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Abstract

Stenting is one of the most common and successfubmally invasive surgical methods to
threat atherosclerosis. The main limitation of tmethod which occurs to date in
approximately 30% of all treated patients is imstestenosis. This is a healing process

with excessive cell proliferation resulting in anmarrowing of the stented coronary artery.

This work studied possibilities of reducing thestent restenosis by developing long term
biocompatible and effective custom made stent ngatwhich allow the user to select

among adequate drug concentrations to be releaskitlsekinetic behaviour.

Two different release controlling methods have beeweloped: drug release controlling
by stent surface modification and release contrglby additional biodegradable polymer
matrix application. It could be worked out that libahethods offer reliable ways to

positively influence future formation of in-stemstenosis.



Uberblick

Stenting ist eine gangige, minimal-invasive chirscge Methode zur Behandlung der
Arteriosklerose. Hauptlimitation dieser Methode istStent Restenose, welche durch
Zellwucherungen als Reaktion auf die Gefallverlggzudhrend der Stentimplantation

verursacht wird.

In der vorliegenden Arbeit wurden Verfahren enkeit fir Optimierung der Stent-
Oberflachen, fur Beschichtung dieser OberflachenRapamycin, einen antiproliferativen
Medikament und fur die Verlangerung der Medikamesfteeisetzung durch Zusatz eines
abbaubaren Polymers.

Beide durchgefiihrte experimentelle Verfahren sind geeignet, im Tierversuch und der

spateren Humanapplikation getestet zu werden.
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1 Introduction

According to the World Health Organization [1] coavy artery disease (CAD) is a

leading cause of death in developed countries antbisidered a serious health threat
worldwide. CAD is usually caused by atherosclerasisarrowing of the coronary arteries

sufficient enough to prevent adequate blood supplthe heart muscle (Fig. 1.1). It can

progress to the point where the heart muscle isagadhdue to lack of blood supply (heart
attack) [2].

CORONARY ATHEROSCLEROTIC PLAQUE
ARTERY

Fig. 1.1 Atherosclerosis; A: healthy coronary artery, Boronary artery with plaque
which cause reduced blood flow through artery. Miedi according to medmovie.com,
Lexington, USA.

To present little details are known about the pallysiology of atherosclerosis. The
process of atherosclerosis formation involves apiermseries of metabolic events, similar
to a chronic inflammatory process, with the formatof atherosclerotic plaques as the end

result.

Risk factors such as hypercholesterolemia, artényplerextension, diabetes mellitus or
nicotine abuse are associated with an elevated batgity and hyperaggregability of
circulating blood platelets. Fatty streaks are flret grossly visible lesion in the
development of atherosclerosis. It appears as magular off white to yellow-white
discoloration near the luminal surface of the grt€atty streaks do not cause symptoms

and are even already present in the aorta and agramteries of most individuals by the
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age of 20 [6]. In regions exposed to increasedrsioeees, for example, vessel branching
points, the contact between activated blood plegelad the endothelial surface can lead to
the activation of endothelial cells, thus favoritng migration of monocytes through the
release of thrombocytic inflammatory factors [3 ]- $he injury of the endothelium,
resulting in endothelial cell dysfunction, is thiest step involved in the process of
atherogenesis. Endothelial dysfunction triggers d@oeumulation of lipoproteins in the
subendothelial space where chemical modificationlavf-density lipoprotein (LDL)
occurs. Modified LDL recruits monocytes into thessel wall where these cells are
converted into macrophages that engulf the modifiigolproteins becoming foam cells.
Activated endothelial cells also attack leukocysesd vascular smooth muscle cells
(VSMC), which accumulate and proliferate in theegdl wall. These cellular components
produce an excessive amount of connective tissuexmaading to the formation of a
mature fibrous plague [4, 7]. Independently frone tbathogenesis of atherosclerosis
narrowing of coronary arteries can lead to heaceteuinsufficiency and the result is often

a heart attack.

One of the most common minimally invasive surgiaad successful methods to treat
ischemic disease is percutaneous transluminal eoyaengioplasty (PTCA). Angioplasty

is a medical procedure in which a balloon mountetb ca catheter is used to open
narrowed or blocked coronary arteries. Once thbetat is positioned in the narrowed
blood vessel, a balloon is repeatedly inflated deflated to stretch or break open the
blocked area. The major limitation of balloon amdésty is the so called artery recoil.
Elastic recoil or shrinking of the artery occurghim minutes and hours after angioplasty.
It leads to a loss of up to 50% of the vessel diamespecially in the part of the vessel
that was not atherosclerotic before angioplastyinigrove the long-term stabilization and

overcome artery recoil, coronary stents can beantpd [8].

A coronary stent is an artificial support deviceiethis placed in the coronary artery to
keep the vessel open after treatment of coronasryadisease. The stent is usually a
stainless steel mesh tube that is available irouarsizes to match the size of the artery and
hold it open after the blockage has been treated1(2). Randomized multicenter clinical
trials comparing balloon angioplasty with intracoaoy stenting have demonstrated a

reduced incidence of restenosis after stentingtduthe scaffolding properties of stents
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inhibiting chronic constrictive vascular remodelif@]. In-stent restenosis (ISR) is the
most important long-term limitation of stent implation for coronary disease, occurring
in 20 — 30% of all patients [10, 11]. Restenosi®Wing conventional stent implantation
results from thrombus formation, smooth muscle qgailbliferation and excessive
production of cellular matrix [12-14]. Since Sigwaet al [15] reported the first
implantation of a stainless steel stent in humarortary arteries, various intracoronary
stents have been tested in an attempt to prevehision and restenosis after angioplasty.
Despite the high initial success rate, early artd Bomplications such as thrombotic

closure and restenosis have been reported wituakntly available metallic stents[16].

Fig.1.2: Steps of stenting procedure. 1. Guide wire isoithticed into the blocked coronary

artery. 2. Stent mounted on balloon is positionecharrowed area. 3. Stent is expanded
due to balloon dilatation. 4. Balloon is deflateddaremoved, expanded stent remains in
opened coronary artery. Modified according to medim@om Lexington, USA.

Systemic administration of a wide variety of drugs been tested in clinical trials for the
prevention of restenosis showing little or incorsche benefit so far [17]. These agents

include:

- antithrombotic platelet aggregation inhibitors (asp and anticoagulants (heparin)
- calcium channel blockers

- ACE inhibitors (Angiotensin Converting Enzyme)

- antioxidants

Due to similarity between underlying metabolic matisms of tumor growth and in-stent
neointimal growth, antiproliferative agents are dise reduce in-stent restenosis (ISR).
Initially, some drugs such as trapidil and tranildsiled probably due to limited
effectiveness, insufficient doses or inappropriatease methods [18, 19].
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One of the possibilities to solve the problem dSteeosis is local drug delivery to the
injured artery. There are several options for thee of drug delivery:

- direct contact of the drug with the arterial walbrh the angioplasty device during
the angioplasty procedure [20]
- drug-eluting coating on the stent itself [21].

The advantage of the second option is that drugetglcan be sustained much longer than
that expected by direct release during the angstplarocedure. Additionally, the drug is

delivered right where restenosis would take pl#ta, is, directly around the stent [22].

Since in-stent restenosis is mainly caused by mrelliferation, one of the ways to solve
this problem is to inhibit the restenosis procegscbating stents with antiproliferative
and/or immunosuppressive drugs [23]. The introductof coated stents (drug-eluting
stents DES) has resulted in a reduction in thedemge of in-stent restenosis when

compared with bare-metal stents [24, 25].

Despite these advantages, restenosis rates stikhimesubstantially high in high-risk
patients. Furthermore, the incidence of late sterdmbosis and restenosis [26, 27] has
raised doubts about the long-term safety and efjicaf DES. Both late occurring
complications have been related to a marked inflatorgy response against the non-
degradable polymer-coated stent surface as welinagmcomplete re-endothelialization
[27].

There are several important design characterifsiica drug-eluting stent, which include:

- Biocompatible coatings that do not cause injurgjd@r immunologic reactions in
the living tissue.

- Coating should not influence or interfere with kdofbow in the artery or enhance
clot (thrombosis) formation.

- Coating should not interfere with the performance tiee stent. During the
implantation process the coating should be statdec(acks or blistering) and should
not limit the stent dilatation process.

- Maximal drug loading capacity in the coating, il@rto ensure that effective levels
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of drug are reached
- Coating thickness should be optimized to ensurel gmating adhesion to the stent

surface especially during stent expansion and samebusly not cause a diameter
limitation in small vessels.

- Coating should be tailored to release the drug witimal kinetics, so that drug
concentrations in the affected tissue remains &tap levels over the time frame
required.

This work is focused on the development of longrtebiocompatible and effective
controlled drug-eluting stent systems to eliminegstenosis, and overcome the above

mentioned limitations of DES.



2 Aim of the thesis and experimental setup

The motivation for this thesis is the still relaly high restenosis rate, especially in
specific patient subsets such as the insulin-degrgndiabetic patient or in challenging
interventional scenarios, such as bifurcation stgntOn-site (in catheter laboratory)
coating of stents immediately prior to implantatwould enable the physician to choose
the proper drug and drug dosage suitable for eatan.

Two main goals of the thesis are:

1. Evaluation of a novel coronary stent coating metiaddch enables a customized
coating just before stent implantation

2. Determination of the factors influencing drug rekeafrom coronary stents and
investigation of drug elution

Based on the results found in literature, differedting techniques have been investigated
to produce drug eluting stents, the spray — coatiethod being the most suitable coating
technique. Chapter 7 describes the factors detednio influence the controlled drug

release from coronary stents.

The following factors were investigated:

- stent surface modification

- kind and properties of biodegradable polymer matrix

- combination of both: modified surface and matriggerties
- drug and polymer ratio and concentration in coasiolgition

Further investigation and determination of drugs$gort in porcine coronary artery after
drug-eluting stent implantation was performed. Biitained coatings were characterized
and tested under in vitro conditions, as describéchapter 6.



Aim of the thesis and experimental setup

Experimental setup

--------------------- >[ Selection of drug ]*----

E ¥
A >[ Selection of biocompatible polymeﬁn -----------------

’[ Selection of biocompatible solveh@ __________________
i | v i
; | [ Solubility? Biocompatibility? ] |
| e |
............. ,[ Selection of stent surface modificatiﬂm ................
E ¥ i
b >[ Coating method ]4 ———————————————————————— :
1
v v
[ Only with drug ] [ Drug with polymer matrix ]
[ ]
v
[ Coating characterisation ]
v

Homogeneous? Residual solvent?
! Drug / polymer layer thickness?
Stick on balloor?

v
Yes | | No F---------mmmmmmmoet L

[ In vitro release tests ]
v
[ Optimized drug release’?]

-------------------- Yes

DRUG - ELUTING STENT

Fig.2.1: Flow chart of the experimental strategy to obtaptimized drug-release stent.
The most desirable route to reach the goal is letdddold. If a level in the flow diagrams
fails, it is necessary to go back and redo previdesisions (route labeled - - - -).



3 Medical background

3.1 Restenosis and its therapies

A series of studies on coronary stents have demaiadta lower incidence of angiographic
restenosis when compared to PTCA alone in bothlsianpd complex lesions, as well as in
various patient subsets including acute myocarddrction, total occlusions and

restenotic lesions [16, 29, 30]. Recently the bersfshort— and long—term results of
coronary stenting have resulted in a dramatic am®en stent utilization, accounting for

more than 70% of coronary interventions [31].

Nevertheless the problem of restenosis which stiturs in at least 20 — 30 % of the
patients undergoing stent implantation [32 — 344 hat been resolved and the need for
new revascularization procedures exceeds 10% [fjeéially in specific patient subsets,
such as insulin-dependent diabetic subjects, challenging interventional scenarios, like
bifurcation stenting, the rate of restenosis remaubstantial at the present [35, 36]. In-
stent restenosis (ISR) is considered to be theltre$uneointimal hyperplasia which is
mainly due to intima-derived smooth muscle celld amtracellular proteoglycan matrix
[9]. Several cellular and molecular events have beemtifai to occur sequentially after
the vascular injury caused by stent implantatiohor8y after the procedure, fibrin
deposition, platelet activation and thrombus fororattake place. The process also
involves acute inflammatory cells, granulationstis formation and the local release of a
large number of substances, including chemotaaticgowth factors, and oxygen-derived
free radicals, which trigger a complex array ofrégsehat modulate matrix production and
cellular migration and proliferationljtimately leading to neointima formation [9-13].

To treat in-stent restenosis various techniquesised:

Repeated balloon dilatation and restentingThese revascularization procedures lead to
repeated opening of artery occlusion after per@das coronary angioplasty using only
balloon dilatation or implantation of new stenttive place of obstructive arterial lesions.

The most difficult problem associated with PTCA amdtenting is unexpected, abrupt
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occlusion of lesion and as a consequence corondeyyabypass grafting should be
performed [37, 41].

Techniques using removing of neointimal tissue (chaéter atherectomy). Atherectomy

is an endovascular interventional technique foistac and removal of obstructive arterial
lesions. The atherectomy device has a small mecilinidriven tool that either shaves,
cuts, or breaks the plaque into small particlesetoove the blockage from the lumen of
the artery. After being shaved from the artery wihlis plaque is stored safely in the tip of
the catheter and removed from the body [38, 40m@on complications of atherectomy
are the blood vessel injury, formation of new plkesjublood clots (hematoma), and
bleeding at the site of device insertion. More @gsibut less frequent complications are
blood vessel rupture, or reduced blood flow to lieart. Disruption and deformation of
implanted stent during the atherectomy proceduke lzdso been reported. Nevertheless,
the scope of atherectomy is very limited and resaestricted to heavily calcified,
inelastic or non-dilatable, and diffuse coronasjides.

Coronary brachytherapy. Radiation therapy aimed to treat restenosis haspuvposes:

to treat the restenosis itself (by killing the selhat have re-occluded the stent), and to
prevent further restenosis (by inhibiting tissuevgh). This treatment is especially

effective in patients with small vessels and a I@stgnted area, and in patients with
diabetes. Coronary brachytherapy consists in détigebeta or gamma radiation into the

coronary arteries. This treatment is suitable fatigmts who have undergone stent
implantation in a coronary artery and subsequetelyeloped problems, such as diffuse in-
stent restenosis. However, dose-dependent delaysteémt endothelialization, edge

restenosis, in addition to neointimal proliferatiand negative remodeling, remains a

serious limitation of vascular brachytherapy [43].4

Systemic drug therapy after stent implantation [8, 42]. Most drugs with systemic
effects (antiplatelet agents, anticoagulants, iafltsmmatory agents, hypolipidemic
agents, ACE inhibitors, calcium antagonists, antiants, etc) and a variety of mechanical
devices mentioned above have failed to reduce nmesie [9, 43].The use of
antiproliferative agents seemed to be the mosfieffi strategy to reduce in-stent
restenosis. The limited efficiency of systemicallgministered agents may be related to
inadequate drug concentrations at the site of staettion. Antiproliferative agents show

in low doses limited effectiveness and in high dosgstemic toxicity [44 — 49]. The
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limited success of other drugs in decreasing the o& in-stent restenosis, coupled with
adverse side effects, has prompted the developofieoated stents.

3.2 Stents to prevent restenosis

Stents can be classified according to their mesharof expansion (self-expanding or
balloon expandable), their composition (stainlessels cobalt-based alloy, tantalum,
nitinol, inert coating, active coating, or biodedmale), and their design (mesh structure,

coil, slotted tube, ring and multi-design).

Intravascular stents, whether expanded using adralbr autonomously, are delivered via
the femoral or brachial arteries through the targigessels of the cardiovascular system.
The minimally invasive delivery of the stents poseany design challenges stents and
catheter systems. To ensure an accurate placerhém stents, they must be visible under
fluoroscopy and, as a result, the materials chdeerstents should be radiopaque. In

addition, balloon-expanding stents have radiopagaekers on the proximal and distal

ends of the balloon to aid positioning of the sdeifb minimize in-stent restenosis, enable
the delivery of a stent through a catheter, ensweurate placement of a stent, and
maintain long-term vessel patency after stent depént, stents must fulfill the following

design and material requirements.
DESIGN REQUIREMENTS

High radial strength: Stents require good radial support / structunangjth to prevent

vessel recoil and hence lumen loss post-stenting.

Good flexibility: Crimped stent on the delivery catheter must balfle so that it can be
delivered to the deployment site. The expandedt sterst adapt to the tortuous artery
geometry and should not straighten the vesselgdimat would induce excessive injury to
the vessel wall.

Good trackability: Trackability is a measure of the ability of a $tdaployment catheter

to follow a tortuous path to its ultimate destipati

Optimum scaffolding: A stent should provide optimum vessel coveragenture that the
vessel tissue does not prolapse between the dters$.sHowever, a low artery-stent
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contact surface area should also be maintaine@duecthe foreign material of the stent
can initiate an aggressive thrombotic response.

STENT MATERIAL REQUIREMENTS

Radioopacity: Stent materials need to be radioopaque to enablwedy, precise
positioning, and evaluation of stents at checkupdeu the guidance of fluoroscopic

imaging.

Biocompatibility: Stent materials must be biocompatible to preventese foreign body

responses.

Corrosion-resistance: Stent materials are specially designed to devalgassive oxide

layer, which prevents corrosion in the long term.

Good fatigue properties: Cyclic stresses associated with blood flow cansealatigue

failure in stents.

