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Abstract— The mechanical and chemical properties of diamond 

and diamond-like carbon (DLC) coatings make them very suitable 

materials for improving the long-term performance of invasive 

electrode systems used in brain-computer interfaces (BCIs).  We 

have performed in vitro testing to demonstrate methods for 

spatially directing neural cell growth and limiting the detrimental 

attachment of cells involved in the foreign body response on 

boron-doped diamond and DLC.  Inkjet-printing, laser micro-

machining and stencil-assisted patterning techniques were used to 

control neuronal adhesion and modify inflammatory cell 

attachment. This work presents micro-tailored materials that 

could be used to improve the long-term quality of recorded 

signals from neural-electronic interfaces.  

Index Terms— Diamond, brain-computer interface, glia, 

neuron. 

 

I. INTRODUCTION 

he achievements to date in brain-computer interfaces 

(BCI) research have generated translational promise, 

imagination and media attention. The attractive possibility of 

being able to restore function and independence to sufferers of 

spinal injury, degenerative disorders, e.g. amyotrophic lateral 

sclerosis, cerebrovascular disease, such as brainstem stroke, 

cerebral palsy and many other neuromuscular disorders drives 

the need for advancing neural interface technologies [1,2].  

Human trials, such as the “Braingate” project (Cyberkinetics, 

2004), have successfully implanted electrode arrays directly 

into the motor cortex of patients.  These systems have 

produced some of the highest levels of mental control over a 

BCI to date, with users able to control a computer cursor, to 

open simulated e-mail and operate devices such as a television,  
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even whilst conversing [2].  Despite such advances in intra-

cortical implants, brain interfaces still have significant 

limitations restricting their functionality and longevity, 

including inadequate electrode resolutions and inflammatory 

tissue responses. 

The foreign body response is an important factor in limiting 

the long-term functionality of multi-electrode systems 

implanted in to the mammalian central nervous system (CNS) 

[3].  Typically, around 40 - 60% reductions in the number of 

active electrodes have been demonstrated in multiple animal 

studies over a 6 month period [4,5,6,7].  Histological analyses 

following cortical implant insertion have shown encapsulation 

of the implant by activated microglia and astrocytes in a 

process known as glial scarring [3].   Evidence suggests that 

microglia mediate this response by becoming activated upon 

contact with many of the materials used in current implanted 

electrodes [8].  Improving neuron-electrode connectivity by 

reducing microglial activation and the subsequent scarring 

around neural implants has therefore become an important area 

of BCI research.  In addition, neuronal patterning techniques 

provide the opportunity to control neuronal projections and 

direct specific neural pathways to particular electrodes.  

Directed neuronal growth, by infusing neurotrophic growth 

factors or by placing pieces of sciatic nerve into glass 

microelectrodes, has been shown to promote the ingrowth of 

neuronal processes in vivo [9].  In these studies, the recorded 

signal:noise ratios (SNR) were often 5–10 times higher  than 

that obtained with wire and silicon electrode arrays [3,9].  We 

therefore expect that an ordered system of neural cell 

patterning, whilst reducing glial scarring, should improve the 

recorded signal quality and advance BCI performance.  

A variety of techniques have been developed for patterning 

cellular growth.  The most commonly used methods include 

micro-contact printing, photolithography, inkjet printing and 

stencil-assisted patterning techniques.  Generally, these 

techniques involve patterning proteins or factors that either 

attract (extra-cellular matrix proteins, polylysine) or repel 

(antibiofouling agents) cellular attachment, although some 

techniques have focused on the direct placement of cells 

[10,11].  Micro-contact printing (µCP) has been used to 

produce patterns of laminin and polylysine for spatially 

directing the growth of primary neurons (hippocampal and 
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cortical) on many different substrates, including glass, 

polystyrene and diamond [12-15].  Despite its successes, µCP 

has some limitations. For example, the recipient substrate has 

to be planar and should not be softer than the stamp material.  

The concentrations of transferred protein may also vary across 

the pattern, depending on the degree of contact between areas 

of the stamp and the recipient substrate (this could be affected 

by a non-homogenous surface roughness, topology or 

wettability).   

Drop-on-demand inkjet printing has been widely used for 

depositing patterns of liquids and suspensions onto surfaces at 

micrometre-scale resolutions (2-50µm spot sizes [16]).  

Although photolithography and µCP techniques can provide 

better spatial resolutions, they require the construction of an 

unalterable master pattern and so lack the programmable 

versatility of inkjet printing. Additionally, the low cost and 

pattern reproducibility make it a very useful fabrication 

technique.  Inkjet-printed polylysine and collagen patterns 

(with dot resolutions of 65 µm) have been used to direct the 

adhesion of primary rat hippocampal and cortical neurons, 

with no obvious detriment to the electrophysiology of the cells 

[17].     

