ICAM-1 gene expression as a stent

concept for atherosclerosis

As already mentioned, new approaches to PTCA treatment with the insertion of stents
are being sought in order to improve the outcome. The combination of gene therapy
and eluting stents may be important for the suppression of the inflammatory reaction
after stent insertion. Gene therapy is a promising approach because it can be used to
target and control the expression of proteins [180]. The aim of this study was to develop
and evaluate a long-term release coating for siRNA delivery with the FDA- and EMA-
approved biomaterial PLGA for the healing of the artery which can take up to three
months [181]. The three PLGA 1-3 resomers with different lactide:glycolide ratios,
different molecular weights, and end-capped or non-end-capped polymers proved their
biocompatibility by one aspect, which was checking the pH value of the cell culture
medium with PLGA coated slides and the cell viability after cultivation with EA.hy926.
During the hydrolysis of PLGA, acids are formed which are considered to be a
disadvantage for the use of the biomaterial in drug release [182]. However, the pH
value showed no shift in the acidic region, but remained in the neutral to basic range.
Presumably, the cell culture medium with its buffering properties is responsible for the
stability of the pH and the slight basic shift is due to the storage in the refrigerator.
PLGA 1 coatings showed a lower pH value from the second to the fourth week
compared to the other PLGAs. This confirms the fact that PLGA 1 degrades faster with
its smaller molecular weight and free carboxyl end groups than PLGA 2 and 3 with
capped end groups [140, 141]. All three PLGA coatings were considered non-toxic as
cell viability remained constant during the first and second week and decreased less
than 30% in the third and fourth week (according to EN ISO 10993-5). In addition to
non-cytotoxic effects, hemocompatibility as another aspect for biocompatibility also
plays an important role in the development of a bioactive coating. This includes, for
example, that the coating does not affect blood parameters, the complement system
is not activated, and the platelets are not activated and aggregated. The
hemocompatibility of the three PLGA coatings has been proven by not detecting any
decrease in the number of platelets, leukocytes, lymphocytes, monocytes, and
granulocytes. This suggests that there is no unwanted adhesion of blood cells to the
polymer coating. Furthermore, activation of the complement system and the platelets

can be ruled out since the associated parameters such as R-Thromboglobulin, TAT,
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PMN-elastase, C3a, and SC5b9 showed no change after blood incubation.
Consequently, there is no risk of thrombus formation due to the PLGA coating.

Since in one of our previous study, the activation of inflammatory markers was detected
by Lipofectamine, this effect was also observed here [183]. While the PLGA did not
increase the expression of the inflammatory and interferon response markers, the
addition of the Lipofectamine resulted in an increase in the markers. In addition to the
specific binding of the siRNA, a binding to the Toll-like receptor 3 may also occur, as
in the case of the dsRNA, where a very high reaction takes place.

The main focus of the study was on the determination of transfection efficiency and
gene silencing of ICAM-1 via PLGA-mediated delivery. The preliminary short-term
study showed that even with 3 ug siRNA AF 488 and PLGA 1 the highest transfection
efficiency (95%) with fluorescent labelled siRNA was achieved. PLGA 2 and 3 showed
significantly lower efficiency values. Although an increased siRNA amount of 6 ug
increased the efficiency in the coating with PLGA 2 and 3, the values were not
significantly different from 3 pg siRNA. This means that the cells are already saturated
with an amount of 3 pg siRNA and increasing the amount would not bring any
significant added value. As noted in the pH determination, PLGA 1 degrades the
fastest. This can now again be proven with the highest transfection efficiency. The
faster the polymer degrades, the more siRNA lipoplexes are released for transfection,
as proven in other studies [133, 184]. The long-term experiment to determine the
transfection efficiency showed that up to the end of the test on day 20 where an uptake
of the siRNA AF 488 had taken place. Within the first two days, the efficiency was very
high and reached the highest level with the PLGA 1 coating at 96%. Such a burst
release is seen as a positive effect in the transfection of cells, as this affects the
effectiveness for a long-term gene silencing. A phase with decreasing uptake of SIRNA
NPs from day 3 to 6 followed and from day 7 to 20 a phase with progressively low
uptake of sSIRNA NPs. The results suggest that the developed PLGA multilayer coating
IS a promising approach for a stent coating to release an active agent over a period of
time.

In addition, co-transfection with an eGFPmMRNA and siRNA AF 555 was achieved with
the multilayer PLGA construction. To our knowledge, this is the first time that cells have
been transfected with both siRNA and mRNA. This proves that it is possible to include
active ingredients in different layers of the multilayer system and to deliver them

simultaneously. Furthermore, this shows that EA.hy926 and possibly cells in general
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are able to control two opposing mechanisms in protein expression by external
intervention.

The PLGA coatings were tested for the release of lipoplexes with siiCAM-1 and thus
for the potential of gene silencing. Once again PLGA 1 coating was the most effective
as it reduced ICAM-1 expression of EA.hy926 with 64% the most. Although PLGA 2
and 3 significantly reduced ICAM-1 expression, they did not reduce it as much as
PLGA 1. The results of the primary hVECs showed reduced but not significant reduced
ICAM-1 expression levels after transfection with the silCAM-1 integrated lipoplexes in
the PLGA layers compared to EA.hy926. This result is consistent with the literature, as
it is also described here that primary cells are generally more difficult to transfect [185,
186]. The correct cleavage site of ICAM—1 was confirmed by 5°-RLM RACE PCR after
silCAM-1 transfection. In summary, the PLGA 1 coating with integrated lipoplexes is

a promising approach for stent therapy of arteriosclerosis.
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3.3 Local gene silencing of ICAM-1 by polyelectrolyte multilayer coating of
hyaluronic acid and poly(ethylenimine)
Due to their complex structure, PEMs are excellently suited for embedding active
ingredients and releasing them in the system. The structure with oppositely charged
polymers is stable due to the electrostatic interactions. The transfection agent PEI is
very well suited for a PEM construction, because it can complex the siRNA and
mediates transfection. Moreover, with its positive charge it can bind with a negatively
charged polymer, such as HA. The aim of the study was to develop a PEM system with
integrated siRNA polyplexes for substrate-mediated gene silencing of ICAM-1. The
multilayer build-up of HA and PEI with complexed siRNA took place with two different
coating methods (dipping and drying) and showed that the modified system (drying)
yields the desired success in gene silencing. The dipping method for PEM build-up did
not cause significant reduction of the adhesion molecule ICAM-1 with
PEI(HA/PEI)2(HA/PEI-siRNA)s 10 and 1.5pg sSiICAM-1 and 5pg silCAM-1,
respectively. The modified LbL technique, in which the HA layers and the polyplex
layers were alternately dried by air drying, resulted in a significant reduction of ICAM—
1. The highest reduction of 44.4% remaining ICAM-1 adhesion molecule was achieved
with 10 bilayers and the lowest reduction of 74.0% with 3 bilayers. The transfection
efficiency test underlined the effectiveness of the air drying method, where 50.3% cells
were transfected by 10 bilayers in comparison to 3 bilayers with 21.1% transfected
cells. These results suggest that the dipping time of 10 minutes may not be sufficient
for the required amount of polyplexes to bind to the HA layer. In another study, the dip
and wash method used a dip time of 2 h for DNA lipoplexes with glycol-chitosan and
HA layers. Both cell types, NIH3T3 and HEK293, were successfully transfected [129].
The drying method allowed effective application of the HA and polyplex layers. It is
advantageous that the amount of siRNA dried up can be determined precisely, since
liquid is not left over like during dipping. The results of transfection efficiency and gene
silencing also demonstrate that the amount of 5 pug siRNA makes a significant
difference, as was the case in our previous studies [179, 187]. The gene silencing
experiment was performed with 3, 5, 7, 10, and 12 bilayers and all bilayers showed a
significant reduction of ICAM-1 as a function of the number of layers. With increasing
number of layers and thus also the amount of siRNA, the reduction of ICAM—1 up to
the tenth double layer became higher. The 12 bilayers showed no further reduction of

ICAM-1 and the value was slightly higher than that of 10 bilayers. Even a significant
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increase in the bilayers to 24 did not yield any higher reduction of ICAM-1. This leads
to the assumption that EA.hy926 from a silCAM-1 amount of 5 ug are already
saturated and do not take up any further siRNA in the cell or that the PEM structure
has reached its maximum after 10 bilayers. The successful bilayer construction of HA
and the polyplexes was confirmed in the gene silencing experiment and further
underpinned by scanning the different bilayer platelets for fluorescence intensity. As
the bilayers increased, so did the intensity. The drying method thus shows the
controlled assembly and incorporation of the bilayers and the siRNA:.

The release experiment showed a rapid release of the siRNAs particles from all bilayers
(3, 5, 7, and 10). Within the first hour almost all of the siRNAr was released from all
bilayers and the subsequent measurement times after 4, 24 and 48 h showed
comparable values to the controls. Thus, the fast release of sSiRNAs during the first hour
is responsible for the high transfection efficiency and gene silencing of ICAM-1. As
shown in previous studies, such a burst release is responsible for a very high efficiency
of gene transfection and especially gene silencing [178, 179, 187]. Evidence of rapid
release of polyplexes also revealed that the re-cultivation of the 10 and 24 double-
layered PEMs could not achieve gene silencing of ICAM-1 after renewed 24 h
cultivation. The release time of polyplexes from the PEMs is of particular importance
for use in the field of atherosclerosis therapy. Depending on how fast the particles are
released and the cells transfected, coatings can be used differently. For example, a
rapid-release coating system may employ the use of a balloon catheter, which briefly
expands the atherosclerotic narrowed artery and transfects cells at the same time. An
advantage of this therapy is that no foreign body remains in the vessel, which could
cause a defense reaction of the body. Furthermore, drug eluting balloons are promising
in the therapy of coronary interventions including ISR as shown in many studies with
paclitaxel or sirolimus [188-190].

Although in our experiments the reverse assay was used for the transfection
experiments, viability of the cells is important for successful transfection. The multilayer
structure of HA and the polyplexes is better tolerated in terms of viability for the
EA.hy926 cells than a monolayer of the polyplexes. The cell numbers of the multilayer
coatings with 10 bilayer silCAM-1 or siSCR were both significantly higher than the
comparable samples with the monolayer. The HA had a positive effect on the cell
number and seems to have a protective effect on the cells. Similarly, one study showed

that the combination of HA and PEI has less toxic effects on the cells than PEI alone
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[98]. High molecular weight HA which was used in our and Han’s study is credited with

an anti-inflammatory effect [191].
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4 Future perspectives

The current interventional therapy in the treatment of arteriosclerosis is seeking new
approaches to reduce the rate of restenosis following stent implantation. Many new
approaches are being investigated which have the potential to release drug-eluting
substances from substrates to effect endothelial healing or re-endothelialization.

With this thesis, three different bioactive coatings with silCAM-1 have been developed
that can improve the outcome of atherosclerotic interventional therapy with a stent or
balloon catheter. Since not only ICAM-1 as one adhesion molecule is responsible for
the leukocyte-adhesion molecule cascade; several other adhesion molecules like E-
selectin, P-selectin, VCAM-1 and PECAM-1 should be tested. In addition, it could
investigate how simultaneous transfection with a cocktail of the siRNAs of the above-
mentioned adhesion molecules affects the respective gene expressions. Furthermore,
the promising co-transfection of ICAM-1 and eGFPmMRNA should be further
investigated with a functional mMRNA. The insertion of the natural anti-platelet protein
CD39 as mRNA could increase gene expression and thus counteract thrombosis which
was already described in our group. This is a promising approach in stent therapy, as
on the one hand oral antiplatelet therapy can act locally and on the other hand the risk
of ISR is reduced. For the desired re-endothelialization of the stent area, the anti-CD34
antibody could also be integrated into the long-term coatings. This can bind the
endothelial progenitor cells from the blood, which then differentiate into ECs and
prevent thrombosis from developing. The emergence of the rapid progression of
atherosclerosis is a multifactorial process, which is why many more types of
intervention are possible, such as the suppression of smooth muscle cell proliferation
or growth factors.

Further, in vivo experiments are needed to test the effect of long-term release with
PLGA and ATCOL coatings. Likewise, this should also be checked with the fast-
release HA/PEI coating. The in vivo experiments with atherosclerotic vessels might
also provide information on how long a release and transfection with the applied ICAM—
1 siRNA is needed to prevent the unwanted leucocyte adhesion. If a longer release for
stent therapy is evident, further intermediate layers of slowly degradable PLGA could
be incorporated in the PLGA multilayer structure. Similarly, in the case of the ATCOL
coating, a capping layer of a polymer could be applied so that the release of the sSiRNA

takes place with a delay. This multifactorial approach of different sSiRNAs and mRNAs
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to improve the healing and reduction of restenosis of stents or balloons leads to a
personalized and especially by the specific processes, low-side-effect therapy which

could be of great benefit especially in view of aging society.
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All experiments reported in this publication were planned, performed and evaluated by
myself. Dimitrios Nothdurft was involved in the experimental procedure. The ELISAs
for the hemocompatibility test were performed by Julia Kurz and llka Degenkolbe
performed the hemolysis assay. The manuscript was written by myself and Andrea
Nolte revised the manuscript. Andrea Nolte was intensively involved in the planning of
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All experiments reported in this publication were equally planned, performed and
evaluated by Diane Zengerle and myself. Andreas Behring and Meltem Avci-Adali
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experiments. The results of the experiments were statistically evaluated by Diane
Zengerle. The manuscript was written by myself and Andrea Nolte revised the
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An Atelocollagen Coating for Efficient Local
Gene Silencing by Using Small Interfering RNA

Olivia Koenig,' Dimitrios Nothdurft,! Nadja Perle,! Bernd Neumann,! Andreas Behring,' Ilka Degenkolbe,!
Tobias Walker,! Christian Schlensak,! Hans Peter Wendel,' and Andrea Nolte!

!Department of Thoracic, Cardiac, and Vascular Surgery, University Hospital Tuebingen, Tuebingen, 72076 Baden-Wuerttemberg, Germany

In the last decades, many efforts have been made to counteract
adverse effects after stenting atherosclerotic coronary arteries.
A breakthrough in better vascular wall regeneration was noted
in the new era of drug-eluting stents. A novel personalized
approach is the development of gene-cluting stents promising
an alteration in gene expression involved in regeneration. We
investigated a coating system consisting of the polymer atelo-
collagen (ATCOL) and a specific small interfering RNA
(siRNA) for intercellular adhesion molecule-1 (ICAM-1) found
on the surface of defective endothelial cells (ECs). We demon-
strated very high cell viability, in which EA.hy926 grew on
0.008% or 0.032% ATCOL layers. Additionally, hemocompati-
bilily assays proved the biocompalibility of this coating. The
highest transfection efficiency with EA.hy926 was achieved
with 5 pg siRNA immobilized in ATCOL after 2 days. The
release of fluorescent-labeled siRNA was about 9 days. Long-
term knockdown of ICAM-1 was analyzed by flow cytometry,
revealing that the coating with 0.008% ATCOL and 5 pg
silCAM-1 provoked gene silencing up to 8 days. 5-RNA
ligase-mediated rapid amplification of ¢DNA ends PCR
(RLM-RACE-PCR) demonstrated the specificity of our estab-
lished ATCOL gene-silencing coating, mecaning that our
coating is well suiled for further investigations in in vivo
studies. Herein, we would like to demonstrate that our ATCOL
is well-suited for belter artery wall regeneralion after stent
implantation.

INTRODUCTION

Cardiovascular diseases (CVDs) have long been challenging in mod-
ern medicine. This group of diseases accounts for 17.3 million deaths
per year and leads the mortality statistics on a global scale." Although
age-adjusted mortality rates have decreased throughout the last de-
cades, CVD and especially coronary heart disease (CHD) account
for about 20% of deaths in Europe annually and remain highly prior-
itized fields in medical research.™* Since CHD is mainly caused by
atherosclerotic plaques, it is reasonable to tackle the main risk factors
for atherosclerosis (namely, hypertension, diabetes mellitus, hyperlip-
idemia, obesity, smoking, and lack of physical activity) in a secondary
preventive therapy.”” The prognosis of CHD can be greatly improved
by lifestyle changes (e.g., weight loss, cessation of smoking) and by a
variety of drugs (e.g., angiotensin-converting enzyme |ACE]| inhibi-

tors, antiplatelet therapy, B blockers).*® * However, in many cases,

intervention in the form of surgery (e.g., coronary artery bypass sur-
gery [CABG] or percutaneous (ransluminal coronary angioplasty
[PTCA], with or without stent insertion) is unavoidable.” While over-
all mortality with balloon angioplasty did not differ from mortality
with CABG, rates of restenosis and reintervention were considerably
higher.*"* Balloon angioplasty was soon augmented by use of bare
metal stents (BMSs). Unfortunately, in-stent restenosis and stent
thrombosis (ST) may occur.™* Stent implantation is seen as a
trauma to the intimal structure triggering an inflammatory reaction.””
Endothelial cells (ECs) in the stented area respond to local inflamma-
tion through elevated levels of surface-bound adhesion molecules,
which facilitate the migration of leukocytes into the intima. The in-
flammatory reaction mediated through the migrating leukocytes
causes a proliferation of intimal smooth muscle cells (SMCs) leading
Lo narrowed vessel lumen.'>'® Furthermore, overexpression of adhe-
sion molecules promotes a chronification of the inflammatory
process.” Drug-eluting stents (DESs) were introduced to inhibit neo-
intimal hyperplasia and, hence, slow restenosis of the stented lumen.
DLESs are essentially BMSs coated with a polymer that releases an anti-
proliferative agent.'® The agents as well as the stent design have
changed over the course of time, forming two generations of DESs:
first-generation (using sirolimus or paclitaxel) and second-generation
(using everolimus or zotarolimus) DESs. Both generations show a
significant reduction of target-location revascularization compared
to BMSs. However, long-term mortality rates remain similar and
the risk of late S1' and late target-location revascularization per-
sists."”~*” Inhibition of re-endothelialization could be responsible
for late restenosis.”

There are new approaches in medical research targeting the mecha-
nism of restenosis on a molecular level to prevent an overexpression
of adhesion molecules and thus chronic inflammation. A favorable
and elegant method to lower the expression of adhesion molecules
is gene silencing, also called gene knockdown. 20- Lo 25-nucleotide-
long RNA strands are used, which are complementary to the
mRNA of the target protein. This leads to so-called RNAi: mRNA
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binds the artificial RNA molecule, leading to the degradation of the
double-stranded complex and inhibiting the biosynthesis of the target
protein. According to their function, these RNA molecules are called
small interfering RNAs (siRNAs).”* However, naked siRNAs have a
fairly short half-life and are prone to degradation by endo- and exo-
nucleases.*>** There are two main working points through which the
half-life can be extended: (1) through alteration of the siRNA on a
molecular level (e.g., modification of the backbone)”® or (2) through
the use of a carrier substance preventing degradation or binding the
negatively charged SiRNA.” A potent carrier to do so is atelocollagen
(ATCOL). ATCOL is basically a modified type I collagen. It is ob-
tained by enzymatic treatment of bovine type I collagen with pepsin
leading to the detachment of the telopeptides (N- and C-terminal
ends of the collagen molecule), which influence the immunogenicity
of the molecule immensely.”*** Combined with the natural biocom-
patibility of collagen, this modification creates a well-tolerated mole-
cule that has many applications in modern medicine (e.g., as a hemo-
static agent, bone cartilage substitute, etc.).””*" Referring to its use as
carrier, there have been several studies demonstrating the usefulness
of ATCOL in the delivery of nucleic acids.”* = Furthermore, ATCOL
has proven to be a viable option in gene silencing, increasing the ef-
ficacy of siRNA transduction and offering protection against nucle-
ases.”® This is mostly achieved through the very stable complexation
of the two agents (mostly through hydrogen bonding).* Another
siRNA carrier is the cationic lipid Lipofectamine 2000 (Invitrogen),
which is able to form nanoparticles with nucleic acids due to oppo-
site charges. The negatively charged siRNA causes complexation
with the cationic lipid. Consequently, the positively charged
siRNA/Lipofectamine 2000 complex can be included in the cell
because the electrostatic repulsion of the cell membrane will no longer
have an effect.”” Lipofectamine 2000 is known as a very potent trans-
fection reagent resulting in high transfection efficiencies.

