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Nanodiamonds (NDs) are members of the diverse structural family of nanocarbons that includes
many varieties based on synthesis conditions, post-synthesis processes, and modifications. First
studied in detail beginning in the 1960s in Russia, NDs have now gained world-wide attention
due to their inexpensive large-scale synthesis based on the detonation of carbon-containing
explosives, small primary particle size (∼4 to 5 nm) with narrow size distribution, facile surface
functionalization including bio-conjugation, as well as high biocompatibility. It is anticipated
that the attractive properties of NDs will be exploited for the development of therapeutic agents
for diagnostic probes, delivery vehicles, gene therapy, anti-viral and anti-bacterial treatments,
tissue scaffolds, and novel medical devices such as nanorobots. Additionally, biotechnology
applications have shown the prospective use of NDs for bioanalytical purposes, such as protein
purification or fluorescent biolabeling. This review critically examines the use of NDs for
biomedical applications based on type (i.e., high-pressure high-temperature [HPHT], CVD
diamond, detonation ND [DND]), post-synthesis processing and modifications, and resultant
properties including bio-interfacing. The discussion focuses on nanodiamond material in the
form of nanoparticles, while the biomedical uses of nanodiamond coatings and thin films are
discussed rather briefly. Specific use of NDs in both non-conjugated and conjugated forms
as enterosorbents or solid phase carriers for small molecules including lysozyme, vaccines,
and drugs is also considered. The use of NDs as human anti-cancer agents and in health care
products is already showing promising results for further development. The review concludes
with a look to the future directions and challenges involved in maximizing the potential of these
exciting little carbon-based gems in the fields of engineering, medicine, and biotechnology.

Keywords ultradispersed diamond, detonation synthesis, biocompatibility, nanocarbon, cellular
imaging, drug delivery
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1. INTRODUCTION
Nanodiamonds (NDs) are members of the diverse structural

family of nanocarbons, which include nano-sized amorphous
carbon, fullerenes, diamondoids, tubes, onions, horns, rods,
cones, peapods, bells, whiskers, platelets, and foam.1 First stud-
ied in detail beginning in the 1960s in Russia, NDs have now
gained world-wide attention due to their inexpensive large scale
synthesis based on the detonation of carbon-containing explo-
sives, small primary particle size (∼4 to 5 nm) with narrow
size distribution, facile surface functionalization including bio-
conjugation, as well as high biocompatibility. Although there
are only a few carbon nanomaterial-based medicinal products
such as adamantane derivatives (i.e., amantadine, memantine,
and rimantadine) or derivatized fullerenes,2,3 preliminary stud-
ies with ND suspensions administered to animals and human
patients with cancer have shown promising results for further
development.

It is anticipated that the attractive properties of NDs will
be exploited in a similar manner to other carbon nanoparticles,
quantum dots, and metallic nanoparticles, for the development
of therapeutic agents for diagnostic probes, delivery vehicles,
gene therapy, anti-viral and anti-bacterial treatments, tissue scaf-
folds, and the development of novel medical devices such as
nanorobots.4−15 More specifically, biotechnology applications
have shown the prospective use of NDs for bioanalytical pur-
poses such as protein purification or biolabeling using highly flu-
orescent synthetic nanodiamond particles. In terms of biodesign,
the engineering of a plethora of nanostructured materials (i.e.,
metallic, ceramic, polymeric, and composite) for interaction at
the molecular level with a high degree of specificity demon-
strates an almost unlimited potential of bionanotechnology.16,17

However, the translation of these advances into clinical appli-
cations may rely on a diverse set of nanofabrication techniques,
further miniaturization of devices (i.e., BioMEMS), as well as
the development of new analytical methods.18−22

The goal of maximizing therapeutic benefits while limit-
ing adverse-effects has been approached through surface coat-
ing of fluorescent semiconductor nanocrystals (quantum dots),
magnetic nanoparticles, and metallic nanoparticles (i.e., Au,
Ag) before they may be used in molecular imaging, separa-

tion, and delivery of substances for demanding biological en-
vironments such as living tissues.23−28 However, there is no
escaping the worrisome potential pitfalls of human exposure
to nanoparticles, which have been prominently addressed by
high-impact scientific journals such as Science and Nature in an
effort to understand their long-term health and environmental
implications.29−37 The journal Carbon devoted an entire issue
to carbon nanoparticle toxicity, emphasizing that collaboration
between toxicologists and materials scientists in the develop-
ment of “green” nanomaterial formulations is needed to op-
timize function and minimize negative health impacts.38 The
issue of carbon nanoparticle biocompatibility, or alternatively,
cytotoxicity and genotoxicity, as well as the need to advance the
experimental methods used in this emergent field of research has
also been highlighted in several papers and books.39−47 There-
fore, the development of nanoparticle-based products that either
directly or indirectly come into contact with the body is being
approached with great caution.

