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Abstract

The present work was focused on the evaluation of the effect of carbon nanotubes (CNTs) on the
surface properties of carbon nanotube/poly(dimethylsiloxane) (CNT/PDMS) composite materials
and on the initial bacterial adhesion.

In order to evaluate the effect of CNT structure and surface chemistry on its interaction and dis-
persion within the polymer matrix as well as their influence on the composite properties, different
types of CNTs were used. Commercially available pristine CNTs (p-CNTs) were functionalized
(f-CNTs) with a well-established oxidation treatment using nitric acid to introduce acidic groups
at the surface. Then, these modified CNTs were subjected to heat treatments at three different
temperatures, 400, 600 and 900 °C to selectively remove their functional groups and therefore
obtain CNTs with controlled surface chemistry. For structural modification, the CNTs were me-
chanically ground using a ball milling machine(p-CNT-BM and f-CNT-BM). Thus, CNT/PDMS
composites with different surface and bulk were produced. Besides, three different compounding
methods were tested: bulk mixing in PDMS, solution mixing with dispersion agent and double-
layer deposition. Composites produced by the bulk mixing process contained three different CNT
loadings, 0.1, 0.5 and 1 wt%, and thin films were fabricated using the spin coating technique. With
the solution mixing process CNT in 1 wt% loading were dispersed in tetrahydrofuran (THF) and
the solution was mixed with PDMS. These coatings were deposited through manual spreading.
The double-layer composites were produced by first depositing a thin film of dispersed CNTs and
spin coating this film with a layer of PDMS. The various CNT samples produced were character-
ized by N; adsorption isotherms and Temperature programmed desorption (TPD). The compos-
ite materials were also characterized with contact angle (CA) measurements, Thermogravimtery,
(TG)Scanning Electron Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), Atomic
Force Microscopy (AFM), Fourier Transform Infrared Spectroscopy (FTIR) and direct-current
(DC) conductivity tests. Additionally, degradation assays in liquid media were also performed to
evaluate chemical stability. The adhesion assays were conducted using a parallel-plate flow cham-
ber in steady state flow with a shear stress of 0.01 Pa to simulate the conditions found in the uri-
nary tract of the human body. Echerichia coli (E. coli) was used as model since it is a well-studied
bacteria with a dominant presence in the human body and is the cause of many implant-related
infections. The various surfaces were compared in terms of surface hydrophobicity and number
of cells adhered after a 30 minute adhesion assay.

The results showed that there was an increase in thermal stability in the composites produced
by bulk and solution mixing and that the coatings fabricated by solution mixing and double-layer
deposition also showed an enhancement in electrical conductivity. Besides, all the produced sur-
face showed hydrophobic character, with small differences in hydrophobicity. There was also a
slight difference in cell adhesion on the various composites with different surface properties, al-
though not statistically significant (one-way ANOVA, p>0.05), with an overall reduction in cell
adhesion compared to PDMS (the control). There also seemed to be a tendency of p-CNTs to
result in less cell adhesion then f-CNTs. Besides, some of the surfaces presented different rough-



ness which may possibly have had an effect on E. coli adhesion. The composites produced with
dispersion of nanotubes in THF showed similar adhesion tendency.

This work provided an encouraging insight into the possibility of using CNTs to produce
functional PDMS composites with enhanced thermal, electrical properties and suggested they may
have a cell adhesive response, which could have important applications in the future.
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Summary

Carbon nanotube (CNT) composite materials are rapidly becoming one the major focuses of cur-
rent investigation on nanostructured materials due to their unique properties which allow them to
find numerous applications in various fields of science and technology.

In the biomedical field, CNT composites have been widely studied and utilized to obtain ma-
terials with exceptional mechanical, electrical, thermal, chemical and structural properties. Most
remarkably, these nano-composites have been utilized in biosensors, scaffolds for tissue engineer-
ing, bone grafts and cement, cardiac patches, cartilage, electrodes, stent coatings and artificial
muscle.

Poly(dimethylsiloxane) (PDMS) has been the most widely used polymeric material the biomed-
ical industry over the past decades. It has been employed in a variety of different medical devices,
including catheters, artificial heart, tubes and drains, cardiac valves, sensors, intra-ocular and con-
tact lenses, aesthetic implants, soft tissue expanders, finger joint implants among many others. It
is a silicon-based elastomeric polymer with an attractive set of properties which make it such an
interesting material for medical applications. It is inert, biocompatible, flexible, optically trans-
parent, mechanically compliant and easily processable into a variety of materials. The preparation
and characterization CNT/PDMS composites is well-described in the literature and there has been
report of the remarkable improvements in mechanical strength, electrical conductivity and thermal
stability achieved with the incorporation of CNTs in PDMS as nano-fillers.

In addition to the possibility of fabricating biomaterials with enhanced bulk properties, sev-
eral studies have demonstrated the ability of these novel CNT composites to have a bioactive and
cell-modulating response at the interface level. This fact has an immediate implication in the way
biomaterials are designed since it brings new possibilities of combining their biological effect with
high-performance materials. Examples of such applications would be materials with tunable sur-
face hydrophobicity and nano-structure to provide implants with conductivity, anti-fouling prop-
erties or else to promote cell adhesion and proliferation for transplantation in tissue engineering
applications.

In the present work, CNT/PDMS composite materials were prepared and characterized by var-
ious techniques. To prepare the composite materials, samples of CNTs were incorporated in the
PDMS matrix. Since a good dispersion of the CNTs in the polymer is essential for an effective
CNT-polymer bonding and is thus the major factor influencing the properties of the final com-
posite, three different preparation methods were : bulk mixing, solution mixing and double-layer
deposition. The bulk mixing method consisted in a combination of shear mixing, sonication and
ultrasound assisted dispersion to improve the separation of the CNT aggregates directly in the
PDMS matrix and to promote a uniform distribution. This method, however, has the drawback
of causing damage and shortening of the nanotubes. Different types of CNTs were used: pristine
CNTs (p-CNT), functionalized CNTs (f-CNT), oxidized with nitric acid, at 0.1, 0.5 1 wt%; as well
as p-CNTs and f-CNTs mechanically ground in a ball millikng machine (p-CNT-BM and f-CNT-
BM) at 1 wt%. These composite materials were then deposited as thin films on glass substrates by
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spin coating.

A solution mixing method was also used, whereby an effective dispersion was achieved us-
ing only high-shear mixing of a CNT suspension in tetrahydrofuran (THF), a commonly used
organic solvent, yielding the p-CNT-THF and f-CNT-THF samples. This way, the nanotubes were
dispersed in a liquid phase with much lower viscosity than PDMS without the need for using
ultrasound treatment. This method, however, has the disadvantage of employing a solvent to dis-
perse the CNTs. This solution was then mixed with PDMS and the as-produced composites were
deposited on glass substrates by manually spreading them until a uniform layer was obtained.

In order to produce materials with enhanced conductive properties, double-layer composite
coatings were also fabricated. In this method, CNTs were first dispersed in a liquid phase us-
ing two different test solvents, sodium dodecylsulfate (SDS), a commonly used surfactant, and
THF (samples p-CNT/f-CNT in SDS and p-CNT/f-CNT in THF). Then small volumes of the as-
produced suspension were deposited on top of glass slides and left to evaporate. When all the
solvent had dried out, a thin film of CNTs was formed on the substrate. The PDMS was then
infiltrated into the CNT layer by spin coating.

The materials were characterized through contact angle (CA) measurements, which permitted
to make a quantitative assessment of the surface hydrophobicity, as well as degradation assays
in static (with citrate buffer and synthetic urine) and steady-state flow conditions (citrate buffer).
X-Ray Photoelectron Spectroscopy (XPS) was done to obtain a chemical characterization of the
composite coatings and Scanning Electron Microscopy (SEM) allowed for a morphological in-
spection. Fourier Transform Infrared (FTIR) was also used to analyse the chemical bonds present
on the outermost layer of the composite material and therefore assess whether chemical bonding
between nanotubes and polymer was observed. CNTs were directly characterized with N, adsorp-
tion isotherms to evaluate the textural properties of the various CNT samples and Temperature
Programmed Desorption (TPD) to evaluate the their surface chemistry. Thermogravimetric analy-
sis (TG) was employed to evaluate the effect of the incorporation of CNTs in the thermal stability
of PDMS. Finally, direct-current (DC) measurements were also performed to provide an electrical
characterization od the developed materials.

Initial cell adhesion assays were performed using a parallel-plate flow chamber in steady state
flow with a shear stress of 0.01 Pa to simulate the shear stress conditions observed in the urinary
tract of the human body. Two types of adhesion assays were done, on-line and end-point assays,
depending on the optical transparency of the coatings and with a duration of 30 minutes. Compos-
ites with 0.1 wt% CNT loading were sufficiently transparent for light transmittance microscopy,
so they were tested with on-line cell adhesion assays. But the ones at 1 wt% CNT loading were
not sufficiently transparent, so DAPI staining after a 30 minute run was used instead. Microscopy
images were taken to perform cell countings and compare the number of cells adhered after 30
minutes exposure to the cell flux. Two different controls with PDMS were done for each type of
assay.

The results were analysed and compared throughout the samples to seek a relation between
the surface properties of the tested samples and the cell adhesion observed.

The results showed that the dispersion of CNTs with the bulk mixing method was only possible
with mechanical treatment of the nanotubes and aggressive sonication. Microscopy and SEM
images showed that even after that CNT aggregates still remained in the bulk of the composites,
but with much smaller dimensions.

TG analysis showed an enhancement of the thermal stability of the composites comparing to
pure PDMS, suggesting that effective bondings between CNTs and polymer chains were estab-
lished, but the strength of these bonds depended also on the functionalization of the nanotubes.

v



TPD analysis revealed that the CNTs were successfully functionalized and that different acidic
groups were introduced on the surface, which could be observed from the selective and progressive
removal of CO and CO; content in the different samples. N, adsorption isotherms indicated that
structural changes were induced by the nitric acidtion, heat and ball milling treatments from the
increased surface areas of the nanotubes when compared to the pristine ones.

Contact angle measurements of the composites suggested that the introduction of CNTs in the
polymer matrix had a slight effect on its surface hydrophobicity. All composite surfaces, except
the PDMS/f-CNT 1%, showed a theoretical decrease in the adhesion energy with E. coli compared
to PDMS, meaning that adhesion is more favourable in the composite surfaces.

The bacterial adhesion assays revealed that there was a statistical difference between the coat-
ings containing 0.1 and more than 0.5 wt% of CNTs, with the former not being significantly dif-
ferent from the control, PDMS. Regarding the coatings containing more than 0.5 wt% of CNTs,
there were no statistical differences between the various surfaces in terms of cell adhesion. How-
ever, it could be observed that there was a slight tendency of f-CNTs inducing more adhesion than
p-CNTs, which could not be entirely explained in terms of surface hydrophobicity. Surprisingly,
there was slightly less cell adhesion when the CNT loading was increased from 0.1 to 1 wt%. This
may have been partially caused by the increased surface roughness induced by re-aggregation of
the CNTs during the spin coating, even though the CA measurements did not show a significant
difference in surface hydrophobicity. The samples with CNT-BM showed levels of cell adhesion
more similar to of the 0.1 wt% samples. Since all these samples had similar surface morphologies
(yet different from the PDMS/p-CNT 1% and PDMS/f-CNT 1 % surfaces), this seems to again
suggest that the surface roughness, and having nanotubes closer to the surface, also has an effect
on cell adhesion.

The PDMS/p-CNT-THF and PDMS/f-CNT-THF at 1 wt% surfaces also showed the same ten-
dency of decreased cell adhesion with p-CNTs and otherwise with f~-CNTs, but the difference
between both were slightly more accentuated. Note that the fact that CNTs were better dispersed
in these samples may have caused any possible effects induced by the direct contact of nanotubes
with the cells to become more dominant. However, it has been suggested in other works that
p-CNTs may be more adherent to bacteria then f~-CNTs.

It is important to realise that when it comes to adhesion with biological systems there are many
parameters to be considered and most adhesion theories fail to provide accurate predicts due to the
complexity of the biological models used.

Morphological and chemical analysis of the composites with SEM, XPS and FTIR showe dthat
CNTs were not visible on at the surface, with exception of some aggregates where some nanotubes
sprouting out could be visible. So, these analyses suggested that there was a tendency for CNTs
to be deposited at the bottom of the substrate rather than evenly distributed throughout the height
of the coatings. This observation may indicate that the spin coating procedure used is not well
suitable for preparing composite coatings where it is desirable to have the CNTs at the surface.
These results also provided an explanation for why no major differences in surface hydrophobicity
and cell adhesion were obtained with the introduction of both the p-CNTs and f-CNTs a 0.1, 0.5
and 1 wt%.

Electrical conductivity measurements showed that the composite coatings produced by the
bulk mixing process with 0.1 wt% or 1 wt% of CNTs was not sufficient to increase its electrical
conductivity. This results could be explained from the microscopy and SEM observations where it
could be seen that the CNTs were still considerably bundled in small clusters and these aggregates
were too separated to establish a percolative path across the matrix. However, the PDMS/p-CNT-
THF and PDMS/f-CNT-THF samples showed a 7- and 5-fold increase in electrical conductance,



respectively, suggested that a better dispersion of the nanotubes had been achieved with the solu-
tion mixing process. The double-layer composite coatings, in turn, showed a remarkable increase
in electrical conductance, reaching increases of 9 and 8 orders of magnitude for the ones produced
with SDS and THF, respectively. This may suggest that the nanotubes were better dispersed in
SDS then in THF. So, the composite coatings produced by the double-layer deposition method
showed the greatest promise for electronic applications. This is not surprising since the bottom
layer of the coating consisted of a mat of uniformly distributed CNTs with higher surface density.
It was also noted that the values of conductsnce measured were depebent on the insulating PDMS
layer which impeded an effective electrical contact between CNTs and measurement equipment.

The degradation assays suggested that the composite coatings remained stable when in contact
with a citrate buffer solution both in static and steady-state flow conditions. The results of the
degradation assay with synthetic urine showed a well-defined peak in the UV range, so further
tests should be conducted to clarify this point.

In summary, this work allowed to conclude that there seems to be an effect in both the bulk
and surface properties of PDMS with the introduction of CNTs.

There was a statistical difference in cell adhesion obtained with the composite coatings at 0.1
and >0.5 wt%, but these also corresponded to the two different adhesion assays. In general, the
composite coatings showed less bacterial adhesion than the control, PDMS, and despite not statis-
tically meaningful, there seemed to be a tendency of coatings with p-CNTs having less adhesion
than the ones with f~-CNTs. Besides, although further investigation would be necessary to obtain
more conclusive results, it may be possible that other factors such as surface roughness and CNT
dispersion inside the PDMS also have an influenced in modulating adhesion of E. coli, as could be
seen from the slight differences in the results. So, there is indication that the surface properties os
the CNT/PDMS coatings may be tuned to yield an effect on bacterial adhesion depending on the
desired application. Plus, the enhanced electrical behaviour of some of the composites may find
interesting applications in the future in the implant industry once the biological interactions with
these surfaces are fully understood.
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“No man ever steps in the same river twice,
for it’s not the same river and he’s not the same man.”

Heraclitus
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Chapter 1

Introduction

1.1 Context

The twenty-first century has seen a boom in the research for materials with novel functionalities
and applications in the biomedical industry. This recent area of research has shown an exciting
promise for the production of biomaterials capable of performing nano-scale functions, such as
biosensing, tissue regeneration and smart implants. This enables the development of a more tar-
geted and less invasive medical treatment as healthcare is becoming ever more demanding and
application-specific. With the development of nanotechnology and its applications it has been
possible to create novel nano-engineered materials that could have a huge impact in medicine and

in the way implants are designed to interact with and operate inside the patient’s body.

1.2 Motivation and Objectives

The main goals of this dissertation were to evaluate the influence of the incorporation of carbon
nanotubes (CNT) in poly(dimethylsiloxane) (PDMS) matrices on the surface chemistry and hy-
drophobicity of the resulting composite materials as well as on their bacterial adhesive properties.

Bacteria are a common source of infections in medical devices implanted inside the human
body, such as catheters, knee and hip implants, pacemaker leads, cardiac valves and dental pros-
thesis [4]. Upon implantation, any device causes micro-organisms to adhere to the implants’
surface and eventually form a biofilm, in a process called biofouling. Their tendency to adhere to
the implant surface is largely dependant on the chemical and physical properties of the materials at
the interface. Therefore, there is a pressing interest in developing novel materials with anti-fouling
properties and evaluate their behaviour in terms of cell-modulating response.

The motivation behind this work was based on recent observations that CNTs exhibit strong

interactions with living cells and have a cell behaviour-modulation effect which can be either to
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increase cell adhesion, due to the large surface area and surface energy of CNT aggregates, or to
decrease it through bio-functionalization and inhibition of protein adsorption [5].

On the other hand, different effects of CNTs on cells have been reported depending on whether
nanotubes were suspended with cells or incorporated in polymer matrices. As a result, there is a
necessity to make a more careful assessment of the interactions between cells and CNTs in that a
better understanding of these phenomena can bridge the gap between the more fundamental inves-
tigation of CNTs and their biological applications. Note that the notion of beneficial or undesirable
effect is relative and depends on what the specific goals of the application are. Different situations
may require promotion of cell adhesion and proliferation, such as in biofilm formation, in vitro
cell culture or in vivo cell transplantation, whereas others seek to obtain an anti-fouling effect to
avoid infections, as for example in medical implant coatings.

Many bacterial strains are responsible for infections in humans, including Staphylococci,
Streptococci, Escherichia coli (E. coli), and Salmonella among many others [4]. For the cell
adhesion evaluation, a simple E. coli model was used since this bacteria is the most widely used
organism for biological studies and has a well-known life-cycle and adhesion behaviour. Besides,
the strain used in this work is non-pathogenic and is quite stable in laboratory conditions. Although
the results drawn from bacterial models cannot be directly correlated with animal cells, they do
often offer an insight into some of the basic mechanistic aspects underlying cellular interactions
and thus give a support for further in vitro studies.

A composite CNT-polymer system was used as study material rather than the CNTs alone
because composite materials have long shown to hold promise for the future of the high-property
materials. Furthermore, employing CNTs in a polymer matrix has the further advantage of opening
up new ways of applications since their filamentary nature and difficult handling usually hinder
many practical implementations.

Another important issue in this work was CNT biocompatibility. Many studies have been
published on the citotoxic effects of CNTs on living organisms, which pose further complications
to their direct usage for biological and biomedical purposes. This factor can be minimized or even
bypassed if the nanotubes are delivered inside a stable biocompatible material which prevents
their toxic effects from manifesting but are still able to make use of their exceptional properties to
accomplish the desirable functionalities. In this regard, PDMS was chosen as it is a widely used
biomaterial with well-known properties and testified biocompatibility and has already been used
for the fabrication of the CNT composites.

Due to the complexity of such materials, a more detailed characterization is required to under-
pin the results obtained and provide a more theoretical explanation of the experimental observa-
tions. The evaluation of the cell-adhesion properties of the composites was accomplished through
initial adhesion using a well-established parallel-plate flow chamber assay to better approach the
real conditions observed inside the human body, such as in the urinary tract, and thus give a more
solid result in view of its implications for medical implants. In this work, initial adhesion rather
than biofilm formation was studied since the main interest was to assess the ability of the devel-

oped surfaces in modulating bacterial adhesion which will impact on biofilm maturation.
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1.3 Structure of the Dissertation

In chapter 2 an overview of the state of the art on carbon nanotube-polymer composites with
an emphasis on their biomedical applications is given alongside some illustrative examples of
achievements in this area. Topics such as the most relevant properties of CNTs, their production
and modification methods and broad applications are discussed. Furthermore, methods for prepar-
ing CNT/polymer composites and some challenges faced in achieving high quality incorporation
are also reviewed. A briefing on biomedical materials and the applications of PDMS is also pro-
vided and lastly some notions on bacterial adhesion and its experimental measurement are also
highlighted.

Chapter 3 presents a more detailed description of the implementation procedures of the afore-
mentioned goals, such as the strategies adopted for the preparation of the composite materials and
for the assessment of their properties and bacterial adhesion.

In chapter 4 all the practical procedures, characterization techniques, experimental set-ups and
cell visualization methods are thoroughly described.

All the results obtained and their discussion can be found in chapter 5. When appropriate, a
comparison with literature results and theories is also included.

Finally, chapter 6 summarizes the contents of the previous chapters and presents the most
important conclusions drawn from this work. Additionally, some topics regarding improvements

and future work are discussed to finalize this dissertation.
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Chapter 2

Carbon nanotube-based materials and
their applications

2.1 Introduction

Since carbon nanotubes (CNTs) were first discovered there has been a growing interest among the
scientific community to explore their peculiar properties. CNTs have been shown to have excep-
tional mechanical, electric, thermal and optical properties when compared to other materials [10].
More recently, the biological properties of CNTs have also begun to be evaluated with encour-
aging results [11]. Great advances have been achieved in understanding the mechanisms of their
production and purification processes, as well as in their potential applications in novel nanostruc-
tured materials. Of particular interest is the investigation of the use of CNTs in the development
of polymer composites. Over the past decade, a growing effort has been put into the study of
CNT/polymer systems to discover how their remarkable properties can be harnessed to produce

composites with enhanced characteristics [12].

The science of CNTs has also evolved to find new applications of these materials in the
biomedical field. CNTs have been widely used in combination with a variety of biomaterials
for such diverse purposes as bone and cardiovascular implants, scaffolds for tissue engineering, as
well as in biosensors, drug delivery systems, nanoparticle-based therapies and nuclear magnetic
resonance spectroscopy [13, 14, 15]. More recently, there has been some reports regarding the
evaluation of the direct interaction between CNTs and living cells as well as the biological effects
promoted by their incorporation in biomaterials. Biocompatibility and bacterial fouling studies
have open up new perspectives on the potential beneficial applications of CNTs in biomedical and

biological engineering.



Carbon nanotube-based materials and their applications

2.2 Carbon Nanotubes

Carbon nanotubes (CNTs) were first discovery by lijima in 1991 while working for NEC Corpo-
ration. He demonstrated the production of graphitic tubular structures mixed with other forms of
carbon through the arc discharge method. Carbon nanotubes are allotropes of carbon which can
be seen as a graphene sheet rolled into a cylinder with the ends capped with half fullerene balls.
This carbon structure of hexagonal networks is therefore closely related to fullerenes, but with an
elongation in one dimension [16].

