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ABSTRACT
In bionic applications, where electronics meets biology, conducting polymers have
played an important role in the development of electrode-tissue interfaces. Fundamental
to these advances are the enabling tools which help us to understand, and manipulate, the
cell-material interface at the nanoscale. Therefore, in this review, we firstly provide an
introduction to bionics and highlight the attributes of conducting polymers in the field. A
focus is then given on the role of Atomic Force Microscopy in elucidating nanoscale and
molecular level properties, which is critical to gaining precise control over the conducting
polymer-cell interface. We provide an extensive review on several AFM approaches used
to study a range of properties and interactions, including polymer structure, mechanical
properties, actuation, electrical properties, through to interaction forces, protein adhesion
and the probing of living cell surfaces at the single molecule level.
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INTRODUCTION
The combination of biological and electronic systems is described as ‘bionic’ and
applicable for 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 are vital for communication between the device and
living tissue. The electrodes must be capable of supplying high-density electrical charge
[2], should not provoke an inflammatory response, and have low impedance [3]. Low
impedance is vital to ensure electrical stimulation is applied at thresholds that avoid cell
damage [4]. Safe stimulation levels for neural prostheses vary between 0.5 to 4000 µC cm-2,
depending on the placement and application of the electrode [5]. Low impedance is also
important for efficient charge transfer at the electrode-tissue interface and 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 able to store a relatively large charge without
undergoing irreversible, and possibly cytotoxic, Faradaic reactions [6]. Bionic device
electrodes currently use conventional metallic materials such as gold, platinum, platinum
alloys, and iridium oxide to deliver stimulation [3] [7]. These metals have excellent
conductivity, are stable and functional for long-term implants, and do not chemically react
with the surrounding tissue [3]. 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 [8]. 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 during insertion of the electrode or after
surgery due to chronic movement of the electrode [9] [10].

ORGANIC CONDUCTING POLYMERS
Organic Conducting Polymers (OCP) as electrodes and electrode coatings are an
alternative to metallic electrodes in bionic devices [11]. OCPs have organic aromatic
backbones and conduct electricity due to delocalized electrons in the conjugated p-orbitals.
OCPs act as semiconductors and exhibit both electronic and ionic conductivity and have
been investigated as conductive materials in many bionic applications [1]. For example,
poly(3,4-ethylenedioxythiophene) (PEDOT) has a high charge injection limit (15 mC cm-2)
and wide potential limit window compared to metallic materials (see Table 1) and has been
explored as coatings for neural microelectrodes [5].
Table 1. Charge-injection limits of electrode materials for stimulation in the central
nervous system. Adapted from [4]
2

Material

Mechanism

Maximum Qinj (mC cm- )

Pt and PtIr alloys
Iridium oxide
Titanium nitride
PEDOT

Faradaic/capacitive
Faradaic
Capacitive
Faradaic

0.05 – 0.15
1–5
~1
15

Potential Limits vs
Ag|AgCl (V)
-0.6-0.8
-0.6-0.8
-0.9 to 0.9
-0.9 to 0.6
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It is the electrical properties of OCPs that are extremely interesting for applications in
bionic devices. The conductivity of these materials is within the semi- conductor range (0.11000 S/cm), which is acceptable for electrode applications [2]. 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 [12]. The charge injection mechanism for OCP electrode materials is more
advantageous for biological applications compared to metals; redox reactions occurring
within OCP results in electronic current being converted to ionic current [13]. This electronicto-ionic conversion of current is seemingly more compatible with living cells that utilize ionic
currents.
The physical properties of OCPs are more advantageous than their metallic counterparts;
they are pliable, flexible and lightweight compared to metals, in addition to being
inexpensive [14]. 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 is the incorporation of
dopants into the polymer structure. A dopant is a molecule that is incorporated into the
polymer during synthesis to enable conductivity. The nature of the dopant (such as size,
charge and chemical structure) will modify the properties of the polymers, specifically
physical properties [15-17], surface chemistry [18, 19], and electrical conductivity [20-24].
The biocompatibility of OCPs can be further enhanced through the incorporation of
biological dopants without compromising the conductivity of the polymers [25, 26].
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 their nanotopography and
surface chemistry, a feature that can be used to enhance cell growth or control cell
differentiation. Finally, their electrical properties play a very important role; the conductive
properties dictate their ability to deliver charge to cells [20, 24], control the release of
dopants (e.g., drug molecules) [23], or mechanically stimulate through electro-actuation
processes [27].
Therefore, OCP electrodes have the unique ability to control cell interactions through
various mechanisms, including:






Nanoscale physical properties;
Incorporation of biomolecular dopants;
Electrical stimulation;
Controlled drug release; and
Mechanical (actuation) stimulation.

BIOLOGICAL DOPANTS
The use of biological dopants (biodopants) is at the forefront of synthesizing
biocompatible OCPs. Biological dopants have included proteins [28], peptides [29, 30]
and extracellular matrix (ECM) components [16, 31-34]. The inclusion of biomolecules
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enables specific interactions with the cell membrane to influence cell function. For example,
laminin peptide fragments incorporated into the conducting polymer, Polypyrrole (PPy),
promotes specific cell adhesion to the polymer and enhances the density of adhered cells
compared to non-bioactive dopants [30].
Glycosaminoglycans (GAGs), biological molecules produced by the ECM, are
increasingly utilized as OCP biodopants. GAGs make good candidates for 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 cell surfaces. They play important roles in cellular functions, such as growth
factor signalling, cell division, wound healing, homeostasis and tissue morphogenesis [35],
and interact with specific moieties on both the cell membrane surface and ECM
proteins [36]. Cell adhesion to surrounding tissue is mediated by the presence of cell surface
integrin receptors, which bind to ECM components such as fibronectin, vitronectin, laminin
and collagen [37]. In turn, these ECM components bind to GAGs [38], forming a critical
continuum for mediating cell adhesion.

ELECTRICAL STIMULATION OF CELLS
Electrical stimulation is shown to enhance the growth of excitable cells such as skeletal
muscle and neural cells [16, 20-22, 24, 33, 39]. A difference in the oxidation state of the
polymer can control the growth of endothelial cells. For example, PPy/ dodecylbenzene
sulfonate (DBSA) shows a significant reduction in cell density on polymer substrates in their
reduced state compared to the oxidized (as-grown) state [40]. Similarly, mammalian cells
display behaviour dependent on the oxidation state of PPy whereby reducing the polymer
leads to prevention of cell spreading and causes cells to ‘round-up’ [33]. Electrical
stimulation of PEDOT/polystyrene sulfonate (PSS) films prior to cell seeding shows that
oxidation of the polymer affects cellular interactions [41]. Reduction of PEDOT/PSS films
promotes cellular adhesion and proliferation (Figure 1A, left), however, oxidation of the
polymer results in cell detachment and death of epithelial MDCK cells (Figure 1A, right).
The proposed mechanisms involving the interaction of the ECM protein, fibronectin (FN), is
shown in Figure 1B. However, no change in cell adhesion occurs when the polymer is
stimulated 24h after cells have been on the surface, indicating that once cell adhesion is
established switching the redox state does not affect the cell viability.
A potential gradient along the polymer and its relationship to FN protein adsorption has
been used to investigate the influence of oxidation state on cell behaviour [42]. 3T3-L1
fibroblast-adipose cells were deposited on a PEDOT/tosylate (TOS) polymer with a
potential bias of -1V to +1V applied across it before the seeding of cells. The fluorescent
imaging showed there was a distinct gradient of cells distributed across the oppositely biased
polymer, where the cells prefer the oxidized side of the film.
It is implicit from the above studies that the effect of electrical stimulation, or switching
of the polymer’s redox surface properties, is an important aspect in controlling cell adhesion
and growth. Furthermore, in order to understand these cell-material interactions,
characterization tools must be at least as sensitive as the cells themselves; the tools must
probe at the nanoscale and molecular level in relevant physiological environments. Similarly,
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the polymers and their properties must be assembled in such a way that control over the
distribution of material composition is possible with nanometre resolution. This is where
Scanning Probe Microscopy techniques such as Biological-Atomic Force Microscopy (BioAFM) are coming of age in nanoscale characterization and multidisciplinary research and
henceforth the focus of this chapter.

