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day seven and day fourteen. Results are ± STD, ★ = p< 0.05. .................................. 90
Figure 2.14 Focal adhesion formation of SH-SY5Y cell grown roughness.
Immunofluorescent imaging was employed to quantify FA length and number in cells
cultured on pristine ITO coated glass and experimental anodised films of different
roughness (A-D), (green: paxillin, red: actin, blue: nucleus, bar: 40 µm). Cells
cultured on control ITO coated glass generated less FA complexes over time, whilst
this trend was reversed in cells on experimental anodised ITO films of all roughness
E). SH-SY5Y cells grown on 19 nm, and 81 nm roughness of anodised films were
associated with a significant increase in FA length relative to cells cultured on
pristine ITO coated glass (Ra= 1 nm). There was a significant reduction in FA length
of the cells cultured on 61 nm roughness compared to the cells grown on 19 nm, and
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81 nm experimental roughnesses F). For all analysis, results are ± STD, ★ = p<
0.05. ............................................................................................................................. 93
Figure 2.15 Focal adhesions were sub-grouped into focal adhesions proper (FAs)
and nascent focal complexes (FX). FXs were the predominant adhesion complex
subtype observed on all anodised ITO films and the pristine ITO coated glass up to
day seven. However, FXs were displaced by the FA subtype by day fourteen in cells
cultured on all experimental and control materials. A significant increase in the mean
number of focal adhesions per cell on all of the experimental anodised ITO films
compared to control pristine ITO group was observed on day fourteen. ................... 95
Figure 2.16 Unsupervised clustering of all experimental anodised films normalised
by control pristine ITO. This analysis clearly defined a group between the anodised
films with nano roughness of 61 nm and 81 nm respectively, and a single cluster for
the films formed with the lowest roughness profile of 19 nm; sharing only 1%
similarity with the rest of the experimental substrates. The gliosis response of the
films formed with 0.4 mA cm-2 current density which exhibit the lowest roughness
profile of 19 nm showed a remarkable intensity downregulation of reactive
astrocytes, microglia and calcium influx markers. The resulting roughness factor of
the anodised films was predominant on the differential intensity expression of the
antibodies evaluated. N=3, 18 data points ................................................................. 96
Figure 2.17 Synaptic network formation on anodised film formed at a current
density of 0.4 mA cm-2. A) Left, current tracings from two sample neurons (in grey
control and in black anodised film) showing heterogeneous post-synaptic currents
(PSCs; inward deflections) recorded at a holding potential of -56 mV. Right,
Superimposed traces show isolated PSCs recorded from Control (top; the average is
superimposed in grey) and 0.4 mA cm-2 (bottom; the average is superimposed in
black) neurons. Bar plots in B) summarise PSC amplitude (left) and PSC frequency
(right) values. Although not statistically significant, on anodised films PSC frequency
was slightly higher (0.9 ± 0.6 Hz in controls and 1.5 ± 0.9 Hz in anodised films, N=8
and N=7, respectively), while the average values for PSC amplitude were similar
(40.8 ± 25.9 pA controls and 40.5 ± 50.7 pA in anodised films). C) Bar plots
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summarise the values measured for the input resistance (top, 1195±368 MΩ controls
and 946±229 MΩ anodised films) and membrane capacitance (bottom, 75±20 pF
controls and 85±19 pF anodised film). D) Fluorescent micrographs of immunelabelled cultures, control (left) and anodised films (right), at low (top panels,
objective 10×) and high (bottom panels objective 40×) magnifications. Neurons are
visualised by anti β-tubulin III, in red, glial cells by anti-GFAP, in green and nuclei
are visualised by Hoeschst, in blue. The plots in E) summarise neuronal densities in
all conditions. ............................................................................................................ 100
Figure 2.18 Calcium imaging and substrate stimulation. Left snapshots of
representative fields of VM cells grown on anodised ITO film formed at 0.4 mA cm-2
(top) and control pristine ITO glass (bottom) and stained with calcium-sensitive
fluorescent probe Fluo-4. Five regions of interest (ROI) per image were selected
(highlighted in different colours), each representing a single neuron. Right,
fluorescence tracings show the appearance of Ca2+ episodes, calcium events were
measured from the relative ROI in the corresponding recording filed in both
conditions (each cell is identified by the colour). Stimulation was delivered to the
films as biphasic voltage pulses (2V cm-2, 0.1s pulse, 0.2 Hz). Dashed lines highlight
the corresponding evoked calcium response in both groups. Note that all selected
cells displayed calcium transients in response to the stimulus in the 0.4 mA cm-2
condition, while the same stimulus did not elicit any responses in control cultures. 102
Figure 2.19 Calcium imaging and substrate stimulation. Left, snapshots of
representative fields of neuronal cultures grown on 0.4 mA cm-2 (top) and control
(bottom) and stained with the Oregon Green 488-BAPTA-1 AM. Six regions of
interest (ROI) per image were selected (highlighted in different colours), each
representing a single neuron, ROIs were selected at least 100 µm apart. Right,
fluorescence tracings show the appearance of Ca2+ episodes, calcium events were
measured from the relative ROI in the corresponding recording filed in both
conditions (each cell is identified by the colour). In these experiments, voltage stimuli
were delivered (every 60 seconds, arrows) via the substrate. Dashed lines highlight
the corresponding evoked calcium response in both groups. Note that all selected

xviii

cells displayed calcium transients in response to the stimulus in the 0.4 mA cm-2
condition, while the same stimulus did not elicit any responses in control cultures. 103

Figure 3.1 Schematic of conductive AFM (PF-TUNA) used for the evaluation of
the micro-functionalised microelectrodes conductive profile. By using the moving
probe as mobile electrode, the current was flowing through the metal-coated tip and
the conducting sample which was grounded............................................................. 123
Figure 3.2 CellROX® expression on primary ventral mesencephalic (VM) mixed
cell population grown on sterile Thermanox® Plastic Coverslips with 13 mm
diameter (NUNCTM brand products). Cultures were stimulated with interleukin- 1β
(IL-1β) at 1, 10 and 50 ng ml-1 and control. A) Fluorescent images of VM mixed cell
population grown on sterile Thermanox® Plastic Coverslip over a period of three,
seven and ten days showing CellROX® expression in green, actin in red rhodamineconjugated phalloidin and nuclei in blue, DAPI. Bar = 20 µm, objective 60×
magnification. (B-D) show the percentage of CellROX® nuclei colocalisation
quantified after stimulus with interleukin-1β (IL-1β) at 1, 10 and 50 ng ml-1 and
control. Elevated levels of CellROX® on VM mixed cell population were seen after a
stimulus of 10 ng ml-1 of IL-1β and 50 ng ml-1 over ten days in culture, resulting in
an increase of oxidative stress species presence as a response of inflammation. ★ =
p< 0.05. ..................................................................................................................... 125
Figure 3.3 Morphological characterisation of activated microglia population from
primary ventral mesencephalic (VM) mixed cells under stimulus of interleukin- 1β
(IL-1β) at 1, 10 and 50 ng ml-1 and control concentrations after 21 days in culture.
A) Fluorescent images of astrocytes and microglia from VM mixed cell population
grown on sterile Thermanox® Plastic Coverslips with 13 mm diameter (NUNCTM)
brand products over a period of 21 days. Astrocytes are visualised by anti-GFAP, in
green and microglia are visualised by Iba-1, in red, and nuclei are visualised by
DAPI, in blue. Bar = 20 µm, objective 60× magnification. The number of microglia
ramifications B) and their length C) were quantified following methods detailed in
[67] as indicators of activated microglia. Significant differences (p<0.05) were
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observed in the number and length of microglia ramifications cultured under stimulus
of 10 ng ml-1 IL-1β compared to controls and to the other IL-1β concentrations used.
Overall, microglia morphologies under stimulus of 10 ng ml-1 IL-1β resemble
microglia amoeboid morphologies. ★ = p< 0.05. .................................................... 126
Figure 3.4 Microelectrode functionalisation process. Upper panel A) describes the
sequential steps taken on the bare platinum electrodes (a) electrodeposition of
PEDOT:PTS coating (b), followed by the optical micrograph of the coated
PEDOT:PTS microelectrode ready for the functionalisation with the topography (c)
Scale bar= 2mm, 10×. Bottom panel B) outlines the low temperature three-step die
imprinting lithography process. This process starts with the micro-pit nickel die
master and the PEDOT:PTS coated electrode (a). The nickel die was then pressed
against the PEDOT:PTS coated microelectrode at a localised constant pressure of
1.9 tons per cm2 for fifteen minutes at room temperature using parallel pressing
plates. Finally, a scanning electron micrograph (SEM) of the micro-topographically
functionalised PEDOT:PTS coated microelectrode is shown (c). ............................ 134
Figure 3.5 Micro-topographically functionalised microelectrodes. Upper panel A)
Scanning electron micrographs (SEM) of the nickel die master utilised for the low
temperature three-step die imprinting lithography process (a) the microtopographically functionalised substrate with ordered array of micro-pits produced
on PEDOT:PTS coated microelectrodes by low temperature three-step die imprinting
lithography process (b). Scale bar = 10 µm. In the insets, the pit, interpit and depth
dimensions are detailed. B) Atomic-force microscopy (AFM) sectional analysis of the
micro-topographically functionalised PEDOT:PTS coated microelectrode over a
region of 10 µm2 area reflecting the vertical distance of the pit patterned transferred
of 0.96 ± 0.07 µm. Fifteen measurements were taken from three different replicas.
Results are ± STD...................................................................................................... 135
Figure 3.6 Bare platinum (Pt) morphological characterisation. A). Scanning
electron micrograph

(SEM) of bare platinum (Pt) microelectrodes, and

corresponding mean surface roughness (Ra) B). Scale bar = 3µm. ......................... 137
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Figure 3.7 Microelectrode morphological physical characterisation. Upper panel
A). Scanning electron micrographs (SEM) (a-c) of pristine PEDOT:PTS, flattened
PEDOT:PTS and the micro-topographically functionalised PEDOT:PTS coated
microelectrodes. Scale bar = 3µm. B) Corresponding surface plots (d-f) of pristine
PEDOT:PTS, flattened PEDOT:PTS and the micro-topographically functionalised
microelectrodes on 10 µm2 regions. ......................................................................... 137
Figure 3.8 Electrochemical analysis of functionalised PEDOT:PTS coated
microelectrodes. A) Cyclic voltammograms (CVs) bare platinum (Pt) and gold coated
(Au) microelectrodes and pristine PEDOT:PTS, flattened PEDOT:PTS and microtopographically functionalised PEDOT:PTS coated microelectrodes. CVs were
recorded in 0.01 M phosphate-buffered saline (PBS) at a scan rate of 100 mV s-1. B)
Relative electrode surface area calculated based on cyclic voltammograms (CVs) in
2.5 mol dm-3 K4[Fe(CN)6] in 0.1 M KCl solution at a scan rate of 100 mV s-1. The
relative electrode surface area was estimated according to the Randles-Sevcik
equation and the bare platinum (Pt) microelectrode was used as a reference. Bode C)
and Nyquist D) plots comparing the EIS spectra of bare platinum (Pt) and gold
coated (Au) microelectrodes and pristine PEDOT:PTS, flattened PEDOT:PTS and
micro-topographically functionalised PEDOT:PTS coated microelectrodes. E)
represents the electrical equivalent circuit used to analyse experimental data. Results
are ± STD, ★ = p< 0.05. .......................................................................................... 141
Figure 3.9 Electrochemical analysis of functionalised PEDOT:PTS coated macro
electrode (1.6 cm2). A) Cyclic voltammograms (CVs) bare platinum (Pt) and pristine
PEDOT:PTS, flattened PEDOT:PTS and micro-topographically functionalised
PEDOT:PTS coated electrodes. CVs were recorded in 1X phosphate-buffered saline
(PBS) at a scan rate of 100 mV s-1. B) Bode plots comparing the EIS spectra of bare
platinum (Pt) and pristine PEDOT:PTS, flattened PEDOT:PTS and microtopographically

functionalised

PEDOT:PTS

coated

electrodes.

C)

Table

summarising the charge storage capacity (CSC) of large bare platinum (Pt) and
pristine

PEDOT:PTS,

flattened

PEDOT:PTS

and

micro-topographically

functionalised PEDOT:PTS coated electrodes. CSC was evaluated from the cathodic
region of cyclic voltammograms (CVs) recorded in 1X phosphate-buffered saline
xxi

(PBS) at 100 mV s-1 scan rate (Potential range: -1 V to 0.4 V vs. Ag/AgCl). Results
are ± STD, ★ = p< 0.05. .......................................................................................... 143
Figure 3.10 Conductive-AFM (C-AFM) (in PeakForce Tuna mode, PF Tuna,
Bruker)

of

micro-topographically

functionalised

PEDOT:PTS

coated

microelectrodes. A) C-AFM micrograph of micro-topographically functionalised
PEDOT:PTS coated microelectrode used for analysis. B) I-V curves were recorded at
selective positions, non-patterned region and patterned region (pit) on the microtopographically

functionalised

microelectrode.

C-AFM

tips

(coated

with

Platinum/Iridium) were used as the mobile counter electrode to contact the SWCNTs
(PeakForce-TUNA tips, Bruker). For a schematic of the set-up, see Figure 3.1. The
voltage bias was ramped between -500mV and 500mV. The data was then analysed
by NanoScope Analysis (version 1.5, Bruker) and Matlab (version 2016 a). ........... 146
Figure 3.11 Ventral mesencephalic cells (VM) adhered on micro-topographically
functionalised electrodes. Scanning electron micrograph (SEM) of primary VM
mixed cell population adhered on micro-topographically functionalised PEDOT:PTS
coated electrodes. Scale bar= 50 µm........................................................................ 147
Figure 3.12 Cytocompatibility of functionalised electrodes. A) Fluorescent images
of primary ventral mesencephalic (VM) mixed cell population grown on each of the
bare platinum (Pt) and functionalised PEDOT:PTS coated electrodes for three, seven
and ten days in culture. Neurons are visualised by anti β-tubulin III, in red, astrocyte
cells by anti-GFAP, in green and nuclei are visualised by DAPI, in blue. Bar = 20
µm, objective 60× magnification. Cell density (%) analysis of astrocytes and neurons
presence on each of the electrodes is presented in B). An overall significant (p <
0.05) decrease in viability of neurons and astrocytes density was observed in
flattened PEDOT:PTS coated electrodes. Neural length analysis of electrodes
presented in C) showed with significant (p < 0.05) longer neurite lengths the neurons
grown on micro-topographically functionalised PEDOT:PTS coated electrodes. ★ =
p< 0.05. ..................................................................................................................... 149
Figure 3.13 Morpho-adhesion characteristics of astrocyte presence in the
functionalised electrodes towards astrocyte reactivity indication. A) Selective
xxii

fluorescent images of astrocytes from primary ventral mesencephalic (VM) mixed cell
population grown on each of the bare platinum (Pt) and functionalised PEDOT:PTS
coated electrodes for three, seven and ten days in culture. Astrocytes are visualised
by anti-GFAP, in green, formation of focal adhesion contacts by anti-Paxillian, in
red and nuclei are visualized by DAPI, in blue. Bar = 20 µm, objective 60×
magnification. Frequency distribution in time (three, seven, and ten days) of
cytoplasm astrocyte areas (µm2) on bare platinum (Pt) and functionalised
PEDOT:PTS coated electrodes is presented in B). The frequency distribution of
astrocyte areas on micro-topographically functionalised PEDOT:PTS coated
electrodes showed the lowest frequencies over time. C) represents the frequency
distribution of the astrocyte focal adhesion contact numbers per cell and their
corresponding length frequency distribution over time in D). .................................. 153
Figure 3.14. Comparative gliosis derived cytokines and chemokine factor profiling
for interferon-γ (IFN-γ;A), tumor necrosis factor- α (TNF-α;B), chemokine factor
CXCL-1 (KC/GRO;C), interleukin-6 (IL-6;D) and interleukin-5 (IL-5;E). The
release expression of each of the signaling molecules is analysed from primary
ventral mesencephalic (VM) mixed cell population supernatants collected at day
three, seven and ten days on bare platinum (Pt) and functionalised PEDOT:PTS
coated electrodes. An important effect is seen on the micro-topographically
functionalised PEDOT:PTS coated electrodes, which presented significantly and
consistently low release profiles for each cytokine and chemokine factor analysed.
Results are ± STD, ★ = p< 0.05. .............................................................................. 159
Figure 3.15 Molecular network induced by cytokines TNFα, IL-6, IL-5 and IFN
secreted by primary ventral mesencephalic (VM) mixed cells. Each node represents
a single protein molecule encoded by genes. Coloured nodes indicate query proteins
and first shell of interactors. The lines between the nodes indicate high confidence
(>0.7) predicted interactions based on experimentally determined databases, coexpression, and co-occurance. .................................................................................. 161
Figure 3.16 Neuronal network activity in bare platinum (Pt), pristine PEDOT:PTS
and micro-topographically functionalised PEDOT:PTS coated electrodes.
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A)

snapshot of representative field used for Ca2+imaging recording with highlighted
regions of interest (ROI), indicating the neurons selected for the measurements. B)
spontaneous repetitive Ca2+ events (two sample neurons were selected from the same
field for each electrode) recorded in hippocampal cultures grown on the three
different conditions. C) inter event interval (IEI) values are summarised for the
different electrodes. Note the similar occurrence of spontaneous calcium events, due
to ongoing synaptic activity. ..................................................................................... 162

Figure 4.1 Calibration curve showing the linear relationship of the fluorescence
heparan sulphate mimetic-F6 -Cy5 tagged versus its concentration. A linear
relationship is observed between 0.5 µg ml-1 and 500 µg ml-1 satisfying the equation y
= 1.35 x + 2.56 (R2 = 0.9994). ................................................................................. 187
Figure 4.2 Images from a representative scanned microarray slide after incubation
and washing. A) Incubations were carried out on three replicate microarray slides.
Alexa Fluor® 555 labelled healthy rat brain lysate (5 mg mL-1) and SNA-I lectin (10
mg mL-1) were used as controls to confirm retained antibody performance and
printing, respectively, and were incubated in two separate subarrays on every slide.
B) Individual subarray from a representative scanned microarray slide after
incubation with healthy rat brain lysate and subsequent washing. The subarrays were
printed with antibodies and lectins in replicates of six following the order detailed in
C). .............................................................................................................................. 196
Figure 4.3 Biochemical functionalisation of the neuroelectrode surface with
PEDOT:PTS:F6 thin films. A) F6 is a dextran T5 (Mw 5,000 Daltons) derivative
containing sulphate, carboxymethyl, and phenylalanine methyl ester groups. For an
easy representation, three differently substituted glucosidic units (A, B, and C) are
depicted and arranged in an arbitrary combination. The relative content of each unit
was calculated according to the nature of the group substituted at position 2 of each
unit (C2). R represents the proportion of each substituted group at C3 and C4, which
total substitution corresponds to 200%. F6 was synthesised and analysed as in [44].
B) Pictorial representation of PEDOT:PTS:F6 functionalised electrodes from the
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electrophysical arrangement to the cell level interaction with growth factors binding,
i.e FGF-2. ................................................................................................................. 199
Figure 4.4 Cytocompatibility effects of heparan sulphate mimetic-F6 –
concentrations in solution. Live and dead assay was carried out using primary
ventral mesencephalic (VM) mixed neural cell population under the presence of bulk
F6 at 1, 10, 50, 100 and 1000 µg ml-1. An early time of three days in culture A) and
late time of ten days B) were evaluated. A maintained cell viability was achieved
when bulk F6 was present in the cell culture media at concentrations below 50 µg ml 1

. Results are ± STD. ★ = p< 0.05. .......................................................................... 201

Figure 4.5 Electrochemical quartz crystal microbalance (EQCM) measurements of
the masses recorded of PEDOT:PTS:F6 coatings at 1, 10, 50, 100 and 1000 µg ml1.

PEDOT:PTS:F6 at 1000 µg ml-1 of heparan sulphate mimetic- F6 was found to

possess the highest mass immobilised of F6 within the polymer matrix with a mass
recorded of 807.2 µg cm-2. ........................................................................................ 203
Figure 4.6 Scanning electron micrographs (SEM) of the bare platinum/iridium
(PtIr) microelectrode A) and PEDOT:PTS:F6 coated microelectrode B) are shown,
respectively. Scale bar = 200 µm. In the inset, the PEDOT:PTS:F6 coating is
detailed, showing the nodular formation of electrodeposited coatings. ................... 204
Figure 4.7 Morphological changes with different concentrations of F6. A) Scanning
electron micrographs (SEM) of pristine PEDOT:PTS coated microelectrodes and the
PEDOT:PTS:F6 coated microelectrodes at 1, 10, 50, 100 and 1000 µg ml-1 of
heparan sulphate mimetic-F6. B) FT-MIR spectra of powdered F6 (black), pristine
PEDOT:PTS

coated

microelectrodes

(red)

and

PEDOT:PTS:F6

coated

microelectrodes at 1, 10, 50, 100 and 1000 µg ml-1 of F6. Blue dotted lines show
bands that belong to only F6, while red dotted lines show bands contributed by just
PEDOT:PTS polymer. It can be seen that with an increase in the concentration of F6
in the PEDOT:PTS matrix, the bands become sharper suggesting a greater rigidity in
the structure. ............................................................................................................. 206
Figure

4.8

Chemical

characterisation

of

the

PEDOT:PTS:F6

coated

microelectrode. A) Contact angle on pristine PEDOT:PTS and PEDOT:PTS:F6
xxv

coated microelectrodes, showing the decrease in a water contact angle suggesting an
increase in hydrophilicity. B) Raman spectra of PEDOT:PTS microelectrodes, with
and without incorporated F6, and powdered F6. Peaks assigned solely to F6 are
indicated by an * on the pure F6 and of PEDOT:PTS:F6 coated microelectrodes
spectra. (C-F) Raman mapping of pristine PEDOT:PTS and PEDOT:PTS:F6 coated
microelectrodes. C) shows the component DLS analysis, where red pixels represent
the F6 component and green pixels represent the PEDOT:PTS component. D) and E)
show the intensity of the Raman bands at 1021 cm-1 and 997 cm-1, respectively, and
indicate the presence of F6 evenly distributed on coated PEDOT:PTS
microelectrodes. F) shows the band intensity at 585 cm-1 and indicates the presence
of PEDOT:PTS in the coating. (G-I) X-ray photoelectron spectra of G) pristine
PEDOT:PTS,

H)

PEDOT:PTS:Dextran,

and

I)

PEDOT:PTS:F6

coated

microelectrodes, showing the presence of sulphur in various chemical environments
corresponding to S-C bonding (2p neutral state) and 2p3/2 and 2p1/2 states in both
sulphonates and sulphates. The * in G) denotes the presence of possible impurities
from the electrolyte. .................................................................................................. 208
Figure 4.9 FT-MIR spectra of powdered dextran (black), pristine PEDOT:PTS
coated microelectrodes (red) and PEDOT:PTS:Dextran coated microelectrodes.
Blue dotted lines show bands that belong to only dextran, while red dotted lines show
bands contributed just by PEDOT:PTS matrix. ........................................................ 211
Figure 4.10 The positions of C peaks and the relative compositions. A) X-ray
photoelectron spectra of (a) pristine PEDOT:PTS coated microelectrode, (b)
PEDOT:PTS:Dextran coated microelectrode, and (c) PEDOT:PTS:F6 coated
microelectrode showing the presence of carbon in various oxidation states. The C-N
bond cannot be used to discern the percentage of alanine moiety present as a
substitution on heparan sulphate mimetic-F6, because trace amounts of acetonitrile
from the electrolyte could be present contributing to this peak in all three coated
microelectrodes. C* denotes partially oxidised carbon. Table giving the relative
atomic percentages of these bonds in coated microelectrodes is presented in B) the
relative increase in the percentages of C*O,S/C*N and C*O,S(-COO)/C*N bonds
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between PEDOT:PTS:Dextran and PEDOT:PTS:F6 (highlighted in bold), shows the
increase in N possibly due to presence of phenylalanine component in F6. ............ 214
Figure 4.11 Electrochemical analysis of PEDOT:PTS:F6 coated microelectrodes.
A) Cyclic voltammograms (CVs) of bare Platinum/Iridium (PtIr) microelectrodes,
pristine PEDOT:PTS and

PEDOT:PTS:F6 coated microelectrodes. CVs were

recorded in 1X phosphate-buffered saline (PBS) at a scan rate of 100 mV s-1. Bode B)
and Nyquist C) plots comparing the EIS spectra of bare Platinum/Iridium (PtIr)
microelectrodes, pristine PEDOT:PTS, and PEDOT:PTS:F6 coated microelectrodes.
D) and E) represent the electrical equivalent circuit used to analyse experimental
data of the coated microelectrodes and bare Platinum/Iridium (PtIr) microelectrodes,
respectively. Results are ± STD. .............................................................................. 218
Figure 4.12 Concentration profile of heparan sulphate mimetic- F6 released from
PEDOT:PTS:F6 coated electrodes in the passive (orange squares) and active (red
dots) modes for a period of 21 days under simulating in vivo conditions (constant
aggitation under 37° degrees). For the active release mode, 50 stimulation cycles
were applied every day over 21 days which resulted in approx. 1000 stimulations
over this period. The stimulation regime was a biphasic potential pulse, consisting of
a 5-second application of a reduction potential (-0.5 V) followed by a 5-second
application of an oxidative potential (+0.5 V). Results are ± STD........................... 221
Figure 4.13 Electrical stability of the PEDOT:PTS:F6 microelectrodes. Plot of
percentage loss of charge storage capacity (CSC) after 1000 continuous stimulation
cycles of biphasic potential pulses, consisting of a 5-second application of a
reduction potential (-0.5 V) followed by a 5-second application of an oxidative
potential

(+0.5

Platinum/Iridium

V).

Important

(PtIr)

significant

microelectrodes

differences

and

the

between

the

PEDOT-based

bare
coated

microelectrodes were observed. PEDOT:PTS:F6 coated microelectrodes were the
most stable followed by pristine PEDOT:PTS coated microelectrodes and bare
Platinum/Iridium (PtIr) microelectrodes after. Results are ± STD, ★ = p< 0.05.... 222
Figure 4.14 Cytocompatibility of PEDO:PTS:F6 coated electrodes. A) Fluorescent
images of primary ventral mesencephalic (VM) mixed cell population grown on each
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of the bare platinum (Pt) electrodes and pristine PEDOT:PTS, PEDOT:PTS:Dextran
and PEDOT:PTS:F6 coated electrodes for three, seven and ten days in culture.
Neurons are visualised by anti β-tubulin III, in red, astrocyte cells by anti-GFAP, in
green and nuclei are visualised by DAPI, in blue. Bar = 20 µm, objective 60×
magnification. Cell density (%) analysis of astrocytes and neurons presence on each
of the electrodes is presented in B). An overall significant (p < 0.05) enhancement in
viability of neurons was observed in PEDOT:PTS:F6 coated electrodes. Neural
length analysis of electrodes presented in C) showed with significant (p < 0.05)
longer neurite lengths the neurons grown on PEDOT:PTS:F6 coated electrodes,
suggesting on an overall neurotrophic effect of these electrodes owing to the presence
of heparan sulphate mimetic-F6. Results are ± STD. ★ = p< 0.05. ........................ 225
Figure 4.15 Comparative pro-inflammatory derived cytokines and chemokine
factor profiling for interferon-γ (IFN-γ;A), tumor necrosis factor- α (TNF-α;B),
chemokine factor CXCL-1 (KC/GRO;C), interleukin-6 (IL-6;D) and interleukin-5
(IL-5;E). The release expression of each of the signaling molecules is analysed from
primary ventral mesencephalic (VM) mixed cell population supernatants collected at
day three, seven and ten days on bare platinum (Pt) electrodes, pristine PEDOT:PTS,
PEDOT:PTS:Dextran and PEDOT:PTS:F6 coated electrodes. An important effect is
seen on the PEDOT:PTS functionalised with the heparan sulphate mimetic-F6 coated
electrodes, which presented significantly low release profiles for each cytokine and
chemokine factor analysed after ten days in culture. Results are ± STD, ★ = p< 0.05.
................................................................................................................................... 228
Figure 4.16 Glycosaminoglycans competition assay towards FGF-2 and VEGF
binding. F6 shows a strong binding capacity to FGF2 and VEGF in a heparin-like
manner. ..................................................................................................................... 232
Figure 4.17 Unsupervised clustering of all experimental and control groups and
inflamed control, respectively. This analysis clearly defined interestingly
hierarchical clusters between experimental sulphated groups: the chemical sulphated
pristine PEDOT:PTS coated electrodes and the biological modified PEDOT:PTS:F6
coated electrodes with the heparan sulphate mimetic-F6, and between controls
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groups with non-sulphated patterns: control material bare platinum, the negative
control for sulphation PEDOT:PTS:Dextran coated electrodes and tissue culture
plastic as inflamed control, at both days three A) and ten B) respectively.
PEDOT:PTS:F6 coated electrodes showed a remarkable intensity downregulation of
reactive astrocytes, microglia and calcium influx markers with an important
upregulation of neural response compared to all groups and controls at day three
and day ten, respectively. N = 3, 18 data points. ..................................................... 234
Figure 4.18 Histograms representing the differences in recognition of printed
lectins by each of the experimental groups and controls at day three A) and day
seven B) respectively. Microarray experiments were carried out using three replicate
slides. The subarrays were printed with each lectin following the order detailed in
Figure 4.2 and incubated with fluorescently labelled protein preparations. Results
are average ± standard error. N = 3, 18 data points ............................................... 238

Figure 5.1 Multidisciplinary approaches for neural interfaces applications. A)
Anodisation of ITO, B) Micro-pit and C) GAG-mimetic functionalised electrodes,
respectively, as electrochemical, surface morphology, and cytocompatibility
strategies for the generation of neural interfaces with superior electrical and
biological characteristics. ......................................................................................... 260
Figure 5.2 Involvement of both biological and topographical functionalisation
strategies as interdisciplinary efforts for neural interface applications. ............... 261
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ABSTRACT
Implanted neuroprosthetics and neuroelectrode systems have been under investigation
for a number of decades and have been proven to be safe and efficacious as
treatments for several neurological disorders including paralysis, epilepsy and
Parkinson’s disease as well as for biosensor systems. Neuroelectrode technologies are
typically fabricated from metallic conductors such as platinum, iridium and its
oxides, materials that while chemically inert and excellent electrical conductors, are
often not intrinsically cytocompatible and do not promote integration with neural
tissue. The performance of the electrode-tissue interface ultimately rests on the
optimisation of the material substrate, to enable chronic functionality. Thus, neural
electrodes should present a degree of biomimicry and provide electrical, chemical and
physicomechanical properties analogous to neural tissues, with an ultimate goal of
mitigating electrode deterioration via reactive host cell response and glial scarinduced encapsulation, which drives neural loss and increases signal impedance,
compromising the efficiency of implanted neuromodulation systems.
Over several decades of research, studies with conducting polymers as electrode
coatings have shown enhanced tissue integration and electrode performance in situ
through physichomechanical and biochemical functionalisation. In this thesis,
findings on novel topographical and biological functionalisation strategies of
conducting polymers, are provided in the context of neurospecific biomaterials,
shedding light on the valuable impact of multi-functionalised strategies for
biomedical applications. Further, new functionalisation approaches employing an
anodisation process of indium-tin oxide (ITO) are outlined as potential electrode
materials.
At first, a bench-top electrochemical process to formulate anodised ITO films with
altered roughness, electrochemical properties and bioactivity was explored. The
systematic study shows that anodisation of magnetron sputtered ITO with a current
density of 0.4 mA cm-2 results in a well distributed surface morphology, relatively
low impedance, electrochemical stability and supported cell viability and neural
xliii

network activity. Using this current density of 0.4 mA cm-2, PEDOT:PTS neural
coating(s) were then electrodeposited for topographical functionalisation via
microimprint lithography. The topographical functionalised electrodes reduced
adhesion of reactive astrocytes in vitro, as is evident from morphological changes in
cell area, focal adhesion formation and the synthesis of pro-inflammatory cytokines
and chemokine factors. This work describes the role of micro-topographically
modified neural interfaces in the development of stable microelectrode interfaces and
reduced gliosis response. Further in the search for biomimicry of the properties
analogous to neural tissues, and with an ultimate goal of mitigating electrode
deterioration via reactive host cell response and glial scar formation, PEDOT:PTS
neural coating were functionalised with the heparan mimetic called F6, first use as a
biological dopant in neural coatings. The bio-functionalised PEDOT:PTS:F6 coating
show promise as functional neural electrodes and open up opportunities for the use of
other glycanic signatures towards the attenuation of inflammation and gliosis with
neural trophic characteristics.
The biomaterial-tissue interface is not a simple description of a boundary but rather a
dynamic interface involving both the localised reaction of the surrounding tissue to
the materials, and the material adaptations within the physiological environment.
Current research has focused on both the foreign body reaction and the long-term
performance of biomaterials in a combined effort to drive the functionalisation of
next generation implantable devices. As a result, the improved functionalisation of
electrode systems is expected to prompt advancements in the design and development
of implantable neural prosthetic devices and medical therapies for neurological
disorders.
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Introduction

CHAPTER 1
INTRODUCTION
Part of this chapter has been previously published in:
Vallejo-Giraldo, C.; Kelly, A.; Biggs, M. J., Drug Discov. Today 2014, 19 (1), 88-94.
DOI: 10.1016/j.drudis.2013.07.022

1.1 Neuro- Electrically Active Devices
The physiology of electrically responsive tissues has captured popular attention since
the development of the physical investigations of electricity by Luigi Galvani [1] in
the 18th century and by the electrical excitability of the dog motor cortex using
platinum wires by Fritsch & Hitzig [2]. Their findings opened new avenues to explore
the electro-stimulation and electro-recording in situ [2, 3]. One of these, the creation
of platform-interfaces to identify the effects of electrical stimulation/recording in both
cellular systems and nervous tissues, was enhanced [4, 5].
Neuro-electrical devices have been under investigation for several decades [6-11] and
are proven to be safe and efficacious as gauged by two criteria: 1) a capacity to evoke
an optimum physiological response at an anatomical site of therapy and 2) a regulated
specific stimulation threshold that avoids damage to the stimulated tissue as well as to
the stimulating electrode thereby ensuring its functional integrity is maintained [5].
Implantable, electrically stimulating systems consist of a number of electrodes which
transmit signals via electrical and ionic conduction in bodily fluids [12]. (Figure 1.1)
While microfabricated neuro-electrodes have facilitated electrical connections with
living tissue and work reasonably well in acute applications, implanted electrodes for
chronic requirements have had limited success [11, 13-17].
Research has shown that over time, four weeks after post-implantation, there is
consistent accumulation of hypertrophic astrocytes, fibroblasts and meningeal cells
that create an activated macrophage/microglial/foreign body giant cell core found
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adjacent to the electrode termed the glial scar [14, 18-21]. This inflammatory
response around the neuro-electrode system increases to such an extent that it not
only affects the generation of neural processes, causing neural loss, but also affects
the stimulation-recording stability of the electrodes at the implantation site [21-24].
To produce functional neuroelectrodes that support intimate contact with the tissue of
the nervous system for long-term recording performance and therapy, they should
remain functionally stable in situ to achieve optimum therapeutic benefit [25].

Figure 1.1 Electrically stimulating systems consist of a number of electrodes which
transmit signals via electrical and ionic conduction in bodily fluids.
1.2 Glial Scar Formation
Studies indicate that in situ, both neuronal recording and charge delivery decrease
with time in implanted electrode active systems [18, 26-29]. This loss of function has
been linked to an adverse tissue response characterised by glial scar formation and
electrode encapsulation, causing the signal strength to decrease and adjacent neurons
to move away from the electrode due to the surrounding region of gliosis [18, 21, 30,
2
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31]. It is evident that an understanding of these parameters is required for optimal
biomimetic configurations/functional design for improved chronic performance of
electrically active neural interfaces. (Figure 1.2)

Figure 1.2 The cellular response and onset of gliosis following neuroelectrode
implantation. A) Acute inflammatory response after probe implantation leads to the
recruitment and activation of microglia, and astrocytes in response to locally
released soluble signaling factors. B) Chronic inflammation follows and is
maintained by populations of reactive astrocytes in response to injury, leading to the
deposition of a fibrous network. Image modified from Vallejo-Giraldo et al.[165]
Gliosis or reactive astrogliosis is defined by astroglial cells undergoing reactive
molecular and morphological changes that lead to scar glial formation responding to
central nervous system (CNS) injury and other neurological diseases [14, 19, 32]. The
initiation and progression of gliosis is dependent on the bioelectrochemical as well as
the physicomechanical properties of the implanted material [22, 31, 33]. It has been
observed that reducing the amount of protein adsorbed on the polymeric coating
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surface, concomitantly with the adsorption of specific cells in the transition stage
from inflammatory to the proliferative and repair phase of the wound healing process,
results in a better signal from recording electrodes in the long term [34, 35]. This is
due to the decrease in reactive astrocyte adhesion, minimising scar formation. The
proliferative phase allows the migration of cells to the wound site releasing chemoattractant factors to trigger the activation of cell membrane receptors, supporting cell
growth and protein adsorption. This phase, as part of a timely cascade of events
within the healing process, takes place during the first days after implantation and
may last for several weeks [30, 35]. However, alterations in the time period of these
events may occur depending on extension of the injury or other complications.
Biocompatibility efforts have sought to establish enhanced integration of the
electrical device with the tissue interface through an attenuated foreign body response
[36, 37]. At the forefront of current strategies to reduce reactive gliosis is
physicochemical modification through adaptive materials which may be exploited to
functionalise electrically active devices for neural applications [38-40].
1.3 Functionalisation of Neuroelectrodes: Electrically Active Devices
Neural tissue engineering has achieved a great success in offering a way to treat
central nervous system disorders such as deafness [41, 42], paralysis [43], epilepsy
[44] and Parkinson’s disease [45-49]. To be integrated with surrounding tissue,
bioactive devices, neural electrodes have to provide electrical, chemical and physical
properties analogous to the properties typical of the natural extracellular
microenvironment and the naturally occurring translating signals, with the ultimate
goal of offering the best signal to noise ratio (SNR) and mitigating electrode
deterioration via reactive host cell response and glial scar-induced encapsulation [44,
46, 50, 51].
The performance of the electrode-tissue interface ultimately depends on the
optimisation at the brain machine interface, to enable chronic functionality. The
challenge for materials science is to apply biomaterials strategies and develop
innovative biocompatible materials that mimic neural tissue characteristics, cause
minimal inflammation and neuronal cell loss, and are functional for a long period of
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time [51-53]. To achieve this, functionalisation schemes have been proposed with
biomimetic mechanical, topographical and biological properties.
1.3.1

Mechanical Functionalisation

Neuroelectrode technologies are typically fabricated from metallic conductors such as
platinum, iridium and its oxides, materials that although chemically inert and
excellent electrical conductors, are often not intrinsically cytocompatible and do not
promote optimal integration with neural tissue [7, 52, 54, 55].
For a majority of neural electrode applications, a threshold material stiffness must be
maintained for the implant to penetrate the neural tissue to the final insertion point
[21], a process in itself associated with an acute tissue response, characterised by glial
scar formation and electrode encapsulation [18, 22, 52], but further inflammation is
often initiated due to a mechanical mismatch at the interface [56] and relative
micromotion [57, 58].
Although the brain’s shear modulus is reported to be in a range between 200-1500 Pa
[59] and soft polymers such as polydimethylsiloxane (PDMS) possess an elastic
modulus of between 100 kPa and 3 MPa [60, 61], elastomeric polymers and their
variations may offer a viable strategy to reduce the mechanical mismatch at the
neuroelectrode interface [52, 62, 63], promoting chronic electrode performance and
enhanced integration of the device with the adjacent tissue. McClain and colleagues
[64] have produced electrically-functional characterised electrodes composed of
PDMS and thin-film gold with a high-level of compliance well suited for neural in
vivo applications. A low Young’s modulus was reported because of the thin, noncontinuous morphology of the gold film and the low-modulus PDMS substrate [64].
Furthermore, an elastically stretchable microelectrode array (SMEA) has been
reported by Yu et al. [65] with a design that allows stimulation and detection of
electrical activity from cultured brain tissue (hippocampal slices), before, during, and
after large biaxial deformation. Moreover, relative micromotion can be reduced using
flexible materials [66-68], which can accommodate relative movement, maintaining
electrodes in close contact with the cortical surface, and improve the change transfer
capability [69]. Likewise, in the pursuit of enhanced biomimicry and long-term
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performance at the implantation site, conducting hydrogels (CHs) [50, 70-72] have
been explored as three-dimensional polymeric networks to modulate mechanical
properties of brain tissue. Blending hydrogels with conductive components such as
carbon nanotubes (CNTs) or conducting polymers (CPs) has provided an avenue for
maintaining the desired electrical characteristics of a coated electrode while imparting
reduced stiffness [50].
1.3.2 Topographical Functionalisation
In order to overcome the challenge associated with cytocompatibility and long-term
functionality in situ, recent studies have also focused on the creation of modified
surface architecture, increasing the surface area and roughness of the electrode
surface through topographical means [73-79].
A range of techniques has been explored to create defined microstructures on the
electrode surface [80] including laser ablation [81, 82], focused ion beam [83, 84],
hot embossing [85, 86], and electron beam lithography [87, 88] resulting in a
significant increase in surface area in relation to volume ratio, and enhancing cellular
growth [79, 86, 89-92].
Important systematic studies have been performed using topographies to control
astrocyte adhesion while promoting high neuron coverage as a strategy to reduce
gliosis [77, 93, 94]. For instance, a very recent work by Seker and colleagues [94]
demonstrated, through a focal adhesion study, the reduction in adhesion of astrocytes
while maintaining neural presence on np-Au surfaces when larger features sizes were
used (170 nm and greater). Also, a study performed by Qi et al. [95] showed that the
use of micro-patterned topographies, specifically, linear, circular and dot features
with widths of 2 µm and 10 µm, and 4 µm in depth could influence the differentiation
of adult neural stem cells (ANSCs) into neurons, but may discourage the
differentiation into astrocytes in vitro. Moreover, Turner et al. [96] presented the use
of microscale isotropic topographies such as pillars and wells as modulator cues for
astrocyte adhesion. Their findings showed that using micro-wells of 1 µm in depth
resulted in less LRM55 astroglial cell adhesion. It can be agreed however, that studies
into topographies as modulators of reactive astrocytes presence towards attenuation
6
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of the astroglial scarring response while promoting neural outgrowth require further
in-depth research [86].
Considering functionalisation strategies of neural interfaces reported to date, control
of topography from the micro [97-100] to the nanoscale range [93, 101-103] has
shown promise, not only because it imparts a low impedance profile at the tissueelectrode interface through a large effective surface area [78, 79, 101, 104-106], but
also because topography itself has proven to be critical in influencing cell adhesion of
specific cell types through altering integrin distribution [107-109], as well as in
modulating the activation of intrinsic cellular signaling that leads to more quiescent
or reactive cell phenotypes and the onset of a pro-inflammatory response [101, 107110].
1.3.2.1 Anodisation in Biomedical Applications
Electrochemical activation or passivation via the anodic oxidation (anodisation
process) [111, 112], is a technique devised at the beginning of the last century [113]
and widely used in biomedical engineering due to its relative simplicity [113-118].
As with the electrochemical polymerisation process, this surface treatment technique
facilitates the oxidation of ions at the substrate-electrolyte interface to produce
passive thin-film coatings [51, 119] but, because in this system the surface to be
treated forms the anode, the process is referred to as the anodising or an anodisation
process.
Metal oxide dielectrics for electrical devices [120, 121] and protective and decorative
films on metallic surfaces to increase corrosion resistance can be obtained with this
simple surface treatment [51, 122]. Furthermore, the anodic oxidation technique can
be employed in conjunction with mask strategies for the generation of biologically
passive layers or nano features on titanium [113-118] and alumina [123, 124] to
improve cell adhesion and implant integration assembly [125] and to produce microporous titanium oxide films on implant surfaces for orthopedic applications [126]. In
turn, these template strategies have been used in the neural interfaces field for the
fabrication of topographies for enhancement of high aspect ratio on microelectrodes
[127-130]. However, the impact of anodised metals or semiconductors has not been
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investigated thus far in the development of bio-functional neural interfaces
applications [131].
1.3.3 Biological Functionalisation
Applicability and biocompatibility of the implantable neural devices are attributed to
the biomimicry of the properties analogous to neural tissues [132]. Neural interfaces
that promote neural integration, with a minimal inflammation response, are the main
persistent challenges for the material science and the fabrication technology fields
[50, 63, 132]. This need has given rise to functionalisation strategies with
biochemical cues [133-140], to elicit desired biomimetic response at the soft tissue
interface [45, 141, 142].
Moreover, local delivery of biological molecules through device stimulation has great
promise for maintaining a stable chronic neural interface through on-demand delivery
of bioactive molecules, promoting favorable electrode integration and reducing local
inflammation [114, 143-146].
Due to ongoing difficulties in stable and persistent biochemical functionalisation of
metallic electrodes, alternative materials which can be readily biochemically
functionalised have come to the forefront of neuroelectrode design. For example,
despite the debate around the cytotoxic properties of carbon nanotubes, studies have
demonstrated a reduced cytotoxicity to single-walled nanotubes (SWNT) and
multiple-walled carbon nanotube (MWCNTs) networks when biochemically
functionalised, and CNTs have been shown to be promising materials as
neurospecific biomaterials, with potential 2D and 3D applications. For example,
Zhou et al. [147] have described a 3D nanofibrous matrix with the inclusion of
heparin in combination with poly-L-lysine (PLL). Here, the biomodification was
shown to support neuronal regeneration [147]. Likewise, 3D hydrogels incorporated
with anti-inflammatory agents have been shown to reduce in vitro glial cell adhesion
and cell spreading [148, 149], proving them to be powerful modulators of neural
inflammatory cell function and gliosis.

8

Introduction
1.4 Conducting Polymers
Conducting polymers (CPs), also called intrinsically conducting polymers (ICPs), are
categorised as organic polymers, with a delocalised conjugated backbone structure
[105, 150]. The interactions between the carbon atoms comprise single and double
bonds where every bond in the backbone contains a localised sigma bond (strong
bond), and a pi bond (less strong localised bond). Conductivity is produced through
the use of dopant ions which neutralise the unstable backbone of the polymer in its
oxidised state by donating or accepting electrons [151-153].
Since the discovery of the first conducting polymer in 1960 [154], the development of
conducting polymers has considerably expanded, and they have shown promise not
only in a wide range of applications including biomedical uses [50, 105, 139, 155157], but also in electronics-solar cells [158, 159], chemical sensors [160, 161], and
in the microphotonics industry among others [162, 163]. Of particular importance in
neuroelectrode design are the organic polyheterocycles (polymers possessing
aromatic conjugated backbones) semiconductors such as polythiophene (PT),
polyaniline (PANI), the functionalised thiophene, poly(3, 4-ethylenedioxythiophene)
(PEDOT), polypyrrole (PPY) and poly(para-phenylene-vinylenes). However, at
present, PPy and PEDOT including their derivatives are considered the most
promising semiconducting polymers for neural applications and specifically as
coatings for neural recording/stimulating systems [46, 105, 164-167, 168]. Their use
in tissue engineering has been shown to facilitate tissue integration and to enhance the
performance of the electrode in situ through surface modifications [40, 100, 156,
169]. (Figure 1.3)
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Figure 1.3 Common techniques used in the modification of conducting polymers
(CPs). Modifications to alter the chemical/electrical, morphological and biological
properties in CPs, have been accomplished using methods such as click chemistry,
covalent and non-covalent methods, electrospinning, and micro and nanopatterning,
among others.Image taken from [165].
1.4.1 Fabrication of Polymer Electrode Coatings
Although there are different ways to formulate thin-film coatings to an electrode
surface [170-173], electrochemical polymerisation [25, 167, 174-177] is emerging as
the preferred technique for the fabrication of electrode coatings due to its general
simplicity, the fact that it requires only small amounts of monomer, is deposited only
on conducting surfaces and because it can be readily modified to control the film’s
physicoelectrical properties for further functionalisation process [50, 104, 174, 178,
179]. In this context, the electrochemical formation of conducting polymers is a
unique process where the experimental conditions i.e galvanostatic or potentiostatic
deposition, solvent-electrolyte composition, deposition time, monomer and dopant
choice [153, 180], facilitate the mass transfer of oxidised monomers at the substrate10
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solution interface to produce conductive coatings. Furthermore, electrochemical and
chemical follow-up reactions are possible which can be employed to subsequently
further modulate the physicomechanical and cytocompatibility properties of the
deposited coatings [50, 105].
Systematic studies of semiconducting polymers in neuroelectrode systems have
focused on galvanostatic electrodeposition processes for the formation of uniform
PEDOT coatings onto the electrode surface [25, 175, 176]. The deposition process of
PEDOT involves oxidation of an EDOT monomer, adsorbed onto an electrode
surface by generating a constant electric current between the counter and working
electrodes. This provides a uniform charge to the electrode surface, and through mass
transport principles, leads to diffusion of the oxidised monomers and oligomerisation,
resulting in the formation of PEDOT clusters and eventually film growth. By varying
the time over which electrodeposition occurs, the thickness and roughness of the
electropolymerised coatings can be controlled, correlating with a transition between
impedance profiles, roughness, and mechanical properties [25, 50, 105, 176].
Of particular importance in electrochemical deposition are the electrolyte dopants, as
they are shown to impact the electrical, chemical and morphological characteristics of
electropolymerised coating [181] and dopant selection is critical in electrode coating
design [182, 183]. The nature of the dopant influences physical properties of the
formed coating stability, surface structure, permeability and wettability [105, 167,
179, 184]. Common counterion dopants extensively investigated for the
electropolymerisation process include poly(styrene sulfonate) (PSS), paratoluene
sulphonate (PTS), dexamethasone phosphate (Dex-P), and perchlorate (ClO4) [50,
153, 176, 185]. In particular, conducting coatings produced from PEDOT doped with
small sulfonate ions, namely PTS, have been shown to have the highest charge
storage capacity, lowest impedance and highest injection limit, with significant
biological benefits over both PEDOT/PSS and PEDOT/ClO4 giving rise to an overall
coating stability [50, 91, 176, 186].
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1.5 Poly(3,4-ethylene dioxythiophene) (PEDOT)
As one of the most widely explored of the synthetic semiconducting polymers,
PEDOT is a derivative of polythiophene and an attractive alternative to PPy in
bioengineering and other applications due to its relatively high degree of conductivity
and environmental stability [50, 105, 139, 156, 187]. Owing to its chemical/oxidation
and thermal stability, it possesses excellent film formation and transparency in its
doped state, and is well-suited for use as an electrode material [45, 188-190]. It
provides low interfacial impedance on electrodes and can increase charge delivery
capacity through hybrid ionic transfer (mixed conductivity) [7, 91, 175, 181, 182].
Depending on the nature, size and concentration of the dopant used in its electrical
polymerisation [176, 184, 191, 192], properties such as physical, mechanical,
chemical and biological [105, 177, 193-197] are variable to a great extent, allowing
functionalisation of this material so as to be suitable for commercial and biomedical
applications.
For example, experimentally, studies have reported good cytocompatibility of
PEDOT as a polymeric substrate, either pristine or tailored by chemical [196, 198200], morphological [100, 201-203] and biochemical [12, 204-206] modifications to
elicit a desired functional response. Luo et al. [207] proposed the use of carbon
nanotubes as dopants during the polymerisation of PEDOT to impart structural
reinforcement while preserving biocompatibility during chronic neural stimulation
[207]. Other studies investigating improved implant - tissue interface stability
postulate the use of PEDOT combined with RGD (Arg-Gly-Asp)-modified alginate
hydrogel loaded with brain-derived neurotrophic factor (BDNF) as coatings for
cochlear stimulating devices [208]. These studies indicated that PEDOT can be
employed to reduce electrode impedance, improved charge delivery and maintain
spiral ganglion neuron survival both in vitro and in vivo [208]. The feasibility of
using in situ polymerisation of PEDOT as a useful alternative to investigate reduction
in glial scar formation in neural prosthesis and long-term electrode functionality was
reported by Ouyang et al. [209]. They showed successful in vivo polymerisation of
PEDOT in the rat cerebral cortex with lower impedance and improved recording
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quality on implanted neuroelectrodes. Furthermore, PEDOT was also successfully
integrated with the brain tissue, extending a junction of more than 1 mm to the
electrode, promoting integration at the electrode/tissue interface with healthy neurons
and minimising the gliosis region [209].
To date, PEDOT has been studied extensively [50, 139, 157, 210-220] and verified
experimentally as an electrode coating material for in vitro applications. However
PEDOT is susceptible to delamination from the electrode substrate in situ following
long term device implantation in vivo [39, 50]. To address this issue, studies are
conducted on functionalisation approaches through morphological and biological
cues [13, 105, 197, 203, 216, 221, 222].
1.5.1

Morphological and Topographical Functionalisation of PEDOT

Morphological functionalisation of PEDOT-based materials has been performed as a
technique for the preparation of the conductive biomaterials with neural applications
[50, 105, 167]. Of particular interest is the electrochemical polymerisation
(electrodeposition) process where a number of important variables controlling filmcoating growth conditions are taken into account. Deposition time, solvent system,
electrolyte, and deposition charge have been shown to impact directly film
morphology (thickness and topography), which directly modulates cellular adhesion
and interaction [50, 156, 167]. Thus, in this regard, the employed dopant in the
electrodeposition process is critical in the resulting film topographical properties
[105, 167]. For instance, the inherent smooth and rough surface conformation
obtained using PTS and PSS as dopants respectively has been shown to impart
differential cellular response due to the differences in the microstructure of polymer
films [13, 50, 176]. Furthermore, recent studies have identified the use of chemical
surfactants as templates to precisely control PEDOT-based polymer structures [223225]. However, this technique required washes to carefully remove residual
surfactants from the films, which therefore reduces the possibility of the
biocompatibility of the polymeric coatings or further functionalisation.
An innovative approach to templated electropolymerisation was described by
Richardson-Burns et al. [226] where PEDOT was deposited around living neural cells
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cultured on an electrode site. Cells were subsequently removed from the deposited
polymer to produce a surface with cell shaped cavities. Further, a recent study by
Wan et al. [227] reported on the fabrication of PEDOT-based three dimensional (3D)
macroporous scaffolds using an ice-templating method. The resulted scaffolds
possessed a tunable pore size and morphology, and were electrochemically active,
enabling further biochemical functionalisation.
Current research has focused on a multi-functionalisation approaches to PEDOTbased coatings facilitating structural and topographical modifications, achieved using
micro and nanopatterning templates [222, 227, 228], nanofibers [229, 230] and laser
micromachining [82]. Although there are important systematic studies presenting
morphological-topographical functionalisation strategies for PEDOT-based coatings,
critical further study is required for the implementation of other technologies that
allow controlled topographical modification on cytocompatibility and astrogliosis
towards the generation of neural interfaces with chronic functionality.
1.5.2 Biological Functionalisation of PEDOT
The entrapment or surface functionalisation of PEDOT with biological elements [20,
206, 231-233], and anti-inflammatory drugs [234-237], with the aim of reducing
inflammation while promoting neural tissue integration with maintained low
impedance profile at the material coating interface, has moved the field towards the
use of combinational strategies to reduce gliosis [135, 145, 146, 208, 236, 238-242].
The incorporation and delivery of therapeutic agents through carriers such as vesicles,
micelles, nanotubes, nanospheres and nanocapsules have been widely employed as
functional modifiers to PEDOT-based approaches with varying success [237, 243245]. Owing to their mechanical/structural reinforcement, electrical, and thermal
properties, the use of carbon-based nanotubes or graphene as an electrically
conducting surface or in conjugation with PEDOT-based polymers has gained
considerable interest, with promising results in vivo [216, 246-250]. Together, these
properties elicit stability and enhanced electrode performance under continuous
stimulation for chronic stimulating systems.
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However, the most successful techniques implemented for the immobilisation of
biomolecules with PEDOT-based chemistries are entrapment and adsorption
methods, as well as covalent attachment and doping techniques, which are used
together to support polymerisation and to enable the insertion of functional groups
into the backbone of the PEDOT polymer [50, 100, 105, 156, 200].
In vitro and in vivo studies compiled in an excellent review [241], show the release
kinetics and the elution profile of peptides, neural factors and drugs from PEDOTbased polymers and in general conducting and semiconducting polymers used as
coatings for stimulating interfaces. Nevertheless, despite the vast research on the
incorporation of biomolecules in PEDOT-based polymers for neural applications [12,
25, 135, 145, 146, 208, 236, 240-242, 249-252], concepts such as optimal
concentrations for a physiological response, use of immobilised concentration
gradients versus homogeneous concentrations, molecule lifespan bioactivity, stability
and loading efficiency continue to be the subject of experimental investigation [253255]. Further, it is important to note that chemical elution is dependent on time,
surface area, loading concentration and depletion by electrical stimulation, and so
direct comparison among studies might not always be appropriate.
Currently, in the pursuit of enhanced biomimicry and long-term performance of
neuroelectrodes following implantation, hydrogels have also been explored in
conjunction with semiconducting polymers as three-dimensional and mechanically
soft polymeric networks to serve as drug delivery vehicles with tunable degradability
[72, 256]. PEDOT-based/hydrogel composite materials have been studied as biphasic
scaffolds to encourage cellular infiltration/nutrient diffusion and to deliver
encapsulated bioactive molecules, cells and drugs [183, 205, 208, 214, 252, 257,
258]. Conducting hydrogel systems exhibit multiple advantageous properties over
traditional bulk conducting polymer formulations including: 1) a high water content
that facilitates the loading of water soluble molecules, 2) tailored degradability which
allows controlled regeneration, 3) a reduction in protein adsorption at the biomaterial
interface providing a low fouling substrate, 4) increased diffusion of bioactive
molecules, 5) biomimetic mechanical properties, as well as a relatively high surface
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area. The reader is referred to an excellent topical review on conducting hydrogels for
medical electrode applications [214].
The general use of PEDOT and their derivatives in a summary of the current
applications and biological modifications used to achieve optimal biointegration at
the biomaterial interface, is presented in Table 1.1.
Table 1.1 General summary of PEDOT and their derivatives and biological
modifications for neural applications.
Derivative
PEDOT-COOH

Application

Modification

Reference

Cancer Therapeutic
Neural Stimulation

Nanodots functionalised
with captured antibodies,
peptide coupling.

[256, 259-265]

Affinity to
antibiotics,
cell-based and viruses.

[266-271]

Peptides

[272-275]

Drug delivery
PEDOT-TsO,
PEDOT-OH:TsO
PEDOT-OH,
PEDOT-N3

Biosensors
Medical electrodes
Neural Tissue
Drug delivery

PEDOT:PSS-coMA

Medical electrodes,
Neural tissue

Biomimetics,
Growth
factors
and
antiinflammatory drugs.

[206, 244, 251, 276]

Biomimetics,
Growth
factors
and
antiinflammatory drugs

[137, 208, 236, 240,
250, 277, 278]

Biomimetics,
Growth
factors
and
antiinflammatory drugs.

