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ABSTRACT

Effects of Surface Properties on Adhesion of Protein to Biomaterials. (August 2010)
Fangzhou Feng, B.S., Wuhan University of Technology

Chair of Advisory Committee: Dr. Hong Liang

This thesis research investigates the adhesion mechanisms of protein molecules to
surfaces of biomaterials. New understanding in such adhesion mechanisms will lead to
materials design and surface engineering in order to extend the lifespan of implants. The
present research evaluates and analyzes the adhesive strength of proteins on pure High
Density Polyethylene (HDPE), Single Wall Carbon Nanotube (SWCNT) enhanced
HDPE composites, Ti-C:H coating and Ti6Al4V alloys (grade 2). The adhesive strength
was studied through fluid shear stress and the interactions between the fluid and material
surfaces. The adhesive strength of protein molecules was measured through the critical
shear strength that resulted through the fluid shear stress. The effects of surface and
material properties, such as roughness, topography, contact angle, surface conductivity,
and concentration of carbon nanotubes on adhesion were analyzed. Research results
showed that the surface roughness dominated the adhesion. Protein was sensitive to
micro-scale surface roughness and especially favored the nano-porous surface feature.
Results indicated that the unpurified SWCNTs influenced crystallization of HDPE and

resulted in a nano-porous structure, which enhanced the adhesion of the protein onto a



v

surface. Titanium hydrocarbon coating on silicon substrate also had a porous topography

which enhanced its adhesion with protein, making it superior to Ti6Al4V.
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CHAPTER |

INTRODUCTION

In this chapter, a comprehensive review of prior literatures will be given. The
background theory about shear stress test will be provided. Following is an introduction
to the fluid shear method to study fluid-material interfaces leading to the quantitative

evaluation of average adhesive strength of cells or proteins to a substrate.

1.1. Material for artificial joint

Ultra High Molecular Weight Polyethylene (UHMWPE) and HDPE have been
intensely studied for artificial joints for nearly 40 years [1-3]. UHMWPE and HDPE
have excellent lubricity, biocompatibility, wear resistance and excellent mechanical
properties, which make them good materials for artificial joints [4-5]. Their properties
can be further improved by modern composite technology. Enhancing wear resistance
and strength will allow new artificial joints to serve longer. This will reduce patients’
pain suffered from surgery of replacing failed artificial joint. A typical artificial joint is

composed of several parts and is shown in Fig. 1.

This thesis follows the style of Biomaterials.
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Fig. 1. Structure of a typical hip joint and its appearance
after implant

The UHMWPE or HDPE coating on the metal femoral head is very important for
artificial joint function. The polymer coating increases protein adsorption and improves
the lubrication of the artificial joint [5-7]. Patient’s activity, however, will wear the
coating and release microscopic debris particles into the tissue around the joint. The
accumulation of debris will cause tissue irritation and finally lead to osteolysis and to the
loosening of the artificial joint components. Recent development indicated that
incorporation of SWCNT enhanced strength and wear resistance of HDPE. This shows

that such a material would be a good candidate for artificial joints [8-12].



1.2. Dental implant

Dental implants have special needs in biomaterials. Fig. 2 is a cross-section of a
typical dental implant. Simply, it is a screw inserted into the jawbone. Once set, there are
two interfaces with the implant. The first is between the implant surface and jawbone.
This interface is important for the successful osseointegration process, which firmly
anchors the dental implant into jawbone. The second interface is from the dental implant
surface to the gum tissue. Ideally if the gum tissue attaches well to the dental implant
surface it can serve as a protective barrier. In such, food debris will not enter to the root
area and corrode the dental implant surface [13]. Corrosion may result in loosening and
failure of the dental implant. Currently, the widely used material for dental implant is the
titanium-alloy, Ti6Al4V [14-15]. This material is successful because of its outstanding
mechanical and chemical properties. Moreover the TiO, film formed on the surface of
Ti6Al4V increases its wear resistance and hardness. TiO, can aid in the successful

osseointegration and form a good interface with oral soft tissue [16-17].
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Fig. 2. Structure of a dental implant

It has been found that Ti-C:H has superior properties than titanium oxide as a
coating [18-21]. Whether it could be used for dental implant coating needs to be
investigated. To meet these demands, Ti-C:H needs to have a good interface with gum
tissue. The first step for the formation of that interface is protein adhesion, followed by
cell adhesion. Shear stress tests can test the adhesive strength of albumen to titanium
hydrocarbon coating on a silicon substrate and Ti6Al4V. Comparison of these results

will allow the selection of the best material.



1.3. Current issue in artificial joints

New materials for artificial joints have always been a driving force for the
development of orthopedic implants. Recently in worldwide, each year more than
800,000 hip joints are replaced and over 500,000 knee replacement surgeries enable
patients to walk without pain [22-23]. This trend is true for the world, most notably in
China, Japan, and Germany. The reason is that the baby boomers after World War II are
now aging and experiencing a variety of health problems, including the deterioration of

their skeletal systems [1].

