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ABSTRACT: Owing to several key attributes, diamond is an attractive
candidate material for neural interfacing electrodes. The emergence of additive-
manufacturing (AM) of diamond-based materials has addressed multiple
challenges associated with the fabrication of diamond electrodes using the
conventional chemical vapor deposition (CVD) approach. Unlike the CVD
approach, AM methods have enabled the deposition of three-dimensional
diamond-based material at room temperature. This work demonstrates the
feasibility of using laser metal deposition to fabricate diamond−titanium hybrid
electrodes for neuronal interfacing. In addition to exhibiting a high
electrochemical capacitance of 1.1 mF cm−2 and a low electrochemical
impedance of 1 kΩ cm2 at 1 kHz in physiological saline, these electrodes exhibit
a high degree of biocompatibility assessed in vitro using cortical neurons.
Furthermore, surface characterization methods show the presence of an oxygen-
rich mixed-phase diamond−titanium surface along the grain boundaries.
Overall, we demonstrated that our unique approach facilitates printing biocompatible titanium−diamond site-specific coating-free
conductive hybrid surfaces using AM, which paves the way to printing customized electrodes and interfacing implantable medical
devices.
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1. INTRODUCTION

Neural interfaces are an emergent research field that captures
the nervous system interactions with medical devices.
Accordingly, researchers can neuro-engineer medical systems
that translate the observed data into clinically relevant
advances.1 Primarily, neural interfaces are critical to record,
analyze, and restore patients with vision or brain damage and
neurodegenerative diseases. Moreover, neural interfaces
include electrodes used fundamentally to selectively stimulate
or record neural activities (unidirectional) and connect the
nervous system to the outside world. Advanced therapeutic
opportunities also include closed-loop systems, which exist as
bidirectional sensory devices.2,3 However, the neural system’s
complexity requires continuously innovating the design,
fabrication, and body-device integration systems to meet the
needed functions. Hence, new manufacturing technologies
such as additive manufacturing (AM) are considered key to
overcome these challenges.4

AM allows the production of complex shapes via computer-
aided design (CAD) files used for printing layer-by-layer of
deposited materials. The driving force to use AM in implant
engineering is the freedom of design it offers, the short time to
market, and the ease to use powders.5 In general, AM facilitates
the printing of reliable high-performing parts with specific

geometries and different thicknesses. AM techniques are
classified into multiple categories, including laser metal
deposition (LMD), powder bed fusion, sheet lamination,
direct material melting, including fused deposition modeling,
binder jetting, material jetting, and vat photopolymerization.
Multiple AM or 3D printing techniques have been

investigated to fabricate electrochemical cells or analytical
devices. Previously, the possibilities of producing conductive
electrodes such as polylactic acid−graphene electrodes and
fabricating sensing platforms via 3D printing have been
investigated.6 Though LMD is less discussed as a printing
technique for electrochemical purposes, it facilitates printing
geometry-specific surfaces using metal powders. Nevertheless,
the powders need to be optimized and explicitly designed to be
used in medical applications to ensure they match the body’s
requirement. Although titanium is regularly used in implant
fabrication,7,8 it requires surface modification techniques such
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as coatings to interact with the body successfully. Nevertheless,
coatings suffer from degradation, delamination, and cracking
due to the resulting strain caused by the implant-tissue
mechanical mismatch.9 Hence, the next generation of electrode
material is required to have advanced capabilities such as
unique architectures, chronic stability, biocompatibility, and
optimal mechanical and electrochemical properties. This
signals the need to develop advanced powders with enhanced
functionalities, such as the newly developed powder, titanium−
diamond composite powder.10

Diamond is one of the most attractive materials used in bio-
electrochemistry and bio-interfacing due to its combination of
key characteristics such as biocompatibility, long-term
response, and selective conductivity.11,12 The face-centered
cubic’s crystal structure of diamond provides high chemical
and physical stability. The carbon atoms are sp3 hybridized
with a C−C bond length of 1.54 Å and are tetrahedrally
arranged.13 The short-range carbon bonds and the atoms’
organization determine the characteristic chemical, physical,
and electrochemical properties of diamond. In its intrinsic
form, diamond exhibits very high resistivity, rendering it
unusable for many electrochemical applications. Traditionally,
this has been commonly addressed through doping with
different elements such as boron, nitrogen, phosphorous,
sulfur, and arsenic.14−16 So far, boron-doped diamond is the
most extensively used diamond in electrochemistry due to its
high conductivity. The processes of chemical vapor deposition
synthesis and boron doping (in situ and ex situ) are mainly
utilized for the fabrication of thin films. Alternatively, the
incorporation of graphitic grain boundaries into the diamond
structure increases the conductivity. Many reports detail
sufficient conductivity without doping and present the
electrical properties influenced by the surface functionalization
and crystalline quality of the diamond material.17,18

