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The performance of many implantable neural stimulation devices is degraded due to the loss of neurons around
the electrodes by the body's natural biological responses to a foreign material. Coating of electrodes with biomolecules such as extracellular matrix proteins is one potential route to suppress the adverse responses that lead
to loss of implant functionality. Concurrently, however, the electrochemical performance of the stimulating
electrode must remain optimal to continue to safely provide sufficient charge for neural stimulation. We have
previously found that oxygen plasma treated nitrogen included ultrananocrystalline diamond coated platinum
electrodes exhibit superior charge injection capacity and electrochemical stability for neural stimulation (Sikder
et al., 2019). To fabricate bioactive diamond electrodes, in this work, laminin, an extracellular matrix protein
known to be involved in inter-neuron adhesion and recognition, was used as an example biomolecule. Here,
laminin was covalently coupled to diamond electrodes. Electrochemical analysis found that the covalently
coupled films were robust and resulted in minimal change to the charge injection capacity of diamond electrodes. The successful binding of laminin and its biological activity was further confirmed using primary rat
cortical neuron cultures, and the coated electrodes showed enhanced cell attachment densities and neurite
outgrowth. The method proposed in this work is versatile and adaptable to many other biomolecules for producing bioactive diamond electrodes, which are expected to show reduced the inflammatory responses in vivo.

1. Introduction
Neural interfaces that communicate with the nervous system by
recording or modulating neural activity are currently used in both investigative and clinical contexts [2]. The applications of neural interfaces range from their use in basic neuroscience research for understanding behavior, information encoding and disease mechanisms, to
non-pharmaceutical treatment of neurological diseases such as Parkinson's disease, hearing loss and blindness [2,3]. One significant issue
for neural interfaces is the maintenance of long-term function, which
can be compromised by the foreign body response, particularly the