Carbon nanotubes are presently at the focus of intensive research activity due to their excep-
tional high aspect ratio (i.e., length to diameter ratio), ultra-light weight, structural, chemical,
mechanical, thermal, optical and semi- or metallic-conductive properties, which allow them to
find applications in a wide variety of technological fields. Although the chemical composition and
bonding of CNTs is quite simple, their structure-property relationships are not so straightforward.
Besides, CNTs often present many structural defects due to variations in their atom bondings,
which results in twists and bends of the tubes and thus altered properties [2]

The main methods used to synthesize CNTs include thermal or plasma-assisted chemical
vapour deposition (CVD), arc discharge, pulsed-laser ablation, high pressure CO decomposition
and gas-phase catalytic growth methods [12, 2]. The advantage of using the CVD technique is the
ability to synthesize well aligned arrays of CNTs on a variety of substrates with controlled diam-
eters and lengths. CNTs have to be sequentially purified to remove catalyst particles, amorphous
carbon and other impurities formed in the production process.

CNTs can be classified into two categories: single-wall CNTs (SWCNT) and multi-wall CNTs
(MWCNT). The former have this designation because they contain only one graphite sheet rolled
onto itself forming the nanotube, whereas the latter are composed of several concentric single
walled nanotubes, with varying chiralities (the chiral angle between the hexagons orientation and
the nanotube axis (see Figure 2.2)), held together through relatively weak van der Waals forces.
MWCNTs in general present more structural defects then SWCNTSs. Figure 2.1 shows a schematic
representation of SWCNTs (left) and a MWCNT with two sheets (right).

SWCNTs are also classified according to their chirality. The diameter and chirality of the
nanotubes depend on the the relation between the (m,n) indices shown in Figure 2.2, and according
to it CNTs present three different geometrical configurations: armchair (chiral angle = 30°), zigzag
(chiral angle = 0°) and chiral (chiral angle between 0 and 30°) [13].

Typically, as-produced MWCNTs have a range of from 2.5 to 30 nm in diameter and from a
few of nanometres to some micrometers in length [10], with a density in the range 1.4 - 2 gcm 3.
SWCNT, on the other hand, were reported to have diameters of about 1 nm and lengths of 1 um,
but these values vary largely with production and purification methods [16].

2.2.1 Properties of Carbon Nanotubes

Theoretical predictions and experimental measurements have demonstrated the unique properties

of CNTs. lijima et al. [17] examined the compression behaviour of single- and multi-walled nan-
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Figure 2.1: Carbon nanotubes: a. single-walled carbon nanotubes (SWCNT) b. multi-walled
carbon nanotubes (MWCNT) Reprinted from [1].

otubes and showed that they are very flexible with reversible bending angles as large as 110°. Car-
bon nanotubes possess high elastic modulus, comparable to that of diamond, and tensile strength
ranging from 60 to 150 GPa [12], 10 to 100 times greater than that of steel. Studies have deter-
mined that CNT bundles have elastic modulus as high 1 TPa [10], but it has been suggested that
MWCNTs can have Young’s modulus as high as 2.24 TPa [18], which is beneficial for their use as
reinforcements in high-property composite materials [16]. Other works have also investigated the
elastic modulus of isolated MWCNTSs coming to values of 1.26 to 1.8 TPa [2].

Moreover, CNTs are stable in temperatures up to 2800 °C in vacuum, have a reported thermal
conductivity of 3000 W/(m K) [19], about twice as high as that of diamond, and a current carrying
capacity far greater than that of copper wires [2]. Interestingly, CNTs have the peculiar character-
istic of presenting different electrical behaviour depending on their chirality, being either metallic
conductors or semiconductors, which make them desirable for microelectronic applications.

The high aspect-ratio, typically higher than 1000 [12], and nano-scale dimensions of pristine
CNTs gives them high surface energy density of 45.3 mJm? [20] and therefore a hydrophobic
character by interacting through attractive van der Waals forces. The binding energy between two
parallel CNTs have been estimated through atomistic models based on a van der Waals potential
model and from calculations based on beam theory with reported binding energies between 0.32
and 0.39 nN [21].

Besides, due to their high flexibility, CNTs tend to get closely entangled into bundles or ropes
with a van der Waals binding energy of about 500 eV [22], which results in very low solubility
and dispersibility. In general, each CNT aggregate can contain up to hundreds to thousands of
nanotubes [16, 23]. These bundles exhibit very different characteristics than individual carbon
nanotubes, such as decreased mechanical strength.

Interestingly, an early study by Smalley et al. of SWCNTs produced by laser vaporation
showed that high-purity SWCNTSs deposited after sonication with methanol consisted of a mat
of randomly oriented self-organized SWCNT fibers of 10 to 20 nm in diameter and several mi-
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Figure 2.2: Schematic representation of a graphite sheet rolled to form a nanotube and its chiral
vector. Reprinted from [2].

crometers in length (Figure 2.3-(a)). These rope-like crystallites of SWCNTSs where organized in
a 2-dimensional triangular lattice (Figure 2.3-(b) and -(c)) with the individual nanotubes in each
rope terminating at the end of the rope within a few nanometers of each other.

Furthermore, CNTs also have near infrared fluorescence properties which can be used in many

biomedical applications such as biosensors and radiation-based cancer therapy [24].

2.2.2 Biocompatibility and Bioactivity of carbon nanotubes

The intrinsic hydrophobicity of CNTs is responsible for the strong interactions observed between
them and living cells. This fact reveals the potential of CNTs for applications where interactions
with cells are an important asset. Therefore, since the potential of CNTs for biomedical applica-
tions was first realised, there has been much interest in studying the interactions of CNTs with
living cells to assess their biological effects on the host tissue.

The biocompatibility of CNTs refers to the adverse effects on cell viability caused by their
interactions with cells. There has been much controversy regarding the cytotoxic effects of CNTs
on animal cells, with various contradictory reports stating that CNTs elicited adverse immunologic
responses both in in vitro and in vivo tests [25], while others report more optimistic results with
no significant biotoxic effect detected and even show that polymeric matrices modified with CNTs
are more biocompatible for cell culture than the pure polymers [26]. For example, a comparative
assessment of the in vivo immunologic reaction to both SWCNTs and MWCNTSs has observed
that MWCNTSs formed large aggregates within the living tissue whereas SWCNTs, consisting of
smaller particles, were easily phagocytosed by macrophages and transported to local lymph nodes.
This fact rendered the MWCNTSs more toxic than SWCNTs [25]. Besides the needle-like effect
of CNTs and tendency to aggregate, other factors have also been suggested to be the cause of
the toxic effects of CNTs, such as their shape and size as well as presence of catalytic residues,
which also play an active role in their interactions with cells and toxicity [27]. In contrast, other
successful achievements in tissue engineering and controlled drug delivery constitute a hallmark

for their beneficial application [28].
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Figure 2.3: (a) Scanning Electron Microscopy (SEM) of SWCNTs showing a mat of entangled
carbon fibers of 10 to 20 nm in diameter and several micrometers in length. Scale bar, 100 nm; (b)
A single SWCNT rope with 100 nanotubes as it bends through the image plane of the microscope,
showing uniform diameters and and triangular-patterned packing of the SWCNTs inside the rope.
Scale bar, 10 nm; (c) Transmission Eelectron Microscopy (TEM) image of the side view of a rope
segment. Scale bar, 20 nm. Reprinted from [3].

However, until this point is clarified the observed undesirable side effects of CNTs should not
be disregarded, which implies that the implantation of “free-standing” CNTs in the living tissue
may not be the best strategy for their application, but rather a controlled delivery of CNTs anchored
to a surface or embedded in a matrix may be a better approach.

It is also known that there are some strategies whereby the biocompatibility of CNTs can be
greatly improved, such as chemical functionalization or polymer-grafting. These procedures can
not only increase their solubility but also alter their interfacial properties thus having an active role
in enhancing their dispersability in the medium and reducing protein fouling with an effect on cell
toxicity [5].

One of the main perspectives envisaged by the bio-functionalization of CNTs is the possibility
to attach all sorts of bio-active molecules, such as enzymes, proteins or therapeutic drugs to en-
hance the CNT uptake efficiency by the cells, or whenever used in a polymeric matrix, to render
this matrix more suitable for cell proliferation [14] or platelet adhesion resistance [29].

Besides, it has been shown that functionalized CNTs are internalized by both phagocytic and
non-phagocytic cells through either by an energy-independent translocation mechanism, with im-
portant application in drug delivery systems and targeted therapeutics, or by an endosomally-
mediated uptake mechanism [30].But this also implies that when CNTs are implanted in a living
organism, they migrate across the cell membranes through the skin, respiratory or gastrointestinal
tracts and eventually end up lodged in the tissues.

Nevertheless, despite these uncertainties there is no doubt that biomodified CNTs show great
potential for bionanotechnology applications such as tissue engineering scaffolds, biosensors and
drug delivery systems. The examples presented in section 2.5 are just a small sample of all the

advances in CNT-based composite materials for tissue regeneration and medical devices.

2.3 Poly(dimethyl siloxane) (PDMS)

Silicones comprise a general category of synthetic elastomeric polymers. Their basic repeating

unit is the siloxane molecule, with a peculiar chemical structure consisting of silicon atom bound
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an oxygen atom with hanging radical group. The most common silicone is poly(dimethylsiloxane)
(PDMS), which contains methyl groups anchored along the chain of silicon-oxygen atoms as

shown in Figure 2.4.

The combination of an inorganic backbone and organic side groups gives silicones unusual

properties with potential usage as fluids, emulsions, compounds, resins, or elastomers.

Among the large variety of biomedical polymer materials, poly(dimethylsiloxane) (PDMS) is

the one most widely used for medical implants and materials [31, 32].

PDMS is an elastomeric material with rubber-like properties which makes it extremely versa-
tible for a broad range of applications. It has a very low glass transition temperature around -120
°C and so is less sensitive to temperature and more thermally stable than other rubbers. Besides,
it is optically transparent, a characteristic beneficial in many applications [4]. More interestingly,
being an elastomer it is extremely flexible with very easy processability. Applications such as

insulator materials, flexible electronics, and medical implants have made use of the characteristic.

However, its elastomeric nature means that is has very poor mechanical stregnth, and therefore
PDMS usually needs to be reinforeced with fillers for practical applications. Traditionally, PDMS
have been formulated with silica particles to obtain enhanced properties, but more recently, there

has been a growing trend in using CNTs as fillers instead.

A very important aspect is that PDMS is biocompatible and biologically inert. PDMS decom-
poses by depolymerization with the formation of linear and cyclic oligomeric products [33] which

can be easily eliminated from the body, or decomposed in the natural environment [34, 35].

Regarding biomedical applications, PDMS has found use in such varied areas as in catheters,
drains and tubings, orthopedic prostheses, dialysis membranes, cardiac valves, aesthetic implants,
heart-bypass implants, stent grafts, ECG electrodes, finger joint implants, contact lenses, scar
treatments, bandages and dressings, soft tissue expanders and dental implants [4, 31]. In particular,
the hydrophobic character of PDMS gives it interesting applications in coatings with antifouling

properties [5], a topic that will be discussed in the chapter 3.

In the field of implantable bioelectronics, the integration of flexibility and stretchability into
the devices is becoming an ever more important paradigm to realize human compatible electronic
components such as sensors, electrodes and actuators. As far as flexibility is concerned, elas-
tomeric materials have been recognized to be the best candidates due to their better processabil-
ity [36], so intensive research has been conducted to impinge electrical conductivity to biomedical

elastomers by adding electrically conductive fillers.

A more extensive review on PDMS properties, synthesis methods an applications can be found
in [4].

10
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Figure 2.4: Chemical structure of poly(dimethylsiloxane). Reprinted from [4]

2.4 Carbon Nanotube composites

CNTs are undoubtedly a new class of material that sprouted a revolution in nanotechnology with a
whole new world of possibilities. They find applications in so diverse areas such as field-emission
transistors [37], nanoelectronics [38], chemical and physical sensors [39], biosensors [11], actu-
ators, composites and microelectromechanical systems to nanoprobes for high-resolution AFM
imaging [40]. But what makes CNT most attractive is their capacity to be used as reinforcing
fillers in polymer matrices to produce novel composite materials with an outstanding improve-
ment in mechanical, thermal and electrical properties for a wide range of applications [12].

The high aspect-ratio of CNTs and their flexibility make them the ideal filler material for poly-
meric composites since the nanotubes are able to form networks and meshes within the polymer
chains thus providing better interconnection between the two materials. Simulations have sug-
gested that nano-fillers with rod-like shape like CNTs are more effective in forming networks with
the polymer chains through direct contact among each other or through polymeric chain bridging
then other spherical or sheet-like nano-particles [41].

Many different methods have been reportedly used for the fabrication of CN'T/polymer com-
posites. These include, solution mixing, bulk mixing, melt blending, hot pressing, extrusion and
in situ polymerization [12].

When developing any composite material, an important issue is to achieve homogeneous dis-
persion of the filler inside the matrix to obtain uniform properties and a strong interfacial inter-
action between both, thereby minimizing the filler loading and obtaining good performance and
improved mechanical, conductive, thermal and durability properties. In the same manner, in order
to effectively incorporate the advantageous properties of CNTs, disaggregation and uniform dis-
persion are critical steps in producing high property CNT/composite materials [42]. At the micro-
and nano-scale, the surface chemistry of the filler becomes even more important for the quality of
dispersion, therefore determining the properties of the final composite [43]. Ineffective dispersions
of CNTs in the polymer matrix result in poor performances, far below the theoretical predictions.
In the literature, very different results have been reported on the properties of CNT-based com-
posites, showing that the parameters that influence their behaviour depend on many factors, such
as the strength of CNT-polymer interfacial interaction, the quality of CNT dispersion, the aspect

ratio and extent of preservation of CNT structure after disaggregation treatment. In general, better

11
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dispersions and thus reinforcement of polymers have been achieved with MWCNTs rather than
with SWCNTs [43].

Another characteristic of CNT/polymer composites worth mentioning is that the orientation
of the nanotubes within the matrix plays a very important role in the bulk mechanical and elec-
trical properties of the composite [44]. In fact, alignment is necessary for the axial load carrying
characteristic of CNTs to be utilized. So, several lines of investigation have been devoted to
producing composites with the CNTs more or less aligned using various methods such as CVD
alignment [45], melt spinning [44], mechanical stretching [46], shear spinning [47], strong mag-
netic fields [48, 49], electric fields, molecular combing [50] and dielectrophoresis [51]. Other
methods, however, have been reported [52].

The major challenges still faced in developing new CNT composite are therefore achieving
uniform dispersion, CNT alignment and effective load transfer, since CNTs and polymer materials
have drastically different strengths [16]. The structural strength of a composite material is largely
dependent on nature of its constituents, the bonding strength and load transfer between matrix and
filler. Weak interfacial bondings result in the propagation of fractures and slippage, which leads
to failure under applied loads [53]. Successful fabrication of CNT/polymer composites is largely
dependant on maintaining stable mixtures of nanotubes inside the polymer matrix and achieving
strong interfacial bonding.

The dispersion of the CNTs is a critical issue for maximizing the aspect ratio of CNTs avail-
able to bind with the matrix and therefore achieving effective nanotube/polymer adhesion and load
transfer. CNTs show a reduced elastic modulus when embedded in a composite which can be a
result either of the structural defects or deficient stress transfer. This is not surprising since that in
the absence of chemical bonding the load transfer between the CNTs and the matrix arises from
weak electrostatic and van der Waals forces. Therefore, careful mixing of the components is es-
sential for separating the CNT bundles and preventing re-aggregation. To achieve that, each CNT
has to form an adsorbed layer of polymer to prevent it from interacting with other nanotubes again.
This way, the adsorbed polymer layer acts as a stabilizing agent allowing for the formation of a
perfectly interpenetrating network instead of two segregated phases [54]. To take full advantage of
the potential of CNT application in polymer composites, it is therefore imperative to fully under-
stand the interactions at the nanotube/matrix interface. Many works have been reported that make
an attempt to elucidate the mechanisms by which CNT behave inside the host polymer matrix and
interact with them to combine their properties to yield materials with enhanced properties [12].

In particular, CNT/PDMS composites are also well reported, with applications mostly in the
development of composites with enhanced mechanical and electrical properties [19, 55, 56, 57, 23,
58, 59, 60]. In the work of Beigbeder ef al. [61], MWCNT/PDMS with various percent loadings
were prepared via shear mixing at 1200 rpm, and characterized through tensile stress and DMA
tests, static contact angles and swelling measurements to estimate cross-linking density and inter-
action parameter between polymer and solvent. Their results indicated that the tensile modulus
was not affected by the incorporation of MWCNTs up to 0.2 wt%, with an average value of 2.6
+ 0.2 MPa. Similarly, no significant alteration of the strain at break was detected for the CN-
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T/PDMS in comparison to the control. The swelling measurements for the MWCNT-filled PDMS
also showed no significant difference between each loading tested, meaning the cross-linking den-
sity was not hampered.

It has also been shown that in order to achieve enhanced properties CNTs must form a phys-
ical network both prior and after the cross-linking of PDMS chains. Rheological measurements
(complex viscosity, storage elastic modulus and loss viscosity modulus) were used to evaluate the
dispersion state of CNTs inside the polymer matrix, since the rheological parameters of a nano-
composite can be related to the distribution of the filler. It has been observed that CNTs form an
elastic network within PDMS prior to cross-linking, and that the physical liquid-solid transition
and dynamic viscoelastic properties of PDMS are strongly affected by this CNT network since it
provides additional cross-links. The dispersion of CNTs increase the viscosity of the composite
and act as cross-linking agents, accelerating the cross-linking process and increasing cross-linking
density. Besides, higher dispersion times promotes better homogeneity and thus accentuates the
effect on liquid-solid transition of PDMS [62].

In the work Lordi et al. [63] the mechanics of nanotube-polymer binding were analyzed and
it was found that the binding energies and frictional forces between both were not so important
in determining the strength of interaction, but rather a molecular-level entanglement of the two
phases provided by the helical conformation of the polymer chains around the CNTs were the key

factor in having a strong bond.

2.4.1 Dispersion methods

It is difficult to control the dispersion mechanism of CNT in a solvent or polymer solution due to
the strong van der Waals interactions within the CNT aggregates. These interactions allied to the
complex structure of CNT bundles make it hard to establish theoretical models that correlate the
microstructure of the composite to its physical properties.

Many attempts have been made to improve the dispersibility of CNT. One common approach
is to alter the surface energy of the solids by promoting the formation of covalent or Coulombic
type bondings between CNTs and polymer through covalent functionalization of the CNTs with
the polymer matrix [64] and surfactant assisted processing through formation of a colloidal sus-
pension [43]. Other involve mechanical methods, as for example, high shear mixing [43, 62], high
energy sonication [23], solvent-evaporation methods [65, 57, 56]. Another trend of CNT com-
posite research has been focused on chemical modification of the nanotubes with functional side
groups bound to their surface as a feasible and effective means of improving their dispersion in
organic solvents and the interfacial bonding between the matrix and nanotubes [19].

Mechanical dispersion methods such as ultrasonication and high shear mixing are effective in
separating the nanotubes but have the undesirable effect of fragmenting the nanotubes and there-
fore decreasing their aspect ratio. With mechanical shear-mixing or ultrasonication the transfer of
local shear stress delivers enough energy density for the separation of the aggregates by overcom-
ing the binding energy of the CNT (activation energy barrier). This exfoliation procedure promotes

the adsorption of interfacial molecules at the surface of CNTs which assists in their stabilization
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and dispersion. However, when the external shear stress is removed, the attractive van der Waals
forces drive the CNTs to re-aggregate again into bundles to reach a new equilibrium state of low
energy since the dispersion state of CNTs in a solution is thermodynamically unfavourable. This
process is further promoted by sedimentation of the aggregates. To prevent this, sonication can be
used in conjunction with other techniques to enhanced dispersion through nanotube cutting, since
shorter lengths makes the nanotubes less energetically favorable to re-aggregate and sediment.

On the other hand, surfactants can be added to stabilize the CNTs through steric hindrance
or static charge repulsion. Different substances can be used to achieve this effect, such as surfac-
tants [43], compatible solvents [66] or polymers [52]. Besides, calculations of the shear-stresses
based on solvent viscosity and cylinder geometry strain rates suggested that shear mixing is only
suitable for dispersion of MWCNT clusters in high-viscosity polymer melts, reaching fluid strain
rates as high as 4000 s~!. For example, using uncross-linked PDMS as mixing medium (1 = 5.6
Pa-s), a shear stress imparted below 20 kPa was reported [67].

Ultrasonication, on the other hand, uses cavitation, i.e. the formation and implosion of bubbles,
to deliver shear stress for dispersing the aggregates. The cavitation process forms an inhomoge-
neous distribution of bubbles in the solvent, creating strain rates as high as 10° s=!. Although
good dispersion states are typically achieved through ultrassonication and high shear-stress mix-
ing, these high energy input methods impart an undesirable tensile force on the CNTs resulting in
fracture and breakage [52]. This represents a major drawback since most of the unique properties

of CNTs are directly related to their structural integrity.

2.4.2 Chemical funtionalization of carbon nanotubes

At the micro- and nano-scale, surface chemistry plays an increasingly important role in determin-
ing the dispersibility quality and the degree of interaction between matrix and polymer. As such,
surface functionalization by chemical treatments of CNTs has been recognized to be an effective
dispersion strategy.

Chemical functionalization consists of creating electrically reactive sites on the defects present
on the surfaces of CNTs where other functional moieties or molecules can be covalently fixed. Ex-
amples of groups commonly introduced in this manner are hydroxyl, carboxyl and amine groups,
or else more complex molecules such as carbonated and polymeric chains. This is also the work-
ing principle behind grafting of CNTs with polymers, a technique used to produced water soluble
CNTs [12].

A well-established chemical functionalization procedure involves the reaction of CNTs with
a high-molarity acid, such as nitric acid or sulfonic acid, followed by filtration and washing with
deionized water [12]. Chemical groups, such as carboxylic groups, can be introduced in the defects
present in the side-walls and end caps of CNTs through sp® hybridization to add new functionali-
ties and improve their solubility [68].

Chemical dispersion involves dispersing the CNTs directly in the polymer solution or using
an intermediate solvent [66], such as THF or DMF, which is then mixed with the polymer and

removed by evaporation. CNTs have been shown to have negative surface charge in water but
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CNTs can be dispersed in water by adding a proper surfactant to help stabilize the tubes through
electrostatic interactions. Surfactants are liquids that contain both a polar and an apolar group, thus
adsorbing at the interface between immiscible bulk phases. The amphiphilic nature of surfactants
has been widely utilized to promote stable dispersions of solids in different media [43]. Since
the surfactant molecules are non-covalently adsorbed on the nanotube surfaces, this method of
dispersion is non-destructive.