1.4. Cell-materials adhesion

Cell and protein adhesion on different bio-materials is one of the most important
aspects for an implant device [24-26]. When a foreign material enters into our body and
contacts body tissue or bio-fluid, protein adsorption occurs[24, 27]. Without the protein
adsorption, cells cannot attach on the implant surface and form a good interface with the
implant.

Cell adhesion are influenced by surface roughness in macro-scale (around 0.60pm ).
Moreover proteins are sensitive to surface topography in the nanometer scale (1-4nm)
[28]. Deligianni [29] reported that human bone cells could detect the surface roughness

in the order of 0.60um. In the same report, a high surface roughness benefited cell



adhesion and proliferation. Galli [28] reported that micrometer scale topography could
influence protein adhesive strength to a surface. In other reports, methodology had been
developed to quantify the adhesion of albumen on the substrate [30-32]. A summary of
various studies of cell adhesion is listed in Table 1. Questions arose regarding effects of
surface properties on cell adhesion in terms of interfaces of fluid, cell, and bio-molecules

[33-36].

Table 1 Summary of cell and protein adhesion study on different substrates

Year Author Test Summary Results
Human bone cell Surface roughness affects cellular
2001 S . : .
[37] Deligianni adhesion on response, enhancing cell adhesion
hydroxyapatite and proliferation
Bone marrow cell, Serum albumin adheres better to the
2001 Deligianni bovine serum albumin  smoother substratum. Cell adhesion
[29] g and fibronectin coated and proliferation can sense surface
on Ti6Al4V roughness
Protein A, 19G and Surface topography in nanometer
2002 . F-actin on Si and Ti . pograpny . i
Galli o scale can influence protein adhesive
[28] surfaces with different
strength
topography
Human serum - .
o e abunin(uan R s ol
UHMWPE P
2009 Rocha ng(:irelsltzjssei?;:f: A method was developed to quantify cell
[30] adhesive strength to materials

polymer substrate
Prove spinning disc shear stress test can
be used for quantifying bone cell adhesive
strength to biomaterials of orthopedic
implants

2010 . Osteoblastic cells on
[31] Fritsche  TigAl4v, Co28Cr6Mo
and 316L




CHAPTER 1l

MOTIVATION AND OBJECTIVES

The current materials for artificial joint and dental implant do not satisfy the
requirement due to lack of protein adhesion. So this research aims to obtain basic
understanding of adhesive mechanisms. This will help improve the protein adhesion and
subsequently the service life of artificial joint and dental implant. There are two

objectives in the present research.

1. Obtain fundamental understanding in molecular interactions between protein
molecules and biomaterials. Such understanding can be firstly obtained through
experimental and quantitative evaluation of adhesive strengths through fluid
shear.

2. Develop knowledge in surface properties on protein adhesion. The surface
features include roughness of a surface, topography, contact angle and

conductivity of a surface.

The primary approach is to carry out fluidic experiments using a rheometer. The same
type of proteins will be tested and SWCNT-HDPE composites and Ti-C:H coating will

be studied.



CHAPTER 111

EXPERIMENT PROCEDURES

In this chapter the experimental procedure will be provided. Information about
materials tested will be discussed. Fluid shear stress experiments will be conducted in

laminar flow condition which is critical for adhesion study.

3.1. SWCNT-HDPE sample preparation

Pure HDPE sample films were prepared using the following method. HDPE
pellets and o-xylene liquid (Sigma Aldrich) were used for this study. Firstly HDPE
pellets (1.5g) and o-xylene (9.5g) were placed into a beaker on a hot plate and heated to
150C , and stirred at 300rpm using a magnetic stirrer. After the HDPE pellets dissolved
completely, the HDPE/o-xylene solution was poured onto a heat-resistant ceramic plate
that was pre-heated to 150°C. A doctor blade moved across to create film of uniform
thickness (40pm).

Purified SWCNT-HDPE nanocomposites were produced using the following
method provided by collaborators. SWCNTs were fabricated by high pressure CO
disproportionation process (HiPco) [38-39]. Raw SWCNTs were purified with nitric acid
reflux and gas phase oxidization process. The SWCNTs were dispersed in o-xylene for

two hours using probe sonication at 25 Watts power. The solution was then heated to



150°C and mixed with a HDPE/o-xylene hot solution on a stirring hot plate.
HDPE/o-xylene solution used was the same as that prepared for pure HDPE samples.
The stirring process involved magnetic stirring at 300 rpm for three hours followed by
six hours of probe sonication process. The casting process for the SWCNT-HDPE
composites was the same as pure HDPE. Unpurified SWCNT-HDPE composites were
also prepared in order to compare with purified SWCNT-HDPE samples. For the
unpurified SWCNT-HDPE composites raw SWCNTs was directly used without any
purification process.

After solution casting, samples were stored in a desiccator until they solidified.
Samples were put into a vacuum oven at 80°C in order to eliminate any remaining
o-xylene in the film. The solution casting process produces was used to make samples
into different surface roughness on either side. The bottom surface was generally
smoother than the top (shown in Fig. 3). Both sides of sample were evaluated in order to
eliminate chemical composition difference and only investigate how surface features

influence albumen adhesion.
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Rough side

: Smooth side

Ceramic glass plate

Fig. 3. Top (up) and bottom (down) surface of a sample film

The sample film was set on a glass slide to obtain a flat surface. The sample
film was cut into 25 x 25 mm’ pieces. They were then secured on a microscope slide
with a high strength medical grade double-sided tape (shown in Fig. 4). Care was taken
to avoid trapped air between layers. The samples were cleaned with DI (deionized) water
and allowed to air dry in individual petri-dishes to prevent further contamination.

