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ABSTRACT

Presently, stents are the primary practice to treat coronary artery blockage. However, in-
stent restenosis remains a problem that affects approximately 10-30% of patients with
bare metal stents (BMS).!? To mitigate this problem, BMS are coated with either drug-
eluting (active) or a biologically inert (passive) coatings to provide anti-biofouling
properties. Plasma based surface modification is a method used to impart specific surface
properties on medical devices. Coatings produced by plasma-enhanced chemical vapor
deposition (PECVD) techniques are known to be effective at reducing cell adhesion,
similar to conventional solution-based coating methods. Despite radio frequency (RF)
power supplies being the most commonly used power generator for PECVD, there are a
couple of drawbacks to this power source: 1. difficult adaptability to large scale industrial
processes; 2. limited control of deposition process. Instead, pulsed-direct current (DC)
PECVD is more translatable to industrial processes and has been shown to allow for more
selective fragmentation of chemical precursors due to the use of short duty cycles. In this
work, plasma-polymerized hexamethyldisiloxane (HMDSO) coatings were deposited on
flat stent-like material with pulsed-DC PECVD and evaluated as anti-biofouling coatings
to inhibit or promote accumulation of specific cells to the surface. The anti-biofouling
coatings were prepared at three different flow rates of HMDSO (2, 2-3, and 3 g/hr) and
two different voltages (1000 V and 1500 V). The interaction of human umbilical vein

endothelial cells (HUVECs) and human coronary artery smooth muscle cells

XV



(HCASMC:s) was investigated on the coated surfaces after 2 and 7 days of incubation.
Two fluorescent stains, 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) and
CytoPainter Phalloidin iFluor 594 were used for imaging the nucleus and cytoskeleton of

the cells adhered to the surface.

Our results show that the coating chemistry, thickness and wetting properties are
adaptable with respect to the applied voltage and monomer flow rate. An organosilicon
polymer-like (1000 V) and silicon oxycarbide (1500 V) coating were deposited on 321
and 316 L stainless steel foil. An average water contact angle at 3 g/hr at 1000 V and
1500 V was 97 © and 75 °, respectively on 316 L stainless steel foil, indicating a
statistical difference. The cellular response of HUVECs and HCASMC:s to the two
different coated stent-like materials on deposited at 3 g/hr flow rate at 1000 V and

1500 V 316 L SS revealed a reduction in HCASMC cells adhering and proliferating
across the organosilicon polymer-like coating (3 cells/mm? after 2 days and 7 cells/mm?
after 7 days in comparison to uncoated 316 L SS foil (10 cells/mm? after 2 days and 18

cells/mm? after 7 days).
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1. INTRODUCTION
1.1 Motivation
Coronary artery disease (CAD) is the leading cause of death in the US, accounting for
nearly 43.8% of deaths.> CAD is triggered by the build-up of plaque on the walls of the
arteries in the heart and other parts of the body, a process known as atherosclerosis. The
accumulation of plaque on the artery walls causes the artery to narrow, thereby partially
or completely blocking blood flow and potentially leading to a heart attack (myocardial
infarction). Bare metal stents (BMS) are used to remedy CAD; however, in-stent
restenosis (the obstruction of the blood vessel within the stent) and thrombosis (formation
of blood clots) may arise, leading to the need for a second intervention to reopen the
obstructed artery in the best-case scenario, or to a myocardial infarction or even death in

the worst-case scenario.

Restenosis is triggered by biofouling, i.e. an accumulation of proteins and cells on the
blood vessel or stent. Generally, the surface functionality of the stent material,
established by its surface chemistry, controls the extent of biofouling occurrence. A
coating may alter the surface chemistry. For example, anti-biofouling coatings can be
used to mitigate protein and cell accumulation on BMS. Two of the main problems
associated with anti-biofouling coatings on BMS are 1) non-specific inhibition of
proteins and cells; 2) coating uniformity on 3-D samples. In this project, we addressed
the problem of non-specificity of anti-biofouling coating using pulsed-direct current (DC)

plasma-enhanced chemical vapor deposition (PECVD).



1.2 Overall Research Project

Anti-biofouling coating’s work to prevent the accumulations of macromolecules, micro-
organisms and patient’s cells on biomedical devices. This research focuses on the
preparation of anti-biofouling coatings that will regulate the adsorption of specific
proteins and adhesion of specific cells onto samples relevant to cardiovascular stents. In
particular, an array of anti-biofouling coatings that vary in chemical composition and,
consequently, physical properties are fabricated from biocompatible organo-silicon by

modulating key PECVD process parameters.

This study hypothesizes that pulsed-DC PECVD could be used to tailor the surface
chemistry on a sample by altering the process parameters such as voltage and gas flow
rate to generate coatings with hydrophobic and hydrophilic properties. When the voltage
and gas flow rate increases the coating is hydrophilic, as opposed to hydrophobic when

the voltage and gas flow rate decreases.

In this work, anti-biofouling coatings with a carbon-silicon-oxygen backbone (shown in
Figure 1) are prepared by plasma enhanced chemical vapor deposition employing

hexamethyldisiloxane (HMDSO) as the coating’s chemical precursor.



Figure 1. Schematic of the HMDSO-coated sample in an aqueous media of cells and
proteins.
1.3 Specific Aims
The following specific aims were addressed in this project:

1. Design and fabricate coatings to prevent biofouling using pulsed-DC plasma
enhanced chemical vapor deposition (PECVD). The coatings were prepared by
pulsed direct current PECVD using the chemical precursor HMDSO.

The coating’s wetting properties ranged from hydrophobic to hydrophilic to
enable correlation between the coating’s chemistry and prevention of biofouling
in the next aim. The precursor flow rate and applied voltage were studied to
demonstrate the governance of the plasma chemistry in the presence of pulsed-DC
power source to achieve an array of coating chemistries on flat samples. The
coating thickness, wetting properties, and chemical composition were determined.

2. Perform in vitro studies to establish the correlation between coating

properties and the coatings’ ability to inhibit or promote accumulation of



specific cells. The interaction of human vascular endothelial and human coronary
artery smooth muscle cells with the samples was evaluated using fluorescence
microscopy to assess the number of cells adhered on the surface of coated and
uncoated samples. The correlation between coating properties and cell adhesion

was determined.

1.4 Dissertation Outline

Chapter 2 describes the background relevant to coronary artery blockage with respect to
the coatings utilized on stents for the prevention of biofouling. A brief introduction of
antibiofouling coatings used in medical applications is presented along with an overview
of plasma-based surface modification techniques used for biomedical applications.
Chapter 3 describes the plasma chamber and deposition process used in this study along
with the power supply. After that, the physical (goniometer and profilometer), and
chemical (Raman) techniques that were employed for characterization of the coatings are
summarized. This is followed by the results associated with plasma deposition of
HMDSO through the use of pulsed-DC PECVD. Our results show that the coating
chemistry, thickness and wetting properties are adaptable with respect to the applied
voltage and monomer flow rate. Chapter 4 describes the investigation of the interaction
of vascular endothelial and smooth muscle cells with the coated samples described in the
previous chapter. Additionally, characterization of the adhesion to and proliferation rate
of the cells on the samples was performed. Chapter 5 summarizes the results of the work

presented in the previous chapters and provides a prospective on future research.



2. BACKGROUND & IMPACT
2.1 Use Of Stents In The Treatment Of Coronary Artery Disease
Affecting around 16.7 million people in the U.S., coronary artery disease (CAD) is
regarded as the number one cause of death in the U.S..* Furthermore, the common cause
of CAD in about 50% of patients is atherosclerotic plaque buildup in the arteries.?
Atherosclerotic plaque consists of lipids, cells (smooth muscle cells), fibrous tissue
(collagen fibers), and debris that accumulates on the interior walls of the coronary artery,
reducing blood flow to the heart. To remedy coronary artery blockage, percutaneous

coronary interventions (PCI), specifically balloon angioplasty and stents are the primary

6
practice; yet, in-stent restenosis (ISR) remains a problem in (PCI), afflicting

approximately 10 — 30 % of patients with bare metal stent (BMS) implants and ~ 5% of

patients with drug-eluting stent (DES) implants.!-’

The first successful PCI took place in the late 1970’s, when Andrea Gruentzig expanded
a small section of a patient’s artery with a polymeric balloon, revolutionizing the
treatment for CAD.%° A catheter tube is inserted into the patient’s blood vessel via there
wrist or groin. The catheter tube is then guided toward the heart. Once in place a
contrasting dye is injected to view the blocked artery. After the occluded section of the
artery is found, another catheter tube is passed over the guidewire and is inflated in the
area of blockage and then removed. The inflated catheter, polymeric balloon angioplasty,
will only temporarily expand the arterial wall to improve the blood flow. Typically,
within 6 months plaque builds up along the wall occluding the vessel again. To improve

on the accomplishments of the initial PCI, tubular mesh’s known as stents may be placed



over the balloon angioplasty and permanently or temporarily positioned to widen the

blocked artery.

Stents are implanted into the blood vessel to alleviate narrowing (stenosis) resulting from
plaque buildup on the blood vessel walls. However, it became evident that an alternative
healing response arose due to the stent. Following stent implantation, a physiological
response is triggered, followed by an inflammatory response. This incident can be
attributed to vascular damage by the stent to the arterial wall, thereby removing the
protective endothelium lining and revealing the smooth muscle cells (SMC) to

constituents in the blood. 10-14

The trauma to the arterial wall tissue quickly initiates an
inflammatory response, known as neointimal hyperplasia. Neointimal causes protein
adsorption and coagulation and SMC’s proliferation and migration toward the lesion,

resulting in the formation of a film of coagulated fibrinogen and SMC’s around the

surface of the stent.

Figure 2 depicts initial atherosclerotic lesion, implantation of the stent, and neointimal
hyperplasia leading to in-stent restenosis, all within a blood vessel. These events lead to
scar tissue development within the stent and the potential for blood clot formation.
Thereby compromising the performance of the stent and leading to the need for a second

procedure which includes stent removal and reopening of the occluded vessel.



Figure 2. The progression of restenosis within a blood vessel prior to and after stenting.!?

Three types of stents that are used to alleviate plaque-build in the artery will be described
in the next few paragraphs: 1) bare metal stents (BMS); 2) actively coated stents; and

3) passively coated stents.

In 1986 the first BMS was implanted into a human coronary artery using a self-expanding
stainless steel stent.!> Although the implantation was considered a success, the use of the
stent was limited due to issues with deployment (elastic recoil). The stainless-steel stent
technology was further developed by Palmer and coworkers through the use of a balloon
expandable stainless steel stent system.®!> The recoil issue was reduced with this system.
Also, the onset of plaque buildup (restenosis) in the arteries was lengthened. However
there were still a significant number of drawbacks as result of these stents being used

such as restenosis, stent thrombosis, failed deployment, and embolism. !¢
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BMSs (depicted in Figure 3) are generally offered in assorted metal composition,

different strut thickness, varying designs and geometries, and may be treated with a

16,18,19 L s
coating to improve their biocompatibility. BMS’s are porous mesh structures that

were initial made of corrosion resistant 316 L stainless steel. However flexible, shape
memory, and degradable materials such as cobalt chromium, nitinol and magnesium alloy
emerged. While 316 L has excellent resistance to corrosion and is considered
biocompatible, it’s ISR rates are high, between 15-20%. To prevent biofouling, or the
chronic aggregation of protein and blood cells on BMS, surface properties such as
material composition and structural design need to be carefully considered. The
overarching goal is to have a fully functional layer of endothelial cells encompassing the
luminal surface of the stent. This endothelial cell layer has been shown to prevent the

12,20-22

onset of thrombosis and reduce the occurrence of ISR, 1223726

Figure 3. Assortment of bare metal stents.

2.2 Antibiofouling Coatings
To overcome the high rate of ISR, anti-biofouling surface modification techniques by

way of active or passive coatings are applied to stents, such that active coatings interfere



with intimal hyperplasia while passive coatings block interaction between the blood

vessel and stent material.?’

Stents with active coatings also known as drug eluting stents (DES), elute

12 12 ,
immunosuppressive or anti-proliferative drugs (paclitaxel, zotarolimus, sirolimus,?

and heparinzg) to regulate cell adhesion, thereby preventing excess tissue growth inside
and outside the stent that would lead to the re-narrowing of the artery and clotting within
the stent. Typically the drug is loaded into the pores of the base metal or chemically
attached to a permanent and/or biodegradable polymer such as poly(styrene-b-

isobutylene-b-styrene) or poly(L-lactic acid), respectively.

In order for the drug to be effective in a DES, it needs to be released for at least 30 days.
The inorganic coating or metal pore size and density are used to control the release rate of
the drug, whereas the drug release rates from polymer-coated stents depends typically on

physical mechanisms including drug diffusion through the polymer, degradation of
: , 30,31 .
polymer, polymer relaxation and osmotic pressure. Typically drug release from DES

lasts between 3 and 9 months 2 and, after that, the polymeric coating serves more as a
passive coating. After DES implantation, it is recommended that oral dual anti-platelet
therapy (DAPT) (aspirin plus a P>Y12 inhibitor such as clopidogrel, prasugrel, ticagrelor,
or cangrelor) be taken for at least 12 months. The length of time for DAPT is still being

debated with some studies indicating that 3 months of DAPT is enough for patients with

33,34
stable coronary disease.



The first generation of DES, i.e. those coated with a permanent polymer, have been
reported to exhibit a higher decrease of ISR than bare metal stents, albeit with a slight

increase risk of late stent thrombosis and very late stent thrombosis after discontinuing

DAPT.6 The occurrence of stent thrombosis can cause major complications that may lead
to myocardial infarction, resulting from accumulated platelets and coagulated proteins
reducing or blocking the flow of blood. Research to improve the efficacy and safety of
DES has experienced exponential growth since their first generation of DES with second,
third and fourth generation DES now being developed and evaluated. The four

generations of DES are shown in Figure 4.