All of these design requirements can be achieveopbynizing the following parameters:

- Material selection.

- Strut dimensions and cross-section.

- Number of circumferential and axial repeating yraisd their geometry.
- The manufacturing process used to produce thesstent

3.2.1 Biodegradable stents with and without incorpo rated active agents

Currently there are two types of materials usedbioabsorbable stents: polymeric- and
metallic-based biomaterials. Among the polymersgssted for absorbable stents are
polylactic and polyglycolic acid based polymers gradycaprolactone [121]. Polymeric
biodegradable stents have shown several limitatidheir mechanical strength is lower
compared to metallic stents, which can result inyegecoil post implantation. The
polymer has a limited mechanical performance andcail rate of approximately 20%
which requires thick struts that reduce their dalyv capabilities, especially in small
vessels. These stents are associated with a sgmifdegree of local inflammation. The
bioabsorption rate is relatively slow, and mayl selsult in restenosis. These stents are
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radiolucent, which may prevent accurate positiorang are difficult to deploy smoothly
and precisely [50 — 53].

Bioabsorbable metals for stent include magnesidoysl The biocompatibility of these

stents depends on their design, solubility andrtredeased degradation products. Their
local toxicity is related to the local concentratiof the elements over time. The tissue
tolerance depends on their concentration in tlsi¢isnduced by corrosion. Animal studies
show good biocompatibility of magnesium stents et long-term clinical trials are not

yet available [53]. Biodegradable metallic-basezhtst are still in the development phase
[53 — 55]. Active agents incorporated into degraeladient can be released during the

degradation process.

3.2.2 Stable metal (316 L) stents

As mentioned in the introduction, bare-metal stesi®w decreased restenosis rate

compared to balloon dilatation but the target iprevent restenosis.

Therefore numerous studies have been carried owdstigating stent coatings with

different materials:

- Inert coatings (carbon, gold, silicon carbide, phosphorylcholireic.). These
coatings were thought to be less thrombogenic afldmmatory than baremetal
stents and are thereby potentially able to redumantimal hyperplasia. Animal
studies and some clinical trials did not show anificant reduction of in-stent
restenosis when stents were coated with these iadatgs6 — 61].

- Drug eluting coatings (heparin, sirolimus, paclitaxel, etc.). The drulytiag
coatings contain agents that inhibit thrombus fdaroma inflammation and cellular
proliferation. Drug-eluting stents offer theoreticadvantages over systemic
pharmacotherapy such as higher drug concentratidimeasite of stent deployment
and minimal systemic side effects [62]. Animal dmoinan studies suggest that stents
coated with anticoagulants and corticosteroids dbhave a significant inhibitory
effect on neointimal hyperplasia [63].
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Recently, stents eluting antiproliferative agengséhbeen shown to reduce significantly
both the rate of in-stent restenosis and the newdstibsequent revascularization

procedures compared with bare-metalstents [64].

At present, these beneficial effects have been dstraied mainly with Cypher (Cordis

Corporation) and Taxus (Boston Scientific) stemarious studies have shown that both
drug eluting stents efficiently prevent both angaghic and clinical restenosis rates
compared with bare-metal stents (Table 3.1) [68,-16]. The compounds used in Cypher

and Taxus platforms are different:. Cypher eluteslisius (rapamycin) and Taxus releases

paclitaxel.
Study Drug Restenosis [%] Late lumen loss [mm]
different studies | bare-metal stent 22 % 0.75+0.17
Sirolimus 7% 0.09 £0.43
REALITY :
Paclitaxel 8.3% 0.31+0.44
Sirolimus 4.8 % 0.13+0.37
SIRTAX
Paclitaxel 8.3% 0.25+0.49
Sirolimus 14.3 % -
ISAR DESIRE :
Paclitaxel 21.7 % -

Table 3.1 Randomized prospective multicenter trials. Congzar of angiographic results
and restenosis after a follow-up period of at lesigst months. The sirolimus-eluting Stent
(Cypher) and the paclitaxel-eluting stent (Taxughware metal stent. The results for the
REALITY and SIRTAX studies were evaluated afte8 énenths. ISAR DESIRE trials
present long-term clinical results; here restenosige is significantly higher than in
another studies. This difference could be causeddnydegradable polymer coatin§s,

65 — 69].

The differences between Taxus and Cypher can baiegd by the fact that sirolimus and
paclitaxel are very different drugs with distinctechanisms of action. Sirolimus is a
macrolide antibiotic, whereas paclitaxel is the meglely used chemotherapeutic agent.
Each drug affects a different stage of the celleySirolimus arrest the cell before it enters
the dividing cycle (phase G1), whereas paclitamtdrrupts cell division during the mitosis

phase. Therefore sirolimus is regarded as a cytostaig and paclitaxel as cytotoxic [66].

But there are other factors which could influenbe efficacy of drug-eluting stents in

restenosis prevention. Before the application oigeluting stents, stent design was also



Medical background 14

considered an important predictor for the rate edtenosis [67]. There are no studies
available yet that compare different stent deswgitis identical coatings.

The presence and type of polymeric coating may aifloence the rate of in-stent
restenosis and stent thrombosis [68, 70, 71]. Pefgntan be associated with ongoing
vascular inflammation and delayed vascular hedlit®y 73]. Especially non-degradable
polymers can be dangerous since no long-term stadeavailable [74]. Little information
is available concerning the detailed role of polygnesed on Cypher and Taxus stents.
Data from animal stent models suggest that bothtsigave an increased rate of ongoing
vascular inflammation compared with bare-metaltstgrb|.

Considering the first long-time studies with norgdelable polymers, using biodegradable
polymers as matrix for drugs seems to be a reasormternative to prevent restenosis.
Biodegradable matrix can fulfill its assignment rftolling drug release) and degrade

without toxic degradation products.

Another possibility to produce safe drug-elutingrngs is to coat stents directly with the

drug, without using polymer matrix.

These coatings have the following limitations:

- Insufficient adhesion of the drug to the stent atef especially during the
implantation procedure and stent deployment.

- Chemical stability of the drug. Stent coated onlyhwthe drug have a shortened
storage life than stents coated with drug embeduadolymer matrix.

- Ability of drug release controlling is limited.

A further novel method to coat stents and prevesitenosis is individualized drug dosage.
Dose adjustments at the discretion of the intereaat cardiologist to adjust the dosage of
the compound on the drug-eluting stent may be alasirto enable an individualized dose
adjustment for specific lesion or high risk patgené.g. higher drug doses for diabetic

patients.



4 Theoretical background

4.1 Controlled versus conventional drug therapy

Important factors in drug delivery are the therapewindow and the therapeutic index of
the drug. The therapeutic window (Fig.4.1) is thege of dosage of a drug or of its
concentration in a tissue to provide a safe anecetffe therapy [77]. The therapeutic index
is the ratio between the toxic dose and the thetapdose of a drug, used as a measure of
the relative safety of the drug for a particulagatment [77]. Conventional drug therapy
typically involves the periodic dosing (tabletsjections) of a therapeutic agent that has

been formulated in a manner to ensure its stapdityivity and bioavailability.

For most drugs, conventional methods of formulatiom effective, but there are also drugs
which require continuous administration [78], esakicin cases when drugs:

- are unstable and / or toxic,

- have a narrow therapeutic range,

- exhibit extreme solubility problems,

- require localization to a particular site in thelipp
- require strict compliance or long-term use.

In such cases continuous administration of the dsudesirable to maintain stable plasma
drug levels and can be achieved by using an infugionp or a polymeric drug delivery

system. Controlled release denotes a system whitlpwvide some control of a temporal
or spatial nature, or both, during drug releasthenbody. The system is aimed to control

drug concentrations in the target tissue or cells.

In general, controlled delivery attempts to:

- Sustain drug action at a predetermined rate by taiaing a relatively constant,
effective drug level in the body with concomitaninimization of undesirable side
effects.

- Localize drug action by spatial placement of a wulgd release system (usually
rate-controlled) adjacent to or in the diseasexigor organ.
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- Target drug action by using carriers or chemicaivaéization to deliver drugs to a
particular target cell type [79].

In practice very few of the applied systems fuléill of these requirements. In order to
maintain a constant drug level in either plasmthertarget tissue, the release rate from the
controlled release system should be equal to tmeirgtion rate from plasma or target

tissue.

Figure 4.1 shows comparative blood level profildgamed from administration of
conventional, controlled, as well as prolonged asée dosage forms. The conventional
tablet or capsule provides only a single and tearidburst of drug. As long as the amount
of drug is above the minimum effective concentratia pharmacological response is
observed. Problems occur when the therapeutic rsngery narrow or when the peak of
drug concentration is greater than the upper lahihis range.

1 TOXIC DRUG CONCENTRATION

DRUG DOSIS
Y
MOANIM J1LN3dVH3IHL

v

TIME

Fig.4.1: Patterns of drug delivery. Plasma drug concentmati— profiles for a)
conventional tablet or capsule formulation, b) sirstd release formulation and c) zero-
order controlled release formulatiorfCurves b) and c) are examples of controlled drug
release. Modified according to [78].

One of the main purposes of controlled releas® isniprove safety and minimize side

effects of the drug by reducing fluctuations ingldosis. Prolonged release dosage forms
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also reduce fluctuations in plasma drug levels égrelasing the adsorption rate as a result
of a slower drug release rate [79].

Three types of therapeutic systems are available:

- passive pre-programmed
- active pre-programmed
- active self-programmed

Most rate-controlled release systems fall in theegary of passive preprogrammed, in
which the release rate is predetermined and ispgamsive to the external biological
environment. The active preprogrammed systems fadiies release rate by a source
external to the body e.g.: insulin pumps. The actelf-programmed therapeutic systems
modulate the release rate of the drug in respanggfdrmation registered by a sensor on
the changing dynamic biological environment suchbésod sugar level in diabetes

(membranes for insulin delivery).

4.2 Polymers in controlled release

The most popular drug delivery systems are polyorgrstems made of degradable or non-
degradable polymers. Polymeric matrices can prateays having short in vivo half-lives
and improve the bioavailability of drugs having l@agueous solubility. Polymer-based
drug delivery systems can be localized to a desitedreducing systemic toxicity and this

localization can increase drug efficiency by oveioader of magnitude.

These potential advantages must be viewed in bfithe disadvantages that might be
associated with the use of polymeric systems.

The implanted polymer must have the following feasu

- biocompatibility
- no inflammatory response
- non-toxic degradation products of biodegradablgmels [80]
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Chemical properties of a polymer determine manthefcharacteristics of the devices that
are fabricated from it. Very important is the pabr structure and linkage type. Linear
polymers are generally used in biodegradable deligaty devices because cross-linking
reduces matrix permeability and inhibits polymergrdeation. The synthesis of the
polymer is the key process which determines itsvab@ and physical properties. Any
impurity in the monomer, use of additives or vaoatin the synthesis can result in a
change in polymer composition and hence a changmatrix degradation and release

characteristics.

Physical properties and morphology are also verngomant in drug release. Molecular

weight is particularly important in determining theechanical properties of a polymer as
well as its capacity to be shaped and molded. Rextum molecular weight can accelerate
polymer degradation which sometimes is a desirafiéet, but can also result in increased
polymer crystallinity. During in vivo degradatiomlgmer crystallites can be released from
the device. The dimension of these crystallitesas predictable and can lead to unequal
drug release as well as evoke undesirable foreigdy breactions. To achieve a

homogeneous drug delivery, the polymer matrix sthdxd amorphous. Polymers for drug
delivery can be separated into glassy and elastoroees, where the lower the glass
temperature the higher the polymer permeability Biastomeric polymers have high

permeability but occasionally lack mechanical gjtbn

Most delivery systems have been designed basedtmr a specific drug or a particular
class of drugs. Specific chemical, physical anddgical characteristics of the drug and
the environment conditions are of primary impor&ant designing a delivery system. The
drug and the matrix must be chemically compatiblg, the drug must be stable in the
matrix and it must not interact with the matrix.yBical properties of the drug, including
its molecular weight and solubility in biologicduids and in the polymer matrix, can
affect the delivery rate of diffusion controlledvitees by influencing the drug’s diffusivity.

Biological characteristics of the drug, such agefhcy, toxicity, and half-life, are critical

in choosing a delivery vehicle. Finally, the targissue and treatment duration directly

affect the choice of a delivery system [78].
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Implanted drug delivery systems can be classifi¢al two groups (Fig. 4.2):

- Systems with an additional carrier material (egplymer matrix) which controls
drug release by appropriate selection of the pohcagier.

- Systems without an additional carrier material.these systems drug diffusion is
controlled only by the implant geometry and by aoef or structural patterns, i.e.

pores.
[ CONTROLLED RELEASE MECHANISM ]
I
| 1
[ With polymer matrix ] [ Without polymer matrix ]
Diffusion — controlled system — |—[Diffusion — controlled by surface topography]

Swelling — controlled system —

Biodegradable system —

Fig. 4.2: Overview of different drug-release mechanismslutie classification of drug
delivery devices with and without polymer matriddedified according to [81, 82]

421 Classification of polymeric systems in contro lled drug release

There are many possibilities to classify controlietbase polymeric systems. One of the
classifications suggested by Langer and PeppasdB@]later modified by Narasimhan
[83] is based on the mechanism of drug releaseoratg to this group delivery systems

can be classified into the following categories.

1. Diffusion-controlled systems- diffusion of the drug through a polymer contrthle
release rate
- Reservoir (membrane) devices

- Monolithic (matrix) devices

2. Swelling-controlled systems- Swelling of the polymer and subsequent diffusbn
the drug through the polymer controls the release r
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3. Chemically-controlled systems— Hydrolytic or enzymatic cleavage results in
polymer swelling, erosion, or release of covaleriithnded drug by cleavage of a
pendent chain.

4. Osmotically-controlled systems- Osmotic forces control the release of drug.

5. Dissolution-controlled systems— Dissolution of the polymeric carrier results in
release of drug.

6. Externally-controlled systems— external stimuli results in release of drug.

- Magnetically-controlled systems
- Ultrasound-controlled systems

The rate limiting the step of the release proceayg be pure drug diffusion according to
Fick’s law (diffusion controlled systems), chemicahction at the continuously depleted
interface between the polymer and the dissolutioadiom (chemically controlled
systems), or countercurrent diffusion of dissolutimmedium at constant penetration
velocity in the polymer (swelling-controlled systemDue to the complexity of polymer
drug-release systems often two or more of theseegses may take place.

Diffusion-controlled systems

Diffusion-controlled systems are the most widelgdisystems, and they are formulated in
two basic configurations: reservoirs and matriées. drug-eluting stents which have been
approved for use in the USA or Europe, non-degriadadiymers are used [84].

Reservoir systems

In reservoir systems a core of drug is surroundga lswollen or non-swollen polymer
film, and diffusion of the drug through the polymethe rate-limiting step (Fig.3.3). There
are many factors that affect the diffusion coeéfitiof the drug in the polymer, including

the properties of the polymer (see Table 4.1) aeditug.
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Polymer type Factors affecting drug diffusion coeff icient

_ ) - degree of crystallinity
semicrystalline polymers

o

- crystallite size

- degree of swelling
swollen polymers _ _ _
- translational and relaxation behavior of the pudy

- polymer networks

crosslinked polymers | . the degrees of crosslinking and mesh size (tstanie
between adjacent crosslinks)

- the porous structure
porous polymers ,
- tortuosity affect

Table 4.1: Polymer-dependent factors affecting drug diffusiondiffusion controlled
systems.

Properties of the drug, such as the drug’s size ahdity for the polymer also affect
diffusion coefficients. Typical values of diffusiaoefficients (Q,) are 1 — 10® cnf/s

for elastomeric polymers and 10~ 10" cn/s for glassy polymers [83].

Monolithic systems

Matrix devices (Fig. 4.3) have a major advantager aeservoir devices because they are
easy to formulate, provide a higher initial releaate than reservoir ones, and can be
designed to release at a nearly constant rate. Muainodevices are the ones in which a

drug is either dispersed or dissolved in a polyoagrier.

Different modeling techniques have been used fiferd@nt types of monolithic systems.
The type of model used depends on whether the grutissolved or dispersed in the
device and whether the device is porous or nonmoiorug diffusion from porous systems
can be very complex to model due to the randomreabfi the pore network and the
dynamic nature of the pore structure that constartithnges during the course of the drug
release. For many monolithic systems, the drugaseleate is proportional to the half-life
time of the drug. The release rate of drug deceeasth time because there is no rate
controlling membrane. The reason drug release dsesewith time from matrix devices is

because the drug is released from the surface kax@ng only a short distance to travel,
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later on, the drug from deeper layers of the magireleased having a longer distance to
travel [81 — 83].

RESERVOIR DEVICE MATRIX DEVICE

POLYMER CORE DRUG POLYMER MATRIX DRUG

\ L\ e

0 o'. L
'0::0'0 ’ o.':o 00'0.00'

t=0 t#0 t=0 t#0

RELEASED DRUG
RELEASED DRUG

v
v

TIME TIME

Fig.4.3: Comparison of drug release from reservoir and twafmonolithic) devices.
Characteristic for reservoir device is that at theginning of the release the drug elution
process takes place slowly which is caused by diffigsion through the polymer barrier.
Matrix devices, in contrast, release the drug altricsmediately at the beginning of the

elution process and the desired level in the targeodt is reached relatively quickly.
Modified according to [82 — 84].