Figure 1. (A) On reduced films, fibronectin (FN) in an extended conformation presents RGD sites for
cell binding and growth. On oxidized films, FN in a more compact conformation conceals RGD sites
and prohibits cell attachment and growth. (B) Schematic drawing of the proposed mechanism for cell
interaction via FN on reduced and oxidized PEDOT. Adapted from [41].

ATOMIC FORCE MICROSCOPY (AFM)
The inception of AFM represents a major landmark event along the timeline of
nanotechnology [43]. More recently over the last two decades, the use of AFM in the
biological sciences has increased rapidly due to its ability to operate under aqueous
physiological conditions [44], measure across different length-scales ranging from single
living cells through to individual proteins [45, 46], and easily integrate with
optical/fluorescence microscopy and electrical techniques to enable simultaneous acquisition
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of a wide range of physical, chemical, and electrical information [47]. The advent of a
broader range of available commercial AFM systems and different modes of AFM provides
new opportunities for advanced research and experimental flexibility. For example, AFM
systems and designs (e.g., petri dish holders and heaters) that integrate well with optical
techniques and facilitate live cells studies, including electrochemical cell configurations that
enable observations of cellular dynamics as a function of electrical stimulation, represent
exciting developments in this area [48]. These attributes of Bio-AFM fundamentally makes
for an ideal characterization technique when one merges nanotechnology and electromaterials
with biology in the field of Nanobionics.
AFM is a versatile tool and particularly applicable to studying a wide-range of highly
sought after nanoscale properties of OCPs, whether in the form of thin films coatings, fibers,
or nanostructures. AFM can be performed immediately on as-deposited polymer samples,
without additional sample preparation, in ambient conditions or liquids, providing a quick and
practical approach. A range of different AFM modes can be applied, notably for conducting
polymers these include standard Contact or Tapping Mode imaging, Kelvin Probe ForceAFM (surface potential imaging), Conductive-AFM, and Force Measurements. In most cases,
the topographical image is acquired simultaneously during acquisition of electrical signals to
enable correlation of structural-electrical properties. AFM reveals lateral nanoscale properties
across macro-sized polymer samples but also enables the ability to image individual polymer
nanostructures such as single nanotubes or nanowires. Furthermore, single nanostructures can
be located by imaging, and then the AFM tip can be precisely positioned over a region of
interest (e.g., single nanowire) and probed using a range of AFM modes. Here, we firstly
present some of the various AFM modes and commonly used approaches to probe the
nanoscale properties of OCPs.

AFM IMAGING
AFM imaging is applied extensively in current research and remains a popular technique
of choice to determine the structure and morphology of OCP substrates, films or
nanostructures. Imaging is often performed ex-situ, typically after polymer growth or
different treatments such as heating or chemical modification. In-situ experiments provide an
attractive option for revealing dynamic changes in morphology during polymer deposition or
in response to external stimuli. The flexibility of AFM to operate in gaseous and liquid
environments, such as those mimicking conditions required for vapour-phase or
electrochemical polymerization, allows easy implementation of in-situ experiments. Most
commercial AFM systems are equipped with the necessary hardware, such as
environmentally-controlled liquid or electrochemical cells, to undertake biological and
electrochemical experiments. In general, conducting polymers are sufficiently stable, or
mechanically robust, to enable straightforward imaging. However, softer, lower modulus
polymers in liquids may require the use of intermittent contact mode to reduce lateral forces
that cause damage to the surface during imaging.
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NANOSCALE MORPHOLOGY AND GROWTH
In studies on chemical polymerization of polyaniline (PA) coatings, AFM imaging shows
that the film thickness increases in the first 5-7 min of growth and saturates at 30 nm [49].
Early time-point films are smooth, consisting of tightly packed particles, and only attain a
maximum roughness of 3 nm, suggesting that film growth originates from nucleation of
particles where the lateral growth rate is greater compared to the height growth. Ex-situ AFM
imaging of PPy doped with chloride (Cl), sulfate (SO4-), perchlorate (ClO4-) and
dodecylsulfate (DDS) reveals that the size of individual particles increases linearly with the
logarithmic of film thickness [50, 51]. However, there is an abrupt increase in particle size
once the thickness has reached  1 µm for Cl and ClO4- doped films. Ex-situ AFM imaging of
PSS doped PPy films prepared via electrochemical polymerization with growth times ranging
from 10 – 600 sec shows a linear increase in thickness with polymerization charge [52].
Thickness – charge conversion coefficients of 3.9 µm·C/cm2 are obtained. The roughness,
ranging from 10-30 nm, shows a semi-logarithmic increase with polymerization charge [52].
The effects of many electrochemical parameters such as dopant type and growth conditions
(e.g., monomer/dopant concentration, electrolyte, electrode substrate) are understandably of
interest in related studies using AFM. Higher temperatures cause an increase in surface
roughness [53], likely due to increases in migration rate of the monomer, while lower pH
produces thicker, rougher films [54]. The use of a diverse range of dopants in PPy, including
biological molecules like GAGs and even another conducting polymer, poly(2methoxyaniline-5-sulfonic acid) (PMAS), does not dramatically alter the characteristic
‘cauliflower’ polymer morphology of OCPs but leads to considerable variations in surface
roughness [55] (Figure 2A-E). It should be noted that AFM imaging does not effectively
convey the degree of porosity, as the tip can only penetrate a limited depth. For example, PPy
doped with dextran sulfate (DS) shows a highly porous structure in SEM images yet AFM
images give what appears to be a continuous surface [56]. Thus, AFM and SEM imaging
techniques should be utilized in a complementary fashion when assessing film morphology.
Ex-situ and especially in-situ AFM imaging provide unique insight into the fundamental
mechanisms of polymerization growth. The imaging can be done simultaneously during the
growth process to capture the very early events of polymer deposition on the electrode. The
polymer growth, involving nucleation of the particles, follows either instantaneous and/or
progressive growth which can proceed in 2D or 3D [57]. Instantaneous nucleation involves
growth with a constant number of particles (without new particles forming), while
progressive nucleation involves the continual growth of particles, as well as the formation of
new ones. In 2D growth, the size of the particles expands more rapidly in the lateral direction
across the electrode, while 3D growth occurs equally in all directions. AFM images of PPy
growth on gold/highly orientated pyrolytic graphite electrodes indicate growth as being
instantaneous 2D prior to individual particles interconnecting upon which the growth converts
to progressive 3D [57]. Once individual particles have reached a certain size, they cease to
grow and are afterward accompanied by newly formed particles. This nucleation process
shows instantaneous followed by progressive growth, though variations in growth occur
depending on the type of dopant [58]. AFM studies have referred to the presence of ‘active’
nuclei in the early stages of deposition [59], with their initial growth observed as progressive
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3D. Observations of more complex growth structures, such as thin networks or islands, are
less easily described by instantaneous/progressive growth mechanisms [60].

Figure 2. 3-D height images of 10 µm AFM scans. (A) PPy/poly(2-methoxyaniline-5-sulfonic acid),
(B) PPy/chondroitin sulfate, (C) PPy/hyaluronic acid, (D) PPy/dextran sulfate, (E) PPy/para-toluene
sulfonate, and (F) Histogram showing the RMS roughness values for each film over scan areas of 2 µm
and 10 µm. Reproduced from [55].

