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Abstract

Polymer Surface Modification for Bioengineering Applications
by
Qian Cheng
Doctor of Philosophy in Engineering-Mechanical Engineering
University of California, Berkeley

Professor Kyriakos Komvopoulos, Chair

Polymers are widely used in bioengineering for a wide ranggpplications, including
substrates fom vitro cell culture and scaffolds fon vivo tissue engineering. Because polymer
surfaces are usually non-polar and exhibit low biocompatibilitfasarchemical modification
must be used to enhance biocompatibility. In this study, biopolymercearf@ere modified by
various plasma treatments and the resulting surface propediescivaracterized in detail by
various microanalysis techniques. Although surface chemistry mattliinc of biopolymers is
important, modification of the near-surface structure of biopolyriseedso critical because it
affects cell attachment, proliferation, and infiltration, whiclofigparamount importance in the
fabrication of scaffolds for tissue engineering.

Plasma polymerized fluorocarbon (FC) films grafted onto Armpéasreated low-density
polyethylene surfaces were shown to increase the surfaae sthength while maintaining low
friction. These surface characteristics illustrate the paleot FC films as coating materials of
bioinstruments, such as catheters used for the treatment of diseteses where blood flow is
restricted by plaque deposits onto the inner wall of the vessaddition to FC film grafting,
plasma polymerization with diethylene glycol dimethyl ether magromas used to graft non-
fouling polyethylene glycol (PEG)-like films on various substsato prevent both protein
adsorption and cell attachment, which is of great importance takbhmedtion of non-clotting
artificial grafts for bypass surgery.

Non-fouling PEG-like films were used to chemically pattern sabs surfaces for single-
cell culture. Polystyrene culture dishes coated with a PEGilikewere chemically patterned
using a silicon shadow mask or a poly(dimethyl siloxane) (PDM&nbrane mask, fabricated
by standard lithography methods, to locally remove the PEG fillripglasma etching through
the mask windows. Another surface chemical patterning method fotéomgsingle-cell culture
was accomplished with polystyrene and parylene C surfaceking tadvantage of the change
in surface hydrophilicity induced by plasma treatment. Theseacrthemical patterning
methods were used to regulate the shape and size of smooth naliscgSkICS). A strong
effect of the shape and size of SMCs on proliferation rateosarved, which was correlated to
changes in nuclei shape and volume of the SMCs.

In contrast to solid polymers, plasma surface treatment of fipolysner materials to
improve biocompatibility has received relatively less attentidrus] another objective of this
dissertation was to explore how plasma surface modification wétt (e.g., Ar) and reactive



(e.g., NK) gas plasmas can be used to enhance cell attachment, growthfitwradion into
fiborous polymer scaffolds. Poly(L-lactide) (PLLA) microfibrousafolds synthesized by
electrospinning were plasma treated with Ar ands;Njdses to improve cell affinity and
incorporate functional groups for biomolecule immobilization. Both Ar &itds plasma
treatments were shown to improve the cell attachment and growtih the fabricated
microfibrous scaffolds, while surface functional groups produced bypis$éma treatment were
also effective in immobilizing biomolecules.

In addition to the surface chemistry, the structure of biopolymeeriak also impacts
the effectiveness of tissue engineering scaffolds. Usingofalarication technology to produce a
patterned PDMS template for electrospinning, patterned PLLA nidconis scaffolds with
different structures were fabricated and their potential sug engineering was demonstrated
by in vitro andin vivo cell culture experiments.

The results of this thesis indicate that surface chemistrysandture modification of
biopolymers by combining plasma treatment with microfabricatiarbpatterning techniques is
an effective method of engineering surfaces for single-cétire and scaffold materials with
tailored two- and three-dimensional structures that enhance roglthlgand infiltration. The
findings of this work have direct application in the development of rpaite surfaces for
controlled single-cell attachment, which is of particular valuestiadies of individual cell
behavior, and scaffolds for tissue engineering and repair.
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Chapter 1

Introduction and Background

1.1 Biopolymer s and surface modifications

As the largest class of biomaterials, polymers are widelgd ufr numerous
bioengineering applications due to their low density, proper mechapiogkerty, chemical
stability, processing versatility, as well as biodegradgtfiit some category of polymers. Many
biomedical devices are fully made out of different polymers anpmed of polymeric
components. For example, polyethylene (PE) and polypropylene (BPJsad for various
tubings and total joint replacements, polytetrafluoroethylene (PidEsed for vascular graft,
and polydimethylsiloxane (PDMS) is used for various implants, afcshown in Table 1.1
(Visser et al. (1996). More examples of polymers used in clificahedine can be found in
Figure 1.1 (Rosato et al. (1983)), including applications for dentfaeis] prosthesis, sutures,
esophagus/gastrointestinal segments, etc. Both Table 1.1 and Figwteoiv. the widespread
application of polymer materials in biomedical device fields.

The selection of polymer materials for biomedical device appitaiusually base on the
mechanical property, chemical stability, as well as the mahtsurface property. While the
mechanical property and chemical stability are usually detexdrby the bulk material, material
surface property modification is usually necessary to fulfél tequirement of ‘biocompatibility’.
The definition for biocompatibility is kind of vague, but generapeaking, it means that the
material used for bio-applications should fulfill their functioitheut causing other unwanted
side effects. For example, joint implants should function mechaniwdhout inducing chronic
inflammatory response or formation of unusual tissues; invasive eethsould be strong
enough to perform functionality but with low surface friction sd gwrounding tissue won't be
damaged during treatment; vascular grafts should be able toerbsbod recirculation without
inducing thrombosis; scaffolds for tissue regeneration should bécgptemote cell attachment,
proliferation, infiltration and tissue formation, etc. Most polymdrave surfaces that are
relatively hydrophobic, inert and don’'t meet the specific requiresn&ar example, the surface
of selected biopolymer may not be ideal for cell growth and tisegeneration when
biointegration is critical; it may induce thrombosis when it'suandable for the surface to get
into contact with blood; it may have high surface friction doefht when invasive operation
will be performed with the device, etc. Therefore, surface atenmodifications of the
biopolymers are almost always necessary. In this thesis,rebsé@used plasma assisted
biopolymer surface modification will be elaborated, including functipteesma polymer film
deposition, plasma treatment for surface chemistry modificaiod, plasma assisted surface
chemical patterning for controlled protein adsorption and cell attachment.

Besides surface chemical property, structure of biopolymesdse critical for some
biomedical applications, especially for tissue engineeringadaf Since a scaffold is expected
to recruit cells, enhance cell growth and form new tissue, bothutii@ce property and scaffold
structure are important. While the surface property can be raddgimilarly as the bulk



biomaterial, the structure of scaffolds is usually modified gymmimic the porous structure of
the extracellular matrix in the body. To achieve this goalrapmrous/microfibrous structures
can be prepared via different techniques, e.g. self-assembly, gpé@eetion, electrospinning.
Among various methods, electrospinning of micro/nanofibrous structure tnasteat lots of
attention for tissue engineering and drug delivery applicatidnang et al. (2003), Pham et al.
(2006), Vasita et al. (2006)) due to their special structures and convenience odtpyephn this
thesis, work on preparing microfibrous scaffold with different strestwia electrospinning will
also be presented.

1.1.1 Surface chemical modification of biopolymers

To modify surface chemistry of biopolymers, there’re various methodilable (Desmet
et al. (2009)). First, the most common and convenient method is wet-eheméthods
involving using chemicals to introduce functional groups onto a biopolysudace, with
aminolysis (Zhu et al. (2002) and alkaline acidic hydrolysis (&aal. (1998)) as the classical
examples. Wet chemical methods tend to increase surface hydiophihd roughness as wells
as improve cell affinity, the produced chemical groups (e.g. carlemd/igroup, primary amine
end group) are also really useful for external cell matrixgomdie.g. gelatin) and other bioactive
molecules immobilization to further improve cell affinity. Thaimdrawback of wet chemical
methods is that the reactions are nonspecific, the degree ofesumfadification is not well
controlled, and the mechanical property of the material is usatiigted significantly. Ozone
treatment (Gatenholm et al. (1997)), UV- treatment and photogrdfliegg et al. (2009)) are
another category of methods which create covalent bonds betwemoldailes of interest and
the substrate, usually these methods are combined with wet-eheneithods, or combined with
vapor phase grafting, and the whole system can be complicated wags aheed tedious
optimization process. High-energy radiations (elgadiation and e-beam radiation) are also
used to modify biopolymer surface property by creating radmiéés and initiating
polymerization (Cho et al. (2005)). Then, self-assembly is anotbiéstudied method to create
specific chemical groups on a surface to realize surface netdfic The best known example is
the n-alkane thiols self assembles on gold surface, and for biogosumfaces usually block-
copolymers with an amphiphilic nature are applied as a coatingiahdteough hydrophobic
interactions (Popelka et al. (2007)). More recently, surface-initiatedngoiyation (Ranjan et al.
(2007)) including atom transfer radical polymerization and reversidtiition-fragmentation
chain transfer polymerization, and molecular layer deposition (&dgk et al. (2008)) are
studied due to possibility of grafting higher density of longerinsh@r precise control of
thickness and conformability.

Finally, in recent years non-thermal plasma treatment has gawredamd more attention
for biopolymer surface modifications due to its ability to chapglmer surface chemistry
effectively and with various advantages: one-step simple process, roahfaurface
modification even for complicated 3D geometry, solvent free andamient friendly, sterile
process, etc (Tajima (2006)).

1.1.2 Plasma assisted biopolymer surface chemical modification



Plasma is a partially ionized gas mixture comprised of iotextrens, uncharged
particles (neutrals, atoms, metastables and radicals), anénscafted the fourth state of matter.
According to the energy states of the different species implaglasmas can be categorized into
nonequilibrium plasmas and equilibrium plasmas. For equilibrium plaghesemperature of
all species are the same, which is true only when the plasmaduces by heating gases to
really high temperature, typically ranging from 4000 K forye@sionize elements such as
cesium to 20,000 K for hard-to-ionize elements like helium, witls stad fusion plasmas as the
example. These kinds of plasmas are also called thermaldngtetature/hot plasma. In
contrast, plasma used for material processing are usually abtalmen gases are excited into
energetic states by electric fields, which results intedas having much higher energy than
other species. Therefore these plasmas are called nonequilib@smaplor nonthermal/low-
temperature/cold plasma (Lieberman et al. (2005), Desmet et al. (2009)).

Since polymer materials usually have very low melting tenmpera generally only
nonthermal or cold plasma are used for polymer surface modificabDependent on the gases
used in the plasma process for polymer surface modificationsntéradtion between plasma
and polymer surface can be roughly divided into three categorieH. t{l® processing gas is
nonreactive inert gas (e.g. Ar and He), ion bombardment and vacuunmokikibate to the
modification of polymer surface, which can result in removal ofasgrfatoms and forming of
free bonds, which will later on form crosslinking or react withcggse from environment. (2)
With a reactive but non film-forming gas (e.g. £ ®H3), besides the ion bombardment effect,
new chemical groups from the processing gas can be insertedhensdricture of the surface
layer of the processed polymer material, therefore new groapsbe incorporated onto the
surface. (3) If the processing gas can form a film througbnm@apolymerization (e.g. 4Eg),
polymerized film can be grafted onto the polymer substrate asdhee time. For plasma
polymerization, usually film grafting and ablation happen at theedame, as shown in Figure
1.2. According to surface modification procedure, plasma polymer surfadéications can be
divided into direct modification or indirect modification methods. Foedirmodification,
polymer surface chemistry is modified by plasma treatment with anegactive gases or plasma
polymerization film grafting directly. While for indirect nietd, functional groups grafting on
the direct modified surface, plasma post-irradiation grafting asnph syn-irradiation grafting
will be used to immobilize other molecules of interest (Desetel. (2009)). In this thesis,
plasma polymer surface modifications will be discussed accotdirits application in three
areas of bioengineering field, which will be elaborated in details iroseti?.

1.1.3 Electrospinning for biopolymer surface/structure modification

While bulk polymers are usually used for biomedical devices, polyméth
microstructures are getting more and more attention in tissueeenigig and drug delivery field.
Mimic the architecture of extracellular matrix has been agomchallenge when developing
scaffolds for tissue engineering, and the development of technigueseparing polymer
micro/nanofibers has greatly improved the capability to prepahgmer scaffold with proper
microstructures. Common techniques used for preparing polymer micrabwasotan be
divided into three categories: electrospinning, self-assembly arseé gle@aration, among which
electrospinning is the most widely used method due to its sitypdind low cost of setting up.
(Vasita et al. (2006))



Fibrous structures exhibiting sufficient porosity are desirablesdaffold engineering
because porosity plays an important role in cell infiltration. In teadi fiber alignment is
conducive to cell migration and, under certain conditions, may also enbahanfiltration. A
common approach to increase porosity in electrospun construct is to iratergacrificial
structures (e.g., salt grains, ice particles, and fibadsich can be later easily removed to
produce a porous construct. However, leaching of the sacrificiadtste(s) often leads to the
collapse of the construct (Nam et al. (200@plymer fiber electrospinning on special templates
to achieve deposition control have been shown to be a more efficethbanof fabricating
porous fibrous constructs (Blakeney et al. (2011)). Especially, dieetrospinning onto surface-
patterned templates enables control of both fiber density and alignmeng(@hé Chang (2007,
2008)). Three-dimensional (3D) patterns on templates have been prolczegh machining of
metal and ice or knitting of metal wire. However, there're msid limitations for these methods:
surface patterns created by linear cutting or knitting anédd, and it's hard to achieve high
resolution control of the pattern geometry. In this thesis, a 3ierpatd PDMS was fabricated
to obtain scaffolds with different structure and the biological effects stedied.

1.2 Plasma sur face modifications

In this section the application of plasma polymer surface moddreafor three typical
surface modification purposes will be discussed: plasma polymenzair functional surface
coating, plasma surface modification for biocompatibility and bioiategr improvement, and
the plasma assisted surface modification for controlled adsorption of pratdios eells.

1.2.1 Surface modification by plasma-assisted polymer coating deposition

As shown in Figure 1.2, plasma polymerization is a really tilgsmethod to coat
surface with a thin film. Monomer in gas or vapor phase is introdtewddrm the plasma,
fragmented reactive radicals then combine to each other andpfgmers in the gas phase
(plasma-state polymerization) and get grafted onto the actipaigcther surface. The polymers
formed in the plasma usually don’t have the same structure angdosdion as polymers
achieved by conventional polymerization techniques. Besides, sinamaplpslymerization
occurs with monomers in the fragmented status, unsaturated bonddiostyctures are not
necessary to ensure polymerization anymore, so various monomeb® ¢atroduced into the
plasma for deposition of a plasma polymer coating on the surface.

Plasma polymerization has found application in various fields, incluglegronics and
optics fields, as well as biomaterial and bioengineering fi¢tds bioengineering applications,
plasma polymerization has been applied to deposit different kindsr, fdnd generally they
can be divided into two groups which have opposite functionality: plasmmeoRim that can
resist protein/cell attachment and therefore provide hemoconipgtiand plasma polymer film
that can promote protein attachment/conjugation and therefore enhance gadboity. A
summary of plasma polymerization for different surface coatings cavubd fn Table 1.2.

For the first group, fluorocarbon (FC) film and polyethylene glyB&G) films are most
commonly used. For example, it's found that fluorocarbon film depositeddiy frequency
glow discharge on small diameter synthetic vascular graft amss gdlide can decrease the
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adsorption of platelets ex vivo and in vitro (Kiaei et al. (1992ginkg due to the interaction

between fribrinogen from blood plasma and the fluorocarbon film wiplerslow surface energy
(Kiaei et al. (1995)). Besides, plasma deposited PEG-likev#s found being able to retain the
nonfouling property of polyethylene glycol and resist both protein @athesd cell attachment

(Brétagnol et al. (2006)).

For the second group, films in rich of functional groups (e.g., cgtbbydroxyl, amine
and aldehyde groups) are usually the objective. Usually theproenote protein/cell attachment
directly due to the increased surface energy, or they can inctapdramical groups which
serve as conjugation sites for other bioactive molecules. For exaamlne-based monomers
including allylamine, diaminocyclohexane, and heptylamine are lwidsed for plasma
polymerization and deposition of film providing primary amine group, evhtrylic acid and
propanoic acid are used for the grafting of film providing carboxyligr(Siow et al. (2006)).
Via these films in rich of functional groups, bioactive molecutetuding collagen, gelatin and
small peptide [Arg-Gly-Asp-Cys (RGDS)] can be conjugated sotéace through carbodiimide
reaction.

Since plasma polymerization is really complicated process,altt@ys necessary to
optimize the plasma condition for each monomer that's used as tbergme It has been
reported that the character of the deposited plasma film idyclesated to the plasma chemistry,
since monomers can react in different ways in plasma (Gueain @002)), due to the different
combinations or plasma conditions such as power, pressure, flow rat@ugnéhctors, and
certain plasma condition will favor one of those different chemical pathwayer@lly speaking,
low wattage, low discharge power and low duty cycle are beakfior retention of the
functional groups of the monomer and suppress crosslinking reactions, whidually the
requirement for plasma polymerization process.

Due to the plasma reaction process, there’s usually an inhereetrc@bout the stability
and aging of the plasma polymerized thin films (Siow et al. (20@herally speaking, films
become more stable when plasma power increases and resulted itiaepd&im with higher
degree of crosslinking.

In this thesis, a fluorocarbon film aimed at enhance surfaeagih while maintaining
low surface friction (Chapter 3) and a PEG-like film (Chagdesimed at providing a nonfouling
surface and decreasing protein/cell adhesion are deposited througla plalymerization and
deposition processes.

1.2.2 Surface modification with non-coating plasma

As shown in Figure 1.3, plasma treatment doesn’'t form film iggafor deposition.
Instead, chemical functionalities are introduced onto the surfacégeoradicals are created
depending on the processing gas is reactive or inert. At the gamestirface wettability and
roughness are usually increased, and chain scission and/or cross-linking ilte.poss

A comprehensive summary of plasma treatment of different kindsoplolymer are
shown in Table 1.3. It can be seen that plasma surface treatm#mtsfigrent gases have been
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studied extensively for traditional biopolymer surface modificateeording to the effects on
protein adsorption and cell attachment/growth. Generally, inert gaan@He) plasma doesn’t
lead to incorporation of new surface functionalities on the polymeairbut free radicals will

be created and can react with atmospheric oxygen.CO and CQ plasma treatment can
incorporate various oxygen containing chemical groups (e.g. carbpagbxide, hydroxyl
groups, etc). B NHz and N/H, plasma introduce primary, secondary and tertiary amines as well
as amides. It's usually the case that plasma treatment daesorporate unique functionality
and is not a selective technique.

As to the effect on polymer surface biocompatibility, plasmeatments generally
enhance external cell matrix protein adsorption on biopolymer sarfuerefore can improve
surface biocompatibility after treatment. It's found that singiteplasma, Ar plasma, plasma
or NH; plasma are able to enhance cell growth. Some comparison study ghatvn
incorporation of —NH via NH; plasma treatment is superior compared $pSW for improving
cell growth on polymer surfaces. Besides, due to the functional gioapgoorated through
plasma treatment, conjugation of bioactive molecules is alsobms&ven though plasma
treatment of traditional biopolymer in bulk state has been stuekéehsively, its effect on
modern biomaterials (e.g. fibrous biopolymer scaffolds) is of grgatest. In this thesis, the
effect of plasma treatments on Poly(L-lactide) (PLLA) miarous scaffolds biocompatibility
and the feasibility of conjugating heparin onto plasma treated PLLA scafficdddso studied.

1.2.3 Plasma-assisted surface patterning

Surface patterning for cell culture is a method aimed atiogeaurface areas with
different chemistry which can control protein adsorption and celthatiant, and therefore
produce patterns of single or multiple cells. The ability tocisedy control the shape and
spreading area of attached cells or cell-cell contacts thrsuidace patterning is very useful for
many fundamental studies of cell behaviors, including cell prolieratdifferentiation and
molecular signaling pathways. For example, it's found thatdoyrolling the geometry of single
cell, it's possible to control cell fate and cell differentatability. (Chen et al. (1997), McBeath
et al. (2004)). Besides, it's also a critical tool for manipulatiells in ordered organizations on
transducers for cell based sensing and cell based drug discoveeptsorvVarious methods have
been investigated to achieve this objective (Falconnet et al. (2@08) plasma treatment has
also been tried to assist in the processes (Ohl et al. (1999)).

Possible procedure of applying plasma treatment for surfaceiadiepatterning is
shown schematically in Figure 1.4. Since plasma treatment camgech@aterial surface
topography and chemistry (e.g. hydrophilicity) easily, maskimg surface partially during
plasma treatment will be able to induce surface chemistryastrand therefore difference in
cell response. Metal mask fabricated from laser cut or comvehtmicrostructure metallic grid
masks has been used due to their simplicity (Vargo et al. (1992))efaats of surface patterns
were found where contact between the metal mask and the suisstratténtimate. To solve this
problem, traditional micro-lithography was incorporated to replaeehamical mask and
combined with plasma treatment for surface patterning (Lhdest €1996)). An example of
plasma assisted surface chemical patterning for cell euisushown in Figure 1.5 (Ohl et al.
(1999)). Compared to other surface patterning methods, plasmaemnéaiwmbined with stencil
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mask for surface patterning has various advantages: fast, stérde, process without toxic
solvent and cost effective since it’s not relying on clean room facility.

To take advantage of the stencil mask and avoid the disadvantagesesft masks,
mechanical masks made of Si or PDMS were made by usingfabaagion techniques in this
thesis. Combined with plasma treatment (both plasma polymerd@position and plasma
treatment) and new patterning mechanism, the fabricated raeslepplied to make chemical
patterned surface for single cell culture successfully, swemable further study of patterning
effect on cell behavior, which will be discussed in chapter 5, and chapter 6.

1.3 Research objectives

Plasma polymer film deposition of fluorocarbon film have been usedaas
hemocompatible coating material for catheters used in angioptasgery, and the film
deposition chemistry has been studied in details previously (Tagimal. (2007)). While
hemocompatibility is a primary requirement for such coating madge low friction is also
required to avoid damaging surrounding tissue. Therefore, in thig tties nanomechanial
properties of the plasma deposited fluorocarbon film were investighe objective is to check
the surface mechanical property evolution during plasma proceasmhgnake sure that the
coating can provide advantageous surface mechanical property besides tbenheatitility.

To create non-fouling surface, plasma coating of PEG-like filalge very useful and
effective. While quite a few attempts have been made in previadgest almost all of them
require special plasma system configuration. In this thesis @ amiversal process was set up to
deposit PEG-like film with a plasma system which doesn’t recuine special set up, and the
plasma condition was also optimized through detailed study on thedépusition process to
deposit PEG-like film with desired nonfouling property.

Besides surface modification to avoid interaction with biomolecthesability of plasma
treatment to improve protein/cell affinity and biomolecule immnailon on polymer surface is
also of great importance for bioengineering applications, edlyedé@ biopolymers with
microstructures, e.g. polymer micro/nanofibrous membranes. At the sme, methods which
can effectively modify surface chemistry of polymer nano/mgtroctures without affect the
bulk property become critical for the successful application of thelsgner structures in tissue
engineering and drug delivery fields. (Yoo et al. (2009)) Thesefor this study plasma
treatment was investigated to modify PLLA microfibrous scaffaldface chemistry for two
objectives: (1) improve cell affinity and cell infiltration inteet PLLA microfibrous scaffolds for
tissue engineering applications; (2) incorporate functional groups ont®lth& microfiber
surface for immobilization of bioactive molecules for both tissugireering and drug delivery
applications.

With the ability to create both cell adhesive and cell nonadhesivéaces, it's
straightforward to crate patterned surface which can contra@ipratisorption and cell adhesion
by incorporating microfabrication techniques. Even though varioushadst have been
developed for this objective, simple, cost effective method are sldagired to expand the



application of surface chemical patterning methods. In thissthesiv methods were proposed
with the objective of make the existing methods more versatile, stable aneffectere.

Finally, besides surface chemistry modification, structural neadibn of the polymer
microfibrous scaffolds via patterned electrospinning was also estutdo improve cell
incorporation and therefore enhance biointegration. The aim is to secigarosity of the
scaffold and insure cell infiltration. To achieve this goal, nemplates were designed to
fabricate polymer microfibrous scaffolds with different morphol@gy structure, which may
have applications in different bioengineering fields.

1.4 Outline of the dissertation

In Chapter 2, the plasma apparatus used for the polymer surfadeatiods and the
electrospinning system are first introduced. Then all the arellyechniques used for study in
this thesis as well as involved instruments are explained iilsdefavo different capacitively
coupled plasma apparatus were used for: (a) functional films depositrough plasma
polymerization, including fluorocarbon film deposition and PEG-like filnpaddtion, and (b)
polymer surface modification to improve biocompatibility and incorgofamnctional groups for
biomolecule immobilization. The operation mechanisms of all analyticols were then
explained; i.e., SFM, AFM, SEM, goniometer, FTIR, and XPS, were used t@actiadze various
surface modifications (e.g. surface mechanical property, surtaghness and morphology, ad
surface chemistry) and optimize the film deposition or surfaodification condition. Finally,
experimental methods used to evaluate biological effects of suniadification are explained,
i.e., cell culture and staining, cell proliferation rate study and celfratfon study.

In Chapter 3, FC films were grafted onto Ar plasma-trebfleBE surfaces by plasma
polymerization and deposition. The evolution of the surface morpholothe afrafted FC films
was investigated at different scales with an AFM. Nanostalimg experiments performed with
a SFM provided insight into the nanotribological properties of Asrmpkatreated LDPE surfaces,
with and without grafted FC films, in terms of the applied norloatl and number of sliding
cycles. The observed trends are explained in the context of mitose models accounting for
the morphological and structural changes at the LDPE suré&stdting from the effects of
plasma treatment (e.g., selective etching of the amorphous phase, chainkingssind FC film
grafting) and surface sliding (e.g., crystalline lamellagnenent along the sliding direction).
Nanoindentation experiments elucidated the effect of plasma #ettm surface viscoelasticity
and contact stiffness. The results demonstrate that plasma patioer and grafting of FC
films is an effective surface modification method for tuning theon@echanical/tribological
properties of polymer surfaces.

In Chapter 4, capacitively coupled plasma of diglyme monomer veastagdeposit films
chemically similar to PEG on LDPE and Si substrates ptetteavith Ar plasma. The
topography, thickness, chemical characteristics, and compositionknef dynthesized under
different plasma conditions were examined by AFM, ellipsomgogjometry, FTIR, and XPS.
The effect of the substrate pretreatment conditions on the wigytamt thickness of the films
deposited on LDPE was found to be significant, while that of the degjylasma treatment time
on the film composition was shown to be secondary. Film chemical dmadities demonstrated
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a dependence on both diglyme plasma power and substrate mateliztiédwctof the LDPE
surface by bombarding Aions and subsequent low-power treatment with diglyme plasma was
more conducive to the formation of films with chemical chi@@stics similar to those of PEG.
The results demonstrate the potential of the present technique tot dejpogolymer films with
specific chemical characteristics on different surfaces.

In Chapter 5, the low-power diglyme plasma polymer film depositedhapter 4 was
found to exhibit nonfouling behavior and recognized as PEG-like fisnevadenced by the
significant decrease in protein adsorption and cell attachment onatebstoated by these films.
Different chemical patterns were produced on substrates wittegyfaEG-like films using Si or
PDMS membrane shadow masks fabricated by photolithography and amgistep plasma
etch process. Culture of single human mesenchymal stem cellshemically patterned
polystyrene dishes demonstrated a strong dependence of the agtiturst and nuclear
morphology on the cell shape and spreading area. The presented shdateal patterning
method for single cell culture was also utilized to study sledipe regulation of smooth muscle
cell proliferation. It was found that both cell shape and sizetdifie shape and volume of cell
nuclei, which could be related to the cell shape and size effactell proliferation rate, and
revealed the important modulation of nuclei geometry on DNA syisthesl smooth muscle cell
proliferation.

In Chapter 6, a new method of surface chemical patterning folesiedl culture was
presented for long-term single cell culture on various substi@tetace chemical patterning of
polystyrene dishes for long-term single-cell culture was aptished by oxygen plasma
treatment through the windows of the PDMS membrane mask that pdoldydephilic surface
areas of different shapes and sizes, followed by overnight incobaith either Pluronic F108
solution or a mixture of Pluronic F108 solution and fibronectin. Selecélaitachment on the
pattern areas of polystyrene dishes was characterized bgemaling experiments and XPS
measurements. Activation of the hydrophilic areas of patternedty@ges surfaces by serum
proteins from cell culture medium was conducive to cell attachmerthe pattern areas of
dishes incubated with only Pluronic solution, and preferential adsorptidibrohectin on
hydrophilic pattern areas promoted selective cell attachment et dishes incubated with a
mixture of Pluronic solution and fibronectin. Long-term (two weekdl) adture experiments
showed the effect of surface patterning on the shape ofas@lsiuclei and demonstrated the
stability of the produced single-cell patterns in serum mediunpatterning substrates beyond
polystyrene, Parylene C film was selected as a coatingrimatand surface patterning of
Parylene C film for single-cell culture was accomplishecctmbining plasma-assisted surface
chemical modification, soft lithography, and protein-induced surfateasion. Hydrophilic
patterns were produced on Parylene C films deposited on glassagsdty oxygen plasma
treatment through the windows of PDMS shadow masks. After incubatginnvith Pluronic
F108 solution and then serum medium activation overnight, surfaces sestiimyesenchymal
stem cells in serum medium resulted in single-cell patigrrBoth methods provide means of
surface patterning with direct implications in single-cell culture.

In Chapter 7, PLLA microfibrous membrane was treated with milcad Ar-NHy/H>
plasma to examine the effect of different plasma treatnentslls attachment and growth on
the membrane surface as well as cell infiltration into tleenbrane. Goniometry, atomic force



microscope and X-ray photoelectron spectroscopy measurements showhetiE LA fiber
surface chemistry was successfully modified with decreasedaatoangle for both plasma
treatments and incorporation of —plldn Ar-NHs/H, plasma treated surface, while without
affecting the integrity of the microfibrous structure and ther fdugface roughness. Culturing of
bovine aorta endothelial cells and bovine smooth muscle cells ondtrieated microfibrous
membrane surface showed that for these two type of cedl, Ioeth Ar and Ar-NHH, plasma
treatments improved cell spreading for initial stage of httent, and more importantly can
enhance cell growth rate effectively, especially for Arplagreatment. In vitro cell infiltration
experiment with bovine aorta endothelial cells and in vivo implantinldfA membranes
under rat skin showed that both plasma treatments can enhancegoalith on the PLLA
membranes effectively, which is of important interest in tissue engigee

In Chapter 8, Ar-NH/H, plasma treatment was used to incorporate »-hitdups onto
Poly(L-lactide) (PLLA) microfibrous membrane surface for hepaonjugation. The density of
incorporated —Nk group was determined by chemical derivative method combintd X#AS
measurement. It's found that plasma power, gas composition aplhstna post treatment time
don't affect N/C ratio significantly, instead they affeloe tratio of —NH/N and therefore affect
the ratio of -NH/C, while plasma treatment time has effect on both N/C and,ANidtios. The
surface functionalization of PLLA microfiborous membrane withN¥3/H, plasma was found
being able to increase the amount of covalently immobilized heggnificantly compared to
hydrolysis method, and the immobilization of heparin was confirmetidgécrease of platelets
attachment after blood test. The effect of heparin conjugation otranbavine endothelial cell
infiltration on the PLLA microfiborous membrane was also studied, aimea$ found that cell
attachment and growth was enhanced on heparin conjugated PLLA ibmmusf membrane
surfaces, independent on the amount of heparin immobilized (in the raagened by the
study).

In Chapter 9, PDMS templates with different micropatterns were fabribsitedmbining
photolithography, Si wet etching, and PDMS molding techniques. Electraspioh PLLA
nanofibers on PDMS templates possessing various micropattern tgesnpeoduced scaffolds
with different nanofiber conformities and alignments, increasedsgygr and microwells of
various shapes and dimensions. The effects of the nanofiber arrantgante porosity of
micropatterned scaffolds on the morphology, migration, and infiltratioreles were examined
by in vitro and in vivo experiments. Cell study results revealsttang effect of the scaffold
micropattern geometry on cell morphology, migration, and infiltratibhe wide range of
nanofiber organization and porous structures of the PLLA scaffolds dédxtiendicate that the
present method provides a powerful means of engineering the two- a®ddihrensional
structure of electrospun nanofibrous scaffolds and materials.

Finally, the main findings from Chapters 3-9 are summarizedl fature research
directions are discussed in Chapter 10.
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Table 1.1. Polymers used for biomedical devices (Visser et al. (1996)).

Polymers  Properties Application

PE Tough, resistance to fats and oil§,ubing (catheters, drainage)
low cost Total hip and knee joint replacement

PTFE Thermally and chemically stable Vascular graft
Difficult to process
Hydrophobic, excellent lubricity

PP Rigid, good chemical resistancelubing (catheters, drainage)
good tensile strength, good stres$otal hip and knee joint replacement
crack resistance

PVvC Hard, brittle, not suitable for long-Tubing (blood transfusion, feeding, and
term applications, require additiondialysis)
of plasticizer for flexibility

PDMS Silicon-oxygen backbone, lowCatheters, drainage tubing, insulation for
temperature  sensitivity, highpeacemaker leads, vascular graft, membrane
oxygen permeability, excellentof oxygenators, finger joints, blood vessels,
flexibility and stability heart valves, breast implants, outer ears, chin

and nose implants
PMMA Hydrophobic, linear chain polymer,Intraocular lenses, hard contact lenses

glassy at room temperature, good
light transmittance, toughness,
stable
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Table 1.2. Representative overview of plasma-polymerized, deposited guelyan surfaces
(Desmet et al. (2009)).

