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Abstract Implantable microelectrodes have the potential
to become part of neural prostheses to restore lost nerve
function after nerve damage. The initial adsorption of
proteins to materials for implantable microelectrodes is an
important factor in determining the longevity and stability
of the implant. Once an implant is in the body, protein
adsorption takes place almost instantly before the cells
reach the surface of an implant. The aim of this study was
to identify an optimum material for electrode recording
sites on implantable microelectrodes. Common materials
for electrode sites are gold, platinum, iridium, and indium
tin oxide. These, along with a reference material (titanium),
were investigated. The thickness and the structure of ad-
sorbed proteins on these materials were measured using a
combination of atomic force microscopy and ellipsometry.
The adsorbed protein layers on gold (after 7 and 28 days of
exposure to serum) were the smoothest and the thinnest
compared to all the other substrate materials, indicating
that gold is the material of choice for electrode recording
sites on implantable microelectrodes. However, the results
also show that indium tin oxide might also be a good
choice for these applications.
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Introduction

When permanent nerve damage occurs, the nerves proxi-
mal and distal to the point of damage often remain intact
and active. In order to exploit this for the restoration of
function, scientists have developed chronically implantable
microelectrodes to record from and/or stimulate cells of the
remaining nervous system [1]. Partial restoration of lost
function has been achieved by advances in functional
electrical stimulation [2]; however, restoration of complex
functions such as standing and walking require a feedback
loop to regulate the output of the stimulator. To this end, a
number of groups have developed chronically implantable
microelectrodes [3, 4] to record signals from the human
peripheral nervous system. Similar microelectrodes struc-
tures have also been implanted in the central nervous
system as part of neural prostheses; for example, a multi-
electrode array implanted in the motor cortex and sur-
rounding areas has been developed to extract motor signals
from the brain capable of controlling an artificial limb [5].
Figure 1 shows an electron micrograph of a typical
implantable microelectrode probe, consisting of a number
of electrode sites located on a penetrating shank that is
inserted into a nerve. Typically, the electrode sites are
made of a conducting metal deposited on a silicon-based
substrate. The whole microelectrode is usually insulated by
a passivation layer, leaving the electrode sites and bonding
pads exposed.

Protein adsorption is believed to be the initial event that
takes place when a material is inserted into the body [6, 7].
Since these initially adsorbed proteins play a significant
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Fig. 1 Scanning electron micrograph of a typical neuroprobe.
Recording sites (pale squares) are exposed through a passivation
layer following deposition onto a needle-shaped silicon substrate. The
scale bar shows 100 pum; the probe is approximately 8 um deep

influence on the subsequent adsorption of further proteins,
cells, and microorganisms, they play a large role in dic-
tating subsequent interfacial reactions and ultimately the
biocompatibility of the material [8]. Protein adsorption is
therefore of key significance in determining the in vivo
performance of implants. In the case of electrode recording
sites, there must be an intimate, physical contact between
the nerve cells and electrodes in order to maximise the
signal-to-noise ratio. To achieve this, the surface should be
covered with the thinnest layer of protein possible. Fur-
thermore, smoother surfaces are preferred to rougher sur-
faces, because rougher surfaces give rise to higher surface
area, thus increasing the opportunity for microbes to adhere
and cause infection.

Adsorption rates vary between different materials, and it
is therefore necessary to assess the rate at which proteins
adsorb to various candidate materials for recording sites in
order to optimise the performance of a probe. Once in the
body, an implant will be exposed to proteins and ions in the
blood and extracellular fluid. Proteins and ions from the
extracellular fluid are the first to be adsorbed to the im-
plant, which then attract cells of the immune system and
other cells to the implant surface. The constituents of di-
luted blood plasma closely resemble the constituents of
extracellular fluid, and protein adsorption studies using
diluted blood plasma therefore provide the closest match to
the in vivo situation.