Following insightful studies on growth mechanisms, understanding the properties after
growth and particularly during changes in redox cycling is ongoing research. In-situ AFM
imaging combined with applying cyclic voltammetry or stepped potential measurements
enables researchers to correlate the polymer structure, along with surfaces roughness, to
changes in oxidation state, polymer-dopant interactions and intercalation of ions as they
exchange at the polymer-electrolyte interface. Dynamic changes in morphology of PPy/ClO4in response to redox cycling show that films prior to oxidation/reduction, and uptake of
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solvent/ions and swelling, have an aligned fibril structure that becomes random and granular
as the films undergoes cycling [61]. The resolution of the AFM is sufficient to distinguish the
morphologies of short-packed fibrils of  20 nm diameter, associated with short
oligopolypyrrole units, while the granular structure is believed to originate from longer
polymer chains.

NANOMECHANICAL PROPERTIES
The measurement of mechanical properties using AFM typically falls under two main
interests; firstly, one involves recording the amount of indentation for a given applied force
and then fitting of the data to mechanical contact models (e.g., Hertz theory) to calculate the
Young’s Modulus. Phase imaging also resolves lateral surface varations in stiffness, though
this approach is generally non-quantitative. A second main interest is the study of mechanical
responses, or actuation, of films as they undergo reversible swelling and contraction due to
the uptake/release of ions during oxidation and reduction. In this case, dynamic in-situ
measurements are achieved by placing the tip in contact with the film and the polymer
actuation recorded as changes in the z-height over time. AFM imaging can also be performed,
typically across a single line, during the polymer actuation to provide additional information
on changes in surface morphology.

THIN FILMS COATINGS
One type of AFM-based nanoindentation technique uses a set of reference samples of
known modulus (independently measured using depth sensing indentation (DSI)
measurements) to reliably quantify hardness and modulus of bulk OCP films in air [62].
Modulus values of 1.3 GPa for PEDOT/PSS films are comparable to those values obtained in
micro-tensile tests [63]. Similar analysis of AFM force versus indentation curves shows that
polyaniline has a higher modulus in the range of 2.4-4.8 GPa [62]. The modulus of OCPs
typically drops by 50% in liquid [64]. Specifically, the variation in stiffness of differently
doped PPy films immersed in phosphate buffer saline (PBS) is illustrated by comparing force
versus indentation curves [55] (Figure 3A). Greater indentation indicates more compliant
films, with the curves fitted to extract Young’s modulus. In these measurements undertaken
in PBS, PPy/ poly(2-methoxyaniline-5-sulfonic acid) (PMAS) has a significantly lower
modulus of 30 ± 2.0 MPa compared to PPy/chondroitin sulfate (CS) with a value of 293 ± 31
MPa (Figure 3B) [55]. Similar values for PPy/dextran sulfate (DS) (706 ± 44 MPa) and
PPy/hyaluronic acid (HA) (660 ± 49 MPa) are significantly higher than PPy/CS and
PPy/PMAS. PPy/para-toluene sulfonate (pTS) has the highest value of 1000 ± 87 MPa
compared to all other films [55] (Figure 3B). The modulus of PPy/pTS (1000 MPa) is in the
range of that expected for polymers with no plasticizer, indicating that no or very little
amount of water is adsorbed. PPy/PMAS is known to have hydrogel-like properties and its
high water content of > 90% expected to contribute to the low modulus. A significant
increase in modulus for the other four doped film (pTS, HA, DS, CS) is suggested to relate to
their reduced water content. This is somewhat unexpected for the high molecular weight HA,
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which has a high-water binding capacity, suggesting that an effect of dopant-polymer
interactions on overall film properties (e.g., porosity) plays a major role in water uptake.
Using high molecular weight HA as the dopant can produce brittle PPy films [31], however
AFM studies using force curve mapping shows softer, more compliant films when lower
molecular weight HA is incorporated as the dopant [65]. In the latter work, these films are
perhaps the softest OCP ever recorded, with modulus values in the range of 2MPa. More
recently, the use of a relatively new AFM technique based on quantitative nanomechanical
imaging shows that the modulus of PEDOT/PSS films decrease from 200-250 MPa in air to
23 MPa in deionized water [66]. Hydrated PEDOT/PSS films have significantly lower
modulus than those doped with pTS (139 MPa) and ClO4- (68 MPa), suggesting that excess
sulfonate groups of the PSS significantly increase the ability to imbibe water and hydrate the
films. However, the possibility that the AFM indents a compressible, brush-like layer of only
excess PSS at the polymer surface may contribute to the lower modulus values.

Figure 3. (A) Force-indentation curves for differently doped Ppy films. (B) Histogram of mean
Young’s modulus, each column represents the average value on one spot on the surface. Error bars are
standard error. Reproduced from [55].

Based on the above studies, the modulus of hydrated OCPs ranges widely between 1GPa
down to a few MPa depending on the dopant. This range is perceived as an attractive
intermediate of mechanical properties for an OCP coating bridging the interface between hard
metals (100-200 GPa) and much softer gels, cells and tissues (<  10 kPa), enabling a more
stable and less invasive electrode-tissue interface. AFM measurements have made a
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significant contribution in this area, particularly with the ability to probe the mechanical
properties of thin films completely immersed in biologically relevant fluids. The unique
ability to quantify highly localized and lateral heterogeneities in surface modulus, which cells
may effectively sense on the nanoscale, will continue to play an important role in the
nanoscale characterization of OCPs, especially as their interfacial surface chemistries and
composite forms (e.g., gel composites) become evermore complex for bionic applications.