To achieve reduced levels of glial scarring and spatially 

controlled growth of neurons on implants, we have looked to 

diamond and DLC to provide the base materials for neural 

implant coatings. The chemical and wear resistances of 

diamond and DLC coatings can provide implants with 

protection from the harsh enzymatic and degradative 

environment of the body.  Diamond-based coatings have also 

been shown to improve haemocompatability (by reducing 

activation of the coagulation cascade, platelets and 

inflammatory cells) [18-23]. Furthermore, diamond and DLC 

can be modified with dopant materials to alter their 

mechanical, chemical, electrical and biological properties [24-

29].  For example, boron-doping vastly increases the electrical 

conductivity of diamond, making it more suitable for electrode 

applications [24].  Similarly, phosphorus doping of DLC has 

been shown to increase its conductivity by up to seven orders 

of magnitude [30].  Despite its obvious potential, few studies 

to date have explored the interaction of diamond and DLC 

coatings within neural systems in vivo.  However, some non-

neural in vivo studies have demonstrated DLC-coated implants 

to be well tolerated [22,23].  For example, the implantation of 

DLC-coated titanium into the skeletal muscle of rabbits 

showed no debris and no obvious acute or chronic 

inflammation to be present after one year [22].  In vitro studies 

also show that diamond-based substrates can support healthy 

neural cell growth, providing additional evidence for the 

potential suitability of these materials for neural implantation 

[15,31].  Interestingly, diamond surfaces have been used to 

modulate the differentiation of neural stem cells which 

highlights another potential use of diamond in neural tissue 

engineering and implantable repair conduits [32].    

We have previously demonstrated the doping of DLC with 

phosphorus to increase its neuronal compatibility in vitro [33].  

In addition, we have used stencil-assisted and photochemical 

patterning techniques to spatially control neural cell growth on 

DLC [34].  Here, we extend these findings and compare the 

cell patterning performance of inkjet printing and the 

programmable and higher resolution technique of laser etching 

to produce neuronal networks on DLC and boron-doped 

diamond.  Both methods are highly adaptable with regard to 

the patterns that can be produced and the substrates that can be 

modified.  

We also functionalise the surface of DLC with the 

antifouling agents polyethylene glycol (PEG) and poly-2-

hydroxyethyl methacrylate (pHEMA) to reduce inflammatory 

reactions in a well characterized in vitro glial scarring model.  

These materials are known for their ability to resist protein 

adsorption and microglial attachment, factors thought to be 

important in initiating the foreign body response [8,35-38].   

PEGylated, micro-patterned DLC substrates are used to 

spatially control the adhesion of inflammatory cells 

(principally myeloid cells such as macrophages and CNS 

microglia).  Our aim is to produce micro-tailored coatings that 

can make use of the beneficial effects of the inflammatory 

response, e.g. maintenance of the blood-brain barrier and 

removal (phagocytosis) of harmful cell debris from wound 

injury, whilst reducing glial encapsulation directly surrounding 

device electrodes.   

As well as highlighting laser micro-machining as a novel, 

high resolution method for patterning neurons, this is also the 

first example of micropatterning antifouling coatings on 

diamond-based materials to spatially direct the adhesion of 

inflammatory cells.  It is hoped that the coating strategies 

shown here can be used to advance future BCIs by improving 

neuronal connectivity to implanted intra-cortical micro-

electrode arrays. 

II. METHODS 

A. Diamond and DLC substrates 

 

A variety of diamond-based materials were fabricated in this 

study to investigate neural and inflammatory cell responses.  

Coatings of B-doped CVD diamond, DLC, P-doped DLC 

(P:DLC) and micropatterned P:DLC-DLC were deposited on 

to either borosilicate glass, silicon or NiCr wire substrates. 

Boron-doped diamond films were grown in a standard hot 

filament chemical vapour deposition (CVD) reactor using 

CH4/H2 process gases at a pressure of 20 Torr. The substrate 

was undoped single-crystal (100) Si, abraded ultrasonically 

before deposition using a slurry of 100 nm diamond grit in 

water. Rhenium was used for the filament material with the 

filament temperature kept constant at 2400 °C and monitored 

using a 2-colour optical pyrometer.  The substrate temperature 

was maintained at ~ 900 °C.  Diborane (B2H6) gas diluted in 

H2 was used as the source of B at concentrations of 0~1000 

ppm with respect to CH4.  All three gases were metered into 

the chamber using mass flow controllers.  The resulting 

diamond films were around 3-4 µm thick over an area ~ 1 cm
2
.  
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The films were polycrystalline, with a facetted morphology 

having crystal sizes on the surface of ~ 1 µm.  Varying the B 

content in the gas mixture, and hence in the films, allowed the 

conductivity of the films to be controllably altered between 

extremely insulating (resistivity of MΩ.cm) to near metallic 

(resistivity of a few Ω.cm).  After deposition, the films were 

oxidised by exposure to UV-irradiation/ozone for 20 minutes 

using a UV-O cleaner (Jetlight Company, 42A-220). 