Substrates M onomer Y ear
PE and mica acrylic acid 1990
LDPE allyl phenyl Sulphone, allyl amine, 1993
KBr windows and Si wafers propylamine, unsaturatiylamine, propargylamine, 1995-
1996

covered with gold glass slides and PVC-films  1-@mugl, allyl alcohol, and propargyl alcohol
propargyl alcohol, propargyl acid, methylbutynollyla 1996
alcohol, acrylic acid, acrylic aldehyde, furfuryicahol,
ethylene glycol, ethylene glycol dimethylether

Si, KCl and PET allylalcohol 1996
glass coverslip, wrapped with an Al foil acrylirdpenoic) acid and propanoic acid 1996
Al substrate allyl amine/1,7-octadiene and acrgtid hexane 1996
KBr pellets and Si wafers benzene, 1,2,4-trifllmmozene, and hexafluorobenzene 1998
Al foil allylalcohol/1,7-octadiene 1998
(oxidized) Al acrylic acid 1998
polyimide 1,3-diaminopropane, ethylene diamine 999
6-well TCP, Al foll acrylic acid /1,7-octadiene 999
PTFE allylalcohol, acrylic acid, allylamine and acryltnile 2001
stainless steel chips isopropyl alcohol 2002
Ti alloy allylamine 2002
polysulfone membranes, Al foil and glass ethyléaeihe, diaminocyclohexane 2003
metal sheet, coated with epoxy resin and Al.  altylhol, allylamine, acrylic acid/ethylene 02003
butadiene as initiator
polysulfone n-butylamine, allylamine, and allytahol 2003
uncoated silicone, silicone wafers coated witaniline 2004
Au or Al, indium tin oxide glass and glass
PS isopropyl alcohol 2004
Si styrene 2004
PLA (3D substrate) allylamine 2005
Si ethylene 2005
Si allylalcohol 2005
Si tetrafluoroethylene 2005
PU allylalcohol 2006
Si allylamine 2006
glass styrene 2007
PET PEO 2007
PLLA (3D) acrylic acid 2007
PS acrylic acid, hydroxyethylmethacrylate, N-vinyl-22008
pyrrolidinone, N-vinylform-amide, allylamine, and
hexylamine
PLGA (scaffolds) heptylamine 2008
Silicone and PP N¥ethylene 2008
Silicone ethylene and styrene with allylamine ibylalcohol 2008
perfluorinated  poly(ethylene-co-propyleneh-heptylamine or allylamine 2008
and PET
glass acetylene and protein (FITC-BSA) 2008
Si allylamine 2008
glass hexane and allylamine 2008
PE maleic anhydride 2008
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Table 1.3. Representative overview of plasma treatment of polyontces (Desmet et al.

(2009)).

Substrates Plasma Y ear
PP, PVC, PTFE, PC, PU, PMMA NHz and N/H, 1969
PE, PP, PVF, PS, nylon 6, PET, PC, cellulose He@n 1969
acetate butyrate, poly(oxymethylene)

PET, PP 0, 1989
PP CGo, 1990
polyimide (Kapton film) Ar, N,,0,, CO, CQ, NO, and N@Q 1992
LDPE SO, 1993
LDPE CO,,NH; with subsequent grafting 1993
perfluorinated ethylene-propylene copolymer and PTF NH; and HO vapor 1995
PE CO, 1995
PP He, Ne, Ar, H,N,,0, 1995
PET CGo, 1997
PS, LDPE, PP, PET Ar 1997
PS, PDMS, phenol-formaldehyde resin 2 O 1998
PVDF NHz; and N/H, 1999
polysulfone CGo, 1999
polysulfone CO,and N 1999
PP, PS, and PTFE NHz and Ar 2000
PS NH; and N/H, 2003
poly(ethylene naphthalate) N, 2003
PLLA O,,Ny, Ar and NH 2003
PLLA, PLGA NH; 2003
polysulfone NH; 2003
PP O,NHz; and N 2004
PLGA 0O, 2004
PLA air or water/ NH plasma 2005
PU air plasma 2005
PS N, and CQ 2005
polyethersulfone N5,NH3;, Ar/NH; and Q/NH; 2005
PCL air plasma 2005
PEOT/PBT Ar 2006
PP, LDPE air plasma 2006
PLA NH; 2006
PLLA (scaffolds) Ar 2006
PLLA (3D scaffolds) NH; 2007
starch 0O, 2007
poly(L/DL-lactide) 80/20% O,,NH; or SQ/H, 2007
PU 0, 2007
PCL nanofibers Ar (remote plasma) 2007
PLLA (scaffold) O, 2007
PC He 2007
PE Ar 2007
PLGA CGo, 2008
PTFE Ar (remote and direct) 2008
PP microporous membrane Air plasma 2008
PP microbeads He/NHy/H,0O and He/@QH,0 2008
PCL 0, 2008
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Ear & ear parts
Facial prosthesis

Dentures
Esophagus Tracheal tubes
Lung, ki
glivedrn:grtg Heart & heart
components
Heart pacemaker
Gastrointestinal Biodegradable
segments sutures
Finger joints
Blood vessals

Knee joints

Bones & joints

Ear & ear parts: acrylic, polyethylene, silicone, poly(vinyl chloride) (PVC)
Dentures: acrylic, uitrahigh molecular weight polyethylene (UHMWPE), epoxy
Facial prosthesis: acrylic, PVC, polyurethane (PUR)

Tracheal tubes: acrylic, silicone, nyion

Heart & heart components: polyester, silicone, PVC

Heart pacemaker: polyethylene, acetal

Lung, kidney & liver parts: polyester, polyaldehyde, PVC

Esophagus segments: polyethylene, polypropylene (PP), PVC

Blood vessels: PVC, polyester

Biodegradable sutures: PUR

Gastrointestinal segments: silicones, PVC, nylon

Finger joints: silicone, UHMWPE

Bones & joints: acrylic, nylon, silicone, PUR, PP, UHMWPE

Knee joints: polyethylene

Figure 1.1. Common clinical applications and types of polymersioseedicine
(Rosato et al. (1983)).
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Figure 1.2. A schematic representation of competitive ablation oigation
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Figure 1.3. A schematic representation of plasma treatmentiffiénent plasma
gases (Desmet et al. (2009)).
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Figure 1.4. Schematic of processing procedures of plasma-inducetdcahe
micro-patterning (Ohl et al. (1999)).
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Figure 1.5. Micropatterned growth of epithelial cells (KB nasopigesl
carcinoma cell line) on a logarithmic stripes pattern (Ohl et al. (1999)).
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Chapter 2

Experimental Procedures

2.1 Introduction

In this chapter, the experimental apparatus, procedures, and sawetysiiques used in
this thesis are explained. Two capacitively coupled plasma systene employed in this thesis
for polymer surface chemistry modification: the plasma appsirédr plasma polymer film
deposition (Chapters 3-5), and the plasma apparatus for plasma pdynfere treatment
(Chapters 7-8). An electrospinning system was used to prepare Rhic/nanofibrous
scaffolds and fabricate polymer scaffolds with various fibrouscstres (Chapter 9). Different
analysis techniques were used to characterize the mechatrigetiiral and chemical properties
of the plasma-treated polymer surfaces and the electrospunldgsafncluding Surface force
microscopy (SFM), Atomic force microscope (AFM), Scanningctebem microscope (SEM),
goniometer for contact angle measurement, Attenuated totaltrefld-ourier transform infrared
spectroscopy (ATR-FTIR), and X-ray photoelectron spectroscopy)(XP® effects of polymer
surface modification by plasma treatment and structural moildircay electrospinning on cells
was studied with a set of cell culture and study experimentshwhikalso be introduced in this
chapter.

2.2 Experimental apparatus

2.2.1 Plasma apparatus for plasma film deposition and plasma treatment

A radio-frequency (RF) generated capacitively coupled plasaaor (Plasma-Thermal
Parallel Plate Plasma Etcher RTE73 AMNS-500-E, Plasma thermKresson NJ) with a plate
diameter 29.4 cm and the plate-to-plate distance 5 cm wasfosdade fluorocarbon film
deposition in Chapter 3 and the PEG-like film deposition in Chapter 4.ahtde system was
pumped by a mechanical pump and a root blower. Samples were ptat®e bottom grounded
electrode, which was cooled with circulating water to mairttaensubstrate temperature at 16 ~
17 °C, and gases were introduced into the chamber via a showerheadlepipede that was
powered by the rf generator. For fluorocarbon film deposition, feie of the precursor gas was
controlled by the mass flow controller; for PEG-like film deposit a cylinder containing the
diethylene glycol dimethyl ether chemical was connectelddeda@hamber though the shower head
and the monomer vapor was introduced into the chamber driven by vapor prébsusgstem
schematic is shown in Figure 2.1.

A RF capacitively coupled plasma reactor (Plasmalab 80plus, @©xf@wtruments,
Tubney Woods, Abingdon, Oxfordshire, OX13 5QX, UK) with a plate dianwt@0 cm and
plate-to-plate distance equal to 2 cm was used for plasm@anéeiaof polymer surface in
Chapter 7 and Chapter 8. The system was pumped by roots pump witktatiealrotary as
backing pump, and the chamber pressure is adjustable. Sampleplace@ on the bottom
grounded electrode, for which the temperature can be adjusted matitex and cooling system.
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Gases were introduced into the chamber via a showerhead uppeydelechich was powered
by the RF generator, and gas flow rate was controlled byn#ss flow controller. The system
schematic is shown in Figure 2.2.

2.2.2 Electrospinning system for fabricating micro/nanofibrous scaffolds

The common experimental setup for polymer nanofiber electrospinnisgosn in
Figure 2.3. Polymer solutions are feed to a needle tip connecéeligh voltage supply, which
charges the polymer solution. Mutual charge repulsion induces repulsoeeifothe polymer
solution that can overcome surface tension of the solution, and polynoanjée formed and
ejected from the tip of the needle. The charged polymer jet umetergstabilities and gradually
thins in air primarily due to elongation and solvent evaporation, and eilgrituens randomly
oriented nanofibers that can be collected on a stationary or rotgbngded metallic collector.
This technique offers opportunity to control the composition, thickness, fyoansl structure of
the nanofiber meshes using a relatively simple experimentgb,setterefore is getting widely
used in tissue engineering area. (Vasita et al. (2006))

To prepare microfibrous scaffolds used in Chapter 7 and 8, biodegradal#e(P.09

dL/g inherent viscosity) (Lactel Absorbable Polymers, Pelham) was used to fabricate
microfibrous membranes by electrospinning, as described previfidly et al. (2010)). The
PLLA pellets were first dissolved in hexafluoroisopropanol withaglnic water bath (19% wi/v),
then the solution was delivered by a programmable pump to amiciygtcharged needle
connected to high voltage (12 kV), which ejected polymer fibers diameter of hundreds of
nanometer to micrometer at the tip. The electrostaticallggeliafiber were driven to fly towards
a grounded collecting drum which was kept at 8 cm away, resuitimghonwoven microfibrous
membrane collected on the drum. During electerospinning, the aligmintrg microfibers was
controlled by adjusting the rotational speed of the collecting dmidhthe thickness of the
membrane was controlled by collecting time. A low speed ofiootgdfl50 rpm) was used to
prepare randomly oriented fibers and a high speed of rotation (800 rprbeassed to prepare
aligned fibers. When collecting PLLA mircro/nanofibers on the pat PDMS templates in
Chapter 9, the same system was used except that the groumgdateenvas held stationary at a
position 8cm away from the needle tip.

2.3 Surface and thin-film analysis techniques

The effect of the plasma treatment on the mechanical and trikallggoperties of
polymer surface was characterized with SFM. Topography, sudaeegy, and chemical
composition of plasma-treated and plasma polymer film depositedcasirf@ere studied by
AFM, SEM, goniometry, ATR-FTIR and XPS. In this section, operamoechanisms and
measurement methods are explained (Tajima (2006)).

2.3.1 Surface force microscopy (SFM)

The modification of the nanomechanical properties of the plasratetd polymer
surfaces is studied with a scanning force microscope (SFM) tiogsizf an Multimodé&"
scanning probe microscope (Nanoscope Il, Digital Instruments, Sarttar8aCA) with three

19



capacitive force transducers (Triboscope, Hysitron, Inc., MinneapiNg,shown in Figure 2.4.
The center transducer is used for nanoindentation and the two trassihweged at both sides
are used for nanoscratching. Applied forces are generated -elditatigtawhereas
displacements are measured capacitively.

To determine the change on the mechanical and tribological pespecttinospherical
diamond tips (Figure 2.5) of nominal radius of curvare 1 and 2Qum and the inclined angle
0 = 45° are used to indent and scratch the polymer surfaces. [Bhienships between the
contact radius and the tip penetration degthare determined from the geometrical relationships

a, = Rsin{cosl(l—hﬂ (2.1)
R

a, =(V2-1R+h (2.2)

whereas anda. are the contact radii of the spherical apex amtbspherical tip. Depending on
the penetration depth, the cross-sectional Areehich is a function of, is calculated from the
value ofa obtained either from equations (2.1) or (2.2).d8efeach test, the tip is cleaned with
isopropanol to remove any contaminants and/or pefydebris from previous experiments.
Nanoindentation and nanoscratching are performagsing those two tips with different radii.

Nanoindentation The elastic stiffness of plasma treated polymser determined from
nanoindentation experiments. Important parametersl alata analysis methods for
nanoindentation are outlined here. The normal fdtdeversus indentation depthn)(curve
obtained from a polymer sample is shown in Figufe I2,ax iS the maximum penetration depth,
hc is the contact depth that is the vertical distainom the tip to the actual contact is made, and
hs is the residual indentation depth upon full unlogdiFor a given maximum normal loaglax

the tip penetrates into the polymer to a maximudemation deptin,.. The actual penetration
depth, referred to as the contact depth is less thanhmax (Figure 2.7) because of the
deformation of the surface during the indentatiOhver and Pharr 1992).

The variation of the normal load with indentatidepth during unloading is represented
by the power-law relationship,

L=a(h—h, )" (2.3)

where o andm are constants determined by curve fitting. Thesuead load and displacement
are Limax and hpmax at the maximum applied load. Upon unloading, tlaste displacements are
recovered quickly. The stiffnessis obtained as the average slope of the uppetlorteof the
unloading curve as shown in Figure 2.6.

dL

S=—
dh

(2.4)
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The reduced elastic modul&s is determined from the calculated stiffné&sand the measured
maximum contact deptax by using the following relationship (Bulychev afékhin (1987)).

S . 1/2
Sl 7

max

whereA(hnay is the area of contact at maximum indentation ludpécause of the uncertainty in
the measurement of in the case of viscoelastic materials and theyglef polymer around the
tip at maximum load, which is difficult to estimatesitu, the polymer stiffness and the reduced
modulus are obtained in terms lafa.. The relationships between the elastic modulushef
material and the reduced modulus is

1_(1-v) (1-v)  (1-v)
E E E  E

T

(2.6)

whereE andv are Young’s modulus and Poisson’s ratio for thegarandE; (~1140 GPa) and
vi (~0.07) are the corresponding parameters for thienter made of diamond. SinEée>> E, the
second term in equation (2.6) can be ignored. Tle¢aild theory and mechanism of
nanoindentation have been explained elsewheredQdind Pharr (1992, 2004), Hysitron Inc.).

Nanoscratching Nanoscratching experiments are carried out irerotd evaluate the frictional
characteristics of the original and plasma-tregtelymer. The loaded tip is traversed over the
specimen surface and is then unloaded at the sateeas for the loading. The tangential
(friction) force F is measured by a two-parallel plate transducertéacat both sides in Figure
2.4 and is used to calculate the coefficient aftiion « for the maximum normal load applied,
i.e., 4 = F/L, as a function of sliding distance. To examine é&xtent of plasma-induced
modification (i.e., crosslinking) on the frictionaharacteristics, the steady-state frictional force

and the coefficient of friction are plotted as adtion of average scratch degth(Figure 2.8).
2.3.2 Atomic for ce microscopy (AFM)

Morphology (topography) of the plasma treated puay surfaces was studied at various
scales with an AFM (Dimension 3100, Veeco Instrutseinc. Plainview, NY) operated in
tapping mode to avoid surface damage of the sofases. The schematic of the AFM is shown
in Figure 2.9. The tip was mounted on a piezoalestranner (piezo) allowing extremely precise
movement in the X, y, and z directions, and theptans placed on a vibration isolating table.

The head of the AFM consists of the laser beamcgoyniezo tube scanner, mirrors, and
the removable cantilever holder, as shown in FiQui®. When operated under tapping mode, a
piezo stack excites the cantilever’'s substratecadly, causing the tip to bounce up and down.
As the cantilever bounces vertically, the refleclasker beam is deflected in a regular pattern
over a photodiode array, generating a sinusoidadtrnic signal. The signal is converted to a
root mean square amplitude value. Figure 2.11 stiaveantilever oscillating in free air at its
resonant frequency, and Figure 2.12 showed the santdever at the sample surface. Although
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the piezo stack continues to excite the cantilsvstbstrate with the same energy, the tip is
deflected in its encounter with the surface. Thitkected laser beam ("return signal”) reveals
information about the vertical height of the sampleface and some characteristics of the
sample material itself.

During tapping mode scanning, the cantilever isillated at or near its resonance
frequency with amplitude ranging typically from 20rto 100nm. The frequency of oscillation
can be at or on either side of the resonant freguerhe tip lightly “taps” on the sample surface
during scanning, contacting the surface at theobhotf its swing. The feedback loop maintains
constant oscillation amplitude by maintaining astant RMS of the oscillation signal acquired
by the split photodiode detector. The vertical posiof the scanner at each (x,y) data point in
order to maintain a constant "setpoint” amplitudestored by the computer to form the
topographic image of the sample surface. By maiitgi constant oscillation amplitude, a
constant tip-sample interaction is maintained dynmaging.

Surface images are obtained fromrfh x 1pum, 5pm x 5um, and 10um x 10um area
scans using a resolution of 512 x 512 pixels. Tdmeming length represents the scale at which
the roughness parameters are determined from tiv iAfages. Thus, the dm x 1um and 10
um x 10 um area scans may be considered to be indicatiteeohanoscale and microscale
surface topographies. For a quantitative evaluatibthe topography changes, the centerline
average roughness (CLA,, root-mean-square roughneRg skewnessS, and kurtosiK, are
calculated from surface height dataobtained from AFM area scans by using numerical
integration and the following relationships:

R =327 @7)
1 N _2:|l/2
==Yz -2
{N 2l (2.8)
11d, g
SZ%N i:1 (Zi —Z) (29)
11
KRN > (2.10)

whereN is the number of surface height data (N5 512 x 512 = 262144) argiis the mean-
height distance. To consider the experimental scatter, reggltata are calculated as averages
of four measurements obtained from two samples for @@eltment. More details on AFM
operation mechanisms are found elsewhere (Digital Instrisn(&897)).

2.3.3 Scanning el ectron spectroscopy (SEM)
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A SEM (TM-1000, Hitachi, Pleasanton, CA) is used to exartopegraphy of different
surfaces: plasma treated polymer microfiorous membratechad platelets on membrane,
patterned collector for electrospinning, patterned electroppiymer microfibrous membrane,
etc.

SEM is a type of electron microscope that images a samgpeanning it with a high-
energy beam of electrons in a raster scan pattern. Tt¢teoeke interact with the atoms that make
up the sample producing signals that contain information dbewgample’'s surface topography,
composition, and other properties such as electrical condycflVie types of signals produced
by an SEM include secondary electrons, back-scatteretragls, characteristic X-rays, light
(cathodoluminescence), specimen current and transmittecoeecBecondary electron detectors
are common in all SEMs, but it is rare that a single machmddihave detectors for all possible
signals. The signals result from interactions of the electrambeith atoms at or near the
surface of the sample. In the most common or standdettae mode, secondary electron
imaging, the SEM can produce very high-resolution imafi@ssample surface, revealing details
about less than 1 to 5 nm in size. Due to the very nanestren beam, SEM micrographs have
a large depth of field yielding a characteristic three-dimenbkiapgearance useful for
understanding the surface structure of a sample. A widgeraf magnifications is possible, from
about 10 times (about equivalent to that of a powerful hams)-® more than 500,000 times,
about 250 times the magnification limit of the best light microesoBack-scattered electrons
are beam electrons that are reflected from the sampleldsfic scattering. Back-scattered
electrons are often used in analytical SEM along with thetispmade from the characteristic X-
rays. Because the intensity of the back-scattered elecigma is strongly related to the atomic
number (Z) of the specimen, BSE images can providenv#ton about the distribution of
different elements in the sample. Characteristic X-rays aigeeimvhen the electron beam
removes an inner shell electron from the sample, causiighar energy electron to fill the shell
and release energy. These characteristic X-rays ardagdehtify the composition and measure
the abundance of elements in the sample.

In a typical SEM, an electron beam is thermionically emittethfan electron gun fitted
with a tungsten filament cathode. Tungsten is normally usdtemmionic electron guns because
it has the highest melting point and lowest vapour presswak moktals, thereby allowing it to be
heated for electron emission, and because of its low ctistr @pes of electron emitters include
lanthanum hexaboride (LaB6) cathodes, which can beinsedtandard tungsten filament SEM
if the vacuum system is upgraded and field emission gunish may be of the cold-cathode
type using tungsten single crystal emitters or the thermadigtad Schottky type, using emitters
of zirconium oxide.

The electron beam, which typically has an energy ranfiom 0.5 keV to 40 keV, is
focused by one or two condenser lenses to a spot @bbotn to 5 nm in diameter. The beam
passes through pairs of scanning coils or pairs of deflgdtdes in the electron column,
typically in the final lens, which deflect the beam in the & graxes so that it scans in a raster
fashion over a rectangular area of the sample surface.

When the primary electron beam interacts with the sample|ébhans lose energy by
repeated random scattering and absorption within a teasthagped volume of the specimen
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known as the interaction volume, which extends from less1B@mm to around 5 um into the
surface. The size of the interaction volume depends oelélatron’s landing energy, the atomic
number of the specimen and the specimen's densityerfdrgly exchange between the electron
beam and the sample results in the reflection of high-engleptrons by elastic scattering,
emission of secondary electrons by inelastic scattering ancerttission of electromagnetic
radiation, each of which can be detected by specializedtdeteThe beam current absorbed by
the specimen can also be detected and used to createsiofatiee distribution of specimen
current. Electronic amplifiers of various types are usecartgplify the signals which are
displayed as variations in brightness on a cathode ray Tui® raster scanning of the Cathode-
ray tube display is synchronised with that of the beam osgheimen in the microscope, and
the resulting image is therefore a distribution map of the infensithe signal being emitted
from the scanned area of the specimen. The image megpibered by photography from a high
resolution cathode ray tube, but in modern machines is digtafiyured and displayed on a
computer monitor and saved to a computer's hard disk.

The schematic of SEM is shown in Figure 2.13. Electeambis ejected by the electron gun and
focused by the condenser to decrease spot size doWw@rionl~ 1um to insure spatial resolution.
Scan coil can bend the electron beam laterally and res&aening of the beam in x, y direction.

When the electrons reach specimen surface, differentlsigaa be produced due to electro-
specimen interaction, as shown in Figure 2.14. Seconglacirons are from atoms on the
specimen surface activated due to inelastic collision betweebetna electron and the atom,

which usually have energy less than 50 eV. Due to theelwsvgy of the secondary electrons,
only signal from the super surface layer can be detethierefore secondary electron signal is
the most widely used signal for surface topography tletec More details on SEM operation

mechanisms are found elsewhere (Zhou et al. (2006)nn&ca electron_microscope at

Wiki.org).

2.3.4 Contact angle goniometry

The wettability of different surfaces is quantified in termsstdtic contact angle
measurements obtained at room temperature with a drop ahapsis system (DSA10, Kriss
GmbH, Hamburg, Germany) shown in Figure 2.15. Drogéteionized water (0.2-04L) are
applied to the sample surface with a syringe, and the diopdge is taken within a few seconds
from application. The angle between the baseline of the draptethe tangent at the water/air
boundary are measured from both sides of the two-dimsadsprojection of the droplet using
the DSAL software (Kriiss GmbH, Hamburg, Germany). fiyidrophilic surface has contact
angle less than 90° with high surface energy. On the agntthe hydrophobic surface has
contact angle more than 90° with low surface energy. Dragilapes from hydrophilic and
hydrophobic surfaces are shown in Figures 2.16.

2.3.5 Attenuated total reflected-Fourier transform infrared spectroscopy
(ATR-FTIR)

Dominant chemical groups of the polymer films deposited lagnpa processing were
identified with a FTIR spectrometer (Nicolet Avatar 360, Theraisher Scientific, Waltham,
MA), using a Ge crystal of refractive index equal to 4.9 imcidence angle fixed at 45°. Spectra
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were collected by operating the FTIR in attenuated totalctafltee (ATR) mode in the range of
mid-infrared, approximately 4000—400 ¢nf30—2.5um). For each measurement, 32 scans were
obtained at a resolution of 4 tn

FTIR is a technique which can measure the infrared specbsorption of a solid, liquid
or gas. The principle of absorption spectroscopy is to unedmw well a sample absorbs light at
each wavelength, and the most straightforward way toidastiio shine a monochromatic light
beam at a sample, measure how much of the light is @&usaahd repeat measurement for each
different wavelength. Fourier transform spectroscopy lesa intuitive way to obtain the same
information. Rather than shining a monochromatic beam of &glhe sample, this technique
shines a beam containing many different frequencies lf digonce, and measures how much of
that beam is absorbed by the sample. Next, the beam isiedodd contain a different
combination of frequencies, giving a second data point. pitisess is repeated many times.
Afterwards, a computer takes all these data and worksMaads to infer what the absorption is
at each wavelength.

The beam described above is generated by starting witbaalliand light source-one
containing the full spectrum of wavelengths to be measduirkd. light shines into a certain
configuration of mirrors, called a Michelson interferometarich allows only certain
wavelengths to pass through but blocks others due to weeréenence. The beam is modified
for each new data point by moving one of the mirrors, targlchanges the set of wavelengths
that pass through. As shown schematically in Figure 2.Xfér Alata collecting, computer
processing is required to turn the raw data (light absorftioeach mirror position) into the
desired result (light absorption for each wavelength). Tbegssing required turns out to be a
common algorithm called the Fourier transform, and that’sotigin of the name "Fourier
transform spectroscopy".

ATR accessory operates by measuring the changes that ioca totally internally
reflected infrared beam when the beam comes into contactwsifiinple, as indicated in Figure
2.18. The infrared beam is directed onto an optically derystal with a high refractive index at
a certain angle. This internal reflectance creates an ssamewave that extends beyond the
surface of the crystal into the sample held in contact with ty&tat. This evanescent wave
propagates only a few microns (b - 5um) beyond the crystal surface and into the sample.
Consequently, there must be good contact between the sangptee crystal surface. In regions
of the infrared spectrum where the sample absorbs end#ngyevanescent wave will be
attenuated or altered. The attenuated energy from eachseesuh wave is passed back to the IR
beam, which then exits the opposite end of the crystal apdssed to the detector in the IR
spectrometer, and the system then generates an infpeettum. More details on ATR-FTIR
operation mechanisms are found elsewhere (Fourier_tramgfdrared spectroscopy at
Wiki.org, PerkinElmer, ATR-FTIR Technical Note).

2.3.6 X-ray photoelectron spectroscopy (XPS)
XPS, or also called as electron spectroscopy for chemedysis (ESCA) was used to

determine the polymer surface chemical composition aftesmaa treatment, chemical
derivatization and molecules/protein adsorption. This technigumapable of measuring the
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binding energy variations of the core-level electrons of ataintise surface of the sample. XPS
permits analysis of the outermost 20-100 A of a samplediaraeter between 150m and 1000
um. XPS spectra are obtained with a Perkin-Elmer PHI B#8CA system (without charge
neutralization or monochromator) using AkKK-ray source at 54.7° relative to the analyzer axis
(Figure 2.19)In order to avoid the contamination on the sample surfasegithe measurement,
the pressure in the main chamber during spectral acquiitioaintained at I®torr. A diagram

of a sample installation chamber, a main chamber, an Xeasce, a concentric hemispherical
analyzer, and a detector are shown in Figure 2.20tla@peration mechanisms of XPS are
described herein.

X-rays are generated by bombarding a metal target éxrwith high energy electrons
from a heated filament. In this dissertation, Al X-ray source with photon energy 1486.6 eV
is used. K, are the most intense peaks in emitted X-rays. Relatively IbigH of incident
energy causes a release of electrons from an atomisahtehell. The atom can either emit
photon or undergo an Auger transition to recover fromitrnged state. The released electron
retains all the energy from the striking photon, and theapesfrom the atom as shown in Figure
2.21. The relationship between the applied photon en&nggtic and binding energies of the
ejected electrons are related by the equation below.

hv=Ex + Eg + ¢, (2.11)

whereh is a Plank's constant ( 6.62 x*@ s ),vis frequency (Hz) of the radiatiohy is X-ray
beam incident energy for AlKradiation = 1486.6 e\Ex is electron kinetic energy, arit} is
electron binding energy of the core-level electréxscurate measurement Bg can provide the
information of the electronic structure of the sample. The stifk andEg does not exactly
equal to the applied photon energy as shown in the equatibh). The difference is the work
function of the spectrometek, which is the maximum energy required to eject an electoon f
the highest occupied level into a vacuum. Work function ofsgectrometer is calculated by
subtracting vacuum levé, . from Fermi levekE:.

¢sp = Et — Biac (2.12)

The work function of the spectrometer is calibrated bysm&ag a clean gold (Au)
sample and adjusting the instrument settings (Fermi level a} Scetiat the knowhsg value for
Au is obtained (4, core level aEg = 83.98 eV). The linearity of thes scale is then calibrated
by using the energy difference between two widely spéoed of a sample (e.g., Cu s 2p=
932.67 eV, Cu 3y, = 75.14 eV) to their known values. Once the spectronegtergy scale has
been calibrated, the work function is assumed to remairtartrnss long as the spectrometer is
maintained in an ultrahigh vacuum (UHV) environment. If thespure of the spectrometer is not
maintained in UHV range, particularly when exposed teactive gas, different species may
adsorb to components in the analyzer. This will change dhke function, requiring recalibration.

When the calibration of the work function is finishég,can be calculated from equation
(2.11) by measuringx. Ex of ejected electrons from the sample is measured at tbetaleafter
isolating the electrons of interest in the analyzer. An eledtmas system shown in Figure 2.20
focuses ejected electrons from the sample in the main emnaimip a centric hemispherical
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analyzer consisting of two plates carrying an electronngiate Two hemispheric surfaces of
different radii are mounted with a uniform gap between thaifases (see Figure 2.20). A
potential difference between the hemispheres determines litheafiel hence the force acting on
the electron entering the analyzer as shown in equation below

F = E =Y#(R) (2.13)

whereF is a force,V is a speed of electronR, is a trajectory radiug: is an electrical field
established by potential difference between the two platds, a electron mass, amgis an
electron charge. The trajectory radius is controlled by léetree field and the kinetic energy of
the electronfx = 0.5 m\). Only electrons with the appropriate kinetic energy anacaeptable
entry angle will reach the diametrically opposed exit. All othetrone of the surfaces of the
hemisphere. This means that the hemispherical analyaavéslike a filter of electrons.

Electrons are either accelerated or decelerated by bihsivghole analyzer with respect
to the ground by applying a pass enetdy Lower pass energies provide higher spectral
resolution, while higher pass energies permit more rapid atajaisition with low signal-to-
noise ratio. The number amigt of electrons exit from the analyzer was detected by diséipn
sensitive detector system and then processed with the compupdot Eg, calculated from
measuredex by using equation (2.11), versus the number of elece@used from the analyzer.

For insulators such as polymers, Fermi levels of theplaand the spectrometer are
different. Consequently, the work function determined by dbeducting calibration sample
cannot be used to determine the binding energy for th&atosuThe entire binding energizd)
scale is shifted to the internal references (C-C/C=C/C-H @maR85eV) after the peak
acquisition was completed.

Chemical composition of the material surface was first oldair@am the survey scan
from 1-mm-diameter surface areas using the pass eoéfdf7 eV and the resolution of 1.0 eV
in this dissertation. The plot with binding energy (0 ~ 110D &/an independent axis and the
peak ‘intensity’ as a dependent axis is obtained from thgpuater attached to the analyzer. Each
peak indicates the chemical composition of these particul@css:

After chemical composition is identified by survey scamstails of each chemical
component can be observed in the high resolution scansféctrum composed of a number of
subpeaks, attributed to chemical shifts from different atamdsgaoups bound to carbons can be
identified from the high resolution scan. Quantitative informatsoabtained from the ratio of
the areas under the fitted peaks.

In this dissertation, high resolution scans are obtained fraomidiameter surface areas
using pass energy of 35.75 eV and the resolution of @&03Relative atomic concentrations are
determined from Gaussian-Lorenzian (GL) curve fits ushreg RBD AugerScan 2 software
(RBD Enterprises, Inc., Bend, OR) after Shirley subiwmacof the background noise (Shirley
(1972)). Same full width at half maximum (FWHM) is used darve-fitting all components in
the C1s spectrum.
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2.4 Céll culture and study

Cell seeding and culture are used to check the biologitattefof different plasma
assisted polymer surface modifications on cells, as welhesffect of electrospun scaffold
structure on cells. The cell seeding, culturing, staining ardjiimy procedures are explained in
this section.

2.4.1 Céell culture and staining

Different cell lines including bovine aorta endb#h cells (BAECs), bovine smooth
muscle cells (BSMCs), human mesenchymal stem cells (hM&®@sused for studies in this
thesis. The cells are usually seeded on plasma treatedtemed surface/structure with proper
medium. After certain incubation time, the cells were then firetPo paraformaldehyde (PFA)
(Fisher Scientific Co., Pittsburgh, PA) for 15 min and peahilized with 0.5% Trition X-100
(EM Chemicals, Inc., Gibbstown, NJ) for 5 min. To cheek morphology, cell actin and nuclei
are usually stained. Alexa-phalloidin (Invitrogen Co., CadslizA) was used to stain the cells
for 1 h in dark space for actin filament evaluation, anccéllenuclei were stained with 300 nM
of 4',6-diamidino-2-phenyindole (DAPI) (Invitrogen Co.arGbad, CA) for 5 min. After PBS
wash, Vector-Shield antifade solution (Vector Laboratories|ijame, CA) was applied onto
sample surface for fluorescence microscopy measurenagtsell imaging was then performed
with fluorescence microscopes or confocal microscopes.