The important parameters to take into account in such a system affecting the surfactant-CNT
interaction are the type of surfactant (anionic, cationic or non-ionic), its concentration and the sur-
face functionalization of the CNTs [43]. So far, various different surfactant systems have been em-
ployed to coat nanotubes, such as sodium dodecylsulfate (SDS) [69] and sodium dodecyl-benzene
sulfonate [70]. There is no obvious evidence regarding which one has better performance, but SDS
has been widely used due to its higher efficiency in the interaction of the 7-stacking interactions
of the benzene rings with the CNT surface [68]. Non-covalent dispersion through the physisorp-
tion of a surfactant is an attractive approach since it allows tuning the surface energy of the CNTs
without disrupting the 7 bondings or introducing defects. For a more detailed description on this

topic refer to [43].

2.4.3 Conductive behaviour of CNT-polymer composites

Several studies have already highlighted the improvements in electrical conductivity of polymer
composites achieved through the incorporation of CNTs, with increases of as much as 14 orders
of magnitude reported [20]. This conductive behaviour of CNT-polymer composites has been
extensively described in terms of the Percolation theory [71, 72, 73, 74, 20]. Percolation theory
is so useful because it is able to predict the universal behaviour of the electrical conductivity and
dielectric properties of the composites which does not depend on the matrix and filler per se, but
only on the spatial dimension of the system, that is, the way the filler is distributed inside the
matrix [75]. For a deeper understanding of the basis of Percolation Theory please refer to [76].
According to this model, the DC electric conductivity of a composite as a function of filler

load, the so-called percolation scaling law, is described as [65]:

o = C(f—f) 2.1

where o is the composite conductivity, f is the weight percentage of CNTs, f. is percolation
threshold, C is a constant and ¢ is the critical exponent, a universal value of 2.0 for 3-dimensional
systems.

In a CNT-polymer composite system, the very low percolation thresholds achieved are ex-
plained in light of the high aspect ratios of CNTs, the type of nanotubes used (usually SWCNT
are more conductive than MWCNT) and on the size of CNT bundles [73]. In fact, high aspect

ratio nanoparticles act as effective chains inside the polymer, bridging electrical contacts across
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the matrix. In the percolative model, interconnectivity of the CNTs and the formation of a closed

network is the most important factor [75].

On a more theoretical basis, electrical conductivity in nanocomposites arise from the forma-
tion of conductive paths inside the polymer matrix through the filler contacts. The mobility of
electrons in CNTs is much higher than in polymers but due to the large surface area of CNTs
and their high electron affinity there is a charge transfer phenomenon from the polymer (donor)
to the acceptor (CNT), thus allowing for charge carriage across neighbouring without the need for

physical contact [73].

Two types of electric conduction between polymer and filler have been hypothesized: resistive
conduction and capacitive conduction. The former is establish between neighbouring nanotubes
and depends mainly on the number of CNT-CNT contacts whereas the latter relies on the capac-
itive interactions between the nanotubes, but both depend on the relative amount of CNTs in the
composite. Resistive conduction can also be decomposed in two fractions: contact-resistivity,
which is the resistance imposed to charge transfer between two distinct nanotubes, and nanotube-
resistivity, which is the intrinsic resistivity of the nanotubes [75]. At lower CNT concentrations,
the contacts are mainly capacitive, since the CNTs are too disperse in the matrix to come into direct
contact. However, as the concentration is raised, the CNTs eventually become more closely pack-
aged and resistive contacts begin to occur, resulting in a remarkable decrease in the impedance
magnitude [65]. This phenomenon has been well described by the Percolation Theory and dif-
ferent percolation models have been applied to CNT/polymer composites of various types. This
model also introduces the notion of percolation threshold, which is the lowest filler content needed

for macroscopic conductivity to increase dramatically through the formation of a conductive path.

The electrical and electronic properties of these composites can be tested using various meth-
ods, such as DC conductivity, AC conductivity and impedance spectroscopy. The latter also allows
determining the impedance response and dielectric constant of the composites [75]. The physi-
cal relationships between impedance, conductivity and dielectric constants for an RC model are
well described in [77]. For more profound understanding on Impedance spectroscopy with more

complex models refer to [78].

Studies have shown that above the percolation threshold, resistive conduction dominates.
Since resistance is independent of frequency, the bulk impedance of the composite therefore de-
pends only on the total number of resistive paths. Below the percolation threshold, however,
capacitive conduction takes place, so the total impedance is more dependent on frequency [65].
Besides, above the percolation threshold AC conductivity measurements reveal two distinct re-
gions: a frequency-independent region at low frequencies, and a frequency-dependant region at
higher frequencies [75]. That is, the effective conductivity of the materials is mostly constant at
low frequencies, and increases at higher frequencies. Regrading CNT/PDMS composites, perco-
lation thresholds from 0.6 wt% [58] to 2.45 wt% [65] have been reported.
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2.5 Biomedical Applications of Carbon Nanotube Composites

The applications of CNTs in biomedical engineering are countless. Extensive examples of the
biomedical applications of CNTs can be found in the literature [11, 13, 79, 14]. Applications in
tissue engineering, cell tracking, biosensing, drug delivery, cell behaviour modulation and polymer
matrix enhancement are a just a few of them [27]. Regarding tissue engineering, there are reports
on applications such as bone grafts using, for example, poly(l-lactide) [80], poly(methyl methacry-
late)/hydroxyapatite [81] and polypropylene [82], tissue engineering scaffolds using polycapro-
lactone [83], poly(3-hydroxybutyrate) [84], chitosan [28, 20], collagen [85] for artificial cartilage,
bone cement for prosthesis fixation with acrylic composites [86], as well as cardiovascular tissue
engineering using (PLGA) [29, 87] and polyurethane [88]. Other examples include resorbable
implants, such as bone screws and fixations plates have also been developed based on CNT com-
posites [80], stent coatings [89], monitoring sensors [39, 40] and neural electrodes [36]. In the
sensors category, the advantage of using CNT as nanostructuring fillers becomes clearly obvi-
ous in light of their electric properties, which can be harnessed to render widely used polymeric

biomaterials electrically conductive for biosignal transmission and transduction.

17



Carbon nanotube-based materials and their applications

18



Chapter 3

Bacterial adhesion on surfaces and their
interaction with carbon nanotubes

3.1 Interactions between carbon nanotubes and bacterial cells

CNTs have found potential applicability in both preventing biofouling and promoting biofilm for-
mation. Their biofilm modulating response arises mainly from their surface chemistry, state of
dispersion of the CNTs in the medium and also from the micropore/mesopore relation of the ag-
gregates [5].

Reduction in biofouling can be accomplished by either imparting bio-modulating activity to
the CNTs through the modification with biocidal substances, mediating protein adsorption through

chemical functionalization or increasing surface hydrophobicity of a material.

Thus far, the interactions between CNTs and living cells have shown that there are complex
mechanisms involved and that CNTs can have very distinct effects depending, for example, on how
they come in contact with the cells and on the type of organism. In general, all types of carbon
nano-materials show high adhesion affinity with bacterial cells because of the van der Waals forces
that arise from their surface energy [90], with pristine CNTs showing a larger adhesive character
than funcitonalized CNTs [20].

The studies conducted on the interactions between “free-standing” CNTs and bacterial cells
raise evidence of a cell capturing effect. In the work of Kang et al. [91] Echerichia coli (E. coli)
K2 cells were incubated with SWCNTs and cell viability assays demonstrated that the highly
purified SWCNTSs exhibited strong antimicrobial activity due to severe damage caused to the cell
membranes through the direct contact with the nanotube aggregates. The nanotubes were able to

pierce the cells walls and the damaged cells were deposited with the aggregates.

Other studies have also reported on the formation of CNTs/cell aggregations. In [92] it was
demonstrated that SWCNTSs have antimicrobial activity to both Gram-negative and Gram-positive
bacteria regardless of the surface charge of functional groups present in the CNTs surface and

bacteria shape. MWCNTs, on the contrary, did not show significant antimicrobial activity to
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Figure 3.1: CNT nanocomposites activity in biofouling release (left) and biofilm promotion (right)
applications in various stage of biofilm growth. Reprinted from [5].

either type of bacteria. The authors also pointed out that SWCNT’ antimicrobial activity was

buffer-dependent and increased with increasing concentration and treatment time.

In the work of Young et al. [93], the authors tested cell viability of E. coli after shaking and
incubation with carbon nanoparticles, functionalized SWCNT and MWCNTs and verified that
both the nanoparticles and SWCNTs had no significant effect on cell viability. It was also noted
that the functionalized SWCNTs had a tendency to wind around the curved surface of the E. coli
cells due to their higher flexibility, resulting in lower toxic effects. MWCNTs, on the other hand,
had a visible decrease in cell viability as it was observed that they not only perforated the cells
membranes but also caused them to break and thus have a greater cytotoxic effect. Additionally,
they concluded that even though carbon nanoparticles and SWCNTSs did not have a significant
effect on cell viability, their tendency to adhered to the cell surface still has an impact on cell
proliferation. However, contrary to these results, Kim ez al. [94] reported no significant differences
in adhesion between bacteria and SWCNTs or MWCNTs clusters.

Further studies supported the idea that individually dispersed SWCNTSs in solution are able
to form networks on the cell surface and cause the disruption of bacterial membranes [94]. But

more interestingly, these results also indicated that collisions between single nanotubes and a
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bacterial cells are unlikely to induce the observed physical damages, so the antimicrobial activity
of SWCNTs is only possible with interaction of the bacteria with a network of nanotubes.

Akasaka et al. [95] have shown that the effects of CNTs in the precipitation efficiency of
captured Streptococcus mutans cells was much higher for MWCNTs than for SWCNTs due to
their larger diameters, more adequate dispersibility and aggregation activity. So, the manners in
which they captured the cells was also different which depended on their flexibility. Plus, the
authors suggest that there may be differences in the interaction affinity between CNTs and Gram-
negative and Gram-positive bacteria.

All these studies hint on some of the possible mechanisms of CNT-cell interaction, suggesting
a dependency on such factors as concentration, length, diameter, dispersion or aggregation, stiff-
ness, aspect ratio and exposure duration. But despite all these major advances in understanding the
fundamental interactions between CNTs and living cells, the basic mechanisms governing cell ad-
hesion are still poorly understood. SO, it can be concluded that further studies must be conducted
to test the influence of all these parameters and validate the aforementioned observations.

Although pristine CNTs exhibit a natural antimicrobial nature, two main issues must be ad-
dressed to fully realise their potential. Firstly, there is the concern in preventing the adverse
cytotoxic effects of CNTs in the living tissue, and secondly, in devising their implementation in
practical applications, such as medical implants with antifouling properties.

Albeit all the work done on CNT-mediated cell adhesion in liquid media, so far little work has
been reported on the study of the influence of CNTs on bacterial adhesion when incorporated in
the surface of composite materials. It seems, however, clear that CNTs should be made available
on the surface for establishing interactions with the cells without causing their systemic release
into the organism. Thereafter, CNTs incorporated inside a polymer coating or firmly anchored to

a substrate hold great promise for these purposes.

3.2 Adhesion on surfaces

The tendency of two surfaces to adhere to each other, or of a particle to adhere to a surface can be
described in terms of its wettability. The wettability of a surface is its wetting behaviour in contact
with a liquid phase, that is a measure of a surface’s hydrophobicity, which in turn depends on the
surface free energy. The surface energy or tension is influenced by both its chemical nature at the
interface and its roughness [96].

In fact, the micro- and nano-sized structure of the surface impacts not only on its wettability
but also on its mechanical properties [97]. Wettability of a surface is the phenomenon described by
the contact between three phases, two of them being gaseous or liquid. The most typical situation
and the one applied in this study is a liquid wetting a solid surface in gaseous environment [6].
The wetting properties of a surface are in direct relation to its surface energy and hydrophobicity,
thus it is of great importance to measure this property.

The contact angle measurement is a common technique used to determine of the hydrophobic-

ity and surface tensions of a solid surface. Several techniques have been used to measure contact

21



Bacterial adhesion on surfaces and their interaction with carbon nanotubes

Solid

Figure 3.2: Schematic example of the measurement of the angle between a liquid drop and a
circular contact area on a planar solid surface. Reprinted from [6]

angles based on Young’s equation [98]. The most common technique used for measuring the
Contact Angle (CA) is the Sessile Drop technique, which was the method used in this work to
determine the surface free energy of the fabricated composite materials. In this method, a light
source is placed behind a falling drop and a picture of the drop as it touches the surface is taken.
The contact angle is then outlined from the contour of its cross section [6]. The contact angle
formed depends not only on the surface tension but also on the liquid used.

A quantitative description of wetting phenomena occurring at a three-phase interface line has
been theorized by Young’s equation, based on the spreading of a drop of liquid on a solid surface.

This equation relates the contact angle (¢) formed by the drop to the interfacial tensions 7s, ¥, and

YsL:

Ywveosd+YL = Ysv 3.1

where sy is the tension (or interfacial free energy) of the solid-vapor interface; yzy is that of
the liquid-vapor interface; and ¥s; is that of the solid—liquid interface.
If @ > 10° then the spreading coefficient § = ¥s — Y5 — 7z can be neglected and equation 3.1

becomes:

YLCOSO+YsL = Vs (3.2)

where 75 is the tension (or interfacial free energy) of the bare solid surface; 7y; is the interfacial
tension of the liquid surface; and 75y, is the interfacial tension of the solid-liquid interface. 0 is
the angle measured between the solid-liquid interface and the line tangent to the liquid interface
at the contact point with the solid surface, as show in Figure 3.2.

If ¢ is smaller than 90° then cos ¢ is positive and ¥s > Y¥s.. Thus, the liquid partially wets the
solid and vice-versa. Young’s equation can be derived considering the differential change of Gibbs
free energy (dG) with spreading area. From the thermodynamic point of view, the spreading of
the drop is spontaneous if the change in Gibbs free energy is negative. Doing some mathemati-

cal manipulation considering constant drop volume and spherical geometry, as well as negligible
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Laplace pressure and gravitational force acting on the drop, the following equation can be derived:

dG = (Yo —Ys)dAs.+1dAL (3.3)
= 2ma(Ysy — Ys)da+2may cos ¢da (3.4

In thermodynamic equilibrium,dG/da = 0, so ¥s — ¥s. = Y. cos ¢. Using Dupré equation for
the work of adhesion (equation 3.5) of a sessile drop to the solid surface that is in equilibrium with
the vapour phase and combining with Young’s equation (equation 3.1) yields the Young-Dupré
equation 3.6 [99]:

Wse = Ys+7n—7SL 3.5

Yo(l4+cosp)+S = Ws (3.6)

In the present study, the sessile drop method was used to measure the CA between the fabri-
cated composite thin film coatings and three different liquid phases: water, 1-bromonaphathalene
and formamide. The reason for choosing these liquids is their different polarity, which allows one
to determine the surface energy of the substrate according to the Thermodynamic theory, presented
next for sake of clarity. The equations that follow and a more detailed explanation can be found
in [9].

The Thermodynamic theory of adhesion energy of a surface aims at proving a quantification
for the free Gibbs energy of that surface, which in turn relates to the probability of another surface
or material adhering to it. It takes into account two types of interactions: the Acid-Base inter-
actions (AB) and van der Waals forces (LW). These two types of interaction are related to the
intrinsic properties of the material. Another type of interactions, the electrostatic forces, also con-
tribute to the total surface energy but are not taken into account by the electrostatic theory since
these are also related to the medium that the surface is in contact with.

So, the free Gibbs energy of adhesion can be determined based on the following equations

[9]:

v o= Myt (3.7

where
YW = 11.1(1 4 cos 6,)? (3.8)
with ¥ being the surface energy due to the van der Waals forces and 6, the contact angle
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measured with 1-bromonaphtalene (apolar liquid). And,

Y o= 2rtr (3.9)

Where y*2 is the surface energy due to the Acid-Base interactions and y* and y~ are the contri-

butions of the positive and negative charges, respectively:

VY = 9.485(14cosByarer) — 8.402(1 + cos Op,) —6.063(1 + cos Oorm) (3.10)

VYt = 7.209(1+4cos Bygrer) — 3.080(1 4 cos Bp,) — 1/ ¥ 3.11)
= —2.276(1 +coS Oyarer) +5.322(1 4 cos By,) +6.063(1 +cos Ofppm)  (3.12)

where 0,4 and 0,4, are the contact angles with water (at 22 °C) and formamide, respectively.

So, 2
V= % V% >0
* 0 V<0

2
v = Ys :\/}?>0
* 0 VY <0

Which gives:
Y o= ey (3.13)

Then, the Gibbs energy can be determined through:

AGEY = =2(\/ ¥ — ) Vhiter) (3.14)

AG?V?; = 4(\//)/;_’)/5‘_ + \/Yvi_ater%;ater - \/Y;_%;ater - \/YEYVtater) (3.15)
tor LW AB
AGﬁV = AGy, +AGy, (3.16)

Note that these parameters only refer to the nature of the surface itself. But in the present
study the interest is in determining the probability of E. coli adhering to the coatings, or the Gibbs
Energy of Adhesion, so it is necessary to calculate the free energy of interaction between surface

and E. coli. Since there are three phases in this system (surface (s), water (w) and bacteria (b)),
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three components have to be determined: Y, Vs and Y- ylfW, }/Ij and ¥, refer to the cell surface
hydrophobicity (CSH) parameters. Equations 3.8 and 3.8 determine Y45 and y*V.

- <\/@_\/ﬁ)2 (3.17)

W= 205 R R e (3.18)

= i+ np (3.19)

And the same applies for 9, and %,

Therefore, the free energy of adhesion between a solid substrate and E. coli is:

AG ahesion = Ysbo — Yow — Ysw (3.20)
AGAB — 7@3—%45—7?5 (3.21)
AGLY — nybW . yvavVV _ VstW (3.22)

As mentioned before, this theory only takes into account the acid-base and van der Waals inter-
actions, which is a somewhat simplified assumption. More elaborated theories that also consider
the electrostatic interactions, such as the (Derjaguin-Landau-Verwey-Overbeek) DLVO theory and
the Extended DLVO (XDLVO) [100, 101, 102], which combines both, have already been applied
for this type of studies. The latter would be of particular interest for this work since it would
allow a better approximation to the system in use. However, that would require the measurement
of Zeta-potentials [101] which is a time-consuming technique. Thus, the approach of using the

simplified Thermodynamic theory was chosen.

3.3 Antifouling Surfaces

In the industry of medical implants it is desirable to have materials with strong antifouling prop-

erties is to minimize device-related infections.
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Since biofilm formation on a surface depends on the capacity of cells to initiate adhesion,
assessing initial adhesion on surfaces is an important step to estimate the tendency of a surface to
form biofilm [103]. Therefore, tuning surface properties to reduce or inhibit initial cell adhesion
may result in biofilm-resistant surfaces.

Superhydrophobic surfaces are well-known for their antifouling properties. Some materials
have an intrinsic fouling release character. Some examples are PDMS, chitosan and iodinated
polymers such as polyurethane-iodine [5], but silicone elastomers have been suggested to be the
most promising fouling-release coatings.

PDMS has high performance in fouling-release of attached organisms, which has been im-
parted on its low surface energy and high hydrophobicity and high local chain mobilitty.

An example of the use of a CNT/PDMS composite material for antifouling purposes is the
composite silicone elastomer/MWCNT surfaces prepared by Beigbeder et al. previously men-
tioned [61]. Interestingly, the static contact angles of their CNT/PDMS composites surfaces
increased after immersion in demineralised water for 7 days, meaning that the surface became
slightly more hydrophobic. They reported evidence that these composite containing 0.05% of
CNTs enables significant reduction on the adhesion strength of adult barnacles, despite the fact
that the bulk properties of PDMS were not altered with the filling.

Another important approach in developing materials with antifouling and fouling-release prop-
erties is by designing their surfaces at the nano-scale level, as it has been realised that the nano-
roughness effect on cell adhesion and biofilm formation is perhaps more important than the hy-
drophobicity [96]. The very low wettability of nanostructured surfaces has long been recognised
with the discovery of the well-known “Lotus effect” of the leafs of the lotus flower. Their self-
cleaning and superhydrophobic properties are very attractive and have inspired scientists to seek
new ways of mimicking that effect in synthetic surfaces. Other examples of nano-structured sur-
faces with exceptional anti-fouling and wettability properties are known [104].

Approaches to designing integrated biomimetic composite surfaces using CNTs are still scarse,
but this area will surely become one of the leading forces on the development of high-performance

surfaces in the near future.

3.4 Parallel Plate Flow Chamber Bacterial Adhesion Assay

The parallel-plate flow chamber is a device used for flow simulations with cells suspensions to
subject the cells to fluid shear stresses similar to those found in a particular environment, say the
human body.

In a parallel plate flow chamber (PPFC) there are two mass transport phenomena, namely
convection (parallel to the substrate surface) and diffusion (towards the substrate surface). The
flux of cells in the flow chamber can be controlled by the flow rate of the passing medium, and the
optical density of cells in the suspension. The attractive van der Waals forces between bacteria and

the surface are balanced by the hydrodynamic drag forces experienced near the interface [105].
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There are also electrostatic forces, which can be either attractive or repulsive depending on the
surface and micro-organism used.
For steady state laminar flow between infinite parallel plates, the wall shear stress, 7,,, as a

functions of the flow, Q, is given by the following expression:

Tw = IJ% (3.23)
where U is the viscosity of the fluid and b and & are the width and height of the chamber,
respectively.

For a real finite length flow chamber, the flow is assumed to be laminar with a parabolic
velocity profile within a range of Q at the middle portion of the chamber. The distance from the
entry at which the velocity profile approaches the theoretical profile, with a difference by 1%, is
given Lepy = 0.04hR,, where R, = Qp /(ub) is the Reynolds number. At the boundaries, the flow
assumes turbulent regimes. So, the effective surface exposed to laminar flow (homogeneous shear
stress) depends on the ration b/h [7]. According to equation 3.23, the shear stress is maximal at

the plate surfaces.

velocity profile (u, arbitrary units)

(b)

(c)

Figure 3.3: A flow chamber example and its velocity and shear stress profile in arbitrary units. (a)
Diagram of a parallel-plate flow chamber of width b, height h, and length L, in its orientation in the
x-y-z axes. The fluid is forced through the chamber by a steady pressure gradient along the x-axis.
(b) and (c) show the calculated velocity profile u and the shear stress profile t, respectively, for an
aspect ratio b/h of 80: The arrows indicate that the profiles were taken very near the right edge of
the flow chamber. The shear stress has its maximum value at the plate surfaces and vanishes at the
chamber corners. Parabolic velocity profile and homogeneous wall shear stress are characteristic
for steady flow between parallel plates. Reprinted from [7].