⁎

electrodes by the immune system. For example, a glial scar, which
forms over weeks following implantation due to the foreign body responses, can gradually encapsulate the electrodes and degrade the efficacy of the interface over time [2,3].
To minimize foreign body responses, it is necessary to improve the
biological compliance, i.e. decrease the degree of discrepancy between
the electrodes and the biological tissue. This motivates the development
of bioactive neural interfaces [2], which attempt to improve the biocompatibility of the electrode materials by suppressing specific adverse
biological phenomena such as an inflammatory response. Although the
damage introduced by electrode insertion cannot be avoided, the
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bioactive surfaces fabricated by coating electrode materials with various types of biomolecules can reduce the sustained reactive response,
such as inflammation and scarring, to the insertion of the electrode
[2,3]. The resultant higher neuronal survival is expected to improve
signal transduction and preserve the efficacy of electrodes [2,3].
Diamond is an emerging material for building neural implants due
to its biocompatibility and biochemical stability [4,5]. Diamond produced by chemical vapor deposition (CVD) can be rendered highly
conductive by incorporating non‑carbon contaminants such as boron
and nitrogen. For neural stimulation, both nitrogen-included [6,7] and
boron-doped diamond [8,9] have been used. Nitrogen-included ultrananocrystalline diamond (N-UNCD) is composed of both sp2 (graphite)
and sp3 (diamond) carbon [6,7], and its electrical conductivity is believed to be carried by graphite carbon structures within the diamond
nanocrystallite grain boundaries [10]. We previously [6,7] showed that
N-UNCD films have superior electrochemical properties with charge
injection capacities (Qinj) around 1 mC/cm2, much larger than the values recorded for conventional electrode materials, such as platinum
(Pt, 0.05–0.15 mC/cm2) [11]. N-UNCD is now used as the primary
electrode material in the development of a retinal prosthesis for restoring vision to the blind [12,13]. To take advantage of existing
technologies for metal array fabrication, we have also demonstrated a
method for coating platinum with N-UNCD [1]. It is important to
mention that N-UNCD grown on Pt had a comparable Qinj to Pt, but the
Qinj for oxygen plasma treated N-UNCD (N-UNCD-O) was nine times
higher than that of Pt [1]. Furthermore, the diamond coated Pt electrodes were also found to be electrochemically more stable than the
uncoated Pt electrodes [1].
Modification of diamond with biomolecules for interfacing neurons
have been previously demonstrated using non-covalent coatings. The
non-covalent modification was used to promote in vitro neuron adhesion and neurite outgrowth on diamond. For example, Specht et al. [14]
described neurons seeded on a diamond surface patterned with laminin,
a commonly used extracellular matrix protein for cell attachment,
proliferation and differentiation [15,16]. In this work, laminin was
physically adsorbed to the surface. They showed that neurons extended
neurites along the laminin patterns, indicating their preference for laminin-covered regions of the surface over bare diamond. Nistor et al.
[17] also coated diamond surfaces with laminin by adsorption and reported long-term survival of human pluripotent stem cells. Modification
by non-covalent binding is advantageous because of the ease of application in that no chemical modification is required prior to immobilization. The drawback is the instability of this method, whereby
the biomolecules may become depleted or removed during the application due to natural biological processes such as exchange by other
more active proteins on the surface. The instability may not be a critical
problem for short-term use, but long-term applications will require a
more robust interface.
A more stable method of protein immobilization is to link a protein
to the surface covalently via a chemical bond. In addition, for an implantable electrode to function efficiently, the electrode material must
retain its electrochemical properties after all processing procedures.
Covalent bonding of biomolecules have been previously applied to
several electrode materials and proved beneficial both in vitro and in
vivo [18–20]. For example, both nerve growth factor (NGF) and brain
derived neurotrophic (BDNF) have been demonstrated to promote in
vitro neurite outgrowth on the carbon nanotubes (CNTs) surfaces after
they were covalently bonded to CNTs [21]. In another work, cell adhesion molecule (L1) was covalently attached onto the silicon surfaces,
and was found to improve neuronal survival and suppress astrocyte
growth both in vitro [22] and in vivo [23,24]. The chronic performance
of neural recording was also shown improved using these L1 coated
electrodes [23]. Nevertheless, covalent bonding of biomolecules on
diamond has not been demonstrated for neural interface applications,
and the impact of the coating on subsequent electrochemical properties
has not been studied.