It is the goal of this review to critically examine the use
of NDs for biomedical applications based on type (i.e., high-
pressure high-temperature [HPHT], CVD diamond, detonation
ND [DND], diamondoids), post-synthesis processing and mod-
ifications, and resultant properties including biocompatibility.
The focus will be on nanodiamond material in the form of
nanoparticles, while the biomedical uses of nanodiamond coat-
ings and thin films are discussed rather briefly. Specific uses of
NDs as bioanalytical probes, curative agents for cancer, optical
labels, and ingredients in health care products will be discussed.
Finally, we take a look at the future directions and challenges of
ND research in engineering, medicine, and biotechnology.

2. TYPES OF NANODIAMOND

2.1. General Overview
Diamond structures at the nanoscale (length ∼1 to 100

nanometers) include pure-phase diamond films, diamond par-
ticles, recently fabricated 1-D diamond nanorods and 2-D
diamond nanoplatelets. There is a special class of nanodi-
amond material often called ‘ultra-nanocrystalline’ diamond
with the characteristic size of the basic diamond constituents
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encompassing the range of just a few nanometers that distin-
guishes it from other diamond-based nanostructures with char-
acteristic sizes above ∼10 nm.1,40,48 Particles with characteristic
sizes of 4 to 5 nm, often called in the literature “ultradispersed
diamond” (UDD) or “detonation nanodiamond” (DND), were
produced by detonation of carbon-containing explosives in the
former USSR in the 1960s. Pure-phase UNCD films with char-
acteristic grain sizes of 2 to 5 nm, grown by chemical vapor
deposition (CVD), were developed in the United States at Ar-
gon National Laboratory at the end of 1990s.48 DND particles
and UNCD films have been the focus of several recent reviews
and feature articles,49−54 books,1,40,55,56,374 and proceedings of
topical nanodiamond conferences.57−60 UNCD films have been
successfully commercialized by Advanced Diamond Technol-
ogy, Inc.61 The ultra-nanocrystallinity is the result of a new
growth and nucleation mechanism, that is due to the use of
argon-rich plasmas instead of the hydrogen-rich plasmas nor-
mally used to deposit microcrystalline diamond films. UNCD
films are superior in many ways to traditional microcrystalline
diamond films: they are smooth, dense, pinhole free, phase-pure
and can be conformally deposited on a wide variety of mate-
rials and high-aspect-ratio structures.48 While UNCD films are
not the focus of the present review, it should be mentioned that
UNCD films have emerged as very attractive candidates for coat-
ings on biomedical devices and implants62 and in biosensors.63

A detailed discussion on the known synthesis methods of
diamond structures at the nanoscale is provided by Shenderova
and Gruen.40 Below we give a brief outline on the methods of
production and related characteristic sizes of diamond particles
(Figure 1). The methods for synthesizing diamond powder in the
form of single particles with micro- and nanometer sizes were
invented in the beginning of the 1960s by DuPont de Nemours,
USA and the product has been commercially available since
the 1970s under the name MypolexTM. DuPont produced poly-
crystalline diamond particles up to 50 microns in size using
shock-wave compression of carbon materials (graphite, carbon
black) mixed with catalyst. The size of the primary grains in
the polycrystalline particles is about 20 to 25 nm (Figure 1).
In 1999, the Mypolex polycrystalline diamond business was
acquired from DuPont, by Microdiamant AG, Switzerland, a
company specializing in the micron- and sub-micron diamond
market. Since acquiring the Mypolex product, Microdiamant
AG now manufactures three size classes smaller than any prod-
ucts ever available from DuPont.64 In addition to Mypolex poly-
crystalline diamond, Microdiamant AG also provides the finest
fractions of particles down to 0 to 50 nm processed from the
starting material high-pressure high-temperature synthetic di-
amond as well as from natural diamond powders (Figure 1).
The commercialization of these nanodiamond materials has be-
come well established in applications requiring high-precision
polishing.

