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Progress made in the last two decades in chemical vapour deposition technol-

ogy has enabled the production of inexpensive, high-quality coatings made

from diamond to become a scientific and commercial reality. Two properties

of diamond make it a highly desirable candidate material for biomedical appli-

cations: first, it is bioinert, meaning that there is minimal immune response

when diamond is implanted into the body, and second, its electrical conduc-

tivity can be altered in a controlled manner, from insulating to near-metallic.

In vitro, diamond can be used as a substrate upon which a range of biological

cells can be cultured. In vivo, diamond thin films have been proposed as coat-

ings for implants and prostheses. Here, we review a large body of data

regarding the use of diamond substrates for in vitro cell culture. We also

detail more recent work exploring diamond-coated implants with the main

targets being bone and neural tissue. We conclude that diamond emerges as

one of the major new biomaterials of the twenty-first century that could

shape the way medical treatment will be performed, especially when invasive

procedures are required.
1. Introduction
1.1. Diamond for in vitro and in vivo applications
Since the middle of the twentieth century, in vitro cell-culture techniques have

made great advances in terms of popularity, volume, types of cells to which

they are amenable and downstream applications. To culture living cells in the lab-

oratory, a requirement is a surface that is cheap to manufacture, smooth and

sterilizable, and which minimally affects the normal growth, lifetime and func-

tionality of the chosen cells. The usual substrates of choice are either glass or

an inert plastic, such as polytetrafluoroethylene (PTFE) or tissue-culture-grade

polystyrene (TCP). Many different cell types can be readily and routinely cultured

on such substrates. In vitro cell-culture tests are often used for prospective in vivo
biologically active implant experiments. However, glass, PTFE and TCP differ

significantly from the materials used for fabricating these devices. Maximum

translation from in vitro to in vivo would be obtained if a material equally

suited for both types of applications could be found.

1.2. Diamond films can be produced by chemical vapour deposition
One such substrate material that has recently been gaining in popularity is thin

film diamond. At first glance, diamond may seem like an odd choice from

which to make a biological plate [1,2], as diamond is often perceived as being

used only for jewellery or cutting tools, and overly expensive as a cell-culture sub-

strate. However, in the past 20 years, scientists have perfected a technique known

as chemical vapour deposition (CVD) which allows thin coatings of pure crystal-

line diamond to be deposited onto a range of different materials in a cost-effective

manner [3]. Many companies now supply CVD diamond commercially—indeed,

a freestanding plate of diamond that is 1 cm2 in size by 0.5 mm thick costs only
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Figure 1. Examples of CVD diamond films patterned using dry etching methods. In (a – e), a variety of different etch processes and mask preparations have been
used to define features with different sizes, shapes and sidewall slopes. Similar dry etch methods can be used to pattern diamond films into almost any desired
shape, including needles, columns, pyramids, etc. Reproduced from [25] under CC-BY licence. (Online version in colour.)

rsif.royalsocietypublishing.org
J.R.Soc.Interface

14:20170382

2

 on September 25, 2017http://rsif.royalsocietypublishing.org/Downloaded from 
about $50 USD—hardly expensive, especially when consider-

ing that the plates can be easily cleaned, sterilized and reused.

Moreover, many university research groups and commercial

companies will supply thin coatings (a few mm) of diamond

on a silicon wafer for a fraction of this cost, meaning that the

diamond-coated substrate, far from being unaffordable, is

actually cheaper than many of the reagents needed to grow

the cells!

1.3. Diamond films are biocompatible
But what advantage does diamond offer? The first, and prob-

ably most important benefit is its high biocompatibility, a

property confirmed by nearly a century of studies [4–10].

In early reports, very low toxicity was observed when dia-

mond particles were injected as a suspension into live

animals [5,11,12]. Subsequently, it was established that dia-

mond films as a cell-culture substrate can successfully

support a wide range of adherent cells. In this review, we

will describe in detail the efforts made to optimize the cell-

supportive properties of diamond films by modulating the

crystal granularity, chemical surface termination (with

major implications on hydrophilicity), as well as by pattern-

ing. Another crucial property of diamond is that it is

bioinert, i.e. it does not trigger coagulation or inflammatory

reactions. It should also be noted that, whereas most bioinert

materials show poor cell adherence and vice versa, diamond is

both bioinert and cells readily adhere to it [13–17].

1.4. Diamond films can be electrically conducting
The second advantage is that diamond electrical conductivity

can be controlled by a process called doping (i.e. addition of

tiny amounts of non-carbon elements, acting as electron

donors or acceptors), with the conductivity varying from

highly insulating to near-metallic, depending upon the

amount of dopant added. Indeed, very heavily doped diamond

even exhibits superconductivity at temperatures around 5 K

[18,19]. Elements such as nitrogen and phosphorus have been

used to dope diamond films [20]; however, except in the case
of ultrananocrystalline diamond (UNCD) films (see later) [21],

the resulting conductivity is usually too low to make these

films useful for many electronic applications. The dopant of

choice, therefore, is boron, an element widely used for routine

doping of both silicon and diamond in semiconductor research.

An electrically conducting diamond substrate allows electrical

signals to be passed to and from the cells it supports. This is par-

ticularly useful in the case of neurons, potentially allowing for

direct, two-way communication between supported cells and

the underlying substrate. Electrically conductive diamond

can also be used as an electrochemical electrode which is

particularly useful for biosensor applications [22].

1.5. Diamond can be patterned and its surface
chemically functionalized

A third advantage is that a diamond surface can be readily pat-

terned and/or functionalized to define regions that sustain cell

growth, and regions that do not. A wide range of methods

have been used to pattern diamond, with pattern resolutions

ranging from millimetres to micrometres [23,24]. Diamond

films and freestanding substrates are compatible with the fab-

rication facilities used for making silicon microelectronics, and

hence the standard photolithography and dry etching pro-

cesses used for patterning Si can also be applied to diamond.

Diamond etches readily in oxygen-based plasmas, with gas-

eous CO and CO2 as by-products. The slight complication is

that a two-step etch process must be used [25–27], as the

usual carbon-based photoresists etch away rapidly in oxygen

plasmas, resulting in poor pattern resolution. To solve this, a

thin (100 nm) non-erodible mask material, such as Ni or Al,

is deposited onto the diamond prior to the standard photo-

lithography process, which defines the features, and then this

metal layer is dry etched in a suitable gaseous plasma or wet

etched in acid, stopping at the diamond surface. The exposed

diamond surface can then be etched in an oxygen-based

plasma with the patterned metal acting as a ‘hard-mask’

(figure 1). This metal mask and any remaining photoresist

can finally be removed using a simple acid wash.

http://rsif.royalsocietypublishing.org/
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Diamond can also be patterned by direct-write laser ablation

[24]. This uses a high-power laser (usually an excimer or

Nd:YAG) which is focused to a spot on the surface. The energy

density at the laser focus spot is so great that a few atomic

layers of the diamond surface are instantly vaporized. The

amount of material removed with each laser pulse depends

upon the laser power, wavelength and spot size. To define the fea-

tures, either the substrate is moved under the static laser beam, or

the laser beam is scanned across the surface using mirrors.

An alternative patterning strategy, which works well for

deep (greater than 50 mm) features, involves depositing the

diamond film onto a substrate, usually silicon, that has

been pre-patterned using standard etch recipes into features

that are the inverse of those required. This patterned substrate

then acts like a mould, onto which the diamond film is con-

formally deposited. The substrate is then flipped upside

down, and the Si chemically etched off, leaving behind a

freestanding patterned diamond substrate [28].

Rather than pattern the diamond itself, a different approach

is to pattern the layer of protein (usually laminin or poly-L-

lysine) which is often applied to the surface of the diamond

film to promote cell adhesion (see §4.3). This protein layer

can be readily patterned using direct-write focused laser

beams, or it can be stamped onto the surface using a micro-

contact printing method [29]. Cells cultured on this substrate

will generally only survive on the protein-coated areas, and

will die on the uncoated areas.