NANOWIRES AND NANOTUBES
The ability of AFM to pinpoint highly localized force measurements on individual
nanostructures of <100 nm in diameter enables research on quantifying the mechanical
properties of individual nanowires and nanotubes that are either directly on a substrate, or
freely suspended over channels. AFM force curves are typically performed at several points
along the nanowire or nanotube and their mechanical properties, modulus and hardness,
determined using either mechanical contact models or 3-point bending tests. These
approaches have been applied to various OCP nanostructures, including nanowires,
nanotubes, nanofibers, and nanoribbons that have potential for interfacing as nanostructured
electrodes in bionics. PEDOT/PSS nanowires suspended over silica microchannels have a
modulus of 3-10 GPa [67]. The values for the single nanowires are significantly higher than
those of bulk PEDOT/PSS (2-3 GPa) and PPy/PSS (1-2GPa) films and attributed to several
reasons, including lower number of stress defects, increased pi-conjugation and polymer
chain length/cross-linking. AFM measurements of single PPy nanotubes (NT) and helical
polyacetylene (HPA) nanofibers lying directly on silica or freely suspended over
microchannels show modulus values of 1GPa and 0.5 GPa, respectively [68]. Force versus
indentation curves of the single PPy/NT and HPA nanofibers on the substrate are linear and
suitably analyzed using contact mechanical models. Suspended HPA nanofibers also give a
linear mechanical response, however, PPy/NT initially show a non-linear curve below z-piezo
displacements of approximately of 60 nm, followed by a linear response at higher forces. The
linear component can be fitted to a clamped beam model to extract the modulus, though
reasons for an initial non-linear mechanical response of PPy/NT, which is not observed for
HBA nanofibers, are not clear. AFM studies have also found a dependence of elastic tensile
modulus on the size of individual PPy/NT [69, 70]. Force measurements on single NT,
ranging from 35-160 nm outer diameter, suspended over the pores of polyethylene
terephthalate (PET) membranes show the modulus significantly increases with a decrease in
thickness or outer diameter [69]. Dramatic increases in modulus are particularly evident
below an outer diameter of 50-60 nm. As modulus is related to the material structure
perfection, this dependence is suggested to be due to an increase in the degree of structural
ordering, or reduced number of defects, as the nanotubes decrease in size. At present, it
appears that AFM-based studies on the mechanical properties of individual
nanowires/nanotubes have only been done in air, not liquid environments. Such liquid
measurements are a logical next step for understanding their nanomechanical interactions
with biological systems.
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NANOSCALE ACTUATION
As mentioned above, another major interest in nanomechanical properties involves the
study of mechanical actuation of OCP thin films as they undergo electrochemically-driven
swelling and contraction. The approach involves in-situ Electrochemical-AFM to enable
measurement of film height whilst electrochemically switching between oxidized and reduced
states. This ability to directly visualize dynamic changes in height on the order of a few
nanometres up to microns in real-time has been appealing to researchers. Effects of film
thickness and dopant on the actuation mechanisms and performance, including parameters
such as % strain and strain-rate are often investigated. In early efforts, PPy films doped with
either ClO4- or pTS were subject to sequential oxidation and reduction by applying potential
square wave pulses between 0.2 and -0.8 V [71]. For ClO4- initial reduction induces a 50%
increase in height but soon after the film contracts and further cycles do not cause regular
changes in height (or volume). pTS doped films show smaller increases in height (10%),
though the reversibility of actuation is more consistent. Due to increases in height during
initial reduction, it is suggested that charge compensation in the early stages of redox
reactions is mostly driven by cation transport rather than anion expulsion from the polymer.
Micro-patterned films,  30µm wide and 1.5 high, of PPy doped with DBSA provide a clever
approach to enable AFM imaging of the entire PPy structure during actuation [72, 73]. The
actuation shows a highly anisotropic, reversible 30-40% change in height, or swelling,
between the oxidized and reduced states in the direction perpendicular to the substrate but
much less (2%) in the parallel direction. These previous studies have led to similar work on
the effect of film thickness on actuation during cyclic voltammetry at different scan rates
[52]. The extent of actuation in thicker, micrometer-scale films is highly dependent on scan
rate. Significantly, the actuation height for thicker films shows a strong nonlinear decay with
increasing scan rate, which becomes more linear and less scan rate dependent as the film
thickness decreases [52]. As a consequence, there is an 18-fold difference in the actuation
height between the thickest (3.17 μm) and thinnest films (97 nm) at 10 mV/s, which decreases
significantly to an 8-fold difference at a scan rate of 200 mV/s. This nonlinear decay in
actuation has previously been related to diffusion limited processes (e.g., semi-infinite planar
diffusion), where the extent of actuation is limited by the rate and distance of ion transport
into and out of the polymer. In contrast, the transition to a linear relationship for the
nanometer thick films suggests that the majority of fast ion diffusion into the polymer is
primarily occurring at the solid-liquid interface, thus shifting the electrochemical actuation
process from a diffusion limiting to a current limiting system. A 1.5-2 times improvement in
strain is seen for the thinnest film (97 nm) over the next highest thickness value (652 nm),
revealing that strain performance increases as the thickness of the supported film enters the
<100 nm regime [52]. However, the increases in strain/strain rate for nanoscale thick films
are significantly less than those predicted by simple models, indicating that rate limiting
mechanisms other than the absolute film thickness (e.g., modulus, porosity) are also at play.
Nanoactuation of a unique kind has been studied by combining force indentation curves
and in-situ electrochemical-AFM [74]. Firstly, force indentation curves on thin
polybithiophene (PBT) films show plastic deformation, resulting in permanent indentations
with depths of 2-15 nm at applied forces > 300 nN [74]. The aim is then to use in-situ
electrochemical-AFM imaging to investigate the effect of electrochemically switching the
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polymer redox state on modulating the topography of the nanoindentations. It is proposed that
by oxidizing the films, their swelling due to the uptake of the dopant anions from the
electrolyte should ‘erase’ the nanoindentations and recover the polymer (permanent shape)
due to smoothing out of the topography. Furthermore, it is expected that upon electrochemical
switching to a reduction potential, if the polymer retains the ‘memory’ of the
nanoindentations (temporary shape), then induced ion expulsion and subsequent contraction
of the film should result in the recovery of the nanoindentations. To assess whether the films
retain the ‘memory’ of the nanoindentations, grid arrays of nanoindentation are prepared and
their topographies imaged after the application of -1 V and then after switching back to 1 V
[74]. Nanoindentations are clearly visible prior to electrochemical switching (Figure 4A), and
the polymer recovery subsequently occurs after the application of -1 V (Figure 4B), though in
some cases only partially (see nanoindentations (3, 4, 5, 6, 9). Importantly, the
nanoindentations completely reappear after switching back to 1 V (Figure 4C), thus
supporting a reversible recovery process shifting from a temporary  permanent 
temporary shape without reprogramming. Height profiles taken across each of the
nanoindentations before electrochemical switching (red trace) and after polymer recovery
(black trace) and indentation recall (blue trace) show the extent to which the dimensions of
the nanoindentations change during the switching process (Figure 4D). Unlike classical
thermoset and thermoplastic shape memory polymers, this shape memory process is unique in
that it utilizes electrochemical control of the polymer redox state to conceal, and temporarily
store, preformed nanoscale surface patterns, which can later be recalled.
AFM studies have been performed to gain a better understanding of the role of
mechanical actuation under conditions that are more relevant to the intended biological
application. For example, [55] studied the effect of different biological dopants on mechanical
actuation induced by electrical stimulation waveforms, specifically biphasic  100 mV pulse
ranging from 0.01-10Hz, considered to be applicable to clinical stimulation applications. It
was of interest to determine if mechanical actuation is evident given the existence of ratelimited ion diffusion at high frequency, biphasic stimulation conditions. For this work, Figure
5A (i) shows that the Z-piezo signal plateaus during the constant potential region of the pulse
at the slowest stimulation of 0.1 Hz, indicating that the film reaches maximum
expansion/contraction during the stimulation cycle. At 1 Hz (Figure 5A, ii), the actuation
decreases and shows a triangular profile, while no actuation is discernable at 10 Hz (Figure
5A, iii). Figure. 5B shows the absolute change in film height varies from  2 nm for 1Hz and
5-10 nm for 0.1Hz. Figure. 5C shows the maximum strain calculated using the mean
thickness value of each film. PPy/CS (4.7%) and PPy/PMAS (4.6%) show significantly
higher strains at 0.1 Hz compared to PPy/HA (3.3%), PPy/pTS (2.2%) and PPy/DS (1.6%). In
this study, there was also an attempt to relate the actuation to roughness and modulus. It was
found that irrespective of whether the dopant is biologically derived, the physical properties
tend to group together with films having either a low roughness, low modulus and high strain,
or vice versa. When investigated as substrates for supporting the growth and differentiation of
skeletal muscle cells, these two groupings of the properties correlate with the differing ability
of the PPy polymer to support the cells [16].
PPy incorporating the antipsychotic drug, risperdone, can function as an electrically
controlled in vitro drug release system [75]. Actuation of these films is observed when the
potential is alternated between ±0.6V at a frequency of 0.5 Hz. Freshly prepared PPy films
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demonstrate cation-driven actuation; the polymer swells on reduction to its neutral state as an
influx of mobile cations balances out the excess of pTS anions. However, after 6 days of
aging, mixed ion driven actuation is observed where the polymer is seen to shrink and expand
on both oxidation and reduction. The amplitude of actuation in aged films is reduced to
around half that of the fresh films. It is found that the rate of drug release is dependent on the
number of actuation cycles experienced by the polymer.

Figure 4. (a) AFM height images showing an array of nanoindentations before electrochemical
switching (A), after polymer recovery at -1V (B) and after indentation recall at 1V (C). (D) Height
profiles taken across each row of nanoindentations in the array before electrochemical switching (red
trace), after polymer recovery at -1V (black trace) and after indentation recall at 1V (blue trace).
Adapted with permission from [74].
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Figure 5. (A) 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.
Reproduced from [55].