[162 194, 245, 279281]

Neural Stimulation
Drug delivery
PEDOT-PSS

Neural Tissue
Neural Stimulation
Drug delivery

PEDOT-PTS

Neural Tissue
Neural Stimulation

1.5.2.1 Extracellular Matrix (ECM) Protein, Peptides
The ECM is a mixture of proteins and polysaccharides that provides biochemical and
biophysical cues to govern cell behavior and consequent biological cascades [143,
282]. PEDOT scaffolds represent a powerful platform for ECM proteins such as
collagen, fibronectin, and laminin to enhance cell attachment and neurite extension
[227, 283, 284]. For instance, PEDOT/collagen system studied by Xiao and
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colleagues showed preferentially growth of PC12 cells than that observed in the
PEDOT/LiClO(4) system. Their results showed that collagen is highly bioactive for
cell adhesion, supporting a network structure with nano-silks surface morphology
[283]. An interesting recent PEDOT-based brushes approach detailed in [285] was
used to tailor the level of cell adhesion to the interface with pre-adsortion of
fibronectin on the system. Modulation of cell adhesion with brush composition was
observed for very short brushes, while the longest brushes had impaired cell
adhesion. Moreover, peptide sequences such as laminin derived peptide sequences
have been extensively studied as PEDOT dopants [50, 142, 286]. Important work
done by Cui et al. [200, 278] and later by Green et al. [184, 279], has shown the
efficacy of doped peptide sequences, such as DCDPGYIGSR from the β(1) and
DEDEDYFQRYLI from α(1) of laminin chains [286, 287] respectively, with
PEDOT-based polymers. Their results indicated a superior neural cell adhesion
relative to pristine PEDOT. In contrast, DEDEDYFQRYL (YFQRYLI) peptide, has
been shown by Green and colleagues [184, 279] as an important point of comparison
between the effects observed with the former DCDPGYIGSR (YIGSR) sequence,
that YFQRYLI active sequence supported a higher proportion of neurite outgrowth,
but not cell attachment. This is, significant as it indicates that regardless of the
peptide sequence, doping with ECM derived sequences can be employed to increase
both cell attachment and neurite outgrowth, indicating the efficacy of ECM
derivatives as key biological elements for neuroelectrode functionalisation [142, 251,
288, 289].
1.5.2.2 Glycosaminoglycan’s (GAGs)
Complex glycanic ECM components like anionic GAGs are known to play essential
roles in human physiology and pathology. GAGs are a major class of polysaccharides
initially known as mucopolysaccharides [290-292] and are the glycan moiety of
proteoglycans which are one of the main constituents of the ECM. Proteoglycans and
GAGs have elicited scientific interest due to the ample amount of biological
information that they enclose [293]. This information is known to be carried on the
GAGs chains, making these polysaccharides the major responsible factor for most
biological activities conferred to proteoglycans [294].
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GAGs can be characterised by possessing a vast variety of sulphated patterns whose
expression appear to be finely controlled during their biosynthesis in cells [295, 296].
From their structural perspectives, four GAG sub-families have been identified based
on the GAG saccharidic composition, these include heparan sulphates (HS) and
heparin, chondroitin sulphates (CS), keratan sulphates (KS) and hyaluronic acid
(HA). These linear molecules are formed of repeating disaccharidic units linked by
glycosidic bounds. Each disaccharide consists of one hexosamine moiety, either Nacetylglucosamine (GlcNAc) or N-acetylgalactosamine (GalNAc), and an uronic
acid, either glucuronic (GlcA) or iduronic acid (IdoA) except for KS, which consists
of a galactose (Gal) in place of the uronic acid. [297] (Figure 1.4)
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Figure 1.4 Structural characteristics of glycosaminoglycan’s. Image taken from
Papy-Garcia et al. [297].
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Heparin is a HS structural analogue that can be placed in the HS sub-family of GAGs,
although it is only produced by mast cells and characterised for being extremely
sulphated compared to any other HS [298]. CS is another important family of GAGs
showing some particularities. The CS family includes CS-A, -B, -C, -D and -E. CS B is also known as dermatan sulphate (DS). Heparin, HS and DS together with CS-E,
are in following way the most sulphated GAG family members compared to KS. In
the ECM and as carbohydrate moieties on proteoglycans, these classes of GAGs exist
as O-linked to Ser residues in the contrary to KS which is N-linked to Asn and Olinked to Ser or Thr residues in the core protein. An exception is HA which is the
only non sulphated GAG characterised by not been attached to any core protein [293,
299]. Once attached to the core protein, the existing proteoglycan with GAGs like
HS, CS and KS are secreted in granules to the ECM to exert multiple biological
functions [300] Figure 1.5
The majority of proteoglycans located at the cell surfaces or in the ECM are HS
proteoglycans (HSPG), although in some cases the presence of small proportions of
CS have been described in their chains. HSPG families are syndecans, glypicans and
perlecans. Syndecans are transmembrane HSPG, glypicans are inserted into
membranes by a lipid anchor (GPI), and perlecans are not linked to cell membranes
but reside in the ECM [300]. Most of the biological actions conferred to these
proteoglycans are now known to be assured by their HS or CS chains.
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Figure 1.5 Heparan sulphate proteoglycans have many roles in cell physiology.
HSPGs function as co-receptors for growth factors and their receptor tyrosine
kinases, which are present either on the same cell (a) or on adjacent cells (b). They
transport chemokines across cells (c) and present them at the cell surface (d).
Proteolytic processing leads to the shedding of syndecans and glypicans from the cell
surface (e), and heparanase cleave the HS chains (f), liberating bound ligands (such
as growth factors). Cell surface HSPGs are actively taken up by endocytosis (g) and
can recycle back to the surface or be degraded in lysosomes (h). HSPGs also
facilitate cell adhesion to the extracellular matrix (i) and form bridges to the
cytoskeleton (j). Secreted HSPGs are involved in the formation of organised
extracellular matrices that form physiological barriers (k) and sequester growth
factors and morphogens for later release (l). Serglycin carrying highly sulphated
heparin chains is packaged into secretory granules (m). Finally, some experiments
suggest that HS chains exist in the nucleus (n), although their function in this location
is unknown. Image taken from Bishop et al [300].
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Anionic GAG in ECM

The main structural difference between the different GAG sub-families concerns the
identity of their constitutive disaccharides. Although each GAG is formed of only one
or two particular disaccharide units, differential sulphation of HS and CS sugar
moieties can generate a great number of differently sulphated blocks within a single
GAG chain making these molecules highly complex and thus highly information
dense [301]. The high sulphate content in GAGs is known to favour its interaction
with several heparin binding proteins resulting often in protein activity potentiation.
GAG chains can contain multiple protein-specific binding sites in a single chain
[302]. This is in part due to the capacity of their sulphated sequence to bind and
regulate the activity of effector proteins as growth factors and cytokines; GAGs
potentialise their biological activities and protect them from proteolytic degradation
[303]. It is well known that HS possess complex structures that may vary in a
spatiotemporal manner [298] and that in function of their sulphation patterns, HS may
interact, as epitopes in proteins, with particular host matrix proteins. These HSprotein interactions are known to play key roles in the control of a number of
biological processes such as cell differentiation, proliferation, migration and survival
[304].
The therapeutic potential of GAGs as functionalisation approaches in neural
applications has been extensively investigated [12, 50, 105, 233, 250, 289, 305-308].
The use of GAGs as electroactive coatings for neural applications is favorable for two
reasons: Firstly, GAGs as naturally occurring molecules in neural tissues, impart
biological mimicry and have been shown to provide stealth properties with respect to
the foreign body response [297]. Secondly, GAGs are charged biomolecules that may
act as counterions in the electrochemical polymerisation of PEDOT [250].
Experimentally, Asplund et al. showed in their work that the incorporation of heparin
as a counter ion for EDOT deposition in water soluble conditions enhanced the
biocompatibility and electrochemical stability of these electrodes when compared to
PEDOT:PSS films [12, 250]. Moreover, an interesting study by Teixeira et al. [309]
showed the efficacy of PEDOT:heparin/growth factor scaffolds as potential
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electroactive materials to modulate the bioavailability of growth factors through
electrochemical oxidation of PEDOT. Critically, in this study it was identified that
GAG-functionalised biomaterials can be employed to promote stem cell
differentiation in vitro [305]. Furthermore, a recent study by Mantione and colleagues
reported on the use of HA, heparin, and CS as dopants within a PEDOT matrix to
support neuroregeneration [233].
New avenues in GAG functionalisation through synthetic glycochemistry and
glycomimetics have recently emerged which have been explored to present structural
mimicry of specific carbohydrate moieties, addressing the drawbacks of
commercially available carbohydrate [289, 310-312].
Papy-Garcia et al. functionalised different libraries of synthetic GAGs through a
series of chemical modifications to produce so called GAG mimetics including the
RGTA (regenerating agents) and heparan mimetics (HMs) that exhibit increase
stability and resistance to glycanase activity [313, 314]. The growing body of
experimental findings in vitro and in vivo has placed these HMs as current therapeutic
strategies within the broad spectrum of tissue engineering applications [315-326].
However, GAG-mimetic materials as functional coatings of neural electrodes remain
under experimental investigation.
1.6 Hypothesis and Objectives
The biomaterial-tissue interface is not a simple description of aboundary, but rather a
dynamic interface involving both the localised reaction of the surrounding tissue to
the materials, and the material adaptations within the physiological environment.
Current research has focused on both the foreign body reaction and the long-term
performance of biomaterials in a combined effort to drive the functionalisation of
next generation implantable devices. As a result, the improved functionalisation of
electrode systems is expected to prompt advancements in the design and development
of implantable neural prosthetic devices and medical therapies for neurological
disorders.
The availability of a great variety of synthetic materials has invigorated the
conducting polymers field and their functionalisation, and in particular the
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stimulating neural devices area. Multifunctional innovative manufacturing and
polymer synthesis methods have driven the development of physicochemical
modification, facilitating the delivery of bioactive molecules and drugs that can be
immobilised on the substrates, further diversifying the potential of neuroelectrode
biomedical applications.
More recently, increased attention has been directed to hierarchically structured or
composite materials that have been developed from the integration of conducting
polymers with organic and naturally occurring hydrogels and carbon based materials
or through geometric/topographical modification. These hybrid materials contribute
to significant progress in the development of integral engineered designs for electrode
interfaces. It is interesting to consider that topographical alteration or modification to
the 3D structure of conducting polymers and its role in influencing cellular
proliferation and migration has yet to be resolved.
Despite the great number of studies conducted on the biofunctionalisation of
conductive polymers and their derivatives, substantial progress has yet to be made to
confirm the efficacy of improved functionalisation of bioelectrodes in vivo. This is
crucial if functionalised conducting polymers are to have a significant impact on a
wide spectrum of bioapplications and therapies. Certainly, this is an exciting area of
research.
Conducting polymers and the process of biofunctionalisation is still an emerging
technology and many questions with regard to specific strategies to provide enhanced
functionality remain to be explored. Hence, the ultimate aim of this thesis was to
develop novel physical, chemical and biochemical approaches electrodes for neural
interfaces applications, aiming for stimulation systems such as deep brain stimulation,
to

enhance

neuron/electrode

interfacing

in

vitro,

opening

the

functionalisation strategies for subsequent ex-vivo and in vivo evaluation.
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To achieve this general objective, the work of this thesis was attributed to three
phases:
-

The first phase focuses on develop highly conducting metal oxide surfaces
with enhanced electrochemical and cytocompatibility through an anodisation
process of thin-film ITO.

-

The second phase of this work was to functionalise electrochemically
deposited PEDOT:PTS coated electrodes using the topographical approach.

-

The third and final phase was to investigate PEDOT:PTS functionalisation
with a heparan-mimetic (HM) F6 as a biological dopant.

The main objectives and hypothesis of each phase are described below.
1.6.1 Objective One (Chapter two)
To formulate anodised thin-film ITO neuroelectrode interfaces through a facile
electrochemical process employing the application of current densities ranging from
0.4 mA cm-2 to 43 mA cm-2 and to evaluate the physical, electrochemical and
cytocompatibility properties of anodised ITO in vitro.
Hypothesis:
ITO anodisation can be employed as a functionalisation approach to increase surface
roughness and oxygen content for the generation of cytocompatible and functional
thin-film electrode interfaces for neural applications.
1.6.2 Objective Two (Chapter Three)
To topographically functionalise PEDOT:PTS coated electrodes via a lowtemperature microimprint-lithography process for the development of cytocompatible
anti-adhesive neural interfaces.
Hypothesis:
Topographical functionalisation of PEDOT:PTS electrode coatings with arrays of
micropits will increase the electrode active surface area and will enhance electrode
integration by minimising astrocyte cell adhesion and the onset of subsequent
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astrocyte reactivity. This will provide long-term stability and enhanced charge
transfer for neural simulation.
1.6.3
To

Objective Three (Chapter Four)
biologically

functionalise

PEDOT:PTS

coated

electrodes

using

an

electrodeposition process for the incorporation of the heparan sulphate mimetic F6 for
the development of cytocompatible and stable neural interfaces.
Hypothesis:
The use of a sulphated heparan mimetic polyanion termed F6 can be employed as a
potential biological dopant for neural interfaces leading to enhanced electrode
integration, and a minimised glial response through an indirect neurotropic effect of
F6 mediated by growth factor binding.
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CHAPTER 2
ANODISATION OF MAGNETRON-SPUTTERED INDIUM-TIN OXIDE
(ITO) FILMS
2.1 Preamble
During my first year, I was entirely dedicated to learning the basics of
electrochemistry and electrodeposition so as to investigate the process of
electrodeposition of poly(3,4-ethylenedioxythiophene) (PEDOT) conducting polymer
materials and characterise them in terms of their physical, electrical and biological
properties. Indium-tin oxide (ITO) was the conductive substrate selected for this
preliminary work due to its low cost relative to platinum (Pt) materials, and thanks to
the collaboration with Professor Donal Leech and his laboratory, Dr Manus Biggs
and I began the journey of galvanostatic electrodeposition with a three-electrode setup with the invaluable help of Dr Paul Kavanagh, a Senior Postdoc at that time in
professor Donal Leech’s lab. We were also assisted by the knowledge gained from
the scientific reading of the well-known researchers in the field of conducting
polymers and neural interfaces including Dr Rylie Green et al, Dr David Martin et al
and Dr Collazos et al, to mention some.
At Professor Donal Leech’s lab, I was given access to a very old but hardly used
Potentiostat, a Princeton Applied Research electrochemical Potentiostat/Galvanostat
model 263A running Verastudio software. At this stage, I was introduced by Dr Paul
Kavanagh to the basic concepts of movement of ions and electron transfer in a three
electrode set-up and how to operate the old machine. However, it was only after
putting together the chemical data, obtained from the large amount of films made
with this machine and submitting our work to a journal in the field, that I realised that
certainly there were lots of matters to address; and while the comments were
negative, they were extremely helpful in illuminating concepts such as overoxidation
of the deposited films. In retrospect and in reviewing the set-up and by using our own
Potentiostat acquired that year, I came to understand that the Princeton Applied
Research electrochemical Potentiostat/Galvanostat model 263A was programmed
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with a reversed electrode configuration. This resulted in the anodisation of the ITO
films and not the electrodeposition of PEDOT. At that point, my electrochemistry
experience could be summarised in a comment made to me by Professor Donal Leech
in this desperate period: “electrochemistry can be a black hole at times”.
It may be true that the ITO process was confusing, frustrating and quite demotivating
at the time, but in the end proved a valuable learning experience. Therefore, in
celebration of serendipitous discovery and enlightening errors, the anodisation of ITO
is described below. This work was not only crucial in helping to illuminate the basics
of my work in conducting polymers, but also resulted in the generation of a bench-top
electrochemical process to formulate anodised ITO films with altered roughness,
conducting profiles and modulation of glial scar formation and neural network
activity. Work which is still ongoing at the Biggs’lab.
This chapter has been previously published in:
Vallejo-Giraldo, C.; Pampaloni, N. P.; Pallipurath, A. R.; Mokarian‐Tabari, P.;
O'Connell, J.; Holmes, J. D.; Trotier, A.; Krukiewicz, K.; Orpella‐Aceret, G.;
Pugliese, E., Ballerini, L; Kilcoyne, M; Dowd, E; Quinlan, Leo R; Pandit, Abhay;
Kavanagh,

Paul;

and

Biggs,

M.

J

.

Adv

Funct

Mater

2017.

DOI:

10.1002/adfm.201605035
Important contribution was received from:
-Pampaloni, N., Ballerini, L. performed the electrophysiological recordings and
calcium imaging and substrate stimulation using Hippocampi cells.
-Mokarian‐Tabari, P. O'Connell, J.; Holmes, J. D. performed XPS analysis.
-Kilcoyne, M,. contributed with the analytic tools for the construction of the antibody
gliosis array.
-Quinlan, Leo R. contributed with the analytic tools for the subtrate stimulation using
Ventral Mesecenphalic cells.
-Kavanagh, Paul. contributed with electrochemical analysis and important discussion
of the electrochemical process of the anodised ITO films.
- Lalor, Pierce. performed transmission electron microscopy (TEM)
Hypothesis: ITO anodisation can be employed as a functionalisation approach to
increase surface roughness and oxygen content for the generation of cytocompatible
and functional thin-film electrode interfaces for neural applications.

54

Anodisation of Magnetron-Sputtered Indium-Tin Oxide (ITO) Films
2.2 Introduction
The modification of implantable electrodes for neural stimulation and recording
through

electrochemical,

biochemical,

morphological

and

topographical

functionalisation has been a major focus of neural engineering over the past five years
[1, 2]. A common occurrence following electrode implantation is reactive gliosis and
the formation of a glial scar. This encapsulating scar forms at the electrode–tissue
interface and accelerates neural loss, increases electrical signal impedance and
thereby compromises the efficacy of a stimulating/recording system in situ [1].
Biomimetic interfaces with multiple functionalities that facilitate stable charge
transfer in vivo while promoting enhanced cell interaction, selection and attachment
are critical in chronic neuroelectrode functionality and the development of advanced
neural stimulation systems and brain/machine interfaces [3]. In turn, important
contributions in organic bioelectronics as neural interface platforms possessing
favourable electrochemical properties for neural recording and stimulation have been
reported [4-7].
Ongoing strategies in biomimetic design of the neural interface have focused on
morphological, mechanical and biochemical modification of the electrode-tissue
interface to reduce tissue damage and promote electrode integration through device
miniaturisation, the development of flexible polymer systems and the localised
delivery of anti-fibrotic or neurotropic chemistries [8, 9]. Traditionally, chemically
inert conductors such as gold, platinum and iridium as well as semiconductors such as
silicon have been widely employed as electrode systems in both clinical and research
settings and have been found to perform well under non-chronic settings [10, 11].
Recently however, non-metallic electrically conducting materials including inherently
conducting and semiconducting polymers and polymer composites have been
explored as neuroelectrode alternatives in an effort to promote chronic functionality
and enhanced biocompatibility [12, 13].
In the field of conducting metal oxide electronics, indium-tin oxide (ITO) is one of
the most intensively investigated materials because of its relatively low electrical
resistivity, its optical transparency and its thermal stability, making it well-suited for
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use as an electrode or sensor material [14]. Specifically, ITO thin-films have been
employed successfully in the fabrication of optoelectronic and electrochromic devices
[15], electroluminescent devices [16], photovoltaic cells [17], and waveguide sensors
[18].
Recent studies indicate the potential of electrically conducting ITO thin-films for
biosensor applications in vitro [19-25]. Selvakumaran et al. [26] demonstrated the
efficacy of ITO electrodes as sensing electrodes in vitro for bioassays, and potential
physiological measurements. Here it was concluded that ITO offered a compromise
between promoting cell growth while adsorbing significantly less protein than
titanium control substrates [22, 27]. Further, Tanamoto and colleagues [21]
developed micropatterned ITO glass electrode devices to facilitate electrical
stimulation of neural cells coupled with fluorescent imaging processes. The device
was observed to uniformly stimulate multiple single cells with and the authors noted
potential in vivo applications.
It has been shown that ITO can be physically and chemically modified to locally
tailor its electrical and optical and properties [28], and in particular, the modification
of ITO electrodes with semiconducting polymer thin-films via electropolymerisation
techniques have been explored as a method to enhance the electrode conductivity
[28]. Further, surface treatments such as acid etching [29], and layer-by-layer
assembly [30] have been used to modulate and alter the performance of ITO for
commercial applications. Electrochemical activation or passivation via anodic
oxidation (anodisation process) [31, 32] is widely used in biomedical engineering to
grow metal oxide dielectrics for electrical devices [33, 34] and to obtain protective
and decorative films on metallic surfaces to increase corrosion resistance [35]. The
experimental conditions, i.e galvanostatic or potentiostatic anodisation deposition,
electrolyte composition, and deposition time facilitate the oxidation of ions at the
substrate-solution interface to produce thin-film coatings [36]. Several research
groups [37-42] have demonstrated that the anodic oxidation technique can be
employed in conjunction with mask strategies for the generation of biologically
passive layers or nano features on titanium [37-42] and alumina [43, 44] to improve
cell adhesion and implant integration. Surface modification of ITO via anodisation
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however has not yet been explored as a method to enhance cytocompatibility, cell
adhesion and functionality in implantable systems. Furthermore, the effects of ITO
anodisation on film electrochemical impedance and topography remain unknown.
In this chapter, ITO anodisation as a functionalisation approach for the generation of
cytocompatible and functional thin-film electrodes for potential neural applications is
explored for the first time. Anodised ITO thin-films were formulated through a facile
electrochemical process employing the application of current densities ranging from
0.4 mA cm-2 to 43 mA cm-2. Subsequently, the physical, chemical, electrochemical
and cytocompatibility effects of ITO anodisation were explored. Our results elucidate
important material effects with regard to anodisation current densities on ITO film
surface morphology, electrochemistry and cytocompatibility for the generation of
neural interfaces with superior electrical and biological characteristics.
2.3 Materials and Methods
2.3.1

Anodic Oxidation of ITO

The anodic oxidation of ITO was conducted under ambient conditions in a solution of
10 µM poly(sodium 4-styrenesulphonate) (PSS) (Sigma Aldrich, Ireland, 70,000 g
mol-1 MW) prepared in 1X phosphate-buffered saline solution (PBS) with a platinum
foil as a counter electrode (cathode). The electrolyte solution was placed in an inhouse fabricated electrochemical cell, connected to a Princeton Applied Research
Potentiostat/Galvanostat model 2273 controlled with Power Suite software. Pristine
ITO coated glass slides were purchased from Diamond Coatings, UK. These were
provided as thin-films sputter-coated onto glass substrates with a nominal thickness
of 750 nm and sheet resistivity of 8 - 10 Ohms sq-1. Pristine ITO coated glass slides
were individually cleaned in acetone, dried with a stream of nitrogen and moved to a
desiccating chamber to remove moisture for 24 hours prior to use. Galvanostatic
anodisation was performed applying constant current densities of 0.4 mA cm-2, 4 mA
cm-2 and 43 mA cm-2 over a constant time of 450 seconds to pristine ITO coated
glass. A schematic representation of the anodisation process of the ITO is presented
in Figure 2.1.
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Figure 2.1 Schematic of the electrochemical set-up used for the anodisation
process of ITO. Pristine ITO coated glass slides were placed at the anode electrode
and constant current densities of 0.4 mA cm-2, 4 mA cm-2 and 43 mA cm-2 over a
constant time of 450 seconds were applied to pristine ITO coated glass through a
PSS/PBS electrolyte. Within this process, hydrogen is released from the cathode
(platinum) and oxygen forms on the surface of the anode (ITO) by the variation of the
current densities (galvanostatic anodisation). This results in ITO oxide films growing
on the ITO surface, called the anodised films.
2.3.2 Physical Characterisation
2.3.2.1 Surface Morphology
Scanning electron microscopy (SEM) was carried out using a Hitachi S-4700 Cold
Field Emission Gun Scanning Electron Microscope (CFE-SEM). The SEM images
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were taken using an accelerating voltage of 15 kV and spot current of 10 µA. Gold
sputtering was carried out before testing the samples using an EMSCOPE SC500 to
deposit 10 nm of gold.
Atomic Force Microscopy (AFM) was performed to analyse the roughness of the
samples. All measurements were taken on a Vico Dimension 3100 AFM using
TESPA Tips (NanoWorld) (Si <8 nm tip radius, 42 N/m spring constant, 320 kHz
nominal resonance frequency), in tapping mode over an area of 10 m2 and 10 m2
respectively with a 0.5 - 1 Hz scan rate.
Transmission Electron Microscopy (TEM) was performed using a H-7000 Electron
Microscope to analyse inner particle distribution of the films. The samples were fixed
into Epon base low viscosity resin (Agar Scientific R1078) so as to release the
samples from the glass surface slide and be embedded in the resin. Thereafter, all
samples were sectioned at 100 nm thickness and collected on Formvar-carbon 200
mesh copper grids (Agar Scientific – 62200N- 200 Square Mesh Nickel 3.95 mm).
Images were taken at 75.kV with direct magnification of 20000x.
2.3.2.2 Thickness Measurements
The thickness of the anodised films was measured using a Zygo Newview 100
surface profilometer controlled by MicroPlus software. A pattern of bright and dark
lines - fringes was created as incoming light was split from the limited region
between the anodised film and the pristine ITO glass. This pattern difference was
translated to calculate the height information, resulting in the thickness of the film.
The size of the testing area was 1.6 cm2.
2.3.2.3 UV- visible Spectroscopy
The optical transmittance of the ITO coated glass and the anodised films was assessed
by using a Thermo Scientific Varios- Kan Flash microplate reader at the visible-light
wavelengths (400−800 nm).
2.3.2.4 Stability and Durability through Accelerated Ageing Study
The stability of the pristine ITO glass and the anodised ITO films was determined
using a long-term passive degradation through an accelerated ageing study.
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Following the ASTM international guidelines for accelerated aging of medical
devices [45] as well as the procedure detailed by Green et al. [46] and Hukins et al.
[47], the experimental parameters were determined using Equation 2. 1.
𝐭 𝟑𝟕 = 𝐭 𝐓 × 𝐐𝟏𝟎(𝐓−𝟑𝟕)/𝟏𝟎

Equation 2. 1

where t37 is the simulated time at 37oC, tT is time samples are placed at the elevated
temperature, T is the elevated temperature, and Q10 is the accelerated factor equal to
2.0 as per the ASTM specification. Three experimental replicas for each group were
placed in an oven at 95 oC and immersed in 0.9% saline for four weeks simulating
1560 days (four years) of implantation. Cyclic voltammetry was performed before
and after the ageing study and used to calculate the percentage of loss in charge
storage capacity (CSC). SEM pictures were taken after the ageing study to show
morphological changes. The SEM sample preparation and imaging were performed
following the details in 2.3.2.1 of this section.
2.3.3 Chemical Characterisation
X-ray photoelectron spectroscopy (XPS) spectra were acquired on an Oxford Applied
Research Escabase XPS system equipped with a CLASS VM 100 mm mean radius
hemispherical electron energy analyser with a triple-channel detector arrangement in
an analysis chamber with a base pressure of 5.0 × 10-10 mbar. Survey scans were
acquired between 0-1100 eV with a step size of 0.7 eV, dwell time of 0.5 s and pass
energy of 100 eV. Core level scans were acquired at the applicable binding energy
range with a step size of 0.1 eV, dwell time of 0.5s and pass energy of 50 eV
averaged over 50 scans. A non-monochromated Mg-kα x-ray source at 200 W power
was used for all scans. All spectra were acquired at a take-off angle of 90 with
respect to the analyser axis and were charge corrected with respect to the C1s
photoelectric line by rigidly shifting the binding energy scale to 285 eV. Data were
processed using CasaXPS software where a Shirley background correction was
employed and peaks were fitted to Voigt profiles. To ensure accurate quantification,
atomic sensitivity factors were taken from the instrument spectrum acquisition
software and manually input into the data processing software.
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2.3.4

Electrochemical Characterisation

2.3.4.1 Electrochemical Measurements
Cyclic voltammetry was performed using a CH Instruments 620 series potentiostat.
Measurements were recorded in a custom-made electrochemical cell (2 mL volume)
containing the pristine ITO coated glass as working electrode (1.6 cm2), an Ag/AgCl
reference electrode (3 M KCl) (Bioanalytical Systems) and a platinum foil counter
electrode (Goodfellow) in 50 mM phosphate buffer solution (pH 7.8) or saline
solution [48]. Prior to measurements, solutions were purged with N2 to avoid O2
reduction at low potentials (< -0.4 V vs. Ag/Ag/Cl).
Electrical impedance spectroscopy (EIS) was performed using a Princeton Applied
Research Potentiostat/Galvanostat model 2273 running with Power Suite software
with a four electrode set-up as described in [12]. Briefly, the signal was to the
anodised films with a surface area of 1.6 cm2, along with a platinum foil counterelectrode (CE) and controlled by a saturated Ag/AgCl reference electrode. An AC
sine wave of 40 mV amplitude was applied with 0 V DC offset. The impedance
magnitude and phase angle were calculated at 1, 10, 100, 1000, 10000 Hz, as it is
reported that most of the neural cell communication occurs between 300 Hz and 1
kHz [49].
Values were presented on Bode and Nyquist plots and compared to those of a pristine
ITO coated glass slide and to bare gold coated glass. The data fitting analysis was
performed using EIS Spectrum Analyser 1.0 software.
2.3.5

Biological Characterisation

2.3.5.1 Cell Culture
The human neuroblastoma cell line SH-SY5Y was cultured in Dulbecco’s Modified
Eagles Medium nutrient mixture F12 (DMEM/F12) medium and supplemented with
10% fetal bovine serum (FBS), 1% penicillin/streptomycin and all-trans retinoic acid
(RA) at a final concentration of 10 M for differentiation into a neuronal phenotype.
Immunofluorescence micrographs showing the neuronal phenotype of SH-SY5Y as a
response to RA supplementation are shown in Figure 2.2
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Figure 2.2 Expression of dopamine in SH-SY5Y neuroblastoma cell line. A)
Fluorescent micrographs of immune-labelled cultures at day fourteen on pristine ITO
glass and anodised ITO films with resulting roughness of 19 nm, 61 nm and 81nm.
No RA supplementation (top) with RA supplementation films (bottom). Scale bar =
20µm, objective 60×. Dopamine expression is visualised by anti- Anti-Tyrosine
Hydroxylase (TH) in green, F-actin in red by rhodamine-conjugated phalloidin and
in blue nuclei by DAPI. B) Mean fluorescence intensity quantification of dopamine
expression using a threshold method. The TH dopamine marker was significantly
upregulated following fourteen days of RA exposure, coupled with the induction of a
neuronal phenotype. In addition, TH dopamine mean fluorescence intensity was
significantly increased by day fourteen on the cells cultured on anodised films with
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the lowest roughness profile of 19 nm, which corresponds to the films formed at 0.4
mA cm-2 current density compared to control and the other experimental groups.
Results are ± STD, ★ = p< 0.05.
To control the surface area of culture, the pristine ITO coated glass and the anodised
films were placed in customised silicone Ace O-rings with wall dimension of 1.78
mm and internal diameter (I.D) of 10.8 mm and were sealed around the borders of the
surface area with silicone elastomer (Sylgard 184). The materials were placed in six
well culture plates and sterilised by 100% ethanol for two hours, and subsequently
washed repeatedly with Hank’s balanced salt solution (HBSS) and incubated
overnight at 37C, 5% CO2 for neural cell culture. A quantity of 50,000 or 2,000 cells
cm-2 was plated on each film, and then 200 l of the culture medium was added to
each well, and changed with fresh media every day for a period of one, seven or
fourteen days. Control Thermanox® Plastic Coverslips with 13 mm diameter
(NUNCTM brand products) were also bonded with silicone Ace O-rings as above.
Primary hippocampal cultures were prepared from two-three days postnatal (P2-P3)
rats as previously reported by Cellot et al. [50]. Briefly, hippocampi were dissected
and enzymatically digested. Cells were plated on poly-L-ornithine coated glass
coverslips (control) or on anodised ITO substrates formed at 0.4 mA cm current
density. Coverslips were placed in petri dishes and cultured in serum-containing
medium in a 5% CO2- humidified incubator for eight to ten days. Cell morphology
was analysed by immunofluorescence experiments and epifluorescence microscopy
to gain insights into cell health and shape. Briefly, cell densities were quantified at
20× (0.5 NA) magnification using a DM6000 Leica microscope (Leica Microsystems
GmbH, Wetzlar, Germany), with random sampling of visual fields (713 × 532 µm).
Ethical Statement (Primary hippocampal cultures)
All experiments were performed in accordance with the EU guidelines (2010/63/UE)
and Italian law (decree 26/14) and were approved by the local authority veterinary
service and by our institution (SISSA-ISAS) ethical committee. Every effort was
made to minimise animal suffering and to reduce the number of animals used. Animal
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use was approved by the Italian Ministry of Health, in accordance with the EU
Recommendation 2007/526/CE.
Primary cultures of ventral mesencephalic neurons (VM) were obtained from the
mesencephalon of embryonic Sprague–Dawley rats in accordance with methods
previously described by Vallejo-Giraldo et al. [12]. Briefly, the ventral
mesencephalon were dissected from embryonic fourteen-day rat brains and then
mechanically dissociated with a pipette, until the tissue was dispersed. Cells were
grown in a humidified atmosphere of 5% CO2 at 37°C and culture in media
(Dulbecco’s modified Eagle’s medium/F12, 33 mM D-glucose, 1 % L-glutamine, 1%
PS, 1 % FCS, supplemented with 2 % B27). The pristine ITO glass and the anodised
films were cultured for 21 days in six well culture plates and sterilised in 70% ethanol
for two hours, and subsequently washed repeatedly with HBSS. They were then
rinsed three times with distilled (DI) water and left to dry overnight. A quantity of
50,000 cells cm-2 was plated on each film, and then 3 ml of the culture medium was
added to each well and changed with fresh media every two days for a period of 21
days.
2.3.5.2 Metabolic Analysis
The alamarBlue® Assay (Life Technologies, UK) was used to assess cell metabolism
and was carried out at day one, day seven and day fourteen. For this purpose, 10% of
the alamarBlue® solution was added to the culture media, in accordance with the
provided protocols. Sample absorbance was measured in a 96 well plate at 544
excitation and 590 emission wave lengths using a Thermo Scientific Varios- Kan
Flash microplate reader.
2.3.5.3 Immunofluorescent Labelling
Indirect double-immunofluorescent labelling was performed to visualise focal
adhesion sites. SH-SY5Y cells on experimental and control substrates were fixed
with 4% paraformaldehyde and 1% of sucrose for fifteen minutes at room
temperature (RT) at each time point. Once fixed, the samples were washed with PBS
and permeabilised with buffered 0.5% Triton X-100 within a buffered isotonic
solution (10.3 g sucrose, 0.292 g NaCl, 0.06 g MgCl2, 0.476 g HEPES buffer, 0.5 ml
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Triton X-100, in 100 ml water, pH 7.2) at 4◦C for five minutes. Non-specific binding
sites were blocked with 1% bovine serum albumin (BSA) in PBS at 37◦C for five
minutes and subsequently incubated for two hours with a 1:100 concentration antivinculin (Rb mAb to Paxillin (Y113) (Life Technologies, 1:100). Samples were
washed three times with 0.05% Tween 20/PBS and then incubated for one hour in the
secondary antibody Alexa Fluor® 488 goat anti-Rabbit IgG (H+L) (Life
Technologies, 1:100) combined with rhodamine-conjugated phalloidin (Life
Technologies, 1:100) to stain F-actin. Non-specific charges (e.g. remaining aldehyde)
were neutralised with 0.5% Tween 20/PBS (5 min ×3) to minimise background
labelling. Samples were mounted on microscope cover slides and counterstained with
slowfadeR gold antifade reagent with DAPI for nuclear staining.
For immunofluorescence experiments on primary hippocampal neurons, cultures
were fixed with 4% formaldehyde (prepared from fresh paraformaldehyde) in PBS
for 60 minutes at RT and then washed in PBS. The samples were permeabilised with
0.3% Triton X-100 and subsequently incubated with primary antibodies for 30 min at
RT, washed with PBS and incubated with secondary antibodies for 45 minutes.
Cultures were then mounted in Vectashield (Vector Laboratories) on 1 mm thick
microscope slides. To visualise neurons, rabbit anti β-tubulin III, 1:250 (Sigma),
primary antibody was used and Alexa 594 goat anti rabbit secondary antibody, 1:500
(Invitrogen); to visualise astrocytes mouse anti Glial-Fibrillary acidic protein (GFAP)
1:250 (Sigma) primary antibody was used and Alexa 488 goat anti mouse secondary
antibody 1:500 (Invitrogen), and Hoechst 1:10000 (Invitrogen) was used to visualise
cell nuclei.
Expression of dopamine by the presence of tyrosine hydroxylase (TH) in human
neuroblastoma cell line SH-SY5Y cultures was evaluated by indirect doubleimmunofluorescent labelling as detailed for the visualisation of focal adhesion sites in
this section. SH-SY5Y cells on experimental and control ITO substrates were
incubated for two hours with a 1:1000 concentration of Anti-Tyrosine Hydroxylase
(TH) (MAB318, Merck Millipore, 1:1000) washed three times with 0.05% Tween 20/
PBS and then incubated for one hour in the secondary antibody Alexa Fluor® 488
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(Life Technologies, 1:1000) combined with rhodamine-conjugated phalloidin (Life
Technologies, 1:100) to stain F-actin. Samples were mounted on microscope cover
slides and counterstained with slowfadeR gold antifade reagent with DAPI for nuclear
staining.
2.3.5.4 Microscopy and Image Analysis
After immunostaining, samples were viewed with an Olympus IX 81 fluorescence
microscope with filters for FITC (excitation 490 nm; emission 520 nm), Texas Red
(excitation 596 nm; emission 615 nm) and DAPI (excitation 358 nm; emission 461
nm). At least twenty randomly selected images at 60× magnification were taken from
each test group and the control group. The total number of focal adhesion points per
cell and their length were quantified by direct scoring with a 4 pixel-wide line on the
FITC channel as previously described in [51] using ImageJ software (National
Institutes of Health, USA) (Figure 2.3).

Figure 2.3 Methodology of focal adhesion (FA) analysis through ImageJ. Cells
were labelled with anti-paxillin for FA imaging (Green), rhodamine conjugated
phalloidin for actin imaging (red) and DAPI for nuclear imaging (blue) A. The
paxillin channel was subsequently isolated and individual FA sites were scored with
a 4 pixel wide line B. The individual lines were analysed by length and number C. as
described previously in [51].
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Cell densities were quantified at 20× (0.5 NA) magnification using a DM6000 Leica
microscope (Leica Microsystems GmbH, Wetzlar, Germany), with random sampling
of seven to ten fields (713 × 532 µm; control and anodised film, N=3 culture series).
2.3.6

Protein Antibody Microarray

2.3.6.1 Protein Extraction
For protein extraction and collection, samples were carefully placed on ice and the
cells were washed twice with cold PBS. After the complete aspiration of cold PBS,
100 l of cold lysis buffer was added. The lysis buffer was composed of RIPA lysis
buffer (Sigma) supplemented with 1% of protease inhibitors (Life Science-Roche)
and 1% of phosphatase inhibitors cocktails I & III (Sigma). Thereafter, the adherent
cells were scraped off using Corning® cell scrapers (Sigma) and then the cell
suspension was gently transferred into microcentrifuge tubes and placed on ice.
Microcentrifuge tubes were centrifuged for fifteen minutes at 14000 rpm at 4°C, and
afterwards gently removed from the centrifuge and placed on ice. Without disturbing
the pellet, the supernatant was carefully aspirated and placed in a fresh clean tube,
kept on ice, and stored at -80 °C to be quantified. The pellet was discarded.
2.3.6.2 Protein Quantification of Cell Lysates
Protein quantification of the VM cell lysates collected from pristine ITO glass and the
ITO anodised films was done using Bio-Rad Protein Assay Dye Reagent (#5000006).
As per manufacturer's instructions, the dye working solution was prepared and
filtered in a concentration of 1:4 in distilled water followed by the preparation of
protein standard BSA at concentrations of 0.25 mg ml-1. 0.5 mg ml-1, 0.75 mg ml-1
and 0.9 mg ml-1. After this, 5 µl of each BSA standard and sample solution were
mixed in a clean, dry tube together with 250 µl of dye working solution. This solution
was vortexed and incubated for five minutes at RT and finally read using NanoDrop
8000 software with the Protein Bradford module.

67

Anodisation of Magnetron-Sputtered Indium-Tin Oxide (ITO) Films
2.3.6.3 Construction of Gliosis Antibody Microarray
Nexterion® slide H microarray slides were purchased from Schott AG (Mainz,
Germany). Alexa Fluor® 555 carboxylic acid succinimidyl ester was obtained from
Life Technologies (Carlsbad, CA, USA).
Protein samples were labelled with Alexa Fluor® 555 carboxylic acid succinimidyl
ester according to manufacturer’s instructions. Excess label was removed and buffer
was exchanged with PBS, pH 7.4 by centrifugation through 3 kDa molecular weight
cut off filters. Absorbance at 555 and 280 nm was measured for labelled samples and
calculations were performed according to manufacturer’s instructions using an
arbitrary extinction coefficient of 100,000 and molecular mass of 100,000 to enable
quantification of relative protein concentration and label substitution efficiency.
All commercial antibodies (Table 2.1) were buffer exchanged in to PBS and
quantified by bicinchoninic acid BCA assay [52]. Antibodies were diluted to print
concentration in PBS and printed in six replicates on Nexterion® H amine reactive,
hydrogel coated glass slides using a SciFLEXARRAYER S3 piezoelectric printer
(Scienion, Berlin, Germany) under constant humidity (62% +/- 2%) at 20 °C. Each
feature was printed using approximately 1 nL of diluted antibody utilising an
uncoated 90 m glass nozzle with eight replicated subarrays per microarray slide.
After printing, slides were incubated in a humidity chamber overnight at room
temperature to facilitate complete conjugation. The slides were then blocked in 100
mM ethanolamine in 50 mM sodium borate, pH 8.0, for one hour at RT. Slides were
washed in PBS with 0.05% Tween® 20 three times for two minutes each wash
followed by one wash in PBS, dried by centrifugation (470 x g, five minutes) and
then stored with desiccant at 4 °C until use.
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Table 2.1 Summary of the commercial antibodies used for the construction of
gliosis antibody microarray
Order

Probe

Conc
(mg/mL)

1

Anti-Glial Fibrillary Acidic
Protein (GFAP)

2

nestin (Rat-401)

1

3

nestin (Rat-401)

0.5

4

nestin (Rat-401)

0.25

5

CD81 (H-121)

1

6

CD81 (H-121)

0.5

7

CD81 (H-121)

0.25

8

Integrin alphaM (OX42)

1

9

Integrin alphaM (OX42)

0.5

10

Integrin alphaM (OX42)

0.25

11

Anti Iba1

2.5

12

Anti Iba1

1

13

Anti Iba1

0.5

14

Anti Iba1

0.25

15

Anti Iba1

0.1

16

Paxillin antibody [Y113]

1

17

Paxillin antibody [Y113]

0.5

18

Paxillin antibody [Y113]

0.25

19

cleaved spectrin alpha II (h1186)

0.5

20

cleaved spectrin alpha II (h1186)

0.25

21

cleaved spectrin alpha II (h1186)

0.1

22

Anti-Smad3 antibody [EP568Y]

1

23

Anti-Smad3 antibody [EP568Y]

0.5

24

Anti-Smad3 antibody [EP568Y]

0.25

25
26

Anti-Chondroitin Sulfate
antibody
Anti-Chondroitin Sulfate
antibody

0.25

0.1
0.05

27

PBS

28

Anti-rat_0.5

0.5

29

Anti-sheep_0.5

0.5

30

VR1 (H-150)

1

31

VR1 (H-150)

0.5

Information
Mouse anti-rat
immunoglobulins, monoclonal
Mouse anti-rat
immunoglobulins, monoclonal
Mouse anti-rat
immunoglobulins, monoclonal
Mouse anti-rat
immunoglobulins, monoclonal
Rabbit anti-rat
immunoglobulins, polyclonal
Rabbit anti-rat
immunoglobulins, polyclonal
Rabbit anti-rat
immunoglobulins, polyclonal
Mouse anti-rat
immunoglobulins, monoclonal
Mouse anti-rat
immunoglobulins, monoclonal
Mouse anti-rat
immunoglobulins, monoclonal
Rabbit anti-rat
immunoglobulins, polyclonal
Rabbit anti-rat
immunoglobulins, polyclonal
Rabbit anti-rat
immunoglobulins, polyclonal
Rabbit anti-rat
immunoglobulins, polyclonal
Rabbit anti-rat
immunoglobulins, polyclonal
Rabbit anti-rat
immunoglobulins, monoclonal
Rabbit anti-rat
immunoglobulins, monoclonal
Rabbit anti-rat
immunoglobulins, monoclonal
Rabbit anti-rat
immunoglobulins, polyclonal
Rabbit anti-rat
immunoglobulins, polyclonal
Rabbit anti-rat
immunoglobulins, polyclonal
Rabbit anti-rat
immunoglobulins, monoclonal
Rabbit anti-rat
immunoglobulins, monoclonal
Rabbit anti-rat
immunoglobulins, monoclonal
Mouse anti-rat
immunoglobulins, monoclonal
Mouse anti-rat
immunoglobulins, monoclonal
Phosphate buffered saline, pH
7.4
Rabbit anti-rat
immunoglobulins, polyclonal
Rabbit anti-sheep
immunoglobulins, polyclonal
Rabbit anti-human
immunoglobulins, polyclonal
Rabbit anti-human
immunoglobulins, polyclonal
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Company
Sigma®

Catalogue
Number
G3893

SantaCruz®

sc-33677

SantaCruz®

sc-33677

SantaCruz®

sc-33677

SantaCruz®

sc-9158

SantaCruz®

sc-9158

SantaCruz®

sc-9158

SantaCruz®

sc-53086

SantaCruz®

sc-53086

SantaCruz®

sc-53086

WAKO®

019-19741

WAKO®

019-19741

WAKO®

019-19741

WAKO®

019-19741

WAKO®

019-19741

Abcam

ab32084

Abcam

ab32084

Abcam

ab32084

SantaCruz®

sc-23464

SantaCruz®

sc-23464

SantaCruz®

sc-23464

Abcam

ab40854

Abcam

ab40855

Abcam

ab40856

Sigma®

C8035

Sigma®

C8036

DAKO
DAKO
SantaCruz®

sc-20813

SantaCruz®

sc-20813
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Order

Probe

Conc
(mg/mL)

32

VR1 (H-150)

0.25

33

VR1 (H-150)

0.1

34
35
36
37

Anticorps L-type Ca++ CP α1C
(H-280)
Anticorps L-type Ca++ CP α1C
(H-280)
Anticorps L-type Ca++ CP α1C
(H-280)
Anticorps L-type Ca++ CP α1C
(H-280)

1
0.5
0.25
0.1

38

PIEZO1 Antibody (N-15)

1

39

PIEZO1 Antibody (N-15)

0.5

40

PIEZO1 Antibody (N-15)

0.25

41

PIEZO1 Antibody (N-15)

0.1

42

PIEZO2 Antibody (G-20)

1

43

PIEZO2 Antibody (G-20)

0.5

44

PIEZO2 Antibody (G-20)

0.25

45

PIEZO2 Antibody (G-20)

0.1

46

ANKTM1 (C-19)

1

47

ANKTM1 (C-19)

0.5

48

ANKTM1 (C-19)

0.25

49

ANKTM1 (C-19)

0.1

50

TREK-1 Antibody (C-20)

1

51

TREK-1 Antibody (C-20)

0.5

52

TREK-1 Antibody (C-20)

0.25

Information
Rabbit anti-human
immunoglobulins, polyclonal
Rabbit anti-human
immunoglobulins, polyclonal
Rabbit anti-human
immunoglobulins, polyclonal
Rabbit anti-human
immunoglobulins, polyclonal
Rabbit anti-human
immunoglobulins, polyclonal
Rabbit anti-human
immunoglobulins, polyclonal
Goat anti-human
immunoglobulins, monoclonal
Goat anti-human
immunoglobulins, monoclonal
Goat anti-human
immunoglobulins, monoclonal
Goat anti-human
immunoglobulins, monoclonal
Rabbit anti-human
immunoglobulins, polyclonal
Rabbit anti-human
immunoglobulins, polyclonal
Rabbit anti-human
immunoglobulins, polyclonal
Rabbit anti-human
immunoglobulins, polyclonal
Goat anti-human
immunoglobulins, polyclonal
Goat anti-human
immunoglobulins, polyclonal
Goat anti-human
immunoglobulins, polyclonal
Goat anti-human
immunoglobulins, polyclonal
Goat anti-human
immunoglobulins, polyclonal
Goat anti-human
immunoglobulins, polyclonal
Goat anti-human
immunoglobulins, polyclonal

Company

Catalogue
Number

SantaCruz®

sc-20813

SantaCruz®

sc-20813

SantaCruz®

sc-25686

SantaCruz®

sc-25686

SantaCruz®

sc-25686

SantaCruz®

sc-25686

SantaCruz®

sc-164319

SantaCruz®

sc-164319

SantaCruz®

sc-164319

SantaCruz®

sc-164319

SantaCruz®

sc-84763

SantaCruz®

sc-84763

SantaCruz®

sc-84763

SantaCruz®

sc-84763

SantaCruz®

sc-32353

SantaCruz®

sc-32353

SantaCruz®

sc-32353

SantaCruz®

sc-32353

SantaCruz®

sc-11557

SantaCruz®

sc-11557

SantaCruz®

sc-11557

Incubations were carried out under dark conditions. Microarray slides were incubated
as previously described [53]. Initially, one labelled sample was titrated (2.5 - 15 g
mL-1) for optimal signal to noise ratio and all samples were subsequently incubated
for one hour at 23 °C at 5 g mL-1 in Tris-buffered saline (TBS; 20 mM Tris-HCl,
100 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, pH 7.2) with 0.05% Tween® 20 (TBST). All microarray experiments were carried out using three replicate slides. Alexa
Fluor® 555 labelled healthy rat brain lysate (5 g mL-1) and soybean agglutinin
(SBA) lectin (10 g mL-1) were incubated in two separate subarrays on every slide to
confirm retained antibody performance and printing, respectively (Figure 2.4). After
incubation, slides were washed three times in TBS-T for two minutes per wash, once
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in TBS and then centrifuged dry as above. Dried slides were scanned immediately on
an Agilent G2505 microarray scanner using the Cy3 channel (532 nm excitation, 90%
PMT, 5 m resolution) and intensity data was saved as a .tif file. Antibody
microarrays were verified to remain active for at least two weeks after printing and all
incubations were carried out within that timeframe.

Figure 2.4 Representative images from slides surface chemistries. A) Microarray
experiments were carried out using three replicate slides. Alexa Fluor® 555 labelled
healthy rat brain lysate (5 µg mL-1) and soybean agglutinin (SBA) lectin (10 µg mL-1)
were used as internal controls and incubated in two separate subarrays on every
slide to confirm retained antibody performance and printing, respectively. B).
Individual representation image from a slide surface chemistry showing the
subarrays. The subarrays were incubated and printed with each antibody following
the order detailed in C) at a range of concentrations of 0.1 to 1 mg mL-1.
Data extraction from .tif files was performed as previously described [53]. Data were
normalised to the mean of three replicate microarray slides (subarray by subarray
using subarray total intensity, N = 3, 18 data points). Unsupervised hierarchical
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clustering of normalised data was performed using Hierarchical Clustering Explorer
v3.0 (http://www.cs.umd.edu/hcil/hce/hce3.html) using the parameters no prefiltering, complete linkage, and Euclidean distance. Statistical analysis was performed
as detailed in the experimental section 2.3.9.
2.3.7 Electrophysiological Recordings
Single whole-cell recordings were obtained at RT with pipettes (5-7 MΩ) containing
(in mM): 120 K gluconate, 20 KCl, 10 HEPES, 10 EGTA, 2 MgCl2, 2 Na2ATP, pH
7.3; osmolarity was adjusted to 300 mOsm. The extracellular solution contained (in
mM): 150 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose (all
Sigma), pH 7.4. Coverslips with cultures were positioned in a Perspex chamber
mounted on an inverted microscope (Eclipse TE-200, Nikon, Japan). Data were
collected by Multiclamp 700B patch amplifier (Axon CNS, Molecular Devices) and
digitised at 10 kHz with the pClamp 10.2 acquisition software (Molecular Devices
LLC, US). The spontaneous synaptic activity was recorded clamping the membrane
voltage at -56 mV holding potential (not corrected for liquid junction potential that
was 14 mV). All recorded events were analysed off-line with the AxoGraph 1.4.4
(Axon Instrument) event detection software (Axon CNS, Molecular Devices)
2.3.8 Calcium Imaging and Substrate Stimulation
Stimulation of anodised films formed at 0.4 mA cm-2 was performed with two
different primary cultures: primary cultures of ventral mesencephalic neurons
(embryonic primary culture) and primary hippocampal neurons (mature primary
culture).
Changes in intracellular calcium ([Ca2+]i) of VM neurons were measured as described
previously [12]. Briefly, cells grown on pristine ITO glass as a control and on ITO
anodised films formed at 0.4 mA cm-2 were loaded with the calcium-sensitive
fluorescent probe Fluo-4 AM (Life Technologies) (5µM in DMSO) for 30 minutes at
37°C, washed, followed by 30 minutes at 37°C in the dark. After dye loading was
completed, cells were bathed in culture media (Dulbecco’s modified Eagle’s
medium/F12, 33 mM D-glucose, 1 % L-glutamine, 1% PS, 1 % FCS, supplemented
with 2 % B27) and transferred to a custom built chamber that allowed electrical
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stimulation to be applied directionally to the films. Stimulation was achieved by the
delivery of biphasic voltage pulses, using a software controlled constant voltage
stimulator (AD Instruments, LabChart 7 software) connected to the custom built
chamber via Pt contacts. The chamber was mounted on the stage of a Zeiss Axiovert
200 inverted microscope. The microscope was equipped with a 10 position Orbit I
filterwheel (Improvision), for excitation (488nm) and emission (510nm LP filter).
The emission light was collected every second with an Orca 285 camera
(Hamamatsu). The system was controlled by the Openlab system version 5.5.
Changes in Ca2+I in response to external electrical stimulation were expressed as
changes in background subtracted fluorescence intensity expressed as ΔF/F0 (F0 is
the baseline fluorescence level and ΔF is the rise over baseline).
For Ca2+ imaging experiments using primary hippocampal neurons, cultures were
loaded with cell permeable Ca2+ dye Oregon Green 488 BAPTA-1 AM (Molecular
Probes) in DMSO (Sigma-Aldrich) with a final concentration of 4 μM for twenty
minutes at 37°C in the cell culture incubator [54]. The samples were then placed in a
recording chamber mounted on an inverted microscope (Nikon TE-200) where they
were continuously superfused at RT with the extracellular solution (see 2.3.7
Electrophysiological Recordings). Cultures were observed with a 20× objective (0.45
NA, PlanFluor, Nikon). Images (1024  1024 pixels) were acquired continuously for
seven minutes (at 6.67 frame/seconds) by a Hamamatsu Orca-Flash 4.0 digital
camera, exciting the Ca2+-dye with a 488 nm wavelength light generated by a mercury
lamp. Excitation light was separated from the light emitted from the sample using a
395 nm dichroic mirror and ND filter (1/16). Images of emitted fluorescence >480
nm were displayed on a colour monitor controlled by an integrating imaging software
package (HC Image, Hamamatsu) using a personal computer. Recorded images were
analysed off-line with the Clampfit software (pClamp suite, 10.2 version; Axon
Instruments). Intracellular Ca2+ transients were expressed as fractional amplitude
increase (ΔF/F0, where F0 is the baseline fluorescence level and ΔF is the rise over
baseline); the onset time of neuronal activation was determined by detecting those
events in the fluorescence signal that exceed at least five times the standard deviation
of the noise. For stimulation, voltage stimuli were delivered using a Constant Voltage
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Isolated Stimulator (DS2A-Mk.II, Digitimer, England) connected to silver electrodes
through insulated silver wires. One electrode was placed in contact with the upper
part of the anodised film formed at 0.4 mA cm-2 or glass (control) sample in a dry
environment; the reference electrode was in the extracellular solution. Under such
conditions, neurons could only be extracellularly stimulated through the electrolyteanodised film interface. During Ca2+ imaging recording session, 500ms long highvoltages were delivered (1/60 seconds).
2.3.9 Statistical Analysis
All data presented here was confirmed using at least three replicates for each of the
test groups and control group. The results are expressed as the mean of the values ±
standard error of the mean. One-way ANOVA followed by a Bonferroni test were
performed to determine the statistical significance (p<0.05), unless otherwise stated.
For the hippocampal cultures electrophysiology and immunofluorescence analysis, all
values from samples subjected to the same experimental protocols were pooled and
expressed as mean ± S.D. with N=number of cells, unless otherwise specified. Where
not otherwise indicated, statistically significant differences between datasets were
assessed by Student's t test (after validation of variances homogeneity by Levene's
test) for parametric data at a minimum significance level of p<0.05.
2.4 Results and Discussion
When subjected to anodic [55-59] and cathodic [58-61] polarisation, ITO electrodes
undergo changes in chemical composition [55-61], surface morphology [55, 56, 5861], conductivity [55, 56, 58-61] and optical transparency [57-61]. Such effects are
largely influenced by i) the electrochemical parameters selected for electrode
polarisation and ii) composition of the electrolyte solution [55-61]. For example,
polarisation at high positive potentials (> 1.5 V vs. saturated calomel electrode
(SCE)) in aqueous electrolyte can cause substantial structural changes to the ITO
electrode [61]. Similarly, polarisation in strong acid (1 M HNO3) or strong base (1 M
NaOH) can result in a dramatic reduction in electrochemical activity, electrical
conductivity and optical transparency of the ITO electrode [61]. Such effects are
normally attributed to structural and/or chemical changes within the ITO film induced
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by the polarisation process [55, 56], which, under harsh electrochemical conditions,
may result in partial or complete dissolution of ITO coating [55-59].
In this chapter a method for the facile fabrication of bioactive ITO substrates with
enhanced electrochemical properties as neural interfaces is reported. Due to the
detrimental effects on ITO films resulting from anodisation in harsh chemical
conditions detailed above, the anodisation process was performed in a relatively mild
electrolyte consisting of PBS and 10 M PSS. Constant current densities of 0.4 mA
cm-2, 4 mA cm-2 and 43 mA cm-2 applied for 450 seconds were used to prepare
modified ITO films through anodisation in this electrolyte. The optimisation process
of the current densities employed in this work are indicated in Figure 2.5.

Figure 2.5 Optimisation of current densities lower than 0.4 mA cm -2 through the
impedance measurements at 1 kHz. Left, Plot of impedance magnitudes at 1 kHz of
pristine ITO control and anodised films formed using current densities between 0.1
mA cm-2 and 0.5 mA cm-2. Right, tabulated impedance magnitude values measured at
1 kHz for each of the films formed between 0.1 mA cm-2 and 0.5 mA cm-2 current
densities. Overall, the anodised films formed at 0.4 mA cm-2 current density showed
the lowest impedance magnitude at 1 kHz.
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2.4.1 Physical Characterisation of Anodised ITO Films
Systematic studies of thin-film ITO post-deposition processing in optoelectronic
device fabrication have focused on the processing effects on surface roughness and
on the generation of defined nanostructures. To a great extent, techniques such as
chemical-bath deposition (CBD) [62] and thermal annealing [63] respectively have
been utilised to modify film physicochemical properties with resulting films showing
considerable morphological changes which translate into the optical transmittance
and electrical conductivity. While a number of studies have explored anodisation
processes to produce micro-porous titanium oxide films on implant surfaces for
orthopedic applications [64], the impact of anodisation on the physical properties of
ITO substrates for neural interfaces has not been investigated thus far.
Figure 2.6A shows representative SEM images of anodised ITO films using 0.4 mA
cm-2, 4 mA cm-2 and 43 mA cm-2 current densities over a constant time of 450
seconds, and pristine ITO coated glass as a control substrate. It is interesting to note
that pristine ITO films possess a surface morphology composed of a random
assembly of nanoparticles that is developed into a nanoparticulate/granular
morphology in films anodised under our experimental conditions. The quantification
of the degree of nodularity revealed significant differences in nodule diameter when
subjected to different deposition current densities. Film growth using higher current
densities yielded less-dense, non-uniform films than those of anodised films formed
with lower current densities [65].
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Figure 2.6 Particle size and distribution are significantly affected by current
density. A). Scanning electron micrograms of control pristine ITO coated glass (A)
and ITO anodised films with (B). 0.4 mA cm-2; (C). 4 mA cm-2; and (D). 43 mA cm-2
current densities. Scale bar = 1µm B). Corresponding roughness (Ra) measurements
of the pristine ITO glass and the anodised ITO films with different current densities,
0.4 mA cm-2, 4 mA cm-2; and 43 mA cm-2 and, representative line profiles C) from
each of the films. Ra indicates the mean surface roughness, calculated on 10 µm2
regions.
Experimentally, pristine ITO films reported a mean particle size of 86 nm, films
formed with 0.4 mA cm-2 were associated with a mean particle size of 89 nm; and
mean particle diameters of 152 nm, and 112 nm were observed in films formed using
4 mA cm-2 and 43 mA cm-2 current densities respectively. At 0.4 mA cm-2, the
observed nodular distribution was uniform and compact. However, at 4 mA cm-2 and
43 mA cm-2 current densities, a more clustered grain-like structure and a nonhomogeneous distribution of particles were evident. This trend in distribution was
further observed as an increase in porosity percentage in films formed using higher
current densities than in films formed at 0.4 mA cm-2 and the pristine ITO coated
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glass (Figure 2.7). This suggests that current deposition strongly affects the processes
of surface diffusion of atoms, nucleation and coalescence of the film growth resulting
in different nucleation densities at the surface [66, 67]. Of note, a correlation between
elastic moduli and porosity [68-70] is inferred, and it can be assumed that anodised
ITO films will possess enhanced flexibility due to their high-packing density relative
to non-anodised films [70], an important consideration in next-generation
neuroelectrode design. Interestingly, it was noted that a current density of 0.4 mA cm2

resulted in anodised ITO films with fewer internal voids.

Figure 2.7 Morphological characterisation of the anodised ITO films. A) TEM
images showing the structure and distribution of each of the anodised films and the
pristine ITO glass control, scale bar = 500 nm B) Tabulated porosity percentages
values for each of the experimental groups as an indication of the compactness of the
particles forming each film.
Anodisation processes resulted in significant increases in surface roughness (Ra)
relative to pristine ITO films as a function of current density (Figure 2.7B). Films
formed with current densities of 0.4 mA cm-2 exhibited an average roughness of 19
nm over 10 m2, and an average roughness of 81 nm and 61 nm when formed at 4
mA cm-2 and 43 mA cm-2 respectively. Conversely, pristine ITO films possessed a Ra
of 1 nm over 10 m2. A similar trend was also observed for mean nodule diameter,
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which increased from 89 nm in current densities of 0.4 mA cm-2 to 152 nm and 112
nm in films formed with current densities of 4 mA cm-2 and 43 mA cm-2 respectively
(Table 2.2).
Table 2.2 Physical properties of anodised ITO films formed with different
deposition currents. Values of experimental thickness and mean particle diameter of
pristine and anodised films formed with 0.4 mA cm-2, 4 mA cm-2 and 43 mA cm-2
current densities over a constant time of 450 seconds. The data represent the mean of
15 measurements for film thickness plus >200 measurements for particle diameter.
Results are ± SD, N=3.
ITO Film
Pristine ITO Glass
Anodised at 0.4 mA cm

-2

-2

Anodised at 4 mA cm

Anodised at 43 mA cm

-2

Average Thickness
[nm]
750 ±
109.7 ± 4

Mean Particle Diameter
[nm]
86 ± 17
89 ± 26

934.5 ± 35

152 ± 78

937.8 ± 47

112 ± 55

Similarly, an abrupt increase in film thickness was observed in films formed with
current densities of 4 mA cm-2 and 43 mA cm-2 indicating that the maximum rate of
anodisation deposition is limited by the electrolyte diffusion rate [65]. The limiting
current density to attain approximately 100 per cent efficiency of film deposition can
be determined theoretically by calculating the maximum rate at which the ions diffuse
to the cathode. Our data (Table 2.2) proposes that at 4 mA cm-2 (under our
experimental conditions), the threshold for the limiting current density may have
already been reached [36, 65] and the observed non-linear increases in particle size,
film roughness and the plateau in film thickness could be indications that films
formed using a current density of 4 mA cm-2 under our experimental conditions are
associated with a decrease in film growth efficiency. Therefore, it can be assumed
that between 4 mA cm-2 and 43 mA cm-2 the diffusion limiting current density for
ITO anodisation can be found, and that the diffusion kinetics of oxygen and hydrogen
at the cathode are insufficient, causing reactions at the anode to stop to conserve
electrons.
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Similarly, this transition in film thickness was also represented as optical changes to
the ITO films. It can be anticipated, according to the Drude model [71], that the
changes observed in film morphology derived from the differences in film growth
imposed by the explore current densities will impact on the refractive index of films.
Optical transmission spectra of the pristine ITO coated glass and the anodised ITO
films formed at 0.4 mA cm-2, 4 mA cm-2 and 43 mA cm-2 current densities were
performed to quantify film transparency (Figure 2.8). The observed trend in optical
transmittance of the anodised ITO films formed at higher current densities (4 mA cm2

and 43 mA cm-2) reflects scattering losses as predicted by the effects of film

roughness [72]. The aforementioned faster growth observed in films formed at 4 mA
cm-2 resulted in the decrease in transmittance of these films.

Figure 2.8 Optical transmission spectra of the pristine ITO coated glass and the
anodic oxidised films formed at 0.4 mA cm-2, 4 mA cm-2 and 43 mA cm-2 current
densities.
In order to assess the durability and stability of anodised ITO films under
physiological conditions, substrates were assessed with an accelerated ageing study
that simulated four years of implant equivalence in the body (Figure 2.9). Film
delamination (Figure 2.9A) together with consistent high losses in charge storage
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capacity (CSC), 75 % and 74 % were observed in films formed with current densities
of 4 mA cm-2 and 43 mA cm-2 respectively. Conversely, a 55% loss in CSC of ITO
films anodised with the lowest current density of 0.4 mA cm-2 was observed (Figure
2.9B). It is interesting to note that pristine ITO glass also underwent a significant
diminution in electrical activity with a 96 % loss in CSC and with pronounced microcracks observable by SEM.