An approach for producing even smaller and more uniformly
sized ultrananocrystalline diamond powder with a characteristic
size of primary particles of ∼4 to 5 nm, as mentioned above,

is the conversion of carbon-containing explosive compounds
into diamond during the firing of explosives in hermetic tanks.
The fascinating history of the discovery of the DND particu-
late was discussed by Danilenko.65 This method was initiated in
Russia in the early 1960s soon after DuPont’s work on shock-
wave conversion of graphite synthesis. A large scale production
foundry, “ALTAI,” was founded in Russia in 1983 to commer-
cialize the process of detonation diamond production in bulk
quantities, yielding tons of the product per year.55,66 Currently,
there are several commercial centers in the world producing
DND particulates by explosives detonation located in Russia,
Ukraine, Byelorussia, China, and Japan. Although discovered
several decades ago, DND particles became an object of a keen
interest outside of Russia only within the last few years40,59,60,67

as the field of nanotechnology matured.
There are several other approaches for the production of ul-

trananocrystalline and nanocrystalline diamond particles at the
laboratory scale. Diamond with characteristic sizes of several
nanometers has been synthesized particularly, by chlorination
of carbides,68 ion irradiation of graphite,69 electron irradiation
of carbon onions70 and in the vapor phase in a substrate-free
tube flow CVD reactor.71 Moreover, astronomical observations
suggest that as much as 10 to 20% of interstellar carbon is in the
form of ultrananocrystalline diamonds.72 The questions of when
and how does nanodiamond originate in the Cosmos remain
open, although comparative microstructural analysis of nan-
odiamonds extracted from meteorites, indicates that the major-
ity of cosmic nanodiamonds are formed by low-pressure vapor
condensation.73 Diamond particles attached to quartz substrates
with characteristic sizes several tens of nanometers (specifically,
10 to 110 nm) have been synthesized by the CVD method.74 One
benefit of this synthesis technique was the ability to fabricate
isolated diamond nanocrystals with single color centers.

For biomedical applications, it is important to have nanodi-
amond material available in large quantities and with highly
reproducible and consistent properties, i.e., commercial nanodi-
amond is required. Existing commercial diamond nanoparticles
can be tentatively categorized into three groups of products
according to the primary (smallest monocrystalline) particle
sizes: nanocrystalline particles, ultrananocrystalline particles,
and diamondoids (Figure 1). Characteristic sizes of nanocrys-
talline particles encompass the size range of tens of nanometers,
while sizes of primary particles of ultrananocrystalline diamond
are within several nanometers. Diamondoids are well defined
hydrogen-terminated molecular forms consisting of several tens
of carbon atoms.

2.2. Commercial Nanocrystalline Diamond Particles
Nanocrystalline diamond particles with characteristic sizes

of primary particles in the range of several tens of nanometers
can be in the form of isolated monocrystalline particles or poly-
crystals (Figure 1). Monocrystalline nanoparticles are obtained
by processing micron-sized monocrystalline diamond particles,
which are, in turn, a byproduct of natural diamond or HPHT
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FIG. 1. Summary of the types of nanoscale diamond particles and molecular forms (low diamondoids) according to the primary
particle size.

diamond synthesis. The processing of micron-sized diamond
particles to smaller fractions includes grinding, purification,
and grading of the powder. Monocrystalline grinded diamond
particles have rather sharp edges compared with other forms
of nanodiamond (Figure 1). Monocrystalline natural nanodia-
mond powder is the purest product within the class of ND (and
UNCD) materials. Synthetic HPHT type Ib monocrystalline di-
amond powders (containing typically 100 ppm nitrogen atoms)

with particle sizes of 100 nm, 35 nm, and 25 nm have been used
to produce fluorescent ND by irradiation with protons followed
by annealing for bio-labeling applications.75−77

The polycrystalline nanodiamond powder (Figure 1) is
processed from micron-sized polycrystalline diamond parti-
cles obtained by shock synthesis78 (DuPont de Nemours’s
method mentioned above). Polycrystalline particles consist of
nanometer-sized diamond grains (∼20 to 25 nm). The finest
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diamond fraction produced by micronizing followed by grading
has an average particle size of ∼25 nm. This type of ND has
a high content of impurities and thus far has not been used for
bioapplications. The shape of primary particles is more platelet-
like rather than spherical.79