NANOSCALE ELECTRICAL PROPERTIES
Kelvin Probe Force Microscopy (KPFM), or surface potential AFM imaging, and
Conductive-AFM (C-AFM) are the two main techniques applied to study electrical
characteristics of OCPs. These techniques enable highly localized nanoscale measurements of
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surface potential, work function and conductivity, as well as mapping of these properties with
lateral nanometer spatial resolution over an area of up to  100 µm. Measurements are
typically restricted to air environments (dry state). Initial studies endeavored to understand
structure-property relations of conductivity, particularly the nanoscale origin of bulk
conductivity, followed by the effects of different dopants and polymer treatments. C-AFM
provides a means to study electrical properties of individual nanowires, nanotubes, and other
nanostructures that are otherwise difficult to quantify using micro- and bulk techniques. CAFM also involves the application current-voltage (I-V) curves, which can be pinpointed to
specific positions on individual nanostructures. Bandgaps obtained from I-V curves of CAFM correlate with those of adsorption spectra studies.
KPFM shows that the nodules of the characteristic ‘cauliflower’ morphology of OCPs
have lower surface potential, indicating areas of higher work function, while the opposite is
the case for peripheral regions that have higher surface potential values or lower work
function (Figure 6). Higher work function of the nodules is related to higher conductivity, or
more highly doped regions. The surface potential is also observed to vary across the surface
over lateral nanoscale dimensions, indicating that surface potential is not well-defined and
that of Eo which is usually ascribed to these materials actually arises from an average of
distributed values.
KPFM and C-AFM show similar variation in conductivity for PBT films [77, 78]. In
undoped, as-grown polymer the conductivity is confined to nodule structures, which are
suggested to consist of more ordered, crystalline higher molecular weight domains compared
to peripheries that have lower conductivity due to the presence of less-ordered, amorphous
lower molecular weight polymer. Repeating the C-AFM imaging after doping, however,
shows a greater increase in conductivity in the peripheries [78]. This is explained by doping
that should be accompanied by an uptake of a significant amount of counter-ions, as well as
solvent. Due to their more highly ordered, dense polymer, the nodule structures are less likely
to accommodate this uptake of ions/solvent and sustain such structural changes. Therefore,
doping is more preferential in the peripheries compared to the nodules despite their expected
higher redox potential. For PEDOT/PSS films, phase segregation of the polymer is believed
to consist of PEDOT/PSS surrounded by shells of excess PSS [79]. Therefore, the nodule
centres have much higher intrinsic conductivity than the PEDOT-depleted nodule peripheries.
Consequently, the main obstacle for current flow is between the PEDOT-rich grains, while
the current is easily transported within the nodules. It is shown that the vertical conductivity
in OCP films, i.e., perpendicular to the substrate, is up to three orders of magnitude lower
than the lateral conductivity in the plane of the film [79]. Combined with conductivity
measurements, this is elucidated by AFM imaging of films in cross-section that show
pancake-shaped PEDOT-rich islands separated by lamellas of PSS [79]. EFM has been used
to resolve the issue of length-scales that govern conductivity in OCP [80]. This work explains
conductivity in terms of ‘metallic islands’ and inquires whether these metallic islands are
confined to single polymer strands, or are in the form of large semi-crystalline areas, or if
they exist at all. Measurements were performed on monolayers of polybithiophene whilst
applying a small directional current to the film [80]. Sharp potential drops are observed across
the monolayer, which are interpreted as dependencies of conductivity on directionality of the
polymer backbone. When the backbone of the individual polymer chains are aligned with the
direction of the current, the measured conductivity is high, while perpendicular alignment of
the backbones significantly lowers the conductivity. This is supported in EFM images
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showing drops in potentials at boundaries of differently orientated backbones of up to 100500nm in domain size.
Understandably there is much interest in the effect of dopants and growth conditions on
improving conductivity. C-AFM has been applied in several studies for this purpose. Based
on C-AFM data, [81] explains that sodium dodecyl sulfate (SDS), which forms large micelles
in aqueous media, assists in the formation of large particles but these are not well electrically
connected. In contrast, ClO4- is homogeneously dispersed in the polymer matrix, most likely
due to its lowest basicity, and provides higher conductivity. pTS doped PPy films have the
highest conductive state ascribed to its relatively high basicity in comparison with that of
ClO4- and high polarizability of the pTS. It is stated that high basicity allows the radical
cations, i.e., polarons, of PPy to easily associate with the dopants, stabilizing the conductive
states. The AFM observations of morphological and electrical properties of the PPy films are
credited for helping provide the above explanations. Overall, KPFM and C-AFM are notable
in studying the effect of various parameters on thin conducting polymer films and show that
the conductivity generally increases with an increase in growth time, dopant concentration,
and use of non-aqueous solvents as the electrolyte. Through the use of electrical AFM
techniques, we now appreciate a generally accepted picture of an inhomogeneous
conductivity that occurs over nanoscale length-scales, and that this spatial pattern of
conductivity is inextricably linked to their nanoscale morphology.

Figure 6. (A) Topography image and (B) KPFM image of surface potential of a PPy/pTS film grown
potentiostatically at 0.6 V for 5 min, thickness 150nm. Reproduced with permission from [76].

ELECTRICAL PROPERTIES OF INDIVIDUAL NANOMATERIALS
Electrical AFM modes lend themselves to probing intriguing electrical properties that
arise as OCPs in the form of individual nanowires and nanotubes are scaled down to nanosized dimensions. The ability to pinpoint localized measurements along individual
nanostructures opens a new paradigm of electrical characterization under vacuum, ambient, or
especially liquid environments. C-AFM is used, typically in the I-V spectroscopy mode, to
demonstrate I-V linear characteristics of OCP nanomaterials. Whilst some type of
extraordinary electrical properties may be expected, several studies have quantified
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conductivity values that are only comparable to bulk films. PPy nanotubes prepared using
pores of track-etched polycarbonate, ranging from 50-200 nm in diameter, give conductivities
of  1 S/cm that are consistent with bulk films [82]. PEDOT/PSS nanowires, < 10 nm in
diameter, give similar values of 0.06 – 0.6 S/cm [83]. Studies show that size does matter; at
smaller dimensions a more highly-ordered polymer structure starts to dominate the
conductivity. For example, AFM conductance measurements on single PPy nanobelts give
constant values of  2-2.5 S/cm for widths > 100 nm, though this value increases linearly to
4.5 as the width approaches 50-60 nm [84]. However, other studies using C-AFM attain
appreciable conductivities. The conductivity of PPy nanotubes is shown to be 5000 S/cm
when the wall thickness reaches 15 nm [85], while others report values of 3200 S/cm for PPy
nanobelts [86]. It is noted in the literature that some caution must be taken when comparing
values, as both the loading force and applied bias voltage during the C-AFM imaging or I-V
curve can influence the measured current signal [84]. Lastly, C-AFM of single gold and silver
nanoparticles adhered to OCP films provides a means to study the properties of electrical
nanoscale contacts between the polymers and metals. Sufficient electrical contact could be
made between noble metal nanoparticles and either PPy, poly(3-methylthiophene) (P3MET)
and PEDOT [87]. It turns out that PEDOT is the most conductive at the sites where the
particles sit on the surface, suggesting that PEDOT better aligns sulfur atoms on the surface to
enable strong bonding of gold and silver nanoparticles.

SURFACE CHEMICAL PROPERTIES
AFM is primarily a physical measurement tool and does not have inherent capabilities for
analysis of chemical composition, as achieved by spectroscopy or x-ray techniques. AFM is
better known for probing local surface chemistry using chemically functionalized tips.
Various strategies for surface modification of the tips include the use of self-assemble
monolayers, covalent coupling via 1-ethyl-3-(3- dimethylaminopropyl)carbodiimide (EDC)
and N-hydroxysuccinimide (NHS), biotinylated-BSA, histadine tags and polyethylene glycol
(PEG) linkers [88-91]. Whilst this provides an in-direct approach for detecting chemical
surface groups via binding forces, in principle, it can be a very powerful tool for chemical and
nanoscale spatial recognition at the level of single molecules. This type of measurement is
typically classified under measurements involving force spectroscopy [88-90], which are
presented in more detail below..