4.2.2 Biodegradable polymers in drug release system s

Biodegradable matrix in drug-release systems

In this case drug release is caused by the bidbgiegradation of the carrier material
(polymer matrix). Drug release depends on the meghand the nature of the material and
on the drug diffusion mechanism within the mat8%].

According to the kind of degradation, the systemesdifferentiated into two categories:

- bulk degradable systems
- surface degradable systems (Fig.4.4)



Theoretical background 23

]
TIME e S

L J L J L J
® eeece o oo BULK EROSION
®ee e ocoeo «®
..o..o..o.o.o:..o
: %o :.o.o. °
TIME °
\ ° .... ... ...
® e o o eo|o®o®
oo © o [ J L
° .' %o, ° d
) L

SURFACE EROSION

Fig. 4.4: Biodegradable systems: bulk and surface erosiak Brosion is characterized

by a decreasing molecular weight of the entire pwly matrix, caused by diffusion of the
medium into the polymer bulk. In surface erosiortew#or another degradation medium)
does not diffuse into the polymer bulk. Modifiedading to [81].

The method of erosion depends on the diffusivityvater inside the matrix, degradation
rate of the polymer’s functional groups and mattimensions. Bulk degradation promotes
the diffusion of water inside the polymer which fester than polymer degradation.
Decomposition occurs in the entire polymer matnk a decrease of the molecular weight
distribution (MWD) begins when the polymer reachw®s so-called critical MWD. In bulk
degradation the drug can be completely bound irpthgmer matrix for a quite long time.
When the polymer achieves the critical MWD and ddgs, the drug release can be very
rapid. In surface erosion small oligomers are sspdrfrom the polymer surface. Here
rapid MWD lost can be remarkable. Rush polymer dgmmsition at relatively slow
diffusion rate of solvent (water) into the bulk da@mobserved [81, 78].
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4.2.3 Mathematical models of drug release fromap olymer matrix

The most often used mathematical equation to desdhe release rate of drugs from
matrix systems is the so-called Higuchi equatioblished in 1961 (Eq.4.1).

M,
A

=/D(2c, -c,)ct Co> Gs (Eq.4.1)

where:

M — cumulative absolute amount of drug releaseleatiine t

A — area of the controlled release device exposdle release medium

D — drug diffusivity in the polymer carrier

Co; Cs — initial drug concentration and the solubility tife drug in the polymer,
respectively

Equation (4.1) can be also expressed as:

Eq.4.2
l\l\;t:K\/f (q )

where:

M., — absolute cumulative amount of drug releasedfatite time (should be equal
to absolute amount of drug incorporated withingiigtem at time t = 0)

K — constant reflecting the design variables ofdygtem [86, 87].

Initially valid for planar system only, the equatiovas later modified and extended to
consider different geometries and matrix properii@suding porous structures [86].
Peppas pointed out that the classical Higuchi eguaenerally cannot be applied to real
controlled release systems because it was derimddriypseudo-steady state assumptions
[88]. However, due to the simplicity of this equetj researchers have used it to model
their systems in order to estimate the release amsm. However, when applying Higuchi
equation to controlled drug delivery systems, tbkoWwing assumptions of this model

should be kept in mind:

- Initial drug concentration in the system is muafher than the solubility of the drug
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- Mathematical analysis is based on one-dimensiaiffalstbn. Thus edge effect must
be negligible.

- The suspended drug is in a fine state such thapd#ngcles are much smaller in
diameter than the thickness of the drug releagersys

- Swelling or dissolution of the polymer carrier isgtigible.

- The diffusivity of the drug is constant [86].

It is evident that these assumptions provide aofotimitations in using the Higuchi
equation. Proportionality between the fractionaloant of drug released and the square
root of time can be derived as well from an exabitson of Fick’'s second law of diffusion
for thin films of thicknesso under perfect sink conditions, uniform initial drug
concentration with initial drug concentration sreafthan the solubility of the drug in the

polymer (¢ < &) and assuming constant diffusivities:

M, _, Dty . (Eq.4.3)
=) = KAt

©0

where:

M; — cumulative absolute amount of drug releaseleatiine t

M., — absolute cumulative amount of drug releasedfatite time (should be equal
to absolute amount of drug incorporated withindjigtem at time t=0

D — drug diffusivity in the polymer carrier

k” — constant

Thus, a proportionality between the fraction ofglreleased and the square root of time
can also be based on these physical circumstanicies are substantially different from
those studied by Higuchi for the derivation of kilassical equation. However, in both
cases diffusion is the dominating mechanism andcdgoroportionality between the
cumulative amount of drug released and the squereaf time is commonly regarded as

an indicator for diffusion-controlled drug reled86, 90].
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A more comprehensive, but still very simple, sempe&ical equation to describe drug
release from polymeric systems is the so-calledgodaw:

<

Eq.4.4
A (Eq.4.4)

<

HereM; andM,, are the absolute cumulative amounts of drug retkas time and infinite
time, respectivelyk is a constant incorporating structural and geametraracteristics of

the device and is the release exponent, indicative of the medmamf drug release [86].

As it can be seen, the classical Higuchi equatien4.1) as well as the above described
short time approximation of the exact solution @krs second law for thin films (Eq.4.3)

represent the special case of the power law were0.5. Pepas and co-workers [91, 92]
were the first to give an introduction into the wdethe limitations of this equation. The

power-law can be seen as a generalization of teereation that superposition of the two
apparently independent mechanisms of drug transpmkian diffusion and second case
transport, describes in many cases the dynamigvellieg and drug release from glassy
polymers, regardless of the form of the constitiguation and the type of coupling of

relaxation and diffusion.

It is obvious from (Eq.4.4) that when the exponetdkes a value of 1.0, the drug release
rate is independent from time. This case correspdadzero-order release kinetics. For
rectangular plates (slabs), the mechanism thattesethe zero-order release is known
among polymer scientists as case Il —transport.e Hee relaxation process of the
macromolecules associated with the penetration atemwinto the system is the rate-
controlling step. Water acts as a plasticizer amctehses the glass transition temperature
(Tg) of the polymer. Once thegBquals the temperature of the system, the polyim&ins
undergo a transformation from the glassy to thetetaeric state, with increasing mobility

of macromolecules and volume expansion.
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Thus, (Eqg.4.4) has two distinct physical meanimgshe two special cases:

- for diffusion controlled drug release= 0.5
- for swelling-controlled drug release= 1.0

Values ofn between 0.5 and 1.0 can be regarded as an indicatthe superposition of
both phenomena known as anomalous transport. Tiveseextreme values for the
exponentn are only valid for the slab device geometry. Fdnesps or cylinders different

values have been derived and are listed in TaBle 4.

Exponentn )
Drug release mechanism

thin film cylinder sphere

0.5 0.45 0.43 Fickian diffusion

0.5<n<1.0 0.45 01 <0.89 0.43 v <0.85 | Anomalous transport

1.0 0.89 0.85 Case-ll transport

Table 4.2: Exponent n of the power-law and drug release meisha for polymeric
controlled delivery systems of different geomeNtgdified according to [91, 92].

Diffusion and chemical reaction based models

These models are based on the description of rhgsigal processes involved in
controlling drug release. For biodegradable systehffsision mass transfer and chemical
reactions are important phenomena to be takenactount by mathematical modeling of
the drug release. Heller and Baker [93] developedathematical model describing drug
release from water-insoluble polymers which undérgdrolytic degradation during which
polymer chains are converted to water soluble ma@rsnirhey assumed that for polymer
matrices undergoing bulk erosion, degradation cardéscribed by first-order kinetics.
Starting point for their mathematical analysis whes classical Higuchi equation (Eq.4.1)

which can be written as follows:
dM, _ A [2Dg, (Eq.4.5)
dt 2 t

M — cumulative absolute amount of drug releasetdeatinet

where:
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A — area of the controlled release device exposdle release medium
D — drug diffusivity in the polymer carrier

Co — initial drug concentration in the polymer carrie

In contrast to the assumption of Higuchi’'s originalodel, the permeability in
biodegradable polymeric systems is not constantrtmuéases with time. To calculate this
phenomena Heller and Baker assumed the followitetioaship betweerD;, the drug

permeability at time, and the initial permeabilitio:

D, _ initial numberof bonds N (Eq.4.6)

D, remainingnumberof bonds N-Z

where:

N — number of initial bonds
Z —number of cleavages during the time interval{{ ;
From the assumption that polymer bonds are cleacedrding to a first-order kinetic, it

follows that:

d_Z =K(N-2) (Eq.4.7)
dt

K —first order rate constant

Integration and rearrangement leads to an expresEig.3.8) that quantifies drug release

from thin, bulk eroding polymer films:

dm _é\/ZD0 expK d)c, (Eq.4.8)
dt 2 t

In Fig.4.5 the drug release rates calculated filem4.8) that considers diffusion and
erosion is compared with the purely diffusion-cofied release kinetics calculated from
classical Higuchi equation (Eq.4.1).
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EROSION AND DIFFUSION

DIFFUSION

RELEASED DRUG
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Fig.4.5: Model of Heller and Baker [93] describing drug ealse from thin biodegradable
polymer films undergoing bulk erosion or diffusierctontrolled release kinetic calculated
from Higuchi equation.

This thesis is focused on non — polymeric and kjoaldable polymeric drug delivery
systems based on theoretical considerations aneriexgntal results. As mentioned above
the simulation and mathematical modeling of thgstesns are very complex and may fall
whenever there is a need for taking specific ployysmical processes into account.
Biodegradation of a polymer usually involves cheaatlic or enzymatically catalyzed
hydrolysis. Biodegradable polymers have both adged and disadvantages when
compared with the use of non-degradable polymersdotrolled drug delivery. The major
advantage is that biodegradable polymers do natiregqemoval after delivering their
dose. Additionally, adverse tissue reactions fromitnplanted polymer are ameliorated as
the polymer degrades [61]. As mentioned in theothiction, non-degradable polymer
stent coatings are presumed to be toxic and lomg-s¢udies showed that late thrombosis
and late in-stent restenosis may lead to the pgatieleath [117, 122]. An alternative for
stable polymer stent coatings could be coating witteless degradable polymers or

coating stents with the drug only.



5 Materials

51 Stents

For the drug release investigations, standard camatly available 316 L stainless steel
stents (Translumina, Germany) were used (Table StEnts with two kinds of surface
modification were provided: CURAREwith electropolished surface and YUK®Mith
sandblasted surface. Due to the complicated sgemisietry some tests were performed on
1 cm x 1 cm plates made of the same material (31t modified in the same way as the

stents.

Element Fe Ni Cr Mo | Mn Si C P Cu N S

Weigth [ %] 62.7 1472 1733} 275 18 036 0.017 0.018 Q.08078. <0.002

Table 5.1: Chemical composition of 316 L stainless steel ueedstents and plates.
According to supplier, Translumina Inc.

51.1 Surface modification

Stent surface was modified to investigate the erflte of surface properties on drug
release. The following modification processes wge€formed: electropolishing, etching
and sandblasting. Electropolishing is a chemicatgss where a special acid mixture is
used to achieve a smooth metal surface. This mgthmddes a particle free, corrosion —
resistant surface. Another electrochemical modificeof stent surface is evaluated in our
Institute. This technique, called metal grain banydetching described in detail in [94].
After the etching procedure drug depots in thetstarface with average size of ca. 16um
were formed. Sandblasting is a mechanical methoehddify the metal surface. During
this process the stent surface is bombarded wgtaaular medium (corundum A220, avg.
grain size: 40 - 70u) for a 20 seconds with presduB bar to increase surface roughness
without deep depots. Each surface modification wethas reproducible. The stents with

surface modifications are shown below (Fig. 5.1)
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Fig.5.1: Scanning electron micrographs: Figures show diffénmmodifications of metallic
stent surfaces A — electropolished, B - sandblaatetC - etched surface.

5.2 Drug (rapamycin)

Rapamycin, also called sirolimus, is a natural meyclic lactone with potent
immunosuppressive action which was approved in E398n immunosuppressive drug in
renal transplant recipients. The drug is producgduturedStreptomyces hydroscopicus
Rapamycin (GH7oNOy3) is a white crystalline solid. Due to its lipophilcharacter
rapamycin is soluble in methanol, ethanol, acetardoroform, dimethyl sulfide and
minimally soluble in water (2,6 pg/ml). It is setge to light and particularly susceptible
to degradation in plasma. In basic solutions itargdes fragmentation and water addition
reactions [122]. Sirolimus blocks cell-cycle proggn and expression of inflammatory
cytokines, thus inhibiting cellular proliferation.

The mechanism of action of sirolimus is distinainfr other immunosuppressive agents
since it acts solely by inhibiting DNA synthesisp tegulation of FK506-binding protein
12 (FKBP12) has been observed in human neointimabth muscle cells. The sirolimus
FKBP complex binds to a specific cell cycle regoitgtprotein, the mammalian target of
rapamycin (MTOR), and inhibits its activation. Tihkibition of mMTOR ultimately induces
cell-cycle arrest in late G1 phase and consequanthsts smooth muscle cell growth. Its
low toxicity, anti-inflammatory effects, and poterittostatic action place sirolimus at the
top of the list of anti-restenotic agents for lodalig delivery [95 - 100]. For this study
99.8% rapamycin was purchased from Oskar Tropit&atibH, Germany. The purity and

chemical composition of rapamycin were confirmed9yR and HPLC measurements.
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5.2.1 Rapamycin labeling with anthracene carboxylic acid (rapamycin —
ACA)

In order to carry out quantitative examinations tbé coatings and determine drug

diffusion into the artery wall, it was necessaryabel rapamycin.

A common strategy for labeling substances is tleeafi® fluorescence marker to make the
desired molecule visible by irradiating it with nalviolet light. A simple route leads to the
coupling of the alcohols with an acid derivate ofmall molecule with a sufficient
delocalizedr-electron system with adequate absorption and @nisharacteristics.

Anthracene, with absorption at 380 nm and emissiod50 nm, seems to be a perfect
candidate for this purpose. For the condensatioantifiracene carboxylic acid with the
hydroxyl group of the drug, DCC (N,N'-dicyclohexgtbodiimide) and 4-
(dimethylamino)pyridine DMAP were chosen, as a tiogpagent (see Fig. 5.2).

) o
g R I O)NRITI/O T R)ko/Rl + O\NiNQ

H
R = anthracene R, = rapamycin

Fig. 5.2: Reaction mechanism of coupling anthracene carimxdid with the alcohol
using DDC as a coupling agent.
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The reaction gave the main produat Fig. 5.3) ingood yield (65%). The main product
and the by-produdt were obtained in a 6:1 ratio with no multiple sitbhfons, as seen in
the mass spectrum. Given that the main goal wéabil the molecule, both products can
be used in further experiments. In addition, theeoty-products derived from the DCC
and DMAP as well as remaining reactants are, irrastito the nonpolar rapamycin-ACA
(Rf = 0.94a, 0.8b in H/EA: 50/50), very polar molecules (R 0-0.1 in H/EA: 50/50),
which guarantees a fast and clean purificatiorlighatic solvents are used. Overall, the
reaction can be performed in a single reaction eleasd the purification could be

shortened by using a plain simple glass tube filgd silica gel.

O OH
_ (CHCI,, THF), DCC, DMAP___O
RTOH + OOO RT, 12 h. R
/
O

Fig. 5.3: Schematic reaction of rapamycin labeling with aatiene carboxylic acid(a)-
substitution place for main produg¢h) — substitution place for by-product. a / b ratid 6
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5.2.2 Toxicity tests of labeled rapamycin

Determination of the uptake of labeled rapamycito inells was performed by using
Human Umbilical Vein Endothelial Cells (HUVEC). Assreference for these tests, non-
labeled rapamycin was used. Concentrated soluitioR8S were made of both labeled and
non-labeled drugs at concentrations of 1 mg/l, fll,;,and 100 mg/l. These solutions were
added to the medium in cell culture plates. Cellsrenvinvestigated by fluorescence
microscopy at increasing incubation times of 30,n@@ min, 90 min and 24 hours. To
visualise anthracene carboxylic acid labeled ramamya DAPI filter was used —

luminescence in blue light spectrum.

For toxicity tests cell nucleus staining using @alcand Ethidium homodimer were
performed. Observations of live/dead tests weréopeed using fluorescence microscopy
with a FITC filter. Labeled HUVEC showed a similaretabolic activity as the control,

indicating preserved cell viability and function.

5.3 Polymers

There is a number of biodegradable polymers usedadisces for controlled drug release.
The polymer chosen depends on the place of rel@adegyolymer properties. Polyesters
based on the lactic acid have shown their safeguage materials. The great advantages
of these polymers are their degradation by simplirdiysis of the ester backbone in an
aqueous environment, such as body fluids. Finalhge degradation products are

metabolized to carbon oxide and water [140].

Polyesters generally degrade in four major stages:

1. Polymer hydration causing disruption of the primanyd secondary structure by
altering hydrogen bonding and van der Waals forces

2. Strength loss caused by the rupture of covalend®anthe polymer backbone

3. Loss of mass integrity resulting in initiation dfsorption

4. Loss of mass resulting in polymer dissolution ahdgocytosis [101].
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The hydrolysis rate depends on the physical progserdf the matrix. Widely used
biodegradable polyesters are polylactic acid antyghaolic acid. Polylactic acid is
generally synthesized from dilactide, the cycliesder of lactic acid by heating under
vacuum in the presence of a catalyst. Poly(d,kdaatid) is an amorphous polymer with a
T4 of 57°C while poly(l-lactic acid) is highly crydliae [102]. The crystallinity of poly(l-
lactic acid) can be reduced by copolymerizing ithweither its D-enantiomer or with
another hydroxyl acid such as glycolic acid. Tki®iten done to increase its permeability

toward hydrophobic drugs [103].

