ABSTRACT

TAMBE, NISARG MAHESH. Surface Modification Techniques for Polymeric Biomaterials
for use as Tissue Engineering Scaffolds. (Under the direction of Dr. Martin. W. King and Dr.
Ahmed EI-Shafei)

In the case of biomaterials used as tissue engineering scaffolds, it is the surface that plays an
important role. On exposure to a biological environment, the extra cellular matrix (ECM)
proteins are non-specifically adsorbed onto the surface and the cells interact indirectly with
the surface through the adsorbed proteins. The cell-membrane receptors interact with
intermediary layers of adsorbed proteins. However, most of the polymeric biomaterials lack
the compatibility for cells as well as having poor cellular adhesion due to their hydrophobic

nature. So, it is important for the cells to have biomolecular recognition of the synthetic

polymeric surface in order to eliminate these disadvantages.

The main objective of this study was to harness surface bioactivation technologies to
fabricate porous tissue engineering scaffolds that would be biocompatible and support the
adhesion and proliferation of the cells. Nonwoven polylactic acid (PLA) webs from Ahlstrom
Nonwovens LLC were used as the substrate. PLA web was grafted with maleic acid in order
to functionalize the surface with carboxylic groups which react readily with most other
functional groups. The grafting was done by thermal initiation and plasma initiation methods
of polymerization. The grafting resulted in a strong 1705 cm™ peak confirming the grafting
of carboxylic acid groups without changing the bulk properties of PLA. The plasma initiated
grafting led to a contact angle of 28.2° while the thermal initiated grafting led to a contact
angle of 93.2° proving that plasma initiation is a better way of grafting maleic acid onto PLA

surface.



The immobilization of collagen on the functionalized PLA surface via genipin as a spacer
molecule resulted in better cell proliferation of human dermal fibroblast cells. The bioactive
coating was uniform in nature and had excellent coverage over the fibers. This supported the
hypothesis that the attachment of a bioactive coating on the surface improved cell viability of
the scaffold. This is the first report that genipin was used as a spacer molecule between
carboxylic group of maleic acid and amine group of collagen molecule. It is believed that
genipin helps reduce the steric problems between functional groups and large protein
molecules and enables immobilized peptide to move more freely in the biological

environment.
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CHAPTER 1-INTRODUCTION
Organ injury and organ failure constitute one of the major problems faced by patients around
the world. The viable options which are currently available to these patients are organ
transplantation and biotextile implants. Transplantation involves removing a living organ
from a donor’s site and implanting it into the patient’s body used as a replacement for the
injured or diseased organ. The various organs which can be transplanted with a limited
amount of success are the heart, kidney, lungs, liver, etc. The alternative approach is to
implant a permanent biotextile device, such as a heart valve, hernia repair mesh and
endovascular prosthesis. These implants invariably have a limited functional life span, which

leads to device failures, reoperations and the implantation of replacement devices.

However, transplantation is a clinically difficult and complex process with major
immunological challenges. There is always a danger of transplant rejection by the human
body where the body develops an immune response to the “foreign” transplant and causes
transplant failure. In many cases due to the advancements in drugs and medicinal chemistry
the problem can be minimized. However, the problem of dependence on the organ donor is
still prevalent. There is a huge paucity of donor organs required for transplantation leading to
long waiting lists and some malpractices. The World Health Organization (WHO) in its
report entitled “WHO guiding principles on human, cell, tissue and organ transplantation”
dated May 2010 has raised concerns over commercial trafficking in human organs,
particularly donors unrelated to the recipients. Such malpractices are risking human life and

abide by any laws forcing illegal trades™ 2.



In the USA, there are currently millions of people waiting for organ transplantation with the
annual healthcare costs for the treatment of these patients exceeding $500 billion* *. Such
high costs and large numbers on the waiting lists have drawn the attention of scientists
throughout the world for an alternative therapeutic approach. Thus, there is a need to cater to
this severe shortage of viable organs for transplantation. This need is now driving growing
interest in the fields of regenerative medicine and tissue engineering for developing viable
clinical treatments for the replacement of diseased and injured tissues and organs. Tissue
engineering (TE) can play a pivotal part in providing an alternative to transplantation. The
development of an innovative, resorbable porous three dimensional (3-D) TE scaffold for use
in organ regeneration looks to be a promising option. Consequently, there is considerable
interest in studies investigating regenerative medicine. However, there are substantial
challenges to be faced by this approach of engineering viable organs. The scaffold should be
biocompatible and should possess sufficient strength and modulus to be able to withstand the
mechanical forces in the bioreactor and in vivo. It should also have sufficient mechanical
integrity and promote cell-cell and cell-matrix interactions. In natural tissues, an important
component is the extracellular matrix (ECM) which surrounds the cells and is essential to
replicate the cell’s native environment®. Since textile structures are porous and have the
versatility to be engineered into a wide variety of specific 3D structural geometries, textile or
fibrous structures are ideal candidates for use as thick and multiple layered scaffolds for
regenerative medicine. For creating living tissues, various surface bioactivation technologies

can be used which support the development of the ECM.



The design of a textile scaffold material for the fabrication of engineered tissues first requires
the selection of an appropriate fiber forming polymer. The polymer should be resorbable,
possess suitable mechanical properties when spun into fibers and its degradation products
should be nontoxic. The hydrolyzable and biocompatible polymers and copolymers of
glycolic acid, lactic acid and e-caprolactone have been extensively used over the past few
years in the medical applications such as surgical sutures®. Polylactic acid (PLA) is a well
known polymer which because of its slow rate of resorption has great potential for use as

scaffold material.

1.1. Goals and Objectives

The goal of this study is to harness surface bioactivation technologies to fabricate porous
tissue engineering scaffolds that will be biocompatible and support the adhesion and
proliferation of the cells for use in a wide range of TE and regenerative medicine
applications. The study will also determine the effect of applying different bioactive coatings
to the scaffold surface. The hypothesis behind the study is that incorporation of bioactive
coatings on the scaffold surface will mimic the cell’s native in vivo environment which will
be essential for the formation of natural tissues and an immunologically acceptable construct.
This can be achieved by two steps. Firstly, by chemically surface modifying or activating the
polymer surface and secondly by the application of a bioactive coating on the functionalized

surface.



The specific objectives of the study are summarized in the following statements which

includes comprehensive list of steps essential for the promotion of cell growth and

proliferation through the thickness of the porous textile structure.

1)

2)

b)

3)
4)
a)
5)

6)

To compare two polymer surface modification techniques, particularly compare
plasma initiated polymerization vs. thermal initiated polymerization to functionalize
the PLA surface to produce carboxylic groups

To determine and study the material and process variables for those techniques

For plasma initiated, determine optimum material variables(such as monomer
concentration, gas composition, exposure time) and process variables (such as effect
of post-plasma treatment)

For thermal initiated, determine optimum material variables(such as monomer
concentration, initiator concentration, effect of homopolymerization) and process
variables (such as curing time and temperature)

To identify a spacer molecule to attach any bioactive coating to the surface

To attach bioactive coatings onto the surface successfully

To study the uniformity of these bioactive coatings

To evaluate the relative cell viability of these coatings

To evaluate the mechanical properties and morphology of the scaffold

It is anticipated that by achieving these specific objectives, the ultimate goal of mimicking a

native cell environment in the TE scaffold which will be able to serve as a realistic and viable

alternative to organ transplantation will be realized.



1.2 Limitations

The use of radio frequency (RF) plasma during the initial stages of the project did not prove
to be a good choice. The system was often not running and offered very limited working time
while in running condition. The vaporizer for attachment of monomer was contaminated with
fluoro compounds which negated the purpose of grafting and led to improper surface
functionalization. Also, due to lack of time and skilled personnel, the cell proliferation and
viability experiments could not be continued. This influenced the results of the MTT assay
which required a substantial number and amount of specimens to minimize the variation

between repetitive measurements.



CHAPTER 2 - REVIEW OF LITERATURE

2.1 TISSUE ENGINEERING

2.1.1. Definition

The field of tissue engineering has been defined only since the mid-80’s with emphasis to
provide a firm scientific basis for therapeutic applications’. Langer and Vacanti have defined
tissue engineering as “an interdisciplinary field of research that applies the principles of
engineering and life sciences towards the development of biological substitutes that restore,
maintain or enhance tissue and organs™°. The field has emerged from the fact that
transplantation though being successful has severe constraints. There is a widespread need of
transplantable tissue and many patients have to face death while waiting for donor organs.
There are complications with transplantation such as a negative immune response which may
result in chronic rejection and loss of organ function over time. Thus, tissue engineering has
the potential for providing a permanent solution to the problem of organ failure which gives
it significant advantages over other prevailing therapies like drugs®. It is expected that this
field will have a very broad impact in the future as engineered tissues will reduce the demand

for donor organs and will slowly eliminate the need for organ transplant operations.

Tissue engineering is a new hybridized method developed by combining cells, environmental
growth factors and biomaterial scaffolds to regenerate viable functional tissue for the
replacement or repair of injured or damaged organs®. It involves using the knowledge gained
in the fields of embryology, cell biology, biochemistry, molecular biology for application in

the engineering of new tissues. Also, the advances in bioengineering and material science are



used for the application of engineering principles to the living systems. Vacanti J and Vacanti
C stated that “we are in the midst of a biological renaissance and the interactions of the
various scientific disciplines can elucidate not only the potential direction of each field of

"’ In essence, each field needs to evolve and

study, but also the right questions to address
also continue to grow it’s interactions with other fields so as to address current prevalent

problem.

In one of his papers, Griffith lists the strategies for treating tissues by tissue engineering
principles'’. There are three strategies for the treatment of diseased or injured tissue (Figure
2.1):
1. Implantation of freshly cultured or isolated cells as cellular replacements
2. Implanting biomaterials to serve as the extra cellular matrix and be capable of in situ
tissue regeneration

3. Use a combination of cells and biomaterials



o ©® o
Cells m

~ | 7

Cytokines, Growth factors, Genetic manipulation,
Mechanical forces, physiochemical factors, Spatial and
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surface molecules

Environmental Raw materials
factors

Engineered
tissues

Tissue Substitute

Figure 2.1: Principle therapeutic strategies for treating tissues in patients®

Cellular implantation involves implanting the patient or donor cells into the damaged tissue.
They can also be grown on a resorbable scaffold in vitro and implanted into the patient’s
body. In situ tissue regeneration involves implanting a biomaterial in a patient which as an
extracellular matrix (ECM) stimulates the body cells to proliferate and to repair the tissue.
The combined use of both cells and biomaterials involves growing the tissue on the scaffold
in a bioreactor outside the body and implanting the scaffold when it is developed, viable and

functional.

However, the modern approaches have evolved around the usage of both cells and

biomaterials as well as the use of growth factors. The strategies to use of only cells or only



scaffolds do not appear to have the same potential as the combined approach*? and tissue
engineering is now defined by the triad components which consist of the following: (Figure
2.2)
1. Cells - They are harvested and isolated from donor tissue
2. Scaffold - Biomaterials serve as the ECM substrates for the cells to attach, grow,
proliferate and differentiate as necessary prior to being implanted at the desired site in
the patient’s body
3. Growth factors — These signaling Biomolecules program the function of the cells and

promote cell adhesion, differentiation, proliferation and migration as required

Cells
(e.g chondrocytes,
osteoblasts, stem cells)

(e.g collagen, Molecules

gelatin, PGA, PLA (e-f%-c?cr:?;rth
PLGA) mor hogéns,

adhesins)

Time Appropriate
Environment

Regeneration of
tissues/organs

Figure 2.2 — The tissue engineering triad™?



2.1.2 Regenerative medicine

Within the past decade, many people have worked towards tissue repair or replacement and
demonstrated that the fundamental principles of tissue generation can be successfully applied
to the actual human therapy. Stem cells and particularly embryonic stem cells have been
successfully demonstrated to be applicable for human therapy. In an embryo, the
mesenchymal stem cell is a pluripotent progenitor cell and can differentiate and eventually
form a wide variety of different tissues. They also have the ability to migrate through the
arterial system and between tissue layers which is the key element for wound repair in
humans'®. These mesenchymal stem cells are capable of differentiating through various

transitions into different types of phenotypes as shown in Figure 2.3.

ERTILAEE|
gndre oyie
/ [TENDON
Mesenchymal

tem I~ [MARROW STROMA
1
|

C ells 1)\_*: -
x

| CONNECTIVE TISSUE |

Figure 2.3: Mesenchymal stem cells phenotype

Thus by combining the elements of tissue engineering with the science of embryology and

cell biology, a new term “Regenerative medicine” was coined. It encompasses the broad

10



range of scientific and clinical disciplines which are working towards the common goal of
the repair and replacement of cells, tissues and organs for human therapy™. It involves
identifying and replicating the actions of cells, scaffolds or extra cellular matrix and growth
factors to stimulate the body’s repair mechanism and then implanting tissues or organs for
implantation in the body. Figure 2.4 shows Apligraf® from Organogenesis which was one of
the first regenerative medicine products to be approved in USA for clinical trials. It was an
allogenic bilayered skin substitute for the treatment of venous stasis and diabetic ulcers. The
Vitrix® cellular dermal replacement is comprised of living human dermal cells and the

dermal structural protein collagen which can be folded upon itself and inserted into deep

A)\Q. J

Figure 2.4: Apligraf® (left) and Vitrix® (right) by Organogenesis™

wounds.

It also involves the exploitation of advances in nanotechnology and material science.
William Hastine, CEO of Human Genome Sciences has stated that ““Living things are
engineered to subatomic physical tolerances, and nanotechnology will soon provide that

capability for many artificial materials. We should then be able to engineer new components

11



for cells, organs, and tissues that will integrate seamlessly with our natural ones™*. Table 2.1
provides a concise overview of the key parameters for the new global enterprise associated

with the therapeutics of regenerative medicine in 2007,

Table 2.1: Key industry parameters: TE, regenerative medicine and stem cell therapeutics

Worldwide estimates for 2007 ( million US$)

Total private sector activity $2400
Total commercial sales $1500
Total development-stage spending $860
Number of personnel (FTEs) 6100
Number of firms or business units 171

Number of firms or business units

in commercial stage 47
Number of firms or business units

with products in clinical trials 57
Percent of companies that are U.S. based 55%
Cumulative patients treated with regenerative

medicine products* 1,200,000
Capital value of 50 listed firms $4700

* - excludes cord cell banks
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Thus, the concepts in tissue engineering and regenerative medicine increasingly clinically
relevant and both large firms and small new enterprises are committing increasing amounts
of research funding to develop new products'’. This field has seen a major growth in
economic value as shown in Figure 2.5 with the FierceBiotech daily expecting an explosive

growth to US $ 20 billion in the next 15 years.
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YE 1995 YE 1998 YE 2000 YE 2002 YE 2007

Figure 2.5: Growth of economic value of regenerative medicine’® (light gray: spending by

company in clinical stages; dark gray: sale by firms in commercial stage)

The commercialization of these concepts has been a major focus of many engineering and
clinical researchers so as to translate the bench-top research to patients as quickly as possible.
Table 2.2 provides a list of tissues which are either already approved for human use or are
currently in clinical trials and so will soon be available on the commercial market as reported

by Lysaght et al'®.
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Table 2.2: Structures in human use or clinical trials created using tissue engineering

principles**

Human application of tissue engineering — February 2009

e Skin
e Cartilage
e Bone

e Blood vessel
e Cornea
e Urinary structures

e Bronchi

These achievements point towards an optimistic future for helping many patients with injured
or diseased tissues and/or who are waiting for organ transplantation. The addition of stem
cell technologies into the equation has brought about more options and generates possibilities
to solving the problem of finding viable tissues and organs for these. The field has become
far more diversified in recent years and is also a commercial stage enterprise with more than
60% of economic activity'® *. While it is fair to say that the concepts have been
overpromised and underdelivered, there is still considerable potential for this technology to

achieve practical clinical solutions for future patients®.
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2.2 TISSUE ENGINEERING SCAFFOLDS

The outcome for any tissue engineered construct used in regenerative medicine is dictated by
the state of the extra cellular matrix that supports the cell culture, which in turn is controlled
by the various properties of the scaffold. Indeed the phenotype expressed by the cells
depends upon their microenvironment, which includes the biomechanical and biochemical
components of the scaffold, as well as the cell’s extracellular matrix (ECM) %. The scaffold
provides the three dimensional environment which brings the cells into close proximity and
permits them to develop into a thick tissue construct®. So, the principle for the design of the
tissue engineering scaffold is to mimic the structure and biological function of the ECM as
closely as possible. The ECM, apart from providing the physical support for cells, provides a
substrate for cell adhesion, attachment and migration and allows for the retention of
differentiated cell functions®. It can also help in regulating cellular proliferation and function
by the presence of various growth factors . A way to ensure the right three dimensional
structure and appropriate matrix in the traditional tissue engineering approach is by seeding

cells onto and into the scaffold®®.

2.2.1 Scaffold requirements

There are several design criteria which should be met for the production of tissue engineering
scaffolds® 24 2°,

1. Biodegradable (or bioresorbable) with controlled rates of loss of strength and mass so

as to complement tissue regeneration rates.
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2. Suitable surface chemistry for effective cell adhesion, attachment, differentiation,
growth and proliferation.

3. Possess adequate mechanical properties so as to ensure the integrity of the construct,
to match intended site of application and to be easy to handle, manipulate and secure
at the implantation site

4. Three dimensional and highly porous with a network of open, interconnected pores
for cell-polymer interaction and tissue integration.

