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Abstract 

The development of new biomaterials for the field of bionics- the fusion of electronic 

devices with biological tissue- is an exciting area of research. The ability to control the 

interaction between the electronic and biological interface in devices, such as the 

cochlear implant, are crucial for enhancing and improving their biocompatibility and 

performance. 

Organic conducting polymers are widely studied for use as biomaterials to replace the 

conventional metallic materials currently used as electrodes and coatings in medical 

devices. These polymers are highly interesting due to fine level of control over material 

properties and the ability to incorporate biological components into the composition 

of the polymer itself. Thorough characterisation is needed to fully understand how 

these biological components influence the properties of the polymer itself and how 

they influence the interaction with living cells. Within this thesis I have used Atomic 

Force Microscopy to characterise an organic conducting polymer doped with various 

biological and non-biological molecules. This technique was applied so that the 

biomaterial could be studied on the nanoscale and on scales relevant to single cell 

interactions. 

Characterisation of the physical properties of the biomaterial demonstrated that 

irrespective of whether the dopant was biologically derived, the physical properties 

tended to group together with films having either a low roughness,  low modulus and 

high strain, or vice versa. When compared to previous work, which investigated these 

polymers as potential biomaterials for supporting the growth and differentiation of 
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 skeletal muscle cells, these two groupings of the parameters correlated with the 

differing ability of the polymer substrates to support the cells. 

Using AFM surface characterisation techniques, namely phase imaging, current sensing 

and Kelvin force probe scanning, it was deduced that the polymer displays variable 

dopant distribution depending on the dopant. This dopant distribution created regions 

of attractive and repulsive interactions across the surface, which is dependent on the 

redox state and degree of dopant loading of the polymer. 

I developed a single protein force spectroscopy technique to measure the interfacial 

forces and interactions between a cell adhesion protein, fibronectin, and the 

biomaterial depending on dopant. This technique was able to resolve sub-molecular 

binding specificity between the dopants and binding domains of fibronectin. The 

interaction exploits a form of biological ‘charge complementarity’ to enable specificity. 

This specificity and the adhesion force were demonstrated to be influenced spatially by 

the distribution of dopant throughout the polymer using single protein force volume 

spectroscopy. 

In addition, the effect of stimulus on the organic conducting polymers – protein 

interface was investigated. When an electrical stimulus was applied to the biomaterial, 

the specific interaction was switched to a non-specific, high affinity binding state that 

was shown to be reversibly controlled using electrochemical processes. Both the 

specific and non-specific interactions are integral for controlling protein conformation 

and dynamics – the details of which give new molecular insight into controlling cellular 

interactions on these polymer surfaces. A different organic polymer was stimulated 
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using an  optical  signal.  The change in  the  surface  charge  was  demonstrated  to 

influence the level of adhesion of a non-specific interaction between the protein and 

polymer in a reversible manner. 

This work provides insight into the nature of biologically doped organic conducting 

polymers down to the nanoscale and how their properties influence the response of 

living cells and tissues. The conclusions drawn here support the impetus for new 

biocompatible materials for use in bionic devices.  
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 Introduction 1

 

 

1.1     Bionic Devices: New Electrode Materials 

The combination of biological and electronic systems is described as ‘bionic’, and is applicable 

for the control of electrically excitable tissues such as nerve or muscle tissue within the body 

[1]. Bionic devices such as the cochlear implant and bionic eye require biocompatible 

electrode interfaces that connect the electronics of the devices to living tissue. This 

connection is vital for interfacing and communication between the device and living tissue. 

The cochlear implant is a device that uses electrical stimulation to communicate sound to 

auditory nerve fibres. A microphone and processor system convert incoming sound into 

electrical signals, which are then delivered to the nerves via an electrode placed inside the 

cochlear [2]. Similarly, the bionic eye uses electrical stimulation of the nerves along the 

visual pathway (i.e. site of action can be at the cortical, optic nerve, or a retinal prostheses) to 

stimulate a visual signal where there is profound visual loss [3]. These bionic devices work to 

replace the damaged or faulty biological systems to provide vital electrical signals to the 

brain that are then perceived as sounds (e.g. speech) or vision. 

 

The electrodes in these devices must be capable of supplying high-density electrical charge 

to the targeted living tissue [4], should not provoke an inflammatory response from  the  

surrounding  tissue,  and  the  electrode-tissue  interface  must  have  a  low impedance [5]. A 
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low impedance is vital to ensure an applied electrical stimulation is applied at thresholds that 

avoid cell damage in the stimulated tissue [6]; safe stimulation levels for neural prostheses 

vary between 0.5 to 4000 µC cm-2 depending on  the  placement  and  application  of  the  

electrode  [7].  Low  impedance  is  also important  for  efficient  charge  transfer  between  

the  polymer  electrode  and  living tissue. In addition, low impedance decreases the energy 

required for stimulation (ideal for bionic devices that require a battery). A high charge storage 

capacity is desirable as the electrode is then able to store a relatively large charge without 

undergoing irreversible, and possibly cytotoxic, Faradaic reactions [8]. 

Bionic device electrodes currently use conventional metallic materials such as gold, platinum, 

platinum alloys, and iridium oxide to deliver stimulation [5, 9]. These metals have excellent 

conductivity, are stable and functional for long-term implants, and they do not react 

chemically with the surrounding tissue [5]. For example, platinum is used in cochlear implant 

electrodes as it is chemically inert, non-toxic, and has low impedance and long-term stability 

during electrical stimulation [10]. However, the physical properties of metallic surfaces, 

particularly the Young’s Modulus, can have negative effects on surrounding tissues. For 

example, hard metals can provoke an inflammatory response from the surrounding tissue 

during insertion of the electrode, or after surgery due to chronic movement of the electrode 

[11-12]. 

Organic Conducting Polymers (OCP) as electrodes and electrode coatings are an alternative to 

metallic electrodes in bionic devices [13]. OCPs are comprised of organic aromatic cycle 

backbones and conduct electricity due to delocalised electrons along this backbone.  OCPs act 

as semiconductors and exhibit both electronic and ionic conductivity and, as such, have been 

investigated as conductive materials in many bionic applications [14]. For example, poly(3,4-
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ethylenedioxythiophene) (PEDOT), has a high charge injection limit (15 mC cm-2) and wide 

potential limit window compared to metallic materials (see Table 1-1) and has been explored 

as coatings for neural microelectrodes [7]. 

Table 1-1: Charge-injection limits of electrode materials for stimulation in the central nervous system. Adapted from [7] 

Material Mechanism Maximum Qinj (mC cm-2) Potential Limits vs 
Ag|AgCl (V) 

Pt and PtIr alloys 
 

Faradaic/capacitive 0.05 – 0.15 -0.6-0.8 

Iridium oxide 
 

Faradaic 1 – 5 -0.6-0.8 

Titanium nitride 
 

Capacitive ~1 -0.9 to 0.9 

 (PEDOT) Faradaic 15 -0.9 to 0.6 
 

 

It is the electrical properties of OCPs that make them an extremely interesting area for 

applications in bionic devices. The conductivity of these materials is within the semi- 

conductor range (0.1-1000 S/cm), which is acceptable for electrode applications [15]. Due to 

3-D microtopography and porosity the surface area of OCPs is much greater than 

conventional metal electrodes and thus leads to a higher charge density and lower 

impedance [16]. The charge injection mechanism for OCP electrode materials is more 

advantageous for biological applications compared to metals; reduction/oxidation reactions 

occurring within the OCP results in the electronic current being converted to an ionic current 

[17]. This electronic-to-ionic conversion of current is seemingly more compatible with living 

cells that also utilize ionic currents. 

This reduces the charge transfer resistance between electrode and tissue, which reduces 

impedance and improves the communication across the interface [16]. The physical 
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properties of OCPs are more advantageous than their metallic counterparts; they are pliable, 

flexible and lightweight compared to these materials, in addition to being inexpensive [18]. 

The softer surface of these polymers provides inherent compatibility with biological systems, 

thus affording them superior biocompatibility compared to conventional metallic electrode 

materials. 

 

A supplementary advantage of OCPs in bionic applications is the incorporation of dopants 

into the polymer structure. A dopant is a molecule that has been incorporated into the 

polymer during synthesis to balance the polymer backbone charge. The nature of the dopant 

molecule (such as size, charge and chemical structure) will modify the physical properties of 

the polymers, specifically physical properties [19-21], surface chemistry [22-23], and electrical 

conductivity [24-28]. The biocompatibility of OCPs can be further enhanced through the 

incorporation of biological dopants [29-30] without compromising, the conductive nature of 

the polymers. These dopants (e.g. growth factors) can also be released controllably from the 

polymer to improve the surrounding tissue environment [31-34].  This release of cell growth 

factors is controlled through electrical stimulation of the polymer and allows an OCP 

electrode to provide therapeutic drugs to the site of stimulation. This is of particular 

importance for the cochlear implant where secondary degeneration of auditory neural cells 

can occur due to the lack of hair cells (which is the original cause of hearing loss) within the 

cochlea [35]. These hair cells usually provide neurotrophic support of the surrounding 

neurons  and  without  this  support  the  effectiveness  of  the  auditory  nerves  and cochlear 

implant may be reduced [36]. Auditory nerves have been successfully grown and stimulated 

using an OCP substrate with an aim to improve the nerve-electrode interface for cochlear 

implants [32], or used to coat metallic electrodes to improve biocompatibility with neural 
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cells [19]. The drug neutrophin-3 has been incorporated into an OCP coated on a cochlear 

implant electrode array and implanted in guinea pigs. This allowed direct delivery of the drug 

to the stimulated area, with auditory nerve cell density observed to greatly increase. The 

impedance of the OCP coated electrode was observed to not be significantly different to plain 

platinum electrodes [33]. The above research indicates that OCP electrode materials are not 

only comparable to metallic materials in electrical properties, but also add a therapeutic 

advantage through the inclusion of biologically active molecules directly into the electrode 

structure. 
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1.2  Organic Conducting Polymers 

OCPs were initially developed by MacDiarmid, Shirakawa and Heeger [37], who were later 

awarded the 2000 Nobel Prize in Chemistry for this work. OCPs contain a carbonaceous 

backbone and conduct electricity, either as a metallic conductor or as a semiconductor (Figure 

1-1). OCPs such as polypyrrole (PPy), polyaniline (PA) and polythiophene (PT) are frequently 

used in bionic applications, as they have demonstrated good biocompatibility and can be 

synthesised in an aqueous electrolyte for easy fabrication [13, 18, 38]. The structure of these 

OCPs is illustrated in Figure 1-1. 

 

 

Figure 1-1: Molecular structure of (A) polypyrrole, (B) polythiophene and (C) polyaniline 
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1.2.1 Synthesis of OCPs 

These polymers can be prepared through vapour phase deposition, chemical or 

electrochemical polymerisation process. 

Vapour phase deposition uses a vapour of the monomer and exposes it to a surface pre-

treated with an initiator to cause a polymerisation reaction on the surface. The polymer can 

be deposited onto a non-conductive substrate [13] or onto a polymer containing initiators and 

electron acceptors [39]. 

Chemical polymerisation can occur through either condensation or addition polymerisation 

[40]. Condensation polymerisation involves the loss of small molecules (such as water) as the 

molecules join together in a step-growth fashion. Addition polymerisation involves the step-

growth of the polymer with the radical, cation or anion being the reactive end of the chain 

propagation. The advantage of chemical polymerisation is that it can be used for large-scale 

processing and creates a polymer that is easy to modify after synthesis. 

Electrochemical polymerisation uses a three-electrode cell configuration in a solution of the 

monomer and electrolyte. As a current is applied to the cell the monomer undergoes 

oxidation on the working electrode surface to produce a radical cation, which reacts with 

other radical monomers in the solution to create oligimers. The anions present in the 

electrolyte are incorporated to ensure the charge balance of the polymer and polymer chains 

are formed on the working electrode [41]. This method generally creates thin films of 

polymer. The films can be created free-standing or left on the electrode; the polymer can be 

grown onto any conductive material acting as a counter-electrode, for example, carbon 

nanotube films [42] or electrospun fibres [43]. 
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Electropolymerisation parameters such as growth time and polymerisation charge will 

influence roughness and thickness (which in turn affects ionic conductivity, Young's modulus, 

and nano-structure of the film) [44-45]. Many factors define the final polymer properties in 

this method, such as electrolyte, dopant, electrode material, monomer concentration, 

solvent, applied potential, and current density [41, 46-50]. This approach is less complex than 

the chemical method and is used more often in bionics applications as it enables greater 

flexibility for incorporating dopants [18]. 

1.2.2 Electrochemical Doping of OCPs 

The doping of the OCPs occurs during oxidation of the polymer; for PPy and PT doping is 

carried out during the electrochemical synthesis of the polymer (Figure 1-2A and B, 

respectively). Doping of PA is carried out once the polymer has been synthesised via oxidation 

of the polymer in the presence of the dopant in acid form (Figure 1-2C). For PPy the dopant is 

incorporated into the polymer approximately at the rate of one dopant per three pyrrole rings 

(~0.3 doping level) [51-52], however depending on the nature of the dopant and synthesis 

parameters this doping level can vary from 0.1 to 0.5  [53].  The  dopant  content  can  be  

greater  than  50%  w/w  and  is  generally incorporated  between  the  PPy  planes  that  are  

predominantly  α-α  bonded  [40]. Similarly to PPy, PT polymers incorporate one dopant 

molecule per two to four thiophene rings [40]. PA requires an acidic environment to solubilize 

the monomer, hence the dopant needs to be an acid to ensure the pH of the electrolyte is not 

raised during polymerization [40]. The presence of the dopant introduces polymer chain 

entanglement, planar disruption of the aromatic rings and alternative charge conduction 

routes for the polymer [49]. 
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Figure 1-2: Electrochemical doping for (A) PPy, (B) PT and (C) PA with anionic dopant A-. HA represents the acidic dopant, n and m are degrees 

of polymerisation. 

 

The range of possible dopants used in OCP electropolymerisation is large, spanning a range of 

polarities and molecular weights. Table 1-2 lists a sample of the range of dopants presented in 

the literature, encompassing the small ion Cl-  to the very large polyelectrolyte polystyrene 

sulfonate (PSS). The size and shape of the dopant will influence the molecular organisation of 

the polymers, which in turn affects the morphology, conductivity, and physical properties of 

the material [54]. 
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Table 1-2: Examples of a variety of dopants used in electrochemically prepared PPy, PA and PT polymers 

Dopant (anionic form) Molar Mass OCP Reference 

Cl- 35.453 g/mol PPy, PA [49] 

BF4
- 86.803 g/mol PPy, PA, PT [49, 55] [56] 

ClO4
= 99.453 g/mol PPy, PA, PT [56-57] 

PF6
- 144.974 g/mol PT [40] 

CF3SO3
- 149.075 g/mol PPy, PA, PT [56] 

CH3C6H4SO3
-  

(p-toluenesulfonic acid) 

172.20 g/mol 

(anhydrous) 

PPy, PT, PA [40, 49, 58] 

FeCl4
- 197.657 g/mol PT [49] 

C7H5O6S- 

(5-sulfosalicylic acid) 

217.177 g/mol PA [58] 

C10H15O4S-  

(camphorsulfonic acid) 

231.292 g/mol PA [58] 

C18H29O3S- 

(dodecylbenzenesulfonate) 

325.476 g/mol PPy, PA [58-59] 

[C8H8SO3]n
 

(polystyrene sulfonate) 

1017-1019 Daltons PPy, PA [44, 60] 

 

1.2.3 Material Properties of OCPs 

  Morphology 1.2.3.1

Electropolymerised PPy and PT are known to predominantly have ‘cauliflower’-like or nodular 

morphology, whereas PA is fibrillar and porous in nature.  All of these OCPs exhibit 

morphological changes depending on the dopant [40]. For example, the morphology of the 

PPy has been shown to vary greatly with different types of dopants (Figure 1-3). The dopants 

used were p-toluene sulfonic acid (pTS), dodecyl benzene sulfonate (DBS), PSS and poly(2-

methoxyaniline-5-sulfonic acid) (PMAS) [34]. 
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Figure 1-3: Scanning electron micrographs of polypyrrole synthesised with different dopants. (A) PPy/pTS, (B) PPy/DBS, (C) PPy/PSS, (D) 

PPy/PMAS. All polymers were grown using the same amount of charge (7.2 C/cm2). The scale bar represents 40 µm [34]. 

 

The morphology and roughness of the PPy films is clearly influenced by each dopant, with the 

roughness across these dopants observed to increase in the order of pTS>DBS>PSS> PMAS. 

The roughness of the polymer can be increased by increasing the growth time [20, 44, 61] and   

current density [44], or by decreasing the dopant concentration [61]. For example, a 

PPy/dextran sulphate (DS) film showed an RMS roughness change from 8.4 ± 0.06 to 30.9 ± 

3.8 nm with an increase in growth time from 1 to 10 minutes [61], while an increase of dopant 

concentration from 0.2 to 2 mg/mL showed an RMS roughness change of 40.2 ± 3.7 to 30.9 ± 

3.8nm. The thickness of PPy films has been shown to increase with growth time and increasing 

current density [44]. Silk et al. found that chloride and sulphate doped PPy has increased 

surface roughness with thickness [62]. 
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  Conductivity 1.2.3.2

The aromatic rings of the OCPs provide the main path for charge mobility through overlapping 

p-orbitals due to the delocalization of π-electrons along the conjugated polymer backbone. 

The charge moves both along the polymer backbone and between adjacent chains, hence the 

disorder of the polymer will affect conductivity.   The conductivity of OCPs is varied and 

dependent on many factors, including the dopant, oxidation level, synthesis method and 

temperature [18, 63]. Table 1-3 shows the large range of conductivities for OCPs and some 

selected dopants. 

Table 1-3: Conductivities of OCPs with selected dopants. Values reproduced from [18, 49, 56] 

Polymer Dopant Conductivity (S/cm) 

PPy CF3SO3
-, ClO4

- 

BF4
-, ClO4

-, pTS 

150 (film), 100 (film) 

500 - 7500 

PT SO3CF3
-, BF4

- or PF6
- 

BF4
-, ClO4

-, pTS, FeCl4
- 

10-20 (pp) 

1000 

PA HCl 200 

 

The polarity of the dopant has a strong influence on the conductivity of the polymer. The  

dopant  tosylate  (anionic  form  of  para-toluenesulfonic  acid)  produces  a  PPy polymer with 

much higher conductivity than the ClO4
- dopant, a difference which is attributed to the higher 

polarizability and basicity of the tosylate [64]. The high basicity allows the radical cation 

monomers to more strongly associate with the dopant during growth, resulting in more stable 

conductive states.  
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  Surface Energy 1.2.3.3

The surface energy of OCPs can be greatly altered with dopants of different charge densities. 

PT films were made with a range of hydrophobicity (75 ± 2.14° to 133.3 ±4.03° contact angle 

in water) using dopants with different alkyl chain lengths. Longer chain lengths resulted in 

more hydrophobic polymers [65]. Gilmore et al. observed that a large range of wettability 

could be induced for PPy films with both biological and non-biological dopants. Contact angles 

ranged from 13.4 ±2.6° for a biological dopant, chondroitin sulphate (CS), to 88.4 ± 1.1° for a 

non-biological dopant (DBS) [20]. The large biological dopant, heparin, was also observed to 

produce a more hydrophilic polymer than the non-biological dopant NO3
- [66]. 

 Modulus 1.2.3.4

The dopant can influence the modulus and porosity of the polymer [52, 58].  The inclusion  of  

dopants  reduces  the  polymer  backbone  flexibility,  creating  a  stiffer polymer [52]. Dopants 

may create electrostatic cross-linking to replace van der Waals interactions within the 

polymer and increase stiffness [67]. The variation in Young’s modulus for PPy with different 

dopants has been shown to vary from 0.4 to 4 GPa, with smaller inorganic dopants resulting in 

brittle films compared to larger organic dopants [53]. Through the use of naphthalene ring 

dopants with increasing numbers of sulfonate groups; a higher degree of electrostatic cross-

linking and microporosity was linked to an increase in the number of sulfonate groups on the 

dopant [68]. The size of the dopant has been directly correlated with Young’s modulus 

changes in a PPy film using DBS dopants with increasing anionic alkyl groups [69]. 
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Figure 1-4 shows that the larger dopants decrease the Young's modulus of the polymer films 

and that the Young's modulus of the oxidised films is greater than the reduced films. This 

modulus change was due to the distance between PPy backbone chains increasing and the 

lower interchain interaction, resulting in a softer polymer [69]. 

 

 

 

Figure 1-4: Young’s moduli (stiffness) of PPy films. The modulus was measured using a mechanical method via a force-displacement set-up. 

The number of carbon atoms in the alkyl group of doping anion is on the x-axis. ( ) Dry oxidized films. ( ) Oxidized films (0.0 V vs SCE) in 

0.1 M NaCl. ( ) Reduced films (-0.9 V vs SCE) in 0.1 M NaCl. Error bars from 3 to 5 samples [69]. 
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 Mechanical Actuation 1.2.3.5

The Faradaic electrical properties of the OCPs mean that during electrical stimulation the 

polymers can undergo mechanical actuation through volume changes induced by the 

oxidative state. The volume changes of the PPy film are due to the movement of ions and 

molecules in and out of the film to balance the charge of the film when it is in a reduced or 

oxidised state. This process is described by eq. (1) and (2); 

  (  )                  (1) 

  (  )         (  )   (2) 

 

where P+  is the oxidised polymer, Po  is the reduced polymer, A-  is the dopant anion, and C+ 

is the electrolytic cation. 

Eq. (1) represents the reduction of the polymer where the ejection of anions from the 

polymer causes it to contract. If the anion is immobile however (i.e. a large dopant), the 

polymer will balance charge by up-taking cations from the electrolyte which causes it to 

expand (Eq. 2)[44]. Both are reversible processes that enable cyclic expansion and contraction 

of the polymer, a property conducive for mechanical actuators (e.g. artificial muscles)[70-71].  
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1.3  Cell-Material Interactions 

1.3.1 Biological Cues from Physical Properties  

Preceding the  biological  impact  from  ECM  dopants  in  OCPs, it  is  known  that  the physical 

properties of a polymer substrate in general can have a strong influence on cellular response. 

The physical properties, including topography, roughness, Young's modulus and surface 

charge, of a biomaterial act as stimulating cues for controlling cell behaviour. Topographical 

features have been used to guide cell growth. C6 glioma cells were shown to align along 

nanoscale ridges (210 nm in periodicity, 30-40 nm deep) lasered into a polystyrene surface 

[72]. Surface morphology will affect cell adhesion as shown by Park et al. [73], where it was 

found that the adhesion of mesenchymal stem cells had a critical dependency on the diameter 

of vertically orientated TiO2 nanotubes. Surface structures with a diameter greater than 50 

nm resulted in very poor cellular adhesion compared to a diameter of 30 nm that strongly 

enhanced cellular adhesion and spreading; more so than a completely smooth TiO2 surface. 

The lateral spacing of a cell’s focal (contact) adhesion sites is hypothesised to control the cell’s 

fate; the cell needs to create these focal adhesion sites to enable actin assembly into 

filaments to give the cell mechanical support and intra-cellular signalling. If the distance 

between surface features spreads focal points too far, the cell will fail to adhere to the surface 

and will undergo programmed cell death [73]. 

 

Surface roughness and specific geometry can dictate the success of cellular adhesion and has 

been shown to be highly dependent on cell type. Endothelial cells were found to prefer 

polyurethane/PEG surfaces with nanoscale roughness (Ra  of ~40 nm) [74]. Osteoblasts  were  
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tested  on  titanium  surfaces  subjected  to  various  treatments to induce different 

roughness’s. The cells adhered and proliferated better on the rougher surface (coarse grit-

blasted Ti)[75]. The surface geometry of TiO2 substrates has also played a role in osteoblast 

differentiation, with more regular surface geometry improving differentiation [76]. Neurons 

grown on Si substrates of varying roughness showed an optimal range for adhesion between 

an Ra of 10-70 nm, with the highest cell density at ~ 30 nm [77]. The influence of roughness on 

the success of cellular adhesion and proliferation is believed to be due to the changes in 

surface area. When cells are exposed to the substrates in media, the surface is conditioned by 

both media and serum which aids cellular adhesion [76]. Surfaces which have a roughness 

that increases surface area without becoming too rough for cells to form consistent focal 

contacts appear to enhance overall cell viability. The preference for an optimal surface 

roughness by cells has been used to induce guidance cues by patterning a Si substrate with 

varying degrees of nanoscale roughness [77]. 

Different types of cells will show a preference for specific ranges of Young's modulus. 

Materials that have similar mechanical properties to the target tissue generally induce better 

cell adhesion and growth [78-79]. The stiffness of a substrate can dictate the differentiation of 

cells. For example, substrates with a specific modulus have been used to control mesenchymal 

stem cell lineage[80]. Softer collagen substrates that mimicked brain tissue resulted in a 

neurogenic response, while softer polyacrylamide gels created a myogenic response. Softer 

substrate modulus have also been shown to trigger  the  down  regulation  of  fibronectin  (FN)  

expression  in  MCF-10A  mammary epithelial cells  [81].  The  substrate  was  composed  of  

polyacrylamide  with  moduli ranging  between  0.3  to  3.5  kPa  and  cross-linked  with  either  

laminin  or  FN  to distinguish the effects of the cell-mediating molecules from the modulus 
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variation. The table below, adapted from Wong et al. [78], summarises several studies that 

have systematically study the influence of modulus on cell behaviour. 

Table 1-4: Investigation of substrate stiffness on cell behavior. 

Substrate/Modification Modulus/Method Cell Type Main finding Reference 

 
PAAM/collagen I (covalent) 

 
E: 15-70 Pa/ 
microindentation 

 
Fibroblasts 

 
Reduced cell spreading 
and increased motility 
on softer substrata; 
Increased growth and 
decreased apoptosis on 
stiffer substrata 

 
 
[82-83] 

PAAM (gradient)/collagen 
I (covalent) 

E~14 and 30 kPa/ 
microindentation 

Fibroblast Preferential migration 
towards stiff substrata 

 
[84] 

PAAM/polylysine (covalent) 
and Matrigel (physisorption) 

G*: 50–500 Pa/ 
rheometry 

Spinal cord 
neurons 

More neurite branching 
on softer 
substrata 

[85] 

PAAM/collagen I (covalent) - Endothelial cells Tubulogenesis 
increased for softer 
substrata 

[86] 

PAAM/collagen I (covalent 
or physisorption) 

E~2.5–40 kPa/ 
uniaxial tension 
and atomic force 
microscopy 

VSMCs Reduced cell spreading 
on softer substrata 

[79] 

PAAM (radial gradient)/ 
collagen I (covalent) 

E~2.5–11 kPa/ 
microindentation 

VSMCs Preferential migration 
and accumulation of 
cells onto stiffer 
regions of substrata 

[87] 

Silicone rubber/no 
pretreatment 

–/wrinkle method Glioblastoma Reduced cell spreading 
and greater motility 
on softer substrata 

[88] 

PDMS (mechanically 
patterned substrata)/ 
fibronectin (physisorption) 

E: 12 kPa–2.5 MPa/ 
uniaxial tension 

Fibroblasts and 
endothelial cells 

Preferential migration 
and accumulation of 
cells onto stiffer regions 
of substrata 

[89] 

Alginate/RGD (covalent) Ec: ~12–127 kPa 
(Ca2+); ~16–147 kPa 
(Ba2+)/ 
dynamic uniaxial confined 
compression 

Chondrocytes Reduced cell spreading 
on softer substrata 

[90] 

Alginate/RGD (covalent) E~ 2–10 kPa Skeletal 
myoblasts 

Rate of growth and 
differentiation higher 
on stiffer substrata 

[91] 

Agarose/no modification G*: 2–13 Pa/ 
rheometry 

Dorsal root 
ganglia 
neurons 

Rate of neurite 
extension greater on 
softer substrata 

[92] 

G*: shear modulus, Ec: compressive modulus, E: Young’s modulus, RGD: Arg-Gly-Asp, LbL: Layer-by-layer, PAAM: Polyacrylamide, PDMS: 

Polydimethylsiloxane, VSMCs: Vascular smooth muscle cells. 
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The cellular preference for a particular modulus opens the use of modulus as a way to control 

and direct cell growth on the nanoscale [87]. The influence of substrate modulus on neural 

cells is believed to be dependent on the tension of neurite extensions. The growth cones of 

the cells pull on the neurites and maintain an external tension and this effect is suggested to 

control neurite extension [92]. Muscle differentiation is hypothesised to be dependent on 

surface elasticity due to the effect of the substrate’s modulus on fibrillogenesis. The striation 

of muscle cells requires more than just cell adhesion, but also a surface that allows the 

premyofibrils to optimise contractile forces with the substrate. These contractile forces 

control the development of the premyofibrils into mature myofibrils and subsequent muscle 

differentiation and fibrillogenesis [79].  

Hydrophobicity and surface charge have a strong influence on cellular adhesion and 

proliferation. Hydrophobic surfaces generally promote better cell adhesion and spreading 

compared to hydrophilic surfaces [93]. The adhesion of endothelial cells can be controlled 

through varying surface wettability and charge. Wettability of a substrate was controlled 

through decreasing the hydroxyethyl methacrylates (HEMA) content in HEMA/methyl 

methacrylates (MMA) copolymers. The highest concentration of endothelial  cells  was  

observed  on  the  moderately  wettable  25  HEMA/75  MMA (contact angle of 39°) and cell 

adhesion was greatly reduced on the more hydrophilic copolymers [94]. Surface charge was 

controlled in the same study using additives, with the most pronounced cell spreading 

observed on the positively charged copolymers. The influence of surface charge and 

wettability has been directly related to the ability of cell adhesion proteins to bind to the 

surface [65, 94-95]. The presence of these proteins aids the cellular adhesion and spreading, 
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and the interaction between the protein and the surface charge of a surface has been subject 

to several studies [96-101] 

1.3.2  Biological Properties of OCPs  

The properties of OCPs, physical, chemical, and electrical, have a direct influence on the 

proliferation, growth and differentiation of living cells. Cells respond to surface properties  

through several mechanisms and hence the surface properties of OCPs need to be carefully 

considered. The presence of a dopant changes the surface chemistry of the OCP surface, a 

feature that can be used to enhance cell growth or control cell differentiation. Finally, their 

electrical properties play a very important role in the bionic application of these materials; the 

conductive properties dictate the charge that is delivered to the cells, or even controlled 

release of dopant (e.g. drug molecules), and it is vital that the electrical stimulation does not 

cause damage to the surrounding tissue. 

Therefore, OCP electrodes have the unique ability to control cell interaction through various 

mechanisms, including: 

• Nanoscale physical properties; 

• Incorporation of biomolecular dopants; 

• Electrical stimulation; 

• Controlled drug release; and 

• Mechanical (actuation) stimulation. 
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1.3.3 Physical Properties  

Compared to the extensive literature covering the physical properties of metals (i.e. TiO2) and 

conventional polymers (i.e. PAAMs), there has been a fraction of the work performed on 

conductive polymers. Physical properties such as surface topography and wettability have 

been studied in relevance to cellular response. Topography was used to control cellular 

growth direction using 1 and 2 µm wide channels of PPy/PSS polymerized on poly(methyl 

methacrylates [102]. Hippocampal axons were found to align along the PPy channels. PT films 

prepared with a set of dopants showed a dependency of neural PC12 cellular proliferation on 

the wettability of the polymer [65]. The wettability was changed using dopants with increasing 

alkyl side chains of SDBS and the hydrophobic polymers were a better support for 

proliferation. 

1.3.4 Biomolecular Dopants 

The inclusion of biological dopants (biodopants) is at the forefront of creating biocompatible 

OCPs. Biological dopants have included proteins [36], peptides [103-104]  and  extracellular  

matrix  (ECM)  components  [20,  105-108].  The  inclusion  of biomolecular dopants into the 

polymers is focused on improving biocompatibility. The structure of these biomolecules can 

modify the surface energy of the polymer and may also directly interact with the cell 

membrane to influence cellular functions. Stauffer  and  Cui  [104]  incorporated  laminin  

peptides  into  PPy  in  order  to  invoke specific cell adhesion to the polymer. The peptides, 

DCDPGYIGSR and DRNIAEIIKDIC, were combined with aspartic acid to increase the overall 

negative charge of the molecules for more efficient doping. The research showed that the 

peptides enhanced the density of rat neurons adhered to the PPy surface compared to the 

non-bioactive PSS dopant. 
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  Glycosaminoglycan Biodopants  1.3.4.1

The class of glycosaminoglycans (GAG) biological molecules produced by the ECM are growing 

in recognition as suitable OCP biodopants. GAGs make good candidates for OCP doping, as 

they are negatively charged and soluble in aqueous solutions. They are a  major  component  

of  the ECM  and  cellular  structure within  the central nervous system and other tissues, and 

are also found on the surface of cells. These molecules play important roles in cellular 

functions such as growth factor signalling, cell division, wound healing, haemostasis and tissue 

morphogenesis [109]. GAGs also interact with specific receptors on both the cell membrane 

surface and cell mediation proteins [110]. Cell adhesion to surrounding tissue is mediated by 

the presence of integrin receptors in the cell membrane. These integrins bind to ECM 

components such as fibronectin, vitronectin, laminin and collagen [111]. In turn, these ECM 

components bind to GAGs [112], which is critical for mediating cell adhesion. 

 GAG Biodopant Structure  1.3.4.2

Chondroitin sulphate (CS) is a proteoglycan that consists of GAG chains made up of repeating 

disaccharide units [113]. CS, as shown in Figure 1-5A, is comprised of repeating units of D-

gluronic acid and N-acetyl-D-galactosamine monosaccharides. The chains  can  be  of  variable  

length  and  sulfonation  of  the  N-acetyl-D-galactosamine usually occurs at the hydroxyls on 

the 4 or 6 positions. In this study, we have used a CS molecule sulfonated at the 4 position. CS 

is an important molecule in the central nervous system, plays a role in neural development 

and axon regeneration [113], and aids  interactions  between cells  and  axons  [29]. The  

biological  functions  of  CS  are mainly due to the presence of the sulfonate  groups and the 

degree of sulfonation that modulates the interaction with extracellular  matrix (ECM) 

molecules such as FN [114]. 
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Figure 1-5: Molecular structure of anionic (A) chondroitin sulfate,(B) hyaluronic acid,and (C) dextran sulfate. 

Hyaluronic acid (HA) is a similar polysaccharide to CS but unique in that it is an extremely high 

molecular weight, non-sulfonated GAG [115]. The structure of HA is comprised  of  the  same  

repeating  monosaccharides  as  CS  but  does  not  contain sulphate groups (Figure 1-5B). HA 

has many functions in the body, including a major role in cell proliferation and migration 

[115].   The molecule is extremely hydrophilic and makes an excellent lubricant, and is 

beneficial in wound healing processes and tissue regeneration [116]. 
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Dextran sulfate (DS) has a linear polysaccharide structure (Figure 1-5C) containing α-1,6-linked  

D-glucopyranose  units  with  three  sulphate  groups  per  one  D-glucose unit [117]. DS is 

semi-synthetic, synthesised from sucrose by lactic-acid bacteria, but similar in structure to the 

GAGs. This molecule is primarily an anti-coagulant and acts to reduce erythrocyte aggregation 

and platelet adhesiveness. Compared to CS and HA, DS is the most highly sulfonated. The 

incorporation of DS as a dopant has been shown to  produce  a  polymer  with  a  high  water  

content,  due  to  the  presence  of  the hydrophilic sulfonate groups [118]. DS contrasts with 

the two ECM dopants in that it has a similar polysaccharide structure, but carries many more 

negatively charged groups. 

