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Introduction

In recent years diamond has become a widely investigated
material for its remarkable properties, for example, hard-
ness, thermal conductivity, dopability or optical transparency
over a wide spectral range, to name only a few.[1] Diamond
films, in particular, have become a focus of interest. Their
production by chemical vapour deposition (CVD)[2] has
evolved into a commercially available technique that is able
to produce industrial amounts of surface coatings and free-
standing films for a broad range of applications, such as
electronic and electrochemical devices, sensors, protective
coatings and optical windows.[3]

However, the family of diamond materials (Figure 1) in-
cludes additional members, such as the so-called diamond-

like carbon (DLC),[4] sintered diamond phases[5] and dia-
mond micro- and nanoparticles.[6] Closely related to dia-
mond is a group of organic molecules, the diamondoids.[7]

Although they are not real diamond materials (their proper-
ties differ significantly from those of true crystalline dia-
mond due to their small size and electronic structure), they

have interesting properties, which could eventually lead to
new insights into the behaviour of nanoscale diamond mate-
rials. Especially their chemical properties are closely related
to the surface chemistry of all kinds of diamond materials.[8]

In particular, the surface chemistry of nanoscale diamond
particles should show close resemblance. This form of dia-
mond carbon has recently come into the focus as a new po-
tential material in quantum engineering, biological and elec-
tronic applications, as well as in composite materials.[9] Al-
though considered as a “new” carbon material the produc-
tion of nanodiamonds was invented decades ago. Besides
the shock-wave transformation of graphite into sintered
nanodiamond[10] nanoscale diamond can be obtained (even
on an industrial scale!) by the detonation of certain explo-
sives, for example, TNT–hexogene mixtures, in a closed con-
tainer.[11] Due to the lack of oxygen the combustion of the
explosive (which serves as source of energy and carbon) is
incomplete and the resulting soot contains up to 80% dia-
mond. This so-called detonation diamond consists of tiny di-
amond crystallites of about 5 nm in size.[12] They are covered
with some graphitic and amorphous carbon and intercon-
nected by soot-like structures.[13] In the present paper we
discuss the properties and surface chemistry of this rediscov-
ered material.

The Surface Structure of Nanodiamond

The structure of nanodiamond depends strongly on its pro-
duction conditions. Nanoscale diamond particles that have
been obtained by the destruction of bigger (natural or artifi-
cial) diamond crystals exhibit mainly the same surface fea-
tures as their bulk-scale counterparts, whereas detonation
diamond possesses significantly different features. Especially
the extreme environment during the detonation produces a
variety of surface functional groups on the particle surface.
Usually a cooling gas (CO2, H2O or inert gases) has to be
applied during the detonation in order to prevent the regra-
phitisation of the diamond crystallites as well as extensive
soot formation.[12] Therefore, the reaction of dangling bonds
with the surrounding medium causes the abundant function-
alisation of the particle surface.[14] Additionally, the high
temperature in the reactor persists even after the passing of
the detonation wave, which results in at least partial graphi-
tisation of the surface. Further modification occurs during
the subsequent acid treatment. Usually, nitric acid and other
oxidising acids are applied for this purpose.[15]

The resulting surface structure has extensively been stud-
ied by different techniques such as photoelectron,[16] IR[17]

and NMR spectroscopy,[18] as well as by thermodesorp-
tion.[19] The most characteristic surface groups include car-
boxyl, hydroxyl and keto functions as well as anhydrides
and lactones. Figure 2 shows a model of detonation diamond
structure, in which the presence of surface groups and
graphitic material open the way for various modifications of
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Figure 1. Different diamond materials: a) gem quality diamond, b)
single-crystalline diamond film with microlens structures, c) polycrystal-
line diamond film, d) detonation diamond powder, e) triamantane, a
ACHTUNGTRENNUNGdiamondoid molecule.
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the materials properties. Surprisingly, the concentration of
nitrogen-containing surface groups seems to be rather low
although the starting materials usually are nitrogen-rich
(vide supra) and the elemental analysis of pristine detona-
tion diamond shows a nitrogen content of about 2%.[13,20]

Apparently, most of this nitrogen is incorporated in the dia-
mond particles, but not necessarily at lattice positions. The
concentration of nitrogen defects is rather low.[21]

Functionalisation of the Diamond Surface

One of the most important and promising ways for materials
modification is the surface functionalisation of the particles
as it gives the opportunity to graft different functional moi-
eties, for example, bioactive structures, polymerisable mono-
mers or radical initiators, to name but a few. Two ways for
the initial grafting have to be distinguished: the covalent
and the non-covalent attachment of organic structures on
the diamond surface. In the following chapters these two op-
tions will be discussed with regard to potential biological ap-
plications of the resulting materials.