Figure 2.9 The impact of the accelerated ageing study on durability and electrical
stability of the anodised ITO films. A) On top, scanning electron micrograms of
control pristine ITO glass (A) and ITO anodised films with (B). 0.4 mA cm-2; (C). 4
mA cm-2; and (D). 43 mA cm-2 current densities. Scale bar = 200µm. After four weeks
under biologically relevant ageing, important film delamination was observed on
anodised films formed using high current densities (4 mA cm-2 and 43 mA cm-2).
Partial micro-cracks were observed in films formed at 0.4 mA cm-2 and control ITO.
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On bottom, corresponding photographs showing the final visual appearance of
control and anodised films (E-H) after four weeks of ageing study. B) Plot of
percentage loss of charge storage capacity (CSC) after four weeks of accelerated
ageing study simulating four years of implant equivalence in the body. Important
significant differences between the ITO control and the anodised films were observed.
The ITO anodised films formed at 0.4 mA cm-2 were the most stable films compared
to control and to the films formed using high current densities. Results are ± STD, ★
= p< 0.05.
The effect of thermal ageing on pristine ITO films perceived here was comparable to
those presented by Hamasha and colleagues [73], who also tested ITO under thermal
ageing conditions and showed that films became unstable and demonstrated increases
in electrical resistance and physical changes. Current research to improve the stability
of ITO electrodes has focused on the deposition of multilayers [74], of novel
transport and luminescent materials [75] such as polymers [76] and on efficient
injection contacts [77]. Conversely, it is reported by Nishimoto et al. [78] that optimal
variations in grain-boundary potential caused by oxygen adsorption after annealing
TiO2 structures with ITO can improve thermal stability of pristine ITO.
Consequently, surface modifications of thin-films of ITO such as the anodisation
process utilised here, may help to explain the enhanced stability observed in anodised
films, with the formation of stabilising oxide layers [79].
2.4.2 Chemical characterisation
In Table 2.3 the XPS survey with the elemental composition of pristine ITO and
anodised ITO films using 0.4 mA cm-2, 4 mA cm-2 and 43 mA cm-2 is reported. The
XPS survey spectrum of pristine ITO revealed the presence of prominent indium (In),
tin (Sn) and oxide (O) peaks. The atomic percentage for carbon (C) is also relatively
high showing a large presence of atmospheric C on the film surface. Similarly, lowcurrent density anodised samples consisted primarily of In, Sn and O. The O
concentration was observed to increase significantly in anodised ITO films,
increasing from 42% O1s atomic % in pristine ITO films to 49.81% in anodised films
formed with current densities of 43 mA cm-2. Conversely, the Sn atomic % is reduced
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in anodised ITO films relative to pristine films, which is reportedly due to the
leaching of Sn into the electrolyte during the anodisation process [56].
Table 2.3 XPS analysis of the elemental composition of the Pristine ITO and
anodised ITO films.
ITO Film
Pristine ITO Glass
Anodised at 0.4 mA cm

-2

-2

Anodised at 4 mA cm

Anodised at 43 mA cm

2.4.3

-2

In3d
21.0
24.8

Atomic Composition
[%]
O1s
C1s
42.2
34.6
43.5
30.3

Sn3d5
2.2
1.3

23.5

44.5

31.5

1.2

22.8

49.8

26.7

0.8

Electrochemical Characterisation

Figure 2.10A shows cyclic voltammograms for each of the ITO films in 50 mM
phosphate buffer before and after anodisation. Surface charge density was
approximated through integration of the charge passed within the cathodic region of
voltammetric scans, corresponding to charge densities of 49 µC cm-2, 341 µC cm-2,
15 µC cm-2 and 15 µC cm-2 for pristine ITO films and films subjected to anodisation
at 0.4 mA cm-2, 4 mA cm-2 and 43 mA cm-2 current densities respectively (Table 2.4).
A large increase in charge density was observed in ITO films subjected to anodisation
at 0.4 mA cm-2, by almost one order of magnitude, compared to pristine ITO films.
This is likely due to the greater surface coverage as indicted by SEM and AFM
analysis. Interestingly, a three-fold reduction in charge density was observed for ITO
films subjected to anodisation at current densities of 4 mA cm-2 and 43 mA cm-2
compared to the pristine ITO glass (Figure 2.10A) despite increased surface
roughness. However, this electrical profile is consistent with the high porosity
percentages calculated for these films (Figure 2.7). No appreciable difference in
charge density was observed in any of the ITO substrates when tested in
physiological-like saline solution [48] compared to 50 mM phosphate buffer solution.
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Figure 2.10 Electrochemical analysis of anodised films. Cyclic voltammograms of
ITO (blue) and ITO anodised films formed with current densities; 0.4 mA cm-2
(black), 4 mA cm-2 (green) and 43 mA cm-2 (purple). CVs recorded in 50mM
phosphate buffer, scan rate 100 mV s-1 A) and in 50mM phosphate buffer containing
2mM [Ru(NH3)6]3+ B), scan rate 100 mV s-1. Bode C) and Nyquist D) plots
comparing the EIS spectra of pristine ITO glass (blue filled asterisks), bare gold
glass (red filled diamonds), and anodised ITO films formed using 0.4 mA cm-2 (black
filled triangles), 4 mA cm-2 (green filled squares) and 43.mA cm-2 (purple filled
circles). (E) represents the electrical equivalent circuit used to analyse experimental
data.
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Table 2.4 Electrochemical characteristics of ITO anodised films. Non-faradaic
charge density evaluated from cathodic region of cyclic voltammograms recorded in
50 mM phosphate buffer at 0.1 V s-1 scan rate (Potential range: -1 V to 0.4 V vs.
Ag/AgCl). Faradaic charge density and peak current density (ipa) evaluated from
voltammograms recorded in 50mM phosphate buffer containing 2 mM [Ru(NH3)6] 3+
at 0.1 V s-1 scan rate.

Pristine ITO

49

Faradaic
Charge
Density
[mC cm-2]
1.43

Anodised at 0.4 mA cm-2

341

1.45

-0.13

0.77

8.37 × 10

Anodised at 4 mA cm-2
Anodised at 43 mA cm-2

15
15

0.04

-0.14
-

0.02
-

6.92 × 10
-

ITO Film

Non-faradaic
Charge
Density
[µC cm-2]

-

E°ʹ
[V]

ipa
[mA cm-2]

Do
[cm2 s-1]

-0.13

0.62

4.62 × 10

-6
-6
-9

Comparative electrochemical impedance profiles for films are shown in the Bode
diagram (Figure 2.10C) and Nyquist plot (Figure 2.10D). Within frequency ranges
of 10-1 – 104 Hz, ITO anodised films formed at a current density of 0.4 mA cm-2
displayed the lowest impedance profiles, moderately lower than those recorded for
the pristine ITO films and close to the impedance observed for gold coated glass
films. This indicates that changes in chemical composition and/or morphology
induced by the 0.4 cm-2 current density anodisation process do not appear to diminish
the conductive properties of the ITO electrode. This is significant as alternative
electrochemical treatments have been shown to greatly decrease the conductivity of
ITO electrodes [56, 58-61]. However, an increase in impedance of one order of
magnitude was observed for films formed at high current densities (4 mA cm-2 and 43
mA cm-2), revealing an inverse relationship between electrical conductivity and the
anodisation current density applied.
The experimental data of ITO anodised films were fitted to an equivalent circuit
(Figure 2.10E) consisting of three resistors (R1, R2, R3), a capacitor (C1) and a
constant phase element (CPE1), in accordance with previous studies [80-82]. In this
circuit, R1 is the solution resistance; and R2 and C1 are associated with space charge
layer resistance and space charge layer capacitance, respectively. The double layer
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capacitance is denoted as CPE1 and R3 is ascribed to the resistance of ITO films
(Table 2.5).The simulated data confirmed that the lowest resistance of 8.3 kΩ cm-2
for the ITO anodised films formed at a current density of 0.4 mA cm-2 when
compared with the resistance of 9.8 kΩ cm-2 for pristine ITO coated glass. The
detrimental effect of high current densities on the conductivity was also observed in
the calculated resistance of 22.8 kΩ cm-2 and 209.1 kΩ cm-2 for 4 mA cm-2 and 43
mA cm-2 current densities respectively.
Table 2.5 Summary of the calculated resistance values (R3) for each of the
anodised ITO films after equivalent circuit analysis.
Resistance (R3)
[kΩ cm-2]
9.8 ± 0.3
8.3 ± 0.6
22.8 ± 2.6
209.1 ± 9.2

ITO Film
Pristine ITO Glass
Anodised at 0.4 mA cm-2
Anodised at 4 mA cm-2
Anodised at 43 mA cm-2

To further evaluate the electrochemical characteristics of the ITO anodised films, a
ruthenium hexamine ([Ru(NH3)6]3+) redox probe was employed to examine faradaic
redox response within a biologically relevant potential range (-0.4 to +0.2 V vs.
Ag/AgCl) (Figure 2.10B). With pristine ITO films, [Ru(NH3)6]3+ undergoes a one
electron redox reaction (redox potential (Eoʹ) = -0.13 V vs. Ag/AgCl), yielding an
anodic peak current (ipa) of 0.62 mA cm-2 and a faradaic charge density of 1.3 mC cm2

(Table 2.4). A slight increase of ipa and faradaic charge density is observed with ITO

films formed through anodisation at 0.4 mA cm-2, possibly due to the increased
surface roughness. This shows that although the non-faradaic charge density is
greater with these films, the increased surface roughness does not translate into a
greater electrochemically active surface area than that of the relatively smooth nonanodised ITO film. Kraft et. al. [56] observed a similar response using [Fe(CN)6]3- as
a redox probe, where non-faradaic current (charge density) increased after ITO
electrode anodisation while faradaic current remained essentially constant. A large
decrease of ipa and faradaic charge density is evident in ITO films subjected to
anodisation with current densities greater than 0.4 mA cm-2, accompanied by a slight
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decrease in Eoʹ of ca. 10 mV for the Ru3+/2+ redox couple (Table 2.4). The difference
in Eoʹ may result from variation in chemisorption sites within the electrode film which
can influence redox probe stability [83]. The voltammetric response observed for ITO
films anodised at 43 mA cm-2 is characteristic of a highly resistive surface with no
evidence of heterogeneous electron transfer between the electrode and the redox
probe [84].
Scan rate studies (Figure 2.11) revealed a linear dependence of ipa vs. v½ (v = scan
rate) for all ITO films (with the exception of ITO anodised films formed with current
densities of 43 mA cm-2), indicative of a semi-infinite planar diffusional response
described by the Randles-Sevcik equation [85]. Diffusion coefficients (Do), evaluated
from the linear portion of ipa vs. v½, are shown in Table 2.4. Do values in the order of
10-6 cm s-1 were calculated for [Ru(NH3)6]3+ at both pristine ITO and ITO films
formed through anodisation at 0.4 mA cm-2 in a phosphate buffer. Again, a decrease
of Do, by approximately three orders of magnitude is evident for ITO films subjected
to anodisation with current densities of 4 mA cm-2 and 43 mA cm-2, further
corroborating the insulating nature of films prepared at anodising current densities
greater than 0.4 mA cm-2.
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Figure 2.11 Cyclic voltammograms of (A) pristine ITO glass, and anodised ITO
films formed at current densities of (B) 0.4 mA cm-2, (C) 4 mA cm-2 and (D) 43 mA
cm-2, in 50 mM phosphate buffer, pH 7.8, containing 2mM [Ru(NH 3)6]3+. Scan
rates are 500, 400, 300, 200, and 100 mV s-1, from outside inwards. (Inset: Plot of the
square root of scan rate versus anodic peak (ipa) currents).
Interestingly, the presence of the PSS ionomer was critical for the anodisation process
and ITO thin-films subjected to anodic oxidation under ambient conditions in a 1X
phosphate-buffered saline solution were associated with a linear increase in
impedance profile as a function of current density (Figure 2.12).
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Figure 2.12 The presence of the polymer PSS in the solution is important for the
anodisation process. Films formed without the presence of PSS at 0.4 mA cm-2, 4 mA
cm-2 and 43 mA cm-2 current densities revealed a linear increase in impedance
compared to pristine ITO.
2.4.4

Biological Characterisation

Nanoscale signaling modality has been shown to have a profound effect on cell
viability, proliferation and on cell attachment in the material’s space [51, 86, 87].
Because the application of different current densities for the anodisation of ITO films
resulted in defined nanoscale morphological changes, the cellular interfacial response
has been analysed as a function of roughness. With this in mind, the effects of films
formed at 0.4 mA cm-2, 4 mA cm-2 and 43 mA cm-2 current densities, which in order
exhibit an average of roughness of 19 nm, 81 nm and 61 nm respectively, on human
neuroblastoma SH-SY5Y cell adhesion and proliferation were assessed in vitro.
These were then compared to pristine ITO coated glass with an experimental average
roughness of 1 nm (Figure 2.13A). After periods of one, seven and fourteen days,
cells were stained with calcein (live) and ethidium homodimer (dead) to establish cell
viability. All experimental and control films were non-toxic to SH-SY5Y cells.
However, significant differences were observed at day fourteen with respect to cell
viability. Cells grown on films with the lowest roughness profile (formed at the
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lowest current density 0.4 mA cm-2; Ra = 19 nm over 10 µm2) maintained 86%
viability relative to control films at day one (Figure 2.13B). Similarly, when analysed
with Alamar Blue assay by 24h (Figure 2.13C), the SH-SY5Y population cultured on
anodised ITO films was comparable to cells cultured on control pristine ITO coated
glass. While by days seven and fourteen cells cultured on all experimental anodised
films demonstrated a marked decreasing trend in metabolic activity, the anodised
films with 19 nm roughness (formed at 0.4 mA cm-2 current density) showed an
overall significant higher metabolic activity of 87% by day seven and 78 % by day
fourteen, respectively compared to 61 nm and 81 film’s roughness profiles and
pristine ITO control substrates. Overall, anodised ITO films possessing a Ra 81 nm,
(the highest roughness profile), showed a significant decrease in metabolic activity
relative to cells cultured on control ITO coated glass and on anodised films with 19
nm roughness.

Figure 2.13 Cytocompatibility analysis of anodised ITO films of different
roughness (Ra) formed by varying the current density. Fluorescent images of SH90
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SY5Y cells following one, seven and fourteen days in culture on anodised films
displaying 19 nm, 61 nm and 81 nm over 10 µm2 (Ra) roughness relative to pristine
ITO control (Ra 1 nm over 10 µm2). Green, live; red, dead. Bar = 50 µm A). A
significant (p < 0.05) decrease in cell viability was observed in anodised films with
an average roughness of 61 nm and 81 nm relative to control and 19 nm film
roughness. B). Metabolic activity of SH-SY5Y cells compared with pristine ITO
coated glass control as measured by the AlamarBlue assay (p < 0.05) C). Metabolic
activity was significantly elevated in cells cultured on anodised ITO films with 19 nm
roughness relative to anodised films with 61 and 81 nm roughness respectively by
day seven and day fourteen. Results are ± STD, ★ = p< 0.05.
These results are similar to those of Fan et al. [88]. In their work, they have reported
on the cell proliferation of neural cells cultured on silicon wafers possessing different
levels of surface roughness. It was concluded that the Si wafers with surface Ra
ranging from 20 to 50 nm promoted a significantly higher cell proliferation.
Conversely, on surfaces with a Ra less than approx. 10 nm and on rough surfaces with
Ra above 70 nm, cell metabolic activity was reported to be significantly lower. It is
noteworthy that even though cell proliferation and viability depend on cell type and
substrate composition, it is apparent that neurons do not readily attach on excessively
smooth (Ra =10 nm) or rough surfaces (Ra = 250 nm) [89].
Tissues can be described as complex nanoscale composites that impact morphological
and mechanical features to the resident cellular constituents. Previous studies show
that nano topography influences cellular function and focal adhesion (FA) formation
in vitro [86, 90] and may be employed to modulate the dynamic interface between
materials and cell/tissues. With an awareness of this, cell attachment to the anodised
ITO films was quantified through immunofluorescent labelling of the FA associated
protein paxillin [91] (Figure 2.14A-D). At day one, cells cultured on all experimental
films and control pristine ITO glass were associated with an overall average of
approximately fourteen focal adhesions per cell. By day seven, SH-SY5Y cells
cultured on pristine ITO control presented a significant increase in FA numbers per
cell, an average of 25 focal adhesions per cell, compared to all the experimental
anodised ITO films with an average number of seventeen FAs per cell. Interestingly,
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trends in FA numbers were reversed in cells cultured on the pristine ITO control
group by day seven which demonstrated a significant reduction in FA number by day
fourteen (Figure 2.14E). Conversely, previous studies have reported a disruption to
cell adhesion by nano rough surfaces with similar roughness profiles [86, 92] and a
decrease in cell viability; however, FA quantification was not performed in these
studies. Specifically, it was noted by Brunetti et al. [86] that cellular adhesion was
significantly increased on regions of low (smooth) roughness.
Independent of the surface roughness, it was interesting to note an increased number
of FAs in SH-SY5Y cells cultured on all anodised films relative to SH-SY5Y cells
cultured on pristine ITO coated glass by day fourteen [93]. It was hypothesised that
the enhanced number of FA observed in SH-SY5Y cells cultured on anodised ITO
films relative to pristine ITO may be as a result of the anodisation process inducing
differential protein adsorption [94, 95]. Studies into the influence of surface
chemistry on protein adsorption through etching and deposition techniques [96],
plasma treatment [97] and anodisation processes [98] indicate enhanced ECM protein
adsorption as a function of oxygen content [94, 99, 100], also observed here in
anodised ITO films.
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Figure 2.14 Focal adhesion formation of SH-SY5Y cell grown roughness.
Immunofluorescent imaging was employed to quantify FA length and number in cells
cultured on pristine ITO coated glass and experimental anodised films of different
roughness (A-D), (green: paxillin, red: actin, blue: nucleus, bar: 40 µm). Cells
cultured on control ITO coated glass generated less FA complexes over time, whilst
this trend was reversed in cells on experimental anodised ITO films of all roughness
E). SH-SY5Y cells grown on 19 nm, and 81 nm roughness of anodised films were
associated with a significant increase in FA length relative to cells cultured on
pristine ITO coated glass (Ra= 1 nm). There was a significant reduction in FA length
of the cells cultured on 61 nm roughness compared to the cells grown on 19 nm, and
81 nm experimental roughnesses F). For all analysis, results are ± STD, ★ = p<
0.05.
Similarly, FA length was observed to be significantly greater in cells cultured on
pristine ITO control substrates than in cells cultured on anodised films by day seven.
By day fourteen, the FA length in the experimental anodised films with the lowest
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and highest roughness profiles (19 nm and 81 nm) was significantly higher than the
length of FAs in cells cultured on pristine ITO control substrates (Figure 2.14F). A
significant reduction in FA length was noted, however, in cells cultured on Ra film
roughness of 61 nm over 10 µm2. This reduction in FA reinforcement may be related
to the particle diameter and nano features with lateral dimensions of approx. 100 nm
that have been shown to be disruptive to integrin clustering [90, 101] an effect which
is lost by reducing or increasing the feature dimensions, an effect also demonstrated
here.
To gain further insight into cell adhesion, the length of the FAs was sub-grouped in
focal complexes (FXs) measuring <µm in length and FAs proper, measuring
between 1-5 µm. FXs were most abundant in cells cultured on all experimental
roughnesses and pristine ITO coated glass substrates on days one and seven. By day
fourteen, cells cultured on anodised ITO films with roughness of 19 nm, 61 nm, and
81 nm over 10 µm2 demonstrated reduced FX frequency, and a similar FA
distribution profile with lengths ranging from 1 µm to 4.5 µm. However, cells
cultured on control ITO substrates were associated with a reduction in FA frequency
(Figure 2.15). It was interesting to note that over a period of fourteen days in culture,
cells demonstrated a progressive shift from nascent and unstable focal complexes to
more stable focal adhesions. Hence, it can be inferred that the influence of film
roughness is a predominant factor in the observed increase in focal adhesion
frequency together with the concept of increased oxygen content to protein adsorption
owing to the anodisation process.
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Figure 2.15 Focal adhesions were sub-grouped into focal adhesions proper (FAs)
and nascent focal complexes (FX). FXs were the predominant adhesion complex
subtype observed on all anodised ITO films and the pristine ITO coated glass up to
day seven. However, FXs were displaced by the FA subtype by day fourteen in cells
cultured on all experimental and control materials. A significant increase in the mean
number of focal adhesions per cell on all of the experimental anodised ITO films
compared to control pristine ITO group was observed on day fourteen.
In order to assess the potential functional response of neuronal populations to
implanted anodised ITO thin-film devices in vitro, and the potential for induction of a
reactive astrocyte phenotype, the functional response of a primary VM cells culture
was assessed via an in-house protein microarray assay. Spotted antibodies for
proteins associated with astrocyte reactivity, cell adhesion and mechanotransduction
utilised in this study are outlined in Table 2.1 Antibodies were printed at a range of
concentrations (0.1 - 1 mg mL-1) and assessed for retained function and optimal print
concentration by incubation with a fluorescently labelled protein lysate from VM
cells cultured for 21 days on all anodised films and pristine ITO control (Figure 2.4).
Owing to the construction of the gliosis antibody microarray, an unsupervised
clustering of all experimental films normalised by control pristine ITO was performed
(Figure 2.16). This analysis clearly defined a group between the anodised films with
nano roughness of 61 nm and 81 nm respectively, and a single cluster for the films
formed with the lowest roughness profile of 19 nm (formed at 0.4 mA cm-2 current
density); sharing only 1% similarity with the rest of the experimental substrates. As
gliosis is dependent on the bioelectrochemical as well as physicomechanical
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properties of the implanted material, it was remarkable to notice that the resulting
roughness factor of the anodised films was predominant on the differential intensity
expression of the antibodies evaluated.

Figure 2.16 Unsupervised clustering of all experimental anodised films normalised
by control pristine ITO. This analysis clearly defined a group between the anodised
films with nano roughness of 61 nm and 81 nm respectively, and a single cluster for
the films formed with the lowest roughness profile of 19 nm; sharing only 1%
similarity with the rest of the experimental substrates. The gliosis response of the
films formed with 0.4 mA cm-2 current density which exhibit the lowest roughness
profile of 19 nm showed a remarkable intensity downregulation of reactive
astrocytes, microglia and calcium influx markers. The resulting roughness factor of
the anodised films was predominant on the differential intensity expression of the
antibodies evaluated. N=3, 18 data points
The hallmarks of glial scar formation are multifactorial; in the developed antibody
microarray gliosis was studied from the diverse and interwoven response of microglia
and astrocytes [102, 103], and from the changes of transient calcium currents that
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affect overall homeostasis and astrocytes reactivity [104]. Overall, ITO anodised
films formed with current densities of 0.4 mA cm-2 (films with 19 nm roughness)
showed significant downregulation of the gliosis response relative to VM populations
cultured on other anodised ITO films. Specifically, downregulation in the intensity of
OX42/Iba1 (microglia), GFAP and Nestin (reactive astrocytes) were observed.
A recent study by Kim et al. [105] has shown that coupled to the increase in GFAP
expression as main marker for reactive astrocytes, further reactivity can be fully
characterised by the expression of cleaved spectrin αII. Downregulations in cleaved
spectrin αII were also observed in VM populations cultured on ITO anodised films
formed with current densities of 0.4 mA cm-2 relative to cells cultured on other
experimental and control substrates, again indicating the reduced potential of these
films to induce a reactive astrocyte phenotype [105].
Interestingly, cleaved spectrin αII is sensitive to calpain-mediated proteolysis, and
calpains have been shown to play a central role in the neuro-protection of the CNS
and neuron calcium influx [106, 107], changes which may mediate the onset of
reactive gliosis.
Cleaved spectrin αII protein is directly linked to the regulation of intracellular Ca2+
concentrations, and it was noted that together with the downregulation of this protein,
only VM cells cultured on films formed with 19 nm roughness (formed at 0.4 mA cm2

current density) exhibited a low expression of L-type Ca2+ and the mechano-gated

ion channel PIEZO 2. These observations are intriguing as an upregulation in
voltage-gated calcium channels (VGCCs) such as L-type Ca2+ have been known to
induce

reactive

astrogliosis

[104].

Furthermore,

the

calcium

regulating

mechanosensitive protein PIEZO 2 is known to play a role in the regulation of
calcium-permeability, which may relate to cell membrane damage [108-110]. It is of
importance to indicate the observed downregulation of TREK 1 expression on ITO
films anodised with 0.4 mA cm-2 and that optimal function of astrocytes homeostasis
is mediated by K+ channels [111] such as TREK 1, which has been shown to help set
the negative resting membrane potential of astrocytes and regulate astrocyte reactivity
[112]. Moreover, downregulation in protein markers for gliosis such as Smad3 [113],
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Chondroitin Sulfate [114] and the TRP [115] family channels such as VR1[116] and
ANKTM1 [117], proteins linked to inflammation and the attenuated gliosis response
were observed in VM cells cultured on ITO films anodised with 0.4 mA cm-2.
In order to validate cell studies performed with SH-SY5Y cells, migration proteins
such as CD 81 (TAPA) and Paxillian were also concurrently assessed in VM
populations. CD 81 is a member of the tetraspan family of proteins, and is involved
both in cell adhesion and the machinery of migration [118] and in relation to glial
scar formation, CD 81 has been found to have a defined relation to reactive astrocytes
expression. Critically, previous studies have shown that upregulation of CD 81 is a
prominent characteristic of glial scar formation [119, 120]. Moreover observed
downregulation in the expression of CD 81 and upregulations in the expression of
paxillin are consistent with observed modulation to FA formation in SH-SY5Y cells
and suggest that the roughness of anodised ITO films has an effect on focal adhesion
frequency and cell adhesion.
2.4.5 Functional Characterisation
The ability of anodised ITO to interface neuronal circuit formation was subsequently
explored via patch-clamp analysis. In particular, due to the favourable
electrochemical and phenotypical responses of VM cells to these anodised films the
functional response was explored using primary rat hippocampal mature neurons on
ITO anodised at the lowest current density (0.4 mA cm-2) via two functional
indicators: network formation and synaptic activity [50].
Rat hippocampal cells, from which primary neuronal cultures were grown and
maintained for eight to ten days on ITO anodised films formed at a current density of
0.4 mA cm-2, were compared to control cultures grown on poly-L-ornithine coated
glass coverslips. Hippocampal neuron maturation and viability were assessed using
single-cell recordings (see Materials and Methods section 2.3.7). Visually identified
neurons from the two culture groups were patch clamped under voltage clamp
modality to measure the cell passive membrane properties which are known
indicators of neuronal health [121]. These parameters (input resistance and membrane
capacitance) did not differ (P=0.2 and P=0.4 for input resistance and cell capacitance,
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respectively) when measured in the two culture conditions (see bar plots in Figure
2.17C). The synapse formation and activity after in vitro growth of neurons were
investigated by measuring the occurrence of spontaneous postsynaptic currents
(PSCs) in both culture groups. The appearance of PSCs provided clear evidence of
functional synapse formation which is a widely accepted index of network efficacy
[50].
Figure 2.17A shows representative current tracings of the recorded electrical activity.
PSC amplitude and frequency were measured from neurons grown in control and 0.4
mA cm-2 anodised ITO films. As summarised in the bar plots of Figure 2.17B, these
values were not statistically different (P=0.9 and P=0.3, amplitude and frequency,
respectively) in the two groups of cultures and were consistent with those measured
in other studies testing the permissive nature of manufactured interfaces [122]. The
impact on cells of the modified substrate is, therefore, negligible. In Figure 2.17D the
cellular composition of control and anodised ITO film hippocampal cultures is
shown, assessed by immunofluorescence markers [54] for astrocytes (GFAP) and
neurons (β-tubulin III). It was observed that both β-tubulin III and GFAP
immunoreactive cells in all growing conditions (Figure 2.17D left and right panels)
and both cell groups were represented in a proportion that is comparable in all
experimental groups (quantified by measuring the cell density, bar plot in Figure
2.17E; P=0.4, 30 visual fields per condition, three different culture series). Thus, cell
survival and the global network size were not affected by ITO anodised film formed
at current density of 0.4 mA cm-2.
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Figure 2.17 Synaptic network formation on anodised film formed at a current
density of 0.4 mA cm-2. A) Left, current tracings from two sample neurons (in grey
control and in black anodised film) showing heterogeneous post-synaptic currents
(PSCs; inward deflections) recorded at a holding potential of -56 mV. Right,
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Superimposed traces show isolated PSCs recorded from Control (top; the average is
superimposed in grey) and 0.4 mA cm-2 (bottom; the average is superimposed in
black) neurons. Bar plots in B) summarise PSC amplitude (left) and PSC frequency
(right) values. Although not statistically significant, on anodised films PSC frequency
was slightly higher (0.9 ± 0.6 Hz in controls and 1.5 ± 0.9 Hz in anodised films, N=8
and N=7, respectively), while the average values for PSC amplitude were similar
(40.8 ± 25.9 pA controls and 40.5 ± 50.7 pA in anodised films). C) Bar plots
summarise the values measured for the input resistance (top, 1195±368 MΩ controls
and 946±229 MΩ anodised films) and membrane capacitance (bottom, 75±20 pF
controls and 85±19 pF anodised film). D) Fluorescent micrographs of immunelabelled cultures, control (left) and anodised films (right), at low (top panels,
objective 10×) and high (bottom panels objective 40×) magnifications. Neurons are
visualised by anti β-tubulin III, in red, glial cells by anti-GFAP, in green and nuclei
are visualised by Hoeschst, in blue. The plots in E) summarise neuronal densities in
all conditions.
To assess the ability of ITO anodised films formed at a current density of 0.4 mA cm2

to transfer sufficient charge for cellular depolarisation, primary cultures of VM cells

were grown on films for 60 days and stimulated with biphasic pulses of 2V cm -2, 0.1s
duration at a frequency of 0.2 Hz. Cells were observed to generate calcium transients
in response to the stimulus via 0.4 mA cm-2 anodised ITO films, while the same
stimulus did not elicit any response in pristine ITO control cultures (Figure 2.18). In
turn, the spontaneous calcium events of the neurons cultured on the 0.4 mA cm-2
anodised ITO films represent the ongoing synaptic activity after material stimulation,
further suggesting functional synaptic connections formed in the culture system
[123]. Moreover, calcium transients were also visible when using primary
hippocampal mature neurons, cultured on 0.4 mA cm-2 anodised ITO films (Figure
2.19).
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Figure 2.18 Calcium imaging and substrate stimulation. Left snapshots of
representative fields of VM cells grown on anodised ITO film formed at 0.4 mA cm-2
(top) and control pristine ITO glass (bottom) and stained with calcium-sensitive
fluorescent probe Fluo-4. Five regions of interest (ROI) per image were selected
(highlighted in different colours), each representing a single neuron. Right,
fluorescence tracings show the appearance of Ca2+ episodes, calcium events were
measured from the relative ROI in the corresponding recording filed in both
conditions (each cell is identified by the colour). Stimulation was delivered to the
films as biphasic voltage pulses (2V cm-2, 0.1s pulse, 0.2 Hz). Dashed lines highlight
the corresponding evoked calcium response in both groups. Note that all selected
cells displayed calcium transients in response to the stimulus in the 0.4 mA cm-2
condition, while the same stimulus did not elicit any responses in control cultures.
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Figure 2.19 Calcium imaging and substrate stimulation. Left, snapshots of
representative fields of neuronal cultures grown on 0.4 mA cm-2 (top) and control
(bottom) and stained with the Oregon Green 488-BAPTA-1 AM. Six regions of
interest (ROI) per image were selected (highlighted in different colours), each
representing a single neuron, ROIs were selected at least 100 µm apart. Right,
fluorescence tracings show the appearance of Ca2+ episodes, calcium events were
measured from the relative ROI in the corresponding recording filed in both
conditions (each cell is identified by the colour). In these experiments, voltage stimuli
were delivered (every 60 seconds, arrows) via the substrate. Dashed lines highlight
the corresponding evoked calcium response in both groups. Note that all selected
cells displayed calcium transients in response to the stimulus in the 0.4 mA cm-2
condition, while the same stimulus did not elicit any responses in control cultures.
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2.5 Conclusion
In this chapter a range of current densities for the anodisation of ITO in an aqueous
cytocompatible electrolyte were employed and the effects of anodisation current
density on ITO electrochemical, physical and cytocompatibility properties were
investigated. Furthermore, anodisation was assessed as a methodology for the
formulation of neural interface materials with a focus on reduced cellular reactivity
and enhanced neural stimulation capacity.
This work provides a useful bench-mark for anodisation conditions for subsequent
studies

with

neural

microelectrodes,

micro-patterning

and

biochemical

functionalisation. It was observed that anodisation offers the ability to modify ITO
films with differential properties for charge transfer and resistivity may provide a
facile approach to the deposition of electrode coatings with differential regions of
charge conductance and cellular function capacities. It can be hypothesised that
anodisation with varying current densities may be employed to deposit insulator and
charge carrier regions on a single electrode system, providing cytocompatible and
functional coatings for implantable thin-film ITO devices.
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CHAPTER 3
TOPOGRAPHICALLY FUNCTIONALISED POLY(3,4ETHYLENEDIOXYTHIOPHENE):P-TOLUENE
SULPHONATE (PEDOT:PTS) NEUROELECTRODES VIA
MICROIMPRINT LITHOGRAPHY
3.1 Preamble
After undergoing the unexpected journey with the anodisation process of ITO, and
with newly acquired electropolymerisation basics, and equipped with a brand new
Potentiostat,

I started

to

explore

poly(3,4-ethylenedioxythiophene):p-toluene

sulphonate (PEDOT:PTS) coatings as functional neuroelectrode coatings.
At this new stage, the knowledge of relevant current density for electrochemical
deposition from my previous work with ITO became useful and the variation of new
parameters started again, with an aim to electrodeposit PEDOT:PTS.
Within the neuroengineering community there is a consensus that the induction of
selective adhesion and regulated cellular interaction at the tissue-electrode interface
can significantly enhance device functionality in vivo. In particular, topographical
modification holds promise for the development of functionalised neural interfaces to
modulate initial cell adhesion and the subsequent evolution of gliosis, minimising the
onset of a pro-inflammatory glial phenotype, to provide long-term stability. Herein, a
low-temperature microimprint-lithography technique for the development of microtopographically

functionalised

neuroelectrode

interfaces

in

electrodeposited

PEDOT:PTS is described and assessed in vitro.
Important contribution was received from:
- Calaresu, Ivo., Ballerini, L. performed calcium imaging using Hippocampi cells.
- Farid, Nazar., O'Connor, G. micro-machining of platinum microelectrodes.
- Jingyuan Zhu., Palma, M. performed AFM-TUNA measurements
Hypothesis: Topographical functionalisation of PEDOT:PTS electrode coatings with
arrays of micropits will increase the electrode active surface area and will enhance
electrode integration by minimising astrocyte cell adhesion and the onset of
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subsequent astrocyte reactivity. This will provide long-term stability and enhanced
charge transfer for neural simulation
3.2 Introduction
Implantable stimulation and recording devices have received significant attention in
biomedical engineering and have brought great success in the treatment of central
nervous system disorders including paralysis [1], epilepsy [2] and Parkinson’s disease
[3, 4]. In order to achieve chronic functionality and integration with surrounding
tissue however, neural electrodes should present a degree of biomimicry and provide
electrical (ionic), chemical and physicomechanical properties analogous to neural
tissues, with an ultimate goal of mitigating electrode deterioration via reactive host
cell response and glial scar-induced encapsulation [3, 5-8].
From this perspective the field of neuroelectrode engineering has encouraged the use
of alternative electroactive materials over conventional metallic strategies such as
gold and platinum [9, 10] as an approach to immobilise biological molecules [11, 12]
or to promote physicomechanical mimicry through soft or topographically rough
interfaces [13, 14]. Specifically, semiconducting polymers [6, 15-20], including
polypyrrole (PPy) [21-23] and poly(3,4-ethylenedioxythiophene) (PEDOT) [24-26],
and their hybrids [27, 28] have been employed widely in neural engineering because
of their versatility as electrode coatings through electrodeposition processes [29, 30],
and have been employed to enhance the neuroelectrode electrochemical profile [26,
31],and provide a platform for chemical [32-34], and morphological [35-38]
functionalisation to meet particular biomimicry requirements [39-42].
Ongoing studies into topographical functionalisation strategies of the neural interface
have explored the micro [43-45] to the nanoscale [46, 47] and have shown promise,
in promoting a low impedance profile of implantable electrodes through effects on
electrode surface area [46, 48, 49]. Recent studies indicate the cytocompatibility of
conducting and semiconducting polymers in vitro and in vivo and the realisation that
electrodeposited conducting coatings present a nano-rough surface has led to
speculation that topography may play a role in directing the inflammatory response to
implanted electrodes by modulating cell function through altering integrin
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distribution

[50], and

differential

cell

adhesion

[51,

52].

In

particular

nanotopographically functionalised materials have been shown to influence the
activation of intrinsic cellular processes that lead to more quiescent or reactive cell
phenotypes in the onset of a pro-inflammatory response [46, 50-53] and glial scar
formation [54, 55].
Ordered arrays of lithography fabricated nanopit substrates have been consistently
shown in previous work to disrupt cell adhesion in vitro by direct or indirect
modulation of focal adhesion formation [51, 52]. Recent in vitro studies exploring
topographical modification have been successful in controlling astrocyte adhesion
while promoting high neuron integration as strategies to reduce gliosis [14, 56, 57].
Although neural cells are reported to produce sparse and small focal adhesions [58], it
has been shown that astrocytes are adhesion dependent [59], and when presented with
a biomaterial, will form a monolayer in culture, providing neurons with
physicochemical cues, to modulate neural processes extension [57]. Consequently,
the ability to control astrocyte adhesion and promote a reduction of the reactive
astrocyte phenotype at the electrode interface is critical to support neuronal outgrowth
[60], and reduce glial scar formation [54]. Critically, microscale isotropic pit
topographies of 1 m in depth have been reported to modulate astrocytes adhesion in
vitro [61].
In this chapter, PEDOT:PTS coated microelectrodes were topographically
functionalised with ordered micro-pit arrays using a novel low-temperature three-step
die imprinting lithography process, as a strategy to enhance electrode functionality,
cytocompatibility and promote selective adhesion in neural stimulation applications.
The physical, electrochemical and cytocompatibility effects of topographically
functionalised microelectrodes were herein explored in vitro. Our results elucidate
important topographical effects with regard to microelectrode functionality,
cytocompatibility and astrogliosis towards the generation of neural interfaces with
superior electrical and biological characteristics.
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3.3 Materials and Methods
3.3.1 Fabrication of Microelectrode Arrays
Ultra-short laser operating at 10 kHz and 1030 nm wavelength with 500 fs pulses
duration was used to generate a microelectrode shadow mask in a Polyimide film of
0.05 mm thickness. Polyimide samples were placed on a 3D computer controlled
stage (Aerotech) which enabled changes in the sample position with micrometre
accuracy. The laser was focused on the sample with a 100 mm focal length lens and
the scanning system was coupled to the machining stage through combination of
different reflectors and mirrors. The laser spot diameter was found to be 25m and
ablation threshold 0.56 Jcm-2. To avoid the melting of Polyimide, a laser fluence of
0.6 Jcm-2 just above the threshold and 200 laser scans were used in drawing the
electrode circuit design through the Polyimide film.
Through-mask sputtering of platinum was achieved with a EMSCOPE SC500 at
25 mA for twenty minutes. Resulting platinum electrode thickness was measured to
be 69.27 nm ± 0.01 and resulted in an electrode size of 287.67 ± 0.08 µm in width.
3.3.2 Imprinting and Die Fabrication
Micro-topographically functionalised PEDOT:PTS coated electrode were made in a
three-step process of photo-lithography, nickel die fabrication, and temperature low
imprinting process.
3.3.2.1 Photo Lithography
100 mm diameter silicon-wafers were first cleaned using the [ozone / DI-water /
dilute-HF acid] cleaning process on a Semitool SAT spray-acid cleaning-tool. The
wafers were then coated with photoresist (Fujifilm HiPR6512) and the mask pattern
exposed on an Ultratech 1500 stepper, after which the photoresist was developed
using Fujifilm OPD5262 developer. A number of different masks were used to give
various diameter patterns. The wafers were then dry-etched to the required depth for
each pattern using a [SF6 / C4F8] plasma on an STS-ASE dry-etch tool. After dryetching, the photoresist was removed by a combination of O2 plasma ashing plus
Piranha (H2SO4 / H2O2] wet-strip.
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3.3.2.2 Nickel Die
This technique has been described previously [51, 52]. Briefly, nickel dies were made
directly from the patterned resist samples. A thin (50-nm) layer of Ni-V was sputter
coated on the samples. That layer acted as an electrode in the subsequent
electroplating process. The dies were plated to a thickness of ca. 300 nm. For more
information about the procedure, see reference [62].
3.3.2.3 Imprinting Process
PEDOT:PTS coated electrodes were imprinted by a low temperature imprinting
process. Before the imprinting, the processed nickel die master was cut into 1 cm ×
1 cm pieces, each piece acting as an individual stamp. The polymeric PEDOT:PTS
coated electrodes were placed in a desiccator 24 hours prior to the imprinting process
and then taken one by one to be processed. Using a hydraulic press machine (Carver,
Inc), the nickel die stamp was then pressed against the PEDOT:PTS coated electrode,
previously placed on pressing paralleled plates, using a compressive force of 1.9 tons
cm-2 for fifteen minutes at room temperature.
Flattened controlled non-patterned PEDOT:PTS coated electrodes were processed by
pressing a thick mirror glass stamps against the PEDOT:PTS coated electrode,
applying a compressive force of 1.9 tons cm-2 for fifteen minutes at room
temperature.
3.3.3

Physical Characterisation

3.3.3.1 Surface Morphology
Scanning electron microscopy (SEM) was carried out using a Hitachi S-4700 Cold
Field Emission Gun Scanning Electron Microscope (CFE-SEM). The SEM images
were taken using an accelerating voltage of 15 kV and spot current of 10 A.
Scanning electron microscopy for biological samples was carried out using a Hitachi
S-4700 Cold Field Emission Gun Scanning Electron Microscope (CFE-SEM). Cells
on experimental electrodes were stabilised in 4% paraformaldehyde with 1% sucrose
in 0.1 M piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES) buffer at pH 7.4 for
five minutes. Further, samples were fixed permanently in 2.5% glutaraldehyde for
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five minutes in PIPES buffer and rinsed three times for two minutes in PIPES buffer.
Additional contrasting of the cell was accomplished by staining with 1% osmium
tetroxide in PIPES for one hour at 22°C and then rinsed in distilled water for one
minute. After this, cells on experimental electrodes were dehydrated through an
ethanol/distilled water series (50, 60, 70, 80, 90, 96 and 100%) followed by a
hexamethyldisilazane (HDMS) or Acetone/Ethanol series (25, 50, 75 and 100 %).
The samples were then left to dry fully and mounted on aluminium stubs, and coated
with 10nm layer of gold (Au).
For surface 3D plots and roughness analysis, Atomic Force Microscopy (AFM) was
performed as detailed in [7]. All measurements were taken on a Vico Dimension
3100 AFM using TESPA Tips (NanoWorld) (Si <8 nm tip radius, 42 N/m spring
constant, 320 kHz nominal resonance frequency), in tapping mode over an area of 10
m2 with a 0.5 - 1 Hz scan rate.
3.3.3.2 Thickness Measurements
The thickness of the polymeric PEDOT:PTS coating was measured using a Zygo
Newview 100 surface profilometer controlled by MicroPlus software as detailed in
[7]. Briefly, a pattern of bright and dark lines - fringes was created as incoming light
was split from the limited region between the sample film and the bare platinum
electrode. This pattern difference was translated to calculate the height information,
resulting in the thickness of the polymeric coatings.
3.3.4 Chemical Characterisation
X-ray photoelectron spectroscopy (XPS) spectra were acquired on a Kratos AXIS 165
spectrometer XPS system with X-Ray Gun mono Al K 1486.58 eV; 150 W (10 mA,
15kV), for all scans with the following parameters: sample temperature in a range of
20-30 °C with a pass energy of 160°eV for survey spectra and 20°eV for narrow
regions and steps of 1 eV for survey and 0.05 eV for regions with dwell times of 50
ms and 100 ms for regions and sweeps for survey of ~35, and for narrow regions of
6-40. The C1s line at 284.8 eV was used as charge reference. Spectra were collected
in the normal way to the surface direction with an analysis area of 60 microns. XPS
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detection limit is estimated to be ~0.1 at%. For the data processing, the construction
and peak fitting of synthetic peaks in narrow region spectra was done using a Shirely
type background and the synthetic peaks were of a mixed Gaussian-Lorenzian type.
Relative sensitivity factors used are from CasaXPS library containing Scofield crosssections.
3.3.5

Electrochemical Characterisation

3.3.5.1 Preparation of PEDOT:PTS Samples
The electrodeposition of PEDOT:PTS coatings was conducted under ambient
conditions according to methods described previously [63]. Briefly, a solution of
0.05M EDOT (Sigma Aldrich, Ireland) and 0.1 M PTS (Sigma Aldrich, Ireland,
70,000 g/mol MW) was prepared in a 50/50 vol.% mixture of acetonitrile and water.
The electrolyte solution was placed in an in-house fabricated electrochemical cell,
connected to a Princeton Applied Research Potentiostat/Galvanostat model 2273
controlled with Power Suite software. An in- house-fabricated platinum
microelectrode probe array and a platinum foil (Goodfellow) were used as the
working electrode (WE) and counter-electrode (CE) respectively. A saturated 3 M
KCl Ag/AgCl reference electrode (RE) (Bioanalytical Systems) was employed.
Galvanostatic electrodeposition was performed and the efficiency of coating, i.e. the
amount of polymer deposited on the electrodes, was controlled by the total charge
passing during the electrodeposition. When the deposition was finalised, the coated
electrodes were soaked in deionised water for 24 hours to remove excess of
electrolyte and subsequently dried for use. For cell studies, PEDOT:PTS was
electrodeposited on electrodes with areas of 1.6 cm2 to facilitate in vitro
manipulations.
3.3.5.2 Electrochemical Measurements
Cyclic voltammetry was performed as previously described in [7] using a Princeton
Applied Research Potentiostat/Galvanostat model 2273 running with Power Suite
software. Measurements were recorded in a custom-made electrochemical cell
containing the microelectrode as working electrode, an Ag/AgCl reference electrode
(3 M KCl) (Bioanalytical Systems) and a platinum foil counter electrode
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(Goodfellow) in 1X phosphate-buffered saline (PBS). Cyclic voltammograms (CVs)
were run in the potential range from -1.0 V to 0.4 V at a scan rate of 0.1 V s-1. The
charge storage capacity (CSC) was calculated by integrating the area enclosed by the
voltammogram.
Electrical impedance spectroscopy (EIS) was performed using a Princeton Applied
Research Potentiostat/Galvanostat model 2273 running with Power Suite software
with a three-electrode set-up. The measurements were carried out in a frequency
range of 0.1 Hz to 100 kHz with an AC sine wave of 40 mV amplitude applied with 0
V DC offset. The results were presented on Bode and Nyquist plots and compared to
those of bare platinum microelectrodes and coated gold microelectrodes, to exclude
the effect of electrode thickness when compared to PEDOT:PTS coated
microelectrodes. The data fitting analysis was performed using EIS Spectrum
Analyser 1.0 software with the application of the Powell algorithm.
Electroactive surface area (ESA) measurements for each microelectrode were done
through cyclic voltammetry scans performed in 2.5 mol cm-3 K4[Fe(CN)6] 0.1 M KCl
solution, in the potential range from -1.0 V to 0.4 V at a scan rate of 0.1 V s-1. The
enlargement factor was calculated based on the change in the electroactive surface
area with a bare platinum microelectrode as a reference. ESA was estimated
according to the Randles-Sevcik equation: [64, 65]
Equation 3. 1

𝑖𝑝 = 2.69 ∙ 105 𝐴𝐷1/2 𝑛3/2 𝜐1/2 𝐶

where ip is the reduction/oxidation peak current (A), n is the number of electrons
contributing to the redox reaction, A is the area of the electrode (cm-2), D is the
diffusion coefficient of Fe(CN)64- in KCl solution (6.310-6 cm2 s-1) [66], C is the
concentration of the Fe(CN)64- in the bulk solution (mol cm-3) and υ is the scan rate
(V s-1). The measurements were performed in triplicate; the results were expressed as
a mean ± standard deviation.
The electrochemical stability of microelectrodes was determined as described
previously in [8]. Briefly, cyclic voltammetry was performed before and after
electrical stability measurements and used to calculate the percentage of loss in
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charge storage capacity by comparing the CSC of the 1st and 500th cycles. The
measurements were performed in triplicate; the results were expressed as a mean ±
standard deviation.
Force-controlled current-voltage (I-V) characteristics were recorded employing
conductive-AFM (C-AFM) (in PeakForce Tuna mode, PF Tuna, Bruker). Samples
were imaged under ambient conditions with a Bruker Dimension Icon microscope,
with a NanoScope IV control unit and PF-TUNA add-on module. One sapphire
substrate with gold contact was used to connect samples to form the electric circuit.
I-V curves were recorded at selective positions on the sample surface. C-AFM tips
(coated with Platinum/Iridium) were used as the mobile counter electrode to contact
the single-walled carbon nanotubes – (SWCNTs) PeakForce-TUNA tips, Bruker. For
a schematic of the set-up, see Figure 3.1. The voltage bias was ramped between 500mV and 500mV. The data was then analysed by NanoScope Analysis (version
1.5, Bruker) and Matlab (version 2016 a).

Figure 3.1 Schematic of conductive AFM (PF-TUNA) used for the evaluation of
the micro-functionalised microelectrodes conductive profile. By using the moving
probe as mobile electrode, the current was flowing through the metal-coated tip and
the conducting sample which was grounded.
3.3.6

Biological Characterisation

3.3.6.1 Cell Culture
Primary cultures of ventral mesencephalic neurons (VM) were obtained from the
mesencephalon of embryonic Sprague–Dawley rats according to methods previously
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described by Vallejo-Giraldo et al. [7]. Briefly, the ventral mesencephalon were
dissected from embryonic fourteen-day rat brains and then mechanically dissociated
with a pipette until the tissue was dispersed. Cells were grown in a humidified
atmosphere of 5% CO2 at 37°C and culture in media (Dulbecco’s modified Eagle’s
medium/F12, 33 mM D-glucose, 1 % L-glutamine, 1% PS, 1 % FCS, supplemented
with 2 % B27). Controls and experimental groups were cultured for three, seven and
ten days in six well culture plates and sterilised in 70% ethanol for two hours, and
subsequently washed repeatedly with Hank’s balanced salt solution (HBSS) and/or
molecular biology grade water (Sigma). Prior to plating, samples and controls were
coated with poly-lysine (PLL) (Sigma). They were then rinsed three times with
molecular biology grade water and left to dry overnight. 50,000 cells cm-2 were plated
on each electrode, and then 3 ml of the culture medium was added to each well and
half of the volume was replaced with fresh media every two days for a period of ten
days.
For the inflammatory control, primary VM cells were cultured on sterile
Thermanox® Plastic Coverslips with 13 mm diameter (NUNCTM brand products).
50,000 cells cm-2 were plated on each coverslip, and grown in a humidified
atmosphere of 5% CO2 at 37°C and culture in media (Dulbecco’s modified Eagle’s
medium/F12, 33 mM D-glucose, 1 % L-glutamine, 1% PS, 1 % FCS, supplemented
with 2 % B27). 3 ml of the culture medium was added to each well and, after two
days in culture, the cells were stimulated with IL-1β (10 ng mL-1) prepared in plating
media to a final volume of 3 ml and half of the volume was changed every two days
for a period of ten days. Data for the optimisation of the different concentration of IL1β as inflammatory stimuli on VM cells cultures is shown in Figure 3.2 with the
analysis of the production of reactive oxygen species (ROS), CellROX® and in
Figure 3.3 with the quantification of activated microglia using methods for morphofunctional analysis described in [67], respectively.
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Figure 3.2 CellROX® expression on primary ventral mesencephalic (VM) mixed
cell population grown on sterile Thermanox® Plastic Coverslips with 13 mm
diameter (NUNCTM brand products). Cultures were stimulated with interleukin- 1β
(IL-1β) at 1, 10 and 50 ng ml-1 and control. A) Fluorescent images of VM mixed cell
population grown on sterile Thermanox® Plastic Coverslip over a period of three,
seven and ten days showing CellROX® expression in green, actin in red rhodamine125
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conjugated phalloidin and nuclei in blue, DAPI. Bar = 20 µm, objective 60×
magnification. (B-D) show the percentage of CellROX® nuclei colocalisation
quantified after stimulus with interleukin-1β (IL-1β) at 1, 10 and 50 ng ml-1 and
control. Elevated levels of CellROX® on VM mixed cell population were seen after a
stimulus of 10 ng ml-1 of IL-1β and 50 ng ml-1 over ten days in culture, resulting in
an increase of oxidative stress species presence as a response of inflammation. ★ =
p< 0.05.

Figure 3.3 Morphological characterisation of activated microglia population from
primary ventral mesencephalic (VM) mixed cells under stimulus of interleukin- 1β
(IL-1β) at 1, 10 and 50 ng ml-1 and control concentrations after 21 days in culture.
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A) Fluorescent images of astrocytes and microglia from VM mixed cell population
grown on sterile Thermanox® Plastic Coverslips with 13 mm diameter (NUNCTM)
brand products over a period of 21 days. Astrocytes are visualised by anti-GFAP, in
green and microglia are visualised by Iba-1, in red, and nuclei are visualised by
DAPI, in blue. Bar = 20 µm, objective 60× magnification. The number of microglia
ramifications B) and their length C) were quantified following methods detailed in
[67] as indicators of activated microglia. Significant differences (p<0.05) were
observed in the number and length of microglia ramifications cultured under stimulus
of 10 ng ml-1 IL-1β compared to controls and to the other IL-1β concentrations used.
Overall, microglia morphologies under stimulus of 10 ng ml-1 IL-1β resemble
microglia amoeboid morphologies. ★ = p< 0.05.
Dissociated hippocampal neurons were obtained from P1 to P4-old Wistar rats as
previously reported [68]. Prior to plating, samples of pristine PEDOT:PTS and microtopographically functionalised PEDOT:PTS coated electrodes and control bare
platinum were sterilised by repeated (three) ten minutes-long washes with DI H2O
followed by five minutes-long washes in ethanol, both solutions were previously
filtered with 0.22 µm cutoff filter (Merck Millipore). Cultured cells were incubated at
37 °C, 5 % CO2 in culture medium composed of Neurobasal-A (Thermo Fischer)
containing B27 2 % (Gibco) Glutamax 10 mM and Gentamycin 0.5 μM (Gibco), and
used for experiments at eight–ten days in vitro (DIV).
Ethical Statement (Primary hippocampal cultures)
All experiments were performed in accordance with the EU guidelines (2010/63/UE)
and Italian law (decree 26/14) and were approved by the local authority veterinary
service and by our institution (SISSA-ISAS) ethical committee. Every effort was
made to minimise animal suffering and to reduce the number of animals used. Animal
use was approved by the Italian Ministry of Health, in accordance with the EU
Recommendation 2007/526/CE.
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3.3.6.2 Immunofluorescent Labelling
Indirect double-immunofluorescent labelling was performed to visualise neurons and
astrocyte cell populations as described by Vallejo-Giraldo et al. [8]. Briefly, VM cells
on experimental and control substrates were fixed with 4% paraformaldehyde and 1%
of sucrose for twenty minutes at room temperature at the time point. Once fixed, the
samples were washed with PBS and permeabilised with buffered 0.5% Triton X-100
within a buffered isotonic solution (10.3 g sucrose, 0.292 g NaCl, 0.06 g MgCl2,
0.476 g HEPES buffer, 0.5 ml Triton X-100, in 100 ml water, pH 7.2) at 4ºC for five
minutes. Non-specific binding sites were blocked with 1% bovine serum albumin
(BSA) in PBS at 37ºC for 30 minutes and subsequently incubated for two hours with
a 1:200 concentration anti-glial fibrillary acidic protein (GFAP) antibody produced in
mouse (Sigma, 1:200) and 1:500 concentration anti-β-Tubulin III antibody produced
in rabbit (Sigma, 1:500). Samples were washed three times with 0.05% Tween
20/PBS and then incubated for one hour in the secondary antibody Alexa Fluor® 488
goat anti-Mouse IgG / IgA / IgM (H+L) (Molecular probes 1:500) combined with the
secondary antibody Alexa Fluor® 594 goat anti-Rabbit IgG (H+L) (Molecular
probes, 1:500). Samples were washed with PBS (five minutes ×3) and mounted on
microscope cover slides and counterstained with slowfadeR gold antifade reagent with
DAPI for nuclear staining.
Indirect double-immunofluorescent labelling was performed to visualise focal
adhesion sites and astrocytes following the fixation and permeabilisation processes
detailed above. In this case the samples were incubated for two hours with a 1:200
concentration anti-Paxillian (Rb mAb to Paxillin (Y113) (Life Technologies, 1:200)
and with a 1:200 concentration GFAP antibody produced in mouse (Sigma, 1:200).
Samples were washed three times with 0.05% Tween 20/PBS and then incubated for
one hour in the secondary antibody Alexa Fluor® 488 goat anti-Mouse IgG / IgA /
IgM (H+L) (Molecular probes 1:500) combined with the secondary antibody Alexa
Fluor® 594 goat anti-Rabbit IgG (H+L) (Molecular probes, 1:100). Samples were
washed with PBS (five minutes ×3) and mounted on microscope cover slides and
counterstained with slowfadeR gold antifade reagent with DAPI for nuclear staining.
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Indirect double-immunofluorescent labelling for microglia and astrocytes on inflamed
controls was performed using the same methods detailed above. Samples were
incubated for two hours with GFAP antibody produced in mouse (Sigma, 1:200) at a
concentration of 1:200 and with anti-rabbit Iba1 (Wako, 1:1000) with a concentration
of 1:1000. Samples were washed three times with 0.05% Tween 20/PBS and then
incubated for one hour in the secondary antibody Alexa Fluor® 488 goat anti-Mouse
IgG / IgA / IgM (H+L) (Molecular probes 1:500) combined with the secondary
antibody Alexa Fluor® 594 goat anti-Rabbit IgG (H+L) (Molecular probes, 1:1000).
Samples were washed with PBS (five minutes ×3) and mounted on microscope cover
slides and counterstained with slowfadeR gold antifade reagent with DAPI for nuclear
staining.
The production of reactive oxygen species (ROS) on inflamed controls was visualised
using an assay kit, CellROX® Green Reagent, for oxidative stress detection (2.5 mM;
Thermo Fisher Scientific - C10444). CellROX® Green Reagent was diluted in HBSS
for a final concentration of 5 M (working solution) that was prepared fresh every
time used. During use, this working solution was kept in the dark at 37 °C. After
removing cell media, CellROX® Green Reagent was added on each sample and
incubated at 37 °C for 30 minutes. After incubation, each sample was fixed and
permeabilised using methods described aboved. One hour incubation in rhodamineconjugated phalloidin (Life Techologies, 1:100) prepared in 1% BSA in PBS was
followed next for F-actin staining. After being washed with PBS (five minutes ×3),
samples were mounted with slowfadeR gold antifade reagent with DAPI for nuclear
staining and image within 24 hours. CellROX® Green was visualised using FTIC
channel.
3.3.6.3 Microscopy and Image Analysis
After immunostaining, samples were viewed with an Olympus Fluoview 1000
Confocal Microscope at a fixed scan size of 1024 by 1024 at a ratio 1:1. Cell analysis
was performed as described in [8]. At least twenty images at 60× magnification were
taken at random from each experimental group and controls. Cell density was
analysed by counting the total number of labelled nuclei corresponding to neurons
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and astrocytes in an area of 212 m * 212 m. Neurite length was quantified by
analysing nine random fields of view of three different technical replicas from three
different samples using established stereological methods [69]. The formula used
was: neurite length = n*T */2, where n is the number of times neurites intersect grid
lines and T = distance between gridlines (taking magnification into account) as
described in [70]. Cell area of astrocytes was recorded from the green channel using
the threshold function to generate particles that were manually dispersed across the
image until good coverage was achieved. The total number of focal adhesion points
per cell and their length were quantified by direct scoring with a 4 pixel-wide line on
the FITC channel as previously described in [7] using ImageJ software (National
Institutes of Health, USA).
3.3.6.4 Cytokine Inflammatory Panel
The cytokine multiplex assay was performed on primary VM cell mixed population
supernatants collected at three, seven and ten days in culture grown on all
experimental groups, controls and inflamed control. ELISA pro-inflammatory panel 2
(Rat) (Meso Scale Discovery, UK) cytokine (IL-6, IL-1β, TNF-α, IFN-Υ, KC/GRO,
IL-4, IL-5, IL-13, IL-10) assays were performed according to the manufacturer’s
instructions, using six replicas and without adjustments to the recommended standard
curve, and sample dilutions. Briefly, 150 µL of blocker H was added on each well of
ELISA pro-inflammatory plate and incubated at room temperature with fast shaking
for one hour. In parallel, in a separate provided plate, an initial 1:2 dilution of
samples and culture media was prepared and put under shaking for fifteen minutes.
The ELISA pro-inflammatory plate was then washed three times with at least 150 µL
of wash buffer (PBS with 0.05% Tween20) and subsequently, the diluted sample
mixed from the additional plate provided was transferred to the ELISA proinflammatory plate with the addition of 25 µl of diluent 40. Incubation at room
temperature with shaking for two hours was then carried out. The ELISA proinflammatory plate was further washed three times with PBS-tween20, and 25 µL of
1X detection antibody solution was added in each well and incubated at room
temperature with shaking for two hours. The ELISA pro-inflammatory plate was
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washed three times and further added 150 µL of 2X read buffer T in each well for
plate reading using the QuickPlex SQ 120 multiplexing instrument from MSD.
The STRING (search Tool for the Retrieval of Interacting Genes) database
http://string-db.org search was performed for known protein interactions adopting a
confidence score >0.7 as the threshold to assess associations.
3.3.7

Calcium Imaging

Hippocampal dissociated cultures were loaded with cell permeable Ca2+ dye Oregon
Green 488 BAPTA-1 AM (Molecular Probes); 10 µL DMSO (Sigma-Aldrich) was
added to the stock 50 µg of the dye and cultures were incubated with a final
concentration of 4 µM for 30 min at 37 °C, 5 % CO2, as detailed previously in [7].
Samples were therefore placed in a recording chamber mounted on an inverted
microscope (Nikon Eclipse Ti-U). Cultures were continuously superfused at 5 mL
min-1 rate and at room temperature with extracellular solution of composition (mM):
150 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose (pH was adjusted to 7.4
with NaOH 1M; osmolarity 300 mOsm). Ca2+ dye was excited at 488 nm with a
mercury lamp; excitation light was separated from the light emitted from the sample
using a 395 nm dichroic mirror and ND filter (1/32). Oregon loaded cultures were
observed with a 20× objective (0.45 NA PlanFluor) and images were continuously
acquired (exposure time 150 ms) using an ORCA-Flash4.0 V2 sCMOS camera
(Hamamatsu). The imaging system was controlled by an integrated imaging software
(HCImage Live) and the camera was set to operate on 2048 × 2048 pixels at binning
four. After ten minutes of spontaneous activity recording, 1 µM TTX (a voltagegated, fast Na+ channel blocker; Latoxan) was added to confirm the neuronal nature
of the recorded signals. Three fields from each sample (two samples per condition)
were recorded and 20 ± 4 cells from each recording were selected by drawing regions
of interest (ROIs) around cell bodies. Images were analysed with image processing
package Fiji; and Clampfit software (pClamp suite, 10.4 version; Axon Instruments)
in off-line mode [68]. The difference was computed between peaks consecutive onset
times, to obtain the inter-event interval (IEI). Intracellular Ca2+ transients were
expressed as fractional amplitude increase (ΔF/F0, where F0 is the baseline
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fluorescence level and ΔF is the rise over baseline); the onset time of neuronal
activation was determined by detecting those events in the fluorescence signal that
exceed at least five times the standard deviation of the noise.
3.3.8 Statistical Analysis
All data presented here was confirmed using at least three replicates for each of the
test groups and control groups. The results are expressed as the mean of the values ±
standard error of the mean. One-way ANOVA followed by a Bonferroni test were
performed to determine the statistical significance (p<0.05), unless otherwise stated.
3.4 Results and Discussion
3.4.1 Physical Characterisation
A range of techniques has been explored to create defined microstructures on
electrode surfaces [71], including laser ablation [72, 73], focused ion beam [74, 75],
sputter etching [76, 77], reactive ion etching [78, 79], deep reactive ion etching [80,
81], hot embossing [82, 83], and electron beam lithography [84, 85]. Complementary
to these techniques, imprint lithography is an especially attractive approach due to its
simplicity, non-destructive character and feasibility of patterning large areas with
features down to 10 nm using elevated temperature and/or pressure processes to
transfer a pattern into typically thermoplastic materials [86-89]. Regarding the
variation of imprinting methods, direct die imprinting is of particular interest as
patterns are transferred via a stamp/die in a single imprint process [90]. However, the
quality of the pattern transfer depends on relatively high temperatures and pressures
[90, 91] and silanisation steps are also required to facilitate the separation of the die
and imprinted material [92-95].
A study by Tan et al. [96] shows the imprinting process of non-thermoplastic
materials such as PEDOT and chitosan using plasticisers. Imprinting of PEDOT and
chitosan films from the poly(dimethylsiloxane) mold was achieved at a pressure of 10
kPa and 25 °C by controlled addition of glycerol as a plasticiser. In this case, the
added glycerol was used to increase the chain mobility of the polymers, resulting in
lower imprinting temperature and low pressures.
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Further, a room temperature nanoimprint lithography process was shown by
Pisignano and colleagues [97] with the nanoimprinting of patterns in organic
semiconductors with poor thermoplastic properties.
A focus of this work was to develop a low-temperature, simple imprinting method to
reproduce lithographically fabricated well-defined and ordered topographies into
PEDOT:PTS electrodeposited electrode coatings. Critically this approach preserves
the ability to introduce coupled biochemical functionalisation – an approach which
has been explored extensively with PEDOT functionalised microelectrodes [98-101].
Arrays of pits possessing a diameter of 1 µm a pitch of 2 µm and depth of  1µm
were initially fabricated via photolithography which was used as a mask for a Ni
(Nickel) electroforming process as described previously [51]. Fabricated negative Ni
masters were used as hard stamps to replicate the original topography into
electrodeposited PEDOT:PTS coatings via an imprint process applying 1.9 tons per
cm2 for fifteen minutes to achieve high quality pattern transfer conducted at room
temperature. To facilitate substrate separation, a dehydration-assisted process was
employed to enhance the cohesion of PEDOT:PTS and prevent topography disruption
during the separation step, ensuring high pattern transfer as first described by Yang et
al. [83] who also used the dehydration-assisted method for the imprinting of spincoated PEDOT:PSS nanogratings for photovoltaic applications. In this way,
silanisation steps were avoided as they caused neural cell death to our cultures due to
insufficient evaporation of fluorides [102, 103].
Experimentally, the micro-imprinting process is outlined in Figure 3.4.
Representative SEM micrographs of the nickel die used in the imprinting process and
the resulting well-ordered arrays of micro-pits in the micro-topographically
functionalised PEDOT:PTS coated microelectrodes with respective dimensions are
indicated in Figure 3.5A. The calculated thickness of the electrodeposited
PEDOT:PTS coating was of 1.22 ± 0.12µm.
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Figure 3.4 Microelectrode functionalisation process. Upper panel A) describes the
sequential steps taken on the bare platinum electrodes (a) electrodeposition of
PEDOT:PTS coating (b), followed by the optical micrograph of the coated
PEDOT:PTS microelectrode ready for the functionalisation with the topography (c)
Scale bar= 2mm, 10×. Bottom panel B) outlines the low temperature three-step die
imprinting lithography process. This process starts with the micro-pit nickel die
master and the PEDOT:PTS coated electrode (a). The nickel die was then pressed
against the PEDOT:PTS coated microelectrode at a localised constant pressure of
1.9 tons per cm2 for fifteen minutes at room temperature using parallel pressing
plates. Finally, a scanning electron micrograph (SEM) of the micro-topographically
functionalised PEDOT:PTS coated microelectrode is shown (c).
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Figure 3.5 Micro-topographically functionalised microelectrodes. Upper panel A)
Scanning electron micrographs (SEM) of the nickel die master utilised for the low
temperature three-step die imprinting lithography process (a) the microtopographically functionalised substrate with ordered array of micro-pits produced
on PEDOT:PTS coated microelectrodes by low temperature three-step die imprinting
lithography process (b). Scale bar = 10 µm. In the insets, the pit, interpit and depth
dimensions are detailed. B) Atomic-force microscopy (AFM) sectional analysis of the
micro-topographically functionalised PEDOT:PTS coated microelectrode over a
region of 10 µm2 area reflecting the vertical distance of the pit patterned transferred
of 0.96 ± 0.07 µm. Fifteen measurements were taken from three different replicas.
Results are ± STD.
Following imprinting, PEDOT:PTS microelectrodes were micro-topographically
functionalised with arrays of pits with a diameter of 0.82 ± 0.07 µm and interpit
spacing of 2.28 ± 0.06 µm. The depth was confirmed by AFM analysis (Figure 3.5B)
indicating vertical distances of 0.96 ± 0.07 m and high fidelity pattern transfer using
a low temperature three-step die imprinting lithography process. No Ni residues from
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the die master on the micro-topographically functionalised PEDOT:PTS coated
microelectrodes were present after the imprinting process (Table 3.1).
Table 3.1 X-ray photoelectron spectroscopy (XPS) analysis of the elemental
composition of the micro-topographically functionalised PEDOT:PTS coated
microelectrodes looking at the nickel residual presence from nickel die master used
in the low temperature three-step die imprinting lithography process. Ni 2p atomic
percentage was at the noise level. N=3.
Atomic Composition
[%]
Microtopographically
functionalised
PEDOT:PTS
coated
microelectrode

C 1s

O 1s

Ni 2p

S 2p

N 1s

Na 1s

P 2p

Cl 2p

70.52

16.63

0.18

1.76

10.32

0.18

0.42

0.00

The topographical profiles of micro-imprinted PEDOT:PTS coated microelectrodes
were subsequently analysed by AFM and results presented relative to pristine
PEDOT:PTS and to a PEDOT:PTS coated microelectrode flattened via imprinting
with a planar glass substrate, these control groups serving as pristine electrodeposited
PEDOT:PTS surface and a topographically planar PEDOT:PTS surface respectively.
A sputtered platinum (Pt) group was also used as a representative electrode control
material (images shown in Figure 3.6). Representative SEM and AFM images of
experimental groups are depicted in Figure 3.7(A-B). Micro-topographically
functionalised PEDOT:PTS coated microelectrodes resulted in a non-significant
decrease in surface roughness (Ra) relative to pristine PEDOT:PTS coated
microelectrode but in a significant increase when compared to the control flattened
PEDOT:PTS coated microelectrodes (Table 3.2). Pristine PEDOT:PTS coated
microelectrodes exhibited an average roughness of 85 nm over 10 m2, and an
average roughness of 53 nm and 76 nm was noted on flattened and microtopographically functionalised electrodes respectively. All PEDOT:PTS coated
electrodes exhibited a significant increase in surface roughness (Ra) relative to Pt
microelectrodes, which possessed an experimental Ra of 2 nm over 10 m2 [49].
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Figure 3.6 Bare platinum (Pt) morphological characterisation. A). Scanning
electron micrograph

(SEM) of bare platinum (Pt) microelectrodes, and

corresponding mean surface roughness (Ra) B). Scale bar = 3µm.