The rich carbon structure of diamond allows diamond
functionalization by multiple methods, mainly by either
hydrogen or oxygen, to control surface reactivity and
properties. The functionalization method affects the electrical
conductivity of the surface and energy states due to opposite
dipoles C−H and C−O.19 For instance, diamond surfaces are
oxygen-functionalized using different functionalization meth-
ods such as oxygen plasma treatment, wet/dry chemical
treatments (e.g., boiling in strong acid), or electrochemical
oxidation.20,21 Oxygen-functionalized surfaces usually have
lower energy levels relative to the vacuum level. Along with
these interesting features, oxygen-functionalized surfaces
develop hydrophilic properties.11,22,23 In addition, oxygen
functionalized surfaces reportedly enhance cell attachment
and create a favorable environment for cell growth and
biological interaction.24−26 As such, oxygen functionalization
allows controlling the material surface wettability and
consequently enhancing its biocompatibility which is favorable
in implant engineering. Moreover, surface treatment such as
oxygen plasma results in faster etching of sp2 graphitic
impurities and exposing the rich sp3 surface of the material.27

This is particularly important as it enables better observation of
the sub-features of the surface and facilitates optimizing the
etching process to customize the electrochemical performance
of the material.28

Here, we report the feasibility of using LMD as an effective
technology for directly printing conductive surfaces. We
investigate the electrochemical properties of a new titanium−
diamond (TiD) material to understand the capability of the

hybrid material and its suitability to perform as a potential
electrode or neural interface. The new material offers
biocompatibility and electrical properties comparable to the
current electrodes. Furthermore, the fabrication using LMD
provides the flexibility to build different geometries of TiD
interfaces and devices that can sustain a demanding environ-
ment such as the human body and provide long-term stable
function with minimum material waste.29 This combination of
properties was not previously achieved using conventional
materials and methods. This work builds upon our previous
work, where we developed the manufacturing process for the
novel TiD composite material using LMD.10

3D printing diamond using LMD has proved challenging for
new and hybrid materials due to limitations in both powder
size and the need for the powders to efficiently flow through
the print nozzle. We have worked toward overcoming this
challenge by investigating the optimum printing process. As a
result, our work defined the printing strategy (per diamond
ratio) that allows successful printing of high integrity parts and
has led us to the selection of specific powder ratios of TiD (30
and 50%) to provide sufficient demonstration of the process
effectiveness and a significant electrochemical difference along
the gradient of properties. Furthermore, as reported
previously,10 TiD in a 50:50 ratio provides the best ratio for
mammalian cell proliferation. Anything above 50% diamond
does not effectively flow through the nozzle. Hence, the
printed TiD was loaded with up to 50% microdiamond while
providing a biocompatible printed material; however, its
capacity to form an electrode material remains unreported.
Herein, we present the effect of compositional changes on the
electrochemical properties of TiD fabricated using LMD. The
in vitro biocompatibility of the functionalized TiD was assessed
using primary rat cortical neurons. Specifically, this study
provides a single-step method to print a diamond-titanium
(coating-free) surface with desirable electrochemical and
biocompatible properties capable of neuronal cell adhesion.

2. MATERIALS & METHODS
2.1. Powder Preparation. Titanium (Ti-6Al-4 V) powder (TLS,

Germany, ASTM Gd5 ELI powder 45−90 μm) was mixed with as-
received 50 μm micro-diamond powder (Microdiamant, Germany)
for 1−3 h in a Turbula mixer to ensure powder homogeneity.

2.2. Single-Step Fabrication. The samples were additively
manufactured into 5 × 5 × 2 mm3 planar parts using a TRUMPF
TruLaser Cell 7020 LMD as reported previously.30 The system was
equipped with a 3.0 kW disk laser, coaxial laser cladding head (focal
length 200 mm), and coaxial powder delivery system (focal distance
8.0 mm). TiD samples were categorized according to their diamond
concentration and labeled TiD50 (50% diamond powder) and TiD30
(30% diamond powder).