Non-covalent Surface
Modification

The bare diamond surface has
proven to be very reactive to-
wards adsorption of various
kinds of small and larger mole-
cules. For example, water
forms a continuous layer on
the diamond surface yielding
interesting electronic surface
properties described by the
term “surface band bend-
ing”.[22] Moreover, larger or-
ganic molecules and biological
structures such as proteins can
be immobilised on the dia-
mond surface. The binding
strength depends strongly on
the surface termination of the
considered diamond material.
Due to the lack of polar inter-

actions, for example, hydrogen bonding, hydrogen-terminat-
ed surfaces are much less likely to adsorb proteins and other
biological items.[23]

Therefore, they do not show non-specific adsorption of
bioactive molecules. On the other hand, oxidised diamond
surfaces are prone to these interactions as the oxygen-con-
taining surface groups participate in hydrogen bonds and
other polar interactions with the adsorbed species.[24] There
have been numerous reports on the non-covalent interaction
between biomolecules and diamond surfaces. Among others,
Bondar et al. showed the adsorption of apoobelin and luci-
ferase,[25] Huang et al. reported on the immobilisation of
ACHTUNGTRENNUNGcytochrome c[26] and Chung et al. on the application of pro-
tein lysozyme for the non-covalent surface modification of
diamond nanoparticles.[27] The resulting materials were sub-
mitted to different tests of their applicability in biological
systems. It was shown that these conjugates largely conserve
the activity of the adsorbed biomolecules and that further
functionalisation is possible on existing functional groups. In
this way, Huang and Chang utilised the free amino groups
of adsorbed poly-l-lysine to further modify their diamond–
protein conjugate by covalently immobilising fluorescent
dyes on the poly-l-lysine coating layer (Figure 3).[26] The re-
sulting particles can be applied for labelling experiments
(vide infra).

Covalent Functionalisation

The covalent surface modification of diamond films has re-
cently developed into an active field of research. Different
strategies for the covalent grafting of complex structures as

Figure 2. Cluster structure of detonation diamond and surface functional
groups.

Figure 3. Non-covalent surface modification of nanodiamond particles. a) After the noncovalent coating with
poly-l-lysine, the diamond particles are labelled with a fluorescent dye; b) fluorescence image of nanodia-
monds labelled with Alexa Fluor 488. Reproduced with permission from Langmuir 2004, 20, 5879–5884. Copy-
right 2004 American Chemical Society.
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well as for the tuning of hydrophobicity have been report-
ed.[28] One method includes the photochemical reaction of
hydrogen-terminated diamond films with organic com-
pounds possessing a terminal vinyl group leading to stable
C�C bonds at the diamond surface (Figure 4).[29] When bi-
functional molecules are used, further functionalisation
leads to ever more complex conjugates.

Hydrogen-terminated diamond films can also be modified
using electrochemical and radical reactions. In this way di-
azonium salts and azo-perfluoroalkyl compounds, respec-
tively, can be grafted.[30] On the other hand, oxidised dia-
mond films can be functionalised utilizing the existing sur-
face groups. In the case of hydroxylated films, Delabouglise
et al. reported on the covalent grafting of biotin.[31] Carboxyl
groups on diamond films can be transformed into the corre-
sponding acyl chlorides and are used for the covalent cou-
pling with bioactive moieties. Ando et al. reported on the at-
tachment of thymidine and the subsequent grafting of DNA
strands (Figure 4).[32]

On the other hand, the covalent surface modification of
nanoscale diamond particles has proven to be a challenging
task. Although the surface is covered with a variety of initial
surface groups (from production and purification treat-
ment), there have not been too many reports on the selec-
tive grafting of bigger entities. One major obstacle is the sur-
face inhomogeneity of the initial material.[33] It contains a
variety of metal impurities as well as non-diamond carbon,
which can nevertheless be removed to a great extent by acid
and oxidative treatment.[34] Additionally, it is desirable to
first chemically homogenise the surface. This can be done in

a variety of ways: One option consists in the high-tempera-
ture treatment with oxidising mineral acids.[35] The diamond
surface is then covered with carboxyl, keto and anhydride
groups, with a majority of carboxyl groups. The further func-
tionalisation of these surface groups has not been explored
extensively yet.