Molecular weight is an important property of biodsdable polyesters. The rate of in vivo
degradation of polylactic acid matrices has showrbeé inversely proportional to the
polymer molecular weight. Polylactic acid has uticaily low toxicity and sufficient

biocompatibility. When implanted in animals it istnretained in any vital organ [102,
104]. In this thesis medical grade poly(d,l-lactacid), polyglycolic acid and their

copolymers (Boehringer Ingelheim, Gremany) weraySable 5.2)

Name Art of polymer _ Inhgrent Molecular weight
Viscosity [dI/g] [k Da]
Resomer L 210 § Poly(l-lactic acid) 3.3-4.3 4838
Resomer R 202 S Poly(d,l-lactic acid) 0.16 - 0.24 - 1®
Resomer R 202 H Poly(d,l-lactic acid) 0.16 — 0.24 -
Resomer R 203 S Poly(d,l-lactic acid) 0.25-0.35 6 —B0
Resomer R 207 S Poly(d,l-lactic acid) 1.3-1.7 1970
Resomer RG 502 Poly(d,l-lactic-co-glycolic) 50:50 0.16 — 0.24 5-12
Resomer RG 503 Poly(d,l-lactic-co-glycolic) 50:50 0.32 — 0.44 24 -34
Resomer RG 504 Poly(d,l-lactic-co-glycolic) 50:50 0.45 — 0.60 35-63

Table 5.2:Index of polymers used and their selected proprtData from Boehringer
Ingelheim
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5.4 Solvents / chemicals

When selecting solvents for drugs and polymers difoe clinical application it is very

important to pay attention to its biocompatibilggd the ability of the solvent to evaporate
immediately after coating. In the coating methoddubased on spraying the drug solution
onto the device directly before implantation, tesidual solvent in the implant is also an
important consideration in this work. Solvents wesgefully selected according to their

biocompatibility and ability to evaporate quicklgdhtraceless.

As a solvent for rapamycin pure ethanol was useg: [ its very good biocompatibility
and relatively high affinity for both water and gegt range of organic compounds, ethanol
has many pharmacological uses as a solvent. Acagptdithe “European pharmacopoeia”
ethanol belongs to a group of solvents with indigant toxic effect. The permitted daily
exposure (PDE) range is 50 mg per day.

As a solvent for rapamycin and poly(d,l — lactié¢yl formate was used. According to
the “European pharmacopoeia” ethyl formate beldogsgroup of solvents with low toxic
effect. The permitted daily exposure (PDE) rang@dsmg per day. Moreover another
advantage of ethyl formate is its relatively lowilingy point. After coating, the ethyl
formate evaporates very quickly and produces a lgemeous drug / polymer coating on
the stent surface.
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6.1 Stent surface characterization

Due to their complex geometry, stent further chiaréxation is rather difficult to

perform applying standard analytical methods. Fane investigations 1cm x 1cm
plates of 316 L stainless steel were used as mmoadgtrial. The surfaces of these
plates were modified in the same way as the staeridces. Optical and mechanical

methods were used to quantitatively compare thiacgifinish.

6.1.1 Surface finish and roughness

Microscopy

The observation of stents using light microscopy wdficult due to their reflective
metallic surface and relatively poor resolution.eGof the best methods available to
investigate the surface of metal stents (coatedwudated) proved to be scanning
electron microscopy (SEM). The SEM offers a largptd of field, which allows a
large amount of the sample to be in-focus at ane.tiThe SEM also produces images
of high resolution, which means that closely spaeadures can be examined at high
magnifications. The preparation of the samples witmetallic coating is relatively

easy since SEM requires the sample to be conductive

Scanning electron microscopy (S — 3500 N, -Hitétience Systems, Tokyo, Japan)
was used for stent surface and coating topologlysisaFor all SEM investiagations,
the samples were coated with gold (10 — 20 nm ti@sk) by using a sputter-coater
(SCD 005, BAL-TEC AG, Balzers, Lichtenstein) undegh vacuum with a current
range of 40 - 60 mA and different sputter times.
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Roughness of modified surfaces

Using SEM, differences between surface modificatiomere well visible but

quantification of surface roughness was not possibl

The surface roughness of the modified stents wasrrdaned using three different

methods:

- perthometry
- atomic force microscopy (AFM)
- white light confocal microscopy.

Roughness was determined for stents and also &ir Bthtes modified using the same

methods to produce the same surface geometry.

Perthometry

For roughness measurements of stent surfaces hopwter was used. This is a
mechanical method in which a metal pin scans thiase, registers its topography and
the resulting depth profiles are plotted on thegnated printer. The accuracy of this
method is limited to the geometry of the scanniegdie (Fig. 6.1).

SCANNING SURFACE PROFILE
NEEDLE == OBTAINED WITH

v SCANNING NEEDLE

SURFACE _ -

Fig. 6.1: Roughness measurements using perthometer. Compan$ surface
geometry profile and scanning needle. The resoiutibtained with this method is
limited by the geometry of the scanning needle.
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This method approximates the surface roughnessslhaows differences between the

various modified surfaces (Fig. 6.2).
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Fig.6.2: Perthometer measurements of modified surfacesphsted, B: sandblasted
and C: etched surfaces.

Each surface modification (electropolished, sargtbth and etched surfaces) was
investigated on three different specimens. For egmdrimen a minimum of three
different areas were investigated to improve aaurdData from all following
investigations were presented as the route meaarsgiRMS) according to the
German standard DIN EN 180 4287.

Atomic force microscopy (AFM)

Despite following the same measurement principleedhe/cantilever) atomic force
microscopy is considerably more accurate than gréhpmeter. Surface topography
and a quantitative measurement of roughness weeengieed by using two different
atomic force microscopes (AFM). First the AFM JSBRDBO from JEOL Ltd. with
UltraSharp™ silicon contact cantilevers (CSC 1248h spring constant 0.03 N/m
was used. Measurements were performed in contadé meer a measurement area of
19.8 um x 19.8 um. Surface roughness was evalwatedhe JEOL software. Due to
the short spring constant and the small specimambkr only 316 L plates were used

for these measurements. Stents could not be igatstl using this device.
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The MFP-3D™ from Asylum Research was the second A&®¥ice used for
topography inspection. Here stent investigation p@ssible using a silicon cantilever
with a spring constant of 2 N/m and using an AC-Blothis device provided better
results due to its larger measurement area of 9% |96 um for plates, and 20 pm x
20 um for stents. The sampling area of the steatsamaller due to strut bending and

geometry constraints.

A comparison of depth profile and plot of the maatifsurfaces is shown in Fig. 6.3 —
6.5

3.0 um

40nm —

20

Height

20

10 —

Fig. 6.3: AFM picture (A) with depth profile (B) of electiajshed surface
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Fig. 6.5: AFM picture (A) with depth profile (B) of oxalicid etched surface.
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Confocal microscopy: p-Surf® device (NanoFocus, Geiny)

The best accuracy in roughness measurements waisiedbtoy confocal white light
microscopy. Surface topography is determined olbyicaithout the use of a
mechanical needle, and surface penetration is qoeeft using light. This method
allows the determination of the surface topograpimgl surface magnificatiom;
developed during etching and sandblasting.

Sequences of slices with the same height level wellected using a xenon lamp
which highlighted the surface of the specimen agfut reflections were detected on a
CCD chip. The special aperture filters the refl@etfrom out-of-focus plane. This
process allows measurement points to be collected énly one plane at a time and
the surface profile from each plane can be colteotethe detector and can be used to

generate a three dimensional picture of the surface

For stents and plates measurements, objectivesidprgv20, 50 and 100 fold
magnifications were used. Surface analyses weréorpggd using the computer
program Surface Analysis Module, SAM 2.6.
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Fig. 6.6: Topography of modified surfaces imaged using aatfaicroscope: A —
electropolished, B — sandblasted, C — oxalic etchathce. The increasing of surface
roughness from the electropolished to the oxalibied surface is revealed as a color
change in the left picture or in the profile pictushown right.
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6.1.2 Surface tension properties and surface wettin g

These measurements allowed the determination afgh&act angle of a liquid on the
stent surface. This value is very important to deiee the proper coating parameters
and coating solution. On extremely hydrophilic agds, a water droplet will
completely spread (an effective contact angle &f Dhis occurs for surfaces that have
a large affinity for water (including materials trebsorb water). On many hydrophilic
surfaces, water droplets will exhibit contact asglef 10° to 30°. On highly
hydrophobic surfaces, which are incompatible wititex, a large contact angle (70° to
90°) is observed. The contact angle thus directigvides information on the
interaction energy between the surface and thedli(ftig. 6.7). If the contact angle of
the substance on the surface is greater than [@°cdating cannot cover the whole

surface homogeneously.

Fig.6.7: Principle of contact angle measurements. In conamalysis the angl@ of
the tangent of the drop contour is determined biygua video measurement technique.

Contact angle measurements of different substameesodified 316L surfaces were
performed using the contact angle device G10 cdrdewith a video camera G1041
(Kruess, Germany). As test method “sessile dropstewused. The profiles of the
drops on the surface were determined using tangactlations with the software
“DSA Drop Shape Analysis”. The common cone equatibowed the determination
of the drop profile and the contact angle coulddbegermined by differentiation of the

equation on the base line.

To determine surface tension properties, commortacbrangle measurements on
polished 316 L surface were performed. As test idisjudistilled water and

diliodomethane, which is a nonpolar liquid, weredus®0 pl were spread on the
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surface at a rate of 10 ul / 60 s using an integraeedle. Pictures of the drops were
taken always after a constant time interval of &bsds.

The wetting behaviour of stents with different sigd modifications (sandblasted,
electropolished and etched surfaces) was tested.e&ch surface modification a
minimum of three different specimens were invesédaAs the test liquid coating
solutions of rapamycin in ethanol and PLLA or PLEArapamycin in ethyl formate
were used. Due to the low boiling point of the goits used, drops of coating solutions
spread and evaporated very quickly from the susftag@us, the equilibration of the
drop on the surface was difficult to establish.eBtimate the best position of the drop
a sequence of videos were taken and the contald eag measured 300 ms after the
drop came in contact with the surface. To confine @accuracy of these measurements,
tests with a high speed camera were performed acld @op was filmed with 1800
frames per minute. The contact angle was determised) a Young-Laplace Fit from
the DSA 10 software.

6.2 Stent coating

A new Stent Coating Machine (SCM) was developediwithe framework of the
ISAR (IndividualizedStent system tcAbrogateRestenosis) Project (supported by a
research grant AZ 504/Gbm the Bayerische Forschungstifftung Munich, Ganiy)
together with industrial partners Translumina Gmb#echingen, Germany and
Seleon GmbH, Heilbronn, Germany. This coating systeas especially designed to
provide the physician with greater flexibility dog drug selection and dosage. The
process of stent coating takes place directly leefonplantation in the Catheter
Laboratory making it possible to adjust the treattndepending on the patient’s
requirements. In this machine stents are coatawyukie spray coating method [127-
129].
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During coating a mobile spray nozzle moves alomgstient which is fixed in a special
housing (Fig. 6.8). The coating solution is plaged reservoir and transported during

the coating process by compressed air into a nexrlesprayed onto the stent.

MOVABLE RING NOZZLE
HOUSING \ STENT

CATHETER \ /

ﬁ SYRINGE WITH COATING
SOLUTION

Fig. 6.8: Schematic drawing of the stent coating machinecld@ed to customize
coatings in the catheter laboratory directly befongplantation. The arrow indicates
the motion of the ring nozzle along the stent duthre coating process.

There are a few important parameters which neebetdaken into account during
coating: air pressure, coating speed, and dryirargss. The selected parameters
depend on the properties of the coating solutiancdat the stent only with the drug,
different solutions of rapamycin in ethanol weregared and the standard SCM was
used. To coat the stent with the drug polymer swhgta special prototype of SCM
was required due to the high viscosity of the paynin this machine parameters such
as coating speed, air pressure and drying procesgragrammable on-site. For
coating stents with polymer drug solutions the hmgisand the nozzle should be
optimized.

This coating method allows to investigate the iaflce of drug concentration on the
release kinetic, which requires coatings with dédfe concentrations of rapamycin
solutions. Stents with different modified surface®re coated with the same

rapamycin concentration and then compared with sadiace.
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Quantitative tests were performed to prove if trechine enabled homogeneous and
customized coating to be applied directly beforplantation, and also to show if there
is any dependency between the drug concentratidhercoating solution and drug
amount bound onto the modified surfaces. Investigatshould prove if the surface

modification has any influence on the uptake ofdhey.

Three different stent surface modifications werevestigated: electropolished,
sandblasted and etched surfaces. Each surface differant surface roughness: the
electropolished one is smooth, the sandblastedsohghtly porous, and drug depots
are available in the etched surface. The totalaserfarea increased due to these

chemical or mechanical modifications.

For quantitative studies, after coating with rapamyeach stent was expanded with
16 bar pressure and washed with 2 ml ethanol. Bpamycin amount in ethanol

solution was determined using UV-Vis spectrometry.

6.3 Investigation of coating properties

Stents were coated with rapamycin and rapamycignped solutions using different

drug concentrations and drug polymer ratio.

The first step after coating was to investigateftlewing coating properties:

- homogeneity

- thickness

- residual solvent

- adhesion to stent surface

- drug release kinetic



Methods 48

6.3.1 Optical characterization

After coating, stents crimped on the catheter vadrgerved under SEM to analyze the
coating homogeneity. It is crucial to investigdie tondition of the coating after stent
implantation and expansion. Because during imptamtathe stent has to travel
through a long and very tortuous path along theuGtory system. Afterwards, during
expansion, the metallic stent undergoes plastiordedtion and the coating is exposed
to tensile stress. Forces acting on the coating tngger cracks to develop. To
examine the coating finish and quality, SEM invgation was performed. To measure
the coating thickness, both 316 L plates and steete coated with all investigated
substances and their mixtures, gold sputtered arzkdded in epoxy resin in order to
produce polished sections. The coating thicknessmeasured using SEM. Due to the
significant material inherent tensions achievedraduthe embedding process of the
three mm thick 316 L plates this method could dydyapplied for stents. To measure
the coating thickness of the plates confocal whiflst microscopy (u-Surf® device)

was used.

6.3.2 Determination of the coating parameters

The spray-coating method (described in 6.2) wad tseoat stents. To determine the
coating parameters, it is necessary to first gaiowkedge about the viscosity of the
coating solutions, which in turn gives informatiabout the permissible drug and
polymer concentration and solvent amount in thetiegasolution. Viscosity and

solvent amount in the coating solution then deteemithe necessary coating

parameters: speed, air pressure in nozzle andgitiyne.

Viscosity of coating solutions

Because solution for spray coating should easilyhgough coating nozzle to ensure
homogeny coating the viscosity of the polymer sohg is one of the most important
parameters. The viscosity of polymer solutions det®rmined using a rheometer (C—

VOR 120, Malvern, Germany) and compared with theeasity of ethanol for which
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the Stent Coating Machine was designed. The vigcoseasurements of polymer
solutions were performed using a double slit tgstesn (DG 40/50) at 20 °C. The
shear stress was fitted for each solution to pretrendevelopment of turbulent flow.
At very low solution viscosities it is very diffitito obtain a constant value, therefore

for each test 100 -150 data points were collecefdrb averaging.

Solvent residues in coating (thermo-gravimetric metod)

Residual solvent in the coating determines the dogatibility of the device. As
mentioned above (see Chapter 5.4) the Permittety BEaiposition is high for the
solvents used in these investigations. To deternsiolgent residues in the stent
coatings directly after the coating process, samplere investigated using the
simultaneous thermogravimetry method (STA Netzsgbpakatus, Germany) in
nitrogen atmosphere at a constant temperature ‘@ 4atill the weight stabilized (3
hours). The weight loss observed was approxima&ety pg for ethanol and 400 ug
for ethyl formate. Both values are within the pdted daily dosage range according to

the “European pharmacopoeia”.

6.3.3 Chemical characterization of the stent coatin g

Gel Permeation Chromatography (GPC)

To investigate the degradation of polymers durielgase tests and assess changes in
the molecular weight distribution (MWD), measurettiserusing Gel Permeation
Chromatograpy were performed (600E, Waters; witlhefiactive index detector,
Waters 410, Eschborn, Germany). These tests weferpred at 40°C using high
resolution (HR) columns, and as an eluent tetratfudan (THF) HPLC grade was
used. The system was calibrated with polystyreaedstrds. All samples were filtered
with 0.45 pm a hydrophilic polypropylene membrarikerf (Acrodisc 13GHP,
Waters).

Stents coated with polymers and polymer-rapamycirtures were immersed in

Ringer solution and drug release was observed fasaion of time. At fixed time
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intervals coated stents were taken from the solwind the substance remaining at the
stent surface was washed off with THF, filtrated avestigated in GPC.