For preparation of the DLC and P:DLC samples a pulsed 

laser deposition (PLD) set-up was used, as previously 

described in [24].  The targets were comprised of either a 

graphite disk (Poco Graphite Inc., DFP-3-2 grade), or 

compressed disks of graphite and red phosphorus (20 at. %) 

powder mixtures.     

Micropatterned P:DLC-DLC substrates were prepared by 

initially coating glass coverslips (13 mm diameter) with 

P:DLC for 600 laser shots. Copper transmission electron 

microscope (TEM) grids (PL200 parallel lines, 50 μm spacing, 

Agar Scientific) were then used as shadow masks and the 

substrates were coated with DLC for a further 600 laser shots. 

Coverslips were subjected to 20 minutes of sonication in 

acetone and methanol, before being washed in deionised water 

overnight. Samples were then air-dried and stored in an 

airtight container until use.  

B. PEGylated DLC substrates 

 

Spatially directed PEGylation was produced using 

micropatterned P:DLC-DLC films to determine if these 

substrates could be used to pattern the adhesion of cells 

involved in inflammatory responses. 

Micropatterned P:DLC-DLC substrates were incubated with 

poly-D-lysine (1 mg.mL
-1

, Sigma) for 1 hour, washed three 

times in distilled water and air dried.  Substrates were then 

immersed in 10 µL of a 250 mM TMS–PEG12–NHS ester 

(Pierce Biotechnology) solution diluted in 50:50 DMSO 

(Sigma):borate buffer (pH 8.5, 50 mM, Thermo Scientific). 

The substrates were washed copiously with PBS (10 minute 

washes, × 6) and stored in PBS before use. 

C. Inkjet printing 

Inkjet printing was used to fabricate micropatterned 

polylysine onto P:DLC surfaces to investigate whether these 

substrates could support patterned neuronal growth.  

P:DLC coated coverslips (13 mm) and micro-electrode 

arrays (MEA, Multichannel Systems, 6 × 10 configuration) 

were printed on using a Dimatix DMP-2800 printer (Fuji, 

Japan). The inkjet print solution consisted of FITC-labeled 

poly-L-lysine (MW 15000-30000, Sigma, UK) dissolved in 

50:50  ethanol:water to produce a final concentration of 2.5 

mg.mL
-1

.  After printing, a culture well was glued on to the 

MEA using silicone adhesive (3145 RTV MIL-A-46146 

CLEAR, Dow Corning).  Printed glass coverslips (n = 6) and 

the MEA substrates (n = 3) were then taken to a sterile culture 

hood and sterilised in ethanol.  Substrates were dried in air and 

placed into culture dishes (24-well plates/100mm × 25mm 

Petri dish, Thermo-Fisher).  

D.  pHEMA-coated substrates 

The antibiofouling agent, pHEMA, was coated onto P:DLC 

coated coverslips and NiCr wires to investigate the ability of 

these substrates to reduce macrophage adhesion and 

inflammatory responses in an in vitro model of glial scarring.  

P:DLC coverslips were placed into 24-well culture plates 

(Nunc) and 300 µL of pHEMA solution (120 mg.mL
-1

 in 95% 

ethanol)  was pipetted on.  The solution was immediately 

pipetted off and left to dry in an oven at 60º C. 

 P:DLC-coated NiCr microwires (50 µm  thickness, A-M 

Systems) were cut into 3–5 mm  pieces and soaked in 70% 

ethanol for at least 30 min and dried in a laminar hood.  The 

pHEMA-coated P:DLC wires were prepared by dipping them 

into a solution of pHEMA (10g.mL
-1

, Sigma, UK) for 10 

seconds and were then left to dry at 60º C.  

E. Laser etching 

The laser etching of polylysine-coated, B-doped diamond 

surfaces was used to fabricate a micro-patterned polylysine 

surface.  These substrates allowed us to investigate whether 

laser-etched diamond could mediate spatially controlled 

neuronal growth.  

An Nd:YAG laser (532 nm) micro-machining system 

(Alpha, Oxford Lasers, UK) was used to etch patterns into the 

surface of the boron-doped CVD diamond substrates.  Samples 

were initially coated with poly-D-lysine (0.1 mg.mL
-1

, Sigma, 

UK) for 1 hour, washed three times in deionised water and 

dried in air. A sequence of 10 connecting rectangles (100 µm 

height, 1000 µm length) was etched using a laser power of 

30% (0.8 W over an area ~ 80 µm).  Samples were sterilised 

by immersing the substrates in a 10% (v/v) penicillin- 

streptomycin-amphotericin B (PSA) solution (in PBS, Sigma), 

washed in deionised water three times and air-dried. 