In terms of functionalizing the diamond surface, a number

of techniques are commonly used [30,31]. Oxidation is done

either by short exposure to an O2 plasma, ozone treatment

(via a high-power UV lamp), or by placing the diamond into

a hot mixture of nitric and sulfuric acid for an hour. These

treatments convert the C–H surface bonds into C–O bonds,

thereby changing the surface properties from hydrophobic

into hydrophilic. This process can be reversed by exposure of

the oxidized film to a H2 plasma. Similarly, exposure to an

NH3 plasma or a halogen-containing (e.g. Cl2, CF4, SF6)

plasma will aminate (–NH2 groups) or halogenate (Cl or F)

the surface, respectively. More complex ‘linker’ molecules can

be tethered to the diamond surface using standard synthetic

chemistry techniques such as Suzuki coupling and UV

photo-addition [32]. The untethered end of these linker mol-

ecules, which are usually terminated with reactive groups

like amines or carboxylic acids, can then be further bonded

to molecules with specific (bio)chemical functionality, such as

proteins, DNA strands, fluorophores and antibodies [33].

Despite all these technological advancements, diamond

has still been rather slow to enter mainstream biomedical appli-

cations. Among potential reasons for this is a lack of awareness

of doctors and medical investigators to regard diamond as a

biomaterial. Often diamond research is presented only in

diamond-themed conferences with little participation from

the medical community. Furthermore, commercially avail-

able diamond films are rarely advertised for their biomedical

applications. Also, medical researchers can be somewhat

conservative when it comes to embracing new unproven

materials, especially ones that are perceived as being niche or

overly expensive. Often, when the awareness exists, doctors

cite diamond’s rigidity as a potential concern, which is a

valid point if diamond were to be used either as large-area

implants, or elongated implants in soft tissues such as muscles,

but less of an issue if it is to be used as an electrode layer, frac-

tions of a millimetre thick, at the end of a flexible biomaterial.
Regardless of the relatively slow uptake, the importance of

diamond in medical research has been underscored in recent

years by major collaborative research projects such as Neurocare
(http://neurocare-project.eu/) and DREAMS (http://cordis.

europa.eu/docs/publications/1235/123542961-6_en.pdf) in

Europe, the Bionic Eye (http://www.nvri.org.au/pages/

bionic-eye.html) in Australia and the Argusw II Retinal Prosthe-
sis System developed jointly by Argonne National Labs and

Second Sight Medical Products, Inc. (http://www.second-

sight.com/) in the USA. These national or multinational

projects brought together top institutions from their respective

countries to investigate a potential role for diamond implants

in state-of-the-art treatments designed to improve the quality

of life of otherwise severely impaired patients.

In this review, we shall summarize the current data on the

interaction between diamond and living organisms. We will

provide a brief overview of the many experiments that have

been performed to grow a range of mammalian cells on

CVD diamond substrates and the methods employed. We

will then focus specifically on potential clinical applications

such as in vitro neuronal cells grown on diamond, and dia-

mond brain implants, as well as diamond-based bone and

joint implants. Finally, we shall discuss the advantages and

disadvantages of diamond substrates for the various in vitro
and in vivo applications, and speculate where this technology

may lead.
2. Chemical vapour deposition diamond
2.1. The chemical vapour deposition process
Synthesis of diamond films by CVD techniques was first devel-

oped in the late 1980s, and since then it has matured into a

commercial technology, with a number of companies world-

wide (such as Element Six (UK) (http://www.e6cvd.com/),

IIa Technologies (Singapore) (http://2atechnologies.com/),

Fraunhofer IAF (Germany) (http://www.iaf.fraunhofer.de/),

Advanced Diamond Technologies (Illinois, USA) (http://

www.thindiamond.com/) or Diamond Materials (Germany)

(http://www.diamond-materials.com/EN/index.htm), as well

as others in Japan, India, China and Russia, now supplying

CVD diamond films or plates at affordable prices. The CVD

process involves the reaction of a mixture of carbon-containing

gas (usually methane) and hydrogen in a low-pressure reactor,

followed by the deposition of the carbon in the form of a crys-

talline diamond coating onto a suitable substrate material. The

substrate can be a diamond, in which case the CVD process will

increase its size. This is the basis for the burgeoning industry in

CVD diamond gemstones destined for the jewellery market

[34]. Alternatively, if the substrate is made from another

material, such as silicon, then the diamond is deposited as a

thin coating or film, which can be nanometres, micrometres

or even millimetres thick, depending upon growth conditions

and time. The diamond coating can remain attached to the sub-

strate, or the substrate can be chemically or mechanically

removed, producing a freestanding diamond plate.

2.2. Types of chemical vapour deposition diamond films
The ultimate material produced by CVD is single-crystal

diamond (SCD), which is almost indistinguishable from

gemstone material. However, the control of the deposition con-

ditions necessary to produce large areas of SCD is not yet precise

http://neurocare-project.eu/
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Figure 2. Electron micrograph images of top views of (a) MCD and (b) NCD films. On this magnification scale both SCD and UNCD would appear flat and featureless.
Below are schematic representations of cross sections through (c) MCD with its characteristic columnar structure, (d ) NCD deposited under MCD growth conditions but
for only a short time such that the film remains facetted but is � 1 mm thick, and (e) NCD grown with higher methane concentration such that the columnar
structure is lost and the film is smoother with smaller (approx. 100 nm), more rounded grains. On this scale, UNCD would appear very similar, except that the grains
would be even smaller (less than 10 nm), while the films appear smooth (r.m.s. roughness less than 5 nm) with thickness usually less than 1 mm. (Online version
in colour.)
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enough, and hence, at the moment, SCD substrates are limited

to areas less than 10� 10 mm and have a correspondingly

high price. Currently, the most affordable CVD diamond films

come in the form of a polycrystalline coating, which is a dense

layer made up of many smaller diamond crystallites joined

together by atomic-scale non-diamond (usually graphitic)

grain boundaries. The size of the crystallites and the number

of grain boundaries in the film determine its mechanical and

electronic properties—as well as its bioproperties.
2.3. Polycrystalline chemical vapour deposition
diamond films

Polycrystalline CVD diamond films are usually categorized

into three types based on the average size of the crystallites.

First, there is microcrystalline diamond (MCD), where the grain

sizes are approximately 0.5–100 mm in size. These films have

relatively few grain boundaries and exhibit large, faceted crys-

tals arranged in different orientations (figure 2). MCD films

usually exhibit properties that are almost as good as that of

SCD but the large crystallites produce a surface roughness

on the micron scale, which is not amenable to some types of

cell growth. By contrast, nanocrystalline diamond (NCD) films

contain grain sizes in the range of 10–100 nm, and the crystal-

lites are often rounded and much less facetted. Although cells

have been cultured on a variety of diamond crystallite grain

sizes, a number of groups have reported slightly improved
results on NCD films [14,17,35–37]. Finally, UNCD films

have grain sizes that are less than 10 nm, and grain boundaries

containing amorphous or sp2 carbon that are almost as wide as

the grains. UNCD is thus better described as a composite

material of diamond and amorphous carbon material. Never-

theless, UNCD still retains sufficient diamond-like character

to be useful for many applications, particularly those where a

nanosmooth surface with a low coefficient of friction is impor-

tant, such as mechanical pump seals or coatings for artificial

hip/knee prostheses [38]. It is also the only type of diamond

film where nitrogen, rather than boron, can be used as a

useful dopant, producing highly conducting N-UNCD

material [21].

2.4. Diamond-related materials
There are two other materials related to diamond which

require mentioning. Nanodiamond particles (NDPs), sometimes

also called ‘detonation nanodiamond’, are crystals of diamond

that range in size from a few 100 nm down to 3 nm, and which

can now be bought commercially as powders or as aqueous

suspensions [39]. NDPs are receiving a lot of attention for

their use as fluorescent biomarkers [40] or as vehicles for tar-

geted drug delivery [41] and regenerative medicine [42]. By

dipping a substrate into an NDP suspension (often with the

aid of ultrasonic agitation and/or the use of charged polymers

to help with electrostatic adhesion), a thin, near-continuous

NDP coating forms, which can then be used for cell growth,

http://rsif.royalsocietypublishing.org/


rsif.royalsocietypublishing.org
J.R.Soc.Interface

14:20170382

5

 on September 25, 2017http://rsif.royalsocietypublishing.org/Downloaded from 
or other applications [43]. The advantage of this approach is

that it is very cheap, and allows bespoke NDP layers to be

fabricated easily without the need for a CVD step. However,

NDPs do not integrate into a compact layer and therefore

they cannot be used to construct flat or three-dimensional elec-

trically conducting tracks. Nevertheless, NDPs could be used

in combination with CVD diamond films as an adhesion-

promoting coating, or to alter the chemical properties of the

diamond surface. There are reports [44] that using an NDP

layer removes the requirements for a protein intermediate

layer (see §4.3) that is usually used when CVD diamond sub-

strates are used for cell growth [45]. Although the focus of

this review is on diamond films and not NDPs, we shall never-

theless discuss NDPs in relation to their bioinert properties.