In the present study, we demonstrate the concept of fabricating
bioactive diamond electrodes by covalently bonding laminin to oxygen
plasma activated diamond (N-UNCD-O) films on platinum. The successful coating of laminin coating is evidenced from surface chemistry
characterization, and laminin remained biologically active as indicated
by the enhanced in vitro neuron adhesion and neurite outgrowth on the
surface. The laminin coating is also shown to maintain the highly desirable large Qinj. We evaluated the impact of the coating on the electrochemical properties of the electrodes as well as their stability. In the
fabrication, we first modified diamond surfaces via electrochemistry,
and then used a mixture of ethyl (dimethylaminopropyl) carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) for laminin immobilization.
The EDC/NHS coupling chemistry is potentially applicable to other
molecules containing primary amino groups [25]. Therefore, the
method described here is versatile and can be adapted to produce
bioactive diamond electrodes with other biomolecules, including other
extracellular matrix proteins (e.g. fibronectin, collagen), growth factors
(e.g. NGF, BDNF), and anti-inflammatory agents (e.g. α-MSH), which
are expected to reduce inflammatory responses in vivo.
2. Materials and methods
2.1. Diamond deposition
To take advantage of existing technologies for metal array fabrication, nitrogen included ultrananocrystalline diamond (N-UNCD) films
were deposited on laser roughened platinum foil as previously described [1]. Briefly, pits with 20 μm center to center separation in a
regular array pattern were created on Pt foil (50 μm thick, PT000248,
Goodfellow) by laser milling using an Oxford Lasers Alpha series laser
cutter. Following acetone, isopropanol and DI water cleaning, the
roughened Pt surfaces were seeded with nanodiamonds by ultrasonication in a nanodiamond suspension for 5 min and dried with air.
N-UNCD was deposited for 3 h on roughened Pt using an Iplas Microwave Plasma assisted chemical vapor deposition (MPCVD) system in a
gas mixture of 20% N2, 79% Ar and 1% CH4, at a power of 1000 W,
stage temperature of 900 °C and pressure of 80 Torr. The samples were
then oxidized with oxygen plasma at a power of 50 W, 25% O2 in argon
for 3 h at 0.8 mbar to form N-UNCD-O.
2.2. Laminin immobilization
Laminin (natural mouse protein, Gibco) was immobilized onto the
diamond surface following the steps illustrated in Fig. 1. The protocol
was modified from [26]. The diamond surface was first electrochemically functionalized with aminophenyl groups (Fig. 1A-C). The
electrochemistry was performed in a Teflon cell with a three-electrode
set-up using a Gamry Potentiostat (Interface 1000E). A Ag/AgCl electrode and a Pt wire were used as the reference and counter electrode,
respectively. Diamond electrodes were connected through a copper
plate and the surface exposed to electrolyte was controlled by a 5 mm
diameter O-ring. Nitrophenyl groups were first bonded onto a diamond
surface by performing five repeated cyclic voltammetry cycles in an
acetonitrile solution containing 0.1 M tetrabutylammonium tetrafluoroborate and 1 mM 4-nitrophenyl diazonium tetrafluoroborate,
between −0.6 V and 0.3 V at a scan rate of 200 mV/s (Fig. 1B). Following deionized (DI) water cleaning, the nitrophenyl groups were
reduced to aminophenyl groups by five cyclic voltammetry cycles in
0.1 M H2SO4, between −1.0 V and − 0.3 V at a scan rate of 200 mV/s
(Fig. 1C). After another round of DI water cleaning, the samples were
incubated in dimethylformamide solution containing 0.1 M succinic
anhydride with gentle vortex stirring at 300 rpm, at room temperature
for 2 h (Fig. 1D). Finally, the samples were immersed into 0.1 M MES
buffer solution containing 5 mg/ml EDC and 5 mg/ml NHS for 1 h, and
then incubated with 20 μg/ml laminin solution in 0.1 M MES buffer
solution for overnight at 4 °C (Fig. 1E). Samples were rinsed twice with
2

Materials Science & Engineering C 118 (2021) 111454

M.K.U. Sikder, et al.

Fig. 1. Schematic illustration for immobilization of laminin onto diamond coated platinum surface. Diamond coated platinum electrodes (A) are first functionalised
with nitrophenyl groups (B), which are subsequently reduced to aminophenyl groups (C). Following the carboxyl group activation (D), laminin is covalently bonded
onto the surface via an EDC/NHS coupling chemistry (E).

0.1 M MES buffer solution and then stored at 4 °C in PBS solution until
use.
For laminin layer thickness and coverage estimation, some samples
were coated with physically adsorbed laminin. The samples were incubated in 20 μg/ml laminin solution overnight.