F. Cortical neurons 

Cortical neurons were cultured on substrates using standard 

tissue culture protocols, as described in [39]. Briefly, 

substrates were sterilised in ethanol and coated with poly-D-

lysine (70,000–150,000 MW, Sigma) for 1 hour (0.1 mg.mL
-1

) 

and washed three times in sterilised, deionised water (20 

minutes for each wash). Neuron-rich cultures were produced 

by isolating the cerebral cortices from the pups of embryonic 

day 18 (E18) Wistar rats. The meninges were carefully 

removed and the cortical tissue dissociated by protease 

digestion using 10% (v/v) trypsin for 20 min. The tissue was 

triturated using a fire-polished Pasteur pipette to produce a 

homogeneous single-cell suspension. Cells were diluted in 

Neurobasal medium™ containing 2% B-27, L-glutamine (0.5 

mmol.L
-1

, Sigma, UK) glutamic acid (25 μmol.L
-1

, Sigma, 

UK) , penicillin (100 U.mL
-1

, Sigma, UK), streptomycin (100 

μg.ml
-1

) and seeded at a concentration of 1×10
5
 cells per well 

on P:DLC and boron-doped diamond substrates. A lower cell 

density of 2.5×10
4
 cells per well was used for the MEAs. The 

cell cultures were placed in an incubator at 37 °C/5% CO2 and 

fed at 3 day intervals by replacement of half of the medium 
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(minus glutamic acid). Cells were then fixed at 5-7 days in 

vitro with 4% paraformaldehyde (PFA, in PBS) for 20 min, 

washed with PBS and photographed using an imaging system 

(Leica, Swizerland). 

G. Bone-marrow derived macrophages   

Bone marrow-derived macrophages were generated from 

C57BL/6 mice as described in [40].  In brief, bone marrow 

cells were washed in DMEM media and resuspended at 1×10
5
 

cells mL
-1

 in complete medium supplemented with 5% horse 

serum (PAA, UK) and 50 pg.mL
-1

  macrophage-colony 

stimulating factor (produced by Mr D. Copland, University of 

Bristol).  The cell suspension (50 mL) was transferred to 

Teflon-coated tissue culture bags (supplied by Dr. M. Munder, 

University of Heidelberg, Germany) and incubated for 8 days 

at 37ºC in 5% CO2.  Cells were removed from the Teflon bags 

and centrifuged and the cell pellet resuspended in culture 

media consisting of DMEM without phenol red (PAA, UK) 

supplemented with 10% heat-inactivated fetal calf serum 

(FCS, TCS Cellworks, UK), 100U mL
-1

 penicillin-

streptomycin (Invitrogen, UK), L-glutamine (2 mmol.L
-1

, 

Invitrogen, UK), sodium pyruvate (1 mmol.L
-1

, Invitrogen, 

UK), and  2-mercaptoethanol (5 × 10
-5

 mol.L
-1

, (Invitrogen, 

UK).   

This cell suspension was plated onto (i) PEGylated, 

micropatterned DLC substrates, (ii) P:DLC-coated glass 

coverslips and (iii) pHEMA-coated P:DLC  substrates.  The 

coverslips were placed inside 24-well, flat-bottomed plates 

(polystyrene multidish, Nunc) and cells seeded at a density of 

2.5 × 10
5
 cells per well (n = 9, using 3 separate cultures).   

Cells were fixed at 3 days in vitro for PEGylated 

micropatterned DLC substrates and at 1 day in vitro for the 

P:DLC/pHEMA substrates  using 4% PFA (in PBS, pH 7.2) 

for 20 min.  Cells were washed with PBS and photographed 

using an imaging system (Leica, Switzerland).  For cell 

counting, the cells were stained with 4',6-diamidino-2-

phenylindole (DAPI, Thermo-Fisher) and three images per 

sample (n = 9 samples) were taken.  Each image covered an 

area of 700 µm × 550 µm.  Cell count data were averaged and 

normalized to cells per mm
2
.    

H. In vitro glial scarring model 

A mixed culture containing neurons, astrocytes and 

microglia was used to a produce an in vitro model of glial 

scarring, as previously described by Polikov [41].  This model 

allowed us to test the effects of pHEMA-P:DLC coatings on 

glial and neuronal responses and to simulate the effects of 

these coatings in vivo. 