2.3. Sample Characterization. Topographical imaging was
performed using a scanning electron microscope (Quanta 200-
SEM) with an Oxford X-Max20 E.D.X. detector at an acceleration
voltage of 30 kV in a high vacuum mode with a spot size of 5 μm and
a working distance of 10 mm. X-ray photoelectron spectroscopy
(XPS) (Thermo Fisher K-Alpha) was used to obtain the oxygen-
functionalized chemical composition of the TiD samples with an Al
Kα radiation source at a power of 300 W. The spot size of analysis
was 400 μm. Sample scanning was performed using the flood gun
function to compensate for charging and the auto height function to
determine the optimal distance for the X-ray beam and the sample.
The elements detected in the surface layers (analysis depth 2−5 nm)
were observed from the survey spectrum (pass energy 200 eV) over a
range of 0−1100 eV (step size 1 eV, dwell time 50 ms). The XPS
binding energy values were obtained from the high-resolution scans of
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elemental signals (pass energy 50 eV). They were not charge-
corrected with respect to that of adventitious carbon at 284.8 eV due
to the scanning being undertaken using the flood gun. The high-
resolution XPS spectra were collected for the critical elements carbon,
oxygen, and titanium, as identified from the survey spectra. High-
resolution scanning was undertaken with a step size of 0.1 eV and a
dwell time of 50 ms.
The measurement of the 3D roughness of the top surfaces of TiD

was carried out using a Stylus Profiler (KLA Tencor, Inc.) with a 1 mg
force and a scan rate of 10 μm/s over an area of 1000 μm. Five
measurements in total were performed per sample category across the
surface area. The average of measurements was used to represent the
surface topography.
2.4. Electrochemistry Measurement. Oxygen plasma treatment

and functionalization was achieved using a Diener Femto plasma
cleaner, with a 3:1 argon:oxygen plasma with a power of 50 W for 3 h.
The electrochemistry was performed in a three-electrode setup using a
Gamry potentiostat (Interface 1000E) as illustrated in Figure 1. A Ag/
AgCl electrode and a Pt wire counter electrode were used as the
reference and counter electrode, respectively. The cell chamber
contained physiological saline solution (0.1 M NaCl solution in
deionized water). The TiD samples were used as the planar working
electrodes and cleaned with acetone using an ultrasonic bath before
experiments. Cyclic voltammetry (CV) of functionalized samples was
performed over a potential range of −0.5 V to 0.5 V versus Ag/AgCl,
with scan rates ranging from 20 to 500 mV/s. The capacitance was

calculated according to the relationship ( )I C v
t

d
d

= , where I is the

current (A), C is the capacitance (F), and dv/dt is the scan rate (V/
s).30 The specific electrochemical capacitance (Cp) was extracted
from CV measurements by recording the current width at 0 V for
different scan rates (n = 3 per group). Later, the slope of the resultant
fitted plot was calculated and divided by the electrode’s exposed area
to the saline solution (0.031 cm2). The charge injection capacity
(CIC) is the amount of charge injected into the electrode within the
potential safe window and without exceeding the highest safe voltage.
The maximum charge value is given by Q = C·V where Q is the charge
(C), C is the capacitance (F), and V is the maximum safe voltage.31 In
this study, the CIC was calculated by multiplying the specific
capacitance by the highest voltage within the potential range (−0.5 to
+0.5V), which is 0.5 V. Electrochemical impedance spectroscopy was
measured over a frequency range of 0.2 Hz to 100 kHz with an AC
signal of 10 mV amplitude relative to the open-circuit potential.
2.5. Primary Cortical Neuron Culture Studies. All exper-

imental procedures conformed to the National Health and Medical
Research Council of Australia (NHMRC) and were approved by the
Animal Experimental Ethics Committee of the University of

Melbourne (ethics approval #1814396). The functionalized TiD
samples were sterilized using an autoclave and then placed in a 24-
well dish. Coverslips coated with 0.05 mg/mL poly-D-lysine were used
as the control. Primary rat cortical cultures were obtained by isolating
the cerebral cortices from 1 day old rats. Briefly, the heads were
removed and placed in Hank’s balanced salt solution (HBSS). Then,
the skin and top of the skull were removed and a small area of the
cortex was pinched off with fine forceps. Meninges were removed and
the tissue was chopped with a scalpel blade. The tissue was
dissociated by protease digestion for 20 min at 37 °C using 10 μg/
mL DNAse 1 and 250 μg/mL trypsin in HBSS. Trypsinization was
terminated using Soybean Trypsin Inhibitor (Sigma) containing 10 μg
mL−1 DNAse 1, and the cells were pelleted by centrifuging and
triturated using a P1000 pipette. The cells were diluted in culture
medium (Neurobasal A with 2% B27 supplement, 2 mM Glutamax,
100 μg/mL penicillin, and 100 μg/mL streptomycin). Finally, the
cells were seeded on all samples at a density of 40,000 cells per well.
The cell cultures were incubated at 37 °C in 5% CO2. Half of the
culture medium was replaced after 24 h of cell seeding.