In this study, we focused on developing a bicactive stent coating using
siRNA that is complementary to intercellular adhesion molecule-1
(ICAM-1 or CD54). ICAM-1 is prominent on ECs during inflamma-
tory reactions and part of the inflammatory cascade mentioned above
and is thus a promising target to break the “vicious cycle” of reste-
nosis. To find an agreeable concentration of ATCOL, we prepared
different ATCOL layers and tested cell growth and hemocompatibil-
ity. Our siRNA was immobilized in ATCOL layers by drying them on
glass slides, followed by cultivation with an immortalized EC line
(EAhy926). The release of embedded fluorescent-labeled siRNA
was tested for long-term efficacy with a fluorescent reader. Afterward,
we assessed transfection efficiency using Alexa Fluor 488 (AF 488)-
labeled siRNA by flow cytometry. In a second approach, we used
ICAM-1 siRNA in a similar setup to evaluate gene knockdown of
the ICAM-1 protein in a short- and long-term assay by flow

cytometry.

RESULTS

Cell Viability of EA.hy926 on ATCOL Surfaces

Different concentrations of ATCOL coatings were tested for their
influence on cell number, morphology, and adherence of EA.hy926.
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The evaluation of cell number measurement with a CASY cell counter
(Schirfe System) showed no significant alterations in EAhy926 cell
numbers, which were cultivated on 0.008%, 0.016%, and 0.032%
ATCOL layers (Figure LA). A significant cell number reduction of
50% EAhy926 cultivated on 0.064% ATCOL was seen compared to
control glass slides and the other layers. These results could be visually
confirmed by microscopic images after 24 hr (Figures 1B-1F) and
48 hr (data not shown) of cultivation. While control slides and con-
centrations of 0.008%, 0.016%, and 0.032% ATCOL demonstrated
adherence of EAhy926 evenly, the layer with 0.064% ATCOL pro-
voked formation of a boundary line by cells (Figure 1E). Additionally,
cells grew mainly one above the other and were round shaped and not
fully spread. This phenomenon is also slightly visible with 0.032% and
0.016% ATCOL. In the following experiments, we focused on three
concentrations of ATCOL due to excellent cell adhesion and no
reduction in cell number: 0.008%, 0.016%, and 0.032%.

Release of siRNA AF 488

The release of immobilized siRNA from ATCOL was observed over a
period of 216 hr (9 days). The release was tested with fluorescently
labeled siRNA by measuring the supernatant with a fluorescent
reader. Within the first 4 hr of incubation, we detected the highest
release of siRNA in the supernatant in all tested samples (Figure 2A).
The release rate was nearly the same in all samples until the 24-hr
time point of the experiment. Afterward, the 0.008% ATCOL layer
demonstrated a faster release than the 0.032% ATCOL layer. Here,
0.008% ATCOL layers with | pgand 2.5 ug siRNA showed the lowest
release values after 9 days (Figure 2B). The l-pg 0.008% ATCOL
coating provoked a decrease up to the 0.032% ATCOL control
(without siRNA) at day 4. The same amounts of siRNA embedded
in 0.032% ATCOL showed higher release values than 0.008% ATCOL
after 9 days. At this time point, the highest release was observed with
5 g siRNA in 0.032% ATCOL layers with 5467 relative fluorescence
units (RFU) followed by 5 pg siRNA in 0.008% ATCOL. No signifi-
cant differences in release kinetics could be determined between the
two different ATCOL coatings (0.008% and 0.032%) during the dura-
tion of the experiment.

Transfection Efficiency of siRNA AF 488 Mediated by ATCOL
Coatings

Because ATCOL is used as a transfection reagent in many gene deliv-
ery studies,”*"?* 7 ye tested the potential of 0.008% and 0.032%
ATCOL coatings for transfection efficiency in EA.hy926 with 1, 2.5,
and 5 pug siRNA AF 488. After 48 hr of cultivation, the percentage
of transfected cells was very low in both ATCOL concentrations
but correlated with increased siRNA amounts. The highest transfec-
tion efficiency was reached with the combination of 0.008% ATCOL
and 5 g siRNA, with 7.6% positive cells (Figure 3A); 0.032% and 5 ug
siRNA showed 3.4% transfected cells (Figure 3B). Considering these
unsatisfying transfection efficiencies, we decided to optimize the
transfection process by adding Lipofectamine 2000. Here, a remark-
able significantly higher amount of transfected cells was observed.
The use of Lipofectamine 2000 led to 68.9% positive cells with
0.008% ATCOL and 5 pg siRNA (Figure 3A). The highest
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Figure 1. Cell Viability of EA.hy926 Cultured on ATCOL Layers

{A) Cell number analysis of EA.hy926 by CASY measurement. 75,000 cells were seeded onto different ATCOL-coated glass slides in a 24-well plate and cultivated for 48 hr.
After cell detachment, the cell number was measured. An uncoated glass slide served as a control. Each bar represents the mean + SEM {n = 3}. **"p < 0.001. (B-F} Mi-
croscopy images of EA hy926 cultivated on different ATCOL layers after 24 hr of cultivation: (B} EA.hy926 on 0.008% ATCOL, (C) EA.hy926 on 0.016% ATCOL, (D} EA hy926
on 0.032% ATCOL, (E) EA.hy928 on 0.064% ATCOL, and (F} glass slide as a control. Scale bars, 200 pm. CTRL, control.

transfection efficiency (75.2%) was achieved with 0.032% ATCOL
and 5 pg siRNA (Figure 3B). Comparing the two different ATCOL
concentrations, the coating with 0.032% ATCOL resulted in generally
higher transfection efficiencies than did that with 0.008% ATCOL,
especially with 1 ug and 2.5 ug siRNA.

Knockdown of ICAM-1

In our study, knockdown of ICAM-1 is defined as the percent removal
of the ICAM-1 receptor on EA.hy926 caused by RNAi. Here, sil-
CAM-1 is able to bind to the complementary mRNA and to degrade
it. First, ICAM-1 knockdown by 0.008% ATCOL and silCAM-1
without Lipofectamine 2000-coated glass slides was tested after
48-hr incubation with EAhy926. All three amounts of silCAM-1
(1, 2.5, and 5 pg) could not provoke a knockdown (Figure 1A). The
values are even slightly higher than the tumor necrosis factor
{TNE)-a/antibody (Ab) control. The scrambled siRNA (siSCR) coat-
ings that contained a siRNA that is not complementary to ICAM-{
mRNA mediated no significant change in TCAM-1 expression
compared to the TNF/Ab control and the siTCAM-1 samples. The de-
cision to use Lipofectamine 2000 for reinforcement of the transfection
efficiency resulted in a higher knockdown of ICAM-1. Both concen-
trations of ATCOL coatings (0.008% and 0.032%) showed an increase
in ICAM-1 knockdown with increasing amounts of silCAM-1 (Fig-
ure 1). Furthermore, a significant difference between 5 pug silCAM-1
and the control (5 g siSCR) was observed with both ATCOL concen-
trations. While the knockdown provoked with 1 pg sifCAM-1 was
almost the same with the 0.008% (31.7%) and 0.032% (30.3%)

ATCOL coatings, values differed with 2.5 ug and 5 ug silCAM-1.
Here, the 0.032% ATCOL coating resulted in a higher ICAM-1
knockdown with 19.6% (2.5 pg) and 60.1% (5 pg), compared to
0.008% ATCOL with 41.8% (2.5 pg) and 47.9% (5 pg).

Long-Term Knockdown of ICAM-1

Focusing on a long-term release of siRNA for later medical applica-
tion, we examined the knockdown of ICAM-1 over a period of
8 days by flow cytometry every second day. Therefore, EA.hy926 cells
were seeded onto 0.008% or 0.032% ATCOL transfection coatings
(ATCOL/Lipofectamine 2000/silCAM-1) to examine the duration
of substrate-mediated transfection. Additionally, we tested the knock-
down by conventionally transfected cells to compare and reveal the
potential for substrate-mediated knockdown. The highest significant
1CAM-1 knockdown with 68.9% was reached with siRNA coatings af-
ter second day of incubation in the experiment with 0.008% ATCOL
(Figure 5A). Very high knockdown was observed after the fourth and
sixth days (63.3% and 48.7%), and 11.6% knockdown on the eighth
day. Conventional mediated transfection provoked no significant
ICAM-1 knockdown compared to the TNE/Ab control. Moreover,
conventional transfected cells showed significantly higher ICAM-1
expression compared to the silCAM-1 coating analyzed at days 2,
4, and 6. Similar results were achieved with conventional transfected
cells with 0.032% ATCOL and silCAM-1, where the highest knock-
down was reached after 2 days with 10.0% and there was a progressive
reduction until the eighth day (Figure 5B). siRNA coating-mediated
transfection with 0.032% AT'COL provoked significant knockdown
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after day 2 (41.1%) and day 4 (41%), ending in no knockdown after
the sixth and eighth days.

Specific mMRNA Degradation Analyzed by RLM-RACE-PCR

The proof of specific mRNA degradation products by transfection re-
agent-mediated knockdown is mandatory for specific gene silencing in
the RNAi mechanism. Consequently, undesired side effects mediated
by the biomaterial or transfection reagent provoking knockdown of
the targeted protein mRNA can be excluded. The determination of
the ICAM-1 cleavage site by the products of 5'-RNA ligase-mediated
rapid amplification of cDNA ends PCR (RLM-RACE-PCR) revealed
the correct cleaved mRNA transcript at bp 1,818, based on our expec-
tations (Figure 6). Control coatings such as ATCOL without TNEF-o
activation, ATCOL, or ATCOL/siSCR with TNFE-o activation demon-
strated no specific ICAM-1 mRNA cleavage products (data not shown).

Hemocompatibility

The determination of hemocompatibility is required for all medical de-
vices according to International Organization for Standardization
(1SO) standard 10993-4 and applied in our study testing 0.032%
ATCOL coatings with incorporated silCAM-1 for later clinical appli-
cationas a “worst case.” First, cell numbers of blood cells were analyzed
before incubation (0 hr) and after 1 hr of incubation with coated glass
slides. The 1-hr sample served as a control and standard value. Then,
coated glass slide samples were analyzed for hemocompatibility:
ATCOL, ATCOL/Lipofectamine 2000, and ATCOL/Lipofectamine
2000/silCAM-1. Herein, the cell number of erythrocytes did not
show variations in any sample (Figure 7A). Significant decreases (Fig-
ures 7B, 7C, 7L, and 7F) or increases (Figure 7D) of cell numbers were
encountered comparing the 0-hr sample with most of the other tested
samples. Furthermore, uncoated glass slides provoked a significant
reduction of cell numbers in leukocytes and granulocytes compared
to 1-hr control and ATCOL/Lipofectamine 2000 samples. However,
the 1-hr blood controlis crucial for the assessment of hemocompatibil-
ity and no significant changes in the cell numbers of leukocytes, plate-
lets, [ymphocytes, monocytes, and granulocytes were detected herein.

Furthermore, blood parameters (e.g., polymorphonuclear [PMN])
elastase) and values of the complement system (e.g., SC5b9 and
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C3a) were analyzed, revealing no significant value changes compared
to the 1-hr control (Figures 7G-71). Further investigations for hemo-
compatibility analysis were made analyzing hemolysis. All coated
glass slides revealed significantly higher amounts of free hemo-
globin in plasma (Figure 7]). Nevertheless, the standard value of
40 mg/100 mL plasma was been exceeded.

DISCUSSION

The development of new therapeutic strategies for preventing in-
stent restenosis after coronary stent placement is a huge challenge.
A promising new personalized therapeutic strategy comprises the
application of gene-silencing stents that release specific therapeutic
siRNAs to the ECs of the vascular wall for its faster regeneration
and inhibition of restenosis. Several studies have evaluated the use
of siRNAs against different target proteins involved in atheroscle-
rotic processes.”® ** For therapeutic siRNA release over a period
of time, a biomaterial that supports storage features and controlled
release and has no adverse effects to cell viability and hemo-
compatibility should be chosen. Therefore, we decided to use the
biocompatible protein ATCOL, which has low toxicity and
immunogenicity.

We evaluated the viability of EA.hy926 cells after seeding them onto
different ATCOL layers. Our analysis revealed comparable cell
counts between 0.008%, 0.016%, and 0.032% ATCOL coatings and
the control. However, a significant reduction in cell number was
found on the 0.064% ATCOL surface. We assume that higher
ATCOL concentrations result in a softer coating surface. It is well
known that substrate stiffness plays a pivotal role in cell adhesion,
migration, proliferation, and differentiation.”* ** The majority of
EA.hy926 cells grown on 0.064% ATCOL showed a change in cell
adhesion with less pseudopodia and a rounded cell shape. These
results coincide with the findings of Nolte et al,” in which softer
polyelectrolyte multilayers consisting of hyaluronic acid/chitosan
caused lower cell viability than the stiffer material (sulfonated poly-
styrene/polyallylamine hydrochlorite). Additionally, their micro-
scopic images showed the same cell morphology with rounded cells
on low rigidity films, like we observed with the 0.064% A'TCOL
layer.



Appendix

58

apy: Nucleic Acids (2017), http://dx.doi.org/10.1016/j.0mtn.2017.01.006

Please cite this article in press as: Koenig et al., An Atelocollagen Coating for Efficient Local Gene Silencing by Using Small Interfering RNA, Molecular Ther-

www.moleculartherapy.org

3 wio Lipofectamine
B with Lipofectamine

transfection efficiency (%)
transfection efficiency (%)

VR e R
6@6\ .\@4.\‘1~ & ,\*‘{\q'

S 0o

0.008 % ATCOL.

0.032 % ATCOL

A gene-eluting stent coating must fulfill the following requirements:
biocompatibility, nucleic acid storage, and controlled release.
Furthermore, it is beneficial if the coating supports the delivery of
the therapeutic siRNA into cells.

Many previous studies have indicated that ATCOL is a highly
potential transfection reagent for gene transfer in vitro and
%31 In addition, several opportunities for
designing an ATCOL gene carrier exist, including minipellets, gels,
sponges, or injectable solutions. In this study, we prepared an air-
dried siRNA/ATCOL film for surface-mediated therapeutic siRNA
delivery for later medical application. We examined the combination
of 0.008% or 0.032% ATCOL with 1, 2.5, and 5 pug naked siRNA AF
188 for transfection efficiency in EA.hy926 and revealed unexpectedly
few transfected cells (Figure 3). The knockdown experiment showed
no ICAM-1 protein reduction, which further provided evidence that
the coating is not able to efficiently transfect EAhy926 cells (Fig-
ure 4A). With regard to the results of Minakuchi et al.* in preparing
0.008% ATCOL layers with siRNA, our results with 0.008% and
0.032% A'TCOL could not achieve transfection efficiencies of 40%

60% (data not shown). Another study by Mu et al.”® showed success-
ful gene silencing with 0.008% ATCOL/siRNA coating by RT-PCR.
Due to their same experimental setup with an ATCOL/siRNA trans-
fection layer in well plates, we assume that the preparation may be a
focal point for successful incorporation of siRNA. Both groups pre-
pared their transfection solution by mixing equal volumes of diluted
ATCOL and siRNA solution. 'The solution was rotated at 4°C for
20 min and then air-dried. In contrast, we built the coating by similar
mixing and static incubation at room temperature for 30 min.
Another reason for the different transfection efficiencies may be the
cell type intended for transfection.’” Whereas the other investigators
used human prostate cancer and human testicular tumor cell lines, we
transfected a hybrid cell line consisting of primary human umbilical
vein cells and a clone of A549. Nevertheless, our approach of encap-
sulating siRNA into Lipofectamine 2000 led to significant augmented
transfection efficiency in EA.hy926. We revealed that the transfection
efficiency is dependent on the siRNA amount and ATCOL concentra-
tion. As siRNA quantity increased from 1 g to 5 g, we noticed sig-
nificant increases in transfected cells in both ATCOL concentrations.

Figure 3. Transfection Efficiency after ATCOL-
Mediated Transfection of siRNA AF 488 with or
without Lipofectamine 2000

(A} 75,000 EAhy926 cells were cultivated on 0.008%
ATCOL with incorporated siRNA complexed or non-
complexed with Lipofectamine 2000. Transfection effi-
ciency was analyzed by flow cytometry after 48 hr of
cultivation. {B) 75,000 EA.hy926 cells were cultivated on
0.032% ATCOL with siRNA complexed or noncomplexed
with Lipofectamine 2000 and then treated as mentioned
previously. Coatings without siRNA and Lipofectamine
2000 served as a control. Each bar represents the
mean = SEM (n = 3, or n = 6 for 0.032% ATCOL with
Lipofectarrine 2000). *p < 0.05; **p < 0.01; ***p < 0.001.
CTRL, control.

[ wio Lipofectamine
B with Lipofectamine

Transfection efficiency with 5 pg siRNA was comparable between
0.008% (68.9%) and 0.032% (75.2%) ATCOL coatings. Higher values
could be achieved by the 0.032% ATCOL coating with 1 and 2.5 pg
siRNA compared to the transfection efficiencies of 0.008% ATCOL
with the same siRNA amounts (Figure 3).