This is because NDPs have a higher risk of being cytotoxic com-

pared with thin films, and also because diamond-coated

implants could release NDPs into the surrounding tissues,

especially if used in areas of high friction, as would be the

case for artificial cartilage surfaces.

The second material of note is diamond-like carbon (DLC),

which should not be confused with CVD diamond. DLC is a

hard, nanosmooth, amorphous carbon material deposited

onto a substrate by physical bombardment, e.g. ion sputtering

[46]. Although it can have up to 50% the properties (e.g. hard-

ness) of diamond, and has a high degree of bioinertness, it is

not crystalline, and may contain significant concentrations of

elements such as H, N and O. DLC is actually a broad term cov-

ering a wide range of carbon materials composed of a variety of

nanoscale diamond-like and graphite-like regions, and hence a

wide distribution of properties. Many different DLC coatings

have been evaluated as substrates for cell growth, and as

materials for medical biocoatings for over 20 years [47–49],

including protective coatings for hip replacement joints, non-

stick inert coatings for artery stents and coatings for optics.

DLC is a large subject, and not the focus of this review,

which will concentrate on crystalline CVD diamond.
3. Diamond biocompatibility
3.1. Biocompatibility of nanodiamond particles
Diamond is one of the most chemically inert materials known.

As a consequence, it is also ‘bioinert’—it does not engage in

biochemical reactions with the internal environment of an

organism, including the human body. The advantage of

this is that implanted in vivo diamond-based devices offer the

prospect of reduced immune response, with little or no inflam-

mation, leading to device lifetimes that can presumably exceed

that of the patient. However, there is a risk that nanosized

NDPs could accumulate inside scavenger cells, which would

be unable to metabolize them, leading to cell toxicity. Perhaps

surprisingly, experiments performed in the first part of the

twentieth century indicated that this might not be a problem.

NDPs injected into natural cavities (e.g. the peritoneal cavity

and lungs) or into the bloodstream of rats did not seem to

have any observable detrimental effects [5,11,12]. More recent

research confirmed that intra-peritoneal injection of fluorescent

NDPs (up to a high dose of 75 mg kg21) also had no observable

toxic effects in rats [6]. Furthermore, in vitro data indicated

that NDPs of various sizes (2–100 nm) can be uptaken by

mammalian cells with minimal cytotoxicity and a low level

of oxidative stress [7,50]. This is in contrast with other types

of nanoparticles, which induce oxidative stress and activate
an inflammatory gene profile upon internalization into

human cells [51–53].

An adult organism is endowed with significant robustness

and resistance to extrinsic (bio)chemical threats. This is, how-

ever, not the case of a developing organism, which could

suffer major damage from otherwise benign challenges. Never-

theless, when NDPs were administered in ovo no adverse effect

was observed on chicken embryo development [8].
3.2. Biocompatibility of diamond films
When considering diamond films and coatings as the outer

layer of implantable devices, a key aspect of biocompatibility

is the potential of the film (or any particulates that may arise

from this as a result of device wear or failure) to activate the

immune response. The first line of defence of the body con-

sists of neutrophils. These cells constantly patrol the inner

linings of the blood vessels in search of intruders. Upon dis-

covering a lesion, they respond by adhering to the site and

secreting granules (degranulation). The chemicals contained

inside the granules activate tissue inflammation, generate

reactive oxygen species to kill or disrupt any potential foreign

organisms, and chemically ‘sound the alarm’, by attracting

more white blood cells (leucocytes) to the affected area. To

test whether this immune response was triggered by the pres-

ence of diamond, test samples made from diamond were

placed in contact with neutrophils and the effects observed.

It was found that adhesion was not increased, degranulation

was not triggered, and reactive oxygen species and chemo-

attractants were not released [2,54,55]. In other words, the

neutrophils were not activated by diamond.

Monocytes, another patrolling white blood cell, migrate to

a site of invasion where they differentiate into macrophages—

specialized scavenger cells, charged with disposing of all

foreign material. Current data suggest that diamond particles

do not activate the monocytes either [15]. Furthermore, macro-

phages were reported to uptake diamond particles without any

detrimental consequences on their morphology, motility and

viability. By contrast, macrophages exposed to silica crystals

became immobile and died [2,56]. Subsequent studies indi-

cated that diamond particle internalization by macrophages

did not result in an inflammatory response [57].

Blood coagulation is a second (non-immune) branch of the

body’s defence. Its role is twofold: to limit the external loss of

blood after an injury and to limit the internal invasion of

foreign agents. However, in relation to implantable devices,

coagulation can become extremely detrimental as it can isolate

the implant behind a blood clot, induce stenosis (narrowing) of

adjacent blood vessels and trigger hypoxia-activated inflam-

mation. Regrettably, very few studies investigating the role of

crystalline diamond in coagulation have been performed to

date. However, for the very similar material, DLC, it was

observed that fibrinogen (the main component of blood clots)

adsorption, and platelet activation and aggregation are all

low [58,59]. Moreover, subsequent studies showed that this

low thrombogenic activity of DLC is dependent on the concen-

tration of sp3 carbon states (diamond) [60,61]; in other words,

higher diamond-like to graphite-like carbon ratios in the film

result in reduced platelet adhesion. It should also be noted

that the low fibrinogen adsorption is considered crucial for

the low level of neutrophil activation [2]. One of the few studies

[62] investigating crystalline diamond, rather than DLC, found

that platelets could not adhere on diamond, as opposed to

http://rsif.royalsocietypublishing.org/
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Figure 3. Platelet adherence to (a, b) diamond and (c, d ) stainless steel. Very few platelets adhere on diamond, and even those that do so maintain a
round morphology and do not attach and spread on the material. Scale bars (a, c) 50 mm and (b) 5 mm, (d ) 10 mm. Modified from [62], and reproduced
with permission.
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stainless steel where single platelets and clusters adhered,

forming blood clots (figure 3). Recently, the development of

artificial cardiovascular devices has been reported using

UNCD coatings [63]. Preliminary studies by the US Company

ADT (http://www.thindiamond.com/) showed that UNCD-

coated valves for an artificial heart eliminated thrombus

formation due to the extreme hydrophobicity of the coatings.

This suggests that UNCD could provide low-wear and

low-friction coatings, as well as being antithrombogenic.

Another important feature is that diamond particles do

not induce haemolysis (the rupturing of red blood cells and

the release of their contents into the surrounding fluids) [4].

This is a fundamental requirement if diamond is ever to be

used as a coating for intravascular devices. While consistent

in vivo research supports DLC’s endothelial biocompatibi-

lity [64–66], the scientific and medical communities are still

waiting for similar data to be reported for diamond.

Diamond doping is an essential feature in terms of bio-

functionality, and boron is one of the most widely used

dopants employed to change its electrical conductivity.

Despite many boron compounds being potentially toxic, a

number of in vivo as well as clinical studies have shown that

boron-doped diamond (BDD) is highly biocompatible and

integrates well with muscle and bone [1,67–69]. In vitro
[14,24] and in vivo [70,71] research indicates that BDD is also

biocompatible for neural tissue, supporting neuronal cell

growth as well as tissue-electrode integration in the central ner-

vous system (CNS). As described later (§4.2), in vitro BDD is

indistinguishable from undoped diamond in supporting

human neuronal cell cultures, even when cells are challenged

with an oxidative insult [17]. Together, these results suggest

that the boron atoms are locked into the diamond lattice and

cannot leach out to affect nearby cells adversely, although

long-term studies need to be performed to confirm if this

remains true over periods of years or decades.
3.3. Limits of biocompatibility and caveats
Although diamond is bioinert, there are limits to its biocompat-

ibility, at least in the case of nanoparticles. At very high

concentrations (over 200 mg ml21) NDPs were found to inhibit

macrophage metabolic activity and proliferation rate [57]. Fur-

thermore, high concentrations of NDPs were found to be toxic

to aquatic life [72]. Interestingly, mammalian cells tolerate at

least one order of magnitude more concentrated solutions of

NDPs compared to aquatic crustaceans.