5. Good cytocompatibility (or biocompatibility) so as to not induce any adverse
inflammatory or immunological response

6. Ease of processing into various shapes and sizes

7. Ease of sterilization

2.2.1.1 Biodegradability and Biocompatibility

These two requirements are among seven criteria listed above responsible for the successful
design of tissue engineering scaffolds. The way which these requirements are met will vary
depending upon the type of material chosen for the scaffold as well as the particular tissue
engineering application?. The material as well as its degradation products should not
provoke inflammation, not cause any cytotoxicity when implanted in vivo. The material
should resorb in a predictable manner because it may lead to chronic inflammation if it
remains in the body over long term?. The rate of degradation of the scaffold should be

adjustable so as to complement the rate of regeneration of the tissue. Biodegradable polymers
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have the potential for fulfilling the above requirements which has lead to their extensive use

for this purpose.

There are two types of biodegradable polymers: natural polymers, synthetic polymers®.
Natural polymers such as chitin, chitosan, lignin, elastin, and collagen have been used
previously and have limited applications when used alone due to poor mechanical
performance as well as large batch to batch variation when isolated from biological tissue?’.
As a result many tissue engineering scaffolds used today are based on synthetic polymer such
as poly hydroxy esters, polyanhydrides, polyorthoesters and polyphosphazenes. These
polymers have a number of advantages over natural materials, such as their ability to tailor
make their mechanical properties and to be engineered to match the degradation rates with
that of regenerated tissue. They can be fabricated into various shapes and their surfaces can
be imparted tailored to give the desired chemical functionality so as to help or induce tissue
attachment and in-growth. The degradation of synthetic polymers is usually via a chemical
hydrolysis mechanism. This means that they are usually resistant to enzymatic activity which

is advantageous in avoiding changes in degradation rates from patient to patient®.

The biodegradability of a polymer depends upon the intrinsic properties of that polymer. The
intrinsic properties include its chemical structure, molecular weight, glass transition
temperature (if any), degree of crystallinity, chain orientation, the nature of hydrolytically
unstable bonds and also level of its hydrophilicity/hydrophobicity. There are other

parameters which can affect the degradation kinetics such as the environmental conditions,
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the amount of stress and strain, the type and concentration of additives and the distribution of

chemical reactive groups within the matrix®® .

The most often utilized synthetic polymers are poly a-hydroxy esters such as polylactic acid
(PLA), polyglycolic acid (PGA), polycaprolactone (PCL) and their copolymers®. These
polymers undergo hydrolytic degradation through esterification. On degradation, the
components of the monomer are water soluble and so are removed by natural pathways as
part of the human body’s regulatory mechanisms. For example, the degradation product of

PLA is lactic acid which is cleared through the tricarboxylic acid cycle®.

The biocompatibility of the scaffold is related to the inflammatory reaction and the immune
response on implantation. Whenever a patient undergoes a surgical procedure there will
inevitably be some tissue damage that leads to an inflammatory response and a subsequent
natural healing process. With the implantation of a resorbable scaffold, neither the scaffold
nor its degradation products should contribute to more severe, acute or prolonged
inflammatory response. This will depend upon the polymer synthesis, the method of
fabrication and surface modification, cleaning and sterilization techniques. For example, it is
important not to use any additives or solvents which have toxic residuals to ensure that the

scaffolds are biocompatibe™®.
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2.2.1.2 Surface properties

The surface properties of the scaffold including its chemical nature as well as the topography
have certain specific requirements as it is in direct contact with the cells and the tissue. The
chemical properties of the material surface are responsible for the adsorption of proteins and
other biological molecules which regulate the cells surface activities such as cell adhesion,
migration and material-protein interactions**. The surface morphology affects the structural

biocompatibility and the architecture and topography affect the cell activities.

The surface chemistry depends upon the type of material used as a tissue engineering
scaffold. The outermost functional groups are responsible for the binding of cells to the
material. When the material comes into contact with body fluids or the cell culture medium,
the initial response is the adsorption of proteins on the surface. The material then interacts
with the cells through this adsorbed protein layer®. Any changes in the surface chemistry can
affect the cell behavior. For example, fluorapatite was incorporated onto the hydroxyapatite
surface which changed the orientation of adsorbed proteins and thus the cell attachment™.
There have been various studies which show that the cells discriminate between different
chemistries. The surface energy also plays an important role as it makes the surface either
hydrophilic or hydrophobic. The surface charge provides the local environment with surface
tension as well as the energy of adhesion®’. The hydrophilic/hydrophobic character of a
surface is one of the initial parameter which affects the protein adsorption. An improved
surface hydrophilicity is important for hydrophobic materials to support cell adherence and

growth. The hydrophilic surface shows better affinity for cells but lower affinity for proteins
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as compared to the hydrophobic surface®. The optimum surface hydrophilicity is a variable
depending upon the cell type and the material used. Also, the non-specific relationship
between hydrophilic nature and cell activity found in vitro cannot be directly applied in vivo

because of complicated simultaneous interactions between body fluids, tissues and cells** *°,

The surface topography or texture can also affect the level of cell activity. There have been
several studies which have shown that the percentage of cell attachment has changed with the
surface roughness. The rugosity of the surface can influence the nature of the host response
as cells are sensitive to specific changes occurring in the surface topography*'. The cell
response for the roughness depends upon the maturation state of the cells and the type of
morphology the cells assume on attachment. In some of the studies, it was found that the
mesenchymal cells form focal attachments on rougher surfaces while the cells spread on

smoother surfaces®’.

2.2.1.3 Mechanical performance

The mechanical performance of a tissue engineering scaffold is important as it will provide
adequate tissue function. The polymeric scaffold should possess similar mechanical
properties to the engineered host tissue at the time of implantation in order to function
structurally*?. Depending upon the tissue application, the mechanical performance desired
will vary. The strength of biodegradable polymers is low compared to that of metals and
ceramics when used for scaffold applications®®. On introduction of pores, the mechanical

strength of these materials decreases further**. However, this mechanical performance is
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sufficient for most of the applications except possibly bone, cartilage and vascular tissue
engineering involving composite material strategies. These exceptions are generally load-
bearing tissues, and hence the scaffold should provide a high initial modulus, good
mechanical strength as well as resistance to deformation so as to withstand applied pressures.
This is more likely to lead to cell in-growth with the required functionality and support the

formation of an elaborate ECM.

The mechanical performance depends upon the type of polymer, its strength and elasticity, its
rate of degradation or resorption, its fabrication method to form the scaffold, its cellular
application and its resorption mechanism. The engineering construct has to withstand in vivo
stresses and physiological loadings such as compression, tensile loading and pulsatile flow*.
Thus, the correct polymer molecular weight, fiber crystallinity and macroscopic scaffold
architecture need to be correct for effective tissue regeneration'*. Polymer selection from a
mechanical performance point of view depends upon one of two strategies. In the first
strategy one of which applies to load bearing scaffolds, the degradation rate of the material
must be selected so as to retain the scaffold’s strength until the tissue engineered implant is
fully remodeled and it can assume its structural role. In the second strategy, the resorption or
degradation rate of the polymer is adjusted so as to complement the cell proliferation and
extra cellular matrix secretion such that the polymer degrades completely leaving optimum

space for new tissue growth®.
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The method of scaffold fabrication also plays an important role in determining the
mechanical performance as well as porosity of the scaffold. Hutmacher DW mentions a
number of different fabrication technologies each with its own pros and cons®. The
conventional techniques, such as solvent casting, leaching, melt molding and gas foaming,
have many limitations which are mentioned by KF Leong et al*®. The modern solid freeform
fabrication techniques have demonstrated better capabilities and improvements in structural

integrity and mechanical properties.

2.2.1.4 Microstructure

A high internal surface area to volume ratio of the scaffold microstructure is essential to
allow for cell attachment, cell proliferation and tissue in-growth. Creating a more porous
structure helps to increase the surface area as well as the mass transfer properties of the
scaffold*’. The mass transfer properties are important for optimal diffusion of nutrients into
the structure and waste products out of the construct. The surface area of porous materials
depends upon the pore diameter and its density*. A highly porous scaffold is desired to
facilitate cell seeding and migration through the construct®. In one of the study, it showed
that a porosity of 90% was an ideal porosity for tissue engineering scaffold. It allowed for
good diffusion and adequate surface area for cell-polymer interactions. However, sometimes
the mechanical properties at this porosity may be insufficient resulting in the mechanical
failure of the scaffold. To avoid this situation, it is necessary to optimize the porosity with
respect to the availability and transport of nutrients, and to match them with biomaterials

possessing adequate mechanical integrity*. As mentioned previously, the scaffold
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fabrication method determines the porosity and pore size distribution. Karande et. al. *°
discuss the various techniques that have been used by different researchers to achieve a range
of levels of porosity. The interconnectivity of the pores also plays an important role to
facilitate nutrient and waste exchange by those cells which are located deep within the

construct?’.

An adequate pore size is also very important to provide for cell penetration, extracellular
matrix production and neovascularization of the internal space of the scaffold*’. The
optimum pore size differs depending upon the application. The macropores (> 50nm
<300um) are required for cell and tissue penetration, and the micropores (<2nm), mesopores
(>2nm <50nm) permit solute diffusion®®. Since the scaffold material is biodegradable, the
pore size will increase over time, which is an important consideration when designing the
structure. Also, the shape and tortuosity of the pores can affect the extent and density of

tissue ingrowth.

The permeability and nutrient transport through a scaffold are important functional
characteristics of a scaffold. Permeability is a measure of the ease with which a fluid flows
through the structure. A high permeability means high diffusion which will facilitate good
inflow of nutrients and elimination of waste products. The permeability depends upon the
fluid-material interaction, total porosity, pore size connectivity and distribution. The nutrient
transport is mainly a function of diffusion which in turn is governed by the porosity and

permeability of the scaffold®.
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2.3 SURFACE MODIFICATION TECHNIQUES

The most important properties required by biomaterials for tissue engineering and
regenerative medicine are biocompatibility and bioactivity. However, most of the synthetic
biodegradable polymers used for this application do not possess either of these particular
properties. They donot have the ability to support the culture of cells or to promote ECM
secretion. Most of the biochemical reactions in biology occur at surfaces making the study of
surfaces of crucial importance®®. The work of Langmuir and Blodgett revolutionized the field
of surface science and further research lead to the origin of “biointerface science” and
“surface engineering”. Thus, considerable efforts have been focused on surface engineering
of polymeric surfaces so as to promote their abilities to support cells, promote proliferation

and maintain the cell’s functionality.

The best way to change the surface chemistry of polymeric surfaces is to impart new
functionality so as to optimize cell-polymer interactions®. There are a range of different
polar groups which can be grafted onto the polymer surface to improve its wettability and
hydrophilicity without changing its bulk properties. Examples of such polar groups include
carboxyl, carbonyl, hydroxyl, carboxylic acid, amine, aldehyde and thiol. These
functionalized polymer surfaces can then react covalently and immobile bioactive
compounds on their surface. The bioactive compound is generally tethered to the
functionalized surface via an intermediary compound such as a spacer molecule as shown in
Figure 2.6. The spacer molecule reduces the steric constraints of the functional groups and

also shields the bioactive compound from the hydrophobic surface which has been found
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sometimes to cause denaturation®*. The chemical structure and functional groups also play an
important role in determining the biocompatibility of the surface, which leads to the reason

why we study the structure-property relationship of biomaterials®.

- Functionalized - Functionalized - Brofunctionalized
Polymer surface Polymer surface Polymer surface

Polymer surface

Figure 2.6: Surface modification and immobilization of bioactive compounds via a spacer

molecule®®

There are various methods which have been used successfully for the introduction of
functional groups onto polymer surfaces. Graft polymerization takes place by various
mechanisms depending upon the monomer used and the functionality imparted. There are
primarily four different types of mechanisms for graft polymerization:

1) lonic mechanism

2) Coupling mechanism

3) Co-ordination mechanism

4) Free radical mechanism
Most of the known methods used for graft polymerization follow one of these mechanisms®2.

In the past the most commonly used methods have been physical methods like flame and

corona treatments and wet chemistry methods. These traditional approaches are now slowly
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being replaced by many modern techniques like the use of non thermal plasma, irradiation
for free radical generation and living free radical polymerization methods, all of which are all
based on the free radical mechanism. Hoffman>* divides the methods for polymer surface
modification into three types namely: physico-chemical methods, mechanical methods and
biological methods. On the other hand, Oehr®® divides them into physical, chemical and
physico-chemical modifications. For surface modification in the medical field, a thin surface
layer with a thickness of about 10-100 nm is required. The layer should have strong
adherence onto the substrate and be readily sterilized. Thus, there is no specific
comprehensive classification for the surface modification of biomaterials, and as such the

different methods belonging to the different classes as outlined above.

2.3.1 Non-thermal Plasma Technology

Plasma is generally known as the distinct fourth state of matter which was first introduced by
Langmuir in 1922. It is a partially ionized gas which consists of highly reactive multi-
component physical and chemical species. It consists of charged particles (like electrons,
positive ions), excited atoms and molecules, radicals, active atoms and UV photons.
However, not all ionized gases are classified as plasmas. A plasma must have a dimension
more than the Debye length, which is the typical length to maintain neutrality over which
significant charge separation can occur™®. The plasma produces a very high concentration of
energetic and chemically active species even at low temperatures such as room temperature.
In order to reach the plasma state, the input of ionizing energy must be applied continuously

through an external energy source such as mechanical, thermal, radiation or electrical energy.
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This continuous energy source can easily be provided by electricity which is also convenient
to handle. Radio Frequency (RF) discharges are amongst the most efficient electrical energy
inputs for the generation of plasma®’. The use of atmospheric pressure for such applications
is fast gaining popularity due to the several advantages it offers. The cost of the equipment is
reduced because no vacuum is required, and thus the material handling is simpler and faster.
The main advantage of atmospheric pressure plasma over other plasma techniques is that it
can provide higher throughput. It can be easily added onto a conventional production line and

become part of a continuous processing line for textiles and other materials™.

With recent advances in this technology, there are multiple processing parameters which can
affect the nature, extent and uniformity of the surface modification treatment. The following
independent parameters of the reactor like the electrode distance, the electrode size, the
monomer flow rate, the discharge power, the exposure time, the type of carrier gas and gas
flow can be varied for atmospheric pressure plasma systems>®. Most atmospheric pressure
plasmas use mainly noble gases like helium or argon to generate a stable discharge. Then a
small fraction of reactive gases is added to create active species in the plasma. The discharge
power affects the electron density of the reactive species which play an important role in the
surface modification process of the material. The electron density increases with an increase
in the discharge power. Also, the position of the material relative to the discharge is an
important parameter. There are two modes of applying the atmospheric pressure plasma
system; one is in-situ and the other is downstream. In the in-situ mode, the substrate is passed

between the electrodes where it is immersed in the volume of discharge and has direct
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interactions either on one or both sides with the various dynamic reactive species generated
from the discharge as shown in Figure 2.7. In the downstream mode, the substrate is passed
at a certain distance from the discharge, resulting in higher chemical selectivity and lower ion
bombardment and hence reduced surface damage. The in-situ mode is preferred as it requires
lower power consumption and less gas flow with the reactive species being formed nearer to

the substrate’s surface®.

grafted  chemicals
Figure 2.7: Schematic of Apjet atmospheric pressure plasma reactor using one sided in-situ

mode

This non-thermal atmospheric pressure plasma technology can be useful for surface
modification of polymeric surfaces by combining it with conventional wet chemistry
techniques. Thus, plasma induced graft polymerization is a useful approach where the plasma
activates the polymer surface and the monomer in liquid or vapor phase is deposited and

sequentially grafted to the active sites via a free radical polymerization mechanism (UV,
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redox or thermal). Alternatively, a post irradiation may be added as an additional step as

shown in Figure 2.8%

OH

Figure 2.8: Pre-activation of substrate with plasma, monomer deposition and post irradiation

for monomer fixation®?

In the vapor phase mode, the monomer is introduced into the plasma in the vapor phase and
is converted into reactive fragments which combine to form oligomer and polymer molecules
in the plasma. This type of polymerization occurs with most monomers regardless of their
structures, as there is no need for unsaturated bonds or cyclic structures to generate the free
radical polymerization species. As a result, the polymers formed have a different chemical
structure as well as physical properties from those synthesized by conventional
polymerization techniques. The polymer structures consist of complex units containing cross-
linked, fragmented and re-arranged monomer units unlike those made by conventional

polymerization techniques where the polymer consists of repeating monomer units. Also, the
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vapor phase grafting tends to result in lower hompolymer formation largely due to the many

surface active sites as compared to solution phase grafting.

There are two commonly used grafting strategies with plasma that influence the structure and
morphology of the grafted polymer. They are referred to as “grafting to” and “grafting from”.
The “grafting to” strategy refers to the binding of the polymer to the surface while the
“grafting from” strategy refers to the initiation of the polymerization at the surface to grow
the polymer. The *“grafting to” strategy has lower grafting density due to the short life of the
free radicals and the likelihood of side reactions. The “grafting from” offers a higher chain
density due to no strong hindrance for the monomer addition reaction in good solvent

conditions.

2.3.2 Free radical graft polymerization techniques

Graft polymerization reactions are characterized by the growth of polymer chains from the
surface of the substrate and are one of the universal, accessible and effective methods of
chemical modification. Free radical reactions were popularized in the late 1930’s when
researchers like Kharasch and Mayo were the first to study the kinetics and publish detailed
mechanisms involving free radicals. The free radical mechanism for grafting consumes
monomer units in the process of forming polymer chains from the surface reactive sites. It
generally takes place in aqueous media with a good yield of the final product®. It can be used
for a wide range of unsaturated monomers having various physico-chemical properties

depending upon their structure and processing conditions®®. The most common monomers
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which undergo spontaneous free radical graft polymerization are ethylene derivatives

(CH,=CHX) and butadiene derivatives (CH,=CX-CH=CH,).