Gene silencing of cell adhesion molecules (CAMs) in ECs is one key
focus of our group as a possible strategy to circumvent and prevent
the inflammatory process after stent implantation.”” While DESs
elute cytostatic agents for inhibiting excessive cell growth and migra-
tion of SMCs, our RNAi approach intends to interfere in this mech-
anism before the inflammatory machinery due to vessel injury can
take place.”*™ Therefore, we chose to silence the ICAM-1 adhesion
molecule of ECs by local release to prevent the leukocyte adhesion
cascade.'” The coatings we designed with 0.008% or 0.032% ATCOL
with 5 ug silCAM-1 and Lipofectamine 2000 were both able Lo reduce
ICAM-1 significantly in our short-term experiment (Figure ).
Consequently, the transfection efficiency and short-term knockdown
results led us to conclude that the amount of 5 jig siRNA embedded in
0.008% or 0.032% ATCOL layers is suitable for ICAM-1 knockdown
in EA.hy926. 5'-RLM-RACE-PCR demonstrated the functionality of
our substrate-mediated gene-silencing system. We detected the cor-
rect cleavage site for ICAM-1 induced by silCAM-1 coating, meaning
that siICAM-1 was able to degrade mRNA specifically. The control
coatings with siSCR or with ATCOL only did not show typical
mRNA degradation products at the cleavage site of ICAM-I.
Consequently, we can say that the knockdown of ICAM-1 is due to
the specific siRNA we used. To successfully prevent an inflammatory
process after stent placement, long-term inhibition of leukocyte-
endothelial interaction seems to be of crucial importance against
in-stent restenosis.”’~**

The release of fluorescent-labeled siRNA was in line with our knock-
down experiments and with our previous studies. The results after
9 days of release revealed that the coating of 0.032% ATCOL with
5 ug silCAM-1 contained the highest siRNA residual amount fol-
lowed by the combination of 0.008% ATCOL and 5 pg silCAM-1
(Figure 2B). Therefore, we chose these two combinations as delivery
coatings in our long-term knockdown experiment. ‘The initial burst
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Figure 4. ICAM-1 Expression after Knockdown with
ICAM-1 siRNA with or without Lipofectamine 2000
Mediated by 0.008% and 0.032% ATCOL
Transfection Coatings

Glass slides were coated with ATCOL transfection solu-
tion and put into a 24-well plate. 75,000 EA.hy926 cells
were cultivated on coated glass slides for 48 hr and were
then activated with TNF-«. ICAM-1 expression was
analyzed by flow cytometry. (A) Coatings consisting of
0.008% ATCOL and 1, 2.5, or 5 ug silCAM-1 with or
without Lipofectarrine 2000. 0.008% ATCOL coatings
with the same amounts of siSCR {scrambled siRNA}

0O +INF +Ab
B3 vith Lipofectamine

and Lipofectarmine 2000 served as a control. {B) 0.032% ATCOL coatings with 1, 2.5, and 5 pg slCAM-1 and Lipofectarrine 2000. siSCR served as a control. The control
{+ TNF + Ab) was set to 100% in {A) and (B). Each bar in (A} and (B) represents the mean + SEM {n = 3} *p < 0.01; *"p < 0.001.

release within 4 hr seems to be responsible for the excellent ICAM-1
knockdown using 5 pg silCAM-1 embedded in 0.008% and 0.032%
ATCOL (Figure 2A). Although the coating with 5 pg siICAM-1
and 0.032% ATCOL showed higher amounts of siRNA release over
the 9-day period compared to the same coating with 0.008% ATCOL,
we achieved lower knockdown values especially at days 6 and 8. We
assume that a faster release of siRNA within the first days of transfec-
tion is mandatory for a high and sustained knockdown of the appro-
priate protein. Data from our two recent studies revealed the same
results (O.K., D. Zengerle, N.P., S. Hossfeld, B.N., A.B.,, M. Avic-Adali,
T.W., CS., HP.W.,, and A.N,, unpublished data).”’ Comparing the
release of coatings with the same siRNA amount but different ATCOL
concentrations, we found different release profiles after 24 hr of incu-
bation. Different concentrations of ATCOL are known to influence
the density of the collagen matrix and, consequently, the release of
molecules. If the collagen concentration is reduced, the collagen ma-
trix shows a lower densily leading (o a [aster escape out of the collagen
matrix.”® Our data underline the findings of Sano et al.,** showing
that the coatings with the lower ATCOL concentration (0.008%)
released the fluorescent-labeled siRNA faster than the higher concen-
tration (0.032%) after day 1.

Analysis of our long-term knockdown experiments with 5 ug
silCAM-1 in either 0.008% or 0.032% ATCOL revealed an effective
surface-mediated local knockdown compared to transfection particles
in suspension. Moreover, ICAM-1 knockdown was extended when
the cells were grown on the coatings. In particular, the 0.008%
ATCOL coating demonstrated a considerable difference between sub-
strate-medialed transfection and transfection by particles in suspen-
sion, showing significance until transfection day 6. Furthermore, we
detected a difference in knockdown values between these two trans-
fection methods on day 8, revealing a substrate-mediated knockdown
of ICAM-1 with 11.6% and no knockdown in suspension. In compar-
ison, the 0.032% ATCOL coatings could not provoke such consider-
able ICAM-1 knockdown values as 0.008% did. But we observed a
significant ICAM-1 knockdown after the second and fourth days of
incubation by ATCOL substrate and no significant differences
alter transfection in suspension. Additionally, when comparing
both knockdown experiments with 0.008% and 0.032% ATCOL coat-
ings, we found that 0.008% provoked an extended knockdown of
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ICAM-1 until the end of experiment (day 8), while 0.032% showed
gene silencing until day 4. The higher transfection efficiencies and
the higher release values of 0.032% ATCOL with 5 pg silCAM-1
compared with the results of the 0.008% ATCOL coating seem to
be contradictory to the long-term knockdown results. However, we
may find an explanation by taking a closer at the chemistry of our
chemicals. Due to the positive charge of ATCOL and Lipofectamine
2000, both chemicals may be in competition with the negatively
charged siRNA, especially when the concentration of ATCOL is
augmenledA Therefore, we expected more naked siRNA in the
0.032% A'T'COL coating, which leads to a higher fluorescence signal
in transfection efficiency measurement and in the release study.
The worse long-term knockdown results may be attributed to the
faster degradation of the naked siRNA by nucleases. Because the
coating with 5 ug silCAM-1 embedded in 0.008% ATCOL shows bet-
ter performance than 0.032% ATCOL transfection coating concern-
ing the long-term knockdown of ICAM-1, it would be ideally suited
for inhibiting restenosis after stent placement. Furthermore, it is
important o emphasize that we expect an even more prolonged
gene silencing of ICAM-1 in in vivo experiments than in in vitro
experiments, because cell division in tissue culture is much faster
than in in vivo ECs. When cells divide, siRNAs are diluted each
time and, consequently, the silencing of the protein is diminished.™

The examination of the hemocompatibility of our ATCOL coatings
proved that the coating of silCAM-1 and Lipofectamine 2000
embedded in ATCOL is biocompatible in contact with blood, leading
to a favorable outlook for stent coating. We observed no significant
cell number reduction in erythrocytes, leukocytes, platelets, lympho-
cytes, monocytes, and granulocytes after incubation with coated glass
slides compared with the control (Figures 7A-7F). We revealed sig-
nificant differences comparing the uncoated or coated glass slides
with the nonincubated blood control (0 hr), which is mediated
most likely due to an interaction between the incubation tube and
the blood cells. The results of our blood cell test indicate that blood
cells do not accumulate on the ATCOL/SIICAM-1 coating, because
no reduction in cell number was observed compared to the 1-hr con-
trol. Furthermore, we proved the hemocompalibility of our coating
system by testing the complement system values of SC5b9 and C3a
and the PMN elastase. We noted a significant increase comparing
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0-hr samples to 1-hr samples as described above in all three parame-
ters, but we determined no increase in transfection coating with
ATCOL and silCAM-1. Additionally, we found out that none of
the coatings provoke hemolysis. In this respect, we suppose that
our experiments and results lead the way to a promising new
approach in stent development for combating risk after PTCA.

The combination of the biocompatible protein ATCOL with
embedded siRNA particles targeting ICAM-1 seems to be a sophisti-
cated therapeutic approach for the intervention in inflammatory pro-
cesses after stent placement. The high cell viability of EA.hy926 grown
on 0.008% 0.032% ATCOL demonstrated the imperative biocompat-
ibility of the polymer. Furthermore, the coating shows good hemocom-
patibility, proven by no adsorption of blood cells to the coatings and no
hemolysis, inflammation, or complement activation. Unexpectedly,
ATCOL with naked siRNA was not able to transfect EA.hy926 suffi-
cienlly. As a consequence, we added Lipofectamine 2000 (o our
ATCOL/siRNA coatings and achieved significantly high transfection
efficiencies with 68.9% (0.008% ATCOL) and 75.2% (0.032% ATCOL)
positive cells. Our experiments show that the coating consisting of
0.008% ATCOL and 5 ug silCAM-1 is suitable for long-term knock-
down of ICAM-1 protein up to 8 days. Because of this excellent perfor-
mance of ATCOL combined with the personalized approach of using
therapeutic siRNA, we consider our coating as a transferable system for
in vivo applications that should be further investigated.

MATERIALS AND METHODS

Chemicals for ATCOL Coating

Bovine dermis ATCOLSs (3 mg/mL) from Cosmo Bio was diluted un-
der sterile conditions with 5 mM sodium acetate buffer (pH 5.5).
Different concentrations of ATCOL were used for coatings: 0.008%,
0.016%, 0.032%, and 0.064%. Sodium acetate was purchased from
Sigma-Aldrich and prepared with double distilled water (ddH.O)
(Ampuwa; Fresenius Kabi).

siRNAs

The following siRNA (silCAM) was used for gene knockdown:
human ICAM-1 with sense strand 5-GCC UCA GCA CGU
ACC-UCU A'1'l-3' and antisense 5-UAG AGG UAC GUG CUG
AAG CI'I-3'. AF 488-labeled L-selectin siRNA AF 488 was applied

Figure 5. ICAM-1 Expression after Long-Term
Knockd: of ICAM-1 E: d by Flow

Cytometry
Glass slides were coated with ATCOL/sIICAM-1 trans-

=] ;IZ"TC‘:,;_‘ fection solution for substrate-mediated transfection and
3 gssiSCR laid in a 24-well plate. For conventional transfection in
BB tc SiICAM- p o . "
BB (o siSCR tissue culture, ATCOL/sICAM-1 transfection solution
was added to the cell culture mediurr, where EA hy926
8d cells were seeded 1 day prior. After each time point, cells

were activated for 14 hr with TNF-o and analyzed by flow
cytometry. ICAM-1 expression was calculated after
setting the TNF-a. control to 100%. Each bar in (A) and (B}
represents the mean = SEM {n = 3}, *p < 0.05; *p < 0.01;
**p < 0.001, gs, glass slide; te, tissue culture.

to test the transfection efficiency (sense strand 5-UUG AGU GGU
GCA UUC AAC CTT-3' and antisense 5'-GGU UGA AUG CAC
CAC UCA ATT-3; both from Eurofins MWG Operon). Control
nonsense siRNA (siSCR) was supplied by QIAGEN. QIAGEN does
not provide the sequences of their nonsilencing siRNAs but ensures
that they have no homology to any known mammalian gene. This
nonsilencing siRNA is validated by using Alfymetrix GeneChip ar-
rays and a variety of cell-based assays and is shown to ensure minimal
nonspecific effects on gene expression and phenotype.

Substrate for ATCOL Coatings

The ATCOL coating was prepared on glass slides from Marienfeld,
with a dimension of 10 x 10 x 1 mm. The slides were purified by ul-
trasonication (Bandelin RK 100H Sonorex; Bandelin Electronic) with
2% Hellmanex solution from Hellma before rinsing with ddH,0. Air-
dried slides were sterilized in a heating furnace (Binder) at 200°C for
4 hr prior Lo their use in the ATCOL coaling procedure.

Preparation of ATCOL/siRNA Coatings

"I'he different A'l'COL concentrations (0.008%, 0.016%, 0.032%, and
0.064%) were prepared by diluting the stock solution with sodium ac-
etate buffer. siRNA (20 pM) was diluted in 0.15 M NaCl (Fresenius
Kabi) and either added to Lipofectamine 2000 or not, depending on
the experiment. We mixed different amounts of Lipofectamine
2000 with different amounts of siRNA in the following way: 1 pL Lip-
ofectamine 2000 to 1 pg siRNA, 2 pL to 2.5 pgand 3 pl to 5 g, respec-
tively. Then, the two solutions (diluted ATCOL and siRNA with or
without Lipofectamine 2000) were incubated separately for 10 min
and then combined, shortly vortexed, and spun down. Within
20 min, complexes were allowed to form at room temperature. Glass
slides were covered with 100 uL of the respective coating solution and
air-dried under sterile conditions. ATCOL coatings without siRNA
and Lipofectamine 2000 served beside uncoated glass slides as a con-
trol in flow cytometry.

ATCOL/siRNA-Mediated Transfection of EA.hy926

Coated glass slides were put in a 24-well plate and a maximum of
75,000 EA.hy926 cells in a 50-pL volume were applied on one glass
slide. After 30-min incubation time, 1 mL medium was added to
each well and cells were cultivated for 48 hr at 37°C. 'Thereafter, cells
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130 140 50 160
TGGCGGTTATAGAGGTAC TTCATCAAAGCCAGCA

SIRNAcleavage site RNA-Adspter

Figure 6. Sequence of 5'-RLM-RACE-PCR Product after Transfecting
EA.hy926 with 0.032% ATCOL-Mediated silCAM-1 Coating

After cultivation of 75,000 cells on coated glass slides, RNA was isolated followed by
the 5'-RLM-RACE-PCR procedure. The cleavage site of ICAM-7 mBNA was de-
tected at 1,818 bp (128-146) with the RNA adaptor sequence (147-163). Each bar
represents the mean + SEM.

were prepared to determine transfection efficiency and knockdown of
ICAM-1 protein expression by flow cytometry. The long-term knock-
down experiment required adaption of the cell number due to the
elongation of cultivation time up to 8 days. The cell number for seed-
ing was reduced from 75,000 EA.hy926 to 30,000 for 41-day cultivation,
to 23,000 for 6-day cultivation, and to 15,000 for 8-day cultivation.

To compare the results of the coating-mediated transfection with
conventional transfection, cells were seeded 24 hr prior to coating
transfection in a 24-well plate. At time point 0 (cultivation of cells
on the coating), the same siRNA Lipofectamine 2000 and ATCOL
amount that was used for the coating preparation was added to the
cells in a solution. After 4 hr of transfection, the complete medium
with transfection solution was discarded and cells were washed
with cell culture medium. EAhy926 cells were further cultured with
fresh DMEM until the day of flow cylomelry analysis. To enable
the best cell growth, the medium was changed every second day.

Cultivation of EA.hy926

The immortalized human umbilical vein cell line EA.hy926 (LGC
Standards) was used for all cell experiments. Cells were cultured in
high-glucose DMEM containing 10% fetal calf serum, 1% peni-
cillin/streptomycin, and 1% r-glutamine (Gibco, Division of Life
Technologies).

Release of AF 488-Labeled E-selectin siRNA AF 488

Coatings of two different concentrations of ATCOL, 0.008% and
0.032%, were tested with 1, 2.5, and 5 pg E-selectin siRNA AF 488
to determine their release profile. Coatings were prepared as
mentioned previously and the dried coated glass slides were placed
in 24-well plates with 1 mL PBS. Slides were incubated under cell cul-
ture conditions at 37°C and supernatant was measured at defined
time points with the Mithras LB 940 fluorescent reader (Berthold
Technologies) at485-nm excitation and 535-nm emission. Each sam-
ple value was represented in a XY scatter chart. Additionally, the last
measured fluorescence intensity values were summed to determine
the differences between the samples in a bar chart at day 9.
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Flow Cytometry

‘I'ransfection efficiency or knockdown of ICAM-1 protein expression
was determined by flow cytometry after different cultivation times.
Transfection efficiency is shown as the relationship of positive (fluo-
rescent) cells to the total cell amount, given in percentages. In our
study, cells were transfected by substrate-mediated (ransfection
with AF 488-labeled siRNA. After cultivation, cells were removed
from (he substrate by washing and detachment. Cells were subse-
quently fixed with 2.5% paraformaldehyde (PFA). Flow cytometry
analysis was performed with 5,000 cells/measurement (FACScan;
Becton Dickinson). The green fluorescence (FL1) signal within the
cells was detected by a flow cytometer laser that also recorded forward
and side scatter for the detection of viable cells. The results were eval-
uated with CellQuestPro software (Becton Dickinson), and the num-
ber of counts was plotted against the logarithmic scale of FL1. The
marker was set at control samples < 1 and transfection efficiency
of the transfection samples was determined by this gate. This resulted
in the transfection efficiency, given in percentages.

In our study, knockdown of TCMA-1 is defined as the percentage
removal of the ICAM-1 receptor on LEA.hy926 caused by RNAi
Here, silCAM-1 is able to bind to the complementary mRNA and
degrade it. Therefore, surface-mediated silCAM-1 transfection
was ended after the defined period and cells were stimulated with
5 ng/ml. TNF-a (BD Biosciences) for 14 hr to induce ICAM-1 protein
expression. Afterward, immunofluorescence staining with PE mouse
anti-human CD54 (BD Biosciences) (30 min at 37°C) was prepared,
followed by detachment, PFA fixation, and flow cytometry analysis.
Here, the number of counts was plotted against the logarithmic scale
of FL2. Geometric mean fluorescence was used to evaluate the results.
"I'he control treated with 'I'NF-« and stained with Ab was set to 100%,
and transfected cells with silCAM-1 and siSCR were assessed in rela-
tion to the control. The figures show the ICAM-1 expression after
gene knockdown. Knockdown values are the calculated difference be-
tween the control at 100% and the ICAM-1 expression values.

Cell Viability: Cell Counting and Inverted Microscopy

Cell compatibility of EA.hy926 cultivated on ATCOL-coated glass
slides was tested by a CASY cell counter and inverted microscopy.
Different concentrations of ATCOL were examined: 0.008%,
0.016%, 0.032%, and 0.064%, while uncoated glass slides served as a
control. 75,000 EAhy926 cells were seeded onto the coated glass
slides and cultivated for 24 and 48 hr, respectively. Cells were then
washed and detached for cell counting with a CASY cell counter to
distinguish dead cells from living cells, due to their lower resistance
in an electronic pulse area analysis. EA hy926 morphology and cell
behavior were visualized with an Axiovert 135 microscope (Zeiss)
and images were captured with the corresponding software.

Hemocompatibility

The development of medical devices requires their verification and
qualification in respect (obiocompaltibility, primarily cylocom-
patibility (18O 10993-5), and hemocompatibility (1SO 10993-4). 18O
10993-4 demands at least one test addressing thrombosis/coagulation,
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Figure 7. Hemocompatibility Analysis of 0.032% ATCOL/silCAM-1-Coated
Glass Slides

A

’g 3 = Coated slides were incubated with fresh human blood at 37°C under gentle
- .f shaking. The 0-hr and 1-hr samples served as the control and the baseline,
:‘ ¥ % respectively. After incubation, different blood cell numbers and inflammatory pa-
'eé % § rameters were analyzed by a cell counter or ELISAs: {A) erythrocytes x 10° mm==;
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& & & because glass activates blood coagulation. Consequently, we reduced

the free glass surfaces, with the exception of their edges. We used
0.032% ATCOL as a worst case in the following sample preparations
as coating solution: (1) ATCOL, (2) ATCOL and Lipofectamine 2000,
and (3) ATCOL and silCAM-1-Lipofectamine 2000 (5 pg siRNA).
Uncoated glass slides with 0-hr and 1-hr blood contact time served
as a control and a baseline, respectively. Glass slides were incubated
in 14-mL round-bottom tubes (Falcon; Corning Life Sciences) at
37°C under gentle shaking with 13 mL human blood. Six independent
blood donors were used for hemocompatibility evaluation. After 1-hr
incubation, blood was analyzed with a Micros 60 counter (ABX Diag-
nostics) for blood cells such as leukocytes, erythrocytes, and platelets.
Protein expression of C3a and SC5b9 associated with the complement
system was analyzed by ELISAs (both Osteomedical). PMN elastase
was lested as a sign of degranulation of leukocytes during an inflam-
matory reaction (Demeditec Diagnostics). Additionally, -thrombo-
globulin expression, associated with activated platelets, was deter-
mined by the ASSERA-CHROM B-TG kit (Diagnostica Stago).

Furthermore, a hemoglobin color test (no longer available; Roche)
was used to assess coated and uncoated glass slides for their hemolysis
capability. In short, defrosted citrated plasma was incubated with a re-
action solution (0.6 mM potassium hexacyanoferrate 111 and 750 nM
potassium cyanide) for 3 min al room lemperature. Free hemoglobin
converts into cyanohemoglobin in the presence of reaction solution
and is measured photometrically at 546 nm.