As mentioned, the Thermodynamic theory of adhesion accounts for cell adhesion on a surface
in terms of the surface energy of the material and properties of the medium. But it has been re-

ported that shear stress of the medium also plays an important role in governing bacterial adhesion.

27



Bacterial adhesion on surfaces and their interaction with carbon nanotubes

These reports, however, show that there is not a defined relation between cell adhesion and shear,
with some reporting an increase of cell adhesion with increasing shear, and other reporting the
opposite [103]. Besides this contradictory behaviour, the tendency for bacteria to adhere seems
to be non-linear with shear stress, with a drop in cell attachment when shear stress increases to a
critical value [103, 100]. The reasons that have been pointed out to explain these observations is
that there is a critical shear stress above which cells detach from the surfaces, so that when shear
is increased beyond that value, cells are no longer able to adhere to the surface.

From all these pbservations, it seems that adhesion seems is also species dependent. Even
within the same organism, different values of critical shear stress were determined, which sug-
gested that the critical shear stress was also dependent on the medium, with the pH having a great
impact. Further investigations suggested an hysteresis effect of shear stress on cell attachment and
that there were two different values of critical shear, one for cell detachment and other for pre-
venting cell attachment, which was much lower since the van der Waals and acid-base interactions
responsible for initial attachment were also much lower than strong receptor-ligand interactions
that oppose cell detachment [103].

Additionally, there are still some biological factors affecting adhesion kinetics in biologic
systems. It has been suggested that there is a time dependency in adhesion strength driven by
phenotypic changes that trigger the development of adaptive traits in bacteria [102] and by the
presence of a flagellum (in the case of E. coli). Moreover, another limitation of the systems used
for measuring initial cell adhesion comes with the fact that bacterial strains grown in batch cultures
in the laboratory are subjected to different selection pressures than the ones found in their natural
environment (in this case the human body), as well as varying nutrient status and growth stage

which may lead to changes in their cell surface [102].
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Chapter 4

Materials and Methods

This chapter presents the techniques used in this work for the preparation of the CNT/PDMS

composite materials and their characterization as well as for the bacterial adhesion assays.

MWCNTs were used because they are more readily available and are more easily processed.
The analytical methods employed to characterize the CNTs included thermogravimetry (TG),
Temperature Programmed desorption (TPD) and N, adsorption isotherms. The CNT/PDMS com-
posite films were fabricated using three different methodologies: a bulk mixing process, whereby
the CNTs were directly incorporated in the PDMS matrix through shear mixing combined with
sonication; a solution mixing process using an intermediate dispersing agent and shear mixing;
and double-layer deposition of a CNT thin film through solvent evaporation covered with a PDMS

layer.

The composites were characterized by Thermogravimetric analysis (TG), contact angle (CA)
measurements, Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), X-ray
Photoelectron Microscopy (XPS) and Fourier-Tranform Infrared Microscopy (FTIR). Addition-
ally, optical Transmittance Microscopy images of the composite films were also taken to obtain a
more direct assessment of the distribution state and agglomeration degree of the CNTs inside the
polymer. Some of the samples were also immersed in liquid media to assess their degradation be-
haviour. The various composite coatings were also characterized in terms of surface conductivity

with a two-probe DC conductivity test.

Bacterial adhesion on the coatings was studied with a parallel-plate flow chamber (PPFC)
in steady state flow conditions with laminar regime using Echerichia coli as model organism.
The number of cells adhered was determined using two different cell counting methods: on-line

imaging with optical microscopy and end-point fluorescent imaging with DAPI staining.
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4.1 Chemical and Mechanical treatment of the MWCNT's

For the preparation of CNT samples with different surface chemistry and textures, commercially
available pristine MWCNTs (p-CNT) (Nanocyl” NC3100) produced by catalytic CVD with an
average length and diameter of 1.5um and 9.5 nm, respectively, were used. It has been shown that
these CNTs have average inner and outer diameters of 4 and 10 nm, respectively, and that they
contain only residual traces of growth catalyst impurities, mainly Fe (0.19%) and Co (0.07%),
S(0.14%) and Al(0.03%) [106].

In order to introduce acidic groups on the surface of the p-CNTs, they were chemically func-
tionalized by a well-established oxidation treatment with HNO3. The procedure was done as
described in [8]. Briefly, a sample of p-CNTs was oxidized in reflux with HNO3 in a Pyrex round-
bottom flask cointaining 300 mL of HNO3 7 M and 3 g of p-CNTs, connected to a condenser. The
liquid phase was heated to boiling temperature (130 °C) with a heating mantle for 3 h. Oxidized
CNTs were obained (f-CNT). After this process, the f-CNT were washed with distilled water to

neutral pH and dried in an oven at 110 °C overnight.

The samples of f-CNT were subsequently submitted to thermal treatments under N, flow at
different temperatures, 400 °C, 600 °C and 900 °C, to produce different MWCNTs with a succes-
sively lower amount of oxygen-containing groups and thus lower acid character. This is possible
because heating the f~-CNT causes the chemical groups to be selectively decomposed from the
surface, depending on the final temperature. The thermal treatments were conducted as described
in [106]. A fused-silica tubular reactor was heated to the final temperatures of 400, 600 and 900
°C at a heating ramp of 5 °C min~! under flow of N5 (100 Ncm?min~!) and remained at that
temperature for 1 h. At the end, f-CNT-400, f-CNT-600 and f-CNT-900 were obtained.

Pristine CNTs (p-CNTs) were ground using a ball milling (BM) machine (Retsch MM?200) at
15 krpm for 180 min and functionalized CNTs (f-CNT, f~-CNT-400, f-CNT-600 and f-CNT-900)
were ball milled at 15 krpm for 90 min. Different ball milling times (180 and 90 min) were used

due to limitations in time.

All the CNTs samples prepared and methods used are summarized in Table 4.1 and a schematic

overview of the various procedures used for preparing the samples is shown in Figure 4.1.

Previous studies where the point of zero charge of similar samples of CNTs (both with chemi-
cal and heat treatments) have verified that the p-CNTs have a neutral pH (7.0), whereas the HNO3-
CNT, HNO3-CT-400, HNO3-CNT-600 and HNO3-CNT-900 CNTs have an acidic character due
to the presence of the acidic groups at their surfaces, namely carboxilic acids and lactones, with pH
values of 3.0, 3.8, 5.9 and 7.3, respectively [106, 107]. Since the oxygenated groups are partially
removed with the thermal treatments, the CNTs heated at higher temperatures have a successively
less acidic character, and the HNO3-CNT-900 samples even showed a slightly basic character.
The pH of the different types of CNTs is an important factor to consider in their dispersion in a
non-neutral solvent or in a polymer matrix, since their surface charge may influence the bonding

force with the polymer chains.
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Table 4.1: List of the different carbon nanotube samples prepared and the methods used.

Sample Treatment

f-CNT Oxidation treatment with HNO3 7M at 130 °C for 3h
f-CNT-400 Thermal treatment under N, flow at 400 °C for 1h
f-CNT-600 Thermal treatment under N, flow at 600 °C for 1h
f-CNT-900 Thermal treatment under N, flow at 900 °C for 1h
p-CNT-BM Ball-milling treatment for 180 min at 15 krpm.
f-CNT-BM Ball-milling treatment for 90 min at 15 krpm
f-CNT-400-BM Ball-milling treatment for 90 min at 15 krpm
f-CNT-600-BM Ball-milling treatment for 90 min at 15 krpm
f-CNT-900-BM Ball-milling treatment for 90 min at 15 krpm

=
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Figure 4.1: Process Flow diagram of the procedures used for preparing the various CNT samples.

4.2 Preparation of CNT/PDMS composite coatings

This section describes the procedures used to prepare the composite thin layers. In the present
work, MWCNTs with different surface chemical and structural properties were used for the prepa-
ration of the composite materials in order to assess the role of these characteristics in the dispersion
state and properties of the final composite, namely p-CNT, f-CNT, and p-CNT-BM and f-CNT-
BM.

4.2.1 Bulk Mixing

The first step in the dispersion of the CNTs in the PDMS (Sylgard 184 Part A, Dow Corning;
viscosity = 1.1 cm?s™!; specific density = 1.03) matrix was shear mixing with a magnetic bar at
500 rpm for 30 minutes. This stage allowed for a rough dispersion of the CNTs, without breaking

the aggregates apart, which facilitated the subsequent dispersion steps. In this phase, the composite
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presents a rather heterogeneous composition, with the large aggregates clearly distinctive from the
PDMS. With the ball milled CNTs, it was observed that a much better dispersion could be obtained
by shear mixing alone.

The CNT/PDMS mixture was then subjected to a sonication procedure (Hielscher UP400S,
at 200 Watt and 12 kHz) for at least 1h, until the CNTs were all macroscopically dispersed. At
this point, the composite acquires a perfectly homogeneous appearance with a back opacity (see
Figure C.1 of the Appendix C). However, even after sonication there were some clusters of CNTs
suspended in the composite that failed to disperse.

After that, since some bubbles were detected in the bulk material, a 30-minute ultrasound
bath (Selecta Ultrasons) step was added for their elimination. The curing agent (Sylgard 184
Part B, Dow Corning) was then added in a proportion of base-polymer to curing agent of 10:1
and carefully stirred to homogenize the two components without re-introducing bubbles. The
calculation of weight percentage of CNTs took into account the cross-linking agent.

Thin film coatings were then deposited on microscope glass slides using the spin coating
technique (Spin150 Polos™). A briefing on spin coating theory can be found in appendix E.
Two different rotation speeds were used depending on the viscosity of the final composite. When
the viscosity of the material is too high, the speed is increased. For this procedure, two spin speeds
were used: 2000 and 6000 rpm. The composites with 0.1 wt % CNT content or with the CNTs
with BM treatment were spun at a lower speed of 2000 rpm, whereas the ones with 1 wt% of
CNTs were spun at 6000 rpm to allow for coverage of the entire slide surface since these were

more viscous.

4.2.2 Solution Mixing with a Solvent

Based on the reports stating that better dispersions could be achieved using a proper solvent as
intermediate dispersing agent (refer to section 2.4 of chapter 2), in particular ionic surfactants
and organic solvents, two different solvents were chosen to test the CNT dispersion: sodium
dodecylsulfate (SDS) 10% v/v and tetrahydrofuran (THF).

However, due to the poor miscibility of PDMS in SDS only CNT suspension in THF was
used to fabricate the composites through this method. Uniform dispersions of CNT in THF were
achieved through magnetic stirring at 1200 rpm for 6 h and the suspensions were then mixed with
PDMS at 500 rpm for more 16 h. During this process, THF was partially evaporated but the
remaining solvent resulted in lower viscosity of the composite solution, so spin coating was not
the best option to produce the films. Alternatively, the mixture was manually spread on the glass
substrate to form a thin layer as uniform as possible. Table 4.2 summarizes all the composites and

the conditions used.

4.2.3 CNT-PDMS double-layer composites

In order to further investigate the electric properties of the CNTs, another type of coatings was

produced through a different technique. CNTs were first dispersed in a liquid phase, SDS 10%
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Table 4.2: List of the different types of composites produced through the evaporation/infiltration
method. All spin coating parameters were fixed (200 rpm/sec, 60 seconds) and the spin speed (@s)
was varied between 2000 rpm and 5000 rpm.

Composite Type of CNT \ Solvent \ s (rpm) ‘
PDMS/p-CNT 0.1 wt% Pristine PDMS 2000
PDMS/f-CNT 0.1 wt% HNOj-Functionalized PDMS 2000
PDMS/p-CNT 1 wt% Pristine PDMS 6000
PDMS/f-CNT 1 wt% HNOs3-Functionalized PDMS 6000
PDMS/p-CNT-BM 1 wt% Pristine Ball Milled PDMS 2000
PDMS/f-CNT-BM 1 wt% HNOj3-Functionalized Ball Milled PDMS 2000
PDMS/p-CNT-BM-THF 1 wt% Pristine THF/PDMS -
PDMS/f-CNT-BM-THF 1 wt% HNOs-Functionalized THf/PDMS -

v/v and pure THF, at a mass concentration of 5 mg-mL~! for 6 h under magnetic stirring at 1200
rpm to obtain a stable suspension, as in the previous method. After that, ImL of CNT suspensions

were deposited in glass slides and gently rocked until all surface was covered.

Then, the liquid was left to evaporate overnight at room temperature (RT) and at atmospheric
pressure. When all the solvent dried, the slides were covered in a PDMS layer through spin coat-
ing. Two speeds, 2000 and 5000 rpm, were used to produce PDMS layers of different thickness.
The coatings were then cured in a stove at 80 °C for 1.5 h as described in the previous section.
With this evaporation technique, the goal was to have a layer of individual CNTs and CNT bundles
forming a continuous network and therefore a closed conductive path. The pores could then be
filled with polymer to obtain a consistent composite. With this method the polymer disperses into
the vacant areas on the nanotube film giving structural support and consistency at the same time,
as previously reported [108, 109]. The fraction of CNTs in this type of double-layer compos-
ite is solely dependent on the concentration of the CNT dispersion and the volume of dispersion
deposited onto the slides. Due to in time limitations, it was not possible to assess the adhesion
strength between the CNT and PDMS layers.

4.3 Characterization Techniques

4.3.1 N; Adsorption Isotherms

The N, Adsorption Isotherms technique is based on the analysis of the partial pressure of an
adsorbant gas to describe the surface coverage of that gas as a function of its pressure, thus giving
the rate of adsorption r,4 or rate of desorption r4.;. This information can be used for a textural
characterization and to compared the surface area of the samples. If the samples has porosity, this
technique allows determining the volume of micro-porous.

The Langmuir adsorption isotherm assumes several assumptions, namely that the adsorption

is localized and that only the first monolayer of non-interacting molecules is bound to the surface
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(i.e. immobile on the surface); that the sample surface is saturated when all sites are covered,
forming a monolayer; and that there are no interactions between the adsorbed particles [110].

The surface area covered by the adsorbant gas can be determined from the Brunauer—Emmett—Teller
(BET) isotherm, which applies the principles of Langmuir isotherm to multilayer adsorption and
is described as [110]:

P
£ 1 C—1p

o = = 4.1
ng(l—£ na*C+na*Cpo “.1)
Po m m

where p and py are the equilibrium and the saturation pressure of the adsorbates at the temperature
of adsorption; C is the BET constant; n, is the adsorbed gas quantity; and ng, is the mono-layer

adsorbed gas quantity.
SBET = nanAam (4.2)

In the present work, N, Adsorption Isotherms of the acid and heat treated CNT samples (f-
CNT, f-CNT-400, f-CNT-600 and f-CNT-900) were determined at -196 °C with a Quantachrome
NOVA 4200e apparatus. The Brunauer—-Emmett-Teller (BET) surface area of the various materials

was then computed and compared to evaluate their textural characteristics.

4.3.2 Thermogravimetric analysis

Thermogravimetric (TG) analysis is an analytical technique used to measure the amount and rate
of mass loss in a material as a function of temperature or time in a controlled atmosphere. In this
technique a sample is continuously heated from a given starting temperature to a final temperature
with a constant heating rate, in the presence of a gas flow, and the weight loss of the sample and a
result of the decomposition process is monitored over time as a function of temperature [111].

This method allows the assessment of its composition from the various steps of the weight loss
process as well as its thermal stability from the onset temperature of the decomposition of the ma-
terial. The higher the temperature at which the decomposition starts, the more stable the material
is. The decomposition temperature depends on the chemical nature and structure of the sample, so
this type of measurement allows for an inspection of structural differences in the conformation of
the polymer chains induced by the introduction of a filler [112].

In this work, PDMS, PDMS/p-CNT 0.1%, PDMS/p-CNT 1%,PDMS/p-CNT-BM 1%, PDMS/{-
CNT-BM 1% and PDMS/p-CNT-thf 1% were analysed to assess the effect of the incorporation of
the CNTs on the thermal stability of PDMS and therefore evaluate the extent of bonding between
matrix and filler. p-CNTs and f-CNTs were also analysed as comparison. The heating program
used was 7'(f) = 700t + 50, where T is the temperature in °C and ¢ is time. The total amount
of weight loss of the samples was determined from the integration of the area below the mass-
time curve and the on-set temperature of decomposition were compared among the various tested

samples to evaluate their thermal stability.
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4.3.3 Temperature Programmed Desorption (TPD)

In the present study, TPD analysis was carried out with the p-CNT, p-CNT-BM, f-CNT, f-CNT-
400, f-CNT-600 and f-CNT-900 samples. The experimental procedure was followed as previously
reported [106]. In brief, TPD profiles were obtained by heating the samples from room tempera-
ture to 1100 °C at a heating rate of 5 °C-min~! with a total flow rate of the helium carrier gas of
25 Nem? min~! in an AMI-200 (Altamira Instruments) apparatus. About 0.09 g of each sample
was analyzed by tracking the signals of 18 (H,0), 28 (CO) and 44 (CO,) with a Dymaxion mass
spectrometer (Ametek Process Instruments). The signals were then processed and analysed to
obtain the total mass of CO and CO; released from the samples.

Further information on the theory of TPD analysis and the calculations used to analyse the

results are included in Appendix F.

4.3.4 Contact Angle Measurements

To characterize the composites in terms of surface energy and adhesionn energy with E. coli, static
contact angle (CA) measurements were performed directly on the coatings with a CA apparatus
(Dataphysics Contact Angle System OCA) using the sessile drop method. Calculations of the

surface energy were based on the termodynamic theory, as described in chapter 3.

4.3.5 Degradation Assay

The degradation assays were conducted to assess the chemical stability of the composite films in a
liquid environment. Two types of tests were conducted. Firstly, a 30 minute-assay in citrate buffer
with the PPFC using the same flow conductions as the adhesion assays was done to allow for
an assessment of other there was any degradation of the composites during the adhesion assays.
Then, contact angle measurements were taken to compare the surface energy of before and after
the degradation assays.

Secondly, in order to assess long term degradation, another assay in static flow conditions was
performed. The static degradation assays were performed as follows: coatings of three different
types, PDMS (control), PDMS/p-CNT 0.1 wt% and PDMS/p-CNT 0.1 wt% were placed on petri
dishes and immersed in either citrate buffer and synthetic urine for 1 day, 4 days and 8 days inside
a flow chamber. The extracted liquid was analysed by UV-Vis spectrometry (Jasko V-530). This
technique was chosen since it allows for the inspection of a wide range of wavelengths and it was
more suitable for analysing small amounts of sample over time. Besides, this techniques has been

previously used to analyse PDMS [113]

4.3.6 Surface Analysis

The fabricated composite films were characterized with Scanning Electron Microscopy (SEM),

Atomic Force Microscopy (AFM) in tapping mode, X-ray Photoelectron Microscopy (XPS), all
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performed at CEMUP (Centro de Materiais da Universidade do Porto), and Fourier-Tranform
Infrared Microscopy (FTIR).

These techniques allow surveying the surface of a material to extract information on morphol-
ogy (SEM), topographical features (AFM), elemental composition (XPS) and chemical bonding
environment at the outermost layers (XPS and FTIR). The aim was to probe the surface in order
to gain better understanding of the interactions occurring between the CNTs and PDMS polymer
chains, as well as of the distribution profile of the CNTs across the surface and along the height of
the film.

XPS is an analytical technique based on the localized emission of an X-ray beam into a sam-
ple’s surface to survey its chemical composition. XPS analysis was performed in a Kratos AXIS
Ultra HSA using an Al Ko monochromatic X-ray source (1486.7 eV) at 15kV (40 eV for the
regions spectra and 80 eV for the surveys). XPS spectra data was analysed with XPSPeak soft-
ware. Four regions of interest were specified in the analysis: C Is, O 1s, N 1s and Si 2p since
these are the main elements composing the samples. The main goal was to evaluate the amount of
these elements present at the outermost layer of the various samples so as to make a comparative
assessment of distribution of the CNTs near the surface. The samples were prepared by cutting
small sections of each composite coating.

SEM images of the different coatings were taken to allow for a more detailed inspection of the
surface morphology and roughness of the coatings and to see whether the introduction of CNTs
and the amount introduced had a major effect on the surface structure. Moreover, samples of
the coatings in glass slides were fractured along the cross-section in order to visualize the cross
section and estimate the thickness of the coatings. Ten pictures of each cross section were taken
to calculate the average thickness. Another objective was to complement the XPS analysis in
assessing the differences in carbon content at the surface of the various coatings to evaluate the
distribution of the CNTs along the depth of the coatings. Additionally to SEM, Energy Dispersive
X-ray Spectroscopy (EDS) analysis was also simultaneously performed to examine the chemical
composition of the regions analysed and thus complement XPS analysis.

FTIR analysis (Perkin—Elmer 1710) was done in Attenuated Total Reflectance (ATR) mode
since in transmittance mode a significant saturation was observed. Composite membranes were
fabricated by mould casting on petri dishes to a small thickness so that the laser could better

penetrate on the samples.

4.3.7 Conductivity Measurements

To assess the effect of the introduction of CNTs in the PDMS matrix on the conductivity properties
of the composites, DC conductivity tests were performed. A DC voltage (V) signal in the range
-100 to +100 Volt or -1 to +1 Volt was applied on each sample, depending on the conductivity of
the samples, and the corresponding current (I) was measured at 21 points in 10 runs. The current-
voltage curves were obtained and an average value of conductance (I/V) was calculated from a

linear fit of the curves.
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The electrical characterization was conducted at Centi (Centre for Nanotechnology and Smart
Materials). In brief, two copper contacts were placed on top of the coating with a separation of
2 cm and then connected to a power source (Keithley Programmable Single Channel DC Power
Supplier). DC voltages in the range -10 to 10 Volt or -100 to 100 Volt were applied to the terminals,
depending on the conductivity behaviour of the coating (higher range for lower conductivities) and
the superficial current between the two terminals was read into a costume LabView® application.
The characteristic current-voltage curve for each sample was registered and analysed. Glass cover

slides and PDMS coated slides were used as controls.