High Performance Liquid Chromatography

Solutions from release and quantification testsevaeralyzed with High Performance
Liquid Chromatography (HPLC) system (600 E LC, Wat€&mbH, Eschborn,

Gremany) with a 717plus Autosampler, Jetstreamnenloven and a 2487 dual UV
Absorbance detector. HPLC was calibrated with pueghylene dianiline standards

(from Waters, Germany).

All samples were filtrated with 0.45um Waters fite The rapamycin solution was
separated with a Waters Atlantic C18 column (5uy@,mm x 150 mm). HPLC grade
water 10-%vol (LiChrosolv, VWR Darmstadt, Germargfnd 90-%vol methanol
(LiChrosolv, VWR Darmstadt, Germany) were usedlesmobile phase compounds
with a flow rate of 2 ml/min. Each test lasted fivenutes and the rapamycin peak was
detectable after nearly two minutes. The Waters @maep software was used to

acquire and process data.

UV-Vis Spectrometry

To quantify the drug amount on the stent surfaderbeand after placement in the
Ringer solution during release measurements, phettemanalysis was conducted
using a UV-Vis spectral photometer (Specord -21@aJénalytik AG, Jena,

Germany). The generated data were evaluated ustn@/inAspect software. UV-Vis
analyses were performed by determining the absogbahthe specified wavelength
for rapamycin (277 nm). Calibration graphs of ragam in ethanol were established
by measuring the absorbance of a set of standdrdeug in ethanol in the 0 — 0.4
mmol/l concentration range. The rapamycin-ACA cosmpls very well soluble in

ethanol and the anthracene group does not chargyealiborption maximum of
rapamycin. The UV-Vis measurements of rapamycin-A@ére evaluated using the

calibration curves from the rapamycin-ethanol sohs.



Methods ol

6.3.4 Coating adhesion

To investigate adhesion forces of coating on déffiéisurfaces two series of tests were

performed:

- simulation of stent implantation in an artificidbbd circuit (ABC)
- laboratory physical test: laser shock adhesion oreatent.

Measurements in ABC were performed on stents coeféid the drug only. The
second method, laser shock adhesion tests (LASA8iewsed to determine the

adhesion of the polymer drug coatings on the steriace.

6.3.4.1 Artificial blood circuit (ABC)

The ABC was designed to simulate the implantatibearonary stents. It allows to
reproduce the conditions to which the stents afgested to from the point of
insertion (arteria femoralis) to the location oé tstenosis (coronary arteries, Fig.6.9 —
6.10). The model also allows a simulation of thpagsion of stents in the stenosis. As
a heart equivalent, a roller pump (Stoecker, Geynavas applied. Medical grade
silicon and PVC tubes with appropriate diameterengsed as substitutes for arteries.
In this circuit four pressure gauges and four flmeters are placed to monitor and
control solution parameters. The circuit allowsroglucing the environment of the

human circulatory system.

The aim of these procedures was to detect the sghatsength of the drug coating on
different stent surfaces. To simulate human blaomlitation all parameters such as the
pressure in the tubes, fluid flow and also fluidngmsition were adjusted to fit the

human parameters. Ringer solution (RL) was usedl@sd substitute [106]. Ringer

solution is an agueous solution containing the riatdés of sodium, potassium and
calcium that have the same osmotic pressure asdbéoa is used to prevent
dehydration and in physiological experiments asealiom for in vitro preparations

(Table 6.1).
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Substance Amount Concentration [mmol/l]
sodium chloride 8.6 g Na 147
potassium chloride 0.3gk 4.0
calcium chloride 0.33gC4 2.25
pH 50-7.0CI 155.5

Table 6.1: Chemical composition of Ringer solution from Del&lect
Company.

The ABC was filled with Ringer solution from Del&elect Company (Germany) and
heated to 37° C using a heat exchanger. Coatets stere introduced into an artificial
coronary artery (silicon tube), expanded (ballowespure 16 bar) using a standard
expansion device, removed after one minute and edhstith ethanol. The drug
amount remaining on the stent surface after thelamgation procedure was
determined using UV-Vis spectrometry.
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Fig. 6.9: Artificial blood circulation, build to simulate loiily conditions during
stent implantation. Silicon tubes make up for blgedsels and as a heart equivalent
a roller pump was applied. The system is equippitld flow meters and pressure
sensors to ensure physiologic conditions.
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6.3.4.2 Laser shock adhesion test (LASAT)

This method allows the determination of the adhesioength of coatings on different
surfaces, e.g., epoxy resin or ceramic coatingsetal or ceramic substrates [107]. In
this work the LASAT method had to be modified doethie elastic properties of the
polymer coatings. The adhesion of polymer coatorgsmetal substrates was tested.

The general principle of this method is to pulséhvai laser beam on the uncoated side
of the specimen in order to create a shock waviaeénsubstrate which leads to the

separation of the coating from the substrate @ityl).

COATING
LASER BEAM SHOCK WAVES

\ COATING

\ \
Nd:YAG laser Nd:YAG laser | IHI

\

\SUBSTRATE

ENERGY
ABSORBING FILM

A B

Fig. 6.11: A — Principle of the laser shock adhesion test.SSrsection of stainless
steel substrate coated with polymer. B — Laser bpatse focused on the uncoated
side of the substrate leads to the creation of kleaves in the substrate which causes
the coating to dettach from the substrate.

To observe the adhesion strength between a pgragiiiphite substrate and metallic
coatings (Al, Nb, Cu, Cr...) Gupta et al. used a keglergy laser pulse of three ns
duration from an neodymium-doped yttrium aluminigarnet (Nd:YAG) laser [108].

Nd:YAG lasers are optically pumped using a flaghgeor laser diodes. They are one

of the most common types of laser.

In this work the Nd:YAG laser system PL2043A/20tatled with a special mirror and
lens construction was successfully used to quarthfy adhesion strength of the

polymer coating on the metallic substrate (Fig.2B.1A laser beam was emitted
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through the mirror to the lens and focused on theoated side of the substrate. An
oscillator created single pulses with 20 ps lengtbeam chopper superimposed four
single pulses to form one 80 ps length pulse wkvels passed through an amplifier
and transmitted as a square light pulse of 50 p60rhe energy of a pulse of 532 nm
wave length was 50 mJ. The focus diameter was tadhjiesand varied from 70 um to
230 um. The absorbing film played an important rahel for this test gold coating
seemed to be the best material for the laser Us&2 1tm) due to its large thermal

extension coefficient.
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Fig. 6.12: Laser shock adhesion test. Measurement systemARd:Mser. An
oscillator creates single pulses with 20 ps lengthheam chopper superimpose four
single pulses to form one 80 ps length pulse wisigfassed through an amplifier and
transmitted as a square light pulse of 50 - 60 pd a laser beam emitted through the
mirror to the lens is focused on the uncoated eitibe substrate.

6.4 Release tests

Release measurements of coated stents were pedonmro. To select the proper
release kinetic of rapamycin to abrogate restenosigvo tests are desirable. Aim of
this study is to find and define different wayscohtrolled drug release. Two different
mechanisms were investigated: release controlledusface geometry and release

controlled by a polymer matrix.
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For these investigations stents with different rfiedisurfaces were used:

- electropolished,
- sandblasted,
- etched using inorganic acids

For the coatings two different rapamycin solutiarese used:

- rapamycin dissolved in ethanol in concentrations@®Mmg/ml and 20 mg/ml,
- rapamycin mixed with biodegradable polymer (PLAgsdilved in ethyl formate

Due to the suitable molecular weight and viscopityperties of the polymer matrix,
Resomer 202H (16 kDa) and Resomer 203S (32 kDa@ wleosen (see Table 6.2).
After performing coating tests to establish the himsnogeneous coating on the stent

surface, a 1:1 ratio of rapamycin to polymer wassem for the coating solution.

To simulate blood flow in the arteries coated stamére placed in 50 ml containers
with SBF, placed inside a shaker and stored irsidimcubator at 37°C (Fig 6.13). The
shaker was rotated at 30 rotations per minute.

CONTAINER WITH

50ml SBF AND
COATED STENT

SHAKER

Fig. 6.13: Shaker for drug release test. To protect rapamjrdm degradation in the
light and to simulate bodily conditions the shakes placed inside an incubator.

Release tests of stents coated only with rapamigsited approximately four weeks
until the entire amount of drug was released. Rents coated with a polymer-

rapamycin mixture the tests were run for three m®@nThe immersion solution was
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investigated and refreshed after certain time wader The rapamycin released into
SBF was detected by UV-Vis spectrometry.

6.5 Drug diffusion into coronary artery wall

In vitro experiments with porcine coronary arterigere performed to measure the
diffusion of rapamycin into the coronary artery Wwahd to contrast the results
obtained in the drug release test performed wighstiaker approach (see Chapter 6.4
and 7.1.4).

6.5.1 Simulation of in vivo conditions

Porcine coronary arteries were excised from fresircipe hearts and used
immediately. To maintain the vital functions, thecised arteries were placed in a
perfusion bath. The perfusion bath obtained frommitlugo Sachs Company was used
to simulate the heart environment: pressure, teatpey, pH, extra- and intraluminal

flow.

Krebs Hanseleit solution (KHS), a modification ohger solution (developed in the
early 1930°s by Hans Krebs and Kurt Henseleit) wsed as blood substitute in the
perfusion bath [109]. The solution used in this kwaas obtained from Sigma Aldrich
(Germany) and was modified by addition of 2 g/laglse as an energy substrate for
cells (Table 6.2).
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Substance Concentration [g /1]
D-Glucose 2.0
Magnesium sulphate 0.141
Potassium phosphate 0.16
Potassium chloride 0.35
Sodium chloride 6.9
Calcium chloride 0.373
Sodium bicarbonate 2.1
1IN HCI or 1N NaOH for pH adjustment

Table 6.2:Composition of Krebs-Hanseleit solution (KHS) frSigma-Aldrich
Company.

6.5.1.1 Coronary artery tissue

Human and porcine heart share similar dimensionaaralomy. Thus, porcine hearts
were used for in vitro tests of drug diffusion armgtake into the coronary artery wall.
Fresh hearts were transported from a slaughterhotséehe laboratory and coronary
arteries were dissected. The porcine ramus intéigataris paraconalis corresponds
to a human anterior interventricular artery and ploecine ramus interventricularis

subsinosus corresponds to a human left circumfiexya(Fig. 6.14).

LEFT MAIN CORONARY
ARTERY

LEFT CIRCUMFLEX

/ ARTERY

ANTERIOR
INTERVENTRICULAR
ARTERY

RIGHT MAIN CORONARY
ARTERY

Fig. 6.14: Coronary arteries of the human heart [ medmoviecbexington,USA].
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6.5.1.2 Perfusion bath

To determine rapamycin diffusion into the coronariery wall, a fresh porcine ramus
interventrcularis paraconalis was dissected fronncipe heart and placed in a
perfusion bath. This is a special device suitabtetésts on hollow organs simulating
in vivo environment (Fig. 6.15 — 6.16). Individuablutions can be used for
intraluminal perfusion and extraluminal superfusiohhe effective intraluminal

perfusion is generated by an adjustable load cbeyrstem. A differential pressure
transducer is used to measure the intraluminakpredifference at the proximal and
distal end of the organ. The tissue bath is a watlketed plexiglas bath. The holder
for the cannulae can be removed from the main Hating the cannulation of the
segment of tubular organs. The cannulae are fixedliding holders to optimize the
distance between the cannulae to accommodate fatigas in the length of the
specimen, thus avoiding any slackness in the tisthe unit is supplied with four

different interchangeable adapters for vessels sidmeters of 1.5, 2.5, 3 and 4 mm.

CARBOGEN
(5% CO, and 95% Oz)
| TISSUE BATH ! |
N
RS
NOT o LR ROLLER PUMP
JELE
=J | _‘ u
WASTE I j

—_ -+ =|, a1 -]

————— 2 /‘

EXTRALUMINAL HEAT EXCHANGERS ~ INTRALUMINAL
SOLUTION STORAGE SOLUTION STORAGE

Fig. 6.15: Schema of perfusions bath operation. Perfusioh smthe device suitable
for investigations of hollow organs in simulatedvivo conditions. There are two
separate circulations: intraluminal marked yellowdaextraluminal perfusion marked
green.
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Fig. 6.16 Schema of perfusion bath operation: Magnificatiohtissue bath. The
hollow organ (here artery) is placed in a waterfad Plexiglas bath filled with water
heated t®7°C

Coronary arterial flow was simulated in the intralnal circulation of the perfusion
bath. The flow of the KHS fluid was controlled byparistaltic pump and fixed at 40
ml/min. This value does not agree with the phygal flow in coronary arteries
which approaches 100 ml/min. The lower flow ratesdiin the measurements were
unavoidable due to the state of the dissectediesteFhere was no tissue around the
artery and arborisations of artery had to be s&wn. high flow rates caused the artery
rupture in the perfusion bath. The circulating nuediwas heated to 37 °C using an
external thermostat. Extremely important for presey the artery functionality in
vitro is the pH of medium (which should be main&dnat 7.4) and suitable glucose
level. The pH value was regulated with carbogen (§8 carbon dioxide and 95%

oxygen) supply [110].
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6.5.1.3 Evaluation of integrity and functionality o  f the coronary

artery

Examination of functionality of coronary arteries after incubation in a perfusion
bath

To estimate the appropriate investigation periodiffusion tests and to assess the
integrity and the functionality of arteries ovené in the perfusion bath, the following

two tests were carried out:

- histological evaluation
- vasoactivity tests

Histological evaluation

For the histological evaluation, coronary artefese incubated in the perfusion bath
containing the Krebs-Hanseleit solution for 12hh 24d 48h. Cylindrical sections of
the arteries were cut and embedded in paraffin idmabely after perfusion.
Histological slices were prepared with a microtoamel mounted on glass slices. For
histological evaluation all specimens were stawét the Hamatoxilin-Eosin-staining

and observed with the microscope.

To study the effects of perfusion timg£0) on the artery segment, a sample from the
same artery with perfusion timg + 0 was studied as a reference. After 12 hours
perfusion exposure, the structure of the artery remhained unaltered. After 24h first
defect in the structure can be observed. Only a swelling of the media could be
observed. After 24h the swelling of the media wagimmore evident and after 48 h
the integrity of the artery wall was severely diad with the development of big

vacuoles and crevices in the media (Fig. 6.17).
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Fig. 6.17: Exemplary histological cuts of porcine coronaryesiies. Complete cross
section (left) and detail (right). Perfusion tingegiven in hours. A: intact arterial wall
with a dense structure of intima and media. B:emaft2 h of perfusion artery layers
are still intact with a mild swelling of the media a diffuse swelling of the media
could be observed. D: destroyed architecture ofatiery layers with development of

vacuoles and crevices.

Vasoactivity tests in organ bath

To amend the results obtained from the histologealuation vasoactivity tests were

performed on fresh arteries as well as on artpeesised for 24h in the organ bath.
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For the vasoactivity tests a special device congpo$eight separate, parallel operated
organ baths was used. Each bath was connectefbtoeatransducer and the signals

were software based monitored (Fig. 6.18).

FORCE TRANSDUCER

GAS SUPPLY

WATER, 37°C
O /
oL

ARTERY SEGMENT

\

VALVE FOR SBF EXCHANGE

Fig. 6.18: Scheme of one of the eight organ baths. A segohéimé¢ coronary artery is
placed in the organ bath, positioned between twmsaand connected to a force
transducer which registers tension or relaxationttad artery segment.

Each organ bath, containing 5ml Ringer solution werapered at 37 °C using an
external water bath. The artery segment (appraxn?long) was fixed between the
two arms, where one arm was permanent fixed taéwce and the second arm was
movable and connected to a force transducer. Axidibf vasoactive substances
caused contraction or dilatation of the coronatgrgrsegments indicating functional
integrity of the artery. These movements were teggsl by the force transducer and

analyzed by the software.
In our experiments the following vasoactive subs¢ésnvere used:

- Potassium chloride (KCI): causes contraction ofafteries [134]

- Norepinephrinhydrochloride (NE): causes contractibthe artery and activates
az-receptors [137]
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- Stable Thromboxan AB2B analogue (U46619): causesraction of the artery
and activates thromboxane receptors [135]

- Acetylcholinchloride (ACh): causes relaxation o trtery, activates muscarinic
receptors [136]. Fresh arteries react to ACh weélaxation and endothelium
damage reveals contraction.

Reaction of artery segments to NE, ACh and U466 information about receptors
functionality and KCI about membrane functiona(ifyg. 6.19 - 6.20) [137].

250 KCl

U4E6618

200 aCh

150

100

Tissue contraction [mi]

50

Time [h]

Fig. 6.19Diagram of vasoactivity test on freshly dissectadrg segments. Reactions
after addition of vasoactive substances are codetbllows: red KCI, yellow NE, blue
U46619, and green ACh. KCI caused contraction efattery segment that indicates
integrity of cells membranes. NE did not evoke artgrial response but U46619 —
another receptor activating substance caused artogtraction. ACh caused also
artery contraction what indicating damage of thelethelium.
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Fig. 6.20: Diagram of vasoactivity test on artery segmentsra24 hours perfusion.
Reactions after addition of vasoactive substancescaded as follows: red KCI, blue
U46619, green ACh. Tests with NE were not perforthesl to lack of reaction with
fresh artery segments. In general responses ofyasegments after 24h perfusion on
the vasoactive substances were similar but weakémresh ones.