RLM-RACE-PCR

The pivotal point of gene knockdown with siRNA is to prove that
RNAI is due to the complementary binding of the siRNA to the
respective mRNA and not because of unspecific reactions. In 2004,
Soutschek et al.”® established the 5-RLM-RACE-PCR technique de-
tecting siRNA-mediated mRNA cleavage. Subsequently, Davis
etal.” used this technique to verify siRNA-mediated mRNA cleavage
in a human phase I clinical trial. Herein, cleaved mRNA products can
be detected, meaning that 5'-RLM-RACE-PCR is especially suitable
for applications with siRNA transfection, to confirm the mRNA
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Table 1. Primer Sequences for 5'-RLM-RACE-PCR

5'-RLM-RACE-PCR Primer

First strand ICAM: 1 5" AGGTACCATGGCCCCAAATG 3'

ICAM-1 RACE 1 5-ACTCTGTTCAGTGTGGCACC-3'

ICAM-1 RACE 2
ICAM-1 RACE 3

STCTTCCTCGGCCTTCCCATA-3!

5'-TGGCCCCAAATGCTGTTGTA-3'

5" GCUGAUGGCGAUGAAUGAACACUGC

RNA adaptor (universally) GUUUGCUGGCUUUGAUGAAA 3°

Outer primer (universally) 5 -GCTGATGGCGATGAATGAACACTG-3'

5-CGCGGATCCGAACACTGCGTTTGCT

Inner primer (universally) GGCTTTGATG 3

degradation dependent on the base pair sequence of the siRNA. Coat-
ings of glass slides were produced as mentioned before, with 5 pug
silCAM-1, Lipofectamine 2000, and 0.032% ATCOL. 75,000
EAhy926 cells were cultivated on the coated glass slides for 48 hr. Al-
terward, cells were stimulated with TNF-a (5 ng/mL) for 11 hr before
the RNA was isolated using the Aurum total RNA mini kit (Bio-Rad
Laboratories). After quantification of eluted RNA, the RNA was
ligated with a 5'-RACL adaptor in presence of 'I'4 RNA ligase, which
is commercially available in the First Choice RLM-RACE Kit (Life
Technologies). RNA re-isolation was followed by reverse transcrip-
tion using 200 ng ligated RNA Moloney murine leukemia virus
(M-MLV) reverse transcriptase for first-strand cDNA synthesis.
Gene-specific primers must be designed for the first-strand synthesis
as well as for the outer and inner PCR occurring after first-strand
cDNA synthesis. Primers were designed with Primer3™ and Primer
Premier 5 software (PREMIER Biosofl International) and are shown
in 'T'able 1. Outer and inner PCR reactions were conducted via
qRT-PCR and contained IQ SYBR Green Supermix (Bio-Rad) per-
formed in triplicate. The reaction mixture contained 400 nM forward
and reverse primers with 2 ng cDNA in a total volume of 15 pL.

Statistical Analysis

All experiments were conducted at least three times independently,
except for the hemocompatibility and hemolysis assay in which the
blood of six different donors was used. Comparison of the different
samples was done by one-way ANOVA and Bonferroni correction
as a post-test.
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Abstract: Presently, a new era of drug-eluting stents is continuing to improve late adverse effects such
as thrombosis after coronary stent implantation in atherosclerotic vessels. The application of gene
expression-modulating stents releasing specific small interfering RNAs (siRNAs) or messenger RNAs
(mRNAs) to the vascular wall might have the potential to improve the regeneration of the vessel wall
and to inhibit adverse effects as a new promising therapeutic strategy. Different poly (lactic-co-glycolic
acid) (PLGA) resomers for their ability as an siRNA delivery carrier against intercellular adhesion
molecule (ICAM)-1 with a depot effect were tested. Biodegradability, hemocompatibility, and high
cell viability were found in all PLGAs. We generated PLGA coatings with incorporated siRNA
that were able to transfect EA hy926 and human vascular endothelial cells. Transfected EA.hy926
showed significant silCAM-1 knockdown. Furthermore, co-transfection of siRNA and enhanced
green fluorescent protein (eGIP) mRNA led to the expression of eGIP as well as to the siRNA
transfection. Using our PLGA and siRNA multilayers, we reached high transfection efficiencies in
LA hy926 cells until day six and long-lasting transfection until day 20. Our results indicate that
siRNA and mRNA nanoparticles incorporated in PLGA films have the potential for the modulation
of gene expression after stent implantation to achieve accelerated regeneration of endothelial cells
and to reduce the risk of restenosis.

Keywords: atherosclerosis; drug eluting stents; PLGA films; gene delivery; local transfection;
silCAM-1; gene knockdown; mRNA

1. Introduction

In 2012 more than 17.5 million people died from cardiovascular diseases (CVD), representing
31% of all global deaths. Atherosclerosis represents the most common cause for CVD and is especially
represented in industrial nations [1]. The main causes of death among CVDs are the coronary
artery diseases triggering stroke and heart attack. Ilerein, the blockage of blood flow leads to the
interruption of oxygen supply, and finally the death of myocardial and brain cells, respectively. During
the inflammatory process of atherosclerosis, low density lipoprotein (LDL) cholesterol causes the
accumulation of lipids within the artery wall, followed by several events such as lesion initiation,
plaque rupture, and thrombotic vessel occlusion [1-3]. Different therapeutic approaches for the
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trcatment of coronary artery stenosis exist, ¢.g., bypass surgery or pereutancous transluminal coronary
angioplasty (PTCA), which was performed in 1977 for the first time [4]. The method of choice is
the minimally invasive introduction of a coronary stent by a balloon catheter during the PTCA.
Nevertheless, the insertion of a stent harbors the risk of in-stent restenosis (ISR) and stent thrombosis
and is of tremendous significance in daily clinical life [5]. Coronary stent implantation may cause
atherosclerotic plaque rupture and the damage of the endothelial layer, resulting in the activation of
a cascade of wound-healing mechanisms, known as neointimal hyperplasia [6,7]. Besides a cascade
of various events taking place, such as medial smooth muscle cell proliferation and migration,
platelet aggregation, release of growth factors, and extracellular matrix remodeling, inflammatory cell
infiltration is the first response in neointimal hyperplasia [6]. After the deposition of activated platelets
and fibrin on the de-endothelialized vessel wall, the recruitment and infiltration of leukocytes occurs
due to inflammatory mediators and chemoattractant factors [8,9]. Therefore, endothelial cells (ECs)
start with an enhanced expression of cell adhesion molecules (CAMs) such as intercellular adhesion
molecule (ICAM)-1 (specific to T lymphocytes), P-selectin (specific to monocytes and neutrophils),
E-sclectin (specific to monocytes and granulocytes), and vascular cell adhesion molecule (VCAM)-1
(specific to monocytes) [8,10,11]. The CAMs enable the adhesion of leukocytes and subsequently the
migration of the cells into the intima via diapedesis. As a consequence, the vascular smooth muscle cells
(VSMCs) proliferate and migrate from the media into the neointima and a chronic inflammatory process
is evoked [12,13]. Substantial progress against ISR was made with the development of drug-eluting
stents (DES) replacing bare metal stents (BMS), with a reduction of ISR rates to 60%—80% [7]. Both
the first-generation of DESs containing paclitaxel or sirolimus and also the second-generation DESs
with zotarolimus or everolimus show adverse cffects leading to delayed re-endothcelialization and
consequently to a prolonged antiplatelet therapy [14,15]. Nevertheless, the new DES era revealed
promising efforts to eradicate these drawbacks [16]. For example, new drug-coated stents rely on
the capture of endothelial progenitor cells with specific antibodies such as anti-C1234 for accelerated
re-endothelialization after stent implantation [17-20]. Another promising therapeutic strategy is the
coating of stents with agents at the molecular level. Gene-silencing stents containing small interfering
RNA (siRNA) have the potential to inhibit inflammatory processes on the vessel wall by blocking
the transcription of cytokine receptors or adhesion molecule proteins [9]. The short double-stranded
21- to 23-nucleotide-long siRNAs interfere with its complementary messenger RNA (mRNA) which is
subsequently degraded [12]. This powerful and conserved self-defense mechanism in Eukarya has a
threefold biological meaning: (1) it helps prevent infections by viral RNA, (2) it regulates and alters
gene expression and (3) it controls a certain type of transposon. It is hence worthwhile pursuing this
mechanism with respect to an clementary potential therapeutic strategy in humans. Therefore, siRNAs
get designed and stabilized for therapeutic applications, overcoming the degradation of free siRNA by
endo- and exonucleases in blood, in serum, and in living cells [13,14]. The liposome or lipid protection
strategy is common for in vitro and in vivo siRNA transfection. Cationic lipids such as Lipofectamine®
2000 are able to form nanoparticles (NPs) with siRNA as well as with mRNA, another transient gene
delivery approach, which has gained increasing interest in the treatment of several diseases [15,16].
The mRNA delivered into the cell uses the cell’s own translational machinery to produce the protein
it encodes. Recently, we showed the potency of a CD39 mRNA coating in reducing complications
after stent angioplasty [17]. The pivotal point in designing a drug delivery system is the choice of the
material where the NPs can be embedded. Both biocompatibility and hemocompatibility are equally
important to ensure not only cell proliferation and viability but also a possible therapeutic application.
Additionally, the release of drugs with long-term effects, controlled delivery and efficacy is of no lesser
importance. One of the most popular Food and Drug Administration (FIDA)- and European Medicines
Agency (EMA)-approved biomaterials in drug delivery carrier systems is poly (lactic-co-glycolic acid)
(PLGA), a copolymer of poly lactic acid (PLA) and poly glycolic acid (PGA) [21,22]. During the
hydrolysis of PLGA, these two monomers emerge again with the metabolic products carbon dioxide
and water. PLGA seems to provoke less systemic cytotoxicity, considering PLA and PGA naturally
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form in the human body via the Krebs cyele [21-23]. However, the production of acids upon polymer
degradation is seen as a disadvantage of PLGA [24]. The degradation of commercially available PLGA
is determined by the physico-chemical properties of the polymers such as the molecular weight, end
groups (capped or uncapped) and PLA:PGA ratio, and it is degraded slowly over months to years in
the body [25-27]. With a higher content of PGA in PLGA, the degradation time is increased, except for
50:50 (PLA:PGA) having the fastest degradation of one to two months (PLGA 75:25, four to five months;
PLGA 85:15, five to six months) [28,29]. Therefore, PLGA is a promising biodegradable polymer for
coating cardiovascular stents as a drug carrier in cither thin coatings or PLGA NPs. Commercially
available DIiSs such as Nevo™ (Johnson & Johnson) and Supralimus™ (Sahajanand Medical) consist of
PLGA as a coating material for cobalt-chromium or stainless steel with sirolimus as a drug to prevent
ISR [30]. Furthermore, a study by Klugherz et al. demonstrated the importance and effectiveness of
plasmid DNA-loaded PLGA NPs by successfully transfecting pig arteries in vivo for the first time [31].
In 2010, Brito et al. clarified the long-term cffect of PLGA in a rabbit iliac artery restenosis model with
endothelial nitric oxide synthase (eNOS) expressing plasmid DNA lipoplexes, while restenosis was
significantly reduced [32].

Our study deals with the development of a biodegradable coating consisting of PLGA that releases
RNAs over a distinct period. Different PLGA derivatives are used to immobilize Lipofectamine®
2000-encapsulated siRNA against [CAM-1 and reporter mRNA (eGFP). First, PLGA coatings were
tested for pIl value changes during incubation in media. Afterwards, the cell viability, transfection
cfficiency, and knockdown in EA hy926 cells and human vascular endothelial cells (WWECs) were
analyzed. Furthermore, the release duration of PLGA coatings and co-transfection of EA.hy926 cells
with cGFPmMRNA and siRNA were determined. We tested the immune response of immortalized and
primary endothelial cells as well as ICAM-1 expression by quantitative RT-PCR after incubation
on PLGA coatings. Additionally, the cleavage site of ICAM-1 mRNA was demonstrated by
5-RLM-RACE-PCR. The hemocompatibility of PLLGA coatings was analyzed with regard to later
medical applications.

2. Results

2.1. Stability of the pH Value

The presence of an aqueous solution is responsible for the degradation of PLGA. In this case,
hydrolysis provokes the biodegradation of esterase linkage into D,L-Lactic acid and glycolic acid.
Consequently, the pIl changes in a different manner when different PLGA monomer ratios of lactic
acid and glycolic acid are used [33]. We decided to use cell culture medium instead of a simple saline
solution to correspond more to in vivo conditions.
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Figure 1. Change of plI values in cell culture media during incubation with PLGA 1-, 2-, and 3-coated
coverslips. Slides were incubated in media for one, two, three, and four weeks. The supernatants were
used to measure the pH values. An uncoated coverslip served as a control. The analysis was done with
two equally coated coverslips of each PLGA and two measurements for each supernatant.
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The pH value showed an increase in the first week for all PLGAs analyzed (Figure 1). Lower pH
values were observed for PLGA 1 after two, three, and four weeks and for PLGA 2 after two and four
weeks compared to PL.GA 3.

2.2. Influence of PLGA on Cell Viability

The influence of PLGA degradation products on cell viability was analyzed after 48 h cultivation.
In advance, PLGA-coated slides were incubated with medium for different time points. The cells
were grown using these supernatants. The cell viability was measured by MTT assay (Figure 2) and
CASY® (Supplementary Tigure S1). Both techniques showed similar cell viability results for the whole
observation period of four weeks. No changes in the cell viability occurred after incubation with
one- and two-week-old supernatants of the different PLGAs. However, a slight but not significant
decrease of viability was recognized when cells were cultivated with three-week-old supernatants.
Herein, PLGA 2 and 3 reduced the viability to 85%, while PLGA 1 caused a slight reduction to 90%
viability. The four-week-old supernatants of PLGA 2 and 3 reduced the cell viability to a lesser extent.
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Figure 2. Relative viability of EA.hy926 cells analyzed by MTT assay after incubation with supernatant
of incubated PLGA 1-, 2- or 3—coated coverslips. Therefore, 100,000 EA.hy926 cells were seeded in one
well of a 24-well plate and cultivated with the supernatant of the respective cultivated PLGA slides for
48 h. For the control group, medium was incubated with coverslips and supernatant added to the cells.
The control was set to 100%, each bar represents the mean = standard error (SEM) of n = 1.

2.3. Hemocompatibility

With regard to the requirements of hemocompatibility tests for medical devices, different
parameters concerning white and red blood cells, platelets, coagulation, and parameters of the immune
system were analyzed. None of the different blood cells analyzed showed a significant reduction of
their cell number in comparison to the controls (0 h and 1 h). However, it has to be mentioned that
the cell numbers of platelets (Figure 3b), leukocytes (Figure 3c), lymphocytes (Figure 3d), monocytes
(Figure 3e) and granulocytes (Figure 3f) were reduced after 1 h incubation in the control, whereby
incubation with PLGA resulted in a similar cell number compared to the 0 h control (Figure 3a—e).
Asscssing the blood parameters 3-Thromboglobulin, Thrombin-Antithrombin Ill-complex (TAT), and
polymorphnuclear granulocyte (PMN)-elastase as well as the values of the complement system C3a
and SC5b9, a significant increase appeared between the 0 h control and samples that were incubated
for T h (Figure 3g—k). There was no difference between blood incubated with or without PLGA for 1 h,
suggesting that no activation of the complement system as well as no activation of platelets occurred.
Additionally, coated slides provoked a slight decrease of the PMN-elastase in comparison to the 1h
control, and therefore a decrease of the inflammatory reaction (Figure 3h). It has to be mentioned that
PLGAs triggered a slight increase of the coagulation activity determined by TAT expression; however,
this was not significant (Figure 3i).
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Hemocompatibility of PLGA 1-3-coated slides.
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Slides were incubated with fresh

human blood at 37 “C for 1 h under gentle shaking. The 0 h control was fresh blood without
incubation and served as a bascline.  Different blood cells, inflammatory and thrombogenic
parameters were determined by a cell counter (a) erythrocytes x 10° u]fl; (b) platelets x 10% ul L
() leukocytes x 103 uL=%; (d) lymphocytes x 10% uL=%; (e) monocytes X 10° pL=L; () granulocytes
x 10° ul. " or appropriate ELISAs (g) B-Thromboglobulin (TU-mI. ; (h) PMN elastase (ng-ml. 1);
(i) TAT (p.gAL‘l) ;(j) C3a (ng-mL_l); (k) SC5b9 (ng-mL_l), respectively. The comparison between the
uncoated slides and the PL.GA-coated slides shed light on the hemocompatibility of the polymer. Each
bar represents the mean = standard error (SEM) of n = 6. ** indicates statistical significance at a level of
p < 0.01; ** indicates statistical significance ata level of p <0.001.

2.4. Immune Response of hVECs to Different PLGAs

Biomaterials and external molecules such as RNAs may trigger an immune response in cells which
is not desirable, especially for medical devices. Therefore, the expression of different inflammatory
markers such as CXCL-7, CXCL-10, OAS, and STAT-1 was determined after the incubation of hVECs

with PLGA 1-3 coatings in combination with Lipofcctaminc‘E' 2000, silCAM-1 and control nonsense

siRNA (scrRNA), or the transfection of poly (IC) double-stranded RNA (dsRNA) with Lipofectamine®
2000. The dsRNA induced the mRNA expression of CXCL-10, OAS, and STAT-1 mRNA to a greater

extent than silCAM-1 or scrRNA PLGA coatings (Tigure 4).

When looking at the results in detail,

all three PLGAs in combination with Lipofectamine® 2000 alone or silCAM-1 or scrRNA provoked
the same slight increase in the mRNA level. However, PLGA without transfection solution and
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transfection complexes showed almost no augmentation in the expression level (Figure 4a) or even a
lower level than the control (Figure 4b—d). The addition of Lipofectamine® 2000 alone to the PLGAs
caused a remarkable increase of the inflammatory markers, which was further intensified by silCAM-1
or scrRNA.
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Figure 4. Tmmune response of hVECs analyzed by qRT-PCR after incubation with silCAM-1, scrRNA
or Lipofectamine® 2000 alone, PLGA 1-3 coatings and PLGA 1-3 alone. After 24 h incubation of coated
slides with hVECs, RNA was isolated for gqRT-PCR. The relative expression of (a) CXCL-7, (b) CXCL-10,
(c) OAS, and (d) STAT-1 was compared to untreated cells. Another assay was the transfection of hVECs
with dsRNA (2 and 5 pg): (') relative expression of CXCI.-7, (b’) relative expression of CXCI.-10,
(<) relative expression of OAS, and (d’) relative expression of STAT-1. The expression of untreated cells
was set to one. Each bar represents the mean =+ standard error (SEM) of # = 4. The dsRNA was tested
only once, n=1. p = PLGA.
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2.5. Short-Term Uptake of siRNA AF488

The three different PLGAs were tested for their ability to release siRNA complexes for transfecting
EA.hy926. The transfection efficiency was determined by three siRNA AlexaFluor (AF) 488 amounts:
1,3, and 6 pg. The cultivation of EA.hy926 with the functional polymer coating yielded the following
results (Figure 5). The increase of the siRNA amount correlated with the transfection efficiency,
independently of the kind of PLGA. For two-way ANOVA, we grouped the samples of different
amounts of siRNA and the respective PLGAs. Comparing the group of 1 ug and 3 pg siRNA, we
recognized that significantly higher uptake rates were reached with 3 ug. The application of 6 ug
siRNA could not cause a significantly higher transfection efficiency anymore. 96% positive cells
were observed with PL.GA 2 and 95% positive cells with PLGA 1. However, PLGA 3 mediated
the lowest uptake rate of 92% in comparison with the other PL.GA coatings. Hence, in subsequent
experiments, 3 pg siRNA was introduced in combination with PLGA 1-3. Furthermore, PLGA 1-3
showed significant distinctions in siRNA complex uptake using 1 ug and 3 pg siRNA. [erein, PLGA 3
yielded the lowest uptake in EA.hy926 with 53% (1 ug siRNA) and with 77% using 3 ug siRNA.
The transfection efficiency by PLGA 1 and 2 was significantly higher except between PLGA 2 and 3
with 3 pug siRNA. The comparison of PLGA 1-3 showed that PLGA 1 was significantly more successful
for the transfection efficiency than PLGA 2 and 3.