Twelve samples were prepared for each weight percent SWCNTs composites and for
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both top and bottom surface: 0.1 %, 0.2 %, 0.5 % unpurified, and 2.5 %wt separately.

Pure HDPE samples were used as a control.

Fig. 4. Structure of sample

The sample surface was then coated with albumen solution. The 2.91 %wt
albumen solution was prepared by mixing 0.300+0.005g albumen powder into 10ml DI
water. It was stirred for 20min using a magnetic stirrer. The amount of 100pl of albumen
solution was coated on the surface of each SWCNT-HDPE composite sample using a
pipette. In cases of inconsistent humidity, the protein coating would crack and/or peel off
the surface prior to testing. To prevent this, each sample, along with two DI water
saturated facial tissues, was paced into a partially covered petri-dish and allowed to air
dry for 12 hours (shown in Fig. 5). Six samples with the same SWCNTSs concentration

were prepared as a group for each test.



Fig. 5. Humidity controlled setting

12
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3.2. Materials

Since SWCNTs-enhanced-HDPE is for artificial joint coating, the experiment is
designed to imitate the behavior of artificial joints once implanted into the body.
Rheometer has been used to carry out the shear stress experiments because it is similar to
the working conditions of artificial joints. Artificial joints are actually a ball-cup bearing
system, while the rheometer is a rotating and stationary disk system. The rotating disk
comparable to the femoral head of artificial joint and the stationary disk is similar to the
acetabular cup positioned in the pelvic bone. In this research water is used to imitate the
bio-fluid in the body.

Egg white protein (albumen) is coated on the sample surface to imitate the
protein adhesion on the surface in an artificial joint or dental implant. When the surface
of a foreign material contacts a bio-fluid or body tissue, protein adsorption takes place.
Then cells start to grow on that layer of protein. Finally, the body forms an interface with
the material [24]. Without protein adsorption, cell adhesion cannot begin and body will
reject the implants. Second synovial fluid (SF), which is the natural lubricant for
human’s articular joints, is composed of lipids, hyaluronic acid (HA) and lubricin.
Lubricin is a water-soluble glycoprotein and it plays a very important role in joint
lubrication. Egg white protein contains 54 % Ovalbumin and 12 % Ovotransferrin, both
glycoproteins [40-41]. Furthermore collagen fibers, proteoglycan and elastin fibers are
major components of cartilage (shown in Fig. 6). All of these three components are

protein similar to albumen without exception. Therefore it is valid to use it in this study.
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Fig. 6. Cartilage in human hip joint

Overall using a rheometer, the combination of water and egg white albumen is a

good simulation of the working conditions of artificial joints.

3.3. Fluid shear stress measurement

We have recently developed a methodology to analyze the average adhesive
strength of a cell or protein on to a substrate involving well defined shear stress[30].
This method employs a parallel plate rheometer (shown in Fig. 7) to quantify protein or
cell adhesive strength on a material. During the experiment a round plate or spindle
rotates over the sample and applies a shear stress on the protein through the fluid
between the sample and the spindle. A laminar flow condition is required for the shear
stress analysis. In this test the Reynolds number was less than 2.9 x 10* by using the

following equation.
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Re =por’/n (1) [30, 42]
where o is the rotational speed, r is the radius of the spindle disk, and n and p are the
viscosity and density of fluid. The radius to boundary layer thickness ratio, calculated
from the spindle radius divided by the boundary layer thickness, was 30.49. The
boundary layer thickness, 9, is calculated from the following equation.
5 =5.5m/(pw))? (2)
According to H. Schlichting and K. Gersten [31, 43-45] the laminar flow condition and
the assumption of an infinitely large disc are satisfied. Laminar flow condition can
simplify the calculation processwhile an infinitely large disc assumption is used to

eliminate the turbulent flow near the rim of the spindle.

Fig. 7. Rheometer system
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Since the flow is laminar, the radial position or critical radius (Rc) on the
sample and the applied shear stress or critical shear stress (trc) at that location has a
linear relationship. The maximum shear stress (Trmax) On the rim the disk is controlled by
the rheometer. So if the distance between this point and the center (Rc) are measured, the

following equation can calculate the critical shear stress (Trc).

Rc
TrRc = TRmax T (3)

where r is the radius of the disk (shown in Fig. 8).

Fig. 8. Tested sample shown critical radius (Rc)

Before experiments the sample surface was coated with albumen. During the test

the proteins close to the rim of the spindle were removed because the applied shear stress
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was highest. As the radius decreased the applied shear stress also decreased. This led to a
point on the surface (the critical radius) at which the albumen remained on the surface.
This was due to the applied shear stress at this point not sufficient enough to overcome
the albumen adhesive strength to the sample. Albumen coating on a sample surface after
testing showed a disk shape protein distribution (Fig. 9). Then we measured Rc and used
it in equation (3) to calculate the tr.. This Tr. represented the adhesive strength between

the sample and albumen.