4.4 Cell Adhesion Assay

4.4.1 Cell Cultivation and harvesting

In this work, E. coli IM109(DE3) was used as biological model since it is a well-studied micro-
organism of a non-pathogenic strain [114]. A starter cell culture was obtained using the same
procedure as described in [114]. In brief, the cells were collected from a cryo-preserved batch (1
mL aliquots in glycerol stock kept at a constant -80 °C) and thawed at room temperature (RT).
Then, 200 mL of culture medium, prepared as previously described [115], was inoculated with
500 uL of cells suspension and incubated for 24 h at 30 °C with a constant orbital agitation of
150 rpm. A volume of 10 mL of the cultured bacteria were centrifuged (Eppendorf Centrifuge
5810R) at 25 °C in 4000 rpm rotation for 10 minutes, re-suspended in sterile citrate buffer at pH 5
and centrifuged again in the same conditions. The final cell suspension was then diluted in citrate
buffer until an optical density (OD) of 0.1, corresponding to a cell density of 7.6-10~7 cells per

mL, was achieved. This OD density was used since this E. coli strain has optimal adhesion

4.4.2 Parallel Plate Flow Chamber assay

Cell adhesion assays were performed using a parallel-plate flow chamber (PPFC) (see Figure A.1-
(b) of the appendix A), with a height, width and length of 0.8, 1.65 and 25.4 cm, respectively, and
entry/exit diameters of 0.2 cm. The PPFCs contained a bottom and top opening for the introduction
of the test surfaces and the coated slides were mounted in the bottom plate at the exit end of the
PPFC. The opening at top plate was covered with an uncoated glass slide to allow for real-time
visualization at the microscope. A schematic overview of the experimental set-up used is shown
in Figures 4.2 and 4.3.

The flow cell was coupled to a reactor connected to a centrifugal pump and tubing system
through which circulated a steady flow of E. coli suspended in citrate buffer at an OD of 0.1. A
valve at the exit of the pump allows for flow rate control. The equipment was also coupled to a
water bath to keep a constant temperature of 37 °C throughput the experiments. This temperature
was used since it is the normal temperature of the human body. Appendix A contains illustrative

photographs of the experimental set-up.
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The shear stress in the human urethra has been estimated in values from 0.001 Pa up to 0.3
- 0.5 Pa in the course of urination. Plus, E. coli adhesion is reportedly dependent on the shear
stress conditions [116]. However, in the present work, it was impractical to test various different
shear stresses, so a constant value was used since the purpose was to evaluate the dependence of
bacterial adhesion on the surface characteristics of the coatings and not on the flow conditions.
Therefore, all the tests were conducted using a constant shear stress of 0.01 Pa in laminar regime.
This intermediate value was chosen to best mimic the flow conditions of shear stress in the human
urinary tract in normal physiological conditions. The shear stress in the system was adjusted by
tuning the flow rate in the tubings. According to equation 3.23 and considering the viscosity
of water at 37 °C as an approximation, the flow corresponding to a shear stress of 0.01 Pa was

calculated as 2.5 mLs ™.

Citrate buffer was used as cell medium in the adhesion assays since it is a simple solution
deprived of nutrients, thus minimizing the interference of the medium in cell adhesive behaviour.
Besides, its saline composition keeps the osmotic pressure of the cells stable, thus ensuring their
integrity during the assay. Besides, buffer solutions neutralize the charge alterations driven by
substances excreted by the bacteria. In previous work, various buffers at different pH were tested
and it was found that citrate buffer at pH 5 had the best performance in potentiating the cell
adhesion, which is necessary for this type of studies with this strain of E. coli to obtain a reliable

cell countings.

4.4.3 On-line Cell Adhesion Assay

Online adhesion assays were performed with the PDMS, PDMS/p-CNT 0.1% and PDMS/f-CNT
0.1% since these were optically transparent. In the on-line adhesion assays the flow cells were
placed on the microscope support and real-time optical microscopy (Nikon Eclipse LV100) images
were taken with a magnification of 10x for 30 minutes at a time cadence of 30 seconds. This
allowed for acquisition of a time series of images that correspond to the initial adhesion of E. coli
in the coating inside the flow cell. Bacterial adhesion was assessed by performing cell countings
on the acquired time-series images from light transmittance microscopy. This procedure allowed
off-line data and the construction of kinetic adhesion curves. Image analysis was performed as
explained in the next section. A schematic representation of the set-up described in the previous

topic is shown in Figure 4.2.

4.4.4 End-point Cell Adhesion Assay with DAPI staining

In the case where the coatings were not optically transparent or the background of the images pro-
duced had too much interference from the carbon nanotubes, it was not possible to use the image
analysis procedure described in the previous subsection. For that reason, another cell counting
strategy had to be adopted. Cell adhesion assays with similar set-up as the one used in the pre-

viously section but with a series flow cell configuration (see Figure 4.3) were conducted and
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Figure 4.2: Process Flow Diagram of the set-up used for the on-line E. coli adhesion assays, drawn
with Microsoft Visio® Software. The blue arrows indicate flow direction in the tubes.

end-point cell countings were performed with DAPI cell staining. The samples were then visual-
ized under fluorescence microscopy (Nikon H600L) with a 100x magnification. About 20 images
of three non-overlapping areas of the coating were taken using NIS AR v4.13.04 Software, taking
care to avoid those areas that were pinched by the flow cell. Two repeats were done for each

different type of coating.

4.4.5 Image Analysis

The microscopy images recorded during the on-line cell adhesion assays were then analysed with
costume Matlab code in order to obtain the number of adhered cells and cell surface density
over time (30 minutes assay). For that purpose, each image was analysed separately in order to
eliminate effects of varying contrast and luminosity as well as camera movement and jitter during
the experiment.

The algorithm was implemented using Matlab (MathWorks®) programming environment and
the pseudo-code is presented at the end of this subsection. The reason for choosing this application
development platform is that Matlab offers a fully-fledged and stable set of tools, called Image
Processing Toolbox, that contains built-in functions for most of the image processing techniques
used in routineimage analysis. For more information on Image Processing with Matlab refer
to [117].

The image processing flowchart is presented in Figure 4.4. The algorithm developed was

focused on three main processing steps:

1. Contrast enhancement and background subtraction;
2. Top-hat Transform:;

3. Image segmentation through binarization.
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Figure 4.3: Process Flow Diagram of the set-up used for the end-point E. coli adhesion assays,
drawn with Microsoft Visio® Software. The blue arrows indicate flow direction in the tubes.

The reasoning behind this process flow is based on the notion that the cells are treated as image
objects in a background, which contains no information and can thus be removed. Therefore, these
objects present enough contrast to be segmented from the background and are the only relevant
objects in the images. Of course, the latter condition is only ideal and light optical microscopy
images often contain various undesirable objects (artefacts) that should not be accounted for but
cannot be easily segmented from the objects of interest. A way to circumvent this problem is
to find features that differentiate them, but often at the expense of excessive computational cost.
Two main simple features often used are object size and morphology [118], which are also the
easiest ones to implement. In this sense, morphological operations were chosen to perform this

task, through the implementation of a top-hat Transform and subsequent opening operation.

The two basic morphological operations are Dilation and Erosion. Dilation is a morphological
operation that has the effect of enlarging the areas of the foreground (complement to the back-
ground) such as white pixels and shrinking areas of the background. It corresponds to the logical

OR operator of binary images. It is symbolically defined as [118]:

g(j7k) = f(]?k)@b(.hk) 4.3)
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where f is a gray-scale image and b is a structuring element. composed of a set of pixels with a
certain size and shape. That is, Dilation of f by b is the set of all pixels such that f and b overlap by
at least one non-zero element. On the other hand, Erosion on an image erodes away the boundaries
of foreground pixels such that those areas of foreground pixels shrink in size and "holes" within
those areas become larger. Conversely, Erosion corresponds to the set of all pixels that overlapped
by H are still contained in f, that is, the logical AND operator. The definition is [118]:

Opening is another morphological operation that is defined as an erosion followed by dilation.
Its effect is that it tends to decrease the spatial extent of an object, so it can be used to extract

objects with a specified shape and smaller than a given size from the segmented binary image.

fob = (feb)®b 4.5)

where again f is a gray-scale image and b is a structuring element. Top-hat Transform is
mathematically defined as a gray-scale f minus its opening by a structuring element b, so a kind
of background subtraction. It is used for yielding an image with only the objects removed using
a structuring element and is particularly helpful to correct uneven lightening in the background
[119].

f= f=(fob) (4.6)

However, it may be the case that certain artefacts present in the image still remain after mor-
phological operations because they have similar size and shape from the objects. To prevent these
artefacts from contributing to the final cell countings, the strategy implemented was to subtract the
number of objects counted at the initial time instant from the resulting countings. This heuristic
was based on the idea that all the objects present in the image at time zero are artefacts (things that
were already adhered to or embedded in the surface of the coating before the assay was started)
and therefore their presence remains unchanged throughout the entire assay.

Binarization is the operation of transforming a grayscale image, that is an image defined by
gray-level pixel values within a certain dynamic range, into a binary (purely black and white)
image, thereby segmenting the objects from the background.

In order to maximize the information extracted from each image sequence, 12 non-overlapping
regions of interest (ROI) inside each image were defined and again analysed independently. This
way, 12 different countings can be determined from each sequence and their mean calculated to
decrease the error of the algorithm inherent to the nature of the images and improve the confidence

on the results.
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initialize empty variables

k=1;
for i = 1:12 % define subregions
for j = 1:61 % image of time point 1
im <- read image
im2double (); % convert to double
imadjust (); % adjust dynamic range
bkg <- imfilter()); % smoothing with gaussian to produce background image
im - bkg; % subtract background
im(x:x+299,v:y+299); $ extract subregion
1200 1200]); % resampling

imresize (im, [
% top—hat tranform

imtophat () ;
im2bw () ; %
imopen(); % Open transform with 3 pixel-radius structuring element
bwareaopen(); % remove small objects from image

bwconncomp () ; %

binarize gray-lebel image with graythresh()

connected components to obtain number of objects
end
end

Listing 4.1: Matlab pseudo-code of the image analysis script used for the cell countings of the
kinetic cell adhesion assays.

Finally, a step of feature extraction can be used to evaluate certain properties of the objects,

such as area, perimeter, axis length, orientation, eccentricity.
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Figure 4.4: Process Flow Diagram of the set-up used for the end-point E. coli adhesion assays,
drawn with Microsoft Visio® Software. The blue arrows indicate flow direction in the tubes.
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Chapter 5

Results and Discussion

5.1 Composite Coatings

5.1.1 Bulk mixing

The composite coatings fabricated by the bulk mixing process with 0.1 wt% CNT loading showed
a black opaque appearance after sonication, but when they were cast on thin films, they showed
a light grey colour with good optical transparency, with some small punctual CNT aggregates
visible to the naked eye. Despite this minor content of non-dispersed nanotubes the coatings had

a uniform appearance with no macroscopic roughness.

The composites with 1 wt% of CNTs also had a black opaque appearance after sonication,
but when spin cast they revealed some re-aggregation of the nanotubes. This happened in part
due to the higher content of aggregates present in the composite, which were not dispersed with
sonication, but also possibly due to some extent of segregation of the CNTs from the PDMS ma-
trix. It is possible that the centrifugal force pushed the smaller well-dispersed nanotubes against
the aggregates that were deposited on the substrate during the spinning and eventually became
incorporated in the aggregates, which acted as nucleation sites, instead of being uniformly dis-
tributed throughout the film. Thus, the matrix and CNTs were eventually in two phases and the
CNT content outside the aggregates was lower than 1 wt% in the end.

The composite films produced with the ball milled (BM) nanotubes at 1 wt%, however, showed
an overall uniform aspect, much more similar to the 0.1 wt% coatings. This was due to the better
dispersion of CNTs in the matrix and to the much smaller size of the remaining aggregates. Again,
the films were more or less optically transparent, though still more opaque then the ones with lower
content of CNTs, with a uniform grey colour and no observable roughness.

Ilustrative images of the interior of each coating described in this section, taken with optical
microscopy, are presented in the appendix C. A simple binarization procedure of the images of the

1 wt% coatings yielded 2-dimensional percentage coverages with CNTs of a random plane inside
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the bulk of the materials of 27%, 33%.,, 29% and 21%, for the p-CNT 1%, f-CNt 1%, p-CNT-BM
1% and f-CNT-BM 1%, respectively.

5.1.2 Solution-mixing

The composites produced through the solution mixing process using THF as dispersing agent had a
completely uniform appearance without aggregates, showing that THF was effective in promoting
the disaggregation of the CNTs and steric stabilization during mixing with PDMS. Besides, the
fact that THF has a low boiling point of 66 °C (but still high enough for the solvent to evaporate
slowly) contributes for an effective mixture of the CNT suspension within the PDMS matrix.

It has been reported that the use of intermediate solvents can have a negative impact on the
matrix-CNT interactions due to their coating effect [43]. However, THF is an organic solvent with
a simple molecular structure (a cyclopentane ring with one of the carbon atoms substituted by an
oxygen atom). Besides, PDMS has good solubility on THF [120], which also contributes for an
effective integration between polymer and CNTs.

Despite partial evaporation of THF, the resulting mixture was still more fluid than the ones
previously prepared, so the films were deposited on the glass slides using a manually spreading
method. As a consequence, the surface roughness was higher than that of the films produced by

spin coating.

5.1.3 Double layer coatings

It could be observed that a uniform mat of CNTs was deposited on the glass slides after solvent
evaporation, and that this mat was sufficiently consistent for the nanotubes to remain attached to
the surface. The PDMS layer deposited on top by spin coating was well-adhered on the nanotubes
and had different thickness depending on the spin speed. Here, the spin speed was varied between
2000 and 5000 rpm and from the appearance of the surface texture of the final coatings it could be
seen that the films produced with 5000 rpm presented a rougher surface.

A list of the different double-layer coatings produced along with the corresponding mass of the
CNT layer are shown in table 5.1. Note that the ones fabricated with SDS have a much great mass
than the ones made with THEF, which shows that the salt content of the SDS solution was mostly
retained in this layer during the evaporation process and was deposited on the spaces between the
nanotubes.

Since the mass fractions of CNTs and PDMS in the final coatings depend on several param-
eters, namely the dispersibility state of the suspension, the precise volume of suspension poured
into the glass substrates, the amount of PDMS dispensed in the spin coater and the spin speed, it
is a difficult task to obtain films with exact and reproducible weight fractions of CNT/PDMS. For
that reason, the masses of CNT and PDMS were measured with analytical scales in order to deter-
mine the weight fractions of each composite film individually and compare between the different

films. These results also are shown in table 5.1.
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Table 5.1: List of the different types of composites produced through the evaporation/infiltration
method. All spin coating parameters were fixed (200 rpms~!, 60 seconds) and the spin speed was
varied between 2000 and 5000 rpm.

’ CNTs ‘ Solvent ‘ mcy7 (mean + std)(mg)

p-CNT | SDS 52.9 £28.5
f-CNT SDS 45.7 £16.7
p-CNT | THF 6.2+0.9
f-CNT THF 59+13

5.2 Characterization Techniques

5.2.1 N, Adsorption Isotherms

The MWCNTs samples prepared through the various chemical, heat and ball milling treatments
were analysed by Nj adsorption isotherms to determine their surface area and make a qualitative
assessment of their textures. Surface area (Sgg7) is an important parameter for the characterization
of modified CNTs since it is known that chemical or mechanical treatments may result in structural
modifications.

The results are presented in Figure 5.1 and in Table 5.2 and Figure 5.1. The pristine CNTs
yielded the lowest surface area (Sggr), as would be expected since the pristine CNTs were not
submitted to any kind of chemical or structural modifications. The p-CNT-BM, on the other hand,
have a significantly higher surface area due to the cleavage and nanotube opening provoked by
the milling treatment. In accordance with the other results, all the functionalized CNTs showed
increased Sggr when compared to the pristine nanotubes. Note that the CNTs treated 600 °C
have higher Spgr than the ones treated at 400 °C, and that the f-CNT-900 had the lowest Sggr
of the three, but these small differences lie within the experimental error of + 10 °C, so it can be
considered that these samples have comparable textural properties.

Regarding the ball milled (BM) functionalized CNTs, the surface area of the f-CNT-BM sam-
ple is slightly smaller than that of the f-CNT-400-BM, {-CNT-400-BM and f-CNT-400-BM sam-
ples, which cannot be accounted for by the experimental error. This may be justified by procedural
errors since the milled f-CNT sample presented an Sprr much lower than the others where the heat
treatment was also applied. As expected, the surface area of the milled HNO3-CNTs increases
with increasing temperature of the thermal treatment, with the milled heat-treated CNT samples
showing the highest surface areas of all samples.

These results were important to show that there is an alteration of the CNTs at the structural
level after the functionalization and ball milling, which may influence the bulk and surface proper-
ties of the fabricated composites. One must bear in mind that the interactions between nanotubes
and polymer matrix are largely influenced not only by the chemical nature of the CNTs, but also
by the surface available for the establishment of non-covalent interactions. Furthermore, shorter

CNTs are also easier to disperse in a medium since the nanotubes have less tendency to aggregate.
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However, despite the improvement of the dispersability, the shortening and wall opening induced
by these treatments affect the aspect ratio of the CNTs, which may have a major impact on the
interconnectivity of the nanotube networks that are formed within the polymer matrix and thus on

the establishment of electrical contacts and formation of a percolative path.

Table 5.2: Spgr determined from N, adsorption isotherm analysis of the samples (£ 10 °C).

] Sample Szer (Mg~ 1) ‘
p-CNT 289
f-CNT 361
f-CNT-400 366
f-CNT-600 374
f-CNT-900 352
p-CNT-BM 375
f-CNT-BM 348
f-CNT-400-BM 403
f-CNT-600-BM 428
f-CNT-900-BM 4791

I Value likely to be unreal due to loss of sample mass.
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(a) Ny Adsorption isotherms of the p-CNT, f-CNT, f-CNT- (b) N, Adsorption/desorption isotherms of the p-CNT-BM,
400, f-CNT-600 and f-CNT-900 samples. f-CNT-BM, f-CNT-400-BM, f-CNT-600-BM and f-CNT-
900-BM samples.

Figure 5.1: N, Adsorption isotherms of the pristine CNTs (p-CNTs) and the CNTs prepared with

the acid functionalization (f-CNT), heat treatment (f-CNT-400, f-CNT-600 and f-CNT-900) and
ball milling (BM) treatment.

5.2.2 Thermogravimetric Analysis

To evaluate the effect of the incorporation of CNTs on the thermal stability of the PDMS matrix,
thermogravimetry (TG) analysis was performed. The CNTs were also individually analysed for
comparison. The resultant spectra of the p-CNT, f-CNT, f~-CNT-400, f-CNT-600 and f-CNT-900
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samples is shown in Figure 5.2-(a), and the spectra of the PDMS, PDMS/p-CNT 0.1%, PDMS/p-
CNT 1%, PDMS/p-CNT-BM 1%, PDMS/f-CNT-BM 1%, PDMS/p-CNT-THF 1% samples in Fig-
ure 5.2-(b).

This graph shows the percentage of mass retained during the analysis. The corresponding
percentage mass loss at 700 °C (end temperature of the analysis) are shown in Table 5.3. The total
mass loss was obtained by normalizing the final mass loss by the initial mass of the samples.

The TG spectra of PDMS showed that it starts pyrolysing at around 450 °C, with a rapid mass
loss until 600 °C. At this temperature, the polymer reaches a plateau and begins to stabilize. At
600 °C, a mass loss of 60% was obtained. The PDMS/p-CNT at 0.1 wt% showed a very different
thermal behaviour, with the decomposition onset around the same temperature as PDMS, but with
a less abrupt mass loss and resulting also in a lower percentage of mass loss (40 %). Comparing
this with the curve of the PDMS/p-CNT 1% composite, it can be seen that a higher amount of
CNTs in the polymer results in higher thermal stability, with the curve showing even less mass
loss than with a CNT loading of 0.1%.

Surprisingly, with the p-CNT-BM nanotubes, the composite had a similar decomposition as
with the p-CNTs, suggesting that the structure and texture of the nanotubes is not a critical factor in
the thermal stability of the composite. However, with f-CN'T-BM, there is a significant difference
in the decomposition. Even though the curve of the PDMS/f-CNT-BM follows the same smooth
mass loss as the PDMS/p-CNT-BM, the mass loss at 700 °C approached that of PDMS, about 60%.
this may indicate that the surface chemistry of the CNTs, unlike their structure, plays an important
role in the filler-polymer interactions. The oxygen-containing groups of the functionalized CNTs
introduce polar moieties in the matrix which probably have low affinity for the PDMS chains due
to sterical and electrostatic repulsions. Comparing with the TG curves of the CNTs (Figure 5.2-
(a)), it can be seen that the f-CNT also pyrolized more rapidly than the p-CNTs, suggesting that
they have lower thermal stability, possibly due to the presence of oxygenated surface groups and
higher defect density. Note that the analysis was performed in N, atmosphere, so this difference
cannot be imparted on the reactivity of the oxygen-containing groups but only structure of the
nanotubes at the molecular level. So, this difference may be also the reason why the bonding with
the polymer is not so effective with f-CNTs.

Interestingly, the addition of THF in the fabrication of the composites through the solution
mixing method, apparently did not have a negative impact on the polymer-CNT bondings, as can
be seen from the TG curve of the PDMS/p-CNT-THF 1% sample, which is almost the same as the
PDMS/p-CT-BM sample.

The derivatives of the curves in Figure 5.2 were also determined to compare the temperatures
at the highest rates of decompositions that were observed for each samples, shown in Figure 5.3.
From this graph, it seems more clear that the onset of the region of instability of the composites is
retarded in comparison with PDMS, but varies in each sample. The PDMS/p-CNT 1% appeared
to be the most stable composites.

In general, from these results it could be concluded that there are effective interactions between

the PDMS matrix and the nanotubes, resulting in an enhancement of the thermal stability of all
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the composites.

Table 5.3: Total percentage mass loss of the samples obtained as the final mass loss divided by the
initial mass.