In comparison to the fresh artery, the 24h perfumtery showed weaker and delayed
reaction on the receptor dependent substances (19466d ACh) which indicates
slight receptors damage after 24h perfusion. ComegrACh it should be mentioned
that for both perfused and fresh arteries the eepledilatation did not occur. This can
be explained by the damage of the endothelium wipobbably arose during

preparation of the artery.

In summary, after 24h perfusion a time lag and c&do of artery answer on the
vasoactive substances was observed probably cduysedslight receptor damage.
However this slide receptor defects can not berdeghas crucial factors for the drug
transport into artery wall. It was shown that af@th perfusion the artery wall
integrity and the functional response of vasoacsivbstances were still present. This
indicates that 24h perfusion time is an applicaiohe for diffusion tests of drugs into

artery wall [138].
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6.5.1.4 Stenting

After determination of the in vitro environment whiallowed the artery to stay vital,
diffusion tests of rapamycin into the coronary grt@ere performed.

Stents with modified surfaces were coated withed#ht amounts of rapamycin or
rapamycin—ACA and implanted into dissected cororaatgries fixed in the perfusion
bath (Fig. 6.21). After a certain time of perfusemeries were carefully removed from
the chamber, sectioned longitudinally and frozen &0°C for further

investigations.

Fig. 6.21: Perfusion bath: Magnification of coronary arteryolder and stenting
procedure. A: introduction of balloon catheter (raow) with crimped stent;
B: stented coronary artery.

6.5.2 Applied methods to investigate rapamycin diff  usion into
porcine coronary arteries

To quantitatively and qualitatively evaluate théfudiion of rapamycin into coronary
arteries the following tests were performed:

- optical methods for investigations of radial antedal drug diffusion from the
stent into the artery wall
- chemical methods to quantify the amount of drugaséd into the artery wall.

Optical inspection of the arteries, was performgddbeling rapamycin with an UV
active substance (anthracene carboxylic acid — Agea,Chapter 5.2.1).
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6.5.2.1 Optical methods

Quantitative assessment of radial and lateral delepse from stents into the coronary
arteries was performed by using different techrsgofefluorescence microscopy (Fig.
6.22). Surface inspection of the lumen of stentddrigas gave information about
lateral drug distribution on the vascular intimarédtly in the contact area between
stent and tissue). The optical detection of rapamycACA on the tissue surface was
carried out using conventional fluorescence miaspgc Investigations on the radial
diffusion of the drug into the vascular tissue wegressible using fluorescence
microscopy with the ApoTome system or two photomsef scanning microscopy.
Examination of rapamycin — ACA penetration into #reery wall using the ApoTome
system is a relatively simple method that scangtaot plane sections through the
fluorescent specimens. Achieved axial resolutioab&s the reconstruction of three
dimensional images which are composed of thesdessogns. The fluorescence from

other levels are filtered out during the scannihg given plane section.

A B
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Fig.6.22: Directions of drug diffusion from stent struts inte coronary artery. A —
radial diffusion: from the strut towards normal dation of artery, B- lateral direction:
from struts towards the adjactent luminal surfatéhe artery.

Another method use for investigations on drug patien into artery walls is two

photons laser scanning microscopy (2PLSM). In @sttto conventional fluorescence
microscopy, where the fluorescence molecule ivaied using UV radiation, here the
molecule is activated by simultaneous absorptiontvad photons. Each photon

possesses the half energy which is required foeaut¢ activation. It means that for
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anthracene carboxylic acid UV radiation is not weeph and the molecule can be

activated using near-infrared radiation.

6.5.2.2 Chemical methods

To investigate the amount of rapamycin—ACA into #neery walls homogenization of
the arteries was performed. At indicated time wdby the stented arteries were
carefully removed from the perfusion bath, sectibt@ngitudinally, and the stents
were carefully removed from the artery surface. aieries were stretched and pinned
down onto special pads and frozen at -80°C. Dieb#dfore homogenization, the
arteries were weighed, transferred to round bottobes (Falcon #2059) filled with
0.5-1 ml PBS and mechanically fragmented usingx@n{Miccra D-8 #10753). After
this procedure to open the cell wall, specimensevizen three times at - 70°C and
thawed on ice. Subsequently, specimens were aggedf for 20 minutes at 13 000
rpm at 4°C, and the rapamycin—ACA amounts in theri@s were determined using
UV-Vis spectrometry and HPLC.

To investigate the diffusion of rapamycin-ACA irttee coronary arteries the following

tests were performed:

Stent Sandblasted Oxalic etched
surface
, Rapamycin-ACA Rapamycin-ACA - 0
Coating 0.5% 19 Rapamycin-ACA 0.5%
Perfusion| 24h 12h 24h 24h
time

Table 6.3:Schema of measurements in perfusions bath. Qffudirapamycin into
artery wall was investigated for both sandblasted axalic acid etched surfaces
coated with 0.5% and 1% drug solution. To invegtghtime has an influence on
drug diffusion direction arteries after 12 hoursth®4 hours perfusion were tested.

Diffusion of labeled rapamycin was investigated noscopically using common
fluorescence microscope with the ApoTome unit, ooaf microcopy and two photons
laser scanning microscopy. The quantitative deiactof drug diffusion into the

coronary artery was performed using HPLC.
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The aim of the thesis was to investigate differmaethanisms to control drug release from
coronary stents, and to demonstrate if the coatiag be applied directly before

implantation (customized coating for the patient).

This work is focuses on two mechanisms of drugassecontrol:

1. Modification of the device surface topography byemtion of drug depots within
the surface with special properties which enablatroied release (geometry
control).

2. Controlling drug release by a use of biocompatiptdymer matrix. Polymer
properties such as molecular weight, crystallimtd degradation time can control
the elution of the embedded drug.

To investigate the possibilities of controlled drrejease from coronary stents, special

attention was addressed to the following aspects:

- Factors influencing the adhesion of drug or polyarerg mixture to stent surface
- Coating method and quality of the coating

Coating adhesion on the surface is a very imporgarameter which determines the
quality of the coating and the drug release fromorary stents. Drug release can only be
controlled when the coating adheres well on thdaser If coating adhesion is poor,
investigation of drug release is impossible duthtouncontrolled coating behavior during
mechanical stressing of the device. Adhesion depead both substrate surface

characteristic and coating quality and properties.
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7.1 Control of drug release by surface modification S

Surface modifications serve to improve the adhesibrihe coating to the stent, and
moreover the surface seems to have an influencesienosis and artery recovery after
implantation. Studies in the porcine restenosis ehatbtmonstrate that the use of the
microporous stent system is associated with a fgignt reduction in neointima

proliferation when rapamycin is used as the aam&proliferative compound [112].

Two different modifications of electropolished dtesurface were investigated:

microporous (sandblasted) and chemically etched.

Stent surface characterization

Optical analysis of stent surface was performedgiscanning electron microscopy
(SEM). Differences in modified surfaces topograpisre visible at 50 x magnification
(Fig.7.1 - 7.3).

ELECTROPOLISHED SURFACE

Fig. 7.1: SEM pictures of electropolished stent; A: 500x nifécation, B: Detailed figure,
magnification 1000x. Surface is smooth and cannosuee sufficient adhesion for
crystalline drug (rapamycin).

Chemical polishing or electropolishing, insteadrefchanical polishing, are recommended
for the attainment of metallic surface polishesheiit the introduction of contaminants or
tensions in the surface layers of the metal. Theddmental difference between the

chemical and electrochemical polishing processesthat in the latter anodic
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currents/potentials are used to help in the dismwiuand passivation of the metal. The
electropolishing process modifies surface propemiemetals without affecting their bulk
properties. 316L stainless steel becomes more siorrgesistant, smoother, and cleanable
after this treatment [130].

SANDBLASTED SURFACE

Fig.7.2: SEM pictures of sandblasted stent. Rough surfattennmerous small cavities
can be observed. These cavities can serve as drpgtsl A: 500x magnification, B:
Detailed figure, magnification 1000x.

Stents are sandblasted for increasing surface masgh These can result in two main
advantages in comparison to the smooth surfaceronimyg the adhesion properties and
ensure favored basis for cell growth [131, 132]ndddasting ist often applied for

permanent implants which requires suffcient ingfovinto a living tissue e.g. bone

implants [132, 133].
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ETCHED SURFACE
A

Fig.7.3: SEM pictures of an etched stent. The cavitiebarstirface obtained by etching
are much larger than those obtained by sandblasfiiiggse cavities can serve as drug
reservoirs to enable a controlled drug release. F20x magnification, B: 1000x

magnification.

Oxalic acid etched surface was obtained in two gtegess [94]. The first etching was
performed using nitic acid to create a grid of dyafistributed depots. The second step
this is etching with oxalic acid. The aim is heoebroaden the grain boundary furrows
generated by the first step so that larger, widgrots without sharp cerevices are created
[94].

ELECTROPOLISHED SURFACE SANDBLASTED SURFACE ETCHED SURFACE

Fig. 7.4: SEM pictures of the cross section of a stent stiuere are no significant
differences between pictures of the cross secfieteotropolished and sandblasted
surfaces. The etched surface shows a significantase in the size of cavities
available for storing the drug.

The pictures in Fig. 7.4 show clearly the differesdetween the surface topography

obtained after surface treatment and how the sairtapography can affect the drug
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amount bound onto the surface after the coatinge Etectropolished surface is
significantly smoother compared to the sandblasted etched ones. Sandblasting
develops a rough surface with fine structures dolimg results in the creation of visible
depots.The etched surface is not as rough as tidblssted one. Depots are present but

the surface between them is relatively smooth.

7.1.1 Surface roughness and surface enlargement

The roughness of modified surfaces was analyzetwgusiree different methods. Two of
these methods, perthometer and AFM, are mechamcahture and the third method,

confocal light microscopy, is optical (see Chajitdr.1).
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Fig. 7.5: Comparison of methods of surface roughness measmts. The most accurately
method for surface roughness measurements is tieane ( L-Surf). Due to limitations of
mechanical methods (pethrometer and AFM) mentione@hapter 6.1.1 the increase in
effective surface area for modified surfaces wasismeed using confocal with light
microscopy.
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The surface roughness could be measured most salgunaing the optical method. These
measurements confirmed that modification of thdasas results in different topography
and also gives an opportunity to vary the amoumirofy on the stent surface and to control

drug release (Fig. 7.5).

The increase in effective surface area was measisiag confocal white light microscopy
(Table 7.1). This is an important parameter foringsting coating adhesion [111].
Increasing the total contact surface area betweerdating and the metal can be directly
correlated to an increase in the number of interastwithin the contact region. If no other
additional surface modifications have occurred, elgnges in the chemical composition,
roughening the surface can cause an increase iadifiesion strength proportional to the

surface area enlargement factpr v

surface area enlargement,

electropolished surface| sandblasted surfaceoxalic acid etched surface

1.0£0.0 2.7£0.14 3.8£0.28

Table 7.1: Surface area enlargement was calculated from dditained from p-Surf
measurements by means of the Surface Analysis &#moffBAM 2.6). The electropolished
surface was used as the reference material andssét0.

These investigations show that sandblasting anticoxaid etching result in a considerable
increase in surface area enlargement. Followintg tesnfirm that on modified surfaces
more coating can be deposited and that the adhesi@nrough surface is clearly stronger

than on a smooth one.

7.1.2 Drug amount on different surfaces

Stent coating only with rapamycin (surface geometrgontrol)

One of the possible ways to control drug releasmfcoronary stents is to coat modified
surfaces directly with various amounts of drug. @anof drug release could be achieved
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in two ways: by changing the surface structure enedting drug depots, and secondly, by
changing the coating thickness on the modifiedag@$. The most important parameter is
the elasticity of the coating and coating adhesdure to the tensile stress which occurs
during implantation and expansion of the stenhamhuman body, as mentioned previously

in chapter 6.3.4.

Quantification of the drug amount on different stert surfaces

Results show that the rapamycin amount on the serfaces increases linearly with
increasing the concentration in the coating sofufiéig 7.6). In these tests, the following
solutions were investigated: two different drug @emtrations of 10mg and 20mg

rapamycin in 1ml ethanol, respectively.

Bl 1% rapamycin
B 2% rapamycin
50 —

45 1
40
35 -
30 4
25
20
15 4

10

RAPAMYCIN [ug / mm 7]

electropolished sandblasted etched
SURFACE

Fig. 7.6: Quantitative comparison of three surface modifwas and different drug
concentrations in the coating solution.

There are no significant differences observed betwthe binding of rapamycin on the
electropolished and sandblasted surfaces. Bothmsftake up approximately 100% more
drug if coated with the 2% rapamycin solution theth the 1% solution. Only the oalic
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acid etched surface shows a slight tendency to imack rapamycin on the surface and in
the depots. Here coating with the 1% drug solutesults in about 20% more drug coated
on the stent than on the electropolished one. Tais be attributed to the increase in
surface area obtained and the binding capacityhefdrug in the depots. Although the
etched surface has depots the surface is relativeboth and these surfaces do not take up
as much drug as expected in comparison to the tWer surfacesFor the 2% coating
solution the amount of drug bound on the stenbiisafl surfaces almost the same. Only the
electropolished surface bounds slightly less dhantthe another two surfaces probably

due to the poor drug adhesion to the smooth surface

For each kind of surface modification studied, iéhts were coated with the same drug
solution. These tests proved that the coating nogthsing the spray machine, is
reproducible. The variability observed in the dargount deposited on the etched surface
could be caused by variations in the depot voluixgethis modification method depends
on grain boundary etching, the size and distributibgrains on the surface are not always
the same and can result in a variation of the desitibution. On the electropolished
surface a lot of rapamycin could be lost duringiséxpansion in the human body (see Fig.
7.7). Scanning electron microscopy (SEM) was used irtvestigate the coating
homogeneity after stent expansion (rapamycin istatjne and the coating can flake off).
These tests showed differences between the modisedaces. On the smooth
electropolished surface, the coating flakes off ardibits cracks and areas where whole
“plates” have been peeled away. There are also soaeks observed in the coating on the
sandblasted and etched surfaces but there aregns si flaking and the coating is

homogeneously distributed (Fig. 7.7).
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ELECTROPOLISHED

SURFACE SANDBLASTED SURFACE ETCHED SURFACE

Fig 7.7: SEM of expanded stents coated with 1% rapamyduti@e. Comparison of
surface modification.

7.1.3 Drug adhesion on the stent surface

Adhesion tests in the artificial blood circuit

Due to the inhomogeneity of the coatings observedeu SEM, adhesion tests in an
artificial blood circuit were performed. For eachrface modification three stents were
tested. Data were collected using a UV-Vis specattem The rapamycin lost during
implantation is showed in percent values. The arhaindrug at the surface of the
expanded stents evaluated during the quantitatists tvas taken as 100% and the amount
of drug on the stent surface remaining after imjglaon was calculated in terms of percent
of the amount found at the onset (see Appendix ABg differences between these two

numbers have been plotted on the graph below 7).
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Fig. 7.8: Adhesion tests of rapamycin in the model of huilaoed circulation. Stent
surface topography has an enormous influence ordtbg adhesion, the smallest lost of
drug ensured oxalic etched surface which is thet magyh from all investigated surfaces

These tests showed that the surface modificatian dra enormous influence on drug
adhesion to the stent surface. The most stablengot observed on the sandblasted and
etched surfaces. The coating adhesion to the sud@at be explained by two mechanisms:
an enlargement of the effective contact surfaceaanehechanical adhesion due to the

surface topography, so-called anchor effect.

The anchor effect is observed when the adhesivierpes the function of an anchor, a nail,
or a wedge after it has spread into the small oygsnon the surface and adheres and

solidifies there (Fig.7.9). This kind of adhesiaande observed in porous material [114 —

116].
T TaDHESVE / / 7
& (' . D

SUBSTRATE

Fig. 7.9: Sketch of mechanical interlocking of coating on mhetal substrate. So called
anchor effect occurs if cavities on the surfaceimurthe coating allow the adhesive to
spread into these openings and solidify there anganhterlocking.
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As mentioned before, rapamycin is a crystallinessafice with low elasticity. Only by

coating directly before stent implantation the peof of losing substance from the stent
surface and storage of the drug under proper donditcan be solved. Commercially
available stents are coated with drug-polymer smiuby the manufacturer. The function of
the polymer is to protect the drug from mechaniead chemical damage during
implantation and storage in a hospital.

Rapamycin lost from the coating process until img#on was investigated to assess the
reproductbility of the coating method and to ev&duaheter further addition of a polymer
is necessary. (Fig. 7.10)

. STENT
expansion 14%
COATING coating - STENT+ 6%
SOLUTION ”| BALLOON o
100% 20% expansion in the
artificial blood
80% circuit
STENT
12.6 %
7.4 %

Fig. 7.10: Rapamycin lost from the coating process until tséaqpansion. The first and the
most lost of drug happens during coating using gpn@ethod. The next step: due to
mechanical stress of stent surface during stenamesipn further 6% (for expansion in the
air) or 7.4% for expansion in simulated bodily cdiwhs. The values shown are for the
sandblasted surface. For mathematical explanatssesAppendix.

On the stent surface after implantation only 12d@f%he drug remains. Thus 87.4% of the
initial rapamycin amount is lost during this proaeal It is caused by mechanical stress to

which the surface and the coating are exposedrioglatent implantation and expansion.