1st & 2nd Generation 3¢ Generation 4% Generation 4t Generation
DES with Permanent Polymer Coating| | - DES with Biodegradable Coating Polymer Free DES Bioresorbable Stent
Artery Artery Artery
Artery T

Stent strut Drug Stent strut Drug Stent strut Drug Scaffold strut  Drug

Polymer coating Polymer coating

Stent strut Stent strut Stent strut

Stent dissolves

Polymer coating

Figure 4. Drug eluting stents

Recent studies on second generation DES demonstrate a reduced risk of late stent
thrombosis through the use of new drugs and stent platforms (i.e. material composition
and design). Second generation DES also demonstrate a superiority to BMS in reducing

ISR.!3*> To improve the biocompatibility of stents, third generation DES replace the

10



permanent polymers employed with a bioresorbable polymers such as poly (L-lactic
acid). However, a key issue experienced with third generation stents is stent thrombosis,
which may result from polymer-related inflammation and hypersensitivity.*®* While,
fourth generation DES is a mix of polymer-free stents using stainless steel platform, and
biodegradable stent platforms centered on poly(L-lactic acid) or magnesium alloy. A list
of bare metal stents and a few 1st, 2nd, 3rd, and 4th generation drug eluting stents are

provided in Table 1.

In the era of DES, why look at passive coatings for BMS?

Even though drug eluting coatings are on the rise, there are still issues such as poor or
delayed endothelization, and long-term use of DAPT for patients with high bleeding risk.
Figure 5 highlights the concerns of DES and BMS in the blood vessel. In addition, a
hotly debated issue in healthcare industry today is “cost”, which is much higher for DES

than BMS.

Drug-Eluting Ster

Partially endothelialized
struts

Restenosis

Figure 5. Comparison of bare-metal stent and drug-eluting stent in the blood vessel.
Reproduced with permissions from Drug-eluting Coronary Stents Promise and
Uncertainty, Copyrights Massachusetts Medical Society.’’
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Passive coatings (PCs) are considered to have a less complex design at a lower cost and

1
less long-term safety issues than DES. PC’s are typically designed to be biologically
inert and prevent protein adsorption and vascular smooth muscle cell adhesion.
Coating chemistries that have shown promise at reducing restenosis and accelerating

endothelialization are titanium nitride oxide, silicon oxide, silicon carbide and

carbide.38411 Biotronik’s Pro-Kinetic stent, which uses an amorphous silicon carbide
coating was designed to reduce thrombosis by applying a protective coating to preventing
ion release and reducing select protein adsorption and smooth muscle cells adhesion
while at the same time increasing endothelial cell adhesion. This coating was applied
using silane, methane, and phosphine chemistry using a plasma deposition method.
Furthermore, passive coatings such as silicon oxide or silicon carbide can serve as a
protective coating, act as carriers to release drugs or can be coated together with a drug
incorporated polymer. For example, Orsiro stents by Biotronik uses a passive amorphous
silicon carbide coating (Pro-Kinetic), along with an immunosuppressive drug sirolimus

incorporated within a biodegradable polymer poly(L-lactic acid) topping.**#

In this work, we investigated the anti-biofouling properties of different organo-
silicon coatings applied to relevant stent samples (316 L SS) using PECVD.
Furthermore, we assessed the effect of the coating chemistries generated by pulsed-

DC on the coatings’ surface properties and biological performance.
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Table 1. Bare metal, passively coated and drug eluting stents.

Stent Name Type of Stent Composition Type of Coating Drug/release rate Restenosis
N/A BMS 316 L Stainless Steel N/A N/A 15-20 %
N/A BMS Cobalt-Chromium N/A N/A 16.8%*

PRO-Kinetic Passively 1 ¢palt-Chromium Silicon Carbide N/A 28.1%*

Energy coated BMS
. Passively . - . 33.3%at 6
Axetis coated BMS Stainless Steel Silicon Oxide N/A months?6
Poly-ethylene-co-vinyl 70
Cypher DES (.1 st Stainless Steel acetate/poly n-butyl Sirolimus (30 days) 4-7% afti§ 4
generation) months
methacrylate
-D- o
Taxus DES (.1 st Stainless Steel . Poly(styrene-b Paclitaxel (30 days) 3.7 % aftfr !
generation) isobutylene-b-styrene year
- = 5
ResoluteTM DES (2.nd Cobalt-Chromium BioLinx tr1. Polymer Zotarolimus 40% at498
generation) coating months
— - -
Xience DES (an Cobalt-Chromium Vinylidene fluoride and Everolimus 18.2 % at;toer 10
generation ) hexafluoropropylene years
Yukon PC DES (3rd Stainless Steel Poly-DL-lactic acid Sirolimus (30 days) 20.3% after 10
generation) years®”
Orsio DES (3rd Cobalt-Chromium Silicon Carbide/poly-I1- Sirolimus (30 days) 3.2 % after 3
generation) lactic acid polymer years®!
Absorb DES (4th N/A Poly-I-lactic acid Everolimus 6% at 3 years®>%
generation) polymer
BioFreedomTM DES (4th Stainless Steel N/A Biolimus (2 days) 6.7% between 1
generation) year and 5
years®*

www.stentys.com; www.bostonscientific.com; www.medtronic.com; www.Biotroniks.com




2.3 Plasma Surface Modification

Plasma is known as one of the four states of matter, occurring naturally in the universe.
It is an ionized gas that contains an equal number of positively and negatively charged
particles, ions and electrons respectively, that move freely and randomly in an unbound
gaseous state. In particular, the energy from an electrical source is built up from electron
collisions and then imparted onto neutral gas particles, causing the formation of charged
particles. The accumulation of charged particles consequently generates a non-thermal
plasma where the electron temperature is at least 1 eV (11,604 K). Laboratory plasma is
used to remove material or deposit material onto the surface of a sample such as stainless

steel.

Plasma-based surface modification techniques are widely used on biomaterials to alter
surface properties and ultimately enhance device performance.>® Specifically, many low
vacuum and atmospheric plasma processes have been used to deposit biofouling and anti-
biofouling films on the surface of biomaterials to modulate cell adhesion and

35-57 Plasma

proliferation, control protein adsorption and improve blood compatibility.
processes, such as plasma sputtering, plasma implantation, plasma deposition, plasma
spray, and atmospheric pressure plasma present advantages and disadvantages, making

them uniquely suited for biomaterials applications.’® A description of the plasma

processes in addition to their advantages and disadvantages are outlined in Table 2.
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Table 2. Comparison of low vacuum and atmospheric plasma processes.

Environment

Plasma

. T Description Pr n Referen
(Pressure) Technique ypes escriptio 0s Cons eferences
. L iti
Low pressure sputtering method uses ow deposition
C rate, takes a long
energetic ions from plasma to sputter time to coat
the cathode target in the electric field sample: line-of-
Plasma and a magnetic field to trap the Predictable and mp'e,
. Magnetron : . sight process, 10.11.59
sputtering . electrons to increase the collision rate stable film . C 1
" sputtering . o limited number
deposition between electrons and sputtering gas deposition
> of samples and
molecules, consequently depositing .
. poor coating
the target material on the sample
coverage on
surface.
complex shapes
Poor uniformity;
Low vacuum Plasma line of sight;
. .. Surface modification via Good for 2-D alters the crystal 10.55.59-61
immersion ion . ) . . 55,
. . implantation of high-energy ions samples structure of the
implantation
sample below the
surface
Plasma ;
implantation ) L Non-line-of-
Formation of films by combining ion sight process;
Plasma implantation and plasma deposition | combines plasma | Alters the crystal
immersion ion forming inorganic and organic deposition and structure of the 10.60.61
implantation coatings that can be doped or ion implantation, | sample below the

& deposition

embedding nanoparticles on the near-
surface of a sample.

modifies sample
surfaces with
irregular shape

surface.
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Table 2. Continued. Comparison of low vacuum and atmospheric plasma processes.

Environment Plasma
. T Description Pr ns References
(Pressure) Technique ypes escriptio 0s Co
Low temperature,
. -y -line-of-sight .
A plasma source is used to initiate the hon-ine-oF-sight, High cost of
. . . high controllable . .
Plasma enhanced formation of ions and radicals at the i equipment;
. . . . deposition rate; . 1062
chemical vapor solid surface/gaseous interface leading oreanic and compressive and :
deposition to a new layer formed (organic or & . residual stress in
. . , inorganic
inorganic) on the sample’s surface. films.
compounds can be
deposited.
A plasma source is used to generate a
Plasma gas dlsf:harge that 1nduces the formation High retention of .
L of radicals at the solid surface/gaseous ) . High cost of 10.1155.59.61
polymerization . polymeric functional . 115,99,
monomer interface, then randomly equipment.
based on PECVD . groups.
recombines to form a polymer
(organic).
Plasma - -
Low vacuum .. Radicals are created on a polymer Polymer must exist
deposition .
surface after exposure to plasma, Short modification on sample surface
Plasma grafting | followed by exposure to a monomer gas | time, only affects prior to plasma 35396163
or a solution of monomer, thereby polymer surface. treatment, poor
producing a graft copolymer. repeatability.
Simultaneous gas and metal plasma Films with multiple
Dual pl.a.sma deposition is used. to produce a ﬁ]m compogltlons, large Low growth rate. 55
deposition composed of multiple elements with | area, uniform plasma
varying compositions. deposition.
. o . Surface topography
A laser beam is used to generate a Stoichiometric .
.. varies from smooth
plasma plume near the surface of a composition of .
. . .. to micro-roughened, 1155
) target. Particles are ejected from the target composition Slow deposition rate ;
Laser ablation target and transported to the sample transferred to b ’
. high local area
producing a film. sample.

temperature.
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Table 2. Continued. Comparison of low vacuum and atmospheric plasma processes.

E?IZ; Z(s);l;l:)n t chl;ll::il(l;e Types Description Pros Cons References
A high temperature (>10,000°C) .
. e High
plasma jet, along with injected temperature
particles are subjected to an thjckpcoa tin ’s
Plasma Thermal plasma | extremely high heating rate for a few | Greater treatment sam 1e’sg ’ 5559
sprayin, spra seconds, creating molten particle depth P
praymg pray g P ep structural
droplets that are propelled toward
. profile may be
the sample surface forming a
- altered.
coating.
Inhomogeneou
Plasma treatment consist of two s plasma
Corona plasma parallel electrodes with a narrow gap | Treat large parts, | treatment of
dischgr . between, one cylindrical shape and the interior surface; ol
g electrode and a knife shaped of 3-D parts Plasma is
electrode. narrow, small
. treatment area.
Atmosph -
OSpCHe Operated at high
Diclectric Plasma treatment consist of two Cfrz(s:is:;‘rlz,l
Atmospheric barrier parallel electrodes with a narrow gap (Iz)ou led Y Plasma is
ressurep lasma discharee between, where either one or both o uin'Ir)1 AC narrow, small 61
P P g electrodes are coated with dielectric quining treatment area.
(DBD) material voltage, plasma
’ is uniformly
distributed.
Uniform and
Atmospheric stable in Transformatio
pressure glow | Low voltage applied across balanced comparison to n of glow o 6l
. . DBD, low gas arc, plasma is
discharge/ electrodes at high frequency. 1
lasma jet temperature and | narrow, sma
P high electron treatment area.

temperature.




Plasma enhanced chemical vapor deposition (PECVD) process is performed in a low
vacuum environment. The coating may be deposited onto a sample when plasma is
generated using a gas precursor and an electrical source. An organic or inorganic coating
may be formed depending on the precursor and experimental conditions. When an
organic coating is deposited, the PECVD process is referred to as a plasma
polymerization and the precursor is identified as a monomer. The plasma polymerization
process alters low molecular weight monomers into high molecular weight polymers by
plasma activation of the monomer into radicals and then recombination of the molecules
to form an active polymer chain. Since the monomer is fragmented in the plasma the
deposited coating may have a different chemical structure and elemental composition
make up from conventional polymerization of monomers. Monomers such as methane,
acetylene, silanes, and siloxanes are typical carbon and carbon-silicon based precursors
employed in plasma polymerization. Plasma polymerization is a promising technique for
depositing anti-biofouling coatings onto medical devices since it produces very thin

coatings that retain the monomer’s functional groups.

Capacitively coupled plasma (CCP) systems are the most commonly used plasma
processes in the industry. In these processes, two electrodes are separated by a small
distance, with one of the electrodes being connected to a power supply and the other to
ground. The monomer used to generate the plasma may be excited by different types of
electrical sources such as radio frequency (RF), direct current (DC), or pulsed-DC. When
the gas monomer flows through the two electrodes (anode/cathode), as depicted in
Figure 6, different species are generated, including electrons, ions and free radicals

(unpaired electrons).
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Chamber

Figure 6. General schematic of plasma enhanced chemical vapor deposition (PECVD)
chamber.

To sustain the plasma, molecules of the gas may be converted into ions as a result of
collisions with the electrons.

IMA (gas molecule) + e~ (electron) - MA™ (ion) + 2e7]

Similarly, gas molecules in the ground state may be promoted to various excited states

after colliding with a single or multiple electron as the kinetic energy is transferred.