using fine forceps. Meninges (thin brain membrane layers) were removed and the tissue was collected to dissociate primarily by chopping
with a scalpel blade. The neurons were obtained from the dissociated
tissue by protease digestion for 20 min at 37 °C in HEPES buffered
Eagles Medium containing 10 mg/ml DNase 1 (Sigma) and 250 mg/ml
trypsin (Sigma). Soybean Trypsin Inhibitor (Sigma) containing 10 mg/
ml DNase 1 was used to stop trypsinization and neurons were centrifuged and then triturated. Cell culture medium containing Neurobasal A with 2% B27 supplement, 2 mM Glutamax, 100 mg/ml penicillin and 100 mg/ml streptomycin (Gibco) was used to dilute the
triturated cells which were then seeded onto diamond films. The cultured primary cortical neural cells were finally incubated at 37 °C in 5%
CO2. Cells were seeded at a density of 20,000 cells/cm2. Half of the
culture medium was changed on the second day after seeding.
Four days after cell seeding, samples were rinsed using PBS once
and fixed in 4% paraformaldehyde solution in PBS for 10 min at room
temperature. The fixed cells were immersed in cold (−20 °C) methanol
for another 10 min and washed with PBS three times. The diamond
films were incubated for 20 min with primary antibody (mouse antibeta-III tubulin; Promega) at room temperature after 30 min in a
blocking solution (of PBS) containing 2% fetal calf serum and 2%
normal goat serum. The films were washed with PBS and subsequently
incubated with secondary antibody (Cy3-conjugated goat anti-mouse
immunoglobulin; Jackson Immunolabs) and DAPI for another 20 min.
Finally, the diamond films were rinsed with PBS three times and kept at
4 °C until imaging. Data were obtained from three samples in each
category. Images of neurons on substrates were acquired using a confocal microscope (Zeiss LSM 780 confocal, 20×/0.5 lenses) and Zen
black software, at five spots randomly chosen on each sample. Each
image is about 670 μm × 670 μm. The cell number was counted in each
spot and the longest neurite length was measured from each neuron.
The number of neurons bearing neurites and the total number of
neurites were also counted in each image. ImageJ and NeuronJ were
both used for data analysis. Statistically, analysis (N = 15) was performed using one-way analysis of variance (ANOVA) via IBM SPSS
Statistics.

2.3. X-ray photoelectron spectroscopy (XPS)
XPS analysis was performed utilizing a Kratos Axis Nova XPS
spectrometer (Kratos Analytical, UK) equipped with a monochromated
Alkα X-ray source operating at a power of 225 W (15 mA and 15 kV).
Survey and high-resolution spectra were acquired at detector pass energies of 160 eV and 20 eV, respectively. Two repeats (n = 6) for each
type of sample and three spots on each surface were analyzed with an
elliptical area approx. 0.3 × 0.7 mm2. Atomic concentrations of detected elements were calculated via integral peak intensities and the
sensitivity factors provided by the instrument manufacturer. For effective charge compensation standard operating conditions were filament current 1.8 Å, charge balance 3.3 V and bias voltage of 1.3 V. Data
analysis and quantification were performed using CasaXPS processing
software version 2.3.16 (Casa Software Ltd. Teignmouth, UK). A linear
background was chosen for quantification. Gaussian broadened
Lorentzian line shape (GL [30]) was used for high resolution curve fits.
All spectra were charge corrected to the CHx component at 285.0 eV.
Peaks were restricted to a full width half maximum (FWHM) between 1
and 1.9 eV during fitting.
2.4. In vitro cell culture
All procedures were performed according to the guidelines of the
National Health and Medical Research Council of Australia (Australian
Code for the Care and Use of Animals for Scientific Purposes) and approved by the Animal Ethics Committee of the University of Melbourne
(Ethics ID 1814396.1).
Diamond samples with or without laminin coating were sterilized
using 70% ethanol, rinsed with DI water and dried overnight.
Coverslips (CS) with or without laminin coating were used as controls.
CS with laminin coating were first incubated in 0.5 mg/ml poly-dl-ornithine solution for 1 h, rinsed with DI water three times and then incubated with 20 μg/ml laminin overnight at 37 °C in 5% CO2.
Primary cortical neurons were harvested by isolating the cerebral
cortices from one-day-old rat pups, which were cultured as previously
described [6]. Briefly, the separated heads of rat pups were immersed in
Hank's balanced salt solution (HBSS; Gibco). The skin and top of the
skull were removed, and a small part of the cortex was pinched off