The next investigations of stents with differentfaces coated with rapamycin were in
vitro drug release tests.
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7.1.4 Release tests

Influence of drug concentration in the coating soltion on drug release from

sandblasted surfaces

Tests were performed with stents coated using tdredard stent coating machine (SCM)
with pre-programmed parameters (see chapter 6a2)e&ch concentration 10 stents were

coated. Amounts of drug released per time inteawalshown in Fig. 7.11.
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Fig. 7.11: Influence of the coating solution concentration the cumulative release
concentration of rapamycin relased from sandblastedace.

Results show that the drug concentration in thetimgasolutions has no significant
influence on the length of the release time (Fid.l). Stents coated with 1% rapamycin
solution as well as those coated with 2% solutelaased about 37% of the drug stored on
the stent surface over the same time period (ap@®xays). At the end of the release test
each stent was washed in ethanol to determinatgrtigeamount remaining on the surface:

for the 1% coating the remaining drug on the s@faas insignificant, so the spectrum of
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rapamycin could not be evaluated, and for the 28&ticg a release of 0.11 + 0.03pg/Mm
was obtained. On both surfaces the percentageeadriiig remaining after release tests is

due to negligible amount is not relevant for furtbenclusions and can be omit.

If the total amount of drug released (plus drug am@emaining on the stent surface after
23 days of release tests) is compared with the atofirapamycin determined from

quantitative tests, only 37% of the rapamycin iscaited for (see Table 7.2). The loss of
more than 50% of the total drug amount could betduapamycin degradation in solution

during release tests and / or due to inaccuracyeatsurement methods.

Drug concentration of the Coat Release
coating solution
1% 20ug (100%) 7.419 (37%)
2% 389 (100%) 14 ug (37%)

Table 7.2: Comparison of drug amount on the sandblasted starface directly after
coating and expansion (coat) and total amount afgddetected during an after release
tests (release). Numbers in parentheses correspmf of total amount of drug stored on
the stent surface after coating and expansion.

As mentioned in Chapter 4.2.3 the release kindtia drug from a device in the human
body can be described using various equations. dDtige simplest equations describing

drug release kinetic is the Higuchi equation:

I (Eq.7.1)

This equation does not separately consider thecdegeometry and the properties of
materials used in the device to influence drugasde Only one constant which is specific
for each device is given, namelly The factork determines the drug release trajectory
gradient and for both concentrations of rapamyaircoating solution (1% and 2%) is

almost the same in the time intervals investigated.
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A significant difference between stents coated \thih 1% and 2% rapamycin solutions is
the initial amount of drug released per unit tiffiike amount of eluted drug during the first
four days for the 2% coating solution was 30% mntben on the 1% solution (Fig 7.12).

After four days the rate of drug release was alnmbst same when considering non-
cumulative results. It confirms that the amountdofig on the stent surface does not
influence the release kinetic which is dependentle@mical properties of the drug and the
immersion medium. Only at the beginning the drugpant does have an influence on the
amount of released drug. During the first four daysst of the drug is still present on the
stent surface — proportional to the drug concepotnain the coating solution. The strong
initial drug release can be associated with thehaueical stress affecting the coating.

—u— 1% rapamycin, sandblasted
—e— 2% rapamycin, sandblasted
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Fig.7.12: Influence of the coating solution concentration the non-cumulative release
concentration of rapamycin from sandblasted surface

There is no time elongation of drug release andiguificant differences in release kinetic
between coatings with different concentrations.yahke drug amount released in the first
few days after stent implantation can be controlgdusing different concentrations of

coating solutions.
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Influence of drug concentration in the coating soltion on drug release from oxalic
acid etched surfaces

On the etched surface the release phenomena arkrsim that observed for the
sandblasted surfaces. The amount of drug releaspwportional to the drug amount on

the stent surface; the greater the amount of drugusface, the higher the drug amount
released in a given time unit. However, the releksetic is not affected by the

concentration of the drug (Fig. 7.13).

—u&— 1% rapamycin, oxalic acid etched
—e— 206 rapamycin, oxalic acid etched
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Fig. 7.13linfluence of the coating solution concentration the cumulative
release concentration of rapamycin from oxalic agiched surface.

The kinetic behaviour is not affected by variatiasfsthe drug amount in the coating
solution. During 42 days of in vitro investigatiottse release of drug from oxalic acid
etched surface is not continuous. Within the fatay almost the same drug amount is
released for both drug concentrations in the cgatwiution. However subsequential drug
release in the following days depends on the drmagumt on the stent surface, which can

be explained by the specific of surface geometey, presence of depots.
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Rapamycin coating on the oxalic acid etched steuldcbe divided into two parts:

- the external layer of drug, which results in a daqgilease of drug from the surface at
the start of testing

- the drug located in depots, which causes slow sele& drug from the deeper depot
levels (Fig. 7.14)

Increasing the drug concentration in the coatingtsm results in increasing the coating
thickness and in the same time interval the amo@imapamycin released is doubled but
only at the beginning of the tests. After the exééldayer of drug is depleted there should
be no concentration influence, as the depots hadefiaed volume and only a defined

volume of drug can be stored in it.

coating
’_Y_V\’_\//\/’ S\
T\
~
Release timet=0h stent Release timet; #0 h

Fig. 7.14: Schematic representation of drug release fromioxatid etched surface. A
special software[126] was developed to estimatetithe when the drug from the surface
has been released and the drug from depots stiaseg ( 1).

During the first days, the drug is released from shrface of the stents but not from the
depots (see Fig. 7.14). To estimate the time durelgase when the drug starts to be

released from the depots, special software has t@exioped [126].

Statistical information over the spatial arrangetreamd size of the depots in oxalic acid
etched stent surfaces can be made by examinindejhet surfaces in two-dimensions by
SEM and extrapolating the results to three-dimerssid’olished micrograph sections of

stent struts (Fig. 7.15) served for the analysis.
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Fig. 7.15: Cross section of oxalic acid etched stent striMSpicture prepared for
software to evaluate the depots depth.

To establish the rapamycin amount which can beedton the depots the following

equation was used:

RD :Dd [IOR (Eq.7.2)

where:

Rp — rapamycin amount stored in the depots
Dy — depot depth, obtained from SEM pictures of ceestions of stent struts

p r — rapamycin density

The rapamycin density was determined using equatiamd was calculated to be 1.04

g/cnt.

Rapamycin densityvv% (Eq.7.3)

where:

W(a) - rapamycin weight
W(fl) - weight of water
p (fl) - density of water

For etched surfaces the average depot depth pobligehe software was 2.2+0.16um,
thus yielding about 2.3 pg/nfmapamycin that can be stored in the depots (Eq.7.2)
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This shows that for 1% coatings the drug starteletoeleased from the depots after three
to four days. In contrast for 2% coatings, the icgaltayer which covers the depots is much
thicker and needs more time to be released. Threrelize to the coating thickness drug is

released from the depots only after 14 or 21 dagpectively (Fig 7.16).

—u— 1% rapamycin, oxalic acid etched RELEASED FROM
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Fig. 7.16: Influence of the coating solution concentrationtla release of rapamycin from
depots in oxalic acid etched surfaces. For the Htiag the value;t= 3 days (f — time,
when drug start to be release from surface depats,Fig 7.14) and for 2% coatingrtl4
days. The 1% coating gives thinner coating on tiemtssurface than the 2% one what
results in later drug release from depots for 2%toag.

If there is less drug present in the depots, thease is slower than for more drug. The
drug stored in the surface depots is released rfasthr for 2% coating solution, which

took 28 days, than for 1% coating solution, whiobkt 38 days (Fig. 7.16). This effect can
be caused by the ability of rapamycin to aggregaie to its crystalline character (when

sufficient amount is available).
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Influence of the stent surface modification on drugelease

For these tests three different stent surface noadiibns were used: electropolished,
sandblasted and oxalic acid etched. Due to pooresadh of the coating on the
electropolished surface, only the 1% rapamycintgmiuvhich gives a thinner coating than

2% one was investigated. For the other two surféests with 2% coating solutions were

also performed.

—e— 1% rapamycin, oxalic acid etched
—m— 1% rapamycin, sandblasted

1% rapamycin, electropolished
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Fig. 7.17: Influence of the surface modification on the clatiuk release concentration of

rapamycin from the 1% coating solution. Comparisofh etched, sandblasted and

electropolished surfaces. The release durationifferént for each surface modification.

This phenomena correlate with the surfaces ahititind the drug. There is more drug on
the sandblasted and etched surface after coatiag tn the electropolished one. From the
smooth electropolished surface drug release isefastue to better release medium
penetration than on the rough ones.
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—m— 2% rapamycin, sandblasted
—0— 2% rapamycin, oxalic acid etched
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Fig. 7.18: Influence of the surface treatment on the cumusatelease concentration of
rapamycin from the 2% coating solution. The santease tendency as for the 1%coating
can be observed (compare Fig. 7.17).

At a given surface treatment aspect the conceotratf the drug in the coating solution
has no significant impact on the drug release.t€hdencies are the same for both 1% and
2% concentrations (compare Fig. 7.17 and 7.18). Sthéstical spreads of the values
measured are larger for oxalic acid etched surtiaae for the sandblasted one, which can
be attributed to differences in the metal micrasite. Oxalic acid etching is a grain

boundary etching and depots are located there.

Etched surfaces take and release more drug thamwiheother surfaces and show a

sustained release compared to sandblasted antbplathed surfaces (Fig. 7.17).

The release of rapamycin from the etched surfabé#g a strong release at the beginning
of the measurements (first four days) and thenrémeaining drug amount is released

continuously in small doses.

The sandblasted and electropolished surfaces peoduenore continuous release of
rapamycin from the beginning but there is no degffeict and all the drug is released from
the surface in a shorter period (21 days and 7,da&gpectively) than for the etched
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surface (42 days). Surface modifications have shawsignificant effect on the release
kinetic of the drug; the greater the surface roegisnthe more drug stored on the surface

and the longer the release time.

Many different approaches have been used to clesizetthe drug delivery from stents,
and the duration of the drug delivery has beenedafRl]. It has been suggested that
vascular smooth muscle cells start proliferatioty @aday after the injury resulting from
balloon angioplasty or stent deployment and up bloua two weeks [124]. Thus it is
believed that antirestenotic drugs need to be edil for at least three weeks [125]. In the
case of sandblasted surfaces almost 30% of thedntg amount is released during the
first three days increasing to 40% after three wedlkched surfaces release rapamycin

over 42 days but at the beginning about 80% of thtay is released.

7.2 Investigation of rapamycin diffusion into porci ne coronary
artery wall

To verify if in vitro and in vivo tests are comphba and to estimate the time from which
the modified surface starts to have an influencely release and its diffusion into the

coronary artery wall, in vitro tests on porcinesaigs were performed.

Special techniques were applied or modified to stigate the diffusion of rapamycin

labeled with anthracene carboxylic acid into theooary artery wall (see chapter 6.5).

Radial and lateral diffusion of the drug into theermost layer of the artery (see Fig. 6.22)

was investigated in a perfusion bath on freshlgeatited porcine arteries (see chapter 6.5).

Based on the evaluation of histological sectiomsrgferfusion for 12, 24 and 48 hours and
comparing with non treated samples a first estiomadif the optimal perfusion duration for
the porcine coronary artery under given perfusiomditions could be determined and was

found to be 24 hours. Artery functionality tests fsashly prepared samples and on
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samples after 24 hours perfusion allowed a moreable assessment on the optimal

parameters on a cellular level.

After 24 hours perfusion, temporal delays as wall aa decrease of the response to
vasoactive substances were obsertvever, cell vitality as well as membrane intggri
could be clearly shown to be decisive for the dmagsport. Parameters for a perfusion

period of 24 hours were reasonable.

Two methods were used to investigate drug diffugiém the coronary artery wall:

- optical: fluorescence microscopy and two photossi@canning microscopy
- chemical: high pressure liquid chromatography (HPLC

In the following section the superficial (surfac@@w of the artery intima is performed by
conventional fluorescence microscopy with ApoTorygteam as well as two photons laser
scanning microscopy (2PLSM) for the evaluationh&f kateral drug diffusion. A schematic

picture for better understanding of the opticakdatpresented below in figure 7.19.

/

ARTERY LAYERy (Xo, Yo, Zo)

ARTERY LAYER; (Xo, Yo Zi)

z

v

Fig. 7.19 The levels relevant for microscopy photographthtinvestigation of the lateral
as well as radial drug release outgoing from theeay intima (%, Yo, %) into more
deep-seated vascular layers, (%, z)-

Evaluation of lateral drug release was accomplishsthg microscopic methods. The
following picture made by using fluorescence micogge, shows on the artery intima the

imprint of a stent coated with labeled rapamyciig.(F.20).
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v

X

Fig. 7.20: Fluorescence microscopy image of the intima (artexyer %, Yo, %, See
Fig.7.19) of a stented porcine coronary arteryttie picture the imprint of the stent coated
with rapamycin is clearly visible due to fluorestébeling of the drug (highlighted with
white line). Blue background is due to the autafissence of the artery and y axes show

the considered area and layer.

-
Vo)

4

Fig. 7.21 Three-dimensional artery location, the intimarisarked red. Left: coronary
artery segment, direction of cut is marked. Rigintery is longitudinally cut and unfolded;
location of sectiona-l is indicated and relate to Fig. 7.22.
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Subsequently, imaging of the radial drug releageantery wall with the ApoTome system
as well as two photons laser scanning microscopy-$&1) took place. In these studies

optical sectioning from deeper artery layers ofxtfeplane was possible (Fig. 7.22).

Cross section of the part of the artery which hadctl contact with stent strut coated with
0.5% rapamycin; 12h perfusion,

Cross section of the part of the artery which hidctl contact with stent strut coated with
0.5% rapamycin; 12h perfusion,

Cross section of the part of the artery which hidctl contact with stent strut coated with
0.5% rapamycin; 24h perfusion

Cross section of the part of the artery which hidctl contact with stent strut coated with
0.5% rapamycin;24h perfusion

B T i R L SO L T e I

Cross section of the part of the artery which hadctl contact with stent strut coated with
1% rapamycin; 24h perfusion

Cross section of the part of the artery which hadlinect contact with stent strut coated with
1% rapamycin;24h perfusion,

Fig. 7.22: Diffusion of rapamycin (white crystals) into theranary artery wall. Pictures
were made using two photons laser scanning micpescBor these illustrations, pictures
of the artery in x-z direction (compare Fig. 7.1&daFig. 7.21) were made.



Results 93

The diffusion of rapamycin is clearly not homogemen the radial and lateral directions
(Fig. 7.20, Fig. 7.22). For the 0.5% drug conceémmain the coating solution the same
diffusion tendency as for the 1% concentration dobé observed. Two photon laser
scanning microscope allowed identification of tEl@genous structures of the artery as
elastic fibres. Hwang and colleagues have alreduywvs with Paclitaxel that these
structures (elastic fibres) show a higher numbarrspecific connection sites in the artery
wall for hydrophobic drugs [35]. The non-uniformudrbinding within the artery wall can
be explained with the nonuniform structural consinn of arteries [55]. It is suggested
that the artery structure is also the reason faarging number at hydrophobic connection
sites which in the intima and the adventitia [3Iese unspecific connections serve as a
reservoir for rapamycin and cause an increase adl ldrug concentration. It can be

observed in Fig. 7.22.

Besides the concentration variations the connedli®s also cause a decrease in the drug
transport through the artery [37]. This can helgxplain the fact that on a microscopic
level the different perfusion duration has no cdesable influence on the penetration

depth of rapamycin.

For the quantitative evaluation of rapamycin diffus into the coronary artery the

following values were determined using mechanicatedure to homogenize the tissue:

- Mg [UQg]: drug amount in tissue
- Mg [ng rapamycin / mg tissue]: drug amount in tisslated to artery weight

These tests were performed on two modified sterfases: sandblasted and oxalic acid
etched. Results of measurements with sandblastéaceuare presented in Table 7.3 and

comparison of surface modifications in Table 7.4.
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Parameter 05%/12h|0.5%/24h| 1%/ 12h 1%/ 24h
Mec[Hg] | 2.61 (+0.31)| 2.67 (+0.24) 2.41 (+ 0.052.38 (+ 0.05)
m
RC [ng/mg]| 13.2 (+1.06)| 11.0 (+2.9)] 19.0 (+7.8) 15.8 (¢3.4)

Table 7.3:Quantitative evaluation of rapamycin diffusionrfrsandblasted stent surface
into the coronary artery wall. Following data wembtained for both 0.5% and 1%
rapamycin solutions and perfusion time of stenteerg 12h and 24h: ms - drug amount
in the whole artery segmentg@/ ms - drug amount in artery tissue related to Imghef t
tissue. There is no significant difference in reswoncerning time of perfusion. Only
concentration increasing of drug in coating solaticesults with more drug detected in
artery tissue.

05%/24h/ 05%/24h/
Parameter . )
sandblasted surfacq oxalic acid etched surface
My [Ma] 2.67 (£ 0.24) 2.31 (£ 0.01)
mR,G
e [ng/mg] 11.0 (+2.9) 12.05 (+ 2.8)

Table 7.4:Quantitative evaluation of rapamycin diffusionanbe coronary artery wall;
comparison of surface modification influence: sdadted and oxalic acid etched stent
surface.

There is no significant difference between diffusiof rapamycin from sandblasted and
etched stents surfaces during 24 h perfusion irotgan bath (table 7.4). At the beginning
directly after stent implantation the type of sedamodification has no influence on the
drug release. As shown in the in vitro measuremwiiteut arteries, drug release from the
surface depots occurred after a few days of costient immersion into Ringer solution.