An interesting exception to diamond’s general biocompat-

ibility is its reported antibacterial properties. Mechanistic

studies have found that different bacterial species show maxi-

mum sensitivity at particular NDP sizes [73], leading to the

inference that specific interaction between the diamond nano-

particle and the bacterial wall are responsible for this effect.

Other groups noted a correlation between NDP’s surface

termination and antimicrobial activity, with maximum

effect observed for partially oxidized and negatively charged

surfaces [74]. Diamond films have also shown bactericidal

properties, especially when they are hydrogen-terminated

and coated onto surfaces consisting of nanostructured needles,

such as black silicon [75].

Collectively, these data confirm diamond’s high biocom-

patibility and low cytotoxicity. They point towards the

absence or very low level of inflammation and coagulation.

As predicted, cellular accumulation of non-degradable

particles can have a detrimental effect, which is dose-

dependent. However, in the case of diamond, any toxicity

can only be observed at significantly high doses, well above

what would be necessary for medical treatments or in-

vestigations. Furthermore, the vast majority of medical, or

medical-research-related procedures involve non-particle,

macroscopic diamond devices for which no toxicity has

been reported so far (see §4.1). Nevertheless, data from

metal alloy and ceramic orthopaedic implants have raised

http://www.thindiamond.com/
http://www.thindiamond.com/
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some concerns regarding in situ generation of toxic nano-

particles, especially when significant mechanical wear is

involved. In other materials, for instance titanium dioxide

nanoparticles, an increase in reactive oxygen species for-

mation has been observed, along with double-strand DNA

breaking, inducing cell-cycle arrest [76]. This may partly be

due to the fact that metallic, and to a lesser extent, ceramic

nanoparticles are genotoxic, inducing irreversible DNA

damage [77]. Cases of tissue necrosis produced as a conse-

quence of such nanoparticle debris have also been reported

[78]. With this in mind, a recent study compared UNCD par-

ticles with TiO2 particles in rat tissues. TiO2 particles induced

necrosis and cell membrane damage accompanied by gener-

ation of reactive oxygen species both in lung and liver tissue.

Conversely, none of these effects were observed in the case of

UNCD nanoparticles [79].

It should be noted that, while diamond debris, most prob-

ably composed of NDPs, can be expected to be less genotoxic

than metal and ceramic particles, this still needs to be accu-

rately assessed by future studies. Notably, studies of DNA

damage in human tissues are lacking. In embryonic stem

cells, NDPs increased the expression level of DNA repair pro-

teins (indicative of reversible DNA damage). This effect was

more pronounced for oxidized NDPs, while being lower for

all diamond samples tested compared with multiwalled

carbon nanotubes [80]. Furthermore, the level of particle

release from diamond implants has not been assessed yet,

and this could be presumed to have the highest significance

for orthopaedic applications.
4. Diamond as a substrate for cell culture and
biomedical implants

Although diamond biocompatibility has been known for a

long time, it was not until 1991 that a diamond-like material,

in this case DLC, was used as a substrate for in vitro culture of

mammalian cells (mouse fibroblasts and macrophages) [81].

More recently, crystalline diamond started to be considered,

and in the last two decades many types of adherent cells

have been successfully cultured on this substrate. These

include mesenchymal stem cells [82,83], dental stem cells

[84], cardiomyocytes (cardiac muscle cells) [85], neuronal

stem cells [14,86–88], human-induced pluripotent stem

cells (IPS) and IPS-derived neuronal progenitors [17], various

types of neurons [24,29,43–45,89–91], osteoblasts [37,67,92–

97], fibroblasts [16,89,98], macrophages [94,99,100] and

epithelial cells [101,102]. While there is no question about

the value of diamond as a culture substrate for adherent

cells (in fact there is no cell type grown on any other material

that cannot be cultured also on diamond), some controversies

have arisen regarding the optimal culture conditions on

diamond. These will be detailed in §4.2–4.4.

4.1. Diamond versus other biofriendly materials as a
cell culture substrate

The first question which faced diamond researchers was: is dia-

mond really superior to other routinely used substrates, or is it

just another material on which cells can grow? It should be

noted that because the procedures required for in vitro cell

culture have been optimized for many decades on standard

materials, any further improvements would probably be
subtle. Even so, the value of diamond was readily apparent.

When osteoblast (bone cells) and endothelial cells were cul-

tured in vitro, they displayed similar high attachment and

survival rates on plastic, glass and diamond substrates, but

not on silicon [37]. Furthermore, cultured macrophages down-

regulated inflammatory cytokines on diamond compared to

TCP [96], indicating that a diamond implant would activate

the immune response to a lesser extent compared with other

materials. Recent research seems to validate this claim, with

experiments showing that UNCD-coated dental-type implants

that were implanted in vivo in rat bones exhibited excellent

osteointegration with no inflammatory response [103]. Further-

more, for a range of cell lines (epithelial and fibroblastic),

diamond was found to be superior to silicon and platinum

when the cell number, total cell area and cell spreading were

quantified [104]. Direct comparison experiments showed

that mouse fibroblasts also attached and proliferated signifi-

cantly better on diamond compared to quartz [83], human

epithelial cells adhered better on diamond versus glass

[101,102], and neural stem cells proliferated and differentiated

better on diamond versus TCP [86]. Other carbon-based

materials, such as fullerene, carbon nanotubes and graphene,

were also able to support the adhesion and growth of osteo-

blast and mesenchymal stem cells, and could support

osteogenic differentiation without inducing DNA damage. In

each case, diamond films and NDP had similar or superior

cell-supportive properties [105].

4.2. Diamond surface characteristics
4.2.1. Surface termination
Laboratory-grown CVD diamond is available with various sur-

face terminations: hydrogenated, where the surface is covered

with C–H bonds, and oxygenated, where the surface contains

mainly carbon–oxygen bonds in a mixture of forms, such as

ether (C–O–C), carbonyl (C¼O) or hydroxyl (C–OH) groups

[106]. O termination improves the hydrophilicity of the diamond

surface and therefore is considered likely to enhance biocom-

patibility. Indeed, several studies have showed improved

wettability on O-terminated compared with H-terminated

UNCD, followed by superior cellular adherence and survival

[101,102,107]. For instance, optimal adherence of human epi-

thelial cells was found on oxygenated diamond surfaces,

although pretreatment of the surface by protein adsorption miti-

gated the difference between O- and H-terminated surfaces

[101,102]. For osteoblasts, the difference was so marked that pat-

terned cell growth could be achieved simply by varying the type

of surface termination across the diamond [95]. In a different

study, it was found that O-terminated diamond supported the

formation of bone extracellular matrix, with increased levels of

calcium and phosphorus [84]. Furthermore, cell morphology fol-

lowed the O-terminated region architecture. However, in at least

one study, contrary results were reported. For the purpose of

creating a wear-resistant bone prosthesis, researchers coated

polished titanium with diamond to create a smooth surface,

and then differentiated mesenchymal stem cells into osteoblasts.

Here, robust cell adhesion and proliferation was found only on

H-terminated diamond [107].

Nevertheless, on numerous other studies, O termination

supported better biological applications. For example, adher-

ence forces were measured for human fibroblasts on diamond

and were found to increase by several times when the surface

was modified from H to O termination [16]. Moreover, O

http://rsif.royalsocietypublishing.org/
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termination of diamond favoured functionalization by bone

morphogenic protein-2 (BMP2) adsorption, which promotes

bone differentiation [92]. Similarly, neuronal cells could

be successfully cultured on both H- and O-terminated

surfaces, but a small increase in cell number was observed

for O-terminated diamond [24]. One study found that

O termination promotes oligodendrocyte differentiation with-

out affecting neuronal differentiation [86]. Interestingly, for

epithelial cell culture no phenotypical differences were found

to be dependent on the type of diamond termination [101].