2.5. Electrochemical characterization
Electrochemical characterization of the electrodes was performed
by cyclic voltammetry and voltage transient measurements. The experimental setup and protocols are the same as described previously
[1]. In this work, the safe water window limit for diamond was defined
as −1 V to 1 V and Qinj was determined according to the geometric area
of electrodes.
3
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2.6. Stability assessment of laminin coupling
Stability assessment was performed using both electrochemical
measurement and immunostaining. Electrochemical measurement was
performed on three samples. The samples were first suspended in PBS
and exposed to sonication for 120 min, at room temperature, to establish mechanical stability of the laminin coating. After sonication, the
stability under electrical stimulation was then examined by applying
continuous biphasic current stimulation for 48 h. The pulse width was
chosen at 400 μs and the current amplitude was chosen so that the
maximum cathodic and anodic potentials on N-UNCD matched but did
not exceed the water window (−1 V and 1 V). Using a similar experimental setup and protocol, electrochemical characterization was
performed to evaluate the stability of laminin coating on diamond
electrodes. Statistical analysis was performed using one-way repeated
measures ANOVA via IBM SPSS Statistics.
Immunostaining was used to compare the laminin stability after
covalently bonding and physical absorption. The surface treatment was
performed in the Teflon cell on a 5 mm × 5 mm sample as descried in
Section 2.2, but using a 2 mm diameter O-ring to confine the modification area. After incubation in a mixture of EDC and NHS solution,
the sample was removed from the Teflon cell. The entire sample was
subsequently immersed in 20 μg/ml laminin solution for 1 h. After
rinsing with PBS, the sample was exposed to sonication for 30 min at
room temperature, followed by another PBS wash. To stain the laminin
on the diamond surface, the sample was incubated for 30 min in a
blocking solution (of PBS) containing 2% fetal calf serum and 2%
normal goat serum, and then 20 min with primary antibody (anti-laminin antibody produced in rabbit; Sigma) at room temperature. After
washing with PBS, the sample was incubated with secondary antibody
(goat anti-rabbit lgG H&L Alexa Flour 488, abcam) for another 20 min.
Finally, the diamond film was rinsed with PBS three times and imaged
using a confocal microscope (Olympus FV1000, excitation wavelength
473 nm).

Fig. 3. XPS atomic percentage data for diamond before and after different
surface treatments. The average elementary percentage from each sample is
listed on top of the bar chart. Data were collected from at least three samples
from each category and the error bars represent the standard deviation. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

nitrogen increased on the diamond surface following electrochemical
modification (Fig. 3). Nitrogen percentage increased from 0.2% (bare
N-UNCD-O, blue bar in Figs. 3 & 1A) to 1.8% (aminophenyl modified,
red bar in Figs. 3 & 1C) due to the introduction of aminophenol groups.
Following the coupling of laminin, the percentage of nitrogen and
oxygen increased further (laminin covalently bound, yellow bar in
Figs. 3 & 1E). As expected, there is also an increase of sulfur after laminin coupling from the relevant sulfur containing amino acids present
in the backbone of laminin. All these results confirmed the presence of
laminin on the surface. Compared to the physically absorbed laminin
controls (purple bar in Fig. 3), the percentage of nitrogen on the
covalently coupled surface was slightly lower (10.3% vs 11.3%).
However, the percentage of sulfur was higher on the covalently coupled
surface (2.6% vs 0.5%). The different nitrogen and sulfur percentages
on the covalently coupled and physically absorbed surfaces could indicate a different protein conformation. However, as laminin molecules
contain a great amount of peptide bonds, it is difficult to confirm the
formation of additional peptide bonds between the laminin molecules
and the modified diamond surfaces from XPS measurements.
We assume that the laminin was distributed uniformly on both the
adsorbed and covalently bonded diamond surfaces. Based on this assumption, the thickness of the covalently bonded laminin layer Z was
estimated according to the following equation [27].