 Influence of GAGs on OCP Physical properties  1.3.4.3

The influence of these GAG dopants on PPy physical properties have been the focus of several  

studies.  Moreno  et  al  showed  that  the  PPy/HA  films  exhibited  a  rougher surface 

compared to a smooth PPy/CS prepared with the same parameters, indicating a different 

morphological effect from each dopant. A difference in wettability was observed between the 

two dopants, with PPy/HA being more hydrophilic (contact angle of 30°) compared to PPy/CS 

(53°). The different polar groups (presence/lack of sulfonate group) of the dopants are 

believed to cause this difference in wettability [29]. A difference in roughness between the 

two dopant/polymer combinations was also observed by Gilmore et al. PPy/HA was reported 

to have an Ra roughness of 21.85 nm (10µm x 10µm area) compared to 8.17 nm for PPy/CS, 

indicating a change in the nanoscale properties of the polymer [20]. Collier et al. synthesised 

PPy/HA materials, but used a bilayer composition (PPy/PSS bottom layer with a thin PPy/HA 

top layer) citing difficulties in handling and poor electrical properties  (very low  conductivity 

of 3.08 ± 1.39 × 10-3 S/cm),  of single layer PPy/HA films [105].  As previously discussed, 
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physical properties such as roughness and surface energy can be influential on cellular 

response. The capability of these dopants to induce different physical properties is an 

important  factor  to  note  along  with  the  possible  chemical  interactions  of  the molecules. 

 GAG Biodopant Influence on Cellular Response  1.3.4.4

The GAG, heparin, has been used in several studies for improving PPy biocompatibility. 

Heparin is an anticoagulant produced by cells and is highly negatively charged due to a high 

degree of sulfonation. Heparin was first incorporated into PPy by Zhou et al., who 

demonstrated that the polymer displayed specific binding with thrombin [108]. Human 

endothelial cells have been successfully adhered and grown on PPy/heparin polymers [30, 

119], however it was demonstrated that this interaction is indirect and requires the presence 

of cell adhesion molecule vitronectin to aid cellular adhesion [66].  PPy has been doped with 

varying ratios of heparin and then added to poly(L,L-lactide) in order to produce a conductive 

membrane. The adhesion and growth of human fibroblast  cells  were  greatly  improved  on  

these  membranes  compared  to  those without  heparin  [120].  PPy/heparin has  inhibited  

the  proliferation  of  the  smooth muscle cells due to binding between dopant and cell 

membrane receptors, while allowing the growth of endothelial cells to proceed unhindered, 

indicating a possible application for selective cell growth on these surfaces [119]. Heparin is 

just one of several GAG molecules that are of interest for doping of OCP. 

Other GAG ECM molecules include HA and CS. CS was first used as a dopant by Moreno et al., 

who found that the polymer supported the growth of fibroblast cells without the presence of 

foetal calf serum to aid cell adhesion [106]. Moreno et al. also compared the physical and 

chemical properties of PPy polymer doped with all three biological components (heparin, CS 

and HA). The polymer surface properties were controlled through growth parameters and it 
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was found that the smoother films showed good cell adhesion and proliferation compared to 

rougher, more irregular films. All of the GAG doped films exhibited good osteoblast adhesion 

and proliferation when prepared as smooth films, indicating that the physical properties of 

the polymer, not necessarily the surface chemistry imparted by the dopant, was an underlying 

factor for the cell interaction [29]. Gilmore et al. used both HA and CS as dopants in PPy and 

found that the polymers supported skeletal muscle (myoblast) cell adhesion. However, HA 

performed significantly worse than CS at supporting myoblast cell differentiation into muscle 

fibers [20]. As mentioned above, Collier et al. [105] synthesised PPy/HA as a bilayer material. 

The bilayer films supported PC-12 cell cultures and when implanted into  rats  over  short  

periods  of  time  (2  weeks) an  increase  in  vascularisation was observed in the tissue. Lee et 

al. [121] discuss the use of PPy/HA as an electrode coating for discouraging fibroblast and 

astrocyte adhesion. By coating the electrode with a PPy/HA polymer, the adhesion of cells was 

minimized for up to 3 months. PPy/HA has been cited as resistant to cell adhesion [122]. HA 

appears to induce rough, irregular PPy films which are not conducive to cellular adhesion [20, 

29]. However, PPy/HA has also been successfully used for cell adhesion through controlling 

synthesis parameters, as discussed above, and enhancing neural PC12 cell attachment when 

immobilized on a PPy surface [123]. Thus, while the chemical presence of HA does have a 

positive influence on cellular adhesion and growth, the physical properties it induces in PPy 

appear to be detrimental in some cases. 
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1.4 Electrical Stimulation 

The electrical conductivity of PPy provides another important means to control cellular 

function for biological applications. Electrical stimulation plays an important role in tissue 

regeneration applications [124-126], improving cell growth and affinity [24, 107,127], and also 

through the release of incorporated drugs to aid cellular growth [32,128-129]. 

The influence of electrical stimulation on excitable cells has been proposed to occur via 

several mechanisms.   The   increased   cell   proliferation   may be   due   to   induced 

membrane depolarisation from the electrical stimulation [127]. This depolarisation opens 

voltage gated ion channels within the cellular membrane, thus allowing ionic transport (i.e. 

Ca2+) across the membrane into the cell. This causes an upregulation of gene pathways that 

control proliferation and differentiation of the cells. There may be changes in the cell 

membrane or ECM proteins to more favourable conformations [130], or electrophoretic 

redistribution within the cell of membrane growth factors and adhesion receptors [131]. It has 

also been proposed that pulsed electromagnetic fields may enhance protein synthesis within 

the cell [132]. 

 To deliver charge from an electrode to an electrolyte (for example cell media or extracellular 

fluid) there are two primary charge injection methods, Faradaic and non- Faradaic (double 

layer capacitance). 

Faradaic charge injection occurs when electrons are transferred between the electrode and 

electrolyte due to oxidation (electron loss) and reduction (electron gain) reactions of the 

electrode. This occurs at a particular charge density which is dependent on the 
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 system [8]. This is illustrated in Figure 1-6, where the Faradaic process involves transfer of 

electrons from the metal electrode (green layer) to the solution. The redox reaction at the 

interface (purple layer) will reduce the cations (C+) and oxidise the anions (A-), and the charge 

diffuses through the solution with the reaction products. 

 

Figure 1-6: Example of electrode/electrolyte interface illustrating faradaic (top) and capacitive (bottom) materials with an aqueous NaCl 

electrolyte. The Faradaic charge injection results in the redox of the electrode (purple layer), creating reduced and oxidised products. The 

capacitive charge attracts and repels ions within the electrolyte to the electrode surface (green) which creates a charged layer on the surface 

(blue). Adapted from [7]. 

 

A  double  layer  will  be  formed  on  the  surface  of  an  electrode  in  an electrolyte, as 

shown in  Figure 1-6. When the charge is applied on the electrode surface (green layer), 

charges within the electrolyte will redistribute as anions (i.e. Cl-) and are repelled from the 

negatively charged electrode (blue layer) and cations are attracted to the surface (i.e.  Na+).  

When the charge is reversed the anions are attracted to the surface and the cations repelled. 
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Charge injection from the electrode occurs through this redistribution of charge in the 

electrolyte.  This is the principal mechanism for small amounts of charge injection [8]. 

PPy undergoes a Faradaic response when an appropriate electrical stimulation is applied and 

this reaction is reversible (Figure. 1-7). The direction of charge movement is dependent on the 

dopant size. When the anionic dopant (A-) is small, it can readily move out of the polymer to 

balance the charge of the oxidised polymer. If the dopant is large and immobile, cations from 

the surrounding electrolye can move into the polymer to balance the charge. Hence the 

charge injection mechanism for PPy is primarily driven through oxidation and reduction of the 

polymer via the movement of ions in and out of the polymer. 

 

Figure 1-7: Oxidation and reduction reactions for PPy, with either a small (top) or large (bottom) anion dopant A-, and cation in solution X+. 

 

Charge injection can be controlled through either the applied current or voltage. Current-

controlled (galvanostatic) is the most common form of electrical stimulation applied to 

excitable cells. The important parameter for electrical stimulation is the current density; this 
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must not exceed the charge injection limit in order to avoid non- reversible Faradaic  reactions 

at the electrode surface that may cause cellular  and tissue damage. 

1.4.1 Drug Release via Electrical Stimulation 

During the reduction and oxidation of PPy it is possible for ions move in and out of the 

polymer to balance the charge on the electrode (Figure 1-7). By taking advantage of this 

mechanism, drugs for cell growth and proliferation (such as neural growth factor) can be 

released into the surrounding electrolyte [133]. Neurotrophin (NT) proteins are associated 

with the growth of neural cells and can enhance neurite outgrowth and survival. NTs have 

been released from PPy during optimised electrical stimulation to maximize NT release whilst 

minimising the applied current to ensure a safe stimulation protocol   [36]. Richardson et al. 

has shown that neural cell outgrowth greatly improves when neurotrophin-3 (NT-3) is 

electrically released from PPy [32-33]. Neuron axonal outgrowth could be doubled by 

incorporating two growth factors, NT-3 and brain-derived neurotrophic factor (BNDF) [27]. 

Figure 1-8 shows representative images of neural explants when using NT-3, BNDF, and 

electrical stimulation. Without electrical stimulation the neuronal growth is still enhanced by 

the presence of the NTs (Figure 1-8 left column PPy/pTS/NT-3, PPy/pTS/BNDF, LowBNDF/NT-

3, HighBNDF/NT-3), however when electrical stimulation was applied the neuronal outgrowth 

was increased even further (Figure 1-8 right column PPy/pTS/NT-3, PPy/pTS/BNDF, 

LowBNDF/NT-3, HighBNDF/NT-3). 
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Figure 1-8: Representative images of cochlear neural explants grown on PPy/pTS polymers with and without neurotrophin. Neurites were 

visualised by immunocytochemistry with a neurofilament-200 primary antibody and a fluorescent secondary antibody (green). Cell nuclei are 

labelled with DAPI (blue) [27]. 

The incorporation of two growth factors means the electrode does not saturate the receptors 

of the cells with high concentrations as each drug has their major binding activity on separate 

receptors, resulting in greater activation of growth signals within the cells due to the presence 

of different receptors in the drug. The effect of electrical stimulation alone on the cells is not 

completely understood, however, there is a synergistic effect between electrical stimulation   
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and   NT   delivery   as   electrical stimulation increases the number of receptors expressed by 

the cell, thus facilitating a stronger effect from the NT [134-135]. 

Dexamethasone, which is a drug used to reduce inflammation in the central nervous system, 

has been incorporated into PPy coating an electrode surface. Using cyclic voltammetry the 

drug was released and increased neurite formation was observed, as well as reduced reactive 

astrocytes and microglia (components of cellular response to inflammation) [128]. 

1.4.2 Mechanical Stimulation 

Many   different   methods,   such   as   compressive loading,   longitudinal   stretching, 

substrate bending, substrate distension and fluid shear, have been used for mechano- 

stimulation of cells [136]. A key advantage of using PPy for mechanical stimulation is the 

ability to perform the stimulation in vitro or in vivo without the need for external hardware or 

physical manipulation of the material itself. It is the movement of ions in and out of the 

polymer that induces mechanical actuation, as described earlier with Eq. 1 and 2 (1.2.3.5, 

pg.1-15). During reduction of the polymer, the ejection of anions causes contraction, while 

oxidation causes uptake of cations and expansion of the polymer. 

Mechanical actuation can be favourable for cellular stimulation of bone and vascular cells that 

rely upon physical stimulation for development and maintenance of their corresponding 

tissues. Bone marrow cells are observed to differentiate when stimulated with mechanical 

stress [137-138]. Vascular cells also respond to mechanical stimulation, particularly 

stimulation that mimics pulse and shear fluid mechanics [139]. Renal epithelial cells 

responded with an intracellular Ca2+ response to mechanical stimuli delivered on a 

microactuator chip made with PPy [140]. 



1-33 
 

 

 

Figure 1-9: Schematic illustration of the principle of in vitro mechanical stimulation using PPy actuators. Upon the application of a potential 

the PPy lines expand vertically Δh and mechanically stimulate the cells that lie on the borders (marked with *) [140]. 

 

A microactuator chip, illustrated in Figure 1-9, delivered direct mechanical stimulation of live 

cells spanning a PPy electrode and a non-actuating surface. The shear stress induced on the 

cells with mechanical actuation may be a source for the enhanced differentiation. The 

mechanical stretching of cells can induce the release of adenosine-5'-triphophate within cells, 

which in turn causes the increased signal of Ca2+ [140]. 

1.4.3 Electrical Stimulation for Cell Control 

Electrical stimulation has been shown to enhance the growth of excitable cells such as skeletal 

muscle and neural cells [24-25, 28, 31, 102, 131]. Using PPy to inject charge into live cells and 

tissues has been demonstrated in several studies. PC-12 neurite outgrowth was almost 

doubled when cells were electrically stimulated via PPy/PSS films using a constant potential of 

100 mV for 2 h compared to the non-stimulated control films (Figure 1-10).  

It was also noted that the PC-12 cells showed no directional bias of neurite outgrowth towards 

either electrode (Figure 1-10), indicating that the electrical stimulation enhances overall 
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neurite extension rather than controlling the direction of the extending neurite via 

electrophoretic redistribution of the cell membrane [28]. 

 

Figure 1-10: PC-12 cell differentiation on PPy/PSS without (A) and with (B) electrical stimulation. The cells were grown for 24 h prior to 

electrical stimulation [28]. 

 

Electrical stimulation of PC-12 cells on a PPy/PMAS composite using biphasic current pulses 

showed greater neurite lengths than unstimulated neurons [31]. Changes in the frequency of 

stimulation were shown to affect the neurite extension; 100 and 250 Hz enhanced the neurite 

extension, while a lower frequency of 10 Hz had no effect. PC-12 neural cells have been 

electrically stimulated on PPy functionalized with nerve growth factor (NGF).  Greater neurite 

extension was observed when cells were electrically stimulated in the presence of 

immobilized NGF. The combination of NGF and electrical stimulation together has also been 

demonstrated to have a greater effect on neurite extension when compared to their 
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individual effects [33]. Using constant current stimulation (10 μA for 2 hours), neurite length 

of PC-12 cells was observed to significantly increase on PPy/PSS films. The amount of FN 

adsorbed onto the polymer has also been measured in conjunction with the electrical 

stimulation. Initial stimulation, prior to cell seeding, resulted in greater FN adsorption that 

corresponded with longer neurite outgrowth [25]. The adsorption of proteins such as FN from 

serum, or added separately, may be an important aspect of enhancing cellular response of 

neurites on these electrode surfaces. 

Smooth muscle cells have been shown to have enhanced cellular proliferation when 

electrically stimulated [127].  A sinusoidal electrical signal was applied with an amplitude of 

50 μA at different frequencies to a PPy/HA biomaterial coated with Matrigel® and Collagen IV.  

A frequency of 5 Hz was found to cause the greatest increase in cellular proliferation 

compared to no stimulation, 0.05 Hz and 500 Hz. The frequency of 0.05 Hz was found to be 

extremely detrimental to the smooth muscle cells, with less than 4% (compared to control) 

cells remaining after 96 hours. A possible explanation given was that the significant 

differences of charge for relatively long intervals (~20s) may have destroyed the coating on 

the polymer. The coating was comprised of a heterogeneous mix of matrix proteins, collagen, 

proteoglycans and growth factors; this is an indication that the surface charge of the polymer 

was detrimental to either the adhesion, conformation, or bioactivity of these molecules. 

 A difference in the oxidation state of the polymer has been used by Lundin et al. [141] to 

control the growth of endothelial cells. Electrical stimulation was delivered as a linear ramp of 

0.02 V/sec followed by a constant potential of -0.9 V for 120 sec to stimulate foetal neural 

stem cells on PPy substrates with varying dopant. PPy/DBS showed a significant reduction in 

cell density on polymer substrates in their reduced state compared to pristine [141]. 
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Mammalian  cells  have displayed  behaviour dependent on the oxidation state of PPy 

whereby reducing the polymer led to the prevention of cell spreading and caused the cells to 

‘round up’ [107]. In contrast, the oxidized PPy supported cell adhesion and was partially 

attributed to the effect of the oxidation state of PPy on the adsorption of proteins [142]. It is 

implicit from many of the above studies that the effect of electrical stimulation, or switching 

of the polymer’s redox surface properties, on protein interactions is an important aspect in 

controlling cell adhesion and growth. This is discussed in further detail in the next section. 

1.4.4 Protein Interaction on Electroactive Surfaces 

There have recently been studies specifically addressing the effect of the oxidative state of the 

polymer on protein adhesion and conformation, in addition to correlating these findings with 

cell studies. It has been shown that proteins present in serum, or specifically added, that 

adsorb onto the polymer can be affected by the redox surface properties of the substrate 

[25]. Electrical stimulation of PEDOT:PSS films prior to cell seeding has shown that the 

oxidation of the polymer will affect cellular interaction [143]. Reduction of the polymer 

promoted cellular adhesion and proliferation (Figure 1-11A left), however oxidation of 

PEDOT:PSS resulted in cell detachment and death of epithelial MDCK cells (Figure 1-11A right). 

However, no change in cell adhesion was observed when the polymer was stimulated 24h 

after cells had been on the surface, indicating that once cell adhesion is established switching 

the redox state does not affect the cell viability. It was proposed that on the oxidized polymer 

(Figure 1-11A right)  the  FN  is  in  an  unfavourable  conformation  that  inhibits  access to  the  

RGD binding  sites  by  the  cells.  On the reduced electrode (Figure 1-11A left),  the  FN 

presents the RGD sequence for binding to cell integrins. The latter is required for the 

formation of actin stress fibres and macromolecular focal adhesion complexes (vinculin and 
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talin). This subsequently promotes the proliferation of the cell in contrast to the oxidised 

surface. 

 

 

Figure 1-11: Schematic of a proposed mechanism for cell interaction with the reduced and oxidised PEDOT:PSS surfaces [143]. 

 

A potential gradient along the polymer and its relationship to protein (FN) adsorption has 

been used to investigate the influence of polymer oxidation on cell behaviour [144]. 3T3-L1 

fibroblast-adipose cells were deposited on a PEDOT:tosylate polymer that had a potential bias 

of -1V to +1V applied across it before seeding the cells. A stained micrograph shows the cells 

distributed across the oppositely biased polymer, having a distinct cell gradient that shows the 

cells prefer the oxidised side of the film (Figure 1-12). 
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Figure 1-12: Fluorescence micrographs of calcein-green stained 3T3-L1 cells for two devices biased in opposite directions [144]. 

The amount of adsorbed FN from the growth medium serum was quantified on areas of 

different oxidation state across the polymer using an immunostaining assay. It was found that 

more FN was adsorbed on the reduced polymer and less FN adsorbed on the polymer 

compared to a control with no potential bias. This gradient of FN has been served in a 

separate study across a potential-biased strip using the same experimental set-up and 

immunostaining assay to quantify the density of FN [145]. 

The same effect was observed by Saltó et al. [146] with neural stem cells on a PEDOT:tosylate 

electrode. A labelled human serum albumin (HSA) was deposited on the polymer with 

different potentials (0 and ±1.5 V) and then stained to quantify adsorption. Higher protein 

concentration was observed on the reduced polymer compared to oxidised, however the 

stem cells showed a 2-fold increase in adhesion on the oxidised polymer. A proposed 

mechanism for this involves the conformation of the protein when it binds to the surface 

(Figure 1-13). 
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Figure 1-13: Proposed mechanisms for the difference in adhesion and density of stem cells achieved between the reduced and oxidized 

PEDOT:Tosylate electrode surfaces. (A) On the oxidized PEDOT surface, a less dense layer of HSA proteins is formed; however the proteins are 

oriented in a favourable direction that promotes good stem cell adhesion. (B) Stem cells that are approaching a potential surface launch ECM 

proteins to aid adhesion. A dense HSA layer prevents the formation of an optimal ECM on the surface. Adapted from [146]. 

 

Figure 1-13A illustrates that on an oxidised surface the conformation of the protein may be 

more conducive to cellular adhesion for the stem cells. On the reduced film the adhesion of 

ECM proteins produced by the stem cells are effectively ‘blocked’ by the dense HSA layer 

(Figure 1-13B). As these ECM proteins mediate cellular adhesion the adhesion of the stem 

cells to the surface is suppressed [146]. 
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A study using quartz crystal microbalance (QCM) to observe changes in the conformation of 

bovine serum albumin (BSA) and FN showed a dependency on the oxidation state of PPy/DS 

films [61]. Electrical stimulation of the polymer showed that an oxidising potential resulted in 

greater mass of the proteins adhering to the polymer, and that the proteins became less 

viscoelastic, a property which is correlated with change in protein conformation from 

elongated to compact. 

There is clearly a correlation between electrical stimulation and the behaviour of proteins 

such as FN on electrode surfaces. These previous studies [61, 143, 146] highlight the fact that 

electrical stimulation can result in opposite cellular responses (oxidised and reduced surfaces 

promoting/suppressing cell adhesion under different conditions).  The  effect  is  dependent  

on  the  cell  type,  conductive  polymer,  and dopants. The studies also call attention to the 

change in the protein conformation, an effect which can control how the protein interacts 

with cell. How this occurs and why there is a change of the protein interactions needs to be 

studied directly to determine the impact these changes have on living cells and in turn how 

we can control this effect to our advantage. 

 Implication of Fibronectin – OCP Interaction on Cell Function 1.4.4.1

FN is an important component of the ECM and responsible for many biological functions, 

including cell  attachment,  cell  spreading,  matrix  assembly  and  wound healing [97, 147-

148].  FN is a dimeric glycoprotein, approximately 500 kDa, which contains two subunits 

connected with a disulfide bridge and is comprised of three types of modules (FNI, FNII and 

FNIII) with N-terminals on each end (Figure 1-14). FN contains binding sites for heparin, 

collagen, integrins, and fibrins along both subunits [97]. The protein is often used as a 
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prototypical cell adhesion protein for cell-surface interactions due to its involvement in initial 

cell-surface interactions. 

 

 

Figure 1-14: Schematic illustration of fibronectin. The modules are marked as I (yellow oval), II (red triangle) and III (teal square). Important 

binding regions for biomolecules are labelled  [111]. 

 

 

Figure 1-15: Proposed binding between FN and an integrin at the RDG region [111]. 
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FN binds to the receptor proteins called integrins on the cell membrane surface, as well as 

collagen, fibrin and heparin [111]. The primary integrin receptor for FN is α5β1, with the 

proposed binding scheme illustrated in Figure 1-15. The RGD motif within FN, labelled in 

Figure 1-14, is a cell adhesion region and is the most important recognition site for half of all 

known integrins. This RGD region on FN is critical for mediating cell interaction such as 

adhesion (Figure 1-15). 

When FN has mechanical force applied, cryptic sites within the FN structure are exposed  

[148].  It  is  these  sites  which  begin  the  fibrillogensis  process.  In  the fibrillogensis process  

the FN initially binds to  the α5ß1  integrins (gold) on the cell surface membrane (Figure 1-

16A). Reorganisation of the actin cytoskeleton (green) within the cell occurs and activates 

intracellular signalling (silver circles). Cell contractility changes the conformation of the FN, 

exposing the cryptic sites within the elongated protein (Figure 1-16B). Fibrils begin to form 

surrounding the cell membrane through FN-FN interactions (Figure 1-16C). The revealing of 

these cryptic sites can be forced using AFM force spectroscopy. These studies have shown 

how the protein intermediates are folded and provide a structural model on how cells can use 

mechanical forces to expose these sites [147]. 
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Figure 1-16: Major steps of FN fibril assembly. (A) Compact soluble FN binds to integrin α5β1 (gold) via its cell binding domain. (B) FN 

binding to integrins and other receptors (pink bars) induces reorganization of the actin cytoskeleton (green lines) and activates intracellular 

signaling complexes (silver circles). (C) Fibrils form through FN– FN interactions [148]. 

 

Integrin mediated adhesions, such as FN-RGD, between the cell and surface are intrinsically 

mechanosensitive [149]. As focal adhesions form and induce tensile strain across  the  cell,  

integrin  signalling  is  triggered which  in  turn  transmits  mechanical signals to the 

cytoskeleton. This signalling is an important process for cell migration across a surface [150]. 

The  binding  of  FN  to  integrins  is  generally governed by  the  conformation  of  the protein. 

FN has two distinct conformations, extended and compact (Figure 1-17). The compact form is 

due to electrostatic attraction between FNIII2-3 on one subunit arm and the FNIII12-14 

domains on the other [151]. These conformations can be interchanged through surface 

properties [152]. 
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Figure 1-17: Schematic of the extended and compact conformation of FN, and the full folded conformation on the right [151]. 

 

On hydrophobic substrates, FN is typically in the compact conformation, in contrast, to 

extended form observed on hydrophilic substrates [97, 153-154]. The transition from the 

compact to extended form is most likely due to the electrostatic interactions with the surface 

that disrupt the stabilizing intramolecular bonds and cause unfolding of the protein. The 

density of FN molecules present on the surface will also influence the protein packing and 

hence conformation; FN adsorbed to form a monolayer will pack more tightly in an upright 

conformation.  At low densities, the adsorption behaviour is related to single isolated proteins 

[153, 155]. It is believed that the bioactivity of FN is greater in the extended form due to 

exposure of the RGD region, as confirmed from cell studies that control the FN conformation 

[98, 100]. Even when FN adsorption (density) is significantly reduced on hydrophilic surfaces, 

the presence of the bioactive conformation of the protein (i.e. exposure RGD region) leads to 

a better cellular response [97, 100, 154]. 
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1.5 Overarching Aims 

At present, the underlying mechanisms of controlling cellular interactions on OCP using 

electrical stimulation is not well understood; though recent studies are revealing that the role 

of mediating ECM proteins such as fibronectin is critical. The effect of the physical and 

chemical properties of OCPs on ECM protein has not been well characterized beyond the bulk 

physical properties and interactions. In particularly, specific interactions between biological 

dopants, purposely incorporated into the polymer to enhance biospecificity, and ECM protein 

have yet to be elucidated. Furthermore, changes in the protein dynamics and interactions as 

function of electrical stimulation have only been recently investigated at the ensemble protein 

scale but not at the molecular level. Molecular level details will provide great insight and 

represent a significant leap forward in understanding interactions at the cellular – OCP 

interface. 

At present, the underlying mechanisms of controlling cellular interactions on OCP using 

electrical stimulation is not well understood; though recent studies are revealing that the role 

of mediating ECM proteins such as fibronectin is critical. The effect of the physical and 

chemical properties of OCPs on ECM protein has not been well characterized beyond the bulk 

physical properties and interactions. In particularly, specific interactions between biological 

dopants, purposely incorporated into the polymer to enhance biospecificity, and ECM protein 

have yet to be elucidated. Furthermore, changes in the protein dynamics and interactions as 

function of electrical stimulation have only been recently investigated at the ensemble protein 

scale but not at the molecular level. Molecular level details will provide great insight and 

represent a significant leap forward in understanding interactions at the cellular – OCP 

interface. 
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 To  better  understand  the  interactions  of  proteins  and  cells  with  OCP,  the  thesis 

therefore aims to: 

• Characterise the nanoscale physical properties of PPy biomaterials with a range of 

dopants using AFM. The nanoscale physical properties to be characterized include 

roughness, topography, modulus, and strain and will be correlated cell studies 

undertaken on the same PPy biomaterials. 

• Investigate the nanoscale  spatial  distribution  of  surface properties, such  as 

conductivity, surface potential and surface energy, using a range of different AFM 

techniques. These lateral variations in surface properties will then be correlated with 

experiments on protein interactions at the OCP surface. 

• To directly measure the interaction of single molecule protein interactions with OCP 

using AFM single molecule force spectroscopy. We aim to investigate the effect of   

incorporating biological dopants, such as GAGs, that are known to be specific for 

binding of ECM proteins and the effect of electrical stimulation. Such measurements 

will represent the first study on directly measuring specific biomolecular interactions 

with OCP under electrical control. 

• To investigate the effect of nanoscale lateral variations in surface properties on the 

protein interactions using AFM Force Mapping. The latter will enable the use of 

functionalized probes to “map” the protein interactions (e.g. adhesion) across  the  

surface  whilst  simultaneously  recording  the  topography  with nanometre resolution. 
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• To investigate the effect of optically stimulating an OCP incorporating light 

sensitive molecules (spiropyran) on surface topography and energy. AFM force 

spectroscopy will be used to directly measure the strength of protein adhesion as 

function of light switching. 

 

 

  



2-48 
 

 Atomic Force Microscopy Methodology   2

 

 

 

Scanning Tunnelling Microscopy (STM) was a technique developed in the 1980's by Binning 

and Rohrer who received the 1986 Nobel Prize in Physics for their later work on the 

invention of Atomic Force Microscopy (AFM) [156]. STM uses quantum tunnelling to measure 

the density of states of a conductive surface. The tunnelling current between a surface and 

conductive tip is quantified as a function of tip position and voltage. STM has a much higher 

resolution (0.1nm lateral resolution and capable of  atomic  resolution)  than  optical  

techniques  as  it  is  not  limited  by  an  optical diffraction limit. However, one major 

limitation of SPM is that the surface must be conductive. Atomic force microscopy (AFM) was 

developed as a method for very precise, atomic scale surface imaging for both conductive 

and insulating surfaces [157]. AFM is a versatile tool that is capable of high resolution 

topographical imaging, mechanical property analysis, and measuring surface forces and 

interactions down to a nanometric scale. 

Table 2-1: Comparison of AFM and other microscopy techniques 

 Lateral 
Resolution 

Imaging 
Environment 

Sample Requirements 

Optical  0.2 m Air, fluid Dark or strongly diffracting 
objects best 

Scanning EM <1 nm - 20 nm 
(best 0.4 nm) 

Vacuum Conductive, or conductive 
coating, dry, fixed 

Transmission EM ~0.2 nm 
(best 0.05 nm) 

Vacuum Thin (~100 nm), lengthy 
Sample Preparation 

STM 0.1 nm Vacuum, gas, 
liquid 

Conductive, relatively flat, no 
loose particles 

AFM <1 nm Vacuum, gas, 
liquid 

Relatively flat (<20m), no 
loose particles 
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Table 2-1 lists a comparison of the major imaging techniques with AFM. The resolution of 

AFM (typically 1-2 nm lateral resolution for most commercial systems) approaches the limit 

of EM systems and STM, surpassing optical microscopy, with the limitations of resolution 

dependent on the mechanical components of the system. The technique can be applied in 

a range of media, such as air, fluid or a gas atmosphere, compared to vacuum based systems. 

Samples prepared for AFM have simple preparation and fewer limitations. Unlike EM 

techniques, imaging can be conducted in fluid to enable biological samples (even living cells) 

to be imaged in near physiological conditions. A disadvantage of AFM is the limited imaging 

area, as most AFM systems have a maximum scanning distance of 90-150 μm in the x or y 

axis. The samples also cannot be overly high, as the vertical limit of the Z-scanner is 

typically 10-20 μm for most AFMs. Compared to optical and EM techniques, AFM imaging is 

slower due to raster scanning of the AFM tip. However, high-speed imaging AFMs reaching 

almost video- rate imaging capabilities have recently been developed and represent the 

systems of the future. 
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2.1 AFM Design and Operation 

A typical AFM set-up is illustrated in Figure 2-1A.  The AFM is comprised of five main 

elements; the piezoelectric scanner, the cantilever, the photo diode, the controller and a 

feedback loop. The AFM begins a scan by bringing a tip mounted on a cantilever into contact 

with the surface. The tip is raster scanned across the surface in the X and Y direction using 

a piezoelectric scanner (depending on AFM system either the cantilever or the sample may be 

moved). 

 

Figure 2-1: (A) AFM schematic of the major components; (B) contact mode signals, surface (blue), deflection (green) and Z piezo (purple). 
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The  scan  rate  is  measured  as  the  frequency of  the  tip  as  it  travels  through  one 

complete raster of a single scan line (i.e. scan rate of 1 Hz moves the tip back and forth along 

one scan line in 1 sec). As the tip is scanned across the surface, topographical causes 

deflection of the cantilever. The cantilever deflection is detected by a laser beam that is 

reflected off the end of the cantilever (where the tip is located) and into a photodiode. The 

photodiode generally has four quadrants that measures changes in the position of the laser 

and thus corresponding changes in the cantilever deflection. These changes in the laser 

position, or effective cantilever deflection, are recorded as a voltage by the photodiode. 

The feedback loop monitors the deflection of the cantilever in order to control the Z- position 

of the tip relative to the sample surface. In contact mode imaging, the feedback loop keeps 

the cantilever deflection constant at a setpoint defined by the operator by adjusting the 

height of Z- scanner. Figure 2-1B illustrates the cantilever deflection signal (green), as the tip 

scans across a height change on the surface (blue). Changes in the height of the Z-piezo 

scanner to keep the cantilever constant (at the setpoint) correspond to height of topographic 

features (purple). By combining the X, Y, and  Z  data,  a  3-D  topographic  image  can  then  be  

collected.  Small errors in the feedback can occur at the edges of surface features and cause 

an over- or undershoot of the setpoint. These are observed as small changes in the deflection 

signal (spikes in green signal) and delineate the edges of features in commonly acquired 

deflection or error signal images. 

The two main parameters that control the tip interaction during scanning are the setpoint and 

gains control. The applied force between the tip and sample is controlled by the setpoint. For 

example, a higher the set-point voltage that results in greater cantilever deflection will 

increase the applied force acting on the sample. The gains control, particularly the integral 
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gains, is used to modulate the speed of the feedback loop. If the gains are set too high, the 

feedback becomes unstable and introduces noise into the image. However, very low gains 

results in a poorly responsive feedback, i.e. the change in the Z-piezo height cannot adjust in 

response to the topographic features, a greater error signal and poor tracking of the sample. 
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2.2 Scanning Modes 

2.2.1 AC Mode 

To avoid potential damage to the sample in contact mode imaging due to lateral forces, 

AC mode, also known as tapping or intermittent contact mode, is commonly implemented. 

AC mode uses an oscillatory signal to drive the cantilever at a set frequency (close to the 

cantilever's resonant frequency) using a piezoelectric crystal. The tip is oscillated at a free 

amplitude that is greater than the nominal tip-surface distance, so that when the tip 

comes into contact with the sample surface the amplitude is dampened (Figure 2-2). 

To obtain an image in AC mode, the feedback maintains a constant amplitude (setpoint 

amplitude) of the AC cantilever deflection signal of the cantilever, as the tip is scanned acorss 

a height change on the surface (blue in Figure 2-2)  The amplitude setpoint is typically set at 

80% of the free amplitude. Similarly to contact mode, changes in height of  the  Z-piezo  

scanner  that  are  required  to  maintain  the  setpoint  amplitude correspond to the height of 

the topographic features (dark blue). 
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Figure 2-2: AC mode schematic, sample surface (blue), deflection signal (green), amplitude signal (maroon) and Z piezo signal (purple). 

Asylum research MFP-3D AFM Manual 04-08 and [160] 

 

The setpoint amplitude of the AC deflection signal can be adjusted so to control the ‘tapping 

force’ of the tip on the sample. AC mode is preferred for delicate samples as the probe lateral 

forces are much lower and therefore can be used in fluid to great effect for imaging soft 

samples such as biological specimens or gels. Low spring constants are useful for soft or 

delicate samples, as they greatly reduce the amount of applied force on the sample. 

Conversely, high spring constant cantilevers are more suited to imaging air to overcome the 

strong attractive forces (i.e. meniscus forces) between the tip and sample. 
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2.2.2 Cantilever Properties 

The imaging tool of the AFM is the tip located at the end of the cantilever (Figure 2-3). 