Figure 2.9: Graft polymerization reaction system using a free radical mechanism®

Many early researchers like Hofmann, Staudinger, Chalmers, and HS Taylor focused their
studies on confirming the reaction mechanism of free radicals. However it was not until 1937
that Flory developed a comprehensive model which describes the free radical mechanism as
shown in Figure 2.10. This model also matched the experimental results of Schulz et. al. who
studied the polymerization of styrene. By the 1940’s, this mechanism was widely accepted
for all free radical polymerization reaction systems and during the mid-40’s, many
companies like American Dow Chemical made extensive investigations to produce synthetic
rubbers using butadiene modified styrene monomer by this grafting process. Various other

monomers were also successfully grafted into polymers in solution during this period.
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Iitiation [ — >R +R"
Propagation R + M e - RM~
RM + M~ "> RMM
RM, + M "= RM, '
Termination RM," + R'M,° L RM, R
RM," + R'M, — ~ RM, + R'M,,

Figure 2.10: Flory’s model for a free radical mechanism reaction®

Then in the 1960’s, many researchers started looking into the mechanism for grafting onto
the surface of a substrate via a free radical mechanism based on the Flory model as well as
Mayo’s work. One of the most efficient models was the one proposed by Kotaka in 1976

who studied the kinetics of grafting vinyl monomers onto polydiene®.

1. Decomposition of imtiator [ = 2R’

2. Initiation
Radical attack on monomer R + M f = RM
Radical attack on polymer R + P P +RH
Polymer radical attack F+M fo = PM°

0n monomer

L

3. Propagation RM + M = RMM® LN RM;
PM + M-~ >PMM — > PM,

4. Termination (by combination)
Graft forming PM, + RM, i PM R
Cross-linking PM, +PM,’ L PM . P
R

5

(n4-n1)

Homopolymer formation RM, 4+ RM,’ 2 RM,

Figure 2.11: Kotaka model for graft polymerization®
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Kotaka proposed that decomposition of the initiator only results in the generation of free
radicals and that the termination reaction leads to either graft formation, cross-linking or
homopolymer formation. The live homopolymer chains can chemically bond to the surface

directly via a polymer grafting mechanism, which helps increase the grafting efficiency.

The polymerization reaction is initiated by a reactive species R* produced from an initiator I.
The reactive species can be a free radical, cation or anion which combines with a monomer
molecule by the opening of the n-bond to form a new radical. The radicals can be produced
by a variety of methods, namely by thermal, photochemical, redox, electrolytic, plasma or
sonication techniques. The initiator system should ideally be readily available, stable under
ambient conditions but should decompose and produce radicals at a known and predictable
rate in ambient polymer processing conditions. The thermal, hemolytic dissociation of
initiators is the most widely used mode for initiation®. The compounds having dissociation
energies in the range of 100-170 KJ/mol can be used potentially as thermal initiators. For
example, the compounds containing the O-O, S-S, N-O bonds possess the desired range of
dissociation energies. Commonly used initiators include acyl peroxides, hydroperoxides,
persulfates and various other peroxy compounds. The redox initiation method uses oxidation-
reduction reactions to produce radicals that can also be initiated thermally. Commonly,
peroxides together with a reducing agent or a combination of various inorganic reductants
and oxidants are used for radical polymerization. The initiators used at elevated or lower than
ambient temperatures depend upon the rate of decomposition which is influenced by the

initiator structure, the radical produced and the solvent-monomer system (cage effect). This
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is expressed as the initiator half-life (t12) which is the time required for the concentration of
the initiator to be one half of its original concentration and is an important indicator of the

activity of the initiator®.

The propagation step has two different possible modes of addition of the primary radical
from the initiator to the double bond of the monomer. It can occur by either head or tail
addition. During the propagation step, many monomer species add onto the active centre
successively causing rapid formation of a polymer molecule. The process continues as a
chain reaction until the active centre is lost by termination or is transferred to another
molecule®”’. Many propagation reactions follow a single act of initiation. Each addition
creates a new radical that has the same identity as the previous one but has an additional

monomer unit attached to it.

| I
Re 4+ C=CH, ——= R—C—=Cll,-
] [ .
Y Y Radical 1
X X
I
R: + CH,=C - R—CH,—C-
|
Y Y Radical 2

There are two possible points of attachment on mono- or disubstituted monomers for a
propagating radical. They can occur either on carbon 1 or carbon 2. The Radical 2 is shown
above, is more stable than Radical 1 due to resonance stabilization effects of the substituents.
Hence, the final polymer product will have an arrangement of monomer units in which

substituents are on alternate carbon atoms leading to a head to tail structure. The head to tail

34



addition is the most predominant propagation method in vinyl monomer polymerizations.
The likelihood of head to head placements is less frequent due to steric and resonance

factors.

Termination is the step where the polymer chain stops growing and annihilation of the
radicals occurs by a bimolecular reaction between them. The two most common ways by
which the radicals can react with each other are by coupling and disproportionation as

represented below. In addition, there are also combinations of these two mechanisms.

k;

:\T” 4+ ‘*‘1.,;' —_— "‘I

i

k.,

My + My - M, + M,

The coupling reaction results in the formation of a single polymer molecule, and the
disproportionation reaction results in two polymer molecules, one saturated and the other
unsaturated caused due to the transfer of the hydrogen radical beta from one radical center to

the other®®,

2.3.3 Living free radical graft polymerization techniques

The living radical process differs from the conventional chain radical polymerization
technique described above, as it does not involve any chain breaking reactions, which makes
it more desirable. The lifetime of the propagating radicals is very short for conventional

radical polymerizations due to the occurrence of the bimolecular termination reaction. With
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living polymerization, the bimolecular termination is minimized and the lifetime of the living
polymer is prolonged by the introduction of a dormant species during propagation by one of
two different modes of reaction, namely by reversible termination or by reversible transfer®®,

One of the most commonly used living radical polymerization techniques is atom transfer
radical polymerization, referred to as ATRP, which proceeds with a reversible termination
mode of reaction. An organic halide initiator undergoes a reversible redox process catalyzed

by a transition metal compound such as a cuprous halide. The ATRP mechanism is as

follows:
Kp
kar:t M
Mt™L, + R-X == X-mt™'L, + Re
Kdeact <
Mt"= transition metal Ky
L, = complexing ligand
R- polymer chain A} _
X =BrorCl RR/RH&R"

Figure 2.12: Reaction mechanism of ATRP®

The activation of the initiator which is generally an alkyl halide is an important step in the
reaction. The initiator with the transition metal ligand complex catalyst in the lower oxidation
state forms a dormant species which undergoes an electron transfer reaction with
simultaneous halogen abstraction and expansion of its coordinate sphere. It results in the
formation of the propagating radical R* and the metal complex in the higher oxidation state

with a coordinated halide ligand which has been purposely added as a deactivator. This metal
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complex reduces the steady state concentration of the propagating radical and so minimizes
the termination reaction of the polymers.

A wide variety of monomers can undergo polymerization using this ATRP mechanism which
requires a multi-component system of an initiator, an activator catalyst, a deactivator,
ligands, and solvent. ATRP is a complex reaction system with multiple components which
affect the interactions between the reagents that constitute its equilibrium. It requires both
fast and quantitative initiation, so that the propagating species can begin growing at the same
time, and also it needs rapid reversible deactivation of the propagating radicals. The initiator
reactivity should be matched with the monomer reactivity to achieve a higher concentration
of the dormant species. So, an alkyl halide is generally used as the initiator with the organic
group similar in structure to the propagating radical. The initiation reaction should be fast but
not too rapid as it may result in bimolecular termination. The halide selection is important
and depends on the reactivity of the halide. The fluorides are unreactive. The iodides result in
side reactions and the bromides are more reactive than the chlorides, leading to alkyl
bromides being the preferred initiator. The metal catalyst should possess two oxidation states
that can be achieved by simple electron transfer. It should also have an affinity for halogens,
possess an expandable coordination sphere to accommodate the halogen and should be able
to form a complex with the ligand. Copper has proven to be the most common transition
metal of choice for the catalyst irrespective of the monomer type. The ligand forms a
complex with the cuprous salt and helps to solubilize it in the organic reaction system. For
copper catalysts, multidentate nitrogen ligands are commonly used with bridged and cyclic

ligand structures which favor higher yields. The ATRP reaction is temperature sensitive and
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the polymerization rate varies with a change in temperature. Hence, there is always an

optimum temperature for any specific ATRP reaction system’®.

The use of this ATRP technique for surface modification is fast gaining popularity due to the
progress in understanding this polymerization approach’*"". The surface-initiated ATRP
allows the functionalization of well defined polymer brushes on the surface of different kinds
of substrates. It is able to provide control over the structural characteristics of the grafted
polymer brush, such as the thickness and density of the brush, its molecular weight and
narrow polydispersity as well as its functionality and mechanism of attachment to the
homopolymer’s surface. These advantages have increased the interest in living radical
polymerization techniques because of the control over these properties which is not possible
by using conventional free radical polymerization methods™. The chain growth behavior of
almost all the chains is similar, which leads to a defect-free polymer brush on the surface.
Another unique characteristic of ATRP method is that the polymer chains synthesized by this
method preserve the dormant end groups throughout the polymerization reaction. Thus,
ATRP can be successfully used to covalently tether polymer brushes with predictable and
controlled properties to the surface of polymeric substrate for improved surface

functionalization”.

2.4 IMMOBILIZATION OF BIOACTIVE MOLECULES

In the case of biomaterials used as tissue engineering scaffolds it is the surface that plays an

important role. On exposure to a biological environment, the ECM proteins are non-
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specifically adsorbed onto the surface and the cells interact indirectly with the surface
through the adsorbed proteins. The cell-membrane receptors interact with intermediary layers
of adsorbed proteins. Most synthetic polymeric biomaterials lack the compatibility for cells
as well as having poor cellular adhesion due to their hydrophobic nature. So, it is important
for the cells to have biomolecular recognition of the synthetic polymeric surface in order to
eliminate these disadvantages’®. This can be done by incorporating cell binding peptides onto
the surface of the material via physical or chemical modification. The immobilization of
signaling peptides renders the surface attractive for cell adhesion so that the surface can
potentially mimic the various roles of the ECM proteins. These bioactive molecules induce
certain specific, predictable and controllable cellular responses from the cells adhering to the

surface.

The most useful protein signaling domain commonly used is the Arg-Gly-Asp (RGD)
sequence which is present in most structural proteins such as fibronectin, collagen, and
laminin®*. Among these, collagen is the most important biological macromolecule in
extracellular matrix. It is the most abundant protein, accounting for about 30% of the total
amount of proteins formed in the human body. In addition, it is biodegradable, non-
immunogenic and specific in its interactions with cells like fibroblasts. Collagen is composed
of a family of nearly 20 related proteins which form triple helices through the three
polypeptide chains winding around each other in a rope like structure. These triple stranded
collagen molecules can bind together to form different types of higher level structures’’.

Figure 2.13 shows an example of this structure as found in a Type I collagen fibril.
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Figure 2.13: Schematic diagram of Type I collagen fibril structure’’

A variety of methods exist to crosslink collagen so as to improve the scaffolds
cytocompatibility, biostability and reduce its rate of in vitro enzymatic degradation. The most
common physical crosslinking methods involve microwave energy, UV irradiation and
thermal drying treatments. However, the degree of crosslinking is difficult to predict and can
lead to denaturation of proteins, although there is no exposure to harmful chemicals. On the
other hand, chemical crosslinking is commonly performed using aldehydes, polyepoxy
compounds and carbodiimides, with glutaraldenyde being the most commonly used

crosslinking agent. However, when implanted in the human body, the presence of any
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unreacted crosslinking agent may cause cytotoxicity’®. To avoid this, a naturally occurring

crosslinking agent can be used such as Genipin which is shown in Figure 2.14.

1w CHOH  OH

Figure 2.14: Chemical formula for Genipin

Genipin is obtained from its parent compound geniposide which is obtained from the fruit of
Genipa americana. Genipin can covalently crosslink with proteins that contain residues with
primary amine groups and is about 5000-10000 times less cytotoxic than glutaraldehyde

when used to cross-link protein products™ .

Genipin, being multifunctional in nature, can also be used as a cross linker molecule for the
attachment and immobilization of peptide chains to the surface of a scaffold. It can provide a
particular orientation of the peptide molecule which can enable the immobilized peptide to
move freely and flexibly into various positions for proper protein functioning in the
biological environment. It can also reduce any steric problems that may arise between the
functional groups on the scaffold and the large protein molecules as well as keep the protein
at a distance from the polymer’s hydrophobic surface which could result in denaturation due

to the formation of a particular type of conformation of the peptide molecule®.
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CHAPTER 3 - EXPERIMENTAL
3.1. MATERIALS
A sample of polylactic acid (PLA) nonwoven web was received from Ahlstrom Nonwovens
LLC. The web had a basis weight of 20 gsm and was bonded by needle punching. The resin
used to spin the fibers was a D- and L- mixed isomer (D< 2%) obtained from NatureWorks
LLC. The thermal properties of the nonwoven web were provided by the supplier as follows:

Table 3.1: Thermal properties of the PLA as provided by the supplier

Property Temperature (°C)
Glass transition temperature 64
Melting point 164

Figure 3.1: PLA nonwoven web (left) and fiber (right) on arrival
The nonwoven sample that arrived was thoroughly cleaned by scouring to remove dirt and
other impurities prior to subsequent wet processing. The scouring of PLA nonwoven web

was performed in a Burlington Engineering paddle washer with 1gpl Soda ash and 1gpl non-
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ionic surfactant (triton X-100) at 60 °C for 30 minutes followed by rinsing with deionized
water®'. After scouring, the samples were stored in sealed paper envelopes and were dried in

a vacuumed desiccator for 3 days prior to any further treatment.

3.2. METHODS

3.2.1. Surface functionalization

Because the PLA polymer does not possess any reactive groups in its structure to facilitate
the attachment of collagen or other protein to its surface, it is important to impart
functionality to the surfaces of these fibers. This can be done by grafting species onto the
surface which contain reactive sites such as amine, carboxylic acid or anhydride groups.

The surface functionalization was carried out using maleic acid as the monomer on the PLA
substrate. The monomer was grafted onto the surfaces by two different methods — thermal
initiated polymerization, plasma initiated polymerization. The two methods were primarily
compared using FTIR and Contact angle techniques along with XPS and SEM to supplement
the observations. The aim was to maximize grafting by playing with the variables in the
grafting process for both methods in order to impart maximum functionality to the PLA

surface.

3.2.1.1 Plasma Polymerization
An audio frequency plasma was used to undertake a series of experiments to activate or
functionalize the surface of the PLA nonwoven web. The atmospheric pressure audio

frequency glow discharge system used was designed and developed at North Carolina State
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University. The capacitively-coupled dielectric-barrier-discharge (DBD) consists of two
parallel copper electrodes, each embedded within a Lexan polycarbonate insulator. A
uniform and stable plasma was achieved at a low audible frequency, of 1.373 kHz during the
experiment. The voltage across the plates was ~6.3 kV s and 7.6 kVax for 100% He plasma
and ~6.6 kVms and 7.85 kVnax for 99% He plus 1% O,. Gas flow rates were set at 20 L/min
for He gas and 0.3 L/min for O, gas. The sample loading area was a fixed stage where the
samples were mounted and kept stationery for the treatment. The independent variables
which could be controlled for this experiment were plasma exposure time and the type and
flow rate of the gases used. The sample was mounted on the stage and the stage was closed
for the appropriate gas to fill the chamber for about 3 mins. Once the chamber was filled with
the gas, the plasma was generated and the sample was treated for the required time. After

closing the plasma power and the gas supply, the sample was removed from the chamber.

The plasma gas type, composition, the monomer concentration used and the plasma exposure
time are used as the operating variables. The atmospheric plasma can only use noble gases
such as helium or argon in order to sustain a stable discharge. It can also add a very small
fraction of admixture of reactive gases without destabilizing the discharge. He gas was used
as it has a lower breakdown voltage which is beneficial as it helps preventing any arc
generation and system overloading. The addition of reactive molecular gases such as oxygen
has been a common practice to create active species in the plasma. The two different sets of

compositions compared in these experiments were pure helium and helium with 1% oxygen.

44



Monomer solutions of maleic acid were prepared beforehand at various concentrations. Some
of the PLA samples were immersed into the monomer solution while the others were kept
under O, atmosphere in the chamber for 5 minutes to react with the atmospheric oxygen and
form peroxides on the surface before being immersed into the monomer solution for grafting.
All the samples were kept in the maleic acid solution overnight and were then air dried.
Some of the dried samples were post irradiated with plasma for the same time and same gas
composition as during the pre-treatment. The plasma treated samples were then sealed and in

paper envelopes for further treatment and analysis.