IMA (ground state) + e~ - MA*(excited) + e

Now within the plasma there are multiple types of collisions that may occur:

Electron—electron
Electron—neutral gas molecule
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Or electrons may transfer only a charge to gas molecules

e~ + MA(gas molecule) > M~ + A

Or gas molecules may undergo dissociative attachment or ionization

MA(gas molecule) + e~ -> M + A~
e"+MA > M*+A+2e”
As well as
Positive ion—neutral gas molecule collisions
Negative ion—neutral gas molecule collisions

An example of electron -neutral gas collision such as methane will be discussed in the

next few paragraphs.

The most commonly used power source for plasma generation is radio frequency (RF),
generating a continuous waveform. The sample bias voltage is a key parameter in
controlling the plasma polymerization process conditions. Typically, the voltage applied
by a RF power supply is low in comparison to that applied in DC processes. Pulsed-DC
power supplies serve as alternative technique to traditional RF systems, in that higher
voltages can be achieved and more process control is attainable by pulsing the voltage on
and off. Pulsing greatly decreases the potential required for arcing at the higher voltage

and controls the gaseous collisions of the precursor molecules.

Most of the literature reports the use of RF-generated plasma to deposit anti-biofouling

coatings.**41:646% Silicon oxide, titanium oxide and carbon-based coatings that have been
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deposited onto biomedical samples using varying RF power result in slightly different
coating compositions and physical properties depending on the fragmentation and
rearrangement of species generated in the plasma.®*%%70 New ions are generated through
collisions of the carrier gas molecules (such as Ar) with ions of the precursor gas in the
plasma. Precursor gases such as methane are present in abundance in comparison to the
carrier gas. Precursor gas molecules like methane are ionized, fragmented and rearranged.
The ionization and dissociation scheme for methane is shown in Figure 7.”! The most
prominent species that may be generated in pure methane plasma is shown in Figure 8.72

The reactive species consist of free radicals, and positive and negative fragmented ions.

The free radicals recombine forming covalent bonds increasing the size of the molecule'73
The coating deposited on the surface consist of free radicals, which produces a new
surface chemistry on the sample. The operating parameters such as RF power, voltage,
gas pressure, and temperature can influence the different species generated in the plasma.
Consequently, these parameters may be tuned to optimize the chemical and physical

properties the deposited coating.

CH, + 2e” (1)
CH;+ H+ e~ (2)
CHy,+ e —-4'CH,+ Hy, + e~ 3)
‘CH+ Hy+H+e~ (4)
CHy ()

Figure 7. Species generated in the ionization, dissociation and electron impact process
of methane.

Figure 8. Most prominent species that may be generated in pure methane plasma.
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There are a few articles that discuss the effects of low and high RF power on a precursor,
concluding that an inverse relationship exists between power and precursor functional
group retention!!*%7* For example, when methylacrylate is polymerized by RF plasma at
lower power, the ester functional group is retained; however, at higher power, the ester
functional group is lost.”* Other operating conditions such as power, gas flow rate, non-
reactive gas identity and concentration, and deposition time enable one to tailor the

properties of the coatings.®®

2.4 Radio Frequency And Pulsed-Direct Current Power Sources

Radio frequency (RF) power supplies with a frequency of 13.56 MHz, which is generally
reserved internationally for industrial power supplies, are typically used on CCP systems.
RF, DC, alternating current and pulsed-DC are a few of the power supplies that drive
CCP systems. RF power supplies can be used with most materials; however, they are
typically used to deposit dielectric material. Dielectric materials are insulators such as
silicon oxide or aluminum oxide, which are used to coat small parts. DC power supplies
are used mostly for depositing metals; however, in some cases they may be used to

deposit dielectric material.

In contrast to RF, DC uses higher voltages (1.0 kV — 800 kV) than an RF source (10 V —
2.5 kV). At higher voltages the deposition rate is increased leading to faster breakdown
of the chemical precursor. When a dielectric material such as silicon oxide or aluminum
oxide is placed in an electrical field, current does not flow through the material as it
would through electrically conductive materials like metals due to its behavior as an

insulator. Breakdown of the dielectric material may occur as a result of concentrated
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applied voltage exceeding the conductivity of the dielectric material, thereby introducing
an electrical arc through the material to the sample. Furthermore, the dielectric material

is removed leaving behind a small pit within the exposed sample.

To maintain the plasma and reduce arcing, pulsed-DC with pulses of a few to a few tens
of microseconds is commonly used. The short on and off pulses can sustain the plasma
and reduce arcing, thereby reducing potential damage to the sample’s surface.

Lewis et al. illustrated the difference between continuous wave (CW) excitation such as
RF and pulsed-DC PECVD with an organo-silane.”> As a result of continuous ion
bombardment with CW excitation, the as-deposited coating exhibited more cross-linking
as a result of increased fragmentation of the precursor gas, while pulsed-DC maintained
more of the precursor’s structure.”” Another study by Prasad et al. demonstrated changes

in the fragmentation of a precursor gas at different RF powers, resulting in different

chemical and physical properties of the as-deposited coa‘[ing.64 There is only one
parameter, power (P in Watts) i.e. the product of voltage (V) and current (A), that can be
varied directly on an RF- power supply. Other parameters that may be altered in the
process are the time of exposure, gas flow rate, and precursor gas concentration. On the
other hand, many additional parameters can be varied in a pulsed-DC supply to tailor
precursor fragmentation including applied voltage, pulse width and pulse frequency

resulting in, various degrees of fragmentation of the precursor gas being easily achieved.

In principle, pulsed-DC is able to create a favorable number of reactive neutral species in
the plasma, thereby reducing the amount of ion bombardment observed with RF-PECVD

and leading to more controlled fragmentation of the precursor gas. In pulsed-DC, when
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the excitation source is switched off for a few microseconds, excited ions are allowed to
drop to lower energy levels. This contrasts with RF-PECVD processes in which
continuous bombardment of species occurs. This type of control can allow for more
selective design of the chemical and physical properties of surfaces coated via pulsed-DC
processes than with traditional RF techniques. Studies have reported approximately
three-fold improved adhesion of polymer-like coatings (PLC) to stainless steel by using
pulsed-DC in comparison to RF with a PECVD setup.?® PLC and silica like coatings
(SLC) are traditionally observed in plasma polymerization processes using organo-silanes
where low vacuum pressure and low bias potential generates amorphous structures.

PLC are high in hydrocarbons showing high content of CH, CH> and CH3 bonds.”® Non-
PLC are generally composed of amorphous carbon with a mix of sp* (C-C) and sp? (C=C)
carbon bonds. SLC bonds consist of bonds similar to those in non-PLC, along with Si-C

bonds and Si-O bonds.

A logical study on the effect of pulsed-DC plasma source in relation to the plasma
chemistry, surface chemistry, surface wetting and coating bio-fouling properties was
performed in this work to gain a better understanding of the relationship between

plasma current source characteristics and coating performance.

2.5 Organo-Silicon Coating Chemistry

Research on organo-silicon coatings continues to be of interest in the biomaterials
industry because of their potential application as anti-biofouling coatings for stents and
other bioimplants. Recent studies, have shown a reduction in fibroblast adhesion to

organosilicon-coated 316 stainless steel and titanium samples.””-’® While preventing
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biofouling of select cells is important, modulation of cell adhesion, detachment and
proliferation on bioimplants is a very desirable property. Wei et al. demonstrated that by
changing the wetting properties of an organosilicon coating from hydrophobic (106 °) to
superhydrophilic (0 °), cell attachment and proliferation of fibroblast cells change. The
cell study showed that the more hydrophilic the surface is, the higher the attachment and
growth rate of fibroblasts.” In general, organosilicon coatings have been shown to
inhibit or promote cell attachment to samples used for bioimplants depending on their

properties.

Organosilicon chemistry consists of compounds with carbon-silicon bonds. At the same
time, silicon is an element that is consistently found in many functional groups such as
silanol (Si-OH), siloxides (Si-O-Metal) and siloxane (Si-O-Si). Siloxanes are
manufactured compounds with varying chemical formulas ranging from (R3SiO): to
(RSiO15)x. The general chemical formula for silicones is (RSiO)y, where R is an organic
group such as methyl or ethyl. Most of the development of organosilicon compounds
focuses on silicones. Silicones are naturally made or manufactured polymers that are

comprised of repeating siloxane linkage.

Organo-silicon (polymer-like silica) coatings reveal hydrophobic wetting and retention of
methyl groups, consequentially exhibiting similar chemical composition as
polydimethylsiloxane. SLC, produced by plasma polymerization based on PECVD
techniques have been shown to be effective at reducing protein and cell adsorption,

similar to conventional solution-based coating methods. 508!
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A common approach to prepare organo-silicon coatings is silanization, wherein
hydrolysis and condensation of a silica surface has been used for coupling
metallic/polymeric surfaces with polymers.?*?> For example, Alcantar et al. applied this
concept by using a silane precursor (SiHy) along with water plasma to create a silanol (Si-

OH) coating; the hydroxyl group was then chemically reacted with the hydroxyl end

groups of poly(ethylene glycol) (PEG) to form a covalent Si-O-C ether bond.26 The
approach was considered an easier, more commercially viable method of depositing PEG.
However, pure silane is a toxic precursor. To date, more environmentally friendly and
less toxic silane-like precursors have been developed such as hexamethyldisiloxane

(HMDSO) or trimethylsilane (TMS).

HMDSO is a monomer that can be reacted with other monomers to form a polymer chain
via traditional polymerization and plasma polymerization processes. A coating made
from monomers such as HMDSO may be termed polymer-like coatings (PLC) when
deposited by PECVD. These coatings typically exhibit hydrophobic properties because
of the presence of the methyl groups on the surface. The hydrocarbon composition of
these coatings influences their wetting properties. Coatings or samples without
hydrocarbon contribution such as ceramics are known to act as hydrophilic surfaces,

typically repelling proteins and cells.*0:4!-64

A few different studies have shown that by using RF-PECVD with HMDSO, an anti-
fouling coating can be deposited onto a stainless-steel sample.*-8283 Specifically, these
studies have investigated the effect of power-to-flow rate ratio on coating characteristics,

indicating that an increase in the ratio of power to flow rate increases the fragmentation
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of HMDSO when deposited onto the sample surface.?*%> RF plasma polymerized
HMDSO coatings that have low fragmentation and retain most of their organo-silicon
structure bind tightly with biological species such as the protein albumin and smooth
muscle cells because of their hydrophobic wetting properties.**3283 However,
HMDSO/O; coatings that have a high degree of fragmentation exhibit more silicon-oxide
characteristics and tend to be less likely to interact with cells, because of their hydrophilic

behavior.*?

Ceramics such as silicon oxide have been deposited on metal and glass surfaces using
HMDSO/O; PECVD techniques.?%2241:4 Silicon oxide offers unique coating properties
such as lower non-specific adhesion of aortic smooth muscle cells, improved coating
adhesion to sample because of the Si-O bond, and an interactive layer for increased

binding with hard-to-adhere coatings, such as polytetrafluoroethane (PTFE) or other
23
polymers.  Silicon oxide coatings have been successfully deposited by RF-PECVD and

39
exhibited low adsorption of fibrinogen in comparison to bare stainless steel.

86
Amorphous silicon carbide coatings have been shown to reduce fibrinogen adhesion *

platelet adhesion and smooth muscle cell adhesion,gl88 which may prevent the formation
of blood clots and restenosis. Moreover, when these coatings are exposed to endothelial
cells rapid adhesion of endothelial cells and the rapid formation of a continuous layer on
the coated surface is demonstrated. A key question to ask is what physical property of a
coating may prevent select molecular components from adhering to the surface and allow
others to adhere? The event is caused by the exchange of electronic properties between

the protein to the coating. Both the coating (amorphous silicon carbide) and fibrinogen
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88
have similar electronic properties ~1.8-2 eV, preventing the transfer of electrons and

hindering protein, platelet and smooth muscle cell activation. On the other hand, albumin

89
conduction band is smaller (1.48 eV) enabling electron exchange with amorphous

silicon carbide leading to albumin and endothelial cell adhesion.

In this work, we have fabricated an organo-silicon and silicon oxycarbide coatings
using pulsed-DC PECVD that range from hydrophobic to hydrophilic moreover to
study the effect of varying both the chemical and wetting properties of the coatings

and their biofouling properties.