Cantilevers generally have either a ‘diving board’ or triangular design (Figure 2-4) and are 

designed with various dimensions, namely variations in length and width. The tip is typically 

pyramidal in shape coming to a sharp apex of ≈ 5-20 nm in diameter for high resolution 

imaging (Figure 2-5). Tips can be produced with various aspect ratios (high resolution tips can 

have ratios of 12:1) and tip shapes (rotated polygon, 3 and 4-sided pyramids, rounded tip, 

plateau tip). 

  

Figure 2-3: SEM image of a tip and cantilever (Nanosensors TM, Neuchátel Switzerland) 

 

Figure 2-4: SEM image of four AFM cantilevers with both triangular and diving board geometries on the same chip  
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Figure 2-5: TEM image of a PointProbe® Plus tip (Nanosensors TM, Neuchátel Switzerland) 

 

The cantilever can be made of various materials, commonly silicon nitride, but also silicon or 

silicon oxide. The cantilever and tip are generally produced through batch chemical etching of 

silicon nitride wafers. The tips can be altered post-production to produce specialized tips, such 

as depositing high density carbon for extremely hard tips, or attaching carbon nanotubes for 

very high aspect ratios tips. The tip may be coated with gold, platinum or platinum/iridium for 

AFM applications that require a conductive tip. Most cantilevers also have coatings on the 

backside to enhance laser signal reflectivity, usually a chromium or aluminium alloy.  

The spring constant and resonant frequency of a cantilever are important parameters for AFM 

measurements. Cantilevers are made with spring constants ranging from very soft cantilevers 

(0.06 N/m) to very stiff (40 N/m). Stiffer cantilevers may cause damage to softer samples 

through sheer and indentation forces, while a soft cantilever is more suited to operation in 

fluids for high sensitivity measurements. 
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The cantilever is essentially a beam with a fixed end, which makes calculation of the spring 

constant reasonably simple using geometric models. The spring constant of a cantilever, as an 

end-loaded thin beam, is given as; 

  
    

   
   (1)  

where E is the Young’s modulus of the cantilever. The spring constant is dependent on the 

geometry of the cantilever (width w, length L and thickness t,   

Figure 2-3), and has a strong inverse relationship with the cantilever length. The resonant 

frequency (ω) of the cantilever has a simple relationship with the spring constant as 

 

  √
 

 
    (2) 

where m is the mass of the cantilever. Cantilevers with a higher resonant frequency are 

preferable as they allow faster scanning rates due to the increased response time of the 

cantilever. Both spring constant and resonant frequency are chosen depending on the AFM 

mode used, which is discussed below. 

 

2.2.3 Topographical Imaging 

To produce a topographical image of a sample the Z-piezo signal is converted from volts to 

metres using the calibrated piezo sensitivity. Changes in the Z-piezo height during scanning 

are then plotted relative to the X Y position of the tip to produce true 3-dimensional 
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topographic image. Figure 2-6 shows a topographical height image of a polypyrrole film 

sample across a 500 x 500 nm area. 

 

Figure 2-6: Contact mode image of polypyrrole in air, 1 Hz scan rate, 0.8 V set-point 

 

An advantage of AFM topographical images is that they contain quantitative information on 

surface properties such as the roughness and surface area.  Roughness values are generally 

calculated as an RMS (root-mean-square average) value, which is the function of height 

deviation from the mean surface level within a scan. This can be represented as; 

    [
 

 
∑   

  
   ]

 

 
    (3) 

where N is the number of data points and Zi  is the distance from the mean surface level [62].  

For example, the polymer surface in Figure 2-6 has an RMS roughness of 8.9 nm and a surface 

area of 0.294 µm2 (compared to the scan area of 0.25 µm2, an increase of 17.8%).  
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2.3 Phase Imaging 

During AC mode imaging, it is possible to simultaneously acquire a height image and phase 

image that is related to changes in the materials properties across a sample such as adhesion 

or Young’s Modulus [159-161]. The phase of the cantilever oscillation will generally shift (or 

lag) due to energy dissipation resulting from tip-sample interactions. More specifically, the 

phase signal represents the phase shift between the AC voltage applied to the cantilever (used 

to drive the cantilever oscillation) and outputted AC deflection (oscillatory) signal of the 

cantilever deflection, which is collected in the photodiode. Figure 2-7 is a schematic of an 

oscillating cantilever as it scans across a theoretical sample with two different materials, A and 

B. 

 

 
Figure 2-7: Schematic of a tip scanning across a surface with two areas of different energy dissipation. Height signal (green) shows no change 

while the phase signal (purple) changes with a difference of Δ°, corresponding to the change in the oscillatory signal. 
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The phase signal as the tip scans over Material A is not shifted relative to the cantilever 

deflection, while on Material B the signal is shifted 90°, indicating the latter contains different 

material properties. Even though the height of the sample does not change (Figure 2-7 green 

line), the phase imaging is sensitive to the two different regions. 

The energy dissipation related to the phase signal of the cantilever can be described by a 

simple harmonic oscillation. In this case, the cantilever with a stiffness, k0,  is freely oscillating 

with a frequency of ω0  and free amplitude of A0  when it is far above the surface. At the 

cantilever resonance (with no interaction with the surface), the phase is at 90°. When the 

cantilever is brought into contact with the surface, the cantilever oscillation is dampened to 

amplitude A. 

This is described mathematically in Equation (2)  [162]; 

  
   

   

   
(
  

 
      )   (2) 

where P is the tip-sample power dissipation and Q0 is the quality factor of the cantilever. It is 

important to note that there are two solutions to this equation, which are illustrated in Figure 

2-8 (dashed line). When the phase shifts above 90°, the tip is operating in the attractive 

regime, where the tip is attracted towards the surface. When the phase shifts below 90°, the 

tip is operating in the repulsive regime and the tip experiences repulsive interactions at the 

surface. 
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Figure 2-8: Schematic of two possible solutions to Equation (1) and the resulting phase lag signal. The dotted line represents the solutions and 

the solid line represents a theoretical tip approach [163]. 

 
 
More often in experiments, an initial attractive region followed by a ‘jump-down’ into a 

repulsive region is observed (solid line), particularly if sufficiently higher free amplitudes (A0) 

and lower set-points (A) are used.  This jump from attractive to repulsive regions is termed 

bistability (arrow with dashed line) and may result in phase artefacts if the tip uncontrollably 

moves between the two regions. As long as the phase remains in either the attractive or 

repulsive regime, any shifts in the phase are directly due to changes in the energy dissipation 

between tip and sample [162]. Figure 2-9 shows topography and phase images of a poly 

(sebacic anhydride) (PSA) and poly (DL- lactic acid) (PLA) blend of two different ratios (Figure 

2-9A and B 10% PLA/90% PSA, Figure 2-9C and D 40% PLA/60% PSA). 
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Figure 2-9: (A) Topography and (B) Phase-detection imaging of 10% PSA/90% PLA. Maximum phase shift 45⁰.(C) Topography and (D) Phase-

detection imaging of 40% PSA/60% PLA. Maximum phase shift 52°. (E) Cantilever vibration amplitude and phase shift measured on 60% PS 
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The sample is a polymer blend of two materials with different physical properties, semi-

crystalline PSA and amorphous PLA. The phase images of each sample (Figure 2-9B and D) 

clearly show that there are two phases present, a light and dark contrast, consisting of a phase 

shift of ~50°. An increase in the light phase correlates with an increase of PLA in the polymer 

blend. The phase-separation curves on each of the polymers shows a different response as the 

tip comes into contact (Figure 2-9E). As the tip approaches PSA (long dashed line) there is 

initially a repulsive force until the tip is ~4 nm from the surface and then the force becomes 

attractive. This correlates with a phase shift of ~ 9°.  As the tip approaches PLA (dotted line) 

the initial repulsive force is overcome sooner and the tip feels an attractive force from a 

distance of ~6 nm giving a final phase shift of ~ 20°. With prior knowledge of such samples, we 

are able to correlate the phase change with differences in the material crystallinity (stiffness). 

In this  case,  the  dark  and  light  phases  indicate  the  harder  PSA  and  softer  PLA, 

respectively [164]. This is reinforced by the higher ratio of light phase areas for the higher 

ratio of PLA in the polymer blend. When a sample, like PLA, is amorphous and soft  the  tip-

sample  deformation  results  in  energy  dissipation  from  the  tip  to  the sample and thus 

shifts in the phase signal. This is in contrast to the more crystalline and hard PSA [164-165]. 
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2.4 SPM Techniques 

2.4.1 Conductive AFM 

Conductive AFM (C-AFM) is a scanning probe microscopy (SPM) method that measures the 

conductivity of a sample using a conductive probe in contact mode. The conductive probe is 

generally a silicon or silicon nitride probe with a metallic or metallic alloy coating. The C-AFM 

tip and sample interaction is illustrated in Figure 2-10. 

 

Figure 2-10: Schematic of C-AFM tip and sample. A DC voltage bias is applied to the conductive tip or sample. The current (blue arrow) 

passing through the tip to the sample is measured.  

 

A DC voltage bias is applied to the tip while the sample is held at a ground potential. When the 

tip is in contact with the surface a current flows from the tip through the sample and into the 

conductive sample holder. Alternatively a bias can be applied to the sample and the flow of 
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current from sample to tip is measured. This flow of current between tip and sample is 

simultaneously measured with topography as the tip scans across the surface. A conductive 

image is created using the current signal versus the X- Y location of the tip on the sample. 

Contrast in the conductive image is gained from differences in conductivity across the surface. 

As this technique is conducted in contact mode damage to softer materials may occur due to 

lateral forces of the tip and it is often the case that the conductive coating of the tip is 

damaged. 

2.4.2 Kelvin Probe Force  

The surface potential of a sample can be measured using Kelvin probe force microscopy 

(KPFM).  KPFM is a non-contact scanning method which uses a potential offset between tip 

and sample to measure electrostatic forces, and requires a conductive tip. Figure 2-11A 

illustrates how we measure a change in surface potential with KFPM. The tip and surface have 

different work functions (the difference being ΔФ) which results in a flow of electrons from 

the tip to the surface (Figure 2-11A.i), assuming the tip has the smaller work function which is 

typical. A second feedback loop is used to apply a DC voltage (VDC) to the tip (Figure 2-11A.ii). 

In addition, a sinusoidal AC signal (VACsin(ωt) ) is applied to the cantilever to oscillate it at its 

resonant frequency (Figure 2-11A.iii). The total voltage applied to the tip contains both DC and 

AC components (V = VDC + VACsin(ωt) ).  
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Figure 2-11: Schematic of (A) tip-sample forces during KFPM; (i) differences in work function, (ii) applied DC voltage bias to tip which is equal 

to work function difference and (iii) AC voltage results in electrical oscillation of AFM tip [173]. (B)  Schematic of KFPM tip and sample 

interaction. 

 

The application of AC voltage applied directly to the conductive tip, and constant potential 

difference between tip and sample, produces an oscillating electrostatic force. Importantly, 

the feedback adjusts VDC to nullify this electrostatic force and the changes in VDC, otherwise 

known as the contact potential difference, reflects the surface potential of the surface [166]. 

When scanning an image, the tip first scans a single pass across the sample in AC mode to 

acquire topographical data and uses this height data to repeat the pass with the tip at a 
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constant height (blue dashed line) above the surface (Figure 2-11B). An image is produced by 

plotting the surface potential voltage with the X-Y position of the tip on the sample. If the tip 

has been calibrated on a surface with a known work function (to determine the tip work 

function), this method can be used to calculate the work function across a sample. 

 C-AFM and KPFM on OCPs 2.4.2.1

C-AFM and KPFM has been used extensively to analyse changes in conductivity across OCP 

surfaces. Previous studies on PT [160] and PPy films [64] using C-AFM and KPFM have shown a 

higher conductivity and changes in surface potential correlating with changes in topography, 

indicating the heterogeneous conductive nature of OCPs.  

 

 

Figure 2-12: Simultaneous topography and surface potential scan (top), topography and current (bottom) for polybithiophene film with cross-

sections below respectively [160] 
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Figure 2-12 shows both KPFM and C-AFM scans of a polybithiophene conducting polymer with 

simultaneous topography [160]. The darker areas in the KPFM scan (Figure 2-12A) correspond 

to nodular features in the topography scan. The cross- sections in Figure 2-12A shows that for 

the higher, nodular regions of the film there is a lower voltage (~-0.2 V), and hence, work 

function. Figure 2-12B shows the current sensing with a negatively applied bias (meaning a 

negative current correlates to higher conductivity). Darker areas in the C-AFM scan also 

correspond to nodular features in the topography scan. The cross-section in Figure 2-12B 

shows that the higher regions of nodules correspond to areas of negative current (~ -20 pA) 

and hence areas of higher conductivity. For conducting polymers prepared as films, electrical 

AFM techniques are ideal for analysing electrical surface properties and provide high 

resolution lateral information [167]; imaging these polymers can be difficult however, due to 

the softness of the material (as C-AFM must be conducted in contact mode) and effects from 

variable contact resistance between the tip and sample.  
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2.5 Electrochemical AFM 

Electroactive properties of conducting polymers are best studied in situ in order to elucidate 

the dynamic, electrochemical properties of the polymers and their interactions. This has been 

achieved by applying Electrochemical AFM (EC-AFM) to conducting polymers that allows the 

dynamic redox surface properties of the polymers to be probed in electrolytes during 

electrical stimulation [44, 168-171]. 

EC-AFM  involves  using  the  sample  as  a  working  electrode,  with  a  counter  and 

reference electrode incorporated into a 3-electrode electrochemical cell underneath the 

AFM scanning head. The tip scans or probes the surface whilst an electrical potential is 

applied to the polymer. This technique has been used to study morphological changes on the 

surface of PPy as the polymer is reduced and oxidised [170] and the degradation of PPy as it is 

placed under oxidative stress [171]. 

EC-AFM is not limited to topographical scans as the tip can be used to measure various signals 

such as real-time z-displacement of the surface. Changes in the material volume with an 

applied voltage can be directly measured by keeping the tip in contact with the surface with 

the feedback on. For example, as the surface swells and shrinks, the height of the Z-

piezo will move up and down accordingly and recorded to quantify the displacement of the 

surface. 
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Figure 2-13: Typical result of two subsequent oxidation reduction cycles. Potential of the substrate (above). Signal of the z-piezo (below). The 

signal to noise ratio is rather low leading to a readout error of up to 10% [169]. 

 

Figure 2-13 displays an applied potential to a PA polymer (top) and the height change 

measured in volts by the Z-piezo (bottom). An oxidation/reduction cycle between -0.2V and 

0.45V was applied to the PA film and a height change of 26.9 nm was observed (converted 

from piezo voltage). The slope of the Z piezo signal is due to long-term drift in the system that 

can be corrected to measure an accurate change height of the Z- piezo [169]. Thus, EC-AFM is 

able to measure in real-time the swelling and shrinking of the PA with an applied potential. 

The actuation of a surface can also be measured using a ‘slow-scan disabled’ image. In this 

case, the tip scans for a specified distance over the same line repeatedly along the X-axis and 

the Y-axis is quantified as time. 

This type of measurement is shown in Figure 2-14A for the mechanical actuation of a PPy film 

during the application of cyclic voltammogram (CV). The AFM scan is shown as a function of 

time and allows for direct observation of the actuation of the film across a distance of 1 
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micron. Figure 2-14B displays the cross-section of the height measured in Figure 2-14A with an 

overlay of the voltage and current signal. The film reversibly swells in response to reduction 

and shrinks with oxidation [44]. Providing that the electrical and  physical  behaviour  of  the  

film  does  not  interfere with  the measurements, the use of EC-AFM allows full 

characterization of these electroactive materials, as they are electrically stimulated. 

 
Figure 2-14: (A) AFM height image of the 10 min grown PPy/PSS- film in 0.05 M NaPSS during a cyclic voltammogram (CV) measurement 

initiated at ∼150 s into the AFM scan. CV was performed with an applied,potential moving from -500 to +500 mV at 50 mV/s for five cycles. 

(B) Cross-sectional height profile (black line) taken through the vertical line shown in (A) as a function of the CV time (s). The height profile 

shows a cyclic increase and decrease in height, and out-of-phase response with the corresponding applied voltage (blue square) and current 

(red hatch) signals[44]. 
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2.5.1 Design of EC-AFM 

A 3-electrode electrochemical cell was developed for use with the Asylum AFM system used in 

this project. The experimental schematic is illustrated in Figure 2-15. The counter electrode 

surrounds the working electrode (conductive sample), essentially creating a virtual 2-

dimensional electrochemical cell. The electrolyte covers both electrodes and forms a meniscus 

with the AFM cantilever holder as it approaches the surface to fully immerse the system in 

electrolyte. The cell is connected to a potentiostat for external electrical stimulation.  The 

electrical stimulation does not affect the deflection of the laser through the fluid [172] and the 

electrochemical cell is completely isolated and does not interfere with the electronics of the 

AFM. A small Ag wire pseudo-reference is inserted from the side and is preferable to an 

Ag/AgCl reference electrode as it easily fits into the e-cell without interfering with the AFM 

head (Appendix I). The reference electrode was also calibrated and showed no difference to 

the use of a conventional reference electrode. 

 

 
Figure 2-15: (A) Cross-section and (B) top view of EC-AFM three point electrochemical cell schematic. The working electrode is coloured in 

green, the counter electrode in red and the reference electrode (yellow). 
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2.6 Force Spectroscopy 

A unique method of AFM is force spectroscopy; a technique that enables the direct 

measurement of   tip-surface   interaction   forces with   very   high   resolution.   This 

technique can be performed in air or in fluid. 

2.6.1 Principles of Force Spectroscopy 

Force is measured with an AFM by performing a force curve. A force curve is a plot of 

cantilever deflection as a function of Z-piezo position and can be conducted as a function of 

the X-Y position.  

A force spectroscopy curve is comprised of four main regions, as displayed in Figure 2-16, 

which provides information about the tip-sample interaction.  At point (i) in Figure 2-16, the 

approaching tip is far above the surface and there is no recorded cantilever deflection or 

interaction between tip and surface. At point (ii), the tip feels long-range repulsive forces and 

then makes contact with the surface. The Z-piezo position continues towards the surface, 

causing the tip to deflect (linear slope in contact region) until it reaches a maximum deflection 

(point iii). 
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Figure 2-16: Illustration of a typical cantilever deflection/force vs. (A)piezo/sample (or tip) position, and (B) tip-sample separation. Approach 

curve is solid, retract curve is dashed. Adapted from [175]. 

 

The Z-piezo then retracts away from the surface and the cantilever deflection reaches zero. If 

there are adhesion forces between tip and sample, the cantilever may continue to deflect 

downward (point iv) until the adhesion forces are overcome and the cantilever “snaps” back 

to its unperturbed position (zero deflection) as it continues to move away from the surface. 
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The conversion of the deflection (typically in volts)-piezo position curve into a force- distance 

curve (illustrated in Figure 2-16B) is necessary for quantification of forces. 

Firstly, the inverse optical sensitivity (inVOLS) of the cantilever obtained from the inverse of 

the slope in the contact region (point iii), is used to convert the deflection voltage into metres. 

By knowing the spring constant of the cantilever, the cantilever deflection can be converted 

into a force using simple Hooke's Law; 

         (1) 

where k is the spring constant of the cantilever and x is the deflection of the cantilever in 

metres. The tip-sample distance is calculated by adding the cantilever deflection and Z piezo 

distance. Hence for an infinitely hard surface the curve is vertical once it makes contact with 

the surface (as demonstrated in Error! Reference source not found.B). 

2.6.2 Cantilever Calibration 

The cantilever must be calibrated when performing quantitative AFM force spectroscopy 

measurements. Cantilevers are sold with a manufacturer’s spring constant, however variation 

throughout batches of cantilevers occurs and for accurate measurements each cantilever 

should be individually calibrated. The relationship between tip-sample forces and spring 

constant is described using Hooke’s Law (1).  

In order to quantitatively determine the force we must know the spring constant. The spring 

constant can be calculated using the thermal noise method, or with the geometry of the tip 

[176]. The cantilever is modelled as a simple harmonic oscillator, and when a harmonic 

oscillator is in equilibrium it will fluctuate in response to thermal noise [177]. In order to 

isolate the thermal oscillations from ambient noise a thermal spectrum of the cantilever 
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deflection is measured. As the ambient noise is very unlikely to have the same frequency as 

the cantilever's resonant frequency, the noise can be subtracted from the resonant frequency 

peak. The area under the resonant frequency peak is a measure of the power of the cantilever 

thermal fluctuations; hence the spring constant can be estimated:  

  
   

 
   (2) [177] 

Where kB is the Boltzmann constant, T is temperature and P is the area of the power 

spectrum of the thermal fluctuations. This method is calculated using the AFM software once 

the resonant frequency and optical sensitivity of the cantilever has been obtained. For a more 

detailed description see Hutter and Bechhoefer [175]. 

The Sader method requires the cantilever geometry and a measurement of the cantilever 

resonant frequency and quality factor. The spring constant is calculated using the geometric 

measurements of the tip (width w and length L) and the density of the surrounding fluid:    

           
     (  )  

   (3) 

Where ρf is the density of the fluid surrounding the cantilever (i.e. air, water), Q is the quality 

factor of the resonant frequency peak, ω2
0 is the resonance frequency of the cantilever, Γi is 

the imaginary part of the ‘hydrodynamic function’, which takes into account the viscosity of 

surrounding fluid (η) and is dependent on Re.  

   
     

 

  
   (4) 

Re is the Reynolds number which contains the resonant frequency of the AFM tip. As the 

Sader method uses the geometry of the tip and resonant frequency, but no physical 

manipulation of the tip (i.e. performing a force curve) this method is more advantageous 
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when keeping the tip pristine before beginning experiments. This method is available online 

to quickly calculate the spring constant of a cantilever 

(http://www.ampc.ms.unimelb.edu.au/afm/calibration.html), and is also available in the App 

Store for iPhones (http://itunes.apple.com/gb/app/sader-method/id402544930?mt=8) for 

easy calibration of cantilevers on the go. 

2.6.3 Force Curve Interactions 

There are many different tip-sample interactions that can occur as the tip approaches and  

retracts  from  a  surface  and  display  characteristic  force  curves.  Figure 2-17 presents 

several typical forces curves to highlight different interactions. 
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Figure 2-17: Examples of force curves. The AFM tip is presented as a ball on a spring. Notice that the curves are shown as force versus 

sample-position curves, which is the most common way they are displayed in the literature. (A-D) are approach curves, (E-H) are retraction 

curves. Adapted from [175] 

 

Figure 2-17A is an ideal, attractive van der Waals force, Figure 2-17B is a repulsive 

electrostatic double layer in fluid, Figure 2-17C is polymer-brushing forces resulting from 

thermally driven motion of polymers grafted onto a solid surface in solution and Figure 2-17D 

is an indentation into an elastic sample. In the case of Figure 2-17D, the point of contact is 

where the cantilever begins to deflect. Figure 2-17E is adhesion between the tip and a surface 
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in the absence of any contaminants. Figure 2-17F shows capillary (meniscus) adhesion 

between the tip and surface with adsorbed water (very typical in ambient conditions). Figure 

2-17G is polymer-extension curves where there is a negative deflection far from the surface 

(as the polymer stretches at a constant force) until the polymer breaks or detaches from the 

surface and then jumps back to zero deflection.  Figure 2-17H is the unbinding of specific 

receptor-ligand pairs. The stepwise return to zero deflection from an adhesion point can be 

attributed to the sequential unbinding of multiple receptor-ligand pairs [173]. 

These different tip-sample interactions can be very useful for characterising materials. For 

example, elastic indentation curves (Figure 2-17D) are used to determine the Young's modulus 

of a material. Using force spectroscopy, specific biomolecular forces between molecules on 

the tip and surface can be quantified, as in Figure 2-17H. 

2.6.4 Young’s Modulus 

The Young’s Modulus of a material can be quantified using AFM. This type of measurement 

utilizes the approach and indentation areas of a force curve. Typical force-distance curves can 

qualitatively reveal information about the stiffness of a material. Figure 2-18A shows a 

schematic of an approach curve as a tip pushes into two materials of differing stiffness that 

undergo linear compression. The slope of the force-distance curve can be used to qualitatively 

compare the stiffness. The first material (solid line) is stiffer than the second material (dashed 

line) as it has a higher slope; i.e. a force of 20 nN corresponds to the tip pushing 20 nm into 

the first material compared to a distance of 40 nm for the second material - hence the first 

material is stiffer. This is not a quantitative method and is only useful for pseudo-quantitative 

comparisons. To fully quantify the Young’s modulus, force curves must initially be obtained on 

an infinitely hard surface followed by the sample. For hard surfaces, the force-distance curve 
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typically has a linear response as the tip does not indent the material under an applied load. 

However, indentation of soft materials will occur and typically displays a non-linear increase in 

the force in the contact region. Figure 2-18B illustrates a linear force curve on a hard surface 

(dotted line) compared to a non-linear response on a soft material. The indentation (I) is 

calculated as the Z-height between any two points on the hard on soft sample curves at a 

given force,  i.e. at 5 nN the indentation is ~220 nm (Figure 2-18B). By knowing the 

indentation as a function of force, several different models can be used to calculate the 

Young’s modulus, including the Hertz, the JKR, and the DMT model [174]. 

 

Figure 2-18: (A) Simulated force curves of materials of different stiffness, m being the slope of the linear response. (B) Simulated force curve 

of a soft material, showing a non-linear indentation response (solid) compared to the linear behaviour on a stiff material (dotted). 

Indentation (I) is annotated with the arrow. Adapted from [176] 
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The JKR and DMT models take into account adhesion to the sample, outside or inside the 

contact area, respectively [174]. However, in this work we have applied the Hertz model to 

our data to fit for Young’s modulus, as the adhesion force between sample and tip is much 

lower than the maximum load. 

This model is best applied when the sample is much softer than the indenting material (AFM 

probe). For a spherical indenter indenting an elastic, homogenous material the Hertz model is 

described as; 

  
     √  

 (    )
 
 

    (4) 

Where F is the applied force by the indenter (the tip), I is the indentation depth, R is the radius 

of the spherical indenter (generally 10-20 nm), v is the Poisson's ratio and Etot is the complex 

Young’s modulus [177]. A spherical model is applicable as the interaction area between the tip 

and sample is assumed to remain spherical due to the indentation forces used; the shape of 

the indenter dictates the exponent in Equation (4) which for a sphere is 
 

 
. Punch and cone 

indenters can be applied to the Hertz model, which have exponents of 1 and 2 respectively. 

The complex Young's modulus is a function of the Young's modulus of both the tip (indenter) 

and the sample (indented material), given as  
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where vt is the Poisson’s ratio of the tip, Et is Young’s modulus of the tip, vs is the Poisson’s 

ratio of the sample and Es is the Young’s modulus sample. Using a Si3N4 tip we assume the 

Young's modulus is 290 GPa and the Poisson’s ratio is set to 0.25 using the manufacturer’s 



2-82 
 

data of the tip. As the Et is known, we are able to obtain Etot from a fit of the force versus 

indentation curves and thus the Young’s modulus of the sample can be calculated. 

Figure 2-19 displays a Hertz model fit applied to two deflection-indentation curves performed 

on a fibroblast cell [176]. Deflection is given here as the Y-axis as it has not been converted to 

force, however the Hertz model can still be applied. The dotted black line is an example force 

curve on a hard surface, used to provide a zero-point for the indentation. The distance 

between the dotted line and sample force curves gives the sample indentation (I). 

 

Figure 2-19: Two sample force curves performed on different regions of a fibroblast cell (thick). A Hertz model has been fitted to each curve 

(thin), with the calculated Young’s modulus for each fit annotated next to the appropriate curve. The left curve was taken on a thick region on 

the cell, the right taken on a lamellipodial region. Adapted from [176] 

 

The curve with the larger indentation is fitted to give a Young’s modulus of 3.5 kPa, while the 

curve measuring a smaller indentation gives a Young’s modulus of 42 kPa. The softer curve 
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was performed on a thick part of the fibroblast, while the stiffer curve was performed on the 

thinner lamellipodial region. The fit follows the data well at low loading forces, however 

begins to deviate as the indentation approaches the known thickness of the two sample 

regions (at higher loading forces). Thus, while the Hertz model is well applied to calculating 

the Young’s modulus from force-distance curves, care must be taken that as a general rule the 

indentation distance should not exceed 10% of the material’s thickness, so as to minimize the 

influence from any underlying substrate [178].  

2.6.5 Force Volume Mapping 

The force spectroscopy methods described above operate at a single point X-Y on the sample 

surface. Using the same methods, we can measure forces across a surface in a grid array to 

provide lateral resolution to the force spectroscopy. This method, termed 'Force Mapping', is 

widely used to sample interaction forces (e.g. adhesion) across a material. 

Figure 2-20 is an illustration of a force-volume map. The resolution of the scan area (i.e. 5μm x 

5μm area) is defined by the number of ‘pixels’ (typically 32 x 32 or 64 x64). Each pixel 

represents a single force curve from which the height and other parameters (i.e. modulus and 

adhesion) can be extracted and displayed as an image. 
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Figure 2-20: Force-volume imaging illustration. Each pixel within the image is a force distance curve.[175] 

 

An image can be created by plotting the force values versus the X-Y position of the tip. 

Topographical data is also measured during a force curve to produce a corresponding height 

map. During a force-volume map, the tip has a set starting height above the surface (for 

example, 500 nm). The topographical height is determined by the point where the tip 

comes into contact with the surface relative to the starting height. 
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Figure 2-21: Force volume maps of (A) topography and (B) modulus of a PE sample. (C) Force plot illustrating force-distance curved obtained 

on soft layer(*) and hard layer in the places indicated with arrows in the height image (A).[179]  

 

Figure 2-21 shows a force volume map of simultaneous topography (A) and stiffness (B) across 

a material using approach curves. The topographical map in Figure 2-21A shows there are 

fibre-like features on the surface. Figure 2-21B is a map of differences in the deflection of the 

cantilever at Z0 (Figure 2-21C) and shows hard and soft regions across the sample 

corresponding the topography. Two force curves from Figure 2-21B are graphed in Figure 2-

21C, with their topographical position marked in Figure 2-21A. The difference in the slope of 

the contact region of the force curves indicate that the marked (*) curve is pushing into a 

softer surface compared to the unmarked curve. 
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Figure 2-22: Elasticity map (A) and corresponding topography (B) of a living "broblast (NIH3T3) calculated from 64 pixel]64 line force curves. 

Data acquisition time was 40 min. The nuclear portion (marked N) is the softest (about 4 kPa). A small softer portion was observed in the 

perinuclear region (marked by arrow). P represents a region with a high concentration of microtubules. [180] 

 

A quantitative force-volume map can be produced by using the indentation data of each 

approach force curve and applying a Young's modulus fit. A living fibroblast was mapped by 

applying the Hertz model to the indentation data to reveal regions of variable stiffness [180]. 

Figure 2-22A shows the variation in Young's modulus across the cell, ranging from ~4 kPa to 

150 kPa. The height image of the fibroblast is mapped in Figure 2-22B and the nucleus area of 

the cell (marked N) is observed to be softer. The stiffer areas are attributed to microtubules 

within the cellular structure (further confirmed by immunofluorescence data not shown here) 

[180]. 
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Figure 2-23: (A) AFM height scan (height contrast of 0-72 nm), and (B) force-volume map of thin lube sputter textured surface of a hard disk. 

(C) Force plot illustrating force-distance curves obtained at places indicated with arrows on elevated (*) and flat regions of the disk. Force 

variations are measured as the difference between cantilever deflections in the force curve at the Z0 position in (C). [179] 

 

Force volume mapping can also be applied to adhesion forces with retract curves. The AFM 

height image in Figure 2-23A is of a computer hard disk surface sputtered with lubricant. The 

force- volume map (Figure 2-23B) displays the difference in cantilever deflection across the 

same area as the height image. The force curves in Figure 2-23C were performed on the flat 

disk surface and on an elevated feature (*) and show a difference in adhesion as the tip pulls 

away from the surface. As the force-volume map uses the cantilever deflection value at the Z0  

point (marked in Figure 2-23C), the dark areas indicate a lower adhesion than the bright areas, 

thus the elevated regions are more ‘sticky’ than the flat regions.   
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2.6.6 Single Molecule Force Spectroscopy 

The functionalization of AFM tips with molecules allows specific interactions to measured 

using force spectroscopy. 

 Functionalization Methods 2.6.6.1

A wide variety of chemical functional groups and biomolecules can be attached to the tip 

either through physisorption or chemical bonding. Importantly, the forces binding the 

molecule to the tip must be stronger than the interaction forces with the surface to ensure 

they remain immobilized on the tip. The functionalized molecules should also have enough 

mobility to interact freely with complementary molecules or ligands[181]. 

There various strategies to chemically functionalize an AFM tip. AFM tips are generally made 

of Si or SiN3 and often require an initial functionalization layer to facilitate attachment of 

other molecules. Gold coatings on AFM tips enable thiols and disulfides to bind strongly 

through their mercapto group and form self-assembled monolayers (SAMs) on the tip surface. 

From this basic chemical bonding, hydrocarbons can be chosen for specific interactions and 

forces between the surface and defined chemical groups can be measured. As schematised in 

Figure 2-24A, the tip can have many different hydrocarbon groups attached through this 

method, for example carboxyl, hydroxyl, methyl, amide and amine molecules [182-183]. The 

tip can be used to study many  different  interactions  such  as  those  with  other  

hydrocarbon  groups  (Figure 2-24A). Silanization is another method used to modify the Si or 

SiN3 tip surface where the reaction is with the silanol group. The silane layer can then be used 

to covalently bind the desired molecule to the surface [174]. 
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Figure 2-24: (A) Tip coated with a thin gold layer, then immersed in a thiol solution (RSH) to form a layer of hydrocarbon groups. Similarly, a 

cleaned Si or Si3N4 tip functionalized with a reactive silane RSiCl3. R represents an organic alkyl chain that ends with a functional group X (X = 

CH3, COOH, CH2OH, NH2, etc) [184]. (B) Common strategies used for modifying AFM tips for single molecular recognition studies: 

physisorption of proteins such as biotinylated BSA, chemisorpotion of alkanethiols on gold and covalent coupling of silanes on silicon oxides 

[185]. 

 

When studying biological systems, immobilization of biomolecules such as proteins can be 

achieved through several methods, as illustrated in Figure 2-24B. Non-specific physisorption 
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of biotinylated bovine serum albumin (BBSA) can be used to attach avadin/streptavidin to the 

tip and can even then be further reacted to attach biotinylated molecules. The gold-thiol 

approach can also be used to bind biomolecules. For example, the use of SAMs has been 

applied to the binding of alkanethiols on a gold-coated tip to bind N-hydroxysuccinimide as 

cross-linker for the subsequent attachment  of  His-tagged  protein  (Figure  2-24B).  

Silanization  is  often  used  to covalently bind proteins to an AFM tip. The silane is bound to a 

cross linking agent, such as gluteraldehyde or polyethylene glycol (PEG) (as used in Figure 2-

24B), that tethers the protein to the probe [186]. The cross-linkers generally have two 

different functional ends, an amine-reactive and a thiol-reactive end, to direct the binding 

[181]. 

 Single Molecule Spectroscopy using Biomolecules  2.6.6.2

Single Molecule Force Spectroscopy is a method that directly measures the interaction 

between single molecules on the AFM tip and/or surface. In addition to measuring binding 

forces, we can also observe the confirmation and behaviour of the protein under tensile 

forces. Some approaches to measuring biomolecular forces have in fact involved placing an 

entire living cell on an AFM tip and measuring the interaction with a specific surface. For 

example, A K562 cell was attached to the AFM probe and the forces between the cell and a 

substrate coated with FN measured. The α5β1  integrin interaction with the RGD sites in FN 

was observed; the interaction of the α5β1/FN domains 7-10 was shown to be stable but 

the dissociation was very sensitive to a pulling force [187]. AFM tips functionalized with 

single molecules, such as antibodies used to bind to antigens on a surface, can be 

appl ied  to determine the specific unbinding force [188]. 
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Receptor-ligand interactions mediate a variety of cellular interactions and processes. 