Figure 3.7 Microelectrode morphological physical characterisation. Upper panel
A). Scanning electron micrographs (SEM) (a-c) of pristine PEDOT:PTS, flattened
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PEDOT:PTS and the micro-topographically functionalised PEDOT:PTS coated
microelectrodes. Scale bar = 3µm. B) Corresponding surface plots (d-f) of pristine
PEDOT:PTS, flattened PEDOT:PTS and the micro-topographically functionalised
microelectrodes on 10 µm2 regions.
Table 3.2 Microelectrode physical properties. Values of experimental mean surface
roughness (Ra) and mean surface area (SA) measurements over 10 µm2 regions. The
data represent the mean of 15 measurements from three different replicas. Results
are ± SD, N=3.
Average Roughness Ra
[nm]

Average Surface Area
[nm2]

1.96 ± 0.22

1.05 E+10 ± 35.35 E+06

Pristine PEDOT:PTS

85.16 ± 16.94

1.74 E+10 ± 93.34 E+06

Flattened PEDOT:PTS

52.59 ± 6.16

1.32 E+10 ± 71.42 E+06

76.10 ± 17.21

2.35 E+10 ± 51.77 E+06

Microelectrodes
Bare platinum (Pt)

Micro-topographically
functionalised PEDOT:PTS

The micro-imprinting process resulted in a reduction in Ra of the inter-pit surface to
levels similar to flattened PEDOT:PTS electrodes, indicating that the application of
the mechanical imprinting eliminated nano-roughness while producing microroughness [104]. Significantly, the calculated physical surface area of the microtopographically functionalised PEDOT:PTS coated microelectrodes was of 2.35
E+10 ± 51.77 E+06 nm2, 1.74 E+10 ± 93.34 E+06 nm2 for the pristine PEDOT:PTS
coated microelectrodes 1.32 E+10 ± 71.42 E+06 nm2 for the flattened PEDOT:PTS
coated microelectrodes and 1.05 E+10 ± 35.35 E+06 nm2 for sputtered Pt electrodes
indicating that through micro-imprinting the surface area of electrodeposited
PEDOT:PTS

was

significantly

increased

relative

to

nano-rough

pristine

electrodeposited materials and uncoated Pt electrodes as shown in Table 3.2. These
results suggest that micro-imprinting functionalisation of PEDOT:PTS coated
microelectrodes can be employed to induce a 135.06 % greater surface area relative
to pristine PEDOT:PEDOT coated microelectrodes and a 178.03 % greater surface
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area relative to flattened control microelectrodes. Critically, micro-topographically
modified PEDOT:PTS coated microelectrodes represented a 223.81 % increase in
surface area over that of Pt microelectrodes.
3.4.2

Electrochemical Characterisation

Topographical surface modification of the neural electrodes has shown promise in
improving the electrochemical performance through high aspect ratio structures,
increasing the active surface area of the electrodes [13, 71]. The electrochemical
performance and the evaluation of the resulting effective-active surface area of the
functionalised microelectrodes were subsequently assessed. To allow comparison, the
evaluation of the electrical profile of the in-house fabricated sputtered Pt
microelectrodes was compared to topographically and non-topographically modified
electrodeposited PEDOT:PTS electrodes and to electrodeposited gold coated
microelectrodes with a similar experimental coating thickness of the as-formed
PEDOT:PTS coatings, which possessed an approximated thickness of 1.21 ± 0.08 µm
and 1.22 ± 0.12 µm, respectively.
Figure 3.8A shows CVs for each of the experimental and control groups in PBS
evaluated in a microelectrode area of 0.287 mm2. The increase in CSC (Table 3.3),
which was approximated through the integration of the charge passed within one CV
scan, confirmed the presence of highly conducting PEDOT:PTS coatings with
improvement in the electrochemical performance of the microelectrodes over that of
bare platinum and gold coated microelectrode controls [105, 106]. In addition, and
owing to the topographical functionalisation, further enhancement of electrical
performance was observed over that of the CSC of the PEDOT:PTS coated
microelectrodes. The highest CSC was obtained with the micro-topographically
functionalised PEDOT:PTS coated microelectrodes with a capacitance of 131.01 ±
8.05 µC mm-2 followed by the pristine PEDOT:PTS coated microelectrodes with a
CSC of 48.82 ± 0.49 µC mm-2 and finally the controlled non-patterned surface,
flattened PEDOT:PTS coated microelectrodes, with a CSC of 19.09 ± 0.77 µC mm-2
(Table 3.2). Of note is that these wide ranges of the aforementioned CSC values
suggest that film structure plays a major role in determining the capacitance; more
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specifically, this may be related to the role of volumetric capacitance largely
impacted in the flattened PEDOT:PTS coated microelectrodes [107]. The flattening
geometry may be limiting the volume fraction of the coating, hence limiting the
favourable packing of the polymeric coating for facile ion transport affecting the
capacitance [107].
In addition, and together with the increased charge storage capacity, microtopographically functionalised PEDOT:PTS coated microelectrodes resulted in a
significantly increased effective electroactive surface area when compared to pristine
PEDOT:PTS coated microelectrodes and even further when compared with the bare
platinum and gold coated microelectrodes. The electroactive surface area was
measured using a redox probe (2.5 mol dm-3 K4[Fe(CN)6] in 0.1 M KCl) solution and
estimated according to the Randles-Sevcik equation (Equation 3.1). Figure 3.8B
shows that it is enough to deposit an electroactive PEDOT:PTS layer on the surface
of Pt microelectrodes to observe a significant three-fold increase in effective surface
area, also reported in previous studies into electroactive polymers [108-110]. Further,
micro-imprinting functionalisation resulted in a significant two-fold increase
enhancement of the electroactive surface area relative to pristine PEDOT:PTS coated
microelectrodes. Likewise, the micro-topographically functionalised PEDOT:PTS
coated microelectrodes induced a significant six-fold increase in effective surface
area relative to Pt microelectrodes and a significant five-fold increase relative to gold
coated microelectrodes. It is noteworthy, that relative electrode surface area between
bare platinum and gold coated microelectrode controls were not significantly
different.
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Figure 3.8 Electrochemical analysis of functionalised PEDOT:PTS coated
microelectrodes. A) Cyclic voltammograms (CVs) bare platinum (Pt) and gold coated
(Au) microelectrodes and pristine PEDOT:PTS, flattened PEDOT:PTS and microtopographically functionalised PEDOT:PTS coated microelectrodes. CVs were
recorded in 0.01 M phosphate-buffered saline (PBS) at a scan rate of 100 mV s-1. B)
Relative electrode surface area calculated based on cyclic voltammograms (CVs) in
2.5 mol dm-3 K4[Fe(CN)6] in 0.1 M KCl solution at a scan rate of 100 mV s-1. The
relative electrode surface area was estimated according to the Randles-Sevcik
equation and the bare platinum (Pt) microelectrode was used as a reference. Bode C)
and Nyquist D) plots comparing the EIS spectra of bare platinum (Pt) and gold
coated (Au) microelectrodes and pristine PEDOT:PTS, flattened PEDOT:PTS and
micro-topographically functionalised PEDOT:PTS coated microelectrodes. E)
represents the electrical equivalent circuit used to analyse experimental data. Results
are ± STD, ★ = p< 0.05.
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Table

3.3

Electrochemical

performance

and

stability

of

functionalised

PEDOT:PTS coated microelectrodes. The initial and the final charge storage
capacity (CSC) was evaluated from the cathodic region of cyclic voltammograms
(CVs) recorded in 1X phosphate-buffered saline (PBS) at 100 mV s-1 scan rate
(Potential range: -1 V to 0.4 V vs. Ag/AgCl). The corresponding loss was calculated
after 500 cycles. Results are ±SD, N=3.
Bare
Platinum
(Pt)

Gold
Coated (Au)

Pristine
PEDOT:PTS

Flattened
PEDOT:PTS

Microtopographically
functionalised
PEDOT:PTS

Initial CSC
[µC mm-2 ]

15.57 ± 0.66

25.12 ± 0.66

48.82 ± 0.49

19.09 ± 0.77

131.01 ± 8.05

Final CSC
[µC mm-2]

4.36 ± 0.17

15.79 ± 0.31

31.01 ± 0.11

0.38 ± 0.04

96.41 ± 22.23

Electroactivity
loss [%]

72.10 ± 1.61

37.17 ± 0.23

36.50 ± 0.41

98.10 ± 1.52

26.42 ± 6.33

Following PEDOT:PTS coated microelectrode flattening via imprinting with a planar
glass substrate, microelectrode effective surface area was significantly decreased
relative to both micro-topographically functionalised and pristine PEDOT:PTS coated
microelectrodes. This is due to an overall reduction of microelectrode surface area
and lower Ra when compared to the pristine and PEDOT:PTS functionalised
microelectrodes. However, flattened PEDOT:PTS microelectrodes still possessed a
significantly increased electroactive surface area relative to bare platinum and gold
coated microelectrodes [49]. The evolution of electroactive surface area is of
importance for microelectrodes, especially because the currents measured with
implanted neural recording devices are in the range of µA or below [111-113]. This,
together with the non-typical shape of CVs [114], makes the process of optimisation
of microelectrode modification a challenging task. Complimentary data obtained with
larger electrodes (1.6 cm2) as part of the optimisation process for this work is
presented in Figure 3.9.
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Figure 3.9 Electrochemical analysis of functionalised PEDOT:PTS coated macro
electrode (1.6 cm2). A) Cyclic voltammograms (CVs) bare platinum (Pt) and pristine
PEDOT:PTS, flattened PEDOT:PTS and micro-topographically functionalised
PEDOT:PTS coated electrodes. CVs were recorded in 1X phosphate-buffered saline
(PBS) at a scan rate of 100 mV s-1. B) Bode plots comparing the EIS spectra of bare
platinum (Pt) and pristine PEDOT:PTS, flattened PEDOT:PTS and microtopographically

functionalised

PEDOT:PTS

coated

electrodes.

C)

Table

summarising the charge storage capacity (CSC) of large bare platinum (Pt) and
pristine

PEDOT:PTS,

flattened

PEDOT:PTS

and

micro-topographically

functionalised PEDOT:PTS coated electrodes. CSC was evaluated from the cathodic
region of cyclic voltammograms (CVs) recorded in 1X phosphate-buffered saline
(PBS) at 100 mV s-1 scan rate (Potential range: -1 V to 0.4 V vs. Ag/AgCl). Results
are ± STD, ★ = p< 0.05.
Comparative electrochemical impedance spectroscopy (EIS) profiles of all
experimentally modified microelectrodes are presented in the form of a Bode diagram
(Figure 3.8C) and Nyquist plot (Figure 3.8D). Overall, micro-topographically
functionalised PEDOT:PTS microelectrodes exhibited the lowest impedance profile
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within the frequency range of 0.1 Hz to 100 kHz, lower than that of pristine
PEDOT:PTS microelectrodes and significantly lower than that of gold coated and
bare platinum microelectrodes. This indicates the superior electrical performance of
electrodes subjected to micro-topographical functionalisation and the diminishing
effect of the process of PEDOT:PTS flattening on the electrochemical properties of
microelectrodes, due to an important impact of the former on volumetric changes of
the coating [107].
The detailed insight into the process of charge transport was possible by the
simulation of EIS data with an equivalent electrical circuit. As shown in Figure 3.8E,
a Randles equivalent circuit [115, 116] was indicated as the most appropriate and was
used to fit the impedance data. The parameters of the equivalent circuit included the
solution resistance (Rs), resistance of microelectrodes (Rm), constant phase element
(CPE1) and the diffusion impedance (Zw) (replaced with CPE2 in the case of flattened
PEDOT:PTS coated microelectrodes and gold coated microelectrodes). The simulated
data confirmed the lowest resistance of micro-topographically functionalised
PEDOT:PTS coated microelectrode (3.11 ± 0.13 kΩ), when compared to pristine
(12.01 ± 1.53 kΩ) and flattened (357.77 ± 14.64 kΩ) PEDOT:PTS coated
microelectrodes, as well as bare platinum (40.28 ± 0.63 kΩ) and gold coated (23.61 ±
1.28 kΩ) microelectrodes. The summary of resistance calculated values is tabulated
in Table 3.4.
The range of impedance as well as the magnitude of resistance achieved by microtopographically functionalised PEDOT:PTS microelectrodes place them among the
surface-materials suitable for use in neural stimulation and recording [117, 118].
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Table 3.4 Summary of the calculated resistance values (Rm) of bare platinum (Pt)
and gold coated (Au) microelectrodes and pristine PEDOT:PTS, flattened
PEDOT:PTS and micro-topographically functionalised PEDOT:PTS coated
microelectrodes after equivalent circuit analysis. Results are ± STD. N=3.

Rm,
[kOhms]

Bare
Platinum
(Pt)

Gold
Coated (Au)

Pristine
PEDOT:PTS

Flattened
PEDOT:PTS

Microtopographically
functionalised
PEDOT:PTS

40.28 ± 0.63

23.61 ± 1.28

12.01 ± 1.53

357.77 ± 14.64

3.11 ± 0.13

To further confirm the effects of micro-pit topographical functionalisation on
enhancing the electrical performance of the PEDOT:PTS coated microelectrode
through an increase in surface area, force-controlled current-voltage (I-V) spectra
where recorded employing conductive-AFM (C-AFM) (in PeakForce Tuna mode, PF
Tuna, Bruker) using a system detailed in Figure 3.1.
Figure 3.10(A-B) shows the surface topography and the corresponding distribution
of the electrical profile at the nanoscale level within a micro-topographically
functionalised PEDOT:PTS coated microelectrode. The comparative I-V curves
detailed in Figure 3.10B provide additional insights into the role of the micro-pit
topography in generating lower resistance profiles of the PEDOT:PTS relative to
non-imprinted peri-pit regions. This effect is likely due to a differential response in
potential across the pit, resulting in a linear increase in current compared to a steady
response seen on the I-V relationship from the non-patterned region.
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Figure 3.10 Conductive-AFM (C-AFM) (in PeakForce Tuna mode, PF Tuna,
Bruker)

of

micro-topographically

functionalised

PEDOT:PTS

coated

microelectrodes. A) C-AFM micrograph of micro-topographically functionalised
PEDOT:PTS coated microelectrode used for analysis. B) I-V curves were recorded at
selective positions, non-patterned region and patterned region (pit) on the microtopographically

functionalised

microelectrode.

C-AFM

tips

(coated

with

Platinum/Iridium) were used as the mobile counter electrode to contact the SWCNTs
(PeakForce-TUNA tips, Bruker). For a schematic of the set-up, see Figure 3.1. The
voltage bias was ramped between -500mV and 500mV. The data was then analysed
by NanoScope Analysis (version 1.5, Bruker) and Matlab (version 2016 a).
In order to determine the stability of PEDOT:PTS functionalised microelectrodes,
substrates were subjected to 500 cycles of continuous potentiodynamic stimulation
with the aim of testing,

under working conditions, the durability and the

electrochemical robustness of the potential neural electrodes [8, 119, 120]. The loss in
electroactivity of the microelectrodes was calculated as a percentage based on CSCs
recorded before and after stability studies (Table 3.3). A high loss in CSC was
observed for Pt sputtered microelectrodes due to the thickness differences, with a 72
% loss. In contrast, with a comparable working thickness obtained with gold coated
microelectrode, a significantly lower percentage loss of 37 % was observed which
was similar to the percentage loss obtained with PEDOT:PTS coated microelectrodes.
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Significantly, flattened PEDOT:PTS coated microelectrodes were associated with an
diminution of performance, with a loss of 98 %. Overall, superior electrochemical
stability and robustness was observed with micro-topographically functionalised
PEDOT:PTS coated microelectrodes with an electroactivity loss of 26 %. This
stability effect, coupled with the high effective surface area and the low impedance
profiles, identifies the micro-topographically functionalised PEDOT:PTS coated
microelectrodes developed here, as functionalised microelectrodes with potential in
neural stimulation and recording performance.
3.4.3

Biological Characterisation

Neural interfaces that promote neural integration, with a minimal inflammation
response are persistent challenges within the realms of biomaterials and neural
engineering. Even though the cellular response to topography is undoubtedly cell
specific, it has been shown that topographical modifications may contribute
significantly to answer the challenges of selective cell adhesion and modulated cell
behavior to reduce gliosis at the material-tissue interface [121].
The neural response to micro-pit topographies replicated in PEDOT:PTS coated 1.6
cm2 Pt electrodes was evaluated using primary VM mixed neural cell population in
vitro Figure 3.11.

Figure 3.11 Ventral mesencephalic cells (VM) adhered on micro-topographically
functionalised electrodes. Scanning electron micrograph (SEM) of primary VM
mixed cell population adhered on micro-topographically functionalised PEDOT:PTS
coated electrodes. Scale bar= 50 µm.
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Topographical functionalisation to modulate differential cell adhesion and the
observation that flat or non-structured electrodes surfaces favour astrocyte adhesion
has been reported previously [14, 56, 122]. A recent study by Seker and colleagues
[56] demonstrated the efficacy of nanotopographical modification of the electrode
surface in reducing focal adhesion formation in astrocytes while maintaining neural
integration on np-Au surfaces. Conversely, Qi et al. [123] showed that micropatterned topographies, with dimensions ranging from 2 m - 10 m, influence the
differentiation of adult neural stem cells (ANSCs) into neurons, and may discourage
the differentiation of astrocytes.
Figure 3.12A shows representative fluorescent micrographs of VM derived mixed
cultures of neurons and astrocytes cultured on experimental and control electrodes.
All groups were evaluated over a period of three, seven and ten days in culture. The
persistence of neurons and astrocytes on each of the experimental and control groups
as a function of time is presented in Figure 3.12B. The percentage cell density of
astrocytes and neurons on each assessed group initially indicated that flattened
PEDOT:PTS electrodes induced a significant linear increase of astrocytic presence as
a function of time, with a subsequent significant decrease in neuronal presence
relative to all experimental and the bare platinum control substrates. By day ten, the
flattened PEDOT:PTS coated electrodes exhibited an astrocyte presence of 97.67 %
and a 2.32 % neuron presence. Interestingly, pristine PEDOT:PTS coated electrodes
induced a significant decrease in astrocytic presence and a significant increase in
neuron cell populations present at each time point relative to all the experimental and
control groups. Following ten days in culture, the astrocyte and neuron presence on
pristine PEDOT:PTS coated electrodes was 46.39 % and 53.60% respectively.
Furthermore, when comparing the neuron and astrocyte cell density populations with
control platinum and micro-topographically functionalised PEDOT:PTS coated
electrodes, an identical trend with no statistical difference was observed for
differential neuron or astrocytes density over time. Following ten days in culture, the
astrocyte population on control platinum and micro-topographically PEDOT:PTS
coated electrodes was recorded at 61.97 % and 62.46 % respectively, 16% greater
than that on pristine PEDOT:PTS coated electrodes.
148

Topographically Functionalised Poly(3,4-Ethylenedioxythiophene):P-Toluene
Sulphonate (PEDOT:PTS) Neuroelectrodes Via Microimprint Lithography

Figure 3.12 Cytocompatibility of functionalised electrodes. A) Fluorescent images
of primary ventral mesencephalic (VM) mixed cell population grown on each of the
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bare platinum (Pt) and functionalised PEDOT:PTS coated electrodes for three, seven
and ten days in culture. Neurons are visualised by anti β-tubulin III, in red, astrocyte
cells by anti-GFAP, in green and nuclei are visualised by DAPI, in blue. Bar = 20
µm, objective 60× magnification. Cell density (%) analysis of astrocytes and neurons
presence on each of the electrodes is presented in B). An overall significant (p <
0.05) decrease in viability of neurons and astrocytes density was observed in
flattened PEDOT:PTS coated electrodes. Neural length analysis of electrodes
presented in C) showed with significant (p < 0.05) longer neurite lengths the neurons
grown on micro-topographically functionalised PEDOT:PTS coated electrodes. ★ =
p< 0.05.
In conjunction with cell density, as an indicator of cell viability neurite length on
experimental and control substrates was also analysed (Figure 3.12C). At day three,
a significant decrease in neural length was observed on all experimental groups
relative to Pt electrodes on which mean neurite length was 175.08 m ± 10.55. This
trend was lost by day seven and a linear increase in length as a function of electrode
surface area was observed. However, neurite length on mechanical flattened control
samples could not be quantified due to a significant reduction in neuron presence,
making the application of the stereology method used for the quantification of length
invalid.
Further significant differences in neural length were observed by day ten, with
significant neurite elongation exhibited in cells cultured on micro-topographically
functionalised PEDOT:PTS electrodes (607.68 m ± 5.53 ) relative to Pt control
(566.36m ± 6.35) and pristine PEDOT:PTS coated electrodes (325.76 m ± 4.66).
These results indicate that pristine PEDOT:PTS coatings do not enhance astrocyte
proliferation and adhesion relative to control Pt electrodes and that micropatterning of
PEDOT:PTS coatings can be employed to significantly enhance neurite length in
vitro. Conversely, mechanically flattened PEDOT:PTS coated electrodes induced
overall poor viability of the primary mixed VM cell population relative to all other
experimental conditions [14, 122]. That neurons cultured on pristine PEDOT:PTS
coated electrodes exhibited a higher frequency but with significantly shorter neural
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processes relative to Pt electrodes and micro-topographically functionalised
PEDOT:PTS coated electrodes may suggest that network development in ventral
mesencephalic derived neurons is not entirely supported on nano-roughened, pristine
electrodes [124, 125]. Critically, VM derived glial cells promote neuronal survival
and neurite growth by releasing growth factors and providing an ideal biochemical
milieu in vitro for neuronal development [124]. Thus, although pristine PEDOT:PTS
coated electrodes were associated with a significant reduction in astrocyte density and
promoted more neural coverage relative to cell population ratios observed on bare
platinum and micro-topographically functionalised PEDOT:PTS coated electrodes,
this

phenomenon did not translate into the development of an extensively

interconnected functional neural network. Rather, it may suggest the onset of a proinflammatory response [124]. Neurite length was significantly increased on the
micro-topographically functionalised PEDOT:PTS coated electrodes by day ten
relative to all experimental groups, suggesting that neurons may benefit from the
presence of an underlying glia network and a morphological response to microtopographical features may be manifest in enhanced neurite extension. This
observation is supported by previous research into topographical features supporting
neural outgrowth through supportive cues [84, 126-128]. Also, it can be inferred that
neurite extension on micro-topographically functionalised PEDOT:PTS coated
electrodes may suggest a reduced inflammatory environment from the glial
interactions relative to all experimental and control groups [124].
In order to assess the reactivity of astrocytes (the key players in astrogliosis) on
fabricated electrodes, the mean cellular area was quantified as a morphological
indicator of a reactive astrocyte phenotype again using a primary VM mixed cell
culture. Critically, morphological analysis of astrocyte populations has been shown
repeatedly to provide helpful insights into resting or activated functional states in
astrogliosis, considering astrocytic heterogeneity [129, 130]. Furthermore, to assess
modulated astrocyte morphology and adhesion on experimental electrodes, GFAP
immunofluorescent labelling was conducted in conjunction with Paxillin labelling, a
key focal adhesion protein (Figure 3.13A). It has been shown in vitro that in 2D
cultures neurons will grow on the dorsal surface and extend processes along
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topographical cues provided by an astrocyte monolayer [57]. Consequently, it has
been suggested that astrocyte presence on an implanted electrode is critical to support
neural integration and neurite outgrowth [60] rather, it is the reduction of a reactive
astrocyte phenotype presence that is a potential functionalisation strategy in
minimising astrogliosis in peri-electrode glial scar formation [54].
Representative fluorescent micrographs of isolated astrocytes from the mixed primary
VM cell cultures grown on controls Pt, and experimental PEDOT:PTS functionalised
electrodes were captured over three, seven and ten days in culture (Figure 3.13A).
Figure 3.13B represents the distribution of astrocyte cell areas as a function of GFAP
staining over time. The distribution of the astrocyte cell area is significantly shifted
towards a greater astrocyte cell area on Pt electrodes relative to pristine PEDOT:PTS,
flattened PEDOT:PTS and micro-topographically functionalised PEDOT:PTS coated
electrodes. By day ten, the frequency of astrocyte cell areas between the ranges of
450 m2 and 2250 m2 on Pt electrodes was significantly increased. Astrocyte
cultured on pristine PEDOT:PTS, flattened PEDOT:PTS and micro-topographically
functionalised PEDOT:PTS coated electrodes, however, exhibited a bio-modal
distribution of cell area, with significant peaks also observed in the 50-350 m2 cell
area range. Interestingly, micro-topographically functionalised PEDOT:PTS coated
electrodes were associated with the lowest astrocyte area distribution when compared
to control and experimental substrates at all time points. It was observed by day ten
that the 80 % of the astrocyte cell areas were confined within the ranges of 100 µm2
and 1250 µm2. These findings are particularly important as it has been shown that the
variations in overall astrocytic cell area underlie reactivity implications over time
[129, 131, 132], where enlarged astrocytes areas may translate into moderate and/or
severe reactive astrogliosis [131].
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Figure 3.13 Morpho-adhesion characteristics of astrocyte presence in the
functionalised electrodes towards astrocyte reactivity indication. A) Selective
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fluorescent images of astrocytes from primary ventral mesencephalic (VM) mixed cell
population grown on each of the bare platinum (Pt) and functionalised PEDOT:PTS
coated electrodes for three, seven and ten days in culture. Astrocytes are visualised
by anti-GFAP, in green, formation of focal adhesion contacts by anti-Paxillian, in
red and nuclei are visualized by DAPI, in blue. Bar = 20 µm, objective 60×
magnification. Frequency distribution in time (three, seven, and ten days) of
cytoplasm astrocyte areas (µm2) on bare platinum (Pt) and functionalised
PEDOT:PTS coated electrodes is presented in B). The frequency distribution of
astrocyte areas on micro-topographically functionalised PEDOT:PTS coated
electrodes showed the lowest frequencies over time. C) represents the frequency
distribution of the astrocyte focal adhesion contact numbers per cell and their
corresponding length frequency distribution over time in D).
Of further interest is the observation that the increased frequency of astrocytes with
enlarged cell areas observed on bare platinum, pristine PEDOT:PTS and flattened
coated electrodes is associated with a reduction in neural outgrowth relative to
neurons cultured on micro-functionalised PEDOT:PTS electrodes, again pointing to a
reactive astrocyte induced disruption of network evolution. This effect was largely
accentuated on flattened PEDOT:PTS coated electrodes.
In order to evaluate perturbation of assessed electrode topography on astrocyte
adhesion and to draw parallels between reactive astrocyte phenotype and focal
adhesion formation, quantification of mean cellular focal adhesion number and length
was carried out (Figure 3.13C-D). The regulation of focal adhesion formation in
adherent cells such as astrocytes, involves complex recruitment of integrin-dependent
signaling pathways mainly mediated by non-receptor tyrosine kinases, markedly by
focal adhesion kinase (FAK) [133]. Further, it has been shown that mediated
signaling through FAK/Paxillian in astrocytes plays an important role in astrocyte
cell morphology, where a reduction of tyrosine phosphorylation and paxillin
expression is related to the stellation of astrocytes [134-136]. However, in
pathological situations, astrocytes no longer adopt a stellar appearance but become
hypertrophic in morphology, and are associated with increased focal adhesion
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signaling, so-called reactive astrocytes [137-140]. Certainly, cell-adhesion is mainly
controlled through cell-substrate interactions, where topographies have been shown to
play an essential role [50].
Analysis of the distribution of FA frequency and length in astrocytes on bare
platinum electrodes indicated that at day three 70% of the astrocytes exhibited ten
focal adhesion contacts per astrocyte with lengths ranging between 0.5 µm and 10
µm. By day ten, a significant increase in astrocytes adhesion was observed with 70%
of the astrocytes exhibiting between 15 and 70 focal adhesion points per cell with
maintained focal adhesion lengths between the ranges of 0.5 µm and 8 µm compared
to day three. These results suggest a decrease of cell motility owing to the higher
number of focal adhesion contacts per cell, but further to the stable lengths achieved
[52], results that in light of the augmented astrocytic cell areas observed on these
electrodes, showed the development of more focal adhesion contacts suggesting the
presence of a more reactive astrocyte phenotype. In addition, bare platinum (Ra : 2
nm) commonly used in neural electrodes, does not allow for the selective control of
cell adhesion (Figure 3.13B), which together with its mechanical rigidity, may
account for the overall higher reactive astrocyte presence than that of more compliant
conducting polymeric coated electrodes [141] .
On the other hand, the pristine PEDOT:PTS coated electrodes, the flattened
PEDOT:PTS coated electrodes, and the micro-topographically functionalised
PEDOT:PTS coated electrodes, were associated with similar astrocyte adhesion over
time, with overall focal adhesion numbers significantly less than those observed on
bare platinum electrodes.
By day ten, more than 80% of the astrocytes on both, pristine PEDOT:PTS and the
flattened PEDOT:PTS coated electrodes, presented a mean value of fifteen focal
adhesions per cell. Conversely, micro-topographically functionalised PEDOT:PTS
coated electrodes, induced significant modulation to the distribution of the number of
astrocyte focal adhesion with 38% of the astrocyte population exhibiting an increase
in the mean number of focal adhesions per cell of between 15 and 50 focal adhesions
per astrocyte. This observation together with the comparatively lower astrocyte areas
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observed on the micro-topographically functionalised PEDOT:PTS coated electrodes,
may allude to a differential effect in astrocyte adhesion and a reduction in reactive
astrocytes presence as a function of micro-topographical modification. The length of
the astrocyte focal adhesion points did not change significantly over time on flattened
PEDOT:PTS coated electrodes and on micro-topographically functionalised
PEDOT:PTS coated electrodes, with lengths confined between the ranges of 0.5 µm
and 5 µm. In contrast, pristine PEDOT:PTS coated electrodes resulted in shorter
astrocyte focal adhesion contact lengths between the ranges of 1 µm and 1.5 µm by
day ten.
It has been shown by our studies in other fields that ordered nanopits topographies are
proposed to impair focal adhesion formation by disrupting integrin activation and
clustering, an effect enhanced at the microscale length [50, 51, 56, 59]. Indeed,
experimentally this work has shown that PEDOT:PTS coated electrodes
functionalised with a micro-pit topography have a significant influence on reactive
astrocyte adhesion. Furthermore, these findings present opportunities to study
reactive

astrocyte

presence

through

cytoskeleton-linked

proteins

signaling

mechanisms controlling astrocyte phenotype.
Understanding the glia interactions as key contributors in the glial scar formation is
essential [54] and in addition to influencing cytoskeleton-linked proteins, substrate
topography has been previously shown to affect cellular function and the synthesis of
cytokines and signaling molecules in neural cells [142, 143]. To elucidate further the
roles of topographical functionalisation on the neural response in vitro, changes in the
expression of pro-inflammatory cytokines and chemokine factors were assessed via
multiplex ELISA analysis. Currently, few studies have examined the effect of
topographical functionalisation on the glial cell functional response in complex mixed
cell cultures [84]. With this in mind, glial-derived cytokines and chemokine factors
such as IFN-, TNF-α, IL-6, IL-5, and KC/GRO, involved in mediating neuronal-glial
interactions and modulation of reactive astrogliosis were selected for analysis [144149]. The release profiles were compared between each of the experimental groups,
controls and with an additional inflammatory control group, VM cells cultured on
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Thermanox® Plastic Coverslips (tissue culture plastic) which received a stimulus of
interleukin-1beta (IL-1) at a dose of 10 ng ml-1. Complementary data for the
optimisation of the different concentrations of IL-1β as inflammatory stimuli on VM
cells cultures is shown in Figure 3.2 with the analysis of the production of reactive
oxygen species (ROS), CellROX® and in Figure 3.3 with the quantification of
activated microglia using methods for morpho-functional analysis described in [67],
respectively.
The secretion of pro-inflammatory cytokines and chemokine factors in mixed cell
populations cultured on all experimental and control groups is presented in Figure
3.14. It is interesting to note that even though there is a linear increase in the release
profile of IFN- in mixed cultures exposed to inflamed control conditions and when
cultured on flattened PEDOT:PTS coated electrodes over time, Pt electrodes and
pristine PEDOT:PTS coated electrodes followed a trend over time that was similar
and constant, with no statistical differences noted between the expression profile of
IFN- at day three and day ten respectively (Figure 3.14A). Importantly, the lowest
release profile of IFN-was observed with the micro-topographically functionalised
PEDOT:PTS coated electrodes, with a maintained overall low and statistically
significant release of this cytokine relative to all experimental and control groups by
day ten. This cytokine is reportedly a crucial immunological player as it regulates
relevant genes for cell function and cell programming [150]. Studies have shown that
IFN- has a unique action on astrocytes, inducing pro-inflammatory activities and
enhancing astrocyte-immunoreactivity [148, 151]. In a similar manner, TNF-α
cytokine is known to act in synergy with IFN- [152], showing a similar release trend
on day seven and day ten respectively relative to the release profiles of IFN-on
these days (Figure 3.14B). Over time, a linear decrease in TNF-α release was
observed in all groups and controls, except for on the inflamed control group that
presented a consistently high release profile of TNF-α. By day ten, a significantly
higher release profile of TNF-α was observed in the inflamed control group which
was comparable to that observed in VM cells cultured on flattened PEDOT:PTS
coated electrodes. Control Pt, pristine PEDOT:PTS and micro-topographically
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functionalised PEDOT:PTS groups, were associated with a significant reduction in
TNF-α synthesis and cells cultured on topographically functionalised PEDOT:PTS
coated electrodes produced significantly less TNF-α than Pt control and other
PEDOT:PTS experimental groups. These results indicate an activated response from
astrocytes and microglia respectively, with their coordinated involvement in the host
response at the material interface [148, 152]. Furthermore, the micro-pit topography
utilised here also induced a reduced glial cell inflammatory response via CXCL-1,
also known as KC/GRO (Figure 3.14C). CXCL-1 is associated with neutrophil
recruitment, to a site of inflammation [153], and a study by Rubio and colleagues
[153] showed that astrocytes, as an early cell component of the neuro-immune
response, produced CXCL-1 in the chemoattraction of the neutrophils and monocytes
in neuro-inflammatory diseases. In this work, it was observed that by day ten, in
contrast to a relatively high release profile of CXCL-1 from the inflammatory control
conditions, an overall significantly lower release response of CXCL-1 was exhibited
by VM populations cultured on the micro-topographically

PEDOT:PTS

functionalised electrodes, a response maintained up to day ten in culture.
In primary mixed cultures, such as in the VM cells used in this research, as a
consequence of the orchestrated release of cytokines and growth factors in neuronalglial interactions [148], there is a synergistic effect that allows them to work as costimulatory molecules to potentiate immune interactions, in this case at the local
neuron-glial unit, with a resulting increase of specific cytokines response such as IL-6
[147, 148, 154].
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Figure 3.14. Comparative gliosis derived cytokines and chemokine factor profiling
for interferon-γ (IFN-γ;A), tumor necrosis factor- α (TNF-α;B), chemokine factor
CXCL-1 (KC/GRO;C), interleukin-6 (IL-6;D) and interleukin-5 (IL-5;E). The
release expression of each of the signaling molecules is analysed from primary
ventral mesencephalic (VM) mixed cell population supernatants collected at day
three, seven and ten days on bare platinum (Pt) and functionalised PEDOT:PTS
coated electrodes. An important effect is seen on the micro-topographically
functionalised PEDOT:PTS coated electrodes, which presented significantly and
consistently low release profiles for each cytokine and chemokine factor analysed.
Results are ± STD, ★ = p< 0.05.
At day three (Figure 3.14D), IL-6, which plays a vital role in immune regulation and
is produced by astrocytes, microglia and neurons in injury-inflamed milieu [155-159],
showed a significantly potentiated release profile in the inflammatory control group,
relative to an observed significant linear decrease in the release profile in VM cells
cultured on all control and experimental electrode substrates. On day seven,
comparatively significant increases in the release levels of IL-6 were observed on
pristine and micro-topographically functionalised PEDOT:PTS electrodes relative to
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day three on bare platinum electrodes, flattened PEDOT:PTS coated electrodes and
on the inflamed control, with significantly lower levels of IL-6 released VM cells
cultured on micro-topographically functionalised PEDOT:PTS electrodes, maintained
up to day ten.
Similar release trends in the expression levels of IL-5 were also observed (Figure
3.14E), an important and often overlooked pro-inflammatory cytokine that has been
shown to be produced by astrocytes and microglia in vitro [147, 158]. Further, IL-5
has been shown to induce nerve growth factor (NGF) secretion by astrocytes [161,
162]. Again, the released IL-5 concentrations from micro-topographically
functionalised PEDOT:PTS coated electrodes showed significant lower release
profiles when compared to all groups, controls and inflamed control respectively at
all time points.
Cytokines protein interactions adopting a confidence score >0.7 as the threshold to
assess associations was performed and are detailed in Figure 3.15. These results are
particularly important, and suggest that the cytokine expression profiles observed
from VM cells cultured on micro-topographically functionalised electrodes supports
an overall neural-glial interaction at the electrode, associated with minimised reactive
gliosis over time [163]. Indeed, this work has shown experimentally that the microtopographically functionalised PEDOT:PTS coated electrodes here developed
reduced the cytokine mechanisms of astrogliosis in vitro. This response was
accentuated relative to bare platinum electrodes and pristine PEDOT:PTS coated
electrodes, but further stressed when compared to flattened PEDOT:PTS coated
electrodes, which resulted in the promotion of a more pro-inflammatory cytokine
release and chemokine factors, reflected in the poor VM cell viability and outgrowth.
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Figure 3.15 Molecular network induced by cytokines TNFα, IL-6, IL-5 and IFN
secreted by primary ventral mesencephalic (VM) mixed cells. Each node represents
a single protein molecule encoded by genes. Coloured nodes indicate query proteins
and first shell of interactors. The lines between the nodes indicate high confidence
(>0.7) predicted interactions based on experimentally determined databases, coexpression, and co-occurance.
3.4.4

Calcium Imaging

To evaluate the neuronal network activity and functionality of the neuronal
population grown on the electrodes, mature explanted primary rat hippocampal
neurons were used. Importantly, the VM neuronal population used throughout this
work is dissociated from embryos at age E14. As such, the capacity of neuron firing
and neuronal networking activity of these embryonic neurons are known to happen
after several weeks to months in vitro. However, mature neuronal population, such as
the hippocampi neurons, present functional neuronal network after seven to ten days
in culture offering an important advantage to embryonic cells in terms of culture
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times. This not only allows the evaluation of continuous several electrodes, but
further offers the possibility of addressing questions and potential future problems of
instrumentation in short time windows.
Figure 3.16 shows preliminary data of the functional neural network as calcium
transits from the rat hippocampal neurons cultured on the micro-pits PEDOT:PTS
and pristine PEDOT:PTS coated electrodes as well as Pt electrodes, respectively.
Figure 3.16A shows the snapshot of the neurons selected for the measurements.
Similar occurrence of spontaneous calcium events were observed in all electrodes,
showing ongoing synaptic activity (Figure 3.16B). However, it is interesting to note
that the micro-topographically functionalised PEDOT:PTS coated electrodes
generated calcium influx of higher magnitude. Figure 3.16C presents the inter event
interval (IEI) values for the different electrodes. Further on-going analysis is being
performed to elucidate the network activity of the neurons cultured on the
functionalised micro-pits electrodes compared to the other electrodes evaluated. In
addition, the functional characterisation (substrate stimulation) of the micro-pits
functionalised electrodes is also under way.

Figure 3.16 Neuronal network activity in bare platinum (Pt), pristine PEDOT:PTS
and micro-topographically functionalised PEDOT:PTS coated electrodes.

A)

snapshot of representative field used for Ca2+imaging recording with highlighted
regions of interest (ROI), indicating the neurons selected for the measurements. B)
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spontaneous repetitive Ca2+ events (two sample neurons were selected from the same
field for each electrode) recorded in hippocampal cultures grown on the three
different conditions. C) inter event interval (IEI) values are summarised for the
different electrodes. Note the similar occurrence of spontaneous calcium events, due
to ongoing synaptic activity.
3.5 Conclusion
The paradigm of neuroelectrode functionalisation is the maintenance of electrode
functionality and a controlled inflammatory response [164, 165]. Micro-pit
topographical functionalised PEDOT:PTS coated electrodes were assessed as a
methodology for the design of functionalised neural interface materials with a focus
on reduced astrocyte reactivity, enhanced neural integration and functional capacity.
Topographical functionalised PEDOT:PTS electrodes induced a significant reduction
in electrical impedance and an increase in charge storage capacity and effective
surface area, while maintaining electrode stability. Furthermore, the role of the microtopographically modified

PEDOT:PTS

coated

electrodes

in

reducing

the

characteristic phenotype associated with astrogliosis in complex primary mixed cell
cultures was assessed from the evident morphological changes in cell area, the
functional promotion of neural network activity, focal adhesion formation, and the
release of pro-inflammatory cytokines and chemokine factors.
A low temperature imprint-lithography technique developed in this work for the
micro-topographically functionalised neuroelectrode interfaces provides a useful
bench-mark for subsequent studies with neural microelectrodes, and the development
of dual functionalisation with biological molecules on as-formed conducting polymer
coatings.
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CHAPTER 4
ANALYSIS OF THE NEUROTROPIC AND ANTI-INFLAMMATORY
EFFECTS OF NEUROELECTRODE FUNCTIONALISATION WITH A
HEPARAN SULPHATE MIMETIC
4.1 Preamble
In parallel with the topographical functionalisation, biological functionalisation was
also carried out. In this case, the role of glycosaminoglycans (GAGs) mimetics in
neural interfaces was studied, in conjunction with the expertise of Dulce Papy-Garcia
and her team. This phase involved a lot of back and forward within experimental
steps. But it was this, in fact, which allowed the formulation of news ideas and raised
further mechanistic questions around the observations.
Further in the search for biomimicry of the properties analogous to neural tissues, and
with an ultimate goal of mitigating electrode deterioration via reactive host cell
response and glial scar formation, the bio-functionalisation of PEDOT:PTS neural
coating is here presented using a heparan mimetic termed F6. A sulphated mimetic
polyanion, with a potential role in neuromodulation in neurodegenerative diseases,
and used here for the first time as neural coating.
Important contribution was received from:
- Ouidja., M, Huynh., MB, Papy-Garcia.,D: F6 synthesis and binding experiments.
- Kilcoyne., M, Flannery.,A: lectin experiments.
- R Pallipurath., A, McNamara.,K., Syed., T: perfomed Raman and XPS chemical
analysis.
Hypothesis: The use of a sulphated heparan mimetic polyanion termed F6 can be
employed as a potential biological dopant for neural interfaces leading to enhanced
electrode integration, and a minimised glial response through an indirect neurotropic
effect of F6 mediated by growth factor binding.
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4.2 Introduction
Chronic biocompatibility of an implantable neural device can be enhanced through
biomimicry strategies to recapitulate the physicomechanical and biochemical
properties of neural tissues, with an ultimate goal of mitigating electrode deterioration
via a reactive host response [1-5]. The single most detrimental factor in chronic
electrode stability is mediated through an adverse peri-electrode tissue response
characterised by glial scar formation and electrode encapsulation, causing a reduction
in signal strength and local death of adjacent neurons [5-9]. In order to develop
meaningful neuromodulation systems and stable brain-machine interfaces there is a
clinical need to reduce tissue encapsulation and improve long-term neuroelectrode
function through enhanced integration in situ [10].
Conducting polymers acting as interfacial neuroelectrode coatings, provide excellent
opportunities for functional modification due to their versatile chemistry and simple
synthesis approaches [11-13] allowing the preparation of electroactive biointerfaces
with tuned electrochemical [14, 15], topographical [16-18] and biochemical [19-21]
properties.
Of

particular

interest,

poly(3,4-ethylenedioxythiophene)

(PEDOT)

derived

biomaterials have received considerable interest in the bioengineering of neural
implants and devices due to their relatively stability properties [10, 22-24], as well as
their superior biocompatibility properties, which can be tailored through the
immobilisation of biological elements [2, 25-28] and anti-inflammatory drugs into the
polymer matrix [20, 29-31].
In particular, the therapeutic potential of glycosaminoglycans (GAGs) - naturally
occurring heteropolysaccharide molecules associated with core protein or lipid
molecules, as bio-functional approaches to neurospecific biomaterials has been
recently explored [28, 32-36]. This focus on GAG functionalisation has stemmed
from the elucidation that GAG species play key roles in the extracellular matrix
(ECM) as a major reservoir of growth factors [37-39] and as biological regulators of
cellular growth, differentiation and regenerative processes [40-43].
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Of particular interest in neural regeneration is the sulphated proteoglycan, heparan
sulphate (HS) that, through binding growth factors, plays a critical role in regulating
inflammatory responses [43-49] and has shown marked efficacy as a therapeutic
functionalisation approach within a broad spectrum of tissue engineering and
implantable device applications [40, 50-60].
Accordingly, new avenues of research, focused on the development of synthetic
heparan mimetic (HM) chemistries have been initiated to develop stable bioactive
glycans for neural engineering applications [35, 61-64]. Of specific interest for the
development of neuroelectrode glycofunctionalisation approaches is the formulation
of HMs with inherent glycanase resistance, which can circumvent the prolonged
inflammation profile and perturbed remodeling of the ECM associated with degraded
HS [49, 52, 65-67].
In this chapter, a PEDOT:PTS conducting polymer was doped with a HM termed F6
[44, 68], a polyanion molecule, structurally modified from polymeric dextran and
shown to mediate internalisation and propagation of specific proteopathic proteins
[60].

The

effects

of

PEDOT:PTS:F6

functionalisation

on

the

physical,

electrochemical and biological properties of platinum (Pt) microelectrodes were
subsequently evaluated in vitro.
This work acts as a first step towards the use of HM biological dopants, to enhance
neuroelectrode functionality, to promote neural outgrowth and to maintain minimal
glial scar formation in vitro at the neural-interface. Further, this study opens new
possibilities for the evaluation of glycan mimetics in neuroelectrode functionalisation.
4.3 Materials and Methods
4.3.1

Physical Characterisation

4.3.1.1 Surface Morphology
Scanning electron microscopy (SEM) was carried out using a Hitachi S-4700 Cold
Field Emission Gun Scanning Electron Microscope (CFE-SEM). The SEM images
were taken using an accelerating voltage of 15 kV and spot current of 10 µA.
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For roughness analysis, Atomic Force Microscopy (AFM) was performed as detailed
in [5]. All measurements were taken on a Vico Dimension 3100 AFM using TESPA
Tips (NanoWorld) (Si <8 nm tip radius, 42 N/m spring constant, 320 kHz nominal
resonance frequency), in tapping mode over an area of 10 µm2 with a 0.5 - 1 Hz scan
rate.
4.3.1.2 Thickness Measurements
The thickness of the polymeric PEDOT:PTS and PEDOT:PTS:F6 coatings was
measured using a Zygo Newview 100 surface profilometer controlled by MicroPlus
software as detailed in [5]. Briefly, a pattern of bright and dark lines - fringes was
created as incoming light was split from the limited region between the sample
coating and the metal part of the electrode. This pattern difference was translated to
calculate the height information.
4.3.2 Chemical Characterisation
4.3.2.1 Contact Angle Measurement
Contact angles analysis with water droplets was performed using a custom made
goniometer connected to an Infinity Camera 2 and operated with Infinity Analyse
software. Contact angles were measured at three different points per sample in at least
three samples per group. The images taken were calibrated using the measured width
of the needle, and through the Infinity Analyse software a curve which was fitted to
the arc of the drop to find the radius (R), as well as the length (L) of the base of the
drop (from corner to corner).
The equation used to calculate the contact angle is shown below (Equation 4.1),
where a (-) negative sign was used for hydrophilic surfaces and (+) sign was used for
hydrophobic surfaces.
l
2
180 − (2 ∗ Arcsin ( R ))
θ = 90 ± (

Equation 4.1
)

2
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4.3.2.2 Attenuated Total Reflectance Infra-Red Spectroscopy (ATR-IR)
Fourier transform mid infrared spectra in the range of 650-3600 cm−1, with a
resolution of 4 cm−1 and four integrated scans, were collected on a diamond/ZnSe
window using a Perkin Elmer Spectrum 400 fitted with an ATR reflectance
attachment.
4.3.2.3 Raman Spectroscopy
Raman spectra were collected using the Renishaw Invia micro-Raman spectrometer
(static acquisition centered at 800cm-1, 1 cm-1 resolution, 10s exposure time, 1% laser
power, 785 nm laser, 4-5 µm spatial resolution, 12 µm penetration depth). Raman
mapping was carried out using the same setup, where 81 spectra were collected at 5
µm intervals in a 60 × 60 µm grid. All spectra were normalised to account for
variation in sample height on the intensity. Component DLS analysis was carried out
using the Renishaw Wire 4.2 software to identify spectral contributions from different
components.
4.3.2.4 X Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) spectra were acquired on a Kratos AXIS 165
spectrometer XPS system with X-Ray Gun mono Al Kα 1486.58 eV; 150 W (10 mA,
15kV), for all scans with the following parameters: sample temperature in a range of
20-30 oC with a pass energy of 160 eV for survey spectra and 20 eV for narrow
regions and steps of 1 eV for survey and 0.05 eV for regions with dwell times of
50 ms and 100 ms for regions and sweeps for survey of ~35, and for narrow regions
of 6-40. The C1s line at 284.8 eV was used as charge reference. Spectra were
collected in the normal way to the surface direction with an analysis area of
60 microns. XPS detection limit is estimated to be ~0.1 at%. For the data processing,
the construction and peak fitting of synthetic peaks in narrow region spectra was done
using a Shirely type background and the synthetic peaks were of a mixed Gaussian-
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Lorenzian type. Relative sensitivity factors used are from CasaXPS library containing
Scofield cross-sections.