3 PLGA1
3 PLGA2
W PLGA3

efficiency of transfection [% gated]

Figure 5. Uptake of siRNA AL 488 by PLGA coatings in EA.hy926. Different amounts of siRNA
were combined with PLGA 1-3 and tested for transfection efficiency. Cells were incubated 24 h with
respective coated glass slide and afterwards analyzed by flow cytometry. PLGA-coated slides without
siRNA served as a control. Statistical analysis was prepared by two-way ANOVA. [lach bar represents
the mean =+ standard error of n = 3. ** indicates statistical significance at a level of p < 0.01; *** indicates
statistical significance at a level of p < 0.001

2.6. ICAM-1 Knockdown and mRNA Levels of EA.hy926 and hVECs

The transfection of EA.hy926 and hVECs was investigated with the three different PLGA coatings
including 3 pg silCAM-1 and scrRNA complexes, respectively. The protein expression of the adhesion
molecule ICAM-1 expressed by EA.hy926 and hVECs was analyzed by flow cytometry (Figure 6) as
well as its mRNA levels analyzed by qRT-PCR (Supplementary Figure 52). All three PLGA coatings
were able to reduce the ICAM-1 protein expression significantly in EA.hy926 compared to the control
group, activated by TNF-«. The highest knockdown of 36% was reached with PLGA 1 combined
with silCAM-1. This reduction was also significant compared to scrRNA and the TNE-« control.
Similar significant reductions were achieved with PLGA 2 and 3 compared to the TNF-« control.
Furthermore, a significant reduction was also mediated by silCAM-1 PLGA 2 compared to the TNF-«
control. Additionally, these results were paralleled by the mRNA level of [CAM-1 (Supplementary
Figure S2). The knockdown experiment was also carried out with hVECs and a reduction of the
ICAM-1 expression of 22% (PLGA 1), 10% (PT.GA 3), and 5% (PT.GA 2) could be achieved. PL.GA alone
and the scrRNA PLGA coating with TNF-« stimulation revealed no reduction of the examined protein.
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Nevertheless, comparing the results of EAhy926 and hVECs, significant gene knockdown could not
be detected with primary cells.

®
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Figure 6. Gene knockdown of ICAM-1 after 48 h transfection by PLGA-coated slides examined by flow
cytometry. (a) Expression of [ICAM-1 in EA.hy926; (b) Expression of ICAM-1 in hVECs. EA.hy926 and
hVECs were seeded one day before transfection with PLGA 1-3-coated glass slides in combination
with either silCAM-1 or scrRNA or without additives, which served as a control. [CAM-1 expression
was calculated after setting the TNF-o control to 100%. Lach bar represents the mean =+ standard error
of n = 5. * Statistical significance p < 0.05; ** statistical significance p < 0.01; *** statistical significance
p<0.001.

2.7. Specific mRNA Degradation Analyzed by 5'-RLM-RACE-PCR

The analysis of specific mnRNA degradation products is very important to distinguish between
the desired specific RNA interference (RNAi) mechanism and the undesired effects that are mediated
by the biomaterial, transfection reagent, etc. These undesired effects may also lead to a knockdown of
the targeted ICAM-1 mRNA. With the usage of 5-RLM-RACE-PCR we could prove that the RNAi
mechanism occurred in EAhy926 cells at the siRNA cleavage site of the mRNA (Figure 7). Our analysis
revealed that the mRNA transcript was cleaved at bp 1818 as anticipated by us. PLGA-scrRNA or
PLGAs without siRNA did not show specific ICAM-1 mRNA cleavage products (data not shown).

130 140 150 160
TGGCGGTTATAGAGGTACGTTTCATCAAAGCCAGCA
il
H\m

AL

siRNA cleavage site RNA-Adapter

Figure 7. Sequence of 5'-RLM-RACE-PCR product (Tnner PCR with Inner Primer and RACE1) of
PLGA-ICAM-1 siRNA-treated [A.hy926 cells. The sequence shows the siRNA cleavage site of the
ICAM-1 mRNA at bp 1818 (126-144) and the RNA Adapter sequence (145-161).

2.8. Long-Term Release of siRNA Complexes

With respect to the requirements of long-term release coatings for medical devices, we developed
and analyzed a multilayer buildup. During the first two days of transfection by PLGA-coated glass
slides with siRNA AF 488, a very high transfection efficiency of at least 80% on day one and 85% on day
two could be achieved (I'igure 8). The highest value was reached with PLGA 1 (96%). I'rom the third
day on, the uptake of fluorescent siRNA decreased continuously until day six, where a baseline was
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reached with 1%-2% transfection efficiency. PLGA 1 showed a slight increase of transfection efficiency
from day seven until day nine, which was not significant compared to PLGA 2 and 3. Release of siRNA
AF 488 was tested until day 20. The transfection efficiency was slightly but continuously increased by
PLGA 2 and 3 from day 12 to day 18. PL.GA control slides showed baseline values except for day 18.

100
80 %
60- \
40+ \ N
204 AX

@
1

. -~ Control
\ — 3mgAGA1
PLGA 1+ f(siRNA)
— 3mgPLGA2
; ~» PLGA 2 +f(siRNA)
\ — 3mgPLGA3
PLGA 3 + f(siRNA)

release [% gated]
*

Figure 8. T.ong-term release of siRNA AF 488 complexes and the conditional transfection efficiency
in EA hy926. Glass slides were coated four times with alternating layers of 0.5 mg PLGA and 3 pg
siRNA AF 488 with a capping layer of 1 mg PLGA. In the first 10 days, slides were transferred to new
confluent cells every day. I'rom day 11, slides were changed every second day. As control samples, cells
without a slide and slides coated with 3 mg PLGA only were used. Uptake of siRNA was measured
by flow cytometry. f(siRNA) = fluorescence-labeled siRNA. Statistical analysis was performed by an
outlier test (alpha = 0.05) and test for normal distribution before the ANOVA. Each bar represents the
mean =+ standard error of n = 4.

2.9. Co-Transfection of eGFPmRNA and siRNA AF 555 in EA.hy926

Gene silencing by RNAi is not the only way to alter protein expression. Also, the transfection
of mRNA is capable of changing the protein expression pathway. In our approach we wanted to
ascertain if the PLGA coating is capable of releasing and transfecting both transfection complexes with
eGFPmMRNA and siRNA AF 555 simultancously. Different combinations of PLGA 1 (which was the
most efficient PLGA in the former experiments) and RNAs were tested. The co-transfection achieved
11% transfected cells that were positive for both eGFPmRNA and siRNA AF 555 (Table 1). Furthermore,
the values of eGFP expression and cells positive for AF 555 separately showed 7.90% positive cells for
mRNA and 6.25% positive cells for siRNA when both siRNA and mRNA were immobilized in the
coating. As a control, coatings with only one complexed RNA were tested for transfection efficiency.
Regarding the combination of PLGA and siRNA, 26% transfected cells could be achieved, while the
PLGA/mRNA coating also provoked 11% positive cells. Table 1 shows an overview of the transfection
efficiency values. The analysis of the mRNA and siRNA transfection was also done by fluorescence
microscopy (Supplementary Figure S3), with which it was visible that some cells efficiently expressed
eGFP or/and were transfected with siAF555 simultaneously.

Table 1. Transfection efficiency values of co-transfection with eGFPmRNA and siRNA AF 555. (++):
without I,ipofectaminc@ 2000 and PLGA 1; (+): without T,ipof(‘.c‘tamin(:‘ﬁ 2000; *: without; + with.
Ctrl = control.

*mRNA* *mRNA* *-mRNA +mRNA +mRNA

Rositive.Ce1lsi(ys) Ctl(++)  GRNA(+) siRNA  +siRNA  *siRNA  +siRNA
siRNA positive 0.03 0.05 0.08 26.03 0.01 6.25
mRNA positive 0.94 219 286 0.26 1091 7.90

siRNA + mRNA positive 1.02 172 318 4.33 2.84 11.01
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3. Discussion

The placement of stents by PTCA is a common treatment of narrowed arteries in atherosclerosis.
Nowadays, DES releasing paclitaxel or sirolimus is the treatment of choice to circumvent restenosis,
although adverse effects such as late ISR may occur. Huge efforts are being made to improve the
re-endothelialization of stented arteries and new delivery systems are constantly being developed.
Some of the new inventions use biodegradable biomaterials for stent coating, to incorporate
pharmacological agents in a depot for controlled and sustained release. However, such a biomaterial
has to be carcfully sclected regarding its biodegradability without toxic degradation products,
stabilization of the incorporated drug, controlled drug release, bioresorbability, hemocompatibility, and
inappropriate immune response. Peng et al. revealed in a porcine coronary model that PLGA-coated
stents showed a long-term biocompatibility of three months and the degradation products led to
fewer reactions compared to BMS [34]. In this respect, we used the biocompatible and biodegradable
FDA-and EMA-approved biomaterial PLGA with different lactide:glycolide ratios, different molecular
weights, and either end-capped or non-end-capped polymers. We determined the biocompatibility
of PLGA 1, 2, and 3 by looking at the pH value shift and the cell viability over four weeks. Hereby,
we observed a pH value rise from the beginning until the first week that might be due to the pH
augmentation of the cell culture medium in which the coatings were incubated. It is well known that
the pH of a cell culture medium shifts towards basic conditions after refrigerator storage. Additionally,
we assume that the cell culture medium was capable of buffering the pIl value, resulting in no
decrease of the pH due to the hydrolysis of PLGA. The cell viability showed no reduction after the
first two weeks, indicating that the increase of the pH value from 7.4 to 8.4 has no influence (Figure 1).
Furthermore, cell viability was only slightly but not significantly decreased after the third and fourth
weeks. This leads to the conclusion that PLGA does not cause cytotoxicity, since the reduction of the
cell viability was less than 30% (determined value according to EN ISO 10993-5) (Figure 2).

The comparison of the three PL.GAs regarding the pH value is in line with the literature stating
that free carboxylic acid end groups of PLGA 1 and a low molecular weight are responsible for faster
degradation as compared to PLGA 2 and 3 with capped carboxyl end groups [26,27]. With free
carboxylic acid end groups, the polymer is becoming more hydrophilic, leading to increased water
uptake and consequently to hydrolysis. Hence, the carboxylic acid end groups explain the decreased
pH value of PLGA 1 from week two until week four compared with the other PLGAs and the control
(Figure 1).

The excellent hemocompatibility of PL.GA is essential for future medical device applications.
In contrast to the 1 h control, all three PLGA samples caused no reduction in the number of platelets,
leukocytes, lymphocytes, monocytes, and granulocytes after incubation (Figure 3). A reduction of their
numbers would indicate the adherence to the PLGA surface, which was not observed. Therefore, we
conclude that there is no adverse adhesion of blood cells onto the polymer coatings. Furthermore, the
hemocompatibility of PLGAs was verified by the unchanged parameters 8-Thromboglobulin, TAT,
PMN-elastase and complement C3a and SC5b9 after incubation. This confirmed that no activation of
the complement system as well as no activation of platelets occurred, reducing the risk of thrombus
formation after PTCA.

The expression of inflammatory and interferone response markers was not increased by PLGA.
When Lipofectamine was added, the markers increased. Lipofectamine is a cationic lipid which forms
nanoparticles that are taken up by the cell. In a previous study we could also observe the activation of
inflammatory markers when using Lipofectamine [35]. The addition of siRNAs to this experimental
setup led to a still-higher inflammatory marker increase.

Although it is thought/intended that siRNAs are specific and only interact with the RNA-induced
silencing complex and do not lead to any increase in inflammatory markers, we can assume that
siRNAs can facilitate a certain activation of inflammatory markers. This effect belongs to the dsRNA
of 21 nucleotides or longer that can bind directly to Toll-like receptor 3. This results in receptor
dimerization and activation of an intracellular pathway, leading to the expression of inflammatory
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markers. It must be noted, however, that the usc of a long dsRNA Icads to a much higher activation of
the inflammatory markers.

In our study, we generated drug delivery particles consisting of [CAM-1 siRNA and Lipofectamine
and embedded them in thin PLGA films. The therapeutic approach of RNAi holds a lot of promise
in combating CVD by preventing the inflammatory process. Several studies provided substantial
evidence that the knockdown of CAMs such as ICAM-1, VCAM-1, and E-selectin is an excellent
tool to prevent the inflammatory process by leukocyte infiltration within different cell types of the
artery wall [36—41]. Based on this available evidence, we successfully transfected EA.hy926 cells with
siRNA AT 488 released from PLGA 1-3 thin films. Even 3 pg of siRNA was sufficient to achieve a
transfection efficiency of 95% which could not be significantly augmented with a higher amount of
siRNA. Therefore, we conclude that cells are saturated at 3 pg siRNA. However, only PLGA 1 was
capable of reaching such an efficiency, convincing us again that PLGA 1 is the fastest in degradation.
In our previous studies with different materials, it turned out that fast-degrading materials often show
the highest transfection efficiency [42,43]. Additionally, a DES for long-term release of siRNA NPs
from PLGA multilayer coatings was conducted and confirmed by their uptake in EA.hy926 cells for
20 days. The rationale of generating several alternating layers is: (1) decelerating the NPs’ release due
to several PLGA films that have to be passed and (2) the immobilization of mRNA and siRNA into
different layers to yield the gradual release of both. Within the first two days, we demonstrated a very

high uptake of siRNA NPs, demonstrating a burst release mainly by diffusion of the water-soluble NPs.

However, from days three to six, cells showed a decreasing uptake of siRNA NPs, which indicates the
beginning of the slow degradation of PLGA films (Figure 8). Additionally, a progressively low uptake
of sSiIRNA NPs was seen until day 20, indicating that a sustained release of NPs from PLGA multilayers
is guaranteed. The in vitro experimental setup, relocating the coated slides on new EA.hy926 cells
until day 10 for every day and until the end of the experiment for every second day, simulated a very
high turnover of endothelial cells in vivo. Considering that the endothelium is only renewed once
after stent implantation, not every (second) day, the transfection duration and efficiency would be
significantly higher in vivo compared to our results.

Several PLGA degradation mechanisms are described in the literature which might lead to
the release of our embedded siRNA NPs: (1) diffusion through the polymer barrier, (2) crosion
(physical) and degradation (chemical) of the polymer material or (3) a combination of diffusion and
erosion/degradation [44,45]. An enzymatic degradation of PLGA besides the proven hydrolysis is still
debated [46,47]. Therefore, we presume that in our case, siRNA NPs were released by diffusion (for
the first two days) through the polymer, by degradation (hydrolysis), and by erosion.

A further advantage of our multilayered coating approach is the possibility of co-transfecting
eGFPmMRNA and siRNA AF 555 for long-term release. This is, to our knowledge, the first description
of this mechanism and its feasibility has been proven. The simultaneous transfection of EA.hy926 cells
with mRNA and siRNA convinced us of the novel concept to build up several layers with different
RNAs (Table 2). Our results indicate the possibility that two contrary mechanisms in the protein
expression machinery occur concurrently in EA.hy926: (1) gene knockdown by siRNA transfection
and (2) protein expression by mRNA transfection.

The cffectiveness of PLGA carrier-mediated transfection was extensively confirmed by the gene
knockdown of adhesion molecule ICAM-1 in EA hy926 cells and hVECs. The highest knockdown was
observed with the combination of PLGA 1 and silCAM-1 in the cell line and primary cells, leading to
the assumption that faster degradation of PLGA leads to faster release of silCAM-1 and consequently
to a significant (LA.hy926) ICAM-1 knockdown (Figure 6a). Additionally, we confirmed decreased
ICAM-1 expression with PLGA 2 and 3 by flow cytometry. We thus suppose that PLGA 1 is the most
suitable coating for significant [CAM-1 gene silencing or for co-transfection. The results of the qRT-PCR
underline our assumptions, where the lowest ICAM-1 mRNA level with 53% (in EA hy926 cells) was
achieved with the PLGA 1 coating (Supplementary Figure 52). To assure that our silCAM-1 was
able to specifically degrade target mRNA, 5-RLM-RACLE-PCR was performed. The correct cleavage
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site seen with ICAM-1, but not with the secrRNA coating or PLGA alone, confirmed the functionality.
In conclusion, silCAM-1 in combination with PLGA 1 was fully functional and the side effects of PLGA
or scrRNA could be excluded.

Comparing the ICAM-1 expressions of A . hy926 cells and hVECs, our data are in accordance
with the literature that efficient gene transfer is more difficult to manage in primary cells than in cell
lines [48,49]. In our view, too few siRNA NPs reached the cell cytoplasm for effective gene silencing
or an unwanted effect of Lipofectamine was responsible for the lower knockdown in primary cells.
A different transfection reagent, higher amounts of the transfection reagent or inercased RNA amounts
could achieve improvements of the transfection. We could show in our previous work that other
transfection reagents might be more suitable for the transfection of primary cells [35]. Moreover,
using different transfection reagents for siRNA and mRNA would equally be possible as they can be
incorporated into different layers.

4. Materials and Methods

4.1. Chemicals for PLGA Coating

Three different PLGAs were purchased from Sigma-Aldrich (Steinheim, Germany): PLGA
(1) Resomer®™ RG 752 H, 75:25, acid terminated, 4,000-15,000 Da; PLGA (2) PLGA, 85:15, ester
terminated, 50,000-75,000 DA; PLGA (3) Resomer® RG 756 S, 75:25, ester terminated, 76,000-115,000 Da.
Subsequently, PLGAs are named with PLGA 1, PLGA 2, and PLGA 3. Ethyl acctate from Sigma-Aldrich
(Steinheim, Germany) was used for preparing PLGA solutions.

4.2. SiRNAs

The following siRNA was used for gene knockdown: intercellular adhesion molecule (ICAM)-1
hum with sense strand 5'-GCC UCA GCA CGU ACC-UCU ATT-3"”, antisense 5-UAG AGG UAC
GUG CUG AAG CTT-3'. Alexa Fluor 488 labeled E-selectin siRNA was applied to test the transfection
efficiency: sense strand 5'-UUG AGU GGU GCA UUC AAC CTT-3', antisense 5'-GGU UGA AUG CAC
CAC UCA ATT-3' (both from Eurofins MWG Operon, Ebersberg, Germany), and serRNA (Qiagen,
Hilden, Germany) without labeling and with Al' 488 and Al 555 labeling, respectively. Qiagen does
not provide the sequence of their nonsilencing siRNAs but ensure that they have no homology to any
known mammalian gene. This nonsilencing siRNA is validated by using Affymetrix GeneChip arrays
and a variety of cell-based assays and shown to ensure minimal nonspecific effects on gene expression
and phenotype. Additionally, scrRNA AF488 from Qiagen was used for long-term release experiment.