Due to histological and vasoactivity tests it i$ possible to perform tests longer than 24h
using dissected coronary arteries. For detailediestuof the effect of surface depots in

vivo studies are required.

The consideration of the drug amount found in theue suggests that the release within a
24 hours period is independent on both the drugeatnation in the coating solution and

the stent surface. Possible explanations for teisabiour would be the presence of a
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temporary saturation in the tissue or the initiahghance of the drug crystals released
from the stent surface during balloon dilatationtiBexplanations support the conclusions
reached in the qualitative investigation. Thisnsagreement with the conclusion of Levin

and colleagues [55].

Since within the first 24 hours only the outermdsig layer is in direct contact with the
surrounding tissue, the different reservoirs presenboth stent surfaces investigated

(sandblasted and etched) have no influence onrtlterdlease within the period examined.

The evaluation of the drug amount stored in theugsrelated to the respective weight of
the surrounding tissue provided an average valaeldf ng/mg, which nearly corresponds
to the results obtained from investigations in vjt&2]. In this study the maximum drug
amount released into the artery wall was observethgl the second and third day after
stent implantation [112]. The time lapse from thseirtion of the stent to the achievement
of the equilibrium is only about 60 hours [55]. $himplies that, at earliest only after this
time point different drug concentrations as welteservoirs in stent surfaces may become
relevant. The uncertainties could be solved in itheal case with the help of an
optimization of investigation methods as well as thalization of a large number of trials.
However, the statement can only be applied to hedissue, but not for stenotic vessels

with sclerosis which pose an additional barrierdarg transport.

Clinical studies were performed to prove that s#amtbd stents coated with rapamycin
directly before implantation in catheter laboratcaiye capable to reduce neointima
formation in vivo [112]. These studies have shotat espite high loss of drug from the
stent surface during implantation procedure (sge B and Fig. 7.10) the effectiveness of
rapamycin eluting stents compared with bare me#its is high (Fig.7.23). Rapamycin
eluting sandblasted stents coated with increasmguats of drug significantly inhibit in-

stent neointima formation [112].
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Fig.7.23: Bar graph demonstrating the angiographic restenoaies and the need for post-
operative target lesion revascularization (repeatanary intervention or bypass surgery)
for sandblasted stents coated with increasing ragam concentrations (0.5-2.0%)
compared with bare metal stents[from 112].

Although, to date there is no indication how lomggishould be released and the accurate
drug dosis is also not known a sufficient time peérfor rapamycin to effectively reduce
restenosis is assumed to be in the range of wekKs 139]. Income relevant clinical
studies reported in [112, 116] demonstrated tha& phacement of a polymer-free
rapamycin eluting stent with a sandblasted strtfasa is feasible and safe. All indices of
restenosis improve with increasing drug doses erstent. When compared with the BMS
group, the biologic potency of the polymer-freeaaycin eluting stent reduces the risk of
angiographic in-segment restenosis by a maximurd38b with a corresponding 59%
reduction in the need for target lesion revasczddion (TLR) [116].
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7.3 Influence of the selected polymer properties on drug release

As mentioned previously (Chapter 4.2), the polypraperties play a decisive role in drug
release from devices. Two PDLLA polymers with diéiet molecular weights were

investigated to check the influence of this parameh rapamycin release.

Up to an incubation time of one month, the drugasé from both polymer matrices was
almost identical. After this time the matrix witbwer molecular weight (202H, 16kDa)
releases more drug than the matrix with the highedecular weight (203S, 30kDa; Fig.
7.24). These phenomena correlate with moleculaghwgiMW) changes in the polymer

matrix during incubation in the Ringer solution.

—m— sandblasted surface, rapamycin / PDLLA 16kDa
—A— sandblasted surface, rapamycin / PDLLA 30kDa
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Fig. 7.24: Influence of the polymer molecular weight on themalative release
concentration of rapamycin. Independently of thdahmolecular weight of PDLLA the
drug release increased with degradation of polymatrix.

A correlation between molecular weight changesdmd release could be observed (Fig.:
7.25 — 7.26). For both matrices, independentlyhef initial molecular weight, the drug

release was found to increase with decreasing mialeaeight of the polymer.
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I MwW1 203S
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—m— sandblasted surface, rapamycin / PDLLA 203S 30kDa
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Fig. 7.25: Comparison of polymer degradation (203S, MW= 3@k®ith rapamycin
release from the sandblasted surface. MWblecular weight which indicates degradation.
In the polymer bulk there are present polymer chavhich did not degrade yet as well as
oligomers which refer to polymer degradation. Aftaur weeks in polymer bulk there are
only oligomers with maximum MW of approx. 2000 @M&tectable. With increasing matrix
degradation grade drug release is faster.
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Fig. 7.26: Comparison of polymer degradation (202H, MW= 16kDéth rapamycin
release from the sandblasted surface.
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The degradation of the polymer was investigatedigigiel permeation chromatography
(GPC) calibrated with polystyrene standards. Atiedefined immersion time in Ringer
solution the coated stents were washed using THF the molecular weights were
determined from the solution using GPC (see Chap®B). There are three main peaks

on the GPC chromatogram which represents threeti@tetimes.

The polymer with the lower molecular weight (16kRajperienced significant degradation
directly after start and during the following twanths, while the polymer with the higher

molecular weight (30kDa) did not show any dete@atblange during the first two weeks.

Polymer 202H degrades relatively quickly and camtimsly over two months (Fig. 7.26).
After four weeks only one peak is detected whichregponds to a molecular weight of
approx. 700 Daltons. For the 203S-rapamycin coatimghe sandblasted stent surface the
molecular weight is changes linearly (Fig. 7.25pheTdegradation of the polymer is
significant after four weeks of immersion in thenger solution. Even after two weeks of
immersion the first changes are observable andspeatkesponding to polymer molecular
weights of 1000 and 300 Da appear. After eight settlere are no peaks detectable
greater than 1500 Da what indicates total polynegraidation.

Degradation of polylactides has been broadly dsedisn literature [78,80,93]. Generally
it is said that oligomers having a high moleculaight have a lower biodegradation rate.
Additionally there is one more parameter which I@racteristic in the degradation of
polylactides, namely the crystallinity. In contréstamorphous polgl-lactide, pure poly-
I-lactide exhibits a relatively high crystallinityegree. Wu and Wang et al [120] proved
that during the release there is increase in diysta from 3 to 30% as samples degrade
from high to low molecular weight. Another factafluencing strongly the degradation
phenomena is that PLLA with low molecular weight bigh crystallinity, degrades slower
than PLLA with high molecular weight which exhibitse lowest crystallinity degree.
Crystallinity governs the degradation time, andPat A due to the inversely proportional
degree of crystallinity with the molecular weighihe lower the molecular weight the

slower the degradation and drug release.
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Since PDLLA is amorphous the degradation procepsmf#s only on the molecular weight

and the drug release slows down progressivelyamtiiecular weight increases.

Furthermore, the coating thickness changes in @ime becomes thinner with increasing
immersion time. Lateral sections of stents embedidegoxy resin were observed and the
coating thickness was measured using SEM integsatttdare (Fig. 7.27).

Immersion time = Oh

Coating thickness = approx. 12
pm

i Immersion time = 2 weeks
Coating thickness = approx. 4

pm

Immersion time = 4 weeks
Coating thickness = approx. 2

pm

| Immersion time = 8 weeks
* Coating thickness = approx.1.5

um

25 pm

Fig. 7.27: SEM pictures: Measurement of thickness changeselgmer 203S / rapamycin
coating during release. Example photos of the itiated specimens — for each parameter
at least 10 photos were made to give an averagéngp¢hickness. The coating thickness
decrease continuously with the degradation of pelyamd drug release in time.
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The correlation between changes in coating thickraesl drug release is clearly visible,
but the behaviour at the beginning of the immersloas not strictly correspond with the
results obtained from the molecular weight measergm(Fig. 7.28 — 7.29). For PDLLA

with a molecular weight of 30kDa, changes in molacweight are not detectable after
two weeks immersion in Ringer solution but the cwathickness decreases significantly
(Fig. 7.29). A similarly phenomenon could be obseénat the beginning of the release
measurements for the polymer with the lower mokecueight (16kDa). In addition, in

another period of release (between two and fourks)ea very fast degradation of the
polymer does not correlate to small changes inctbegting thickness (Fig. 7.28). This
phenomenon could be explained due to the relatifedy release of rapamycin at the

beginning followed by a deceleration of rapamye@lease from the polymer matrix.
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Fig. 7.28: Comparison of coating thickness and rapamycin idefar PDLLA with 16kDa
molecular weight. The coating thickness decreasemg stent immersion time in Ringer
solution what corresponds to the fast rapamycireasé in the first two weeks. Then
coating thickness reduces slowly and drug reledse decelerates.
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Fig. 7.29: Comparison of coating thickness and rapamycin isdef@r PDLLA with 30kDa
molecular weight.

7.3.1 Influence of rapamycin on the polymer degrada  tion

The influence of rapamycin on the polymer degrastatvas investigated using the 203S
polymer. Three stents were coated only with the2@8lymer in the same way as the
rapamycin/polymer coatings and all parameters dgedhe release measurements were
identical to those used for the drug/polymer cagirBy comparing GPC chromatograms
of 203 S with and without the addition of rapamyiticould be observed that rapamycin
accelerates the degradation process (Fig. 7.381H.7Authors reporting drug influence on
polymer degradation [121] affirm that the drug amioin the matrix and the effect of the
chemistry of the drug on the matrix degradation mhates the release patterns by

influencing the rate of degradation.

Rapamycin diffusion (dissolution) process starteithiw the first 24 hours after stent
immersion in Ringer solution (Fig.: 7.28) and sitankously PDLLA undergoes the bulk
erosion. The reason for faster degradation of pelywwhen drug is incorporated in coating,
in comparison to degradation of “pure” PDLLA couldd due to the better penetration of
release medium in the bulk of polymer caused bg &paces of released rapamycin.
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Furthermore it can be concluded that the formatiblocal radicals causes a local decrease
of the pH, which can cause an inherent acceleratitine degradation process [121].
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Fig. 7.30: Changes in the molecular weight of 203S PDLLA iagatiuring immersion in
Ringer solution. After four weeks the peak corresisato the molecular weight of approx.
30kDa is still present. Degradation progress iswdip in comparison to the coating
incorporating rapamycin. Firstly after eight wegkslymer degradation is considerable.
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Fig. 7.31: Changes in the molecular weight of 203S PDLLApamycin coating during
immersion in Ringer solution. Drug incorporation ithhe polymer bulk noticeable
accelerated PDLLA degradation. After one month efjrddation tests the biggest
detected peak corresponds to the molecular weigapprox. 2kDa.



8 Conclusion and outlook

Motivation for this work was the development andestigation of safe stent coatings
which allow the customized treatment of stenosigftectively prevent or minimize the
restenosis rate. This could be achieved by impgpuime stent coating method and

optimizing the physical properties of the coatintusons.

The focus of this work was to prove that the oe-gibating of stents with drug and
drug/polymer coatings is possible, reasonable afel Ehe aim was to investigate if there

is a possibility to control the drug release fraens$s coated directly before implantation.

Coating stents only with the drug without any aiddial protective layer is possible and
reasonable only if made directly before implantatibue to the chemical and mechanical

properties of the rapamycin layer, coated stemaatbe stored in the catheter laboratory.

Drug-coated stents available on the market haveodes date of expiration than uncoated
ones and have only one drug dosage which is ugedllfpatients independent of their

disease pattern.

On-site coating can solve simultaneously two proiste first, the therapy can be
individualized for each patient depending on thdisease pattern and second, it is
economically advantageous for hospitals not to havaore a large number of stents with
different properties. Required are only stent platfs with the appropriate geometry and

size which can subsequently be coated with theiredjdrug amount.

In summary the control of drug release from corgrsents is possible and can be done in

two ways:

- surface modification
- addition of biodegradable polymers
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A combination of the following parameters, surfao@difications and different drug
amounts in the coating solution without any barléer, results in fast drug release. For
stents coated only with rapamycin, the release \nehdepends on these parameters and
varies from seven days for an electropolished sartabated with 1% rapamycin solution

to 40 days for an oxalic-acid etched surface coaidd 2% drug solution.

Sandblasted stents coated with rapamycin diredfgre implantations were investigated
in first short-term human trials and showed reauctf restenosis incidence in comparison
with non-coated bare metal stents [112]. Polymelitaxh to stent coatings with rapamycin
resulted in slow release kinetics of the drugiterature there has been some concern over
the suitability of using polymers in stent coatimyge to the inherent risks of inflammatory
responses [1]. In fact the use of a stable andréiieally inert polymer as a stent coating

has been shown not to assure long-term biocompitifa].

The release pattern of rapamycin depends on theadiigon time of amorphous PDLLA
and drug uptake into the polymer matrix. Polylaesiderve as a decelerator of drug release
compared with drug-coated stents (DC-stents). Petyr@pamycin coatings release less
drug in the same time intervals than non-polymenes and exhibit elongation of total

drug release time.

Based on the results of this work, the stent cgatievice should be improved to ensure
more reproducible coatings especially for polymergdmixtures. In general, the new
concept of customizing the stent drug coating thibm restenosis was successfully
developed and investigated. Moreover the coatinghate could be used not only for

rapamycin, but also for other agents, in combimatiith other surface modifications.

To reduce the restenosis rate after stent implantaiot only properly coating should be
taken under consideration, also stent design anchamécal properties of stent material

should be better investigated and improved.
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Ach
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BMS
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DMAP
D
EtOH
FKBP12
FTIC
FTIR
GPC
HPLC
HUVEC
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ISAR
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kDa

area of the controlled release device exposéldetoelease medium

Artificial Blood Circuit
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initial drug concentration
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initial drug permeability
drug diffusion coefficient
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Drug-Eluting Stents
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Z
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Percutaneoud ransluminalCoronaryAngioplasty
polyvinyl chloride
RamusCircumflexus
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Appendix
Appendix Al: Calibration curves of rapamycin for UV-Vis measurements

The concentration measurements of released rapamarie carried out with the help of
an UV - Vis — Spectrometry. First a calibration v@irwas established. Moreover 14

different concentrations were produced by rapamyctifetrahydrofuran (THF). With the
measurement 14 data points resulted (Fig. A1.1).

®  rapamycin THF 1

i ® rapamycin THF 2

0,016 A rapamycin THF 3
linear fit e

0,014
0,012
0,010

0,008 H

concentration [mmol/l]
o o
o o
o o
N »
| |

0,002 H Amo

0,000 ; , : , : , : , . ,
0,0 0,2 0,4 0,6 08 1,0

extinction

Fig. A1.1: Calibration curve of rapamycin in THF. UV-Vis sp@scopy
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The corelation between absorption and concentrateon be desribed by the Lambert -
Beer'sche law (equation Al.1)

where:

I: intensity of the incident light
lo: intensity after the material
&: extinction coefficient

d: thickness of specimen

C: concentration

Due to the correlation between extinctior ((I)) and concentration (c) is a linear function
in the Lambert - Beer law, it is possible to tracéine of best fit by the measured data
points.

From the given equation the concentration of thgamaycin solutions can be calculated
directly.

Other calibration curve for rapamycin solved in g&insolution was identically provided.
(Fig AL1.2).
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B rapamycin Ringer solution 1

A rapamycin Ringer solution 2
0,040 ® rapamycin Ringer solution 3
linear fit

0,030 4 Concentration = 0.0219*Extinction + 0.0007

concentration [mmol/I]

: : —r : :
0,0 0,2 0,4 0,6 0,8 1,0 1.2 1.4 16 1,8
extinction

Fig. A1.2: Calibration curve of rapamycin in Ringer solutid#\vV-Vis spectroscopy
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Appendix A2: Example of counting of rapamycin lostfrom coating process to

expansion int the air on in the artificial blood crcuit

Stent surface: sandblasted

Stent length: 12mm

Stent surface: 19.4 nfm

Coating solution: Rapamycin 1% = 10mg rapamycif ml ethanol

Rapamycin amount needed to coat 12mm length stent:
0.25ml of 1% solution = 2.5 mg rapamycin

Rapaoow = 2.5mg

Rapamycin amount needed to coat 12mm length stémd/mnf]
Rapa, 025 m (Eq. A2.1)
Rapa.| MY }z o35 _ _ =o.12€{ Y }
pa}o(%[ mnt stentsurface 194 mnt

Rapaioos = 0.129 mg/mm = 100%

Rapamycin amount after coating on unexpanded steanped on the balloon:

Rapas:+=0.0258 mg/mm = 20%

Eg. A2.2
Rapa,, = Rapa,, 100% _ 0.0258100% _ .. (Eq )
Rapa,gy, 0.129
Rapamycin amount on stent after expansion in the ai
Rapa;= 0.01806 mg/mm
Rapa, 100 _ 0.01806100% (Eq. A2.3)

=14%

Rapg, =
P Rapa,y, 0.129

Rapa,;;=0.01806 mg/mri = 14%
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Rapamycin amount on stent after expansion in ttical blood circuit:

Rapagc= 0.0162 mg/mrh

Rapa,. = R2P3uc 100% _ 001621006, o\
oe Rapa,gy, 0.129

(Eq. A 2.4)

Rapaasc=0.0162 mg/mm = 12.6%