4.3.3 Electrochemical Characterisation
4.3.3.1 Preparation of PEDOT:PTS and PEDOT:PTS:F6 samples
The electrodeposition of poly(3,4-ethylenedioxythiophene):p-toluene sulfonate
(PEDOT:PTS) was conducted under ambient conditions according to methods
described previously [23]. Briefly, a solution of 0.05M EDOT (Sigma Aldrich,
Ireland) and 0.1 M PTS (Sigma Aldrich, Ireland, 70,000 g mol-1 MW) was prepared
in a 50/50 vol.% mixture of acetonitrile and water. The same prepared electrolyte
with increasing concentrations of heparan sulphate mimetic F6, i.e. 1 µg ml-1, 10 µg
ml-1, 50 µg ml-1, 100 µg ml-1 and 1000 µg ml-1 was used for the electrodeposition of
the functionalised PEDOT:PTS:F6 coatings. F6 has a MW of 9900 g mol-1 (Da). The
electrolyte solution was placed in an in-house fabricated electrochemical cell,
connected to a Princeton Applied Research Potentiostat/Galvanostat model 2273
controlled with Power Suite software. Parylene-C insulated Platinum/Iridium
concentric microelectrodes (MicroProbes for Life Science) and a platinum foil
(Goodfellow) were used as the working electrode (WE) and counter-electrode (CE)
respectively. A saturated 3 M KCl Ag/AgCl reference electrode (RE) (Bioanalytical
Systems) was employed. Galvanostatic electrodeposition was performed and the
efficiency of coating, i.e. the amount of polymer deposited on the electrodes, was
controlled by the total charge passing during the electrodeposition. When the
deposition was finalised, the pristine PEDOT:PTS coated electrodes were soaked in
deionized water (DI) for 24 hours to remove excess of electrolyte and subsequently
dried for use. The PEDOT:PTS:F6 coated electrodes were soaked in Hank’s balanced
salt solution (HBSS) for two hours. For cell studies, pristine PEDOT:PTS and
PEDOT:PTS:F6 were electrodeposited on electrodes with areas of 1.6 cm2 to
facilitate in vitro manipulations.
To determine the total amount of F6 incorporated into PEDOT:PTS polymer, the
electrochemical deposition was carried out by means of CH Instruments 400c
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Electrochemical Workstation equipped with time-resolved electrochemical quartz
crystal microbalance in a standard three-electrode setup, employing CHI125 gold
crystal as a working electrode, Ag/AgCl reference electrode and a platinum foil
counter electrode.
The change of mass of the electrode resulting from the electrodeposition of pristine
PEDOT:PTS or PEDOT:PTS:F6 coatings, respectively, was calculated based on
frequency change (Δf) as given by the Sauerbrey equation (Equation 4.2) [69]:
−2f02
∆f =
Δm
A(μρ)1/2

Equation 4.2

where f0 is the resonant frequency of the fundamental mode of the crystal, A is the
area of the gold disk coated onto the crystal (0.205 cm2), ρ is the density of the crystal
(2.648 g cm-3) and µ is the shear modulus of quartz (2.947·1011 g cm-1 s-2). For 8
MHz crystal, 1 Hz change in frequency corresponds to a mass change of 1.4 ng.
4.3.3.2 Electrochemical Measurements
Cyclic voltammetry (CV) was performed as previously described in [5] using a
Princeton Applied Research Potentiostat/Galvanostat model 2273 running with Power
Suite software. Measurements were recorded in a custom-made electrochemical cell
containing the Parylene-C insulated Platinum/Iridium concentric microelectrode as
working electrode, an Ag/AgCl reference electrode (3 M KCl) (Bioanalytical
Systems) and a platinum foil counter electrode (Goodfellow) in 1X phosphatebuffered saline (PBS). Cyclic voltammograms were run in the potential range from 0.8 V to 1 V at a scan rate of 0.1 V s-1. The charge storage capacity (CSC) was
calculated by integrating the area enclosed by the voltammogram.
Electrical impedance spectroscopy (EIS) was performed using a Princeton Applied
Research Potentiostat/Galvanostat model 2273 running with Power Suite software
with a three-electrode set-up. The measurements were carried out at a frequency
range of 0.1 Hz to 100 kHz with an AC sine wave of 40 mV amplitude applied with 0
V DC offset. The results were presented on Bode and Nyquist plots and compared to
those of bare Platinum/Iridium microelectrodes. The data fitting analysis was
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performed using EIS Spectrum Analyser 1.0 software with the application of the
Powell algorithm.
The electrochemical stability of pristine PEDOT:PTS and PEDOT:PTS:F6
microelectrodes was done by performing cyclic voltammetry before and after 1000
stimulation cycles, corresponding to the cumulative stimulus used for the active
release studies, biphasic potential pulse consisting of a 5-second application of a
reduction potential (-0.5 V) followed by a 5-second application of an oxidative
potential (+0.5 V). The percentage of loss in charge storage capacity was calculated
by comparing the CSC of the 1st and 1000th cycles. All measurements were
performed in triplicate; the results were expressed as a mean ± standard deviation.
4.3.4 Biological Characterisation
4.3.4.1 Bioactivity Elution Profiles
To enable quantitative monitoring of the amount of eluted molecule, F6 was tagged
with a fluorescent marker, Cy5. The concentration of released F6 was then measured
by means of a plate reader working in a fluorometric mode with the excitation
wavelength at 675 nm and the emission wavelength at 690 nm. The calibration curve
(Figure 4.1) was plotted for the fluorescence versus F6 concentration (where y is the
fluorescence and x is the concentration in µg ml-1). A linear relationship was
observed between 0.5 µg ml-1 and 500 µg ml-1 satisfying the equation y = 1.35 x +
2.56 (R2 = 0.9994).
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Figure 4.1 Calibration curve showing the linear relationship of the fluorescence
heparan sulphate mimetic-F6 -Cy5 tagged versus its concentration. A linear
relationship is observed between 0.5 µg ml-1 and 500 µg ml-1 satisfying the equation y
= 1.35 x + 2.56 (R2 = 0.9994).
-

Passive Release Model

F6 elution in a spontaneous, passive mode was studied for the period of 21 days with
the concentration measurements performed on a daily basis. To simulate in vivo
conditions, PEDOT:PTS:F6 coated electrodes were immersed in phosphate-buffered
saline solution (1X PBS), placed on a shaker and kept at a temperature of 37° C. Two
100 µl samples of the supernatant were taken from each sample and analysed by a
plate reader working in fluorometric mode. Each time, 200 µl of a fresh PBS solution
was added to the sample to keep the total amount of supernatant at a constant level (2
ml). The continual addition of a fresh solution enabled the sink conditions to be
maintained, i.e. prevented the saturation of the solution with F6.
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-

Active Release Model

The active release of F6 was triggered electrically through a biphasic potential pulse,
consisting of a 5-second application of a reduction potential (-0.5 V) followed by a 5second application of an oxidative potential (+0.5 V). The active release was studied
for a period of 21 days with the concentration measurements performed on a daily
basis. The electrical trigger consisting of 50 stimulation cycles was applied every
daily. Two 100 µl samples of the supernatant were taken from each sample and
analysed by a plate reader working in a fluorometric mode. Each time, 200 µl of a
fresh PBS solution was added to the sample to keep the total amount of supernatant
constant (1 ml).
4.3.5 Cell Culture
Primary cultures of ventral mesencephalic neurons (VM) were obtained from the
mesencephalon of embryonic Sprague–Dawley rats according to methods previously
described by Vallejo-Giraldo et al. [5]. Briefly, the ventral mesencephalon were
dissected from embryonic fourteen-day rat brains and then mechanically dissociated
with a pipette, until the tissue was dispersed. Cells were grown in a humidified
atmosphere of 5% CO2 at 37°C and culture in media (Dulbecco’s modified Eagle’s
medium/F12, 33 mM D-glucose, 1 % L-glutamine, 1% PS, 1 % FCS, supplemented
with 2 % B27). Controls and experimental groups were cultured for three, seven and
ten days in six well culture plates and sterilised in 70% ethanol for two hours, and
subsequently washed repeatedly with HBSS and/or molecular biology level water
(Sigma). Prior to plating, samples and controls were coated with poly-lysine (PLL)
(Sigma). They were then rinsed three times with molecular biology level water and
left to dry overnight. 50,000 cells cm-2 were plated on each electrode, and then 3 ml
of the culture medium was added to each well and half of the volume was replaced
with fresh media every two days for a period of ten days.
For the inflammatory control, primary VM cells were cultured on sterile
Thermanox® Plastic Coverslips with 13 mm diameter (NUNCTM brand products).
50,000 cells cm-2 were plated on each coverslip, and grown in a humidified
atmosphere of 5% CO2 at 37°C and culture in media (Dulbecco’s modified Eagle’s
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medium/F12, 33 mM D-glucose, 1 % L-glutamine, 1% PS, 1 % FCS, supplemented
with 2 % B27). 3 ml of the culture medium was added to each well and, after two
days in culture, the cells were stimulated with IL-1β (10 ng mL-1) prepared in plating
media to a final volume of 3 ml and half of the volume was changed every two days
for a period of ten days.
4.3.6

Immunofluorescent Labelling

Indirect double-immunofluorescent labelling was performed to visualise neurons and
astrocyte cell populations as described previously [70]. Briefly, VM cells on
experimental and control substrates were fixed with 4% paraformaldehyde and 1% of
sucrose for twenty minutes at room temperature at the time point. Once fixed, the
samples were washed with PBS and permeabilised with buffered 0.5% Triton X-100
within a buffered isotonic solution (10.3 g sucrose, 0.292 g NaCl, 0.06 g MgCl 2,
0.476 g HEPES buffer, 0.5 ml Triton X 100, in 100 ml water, pH 7.2) at 4ºC for five
minutes. Non-specific binding sites were blocked with 1% bovine serum albumin
(BSA) in PBS at 37ºC for 30 minutes and subsequently incubated for two hours with
a 1:200 concentration anti-glial fibrillary acidic protein (GFAP) antibody produced in
mouse (Sigma, 1:200) and 1:500 concentration anti-β-Tubulin III antibody produced
in rabbit (Sigma, 1:500). Samples were washed three times with 0.05% Tween
20/PBS and then incubated for one hour in the secondary antibody Alexa Fluor® 488
goat anti-Mouse IgG / IgA / IgM (H+L) (Molecular probes 1:500) combined with the
secondary antibody Alexa Fluor® 594 goat anti-Rabbit IgG (H+L) (Molecular
probes, 1:500). Samples were washed with PBS (five minutes ×3) and mounted on
microscope cover slides and counterstained with slowfadeR gold antifade reagent with
DAPI for nuclear staining.
4.3.7

Microscopy and Image Analysis

After immunostaining, samples were viewed with an Olympus Fluoview 1000
Confocal Microscope at a fixed scan size of 1024 by 1024 at a ratio 1:1. Cell analysis
was performed as described in [70]. At least twenty images at 60× magnification
were taken at random from each experimental group and controls. Cell density was
analysed by counting the total number of labelled nuclei corresponding to neurons
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and astrocytes in an area of 212 µm * 212 µm. Neurite length was quantified by
analysing nine random fields of view of three different technical replicas from three
different samples using established stereological methods [71]. The formula used
was: neurite length = n*T *π/2, where n is the number of times neurites intersect grid
lines and T = distance between gridlines (taking magnification into account) as
described in [72].
4.3.8 Cytokine Inflammatory Panel
Cytokine multiplex assay was performed on primary VM cell mixed population
supernatants collected at three, seven and tend days in culture grown on all
experimental groups, controls and inflamed control. ELISA pro-inflammatory panel 2
(Rat) (Meso Scale Discovery, UK) cytokine (IL-6, IL-1β, TNF-α, IFN-Υ, KC/GRO,
IL-4, IL-5, IL-13, IL-10) assays were performed according to the manufacturer’s
instructions, using six replicas and without adjustments to the recommended standard
curve, and sample dilutions. Briefly, 150 µL of blocker H was added on each well of
ELISA pro-inflammatory plate and incubated at room temperature with fast shaking
for one hour. In parallel, in a separately provided plate, an initial 1:2 dilution of
samples and culture media was prepared and put under shaking for fifteen minutes.
The ELISA pro-inflammatory plate was then washed three times with at least 150 µL
of wash buffer (PBS 1X with 0.05% Tween20) and subsequently, the diluted sample
mixed from the additional plate provided was transferred to the ELISA proinflammatory plate with the addition of 25 µl of diluent 40. Incubation at room
temperature with shaking for two hours was then carried out. The ELISA proinflammatory plate was further washed three times with PBS-Tween20, and 25 µL of
1X detection antibody solution was added in each well and incubated at room
temperature with shaking for two hours. The ELISA pro-inflammatory plate was
washed three times and further added 150 µL of 2X read buffer T in each well for
plate reading using the QuickPlex SQ 120 multiplexing instrument from MSD.
4.3.9 Glycosaminoglycans Competition Assay Towards FGF-2 and VEGF Binding
F6 molecule [60], Heparin, HS and polymeric dextran (Sigma-Aldrich) binding to
basic fibroblast growth factor (FGF-2, R&D systems) and Vascular Endothelial
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Growth Factor 165 (VEGF165, Promokine) were evaluated by an ELISA based
competition assay as previous described [73]. 96 well ELISA plates were coated with
a 2 µg mL-1 heparin-bovine serum albumin (BSA) conjugate solution prepared as
previously described in [74]. Briefly, after washing with 0.05% Tween 20/PBS, wells
were saturated with 3% BSA in PBS. Then, FGF-2 (10 ng mL-1) and F6 molecule,
heparin, HS or dextran, (in a concentration dependent manner; 0.001, 0.01, 0.1 1, 10
and 100 µg mL-1) were simultaneously added to wells. After one hour incubation at
room temperature, wells were washed and the growth factors remaining bound to the
heparin conjugates were detected by incubation with the corresponding antibody
(R&D systems) followed by a peroxidase-labelled secondary antibody (Jackson
ImmunoResearch). Peroxidase activity measurement was performed with the
3,3',5,5'-tetramethylbenzidine (TMB) substrate of the Peroxidase Activity Detection
Kit (PierceTM) following fabricant indications. FGF-2 and VEGF bindings to the
heparin-BSA conjugate were considered as reference binding (100%).
4.3.10 Protein Antibody Microarray and Lectin Array
4.3.10.1

Protein Extraction of Primary VM Cell Mixed Population and

Labelling
For protein extraction and collection, samples were carefully placed on ice and the
cells were washed twice with ice-cold PBS, pH 7.4. After the complete aspiration of
ice-cold PBS, 100 µl of cold RIPA lysis buffer (Sigma) supplemented with 1% of
protease inhibitors (Life Science-Roche) and 1% of phosphatase inhibitors cocktails I
& III (Sigma) was added. Thereafter, the adherent cells were scraped off from each of
the experimental groups and controls using Corning® cell scrapers and then the cell
suspension was gently transferred into microcentrifuge tubes and placed on ice.
Microcentrifuge tubes were centrifuged for fifteen minutes at 14,000 rpm at 4 °C, and
afterwards gently removed from the centrifuge and placed on ice. Without disturbing
the pellet, the supernatant was carefully aspirated and placed in a fresh clean tube,
kept on ice, and stored at -80 °C to be quantified by bicinchoninic acid (BCA) protein
assay kit [75] according to manufacturer’s instructions using a bovine serum albumin
standard curve (ThermoFisher Scientific). The pellet was discarded.
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Protein supernatants were then labelled with Alexa Fluor® 555 carboxylic acid
succinimidyl ester (AF555) (ThermoFisher Scientific) essentially as previously
described [76]. All processes were carried out in the dark. In brief, approximately 0.5
mg of each sample by protein concentration was incubated with approximately 50 µg
of AF555 in 250 mM sodium bicarbonate, pH 8.2 for two hours at room temperature
in the dark. Excess label was removed and buffer was exchanged with PBS, pH 7.4
by centrifugation through 3 kDa molecular weight cut off centrifugal filters (Amicon
Ultra®, Millipore, Dublin, Ireland). Absorbance at 555 and 280 nm was measured for
labelled samples and calculations were performed according to manufacturer’s
instructions using an arbitrary extinction coefficient of 100,000 and molecular mass
of 100,000 to enable quantification of relative protein concentration and label
substitution efficiency. Labelled samples were stored at 4 °C protected from light.
4.3.10.2

Construction of Antibody and Lectin Hybrid Microarray

All commercial antibodies (Table 4.1) were buffer exchanged in to PBS and
quantified by BCA assay. A panel of 15 antibodies and 26 pure unlabelled lectins
(Table 4.2) were printed in PBS, pH 7.4 on Nexterion® H amine reactive, hydrogel
coated glass slides (Schott AG, Mainz, Germany) using a SciFLEXARRAYER S3
piezoelectric printer (Scienion, Berlin, Germany) under constant humidity (62% +/2%) and a constant temperature of 20°C essentially as previously described [5, 76].
The lectins were printed at 0.5 mg mL-1 in PBS supplemented with 1 mM of their
respective haptenic monosaccharides (Table 4.2, Figure 4.2) while antibodies were
printed at concentrations between 0.1 – 1.0 mg mL-1 in PBS (Table 4.1, Figure 4.2).
Antibodies and lectins were printed in replicates of six and each feature was printed
using approximately 1 nL using an uncoated 90 µm glass nozzle with eight replicate
subarrays printed per microarray slide. After printing, slides were incubated in a
humidity chamber overnight at room temperature to facilitate complete conjugation.
The slides were then blocked in 100 mM ethanolamine in 50 mM sodium borate, pH
8.0, for one hour at room temperature. Slides were washed in PBS with 0.05%
Tween® 20 (PBS-T) three times for three minutes each wash, followed by one wash
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in PBS, dried by centrifugation (470 x g, five minutes) and then stored with desiccant
at 4 °C until use.
Table 4.1 Summary of all the commercial antibodies used for the gliosis antibody
microarray.
Probe

Conc
[mg mL-1]

1

Anti-Glial Fibrillary
Acidic Protein (GFAP)

0.25

2

Nestin (Rat-401)

0.5

3

CD81 (H-121)

4

Integrin
(OX42)

5

Anti Iba1

6

Paxillin
[Y113]

7

cleaved spectrin alpha
II (h1186)

0.5

8

Anti-Smad3 antibody
[EP568Y]

1

9

Anti-Chondroitin
Sulfate antibody

10

PBS

11

Anti-rat_0.5

0.5

12

Anti-sheep_0.5

0.5

13

VR1 (H-150)

14

Anticorps
L-type
Ca++ CP α1C (H-280)

0.5

15

PIEZO1 Antibody (N15)

1

Order

1
alphaM

1

2.5
antibody

0.5

0.1

1

Information
Mouse
anti-rat
immunoglobulins,
monoclonal
Mouse
anti-rat
immunoglobulins,
monoclonal
Rabbit
anti-rat
immunoglobulins,
polyclonal
Mouse
anti-rat
immunoglobulins,
monoclonal
Rabbit
anti-rat
immunoglobulins,
polyclonal
Rabbit
anti-rat
immunoglobulins,
monoclonal
Rabbit
anti-rat
immunoglobulins,
polyclonal
Rabbit
anti-rat
immunoglobulins,
monoclonal
Mouse
anti-rat
immunoglobulins,
monoclonal
Phosphate buffered
saline, pH 7.4
Rabbit
anti-rat
immunoglobulins,
polyclonal
Rabbit anti-sheep
immunoglobulins,
polyclonal
Rabbit anti-human
immunoglobulins,
polyclonal
Rabbit anti-human
immunoglobulins,
polyclonal
Goat
anti-human
immunoglobulins,
monoclonal
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Company

Catalogue
Number

Sigma®

G3893

SantaCruz®

sc-33677

SantaCruz®

sc-9158

SantaCruz®

sc-53086

WAKO®

019-19741

Abcam

ab32084

SantaCruz®

sc-23464

Abcam

ab40854

Sigma®

C8035

DAKO

DAKO

SantaCruz®

sc-20813

SantaCruz®

sc-25686

SantaCruz®

sc-164319
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16

PIEZO2 Antibody (G20)

17

ANKTM1 (C-19)

18

TREK-1 Antibody (C20)

1

19

Anti ß –Tubulin III
(TUBB3)

0.1

20

Anti ß –Tubulin III
(TUBB3)

0.25

21

Anti ß –Tubulin III
(TUBB3)

0.5

22

Anti ß –Tubulin III
(TUBB3)

0.75

23

Anti ß –Tubulin III
(TUBB3)

1

1

0.5

Rabbit anti-human
immunoglobulins,
polyclonal
Goat
anti-human
immunoglobulins,
polyclonal
Goat
anti-human
immunoglobulins,
polyclonal
Rabbit
anti-rat
immunoglobulins,
polyclonal
Rabbit
anti-rat
immunoglobulins,
polyclonal
Rabbit
anti-rat
immunoglobulins,
polyclonal
Rabbit
anti-rat
immunoglobulins,
polyclonal
Rabbit
anti-rat
immunoglobulins,
polyclonal

SantaCruz®

sc-84763

SantaCruz®

sc-32353

SantaCruz®

sc-11557

Sigma®

T2200

Sigma®

T2200

Sigma®

T2200

Sigma®

T2200

Sigma®

T2200

Table 4.2 Lectins, their sources, common names, binding specificities, print sugars
and the manufacturer.
Common
name
Artocarpus
Jack
fruit
AIA (Jacalin) Plant
integrifolia
lectin
Sophora
Pagoda tree
SJA
Plant
japonica
lectin
Dolichos
Horse gram
DBA
Plant
biflorus
lectin
Japanese
Wisteria
WFA
Plant
wisteria
floribunda
lectin
Edible snail
HPA
Animal Helix pomatia
lectin
Amaranthus
ACA
Plant
Amaranthin
caudatus
Griffonia/B
Griffonia
GS-II
Plant
andeiraea
simplicifolia
lectin-II
Triticum
Succinyl
sWGA
Plant
vulgaris
WGA
Narcissus
Daffodil
NPA
Plant
pseudonarciss
lectin
us
Abbreviation Source

Species
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General binding
Print
specificity
sugar
Gal, Gal-β-(1,3)-GalNAc
Gal
(sialylation independent)

Supplier
EY Labs

β-GalNAc

Gal

EY Labs

α-GalNAc

Gal

EY Labs

GalNAc/sulfated GalNAc Gal

EY Labs

α-GalNAc

Gal

EY Labs

Sialylated/Gal-β-(1,3)GalNAc

Lac

Vector
Labs

GlcNAc

GlcNAc EY Labs

GlcNAc

GlcNAc EY Labs

α-(1,6)-Man

Man

EY Labs
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GNA

Plant

Con A

Plant

Lch-B

Plant

Lch-A

Plant

PSA

Plant

WGA

Plant

MAA

Plant

SNA-I

Plant

RCA-I/120

Plant

CAA

Plant

ECA

Plant

AAL

Fungi

LTA

Plant

UEA-I

Plant

MPA

Plant

VRA

Plant

MOA

Fungi

Galanthus
nivalis
Canavalia
ensiformis

Snowdrop
Man-α-(1,3)-linked
lectin
Jack bean
α-Man / α-Glc
lectin
α-Man, core fucosylated,
Lentil
Lens culinaris
agalactosylated
isolectin B
biantennary N-glycans
Lentil
Lens culinaris
α-Man / α-Fuc
isolectin A
Branched α-Man, core
Pisum
Pea lectin
fucosylated trimannosyl
sativum
N-glycans
Triticum
Wheat germ
NeuAc/GlcNAc
vulgaris
agglutinin
Maackia
Maackia
Sialic acid-α-(2,3)-linked
amurensis
agglutinin
Sambucus
Sambucus
Sialic acid-α-(2,6)-linked
nigra
lectin-I
Ricinus
Castor bean
Gal-β-(1,4)-GlcNAc
communis
lectin-I
Caragana
Pea
tree
Complex oligosaccharides
arborescens lectin
Cocks
Erythrina
Gal-β-(1,4)-GlcNAc
comb/coral
cristagalli
oligomers, LacNAc
tree lectin
Orange peel Fuc-α-(1,6)-linked > FucAleuria
fungus
α-(1,3)- and -α-(1,2)aurantia
lectin
linked
Lotus
tetragonolobu Lotus lectin Fuc-α-(1,3)-linked
s
Ulex
Gorse
Fuc-α-(1,2)-linked
europaeus
lectin-I
Osage
Terminal
Gal-β-(1,3)Maclura
orange
GalNAc > GalNAc- αpomifera
lectin
(1,6)-Gal
Mung bean
Vigna radiate
Terminal α-Gal
lectin
Fairy ring
Marasmius
mushroom Terminal α-Gal
oreades
lectin
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Man

EY Labs

Man

EY Labs

Man

EY Labs

Man

EY Labs

Man

EY Labs

GlcNAc EY Labs
Lac

EY Labs

Lac

EY Labs

Gal

Vector
Labs

Lac

EY Labs

Lac

EY Labs

Fuc

EY Labs

Fuc

EY Labs

Fuc

EY Labs

Gal

EY Labs

Gal

EY Labs

Gal

EY Labs
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Figure 4.2 Images from a representative scanned microarray slide after incubation
and washing. A) Incubations were carried out on three replicate microarray slides.
Alexa Fluor® 555 labelled healthy rat brain lysate (5 mg mL-1) and SNA-I lectin (10
mg mL-1) were used as controls to confirm retained antibody performance and
printing, respectively, and were incubated in two separate subarrays on every slide.
B) Individual subarray from a representative scanned microarray slide after
incubation with healthy rat brain lysate and subsequent washing. The subarrays were
printed with antibodies and lectins in replicates of six following the order detailed in
C).
4.3.10.3

Profiling Samples on Hybrid Microarrays, Data Extraction and

Analysis
All incubations were carried out under dark conditions. Microarray slides were
incubated as previously described [5, 76]. Initially, one labelled sample was titrated
(2.5 - 15 µg mL-1) to determine optimal signal to noise ratio and all samples were
subsequently incubated for one hour at 23 °C at 5 µg mL-1 in Tris-buffered saline
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(TBS; 20 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, pH 7.2) with
0.05% Tween® 20 (TBS-T). All microarray experiments were carried out using three
replicate slides. AF555-labelled healthy rat brain lysate (5 µg mL-1) and
tetramethylrhodamine-(TRITC)-labelled SNA-I lectin (10 µg mL-1) were incubated in
two separate subarrays on every slide to confirm retained antibody performance and
printing, respectively (Figure 4.2). After incubation, slides were washed three times
in TBS-T for three minutes per wash, once in TBS and then centrifuged dry as above.
Dried slides were scanned immediately on an Agilent G2505 microarray scanner
using the Cy3 channel (532 nm excitation, 90% PMT, 5 µm resolution) and intensity
data was saved as a .tif file. The antibodies and lectins conjugated to the microarray
surface were verified to remain active for at least one month after printing and all
incubations were carried out within that timeframe.
Data extraction from .tif files was performed essentially as previously described [5,
76]. Data were normalised to the mean of three replicate microarray slides (subarray
by subarray using subarray total intensity, N= 3, 18 data points). Unsupervised
hierarchical clustering of normalised data was performed using Hierarchical
Clustering Explorer v3.0 (http://www.cs.umd.edu/hcil/hce/hce3.html) using the
parameters no pre-filtering, complete linkage, and Euclidean distance. Statistical
analysis was performed as detailed in the section 4.3.11.
4.3.11 Statistical Analysis
All data presented here was confirmed using at least three replicates for each of the
test groups and control groups. The results are expressed as the mean of the values ±
standard error of the mean. One-way ANOVA followed by a Bonferroni test were
performed to determine the statistical significance (p<0.05), unless otherwise stated.
4.4 Results and Discussion
The use of GAGs as dopants within an electrodeposited polymer not only endows the
resulting polymer with bioactivity, but as charged biomolecules, also act as
counterions in the electrochemical polymerisation process [28, 36]. Experimentally,
this study employed a PEDOT derivative, modified through the incorporation of the
HM - F6, a polysulphated molecule which acted as a biological co-dopant for the
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formulation of glycan functionalised neural interfaces [52, 60, 77, 78]. F6 was
originally described by Papy- Garcia et al. as a functionalised dextran derivative with
resistance to glycanase degradation [44]. F6, together with the conventional
sulphonate anion PTS, was incorporated in the matrix of PEDOT through a co-doping
electropolymerisation process. The chemical structure of the F6 molecule and a
proposed pictorial representation of PEDOT:PTS:F6 functionalisation on the physicoelectrical and biological properties though F6 interaction are shown in Figure 4.3.
Initially, an optimisation process to assess the therapeutic concentration of F6 was
conducted with concentrations of 1, 10, 50, 100 and 1000 µg ml-1 incorporated into
cell culture media over a period of ten days in culture. Cell viability effects using
primary ventral mesencephalic mixed neural cell population grown in vitro are
presented in Figure 4.4. Live/dead analysis indicated maintained cell viability when
F6 was present in the cell culture media at concentrations below 50 µg ml-1, a range
that was replicated in F6 functionalised PEDOT:PTS films electrodeposited from an
electrolyte/EDOT solution containing 1000 µg ml-1 of F6 (Table 4.3).
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Figure 4.3 Biochemical functionalisation of the neuroelectrode surface with
PEDOT:PTS:F6 thin films. A) F6 is a dextran T5 (Mw 5,000 Daltons) derivative
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containing sulphate, carboxymethyl, and phenylalanine methyl ester groups. For an
easy representation, three differently substituted glucosidic units (A, B, and C) are
depicted and arranged in an arbitrary combination. The relative content of each unit
was calculated according to the nature of the group substituted at position 2 of each
unit (C2). R represents the proportion of each substituted group at C3 and C4, which
total substitution corresponds to 200%. F6 was synthesised and analysed as in [44].
B) Pictorial representation of PEDOT:PTS:F6 functionalised electrodes from the
electrophysical arrangement to the cell level interaction with growth factors binding,
i.e FGF-2.
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Figure 4.4 Cytocompatibility effects of heparan sulphate mimetic-F6 –
concentrations in solution. Live and dead assay was carried out using primary
ventral mesencephalic (VM) mixed neural cell population under the presence of bulk
F6 at 1, 10, 50, 100 and 1000 µg ml-1. An early time of three days in culture A) and
late time of ten days B) were evaluated. A maintained cell viability was achieved
when bulk F6 was present in the cell culture media at concentrations below 50 µg ml1

. Results are ± STD. ★ = p< 0.05.
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Table 4.3 Passive mode concentration profile of heparan sulphate mimetic-F6
released from PEDOT:PTS:F6 coated electrodes at a concentration of 1, 10, 50,

Concentration of Heparan Sulphate Mimetic F6
Released from PEDOT:PTS polymeric Matrix
[µg ml -1cm-2]

100 and 1000 µg ml-1 for a period of 21 days. Results are ± STD. N=3
PEDOT:PTS:F6
at
1000 µg ml -1

PEDOT:PTS:F6
at
100 µg ml -1

PEDOT:PTS:F6
at
50 µg ml -1

PEDOT:PTS:F6
at
10 µg ml -1

PEDOT:PTS:F6
at
1 µg ml -1

3 days

5.6 ± 1.8

2.1 ± 0.7

2.5 ± 1.1

1.8 ± 0.4

1.4 ± 0.4

7 days

8.0 ± 3.5

3.9 ± 1.1

3.5 ± 1.4

3.5 ± 0.4

1.8 ± 0.7

10 days

10.2 ± 3.2

5.6 ± 2.5

6.0 ± 1.4

4.9 ± 0.7

3.2 ± 1.4

Total
amount
of F6
released
over 21
days

11.7 ± 2.8

5.6 ± 3.5

6.0 ± 1.8

6.7 ± 0.7

5.3 ± 1.8

Additionally, PEDOT:PTS films electrodeposited from an electrolyte/EDOT solution
containing 1000 µg ml-1 of F6 were found to possess the highest mass of immobilised
F6 within the polymer matrix as assessed via Electrochemical Quartz Crystal
Microbalance (EQCM) Figure 4.5. Taken together, the optimal F6 electrolyte/EDOT
solution concentration selected for subsequent analysis was 1000 µg ml-1, denoted
hereon as “PEDOT:PTS:F6” in this chapter.

PEDOT:PTS doped with a non-

sulphated polymeric dextran was also employed as a control group to understand
further the effect of sulphation pattern provided by F6. This was incorporated during
the electrodeposition process of EDOT at the same concentration of F6, 1000 µg ml-1.
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Figure 4.5 Electrochemical quartz crystal microbalance (EQCM) measurements of
the masses recorded of PEDOT:PTS:F6 coatings at 1, 10, 50, 100 and 1000 µg ml 1.

PEDOT:PTS:F6 at 1000 µg ml-1 of heparan sulphate mimetic- F6 was found to

possess the highest mass immobilised of F6 within the polymer matrix with a mass
recorded of 807.2 µg cm-2.
4.4.1

Physical and Chemical Characterisation

Electrodeposition of PEDOT:PTS:F6 onto concentric Platinum/Iridium (PtIr)
microelectrodes was confined to the conducting surfaces and did not result in an
increase of electrode area at the macroscale. Representative SEM micrographs of the
bare PtIr A) and the PEDOT:PTS:F6 coated microelectrodes B) are indicated in
Figure 4.6. The experimental values of the roughness and thickness profiles for the
pristine PEDOT:PTS coatings and the functionalised PEDOT:PTS:F6 coatings at
different F6 concentrations are detailed in Table 4.4. The average roughness, Ra of
electrodeposited PEDOT:PTS:F6 films, was observed to decrease in a non-linear
concentration dependent manner, but all electrodeposited PEDOT:PTS:F6 films
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possessed higher Ra values relative to pristine PEDOT:PTS films, a phenomenon
reported previously with biological doping of PEDOT derivatives [79]. It should be
noted that relative to pristine PEDOT:PTS coatings, electrodeposited PEDOT:PTS:F6
electrode coatings possessed a denser and more uniform surface topography with
more island-like particles, whereas films formulated with F6 concentrations < 1000
µg ml-1 possessed a less uniform and more porous surface structure with easy-toobserve aggregates (Figure 4.7A). PEDOT:PTS:F6 coatings (formed at 1000 µg ml-1,
the highest F6 concentration used), however, presented a more homogeneous
structure, where the aggregates tend to form regular structures. Thus, the ability of the
polymeric-F6 to aggregate within the electrodeposition process may explain the
differential topographical roughness and the building layers in thickness of the
coatings with changes in F6 concentrations [79, 80]. In addition, a saturation value
was reached for both measurements at a concentration of 50 µg ml-1 of F6 within the
polymeric matrix, which in these films the clustered-like aggregates were
comparatively larger than those observed in the other experimental samples (Figure
4.7A). Further, these physical observations taken in conjunction with FT-MIR spectra
data indicate that with an increase in the concentration of F6 within the PEDOT:PTS
polymer (Figure 4.7B), the IR bands become noticeably sharper, owing to an
increase in rigidity by restriction of conformational freedom [81].

Figure 4.6 Scanning electron micrographs (SEM) of the bare platinum/iridium
(PtIr) microelectrode A) and PEDOT:PTS:F6 coated microelectrode B) are shown,
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respectively. Scale bar = 200 µm. In the inset, the PEDOT:PTS:F6 coating is
detailed, showing the nodular formation of electrodeposited coatings.
Table 4.4 Values of experimental mean surface roughness (Ra) and mean thickness
measurements

of

pristine

PEDOT:PTS

coated

microelectrodes

and

PEDOT:PTS:F6 coated microelectrodes at 1, 10, 50, 100 and 1000 ug ml-1 of
heparan sulphate mimetic-F6. The data represent the mean of 15 measurements
from three different replicas. Results are ± SD, N=3.
Average Roughness Ra
[nm]
85.16 ± 16.94

Thickness
[nm]
1210.01 ± 0.08

PEDOT:PTS :F6 1 µg ml-1

160.59 ± 11.92

1374.02 ± 0.37

PEDOT:PTS :F6 10 µg ml-1
PEDOT:PTS :F6 50 µg ml-1
PEDOT:PTS :F6 100 µg ml-1
PEDOT:PTS :F6 1000 µg ml-1

167.00 ± 25.12
181.40 ± 28.73
150.35 ± 9.65
104.72 ± 6.64

1619.00 ± 0.41
784.80 ± 0.24
2167.30 ± 0.31
2404.22 ± 0.53

Electrodes
Pristine PEDOT:PTS
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Figure 4.7 Morphological changes with different concentrations of F6. A) Scanning
electron micrographs (SEM) of pristine PEDOT:PTS coated microelectrodes and the
PEDOT:PTS:F6 coated microelectrodes at 1, 10, 50, 100 and 1000 µg ml-1 of
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heparan sulphate mimetic-F6. B) FT-MIR spectra of powdered F6 (black), pristine
PEDOT:PTS

coated

microelectrodes

(red)

and

PEDOT:PTS:F6

coated

microelectrodes at 1, 10, 50, 100 and 1000 µg ml-1 of F6. Blue dotted lines show
bands that belong to only F6, while red dotted lines show bands contributed by just
PEDOT:PTS polymer. It can be seen that with an increase in the concentration of F6
in the PEDOT:PTS matrix, the bands become sharper suggesting a greater rigidity in
the structure.
In order to assess F6 incorporation into electrodeposited PEDOT:PTS:F6 and pristine
PEDOT:PTS films extensive chemical characterisation of coated microelectrodes was
performed (Figure 4.8A-I). Surface wettability of the electrodeposited films was
assessed through contact angle analysis via an in-house developed goniometer.
Pristine PEDOT:PTS coated microelectrodes were associated with a water contact
angle of 15.92° ± 2.91, indicating the high hydrophilicity of the coatings [82].
Through the incorporation of F6, the water contact angle was observed to decrease to
<5° accompanied by a rapid spreading of the water drop, indicating that the
hydrophilicity of the electrodeposited films was significantly increased through
doping with F6, potentially due to the presence of sulphate groups at the film surface,
increasing polar interaction with the water droplet (Figure 4.8A) [82]. Furthermore,
the observed increase in PEDOT:PTS film roughness associated with F6 doping
relative to pristine PEDOT:PTS coatings complements the observation of increased
wettability of these coatings [83, 84].
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Figure

4.8

Chemical

characterisation

of

the

PEDOT:PTS:F6

coated

microelectrode. A) Contact angle on pristine PEDOT:PTS and PEDOT:PTS:F6
coated microelectrodes, showing the decrease in a water contact angle suggesting an
increase in hydrophilicity. B) Raman spectra of PEDOT:PTS microelectrodes, with
and without incorporated F6, and powdered F6. Peaks assigned solely to F6 are
indicated by an * on the pure F6 and of PEDOT:PTS:F6 coated microelectrodes
spectra. (C-F) Raman mapping of pristine PEDOT:PTS and PEDOT:PTS:F6 coated
microelectrodes. C) shows the component DLS analysis, where red pixels represent
the F6 component and green pixels represent the PEDOT:PTS component. D) and E)
show the intensity of the Raman bands at 1021 cm-1 and 997 cm-1, respectively, and
indicate the presence of F6 evenly distributed on coated PEDOT:PTS
microelectrodes. F) shows the band intensity at 585 cm-1 and indicates the presence
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of PEDOT:PTS in the coating. (G-I) X-ray photoelectron spectra of G) pristine
PEDOT:PTS,

H)

PEDOT:PTS:Dextran,

and

I)

PEDOT:PTS:F6

coated

microelectrodes, showing the presence of sulphur in various chemical environments
corresponding to S-C bonding (2p neutral state) and 2p3/2 and 2p1/2 states in both
sulphonates and sulphates. The * in G) denotes the presence of possible impurities
from the electrolyte.
Raman spectral analysis also indicated the presence of F6 in electrodeposited
PEDOT:PTS:F6 coated microelectrodes Figure 4.8 B). Peaks were observed at
997 cm-1 and 1021 cm-1 corresponding to C-C stretches and C-H deformations also
observed in pristine F6. Peaks marked with * indicate that the microelectrode had
measurable amounts of F6 incorporated into the PEDOT:PTS:F6 coating. The
tentative assignments of peaks in the Raman spectra are shown in Table 4.5. Peaks
observed at 816 cm-1 and 848 cm-1, visible in both Raman and FT-MIR spectra
(Figure 4.7B), also confirm the presence of the F6 on the PEDOT:PTS:F6 coated
microelectrodes. These bands correspond to E-E and E-A fragment γC-H
deformations, respectively, in the dextran moiety [85]. Other peaks corresponding to
F6 are indicated by blue dotted lines, and bands corresponding to the pristine
PEDOT:PTS polymer are marked by red dotted lines in the IR spectra (Figure 4.7B).
A peak at 1180 cm-1 is masked by a board peak in spectra recorded from the two
lower concentrations of F6, but emerges as a sharp peak as the F6 concentration
increases. This band corresponds to C-O stretching [86]. Peaks at 928cm-1 in F6
(Figure 4.7B) and 915 cm-1 in dextran (Figure 4.9) suggest the presence of the C1
gluocopyranasol conformation [85]. The presence of a peak at 800 cm-1 assigned to
dextran suggests the presence of less than 5% alpha (1,3) glucoside bonds, making it
highly linear [84] (Figure 4.9). The tentative assignments of peaks in the ATR-IR
spectra are summarised in Table 4.6.
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Table 4.5 Tentative assignments of the peaks observed in the Raman spectra.
Pristine
PEDOT:PTS
197, 205
299, 327, 394
430, 496, 518
549, 589

209
311, 389
443, 492, 518
564

C-S stretching in PEDOT
CO2 out-of-plane deformation
CO2 rocking deformation
CO2 out-of-plane deformation / SO2 scissoring

602

601

687

687

691

774

715

733

844
875
892
915

848

847

CO2 in-plane deformation
Sextant ring deformation in phenylalanine like
fragment
Aromatic C-H deformation / E-E Fragment γC-H
deformation in dextran / C-O-C symmetric
stretches in cyclic esters
E-A Fragment γC-H deformation in dextran
A-E Fragment γC-H deformation in dextran

997

937, 984

F6 Powder

240, 410
420, 462

PEDOT:PTS:F6

812

1026
1056

915

Tentative assignments

A-A fragment γC-H deformation in dextran

944, 962, 997

C-C νs

1007

1010

Sulphonate bands (S=O) νs

1037
1084

1021
1049, 1085

C-H def.
C-C and C-N νs

1106

C-C and C-C-N νas

1116
1144, 1203

1128

1126, 1161, 1194

C-O νs in alcohols and phenols

1218, 1226
1286, 1292
1305, 1317

1212, 1227
1256, 1288

1234
1274, 1296

C=S νs
C-O νs in carboxylic acid derivatives
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Figure 4.9 FT-MIR spectra of powdered dextran (black), pristine PEDOT:PTS
coated microelectrodes (red) and PEDOT:PTS:Dextran coated microelectrodes.
Blue dotted lines show bands that belong to only dextran, while red dotted lines show
bands contributed just by PEDOT:PTS matrix.

Table 4.6 Tentative assignments of the peaks observed in the ATR-IR spectra.
Pristine
F6
Dextran
PEDOT:PTS:F6
PEDOT:PTS:Dextran
PEDOT:PTS Powder
Powder
664
671

674, 680

659
670

671, 679, 684

685, 689
700, 751

710, 729, 745
757, 763

705, 762

700, 731, 744
758, 762

811

780, 816

816

780, 800, 815

211

Tentative
Assignments
Quad.
Ring
deformation
Sextant
ring
deformation
in
phenylalanine
Aromatic
C-H
deformation
E-E Fragment γC-H
deformation in dextran
/ C-O-C symmetric
stretches in cyclic
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esters
829, 837, 848

C-C and C-N νs

864, 873

915
950

887, 896
914, 919
935, 949, 960

1014

1011

975

980

887, 896
913, 930
949

1002

1012

1138, 1174

1050

867, 874

928

1050

1033

E-A Fragment γC-H
deformation in dextran
A-E Fragment γC-H
deformation in dextran
A-A fragment γC-H
deformation in dextran
C-C νs
Sulphonate
bands
(S=O) νs
C-H def.

828, 846

864, 878
917

1032

847

1033
1068

1049

1104

1106

1040,
1069
1107

1171

1122, 1183

1157

1128, 1181

1223

1213

1208,
1238

1214, 1224

C-C and C-C-N νas
C-O νs in alcohols and
phenols
C=S νs

1258
1298

1260,
1330

1356
1379
1394
1453, 1472
1493
1509
1625

1420,
1447
1498
1540
1605
1649
1666

2969, 2999

2955

3268
3347
3661

3499

1268

1272

1288, 1292

1310, 1321
1331, 1346

1343

1321, 1331
1347

1359

1359

1360

1378

1375

1395

1399

1438, 1454
1471, 1480
1500, 1516
1548, 1567
1599
1637
1660, 1684
2820, 2845
2869
2920, 2924
2973, 2998
3053, 3287
3361, 3471
3665, 3673

1416,
1458
1502
1560
1649
1659

2916

3300

1432, 1438
1498
1518, 1533
1550, 1567
1577, 1600, 1618
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Further, Raman mapping followed by component DLS analysis was performed to
identify the F6 and the PEDOT:PTS components in electrodeposited films. The 585
212

Analysis of the Neurotropic and Anti-inflammatory Effects of Neuroelectrode
Functionalisation with a Heparan Sulphate Mimetic
cm-1 band corresponds to SO2 scissoring vibrations from PEDOT:PTS polymer, while
bands at 997 cm-1 and 1021 cm-1 correspond to C-C stretches and C-H deformations
observed in F6. Figure 4.8C shows a component analysis of these bands, where red
pixels represent the F6 component and green pixels represent the PEDOT:PTS
component, suggesting a uniform distribution of the F6 within the PEDOT:PTS:F6
coated microelectrodes. On comparing Figure 4.8D to Figure 4.8E and Figure 4.8F,
a greater contribution from the C-H deformation in PEDOT:PTS:F6 films relative to
the PEDOT:PTS films was observed. The highest-intensity contributions however
were from the C-C stretches (Figure 4.8E). These results successfully confirmed the
presence of F6 on the surface of the PEDOT:PTS:F6 coated microelectrodes, with the
increase in hydrophilicity observed from the contact-angle studies attributed to the
sulphate groups from F6 being presented at the polymer surface.
Sulphate group vibrations are known to be weak and do not always appear in
vibrational spectra, especially in the presence of other strongly absorbing groups [86,
87]. Therefore, to discern the chemical composition of PEDOT:PTS:F6 coating
surface, X-ray photoelectron spectroscopy (XPS) analysis was conducted. Figure
4.8(G-I) show the surface analysis of pristine PEDOT:PTS, PEDOT:PTS:Dextran
and the PEDOT:PTS:F6 coated microelectrodes, respectively. All coated electrodes
were associated with XPS peaks corresponding to neutral S, arising from the S-C
bonds in PEDOT (163.7 eV) (Figure 4.8G) [88], and peaks arising from the 2p3/2 and
2p1/2 states of the sulphonates present in PTS (164.7 and 165.2 eV) (Figure 4.8H)
[89]. The presence of peaks arising from the 2p3/2 and 2p1/2 states of the sulphates
from F6 (168.5 and 169.4 eV) were also observed (Figure 4.8I) [90]. This peak is not
present in the PEDOT:PTS:Dextran coated electrodes, while there appears to be some
sulphate impurity in the pristine PEDOT:PTS coated electrodes, which could be from
the electrolyte or formed during the electrodeposition process. The positions of C
peaks and the relative compositions can be found in Figure 4.10.
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Figure 4.10 The positions of C peaks and the relative compositions. A) X-ray
photoelectron spectra of (a) pristine PEDOT:PTS coated microelectrode, (b)
PEDOT:PTS:Dextran coated microelectrode, and (c) PEDOT:PTS:F6 coated
microelectrode showing the presence of carbon in various oxidation states. The C-N
bond cannot be used to discern the percentage of alanine moiety present as a
substitution on heparan sulphate mimetic-F6, because trace amounts of acetonitrile
from the electrolyte could be present contributing to this peak in all three coated
microelectrodes. C* denotes partially oxidised carbon. Table giving the relative
atomic percentages of these bonds in coated microelectrodes is presented in B) the
relative increase in the percentages of C*O,S/C*N and C*O,S(-COO)/C*N bonds
between PEDOT:PTS:Dextran and PEDOT:PTS:F6 (highlighted in bold), shows the
increase in N possibly due to presence of phenylalanine component in F6.
The data presented above reports on the super-hydrophilic chemical character of the
PEDOT:PTS:F6 coated microelectrodes owing to the successful incorporation of F6
compared to pristine PEDOT:PTS coatings. This favourable chemical surface
character of the PEDOT:PTS:F6 coating is important for material performance
towards the development of mimetic neural coatings.
4.4.2 Electrochemical Characterisation
The selection of dopants and their ionic nature are of particular importance in
electrochemical deposition, and the formulation of electrically stable conducting
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polymers as neuroelectrode coatings [33, 91-95] and ultimately impact upon the
materials physico-chemical, electrical and biological characteristics [33, 96].
Although a number of studies have shown that the incorporation of biomolecules as
dopants within a conducting polymer can initiate biological responses in vitro [2, 25,
27, 28, 34, 36, 97], a majority of these studies also note an associated deterioration in
the conducting polymer electrochemical properties relative to pristine polymers or
polymers doped with inorganic ionic species [32, 95, 98, 99]. Research to date on the
electrochemical effects of doping conducting polymers with biochemical molecules
has not been extended to the effect of HS mimetic incorporation into PEDOT
derivatives. However, initial physicochemical analysis indicated that PEDOT:PTS:F6
electrode coatings presented a significantly rougher, super-hydrophilic surface
relative to pristine PEDOT:PTS coating, suggesting that PtIr microelectrodes coated
with this chemistry would exhibit an enhanced charge transfer capability and neural
stimulation efficacy.
To assess the electroactivity and electrochemical stability of electrodeposited
chemistries, CV was performed with PtIr, pristine PEDOT:PTS and PEDOT:PTS:F6
coated microelectrodes, recorded in PBS with microelectrodes possessing a surface
area of 0.054 mm2 (Figure 4.11A). CV curves of PEDOT:PTS:F6 coated
microelectrodes demonstrated defined oxidation – reduction peaks and demonstrated
a strong capacitive behavior, especially within the potential range from -0.2 V to 0.8
V (vs. Ag/AgCl), when compared to PEDOT formed in the presence of conventional
sulphonate anion PTS only. Of note, the additional redox peaks observed in the CV
curve of PEDOT:PTS:F6 coated microelectrodes may further suggest the
pseudocapacitance behaviour of these electrodes [100]. This may be attributed to the
super-hydrophilic character of the PEDOT:PTS:F6 coating, which provides more
active sites to fully utilise the coating surface for more efficient ion transport,
therefore suggesting an active electrolyte interaction at the surface [100, 101].
As reported previously [102-104], PEDOT coatings have a strong beneficial effect on
the CSC of metallic microelectrodes, and a significant increase in the CSC was
observed following electrodeposition of PEDOT:PTS onto PtIr microelectrodes, from
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99.7 ± 17.2 μC mm-2 (9.9 ± 1.7 mC cm-2) for bare PtIr microelectrodes to 697.9 ±
23.7 μC mm-2 (69.8 ± 2.4 mC cm-2) for pristine PEDOT:PTS coated microelectrodes
(Table 4.7). The incorporation of F6 induced a further significant increase in the CSC
of coated PtIr microelectrodes, to a value of 899.5 ± 1.6 μC mm-2 (89.9 ± 0.2 mC cm2

).Critically this observed CSC was substantially higher than those recorded with

other conducting polymer-based systems employed in neural applications, e.g.
surfactant-templated ordered PEDOT (26.7 mC cm-2) [105], PEDOT-CNT (70 mC
cm-2) [106] and PEDOT:PSS (75.6 mC cm-2) [103].
Impedance

spectra

of

PEDOT:PTS:F6

and

pristine

PEDOT:PTS

coated

microelectrodes and a control PtIr microelectrode group were obtained via a three
electrode set-up to assess the effects of F6 doping on film resistance Figure 4.11B.
The Bode plot indicates that PEDOT:PTS:F6 coated microelectrodes exhibited the
lowest impedance profile in the low frequency range (below 1 Hz). For the rest of the
evaluated frequencies (1 Hz to 100K Hz), PEDOT:PTS:F6 coated microelectrodes
and pristine PEDOT:PTS coated microelectrodes show similar profiles, and a
significant decrease in impedance relative to uncoated microelectrodes in the 0.1 Hz
to 1K Hz range. Further, bare PtIr microelectrodes at higher frequencies (1 Hz to
100K Hz) presented low impedance values, while the ionic conduction behaviour of
the pristine PEDOT:PTS and PEDOT:PTS:F6 coated microelectrodes evolve towards
higher impedance magnitudes at this range of frequencies. This, in turn, relates to the
relaxation phenomena shown by the polymeric coated microelectrodes at the lower
frequencies where they presented a marked electrolytic/capacitance behaviour,
leading to higher impedance values at high frequencies [107, 108]. However, due to
the complex character of the impedance response, which is typical for
microelectrodes and microelectrode arrays [109], Nyquist plots were generated to
compare the resistance of the electrodes (Figure 4.11C). These plots display both
amplitude and phase angle on a single plot using frequency as a parameter, and, when
fitted with an appropriate equivalent electrical circuit, can be used to provide the
quantification of electrical properties of all elements of the circuit. Through detailed
analysis of the Nyquist plots, it was possible to report on the charge transport
mechanism and to extract solution resistance from the overall impedance profile and
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study only the parameters related to the properties of electrodeposited coatings [36].
The equivalent circuit for pristine PEDOT:PTS and PEDOT:PTS:F6 coated
microelectrodes included bulk solution resistance of the polymer and the electrolyte
(R1), double layer capacitance (C1), resistance of the electrolyte (R2), constant phase
element (CPE), charge transfer (R3) and Warburg impedance of the polymer coating
(W), second capacitor element (C2) as well as charge transfer resistor (R4), (Figure
4.11D) as described previously [110]. In the case of bare PtIr microelectrodes, the
equivalent circuit was the same except for the Warburg impedance element as the
polymer coating was not present (Figure 4.11E). The simulation data confirmed the
lowest resistance profile of PEDOT:PTS:F6 coated microelectrodes (17.0 ± 3.5 kΩ),
when compared to pristine PEDOT:PTS (41.9 ± 2.1 kΩ) and bare PtIr (591.9 ± 144.8
kΩ) microelectrodes (Table 4.7).
It can be hypothesised that F6 acted as a stable dopant for PEDOT, as observed with
electrodeposited PEDOT:PSS, for which positively charged PEDOT oligomers are
attached to the negatively charged, high molecular weight PSS, resulting in the
stacked arrangement of polythiophene rings responsible for high conductivity of the
material [111, 112]. Similarly, it can be hypothesised that the F6 counterion enhances
the self-arrangement of growing PEDOT chains with more defined oligomers than
occurs in the presence of PTS alone [15, 111, 112]. It can also be argued that the
morphological and super-hydrophilicity properties of the PEDOT:PTS:F6 coated
microelectrodes, further increase the availability of sites for charge transfer and
contribute to the observed improvement in CSC of PEDOT:PTS:F6 coated
microelectrodes relative to pristine PEDOT:PTS coated microelectrodes which are
represented by the increased conductivity of the PEDOT:PTS:F6 coated
microelectrodes [15, 82, 113]. The benefit of F6 as the counterion for the
functionalised PEDOT:PTS:F6 coating is here shown with the potential of a
structure-electronic surface that lays foundation for future coating-electrode design.
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Figure 4.11 Electrochemical analysis of PEDOT:PTS:F6 coated microelectrodes.
A) Cyclic voltammograms (CVs) of bare Platinum/Iridium (PtIr) microelectrodes,
pristine PEDOT:PTS and

PEDOT:PTS:F6 coated microelectrodes. CVs were

recorded in 1X phosphate-buffered saline (PBS) at a scan rate of 100 mV s-1. Bode B)
and Nyquist C) plots comparing the EIS spectra of bare Platinum/Iridium (PtIr)
microelectrodes, pristine PEDOT:PTS, and PEDOT:PTS:F6 coated microelectrodes.
D) and E) represent the electrical equivalent circuit used to analyse experimental
data of the coated microelectrodes and bare Platinum/Iridium (PtIr) microelectrodes,
respectively. Results are ± STD.

Table

4.7

Electrochemical

performance

of

PEDOT:PTS:F6

coated

microelectrodes. The charge storage capacity (CSC) was evaluated from the cathodic
region of cyclic voltammograms (CVs) recorded in 1X phosphate-buffered saline
(PBS) at 100 mV s-1 scan rate (potential range: -0.8 V to 1 V vs. Ag/AgCl). The
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calculated resistance values (R3) of bare Platinum/Iridium (PtIr) microelectrodes,
pristine PEDOT:PTS and PEDOT:PTS:F6 coated microelectrodes after equivalent
circuit analysis. Results are ± STD. N=3

PtIr
Pristine PEDOT:PTS
PEDOT:PTS:F6

4.4.3

CSC,
[μC mm-2]
99.7 ± 17.2
697.9 ± 23.7
899.5 ± 1.6

R3
[kΩ]
591.9 ± 144.8
41.9 ± 2.1
17.0 ± 3.5

Biological Characterisation

The aim of reducing inflammation while promoting neural tissue integration and
maintaining device functionality represents a paradgime of the field of bio-interface
engineering [21, 30, 98, 114-120]. GAGs, as key components of the ECM
architecture, and as charged biomolecules that can act as counterions in the
electrochemical polymerisation of conducting polymers, represent ideal dopants for
the formulation of functional conducting polymer interfaces to modulate cellular
function and tissue homeostasis [121, 122].
In particular, the HM F6 has been shown previously to present efficacy in the
regulation

of

neurodegenerative

diseases

including

the

tauopathies

and

synucleinopathies in vitro and in vivo by blocking the internationalisation and
propagation of protein aggregates [60]. Therefore, it was the hypothesis of this work
that through the incorporation of the F6 as co-dopant for EDOT electrical
polymerisation biomimetic coatings could be developed to promote neural integration
and minimise the inflammatory response associated with reactive gliosis in vitro.
Initially, to determine a release profile of the HS mimetic F6 from the PEDOT:PTS
polymer and to understand the bioactivity of the F6 in subsequent in vitro culture
studies, the elution profile of PEDOT:PTS:F6 coated electrodes was assessed through
a spontaneous passive mode over a period of 21 days simulating in vivo conditions
(constant aggitation under 37° degrees), (Figure 4.12). The spontaneous elution
profile shows an initial burst of the F6 taking place within the first three days of the
experiment with observed eluted F6 concentrations of 5.9 µg ml-1 cm-2, followed by a
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slow increase by day seven to reach a plateau with a released concentration of F6 of
11.1 µg ml-1 cm-2 by day twelve. This behavior is consistent with the commonly
observed pattern of spontaneous passive release of biomolecules from polymeric
matrices observed by others [21, 123, 124], a trend associated with the elution of the
active molecules from the near-surface region of the matrix.
Further, and in recognition of the excellent electrochemical properties of the
PEDOT:PTS:F6 coatings, these results were compared to an electrically active mode
of F6 release from bio-functionalised coated electrodes to evaluate the effective
release of F6 in response to a therapeutically relevant voltage pulse (Figure 4.12). It
has been shown that when bioactive counterions enter a polymeric conducting matrix
and under electrical stimulation regimes, the matrix expands and when they exit it
contracts, called electrochemical actuators [125]. Thus, the extent of expansion or
contraction of the electroactive controlled system allows, for spatial and temporal
release modes to be achieved [125, 126]. PEDOT:PTS:F6 coated microelectrodes
were subjected to a biphasic potential pulse of 5-second duration to apply a reduction
potential (-0.5 V) followed by a 5-second application of an oxidative potential (+0.5
V). Stimulation conditions mimicked those of the passive study but under a
stimulation regime of 50 cycles (corresponding to 500 s) every day over a period 21
days (approx. 1000 stimulations in total) [31, 127-129].
In contrast to the spontaneous passive release of F6, with electrically triggered
PEDOT:PTS:F6 coated electrodes the concentration of F6 increased linearly over
time and to reach a concentration of 44.7 µg ml-1 cm-2 by day 20, a concentration that
was shown to promote high cell viability (Figure 4.4) when added unbound into
culture. Interestingly, the F6 released from electrically active electrodes exhibited a
release profile similar to that of the electrically passive electrodes until day seven.
Following this initial period, bi-phasic stimulation induced a linear release of
significantly higher amounts of F6 than those of electrically passive electrodes. Thus,
it is the substantial amount, especially when comparing the time of active stimulus
application (3 hours) to the total time of passive release (504 hours). Evaluation of F6
release triggered by electrical stimulus revealed the active contribution of 66% to the
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totally eluted mass in 0.6 % of the total time. It follows that by modification of the
electrode stimulation parameters, it may be possible to temporally control the release
profile of F6, to maximise the therapeutic potential in vivo or to prolong the elution
period

[127],

important

considerations

for

future

work

into

developing

functionalisation approaches for long term applications.

Figure 4.12 Concentration profile of heparan sulphate mimetic- F6 released from
PEDOT:PTS:F6 coated electrodes in the passive (orange squares) and active (red
dots) modes for a period of 21 days under simulating in vivo conditions (constant
aggitation under 37° degrees). For the active release mode, 50 stimulation cycles
were applied every day over 21 days which resulted in approx. 1000 stimulations
over this period. The stimulation regime was a biphasic potential pulse, consisting of
a 5-second application of a reduction potential (-0.5 V) followed by a 5-second
application of an oxidative potential (+0.5 V). Results are ± STD.
To further assess stability of the electrochemical performance of the coated
microelectrodes, pristine PEDOT:PTS and PEDOT:PTS:F6 coated microelectrodes
and bare PtIr microelectrodes were subjected to 1000 continuous stimulation cycles
corresponding to the cumulative stimulus used for the active release mode of the F6.
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The final performance of the microelectrodes was evaluated in terms of changes in
charge storage capacity after stimulation as detailed in Figure 4.13. Electrodes
exhibited maintained electrical integrity after electrical stimulation conditions, with
the incorporation of the F6 within the PEDOT matrix.

Figure 4.13 Electrical stability of the PEDOT:PTS:F6 microelectrodes. Plot of
percentage loss of charge storage capacity (CSC) after 1000 continuous stimulation
cycles of biphasic potential pulses, consisting of a 5-second application of a
reduction potential (-0.5 V) followed by a 5-second application of an oxidative
potential

(+0.5

Platinum/Iridium

V).

Important

(PtIr)

significant

microelectrodes

differences

and

the

between

the

PEDOT-based

bare
coated

microelectrodes were observed. PEDOT:PTS:F6 coated microelectrodes were the
most stable followed by pristine PEDOT:PTS coated microelectrodes and bare
Platinum/Iridium (PtIr) microelectrodes after. Results are ± STD, ★ = p< 0.05.
The bioactivity of PEDOT:PTS:F6 coatings was evaluated in vitro with planar
1.6 cm2 platinum (Pt) coated electrodes using a primary ventral mesencephalic (VM)
mixed neural cell population. A non-sulphated polymeric dextran was also used as
negative control to understand the effect of the sulphation pattern provided by the
mimetic on cell function. A sputtered platinum (Pt) group was also used in the in
vitro studies as a representative electrode control material.
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Figure 4.14A shows representative fluorescent micrographs of VM derived mixed
cultures of neurons and astrocytes cultured on experimental and control electrodes.
All groups were evaluated over a period of three, seven and ten days in culture. The
persistence of neurons and astrocytes on each of the experimental and control groups
as a function of time is presented in Figure 4.14B. It was evident that electrodes
subjected to the electrodeposition of PEDOT:PTS doped with non-sulphated
polymeric dextran (PEDOT:PTS:Dextran) induced an overall marked increase in
astrocyte density, accompanied with a significant decrease in neuronal presence as a
function of time. A trend that contrasted significantly to all other experimental groups
and to Pt control substrates. By day ten, the PEDOT:PTS:Dextran coated electrodes
exhibited an astrocytes presence of 92.86 % and a neurons presence of 7.15 %. In
contrast, a maintained significant lower presence of astrocytes on PEDOT:PTS:F6
coated electrodes over that of Pt control and pristine PEDOT:PTS coated electrodes
was consistently observed over time, findings that were coupled with an interesting
and significantly higher presence of neural density on these electrodes at each time
point relative to all the experimental and control groups. By day ten, the recorded
percentage of astrocytic cell density on the PEDOT:PTS:F6 coated electrodes was
42.86 % with a percentage of neuron presence of 57.14%, followed by pristine
PEDOT:PTS coated electrodes with a 46.39 % astrocytes presence and a 53.60 %
neuron presence and Pt controls with 61.97% astrocytes presence and 38.03% neural
density.
In conjunction with cell density, as an indicator of cell viability, neurite length on
experimental and control substrates was also analysed (Figure 4.14C). At day three,
similar neural lengths were observed in neurons cultured on pristine PEDOT:PTS
coated electrodes and PEDOT:PTS:F6 coated electrodes with neural lengths of
142.21 µm ± 4.21 and 149.60 µm ± 7.45 respectively. Neurite length was
significantly lower than those of neurons cultured on Pt electrodes on which mean
neurite length was of 175.08 µm ± 10.55, but significantly higher than the neurite
length observed on the PEDOT:PTS:Dextran coated electrodes of 18.85 µm ± 3.15.
This trend was lost by day seven and neurite lengths were significantly increased on
PEDOT:PTS:F6 coated electrodes relative to Pt control and PEDOT:PTS coated
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electrodes. However, neurite length on the non-sulphated polymeric dextran
PEDOT:PTS:Dextran control samples could not be quantified at the subsequent time
points due to a significantly reduced neuron presence, rendering the application of the
stereology method used for the quantification of length invalid.
Additional significant differences in neural length were observed by day ten, with
significant neurite elongation exhibited in cells cultured on the PEDOT:PTS:F6
coated electrodes (589.20 µm ± 2.90) relative to bare platinum control (566.36 µm ±
6.35) and pristine PEDOT:PTS coated electrodes (325.76 µm ± 4.66).
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Figure 4.14 Cytocompatibility of PEDO:PTS:F6 coated electrodes. A) Fluorescent
images of primary ventral mesencephalic (VM) mixed cell population grown on each
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of the bare platinum (Pt) electrodes and pristine PEDOT:PTS, PEDOT:PTS:Dextran
and PEDOT:PTS:F6 coated electrodes for three, seven and ten days in culture.
Neurons are visualised by anti β-tubulin III, in red, astrocyte cells by anti-GFAP, in
green and nuclei are visualised by DAPI, in blue. Bar = 20 µm, objective 60×
magnification. Cell density (%) analysis of astrocytes and neurons presence on each
of the electrodes is presented in B). An overall significant (p < 0.05) enhancement in
viability of neurons was observed in PEDOT:PTS:F6 coated electrodes. Neural
length analysis of electrodes presented in C) showed with significant (p < 0.05)
longer neurite lengths the neurons grown on PEDOT:PTS:F6 coated electrodes,
suggesting on an overall neurotrophic effect of these electrodes owing to the presence
of heparan sulphate mimetic-F6. Results are ± STD. ★ = p< 0.05.
These results show that the PEDOT:PTS:Dextran coated electrodes overall induced
poor viability of the primary VM neural population relative to pristine PEDOT:PTS
coated electrodes and functionalised PEDOT:PTS:F6 coated electrodes, resulting, as
a consequence, in an over proliferation of astrocytes. Moreover, this finding has
implications for the role of sulphation on the modulation of neural survival, as seen
by others [36, 130-132]. In fact the incorporation of the F6 within the PEDOT:PTS
polymer matrix showed that these coatings do not enhance astrocyte proliferation and
adhesion relative to control Pt and to pristine PEDOT:PTS coated electrodes for up to
ten days in culture, rather, the presence of F6 significantly enhanced neuron survival
and supported neurite extension of the mesencephalic neuros in vitro relative to all
experimental and control groups. Therefore, a neurotrophic effect imparted by F6
incorporated in the PEDOT:PTS polymer matrix is suggested.
Further, the synthesis of pro-inflammatory cytokines from VM populations was
assessed in vitro to support the inflammatory modulatory effect of F6 when
incorporated in the PEDOT:PTS matrix. Chemokines IFN-, TNF-α, IL-6, IL-5, and
KC/GRO were selected for analysis, signaling factors involved in mediating
neuronal-glial interactions [133, 134] [65, 135-139]. The release profiles were
compared across the experimental groups, controls and with an additional
inflammatory control group, VM cells cultured on Thermanox® Plastic Coverslips
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(tissue culture plastic) which received a stimulus of interleukin-1beta (IL-1β) at a
dose of 10 ng ml-1. Optimisation of different concentrations of IL-1β as inflammatory
stimuli on VM cells cultures is shown in Chapter 3.
The secretion of pro-inflammatory cytokines and chemokine factors in mixed cell
populations cultured on all experimental and control groups is presented in Figure
4.15A-E.
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Figure 4.15 Comparative pro-inflammatory derived cytokines and chemokine
factor profiling for interferon-γ (IFN-γ;A), tumor necrosis factor- α (TNF-α;B),
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chemokine factor CXCL-1 (KC/GRO;C), interleukin-6 (IL-6;D) and interleukin-5
(IL-5;E). The release expression of each of the signaling molecules is analysed from
primary ventral mesencephalic (VM) mixed cell population supernatants collected at
day three, seven and ten days on bare platinum (Pt) electrodes, pristine PEDOT:PTS,
PEDOT:PTS:Dextran and PEDOT:PTS:F6 coated electrodes. An important effect is
seen on the PEDOT:PTS functionalised with the heparan sulphate mimetic-F6 coated
electrodes, which presented significantly low release profiles for each cytokine and
chemokine factor analysed after ten days in culture. Results are ± STD, ★ = p< 0.05.
Figure 4.15A-B show the release profiles of IFN- and TNF-α, respectively. These
cytokines are known to act in synergy [140-142], and showed a similar release
profile. It was observed that the release of IFN- from VM cells cultured on
PEDOT:PTS:F6 coated electrodes underwent a linear decrease with time, and was
significantly lower by day ten relative to IFN- synthesis on Pt control, PEDOT:PTS
based-coated electrodes, and inflamed control, respectively. Interestingly, the IFN-
release profile of VM cells cultured on Pt and pristine PEDOT:PTS coated electrodes
was

maintained

at

comparatively

similar

levels

by

day

ten.