2.4.2 Céll proliferation rate study

For cell proliferation study, cells are usuaffgded on different surfaces, cultured for 24
h, and then incubated for 1h with 10 uM EdU (Invitrog€arlsbad, CA). Then the samples
were fixed with 4% PFA, permeabilized with 0.5% Triton X-1B@cked with 3 mg/ml bovine
serum albumin and stained with click-it EdU kit (Invitrogen, Gaats CA). The percentage of
cells that incorporated EdU (i.e., the cells with DNA synthesigs correlated to the
proliferation rate of the studied cells.

2.4.3 Cdll infiltration study

In vitro cell infiltration model.BAECs are usually used to study in vitro cell infiltration on
polymer microfibrous scaffolds due to their migration abilkdicrofiorous membranes with ~
250 mm thickness were produced by electrospinning anel sudrsequently cut into 0.7 cm x 0.7
cm membranes. Untreated control membranes were steriizé®% ethanol while under
ultraviolet light for 30 min and subsequently washed five timigls sterile phosphate buffered
saline (PBS). Three microfibrous membranes representitigdontrol group and study groups
were then attached to non-tissue-culture-treated polystyishes via sterile double-sided tape.
BAECs are seeded at 100% confluency onto the membeamekept for 5 days or longer in
serum medium in an incubator, then the whole membranefixexs with 4% PFA and then
stained with DAPI before put in in optimal cutting temperat@€T) compound (TissueTek,
Elkhart, IN) on dry ice. Cross-sections of 20-um thickivesee taken in the transverse plane in a
-20 °C cryosectioner. The DAPI fluorescent signals froencills within these cryosections are
then checked under a fluorescence microscope to detetharcell ingrowth results.
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In vivo cell infiltration model under rat skinJnder rat skin implantation is usually used to study
the in vivo cell infiltration on polymer microfiberous scaffald$ntreated control membranes
were sterilized in 70% ethanol while under ultraviolet light fon86 and subsequently washed
five times with sterile phosphate buffered saline (PBS). Thmeebranes representing both
control group and study groups are implanted in the subeots cavity of SD rats as following.
For implantation, rats were anesthetized with isofluorane andntiigon site marked and
disinfected with 70% ethanol. Incisions can be made on ¢k and middle of abdominal wall
of the rat. Scaffolds with different treatments were implantedne side of the incision and
tucked subcutaneous away from the incision. Interrupted Mehocryl (Ethicon, Inc.,
Somerville, NJ) mattress sutures were used to sew theAdudnimals were monitored daily by
a veterinarian and insure that no adverse events arein@ey of the animals. At the end of the
experiments, the rats were returned to the operating rodrarewthey were given general
anesthesia and an overdose of euthanasia solution, théanisnpnd surrounding tissue was
taken out and embedded in OCT on dry ice. Cross-sedafdlB-um thickness were taken in the
transverse plane in a -20 °C cryosectioner. Then thmseavere fixed with 4% PFA, stained
with DAPI, and examined under a fluorescence microstcopeetermine the cell infiltration
results.
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Figure 2.1. Schematic of plasma apparatus for plasmanpolfilm deposition
(Tajima (2006)).
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Figure 2.2. Schematic of plasma apparatus for plasma #@eataf polymer
surface (oxfordplasma.de).
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Figure 2.3. (a) Schematic of the electrospinning prod@3sScanning electron
micrograph of poly(lactic-co-glycolic acid) (PLGA) nanofibesynthesized using
the electrospinning technique (scale bar sui() (Katti et al. (2004)).
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Figure 2.14. Schematic of signals generated by interactittvelen electron beam
and specimen in scanning electron microscope (Zhou @086)).
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Figure 2.15. Kruss contact angle system (Tajima (2006)).
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Chapter 3

Nanoscale M echanical and Tribological
Propertiesof Fluorocarbon Films Grafted
onto Plasma-Treated L ow-Density
Polyethylene Surfaces

3.1 Introduction

Polymers are used as structural materials in various nhealigdications, including
bioimplants and instruments for minimally invasive surgicalcedures. For example, ultra-
high-molecular-weight polyethylene is used to replace dathagartilage in total joint
arthroplasty or to reconstruct diseased joints, whereas LBREe main structural material of
catheters used in intravenous operations, such as the m¢athtkseased arteries where blood
flow is restricted by plague deposited onto the inner walltheflumen. In almost all of the
medical applications, th& vivo performance of a biomaterial is strongly dependent on its
surface behavior in the biological environment. Thusccéffe catheterization requires that the
biochemical and tribological properties of biopolymer surfamescustomized and maintained
throughout the operation. Surface treatments of biopolynestdting in low friction and good
hemocompatibility, which is essential for preventing vessel ctpttitd thrombosis, are therefore
of high importance in intravenous operations.

FC films exhibiting low surface energy, chemical stability, losction, and good
biocompatibility can be deposited by different techniques @taal. (2001), Tang et al. (2005),
Favia et al. (1998), Yang et al. (199 Bgcause of these combined properties, FC films find use
in many industrial and biomedical applications, including dieletasters of integrated circuits,
lubricant films of magnetic storage devices and microele@obianical systems, and passivation
coatings of biomedical instruments. Plasma polymerizationdaposition is one of the most
commonly used coating methods because of its simplicity @mpatibility with most
microfabrication processes. In addition, this technique camsbd to sterilize bioimplants and
surgical instruments.

The broad applicability of FC films has motivated numerdusliss aimed to provide
insight into the plasma physics of the deposition process acta@cterize synthesized FC
films. Plasma chemistry, plasma-solid surface interactionfiemdrowth mechanism in plasma
polymerization and deposition of FC films have been studi¢ensively for different plasma
systems, precursor compositions, and plasma conditiong€¢Ctnal. (1999), Agraharam et al.
(1999), Takahashi et al. (2000), Sasaki et al. (200@@ng et al. (2005), Tajima et al. (2007),
Joshi et al. (2006), Liu et al. (2010)). Thermal stabilftiFG films used in integrated circuits has
also been a topic of significant interest (Agraharam et a0Q@0OInteraction of FC films with
different biomolecules and biosystems (Kiaei et al. (19925} %avia et al. (1996)) and their
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stability under the effects of a biological environment ocmaaical deformation (Lewis et al.
(2008), Holvoet et al. (2010)) have also drawn significaséarch attention because they control
the efficacy of these films as passivation coatings of bioimgland medical devices. In
addition to demonstrating good hemocompatibility characteristigs, (€C films can interact
with fibrinogen to prevent platelet attachment) (Favia et al. (1988g et al. (1997), Kiaei et
al. (1992, 1995), Favia et al. (1996)), FC films syntheskae glow discharge can also enhance
the biocompatibility of metal devices such as stents by inhibidaghing of toxic metal ions
into the biological system (Nelea et al. (2009), Lewis et all@p0 Therefore, FC film grafting
onto biopolymer surfaces appears to be a promising meihrodnproving catheterization
performance. This prospect has stimulated several studli€€ dilm grafting on different
biopolymer surfaces by plasma polymerization and depogifiajma et al. (2007), Kiaei et al.
(1992, 1995), Favia et al. (1996)).

Despite insight into plasma chemistry of FC film deposition geuret al. (1999),
Agraharam et al. (1999), Takahashi et al. (2000), Sasaii (2000), Zheng et al. (2005), Tajima
et al. (2007), Joshi et al. (2006), Liu et al. (2010)), spsy of plasma-polymer surface
interaction, and plasma-assisted polymer surface modificfema et al. (2005, 2006, 2006,
2007)), knowledge of nanoscale mechanical and tribolbgrogerties of FC films grafted onto
LDPE surfaces remains relatively sparse and empiricghignchapter, this gap of knowledge
will be bridged by elucidating the nanomechanical/tribological Wiehaof thin FC films
covalently bonded onto LDPE surfaces. The effectslagnpa parameters (e.g., plasma power
and treatment time) on FC film thickness and surface morgholere first investigated by
ellipsometry and AFM, respectively. The nanomechanical/trgpotd properties of the grafted
FC films were then studied by SFM, and the effects of abloading and repetitive sliding were
examined in the context of surface structure models gildsena-treated LDPE substrate.

3.2 Experimental procedures

3.2.1 Sample preparation

Pellets of LDPE (Sigma-Aldrich, St. Louis, MO) placed oRM\metal disks were first
heated at 16@ for 2 min by a hot plate. The partially melted and softgmabtbts were then
compressed against the AFM disks by preheated cleas glaes, heated at 18D for an
additional 3 min to further smoothen the film surfaces, codedn to room temperature in
ambient air, and, finally, peeled off from the glass plate.

3.2.2 Film synthesis

FC films were synthesized in a RF capacitively coupled @asactor (RTE73 AMNS-
500-E, Plasma Therm, Kresson, NJ) equipped with twairelde plates of diameter equal to 29.4
cm, which were placed apart by a distance of 5 cm. pperwelectrode was grounded, whereas
the lower electrode (sample holder) was connected to gandrator. To remove any surface
contaminants and enhance surface activation, the LDPElesmnmpre exposed to Ar plasma
(power = 150-200 W, treatment time = 5 min, Ar flow rat&0=sccm, working pressure70-80
mTorr). Subsequently, octafluorocyclobutane,k§} gas was introduced into the chamber, and
FC films were grafted onto the Ar plasma-treated LDPE sesfé&y plasma polymerization and
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deposition (power = 50-250 W, treatment time =10 min, GFs gas flow rate = 50 sccm,
working pressure 50—-100 mTorr) (Tajima et al. (2007)).

3.2.3 Microanalysistechniques

Ellipsometry, AFM, and SFM studies were carried out to émarthe effect of plasma
conditions on the thickness, surface morphology (roughnesd nanomechanical/tribological
properties of the FC films, respectively. For statisticallysma and to check reproducibility,
several measurements were obtained from different surégens of each film and several
substrates coated with FC films synthesized under identicah@laenditions. In the statistical
analysis, the measured data were assumed to follow ndistrabutions.

Deposition RateFC film deposition rate was determined from the measurekinggs of films
deposited on 10-cm-diameter p-type Si(100) wafers.réfractive index and thickness of these
films were measured with an ellipsometer (AutoEL I, modéB22, Rudolph Technologies,
Flanders, NJ) at a wavelength of 633 nm and a speopigseflectrometer (210 XP Scanning
UV Nanospec/DUV Microspectrophotometer, Nanometrics, iéifp CA), respectively. The
film thickness was determined by spectroscopic reflectromesigg the film refractive index
obtained by ellipsometry. Film thickness and refractive indeasarements from eight different
surface regions of each FC film deposited on Si(100¥tsales were used in the statistical
analysis.

Surface Morphology and Roughne$ie surface topography and roughness of untreatedman
plasma-treated LDPE, with and without a grafted FC film, wexamined with an AFM
(Dimension 3100, Veeco Instruments Inc. Plainview, NY)ratgel in the tapping mode. AFM
imaging was performed with 10-nm-radius Si tips attached toi@ocantilevers with a spring
constant of 46 N/m (NSC15/AIBS, MicroMasch, Wilsonville, ORlrface topography analysis
was carried out at various imaging scales (i.e1,15x5, and 1& 10 pnf scan areas) in a clean
laboratory environment. For each scan size, the root-smaare roughnedg, was determined
from a statistical analysis of surface height data acquimed fwo different surface regions of
two identical samples (i.e., four AFM images for each tyjpgample surface).

Nanomechanical/Tribological TestingThe nanomechanical/tribological properties of the
synthesized FC films were examined in light of sliding and itadiem experiments performed
with an SFM consisting of an AFM (Nanoscope I, Digitadtimments, Santa Barbara, CA) and
a capacitive force transducer (Triboscope, Hysitron, Mipokks MN). Three types of SFM
experiments were conducted: single and repetitive unidirectiglidihg tests and standard
nanoindentation tests. For statistical analysis and to engqunadueibility, for each sliding and
indentation experiment at a given normal load, three measotemvere obtained from different
regions of two identical samples (i.e., six measuremenesfth type of sample surface).

Single sliding tests were carried out with a2@-radius conospherical diamond tip
under loads in the range of 50—4@8, with all other testing conditions fixed (loading rate = 50
uN/s, sliding speed = 0.21/m/s, sliding distance = 1tim). In each sliding test, the steady-state
coefficient of friction was calculated as the average ofialidn coefficient data acquired in the
sliding distance range of 6—16n.
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Repetitive sliding tests were performed with a conical diamondftiadius equal to 1
um radius. Each test comprised a total of 10 traversalsaftereeferred to as sliding cycles) of
the loaded SFM tip over a given track of distance equal gon8In these experiments, the
normal load was varied in the range of 150—A80 while the loading rate and the sliding speed
were set equal to 50N/s and 0.27m/s, respectively. The coefficient of friction correspodin
to each sliding cycle was calculated as the average @ridhien coefficient data collected in the
distance range of 3+/m.

The elastic stiffness of the treated surfaces was obtamoed manoindentation tests
performed with the conospherical diamond tip used in théessiligiing tests, using a trapezoidal
force function with loading and unloading rates both equal5tqud/s, hold period (under
maximum load) fixed at 10 s, and maximum indentation logtiérrange of 50-400N. Time-
dependent (viscoelastic) deformation during the hold periosl taken into account in the
calculation of the elastic contact stiffness, as explained below.

3.3 Resaults and discussion

Statistical results are presented next for three differefacms: untreated and Ar plasma-
treated LDPE surfaces with and without covalently bondedilRS. For brevity, these surfaces
will hereafter be referred to as LDPE, Ar/LDPE, and FQ/BPE, respectively. Error bars in the
plots indicate one standard deviation above and below thesponding mean values.

3.3.1 Film deposition rate ver sus plasma power

Figure 3.1 shows the FC film deposition rate as a functigiasina power for different
deposition times. In all cases, the deposition rate incragséa a critical plasma power (~150
W), then decreased with further increasing plasma powegreement with a previous study
(Tajima et al. (2007)). This trend can be explained byidenag that plasma-assisted polymer
grafting comprises two competitive processes — film deposityopldsma polymerization and
film sputtering by bombarding energetic ions. Below a criticakgr, film deposition due to
monomer activation, fragmentation, and polymerization is tmimhant process, while sputter
etching is secondary because of the low kinetic energymhgimg ions, hence, deposition rate
increases with plasma power. Alternatively, above a criticaleposputter etching is dominant
because high-energy ion bombardment plays a primaryindliee film grafting process, thus
deposition rate decreases with increasing plasma powereHiguiso shows a higher deposition
rate for 2 min deposition time than 5 or 10 min, for which diference is insignificant. The
initially high deposition rate can be attributed to the dependehcicking coefficient on
surface energy. Because the surface energy of theer&itly layer at the surface of the Si(100)
substrate is higher than that of the FC film, a higher istickoefficient is expected during the
initial stage of film deposition onto the SiGurface than at a later stage when the, Siddface
has been fully covered by the FC film.

3.3.2 Surface mor phology and roughness
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Figure 3.2 shows AFM images of surface morphologies©@ffilms grafted onto Ar
plasma-treated LDPE surfaces for 100 W{plasma power and deposition time equal to 2, 5,
and 10 min. The images reveal characteristic features ohdhescale (left column) and
microscale (right column) surface morphologies of LDPH/LBPE, and FC/Ar/LDPE.
Untreated LDPE demonstrates a relatively smooth surfduehwappears to be fairly featureless
at both scales (Figure 3.2(a)). Ar plasma treatmentltegsin the formation of numerous
nanostructures (Figure 3.2(b)), attributed to selective etobintpe amorphous phase at the
LDPE surface by bombarding Aions?? Subsequent short-time (2 min) exposure iBs@lasma
did not alter significantly the nano/microscale surface morplesogroduced from Ar plasma
treatment (Figure 3.2(c)), suggesting conformal graftih@ ahin FC film. However, longer
exposure to the f£gplasma (5 min) resulted in a coarser nanomorphology ¢mgsisf worm-
like structures (Figure 3.2(d)), whereas even longés flasma treatment (10 min) partially
restored surface smoothness (Figure 3.2(e)).

The evolution of the FC film surface morphology shown iguFeé 3.2 can be described
by the Stranski-Krastanov film growth model (Ohring et 2D00Q)). For short-time £Fg plasma
treatment, the FC film does not fully cover the LDPE sfand film growth occurs in layered
mode, resulting in a thin film conformal to the topographyhef plasma-treated LDPE surface.
Alternatively, for long-time GFs plasma treatment, film growth at the fully covered LDPE
surface occurs in island mode, involving the nucleation, groand merger of islands of the
film material. This growth mode leads to the formation of a thiiok with a relatively coarse
surface texture.

The effect of the duration of 46 plasma treatment on surface morphology can be
guantified in terms of roughness measurements obtainedeaedifscales. Figure 3.3 shows the
root-mean-square roughneRgsof LDPE, Ar/LDPE, and FC/Ar/LDPE surfaces as a fiorc of
scan area. The general trend is Ryrto increase with scan area (scale) and plasma treatment
time. Ar plasma treatment induced surface roughening ortheananoscale (scan area grit?),
whereas subsequent exposure iEs@lasma for 2 min did not change the roughness at any
scale. These observations are attributed to the presem@nas$copic asperity features on the
Ar/LDPE surface (Figure 3.2(b)) and conformal filmpdsition (Figure 3.2(c)), respectively.
Increasing the &g plasma treatment to 5 min resulted in a twofold increase ighrass,
attributed to film growth change from layer-by-layer to tberfation and coalescence of islands
of the film, resulting in a coarser surface morphology fég3.2(d)). Although increasing the
duration of GFgplasma treatment to 10 min increased more the microsaajbdnmess (scan area
>25 um?), an opposite effect was encountered at the nanoscale &ea = 1im?) due to the
formation of nanoscopic surface features (Figure B.2(e

3.3.3 Coefficient of friction

Figure 3.4 shows the coefficient of friction of LDPE/IADPE, and FC/Ar/LDPE as a
function of average sliding depth, obtained as the aver@geah displacement of the SFM tip in
the sliding distance range 6—ué. While Ar plasma treatment increased friction significantly,
grafting of an FC film onto the Ar plasma-treated LDPHaswe restored low friction to a level
close to that of LDPE. The slightly lower friction coefficieitFC/Ar/LDPE than that of LDPE

48



at relatively small sliding depths (light loads)ggests that the grafted FC film exhibits lower
friction than the untreated LDPE.

The above friction characteristics can be attributed to staldiiferences of the LDPE,
Ar/LDPE, and FC/Ar/LDPE surfaces, shown schematically Figure 3.5. LDPE is a
semicrystalline thermoplastic material consisting of crystallinedlia®) and amorphous phases.
Surface shearing during sliding causes stiff lamellae tantonearly parallel to the sliding
direction (Klapperich et al. (1999)), and large strain igratd to develop in the soft amorphous
phase. Energetic Arion bombardment induces chain crosslinking and etching eofutbak
amorphous phase at the LDPE surface, which increasesutfaee concentration of crystalline
lamellae (Tajima et al. (2006, 2007)). The significantly highéction coefficient of the
Ar/LDPE surface is therefore attributed to the enhancenighesurface shear resistance due to
chain crosslinking and increased concentration of the stcoysjalline lamellae. The lower
friction of FC/Ar/LDPE is a consequence of the low shemgangth of the FC film, covalently
bonded to the crosslinked LDPE surface.

Figure 3.6 shows the variation of the friction coefficient dAE, Ar/LDPE and
FC/Ar/LDPE with sliding cycles for a load of 8. The evolution of the coefficient of friction
of LDPE provides a reference for evaluating the effeftér plasma treatment and FC film
grafting on friction behavior. The gradual decrease ofctiedficient of friction of LDPE with
sliding cycles is due to the progressive lamellae alignmengdlensliding direction, a process
known to decrease the surface shear strength of polgethyKlapperich et al. (1999)). The
significantly higher friction coefficient of Ar/LDPE than thait LDPE, especially during the first
4 sliding cycles, is attributed to the higher shear resistaricthe surface due to chain
crosslinking and the increased concentration of crystallinell@ené’he sharp decrease of the
coefficient of friction of Ar/LDPE with the increase of the siigl cycles is due to accumulation
of plastic shearing in the near-surface region, resultingnirellae alignment along the sliding
direction and possible fragmentation of some of the croskbnkls, which are detrimental to the
surface shear resistance. The higher steady-state frimbefficient of Ar/LDPE than that of
untreated LDPE may be attributed to the crosslinked matet@ivlibe sliding track. Exposure
of the Ar/LDPE surface to &5 plasma for 10 min resulted in grafting of an easily slie&@
film (~400 pm thick) onto the crosslinked LDPE surface travided low and stable friction
through the duration of testing. FC film grafting onto the BHE surface reduced friction
significantly without altering the structure of the plasma-crosstinLDPE. Thus, after about 6
sliding cycles, FC/Ar/LDPE and Ar/LDPE demonstrated siniiiation characteristics.

Figure 3.7 shows the variation of the friction coefficientF@/Ar/LDPE with sliding
cycles for an FC film thickness equal to ~400 pum and abload in the range of 150—8{\.
The gradual decrease of the coefficient of friction with slidipges at all loads is similar to that
observed in Figure 3.6. In addition, the coefficient mhifsn increased with the load. This trend
can be attributed to the effect of the crosslinked LDPE satbstBecause the penetration depth
of the SFM tip increased with the applied load, shearing witlenctbsslinked LDPE became
more dominant at higher loads. This intensified the frictaynd applied to the SFM tip, leading
to an increase in the coefficient of friction.

3.3.4 Contact stiffness and time-dependent defor mation
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Contact deformation of LDPE, Ar/LDPE, and FC/Ar/LDPE swaxamined by
nanoindentation. Figure 3.8(a) shows the loading functsed un all of the nanoindentation
experiments, and Figure 3.8(b) shows the indentation respoih LDPE due to this loading
function. Contact stiffness was obtained as the slope ofrlwading curve at the maximum
indentation load (depth). Because of the effect of time-digen(viscoelastic) deformation on
contact stiffness, the elastic stiffnegswas calculated from the following relationship (Tang et
al. (2003), Zhou et al. (2006)):

11
S b,

e

(3.1)

whereS is the measured contact stiffnefasis the rate of depth change at the end of the hold

period (i.e., just before the onset of unloading), Bods the unloading rate. Sinde, was fixed

in the present experiments (gBl/s), only h had to be determined to enable the calculatiocs of
from Equation (3.1). This was accomplished by studyingvtir@&tion of the indentation depth
with time during the hold period, as shown in Figure 3.8(cL.DPE, for example. Using a best-
fit approach, the function that best fittdgf & 0.99) the depth data of treated and untreated LDPE
surfaces during the hold period was found to be of tima fo

h=h, + Ct"? (3.2)

wheret is the hold timeb, is the indentation depth at the start of the hold petiedd), andC is
a constant intrinsic of the viscoelastic behavior of the mawariéhce.

Substituting Equation (3.2) into Equation (3.1) gives

1 1 C

% e (3.3)

wherety is the hold period (= 10 s).

Sincety? P, was the same in all cases, cons@mbay be used to characterize the effect

of viscoelasticity on surface stiffness. Figure 3.9 shdwes variation ofC with maximum
indentation load for LDPE, Ar/LDPE, and FC/Ar/LDPE. As pekted, the effect of
viscoelasticity on the contact stiffness increases nonlinedtthytiae applied load for all material
surfaces. The very simil& values of LDPE and Ar/LDPE suggest that structural modiifioa
as a result of Ar plasma treatment was confined to thermastrsurface layer of LDPE and,
therefore, did not affect the viscoelastic behavior controliethe bulk material. Grafting of a
relatively thick (~800 nm) FC film onto the Ar plasma-treat®PE surface resulted in lowé&
values, indicating a weaker viscoelastic effect on contafitetg in the presence of a covalently
bonded thick FC film.
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Figure 3.10 shows the contact stiffness (Equation (3.3)L@PE, Ar/LDPE, and
FC/Ar/LDPE as a function of depth at maximum indentatiod.l@dthough Ar plasma treatment
increased the concentration of crystalline lamellae and indddleain crosslinking in the near-
surface region, it also increased the surface roughfiéss, the lower contact stiffness of
Ar/LDPE may be associated with the decrease in the retdat@area due to surface roughening.
Deposition of an approximately 800-nm-thick FC film enhansearface conformity, resulting in
contact stiffness similar to that of untreated LDPE. Thus,ilRCdrafting restored the original
stiffness characteristics of the material without altering theskin®d near-surface region of the
Ar plasma-treated LDPE.

3.4 Conclusions

In this chapter, plasma-assisted surface polymerizatiograrfithg of FC films on LDPE
surfaces was investigated as a means of modifying tifi@csuproperties. AFM and nanoscale
sliding and indentation experiments revealed a dependentkeo$urface morphology and
nanomechanical/tribological properties on plasma treatmeaimeders, applied normal load,
and sliding cycles. Sliding friction behavior was interpreted endbntext of surface structure
models, which account for the effect of plasma treatmanthe modification of the surface
texture (e.g., lamellae exposure and chain crosslinkindyxta effect of the sliding process on
the evolution of the surface microstructure (e.g., lameligaraent along the sliding direction).
The contribution of viscoelastic deformation on contact stiffmess examined in the context of
nanoindentation experiments. The results of this study deratntat plasma-enhanced surface
modification is an effective process of tailoring the morphglostructure, mechanical,
tribological, and chemical behavior of polymer surfaces.
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Figure 3.1. Fluorocarbon film deposition rate versus plagaveer for different
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(a)

(b)

(c)

(d)

(e)

Figure 3.2. AFM images of nanoscale (left column) andasiale (right column)
surface topographies of (a) untreated and (b)—(e) plasrated LDPE surfaces
(plasma treatment conditions: (b) Ar (150 W, 5 min), (c¥0 W, 5 min), GFg
(100 W, 2 min), (d) Ar (150 W, 5 min),4€ (100 W, 5 min), and (e) Ar (150 W,
5 min), GFg (100 W, 10 min).
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Chapter 4

Synthesis of Polyethylene Glycol-Like Films
from Capacitively Coupled Plasma of
Diethylene Glycol Dimethyl Ether M onomer

4.1 Introduction

Polymers are prime structural materials for bioimplantstaadevices used to perform
tests in vitro. For example, biodevices for restoring hearttion and blood circulation in
partially closed arteries, such as artificial heart valves, Wasqrafts, and catheters for
intravenous percutaneous transluminal coronary angioplasty fabricated from polymer
materials. Because these devices are exposed to blood wthermplantation or during the
operation procedure, they must be properly pretreatpcetent thrombosis and clotting in vivo
due to protein adsorption and platelet adhesion. PEG is meolyf particular interest because
of its unique properties such as water solubility, hydrophjlichontoxic behavior, and
nonimmunogenic characteristics. More importantly, the antifguitharacteristics of PEG
toward cells (Brétagnol et al. (2006)), protein or platelet oudds (Harris et al. (1992)), and
bacteria (Dong et al. (2007)) make PEG an ideal coatirtgriaafor bioimplants and medical
devices.

PEG molecular attachment to different surfaces has beesmplished by various
methods, such as covalent immobilization (coupling) (Donglet2007), Lee et al. (1997),
Popat et al. (2004)), chemical bonding (Alcantar et al. @p0@nonolayer self-assembly (Prime
et al. (1991)), and copolymerization induced by ultravioléiatson (Wang et al. (2001)). In
particular, plasma-assisted polymerization of monomers wgibated CHICH,O units has been
used to synthesize films demonstrating PEG-like chemical dkasdics (Brétagnol et al. (2006,
2007), Goessl et al. (2001), Ademovic et al. (2005), Patunet al. (2001)). Plasma
polymerization is advantageous because it is easily repgddaan be applied to a wide range of
material surfaces, yields good film bonding to differentstnalbes, and may also be used to
sterilize a bioimplant prior to the film deposition during the sammgss run. Therefore,
deposition (grafting) of PEG-like films by plasma-assistedrpelyzation is a promising surface
modification method for bioimplantable components and medieaicds, such as total joint
replacements, vascular grafts, and catheters for cgrangioplasty.

Different methods for tuning the plasma environment haen lused to enhance PEG-
like film grafting, such as adjusting the input power by a mllgkernating-current plasma
source to reduce monomer fracture, while maintaining mondragment recombination and
film growth (Brétagnol et al. (2007), Ademovic et al. (200%r using monomers with more
CH.CH,O repeated units, although heating the entire system wassaegdo maintain the
monomer in its vapor phase (Goessl et al. (2001), Palwehtz. (2001)). In this chapter, a
capacitively coupled plasma source and diglyme monomaer used to simplify the system
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configuration by eliminating heating. The main objectives weras® plasma polymerization
and deposition to synthesize films from diglyme monomer &#E and Si(100) surfaces
pretreated with Ar plasma, and identify the plasma treatmendliteans resulting in the
deposition of film chemically similar to PEG. Experimental hsstrom various microanalysis
studies are presented to elucidate the effects of diglyméapthsma conditions on the film
thickness, composition, and chemical characteristics.

4.2 Experimental procedures

4.2.1 Sample preparation

Pellets of LDPE (Sigma-Aldrich, St. Louis, MO) placed orMARetal disks were heated
at 160C for 2 min by a hot plate. The partially melted and saftke pellets were then
compressed against AFM disks by preheated and cledassl gjides, heated at P& for an
additional 3 min to further smoothen the film surfaces, codian to room temperature in
ambient air, and, finally, peeled off from the glass pittcon substrates (0.8 0.8 cnf) were
cut off from a 10-cm-diamter p-type Si(100) wafer. Befdilm deposition, the Si(100)
substrates were rinsed with 49% HF for 10 min.

4.2.2 Film synthesis

Films were synthesized in a RF capacitively coupled plasacor (RTE73 AMNS-500-
E, Plasma Therm, Kresson, NJ) equipped with two elecplades of diameter equal to 29.4 cm,
using a plate-to-plate distance fixed at 5 cm. The uppetretke was grounded, while the lower
electrode (sample holder) was connected to the RF generBtomremove any surface
contaminants, the substrates were subjected to a 5 min pregtneawith Ar plasma under
conditions of 50 or 150 W rf plasma power, 50 sccm &g fjow rate, and working pressure in
the range of 57—70 mTorr, depending on the plasma p&ubisequently, 99.5% pure diglyme
vapor [CH—O—(CH—CH,~O)—CH;] (Sigma-Aldrich, St. Louis, MO) was introduced into the
chamber at a constant pressure of ~10 mTorr. Film systhgsplasma polymerization and
deposition was investigated under diglyme plasma conditiods-20 W rf power and ~10-20
mTorr working pressure, using a plasma treatment time imathge of 5-30 min. Before each
experiment, the chamber was cleaned withp@sma for 5 min under conditions of 300 W rf
power and 100 sccm,@low rate.

4.2.3 Microanalysistechniques

The thickness, surface morphology (roughness), wettalaliy,composition of the films
were examined with an ellipsometer, AFM, goniometer, FT[fecsometer, and XPS,
respectively. Several measurements were obtained froeraiiff surface regions of each film
and different substrates coated with the same film to emspreducibility and to perform a
statistical analysis. To calculate mean and standard deviadiaesy the measured data were
assumed to follow normal distributions.
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Surface Morphology and Roughne3&e surface topographies and roughness of untreated a
plasma-treated LDPE and Si(100) were examined with an ABWhension 3100, Veeco
Instruments Inc. Plainview, NY) operated in the tapping entadavoid surface damage of the
soft film surfaces. AFM imaging was performed with 10-radiis silicon tips attached to
silicon microcantilevers possessing a spring constant of 46 (N®C15/AIBS, MicroMasch,
Wilsonville, OR). Surface topography analysis was cawigdat different imaging scales (i.e., 1
x 1,5x 5, and 10x 10 unf scan areas) in clean laboratory environment. For eachsize, the
root-mean-square roughnelRg center-line average roughndls skewnessS and kurtosiK
were determined from a statistical analysis of surfacehheigta obtained from two different
surface regions of two identical samples (i.e., four AFMgesaper surface).

Film Thickness and Refractive Index Measureme&dmples with Si(100) substrates were used
to obtain film thickness and refractive index measuremeunéstd the much lower surface
roughness of these samples compared to those with LD#Eaes. The refractive index and
thickness of films deposited on p-type Si(100) waférsOocm diameter were measured with an
ellipsometer (AutoEL Il, model A9822, Rudolph Technologidanders, NJ) at a wavelength of
633 nm and a spectroscopic reflectrometer (210 XP $SwgntV Nanospec/DUV
Microspectrophotometer, Nanometrics, Milpitas, CA), respegtivéhe film thickness was
determined from spectroscopic reflectrometry, using the fdfractive index determined from
the ellipsometry measurements. For statistical analysis, film #sskmand refractive index
measurements were obtained from six different surfagieng of each film deposited on Si(100).

Contact Angle MeasurementStatic contact angle measurements were obtained from films
deposited under different plasma conditions. The film wettirgyadteristics were examined
with a drop-shape analysis system (DSA10, Kriss Gmbeinbidrg, Germany) at room
temperature. Droplets of deionized wateb uL) were applied to the film surface by a syringe,
and the droplet configuration was captured by a camern,Tthe angle between the droplet
baseline and the tangent at the water/air boundary wasuneela and the contact angle was
calculated as the average of the left and the right contgie¢ aneasurements. For statistical
analysis, six contact angle measurements were obtainedttirem different surface regions of
two identical samples.

Chemical Analysis Dominant chemical groups in the films were identified witiFHR
spectrometer (Nicolet Avatar 360, Thermo Fisher Scientifidtiaian, MA) equipped with a Ge
crystal of refractive index equal to 4.0 using a 45° incidesmtgle. Spectra were collected by
operating the FTIR in the ATR mode. For each measurer3@nscans were obtained with a
resolution of 4 cil. A background correction was performed before eaelasurement to
eliminate any ambient contributions. ATR-FTIR spectra wertaiobd as averages of six
measurements taken from two different locations of thredicd¢samples.