3. Results and discussion
3.1. Immobilization of laminin
Cyclic voltammograms (CV) in Fig. 2 indicate successful modification of the electrode surfaces with aminophenyl groups via two-step
electrochemistry, as shown in Fig. 1A-C. Fig. 2A shows a large reduction
peak at −0.2 V due to the reduction of diazonium cation in the first
scan. The reduction peak was diminished in the subsequent scans as
further reductions were blocked by grafting of the nitrophenyl film.
Similarly, in Fig. 2B a reduction peak was obvious only in the first scan,
indicating the reduction of nitrophenyl to aminophenyl groups on the
electrode surface.
XPS further confirmed the change of surface chemistry and the
presence of laminin on the electrode surface. The atomic percentages
recorded on the different samples were from XPS survey spectra, and
the results are summarized in Fig. 3. Both the percentage of oxygen and

Z=

IMFP

× cos × ln 1

I
I

where I and I∞ are the percentage of nitrogen on the laminin covalently
bonded surface and the laminin physical adsorbed surface, respectively.
λIMFP is the mean free path of N1's photoelectrons generated from the
protein overlays and estimated to be 2.5 nm according to the literature
[28,29]. θ ≈ 0° is assumed as the angle between the analyzer and the

Fig. 2. Cyclic voltammetry indicating the successful
coupling of nitrophenyl groups (A) followed by the
reduction to aminophenyl groups (B) on diamond
coated platinum surfaces. A) Three consecutive CV (I
(red), II (green) and III (black)) from −0.6 V to 0.3 V
in a 0.1 M solution of tetrabutylammonium tetrafluoroborate and 4-nitrobenzenediazonium tetrafluoroborate recorded at a sweep rate of 0.2 V/s at a
Ag/AgCl reference electrode. B) Five consecutive
CVs from −1.0 V to −0.3 V in 1 mM sulfuric acid
(H2SO4) solution at a scan rate of 0.2 V/s were recorded at the Ag/AgCl reference electrode. CVs were
indicated by I (red), II (yellow), III (green), IV (grey) and V (black) respectively. The first CV both in A and B has a greater reduction peak than that of subsequent
CVs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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surface, leading to a very rough diamond surface [1]. Another study we
published [6] showed that, without any biomolecule modification,
neurons could only survive on diamond surfaces within a small surface
roughness range of about 10–80 nm [5]. In the work described here,
without a laminin coating, the diamond-coated platinum was likely too
rough for good neuron survival and proliferation. Despite this, however, the laminin coating still produced much better survival of neurons
on the rough diamond surface. Both neuron density and the neurite
outgrowth on the laminin coated diamond samples were found similar
to those on the laminin absorbed coverslip positive controls. Although
further research is required to understand the cell death on the bare
diamond surfaces, our results are in consistent with many other reports
[30–32] in which protein coating was suggested essential for the survival of neurons on the diamond films.
The improved neuron adhesion and neurite outgrowth further
confirmed the successful coating of laminin on the diamond electrodes
and laminin remained biologically active. In vivo, laminin coating has
also been shown to modulate scarring response around implanted
electrodes [33–35]. For example, He et al. [34] reported that laminin
coating on silicon microelectrode arrays alleviated the prevalence of
gliosis, although no change of the neuronal density around the electrodes was observed. In another study, Lewitus et al. [33] found that
laminin modification on CNT hybrid fibers could suppress the acute
inflammatory response, with reduced microglia and astrocyte response
and increased neuronal survival. Therefore, we also expect to see an
impact of the laminin coating on glial formation following diamond
implantation. However, so far there is no evidence on the chronic
benefit of laminin coating on neural stimulation or recording.
In this study, we only performed in vitro experiments using neuronal
cells. However, it is suggested that the main advantage of using
bioactive electrodes in vivo is the suppression of inflammatory response,
rather than the promotion of neural adhesion [2,36]. Therefore, future
in vitro experiments will be performed using other cell types such as
astrocytes and glial cells. As in vitro results cannot be directly translated
into in vivo performance, the chronic tissue response and electrode
performance will also need to be evaluated after in vivo implantation. In
addition to laminin, many other biomolecules [2,36] have been shown
to benefit the chronic implant performance. For example, anti-inflammatory drug α-MSH is known to reduce inflammation around the
implanted neural electrodes [37], and neural adhesion molecule L1 was
shown to improve the chronic performance of neural recording by enhancing neuronal density and suppressing microglia activation around
the implants [23]. In this work, we used an EDC/NHS crosslink
chemistry, which is a standard procedure for immobilization of biomolecules on different substrates [25,38]. Here, the modified diamond
with carboxyl groups first reacts with NHS in the presence of EDC to
form a succinimidyl ester (-COOSuc)-terminated surface. This process is
often referred to as surface activation. The COOSuc-terminated surface
can then react with the amino groups in laminin to form covalent
peptide bonds. This chemistry is applicable to molecules with amino
groups, which include many biomolecules used for fabricating bioactive
electrodes.