Neuron–glia cultures were prepared from the ventral 

mesencephalic tissues of embryonic day 15 Sprague Dawley 

rats, as described in [41] with some modifications. Briefly, 

dissociated cells were seeded at 5×10
5
 cells per well into poly-

D-lysine-coated 24-well plates (Nunc), using the same coating 

procedure as described for cortical neurons.  Cells were grown 

in Neurobasal (NB) medium supplemented with 2% B-27, 2 

mM L-glutamine, 50 U.mL
-1

 penicillin, 50µg.mL
-1

 

streptomycin and 10 ng.mL
-1

 of bFGF. At 10 days, the media 

was changed to NB with B-27, 10% FBS, 2mM L-glutamine, 

50 U.mL
-1

 penicillin, and 50µg.mL
-1

 streptomycin. P:DLC-

coated and P:DLC:pHEMA-coated wires were placed into 

each well at random locations using sterile forceps, so that the 

pieces would sink and rest atop the cultured cell layer.  Media 

changes were performed every 3 days by replacement of half 

the media.  Cultures were fixed with 4% PFA 7 days after the 

wires were added (17 days in vitro, n = 9 using 3 separate 

cultures). 

I. Immunocytochemistry  

Fluorescence labeling of rat cortical neurons was performed 

using a monoclonal mouse antibody to beta-III-tubulin 

(ABCAM, UK).  Cultures fixed with 4% PFA were aspirated 

and washed for 5 minutes (× 3) in PBS.  Cell membranes were 

permeabilised with 5 minute washes (× 3) using 0.5% (v/v) 

Triton X100 (Sigma).  A blocking solution of 10% normal 

donkey serum (NDS, v/v) in PBS was added for 30 minutes.  

Cells were incubated with the beta-III-tubulin antibody (1:400 

in PBS) for 1 hour at room temperature and for a further 12 

hours at 4 ºC.  Cells were washed for 5 minutes (× 3) in PBS 

with 0.5% Triton-X100, followed by incubation with the 

secondary anti-mouse conjugated with Cy2 (1:250; Jackson 

Laboratories, USA) in PBS with 0.5% NDS (v/v) and 0.1% 

Triton X-100 (v/v) for 2 hours at room temperature. Cells were 

washed for 5 minutes (× 3) in PBS before being counterstained 

with 0.5 mg.mL
-1

 DAPI (Thermo-Fisher).  Coverslips were 

finally washed in PBS for 5 minutes (× 3) and mounted face-

down onto 76 mm × 26 mm microscope slides using a droplet 

(20 µm) of Vectashield
TM

 non-quenching mounting medium. 

Staining was visualised using an inverted imaging system 

(Leica, Switzerland, λex = 492nm, λem = 510 nm). 

For immunocytochemistry of the glial scarring model 

samples, dual staining of neurons and glia was performed.  

This was achieved using the same protocol as above but with 

the addition of a polyclonal anti-rabbit antibody reactive  to 

the glial marker, GFAP (ABCAM, UK).  For the secondary 

antibody step, an additional anti-rabbit conjugated with Cy3 

(1:200; Jackson Laboratories, USA) was also added to the 

PBS with 0.5% NDS (v/v) and 0.1% Triton X-100 (v/v) 

solution.   

III. RESULTS 

A. Neuronal patterning  

Inkjet printing and laser micro-machining were used to 

control the spatial distribution of neurons on P-doped DLC 

(P:DLC) and B-doped diamond.  Both techniques require 

control of the spatial distribution of polylysine (PL), a cationic 

polymer used to promote neuronal adhesion.  Our previous 

work had already demonstrated that PL-coated P:DLC 

substrates allow very good adhesion and growth of neurons in 

vitro [17].  We therefore wanted to test if printed PL produced 

good levels of neuronal adherence on P:DLC and if neurons 

adhered similarly to PL-coated boron-doped diamond. 
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For inkjet printing, FITC-tagged PL was deposited within a 

solution of ethanol and water (50:50, v/v) on to P:DLC 

substrates.  The ethanol facilitated the ejection of droplets 

from the inkjet print heads, probably by reducing the surface 

tension of the solution.  Dot arrays of PL (100 × 100) were 

deposited on to P:DLC with single spot sizes of ~ 50µm and 

pitch spacings of 200 µm.  Rat cortical neurons plated on to 

these substrates adhered mostly to PL-printed areas, sometimes 

extending neuritic processes out to adjacent „islands‟ of cells 

(Fig. 1, A).  Neurons grew firmly as a monolayer on the 

surface (Fig. 1, B) with the position of cells, in general, 

following the location of the printed PL dots, as visualized by 

fluorescence microscopy (Fig. 1, C).   

This method was also applied to pattern neurons on to a 

planar electrode array.  Previous studies have patterned 

neurons on to planar electrode arrays to simplify neuronal 

growth and thereby aid the investigation of neural networks 

[42]. Developments in neuronal network growth on MEAs are 

likely to provide an increasingly important tool for 

understanding how computational processes like memory and 

data processing occur within neural systems.  We used our 

inkjet printer to deposit parallel lines of PL across the 

electrode line of a commercially available MEA.  Fig. 1D 

shows an image of neurons adhering to and forming a dense 

neuritic mass across the PL-printed line.  The lines were 

approximately 50 µm thick and 400 µm long. Small levels of 

non-compliant growth were observed in non-printed areas, 

likely due to some „splashing‟ of the PL solution during 

printing.  However, the majority of neuronal processes 

occurred within the printed area, highlighting the potential use 

of this method for in vitro neural network studies. 