Film chemical composition analysis was carried out with a® Xistem (Perkin-Elmer
PHI 5400 ESCA) without charge neutralization or monochromatpipped with an Al-k X-
ray source of photon energy equal to 1486.6 eV. A tdikangle of 54.7° relative to the analyzer
axis was used throughout the XPS analysis. During spectjaisition, the pressure in the main
chamber was maintained at ~1Torr. Survey spectra were acquired in the binding enenyye
of 0—-1100 eV with pass energy of 178.95 eV. Highiggm XPS spectra of the C1ls and O1s
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core level peaks were collected with pass energy of 38W.5After performing a Shirley
background subtraction, chemical functionalities were detetmine curve fitting the Cls
spectra with Gaussian distributions of full width at half maxin{EvHM) fixed at 1.7 eV. To
compensate for surface charging effects, the C—H aeaR5.0 eV was used as a reference. To
ensure the accuracy of the curve fitting method, atomicerdrations determined by curve
fitting were compared with measured values. XPS results destuced from four measurements
obtained from two different surface regions of two identiaatgles.

4.3 Results and discussion

4.3.1 Film surface mor phology

Figure 4.1 shows representativec 5 um? AFM images of untreated and plasma-treated
LDPE surfaces. The original surface (Figure 4.1(aynmases relatively large-wavelength
asperities free of submicrometer features. Ar plasma tesditat a power of 50 W led to the
formation of numerous nanoscopic asperities and the diaagmce of microscale surface
waviness (Figure 4.1(b)). Significantly more distinct siweféeatures resulted from Ar plasma
treatment at a relatively high power of 150 W (Figure 4)1(The trend for the nanoscale
roughness to increase with the Ar plasma power is in guraditagreement with earlier studies
(Tajima et al. (2006)), where high plasma power wasddorninduce preferential etching of the
amorphous phase of LDPE, resulting in the exposure rajangstalline domains (lamellae) and
nanoscale surface roughening. Film deposition under dighfasena conditions of 2.5 W power
and 30 min treatment time on LDPE pretreated with 150 WI@snpa induced further surface
roughening (Figure 4.1(d)). Contrary to LDPE, the expesf Si(100) to the same Ar and
diglyme plasma conditions did not yield discernible changebensurface topography. AFM
imaging revealed that the roughness of the Ar plasma-tr&at#00) surfaces (with or without a
film) was similar to that of the original wafer surface (il&;, < 0.5 nm). This is expected
because of the significantly higher plasma etch resistaingg100) compared to that of LDPE.
The main finding from AFM imaging is that diglyme film depositias conformal to the
substrate surface and increased slightly the roughneiss 8f plasma-treated LDPE surfaces.

Figure 4.2 shows the effect of Ar and diglyme plasmatment on the surface roughness
of LDPE. The figure shows the root-mean-square roagh at different length scales (upper
plot) and a comparison of other topography parameterefmth scale fixed at 5 5 pm?
(lower plots). Both plasma treatments resulted in nanoscopidification of the surface
topography. The trend for the, roughness of each surface to increase with the scanisare
attributed to the presence of larger wavelengths in the suttgpographies of the larger scan
areas. Th&, andR; data show a consistent trend for nanoscale rougherithgnereasing Ar
plasma power. The statistically indiffereRt and R, values obtained before and after diglyme
plasma treatment (i.e., roughness data for treatment conditiensted by (c) and (d),
respectively) confirm that film deposition was conformal #rat nanoscale surface roughening
was mainly a result of Ar plasma etching. Th@nd K values indicate that diglyme plasma
treatment restored the Gaussian surface height distribu@@ien0j that was altered during the
high power (150 W) Ar plasma treatment and also resultetight broadening of the asperity
height distribution, as indicated by the slightly lowevalue of the film surface.
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4.3.2 Film thickness and surface contact angle measur ements

Table 4.1 shows the effect of diglyme plasma treatmentitons on the thickness,
refractive index, and contact angle of films deposited of08)( and LDPE substrates. To
deposit films of similar thickness (in the range of 55-68 fon)FTIR analysis, the plasma
power was increased from 2.5 to 20 W, while the treatmeetwas decreased from 30 to 5 min.
The contact angle of the clean Si(100) substrate®(~8%ypical of the native silicon dioxide
(Si0y) layer at the Si(100) surface, whereas the®~@ftact angle for 1 W diglyme plasma
power is comparable to the 4&ontact angle reported for a PEG film grafted onto a LDPE
substrate (Wang et al. (2001)). The decrease of theat@mtgle of the films deposited on LDPE
from ~92 to ~39 with the decrease of the plasma power from 20 to 1 W atelicthat low
power diglyme plasma treatment was beneficial to the formatibrfilms that exhibit
characteristics very similar to those of PEG. This is also astgip by the decrease of the
refractive index of the films deposited on Si(100) with therptapower, considering that lower
refractive index implies less crosslinking (Holmberg et alO®P and that PEG molecular
chains generally exhibit low levels of crosslinking. In corttaghe films deposited on LDPE,
the films synthesized on Si(100) demonstrated similar contatésathroughout the examined
power range, indicating a possible substrate effect on thedimposition.

4.3.3 Film surface chemistry and composition

Figure 4.3(a) shows a typical ATR-FTIR spectrum oilra fleposited on LDPE for 2.5
W diglyme plasma power. Peak assignments were madedawog to data from the literature
(Ademovic et al. (2005), Palumbo et al. (2001)). Thengtr6—H peak (assigned to LDPE) is
attributed to the large sampling depth (~600 nm), whereaS-+epeak is characteristic of PEG.
In addition, the film spectrum contains two small peaks asdiga C=0 and COOH. Figure
4.3(b) shows the dependence of the C-O peak intensitth@rdiglyme plasma treatment
conditions. The intensification of the C—O peak with the deered the plasma power suggests
that the film chemical composition is closer to that of PEG. Higtsma power promoted
fragmentation of the diglyme molecules. The produced smadjnfents recombined at the
polymer surface to form chemical groups different frowsthin the original diglyme molecule.
Thus, the PEG chemical character of the film was influgrme the increase of the diglyme
plasma power.

The O/C atomic ratio of the films was determined from the Xp&tra of the Cls and
O1s core level peaks of the films deposited on LDPESa(id0). Figure 4.4 shows the effect of
the diglyme plasma power on the O/C atomic ratio. (For piE€, the O/C ratio is equal to
~0.5.) The variation of the O/C ratio with the plasma posveggests that low-power diglyme
plasma treatment yielded film characteristics very similar to tlwdsBEG. The statistically
different O/C curves of the films deposited on LDPE andBillustrate a substrate effect on
the film chemical composition.

Figure 4.5 shows XPS spectra of the C1s core level gfeflkns deposited on LDPE for
different diglyme plasma power. The absence of a Sk frean the XPS spectra of the films
deposited on Si(100) (not shown here) and similar thickofetbe films deposited on LDPE and
Si(100) suggest that the substrates were fully coverdtebfiims. The spectra were fitted with
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four Gaussian distributions corresponding to different tygesarbon bonding (denoted by C1—
C4 for convenience). The two dominant peaks centeragmbximately 285.0 and 286.5 eV are
assigned to C—-C(C-H) (C1) and C-O (C2), respectivehjlevthe two small peaks at about
288.0 and 289.2 eV are assigned to O—C-0O(C=0) (GB)CEOR(COOH) (C4), respectively
(Brétagnol et al. (2006, 2007), Ademovic et al. (2005ure 4.5 shows that the decrease of the
plasma power led to the intensification of C2 and the decdaSé&, whereas the effect on C3
and C4 was secondary. Similar trends were observeciX®$ spectra of the Cls core level
peak of the films deposited on Si(100).

Figure 4.6 shows the dependence of the C1 and C2 filctidns on the diglyme plasma
power. The two types of carbon bonding demonstrate siigptrends with the increase of the
plasma power. The enhancement of C2 and the simultadecay of C1 with the decrease of
the plasma power provide additional evidence for the formatibriiims that possessed
characteristics similar to those of PEG. The highest C-O fratié2%) obtained for 1 W
diglyme plasma power is very close to the ~70% C-O fracemorted for PEG-like films,
synthesized under the same diglyme plasma power, thatnd@ated good anti-fouling
properties (Brétagnol et al. (2006)). The variation of @eand C2 fractions with the plasma
power shown in Figure 4. 6 is also in agreement with thénfiysdof previous studies (Brétagnol
et al. (2006), Palumbo et al. (2001)). The C3 and Cetifras are not shown in Figure 4. 6
because they did not show a dependence on the varddtidre plasma power. (For LDPE
substrate, C3 = 9.6 + 0.02 % and C4 = 2.7 = 1.1 %lewbr Si(100) substrate, C3 = 8.8
1.10 % and C4 = 2.8 + 0.53 %.) The results shown gures 7.4 and 6 reveal chemical
differences between the films deposited on the LDPE an@@®igLubstrates. The higher C2 and
lower C1 fractions of the films deposited on LDPE compdoedhose deposited on Si(100)
indicate a substrate effect on the film composition. Moleculaclament and ordering at the
film/substrate interface depend on the roughness, hydrophilasid chemical reactivity of the
substrate, and control the film structure and chemical behava example, the chemical
characteristics of a film covalently bonded to the hydrojsh¢b122) LDPE substrate would
differ from those of a film deposited on the hydrophilicf33i0, layer of the Si(100) substrate.
In addition, film grafting may also be affected by the higimsity of free bonds at the LDPE
surface produced by Ar plasma pretreatment. Theretbfierences in the film wetting and
chemical characteristics, such as those revealed by thgidatain Table 4.1 and Figures 7.4
and 6 may be inferred to the previous substrate effects.

To examine the effect of the diglyme plasma treatment timéherfilm deposition, a
series of treatments were performed at a fixed powerSo\2and treatment time of 10, 20, and
30 min (Tables 2 and 3). Table 4.2 shows that both theniéskand the refractive index of the
films deposited on Si(100) increased with the diglyme plasesment time. This trend of the
film refractive index may be attributed to intermolecular reactiorise bulk of the thicker films,
resulting in a higher degree of crosslinking (van Os e{1899)). However, XPS results (not
shown here) did not reveal an effect of the diglyme plag®ament time on the surface
chemical composition of the films deposited on Si(100), in eagemt with the indifferent
contact angle measurements. Table 4.3 shows that incréasidglyme plasma treatment time
from 10 to 20 min yielded a significantly lower contacglanand notable changes in the
chemical functionalities of the films deposited on LDPE. Howelesis pronounced differences
in contact angle and chemical groups were found forikims tleposited on LDPE after 20 and
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30 min of plasma treatment. To investigate the reason foe ti&erences, contact angle and
chemical composition measurements were obtained from sawiphesplasma-treated LDPE.
The high contact angle (~131of Ar plasma-treated LDPE is attributed to nanoscale sairfac
roughening due to preferential etching of the amorphousepfidn addition to surface
roughening, bombarding Aions may cause chain scission and bond fragmentatioeasiog
the polymer surface reactivity. Upon the sample exposutbe ambient conditions, activated
molecules at the pretreated LDPE surface reacted withreoxggd water molecules to form C-O,
C=0, and COOH moietie3he fact that the contact angle and the C-O, O-C-O(C=@), an
COOR(COOH) fractions corresponding to 10 min diglymermkagreatment are relatively closer
to those of the Ar plasma-treated LDPE surface suggestgrédatment with a 2.5 W diglyme
plasma for 10 min did not result in complete coverage ofBfeE substrate by the film. Hence,
the significant differences in the wetting and chemical charsiits for 10 min diglyme plasma
treatment versus 20 and 30 min treatment may be attributegdsex! surface regions of the Ar
plasma-treated LDPE that affected the contact angle andmdSurements. Longer plasma
treatments (i.e., 20 and 30 min) resulted in full substraterage by the film, indicated by
consistent contact angle measurements and chemical composstidis.

The effect of the Ar plasma pretreatment on the film thickiaesk chemical character
can be evaluated by comparing the results given in Tabli#drelatively low (50 W) and high
(150 W) Ar plasma power. Film deposition was performedeurdiglyme plasma conditions
favoring the deposition of continuous PEG-like films, i.e., 1p@iver, ~10 mTorr working
pressure, and 30 min treatment time. The similar thicknesactive index, and contact angle of
the films deposited on Si(100) after Ar plasma pretreatntes@ and 150 W power indicate that
the film deposition conditions were very similar. XPS resultsvglgoinsignificant differences in
the chemical compositions of the films deposited on LDPE thatpseviously exposed to low
and high power Ar plasma, suggesting that the chemical @sitign of these films was not
affected by the Ar plasma pretreatment conditions. Howéwegr contact angle and higher C—
O/C-H fraction (determined from the FTIR spectra) wexantl for the films deposited on the
LDPE substrate exposed to 150 W Ar plasma power. Therloantact angle is attributed to the
effect of nanoscale surface roughening, which intensifigd the increase of the Ar plasma
power (Tajima et al. (2006)), and the lower contact arthl@scharacterize rougher hydrophilic
surfaces (Holmberg et al. (2002)). The decrease o€#@®@/C—H peak ratio with the Ar plasma
power may be attributed to the decrease of the film thicknBsis. can be explained by
considering the reduced density of free bonds at the L&Pace due to the less energetié Ar
ion bombardment under low power Ar plasma conditions, hvproduced a detrimental effect
on film grafting during the diglyme plasma treatment.

4.4 Conclusions

In this chapter, thin films exhibiting PEG-like chemical chanasties were deposited on
LDPE and Si(100) substrates under different conditiortmpécitively coupled diglyme plasma.
A significant enhancement of the PEG chemical compositioneofilims deposited on LDPE
was observed under low-power diglyme plasma treatmemidittons. Film chemical
functionalities did not show a dependence on the duratiaieotdiglyme plasma treatment.
However, the effect on the bulk structure and compositiorthef films could have been
significant. Substrate pretreatment with Ar plasma did not taffienificantly the overall film
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characteristics. The results of this study demonstrate tisa®@ffof capacitively coupled plasma
treatment to produce conformal PEG-like films with tailored chamaharacteristics. Such
capability is important to the design of chemically patternedasesf for biological and medical
analyses.
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Table 4.1. Thickness, refractive index, and contact aafjiilms deposited on Si(100) and
LDPE versus diglyme plasma treatment conditions.

diglyme plasma treatment
conditions

film properties
Si(100) substrafe

LDPE substrafe

power pressure time  thickness refractive contact contact angle
(W) (mTorr) (min) (nm) index anglé(deg.)
(deg.)
1 ~10 30 329+1.4 1.39+0.02 59.2+25 38.84t 2
2.5 ~11 30 559+08 146+001 57.2x19 51279
5 ~13 20 61.7+05 149+0.01 552+1.3 59.45 1
10 ~15 10 67508 152+0.01 62.1+£0.2 839t
20 ~20 5 55104 154+001 615+1.1 02.3% 1

8Ar plasma pretreatment (power = 150 W; pressu® mTorr; gas flow rate = 50 sccm; time =
5 min).

Pcontact angle of Ar plasma-treated Si(100) = 37.2 «e@

‘contact angle of Ar plasma-treated LDPE = 121.2 + 08 de

Table 4.2. Thickness, refractive index, and contact asfdgiems deposited on Si(100) versus
diglyme plasma treatment tinfe.

diglyme plasma thickness
treatment time refractive index ~ contact angle
(min) (nm) (deg.)
10 26.7+0.9 1.34 £ 0.02 58.8 +3.5
20 37.3+0.5 1.43+0.01 58.5+2.0
30 55.9+0.8 1.46 £0.01 572+19

®power = 2.5 W; pressurell mTorr.



Table 4.3. Contact angle and chemical composition of filmesitgal on LDPE versus diglyme
plasma treatment tinfe.

diglyme pla_sma contact angle chemical component fraction (%)

treat?n?rr:; time (deg) c-0 0-C-O(C=0) COOR(COOH)
0 121.2+0.8 37.13+1.52 19.70 +1.39 5.17+0.51
10 82.8+3.7 57.83+1.78 14.00 +1.85 3.50+0.17
20 56.5 + 3.6 64.20 £ 2.29 11.17+1.01 247 +0.21
30 51.7+29 64.08 + 1.31 9.35 + 0.66 2.50 + 0.96

®power = 2.5 W; pressurell mTorr.

bzero diglyme treatment time implies only Ar plasma pretreatmen

Table 4.4. Thickness, refractive index, contact angle Gafd/C—H peak ratio (determined from
FTIR spectra) of films deposited on Si(100) and LDPEw®Ar plasma pretreatment conditions.

Ar plasma pretreatment film® properties
conditions Si(100) substrate LDPE substrate
power Pressure time  thickness refractive contact  contact angle C-O/C-H
(W)  (mTorr) (min) (nm) index angle(deg)
(deg)
150 ~60 5 329+0.81.39+0.02 59.2+25 38.8+x24 0.186
50 ~58 5 30.8+151.35+0.03 585+1.6 47.1+3.5 0.115

4gas flow rate = 50 sccm.

®diglyme plasma treatment (power = 1 W; pressut® mTorr; time = 30 min).
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Figure 4.1. AFM surface topography images of LDPEsm@s$: (a) no treatment,
(b) 50 W Ar plasma treatment, (c) 150 W Ar plasma treatpand (d) 150 W Ar
plasma pretreatment followed by a 30 min treatment with 2csglyme plasma.
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Figure 4.2. Statistical surface topography parameters obtaiom 1x 1, 5% 5,
and 10% 10 punf AFM surface images of LDPE surfaces: (a) no treatnfsh§0
W Ar plasma treatment, (c) 150 W Ar plasma treatment, @ydls50 W Ar
plasma pretreatment followed by a 30 min treatment with 2dsglyme plasma.
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Figure 4.3. (a) FTIR spectrum of a film synthesized &t80 min treatment with
2.5 W diglyme plasma on a LDPE substrate pretreated \&BithVl Ar plasma,
and (b) effect of diglyme plasma treatment conditions orCtH® peak intensity
of films deposited on LDPE substrates pretreated with 150 Wasma.

74



0.50

O LDPE substrate
O Si(100) substrate

0.20 T T T T
0 5 10 15 20

Power (W)

Figure 4.4. O/C atomic ratio determined from the XPS spettitze Ol1s and C1s

core level peaks of films deposited ar) (DPE and ¢) Si(100) substrates versus
diglyme plasma power. (Corresponding diglyme plasmdntrexat conditions are

given in Table 4.1.)
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Figure 4.5. XPS spectra of the C1s core level peak of fdeposited on LDPE
substrates pretreated with 150 W Ar plasma for diglytasnpa power equal to
@ 1w, (b) 5W, and (c) 20 W. Each spectrum wawecditted with four

Gaussian distributions centered at about 285.0, 286.5, ,288d 289.2 eV,
assigned to C—-C(C-H), C-0O, O-C-0O(C=0), and COOR(CQ@spectively.

(Corresponding diglyme plasma treatment conditions ar@ givéable 4.1.)
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Figure 4.6. Fractions of C—C(C-H) (C1 curves) and Q=D curves) determined
from the XPS spectra of the C1s core level peak of fileposgited on LDPE and
Si(100) substrates versus diglyme plasma power. (Gamnetng diglyme plasma
treatment conditions are given in Table 4.1.)
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Chapter 5

Plasma-assisted Surface Chemical Patterning
for Single-cell Culture and Cell Shape-
regulation of Smooth Muscle Cell
Proliferation

5.1 Introduction

Single-cell patterning is of great importance in cell biology, dnesr technology, and
tissue engineering. This technique can be used to contralethehape and spreading area,
which are known to affect various cell functions, suchagation, division, and differentiation.
PDMS soft lithography, including microcontact printing and memnbrbased patterning, is a
common method of patterning biological arrays (Whitesides. §2@01)). By using a PDMS
stamp or membrane, the surface chemical characteristidsecarodified to produce localized
surface regions possessing either nonfouling or fouling\ets. For example, to obtain surface
patterns for cell culture, a PDMS stamp was used to depacslf-assembled monolayer that
promoted cell adhesion (e.g., hexadecanethiol) on goldileer ssurfaces, which were
subsequently coated with another monolayer that resistidadhesion (e.g., alkanethiol
terminated by ethylene glycol groups) (Ostuni et al. (19990 et al. (2008), Tan et al. (2004)).
Fabrication of protein arrays for cell patterning was accommgisoy using a PDMS stamp to
transfer ECM (e.g., fibronectin and collagen) onto sudameated with different nonfouling
materials (Tan et al. (2004), Bernard et al. (1998), Ragsachs et al. (2008)). Another surface
patterning method for cell culture is to create isolated amrasefl attachment by transferring
ECM proteins to a substrate surface through the windowsaafaa PDMS membrane (Jackman
et al. (1999)and then coating the rest of the surface with a cell adhésiitor, such as
bovine serum albumin (BSA) protein (Roca-Cusachs €2@08), Ostuni et al. (2000), Wang et
al. (2002)). Surface cell patterning has also been adsrag@ by coating microwell arrays of
PDMS with fibronectin and the surrounding areas with BSAgimgOstuni et al. (2001)).

Despite the extensive use of methods based on soft lithogragner promising methods
for cell patterning exist, such as surface chemical patggthat combines photolithography and
plasma polymerization/deposition of thin films which either inhilitpcomote cell adhesion
(Andreas Goessl et al. (2001), Brétagnol et al. (208ud)jace patterning of ECM proteins using
photoresist (PR) as the lift-off mask (Lee et al. (2008per-assisted modification of the surface
chemistry and topography in conjunction with surface patter{ifa@pp et al. (2008)), and
fabrication of microwell arrays on Si surfaces with an atofmice microscope to trap single
cells (Choi et al. (2008)). In plasma-assisted surface pattgrdeposition of a background layer
that prevents cell adhesion (e.g., PEG-like film) is followgdtafting of a film that promotes
cell attachment (e.g., fluorocarbon) using a PR mask. Menvéhere are two main difficulties
with the former process: (a) the solvent used in the liftstép may deplete the nonfouling
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property of the thin background layer and (b) the wdt-ptocess may degrade the longevity of
the cell pattern because the chemical residue is harmfuhsdige cells (e.g., neuron and human
stem cells).

In this chapter, a simple cell-sensitive process of surtdwEmical patterning that
combines plasma-assisted polymerization and deposition wittmglatching through the
window arrays of a shadow mask is developed. Using tethad to synthesize the background
nonfouling layer is advantageous because of the easihdélss one-step dry coating process,
applicability over a wide range of substrate materials, gaodiibg of the nonfouling layer to
the substrate, and sterility of the process. Surface #wea=ll attachment were obtained by
partial plasma etching of the nonfouling layer through the evirsdof a special shadow mask
fabricated by photolithography. In particular, the PEG-like fililms removed from those areas
exposed by the mask windows to create areas for celhatéatt, while the PEG-like film in the
surrounding surface areas was protected by the mhsksurface patterning method is presented
in four steps: (1) deposit a nonfouling PEG-like film (backab layer), (2) fabricate Si and
PDMS membrane shadow masks for patterning the substrdtee by Ar plasma etching, (3)
form single-cell patterns on substrates patterned with a niomjd®EG-like film using a shadow
mask, and (4) study the effect of the pattern shapeiaads the morphology of the attached
cells. The nonfouling behavior of the PEG-like film and thiecaty of the present method to
produce chemically patterned surfaces for single-cell ultwe examined in the context of
protein adsorption, cell attachment, and cell patterning resekemied in the following sections.

With the introduced surface patterning method, cell shapdateguon smooth muscle
cell (SMC) proliferation is also studied in this chapter. It il Ywgown that vascular SMCs play
an important role in vascular remodeling and disease devetdpnim atherosclerotic lesions,
SMCs migrate from the vascular wall into the lumen, demongfratiphenotypic change from
contractile to proliferative phenotype. It has been reportadithvitro isolation of SMCs from
three-dimensional (3D) ECM, where the cells exhibit elongatgiddle-shape morphology, and
sub-culture in culture dishes promotes spread-out morphadogl proliferative phenotype
(Owens et al (1995), Thyberg et al (1998), Dilley et aB{d® Distinct SMC populations with
different cell shapes (spindle or epithelioid/rhomboid) andnptypes (differentiated or
proliferative) have also been isolated from arteries (Had. €2@02)). However, it is not well
understood if the cell shape directly affects SMC proliferatlanthis study, in-vitro culture
system is used to examine the effects of SMC morphaoadyMC proliferation.

Micropatterning technology offers powerful tools to manipulfiee microenvironment
for cell growth, migration, and differentiation (Whitesides et 2810(l), Tsang et al (2004)).
Recent studies have shown that micropatterned matrix stripgnamdgrooves restrict SMC
spreading in one direction, resulting in more elongated &Mphology and lower proliferation
rate (Thakar et al. (2003), Sarkar et al. (2005), Yiml.e{2805)). However, the underlying
mechanisms require further investigation. Although the mattepning methods used in these
studies provide effective means of manipulating the SMC notogl for biochemical and
biological analysis, changes in the SMC morphology arellysaecompanied by changes in the
spreading area. The cell spreading area has been ethservegulate cell proliferation in many
cell types (Folkman et al. (1978), Singhvi et al. (1994)erCet al. (1997), Bhadriraju et al.
(2002)). To distinguish the effects of the cell shape aadc:#ll spreading area, micropatterned
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islands of well-defined shape and area are created withrésented method and used in the
study to evaluate cell shape effects on SMC proliferation.

5.2 Experimental procedures

5.2.1 Sample preparation

Three different substrates, namely low-density polyetieylLDPE), Si(100), and
polystyrene dishes were used in the cell-culture studiggroXimately 1-mm-thick LDPE disk
substrates were fabricated by compressing LDPE pelletsngSiddrich, St. Louis, MO)
between clean glass slides heated aP@6@ther substrates used for cell culture were silicon
pieces (0.8« 0.8 cnf) cut from a 10-cm-diamter p-type Si(100) wafer and TR i dishes
(Thermo Fisher Scientific, Waltham, MA)pth used in their as-received condition.

5.2.2 Synthesis of PEG-like films

Film grafting on different substrates was performed in @ofdquency capacitively
coupled plasma reactor (RTE73 AMNS-500-E, Plasma Thd&trasson, NJ) with a plate
diameter of 29.4 cm and plate-to-plate distance equal to Before film grafting, the chamber
was cleaned with Oplasma (300 W power; 100 sccm @as flow rate) for 10 min, and the
substrate surfaces were exposed to Ar plasma (150 Wrp&@ sccm Ar gas flow rate) for 5
min to remove any surface contaminants. Subsequently,yldieéh glycol dimethyl ether
(diglyme) vapor (Ch-O—(CH—~CH,—0O),~CHs, Sigma-Aldrich, St. Louis, MO) of 99.5% purity
was introduced into the chamber at a pressure of ~10 rmHAm grafting by plasma
polymerization and deposition was performed under conditbtis20 W power, ~10-15 mTorr
working pressure, and 5-30 min treatment time. More detdilsthe synthesis and
physicochemical characterization of the grafted films carfoned elsewhere (Cheng et al.
(2009)).

5.2.3 Protein adsor ption assay

Fluorescein isothiocyanate (FITC)-labeled bovine serumnatbuyBSA) was used to
evaluate protein adhesion on films grafted onto LDPE disks fliglyme plasma. Disks with
the grafted films were covered with a FITC-BSA solution 60 Jug/cmi area density and
incubated for 1 h at room temperature in a dark spacn,Tthe samples were washed twice
with deionized water and allowed to dry in a clean laboratomronment before observation
with an upright fluorescence microscope (Zeiss HAL 1@Axrl Zeiss Microlmaging,
Thornwood, NY). The amount of absorbed FITC-BSA wiatermined from the green color
intensity in the fluorescence photographs. An untreated LBREace coated with only
tris(hydroxymethyl)methylamine (FITC-BSA solvent) was useadblack reference, whereas an
untreated LDPE surface coated with FITC-BSA that not wabkéate observation was used as
bright reference.

5.2.4 Cdl adhesion
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Bovine aorta endothelial cells (BAECs) were used to studydaksion on films grafted
on various substrates (i.e., LDPE, Si, and TCP dishel®ruifferent diglyme plasma conditions.
After film grafting, cells were seeded on different substratiés serum medium consisting of
Dulbecco’s Modified Eagle’s Medium (DMEM), 10% fetal & serum (FBS), and 1%
penicillin streptomycin (PS) and stored in an incubator with 59 & 37°C for 24 h. Cells
seeded on TCP dishes were observed with an invertedsoape (TE 300, Nikon, Melville,
NY) operated in phase-contrast mode. Because phasestgpiiotographs of the cells seeded on
LDPE and Si(100) substrates could not be obtained, the oadle fixed with 4%
paraformaldehyde (PFA), permeabilized with 0.5% Triton R;ldhd the cell actin and nucleus
were stained with Alexa-Phalloidin 488 and 4',6-diamidino-@agtindole (DAPI), respectively.
Fluorescence photographs of the stained BAECs were othtaind the inverted Nikon
microscope.

5.3 Mask fabrication and surface patterning

5.3.1 Si shadow mask

A Si shadow mask was fabricated from a p-type Si(1@&@mof thickness equal to ~525
um with both sides coated with a ~Qufs-thick SiN film. Two chromium masks with a feature
lateral spacing of 1000m were used to fabricate the Si mask. Features of desiggnsions
were produced on mask (2), whereas the features amk rfl) were enlarged by 37#n
compared to those on mask (2) to allow etching of afifhick Si layer. The fabrication
process is shown schematically in Figure 5.1. Brieflywhéer back side was spin coated with a
4-um-thick layer of OCG 825 PR, and after exposure to light through mask (1) and
development, the pattern was transferred first to the PRhamdto the SiN layer at the wafer
back side by reactive ion etching (RIE). Subsequentlybtuk side of the wafer was etched
with a 30% KOH solution to remove ~425 um of the exposezh® the SiN layer was etched
away by immersing the wafer into a 49% HF solution for Zlwen, the front side of the wafer
was spin coated with a 4-um-thidgayer of OCG 825 PR, exposed to UV light through the
windows of mask (2) which was roughly aligned to thekbale features, and after development
and hard baking, was etched trough by RIE. Finally, thfemwas saw-cut into 1.7 x 1.7 tm
pieces, each having window arrays of specific shapesiaed

The sloped §=54.7°) sidewalls produced from the 30% KOH etch (Figudgf)) are
due to the anisotropic etch of Si(100). Because of tiextefthe fabrication process shown in
Figure 5.1 can be simplified to produce windows of sgaackerectangular shapes by extending
the 30% KOH etch step (Figure 5.1(f)) to etch through thaéemthickness until the desired
window size is obtained. Despite the well-defined slope thatackerizes the anisotropic etch
process, the window size cannot be accurately controlledtiglone-step etch process due to
variations in the wafer thickness. Therefore, to control tiredow size and/or obtain other
pattern shapes (e.g., circular or oval) a dry etch steur@5.1(j)) was incorporated in the
fabrication process of the shadow mask after the wet &tph(Bigure 5.1(f)). In addition to a
precise control of the window size and shape, the shadasks produced by the fabrication
process shown in Figure 5.1 are relatively thick and.etbe, not likely to fracture during
handling. Figure 5.2(a) shows windows of different shapeksizes fabricated at the front side
of a Si shadow mask with the process that includes bothndetiry etch steps (Figure 5.1). The
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window areas are between 500 and 40606, while the window shape index Sl (defined as Sl

=4.7- A/ P?, whereA andP are the projected area and the perimeter of the featispeatively)

is in the range of 0.1-1.0. Figure 5.2(b) shows sqaaderectangular windows at the front side
of a Si mask produced with a similar fabrication process avgimgle wet etch step. The slightly
distorted shapes of the circular and square windows agetaldilting of the wafer during
observation.

5.3.2 PDM S membrane mask

The fabrication of the PDMS mask is similar to that usediieeatudies (Jackman et al.
(1999)). Micropost arrays of ~5@m in height and 20Qm in lateral spacing were fabricated on
a p-type Si(100) wafer using SU-8 2050 PR (MicroChBieywton, MA) to obtain the master
wafer. Before coating with PDMS, the master wafer waposed to perfluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane (United Chemical TechnologystBl, PA) vapor overnight in a
desiccator to prevent PDMS adhesion to the master feafilten, the master wafer was spin
coated with a mixture (10:1) of Sylgard 184 silicone elastdat¢Dow Corning, Midland, MI)
to produce a ~30-um-thick PDMS film and cured &@%or 4 h. Finally, the PDMS membrane
was cut into 1.7 x 1.7 chpieces, each having window arrays of specific shapesie, which
were then carefully peeled off from the master wafer.

Although the fabrication of the PDMS membramesk is much more straightforward
than that of the Si mask, the shape and size of the windowke PDMS mask cannot be
controlled as precisely as with the Si mask. Transferringiésgyn pattern to the master wafer
was influenced by damping of the light intensity during theosure to UV light due to the large
thickness of the SU-8 PR. Thus, the micropost cross-seat&as were larger at the top and
smaller at the bottom, with only the top micropost areas hdkiengesign dimensions. Therefore,
the portion of the microposts responsible for generatinghtihes in the PDMS mask did not
possess the desired geometry and size, causing the f@atueand Sl to deviate slightly from the
design specifications. Photographs of pattern featuretheoiPrDMS membrane mask are not
shown here for brevity.

5.3.3 Surface chemical patterning for single cell culture

After film grafting, the shadow mask and the plasma-tredi€® dish surface were
brought into contact with the smooth side of the mask falegdagainst the dish surface. The
grafted film was then removed from those areas exposeddgih the mask windows by Ar
plasma etching, the mask was lifted, and the dish patternedswithce areas of exposed
polystyrene surrounded by areas of the grafted film ngbesased. Surface patterns of different
shape and size were produced on dish surfaces codtedhes PEG-like film (1 W diglyme
plasma power; 40 min treatment time) with the PDMS membrask.ma

Both Si and PDMS membrane masks can be used in thenprssrface patterning
process. The pattern transfer from the shadow mask teulbstrate surface depends on the
plasma etching conditions and surface contact intimacy. FoBitineask, the optimum plasma
etching conditions were 10 W power, 10 sccm Ar gas flae, rand 1 min treatment time, while
for the PDMS membrane mask, the best pattern transfeltsragere obtained under plasma

82



etching conditions of 30 W power, 30 sccm Ar gas flow,ratel 2 min treatment time. For the
Si shadow mask, an enlargement of the pattern trandfertle substrate surface was observed
with the increase of plasma power and/or treatment time dtieetoitense and/or prolonged
interactions between energetic’Aons and the film material under the shadow mask. In adgition
since PDMS adheres well to most surfaces, the PDMS mamionask can stick firmly to the
substrate surface, which is critical to the accuracy of #resfierred pattern. However, distortion
of the transferred pattern was observed in a few octasloe to deformation of the flexible
PDMS membrane mask during handling.