Fig. 9. Measuring the critical radius (Rc)
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Image analysis is used to measure the critical radius of the albumen left on the
sample. The software Image-J allows for the measurement of distances in pixels. Firstly,
the number of pixels was counted along a 10mm (L) ruler that was placed next to the
sample. Secondly, the area of the protein (Ac) left on the sample after testing was
measured using a circle (shown in Fig. 9). Finally, the critical radius (Rc) of the sample

was obtained by using the following conversion.

Re=i- % @

L10 T
Critical shear stress will be used to quantify the adhesion of albumen to the

sample surface. Standard error will be used to calculate the length of the error bar.
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3.4. Shear stress test procedure

The AR-G2 Rheometer (TA Instruments) was used to carry out experiments by
controlling maximum shear stress applied on the sample (shown in Fig. 10). The rotating
disk was a 25mm diameter spindle while the sample was fixed on the stationary disk

below.

Fig. 10. AR-G2 rheometer
Courtesy of TA Instrument
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The stationary plate is a peltier plate for temperature control. The temperature
was maintained at 25 °C. The amount of 200+1pul of DI water was poured on the sample
to fill the 500um gap between the spindle and the sample (shown in Fig. 11). When
lowering the spindle, it rotated at a low speed in order to form an evenly distributed
water layer without air bubbles (shown in Fig. 12). Each shear stress test took for Smin.
Shear strain, spindle speed, torque and temperature were recorded. Immediately after
testing, protein distribution on sample surface was recorded using a digital camera for
image analysis (Image-J). Six samples in one group were exposed to different controlled

shear stress, namely 25, 26.5, 28, 29.5, 31 and 32.5Pa.

Fig. 11. DI water dropped on sample surface
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Fig. 12. View of test procedure

Samples were cleaned with distilled water after each test to remove all proteins
from the surface and allowed to air dry before being recoated with albumen and retested.

To improve accuracy and repeatability, each test was repeated for three times.

3.5. Surface roughness test

The macro-scale surface roughness of all samples, 0.1, 0.2, 0.5 unpurified,
2.5 %wt SWCNT-HDPE, pure HDPE, Ti-C:H coating and Ti6Al4V was measured
respectively with a profilometer (Zygo newview 600s optical) in 0.14mm x 0.11mm
scale (shown in Fig. 13). An optical profilometer uses a non-contact mode to measure

surface roughness and its profile. The average value for each group was used to
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represent its macro-scale surface roughness. The macro-scale surface roughness and
surface profile have been reported to show effects on cell adhesion [29]. The present

research focuses on protein adhesion.

Fig. 13. Optical profilometer
Courtesy of Zygo

3.6. Contact angle measurement

Contact angle was tested in the following method. The amount of 0.05ml
distilled water was dropped onto the sample surface from a Smm height. Once the drop
was on the surface, a digital camera was used to take an image. The height (h) and radius
(r) of the base of the drop were measured with Image-J (shown in Fig. 14). The equation

(5) below was used to calculate the contact angle (0).



23

0
tan (3) = H/R (5)
Contact angle test is necessary because protein had some preference to
hydrophilic surface [4]. Doing so enabled us to study how the contact angle affects the

adhesion of protein to a surface.

.

Fig. 14. Contact angle of albumen solution on sample
surface

3.7. AFM imaging analysis

An AFM (Pacific Nanotechnology, Inc.) was operated with close-contact mode
to scan the surface of each sample (shown in Fig. 15). Scan sizes of Sum x 5pm were
obtained using a silicon cantilever with scan rates of 1Hz and a resolution of 256x256
pixels. Images were analyzed by NanoRule to obtain the surface roughness on the

micrometer scale.
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Nano-scale surface roughness and topography were evaluted in order to compare

the same with macro-scale surface roughness and topography.

Fig. 15. AFM
Courtesy of Pacific Nanotechnology Inc.

3.8. Surface conductivity test

The surface conductivity was tested using the simple “2-probe technique”. Two
test probes of a digital multimeter (shown in Fig. 16) touched the sample with one
centimeter apart. Electric conductance was read directly from the mulitmeter. The unit of
the surface conductance was nS/cm (nano-siemens per centimeter). Every sample

surface was tested for five times and the average was reported.
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Since protein is a highly negative charge molecule, the surface conductivity was
to evalute the electronegantivity in the compostie sample. The hypothesis was based on
the fact that one of the sample groups was fabricated from unpurified SWCNTs. The

unpurities in those SWCNTs were mainly iron particles.
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Fig. 16. Digital multimeter

3.9. XRD scan

Data collection range was from 5 degree to 70 degree (Fig. 17). Data was analyzed

by using the program EVA.
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XRD scan was used to investigate the chemical composition and/or

crystallographic structures.

Fig. 17. XRD (Bruker D-8 Bragg)
Courtesy of Bruker Corp.