After 4 days of incubation, the samples were washed with
phosphate-buffered saline (PBS), then fixed in 4% paraformaldehyde
in PBS for 10 min at room temperature, followed by cold (−20 °C)
methanol for another 10 min. After washing with PBS three times, the
samples were incubated in a blocking solution (2% fetal calf serum
and 2% normal goat serum in PBS) for 30 min. The samples were
then incubated for 20 min with the primary antibody (mouse anti-
beta-III tubulin) at room temperature, followed by the PBS wash; the
samples were incubated with the secondary antibody (Alexa 488-
conjugated goat anti-mouse immunoglobulin) and propidium iodide.
They were finally washed with PBS and imaged using a confocal
microscope (Olympus, FV 1200). Images were obtained using an
excitation laser at either 473 or 532 nm through a Nikon Plan Apo
0.75-numerical aperture ×20 objective. Data analysis was performed
from at least 15 images collected from each sample group. Neuron
coverage was analyzed in Matlab (MathWorks, Boston MA). Neurite
analysis was done by a Neurite Analyzer in Fiji.32 Statistical analysis
was performed using a GraphPad Prism.

3. RESULTS AND DISCUSSION

3.1. TiD Surface Morphology. Figure 2 shows a scanning
electron micrograph of the LMD samples. In each micrograph,
the micro-diamond particles are visible, with diamond particles
more prevalent as expected in the TiD50 samples (Figure 2a).
The images display additive material surface integrity following
LMD and the inherited surface morphology resulting in dense
titanium unmelted particles.33

Figure 1. Principle of CV electrochemical 3D printing setup showing the use of an O-ring (illustrated as a white circle) to control the exposed
surface of the LMD TiD.
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3.2. TiD Surface Roughness. Maximum peak height
(Rp), maximum valley depth (Rv), the arithmetic average of
roughness profile (Ra), and root mean square deviation of the
roughness profile (Rq) are critical surface profile parameters
that reflect the surface morphology properties resulting from
the optimized printing parameters and provide a guided
pathway for further development. TiD samples comprising
50% diamond show average peak heights of 74.51 μm and an
average depth of the valley of 35.11 μm. For TiD comprising
30% diamond, the average peak height (Rp) is 41.47 μm and
the average depth of the valley (Rv) is 36.04 μm. The increase
in the average peak height and valley depth in TiD50 can be
attributed to the overlapping scanning paths, leading to the
special surface finish and wide unmelted titanium particles on
the surface, as shown in Figure 2.33 Ra and Rq for the samples
are shown in Table 1. We observe that Ra and Rq values

increase with the increase in diamond concentration. The
highest Ra (24.25 μm) and Rq (28.58 μm) values have been

associated with the higher diamond concentration. This
highlights that printing conditions optimization is a critical
factor to control the inherited surface morphology. Another
critical factor to investigate is the Kurtosis (Rku) which reflects
the sharpness of the surface’s primary profile; all samples had a
kurtosis of less than 3 (Rku < 3), indicating that the surface is
showing less sharp and more squashed peaks and valleys.34 It
was interpreted as indicating that the additive manufactured
surface is less likely to initiate a crack.

3.3. TiD Surface Chemistry Study. Figure 3 shows the
XPS spectra of the two LMD oxygen-functionalized diamond
samples. The figure confirms the presence of diamond within
the TiD matrix after LMD showing that the high-resolution
carbon XPS spectra of the TiD surface resolved into multiple
carbon chemical forms. Diamond has sp3 hybridization with a
C−C bond peak at ∼285 eV, whereas graphite has sp2

hybridization in the C−C bond with a peak at ∼284
eV.35−37 All samples display the sp3 diamond peak at ∼285
eV and sp2 graphitic impurities C−C peak at ∼284 eV.
The XPS suggests the dense formation of C−O and CO

bonds on the samples’ surface. It displays similar peak shapes
with the amount of C−O bonds yielding a relative percentage
of 23.30 and 14.49% for TiD50 (50% diamond) and TiD30
(30% diamond), respectively. The higher C−O contribution is
associated with the increased percentage of diamond (50%)
and is approximately 1.6 times the value of the C−O bond
associated with the 30% diamond volume fraction. The small
sp2 content shown in the XPS can be attributed to graphitic
impurities.38 To accurately ascertain the oxygen change on the
different LMD surfaces, the total oxygen/carbon ratio was
compared, as shown in Table 2. The precise peak

deconvolution assists in a better understanding of the
oxygen-rich surface properties. The area ratio of oxygen to
carbon (O/C) was estimated directly from the oxygen-related
chemical components covering the TiD surface. The oxygen to
carbon area ratio of AOA/ACA on the surface of TiD50 is
approximately 15%, which is higher than the AOB/ACB on the