In this paper, we describe an assessment of protein
adsorption from plasma onto typical materials used for
implantable electrodes, through the combined use of
atomic force microscopy (AFM) and spectroscopic ellips-
ometry. A number of materials in common use for chron-
ically implantable microelectrodes were chosen for study:
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gold (Au), platinum (Pt), iridium (Ir), indium tin oxide
(ITO) and titanium (Ti). Au, Pt, and Ir were selected be-
cause they are the most common materials used for in vivo
electrode sites [4, 9-21]. ITO was chosen because of its
wide use as in vitro planar electrodes for recording elec-
trical signals from neurons [22-26]. Although Ti is not a
very good electronic conductor, it was chosen as a refer-
ence material because it is a long established implant
material [27] for which protein adsorption has already been
well-characterised [28-30]. The materials were deposited
as thin films (100 nm in thickness in most cases) to repli-
cate the thin films used in implantable microelectrodes.

Materials and methods
Materials

All the materials except ITO were deposited as thin films
(100 nm) on glass microscope slides (75 mm X 25 mm
X 1 mm). The thickness of the ITO layer was 200 nm,
prepared by a ‘“float” process in which molten glass was
floated on a pool of liquid tin under a nitrogen/hydrogen
atmosphere (Delta Technologies, MN, USA). Au, Pt and
Ti thin films were obtained from the University of
Sheffield’s (UK) EPSRC Central Facility for HI-V
Semiconductors. The Ir slides were obtained from
Goodfellow (UK). The Au, Pt and Ir films were deposited
over a 10 nm Ti interlayer to act as an adhesion layer to
the glass substrate. Materials were cut to size
(10 mm X 12 mm), cleaned with 70% ethanol and then
washed three times with distilled water before all the
experiments. The reverse side of the ITO slide used for
ellipsometry was roughened using a fine sandpaper to
prevent reflection from this interface.

Methods

Rabbit plasma (Charles River, UK) was diluted in a 1:10
ratio with distilled water to give a final total protein
concentration of 5 mg/mL. The total protein concentra-
tion of rabbit plasma was determined by using a Pierce
BCA protein assay kit (cat # 23225) and Unicam SP 600
series-2 spectrophotometer. A standard curve was con-
structed using bovine serum albumin (BSA) standards
measured against a measured optical density at 562 nm.
The diluted plasma was preheated to 37 °C and centri-
fuged at 160 g for 5 min to remove any clumps of
protein. The electrode materials were incubated in 8§ mL
of diluted plasma at 37 °C for either 1 day, 7 days or
28 days. At the end of the incubation period, samples
were rinsed with 5 mL of distilled water and dried
overnight in a desiccator.
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Ellipsometry

Spectroscopic ellipsometry was used to measure the
thickness of the protein film on materials exposed to
plasma for 1 day. After 7 or 28 days of plasma exposure,
the films were too thick to measure satisfactorily using
ellipsometry. Ellipsometry relies on the measurement of
the change in the polarisation state of light caused by
reflection from an interface [31]. It is a highly sensitive
means of determining the structure of organic interfacial
layers [32]. Two parameters describe the change in the
state of polarisation: ¥ (which refers to the change in the
relative amplitude of the light after reflections) and A
(which refers to the change in the relative phase).

A variable angle-of-incidence spectroscopic ellipsome-
ter with rotating analyser (J. A. Woollam Co., Inc., Lin-
coln, NE, USA) was used. Spectroscopic scans were
performed on the material surfaces at wavelengths between
400 nm and 800 nm in steps of 10 nm, and at angles of
incidence of 65°, 70° and 75°, before and after exposure to
plasma. Measurements were taken five times for each
material. The scans of the materials prior to plasma
exposure were used to obtain their complex refractive in-
dex (both real (n) and imaginary (k) components) through
inversion of the data.

Values of the thickness and roughness of the adsorbed
protein layers were obtained by modelling the spectra using
commercial software (WVASE32, J.A. Woollam Co. Inc.)
that determined the minimum of the mean-squared error
(MSE) of an optical model in describing the iy and A
spectra. The dispersion of the real part of the refractive
index, n, of the protein layer was described in the model by
a Cauchy equation:

n(l) =A+ %,
in which 4 is the wavelength of light in pm, and A and B
are both constants [33]. Through the preliminary analysis
of several adsorbed films, standard values of A = 1.55 and
B =0.01 um*> were obtained for the protein. Over the
range of wavelengths that were used, the protein was
adequately described as transparent with k£ = 0. In the
iterative fitting procedure to obtain the minimum MSE,
the thickness and the roughness of the protein layer were
varied. All of the metal films were sufficiently absorbing
so that the optical constants of the glass substrate did not
need to be considered in modelling the data. Because the
ITO is transparent, however, its thickness and optical
constants, as well as the optical constants of the glass
substrates were determined independently and considered
in the subsequent modelling.