4.3. Synthesis of eGFPmRNA

The production of modified mRNA was performed as described by Avci-Adali et al. [50]. Coding
DNA sequence (CDS) with known flanking sequences was amplified by PCR using specific primers.
PCR product was then purified and the quality of the generated DNA was determined. Using the
in vitro transcription (IVT) process, mRNA was generated from the DNA product. Subsequently, the
product was purified and treated with phosphatase to remove 5'-triphosphates. After the additional
purification and quality control of generated mRNA, transfection experiments were performed.

4.4. Substrate for PLGA Coatings

PLGA films were build-up on glass slides from Paul Marienfeld GmbH (Lauda-Konigshofen,
Germany). The dimension of the slides was 10 x 10 x 1T mm. They were purified by ultrasonication
(Bandelin RK 100IT Sonorex, Bandelin electronic, Germany) with 2% I'lellmanex solution from I1ellma
(Miillheim, Germany) before rinsing with ddH,O. Air-dried slides were sterilized by steam sterilization
for 20 min at 121 °C (systec dx-23, systec Gmbl ], Linden, Germany) prior coating.
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4.5. Build-Up of PLGA/RNA Coatings

PLGA 1, 2, and 3 were dissolved in ethyl acetate with a concentration of 1 pg/plL. For every
experiment, PLGA solutions were daily prepared. The complexation of Lipofectamine@‘ 2000 and
siRNA was obtained by diluting them in medium (DMEM) for 30 min at RT. In this connection,
Lipofectamine amounts varied in relation to increasing siRNA amounts: 1 ug siRNA and 1 pL
Lipofectamine, 3 pug and 2 pL, and 6 ug and 4 pL. PLGA/Lipofectamine coatings without siRNA
served as a control. PLGA and Lipofectamine/siRNA complexes were mixed with a 1:1 ratio and
100 uL of coating solution consisting of Lipofectamine complexed siRNA and PLGA were pipetted
onto the glass slides.

For analysis of the long-term transfection efficiency, a multilayer build-up of PLGA and
Lipofectamine/siRNA particles was deposited onto glass slides. Then 3 ug AllStars Neg. siRNA AT
488 (Qiagen, Hilden, Germany) was complexed with Lipofectamine. The multilayered coatings were
alternately dried with 500 ug PLGA and 3 ug siRNA complexes for four times, resulting in 2 mg PLGA
and 12 ug siRNA for one glass slide. To prevent fast degradation of layers, a capping layer of 1 mg
PLGA was deposited on top. For the control, slides were coated with a single layer of 3 mg PLGA.

The co-transfection analysis was done with PLGA 1, eGFPmRNA, and siRNA AT 555 (Qiagen).
Nunc™ Thermanox™ Coverslips, dia. 13 mm (Thermo Fisher Scientific, Waltham, MA, USA) were
used for coating. Therefore, PLGA solution (50 ug in 50 ul./coverslip) was mixed with a transfection
mix consisting of 10 g eGFPmRNA, 3 pg siRNA and 2 pl. Lipofectamine®™ 2000. Afterwards
the transfection solution was pipetted and dried on coverslips for one night. Then, the slides
were laid down on confluent EA.hy926 cells for 48 h in 12-wells and later analyzed by FACS or
fluorescence microscopy.

4.6. Cultivation of EA.hy926 and Human Primary Endothelial Cells (hVECs)

The human umbilical vein cell line EA hy926 (I.GC Standards GmbH, Wesel, Germany) was
used for cell experiments. Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) high
glucose containing 10% fetal bovine serum (FBS), 1% Penicillin/Streptomyecin, and 1% L-glutamine.

Iluman primary endothelial cells (hVECs) were isolated from saphenous vein specimens obtained
from patients undergoing clective coronary artery bypass grafting (CABG). The patients” statement of
agreement and the permit of the Clinical Ethics Committee of the University of Tuebingen authorized
the handling. ECs were isolated by collagenase digestion as described by Walker et al. [51]. Cells
were cultivated in Vasculife™ EnGS cell culture medium (Lifeline Cell ‘Technology, Walkersville,
MD, USA), a basal medium with a supplemental kit: 0.2% EnGS, 5 ng/mL rh epidermal growth
factor (EGF), 50 ug/mL Ascorbic Acid, 10 mM L-CGlutamine, 1 pug/mL Hydrocortisone Hemisuccinate,
0.75 Units/mL I leparin Sulfate, 2% FBS, 100 U/mL Penicillin, 100 pg/mL Streptomycin, and 10 ng/mL
Amphotericin. Passages from four to seven were used for experiments.

4.7. Measurement of pH Value

PLGA degrades into lactic acid and glycolic acid by hydrolysis, whereby pH value shift is possible.
Thus, environment for cells could change and influence them negatively in cell proliferation right up
to cell death. Therefore, coverslips (15 mm diameter) were coated with 50 pg of three different PLGA
solutions: (1) RG 752 11 75:25, (2) PLGA 85:15, and (3) RG 756 S 75:25. Slides were air-dried overnight
and incubated 2 mL in medium each slide under standard cultivation conditions. Uncoated glass
slides served as a control. Medium was measured at time zero which served as a baseline. The first pH
value was determined by measuring the supernatant of each sample after one week and continued for
four weeks.
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4.8. PLGA/RNA Mediated Transfection of EA.hy926 and hVECs

Tirst, 100,000 LA.hy926 or 120,000 hVECs were seeded one day before in 24-well plates.
For co-transfection approach 130,000 EA.hy926 were seeded in one well of a 12-well plate. We decided
us to use this amount of cells to reach 80% confluency on the next day. Previous experiments showed
that the highest transfection efficiencies are achieved with this amount of cells. PLGA coatings were
dried overnight and glass slides or coverslips were laid down with the coated side on the medium
refreshed cell layer. This so called reverse assay was first described by Wintermantel et al. and
applied in our laboratory for many substrate-mediated transfection tests [52]. Transfection time of
LA hy926 mediated by PLGA/RNA coatings was: 24 h for transfection efficiency and 48 h for (a)
knockdown experiments, (b) immune response tests (plus hVECs), and (c) 5-RNA ligase mediated
rapid amplification of cDNA-ends PCR assay. The incubation time for knockdown evaluation was
reduced to 24 h for hVECs in knockdown experiments due to their sensitivity. After transfection,
cells were prepared for flow cytometry or quantitative Real-Time PCR (qRT-PCR). In the long-term
transfection efficiency approach, the coated glass slides were laid down on always newly prepared
EAhy926 for 24 h until day 10. At later time points, the cells were incubated for 48 h with the slides.
Herein, we always used the initially coated glass slides from day one to the last day. If cells were
cultured for 48 h, medium was replaced every 24 h. After 24 h (days 1-10) or 48 h (days 12-20), cells
were analyzed by flow cytometry. For co-transfection of mRNA and siRNA, cells were transfected for
48 h and subsequently analyzed by flow cytometry or fluorescence microscopy.

4.9. Cell Viability Assay

The three different polymers were tested for cell compatibility by MTT-assay and by CASY® cell
counter (Scharfe System, Reutlingen, Germany). For both tests, coverslips were coated as mentioned
before (measurement of pHH-value). Coated slides were incubated in medium for one, two, three, and
four weeks at standard culture conditions and supernatants were used for cell cultivation. Then 100,000
EA hy926 were seeded in a 24-well plate and cultivated for 48 h with the obtained supernatants. Then,
cells were detached for cell count measurement with CASY® cell counter, which detects living cells
by an electronic pulse area analysis. For the MTT-assay, used medium was removed and replaced by
300 pL RPMI without phenol red and supplemented with 10% MTT (5 mg/mL). After 4 h incubation,
MTT solution was aspirated and 200 pl. dimethyl-sulfoxide was added to each well and gently shaked.
Absorbance was measured at wavelength 540 nm by a microplate reader (Mithras LB 940, Berthold
Technologies, Bad Wildbad, Germany).

4.10. Hemocompatibility Testing

Medical devices must be verified in respect of biocompatibility which is separated in two
fields: cytocompatibility and hemocompatibility. The EN ISO 10993-4 demands for at least one test
addressing thrombosis/coagulation, hematology, inflammation, and complement system to determine
the compatibility of a medical device in combination with blood.

Hemocompatibility of PLGA 1-3 was tested with polymer-coated coverslips as described in
measurement of pll-value. Coverslips were incubated in 12-well plates at 37 °C under gentle
shaking with 3 mL human blood from six independent blood donors. After 1 h incubation,
blood was pooled for blood cells analysis like leukocytes, erythrocytes, and platelets. A Micros
60 counter (ABX Diagnostics, Montpellier, I'rance) counted the blood cell numbers. Protein
expression of C3a and SC5b9 which were associated with the complement system was analyzed
by LLISAs (both Osteomedical GmbH, Blinde, Germany). Additionally, polymorphonuclear-Elastase
(PMN-elastase) was tested as a sign of degranulation of leukocytes during an inflammatory reaction
(Demeditec Diagnostics, Kiel, Germany). 3-Thromboglobulin expression, associated with activated
platelets, was determined by ASSERA-CHROM® B-TG kit (Diagnostica Stago, Asnieres, France).
The measurement of thrombin-antithrombin complex (TAT) with ELISA based Enzygnost® TAT micro
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enzyme immunoassay (Dade Behring, Marburg, Germany) gives information about the alteration of
coagulation activity.

4.11. Flow Cytometry

‘Transfection efficiency or knockdown of PLGA/RNA coatings was determined by flow cytometry
after 24 h or 48 h, respectively. Class slides were removed after incubation time and cells were washed,
detached and fixed with 2.5% paraformaldehyde (PFA). For knockdown experiments, cells were
additionally stimulated with 5 ng/mL tumor necrosis factor (TNF)-« (BD Biosciences, Germany)
for 12 h to induce ICAM-1 expression after the washing step. Immunofluorescence staining was
prepared with PE mouse anti-human CID54, diluted in a 0.5% FBS/PBS solution, (BI) Bioscience,
Germany) for 30 min at 37 “C with following detachment and fixation of the cells as stated above.
Flowcytometric analysis was performed with 10,000 cells/measurement (FACScan™, Becton Dickinson
GmbH, Heidelberg, Germany) and evaluated with CellQuestPro software (version 4, Beeton Dickinson
GmblII). The geometric mean served for evaluating the results.

4.12. Quantitative Real-Time PCR (gRT-PCR)

First of all, total RNA from PLGA/RNA transfected EA.hy926 and hVECs was isolated using
Aurum™ total RNA mini kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). RNA was quantified
and 200 ng of each RNA sample was utilized for the iScript™ ¢cDNA Synthesis Kit from (Bio-Rad)
according to the manufacturer’s instructions for reverse transcription. Primer design was done with
NCBI primer-blast, the primer sequences in Table 2, synthesized by Operon (Kéln, Germany), were
used for qRT-PCR. Poly (IC) dsRNA from R&D systems (Minneapolis, MN, USA) served as positive
control for immune stimulation. PCR mixes contained IQ™SYBR®Green Supermix (Bio-Rad), 400 nM
forward and reverse primer, and 2 ng of cDNA in a total volume of 15 pL. All samples were performed
in triplicates. Normalized gene expression was calculated by the threshold cycle (ACt) method using
GAPDII as a reference.

Table 2. Primer sequences for QRT-PCR and primer sequences for 5'-RLM-RACE PCR purchased from
MWG Operon (Ebersberg, Germany).

qRT-PCR Primer Sequence
forward: 5-GGAGACAGCTGGAAGCCTGTC-3

QK5 reverse: 5-TGACCCAGGGCATCAAAGG-3'
STAT-1 forward: 5’-TGGAA(;('GGAGACAG(:AGA}G-\?’
reverse: 5-AGGTGTATTTCTGTTCCAATTCCTC-3
CXCL-10 forward: 5’-AACTGGCATT(‘.AAGGAGTACC-:}’
T reverse: 5-ACGTGGACAAAATTGGCTTGC-3
[CAM-1 forward: 5-CT I‘G/_\GCGCACCTACC' ICTGTC-3"
reverse: 5'-CGGCTGCTACCACAGTGATG-3
Actin forward: 5-GAGCACAGAGCCTCGCCTTT-Y
) reverse: 5'-TCATCATCCATGGTGAGCTGG-3
5/-RLM-RACE PCR sequence
TCAM-1 first strand 5-AGGTACCATGGCCCCAAATG-3"
ICAM-1 RACE 1 5 ACTCT .
ICAM-1 RACE 2 5-TC &
TCAM-1 RACE 3 5" TGGCCCCAAATGCTGTTGTA-3"

RNA-Adapter (universally)  5-CCUCAUCCCCAUCAAUCAACACUCCCGUUUGCUGCCUUUCAUGAAA-3"
Quter Primer (universally) -GCTGATGGCGATGAATGAACACTG-3"
Inner Primer (universally) 5-CCCGCATCCCAACACTCCGTTTGCTCGGCTTTGATG-3"

4.13. 5'-RNA Ligase-Mediated Rapid Amplification of cDNA-Ends PCR (5'-RLM-RACE-PCR)

This technique which was established to detect siRNA-mediated mRNA cleavage was first
described by Soutschek et al. in 2004 [53]. TLater Davis et al. used this technique to verify
siRNA-mediated mRNA cleavage in a human phase I clinical trial [54]. This technique detects
cleaved mRNA and is especially suitable to confirm the mRNA degradation dependent on the base
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pair sequence of the siRNA in transfection assays. Therefore, 50 ug of PLGA and 3 ug ICAM-siRNA
were dried on glass slides, the glass slides were laid down on confluent EA.hy926 cells for 48 h and
cells were stimulated for 12 h with the above stated TNF-« concentration. Subsequently, the RNA
was isolated as described above. Tor our study we used components of the commercially available
First Choice® RLM-RACE Kit from Life technologies (Darmstadt, Germany). The kit is delivered with
RNA-Adapter and T4 RNA Ligase to conduct the 5 RACE Adapter Ligation. We used 2 pg of isolated
RNA for ligation. Also the kit contains M-MLV Reverse Transcriptase for first strand cDNA synthesis
where we used 200 ng of ligated RNA. The user has to design gene-specific primers for the first strand
synthesis and also for the PCR of the Outer and Inner PCR which are following after first strand
cDNA synthesis. Primer design was done again with the software ‘Primer3’ [55] and Primer Premier 5
(PREMIER Biosoft International). Primer sequences that were used for 5-RLM-RACE-PCR are shown
in Table 1. All PCR reactions (Outer and Inner PCR) were conducted as a qRT-PCR and contained
1Q™SYBR®CGreen Supermix from Bio-Rad (Hercules, CA, USA), 400 nM forward and reverse primer
and 2 ng of cDNA in a total volume of 15 pL. All PCR reactions were performed in triplicates. For better
understanding of this technique we also designed an illustration (Figure 9).

Predicted siRNA-cleavage site

a
ICAM-1 5°-CACUGCAGGCCUCAGCACGUACCUCUAUAACCGCCAGCGG-3°
mRNA 3'-CGGAGUCGUGCAUGGAGAU-5’

ICAM-1 siRNA
10bp antisense strand
SIRNA
b TYTTVITTVIVIVIVIVITTY
[THHHHHH
SIRNA
mRNA
SIRNA
mRNA
RNA-isolation
v
RNA-Adapter
c Ligation AL AR AR AR ALY

cDNA Synthese AL AN AL AL
first slvand‘primer

Outer Primer RACE 2
s s
LA AR AR AR AR A naansiaitaRALARRSAR I R R RSS!
Outer PCR ALALCUUAL N AL LA
%
RACE 3
Inner PI&WBY RACEZ’
A A A A R AR AR AR ARAARARAAARARARSAMIRRRAR RS
Inner PCR T T T T e T T T T T
Hnpseeend i

RACE 1

Figure 9. Tllustration of the RNA Interference mechanism and the 5°-RTM-RACE PCR technique.
(a) Shows the predicted siRNA cleavage site in the [CAM-1 mRNA. (b) Illustrates the RNAi mechanism
in the cytoplasm of EA.hy926 cells. (c¢) Demonstrates the 5-RLM RACE PCR technique, starting
with total RNA Tsolation, then the RNA adapter is ligated to cleaved mRNA strands. Afterwards
RNA is reverse transcribed gene-specifically, with specific first-strand synthesis primers for ICAM-1.
Subsequently, Outer PCR and Inner PCR with gene-specific primers (RACE 1, 2, and 3) and
adapter-specific primers (Outer and Inner Primer) are conducted. Only if siRN A-mediated cleavage
oceurs specific products are produced with primer combinations of Inner Primer and RACE 1. These
PCR products are then sequenced to prove siRNA-specific degradation.
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4.14. Statistics

All experiments described in this work were done at least three times independently. Values
showing variation were analyzed by an outlier test with a significance value of 0.05. The comparison
of different samples was done by ANOVA and Bonferroni correction as a Post-test.

5. Conclusions

PLGA seems to be an excellent biodegradable and hemocompatible RNA NP delivery carrier,
especially regarding the challenge for innovative improvements in DES. In combination with the
powerful mechanism of RNA, the gene silencing of undesired CAMs during inflammation could be
achieved. All three PLGA resomers were non-toxic to EA.hy926 cells and proved hemocompatible
with no adherence of blood cells on the PL.GA coatings, a crucial point with respect to preventing
thrombosis after stent implantation. The siRNA NPs incorporated in the PLGA 1-3 coatings were
released and able to transfect EA hy926 cells, where PLGA 1 with 3 pg siRNA was the best combination
with 95% transfection efficiency. I'urthermore, silCAM-1 NPs in PLGA 1 provoked the highest ICAM-1
knockdown of 36%. Thesc findings and the results of pH stability indicated that PLGA 1 is degraded
the fastest. With our novel multilayer build-up of PLGA 1 and siRNA NPs, we demonstrated the
co-transfection of eEGFPmMRNA and siRNA. Furthermore, our multilayer coating with siRNA has the
potential to transfect cells with high efficiency in the first two days, with a burst release until day six,
and with a sustained slow release thereafter. Considering our results, we finally summarize that the
delivery carrier PLGA combined with silCAM-1 NPs has great potential for the development of new a
era of stents preventing ISR.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/10/1/23/s1,
Tigure S1: Relative viability of EA.hy926 cells analyzed by CASY after incubation with supernatant of incubated
PLGA 1-, 2- or 3—coverslips; Figure S2: Expression of [CAM-1 mRNA after 48 h transfection by PLGA silCAM or
SCR-siRN A—coated slides, quantified by qRT-PCR; Figure S3: Fluorescence microscopy of cells co-transfected
with AF555-siRNA and eGEP-mRNA.
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Abstract

Local gene delivery systems utilizing RNA interference technology are a promising
approach for therapeutic applications where site-specific release of agents is desired. Poly-
electrolyte multilayers (PEMs) can be constructed using the layer-by-layer (LbL) technique
and serve as a depot for bioactive substances, which can then be released in a controlled
manner. Multilayers of hyaluronic acid/poly(ethylenimine) HA/PEI were built up with different
numbers of bilayers and PEI-siRNA particles were embedded in bioactive layers for gene
silencing. The increase of the bilayers and the release of siRNA particles were demon-
strated by fluorescence intensity measurement with a fluorescence reader. Two different
LbL techniques were tested for the reduction of ICAM—1 expression in EA.hy926: PEM
build-up by dipping or drying steps, respectively. Herein, the drying technique of the bioac-
tive layers with ICAM siRNA mediated a significant reduction of the ICAM—1 expression
from 3 to 24 bilayers. The fluorescent siRNA release study and the re-culturing of the HA/
PEI films demonstrated a release of the transfection particles within the first hour. The
advantage of dried built-up PEMs compared to a dried monolayer of PEI-siRNA particles
with the same siRNA concentration was a significant higher amount of viable cells.