TCP dishes were used as substrates in all of the singlpattdining studies. This was
advantageous because post-treatment of the TCP disluee befl seeding was not necessary
since plasma etching of the grafted film through the maslaws had exposed the original dish
surface on which the cells could attach easily. Alternatilmgause the cells did not attach well
on bare PDMS, when a PDMS film was used as the stiadtiine plasma-etched surface with the
PDMS membrane mask was treated with a fibronectin soluticoabthe exposed areas before
lifting the mask to release the patterned surface for celirgped

The patterned dishes were UV sterilized for 30 min and ti@shed with phosphate
buffered saline (PBS) to remove any film debris. Humasamehymal stem cells (hMSCs) were
used for cell seeding. After 24-h incubation, the cells igesl with 4% PFA and stained for
actin and nuclei. Phase-contrast photographs of living hM@®@sluorescence photographs of
stained hMSCs were obtained with Nikon or Zeiss microscopes

5.4. Cell shape-regulation of smooth muscle cell proliferation

5.4.1 Surface micropatterning and cell culture

Single-cell surface micropatterning was achieved on TCReslisvith the previously
discribed method with PDMS membrane mask. Human aortic SS{@ascade, Portland, OR)
were then cultured in serum medium and maintained the itwoubt 37C. SMCs between
passage 6 and 20 were used in the experiments.

5.4.2 Immunostaining, microscopy, and mor phological analysis

For immunostaining and microscopy, cells were fixed withPBA, permeabilized with
0.5% Triton X-100, and blocked with 1% BSA. Cell actin andtlei are stained with Alexa
phalloidin and DAPI. Fluorescence images were collected bgeigs LSM (Carl-Zeiss
Microimaging, Thornwood, NY) confocal microscope (100Kjeutive). Multiple Z-section
images (~0.3—-0.4um thick sections) were obtained for each specimen. Foarglysis, serial
pictures of the nucleus were reconstructed into a 3D steugsing the software Imaris (Bitplane,
St. Paul, MN), which was then used to calculate the nueigusne. For two-dimensional (2D)
analysis, the optical sections were projected onto a sifehe po construct an overall image of
the specimen. The cell shape index (CSI) and the nuchleyse sndex (NSI) were calculated
from the 2D images of the cells. The cell boundaries weténed with the Scion IMAGE
(Scion, Fredrick, MD) software. The spreading area, @@l projected area) and the perimeter
of the cell were measured, and the CSI was calculated ttwen relationship CSI =
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4PiAreal/(Perimetef) The CSI assumes values between 1 (circular shape gelongated,
linear morphology). A similar relationship was used to calcuthte NSI in terms of the
measured nucleus projection area and nucleus perimeter.

5.4.3 Céll proliferation analysis

SMCs seeded on surfaces with different patterns and alifior@4 h were incubated for
2 h with 10 uM 5-bromo-2’-deoxyuridine (BrdU) (Sigma-Atdr, St. Louis, MO). Then, the
samples were fixed with 4% PFA, permeabilized with 0.5% TrKet00, and incubated for 30
min in 2N HCI at 37 °C. Subsequently, the samples wesh&dhand incubated for 30 min in a
buffer containing PBS, 0.05% Tween 20, and 1 mg/ml BSitumize background adsorption
of antibodies. The samples were incubated with the primatipoaies against BrdU
(PharMingen, San Diego, CA) and a FITC-anti-mouse adyibafter washing with PBS, the
stained samples were counterstained with DAPI for 5 min,nteduin VectaShield (Vector
Laboratories, Burlingame, CA), and observed with a fllz#ese microscope. The percentage of
SMCs that incorporated BrdU (i.e., the cells with DNA syntheswias correlated to the
proliferation rate of SMCs. Mean and standard deviation salkexe calculated for each group
of data. The Student’s t-test was used to analyze exgetahgroups with two samples.

5.5 Resaults and discussion

5.5.1 Unpatterned surfaces

Protein adsorption. Adsorption of FITC-BSA protein on untreated and plasmadted DPE
surfaces can be interpreted in light of the fluorescencesityeresults shown in Figure 5.3. The
color intensities for the black and bright reference surfase® set equal to 0 and 100%,
respectively. The significant increase in BSA adsorptioa assult of Ar plasma treatment is
attributed to surface charging and the formation of hydropthi@nical groups. The subsequent
exposure to diglyme plasma suppressed BSA adsorptiomatcally, especially for low-power
(1.0 and 2.5 W) plasma treatment. The increase in BSArgtion for higher plasma power (5
and 20 W) indicates a depletion of the nonfouling film chtaragnder those plasma conditions.
In fact, the fluorescence intensity for 20-W plasma pawelose to that of the untreated surface,
but still significantly lower than that of the Ar plasma-treatetiese.

Cell culture. Figure 5.4 shows phase-contrast photographs illustrating fteet @f plasma
treatment conditions on the morphology of BAECs incubated®4oh in serum medium. The
cells attached and spread on the TCP dish surface tredgtedAr plasma (Figure 5.4(a)).
However, subsequent treatment with diglyme plasma affectedmbrphology of BAECs
significantly. Film grafting under low-power (1 W) diglymé&gma conditions was particularly
effective in preventing cell attachment, resulting in cell aggregadiod formation of cell
clusters (Figure 5.4(b)). The surface chemical chaimatits of this film have been found to be
similar to that of pure PEG (Cheng et al. (2009)). Howefrlen, grafting at higher diglyme
plasma power (i.e., 5 and 10 W) was not effective ingmirg cell attachment and spreading
(Figures 5.4(c) and 5.4(d)). A comparison of Figusefa), 5.4(c), and 5.4(d) shows that high
diglyme plasma power resulted in cell morphologies similar teethaf cells seeded on Ar
plasma-treated dish surfaces.
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Figure 5.5 shows fluorescence photographs of BAECsdese®n LDPE substrates
exposed to different plasma conditions. The cell actin orgaaiz indicates that only the film
grafted under the conditions of 1-W diglyme plasma poiméibited cell attachment and
spreading. Only one cell cluster (Figure 5.5(b)) wasmdbon the entire sample surface because
the unattached cells formed clusters floating in the medium wich washed away during the
staining process. This finding illustrates a correlation betwebmffinity for surface attachment
and surface chemistry. Since the chemical character ofilthe grafted at higher diglyme
plasma power (i.e., 5 and 10 W) is less similar to PEG tthase of the film grafted at 1 W
diglyme plasma power (Cheng et al. (2009)), it may berradethat cell attachment was
controlled by surface functionalities that characterize teematal behavior of PEG. Thus, the
film grafted under the conditions of 1-W diglyme plasma @ois referred to as PEG-like film.
Similar results were obtained with other substrates (i.e.Si€h, and PDMS) treated under
identical diglyme plasma conditions. This illustrates the effectiserof the PEG-like film to
prevent cell adhesion on various substrates in full serunumed

5.5.2 Patterned surfacesfor single-cell culture.

The previous results of BSA protein adsorptind BAEC adhesion indicate that low-
power diglyme plasma polymerization and deposition canskd to graft films that mimic the
nonfouling property of PEG on different substrates, agpolystyrene, LDPE, PDMS, Si, and
SiO,. The intriguing concept of a surface patterning method tisas whis biologically
nonfouling film is examined next.

Cell culture. TCP dishes coated with PEG-like film (1 W power; 40 min treatrntiene) were
patterned for single-cell culture. For surface patterning thghSi mask, the hMSCs were seeded
in reduced serum medium (DMEM + 1% FBS) to prevenspeaific cell attachment. However,
for surface patterning with the PDMS membrane mask, th8ds were seeded in full serum
medium without the occurrence of nonspecific cell attachniéng.indicates that the integrity of
the PEG-like film was better preserved with the compliant PDM#&bnane mask than the stiff
Si shadow mask. Figures 5.6(a)-5.6(e) show phaseasbrghotographs of single hMSCs after
24-h incubation in reduced serum medium on TCP dishesmpadtevith the Si mask that was
fabricated with the two-step etch process. While the cellsenrnpatterned dish surface spread
freely on the dish surface (Figure 5.6(a)), cell sprepdn the patterned surfaces was controlled
by the pattern size and shape (Figures 5.6(b)-5.6(e¢)cé&lls extended lamellipodia in different
directions, even outside the pattern boundaries (e.greFg6(b)), seeking for additional area to
attach. However, the nonfouling property of the PEG-like filravented cell spreading outside
the pattern boundary. Fluorescence photographs of smd#&Cs seeded on dishes patterned
with the Si mask fabricated with one-step etch process sktsvof only square or rectangular
shape (Figure 5.6(f)). Time-lapse videos showing theement of hMSCs on patterned TCP
dishes can be found in the Supporting Information.

Effect of pattern geometry on cell morpholo§yaining for cell actin and nuclei was used to
examine the effect of the pattern shape and area orlthearphology. hMSCs seeded on TCP
dishes patterned with the PDMS membrane mask were fixed 24-h incubation in serum

medium and the cell actin and nuclei were stained for olsamv&luorescence photographs of
hMSCs seeded on patterns of different shape and saensh Figure 5.7, reveal an effect of
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the cell shape and size on the actin organization and nuclerghology. Circular hMSCs
showed fairly round nuclei and actin alignment along the Irailiection and around the fairly
round nucleus, while elongated hMSCs showed nucleusalongand actin alignment along the
major axis of their elliptical shapes. A comparison of circalsiSCs with different spreading
areas shows decay in the organization of the actin struafitihedecreasing spreading area.
These findings indicate that cell patterning could have furiinetications on cell behavior,
which is worthy of more in-depth investigation.

The results of single-cell culture on patterned dish surfdes®onstrate the efficacy of
the present fabrication process that is based on graftmogfauling PEG-like film by plasma
polymerization and deposition and then selectively removiegfitm by Ar plasma etching
through the windows of a shadow mask to produce a ch#iynmatterned surface. The easiness
of the patterning process and the high yield of surfatterping (~100%) for single-cell culture
obtained with the PDMS membrane mask enable statistical stidibe cell shape and size
effect on cell behavior, such as proliferation. Although Bi&MS membrane mask is more
effective than the Si shadow mask in producing single-cellrpatten relatively stiff substrates,
both masks can produce surface patterns of cell clu®ersause of the stickiness and low
stiffness of the ~3@m-thick PDMS mask, careful handling must be exercised dveptt tear,
fracture, or excessive deformation leading to window distortdanng surface patterning.
Repeated use of the PDMS mask depends on the deterioatBaiue to plasma etching. Under
the plasma etching conditions of the present process, theSPDdk was used for 5-6 times
without evidence of plasma-induced deterioration. AlthoughShenask does not have the
limitations of the PDMS mask, contact with the substrate suidaetatively less intimate due to
the high stiffness of silicon, resulting in enlargement of ttensferred pattern. Another
difference is the lower feature density of the Si mask e@wetpto that of the PDMS mask.
However, the Si mask is effective in surface patterningoftf substrates (e.g., PDMS) because
the compliance of the substrate enhances intimate contast ab mask/substrate interface,
and since the Si mask can be easily cleaned, it can Beruseveral surface patterning runs.

5.5.3 Cell shape-regulation of smooth muscle cell proliferation.

Regulation of SMC Proliferation by the Cell Shape and Spreadlieg. Arrays of adhesion
islands with different CSI and spreading areas were crdatetthe micropatterning method
described in previous texts. To study the effect of the petlasling area, the CSI was set at 0.45
and the spreading area was decreased to from 156Qop890 prA. From previous study
(Thakar et al. (2009)), the effect of decreasing theft@®i 1.0 to 0.45 on the SMC proliferation
was insignificant while decreasing the CSI from 0.45 to Q/@lded a decrease in SMC
proliferation by ~60%. Similarly, decreasing the cell spreadieg from 1500 to 1000 fwhile
keeping the CSI fixed at ~0.45 did not produce an effedhe SMC proliferation rate, while as
shown in Figure 5.8, decreasing the cell spreading aréisef to 500 and 300 |frsignificantly
decreased SMCs proliferation rate. These results reveaxigtence of a threshold for cell shape
and spreading area effects on SMC proliferation.

Regulation of the Nucleus Shape and Volume by the Cell Simap&preading Aredt was

postulated that the cell shape and spreading area modulatedieeis morphology, affecting
DNA synthesis and SMC proliferation. Three cases of ceflasting area equal to 1500 fiamd
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different micropattern shapes and three cases ok@™5 and different spreading areas were
examined to elucidate the dependence of the nucleus maggtmiahe cell shape and spreading
area and SMC proliferation (Figure 5.9A). As evidencesmf Figures 5.9A-B, the cells
conformed to the designed shape of the spreading atlessmvall deviations. Elongated cells
(CSlI = 0.30) exhibited more elongated nucleus of insignificant velwmange; however, the
decrease in the spreading area did not affect significaimdynucleus shape (Figure 5.9C),
implying a greater sensitivity of the change in nucleuseloagthe cell shape change. In contrast,
the decrease in the cell spreading area produced a saghiflecrease in the nucleus volume,
suggesting that the change of the nucleus volume is mogtilated by the cell spreading area.
Since both the cell shape and the cell spreading area re§M&eproliferation, it is likely that
both the shape and the volume of the nucleus affect DN#hagis and, in turn, cell proliferation.

5.6 Conclusions

In this chapter, a surface chemical patterning processdsasloped by combining
grafting of a film exhibiting nonfouling behavior (i.e., PEG-Iliften) onto different substrates
(i.e., LDPE, polystyrene, PDMS, Si, and 9i@nd Ar plasma etching through the window arrays
of a Si or PDMS membrane mask fabricated by photolithdgraphe efficacy of this process to
produce surface patterns for single-cell culture was demased by results revealing the
attachment and spreading behavior of hMSCs on TCP diffces with patterns of different
shapes and sizes. Actin and nuclei staining showed a sttepgndence of the hMSC
morphology on the size and shape of the cell spreades dhe present patterning process
includes only dry process steps and is fairly straightiodw clean, and fast, making it
particularly suitable for studying the behavior of single cells.

Micropatterning SMCs on islands of different geometry wilttle presented method
established an effective means of obtaining a direct evidehall shape effects on cell
proliferation. Previous study shows that SMC proliferation dependent of the variation in the
cell spreading area in the range of 1000-1500, oot significant decrease was observed when
cell spreading is confined within much smaller areas (8@0, and 500 puf A plausible
explanation for this behavior is that SMC proliferation is noafiiected when there is sufficient
cell spreading (e.g., >1000 @nand decreases only when spreading is restricted toisagrlf/
smaller areas (e.g., 300-500 ymAn important insight into the threshold of shape and
spreading effects on SMC proliferation was obtained byyaimg the nucleus morphology
(shape and volume). The nucleus shape was found teagdecwhen the CSI decrease to a low
value (e.g., 0.30) but not for changes in the cell spngaatea. The change in the nucleus shape
showed a good correlation with the decrease in DNA sgighfor CSl~ 0.30. This finding
suggests that the change in the nucleus shape mediates| thieape effect on DNA synthesis
and provides evidence for the existence of a CSI thregbolithe nucleus shape effect. On the
other hand, the nucleus volume was found to decrease@litepreading area but not affected
much by the cell shape. A significant decrease in the nuslelusne was encountered by
confining cell spreading over small areas (e.g., 300 &0du5n2), indicating a good correlation
with the decrease in DNA synthesis in SMCs. These resoisderstrong evidence that changes
in the nucleus morphology (either shape or volume) couldutate DNA synthesis and, in turn,
SMC proliferation.
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Figure 5.1. Fabrication process of a Si shadow maslsp{a)coating of the back
side of a SiN-coated wafer with PR; (b) PR exposure to light; (c) PR
development; (d) RIE of the SiN layer; (e) PR stripping; (&t wtching of the
wafer with 30% KOH; (g) removal of the SIiN layer by a 486 wet etch; (h)
spin coating of the wafer front side with PR followed by exype to UV light; (i)
PR development; (j) etching through the Si wafer by RIE;(Bh&R stripping.
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(b)

Figure 5.2. Windows of different shape and size fabricatede front side of a Si
shadow mask by a process including (a) dry and wetstégs and (b) a single
wet etch step.
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Figure 5.3. Fluorescence intensity of FITC-labeled BSAtgin adsorbed on
LDPE surfaces: (a) no treatment, (b) Ar plasma treatment,(@f) Ar plasma
treatment followed by diglyme plasma treatment at a pofvér)d W (30 min),

(d) 2.5 W (30 min), (e) 5W (20 min), and (f) 20 Wnr(&n).
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Figure 5.4. Morphology of BAECs after 24-h incubationserum medium on
dish surfaces subjected to (a) Ar plasma treatment adyl Ab-plasma treatment
followed by 30-min diglyme plasma treatment at a power pi @/, (c) 5 W, and

(d) 10 W.
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Figure 5.5. Actin structure of BAECs after 24-h incubaiioserum medium on
LDPE surfaces subjected to (a) Ar plasma treatment art) @ plasma
treatment followed by 30-min diglyme plasma treatment at a pofvéb) 1 W,

(c)5W, and (d) 10 W.
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50 um

Figure 5.6. Phase-contrast photographs of single hM3@s2#-h incubation in
reduced serum medium on (a) unpatterned and (b-e) nEdteish surfaces. The
circular and elliptical patterns have areas equal to 4000ami S| equal to (b)
1.0, (c) 0.5, (d) 0.25, and (e) 0.1. (f) Fluoreseephotographs of single hMSCs
with spreading areas equal to ~4000 pobtained after 24-h incubation in
reduced serum medium.
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Figure 5.7. Fluorescence photographs of single hMSQGaingld after 24-h
incubation in serum medium on dish surfaces patterned WwiDNMS membrane
mask followed by actin and nucleus staining: (a) cells ofesamape and
spreading area equal to 2000, 5000, and 100G0anch(b) cells of spreading area
equal to 2000 pfrand different shapes of SI = 1.0, 0.5, 0.25, afid O.
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Figure 5.8. Cell spreading area effects on SMC proliferd@2d h-culture). SMCs
were cultured on micropatterned matrix islands of the sampesfCSkk 0.45)
and different spreading area (i.e., 1500, 500, and #66) and BrduU
incorporation was analyzed subsequently (~50 cells paupgr3 independent

experiments). The asterisk indicates the statistical signific&heed(05) between
specified data.

95



3D
Nucleus shape

1 2 3 4 ]
B 19 — NE. 2000 -
b , 1
£ 08 2 1500 -
£ <
o 06 @
g B 1000
£
& 04 E
3 02 @ 500 4
Q
o
0 : : . : 0 ; : : :
1 2 3 4 5 1 2 3 4 5
14 . _ L3
1200
C g [ I ]
E 08 i 1000
@ @ N
& o5+ E 800 |——|
® S 6001
w 04 >
§ 3 400 A
g 021 S 200
Z Z
0 : . . . . 0 i ‘ i i

1 2 3 4 5 1 2 3 4 5

Figure 5.9. Cell shape and spreading area effectsuckeus morphology (24-h
culture). SMCs of specific shape and spreading area waigected to
fluorescence staining for actin filaments (green) and nugldus). A. Confocal
microscopy images of actin filaments and 3D reconstructidheohucleus shape.
B. Calculated CSI and cell spreading area (3-10 cells qpempy C. Calculated
NSI and nucleus volume (3-10 cells per group). The iaktendicates the
statistical significance (P < 0.05) between all data or speciit



Chapter 6

Surface Chemical Patterning of
Polystyrene and Parylene C for Long-
term Single-cell Culture

6.1 Introduction

Micropatterning for single-cell culture has received increaséehtion in recent years
because it enables precise control of the cell shape amdagiich is important in studying cell
behavior (Chen et al. (1997), Thomas et al. (2002)kdhat al. (2009)). Chemical patterning
methods that produce surface patterns exhibiting prolongeiitgtare of particular importance
to long-term cell culture, such as cell differentiation (McBesthl. (2004)). Numerous surface
patterning methods have been developed for cell cultureofifedta et al. (2006)). Microcontact
printing and membrane-based patterning have been widsdg €or single-cell culture by
transferring a pattern of an external cell matrix protein.,(élironectin) to a surface and then
blocking the surrounding areas by nonfouling molecules, (Plgronic) (Chen et al. (1997),
Thakar et al. (2009), McBeath et al. (2004), Whitesides. €2001), Tan et al. (2004), Ostuni et
al. (2000), Roca-Cusachs et al. (2008)). Selective moleadkorption or coating deposition on
substrates using traditional photolithography methods have ddensively explored for cell
patterning, such asurface patterning of coatings using a photoresist as thefflifnask
(Falconnet et al. (2004), Thomas et al. (1999), Goesal €2001), Brétagnol et al. (2007)) or
creating surface patterns of different materials to indatsxsve molecular adsorption (Lussi et
al. (2004), Detrait et al. (1998)). In other patterning mashgurface coatings were used first to
provide a nonfouling property to the substrate, such asnglgpolymerization opolyethylene
glycol (PEG)-like thin films and poly-L-lysine (PLL)-g-PEGatings, and then cell adhesive
areas were produced by localized chemical modificatidgheofilm by plasma treatment through
a membrane mask (Cheng et al. (2009)), or exposuundiraviolet light through a chromium
mask (Azioune et al. (2009)). Among these methods, aifocking by Pluronic molecules is
particularly effective in producing stable surface patterms. éxample, surface patterns for
culture of smooth muscle cells and endothelial cells blockeBlimpnic F127 molecules were
found to be stable in serum medium for more than fouksv€Ban et al. (2004)).

Pluronic is a copolymer comprising polyethylene oxide (P& polypropylene oxide
(PPO) segments that can adsorb on some hydrophokacesitb prevent protein adsorption and
cell attachment (Tan et al. (2004), Nejadnik et al. (2009)¢. &dsorption of Pluronic molecules
involves the attachment of PPO segments to the hydrophatiacs, while the PEO segments
extend outward from the surface, forming a brush-like fawdmg film. However, this
configuration is not favored on highly hydrophilic surfgaasd the PEO segments lay flat on the
surface (Nejadnik et al. (2009)). Therefore, the chdmiehavior of Pluronic molecules
adsorbed on hydrophobic and hydrophilic surfaces shditfiet significantly. For example, the
competitive adsorption of Pluronic F68 and fibronectin molecolesthe hydrophobic and
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hydrophilic areas of plasma-modified polystyrene surfacas used to achieve cell attachment
only to the hydrophilic polystyrene areas (Detrait et al9gl&nd 1999)).

The traditional photolithography method used in previous stidipsoduce hydrophilic
surface patterns on polystyrene cannot be directly applredell culture dishes because it
requires a clean-room facility and, more importantly, ugesmicals that could be harmful to
sensitive cells. To overcome this limitation, a dry lithograpleyhrod that can be directly applied
to polystyrene Petri dishes is introduced in this chapternidia objectives of this investigation
were to identify the plasma treatment conditions and incubatiotian of a surface patterning
method resulting in selective cell attachment, examine changesfate chemistry caused by
this method, and explore the implications of such patterningauéthlong-term cell culture.
This method uses oxygen plasma treatment through the windbwaspolydimethylsiloxane
(PDMS) membrane mask to form hydrophilic patterns onlaegrulture dishes, and relies on
surface hydrophilicity resulting in selective molecular (Plurofibrpnectin, or serum proteins)
adsorption to produce chemical patterns for single-cell culRaterned dishes were incubated
either with Pluronic F108 solution or a mixture of Pluronic &%0lution and fibronectin. Cell
culture experiments and X-ray photoelectron spectros@op$) measurements were performed
to elucidate the underlying mechanisms of selective cell atemdhrim addition, long-term cell
culture experiments were carried out to study the effecteo$dinface patterning on the shape of
cells and nuclei and demonstrate the stability of the produetteins.

To further extend the application of this method on variobstsates, surface patterning
for single cell culture was also realized on Parylene C filrfase in this chapter. Parylene C is
widely used as a coating material in bioMEMS and implantaioiedxdical devices because of
its excellent biocompatibility, chemical stability, and straightfodvaeposition on various
substrates, including glass. By combining Parylene C filnosigpn, oxygen plasma treatment
through the windows of PDMS shadow masks, incubation wigtueonic F108 solution, and
surface activation by incubation with serum medium, prefeteattiachment of single cells on
the hydrophilic surface areas of chemically patterned &aeylC films was achieved and
therefore the method can be applied on all substrates whitlbe coated with a layer of
Parylene C film.

6.2 Experimental procedures

6.2.1 Fabrication of PDM S mask

Fabrication of the PDMS membrane mask was based onhadnesported in a previous
study (Jackman et al. (1999)). Briefly, micropost asray height equal to ~50m and lateral
spacing of 200um were fabricated on a p-type Si(100) wafer using SEBB0 photoresist
(MicroChem, Newton, MA) to obtain a master wafer. Befooating with PDMS, the master
wafer was exposed to perfluoro-1,1,2,2-tetrahydrooctilviosilane (United Chemical
Technology, Bristol, PA) vapor overnight in a desiccatoptevent strong adhesion of the
PDMS to the master wafer. Then, the master wafer wascspited with a mixture (10:1) of
Sylgard 184 silicone elastomer kit (Dow Corning, Midland, MIpbtain a ~30-um-thick PDMS
film and cured at 6% for 4 h. Finally, the PDMS membrane mask was cut irifox11.7 crf
pieces, each having window arrays of specific shapeseeg which were carefully peeled off
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from the master wafer using a pair of tweezers and @ @é glass slide. PDMS masks with

window areas of 2000m? and shape index (Sl) equal to 1.0, 0.5, 0.25, andS).£47A/ P?,
whereA andP are the projected area and perimeter of a patternrasgeectively) were used in
long-term cell culture experiments.

6.2.2 Surface chemical patterning of polystyrene and parylene C

Pluronic F108 (BASF, Mount Olive, NJ) powder was dissoliedphosphate buffer
saline (PBS) to obtain a solution of 1% (wt/vol) Pluronic cotre¢ion. After overnight storage
at 4°C, the solution was passed through a filter of avgrage size equal to 02 to obtain a
sterilized stock. Sterilized polystyrene (PS) Petri dishes FBRon, Franklin Lakes, NJ) were
used in their as-received condition. To produce hydrophilitase patterns, the PDMS mask
was conformably placed on the dishes, and the entirestighces were exposed to oxygen
plasma for 1 min in a small plasma-etch system (PlasmalR/@p| supplies/Structure Probe,
West Chester, PA). Dish areas exposed to the plasma édvatrophilic (contact angke 0°),
whereas areas covered by the PDMS mask maintainedhtfoieophobic character (contact angle
~ 80°). After the PDMS mask was removed, the patternedeslisvere first sterilized with
ultraviolet light for at least 30 min and then incubated with eifflaronic F108 solution or
Pluronic F108 solution mixed with fibronectin (Sigma-Aldrich, Bouis, MO) for surface
blocking. After overnight incubation at 4°C, the dishes weashed with PBS three times and
seeded with cells.

For surface patterning of Parylene C, Parylene C films5 um in thickness were
deposited on glass substrates using a commercial coatitegnsy8DS 2010 LABCOTER 2,
Indianapolis, IN). Hydrophilic surface patterns were crtatethe same way as PS described
previously. Film areas exposed to the plasma became giytico(contact angles 0°), while
areas covered by the mask maintained their hydropholacacier (contact angle 90°).
Similarly, the Parylene C surface was incubated either witolation of Pluronic F108
copolymer in PBS or a mixture of Pluronic F108 solution fibknectin in PBS overnight at
4°C, washed with PBS three times and seeded with cells.

6.2.3 Surface chemistry analysis

Adsorption of Pluronic and fibronectin molecules on hydroplaifid hydrophobic pattern
areas of PS dishes was investigated by X-ray photoelespexntiroscopy (XPS). PS samples cut
from the bottom of cell culture dishes were partially covevgd a PDMS membrane mask and
treated with oxygen plasma. Then, the partially treated P®lsamere incubated with PBS,
Pluronic F108 solution, or Pluronic F108 mixed with fibrdimeovernight, washed with PBS
three times, and dried in air before the XPS analysis. p@cteometer without charge
neutralization or monochromator (Perkin-Elmer PHI 5400 ES€&fuipped with an Al-k& X-
ray source of photon energy equal to 1486.6 eV wad tessperform the XPS experiments. A
take-off angle of 54.7° relative to the analyzer axis waelun all XPS experiments. During
spectral acquisition, the pressure in the main chamber wasainad at ~10 Torr. Survey
spectra were acquired in the binding energy range df@-2V with pass energy of 178.95 eV.
High-resolution XPS spectra of the C1s, N1s, and Olslewvet peaks were collected with pass
energy of 35.75 eV. To compensate for surface chaefifects, the C—H peak at 285.0 eV was

99



used as a reference. The atomic concentration of nitr@armined from the N1s core level

peak after Shirley background subtraction) was useddlyzmthe adsorption of fibronectin on

different sample surfaces. For statistical analysis, XP3tsesare obtained as averages of four
measurements acquired from two different surface regibtvgo identical samples.

6.2.4 Protein adsor ption and cell culture on patterned surface

Bone marrow mesenchymal stem cells (MSCs) were usedetiorm cell culture
experiments. Cells were seeded with either serum-free mediuserum-containing medium
consisting of Dulbecco’s Modified Eagle’s Medium (DMEM)% fetal bovine serum (FBS),
and 1% penicillin streptomycin. Subsequent to incubation wittC&at 37°C for 1 h, floating
cells were washed away and fresh serum medium wasl.aéifter 2-week incubation, the cells
were fixed with 4% paraformaldehyde (PFA), permeabilizétt @.5% Triton X-100, and the
cell actin and nucleus were stained with Alexa-Phalloidin 488436-diamidino-2-phenylindole
(DAPI), respectively. Phase contrast pictures of fixed BIS@re obtained with an inverted
microscope (TE 300, Nikon, Melville, NY), and fluorescemtotographs of stained MSCs were
obtained with an upright microscope (Zeiss HAL 100, CarlisZeMicrolmaging,
Thornwood, NY). The area and shape index of cells anodlei were calculated from
fluorescence images of cell actin and nuclddsll and nucleus boundaries were outlined with
software (Scion IMAGE, Fredrick, MD). The measured spteading area and perimeter and the
nucleus projection area and perimeter were used to cal¢biateell shape index (CSI) and
nucleus shape index (NSI). A shape index of 1 andri@sjeonds to circular and linear shapes,
respectively.

To check protein adsorption on patterned Parylene facgyrFluorescein isothiocyanate
(FITC)-collagen type | (Sigma-Aldrich, St. Louis, MO) wased to examine protein adsorption
on the chemically patterned Parylene C film surfaces. Aftembation with 0.01% Pluronic
solution for 1 h, the patterned Parylene C surface watshfashed with PBS three times and then
incubated with FITC-collagen solution (200 pg/mL) overnight rabm temperature.
Fluorescence pictures were obtained after washing the teclibarface with PBS three times to
check the amount of absorbed collagen.

6.3 Results and discussions

6.3.1 Surface patterning of polystyrenefor singlecell culture

The dependence of cell attachment on the adsorption caatfiguiof Pluronic molecules
at hydrophobic and hydrophilic PS surfaces was studieskeging MSCs in serum medium on
three different dishes: (a) untreated (control), (b) incubaiéd 1% Pluronic solution for 1 h,
and (c) oxygen plasma-modified and then incubated with Leic solution for 1 h (washed
three times with PBS before cell seeding). While MSCs attachdtie untreated dish and to a
less extent on the oxygen plasma-treated dish incubated %ifRldronic solution, they did not
attach on the untreated dish incubated with 1% Pluronic solwaiter. overnight incubation,
floating MSCs were collected and reseeded on an untreéssee culture dish. It was observed
that these cells attached and spread well on the untreatedudisice, indicating that the
previous differences in cell attachment were not due to ttweosycity of Pluronic molecules.

100



Instead, this difference in MSC attachment is attributed t@adlserption of Pluronic molecules
on the untreated PS surface in a brush-like nonfoulinfgroation, as opposed to the plasma-
treated dish on which the Pluronic molecules laid flat on tineage (Nejadnik et al. (2009)).
This finding also suggests that, in the presence of svi8Q;s attached to the hydrophilic PS
surface covered by Pluronic molecules.

To examine how the adsorption of Pluronic molecules on yaeophilic PS surfaces
affected cell attachment, oxygen plasma-modified disheg weubated with six different
solutions overnight, namely PBS, 0.01% Pluronic F108 solutiémPluronic F108 solution, and
each of the former solutions mixed with g§/mL fibronectin. After washing the PS surfaces
with PBS three times, MSCs were seeded and incubated ithittr @lain DMEM or serum
medium for 4 h before they were examined under a nuopes Figure 6.1 shows representative
images from these experiments. MSC incubation with plain DM@ not result in cell
attachment on the surfaces incubated with only Pluronic solatien after 4 h. However, MSCs
attached and spread on all other surfaces, including thHacsuincubated with only PBS.
Although adsorption of Pluronic on a hydrophilic PS surfdoes not result in a nonfouling
conformation (Nejadnik et al. (2009)), Figure 6.1 shthed, in the absence of serum, adsorbed
Pluronic molecules can still block cell attachment. However, dseration of Pluronic on the
hydrophilic PS surface did not prevent the adsorption obfiéctin. Thus, the addition of
fibronectin in the Pluronic solution was conducive to cell attasitrdepending on the Pluronic
concentration. Indeed, for 2gg/mL fibronectin, increasing the Pluronic concentration from
0.01% to 1% increased the number of floating cells, indicdéag fibronectin adsorption for
hydrophilic PS covered with more Pluronic molecules.