3.10. Ti-C:H coating and Ti6Al4V sample preparation

Titanium hydrocarbon coating was fabricated using PECVD (plasma enhanced
chemical vapor deposition) process with acetylene (C,H,) as a reactive gas. Ti was
sputtered on a silicon substrate by magnetron sputtering in an argon atmosphere. The

final chemical composition of the coating was 19 % mol of Ti and 81 % mol of C was



27

achieved by controlling the acetylene flow rate to 45sccm during the deposition process.
The sample was set on a glass slide similar to the SWCNT-HDPE composite films
(shown in Fig. 18). The protein coating procedure for these samples were the same as

SWCNT-HDPE composites.

Fig. 18. Ti-C:H coating on silicon substrate sample settled
on glass slide

Ti6AI4V grade 2 (McMaster-Carr) was polished with grinding papers. To make
the titanium-alloy surface having a similar surface roughness as the Ti-C:H coating, the
Ti-alloy were cut into 28mm x 28mm pieces and polished by three types of grinding
papers (shown in Fig. 19). Samples were polished by usng the Polisher Ecomet I1
Grinder (Buehler Ltd.) Tap water was used as the lubricant. Samples were firstly
polished by a 400-grit silicon carbide grinding paper (Buehler Ltd.), followed by a 600

grit grinding paper (High Tech Products Inc.). Finally the sample surface was finished
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by an 800 grit grinding paper. The optical profilometer scans show that the
titanium-alloy sample surface polished by this procedure has a macro scale surface

roughness similar to the Ti-C:H coating.

Fig. 19. Ti6Al4V (grade 2)
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CHAPTER IV

FLUID AND SURFACE PROPERTIES

This chapter describes experimental results in terms of surface physical and
morphological properties. Those include macro and micro scale surface roughness,

surface topography, contact angle, surface conductivity and XRD scan.

4.1. Macro scale surface roughness test result

The micrometer length scale surface roughness from the optical profilometer are
shown in Fig. 20. There are two points here. The first is that the top surface of each
sample has higher macro scale surface roughness than the bottom surface. The second
finding is that the pure HDPE has higher macro scale surface roughness than the
composite samples for both top and bottom surface. For the Ti-C:H and Ti6Al4V

samples, their macro scale surface roughness are similar.
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Fig. 20. Surface roughness (macro scale) of top and bottom
surface for each sample group
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4.2. Contact angle test result

The contact angle results (Fig. 21) show that the bottom surface of every sample
has a higher contact angle than the top surface. Furthermore Ti-C:H coating is more
hydrophobic than Ti-alloy. This means that Ti-alloy surface more preferentially adsorbs

protein than Ti-C:H coating.

¥ Top Surface ™ Bottom Surface

95 -

Water contact angle

pure 0.1 Wt% 0.2 Wt% 0.5Wt% 25Wt%  (Ti-H:C)Ti-alloy

Fig. 21. Contact angle of top and bottom surface for each
sample group
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4.3. Surface conductivity test result

The surface conductivity test results (Fig. 22) indicate that the surface
conductivity for the two surfaces of each sample is similar. The 0.5 %wt unpurified
SWCNT-HDPE composite sample has much higher surface conductivity than other
groups. The impurities in the SWCNTSs are mainly iron particles which were introduced
during the fabrication process. Iron particles are significantly more conductive than

HDPE. That is why the unpurified composite sample groups have a higher surface

conductivity than others.
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H Bottom Surface
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Surface conductivity (nS/cm)

o

Pure HDPE  0.1% wt 0.2% wt 0.5% wt 2.5% wt
unpurified

Fig. 22. Surface conductivity for top and bottom surface
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4.4. Shear stress test results

The shear analysis results are summarized in Fig. 23, Fig. 24 and Fig. 25. The
error bar is the standard error of data group. In Fig. 25 each sample group may be
identified with a different trend line color. A dash line is used to identify the top surface
while the solid line is used for the bottom surface. According to the figures, for a sample
with a specific weight percent of SWCNTs, the top surface does not always have better
adhesion with albumen than its bottom surface.

In addition the adhesion results for the bottom surface of all samples have a
similar adhesion force with albumen. Their trend lines (shown in Fig. 24) generally
overlap. The adhesion results for the top surface show a significant difference as noted
by the obvious shift of their trend lines (shown in Fig. 23).

Finally the top surface of 0.5 %wt unpurified SWCNTs/HDPE has the strongest
adhesive strength with albumen than all of the others. The top surface of pure HDPE,
which performs as control, shows strong adhesion with albumen following the top
surface of 0.5 %wt unpurified SWCNTs/HDPE.