Although this could be a cell-type-specific phenomenon, more

work is needed to establish a clear relation between diamond

surface termination and differentiation biases.

H- or O-terminated laboratory-grown diamond can be

further treated to alter the surface termination. Heating the

sample in an atmosphere of the appropriate gases (e.g. Cl2,

F2) allows the diamond surface to become Cl- or F-terminated

[108,109]. This can also be done with plasma treatments using

gas mixtures containing CF4, CCl4 or NH3 [110–112]. The latter

produced aminated (NH2-terminations) diamond films, which

may be candidates for later amide linkages to proteins or

other biomolecules. Another common surface functionaliza-

tion method is to use UV light along with a linker molecule

containing a double bond at one end and a reactive group at

the other. The UV radiation interacts with the double bond,

which then displaces a surface hydrogen, resulting in the

molecule being tethered to the diamond substrate by a covalent

C–C bond. The reactive group (OH, NH2, etc.) at the free end of

the molecule is then available for subsequent reactions [30].

Although many of these surface terminations have been inves-

tigated for their utility in electrochemistry or to attach

biomolecules [33], only H- and O-terminated diamond have

so far been used for cell culturing.

Finally, a recent study reported cell-specific preferences

dependent on the sterilization method. It is presumed that var-

ious sterilization approaches can influence the type of diamond

termination; and because the main goal of diamond is for it to

be used in implantable devices, which require sterilization, this

is highly relevant. The study found that cell density for cells

cultured on diamond was maximal for samples sterilized by

methods that increased hydrophilicity and that cortical neur-

ons, one of the key target cells for brain implants, preferred

autoclaved diamond [89].
4.2.2. Surface topography
It is known that surface topography can significantly influ-

ence the differentiation and survival rates of various cells

attached to it. For instance, it has been shown that mesen-

chymal stem cells can be stimulated to produce bone matrix

simply by the nanoscale patterning of the polymethylmetha-

crylate (PMMA) substrate, even in the absence of osteogenic

supplements [113]. The results were comparable with those

from cells grown on a smooth PMMA surface cultured with

standard osteogenic supplements. Furthermore, neural stem

cells differentiated better, but proliferated less, on micro-

patterned silicon versus flat Si surfaces, and these processes

were dependent on mitogen-activated protein kinase (MAPK) sig-

nalling [114]. In the case of diamond, discrete topography can

be produced by various methods, including controlling the

size of the crystals in the polycrystalline structure by varying

the CVD gases and conditions, and modifying the roughness

of the wafer on which the diamond film is deposited. When it
comes to cell preferences for the morphology of the polycrystal-

line diamond (PCD) surface, apparently smaller is better.

Fibroblasts, osteoblasts and neural cancer cell lines attached,

proliferated and had enhanced cellular functions on NCD

compared with MCD [16,37], and on NCD deposited on low-

roughness substrates compared with that on high-roughness

substrates [70]. In the case of human neural progenitors, opti-

mal cell support was provided by the MCD structure with

the smallest crystals (up to 1 mm) [17]. These findings were con-

firmed in a different study [14], where NCD crystallites were

grown on microstructured carbon nanotubes (with the dia-

mond crystals replicating the underlying microstructure). In

this case also, optimal support for neuronal progenitors was

observed for 1-mm-scale diamond structures. Nanoscale topo-

graphy on an NCD surface was also reported to promote

superior osteoblast differentiation compared with that seen

on TCP [115]. Another study by Tong et al. [116] concluded

that diamond surface roughness was critical for growth of

healthy rat cortical neurons, with the best results observed

on surfaces with a roughness of about 20 nm. These authors

also suggest that there may be a narrow window of surface

roughness for optimum neuronal adhesion.

Despite the variation in the reports, the consensus seems

to be that, in general, cells prefer to grow on diamond surface

structures and morphologies with sizes of the order of

100 nm to 1 mm. It is very likely that future research will

bring critical insights into the mechanism by which topogra-

phy influences cellular behaviour. Diamond will no doubt

have an important role to play in this research due to the

ease by which it can be patterned.
4.3. Diamond protein coating
A protein coating, acting as a bioactive interface onto which the

cells can attach with their own matrix-anchoring proteins,

as they would in a living tissue, is commonly used when

mammalian cells are cultured on an artificial substrate. The

requirement for this protein layer, as well as the specific protein

formulation used, is cell-type dependent. An apparent reduced

requirement for this protein layer was observed for various cel-

lular applications employing diamond materials. This led to an

interesting debate on whether a protein coating is necessary at

all when diamond is used as a substrate. First, it was observed

that human fibroblasts [98] and mouse hippocampal neurons

[90] can be cultured on nanodiamond films without protein

coating. This observation is significant in the context that fibro-

blasts can routinely be cultured without a protein coating on

TCP but not on standard glass, while neurons require a coating

on both. While these ‘protein free’ culture methods on diamond

have not been universally accepted, Thalhammer et al. [44]

reported superior adhesion of neurons on various inorganic

substrates coated with protein-free NDPs. These reports have

subsequently been disputed by Ojovan et al. [45], who

suggested that the previous findings may have been con-

founded by adsorption onto the diamond substrate of other

proteins present in the culture media used to sustain the

cells. As all media formulations used to culture neurons con-

tain a proteic component, it is very likely that future studies

will face significant challenges in accurately delineating the

need for an external protein interface between diamond

and neurons.

Finally, it should be noted that while some groups adopt a

minimalistic approach, trying to reduce or eliminate the

http://rsif.royalsocietypublishing.org/
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protein coating, others have embraced diamond’s ability to

readily adsorb protein. Thus, osteogenic differentiation could

be enhanced by adsorbing BMP2 on diamond prior to cell cul-

ture [92,117,118], while in a different study, researchers were

able to inhibit an inflammatory response in macrophages by

pretreating diamond with collagen and dexamethasone [99].
4.4. Diamond for bone repair
Bone was one of the first target tissues for which a diamond

implant was considered. There is significant scope in coating

classical joint and bone implants with crystalline diamond for

the purpose of increasing biocompatibility and adhesion, and

reducing adverse reactivity, inflammation, erosion and release

of metal nanoparticles into the bloodstream. The challenge

here is to optimize the CVD process on standard implant

alloys, as often the diamond deposition process is poor on

metals. Significant progress has been made for deposition on

titanium, cobalt–chromium and even steel substrates (see the

review by Catledge et al. [119]). Early reports have been very

encouraging, as researchers found that coating titanium alloys

with diamond films increased erosion resistance while providing

excellent biocompatibility [67]. This observed biocompatibility

was later confirmed when fibroblast cell lines and human

bone-marrow cells grown on diamond displayed superior viabi-

lity, proliferation, alkaline phosphatase (ALP) activity and

extracellular matrix mineralization and deposition, compared

to those grown on TCP [37,96]. Similarly, in an elegant exper-

iment, silicon and crystalline diamond were placed in contact

with ‘simulated body fluid’ for up to 14 days, and the authors

observed superior spontaneous deposition of apatite (a precur-

sor of hydroxyapatite—the major component of bone matrix)

on NCD [120] (figure 4). Consistent with previous reports,

increased proliferation and superior bone differentiation was

observed for NCD versus MCD [97], and superior osteoblast

function (including collagen production, calcium deposition

and ALP activity) was observed for O termination compared

to H termination [84,121]. Furthermore, osteoblasts could be pat-

terned by selective O and H termination of the diamond surface,
with the cells colonizing preferentially the O-terminated regions,

while the H-terminated regions could only support cellular

growth when cells were seeded at high densities [95]. In a simi-

lar study, cells preferentially arranged themselves on the

O-terminated surface [84].