Atomic Force Microscopy (AFM)

AFM was performed on all the materials to obtain topo-
graphic images of the surfaces prior to and after 1 day,
7 days and 28 days of exposure to plasma using a Nano-
Scope IIla (Digital Instruments, California) with silicon
tips. A roughness analysis was performed on all the
surfaces before and after exposure to plasma for 7 days.
Tapping mode AFM was performed to scan across the
surface, allowing both inspection and the determination of
the mean and RMS roughness parameters (R, and R,
respectively). In order to assess the thickness of protein
film adsorbed to materials after 7 days and 28 days, part of
the protein film was carefully removed using cotton buds
soaked in trypsin (0.25%) to create a step between the film
and the substrate. The debris after trypsin treatment was
removed using cotton buds soaked in 70% ethanol and the
samples were allowed to air dry for 2 h. The scans were
performed across the step using tapping mode AFM, and
roughness and section analysis were performed across the
created step.

Results
Analysis of bare surfaces

The surface energy and roughness are the two most
important properties of a material in determining the
adsorption of proteins [34]. In turn, the fabrication process
plays a minor role in influencing the surface roughness of a
thin film. The root-mean-square and average (R,,s and R,)
of the materials are shown in Fig. 2. As the R, is an
indication of the deviation of height from the mean data
plane, it gives a more useful description of the surface
roughness compared to R,. It can be seen that Ti had the
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Fig. 2 The surface roughness (R,,s and R,) of different materials,
obtained from a 9 um? area scan for each material by AFM
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roughest surface and Pt had the smoothest surface. ITO and
Ir had similar surface roughness values, which were in turn
higher than Pt and Au. The surface roughness of Au was
found to be approximately 60% lower than that of Ti, by
both measures of surface roughness. The AFM images of
all the bare surfaces are shown as image (a) in Figs. 3,4, 5,
6, 7. Analysis indicated that Ti showed the highest amount
of surface features (peaks and valleys), whilst Pt showed
the lowest amount of surface features. ITO and Ir had
similar surfaces. It can be seen that both Au and Pt had
regular grain structures, but the grains were larger in the
Au sample when compared to the Pt sample.

In addition to the above studies, a qualitative assessment
of surface free energy was performed (data not shown) by
depositing 1 pL distilled water onto the surface of the bare
substrates and measuring the diameter of the droplet
forming on the surface. The diameter of the water drop is
related to the hydrophilicity of the substrate; as a general
indicator, the larger the diameter of the droplet, the more
hydrophilic the surface is and the greater the surface free
energy. The tests indicated that the surface free energy of
Ti and ITO were significantly greater than those of Au, Ir
and Pt, which were similar to one another.

Materials exposed to plasma for 1 day

Tapping mode AFM was performed on all the materials
after 1-day incubation with plasma. Representative topog-
raphy images are shown as image (b) in Fig. 3-7. Au and

Fig. 3 AFM topography
images of Au. (a) bare substrate,
and (b) 1 day, (c) 7 days, and
(d) 28 days exposure to plasma.
Scales shown on each figure
apply to x- and y-directions
(images are square); z-scale for
all images is 200 nm
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Pt were found to have more uniform surfaces than all the
other materials, which correlates with the smooth and
regular grain structures seen on the topography images of
both bare surfaces. Ir had the highest amount of surface
features with deep valleys and high peaks. Although ITO
has a high amount of surface features, it can be seen from
the contrast in the images that they are not as deep as the
surface features seen on Ir or Ti. The thickness of protein
films was obtained from ellipsometry data by measuring ¥
and A and building a model to fit these parameters. The
ellipsometry results for the five materials are shown in
Fig. 8 and 9. The thinnest layer of protein is initially
adsorbed on ITO, whilst a layer that was approximately
five times thicker adsorbed on Ti. Ti showed a high degree
of variation in the thickness of the protein layer adsorbed to
it, indicated by the high standard deviation (indicated in the
figure by the vertical bar).