Sample % Mass loss
p-CNT 2.0
f-CNT 4.0
PDMS 60.1
PDMS/p-CNT wt% 48.1
PDMS/p-CNT 1 wt% 314
PDMS/p-CNT-BM 1 wt% 35.7
PDMS/f-CNT-BM 1 wt% 58.9
PDMS/p-CNT-THF 1 wt% 39.7
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Figure 5.2: Thermogravimetric spectra of the: (a) pristine CNTs (p-CNT) and functionalized
CNTs (HNO33 — CNT) samples; (b) PDMS, PDMS/p-CNT 0.1 wt%, PDMS/p-CNT 1 wt%,
PDMS/p-CNT-BM 1 wt%, PDMS/f-CNT-BM 1 wt% and PDMS/p-CNT-THF 1 wt% samples.
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Figure 5.3: Thermogravimetric spectra of the derivative of the PDMS, PDMS/p-CNT 0.1 wt%,
PDMS/p-CNT 1 wt%, PDMS/p-CNT-BM 1 wt%, PDMS/f-CNT-BM 1 wt% and PDMS/p-CNT-
THF 1 wt% samples.
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5.2.3 Temperature Programmed Desorption

The results of the TPD analysis are presented in Fig. 5.4 and Table 5.4.
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Figure 5.4: TPD results: (a) CO and (b) CO;, spectra of the p-CNT, f-CNT, f-CNT-400, {-CNT-
600, f-CNT-900 and p-CNT-BM samples.

Table 5.4: Results of the TPD analysis of the f-CNT, f-CNT-400, f-CNT-600 and f-CNT-900

samples.
] Sample \ mco (umolg ") \ mco, (Lmolg™") ‘
p-CNT 0 0
p-CNT-BM 0 0
f-CNT 1171 566
f-CNT-400 1013 153
f-CNT-600 661 67
f-CNT-900 22 45

Table 5.5: List of the functional groups released from the oxidized CNTs and the temperature
range at which they typically decompose. Values adapted from [8].

Chemical group | Temperature range) \ Gas released

Carboxilic 100 - 400 °C CO,
Lactone 190 - 650 °C CO,
Phenol 600 - 700 °C CO
Carbonyl 700 - 980 °C (60)
Anhydride 400 - 600 °C CO and CO,
Ether 700 °C CO
Quinone 700 - 980 °C CcO

From the curves shown in Figure 5.4-(a) it can be concluded that the CO,-containing groups

are released from the surface in the temperature range below 400 °C (first peak) and that further

heating of the sample causes the other groups to be gradually released until 900 °C, at which point
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all the CO;-containing groups have been purged from the nanotubes’ surface. Regarding CO-
containing groups, it can be seen in Figure 5.4-(b) that these components are decomposed at higher
temperatures. The curves obtained for the f-CNT and f-CNT-400 samples are in good agreement
with results previously reported using the same type of CNTs and the same functionalization
procedure with nitric acid and heat treatment at 400 °C, respectively [107]. The amount of CO
and CO, gases released from the samples reflects the amount of oxygenated groups present at
their surfaces, which in turn depends on the type of treatment they received. The HNO3-CT
sample is the one with highest surface density of groups, and thus is also the most acidic one since
it was not submitted to heat treatment. The f-CNT-400, f-CNT-600 and f-CNT-900, on the other
hand, show significantly less density of surface groups, with decreasing amount of groups with
increasing temperature of the heat treatment. This result was expected since the heat removed
most of the groups introduced with the acid treatment. The spectra of the pristine CNTs with or
without ball milling treatment showed no surface groups at all, as expected. These results are in

good concordance with the ones previously reported [106, 107]

In the analysis previously done on the TPD sepctra of activated carbon samples functionalized
with the same procedure as in this work, the TPD curves were decomposed through deconvolution
methods with multiple gaussian functions to yield the underlying components of the spectra [8],
each component corresponding to a chemical group, such as carboxylic acids, lactones, carbonyl
groups, anhydrides and quinones. The temperatures at which each of these groups are decomposed

are presented in Table 5.5 for clarity.

Here, the same analysis can be applied by observing the evolution of the curves and therefore
see if the same components as the ones previously reported can also be present in these samples.
The CNTs that were heat-treated showed a significant loss of surface groups, so only the HNO3
sample can be inspected. From the CO; spectra of the f-CNT sample, it seems that the first peak
appears at 260 °C, corresponding to the decomposition of carboxilic acids, while the second local
peak is located around 420 °C and therefore possibly corresponds to anhydrides. In the CO spectra
of the same sample, the first component appears centred around 500 °C, thus corresponding to
carboxylic anhydrides and phenols; the second peak, and maximum of the curve, is located around

700 °C and so corresponds to carbonyl groups.

This analysis is important to understand the surface chemical composition in terms of func-
tional groups of the treated CNTs and their percentage coverage. This has an influence on the
interaction between the functionalized CNT and the PDMS polymer matrix, since the interactions
established by the functional groups and the PDMS chains are easier than the ones provided by
the bare CNT surface.
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5.2.4 Fourier Transform Infrared Spectroscopy (FTIR)
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Figure 5.5: (a) ATR-FTIR spectrum of PDMS, PDMS/p-CNT and PDMS/f-CNT composite mem-
branes, taken between 650 and 4000 nm; (b) High resolution ATR-FTIR spectra of PDS, PDMS/p-
CNT and PDMS/f-CNT composite membranes, between 650 and 950 nm.

The FTIR spectra shown in Figure 5.5 represents all the characteristic peaks of the PDMS product
used, with a morphology comparable to literature data [121]. From Figure 5.5, it can be noted that
the spectra of the pristine PDMS and the CNT/PDMS composite are all identical, with no visible
characteristic peaks of the CNTs. The CNT characteristic peaks are located in the range 900 -
3500 cm~!, with strong peaks defined around 1200, 1402, 1550, 1700 and 3444 cm~! [122, 123].

As reported, the functionalized CNTs, when compared with the pristine CNTs, present ac-
centuated peaks at 1200, 1500 and 1700 cm™ !, associated with the C=0 stretching, and at 1200,
corresponding to C—O stretching, of the -COOH groups [123]. A peak at 3500 cm™!, correspond-
ing to the -OH stretching frequency, and at 1365 cm™!, the CH mode of vibration, have also been
reported [26].

From the comparison of the spectra of the three samples, it is evident that they are all identical.
A reason pointed out to explain this fact is that the CNTs are all mainly embedded deep inside the
matrix, being covered by a layer of PDMS which impedes the IR light to excite the nanotubes.
The penetration depth of the IR laser depends on the wavelength of the excitation light, the angle
of incidence (in this case, 90 °) and refractive indexes of the prism and sample, but typical values
are from 0.1 to a few micrometers [124]. This means that the CNTs are probably even below
that level. However, when both sides of the membranes were used for the analysis, identical
spectra were obtained, which shows that the CNTs were completely embedded inside the bulk of
the membranes, and not exactly deposited at the bottom. This may suggest that PDMS tends to
engulf the nanotubes by forming cross-linked networks around them in order to minimize steric
repulsions. On the other hand, CNTs suffer some form of re-aggregation after the shear force
of the mixing process is removed. So, it is also possible that a certain amount of re-aggregation

caused the CNTs to migrate towards the bulk of the membranes.
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5.2.5 Contact Angle Measurements

According to the thermodynamic theory, if AG is positive, the surface is hydrophilic, and other-
wise, if it is negative, the surface is hydrophobic and a negative energy of adhesion with E. coli

indicates that cell adhesion is a favourable process.

The data from the contact angle measurements, shown in Figure 5.6 and in Table 5.6 revealed
that all the surfaces produced retained the hydrophobic character of PMDS. But in general the sur-
face with p-CNTs showed a slightly more hydrophobic character than the ones with f-CNTs. This
result is in good accordance with the chemical nature the CNTs used. The pristine CNTs are very
hydrophobic, thus raising the overall hydrophobicity of the composite, whereas the funcitonalized

CNTs have an acidic character, and thus are more hydrophilic.

The fact that the two of the most hydrophobic surfaces are the ones with the highest content
of pristine CNTs is not surprising given the hydrophobic nature of these nanotubes. But it would
be expectable that these two surfaces had a greater hydrophobicity than the the PDMS/p-CNT
0.1% surface, contrary to what was obtained. The most likely explanation for this result is that the
value of the surface energy determined through this method is very sensitive to small errors in the

measurements, since the values are still quite close.

Interestingly, the PDMS/f-CNT 0.1% coating had a highly negative value of surface energy,
but oppositely a positive energy of adhesion with E. coli, the highest of all samples, corresponding

to highly unfavourable interaction between both.

When the nanotube content is 1 wt%, the impact on surface hydrophobicity follows the same
tendency, with pristine CNTs increasing hydrophobicity with respect to pure PDMS and function-
alized CNTs having the opposite effect, regardless of surface roughness. Note that that the surface
with ball milled (BM) CNT has significanlty less roughness. This is in keeping with the thermody-
namic theory, since it only takes into account the van der Waals and the hydrophobic interactions

arising from chemistry of the surface.

Regarding the adhesion energy with E. coli, Figure 5.6 indicates that the adhesion is more
favourable (more negative) for the p-CNT 0.1% surfaces, with the p-CNT 1%, f-CNT 1% and p-
CNT-BM 1% surfaces have slightly less favourable but similar adhesion energy. Finally, the results
show that the only two surfaces with positive energy of adhesion (and therefore less favourable E.
coli adhesion) were PDMS and PDMS/{-CNT 0.1%.
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Figure 5.6: Surface free energy and adhesion energy of: 1 - PDMS; 2 - PDMS/p-CNT 0.1%; 3
- PDMS/p-CNT 0.1%; 4 - PDMS/p-CNT 0.1%; 5 - PDMS/p-CNT 1%; 6 - PDMS/f-CNT 1%; 7
- PDMS/p-CNT-BM 1%; 8 - PDMS/f-CNT-BM 1%; 9 - PDMS/p-CNT-THF 1%; 10 - PDMS/{-
CNT-THF 1%. Values of adhesion energy were divided by a factor of 10 for better visualization.

Table 5.6: Surface free energy and energy of adhesion with E. coli cell of each surface tested,
calculated as described in chapter 3.

Sample 1AGHY | [ 1AGY | | [AGY" | | [AGL! | | |AGLY | | | AGL | |
PDMS -2.9 -58.8 -61.7 -2.3 3.4 1.1
PDMS/p-CNT 0.1% -0.72 -78.1 -78.8 -10.6 22 -8.4
PDMS/f-CNT 0.1% 2.5 -50.0 -52.4 1.5 32 4.6
PDMS/p-CNT 1% -1.2 -70,2 -71.4 =712 2.2 -5.0
PDMS/f-CNT 1% -0.64 -67.0 -677 -5.8 1.6 -4.2
PDMS/p-CNT-BM 1% -3.2 -73.8 -77.1 -8.6 3.6 -5.0
PDMS/f-CNT-BM 1% -0.1 -61.5 -61.7 -3.4 0.8 2.7
PDMS/p-CNT 0.5% -0.40 -67.46 -67.9 -4.7 -5.9 1.3
PDMS/p-CNT-THF 1% -1.2 -65.7 -67.0 -3.0 -5.2 2.3
PDMS/f-CNT-THF 1% -4.3 -80.1 -84.5 -7.1 -11.3 4.2
After 30 minute degradation assay with citrate buffer in dynamic conditions
PDMS 2.5 -77.0 -79.4 -10.0 32 -6.8
p-CNT/PDMS 0.1% -6.77 -66.0 -72.8 54 53 -0.1
f-CNT/PDMS 0.1% -3.68 -74.5 -78.2 -8.9 3.9 -5.1

5.2.6 UV-Vis Spectroscopy

Degradation assays were performed to monitor the stability of the material under specific condi-

tions over time. In this particular study, degradation assays of the composite coatings were carried
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out both in citrate buffer, the medium used in PPFC adhesion assays, and synthetic urine. Since
these materials were envisioned for biomedical applications as for example in the urinary tract, it

would be of interest to study the effect of urine in the coating.

The results of the UV-Vis analysis of the immersion liquids are show in Figure 5.7.The spectra
shown were obtained by performing a baseline correction with the corresponding medium, either

citrate buffer or synthetic urine.

The tests with citrate buffer revealed an increasing absorbance in the UV range. Note that UV-
Vis spectra of PDMS reported in the literature has also shown a common tendency of absorption
in the UV [113], and CNTs have also significant absorption in these wavelengths [125, 126].
Comparing the citrate buffer spectra at days 1, 4 and 8, there is no difference for all the samples,
except in the UV region, with the spectra showing the highest and lowest absorbance at days 4 and
8, respectively. But since this trend is observed for all samples, it can be concluded that this is most
likely due to the effect of baseline correction, which varied for each day. The more accentuated
aborbance in the UV region at day 4 probably results from a higher saturation of the baseline, and

not to the presence of any substances, since these are not observable at day 8.

Since the static degradation assays were performed in sterile conditions in a flow chamber,
this absorbance pattern is unlikely to be the result of light absorption by contaminants. The results
with synthetic urine, on the other hand, show a peak in the near UV zone, which can not be directly
related with the present of PDMS or CNTs residues. However, the absorbance properties of the
both materials could have been altered by the chemical or physical interactions between matrix
and filler.

Unlike the spectra obtained with citrate buffer, urine showed prominent peaks in the UV range,
which suggests that urine may have a stronger effect on the chemical stability of the composite
coatings. This observation is not surprising since synthetic urine has a rather complex composi-
tion, containing several reactive components. It does not seem likely that the driving force of the
observed effect is the pH of the solution, since the synthetic urine used had a pH of 6.5 while the
citrate buffer had a pH of 5. The ionic force of the medium, on the other hand, is more likely the

primary factor causing the interactions with the surfaces and possible degradation.

Relating these results with the CA measurements performed on the degradation assays with
the PPFC, which revealed no significant alterations of the contact angles, it seems that the citrate
buffer solution has a minimum impact on surface stability after a short period of time, even under
non-static flow, and also that it does not cause swelling of the PDMS. This may suggest that,
on one hand, the low shear rate used in this assay is not an important parameter in the chemical
degradability of the composites, but the exposure time may be more critical. The cross-linking
density is also an important parameter influencing the chemical stability of a polymer, and even
though a high weight fraction of base polymer to curing agent was used for the preparation of the
materials (10:1), a less uniform mixing of the two parts may results in some areas having a lower

cross-linking density, and therefore being more susceptible to degradation.
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Figure 5.7: UV-Vis spectra of the citrate buffer solution (left side) and synthetic urine (right side)
after 1, 4 and 8 days of immersion with the PDMS, PDMS/p-CNT 0.1% and PDMS/p-CNT 0.1%

samples.

5.2.7 X-Ray Photoelectron Microscopy (XPS)

XPS analysis was performed to evaluate the chemical composition of the surface of the PDMS,
PDMS/p-CNT 0.1%, PDMS/f-CNT 0.1%, PDMS/p-CNT 1%, PDMS/f-CNT 1%, PDMS/p-CNT-
BM 1% and PDMS/f-CNT-BM 1% samples. The C-1s, O-1s and Si-2p peaks present in the XPS
spectrum of PDMS correspond to the methyl and Si-o groups, respectively.

The results of the XPS analysis, presented in Table 5.7, show that the atomic percentages of
the C, O and Si elements at the topmost nanometres of the surface were about 50%, 25% and 25%,
respectively, which agrres with the stoichiometry of PDMS chains.

The XPS spectra obtained was similar to what has been previously reported [127, 23, 62].
However, it could be noted that the C-1s, O-1s and Si-2p peaks of the composite spectra did not
seem to evidence significant differences in C-C and C-O bondings. Besides, deconvolution of
the C-1s and O-1s peaks did not indicate a suggest a tendency of growing C-C content with the
introduction of CNTs as well as C-O content in the f-CNTs.

These observations may be justified by the fact that XPS only analyses the up to 3 nanometres
inside the surface, which is a very shallow depth. Therefore, this analysis indicated that most

of the nanotubes were probably located below this level. Also, not that this is technique is very
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localized, and so may yield results that are not representative of the whole surface if the sample is

not perfectly uniform, which was the case.

Table 5.7: Elemental atomic percentages (At%) of carbon, oxygen and nitrogen at the surface of
the coatings.

Element (At%) C-1s | N-1s | O-1s | Si-2p
PDMS 4890 | ND | 26.15 | 24.96
PDMS/p-CNT 0.1% 48.38 | ND | 26.68 | 24.94
PDMS/f-CNT 0.1% 48.66 | ND | 25.96 | 25.37
PDMS/p-CNT-BM 1% | 50.10 | ND | 25.56 | 24.34
PDMS/f-CNT-BM 1% | 49.35 | ND | 25.89 | 24.76
PDMS/p-CNT 1% 4931 | ND | 25.81 | 24.88
PDMS/f-CNT 1% 48.97 | ND | 26.62 | 24.41

5.2.8 Scanning Electron Microscopy (SEM)

SEM images showed that PDMS coatings had a rather flat surface, with no visible roughness or
irregularities. The PDMS/p-CNT 0.1 % and PDMS/p-CNT 0.1 % coatings also revealed a very
flat surface but with some minor protuberances, probably due to CNTs or entrapped bubbles.
The PDMS/p-CNT 0.1 % and PDMS/f-CNT 0.1 %, however, presented some CNTs aggregates
covered in PDMS protruding out of the surface. These observations agree with the macroscopic
observations of the surfaces. Figure 5.8 shows some of the SEM images where the nanotubes were
visible, although it should be noted that these images are not representative of the surface, since
the majority of the surface area of the samples were devoid of topographical features.

The samples were fractured along the width and images of the cross-sections were also anal-
ysed. From the analysis of the cross-sections, the CNTs seemed to have a tendency to deposit
on the bottom of the coating, but it would have been expected that the CNTs were closer to the
surface and more uniformly distributed along the depth of the coating. PDMS displayed a clean
fracture, with not visible deformation of the polymer (Figure 5.9-(a)), the composite coatings all
showed rather irregular fractures covered in debris (Figure 5.9-(b)). This suggests that the pres-
ence of CNTs within the polymer possibly caused the tensile stress applied during the fracture to
nucleate at the spots where the CNTs were bond to PMDS due to their higher stiffness. This may
have caused the PDMS chains to deform under the applied load before the CNTs fractured.

Figures 5.8-(a) and -(b) show the cross-section of the PDMS/p-CNT 1% fracture and a close-
up, respectively, where a CNT aggregate that has been cut in half can be seen. Note the presence
of some nanotubes sticking out of the surface, indicating that the nanotubes in the core of the ag-
gregate fractured in non-specific locations of the tubes, possibly at the defects where the structure
is more fragile.

For each sample, ten images of the cross-section were taken and the corresponding thickness

measured to obtain the their average thickness. Values are shown in Figure 5.10. These results
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indicate that the coatings all had an average thickness between 25 and 27 pum, except the PDMS/p-
CNT-BM 1% and PDMS/f-CNT-BM 1% coatings which presented a thickness of about 47 pm.
This difference can be explained by the fact the former where spin coated during 60 s, while the
other two during 30 s. Besides, the higher standard deviations of the measurements agreed more
or less well with the observed roughness of each sample, with the PDMS/p-CNT 1% having the

largest variation.

SEM images of the PDMS/p-CNT-THF 1% coating showed a flat surface with no visible
roughness at the micro- and nano-scale, although these coatings were more irregular at a macro-

scale.

Regarding the double-layer composite coatings, both the PDMS/p-CNT in SDS PDMS/f-CNT
in SDS samples seemed to have higher surface roughness, especially at the micro-scale. At some
points where the layer of PDMS had ripped it was possible to visualize the underlying mat of
deposited CNTs (see Figure 5.9).

Interestingly, this layer of nanotubes was well embedded in an amorphous mass of sodium and
sulphur, as indicated by local EDS analysis, left behind when the volatile component of the SDS
evaporated. Despite that, the CNTs seemed to be well dispersed. Interestingly, the PDMS/p-CNT
in THF sample showed a surface patterned with sub-micron-sized prominent aggregates, but the
PDMS/f-CNT in THF sample did not, presenting a very planar surface with only a few larger
aggregates.

The results from the EDS analysis showed that the overall elemental composition of the various
surfaces was about 50% C, 25% O and 25% Si, the same as PDMS, as was obtained also from XPS
analysis. However, when a more localized analysis was performed to compare two distinct zones,
a flat zone and one containing a CNT aggregate underneath revealed a slightly higher content of C,
with differences of about 11.7% and 12.3% for a CNT loading of 0.1 wt% and 1 wt%, respectively,
with the atomic percentage of C in the global analysis falling midway between these two extreme
values. Since EDS has a depth of analysis in the range 1 ym to 3 yum, greater than that of XPS, it
is no surprise that it revealed more significant differences.
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Figure 5.8: SEM images of the surfaces of the PDMS/p-CNT 1 wt%, (a) and (b); PDMS/p-CNT
0.1 wt%, (c); PDMS/f-CNT 1 wt%, (d); and (e) PDMS/f-CNT-BM 1 wt%, (e) and (f), coatings.
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Figure 5.9: SEM images of the PDMS (a) and PDMS/p-CNT-BM 1% (b) cross-sections; PDMS/p-
CNT in SDS (c) and PDMS/f-CNT (d) to (f) in SDS surfaces of the coatings (magnification, 2000x;
scale).
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sample from SEM images (mean and standard deviation
(Std)).

Figure 5.10: Mean values of thickness of each sample thickness determined from SEM images
represented in table (a) and bar chart (b) form.

5.2.9 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) was used to obtain a 3-dimensional profile of the surface of
the analysed samples and characterize their surface topography. Only the PMDS, PDMS/p-CNT
1% and PDMS/f-CNT 1% were analysed, since the others had not presented many topographical
features from the SEM images. The profiles of the PDMS/p-CNT 1% and PDMS/f-CNT 1%
surfaces are presented in Figure 5.11, showing the topography of CNT agglomerates. The PDMS
surface was completely flat.

Note that the aggregates in the two surfaces appeared to have different morphologies, but since

this analysis was very localized, no further considerations can be derived.

5.2.10 Conductivity Measurements

Electrical characterization was performed in order to determine the conductance of the different
composite samples by taking DC voltage - current (V-I) measurements. The results of the DC
conductivity measurements for each sample calculated from the current-voltage curves are shown
in Figure 5.12-(a) and -(b).
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Table 5.8: DC characteristic curves os the different composite coatings measured in a specified
voltage interval (-1 to 1 Volt or -100 to 100 Volt).