2.6 Projected Impact Of Research On Biomedical Market
In 2015, the biomedical coatings market was estimated at over $9 billion dollars per year

90
and is expected to continue to rise.  Specifically, anti-biofouling coatings are about

91
10 % of the biomedical coatings market. ~Moreover, coating development in the anti-

biofouling area is still evolving with novel applications in smart systems and sensors for
heart monitoring, as well as advancing technologies related to antimicrobial surface
coatings for infection prevention. The work detailed in this dissertation will aid in
discovering the parameters for which plasma chemistry and as-deposited coating
composition can be tailored using pulsed-DC PECVD to result in coatings that selectively
inhibit protein adsorption and cell adhesion. The mechanism by which fragmentation of
the chemical precursors relates to voltage and pulse cycle will offer insight into the
design of new coating compositions for both barrier coatings and drug-eluting stent
coatings. This study could influence stent coating technology, possibly resulting in a

reduction in the number of cases of coronary obstructive disease related to in-stent
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restenosis, increased patient survival rate, and reduced probability of myocardial

infarctions after several years of implantation.
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3. PLASMA ENHANCED CHEMICAL VAPOR DEPOSITION OF
HEXAMETHYLDISILOXANE COATING

3.1 Introduction

This chapter focuses on surface modification of stainless steel (SS) through the use of
plasma enhanced chemical vapor deposition of hexamethyldisiloxane (HMDSO). The
effect of key process parameters (voltage and precursor flow rate) on the modulation of
coating chemistry and hydrophilicity for the preparation of anti-biofouling coatings is
discussed. The coatings discussed in this chapter were deposited by using a pulsed-DC
plasma enhanced chemical vapor deposition (PECVD) process. Southwest Research
Institute® (SWRI®) has conducted prior work generating diamond-like-carbon (DLC)
coatings with pulsed DC PECVD using glow discharge and hollow cathode methods on
metallic samples.”>** With regards to the PECVD process, gas molecules are
dissociated, ionized and activated using a power supply. PECVD is an advantageous
alternative to traditional chemical depositions in that a number of new chemistries can be
created from a single chemical precursor. RF power supplies are typically used in
industrial and research applications. However, pulsed-DC power supplies offer
significant advantages to RF in regards to control over precursor breakdown and
reduction in arc discharge.”> Pulsed-DC PECVD glow discharge offers flexibility in part
size, shape, and quantity. In this work, pulsed-DC PECVD glow discharge process was
used to break down HMDSO in a controlled manner. The deposited coatings are viable

options for use on cardiovascular stents and other biomedical materials/devices.
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3.2 Background

Plasma is a state of matter in which an equivalent number of positive and negatively
charged particles move arbitrarily and freely within an unbound gaseous state. Plasma is
known as one of the fourth states of matter, occurring naturally in the universe. It is
currently thought that 99% of the visible material in the universe consist of plasma. This
includes the sun, stars and other interstellar mediums. However, in earth’s atmosphere
the low temperature and high pressure does not prove favorable for the formation of
plasma except for certain conditions. Therefore, plasma is generally artificially generated
on earth. The reader should refer back to Section 2.3 and 2.4 for a more detailed
discussion on plasma modification and the power sources. The reason for artificially
generated plasma on earth is understood by the Saha equation, which determines the

amount of ionization expected in a gas at thermal equilibrium:

3
. z U;
M~ 24X1021 2o kT, | (eq. 1)

n. n;

n; and n,represents the density of ionized and neutral atoms

It 1s understood that the fractional ionization ni/n will remain low until the ionization

energy [UJ{is only a few times the Boltzmann constant (K) and temperature (T), pushing
the gas to a plasma state.”® As the temperature rises, the kinetic energy in the neutral gas
atoms increases. At high enough temperatures (>11,604K or 1eV), when atoms collide, a
valence electron is released and the gas atoms are ionized, thereby decreasing the density
of neutral atoms in the gas compared to the density of ionized atoms. Once the density of
ionized atoms exceeds the density of neutral gas atoms, the plasma becomes fully

1onized.
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There are many ways in which plasma may be artificially generated on earth. One way is
by applying an electrical current across a gas to produce an electric discharge in the gas
known as plasma discharge.”” The amount of discharge plasma generated depends on the

geometry of the apparatus, gas type, pressure, and electric field strength.

Plasma discharge can be divided into two categories. The first type is “thermal” plasma
similar to naturally-occurring plasma, being produced at high pressures (>10kPa) and
high temperatures. The second type is “cold” discharge plasma that is characterized by
low temperature gas particles (Tg) and high temperature electrons (T) in a relatively low-
pressure environment. Both classes of discharge plasma use an electric source to
generate plasma. A few examples of electrical sources are direct current or alternating

current (DC or AC), radio frequency (RF), or microwave (MW) sources.

PECVD creates a glow discharge plasma that maybe generated using any of the electrical
sources discussed in Section 2.4. Although RF power source are typically used in this
process, other sources such as pulsed-DC are simpler to operate and offer more control
when maintaining and manipulating the plasma via application of high voltages between
electrodes for short microsecond intervals, thereby exciting the gas molecules to higher
energy states and then allowing the excited molecules to fall to lower energy states
between intervals. This provides better control of the fragmentation of precursor
molecules and therefore of the composition of the deposited coating. The general

fragmentation mechanism of HMDSO has been studied, as shown in Figure 9.%8

32



((CH3)3S8i),0 + e~ — (CH3)3Si0 + (CH3)3Si + e~ Breaking of Si-O bond
SiCH; +e~ - Si + CH; +e” Breaking of Si-C bonds
CH; +e~ - CH, + H + e~ Breaking of C-H bonds
Figure 9. Ionization and dissociation of HMDSO
3.3 Deposition Of Organo-Silicon Polymer-Like And Silicon Oxycarbide Coating
This section includes a description of the experimental set-up and protocols used for

plasma deposition of organo-silicon and silicon oxycarbide coatings.

3.3.1 Materials

3.3.1.1 Reagents

HMDSO was purchased from Millipore Sigma (St. Louis, MO, USA) and used as
received. An argon gas cylinder was purchased from Airgas® (Radnor Township,
Pennsylvania, USA) and used as received. 316 L (size-150 mm x 150 mm, thickness-
0.125 mm) and 321 (100 mm x 100 mm) SS foil samples were purchased from
Goodfellow (Coraopolis, Pennsylvania, USA). The foils were cut down into four 50 mm

x 50 mm pieces for coating.

3.3.1.2 Plasma Reactor

A custom-built plasma reactor designed by SWRI was employed in all experiments
conducted within the scope of this dissertation (Figure 10). This system is currently
designed for two different processes in a single vacuum cycle: plasma treatment and
plasma polymerization. The main components of the reactor system are a plasma
chamber, vacuum system (turbo and mechanical pump), gas manifold, liquid flow

controller system (not shown), power supply system, and process monitoring system (not
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shown-oscilloscope which monitors the peak-to-peak voltage and current in plasma
treatment and plasma polymerization process), illustrated in Figure 10. Figure 11,

shows the inside of the plasma chamber.
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The main electrode configuration assessed in this study was the horizontal parallel plate
configuration. In this configuration, the sample to be coated is placed between two
parallel plates that serve as a cathode and anode, respectively. Figure 12 illustrates the

parallel plate setup employed in the reactor. The precursor gas and carrier gas were

introduced into the reactor through a single port on the side of the reactor.
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Figure 12. Schematic of the of the plasma reactor system. GCM-heated gas chamber
mixer, MFC-mass flow controller, LFC-liquid flow controller, HMDSO-
hexamethyldisiloxane, Ar-argon.

The main body of the reactor consist of a SS rectangular vacuum chamber of
approximately 4 ft x 4 ft in size. There are two viewports on the chamber door and three
more viewports on the other sides of the chamber. Each viewport is equipped with a
Pyrex glass window to allow for observation of the plasma process. An orifice on top of
the chamber allows for introduction of powered wiring or sensor wiring (i.e. high voltage
probe and current sensor). The metal sample holder and electrode were configured inside

the chamber and isolated from ground using ceramic spacers. The chamber walls serve

as ground in this setup.

Gases can be introduced into the reactor through a mass flow controller (MFC) and liquid
flow controller (LFC). The LFC is preferred for monomer introduction since MFCs’ are

traditional calibrated for less complex gases such as nitrogen and argon (Ar). The carrier
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gas, Ar, is controlled by the MFC. Ar is pumped in using an Ar gas cylinder.

The liquid monomer, HMDSO, is held in a SS bubbler from STREM Chemicals, Inc.
(Newburyport, MA) equipped with an inlet and outlet, along with an internal dip tube.
HMDSO is transferred into the reactor chamber by bubbling a carrier gas (Argon)
through the container. The bubbler is maintained at room temperature during this
process. The liquid-gas flow system was setup to heat the monomer (70 °C) in the
Bronkhorst® (Ruurlo, Netherlands) gas chamber mixer (GCM). The monomer and Ar
gas are premixed in the GCM prior to flowing through the gas lines and entering the
chamber. The gas lines after the GCM were wrapped and heated to 70 °C with heat tape.
A differential pressure is required to introduce the monomer vapor into the chamber; this
differential was created by vapor pressure generated at the HMDSO liquid-gas interface.
The monomer evaporates and flows into the chamber once the partial pressure is equal to

the monomer’s vapor pressure at the corresponding temperature.

3.3.1.3 Electrical Power Source

A pulsed, high-voltage DC source, PM- 200 A Pulse Modulator, capable of generating up
to 3000 V and 200 A was employed for this study. The pulse width, voltage and
frequency are adjustable on this system. For this study, the voltage was set to 1000 V
and 1500 V; the frequency and pulse width were held at 0.500 kHz and 20 ps,
respectively. These parameters were selected based on past experience of SWRI staff

with similar chemical precursors and this power supply.
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3.3.2 Methods

3.3.2.1 Protocol for Plasma Polymerization Processes

This section describes the entire protocol for generation of coatings, detailing the steps
employed to prepare the plasma-deposited film on the sample. The process consists of

several preparative steps, followed by the plasma deposition process:

Step 1. Sample preparation and cleaning

Prior to coating, all SS samples were cut down to size (50 mm x 50 mm). The samples
were then introduced into a beaker with isopropanol, placed into an ultrasonic bath for
20 minutes and then dried with a lint-free Kim-wipe. Each sample was then taped down
with Kapton tape to the sample holder (cathode) and loaded into the chamber. The
chamber was evacuated to a base pressure of at least 10-6 Torr. The chamber pressure
was set to 40 mTorr for the plasma cleaning process. Prior to eliciting a plasma

90 sccm’s of Ar was introduced into the system to bring the chamber pressure up to

40 mTorr. The pulsed-DC power supply operated at 1000 V with a pulse width of 20
microseconds. The samples were then plasma-cleaned in the chamber for 10 or

30 minutes. The process parameters used for plasma cleaning are described in Table 3.

The same cleaning process was utilized for the silicon samples.

Table 3. Plasma cleaning process parameters.

Gas . .
Chamber Gas Flow Pl}lse Applied | Applied Frequency | Time
Parameters | Pressure Types Rate Width | Voltage | Current (Hz) (min)
(mTorr) (scem) (us) \%) A)
1 40 Ar 90 20 1000 0.23 500 10
2 40 Ar 90 20 1000 0.23 500 30

SCCM = standard cubic centimeters per minute
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Step 2. Organo-silicon and silicon oxycarbide deposition

After plasma cleaning, with the samples still in the chamber, the precursor flow line for
HMDSO was purged for 30 minutes or until the flow rate stabilized to either 2 or 3 g/hr,
depending on the deposition process to be carried out. The plasma was generated by
applying a high voltage (1000 — 1500 V) to the cathode. During plasma polymerization,
the peak-to-peak voltage and current were monitored using an oscilloscope. Visual
inspection and adjustment of the plasma was carried out frequently to ensure that arcing
or local glowing did not arise, which could cause negative effects to the film properties
such as pitting and inconsistency in the coating. The chamber pressure, percent opening
of throttle valve, gas type, gas flow rate, voltage, current, frequency, and pulse time were
recorded for the coating of all samples and are shown in Table 4. The deposition of each
coating was carried out using the following procedures: both Ar and HMDSO were
introduced into the chamber for approximately 10 minutes before the power source was
initialized. Ar was introduced at a flow rate of 90 standard cubic centimeters per minute
(SCCM), while HMDSO was introduced at either 2, 2-3, or 3 g/hr depending on the
sample. In regards to the 2-3 g/hr flow rate, the flow is initial set 2.0 g/hr for 4 minutes
and then increased to 2.5 g/hr for 4 minutes and finally 3.0 g/hr for 9 minutes.

The deposition time is increased from 10 mins to 17 mins to allow the flow rate to
stabilize between each set point. The 2-3 g/hr range was carried out as a result of
previous experiments at SWRI which revealed the highest water contact angle (WCA) on

samples coated with this setting. A high WCA is understood to reduce cell adhesion.
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Table 4. Plasma polymerization process parameters.

Argon . .
Sample 1D (,(i:ﬂmb) Gas Types FITEE? Flow ‘3‘3%23 é“’(‘:)‘i Freguency | Time
(sccm)
2g-1000V-SS 321 40 Ar/HMDSO 2 90 1000 0.23 500 10
2g-1500V-SS 321 40 Ar/HMDSO 2 90 1500 0.24 500 10
2-3g-1000V-SS 321 40 Ar/HMDSO 2-3 90 1000 0.23 500 17
2-3g-1500V-SS 321 40 Ar/HMDSO 2-3 90 1500 0.24 500 17
3g-1000V-SS 321 40 Ar/HMDSO 3 90 1000 0.23 500 10
3g-1500V-SS 321 40 Ar/HMDSO 3 90 1500 0.24 500 10
3g-1000V-SS 316 40 Ar/HMDSO 3 90 1000 0.23 500 10
3g-1500V-SS-316 40 Ar/HMDSO 3 90 1500 0.24 500 10

SCCM = Standard Cubic Centimeters per Minute




3.3.3 Physical and Chemical Characterization Techniques

The coating thickness was measured using a Dektak contact profilometer. Silicon
substrates were used for these measurements. A Ramé Hart goniometer was used to
assess the changes in the wetting properties before and after coating. The chemical
composition was identified using Raman spectroscopy using the Horiba Lab Ram 532 nm
laser. Prior to measuring the thickness, the coated silicon and stainless steel foil samples
were ultrasonically cleaned in isopropanol for 30 minutes and then dried with a lint free

Kim-wipe.

3.3.3.1 Contact Profilometry

A Dektak profilometer was used to measure the average coating thickness on all samples
coated in each deposition. A silicon sample was used to measure the coating thickness.
A line scan was taken in three locations across the sample. The step height of the three
locations were averaged for each sample and distinguished as the average coating
thickness. The scan range was set to 2000 um. The measuring range, stylus tip force and

radius were set to 65 pm, 2 mg, and 12.5 um, respectively.

3.3.3.2 Goniometry

A Ramé Hart (Model 190) goniometer system was used to measure the static water
contact angle along the surface of the uncoated and coated samples. A 10 pl droplet of
deionized water was released using a micro-pipette on to the surface.