Interestingly, when BDD was used, differences could

be observed for bone differentiation compared to undoped dia-

mond. For instance, one study reported superior cell adhesion

and improved collagen and vinculin production for osteoblasts

plated on diamond with moderate levels of boron doping,

compared both with heavily doped and undoped diamond

[93]. In a recent study, increased hydroxyapatite deposition

was observed on BDD, and the authors speculated that this

might be connected to electrical conductivity [122]. Further-

more, in vivo studies reported that diamond-coated implants

showed high biocompatibility, good osteointegration and

an increased ability to promote bone growth compared with

standard surgical materials [1,68].

Notably, diamond can be functionalized by simple adsorp-

tion of bioactive reagents, which can then induce a biological

response. For example, NCD functionalized by BMP2 (an indu-

cer of osteogenic differentiation) activated the expression of

osteoblast markers in human mesenchymal cells, indicating

that BMP2 is functional when adsorbed onto diamond. Fur-

thermore, reports of NDPs functionalized with angiotensin

(a factor that stimulates new blood vessel generation) suggest

they could be used to promote repair of damaged or degraded

bone [92,117,123].

Together, these reports establish diamond as a strong

material candidate for bone repair, and it is likely that

dental implants will lead the front of innovation here [103].

However, for the more challenging (and maybe even more

significant) joint repair, more research involving cartilage

cells and tissue is still required.
4.5. Diamond for brain research
As described above, mammalian neurons, including human

ones, can be successfully cultured on diamond substrates.

http://rsif.royalsocietypublishing.org/
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The optimal culture conditions and surface characteristics have

been investigated on undoped diamond and BDD, the latter of

which can function as an electrical conductor. Importantly,

those two diamond-based materials were shown to have indis-

tinguishable biocompatibility in neuronal cultures (figure 5)

[14,17,71,93,124]. A major breakthrough was achieved when

human cortical neurons were cultured long term (over 90

days) on diamond substrates, with cells showing phenotypi-

cally mature synapses [17]. This is essential both for

prospective studies envisaging brain implants (which must

remain functional for many years in vivo), as well as for per-

forming complex studies on artificial neuronal networks

in vitro.

Progress in investigations of artificial neuronal networks

has been made recently by various studies showing directed

neuronal growth on diamond, where the neurons have been

‘persuaded’ to grow preferentially in certain areas. These pat-

terning studies are especially encouraging, considering that a

range of different methods have proved effective. Thus, neur-

ons have been patterned by contact micro-printing [29] as

shown in figure 6, inkjet and laser patterning [24], selective

seeding of NDPs [43] and diamond deposition on patterned

carbon nanotubes [14]. Further studies showed that neuronal

growth on various diamond and DLC substrates can be
manipulated by a combination of laminin coating and surface

termination [125–127]. Similarly, neuroblastoma cells have

also been preferentially grown on UNCD patterned with

O, F or H terminations, and this may lead to new routes to

studying neuronal cancer [128].

Electrical activity of cultured neurons on diamond was

demonstrated by the patch-clamping technique [17,44]. In a

similar way, the signalling activity of cromaffin cells could

be measured through a diamond electrode [129]. Although

cromaffin cells are not neurons, they share structural simi-

larities with sympathetic neurons, importantly sending their

signals to the CNS via neurotransmitters released through

synaptic vesicles. Thus, the measured activity of cromaffin

cells can be equated to neuronal activity. Both these examples

show that neurons and neuron-like cells cultured on diamond

in vitro remain alive and healthy, and crucially are able to

function while sitting on a diamond plate in a cell-culture

dish. It is perhaps worth noting that cellular electrical signals

can also be recorded on BDD electrodes from non-neural

cells, such as cardiomyocytes [85], thus expanding the

range of potential applications for these types of electrodes.

The ultimate goal of diamond biomedical research has

always been the production of safe and reliable neural implants,

and it is only in the last few years that scientific publications on

http://rsif.royalsocietypublishing.org/
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this topic have started to appear. An excellent recent review of

diamond for neuronal interfacing is available in [69]. The key

point is whether diamond implants cause less inflammation

and scarring than conventional materials, and reduce the for-

mation of fibrotic capsules—a natural defence mechanism

against foreign bodies, which risks electrically insulating the

probe from its intended target. Some early evidence for this

came when NCD implants placed on the retina of rabbits

were reported to be well tolerated with minimal inflammation

[10]. More recently, it was shown that fibrotic capsule formation

and tissue reaction both decreased in the case of implants

coated in NCD compared to ones made from medical-grade

titanium or silicon [100]. Similar results were obtained when

BDD and nitrogen-doped diamond (NDD) were used, with

reduced fibrosis as well as reduced acute and chronic inflam-

matory response compared to silicone [69]. In addition,

another recent study reported further reduction in encapsulation

and inflammation for BDD compared to undoped diamond

[124], although these latter findings await confirmation.

When diamond functionality was tested, ganglion cells

from explanted rat retina could be stimulated through an

NDD electrode, as shown by the action potentials measured

via patch clamping [130]. Subsequently, two methods have

been proposed to produce diamond-only electrode arrays for

retinal prostheses [131,132], and it is conceivable that the

same technology could be applied for stimulating other parts

of the CNS. Furthermore, low impedance, low background

noise and a large potential window have been reported for

BDD electrodes. In one of the oldest studies of this type, BDD

was implanted in the auditory cortex of a live guinea pig,
and neuronal sound-dependent stimulations were recorded

[133]. Similarly, UNCD thin film-covered microchips were

successfully implanted on the retina of rabbits [10]. More

recently, BDD was used to record the local field potential

from whole-embryo preparations of mouse hind-brain and

spinal cord [134]. Furthermore, when BDD electrodes were

implanted in a rat cortex, it was shown that they generated

reduced magnetic resonance imaging (MRI) interference com-

pared to metal electrodes [71]. This offers the exciting prospect

of using MRI as a tool to position diamond implants more accu-

rately in sensitive locations, such as the brain, or to use

dynamic MRI to visualize the effects of neural stimulation

via the implant in real time—both of which are very difficult

to achieve with metal implants. Recently, BDD electrodes

have been used for deep brain stimulation, by implantation

in the thalamus of patients suffering from essential tremor

(figure 7) [135]. A similar procedure could be used to treat

Parkinson’s-related tremor.
5. Conclusion
The development of CVD technology in the past two decades

has opened the door for the use of crystalline diamond films

and nanoparticles for a range of biomedical applications. Of

note is the ability to control material characteristics, such as

electrical conductivity (through boron and nitrogen doping),

surface termination, crystal size and, very importantly, to

micro-pattern the diamond surface by a range of methods

into biologically significant structures. Decades of research
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have established diamond as one of the most biocompatible

substrates known, thus adding one more property to the long

list of superlative characteristics of this material. The range of

potential uses for diamond in medicine is large, including:

blood vessel stents, microprobes, artificial joint components

and coatings for devices that would facilitate bone growth or

repair. Bioinert, but electrically conducting diamond films

can be used to make neural implants that can pass signals to

and from neurons in the brain, spine or peripheral nervous

system (hands, legs, fingers), with minimal inflammation, scar-

ring or signal loss. This offers the possibility of neural implants

with lifetimes of decades—potentially longer than that of the

patient—reducing the need for repeat surgeries and their

associated risks, complications and costs. Such advances

could usher in a new era in permanently implanted diamond

electrodes for treatments of a range of neurological diseases,

such as epilepsy, Parkinson’s, paralysis and even stroke.

Importantly, we are now at a stage where artificial

neuronal network technology is beginning to mature. Two-

dimensional networks of animal or human neurons can

now be created in the lab on a diamond substrate, where

the neurons follow predesigned patterns and grids, joining

at crossing points, and passing electrical signals between

each other and through the network as they would in a

living body. This is only possible because of the long lifetime

of the neurons on diamond compared to other substrates, and

made simpler by using the BDD substrate itself as a means to

send electrical stimuli into and out of the neural network.

Such two-dimensional neural networks may provide invalu-

able models with which neuroscientists could simulate the

more complex three-dimensional network of a brain. Another

benefit of these neural networks is that significant research

that would be too complicated, too expensive or too ethically

challenging to be carried out in vivo can now be performed in
vitro, in well-defined, reproducible conditions. These would

include genetic studies, age-related and degenerative disease

studies, investigation of neurotoxins, as well as performing

high-throughput screens for neurological drugs.