Our laser micro-machining method offers spatial resolutions 

of ~ 10 µm and, like inkjet printing, patterns can be easily 

programmed and fabricated.  B-doped diamond was initially 

coated with PL and areas were then laser etched away.  Firstly, 

it was important to assess whether B-doped diamond substrates 

would allow neuronal adhesion when coated with PL.  

Neuronal growth was compared on PL-coated, B-doped 

diamond and the control substrate, tissue culture polystyrene 

(TCPS), with representative sample images shown in Fig. 2 (A 

and B).  Immunostaining was required to adequately visualise 

the neurons on the opaque diamond samples.  Neurons 

expressed the neuronal marker, beta-III-tubulin, and adhered 

well on the B-doped diamond.  Large numbers of neuritic 

processes were extended up to at least 7 days in vitro (Fig. 

2A).  The cell growth on B-doped diamond appeared very 

similar to that observed on the control TCPS substrates, 

indicating that both substrates could support healthy neuronal 

growth (Fig. 2B).  This result is in line with our previous 

studies where cell counts on B-doped diamond do not 

statistically differ to that observed on undoped diamond or 

TCPS [43].       

Laser micro-machining was used to etch arrays of 10 

connected rectangles (each 100 µm × 1000 µm) into the PL-

coated, B-doped diamond.  Light microscopy measurements 

determined that the thickness of each etched line was ~ 10 µm.  

The patterns produced were visible under the optical 

microscope, probably due to some graphitisation of the 

diamond surface.  Rat cortical neurons grew well across the 

unetched, PL-coated areas and neuritic outgrowth largely 

avoided crossing over the etched areas. This avoidance made 

the etched pattern visible upon staining of the cells and their 

processes (Fig. 2 C and D).  It is probable that the destruction 

of the PL in the etched areas was responsible for mediating the 

patterned neuronal growth.  However, potential effects on cell 

adhesion from an alteration in the diamond structure, e.g. 

graphitisation, at the etched areas cannot be excluded. 

B. pHEMA coatings on P:DLC 

The pHEMA solution was coated on to P:DLC-coated glass 

coverslips to form a semi-transparent layer (~ 100 µm thick).  

Bone marrow derived macrophage (BMDM) cultures were 

used to model the adhesion and growth responses of CNS 

microglia (and infiltrating macrophages during a foreign body 

inflammatory response) on these substrates.  Unlike neurons, 

BMDMs adhere to nearly all surfaces without the need for 

additional coating polymers such as PL.  It was therefore 

hoped that we could reduce their adhesion using pHEMA, a 

known antifouling agent.  Coating the P:DLC substrates with 

pHEMA produced a significant effect on reducing their 

adhesion, with 98-99% fewer adhered cells compared with 

uncoated P:DLC (Fig. 3).  The number of adhered cells on 

glass and P:DLC were similar with no statistically significant 

differences (analyses were  determined by one-way ANOVA 

with Bonferroni‟s multiple comparison test). 

A well characterised in vitro glial scarring model [41] was 

used to simulate the foreign body response to implanted 

electrodes.  This model involved growing a mixed culture of 

neurons, astrocytes and microglia isolated from embryonic 

(day 15) rat brain.  Earlier studies using this model have 

demonstrated that both microglia and astrocytes migrate to and 

form a glial barrier around stainless steel wires, placed directly 

onto the cell layer. This reaction bears great similarity to in 

vivo glial scar responses to implanted electrodes.  In our study, 

placing P:DLC-NiCr microwires (50 µm  thickness) on to the 

culture resulted in gradual increases over time in the number of 

cells surrounding their edges.  NiCr wires were selected as an 

alternative to stainless steel wires since both materials are 

typically used for in vivo electrode applications [44]. After 10 

days, the areas adjacent to the wire were observed to have an 

obvious accumulation of cells along the length of the 

microwire (Fig. 4A).  Previous studies suggest that these cells 

consist mainly of microglia and astrocytes [41] and our 

immunocytochemistry results confirm the build-up of 

astrocytes surrounding the P:DLC-coated NiCr wires and 

neurons around the „scar‟ (Fig. 4C). Staining for neurons and 

glia on culture wells without a wire was also performed to 

show the typical presence of both astrocytes and neurons 

throughout the well area (Figure 4D). Similar observations 

were noted with non-coated NiCr wires (data not shown).  The 

accumulation of cells was, however, not observed around any 
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pHEMA-coated P:DLC-NiCr microwires (Fig. 4B), showing 

that pHEMA coatings could markedly reduce the glial scarring 

responses in this model.     