Performing single molecule force spectroscopy using a receptor-ligand pair can assist in the 

understanding of these interactions [189]. The ligand-receptor pair in Figure 2-25A is 

present in plants and the lectin concanavalin A has interesting aggregating properties when 

binding to certain glucose groups. The tip was functionalized with oligoglucose 

hexasaccharides and the subsequent interaction with concavalin-A analysed. Figure 2-25 

shows an unbinding force of 100 pN along with non-linear elongation forces. This force profile 

is indicative of single lectin-carbohydrate complex rupturing, indicating a specific interaction 

[189]. AFM has also been used to measure single protein-surface interactions on surfaces 

with well-defined surface chemistries to study the behaviour of FN to help elucidate 

subsequent cellular behaviour [96, 190]. 

 

 

Figure 2-25: Interaction illustration between hexasaccharide-terminated tips and concanavalin A-functionalized substrate. Force-distance 

curves measured show adhesion forces of ~ 100 pN [189]. 
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Proteins have been used primarily for studying many protein-material, protein-cell and 

protein-protein interactions [191]. There has been a major research effort on the unfolding of 

proteins and their domains, and the forces required for this. 

Table 2-2: Stretching of multi-domain proteins, adapted from [191]. Extension is the stretching length of a subunit or domain. 

Native protein, recombinant 
fragment, or polyhomodomain 

Extension per sub- 
unit/domain (ΔLc) 

Average force 
(pN) 

Reference 

α2-macroglobulin 150nm for each of 
four identical sub- 
units; 

>250 [192] 

Titin (native protein or recombinant 
fragments containing 8 or 4 immuno-
globulin) 

25±28nm 150±300 [193] 

Nine identical repeats of the C2A 
domain of synaptotagmin I[(C2A)9]  

38nm 
(106 amino acids) 

~60 [194] 

Tenascin (native protein or 
recombinant fragment containing 15 
Fn-III-like domains) 

28.5nm ~140 [195] 

Spectrin (native protein or 
recombinant fragment) containing 
repeats 13±18; α-actinin (four 
spectrin-like domains α1±α4) 

31.7nm ~25±35 [196] 

Four identical repeats of a rat 
calmodulin domain CaM4 

The protein extends 
in one step; 225nm 

~600 [194] 

 

 Table 2-2 lists just some of the work done in the area of protein stretching and unfolding, and 

the lengths and forces measured. Using the extension lengths it is possible to identify the 

domain and the intermolecular forces occurring as it is stretched. Biological binding forces 

typically lie with the range of 50-400 pN [181], forces which are very small but easily 

measured using AFM. 

The unfolding events of the protein occur when a protein undergoes a stretching force and 

also reveal information on the interaction of the protein with the surface [197]. 
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If the molecule functionalized on the AFM tip is a biomolecule consisting of individual folded 

domains, such as a FN, unfolding of these proteins occurs when a tensile force is applied 

during extension of the protein (Figure 2-26A). 

 

Figure 2-26: (A) Schematic showing the structural transitions in multi-domain proteins giving rise to multi-peak force curves. (B) Typical force 

curve obtained on stretching multi-domain proteins [191].
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Initially the protein is extended and gives rise to a non-linear increase in the force 

profile (non-linear region of peak). When there is sufficient force, one of the domains 

within the protein unfolds and causes the cantilever to relax (deflection return to 

zero). The cantilever continues to pull the protein until the unfolded region reaches its 

fully extended length (e.g. contour length) and force is again sufficient to cause 

unfolding of another domain. This cyclic stretching and unfolding is typically observed 

as multiple “saw-tooth” peaks where the spacing between each corresponds to the full 

unfolded length of a single domain (Figure 2-26B). The specific force required to unfold 

the domains has previously been related the thermodynamic stability of the protein 

[191]. 

These single protein AFM measurements can be prepared through either 'picking' the 

protein off a surface whilst measuring the interactions with the AFM cantilever [195]. 

Alternatively, the protein can be attached to the AFM cantilever through 

functionalization and brought down to the surface to measure the interactions [174, 

198-199]. By directly functionalizing the probe there is more freedom and repeatability 

in the measurements. 

The forces generated when the AFM pulls on modular proteins such as FN is an 

important in the context of cell matrix interactions that usually occur involve either 

internal or external forces that act on, or are applied by, the cell [187]. These 

mechanical force and subsequent protein unfolding play a role in the polymerization of 

FN to its fibrillar form (i.e. fibrillogenesis), which helps to assemble the ECM around 

the cell [147]. 
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 Functionalized Tip Force Volume Mapping 2.6.6.3

More specific detail about surface characteristics can be gained using force-volume 

maps in conjunction with a specially functionalized tip. Interactions across a surface 

can be mapped to reveal areas on a sample that influence, or bind directly to the 

molecule attached to the tip. By simultaneously acquiring a topographical map, it is 

possible to correlate the specificity of interactions with topographical features. 

Figure 2-27 shows a force volume map calculated from the rupture forces between a 

AFM tip functionalized with lectin and two different types of blood cells, group A and 

O.  The lectin used (helix pomatia) has a high specificity for N-aetylgalactosamine- 

terminated glycolipids that are present in group A red blood cell membranes. The force 

volume map, using the adhesion values of the force curves (Figure 2-27A), shows 

higher adhesion only on some of the cells. In the topographical image (Figure 2-27B), 

the cells are indistinguishable from each other. As the lectin binds specifically to group 

A blood cells, the two different blood cell types can be identified by comparing the 

force volume adhesion map to the topographical map [200]. 
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Figure 2-27: (A) Adhesion image of a mixed group of A and B blood cells. (B) Topographical image of the blood cells. Scale bars are 

5 µm. [200] 

 

This  example  highlights  that  force  volume  mapping  using  functionalized  probes 

provides high resolution lateral information on the tip-surface interactions. This is 

particularly important for materials that are inhomogeneous, or contain bioactive 

components, that may support biological interactions with lateral dependency across a 

surface. 

 Importance of Studying Single Molecule 2.6.6.4

Interactions In order to determine how a material is influencing cellular response, the 

molecular basis of cell-material interactions must be understood. Using bulk methods 

such as immunofluorence staining and radioactive labelling will reveal information on 

essential protein interactions (adsorption and conformation). Methods that operate on 

the scale of a single cell, and smaller, offer far more information than bulk or visual 

techniques. This information is hugely relevant to the molecular mechanisms that 

trigger cell interactions. Using a cell adhesion molecule, such as the protein FN, 
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offers a much more specific and unprecedented control over studying cell-material 

interactions. The conformation of a protein can be visualised using microscopy 

methods [97, 152] or measured through time-of-flight secondary ion mass 

spectrometry [201] and circular dichromism [202-203]. However, actively measuring 

interactions occurring in real-time as a single protein binds to a surface is beyond 

these techniques. The previously described section on single molecule AFM (2.6.6.2, 

pg. 2-92) is able to address the ability to undertake real-time, direct measurements at 

the single molecular level. 
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 Physical Properties of Polypyrrole 3

Biomaterials 

 

 

3.1 Introduction 

Biomaterials that have multiple functions, or are bioactive, are the focus of intense 

interest in the tissue engineering sciences. This type of biomaterial provides a scaffold 

for physical support, as well as making use of additional properties to augment the 

function of the surrounding biological environment [15]. OCPs mmare relatively new to 

the tissue engineering field and appear to be excellent candidates for use as bioactive 

materials  due  to  their  biocompatibility  [204]  and  ability  to  perform  multiple  bio- 

related functions, including topographical cell guidance [205-206], controlled drug 

release [32], mechanical stimulation and electrical stimulation [28, 207-208]. In 

particular, the inherent conductive properties of OCP are ideally suited for stimulating 

cells that respond to electrical signals such as muscle and nerve [209]. Their efficacy 

for nerve and muscle tissue regeneration [210] has been shown by the ability of OCP 

implants to promote in vivo cell growth through electrical stimulation [28]. Their ability 

to function in vivo has also benefited from incorporating biomolecules (biodopants) 

into the polymer, a process termed doping [211]. Optimising this process to introduce 

specific biomolecular interactions at the polymer interface, has seen the use of ECM 
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molecules [29, 106, 212]. By increasing the inventory of suitable biodopants, OCPs 

have potential to become more widely applicable to different cell and tissue types. 

3.1.1 Biomolecular Doping of Polypyrrole 

The process of doping is well characterised and generally occurs during the synthesis 

of the polymer [40]. Oxidation of the monomer results in polymerisation to produce a 

conjugated polymer chain with positive charges along its length. Anionic molecules in 

the growth electrolyte (dopants) are then incorporated to balance the charge on the 

polymer [106, 212]. 

When incorporated into the polymer, exposed chemistries of the biodopants are 

attributed to increasing biocompatibility by promoting favourable cell interactions at 

the polymer surface. ECM molecules such as HA and CS have previously been 

incorporated in the commonly used OCP, PPy [106, 212]. Biodoped PPy has been 

subject to several in vitro studies on the efficacy of the material as a cellular substrate. 

No difference was observed between single PPy/HA bilayers and PPy films doped with 

the non-biological molecule, poly(sodium 4-styrenesulfonate) (PSS), when assessing 

their cytotoxicity and ability to support pheochromocytoma rat cell(PC-12)  growth 

[105]. However, the PPy/HA bilayers performed better when implanted into 

subcutaneous rat tissue for in vivo experiments. PPy/HA surfaces in a different study 

were observed have active HA groups available on the polymer surface,  but had poor 

PC-12 rat cell adhesion when not in the presence of NGF [123]. PPy/HA and PPy/CS 

films have also been reported as biocompatible substrates for supporting osteoblast 

cell growth [29]. PPy/CS has been assessed for biocompatibility using human fibroblast 

cells, which showed good spreading and adhesion on the polymer substrates with and 
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without the use of foetal calf serum (FCS)[106]. Cell adhesion on the PPy/CS substrates 

without FCS was explained by the polymer surface interacting with the cell adhesion 

molecules via RGD sequences in the cell proteins, suggesting a role for the chemical 

specificity of the biodopant in enhancing the material biocompatibility. 

3.1.2 Dopant Influence on Physical Properties 

At present, ECM molecules are mainly chosen as biodopants under the premise that 

the polymer will have a higher binding affinity for cell adhesion molecules (e.g. 

integrins). However, the incorporation of a biodopant into the polymer, irrespective of 

its biological activity, will inevitability give rise to characteristic physical properties 

specific to the dopant-polymer combination. Variations in morphologies of PPy have 

been observed for different dopants, which are evident in many studies of PPy across 

a range of dopants   [20, 30, 62, 105, 108, 161, 167, 170, 213-214].  For example, 

the incorporation of HA into PPy was qualitatively shown to result in rougher and 

more brittle films when compared to PPy/PSS films [105]. For PPy/CS films, the 

surface roughness  was  observed  to  increase  as  a  function  of  the  CS  dopant 

concentration[106]. Hence, in an effort to improve the biocompatibility through 

chemical specificity of the dopant, ensuing changes in the physical properties of the 

polymer can also occur. Beneficial or detrimental changes to the properties in terms of 

influencing cell growth may account for the observed variations in the dopant 

performance. 
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3.1.3 Selected Biodopants 

To gain a better understanding of the effect of different biodopants on the physical 

properties of OCP, we studied PPy films doped with ECM components using AFM. We 

specifically investigated PPy films that were assessed in our recent study on the growth 

and differentiation of primary skeletal muscle cells[20]. More specifically, HA and CS 

were the chosen biodopants in both these studies, as they can be found in the ECM 

and provide specific growth, cell regeneration and adhesion factors[106, 215]. DS was 

chosen as another biodopant and acts primarily as an anti-coagulant, though also plays 

a role in the immune system. Of the non-biological dopants for comparison, the anion 

para-toluenesulfonic acid is a relatively small and simple molecule compared to the 

biodopants and has been studied extensively for its electroactive properties [208]. The 

polyelectrolyte poly(2-methoxyaniline-5-sulfonic acid) was also included as a non- 

biological dopant. PMAS as a large counter-ion is less likely to leach out of the polymer 

regardless of electrochemical state. Both PPy and PMAS are also redox active as well, 

which gives rise to multiple switching abilities of a PPy/PMAS composite [216]. 

3.1.4 Characterising Physical Properties 

The quantification of nanoscale physical properties of the PPy biomaterials is an 

important foundation in understanding how the biomolecular dopants change polymer 

properties. AFM was used to measure the physical properties commonly recognised as 

stimulus cues for influencing cell behaviour, including topography [73], roughness [74-

75] and Young’s modulus [79]. In contrast to studies assessing the bulk properties of 

free-standing OCP films[217], AFM allowed probing of the nanoscale properties, which 
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is  relevant considering  that  cellular  interactions  with  the  polymer  films  vary  over 

similar length-scales. 
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3.2 Materials and Methods 

3.2.1 Reagents 

The pyrrole monomer was obtained from Merck and distilled prior to use. The 

chemicals used as the dopants were the sodium salts of pTS, HA, DS, CS and PMAS. CS 

and DS were obtained from Sigma, pTS from Merck and HA from Fluka. All solutions 

were prepared with deionised Milli-Q water (18.2MΩ).  

3.2.2 Preparation of Biodoped Polypyrrole 

Gold coated mylar was firstly prepared by cutting into strips of 0.5 cm by 2 cm area 

and then cleaned with methanol and Milli-Q water. Gold coated Mylar (18 Ω/square) 

was purchased from CPFilms Inc (USA). An aqueous monomer solution of 0.2 M pyrrole 

and 2 mg/mL of the dopant was degassed in N2 for 10 min prior to polymerisation of 

the polymers. PPy films were grown galvanostatically at a current density of 0.25 

mA/cm2 for 10 min in the aqueous monomer solution using an eDAQ EA161 

potentiastat. Polymer growth was performed in a standard 3-electrode 

electrochemical cell with the gold coated mylar as the working electrode, a platinum 

mesh counter electrode and Ag/AgCl reference electrode. After growth, the films were 

washed with Milli-Q water, gently dried with N2 gas and placed in petri dishes until 

use. 

3.2.3 Profilometry  

A Veeco Dektak Profilometry system (Veeco Instruments Inc., NY) was used to measure 

the thickness of the films in air. A stylus force of 3.0 mg was used and three line 
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profiles were recorded on each film. For each doped film, three film samples were 

analyzed. 

3.2.4  Topography 

The polymer films were imaged in 0.1 M NaCl using a MikroMash CSC21 cantilever 

(spring constant of ≈2 N/m) in AC mode with an MFP-3D AFM (Asylum Research, CA). 

Scans of 10 µm and 2 µm were performed at a scan rate of 1 Hz. The RMS roughness 

(RRMS)  values of the scans were calculated using the Asylum Research analysis program 

in Igor Pro software (WaveMetrics, OR). 

3.2.5  Force Measurements 

Force measurements were conducted using a MikroMash cantilever with thermally 

calibrated spring constant of 37 N/m. The polymer films were pre-soaked in 0.1 M NaCl 

for 24 h to ensure full hydration and then the measurements performed in fresh NaCl 

solution. Each film was firstly imaged over a 20 µm square area in AC mode, with five 

points within the image selected as the X–Y positions of the force measurements. The 

AFM tip could be accurately moved to these positions using the closed-loop feedback 

system controlling the X–Y piezos. At each point, a minimum of five force curves were 

performed using a scan rate of 0.5 Hz and maximum load of 200 nN. The force versus 

distance curves were converted to force versus indentation (F–I) curves and then fitted 

by the Hertz model to quantify the Young’s Modulus, as described in Chapter 2-2.5.1 

By using the same cantilever tip for the measurements, we could also further eliminate 

variations in the tip radius and shape to give a relative comparison of the modulus 

between the differently doped films. 
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3.2.6 Electrochemical AFM  

EC-AFM was implemented by positioning a 2-dimensional electrochemical cell on the 

AFM sample stage. The  electrochemical cell was made out of a Teflon block that 

consisted of a u-shaped fluid well etched around a platform. A PPy/dopant coated gold 

Mylar  strip  was  glued  onto  the  platform  and  acted  as  the  working  electrode.  A 

platinum mesh counter electrode was positioned in the fluid well and a silver wire 

reference  electrode  was  placed  alongside  the  polymer  film.  Measurements  were 

carried out in0.1M NaCl solution, which was injected into the fluid well to immerse the 

three electrodes. Five points were selected on the film using the top-view optics of the 

AFM. The cantilever tip was then brought into contact with the polymer surface, with 

the Z-piezo feedback keeping the deflection of the cantilever constant (i.e. at the 

deflection set-point value). A biphasic pulse voltage with a ±100 mV potential range 

was applied to the polymer film at different frequencies of 0.1, 1 and 10 Hz using an 

eDAQ  EA161  potentiostat.  A  minimum  of  20  pulses  were  performed  for  each 

frequency at the five positions on the polymer film. During the applied potential, the 

displacement due to expansion and contraction of the film (i.e. electromechanical 

actuation)   was  measured  by   recording  the  Z-piezo   voltage  output.   For   these 

recordings, the displacement of the film caused a deflection of the cantilever, which 

was maintained at the set-point by adjusting the height of the Z-piezo. The latter could 

be calculated from the Z-piezo voltage output using the sensitivity of the piezo and 

corresponded to the actual height change of the sample. The Z-piezo height was 

recorded simultaneously with the applied potential and current signals using an eDaq 

recorder and e-Chart software 
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3.3 Results 

3.3.1 Morphology 

AFM imaging revealed that each dopant-polymer film displayed a nodular morphology 

common for PPy films [6][7][8] (Figure 3-1), with the exception of PPy/PMAS. The 

morphology of PPy/CS (Figure 3-1C), PPy/DS (Figure 3-1D) and PPy/pTS (Figure 3-1F) 

were very similar, each with uniformly sized nodules, while PPy/HA had larger 

irregularly sized nodules (Figure 3-1E). PPy/PMAS had a smoother morphology 

comprised of particulate surface features that were significantly smaller than the 

nodules of the other films (Figure 3-1A). In some cases for PPy/PMAS, the images 

showed a ‘smeared’ appearance, indicating that the surface consisted of a softer 

material that was easily displaced/damaged by the AFM tip during scanning (Figure 

3-1B). The surface morphologies in Figure 3-1 were consistently observed for each 

dopant-polymer combination in many AFM scans and on different film samples. 

3.3.2 Roughness 

A direct comparison of the film roughness for each polymer-dopant is shown in 3-

dimensional height images (Figure 3-2). Each image has a comparable z-height scale 

(500 nm maximum) and was taken over a 10 µm scan area. The RMS roughness (RRMS) 

values calculated for each type of film are shown in Figure 3-2F.  
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Figure 3-1: AFM 2 µm scans. (A) PPy/PMAS, (B) PPy/PMAS, (C) PPy/CS, (D) PPy/DS, (E) Ppy/HA, and (F) PPy/pTS.  Z range of 200 

nm.  
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Differences in the roughness for PPy/CS, PPy/DS, PPy/pTS and PPy/HA were reflected 

by differences in the dimensions of their nodular structures. In particular, PPy/HA and 

PPy/pTS were the roughest films for 10 µm scans with RRMS values of 32.3 nm and 30.1 

nm, respectively. The next roughest film over 10 µm scans was PPy/DS (25.2 nm), 

while PPy/CS and PPy/PMAS were significantly smoother with values of 12.1 nm and 

5.8 nm, respectively. RRMS values were also calculated for the 2 µm scans in Figure 3-1 

and compared in Figure 3-2F.  

 

Figure 3-2: 3-dimensional height images of 10 µm AFM scans. (A) PPy/PMAS, (B) PPy/CS, (C) PPy/HA, (D) PPy/DS, (E) PPy/pTS, and 

(F) Histogram showing the R¬RMS values for each film and scan areas of 2 µm and 10 µm. 
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For these 2 µm scans, PPy/HA had a lower value of 24.8 nm and PPy/pTS had a 

significantly lower value of 9.9 nm. This decrease in the roughness for the smaller 

scans was due to PPy/HA and PPy/pTS having a non-uniform surface morphology 

consisting of larger nodules structures with smoother intervening areas (i.e. smaller 

nodules). The larger nodules, particularly in the case of PPy/pTS, were increasingly 

observed in the larger scans. In contrast, the RRMS values for 2 µm scans of PPy/DS 

(25.1 nm), PPy/Cs (11.4 nm), and PPy/PMAS (5.4 nm) were not significantly different to 

the larger scans, indicating that these dopant-polymers had a more uniform nodular 

morphology across the surface. 

3.3.3 Thickness 

Height profiles of each polymer-dopant film obtained from the profilometry 

measurements are shown in Figure 3-3A, with their mean thickness values given in 

Figure 3-3B. The thickest film was PPy/DS with a mean value of 342 ± 11 nm and the 

thinnest film being PPy/PMAS with a value of 150 ± 19 nm. PPy/pTS and PPy/HA had 

similar thicknesses of 276 ± 25 nm and 264 ± 24 nm, respectively, and PPy/CS was 

measured to have a thickness of 228 ± 19 nm. 
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Figure 3-3: (A) Representative profiles of each film (B) Histogram of mean film thickness. Error bars are standard error   

 

 

3.3.4 Young’s Modulus 

Force versus indentation curves indicated that PPy/PMAS was the softest film due to 

the larger indentation distances being measured at applied forces equivalent to the 

other films (i.e. the gradient of the curve is lower for softer films) (Figure 3-4A). A 

relative comparison showed that PPy/CS was stiffer than PPy/PMAS, followed by the 

order of PPy/DS, PPy/HA and PPy/pTS. The latter three were significantly stiffer than 

PPy/PMAS and PPy/CS. Hertzian fits to the curves provided a quantitative comparison 

of the Young’s modulus for each of the polymer-dopant combinations (Figure 3-4B). 

PPy/PMAS had a significantly lower mean modulus value of 30 ± 2.0 MPa compared to 

PPy/CS, which recorded the next highest value of 293 ± 31 MPa. Similar values for 

PPy/DS (706 ± 44 MPa) and PPy/HA (660 ± 49 MPa) were significantly higher than 

PPy/CS and PPy/PMAS. PPy/pTS recorded the significantly highest value of 1000 ± 87 

MPa compared to all other films. 



3-111 
 

 

Figure 3-4: (A) Representative force-indentation curves for each film. (B) Histogram of mean Young’s modulus, each column 

represents the average value on one spot on the surface. Error bars are standard error. 

 

Significant variation in the modulus values was also observed across the five different 

positions within each film sample (Figure 3-4B), indicating that the modulus of the 

films was not uniform across the surface. For instance, PPy/pTS recorded a high 

modulus value of 1250 MPa in one position, but also recorded a 50% modulus 

decrease of 600 MPa in another position. Similar variations of between 10-50% within 

the samples were also observed for the other films.   
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3.3.5 Mechanical Actuation 

During the application of the biphasic voltage pulse, the polymer films undergo 

expansion and contraction (electromechanical actuation) due to the diffusion of 

electrolyte ions in and out of the polymer to compensate for a charge imbalance on 

the polymer backbone. Figure 3-5A shows an example of the applied biphasic potential 

(dashed red), current signal (thin black) and converted Z-piezo height signal (thick 

green) for the mechanical actuation of PPy/CS when electrically stimulated at 0.1 Hz 

(i),1 Hz (ii), and 10 Hz (iii). 

During the application of a positive voltage (oxidation) pulse, an increase in the Z-piezo 

signal indicated that the height of the sample increased, or the film had expanded. The 

Z-piezo signal then decreased, indicating the film contracted during the negative 

voltage (reduction) pulse. Figure 3-5A (i) shows that the Z-piezo signal plateaued 

during the constant potential region of the pulse at the slowest stimulation of 0.1 Hz, 

indicating that the film had reached maximum expansion/contraction during the 

stimulation cycle. At 1 Hz (Figure 3-5A,i), the actuation decreased and showed a 

triangular profile, while no actuation was discernable at 10 Hz (Figure 3-5A, iii). 

Differences in the polarity of actuation were observed for the polymer films. PPy/CS, 

PPy/DS, PPy/HA and PPy/PMAS were all observed to expand during reduction of the 

films, while PPy/pTS expanded during oxidation. The observed decrease in actuation 

with an increase in the electrical stimulation frequency was expected due to the time-

limited diffusion processes of the dopant ions moving in and out of the polymer (i.e. 

larger actuation is achieved at lower frequencies because the ions have more time to 

diffuse into the polymer. 
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Figure 3-5: (A) Example PPy/CS data for biphasic waveform stimulation and actuation with frequencies. Red represents the voltage 

signal, green represents the Z piezo signal and black represents the current signal; (i) 0.01 Hz (ii) 0.1 Hz (iii) 1 Hz. (B) Histogram of 

mean actuation height for 0.1 and 1 Hz stimulation. (C) Histogram of mean % strain for 0.1 and 1 Hz stimulation. All error bars are 

standard error. 

 

At 0.1 Hz, PPy/CS (9.4 nm) showed the greatest actuation height followed by HA (7.9 

nm)> PMAS (6.7 nm)> DS (5.2 nm) and pTS (5.2 nm) (Figure 3-5B). At 1 Hz, the 

actuation height consistently ranged from 2 to 4 nm, with no significant differences 

observed between the dopant–polymer films (Figure 3-5B). Figure 3-5C shows the 

maximum strain calculated using the mean thickness value of each film. PPy/CS (4.7%) 
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and PPy/PMAS (4.6%) showed significantly higher strains at 0.1 Hz compared to 

PPy/HA (3.3%), PPy/pTS (2.2%) and PPy/DS (1.6%). A similar trend in the strain was 

observed for the films at 1 Hz. 

3.3.6 Correlation of Physical Properties 

Table 3-1 shows a summary of the quantified values for the different physical 

properties, including morphology, roughness, modulus, actuation and strain. In 

particular, when the polymer films were arranged in order of modulus, the modulus 

values appeared to show a correlation with the roughness and strain. For example, a 

modulus increase correlated with an increase in roughness, while films with the lowest 

modulus (CS and PMAS) also had significantly higher strain values when compared to 

the other films. 

Table 3-1: Summary of physical properties for each dopant–polymer. Errors are standard error. 

Dopant Morphology 
Roughness (nm) 

Thickness 
(nm) 

Young’s 
Modulus 

(MPa) 
Actuation (nm) % Strain 

2 µm 10 µm   0.1 Hz 1 Hz 0.1 Hz 1 Hz 

pTs Nodular 9.88 30.10 276 ± 25 1000 ± 87 5.2 ± 0.1 2.68 ± 0.05 2.2 1.1 

HA Nodular 24.76 32.30 264 ± 24 706 ± 44 7.9 ± 0.9 3.1 ± 0.2 3.3 1.3 

DS Nodular 25.08 25.20 342 ± 11 660 ± 49 5.2 ± 0.2 2.9 ± 0.2 1.6 0.9 

CS Nodular 11.38 12.13 228 ± 18 290 ± 31 9.4 ± 0.8 3.54 ± 0.2 4.7 1.8 

PMAS Smooth 5.43 5.84 150 ± 19 30 ± 2 6.7 ± 0.6 2.83 ± 0.06 4.6 1.9 
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To observe these correlations more clearly, Figure 3-6A and Figure 3-6B shows plots of 

the  roughness  and  strain  versus  the  modulus.  The  roughness  and  strain  were 

confirmed to have a positive and negative correlation with the modulus, respectively. 

As a consequence of these correlations, a 3-dimensional plot in Figure 3-6C shows that 

the physical property signatures of the different films tended to group together 

according to having either a: 1) low modulus, low roughness and high strain (PMAS and 

CS), or 2) high modulus, high roughness and low strain (DS, pTS and HA). 

 

Figure 3-6: A. RMS roughness vs. mean Young’s modulus for each dopant-polymer film. B. Strain vs. mean Young’s modulus for 

each dopant-polymer film. C. 3-dimensional plot for each polymer-dopant film using strain, roughness and Young’s modulus to 

define the positions. 
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3.4 Discussion 

3.4.1 Material Properties of Biodoped Films 

 Topography 3.4.1.1

The incorporation of four of the dopants (CS, DS, HA, pTS) resulted in subtle variations 

in the commonly observed “nodular” Ppy morphology[57]. These variations were due 

to differences in the size and frequency of the nodule structures and quantitatively 

represented by differences in their roughness values. PPy/PMAS films lacked the 

distinct nodular morphology and were significantly smoother, as confirmed in our 

recent studies on the use of PPy films for mammalian cell growth [20]. Since the PMAS 

dopant ion is itself a conducting polymer, the significant difference in its film 

morphology can occur during polymerisation through not only electron transfer in the 

PPy network but also the PMAS chains[216]. Oxidation of the PMAS may also provide 

additional electrocatalytic sites for pyrrole oxidation during the film growth[216]. 

 Roughness 3.4.1.2

Although these film morphologies were similar to those in our related study [20], there 

were differences in the absolute roughness and thickness values. This related study 

was done in tandem with the work presented here, correlating the PPy films with 

skeletal muscle cell adhesion and differentiation.  Ppy/pTS roughness values (100 nm) 

for our previous study were significantly higher than the values obtained here. 

Conversely, roughness values for DS (7.5 nm) were significantly lower. Differences in 

these roughness values coincided with differences in their film thicknesses, where 

PPy/pTS (1850 nm) and DS (31.8 nm) in our previous study were significantly thicker 
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and thinner, respectively, when compared to this study. As PPy films generally become 

thicker and  rougher with  longer  polymerisation  times  [20],  this  suggests that  the 

extent of PPy/pTS and PPy/DS film growth differed between the two studies, even 

though the same polymerisation solution and growth times were used. It is noted that 

different electrochemical cells were used, thus any variations between the 

experimental setups (e.g. cell volume, distance between electrodes, cell resistances) 

may cause differences in the deposition efficiencies of the films. Despite these 

differences, the relative trends in both studies were similar in that pTS and HA were 

significantly rougher, followed by DS, while CS and PMAS were the smoothest films. 

 Young's Modulus 3.4.1.3

The Young’s modulus of the different films after 24 hr in electrolyte ranged from 

0.030-1.000 GPa, indicating a significant effect of the dopant on the modulus of the 

Ppy material. For comparison, a modulus of 1.5 GPa has been reported for free- 

standing, 32 µm thick benzenesulfate doped PPy films in air[218]. The elasticity of 

these films reduces to ≈ 0.7 GPa after immersion in electrolyte for 60 for 1 hour. Other 

conducting polymers such as PEDOT/PSS have a modulus ranging from 1.5–3 GPa for 

free standing films in air, where the value decreases with an increasing humidity range 

of 25-65% [219-220]. For modulus values determined directly in electrolyte, PPy free- 

standing films have typical values of 0.1 – 0.8 GPa[70-71, 221], which depend on the 

voltage applied to the polymer during the tensile test measurement. Our modulus 

values obtained from the AFM measurements are comparable to the above values and 

also  recent  studies  using  AFM  to  directly  measure  the  modulus  of  supported 

PEDOT/PSS  (1.3  GPa)[222]  and  PPy/PSS  (0.6  –  1GPa)[44,  218]  films  in  air  and 
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electrolyte, respectively. The former study confirmed the reliability of their AFM 

measurements by calibrating the technique using a set of reference samples of known 

modulus (independently measured using DSI testing). Modulus values for our samples 

may also equate with higher than expected values when considering the differences 

between supported nanometer thick films and the majority of measurements done on 

free-standing micron thick films. Polythiophene films that reach < 500 nm thickness 

have shown a 3-fold increase in modulus[223]. Nanometer thick conducting polymer 

films are also generally considered to be denser and less porous, thus the uptake of 

solvent  and  associated  increase  in  plasticization  of  the  polymer  may  be  less 

pronounced for these films. 

By using the same cantilever tip for the measurements, a direct relative comparison of 

the modulus could be made between the different films. In particular, the PPy/PMAS 

films not surprisingly had the lowest modulus (30 MPa), which was also qualitatively 

indicated by damage to the film’s surface caused by lateral forces imposed by the AFM 

tip during imaging. PPy/PMAS has hydrogel-like properties and its high water content 

of > 90%[216] is expected to contribute to the observed low modulus.  The significant 

increase of modulus for the other four doped films (pTS, HA, DS, CS) may be associated 

with their reduced water content, though the exact reason for the differences requires 

further  investigation.  Attempts  were  made  to  measure  the  cross-sectional  height 

profile of the films when dried and hydrated, yet no significant height change in any of 

the films due to swelling was observed. 

The significant variations of up to 10-50% in the modulus observed across the surface 

of the films are likely to depend on variations in the local polymer structure and 



3-119 
 

properties such as porosity, density and/or degree of crystallinity. Such observations 

highlight that the bulk modulus values commonly obtained from tensile testing of free- 

standing films[218] represent the average of significant variations in the elastic 

properties occurring at the micro- and nanoscale domains. Quantifying the magnitude 

of these lateral variations is expected to be just as important for understanding how 

living  cells  respond  to  the  modulus  of  these  polymer  substrates.  Further 

measurements mapping the modulus with higher spatial resolution are required to 

give a comprehensive statistical correlation between the modulus and polymer surface 

structures. 

 Mechanical Actuation 3.4.1.4

EC-AFM  measurements revealed  that  all  the  films  showed  an  actuation  response 

within the small potential window (± 100 mV) of the biphasic pulse waveform, 

indicating the possibility of using analogous clinical stimulation protocol to generate a 

mechanical stimulus through the films. Calculated strain values indicated that films 

with both the lowest modulus and thickness values, PPy/PMAS and PPy/CS, had the 

highest strain. Assuming the PPy films obey Hooke’s law [221] and by neglecting the 

effect of the external force of the AFM tip, these observations suggest that the 

mechanical actuation follows the relationship that films with lower modulus will 

achieve greater strain. In this case, the strain induced in the polymer is caused by the 

applied potential and the intercalation of ions that provide the driving force to move 

the polymer chains apart (i.e. film expansion). The lower thickness values of PPy/PMAS 

and PPy/CS are also expected to contribute to an increase in strain due to the reduced 

path length for ion diffusion into the polymer [44]. 
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 Correlation of Physical Properties 3.4.1.5

The significant partitioning of the physical properties, particularly for PPy/HA and 

PPy/CS, in Figure 3-6 is interesting given they are both ECM molecules and have similar 

chemical structures based on the GAGs. The only difference between these two 

molecules is that HA is non-sulfated, while CS carries a sulfate group on the 4 position 

of the N-acetyl-galactosamine monosaccharide. A higher degree of electrostatic cross- 

linking and increased microporosity has been linked to an increase in the number of 

sulfonate groups on the dopant[68]. This has shown to improve solvent uptake and ion 

diffusion through the polymer, and may account for differences in their physical 

properties. 

As described above, the correlation between the Young’s modulus and the 

electrochemically induced strain can be used to plausibly explain the observed 

correlation between these two parameters. The correlation may also be 

influenced by other factors including ion diffusion coefficient and porosity, 

though the clear differences between the films suggests that the modulus to 

some extent is having a dominant causative effect on the strain. The reason for 

the correlation between modulus and surface roughness is however less clear. 

An increase in roughness of PPy films is typically associated with the formation 

of larger nodules or “cauliflower-like” structures[213], suggesting that these 

structures may underlie the observed increase in modulus. However, as 

mentioned above, such correlations were not observed when the position of 

the force measurements were cross-referenced with the film morphologies 
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from the AFM images. Whether the observed correlation is due to a direct 

causative effect or other influencing factors, the overall picture emerging from 

quantifying the different physical properties in this study is that each 

parameter is inextricably linked and perhaps better addressed as a 

consortium of properties. This characteristic of conducting polymers has also 

been made apparent from extensive work done on free-standing polymer 

actuators [224]. 