FORCE MEASUREMENTS: INTERACTION FORCES OF OCP
Thermodynamic expressions and force laws provide a means to calculate energies and
forces based on knowledge of the interacting surfaces yet the ability to make comparisons
with direct measurements using force measurement techniques is invaluable. The direct
measurement of intermolecular and surface forces is becoming an increasingly explored area
for OCP, as there is growing interest in the effect of electrical fields on binding kinetics and
biomolecular interactions [92]. The principle of AFM force measurements are shown in
Figure 7A. They involve measuring the change in deflection of a flexible cantilever with
sharp tip whilst bringing the tip into contact and then withdrawing it from a surface. Tip-
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surface interaction forces, F, acting on the cantilever are easily measured using simple
Hooke’s Law, F = kd, where k is the cantilever stiffness (spring constant) and, d is the
cantilever deflection. These AFM measurements, or force curves, can be applied to measure
double-layer forces. The AFM tip can also be functionalized with ligands (e.g., protein) to
recognize and detect the binding forces of complementary surface molecules [88].
AFM force measurements reveal that there can be complete charge compensation during
applied potentials in P3MET and PPy films [93]. This relates to an interesting observation
that no diffuse double layer interaction at the polymer-solution interface is evident in the
force curves [93], a situation that is very different from metal or semi-conductor electrodes.
For these measurements, a silica colloidal probe, negatively charged at pH > 3 in 0.001M
potassium perchlorate (KClO4-), shows no indication of electrostatic attraction or repulsion
over a potential range of +0.4 to -0.8V vs Ag/AgCl, suggesting the charge in the film is fully
compensated by anions. This behaviour is distinctly different to that of a gold electrode,
which has similar surface roughness. The main finding is that ions mainly reside within the
polymer film and that any electrode capacitance that could be ascribed to the polymer film
would be an inner or compact layer capacitance. It is also possible that the force curves, with
no evident double layer interaction, results from an ionic concentration that is so high within
the polymer pores that all of the compensation occurs in a compact and extremely thin, few
angstroms, diffuse layer that is not detected.
Despite the above study, repulsive forces have been detected on OCP as a function of the
applied potential. AFM force measurements between a silicon tip and sulfonated polyaniline
(SPANI) in 1mM KCl at pH 2.5 and 25C show interaction forces that are dependent on the
applied potential [94]. At low pH, an interaction between a slightly negatively charged tip and
SPANI film with negatively applied bias produces a repulsive force that extends out to 20 nm
(Figure 7B, i). As the applied potential is increased towards positive values the repulsive
force diminishes eventually to the point where a net attractive force and tip-polymer ‘pull-off’
adhesion of 2.0–2.5 nN is present (Figure 7B, ii).
Force measurements can be performed where a known potential is also applied to the
AFM tip and polymer (Figure 7C). The interaction between a gold coated tip with applied 200 mV bias and PPy/HA film in 0.005mM NaCl at neutral pH and room temperature
similarly produces interactions that are dependent on prior charging of the polymer [65]. The
interaction however becomes more complex as a function of the lateral position of the tip
across the surface. For uncharged (as-grown) films, a purely repulsive interaction occurs on
nodules of the characteristic ‘cauliflower’ morphology (Figure 7C, i) but additional short
range attractive forces and ‘pull-off’ adhesion of 0.5 nN appear within the peripheries [65]
(Figure 7C, ii). When the polymer is charged prior to the measurements with +200mV, the
repulsive force significantly diminishes and the attractive force and pull-off adhesion are
again present, as in Figure 7C (ii), yet on this occasion the interaction is not dependent on the
lateral position of the tip (i.e., nodules versus peripheries). An interesting aspect of this
research is that charging of these polymers relates to the ability of adipose stem cells to
adhere to the surface. Because the charging does not significantly change the topography and
modulus of the polymer, it is apparent that electrostatic forces play a primary role in the
binding and bioactivity of surface adsorbed extracellular proteins that promote cell adhesion.
Assessment of the ‘pull-off’ adhesion force between a silicon tip and SPANI films show
that it tracks the electrochemically induced charge at the polymer surface [94]. An adhesion
versus electrode potential curve exhibits a titration-like curve response (Figure 8) where the
minimum and maximum of the adhesion represents a surface that is saturated with positive or
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negative charge. Least squares fitting to these curves exhibit an inflection point that
corresponds to the potential where the electrostatic force transforms from repulsive to
attractive. For this silicon tip-SPANI interaction, a measured inflection point of -125 mV is
approximately equal to the half-way potential in cyclic voltammetry measurements.

Figure 7. (A) Schematic of AFM force curve. a) tip approaches; b) attractive force and tip-surface
contact; c) repulsive contact force; d) tip-sample adhesion; e) ‘pull-off’ adhesion and tip withdrawal.
(B) Force curves for interaction between silicon tip and SPANi-coated electrode in 1 mM KCl at 25°C
and pH 2.5 at applied potentials of (i) -350 mV and (ii) +250mV(vs AgQRE). Reproduced from [94].
(C) Force curves for interaction between gold coated tip (biased at -200mV) uncharged PPy-HA film in
0.005 M NaCl(aq) electrolyte at the location of (i) nodule structures and (ii) peripheries of nodules
structures of the polymer morphology. Reproduced from [65]. (D) AFM force curves for interaction
between (i) plasma treated AFM silicon nitride tip (SiN) and (ii) aminosilinized tip (3-EDSPA) and
PPy/CS in phosphate buffer saline. Adapted from [95].

CHEMICAL MAPPING OF POLYMER SURFACE
Chemical modification of AFM tips and surfaces enables the interactions of functional
groups (e.g., –COOH, -NH2, -OH and –CH3). This approach is done extensively using model
surfaces (e.g., self-assembled monolayers), though only recently pursued for OCPs. For
example, a series of functional groups are introduced onto the AFM silicon tip and force
measurements are performed after each functionalization step to assess their involvement in
the interaction with the OCP [95]. Plasma treated silicon nitride tip (SiN3) bearing –OH
groups, which are hydrophilic and negatively charged at neutral pH, show a small repulsive
force and no adhesion to as-grown PPy/CS films with no applied potential (Figure 7D, i). In
contrast, 3-ethoxydimethylsilylamine propyl (3-EDSPA) treated tips terminated with
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protonated NH3+ groups at neutral pH show an attractive force during approach followed by a
‘pull-of’ adhesion of 2.0 nN (Figure 7D, ii). This net attractive force and adhesion between
the positively charged tip and negatively charged polymer surface indicates the presence of
anionic sulfate groups of CS at the polymer surface. Gluteraldehyde (GAH) functionalized
tips bearing carbonyl groups are reactive for primary amines to enable protein crosslinking.
Due to the presence of carbonyl groups these tips are negatively charged and show a small
repulsive force but unlike the silica tips a ‘pull-off’ adhesion of 0.5 nN is present (force
curves not shown). These tips could potentially undergo a Shiff’s base reaction to couple with
–NH groups of the polymer, however, the magnitude of the adhesion forces does not suggest
the formation of covalent bonds.

Figure 8. Pull-off adhesion between silicon tip and SPANI electrode as a function of the
electrochemical potential applied to the substrate in 1 mM KCl at 25°C and pH 2.5. The solid lines
represent least squares fits to a titration curve. Each data point represents the average of 256
measurements and the error bar is the standard deviation. These curves give E° values of -100 mV.
Adapted with permission from [94].