The independent parameters that were used in this experiment to generate 24 treatment
plasma treated samples for further analysis:
1. Plasma generation gas compositions — pure helium (99.99%) and helium mixed with
small amount of oxygen (99 + 1%)
2. Plasma exposure time — 5 mins, 10 mins, 15 mins

3. Monomer concentration — 0.25 M to 1 M at intervals of 0.25 M

3.2.1.2. Thermal Initiated Graft Polymerization

Maleic acid (Fluka Analytical) was also used as the monomer to be grafted by this second
alternative method. Potassium persulfate (99+% ACS reagent) (Sigma-Aldrich) was the
initiator and ammonium iron (1) sulfate hexahydrate (99% ACS reagent) commonly as
Mohr’s salt (Sigma-Aldrich) was also added to the system as a suppressor of

homopolymerization®.
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In order to determine the optimum material and process for the thermal initiated graft
polymerization, these variables were studied independently and sequentially. Four
experiments were undertaken separately to evaluate the concentrations of four monomer
concentrations, four initiator concentrations, six Mohr’s salt concentrations and four different
time/temperature conditions for curing in a hot air oven. These conditions were selected
following initial trials at 160 and 150 C in which the PLA fibers were observed to be
thermally observed. Immediately after the curator step the fabric was washed in copious
amounts of water to remove any ungrafted monomer or homopolymer still present on the
surface. Then the fabric was dried and stored in a desiccator for 72 hours to reach a constant

weight.

First the PLA fibers non woven web was padded with the chemical finish bath at 2psi pad
pressure with a wet pick-up of 200% at room temperature. The chemical finish bath solution
contained maleic acid, initiator and Mohr’s salt dissolved in distilled water according to
different formulations. The maleic acid concentration was varied from 0.25 M to 1.0 M at
intervals of 0.25 M to study the effect of monomer concentration. Then the initiator
concentration was varied from 0.1M to 0.4 M at intervals of 0.1 M. This experiment was
followed by changing the Mohr’s salt concentration from 0 M to 6 x 10" %) M at intervals of
1* 10" ©® M. These experiments involved pad-dry-cure based protocol. During the padding
process, the fabric was dip-padded twice to ensure effective penetration of the liquor into the

fabric and onto the fiber surface®.
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Finally, the padded fabric was dried and cured at various temperatures and times to find the
optimum conditions. The fabric was dried in an oven to remove the water from the reaction
at 50 °C for 1min. The fabric was immediately cured to obtain grafting using one of the
following four conditions — 100 °C for 40 mins, 120 °C for 10 mins, 130 °C for 5mins and
140 °C for 4 mins. These conditions were selected following initial trials at 100 °C and 100
°C in which the PLA fibers were observed to be thermally damaged. Immediately after the
curing step, the fabric was washed in copious amounts of water to remove any ungrafted
monomer or homopolymer present on the surface. Then the fabric was stored in a desiccator

for 72 hrs to reach a constant weight.

3.2.2. Genipin attachment

Genipin is a naturally occurring cross linker which can also act as a spacer molecule for
protein immobilization and hence can increase the cytocompatibility of the scaffold. Genipin
was obtained from Wako Chemicals (Fisher Scientific). The genipin powder was dissolved in
PBS buffer at pH 7.4. A 1 % (w/v) genipin solution was prepared at room temperature by
stirring at 50 rpm for 12 hrs. The functionalized nonwoven PLA sample was immersed in the
genipin solution for about 6 hrs to affect complexation and cross linking. The solution was
kept in a water shaker bath at room temperature operating at 150 rpm. After the reaction, the
sample was removed from the solution and thoroughly washed with deionized water to
remove excess and unattached genipin from the surface. The sample was then air dried

overnight and conditioned in a desiccator for 3 days before any further treatment.
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3.2.3. Collagen Immobilization

Collagen, being the most abundant protein in the human body, has often been used for
coating or functionalizing synthetic polymeric’’. For this study, Type | Collage derived from
calfskin, (MP Biomedicals LLC) was used to graft to the genipin activated PLA fibers. Its

solution was prepared using acetic acid solution to dissolve it at room temperature.

The 0.32 mg/ml collagen stock solution was prepared by dissolving 32 mg of collagen in
100 ml of 0.5 N glacial acetic acid (HPLC grade)(Fisher Scientific) under ambient conditions
with constant stirring at 50 rpm for 24 hrs. Once the solution was prepared, the genipin
activated samples were added to the collagen solution and stirred for 24 hrs at 50 rpm so as to
ensure effective immobilization. The non woven samples were then air dried and some of the
samples were selected from a second plasma post treatment. These samples were treated with
helium plasma plus 1 % oxygen plasma for 15 minutes in an attempt to further bioactivate
the collagen modulated polymer surface. All the samples were then thoroughly washed and
rinsed with deionized water for 10 mins to remove any unattached collagen from the fiber

surface.

3.3. ANALYSIS

3.3.1. Surface chemistry

3.3.1.1. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy with an attenuated total reflectance (ATR) attachment is the preferred

method for monitoring the Infrared observance characteristics of textiles and fiber surfaces.
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The technique is concerned with the interaction between light and the vibrational motion of
the covalently chemical bonds near the surface. The interaction takes place when the sample
is exposed to infrared light. Almost all molecules can absorb light within narrow absorption
bands within the infrared region making IR spectroscopy a very common simple and
valuable mode of analysis. The functional groups present in the sample absorb infrared
radiation in a particular wavenumber region irrespective of the rest of the molecule. The
transmitted radiation is then measured in the spectrum passing through the sample. The
output intensity as a function of time is then decoded into frequency and intensity through a

mathematical computation called Fourier transformation.

The FTIR equipment used in this experiment was a Thermo Nicolet Nexus 470 FTIR
spectrophotometer with Omni software version 7.2 installed on the computer. A Globar lamp
mounted in an air cooled ceramic base was used as the source of infrared radiation. The
infrared beam entered the Michelson interferometer where it was split into two beams with a
KBr beamsplitter. After travelling through certain different optical path differences the two
beams were recombined so they produced an interference signal called an interferogram
which was reflected multiple times of the surface of the sample under analysis. The sample
was mounted against the crystal in an ATR attachment and placed under a 2mm diameter
probe. A He-Ne laser reference system was also used to provide the reference signal for data
acquisition. A deuterated triglycine sulfate (DTGS) detector was used by the FTIR,

spectrophotometer.
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The sampling technique used with this instrument involved the use of an attenuated total
reflectance (ATR) attachment. The IR radiation passed through an IR transmitting
germanium crystal, with a high refractive index which resulted in multiple internal
reflections along the surface of the fabric sample. This produced an evanescent wave at the
boundary between the crystal and the sample which penetrated up to 10 microns into the

fibrous sample.

The FTIR spectrometric analysis required samples that measured only about 10mm in
diameter. The following parameters were used:

Number of scans: 64

Resolution: 4 cm™

Final format: Absorbance

Range: 4000 — 400 cm™

The germanium crystal was cleaned with methanol and a background scan was collected
without a sample after purging the system with nitrogen to reduce the absorbance from CO,
and water vapor. The sample was mounted against the crystal and the data from 64 spectra
were collected. A baseline function correction was applied to the spectra in account for
curved a baseline followed by a smoothing computer function to reduce the level of noise in
the output. The data were then analyzed to finding the wavenumber at each peak and to
identify chemical group and/or appropriate bond chemistry associated with its absorbance

peaks. For a certain known peaks in the PLA, maleic acid and genipin spectra, semi
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guantitative analysis was undertaken to measure the corrected area under the peaks of
interest. These corrected areas are believed to represent the concentrations of those chemical
groups or species. By calculating the ratios of the corrected peak areas for the different
samples, it has been possible to determine the chemical changes that occurred to the PLA

nonwoven fibers using these surface modification experiments.

3.3.1.2. Contact Angle

One of the most important surface properties of textiles is the surface wettability of the
fabric. Wetting refers to how a liquid once deposited on a solid substrate, proceeds to spread
and interact with the substrate. Knowledge of the contact angle of a liquid on a surface is
important in understanding the wettability of the fabric. It can provide information about the
hydrophilic or hydrophobic nature of the fabric, and it can also be used to determine surface

energy of the fabric.

Contact angle (0) is defined as the angle formed between the liquid-vapor and liquid-solid
interfaces at the solid-liquid-vapor phase contact point. The basic principle is that when a
drop of a liquid is deposited on a planar solid surface, the angle between the tangent of the

drop and the solid surface is measured as the contact angle as shown in the Figure 3.2.
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Figure 3.2: Contact angle measurements

The contact angle measurements are governed by Young’s equation for contact angle. The
Young’s equation assumes that the solid surface is smooth, rigid and homogeneous and rigid
and is inert to the liquid used for analysis. This means that the liquid does not react
chemically, nor is it physically absorbed, by the substrate. The equation was first derived in

1805 by Thomas Young and is given by the following equation:
- ‘,]'IIFJ"iI' + TEI_ + l‘l"r]-_r\- COSB = G

where,

ysv is the solid-vapor interfacial tension

s is the solid-liquid interfacial tension

yLv is the liquid-vapor interfacial tension

0 is the Young’s contact angle

The contact angle measurements were performed on an OCA 20 Model DataPhysics video-

based optical contact angle measuring system with SCA 20 software. The instrument was
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equipped with a CCD video camera with a resolution of 768 x 576 pixels, an electronic
dosing system, an electrically driven sample stage and electronic syringe unit. The static
contact angle was measured using the sessile drop test of 5 pL of distilled water from a 500
ML syringe dropped at the volume rate of 10 pL/min. The treated and untreated PLA fabric
samples were cut a size of 4 x 4 cm square and neatly taped down onto the sample stage. The
syringe was filled with double distilled water and attached to the dosing system. The SCA 20
software was switched on and the stage was adjusted so as the needle and sample were both
clearly visible. The water droplet was then dispensed onto the fabric where it remained for 10
s before measuring the contact angle with the SCA software. This was repeated on five
different locations across the sample so as to obtain an average contact angle value

(Appendix A).

3.3.1.3. Dye Assay

Another convenient means of analyzing the surface chemical structure is through the use of
colorimetric dye assays. Depending upon the functional group to be analyzed, different dyes
can be used. The quantification can be done by analyzing the decrease in absorbance of the
dye solution on a spectrophotometer with respect to a standard curve of known
concentrations. The adsorption/desorption method relies on an electrostatic interaction
between the dye and the functional group present. The PLA fiber does not allow easy
penetration of large dye molecules and also does not combine with dye anions under dyeing
conditions. Hence, grafted PLA fibers would show better dyeability as compared to pure

PLA. Basic dye was selected due to the presence of carboxylic acid functional groups on
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PLA. These dyes are cationic in nature and easily interact with the carboxyl ions present on
the surface to the grafted PLA due to electrostatic interaction. The solution left in the dyebath
after dyeing can be analyzed for its absorption of light in the visible range (400-800 nm) of
the electromagnetic spectrum. When the wavelength of the light matches the energy of a
transition, the light is absorbed and the electron jumps from its ground state to an excited

state which is recorded in the spectrophotometer.
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Figure 3.3: Basic Blue 3
The basic dye used for the entire set of experiments was Basic Blue 3 (Yorkshire Americas
Inc.). A 1L stock solution of the concentration 100 mg/L was prepared in distilled water and
kept under stirring for 24 hrs for effective dye dissolution. The stock was then used for
making other concentrations. A calibration curve was first established using
spectrophotometer for the dye solutions of known concentration measured at 654 nm which
were prepared by accurate pipetting. This calibration curve was developed using the Varian
Cary 3 UV-Vis Spectrophotometer and the Cary Win UV 3.00 software. Once the calibration
curve was formed, basic dyeing was conducted on various maleic acid plasma grafted PLA
samples along with control PLA as well as a no sample control. The dyeing was carried out
at a liquor ratio of 500:1 at 100°C for 30 mins in a dyeing machine at a pH value of 4 which

was made up using glacial acetic acid for dye activation in the bath. The bath was then

cooled to room temperature and samples were washed with 10 ml distilled water to remove
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the unreacted dye from the fabric surface and the washed liquid was added back to the

dyebath. The dyebath solutions were then transferred in flasks for colorimetric measurements

using the above spectrophotometer.

3.3.1.4. X-ray Photoelectron Spectroscopy (XPS)

XPS is widely been recognized as one of the most sensitive surface analysis techniques for

determining elemental analysis. It operates by irradiating the sample to be analyzed with soft

X-rays (~1.5 kV) which penetrate the sample surface to a depth of between upto 0.3 to 3 nm.

The high energy X-rays interact with the atoms in this surface region causing electron

emission by a photoelectric effect as shown in Figure 3.4.
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Figure 3.4: Principle of XPS (Image courtesy of Analytical Instrumentation Facility, NCSU)

The emitted electrons have a specific kinetic energy (KE) which is given by the following

equation:
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KE=hv-BE-¢
where hv is the energy of the photon, BE is the binding energy and ¢ is the spectrometer

work function.

The binding energy is the energy difference between initial and final states after the
photoelectron has left the atom and it can be used to identify and determine the type and
concentration of the elements in the surface layer as each element has a different and unique
set of binding energies. The binding energy of a photoelectron is sensitive to the chemical
environment of the atom producing the chemical shift. In addition to the photoelectric
emission, an Auger emission is also produced during XPS analysis. The Auger emission
occurs because of the relaxation of the excited ions remaining after photoemission. The
electron from outer orbital will fall into an inner orbital vacancy and a second electron is

emitted which carries the excess energy as shown in Figure 3.5.
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Figure 3.5: Photoelectric emission and Auger emission (Image courtesy of Analytical

Instrumentation Facility, NCSU)
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In this study, a PHI Model 5600 MultiTechnique XPS system was used. The major
components of the main system were an X-ray source, an ions gun, an energy Analyzer plus
a detection system. The monochromatic x-ray source was operated at 400 W (15 kV - 27
mA) and located perpendicular to the energy analyzer. The excitation sources used were a
Model 10-550 x-ray source with a Model 10-410 monochromator and a Model 04-548 dual-
anode source with a magnesium anode. The Mg coated anode was bombarded with high
energy electrons emitted from the filament to produce x-rays as shown in Figure 3.1. These
x-rays then bombarded on the PLA nonwoven samples which were mounted on special stubs
at an incident angle of 70%. These samples were kept overnight under vacuum after
conditioning in a vacuum chamber with nitrogen. This was to make sure that no air, oxygen
or moisture vapor was remaining absorbed to the fibers surface at the time of XPS analysis.
The Model 10-360 energy analyzer combined with the input from the Omni Focus Il lens
performed the functions of energy control distribution, maintenance and energy resolution as
well as analysis with the help of the detection system. The instrument was calibrated and the
samples were scanned for about an hour so as to generate overall scans for determining the
elemental analysis, particularly the C, O and N content, followed by deconvoluted scans of
the C1s and N1s peaks so as to explain the relative frequencies of chemical bonds found on

the surfaces of the different PLA treated and untreated samples.

3.3.1.5. Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS)

TOF-SIMS has become another important surface sensitive analytical technique and has been

commonly used as a complimentary technique to electron spectroscopic methods. It can be
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useful for the acquisition of elemental and molecular information with high spatial and mass
resolution from the surface layer (that is in the top 10 to 20 A) of a material. With the use of
liquid metal sources, images can also be obtained at spatial resolutions down to 0.1 micron

which is good enough for cellular resolution in biological materials.

The principle of this technique is that a finely focused, pulsed primary ion beam is
bombarded across the surface of the sample and the secondary ions emitted at each irradiated
point or pixel are passed into a time of flight mass spectrometer where this mass is identified
filtered, and counted. The mass of the positive and negative second ion fragments is
monitored in terms of their mass-charge ratio. The resulting spectrum is a function of signal
intensity versus the mass to charge ratio (m/z) measured in units (u), which can be used to
gauge the relative intensities of different emitted chemical species. The emission signal can
also be presented as a two-dimensional chemical map to show the distribution of certain ions

which reflects the variation or homogeneity of the surface modification treatment.

The analysis was conducted using a TOF-SIMS V instruments (ION TOF, Inc. Chestnut
Ridge, NY) instrument equipped with a Bi,™ (n =1 -5, m = 1, 2) liquid metal ion gun. The
instrument vacuum system consisted of a load lock for sample loading and an analysis
chamber, separated by a gate valve. The analysis chamber pressure was maintained below
5.0 x 10 mbar to avoid contamination of the surfaces to be analyzed. For the high mass
resolution, spectra acquired in this study, a 128 by 128 pixel spectrum of a 100 um by 100

um area was acquired using a Bi* primary ion beam. For the mass spectral images, a 256 by
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256 pixel image of a 200 um by 200 um area was acquired using a Bis" primary ion beam.
An electron gun was used to prevent charge buildup on the insulting sample surfaces. The
total accumulated primary ion dose for a spectrum or an image acquisition was less than 1 x

102 ions/cm?.

A static SIMS condition was used for all the experiments in this study. This condition
confirmed that less than 1% of the sample surface was impacted by the primary ion beam
during a given analysis ensuring that the ejected secondary ions originated from an
undamaged portion of the surface. The secondary ions were then extracted into a TOF mass
spectrometer with post acceleration to improve their detection sensitivity. The combination
of primary ion pulse width used and the TOF analyzer tuning was used to provide a mass
resolution of approximately 5000m/Dm at 29AMU. The positive secondary ion mass spectra
obtained were calibrated using H*, C*, CH", CH,", C;Hs" and C3H;". The negative secondary
ion mass spectra obtained were calibrated using C, O, OH", C,". In this study there were
three different methods of recording and reporting the TOF-SIMS data. First the signal
intensity for different mass per charge ratios (u) were evaluated and plotted for each sample.
Second, the ratio of collagen/PLA characteristic in peaks was calculated and compared.
Third, two dimensional mapping of TOF-SIMS signal provided an image of the relative

distribution and homogeneity of the different surface modification treatment.
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3.3.2. Mechanical properties

3.3.2.1. Probe Bursting Strength

The use of bursting strength test is preferred method for testing the properties of the non
woven webs due to its simplicity, speed and ease of operation. It also provides the strength
and value that is independent of the directionality of the fabric, which is not the case with
other methods like tensile strength. A rigid probe produces a rupture in the material when it
is applied at a controlled rate, at right angles to the plane of the flat nonwoven specimen.
This is test is included in the study as it was important to know whether the chemical
modification processes have a deleterious effect on the mechanical properties of the PLA

scaffold material.