Materials after 7 and 28 days exposure to plasma

At longer exposure times, ellipsometry was found to give
unsatisfactory results due to the thickness of the film, and
so tapping mode AFM was used to determine topography
and protein thickness on all the materials after 7 and
28 days incubation with plasma. The topography images
for 7-day exposure are shown in Figs. 3(c)-7 (c). As can be
seen, Au and Pt had smoother surfaces than the other
materials. Ir and Ti had significantly more pronounced
surface features than the other materials. ITO in particular
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Fig. 4 AFM topography
images of Ir. (a) bare substrate,
and (b) 1 day, (c) 7 days, and
(d) 28 days exposure to plasma.
Scales shown on each figure
apply to x- and y-directions
(images are square); z-scale for
all images is 100 nm

Fig. 5 AFM topography
images of ITO. (a) bare
substrate, and (b) 1 day, (c)

7 days, and (d) 28 days
exposure to plasma. Note that
scales are different to show
detail of island formation.
Scales shown on each figure
apply to x- and y-directions
(images are square); (a) and (b)
scan size 1 pm, z-scale 200 nm;
(c) scan size 9 um, z-scale

2 pm; (d) scan size 500 nm, z-
scale 100 nm

200
smm

showed hemispherical island structures scattered across the  Fig. 9, and the roughness of the protein layer adsorbed
surface. The thickness of protein layer adsorbed to different ~ to different materials after 7 days exposure to plasma is
materials after 7 days exposure to plasma is shown in  shown in Fig. 10. Tapping mode AFM was also performed
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Fig. 6 AFM topography
images of Pt. (a) bare substrate,
and (b) 1 day, (c) 7 days, and
(d) 28 days exposure to plasma.
Scales shown on each figure
apply to x- and y-directions
(images are square), and differ
to show delamination detail at
longer time intervals. z-scales
are 500 nm, 100 nm, 2 pm,

10 pm respectively

Fig. 7 AFM topography
images of Ti. (a) bare substrate,
and (b) 1 day, (c) 7 days, and
(d) 28 days exposure to plasma.
Scales shown on each figure
apply to x- and y-directions
(images are square); scan size is
1 pm, z-scale 200 nm

on all the materials after 28 days exposure to plasma. The
topography images are shown in Figs. 3(d)-7(d). As can be
seen Ir, Ti and ITO all had significant surface features
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when compared to Au. Pt had the most significant surface
features when compared to all the materials. The thickness
of protein layer adsorbed to different materials after
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Fig. 8 The mean thickness (n = 3) of the adsorbed protein layer
adsorbed to the different materials after exposure to plasma for 1 day,
as measured using ellipsometry. The vertical bars indicate one
standard deviation from the mean
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Fig. 9 A plot showing the variation in the thickness of the protein
layer adsorbed to different materials after 1, 7, and 28 days exposure
to plasma, as measured using a combination of ellipsometry (for
1 day exposure) and step-technique AFM (for 7 and 28 day
exposures)
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Fig. 10 A plot of the variation in RMS surface roughness (R;,;) of
the bare substrate prior to exposure, and following 7 and 28 days
exposure to plasma, taken using AFM analysis for the range of
different materials used in this study

28 days exposure to plasma is shown in Fig. 9, and the
roughness of the protein layers adsorbed to different
materials after 28 days exposure to plasma is shown in
Fig. 10.

Discussion

In all cases (and as shown in Fig. 9), the thickness of
protein layer adsorbed after 7 days was higher than that
after 1 day exposure to plasma, indicating a growth pro-
cess. The thickness of protein layer adsorbed to Au, Ir, and
Pt after 7 days was similar, indicating the rate of adsorp-
tion is similar on these three materials up to 7 days and
which in turn correlates well with their similar values of
surface energy. The rate of protein adsorption onto ITO and
Ti was much faster over the first 7 days compared to other
materials, again correlating well with the surface energy
measurements. As can be seen from the topography ima-
ges, the Au and Pt samples had an apparently continuous
layer with uniform thickness after 7 days exposure to
plasma, whereas Ti and Ir showed peak and valley struc-
tures, and ITO showed distinctive island-like structures
scattered across the surface. The smoother protein layer
seen deposited on Au could be explained by the lower
surface roughness, and the coarser protein layer on Ti may
be explained by the higher surface roughness of the bare
substrates. This possibly indicates that both the topography
and surface energy of the bare substrate have a role in
dictating the manner in which protein is adsorbed, but have
distinct roles in dictating the protein film thickness and
topography respectively.