The Ramé Hart DROPImage CA software was employed to measure the water contact

angle on the samples automatically.
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3.3.3.3 Raman Spectroscopy

The chemical composition of the coating and uncoated sample was characterized using
Raman analysis at SWRI. Raman is a non-destructive technique that interacts light with
the chemical bonds within a material to observe vibrational, rotational and low frequency
mode changes.”® The coating composition was evaluated in three different locations
within the middle of the sample. The Raman system is equipped with a confocal
microscope. A 100 X objective lens was used to integrate the surface. A 532-nm laser
along with a 25% or 10% neutral density filter was employed. The spectral range that

was assessed was 100-3500 cm™!.

3.4 Statistical Analysis

At least 3 — 7 data points were collected on each sample for voltage, current, WCA and
thickness measurements. Data is expressed as average +/- standard deviation in between
the means of replicate measurements of independent samples. The effect of the voltage
and precursor flow rate on the average peak-to-peak voltage and current generated during
the coating deposition process was analyzed using a two-sample t-test. The influence of
the voltage and precursor flow rate on the thickness of the HMDSO-coated samples was
evaluated using the two-sample t-test. Lastly, the effect of the voltage and flow rate on
the water contact angle of all the HMDSO-coated samples was examined. All the studies

considered a p-value of <0.05 as statistically significant.
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3.5 Results And Discussion

3.5.1 Plasma Cleaning Process on 321 SS Foil Samples

Ar plasma cleaning is typically used to improve the coating’s bond to the sample surface
by removing contaminants such as oxides and organic molecules that are commonly
found on the surface of the samples that are exposed to air. Ar plasma cleaning does not
roughen the surface or oxidize the surface as oxygen plasma cleaning does. Ar plasma
cleaning is used to break the bonds of the contaminants on the surface and generate
lighter more reactive molecules (CO, OH, H>O) that can be pumped out of the system or
aid in the adhesion of new material on the sample surface. Polar hydroxyl molecules
generated during plasma cleaning may be deposited on the surface of the sample,
increasing the surface energy, increasing the wettability and improving the adhesion of a
coating. The first set of samples were plasma cleaned for 10 minutes before
polymerization of HMDSO. The coatings on these samples exhibited poor adhesion and
were easily wiped off with gentle rubbing. This is probably due in part to a significant
number of organic impurities remaining on the surface. The rest of the samples were
plasma cleaned for 30 minutes prior to polymerization. The adhesion was significantly
improved, establishing durable coatings that could not be wiped away. The extended
plasma cleaning process removes most of the organic contaminants from the sample
surface, allowing for better interaction between hydroxyl groups on the surface and

HMDSO precursor.

3.5.2 Plasma Polymerization of HMDSO on 321 SS Foil Samples
When the trough-to-crest of the current or voltage is measured it is known as peak-to-

peak current or voltage. These measurements are carried out during the deposition

44



process using an oscilloscope. An example of the peak-to-peak voltage and current
observed on the oscilloscope is shown in Figure 13. When applying 1000 V to the
cathode, the measured peak-to-peak voltage is nearly constant (~3000 V) at all three
different HMDSO flow rates, as shown in Figure 14. The peak-to-peak voltage t-test
showed that the only statistically significant difference is between the 3g/hr samples at
1000 V vs at 1500 V. The samples that are identified as undergoing only chemical or
plasma cleaning did not undergo plasma polymerization and had a peak-to-peak voltage
and current of zero during the plasma polymerization process. Chemically cleaned
samples are cleaned with isopropanol while plasma cleaned samples only undergo plasma

cleaning process.
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Figure 13. Oscilloscope image of peak to peak voltage and current during plasma
polymerization process.
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Figure 14. Average peak to peak applied voltage for HMDSO coatings (2, 2-3, and

3 g/hr) applied at 1000 V and 1500 V onto 321 SS foil. Error bars represent the standard
deviation between replicates (n=3).

The peak-to-peak voltage increases by approximately 500 V when the applied voltage is
raised to 1500 V on the samples coated with 3 g/hr HMDSO flow rate. At 1500 V (30
A), the current is 3X times more than at 1000 V (10 A) for all sample flow rates, as
shown in Figure 15. This change in peak-to-peak voltage and current when the applied
voltage is increased is expected. The peak-to-peak voltage observed for each applied
voltage is a good indication that there is enough energy to sustain the plasma. The results

of the peak-to-peak current t-test revealed a statistical difference between 1000 V vs

1500 V for all three flow rates and between the 2 and 3 g/hr for 1500 V.
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Figure 15. Average peak to peak current for HMDSO coatings (2, 2-3, and 3 g/hr)
applied at 1000 V and 1500 V onto 321 SS foil. The error bars represent the standard
deviation between replicates (n=3). Statistically significant difference compared with the
applied voltage (*p<0.05) for each of the flow rates 2, 2-3 and 3 g/hr.

Figure 16 shows the thickness of the coatings as measured via profilometry. The coating

thickness, wetting performance, and composition, as well as the flow rate and applied
voltage utilized for generation of such coating are all interdependent. Focusing only on
the flow rate, it was shown that between 2 g/hr to 2-3 g/hr, the coating thickness is
increased with increasing flow rate for both 1000 V and 1500 V, respectively (Figure
16). In contrast, when the flow rate is increased to 3 g/hr, along with an applied voltage

of 1000 V an increasing coating thickness is not observed. With 3 g/hr HMDSO flow

rate, the coating thickness is ~ 25 nm lower than for coatings deposited with the lowest
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HMDSO flow rate of 2 g/hr. This reduction in thickness was not expected; however, the
thickness could have been lowered as a result of some material being etched away by Ar
plasma or slightly shorter treatment time. At 1500 V, the coating thickness for samples
generated at 3 g/hr followed the expected trend in which the coating thickness increased
by ~115 nm. A similar trend was observed by Bahavana Peri, demonstrating that the
coating thickness increases with raising the flow rate.!®® The results of the t-test revealed
that the only statistically significant difference is between the 2-3 g/hr for 1000 V vs

1500 V for the coating thickness on 321 SS samples.

400 1

300 -

200 -

100 -

Coating Thickness (nanometers)
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Figure 16. Average coating thickness on 321 SS foil before and after coating with
HMDSO at different flow rates and voltages. Bars represent the average coating
thickness, while the error bars represent the standard deviation between the means of
replicate measurements on independent samples (n=3). Statistically significant difference
compared with the applied voltage (*p<0.05) for each of the flow rates 2, 2-3 and 3 g/hr.
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The wetting properties of the coatings vary based on the flow rate and applied voltage
(Figure 17). Coatings that are deposited with an applied voltage of 1000 V exhibited a
rise in the water contact angle (WCA) values with the changing flow rates of HMDSO (2,
2-3,3 g/hr) to 78 ©, 89 °, and 97 °, respectively. A recent article by Samadi,
demonstrated that as the flow rate of precursor increases, changes in the chemical
composition and wetting properties were observed.”® In general, as the precursor flow
rate increases, so does the WCA. At 1500 V, the lowest flow rate (2 g/hr) showed the
highest WCA at 86 °©. The WCA for 2-3 g/hr and 3 g/hr flow rate (1500 V) have
comparable values 74 and 75 °, respectively. The parameter that generated the highest
WCA (97 ©) was 3 g/hr at 1000 V, while one of the lowest WCA (75 °) was generated at
3 g/hr and 1500 V. This decrease in WCA is a result of an increase in the surface energy.
A high WCA is desirable for a decrease in cell adhesion properties. The results of the t-
test related to the WCA shows there is only a significant difference between the coatings
deposited at 3 g/hr for 1000 V and 1500 V and between the 2 and 3 g/hr at 1500 V on 321

SS samples.
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Figure 17. Water contact angle values on 321 SS foil uncoated and coated. Bars
represent the average contact angle, while error bars represent the standard deviation
between the means of replicate measurements on independent samples (n=3).
Statistically significant difference compared with the applied voltage (*p<0.05) at 3 g/hr.

Raman spectroscopy was used to identify structural changes in the molecular

composition of the deposited material at different voltages and flow rates in the spectral

range of 100 - 3500 cm™'. The bands were studied and assigned according to various

references. 02103

Plasma polymerized HMDSO coatings are comprised of Si-O-Si, Si-C,

and Si-CH3 groups. Out of these groups, the methyl group (CH3) in Si-CHj3 presents

symmetric (2900 - 2965 cm™) and asymmetric (1250 - 1400 cm™!) vibration states and

stretching. The Raman bands associated with HMDSO coatings produced at low voltage

(1000 V) consist primarily of silicon carbide Si-C (180 - 360; 660 - 900 cm™), silicon-
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oxide (Si-O, ~590 cm™!), and CHj stretching and vibrations (1250 - 1400; 2900 —
2960 cm!), demonstrating the retention of the functional groups of HMDSO and the
formation of a polymer-like structure, referred to as a polymeric organosilica-like
coating. At the higher voltage, 1500 V, the plasma induces more collisions and
rearrangement of the molecules to form a coating consisting primarily of amorphous
carbon (C=C, ~1360-1610 cm!), silicon-oxide vibration (Si-O, ~590 ¢cm™') and silicon
carbide vibrations and stretching (660 — 900 cm™) at all three HMDSO flow rates, as
shown in Figure 18-Figure 20. The silicon oxide and silicon carbide bands decrease
with increasing flow rate. Coatings prepared at this higher voltage are thereby referred to
as silicon oxycarbide coatings. Yasuda revealed that repeating functional groups in
plasma-polymerized coatings are reduced as the applied voltage is intensified, in

agreement with our results.!%

As the flow rate increases (2 to 3 g/hr), the bands at 598 cm! (Si-O) increases in intensity
for the coatings generated at 1000 V. At the same time, the intensity of the peak at 2905
and 2963 cm™! (CH3) decreases with increasing flow rate for coatings deposited at

1000 V, as shown in Figure 18-Figure 20. At higher flow rate, the deposition rate
increases, leading to an increase in activated radicals that recombine at a much faster rate,
and consequently generate a coatings structure that is more disordered.!** Focusing on
the 3 g/hr sample applied at 1500 V vs 1000 V, we see that the WCA decreases with the
increase in C=C stretching bonds and loss in CH3, Si-O, and Si-C stretching and vibration
contribution. As described earlier, the WCA of coatings increased with increased

precursor flow rate from 2 g/hr to 3 g/hr at 1000 V, in agreement with our observation of
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loss in CH3 chemical contribution to the coating and instead increase in Si-O, Si-C and

CHj3 stretching and vibration contribution.
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Figure 18. Raman spectroscopy of uncoated 321 SS foil (blue) and of coatings deposited
on 321 SS foil at 2 g/hr HMDSO with an applied voltage of 1500 V
(red, silicon oxycarbide coating), and 1000 V (brown — organosilicon polymer-
like coating).
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Figure 19. Raman spectroscopy of uncoated 321 SS foil (blue) and of coatings deposited
on 321 SS foil at 2-3 g/hr HMDSO with an applied voltage of 1500 V (red - silicon
oxycarbide coating), and 1000 V (brown — organosilicon polymer-like coating).
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Figure 20. Raman spectroscopy of uncoated 321 SS foil (blue) and of coatings deposited
on 321 SS foil at 3 g/hr HMDSO with an applied voltage of 1500 V (red - silicon
oxycarbide coating), and 1000 V (brown — organosilicon polymer-like coating).

3.5.3 Plasma Cleaning of 316 L SS Foil Samples
The 316 L SS samples were plasma cleaned using the same parameters as the 321 SS
samples. The plasma cleaning time for all the 316 L SS samples was 30 minutes. After

plasma cleaning, the samples were either removed for characterization or underwent

plasma polymerization using HMDSO.

3.5.4 Plasma Deposition of HMDSO on 316 L SS Foil Samples
The process parameters selected for coating 316 L SS samples were chosen based on the
WCA and chemical composition results of HMDSO plasma polymerization on 321 SS

samples. The 3g/hr HMDSO along with voltages of 1000 V and 1500 V exhibited the
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desired hydrophobic (97 © at 3g/hr, 1000 V) and hydrophilic (75 ° at 3g/hr, 1500 V)
properties. Therefore, the aforementioned process parameters were employed for the

316 L SS study.

During the plasma deposition processes, the peak-to-peak voltage and current were
monitored with an oscilloscope. These select parameters are checked to detect changes
that may occur in the plasma process, such as arc discharge or electrical short. Figure 21
shows the peak-to-peak voltage and current on 316 L SS foil samples. For both
chemically cleaned and plasma cleaned 316 L SS samples, peak-to-peak voltage and
current are zero, since these samples did not undergo the plasma polymerization process.
As soon as 1000 V is applied to the 316 L SS samples the average peak-peak voltage and
current become ~3070 V and 10 A, respectively during the 10-minute process. When the
applied voltage is increased to 1500 V the average peak-to-peak voltage increases ~380 V
to 3450 V. The average peak to peak current is tripled to 30 A, shown in Figure 22.
Similar results were observed on the 321 SS samples. The results of the t-test revealed a
significant difference between the coatings deposited at 1000 V vs 1500 V in both

average peak-to-peak voltage and current.
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Figure 21. Average peak to peak applied voltage for HMDSO coatings (3 g/hr) applied
at 1000 V and 1500 V onto 316 L SS foil. Error bars represent the standard deviation
between replicates (n=3). Statistically significant difference observed between samples
coated at 1000 V vs 1500V (*p<0.05).
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Figure 22. Average peak to peak current for HMDSO coatings (3 g/hr) applied at 1000
V and 1500 V onto 316 L SS foil. Error bars represent the standard deviation between
replicates (n=3). Statistically significant difference observed between samples coated at
1000 V vs 1500 V (*p<0.05).