Further,

PEDOT:PTS:Dextran coated electrodes induced the second highest VM release
profile of IFN- after that of cells cultured on the inflamed control. Conversely, TNFα release profiles showed an overall linear decrease with time from VM cells cultured
on bare Pt electrodes, pristine PEDOT:PTS and PEDOT:PTS:F6 coated electrodes,
yet cells cultured under inflamed conditions and on PEDOT:PTS:Dextran control
groups presented a consistent increase in TNF-α release. By day ten, a significantly
higher release profile of TNF-α was observed with VM cells cultured on the
PEDOT:PTS:Dextran coated electrodes which was comparable to that observed in
VM cells cultured under inflamed control conditions. Control Pt, pristine
PEDOT:PTS and PEDOT:PTS:F6 groups, were associated with a significant
reduction in TNF-α synthesis, with an overall significantly lower TNF-α expression
by the cells cultured on the functionalised PEDOT:PTS:F6 electrodes.
VM cell expression of the chemoattractive factor CXCL1 [143, 144] also known as
KC/GRO, was significantly reduced at all time points when cultured on
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PEDOT:PTS:F6 coated electrodes relative to all experimental and control groups
(Figure 4.15C). In contrast, a significantly higher production of KC/GRO was
observed with control PEDOT:PTS:Dextran coated electrodes and with the inflamed
group.
Further, an increase in the secretion of cytokines IL-6 [145, 146] (Figure 4.15D) and
IL-5 [147-149] (Figure 4.15E), as result of the co-stimulatory cross-talk of cell-cell
interactions produced by the nature of the mixed VM populations was observed,
indicating the biological protection offered by the PEDOT:PTS:F6 coated electrodes
relative to control Pt electrodes, pristine PEDOT:PTS and PEDOT:PTS:Dextran
coated electrodes, and inflamed control respectively. Also, the release expression of
IL-6 and IL-5 by the VM populations cultured on the PEDOT:PTS:Dextran coated
electrodes, reflects on the overall promotion of a more pro-inflammatory milieu,
which relates to the poor VM cell viability and neural outgrowth observed on these
electrodes.
The modulation of cytokine and chemokine activity in VM populations cultured on
PEDOT:PTS functionalised with F6 indicates the protective effect of F6 on matrix
proteins from protease activities [35, 44], which translates to an enhanced availability
[40, 54, 65, 144] of neurotropic growth factors.
Considerable research has shown that the ECM presents a spatial network of
functional GAGs moieties located on proteoglycans which are present at the cell
surface [151-152] and exert biological activities by interacting with a broad spectrum
of protein ligands including growth factors, cytokines and ECM proteins [152]. The
molecular mechanism of GAGs like HS that mediate cell signaling has been
extensively studied, and a high binding affinity for FGF-2 promotes the formation of
a stable tertiary signal complex [153]. HS-protein binding processes are known to be
mediated by specific sulphation patterns that recognise protein binding sites [154]
and promote cellular signaling processes including cell proliferation and
differentiation [73] and more specifically, they play essential roles in inflammation
[65, 155], wound healing [156], angiogenesis [157] and anticoagulation [158, 159].
Of note, all these processes are not mediated by a single generic HS polysaccharide,
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but by many different HS species which differ in their sulphated disaccharide profile.
Here F6, a chemically modified molecule from the HM library was synthesised with a
0.7 (70%) statically available sulphate substitution (dsS) along the saccharidic chains
of a sulphation pattern on 2-0-sulphated in percentage (Figure 4.3). These structural
properties of F6 have particularly important correlations with the findings within this
work and it can be hypothesised that the neurotrophic and neuroprotective effects
observed with PEDOT:PTS:F6 coated electrodes were potentiated through binding
with the anionic characteristics of F6. In consequence, potentialise the binding with
secreted neurotropic growth factors such as FGF-2 [151, 152, 160] and VEGF [161,
162].
FGF-2 has been shown to promote neural survival and the development of ventral
midbrain neurons with a neurotrophic function that enhances neural networking,
neural outgrowth and guidance [163-166]. Moreover, VEGF has been shown to
promote neuroprotection indirectly by activating the proliferation of glia and by
promoting neurogenesis and neuronal patterning in mixed embryonic VM cultures
[167, 168].
Therefore, as a proof of concept study, the binding capacity of F6 with FGF-2 and
VEGF were assessed with a competitive binding affinity assay as previously
described [73] (Figure 4.16). The binding potential of F6 and other exogenous GAGs
HS and heparin to FGF-2 and VEGF was assessed within the limits of F6
concentrations that were previously shown to maintain high cell viability (Figure 4.4)
when added unbound into the culture medium. Heparin was used as a biochemical
control (100% relative effect), and naturally occurring HS as relevant physiological
control. Dextran was further used as a non-sulphated GAG control.
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Figure 4.16 Glycosaminoglycans competition assay towards FGF-2 and VEGF
binding. F6 shows a strong binding capacity to FGF2 and VEGF in a heparin-like
manner.
Figure 4.16 (A-B) shows the binding of F6 to FGF-2 and VEGF respectively. It is
interesting to observe that F6 binds to both growth factors in a heparin-like manner,
suggesting the presence of structural binding motifs with 2-O-sulfated and 6-Osulfated domains for the binding with FGF-2 and VEGF growth factors, respectively
[169-172]. But further, this data suggests that F6 adopts a favourable molecular
conformation in solution that facilitate the recognition of important biological growth
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factors compared to the physiological control HS. The introduction of hydrophobic
moieties in polyanions, as is the case of the L-phenylalanine methyl ester in F6, can
be expected to increase their affinity for proteins and participate in the control of the
conformational changes associated to pathogenesis [78]. Our results suggest that there
is a structural rational for the binding potential of F6 to the studied growth factors.
This rational can be used to analyse these activities through recognition studies using
molecular and conformational analysis.
Overall, these findings are particularly important for neuroelectrode coating designs
with biological dopants as they not only show an overall reduction of inflammation
profiling while promoting neural growth through a mechanistic binding with growth
factors in vitro, but further open up the study of glycan mimetics to potentiate matrixtherapeutics strategies at the neural-tissue interface.
Complementary to the cytokine-protection response, and as part of a synergistic
approach with an in-house gliosis antibody microarray as previously detailed in [5],
the neuroprotective effect of the PEDOT:PTS:F6 coated electrodes was further
evaluated in the context of gliosis, a process shown to decrease adjacent neurons from
the electrode in vitro and in vivo conditions [5-9]. Details of the antibodies used and
their corresponding optimised concentrations are in Table 4.1.
Unsupervised clustering of the expression of pro-gliosis proteins was performed with
VM cells cultured on all experimental and control groups and an additional inflamed
control for three days (Figure 4.17A) and for ten days in vitro. (Figure 4.17B).
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Figure 4.17 Unsupervised clustering of all experimental and control groups and
inflamed control, respectively. This analysis clearly defined interestingly
hierarchical clusters between experimental sulphated groups: the chemical sulphated
pristine PEDOT:PTS coated electrodes and the biological modified PEDOT:PTS:F6
coated electrodes with the heparan sulphate mimetic-F6, and between controls
groups with non-sulphated patterns: control material bare platinum, the negative
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control for sulphation PEDOT:PTS:Dextran coated electrodes and tissue culture
plastic as inflamed control, at both days three A) and ten B) respectively.
PEDOT:PTS:F6 coated electrodes showed a remarkable intensity downregulation of
reactive astrocytes, microglia and calcium influx markers with an important
upregulation of neural response compared to all groups and controls at day three
and day ten, respectively. N = 3, 18 data points.
This analysis defined groups with hierarchical similarities between cells cultured on
experimental sulphated groups, the chemically sulphated pristine PEDOT:PTS coated
electrodes and the biological modified PEDOT:PTS:F6 coated electrodes with F6,
followed by control groups with non-sulphated patterns, i.e. control Pt, the negative
control for sulphation PEDOT:PTS:Dextran coated electrodes and finally tissue
culture plastic as inflamed control, at both three and ten days.
By day three, PEDOT:PTS:F6 coated electrodes induced a marked downregulation in
the expression of pro-gliosis proteins relative to all experimental, and inflamed
controls. Specifically reductions were observed in the expression of OX42/Iba1
(microglia) [173], GFAP and Nestin (reactive astrocytes) [174, 175], gliosis specific
markers such as cleaved spectrin αII [176],Smad3 [177], Chondroitin Sulphate [178]
and CD 81 [179, 180] , as well as from the changes of transient calcium seen by the
expression of L-type Ca2+ [181], PIEZO-2 [182], K+ channels such as TREK 1 [183],
and in the low intensity of proteins linked to inflammation such as VR1 [184] and
ANKTM1 [185]. Interestingly, by day three a high expression of the neural marker III
 Tubulin was observed relative to all experimental, controls and inflamed groups
(Figure 4.17A). By day ten although PEDOT:PTS:F6 coated electrodes shared a 90%
protein expression similarity with the pristine PEDOT:PTS coated electrodes, a
significant increase in the expression of -tubulin was observed, indicating a relative
increase in the presence of VM neurons on PEDOT:PTS:F6 functionalised electrodes
(Figure 4.17B). These findings are consistent with the noticeable neural survival
observed on the PEDOT:PTS:F6 coated electrodes (Figure 4.14B) and with the
suggested neurotropic effect of F6 relative to all experimental, control and inflamed
groups. Further and owing to the multifactorial markers of the hallmark of gliosis
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evaluated here with the microarray, the results also allude to the overall low
inflammation profile offered by the PEDOT:PTS:F6 functionalised electrodes F6.
In contrast, the negative control for glycan sulphation, the PEDOT:PTS:Dextran
coated electrodes, exhibited the lowest intensity of the neural marker, III  Tubulin
compared to all experimental, and control groups except the inflamed control, at day
three and further maintained by day ten. Interestingly, PEDOT:PTS:Dextran coated
electrodes induced a GFAP expression profile similar to that of VM cells cultured
under inflamed control conditions, but induced a marked differential intensity in the
expression of the K+ ion channel TREK 1 relative to all experimental and control
groups. This suggest a disruption of astrocyte K+ homeostasis, which has been shown
to help set the negative resting membrane potential of astrocytes and regulate
astrocyte reactivity [186], an effect that is reflected in the over-proliferation of
astrocytes observed on these coated electrodes relative to PEDOT:PTS:F6, pristine
PEDOT:PTS coated electrodes and Pt controls (Figure 4.14B).
Coupled with this, marked upregulations in the expression of cleaved spectrin αII
relative to the inflamed control group [176], together with a high expression in
Smad3 [177], and paxillian, an adhesion marker used for the healthy stellation of
astrocytes [187-189], indicated an overall significant influence on reactive astrocyte
adhesion on PEDOT:PTS:Dextran electrodes relative to PEDOT:PTS:F6 and pristine
PEDOT:PTS coated electrodes and Pt control electrodes. The further reduced
expression of OX42/Iba1 and VR1, markers for microglia [190], and increased
expression of ion channel proteins (L-type V [181] and PIEZO-2 [159]) by day ten,
may reflect the overall pro-inflammatory nature of PEDOT:PTS:Dextran coated
electrodes relative to PEDOT:PTS:F6, pristine PEDOT:PTS coated electrodes and Pt
control.
Experimentally, it has been demonstrated that the HS mimetic F6, when incorporated
in a PEDOT:PTS polymer matrix, is able to enhance neuron survival and support
neural outgrowth while maintaining a low inflammatory and low gliosis microenvironment in vitro.
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In order to assess the effects of F6 on the glycosylation profile of labelled protein
preparations VM populations, a lectin binding assay employing 26 lectins was
conducted following three and ten days of culture. Relative fluorescence intensity
(RFU) values for lectins that exceeded approximately five times the average median
background (1,000 RFU) were considered to have undergone glycan binding and
were contributed to the glycosylation pattern.
A marked binding intensity with the lectins SNA-I and AAL was observed in all
experimental and control groups (Figure 4.18), which indicated the presence of α(2,6)-linked sialic acid and fucosylation, respectively (Table 4.2). AAL has a binding
specificity with high affinity for α -(1,6)-linked fucose (Fuc) residues which are
found on the chitobiose core of N-linked oligosaccharides, and can also bind with
much lower affinity to α -(1,3)- and α -(1,2)-linked Fuc [191, 192] (Table 4.2).
Interestingly, α -(2,3)-linked sialic acid has been previously shown to be the most
abundant sialic acid linkage present in total brain tissue protein [193]. The
predominance of α-(2,6)-linked sialic acid in the VM cell protein preparations may be
characteristic of the particular type compared to total tissue.
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Figure 4.18 Histograms representing the differences in recognition of printed
lectins by each of the experimental groups and controls at day three A) and day
seven B) respectively. Microarray experiments were carried out using three replicate
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slides. The subarrays were printed with each lectin following the order detailed in
Figure 4.2 and incubated with fluorescently labelled protein preparations. Results
are average ± standard error. N = 3, 18 data points
At day three VM cells cultured on all experimental and control groups exhibited
glycosylation profiles with a high binding affinity to SNA-I and AAL, which
presented differential low binding affinity on inflamed and tissue culture plastic
controls and on PEDOT:PTS:Dextran coated electrodes relative to VM cells culture
on Pt controls and pristine PEDOT:PTS, with the highest binding observed in VM
cells cultured on PEDOT:PTS:F6 coated electrodes (Figure 4.18A). Further, VM
cells cultured on PEDOT:PTS:F6 functionalised electrodes, exhibited almost equally
intense binding for SNA-I and AAL, with SNA-I binding intensities significantly
lower than all other experimental and control groups. Critically, glycoprotein
sialylation is known to play a role in modulating the excitability of voltage-gated ion
channels, and in mediating cellular adhesion [194, 195]. Moreover, sialic acids can
function as ligands for sialic acid-specific receptors, such as siglecs and selectins,
facilitating cellular communication and signaling with roles in inflammation [194,
196] and cell fate [197].
Fucosylation, as identified through high binding affinity to AAL has a roles in
mediating interactions with selectins and α-(1,6)-linked fucosylation is a common
modification of the rat brain N-linked oligosaccharides [193]. This motif has been
shown to play an important role in regulating cell neurite formation [198] while a loss
of α-(1,6)-fucosylation has been shown to decrease hippocampal potentiation [199].
Interestingly, the observed higher binding affinity for α-(1,6)-fucosylation (AAL) in
VM cells cultured on PEDOT:PTS:F6 coated electrode relative to all experimental
and control groups may suggest the early trophic effect of F6.
By day ten all experimental conditions were associated with a reduction in SNA-I
binding efficiency relative to day three, except for VM cells cultured on
PEDOT:PTS:F6 coated electrodes, which exhibited increased SNA-I binding (Figure
4.18B). This binding intensity was comparable to all other experimental and control
groups at day three. This result may suggest a role for glycoprotein sialylation in
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modulating the excitability of voltage-gated ion channels [194, 195]. The promotion
of sialic acid expression through electrode functionalisation with the synthetic HS
mimetic may be as a response of neuronal control and network excitability through
electrical signalling, providing adequate conditions for the appropriate function of
neurons and synapses [200, 201]. This data can be further correlated with the
downregulation of voltage-gated ion channels observed by the VM cells cultured on
the functionalised electrodes, followed by pristine PEDOT:PTS coated electrodes
compared to all controls at day ten (Figure 4.17B). In turn, impairment of K+
buffering currents by the altered high expression of TREK-1 channels by astrocytes
on PEDOT:PTS:Dextran coated electrodes by day ten, may contribute, particularly to
the high sialic acid content observed on these electrodes [202-204]. Results that
suggest the importance of orchestrated variable sets of ion channels for homeostasis
[205]. Furthermore, the maintained expression of AAL binding for 1,6-fucosylation
may suggest to an overall temporal-regulation of intracellular signalling and neural
homeostasis offered by the presence of the HS mimetic.
4.5 Conclusion
In the search for biomimicry of the neuroelectrode interface, and with an ultimate
goal of mitigating electrode deterioration via reactive host cell response and glial scar
formation, PEDOT:PTS electrode coatings were functionalised with a heparan
mimetic as a biological dopant for the first time.
The use of F6 as a dopant within PEDOT:PTS electroactive coatings significantly
reduced the electrochemical resistance and increased the charge storage capacity of
PtIr electrodes, while maintaining electrode stability. Together, neuroprotective and
neurotrophic effects were observed in vitro with a significant reduction in the
inflammatory and gliosis profile noted in a complex primary mixed cell VM culture
accompanied by neurogenesis and neurotogenesis of the mesencephalic neurons.
These trophic characteristics can be explained by the potentiation of synthetic HS
mimetic-F6, in the binding of FGF-2 and VEGF growth factors to the functionalised
peri-electrode region.
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Bio-functionalisation of neural electrodes with PEDOT:PTS:F6 coatings show
promise as a functional approach to promote the integration of implanted electrodes
through the attenuation of glial scar response and through promoting a
neuroprotective response in vitro. This work further promotes the exploration of
further glycan mimetics to potentiate matrix-therapeutics strategies at the neuraltissue interface.
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CHAPTER 5
FUTURE DIRECTIONS
In this thesis, findings on the physicochemical functionalisation of a metal oxide and
topographical and biological functionalisation strategies of conducting polymers were
provided in the context of neurospecific biomaterials, shedding light on the valuable
impact of multi-functionalised strategies for biomedical applications (Figure 5.1).
However, it is important to recognise that each biomaterial platform is appropriate for
further work, mechanistic questions and different directions towards multidisciplinary
approaches.
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Figure 5.1 Multidisciplinary approaches for neural interfaces applications. A)
Anodisation of ITO, B) Micro-pit and C) GAG-mimetic functionalised electrodes,
respectively, as electrochemical, surface morphology, and cytocompatibility
strategies for the generation of neural interfaces with superior electrical and
biological characteristics.
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5.1 Platform Development
5.1.1

Dual Functionalisation

As complementary work to the topographical and biological functionalisation
strategies

of

PEDOT-based

materials

achieved

with

this

work,

a

dual

functionalisation approach using these platforms combined is proposed next. The
involvement of both topographical and biological processes in the success or failure
of the neural interface requires interdisciplinary efforts to solve a complex problem
(Figure 5.2).

Figure 5.2 Involvement of both biological and topographical functionalisation
strategies as interdisciplinary efforts for neural interface applications.
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Biological systems to improve neuroelectrode stability through enhanced charge
transfer capacity, increased neurite outgrowth, reduced gliosis potential with a
modulated inflammatory response could be achieved with the overall synergic effects
offered by the functionalisation approaches in a combinatorial approach. This is
proposed to potentiate the physicochemical and biological effects observed in the
work of this thesis. As this end-point was anticipated, the micro-imprinting protocol
was optimised at room-temperature to ensure compatibility with doped biological
molecules. It can be hypothesised that initial stability and selective cell adhesion at
the electrode interface can be realised through topographical functionalisation and
that stable electrode performance through an attenuated inflammation profile and a
reduction in reactive gliosis may be further promoted through glycochemical
functionalisation, as observed with the heparin mimetic F6. Critically, PEDOT:PTS
doping with F6 induced marked neurotrophic and neuroprotective effects in vitro,
with a proposed mechanism of action derived through F6 binding with neurotropic
growth factors. Moreover, future work will focus on dual functionalisation
approaches coupled with on-demand release of doped bioactive agents.
5.1.2 The influence of Electrochemical Modification on the Surface Properties of
ITO (Chapter 2).
Taking into account that the anodisation of ITO using current density of 0.4 mA cm-2
resulted in anodised ITO films with fewer internal voids, it can be assumed that
anodised ITO films will possess enhanced flexibility due to their high-packing
density relative to non-anodised films, an important consideration in next-generation
neuroelectrode design. Then, the effects of anodisation of the biocompatibility and
electrochemical properties of sputtered ITO films on flexible-less stiff materials, such
as

polyethylene

terephthalate

(PET),

polyimide

(PI),

parylene

C,

and

polydimethylsiloxane (PDMS) can be explored next towards minimising flexible cuff
microelectrodes and differences in mechanical strength between neural tissue and the
electrode surface. Further, using the flexible microelectrodes and the favourable
surface chemistry of the anodised ITO films as a function of oxygen content observed
with this work, will be interesting to propose a complete focused study on ECM
protein adsorption on these microelectrodes. These platforms may constitute
262

Future Directions
biomaterials for the modulation of cell behaviour from the protein - ionic availability
at the surface, resulting in identification of particular cues for bioengineering the
interface with control of chemical, morphophysical, and electrical properties.
Together with the flexible bioelectronics of the ITO microelectrodes and with the
differential presentation of protein/ions at surface, these platforms will allow local
modulation of cell viability, growth and substrate adhesion. This, in fact, may have an
important impact on electrophysiological recording functionality and in vivo
translation. Figure 5.3.
In addition, and although we found a favourable response with a single aqueous
electrolyte, the effects of anodisation in the presence of biocompatible ionic liquids is
an interesting step forward of this work.

Figure 5.3 Pictorial representation of flexible ITO microelectrode arrays for the
fabrication of anodised electrodes
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5.1.3 Topographical Cues for The Modulation of Reactive Astrocyte Phenotype and
Neurite outgrowth for Neural Interfaces Application (Chapter 3)
As a complementary approach for the micro-pits topography utilised in this thesis, the
use of grooves and pillars is proposed using the low temperature imprinting
lithography developed here to transfer these patterns. This differential array of
topographies will constitute a mechanistic study towards understanding astrocyte
adhesion, particularly reactive astrocyte adhesion, through focal adhesion studies on
different topographies, and their response at the level of adhesion complexes or
adaptor proteins to recruit key components of their signal transduction machinery to
specific subcellular responses. This future research will help to elucidate the process
of reactive astrocytes adhesion at the electrode from the actin-cytoskeleton
phosphorylation cascades of these adherent cells. A custom-made protein array is
under way, designed by members of Bigg’s lab to help with this process. Figure 5.4.

Figure 5.4 Schematic of the fabrication process for the topographical
functionalisation of conducting polymer coatings for the modulation of reactive
astrocytes adhesion and function to be further evaluated through signalling and
interaction pathways.
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5.1.3.1 The Neural response to Topographically Functionalised Neuroelectrode
Surfaces with Vertical Silicon Nanowires (Manuscript in preparation)
Biologically relevant nanosurfaces which mimic the biological length scale may
prevent an adverse host response via the modulation of protein adsorption, cell
adhesion and the onset of a pro-inflammatory glial phenotype. Nanotopographical
functionalisation that integrates increased surface conductivity with enhanced host
integration is advantageous in neuroelectrode functionality to provide long-term
stability and enhanced charge transfer, for neural simulation and recording.
In particular, topographical modification holds much promise for the development of
chemically stable FDA approved materials in neuroelectrode development with
enhanced integration potential. A facile technology to fabricate nanotopographically
functionalised neuroelectrode interfaces composed of vertical silicon nanowires by a
block copolymer mask technique to enhance electrical conductivity and to serve as
potent modulators of cellular adhesion and proliferation was assessed. In particular,
this process circumvents the need for expensive and time consuming top-down
processes for the fabrication of topographically functionalised interfaces. Surface
functionalisation with sub-20 nm silicon nanowires, causes a significant reduction in
electrical impedance and increased photosensitivity relative to planar Si surfaces.
Furthermore, a reactive ion etching process was employed to modify the nanowire
heights from 40 nm to 1 µm, and marked increases in electrode electrochemical and
photoelectric properties were noted. It was observed that although nanowire
functionalisation enhanced key physicochemical properties of silicon neuroelectrode
systems, sub-20 nm nanowires adversely impacted on neuronal cell growth and
function in vitro through the down-regulation of key neuronal growth factors.
Critically, this study contributes to a deeper understanding of cellular interactions
with nanoscale neural interfaces and their role in the development of topographically
functionalised neuroelectrode systems with enhanced chronic functionality. Future
studies should focus on transferring this developed process to relevant biomaterials
with enhanced conducting properties, i.e. platinum and platinum/iridum alloys. But
further to potentiate these topographical features in flexible conductive polymer
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composites towards flexible bioelectronics with topographical roles for implantation.
Figure 5.5.

Figure 5.5 The neural response to topographically functionalised neuroelectrode
surfaces with vertical silicon nanowires.
5.1.4 Chemically Modified Conducting Coatings for Neural Applications (Chapter
4).
Although PEDOT doping approaches were found to induce significant effects on cell
function, it may be interesting to explore precise functionalisation approaches using
chemical immobilisation of the biological dopants on the backbone of the polymer or
explore radical polymerisation techniques for attaching customised polymers by
‘grafting to’ or ‘grafting from’ the conductive polymer backbone. This in fact, may
provide a versatile toolbox to propose systems for combined studies of electrical
stimuli and the coupling of glycanic mimetics. Composition, length and thickness of
the grafts will be an interesting initial start point to control cell-interaction, but further
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providing possibilities for matching of mechanical properties, enhanced electrical
properties and bioactivity.
Since it has been presented in this work that the structural orientation and
conformation of the mimetics may regulate binding and therefore increasing
bioavailabilities, studies with other glycanic mimetics can be at the base of more
efficient therapeutic applications controlling the structure features for in vivo
application in neural interfaces (Figure 5.6).

Figure 5.6 Biomimetic conducting coatings for the presentation of glycochemistries
at the neural interface.
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5.1.5 Ex vivo Whole Rat Brain Slice Model
With the prospect of elucidating functionality of these modification approaches in a
complex biological system, and in particular assessing the long term performance of
the electrode-tissue interface, ex vivo, and in vivo models need to be developed and
further applied.
Primary in vitro cell cultures allow the assessment of survival, maintenance of
morphology, and function as well as analysis of the influence of toxic or protective
biochemicals to be studied. However, isolated cells do not reflect the nature of the
organism due to the isolation and lack of contact with other cells. Thus, organotypic
cultures have been found to be an important step forward in simulating more in vivolike situations [1, 2]. Figure 5.7.
In this future work, organotypic whole brain slices from postnatal rats at an age of 11
days (P11) are proposed to be initially cultured for 7, 14 and 21 days and stained for
specific cell markers. These include microglia, astrocytes, dopaminergic neurons and
general neurons to assess the viability of the organotypic whole brain slices as an ex
vivo brain slice model for neural-electrode applications.

268

Future Directions

Figure 5.7 Organotypic whole brain slice cultures as ex vivo models. Brain slice
cultures can be effective models of neurodegenerative diseases and an important
translational step forward in simulating more in vivo-like conditionss.

Preliminary data obtained from organotypic whole brain slices is presented below.
The initial aim of this work was to obtain viable and reproducible whole brain
saggital slices and optimise a culture protocol.
In this preliminary work, an important contribution was received from a master’s
student, Mrs Laura Judge, with the quantification of the immunofluorescent images
as part of her master project, and from the PhD student Mr Enrico Bagnoli, with the
cutting of the whole brain slices.
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5.1.5.1 Material and Methods
-

Brain Slice Culture

Brain sagittal sections from P11 rat brain were cut and prepared using a LEICA
vibratome. Slices obtained were 400 µm in thickness. Postnatal rat pups of day ten
and twelve are recommended because of their better morphology, increased survival
and resistance to mechanical trauma during slide preparation [1]. A graphical
representation of whole brain slice is shown in Figure 5.8. It can be observed that the
slices effectively maintained their cryoarchitecture.

Figure 5.8 Whole brain sagittal slice after 21 days in culture. In a unique slice many
anatomical structures are conserved. Scale bar =5 mm.
The whole brain slices were kept in culture for three weeks. Brain slices were grown
in a humidified atmosphere of 5% CO2 at 37°C and culture in media (Dulbecco’s
modified Eagle’s medium/F12, 33 mM D-glucose, 1 % L-glutamine, 1% PS, 1 %
FCS, supplemented with 2 % B27). All the samples were cultured for 7, 14, 21 days
in sterile cell culture inserts of 0.4 µm, 30 mm diameter (Millicell®). Two whole
brain slices were plated on each insert, and then 1.5 ml of the culture medium was
added to each insert and changed with fresh media every two days for a period of 21
days.
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-

Immunofluorescent Labelling

After 21 days in culture, the whole slices were stained with 20 µl of Fluorescein
Diacetate (FDA) (Sigma) at a concentration of 1:100 followed by 20 µl of Propidium
Iodide (PI) (Invitrogen) at a concentration of 1:10, to establish viability. The
membranes around the slices were cut carefully and placed in 35 mm glass petri
dishes. After 30 seconds with the staining solution, this was removed and replaced
with 500 µl of PBS to be imaged. FTIC and PI filters respectively were used.
As a complementary assay for the evaluation of toxicity of the brain slices, Lactate
Dehydrogenase (LDH) analyse was performed, using the established method adapted
by Dr Una Fitzgerald’s group. See Appendix 1 for the protocol used.
To visualise astrocytes, general neurons, microglia and Tyrosine Hydroxylase (TH)
neurons at each time point (7, 14 and 21 days), slices were fixed using 10% Neutral
Formalin Buffer (NFB) for two hours followed by three washes with PBS. The
membranes around the slices were cut carefully to reduce the amount of reagent used,
and then placed on glass petri dishes. Slices were blocked and permeabilised for one
hour with 10% normal goat serum (NGS) and Triton X-100 at 0.4%. Note: NGS was
replaced with 10% horse serum when using the Iba1 goat antibody to visualise
microglia. By indirect double-immunofluorescent labelling, the slices were incubated
with primary antibody in NGS (2.5%) Triton X-100 (0.1%) in PBS (or 2.5% horse
serum for IBA1) for 48 hours at 4°C. Expression of dopamine by the presence of TH
and general neurons with β-tubulin III were evaluated with Anti-Tyrosine
Hydroxylase (TH) (MAB318, Merck Millipore, 1:1000), and anti-β-Tubulin III
antibody produced in rabbit (Sigma, 1:500), respectively. Expression of astrocytes
and microglia were evaluated, respectively with a 1:200 concentration anti-glial
fibrillary acidic protein (GFAP) antibody produced in mouse (Sigma, 1:200) and with
anti-rabbit Iba1 (Wako, 1:1000) with a concentration of 1:1000. Samples were
washed three times with PBS for fifteen minutes and then incubated overnight at 4°C
in the secondary solution antibodies. Note: the secondary antibody solution was in
NGS (2.5%) Triton X-100 (0.1%) in PBS. A secondary antibody Alexa Fluor® 488
goat anti-Mouse IgG / IgA / IgM (H+L) (Molecular probes) at a concentration of
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1:1000 for TH neurons and 1:500 for astrocytes respectively was used. Secondary
antibodies Alexa Fluor® 594 goat anti-Rabbit IgG (H+L) (Molecular probes) were
used at a concentration of 1:1000 for microglia and 1:500 for general neurons.
Samples were washed with PBS (fifteen minutes ×3) and mounted with
counterstained with slowfadeR gold antifade reagent with DAPI for nuclear staining.
-

Microscopy and Image Analysis

After immunostaining, samples were viewed with an Olympus Fluoview 1000
Confocal Microscope at a fixed scan size of 1024 by 1024 at a ratio 1:1. A minimum
of twenty random images at 10× magnification for live and dead analysis and at 40×
magnification for immunohistochemistry analysis were taken from each time point.
The cells were quantified using an unbiased stereological sampling method [3]. The
top and right lines of each square were the inclusion lines. Cells that hit the lines or
were close to the lines were counted [4, 5]. The number of dopaminergic neurons and
microglia at 14 days and 21 days were quantified by analysing five random fields of
view of three different images. Note: Day seven cultures were not used for
quantification because the slices were too thick to be imaged and further analysed.
-

Statistical Analysis

All data presented was confirmed using two replicates for each of time points
analysed. The results are expressed as the mean of the values ± standard deviation.
5.1.5.2 Preliminary Results: Important Observations
Whole brain sagittal slices were successfully cultured over a period of 7, 14 and 21
days. However, whole brain culture at day seven showed a very thick composition
attributed to the initial section thickness selected (400 µm). Then, this initial time
point was not included in the analyses owing to the difficulty of imaging of the
structural composition of the slice. However, this resulted in an important initial
thickness for subsequent experiments.
Figure 5.9A shows representative fluorescent micrographs of the whole brain slices.
Overall, the slice viability was achieved after 21 days with 64 % of general tissue
viability (Figure 5.9B). A result that coupled with the decreased levels of LDH
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production over time show that after 21 days in culture, the whole brain slices have
achieved a stable and highly viable state with low tissue damage (Figure 5.9C). This
is particularly important because this preliminary data may suggest that after 21 days,
the maturation and stabilisation of the slice are reached when cut at an initial
thickness of 400 µm. Thus, from this time point onwards the evaluation in culture of
electrodes and treatments can be applied and further analysis can be carried out.

Figure 5.9 Characterisation of whole brain slice viability. A) Fluorescent
micrographs showing the overall tissue viability at day 21 in culture through the
live/dead assay B) and LDH analysis in C) Live cells are shown in green, dead cells
in red. Scale bar 100 μm.
Further analysis showed difference in the quantification of dopaminergic neurons
presence between day 14 and day 21 evaluated at the striatum region (Figure 5.10A273
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B). This is interesting as this may coincide with the fact that dopaminergic
nigrostriatal pathway when using P11 pups develops during the first to second week
[6]. At day 21 in culture, the dopaminergic neurons present showed fibrous and
interconnecting morphology [6]. This region was in fact, chosen, as a particularly
interesting anatomical area for future development of Parkinson models using brain
slices.

Figure 5.10 Immunohistochemical characterisation of striatum region from a
whole brain slice cultures. A) Representative images demonstrating the presence of
general neuronal and dopaminergic neurons at 14 and 21 days in culture B). Scale
bar= 40 µm.
In addition, the quantification of microglia presence in the whole brain slice showed a
difference in the microglia cell number between day 14 and day 21 (Figure 5.11AB). However, further microglia length analysis of the ramification per cell presented
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in Figure 5.11C, showed that there is an increase in frequency of microglia
ramifications with lengths greater between 5 µm and 15 µm between these days.
These preliminary results show that the lengths of the ramification of the microglia at
day 14 are clustered between 0 µm and 7.5 µm lengths. By day 21, the distribution of
the lengths is more confined between 5 µm and 10 µm. This is an observation that
may indicate a less inflammatory microglia morphology over time. This preliminary
data contributes and correlates with the overall low toxicity seen in the whole brain
slices over time.

Figure 5.11 Immunohistochemical characterisation of whole brain slice cultures of
microglial presence. A) Representative images demonstrating the presence of
astrocytes (in green) and microglia (in red). A presence of microglia in the whole
brain slice was observed by day 21 in culture B). Length analysis of the microglia
ramifications showed that there is an increase in length over time C). Scale bar= 40
µm.
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These preliminary results shed light on important considerations such as initial
thickness of the slices and correlation for optimal time in culture for their maturation
and stabilisation. This will, in fact, dictate the functional cellular architecture of the
slices as an initial ex vivo model and screening tool. It is asserted by Humpel et al.
that functional whole brain slices can be obtained at 110 µm thickness [7]. There may
be space to optimise the thickness to achieve a functional cellular architecture whilst
still maintaining a 3D dimensional anisotropic.
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1. Background
A number of methods have been developed to study cell viability and proliferation in cell
culture. Various parameters associated with cell death and proliferation may be used to
determine viability. One parameter for cell death is the integrity of the cell membrane.
1.1 LDH Reaction
Lactate dehydrogenase activity is often considered to be a preferred marker for cell death
with in vitro cell models. LDH is a stable cytoplasmic enzyme present in all cells, and is
rapidly released into the cell culture supernatant upon membrane damage or cell lysis.
Quantification of LDH release is a rapid, reliable, and reproducible method for detecting
cell toxicity without disrupting or destroying the cells in culture, so they can also be assessed
morphologically. .
NADH reactant (not the NAD+ product) absorbs light at 340 nm, the course of the
reaction can be monitored by the decrease in the 340 nm absorption as reactant is converted to
product (Fig. 1). This assay will monitor the drop in absorbance as a function of time when a
mixture of sodium pyruvate and NADH is added to an aliquot containing an unknown amount
of LDH

Figure 1: Absorbance spectra of NADH and NAD.

1.2 Principle:
The activity of LDH can be measured as the reduction of pyruvate to lactate. The reduction is
coupled to the oxidation of NADH to NAD+:
LDH
Pyruvate + NADH + H+ <-----

NAD+ + lactate

3
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2. Materials
Multi-channel pipette
96-well plate
Spectrophotometer platereader with wavelength 340 nm (uv)
Clean reservoir
Eppendorfs
Ice

4
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3. Reagent Preparation
3.1 0.1 M Potassium Phosphate Buffer (7.5 pH)
 Mix 16 ml solution A and 84 ml of solution B (below)
 Dilute with distilled millipore water to a final volume of 200 ml
 Store for up to 3 months at room temperature
 Solution A & B can be kept indefinitely on the bench at room temperature.
Solution A: 2.72 g KH2PO4 per 100 ml (0.2 M)
Solution B: 3.48 g K2HPO4 per 100 ml (0.2 M)
3.2 10 mM Sodium Hydroxide (NaOH)
 Prepare 50 mM NaOH in Millipore water.
 Dilute 1/5 to 10 mM
 Store at room temperature indefinitely.
3.3 LDH standard
 Reconstitute contents in 1.8 ml of Potassium Phosphate Buffer
 Store in aliquots at -80C.
 Only thaw each aliquot once. Do not vortex; mix gently.
 Keep on ice during use.
3.4 Sodium Pyruvate Stock Solution
 Dissolve 0.110 g sodium pyruvate in 50 ml potassium phosphate buffer.
 Store at 4C for up to 24 months.
3.5 NADH Stock Solution
 Prepare 10 mM NADH in 10 mM NaOH and dilute 1/10 to 1 mM NADH
 Store 1 mM NADH in 2 ml aliquots -80C until use.
 Keep stock reagent protected from light and desiccated
 Working solutions may be stored up to a day at 4C.
3.5 Reagent Summary
Table 1: Reagent Summary
Name

MW

Source

Stock

Working

Storage
Aliquots at – 80C.

110.4

0.01 M

50 ml tube at 2-8C for 24 months

709.4

Sigma (N8129)

0.1 mM

Solution A
Solution B
NaOH
Triton X-100

136.09
174.18

Sigma (P3786)
Sigma P5655)
Sigma
Sigma

200
mU/ml
0.02 M
(2X)
1 mM
(10X)
0.2 M
0.2M
50 mM
25%

Various

Sodium
Pyruvate
NADH

Cayman
(10009321)
Sigma (P8574)

Aliquot at -20C, dark &
desiccated.
Room temperature
Room temperature
Room temperature
Store at 2-8C.

LDH

0.2 M
0.2 M
10 mM
0.5%
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4. Assay Protocol
4.1 Preparation of LDH Standards
 Obtain 8 eppendorfs and label 1-9
 Add 190 l of brain slice culture media (BSCM) into tube 1 and 100 l into tubes 2-9.
 Transfer 10 l of LDH standard into 1 and mix thoroughly to make a 10 mU/ml LDH
solution.
 Serially dilute the standard 1/2 by removing 100 l from tube 1 and transferring into tube
2; mix thoroughly (10 mU/ml; first standard). Repeat this procedure for tubes 3-9.
 Do not add any standard to tube 9 (this is the blank).
 Prepare 3 replicates (A, B, C) of LDH standards 2-9 by adding 25 l of each LDH
standard into triplicate wells of a fresh 96-well test plate (discard standard 1 since there is
different ratio of LDH to media)
Table 2: Preparation of solutions for LDH standard curve.
Tube
BSCM
LDH
stock

1
190

2
100

3
100

4
100

5
100

6
100

7
100

8
100

Mix &
add 100
to 3

Mix &
add 100
to 4

Mix &
add 100
to 5

Mix &
add 100
to 6

Mix &
add 100
to 7

Mix &
add 100
to 8

Mix
only.

100

100

100

100

100

100

100

5

2.5

1.25

0.625

0.313

0.156

0.078

S1

S2

S3

S4

S5

S6

S7

9
100

10
Mix & add
100 to 2

Leftover
Vol.
100
LDH
mU/ml
10
Standard
ID
(Discarded)
All volumes in l.

100
0
S8

4.2 Preparation of Samples
A) Sample Storage
 Collect approximately 0.5 ml of culture medium in an eppendorf tube (pre-labelled with well
ID) during each media change.
 Keep eppendorfs on ice or transfer to freezer immediately.
 Store culture medium at -20C until assay.
 As a positive control, expose one well to 0.5% Triton X-100 to lyse cells. LDH medium
from this well will be taken as maximal LDH release.
B) Sample Processing
 Allow samples to thaw at room temperature and briefly centrifuge. Once thawed, keep on
ice.
 Dilute samples (if required) in BSCM.
 Transfer triplicate samples of 25 l into the 96-well plate
 Unused media may be stored short-term at 4C for subsequent re-analysis.

4.3. LDH Reaction and Measurements
 Prepare working solution (only add NADH just before use): 10 ml sodium pyruvate, 8 ml
potassium phosphate buffer and 2 ml NADH.
 Mix working solution by shaking and transfer into clean reservoir
6
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 Using a multichannel pipette, add 175 l of working reagent to each well of the 96 well plate
containing media samples and standards.
 Mix quickly and gently by tilting plate andthen read plate immediately.
 Read the plate at 340 nm every 45 s for 9 minutes minutes.

Table 3: A typical 96-well setup for the LDH assay.
1
2
3
4
5
6
7
8
9
10
11
12
A
S8
S8
S8
M1
M1
M1
M9
M9
M9
M17
M17
M17
B
S7
S7
S7
M2
M2
M2
M10
M10
M10
M18
M18
M18
C
S6
S6
S6
M3
M3
M3
M11
M11
M11
M19
M19
M19
D
S5
S5
S5
M4
M4
M4
M12
M12
M12
M20
M20
M20
E
S4
S4
S4
M5
M5
M5
M13
M13
M13
M21
M21
M21
F
S3
S3
S3
M6
M6
M6
M14
M14
M14
M22
M22
M22
G
S2
S2
S2
M7
M7
M7
M15
M15
M15
M23
M23
M23
H
S1
S1
S1
M8
M8
M8
M16
M16
M16
M24
M24
M24
Standards (denoted S1-S8, see Table 2) media samples (denoted M, 22 total number), and controls (positive
control: 0.5% Triton X denoted T) are assayed in triplicate.

3. Data Analysis
3.1 Organise Data
 Average the absorbance readings of replicate wells of each LDH standard and media
samples
 Rearrange data
3.2 Plot Absorbance against Time
 Plot the time course of each standard and sample in Graphpad Prism.
 Inspect the curve and identify a time period where the curves are linear (i.e. r2 value > 0.9
and exclude others time points from graph)
3.3 Determine Slope (i.e. reaction rate)
 Plot the slopes (from step 3.2) against LDH standards
 Interpolate LDH concentration values of samples using this standard curve
3.4 Statistics
 Determine normality: Analyse – Column Analysis – select all tests – ok
 Go to: results – column stats – check whether data passed/failed test
 If passed: Analyse – Column Analysis – One-way ANOVA – Selected Values – Ok –
Select One-way ANOVA and Newman-Keuls post-test – Click the create descriptive
output box – ok – results – column stats.
6. Notes:
1. It is not necessary to use a physiological temperature if LDH activity is used for
detecting cell membrane damage (i.e. LDH leakage). Instead, measurements may be
performed at a constant temperature with an extended incubation time of 1 hr
(Kuznetsov and Gnaiger, 2010)
2. Air bubbles interfere with the measurement and must be removed prior to reading, e.g.
by quickly moving with a gas flame over the wells, hair dryer or syringe.
3. Two factors in tissue culture medium can contribute to background absorbance:
coloured compounds, such as phenol red, in medium and high concentrations of
animal serum (it may contain LDH)
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morphological, and topographical functionalization has been a major focus of
neural engineering over the past five
years.[1,2] A common occurrence following
electrode implantation is reactive gliosis
and the formation of a glial scar. This
encapsulating scar forms at the electrode–
tissue interface and accelerates neural
loss, increases electrical signal impedance,
and thereby compromises the efficacy of
a stimulating/recording system in situ.[1]
Biomimetic interfaces with multiple functionalities that facilitate stable charge
transfer in vivo while promoting enhanced
cell interaction, selection, and attachment are critical in chronic neuroelectrode functionality and
the development of advanced neural stimulation systems and
brain/machine interfaces.[3] In turn, important contributions in
organic bioelectronics as neural interface platforms possessing

Physicochemical modification of implantable electrode systems is recognized
as a viable strategy to enhance tissue/electrode integration and electrode
performance in situ. In this work, a bench-top electrochemical process to
formulate anodized indium tin oxide (ITO) films with altered roughness,
conducting profiles, and thickness is explored. In addition, the influence
of these anodized films on neural cell adhesion, proliferation, and function
indicates that anodized ITO film cytocompatibility can be altered by varying
the anodization current density. Furthermore, ITO-anodized films formed with
a current density of 0.4 mA cm−2 show important primary neural cell survival,
modulation of glial scar formation, and promotion of neural network activity.

1. Introduction
The modification of implantable electrodes for neural stimulation and recording through electrochemical, biochemical,
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favorable electrochemical properties for neural recording and
stimulation have been reported.[4–7]
Ongoing strategies in biomimetic design of the neural interface have focused on morphological, mechanical, and biochemical modification of the electrode–tissue interface to reduce
tissue damage and promote electrode integration through
device miniaturization, the development of flexible polymer
systems, and the localized delivery of antifibrotic or neurotropic
chemistries.[8,9] Traditionally, chemically inert conductors such
as gold, platinum, and iridium, as well as semiconductors such
as silicon, have been widely employed as electrode systems
in both clinical and research settings and have been found to
perform well under nonchronic settings.[10,11] Recently, however, nonmetallic electrically conducting biomaterials including
inherently conducting polymers and polymer composites have
been explored as neuroelectrode alternatives in an effort to promote chronic functionality and enhanced biocompatibility.[12,13]
In the field of conductive metal oxide electronics, indium tin
oxide (ITO) is one of the most intensively investigated materials because of its relatively low electrical resistivity, its optical
transparency, and its thermal stability, making it well-suited
for use as an electrode or sensor material.[14] Specifically, ITO
thin films have been employed successfully in the fabrication
of optoelectronic and electrochromic devices,[15] electroluminescent devices,[16] photovoltaic cells,[17] and waveguide sensors.[18]
Recent studies indicate the potential of electrically conducting
ITO thin films for biosensor applications in vitro.[19–25] Selvakumaran et al.[26] demonstrated the efficacy of ITO electrodes as
sensing electrodes in vitro for bioassays, and potential physiological measurements. Here it was concluded that ITO offered
a compromise between promoting cell growth while adsorbing
significantly less protein than titanium control substrates.[22,27]
Further, Tanamoto et al.[21] developed micropatterned ITO glass
electrode devices to facilitate electrical stimulation of neural
cells coupled with fluorescent imaging processes. The device
was observed to uniformly stimulate multiple single cells with
and the authors noted potential in vivo applications.
It has been shown that ITO can be physically and chemically modified to locally tailor its electrical and optical properties,[28] and, in particular, the modification of ITO electrodes
with conductive polymer thin films via electropolymerization
techniques has been explored as a method to enhance the electrode conductivity.[29,30] Further, surface treatments such as
acid etching[31] and layer-by-layer assembly[32] have been used
to modulate and alter the performance of ITO for commercial applications. Electrochemical activation or passivation via
the anodic oxidation (anodization process)[33,34] is widely used
in biomedical engineering to grow metal oxide dielectrics for
electrical devices[35,36] and to obtain protective and decorative
films on metallic surfaces to increase corrosion resistance.[37]
The experimental conditions, i.e., galvanostatic or potentiostatic
anodization deposition, electrolyte composition, and deposition time, facilitate the oxidation of ions at the substrate–solution interface to produce thin-film coatings.[38] Several research
groups[39–46] have demonstrated that the anodic oxidation technique can be employed in conjunction with mask strategies for
the generation of biologically passive layers or nanofeatures
on titanium[39–44] and alumina[45,46] to improve cell adhesion
and implant integration. Surface modification of ITO via
1605035 (2 of 18)
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anodization, however, has not yet been explored as a method
to enhance cytocompatibility, cell adhesion, and functionality
in implantable systems. Furthermore, the effects of ITO anodization on film electrochemical impedance and topography
remain unknown.
In this present comprehensive and systematic study, ITO
anodization as a functionalization approach for the generation
of cytocompatible and functional thin-film electrodes for potential neural applications is explored for the first time. Anodized
ITO thin films were formulated through a facile electrochemical process employing the application of current densities
ranging from 0.4 to 43 mA cm−2. Subsequently, the physical,
chemical, electrochemical, and cytocompatibility effects of ITO
anodization were explored. Our results elucidate important
material effects with regard to anodization current densities on
ITO film surface morphology, electrochemistry, and cytocompatibility for the generation of neural interfaces with superior
electrical and biological characteristics.

2. Results and Discussion
When subjected to anodic[47–51] and cathodic[50–53] polarization,
ITO electrodes undergo changes in chemical composition,[47–53]
surface morphology,[47,48,50–53] conductivity,[47,48,50–53] and optical
transparency.[49–53] Such effects are largely influenced by (i)
the electrochemical parameters selected for electrode polarization and (ii) composition of the electrolyte solution.[47–53] For
example, polarization at high positive potentials (>1.5 V vs
saturated calomel electrode) in aqueous electrolyte can cause
substantial structural changes to the ITO electrode.[48] Similarly, polarization in strong acid (1 m HNO3) or strong base
(1 m NaOH) can result in a dramatic reduction in electrochemical activity, electrical conductivity, and optical transparency
of the ITO electrode.[53] Such effects are normally attributed
to structural and/or chemical changes within the ITO film
induced by the polarization process,[47,48] which, under harsh
electrochemical conditions, may result in partial or complete
dissolution of ITO coating.[47–51]
Here, we report a novel method for the facile fabrication of
bioactive ITO substrates with enhanced electrochemical properties as neural interfaces. Due to the detrimental effects on ITO
films resulting from anodization in harsh chemical conditions
detailed above, we chose to perform the anodization process in
a relatively mild electrolyte consisting of 0.01 m phosphate-buffered saline (PBS) solution and 10 × 10−6 m poly(sodium 4-styrenesulfonate) (PSS). Constant current densities of 0.4, 4, and
43 mA cm−2 applied for 450 s were used to prepare modified
ITO films through anodization in this electrolyte. The optimization process of the current densities employed in this study is
indicated in Figure S1 (Supporting Information).
The following sections describe the physical, chemical, electrochemical, and biocompatibility properties of resulting films.

2.1. Physical Characterization of Anodized ITO Films
Systematic studies of thin-film ITO postdeposition processing
in optoelectronic device fabrication have focused on the

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Funct. Mater. 2017, 1605035

www.advancedsciencenews.com

www.afm-journal.de

less-dense, nonuniform films than those of anodized films
formed with lower current densities.[57]
Experimentally, pristine ITO films reported a mean particle
size of 86 nm, films formed with 0.4 mA cm−2 were associated with a mean particle size of 89 nm; and mean particle
diameters of 152 and 112 nm were observed in films formed
using 4 and 43 mA cm−2 current densities, respectively. At
0.4 mA cm−2, the observed nodular distribution was uniform
and compact. However, at 4 and 43 mA cm−2 current densities,
a more clustered grain-like structure and a nonhomogeneous
distribution of particles were evident. This trend in distribution
was further observed as an increase in porosity percentage in
films formed using higher current densities relative to films
formed at 0.4 mA cm−2 and the pristine ITO coated glass
(Figure S2, Supporting Information). This suggests that current
deposition strongly affects the processes of surface diffusion of
atoms, nucleation, and coalescence of the film growth resulting
in different nucleation densities at the surface.[58,59] Noteworthy, a correlation between elastic moduli and porosity[60–62]
is inferred, and it can be assumed that anodized ITO films will
possess enhanced flexibility due to their high-packing density
relative to nonanodized films,[62] an important consideration

Figure 1. Particle size and distribution are significantly affected by current density. A) Scanning electron micrograms of control pristine ITO coated
glass (A) and ITO anodized films electrodeposited with (B) 0.4 mA cm−2, (C) 4 mA cm−2, and (D) 43 mA cm−2 current densities. Scale bar = 1 µm.
B) Corresponding roughness (Ra) measurements of the pristine ITO glass and the anodized ITO films with different current densities, 0.4 mA cm−2,
4 mA cm−2, and 43 mA cm−2, and representative line profiles C) from each of the films. Ra indicates the mean surface roughness, calculated on
10 µm2 regions.
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processing effects on surface roughness and on the generation of defined nanostructures. To a great extent, techniques
such as chemical-bath deposition[54] and thermal annealing,[55]
respectively, have been utilized to modify film physicochemical
properties with resulting films showing considerable morphological changes that translate into the optical transmittance and
electrical conductivity. While a number of studies have explored
anodization processes to produce microporous titanium oxide
films on implant surfaces for orthopedic applications,[56] the
impact of anodization on the physical properties of ITO substrates for neural interfaces has not been investigated thus far.
Figure 1A shows representative scanning electron micro
scopy (SEM) images of anodized ITO films using 0.4, 4, and
43 mA cm−2 current densities over a constant time of 450 s, and
pristine ITO coated glass as a control substrate. It is interesting
to note that pristine ITO films possess a surface morphology
composed of a random assembly of nanoparticles that is developed into a nanoparticulate/granular morphology in films anodized under our experimental conditions. The quantification
of the degree of nodularity revealed significant differences in
nodule diameter when subjected to different deposition current
densities. Film growth using higher current densities yielded
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in next-generation neuroelectrode design. Interestingly, it was
noted that a current density of 0.4 mA cm−2 resulted in anodized ITO films with less internal voids.
Anodization processes resulted in significant increases in
surface roughness (Ra) relative to pristine ITO films as a function of current density (Figure 1B). Films formed with current
densities of 0.4 mA cm−2 exhibited an average roughness of
19 nm over 10 µm2, and an average roughness of 81 and 61 nm
when formed at 4 and 43 mA cm−2, respectively. Conversely,
pristine ITO films possessed an Ra of 1 nm over 10 µm2. A similar trend was also observed for mean nodule diameter, which
increased from 89 nm in current densities of 0.4 mA cm−2 to
152 and 112 nm in films formed with current densities of 4 and
43 mA cm−2, respectively (Table 1).
Similarly, an abrupt increase in film thickness was observed
in films formed with current densities of 4 and 43 mA cm−2
indicating that the maximum rate of anodization deposition is
limited by the electrolyte diffusion rate.[57] The limiting current
density to attain ≈100% efficiency of film deposition can be determined theoretically by calculating the maximum rate at which
the ions diffuse to the cathode. Our data (Table 1) propose that
at 4 mA cm−2 (under our experimental conditions), the threshold
for the limiting current density may have already been met[38,57]
and the observed nonlinear increases in particle size, film roughness, and the plateau in film thickness could be indications that
films formed using a current density of 4 mA cm−2 under our
experimental conditions are associated with a decrease in film
growth efficiency. Therefore, it can be assumed that between
4 and 43 mA cm−2 the diffusion limiting current density for
ITO anodization can be found, and that the diffusion kinetics
of oxygen and hydrogen at the cathode are insufficient, causing
reactions at the anode to stop to conserve electrons.
Similarly, this transition in film thickness was also represented as optical changes to the ITO films that changed from
a translucent blue-grey to an opaque dark grey (Figure S3,
Supporting Information). It can be anticipated, according to
the Drude model,[63] that the changes observed in film morphology derived from the differences in film growth imposed
by the explore current densities will impact on the refractive
index of films. Optical transmission spectra of the pristine ITO
coated glass and the anodized ITO films formed at 0.4, 4, and
43 mA cm−2 current densities were performed to quantify film
transparency (Figure S4, Supporting Information). The observed
trend in optical transmittance of the anodized ITO films formed
Table 1. Physical properties of anodized ITO films formed with different
deposition currents. Values of experimental thickness and mean particle
diameter of pristine and anodized films formed with 0.4, 4, and 43 mA cm−2
current densities over a constant time of 450 s. The data represent the
mean of 15 measurements for film thickness plus >200 measurements
for particle diameter. Results are ± SD, n = 3.
ITO film

Average thickness
[nm]

Mean particle diameter
[nm]

750 ±

86 ± 17

Anodized at 0.4 mA cm−2

109.7 ± 4

89 ± 26

Anodized at 4 mA cm−2

934.5 ± 35

152 ± 78

937.8 ± 47

112 ± 55

Pristine ITO glass

−2

Anodized at 43 mA cm

1605035 (4 of 18)

wileyonlinelibrary.com

at higher current densities (4 and 43 mA cm−2) reflects scattering
losses as predicted by the effects of film roughness.[64] The aforementioned faster growth observed in films formed at 4 mA cm−2
resulted in the decrease in transmittance of these films.
In order to assess the durability and stability of anodized ITO
films under physiological conditions, substrates were assessed
with an accelerated ageing study that simulated 4 years of
implant equivalence in the body (Figure 2). Regarding film
delamination (Figure 2A) together with consistent high losses
in charge storage capacity (CSC), 75% and 74% were observed
in films formed with current densities of 4 and 43 mA cm−2,
respectively. Conversely, a 55% loss in CSC of ITO films anodized with the lowest current density of 0.4 mA cm−2 was
observed (Figure 2B). It is interesting to note that pristine ITO
glass also underwent a significant diminution in electrical
activity with a 96% loss in CSC and with pronounced micro
cracks observable by SEM.
The effect of thermal ageing on pristine ITO films perceived
here was comparable to those presented by Hamasha et al.,[65]
who also tested ITO under thermal ageing conditions and
showed that films became unstable and demonstrated increased
in electrical resistance and physical changes. Current research
to improve the stability of ITO electrodes has focused on the
deposition of multilayers,[66] of novel transport and luminescent materials[67] such as polymers,[68] and on efficient injection
contacts.[69] Conversely, it is reported by Nishimoto et al.[70] that
optimal variations in grain-boundary potential caused by oxygen
adsorption after annealing TiO2 structures with ITO can improve
thermal stability of pristine ITO. Consequently, surface modifications of thin films of ITO such as the anodization process utilized here may help to explain the enhanced stability observed in
anodized films, with the formation of stabilizing oxide layers.[71]

2.2. Chemical Characterization
In Table 2, the X-ray photoelectron spectroscopy (XPS) survey
with the elemental composition of pristine ITO and anodized ITO
films using 0.4, 4, and 43 mA cm−2 is reported. The XPS survey
spectrum of pristine ITO revealed the presence of prominent In,
Sn, and O peaks. The atomic percentage for C is also relatively
high showing a large presence of atmospheric C on the film surface. Similarly, low-current density anodized samples consisted
primarily of In, Sn, and O. The O concentration was observed
to increase significantly in anodized ITO films, increasing from
42% O1s atomic% in pristine ITO films to 49.81% in anodized
films formed with current densities of 43 mA cm−2. Conversely,
the Sn atomic% is reduced in anodized ITO films relative to pristine films, which is reportedly due to the leaching of Sn into the
electrolyte during the anodization process.[48]

2.3. Electrochemical Characterization
Figure 3A shows cyclic voltammograms for each of the ITO
films in 50 × 10−3 m phosphate buffer before and after anodization. Surface charge density was approximated through
integration of the charge passed within the cathodic region
of voltammetric scans, corresponding to charge densities
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Figure 2. The impact of the accelerated ageing study on durability and electrical stability of the anodized ITO films. A) On top, scanning electron
micrograms of control pristine ITO glass (A) and ITO anodized films electrodeposited with (B) 0.4 mA cm−2, (C) 4 mA cm−2, and (D) 43 mA cm−2
current densities. Scale bar = 200 µm. After four weeks under biologically relevant ageing, important film delamination was observed on anodized
films formed using high current densities (4 and 43 mA cm−2). Partial microcracks were observed in films formed at 0.4 mA cm−2 and control ITO.
On bottom, corresponding photographs showing the final visual appearance of control and anodized films (E)–(H) after four weeks of ageing study.
B) Plot of percentage loss of charge storage capacity (CSC) after four weeks of accelerated ageing study simulating four years of implant equivalence
in the body. Important significant differences between the ITO control and the anodized films were observed. The ITO anodized films formed at
0.4 mA cm−2 were the most stable films compared to control and to the films formed using high current densities. Results are ± STD,  = p < 0.05.

of 49, 341, 15, and 15 µC cm−2 for pristine ITO films and
films subjected to anodization at 0.4, 4, and 43 mA cm−2 current densities, respectively (Table 3). A large increase in charge
density was observed in ITO films subjected to anodization at
0.4 mA cm−2, by almost one order of magnitude, compared to
pristine ITO films. This is likely due to the greater surface coverage as indicted by SEM and atomic force microscopy (AFM)
analysis. Interestingly, a threefold reduction in charge density
was observed for ITO films subjected to anodization at current densities of 4 and 43 mA cm−2 compared to the pristine
ITO glass (Figure 3A) despite increased surface roughness.
Table 2. XPS analysis of the elemental composition of the pristine ITO
and anodized ITO films.
ITO film

Atomic composition [%]
In3d

O1s

C1s

Sn3d5
2.21

Pristine ITO glass

21.00

42.17

34.62

Anodized at 0.4 mA cm−2

24.88

43.47

30.34

1.31

Anodized at 4 mA cm−2

23.45

44.53

31.52

1.16

Anodized at 43 mA cm−2

22.75

49.81

26.65

0.78

Adv. Funct. Mater. 2017, 1605035

However, this electrical profile is consistent with the high
porosity percentages calculated for these films (Figure S2, Supporting Information). No appreciable difference in charge density was observed in any of the ITO substrates when tested in
physiological-like saline solution[72] compared to 50 × 10−3 m
phosphate buffer solution.
Comparative electrochemical impedance profiles for films
are shown in the Bode diagram (Figure 3C) and Nyquist plot
(Figure 3D). Within frequency ranges of 10−1 to 104 Hz, ITO
anodized films formed at a current density of 0.4 mA cm−2
displayed the lowest impedance profiles, moderately lower
than those recorded for the pristine ITO films and close to the
impedance observed for gold coated glass films. This indicates
that changes in chemical composition and/or morphology
induced by the 0.4 cm−2 current density anodization process
do not appear to diminish the conductive properties of the ITO
electrode. This is significant as alternative electrochemical treatments have been shown to greatly decrease the conductivity of
ITO electrodes.[48,50–53] However, an increase in impedance of
one order of magnitude was observed for films formed at high
current densities (4 and 43 mA cm−2), revealing an inverse relationship between electrical conductivity and the anodization
current density applied.
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Figure 3. Electrochemical analysis of anodized films. Cyclic voltammograms of ITO (blue) and ITO anodized films formed with current densities;
0.4 mA cm−2 (black), 4 mA cm−2 (green), and 43 mA cm−2 (purple). CVs recorded in 50 × 10−3 m phosphate buffer, A) scan rate 100 mV s−1 and in
50 × 10−3 m phosphate buffer containing 2 × 10−3 m [Ru(NH3)6]3+, B) scan rate 100 mV s−1. C) Bode and D) Nyquist plots comparing the EIS spectra
of pristine ITO glass (blue-filled asterisks), bare gold glass (red-filled diamonds), and anodized ITO films formed using 0.4 mA cm−2 (black-filled triangles), 4 mA cm−2 (green-filled squares), and 43 mA cm−2 (purple-filled circles). E) The electrical equivalent circuit used to analyze experimental data.