Fig. 4. Primary cortical neuron cultures on coverslips and diamond surface
with or without laminin coating. The coating on coverslips was by physical
absorption (C) and on diamond films by covalent bonding (D). Blue: DAPI; Red:
β-III tubulin. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

samples. Therefore, the thickness of the coupled laminin layer on the
diamond surface was estimated to be 6.2 ± 0.9 nm.
The surface coverage of the laminin layer Θ (ng/cm2) was calculated using the Eq. [27].

= Z × 1.4 × 10 2
where the density of laminin is estimated to be 1.4 g/cm3 [27,28].
Therefore, the surface coverage was approximately 875.2 ± 107.3 ng/
cm2.
3.2. Improved neuron adhesion and neurite outgrowth
Primary rat cortical neuron cultures on diamond samples and coverslips with/without a laminin coating are shown in Fig. 4. Laminin was
covalently bonded on the diamond surfaces, and physically adsorbed on
the coverslips. The coverslips with and without laminin coating served
as positive and negative controls, respectively. Without a laminin
coating, neurons could hardly survive the uncoated surfaces (Fig. 4A,
B). On the contrary, neurons on laminin coated coverslips and diamond
films could survive up to 4-days of culture, and extended neurites even
formed a neural network (Fig. 4C, D).
We further analyzed the cell densities on all the samples and the
neurite outgrowth on the laminin coated samples, and the results are
summarized in Fig. 5. Data were collected from three samples from
each category and the analysis was performed on five random regions
on each sample. According to these results, the laminin coating was
essential for the survival of neurons on diamond films. After covalent
bonding of laminin, the neuron adhesion (cell densities, Fig. 5A) and
the neurite outgrowth (Fig. 5B-D) was similar between diamond samples and the control, with no significant difference.
Both the physical and chemical properties of the diamond films
have been found critical for the survival of neurons on their surfaces.
Previous research found that neurons prefer oxygen terminated diamond surfaces, which are hydrophilic [3]. The diamond films used in
this study were oxidized in plasma for 3 h, therefore it is more likely for
the surface physical properties to account for the neuronal death on
their surfaces. One possible reason was due to the high surface roughness [6]. In this work, diamond films were deposited on platinum
surfaces, and we previously demonstrated that laser milling of platinum
is necessary to improve the adhesion of diamond on the platinum

3.3. Preserved electrochemical properties and high stability
Fig. 6A shows the Qinj at a range of pulse durations on samples
following different treatment, which was calculated from the voltage
transient measurements, in the same way as previously described [1].
On all the samples, the Qinj increased with pulse duration as expected.
Without any modification (blue bar), the Qinj reached a value of
0.76 mC/cm2 when 3200 μs pulses were used. This value is consistent
with our previous study [1] and significantly larger than conventional
metal materials such as Pt (0.05–0.15 mC/cm2) [11] and N-UNCD
samples without oxygen plasma treatment (~0.02 mC/cm2) [7].
After laminin was covalently bonded (red bar), the average value of
Qinj was found to increase for all pulses, although no statistically
5
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Fig. 5. Neuron density (A), percentage of neuron with neurites (B), longest neurite length (C) and the number of neurites per neuron (D) of the primary cortical
neurons cultured on different samples after 4 days. Laminin coating significantly improved the neuronal survival on both CS and diamond surfaces. With a laminin
coating, the neurite outgrowth was similar on the CS and diamond samples without any statistical difference. Data were collected from three samples from each
category and the analysis was performed on five random regions on each sample (N = 15). Error bars indicate the standard deviation. *p < 0.05.