Figure 2. (a) SEM micrographs of TiD50 with 50% diamond and (b)
TiD30 with 30% diamond. The green arrows represent embedded
diamond particles and the dense population of titanium unmelted
grey particles is represented by the yellow arrows on both surfaces.

Table 1. Average Surface Profile Properties Obtained by a
Profilometer for Five Consecutive Scans of the Samples
Determining Averages of Maximum Peak Height (Rp),
Maximum Valley Depth (Rv), the Arithmetic Average of
Roughness Profile (Ra), and Root Mean Square Deviation
of the Roughness Profile (Rq) Showing That the Surface
Roughness Increases with the Diamond Concentration

roughness (μM) Ra Rp Rv Rq Rku

TiD50 24.25 74.51 35.11 28.58 1.9
TiD30 20.88 41.47 36.04 24.00 2.3

Figure 3. Chemical composition of the additively manufactured titanium−diamond composite TiD (a) shows the high-resolution C 1s (carbon)
XPS spectra of TiD50 showing peaks fitted for sp2, sp3, C−O, and CO and (b) shows the high-resolution C 1s (carbon) XPS spectra of TiD30
(30% diamond) showing the deconvoluted peaks fitted for sp2, sp3, C−O, and CO bonds.

Table 2. Diverse Carbon Components and the
Corresponding Percentages of the Hybrid TiD Sample
Surfaces

O2 plasma 3 h sp2 % C−O % sp3 % CO %

TiD50 3.40 23.30 67.00 6.30
TiD30 2.36 14.49 77.65 5.50
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surface of TiD30 with a ratio of 10%. The difference between
the O/C ratios demonstrates that the diamond concentration
affects the number of oxygen-related components formed on
the surface.
3.4. Electrochemical Characterization of TiD. CV is a

standard method used to analyze the electrochemical proper-
ties of materials. During CV, a potential is applied to the
working electrode (material of interest) and changed linearly
with time, starting from an initial potential and then switching
the potential back to the initial value. Figure 4 shows the cyclic
voltammograms of the TiD samples. Measurements were
performed within the window of −0.5 to 0.5 V to avoid the
oxidation/reduction processes. We observed that TiD50
displays a larger enclosed area indicating a larger electro-
chemical capacitance than TiD30. The results herein align with
the previous literature, which explored the effect of oxygen
functionalization on the capacitance and electrical conductivity
of materials with high diamond concentration.39

The current was recorded at 0 V for different scan rates and
the specific electrochemical capacitance (Cp) of the TiD
samples was calculated according to the slope of the linear
fitting divided by the exposed area, as shown in Figure 4. Cp is
the specific electrochemical capacitance and GSA is the
geometric surface area of the electrode exposed to the solution
(0.031 cm2). The CIC was calculated by multiplying Cp with
the highest voltage (0.5V). The derived electrochemical values
for the TiD samples are presented in Table 3.

Figure 4. Voltammograms of the TiD samples. The TiD CV voltammograms in (a) TiD50 and (b) TiD30 present well-defined shapes. Moreover,
the voltammograms demonstrate the dependence of CV on the scan rate, as the currents increase with the increase of the scan rate. (c) Current
width at 0 V for both TiD50 (A) and TiD30 (B).

Table 3. Electrochemical Properties of Hybrid TiD
Presented by Specific Capacitance (Cp) and Charged
Injection Capacity Values of Each Group

sample name specific capacitance Cp (μF cm−2) CIC (μC cm−2)

TiD50 1053 ± 166 526 ± 30
TiD30 430 ± 74 215 ± 35

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c07318
ACS Appl. Mater. Interfaces 2021, 13, 31474−31484

31478

https://pubs.acs.org/doi/10.1021/acsami.1c07318?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07318?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07318?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07318?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c07318?rel=cite-as&ref=PDF&jav=VoR