3.4.2 Implications of Dopant-Related Properties on 

Muscle Cell Differentation 

To evaluate the performance of the different biodopants for muscle regeneration, we 

recently investigated the proliferation, adhesion and differentiation of primary muscle 

cells on PPy films doped with the same ECM and non-biological molecules [20]. The 

study characterised the electroactivity, wettability, film thickness, topography and 

roughness of the differently doped PPy films and attempted to correlate these 

properties with the ability to support muscle cell growth. While all the substrates 

supported cell adhesion and proliferation to varying degrees, it was found that the 

dopants, HA and pTS, were significantly worse in supporting cell differentiation (i.e. 

muscle fibre formation) compared to the other dopants. PMAS and CS, along with DS, 

performed well in supporting cell differentiation, which was associated with increased 

cell adhesion to their surfaces. Increased cell adhesion and hence a greater capacity for 

muscle  fibre  formation  was  shown  to  correlate  with  polymers  of  low  surface 

roughness, though the effect of the dopant chemistries could not be ruled out, 

particularly in the case of HA. With the aim of this study being to further correlate the 
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physical properties of the same films used in the above study, the observed clustering 

of the properties in Figure 3-6C conveys a deeper intricacy to the influence of the 

physical properties on muscle cell differentiation. In particular, the results open up the 

possibility of exploring the additional effect of modulus, which may exert a greater 

influence on the muscle cells as the films become rougher. The modulus of a material 

is an important parameter that when tuned to match the modulus of the tissue from 

which the cells are derived can significantly improve the biocompatibility. Skeletal 

muscle tissue has a modulus of 12–15 kPa, an order of magnitude less than the 

conducting  polymers.  These cell  types prefer to  differentiate  on  gel  substrates  of 

similar  stiffness  (~12  kPa),  rather  than  on  glass  or  much  softer  gels  [79,  225]. 

Furthering our ability to lessen the modulus of PPy by introducing the dopants such as 

PMAS is an encouraging step towards controlling the modulus whilst maintaining the 

conductive properties of the polymer. 
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3.5 Concluding Remarks 

The study highlights that both PPy/PMAS and PPy/CS films, which have previously 

been shown to support the differentiation of skeletal muscle cells [20], have a low 

surface roughness and modulus in comparison to the other dopants. PPy/HA and 

PPy/pTS films on the other hand have significantly higher surface roughness/modulus 

and conversely found to be poor substrates for supporting muscle cell differentiation. 

These results indicate a correlation between the physical properties of the films and 

efficacy for supporting muscle cell differentiation. 

 

The study also reveals a relationship between the magnitudes of the different physical 

parameters and as a result the effect of the modulus on the cell growth may come into 

play as the surface roughness of the films increases. These findings are important as 

they  emphasize  the  importance  of  considering  both  the  biological  activity  of  the 

dopant and the effect it has on the material properties of the substrate being 

fabricated. 
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 Phase Shift Imaging of Polypyrrole 4

Biomaterials 

 
 

4.1 Introduction 

4.1.1 Surface Property Influence on Cellular Response 

The distribution of surface properties is important as it affects cell adhesion molecules 

and cellular attachment [94, 97, 100, 226]. Using a range of polymeric and metallic 

biomaterials, Hallab et al. [214] found a complex relationship between surface energy 

and roughness, with materials of lower surface energy having an increase in cellular 

adhesion  with  increased  surface  roughness.  Materials  with  high  surface  energy 

however demonstrated negligible change in cellular adhesion with increasing 

roughness. Protein adhesion can also be influenced by surface charge and in turn the 

nature of the dopant will influence surface energy. The adsorption of three different 

proteins, lysozyme, myoglobin and α-lactalbumin, was measured on PEG surfaces with 

varying surface energy [99]. Lysozyme, a small stable protein, responded in a manner 

similar to a hard colloid particle when interacting with the varying surfaces. The two 

large, more flexible proteins however had a far more complex relationship with surface 

energy as the proteins changed conformation when adsorbing to the surfaces. Hence 
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studying the surface properties of our polymers will aid the understanding of protein 

and cellular interaction with these biomaterials. 

 

4.1.2 Revealing Heterogeneity of OCPs 

The dopant chemistry influences cell-surface interactions either through direct 

interactions with the cell membrane or via ECM components (e.g. HA, CS, FN, collagen) 

that bind cell surface receptors (e.g. integrins) to mediate cell adhesion and form part 

of the continuum with the cytoskeleton for cell signalling. However, little is known 

about the effect of doping biomolecules on the nanoscale surface chemistry of 

conducting polymers, particularly possible heterogeneity in surface charge/energies or 

specific distribution of exposed regions of the doped biomolecule at the interface. 

Fundamental forces such as hydrogen bonding, electrostatic, and hydrophobic forces 

can influence the interaction of cell mediation proteins in the ECM. 

 

Using dynamic mode (AC mode) AFM we can further elucidate variations in surface 

properties of PPy/CS and PPy/HA substrates on a lateral nanometric scale, which is 

relevant to the length scale of cellular interactions. This mode of AFM is used to 

acquire topographical information but is also sensitive to local variations in surface 

properties (e.g. surface stiffness) that cause changes in the frequency, amplitude and 

phase signal of the cantilever as it is oscillated during scanning across the sample. In 

particular, changes in the phase signal can be attributed to non-dissipative and 

dissipative interactions between the tip and sample [227-228] and recorded 

simultaneously with the topography image during scanning. 
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4.1.3 Phase Imaging of OCPs 

In the few studies using AFM phase imaging to study OCPs, phase separated regions in 

PA and cellulose acetate blends were attributed to differences in the stiffness of the 

two components [229]. For electrochemically polymerized polybithiophene films, AFM 

phase imaging has been used to study stiffness changes associated with variations in 

crystallinity [160]. Variations in the phase signal correlated with topography and were 

attributed to the presence of crystalline and amorphous areas. The nodules of the 

polymer films were described as being composed of higher molecular weight 

components with more crystallinity and higher conductivity [159, 161, 230]. However, 

determining the origin of phase separated regions is often ambiguous, particularly for 

heterogeneous materials with unknown properties. Typically a phase shift is defined 

through a priori knowledge of the sample (e.g. block copolymer of known constituents) 

[231] or through further analysis to verify the interpretation of the phase separation 

[163]. For example, the latter can be achieved by acquiring force measurements in the 

different regions to directly quantify the Young’s modulus or viscoelasticity of the 

material  [232].  In  this  work  we  use  AFM  phase  imaging  to  understand  phase 

separated regions in PPy films doped with HA and CS (chemical structures shown in 

Figure 1). The previous research in Chapter 3 show that these dopants produce 

polymers with very different physical properties and both have been used previously 

in biocompatibility and adhesion studies for nerve, bone and muscle cells [105-106, 

123, 233-234], hence the two dopants are suitable to be compared and contrasted. By 

correlating the topographical and phase images with a more in depth analysis of 

monitoring the phase signal as a function of the tip-sample separation distance phase-
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separation curves), we show that phase separated regions arise due variations in the 

propensity of the tip to sample attractive and repulsive forces in different regions of 

the polymer. This appears to be a general phenomenon in conducting polymers, 

irrespective of the dopant, and holds important information for further work using 

these materials in fluid environments to study protein and cellular interactions. 
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4.2 Materials and Methods 

4.2.1  Reagents 

The pyrrole monomer was obtained from Merck and distilled prior to use. The 

chemicals used as the dopants were the sodium salts of HA and CS. CS was obtained 

from Sigma and HA from Fluka. All solutions were prepared with deionised Milli-Q 

water (18.2 MΩ). 

 

4.2.2 Preparation of PPy/HA and PPy/CS films 

Gold coated mylar was firstly prepared by cutting 1 cm2 areas and then cleaning with 

ethanol and Milli-Q water. Gold coated Mylar (18 Ω/square) was purchased from 

CPFilms Inc (USA). Aqueous monomer solutions were prepared for the two dopants, 

HA and CS. The monomer solutions of 0.2 M pyrrole and dopant were degassed in N2 

for 10 min prior to polymerisation of the polymers. Three different dopant 

concentrations of 0.1 mg/mL, 2 mg/mL and 10 mg/mL were used. PPy films were 

grown galvanostatically at a current density of 0.25 mA/cm2 for 10 min in the aqueous 

monomer solution using an eDAQ EA161 potentiostat. Polymer growth was performed 

in a standard 3-electrode electrochemical cell with the gold coated mylar as the 

working electrode, a platinum mesh counter electrode and Ag/AgCl reference 

electrode. After growth, the films were washed with Milli-Q water, gently dried with N2 

gas and fixed onto glass slides until use. 
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4.2.3 Topographical and Phase Imaging 

The polymer films were scanned using MikroMasch NCS15/AlBS cantilevers (spring 

constant of ~35 N/m) in AC mode with an MFP-3D AFM (Asylum Research, CA) to 

simultaneously produce topographical and phase images. The scanning was conducted 

in air in ambient conditions with a scan-rate of 0.5 Hz and scan area of 500 nm. 

Imaging was compared using two different set-points, a higher value of 750 mV and a 

lower value of 600 mV. An initial free amplitude of 800 - 900 mV was used for both set-

point values. For imaging of the films prepared using different dopant concentration 

films (both PPy/HA and PPy/CS), five images were obtained from different regions of 

the films using a set-point of 600 mV for a statistical analysis of the phase signal.  

4.2.4 Conductive Force Microscopy 

Mikromasch EFM-20 Pt/Ir coated cantilevers were used for conductive tip AFM, using 

ORCA mode in the Asylum Research software. A 20 mV samples bias was applied to the 

polymer films. 1 µm by 1µm scans were taken in contact mode at a set point of 200 

mV. 

4.2.5 Kelvin Probe Force Microscopy 

KPFM was performed using Nanoworld EFM-20 cantilevers (spring constant of ~2.8 

N/m) with a PtIr5 coating. The scanning was conducted in air in ambient conditions 

with a scan-rate of 0.5 Hz over a scan area of 1 m x 1 m with a set-point of 700 mV 

and an applied bias of 3 V on the tip. 
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4.2.6 Phase-Separation Curves and Mapping 

The phase-separation curves were performed using a z-distance of 500 nm, with an 

absolute trigger point of 600 mV amplitude volts at a scan rate of 1 Hz. Phase curve 

mapping was performed over a scan area of 500 nm with a resolution of 32 x 32 pixels. 

The phase value (contrast) of each pixel represented the final phase value measured at 

the amplitude set-point of 600 mV.   

4.2.7 Electrochemically Stimulated Films 

Phase-separation maps were performed on oxidised and reduced PPy/HA and PPy/CS 

polymers. Phase-separation maps were performed on the film after oxidation and then 

on the same film after reduction. The films were oxidised and reduced with an applied 

voltage of 500 mV and -500 mV, respectively, in an electrolytic solution of 0.1 M NaCl 

for 10 minutes and then washed with milli-q water and dried with N2 prior to the 

measurements.  

4.2.8 Raman Spectroscopy   

A Jobin Yvon Horiba Raman spectrometer was utilized for acquisition of the Raman 

spectral data. A 632.8nm laser line filtered through a D2 density filter allowed for 

examination of the polymer surface without heat damage during prolonged exposure.   
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4.3 Results 

4.3.1 Phase Imaging 

Figure 4-1A and B show a 500nm topographical and phase image of a PPy/HA film, 

respectively, measured using the higher set-point of 750 mV. The typical nodular or 

“cauliflower”, topography is observed (Figure 4-1A), while the phase image (Figure 

4-1B) displays a similar appearance.  For the phase image, the delineation of the 

nodular topography arises from positive (lighter areas on the right edge of features) or 

negative (darker areas on the left edge of features) phase shifts representing very 

small changes of ±2 °. 

 

These small phase changes are due to error in the feedback that attempts to maintain 

a constant tip-sample separation during imaging and are only indicative (i.e. artefact) 

of variations in surface topography. Figure 4-1C shows the same region of the film 

imaged with the lower set-point of 600 mV.  Phase  separated regions  are  clearly 

defined by the nodules displaying a more negative phase shift (darker regions), while 

the periphery of the nodules show a more positive phase shift (lighter areas). Imaging 

with this lower set-point also produces significantly larger phase shifts of ≈ 30°. 

 

To understand how changes in the phase can occur, different solutions for the phase 

as a function of tip-sample separation are shown in a schematic diagram (Figure 4-1D). 

The corresponding amplitude signal is shown as a solid red line. When off the surface 

the cantilever oscillation is unperturbed and the phase is 90° at the cantilever 

resonance frequency. 
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Figure 4-1: (A) Topography scan of PPy/HA; phase scans over same area, (B) 750 mV set point, (C) 600 mV set point. (D) Phase-

separation curve schematic, (E) phase-separation curve performed on PPy/HA surface with a 750 mV trigger, and (F) phase-

separation curve performed on PPy/HA surface with a 600 mV trigger. 

 

As the tip starts to interact with the surface and causes damping of the amplitude, 

there are two possible solutions for the phase in conservative interactions (e.g. where 

the net energy dissipated from the tip is zero). For purely attractive interactions, there 
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is a positive phase branch to 180° (attractive region). Conversely, for purely repulsive 

interactions, there is a negative phase branch to 0° (repulsive region). More often in 

experiments an initial attractive region followed by a jump down into a repulsive 

region is observed (dashed line), particularly if sufficiently higher free amplitudes and 

lower set-points are used. The jump from attractive to repulsive regions is termed 

bistability and may result in phase artefacts if the tip uncontrollably moves between 

the two regions. This is particularly the case if one is intent on observing 

dissipative/phase changes associated with material stiffness. The issue can be avoided 

by choosing a suitable set-point, as determined by the phase-separation curves. 

Maintaining the tip in the attractive region is generally referred to being in “non- 

contact”, while for the repulsive region the tip intermittently contacts the sample 

(standard AC mode). A more detailed theoretical and experimental analysis of dynamic 

AFM modes, including details on the phase signal, has been undertaken by others [229, 

Figure 4-1E shows an actual phase-separation curve performed on the PPy/HA surface 

with a set-point of 750 mV. The tip remains in the attractive region, as only a positive 

phase shift is observed, and generally represents the condition for the “non-contact” 

image in Figure 4-1B. In contrast, the lower set-point of 600 mV produces an initial 

positive phase shift followed by a negative shift into the repulsive region (Figure 4-1G), 

as schematised in Figure 4-1D and is the condition for Figure 4-1C. To avoid the 

bistability region and operate in the repulsive region, a lower set-point of 600 mV was 

used throughout the remainder of the study to undertake a more in depth analysis of 

the phase contrast. The phase separation when operating at the lower set-point was 

measured for these polymers, as shown in Figure 4-1C. This was done using phase 
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mapping by performing an array of phase-separation curves to simultaneously provide 

information on the topography and corresponding spatial distribution of phase signal 

(Figure 4-2).  

4.3.2 Phase Volume Mapping 

Of interest to this study was elucidating the phase separations when operating at the 

lower set-point, as shown in Figure 4-1C. This was done using phase volume mapping 

by performing an array of phase-separation curves to simultaneously provide 

information on the topography and corresponding spatial distribution of the phase 

signal (Figure 4-2). 
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Figure 4-2: 500 nm phase scan of (A) 2 mg/mL PPy/CS, and (B) 2 mg/mL PPy/HA. Phase-separation volume map of 100 nm area 

marked in red. 100 nm phase-separation volume maps of topography, (C) PPy/CS and (D) PPy/HA, and phase (E) PPy/CS and (F) 

PPy/HA. Phase curves of (G) Points 1 and 2, and (H) Points 3 and 4 as annotated in (E) and (F). Attractive regions are outlined in 

red in (E) and (F). 

A standard AC mode phase scan (Figure 4-2A and B) of the polymer surface shows the 

typical phase response, and the phase volume map area is outlined in red. The phase 

maps (Figure 4-2E and F) were performed over an area of 100 x 100 nm, and the 

corresponding topographical map is also displayed (Figure 4-2E and F). The phase 

separation (i.e. light and dark regions) in the phase maps did not always correlate with 

their expected distribution at the nodules and nodule peripheries in the topographic 
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image and nor did they always correlate with the phase separated regions in the 

standard AC mode phase images. This appeared to be due to a number of reasons; 

firstly, the phase maps and corresponding topographic image have lower lateral 

resolution compared to the standard AC mode imaging. This means that the phase 

map may not have been able to discern the same phase separated regions, particularly 

those  of  smaller  nodules  that  reside  within  larger  nodules.  This  was  particularly 

evident for PPy/CS whose structure was comprised of nodules with smaller diameters. 

For example, in PPy/CS, the lighter areas of the phase map (Figure 4-2E; red outline) 

occurred more at  the  peripheries  (blue  regions) in  the corresponding  topographic 

image (Figure 4-2C), however the same phase regions did not correlate strongly with 

the phase separation in the AC mode phase image (Figure 4-2A). Secondly, the lighter 

phase areas at the peripheries of smaller nodules tended to extend onto regions of 

surrounding higher nodules. This observation was more noticeable in smaller scan 

areas  of  the  phase  maps  and  corresponding  topographic  image  and  thus  the 

correlation between the phase and topography was not always clear. This is evident 

for  PPy/HA  in  Figure  4-2F  where  the  lighter  phase  regions  (red  outline)  do  not 

correlate clearly with the peripheries (blue regions) in the corresponding topographical 

map (Figure 4-2D) but in this case they still identified at their equivalent positions (3 

black arrows) in the AC mode phase image. It is also noted in that in Figure 4-2F where 

lighter regions were expected in the peripheries (blue region), the latter were in fact 

lower lying nodules; this highlighted the difficulty in visually recapitulating the AC 

mode phase image in the phase maps. 
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As each pixel in the phase maps represents a single phase-separation curve, 

representative curves from  light  and  dark areas,  marked point  1  and  2,  for  both 

PPy/HA and PPy/CS are displayed in Figure 4-2G and F. For the lighter areas, the curves 

displayed only a positive shift indicating the tip remained in the attractive region. 

Therefore, the tip is no making contact with the surface in these regions and phase 

signal does not measure dissipative interactions associated with, for example, material 

stiffness. For the darker areas, the curves showed an initial small positive phase shift 

followed by negative phase shift into the repulsive region. This was observed for both 

PPy/CS (Figure 4-2G) and PPy/HA (Figure 4-2H). 

 

Collectively, the above observations indicate the phase separation in both PPy/HA and 

PPy/CS occurs at the nodules versus the periphery of the nodules and that this is 

qualitatively well-defined in the AC mode phase images. Importantly, the phase maps 

and their phase-separation curves indicate that phase separated regions with a 

significant ‘jump’ in the phase shift (e.g. 100-120° down to 40-60°) are due to the tip 

differentially sampling attractive or repulsive interactions. A stronger, longer-range 

attractive interaction prevents the tip from entering the repulsive region over the 

nodule peripheries, while a weaker, shorter-range attractive interaction results in a 

shift to the repulsive region on the nodules. 

4.3.3 Dopant Variation 

Further phase imaging was performed to assess the effect of varying dopant 

concentration in the monomer electrolyte on the phase separated regions. Figure 4-3 

shows representative phase images of each dopant concentration for PPy/CS (Figure 
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4-3A; 0.1 mg/ml, B; 2mg/ml, C; 10 mg/ml) and PPy/HA (Figure 4-3D; 0.1 mg/ml, E; 

2mg/ml, F; 10 mg/ml). The magnitude of the phase difference between the phase 

separated regions was observed to decrease with increasing dopant concentration, as 

indicated by the decreasing phase range of the scale bars (to the right of each image). 

 

Figure 4-3: Phase images scanned using a set-point of 600 mV. PPy/CS: (A) 0.1 mg/mL, (B) 2 mg/mL, (C) 10 mg/mL . PPy/HA: (D) 0.1 

mg/mL, (E) 2 mg/mL, (F) 10 mg/mL. 

The phase range for  the scans of  the samples was averaged and  correlated with 

dopant  concentration. A  dopant  concentration  of  0.1  mg/mL  had  the  highest 

difference with 56.7 ± 4.7° and 52.4 ± 0.9° for PPy/HA and PPy/CS, respectively. This 

decreased to 36.4 ± 3.2° and 23.3 ± 1.2° for a dopant concentration of 2 mg/mL and 

further reduced at the highest concentration of 10 mg/mL with 19.8 ± 2.3° and 12.8 ± 

0.1° for PPy/HA and PPy/CS respectively. The decrease in the phase difference was 

primarily  due  to  a  decrease  in  the  positive  phase  shift,  as  phase  values  for  the 
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repulsive region remained constant around ≈ 40°, indicating that the attractive 

interactions become weaker as dopant concentration increases. One important 

consideration was that there were also changes in the surface roughness of the films 

as function of the dopant concentration, which could possibly influence the extent of 

the phase shifts. The average of the RMS roughness values from several images for 

PPy/CS with increasing dopant concentration was 22 ± 1 nm, 6.3 ± 0.7 nm, and 5.8 

±0.2 nm. The RMS roughness for PPy/HA with increasing dopant concentration was 57 

±13 nm, 6.1 ± 1.8 nm, and 13 ± 5 nm. No significant change in roughness was 

observed as the dopant concentration increased from 2 mg/ml to 10 mg/ml; however 

the magnitude of the phase shift decreased significantly for both films, indicating that 

roughness was not causative factor at these higher dopant concentrations. 

 

4.3.4 Raman Spectroscopy 

The Raman spectra of the polymer films can be interpreted for comparative dopant 

loading levels, and conductivity of the films [226]. Table 4-1 displays the C=C bond 

stretching peak positions for the dopants at each concentration.  

Table 4-1: Raman peak positions of PPy/CS and PPy/HA at 0.1, 2 and 10 mg/mL 

Dopant Dopant Concentration in 
electrolyte (mg/mL) 

C=C Stretching Peak Position (cm-1) 

CS 0.1 1604.3 

2.0 1600.0 

10 1593.6 

HA 0.1 1602.1 

2.0 1583.0 

10 1604.3 
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The Raman peak position of the C=C bond stretching of PPy will shift to a higher wave 

number if the conjugation length of PPy is shortened, and can also shift to a higher 

wave number when PPy has a lower loading level. The C-H in plane deformation and 

ring stretching Raman peaks are also indicative of a change in loading levels; higher 

intensities of these peaks correspond to higher loading levels. While the relative 

intensities do not give a loading level ratio, the trend is consistent with loading levels. 

Hence the spectrum tells us that the PPy/CS polymers do in fact incorporate more 

dopant when increasing dopant concentration in the monomer solution. PPy/HA 

however shows the highest loading levels for the 2 mg/mL film, with loading levels 

dropping for the 10 mg/mL film. This is most likely due to poor dopant loading for this 

polymer, as the 10 mg/mL monomer solution is extremely viscous. This may hinder the 

reactants during polymerization, thus creating a polymer with less incorporated 

dopant.  

4.3.5 Electrochemical Stimulation of Polymers 

To exclude other possible causes, primarily topography, of the differential sampling of 

attractive and repulsive forces, phase maps of PPy/CS and PPy/HA films were 

performed after oxidation and reduction (Figure 4-4). 
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Figure 4-4: Phase-separation volume maps. (A) Oxidised 2 mg/mL PPy/CS topography, (B) reduced 2 mg/mL PPy/CS phase, (C) 

phase curves of Points 1 and 2, (D) reduced 2 mg/mL PPy/CS topography, (E) reduced 2 mg/mL PPy/CS phase, (F) phases of 

Points 3 and 4, (G) oxidised 2 mg/mL PPy/HA topography, (H) reduced 2 mg/mL PPy/HA phase, (I) phase curves of Points 5 and 6, 

(J) reduced 2 mg/mL PPy/HA topography, (K) reduced 2 mg/mL PPy/HA phase, and (L) phase curves of Points 7 and 8. 
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For PPy/CS, the topography image in the oxidised state showed clear nodules that 

were unchanged from the as-grown films (Figure 4-4A). The corresponding phase map 

(Figure 4-4B) showed some differences in the phase signal however the magnitude of 

the shift (as indicated by the scale bar) was significantly smaller in comparison to the 

non-electrically stimulated films. These smaller phase shifts were confirmed in the 

corresponding phase separation curves, which showed a similar profile for both the 

nodules (point 1) and nodule peripheries (point 2) (Figure 4-4C). Both phase curves 

showed a small positive shift before an overall negative shift (Figure 4-4C), indicating a 

significant reduction in the extent of the attractive branch on the nodule peripheries. 

Furthermore, we did not observe any phase separation curves consisting of only purely 

attractive (branches) forces in all phase separation maps for both PPy/CS and PPy/HA 

irrespective of oxidation or reduction. No purely attractive regions, or phase values 

above 90°, were observed in any of these phase maps. Therefore, the phase separated 

regions were effectively removed by the oxidation and reduction even though the 

topography of the films did not significantly change, indicating that the latter is not the 

underlying cause of the phase separation observed in the non-electrically stimulated 

films.  The phase value of each pixel in the maps is taken at the maximum point of the 

relative scanner displacement (i.e. minimum of tip-sample separation) and thus the 

phase contrast that still exists (Figure 4-4B, E, H, K) is due to shifts of the phase only in 

the repulsive branch, as shown by the phase separation curves (Figure 4-4C, F, I, L). 

This represents the situation where sampling of the phase (i.e. a deviation from the 

purely repulsive branch) can be related to the material stiffness. Based on the phase 

maps in Figure 4-4, the lighter (lower dissipation) and darker areas appeared to 
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correlate with nodules and nodule peripheries, respectively, suggesting that the 

nodules are stiffer. 

 

4.3.6 Current Sensing Imaging 

C-AFM scans were performed on PPy/HA and PPy/CS. The 1 µm by 1 µm topographical 

and current scans are shown in Figure 4-5. PPy/HA shows an obvious correlation of the 

nodular features (Figure 4-5A) of the films having higher conductivity than the area 

around the nodules in Figure 4-5C.  

 

Figure 4-5: 2 mg/mL PPy/HA (A) height scan, (C) current sensing scan. (E) Cross-section showing topography (solid) and current 

(dashed). 2 mg/mL PPy/CS (B) height scan, (D) current sensing scan and (F) cross-section showing topography (solid) and current 

(dashed). 
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A cross-section across this scan (Figure 4-5E) clearly shows the increase in conductivity 

across the nodules and negligible conductivity in the periphery regions. PPy/CS shows 

a more homogenous conductivity (Figure 4-5D) and topography (Figure 4-5B) than 

PPy/HA, with an RMS current of 1.57 ± 0.001 nA (RMS ± s.d.) compared to PPy/HA with 

an RMS current of 2.51 ± 2.16 nA (RMS ± s.d.). The cross-section of the PPy/CS scan 

shows that the increases in conductivity appear to occur on the inside periphery but 

not always on top of the nodular features. The areas of lower conductivity across the 

scan  have  distinct  borders  that  do  not  necessarily  correlate  with  the  borders  of 

nodular features, indicating some order within the polymer that is controlling the 

conductivity. Conductivity of PPy films is directly related to the presence of dopant; if 

the PPy backbone is undoped the polymer cannot transfer an electric charge. The 

presence of the dopant molecule allows delocalization of the π-electrons, which in 

turn allows charge carrier mobility along the polymer chain [13]. Therefore, the areas 

of higher conductivity indicate areas with higher doping levels, or oppositely lower 

conductivity areas devoid of dopant [35]. 

 

4.3.7 Surface Potential Imaging 

The  surface  potential  of  a  sample  can  be  measured  using  Kelvin  probe  force 

microscopy (KPFM), a technique which measures the electrostatic forces between the 

tip and sample using a potential bias applied to the tip.   Figure 4-6 shows the 

topographical and corresponding KPFM scan of PPy/CS and PPy/HA films. Both 

polymers show a clear correlation between areas of high surface potential and the 

nodular  features.  The  peripheries  around  the  nodules  are  areas  of  low  surface 
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potential. This correlation has been reported before for PPy polymers, and the high 

surface potential has been attributed to dopant rich areas [167]. 

 

 

 
Figure 4-6: 2 mg/mL PPy/HA (A) height scan, (C) surface potential scan. (E) Cross-section showing topography (solid) and potential 

(dashed). 2 mg/mL PPy/CS (B) height scan, (D) surface potential scan and (F) cross-section showing topography (solid) and 

potential (dashed). 
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4.4 Discussion 

4.4.1 Origin of Phase Shift on OCPs 

AFM phase imaging has been used to shed light on the evolution of the polymerization 

process and heterogeneity of conductivity in OCP’s. O’Neil et al. attributed phase 

separation  in  polybithiophene  films  to  surface  variations  in  the  polymer stiffness, 

which further reflected amorphous or crystalline areas of the polymer [159-160]. The 

phase separated regions were described as being due to crystalline polymer forming 

the nodules in contrast to more amorphous polymer located at their periphery. For 

this to occur during electrochemical polymerization, higher molecular weight 

components were said to initially deposit to form the primary nuclei and proceed to 

eventually be the cores of the nodules. Smaller molecular weight components are then 

deposited later and become the nodule peripheries. The model described from this 

work suggests that because the higher molecular weight components are more likely 

to form crystalline polymer, then it is expected that the nodules have a higher stiffness 

[227, 237-238]. 

The nomenclature for the phase signal in the above study is different to ours (i.e. our 

attractive branch 180ο = - 90ο; our repulsive branch 0ο = +90ο) thus one must not rely 

on directly comparing light and dark phase contrasts. For changes in modulus or 

viscoelasticity an increase in energy dissipated from the tip is observed as a shift from 

the purely repulsive branch of the phase (where the tip is intermittently contacting the 

sample). For example, a greater positive shift from 0ο when the tip is in the repulsive 

region corresponds to areas of lower modulus. In  the  above  study,  this  would 
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correspond  to  a  negative shift  from +90⁰  resulting  in  darker phase  areas, as  was 

observed at the nodule peripheries. We could arrive at the same conclusion if our 

images of the as-grown PPy/CS and PPy/HA were interpreted based only on the 

direction of the phase shift, i.e. a shift towards brighter phase regions at the nodule 

peripheries. However, by undertaking additional phase-separation curves further 

information reveals that the observed phase separation arises from variations in 

attractive and repulsive interactions between the tip and polymer. This origin of the 

phase separation also has a correlation with the topography of the polymer. Our study 

closely follows previous work aimed at attempting to understand phase contrast by 

investigating Nafion membranes [163]. In this study, phase-volume images of the 

Nafion consisted of two main types of phase-distance curves. One type of phase- 

separation curve required considerably more force (a greater attractive interaction) to 

enter the repulsive region and was attributed to the C+ and H+ ion-rich regions that 

would damp the cantilever oscillation with an attractive electrostatic force at longer 

distances. A second type of curve moved quickly from the attractive to repulsive region 

with final phase values indicating little energy dissipation. These regions were 

attributed to the hydrophobic backbone of the polymer. 

4.4.2 Effect of Dopant Distribution on Phase Shift 

Similarly, our results show that the phase separation in the as-grown films arises from 

differences in the strength of attractive interactions across the polymer surface. These 

are most likely due to variations in Coulombic forces, however contributions from 

capillary forces (i.e. due to the presence of adsorbed water) cannot be completely 

ruled out. Previous studies on polybithiophene films using C-AFM have shown a higher 
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conductivity in the nodules compared to the nodular periphery [160]. This was also 

observed for our polymers, however the degree of homogeneity was vastly different 

for PPy/HA and PPy/CS.  These observations are further supported by surface potential 

AFM imaging of as-grown PPy/pTS films showing a more negative potential at the 

nodules [167], indicating that these regions have a higher work function, or are more 

highly doped, than their peripheries. This result is also evident in our KPFM scans, with 

the nodules clearly showing a more negative potential. These scans confirm the 

hypothesis drawn from the phase signal data for dopant distribution throughout the 

conductive polymers. In terms of electrostatic force contributions to the phase signal, 

stronger attractive forces could arise from interactions between the silicon nitride tip 

which carries a net negative charge [239] and less doped polymer with excess positive 

charge at the nodule peripheries. A greater negative charge at the nodules would 

conversely diminish the electrostatic attractive forces. 

Related to the increased negative charge at the nodules is an increase in doping that 

would minimize the magnitude of the attraction force through screening of the 

backbone cationic charge. This effect is actually confirmed in Figure 4-3, as an increase 

in dopant loading causes a decrease in the positive phase shift of the attractive branch. 

By making more dopant available during electrochemical polymerization and 

concomitantly increasing the polymer loading levels (as confirmed by Raman 

spectroscopy), a greater screening of positive charge and/or distribution of charge 

neutrality therefore reduces electrostatic attractive forces. Interestingly, oxidation and 

reduction of the polymers was shown to eliminate the phase separated regions, a 

finding that may also relate to increased charge neutrality through doping in the 
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oxidised  state,  or  particularly  as  the  polymer  adopts  more  hydrophobic,  neutral 

characteristics in the reduced state. Once the electrostatic forces are nullified, it is 

possible to observe changes in the energy dissipation across the sample which may be 

attributed to changes in modulus. The darker areas of the phase map indicate an area 

where there is higher energy dissipation, indicating a stiffer material. As the dark 

phase areas correspond to the nodules of the film, this agrees with the literature 

discussing the nodular features of PPy being more crystalline than the surrounding 

areas [160, 229]. 

The influence of capillary forces is also a possibility [239]. Due to the preferential 

adsorption of water at hydrophilic regions, capillary neck formation and rupture 

between the tip and surface can lead to phase contrasts mechanisms. Simulated and 

experimental AFM observations show that the phase transition from the attractive to 

repulsive region is suppressed with an increase in relative humidity % [228, 232]. 

However, we suggest that the contributions of these forces on the phase separation 

are less likely. This is because increasing the dopant loading normally associates with 

an increase in surface hydrophilicity, as shown by contact angle measurements, and 

would be expected to have more adsorbed water and thus suppress the transition 

from attractive-to-repulsive branches. This was not the case however, as Figure 4-3 

showed that an increase in dopant concentration actually displayed the opposite by 

promoting a shift to repulsive interaction. If the surface had increased hydrophilicity 

with an increase in dopant concentration this strong shift to a repulsive interaction 

would not be observed. 
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4.4.3 Implication of Dopant Distribution 

The two dopants show differences between the films in the phase, conductivity and 

surface potential scans. The use of HA as a dopant results in a polymer with very 

distinct   phase   separated  regions  and  areas  of  highly  contrasting  conductivity, 

suggesting that the dopant is poorly distributed throughout the polymer and has a 

detrimental effect on the conductive properties of the PPy. This effect is consistent 

with earlier work by Collier et al. [195] who reported a lower conductivity of a PPy/HA 

film compared to a PPy/PSS film. In contrast, the PPy/CS polymer displayed less 

distinctly phase separated regions and more homogenous conductivity indicating that 

the dopant is more uniformly distributed throughout the polymer. 