The probe bursting strength of the specimens was determined using the standard ISO Test
Method for Cardiovascular Implants, 1SO 7198:1998 which was modified from the standard
ASTM D3787 Ball Burst Test Method. The PLA non woven specimens measuring of size 4 x
4 cm were mounted and clamped in the specimen platform inside the compression cage
shown in Figure 3.6. The compression cage, consisting of a specimen platform and a 9.5 mm
diameter probe with a hemispherical Road, was then mounted on an Instron Model 5544
universal mechanical tester. A 2 kN capacity load cell was used with a cross- Lead speed of
305 mm/min. The test was started with lead of the probe just touching the surface of the
specimen. The measurements of maximum force were recorded and reported at the bursting

strength of the nonwoven samples. The test was performed in triplicate on the five different
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treated and untreated samples and the average values and standard deviations were calculated

using the Blue Hill Version 2.9 software.

Figure 3.6: Compression cage used for probe bursting strength with inset showing close-up

of clamped fabric on the specimen platform

3.3.3. Surface topography

3.3.3.1. SEM

Scanning Electron Microscopy (SEM) has been widely used to monitor surface analysis and
make observations of surface topography. It works on the principle that when a surface is
bombarded with electrons, it emits secondary ions and X-rays. The intensity of the secondary
electrons that can be collected and displayed so as to represent a high resolution three
dimensional image of the surface.

The samples to be viewed were sputter coated with Gold-palladium (Au-Pd) alloy

using a sputter coater (Anatech Hummer 6.2). For this purpose, small pieces of conductive
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carbon tape were mounted on the standard stubs. The samples were carefully cut (~ 5 mm X
5 mm) and placed on the tape. The stubs were then put in a chamber in which Argon gas was
used to generate the plasma. The ionized gas molecules bombarded the Au-Pd target that
caused the removal of the metal particles from the target, which deposited onto the samples.
Coated samples were subsequently viewed under the SEM (JEOL 6400F Field Emission
SEM). To acquire high resolution images, the accelerating voltage used was 15 kV. The
images were acquired at two magnifications: 1000X and 5000X. The lower magnification
allowed the examination of the morphology of a larger sample of the fiber mat. The higher
magnification images were used for examination of local features and estimation of the fiber

diameters.

3.3.4. Cell Culture Study

To assess the effectiveness of these surfaces with respect to cell behavior, a preliminary cell
culture study was performed. For the cell studies, normal neonatal human dermal fibroblasts
(HDF; CC-2509; Lot 0000114516) were obtained from Lonza (Walkersville, MD), expanded
in fibroblast growing medium (FGM-2) (Lonza and Walkesville, MD) cryopreserved using
the standard tissue culture practice as specified in the supplier's instructions. The passage 3
HDF cells were expanded using FGM-2 medium, and were prepared for seeding on the
scaffolds. The medium was replaced every 3-4 days to keep the cell adequately fed and
conducive for expansion. All the glass and handling was performed in a sterile environment

using 70 % ethanol for maintaining cell culture sterility.
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Six 11mm diameter specimens were prepared from the four treated and untreated PLA
samples and placed in a 24 well plate which was stored inside a sterile envelope overnight in
order to maintain sterility. The three treated PLA samples included 1) the collagen coated
PLA sample with no surface polymerization 2) the PLA sample that had been grafted by
maleic acid , genipin treated and collagen immobilized, and 3) the PLA  sample  grafted
with maleic acid, treated with genipin but without any collagen. The expanded cells were
seeded onto the scaffolds at a seeding density of 10,000 cells/cm? and allowed to grow onto
the scaffolds for 6 days. After 3 days, the scaffolds were transferred to new well plates with
fresh medium in order to avoid cell convergence at the surface of the wells. Scaffolds with no
cells and wells without either cells or scaffolds served as negative controls and were
processed identically to the cell culture samples. After 6 days, the scaffolds were analyzed
by an MTT assay and SEM. Three of the scaffolds for each type were used for MTT assay

while the other three were used for SEM observation.

3.3.4.1. MTT Assay

The determination of live cell growth was performed by a staining method. The yellow
colored MTT 3-(4, 5-Dimethylthiazol-2-yl)-2, 5- diphenyltetrazolium bromide stain, a
tetrazole, is reduced to an insoluble purple formazan precipitate by the living mitochondria of
the cells. The amount of this precipitate, when dissolved in an organic solvent, can be
measured spectrophotometrically which is used to give a direct indication of the number of

living cells.

63



The MTT solution was prepared from MTT powder (Sigma — Aldrich) in a phosphate
buffered solution (PBS) to form a 5 mg/ml solution which was then filter sterilized after
MTT addition. The scaffolds were transferred into a new 24 well plate and were rinsed with
PBS two to three times. 1 ml of culture medium (without phenol red) was added to each of
the wells followed by a 50 pL addition of MTT solution prior to incubation for 3 hrs. The
upper medium was then decanted and the scaffolds were rinsed with PBS buffer for 2-3 mins.
The formosan was then solubilized by the addition of 500 pL dimethyl sulfoxide (DMSO)
solvent to each of the wells followed by further incubation at 37 °C for 10 mins. From each
of the 24 wells, 100 pL was transferred four times in a new 96 well plate for quantification.
The absorbance values were read using a Genios microplate reader (Tecan US Inc., Durham,

NC) at 570 nm.

3.3.4.2. Scanning electron microscopy (SEM) analysis
SEM were undertaken to see how the cells had attached themselves onto each of the four
PLA sample surfaces and to determine if there was a significant difference in cell attachment

from SEM images.

The cultured cells that had grown on the scaffolds were first fixed using a standard fixative
protocol. A 0.2M cacodylate buffer solution was prepared from sodium cacodylate (Sigma —
Aldrich) and hydrochloric acid. The scaffolds were fixed in 3 % glutaraldehyde solution
(Ladd research) in the 0.2M cacodylate buffer at a pH of 7.4 at 4 °C for 24 hrs. Post-fixation

was carried out in the biology department Laboratory in the College of Agriculture using
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SEM post-fixation protocol described in the Appendix. SEM analysis was performed using a
JEOL JSM-5900LV SEM at an accelerating voltage of 20 kV. The mounted and
conductively coated specimens were viewed after removing the internal oxygen and air under
vacuum and storing the specimens in a dessicator. The JEOL software was then used for
alignment, tilt, objective aperture centering and astigmatism correction before identifying and

selecting the appropriate images to capture.
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CHAPTER 4 - RESULTS AND DISCUSSIONS

4.1 Surface Functionalization

The surface functionalization was carried out using maleic acid as the monomer on the PLA
substrate. The monomer was grafted onto the surfaces by two different methods — thermal
initiated polymerization, plasma initiated polymerization. The two methods were primarily
compared using FTIR and Contact angle techniques along with XPS and SEM to supplement
the observations. The aim was to maximize grafting by playing with the variables in the
grafting process for both methods in order to impart maximum functionality to the PLA

surface.

4.1.1. Plasma initiated polymerization
After the failure of RF plasma instrument, the results of these experiments were discarded
and were not fit to be used for data analysis. The audio frequency glow discharge system was

used for further plasma experiments.
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Figure 4.1: FTIR spectra of grafted vs. untreated PLA

Figure 4.1 shows a typical maleic acid grafted PLA FTIR spectrum as compared to untreated
PLA. The spectra look different than each other suggesting there have been certain chemical
modifications on the surface. There have been a number of peaks added onto the untreated
spectrum which should belong to the maleic acid. A sharp peak appears at around 1705 cm™
which is a characteristic peak of C=0O stretching in a carboxylic acid. Another series of
additional peaks are observed from 1560 — 1620 cm™ which may be belonging to the COO"
antisym stretch in carboxylic acids. The presence of a very small peak at 1440 cm™ may be
belonging to in-plane OH bending in carboxylic acids. Thus, the presence of these peaks
suggests that the maleic acid has been grafted onto the PLA surface. Also, the contact angle

reduced in value as compared to the untreated PLA suggesting that the PLA becomes more
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hydrophilic in nature. Inherently, PLA is very hydrophobic with a contact angle of 125° and
the hydrophilic nature after treatment can only be attributed to the grafting of maleic acid
onto the PLA surface which caused a change in its wetting character depending upon the

various conditions used.

4.1.1.1. Operating variables

The plasma gas type, composition, the monomer concentration used and the plasma exposure
time are used as the operating variables. The atmospheric plasma can only use noble gases
such as helium or argon in order to sustain a stable discharge. It can also add a very small
fraction of admixture of reactive gases without destabilizing the discharge. He gas was used
as it has a lower breakdown voltage which is beneficial as it helps preventing any arc
generation and system overloading. The addition of reactive molecular gases such as oxygen
has been a common practice to create active species in the plasma. The two different sets of

compositions compared in these experiments were pure helium and helium with 1% oxygen.
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Figure 4.2: He treated vs. He-O, plasma treated PLA

Figure 4.2 shows the FTIR spectra for both the conditions for grafting of 1M maleic acid.
The helium gas surface initiated PLA shows really strong peaks with better absorbance and
sharpness as compared to the helium gas with 1% oxygen. The area under the C=0 of
carboxylic acid peak at 1705 cm™ was compared for both the samples and it was found that
the helium gas one showed higher area of about 0.0266 as compared to the helium-oxygen
which showed an area of about 0.0053. The average contact angle for helium sample was
about 28.2° as compared to 62.8° of helium-oxygen. All these results suggest that helium gas
plasma generates more reactive species as compared to helium-oxygen plasma which results

in higher maleic acid grafting onto the PLA surface.
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Figure 4.3: 0.25M vs. 1M monomer concentration

Figure 4.3 shows the FTIR spectra for two different concentrations, 1M and 0.25M, of maleic
acid used for grafting in helium plasma. The one with the higher monomer concentration
shows strong and sharp peaks with a higher 1705 cm™ peak with an area of 0.0266 as
compared to the lower monomer concentration which shows an area of 0.0045. The average
contact angle for 1M maleic acid treatment was 28.2° while that for the 0.25M maleic acid
was 94.8°. This indicates that higher the monomer concentration, higher is the amount of

grafting and greater is the hydrophilic nature of the surface.
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Figure 4.4: 5mins vs. 15mins exposure time

Figure 4.4 shows the FTIR spectra for two different plasma exposure times, 5mins and
15mins for helium plasma for grafting 1M maleic acid. The 15mins exposure shows stronger
1705 cm™ peak with an area of 0.0266 as compared to 0.0072 for 5mins exposure. This
indicates that increased exposure to plasma results in higher amount of monomer grafting.

A detailed study was conducted on the effect of gases at various monomer concentrations for
15mins plasma exposure and effect of gases at different plasma exposure times at 1M maleic

acid concentration to confirm the above results.
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Figure 4.5: Effect of gas composition at various monomer concentrations

Figure 4.5 shows that the contact angle decreases as the monomer concentration increases for
both types of compositions which supports the hypothesis that the presence of higher
quantity of monomer in the solution allows more grafting and thus creates more hydrophilic
surface. This results in the wetting of surface and decrease in the contact angle. It also shows
that helium has been more effective in grafting maleic acid on the surface than the helium-
1% oxygen mixture. The helium treated surface is more hydrophilic than the helium-oxygen
mixture at all monomer concentrations. It should be noted that the zero monomer
concentration corresponds to exposing the samples to plasma without any further treatment.

Both the gases caused a decrease in contact angle just by plasma exposure possibly due to the
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formation of peroxides on the surface with helium gas causing more hydrophilic surface than

the mixture gas.
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Figure 4.6: Effect of gas composition at various exposure times

Figure 4.6 shows that the contact angle decreases as the exposure time increases which
supports the hypothesis that the higher exposure time ensures generation of greater amount of
radicals onto the surface which enables greater amount of grafting onto the PLA surface. It
should be noted that the fall in contact angle from 5 to 10mins exposure is much greater for
helium — oxygen mixture than helium and vice versa from 10 to 15mins.

86,87

As per literature™®’, when a metastable helium atom collides with an oxygen molecule, the

oxygen is ionized by a phenomenon called as Penning ionization which is given as follows:
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He +0; 20,  +He + ¢

The density of helium metastable ions thus decreases due to Penning ionization which will
influence the surface cross-linking. According to Bloch and Bradbury, a two body attachment
causes the formation of a stable oxygen negative ion while a three body attachment is
followed when a small fraction of oxygen is added to helium as shown in the reaction.

Oz + e 2(02) unstanle>O + O + energy

O,+e+Y €20, +Y +energy

where Y is the third body, in this case helium.

Thus, it is a possibility that the two body attachment may facilitate oxidation of fiber surfaces
due to stable negative ion while the presence of third species, helium in this case, may cause
the domination of the third body attachment mechanism. However, at smaller exposure
times, the two body attachment may still be the dominant characteristic causing the formation
of a stable oxygen negative ion which facilitates higher monomer grafting. This might have
caused a steep decrease in contact angle for helium-oxygen mixture sample as compared to
helium only. But, at higher plasma exposure times, it is likely that the O" and oxygen may
collide in the helium-oxygen mixture and form a stable ozone gas causing the reduction in
negative oxygen ion which is the ion that facilitates the surface cross-linking. This might
have caused a reduced grafting of maleic acid as compared to pure helium exposure. Another
important aspect is the discharge characteristics after the addition of oxygen gas. A
substantial increase in breakdown voltage has been reported in literature with the addition of
oxygen to helium gas. This may reduce the plasma density and cause a decrease in the

effectiveness of the plasma treatment as compared to pure helium gas.
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4.1.1.2. Method variables

The grafting method variables that were studied were two-step and one-step grafting method.
The two-step method involved exposing PLA to plasma followed by reaction with oxygen
from ambient atmosphere or pure oxygen before dipping in monomer solution followed by
post-irradiation by plasma. The single step method involved exposing PLA to plasma and
dipping immediately in the monomer solution. The samples were compared at 1M monomer

concentration for 15mins helium exposure.
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Figure 4.7: Comparison of two methods of grafting

Figure 4.7 shows the FTIR spectrum of the two different methods of grafting. The double
step method spectrum showed a bigger and broader 1705 cm™ peak indicating better grafting
on the surface. The average contact angle for single step method was 76.8° while that for two

step method was 28.2°. The activated surface when interacted with oxygen may be creating
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peroxides and hydroperoxides on the surface. These peroxides can then be used as initiators
which may decompose into the active species by post-irradiating with plasma causing better
grafting. The exposure to pure oxygen gas for 5mins leads to better wetting of the surface
with an average contact angle of 28.2° while exposure to atmosphere for 5mins leads to an
average contact angle of 59.6°. This indicates that the exposure to pure oxygen may be able
to create more peroxides and hydroperoxides on the surface while there is also a possibility
that subjecting to atmosphere may lead to inactivation of some species due to the short

lifetime of radicals.

4.1.2. Thermal initiated polymerization

Figure 4.8 contains the FTIR spectra showing the alteration of the chemical composition of
the PLA surface by grafting of maleic acid. According to the molecular structure of PLA,
there are no peaks at 1705 cm™, 1560 cm™, 1620 cm™. The 1705 cm™ belongs to the
characteristic peak of C=0 stretching in a carboxylic acid while the broad peaks from 1560 —
1620 cm™ may be belonging to the COO" antisym stretch in carboxylic acids. The presence
of a very small peak at 1440 cm™ may be belonging to in-plane OH bending in carboxylic
acids. These peaks belong to the maleic acid which suggests its successful grafting on the
PLA surface. The contact angle measurements also suggest improvement in the hydrophilic

nature of the surface indicating grafting of maleic acid on surface.
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Figure 4.8: FTIR spectra of grafted maleic acid vs. untreated PLA

4.1.2.1. Material variables

The material variables that were studied include monomer concentration, initiator
concentration, addition of Mohr’s salt. The maleic acid monomer was grafted onto PLA by
using a free radical polymerization process. Both initiator and the monomer were padded
onto the fabric in aqueous solution and the sample was dried to remove any water in order to
prevent any side reactions between the initiator and water before curing. The treated samples
were thoroughly washed to remove any potential homopolymers and the results obtained are

only for grafting.
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The selection of an initiator is extremely important in radical graft polymerization as it forms
the initiator radicals on raising the temperature above the decomposition temperature. The
influence of potassium persulfate concentration on monomer grafting was studied using the
contact angle measurements. The FTIR spectra did not reveal much information in order to
separate each spectrum for each concentration.
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Figure 4.9: Effect of initiator concentration on contact angle at 1M Maleic acid

Figure 4.9 shows the change in the surface wetting characteristics with initiator
concentration. As the initiator concentration increases, the contact angle decreases upto 0.2
M indicating higher grafting yields. After 0.2M concentration, the contact angle increases
and then reaches a steady state where the concentration effect does not work. This suggests

that there is a small reduction in grafting efficiency at higher concentrations.
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The function of the initiator is creation of initiator radicals after attaining decomposition
temperature and abstracting hydrogen atoms from the PLA surface which leads to grafting of
maleic acid. The increase in grafting with increasing initiator concentration might lead to
formation of higher number of active sites on the backbone of PLA leading to higher grafting
of maleic acid. After a certain concentration, the active sites on the PLA surface may be
saturated and result in radical addition to monomer itself causing formation of homopolymer
and reduction in the grafting degree. This leads to reduction in the contact angle at higher

monomer concentration.