Sample Conducatnce (S)
Glass 0.15-10~ !
PDMS 0.31-107!1
PDMS/p-CNT 0.1% 0.12:10~!1
PDMS/f-CNT 0.1% 0.19-10~!1
PDMS/p-CNT 1% 0.19-10~!1
PDMS/f-CNT 1% 0.13-107!1
PDMS/p-CNT-BM 1% 0.13-107!
PDMS/f-CNT-BM 1% 0.14-10~ !
PDMS/p-CNT-THF 1% 0.15-10~*
PDMS/f-CNT-THF 1% 0.69-1076
PDMS/p-CNT in SDS 0.32-1072
PDMS/f-CNT in SDS 0.12:1072
PDMS/p-CNT in THF 0.19-1073
PDMS/f-CNT in THF 0.81-1073

—  PDMS Current (A) Current (A)

——PDMS/p-CNT0.1% 5 35g.10 - ——CNT-SDS 0.004 4
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Figure 5.12: (a) Conductance curves of the glass, PDMS, PDMS/p-CNT 0.1%, PDMS/f-CNT
0.1%, PDMS/p-CNT 1%, PDMS/f-CNT 1%, PDMS/p-CNT-BM 1% and PDMS/p-CNT-BM 1%
samples measured from -100 Volt to +100 Volt; (b) (a) Conductance curves of the CNT-SDS,
f-CNT-SDS, CNT-THF, f-CNT-THF samples measured from -1 Volt to +1 Volt. Values are in
Siemans.

In previous studies, these CNTs have already shown to be conductive and to effectively en-
hance the conductivity of a polymer composite [128].

The results revealed that the composites produced by the bulk mixing process, PDMS/p-CNT
0.1%, PDMS/f-CNT 0.1%, PDMS/p-CNT 1%, PDMS/f-CNT 1%, PDMS/p-CNT-BM 1% and
PDMS/f-CNT-BM 1%, did not exhibit any increase in electrical conductivity, as can be seen from
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the very low conductance values, which were all of the same order of magnitude as that of PDMS.
This fact indicates that the CNTs in these samples were not well-enough dispersed to establish a
percolative path for the current to flow with the CNT concentrations used.

However, the PDMS/f-CNT-THF and PDMS/p-CNT-THF samples with 1 wt% showed a sig-
nificant increase in electric conductance by 5- to 7-fold, respectively, which indicates that even at
CNT concentrations as low as 1%, there is an enhancement in conduction driven by their better
dispersion in PDMS.

The double-coating layers presented the highest conductances, reaching increased values of
9 and 8 orders of magnitude for the coatings produced with SDS and THF, respectively, with
values as high as 0.01 S achieved. This suggested that the nanotubes dispersed in SDS then
in THF and deposited by solvent evaporation could form electrical contacts, with SDS yielding
better results. Moreover, this also indicated that this type of coating shows better performance
for practical applications. These results are not surprising since these coatings also have a much
higher wt% of CNTS than the others, so an effective conduction path is formed.

Additionally to their higher conductivity, these samples also showed a more linear behaviour,
crossing the origin, typical of ohmic conductors, although the measurements were taken in a nar-
rower range of voltage. But the non-linear curves displayed on Figure 5.12-(a) can be explained
by the accumulation of charge at the surface of PDMS.

Note that, the values of conductance presented here are an extrinsic properties of the materials,
that is, they depend on the cross-sectional area and form factor of the samples. So, these values
cannot be directly interpreted as being high or low, but can only be comparable among them, since
all samples were measured in the same way. Note also that the PDMS layer covering the nanotubes
acts as an insulating layer, hampering the measurements of current flowing through them, which
explains why conductances of different orders of magnitude (1072 and 10~3 S) were obtained.

Thus, thicker top-layers of PDMS yielded lower values of conductance.
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Figure 5.11: AFM images of the PDMS/p-CNT 1% ((a) to (c)) and PDMS/f-CNT 1% ((d) to (f))
coatings showing three different zones with distinct roughness.
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5.3 Bacterial Adhesion

5.3.1 Kinetic Cell Countings

This section presents the results of the kinetic cell adhesion assays carried out using the method
described in section 4.4.3 with the PDMS (control), CNT/PDMS 0.1 wt% and f-CNT/PDMS 0.1
wt% coatings. For each type of coating, 3 independent tests were done and for each repeat 12
non-overlapping subregions of the image were analysed for statistical analysis. The kinetic curves
in Figure 5.14 represent the average number of adhered cells for the three repeats over the 12 sub-
regions as a function of time (total run time of 30 minutes with 30 seconds time intervals). These
values were corrected to the number of adhered cells or deposited particles at initial time instant
for comparison purposes. The number of adhered cells at the final instant were then compared
among the different coatings and the results are presented in table 5.9 and in the bar graph of

Figure 5.13. Appendix B includes supplementary material of the adhesion assays.

Table 5.9: Values of cell densities calculated from the previous Table and normalized to an area of
approximately 4.9 -10° um? and respective Adhesion rates. Values are in cells um? -10~> and in
pum?-min—'1073, respectively.

Sample ‘ Test 1 ‘ Test 2 ‘ Test 3 ‘ Mean ‘ Adhesion Rate
PDMS 64 69 72 68 +4 26+0.1
PDMS/p-CNT 0.1% | 54 61 69 6247 22402
PDMS/f-CNT 0.1% 60 73 8 |73+13 28+0.5

100 ~
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80
70
60
30 A
40 1
30
20 1
10

Cell density (cellspm2min-110-5)

PDMS (control) p-CNT 0.1% f-CNT 0.1%

Figure 5.13: Bar chart of the average cell densities in the PDMS (black bar), PDMS/p-CNT 0.1%
(blue bar) and PDMS/p-CNT 0.1% (red bar) coatings, obtained with three independent tests. Error
bars correspond to standard deviation.
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CNT/PMDS 0.1% and f-CNT/PMDS 0.1%.

The results in Table 5.9 of the on-line adhesion show that although there seems to be a slight
difference in the bacterial adhesion among the three samples tested, PDMS, PDMS/p-CNT 0.1
wt% and PDMS/f-CNT 0.1 wt%, but not statistically different (one-way ANOVA test, p>0.05).

The initial adhesion rates were well correlated with the corresponding values of cell density,
which indicates that there was a steady adhesion tendency along the assays and it was the rate of
adhesion that dictated the final number of cells adhered. Furthermore, in Figure 5.14 it can be seen

25

that the adhesion regime was perfectly linear, with no saturation effects.
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5.3.2 End-point Cell Countings with DAPI staining

The cell countings in these samples were performed with the DAPI staining method described in
(section 4.4.4) because it was not possible to determine the cell adhesion kinetic curves through
image analysis since the images had too many artefacts and interference from the CNT and dark-
ened background to allow for accurate image segmentation. Example images of the various coat-

ings are presented in Appendix C to illustrate this fact.

The results of the cell countings obtained with this method are summarized in Table 5.10 and
shown more explicitly in Figure 5.15. These data show that the highest adhesion was obtained
with the PDMS and PDMS/f-CNT-THF 1% coatings, followed by PDMS/f-CNT-BM 1%. In
order to evaluate the results obtained with the two methods, the various cell counting values were

normalized to the visualized area.

Although there were no statistical differences among the samples (one-way ANOVA test,
p>0.1), in general, it seemed that there was a tendency for cells to adhere more to p-CNTs than to
f-CNTs, which was maintained when the CNT concentration was raised to 1%, both with the BM
treated CNTs and with the CNTs dispersed in THF. Moreover, the surfaces containing p-CNTs
seemed to show decreased adhesion with increasing CNT content, which may suggest that the
concentration of CNTs might be a factor in the ihnibition of adhesion. However, regarding the
coatings with the f-CNTs, it seems that increasing CNT content promoted slightly less adhesion
in the PDMS/f-CNT 1% coating, an effect than is not present in the PDMS/f-CNT-BM 1% and
PDMS/f-CNT-THF 1% coatings. The major difference between them is the degree of dispersion of
the nanotubes and their structure. Although the differences were not statistically meaningful, con-
sidering that the coatings with p-CNTs and f-CNTs at 0.5 and 1 wt% had higher surface roughness
it may be possible that this fact is also having a slight impact on cell adhesion.

As for the PDMS/f-CNT-THF 1% sample, although it could not be verified whether or not the
CNTs were more close to the surface, they seemed to be better dispersed in the matrix, as could be
seen from their uniform opacity and the results of electrical conductivity measurements. So, the
slight differences in cell adhesion verified in these samples might suggest that CNT dispersion is

another parameter whose influence would be worth investigating further.

An overall comparison of the results is show in the bar graph of Figure 5.16, where the values
of cell density for each surface were normalized to the cell density of the control (PDMS) of
the corresponding cell counting method. So, the values shown in this bar chart correspond to
percentage of relative adhesion (RA). Letters A and B refer to the groups of values of RA that
were statistically different (one-way ANOVA test, p<0.05). From these results it can be seen that
the two groups with statistically different RA also correspond to the cell densities obtained with
the two different methods, also bearing very different between-groups variances, which could have

been the cause of that statistical difference.
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Table 5.10: Cell densities of the end-point adhesion assays of the p-CNT/PDMS 1%, f-
CNT/PDMS 1%, p-CNT/PDMS 0.5%, p-BM/PDMS 1% and f-CNT-BM/PDMS 1% coatings with
DAPI staining. The results were obtained for two independent tests, Test 1 and Test 2. Values cor-
respond to mean =+ standard deviation of the total cell counting divided by the area of the field of
view, 4.7-10° um?. Values are in cells um~2- 1074,

Sample ‘ Test 1 ‘ Test 2 ‘ Test 3 ‘ Mean ‘
PDMS 57 47 - 52+7
p-CNT 0.5% 44 37 36 39+4
p-CNT 1% 32 19 38 |30+ 10
f-CNT 1% 30 57 42 | 43+ 14
p-CNT-BM 1% 49 32 - 41 £ 12
f-CNT-BM 1% 61 34 - 48 £ 19
p-CNT-THF 1% | 28 34 - 31+4
f-CNT-THF 1% 64 40 - 52 £17

[T PO RN Sy =
S o o o o o

Cell density (cells/um? 10-4)

=]

il

PDMS  pCNT pCNT1% f£CNT1% pCNTBM fCNT-BM p CNT-THFf CNT-THF
(control)  0,5% 1% 1% 1% 1%

[=]

Figure 5.15: Bar graph of end-point cell adhesion countings of the various surfaces containing
pristine CNTs (p-CNT, blue bars) and functionalized CNTs (f-CNT, red bars) at 0.5 and 1 wt%
with or without ball milling treatments (BM) or dispersed with THF.

Note that, when comparing the cell densities obtained through image analysis of the on-line
adhesion assays and the ones obtained with DAPI staining, there is a difference in the values of
one order of magnitude. It should be pointed out that One possible reason behind these fact is that
DAPI the stained images revealed some artefacts resultant from DAPI residues and other particles
lodged at the surface. Moreover, quenching occasionally occurred.

The fact that the results of adhesion energy measurements and of the cell adhesion assays
were not very concordant may be partially due to the thermodynamic theory of adhesion used in
these work not being the most appropriate methodology to draw significant conclusions about the
interactions between E. coli and these composite surfaces. This issue had already been pointed out
in chapter 3, when the results seems to be in agreement.

Another important remark is that since the p-CNTs and f-CNTs have a point-of-zero charge

around 7.0 and 3.0, respectively, as mentioned in section 4.1. So, any CNTs popping out of
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the surface could be interacting with the citrate buffer, which as a pH of 5, inducing changes
of the surface charge density by forming an electrical double-layer. The p-CNTs do not have
surface groups, but when they are inside the citrate buffer, which has lower pH, their 7 electrons
will tend to protonate with the water molecules, thus creating a positively charge layer at the
interface. However, in an aqueous medium with lower pH than the f-CNTs, the acidic groups,
mainly the carboxilic groups tend to be deprotonated resulting in an increase in negative surface
charge density [129]. This fact will affect the electrostatic forces at the interface of the coatings
and there alter their surface energy. The negative charges at the surface thus create repulsive forces
acting on the E. coli cels, which also have negative net surface charge, resulting in less adhesion.
Since E. coli cells also have net negative charge, this effect should be considered when CNTs are
introduced at the surface. However, from the results obtained, where the coatings with f-CNTs
showed more adhesion than the ones with p-CNTS, that effect did not seem to be dominant in the

surfaces tested.

Even though cell adhesion tests in combination with contact angle measurements were not
conclusive, some important conclusions may be derived. There were in fact slight changes of
surface hydrophobicity and roughness with the introduction of the four different types of CNTs
(pristine and functionalized, and with or without milling treatment) that might have elicited differ-
ent cell adhesion responses. Besides, there are possibly two effects influencing cell adhesion: the
change in surface hydrophocity induced by the presence of the CNTs in the bulk of the material,
allowing one to tune the surfaces to have more or less adhesion; and the surface roughness and
conversely the availability of CNTs at the interface, which might be used to have functionalized
CNTs without further increasing the amount of cell adhesion. So, in the end, there might be a com-
bined effect of the two properties that is the driving force for producing CNT composite surfaces

with cell adhesion-modulation capacity.

Finally, it is important to note that there are several other factors that influence E. coli adhesion
on surfaces. For example, E. coli has a flagellum which gives it the ability to stick to the surface
penetrate into the electric double-layer at the interface [130], influencing their adhesion capacity
in a way that is not accounted for in any common theory of adhesion [131]. This emphasizes the
fact that cell adhesion is a phenomenon far more complex than what can be evaluated with the
present work, but the objective was to gain some insight into the applicability of a framework in

the study of carbon nanotube-based composite surfaces.

In order to more deeply assess the cell fouling behaviour on these type of composite coatings,
further characterizations and cell adhesion tests would be required. Besides, the present work
was only focused on evaluating the initial adhesion, but biofilm formation assays would also be
important for the clarification of the effect of the surface properties on the long-term attachment
and proliferation mechanism of the cells. For example, it could be the case that even with no
significant difference in the number of cells initially adhered, the surface properties could have

other effects on the inhibition of cell matrix production that would affect biofilm formation.
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| Label |Samp]e RA (%)
1 PDMS/p-CNT0.1% 89
2 | PDMS/-CNT0.1% 101
3 |PDMS/p-CNT0.5% 75
4 | PDMS/p-CNT 1% 57
5 |PDMS/{-CNT 1% 83
6 PDMS/p-CNT-BM 1% 78
7 PDMS/f-CNT-BM 1% 91
8 PDMS/p-CNT-THF 1% 60
9 PDMS/f-CNT-THF 1% 100

Figure 5.16: Relative adhesion (RA) values for pristine CNTs (p-CNT, blue bars) and functional-
ized CNTs (f-CNT, red bars) at 0.1 and 1 wt% with or without ball milling treatments (BM) and
for p-CNT at 0.5 wt% (green bar). The table on the right side indicates the surfaces corresponding
to each numerical label on the bar chart. All surfaces were produced by the bulk mixing method
except those produced with solution mixing (CNT/THF). Values were calculated by dividing cell
countings obtained for a certain surface by those obtained with PDMS (control). Letters A and B
indicate groups of mean values with statistically different RA (one-way ANOVA test, p>0.05).
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Chapter 6

Conclusions and Future Work

Carbon nanotube composite materials with varying nanotube characteristics and using different
dispersion methods were prepared and the materials characterized with appropriate techniques.
Thermal, structural and chemical properties of CNTs and of the composites were analysed by TG,
N isotherms and TPD, respectively. Thin film of the prepared composites were coated onto glass
slides using spin coating and spreading methods. The surface hydrophobicity of the fabricated
surfaces was estimated through the contact angle method compared among the different coatings.

Bacterial adhesion assays using Echerichia coli as model organism were performed in steady
state flow conditions using a flow cell with a shear stress of 0.01 Pa for better mimicking the
hydrodynamic conditions inside the human body. Both on-line and end point adhesion assays
were conducted depending on the optical transparency of the coatings, yielding separate sets of
results with independent control tests.

Conductivity measurements were conducted on the coatings to assess whether the surfaces
developed in this work presented enough conductivity for sensory and similar applications.

Degradation assays were also performed to test for the chemical stability of the composite
coatings in contact with citrate buffer and synthetic urine either in dynamic and static flow condi-
tions.

XPS, SEM, AFM and FTIR analysis were used to evaluate the over efficiency of dispersion of
the CNTs inside the polymer matrix and the possible mechanisms influencing the dispersion state
of the nanotubes.

The results showed that a good dispersion of CNTs was only possible with mechanical treat-
ment of the nanotubes and aggressive sonication. Microscopy and SEM images showed that even
after that CNT aggregates still remained in the bulk of the composites, but with much smaller
dimensions.

TG analysis showed an enhancement of the thermal stability of the composites comparing to
pure PDMS, suggesting that effective bondings between CNTs and polymer chains were estab-
lished, but the strength of these bonds depended also on the functionalization of the nanotubes.
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TPD analysis revealed that the CNTs were successfully functionalized and that different acidic
groups were introduced on the surface, which could be observed from the selective and progressive
removal of CO and CO; content in the different samples. N, adsorption isotherms indicated that
structural changes were induced by the oxidation and heat treatments and ball milling from the
increased surface areas of the nanotubes when compared to the pristine ones.

Contact angle measurements of the 0.1 wt% CNT loading composites suggested that the intro-
duction of CNTs in the polymer matrix had a slight effect on its surface hydrophobicity, with the
pristine CNTs increasing its hydrophobic character and the functionalized CNTs decreasing it. All
composite surfaces, except the PDMS/f-CNT 1%, showed a theoretical increase in the adhesion
energy with E. coli.

The bacterial adhesion assays revealed two statistically different groups of samples, those with
0.1 wt% loading of CNTs and the remainder samples, but these two groups correspond to the two
different cell counting methods.

Although there were not statistically significant, there was a tendency of a higher number of
E. coli cell to adhere to the composite coatings with the functionalized CNTs rather than with the
pristine CNTs, which might be explained in terms of surface hydrophobicity.. Surprisingly, there
was less cell adhesion when the CNT loading was increased from 0.1 to 1 wt%. This may have
been partially caused by the increased surface roughness induced by re-aggregation of the CNTs
during the spin coating, even though the CA measurements did not show a significant difference
in surface hydrophobicity. Since all these samples had similar surface morphologies (yet different
from the PDMS/p-CNT 1% and PDMS/f-CNT 1 % surfaces), this seems to suggest that the surface
roughness, and having nanotubes closer to the surface, might also have an effect on cell adhesion.

The PDMS/p-CNT-THF 1% and PDMS/f-CNT-THF 1% surfaces also showed the same ten-
dency of decreased cell adhesion with p-CNTs and otherwise with f-CNTs. In these two compos-
ites, the difference between both, however, was slightly more accentuated. Note that, since the
CNTs were better dispersed in these samples, it may be the case that any possible effect induced
by the nanotubes being closer to the interface becomes more dominant. However, it has been
suggested in other works that p-CNTs may be more adherent to bacteria then f-CNTs.

It is important to realise that when it comes to adhesion with biological systems there are
many parameters to be considered and most theories fail to provide accurate predicts due to the
complexity of the biological models used.

Morphological and chemical analysis of the composites with SEM, XPS and FTIR suggested
that there was a tendency of CNTs to be deposited on the substrate rather than evenly distributed
throughout the depth of the coatings. This observation may indicate that the spin coating procedure
used is not well suitable for preparing composite coatings where it is desirable to have the CNTs
at the surface. This result also provides an explanation for why no major differences in surface
hydrophobicity and cell adhesion were obtained with the introduction of the CNTs in the 0.1 wt%
composite surfaces.

Electrical conductivity measurements showed that the introduction of either 0.1 wt% or 1 wt%

of CNTs in the PDMS with the bulk mixing method was not sufficient to increase its electrical
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conductivity. Microscopy and SEM observations confirm this fact, since the images showed that
the CNTs were still considerably bundled in small clusters and these aggregates were too separated
to establish a percolative path across the matrix. However, the PDMS/p-CNT-THF and PDMS/f-
CNT-THF samples showed an increase in electrical conductance by 7 and 5 orders of magnitude,
respectively, confirming that a better dispersion of the nanotubes had been achieved with the solu-
tion mixing process. The double-layer composite coatings, in turn, showed a remarkable increase
in electrical conductance, reaching increases of 9 and 8 orders of magnitude for the ones produced
with SDS and THEF, respectively. This suggested that the nanotubes were better dispersed in SDS
then in THF. This is not surprising since the bottom layer of the coating consisted on CNTs de-
posited by solvent evaporation, so the nanotubes not only were more uniformly distributed but
also the CNT surface densities achieved were higher. It was also noted that electrical measure-
ment were hindered by the insulating PDMS layer which impeded an effective electrical contact

between CNTs and measurement equipment.

The degradation assays suggested that the composite coatings remained stable when in contact
with a citrate buffer solution both in static and steady-state flow conditions. The results of the
degradation with synthetic urine were not conclusive and further tests ought to be conducted to

clarify this point.

This work allowed to conclude that there seems to be an effect in both the bulk and surface
properties of PDMS with the introduction of CNTs, which showed an overall slight tendency
to decrease adhesion of E. coli cells. This effect also seemed to be slightly more accentuated
with p-CNTs than with f-CNTs. The results with the surfaces containing 0.1 wt% of CNTs were
statistically different from the ones obtained with the composites containing 1 wt%, suggesting
that the CNT concentration may be an important factor. However, the difference in these two
groups of results may have been induced by the implementation of different procedures for the cell
countings. The two surfaces with p-CNTs and f-CNTs at 0.1 % were not significantly different
from PDMS, possibly indicating that such a low concentration of nanotubes, plus the fact that
they were mostly deposited at the bottom of the coating, is not sufficient to induce any relevant
cell adhesion response. Although most of the adhesion results not statistically different, the small
variations in the results may suggest that the CNTs might have other effects on cell adhesive
properties of the surfaces other than their hydrophobicity, there is more than one effect of the
nanotubes in the cell adhesion response, such as their textural properties and dispersion degree.
Plus, the enhanced electrical behaviour of some of the composites may find interesting applications
in the future in the implant industry once the biological interactions with these surfaces are fully

understood.

Additionally to the techniques and methods presented in this work, there are still many other
possibilities that were not explored due to the limited amount of time available to develop this

work. Some of these possible future work is described in this section.
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In order to define possible applications for the developed materials, a more complete assess-
ment their properties could be done. For instance, Dynamic Mechanical Analysis would be im-
portant to evaluate the mechanical stability, respectively, and therefore provide further information
regarding the bonding strength between CNTs and PDMS chains and extent of interconnectivity.
Another technique useful for such a purpose would be swelling measurements of the composites,
since the extent of swelling of PDMS depends on its cross-linking density, and therefore, a varia-
tion of swelling with the introduction of CNTs would be indicative of whether or not CNTs were
acting as cross-linking agents.

Similarly, the double-layer composites should also be tested for adhesion since these compos-
ites were the ones that showed the greatest promise for conductive coatings, although their appli-
cations are more limited than the other coatings because of the complexity of their production and
anchorage of the CNTs onto the substrate. Obtaining SEM images of these coatings would also
be interesting to assess their surface roughness and if the CNTs were more well integrated inside
the matrix.