The inhomogeneous distribution of both dopants gives rise to nanometer spatial 

variations in surface chemistry and related nanoscale forces under the control of these 

regions. The observed variations in the strength of attractive forces represent 

differences in surface charge and/or surface energy that have implications for these 

materials when under investigation in a fluid, or biological environment. For example, 

such surface variations may play a role in double-layer formation, which in turn can 

influence protein and cellular interactions. Further work is required to indeed 

understand the extent to which these variations in surface charge/energy will exert 

their influence over such biointeractions. Already, studies have shown that surface 

charge can affect protein conformation that is critical for enabling cell adhesion [100], 

while the nanometer length scales over which the phase separation occurs can have an 

effect on cell interactions operating on the same nano-(molecular)scale [240]. 
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4.5 Concluding Remarks  

Rather than the phase separation solely being indicative of a change in the Young’s 

modulus, the imaging parameters and approach used in this study has found a 

relationship between the phase signal’s relationship to variations in the surface charge 

of the films. A number of conclusions can be drawn from this study: 

 

When  investigating  heterogeneous  polymers,  such  as  the  OCP  studied  here,  AFM 

phase imaging is more clearly defined when operating in one regime (i.e. attractive or 

repulsive) or another. This should follow the intent of which surface properties are 

under investigation. The correlation between the nanoscale topography and variations 

in  the  spatial  distribution  of  surface  properties,  including  conductivity,  degree  of 

doping and surface charge, also extends to surface forces. Electrochemical oxidation 

and reduction can produce a more homogenous surface chemistry, as evidenced by a 

reduction in the phase separation.   These lateral nanometer variations in surface 

property – related forces may manifest in fluid and biological environments and have 

an influence on biointeractions such as protein and cell adhesion. 
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 Resolving Single Protein Interactions 5

with Organic Conducting Polymers 

 
 

5.1 Introduction 

5.1.1 Protein Interaction and Mediation 

When cells adhere to synthetic surfaces, they utilize ECM proteins such as fibronectin 

and laminin to create structural support and scaffolds to aid adhesion. The adsorption 

of the proteins forms an initial step in the process of cellular adhesion to a substrate 

and as such is a vital part of the cell-substrate interaction. The schematic (Figure 5-1) 

envisages possible various interactions that occur as the cell adheres to a PPy surface 

doped with biological molecules such as glycoaminoglycans (GAGs)  and depicts the 

important role played by ECM proteins like FN for mediating the cell-polymer 

interactions.  
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Figure 5-1: Schematic of processes occurring as FN mediates cell-polymer adhesion. The biological dopant (CS) may interact with a 

site within FN (orange ovals), or with a proteoglycan receptor on the cell surface. The α5ß1 integrin binds through the RGD site 

within FN (red rectangle) to anchor the cell to the substrate and to support the formation of actin stress fibres and focal 

adhesion complexes vinculin (purple oval) and talin (teal rectangle). All of these processes can be manipulated once an electrical 

stimulation is applied to the PPy backbone. 

 

The presence of the biological dopant (CS, see chemical structure in 1.4.2.2, pg. 1-23) 

can support the binding of FN to the surface, in addition to direct binding to 

proteoglycan receptors available on the cell surface. Furthermore, direct electrical 

stimulation through the polymer present exciting possibilities for controlling these 

interactions. 

The FNIII domains of the protein are responsible for the process of cell binding, as 

described earlier in Chapter 1 (1.4.4.1, Page 1-40). Cells bind to FN via the RGD 

sequence which is located at the 10th FNIII domain. Another binding domain of FN that 

is important to note is the heparin binding domain near the disulfide bridge. It is 
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believed to be the dominant interactive site for heparin [241] and other GAGs of very 

similar in structure such as the dopants CS and HA investigated in this study. Excess 

anionic groups, for example freely available sulfonate groups, are often exposed at the 

surface and therefore we expect involvement in surface interactions defined by 

classical GAG-protein (e.g. FN) binding recognition [242] which localizes, stabilizes, 

activates or inactivates incoming proteins [243]. This GAG-FN interaction  further  

supports  the  binding  of  integrins,  which  in  turn  trigger  the formation of actin 

stress fibres that promote the adhesion and proliferation of cells. Hence,   the   FN   

protein   is   a   critical   mediator   of   the   cell-material   interface. Understanding the 

molecular level interactions at this interface will be important for the ongoing 

development of OCP in their biological applications, including cell culture coatings (e.g. 

electronic Petri dish), biosensors, organic bioelectronics, implantable electrodes and 

tissue regeneration devices. 

5.1.2 Analysis Method of Protein Binding 

The  adsorption,  adhesion  and  conformation  of  ECM  proteins  are  factors  that 

determine their interactions with living cells, including their spreading, migration, 

proliferation and differentiation [98, 100, 244]. These factors are heavily influenced by 

the physical and chemical surface properties of the substrate [97, 152-154] and as such 

the dependencies of these two entities on each other have commonly been studied in 

material science.  Specifically for OCP, there has been growing interest in 

understanding protein-OCP interactions, as it is believed that they form an underlying 

mechanism for controlling cell interactions using these materials. While earlier studies 

speculated on the involvement of protein (i.e. fibronectin) interactions through their 
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cell observations, recent studied have turned to various techniques such as Quartz 

Crystal Microbalance (QCM) and Fluorescence Microscopy to focus on measuring the 

adsorption  and  conformation  of  FN  on  different  OCP  surfaces, including  PPy  and 

PEDOT. 

QCM measures changes in the mass and viscoelasticity of absorbed proteins on 

substrates. The kinetics of adsorption for FN were modelled using QCM in a recent 

study [61]. Increasing the dopant loading of DS in PPy resulted in a more ‘relaxed’, i.e. 

more viscoelastic, and higher density FN layer. When electrical stimulation (± 300 mV) 

was applied to reduce or oxidise the polymer, the protein adsorbed with a higher 

density on the oxidised film and had a more viscoelastic response. Conversely less 

protein adsorbed on the reduced film and has a less viscoelastic, or ‘rigid’, response. 

The ‘relaxed’ response is attributed to the elongated conformation of FN, and the 

‘rigid’ response the compact conformation. 

The fluorescence microscopy technique, Förster resonance energy transfer (FRET), 

uses labeling of the protein to determine its conformation through fluorescent 

intensity. Malliaras et al. used this technique in combination with CD spectroscopy to 

observe changes in FN conformation on PEDOT:tosylate [245]. CD spectroscopy is 

commonly used to study the secondary structure of proteins as the chiral structure of 

these molecules produces differential absorption of circularly polarized light. The 

conformation of FN was measured using CD spectroscopy of suspended proteins; 

subsequent FRET analysis of these suspended proteins was used to correlate an 

intensity ratio with a CD confirmed conformation. The protein was labelled at various 

positions so that a folded conformation would produce a different intensity compared 
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to an elongated conformation. It was claimed that a high intensity ratio correlated to a 

folded conformation and a low intensity ratio correlated to an elongated 

conformation. Using the establishment of the FRET signals, the conformation of FN on 

the PEDOT:tosylate surface was found to change depending on a potential gradient (+1 

V  to  -1V).  The compact conformation (high intensity ratio) was observed on the 

reduced surface, and the elongated conformation (low intensity ratio) on the oxidised 

surface. This result is contrary to the previous QCM study [61], which highlights that 

this redox effect may also be dependent on the cell type, conductive polymer, and 

dopants. However, FRET cannot directly observe the protein conformation without 

previously determining the conformation using a secondary technique. FRET may also 

suffer from discrepancies introduced from autofluorescence, intensity quenching, and 

detector/optical noise during measurement [246]. This redox effect may also be 

dependent on the cell type, conductive polymer, and dopants. In order to fully 

understand the interaction of the protein a more direct method using an applied 

electrical stimulation may be more informative. 

5.1.3 Single Molecule Characterisation 

The analysis methods described above characterize the ensemble adsorption and/or 

conformation of the proteins. However, to truly understand the specific, molecular 

interactions that provide fine control, especially under electrical modulation, at the 

cell- or protein-material interface, one must probe at the single molecule level. The 

level of detail required is emphasized in the schematic in Figure1-1. At present, the 

molecular details of FN interactions with OCP are not known and as yet no direct 

measurement for probing single protein molecule binding or conformation on an OCP, 
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or any type of organic conductor  (e.g.  carbon  nanotube,  and  graphene),  under 

electrical control has been demonstrated; understanding the dynamics and physics of 

single protein interactions will be a major step forward in this field of organic 

bioelectronics. 

In this chapter, we have applied the use of AFM tips functionalized with FN to directly 

measure the interaction of the protein with PPy at the single molecule level. Using 

AFM it is possible to deconvolute the complexity of interactions arising from the 

intrinsic spatial heterogeneity of the polymer-dopant constituents, as highlighted in 

previous chapters. Due to the nanoscale dimensions of the probe, any given X-Y 

location of the measurements can represent a single, isolated molecular interaction 

between a molecule on the tip and surface groups, with the bond bearing its own 

characteristic fingerprint; the key is to relate the interaction back to the interacting 

molecules. We have specifically investigated the interaction of FN with PPy doped with 

various GAGs, including CS, HA and dextran sulfate (DS). The GAG dopants can make 

up to 50% of the polymer composition and not all their anionic groups participate in 

charge neutralization of the polymer. For example, free sulfonate and carboxyl groups 

are anticipated to be involved in surface interactions defined by classical GAG-protein 

adhesion and recognition [242], which is important for regulating cellular activities, 

including cell adhesion, extracellular matrix modelling and fibrillogenesis [243]. 
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5.2 Materials and Methods 

5.2.1 Reagents 

The pyrrole monomer was obtained from Merck and distilled prior to use. The 

chemicals used as the dopants were the sodium salts of pTS, HA, DS and CS. CS and DS 

were obtained from Sigma, pTS from Merck and HA from Fluka. All solutions were 

prepared with deionised Milli-Q water (18.2MΩ).  

The functionalization chemicals 3-ethoxydimethylsilylamine propyl (3-EDSPA), 

gluteraldehyde (GAH) and human plasma FN were obtained from Sigma Aldrich. 

Phosphate buffered saline (PBS) was prepared at pH 7 in Milli-Q water (18.2MΩ). The 

3-EDSPA was prepared as a 1% solution in toluene. The GAH was prepared as a 2.5% 

solution in pH 7 PBS buffer. The FN was prepared as a 10 µg/mL solution in pH 7 PBS 

buffer. 

The fluorescence antibody binding chemicals used were donkey serum and Alexa488 

goat anti-rabbit IgG from Invitrogen, and primary anti-FN rabbit antibody from ICN 

Biomedicals Inc. 

5.2.2 Methods 

 Preparation of Biodoped Polypyrrole 5.2.2.1

Gold coated mylar was firstly prepared by cutting into strips of 0.5 cm by 2 cm area 

and then cleaned with methanol and Milli-Q water. Gold coated Mylar (18 Ω/square) 

was purchased from CPFilms Inc (USA). An aqueous monomer solution of 0.2 M pyrrole 

and 2 mg/mL of the counter-ion dopant was degassed in N2 for 10 min prior to 
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polymerisation of the polymers. PPy films were grown galvanostatically at a current 

density of 0.25 mA/cm2 for 10 min in the aqueous monomer solution using an eDAQ 

EA161 potentiastat. Polymer growth was performed in a standard 3-electrode 

electrochemical cell with the gold coated mylar as the working electrode, a platinum 

mesh counter electrode and Ag/AgCl reference electrode. After growth, the films were 

washed with Milli-Q water, gently dried with N2 gas and placed in petri dishes until 

use. 

 Protein Functionalization of AFM Tip 5.2.2.2

The tip is functionalized using an aminosilzation method to covalently bind the FN to 

the tip. Silicon nitride (SiN) Nanoworld PNP-DB tips are used for this method due to the 

availability of silicon oxide groups on the surface. The tips were initially cleaned with a 

plasma cleaner to remove any impurities or functionalized groups on the surface. Once 

cleaned the tips were immediately functionalized to minimise any contaminants on the 

surface.  The tips were placed into the EDSPA solution at room temperature for 1 h. 

The tips were then removed, washed consecutively with toluene, then PBS solution. 

The tips were then encapsulated with the GAH solution for 1 h, then rinsed with PBS 

solution. The tips were finally encapsulated in the FN solution for 1 h, then rinsed and 

refrigerated in PBS solution until use.  

 Fluorescence of Protein Functionalized Surfaces  5.2.2.3

FN functionalized silicon wafer and µMasch CSC12 colloidal probes were prepared for 

antibody binding. The silicon wafers were cleaned in piranha solution prior to FN 

functionalization method described above. Both functionalized and non-functionalized 

(control) wafer and probes were stained. The wafers and tips were blocked in PBS with 
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10% donkey serum at room temperature for 1 hr then incubated in primary anti-FN 

(rabbit) antibody in PBS with 10% donkey serum at 37 °C. The wafers and tips were 

rinsed twice in PBS, then incubated in a secondary antibody (Alexa488 goat anti-rabbit 

IgG) in PBS with 10% donkey serum. The wafers and tips were then rinsed twice with 

PBS and imaged using the Acio epifluorence microscope. 

5.2.3 Force Spectroscopy Measurements 

 Step Analysis of Protein Functionalization 5.2.3.1

In order to measure the interaction between each functionalization component and 

the polymer surface, tips were analysed at each step of the functionalization 

procedure; i.e. a clean SiN tip, a tip terminating in a silane group, GAH, and FN 

respectively. Three tips were prepared at each step, with five force spectroscopy 

curves performed at three different points on a PPy surface for a total of 45 force 

curves for each functionalization. This was performed in PBS fluid. 

 Dwell Time Measurements 5.2.3.2

The force measurements were performed in PBS fluid using the experimental set-up 

described in Chapter 2. The AFM parameters were set for 500 nm approach, 0.5 Hz 

scan rate, and 1 nN trigger force. The dwell time was varied from 0, 1, 3, 5, and 10 sec. 

Single point force spectroscopy measurements were performed with 3 consecutive 

measurements at one point, with a rest of 3 seconds, across 3 different points on the 

polymer surface for a total of 9 force curves per dwell time. 
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 Force Spectroscopy Measurements on Non-stimulated 5.2.3.3

Polymer 

The force measurements were performed in PBS fluid using the experimental set-up 

described in Chapter 2. The AFM parameters were set for 500 nm approach, 0.5 Hz 

scan rate, 1 sec dwell toward (excluding 5.3.5) and 1 nN trigger force. Single point 

force spectroscopy measurements were performed with 5 consecutive measurements 

at one point, with a rest of 3 seconds, across 5 different points on the polymer surface 

over three individual samples for a total of 225 force curves. Force measurements 

were performed on PPy films prepared with the four dopants.  

 EC-AFM Force Spectroscopy Measurements 5.2.3.4

EC-AFM was implemented by positioning a 2-dimensional electrochemical cell on the 

AFM sample stage. The electrochemical cell was made out of a Teflon block that 

consisted of a u-shaped fluid well etched around a platform. A PPy/dopant coated gold 

Mylar  strip  was  glued  onto  the  platform  and  acted  as  the  working  electrode.  A 

platinum mesh counter electrode was positioned in the fluid well and a silver wire 

reference  electrode  was  placed  alongside  the  polymer  film.  Measurements  were 

carried out in PBS buffer solution, which was injected into the fluid well to immerse 

the three electrodes. 

When performing force measurements the output of the Z-piezo was recorded 

simultaneously with an electrical stimulation input while performing continuous force 

curves. The electrical stimulation was applied using a cyclic voltammetry. For the PPy 

films the applied CVs had a ±100 and ±400 mV range, and a scan rate of 50 mV/s and 4 

mV/s (for the ±400 mV). The gold mylar had a CV applied with ±400 mV with a scan 
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rate of 50 mV/s.   The force curves were conducted at the same point at a rate of 

0.16Hz over 300 seconds of stimulation, each stimulation set resulting in 48 force 

curves. The Z-piezo output recorded the movement of the tip during the force curve 

corresponding to an exact time, voltage and current when the tip came into contact 

with the stimulated polymer. 
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5.3 Results 

5.3.1 Fibronectin Functionalization 

The AFM tips were functionalized in a step-wise manner to covalently bind FN to the 

SiN3 tip surface. The use of amine-functionalized procedures to bind biological 

molecules to SiN3 tips is a common approach [188, 247]. The amino-terminated 

surface can then be reacted with a cross-linking molecule which can then bind the 

desired biological molecule [181]. 

 

Figure 5-2: Illustration of tip FN functionalization reaction scheme. The plasma cleaned SiN surface is exposed to 3-EDSPA for one 

hour then washed in PBS. The tip is then placed in a GAH solution for one hour then washed in PBS, and finally placed in a solution 

of FN for one hour, then washed and stored in PBS. 
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The functionalization method uses silanization to bind the cross-linking molecule, GAH, 

to the tip, which in turn cross-links the protein (Figure 5-2). This method was adapted 

from a previous study by Vinckier et al. [248] that used a silane-GAH binding reaction 

to attach microtubule proteins to a silicon wafer. To confirm that the FN is present on 

the tip and that other functional groups introduced during to the functionalization 

procedure did not interfere or inhibit the FN interaction, a thorough characterization 

of the tips by performing fluorescent measurements and AFM force measurements 

prior to the experiments. 

5.3.2 Fluorescence 

The AFM tips and a control silicon wafer surface were stained with FN antibodies to 

determine that FN was bound to the surface. A control tip and wafer show no 

presence of FN across the probe and chip surface (Figure 5-3A and B). The FN 

functionalized surfaces (Figure 5-3C and D) show a fluorescence signal on the chip, 

along the cantilever and at the tip, indicating the presence of an FN coating. 
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Figure 5-3: Alexa488 goat anti-rabbit IgG stained control (A) silicon wafer and (B) AFM probes, and FN functionalized (C) silicon 

wafer and (D) AFM probes. 

 

5.3.3 Functionalized Probe Characterisation 

Figure 5-4 displays representative curves of force measurements performed after each 

functionalization step to assess the involvement of the introduced functional groups 

(i.e. -OH, NH3
+ and C=O) and final coupling of the FN on the interaction between the tip 

and conducting polymer. For these initial measurements, only PPy films doped with CS 

were assessed. Plasma treated silicon nitride tip (SiN3) bearing –OH groups, which are 

hydrophilic and negatively charged at neutral pH, showed no adhesion to PPy/CS 

(Figure  5-4A).  In  contrast, 3-EDSPA  treated  tips  terminated with  protonated  NH + 

groups at neutral pH showed an electrostatic double layer force that is attractive upon 

approach followed by direct tip-surface adhesion of 2.0 ± 0.14 pN (mean ± s.e.m., n = 

20) during retraction of the tip from the polymer surface (Figure 5-4B). This attractive 

interaction with the positively charged tip indicates the polymer surface is negatively 
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charged and further supports the presence of anionic, sulfate groups of the CS. We 

note that the adhesion force diminished over time, indicating contamination of the 

aminosilane layer. Similarly to the plasma treated tips, the gluteraldehyde (GAH) 

functionalized tips bearing reactive carbonyl groups are hydrophilic though showed a 

small adhesion of 406 ± 35 pN (mean ± s.e.m., n = 32) with the polymer surface (Figure 

5-4C). The interaction of the FN functionalized tip showed longer range interactions, 

consisting of multiple adhesion peaks, that are characteristic for this type of protein 

interaction observed using AFM [197, 249] (Figure 5-4D) These initial force 

measurements were thus useful in providing general information on the polymer 

surface chemistry (e.g. surface charge) and, importantly, confirming the FN interaction  

with the polymer. 
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Figure 5-4: Representative force curves for interactions of each additional functionalization chemical. (A) Clean SiN tip, (B) 3-

EDSPA, (C) GAH, and (D) FN. Performed on PPy/CS film. 
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5.3.4 Fibronectin Force Curve Profile 

Figure 5-5 shows a typical force curve for the FN-polymer interaction;   the rupture 

events (peaks) during retraction (blue line) indicate protein adhesion and subsequent 

protein extension and unfolding, as the tip retracts from the surface [96, 190]. 

 

Figure 5-5: Example force curve analysis, extension (red) and retraction (blue) curves. The energy (integral of the retraction) is 

marked in grey. The maximum adhesion force and total extension length are annotated. 

 

The initial adhesion (large peak), labelled as non-specific adhesion, is due to the inter- 

and intra-protein interactions and detachment of several proteins from the surface. 

The maximum adhesion force (vertical arrow), given as the maximum of the peak, if 

often used to quantify the general strength of protein adhesion to the surface. The 

subsequent smaller peaks, or rupturing events, that occur as the tip is retracted to 

longer separation distances provide information on the unfolding of FN. The final peak 

can be analysed to calculate the extension (stretched) length of a protein just prior to 
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detaching form the surface. The final peak force mostly reflects the force required to 

detach a few or even a single molecule. While forces can be assigned to the various 

peaks and their specific interactions, the total energy consumed for the entire 

interaction and to completely remove the protein from the surface is given as the 

integrated area of all peaks (grey shaded area).  There may also be an attractive force 

between the protein and the polymer surface upon approach (not depicted in Figure 5-

5); this is indicated by a small deflection towards the surface before contact is made 

(interaction described in general detail Figure 2-17, pg. 2-80).  

5.3.5 Dwell Time 

The dwell time parameter for force spectroscopy determines the length of time the tip 

spends in contact with the surface during the measurement (i.e. once the tip has 

reached the maximum applied force and prior to retracting from the surface). This will 

influence the protein-surface interaction due to time-dependent interactions such as 

the ability for protein to fully bind to the surface or undergo conformation changes. 

To determine the appropriate dwell time, force curves were conducted at different 

dwell times of 0, 1, 3, 5 and 10 seconds on a PPy/CS sample.  
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Figure 5-6: Representative force curves for dwell times; 0 sec (teal), 1 sec (green), 3 sec (blue), 5 sec (red), and 10 sec (black). 

 

Figure 5-6 displays representative curves for each dwell time. With zero dwell time 

(zero sec), there was very little interaction between protein and the polymer (Figure 5-

6 teal curve). Beyond a dwell time of > 1 sec, the FN interaction was observable. The 

mean energy and maximum adhesion force for the FN detachment as a function of the 

different dwell times is shown in Table 5-1. 
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Table 5-1: Mean adhesion force and energy for dwell times 0-10 sec (N=9) 

Dwell Time (sec) Adhesion Force (nN) Energy (J) 

0 0.61 ± 0.09 1.1 ±  0.7  e-17 

1 2.3 ± 0.8 2.0  ±  0.8 e-17 

3 0.95 ± 0.02 0.96  ±  0.25 e-17 

5 0.89 ± 0.13 1.6 ±  0.8 e-17 

10 2.3 ± 0.5 7.5 ±  3.8 e-17 

 

There was no significant difference in the adhesion force for dwell times of 

1 and 10 seconds. The longest dwell time of 10 sec, while allowing the protein 

to develop strong binding to the surface, is not ideal. There may be drift of 

the cantilever position which can damage the functionalized tip and introduce 

errors into the measurements. Furthermore, the significantly higher 

interaction energy for the 10 sec dwell time suggests a possible interaction 

with multiple FN molecules which is not desirable for single molecule 

measurements. The 1 sec dwell time was sufficient to induce an FN– surface 

interaction and thus was chosen for the measurements. The use of this dwell 

time avoided the need to use longer dwell times that showed no significant 

difference in adhesion/detachment energy and minimised issues due to drift 

and long experiment times. 
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5.3.6 Force Curve Profile Classification 

Four   prominent   force curve profiles   that   were indicative of  different FN-PPy 

interactions were observed (Figure 5-7). No interaction was defined as a null force 

curve (Figure 5-7A). 

 

Figure 5-7:Force curve profile types; (A) Null (performed on PPy/HA), (B) non-specfic (performed on PPy/pTS), (C) rupturing 

(performed on PPy/pTS), and (D) plateau (performed on PPy/pTS). 
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 Non-specific Force Curve Profile 5.3.6.1

Non-specific interaction is defined here as adhesion represented by a peak that occurs 

directly at the surface or effectively at the point where the tip detaches from the 

surface (Figure 5-7B). This type of adhesion is typically due to the interaction of several 

proteins on the tip, involving both intra and inter-protein interactions. Inter- protein 

interactions include electrostatic, hydrophobic and hydrogen bonding, while inter-

protein interactions include unfolding of the protein or adhesion between the 

proteins, all of which may contribute to the strength or energy (integral of area under 

peak) of protein adhesion. Even though the peak reflects the degree of protein 

adhesion to the surface, this type of interaction is generally referred in AFM 

measurements as being ‘non-specific’ as the specific forces involved are not readily 

identified. For AFM tips functionalized with proteins, the non-specific adhesion is often 

always  present  due  to  the  inevitable  direct  tip-surface  interaction  and  as  such  is 

initially observed in the other main types of interactions.  

 Rupturing Force Curve Profile 5.3.6.2

Force curves that display rupturing events indicate that the protein ruptured as the tip 

retracted from the surface (Figure 5-7C). These rupturing events can be characteristic 

of domains with the protein unfolding [190], and may also be due to multiple proteins 

binding and/or multiple binding sites on a single protein. For the protein domains to 

unfold under force the FN must be tethered to the surface strongly enough to cause 

the  rupturing  events,  and  this  process  can  be  studied  in  greater  detail  through 

analysing the rupture lengths as discussed in further detail below (5.3.6.4, pg. 5-175). 
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 Plateau Forces 5.3.6.3

The detachment of the protein can proceed via ‘non-specific’ desorption forces that 

show a  constant  force independent of the extension length, i.e. force plateau, as 

shown in Figure 5-7D. The plateau forces were observed to occur in both non-specific 

and rupturing profiles, as the tip finally detaches from the surface. These plateau 

forces are well described in studies on polyelectrolyte chain desorption from a surface 

and arise due to dependencies on the dissociation rate of repeating polymer chain-

surface contacts relative to the extension rate and presence of a charged surface [250-

251]. 

The probability of each of these interactions was analysed for each polymer/dopant 

system (Figure 5-8). 

 

Figure 5-8: Percentage of force curve profile types for each dopant, in addition to plateau events and attractive forces upon 

approach. n=225 for each dopant. 

 

CS HA DS pTS

Null 2 17 0 3

Non-Specific 34 36 37 45

Rupturing 64 47 63 52
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Attractive Approach 2,5 0,8 54 74
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 The probability of a null adhesion interaction was negligible for all dopants except HA. 

PPy/HA showed a probability of 17% of no interaction between the polymer and 

protein. The probability of a non-specific interaction occurring was similar for all 

dopants (~ 35%), although PPy/pTS had a slightly higher probability (45%). The 

probability of a rupturing event occurring was highest for PPy/CS and PPy/DS (64% and 

63% respectively). PPy/pTS and PPy/HA had much lower probabilities (52% and 47% 

respectively), as this type of interaction only occurred for approximately half of the 

interaction. 

There was a sharp division between CS and HA, and pTS and DS for the plateau events 

and attraction upon approach. The probability of an attractive force upon approach 

was significantly higher for PPy/DS and PPy/pTS (54% and 74% respectively), and also 

the probability of a plateau event occurring (15% for both dopants) compared to 

PPy/HA and PPy/CS. The attractive force upon approach suggests a Coulombic 

attraction between protein and polymer, indicating that the surface charge of PPy/pTS 

and PPy/DS facilitates a stronger attraction compared to the other dopants. Plateau 

events are the result of repeating protein-surface contacts due to an oppositely 

charged surface; pTS and DS may present a more strongly negatively-charged surface 

which promotes this type of interaction compared to HA and CS. 

 Single Molecule FN Instructions 5.3.6.4

In the rupturing curves (Figure 5-7C), there are various characteristics of the force 

curve that define whether a single FN molecule remains tethered between the tip and 

polymer after the initial non-specific adhesion. These types of curves are displayed in 

Figure 5-9A and are accompanied by a schematic depicting the different single FN 
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molecule interactions (Figure 5-9B). The peak at Figure 5-9A(i) corresponds to initial 

detachment of the tip and FN molecules from the surface, which is the result of a non- 

specific adhesion. The two subsequent peaks and peak spacing at Figure 5-9A(ii) and 

Figure 5-9A(iii) correspond to the sequential unfolding of domains, represented by red 

spheres (Figure 5-9B), of a protein that is tethered between the tip and sample. 

 

Figure 5-9: (A) Representative force curve on PPy/CS with specific binding and domain unfolding marked. (B) Corresponding 

schematic of the interactions in (A). Red spheres are unfolding domains, red lengths the unfolded domain lengths, and green 

triangles FN-polymer binding sites.(C) Probability density functions of distances between successive rupture peaks in force profiles 

from all polymers. Red curves are individual gaussian fits and automated multipeak fitting (blue curves) (IGOR PRO, Wavemetrics). 
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As  the  domain(s)  unfold  they  add  distance  (Figure  5-9B  red  line)  to  the  overall 

extension length of the molecule. The distance spacing of these peaks is quantified as a 

probability density function (Figure 5-9C), producing peak distributions at 13.1 ± 0.4 

nm (mean ± s.e.m., n = 137) and 28.8 ± 0.7 nm (mean ± s.e.m., n = 107). These 

distances have previously been attributed to intermediate and fully unfolded lengths 

of FNIII domains respectively [197]. The unfolding forces (~150 pN) and peak spacing of 

~ 28 nm, which is consistent with the fully unfolded length of FNIII (~ 90 amino acids), 

indicates the interaction of single molecule FN. 

Successive rupture peaks may also occur due to the detachment of multiple protein 

binding sites (Figure 5-9B green triangles) from the polymer wherein the first binding 

site detaches at point (v) (Figure 5-9A), followed by extension of the protein, until 

elastic restoring forces of the protein cause detachment of the final binding site. These 

binding events can occur in the absence of domain unfolding and have peak spacings 

of 58.9 ± 3.0 nm (mean ± s.e.m., n = 67) (Figure 5-9C). This peak spacing of 58.9 ± 3.0 

nm also suggests that binding is most probable at sites on the protein separated by 

this distance or, alternately, the existence of specific binding sites on the protein. 

5.3.7 Single Molecule Unbinding Forces 

The force required to detach a single FN molecule off the polymer surface was 

measured using the unbinding force of the final rupture peak (annotated in Figure 5-

9B). The binding force indicates the affinity of the interaction between protein and 

polymer, with a higher binding force caused by a stronger affinity. 
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Figure 5-10: Probability density functions of unbinding forces for the final rupture peak of (A) CS (n = 109), (B) DS (n = 65), (C) HA (n 

= 58) and (D) pTS (n = 102). Red curves are individual gaussian fits and automated multipeak fitting (blue curves) (IGOR PRO, 

Wavemetrics). 

 

The unbinding force of the final detachment of FN from the polymer was quantified as 

a probability density function (Figure 5-10). A higher affinity for binding was observed 

for CS (164 ± 10.1 pN, n = 61) compared to DS (115 ± 11.0 pN, n = 41), HA (108 ± 8.5 

pN, n = 30) and pTS (124 ± 12.5 pN, n = 66). 

5.3.8 Corrected Binding Distance 

To  elucidate  interactions  involving  detachment  (or  effective  binding)  sites  of  the 

protein we focused on analysing individual force profiles representing the unfolding 

and/or  extension  of  FN, as  described  above  in  Figure  5-9A. More specifically,  the 



5-179 
 

analysis involved subtracting the distances of all peak spacings, including those 

associated with unfolding and protein–surface detachment, from the distance at the 

final peak. This gives what we refer to as the “corrected binding distance” (CBD), 

representing the extended length of the FN, tethered between the tip and surface, just 

prior to undergoing domain unfolding and/or surface detachment (Figure 5-11B); far 

right schematic). The CBD is thus governed by the distance between the two 

attachment positions (dashed lines) of the protein to the tip and polymer; this being 

firstly, the covalent attachment of the protein to the probe and secondly, the non- 

covalent protein-surface binding site that is either the first of multiple binding sites to 

detach, as shown in (Figure 5-9B), or the sole (and final point of detachment) when no 

other binding sites are present. 

Probability  density  functions  of  the  CBD  show  a  primary  peak  distribution  value 

ranging from 59 - 66 nm for all polymers, with a secondary peak distribution value 

ranging from 116 – 119 nm for CS and DS polymers and possibly PTS and HA (Figure 5-

11A). Minor peak CBD distribution values also appear at 171 nm and 166 nm for CS and 

PTS, respectively (Figure 5-11A). 
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Figure 5-11: Probability density functions of corrected binding distance (CBD) values (black), Gaussian fit (red), and detachment 

forces (blue) corresponded with CBD values for (A) PPy/CS, (B) PPy/DS, (C) PPy/HA, and (D) PPy/pTS. (B) Model of extended FN 

showing calculated length (158.8 nm) of based on x-ray crystallography dimension of FNI (2.5 nm, rectangles), FNII (0.7 nm, 

diamonds) and FNIII (3.2 nm, ovals), where 0 nm corresponds to attachment position of FN to the AFM tip. The most probable 

CBD values (black asterix) are marked at their respective positions on the protein (B). The heparin binding domains, HepIIFn12-14 

(59.1 – 68.7 nm), HepIIIFn4-6 (115.7– 125.3 nm) and HepIFn1-5 (143.2– 158.8 nm) are coloured in blue. Standard deviations (σ) 

calculated from full width half maximum (FWHM) (where FWHM = 2 √2ln2σ) of CBD distributions for the HepIIFn12-14 (at position 

59.1 – 68.7 nm) of each dopant are given by the length of the rainbow arrow. 

 

The significance of these CBD distributions is that, even though FN binding to the tip is 

generally expected to be random via gluteraldehyde linkages with nucleophilic amine 

groups at the N-terminus and on free lysine residues, their observation indicates that 

both the tip and polymer must bind to specific sites on the FN.  Furthermore, the 

presence of CBD values at 166-171 nm corresponds to the length of ≈ 160-175 nm for 
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fully stretched plasma FN [148, 252-253] To obtain these values, it would require that 

the FN be attached to an N-terminus and interact with the polymer via the opposing N- 

terminus. This binding configuration, which presumably allows the entirety of the 

extended FN molecule to freely interact, is likely to facilitate binding at additional sites 

separated by the distance of 58.9 ± 3.0 nm (mean ± s.e.m., n = 67) previously observed 

in the rupture spacings (Figure 5-9C). Repeated sampling of the 3 different peak CBD 

distribution values within sets of force curves (n = 25) from all individual AFM tip 

experiments (n = 36) further supports the detection of multiple binding sites along a 

single FN molecule instead of multiple FN molecules having 3 different binding 

configurations and each with an extended length differing by ≈ 60 nm. These 

observations suggest that FN preferentially has a fixed attachment to the tip in the 

vicinity of an N-terminus with binding occurring at specific sites along its length. 

Based on the above observations, we use the known FN structure and dimensions of 

the FNI, FNII, FNIII domains based on X-ray crystallography studies [254] to construct 

coordinate map for identifying positions on the protein involved in binding to the 

polymer (Figure 5-11B). The map gives a calculated FN length of 158.8 nm by taking 

into account the size of each individual domain and absence of variable splicing regions 

for plasma FN. The preferred N-terminus binding position of the tip is made the zero 

reference point to identify the binding locations. The extent of net positive charge of 

each FN domain [255], which generally underlies their binding affinity to sulfate sites 

on GAGs [256], is also specified. When cross-referencing the peak distribution values 

of the CBD (black asterix) to their locations on the model, we observe that they 

superimpose to well-known Heparin (Hep) binding domains (Figure 5-11B; blue 



5-182 
 

highlighted domains), including a particular sequence of the HepII FNIII12-14 near the 

COOH-terminus, HepIII FNIII4-6 and HepI FNI1-5. The main CBD distribution at 59-66 nm 

indicates most probable binding occurs at the HepII domain and accordingly this is 

recognized as the highest affinity GAG binding site due to the presence of 

discontinuous positively charged amino acids in FNIII13-14 domains that form a cationic 

cradle [257]. Standard deviations of the CBD distributions associated with the HepII 

domain reflect the binding specificity at this position (Figure 5-11B; coloured arrows), 

which is highest for CS followed by DS and then HA and PTS. As shown previously in 

Figure 5-10, a higher affinity and/or specificity of binding for CS is also evident in single 

molecule FN-polymer unbinding forces that are significantly higher for CS compared to 

the other dopants. 
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5.4 Electrical Stimulation 

Electrical stimulation of the polymer electrodes during force spectroscopy 

measurements showed a significant change in the adhesion of the protein to the 

polymer. FN adhesion was significantly increased by an order of magnitude (2-20 nN) 

at the onset of the PPy oxidation potential (≈ 400 mV) and then reversibly decreased 

to values of 100-200 pN with force profiles similar to those for the non-stimulated 

polymer. The change in the interaction between protein and polymer is displayed in 

Figure 5-12A, with representative force curves at different voltages with the potential 

window.