C. TMS-PEG coatings on micropatterned DLC 

As an alternative approach to controlling macrophage 

adhesion, we tested a PEGylation method that uses the TMS-

PEG-NHS ester reagent to add PEG groups to the surface of 

PL-coated P:DLC.  Our previous work has shown that PL 

adsorbs well on to P:DLC, but poorly on to DLC [24].  We 

therefore used this property to spatially control areas of 

PEGylation by micropatterning the P:DLC and DLC.  The 

structure of the functionalised layers on P:DLC is shown in 

Fig. 5.  Parallel-line masks were used to define areas of DLC 

and P:DLC on glass coverslips.  Light microscopy images of 

the micropatterned P:DLC-DLC substrates are shown in Fig. 6.  

BMDMs were plated onto these substrates and were 

photographed at 3 days in vitro.  The cells displayed a regular 

morphology with only very few cells adhering to the 

PEGylated P:DLC areas.  In contrast, many cells adhered to 

the non-PEGylated DLC surface (Fig. 6), showing that this 

method is effective at spatially controlling the adhesion of 

macrophages.  

IV. CONCLUSION 

This study has assessed various strategies for patterning 

neural and inflammatory cells on diamond-based coatings.  We 

have reported and compared inkjet printing and laser 

micromachining as programmable, automated and high-

throughput methods for spatially controlling neuronal growth 

in vitro.  Our findings show that both techniques can be used 

to successfully pattern neurons and cell-adhesion molecules on 

to diamond surfaces.  Our inkjet-printed polylysine patterns 

produced dot resolutions of ~ 50 µm, which is an improvement 

on previous studies that have reported dot resolutions of 65-

300 µm [45,46].  Laser micro-machining has the advantage of 

further improved dot resolutions of ~ 10 µm.  We hope to 

apply and develop these findings to guide neuronal growth in 

vivo and to use these methods to facilitate in vitro neural 

network studies.   

We have also demonstrated two antibiofouling coating 

strategies for controlling macrophage adhesion and 

inflammatory responses within a well characterised in vitro 

model of glial scarring. Our findings provide evidence that 

reducing inflammatory cell adherence using antifouling 

coatings, like pHEMA, can reduce the accumulation of glia 

surrounding devices implanted into the CNS.  Whilst, other 

studies have reported similar low levels of inflammatory cell 

adherence (monocytes and macrophages) using antifouling 

agents [8,25,36], we have presented the additional possibility 

of spatially controlling this effect using our micropatterned 

PEG surfaces.  We believe that by doing so, we can tailor 

implants that make use of the beneficial effects of the foreign 

body response (e.g. reduced susceptibility to infection and 

removal of harmful debris [45]), whilst reducing the negative 

effects on neuron-electrode connectivity demonstrated in many 

chronically implanted electrode studies [4,5,6,7]  (see Fig. 8 

for a schematic diagram and explanation of this concept).   

In future studies, we intend to micropattern pHEMA, which 

other studies have already shown to be amenable to surface 

patterning [46], and test inflammatory cell responses and 

neuronal growth on patterned pHEMA coatings.  We believe 

that both PEG and pHEMA each have unique properties that 

provide advantages for different implant applications.  For 

example, the PEG coatings are thin and so would provide low 

electrical resistance to adjacent neurons whilst potentially 

reducing microglial adhesion and activation.  However, 

pHEMA is a hydrogel that can be applied as a thicker coating 

that could provide a soft, mechanical buffer between hard 

electrode devices and soft brain tissue.  This buffer could 

reduce neural cell damage surrounding an implant whilst also 

providing a non-inflammatory surface.   

Further applications for this work include the possibility of 

controlling the spatial distribution of macrophages to influence 

macrophage activation on implanted surfaces.   Indeed, 

topological and chemical patterning of substrates have been 

well documented to influence macrophage activation, 

morphology and phenotype [47,48].  For example, the 

diameter of single dots of titanium within an array pattern were 

shown to influence the level of reactive oxygen species (ROS) 

produced by macrophages and neutrophils [48].  Interestingly, 

smaller diameter dot patterns (5 µm) produced a significant 

decrease in ROS, compared with larger dot sizes (10, 30, 100 

µm).  Patterned surfaces also provide an excellent platform for 

mimicking the complexity of the glycocalyx and investigating 

cell-cell interactions and the cell-surface interface. 

 We have focused on using these deposition techniques on 

modified diamond and DLC, materials well known for their 

exceptional resistance to physical wear and chemical corrosion 

[49,50].  Our study has demonstrated significant neuronal 

adhesion with cells that maintain their characteristic 

morphology on both boron-doped diamond and P:DLC.  Given 

the data we present here, further study is warranted to 

determine the effects of laser etching on substrate properties, 

such as surface roughness and structural alteration. To date, 

our observations strongly suggest that patterns of polymers 

like PL can be etched away to form a spatially defined 

substrate for organising neural cell growth.  We believe that 

any degree of spatial organisation of neuronal growth 

processes would benefit neuro-interface technologies.  Since 

laser ablation techniques have been reported to achieve sub-

micron resolutions [51], we would predict that our technique 

could be used to pattern individual neuritic processes and 

single cell somata in the near future.   