TiD50 with 50% diamond in the hybrid sample exhibits a
capacitance value of 1053 + 166 μF cm−2. Upon changing the
diamond concentration to 30%, we note the capacitance
decreases to a value of 430 ± 74 μF cm−2. As a result, the CIC
values are 526 μC cm−2 and 215 μC cm−2 for TiD50 and TiD30,
respectively. These values are very high and comparable to
other diamond electrodes, such as the N-UNCD electrodes
with a CIC value of 1 mC cm−240 and the iridium oxide
electrode with a charge value of 4 mC cm−2,41−43 as presented
in Table 4.
Interestingly, TiD possesses unique electrochemical proper-

ties due to being additively manufactured to form a composite
surface with controlled chemical composition and volume
fraction of diamond to titanium. We notice the oxygen dense
surface via the high percentage of C−O and CO oxygen
functional groups on both the TiD surfaces, as confirmed by
XPS data in Figure 3. The surface functionalization and etching
of graphitic impurities have led to differences in electro-
chemical behavior.30 TiD50 exhibits a denser surface of oxygen
functional groups with C−O and CO values of 23.30 and
6.30%, respectively, compared to TiD30 (14.49 and 5.50%). It
was reported previously that oxygen functional groups enhance
the electrochemical capacitance due to an increased number of

functional groups on the surface facilitating a higher charge
transfer. These results are consistent with the previous
studies.47−49

Additionally, XPS data demonstrate that TiD50, with a
higher percentage of diamond fraction (50%) and oxygen
functional groups, had a higher Cp value (1053 ± 166 μF
cm−2) compared to TiD30, which has a lower percentage of
diamond fraction (30%) and oxygen functional groups and
hence, a lower Cp value of 430 ± 74 μF cm−2. Consequently,
TiD50 has a higher CIC value (526 μC cm−2) than TiD30 (215
μC cm−2). Specifically, the conductivity of diamond is
influenced by the charge transfer along the boundary and via
the grains and increases with the increase in diamond
concentration and the number of oxygen functional groups
on the surface. It is evident that the electrochemical properties
continued to increase with diamond concentration due to the
rich sp3 surface and dense functional groups. The improvement
can also be attributed to the graphitic diamond grain boundary
regions’ etching following oxygen treatment. Conversely, the
metal volume fraction in the additive part is an important
factor influencing conductivity, as it creates charge transfer
paths.50 The roughness, influenced by the area of unmelted
titanium metal particles, increases the printed materials total

Table 4. Range of Commonly Used Electrode Materials Compared to TiD

material type
Cp mF
cm−2

CIC mC
cm−2

impedance at 1
KHZ kΩ

water
window
(V) examples of biocompatibility ref

N-UNCD nitrogen included
ultrananocrystalline diamond

1 1 1 −1.1−1.1 supported healthy neuron growth 30

PT platinum 0.15−5.57 54 −0.8−0.8 electrical excitation of the nervous system 44
PT Ir 0.3 −0.6−0.7 electrical excitation of the nervous system 44,45

Gold 0.022 36.54 ± 0.88 neural interface electrode, multi-electrode neural arrays 46
IrOx 4 −0.6−0.7 thin films are unstable and prone to degradation 45
TiD50 1 0.53 0.75 ± 0.07 −0.8−0.8 the material proves to be non-cytotoxic as neurons

survived and proliferated on the surface
this
work

TiD30 0.43 0.22 0.55 ± 0.03 −0.8−0.8 this
work

Figure 5. (A) EIS data for TiD50 (50% diamond) and (B) TiD30 (30% diamond), displaying increasing low-frequency impedance and a decrease in
the phase angle and (c) suggested electrochemical circuit used to model the EIS data.
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surface area, consequently affecting the total electrochemical
surface area.51−54 Hence, the increase in roughness will
increase charge pathways and, therefore, an increase in the
Cp and CIC on the TiD surface, as reported in Table 3. TiD50
has a higher Ra (24.25 μm) compared to TiD30 (20.88 μm)
and higher Cp (1053 ± 166 μF cm−2) compared to the sample
with less diamond (430 ± 74 μF cm−2).
The previous observations suggest that the possible

mechanism for charge transfer over the composite surface is
influenced by multiple factors, including charge transfer
depending on crystal defects and the conductivity of each
diamond particle as well as a particle-to-particle charge
transfer.55 Moreover, the charge paths created by the metal
volume fraction within each experimental group facilitate
charge transfer over the surface. Further experiments are
planned to understand this physical process, leading to the
differences in the overall electrochemical behavior.
Figure 5 displays the electrochemical impedance spectros-