Ti-C:H coating on silicon substrate has higher adhesive strength with protein

than Ti6Al4V.
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45. XRD test result

The chemical composition of every sample groups is similar. This had been
proven by X-ray diffraction spectrum. Samples were set on a glass slide by using double
sided tape. Since the sample film is thin, 40um in thickness, the X-ray will penetrate the
sample film as well the double sided tape. The XRD data for a composite specimen will
include the noise of double sided tape. In order to eliminate this noise a glass slide with
only double sided tape was scanned by XRD. The results show that the only
crystallographic structure exists in the SWCNT-HDPE composites and HDPE samples
are HDPE (Figs. 26 to 30). The chemical compositions of samples are nearly the same
except the weight percent difference of SWCNTs. On the diffraction spectrum of a
sample, including the noise, the highest peak was located at 60°. Based on the pure
double-sided tape XRD diffraction scans, this peak belongs to the double sided tape (Fig.
31). The other two peaks, located near 21.6° and 24.1° are from HDPE [46-47]. These

two peaks appear clearly in the spectrum when the noise was eliminated (Figs. 32 to 36).
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Fig. 26. XRD data for pure HDPE with noise

0.1 wt% SWNT/HDPE
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Fig. 27. XRD data for 0.1 %wt SWCNT-HDPE with noise
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Fig. 28. XRD data for 0.2 %wt SWCNT-HDPE with noise
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Fig. 29. XRD data for 0.5 %wt unpurified SWCNT-HDPE with noise

38



10

39

2.5wt% SWNT/HDPE

20 30 40 50 60
2-Theta - Scale

Fig. 30. XRD data for 2.5 %wt SWCNT-HDPE with noise
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Fig. 31. XRD data for double sided tape
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Fig. 32. XRD data for pure HDPE without noise|
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Fig. 33. XRD data for 0.1% wt SWCNT-HDPE without noise
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Fig. 34. XRD data for 0.2% wt SWCNT-HDPE without noise
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0.5 wt% SWNT/HDPE
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Fig. 35. XRD data for 0.5% wt unpurified SWCNT-HDPE without noise
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Fig. 36. XRD data for 0.5% wt SWCNT-HDPE without noise
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4.6. AFM phase image

The AFM phase image for the top and bottom surfaces show different
morphology and phase composition as shown in Fig. 37. The top surface shows only one
phase while the bottom surface two phases. That is because the bottom surface was
directly in contact with the glass plate during the fabrication process. The glass plate
performed as preferential nucleation site for HDPE, which led to the heterogeneous
nucleation.

Since the top surface was exposed to the air during their solidification process,
the HDPE was naturally solidified without any influence. That is why their phase image

shows only one phase, which represents homogeneous nucleation.
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from top to bottom the samples are pure HDPE, 0.1 %, 0.2 %, 0.5 % unpurified and
2.5 %wt SWCNT-HDPE
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CHAPTER V

ADHESION MECHANISMS

In this chapter, detailed discussions are provided based on experimental results in
Chapter IV. The mechanisms of protein adhesion, effects of surface topography on the

same will be analyzed.

5.1. SWCNT-HDPE composites

Potential effects of contact angle, surface conductivity, macroscopic and

microscopic surface roughness are discussed here on protein adhesion.

5.1.1. Contact angle

Based on results in Fig. 21, contact angle do not show a specific trend with the
adhesion force between the sample and the albumen. The bottom surface of every
sample has a significantly higher contact angle than its top surface, ie., more
hydrophobic. If the contact angle were a dominant factor for protein adhesion, the top

surface of every sample should have always had better adhesion with protein than the
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bottom surface. However we found that there was no significant or consistent preference
in protein adhesion for the top or bottom surface. The shear stress results (Fig. 25)
showed that for some samples groups, such as pure HDPE and 0.5 %wt unpurified
SWCNT-HDPE, their top surface had stronger adhesion with albumen than otherwise.
For 0.1 %wt and 2.5 %wt sample groups, however, their bottom surface has better
adhesion than their top surface. Moreover the adhesive strength of albumen to the rough
and bottom surface of 0.2%wt samples is nearly the same. This indicated that the contact

angle was not related to albumen adhesive strength on a surface.

5.1.2. Surface conductivity

Surface conductivity is not related to albumen adhesive strength on a surface. For
the surface conductivity, the 0.5 %wt unpurified SWCNT-HDPE composite has much
higher surface conductivity than other groups (Fig. 22). Although the top surface of
0.5 %wt unpurified SWCNT-HDPE composite shows stronger adhesive strength with
albumen than all of the others, the bottom surface of 0.5 %wt composite does not show a

significantly stronger adhesive strength with albumen than the other groups (Fig. 25).
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5.1.3. Macro scale surface roughness

The adhesion between albumen and the sample surface is not related to
macroscopic surface roughness. Because according to the macro scopic surface
roughness test results the top surface of every sample has higher macro scale surface
roughness than its bottom surface (Fig. 20). There is no consistent preference in protein
adhesion for the top or bottom surface, which had already been discussed in Section
5.1.1. above. Overall the macroscopic surface roughness is not related to albumen

adhesive strength.