In the case of MSCs incubated with serum medium, diffeent cell attachment were
only observed in the early stage of incubation. MSCs athcdpidly on all surfaces in less than
1 h except for the surfaces incubated with only Plurooiation. However, no difference in cell
attachment could be discerned following incubation in serumiumedor 4 h. This finding
suggests that serum proteins from the medium modifiedtmaged the hydrophilic PS surfaces
covered by Pluronic molecules, and this activation processb&aeficial to cell attachment
(Castner et al. (2002)). Because this modification/activatiocgss is relatively slow, MSC
attachment on the dish surfaces treated with only Pluradiaat occur during the initial stage
of incubation. This is also supported by the fact that thee@se in Pluronic concentration
increased the time for cell attachment since the activation grotas prolonged when the
hydrophilic PS was covered with more Pluronic molecules.

For single-cell patterning, PS dishes with hydrophilic pattermglymed by plasma
treatment through the windows of PDMS masks were incubaitéddifferent solutions before
seeding with MSCs in serum medium. An untreated dish s&s as control [Figure 6.2(a)]. The
fact that MSCs attached everywhere on the patterned dishaiecliwith PBS [Figure 6.2(b)]
compared to the control dish suggests that selectivity in celthatent cannot be solely
accomplished by modifying the surface hydrophilicity. Distneated with Pluronic solutions of
concentration in the range of 0.001%-1% (with or without titktian of 25ug/mL fibronectin)
were seeded with MSCs in serum medium. Incubation withrctmveentration<0.01%) Pluronic
alone resulted in fast single-cell patterning [Figure 6.2(dfeasing the Pluronic concentration
to 1% increased the time for cell attachment and decreiwedciumber of attached cells
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significantly [Figure 6.2(d)]. The addition of 2/mL of fibronectin in Pluronic solutions of
concentration<0.01% resulted in random cell attachment [Figure 6.2(elicating that
fibronectin adsorbed on both hydrophilic and hydrophobitepaareas. Increasing the Pluronic
concentration above 0.1% restored single-cell patterningui€&i®.2(f)]. Thus, for a given
concentration of fibronectin, the Pluronic concentration musaldme a threshold to prevent
fibronectin adsorption on untreated PS, which is necessasirfgle-cell patterning. Therefore,
while fibronectin enhanced the attachment of MSCs on theopkdic pattern areas, it was
necessary to increase the Pluronic concentration to ackiegée-cell patterning. For cell
seeding in serum medium, the time for cell attachment on dh®plyilic areas of the patterned
dish incubated with 0.01% Pluronic solution was comparabléhdb of the patterned dish
incubated with 0.1% Pluronic solution andg@gmL fibronectin.

Adsorption of Pluronic and fibronectin on untreated and eryglasma-treated dishes
was further examined in light of the XPS measurements.eRepiative Cls spectra of PS
surfaces with different treatments are shown in Figure 8. C1s peak of oxygen plasma-
treated PS [Figure 6.3(b)] differs slightly from that of thereated surface [Figure 6.3(a)]. This
small change in the Cls peak is attributed to incorporatiooxpfien functionalities on the
surface of plasma-treated PS. Incubation with 1% Pluronitiao did not yield a discernible
effect on the Cls peak of untreated PS [Figure 6.3¢és)Hently due to desorption of the
Pluronic molecules during drying. However, incubation with ¢tig significantly changed the
Cls peak of oxygen plasma-treated PS [Figure 6.3(dplying relatively stable adsorption of
the Pluronic molecules. The previous observations are gegday XPS results of the O/C ratio.
For the PS surfaces with Cls spectra shown in Figur€a)6633(d), the corresponding O/C
ratio was found equal to 0.26, 0.33, 0.35, and 0.5@réfare, it is confirmed that Pluronic
molecules adsorbed on the hydrophilic PS areas and,,tedfexted cell attachment, despite the
fact that molecular assembly did not result in a nonfoulingfigoration. The nitrogen
concentration of hydrophobic and hydrophilic PS surfacesbiated first with 0.01% Pluronic
overnight and then with 10% FBS medium for 1 h was alsasmred with the XPS after
washing the samples with PBS. The nitrogen concentrationeohytiirophobic and hydrophilic
PS surfaces was found equal to 6.05 at% and 8.85 esfeatively, implying that hydrophilic
PS surfaces exhibited higher protein concentrations théwopiyobic PS surfaces. This explains
cell attachment on the hydrophilic PS surface activated withmseradium.

Figure 6.4 shows the nitrogen content of hydrophobic adtophilic PS surfaces
incubated with Pluronic solution mixed with fibronectin for Plucotoncentration in the range
of 0—1%. The significant decrease in the nitrogen condemntiraf the PS surfaces incubated
with high-concentration Pluronic solutions, especially unmadlifieS, indicates that the
adsorption of Pluronic molecules prevented fibronectin atisor, in agreement with the results
of a previous study (Dewez et al. (1997)). Although filedim adsorption on the hydrophilic PS
surfaces also decreased in the presence of Pluronic,sigmficantly higher nitrogen
concentration of the hydrophilic PS surfaces explains thetseleattachment of cells on the
hydrophilic areas. The decrease in Pluronic concentratioto lextreased fibronectin adsorption
on both hydrophilic and hydrophobic PS surfaces. Thisdtrprovides insight into the
experiments with MSCs incubated with different Pluronic solutioostaining fibronectin.
Although Pluronic suppressed fibronectin adsorption orutiieeated PS surfaces significantly,
fibronectin also adsorbed on the hydrophobic areas gbdtterned dish surface. Therefore, to
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enable single-cell patterning, the Pluronic concentration mustobee a threshold so that to
prevent excessive fibronectin adsorption on the hydroplawbas.

An interesting phenomenon was observed with MSCs seeaugdtterned dishes after
incubation with a mixture of 0.01% Pluronic solution andu®fmL fibronectin for more than
two days. While initially MSCs spread outside the pattern aedas,later time they retracted
within the pattern areas. This finding suggests that prolongedbation was conducive to the
cell sensing the chemical differences between hydrophilic larditophobic pattern areas,
resulting in cell migration back to the hydrophilic areas of hifjbeonectin concentration.

To examine the long-term stability of the patterned surfak3Cs were seeded on
patterned dishes incubated with either relatively low-concemrd&liaronic solution or high-
concentration Pluronic solution containing fibronectin. All of greduced patterns remained
stable even after incubation in serum medium for more 2haeeks. Figure 6.5 shows MSCs
seeded on patterned PS surfaces treated with 1% Pluaotos that contained 2hg/mL
fibronectin after incubation with serum medium for 2 wedkese MSCs were confirmed to be
alive by cell live/dead assay results (not shown here). ifbelar [Figure 6.4(a)] and elliptical
[Figures 6.4(b)—6.4(d)] patterns on the dish surfacesoacupied by single MSCs that have
spread out to fully cover only these hydrophilic areabigher fibronectin concentration. The
long-term stability of the patterned single cells on the PSdliglaces produced by the present
method was also observed in cell culture experiments wittonestem cells and bovine aorta
endothelial cells. Because of the similarity of these results twitke for MSCs, results from
these experiments are not shown here for brevity.

Figure 6.6 shows representative fluorescence picturgkS@rs obtained after 2 weeks of
incubation in serum medium revealing the cell nuclei and actictate. Circular MSCs show
fairly round nuclei and actin alignment along the radial direcéind around the fairly round
nucleus [Figure 6.6(a)], whereas elongated MSCs shafeuni elongation and actin alignment
along the major axis of their elliptical shapes [Figures 6.6(@(d)]. In general, actin
remodeling occurs within one day and then stabilizes. Indiaithr actin remodeling has been
observed in single MSCs of circular and elongated shafies 1 day of incubation [16].
According to a previous study Pluronic was as a non-aghesating [7], the patterned surface
is expected to be stable for more than 4 weeks. Becatisa@modeling stabilized within 24 h
of incubation and the normal time period of differentiation is&ids ~2 weeks, in particular for
this cell type, a 2 week incubation of MSCs may be reafetoeas long-term culture. Cell and
nucleus geometry measurements obtained from such flem@sictures are shown in Figure
6.7. The spreading area [Figure 6.7(a)] and shape ifdgure 6.7(b)] of the cells followed the
design parameters, although the spreading area exhildi@@d—-15% variation. For similar cell
spreading area, the nucleus projection area did not chaitiyg¢he cell shape [Figure 6.7(c)].
However, the nucleus shape changed with the cell shapar¢Fg7(d)], though the change in
nucleus shape index was relatively less pronounced cethpathe cell shape index.

Because the present patterning method is based on dryrédigiygand hydrophilicity-
dependent surface patterning, it can be easily used thesyre different patterns on the same
dish surface. After creating a specific hydrophilic patterrad®S dish, the PDMS mask can be
lifted and another mask with windows of different sizes simgpes can be placed conformably
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on the same dish surface to produce different hydroppéiterns. Thus combinations of
different single-cell patterns can be easily obtained on tne siish surface without the need to
design a new chromium mask.

6.3.2 Surface patterning of parylene C for single cell culture

Besides PS substrate, the discussed method was also appdidearylene C film surface
with proper modifications. To examine if the adsorption ofrdétlic molecules on the
hydrophobic and hydrophilic Parylene C surfaces affed#SC attachment, untreated and
oxygen plasma-treated (1 min) glass coverslips coated waitflehe C films were incubated
with 0.1% Pluronic F108 in PBS for 1 h. After washing ¢htienes with PBS, the surfaces were
seeded with MSCs in serum medium. Overnight incubationitegsin MSC attachment and
spreading on the plasma-treated (hydrophilic) surface [€igu8(d)] but not the untreated
(hydrophobic) surface where the cells were still floating [F@g6.8(c)]. However, MSCs
attached on both control samples, i.e., untreated [Figu@)p.81d plasma-treated [Figure
6.8(b)] Parylene C surfaces that had not been inculatedPluronic solution. This profound
difference in MSC attachment indicates that the oxygen platiawaged the surface chemical
behavior of Parylene C from hydrophobic to hydrophilite@ing significantly the adsorption of
Pluronic molecules. MSCs did not attach on the hydrophateas because the brush-like
configuration of the adsorbed Pluronic molecules repelletéjor adsorption and cell attachment.
However, because this brush-like molecular arrangemenhatatermodynamically favored on
the hydrophilic areas, protein adsorption and, in turn, M&&lament on these areas was not
prevented. This observation is consistent with previous reshtwing that the adsorption
configuration of Pluronic molecules on a Parylene C sarfdéncreasetiydrophilicity (induced
by the electrowetting-on-dielectric local effect) allowed protein adsorpéiod cell attachment
(Fan et al. (2008)).

These marked differences in cell attachment between hyitico@mnd hydrophobic
Parylene C surfaces covered with Pluronic molecules proadeffective means of surface
patterning for single-cell culture. MSC attachment to the Ipldhic areas of a patterned
Parylene C surface incubated with 0.1% Pluronic solutionnayter was found to be limited
[Figure 6.9(b)], presumably because of the large disthetween cells that had a negative effect
on cell signaling. Although decreasing the Pluronic concentratic0.01% was conducive to
single cell attachment on the hydrophilic areas, the improvewasimarginal [Figure 6.9(a)].
Thus to enhance cell attachment on the hydrophilic areas?ltinenic solution was enriched
with fibronectin. This necessitated an increase in Pluronicecdration to at least 0.1% (for the
concentration range of this study) to prevent fibronectinratiso and cell attachment on the
hydrophobic areas. For a low Pluronic concentration ¢@)Qkingle-cell patterning was not
accomplished because MSCs attached on both hydrophilicyaindphobic areas [Figure 6.9(c)].
Increasing the Pluronic concentration to 0.1% restored soajflgpatterning [Figure 6.9(d)];
however, a high Pluronic concentration may not be beiaéfo the long-term cell viability.

To further enhance cell attachment, a surface activationvgtepserum medium was
added before cell seeding. Briefly, after incubating amtaly patterned Parylene C surface
with 0.01% Pluronic solution for 1 h and washing three timigés PBS, the whole surface was
incubated with serum medium overnight at 37°C to activate ydeophilic areas before cell
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seeding. MSCs attached and spread on the serum-activessdadter incubation for 1 h [Figure

6.9(e)], producing a much higher yield of single-cell paittgynthan patterned Parylene C
surfaces that had not been previously activated with sexsishown by the cell patterning yield
data of Figure 6.9(f). The data represent the percentdgasgle-cell pattern areas after washing
away all floating cells. A 100% yield was not obtained becafigke low cell density used to

promote the attachment of a single cell on each pattern area

Adsorption of the amphiphilic Pluronic molecules on the patteReglene C surfaces
occurred by the preferential attachment of the hydrophpblg-propylene oxide (PPO) and
hydrophilic poly-ethylene oxide (PEO) segments to the pftsbic and hydrophilic Parylene C
areas, respectively [Figure 6.10(d)]. Significant diffeesin MSC attachment are attributed to
protein adsorption on the hydrophilic areas covered with Ritinmolecules laying flat on the
surface [Figure 6.10(e)] but not on the hydrophobiasiteecause of steric repulsion of the freely
sawing PEO segments. It is believed that gradual modificatidredydrophilic areas by serum
proteins played a key role in the preferential attachmelS€Es on the hydrophilic areas of the
activated Parylene C surface [Figure 6.10(f)], resulting imgh yield of single-cell patterning
[Figure 6.9(e)]. Preferential protein adsorption on the dykitic areas covered with Pluronic
molecules was confirmed by FITC-collagen adsorption tesid, fuorescence photographs
revealed significantly more FITC-collagen adsorption on phdern areas [Figure 6.10(g)],
confirming that incubation with serum medium resulted in the dwdivaof the hydrophilic
pattern areas. Cultures in serum medium showed that trecsyratterns were stable for more
than two weeks.

6.4 Conclusions

In this chapter, a simple method of surface patterningigt&sl for single-cell culture
was developed by combining plasma-assisted surface mdidificdkorough the windows of
PDMS masks to produce hydrophilic and hydrophobic serfaeas and overnight incubation
with Pluronic solutions, with and without the addition of fibronediompared to other methods,
the present method does not require precise control ofatkerming process and is effective in
producing a wide range of pattern shapes and sizesinfgle-cell culture. In addition, long-term
(two weeks) cell culture experiments revealed the effestidéce patterning on the shape of the
cells and nuclei and demonstrated the stability of the prodsicegie-cell patterns in serum
medium.

Besides, the discussed surface patterning method for sieljleulture was extended
using Parylene C film deposition and surface chemical motidithy oxygen plasma treatment
through the windows of a PDMS shadow mask, and religheeffect of surface hydrophilicity
on the adsorption configuration of Pluronic molecules anfhseiractivation by serum proteins.
Since Parylene C is a widely used coating material, theeptenethod can be applied to other
substrate materials that cannot be easily patterned with traditiicracontact printing methods.
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Figure 6.1. MSCs seeded on plasma-treated PS surfasgsdtrwith different
solutions after incubation with either plain DMEM or serum medioind h.
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Figure 6.2. MSCs seeded on patterned PS surfaces trégtatifferent solutions

after incubation with serum medium overnight: (a) untreatedti@, (b) PBS,

(c) 0.01% Pluronic F108, (d) 1% Pluronic F108, (e) %@luronic F108 and 25
ug/mL fibronectin, and (f) 1% Pluronic F108 and&¥mL fibronectin.
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Figure 6.3. Cls peak of different PS surfaces: (a) atere(control), incubated
with PBS, (b) oxygen plasma treated, incubated with PBS,u(djeated,
incubated with 1% Pluronic F108 solution, and (d) oxygennmdadreated,
incubated with 1% Pluronic F108 solution.
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Figure 6.4. Nitrogen concentration of untreated and oxygasma-treated PS
surfaces incubated with Pluronic F108 solutions of differentcentrations that
contained 25ug/mL fibronectin. A statistically significant difference (P<0.05)
between specified groups is indicated by an asterisk.
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Figure 6.5. Single MSCs cultured on patterned PS surfeieated with 1%
Pluronic F108 solution containing 2%/mL fibronectin after incubation with
serum medium for 2 weeks. The designed pattern are20Bu2n®, whereas the
pattern shape index is equal to (a) 1.0, (b) 0.5, (& &@ (d) 0.1.
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Figure 6.6. Nuclei and actin staining of MSCs cultured on pesitePS surfaces
for 2 weeks in serum medium. The designed patternigar2@00um?, whereas
the pattern shape index is equal to (a) 1.0, (b) 0.9.28), and (d) 0.1.
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Figure 6.7. Cell spreading area and shape effects dausumorphology. MSCs
cultured on patterned PS surfaces for 2 weeks in seraiium were subjected to
fluorescence staining for actin filaments and nucleus tlaaaell spreading area
(@), CSI (b), nucleus projection area (c), and NSiwdle measured from two-
dimensional images. Statistically significant differences (PJG6Bpared to all

other groups (10-20 cells per group) are indicated lastarisk.
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Figure 6.8. MSCs seeded on chemically different Parylensurfaces: (a)
untreated (hydrophobic), (b) oxygen plasma-treated (Ipyalio), (c) untreated
and incubated with 0.1% Pluronic F108 solution, and (dgemyplasma-treated
and incubated with 0.1% Pluronic F108 solution.
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Figure 6.9. MSCs on chemically patterned Parylene Gasesfincubated with
different solutions: (a) 0.01% Pluronic F108, (b) 0.1% Rlird-108, (c) 0.01%
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Figure 6.10. Schematics of (a-c) surface chemical patteprocess, (d) surface
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Chapter 7

Plasma Surface Chemical Treatment
Enhances Cell Adheson, Growth and
Infiltration in Electrospun Poly(L-lactide)
M icrofibrous Scaffolds

7.1 Introduction

Poly(L-lactide) (PLLA) microfibrous structures produced biectrospinning are of
particular interest in bioengineering because their porosttybadegradability make them ideal
candidates for scaffolds. However, because PLLA sesfdsolid or fibrous) are hydrophobic,
cell attachment and growth on PLLA scaffolds is limited. Tlweeefvarious surface treatment
methods have been used to modify the surface chemicavibelof PLLA surfaces to improve
biocompatibility (Yoo et al. (2009)). Plasma-assisted sarfaodification is a commonly used
method of tuning the biochemical properties of surfacesdoifsp application needs because it
enables a wide range of surface functionalities that impraeimpatibility either directly or
indirectly through biomolecule surface immobilization. For instasarface functionalization by
hydrophilic chemical groups (e.g., -COOH and -Ntking reactive gas plasma treatment and
surface chemical modification by film deposition (Gugala e{2006), Latkany et al. (1997),
Harvey et al. (2003), Baek et al. (2008), Prabhakatrah €2008), Martins et al. (2009), Park et
al. (2007), Barry et al. (2005), Park et al. (2007), @@apet al. (2002)), or polymer surface
coating by various external cell matrix proteins (e.g., collagetatin, and laminin) (Koh et al.
(2008), He et al. (2005), Ma et al. (2005), Chen et24111), Feng et al. (2010), Shen et al.
(2007), Yang et al. (2002)) and other bioactive moleausegsy plasma treatment (Paaletta et al.
(2010), Jia et al. (2008)) have been shown to improvbitdempatibility of polymer materials.

In addition to the significant effort devoted to increase tindase hydrophilicity of
biopolymers to promote bioactive molecular and protein attactritee direct effect of plasma
surface treatment on biocompatibility has also receivedfisigmt attention. Surface treatment
with simple plasmas (e.g., air, Ar,,Gand NH) has been reported to enhance cell growth
(Latkany et al. (1997), Harvey et al. (2003), Baek et(2008), Prabhakaran et al. (2008),
Martins et al. (2009), Park et al. (2007)). Nplasma treatment, resulting in —pidurface
functionalization, has been shown to be more effective inawpg cell growth on polymer
surfaces than £and SQ plasmas (Gugala et al. (2006), Latkany et al. (1997k &aal. (2007)).
Also, plasma-synthesized polymer coatings rich in Bkt -COOH groups (Park et al. (2007),
Guptaa et al. (2002)) have been reported to increasege®iith on scaffolds. However,
relatively less is known about the effect of inert gas plaseaament of polymers on cell growth
(Baek et al. (2008), Martins et al. (2009)), while infotiora about the effect of different plasma
treatments on cell infiltration in three-dimensional structures @ssp To induce detectable
chemistry modification, the inert gas plasma treatment conditised in previous studies were
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so intense that they damaged the structure of the polymes fitue to thermal heating or
induced fiber roughening due to excessive plasma etchagauie intense plasma treatment of
polymers results in both morphological and chemical surfaodification, it is difficult to
determine the effect of each type of modification on theltiag biocompatibility characteristics.
Thus, mild plasma conditions conducive to chemical surfaodification are preferred to avoid
surface damage leading to reduced mechanical strengjtle staffold material and to elucidate
the effect of plasma-induced surface chemical changbsoampatibility.

In this chapter, surface chemical modificatddnPLLA microfibrous scaffolds was
realized by Ar and NEklplasmas under relatively mild conditions. Inert (Ar) plasneatiment
was selected to remove surface contaminants and predusiazioxygen surface functionalities
(e.g., —OH and —COOH) upon the exposure of the activatddA surfaces to the ambient
(Tajima et al. (2005)), while reactive (MHplasma treatment was used to produtesitu
nitrogen-containing surface functionalities (e.g., -NHThe NH plasma treatment was
optimized by mixing NH with Ar gas, followed by a post-treatment with plasma to maximize
the fraction of —NH surface functionalities. The plasma-treated scaffold sesfawere
characterized by contact angle, scanning electron migges(®EM), atomic force microscope
(AFM), and X-ray photoelectron microscope (XPS) measerdgs. Surface chemical
modification by NH plasma treatment was studied by tracking the nitrogen coatetite
surface, while the incorporation of amine functional gromps examined using the chemical
derivative method described in a previous study (Favia €12@6)). Bovine aorta endothelial
cells (BAECs) and bovine smooth muscle cells (BSMCs) weezl to examine the effect of
plasma treatment on cell attachment and growth. Botvitro andin vivo experiments were
performed to obtain further insight into the effect of plasratment on cell infiltration into the
PLLA microfibrous scaffolds.

7.2 Experimental procedures

7.2.1 Sample preparation

Poly(L-lactide) (PLLA) with an inherent viscosity of 1.09 /dL(Lactel Absorbable
Polymers, Pelham, AL) was used to fabricate microfibrenaffolds by electrospinning, as
described previously (Kyle et al. (2010)). PLLA pelletsrevdissolved in an ultrasonic water
bath of 19% wi/v hexafluoroisopropanol and the solution vetiseted by a programmable pump
to an electrically charged needle under a high voltag&¥)2which ejected polymer fibers of
diameter between hundreds of nanometers to 1 um. Thigostatically charged fibers were
collected on the surface of a grounded drum kept ated fiistance of 8cm from the needle tip,
resulting in the formation of a nonwoven microfibrous sddffon the drum surface. Fiber
alignment during electrospinning was controlled by adjustingdteional speed of the drum,
while the scaffold thickness was controlled by the electrosmntimne. A low rotational speed
of 150 rpm was used in this study, resulting in randonibnted fibers. The scaffolds used for
surface topography and chemistry characterization and alre were ~100 um thick, while
those used in thie vitro andin vivo cell infiltration studies were ~250 pum thick. Film thickness
measurements were obtained with a thickness gage (Mitutoyaiéa, Aurora, IL).

7.2.2 Plasma treatment of PLL A microfibrous scaffolds
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Surface modification of the PLLA microfibrous scaffoldsswaerformed in a radio-
frequency capacitively coupled plasma reactor (Plasmalgius80 Oxford Instruments,
Oxfordshire, UK) with plate diameter of 20 cm and plate-toepthstance equal to 2 cm. Before
processing, the chamber was cleaned with Ar plasmaWBf0wer; 100 sccm Ar gas flow rate;
0.9 Torr pressure) for 5 min. Ar plasma treatment wafopeed under the conditions of 30 W
power, 100 sccm Ar gas flow, and 0.5 Torr pressare2f min. For NH plasma treatment, a
plasma treatment with a mixture of Ar and NE0/70 sccm) gases was performed first for 5
min (50 W power; 0.5 Torr pressure), followed by agtasma treatment for 0.5 min (10 W
power; 50 sccm Fgas flow rate; 0.5 Torr pressure) to maximize the inmapn of primary
amine groups. Hereatfter, this treatment condition will be nedeto as the Ar-NkH; plasma
treatment.

7.2.3 Characterization of plasma-treated surfaces

Surface morphologyThe surface morphologies of the plasma-treated microfbsmaffolds
were examined with a field emission SEM (TM-1000, HitacheaBanton, CAand an AFM
(Dimension 3100, Veeco Instruments, Plainview, NY) operstedpping mode to avoid surface
damage of the soft surfaces. AFM imaging was performed 10-nm-radius silicon tips
attached to silicon cantilevers of spring constant equal to/d6(NSC15/AIBS, MicroMasch,
Wilsonville, OR).

Contact Angle MeasurementStatic contact angle measurements were obtained for PLLA
microfibrous membranes or solid membranes with differerdtrirents. The surface wetting
characteristics were examined with a drop-shape analysiensy(DSA10, Kriss GmbH,
Hamburg, Germany). Deionized water droplét§ pL) were delivered to the film surface by a
syringe at room temperature, and the droplet configuratemcaptured by a camera. Then, the
angle between the droplet baseline and the tangent of tee¢auaboundary was measured, and
the contact angle was calculated as the average of tlantefight contact angles. For statistical
analysis, six contact angle measurements were obtainedttirem different surface regions of
two identical samples.

Chemical Analysis Scaffold surface chemical composition analysis wasgechout with an XPS
system (Perkin-Elmer PHI 5400 ESCA) without charge adm&tion or monochromator,
equipped with an Al-l& X-ray source of photon energy equal to 1486.6 eV.ka-@f angle of
54.7° relative to the analyzer axis was used throughoutXB® analysis. During spectral
acquisition, the pressure in the main chamber was maintainrdda Torr. Survey spectra were
acquired in the binding energy range of 0-1100 eV witls masergy of 178.95 eV. High-
resolution XPS spectra of Cls, Ols and N1s core levkbpeare collected with pass energy of
35.75 eV to determine atomic fraction of PLLA membranes wifferent treatments. XPS
results were deduced from at least three measuremeniseobteom different surface regions.
To detect the presence of —plgroups, untreated and plasma-treated scaffolds wereeckpo
trifluoromethyl benzaldehyde (TFBA) vapor (Fisher ScientiRdisburgh, PA) for 45 min and
then degased for 1 h in a vacuum of ~2 Torr befor§ H&ection.
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7.2.4 Céell spreading and proliferation rate study

Bovine aorta endothelial cells (BAECs) and bovine smoaikate cells (BSMCs) were
used to study cell adhesion and proliferation on ~100-nick-filasma-treated scaffolds. Before
cell seeding, untreated (control) scaffolds were sterilizedO¥ &thanol under the effect of
ultraviolet (UV) light for 30 min, washed five times with sterileogphate buffered saline (PBS),
and sterilized by a 30-min UV treatment. Cells were seedeatiffament substrates with serum
medium consisting of Dulbecco’s modified Eagle’s medium D), 10% fetal bovine serum
(FBS), and 1% penicillin streptomycin, and kept in a humidifredibator (37 °C, 5% Cfpfor 5
or 24 h. To study cell adhesion and spreading, cells fixer@ with 4% paraformaldehyde (PFA)
after incubation for 5 or 24 h, permeabilized with 0.5% Tri¥6a00, and the cell actin and
nucleus were stained with Alexa-Phalloidin 488 and 4',6-diamigiphenylindole (DAPI),
respectively. Fluorescence photographs of stained BA@&® obtained with an upright
fluorescence microscope (Zeiss HAL 100, Carl Zeiss Misagiing, Thornwood, NY).

For cell proliferation study, BAECs and BSMCs seeded dferdnt surfaces and
cultured for 24 h were incubated for 1 h with 10 uM E¢twifrogen, Carlsbad, CA). Then the
samples were fixed with 4% paraformaldehyde, permeabaid0.5% Triton X-100, blocked
with 3 mg/mL bovine serum albumin, and stained with click-it BaiInvitrogen, Carlsbad,
CA). The percentage of BAECs and BSMCs that incorporktd (i.e., the cells with DNA
synthesis) was correlated to the proliferation rate of tvldioes. To ensure repeatability, each
cell proliferation experiment was repeated three times.

7.2.5 In vitro cdl infiltration model

Plasma-treated scaffolds of ~250 mm thickness fabricateeldztrospinning were cut
into 0.7 x 0.7 crhsamples. Untreated (control) scaffolds were sterilized #b @&hanol while
exposed to UV light for 30 min and then washed five timé3B&. Three scaffolds representing
each group were then attached to non-tissue-culture-tnealgstyrene dishes by sterile double-
sided tape. BAECs were seeded at 100% confluency ontsc#ifolds and kept for 5 days in
serum medium in the incubator. Sufficient media was useshch dish to avoid changing the
medium during the 5-day incubation.

At the fifth incubation day, the whole scaffold was fixed atained with DAPI and then
placed on an optimal cutting temperature (OCT) compoundy@igek, Elkhart, IN) on dry ice.
Cross-sections of 20 um thickness were obtained with igasectioner in the transverse plane
at —20°C. DAPI fluorescent signals of the cells in thesesectmns were viewed under the
previously mentioned Zeiss microscope. To ensure consystamrminimum of 30 cryosections
of each scaffold were examined.

7.2.6 In vivo cell infiltration modd

To investigate the effect of plasma treatment on cell infiltrationvo, three scaffolds of
each group were implanted in the subcutaneous cavity raig&@-Dawley rats (Charles River
Laboratories, Wilmington, MA) by the following method. First, tlaés were anesthetized with
isofluorane and the incision site was marked and disinfegtéd 70% ethanol. Then, three
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incisions were made on both sides and middle of abdomingl aval scaffolds of different
plasma tretament were implanted to one side of the incisiotuakédd subcutaneous away from
the incision. The cut was sewed with interrupted 5-0 Mondgflicon, Inc., Somerville, NJ)
mattress sutures. All animals were monitored daily bytarvarian and there were no adverse
events noted with any of the animals. After 5 days, thewate returned to the operating room
where they were given general anesthesia and an oveodosgthanasia solution, and the
implants and surrounding tissue was removed and embaud®dT on dry ice. Cross-sections
of 10 um thickness were obtained with cryosectioner in Hreswerse plane a —20°C. Then, the
sections were fixed with 4% PFA, stained with DAPI, andr@rad under the Zeiss microscope.
A minimum of 30 cryosections of each scaffold were exathito ensure consistency between
sections.

7.3 Results and discussion

7.3.1 Surface chemistry and morphology

Contact angle and Surface morpholo@ontact angle measurements of untreated and plasma-
treated electrospun PLLA microfibrous scaffolds and Plth@mbranes fabricated by thermal
molding are given in Table 1. The significant decreaseimact angle observed with plasma-
treated scaffolds indicates a more hydrophilic behavior.nEaely zero apparent contact angle
of the Ar-NHy/H, plasma-treated scaffolds may be due to capillary effeckshenhighly porous
fibrous structure. Contact angle measurements obtained neitfibrous PLLA membranes
confirmed that surface treatment with Ar and Ard{W4 plasmas enhanced the surface
hydrophilicity, although the decrease in contact angle waaspronounced as for the scaffolds.
AFM measurements revealed insignificant differences imasarfoughness between untreated
and Ar- or Ar-NH/H, plasma-treated membranes (the corresponding root-meanesq
roughness was found equal to about 9.5, 26.8, andr@)7 Therefore, these contact angle
differences may be attributed mainly to the modification ofstinéace chemistry by the plasma
treatment, with the dramatic decrease in contact angle of #ffoldcsurfaces attributed to
surface roughness and porosity effects on the contgt# areasurements. The results given in
Table 1 indicate a general trend for Ar-MH, plasma treatment to produce more hydrophilic
PLLA surfaces than Ar plasma treatment.

Figure 7.1 shows SEM and AFM images of surface mdogfes of the untreated and
plasma-treated scaffolds. A comparison of the SEM imahewn in Figure 7.1 (top row) does
not show any discernible structural changes due to plagaianent of the scaffolds, indicating
that the plasma conditions used to alter the surface chemiwlibedid not damage the fibers.
The AFM images shown in Figure 7.1 (second and thiryoawveal very smooth fiber surfaces
for both untreated and plasma-treated scaffolds. Altholegma treatment normally roughens
polymer surfaces as a result of ion etcl{ifgima et al. (2005), Cheng et al. (2009)), this effect
was not observed with PLLA fibers in this study. This maytiebuted to the structure of the
electrospun PLLA fibers consisting of stretched polymerinshariented parallel to the
longitudinal direction of the fiber. This fiber structure resuited uniform and smooth surface
exhibiting higher etch resistance than that of polymer sesfaonsisting of randomly oriented,
recoiled molecular chains. Thus, the relatively mild plasmatrtrent conditions used in this
study resulted only in surface chemical modification of dafeld surfaces.
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Surface chemical modification by plasma treatmEigure 7.2 shows XPS results revealing the
presence of different surface functionalities due to plasesnient. The XPS survey spectra
shown in Figure 7.2A indicate that Ar plasma treatment dipraxtuce any new peaks. This is
expected because Ar plasma only creates free bonds) Winm —OH and —COOH bonds upon
the exposure of the sample to the atmospheric conditionsNIkepeak in the XPS survey
spectrum corresponding to the Ar-plH, plasma treatment reveals the incorporation of nitrogen
into the scaffold surface structure. Figure 7.2B show®,@nd N contents (calculated from the
C12, Ols, and N1s core level peaks of XPS survegtrsperespectively) of untreated and
plasma-treated scaffolds. The data confirm that Ar plaschaat change the surface chemical
composition significantly, as opposed to Ar-pH, plasma that resulted in the incorporation of
N surface functionalities. The similar C and O contents oltiteeated and Ar plasma-treated
scaffolds provide additional evidence that the mild Ar plasmoaditions didn't induce
significant chemical modification of the scaffold surface.