copy (EIS) studies of TiD and provides a better understanding
of the material behavior over a wide frequency range. It is
evident that both the sample groups exhibit similar electrical
behavior and show increasing low-frequency impedance.
In order to understand the electrochemical behavior and

predict TiD performance as a neural interfacing material, we
have investigated the impedance at 1 kHz. Generally, low-
impedance electrodes lead to low noise levels, as they require
low power consumption to perform effectively. Hence,
materials with lower impedance are favorable for recording
applications. Additionally, materials with combinations of low
impedance and high CIC values emerge as reliable candidates
for stimulation applications.56,57 Interestingly, both the
samples exhibit a low impedance at 1 KHz (TiD50 0.75 ±
0.07 kΩ and TiD30 0.55 ± 0.03 kΩ) and a relatively high CIC,
as shown in Table 3. An implication of this is the possibility to
deploy TiD in neural application successfully.
A suggested an equivalent circuit model for TiD has been

proposed (Figure 5c) after fitting the EIS data. The model is
expressed by Rs (R1) as the electrolyte resistance, followed by
C1, and Rct (R2) sub-circuit in series to describe the
capacitance and surface charge movement resistance on the
electrode/electrolyte interface as a complete Randles circuit. A
constant phase element CPE was added in parallel with R3 to
compensate for TiD structural defects.58 EIS fitting is added in
Supporting Information, Figure S1.

The Nyquist plots provide details of the solution resistance
Rs, the charge transfer resistance Rct, the angular frequency ω,
and the double layer capacitance Cdl. With reference to
equation (ωRctCdl = 1),59 we have calculated Rct and Rs values
for both the samples at Point Z′ max (labeled in green) as
shown in the table below. The TiD50 sample has a longer RC
time constant compared to TiD30. This is consistent with the
equivalent circuit parameters extracted from the Nyquist plot
(see Figure 6A,B). TiD50 exhibits a double layer capacitance of
1035 μF, compared to 430 μF in the case of TiD30. The series
resistance in both the samples is similar with the values of 164
and 140 Ohms. However, there is a significant difference
between the Rct values. This signifies the resistance to charge
transferthe TiD50 exhibits a higher Rct value of 550 Ohms
compared to TiD30 with the value of 93 Ohms. The higher
TiD50 Rct can be attributed to a higher diamond concentration
at the electrode−electrolyte interfaceas shown in Figure 2.
The combination of higher Rct and Cdl is in line with the
observed longer time constant (Table 5). A different Nyquist
plot is added in Supporting Information, Figure S2.

3.5. Assessment of Biocompatibility and Neural Cell
Adhesion and Growth. Figure 7 shows the representative
images obtained from different sample groups. The cells were
healthy on TiD50, TiD30, and the control (poly-D-lysine coated
polystyrene), with many neurites extruding from the soma.
The results are summarized in Figure 8. According to the
results, the cell density showed no significant difference
between the three sample groups (Figure 8a). An analysis
was also performed to examine the probability of cells forming
clusters (Figure 8b). The surfaces that are more biocompatible
tend to have clusters with a fewer number of cells. According
to Figure 8b, TiD50 showed a larger portion of cells without
clustering (i.e., one neuron) than TiD30 and the control. Figure
8c−e quantifies the neuritogenesis of the images. The coverage
of neurons showed no statistical difference between different
sample groups (Figure 8c). Among the samples, the control

Figure 6. Nyquist plots of the TiD samples showing Rs and Rct. (A) Nyquist plot for TiD30 and (B) Nyquist plot for TiD50.

Table 5. Values of Rs and Rct as Extracted from Nyquist
Plots

Rs (Ω) Rct(Ω) Cdl (μF)

TiD30 164 93 430
TiD50 140 550 1035
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group has the most significant number of neurites per neuron
and the most extended neurites (Figure 8d,e). However, TiD30
showed more neurites per neuron and longer neurites than the
neurons in TiD50.
3.6. Biocompatibility and Surface Morphology Anal-

ysis. Diamond is a biocompatible material, and studies have
shown that diamond has minimal immune system response60

and promotes cell adhesion and proliferation. As mentioned in
the previous studies, a high concentration of diamond
enhances cell growth and provides a compatible surface to
promote osteoblast adhesion.61 TiD surfaces were oxygen-
functionalized to activate the surface and enhance the
biological response at the interface due to improved surface
hydrophilicity. Consequently, this led to us studying their
electrochemical behavior while considering their suitability for
medical applications. Surface roughness has been reported to
be critical to cell adhesion at the implant interface. With
reference to Kurtosis (x < 3), both surfaces are considered
(not sharp) and the surface features (unmelted particles) are
considered squashed and round as shown in the SEM images
(Figure 2) which enhances the cell viability on the surface.62,63