 

Figure 5-12: Representative force curves for 400 mV, 0 mV  and -400 mV during electrical stimulation for (A) PPy/DS and (B) gold 

mylar 
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When the same electrical stimulation is applied to a gold mylar substrate, force curve 

profiles showed no change in FN adhesion (Figure 5-12B). Although the interaction of 

multiple FN molecules is likely, the magnitude of the adhesion increase does not scale 

with (n) number of possible interacting proteins given that the size of a single FN 

molecule (≈ 25 nm) is comparable to the interaction area of the probe. Thus, the very 

high forces over relatively small extension lengths indicate that it is likely that one or a 

few proteins are strongly bound along their length. 

 

 

 

Figure 5-13: Adhesion force (black points) and CV roburograms (red) for (A) PPy/CS, (B) PPy/HA, (C) PPy/DS, (D) PPy/pTS and (E) 

gold mylar 
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All dopants showed a similar response, in particular a sharp increase in adhesion at 

0.2-0.4 V (Figure 5-13). In contrast, gold electrodes do not show distinct FN adhesion, 

apart from that related to direct tip-sample adhesion, nor any adhesion dependence 

on  the  applied  potential  (Figure  5-13E).  The experiments were repeated using a 

smaller potential window and slower scan rate for the PPy/CS polymer only (Figure 5-

14). Conversely for these experiments, there was no change in the FN adhesion during 

the electrical stimulation of the polymer. 

 

Figure 5-14: Roburograms of PPy/CS FN adhesion of (A) potential window of ±100 mV, scan rate of 50 mV/s, and (B) potential 

window of ±400 mV, scan rate of 4 mV/s. 
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5.5  Discussion 

5.5.1 Probability of Binding  

The dopant distribution within a PPy films has already been discussed (Chapter 4 , 

pg. 4-125) and it is known that the distribution homogeneity of the polymer can vary 

depending on the dopant. PPy/HA has a much more inhomogenous distribution of 

dopant compared to PPy/CS as shown by several AFM surface characterisation 

techniques (including C-AFM and KPFM). The probability of PPy/HA having no 

interaction with the protein (null adhesion) is greater than the other dopants (17%), 

which we discuss in the next chapter may be due to the availability of dopant on the 

surface. The higher possibility of attractive approach forces and plateau events present 

for  PPy/pTS  and  PPy/DS  may  be  due  to  the  higher  degree  of  sulfonation  of  the 

polymer. The structure of DS is very similar to HA and CS in that they are all 

polysaccharide chains, however DS carries four sulfonate groups per repeat compared 

to the single sulfonate group of CS and single hydroxyl group of HA. pTS is much 

smaller than other three dopants and consists of benzene ring with a sulfonic acid and 

a methyl group (CH3C6H4SO3H), and has a relatively strong polarity. The presence of 

these negatively charged groups in a higher density may promote repeating points of 

contact along the protein, therefore resulting in a plateau event as the protein is 

pulled off the surface. 

5.5.2 Binding Specificity 

When cross-referencing the CBD values to their positions on the model, we discover 

that they superimpose to well-known heparin binding domains, indicating binding to a 
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particular sequence of the HepII Fn12-13  domain near the COOH-terminus, HepIII Fn1-5 

domain,  and  HepI  domain  making  up  the  NH  terminal  region  (depicted  in  Figure 

5-11B).  The  compact  form  of  FN  supports  this  model  as  the  domains  collectively 

present themselves to presumably facilitate binding of this particular sequence of the 

Hep domains. Of the three domains, the most probable binding clearly occurs at the 

HepII domain (CBD at 60-70 nm) for all dopants and accordingly HepII is recognized as 

the main GAGs binding site due to the presence of eleven discontinuous positively 

charged amino acids clustered together by the tertiary folding of the FNIII13th and 

FNIII14th to form a cationic cradle [257]. 

Heparin has the highest negative charge density of any known biomolecule and is very 

similar in structure to the other GAGs, CS and HA. Heparin carries three sulfonate 

groups compared to the single group on CS and lack of sulfonate groups on HA. The 

synthetic GAG, DS, also carries many sulfonate groups and is highly negative, while pTS 

carries a single group. It is these density and arrangement of these sulfonate groups in 

GAGs that are known to facilitate binding to the Heparin I, II, and III domains on FN; 

though termed the Heparin domain (due to early studies on Heparin and its high 

affinity of binding) binding to these domains is also synonymous with CS. The heparin 

binding sites are all highly positive domains, with the HepII site being the area of 

highest positive charge along the protein. 

Hence, the cationic cradle of the Hep domains will preferentially bind when 

encountering negatively charged surface groups such as the sulfonate groups within 

the dopants. The standard deviation of the CDB distribution associated with the HepII 
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domain reflects the specificity of binding at the position of the site, which was highest 

for CS, followed by DS and then HA and pTS (Figure 5-11B arrows). Along with heparin, 

 CS is prominent in FN binding with important determinants located to the FNIII14 and 

FNIII13 [114], leading to the high specificity for CS. Heparin-FN interactions have been 

mimicked using synthetic polysaccharides like DS [258], while for the non-sulfonated 

HA it is uncertain if binding on its own is possible or requires the presence of mediating 

proteoglycans [259]. Many of these early studies involve binding of FN fragments 

whereas our approach using intact FN shows that all polymers, including those with 

HA, are capable of specific binding. Even for small molecular weight pTS bearing a 

single sulfonate group per molecule, its distribution at the polymer surface is sufficient 

to enable specific binding of the HepII domain. The high specificity for CS is also shown 

through the binding forces of the protein to the polymers, as CS results in the highest 

affinity binding compared to the other three dopants. 

5.5.3 Electrical Stimulation Effect on Binding 

The influence of electrical stimulation on the protein adhesion is due to the polymer’s 

inherent 3-dimensional nano- and micro-topography, and porosity, which significantly 

increases the charge storage capacity of the electrode. Gold mylar is not capable of the 

same charge storage capacity, evidenced by the much smaller area of the cyclic 

voltammogram compared to the polymer. The associated dramatic increase in surface 

charge density during oxidation is then responsible for strong Coulombic attraction 

that “pins-down” the protein. The latter occurs only at faster scan rates of 50 mV/sec 

where counter ion diffusion, but not electron charge transfer, is the limiting 

electrochemical process. Diffusion of charge balancing cations, e.g. sodium ions 
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occupying anionic sites on the dopant, out of the polymer during oxidation is rate 

limiting. This renders anionic sites on the dopant unavailable for charge neutralization 

of positive charges generated on the polymer backbone – this gives rise to a high 

positive surface charge density. When cycling at slower rates (5 mV/sec) that do not 

impose time-limiting diffusion, charge equilibrium occurs and reduces the Fn-polymer 

Coulombic attractive forces. With a smaller potential window the polymer does not 

have enough charge injection to oxidise to the point where the surface charge density 

will increase for noticeable adhesion changes. 

5.5.4 Binding Model 

Based on the above picture emerging of FN-binding, we describe a prospective model 

to provide the first insight into “molecular switching” of single FN molecules as they 

alter their binding affinity and related conformation in response to equilibrium and 

non-equilibrium redox states of the polymer during electrical stimulation. 

The model translates the AFM observations to the expected binding interaction of a 

single FN molecule (only one FN monomer is shown) given the involvement of multiple 

heparin domains (blue domains). The ability of multiple binding via the different 

heparin domains indicates that the FN is more likely to adopt an extended 

conformation, which is depicted in the model based on previous representations of 

unfolded FN adsorbed onto negatively charged surfaces [260]. This configuration is 

considered to be more bioactive due to the presentation of RGD regions. 
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Figure 5-15: Model of FN-polymer interaction for (A) as grown, (B) oxidised, and (C) reduced polymer. 

 
 

For the non-stimulated polymer in Figure 5-15A, ionic interactions stabilizing the native 

compact FN conformation are disrupted by interacting hydrophilic, charged surface 

groups of the polymer, causing the protein to adopt a more open conformation. As FN 

is an amphoteric protein, comprising a mixture of negative and positively charges, 

repulsion of the predominately negatively charged protein with anionic/sulfate groups 

of the GAGs can change to attractive forces due to preferential alignment of the 

cationic heparin domains. When the protein is at very small separation distances from 

the polymer, ions interact as discrete entities rather than part of an overall net charge 

and their subsequent Coulombic attraction as individual ion pairs governs the protein-

surface binding, as opposed to the net protein interaction. This type of interaction is 
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referred to as “charge complementarity”.   Charge complementarity is often exploited 

by biological macromolecules, for example docking in protein-DNA complexes, to 

change a non-specific interaction into a highly specific one. By applying more negative 

(reduction) potentials, the interaction can be reversed to resemble single molecule 

binding and extension interactions of FN with the conducting polymer surface. The 

application of a positive voltage induces charge (black positive charge) on the polymer 

backbone causes a strong Coulombic attraction of the negatively charged FN domains 

(Figure 5-15B). At higher scan rates (50 mV/sec), outward diffusion of charge balancing 

cations (C+) occupying anionic sites on the immobile GAGs is rate limiting. This renders 

anionic sites on the dopant unavailable for charge neutralization of the positive 

charges on the polymer and protein adhesion is present. At lower scan rates 

(5mV/sec), outward cation diffusion (black arrows) is not rate-limited and charge 

neutralization of the polymer proceeds to decrease protein adhesion. During the 

application of negative potentials (Figure 5-15C), the polymer backbone is uncharged 

and free sulfate or carboxyl groups are expected to similarly interact with the protein, 

as described above in Figure 5-15A. The mechanism is reversible (red arrow) between 

Figure 5-15B and Figure 5-15C. 

The  model  provides  molecular  insight  into  the  switching  mechanisms  of  single 

molecule FN-conducting polymer interactions, particularly as the protein alters binding 

affinity and conformation in response to equilibrium and non-equilibrium redox states 

of  the  polymer  under  electrical  control  (Figure  5-15).  The implication for the 

subsequent formation of discrete bonds at heparin domains, coupled to the flexibility 

of the protein’s extended conformation, is that local structural changes are induced to 
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actively present cell binding (RGD) domains [261]. This binding configuration can be 

electrochemically switched to induce non-specific binding (Figure 5-15B); a reversible 

process that is expected to significantly alter the protein conformation. Oxidation of 

the polymer results in a dramatic increase in binding strength; however the flexibility 

of the protein is diminished (Figure 5-15B). During reduction of the polymer, the 

polymer backbone is uncharged and the protein is presumably able to interact with 

free anionic groups in a similar manner to the non-stimulated polymer (Figure 5-15C). 

While others have focused on the FN conformation [143, 145, 245], our study uniquely 

quantifies the FN-polymer interfacial forces that play a critical role in force-dependent 

signal transduction processes such as cellular forces exerted on FN through integrins to 

regulate cell adhesion and migration.  
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5.6 Concluding Remarks 

The study provides molecular details of controlling protein–conducting polymer 

interactions, which is currently tantalizing researchers in the field - from both a current 

perspective on the use of conducting polymer as “electronic switches” or implantable 

electrodes for spatially and temporally controlling cell interactions (e.g. electronic Petri 

dishes and electronic 3-D gels) but also retrospectively for better elucidating binding 

specificity of conducting polymer biosensors used extensively in the past. 

These AFM measurements show that it is possible to deconvolute the complexity of 

interactions at these electrodes which are brought upon by their heterogeneous 

polymer structures coupled with dynamic redox properties. It opens up the possibility 

of assessing a range of other biomolecules such as soluble growth factors (e.g. NGF, 

fibroblast growth) whose redox-controlled extrinsic surface binding and subsequent 

release is increasingly being implicated as an important for strategy for implementing 

these materials to control nerve, muscle and stem cell growth and survival. 
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 Spatial Resolution of Single Protein 6

Interactions on Polypyrrole 

 

 

6.1 Introduction 

6.1.1 Spatial Control of Protein Interactions 

The function of the ECM protein FN as a mediator for cell-surface interactions is vital 

for cellular adhesion and structural support on a surface [148, 262]. The adhesion and 

conformation of an FN layer on a surface can be manipulated via the protein density 

and surface properties. 

The surface coverage density of FN can modify the conformation of FN as the amount 

of FN adsorbed onto a surface increases [155]. It was shown that as the amount of FN 

adsorbed on mica surface increased, the FN changed to a more ‘upright’ conformation. 

This was demonstrated using single molecule AFM force spectroscopy that showed 

there was an increase in the specific binding force between collagen peptides bound to 

the tip and the upright FN layer on the surface, and attributed to the upright FN 

presenting the collagen binding site [155]. Similarly for cell adhesion, the conformation 

of FN adhered to a surface should present cell binding sites (i.e. collagen, RGD) to aid 

adhesion via interactions with integrins. 
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The RGD binding site within FN is the primary site that facilitates cell adhesion. The 

clustering of RGD peptides has been demonstrated to influence cellular adhesion on 

the nanoscale   via   patterning   of   the   sequence   onto   a   substrate.   Micellar 

nanolithography was used to create spatial arrays of immobilized RGD peptides linked 

to gold nanodots with spacings varying from 28 to 145 nm (Figure 6-1A and B). 

 

 

Figure 6-1: Scanning electron microscopy images of gold nanodots deposited on glass surfaces by micellar nanolithography, with 

average inter-dot distance (A) 58 nm, and (B) 110 nm. (C) Illustration of surface patterning; non-adhesive polyethylene glycol 

(green), and bioactive RGD peptides (red). Phase contrast images of fibroblasts after 24 hours adhering on nanopatterned surfaces 

of (D) 58 nm and (E) 110 nm [263]. 

 

The RGD peptides have a diameter of ~ 9 nm [263], hence each gold nanodot can only 

interact with single integrins. It was observed that the spread of the rat embryonic 
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fibroblasts was greatly reduced when the distance between the nanodots exceeds 58 

nm, as shown by the phase contrast images in Figure 6-1D and E. The distance of 110 

nm shows far fewer fibroblasts adhered to the substrate compared to 58 nm. The 

increasing distance between the RGD peptides reduced the ability of the fibroblasts to 

develop stable focal adhesion, demonstrating a dependency on the clustering of the 

RGD groups on the nanoscale [263]. 

Further studies on nanoscale RGD spacing and cluster density demonstrated an 

influence on cell migration [264]. Motility is a cellular response that is strongly affected 

by cell adhesion. A nanopatterned surface with discrete clusters of 1-9 ligands per 

cluster with defined spacings of 6-300 nm was produced through tethering a YGRGD 

ligand to a non cell-adhesive surface (polyethylene oxide hydrogel) [264]. Clustered 

YGRGD enhanced cell migration speed of the murine fibroblasts (WT NR6) for all of the 

densities prepared compared to surfaces prepared with a uniform YGRGD layer. Cell 

adhesion was also observed to be significantly enhanced on the substrates prepared 

with clustered YGRGD ligands. The variation in the YGRGD clustering was observed to 

affect  the  formation  and  organization  of  actin  stress  fibres  within  the  cells,  an 

important step of the cellular adhesion process and migration. The density of adsorbed 

FN has been suggested as a limiting factor for cell migration [145, 265]. Adhesion of 

cells to a surface is mediated by the presence of proteins such as FN, therefore 

integrin- ligand interactions can influence the speed of cell migration. Ligand 

concentration, integrin  expression,  and  integrin  affinity  all  contribute  to  changing  

cell  migration speed, and for maximum migration the FN density is optimised with an 

intermediate level of integrin-ligand binding [265]. This effect was observed by 
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measuring the velocity of endothelial cells on a surface with a gradient of FN density 

(using a PEDOT:TOS electrode with a potential gradient) [145]. High density FN 

decreased the migration of the cells compared to the low density FN, and this was 

attributed to the cells being limited due to strong cellular adhesion. With a high 

number of integrin- ligand bonds the cells find it difficult to break these bonds, thus 

slowing down their migration compared to binding to areas of lower FN density. This 

study demonstrated the capability of using an OCP material to direct cellular migration 

by controlling FN adsorption using electrical stimulus. 

The studies above highlight the balance required for a surface to promote both good 

cellular adhesion and migration, as too high a protein density will retard cell migration 

but too low protein density and poor adhesion will result in unsuccessful cell growth. 

The ideal FN concentration therefore depends on the desired cellular response, and for 

either situation nanoscale characterisation of local FN binding is necessary. 

6.1.2 Implications for Cell Interactions 

The structure of our OCP polymers is complex, however our nanoscale surface 

characterisation of surface properties shows that the surface of these polymers do 

have a form of innate patterning, or ‘mesoscale-patterning’ (mesoscale is dimensions 

between nano- and microscale). This pattern is growth dependent (e.g. polymerization 

time or dopant concentration) and defined by the repeating boundaries of the nodular 

structures. Furthermore, this repeating nodular structure also delineates the patterned 

surface distribution of surface potential, energy, dopant and conductivity, as shown in 

previous chapters. For example, AFM surface characterisation techniques such as 

phase imaging, KPFM, and C-AFM demonstrated differences in the distribution of the 
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dopants CS and HA throughout PPy films (4.2.4, pg. 4-130). The surface potential and 

current scanning (KPFM and C-AFM respectively) indicated that the dopant HA was 

more prevalent in nodular features of the polymer, while PPy/CS polymers had a more 

homogenous distribution of the dopant. 

A significant finding in the previous chapter was that the GAG dopants in the polymer 

were shown to promote specific binding to the FN protein. The GAG dopants 

specifically bound to the heparin domains of the protein, with the highest affinity GAG, 

CS, shown to have the higher binding forces and probability of binding compared to 

the other dopants. Therefore, given that FN-PPy binding is likely to be mediated by the 

GAG dopants, we expect the mesoscale patterning of the PPy to affect the density and 

conformation of FN as it interacts with the surface. Implications for variations in FN 

binding/conformation   across   the   surface   may   be   changes   in   the   density   or 

presentation of cell binding motifs on the protein, as mentioned above. 

6.1.3 Spatially Resolving Protein Adhesion 

In order to further understand the interaction between FN and our OCP biomaterial 

surfaces we have applied AFM force volume mapping to spatially resolve adhesion 

forces. Force volume maps provide a way to simultaneously measure the protein 

interaction with topographical information. Measuring the adhesion force can also 

provide insight into the number of proteins that are binding to the surface and the 

probability of binding across the surface. 
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As we have previously revealed a relationship between surface properties and 

topography for these materials, we expect that the distribution variation in surface 

properties may influence the protein interaction. 

 For this study we have chosen the two GAGs CS and HA. These dopants produce 

polymer films that have contrary properties, while both being important ECM 

molecules. The variation in surface properties and the difference in their interaction 

with FN make these two dopants ideal for comparing and contrasting their spatial 

protein interactions. 
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6.2 Materials and Methods 

6.2.1 Reagents 

The pyrrole monomer was obtained from Merck and distilled prior to use. The 

chemicals used as the dopants were the sodium salts of pTS, HA and CS. CS was 

obtained from Sigma and HA from Fluka. All solutions were prepared with deionised 

Milli-Q water (18.2MΩ). The functionalization chemicals 3-EDSPA, GAH, and human 

plasma FN were obtained from Sigma Aldrich. PBS was prepared at pH 7 in Milli-Q 

water (18.2MΩ). 

6.2.2 Methods 

 Biodoped Polypyrrole 6.2.2.1

Gold coated mylar was firstly prepared by cutting into strips of 0.5 cm by 2 cm area 

and then cleaned with methanol and Milli-Q water. Gold coated Mylar (18 Ω/square) 

was purchased from CPFilms Inc (USA). An aqueous monomer solution of 0.2 M pyrrole 

and 2 mg/mL of the counter-ion dopant was degassed in N2 for 10 min prior to 

polymerisation of the polymers. PPy films were grown galvanostatically at a current 

density of 0.25 mA/cm2 for 10 min in the aqueous monomer solution using an eDAQ 

EA161 potentiastat. Polymer growth was performed in a standard 3-electrode 

electrochemical cell with the gold coated mylar as the working electrode, a platinum 

mesh counter electrode and Ag/AgCl reference electrode. After growth, the films were 

washed with Milli-Q water, gently dried with N2 gas and placed in Petri dishes until 

use. 
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 Protein Functionalization 6.2.2.2

The tip is functionalized using an aminosilzation method to covalently bind the protein 

to the tip. Silicon nitride (SiN) Nanoworld PNP-DB tips are used for this method due to 

the availability of silicon oxide groups on the surface. The tips were initially cleaned 

with  a  plasma  cleaner  to  remove  any  impurities  or  functionalized  groups  on  the 

surface. Once cleaned the tips were immediately functionalized to minimise any 

contaminants on the surface.  The tips were placed into the EDSPA solution at room 

temperature for 1 h. The tips were then removed, washed consecutively with toluene, 

then PBS solution. The tips were then encapsulated with the GAH solution for 1 h, then 

rinsed with PBS solution. The tips were finally encapsulated in the FN solution for 1 h, 

then rinsed and refrigerated in PBS solution until use. 

 Force Volume Spectroscopy Measurements 6.2.2.3

The force measurements were performed in PBS fluid using the experimental set-up 

described in 5.2.2.3 (pg. 5-160). The AFM parameters were set for 1 µm approach, 0.5 

Hz scan rate, 1 sec dwell toward, 1 sec dwell away and 1 nN trigger force. The force 

volume maps were conducted over a 500 nm x 500 nm and 250 nm x 250 nm area on 

each of the polymer samples with a resolution of 32 x 32 force curves. The 

topographical map is generated simultaneously with the adhesion force map. The 

adhesion force is measured at the minimum of the retract curve, returning a value that 

is the maximum adhesion force.  
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6.3 Results 

6.3.1 Force Volume Curve Analysis 

The   force   volume   map   produces   a   topographical   map   (Figure   6-2A)   and   a 

corresponding adhesion map of a PPy/HA surface (Figure 6-2B). The maximum 

adhesion value of each individual force curve is assigned a colour scale and plotted 

versus the X-Y position of each individual force curve. The areas of low maximum 

adhesion are represented by the dark pixels while areas of high maximum adhesion 

are represented by yellow pixels. 

 

 

Figure 6-2: 500 x 500 nm example adhesion volume map on PPy/HA. (A) Topography (Z scale 20 nm), (B) adhesion, (C) rupturing 

force curve, and (D) non-specific adhesion force curve. 
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Individual force curves (Figure 6-2C and D) corresponding to the pixels marked in 

Figure 6-2B show two commonly observed interactions between the protein and 

polymer. Each of the force curves that comprise the force volume map can be analysed 

for several parameters, namely the maximum adhesion force, final detachment force 

and the work (energy) required to pull the protein off the surface (annotated in Figure 

6-2C). Figure 6-2C is an example of a rupturing force curve as the protein detaches 

from the surface. As discussed in the previous chapter (5.3.6, Figure 5-7, pg. 5-169), 

this type of force curve is often indicative of the protein unfolding [190] but may also 

involve multiple proteins binding to the surface and/or multiple binding sites along a 

single protein. The final detachment force represents the force required to pull a single 

protein off the surface. The total extension length is a measure of the distance the 

protein extends before completely detaching from the surface. 

The second force curve profile (Figure 6-2D) demonstrates an example of non-specific 

adhesion, as classified in the previous chapter.  The observed adhesion force may be 

an amalgamation of several forces, such as electrostatic, hydrophobic, and/or 

hydrogen bonding between the protein and the polymer. This type of adhesion mostly 

involves multiple proteins binding from tip to surface. 

6.3.2 Laterally Resolved Protein Adhesion 

Figure 6-3 shows the topography and adhesion force volume maps of the PPy/GAG 

polymers. The skewed appearance of the nodular features in the topography maps is 

due to drift within the system, as the maps take considerable time to complete (~50 

minutes). The roughness of both scans over the small scan areas are comparable, with 

PPy/CS and PPy/HA having an RMS roughness of 6.5 ± 6.5 nm (mean ± s.d; n=1024) 
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and 6.1 ± 6.1 nm (mean ± s.d; n=1024) respectively. The adhesion maps show a 

difference between the polymers in both distribution and magnitude of maximum 

adhesion; PPy/CS has a much higher average protein adhesion across the sample 

compared to PPy/HA (as shown by the yellow in the force volume map Figure 6-3B). 

Note that the colour scale for PPy/CS ranges from 0 – 1 nN, while PPy/HA ranges from 

0-0.5 nN. PPy/HA also has more dark regions (i.e. low adhesion) compared to the 

lighter yellow/red map of PPy/CS (higher adhesion). The adhesion is quantified using 

the RMS of each map, revealing PPy/CS has an RMS maximum adhesion of 633 ± 350 

pN (mean ± s.d; n=1024) and PPy/HA an RMS maximum adhesion of 305 ± 221 pN 

(mean ± s.d; n=1024).  

The probability of a binding event, both non-specific and rupturing, occurring in the 

mapped area was also quantified for both polymers. PPy/CS had a binding probability 

of 97% (991 in 1024 force curves) and PPy/HA had a probability of 85% (875 in 1024 

force curves). This probability matches the results from the single point adhesion study 

for all types of binding events (98% and 83% for PPy/CS and PPy/HA respectively, 

Figure 5-8, pg. 5-172). 

An overlay of adhesion was placed over the topographical maps for both polymers to 

augment any correlation between protein adhesion and topographical features. The 

red pixels in the overlays represent force curves that measured over 0.3 nN maximum 

adhesion. 
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Figure 6-3: 500 nm force volume maps for topography (A) PPy/CS (Z scale 30 nm) and (B)PPy/HA (Z scale 20 nm), adhesion (C) 

PPy/CS and (D)PPy/HA. A mask was applied to each map, creating an overlay in red for (E) PPy/CS (threshold 0.3 nN) and (F) 

PPy/HA (threshold 0.3 nN). (G) and (H) are the distribution of maximum adhesion force values for (E) PPy/CS and (F)PPy/HA 

respectively. 
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The overlay for PPy/CS (Figure 6-3E) displays a high density of red pixels distributed 

across the surface (77% surface coverage). This indicates a uniform and high density of 

strong adhesion forces across the surface; however the high surface coverage makes 

any correlation between topography and adhesion ambiguous. In an attempt to 

observe if there is any correlation between strong maximum adhesion and topography 

the threshold was increased to 0.8 nN, however no correlation was observed. In 

contrast, the red pixels are distributed along the nodular features for PPy/HA (Figure 6-

3F) suggesting a spatial dependency for FN affinity in regards to topography. This 

density for these maximum adhesion events is also lower compared to PPy/CS (24%). 

The maximum adhesion force between the protein and polymer can be further 

displayed as a distribution of forces (Figure 6-3G and H for PPy/Cs and PPy/HA 

respectively).  The  histogram  for  the  PPy/HA  map  clearly  shows  a  much  lower, 

narrower distribution of all maximum adhesion forces compared to the PPy/CS map. 

The Gaussian fit for the PPy/CS maximum adhesion force gives a peak at 0.45 ± 0.18 nN 

(mean ± s.d; n=1024) and the fit for PPy/HA gives a peak at 0.078 ± 0.010 nN (mean ± 

s.d; n=1024), thus again showing that the strength of protein adhesion is higher on 

PPy/CS. 

The nodular features were mapped at a higher resolution across a 100 nm x 100 nm 

area (Figure 6-4). The overlay of adhesion, using a threshold of 0.13 nN, on the 

topography showed no show no clear correlation for PPy/CS maps (Figure 6-4A, C, E), 

i.e. more adhesion on the nodules was not observed. 
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Figure 6-4:  100 nm force volume maps for topography (A) PPy/CS (Z scale 12 nm) and (B)PPy/HA (Z scale 30 nm), adhesion (C) 

PPy/CS (Z scale 0.2 nN) and (D) PPy/HA (Z scale 1.6 nN), and an overlay of high adhesion for (E) PPy/CS (threshold 0.13 nN) and (F) 

PPy/HA 

 

PPy/HA (Figure 6-4B, D, F) displays a correlation between the nodular features and 

higher maximum adhesion force (threshold 1nN) that was confirmed in the adhesion- 
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topography overlay image (Figure 6-4 F).  This was largely evident in a large nodular 

structure (annotated with *) in the middle of the PPy/HA adhesion map (Figure 6-5D) 

has a very strong correlation with high maximum adhesion values. 

6.3.3 Laterally Resolved Protein Interactions 

The position of curves displaying rupturing events, as classified earlier (6.3.1, pg. 6-

200), were marked with green pixels in the overlay of the topographical maps for 

PPy/CS and PPy/HA (Figure 6-5A and B respectively). The overlay shows a relative 

abundance of the rupturing events on the PPy/CS polymer, with a probability of 33% 

(333 in 1024 force curves) for this type of event to occur. The rupturing events occur 

less often on the PPy/HA polymer with a probability of 21% (215 in 1024 force curves). 

The % probability effectively represents a “surface density of FN binding” given that 

the probability of these rupturing curves occurs within a defined scan area;   PPy/CS 

and PPy/HA had density of binding values of 1189 and 796 per µm2 ,respectively. The 

surface area for each map was calculated as 0.28 and 0.27 µm2 for PPy/CS and PPy/HA 

respectively, both films having similar roughness over the small map area. 

The final detachment peak generally represents the force required to completely 

detach a single protein molecule from the polymer surface and is representative of the 

affinity of the protein for the polymer, as analysed specifically in the previous chapter. 

The force curves that displayed rupturing events in the maps were analysed for this 

final detachment force. Gaussian fits for PPy/CS give a mean of 122 ± 23.5 pN (mean ± 

s.d; n=1024) (Figure 6-5C) and PPy/HA a mean of 70.3 ± 13.5 pN (mean ± s.d; n=1024) 

(Figure 6-5D), confirming results in the previous chapter that CS binding has higher 

affinity compared to HA at the single molecule level. The final detachment force peak 
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on the PPy/HA film is also comparable to the mean maximum adhesion force of the 

protein (78 pN). The dual mode probability distribution for the final detachment force 

was not observed as it was in the previous work, possibly due to tip variation and the 

much higher sampling numbers in Chapter 5 (pg. 5-152).  The initial peak < 150 pN for 

the previous data (Figure 5-10, pg. 5-176) however is of the same magnitude as the 

peak distributions measured here. 

            

 

Figure 6-5: Topographical map overlayed in green for rupturing events for (A) PPy/CS and (B) PPy/HA. Distribution of final 

detachement force with Gaussian fit (dark red) for (C) PPy/CS and (D) PPy/HA 
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6.4 Discussion 

6.4.1 Spatial Variation in Protein Adhesion 

The specific binding of the GAG dopants to the FN has previously been shown in 

Chapter 5 (5.5.2, pg. 5-184). This evident as the binding location(s) resides at the well 

known Heparin I, II, and III domains that have high affinity and structural recognition 

for sulfated and negatively charge GAG. This interaction is facilitated by the highly 

localized  positive  charge  of  the  Heparin  domains,  with  the  Heparin  II  having  the 

highest affinity for binding. CS, which is recognized as being highly specific for the Hep 

II domain, was shown to have the highest binding force compared to HA that is non- 

sulfonated. 

PPy/HA was observed to have a much more inhomogeneous distribution of dopant 

loading compared to PPy/CS, particularly using   C-AFM scans (Figure 4-5, pg. 4-143). 

This is also supported by several studies using C-AFM and KPFM of OCPs [160-161, 

230].  Regions  of  high  conductivity  indicate  areas  with  high  dopant  loading;  the 

polymer cannot conduct a current without the presence of the dopant hence areas of 

low to zero conductivity indicate areas with negligible dopant. PPy/HA was shown to 

have higher conductivity in the nodule regions indicating the presence of more doped 

regions, whereas surrounding regions showed very low conductivity (current). In 

contrast, PPy/CS showed conductive regions more uniformly distributed across most of 

the surface, indicting the greater coverage of doped regions. For example, from the 

conductivity scans, the calculated surface area of regions with conductivity lower than 

5 pA was 0.3% and 46% for PPy/CS and PPy/HA, respectively. Therefore, given that FN 



6-211 
 

binding is facilitated by the GAG dopants, then it is expected that FN binding will be 

influenced by the varying distribution of conductive (doped) regions of PPy/CS and 

PPy/HA. This was indeed observed for PPy/HA where the most prevalent FN binding 

appeared to be primarily located at the nodular (more doped) regions of the polymer. 

In contrast, the significantly higher density of FN binding on PPy/CS was in accordance 

with the more uniformly doped regions across most of the surface. 

The higher adhesion measured on PPy/CS has previously been attributed to the higher 

affinity of FN for the CS dopant compared to HA (Chapter 5). HA and CS are very similar 

in structure but CS has single sulfonate group compared to a single hydroxyl group of 

HA within the repeat chain. However based on the different surface properties of the 

two  different  films,  we  propose  that  higher  adhesion  forces  observed  for  PPY/CS 

versus PPy/HA may also be due the influence of multiple protein interactions. 

A model of the protein interaction with both PPy/GAG polymers uses topographical 

scans overlaid with the corresponding conductivity scan (Figure 6-6). Areas of black 

indicate no conductivity, while areas in green indicate conductivity. 
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Figure 6-6: Schematic for areas of protein-dopant interaction using 3D topography scan and colour overlay of corresponding 

conductivity (green is conductive, black is non-conductive, Z scale 4 nA). FN is represented as red, purple circles representing 

binding points.(A) HA is less homogenous resulting in lower binding probability; FN binds on top of the nodule but not on the areas 

of no conductivity.(B) CS is more homogenous giving higher probability of interaction and multiple protein binding. 

 

The protein interaction on PPy/HA (Figure 6-6A) shows the FN (red) interacting with 

the green dopant areas (binding sites represented with purple circles), but not the 

non-conductive black areas. For PPy/HA the strongest affinity between the protein and 

the polymer is confined to the nodules with a lower binding density.   The 
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inhomogeneous  dopant  distribution  reduces  the  probability  of  multiple  proteins 

binding  to  the  surface,  thus  resulting  in  the  lower  affinity  and  binding  density. 

 Conversely, as PPy/CS has a more homogenous dopant distribution, the possibility of 

multiple proteins binding is increased as there are more available sites for FN to bind 

to (Figure 6-6B). Hence PPy/CS promotes higher FN affinity and higher binding density. 

The question remains as to why the overlayed maps depicting single molecule 

interactions do not show a correlation with topography, as we expect specific binding 

between FN and the GAGs to occur in the areas of higher dopant presence. The 

probability for this type of interaction is clearly lower for PPy/HA, suggesting that the 

distribution of the dopant is playing some role as PPy/CS shows a much more evenly 

distributed probability of these interactions. However, the reasons for why this binding 

event is not restricted to high dopant loading areas for PPy/HA is unknown. In part this 

may be attributed to the theoretical area of interaction of the protein as it approaches 

the surface. Assuming that a tip with a single protein tethered at the terminal has a 

possible binding radius of ~ 60 nm (estimated using average CBD lengths as discussed 

in 5.3.8, pg. 5-176) the minimum spatial resolution the protein can achieve is only > 60 

nm. The pixels in the 500 x 500 nm maps represent an area of 15 x 15 nm, therefore 

there may be some loss in spatial resolution if the protein is binding to points beyond 

the topographical pixel. Regardless, the density of these events remains an important 

aspect for this analysis. 
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6.4.2 Implication of Inhomogeneous Doping for 

Cellular Response 

The importance of the spatial distribution of RGD sequences for the success of cellular 

adhesion and migration is known to require distances of no more than 60 nm between 

sequences [263]. This corresponds to a density of binding events of 278 per µm2. The 

density of binding events for both polymers was 1332 and 860 per µm2 for PPy/CS and 

PPy/HA, respectively. Our values can be extrapolated to suggest that when FN is 

adhered to the polymer the density should be sufficient to facilitate cellular adhesion 

and migration. The inhomogeneity of PPy/HA result in regions larger than 60 nm x 60 

nm areas that have low dopant loading (hence no support for FN adhesion), suggesting 

that these regions of the film may not provide continuous lateral support for cells. 