The future for diamond-based substrates and implants cer-

tainly looks promising; however, we should sound a note of

caution. Although it is relatively straightforward to obtain fund-

ing to develop end-user applications, such as the multinational

projects mentioned earlier, supported by governments and bio-

medical companies to make artificial retinas, bionic eyes and

other neuronal interfaces, there is the danger that these may

underperform due to a lack of understanding of the fundamen-

tal interface between diamond and cells. Obtaining funding to

study these basic questions is much more difficult, but without

it researchers may find themselves trying to ‘run before they can

walk’. If the early bioimplants prove to have disappoint-

ing performance due to unexpected problems arising at the

diamond–cell interface, then this may prejudice the entire

case for using diamond in these applications. Hence, the

urgent need for governments, medical agencies, charities and

industry to fund the basic science underpinning the devices,

as well as the development of the devices themselves.

While only time can tell how sparkling the prospects for

diamond in the medical field might be, diamond is a material

that biologists, medical researchers and practitioners are

going to become increasingly familiar with.
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Hébert C, Lissorgues G, Bergonzo P, Offenhäusser A.
2017 Interfacing neurons on carbon nanotubes
covered with diamond. RSC Adv. 7, 153 – 160.
(doi:10.1039/C6RA20207A)

37. Grausova L, Kromka A, Bacakova L, Potocky S,
Vanecek M, Lisa V. 2008 Bone and vascular
endothelial cells in cultures on nanocrystalline
diamond films. Diamond Relat. Mater. 17,
1405 – 1409. (doi:10.1016/j.diamond.2008.02.008)

38. Auciello O, Sumant AV. 2010 Status review of the
science and technology of ultrananocrystalline
diamond (UNCDTM) films and application to
multifunctional devices. Diamond Relat. Mater. 19,
699 – 718. (doi:10.1016/j.diamond.2010.03.015)

39. Mochalin VN, Shenderova O, Ho D, Gogotsi Y. 2012
The properties and applications of nanodiamonds.
Nat. Nanotechnol. 7, 11 – 23. (doi:10.1038/nnano.
2011.209)

40. Fu CC et al. 2007 Characterization and application of
single fluorescent nanodiamonds as cellular
biomarkers. Proc. Natl Acad. Sci. USA 104,
727 – 732. (doi:10.1073/pnas.0605409104)

41. Chow EK et al. 2011 Nanodiamond therapeutic
delivery agents mediate enhanced chemoresistant
tumor treatment. Sci. Transl. Med. 3, 73ra21.
(doi:10.1126/scitranslmed.3001713)

42. Whitlow J, Pacelli S, Paul A. 2017 Multifunctional
nanodiamonds in regenerative medicine: recent
advances and future directions. J. Contolled Release
261, 62 – 86. (doi:10.1016/j.jconrel.2017.05.033)

43. Edgington RJ, Thalhammer A, Welch JO, Bongrain
A, Bergonzo P, Scorsone E, Jackman RB, Schoepfer
R. 2013 Patterned neuronal networks using
nanodiamonds and the effect of varying
nanodiamond properties on neuronal adhesion and
outgrowth. J. Neural Eng. 10, 056022. (doi:10.1088/
1741-2560/10/5/056022)

44. Thalhammer A, Edgington RJ, Cingolani LA,
Schoepfer R, Jackman RB. 2010 The use of
nanodiamond monolayer coatings to promote the
formation of functional neuronal networks.
Biomaterials 31, 2097 – 2104. (doi:10.1016/j.
biomaterials.2009.11.109)

45. Ojovan SM, McDonald M, Rabieh N, Shmuel N, Erez
H, Nesladek M, Spira ME. 2014 Nanocrystalline
diamond surfaces for adhesion and growth of
primary neurons, conflicting results and rational
explanation. Front. Neuroeng. 7, 734. (doi:10.3389/
fneng.2014.00017)

46. Robertson J. 2002 Diamond-like amorphous carbon.
Mater. Sci. Eng. R-Rep. 37, 129 – 281. (doi:10.1016/
S0927-796X(02)00005-0)

47. Grill A. 2003 Diamond-like carbon coatings as
biocompatible materials—an overview. Diamond
Relat. Mater. 12, 166 – 170. (doi:10.1016/S0925-
9635(03)00018-9)

48. Hauert R, Thorwarth K, Thorwarth G. 2013 An
overview on diamond-like carbon coatings in
medical applications. Surf. Coat. Technol. 233,
119 – 130. (doi:10.1016/j.surfcoat.2013.04.015)

49. Cui FZ, Li DJ. 2000 A review of investigations on
biocompatibility of diamond-like carbon and carbon
nitride films. Surf. Coat. Technol. 131, 481 – 487.
(doi:10.1016/S0257-8972(00)00809-4)

50. Schrand AM, Huang HJ, Carlson C, Schlager JJ,
Osawa E, Hussain SM., Dai L. 2007 Are diamond
nanoparticles cytotoxic? J. Phys. Chem. B. 111,
2 – 7. (doi:10.1021/jp066387v)

51. Cui DX, Tian FR, Ozkan CS, Wang M, Gao HJ. 2005
Effect of single wall carbon nanotubes on human
HEK293 cells. Toxicol. Lett. 155, 73 – 85. (doi:10.
1016/j.toxlet.2004.08.015)

52. Ding LH, Stilwell J, Zhang TT, Elboudwarej O, Jiang
HJ, Selegue JP, Cooke PA, Gray JW, Chen FF. 2005
Molecular characterization of the cytotoxic
mechanism of multiwall carbon nanotubes and
nano-onions on human skin fibroblast. Nano Lett. 5,
2448 – 2464. (doi:10.1021/nl051748o)

53. Manna SK, Sarkar S, Barr J, Wise K, Barrera EV,
Jejelowo O, Rice-Ficht AC, Ramesh GT. 2005 Single-
walled carbon nanotube induces oxidative stress
and activates nuclear transcription factor-kappa B in
human keratinocytes. Nano Lett. 5, 1676 – 1684.
(doi:10.1021/nl0507966)

54. Higson FK, Jones OTG. 1984 Oxygen radical
production by horse and pig neutrophils induced by
a range of crystals. J. Rheumatol. 11, 735 – 740.

55. Swan A, Dularay B, Dieppe P. 1990 A comparison of the
effects of urate, hydroxyapatite and diamond crystals on
polymorphonuclear cells: relationship of mediator
release to the surface area and adsorptive capacity of
different particles. J. Rheumatol. 17, 1346 – 1352.

56. Allison AC, Harington JS, Birbeck M. 1966 An
examination of the cytotoxic effects of silica on
macrophages. J. Exp. Med. 124, 141 – 154. (doi:10.
1084/jem.124.2.141)

57. Thomas V, Halloran BA, Ambalavanan N, Catledge
SA, Vohra YK. 2012 In vitro studies on the effect of
particle size on macrophage responses to
nanodiamond wear debris. Acta Biomater. 8,
1939 – 1947. (doi:10.1016/j.actbio.2012.01.033)