5.1.4. Micro scale surface roughness

As seen in Fig. 38 micrometer length scale surface roughness have visible effects
on adhesion for composite materials. In general, higher surface roughness in micro-scale
improves the adhesion. This rule is applicable for nearly all of the sample groups
independent of smooth or top surface testing. The exception is the top surface of
0.5 %wt unpurified SWCNT-HDPE and the top surface of pure HDPE. The adhesion is
sensitive to the microscopic scale surface roughness (Fig. 38). The adhesive strength
increases steadily with the micro-scale surface roughness tested by AFM. It is clear that

the shear stresses are consistently high on the smooth surfaces.
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The critical shear stress in Fig. 26 was calculated from the test result of 32.5Pa
applied shear stress. This value was selected because the fluid-film lubrication
mechanism experienced at this applied shear stress, 32.5 Pa, is closest to that
experienced by the artificial joint. In our test the shear rate reached the highest point of
about 4500 s when the applied shear stress by the spindle was 32.5 pa, which is closer
to the shear rate experienced in hip implants under physiological walking conditions[48]
than the other applied shear stress.

The Fig. 39 helps to explain how the increase in micro-scale surface roughness

increases protein adhesion. Protein molecule (2-5A) [40] is much smaller than those
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micro-scale surface features (100-500nm). It can only sense the micro-scale surface
roughness instead of macro-scale surface roughness. For the protein molecule, the
macro-scale surface roughness can be considered as surface waviness. The protein
coating was removed layer by layer via the rotating water flow. A rough surface has
larger peak-to-valley distance. The protein accumulated in the valley will be hard to
remove. This is because when the water flows across the surface, the peak prevents the
water from flowing into the valley hence to remove the protein. The surface waviness,
however, cannot influence the water flow as the surface roughness. That is why the
sample with higher micro-scale surface roughness has stronger adhesion with the

albumen coating.

bare surface

apply shear
stress

after test

Fig. 39. Remove process of albumen coating
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During the SWCNT-HDPE sample fabrication process, samples were allowed to
cure over a ceramic glass plate. This process gave the bottom surface of all samples
similar surface topography and surface roughness. The AFM scans of the bottom surface
of all samples are showed (in Fig. 38). Samples have similar surface topography where
the micro-scale showed significant bumps. The formation of this surface topography is
because the bottom surface directly contacted the heat-resistant ceramic glass plate
during the solution casting process. The surface topography on the ceramic glass plate
printed onto the bottom surface. Since size of albumen is relevant to the fine scale
roughness. The similar roughness resulted in the similar adhesive strength as observed in
Fig. 24. On the contrary, for the top surfaces, the dominating factors for the formation of
the surface depend largely on the SWCNTSs concentration and purity. This was proven
by Fig. 23. That is why there is a minor difference in the critical shear stress of the
samples tested on their bottom surface. But there is a significant and clear difference on

the critical shear stress of the samples tested on their top surface (shown in Fig. 25).

5.1.5.  Spherulitic crystallinity

The crystalline morphology for pure HDPE is the well-known spherulitic
morphology[49]. On the top surface of pure HDPE this feature was observed by AFM

scan and optical profilometer scan. Fig. 40 shows the obvious spherulitic morphology of
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the pure HDPE on its top surface shown at 25um x 25um scale and 0.14mm x 0.11mm
scale. These features were about 10 um in diameter. The SWCNTSs, however, can act as
the nucleation site of HDPE and impinge the fully formation of spherulitic crystals.
Instead the HDPE crystallizes around SWCNTs. This influence makes spherulitic
crystallinity structure lose that bump feature and become relatively more flat. That is
why the spherulitic bump structure cannot be clearly observed on the top surface for any

of the SWCNT-HDPE composite samples.

Fig. 40. Spherulitic feature on the top surface of pure HDPE sample: AFM 25um x
25um (left) and optical profilometer 0.14mm x 0.1 1mm (right)

Spherulitic crystallinity also exists on the bottom surface of every sample. The
edge of that crystal structure, however, is covered by small bumps that originated from
the glass plate. This coverage make spherulitic crystallinity bump feature cannot be
clearly observed by AFM or optical profilometer on the bottom surface. Although the

spherulitic crystalline structure bump feature is not clearly shown on the bottom surface
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of pure HDPE, they still influence the macro scale surface roughness test results. The
results from the optical profilometer indicate that the bottom surface of pure HDPE has
higher macro-scale surface roughness than the bottom surface of other composites (Fig.
20).

The influence of spherulitic crystallinity structure on surface roughness is not
only limited to macro scale. Fig. 38 shows that pure HDPE has higher micro scale
surface roughness that other composites on the bottom surface. In summary, spherulitic
crystallinity gives pure HDPE a higher macroscopic and microscopic surface roughness

than composite samples for both smooth and top surface.

5.1.6. Nano-porous surface structures

The previous section discussed about the effects of surface roughness and
topography on albumen adhesion. It concluded that higher micro-scale surface roughness
improves the adhesion. The question arose on why the top surface of 0.5 %wt
unpurified SWCNTs-HDPE samples had the strongest adhesion followed by the top
surface of pure HDPE?

The AFM scan in Fig. 41 shows that the top surface of the 0.5 %wt unpurified
SWCNTs-HDPE composite and the pure HDPE samples have a special porous structure.
The pores on the surface are in the nano-scale (100-150nm) and will be referenced from

now on as nano-porous structure. This nano-porous structure promoted the strongest
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adhesion of albumen, as shown in Fig. 25. On the top surface of 0.5 %wt unpurified

SWCNTs-HDPE composite, there are high dense pores.