The target coating thickness for this study was between 100 nm to 300 nm. The thin
coating should provide protection for the stainless-steel sample while at the same time
maintain the shape and flexibility of the sample. The coating thickness on the silicon
coupons was measured with a contact profilometer. The chemically cleaned and plasma
cleaned 316 L SS foil sample revealed no coating, as expected since these samples did
not undergo the plasma polymerization process. The average coating thickness for the

316 L SS foil samples that employed 1000 V was 67 nm. 316 L SS foil samples that

employed 1500 V presented an average coating thickness of 108 nm, a slight increase in
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thickness compared to the 1000 V samples, shown in Figure 23. Notably, the coating
thickness increases with increasing applied voltage when the deposition times and gas
flow rate are the same. However, the results of the t-test revealed no statistical difference

between HMDSO coating thickness on 316 L SS foil samples at 1000 V vs 1500 V.
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Figure 23. Coating thickness on 316 L SS foil before and after coating with HMDSO at

different flow rates and voltages. The error bars represent the standard deviation between

the replicates (n=3). There is no statistical difference in the coating thickness for samples
coated at 1000 V vs 1500 V.

Both hydrophobic (=90 °) and hydrophilic (< 90 °) wetting properties for these coatings

were desired. The chemically cleaned and plasma cleaned 316 L SS foil samples

revealed a hydrophilic surface with the average WCA equaling 80 ° and 15 °,

respectively. The average WCA increases to 92 © after coating the 316 L SS foil sample

surface with 3 g/hr flow of HMDSO and an applied voltage of 1000 V, shown in
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Figure 24. When the applied voltage is increased to 1500 V the average WCA is
reduced to 81 °. Consequently, increasing the applied voltage reduces the average WCA.
The results of the t-test comparing change in WCA with change in voltage showed a
significant difference between the 1000 V and 1500 V coating WCA. There is a
statistical difference between plasma cleaned, and both coated samples, along with a
difference between chemically cleaned, plasma cleaned, and the coated sample applied at

1000 V.
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Figure 24. Water contact angle values on 316 L SS foil uncoated and coated along with

results of t-test. The error bars represent the standard deviation between replicates (n=3).

Statistically significant difference compared with the coated samples and cleaned samples
(*p<0.05).
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Chemical characterization of 316 L SS foil samples and coatings were performed using
Raman spectroscopy. Figure 25 shows the Raman spectra for the two coatings and bare
316 L SS foil. The uncoated 316 L SS foil sample revealed bands between 500 cm™! and
1500 cm™. Bands 220, 287, 405, 489, 604, 674 cm™' do not overlap with any of the bands
observed in the coatings. Only one strong band at 2907 cm™! was observed for the
coating applied at 1000 V. The same coating applied on 321 SS foil yielded a similar
band (C-H stretching). The coating applied at 1500 V reveal two bands at 1368 and
1602 cm'! in the carbon-carbon stretching regions. This spectra is characteristic of
amorphous carbon material, generally containing broad band with D peak ~1350 cm™!
(sp?-hybridized) and G peak 1550-1600 cm! (sp*-hybirdized).!®> Both the Si-O and Si-C
stretching bands are missing in the spectra for the coatings on 316 L SS foil. The loss of
these bands may be a result of the low signal to noise ratio. This may be a result of the

low laser power.

60



m316 L SSFoil
1004 m 3g-1500V-316 L SS Foil
® 3g-{1000V-316 L SS Foil

90
80
704

60

504

40

304

Normalized Intensity (counts)

20

|
i

| ‘M! ﬂ'! iltl'l"lvll \,’l‘l’ ""hW‘ In]“‘:”m# !”i‘i m* f 1"% ‘u‘ ‘ tj‘i”" aal

500 1000 1500 2000 2500 3000 3500
Raman shift (cm-')

Figure 25. Raman spectroscopy of uncoated 316 L SS foil (blue) and of coatings
deposited on 316 L SS foil at 3 g/lhr HMDSO with an applied voltage of 1500 V (red-
silicon oxycarbide coating) or1000 V (brown- organosilicon polymer-like coating).
Coating uniformity across the surface is crucial as continuous chemical functionality can

lead to cell attachment or non-attachment. If the coating chemistry is different in
different areas, this will lower our ability to uniformly control cell attachment across the
surface. Raman spectroscopy on the organosilicon polymer-like coating on 316 L SS foil

applied at 1000 V with a flow rate of 3 g/hr revealed reproducible spectra in 3 different

locations along the surface, as shown in Figure 26.
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Figure 26. Raman spectroscopy of organosilicon polymer-like coatings deposited on
316 L SS foil at 3 g/hr HMDSO with an applied voltage of 1000 V. Comparison of the
coating uniformity in three different locations across the surface of the coated sample.
location 1- red, location 2- purple, location 3-blue.

Similar results were observed for the coatings applied at 1500 V on 316 L SS foil, with
the exception of slightly different sp? and sp? contributions across the surfaces (1000 cm™!

— 1800 cm™), as shown in Figure 27. Future work will be carried out to understand the

changes in sp? and sp? contributions across the surface.
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Figure 27. Raman spectroscopy of silicon oxycarbide coatings deposited on 316 L SS
foil at 3 g/hr HMDSO and with an applied voltage of 1500 V. Comparison of the coating

uniformity in three different locations across the surface of the coated sample. Location
1-blue, location 2- green, location 3-red.
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3.6 Conclusion

Organosilicon polymer-like and silicon oxycarbide coatings were deposited onto 321 and
316 L SS foil samples by pulsed-DC-PECVD using HMDSO with different applied
voltages and precursor (HMDSO) gas flow rates (with the exception of 316 L SS foil,
where the flow rate was set to 3 g/hr). The average WCA measurements indicated that
97 ©and 75 ° were the maximum and minimum WCA values obtained by pulsed-DC
PECVD of HMDSO with 1000 V and 1500 V at 3g/hr, respectively for 321 SS foil. The
maximum and minimum WCA on 316 L SS was 92 ° and 81 ° when pulsed-DC PECVD
of HMDSO with 1000 V and 1500 V at 3g/hr was employed. Coating thickness analysis
shows no significant difference when the voltage is increased from 1000 V to 1500 V.
The coating thickness on average is 67 nm and 108 nm thick at 3g/hr, 1000 V and

1500 V, respectively. Raman spectroscopy shows that when 1500 V are applied to
HMDSO, there is a characteristic behavior of silicon oxycarbide coatings. However,
when 1000 V are applied to HMDSO, methyl, silicon-methyl and silicon-oxide stretching
are revealed in the coating, indicating that the composition and structure for polymerized
HMDSO is retained in the coating at low voltages. While there is a significant difference
of 22 °in the WCA for both coated SS samples at 1000 V and 1500 V (3 g/hr), the
difference is distinct enough for one coating to be termed hydrophobic and the other
hydrophilic. At the same time the different voltages expose a distinct difference in the

surface composition.
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4. ENDOTHELIAL AND SMOOTH MUSCLE CELL STUDIES ON UNCOATED
AND COATED 316L SS FOIL

4.1 Introduction

This chapter focuses on adhesion and proliferation of select cells on 316 L stainless steel
(316 L SS) foil surfaces that were modified using pulsed-DC plasma enhanced chemical
vapor deposition (PECVD) with organosilicon polymer-like or silicon oxycarbide
coatings. The effect of the coating’s chemistry in relation to the adhesion and

proliferation of endothelial cells and smooth muscle cells will be discussed.

A blood vessel's endothelial lining, which contains a thin layer of endothelial cells, is
damaged upon implantation of a stent, thereby triggering an inflammatory response,
slowing endothelial cell movement, altering fibrin clotting, and stimulating smooth
muscle cell migration.®!21% This cascade of events leads to smooth muscle cells and
platelets aggregating around the stent wall, eventually occluding the interior wall of the
stent. Thus, smooth muscle and endothelial cells were selected to serve as cell models in
this study. The endothelial cells used in this study were human umbilical vein endothelial
cells commonly used in cell studies. The other cells assessed in this study were smooth

muscles cells from human coronary arteries.

The focus of this study is on selectively reducing the accumulation of smooth muscle
cells while, at the same time, allowing for adhesion of endothelial cells on the coated

samples in comparison to uncoated 316 L SS foil samples.
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4.2 Background

In-stent restenosis is defined as the re-obstruction of the artery or vessel after stent
implantation. The reason behind in-stent restenosis is not clearly understood, but the
cause is generally thought to be a result of inflammation and injury incurred from cutting
and implanting the stent in the artery. Carpenter and Schoenfisch designed a schematic
(Figure 28) of the key responses of thrombosis and restenosis in the arteries to stent
implantation. The insertion of the stent results in protein and platelet adhesion, as well as
recruitment and activation of macrophages and leukocytes leading to thrombosis.
Cytokines and growth factors are also released. At the same time, the injury to the artery
induces the activation of smooth muscle cells. Proliferation and migration of the smooth
muscle cells towards the lumen of the artery” in a process also known as the neointima
formation process is encountered. Recovery of the endothelium lining of the artery,

which consist of endothelial cells, after implantation is slowed in this process.
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Figure 28. Schematic of artery inflammatory response to stent implantation. (A)

Blood clot formation. (B) Stent implantation results in severe injury to the vessel

wall leading to restenosis. Reproduced from Ref. 107 with permission from The
Royal Society of Chemistry.!?
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To prevent biofouling, or the chronic aggregation of select cells on bare metal stents
(BMS), surface properties such as material composition and geometry need to be
carefully considered. At the same time, improving rate of proliferation and migration of
endothelial cells to form the endothelium lining around the stent will help prevent or slow
smooth muscle cell adhesion to the stent. Anti-biofouling surface modification
techniques by way of active or passive coatings have been designed for biomedical
implants. Active coatings typically elute immunosuppressant drugs (paclitaxel'2,
zotoarolimus!'?, and heparin®’) to stabilize cell and protein adhesion, proliferation and
migration; passive coatings (PC), on the other hand, are designed to be biologically and

prevent surface adhesion. Both coating techniques have shown promise in decreasing the

rate of in-stent restenosis.

Active coatings have been reported to exhibit a higher decrease of in-stent restenosis than
PC, yet with only a slight increase in late stent thrombosis, and no benefit after

implantation for four years.> PCs are considered to have a less complex design at a lower
cost! and less long-term safety issues,® making them a more viable option at this time for

most patients.

Most PC coatings chemistries that have been investigated incorporate silicon and carbon
using radio frequency (RF) PECVD,***! with only a few of these studies investigating
the coatings’ effect on samples other than flat coupons. The three dimensional shape,
aspect ratio and complex geometry of stents creates a challenge in regard to coating
uniformity, typically resulting in a thickness gradient along the inside and outside of the

stent.8? Additional regions where strain is more prevalent, i.e. sharp or rounded corners
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along the stent strut, make for opportune sites for cracking and delamination of the

coating.%°

Over the years, BMS have been made from a number of metals (stainless steel, cobalt
chrome, nitinol, titanium, tantalum and more) encompassing varying geometries and

designs such as a corrugated ring or slotted tube.!%®

The stent material and design
features are understood to be crucial to the biocompatibility of these biomedical
devices.!216.106.109.110 Jpon implantation, proteins adsorb on the metal stent surface
because of the charge transfer mechanism between the donating protein and the accepting
metallic surface; for this reason, neutrally charged coating are needed.?!'! 321 SS foils
used section 3.3 were used, because of the similar elemental composition and lower cost
in comparison to 316 L SS, to carry out the different plasma polymerization processes.
The process that demonstrated the highest and lowest WCA (3 g/hr at 1000 V and 1500
1500 V) on 321 SS was selected to be applied to 316 L SS foil. Stainless steel (SS),

316 L alloy, has been one of the most commonly used materials for stents. However, its
poor biocompatibility and moderate elasticity has resulted in the need for alternative
materials and coatings. The focus of this research is on the modification of flat 316 L SS

inert with HMDSO-based coatings of varying physical and chemical properties using

pulsed DC PECVD.

4.3 Materials And Methods
4.3.1 Materials
Single donor cryopreserved human umbilical vein endothelial cells (HUVEC) were

acquired from PromoCell (C-12200; Heidelberg, Germany) after passage I1.

68



Cryopreserved human coronary artery smooth muscle cells (HCASMC) were purchased
from PromoCell (C-12511) after passage II. PromoCell’s ready-to-use endothelial
growth media and supplement kit (C-22010) was used for HUVECs. PromoCell’s human
coronary artery smooth muscle kit II (C-22062) was used to maintain the HCASMC:s.
Gibco’s antibiotic-antimycotic was purchased from ThermoFisher (1540062; Waltham,

Massachusetts, USA).

4-(2-hydroxyethyl)1-piperazineethanesulfonic acid) (HEPES) was purchased from
Hyclone (SH30237.01; Logan, Utah, USA) and Dulbecco phosphate buffered saline
(DPBS) — (with magnesium and calcium) was purchased from Corning (21-031-CV;
Manassas, Virginia, USA). HEPES and DPBS were mixed together and used to maintain
the pH of the HUVEC cell culture after the media was removed. 0.05% Trypsin /
Ethylenediaminetetraacetic acid (EDTA) was used to detach the HUVECs from the T-75
flask. PromoCell’s 30 mM HEPES- buffered saline solution (BSS) (C-40010) was used
to maintain the pH of the HCASMC cell culture (cell structure and function) after
removing the growth medium. PromoCell’s 0.04% Trypsin / EDTA (C-41010) was used
to detach the HCASMCs from the T-75 flask. PromoCell’s (C-41110) trypsin
neutralizing solution (TNS) was used to neutralize the trypsin in the T-75 flask after the

HCASMCs and HUVECs were detached.