The monomer concentration also affects the wetting character and it can be seen from Figure
4.10 that as monomer concentration increases, the contact angle goes on decreasing resulting

in better grafting.
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Figure 4.10: Effect of monomer concentration on contact angle at 0.2M initiator
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As the monomer concentration increases, it may be causing an increase in rate of grafting
resulting in reduction in contact angle. This may be possible due to the presence of higher
monomer content near the immobile macroradicals of PLA produced on the redox system.
This may act in favor of their molecular collision between the species leading to an increase
in polymerization rate. Also, the decrease in contact angle is initially higher possibly due to

the emergence of grafted carboxylic acid groups of maleic acid on the PLA surface.

At higher concentration, there is a possibility of homopolymerization to occur due to radical
addition to monomer. It was reported in literature that the addition of Mohr’s salt is an
effective way of consuming reactive hydroperoxides in solution and can work as a suppressor

of homopolymerization.
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Figure 4.11: Mohr’s salt vs. no salt addition
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Figure 4.11 shows the spectra of both with and without Mohr’s salt grafting of maleic acid on
PLA. The spectrum with Mohr’s salt shows a stronger, bigger characteristic peak of
carboxylic acid at 1705 cm™ with area under the curve 0.0646 as compared to the one without

Mohr’s salt with area under the curve 0.0277 indicating better grafting.
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Figure 4.12: Effect of Mohr’s salt concentration on the grafting of 1M maleic acid onto PLA

using 0.2M potassium persulfate

Figure 4.12 shows that an increase in Mohr’s salt concentration causes a decrease in contact
angle suggesting increased grafting of maleic acid. After certain concentration, the contact
angle becomes steady suggesting no further effect and again increases at higher Mohr’s salt
concentration.

The Mohr’s salt addition possibly reduces the hydroxyl radical content during the reaction
which can have a role play in homopolymerization during grafting. As stated in the

literature®®, the hydrogen peroxide group may be transformed into a hydroxyl ion and a
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primary radical that initiates the grafting mechanism in presence of Mohr’s salt. This may
possibly cause a reduction in homopolymerization and increase in grafting leading to a
decrease in contact angle. As its concentration increases, it possibly already has transformed
all the hydrogen peroxide groups and hence does not cause any change in the wetting
character. At even higher concentrations, it may possibly start to consume the surface

reactive sites leading to a reduction in grafting of maleic acid.

4.1.2.2. Process variables

The curing temperature and time are the important process variables that can cause change in
the grafting efficiency. The temperature range was chosen according to the decomposition
temperatures and rates of initiator. The reaction durations should ideally be five times its

half-life time to ensure atleast 97% decomposition of the initiator.

The FTIR spectra of almost all the sets of reaction conditions had almost similar spectra with
broader peaks at some of the temperatures. However, there was not any pattern which could
be defined for such a behavior. At 100 °C, there were very weak acid peaks suggesting poor
grafting. At 160 °C, the fabric was charred and burnt indicating it might have melted. Even at
150 °C, there was some damage to the fibers. The contact angle also failed to give any
conclusive evidence of varying the reaction conditions. Considering these aspects and

reaction time and energy, 130 °C for 4 mins was chosen as the grafting condition for curing.
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4.1.2.3. Dye Assay

Figure 4.13 shows the calibration curve obtained for known concentration of dye. The

calibration curve has an excellent R? value of 0.99172 which is an important parameter to

confirm the accuracy of the curve. This curve helps in determining the concentration of dye

left in the dyebath.
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Figure 4.13: Calibration curve for basic blue 3

After determining the calibration curve, the PLA fabrics are dyed and the solution left in the

bath is analyzed. These solutions are then spectrophotometrically measured and its

concentration is found from the Beer-Lambert’s law.
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Figure 4.14: Plot of absorbance vs. dyebath concentration for 1M maleic acid grafted PLA

sample
Figure 4.14 shows the data obtained for 1M maleic acid grafted PLA sample when dyed with
various dye concentrations. The curve shows the absorbance obtained for different dyebath

concentration. As the dye concentration increases, the absorbance increases.

It is important to understand how the grafting yield affects the dyeing pattern on the fabric.

Different degrees of grafted PLA were dyed for the study.
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Table 4.1: Sample description

Sample ID Sample Description
1 PLA Control (No grafting)
2 0.25 M Maleic acid grafted PLA
3 0.5 M Maleic acid grafted PLA
4 0.75 M Maleic acid grafted PLA
5 1 M Maleic acid grafted PLA
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Figure 4.15: Dyebath concentration variation for various samples

Figure 4.15 shows the effect of degree of grafting on dyeing. As the degree of grafting

increases, the dyebath concentration decreases. This indicates that more is the amount of

grafting, more is the dye adsorbed by the fabric and hence lower is the amount of dye
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concentration left in the dyebath. The carboxylic acid groups adsorb the cationic dye and as
the carboxylic group concentration increases, the adsorption increases. The adsorption

behavior on various maleic acid grafted results can be fitted on a straight line as shown in

figure 4.16.
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Figure 4.16: Model fit on the dyeing behavior of maleic acid grafted PLA

The concentration of the dyebath decreases with a slope of -0.35 for a linear fit as the

grafting of maleic acid changes. The model has a good R? value of 0.9761.

The dye experiment can also be used for calculation of the charge density. The difference in

dye concentration (Appendix D) can be easily found. Assuming bifunctionality of maleic

acid with respect to the dye molecule, the amount of dye on each fabric is calculated.
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Assuming that each mole of dye reacts with one mole of the charged carboxylic species, the
charge density of the fabric is found. Another assumption required to find the charge density
on a single fiber is that the fabric contains a bunch of single long fibers with a round cross
section which has sites available for dye reaction. From the density data, it is found that as
the grafting degree of maleic acid increases, the charge density also increases as seen in
Figure 4.17. This means that there are more carboxylic acid species which have reacted with

the dye molecules as we increase our grafting efficiency.
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Figure 4.17: log (charge density) plot for various samples

However, the charge density is helpful only in giving the trend with respect to dye and the
polymer species interaction. The values cannot be trusted as the actual values and as a
reflection of the actual interactions. With a number of assumptions, the system may not
follow them while the dyeing process. It is important to consider that maleic acid is grafted

on both sides of the fabric while the dyeing may be uneven on each side. There is a
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possibility that during the dyeing cycle, the dye uptake is more on one side as compared to
the other. Also, the assumption that each dye molecule interacts with one carboxylic acid
species may not be true. The dye molecule is a big molecule as compared to the maleic acid
and there may be a possibility that the dye may be interacting with more than one carboxylic
species at a time. So, the value obtained for charge density is reflecting the carboxylic

species which have interacted with the dye molecule and this may not be the accurate value.

Another factor may be there can be some dye aggregation during the process and hence that
dye does not react with any of the carboxylic species. The dye may be washed off in the post
dyeing cycle and leaves some of the carboxylic groups unbound to the dye which reduces the
accuracy of the procedure. Also, since the grafting of maleic acid is done on both sides of the
fabric and there is no way to control the side or location of grafting, there is a possibility that
some of the fibers inside the thickness of the fabric may also be grafted with maleic acid.
These groups may then provide attachment sites for the dye molecule. This may reduce the

accuracy of the charge density measurement.

Hence, in order to make sure that all the carboxylic species present on the substrate interact
with the dye; more experiments are needed to ensure exhaustion of the carboxylic groups.
However, the charge density calculated gives us an estimate about how many carboxylic
species may be present and how the charge density varies with different monomer and dye
concentrations. The dyeing experiment helps in the quantitative analysis for the degree of

grafting of maleic acid on the PLA substrate.
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4.2. Genipin attachment & Collagen immobilization
The genipin attachment is an important step in reducing the cytotoxicity of the scaffold as
well as the formation of a chemical spacer molecule. Figure 4.18 shows the FTIR spectrum

for genipin attachment.
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Figure 4.18: Genipin attachment on maleic acid gréfted PLA

It can be seen that the maleic acid peaks of 1705 cm™ and 1567 cm™ broad peak have almost
disappeared suggesting that the acidic groups on the surface may have reacted. Also, an
interesting observation is the shift of the C=0 of the ester from 1756 to 1747 cm™ which may
be due to the formation of an ester between the carboxylic acid group of the maleic acid and
the methyl alcohol group on the genipin. The 1084 cm™ and 1042 cm™ peaks appear very
strongly on the spectrum suggesting some changes in the structure. As per literature, the 1084

cm™ peak is the characteristic peak of the genipin belonging to the C-H ring in-plane bend.
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The 1042 cm™ peak may belong to the C-O stretch in alcohols. A very broad peak appears at
around 700 cm™ which may belong to the OH out-of-plane deformation in phenols. The
presence of these groups and the absence of carbonyl peaks of the acid suggest the
attachment of genipin on the maleic acid grafted PLA surface.

The presence of collagen on the surface was confirmed by using XPS analysis.

4.2.1. X-ray photoelectron spectroscopy (XPS)

The surface composition of PLA was analyzed before and after surface treatments with O/C
ratio being compared for some of the treatments. The maleic acid treatment as well as the
genipin treatment was associated with C, H, O atoms and hence the overall spectrum was
used only to compare collagen treated samples with untreated samples to prove
immobilization of collagen. The rest of the samples were compared by deconvoluting the Cy;

spectra.
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Figure 4.19: Full spectra of (a). Untreated PLA (b). Collagen immobilized PLA

90



Figure 4.19 shows the presence of N element in addition to the C, O elements in the collagen
immobilized sample confirmed the grafting of collagen on the PLA surface. This helped in
creating bioactive coated PLA samples. The elemental composition for each treatment is

given in table.

Table 4.2: Elemental composition for each of the treatment

Sample C (%) O (%) N (%)
Control PLA 61.9 38.1 -
Maleic acid grafted PLA 56.8 43.2 -
Genipin treated PLA 62.1 37.3 -
Collagen immobilized PLA 57.2 40 2.8

The Cy; spectra of the untreated PLA, maleic acid grafted PLA and genipin treated PLA on
deconvolution gave three major 6 peaks with binding energies 284.6 eV, 286.6 eV, 288.6 eV
corresponding to carbon atom attached with saturated hydrocarbon, carbon atom with single
bond to oxygen and carbon atom with double bond to oxygen respectively as shown in
Figure 4.20. The carbon atom with double bond to oxygen has been the major focus in this

study as seen in the FTIR section.
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Figure 4.20: Deconvoluted Cys spectra of untreated PLA

Table 4.3: O/C ratios and C=0 % from XPS data for each treatment

274

Sample O/C ratio C=0 (%)
Control PLA 0.62 18
Maleic acid grafted PLA 0.76 28
Genipin treated PLA 0.6 21
Collagen immobilized PLA 0.47 23
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The untreated PLA shows an O/C ratio of 0.62 with a carbon atom with double bond to
oxygen composition of 18 %. The theoretical calculated value for untreated PLA is 0.67
which is quiet close to the obtained value. The maleic acid treated PLA shows an increased
O/C ratio as well as an increase in the C=0 content. The O/C ratio recorded for this treatment
is 0.76 and the C=0 content being 28% for this sample This is a significant change in the
percentage confirming good level of grafting on the PLA surface. The presence of maleic
acid species over PLA leads to an increased oxygen content as compared to carbon. The
genipin treated PLA shows a decline in the O/C ratio to around 0.6 with reduction in the
C=0 to 21%. This may be due to the consumption or reaction of the carboxylic acid groups
on the surface of PLA with the genipin molecule. Another possibility is the higher C content
due to the cyclic nature of genipin molecule causing the reduction in the ratio. The C=0
content improves by a small margin to 23% in the collagen treated sample possibly due to the
presence of some carboxylic groups in the collagen molecule. However, the O content may
be decreasing due to reaction with the amine group from the collagen as given in the
literature leading a lower O/C ratio. Butler et. al.®® suggested a reaction which involved
nucleophilic addition of amine group on the C-3 atom of genipin resulting in a ring-opening
reaction and replacement of O in the genipin ring. This may be responsible for reduction in

the O/C ratio.
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Figure 4.21: Deconvoluted Ni5 spectrum of a collagen immobilized sample

Figure 4.21 shows the deconvoluted N5 spectrum for a collagen immobilized sample. It gave
a major peak with a binding energy of 398.9 eV corresponding to nitrogen-hydrogen bonding
which is of considerable interest to us. The high N-H content in collagen immobilized
samples was due to the high N-H content within the amino acid sequences in the collagen

molecule itself.
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4.2.2. Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS)

The TOF-SIMS technique is a surface sensitive approach which provides semi-quantitative
data about surface chemistries. It was used as an additional technique to XPS to compare the
presence and distribution of collagen on the different immobilized samples. The XPS
analysis confirmed that collagen was immobilized on the PLA surfaces but did not give any
measure of the uniformity of the collagen coating and differences between the various
samples. The nature of collagen attachment with post and without post plasma treatment was
compared, and PLA samples with genipin and collagen treatments following different
methods of maleic acid grafting were also compared. An untreated PLA sample was also

included for comparison purposes.

A typical spectrum is a plot of intensity counts versus mass by charge ratio (u). The spectrum
obtained from this technique is detailed and complex. It is impossible to explain each and
every observed peak, but it is necessary to identify the characteristic secondary ion fragments
released from the compounds of interest and compare their intensities regardless of peak

height.
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Figure 4.22: Positive spectrum (a) and negative spectrum (b) of the PLA control



Figure 4.22 shows typical positive and negative mass spectra of untreated PLA. This sample
predominantly contains C, H, O atoms with the characteristic secondary ion peaks as shown
in Table 4.3.

Table 4.4: Characteristic peaks of positive and negative spectrum of PLA control

Spectrum Secondary lon Mass (u)
Positive CH30" 31
C,H3;0" 43
C,Hs0" 45
C3Hs0" 55
C3H,0" 59
C3H,0," 85
CsHg0," 87
Negative C3H30, 71
C3H305 87
C3Hs05 89

It can be seen from Figure 4.22 that the positive 59 u peak belongs to the CsH,O" species
which is one of the most dominant and characteristic ion released by PLA. Hence, this peak

can be used as the “signature” peak for the presence of PLA in other samples. Note that the
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negative spectrum of PLA exhibits few peaks with weak signals and so has only limited

value to identify PLA for comparison purposes.
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Figure 4.23: (a) Positive mass spectra of maleic acid plasma grafted PLA and (b) genipin

attached on maleic acid grafted PLA
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Figure 4.23 shows the spectrum for maleic acid plasma grafting and genipin attachment.
Maleic acid is also composed of C, H and O atoms and has similar ionization behavior to
PLA making it difficult to identify the characteristic maleic acid secondary ion peaks.
However, the PLA peaks at 31 u and 59 u show a significant reduction in the size indicating
an apparent change in PLA surface chemistry as a result of grafting maleic acid. Genipin
treated sample also contains C, H, O atoms making it difficult to distinguish its characteristic
spectrum from that of PLA. However, the spectrum from genipin treated sample appears to
be significantly different from the control PLA sample with most of the characteristic PLA
peaks having disappeared. For example the peaks such as C,HsO" at 43 u, C,HsO" at 45 u,
C3H30" at 55 u all show a significant reduction in the peak height indicating a major change
in the surface chemistry which is consistent with achieving extensive and continuous

coverage with the genipin treatment.

99



B
A

Intensity (counts)
(2]
o

o
=)
1

4.0

3.0

2.0

LO_‘A il HA M Mn AM bl MMMMM

et B B e [T IS AR Ry Tt IREAREREEE;
10 20 30 40 50 60 70 80

Mass (u)

o B
o <

N
=}
1

Intensity (counts)

5.0

4.04

3.0

2.0

1.0

A‘A“l VTR PRV X . .

[T RAREEREEEEEEEEE e T T T T T [T
10 20 30 40 50 60 70 80

Mass (u)

(b).

Figure 4.24: Positive (a) and negative (b) spectra of collagen grafted PLA sample
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Figure 4.24 (a) shows the positive spectrum of maleic acid plasma grafted, genipin treated
and collagen immobilized PLA sample. The surface of the sample contains C, H, O, N
elements with the N being the characteristic element of collagen protein. The characteristic
collagen secondary ion peaks in its positive spectrum are CH,NH," at 30 u and C4HgN" at 70
u. In spite of the negative spectrum not being very strong for collagen immobilized PLA, the
sample does show some weak signals at CN™ at 26 u and CNO™ at 42 u as seen in Figure 4.24

(b). This evidence points to the presence of collagen on the surface.

On comparing figures 4.22, 4.23 and 4.24, it can be seen that the characteristic PLA peaks
are masked in the collagen immobilized sample with the emergence of new peaks which are
not part of the PLA control sample, nor are they observed after maleic acid and genipin
treatments. This evidence is in agreement with the fact that the collagen has been
immobilized on the top of PLA and is evenly covering the whole surface. If the coating was
non-uniform or discontinuous, it would have shown some of the characteristic PLA peaks

from the uncoated and exposed area. This was not the case.