The reaction of detonation diamond with different reac-
tive gases has been studied (Figure 5). Spitsyn et al. reported
on the surface modification with hydrogen, ammonia, chlor-
ine and carbon tetrachloride.[36] This treatment not only lead
to an improvement of sample purity, but also at least partial-
ly established the respective surface structures, namely NH2,
C�H and Cl. Chlorinated nanodiamond has also been ob-
tained by Korolkov et al. They subjected these samples to
reactions with different nucleophiles, for example, cya-
nide.[37] Sotowa et al. reported on the hydrogenation of sub-
micron diamond powder followed by chlorination and ami-
nation using gaseous chlorine and ammonia.[38] The reaction
with fluorine was studied by Khabashesku et al.[39] They
found that the surface of detonation nanodiamond readily
reacts with gaseous fluorine in the presence of hydrogen.
The resulting fluorinated samples had a fluorine content of
up to 8.6 at% and could be further functionalised by substi-
tution with amines, amino acids and lithium organyls.

Another method to obtain more homogeneous nanodia-
mond surfaces is the reduction of surface carbonyl groups.
Krueger et al. reported on the reaction with borane leading
to hydroxylated diamond samples.[40] The resulting material
can be modified in a variety of ways. Especially the grafting
of trialkoxysilanes easily yields functionalised nanodiamond

particles. The reaction can be
carried out with different si-
lanes, for example, trimethoxy
and triethoxy 3-amino-propyl-
silane. Depending on the
choice of alkoxy groups, the
surface loading can be tuned
between �0.3 and
1.5 mmolg�1.[41] The materialMs
amino groups are accessible
for further surface modifica-
tion. Besides the build-up of a
short model peptide on the di-
amond solid phase,[40] biotin
was covalently immobilised on
the particle surface by cou-
pling it to the amino groups of
the silane (Figure 6).[42] Its ac-
tivity concerning the binding
to streptavidin was demon-
strated, making it a model for
a bioactive moiety covalently
grafted onto the diamond sur-
face.

Other functionalisation tech-
niques for diamond particles
include the radical reaction

Figure 4. Surface functionalisation of diamond films: a) photochemical reaction of hydrogen-terminated films
with vinyl compounds; b) reaction of oxidised diamond films with thymidine and subsequent grafting of DNA
oligonucleotides; c) cycloaddition reactions on thermally annealed and reconstructed diamond surfaces; the
2+2 reaction is thermally allowed due to its stepwise character.
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with acyloyl peroxides such as benzoyl and lauroyl peroxide
(Figure 7b). Tsubota et al. reported on the covalent grafting
of alkyl and aryl residues as well as on the formation of
ACHTUNGTRENNUNGnitrile groups by the reaction of radical species on the dia-
mond surface generated by these reagents.[43] Another reac-
tion of radicals with the surface of diamond sub-micron par-
ticles was published by Nakamura et al. They used photo-
chemically generated perfluoroalkyl radicals to modify the
diamond surface (Figure 7c).[44] The material possesses a sig-
nificantly increased hydrophobicity.

Stability of Functionalised
Diamond Nanoparticles in

Solution/Dispersion

One important issue for the
applicability of nanoparticles
in biological systems is the sol-
ubility or dispersibility of these
objects in aqueous systems in-
cluding buffer solutions. How-
ever, nanodiamond (especially
the material from detonation
synthesis) exists in the form of
strongly bound agglomerates,
due to the harsh conditions in
the reaction chamber.[45] The
particles are not only linked by
the usual electrostatic interac-
tions, but also through covalent
bonds between surface func-

tional groups as well as by soot structures surrounding each
primary particle (Figure 2). Therefore, the production of col-
loidal solutions of primary particles of detonation diamond
remains a challenging task.[13]

There have been only a few publications on the deag-
glomeration of this material. Chiganova reported on the
production of nanodiamond hydrosols.[46] In that work first
results regarding the influence of surface functional groups
on the agglomerate stability have been described. Neverthe-
less, it remained unclear whether the investigated system
contained true primary particles or small residual agglomer-

Figure 5. a) Production and purification of detonation diamond. b) Initial surface functionalisation by oxidative treatment or solid-phase reaction with
gaseous reactants.