1 Introduction

The RNA interference (RNAi) mechanism is a powerful and specific technique in molecular
biology and shows high potential for therapeutic applications, including cardiovascular dis-
eases (CVD), infectious diseases and cancer [1-8]. RNAi was first discovered by Fire ef. al in
1998 in C. elegans with double-stranded RNA causing the silence of complementary messenger
RNA sequence [9]. This self-defense mechanism in Eukarya is known for preventing infec-
tions and following gene integrity by pathogens and regulating gene expression processes. The
ability to artificially produce short interfering RNA (siRNA) with 21-23 nucleotides which
binds specific to the target mRNA is a promising approach for various therapeutic applications
with the aim of transient gene silencing [10]. Despite promising therapeutic options, the deliv-
ery of siRNA to the target tissue or cells is one of the major challenges. Systemic delivery of
siRNA is preferred when the target of interest is quite difficult to access and especially in
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cancer therapy approaches [11-14]. However, if targeted silencing is desired, such as e.g. for
vascular stents or general implants, local application of siRNA is essential to avoid the occur-
rence of systemic off largels and Lo reduce the amounl of aclive subslances, while locally a high
release can be guaranteed [1, 3, 15-17].

Vascular cell adhesion molecule 1 (VCAM-1), E-selectin, and Intercellular Adhesion Mole-
cule 1 (ICAM-1) are cell adhesion molecules on endothelial cells which are increasingly
expressed in inflammation. Inflammatory processes can be observed in atherosclerotic lesions
or after vascular intervention like coronary artery stenting, which in the last case is called in-
stent restenosis. This adverse side effect of a neointimal hyperplasia should be avoided in ath-
erosclerolic therapy. A promising approach is the reduction of the inflammatory process by
siRNA gene silencing of the above mentioned involved adhesion proteins [18-20]. Reducing
inflammation is thought to decrease the probability of restenosis, avoid re-surgeries, and
reduce the duration of antithrombotic drug use.

The complexation of the siRNA with transfection agents for better stability benefits the
approach of substrate-mediated transfection. These complexes can be incorporated in large
quantities in coatings and act as a depot. Herein, the use of polyelectrolyte multilayers (PEMs)
is a promising approach in the field of substrate-mediated active substance delivery [1, 21-26].
The ability to incorporate drugs into the PEMs makes this system interesting for siRNA release
and the desired gene silencing 1, 27, 28]. A simple lechnique for the deposition of PEMs is the
versatile layer-by-layer (LbL) technique, in which polyelectrolytes are alternately deposited to
a substrate. The alternation of positive and negative charged materials creates electrostatic
inleractions thal stabilize the structure. Popular materials for cell biomalerial interaclion were
used in many PEM research works like the cationic polyelectrolytes: poly(L-lysine), chitosan,
and poly(ethylenimine), and the anionic ones: alginate, hyaluronic acid, and polyacrylic acid
[29-34]. Among the cationic polymers, the poly(ethylenimine) (PEI) is much favored for the
complexation of negalively charged siRNA, as it forms a non-covalent bond with its strong cal-
ionic charge density. By complexing siRNA, the limiting factors of nucleic acid transfection,
such as negative charge, degradation by nucleases, stimulation of the immune system, can be
avoided. PEI has nitrogen on every third alom and is hence prolonable in an endosome [35].
Due to its buffer capacity, chloride anions flow into the endosome which causes an influx of
water and consequently an osmotic swelling. This so called “proton-sponge-effect” causes the
endosome to burst and releases the PEI-siRNA complexes into the cytoplasm [36]. For suc-
cessful transfection, the choice of molecular weight, chemical structure and nitrogen phos-
phate (N/P) ratio is important. The N/P ratio is defined as the quotient of the moles of the
amine groups of cationic polymer to the phosphate groups of DNA or RNA and is crucial for
efficient gene delivery. The ratio determines the size of the particles for transfection and is
therefore an important measure for cell experiments [37-39].

Hyaluronic acid (HA) is a negatively charged glycosaminoglycan which occurs naturally
like in the extracellular matrix, synovial fluid, umbilical cord, and in blood [40, 41]. The bio-
polymer properties like biocompatibility, biodegradability, and no immunogenicity make
hyaluronic acid a suitable material in wound healing, treatment of knee osteoarthritis or for
tissue-engineered scaffolds [42-44]. Crucial for this is the molecular weight of the hyaluronic
acid which is responsible for the properties of the polymer. The high molecular weight hyal-
uronic acid has anti-inflammatory effects during tissue injury, while the low molecular weight
hyaluronic acid is responsible for the activation of pro-inflammatory chemokines and cyto-
kines [45]. Although HA is not a typical transfection agent due to its negative charge, it is often
used in nucleic acid delivery in combination with chitosan or poly-L-arginine [46, 47]. The
combined use of HA with the transfection agent PEI has the great advanlage that HA can
reduce the cytoloxic effects of PEI [48].
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The well considered choice of biomaterials is of particular importance for the success of
transfection and the necessary cell adhesion. In addition to parameters such as thickness,
roughness, and viscoelaslicity of the substrale, stiffness is of greal imporlance for cell adhesion
[49, 50]. The cultivation of primary cells on soft biomaterials from natural origin causes low
adhesion on the substrate and thus leads to apoptosis in in vitro assays [51]. As a result, soft
PEM layers cannol be properly assessed for Loxicily. I is indistinguishable whether the apoplo-
sis occurs due to the cytotoxicity of the polymer or because of low stiffness. The ‘reverse assay’
is a suitable method to avoid possible influence by the stiffness where coated substrates can be
placed on pre-cultured cells [51].

In this study we describe the potential of a PEM system that might be used as a coating for
medical devices which is capable to release siRNA from HA/PEI multilayers for [CAM-1 gene
knockdown in EA.hy926 in vitro. Bilayers from 3 to 24 were tested in an ‘reverse assay’ for
gene knockdown and transfection efficiency using two different LbL techniques, wet or dried
layers, on ICAM-1 silencing. The build-up of the (HA/PEI),, multilayers and the release of
siRNA particles were determined by fluorescence intensity as a scan of the coated substrates
and of the supernatant, respectively. A possible influence of the polymer on cell growth was
investigated with the determination of cell viability.

2 Materials and methods
2.1 Polyelectrolyte solutions for PEM build-up

Branched polyethylenimines (PEI), (molecular weight (MW) = 750 kDa and 25 kDa) were
purchased from Sigma-Aldrich (Steinheim, Germany) and prepared in ddH,0 (Ampuwa, Fre-
senius Kabi, Bad Homburg, Germany). The concentration of 750 kDa PEI was 1 pM and of 25
kDa 100 uM. Sodium hyaluronate 95% (MW = 1500-2200 kDa) was obtained from Acros
Organics (Fisher Scientific, Schwerte, Germany) and 1 mg/mL was dissolved in 5 mM sodium
acetate buffer (pH 5.5). All solutions were sterilized by sterile filtration.

2.2 SiRNAs

The following siRNA was used for gene knockdown: intercellular adhesion molecule (ICAM)-
1 human with sense strand 5/ -GCC UCA GCA CGU ACC UCU ATT-3’, antisense
5’ -UAG AGG UAC GUG CUG AAG CTT-3’. E-selectin siRNA AF 488 was applied to

test the transfection efficiency: with sense strand 5/ ~-UUG AGU GGU GCA UUC AAC
CTT-3’, antisense 5’'-GGU UGA AUG CAC CAC UCA ATT-3’ (both from Euro-
fins MWG Operon, Ebersberg, Germany), and control nonsense siRNA (siSCR) (Qiagen, Hil-
den, Germany). Qiagen does not provide the sequence of their nonsilencing siRNAs but
ensure that they have no homology to any known mammalian gene. This nonsilencing siRNA
is validated by using Affymetrix GeneChip arrays and a variety of cell-based assays and shown
to ensure minimal nonspecific effects on gene expression and phenotype.

2.3 Glass slide as a substrate for PEM build-up

PEMs were built-up on glass slides from Marienfeld GmbH (Lauda-Kénigshofen, Germany).
The dimension of the slides was 10 x 10 x 1 mm. They were purified by ultrasonication (Ban-
delin RK 100H Sonorex, Bandelin electronic, Germany) with 2% Hellmanex solution from
Hellma (Miillheim, Germany) before rinsing with ddH,O. Air-dried slides were sterilized in a
heating furnace (Binder, Germany) at 200° C for 4 h prior using in PEM films build-up
procedure.
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2.4 Cultivation of EA.hy926

The human umbilical vein cell line EA hy926 (LGC Standards GmbH, Wesel, Germany) was
used for all cell experiments. Cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) high glucose containing 10% fetal calf serum, 1% Penicillin/Streptomycin, and 1%
L-glutamine (gibco®: by Life Technologies, Carlsbad, California). Cell number and viability
was tested by a CASY cell counter (Schirfe System).

2.5 Complexation of PEI-siRNA particles

PEI-siRNA particles were formed by diluting siRNA (20 uM) and PEI 25 kDa in 0.15 M NaCl
(Fresenius Kabi, Bad Homburg, Germany) each. For PEM-mediated transfection, 0.5 pg
siRNA was used for one layer. After 10 min incubation the two solutions were mixed, shortly
vortexed and span down. Within 20 min, the PEI-siRNA particles were allowed to form at RT.
All PEI-siRNA particles used in the PEM build-up had an mN/P ratio of 18.75. The N/P ratio
is determined by the amount of moles of primary amine groups (PEI) and the number of
moles of phosphate groups of siRNA.

2.6 Build-up of PEM films

PEMs were buill-up manually with increasing number of bilayers: PEI(HA/PEI),(HA/PEI-
$iIRNA); 57 10,12,24- Therefore, purified and sterilized glass slides were coated using the layer-
by-layer technique. Layers of HA/PEI are designated as precursor layers, whereas HA/PEI-
siRNA layers are designated as bioactive layers throughout this manuscript. The first precursor
layer of 750 kDa PEI was deposited by dipping the glass slide for 10 min in PEI solution. After
extensively rinsing for 3 x 2 min in 0.15 M NaCl, two further precursor bilayers of HA and 25
kDa PEI (HA/PEI), were alternately added (dipping time: 10 min). Between each deposition, a
washing step (3 x 2 min) with sodium acelate buffer and NaCl solution was held. Following
this, bioactive layers were produced in two different ways. In the layer-by-layer method, the
desired number of active layers (HA/PEI-siRNA) was deposited on precursor layers as follows:
Glass slides were dipped in HA and PEI-siRNA particle solution for 10 min with washing steps
as described above. In the modified layer-by-layer coating method, glass slides were dipped in
HA for 20 sec and air-dried. Subsequently, PEI/siRNA particles (0.5 pg siRNA) were pipetted
and not dipped onlo the slide and air-dried, too. The coaled slides were used for substrale
mediated delivery in transfection experiments with EA.hy926 and for the release study.

2.7 Build-up of monolayer films

As described in the chapter before, prepared glass slides served as a substrate for the monolayer
coatings in cell culture experiments. PEI-siRNA particles with either silCAM-1 or siSCR were
complexed with PEI 25 kDa as described in chapter 2.5. The 10-fold amount of siRNA, PEI
and NaCl was used for Lhe lolal amount of 5 pug siRNA, which was also present in the 10 bilay-
ers. The transfection solution was pipetted onto the glass slides and air-dried. Monolayer films
were tested in cell culture experiments for the comparison of cell viability with PEMs.

2.8 PEM-mediated transfection

Cell seeding with 1 x 107 cells in a 24-well plate was prepared 48 h before transfection with PEM-
or monolayer-coated glass slides. After media exchange, the coated glass slides with siRNA AF
488 and siSCR were deposited onto the cells in a so called reverse assay [52]. This assay is illus-
trated in Fig 1. After deposition of the glass slides 1 mL medium was added into each well and
incubated for 24 h at 37°C with 5% CO,. Uncoated glass slides served as a negative control.
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glass slide

]» PEM (x n)

Fig 1. Reverse assay for cell transfection. The coated glass slide is placed on the previously seeded and cultured cells to transfect
them.

https://doi.org/10.1371/joumnal.pone.0212584.q001

2.9 Flow cytometry

Transfection efficiency was determined by flow cytometry after 24 h cultivation. Glass slides
were removed from the cells and they were washed and detached from cell culture plate before
fixing them with 2.5% paraformaldehyde (PFA) in round-bottom special tubes for flow cytom-
etry applications (Falcon®;). low cytometry analysis was performed with 5000 cells/measure-
ment (FACScan™, Becton Dickinson GmbH) and evaluated with CellQuestPro software
(Becton Dickinson GmbH). Knockdown of ICAM-1 protein expression was examined as fol-
lows, cells were stimulated with 5 ng/mL tumor necrosis factor (TNF)-o (BD Biosciences, Ger-
many) for 14 h to induce ICAM-1 expression. Immunofluorescence staining with PE mouse
anti-human CD54 (BD Bioscience, Germany) was prepared before paraformaldehyde (PFA)
fixing and flow cytometry analysis for 30 min at 37° C.

2.10 Release of PEI-siRNA AF 488 particles

Tesling the PEM-medialed release of PEI-siRNA particles, complexes with 0.5 pg siRNA
AF488 were formed with a mN/P ratio of 18.75. PEMs with 3, 5, 7, and 10 bilayers were built-
up as described before. An uncoated glass slide and a 10 bilayer coated slide without siRNA
served as controls. The slides were incubaled in a 24-well plate with 500 uL PBS al 37" C. AL
different time points (1 h, 4 h, 24 h, and 48 h), the fluorescence intensity of the supernatant
was measured with the fluorescence reader Mithras LB 940 (Berthold Technologies, Germany)
with an excilation wavelength of 485 nm and an emission wavelength of 535 nm. Additionally,
coated glass slides were scanned after buffer removal with 25 x 25 horizontal and vertical steps
by rows, a rectangular scanning mode and a point displacement at 0.65 mm.

2.11 Statistics

The experiments were performed three times independently and the resulting values were
tested and proven for Gaussian distribution. The values were compared by One-way ANOVA
and Bonferroni correction as a Post-test. Difference between different treatment groups were
determined as significant, if p < 0.05.

The analysis were performed with the statistic program GraphPad Prism 5 (GraphPad Soft-
ware, La Jolla, USA).

3 Results

3.1 Reduction of ICAM-1 expression by polyelectrolyte multilayers

PEMs were prepared by incubating in the respective solution without drying PEI-siRNA parti-
cles on the preceding layers as described in the method for modified PEMs. The PEI(HA/
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PEI),(HA/PEI-siRNA); o coating showed a minimal decrease of [CAM-1 expression with
remaining 89% and 86% but was not significant compared to the control (Fig 2). Only the PEI
(HA/PED),(HA/PEI-siRNA), o and PEI(HA/PEI),(HA/PEI-siSCR), o coalings differed signifi-
cantly from each other with 86% ICAM-1 expression and 102%, respectively.

3.2 Transfection efficiency of EA.hy926 mediated by PEI-siRNA AF488
modified polyelectrolyte multilayers

The efficient uptake of agents into cells is mandatory for their effectiveness and the following
response of the cells. Fluorescent labeled siRNA is a suitable and smart device determining the
uplake of siRNA into the cells by flow cylomelry. Therefore, we examined the transfection effi-
ciency of PEI(HA/PEI),(HA/PEI-siRNAy)s ;o with incorporated siRNA AF488 and EA.hy926
cells. After 24 h incubation of coated slides on pre-cultured EA.hy926, the uptake of siRNA AF
488 partlicles was evalualed by flow cylomelry. A transfeclion efficiency of 21% was measured
with PEM PEI(HA/PEI),(HA/PEI-siRNA); and 50% with PEM PEI(HA/PEI),(HA/PEL-siR-
NAp) (Iig 3). Both active PEMs with siRNA AT 488 showed significant higher transfection
efficiency values than the control slides PEI(HA/PEI),(HA/PEI); ;0. Furthermore, the PEM
PEI(HA/PEI),(HA/PEI-siRNA¢),o with 10 bilayers achieved a significantly higher Lransfection
efficiency than PEI(HA/PEI),(HA/PEIy);.

3.3 ICAM-1 expression after transfection with modified polyelectrolyte
multilayers

To determine the most effective amount of bilayers for gene knockdown, we tested 3, 5, 7, 10,
12 bilayers of (HA/PEL-siRNA),,. The results show that the desired ICAM-1 expression
decrease was achieved in the samples with increasing number of layers and amount of sil-
CAM-1. PEI(HA/PEI),(HA/PEI-silCAM-1)3 57,10,12 showed significant reduction of [CAM-
150+
—_

T
i

100

-
2l

-
—-

ICAM—-1 expression [%]
o
o
1

Fig 2. ICAM-1 expression of EA.hy926 after cultivation with PEMs. The multilayers were prepared by the dip and
wash method without drying the PEI-siRNA particles as in the modified method. After 24 h of cultivation using the
reverse assay, [CAM-1 expression was determined by flow cytometry and untreated but TNF-c stimulated cells were
set to 100%. BL = bilayer, Ab = antibody. Each bar represents the mean + standard error (SEM) of n = 6. * Statistical
significance at p < 0.05.

https://doi.org/10.1371/joumal pone.0212584.9002
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Fig 3. Evaluation of the siRNA uptake in EA.hy926 by flow cytometry. Cells were incubated with PEI(HA/PEI),(HA/PEI-siRNAy); ), coated
slides in the reverse assay for 24 h. The fluorescence signal of transfected cells was measured by tlow cytometry. Control slides were prepared
without siRNA AF 488. BL = bilayer; ctr] = control. Each bar represents the mean + standard error (SEM) of n = 3. *** Statistical significance at
p < 0.001, ** statistical significance at p < (.01.

hitps://doi.org/10.1371/journal.pone.0212584.9003

1 expression in comparison to control cells which were stimulated with TNE-a and antibody
treated. The highest knockdown was achieved with 10 bilayers and remaining 44% ICAM-1
expression (Fig 4). 7 and 12 bilayer revealed similar [CAM-1 expression levels with 49% and
48% respectively. The ICAM-1 expression of control PEMs with siSCR were at the expression
level of the control cells.

3.4 The effectiveness of modified polyelectrolyte multilayers for ICAM-1
knockdown

Two sizes of PEM bilayers PEI(HA/PEI),(HA/PEI-silCAM-1) 0,4 were evaluated for the
delivery of silCAM-1 and the following knockdown of the ICAM-1 receptor in EA.hy926. 10
bilayers were chosen due to the results in 2.3 where 10 bilayers provoked the highest ICAM-1
knockdown. Additionally, a high amount of PEMs with 24 bilayers was tested to verify if a sig-
nificant increase in bilayers and thus total siRNA levels could result in higher knockdown or
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Fig 4. ICAM-1 expression after 24 h reverse assay with EA.hy926. Cells were cultivated with PEI{HA/PEI),(HA/PEI-$iRNA); 5 5 15,1 coated
glass slides for 24 h. Thereafter cells were stimulated with TNF-c: for 14 h. After ICAM-1 antibody staining, fluorescence signal was determined
by flow cytometry. Untreated but TNF-« stimulated cells were set to 100% and the results of the treatment groups represent the expression of

ICAM-1 receptor in %. Ab = antibody, BL = bilayer. Each bar represents the mean + standard error (SEM) of n = 5. *** Statistical significance at

p < 0.001.

hitps://doi.org/10.1371/journal.pone.0212584.0004

prolonged release. First, cells were incubated with PEI(HA/PEI),(HA/PEI-silCAM-1)144 and
PEI(HA/PEI),(HA/PEI-siSCR) ;¢4 for 24 h. Afterwards the same PEM coated glass slides
were incubated with new pre-cultured cells for another 24 h.