significant difference was reached. For 3200 μs pulses, the Qinj increased about 7.9% and reached 0.82 mC/cm2 after the covalent
bonding of laminin. During laminin coating, the COOH group tethered
with the aminophenyl group. It is likely that not all activated COOH
group were coupled to laminin, leading to a net charge effect on the
electrode surface. On the other hand, laminin is a large (900 kDa)
heterotrimeric glycoprotein, which consists of many distinct domains
with various structures and functions. These domains have different
lengths and their overall net charge is arranged in an extended fourarmed, cruciform shape, which might have a charge accumulation and/
or polarization impact on the electrode surface. In addition, some sites
of laminin molecules might not couple well onto the diamond surfaces,
which can produce additional charging effects on the electrode surface.
The overall consequence of laminin coating could result in an increase
of the Qinj of the N-UNCD-O electrodes. However, the molecular basis of

laminin and its detailed impact on the Qinj is out of the scope of the
present work.
To mimic possible mechanical vibration during delivery, handling
or surgery, stability testing was performed by sonication for 120 min
(yellow bar). The Qinj dropped slightly following sonication but the
average value remained higher than the diamond samples without any
coating. Continuous electrical stimulation for 48 h did not lead to any
significant further change of the Qinj (purple bar), indicating the electrochemical properties of the electrode surface were stable. Except for
the results obtained from 1600 μs pulses, there were no statistical differences between samples before and after stability testing.
Finally, we compared the stability of laminin immobilized using
covalent bonding and physical absorption. Here only a small region
(2 mm in diameter) on the diamond sample was modified for covalent
bonding, but the entire sample was incubated in laminin solution.

Fig. 6. Stability assessment of covalently bonded laminin on diamond surfaces. (A) Electrochemical characterization of diamond (N-UNCD-O) samples following
sonication and prolonged stimulation. Data obtained from three samples. Error bars show the standard deviation. *p < 0.05. (B) Fluorescent staining of laminin on a
diamond sample with different grafting methods after sonication. Red circle indicates the region that was modified for covalent bonding and laminin was absorbed on
the surface out of the red circle. The inset shows the fluorescent intensity of the selected rectangle region (white) along the lateral direction, and the intensity was
higher in the area with covalent bonding. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Therefore, laminin was covalently bonded and absorbed in different
regions on the sample. The sample was subsequently exposed to sonication for 30 min, followed by PBS wash. Fig. 6B shows the staining of
laminin on the diamond surface after sonication. A circular region (red
circle) with higher fluorescence intensity can be observed on the surface, which correlates to the covalently bond laminin. Fig. 6B inset
shows the change of fluorescent intensity in a selective region (white
rectangle) along the lateral direction, and the intensity was lower on
the area that laminin was absorbed. We didn't perform staining to
compare the coverage of laminin before sonication test. However, our
XPS results in Section 3.1 indicate that before sonication, the coverage
of laminin via absorption is expected higher than that via covalent
bonding, as there is higher percentage of nitrogen on the absorbed
surfaces. Therefore, the weaker staining of the absorbed region in
Fig. 6B is mostly likely due to detachment of laminin following sonication.
Although we have provided evidence on the stability of covalently
bond laminin on diamond surfaces via both electrochemical measurements and laminin staining, it remains unknown if the property of the
laminin changes following the stability tests. The stability assessment
performed in our work cannot fully reflect the mechanical strengths
that the electrode surfaces may experience during surgical implantation. Further research is also required to study the long-term stability of
laminin coating in vivo and the change of laminin property after implantation.
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