AFM force mapping involves collecting a grid-array of force curves across the sample
[96]. Each pixel in the force map represents a single force curve from which parameters such
as modulus and adhesion can be extracted and displayed as a 2-dimensional image by plotting
the values as function of the X-Y position. To correlate material properties with topography,
the latter can be simultaneously acquired by determining z-piezo height where the tip makes
contact with the surface relative to the starting piezo height during a force curve. Recently,
this approach was used to detect functional groups, initially incorporated onto the monomer,
at the surface of electrochemically polymerized films of PEDOT/hydroxy (OH), PEDOT/
phosphorylcholine (PC), and mixtures of the two [97]. Various tip functionalities were
employed, with dendron-coated probes consisting of anthracene moieties to promote pi-pi
interactions with the OCP backbone. The anthracene modified probes show the ability to
discern differences between homopolymers of PEDOT/OH and PEDOT/PC based on the
degree of polymer chain stretching, or interaction length, during the binding. Thus, using
polymer stretching as a mechanical ‘marker’, AFM force mapping is able to detect nanoscale
domains of PEDOT/OH and PEDOT/PC in mixed films.
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BIO-AFM AND BIOMOLECULAR INTERACTIONS
Through a variety of strategies to chemically functionalize the AFM tip, the attachment
of many different proteins in active and desired conformations has made it possible to directly
measure the forces between a single protein and substrate of interest. AFM force spectroscopy
has shown it is possible to deconvolute the effects of the intrinsic surface heterogeneity of
OCP, as any given single x-y location of a force curve can actually represent a specific single
protein–surface interaction bearing its own characteristic fingerprint. Our group has
implemented this approach to understand the interactions between fibronectin and PPy films
doped with different biomolecules, including CS and HA [95, 98]. The principle behind this
type of force spectroscopy experiment is depicted in Figure 9A and highlights the ability to
probe protein-OCP interactions both at the molecular and nanometer scale under electrical
stimulation.

Figure 9. (A) Schematic diagram of AFM tip functionalized with FN interacting with a conducting
polymer electrode (blue), polypyrrole (PPy), comprising a conjugated backbone (black chemical
structure) with entrapped dopants (green) such as chondroitin sulphate (CS), hyaluronic acid (HA) or
dextran sulfate (DS). Force spectroscopy measurements were performed as a function of an applied
voltage using electrochemical–AFM. The PPy-electrode operated as the working electrode in 3electrode electrochemical cell. (B) AFM force curves for the interaction of FN with non-electrically
stimulated PPy/CS showing the trace (orange) and retrace (blue) curves. The peak at (i) corresponds to
initial detachment of the tip and fibronectin molecules from the surface. The two subsequent peaks (1 st
and 2nd dashed lines) and their spacing of 27.1 nm (ii) and 28.5 nm (iii) correspond to the sequential
unfolding of FNIII modules (~ 75 amino acid residues). A peak spacing of 47.8 nm at point (iv) is
greater than that for FN unfolding and correlates with multiple detachment of FN-polymer binding
sites. Adapted with permission from [98].

A direct approach is to covalently functionalize the AFM tip with a protein of interest.
The tip is brought into contact usually for a delayed period to initiate binding to the OCP
surface Figure 9A. AFM tips functionalized with fibronectin (FN), a well-known ECM
protein that facilitates cell adhesion, show ‘pull-off’ adhesion on PPy doped with GAGs
(Figure 9B, i) [95, 98]. This adhesion is due to bulk interactions (e.g., multiple proteins) of
the protein functionalized tip. After ‘pull-off’ adhesion, other types of adhesion events occur,
including sawtooth-forces due to sequential unfolding of folded FN domains as the tethered
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molecules are stretched (Figure 9B, ii, iii, iv) or plateau forces that involve the desorption or
‘peeling’ off of FN molecules from the polymer surface (Figure 9B, vi) [95]. The former has
a very characteristic profile during the extension of single proteins in that the forces to unfold
individual domains (peaks) are  100-200 pN and spacing between peaks is equal to the fully
extended length of unfolded domain (i.e., 28 nm =  75 amino acid residues) (Figure 9B, ii,
iii, iv) [98]. Multiple sawtooths also arise when there are multiple binding sites along the
length of the protein (Figure 9B, vi). The interaction of FN with PPy doped CS, DS, HA and
pTS show sawtooths due to multiple binding sites with peak spacings of  60 nm that
correlate with the distance between heparin-binding domains of FN, suggesting their
involvement in the interaction [98]. Binding of individual domains gives average forces
ranging from 100-150 pN and the FN freely interacts along its length, allowing binding at
heparin domains, and is also able to extend up to its contour length ( 175 nm) under tensile
forces. Repeating experiments using FN functionalized AFM tips on more hydrophobic,
polythiophene (PT) films show that the extension of the FN is greatly reduced to distances of
 25 nm which correlates with dimensions of FN in its folded conformation, suggesting that
this conformation is retained, e.g., hydrogen bonds are not disrupted during interactions with
these low surface energy polymers [99].
To further assess differences in adhesion between films doped with GAGs, force-volume
mapping was performed with the FN functionalized tips to spatially map the dependence of
adhesion on topography of PPy/CS and PPy/HA films [95]. The adhesion maps of PPy/CS
and PPy/HA show a difference in both the strength and lateral distribution of the protein
adhesion. PPy/CS shows a higher strength of adhesion compared to PPy/HA. Each adhesion
event (red pixels) from an adhesion map can be overlaid onto the topography image (Figure
10A and B). Due to a significantly higher occurrence of adhesion across the surface for
PP/CS (77% surface coverage), there is no correlation between adhesion and topography to
the point where the high distribution of adhesion effectively masks the topography (Figure
10A). Conversely for PPy/HA, the adhesion is more distributed along the nodule regions, as
opposed to peripheries, and thus occurs at much lower density (24% surface coverage)
(Figure 10B). C-AFM scans were taken on PPy/CS and PPy/HA to further assess the
correlation between the FN adhesion, topography and conductivity of the films. PPy/HA
shows regions of conductivity that are confined to the nodule regions of the polymer, while
the peripheries show little or no measurable current. The conductivity of PPy/CS is however
more uniformly distributed across the surface with no clear correlation with the topography,
indicating more homogenous doping of the polymer. The dependence of the adhesion on the
topography is further depicted by showing the protein interaction with both PPy/HA (Figure
10D) and PPy/CS (Figure 10C) using actual 3-D height images overlaid with the
conductivity, where areas of black indicate low or no conductivity, while areas in green
indicate higher conductivity. The density of the adhesion acquired in the force maps closely
correlates with the distribution of conductive, or more CS or HA doped, regions across the
film, confirming that FN adhesion to the polymer is mediated by specific interactions with the
dopants.
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Figure 10. Adhesion image (red pixels) overlaid on topography images of PPy/CS (A) and PPy/HA (B).
Below - Schematic of protein-surface interaction using actual 3-dimensional topography with overlay
of corresponding conductivity (green is conductive, black is non-conductive, Z scale 4 nA). Scan area
is 1 µm and AFM tip is drawn roughly to scale ( 30 nm tip radius). (C) CS is more homogenous giving
a higher probability of FN adhesion. (D) HA displays inhomogenous conductivity resulting in lower
probability of adhesion. The protein (red) may not adhere to non-conductive areas (black) of the
polymer. Adapted from [95].