58. Fedel M, Motta A, Maniglio D, Migliaresi C. 2009
Surface properties and blood compatibility of

http://dx.doi.org/10.1021/la070037y
http://dx.doi.org/10.1016/j.biomaterials.2015.04.050
http://dx.doi.org/10.1016/j.biomaterials.2015.04.050
http://dx.doi.org/10.1038/nature02449
http://dx.doi.org/10.1103/PhysRevLett.110.077001
http://dx.doi.org/10.1103/PhysRevLett.110.077001
http://dx.doi.org/10.1016/S0925-9635(00)00217-X
http://dx.doi.org/10.1016/S0925-9635(00)00217-X
http://dx.doi.org/10.1063/1.1400761
http://dx.doi.org/10.1063/1.1400761
http://dx.doi.org/10.1039/C4CP04022H
http://dx.doi.org/10.1039/C4CP04022H
http://dx.doi.org/10.1149/1.2085452
http://dx.doi.org/10.1016/j.diamond.2012.01.023
http://dx.doi.org/10.1364/OE.21.002693
http://dx.doi.org/10.1143/JJAP.36.7745
http://dx.doi.org/10.1016/j.diamond.2005.04.011
http://dx.doi.org/10.1063/1.3517060
http://dx.doi.org/10.1063/1.3517060
http://dx.doi.org/10.1016/j.biomaterials.2003.11.006
http://dx.doi.org/10.1007/s10008-007-0473-3
http://dx.doi.org/10.1007/s10008-007-0473-3
http://dx.doi.org/10.1557/mrs.2014.99
http://dx.doi.org/10.1557/mrs.2014.99
http://dx.doi.org/10.1002/adfm.201102670
http://dx.doi.org/10.1098/rsif.2006.0196
http://www.bain.com/Images/BAIN_REPORT_The_Global_Diamond_Report_2014.pdf
http://www.bain.com/Images/BAIN_REPORT_The_Global_Diamond_Report_2014.pdf
http://www.bain.com/Images/BAIN_REPORT_The_Global_Diamond_Report_2014.pdf
http://dx.doi.org/10.1016/j.biomaterials.2015.02.021
http://dx.doi.org/10.1016/j.biomaterials.2015.02.021
http://dx.doi.org/10.1039/C6RA20207A
http://dx.doi.org/10.1016/j.diamond.2008.02.008
http://dx.doi.org/10.1016/j.diamond.2010.03.015
http://dx.doi.org/10.1038/nnano.2011.209
http://dx.doi.org/10.1038/nnano.2011.209
http://dx.doi.org/10.1073/pnas.0605409104
http://dx.doi.org/10.1126/scitranslmed.3001713
http://dx.doi.org/10.1016/j.jconrel.2017.05.033
http://dx.doi.org/10.1088/1741-2560/10/5/056022
http://dx.doi.org/10.1088/1741-2560/10/5/056022
http://dx.doi.org/10.1016/j.biomaterials.2009.11.109
http://dx.doi.org/10.1016/j.biomaterials.2009.11.109
http://dx.doi.org/10.3389/fneng.2014.00017
http://dx.doi.org/10.3389/fneng.2014.00017
http://dx.doi.org/10.1016/S0927-796X(02)00005-0
http://dx.doi.org/10.1016/S0927-796X(02)00005-0
http://dx.doi.org/10.1016/S0925-9635(03)00018-9
http://dx.doi.org/10.1016/S0925-9635(03)00018-9
http://dx.doi.org/10.1016/j.surfcoat.2013.04.015
http://dx.doi.org/10.1016/S0257-8972(00)00809-4
http://dx.doi.org/10.1021/jp066387v
http://dx.doi.org/10.1016/j.toxlet.2004.08.015
http://dx.doi.org/10.1016/j.toxlet.2004.08.015
http://dx.doi.org/10.1021/nl051748o
http://dx.doi.org/10.1021/nl0507966
http://dx.doi.org/10.1084/jem.124.2.141
http://dx.doi.org/10.1084/jem.124.2.141
http://dx.doi.org/10.1016/j.actbio.2012.01.033
http://rsif.royalsocietypublishing.org/


rsif.royalsocietypublishing.org
J.R.Soc.Interface

14:20170382

14

 on September 25, 2017http://rsif.royalsocietypublishing.org/Downloaded from 
commercially available diamond-like carbon
coatings for cardiovascular devices. J. Biomed.
Mater. Res. B 90B, 338 – 349. (doi:10.1002/
jbm.b.31291)

59. Alanazi A, Nojiri C, Noguchi T, Kido T, Komatsu Y,
Hirakuri K, Funakubo A, Sakai K, Fukui Y. 2000
Improved blood compatibility of DLC coated
polymeric material. ASAIO J. 46, 440 – 443. (doi:10.
1097/00002480-200007000-00014)

60. Jelinek M, Smetana K, Kocourek T, Dvorankova B,
Zemek J, Remsa J, Luxbacher T. 2010 Biocompatibility
and sp3/sp2 ratio of laser created DLC films. Mater. Sci.
Eng. B 169, 89 – 93. (doi:10.1016/j.mseb.2010.01.010)

61. Popa AC, Stan GE, Husanu MA, Pasuk I, Popescu ID,
Popescu AC, Mihailescu IN. 2013 Multi-layer
haemocompatible diamond-like carbon coatings
obtained by combined radio frequency plasma
enhanced chemical vapor deposition and
magnetron sputtering. J. Mater. Sci. Mater. Med. 24,
2695 – 2707. (doi:10.1007/s10856-013-5026-y)

62. Okroj W, Kaminska M, Klimek L, Szymanski W,
Walkowiak B. 2006 Blood platelets in contact with
nanocrystalline diamond surfaces. Diamond Relat.
Mater. 15, 1535 – 1539. (doi:10.1016/j.diamond.
2005.12.033)

63. Zeng H, Jarvik R, Catausan G, Moldovan N, Carlisle
J. 2016 Diamond coated artificial cardiovascular
devices. Surf. Coat. Technol. 302, 420 – 425. (doi:10.
1016/j.surfcoat.2016.06.030)

64. Kim JH, Shin DH, Moon M-W, Park K, Kim T-H, Shin KM,
Won YH, Han DK, Lee K-R. 2011 Comparison of
diamond-like carbon-coated nitinol stents with or
without polyethylene glycol grafting and uncoated
nitinol stents in a canine iliac artery model. Br. J. Radiol.
84, 210 – 215. (doi:10.1259/bjr/21667521)

65. Castellino M, Stolojan V, Virga A, Rovere M, Cabiale
K, Galloni MR, Tagliaferro A. 2013 Chemico-physical
characterisation and in vivo biocompatibility
assessment of DLC-coated coronary stents. Anal.
Bioanal. Chem. 405, 321 – 329. (doi:10.1007/
s00216-012-6449-x)

66. Ando, K et al. 2016 Prospective multi-center registry
to evaluate efficacy and safety of the newly developed
diamond-like carbon-coated cobalt – chromium
coronary stent system. Cardiovasc. Interv. Ther. 32,
225 – 232. (doi:10.1007/s12928-016-0407-z)

67. Heinrich G, Grogler T, Rosiwal SM, Singer RF. 1997
CVD diamond coated titanium alloys for
biomedical and aerospace applications. Surf. Coat.
Technol. 94 – 95, 514 – 520. (doi:10.1016/S0257-
8972(97)00459-3)

68. Rodrigues SP, Paiva JM, De Francesco S, Amaral MI,
Oliveira FJ, Silva RF. 2013 Artifact level produced by
different femoral head prostheses in CT imaging:
diamond coated silicon nitride as total hip
replacement material. J. Mater. Sci. Mater. Med. 24,
231 – 239. (doi:10.1007/s10856-012-4778-0)

69. Garrett DJ, Saunders AL, McGowan C, Specks J,
Ganesan K, Meffin H, Williams RA, Nayagam DAX.
2016 In vivo biocompatibility of boron doped and
nitrogen included conductive-diamond for use in
medical implants. J. Biomed. Mater. Res. B. Appl.
Biomater. 104, 19 – 26. (doi:10.1002/jbm.b.33331)
70. Alcaide M, Papaioannou S, Taylor A, Fekete L,
Gurevich L, Zachar V, Pennisi CP. 2016 Resistance to
protein adsorption and adhesion of fibroblasts on
nanocrystalline diamond films: the role of
topography and boron doping. J. Mater. Sci. Mater.
Med. 27, 621. (doi:10.1007/s10856-016-5696-3)

71. Hebert C, Warnking J, Depaulis A, Garcon LA,
Mermoux M, Eon D, Mailley P, Omnès F. 2015
Microfabrication, characterization and in vivo MRI
compatibility of diamond microelectrodes array
for neural interfacing. Mater. Sci. Eng. C. Mater.
Biol. Appl. 46, 25 – 31. (doi:10.1016/j.msec.2014.
10.018)

72. Mendonca E, Diniz M, Silva L, Peres I, Castro L, Correia
JB, Picado A. 2011 Effects of diamond nanoparticle
exposure on the internal structure and reproduction of
Daphnia magna. J. Hazardous Mater. 186, 265 – 271.
(doi:10.1016/j.jhazmat.2010.10.115)

73. Beranova J, Seydlova G, Kozak H, Benada O, Fiser R,
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