We intend to extend this work to assess the performance and 

longevity of our microtailored substrates in vivo.  Both PEG 

and pHEMA have been used in FDA-approved medical 

devices in the CNS [52] and thus rapid clinical translation 

remains highly plausible as they are unlikely to produce 

detrimental effects upon implantation.  We believe that these 

microtailored substrates can benefit the long-term performance 

of BCI interfaces by providing (i) improved levels of neuronal 

connectivity (ii) better organisation of the neuron-electrode 

interface and (iii) higher resistance to degradation.  Moreover, 
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this work will inform and have further applications in neural 

network research, investigating inflammatory cell responses 

and in the development of nerve and brain repair scaffolds. 
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Fig. 1.  Rat cortical neurons on printed poly-L-lysine patterns.  (A,B) Light microscopy images of neurons 

at 5 DIV on P:DLC. (C) Merged light/fluorescence microscopy image showing neurons and FITC-tagged 

poly-L-lysine on P:DLC (green). (D) Rat cortical neurons grown on poly-L-lysine lines printed on to an 

MEA (6 days in vitro).  Scale bars: 100 µm. 
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Fig. 2. Rat cortical neurons seeded on (A) boron-doped diamond and (B) TCPS. (C) Neurons on boron-

doped diamond following laser micromachining (rectangular array). Cells were phenotyped utilising 

immunocytochemistry incorporating the neuronal marker, beta-III-tubulin (red), and the nuclear stain, DAPI 

(blue).  All images were taken at 7 days in vitro. Scale bars: 50 µm (A, B and D), (C) 100 µm. 
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Fig. 3. Cell counts of adhered bone-marrow derived macrophages on glass, P:DLC and polyHEMA coated 

P:DLC (P:DLC-pHEMA) at 1 day in vitro. Error bars represent standard error of the mean values as 

determined from three independent experiments (n = 9).  Asterisks indicate a significant difference from 

control (glass) by one-way analysis of variance ANOVA with Bonferroni‟s multiple comparison test (*** p 

≤ 0.001). 
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Fig. 4. Cell responses to microwires placed in a mixed culture of neurons, astrocytes and microglia. (A) 

P:DLC coated NiCr wire. (B) P:DLC-pHEMA-coated NiCr wire.  Immunostained images are shown of the 

mixed cell culture containing (C) a P:DLC coated NiCr wire (focused onto the mid-way plane of the wire) 

and (D) the same culture conditions without a NiCr wire.  Cells were phenotyped using 

immunocytochemistry incorporating the neuronal marker, beta-III-tubulin (red), the glial marker, GFAP 

(green) and the nuclear stain, DAPI (blue).  Images are representative of data taken from n = 9 tests.  Scale 

bars: 100 µm.  
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Fig. 5. The PEGylation method for P:DLC.  Poly-D-lysine forms electrostatic bonds with the phosphate 

groups of P:DLC.  The poly-D-lysine is then reacted with the amine-reactive TMS-(PEG)12-NHS reagent to 

covalently attach surface PEG groups. 

 

 
 

Fig. 6.  Light microscopy images showing micropatterned P:DLC-DLC. (A) Parallel line pattern, low 

magnification. (B) Parallel line pattern, medium magnification. The outer circular diameter of each entire 

grid was 5 mm.  Scale bar: 200 µm. 
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Fig. 7. Bone-marrow derived macrophages on PEGylated P:DLC-DLC patterned substrates.  The areas 

containing PEG, P:DLC and DLC are highlighted (between white dashed lines).  Scale bar: 90 µm. 
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Fig. 8.  The advantages of directing nerve and brain growth in neuro-prosthetics.  Specific areas of the 

longitudinal nerve cross-section are thought to code for defined functions, e.g. individual digit movement.  

Therefore, maintaining the spatial organisation of the nerve (or brain) by directing neuritic outgrowth to 

specific electrodes, e.g. by patterned PEGylation, would reduce neural signal cross-talk.  General coatings 

of PEG/pHEMA upon the implant would be expected to reduce the magnitude of the glial scar response and 

so aid improved neuron-electrode connectivity.  A small degree of microglial and astrocytic growth on non-

coated areas would, however, allow the positive benefits of these cells to influence neuronal health, such as 

removal of harmful cell debris and providing trophic support.   By patterning neuronal growth, a reduction 

in electrical signal cross-talk would improve the level of neural control over a neuro-prosthetic interface, 

e.g. a nerve-signal controlled robotic hand.  [53]. 

 

 

 

 

 

 

 