The affinity of the protein for a surface, signified by the strength of adhesion,   is 

important as cells apply a mechanical force to FN to assemble the ECM via 

polymerisation of the protein to its fibrillar form [147]. Cells also require stable binding 

to the surface to support mechanotransduction processes such as focal adhesion and 

motility [150]. If the protein is not well adhered to the surface, these important 

processes are disrupted and can lead to call detachment and death. The increased 

probability of clustering of the protein, and subsequently the RGD frequency, is an 

important aspect for these cellular processes. Hence areas of strong affinity due to the 

presence of the dopant are more supportive for the cells, an advantage to the 

homogenous PPy/CS films as they have strong affinity uniformly across the surface. 

The PPy/HA films may perform poorly at supporting this cellular process due to the 

regions of low affinity for FN.  
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6.5 Concluding Remarks 

The nanoscale lateral resolution of protein interactions across a complex surface such 

as the PPy/GAG materials enlightens us about the effect of variation in physical 

properties influence the protein interaction. Spatial variation of the dopant may exert 

some effect on cellular response due to the spatial dependency of FN affinity. This 

effect is clearly demonstrated for PPy/HA, a polymer known to have inhomogeneous 

surface properties, compared to PPy/CS which does not show this lateral dependency. 

The conformation and density of FN, and the cell adhesion binding sites within, will 

control the cellular response on the polymer. Hence, the synthesis of conducting 

polymers should encourage homogenous doping to increase the possibility of binding 

sites across the polymer. 
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 Single Protein Interactions on 7

Photosensitive Conducting Polymers 

 

 

7.1 Introduction 

Switchable surfaces offer control over the material interface (e.g. molecular or 

physicochemical changes) via an applied stimulus. There are several types of stimuli 

that can be applied either as a ‘one-off’ or a reversible change. The most commonly 

used stimuli are light, temperature, pH, and electrical field [266]. 

For   cell-based   applications,   switchable   materials   offer   the   ability   to   control 

interactions at the cell-material. For example, the adsorption of proteins can have an 

advantageous affect on cellular proliferation and differentiation due to protein-cell 

interactions  [98,  154,  266].  In  other  applications  (e.g.  biosensing),  however,  the 

surface adsorption of proteins is undesirable and decreases the efficacy of the device 

[122, 267-268]. A material that combines and controls both of these behaviours opens 

up possibilities in patterned cell growth, tissue engineering, and drug delivery [269-

271]. 

There  are  two  main  mechanisms  through  which  the  stimulus  can  control  the 

interaction between a biomolecule and the material surface. The stimulus can change 

the interfacial surface properties of the material, thus changing the interaction the 

biomolecule has with the surface (i.e. attracted or repelled). Alternatively, the stimulus 
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may also physically alter the biomolecule by changing its conformation, or activity 

[266]. 

Polymer based materials have been designed to take advantage of switchable 

properties for the above applications [25,272-275]. Polymers can be switched through 

a variety of external stimuli, as listed in Table 7-1, and there are important factors 

involved in the application of such stimulus (i.e. rate and magnitude of change, 

reversibility, stability). 

Table 7-1: Examples of switchable stimuli 

Stimulus Type Example  Mechanism Control Reference 

Light 
 

Energy Methyl 
methacrylate 
with 
spirobenzopyran 

Photoisomerization 
caused changes in 
wettability 

Cell 
attachment 

[272] 

Electric 
fields 
 

Energy Polypyrrole Switching surface 
polarity 

Protein 
adsorption  

[25] 

Thermal Energy Poly(N-isopropyl 
acrylamide) 
(pNIPAM) 

Change in hydration Cellular 
detachment 
upon 
stimulus 

[273-274] 

pH 
 

Chemic
al 

Poly(acrylic acid) 
and poly(2-
vinylpyridine) 

Electrostatic 
interactions 

Protein 
adsorption 
amount  

[275] 

 

Each of the stimuli listed above provides a single pathway to control the interfacial 

response between material and biomolecule. A developing area in the field of 

switchable materials is the use of multiple stimuli mechanisms. The ability to use dual 

or multiple switching triggers can give improved control over the interfacial response. 

For example, a dual mode material can be comprised of thermal and optically 

responsive materials. Thermoresponsive pNIPAM and photoresponsive 
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spirobenzopyran were merged to create a material which could control the spatial 

direction of cellular growth with UV light [269]. The cells could then be removed 

through low temperature washing. Furthermore, multiple triggers can be incorporated 

into a single material. The combination of light, temperature, and pH has been used to 

create   volume   tuneable   microgels   comprising   a   pNIPAM-allylamine   copolymer 

microgel functionalized with spiropyran [276]. The optical properties of the copolymer 

changed the thermal threshold for volume changes of the microgel, as well as a 

photochromic change when switched. The amine groups in the microgel were pH 

sensitive and reduced swelling capability with an increase in pH [276]. 

The ability to use more than a single stimulus in a switchable material is promising in 

applications where both spatial and behavioural control over cells is desired. Optical 

switching in 'once-off' switching materials can be used to create a pattern [269], or to 

promote specific biomolecular adhesion to the surface [277]. Electrical switching is 

particularly  applicable  to  OCP  and  can  be  used  to  manipulate  cell  growth  and 

behaviour as already discussed (1.5.3, pg. 1-35). In Chapter 5 (5.4, pg. 5-181) we 

demonstrated a switchable change in protein interaction with electrical stimulus. The 

combination of both light and electrical stimulus for biological applications is an area 

that is not well understood and researched at this point in time. 

7.1.1 Optical Switching 

Light stimulus offers fast, non-invasive, and highly controllable switching, but has not 

been subject to the amount of study, in all types of analysis, as the other stimulus 

techniques.  There are two main mechanisms through which control is achieved with 
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optical stimulus; the photosensitive molecule is cleaved from the surface, or the 

molecule undergoes isomerisation. 

Photocleavable groups offer control over the chemistry of a surface and can be actively 

switched upon the stimulus of specific wavelengths of light. This has been 

demonstrated using a photocleavable group to switch a surface from preventing cell 

adhesion to promoting cell adhesion [277]. The molecule 2-nitrobenzyl cleaves from a 

silane coupling agent when stimulated with 365 nm light. Cell adhesion was prevented 

by adsorbing bovine serum albumin to a 2-nitrobenzyl functionalized surface prior to 

stimulation. The BSA was removed via cleavage from the surface when a light stimulus 

(365 nm) was applied, and subsequently FN was added and adsorbed to promote cell 

adhesion [277]. This type of switching only induces an irreversible change, but is useful 

for patterning of surfaces or for the release of molecules (i.e. drug delivery) [278]. 

The second common optical switching mechanism is photoisomerisation. Upon 

stimulus, the molecule undergoes heterolytic bond cleavage producing an isomer that 

will have a different polarity to the original molecule. Photoisomer molecules include a 

class of chemicals known as chromophores. Chromophores change colour upon 

photoisomerisation and have been studied in combination with polymers to produce 

photosensitive polymeric materials [269, 278-280].  These photosensitive polymers 

have been used in applications to control biomolecular and cellular adhesion to 

substrates.  A photoresponsive polymer was demonstrated to have control over 

enzyme activity through conjugating the enzyme to the photosensitive molecule [278]. 

The enzyme, endoglucanase 12A, was controlled through the photoswitching of the 

azobenzene acrylamide polymer. The azobenzene underwent photoisomerisation in 
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UV light (350 nm), ‘collapsing’ the polymer and becoming hydrophobic, which in turn 

activated the enzyme. When the polymer expanded under visible light (520 nm), the 

enzyme became inactive. This occurs due to the steric blocking of the enzyme’s active 

site from the polymer chains [278]. Another chromophore, spirobenzopyran (SP), is 

commonly used in photosensitive polymers. For example, a copolymer of pNIPAM and 

an SP derivative has demonstrated reversible photoswitching [279-280]. These 

chromophoric polymers are ideal for switchable surfaces as they are reversible 

compared to the non-reversible photocleavable molecules. 

7.1.2 Spirobenzopyran as a Switchable Molecule 

The structure of the SP, merocyanine-like and quinoidal-like MC is shown in Figure 7-1. 

The SP undergoes a heterolytic cleavage of the spiro carbon-oxygen bond to create an 

open ringed structure (MC) that has two resonance forms.  

 

  

Figure 7-1: Benzospiropyran (SP) and the zwitter-ionic and quinoidal isomers in open form (MC). 
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The switchability of SP has been used previously to control cellular behaviour, via 

control of surface properties to induce cell detachment and pattern surfaces [269, 

281]. SP has been incorporated in a copolymer with methyl methacrylate to produce a 

poly(spiropyran-co-methyl methacrylate) material that has a photosensitive surface 

[281]. Switching the SP to the MC caused the material to become more hydrophillic, as 

well  as  inducing  detachment  of  platelets  and  mesenchymal  stem  cells  [281].  A 

polymer, pNIPAM, was functionalized with SP in the configuration of side chains to 

produce a photosensitive culture surface and seeded with hamster ovary cells [269]. 

When the polymer was switched to the MC form, the cells adhered more strongly 

compared to cells seeded on non-irradiated polymer. The material was also patterned 

using a micrometer-scale light source to induce areas of cell adhesion (Figure 7-2). The 

cell adhesion was manipulated in the submillimeter range, as demonstrated by the 

immunofluorescence of live cells in a '?' pattern [269]. 

 

 

Figure 7-2: Micropatterned photosensitive surface where the cells are adhered on the UV irradiated area, and most cells detached 

on the nonirradiated background [269]. 
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7.1.3 Polyterthiophene Polymer 

To use the SP as a photosensitive surface the molecule must be immobilized on a 

surface in a manner that does not interfere with the light switching properties. 

Materials for such a surface have included self-assembled monolayers [282], bilayers 

[283] and polymers [284] have been used, and now recently OCPs [285-286]. By 

immobilizing the molecule on an electromaterial, such as an OCP, the spectrum of 

applications is broadened to areas including both optical and electrical stimulation 

which can add further control over electrode surfaces (i.e. cell patterning). 

A novel polyterthiophene with SP incorporated into the polymer backbone has only 

recently been produced to produce a photosensitive conductive polymer [285]. 

Polyterthiophenes are desirable, as they are stable, easy to synthesis and functionalize. 

 

Figure 7-3: Structure of (A) pTThMA and (B) pTThSP1. 

 

The 'blank' polymer (pTThMA), devoid of SP, is illustrated in Figure 7-3A. The SP was 

covalently bound to the alkoxyterthiophene monomer units to produce the polymer 

poly(2-(3,3"-dimethylindoline-6'-nitrobenzospiropyranyl)ethyl 4,4"-didecyloxy-

2,2':5',2"-terthiophene-3-acetate) (pTThSP1) (Figure 7-3B). The electrical switching of 
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this compound has been  demonstrated to  have good  reversibility and stability, and 

switching  has  also  been  confirmed  using  optical  stimulus   [285].  The  visible  light 

switched  form  is defined  as pTih-SP  and the UV light  switched  form  as pTih-MC for 

this study. 
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7.2 Materials and Methods 

7.2.1 Reagents 

The functionalization chemicals 3-EDSPA, GAH, and human plasma FN were obtained 

from Sigma Aldrich. PBS was prepared at pH 7 in Milli-Q water (18.2MΩ).  

7.2.2 Polymer Preparation 

The polymers were prepared using the methods described in Wagner et al. [285]. The 

polymers were sonicated for 30 sec prior to experimentation to clean the films of any 

residue polymer particles on the surface.  

7.2.3 AFM Topographical Imaging 

The pTTh was imaged in air with AC mode AFM, using Nanoworld PNP-DB tips with a 

spring constant of 0.2 N/m. A scan was conducted over an area of 5 x 5 µm at a scan 

rate of 1 Hz. Roughness was calculated as root mean square (RRMS) roughness using 

Asylum Research MFP3D software (CA). The pTThSP1 polymer was scanned initially in 

white ambient light, then switched using direct UV (254 nm) light and scanned again. 

7.2.4 UV-vis Spectrometry 

Absorbance spectra were recorded using a Shimadzu UV-1800 spectrophotometer. 

The pTThSP polymer was initially electrically stimulated at a constant -0.4 V after 

polymerisation in 0.1 M TBAP electrolyte (acetonitrile solvent) in order to guarantee 

the higher concentration possible of the SP isomer, and the absorbance spectra 

measured. The absorbance spectra was then measured for the pTThSP exposed to UV 

(254 nm) light for 5 min, and then once exposed to visible light (full spectrum) for 5 
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min. The pTThSP was then exposed to UV light for 15 min and the absorbance spectra 

measured.  

7.2.5 Contact Angle Measurements 

Four different freshly polymerised films were kept at -0.4 V. Each of them was 

subjected to 5 cycles of 15 minutes UV light (254 nm) and 5 cycles of 15 minutes of 

visible light (full spectrum) and after each exposition 3 contact angles were obtained 

for each film.  

7.2.6 Tip Functionalization 

The tip is functionalized using an aminosilzation method to covalently bind the FN to 

the tip. Silicon nitride Nanoworld PNP-DB tips are used for this method due to the 

availability of silicon oxide groups on the surface. The tips were initially cleaned with a 

plasma cleaner to remove any impurities or functionalized groups on the surface. Once 

cleaned the tips were immediately functionalized to minimise any contaminants on the 

surface.  The tips were placed into the 3-EDSPA solution at room temperature for 1 h. 

The tips were then removed, washed consecutively with toluene, then PBS solution. 

The tips were then encapsulated with the GAH solution for 1 h, then rinsed with PBS 

solution. The tips were finally encapsulated in the FN solution for 1 h, then rinsed and 

refrigerated in PBS solution until use.  

7.2.7 Force Spectroscopy 

The force measurements were performed in PBS fluid using the experimental set-up 

described in (methodology chapter). The AFM parameters were set for 500 nm 

approach, 0.5 Hz scan rate, 1 sec dwell toward, and 1 nN trigger force. Single point 
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force spectroscopy measurements were performed with 5 consecutive measurements 

at one point, with a rest of 3 seconds, across 5 different points on the sample surface. 

25 force curves were performed by 3 individual tips on 3 samples for measurements 

on pTThMA and pTThSP1 (total number of force curves 228 and 200 on pTThMA and 

pTThSP1 respectively). 

The modified polymers were switched using optical stimulation to measure protein 

adhesion  on  the  SP  and  MC  form.  The  polymer  was  irradiated  with  UV  light 

(wavelength 254 nm) for 10 minutes to switch it from pTTh-SP to pTTh-MC in PBS 

solution. The polymer was then exposed to room light for 10 minutes to switch from 

pTTh-MC to pTTh-SP. Force spectroscopy measurements were performed with 5 

consecutive measurements at one point, with a rest of 3 seconds, across 5 different 

points on the sample surface. 25 force curves were performed on the polymer after 

the light stimulation was applied and 4 samples with 4 individual tips were used (total 

number of force curves 200 and 150 for SP and MC form respectively).  
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7.3 Results 

7.3.1 AFM Topographical Imaging 

Topographical scans in Figure 7-4 showed a change in the roughness of the 

polymer once it has been exposed to UV light. The RMS roughness of the 

polymer in SP form is 3.89 nm (an increase in surface area of 0.62%), while the 

MC form has a roughness of 1.56 nm (increased surface area of 0.07%). 

 

 

Figure 7-4: AFM topographical scan of pTTh polymer in the SP form, then switched to MC form via UV light. 
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7.3.2 UV-Vis Spectral Analysis 

The UV-vis absorbance spectra for the switching pTThSP1 is shown in Figure 7-5A.  The 

fully pTThSP1 switched polymer was initially measured (blue). The polymer was then 

switched to the MC form by exposure to UV light (red)  and then switched back to the 

SP form again (green). The polymer was switched to MC a final time (purple). The 

absorbance spectra shows a shift with the optical stimulation, indicating that the 

polymer is undergoing photoisomerisation.  

 

Figure 7-5: (A) UV-vis spectra of initial pTThSP (blue), UV stimulated 5 min (red), white light stimulated 5 min (green) and UV 

stimulated 15 min (purple). (B) Contact angle measurements on polymer as it is optically switched, measured on 4 individual films, 

cycled 5 times. Error bars are standard deviation. 
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7.3.3 Contact Angle Measurements 

Figure  7-5B  displays  the  average  contact  angle  measurement  as  the  polymer  is 

optically switched from SP to MC form five times. The measurements show a stable, 

reversible change of the contact angle of the polymer. The SP form is the more 

hydrophobic form (an average contact angle of 100.0 ± 5.6°), and the MC form is more 

hydrophilic (an average contact angle of 84.3 ± 2.5°). 

7.3.4 Protein Adhesion 

The interaction of FN with the polymer was measured using functionalized force 

spectroscopy with FN functionalized probes. A typical force curve on the pTThMA 

polymer shows an adhesion force between the FN and polymer as the tip is retracted 

(Figure 7-6A). This adhesion force is the result of attractive forces between the protein 

and the polymer, which can be due to Coulombic, hydrophobic, or electrostatic 

interactions. The maximum adhesion force is measured as the maximum force applied 

to the tip as the protein is pulled off the surface. The extension length is measured as 

the distance the tip travels until the protein fully detaches from the surface, and is 

indicative of the length the protein can stretch before becoming detached. 

The pTThMA showed a slightly higher average maximum adhesion (0.96 ± 0.14 nN) 

than the modified pTThSP1 surface (0.77 ± 0.08 nN), as displayed in Figure 7-6B. After 

exposure to UV, the total average maximum adhesion of the pTTh-MC was significantly 

smaller (0.49 ± 0.06 nN) than both the pTThMA and pTTh-SP. 
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Figure 7-6: (A) Example force curve analysis, extension (red) and retraction (blue) curves. (B) Average adhesion forces for as-grown 

pTTh (n=228), SP (n=200) and MC  form (n=150). Error bars are standard error. 

 

Figure 7-7A displays the reversibility in protein adhesion as the polymer is switched 

between the SP and MC forms. Representative force curves on pTTh-SP demonstrate a 

much higher adhesion force (larger peaks) compared to pTTh-MC, clearly indicating a 

reversible effect of the optical stimulus on protein adhesion. Figure 7-7B shows the 
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mean maximum adhesion force of the SP and MC forms as they are reversibly switched 

over 2 cycles. 

 

Figure 7-7: (A) Representative force curves during optical switching. Maximum force 2.4 nN, maximum tip-sample separation 100 

nm. (B) Average adhesion forces during optical switching (n = 50, 75, 150, 75). Error bars are standard error.  
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The initial SP form (electrically stimulated to ensure complete conversion to the SP 

form) was measured to have a mean of 0.91 ± 0.04 nN (mean ± s.d., n=50). The first 

switch to pTTh-MC with UV light reduced the mean maximum adhesion to 0.31 ± 0.01 

nN (mean ± s.d., n=75). The first switch back to pTTh-SP with visible light measured an 

increase in the mean maximum adhesion to 0.67 ± 0.03 (mean ± s.d., n=150) and the 

second switch to pTTh-MC with UV light decreased the mean again to 0.46 ± 0.01 

(mean ± s.d., n=75). 

 

 

Figure 7-8: Distribution of extension length for SP (red) and MC (black), N=184 and N=171 respectively. 
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Force curves performed on both pTTh-SP and pTTh-MC had similar profiles, as 

represented by the force curve in Figure 7-6A. Histograms showing the distribution of 

the protein extension lengths did not show any significant difference between the two 

forms of the polymer (Figure 7-8). Mean peak distribution values for the pTTh-SP and 

pTTh-MC were 26.8 ± 1.3 nm and 22.5 ± 1.9 nm respectively. These extension lengths, 

which are significantly smaller than the known extended length of FN and those 

observed in the previous chapters for PPy doped with GAGs (Chapters 5 and 6; as 

demonstrated in 5.3.8 via calculation of individual domain lengths, pg. 5-176), indicate 

that the interaction (extension) of the protein is occurring over a distance more closely 

correlated to the dimensions of the compact conformation of FN. 
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7.4 Discussion 

7.4.1  Switchable Control of pTTh-SP 

The optical stimulation was shown to induce a change in the wettability of the pTTh-SP 

functionalized polymer, as demonstrated by the contact angle measurements. The SP 

form showed greater hydrophobicity than the MC form and this hydrophobic nature of 

SP has previously been related to its chemical structure [280, 287] and confirmed using 

contact angle measurements [281]. The weaker hydrophobicity of the MC form is 

attributed to its zwitterionic structure that forms due to cleavage of the spiro carbon- 

oxygen bond and results in the heterolysis of the nitrogen and oxygen (Figure 7-1) 

[287]. Furthermore, the contact angle measurements demonstrated that the change in 

wettability was reversible upon cycling of the optical switching.   This confirms the 

previous study on the reversible optical switching properties of the OCP [288] and, in 

particular, demonstrates for the first time the effect on surface energy. 

7.4.2  Protein Interaction with Switchable Polymer 

The incorporation of SP into the pTThMA polymer is shown to decrease the maximum 

adhesion of the protein (Δ 0.17 ± 0.08 nN), indicating that the modification of the 

surface with the SP molecule changed the affinity between protein and polymer. The 

maximum adhesion decreases further once the polymer is switched from SP to MC 

form (0.29 ± 0.05 nN). When comparing the change in surface energy (contact angle) 

and adhesion, both parameters show a decrease in the order of pTThMA > SP > MC, 

suggesting that an increase in hydrophilicity (or conversely a decrease in 

hydrophobicity) correlates with a decrease in protein adhesion. Therefore, it appears 
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that hydrophobic interactions are likely to be the dominant forces involved in protein 

adhesion. The increased hydrophobicity of the pTThMA is due to its neutral backbone, 

in addition to the presence of polar decyloxy and acetate groups. This is in contrast to 

the pTThSP1 where the nitrate groups will introduce hydrophilicity. The reduction in 

hydrophobicity of the MC form is attributed to the zwitterionic nature of the MC 

molecule, as zwitterionic surfaces have been observed to reduce protein adhesion 

[289-290].  Zwitterionic  surfaces  are  also  believed  to  be  resistant  to  non-specific 

protein  adhesion  due  to  hydration  layer(s)  bound  through  solvation  of  charged 

terminal groups, as well as hydrogen bonding around molecular chains [291]. Thus, this 

switch to the more hydrophilic MC form with zwitterionic species may either diminish 

the extent of hydrophobic interactions and/or play a role in actually deterring protein 

adhesion. Lastly, due to the observed change in roughness of the polymer between the 

SP and MC form, it is possible that topographic effect may also influence protein 

adhesion.  For  instance,  the  increased  roughness  of  pTTh-SP,  compared  to  the 

smoother pTTh-MC, may contribute to stronger adhesion due to an increase polymer 

surface area and associated increase in the interaction (contact) area of the AFM tip. 

The reversibility of the protein adhesion exhibits a small amount of hysteresis as the 

switching is performed over multiple cycles. In particular, the average adhesion force 

of the SP does not return to its initial value (27% reduction in the average adhesion 

force) after switching back from the MC form, suggesting that not all of the MC 

isomers undergo switching back to the SP form. As the force measurements are not 

performed during the optical switching (i.e. the films are static in comparison to the 

electrical switching of PPy in Chapter 4) the measurements may be susceptible to ‘lag’ 
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time of the optical switch as the SP molecule converts form, however the duration of 

stimulation was kept constant to minimise any effect from this. 

Previous work has suggested that the switching movement of the closed SP to the 

open MC can force protein fibrinogen to be removed from the surface [281], and that 

the hydrophobicity of the polymer does not directly contribute to the amount of 

fibrinogen adsorbed to the surface. In this study, however, we are measuring the 

protein interaction once the stimulus has been applied on a static surface. 

7.4.3 Protein Behaviour on Hydrophobic Materials 

The extension length of FN on the pTThSP1 polymer is short (~30 nm) in comparison to 

those  observed on  the  PPy  doped  with  GAGs  in  the  previous  chapter  (corrected 

lengths of ~65 nm and much longer extended lengths of ~160 nm), indicating that the 

behaviour of the protein (e.g. extension) is different on the more hydrophobic pTTh-SP 

and -MC polymers. For example, the PPy/GAG is significantly more hydrophilic than 

pTThSP1, with contact angles of <50° [20]. The wettability of a surface has been shown 

to  control  the  conformation  of  FN;  on  hydrophobic  surfaces  FN  has  a  compact, 

‘pretzel’  conformation  as  opposed  to  the  elongated  conformation  on  hydrophilic 

surfaces [97]. Hence, a hydrophobic surface like pTThSP1 is expected to promote a 

more compact conformation of the protein. 

The intermolecular forces within the protein control its conformation, which in turn 

are influenced by the surrounding environment (i.e. pH, ionic environment)[255]. On a 

hydrophobic surface the interaction area between the protein and polymer will be 

reduced due to the geometry of the compact protein. Hence when the protein comes 
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into contact with the surface a shorter extension length is produced as only a small 

length of the protein is available to adsorb to the polymer. This is illustrated in Figure 

7-9 where the hydrophobic surface encourages the compact conformation, resulting in 

a small extension length. The affinity of FN for the hydrophobic pTThSP1 polymer 

cannot overcome the intramolecular forces of the protein, and so the protein remains 

in a compact shape. The hydrophilic surface promotes the extended conformation, 

resulting in a greater length of the protein available to bind on the surface (as seen on 

the hydrophilic PPy/GAG polymers). As the protein force spectroscopy was performed 

under the same conditions for both the hydrophobic pTThSP1 and hydrophilic PPy (pH 

7.4 PBS solution), the forces of attraction between the protein and polymer must 

dictate this conformation change. 
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Figure 7-9: Illustration of FN functionalized tip interaction with a hydrophobic surface (top) and a hydrophilic surface (bottom). 

Orange represents the N terminal groups, red represents the RGD binding sites and blue represents the disulfide C-terminal 

bridge. Adapted from [97]. 

 

FN conformations are known to be associated with the bioactivity of the protein. The 

more bioactive form of FN, typically the extended conformation, exposes domains (i.e. 

the RGD region) that promote cellular interactions. When in the compact 

conformation, the RGD region is buried in the core of the compact protein and does 

not have access to integrin binding with cells [97]. Hence a material which promotes 

the elongated conformation may promote better cellular interactions, compared to a 

surface that promotes a compact conformation. Using this control it is possible to 
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engineer a material that can be anti-fouling (compact conformation) or adhesion- 

promoting (elongated conformation) with the applied stimulus. 

7.4.4 Implication for Control of Protein Adhesion 

Control of cellular adhesion is useful for several applications, including directed cell 

growth, flow cytometry, and self-cleaning biosensors [269, 272]. Through encouraging 

directed cell growth we open up possibilities in neural network patterning, or for 

prosthetic scaffolds in several types of tissues (neural, muscle, skeletal). Detaching 

cells for flow cytometry without the addition of degrading chemicals allows for better 

analysis of biological research [273], and discouraging the adhesion of proteins and 

unwanted cells to biosensors allows them to remain functioning for longer, and more 

accurately. 

The adhesion of the protein fibrinogen (a glycoprotein), platelets, and mesenchymal 

stem cells (KUSA-A1) has been shown to reduce when SP is switched to the MC form in 

a single process [281]. Our results show a similar result, with the adhesion force and 

energy of FN reducing on the MC form of the pTTh polymer. The switchable nature of 

the polymers in this study and their effects on protein adhesion therefore suggest a 

potential use in priority-driven cellular adhesion to control cell growth, spatially and 

directionally. This has been demonstrated previously [269], but with the reversible 

nature of this experiment, finer control can be exercised over the cellular adhesion. As 

the pTThSP1 polymer is capable of responding to both optical and electrical stimulus 

we now have possible dual control over the material in biological applications. 
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7.5 Concluding Remarks 

This study of an optically switchable polymer, opposed to an electroactive polymer 

explored in previous chapters, demonstrated the versatility of the single molecule AFM 

force spectroscopy technique. 

The change in hydrophobicity of the pTTh-SP polymer directly correlated with a change 

in the adhesion force between FN and the polymer and was completely reversible. 

The ability to create a dual-mode switchable material is highly desirable for biological 

applications; the pTThSp material can be switched both electrically and optically. Here 

we  have  shown  that  through  optically  switching  the  material we  can  manipulate 

protein adhesion which in turn has implications for the control of the bioactivity of FN. 

Comparing the FN interaction with the hydrophilic PPy/GAG polymers with the 

hydrophobic pTThSP1 polymer we saw a clear conformation change as the protein 

adhered to the surface. This reinforces the sensitivity of the single molecule AFM force 

spectroscopy to detect changes in protein behaviour as it binds to different polymer 

surfaces. 
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 Conclusions and Future Work  8

 

 

8.1 Conclusions 

In summary, we have successfully observed nanoscale changes in the physicochemical 

properties of our PPy biomaterials. AFM characterisation, using numerous established 

and novel techniques, resolved lateral variations in the nanoscale surface properties 

and further elucidated of the effect of these dopants on these material properties of 

the polymer. We also conducted the first direct measurement of protein binding at the 

single molecular level for an OCP as a function of electrical stimulation. 

8.1.1 Laterally Resolved Nanoscale Properties 

The nature of the dopants used to synthesise the PPy biomaterials were demonstrated 

to modify the roughness, thickness, modulus, strain, conductivity and surface energy 

of the polymer. A correlation was observed between the physical properties of the 

films, with properties grouping with soft, smooth, and high actuation strain, or stiff, 

rough, and low actuation strain. The laterally resolved surface properties of the films 

were also found to vary depending on the dopant. Using AFM phase imaging, C-AFM, 

and KPFM a change in surface charge, conductivity, and potential due to variations in 

dopant distribution across the polymer was observed. The nodular features of the 

polymers were observed to have higher dopant loading compared to the peripheries, 

and this effect was particularly pronounced for PPy/HA. These findings are important 
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as they emphasize the importance of considering not just the biological activity of the 

dopant but also the effect it has on the material properties. 

8.1.2 Specific Protein Interaction with Bioactive 

Dopants 

The AFM measurements show that it is possible to deconvolute the complexity of 

interactions  at  these  electrodes  that  are  brought  upon  by  their  heterogeneous 

polymer structure coupled with dynamic redox properties. Using single molecule force 

spectroscopy,  we  were  able  to  demonstrate  the  ability  to  resolve  sub-molecular 

binding specificity between anionic or sulfate groups of biological dopants and the 

FNIII12-14 heparin binding domain of FN. The interaction exploits a form of biological 

‘charge complementarity’ to enable specificity. When an electrical signal is applied to 

the polymer, the specific interaction is switched to a non-specific, high affinity binding 

state that can be reversibly controlled using electrochemical processes. Both the 

specific and non-specific interactions are integral for controlling protein conformation 

and dynamics – the details of which give new molecular insight into controlling cellular 

interactions at these polymer electrodes. 

8.1.3 Lateral Resolution of Protein Interactions at the 

Nanoscale 

The adhesion force-volume mapping using single molecule force spectroscopy 

demonstrated that the protein interaction varies across the surface of the polymer. 

The homogeneous distribution of the dopant for PPy/CS was found to support more 

multiple protein interactions, with a higher density of possible FN binding sites. In 
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contrast the heterogeneous distribution of the dopant for PPy/HA resulted in fewer 

binding sites available for the protein, culminating in lower surface adhesion and 

binding density. These surface influences with the protein interaction are known to be 

critical for cellular interactions, as FN density and the availability of RGD sites are 

factors which can control cellular responses. 

8.2 Future Applications of the Atomic Force 

Spectroscopy Methods 

AFM is a genuinely multifunctional analysis tool that will quantify these biomaterials in 

situ, measuring several important physical properties with the added control of direct 

electrical stimulation simultaneously. Significantly, the single molecule force 

spectroscopy allowed us to resolve changes in protein-polymer interactions both as a 

function of different dopants and electrical and optical stimulation. The ability to 

directly observe these interactions opens a gateway for understanding the underlying 

mechanisms of controlling cell interactions using OCP. Addressing these fundamental 

questions at the single molecule level is simplified compared to observing entire living 

cells and enables a direct controlled measurement of the interaction between protein 

and OCP. This technique was also effective for measuring the switching interaction 

between an optically dynamic polymer surface and the protein. Hence, the use of 

single molecule force spectroscopy can be used to analyse the cell- or protein-material 

interface as a function of different stimuli and with unprecedented sub-molecular 

resolution that will be beneficial for the design of OCP that exert control over living 

cells at the nanoscale and molecular level. 
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8.2.1 The Significance of a Switchable Conductive 

Biomaterial 

Electrochemical switching of protein adhesion on OCPs holds much promise for future 

biomedical applications. For example, biomaterials that encourage or stop cell growth 

with an “on-demand” switch are highly desirable. Applications that require cell 

guidance  such  as  neural  and  nerve  tissue  regeneration  can  benefit  greatly  from 

biomaterials that direct cell growth and differentiation with additional temporal 

control. Potential applications that would benefit include electronic Petri dishes and 

electronic 3-D gels, or implantable electrodes, for spatially and temporally controlling 

cell interactions. 

 

8.2.2 Electrochemical Tip Force Spectroscopy 

The ability of to control the conformation of a protein, such as FN, through an 

electrochemical surface offers another point of interest from the reverse end of the 

tip. 

The change in FN conformation with electrical stimulation of the polymer has been 

used in initial studies for an electrochemical biosensing AFM tip. Control of the protein 

conformation can allow us to observe the interaction between differently 

conformations and specific substrate. The tips could be applied directly to living cells 

to observe how proteins in different conformation specifically bind to the cells.  
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This experiment involved covalently functionalizing FN to the electrochemical tips 

developed in collaboration with IABC (University of Ulm, Germany) and Dr. Christine 

Kranz, and with Dr Michael Higgins at IPRI (University of Wollongong, Australia). These 

tips are conductive and have a large PPy surface grown galvanostatically on the apex of 

the tip.  

A constant potential was applied to the tip while performing the force curves onto a 

polymer substrate. Five curves per spot were performed, alternating positive and 

negative voltage cycled through three times each and graphed in Figure 8-1.  

 

Figure 8-1: FN adhesion profiles while applying a constant potential to the tip, third point. Red is an applied voltage of -400mV, 

blue is an applied voltage of +400mV. 
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We see that when a negative potential is applied the protein adhesion is drastically 

reduced, and when a positive voltage is applied the adhesion is large with many 

binding events. This was fully cycled three times, and showed the same response for all 

potential applications. However, this effect was only observed once before the tip was 

degraded and no longer useable.  

These results show promising possibilities for a switchable AFM biosensing tip, taking 

advantage of the molecular control over the protein conformation. This research is in 

an opposite direction to the control of a surface, but is an extremely useful technique 

in the study of single cell interactions with an electrochemical biomaterial. 
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Appendix 1 

 
 

In order to determine that the voltage being reported from the pseudo-reference 

electrode is correct, the e-cell needs to be characterised with a standard 

electrochemical red-ox reaction and Ag/AgCl reference electrode. The red-ox 

potentials of ferri-ferrocyanide are well defined and have been used to characterise 

this e-cell. Working electrodes of plain gold mylar were used in these experiments.  

The characterisation of the e-cell was carried out through cyclic voltammetry and the 

voltammogram displayed in Figure 0-1. A potential window of -600 mV to 600 mV was 

applied with a scan rate of 50 mV/s.  
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Figure 0-1: Cyclic voltammogram of ferri-ferrocyanide. Peak separation of Ag wire  

 

The peak separation for the red-ox reaction was measured in order to observe any 

shift when using the Ag wire reference as compared to the Ag/AgCl reference. The 

peak separation for the Ag wire pseudo-reference and Ag/AgCl reference was 0.43 V 

and 0.38V respectively. The peak separations for the two different reference 

electrodes are similar, and so far this e-cell the Ag wire pseudo-reference is an 

acceptable reference electrode. 

 

 