37% formaldehyde was purchased from MilliPore Sigma (FX0410; Burlington,
Massachusetts). 10 X Phosphate buffer saline was purchased from KPL (51-13-02;
Gaithersburg, Maryland) and SeraCare (5460-0022; Milford, Massachusetts) to make 4%

formaldehyde.
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Two fluorescent stains were purchased for this study: 4,6-diamidino-2-phenylindole,
dihydrochloride (DAPI) from Millipore Sigma (268298) and CytoPainter Phalloidin
iFluor 594 reagent from Abcam (ab176757; Cambridge, Massachusetts). Invitrogen’s
Fluoromount-G mounting media (00-4958-02) was purchased from ThermoFisher

Scientific.

4.3.2 Methods

4.3.2.1 Cell Culture

The anti-biofouling effectiveness of the organosilicon polymer-like coating applied at
1000 V and silicon oxycarbide coating applied at 1500 V using 3 g/hr precursor flow rate
described in Chapter 3 were assessed with cells proven to adhere to both 316 L stainless
steel (SS) and glass surfaces. Single donor cryopreserved HUVECs and ready-to-use
endothelial cell growth medium kit which includes basal medium and supplement mix
were used in this study. The supplement mix includes fetal calf serum (0.02 mL/mL),
endothelial cell growth supplement (0.004 L/mL), epidermal growth factor (0.1 ng/mL),
basic fibroblast growth factor (1 ng/mL), heparin (90 pg/mL), and hydrocortisone

(1 pg/mL). 1 % of antibiotic-antimycotic was added to the endothelial cell growth media
to prevent bacterial and fungal contamination. HUVECs were cultured in a T-75 flask
with the endothelial cell growth media and incubated in a 37 °C incubator under a 5%

CO; atmosphere.

The HUVECs were sub-cultured after 7 days or once the T-75 flask was close to 90 %
confluency, whichever came first. The cells in the T-75 flask were washed with 7.5 mL

of HEPES-DPBS buffer solution (without calcium or magnesium) and then incubated at
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37 °C with trypsin for 4 minutes. The trypsinization process was then stopped by adding
7.5 mL of TNS. The cells were transferred to a centrifuge tube and centrifuged at 125 x g
for 5 min. The cells were resuspended in fresh media and counted using a
hemocytometer. Cells used for the adhesion and proliferation studies were sub-cultured

between passages V and VII.

HCASMC cells were cultured in T-75 flasks with PromoCell’s ready-to-use smooth
muscle growth medium II kit which includes basal media and supplement mix.

The supplemental mix that was added to the media contained fetal calf serum

(0.05 mL/mL), epidermal growth factor (0.5 ng/mL), basic fibroblast growth factor (2
ng/mL), and insulin (recombinant human) (5 pg/mL). 1 % of antibiotic-antimycotic was
added to the smooth muscle cell growth media to prevent bacterial and fungal
contamination. HCASMCs were cultured in a T-75 flask with the smooth muscle cell

growth media and incubated in a 37 °C incubator under a 5 % CO> atmosphere.

The HCASMCs were sub-cultured after 14-days or once the T-75 flask was close to 90 %
confluency, whichever came first. The cells in the T-75 flask were washed with 7.5 mL
of HEPES-BSS buffer solution and then incubated at 37 °C with trypsin for 4 minutes.
The trypsinization process was then stopped by adding 7.5 mL of TNS. The cells were
transferred to a centrifuge tube and centrifuged at 125 x g for 5 min. The cells were
resuspended in fresh media and counted using a hemocytometer. Cells used for the

adhesion and proliferation studies were sub-cultured between passages V - VII.
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4.3.2.2 Investigation of Cell Adhesion to Coated Samples

316 L SS foil samples either uncoated or coated via pulsed PECVD were used in these
studies. Specifically, the performance of coatings generated with the precursor
hexamethyldisiloxane (HMDSO) at a flow rate of 3 g/hr and with an input voltage of
either 1000 V resulting in an organosilicon polymer-like coating, or 1500 V resulting in a
silicon oxycarbide coating was studied. Prior to seeding cells, the uncoated and coated
316 L SS foil samples were cut 8.9 mm (width) by 7.8 mm (length) and ultrasonically
cleaned in isopropanol, followed by autoclaving at 120 °C for 20 minutes and then
placing them inside the wells of Nunc Lab-Tek ™ IT Chamber Slide System 8 well-plates
were purchased from ThermoFisher Scientific (154534PK) under a laminar flow

biological hood.

Earlier studies of cell proliferation protocol using HUVEC cells on stainless steel sample
demonstrated proliferation of the selected cells on stainless steel samples after incubation
for 1-7 days at a density of 18,000 — 20,000 cells per ml.!'? HUVEC or HCASMC cells
(passages V-VII) were plated independently at a cell density of 16,000 and

10,000 cells/cm? in 100 pL of media, respectively, on the surface of the foils. A
schematic of the well plate setup with the uncoated and coated foils is shown in

Figure 29. The HUVEC and HCASMC then were allowed to attach to control
(uncoated SS and bare glass) and coated SS foil surfaces at 37 °C under 5 % CO: for 2 or
7 days. For cells cultured for 7 days, the media was replaced every 2 days. The glass
well was only used to verify initial cell attachment and continuous cell proliferation and

health during the study.
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Uncoated 316 L SS foil was used to compare adhesion and proliferation to coated 316 L
SS foil samples. At the end of the time study, the cells were washed with Dulbecco’s
phosphate buffered saline (DPBS) once and fixed with 4% formaldehyde in PBS for

20 min. Cell growth on each sample and control was studied with at least two

independent replicates.

Uncoated 316 SS foil —>

3g-1000V on 316 SS /)'/

Uncoated glass

3g-1500V on 316 SS

Nunc Lab-Tek Il 8 well plate
Figure 29. Schematic of Nunc LabTek II well plates.

After fixing, the cells were then washed with DPBS one time. The cells were then
concurrently labeled with 4,6-diamidino-2-phenylindole (DAPI) cell nuclei stain
(excitation/emission wavelengths of 358/461 nm) to label nuclei with blue fluorescence
and actin-binding phalloidin-iFluor 594 (excitation/emission wavelengths of 590/618 nm)
to label the actin filaments of the cells with red fluorescence. Actin filament is an
intercellular protein and its key roles in a cell is muscle contraction and cell movement.
These stains were used because the excitation and emission bands have a small degree

overlap at the tail end minimizing the degree of bleed-through, as shown in Figure 30.
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Figure 30. Excitation and emission bands for DAPI and phalloidin-iFluor 594. The blue
dashed line is DAPI excitation band, blue solid line is DAPI emission band, orange
dashed line is phalloidin iFluor 594 excitation band, and orange solid line is phalloidin
iFluor 594 emission band.

The DAPI-phalloidin cell staining solution contained 1 uL of 1 pg/mL of DAPI along
with 1 pL of 1x phalloidin and 1 mL of DPBS with 1 % bovine serum albumin.

Each well was filled with 100 pL of the DAPI/phalloidin cell staining solution. The well
plates were then incubated at 37 °C in an incubator for 30 - 45 mins. The DAPI-
phalloidin solution was removed and the wells were washed once with DPBS. Finally,
the cell layer was covered with 100 uL of DPBS. The stained cells were viewed under a
fluorescent microscope at this time and then stored in a 4 °C refrigerator.

Before capturing fluorescence microscopy images of the cells, the microscope slides were
detached from the well and mounted. Specifically, 25 - 40 uL of Fluoromount-G
mounting media was added to the slide to reduce photobleaching. A cover slip was
placed on top of the slide and sealed with clear nail polish. The mounted slides were kept
in the dark for at least 2 hours before imaging the cells. Microscopic images were

recorded using an EVOS FL inverted fluorescence microscope using a DAPI filter cube

(Aex = 340 nm, Agm = 488 nm) for imaging of blue nuclear fluorescence and an RFP filter
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cube (Aex = 590 nm, Agm = 618 nm) for imaging the red fluorescence from cytoskeleton
actin filaments. Thirteen to seventeen single-frame images (0.21 mm?) were taken across
the center of the sample, using a 20 X objective lens, as shown in Figure 31, and stitched

together to cover the surface area of 2.73 or 3.56 mm?.
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Figure 31. Uncoated and coated stainless-steel samples investigated for cell adhesion and proliferation using fluorescence
microscopy. An example of the coated and uncoated stainless-steel samples and location that was interrogated using microscopy.



In an ideal scenario, high endothelial cell adhesion with uniform surface coverage on the
coated samples, was desired. On the other hand, low adhesion and replication with
minimal surface coverage of smooth muscle cells was desired on the coated samples.
The number of cells adhered onto the samples was counted using National Institute of
Health (NIH) Image J software and the automated cell counter add-on was used to count
the number of cells adhered to surface of the samples. Each image was imported into
Image J and then inverted and changed to an 8-bit type image. The size and circularity of
the cells were defined as 225-infinity pixel? and 0.00-1.00, respectively. For each
replicate sample, the average number of cells adhered to the foil in thirteen consecutive
images (2.73 mm?) across the sample was determined. The average number of cells per
mm? was calculated for each sample from these thirteen images for each replicate. The
data is then reported as the average and standard deviation in between the means of the
replicates. Statistical analysis was carried out using t-test at a significance level of
p<0.05. The cells’ affinity (2 day) to the surface when coated was compared to that of
the 316 L SS foil control. The adhesion of the cells to the surface with respect to
extended time (7 day) was also measured to determine if the cells proliferated across the

surface.
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4.4 Results And Discussions

4.4.1 Human Umbilical Vein Endothelial Cell (HUVEC) Adhesion and Proliferation
Single frame fluorescence images of the HUVECs were captured on the uncoated and
coated 316 L SS foil samples. In these images, blue fluorescence indicates the location
of cell nuclei while red fluorescence indicates the location of cytoskeletal actin filaments
and therefore provides information about cell spreading and adhesion to the solid
substrate. Cell adhesion and proliferation were observed at 2 day and 7 day, respectively.
Uncoated 316 L SS foil sample revealed the greatest number of cells attached to the
surface in a single frame at 2 days. While the 1000 V and 1500 V coated 316 L SS foil
samples revealed an average of only one single cell attached to the surface per single
frame (area of 0.21 mm?), as shown in Figure 32. At day 7, both uncoated 316 L SS and
1000 V exhibit the same number of cells attached on the surface, while the 1500 V coated

sample shows a similar number of cells as the 2 day samples.
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Uncoated 316 L Stainless-Steel
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Organosilicon Polymer-Like Coating
3 g/hrat 1000 V

HUVEC 2 Day HUVEC 7 Day

Silicon Oxycarbide Coating
3 g/hr at 1500 V

Figure 32. Single frame fluorescence images of adhesion (2 day) and proliferation
(7 days) of HUVECs on uncoated and coated organosilicon polymer-like and silicon

oxycarbide coatings on 316 L SS foils.

A question that came up in this study was if single frame images were representative of
cell attachment across the entire sample? Our assumption was yes, based on other

To assess this hypothesis, we evaluated the middle area across the entire
uncoated and coated 316 L SS foil sample, shown in Figure 31. A total of seventeen

single frame fluorescence images were captured and stitched together to illustrate the cell

adhesion and proliferation in this area on the sample.

HUVECs adhere mostly to the middle region of the uncoated 316 L SS foil for the 2-day

and 7-day studies, as shown in
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Figure 33. There are very few cells that adhere and proliferate on the outer edges of the
uncoated 316 L SS foil samples. HUVEC:s arbitrarily adhere to both the coated surfaces
in very low numbers. Our initial hypothesis of single frame images being representative

of the entire sample was found to be invalid for HUVECs.
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Figure 33. Stitched single frame fluorescence images of HUVECs adhered to uncoated and coated 316 L SS foil samples.



The nonuniformity of the HUVECs across the surface may be due to surface chemistry
and surface roughness of the sample. To assess this assumption, we examined the
adhesion of the HUVECsS on glass. The cells adhere and proliferate across the entire
glass substrate as shown in Figure 34, after 7 days with the exception of two locations.
Thus, cell adhesion is selective with respect to surface chemistry. After fluorescence
imaging, the cell nuclei for both HUVEC and HCASMCs were counted on the coated and
uncoated 316 L SS foil samples at different incubation times with Image J. Results for
HUVEC cell count at 2 and 7 days are shown in Figure 35. Uncoated 316 L SS foil
exhibited the highest number of HUVEC cells adhered to the surface at 2 and 7 day
compared to all the substrates evaluated. On day 2, there were 17 cells/mm? adhered to
the uncoated 316 L SS foil. Five days later, the HUVEC cell number was 31 cells/mm?.
At day 2, the number of HUVECs adhered to the coated surfaces (1000 V and 1500 V)
was 4 cells/mm? and 5 cells/mm?, respectively. After seven days, there was no
significant difference in HUVECs proliferation across the 1000 V coated samples (6

cells/mm?) and the 1500 V coated samples (5 cells/mm?).
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Figure 34. HUVEC cells adhesion and proliferation on glass after 7 days. Blue fluorescence represents the cell nuclei stained with
DAPI and red fluorescence represents the cytoskeleton of the cells stained with phalloidin iFluor 594.
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Figure 35. HUVEC cell density: cell adhesion and proliferation across uncoated and

coated 316 L SS foil after 2 and 7 days. Error bars represent the standard deviation

between the means of independent replicates (n=2). There was no statistically significant
difference between the samples (*p<0.05).
The results of the t- test for uncoated and coated SS 316 L foil substrates revealed that
there is no statistical difference in HUVEC cell adhesion in between these samples.
4.4.2 Human Coronary Artery Smooth Muscle Cells (HCASMC) Adhesion and
Proliferation

A key element of new biomedical implant development is controlling cell adhesion on
the material’s surface. In this study, the adhesion and proliferation behavior of
HCASMCs were investigated on uncoated 316 L SS foil, organosilicon polymer-like
coatings, and silicon oxycarbide coatings. Fluorescence imaging and cell counting were

used to distinguish the surface-dependent differences in the adhesion and proliferation

HCASMC:s at different time points. After culturing the cells for 2 days and 7 days, the
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adhered cells were fixed and the nucleus (blue) and actin filament forming the
cytoskeleton (red) were stained. Then, fluorescence imaging analysis was carried out, as

shown in Figure 36.