Figure 6. Covalent surface functionalisation using silanes and further modification on their terminal amino
groups. Biotinylation and the build-up of a short peptide serve as a model for further more complex surface
functionalisation with bioactive substances.

www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1382 – 13901386

A. Krueger

www.chemeurj.org


ates. Another approach using
sodium oleate as a detergent
has been taken by Xu et al.[47]

The same authors reported on
the mechanical dispersion of
diamond particles yielding sus-
pensions stabilised with deter-
gents or inorganic salts.[48]

ACHTUNGTRENNUNGBesides that, there have been
accounts on surface graphitisa-
tion followed by surface oxida-
tion as a means for the disper-
sion of detonation diamond
leading to small agglomerates
of about 50 nm.[49] In summary,
most of the obtained suspen-
sions contain at least a major
fraction of remaining agglom-
erates.

For the production of solu-
tions of the primary diamond
nanoparticles we have devel-
oped several techniques for ef-
ficient deagglomeration. The
first is related to attrition mill-
ing (Figure 8a),[13] and uses
small (30–50 mm) zirconia mill-
ing beads, which are stirred at
very high speed. The diamond
suspension is circulated
through this stirred media bed,
in which shear forces destroy
the agglomerates. The resulting
colloidal solutions contain iso-
lated primary particles of deto-

nation diamond (Figure 8c).
Stable colloidal systems can be
obtained in polar, protic sol-
vents, for example, water,
DMSO, methanol and mixtures
thereof. The concentration of
the diamond particles in solu-
tion can reach up to more than
10 wt% yielding highly viscous
systems.

The second method, the so-
called BASD technique (bead-
assisted sonic disintegration)
combines the shear force in-
duced by the zirconia beads
with the cavitation produced
by ultrasound and proved very
efficient for the deagglomera-
tion (Figure 8b,d) and in situ
functionalisation of small
quantities of detonation dia-
mond.[50] As for the milled-

Figure 7. Further surface functionalisation techniques for diamond nanoparticles.

Figure 8. Deagglomeration of detonation diamond. a),c) Setup and particle size distribution for attrition mill-
ing; b),d) setup and particle size distribution for beads-assisted sonic disintegration (BASD); e) aqueous sus-
pension before and colloidal solution of detonation nanodiamond after beads milling; f) HRTEM image of
deagglomerated detonation nanodiamond deposited on single-walled carbon nanotubes (adapted from Fig-
ures 2 and 3 in reference [41]).
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bead samples, the stability of the colloidal solutions from
BASD is depending on the polarity and hydrogen bonding
ability of the solvent with best results obtained for DMSO
and water. Aqueous colloids exhibit a zeta potential of
�+35 mV and are stable within a pH range between 3 and
7. The positive surface charge most likely originates from
positively charged surface groups, whose nature remains un-
clear so far, though hydroxyl groups could be a potential
candidate.

Biological Applications of Functionalised
Nanodiamond Materials

Recently nanoscale diamond particles were applied for a va-
riety of biological applications. The newly developed pro-
duction, purification and functionalisation techniques enable
the material to be used in numerous ways. Additionally, the
apparent low cytotoxicity (vide infra) makes it an attractive
alternative to other widely used nanoparticles such as cad-
mium-containing quantum dots. There have been several re-
ports on the use of nanodiamond as an adsorbent for large
biomolecules, for example, proteins. This can be useful for
the detection of these substances in dilute solutions by
MALDI-TOF mass spectrometry.[51] The adsorption strength
on nanodiamond due to hydrophilic and hydrophobic inter-
actions is so high that a very efficient capture of proteins
such as cytochrome c, myoglobin and albumin occurs. After
coating with poly-l-lysine, nanodiamond particles can also
serve for the detection of DNA oligonucleotides by the
same method.[52] The adsorption on the nanodiamond sur-
face can also be used for the efficient separation and purifi-
cation of proteins, as Bondar et al. have shown for apoobe-
lin and luciferase.[25] The adsorption of biomolecules has
also been used for the immobilisation of antibodies for
sensor applications. Huang et al. have described a system for
the detection of Salmonella typhimurium and Staphylococ-
cus aureus.[53] The construction of a biochip with a coating of
nanodiamond particles carrying immobilised bacterial luci-
ferase has also been reported (Figure 9).[54] There have also
been activities towards the application of nanodiamond for

gene and drug delivery into living cells. In a first example
Kossovsky et al. used cellobiose-coated diamond nanoparti-
cles for the immobilisation of mussel adhesive protein
(MAP) to generate antibodies in rabbits.[55]