The TOF-SIMS analysis technique can also be used to compare the nature of the different
collagen grafted samples as this is a semi-quantitative method. It was therefore used to
understand which processing conditions led to better collagen grafting. First it was important
to find in the spectra the strongest signals for the characteristic collagen and PLA peaks. By

measuring the area under these specific peaks it was possible to make quantitative
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comparisons in the collagen content between different samples. The data was recorded in

triplicate and the average ratios were calculated.

The positive mass spectra of all these three samples can be compared to each other as shown

in Figure 4.25. From the positive spectra, the collagen coated samples had a well defined

peak of C4HgN™ at 70 u and the untreated PLA sample showed a prominent peak of CsH;0"

at 59 u. In comparison, this peak had a low intensity for the collagen coated samples. The

corrected areas for these two peaks were recorded in each spectrum, and their ratios were

calculated and compared between samples as shown in Table 4.4.

Table 4.5: Sample description and Mean corrected area ratio values

Sample ID Sample description Mean corrected
area ratio
2 PLA - plasma initiated, maleic acid grafted, 2.99
genipin treated, collagen immobilized without post
plasma
3 PLA-> plasma initiated, maleic acid grafted, 3.13
genipin treated, collagen immobilized with post
plasma
4 PLA-> thermal initiated, maleic acid grafted, 1.72
genipin treated, collagen immobilized with post
plasma treatment
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Figure 4.25: Stacked positive mass spectra of sample 2(top), 3(middle), 4 (bottom)

Sample 3 shows the highest ratio amongst the samples indicating the extent of collagen
grafting was the highest for the sample that with plasma initiated grafting and post plasma
treatment. On comparing samples 2 & 3, the post plasma treatment appears to have generated
additional radicals which might have caused certain self-assembly processes to take place
leading to better collagen grafting immobilization. On comparing the samples 3 & 4, the
ratios are different with sample 3 showing a stronger collagen peak. This suggests that the
sample 3 with plasma initiated grafting was associated with better collagen immobilization as
compared to sample 4 with thermal initiated grafting. This may be attributed to the
possibility that the plasma initiated maleic acid grafting was grafting more carboxyl groups
than the thermally initiated polymerization, which in turn provided more reactive sites for

collagen immobilization.
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To further investigate and compare the uniformity of the coatings among the three different

samples, chemical mapping was conducted using the TOF-SIMS signals.

Sample 2 Sample 3 Sample 4

F———50 pm ———50 pm _ .

C4HgN+
mc:47 tc:3.99e+5 mc:53 tc:4.12e+5 mc:49 tc:3.42e+5

Figure 4.26: Chemical mapping images of the collagen characteristic peak of the C4HgN" ion

for samples 2, 3, 4

Figure 4.26 shows the images obtained for the characteristic collagen C4HgN"™ ion at 70 u. It
can be seen that of the three collagen coated samples, sample 3 appears to be the most intense
or brightest sample indicating a more extensive and uniform distribution of collagen on the
surface of the sample. Sample 4 has the least bright spots suggesting smaller amounts of
collagen with a less uniform coating for this sample. Sample 2 appears to lie in between the
other two samples for brightness and uniformity, indicating that the post plasma treatment
with sample 3 may have resulted in better immobilization of collagen with a more uniform

distribution.
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Sample 2 Sample 3 Sample 4

50 m__ . _ ———50 pm F———50 pm

C;H, O+ C;H, O+

C;H;0+
mc:22 tc:1.15e+5 mc:27 tc:1.23e+5 mc:27 tc:1.23e+5

Figure 4.27: Chemical mapping images of the PLA characteristic peak of the C3H;0" ion for

samples 2, 3, 4

Figure 4.27 shows the images obtained for the characteristic PLA C3H;O" ion at 59 u for the
collagen coated samples. It can be seen that the peak for this PLA ion was not very intense,
resulting from the comparatively weak signal for these three collagen coated samples. Out of
the three, sample 4 appears to give the brightest image indicating the presence of more PLA
characteristic ions on the surface. Sample 3 has the least bright spots indicating that the PLA
fiber surface was well covered by a uniform coating. Sample 2 also shows a similar

appearance to Sample 3.
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Figure 4.28: Chemical mapping images showing overlay of the collagen C4HgN™ ion image in

green over the PLA C3H;0" ion image in red for Samples 2, 3, 4

The overlaid images in Figure 4.28 show the collagen C4HgN™ ion images in green plus the
PLA C3H;O" ion images in red. This can help identify the visual differences more clearly.
The Sample 3 appears almost completely green, indicating a continuous and uniform
coverage of collagen over the whole PLA surface. Sample 4 shows some red PLA spots on
some the fibers indicating less coverage of the collagen over the PLA surface. Sample 2 also
shows good collagen coverage but there are a few red spots which are not visible in sample 3.
This suggests that the post plasma treatment may have increased the extent and uniformity of
the attachment of collagen to the PLA surface. In the literature, it has been shown that it is
possible to obtain a pattern of the collagen layer seen as micro-ellipsoids of the fibrillar
protein on the surface®™. This may be a possibility at higher magnification, but is not possible

with these TOF-SIMS images.
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4. 3. Mechanical properties

Needlepunched PLA nonwoven fabrics with a basis weight of 20 gsm are inherently delicate
in nature and do not claim to have superior mechanical properties. The purpose of studying
the bursting strength of the fabric was to observe if any of the applied surface chemical
treatments caused significant changes in the mechanical properties of the PLA nonwoven
web. The results were then analyzed statistically by running one-way Analysis of Variance
(ANOVA) test and student’s t-test, and the average values and standard deviation are

represented in Figure 4.29.
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Figure 4.29: Probe bursting strength values for the treated and untreated samples
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The control PLA sample shows an average bursting strength of around 16.0 + 0.4 N. The
maleic acid treatment using plasma appeared to reduce the bursting strength to 13.8 + 1.9 N
while the thermal initiated treatment appeared to reduce it further to 12.5 + 0.7 N. The effect
of genipin treatment was to cause a minor increase in the average bursting strength to 14.1 +
1.9 N and the collagen treated PLA sample showed a fall in the bursting strength to 12.5 +
0.5 N. However, these average readings may not have been significantly different and hence

a one-way ANOVA and student’s t-test were run on all the samples.

The ANOVA test returned a p-value of 0.123 for “between the groups” mean values for
bursting strength indicating that these differences were not statistically significant (p<0.05)
and the variances between the samples were similar to each other. Hence, a student’s t-test
was run which gave the difference between each of the samples. Both the maleic acid treated
samples were significantly different (p<0.05) from the control PLA indicating a reduction in
the bursting strength after the treatment (Appendix B). After that, none of the treatments
were statistically different from each other but were significantly different from control.
Thus, it can be confirmed that the maleic acid treatment causes a reduction in the bursting
strength of PLA fiber by 13.5% but the rest of the treatments do not statistically (p<0.05)

cause further reduction.

4.4. Surface Morphology and Fiber Diameter

The surface topology of the fibers in a scaffold structure is known to affect cell behavior and

cell function making it necessary to study the fiber morphology. The surface morphology
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was observed by SEM for all the plasma initiated polymerization samples and the different
steps of grafting involved in this study. Photo micrographs were viewed and captured at
1000x and 5000x magnification for each sample and are presented in Figures4.30-4.33. In
addition, the average diameters have been measured for each treatment and are listed in

Table 4.5.

i@ ihj.

Figure 4.30: SEM photo micrographs of the untreated PLA sample at (a). 1000X and (b).

5000X magnifications

The surface morphology of the untreated PLA fibers is reported in Figure 4.30. From the
figure, it can be seen that the untreated fibers are generally smooth and uniform and have an
average diameter of about 10.74 + 0.09 um. There are a few fibers that have non-uniform
surface features that are most likely caused during melt extrusion and/or bonding of the

nonwoven fabric.
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(a). (b).

Figure 4.31: SEM photo micrographs of maleic acid plasma grafted PLA sample at (a).
1000X and (b). 5000X magnifications

Table 4.6: Fiber diameters (mean, standard deviation) measurements

Sample Fiber diameter (um)
Mean Standard deviation(+)
Control PLA 10.74 0.09
Maleic acid grafted PLA 10.92 0.05
Genipin treated PLA 11.20 0.04
Collagen immobilized PLA 11.52 0.05

The figure 4.31 shows extensive deposition over the fiber surface indicating that the maleic

acid was grafted and attached to the surface. The deposits do not appear to be continuous or
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uniform for the inner fibers, indicating that grafting took place more readily on the outer
fibers due to their closer proximity to the monomer and plasma conditions. The image shows
the deposition over a single fiber was more extensive and uniform with more than 90% of
fiber area covered. The mean diameter of the fibers increased to 10.92 +0.05 um, suggesting
successful grafting of maleic acid onto the PLA fiber surface without any significant erosion

of the PLA surface layer during the plasma polymerization process.

(a).

Figure 4.32: SEM photo micrographs of the genipin treated PLA sample at (a). 1000X and

(b). 5000X magnifications

Figure 4.32 shows more extensive and continuous coating of the fibers compared to the

maleic acid sample. The smooth morphology of the inner fibers also appears similar to that of

the outer fibers. However, there are certain bulk depositions that one can see on the

111



outermost fibers which when viewed at higher magnification appear as lumpy deposits
attached to the fiber surface. These deposits are more pronounced than for the maleic acid
grafted sample, indicating the additional genipin attachment to the surface. The mean fiber
diameter showed an increase to 11.20 + 0.04 um, suggesting successful genipin attachment

on top of maleic acid grafted PLA surface.

(a).

Figure 4.33: SEM photo micrographs of the collagen immobilized PLA sample at (a). 1000X

and (b). 5000X magnifications

Figure 4.33 shows the most continuous and extensive coating of the PLA fibers among all the
samples. The coatings are thick and uniform and appear to provide complete coverage of the
PLA surface with collagen. The single fiber in Figure 4.28 (a) looks completely covered with
a continuous rough coating on its surface suggesting that complete collagen immobilization

was achieved. The mean diameter of the fiber increased to 11.52 + 0.05 um, which provides
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supporting evidence that successful immobilization of collagen on the PLA fiber surface had

taken place.

4.5. Cell proliferation study

In order to evaluate the capacity of the different treated and untreated PLA samples to
support cellular attachment and cell proliferation, a 6 day static cell culture study was
performed with human dermal fibroblasts. Cells were seeded in duplicate onto the four
different types of PLA scaffold, and then after 3 days they were transferred to fresh culture
plates and cultured for an additional 3 days. After a total of 6 days in culture, an MTT assay
was performed on all four samples as well as the positive and negative controls to assess the
relative numbers of viable cells.

Table 4.7: Description of four cell-cultured samples

Sample ID Sample description
1(PLA control) PLA untreated
2(Collagen treated) PLA treated with collagen, without surface grafting
3(collagen PLA grafted with maleic acid, genipin attached and collagen
immobilized) immobilized
4(No collagen) PLA grafted with maleic acid and genipin attached, but NO
collagen
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The MTT results were obtained spectrophotometrically in the form of absorbance readings at
570 nm. Higher absorbance values indicated higher numbers of viable cells. For each of the
duplicate scaffolds and reagent blank control wells, four times 100 pl were transferred to a
96-well microtiter plate for spectrophotometric analysis. The results are reported to four
decimal places and are obtained by averaging all eight measurements from each scaffold (.i.e.
two samples of each scaffold and four samples of the MTT assay solutions from each
scaffold). In the case of the reagent blanks/controls, because two reagent blank wells were
prepared for each scaffold, there were a total of 8 identical blank wells. Four aliquots from

each gave a total of 32 identical samples for determination of the reagent background level.

The average absorbance values of the reagent blank controls were compared with those from
the scaffolds without cells so as to determine if the scaffold material itself created any
background absorbance that would influence the MTT assay. The mean absorbance
difference between the unseeded scaffolds and the reagent blank controls was 0.0001
(standard deviation of 0.00036) when the mean relative absorbance for the samples lay
between 0.1 and 0.3. Therefore, there was no significant difference between the scaffolds
controls and the reagent blank controls, confirming that the substrate had no significant effect
on the MTT assay results. In other words, the scaffolds were not producing any background
absorbance, nor producing any refractive particles that could affect the absorbance nor
trapping any amount of phenol red (which is present in the cell culture medium, and could
potentially interfere with the MTT assay results). Any absorbance above the measured

background level should therefore be due to the presence of the cells.
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The MTT assay results are reported as a measure of relative absorbance as shown in Figure
4.34 with the mean and standard error of the mean values appearing at the top edge of each
bar. It was obtained by subtracting by the mean absorbance of all the 32 blank wells from the
mean absorbance recorded for each sample in order to nullify any effect of the MTT reagent
solution. The mean absorbance of the blank control was 0.1261 with a standard error of mean

0.0010.
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Figure 4.34: MTT assay results for the four samples listed in Table 4.7
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Table 4.8: Relative absorbances for each sample

Sample Relative Absorbance
Mean Standard error of mean
Sample 1 0.0924 0.0033
Sample 2 0.1909 0.0387
Sample 3 0.2817 0.0042
Sample 4 0.0827 0.0081

The results indicate that collagen immobilized sample had the largest number of viable cells
after 6 days in culture. The untreated control and the sample without collagen showed similar
behavior with the least cell viability among all four samples. Sample 2 which had been
treated with collagen but without any surface grafting, showed some cell proliferation but
had a large standard error of the mean reflecting the observed variability of the collagen
distribution on the fiber surface. To evaluate whether the differences in mean relative
absorbance were significant or not, a single factor ANOVA and student’s t-test was run on all

the scaffolds used in this experiment at a confidence interval of p < 0.05 (See Appendix C).

The untreated PLA fibers had a low compatibility for cells resulting in less cell adhesion,
possibly due to the hydrophobic nature of its surface. When these PLA fibers were coated
with collagen, the protein adhered and/or adsorbed on the fiber surface and some of the
collagen may have remained even after washing leading to some cell adhesion and

proliferation on the surface. However, this collagen was not immobilized or covalently
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bonded to the surface as demonstrated by our FTIR results. When the PLA sample was
activated with maleic acid and genipin and immobilized with collagen, it showed maximum
cell viability according to MTT results. This agrees with the claim that collagen grafting on
the scaffold sample increases the biomolecular recognition of the material. The presence of
maleic acid and genipin was likely to help the grafting of collagen by providing a
functionalized surface for immobilization. The importance of collagen has been confirmed by
including the samples without collagen, which showed absorbance equivalent to pure
untreated PLA. This suggests that the maleic acid and genipin treatment did not have any
effect on cell viability, and that the increase in proliferation seen with the immobilized
collagen sample was solely due to the immobilization of collagen molecules on the surface of

the PLA fibers.

On conducting the ANOVA and t-test, the sample 3 appeared significantly different than the
rest of the samples (p<0.05) while there was no significant difference between samples 1 & 4
but sample 2 was different than samples 1 & 4. This indicates that the control PLA and no
collagen samples have similar cell viability indicating the importance of collagen for cell
proliferation. The possibility of presence of some adsorbed and/or adhered collagen
remaining on the surface may have increased the cell proliferation on sample 2. The sample 3
showed the best and most significant result among all samples indicating the importance of
immobilization of collagen on functionalized surface for improving the cell growth on the
scaffold. Also, all the control samples without cells were statistically similar to the blank

control samples indicating the substrate had no effect on the assay.
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To further investigate the role of surface chemistry on cell attachment and proliferation, SEM
images of the seeded scaffolds were taken and compared with each other to see if there were
any visual differences between the samples. Figure 4.35 shows the images of the untreated
PLA nonwoven sample in the medium with and without cells. The fibers are similar in
appearance to those observed on the “as received” samples, suggesting that neither the cells
nor the medium affect the PLA surface during the 6 day culture exposure. The sample with
cells shows limited cell support with relatively little cell attachment, which agrees with the

MTT results where this sample showed low absorbance.
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(b)

Figure 4.35: Untreated PLA sample in the medium (a): with cells (b): without cells
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Sample 2 which had been coated with collagen, but without any surface grafting, also
exhibited less cell adhesion and proliferation (Figure 4.36). Most of the collagen was
removed by washing and only a little collagen remained on the surface at the junction

between two fibers. It is believed that the presence of this collagen caused the few cells to

adhere to the surface at the junction.

Figure 4.36: Collagen treated PLA sample with a few cells attached

Sample 3 with an activated surface and collagen immobilization appears to show the highest
number of cells (Figure 4.37) which is in agreement with the MTT results where this sample
showed maximum absorbance. The collagen is a component of the extracellular matrix and
the molecular receptors for collagen are present on the cell membrane. So, the presence of

grafted collagen on the PLA fibers is likely mimicking an extra cellular matrix environment
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for the fibroblast cells which identified the bioactive coating and spread over the surface the
of PLA fibers. Although untreated PLA fibers have in this study been observed to provide a
favorable surface for some cell attachment, our findings support the hypothesis that the
collagen immobilization increases cell adhesion and proliferation and the overall cell

viability of the scaffold.

Figure 4.37: Surface activated and collagen immobilized PLA sample

Sample 4, which was surface activated but without any collagen coating, shows few adhering
cells (Figure 4.38). This is in agreement with MTT results which showed this sample gave a
low mean absorbance value. This sample confirms the importance of collagen
immobilization for good cell adhesion and proliferation. It also suggests that the hydrophilic

maleic acid treatment and genipin attachment did not alter the level of cell attachment, and
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that collagen was the main component of Sample 3 to promote the increased cell viability. In
the absence of collagen, the cells lack their biomolecular recognition ability for the surface

which reduces the likelihood for attachment and/or adhesion.