Figure 7 displays healthy cells on both group A (TiD50) and
B (TiD30) surfaces with neurites extrusion from the soma.
TiD50 has more cells without clustering compared to the
sample with less diamond content, indicating a more
biocompatible surface than TiD30. While both the TiD samples
had similar Rv (35.11 and 36.04 μm, respectively), TiD50 has
the highest Rp value (74.51 μm) compared to the Rp value
(41.47 μm) of TiD30. The TiD30 sample provides a smoother
surface compared to TiD50, which is a potential reason for it
displaying more neurites per neuron and longer neurites than
TiD50, as shown in the statistical analysis presented in Figure
8c−e. It is important to note that both the groups of TiD could
support neuronal survival, although they exhibit different Cp
and CIC values. Their CIC values (526 and 215 μC cm−2) are
comparable to nitrogen included ultrananocrystalline diamond
(N-UNCD) with a CIC value of 1 mC cm−2.64 Overall, it
becomes apparent that several factors affect the electro-
chemical behavior and cell viability of the TiD samples. It is

Figure 7. Representative images of neurons on different samples.
Images with different coverage (highest, medium, and lowest) are
shown in each row. The cells survived well on group A (TiD50), B
(TiD30), and the control, with neurites extending from the soma.
Green: beta-III tubulin (neurite). Red: propidium iodide (nuclei).

Figure 8. Summary of the quantified analysis of neurons on group A (TiD50), B (TiD30), and the control. The cell density, probability of cell
clustering, neuron coverage, neurite per neuron, and the longest neurite length are shown in (a−e). Error bars represent the SEM. Number > 15.
Statistical analysis was performed using Welch’s t-test.
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considered that the electrochemical behavior can be modulated
by optimizing AM process according to the needed application
by printing the needed surface morphology.

4. OUTLOOK

The findings reported here will prove helpful in expanding the
possibilities to 3D print complex neural interfaces taking into
account the individual geometric variation and anatomical
diversity of the tissue.56,65 Moreover, the neural interfaces have
suffered degradation and efficacy deterioration due to the body
reaction at the tissue−electrode interface, and our research will
provide the avenue to explore durable AM materials suitability
for neural applications. Nevertheless, LMD will improve the
engineering process by reducing the fabrication steps and
addressing the need for custom-designed devices. For instance,
the current configuration methods of coated electrodes require
many pre-processing and post-processing steps and, more
importantly, generate a lot of unused (waste) material.
Previous literature demonstrates the long generic process of
constructing diamond-coated arrays, starting with the substrate
and ending with the exposed electrodes. This conventional
fabrication method requires a long chain of intermediate steps
to integrate diamond, treat the material, build diamond
channels, and mask the unneeded material.66,67 On the other
side, this paper presents the suggested model to 3D print
diamond planar interfaces for neural applications, using
minimal powder preparation, single-step fabrication step
using the exact amount of material needed for the design,
and, consequently, less residual waste.68

5. CONCLUSIONS

This study is a preliminary investigation of the advanced
functionality of TiD. We have demonstrated the feasibility of
tuning the electrochemical properties of the TiD−electrolyte
interface via optimizing the diamond concentration and surface
modifications. The samples show high capacitance and require
minimal post-processing to modulate their electrochemical
behavior. The results confirm that the TiD behavior is
influenced by various parameters, such as powder chemistry
(diamond %), surface functionalization (oxygen functionaliza-
tion), and morphology (roughness %). The Cp reached a value
of 1053 μF cm−2 with a 50% diamond volume fraction with a
CIC value of 526 μC cm−2. Moreover, the neural studies
showed healthy cell growth on the TiD surface, confirming the
material’s non-cytotoxicity.
In conclusion, we present the properties of conductive

planar TiD as an optimal model for electrode/interface studies.
Owing to their reliable electrochemical behavior, selective
surface properties, and scalability, the proposed fabrication
model is envisioned to allow printing 3D architectures with the
desired dimensions for different emergent applications in the
neural interfacing and smart bio-sensing medical fields. Prior to
this study, LMD has not been considered an electrode or
conductive surface printing method. Here, we have presented
its feasibility to print site-specific conductive surfaces in one
step. Future work includes further investigation of the charge
transfer mechanism, capacitance enhancement by different
surface functionalization methods, and design optimization via
AM.
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