Another very attractive opportunity for the application of
nanodiamond particles in biological systems is their ability
to be doped with different elements. The resulting point de-
fects exhibit interesting luminescence properties. In the case
of nitrogen doping and the generation of negatively charged
N-V centres by irradiation and annealing, the fluorescence
wavelength is located in the far-red (�700 nm) with an ab-
sorption at �560 nm.[56] Therefore it is possible to observe
the luminescing nanoparticles by fluorescence microscopy.
Yu et al. have reported on the use of proton-irradiated and
annealed, nitrogen-containing nanodiamonds in kidney
cells.[57] Besides the strong red luminescence in the cells,
they did not observe any photobleaching nor cytotoxicity.
This makes the material a valuable alternative for other
fluorescence labels. The applicability was demonstrated with
poly-l-lysine-coated nanodiamond particles that are able to
directly interact with DNA.[58] In the same work the authors
described the tracking of a single fluorescent diamond parti-
cle within a live HeLa cell. These recent advances add a
new class of carbon nanoparticles to the range of those sp2-
hybridised carbon dots that have been recently used for la-
belling purposes and drug delivery.[59] Compared to these
materials the diamond particles exhibit valuable properties
like crystallinity, chemical and physical inertness of the core,
no porosity, low toxicity (vide infra), dopability and so
forth; therefore they represent progress in the quest for
carbon materials for biological applications.

Toxicity of Diamond Materials

The toxicity of a material is a very important issue when it
comes to biological applications. Especially for nanoparti-
cles, adverse effects on cells or body tissues have to be in-
vestigated very thoroughly. Two aspects have to be consid-
ered. On the one hand, the pristine material contains a con-
siderable amount of potentially toxic impurities,[60] which
can be removed by an appropriate purification procedure
(vide supra). On the other hand the inherent cytotoxicity of
the diamond nanoparticles has to be investigated. The work
of Bakowicz and Mitura shows that nanocrystalline diamond
has close to no adverse effect in living species such as
rats.[61] Also their investigation of the in vitro biocompatibil-
ity of nanodiamond showed that the material does not cause
cytotoxic effects. Similar results were obtained by Schrand
et al.[62] A comprehensive discussion can be found in refer-
ence [63]. In summary, to the best of the available knowl-
edge, nanocrystalline diamond is not cytotoxic and thus a
promising candidate material for biological applications.

Figure 9. Luminescent biochip with nanodiamond–recombinant bacterial
luciferase conjugate (with permission of Springer Business Media group;
FMNH2: reduced form of flavin mononucleotide).[54]
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Future Challenges and Developments

The research on biological applications of nanocrystalline
diamond has begun only recently, raising many unanswered
questions. One of the most challenging issues is the stabilisa-
tion of biofunctionalised primary particles of single-digit
nanometric size in physiological media. Efforts to control
the surface charge and the agglomeration ability have to be
made. On the other hand, grafting techniques that improve
the hydrolytic stability of the conjugates are highly desira-
ble. Hence, the direct C�C coupling of the diamond surface
with a linker molecule is of great interest. Experiments to
use photochemical and cycloaddition reactions to achieve
this goal are under way. The selective grafting of just one
functional unit per diamond particle is also of importance.
So far, the particles are usually functionalised statistically
with a bigger number of moieties. For certain applications
that rely on quantitative analysis, it is absolutely necessary
to obtain 1:1 conjugates.

In conclusion, nanodiamond is a material that can be ob-
tained in bulk scale and can easily be purified. It possesses a
variety of surface functionalities that can be used to adsorb
or graft functional groups or much more complex moieties,
for example, proteins or DNA, onto the diamond surface. It
can be solubilised in aqueous or other polar media and
forms stable colloids. To the best of the available knowledge
nanodiamond is biocompatible and not cytotoxic and can be
used in a variety of biological applications. These include
adsorptive separation, purification and analysis of proteins;
vehicles for drugs, genes and antibodies; and the fluores-
cence labelling with luminescent diamond nanocrystals. In
the future, functionalised diamond materials will most likely
become one of the widely used substrates for bio-applica-
tions.
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