The experimental data of ITO anodized films were fitted to
an equivalent circuit (Figure 3E) consisting of three resistors
(R1, R2, and R3), a capacitor (C1), and a constant phase element
(CPE1), in accordance with previous studies.[73–75] In this circuit, R1 is the solution resistance; and R2 and C1 are associated
with space charge layer resistance and space charge layer capacitance, respectively. The double-layer capacitance is denoted as
CPE1 and R3 is ascribed to the resistance of ITO films (Table 4).
The simulated data confirmed that the lowest resistance of

8.3 kΩ cm−2 for the ITO anodized films formed at a current
density of 0.4 mA cm−2 when compared with the resistance
of 9.8 kΩ cm−2 for pristine ITO coated glass. The detrimental
effect of high current densities on the conductivity was also
observed in the calculated resistance of 22.8 and 209.1 kΩ cm−2
for 4 and 43 mA cm−2 current densities, respectively.
To further evaluate the electrochemical characteristics of
the ITO anodized films, a ruthenium hexamine ([Ru(NH3)6]3+)
redox probe was employed to examine Faradaic redox response

Table 3. Electrochemical characteristics of ITO anodized films. Non-Faradaic charge density evaluated from cathodic region of cyclic voltammograms
recorded in 50 × 10−3 m phosphate buffer at 0.1 V s−1 scan rate (potential range: −1 to 0.4 V vs Ag/AgCl). Faradaic charge density and peak current
density (ipa) evaluated from voltammograms recorded in 50 × 10−3 m phosphate buffer containing 2 × 10−3 m [Ru(NH3)6]3+ at 0.1 V s−1 scan rate.
ITO film
Pristine ITO
Anodized at 0.4 mA

cm−2

Anodized at 4 mA cm−2
Anodized at 43 mA

1605035 (6 of 18)

cm−2

Non-Faradaic charge density
[µC cm−2]

Faradaic charge density
[mC cm−2]

E°′
[V]

ipa
[mA cm−2]

Do
[cm2 s−2]

49

1.43

−0.13

0.62

4.62 × 10−6

341

1.45

−0.13

0.67

8.37 × 10−6

15

0.04

−0.14

0.02

6.92 × 10−9

15

–

–

–

–
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ITO film

Resistance (R3)
[kΩ cm−2]

Pristine ITO glass

9.8 ± 0.3

Anodized at 0.4 mA cm−2

8.3 ± 0.6

Anodized at 4 mA cm−2
−2

Anodized at 43 mA cm

22.8 ± 2.6
209.1 ± 9.2

within a biologically relevant potential range (−0.4 to +0.2 V vs
Ag/AgCl) (Figure 3B). With pristine ITO films, [Ru(NH3)6]3+
undergoes a one electron redox reaction (redox potential
(Eo′) = −0.13 V vs Ag/AgCl), yielding an anodic peak current (ipa)
of 0.62 mA cm−2 and a Faradaic charge density of 1.3 mC cm−2
(Table 3). A slight increase of ipa and Faradaic charge density
is observed with ITO films formed through anodization at
0.4 mA cm−2, possibly due to the increased surface roughness.
This shows that although the non-Faradaic charge density is
greater with these films, the increased surface roughness does
not translate into a greater electrochemically active surface
area than that of the relatively smooth nonanodized ITO film.
Kraft et al.[48] observed a similar response using [Fe(CN)6]3− as
a redox probe, where non-Faradaic current (charge density)
increased after ITO electrode anodization while Faradaic current remained essentially constant. A large decrease of ipa and
Faradaic charge density is evident in ITO films subjected to
anodization with current densities greater than 0.4 mA cm−2,
accompanied by a slight decrease in Eo′ of ≈10 mV for the
Ru3+/2+ redox couple (Table 3). The difference in Eo′ may result
from variation in chemisorption sites within the electrode film,
which can influence redox probe stability.[76] The voltammetric
response observed for ITO films anodized at 43 mA cm−2 is
characteristic of a highly resistive surface with no evidence of
heterogeneous electron transfer between the electrode and the
redox probe.[77]
Scan rate studies (Figure S5, Supporting Information)
revealed a linear dependence of ipa versus v½ (v = scan rate)
for all ITO films (with the exception of ITO anodized films
formed with current densities of 43 mA cm−2), indicative of
a semi-infinite planar diffusional response described by the
Randles–Sevcik equation.[78] Diffusion coefficients (D0), evaluated from the linear portion of ipa versus v½, are shown in
Table 3. D0 values in the order of 10−6 cm s−1 were calculated
for [Ru(NH3)6]3+ at both pristine ITO and ITO films formed
through anodization at 0.4 mA cm−2 in a phosphate buffer.
Again, a decrease of D0, by approximately three orders of magnitude, is evident for ITO films subjected to anodization with
current densities of 4 and 43 mA cm−2, further corroborating
the insulating nature of films prepared at anodizing current
densities greater than 0.4 mA cm−2.
Interestingly, the presence of the PSS ionomer was critical
for the anodization process and ITO thin films subjected to
anodic oxidation under ambient conditions in a 0.01 m phosphate-buffered saline solution were associated with a linear
increase in impedance profile as a function of current density
(Figure S6, Supporting Information).
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2.4. Biological Characterization
Nanoscale signaling modality has been shown to have a profound effect on cell viability, proliferation, and on cell attachment in the material’s space.[79–81] Because the application of
different current densities for the anodization of ITO films
resulted in defined nanoscale morphological changes, the cellular interfacial response has been analyzed based as a function of roughness. With this in mind, the effects of films
formed at 0.4, 4, and 43 mA cm−2 current densities, which in
order exhibit an average of roughness of 19, 81, and 61 nm,
respectively, on human neuroblastoma SH-SY5Y cell adhesion
and proliferation were assessed in vitro. These were then compared to pristine ITO coated glass with an experimental average
roughness of 1 nm (Figure 4A). After periods of 1, 7, and 14 d,
cells were stained with calcein (live) and ethidium homodimer
(dead) to establish cell viability. All experimental and control
films were nontoxic to SH-SY5Y cells. However, significant differences were observed at day 14 with respect to cell viability.
Cells grown on films with the lowest roughness profile (formed
at the lowest current density 0.4 mA cm−2; Ra = 19 nm over
10 µm2) maintained 86% viability relative to control films at day
1 (Figure 4B). Similarly, when analyzed with alamarBlue Assay
by 24 h (Figure 4C), the SH-SY5Y population cultured on anodized ITO films was comparable to cells cultured on control
pristine ITO coated glass. While by days 7 and 14 cells cultured
on all experimental anodized films demonstrated a marked
decreasing trend in metabolic activity, the anodized films with
19 nm roughness (formed at 0.4 mA cm−2 current density)
showed an overall significant higher metabolic activity of 87%
by day 7 and 78% by day 14, respectively, compared to 61 and
81 nm films’ roughness profiles and pristine ITO control substrates. Overall, anodized ITO films possessing an Ra 81 nm
(the highest roughness profile) showed a significant decrease
in metabolic activity relative to cells cultured on control ITO
coated glass and on anodized films with 19 nm roughness.
These results are similar to those of Fan et al.[82] In their
work, they have reported on the cell proliferation of neural cells
cultured on silicon wafers possessing different levels of surface
roughness. It was concluded that the Si wafers with surface
Ra ranging from 20 to 50 nm promoted a significantly higher
cell proliferation. Conversely, on surfaces with an Ra less than
≈10 nm and on rough surfaces with Ra above 70 nm, cell metabolic activity was reported to be significantly lower. It is noteworthy that even though cell proliferation and viability depend
on cell type and substrate composition, it is apparent that neurons do not readily attach on excessively smooth (Ra = 10 nm)
or rough surfaces (Ra = 250 nm).[83]
Tissues can be described as complex nanoscale composites
that impact morphological and mechanical features to the resident cellular constituents. Previous studies show that nanotopography influences cellular function and focal adhesion (FA)
formation in vitro[79,84] and may be employed to modulate the
dynamic interface between materials and cell/tissues. With an
awareness of this, cell attachment to the anodized ITO films
was quantified through immunofluorescent labeling of the FA
associated protein paxillin[85] (Figure 5A–D). At day 1, cells cultured on all experimental films and control pristine ITO glass
were associated with an overall average of ≈14 focal adhesions
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Figure 4. Cytocompatibility analysis of anodized ITO films of different roughness (Ra) formed by varying the current density. A) Fluorescent images
of SH-SY5Y cells following 1, 7, and 14 d in culture on anodized films displaying 19, 61, and 81 nm over 10 µm2 (Ra) roughness relative to pristine
ITO control (Ra 1 nm over 10 µm2). Green, live; red, dead. Bar = 50 µm. B) A significant (p < 0.05) decrease in cell viability was observed in anodized
films with an average roughness of 61 and 81 nm relative to control and 19 nm film roughness. C) Metabolic activity of SH-SY5Y cells compared with
pristine ITO coated glass control as measured by the alamarBlue Assay (p < 0.05), n = 3. Metabolic activity was significantly elevated in cells cultured
on anodized ITO films with 19 nm roughness relative to anodized films with 61 and 81 nm roughness, respectively, by days 7 and 14. Results are ±
STD,  = p < 0.05.

per cell. By day 7, SH-SY5Y cells cultured on pristine ITO control presented a significant increase in FA numbers per cell,
an average of 25 focal adhesions per cell, compared to all the
experimental anodized ITO films with an average number
of 17 FAs per cell. Interestingly, trends in FA numbers were

reversed in cells cultured on the pristine ITO control group by
day 7, which demonstrated a significant reduction in FA number
by day 14 (Figure 5E). Conversely, previous studies have reported
a disruption to cell adhesion by nanorough surfaces with similar
roughness profiles[79,86] and a decrease in cell viability; however,

Figure 5. Focal adhesion formation of SH-SY5Y cell grown roughness. A–D) Immunofluorescent imaging was employed to quantify FA length and
number in cells cultured on pristine ITO coated glass and experimental anodized films of different roughness (green: paxillin, red: actin; blue: nucleus,
bar: 40 µm). E) Cells cultured on control ITO coated glass generated less FA complexes over time, while this trend was reversed in cells on experimental
anodized ITO films of all roughness. SH-SY5Y cells grown on 19 and 81 nm roughness of anodized films were associated with a significant increase in
FA length relative to cells cultured on pristine ITO coated glass (Ra = 1 nm). F) There was a significant reduction in cells cultured on 61 nm roughness
compared to the cells grown on 19 and 81 nm experimental roughnesses. For all analysis, results are ± STD,  = p < 0.05.
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focal adhesion frequency together with the concept of increased
oxygen content to protein adsorption owing to the anodization
process.
In order to assess the potential functional response of neuronal populations to implanted anodized ITO thin-film devices
in vitro, and the potential for induction of a reactive astrocyte
phenotype, the functional response of a primary ventral mesencephalic (VM cells) coculture was assessed via an in-house protein microarray assay. Spotted antibodies for proteins associate
with astrocyte reactivity, cell adhesion, and mechanotransduction utilized in this study are outlined in Table S1 (Supporting
Information). Antibodies were printed at a range of concentrations (0.1–1 mg mL−1) and assessed for retained function and
optimal print concentration by incubation with a fluorescently
labeled protein lysate from VM cells cultured for 21 d on all
anodized films and pristine ITO control (Figure S8, Supporting
Information).
Owing to the construction of the gliosis antibody microarray,
an unsupervised clustering of all experimental films normalized by control pristine ITO was performed (Figure 7). This
analysis clearly defined a group between the anodized films
with nanoroughness of 61 and 81 nm, respectively, and a single
cluster for the films formed with the lowest roughness profile
of 19 nm (formed at 0.4 mA cm−2 current density); sharing
only 1% similarity with the rest of the experimental substrates.
As gliosis is dependent on the bioelectrochemical as well as
physicomechanical properties of the implanted material it was
remarkable to notice that the resulting roughness factor of the
anodized films was predominant on the differential intensity
expression of the antibodies evaluated.
The hallmarks of glial scar formation are multifactorial; in
the developed antibody microarray gliosis was studied from the
diverse and interwoven response of microglia and astrocytes,[96,97]
and from the changes of transient calcium currents that affect
overall homeostasis and astrocytes reactivity.[98] Overall, ITO anodized films formed with current densities of 0.4 mA cm−2 (films
with 19 nm roughness) showed significant downregulation of
the gliosis response relative to VM populations cultured on other
anodized ITO films. Specifically, downregulation in the intensity
of OX42/Iba1 (microglia), glial-fibrillary acidic protein (GFAP),
and Nestin (reactive astrocytes) was observed.
A recent study by Kim et al.[99] has shown that coupled to
the increase in GFAP expression as main maker for reactive

Figure 6. Focal adhesions were subgrouped into focal adhesions (FAs) proper and nascent focal complexes (FX). FXs were the predominant adhesion
complex subtype observed on all anodized ITO films and the pristine ITO coated glass up to day 7. However, FXs were displaced by the FA subtype by
day 14 in cells cultured on all experimental and control materials. A significant increase in the mean number of focal adhesions per cell on all of the
experimental anodized ITO films compared to control pristine ITO group was observed on day 14, n = 3.
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FA quantification was not performed in these studies. Specifically, it was noted by Brunetti et al.[79] that cellular adhesion was
significantly increased on regions of low (smooth) roughness.
Independent of the surface roughness, it was interesting to
note an increased number of FAs in SH-SY5Y cells cultured on
all anodized films relative to SH-SY5Y cells cultured on pristine
ITO coated glass by day 14.[87] We hypothesize that the enhanced
number of FA observed in SH-SY5Y cells cultured on anodized
ITO films relative to pristine ITO may be as a result of the anodization process inducing differential protein adsorption.[88,89]
Studies into the influence of surface chemistry on protein
adsorption through etching and deposition techniques,[90] plasma
treatment,[91] and anodization processes[92] indicate enhanced
extracelullar matrix (ECM) protein adsorption as a function of
oxygen content,[88,93,94] also observed here in anodized ITO films.
Similarly, FA length was observed to be significantly greater in
cells cultured on pristine ITO control substrates than in cells cultured on anodized films by day 7. By day 14, the FA length in the
experimental anodized films with the lowest and highest roughness profiles (19 and 81 nm) was significantly higher than the
length of FAs in cells cultured on pristine ITO control substrates
(Figure 5F). A significant reduction in FA length was noted,
however, in cells cultured on Ra film roughness of 61 nm over
10 µm2. This reduction in FA reinforcement may be related to
the particle diameter and nanofeatures with lateral dimensions
of ≈100 nm that have been shown to be disruptive to integrin
clustering,[84,95] an effect which is lost by reducing or increasing
the feature dimensions, an effect also demonstrated here.
To gain further insight into cell adhesion, the length of
the FAs was subgrouped in focal complexes (FXs) measuring
<1 µm in length and FAs proper, measuring between 1 and
5 µm. FXs were most abundant in cells cultured on all experimental roughnesses and pristine ITO coated glass substrates on
days 1 and 7. By day 14, cells cultured on anodized ITO films
with roughness of 19, 61, and 81 nm over 10 µm2 demonstrated
reduced FX frequency, and a similar FA distribution profile
with lengths ranging from 1 to 4.5 µm. However, cells cultured
on control ITO substrates were associated with a reduction in
FA frequency (Figure 6). It was interesting to note that over a
period of 14 d in culture, cells demonstrated a progressive shift
from nascent and unstable focal complexes to more stable focal
adhesions. Hence, it can be inferred that the influence of film
roughness is a predominant factor in the observed increase in
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Figure 7. Unsupervised clustering of all experimental anodized films normalized by control pristine ITO. This analysis clearly defined a group between the anodized films with nanoroughness
of 61 and 81 nm, respectively, and a single cluster for the films formed with the lowest roughness profile of 19 nm; sharing only 1% similarity with the rest of the experimental substrates.
The gliosis response of the films formed with 0.4 mA cm−2 current density, which exhibit the
lowest roughness profile of 19 nm, showed a remarkable intensity downregulation of reactive
astrocytes, microglia and calcium influx markers. The resulting roughness factor of the anodized
films was predominant on the differential intensity expression of the antibodies evaluated.

astrocytes, further reactivity can be fully characterized by
the expression of cleaved spectrin αII. Downregulations
in cleaved spectrin αII were also observed in VM populations
cultured on ITO anodized films formed with current densities
of 0.4 mA cm−2 relative to cells cultured on other experimental
and control substrates, again indicating the reduced potential
of these films to induce a reactive astrocyte phenotype.[99]
Interestingly, cleaved spectrin αII is sensitive to calpainmediated proteolysis, and calpains have been shown to play a
central role in the neuroprotection of the CNS and neuron calcium influx[100,101] changes in which may mediate the onset of
reactive gliosis.
Cleaved spectrin αII protein is directly linked to the regulation of intracellular Ca2+ concentrations, and it was noted
that together with the downregulation of this protein, only VM
cells cultured on films formed with 19 nm roughness (formed
at 0.4 mA cm−2 current density) exhibited a low expression
of L-type Ca2+ and the mechano-gated ion channel PIEZO 2.
These observations are intriguing as an upregulation in
voltage-gated calcium channels such as L-type Ca2+ has been
known to induce reactive astrogliosis.[98] Furthermore, the calcium regulator mechanosensitive protein PIEZO 2 is known to
play a role in the regulation of calcium permeability, which may
relate to cell membrane damage.[102–104] It is of importance to
indicate the observed downregulation of TREK 1 expression on
ITO films anodized with 0.4 mA cm−2 and that optimal function of astrocytes homeostasis is mediated by K+ channels[105]
such as TREK 1, which has been shown to help set the negative resting membrane potential of astrocytes and regulate
1605035 (10 of 18)
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astrocyte reactivity.[106] Moreover, downregulation in protein markers for gliosis such as
Smad3,[107] chondroitin sulfate[108] and the
TRP[109] family channels such as VR1[110] and
ANKTM1[111] proteins linked to inflammation and the attenuated gliosis response were
observed in VM cells cultured on ITO films
anodized with 0.4 mA cm−2.
In order to validate cell studies performed
with SH-SY5Y cells migration proteins such
as CD 81 (TAPA) and paxillian were also
concurrently assessed in VM populations.
CD 81 is a member of the tetraspan family
of proteins and is involved both in cell adhesion and the machinery of migration[112] and
in relation to glial scar formation, CD 81 has
been found to have a defined relation to reactive astrocytes expression. Critically, previous
studies have shown that upregulation of CD
81 is a prominent characteristic of glial scar
formation.[113,114] Moreover observed downregulation in the expression of CD 81 and
upregulations in the expression of paxillin are
in accordance with observed modulation to
FA formation in SH-SY5Y cells and suggest
that the roughness of anodized ITO films has
an effect on focal adhesion frequency and cell
adhesion.

2.5. Functional Characterization
The ability of anodized ITO to interface neuronal circuit formation was subsequently explored via patch-clam analysis.
In particular, due to the favorable electrochemical and phenotypical responses of VM cells to these anodized films the functional response was explored using explanted primary neurons
on ITO anodized at the lowest current density (0.4 mA cm−2)
via two functional indicators: network formation and synaptic
activity.[115] Rat hippocampal cells, from which primary neuronal
cultures were grown and maintained for 8 to 10 d on ITO anodized films formed at a current density of 0.4 mA cm−2, were
compared to control cultures grown on poly-l-ornithine coated
glass coverslips. Hippocampal neuron maturation and viability
were assessed using single-cell recordings (see subsection
“Electrophysiological Recordings” in the Experimental Section).
Visually identified neurons from the two culture groups were
patch clamped under voltage clamp modality to measure
the cell passive membrane properties that are known indicators of neuronal health.[116] These parameters (input resistance and membrane capacitance) did not differ (P = 0.221 and
P = 0.369 for input resistance and cell capacitance, respectively)
when measured in the two culture conditions (see bar plots in
Figure 8C). We investigated synapse formation and activity after
in vitro growth of neurons by measuring the occurrence of spontaneous postsynaptic currents (PSCs) in both culture groups.
The appearance of PSCs provided clear evidence of functional
synapse formation, which is a widely accepted index of network
efficacy.[115]
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3. Conclusion
Here we employed a range of current densities for the anodization of ITO in an aqueous cytocompatible electrolyte and
investigated the effects of anodization current density on ITO
electrochemical, physical, and cytocompatibility properties. Furthermore we assessed anodization as a methodology for the formulation of neural interface materials with a focus on reduced
cellular reactivity and enhanced neural stimulation capacity.
This work provides a useful benchmark for anodization
conditions for subsequent studies with neural microelectrodes, micropatterning, and biochemical functionalization. It
was observed that anodization offers the ability to modify ITO
films with differential properties for charge transfer and resistivity may provide a facile approach to the deposition of electrode coatings with differential regions of charge conductance
and cellular function capacities. It can be hypothesized that
anodization with varying current densities may be employed
to deposit insulator and charge carrier regions on a single
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electrode system, providing cytocompatible and functional coatings for implantable thin-film ITO devices.

4. Experimental Section
Anodic Oxidation of ITO: The anodic oxidation of ITO was conducted
under ambient conditions in a solution of 10 × 10−6 m PSS (SigmaAldrich, Ireland, 70 000 g mol−1 MW) prepared in a 0.01 m PBS solution
with a platinum foil as a counter electrode (cathode). The electrolyte
solution was placed in an in-house fabricated electrochemical cell,
connected to a Princeton Applied Research Potentiostat/Galvanostat
model 2273 controlled with Power Suite software. Pristine ITO coated
glass slides were purchased from Diamond Coatings, UK. These were
provided as thin films sputtercoated onto glass substrates with a
nominal thickness of 750 nm and a sheet resistivity of 8–10 Ohms sq−1.
Pristine ITO coated glass slides were individually cleaned in acetone,
dried with a stream of nitrogen, and moved to a desiccating chamber
to remove moisture for 24 h prior to use. Galvanostatic anodization was
performed applying constant current densities of 0.4, 4, and 43 mA cm−2
over a constant time of 450 s to pristine ITO coated glass. A schematic
representation of the anodization process is presented in Figure S10
(Supporting Information).
Physical Characterization—Surface Morphology: SEM was carried out
using a Hitachi S-4700 Cold Field Emission Gun Scanning Electron
Microscope. The SEM images were taken using an accelerating voltage
of 15 kV and spot current of 10 µA. Gold sputtering was carried out
before testing the samples using an EMSCOPE SC500 to deposit 10 nm
of gold.
AFM was performed to analyze the roughness of the samples. All
measurements were taken on a Veeco Dimension 3100 AFM using
TESPA Tips (NanoWorld) (Si < 8 nm tip radius, 42 N m−1 spring
constant, 320 kHz nominal resonance frequency), in tapping mode over
an area of 10 and 10 µm2, respectively, with a 0.5–1 Hz scan rate.
Transmission Electron Microscopy (TEM) was performed using an
H-7000 electron microscope to analyze inner particle distribution of
the films. The samples were fixed into Epon base low viscosity resin
(Agar Scientific R1078) so as to release the samples from the glass
surface slide and be embedded in the resin. Thereafter, all samples
were sectioned at 100 nm thickness and collected on Formvar-carbon
200 mesh copper grids (Agar Scientific—62200N-200 Square Mesh
Nickel 3.95 mm). Images were taken at 75 kV with direct magnification
of 20 000×.
Physical Characterization—Thickness Measurements: The thickness of
the anodized films was measured using a Zygo Newview 100 surface
profilometer controlled by MicroPlus software. A pattern of bright and
dark lines–fringes was created as incoming light was split from the limited
region between the anodized film and the pristine ITO glass. This pattern
difference was translated to calculate the height information, resulting in
the thickness of the film. The size of the testing area was 1.6 cm2.
Physical Characterization—UV–Visible Spectroscopy: The optical
transmittance of the ITO coated glass and the anodized films was
assessed by using a Thermo Scientific Varios-Kan Flash microplate
reader at the visible-light wavelengths (400−800 nm).
Physical Characterization—Stability and Durability through Accelerated
Ageing Study: The stability of the pristine ITO glass and the anodized ITO
films was determined using a long-term passive degradation through
accelerated ageing study. Following the ASTM international guidelines
for accelerated aging of medical devices[119] as well as the procedure
detailed by Green et al.[120] and Hukins et al.[121] the experimental
parameters were determined using Equation (1)
t37 = tT × Q10 (T − 37)/10

(1)

where t37 is the simulated time at 37 °C, tT shows time samples are
placed at the elevated temperature, T is the elevated temperature, and
Q10 is the accelerated factor equal to 2.0 as per the ASTM specification.
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Figure 8A shows representative current tracings of the recorded
electrical activity. PSC amplitude and frequency were measured
from neurons grown in control and 0.4 mA cm−2 anodized
ITO films. As summarized in the bar plots of Figure 8B, these
values were not statistically different (P = 0.988 and P = 0.247,
amplitude and frequency, respectively) in the two groups of cultures and were consistent with those measured in other studies
testing the permissive nature of manufactured interfaces.[117]
The impact on cells of the modified substrate is, therefore, negligible. In Figure 8D, the cellular composition of control and
anodized ITO film hippocampal cultures is shown, assessed
by immunofluorescence markers[118] for astrocytes (GFAP)
and neurons (β-tubulin III). It was observed both β-tubulin
III and GFAP immunoreactive cells in all growing conditions
(Figure 8D left and right panels) and both cell groups were represented in a proportion that is comparable in all experimental
groups (quantified by measuring the cell density, bar plot in
Figure 8E; P = 0.415, 30 visual fields per condition, three different culture series). Thus cell survival and the global network
size were not affected by ITO anodized film formed at current
density of 0.4 mA cm−2.
To assess the ability of ITO anodized films formed at a current density of 0.4 mA cm−2 to transfer sufficient charge for
cellular depolarization, primary cultures of VM cells were
grown on films for 60 d and stimulated with biphasic pulses
of 2 V cm−2, 0.1 s duration at a frequency of 0.2 Hz. Cells were
observed to generate calcium transients in response to the
stimulus via 0.4 mA cm−2 anodized ITO films, while the same
stimulus did not elicit any response in pristine ITO control
cultures. Representative traces of changes in background subtracted Fluo4 fluorescence intensity from individual regions of
interest were acquired (Figure 9) (representative videos of the
stimulation via 0.4 mA cm−2 (Video S1, Supporting Information) and pristine ITO controls (Video S2, Supporting Information) using VM cells are available in the Supporting Information). Moreover, calcium transients were also visible when
using primary hippocampal neurons, cultured on 0.4 mA cm−2
anodized ITO films (Figure S9, Supporting Information).
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Figure 8. Synaptic network formation on anodized film formed at a current density of 0.4 mA cm−2. A) Left, current tracings from two sample neurons
(in grey control and in black anodized film) showing heterogeneous postsynaptic currents (PSCs; inward deflections) recorded at a holding potential of
−56 mV. Right, Superimposed traces show isolated PSCs recorded from control (top; the average is superimposed in grey) and 0.4 mA cm−2 (bottom;
the average is superimposed in black) neurons. B) Bar plots summarize PSC amplitude (left) and PSC frequency (right) values. Although not statistically
significant, on anodized films PSC frequency was slightly higher (0.96 ± 0.65 Hz in controls and 1.48 ± 0.97 Hz in anodized films, n = 8 and n = 7, respectively), while the average values for PSC amplitude were similar (40.8 ± 25.9 pA controls and 40.5 ± 50.7 pA in anodized films). C) Bar plots summarize
the values measured for the input resistance (top, 1195 ± 368 MΩ controls and 946 ± 229 MΩ anodized films) and membrane capacitance (bottom,
75 ± 20 pF controls and 85 ± 19 pF anodized films). D) Fluorescent micrographs of immune-labeled cultures, control (left) and anodized films (right),
at low (top panels, objective 10×) and high (bottom panels objective 40×) magnifications. Neurons are visualized by anti β-tubulin III, in red, glial cells
by anti-GFAP, in green, and nuclei are visualized by Hoechst, in blue. E) The plots summarize neuronal (left) and glial (right) densities in all conditions.
Three experimental replicas for each group were placed in an oven at
95 °C and immersed in 0.9% saline for four weeks simulating 1560 d
(four years) of implantation. Cyclic voltammetry was performed before
and after the ageing study and used to calculate the percentage of

1605035 (12 of 18)

wileyonlinelibrary.com

loss in CSC. SEM pictures were taken after the ageing study to show
morphological changes. The SEM sample preparation and imaging
were performed following the details in the subsection “Physical
Characterization—Surface Morphology” of this section.
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Figure 9. Calcium imaging and substrate stimulation. Left snapshots of representative fields of VM cells grown on anodized ITO film formed at
0.4 mA cm−2 (top) and control pristine ITO glass (bottom) and stained with calcium-sensitive fluorescent probe Fluo-4. Five regions of interest (ROI)
per images were selected (highlighted in different colors), each representing a single neuron. Right, fluorescence tracings show the appearance of
Ca2+ episodes, calcium events were measured from the relative ROI in the corresponding recording filed in both conditions (each cell is identified by
the color). Stimulation was delivered to the films as biphasic voltage pulses (2 V cm−2, 0.1s pulse, 0.2 Hz). Dashed lines highlight the corresponding
evoked calcium response in both groups. Note that all selected cells displayed calcium transients in response to the stimulus in the 0.4 mA cm−2
condition, while the same stimulus did not elicit any responses in control cultures.

Chemical Characterization: XPS spectra were acquired on an Oxford
Applied Research Escabase XPS system equipped with a CLASS VM
100 mm mean radius hemispherical electron energy analyzer with a
triple-channel detector arrangement in an analysis chamber with a base
pressure of 5.0 × 10−10 mbar. Survey scans were acquired between 0 and
1100 eV with a step size of 0.7 eV, dwell time of 0.5 s, and pass energy of
100 eV. Core level scans were acquired at the applicable binding energy
range with a step size of 0.1 eV, dwell time of 0.5 s, and pass energy
of 50 eV averaged over 50 scans. A non-monochromated Mg-kα X-ray
source at 200 W power was used for all scans. All spectra were acquired
at a take-off angle of 90° with respect to the analyzer axis and were charge
corrected with respect to the C 1s photoelectric line by rigidly shifting
the binding energy scale to 285 eV. Data were processed using CasaXPS
software where a Shirley background correction was employed and peaks
were fitted to Voigt profiles. To ensure accurate quantification, atomic
sensitivity factors were taken from the instrument spectrum acquisition
software and manually input into the data processing software.
Electrochemical Characterization—Electrochemical Measurements:
Cyclic voltammetry was performed using a CH Instruments
620 series potentiostat. Measurements were recorded in a custom-made
electrochemical cell (2 mL volume) containing the pristine ITO coated
glass as working electrode (1.6 cm2), an Ag/AgCl reference electrode
(3 m KCl) (Bioanalytical Systems), and a platinum foil counter electrode
(Goodfellow) in 50 × 10−3 m phosphate buffer solution (pH 7.8) or saline
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solution.[72] Prior to measurements, solutions were purged with N2 to
avoid O2 reduction at low potentials (<−0.4 V vs Ag/Ag/Cl).
Electrical impedance spectroscopy (EIS) was performed using
a Princeton Applied Research Potentiostat/Galvanostat model
2273 running with Power Suite software with a four-electrode setup as
described in ref. [12]. Briefly, the signal was to the anodized films with a
surface area of 1.6 cm2, along with a platinum foil counter-electrode
(CE) and controlled by a saturated Ag/AgCl reference electrode. An
AC sine wave of 40 mV amplitude was applied with 0 V DC offset.
The impedance magnitude and phase angle were calculated at
1, 10, 100, 1000, and 10 000 Hz, as it is reported that most of the neural
cell communication occurs between 300 Hz and 1 kHz.[122]
Values were presented on Bode and Nyquist plots and compared to
those of a pristine ITO coated glass slide and to bare gold coated glass.
The data fitting analysis was performed using EIS Spectrum Analyzer
1.0 software.
Biological Characterization—Cell Culture: The human neuroblastoma
cell line SH-SY5Y was cultured in Dulbecco’s modified Eagle’s medium
nutrient mixture F12 (DMEM/F12) medium and supplemented with 10%
fetal bovine serum, 1% penicillin/streptomycin (PS), and all-trans retinoic
acid (RA) at a final concentration of 10 × 10−6 m for differentiation into
a neuronal phenotype. Immunofluorescence micrographs showing the
neuronal phenotype of SH-SY5Y as a response to RA supplementation
are shown in Figure S7 (Supporting Information).
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To control the surface area of culture, the pristine ITO coated glass
and the anodized films were placed in customized silicone Ace O-rings
with wall dimension of 1.78 mm and internal diameter (I.D) of 10.8 mm
and were sealed around the borders of the surface area with silicone
elastomer (Sylgard 184). The materials were placed in six well culture
plates and sterilized by 100% ethanol for 2 h, and subsequently washed
repeatedly with Hank’s balanced salt solution (HBSS) and incubated
overnight at 37 °C, 5% CO2 for neural cell culture. A quantity of 50 000 or
2000 cells cm−2 was plated on each film, and then 200 µL of the culture
medium was added to each well, and changed with fresh media every
day for a period of 1, 7, or 14 d. Control Thermanox Plastic Coverslips
with 13 mm diameter (NUNC brand products) were also bonded with
silicone Ace O-rings as above.
Primary hippocampal cultures were prepared from 2 to 3 d postnatal
(P2–P3) rats as previously reported by Cellot et al.[115] Briefly, hippocampi
were dissected and enzymatically digested. Cells were plated on polyl-ornithine coated glass coverslips (control) or on anodized ITO
substrates formed at 0.4 mA cm−2 current density. Coverslips were
placed in petri dishes and cultured in serum-containing medium in a
5% CO2-humidified incubator for 8–10 d. Cell morphology was analyzed
by immunofluorescence experiments and epifluorescence microscopy
to gain insights into cell health and shape. Briefly, cell densities were
quantified at 20× (0.5 NA) magnification using a DM6000 Leica
microscope (Leica Microsystems GmbH, Wetzlar, Germany), with
random sampling of visual fields (713 × 532 µm).
Cell Culture—Ethical Statement: All experiments were performed in
accordance with the European (EU) guidelines (2010/63/UE) and Italian
law (decree 26/14) and were approved by the local authority veterinary
service and by our institution (SISSA-ISAS) ethical committee. Every
effort was made to minimize animal suffering and to reduce the number
of animals used. Animal use was approved by the Italian Ministry of
Health, in accordance with the EU Recommendation 2007/526/CE.
Primary cultures of VM neurons were obtained from the
mesencephalon of embryonic Sprague-Dawley rats according to
methods previously described by Vallejo-Giraldo et al.[12] Briefly, the
ventral mesencephalon was dissected from embryonic 14 d rat brains
and then mechanically dissociated with a pipette, until the tissue was
dispersed. Cells were grown in a humidified atmosphere of 5% CO2
at 37 °C and culture in media (Dulbecco’s modified Eagle’s medium/
F12, 33 × 10−3 m D-glucose, 1% l-glutamine, 1% PS, 1% fetal calf
serum (FCS), supplemented with 2% B27). The pristine ITO glass and
the anodized films were cultured for 21 d in six well culture plates and
sterilized in 70% ethanol for 2 h, and subsequently washed repeatedly
with HBSS. They were then rinsed three times with deionized (DI) water
and left to dry overnight. A quantity of 50 000 cells cm−2 was plated on
each film, and then 3 mL of the culture medium was added to each well
and changed with fresh media every 2 d for a period of 21 d.
Biological Characterization—Metabolic Analysis: The alamarBlue
Assay (Life Technologies, UK) was used to assess cell metabolism
and was carried out at days 1,7, and 14. For this purpose, 10% of the
alamarBlue solution was added to the culture media, in accordance with
the provided protocols. Sample absorbance was measured in a 96-well
plate at 544 excitation and 590 emission wave lengths using a Thermo
Scientific Varios-Kan Flash microplate reader.
Biological Characterization—Immunofluorescent Labeling: Indirect
double-immunofluorescent labeling was performed to visualize focal
adhesion sites. SH-SY5Y cells on experimental and control substrates
were fixed with 4% paraformaldehyde and 1% of sucrose for 15 min
at room temperature (RT) at each time point. Once fixed, the samples
were washed with PBS and permeabilized with buffered 0.5% Triton
X-100 within a buffered isotonic solution (10.3 g sucrose, 0.292 g NaCl,
0.06 g MgCl2, 0.476 g (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) HEPES buffer, 0.5 mL Tri-ton-X-100, in 100 mL water, pH 7.2) at
4 °C for 5 min. Nonspecific binding sites were blocked with 1% bovine
serum albumin (BSA) in PBS at 37 °C for 5 min and subsequently
incubated for 2 h with a 1:100 concentration anti-vinculin (Rb mAb to
Paxillin (Y113) (Life Technologies, 1:100). Samples were washed three
times with 0.05% Tween 20, PBS and then incubated for 1 h in the
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secondary antibody Alexa Fluor 488 goat anti-Rabbit IgG (H+L) (Life
Technologies, 1:100) combined with rhodamine-conjugated phalloidin
(Life Technologies, 1:100) to stain F-actin. Nonspecific charges (e.g.,
remaining aldehyde) were neutralized with 0.5% Tween 20/PBS
(5 min ×3) to minimize background labeling. Samples were mounted
on microscope cover slides and counterstained with SlowFade Gold
antifade reagent with 4′,6-diamidino-2-phenylindole (DAPI) for nuclear
staining.
For immunofluorescence experiments on primary hippocampal
neurons, cultures were fixed with 4% formaldehyde (prepared from fresh
paraformaldehyde) in PBS for 60 min at RT and then washed in PBS. The
samples were permeabilized with 0.3% Triton-X-100 and subsequently
incubated with primary antibodies for 30 min at room temperature,
washed with PBS and incubated with secondary antibodies for 45 min.
Cultures were then mounted in Vectashield (Vector Laboratories) on
1 mm thick microscope slides. To visualize neurons, rabbit anti
β-tubulin III, 1:250 (Sigma), primary antibody was used and Alexa
594 goat anti-rabbit secondary antibody, 1:500 (Invitrogen); to visualize
astrocytes mouse anti GFAP 1:250 (Sigma) primary antibody was used
and Alexa 488 goat anti-mouse secondary antibody 1:500 (Invitrogen),
and Hoechst 1:10 000 (Invitrogen) was used to visualize cell nuclei.
Expression of dopamine by the presence of tyrosine hydroxylase
(TH) in human neuroblastoma cell line SH-SY5Y cultures was evaluated
by indirect double-immunofluorescent labeling as detailed for the
visualization of focal adhesion sites in this section. SH-SY5Y cells on
experimental and control ITO substrates were incubated for 2 h with a
1:1000 concentration anti-Anti- TH (MAB318, Merck Millipore, 1:1000)
washed three times with 0.05% Tween 20, PBS and then incubated for
1 h in the secondary antibody Alexa Fluor 488 (Life Technologies, 1:1000)
combined with rhodamine-conjugated phalloidin (Life Technologies,
1:100) to stain F-actin. Samples were mounted on microscope cover
slides and counterstained with SlowFade Gold antifade reagent with
DAPI for nuclear staining.
Biological Characterization—Microscopy and Image Analysis: After
immunostaining, samples were viewed with an Olympus IX 81
fluorescence microscope with filters for fluorescein isothiocyanate
(FITC) (excitation 490 nm; emission 520 nm), Texas Red (excitation
596 nm; emission 615 nm), and DAPI (excitation 358 nm; emission 461
nm). At least 20 randomly selected images at 60× magnification were
taken from each test group and the control group. The total number
of focal adhesion points per cell and their length were quantified by
direct scoring with a 4-pixel-wide line on the FITC channel as previously
described in ref. [81] using ImageJ software (National Institutes of
Health, USA) (Figure S11, Supporting Information).
Cell densities were quantified at 20× (0.5 NA) magnification using
a DM6000 Leica microscope (Leica Microsystems GmbH, Wetzlar,
Germany), with random sampling of seven to ten fields (713 × 532 µm;
control and anodized film, n = 3 culture series).
Protein Antibody Microarray—Protein Extraction: For protein extraction
and collection, samples were carefully placed on ice and the cells were
washed twice with cold PBS 1X. After the complete aspiration of cold PBS
1X, 100 µL of cold lysis buffer was added. The lysis buffer was composed
of radioimmunoprecipitation (RIPA) lysis buffer (Sigma) supplemented
with 1% of protease inhibitors (Life Science-Roche) and 1% of
phosphatase inhibitors cocktails I & III (Sigma). Thereafter, the adherent
cells were scraped off using Corning cell scrapers (Sigma) and then the
cell suspension was gently transferred into microcentrifuge tubes and
placed on ice. Microcentrifuge tubes were centrifuged for 15 min at
14 000 rpm at 4 °C, and afterward gently removed from the centrifuge
and placed on ice. Without disturbing the pellet, the supernatant was
carefully aspirated and placed in a fresh clean tube, kept on ice, and
stored at −80 °C to be quantified. The pellet was discarded.
Protein Antibody Microarray—Protein Quantification: Protein
quantification of the pristine ITO glass and the ITO anodized films was
done using Bio-Rad Protein Assay Dye Reagent (#5000006). As per
manufacturer’s instructions, the dye working solution was prepared
and filtered in a concentration of 1:4 in distilled water followed by the
preparation of protein standard BSA at concentrations of 0.25, 0.5, 0.75,
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(Eclipse TE-200, Nikon, Japan). Data were collected by Multiclamp 700B
patch amplifier (Axon CNS, Molecular Devices) and digitized at 10 kHz
with the pClamp 10.2 acquisition software (Molecular Devices LLC, US).
The spontaneous synaptic activity was recorded clamping the membrane
voltage at −56 mV holding potential (not corrected for liquid junction
potential, which was 14 mV). All recorded events were analyzed offline
with the AxoGraph 1.4.4 (Axon Instrument) event detection software
(Axon CNS, Molecular Devices).
Calcium Imaging and Substrate Stimulation: Stimulation of anodized
films formed at 0.4 mA cm−2 was performed with two different primary
cultures: primary cultures of VM neurons and primary hippocampal
neurons.
Changes in intracellular calcium (Ca2+I) primary cultures of VM
neurons were measured as described previously.[12] Briefly, cells grown
on pristine ITO glass as a control and on ITO anodized films formed
at 0.4 mA cm−2 were loaded with the calcium-sensitive fluorescent
probe Fluo-4 AM (Life Technologies) (5 × 10−6 m in dimethyl sulfoxide
(DMSO)) for 30 min at 37 °C, washed, followed by 30 min at 37 °C
in the dark. After dye loading was completed, cells were bathed in
culture media (Dulbecco’s modified Eagle’s medium/F12, 33 × 10−3 m
D-glucose, 1% l-glutamine, 1% PS, 1% FCS, supplemented with 2%
B27) and transferred to a custom built chamber that allowed electrical
stimulation to be applied directionally to the films. Stimulation was
achieved by the delivery of biphasic voltage pulses, using a software
controlled constant voltage stimulator connected to the chamber
via Pt contacts. The chamber was mounted on the stage of a Zeiss
Axiovert 200 inverted microscope. The microscope was equipped with a
10 position Orbit I filterwheel (Improvision), for excitation (488 nm) and
emission (510 nm low-pass (LP) filter). The emission light was collected
every second with an Orca 285 camera (Hamamatsu). The system
was controlled by the Openlab system version 5.5. Changes in Ca2+I in
response to external electrical stimulation were expressed as changes in
background subtracted fluorescence intensity expressed as ΔF/F0 (F0 is
the baseline fluorescence level and ΔF is the rise over baseline).
For Ca2+ imaging experiments using primary hippocampal neurons,
cultures were loaded with cell permeable Ca2+ dye Oregon Green 488
BAPTA-1 AM (Molecular Probes) in DMSO (Sigma-Aldrich) with
a final concentration of 4 × 10−6 m for 20 min at 37 °C in the cell
culture incubator.[118] The samples were then placed in a recording
chamber mounted on an inverted microscope (Nikon TE-200)
where they were continuously superfused at RT with the extracellular
solution (see subsection “Electrophysiological Recordings”). Cultures
were observed with a 20× objective (0.45 NA, PlanFluor, Nikon).
Images (1024 × 1024 pixels) were acquired continuously for 7 min (at
6.67 frame s−1) by a Hamamatsu Orca-Flash 4.0 digital camera, exciting
the Ca2± dye with a 488 nm wavelength light generated by a mercury lamp.
Excitation light was separated from the light emitted from the sample
using a 395 nm dichroic mirror and ND filter (1/16). Images of emitted
fluorescence >480 nm were displayed on a color monitor controlled
by an integrating imaging software package (HC Image, Hamamatsu)
using a personal computer. Recorded images were analyzed offline with
the Clampfit software (pClamp suite, 10.2 version; Axon Instruments).
Intracellular Ca2+ transients were expressed as fractional amplitude
increase (ΔF/F0, where F0 is the baseline fluorescence level and ΔF is
the rise over baseline); the onset time of neuronal activation determined
by detecting those events in the fluorescence signal that exceed at least
five times the standard deviation of the noise. For stimulation, voltage
stimuli were delivered using a Constant Voltage Isolated Stimulator
(DS2A-Mk.II, Digitimer, England) connected to silver electrodes
through insulated silver wires. One electrode was placed in contact with
the upper part of the anodized film formed at 0.4 mA cm−2 or glass
(control) sample in a dry environment; the reference electrode was in
the extracellular solution. Under such conditions, neurons could only be
extracellularly stimulated through the electrolyte-anodized film interface.
During Ca2+ imaging recording session, 500 ms long high voltage was
delivered (1/60 s).
Statistical Analysis: All data presented here were confirmed using
at least three replicates for each of the test groups and control group.
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and 0.9 mg mL−1. After this, 5 µL of each BSA standard and sample
solution were mixed in a clean, dry tube together with 250 µL of dye
working solution. This solution was vortexed and incubated for 5 min
at RT and finally read using NanoDrop 8000 software with the Protein
Bradford module.
Protein Antibody Microarray—Construction of Gliosis Antibody
Microarray: Nexterion slide H microarray slides were purchased from
Schott AG (Mainz, Germany). Alexa Fluor 555 carboxylic acid succinimidyl
ester was obtained from Life Technologies (Carlsbad, CA, USA).
Protein samples were labeled with Alexa Fluor 555 carboxylic acid
succinimidyl ester according to manufacturer’s instructions. Excess
label was removed and buffer was exchanged with PBS, pH 7.4, by
centrifugation through 3 kDa molecular weight cutoff filters. Absorbance
at 555 and 280 nm was measured for labeled samples and calculations
were performed according to manufacturer’s instructions using an
arbitrary extinction coefficient of 100 000 and molecular mass of
100 000 to enable quantification of relative protein concentration and
label substitution efficiency.
All commercial antibodies (Table S1, Supporting Information) were
buffer exchanged into PBS and quantified by bicinchoninic acid (BCA)
assay.[123] Antibodies were diluted to print concentration in PBS and
printed in six replicates on Nexterion H amine reactive, hydrogel coated
glass slides using a SciFLEXARRAYER S3 piezoelectric printer (Scienion,
Berlin, Germany) under constant humidity (62% +/− 2%) at 20 °C. Each
feature was printed using ≈1 nL of diluted antibody using an uncoated
90 µm glass nozzle with eight replicated subarrays per microarray slide.
After printing, slides were incubated in a humidity chamber overnight
at room temperature to facilitate complete conjugation. The slides
were then blocked in 100 × 10−3 m ethanolamine in 50 × 10−3 m sodium
borate, pH 8.0, for 1 h at room temperature. Slides were washed in PBS
with 0.05% Tween 20 (PBS-T) three times for 2 min each wash followed
by one wash in PBS, dried by centrifugation (470 × g, 5 min), and then
stored with desiccant at 4 °C until use.
Incubations were carried out in the dark. Microarray slides were
incubated essentially as previously described.[124] Initially, one
labeled sample was titrated (2.5–15 µg mL−1) for optimal signal-tonoise ratio and all samples were subsequently incubated for 1 h at
23 °C at 5 µg mL−1 in Tris-buffered saline (TBS; 20 × 10−3 m Tris-HCl,
100 × 10−3 m NaCl, 1 × 10−3 m CaCl2, 1 × 10−3 m MgCl2, pH 7.2) with
0.05% Tween 20 (TBS-T). All microarray experiments were carried out
using three replicate slides. Alexa Fluor 555 labeled healthy rat brain
lysate (5 µg mL−1) and soybean agglutinin lectin (10 µg mL−1) were
incubated in two separate subarrays on every slide to confirm retained
antibody performance and printing, respectively (Figure S8, Supporting
Information). After incubation, slides were washed three times in TBS-T
for 2 min per wash, once in TBS and then centrifuged dry as above.
Dried slides were scanned immediately on an Agilent G2505 microarray
scanner using the Cy3 channel (532 nm excitation, 90% photomultiplier
tubes (PMT), 5 µm resolution) and intensity data were saved as a .tif file.
Antibody microarrays were verified to remain active for at least 2 weeks
after printing and all incubations were carried out within that timeframe.
Data extraction from .tif files was performed essentially as previously
described.[124] Data were normalized to the mean of three replicate
microarray slides (subarray-by-subarray using subarray total intensity,
n = 3, 18 data points). Unsupervised hierarchical clustering of
normalized data was performed using Hierarchical Clustering Explorer
v3.0 (http://www.cs.umd.edu/hcil/hce/hce3.html) using the parameters
no prefiltering, complete linkage, and Euclidean distance. Statistical
analysis was performed as detailed in subsection “Calcium Imaging and
Substrate Stimulation”.
Electrophysiological Recordings: Single whole-cell recordings were
obtained at RT with pipettes (5–7 MΩ) containing (in × 10−3 m):
120 K gluconate, 20 KCl, 10 HEPES, 10 ethylene glycol-bis(betaaminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), 2 MgCl2, 2 Na2ATP,
pH 7.3; osmolarity was adjusted to 300 mOsm. The extracellular solution
contained (in × 10−3 m): 150 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, 1 MgCl2,
10 HEPES, 10 glucose (all Sigma), pH 7.4. Coverslips with cultures were
positioned in a Perspex chamber mounted on an inverted microscope
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The results are expressed as the mean of the values ± standard error of
the mean. One-way ANOVA followed by a Bonferroni test was performed
to determine the statistical significance (p < 0.05), unless otherwise stated.
For the hippocampal cultures electrophysiology and immunofluorescence
analysis, all values from samples subjected to the same experimental
protocols were pooled and expressed as mean ± SD with n = number
of cells, unless otherwise specified. Where not otherwise indicated,
statistically significant differences between data sets were assessed by
Student’s t-test (after validation of variances homogeneity by Levene’s
test) for parametric data at a minimum significance level of p < 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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Polyhydroxyalkanoate/carbon nanotube
nanocomposites: flexible electrically
conducting elastomers for neural
applications
Aim: Medium chain length-polyhydroxyalkanoate/multi-walled carbon nanotube
(MWCNTs) nanocomposites with a range of mechanical and electrochemical
properties were fabricated via assisted dispersion and solvent casting, and their
suitability as neural interface biomaterials was investigated. Materials & methods:
Mechanical and electrical properties of medium chain length-polyhydroxyalkanoate/
MWCNTs nanocomposite films were evaluated by tensile test and electrical impedance
spectroscopy, respectively. Primary rat mesencephalic cells were seeded on the
composites and quantitative immunostaining of relevant neural biomarkers, and
electrical stimulation studies were performed. Results: Incorporation of MWCNTs to
the polymeric matrix modulated the mechanical and electrical properties of resulting
composites, and promoted differential cell viability, morphology and function
as a function of MWCNT concentration. Conclusion: This study demonstrates the
feasibility of a green thermoplastic MWCNTs nanocomposite for potential use in
neural interfacing applications.
First draft submitted: 26 February 2016; Accepted for publication: 4 August 2016;
Published online: 12 September 2016
Keywords: elastomeric polymers • MWCNTs • neural interfaces • PHA

Implanted neuroprosthetics and neuroelectrode systems have been under investigation for a number of decades and have been
proven to be safe and efficacious as treatments for several neurological disorders as
well as for biosensor and stimulation systems [1,2] . Neuroelectrode technologies are
typically fabricated from metallic conductors such as platinum, iridium and its oxides,
materials that while chemically inert and
excellent electrical conductors, are often not
intrinsically cytocompatible and do not promote integration with neural tissue [1–3] . The
performance of the electrode–tissue interface
ultimately rests on the optimization of the
material substrate, to enable chronic functionality. The challenge for materials science is to apply biomaterials strategies and
develop innovative biocompatible materials that mimic neural tissue characteristics,

10.2217/nnm-2016-0075 © 2016 Future Medicine Ltd

cause minimal inflammation and neuronal cell loss, and are retain functionality in
chronic settings.
Over the past decade, significant attempts
have also been made to enhance chronic neuroelectrode functionality in situ through a
focus on developing soft electrically conducting polymeric or elastomeric alternatives to
metallic implants with the aim of reducing
the mechanical mismatch at the tissue/electrode interface [4–7] . These alternatives are in
response to the idea that the biomaterial–tissue interface is not a simple static boundary
but rather a mechanically and biochemically
dynamic region with the potential for chronic
inflammation arising from a mismatch in
elastic modulus and relative micromotion of
the implanted materials [1] .
For a majority of neural electrode applications, a threshold material stiffness must be
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maintained in order for the implant to penetrate the
neural tissue to the final insertion point, a process in
itself associated with an acute tissue response, characterized by glial scar formation and electrode encapsulation. Critically, chronic neuroelectrode micromotion persistent with nonfloating electrode systems can
contribute to a chronic peri-electrode inflammatory
response in vivo [1,8] .
Although the brain’s shear modulus is reported to
be in a range between 200 kPa and 1.5 MPa [9] and
soft polymers such as polydimethylsiloxane (PDMS)
possess an elastic modulus of between 100 kPa and
3 MPa [10,11] , elastomeric polymers may offer a viable
strategy to reduce the mechanical mismatch at the
neuroelectrode interface [12] , promoting chronic electrode performance and enhanced integration of the
device with the adjacent tissue [1] . Furthermore, relative micromotion can be reduced using flexible materials [13] , which can accommodate relative movement,
maintaining a mechanically stable tissue/electrode
interface, reducing mechanically induced inflammation and improving the electrode change transfer
capability [14] . In turn, the search for flexible biomaterials capable of extending the functional lifetime
of implanted electrode systems through optimized
mechanical and chemical properties has become a
focus of biomedical engineering, with a growing interest in biodegradable thermoplastic elastomers and their
electrically conducting composites [15,16] .
Polyhydroxyalkanoates (PHAs) are a group of biodegradable and biocompatible polyesters that are synthesized by numerous microorganisms as intracellular
carbon and energy storage compounds [17–19] . PHAs
can be divided into two main groups depending on the
number of carbon atoms in the monomeric units: short
chain length PHAs (scl-PHAs), that contain between
3 and 5 carbon atoms (e.g., poly(3-hydroxybutyrate)
[P3HB], poly(4-hydroxybutyrate) [P4HB], etc.); and
medium chain length PHAs (mcl-PHAs) containing
6–14 carbon atoms (e.g., poly(3-hydroxyhexanoate)
[P3HHx], poly(3-hydroxyoctanoate) [P3HO], etc.].
With respect to the fabrication of mechanically compliant biomaterials with neural interfacing applications,
mcl-PHAs are of particular interest because of their low
crystallinity (with melting temperatures of 45–60°C),
low glass transition temperatures (Tg between -25 and
-50°C), a Young’s modulus of 3–70 MPa and up to
500% elongation at break [20] . Additionally, thanks to
their thermoplastic nature, they are easily processed
via traditional thermoplastic techniques, and composite systems can be prepared to improve the intrinsic
properties of the polymer matrix [21,22] .
2D electrically conducting nanomaterials such as
graphene [23] and carbon nanotubes [24] have generated
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considerable interest among the scientific community
in recent years. In particular, their novel electrical
and physicomechanical properties are the subject of
intense research into the development of novel biomaterials with potential application in developing neural
interface systems [25–28] , and mechanically favorable
alternatives to traditional metallic or silicon electrode
materials, with equal or superior impedance properties [29] . In particular nanocomposites incorporating
multi-walled carbon nanotubes (MWCNTs) have
been successfully employed in compliant electrode
technologies. These materials have been shown to
promote neuronal adhesion, survival and support
neurite elongation [30] . Carbon nanotube interfaces
also promote spontaneous synaptic activity in neuronal networks, and can be successfully employed to
deliver electrical stimulation to neuronal pathways
in vitro [31,32] .
In the present work (Figure 1), MWCNTs were
incorporated into a mcl-PHA copolymer based on
3-hydroxyoctanoate and 3-hydroxyhexanoate to
develop an electrically conductive elastomeric composite presenting a range of physical-mechanical, electrical
and biological properties as a neuroelectrode material.
Materials & methods
Materials

The mcl-PHA employed in this work was synthesized by Neol Biosolutions (Spain) as previously
described [33] . Briefly, mcl-PHA was produced by
Pseudomonas putida strain from octanoic acid and
glycerol in a fed-batch fermentation. The dried biomass was extracted using an organic solvent to obtain
the raw polymer. To purify the raw material, it was
mixed with a nonsolvent, which induced precipitation of the polymer. As determined by gel permeation
chromatography, the synthesized mcl-PHA showed a
weight-averaged molecular weight of 125 × 103 g mol-1
with a polydispersity index of 1.68. 13C NMR results
revealed that the synthesized mcl-PHA was a copolymer based on 94.3 and 5.7% of 3-hydroxyoctanoate
and 3-hydroxyhexanoate, respectively.
The MWCNTs were purchased from SouthWest
NanoTechnologies, Inc., (OK, USA) and were synthesized by a catalytic chemical vapor deposition (CVD)
method (CoMoCAT®) at 700–950°C in a flow of pure
CO2 at a total pressure ranging from 1 to 10 atm. The
specifications of as received MWCNTs were as follows:
outer diameter 10 ± 1 nm, internal diameter 4.5 nm ±
0.5 nm, length 3–6 μm (transmission electron microscopy), purity >98% (carbon basis), density -2.1 g cm-3
at 25°C, bulk density 0.068 g cm-3, specific surface area
(Brunauer-Emmett-Teller) >280–350 m2g-1 and aspect
ratio >250–550 (atomic force microscopy).
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Formulation & characterization of mcl-PHA/
MWCNT films

Nanocomposite
coating

Formulation of electrically conducting mcl-PHA/
MWCNT nanocomposites

The mcl-PHA films containing 0, 0.1, 0.5 and 1 wt.%
of MWCNTs were prepared by solvent casting. Predetermined amounts of MWCNTs previously dispersed
by ultrasonication in chloroform with a Vibracell VC
505 probe (Sonics and Materials Inc., CT, USA), using
a pulse (10s ON, 2s OFF) with an output power of 17
W at 4ºC for 2 h were added to a mcl-PHA solution
in chloroform (10% w/v). The mixture was further
sonicated for an additional 15 min to ensure a good
dispersion of MWCNTs within the polymer matrix
before casting in Petri dishes. The samples were kept
under a fume hood to let the solvent slowly evaporate at
room temperature (RT). After 24 h, polymer solutions
were transferred to an oven at 55°C for 1 h to eliminate
remaining traces of solvent.
Tensile test

The mechanical properties of the mcl-PHA nanocomposites were investigated using a Zwick Roell TH1S
Z2.5 tensile test system (Zwick GmbH & Co. KG,
Ulm, Germany). The samples prepared for the tensile
tests were cut from the mcl-PHA/MWCNTs films
with a gauge section of 6.5 mm wide x 130 μm thick.
The tensile test was conducted using a 100 N load cell
at a crosshead speed of 10 mm min-1.
Transmission electron microscopy

MWCNTs samples prepared in chloroform were prepared by depositing one drop of diluted dispersion
of MWCNTs onto a lacey carbon grid allowing the
samples to dry overnight. Samples were examined with
a JEOL JEM-2100 F TEM operated at 200 kV using
a Field Emission Electron Gun equipped with a Gatan
Ultrascan digital camera and an EDAX Genesis XM
4 energy dispersive x-ray (EDS) analyser (JEOL USA
Inc., MA, USA). To obtain high-resolution images, the
probe size was set to 1.5 nm. TEM was performed both
to characterize the morphology of MWCNTs dispersion by measuring the diameter of aggregates and to
evaluate the uniformity of the dispersion.
UV-visible spectroscopy

A Thermo Scientific, Inc. (UK) Varios-Kan Flash microplate reader was used to assess MWCNTs concentrations
via light absorbance spectroscopy with a pace length of
100 μm. The spectrophotometric values obtained at a
defined wavelength region (450 nm) permitted the evaluation of the extinction coefficient using the formula A
= k·C, where k is the extinction coefficient and C the
concentration of MWCNTs (Beer’s Law plot).
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Figure 1. Schematic overview of the challenges
associated with neural interfacing technologies.
Implanted electrodes elicit mechanically mediated
reactive gliosis and the formation of investing scar
tissue. Soft polymeric biomaterials may be employed
to reduce the mechanical mismatch and relative
micromotion at the electrode–tissue interface.