243.10nm 232 . 64nm

Fig. 41. AFM scan for the top surface of 0.5 unpurified
SWCNTs/ HDPE composite (up) and pure HDPE (down)
sample (1.5um x 1.5pum)

This nano-porous structure can also be observed on the top surface of pure
HDPE but its density is much less than 0.5 %wt unpurified samples. The porosity ratio,

calculated from equation (4), is used to quantify this structure:

(Z)—AT

(4)

where @ is the porosity ratio, Ay is total project area of pores and At is the total surface
area of the sample surface. The porosity ratio for unpurified SWCNT-HDPE and pure
HDPE are 31.4 % and 3.1 % respectively. The nano-porous structure is beneficial for the

enhancement of adhesion between sample and albumen. The small pores work as the
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protection sites for albumen molecules. Nano-pores are surrounded by a “mesa”
(elevated flat top). These mesas act as a wall to protect the albumen collected in the
nano-pores.

The high density nano-porous structure formed on the top surface of unpurified
SWCNT-HDPE composites is caused by the unpurified SWCNTs. The purification
process for the SWCNTs in this research is nitric acid reflux and gas phase oxidization.
These two processes, especially the nitric acid reflux process, underwent for 16 hours.
This was expected to change the entangled agglomeration structure of the unpurified
SWCNTs and to extend their alignment[50]. These alignments cannot make the top
surface of SWCNT-HDPE composites have nano-porous structure (Fig. 38).
Comparatively the entangled structure of unpurified SWCNTs led to the nano-porous

structure on unpurified 0.5 %wt SWCNT-HDPE composites (Fig. 41).
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5.1.7. Top and bottom surface comparison

Figs. 42 to 46 are the line profiles for the comparison of each sample on its top
and bottom surfaces. For the top surface of the pure HDPE sample, there existed small
amount nano-porous structures that apparently were sufficient to improve the adhesion
(Fig. 42). A high density nano-porous structure was found on the top surface of the
0.5 %wt SWCNTs-HDPE composite (shown in Fig. 45) which promotes adhesion. For
the other three groups as shown in Figs. 43, 44, and 46, we did not find any nano-porous
structure. In such the micro scale surface roughness dominates. As discussed earlier, the
surface roughness was affected by two factors, the SWCNTs-induced crystallization of
HDPE and the glass ceramic substrate. For the 0.2 %wt sample, the bottom surface
featured many small bumps while the top surface nano scale peaks. Since their micro
scale surface roughness had similar adhesion, their adhesive strength with protein is
similar. On the top surface of 2.5 %wt SWCNT-HDPE composites, SWCNTs severely
impinge the formation of spherulitic crystallinity. This is associated with the

concentration of SWCNTSs resulting in very low micro scale surface roughness.
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5.2. Ti-C:H and Ti6Al4V

The comparison between Ti-C:H coating and Ti6Al4V (Fig. 47) shows that the
nano-porous structure found on Ti-C:H coating promote adhesion. This proves the
effectiveness of nano-porous toward protein adhesion. As seen in Fig. 47, the Ti6Al4V
had even stronger adhesion than we expect. That is because it has been shown in Fig. 21
that the surface of Ti6Al4V is more hydrophilic than Ti-C:H. It has been found that
hydrophilic surfaces preferentially adsorb protein than do hydrophobic surfaces [4]. Our

result is in correlation with the report.
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CHAPTER VI

CONCLUSIONS AND FUTURE RECOMMENDATION

6.1. Conclusions

This research utilized a rheological methodology to quantify the adhesive
strength of albumen to 0.1 %, 0.2 %, 0.5 % unpurified and 2.5 %wt SWCNTSs enhanced
HDPE, pure HDPE, Ti-C:H coating, and Ti alloy sample surfaces. Experimental
investigation was carried out using fluid shear measurement. Effects of morphological
and physical properties of those materials on protein adhesion were studied.

It was found that the 0.5 %wt unpurified SWCNTs—HDPE composite has
stronger adhesion with albumen than pure HDPE. The Ti-C:H coating has stronger
adhesion with albumen than Ti-alloy.

Experimental results showed that the porous structure, formed on the top surface
of 0.5 %wt unpurified SWCNTs enhanced HDPE, promoted adhesion of protein. It was
due to the trapping of those molecules inside the pores. Similar surface topography was
also found on the HDPE and Ti-C:H coated surfaces.

The present research indicated that nano-porous surface structure could store
synovial fluid and benefit the lubrication of artificial joints. The present research is
beneficial to design the surface topography in micro and/or nano-meter length scale.
With improved adhesion and better lubricated implants, the service life and performance

of artificial joints are expected to be significantly improved.
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6.2. Future recommendation

The methodology used in the present research can be applied to different kinds of
materials. This method can quantify the adhesive force of cells or proteins to any sample
surface and effectively compare them. It was found that surface conductivity, macro
scale surface roughness, and contact angle do not directly influence the adhesion
strength of albumen to the surface. Other neglectable structures and surface properties
should be further identified. In addition, theoretical analysis should be carried out in
order to be able to predict the surface and its effects on adhesion of various biological

entities.
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