XPS survey spectra of scaffolds chemically treated witBAT were used to determine if
the N1s peak in the XPS survey spectra of the AgfNFplasma-treated scaffolds was due to—
NH, surface groups, incorporated to the surface as shohamstically in Figure 7.3A. The
presence of the F1s peak only in the spectrum of tHéHyH, plasma-treated scaffolds, shown
in Figure 7.3B, confirms the incorporation of primary aengroups at these scaffold surfaces.
The fraction of NH with respect to C atoms was determined to be ~1.5% with ttisoah.

The above results indicate that the applied plasma treatmergscaeducive to only
chemical surface modification, as the scaffold surface hwbogy was not altered. For a
conclusion, the physic-chemical measurements on the untreatbdplasma treated PLLA
microfibrous membrane showed that the applied plasma &etgarare actually really mild and
don’t induce any surface roughness change. While bosimpldareatments enhanced the surface
hydrophilicity, Ar plasma did not produce detectable cheimm@anges in the surface
composition of the treated scaffolds, whereas ArMNK plasma resulted in surface
functionalization by —Nkigroups.

7.3.2 Effect of plasma treatment on cell mor phology, cell proliferation and cell
infiltration

Cell culture and effect of plasma treatments on cell morphotigyning for cell actin was used
to examine the cell morphology after a short incubation tim& bf Figures 4A-F show that
during the initial stage of cell attachment, both BAECs and BSkt@Gched and spread more on
the plasma-treated scaffold surfaces than the untreatéacesir To examine if this higher
surface affinity of the cells was due to increased adsormtioserum protein on the plasma-
treated surfaces, the N fraction obtained from XPS measmts was used to determine the
amount of protein adsorbed onto untreated and plasma-tseafedes after incubation in serum
medium. As shown in Figure 7.4G, the difference in proaeisorption between untreated and
plasma-treated scaffold surfaces is statistically insignificambceS surface morphology
measurements did not show any effect of plasma treatmesurtate roughness, the only factor
responsible for the enhancement of cell spreading on tlemalaeated surfaces was the
increased hydrophilicity and incorporation of —OH, —COOHRY aNH, functionalities, which
seems to promote protein adsorption in configurations whieh more conducive to cell
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attachment and spreading. Therefore, although the amouptdteen absorbed onto the fibrous
scaffold surfaces was similar, configuration differenicethe absorbed protein could affected
cell spreading.

A similar trend in cell spreading was found for both BAEGd BSMCs after a relatively
long incubation time of 24 h. Figure 7.5 shows that cellagpng on the Ar-NHH, plasma-
treated surfaces is even better than that on the Ar plasatedrgurfaces. This may be indicative
of the beneficial effect of the presence of -Njtoups at the scaffold surface, and is consistent
with the findings of a previous study showing thatsNithsma treatment improves cell adhesion
in the presence of shear stresses (Huang et al. (2006)).

Effect of plasma treatments on cell proliferati®@dU assay was used to examine the effect of
plasma treatment on the rate of cell proliferation. Figuresfidsvs that both plasma treatments
increased the cell proliferation rate significantly comparecbtarol (untreated) scaffolds. This
is attributed to plasma-induced surface chemical modificationciffunalization) and is
consistent with the results shown in Figures 7.4 and 7oWveMer, it appears that Ar plasma
treatment was more effective in increasing the proliferatiom odtboth BAECS and BSMCs
than Ar-NH/H, plasma treatment, although the latter was more in promotingsmedading
(Figure 7.5). This is consistent with a previous study shgpwin plasma to enhance cell
outgrowth more than other plasma treatments (Latkany et @97)J, but the Ar plasma
conditions in that study were significantly more intense thase of this study. In the absence
of any changes in the surface morphology (roughngsgldsma treatment, the only plausible
reason for the different proliferation rates obtained withtife plasma treatments is that the
surface chemical modification produced by Ar plasma treastmesulted in serum protein
adsorption in a configuration that enhanced cell growth, detsmtéact that Ar-NHH, plasma
treatment was more effective in promoting cell spreading. Sinaeges in the surface chemical
composition of the scaffold exposed to Ar plasma treatmerd n@& detected with XPS, it may
be inferred that the Ar plasma only caused minor sudatigation. It appears that this surface
activation was more conducive to cell growth than surfacetifumalization by —NH groups,
which is widely known to enhance surface biocompatibilitiea@y, further studies must be
conducted to elucidate the effect of plasma conditions orbittghemical characteristics of
microfibrous scaffolds.

Effect of plasma treatments on cell infiltratioBoth in vitro and in vivo experiments were
conducted to investigate the effect of plasma treatment on ddttation in the three-
dimensional microfibrous structure of the PLLA scaffoldggufe 7.7 shows representative
cross-section images of scaffolds with DAPI stained BA&@tained after incubation for 5 days.
The cells were seeded at the top surface of the scaffoltie cell density on the untreated
scaffold surface is low and cell infiltration in the depth clien is very limited (Figure 7.7A).
After Ar or Ar-NHs/H, plasma treatment, significantly more cells were observetheatop
scaffold surface and cell infiltration in the depth direction wase apparent (Figures 7.7B-C).
This trend is consistent with the cell spreading and prolifera¢isults presented above. Thus, in
addition to improving cell spreading and proliferation, bothrpasreatments improvead vitro
cell infiltration in the scaffold structure. Because plasma treatrwas performed in the gas
phase and in view of the highly porous structure of the BibA scaffolds, it is likely that
plasma-induced surface activation occurred through théoktahickness, which explains the
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enhancement of cell infiltration observed with the plasma-tlestaffolds. However, because it
is difficult to quantify cell ingrowth into the scaffolds, it is numissible to distinguish differences
in cell infiltration between the two plasma treatments.

Figure 7.8 shows representative cross-section images affolds subcutaneously
implanted under the skin of Sprague-Dawley rats. For ateiiePLLA scaffold, it can be seen
that very low cell density and minimal cell infiltration were obsdrwith untreated scaffolds
(Figure 7.8A). However, plasma treatment enhanced cdiratibn, increasing the cell density
and ingrowth depth significantly (Figures 7.8B-C). Howewmilar toin vitro cell infiltration,
it is difficult to quantify any differences im vivo cell infiltration due to the Ar and Ar-NgH,
plasma treatments. Nevertheless, the results of the preseiyt dgmonstrate that surface
chemical modification of PLLA microfibrous scaffolds with Anda Ar-NHsy/H, plasma
treatments not only increases cell affinity and growthvitro, but also improves scaffold
biocompatibilityin vivo and enhances cell ingrowth, which is critical in tissue engimgeer

7.4 Conclusions

In this chapter, the effect of surface chemical modificatsd PLLA microfibrous
scaffolds fabricated by elecrtospinning by inert (Ar) arettige (Ar-NHy/H,) plasmas on cell
attachment, growth, and infiltration was examined in this studgasdrements of the surface
morphology and chemical composition demonstrated that tH#olgcaurface chemistry was
successfully modified without affecting the fiber surfacephology. BAEC and BSMC culture
studies showed that both plasma treatments were effectivepirovmg cell spreading and
growth, with Ar-NHy/H, plasma treatment enhancing more cell spreading and Ar glasm
treatment increasing more the cell proliferation rdte.vitro and in vivo cell infiltration
experiments showed that, in addition to enhancing cell affinity growth, both plasma
treatments promoted cell in-growth in the microfibrous scafétddcture significantly, which is
of high importance in tissue engineering.
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Table 7.1 Contact angle of untreated and plasma-treate8l Picrofibrous scaffolds and PLLA
membranes fabricated by thermal molding.

plasma treated

PLLA material Untreated AT Ar-NHHa
thermal molded membrane 67.7+2.6 53.6 £0.6 48.8+0
electrospun microfibrous membrane 116.2 + 3.6 85.0+4.3 ~0
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Figure 7.1. SEM (first row) and AFM second and third spwnages of untreated
and plasma-treated PLLA microfibrous scaffolds.
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Figure 7.2. (A) XPS spectra and (B) surface concentratioC, O, and N of
untreated and plasma-treated PLLA microfibrous scaffolds.
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Figure 7.3. (A) Schematic of TFBA labeling of —plidroups on Ar-NHH;
plasma-treated PLLA microfibrous scaffolds, and (B) X&88vey spectra of
untreated and plasma-treated PLLA microfibrous scaffoidged with TFBA.
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Figure 7.4. BAEC and BSMC morphologies on untreated gladma-treated
PLLA microfibrous scaffolds obtained after incubation irusemedium for 5 h.
BAECs cultured on (A) untreated, (B) Ar plasma-treated] €C) Ar-NHy/H,
plasma-treated scaffold surfaces. BSMCs cultured on uijeated, (E) Ar
plasma-treated, and (F) Ar-Nii, plasma-treated scaffold surfaces. (G) Atomic
percentage of N indicating the amount of serum proteinrptiso on untreated

and plasma-treated PLLA microfibrous scaffolds after Schbation in 10% FBS
medium.
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Figure 7.5. BAEC and BSMC morphology on untreated@asima-treated PLLA
microfibrous scaffolds after 24 h incubation in serum mediB&RECs cultured

on (A) untreated, (B) Ar plasma-treated, and (C) Arsf¥d plasma-treated
scaffold surfaces. BSMCs cultured on (D) untreated AifEplasma-treated, and
(F) Ar-NHs/H, plasma-treated scaffold surfaces.
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Figure 7.6. BAEC and BSMC proliferation rates after in vimgubation on
untreated and plasma-treated scaffold surfaces in seruiumdor 24 h. The
proliferation rate of each treatment is differs statistically frthra other two
treatments for the same cell type. (P<0.05, repeated 3J)times
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Figure 7.7. Cross-section images of (A) untreated, (B)lasma-treated, and (C)
Ar-NH3/H, plasma-treated scaffolds obtained aftevitro culture with BAECs in
serum medium for 5 days. Cells were stained by DAPI.
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Figure 7.8. Cross-section images of (A) untreated, (B)lAsma-treated, and (C)
Ar-NH3/H; plasma-treated scaffolds obtained after 5 daym witro implantation
under the skin of Sprague-Dawley rats. Cells were stap&iNg|.
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Chapter 8

Plasma Assisted Heparin Conjugation on
Poly(L-lactide) Microfibrous Membrane

8.1 Introduction

Electrospinning of poly(L-lactide) (PLLA) nano/micro filseare getting more and more
attention in the fields of tissue engineering and drug delivolymer scaffolds with fibrous
structure can mimic the structure of external cell matrix, ngaiem ideal for cell culture and
tissue engineering; while the high surface to volume ratio sktfibrous structures make them
perfect candidate for drug delivery (Yoo et al.(2009)).il&vtaarious polymer fibrous structures
have been studied extensively for different applicationdas@irmodification of the polymer
fiber surfaces is usually required to improve its hydrophyliciiocompatibility, or increase
surface density of functional groups (e.g. -INH-COOH) for further biomolecules
immobilization. Although coelectrospinning of biopolymers withrbodecules (e.g. collagen,
heparin, and lamella) (He et al. (2005), Luong-Vana €2@06), Koh et al. (2008)) and physical
adsorption of biomolecules on modified polymer fibrouadtire surfaces (He et al. (2005)) are
widely used for numerous applications, covalent immobilizatibbiomolecules is critical for
many cases where long term functionality of the biomolecidesritical. For example, the
heparin molecules grafted on synthetic polymer vasculérigreer wall should be stable enough
to resist thrombosis and insure blood circulation before theneration of new vascular tissue.
For successful functionality, surface density of the ntly immobilized biomolecules is also
critical. Therefore increasing the surface density of funetiggroups on the polymer fiber
surfaces becomes extremely important. Currently the nowstnonly used method to increase
polymer surface density of functional groups is wet chahmeethods, such as NaOH solution
hydrolysis and aminolysis, which are used to increascdensity of —-COOH and —NH
groups respectively for various bioactive molecules immoliting Croll et al. (2004), Zhu et al.
(2002, 2007)), or UV induced grafting of acrylic acidincrease surface density of -COOH
group (Cheng et al. (2004)). Besides, plasma treatmeaasma polymerization have also been
widely used to introduce functional groups onto various bier# surfaces for biomolecules
immobilization, and comprehensive reviews can be fourevblere (Desmet et al. (2009), Siow
et al. (2006)). Compared to wet chemical methods, plasmaneat and plasma polymerization
are really versatile due to their simple treatment process @pbimizing the processing
condition, and it's also an environmental friendly sterile pgecehich can realize surface
modification without modifying material bulk property.

Similarly, the objective of plasma treatment or plasma polym@oiz for biomolecules
immobilization is to introduce —COOH and —Migroups onto the surface. Many studies have
been conducted to introduce these functional groups ontmakeoial surfaces. Plasma
polymerization of allyamine has been applied to deposit @lasatymer film onto metal or
polymer surface to increase surface density of »-§idup (Yang et al. (2010), Barry et al.
(2005), Dai et al. (2009)), while plasma polymerization ai/léic acid is representative process
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to introduce —COOH group (Park et al. (2007), Guptaa €2@02), Ju et al. (2008)). Besides,
plasma treatment with Nfplasma is the most commonly used method to introduce ghtidps
onto biopolymer surfaces (Favia et al. (1996)). Howewerst of these studies focused on bulk
polymers surface modifications, and surface functionalimdto biomolecule immobilization on
porous microfibrous structures is still limited. While plasma p@sization has the advantage of
coating various substrates successfully, the precursetsare usually extremely toxic and can’t
be integrated into common plasma processing systems difEedgefore, plasma treatment with
NH; is suggested since it's a much less toxic gas which cagpped on most plasma systems.
In this chapter, Nklplasma was mixed with Ar plasma and combined witlpldsma to directly
introduce —NH groups onto PLLA surface to increase density of sarfamjugation sites and
enable immobilization of heparin molecules. The process condites optimized by varying
the plasma power, treatment time, gas composition and pash&et condition. The efficiency
of using plasma treatment to increase surface densityld§ ghdups was confirmed with X-ray
photoelectron spectroscopy (XPS) measurement, hepaijingetion and quantification, as well
as platelets attachment on the heparin conjugated surfaeeffElet of heparin conjugation for
in vitro bovine aorta endothelial cell (BAEC) infiltration on the PLIscaffold was also
investigated.

8.2 Experimental procedures

8.2.1 Sample preparation and plasma treatment

Biodegradable PLLA (1.09 dL/g inherent viscosity) (Lactebsérbable Polymers,
Pelham, AL) was used to fabricate microfiborous membrdryeslectrospinning, as described
previously. The PLLA pellets were first dissolved in hexafisopropanol (HFIP) with
ultrasonic water bath (19% w/v), then the solution was delivieyesl programmable pump to an
electrically charged needle connected to high voltage (12WwMgh ejected polymer fibers with
diameter ~ 1um at the tip. The electrostatically charged filme driven to fly towards a
grounded collecting drum which was kept at a certain distawes, resulting in a nonwoven
microfibrous membrane collected on the drum. During elegpémaing, the alignment of the
microfibers was controlled by adjusting the rotational speethefcollecting drum and the
thickness of the membrane was controlled by collecting timenfcrofiber membranes used in
this study, a low speed of rotation (150 rpm) was usedchmiesulted in randomly oriented
fibers. For surface chemistry characterization and platatetshment on the scaffold surface,
microfibrous membranes with thickness ~ 100 um were, wgkite for heparin conjugation and
toluidine blue detection, and in vitro cell infiltration, membrang$ thickness ~250 um were
used. Film thickness was measured with a thickness gagedjitAmerica, Aurora, IL).

Surface modification of the PLLA microfibrous membranes \parformed in a radio-
frequency capacitively coupled plasma reactor (Plasmdplu® Oxford Instruments, Tubney
Woods, Abingdon, Oxfordshire, OX13 5QX, UK) with a pldiameter of 20 cm and plate-to-
plate distance equal to 2 cm. Before processing, thelsrawas cleaned with Ar plasma (300
W power; 100 sccm Ar gas flow rate; 0.9 Torr presstoe min. Ar plasma treatment was
performed under the condition of 30 W power, 100 scengas flow and 0.5 Torr pressure for
2min to prepare plasma treated control sample. To incagopranary amine (—NjJ groups
onto PLLA microfiborous membrane surface, Ar and;Nhixture plasma was performed (50-
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200W power; 0.5 Torr pressure; 100 sccm gas flow; treatrtime 2-10 min) with a post
treatment of H plasma (10 W power; 50 sccm igas flow rate; 0.5 Torr pressure, treatment
time 10-60 s) to maximize the surface density of ~fiidups. This treatment will be denoted as
Ar-NH3/H, plasma treatments in the following texts.

8.2.2 Surface chemistry characterization

Scaffold surface chemical composition analysis was caoigdwith an XPS system
(Perkin-Elmer PHI 5400 ESCA) without charge neutralizatiomonochromator, equipped with
an Al-Ka X-ray source of photon energy equal to 1486.6 eV ka-@f angle of 54.7° relative to
the analyzer axis was used throughout the XPS analysisd>spectral acquisition, the pressure
in the main chamber was maintained at=<T@rr. Survey spectra were acquired in the binding
energy range of 0—-1100 eV with pass energy of 17&A5 XPS results were deduced from at
least three measurements obtained from different surtgiens. For detection of —NHn
PLLA scaffolds surface, chemical derivatization method asri®ed in previous study has been
used (Favia et al. (1996)). Briefly, untreated and plasested PLLA microfibrous samples
were exposed to trifluoromethyl benzaldehyde (TFBA) vdpasher Scientific, Pittsburgh, PA)
for 45 min and degased for 1hr with a mechanical pumf dtorr vacuum before XPS detection.
The schematic of the chemical derivatization method and tmeufarused to determine the
NH,/C ratio is shown in Figure 8.1.

8.2.3 Heparin conjugation and quantification

Heparin was conjugated to microfibers by using 1-ethyl-8u3ethylaminopropyl)
carbodiimide hydrochloride (EDC) and N-hydroxysulfosucciden (sulfo-NHS) (Pierce
Biotechnology, Rockford, IL). Briefly, the heparin solutias prepared by first dissolving EDC
(20 mg/ml) and sulfo-NHS (10 mg/ml) in 0.5M MES buffeH(g 5.5), and then adding in
heparin into the mixture solution (20 mg/ml). After incubatiéthe whole solution for 45 min
on a shaker, the solution was neutralized with 1IN NaOH {(11OLN NaOH per 1ml of
EDC/sulfo-NHS/heparin solution) and then incubated with thecatded, plasma treated PLLA
microfibrous membrane and a control sample on a shak@hfs for complete conjugation. To
prepare the control sample, PLLA microfibrous membrane fist hydrolyzed in 0.01N NaOH
for 10 min to increase surface -COOH density, and tbejugated with di-amino-poly(ethylene
glycol) via EDC/sulfo-NHS method, which is denoted as PB@rol sample in the following
texts. The presence of heparin on microfibers was verfietbluidine blue staining. Briefly,
PLLA microfibrous membranes with and without heparin cortjogawere incubated in 2ml
toluidine blue solution (0.0005%) in 0.001N hydrochloric acidhw).02% (w/v) sodium
chloride on a shaker for 10 min, then 1.0 ml hexaneasdgd to each solution and the solutions
were vortexed for 30 s and allowed for a phase sepaydinally aqueous layer of free toluidine
blue was extracted. The absorbance of the aqueous lagsrdetermined at 631 nm on a UV
spectrophotometer to calculate the amount of heparin conjugatePLLA microfibrous
membrane, and the value measured from samples withoatimegmnjugation was used for
background subtraction.

8.2.4 Platelets attachment and cell infiltration
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To examine the effect of heparin conjugation on the platetetshanent, whole blood
from Sprague-Dawley rats (Charles River Laboratories, Wdtoim MA) was used for the in
vitro platelets activation test. PLLA samples with and without heganugation are incubated
with rat whole blood for 2 hr at 37 °C, and then washed WBS 3 times, fixed with 2%
gluteraldehyde overnight. Then the samples with attached pdagetéegradually dehydrated with
ethanol of different concentrations: 50% for 5 min, 70%5imin, 80% for 5 min, 90% for 10
min, 100% for 10 min, and 100% for 10 min, and finaltyed in hood overnight and examined
with a field emission scanning electron microscope (SEM) [0d0, Hitachi, Pleasanton, CA)
to check the density of attached platelets. Three setarmples were examined to confirm the
trend of platelets attachment on the PLLA microfibrous mengsairfaces was consistent.

To check the effect of heparin conjugation on cell growthtten PLLA microfibrous
membrane, bovine endothelial cells was seeded on untreatkdplasma treated PLLA
microfibrous membrane with or without heparin conjugatiortréated control membranes were
sterilized in 70% ethanol under ultraviolet light for 30 min anldsgquently washed five times
with sterile phosphate buffered saline (PBS). Three mimmmis membranes representing each
group were then attached to non-tissue-culture-treated y@gstdishes via sterile double-sided
tape. BAECs were seeded at 100% confluency onto the mast with serum medium
consisting of Dulbecco’s Modified Eagle’s Medium (DMEM)% fetal bovine serum (FBS),
and 1% penicillin streptomycin (PS) and subsequently ke ttays in a humidified incubator
(37 °C, 5%CQ). Sufficient media was used in each dish as to avoid ¢led to change the
medium before the end of 5 days. At Day 5, the whole Ionene was fixed and then stained
with 4',6-diamidino-2-phenylindole (DAPI) before put in optinwaitting temperature (OCT)
compound (TissueTek, Elkhart, IN) on dry ice. Crosgigas of 20-um thickness were taken in
the transverse plane in a -20 °C cryosectioner. The DWBtescent signals from the cells
within these cryosections were viewed with an upright flu@mese microscope (Zeiss HAL 100,
Carl Zeiss Microlmaging, Thornwood, NY). A minimum of 86/osections were observed for
each membrane to confirm consistency between sections.

8.3 Results and discussion

With the chemical derivatization technique and XPS detection metm®datios of N/C,
NH2/N and NH/N on the PLLA microfibrous membrane surface for diffenglasma conditions
can be determined. N/C ratio indicates the efficiency of MNorparation onto the PLLA
microfibrous membrane surface, BIN ratio indicates the selectivity of incorporating -NH
group over other N containing chemical groups via the @aseatment, and NHHC shows the
overall efficiency of introducing -Ngroups onto the material surface. The effects of differen
plasma conditions on these ratios are shown in Figure &2mure 8.3. Figure 8.2(a)-(c)
indicate that plasma power doesn't affect the N incorporafiacieacy significantly, but high
plasma power is not conducive to selective incorporatioNbi -group, maybe due to the over
fragmentation of Nhl molecules under high power. Therefore, relative low plapowser is
more beneficial for higher overall -NHlensity. The effect of plasma treatment time is shown in
Figure 8.2(d)-(f). Increasing plasma treatment time resgteatly increase in N/C ratio, but can
decrease the ratio of NH\. Since it's well known that longer plasma treatment will inducee
structural change on polymer material, a moderate treatmeatsiould be selected. Figure
8.3(a)-(c) shows the effect of Ar gas fraction in thetorix on the surface chemistry. Similar to
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the plasma power, it's found that Ar gas fraction doesifécaimuch on N/C ratio, but too high
Ar gas fraction will decrease the ratio of MN and therefore the ratio of NKC, due to more
interaction with Ar ion and fragmentation of the Niolecules. The effect of Hplasma post
treatment time is shown in Figure 8.3(d)-(f), it can be ¢kanthe H plasma post treatment can
effectively convert other N containing chemical groups intelizNout the effect saturate after
30s for the given plasma condition. From the above re#tdtslecided that Ar fraction of 30%,
plasma power of 50 W, treatment time of 5 min, with 3G, pleisma post treatment seems to be
a the best plasma condition to introduce ;Nifoups while maintaining the structure of the
PLLA microfibrous membrane. It's observed by SEM thatdibthe plasma condition examined,
no noticeable surface structural change on the PLLA miensitvas observed.

The amount of immobilized heparin on the untreated, plaseadett and PEG control
PLLA microfibrous membranes are shown in Figure 8.4.cah be seen that very minimal
heparin conjugation was detected on untreated and Ar aldasmated PLLA microfibrous
membrane samples, which is expected, since the availatjleggation sites on untreated and Ar
plasma treated PLLA surfaces are limited, and it also cordirimat the detected heparin on the
Ar-NH3/H, plasma treated sample is not from the nonspecific afiisorpf heparin due to
surface activation by plasma treatment. The significantly highunt of heparin measured on
the Ar-NHy/H, plasma treated sample compared to the PEG control sardjgated that plasma
treatment can be more efficient than NaOH hydrolysisanpholysis method to incorporate —
NH_ groups onto PLLA microfibrous membrane surface fomualecule immobilization.

The efficiency of using Ar-NEIH, plasma treatment to enhance heparin conjugation on
PLLA microfibrous membrane surface is also confirmedHhgyplatelets attachment test on the
microfibrous membrane surfaces, as shown in Figurel8dan be seen that without heparin
conjugation, lots of platelet attached on untreated and plassated PLLA microfibrous
membrane surfaces (Figure 8.5(a)-(c)). After hepemimugation, no significant difference was
observed for untreated (Figure 8.5(d)) and Ar plasmatddesamples (Figure 8.5(e)), while
significantly less attached platelets were found on the heparijugated Ar-NHH, plasma
treated sample (Figure 8.5(f)), indicating more heparin iniimed on the surface, which is in
consistent with the toluidine blue test results shown in Figure 8.4.

The effect of heparin conjugation on in vitro BAECs infiltratmm PLLA microfibrous
membrane was shown in Figure 8.6. It's found that wHasrpa treatments seem to be able to
enhance cell infiltration on samples without heparin conjugatiogu(& 8.6(a)-(c)), heparin
conjugation can enhance cell attachment and infiltration on maiplea (Figure 8.6(d)-(f)),
independent on the amount of conjugated heparin. It'sufgded that for in vitro cell culture,
heparin on the PLLA microfiborous membrane surface aamtribute to cell attachment and
growth, and when the amount of heparin exceeds a cntidak, the effect on cell growth is
saturated, which is the case examined in this study. Thert#ferimproved cell attachment on
the heparin conjugated untreated PLLA microfiborous membismentributed to the minimal
amount of heparin on the surface, while the cell attachmeheparin conjugated Ar and Ar-
NHas/H, plasma treated surface can be contributed to surfaceic@ienodification by plasma
treatment, heparin adsorption as well as heparin conjugation.
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Since surface —NHgroups are universal conjugation sites for various biomtdsecthe
plasma method for incorporating —igroups on PLLA surface described in this study is not
only useful for heparin conjugation, but can also be frsiedonjugation of other biomolecules
of interest. Besides, with a plasma treatment of commonly gases (Nk] Ar, Hy), the density
of incorporated conjugations sites was found to be significehigher than wet chemical
methods. Therefore, this study also provides an efficientnalige method to increase
functional groups on biopolymer surfaces.

8.4 Conclusions

In this chapter, Ar-NBIH, plasma treatment was used to incorporate »-dhdups onto
PLLA microfibrous membrane surface for heparin conjugatis found that plasma power,
plasma treatment time, gas composition and pthsma post treatment time all affect the
efficiency of incorporating —NEigroups onto PLLA surface, and moderate power, treatment
time, gas composition and post treatment are conducive t@aseceairface —NiHyroup density.
The surface functionalized PLLA microfiborous membrane feasd being able to increase the
amount of covalently immobilized heparin significantly, as wa#l decreasing platelets
attachment in blood test. It's also found that heparin cohjug&an improve in vitro BAEC
infiltration on the PLLA microfibrous membrane surfaces irsefent on the amount of heparin
immobilized for the range examined by this study.
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Figure 8.1. Schematic of chemical derivatization of -Njbup with TFBA on
Ar-NH3/H; plasma treated PLLA microfibrous membrane surface antbtmula
used for determination of N¥C ratio.
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plasma treated PLLA microfibrous membrane; (d)-(f), eéffefcAr-NH3z plasma
treatment time on N/C, NJHC and NH/C for plasma treated PLLA microfibrous
membrane.
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Figure 8.5. Platelets attachment on PLLA microfibrous menebbafiore heparin
conjugation: (a) untreated, (b) Ar plasma treated, (c) AgfNfIplasma treated;
and after heparin conjugation: (d) untreated, (e) Ar plaseaded, (f) Ar-NH/H,
plasma treated .
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Figure 8.6. In vivo BAECs infiltration on PLLA microfibrousembrane before
heparin conjugation: (a) untreated, (b) Ar plasma treat@¢ddr(®lHs/H, plasma
treated; and after heparin conjugation: (d) untreated, (p)adma treated, (f) Ar-

NHs/H, plasma treated .
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Chapter 9

Control of Nanofiber Conformity and
Scaffold Structure by Micropattern
Geometry and Electrospinning Condition
for Cell Regulation

9.1 Introduction

Electrospinning of polymer micro/nanofibers is a simple,t-effective method for
fabricating fibrous structures (Huang et al. (2003), Li e{2004)). Electrospinning of polymer
fibrous scaffolds mimicking the structure and function dfaeellular matrix has been explored
for various biomedical applications (Jang et al. (2009), LwbHl. (2009), Wang et al. (2009),
Murgan et al. (2007)), such as wound healing, drug dgliand tissue engineering. Fibrous
scaffolds with well-controlled patterned structures are diiquéar significance in cell biology
and scaffold engineering. For example, scaffolds with alidibers have been reported to affect
the cell behavior, such as migration, organization, and diftextion (Huang et al. (2006), Patel
et al. (2007), Kurpinski et al. (2010), Zhu et al. (20Mig et al. (2009, 2010), Chew et al.
(2008)). Scaffolds with microwell arrays are also of imparéain the fabrication of uniform cell
arrays (Hwang et al. (2009), Xie et al. (2011)). Moreofilerous structures of sufficient porosity
are desirable in scaffold engineering, because porosigg plaimportant role in cell infiltration
and tissue remodeling (Nam et al. (2007), Blakeney et@l1§2Vaquette et al. (2011)).

Various methods have been developed to control fiber mégnh (Li et al. (2004),
Murugan et al. (2007)) and other types of structuredifiomally, structures with microwell
arrays have been produced by polymer molding (Hwangl.e(2009)). Despite attempts to
fabricate microwells by electrospinning on templates consisfimgetal spheres, controlling the
size and shape of microwells has been problematic (Xie €Cd1)). A common approach to
increase the porosity of electrospun fibrous scaffolds iscarporate sacrificial structures, such
as salt grains or other porogens, which can be easilyvesirat a later stage; however, leaching
of the sacrificial structure is often accompanied by the catla pores (Nam et al. (2007)).

Polymer fiber electrospinning onto special templates has pemren to be a more
effective method of fabricating porous fibrous constructs afined fiber organization (Wang
et al. (2009), Blakeney et al. (2011), Vaquette et al. (2Q1%t al. (2005), Zhang et al. (2007,
2008), Li et al. (2010)). Templates with two- and three-dsimral (3D) micropatterns produced
from machining metal and ice substrates (Vaquette et all2@hang et al. (2007, 2008), Li et
al. (2010)) or metal wire networks (Wang et al. (2009grithet al. (2007)) have been used to
control the density and alignment of the fibers in the ttoos However, these methods are slow,
costly, difficult to control, and do not yield a wide randesoalable pattern geometries. To
overcome these drawbacks, attempts have been madeitataipolydimethylsiloxane (PDMS)
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templates with surface micropatterns generated by photolitfogrd@ing et al. (2009)), but
with limited success in controlling the fiber density and orientatidantrolling the fiber
conformity on micropatterned surfaces is not well undedstothis chapter, a versatile method
of fabricating PDMS templates with 3D micropatterns was deedlopnd applied to explore
whether the micropattern geometry and electrospinning conditiorbe used to regulate fiber
conformity and alignment to produce scaffolds with distincucstires that can affect the
morphology, migration, and infiltration of cells.

9.2 Materials and experimental methods

9.2.1 Fabrication of nanofibrous scaffolds

Nanofibrous scaffolds were fabricated from biodegrédgioly (L-lactide) (PLLA)
(Lactel Absorbable Polymers, Pelham, AL) of inherent o8y equal to 1.09 dL/g (Lactel
Absorbable Polymers, Pelham, AL). PLLA pellets were fiissolved in hexafluoroisopropanol
(19% wi/v) in an ultrasonic water bath. The polymer soluti@as then delivered through a
stainless steel 23G dispensing needle by a syringe pumpdHtal. (2006), Patel et al. (2007),
Kurpinski et al. (2010)).By applying a voltage of 12 kVttee needle with a high-voltage
generator, electrostatically charged PLLA fibers of diamieténe range of tens of nm to n
were ejected from the charged needle toward the surfacgrounded template at a feed rate in
the range of 0.2-2 mL/h. The construct produced byptiigmer fibers deposited onto the
template was then lifted off from the PDMS template. A flat POidt8plate without any surface
features was used to fabricate control samples underrtieeedactrospinning condition. For cell
studies, nanofibrous scaffolds were fabricated at a feeed rate of 1.0 mL/h.

9.2.2 Microanalysistechniques and sample sterilization

The pattern geometry of PDMS templates, diameter, distribigimharrangement of the
nanofibers on the micropatterned PLLA scaffolds andsesestions of the fabricated scaffolds
were examined with a field emission scanning electron micpes¢eEM) (TM-1000, Hitachi,
Pleasanton, CA) at an acceleration voltage of 15 kV withquisitng a metal coating onto the
samples before imaging. The overall nanofiber densityildigion was examined with an upright
microscope (Zeiss HAL 100, Carl Zeiss Microlmaging, Thayad, NY). Cross-section samples
for SEM imaging were prepared by cutting the PLLA scaffoldth a laser. Beform vitro cell
or tissue seeding and implantation into the subcutaneous a#viigts, the scaffolds were
sterilized in 70% ethanol under ultraviolet light for 30 min anah tivashed 5 times with sterile
phosphate buffered saline (PBS).