The ICAM-1 expression was significant reduced by 10 and 24 bilayers after the first 24 h of
incubation (Fig 5A). The 10 bilayers achieved a slightly higher ICAM-1 knockdown (5%)
compared to 24 bilayers. Re-cultivation of the same PEM:s for 24 h did not cause any signifi-
cant knockdown of the ICAM-1 receplor in fresh cultured cells (Iig 5B).

PLOS ONE | https://doi.org/10.1371/journal.pone.0212584 March 19, 2019
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Fig 5. ICAM-1 expression after 24 h and following 24 h after re-cultivation of the same PEMs with new seeded EA.hy926. A: After 24 h
reverse assay with 10 and 24 bilayers, cells were analyzed by flow cytometry and untreated but with TNF ¢ stimulated cells were set to 100%. B:
The same 10 and 24 bilayer were cultivated for another 24 h with new pre-cultivated EA_hy926 and analyzed as described in A. Ab - antibody,
BL - bilayer. Each bar represents the mean + standard error (SEM) of n — 6. “** Statistical significance at p < 0.001.

hitps:/doi.org/10.1371/joumal.pone.0212584.9005

3.5 Release of siRNA AF 488 from modified polyelectrolyte multilayers

The release of siRNA AF 488 (siRNAy) from PEMs PEI(HA/PEI),(HA/PEI-siRNAf); 5 ;.10 was
determined after 1, 4, 24, and 48 hours incubation in PBS (Iig 6A). The supernatant was mea-
sured with a fluorescent reader. After 1 h of incubation, the highest relative fluorescence unit
(RFU) signal (16,899) was measured with 10 bilayers. The values of the RFU were getting less
with the decrease of bilayers: 14,409 RFU with 7 bilayers, 13,325 RFU with 5 bilayers and
10,184 with 3 bilayers. Both control glass slides, the uncoated and the PEI(HA/PEI),(HA/PEI-
$iSCR);¢, showed low fluorescence signals with 1,874 and 2,034 RFU, respectively. After 4
hours incubation, the fluorescence signals of PEI(HA/PEI),(HA/PEI-siRNAy)s 5 710 decreased
into the range of both controls with 2,900, 2,779, 2,731, and 2,444 RFU for 10, 7, 5, and 3 dou-
ble layers, respectively. The following RFU values of PEI(HA/PEL) ,(HA/PEI-siRNAf)3 5 7,10
glass slides were on the REU level of the control and uncoated glass slides after 24 and 48 h.

In order to determine the total amount of siRNA AF 488 applied during PEM coating, the
glass slides were scanned immediately after the coating procedure (time point 0 h) and the
fluorescence was analyzed. Furthermore, the glass slides were scanned afler the incubation
times (1 h, 4 h, 24 h, and 48 h) after removal of the supernatants (Fig 6B). Highest fluorescence
intensity sum was found at timepoint zero directly after PEM coating with 2.6 x 10" REU for 3
bilayers, 3.2 x 107 RFU for 5 bilayers, 3.5 x 107 REU for 7 bilayers, and 4.1 x 107 RFU 10 bilay-
ers. After 1 h incubation all intensity values of 3, 5, 7, and 10 bilayers were significantly
reduced to 1.7 x 107 and 1.8 x 107 RFU and were nearly at control level, which was 1.5 x107
RFU. From the time point 4 h there was no significant change in the fluorescence intensity of
siRNA AL 488-conlaining PEM and all samples had similar RFU values.

3.6 Influence of different siRNA coatings on cell viability

Polyelectrolyte multilayers, siRNA and transfection agents may influence the cell viability dur-
ing the cultivation. The influence of these parameters was tested by determination of cell num-
ber and viability of EA.hy926 with a CASY cell counter. It is of interest whether the PEMs are
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Fig 6. Release of siRNA AF 488 from PEMs within 48 h. A: Release of siRNA AF 488 by measurement of the supernatant.
"The fluorescence intensity of the supernatants was measured after 1, 4, 24, and 48 h incubation in PBS with a fluorescence
reader at 485 nm excitation and 535 nm emission wavelength. In the right box an enlarged section of the period 1 to 4 his
shown. Each bar represents the mean + standard error (SEM) of n = 3. B: Glass slide scan for release control. After the
removal of the supernatant, glass slides were scanned with a resolution of 25 x 25 tr 1t points, at the same
wavelengths as described before. The sum of all measurement points = fluorescence intensity, was determined at different
timepoints. BL = bilayer; ctrl = control. Each bar represents the mean 1 standard error (SEM) of n = 3. *** Statistical
significance at p < 0.001.

https://doi.org/10.1371/journal.pone.0212584.9006
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superior to the monolayer system in terms of cell viability. To determine the compatibility of
PEM-coated slides in comparison to the same amount of PEI-siRNA in a monolayer system
(hereby, the same amount of siRNA and PEI which was used for 10 bilayers was used Lo dry
into a monolayer), cells were analyzed after 24 h reverse assay. PEM of PEI(HA/PEI),(HA/
PEI-silCAM-1),, showed a significant higher cell number of 3.2 x 10° in comparison to the
monolayer with the same silCAM-1 amount and the cell number 1.7 x 10° (Fig 7). The same
result can be seen in the samples with siSCR. Again, the cell numbers are significantly different
from each other and the PEM of PEI(HA/PEI),(HA/PEL-siSCR),, had a significantly higher
number on 3.9 x 10 cells than the monolayer with 1.7 x 10° cells. The control sample where
cells were cultivated with uncoated glass slides showed a cell number of 2.6 x 10° and is even
lower than the cell number of PEMS.

4 Discussion

Subslrate-medialed gene silencing by RNAi has greal polential for therapeulic approaches
where local effect is desired. A sophisticated and today well developed method is the LbL
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Fig 7. Cell number of EA.hy926 after incubation with PEI-siRNA particles and PEMs. EA.hy926 were incubated with different coated glass
slides for 24 h and then tested for cell number after detachment with a CASY cell counter. Cells cultivated with an uncoated glass slide served as a
control. 10 BL PEMs were compared with the monolayer of PEI siRNA with the same siRNA amount (5 pg). BL = bilayer, ctrl = control. Each bar
represents the mean 1+ standard error (SEM) of n — 3. **~ Statistical significance at p < 0.001, ** statistical significance at p < 0.01, * statistical
significance at p < (.005.

https://doi.org/10.1371/journal.pone.0212584.9007
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technique, where a multilayer system can be built with different biomaterials of natural or syn-
thetic origin with opposite charges. The structure of these PEMs allows the embedding of
siRNA nanoparticles for gene silencing. To transport the siRNA, a cationic polymer like PEI
can be used so that the siRNA, protected from enzymatic degradation, enters the cell for
transfection.

The purpose of this study was Lhe development of an siRNA-eluling coaling using the LbL
technique for gene silencing of the adhesion molecule ICAM-1 that plays a key role in the
adhesion of leukocytes during leukocyte diapedesis at inflammatory sites [53]. Two different
build-up methods with either dipping or drying (modified PEMs) steps were tested for HA/
PEI PEMs. The PEMs were characterized for siRNA release, for cell viability, for transfection
efficiency and ICAM-1 knockdown. Therefore, the reverse assay [51, 54] was applied for all
cell culture assays to evade the possible influence of mechanical properties of the biomaterials
HA and PEI on cell growth.

The build-up of PEMs PEI(HA/PEI),(HA/PEI-siRNA),, was initially prepared by the dip
and wash method. The [CAM-1 expression results showed that neither 3 bilayers (1.5 ug
siRNA) nor 10 dipped bilayers (5 pg siRNA) could induce uptake of siRNA after 24 h (Fig 2).
The small decrease in ICAM-1 expression with 3 and 10 bilayers suggests that only small
amounts of siRNA particles were incorporated into PEMs which results in a low transfection
efficiency. We suppose that during the dipping step with PEI-siRNA particles, the incubation
time was insufficient to bind to the hyaluronic acid. A recent study of Holmes and Tabrizian
showed an efficient LbL system with glycol-chitosan/HA PEMs where DNA lipoplexes were
adsorbed for 2 h followed washing and further adsorption steps. Herein, NIH3T3 and
HEK293 cells were successfully transfected with different amount of DNA (2; 4; 6 pg) [22].

Consequently, we modified the process of the LbL method by omitting the washing steps
after the precursor layers and dried the functional bilayers of PEI-siRNA and HA on the plate-
lets. The purpose of the modification was Lo change the build-up of the PEMs as little as possi-
ble. With the modified drying method of PEM assembly, a coating could be established that
released PEI-siRNA particles which were taken up by the cells through substrate-mediated
Lransfeclion. The transfection efficiency showed the significant uplake of siRNA with 3 and 10
bilayers compared to control, moreover 10 bilayers provoked with 50% a significantly higher
transfection efficiency compared with 3 bilayers with 21% (Fig 3). The results of ICAM-1
expression underlined the effectiveness of the modified method, where ICAM-1 expression
could be significantly reduced up to 44% with 10 bilayers in comparison to the TNI*-a/Ab con-
trol and the associated siSCR control (Fig 4). The 3, 5, 7, and 12 bilayers also showed signifi-
cant ICAM-1 reduction in comparison to both controls. Within the experimental silCAM-1
series, there was also a significant difference between the 3 bilayers and the 7, 10 and 12 bilay-
ers. This result indicates that an augmentation of bilayers up to 10 is meaningful for reaching
the highest reduction of ICAM-1 expression. This was also proved with the knockdown exper-
iment with 10 and 24 bilayers in comparison (Fig 5A). An increase in the number of bilayers,
and the associated additional increase of silCAM-1 in the layers cause no further reduction in
ICAM-1 expression. We might suppose with regard to this result either transfected cells were
saturated with siRNA particles from the bilayers and consequently were no longer capable for
siRNA uptake or the build-up of PEMs has reached its maximum after 10 bilayers in our
study. In a previous preliminary study it was observed that also the application of 15 bilayers
had no higher reduction of the ICAM-1 expression, and the value was between that of the 10
and 12 bilayers.

The decrease of the ICAM-1 expression (I'ig 4) in response to the increase in the number
of layers indicates that the layer build-up has taken place successfully using the drying method.
The glass slide scanning dales al lime point zero corroborale these resulls showing an increase
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in fluorescence intensity with an increase in bilayers (I'ig 6B) as well as the release results after
1 h incubation (Fig 6A). Consequently, these results suggest that the amount of siRNA~PEI
has been incorporaled in every bilayer.

The duration of siRNA release for substrate-mediated transfection is of particular impor-
tance for the transfer of the system to medical devices, such as stents or balloon catheters in
atherosclerosis therapy. For long-lerm release of drugs, Lhe stenl is a suilable medical device in
percutaneous transluminal coronary angioplasty (PTCA) and is called drug eluting stent
(DES) [55, 56]. However, fast-release systems are of particular interest in medical interventions
where no medical device remains in the body that releases a drug in the long-term. Currently,
coated balloon catheters are used for the treatment of atherosclerosis with for instance pacli-
taxel, which is intended to prevent or ameliorate restenosis [57-59]. This fast-release coatings
may be beneficial to deliver the drug during treatment to the site of action. The release experi-
ment over 48 h (Fig 6A) showed on the basis of the fluorescence intensity that almost the entire
amount of PEI-siRNA¢ particles was released from the PEM within the first hour. After 4
hours the values of all BL approximated to the values of the control glass slide. The glass slide
scanning results underlined this finding. At the measuring point 1 h a significant decrease in
the fluorescence intensity of all siRNAbilayers was observed. The fluorescence intensity of
these samples continued to decline at point 4 h, 24 h, and 48 h with an approach to the control
values (Fig 6B). In conclusion, an initial burst release followed by minor siRNA¢ release could
be achieved with the modified drying build-up method. The re-cultivation of the glass slides
PEI(HA/PEI),(HA/PEI-sil CAM~-1/5iSCR) 4,24 for another 24 h confirmed the burst release
because no significant decrease of [CAM-1 expression could be achieved after their deposition
on pre-cultured EA.hy926 (Fig 5B).

Next to the transfection efficiency, the cell viability is of great importance for substrate-
mediated transfection with PEM systems. Therefore, we used the reverse assay with 24 h culti-
vation of EA.hy926 and counted the cell number with the CASY™ system. For cells (hal were
cultivated with a monolayer containing 5 ug PEI-silCAM-1 or 5 ug PEI-siSCR, the cell num-
bers were reduced in comparison to the control cells incubated with an uncoated glass slide.
On the other hand the cells thal were cultivaled with the PEM PEI(HA/PEI),(HA/PEI-sil-
CAM-1/siSCR) ¢, the cell numbers were higher than the control (Fig 7). The direct compari-
son between monolayer and the PEM system revealed significant higher cell numbers of EA.
hy926 cultivated with PEI(HA/PEI),(HA/PEI-silCAM-1/siSCR) 4. We presume that these
findings are due to the HA which is incorporated in the PEM system but is not present in the
monolayer. Han et al. discovered in their study the positive effect of HA regarding the cytotox-
icity of PEIL in their HA-PEI delivery system. They detected that the combination of HA-PEI
provoked less cytotoxicity than PEI alone [48]. Furthermore, McKee et al. described an anti-
inflammatory effect of high molecular weight HA which was used in our and Han’s study [45].
We suppose that this effect is able to protect the cells from PEI cytotoxic side effects.

Conclusion

In this study we established a multilayer system consisting of the polyelectrolytes PEI and HA
by an LbL technique which successfully transfected cells with siRNA by substrale-mediated
transfection. We proofed that the classic LbL dipping method is not capable to provoke a sig-
nificant reduction of ICAM-1 expression after 24 h. Therefore, we modified the LbL method
by a new developed drying method and achieved significant [CAM-1 expression reduction
from 3 BL, 5 BL, 7 BL, 10 BL, up to 12 BL. The coating with 10 BL showed the highest knock-
down with 44% remaining ICAM-1 expression and transfection efficiency with fluorescent
labeled siRN'A of 50%. An increase in the number of bilayer up to 24 did not yield any further
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reduction of [CAM-1 expression. The release study of the PEMs demonstrated that there is a
burst release within the first hour followed by a minor release. The re-cultivation of previously
laid out 10 and 24 BL PEMs confirmed this resull. We demonstraled by counling the viable
cells that the PEM system influences the cell number positively in comparison to the mono-
layer system, where cell number was reduced significantly. This new developed modified LbL
coaling could be easily adapled for medical devices where a fasl substrale-medialed Lransfec-
tion of cells is desired, e.g. balloon catheter during PTCA. Therefore, we see great potential for
an application in the prevention of restenosis on molecular level after a balloon catheter inter-
vention via PTCA The high knockdown results make the construction interesting for further
developments in the field of local gene delivery systems.
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6.5 List of abbreviations

5-RLM-RACE-PCR

ACE
AF
Ago?2
ALS
apoB
ATCOL
ATP
BMS
bp

C
CABG
CAD
CAM
cDNA
CHD
CVvD
CXCL
Da
DES
DMEM
DOPE
DOSPA

dsRNA

EC

ECM

eGFP

eNOS

ESAM
ESC/EACTS

FDA

h

HA
HBV
HIV
hVECs
ICAM-1
IL-1
IL-6
ISR

5-RNA ligase mediated rapid amplification of cDNA-ends
PCR

angiotensin-converting enzyme

Alexa Fluor

Argonaute protein 2

amyotrophic lateral sclerosis
apolipoprotein B

Atelocollagen

adenosine triphosphate

bare metal stent

base pair

degree Celsius

coronary artery bypass surgery

coronary artery disease

cellular adhesion molecule

copy deoxyribonucleic acid

coronary heart disease

cardiovascular disease

chemokine ligand

Dalton

drug-eluting stent

Dulbecco’s Modified Eagle Medium
1,2-dioleoyl-sn-glycero-3-phosphoetanolamine
2,3-dioleyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-
dimethyl-1-propanaminium trifluoroacetate
double stranded ribonucleic acid
endothelial cell

extracellular matrix

enhanced green fluorescent protein
endothelial nitric oxide synthase
endothelial cell specific adhesion molecule
European Society of Cardiology/ European Association for
Cardio-Thoracic Surgery

Food and Drug Administration

hour

hyaluronic acid

hepatitis B virus

human immunodeficiency virus

human vascular endothelial cells
intercellular adhesion molecule-1
Interleukin—1

Interleukin—6

in-stent restenosis
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JAM

K

KHK
LbL
LDL
LFA1
LOX-1
m

M
MAC1

MADCAM1

MCP-1
M-CSF
min
MiRNA
MMP
MRNA
N/P
NF-kB
NO
NOX2
NP

nt

OAS
oxLDL
PBS
PCI
PCR
PCSK-9
PECAM-1
PEG
PEI
PEM
PGA
PI3K
PLA
PLGA
PMN
PSGL-1
PTCA
gRT-PCR
RGD
RISC
RNA

junctional adhesion molecule

kilo

koronare Herzkrankheit

layer-by-layer

low-density lipoprotein

lymphocyte function-associated antigen 1
lectin-like receptor—1

milli

molar

macrophage-1 antigen

mucosal vascular addressin cell adhesion molecule 1

monocyte chemoattractant protein—1
macrophage colony-stimulating factor
minute

micro RNA

matrix metalloproteinase

messenger ribonucleic acid
nitrogen/phosphate

nuclear factor k-light-chain-enhancer of activated B cells
nitric oxide

NADPH oxidase 2

nanoparticle

nucleotide

2'-5'-oligoadenylate synthetase

oxidized LDL

phosphate buffered saline

percutaneous coronary intervention
polymerase chain reaction

proprotein convertase subtilisin/kexin type—9 inhibitor
platelet/endothelial-cell adhesion molecule—1
poly(ethylene glycol)

poly(ethylenimine)

polyelectrolyte multilayer

poly glycolic acid

phosphoinositide 3—kinase

poly lactic acid

poly(lactic-co-glycolic acid)
polymorphonuclear granulocyte

P-selectin glycoprotein ligand-1
percutaneous transluminal coronary angioplasty
guantitative Real-Time PCR
arginine-glycine-aspartate

ribonucleic acid induced silencing complex
ribonucleic acid
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RNAI ribonucleic acid interference

SC5b9 serum complement membrane attack complex
SCrRNA scrambled RNA

SIRNA small interfering ribonucleic acid

SiSCR small interfering scrambled RNA

SMC smooth muscle cell

SOD superoxide dismutase

STAT1 signal transducers and activators of transcription 1
TAT thrombin-antithrombin IllI-complex

TNF-a tumor necrosis factor-a

VCAM-1 vascular cell adhesion molecule-1

VE-cadherin vascular endothelial cadherin

VLA4 very late antigen 4

VSMC

vascular smooth muscle cell
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