Figure 4.38: Surface activated PLA sample with no collagen

Figure 4.39 shows individual fibroblast cell attachment at higher magnification. The margins
of the cell can be observed being closely associated with the fiber’s surface, indicating
spreading and good adhesion. The protrusions which appear on the surface of the cell may be
small plasma membrane blebs, which can be formed by mild disturbances to the plasma
membrane. The activity of the cortical actin present under the lipid bilayer is likely to
contribute to the blebbed appearance which is commonly observed phenomenon during

washing or agitating the cells in PBS buffer. Figure 4.40 shows a cellular aggregate with
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visible partitions (fibroblast cells measure about 10 p in length), suggesting this may be a

cluster of cells attached to the surface of the collagen immobilized PLA fiber.

Figure 4.40: View of a cluster of fibroblast cells attached to the immobilized collagen

scaffold

123



CHAPTER 5 - CONCLUSIONS & FUTURE WORK

5.1. Conclusions

1)

2)

b)

3)

The plasma initiated polymerization was more effective in grafting maleic acid on the
PLA surface than the thermal initiated polymerization thus leading to better and more
uniform functionalization of the surface to produce carboxylic groups.

Both material and process variables played a major role in the effect of grafting in
both the methods.

For plasma initiated polymerization, the optimal conditions for grafting involved
applying helium plasma for 15 mins and using 1M maleic acid concentration. As the
monomer concentration and plasma exposure time increased, the grafting increased
thus increasing the surface charge density of carboxylic acid species. 100% helium
gas plasma initiation led to better grafting compared to helium and 1% oxygen gas
plasma initiation.

For thermal initiated polymerization, the optimal conditions for grafting involved
0.2M potassium persulfate, 1M maleic acid, 3x10"® M Mohr’s salt in a solution.
Optimal curing was identified at 130°C for 4mins curing in a hot oven. As the
initiator concentration increased initially, the grafting increased and then decreased
above a 0.2M concentration. As the monomer concentration increased, it led to better
grafting. The addition of Mohr’s salt helped in reducing homopolymerization which
lead to more effective grafting.

Genipin was selected as it’s a naturally occurring cross linker which can be used as

spacer molecule for the immobilization of the peptide on the surface.
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4) Collagen was successfully attached and coated uniformly on PLA to render the
surface bioactive.

5) The plasma initiated maleic acid grafted, genipin treated and collagen immobilized
PLA surface showed the best cell proliferation data and superior cell viability. The
collagen coating increased the cell viability of the scaffold

6) The mechanical properties of the scaffold were reduced by maleic acid treatment by
about 13.5% but the following treatments did not significantly affect them. The
bursting strength showed some reduction in value but was determined to be
statistically insignificant. Analysis of the fiber morphology of the scaffold showed
good deposition over the PLA surface indicating a continuous and uniform

functionalized surface which in turn led to a uniform, smooth collagen coating.

5.2. Future work

More detailed cell proliferation and cell viability sets of experiments will help in gaining
useful information on different types of scaffolds, with varying types of cells and different
cell seeding densities. The results can be done in triplicates to further confirm them

statistically.

Another additional step in this research would be to study the effect of bioactive collagen
coatings on cells like epithelial cells which do not produce their own ECM. The rate of
resorption and the biodurability of the collagen layer can be found after exposure to active

enzymes like collagenases both with and without post-plasma treatment.
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The use of the ATRP technique with glycidyl methacrylate for surface modification will
allow the functionalization of well defined polymer brushes on the surface. This technique
can be compared to the two techniques included in this study so as to assess which approach

results in higher collagen content with good uniformity.

The study of different monomers for grafting will be an essential study to establish the
structure-property relationships. The effect of different structures in bioactive coating the
surface and its effect on cell proliferation would be an interesting study in future.

Finally, the use of these surface modification techniques for the 3-D knitted scaffolds
generated by our group would be an interesting prospect in the future. The combination of
the two projects has the potential to result in development of an effective and clinically

relevant tissue engineered scaffold material.
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APPENDIX A

Contact angle measurements for all the treatments

1). Plasma initiated polymerization

a). Effect of monomer concentration on contact angle for both He and He + O,

Monomer conc.(M) Contact angle(®)

He He-O,
mean std. dev. SEM mean std. dev. SEM
0 102.6 2.4 1 120 1.8 0.8
0.25 94.8 2.2 0.9 105.9 3.4 1.4
0.5 68 1 0.4 96.6 15 0.6
0.75 45.5 1.9 0.8 76.8 3 1.2
1 28.2 2.2 0.9 62.8 1.4 0.6

b). Effect of exposure time on contact angle for both He and He + O,

Exposure time (min)

10
15

Contact angle(’)

He He-O,
mean std.dev.  SEM mean  std. dev.
87 2.2 09 104.4 2.7
66.9 1.7 0.7 75.6 2.6
28.2 2.2 0.9 62.8 14

SEM
11
0.7
0.6

138



2). Thermal initiated polymerization

a). Effect of initiator concentration on contact angle

Initiator concentration (M)

0.01

0.1
0.2
0.3
0.4

Contact angle (°)

Mean
105.09
96.67
93.37
95.95
96.5

Standard deviation
1.1
0.6
2.3
2.1
2.7

b). Effect of monomer concentration on contact angle

Monomer concentration (M)

0

0.25

0.5

0.75

1

Contact angle (°)

Mean
125.7
1135
105.3
100.6
93.2

Standard deviation
0.5
1.1
0.9
0.7
1.8

c). Effect of Mohr’s salt concentration on contact angle

0

o Ol WN B

Contact angle (°)
Mohr's salt concentration (M)x 10" Mean

104.5
97.9
95.3
93.2
94.1
93.7
95.2

Standard deviation
1.4
2.2
0.5
1.7
2
0.8
2.1
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APPENDIX B

T-test results for bursting strength values

Control PLA — Control PLA
MATG — Maleic acid grafted via thermal initiation

MAPG - Maleic acid grafted via plasma initiation

GPPLA — Genipin treated PLA
CPLA - Collagen immobilized PLA

Comparisons for each pair using Student's t

t Alpha
2.22814 0.05
Abs(Dif)-LSD Control PLA GPPLA MAPG CPLA MATG
Control PLA -2.9123 -1.0690 -0.7523 0.5244 0.5377
GPPLA -1.0690 -2.9123 -2.5956 -1.3190 -1.3056
MAPG -0.7523 -2.5956 -2.9123 -1.6356 -1.6223
CPLA 0.5244 -1.3190 -1.6356 -2.9123 -2.8990
MATG 0.5377 -1.3056 -1.6223 -2.8990 -2.9123
Positive values show pairs of means that are significantly different.
Level Mean
Control PLA A 15.940000
GPPLA A |B 14.096667
MAPG A |B 13.780000
CPLA B 12.503333
MATG B 12.490000
Levels not connected by same letter are significantly different.
Level - Level Difference| Std Err Dif Lower CL Upper CL p-Value
Control MATG 3.450000 1.307051 0.53771 6.362291 0.0248*
PLA
Control CPLA 3.436667 1.307051 0.52438 6.348958 0.0252*
PLA
Control MAPG 2.160000 1.307051 -0.75229 5.072291 0.1294
PLA
Control GPPLA 1.843333 1.307051 -1.06896 4.755624 0.1888
PLA
GPPLA MATG 1.606667 1.307051 -1.30562 4.518958 0.2471
GPPLA CPLA 1.593333 1.307051 -1.31896 4.505624 0.2508
MAPG MATG 1.290000 1.307051 -1.62229 4.202291 0.3469
MAPG CPLA 1.276667 1.307051 -1.63562 4.188958 0.3517
GPPLA MAPG 0.316667 1.307051 -2.59562 3.228958 0.8135
CPLA MATG 0.013333 1.307051 -2.89896 2.925624 0.9921
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T-test results for mean relative absorbance values for each sample in MTT Assay

APPENDIX C

Comparisons for each pair using Student's t

t Alpha
1.98861 0.05
Abs(Dif 7 4 1 10 2 3 8 9
)-LSD
7 -0.03410| 0.05675| 0.15525| 0.16486| 0.24274| 0.24344 0.24734 0.24844
4 0.05675| -0.03410| 0.06440| 0.07401| 0.15189| 0.15259 0.15649 0.15759
1 0.15525| 0.06440| -0.03410| -0.02449| 0.05339| 0.05409 0.05799 0.05909
10 0.16486| 0.07401| -0.02449| -0.03410| 0.04377| 0.04447 0.04837 0.04947
2 0.24274| 0.15189| 0.05339| 0.04377| -0.03410| -0.03340| -0.02950 -0.02840
3 0.24344| 0.15259| 0.05409| 0.04447| -0.03340| -0.03410| -0.03020 -0.02910
8 0.24734| 0.15649| 0.05799| 0.04837| -0.02950| -0.03020| -0.03410 -0.03300
5 0.24794| 0.15709| 0.05859| 0.04897| -0.02890| -0.02960| -0.03350 -0.03360
9 0.24844| 0.15759| 0.05909| 0.04947| -0.02840| -0.02910| -0.03300 -0.03410
6 0.24854| 0.15769| 0.05919| 0.04957| -0.02830| -0.02900| -0.03290 -0.03400
12 0.25001| 0.15916| 0.06066| 0.05105| -0.02683| -0.02753| -0.03143 -0.03253
11 0.25196] 0.16111] 0.06261| 0.05300| -0.02488| -0.02558| -0.02948 -0.03058
Positive values show pairs of means that are significantly different.
Level Mean
7 A 0.2817250
4 B 0.1908750
1 C 0.0923750
10 C 0.0827625
2 D 0.0048875
3 D 0.0041875
8 D 0.0002875
5 D -0.0003125
9 D -0.0008125
6 D -0.0009125
12 D -0.0023875
11 D -0.0043375
Levels not connected by same letter are significantly different.
Leve | - Level Difference Std Err Dif Lower CL Upper CL p-Value
|
7 11 0.2860625 0.0171487 0.251961 0.3201645 <.0001*
7 12 0.2841125 0.0171487 0.250011 0.3182145 <.0001*
7 6 0.2826375 0.0171487 0.248536 0.3167395 <.0001*
7 9 0.2825375 0.0171487 0.248436 0.3166395 <.0001*
7 5 0.2820375 0.0171487 0.247936 0.3161395 <.0001*
7 8 0.2814375 0.0171487 0.247336 0.3155395 <.0001*
7 3 0.2775375 0.0171487 0.243436 0.3116395 <.0001*
7 2 0.2768375 0.0171487 0.242736 0.3109395 <.0001*
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Leve | - Level Difference Std Err Dif Lower CL Upper CL p-Value
|

7 10 0.1989625 0.0171487 0.164861 0.2330645 <.0001*
4 11 0.1952125 0.0171487 0.161111 0.2293145 <.0001*
4 12 0.1932625 0.0171487 0.159161 0.2273645 <.0001*
4 6 0.1917875 0.0171487 0.157686 0.2258895 <.0001*
4 9 0.1916875 0.0171487 0.157586 0.2257895 <.0001*
4 5 0.1911875 0.0171487 0.157086 0.2252895 <.0001*
4 8 0.1905875 0.0171487 0.156486 0.2246895 <.0001*
7 1 0.1893500 0.0171487 0.155248 0.2234520 <.0001*
4 3 0.1866875 0.0171487 0.152586 0.2207895 <.0001*
4 2 0.1859875 0.0171487 0.151886 0.2200895 <.0001*
4 10 0.1081125 0.0171487 0.074011 0.1422145 <.0001*
4 1 0.0985000 0.0171487 0.064398 0.1326020 <.0001*
1 11 0.0967125 0.0171487 0.062611 0.1308145 <.0001*
1 12 0.0947625 0.0171487 0.060661 0.1288645 <.0001*
1 6 0.0932875 0.0171487 0.059186 0.1273895 <.0001*
1 9 0.0931875 0.0171487 0.059086 0.1272895 <.0001*
1 5 0.0926875 0.0171487 0.058586 0.1267895 <.0001*
1 8 0.0920875 0.0171487 0.057986 0.1261895 <.0001*
7 4 0.0908500 0.0171487 0.056748 0.1249520 <.0001*
1 3 0.0881875 0.0171487 0.054086 0.1222895 <.0001*
1 2 0.0874875 0.0171487 0.053386 0.1215895 <.0001*
10 (11 0.0871000 0.0171487 0.052998 0.1212020 <.0001*
10 |12 0.0851500 0.0171487 0.051048 0.1192520 <.0001*
10 |6 0.0836750 0.0171487 0.049573 0.1177770 <.0001*
10 |9 0.0835750 0.0171487 0.049473 0.1176770 <.0001*
10 |5 0.0830750 0.0171487 0.048973 0.1171770 <.0001*
10 |8 0.0824750 0.0171487 0.048373 0.1165770 <.0001*
10 |3 0.0785750 0.0171487 0.044473 0.1126770 <.0001*
10 |2 0.0778750 0.0171487 0.043773 0.1119770 <.0001*
1 10 0.0096125 0.0171487 -0.024489 0.0437145 0.5766
2 11 0.0092250 0.0171487 -0.024877 0.0433270 0.5920
3 11 0.0085250 0.0171487 -0.025577 0.0426270 0.6204
2 12 0.0072750 0.0171487 -0.026827 0.0413770 0.6725
3 12 0.0065750 0.0171487 -0.027527 0.0406770 0.7024
2 6 0.0058000 0.0171487 -0.028302 0.0399020 0.7360
2 9 0.0057000 0.0171487 -0.028402 0.0398020 0.7404
2 5 0.0052000 0.0171487 -0.028902 0.0393020 0.7625
3 6 0.0051000 0.0171487 -0.029002 0.0392020 0.7669
3 9 0.0050000 0.0171487 -0.029102 0.0391020 0.7713
8 11 0.0046250 0.0171487 -0.029477 0.0387270 0.7881
2 8 0.0046000 0.0171487 -0.029502 0.0387020 0.7892
3 5 0.0045000 0.0171487 -0.029602 0.0386020 0.7936
5 11 0.0040250 0.0171487 -0.030077 0.0381270 0.8150
3 8 0.0039000 0.0171487 -0.030202 0.0380020 0.8206
9 11 0.0035250 0.0171487 -0.030577 0.0376270 0.8376
6 11 0.0034250 0.0171487 -0.030677 0.0375270 0.8422
8 12 0.0026750 0.0171487 -0.031427 0.0367770 0.8764
5 12 0.0020750 0.0171487 -0.032027 0.0361770 0.9040
12 |11 0.0019500 0.0171487 -0.032152 0.0360520 0.9097
9 12 0.0015750 0.0171487 -0.032527 0.0356770 0.9270
6 12 0.0014750 0.0171487 -0.032627 0.0355770 0.9317
8 6 0.0012000 0.0171487 -0.032902 0.0353020 0.9444
8 9 0.0011000 0.0171487 -0.033002 0.0352020 0.9490
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Leve | - Level Difference Std Err Dif Lower CL Upper CL p-Value
|

2 3 0.0007000 0.0171487 -0.033402 0.0348020 0.9675
8 5 0.0006000 0.0171487 -0.033502 0.0347020 0.9722
5 6 0.0006000 0.0171487 -0.033502 0.0347020 0.9722
5 9 0.0005000 0.0171487 -0.033602 0.0346020 0.9768
9 6 0.0001000 0.0171487 -0.034002 0.0342020 0.9954
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Calculation of surface charge densities of carboxylic acid species

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Concentration (mg/L)
PLA control
21
36
56
103
0.25M MA plasma
18
33
52
6.6
93
0.5M MA plasma
17
3
5
89
0.75M MA plasma
17
3
5.1
6.7
87
IMMA plasma
15
26
47
6.5
82

Absorbance ginal dye conc (mg Diff in conc. (mg/L) Amount of dye on fabric (mM)

0.2599
0432
0.6736
1.2401

0217
0.4011
0.6287
0.7998
11212

0.205
0.3645
0.6068
1.0802

0.2108
0.363
0.6176
0.8082
1.0524

0.1786
0.3151
0.5717
0.7803
0.9902

20
40
6.0
100

20
40
6.0
8.0
100

20
40
6.0
100

20
40
6.0
8.0
100

20
40
6.0
8.0
10.0

APPENDIX D

0.1
04
04
-03

0.2
0.7
08
14
0.7

03
1
1

11

03
1
09
13
13

05
14
13
15
18

-0.000166945

0.00066778
0.00066778

-0.000500835

0.00033389
0.001168614
0001335559
0.002337229
0001168614

0000500835
0001669449
0001669449
0001836394

0000500835
0.001669449
0001502504
0002170284
0002170284

0000834725
0002337229
0.002170284
0002504174
0.003005008

Charge on 1g fabric

-1.00551E+17
4.02204e+17
4.02204E+17
-3.01653E+17

2.01102£+17
7.03856E+17
8.04407E+17
LA0771E+18
7.03856E+17

3.01653E+17
1.00551E+18
1.00551E+18
1.10606E+18

3.01653E+17
1.00551E+18
9.04958E+17
1.30716E+18
1.30716E+18

5.02755E+17
LA0T71E+18
1.30716E+18
1.50826E+18
1.80992€+18

Charge on 0.1 fabric

-1.00551E+16
4.02204E+16
4.02204E+16
-3.01653E+16

2.01102¢+16
7.03856E+16
8.04407E+16
140771417
7.03856E+16

3.01653E+16
1.00551€+17
1.00551€+17
1.10606E+17

3.01653E+16
1.00551E+17
9.04958E+16
130716417
1.30716E417

5.02755E+16
LAOTT1E+17
1.30716E+17
1.50826E+17
1.80992€+17
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