Another important point that would be worth further investigation is the electrical conductivity
of the composites. Firstly, the conductivity tests should have been done using silver paint in the
electric contacts to enhance the impedance coupling between the samples and the probes, thus
minimizing the losses, which was not possible. That fact might have underestimated the values of
conductance obtained. On the other hand, in the present work only DC conductivity measurements
were performed, but this type of test provides very limited information regarding the conductive
behaviour of the materials. Polymeric composite materials by nature exhibit more complex elec-
tric responses than the other classes of materials, since polymers are dielectrics and therefore have
a complex impedance. Several parameters can be measured using the impedance spectroscopy
technique introduced in chapter 2, namely, dielectric constant, complex conductivity and admit-
tance. The determination of these parameters is very important for electronic applications, such as

sensors and electrodes.

From the observations of cells attached to the CNTs, it would be interesting to perform
Live/Dead assays to evaluate f the nanotubes were having any kind of antimicrobial effect on
the cells as described in chapter 2, even though these CNTs were embedded in the surface and not
flowing in a suspension.

To better understand the results of cell adhesion obtained, more tests should be conducted with
other CNT concentrations, for example, 5 wt % and 10 wt%, and using the f-CNTs with thermal
treatment, which were not employed due to a lack of time. As previously stated, the Thermody-
namic theory of adhesion is not the most accurate for biological systems since it does not account
for electrostatic forces of the medium. So, calculations of the adhesion energy could be done based
on the XDLVO theory in order to better correlate the surface energy with the results of bacterial
adhesion. Besides, the influence of the surface charge of E. coli in citrate buffer could be assessed
by measuring its the zeta potential and performing the same adhesion assays with other media.
Moreover, testing composites with other CNT loadings for electrical conductivity would also al-

low determining the percolation threshold, a characteristic of major importance when envisioning
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conductive composites with minimal filler loading possible. Besides, from the experimental criti-
cal exponent of the percolation function also gives an insight into the interactions between matrix
and filler and thus the dispersion state of the particles.

Finally, as previously mentioned in chapter 5, the degradation assays suggested that there
might be some extent of degradation with synthetic urine, so it would be advantageous to further
investigate this result using other analytical techniques, such as FTIR or chromatography to de-
termine the possible chemical composition of the substances released, as well as testing longer

degradation times.
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Appendix A

Experimental Set-up

Figure A.1 shows photographs of the experimental set-up and equipment used in the cell adhesion

assays.

N

(a) Experimental set-up: (a) flow Cell; (b) reac- (b) Parellel-plate flow cell.
tor; (c) centrifugal pump; (d) tube; (e) variable
valve; (f) water bath.

(c) Reactor. (d) Centrifugal pump.

Figure A.1: Photographs of the experimental set-up.
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Appendix B

Cell Adhesion Assay

This appendix presents the kinetic adhesion curves of the three repeats of the PDMS, PDMS/p-
CNT 0.1 % and PDMS/f-CNT 0.1 % surfaces (Figure B.1), as well as some representative mi-
croscopy images taken in the cell adhesion assays and used for the cell countings and the kinetic

adhesion curves (Figure B.2). DAPI images are also presented (Figure B.3).
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B.1 Kinetic Adhesion Curves
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(c) kinetic adhesion curve of PDMS/f-CNT 0.1 wt%

surface.

Figure B.1: kinetic adhesion curves obtained with the on-line adhesion assays.

B.2 Microscopy images

Representative images (Figures B.2 and B.3) of the various different composite coatings after the

cell adhesion assays used for the cell countings are presented in this section.
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B.2.1 Optical Microscopy

(a) PDMS (b) PDMS/p-CNT 0.1 wt%

(c) PDMS/f-CNT 0.1 wt%

Figure B.2: Microscopy images of the various composite coating surfaces with adhered E. Coli
after a 30 minute on-line adhesion assay visualized at the optical micrscope (Nikon eclipse V100;
magnification, 10x). These images were used for off-line image analysis to determine the number
of cells adhered at each surface.

B.2.2 Fluorescence Microscopy

Fluorescence microscopy images of E. coli cells at the surface of the PDMS/p-CNT-THF 1%

coating.
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(a) Region 1. (b) Region 2.

(c) Region 3. (d) Region 4.

Figure B.3: Fluorescence microscopy images with DAPI staining of the PDMS/p-CNT/THF com-
posite coating surface with adhered E. coli after a 30 minute adhesion assay (magnification, 10x).
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CNT/PDMS composite coatings

In this appendix contains photographs and optical microscopy images (Nikon Eclipse LV100;
magnification, 10x) of the inner structure of the various fabricated CNT/PDMS coatings which
allows the visualization of the distribution of the CNTs inside the matrix and their dispersion
state.

85



CNT/PDMS composite coatings

(a) PDMS/p-CNT 0.1 wt% composite before (b) PDMS/p-CNT 0.1 wt% composite before

shear mixing. shear mixing.

(c) PDMS/p-CNT 0.1 wt% composite before

shear mixing.

Figure C.1: Photographs of the PDMS/p-CNT 0.1 wt% composite in three different processing
stages.
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(a) PDMS/p-CNT 0.1 wt%. (b) PDMS/f-CNT 0.1 wt%.

(c) PDMS/p-CNT 1 wt%. (d) PDMS/f-CNT 1 wt%.

(e) PDMS/p-CNT-BM 1 wt%. (f) PDMS/{-CNT-BM 1 wt%.

Figure C.2: Microscopy image of the various composite coatings in a bulk focal plane (magnifi-
cation, 10x).
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Appendix D

Adhesion Energy Calculations

This appendix includes the values of contact angle (CA) measured directly on the fabricated sur-
face with the sessile drop method (Table D.1) and the intermediate calculations of the surface free
energy (table D.3) and energy of adhesion with E. coli (Table D.4) determined from the equations
of the Thermodynamic theory of adhesion presented in chapter 3. Table D.2 presents the experi-
mental values of the surface tension of the test liquids (water, formamide and 1-bromonaphthalene),

reported elsewhere [9].

Table D.1: Contact angles measurements of the different coatings (mean value =+ std error).

Sample Water Formamide | 1-Bromonaphtalene
PDMS (Control) 115.8° £ 1.3° | 114.7° £ 1.9° 87.6° £ 1.8°
PDMS/p-CNT 0.1wt % 122.0° £ 0.9° | 113.6° £ 1.5° 77.2° +£0.8°
PDMS/f-CN 0.1wt % 111.7° £ 04° | 110.4° £0.8° 86.1° £ 1.6°
PDMS/p-CNT 1wt % 117.0° £ 0.7° | 110.4° £0.8° 80.4° £ 0.7°
PDMS/f-CNT 1wt % 116.6° £ 0.6° | 111.1° £ 0.5° 76.6° + 1.5°
PDMS/p-CNT-BM 1wt% | 121.5° £0.3° | 115.7° £ 0.4° 88.8° +0.9°
PDMS/f-CNT-BM 1wt % 113.6° + 0.4° | 109.1° + 0.6° 71.3° £ 1.4°
PDMS/p-CNT 0.5wt % 114.6° £ 0.5° | 107.8° £ 1.0° 74.5° +£0.9°
PDMS/p-CNT-THF 1wt% | 116.6° +0.3° | 12.0° +0.5° 80.5° £ 1.7°
PDMS/f-CNT-THF 1wt% | 125.6° £0.4° | 118.6° £ 0.9° 92.3° £ 1.5°
After 30 minute degradation assay with citrate buffer in dynamic conditions
Sample Water Formamide | 1-Bromonaphtalene
PDMS (Control) 115.4° £3.0° | 105.0° £ 2.4° 86.1° + 1.4°
PDMS/p-CNT 121.2° £2.3° | 119.8° £2.9° 98.7° £+ 1.8°
PDMS/f-CNT 121.2° £ 1.9° | 114.9° +2.9° 90.3° £ 5.0°
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Table D.2: Surface tension of the liquids used for the CA measurements [9].

Liquid AT W v [ w
Water 72.8 | 21.8 | 25.5 | 255
1-Bromonaphtalene | 444 | 444 | O 0

Formamide 58 39 | 2.28 | 39.6

Table D.3: Calculations of surface energies of E. Coli in the various coating surfaces (0.1% wt of
CNT).

Support ‘ o ‘ vaE ‘ e ‘ Yo ‘ Vo ‘ Yo ‘ v

PDMS (Control) 6.912 8.022 | 14.934 | 2.046 | 1.437 | 29.420 | 30.857
PDMS/p-CNT 0.1wt % 4,772 9,593 | 14,366 | 2,046 0,569 | 39,604 | 40,173
PDMS/f-CNT 0.1wt% 6.469 7.337 | 13.806 | 2.046 | 1.239 | 24.979 | 26.218
PDMS/p-CNT 1wt % 4.880 8.918 | 13.799 | 2.046 | 0.607 | 35.229 | 35.836
PDMS/f-CNT 1wt % 3.983 8.655 | 12.637 | 2.046 | 0.320 | 33.522 | 33.841

PDMS/p-CNT-BM 1wt % 7.278 9.179 | 16.457 | 2.046 | 1.606 | 36.922 | 38.528

PDMS/f-CNT-BM 1wt % 2.889 8228 | 11.116 | 2.046 | 0.073 | 30.753 | 30.826

After 30 minute degradation assay with citrate buffer in dynamic conditions

PDMS (Control) 6.450 9421 | 15.871 | 2.046 | 1.231 | 38.487 | 39.718
PDMS/p-CNT 0.1wt % 10.695 8.580 | 19.275 | 2.046 | 3.386 | 33.038 | 36.424
PDMS/f-CNT 0.1wt% 7.768 9.234 | 17.001 | 2.046 | 1.841 | 37.274 | 39.115

Table D.4: Adhesion Energy of the various coatings with E. coli.

Support o o [ ] oy
PDMS 12.043 | 0.000 | 5.566 | 0.000 | 12.043
PDMS/p-CNT 0.1%wt | 15325 | 0,000 | 1273 | 0.000 | 15325
PDMS/f-CNT 0.1%wt | 12645 | 0.000 | 6.638 | 0.000 | 12.645
PDMS/p-CNT 1%wt 151332 | 0 | 24384 0.0000 | 15.1332
PDMS/f-CNT 1%wt 16.840 | 0.000 | 2.995 | 0.000 | 16.840

PDMS/p-CNT-BM 1%wt | 11.571 0.000 1.943 | 0.000 | 11.571
PDMS/f-CNT-BM 1%wt | 19.358 0.000 4.019 | 0.000 | 19.358
After 30 minute degradation assay with citrate buffer in dynamic conditions
PDMS 12.0428 | 0.000 | 3.4993 | 0.000 | 12.0428
PDMS/p-CNT 0.1% wt 3.6938 | 13.3894 | 0.000 | 0.000 | 3.6938
PDMS/f-CNT 0.1% wt 14.3495 | 0.000 | 5.8106 | 0.000 | 14.3495

E. Coli 37.202 0.607 | 53.079 | 11.351 | 48.553
Water (22°C) 21.8 25.5 25.5 51 72.8
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Spin Coating Theory

Spin coating is a technique commonly used for the formation of thin layers or films with uniform
thickness. Typically, flat substrate (made of a metallic, ceramic or plastic material) is placed in
the rotating disk of the spin coater and a small puddle of fluid is dispensed in its centre. Then, the
substrate is spun at a predetermined angular speed flowing to allow for the fluid to spread over the
entire surface due to the centripetal force. The excess mass is usually expelled off the substrate,

leaving an uniform thin film on the surface.

In the spin coating process liquid flows radially under the action of the centrifugal force and
the excess is ejected off the edge of the substrate. The film continues to thin until pressure effects
cause the film to reach an equilibrium thickness or until solvent evaporation causes its viscosity to
reach a solid-like nature [132]. The final film thickness will depend on the nature of the material
(volatility, viscosity, drying rate, percent solids, surface tension) and amount of deposited mass,
on the rotational speed and acceleration, on the duration of spinning, on the nature of the substrate
as well as on the ambient temperature and humidity. Generally, higher spinning speeds and times

generate thinner films.

Spinning speed is an important factor since it determines the intensity of the centrifugal shear
force applied ot the fluid as well as the velocity and characteristic turbulence of the air at the in-
terface. Acceleration is yet another important factor in that it determines in part the strain applied
to the fluid and therefore the degree of dispersal over surface. The fluid tends to distort around to-
pographical imperfections and grains present in the substrate and this effect tends to be attenuated
at larger accelerations. It is important that air flow turbulence are kept constant during the spin
process.

Evaporation phenomena occurring during the spin coating process also pay an important con-
tribution to the final film thickness and properties. As the film moves towards the edges of the
substrate its viscosity changes with the distant from the centre, which is also affected by air hu-
midity and variations in air flow above the substrate. This leads to non-uniformly distributed of
film thickness, with a pile up of fluid formed at the centre. So, film thickness is largely a balance
between the force applied to shear the fluid and the drying rate which affects the viscosity. As the

moving fluid dries up, its viscosity increases until the applied radial force can no longer move it
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any further.

Repeatability is an important factor when utilizing spin coating, since there are many parame-
ters influencing the final result. Small variations can cause major differences in the coated films.

Two common methods to dispense the fluid into the spin coater are static dispense and dynamic
dispense. Static dispense consists in simply depositing small amounts of material near the centre
before spinning, Higher viscosity and larger substrates usually require larger amounts of material
to ensure full coverage of the substrate.

Dynamic dispense, on the other hand, consists in dispensing the fluid during the spinning
process at low speeds (usually about 500 rpm) and then increasing the speed to thin the fluid layer.
Common speeds are in the range 1000 - 6000 rpm and spinning times can go from 10 seconds
to some minutes. This procedure facilitates wetting of the substrate surface, which results in less
waste of material and better spreading of the film, particularly when the fluid or substrate have
poor wetting properties and thus avoids the formation of discontinuities in the film.

As the rotating disk is accelerated, the fluid flows along the substrate in a dynamic process that
takes a finite amount of time to stabilize, so the spin coating time should be kept higher than this
value.

After the film is spun to the desired thickness, it can be subsequently dried without significantly
thinning it by decreasing the speed to about 25%. This helps stabilize the coating when removing
it. More complex spin coating procedures may require several steps with different speeds and
times.

In general, the final film thickness will be inversely proportional to spin speed and spin time,
and proportional to the exhaust volume, that is the evaporated fraction. Film uniformity, in turn,
will suffer from higher exhausted volumes. Figure E.1 shows an approximation of the dependence
between these parameters. These are merely representative since the process parameters vary
greatly depending on the materials and substrates used so there are no fixed rules for spin coat
processing.

Some technical problems that can occur in the spin process and cause the formed film to have
defects are the presence of air bubbles entrapped in the fluid (Figure E.2-(a)), comets (figure E.2-
(b)) central circle (Figure E.2-(c)) due to uneven thickness and uncoated areas (Figure E.2-(d))

According to the spin coating model proposed by Meyerhofer [D. Meyerhofer. J. AppL Phys.,
49, 3993 (1978).], the film thinning process can be regarded as having two distinct stages. In the
first stage film thins only due to radial outflow, with the solvent evaporation being neglected and
the solution concentration assumed to be constant. In this scenario, the evolution of film thickness
h with time ¢ can be expressed in terms of the spin coating parameters according to the following

relation:

dh 20w
- = _ E.1
dt 310 ED

where p is the fluid density, w is the spin speed and 1) is the initial solution viscosity.
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Figure E.1: Graphical representation of the dependence of the final film thickness on three pin

coating parameters: spin speed, spin time and exhaust volume and of the film uniformity on ex-
haust volume. Reprinted from [Spin coat theory].

In the second stage the evaporation rate becomes larger then a certain value £ and the fluid
becomes immobile and any further thinning of the film is essentially due to solvent evaporation.
Bornside et al. [D. E. Bornside, C. W. Macosko, and L. E. Scriven, J. Electrochem Soc., 138, 317
(1991)] proposed a mass transfer model to calculate £: [132]

E = k(x)—xP) (E.2)

where x? is the initial solvent mass fraction, x;° is the equilibrium mass fraction and & is the

mass transfer coefficient, calculated as:

oM,
- (i) e
Ve P

with ¢ being a constant that depends on the Schmidt number of the gas phase; D, the binary

diffusity of the solvent in the gas phase; Vv, the kinematic viscosity of the gas phase; plo the vapour
pressure of the pure solvent at temperature 7'; M, the solvent molecular weight and R the ideal
gas constant. Combining equations E.2 and E.2 gives the thickness at which the film becomes
immobile (h,, ) [132]:
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Figure E.2: Schematic representation of some of the issues commonly found in spin coating: (a)
bubbles entrapped inside the film; (b) comets caused by particles and impurities deposited on the
surface; (c) central circle result form an accumulation of non-dispersed mass; (d) uncoated areas
resulting from insufficient dispensed mass or high viscosity. Reprinted from [Spin coat theory].
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1/3
hy = K 5T )k(x?—x}“f)] (E4)

2pw?

And the final film thickness was then determined to be:

hy = (1—x))hy, (E.5)

Other more complex models have been proposed that take into consideration the solvent evap-
oration effects during the first stage and thus alter the film’s final thickness.

It has been suggested that spin coating is able to imprint some extent of alignment to the CNT's
due to the shear forces generated within the film due to velocity gradients. In the authors prepared
a MWCNT/polystyrene composite through solvent casting and spin coating ot produce thin films
of composite and observed a differential mechanical and electric behaviour of the in the radial
and random directions [47]. The velocity gradient as a function of film height and radial distance
can be described through the shear sstress and viscosity model. This model makes the following

assumptions [47]:

1. The fluid is incompressible and non-neutonian:
T, = MY (E.6)

2. Gravitational effects are negligible comparing to the centrifugal forces.

3. The system can be considered to be 27 periodic, thus inly dependent on the radius.

where is 7, is the radial component of shear stress and 7 the shear rate.

From the classical formula of the centrifugal acceleration a. = ®?r, the centrifugal force acting
on a CNT or a bundle is proportional to the radius of rotation, so the CNTs closer to the outer
border of the rotationg support will be more ejected out of the fluid than the ones near the centre.
This results in a less uniform distribution of the CNTs in the coatings. Moreover, the final thickness
profile of the coatings is not entirely uniform as can be observed through visual inspection of the
films, which present a darkened area in the center due to an excess accumulation of material in

this zone.
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Appendix F

Theory of Temperature Programmed
Desorption

This appendix gives some insight into the theory of the Temperature Programmed Desorption used
for the characterization of the chemical groups at the surfaces of the CNTs prepared by chemical
functionalization and heat treatments, as discussed in chapter 4. The calculations of the total

desorbed mass were based on the equations presented below.

Temperature Programmed Desorption (TPD) is an experimental technique used to determine
the kinetic and thermodynamic parameters of desorption processes or decomposition reactions oc-
curring at the a material’s surface. The basic principle is heating a sample under ultra-high vacuum
conditions with a temperature program f3(t) = dT /dt, where the temperature is usually a linear
function of time, while measuring the partial pressures of the atoms and molecules evolving from
the sample by mass spectroscopy, which senses the mass to charge ratio (m/z) of the molecule.
TPD gives information on the energy required for each respective molecule to desorb and the rel-
ative coverage and activation energies of the desorbing species. As the temperature is increased
the molecules adsorbed at the surface, either by chemisorption or physisorption, are successively

desorbed with a probability distribution described by the Maxwell-Boltzmann distribution [133].

Pla) = zlcekET (1)
where
Z. = /g(E)e—%dE (F2)

The gas pressure p required for equilibrium between adsorption and desorption phenomena is
temperature dependent and can be calculated through Clausius-Clapeyron equation. This equation

is based on the notion of a surface coverage equilibrium, which is assumed to be a constant ratio ¢

97



Theory of Temperature Programmed Desorption

between the number N4, of adsorbed particles and the number Ng,,s of adsorption sites available
at the surface, resulting heat the condition for chemical equilibrium between adsorbate and gas
phase particles is the equality of the chemical potentials of the particles in both phases: d g, =
dlgas. The equilibrium heat of adsorption, q., is the heat required for a constant pressure ¢ at
the surface, and is related to enthalpy according to g., = (%T) and to the pressure according to :
(8111%(1) = Goq/RT? [134]. Therefore, one gets:

¢
Geg(9) = /O dH(9")do' (E3)

TPD technique is a common technique for characterizing the oxygen-containing groups on the
surface of carbon materials [106] and has been used here to characterize to determine amounts
of chemical groups at the surfaces of the various CNTs samples. With the nitric acid functional-
ization treatment, acidic groups are covalently the appearance of CO and CO; peaks in the mass

spectrometry spectrum [artigo prof].

The CO and CO; signals can be corrected by extracting

My = Miggs —R-mgas (F4)
= Mgl — R[Mgas — mggbleg] (E.5)

Where mgg, is the experimentally obtained signal of the gas being monitored; Mgy 18 the

corrected signal; and bl is the baseline of the signal.

The amount of released CO, CO-28, in ug~'s~! can be determined as:

meo = [mgy — bleolkco <1> (Tr8f> < 1 > (F.6)
Vin Tloop Msample

where blco is te baseline of the os the CO-28 peaks; Tlre f] is the reference temperature and

is equal to 0°C; V), is the molar volume of the calibration gas (either CO or CO,); T}, is the
measured temperature inside the loop (35°C); mgumpie is the mass of the sample and kcp_2g is the

calibration parameter and is calculated as:

kco = <Vl”> (F.7)

Aco

where Vj,,, is the volume inside the calibration loop (64uL) and Acp2s is the integrated area of

each peak.

Similarly, the amount of released CO; follows the same reasoning:

[ corr _ pi ]k < ! > <Tref> < ! > (F 8)
m, = [Mco, — '
o, 0> = TCOATCR Y )\ Tioop ) \ isampre
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where kco, is the calibration constant calculated as:

kco, = (Vl”) (F.9)

Aco,

The amounts of CO and CO, gases released from the samples are determined from the area

under the curve of the partial pressure as a function of temperature.

Apeak = / 0dT = / (kPp — bl)dT (F.10)

with k in /,LLtorrfls*I. So,

Oco = Aco(umol°Cs~'g=160(smin") <;> (min/°C) (F.11)

And conversely,

Qco, = Ac02(umolOCs*1g71)60(smin1) (é) (min/°C) (F.12)

The percentage of oxygen (%mO) present in the superficial chemical groups emitted from
the nanotubes, assuming that all the oxygen gas is released as CO or CO, components is then

calculated according to:

%mo = 3-16-107°-100 (F.13)
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