9.2.3 Céell cultureand in vitro experiments

Human mesenchymal stem cells (hnMSCs) (Lonza Walkersvilédkéhsville, MD) were
cultured in hMSC maintenance medium (MSCGM, Cambrext Bagherford, NJ) and
maintained in a humidified incubator at 37°C with 5% ,CBefore cell seeding, scaffolds
sterilized as described above were washed with sterile detbnater, coated with 1%
fibronectin (Sigma-Aldrich, St. Louis, MO) for 30 min at @7%nd washed once with PBS.
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hMSCs of density equal to ~3,000 cellsfoere seeded with hMSC maintenance medium and
cultured for 24 h. Then, the cells were fixed with 4%af@maldehyde (PFA) and permeabilized
with 0.5% Triton X-100. The actin structure and nuclei of I@dSvere stained with Alexa-
Phalloidin 488 and 4',6-diamidino-2-phenylindole (DAPI) pegively. Fluorescence images of
stained hMSCs were obtained with a confocal microscope S(Ze®&M710, Carl Zeiss
Microlmaging, Thornwood, NY) at 20magnification and-distance between cross-sections of
315 um. Fluorescence signals from the entire stack werepitogected onto a single plane to
construct an overall image.

To examine the proliferation rate of hMSCs, scaffolds gmegh as described above were
seeded with a density of ~10,000 hMSCs/émDulbecco’s modified Eagle medium (DMEM)
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal ifvserum (Thermo Fisher
Scientific, Waltham, MA) and 1% penicillin/streptomycin antibiotic migtuAfter seeding for
24 h, the cells were fixed with 4% PFA, permeabilized witl@MBiton X-100, blocked with 3
mg/mL bovine serum albumin (BSA) + 0.1% Triton X-100, atained with the proliferation
marker Ki67 (Abcam, Cambridge, MA) along with DAPI nuclemunterstain. Fluorescent
signals were obtained with the Zeiss LSM710 confocal miopmscand positive stained hMSCs
were quantified with Scion Image software (Scion, Fredii¢R). The percentage of hMSCs
that were in the active phase of the cell cycle was cordelatde proliferation rate.

For the cell migration studies, dorsal root ganglion (DRG) éissuere harvested from P4
rats and briefly maintained in neurobasal (NB) medium lempgnted with B27 and 0.5 mM of
L-glutamine (Invitrogen, Carlsbad, CA) prior to seeding dh® micropatterned scaffolds. The
scaffolds were first sterilized and then coated with laminimg(8nT) (Invitrogen, Carlsbad, CA)
for 1 h at 37°C and washed once with PBS before seefliteg seeding with minimal volume of
supplemented NB medium, the DRG tissues were incubate?l ioand allowed to settle and
attach to scaffold surfaces. Sufficient medium was addewards to culture the DRG
tissues on the nanofibrous scaffolds for 10 days, withnbdium partially changed every 3
days. The samples were fixed after a 10-day culture WithP#A, permeabilized with 0.5%
Triton X-100, blocked with BSA + 0.1% Triton X-100, andpsequently, stained with anti-S-
100 @-subunit) (Sigma-Aldrich, St. Louis, MO) antibody for Scmwecells and counterstained
with DAPI for cell nuclei. Fluorescence signals were obthwéh the Zeiss LSM710 confocal
microscope at 10 magnification andz-distance between cross-sections ofl64 um.
Fluorescence signals from the entire stack were then pdjeato a single plane to construct an
overall image.

9.2.4 In vivo cdl infiltration

Micropatterned PLLA scaffolds were cut into 0.5 x 0.5’ @amples, and 3 samples of
each group were implanted into the subcutaneous cavidpraigue-Dawley rats (Charles River
Laboratories, Wilmington, MA) for 7 days using the followingpgedure. First, the rats were
anesthetized with isofluorane and the incision sites were markdddisinfected with 70%
ethanol. Then, incisions were made on the wall of the |l@abelominal region, and PLLA
scaffolds with different micropatterns were implanted into theision sites and tucked
subcutaneously away from the incision, with the back sidénefscaffolds facing the muscle
side. Cuts were sewed with interrupted 5-0 Monocryl (EthiGamerville, NJ) mattress sutures.
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All animals were monitored daily, with no adverse incidenteoked with any of them. The rats
were returned to the operating room on the seventh dagrewthey were given general
anesthesia and an overdose of euthanasia solution. Tenmplants with the attached
surrounding tissue were removed and embedded in an tjotithiag-temperature compound
(TissueTek, Elkhart, IN) that was placed on dry icen3varse cross-sections of thickness equal
to 12um were obtained with a cryosectioner &0°C, fixed with 4% PFA, stained with DAPI,
and examined under a microscope (TE 300, Nikon, Melnlg),

9.3 Results and discussion

9.3.1 Template fabrication for scaffold micropatterning

Figure 9.1 shows the fabrication process of the conduBiddS templates used in this
study. The back side of a ~525-um-thick p-type Si(108kwhaving both of its sides coated
with a ~0.6-pum-thick SiN layer was spin coated with a 4-picktlayer of OCG 825 photoresist
(PR) (Figure 9.1a). After exposure to UV light throughwhedows of a Cr mask (Figure 9.1b)
(Karl Suss MA6 Mask Aligner, Karl Suss America, VermodSA) and development, the
micropattern was transferred to the PR (Figure 9.1c) ardtththe SiN layer at the back side of
the wafer by reactive ion etching (Figure 9.1d) (TechRigdlI-A, Plasma Equipment Technical
Services, Livermore, CA). After stripping the PR (Figurged, the exposed Si was etched to a
depth of ~500 pm in 30% KOH at &5 (Figures 9.1f1 and 1f2), and the SiN layer was etched
away by immersing the wafer into a bath of 49% HF for Figure 9.1g). Then, the master
wafer was exposed to perfluoro-1,1,2,2-tetrahydroddiiorosilane (United Chemical
Technology, Bristol, PA) vapor in a desiccator overnighprewvent PDMS adhesion. A mixture
(10:1) of Sylgard 184 silicone elastomer components (DawniGg, Midland, MI) was
transferred onto the master wafer (Figure 9.1h) anddcate68C overnight to fabricate a
micropatterned PDMS template (Figure 9.1i). To increase ctireuctivity of the PDMS
template, carbon black (Vulcan XC-72R, Fuel Cell Store, Boul@olorado) was introduced
into the silicone mixture (12.5% wi/v). Because the mixturehigisly viscous, the master wafer
was placed in vacuum for 1h to allow the mixture to complédiilyp the features on the wafer
surface before curing.

Depending on the width of the SiN layer between adjacemacgurfeatures, different
structures were produced on the master wafer by KOHetwbing (Figures 9.1fland 1f2), which
were then transferred to the PDMS templates. For relativelg SiN layer between nearby
features, KOH anisotropic etching of Si(100) yielded micropadtef rectangular pyramids of
sidewall slope equal to 54.7° with respect to the surface pkagere 9.1f1). However, in the
case of a relatively narrow SiN layer, undercutting duri@HKetching in the Si(111) direction
and high etching rates in both Si(100) and Si(110) direcporduced rectangular pyramids with
double-slope sidewalls (Figure 9.1f2). Thus, by varying wldth of the SiN layer between
micropattern features along each in-plane direction, differeicropattern geometries were
etched on the Si(100) wafer and then transferred to théethd®DMS templates. The etching
mode shown in Figure 9.1f1 produced PDMS templates wlitlr fayramids (posts) possessing
steep single-slope sidewalls, whereas the etching mode shokigure 9.1f2 yielded PDMS
templates with shorter pyramids of less steep double-slopealid.
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In-plane cross-section schematics of PDMS templates with paittesns of different
dimensions are shown in Figures 9.2a-2c, with correspgn8EM micrographs shown in
Figures 9.2d-2i. Molds with cross-sections in both in-plarections similar to those shown in
Figures 9.1f1 and 1f2 produced micropatterned templatesistmg of rectangular pyramids
with steep single-slope sidewalls (Figures 9.2a, 2d, ghdu2d shallow double-slope sidewalls
(Figures 9.2b, 2e, and 2h), respectively. Howeverldsavith cross-sections similar to that
shown in Figure 9.1f1 in one direction and similar to theiws) in Figure 9.1f2 in the other
direction produced micropatterned templates with prismatic pgisahaving steep single-slope
and shallow double-slope sidewalls in corresponding direcffeigsres 9.2c, 2f, and 2i).

9.3.2 Surface and through-thickness structur e of micropatter ned scaffolds

Figure 9.3 shows PLLA scaffolds fabricated from PDMS plates with different
micropatterns. Figures 9.3al, 3bl, and 3cl show, siwally, how the PLLA nanofibers
conformed onto the micropattern features of the PDMS tensplateereas Figures 9.3a2-3c3
and 3a4-3c6 show SEM micrographs of the back siden¢fahe PDMS templates) and front
side of the fabricated scaffolds, respectively. The templéte tall pyramids of steep single-
slope sidewalls (Figures 9.2d and 2g) produced scaféadformal to the template micropattern
only at the top of the tall pyramidal posts (Figure 9.3ahgse scaffolds comprised small and
shallow microwells with dense nanofibrous structures, sudedirby arrays of less dense and
aligned nanofibers (Figures 9.3a2 and 3a3). The templtiteshort pyramidal posts exhibiting
shallow double-slope sidewalls (Figures 9.2e and 2h)ugext! scaffolds conformal to the
template features except at the bottom of the microwells (FiguBbl). These scaffolds
consisted of uniformly distributed pyramidal microwells of sy packed nanofibers,
surrounded by narrow rectangular arrays of relatively Eesely-packed nanofibers aligned
perpendicular to array sides (Figures 9.3b2 and 3ledffdds made with the template that had
different micropattern geometries along the in-plane directibiggires 9.2f and 2i) exhibited
features that were combinations of those on the scaffaligéted from the templates shown in
Figures 9.2a and 2b. The nanofibers of these scaffeéde densely packed along the short
post/small sidewall slope direction and aligned along the tall pdsténgwall slope direction
(Figures 9.3c2 and 3c3). Figures 9.3a4-3c6 showvirdme sides of PLLA scaffolds fabricated
with different templates for different deposition times. Inareaghe deposition time from 1 to 4
min had a negative effect on the micropattern transfer tiraheside of the scaffolds, resulting
in more randomly oriented nanofibers than those at thedidekespecially for thicker scaffolds,
i.e., 4 min deposition time (Figures 9.3a6, 3b6, and.3tbus, scaffolds fabricated with the
present method possessed heterogeneous through-thisknessres.

Fiber electrospinning on an electrically conductive templatéagung post structures
results in preferential fiber deposition over the poststdilee higher electrostatic forces applied
to the nanofibers at the tops of the posts than in any mbem of the template surface (Zhang
et al. (2007)). Both nanofiber deposition and alignment Wned to depend on the overall post
geometry (i.e., post height and sidewall slope) and, prddythe distance between posts.
However, because the feature distance was similar in all teaplaanofiber deposition and
alignment demonstrated a dependence only on post heiglsidaveall slope (Figures 9.2a—2c).
In particular, nanofiber deposition at the tops of the pastisaignment in the areas between
posts was only observed with relatively tall posts of laidewall slope (Figure 9.3al), whereas
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for short posts with shallow double-slope sidewalls, nanofitsgrosition occurred in dense
configurations over the entire post surface, closely follovilng surface micropattern of the
template (Figure 9.3b1).

Nanofiber deposition and conformity strongly depend on thagnitude of the
electrostatic force between the nanofibers and the templatescHtffolds shown in Figure 9.3
indicate that low posts with small sidewall slopes resulted in higtirestatic forces that
enhanced the nanofiber conformity with the micropatternedoltden surface. Under these
conditions, conformal nanofiber deformation resulted in fulecage of the entire post structure
by densely packed nanofibers, except at the bottom obwtis where less dense nanofibrous
structure was obtained. Alternatively, for templates havingptals with steep sidewalls, the
pattern geometry could not be fully accommodated by ntzerofleformation between the posts
due to the significant changes in feature dimensions asawélie weaker electrostatic force in
those regions, resulting in nanofiber bridging and, in talignment in areas between the posts.
For the template features examined in this study, the critichlh@ght for full coverage of the
posts by the nanofibers was found to be between 328#ngdm. Moreover, because the overall
electrostatic force exerted to the nanofibers decreases withdtease of the scaffold thickness
due to the repulsive force exerted by deposited nanoftdzerging the same type of charge,
more random and dense nanofibers were obtained withethsdaffolds, as evidenced by the
progressive decrease in contrast of the nanofiber stescstilown in Figures 9.3a4-3c6.

Figure 9.4 shows optical microscopy photographs of PLlakofibrous scaffolds
fabricated from PDMS templates with different micropatterrsckBand front sides of these
scaffolds are shown in Figures 9.4a—4c and Figures—8fAddespectively. Differences in
brightness may be associated with local variations in nandfibesity. Tall posts with steep
single-slope sidewalls produced dense nanofibrous straatatg over the posts, and less dense
structures consisting of aligned nanofibers between the (feigisres 9.4a and 4d). However,
low posts with shallow double-slope sidewalls were fully cedeby dense nanofibrous
structures (Figures 9.4b and 4e), while posts with diftepest heights and sidewall slopes in
the in-plane directions produced hybrid scaffolds (Figurés &nd 4f).

The scaffold cross-sections shown in Figure 9.5 provididdr insight into the effect of
surface micropatterning on the through-thickness scaffolattstie. While the structure of the
flat (control) scaffold does not show significant variatiorotiygh the thickness (Figure 9.5a),
micropatterned scaffolds show significant spatial variation imofileer density. Specifically,
posts with steep sidewalls demonstrate densely depositedbsaealver the posts and nanofiber
bridging between the posts (Figures 9.5b and 5c), whiles pagh small sidewall slopes show
dense nanofiber deposition over the whole posts except d&ottem of the scaffold (Figure
9.5¢). In addition, the increase of the scaffold thickmessguced gradual changes in nanofiber
organization through the scaffold thickness (Figures 9.5b-Asdshown in Figures 9.5b and 5d,
the scaffolds comprise heterogeneous porous structuresofibers loosely aligned at the back
side and densely packed and randomly oriented nan®fibehe front side. A comparison of the
nanofibrous structures shown in Figure 9.5 shows that patterned PLLA scaffolds may
exhibit higher porosity (Figure 9.5c) or both higher poyoaihd nanofiber alignment (Figures
9.5b and 5d) compared to flat PLLA scaffolds (Figufa®
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To examine the dependence of scaffold structure on ib@nafeformability, for a given
template, nanofiber electrospinning on the template with tall pasts steep single-slope
sidewalls was carried out at different solution feed rates \aitage fixed at 12 kV. High-
resolution SEM images of nanofibers electrospun onta aeftpon of this template at a feed rate
of 0.2, 0.5, and 2.0 mL/h are shown in Figures 9.@a,afd 6c, respectively. The observed
gradual increase in average nanofiber diameter with incgedsed rate is consistent with a
previous study (Fridrikh et al. (2003)). Figures 9.6d-tdve that the increase in nanofiber
diameter resulted in less post area coverage by theilparsobind shallower microwells. The
depths of the microwells shown in Figures 9.6g, 6h, armitedapproximately equal to 270, 230,
and 190 um, respectively. This trend can be attributed tantinease of the solution volume
charge with the decrease of the feed rate (Fridrikh eR@D3)),resulting in thinner nanofibers
that deformed easily to conform to the micropattern featares a higher attractive force
between charged nanofibers and the grounded templagzefdre, the decrease in feed rate
enhanced the nanofiber conformity with the micropatternegltge surface, leading to more
post area coverage by a dense nanofiber structurecapeémdmicrowells (Figures 9.6g—6i).

9.3.3 Effect of scaffold micropattern on cell morphology and organization

Figure 9.7 shows the effect of scaffold micropattern on @bén morphology and
alignment and the proliferation rate of hMSCs. The controhpéa (Figure 9.7a) and the
micropatterned scaffold with microwell arrays characterizgdamdomly oriented nanofibers
(Figure 9.7¢) do not show actin alignment with the nanddib@ contrast, actin alignment along
the nanofiber direction is observed on scaffolds demdimgjraanofiber alignment at specific
surface regions (Figures 9.7b and 7d). However, tlsesdfolds did not yield significant
differences in the proliferation rate of hMSCs (Figure P.Tfferentiation of hMSCs into
osteogenic and adipogenic lineages also showed insignifid@nedces (data not shown).

In addition to demonstrating that the PLLA scaffolds with d#fe topographic structures
affected the morphology of hMSCs, the effect on cell mignatvas examined by using isolated
DRG tissues (Figure 9.8). On the flat (control) scaffoldjv&mnn cell migration was confined
mainly within the immediate region surrounding the DRG tissog,showing any particular
directionality due to the random orientation of nanofibersthacigh nanofiber density (Figure
9.8a). In contrast, Schwann cell migration from the DRGQuéissas significantly enhanced on
micropatterned scaffolds possessing 3D structures, with ¢ dauger area around the DRG
tissue covered by Schwann cells (Figures 9.8b—8d).eSime density and alignment of the
nanofibers in the microwell scaffold shown in Figure 9.8s wat significantly different from
that of the control scaffold, it may be inferred that the 3Dcstire was conducive to Schwann
cell migration out of the DRG tissue. Although cells were mtosety concentrated around the
DRG tissue in the case of the scaffold with microwell structares random dense nanofiber
structure (Figure 9.8c), cells on the scaffolds with aligaed more porous structures exhibited
more uniform distribution over the regions consisting of aligaed less dense nanofibers
(Figures 9.8b and 8d), suggesting that low-density matteped scaffolds with nanofiber
alignment are conducive to cell migration.

9.3.4 Effect of scaffold micropattern on cell infiltration
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Figure 9.9 shows cross-sections revealimgvivo cell infiltration in different PLLA
nanofibrous scaffolds. Images of characteristic crostess are shown for each micropatterned
scaffold. In the case of the control sample consisting agrese structure of randomly oriented
nanofibers, cell infiltration through the scaffold thickness \wamted, with the cells mostly
confined within the near-surface region (Figure 9.9a)wéi@r, the micropatterned scaffold
shown in Figure 9.9b shows increased cell infiltration framthbsides in less dense regions
exhibiting nanofiber alignment (Figure 9.9b(A-A)), as oggab to limited cell infiltration in the
small microwells possessing a dense nanofiber structuhe &tack side of the scaffold (Figure
9.9b(B-B)). For the micropatterned scaffold shown in Feg@.7c, back-side cell infiltration
through the cross-section of the microwells (Figure 9.9%)Ais as low as in the control sample,
whereas cell infiltration through the cross-section of théorsgbetween microwells (Figure
9.9¢(B-B)) is higher; however, these regions represeetryasmall fraction of the total scaffold
surface area. Similar results were obtained with the scadfuddvn in Figure 9.7d. High cell
infiltration in less dense regions with aligned nanofibers (€i@i9d(A-A)), similar to what is
shown in Figure 9.9b(A-A), and low cell infiltration in regions randomly oriented dense
nanofibers, especially at the back side of the scaffeigu(e 9.9d(B-B)), similar to what is
shown in Figure 9.9c(A-A). In general, more uniform afeeper cell infiltration occurred in
scaffold regions characterized by less dense and aligpaafibers (Figures 9.9b(A-A), 9¢(B-B),
and 9d(A-A)), while regions of densely packed and oamigt oriented nanofibers confined the
cells at the surface (Figures 9.9a, 9b(B-B), 9c(A-AY 8d(B-B)). Despite the higher nanofiber
density at the front side of the micropatterned scaffoldsah#re region with aligned nanofibers
at the back side (Figure 9.5), the cell infiltration resultswshim Figures 9.9(b)-9(c) indicate an
enhancement of cell infiltration vivo.

9.4 Conclusions

In this chapter, silicon wet etching and PDMS molding technique® combined to
produce micropatterned templates, which were subsequesettiita fabricate nanofibrous PLLA
scaffolds by electrospinning. To control the nanofiber conity, scaffolds with significantly
different nanofibrous structures were obtained by varyieggometry of micropattern features
on the PDMS templates and the electrospinning parameteaugzcsilicon wet etching and
PDMS molding are versatile fabrication techniques, PDMS tdpwplaith a wide range of
micropatterns can be fabricated with the present methaalr@dults of this study indicate that
the present method can easily be used to fabricate nandfilstructures with different
characteristics, including nanofiber alignment, locally high/lowropity (density), and
microwells of different dimensions for a variety of biolagiapplications. It was also shown that
the fabricated micropatterned nanofibrous scaffolds iamfisantly affect the cell morphology
and enhance cell migratian vitro and cell infiltrationin vivo for potential cell and tissue
engineering applications.
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Figure 9.1. Schematic of the PDMS template fabrication pso¢ay spin coating
of the back side of a SiN-coated Si(100) wafer with PRPf@® exposure to UV
light, (c) PR development, (d) removal of the exposed Syirlay RIE, (e) PR
stripping, (f1,f2) wet etching with 30% KOH, (g) removaltbé SiN layer in (f1)
by wet etching with 49% HF, (h) molding of the conductiv2.5% w/v carbon
black in silicon mixture) PDMS template using the master wsifiewn in (g),
and (i) lift-off of the PDMS template produced from the taasvafer shown in

(9).
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Figure 9.2. (a—c) Schematics and dimensions of PDMS téssplath single- and
double-slope pyramidal features, and (d—i) SEM micrdggagf templates with

different surface micropatterns.
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Figure 9.3. Effects of the template micropattern and depodgitite on nanofiber
surface coverage and alignment: (al, bl, and cl) stlesnof PLLA nanofiber
deposition on PDMS templates with different micropatterns, &tM

micrographs of the (a2—c3) back side and (a4—c6) &idetof PLLA nanofibrous

scaffolds.
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Figure 9.4. Optical photographs of PLLA nanofibrous fetd$ produced from
PDMS templates with different micropatterns: (a—c) back sidg@#) front side
of micropatterned scaffolds.
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Figure 9.5. Cross-section SEM images of PLLA nanofibrstaffolds fabricated
from (a) flat (control) and (b—d) patterned PDMS templaliesets on the left
show corresponding optical images of the scaffolds anthsiee cutting line (dot
line in the images), whereas insets on the right show lowagniiication images
of scaffold cross-sections. The right side of the scaffalds in contact with the
PDMS template.
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Figure 9.6. Effects of the feeding rate of PLLA solutiontbe micropattern of
electrospun PLLA scaffolds: (a—c) PLLA nanofibers depdsia flat PDMS
templates, (d—f) SEM images of PLLA nanofibrous sddffofabricated from
templates with single-slope pyramidal posts, and (g—i) high-ificegion SEM

images of the scaffolds shown in (d—f) illustrating the fornmatd individual

microwells. Nanofiber electrospinning was carried out at @ fate of (a,d,g) 0.2,
(b,e,h) 0.5, and (c,f,i) 2 mL/h.
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Figure 9.7. (a—d) Morphology and (e) proliferation ratenISCs afterin vitro
culture on PLLA nanofibrous scaffolds for 24 h: (a) flabntrol) scaffold with
dense randomly oriented nanofibers and (b—d) scaffoldsopatterned with
different PDMS templates. The inset in (b—d) shows an imafethe
corresponding micropatterned scaffold surface. Letter signin the horizontal
axis of the figure shown in (e) correspond to hMSCs shimMa) through (d),
respectively.
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Figure 9.8. In vitro migration of Schwann cells (red stairforgS10@) on (a) a
flat (control) PLLA scaffold and (b—d) PLLA nanofibrousas$folds fabricated
from PDMS templates with different micropatterns. Insets shomesponding

optical images of micropatterned scaffolds.
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Figure 9.9. Cross-sections of PLLA nanofibrous scaffaldswing in vivo cell

infiltration after implantation in the subcutaneous cavity of @t fdays: (a) flat
(control) scaffold with dense randomly oriented nanofilsard (b—d) scaffolds
micropatterned with different PDMS templates. Arrows point ® tihp (front

side) and bottom (back side) boundaries of scaffoldsgési@an the right show
cross-sections A-A and B-B corresponding to the fluoressemages of each
micropatterned scaffold in (b—d).
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Chapter 10

Conclusions and Future Directions

10.1 Conclusions

10.1.1 Plasma assisted polymer surface modification

In this thesis, different plasma treatments for biopolymefasermodifications were
investigated for various applications. Plasma polymerizatidrdaposition of fluorocarbon (FC)
films (Chapter 3) and polyethylene glycol (PEG)-like filt@hépter 4) were considered for bulk
biopolymers. FC film deposition on Ar plasma-treated low-tenslyethylene (LDPE) and
physical/mechanical property studies showed that plasma trgatroan modify the surface
topography and mechanical properties of LDPE significamitly therefore, provide a method to
increase the surface shear strength while maintaining a lmiorfr coefficient. Plasma
deposition of PEG-like films using diethylene glycol dimethyleetfdiglyme) monomer was
proven an effective means of functionalizing different sabstrsurfaces to become bio-
nonfouling, as evidenced by the significant decreaseoiteipradsorption and cell attachment on
substrates coated by this film. Detailed studies of the pldismaleposition process revealed
that the effect of the substrate pretreatment condition ondttahility and thickness of the films
deposited on LDPE was significant, while that of the diglymerp&atreatment time on the film
composition was secondary. Film chemical functionalities dsitrated a dependence on both
diglyme plasma power and substrate material. Activation of. BRRE surface by bombarding
Ar* ions followed by a low-power treatment with diglyme plasnas shown to be conducive to
the formation of films with chemical characteristics similar to ¢ho§ PEG. These studies
indicated that plasma polymerization is an effective and coenemethod for depositing
functional polymer films.

Plasma treatments were also applied on electrospun poly{dep(PLLA) microfibrous
scaffolds for biocompatibility enhancement as well as suffiaeetionalization for biomolecule
immobilization. Mild Ar and Ar-NH/H, plasma treatments of PLLA microfibrous scaffolds
(Chapter 7) revealed the effect of different plasma treasnan cell attachment and growth on
the scaffold surface as well as cell infiltration into the scaff@dlture of bovine aorta
endothelial cells (BAECs) and bovine smooth muscle cells @§Mon treated PLLA
microfibrous scaffolds showed that both Ar and Arg¥H plasma treatments improved cell
spreading during the initial stage of attachment and eelacell growth rate, especially in the
case of Ar plasma treatmenh vitro cell infiltration experiments with BAECS and vivo
implantation of PLLA scaffolds under the skin of rats showeat both plasma treatments
enhanced cell in-growth through the scaffold thickness.€fbier, mild plasma treatments with
Ar and Ar-NHy/H, plasma are identified as effective methods to improve treoivipatibility of
microfibrous scaffolds while maintaining the mechanical integtyhe scaffolds, which is of
high importance in tissue engineering. In addition to improving thocompatibility
enhancement, Ar-N#H, plasma treatment was also effective in incorporating -@fblups onto
the surface of the PLLA scaffolds for heparin conjugaf©hapter 8). It was found that plasma
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power, gas composition, and, Hblasma post treatment time do not affect the N/C ratio
significantly; however, they affect the —NN ratio and, in turn, the —NJ4C ratio. On the other
hand, plasma treatment time affects both N/C and /NHatios. Scaffold treatment with
optimized Ar-NH/H, plasma increased the amount of covalently immobilized hepar
significantly compared to a hydrolysis method. Heparin imilzation was confirmed by the
decrease in platelet attachment after blood testing, showing théii#H, plasma treatment is
an effective method of incorporating functional groups int gbaffold microfibrous structure
for biomolecule immobilization.

10.1.2 Plasma assisted surface chemical patterning

Surface chemical patterning for controlled cell culture hasdovarious bioengineering
applications in recent years. Different methods of surtdmamical patterning for single cell
culture were explored in this thesis. The first method is basddEG-like film deposition and
plasma surface activation through the windows of a shadask (Chapter 5). Using silicon or
polydimethylsiloxane (PDMS) membrane shadow masks fdbdchy photolithography and
simple one-step plasma etch process, different chemicalnzatteare produced on substrates
with grafted PEG-like films. Culture of single human mesendaiystem cells (hMSCs) on
chemically patterned polystyrene dishes demonstrated astependence of the actin structure
and nuclear morphology on hMSC shape and spreadiag Mmeover, the method was utilized
to study the effect of shape regulation on BSMC prolifenat®oth cell shape and size were
found to affect the cell proliferation rate. A correlation kew the shape and volume of the
nuclei with the cell proliferation rate was found by analyzingnges in the nucleus morphology
(shape and volume) with cell geometry, suggesting that elsaimgthe nucleus morphology
(either shape or volume) may modulate DNA synthesisiaridin, BSMC proliferation.

Another surface chemical patterning method was developetbrig-term single cell
culture on polystyrene (PS) and parylene C surfackafi@r 6). Surface chemical patterning of
polystyrene dishes for long-term single-cell culture wasomplished by oxygen plasma
treatment through the windows of a PDMS membrane maskptbduced hydrophilic surface
areas of different shapes and sizes, followed by ayerimcubation with either Pluronic F108
solution or a mixture of Pluronic F108 solution and fibrone@elective cell attachment on the
pattern areas of PS dishes was characterized by celingeexperiments and XPS
measurements, and activation of the hydrophilic areastigrpad PS surfaces by serum proteins
from cell culture medium was found conducive to cell attachmerihe pattern areas of dishes
incubated with only Pluronic solution. It was also found thegfguential adsorption of
fibronectin on hydrophilic pattern areas promoted selectilteattachment on patterned dishes
incubated with a mixture of Pluronic solution and fibronectinng-term (two weeks) cell
culture experiments elucidated the effect of surface patteorintdpe shape of cells and nuclei
and demonstrated the stability of the produced single-cell patterserum medium. Surface
chemical patterning for single-cell culture was also realize®amlene C surfaces, extending
the range of substrate materials for patterning. Hydrophittenos were produced on parylene C
films deposited on glass substrates by oxygen plasma treatmzmgh the windows of a PDMS
shadow masks. After incubation first with Pluronic F108 satu@md then serum medium
overnight, surface seeding with hMSCs in serum mediunitegsin single-cell patterning that
was stable for two weeks. Both methods provide a mearsurfdice patterning with direct
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implications in single-cell culture. Compared to other methodsptisented methods do not
require precise control of the patterning process andfi@&iee in producing a wide range of
pattern shapes and sizes for single-cell culture.

10.1.3 Patterned templates for eletrospinning of scaffolds with various
structures

While surface chemistry of biopolymers is critical for biogatibility, the biopolymer
structure also plays an important role in many applicatiopgcesly for scaffolds used in tissue
engineering. In this thesis, microfabrication and elelctrospinniare combined to control the
structure of microfibrous scaffolds (Chapter 9). PDMS tateg with different patterns were
fabricated by combining photolithography, silicon wet etchingl, BRBMS molding techniques.
Electrospinning of PLLA microfibers on PDMS templates withfed#nt geometries produced
microfibrous scaffolds with different topographic patterns.rétb structures with different
characteristics, including fiber alignment, increased porostyd microwells of varying
dimensions were obtained by varying the pattern geomettheofPDMS templates and the
electrospinning parameters. The effects of microfibemgement and porosity of the patterned
scaffolds on cell morphology, migration, and infiltration watgo examined in light ah vitro
and in vivo experiments. The obtained results revealed a dependdncell morphology,
migration, and infiltration on scaffold pattern. This method olestrates a powerful approach to
engineering the microstructure of electrospun scaffoldsvatdrials, and has direct implications
in the fabrication of scaffold materials for tissue engineering

10.2 Futuredirections

As a widely applied method for surface modification, plasreatment of biopolymer
surfaces with different plasma gases has been studiedsiexign especially for bulk
biopolymers. Current research aims at developing diffgrlsima processes for new forms of
biomaterials, including micro/nanofibrous scaffolds and varjpoious biomaterials, for both
cell growth enhancement and surface functionalization. Duthdo3D structure and small
features of the treated material, plasma-induced surfackfication may differ significantly
from bulk material, leading to new challenges for charadtgyithe plasma treatment. Moreover,
because fibrous/porous scaffolds have high surfacetareolume ratio, the effectiveness of
plasma modification can be strongly enhanced comparedulto rbaterials, for which the
modification is confined to the outermost surface layer. dfbee, the plasma treatment effect on
cell behavior may also be very different, which is still ofefurther study. Regarding the PLLA
microfibrous scaffolds investigated in this thesis, it was shivahAr plasma can enhance cell
growth more than Nklplasma. The reason for this is still unclear. Plasma treatwes also
found to enhancen vivo cell infiltration into the scaffold. However, whether differgisma
treatments induce incorporation of exactly the same typellsfrequires further research.

While control of the surface chemical properties of biopohgrie critical, creating
fibrous scaffolds with controlled structure is also equally irtgt in tissue engineering. With
the micropatterned PDMS template studied in this thesis as anpkxamanipulating the
collector is an effective means of controlling fiber organizasind scaffold porosity. Therefore,
further studies are needed to develop new templates withnsattercontrolling the structure of
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electrospun fibrous scaffolds. For PDMS templates speltyfideecause Si wet etching and
PDMS molding are both very versatile methods for fabricasingctures, the effects of the
geometry and dimensions of the surface pattern on filpgrsiten and organization can also be
further studied through careful design of the microstructure.

Currently most studies focus on the effect of either sertawemistry modification or
structural modification. Since both surface chemistry modifinatemd scaffold structure
modification can be conducive for specific functionality (eagll in-growth), eventually the
optimized plasma treatment of biopolymers and optimized d$daStructures should be
combined to maximize the impact on cell incorporation, ingroani, tissue formation.

As shown in this thesis, plasma treatment can be verylusefsurface chemical
patterning for controlled protein adsorption and cell growthphppg plasma treatment
combined with microfabrication methods (e.g., selective chafigen hydrophobic to
hydrophilic surface areas achieved by plasma treatmenugihrthe windows of a PDMS
membrane mask) allows for selective surface propertyifioaiibn. Using Pluronic as an
example, many molecules demonstrate different behaviors vaibsorbed onto different
substrates. Therefore, it is desirable to introduce new plasunface treatments and new
molecules of interest to create surface patterns with diffggesyierties for bioengineering
applications. For example, PLL-g-PEG is a molecule with hifjhity for hydrophilic surfaces
which can also be used as a nonfouling material. With thne saethod of plasma treatment
through a PDMS mask, it is possible to explore a new meathadrface patterning for single-
cell culture with PLL-g-PEG as a background nonfouling layéerefore, new studies must
focus on geometry effects on single cells or organizatfacts on cell clusters.
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