Single-frame images at day 2 and 7 were captured on uncoated and coated 316 L SS foil
samples (Figure 36 A). The density of HCASMCs adhering to both uncoated 316 L SS
foil and organosilicon polymer-like coatings at day 2 in the single-frame image is similar.
In addition to these findings, we observed that the HCASMC cytoskeleton does not
spread on either of the aforementioned surfaces. In contrast, the silicon oxycarbide
coated surface reveals a higher number of HCASMC:s attached and spreading across the

surface.

At day 7, HCASMC:s proliferate along the uncoated and silicon oxycarbide coated 316 L
SS foil samples. Alternatively, HCASMCs do not proliferate on the surface of the
organosilicon polymer-like coating. Also, the cytoskeleton did not spread out along the
coated surface, indicating cell-selectivity for the different uncoated and coated samples.
When we evaluated a select area across the entire length of the uncoated and coated
stainless steel samples (Figure 36 B), HCASMC’s densely populate certain locations; at

the same time, there are very few to no HCASMC in other locations.

85



98

HCASMC 2 Day Uncoated 316 L Stainless-Steel

HCASMC 7 Day Uncoated 316 L Stainless-Steel

HCASMC 2 Day HCASMC 7 Day  pcASMC 2 Day Organosilicon Polymer-Like Coating
Uncoated 316 L Stainless-Steel 3 g/hr 1000 V

HCASMC 7 Day Organosilicon Polymer-Like Coating
3 g/hr 1000 V

HCASMC 2 Day HCASMC 7 Day

Organosilicon Polymer-Like Coating  HCASMC 2 Day Silicon Oxycarbide Coating
3 g/hr 1000 V 3 g/hr 1500 V

.

0

HCASMC 7 Day Silicon Oxycarbide Coating
3 g/hr 1500 V

casmo20ay Hoasuc7 oy TN

Silicon Oxycarbide Coating
3 g/hr 1500 V B
A

Figure 36. HCASMC 2 day and 7 day adhesion study on uncoated 316 L SS foil, organosilicon polymer-like coating and silicon
oxycarbide coating on 316 L SS foil. (A) single frame image; (B) stitched single frame fluorescence images of cells adhered across the
uncoated and coated sample surfaces. The nuclei of cells stained with DAPI is blue, and the cytoskeleton of cells stained with
Phalloidin iFluor 594 is red.



HCASMCs exhibited higher adhesion to uncoated 316 L SS foil (10 and 18 cells/mm? for
2 day and 7 day) in comparison to the organosilicon polymer-like coating, as shown in
Figure 37. The organosilicon polymer-like coating, showed a significantly lower
adhesion of HCASMCs (3 and 7 cells/mm? for 2 day and 7 day). Therefore,

organosilicon polymer-like coating does not promote adhesion and proliferation of

HCASMC:s.

The t-test revealed that there is statistical difference between the uncoated 316 L SS
samples after 2 day and 7 days of incubation, as well as between the organosilicon
polymer-like coated (3g-1000 V) samples after 2 day and 7 days. There is also a
significant difference between uncoated 316 L SS and 3 g/hr 1000 V (organosilicon
polymer-like coatings) at 2 day and 7 day for HCASMC adhesion and proliferation

(*p<0.05).
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Figure 37. HCASMC cell density: cell adhesion and proliferation across uncoated and
coated 316 L SS foil after 2 days and 7 days. The error bars represent the standard
deviation between the means of independent replicates (n=3). Statistically significant
differences were observed with respect to coating chemistry and time of incubation for
HCASMC adhesion (*p<0.05).
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4.5 Conclusion

In this study, we investigated the cellular response of HUVECs and HCASMCs to two
different coated stent-like materials: organosilicon polymer-like and silicon oxycarbide in
comparison to uncoated stent-like material 316 L SS foil. To assess the cellular behavior,
we used fluorescence imaging to evaluate the adhesion and proliferation of HUVECs and
HCASMCs. Qualitative and quantitative analyses of the fluorescence images showed
that HUVECs adhered and proliferated more and faster on uncoated 316 L SS foil. Of
the coatings, there was no statistical difference in adhesion on 2 day or 7 day samples in
comparison to the uncoated 316 L SS foil. HCASMCs showed higher adhesion and
proliferation on uncoated 316 L SS (10 cells/mm? after 2 days and 18 cells/mm? after 7
days) and silicon oxycarbide (14 cells/mm? after both 2 and 7 days). On the other hand,
the organosilicon polymer-like coating demonstrated anti-biofouling properties, reducing
the numbers of HCASMCs adhering to and proliferating across the surface (3 cells/mm?

after 2 days and 7 cells/mm? after 7 days).
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5. CONCLUSIONS & FUTURE WORK
The number one cause of death in the U.S. is coronary artery disease (CAD). Coronary
stent procedures are performed to keep the artery open and allow blood flow to and from
the heart. Stents have been successful at keeping the artery open for a short time;
however, secondary effects have come about, such as build up plaque around the stent
(in-stenosis) and blood clots. Several different types of anti-biofouling coatings
including passive and drug-eluting coatings have been developed to prevent plaque build-

up, blood clots, and increase the longevity of stents in the body.

In this work, two passive anti-biofouling coatings were developed and evaluated for their
ability to modulate the adhesion and proliferation of human umbilical vein endothelial
cells (HUVEC) and human coronary artery smooth muscle cells (HCASMC) onto stent-
like material surfaces. The anti-biofouling coatings were prepared by pulsed direct
current (DC) plasma-enhanced chemical vapor deposition (PECVD) using
hexamethyldisiloxane (HMDSO) as the precursor. Two different parameters were
changed in the process, the applied voltage (1000 V and 1500 V) and precursor gas flow
rate (2, 2-3, and 3 g/hr) on 321 stainless-steel (SS) foil samples. The coating thickness
ranged from 100 nm to 300 nm when 1000 V or 1500 V were applied, respectively.

The wetting properties of the coatings were determined and compared to chemically
cleaned, and plasma cleaned 321 SS foil surfaces. The role of the applied voltage and

precursor flow rate on the wetting properties was investigated.

It was determined that at low gas flow rates, 2 g/hr, and high applied voltage, 1500 V,

higher water contact angles (WCA) were observed. In contrast, at higher gas flow rates,
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2-3 and 3 g/hr, and low applied voltage, 1000 V, higher WCA were obtained on 321 SS
foils. Coatings applied at 3 g/hr, and 1000 V had the highest average WCA; however,
when the applied voltage was increased to 1500 V, the WCA dropped to the lowest
average WCA in comparison to the other coatings. In an effort to understand the
differences in the wetting properties, the chemistry of the coatings was examined using
Raman spectroscopy. After probing the coated and uncoated surface chemistry, it was
revealed that two different surface chemistries were produced due to the different applied
voltages and unrelated to the gas flow rate. The chemical composition of the coatings
deposited at low applied voltage (1000 V) showed bands similar to plasma-polymerized
HMDSO, preserving the CHs, Si-C, and Si-O stretching and vibration bands; these
coatings were identified as organosilicon polymer-like coatings. In contrast, with higher
applied voltage, 1500 V, the coating’s revealed two strong, broad bands characteristic of
amorphous carbon (C=C) and weak broad bands for silicon oxide (Si-O), and alkanes (C-

H); these coatings were identified as silicon oxycarbide coatings.

In the next phase of this study, coatings were generated using 3 g/hr HMDSO flow rate at
1000 V and 1500 V on medical-grade 316 L SS foil samples. The 3 g/hr at 1000 V and
1500 V process was selected for the 316 L SS, because it demonstrated the highest and
lowest WCA on 321 SS. The 321 SS foils were used in this study because of the similar
elemental composition and lower cost in comparison to 316 L SS, to carry out the
different plasma polymerization processes. The wetting, physical, and chemical
properties of the coating were assessed on the 316 L SS. Similar variances in the wetting
properties were revealed between the low and high applied voltages that were observed

on the 321 SS foil samples. The coating thickness was significantly lower on the 316 L
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SS (108 nm) than the 321 SS foil (302 nm) for the 1500 V samples. The different coating
thickness could have been a result of coating inhomogeneity. The chemical composition
of the two coatings showed a strong alkane band (CH3) for the coating applied at low
voltage (1000 V) labeled as an organosilicon polymer-like coating. Conversely, strong,
broad, amorphous carbon bands (C=C) were revealed for the coating applied at a high
voltage (1500 V) identified as silicon oxycarbide coatings. The absence of the weaker
bands observed on the 321 SS foil samples may have been a result of low signal to noise

ratio resulting from low laser power output.

The 316 L SS coated and uncoated surfaces discussed in the previous paragraph were
investigated further to evaluate their anti-biofouling behavior against human umbilical
vein endothelial cells (HUVEC) and human coronary artery smooth muscle cells
(HCASMC). The adhesion and proliferation of HUVECs and HCASMCs were evaluated
using fluorescence imaging. The cells were incubated on the uncoated and coated 316 L
SS foils for 2 and 7 days, then washed, fixed, and stained with DAPI and phalloidin
iFluor 594 to label the cell nuclei blue and cytoskeleton red when excited, respectively.
At day 2 and day 7, there was no statistical difference observed in HUVEC cell adhesion
and proliferation on the organosilicon polymer-like coating in comparison to the
uncoated 316 L SS foil. At the same time, a reduction in HCASMCs adhesion and
proliferation after 2 and 7 days was observed between the organosilicon polymer-like
coating and uncoated 316 L SS foil. The reduction in HCASMCs adhesion and
proliferation on the organosilicon polymer-like coating may be attributed to the alkane
(CH3) stretching grouping in the coating. Conversely, the uncoated 316 L SS showed an

increase in adhesion and proliferation of HCASMC:s after 2 and 7 days of incubation.
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The silicon oxycarbide coating displayed no statistical difference in HUVEC or
HCASMC adhesion and proliferation after 2 and 7 days relative to the uncoated 316 L SS
foil. The high adhesion of HCASMC:s to the silicon oxycarbide coating may be assigned
to the silicon oxide and carbon-carbon groups in the coating. Based on these data,
organosilicon polymer-like coatings were found to exhibit good anti-biofouling behavior
against HCASMCs and HUVEC: after 2 and 7 days of incubation. For ideal in vitro
performance, high endothelial cell adhesion uniformly across the coated surface is
desired. At the same time, low adhesion and replication with minimum surface coverage
of smooth muscle cells was desired. Consequently, the organosilicon polymer-like
coatings have significant potential in this field to reduce HCASMCs adhesion and

proliferation, while enabling at least some adhesion of HUVECs.

In the future, process repeatability may be explored further to control coating thickness,
uniformity and coating chemistry. For example, multiple depositions of the same
voltage, deposition time, and flow rate should be done back to back. Metzler showed that
by performing back to back depositions with the same process parameters, a very small
(<7 nm) thickness variation over 18 deposition runs can be achieved.!!> Also, in-situ
monitoring of the film thickness and plasma may be explored using ellipsometry, optical
emission spectroscopy (OES), and quadrupole mass spectroscopy (QMS). Real-time
monitoring of coating growth may allow for more consistent target thickness to be
reached. OES and QMS are complementary techniques that may be used to characterize
the elemental and chemical species in the plasma. The information obtained from these

two techniques can then be used to correlate to the coating surface chemistry, which may
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aid in understanding the deposition species that influence the coating composition and

wetting properties.

In regard to cell adhesion studies, short term studies assessing the adhesion of HUVEC
and HCASMC:s after 2 or 4 hours would aide in understanding early cell-surface
interaction. Also, measuring adhered cells via flow cytometry may be a better technique
to identify the number of cells adhered to the surface. This technique may eliminate
some of the losses that occur after washing the sample and prevent erroneous materials
from being counted as cells. Other cells that should be explored in future studies are
macrophages, which are understood to play a vital role in the pro-inflammatory response

in plaque build-up.

Protein adsorption studies also should be performed, looking at fibrinogen and other
relevant proteins. While we were unsuccessful at characterizing the adhesion of proteins
such as bovine albumin serum to the stainless-steel foil via fluorescence spectroscopy
(data not shown), other techniques may be explored such as atomic force microscope,

electron microscopy, or quartz crystal microbalance.!!¢-!18

This study focused on flat smooth surfaces; however, the reality is that the stents are
three-dimensional and have corrugated surfaces. Future studies should assess tubular
shapes to determine if the plasma can evenly coat both sides and down the length of the
tube. Also, an investigation into different corrugated shapes as the plasma may not be
able to deposit into the small corners or may only thinly coat these areas. The effects of

stress on the coating due to deployment is another area that should be studied. Stents are
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tightly coiled prior to deployment in the body; however, once deployed, they are uncoiled

and could experience cracking or delamination of the coating.

Finally, these anti-biofouling coatings should not be limited to just coronary artery stents.
There are several other areas where stents (vascular stents, ureteral stents, prostatic stents,
and esophageal stents) are applied in the body. These areas have an issue with the
accumulation of plaque build-up or blood clots, which may lead to blockage in the

femoral arteries, ureteral arteries, and endovascular aneurysm.
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