Figure 11. Pull-off adhesion force (dashed curve) versus voltage and corresponding cyclic
voltammograms (solid curve) for PPy/CS films. Adhesion values (black circles) represent an average
from individual force curves collected at each time point during 3 cyclic voltammogram cycles
performed at a scan rate of 50 mV/s. No changes in pull-off adhesion were observed for slower scan
rates of 5mV/sec (data not shown). Adapted with permission from [98].
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Figure 12. (A) Schematic of Electrochemical-SCFS combined with a 3-electrode electrochemical cell
mounted on a Bio-AFM. The electrochemical cell is temperature controlled at 37 ℃, consisting of the
PPy/DBSA substrate (orange) as the working electrode, a platinum wire ring (silvery grey) as the
counter electrode, small Ag/AgCl reference electrode (yellow), and controlled by an external
potentiostat. Cyclic voltammograms performed in CO 2 independent medium indicate an oxidation peak
at approximately -340mV and reduction peak at -500mV (left image). During the SCFS measurements,
the adhesion forces are detected between a single cell attached to the tip and the polymer substrate
whilst applying a constant voltage. (B) Force verus distance (retraction) curve for the adheisve
interaction between a single L929 cell and native polymer (no applied voltage) of PPy/DBSA. The peak
force is given as the maximum force values required to detach the cells. Plateau and jump interactions
are evident following the bulk detachment of the cell. (Inset) Plateau interactions shows a constant
force over a given distance, while jump interactions typically show a non-linear increase in force that is
characteristic of an elastic response of a biological molecule or bond under strain. Adapted from [100].

Using the electrochemical-AFM setup in Figure 9A, the protein adhesion can also be
quantified as a function of electrical stimulation or switching electrochemical redox
properties. For the FN protein-PPy interaction, applying a positive bias to the PPy causes a
strong electrostatic attraction between the majority of negatively charged protein domains and
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positively charged polymer, resulting in an order of magnitude higher adhesion force of  1-2
nN (Figure 11) [98]. This electrochemically induced adhesion is stronger and non-specific but
can be reversibly switched to smaller piconewton adhesion forces by applying an opposite
negative bias to the polymer. Rather than applying a constant potential, this work applied
cyclic voltammetry where the pull-off adhesion is plotted as a function of the change in
voltage and current (Figure 11) and becomes kinetically dependent on the scan-rate.
Single molecule AFM force sensitivity is helpful for deconvoluting complex interactions
that operate on nanometer lengthscales across the polymer surface and are expected to play a
critical role in fundamental advances in this area, including conducting biomaterials and
electrochemical-based protein sensors. Practical uses can also be found, for example, by
supporting high-throughput bacteriophage library screening methods with AFM as a next step
in assessing binding kinetics and mechanistics of those ligands identified as having a high
affinity. This was demonstrated by identifying a T59 phage peptide sequence with high
affinity to PPy/Cl and applying force spectroscopy using peptide functionalized tips on the
polymer to quantify binding constants [29].

BIO-AFM CELLULAR TECHNIQUES AND FUTURE DIRECTIONS
A major challenge in the study of dynamic, O C P s in this area, or any biomaterial
for that matter, is the inability of conventional cell biology methods to quantitatively
corroborate cell adhesion to developmental processes such as growth, proliferation and
differentiation. Routine histological approaches typically define adhesion as the number of
fixed and stained cells remaining behind on the substrate after washing. These
measurements are non-quantitative (no actual adhesion forces are measured), generally not
reproducible (e.g., inconsistency in washing step), convoluted by non-specific interactions
and very difficult to relate to the involvement of cell adhesion proteins (e.g., focal
adhesions) that are often fluorescently identified. Furthermore, the analysis of fixed and
stained dead cells, makes it impossible to resolve dynamic adhesion processes. As such,
there is somewhat of a vacuum in our knowledge of the forces involved in cell-material
adhesion, especially at the dynamic, molecular level.
In the area of conducing polymers, we have recently taken steps toward addressing this
by implementing Electrochemical-Single Cell Force Spectroscopy (EC-SCFS) to ultimately
probe the entirety of the l i v i n g cell-protein-OCP interface [100], which has been hitherto
very difficult to achieve. The technique relies upon the attachment of a single living cell to
an AFM probe, which is brought into contact with the electrode surface and adhesion
forces measured as the probe is retracted during an applied voltage (Figure 12A).
Significantly, this enables dynamic changes in binding forces of single integrin bonds,
and formation of their complexes, to be detected with ultra-high sensitivity and resolution.
Without the use of adsorbed proteins or serum, the adhesion occurs primarily between the
cell surface glycocalyx and conducting polymer. In this system, the EC-SCFS shows that the
cell adhesion increases on DBSA doped PPy as they are electrically switched from oxidized
to reduced states [100]. As the polymer is reduced, an increase in surface sulfonation and
hydrophilicity correlates with an increase in single cell adhesion. At the molecular level, the
glycocalyx interactions involve molecules that have either a weak/absent linkage to the
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intracellular cytoskeleton, resulting in interactions with membrane tethers, or those that have
stronger cytoskeletal-linkages (Figure 12B). For the latter, binding forces of  30-40 pN with
a narrow force distribution indicate interactions at the single molecule level. Electrical
switching modifies the single molecule bond properties, including both the force and
interaction length (i.e., bond stiffness) of the glycocalyx-polymer interactions. This may be
due to switching of specific surface chemical groups, direct electrical effects at the electrodeelectrolyte interface, or other redox-induced process such as ion/water uptake into the
polymer. This work provides a platform to enable insight into the effect of electrical
switching on molecular-level interactions between living cells and conducting polymers.
More broadly, the approach can be applied to elucidating the bond properties and kinetics
(e.g., dissociation constants and energy barriers) of specific cell adhesion molecules such as
integrins in the presence of electrical fields and directly at electrode interfaces.
An alternative approach is to integrate the OCP electrode onto the AFM tip, which is then
used to probe living cells [101]. In contrast to EC-SCFS, this approach effectively inverts the
measurement by placing the OCP electrode up onto the tip, which now operates as a
nanoscale electrode (Figure 13A-C). AFM tips modified with an integrated platinum
electrode and subsequently coated with PPy/pTS via pulsed polymerization show adhesive
interactions involving the stretching of PPy chains [101]. When a potential of +0.4V is
applied to the PPy electrode tip its interaction with a glass surface shows repulsive forces and
‘pull-off-adhesion of  0.5 nN but the latter is not present at -0.4V. Over-oxidizing the PPy
tip with +1.0V induces an interaction that indicates the liberation and extension of PPy chains
originating from the integrated PPy electrode tip. Lastly, the PPy-modified probes are suitable
for probing force interactions at living cell surfaces (Figure 13F), while applying nanoscale
electrical stimulation that cause electrical contractions of the cells, in this case muscle
myotubes (Figure 12D-E).

CONCLUSION
Over the past 20 years it has been shown that electrical stimulation through OCP has a
significant and beneficial effect on mammalian cells. While significant effects on the
macroscopic scale have been observed, it is expected that molecular level insights into this
fascinating phenomenon in a biologically relevant environment will provide major
advancements. Newly developed Bio-AFM approaches, such as those described above and
other emerging and exciting capabilities like High-Speed AFM [102], will enable real-time
detection of any single protein, or single cell surface receptor, interaction with OCPs under
electrical stimulation. This will have a significant impact on those concerned with the design
of OCPs to amplify specific effects arising from electrical stimulation. We have no doubt
AFM-based approaches will be embraced not just by those involved in the development of
OCPs but any electromaterial or surface wherein electrical stimulation is used to control
biomolecular and cellular interactions.

Figure 13. (A-C) Schematic representation and scanning electron microscopy (SEM) images of the individual fabrication steps of AFM-SECM probes with
conical platinum/carbon (Pt/C) electrodes. (A) After gold layer deposition and insulation with Parylene C, (B)) after Focused Ion Beam (FIB)-milling (inset
shows the exposed gold electrode), and (C) after ion beam-induced Pt/C deposition (all scale bars are 3 μm). Schemes on the left side illustrate a cross-section
through the tip at the corresponding fabrication step and direction of the ion beam. (D-E) Bright field images of C2C12 muscle cells (myotubes) before (D) and
after (E) stimulation with a PPy-modified tip (A,B). Red arrows show positions before and after cell stimulation with a potential of -1.5 V vs. Ag/AgCl was
applied. (F) Force curve obtained at the cell before the stimulation is shown in (D). Note: The shown images are part of a recorded video, which shows cell
movement. Adapted with permission from [101].
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