After 28 days of exposure, protein adsorption became
more variable between materials. Pt has the highest rate of
adsorption between 7 and 28 days, though this could be
partly attributed to delamination seen on parts of this
sample, some of which is visible in the AFM image
(Fig. 6). The results have been removed from Figs. 9 and
10 as it is quite likely that they are not representative of the
protein layer. After 28 days exposure to plasma, Au has the
smoothest and most continuous layer, ITO has non-uniform
features, whereas all the other materials have high peaks
and deep valley structures; in the case of Ti this was
significant enough to produce a roughness value similar to
ITO.

Although the mechanisms of the protein adsorption
process have been studied and reviewed extensively, many
aspects of the mechanisms of the adsorption process
remain speculative due to the technical difficulties of
observing the process [35, 36]. It is known that fibrous
capsules ultimately reach a stable thickness when the body
has encapsulated a foreign object to isolate it from the rest
of the body, but a number of mechanisms have been
suggested for how this might occur. For example, some
reports in the literature describe protein adsorption as the
irreversible adsorption of protein, whereas other research-
ers have stated that desorption can also occur [37, 38]. The
extent of reversibility of protein adsorption depends on
the surface energy, surface coverage, and extent of
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denaturation; protein adsorption to hydrophilic substrates is
generally reversible [34]. An alternative explanation could
be that there is no desorption, but instead there is a
re-arrangement of the protein molecules to create a denser
packing.

If we consider the stabilisation process as being based
on protein adsorption and desorption, Ti was found to have
the thickest layer of protein after 7 days and thinnest layer
of protein after 28 days, possibly indicating that after an
initial adsorption process, the rate of desorption exceeded
rate of adsorption between 7 days and 28 days, resulting in
a thinner film after the longer time period. The rate of
protein adsorption onto Au and Ir slowed considerably
during the 7-28 day period, indicating that if both
adsorption and desorption are taking place, the rate of
adsorption was slightly higher than the rate of desorption.
Similarly, the rate of protein adsorption onto ITO after
7 days was significantly lower than the rate of adsorption
before 7 days, indicating both adsorption and desorption
processes with rate of adsorption dominating over the rate
of desorption, though the unusual method of island
formation may also play a role in this.

From the surface energy experiments Ti is the most
hydrophilic surface compared to other surfaces and the
pattern of protein adsorption on Ti correlates with this. All
the other materials are more hydrophobic than Ti and hence
show more permanent protein adsorption. The exception to
this is the case of ITO, but the deposition pattern—con-
sisting of large island structures with little protein depos-
ited between—indicates that the deposition mechanism
onto this semiconducting material is quite dissimilar to
those of the other materials, and is worthy of further study.
In our results, the material with the roughest and most
hydrophilic surface (Ti) adsorbed the thickest layer of
protein after 1 day and the thinnest layer of protein after
28 days. The material with the lowest surface energy (Au)
adsorbed the thinnest and smoothest layer of protein, and
the material with the highest surface energy (Ti) adsorbs
the thickest and roughest layer of protein after 7 days
exposure to plasma. This indicates that the use of Au, being
among the more common electrode material, is an excel-
lent choice but also indicates that ITO, largely used for
in vitro experimentation on account of its transparency,
may also be a good choice for acute in vivo applications.

Conclusions

This work is the first to compare the protein adsorption on
different materials specifically for microelectrode sites on
implantable microelectrodes. We conclude that Au is the
material of choice for electrode recording sites on
implantable microelectrodes due to its minimal protein
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encapsulation of all those analysed. However, this work has
also demonstrated the suitability of other materials, and
particularly ITO, for applications in electrode sites on
implantable microelectrodes.
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