Electrochemical characterization

Electrical impedance spectroscopy and a potentiodynamic electrochemical assay conducted via cyclic
voltammetry, were recorded in a biological electrocell
system (Bioanalytical Systems; 1 ml volume) containing the analyzed samples as the working electrode,
an Ag/AgCl reference electrode (3 M KCl; Bioanalytical Systems, IN, USA) and a platinum foil counter electrode (Goodfellow, UK) in saline solution
prepared as described previously [34] . Measurements
were recorded at room temperature using a Princeton
Applied Research Potentiostat/Galvanostat model
2273 (Princeton Applied Research, IN, USA). Electrical impedance spectroscopy measurements were performed using a four electrode setup as described previously [35] with an AC sine wave of 40 mV amplitude
with 0 V DC offset. The impedance magnitude and
phase angle were measured over the frequency range
from 0.1 Hz to 100 kHz. Values were presented on a
Bode plot and compared with those of a 0.025 mm
thick platinum foil (Sigma-Aldrich, Ireland). A second control of a thin-film MWCNT network was also
assessed in this study. Carbon nanotubes were grown
on silicon wafer chips (SiO2 /Si) substrates following an
iron nanoparticle-catalyzed CVD process as described
previously [36] . Briefly, an acetylene gas (carbon source)
was delivered through a flow meter system in a high-
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vacuum reaction chamber in which silicon wafer chips
(SiO2 /Si) substrates were located. Chips were made
typically around 1–2 cm2 in size cutting wafers with a
diamond cutter and mounted on the heating element
inside the chamber. Since CVD-assisted carbon nanotube (CNT) synthesis on a supporting substrate needs
a catalytic element, iron was deposited as a thin layer
(2–5 nm in thickness) on the silicon chips via electron
beam evaporation. CVD process was preceded by sample annealing (4 min at 650–670°C in H2 atmosphere)
in order to reduce iron oxides eventually present on
sample surface and to de-wet the iron layer inducing
nanoparticle formation. Thereafter, sample temperature was raised to 700°C and acetylene was introduced
in the chamber up to a partial pressure of 10–20 mbar.
Reaction time was limited to 4 min, resulting in the
formation of a uniform network of CNTs of about
10 μm in thickness. Samples were used as removed
from the reaction chamber. All electrode surface areas
were constant at 0.283 cm2.
Cyclic voltammetry was recorded for 100 cycles at
a scan rate of 100 mV s-1 between -1 V and +0.4 versus Ag/Ag/C. Prior to measurements, solutions were
purged with N2 to avoid O2 reduction at low potentials.
The charge storage capacity (CSC) was calculated by
integrating the area enclosed by the voltammogram.
The percentage CSC loss was measured by comparing
the CSC of the 1st and 100th cycles.
Biological characterization
Ventral mesencephalic neuron culture & seeding

Primary cultures of mesencephalic neurons were
obtained from the ventral mesencephalon (VM) of
embryonic Sprague–Dawley rats according to methods described previously [37] . Briefly, the VM were
dissected from embryonic 14-day rat brains and then
mechanically dissociated with a pipette, until the tissue was dispersed. VM Cells were grown in a humidified atmosphere of 5% CO2 at 37°C and culture in
media (Dulbecco’s modified Eagle’s medium/F12,
33 mM D-glucose, 1% L-glutamine, 1% penicillin/
streptomycin, 1% fetal calf serum, supplemented with
2% B27). The mcl-PHA/MWCNTs films were cut to
fit in 48-well culture plates and sterilized in 70% ethanol for 2 h, and subsequently washed repeatedly with
Hank’s balanced salt solution. Prior to plating, samples
were coated with poly-lysine (Sigma, Ireland). They
were then rinsed three-times with distilled water and
left to dry overnight. A quantity of 50,000 cells/cm 2
was plated on each film, and then 300 μl of the culture medium was added to each well and changed with
fresh media every 2 days for a period of 10 days. Control Thermanox® Plastic Coverslips (NUNC™ brand
products, Thermo Fisher Scientific Inc, USA) were also
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used as internal controls and coated with poly-lysine as
above.
Immunofluorescent labeling

Indirect double-immunofluorescent labeling was performed to visualize neurons and astrocytes cell populations. VM cells on experimental and control substrates were fixed with 4% paraformaldehyde and 1%
of sucrose for 20 min at room temperature at the time
point. Once fixed, the samples were washed with PBS
and permeabilized with buffered 0.5% Triton X-100
within a buffered isotonic solution (10.3 g sucrose,
0.292 g NaCl, 0.06 g MgCl2, 0.476 g HEPES buffer,
0.5 ml Triton X-100, in 100 ml water, pH 7.2) at 4°C
for 5 min. Nonspecific binding sites were blocked with
1% bovine serum albumin in PBS at 37°C for 30 min
and subsequently incubated for 2 h with a 1:200 concentration anti-glial fibrillary acidic protein antibody
produced in mouse (Sigma, 1:200) and 1:500 concentration anti-β-Tubulin III antibody produced in rabbit
(Sigma, 1:500). Samples were washed three-times with
0.05% Tween 20/PBS and then incubated for 1 h in
the secondary antibody Alexa Fluor® 488 goat antimouse IgG/IgA/IgM (H+L) (molecular probes 1:500)
combined with the secondary antibody Alexa Fluor
594 goat anti-rabbit IgG (H+L) (molecular probes,
1:500). Samples were washed with PBS 1× (5 min ×
3) and mounted on microscope cover slides and counterstained with Slowfade® Gold Antifade Mountant
(Thermo Fisher Scientific Inc, Ireland) with Dapi for
nuclear staining.
Microscopy & image analysis

After immunostaining, samples were viewed with an
Olympus Fluoview 1000 Confocal Microscope (Olympus America Inc. NY, USA) at a fixed scan size of 1024
by 1024 at a ratio 1:1. At least 20 random images at 60×
magnification were taken from each test group and the
control groups. Cell density was analyzed by counting the total number of labeled nuclei corresponding
to neurons and astrocytes in an area of 211.97 μm ×
211.97 μm. Neurite length was quantified by analyzing
nine random fields of view of three different technical
replicas from three different samples using established
stereological methods [38] . The formula used was: neurite length = n*T *π/2, where n is the number of times
neurites intersect grid lines and T is equal to distance
between gridlines (taking magnification into account)
as described in [39] .
Measurement of intracellular calcium fluctuation
through electrical stimulation

Changes in intracellular calcium ([Ca 2+]i) were measured using the calcium-sensitive fluorescent probe
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Fluo-4 (Life Technologies, Ireland). Cells grown on the
nanocomposites and glass as control were loaded with
Fluo-4 AM (5 μM in DMSO) for 30 min at 37°C,
washed, followed by 30 min at 37°C in the dark. After
dye loading was completed, cells were bathed in culture media (Dulbecco’s modified eagle medium/F12,
33 mM D-glucose, 1% L-glutamine, 1% PS, 1% FCS,
supplemented with 2% B27) and transferred to a custom built chamber that allows electrical stimulation be
applied to the PHA films. Stimulation was achieved
by the delivery of biphasic voltage pulses, using a software controlled constant voltage stimulator connected
to the chamber via sputter-coated platinum contacts.
The chamber was mounted on the stage of a Zeiss
Axiovert 200 inverted microscope (Zeiss, Germany).
The microscope was equipped with a 10 position Orbit
I filter wheel and LP filter for excitation at 488 nm
and emission at 510 nm (Perkin Elmer Inc. USA). The
emission light was collected every second with an Orca
285 camera (Hamamatsu Photonics K.K, Japan). The
system was controlled by the Openlab system version
5.5 (Perkin Elmer Inc. USA). Changes in calcium
influx in response to external electrical stimulation
were expressed as changes in background subtracted
fluorescence intensity.
Statistical analysis

All data presented here were confirmed using at least
three replicates for each of the test groups and control group. The results are expressed as the mean of the
values ± standard error of the mean, unless otherwise
stated. One-way analysis of variance followed by Bonferroni test was performed to determine the statistical
significance (p < 0.05), unless otherwise stated.
Results
Physical characterization of MWCNTs dispersion
& nanocomposite formulation

Nonsonicated dispersions of MWCNTs in chloroform after 24 h of preparation were clearly inhomogeneous, showing a surface clear zone and sedimented
MWCNTs aggregates ( Figure 2A [left]). In contrast,
dispersions that were sonicated remained homogeneous
after 24 h and no CNT precipitates were observed
(Figure 2A [right]).
The spectrophotometric values obtained permitted
the evaluation of extinction coefficient k (Figure 2B). The
attenuation coefficient was obtained for high concentrations of MWCNTs (up to 0.5 wt.%). The attenuation
coefficient followed a linear relationship (R = 99.29%)
with the MWCNTs concentration showing a value of
8.7 wt.% MWCNTs/cm (wavelength = 450 nm).
Low-magnification TEM (Figure 2C) indicated
the absence of aggregates after the sonication process
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for any aforementioned concentration of MWCNTs
(0.1–1 wt.%). The obtained dispersions were uniform
forming a percolated network. No significant damage
on the structure of individual MWCNTs was observed
(see Figure 2C). MWCNTs were observed to possess
well-defined walls, typically ranging from 9 to 14 in
number (please refer to Supplementary Figure 1 and
Table 1).
Figure 2D shows that incorporation of MWCNTs
increased the elastic modulus of the polymeric composites in a concentration-dependent manner. The secant
elastic modulus calculated at 2% of elongation was
8.13 ± 0.951 MPa for pristine mcl-PHA, 29.70 ± 0.76
MPa for mcl-PHA with 0.1 wt.% of MWCNTs, 55.30
± 7.75 MPa for mcl-PHA with 0.5 wt.% MWCNTs
and 48.30 ± 1.06 MPa for mcl-PHA with 1.0 wt.%
MWCNTs. Statistical analysis was performed using
Dunnett’s and Fisher’s multiple comparisons tests with
*** indicating p < 0.001.
Electrochemical characterization
Figure 3 shows the electrical impedance properties
measured at frequencies from 0.1 Hz to 100 kHz.
It was observed that the electrical impedance of all
samples decreased with increasing MWCNTs concentration, but this decrease was more pronounced
in mcl-PHA/0.5 wt.% MWCNTs (yellow line) followed by mcl-PHA/1 wt.% MWCNTs (blue line)
nanocomposites. The results correlate with two main
trends. First, the electrical impedance of the pristine
mcl-PHA samples (green line) and mcl-PHA/0.1 wt.%
MWCNTs (gray line) presented insulator profiles.
Second, a reduction in the impedance was observed
in mcl-PHA/0.5 wt.% MWCNTs, mcl-PHA/1 wt.%
MWCNTs relative to these insulator materials, with
an increase of capacitive current. However, the impedance magnitude of all mcl-PHA nanocomposites samples did not possess impedance profiles less than those
of pristine MWCNTs networks or platinum at the
investigated weight fractions.
A comparison of the electrochemical performance
and stability of the mcl-PHA nanocomposites, pristine
mcl-PHA and control thin-film MWCNT networks
and platinum foil substrates is presented in Table 2. It
can be observed that the platinum, control thin-film
MWCNT networks and all mcl-PHA nanocomposites
followed a linear trend in initial charge storage capacitance (CSC). The greatest CSC was observed in platinum foil samples, with a charge of 8.18 ± 1.27 mC/cm2
followed by thin-film MWCNT network controls,
with 3.14 ± 0.76 mC/cm2, and mcl-PHA/1 wt.%
MWCNTs films with 2.96 ± 0.73 mC/cm 2, 1.85 ±
0.31 mC/cm2 for mcl-PHA/0.5 wt.% MWCNTs
films, and 0.68 ± 0.06 mC/cm2 for mcl-PHA/0.1 wt.%
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Figure 2. Formulation of polyhydroxyalkanoate/multi-walled carbon nanotube nanocomposites. (A) Dispersion of MWCNTs in chloroform after 24 h with (right) and
without (left) ultrasonication process. (B) Absorbance spectroscopy of pristine mcl-PHA and mcl-PHA/MWCNTs nanocomposites with 0.1, 0.5 and 1 wt.% of MWCNTs.
Curve showing the extinction coefficient for MWCNTs. The correlation of the curve was 99.29% for n = 3 samples (C) TEM images showing uniform dispersion and
individual (insert) MWCNTs after ultrasonication process. (D) Stress–strain curves and extracted elastic moduli of pristine mcl-PHA and mcl-PHA/MWCNTs nanocomposites
with 0.1, 0.5 and 1 wt.% of MWCNTs indicate the different mechanical behavior between nanocomposite samples. The different letters show statistically significant
differences (p < 0.001).
***p < 0.001.
mcl-PHA: Medium-chain-length polyhydroxyalkanoate; MWCNT: Multiwalled carbon nanotube.
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Figure 3. Electrochemical analysis of medium chain length polyhydroxyalkanoates nanocomposites. Bode
plot comparing the electrical impedance spectroscopy spectra of platinum foil (purple line), thin-film MWCNT
networks (red line) and mcl-PHA nanocomposites: pristine mcl-PHA (green line), mcl-PHA/0.1 wt.% MWCNTs (gray
line), mcl-PHA/0.5 wt.% MWCNTs (yellow line) and mcl-PHA/1 wt.% MWCNTs (blue line).
mcl-PHA: Medium-chain-length polyhydroxyalkanoate; MWCNT: Multiwalled carbon nanotube.

MWCNTs films. Finally, as expected, the lowest CSC
was observed in the non-conductive pristine mcl-PHA
films with an initial CSC of 0.06 mC/cm2 ± 0.03.
With the exception of the final CSC of platinum and
MWCNTs controls (CSC of 6.85 ± 1.34 and 1.65 ±
0.91, respectively), the final CSC values of nano composite films increase with the amount of MWCNTs
present following 100 potentiodynamic cycles. The
percentage of electroactivity lost calculated for nanocomposite films was non-linear and the mcl-PHA/0.5
wt.% MWCNTs nanocomposites underwent the least
electroactivity loss (11.75%), i.e., these films were the

most electrochemically stable relative to other investigated mcl-PHA nano composite and control materials.
Biological characterization
Figure 4 shows representative micrographs of neuron
and astrocyte-cell populations cultured on each of the
nanocomposites evaluated, and platinum-coated glass
as a control group over a period of 10 days in culture.
Note that mcl-PHA/0.1 wt.% MWCNTs films were
not evaluated in vitro as these did not exhibit a significantly different electrical profile relative to unmodified
mcl-PHA substrates.

Table 1. The dimensional and chemical properties of the multi-walled carbon nanotubes employed
in nanocomposite formulation.
MWCNTs

Evaluated properties

Number of walls

9–14

Wall thickness

0.35 ± 0.01 nm

Outer diameter

11.4 ± 0.91 nm

Inner diameter

4.61 ± 0.72

Length

3–6 μm

Carbon content

>98%

Aspect ratio

350–400

EDS: Energy-dispersive x-ray spectrometry; MWCNT: Multi-walled carbon nanotube.
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Table 2. Electrochemical performance and stability of control pristine multi-walled carbon nanotubes and platinum
foil and medium chain length polyhydroxyalkanoate nanocomposites.
Substrate

Initial charge capacity
(mC/cm2)

Final charge capacity
(mC/cm2)

Electroactivity loss (%)

Platinum foil

8.18 ± 1.27

6.85 ± 1.34

16.33%

Control MWCNTs grown on an Si substrate

3.14 ± 0.76

1.65 ± 0.91

47.51%

Pristine mcl-PHA

0.06 ± 0.0

0.04 ± 0.0

28.56%

mcl-PHA/0.1 wt.% MWCNTs

0.68 ± 0.0

0.43 ± 0.22

30.14%

mcl-PHA/0.5 wt.% MWCNTs

1.85 ± 0.31

1.63 ± 0.72

11.75%

mcl-PHA/1.0 wt.% MWCNTs

2.96 ± 0.73

2.42 ± 0.81

18.04%

The initial and the final charge storage capacity evaluated from cathodic region of cyclic voltammograms recorded in saline solution at 0.1 Vs-1 scan rate (potential
range: -1–0.4 V vs Ag/AgCl) and corresponding loss during 100 potentiodynamic cycles. Results are ±SD, n = 3.
mcl-PHA: Medium-chain-length polyhydroxyalkanoate; MWCNT: Multiwalled carbon nanotube; SD: Standard deviation.

The percentage cell density of astrocytes and neurons
on all experimental and control substrates is depicted in
Figure 5A . The upper inset tabulation shows the mean
number of VM derived neurone and astrocyte cells
per unit area of 211.97 μm × 211.97 μm. Significant
differences of p < 0.05 for Figure 5A are expressed in
Table 3. The mcl-PHA nanocomposites were observed
to sustain and promote neuronal viability with respect
to platinum-coated glass. A significantly lower percentage of neurons (30.4%) was observed on platinumcoated substrates relative to the neuronal presence on
pristine mcl-PHA, mcl-PHA/0.5 wt.% MWCNTs
and mcl-PHA/1 wt.% MWCNTs samples, which
maintained 72.6, 75.4 and 52.9% neuronal populations, respectively. Conversely, platinum-coated glass
presented the highest percentage of astrocyte presence
(69.6%) relative to pristine mcl-PHA and mcl-PHA
nanocomposites. No statistical difference was observed
either for differential neurons or astrocytes density for
mcl-PHA/0.5 wt.% MWCNTs nanocomposites films
relative to pristine mcl-PHA substrates. However,
mcl-PHA/1 wt.% MWCNTs samples induced: a significant decrease in neuron density with 52.9% compared with 72.6% for pristine mcl-PHA substrates and
75.4% for mcl-PHA/0.5 wt.% MWCNTs; and a significant increase of astrocyte presence with a 47.1% of
astrocyte presence compared with the 27.4 and 24.6%
observed on pristine mcl-PHA and mcl-PHA/0.5 wt.%
MWCNTs substrates.
Figure 5B shows the neurite length in neurons cultured on pristine mcl-PHA and mcl-PHA nanocomposite films as well as on platinum-coated glass substrates. The neural length was observed to increase
from 280.4 ± 5.2 μm on platinum-coated glass to
386.3 ± 6.4 μm on pristine mcl-PHA samples. In particular, mcl-PHA/0.5 wt.% MWCNTs nanocomposites showed a trend similar to that of platinum-coated
glass with an average neurite length of 271.0 ± 4.8 μm.
As the amount of MWCNTs in the films was increased
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from 0.5 to 1 wt.%, the neuronal length significantly
decreased relative to the pristine mcl-PHA samples. Overall, mcl-PHA/1 wt.% MWCNTs samples
resulted in significantly lower neurite length (187.0 ±
6.7) than that of mcl-PHA/0.5 wt.% MWCNTs
nanocomposites and to that of platinum-coated glass
substrates.
In order to assess the efficacy of formulated nanocomposites as neural interface biomaterials, representative traces of changes in background subtracted fluorescence intensity from matched individual regions of
interest were acquired over 20 s using a biphasic stimulation waveform with 900 mV/cm2, 0.003 s pulse
(Figure 6) . VM neuron cells were observed to generate
calcium-mediated signal spikes only upon stimulation
with mcl-PHA/0.5 wt.% nanocomposites (Figure 6B) .
Conversely, calcium influx was not observed in VMderived neurons cultured on control pristine mcl-PHA
or on mcl-PHA/1 wt.% substrates (Figure 6A & C) .
Platinum-coated glass substrates, although able to
induce calcium influx spikes in cultured cells with a
higher frequency of excitation (Figure 6D), could not
induce calcium influx of the magnitude observed
in VM neurons excited with mcl-PHA/0.5 wt.%
nanocomposites.
Discussion
Because of their biodegradability, biocompatibility
and wide range of physical and mechanical properties, PHA-derived polymers have attracted increasing
interest for their use in several biomedical applications (e.g., vascular grafts [40] , heart valves [41] , and as
scaffolds for nerve [42] , hard- and soft-tissue engineering [43,44] or as drug-delivery vehicles [45]). Physical and
mechanical properties of PHAs are closely related to
the length of pendant groups, which extend from the
polymer backbones or the distance between the ester
linkages. The particular application of PHAs as neurointerfacing material or neuroelectrodes, and in par-
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Figure 4. Immunofluorescent micrographs of VM derived neuron and astrocyte populations on experimental
and control substrates. Immunofluorescent imaging of β-Tubulin III and GFAP was employed to qualify the
number of neurons and astrocytes per unit area and neurite length on platinum-coated glass and experimental
nanocomposites (A–D) (green: GFAP, red: β-Tubulin III, blue: nucleus, bar: 20 μm).
GFAB: Glial fibrillary acidic protein.

ticular mcl-PHAs (i.e., those that have between 6 and
14 carbon atoms in their structure) is of special interest
due to their low crystallinity, low glass transition temperature and associated low tensile strength and high
elongation at break [46] .
In order to improve the intrinsic electrical properties
of the polymer matrix, mcl-PHA/MWCNTs nanocomposites were prepared. Conducting composites
have attracted great attention as potential candidates
for implantable neural microelectrodes because of their
ability to electrically interface with neural cells [47,48] ;
and as neuroelectrode materials or coatings with an

aim to decreasing electrical impedance [49–51] and
supporting neuronal growth and differentiation [52] .
Furthermore, the incorporation of MWCNTs into
biodegradable polymers has been widely employed as
a strategy to improve the thermal [53] , mechanical [54]
and electrical [55] properties of implantable biomaterials. In the specific case of PHAs, the addition of carbon
nanotubes has resulted in the formulation of nanocomposites with increased elastic moduli and electrical
conductivities [56–60] . It is reported that carbon nanotubes can provide a high surface area offering excellent
and unique electrical conductivity to polymer com-

Table 3. Significant differences corresponding to the values presented in Figure 5A.
Substrates

Statistical difference

Platinum-coated glass – pristine mcl-PHA

1.2 × 10 -4*

Platinum-coated glass – mcl-PHA/0.5 wt.% MWCNTs

7.8 × 10 -5*

Platinum-coated glass – mcl-PHA/1.0 wt.% MWCNTs

0.009*

Pristine mcl-PHA – mcl-PHA/0.5 wt.% MWCNTs

1

Pristine mcl-PHA – mcl-PHA/1.0 wt.% MWCNTs

0.020*

mcl-PHA/0.5 wt.% MWCNTs – mcl-PHA/1.0 wt.% MWCNTs

0.009*

mcl-PHA: Medium-chain-length polyhydroxyalkanoate; MWCNT: Multiwalled carbon nanotube.
*p < 0.05.
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Figure 5. Cytocompatibility analysis of the medium-chain-length nanocomposites over a period of 10 days
in culture. (A) Percentage of VM-derived astrocytes and neuronal populations on experimental and control
substrates (inset tabulation indicates mean cell number for each condition); (B) length of neuron neurites on
control Pt and experimental nano composite films.

posites once they are correctly dispersed [61] . However,
due to hydrophobic interactions, MWCNTs tend to

2556

Nanomedicine (Lond.) (2016) 11(19)

self-associate forming microscale aggregates resulting
in poor electrical performance of the nanocomposites.
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Figure 6. Representative traces showing responses of selected regions of interest (single neurons) to stimulationinduced changes in intracellular calcium. Stimulation was delivered to the films as biphasic voltage pulses
(900 mV/cm2, 0.003 s pulse, 0.2Hz). Cells were grown on (A) pristine mcl-PHA (B) mcl-PHA/0.5 wt.% MWCNTs and
(C) mcl-PHA/1.0 wt.% MWCNTs. (D) Control stimulation experiments were conducted on Pt coated glass.
mcl-PHA: Medium-chain-length polyhydroxyalkanoate; MWCNT: Multiwalled carbon nanotube.

In this study, MWCNTs were easily dispersed in
CHCl3 after a relatively short (2 h) period of ultrasonication. Different concentrations (0.1, 0.5 and 1 wt.%
of MWCNTs) were dispersed in mcl-PHA and films of
approximately 100 μm thickness were obtained. TEM
observation enabled the evaluation of microscale disaggregation of MWCNTs and optimization of ultrasonication time and energy. It was observed that after 2 h
of sonication at 40% of amplitude, MWCNTs even
at high concentrations (Figure 2C) showed a uniform
dispersion. In the present work, the elastic modulus
of mcl-PHA was significantly increased through the
incorporation of MWCNTs, confirming their reinforcing effects on mcl-PHA even at very low concentrations. The enhancement of the mechanical properties in nanocomposites occurs due to the ability of
nanoscale reinforcement materials to promote entanglement of polymer chains and through the direct
incorporation of highly stiff nanotubes into the soft
polymer matrix [22] .
Previously it has been reported that if sufficiently
distributed in the polymer matrix, MWCNTs have the
ability to modify the conductivity of a nanocomposite
at very low percolation thresholds (<1 wt.%) [62–65] .
The cyclic voltammetry and electrochemical imped-
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ance results confirmed that there was a significant
enhancement of the electrical conducting properties of
mcl-PHA through the incorporation of MWCNTs [66] .
The results also confirm the ability of mcl-PHA chains
to prevent reagglomeration of the MWCNTs maintaining a suitable dispersion within the nanocomposites once the initial dispersion of pristine MWCNTs
has been achieved.
It was observed that with an increase in MWCNTs
concentration, the magnitude of impedance was
decreased in a frequency-dependent manner. This
behavior is consistent with the principle of capacitance
reactance being inversely proportional to the frequency
and capacitance. At low frequency where the capacitive
reactance was more prominent, it was observed that
nanocomposites formulated with 0.5 and 1 wt.% of
MWCNTs exhibited impedance profiles more closely
approaching those of control platinum foil and pristine
MWCNTs substrates. This is especially important as
it is reported that neural cell communication occurs
between 300 Hz and 1 kHz range [67] . Conversely, pristine mcl-PHA and 0.1 wt.% of MWCNTs impedance
curves did not demonstrate an impedance plateau with
increasing frequency corresponding to a nonconductive
profile with high impedance [63] .
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The loading fraction of 0.1 wt.% of MWCNTs was
not sufficient to allow the formation of a conductive
network inside the mcl-PHA matrix, resulting in isolated nanotubes and a nonpercolation state. However,
by incorporating 0.5 wt.% of MWCNTs, a critical
concentration of nanofillers was created in the nanocomposite films resulting in a decrease of impedance
by almost three orders of magnitude with respect to the
insulating pristine mcl-PHA matrix. Above the percolation threshold, the mcl-PHA/1 wt.% MWCNTs nanocomposites exhibited a further decrease in impedance
close to the order of 106 Ω/cm2.
Previous work by Duan et al. [68] exploring the dual
reinforcement of elastomeric polylactic acid based
nanocomposites with graphene nanosheets/MWCNTs
nanofillers demonstrated impedance magnitudes of an
order of 105 Ω/cm-1. Moreover, the incorporation of 0.5
and 1 wt.% of MWCNTs provided the highest surface
areas and exhibited the lowest material electrochemical
impedances. This was directly related to the observed
charge capacities of the samples over 100 cycles, contributing to a double-layer capacitance. Interestingly,
previous studies with nanocomposites composed of a
common elastomer – PDMS reinforced with CNTs
have demonstrated the ability to reliably record neural signals with CNT concentrations in the range of
4%. A study by Jung et al. reported that 1.5 wt.%
CNT/PDMS composite electrodes exhibited large
noise fluctuations, and the P and T waves were not
clearly observed. In contrast 4.5 wt.% nanocomposites
extracted high-fidelity neural recording in vitro. Critically, these electrodes were associated with impedance
values orders of magnitude higher than the electrodes
employed in this study [69] . Other studies utilizing similar 4% concentrations have also been published, again
with electrochemical impedance far higher than the
nanocomposite described herein [70] . Critically, in this
study percolation state was achieved with CNT concentrations as low as 0.5% and nanocomposites were
shown to be efficacious as neural stimulators. This
may have arisen from the enhanced neural coupling
that is reported with CNTs. Specifically, studies indicate that CNTs are able to directly infiltrate the cell
membrane to propagate electrical signals directly to
the cell interior, promoting an increase in the efficacy
of neural signal transmission [71,72] . In fact, we noted
significantly enhanced cell stimulation on our CNT
nanocomposites relative to controls.
Controversial data are available about the potential
hazard of MWCNTs in biomedical applications [73,74] .
However, a detailed study about CNT’s effect on
the nervous system is still not available. Studies conducted by Misra et al. on poly(3-hydroxybutyrate)
P(3HB)/MWCNTs and Bioglass® particles compos-
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ites indicate that concentrations of 2 wt.% MWCNTs
improved the proliferation and adhesion of MG-63
human osteoblast-like cell line, whereas at higher concentration of MWCNTs (4–7 wt.%) toxicity effects
were present [75] . Similarly, in the present study, mclPHA/0.5 wt.% MWCNTs nanocomposites did not
show statistical difference in total neurons and astrocytes persistence with respect to pristine mcl-PHA, or
platinum-coated glass.
Further work is required to fully characterize the
differences in the dynamics, uniformity and intensity
of the cellular response for each of the nanocomposites described. However, it is interesting to note that
when VM cells were stimulated with a voltage pulse
of 900 mV/cm2, 0.00 3s nanocomposites formulated
from the mcl-PHA/0.5 wt.% MWCNTs result in the
most characteristic physiological type response in these
cells. This is also interesting from an inflammatory
response point of view, as VM cells cultured on this
formulation were observed to possess the lowest fraction of reactive astrocytes relative to all experimental
and control groups.
Encouragingly, future studies will focus on topographical modification of the nanocomposite to reduce
the electrochemical impedance through topographically mediated increased surface area. Preliminary
studies have indicated that this is a feasible avenue of
research and through the inclusion of microscale features we have successfully reduced the impedance of
the described nanocomposite (Supplementary Figure 2) .
In combination with this avenue of exploration is the
potential that microscale features may significantly
modulate cellular function and adhesion, as previously reported [76,77] and it can be hypothesized that
topographical modification may represent a powerful
approach to reducing both electrochemical impedance and modulating reactive gliosis, a significant
bottleneck in neuroelectrode design.
In the present study, the final charge capacities of
the mcl-PHA nanocomposites were significantly higher
than those of pristine mcl-PHA, and also than that of
control MWCNTs. Charges ranged from 2.42 mC/cm2
for mcl-PHA/1 wt.% MWCNTs to the insulating
behavior of pristine mcl-PHA matrix with a value of
0.04 mC/cm2. Importantly, it was observed that overall the mcl-PHA/0.5 wt.% MWCNTs nanocomposites were the most electrochemically stable over the
100 cycles compared with the other nanocomposites
and controls, respectively, with a loss of 11.75%.
The family of PHA polymers has exhibited good
in vitro and in vivo biocompatibility as reported previously [78–83] . In particular, mcl-PHA, thanks to the
elastomeric properties, has shown better suitability for
soft-tissue regeneration than scl-PHA, which is intrin-
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sically brittle and stiff [83] . In was shown by J Sun et al.
that the cytoxicity of oligohydroxyalkanoates (OHA)
toward the mouse fibroblast cell line L929 could be
reduced by increasing the OHA side chain length,
indicating that mcl-OHAs containing PHA and
mcl-PHAs are more biocompatible than scl-PHA [81] .
Previous work reported by Xie et al. also explored the
possibility of enhancing proliferation and differentiation of neuronal stem cells on PHA films coated with
recombinant fusion proteins, with respect to uncoated
polymer films [84] . Their viability results showed that
PHA films, irrespective of biochemical functionalization, had similar distributions in a 3:1 ratio between
neurons and astrocytes after 3 days. This finding suggests the intrinsic ability of PHA material to sustain
neuronal growth.
In this work, it was confirmed that mcl-PHA is
able to promote neuronal cell growth, with respect to
platinum-coated glass, which, conversely, presented
a high percentage of astrocytes presence. It can be
hypothesized that the persistence of neurons on pristine and nanocomposite substrates is influenced by the
intrinsic stiffness of the materials. It was interesting
to note, however, that mcl-PHA/1 wt.% MWCNTs
resulted in a lower percentage of neurons relative to the
presence of these cell populations on pristine and mclPHA/0.5 wt.% MWCNTs composites, again suggesting the effect of increased rigidity and/or MWCNTsmediated toxicity toward neurons. This may explain
why neural stimulation was not achieved with these
nanocomposites.
As a moderately biodegradable polymer it was
deemed necessary to assess the degradation rate of mclPHA in vitro, to evaluate the possibility of CNT elution from the nanocomposite over time. The polymer
reveals a very slow degradation rate as can be observed
in Supplementary Figure 3, and did not lose weight
significantly during the hydrolytic degradation study
(180 days). To determine the degradation rate (K Mw)
as well as half-degradation time (t1/2), an exponential
relationship between molecular weight and degradation time (validated for biodegradable polyesters
degrading under bulk degradation) was employed after
measuring the molecular weight of the samples (via gel
permeation chromatography) at different time points.
The calculated t1/2 for mcl-PHA films was 462 days,
indicating that 462 days in vitro are required for the
polymer to reach half of its initial molecular weight
and substantiates the observation of the extremely slow
degradation by weight measurements.
Analysis of neurons cultured on pristine mcl-PHA
films indicated a significant increase in neurite length
with respect to neurons cultured on platinum-coated
glass, and a linear decrease of neurite length with
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MWCNTs concentration. There are some discrepancies about the relationship between neurite outgrowth
and substrate stiffness. Willits et al. [85] showed an
increase in neurite outgrowth in soft collagen gels.
In contrast, an equivalent neurite outgrowth on both
polyacrylamide and fibrin gel scaffolds of varying compliance was observed by Georges et al. [86] . Similarly,
Leach et al. demonstrated in their study that PC12 neurons display a threshold response to substrates varying
in shear modulus from approximately 101–104 Pa. Neurons were able to extend neurites that were more numerous, longer and more branched on stiffer substrates
compared with those of softer substrates [87] .
In this work, the substantial increase in neurite
outgrowth on pristine mcl-PHA compared with the
linear decrease in neurite length observed on the mclPHA/0.5 wt.% MWCNTs followed by mcl-PHA/1
wt.% MWCNTs nanocomposites reflects a close relationship between neuron’s extension and substrate’s
stiffness. However, the MWCNTs benefits on neurite
length cannot be underestimated: findings by Jin et al.
showed that scaffolds made of Poly l-lactic acid-cocaprolactone coated with CNTs improved neural outgrowth of dorsal root ganglia neurons, with respect to
unmodified films [88] . Furthermore, Matsumoto et al.
showed the stimulation of neurite growth in culture
media with functionalized MWCNTs at very low
concentrations ranging from 0.11 to 1.7 μg*ml-1 [89] .
Therefore, these results together with our findings
accentuate the importance of more experimental data
to define ‘optimal’ MWCNTs concentrations that
are able to confer electrical charge transfer properties while maintaining the suitable intrinsic mechanical properties of nanocomposite materials for neural
extension.
Conclusion
In the present study, mcl-PHA/MWCNTs nanocomposites are proposed as potential neurointerface or
neuroelectrode materials. The thermoplastic elastomer
behavior of the mcl-PHA employed in this work, which
may reduce the mechanical mismatch between the
neuroelectrodes and the brain tissue, is clearly altered
by the incorporation of MWCNTs. Because of the
entanglement of polymer chains promoted by nanofillers and the incorporation of stiff nanotubes into
the soft polymer matrix, the stiffness of the polymer
matrix gradually increased in a concentration-dependent manner from the initial value of 8.13 MPa for
pristine mcl-PHA to approximately 50 MPa for mclPHA/1 wt.% MWCNTs nanocomposite. Incorporation of MWCNTs also resulted in a higher conductivity of the studied system. Incorporation of 0.5 wt.%
of MWCNTs was enough to shift the behavior of the
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samples from resistive to capacitors. Both mechanical
and electrical properties are believed to affect the biological response of the cells employed herein. Among
the studied systems, mcl-PHA/0.5 wt.% MWCNTs
is of particular interest because it promoted neuron
maintenance and shows no detrimental modification
to neurite length with respect to platinum control or
mcl-PHA nanocomposite formulations possessing
higher concentrations of MWCNTs. Furthermore,
mcl-PHA/ 0.5 wt.% MWCNTs nanocomposites were
able to produce a characteristic neural physiological
type response in electrically stimulated VM neuronal
populations.
Future perspective
The fabrication of conductive nanocomposites
described in the present work lends itself well to the
fabrication of castable and mechanically tunable electrically conducting nanocomposites with low CNT
concentrations. In addition, studies with microscale
pillars indicate that the inclusion of topographical
features into the neural interface can reduce electrochemical impedance of the nanocomposite. We expect
that the inclusion of nanofeatures in cast mcl-PHA/
MWCNTs nanocomposites will enhance the biological responses observed here as well as the mechanical
and electrical profiles. Our experimental in vitro results

provide important insight for studying astrocyte reactivity toward a better understanding of the glial scar
formation at the electrode interface.
Supplementary data
To view the supplementary data that accompany this paper
please visit the journal website at: www.futuremedicine.com/
doi/full/10.2217/nnm-2016-0075
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Executive summary
• A nanocomposite based on multi-walled carbon nanotubes (MWCNTs) and a green thermoplastic elastomer
(medium chain length polyhydroxyalkanoate [mcl-PHA]) was prepared as a neurointerface-specific biomaterial.
• The stiffness of mcl-PHA gradually increased with the amount of MWCNTs from approximately 8 MPa (pristine
mcl-PHA) to approximately 50 MPa (1 wt.% MWCNTs).
• Incorporation of 0.5 wt.% of MWCNTs allows the formation of a conductive network inside the polymer
matrix.
• Pristine mcl-PHA and its MWCNTs composites promoted neuron adhesion (while preventing astrocyte
adhesion) with respect to the control substrates (platinum-coated glass).
• Neurite length was significantly increased in neurons cultured on mcl-PHA and mcl-PHA/0.5 wt.% MWCNTs
with respect to the control substrates (platinum-coated glass).
• mcl-PHA/0.5 wt.% MWCNTs nanocomposites were able to produce a characteristic neural physiological type
response in electrically stimulated VM neuronal populations.
neuroelectrodes fabricated from thin-film gold and PDMS.
Biomed. Microdevices 13(2), 361–373 (2011).
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Abstract:

We have developed a deposition method that enhances charge delivery of screen printed electrodes by up to
six times through electrochemical deposition of poly (3,4-ethylenedioxythiophene):p-toluenesulfonate
(PEDOT-PTS). In order to elucidate the effects of PEDOT-PTS deposition on the long-term electrochemical
characterization of screen-printed electrodes we characterized electrode stability with cyclic voltammetry and
impedance spectroscopy at room temperature and at 47 °C. A deposition current of 0.4 mA/cm2 guarantees
coverage of the working electrode conductive area with no spill of the conductive polymer through the
insulating tracks. Control electrodes show charge storage capacity of 0.25 mC. PEDOT-PTS deposited
electrodes are stable for over 4 months and present cathodic charge storage capacity of 1.25 mC.

1

INTRODUCTION

The electrode interface continues to be the main
puzzle piece in the development of neural coupled
devices and implanted sensors. Current challenges are
focused on addressing the accumulation of
hypertrophic astrocytes, and the development of
electrode-investing glial scar tissue (Vallejo-Giraldo
et al., 2014), which increases impedance and prevents
electrode integration with excitable neural tissues.
The development of next-generation electrode
technologies is informed by the biological and
physico-mechanical considerations of nervous tissues
and neural interfaces (Fernandez-Yague, 2015),
which has led to advances in the fabrication of highdensity microelectrode arrays (Green et al., 2013) and
the development of biochemically modified
(Kikkawa et al., 2014) and mechanically biomimetic
neuroelectrode systems (Ware et al., 2012).
Long-term recording with implanted electrode
systems in non-human primates represents a
significant bottleneck in the development of braincomputer-coupled devices and of novel medical
solutions to neural disorders. Although long-term
neural recording has been reported in a handful of
studies (Nicolelis et al., 2003) using traditional
electrode approaches (parylene-coated microwires),

the controversy of long-term neural recording
proliferates due to confounding variables such as
handling of the implant, chemical and mechanical
properties of implants, surgical technique, and quality
of materials implanted, among other fabrication
variables.
In order to investigate the mechanisms of
electrode failures, in vitro experiments are performed
with a subset of those variables, under controlled
environmental conditions. Previous research from our
group, for example, showed that parylene as an
insulator would age within 4 months if implanted.
However, when parylene is applied in conjunction
with ALD (atomic layer deposition) alumina, it
demonstrated a four-fold increase in lifetime
(Minnikanti et al., 2014). Furthermore, we compared
these two kinds of insulations while testing them at
relatively high temperatures, or under “accelerated
aging” conditions, which allowed us to reliably
predict the lifetime of this polymer in vivo.
Poly(3,4-ethylenedioxythiophene) (PEDOT) has
gained much attention recently (Green et al., 2013,
Kim et al., 2014, Mandal et al., 2014), given its
biocompatibility, versatility in terms of counter-ion
species and high charge storage capacity (Green et al.,
2013). Our group has previously investigated several
conductive polymers, as well as surface modifications
for biological applications (Fernandez-Yague et al.,
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2014) and in particular for the development of smart
neuroelectrode applications (Mokarian-Tabari et al.,
2015).
We hypothesized that we could apply the same
principles of testing the material lifetime of electrodes
coated with poly(3,4-ethylenedioxythiophene):ptoluenesulfonate
(PEDOT-PTS)
and
that
electrodeposition of this conducting polymer at the
recording
surface
would
enhance
their
electrochemical properties. In a previous report we
have shown that PEDOT was not as stable as iridium
oxide when used for stimulation (Peixoto et al.,
2009). Here we will address a PEDOT formulation
with stable counter-ions and leverage accelerated
aging and electrochemical characterization to
demonstrate stability of the superficial layers.
In this manuscript we report on the lifetime
assessment of such coatings when used for macro
screen-printed electrodes. In order to determine
stability, we electrodeposit PEDOT-PTS on
commercially available low-cost electrodes with a
carbon layer as the active material. Those strips, as
well as control strips, were subjected to cyclic
voltammetry and electrochemical impedance analysis
for up to one month at room temperature, and
thereafter at elevated temperatures (in our case, 47
°C) for up to three months. The charge delivery
capacity of the electrodes is then evaluated, relative
to their initial value, and the robustness of coatings
determined based on that parameter and on the
stability of the modulus and phase angle in impedance
profiles.

2

Figure 1: As-received screen-printed electrodes. The active
areas are carbon black and silver/silver-chloride. The tabs
on the left allow for electrical connection through alligator
clips. The active areas are the ring (6mm outer diameter),
the center circle (3 mm diameter), and the reference
electrode, silver/silver-chloride. The Ag/AgCl is identified
by the red arrow. An electrically insulating polymeric cover
is identified in blue.

2.2

Electrochemical Deposition

The electrodeposition of PEDOT-PTS films was
conducted under ambient conditions. A solution of
0.05 M EDOT (Sigma Aldrich, Ireland) and 0.1 M
PTS (Sigma Aldrich, Ireland) was prepared in a 50:50
vol% mixture of acetonitrile and DI water. The
electrolyte solution containing the monomeric EDOT
was placed in an in-house fabricated electrochemical
cell system, as shown in Figure 2. The cell was
connected to a Princeton Applied Research
electrochemical potentiostat/galvanostat model 2273.
The electrochemical apparatus consisted of a four
electrode set-up and galvanostatic electrodeposition
was performed with 0.03 and 0.64 mA, and
providing current densities of 0.4 and 9.014 mA cm-2

METHODS

Here we describe the utilized substrates, the methods
of electrodeposition of PEDOT-PTS, and the
electrochemical methods that were utlized in order to
characterize the stability of the coatings and of noncoated control samples.

2.1

Substrates and Solutions

Screen-printed paper-based electrodes (Zensor,
TE100) were acquired from CH Instruments. Figure
1 shows the as-received electrodes. The counter and
working electrode are carbon-based, while the
reference electrode is a silver-silver chloride
formulation.
All characterizations were performed with
electrodes immersed in phosphate buffered saline
(Sigma-Aldrich, St. Louis, MO) at 7.4 pH.

Figure 2: Four-electrode set-up for electrodeposition of
PEDOT-PTS onto Zensor TE100 electrodes under
galvanostatic conditions. Current is first adjusted according
to electrode surface area and then it is applied between
working and counter electrodes, while voltage is measured
between the sensor (working sense) and reference
electrodes.
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respectively, over a constant electrodeposition time of
450 seconds. When the deposition was completed,
each electrode was soaked in deionized water for 24
h to remove excess electrolyte and unreacted EDOT
monomer.
Figure 3 shows magnified images of working
electrode following PEDOT-PTS electrodeposition.
In this manuscript we discuss results pertaining to the
0.4 mA/cm2 current deposition, as the higher current
showed polymeric coating of the plastic insulation.

Figure 3: As-deposited screen-printed electrodes. PEDOTPTS coated electrodes using a current density of 0.4 mA
cm-2 (left) and PEDOT-PTS coated electrodes using a
current density of 9.014 mA cm-2 (right). These magnified
images show details of the surface of the counter and
working electrodes immediately after deposition.
Horizontal scale: 3 mm.

2.3

Characterization Techniques

Control electrodes (carbon-based) as well as PEDOTdeposited electrodes were immersed in PBS and
characterized over time at 24 °C (room temperature)
and at 47 °C. The temperature controller was filled
with Aluminium beads and temperature was logged
over time with a temperature data-logger.
Temperature variation from the heated experiments
(47 °C) was within 1 °C over the course of
experiment. A common problem with long-term
experiments is the evaporation of the media. We
resolved evaporation issues as follows: (a) dental
cement was used on the cap of vials; (b) Teflon tape
used around the threads; (c) a wet environment was
created inside a beaker in order to raise the water
vapor pressure and to allow for temperature control
through a bead bath. Figure 4 shows a schematic of
the setup built and used throughout the
characterization experiments.
Electrochemical characterization was performed
using a 16 channel multiplexer attached to a
CHI660D potentiostat (CH instruments, Bee Cave,
TX). The potentiostat, the electrodes, and all cables
were kept inside a Faraday cage. The potentiostat is
78

Figure 4: The experimental setup used for long-term
characterization of coated and control electrodes. Dental
cement was used to seal screen-printed electrodes into
electrode cells following PEDOT-PTS deposition. In order
to prevent evaporation, vials were filled with phosphate
buffered saline. Electrodes were inserted through the vial
caps and secured with dental cement. Alligator clips and
multi-stranded wires were used to contact the three
electrodes to the potentiostat, and the whole vial was kept
inside a container with distilled water in order to prevent
evaporation. An external environment with saturated
humidity guaranteed that no evaporation took place over
three months.

connected to a PC, kept outside the cage, through a
USB cable. Cyclic voltammetry (CV) is an
electrochemical method that entails the application of
a voltage between the counter and the working
electrode from -0.7 V to 0.7 V while measuring the
current through the working electrode, in reference to
the silver/silver-chloride electrode. While this test is
usually performed continuously, here we ran five
periods, at a scan rate of 50 mV/s. Each electrode
therefore undergoes five CV cycles and then one EIS
test. We have the capability of running up to 16
channels, but we only used 6 of those (3 controls and
3 experimental strips) in order to demonstrate the
stability of the coatings for up to two months.
Once a voltammetry cycle was recorded, the current
was integrated over half of the period of the voltage
applied (for example, from -0.7 V to 0.7 V, or from
0.7 V to -0.7 V) and the charge transferred could be
obtained. Because this test was done at low scan rates,
it was possible to calculate the charge storage
capacity of the electrode. More specifically, because
integration was applied over the cathodic half of the
period, the resulting plot can be referred to as the
cCSC (cathodic charge storage capacity), given in
Coulombs.
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Figure 5: Five cycles of voltammetric spectra of control
non-coated carbon electrodes characterized at room
temperature, in PBS, with a three-electrode setup, voltage
range from -0.7 V to 0.7 V. Current is shown in micro
Amperes. Cyclic voltammetry profile was stable for over
one week (data not shown).

Figure 6: Electrochemical impedance spectroscopy of
control and coated electrodes characterized at room
temperature, in PBS, with a three-electrode setup. Both
impedance modulus (top graph) and phase angle (bottom
graph) show a typical profile for carbon black in the control
electrode (red curves). For lower frequencies, the
electrochemical cell is capacitive (with angles approaching
90 degrees), while for higher frequencies the characteristic
resistive phase is seen. This profile was stable over one
week (testing period, data not shown). Strip A, in blue,
shows lower impedance modulus and a more resistive phase
angle than the control electrode.

Electrochemical impedance spectroscopy (EIS)
was implemented with a 20 mVrms sinusoidal
voltage signal with frequency varying from 0.1 Hz to
100 kHz. Both the modulus and phase were then
recorded for one sweep of frequency. Subsequently
the electrode was subjected to another cyclic
voltammetry (CV) and impedance spectroscopy
(EIS) cycle. Throughout 24 hours at least 80 cycles of

these two tests were recorded.
Figure 5 shows a typical CV spectrum for a
control electrode. Following one week a similar
profile was obtained.
While the CV shows how much charge an
electrode could deliver, the impedance profile
facilitated the generation of the characteristic circuit
component that better describes the interface between
the coating and the electrolyte. Figure 6 shows the
capacitive nature of the carbon-electrolyte interface at
lower frequencies, and the resistive interface at higher
frequencies.

3

RESULTS

“As-received” non-coated electrodes (n=10) were
used as control substrates in order to determine the
stability of the cathodic charge storage capacity. This
was calculated as a function of the surface area of the
working electrode (7 mm2), and found to be
0.25±0.10 mC. Due to excessive PEDOT-PTS
deposition on the insulated regions when using a
current density of 9.014 mA cm-2, we have
characterized further only electrodes coated with
PEDOT-PTS electrodeposited with a current density
of 0.4 mA cm-2, which were assessed for long-term
stability in vitro.
PEDOT-PTS films deposited at a current density
of 0.4 mA cm-2 were immersed in PBS and analysed
at room temperature for one month, along with three
control strips. During this time, approximately 2,000
runs were performed on each electrode. In order to
analyze the impedance changes of each electrode, EIS
runs for each experimental condition were combined
and a mean plot obtained. Figure 7A shows an
example of a twenty-four hour interval, for PEDOTPTS coated electrodes. The stability of the modulus
of impedances over time is within one fold for low
frequencies (up to 1 Hz) and it is statistically
insignificant for frequencies above 10 Hz. Figures 7A
and 7B also demonstrate the effects of PEDOT-PTS
deposition on the modulus and phase of the low
frequency impedance spectrum, reducing the
modulus of impedance to less than 10 kΩ at
frequencies less than 1 Hz. This is in conjunction with
a 30 degree angle on the phase of impedance,
indicating a more resistive electrode-electrolyte
interface.
While the EIS results demonstrated repeatable
profiles, the CV spectra presented noise at voltages
above 0.4 V and below -0.4 V. However, the profiles
were significantly different to those of the non-coated
carbon control electrodes (Figure 4), indicating an
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t=0 (black)
t=24h (red)

Figure 8: Cyclic voltammetry for PEDOT-PTS coated
electrodes characterized at 47°C. Electrodes were
immersed in PBS, and the CV recorded using a threeelectrode setup, with a scan rate of 50 mV/s. The
voltammetry was performed against the reference electrode
potential. The blue curve was taken at 0 h (first cycle
recorded), red curve at 72 hours, and black curve at 144
hours.

Figure 7: Overlay of electrochemical impedance
spectroscopy measurements (modulus) and of phase
measurements for PEDOT-PTS coated electrodes. The
measurements were obtained at t=0 and after 24 hours at
room temperature, in PBS, with a three-electrode setup. The
modulus of impedance was stable across all frequencies
tested (0.1 Hz through 100 kHz) (top graph). The phase was
observed to increase by up to 10 degrees between the
beginning and end of the test (lower graph).

increased charge transfer capacity (over 1 mC at room
temperature), a higher surface area, and a more
electrically active material. Figure 8 shows CVs taken
at three different times during a 600-hour run at 47°C.
Offsets in current are not considered when calculating
the cathodic charge storage capacity. In order to
measure cCSC the average current per cycle of the
voltage is first subtracted from the current.
After one month of electrochemical analysis at room
temperature, both controls and PEDOT-PTS coated
electrodes presented profiles which are not
statistically different from the profiles recorded
during the initial tests (as shown in figure 7 for
impedance profiles). In order to force the aging of the
electrodes, the temperature of electrolyte was
increased to 47 °C and the cathodic charge storage
capacity was assessed for up to two months. At this
elevated temperature, the main qualitative difference
noted was electrical noise. The impact on the EIS and
CV however was minimal. In order to quantify
stability, we measured the cCSC for over 1,500
voltammetric cycles. Figure 9 shows a summary of
these plots obtained from PEDOT-PTS coated and
non-coated electrodes. The standard deviation was
not plotted on this graph for clarity.
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Each electrode was characterized approximately 3
times per hour, for up to 500 hours. There were two
interruptions due to power outages, one around the
300-hour mark, and one around the 420-hour mark.
This means that we are reporting on approximately
400 hours (non-consecutive). Approximately 1,000
files were generated per electrode and each files was
used to extract one cCSC, which was then plotted
along the time axis (Figure 9). The mean and standard
deviation of the cCSCs for control and PEDOT-PTS
electrodes was recorded as 0.26±0.12 mC; 1.25±0.30
mC, respectively.

Figure 9: Cathodic charge storage capacity over time for
control (red) and PEDOT-PTS coated electrodes (blue and
black). The charge storage capacity indicates the stability
of the cyclic voltammetry through a combined mean data
point. Each number corresponds to a full cycle of a CV
performed on the electrode from -0.7 V to 0.7 V at 50 mV/s,
against a reference electrode. These experiments were
performed in PBS held at 47°C.

4

DISCUSSION

Recently, several groups have demonstrated the
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successful deposition of PEDOT-PTS on Platinum
substrates for electrical stimulation in neural
prosthetics applications (Green et al., 2012, Green et
al., 2013) or as conductive films electro-sprayed onto
glass substrates (Kim et al., 2104). To our knowledge,
this is the first report of a PEDOT-PTS film
successfully deposited on Carbon substrates, on
commercially available screen-printed electrodes.
We have successfully designed a coating protocol
for PEDOT-PTS thin films that can be adjusted in
order to obtain varying charge delivery capacities.
The charge storage capacity of the films showed a
five to seven fold increase over the commercially
available carbon coating, and given the surface area
of the working electrode (7 mm2), and the highly nonuniform surface, the cathodic charge storage capacity
of 0.25±0.10 mC was not surprising. A usual side
effect of thin film coatings, and in particular for
PEDOT electrodes, is the splitting of layers, also
known as delamination, over time. Factors that affect
delamination are the dynamic range of the voltage
applied during CV tests, the temperature at which the
characterizations are performed, the surface
roughness and the electrostatic interaction at the
material interface.
Delamination can usually be visualized on the
surface of the electrode seen as cracks when it is
substantial (Green et al., 2012), and it is a significant
concern in implantable applications since coating
technologies can be important to preserve
biocompatibility during chronic recording or
stimulation (Vallejo-Giraldo et al.). Critically, when
during the onset of delamination, electrochemical
methods can point to subtle or microscopic defects
that are not readily found microscopically. With the
combination of cyclic voltammetry and impedance
spectroscopy profiles, it was possible to ascertain
over time, the stability of the interface between the
working electrode or the electrode coating and an
electrolyte.
By characterizing electrodes over several months
we demonstrated that the charge and the impedance
can vary around a mean value but remained stable in
vitro. Robustness of the PEDOT-PTS could then be
demonstrated at room temperature and when
subjected to accelerated aging at elevated
temperatures. In can be hypothesized that for
applications utilizing implantable PEDOT-PTS
coated electrodes, a similar robust behavior can be
expected. The original motivation for electrochemical
analysis at 47 °C was derived from the hypothesis that
in general, for every 10 degree increase in
temperature, it can expected that the lifetime of the
polymer will decrease by a factor of two. In other

words, given that 10 days is the mean time to failure
cited in the literature for implanted PEDOT-PTS
coatings (Green et al, 2012), it could be expected that
the carbon-based electrodes investigated in this study
would fail within 5 days.
The robustness of the screen-printed electrodes
was a further unexpected result observed in this
exploration and the polymeric insulating coating did
not delaminate over the course of three months (total
test time) indicating the potential applications of these
cost-effective devices for implantable devices.
Future studies will focus on the miniaturization of
the deposition area and on validating the stability of
PEDOT-PTS coated electrodes in neuronal-glial
culture maintained for over three months, while
leveraging the electrodes for stimulation and
recording of extra-cellular activity.

5

CONCLUSIONS

PEDOT-PTS films, when deposited on Carbon-based
substrates, enhance the electrode-electrolyte interface
through increasing the charge delivery with a constant
surface area. The potential of this coating approach
for neuroelectrode applications is further validated
through the coating persistence and delamination was
not observed for up to two months in age-accelerated
conditions. We intend to test miniaturized electrodes
with the same coating process, and with neuronalglial cultures, in order to further characterize
PEDOT-PTS for biological applications.
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Abstract Neuroprosthetic technologies for therapeutic
neuromodulation have seen major advances in recent years
but these advances have been impeded due to electrode
failure or a temporal deterioration in the device recording
or electrical stimulation potential. This deterioration is attributed to an intrinsic host tissue response, namely glial
scarring or gliosis, which prevents the injured neurons from
sprouting, drives neurite processes away from the neuroelectrode and increases signal impedance by increasing the
distance between the electrode and its target neurons. To
address this problem, there is a clinical need to reduce
tissue encapsulation of the electrodes in situ and improve
long-term neuroelectrode function. Nanotopographical
modification has emerged as a potent methodology for the
disruption of protein adsorption and cellular adhesion
in vitro. This study investigates the use of block copolymer
self-assembly technique for the generation of sub-20 nm
nanowire features on silicon substrates. Critically, these
nanostructures were observed to significantly reduce electrical impedance and increase conductivity. Human neuroblastoma SH-SY5Y cells cultured on nanowire substrates
for up to 14 days were associated with enhanced focal
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adhesion reinforcement and a reduction in proliferation.
We conclude that nanowire surface modulation may offer
significant potential as an electrode functionalization
strategy.

1 Introduction
The translation of neuroelectrode-based therapies into
long-term clinical solutions is problematic due to soft-tissue scarring, and sub-optimal electrode integration [1],
which prevents the injured neurons from regenerating,
drives neurite processes away from the neuroelectrodes and
increases signal impedance. Inert anti-fouling polymers are
commonly used to coat the non-stimulating elements of the
electrode, however this material act as a potent dielectric
barrier and cannot be employed to reduce glial cell adhesion and scarring on the stimulating surface.
Nanotopographically modified neuroelectrode surfaces
may provide excellent opportunities for functional modification, through the modulation of both protein adsorption
and cell adhesion to promote electrode integration. Further,
nanotopography may be employed to significantly enhance
electrode performance by reducing the interfacial impedance. The success or failure of novel neuroelectrode systems hinge on an implanted electrode system that reduces
adverse peri-implant encapsulation, reduces neural loss, and
receive/target stimulating electrical pulses to from/to the site
of interest to achieve maximum therapeutic efficacy.
Highly ordered micro and nanotopographies (\100 nm)
have recently been identified as useful in modulating cell
adhesion and differentiation [2]. However, a paradigm of
nanobiomimetic design is that features with dimensions
similar to those of surface bound proteins (*10 nm) can
significantly affect protein adsorption and cellular activity
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[3, 4]. Cost effective methodologies for the fabrication of
sub-20 nm features are critical for the translation of true
nanotechnologies into the clinic, and high-throughput
photolithography approaches are rapidly approaching their
resolution limitations. Here, we describe a self-assembly
process for the production of hexagonally arranged arrays
of 20 nm vertical silicon nanowires using a block copolymer, reactive ion etching process and discuss the effect of
the surface modifications on cell adhesion and electrical
charge transfer in vitro.
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domains in (Fig. 1a) are PEO and the matrix polymer is
composed of PS. To be able to use this pattern as a mask
template on silicon, it is necessary to increase the etch
contrast between the polymer and the substrate. This was
done by an iron oxide inclusion technique [7].

2 Results and discussion
2.1 Physicochemical characterisation of silicon
substrates
Here we describe the fabrication of sub-20 nm nanowire
features in silicon using a block copolymer mask technique. Critically, these nanowire substrates were observed
to significantly reduce in the magnitude of electrode
impedance due to a significant increase in surface area.
Furthermore, preliminary biological observations offer
significant insight into the development of next-generation
neuroelectrode design.
We used PS-b-PEO poly (styrene-b-ethylene oxide)
block copolymer to make 50 nm thick, nanopatterned, thin
films on silicon substrates [5]. The films were exposed to
toluene vapor at 50 °C, a common technique known as
solvent vapor annealing employed to induce nanophase
separation of BCP thin films [6]. Due to the affinity of both
polymers with toluene, the chains become mobilised. The
phase separation is driven by immiscibility of the two
polymer blocks and an ordered dot pattern of hexagonally
phase separated polymer is formed (Fig. 1a). The dark dot

Fig. 2 Si nanowires characterisations. a SEM tilted image (*40°) of
Si nanowires after pattern transfer of iron oxide dot domain (shown in
c) to Si substrate following 10 s SiO2 etch (C4F8/H2) ? 90 s Si etch
(C4F8/SF6) in ICP/RIE. b FT-IR spectra of plain Si and Si nanowire
substrate confirms similar surface chemistry

Fig. 1 Block copolymer nanolithography. a AFM topographic
images of PS-b-PEO after annealing. The FFT image indicating a
periodicity of 38 nm. b After iron oxide inclusion to PEO (dark

domains) to enhance the etch contrast. c After UV/Ozone exposure to
remove the matrix polymer (PS) and oxidise the precursor. The white
domains are iron oxide arrays
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After immersing the sample in ethanol for 6 h, an iron
nitride III solution was spin cast on PS-b-PEO film. The
iron nitride immigrates to PEO domains selectively
(Fig. 1b). Further exposure of the sample to UV/ozone
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leads to oxidation of the domains and also removal of most
of the PS matrix (Fig. 1c). The template is then etched
using an ICP-RIE plasma reactor. Due to the high etch
contrast of iron oxide with silicon, we were able to fabricate high aspect ratio vertical nanowires in silicon. Figure 2a is a 40° tilted SEM image of silicon nanowires after
removal of iron oxide. The wires are 20 nm in diameter
and 92 ± 11.5 nm in height. With this method it is possible to make high aspect ratio (20:1) vertical nanowires
(data not shown). FT-IR spectra shown in (Fig. 2b) provides additional information on the surface chemistry of
the substrates and indicates that both planar silicon and the
nanopatterned silicon possess identical chemical profiles.
Different peaks associated with different bonds are
indicated.
2.2 Electrical characterisation of silicon substrates

Fig. 3 Analysis of silicon electrical conductivity. a Si nanowire
substrates were observed to reduce the electrical impedance relative
to planar silicon substrates, assessed at 10-1–104 Hz. The reduction in
impedance was particularly significant at physiological relevant
frequencies (shaded) (n = 3). Four-point probe analysis indicated a
significant increase in substrate conductivity when patterned with
silicon nanowires (b)

For electrical stimulating devices, increases in electrode
impedance can affect current delivery, device battery life,
and stimulation thresholds [8–10], with current spinal
stimulation systems maintaining functionality for less than
5 years in chronic pain patients due to increased tissue
impedance, migration or battery failure [11–14]. Furthermore, the volume of tissue stimulation is dependent on the

Fig. 4 Human neuroblastoma cell proliferation and adhesion on
nanowire substrates. Cells adhered to all experimental substrates. Focal
adhesion formation and neurospecific morphology was increased on
c vertical nanowire substrates relative to b planar silicon and a control
TCP substrates. This was quantified at day analysis of cell proliferation

d indicated that SH-5YSY cells proliferated on nanowire substrates less
efficiently than on planar silicon and control TCP substrates.
e Nanowire substrates promoted neural cell adhesion through the
generation of elongated focal adhesions. Red actin, green paxillin, blue
DAPI. Bar 50 lm (Color figure online)
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electrode–tissue interface impedance when using voltagecontrolled stimulation [12, 15].
Electrochemical impedance spectroscopy (EIC) indicated that through surface patterning with nanowire structures the impedance profile of planar silicon can be
significantly reduced. In particular, at physiologically
relevant electrical frequencies (indicated) this reduction in
impedance was by approximately 1 order of magnitude
(Fig. 3a). Four-point probe analysis also indicated a significant increase in nanowire substrate conductivity relative
to planar silicon substrates (Fig. 3b).
2.3 Cytocompatability of silicon substrates
Human neuroblastoma SH-SY5Y cells were cultured on
experimental and control substrates for up to 14 days and
assessed for proliferation and adhesion.SH-SY5Y cells
were observed to proliferate on control tissue culture
plastic (TCP) and planar silicon substrates but not on
nanowire substrates as identified by Alamar blue assay.
Immunofluorescent labelling of paxillin and subsequent
focal adhesion analysis revealed an increase in focal adhesion reinforcement of both planar and silicon nanowire
samples, which was present up to day 14 of culture
(Fig. 4).
Neurons do not possess a regenerative capacity and
hence proliferation at the cell/neuroelectrode interface will
be restricted predominantly to the resident glial and migratory leukocyte populations leading to frustrated phagocytosis, local inflammation and neuron death. Although
glial cell adhesion was not assessed in this study, it is
interesting to suggest that anti-proliferative surfaces may
reduce glial proliferation and subsequent gliosis whilst
maintaining intimate contact with interfacial neurites
through the promotion of focal adhesion reinforcement.

3 Conclusion
The limited success of long-term spinal stimulation is due
to the absence of an innovative anti-scaring system that can
promote electrode interaction, reduce encapsulation and
improve the therapeutic charge transfer to neural tissue.
Reactive tissue and consolidated scar tissue have higher
resistive properties than normal tissue [15, 16] and changes
in electrode impedance can alter the performance of implantable devices. To address this problem, there is a
clinical need to reduce scar-tissue encapsulation in situ and
improve long-term neuroelectrode function. It can be hypothesised that the chronic performance of neural interfaces can be enhanced by promoting neuron adhesion to the
electrode surface to increase device integration and reduce
scar tissue encapsulation. Here vertical silicon nanowire
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substrates fabricated via block copolymer templating were
evaluated as potent modulators of cellular adhesion and
proliferation and significantly improved the material electrical conductivity.

4 Experimental methods
4.1 Sub-20 nm nanowire fabrication
Polystyrene-b- ethylene oxide (PS-b-PEO) diblock
copolymer with average molecular masses of blocks
MPS = 42 kg mol-1 and MPEO = 11 kg mol-1 and PDI
(polydispersity index) of 1.07 was purchased from Polymer
Source. A 1 wt% solution of polymer in toluene was prepared. The thin film was spin cast at 2,000 r.p.m. on a
p-type silicon substrate with a 2 nm native oxide layer on
top and annealed at 50 °C exposed to toluene. For metal
oxide inclusion the film was immersed in anhydrous
ethanol for 6 h at 40 °C to obtain activated PEO domains.
A 0.4 % iron (III) nitrate nonahydrate solution in ethanol
was spin cast on the film. The sample was exposed to UV/
Ozone for 3 h to oxidize the precursor and remove the
polystyrene polymer matrix. The iron oxide mask was
pattern transferred to the silicon substrate performing a
10 s silicon oxide etch (to remove the native oxide layer)
using a combination of tetrafluorocarbon (C4F4) and hydrogen gases and 90 s siliconetch using a combination of
sulphur hexafluoride (SF6) and trifluoromethane (CHF3)
gases in an (ICP-RIE) inductively coupled plasma-reactive
ion etch machine [17].The iron oxide was removes by
immersion the patterned substrate in a 10 wt% oxalic acid
in water solution for 3 h. Surface morphologies were imaged by scanning probe microscopy in tapping mode and
scanning electron microscopy. FT-IR was used to characterise the chemistry of the plain silicon and nanotopography pattern silicon surfaces to make sure the chemistry of
the both surfaces are similar.

4.2 Electrical conductivity measurements
Resistance of the films was measured using a four-point
probe technique on a custom built apparatus. Four locations
on the polymeric film were measured in an area of 2 cm2.
Electrical impedance spectroscopy (EIS) was performed
using a Solartron Instruments controlled by the Z view
software with a three electrode set up in a-physiological
saline electrolyte buffered with carbonate and phosphate as
described in [18]. An AC sine wave of 40 mV amplitude
was applied with 0 V DC offset. The impedance magnitude
and phase angle were calculated at 1, 10, 100, 1,000,
10,000 Hz [1].
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4.3 Cell studies
The human neuroblastoma SH-SY5Y cells were cultured in
Dulbeccos modified eagles medium (DMEM), F12 medium and supplemented with 10 % fetal bovine serum and
1 % penicillin/streptomycin (FBS) and all-trans retinoic
acid at a final concentration of 10 lM for differentiation
into neuronal cell morphology. Cells were seeded onto
experimental substrates at a final density of 50,000 cells/
cm2. AlamarBlueÒ Assay (Life Technologies, UK) was
carried out after 1, 7 and 14 days on each of the samples
according to manufacturer guidelines and absorbance was
measured at 544 excitation and 590 emission wave lengths
using a Thermo Scientific Varios-Kan Flash microplate
reader.
Cell cultures were fixed in 4 % paraformaldehyde and
1 % sucrose at days, 1, 7 and 14. Indirect immunofluorescent labelling of paxillin was performed as
described previously [19]. The samples were subsequently
imaged with an Olympus IX 81 fluorescence microscope.
At least 20 randomly selected images at 209 magnification were taken from each tested groups and control
groups. The total number of focal adhesion points per cell
and their length was directly counted and measured with
ImageJ software (National Institutes of Health, USA). All
data presented here was confirmed at least using three
replicates for each of the tested groups and control groups.
The results are expressed as the mean of the values ± standard error. One way ANOVA followed by
Bonferroni test were performed to determine the statistical
significance (P \ 0.05), unless otherwise stated.
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