2.3. Commercial Ultrananocrystalline Diamond
Particles

Out of several types of ultrananocrystalline diamond parti-
cles (Figure 1), only detonation ND has been commercialized.
The size of primary detonation ND particles depends on the
weight of explosive charge so, in principle, there is no specific
maximum size, although most vendors produce particles with an
average size of 3.5 to 6 nm. This type of ND is most frequently
used for envisioned bioapplications such as broad drug deliv-
ery platforms for nanoscale medicine,80 protein adsorption,81−83

carriers of genetic material84 in gene gun ballistic delivery,85 as
enterosorbents,86,87 as well as other applications (see Section
5). The cost factor is also an important issue for applications of
nanodiamond particles. For example, HPHT nanodiamond with
an average particle size 25 nm costs $75/gram. However, well
purified DND powder costs only about $1 to $2/gram for poly-
dispersed powder (200 nm average aggregate size) and about
$10–20/gram for a fraction with 20 nm average aggregate size.
Since detonation ND is the most popular starting material within
the nanodiamond particle family for biomedical applications, its
processing and modification are described in more detail in the
Section 3.

2.4. Diamondoids
Recently, a whole family of ∼1 to ∼2 nm sized hydrogen-

terminated diamond species was discovered. As highly rigid,
well defined, readily derivatizable structures,2 these so-called
“higher diamondoids” are valuable molecular building blocks
for nanotechnology. With more than 3 crystal diamond cages,
higher diamondoids are intermediate in size to the adamantane
molecule, the smallest species of H-terminated cubic diamond
containing only 10 carbon atoms, and ultrananocrystalline dia-
mond particles with sizes more than 2 nm as described above.

Higher diamondoids are extracted from petroleum as diamond
molecules in the form of nanometer-sized rods, helices, discs,
pyramids, etc. (Figure 1).88,89

However, the formation mechanism of the higher diamon-
doids in petroleum remains a mystery.89 So far, it has not
been possible to synthesize higher diamondoids except anti-
tetramantane, a tetramantane isomer.2 Certain higher diamon-
doids are now available in multi-gram quantities through Molec-
ular Diamond Technologies, Inc. on a collaborative basis.

By comparison, lower diamondoids (adamantane, diadaman-
tane, and triadamantane), extracted from crude oil much earlier
than larger members of the diamondoid series, are currently
available in kilograms quantities2 and can be synthesized. Lower
diamondoids such as adamantane derivatives (single-molecule
unit of diamond with the formula C10H16) have been used in
pharmacology, clinical medicine, and biosensing.90 A review of
biomedical applications of diamondoids and their derivatives is
provided by Grichko et al.91

3. DETONATION NANODIAMOND SYNTHESIS,
PROCESSING, AND MODIFICATION

Three major steps in the conversion of carbon-containing
explosives to modern DND products include synthesis, post-
synthesis processing, and modification (Figure 2), which are
discussed in detail in the following sections. The current inter-
est in DND material is so great that even ‘traditional’ methods
of synthesis (composition of explosives and cooling media) and
processing (type of oxidizers) are being revisited.92,93 Process-
ing includes purification of detonation soot from metallic im-
purities and non-diamond carbon and is typically performed in
conjunction with detonation soot synthesis by the same vendor.
The result of the processing is DND of a certain purity (presently
at a level of incombustible impurity content 0.5-5wt.% depend-
ing on the vendor) that is available on a large scale (hundreds
of kilograms). DND treatments, tentatively called modification,
can include additional deep purification, surface functionaliza-
tions toward specific applications, and de-agglomeration or size
fractionation. In the last 3 to 4 years, the development of ap-
proaches for DND modifications has been the major focus of

FIG. 2. Three major steps of conversion of carbon-containing explosives to modern DND product.
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research activity. Although, initially, DND modifications were
performed on a small scale, currently these steps are being im-
plemented on a large scale on site at DND production centers.94

Of primary importance is the method of disintegration of nanodi-
amond aggregates by stirred-media milling with micron-sized
ceramic beads suggested by Osawa et al.,115 resulting in di-
amond slurries containing primary 4 to 5 nm DND particles.
The single-digit DND immediately attracted the attention of
relatively large number of researchers working in the area of
nanoscale materials, which was demonstrated by recent publi-
cations in high-profile journals.80,96,97

3.1. Synthesis
The explosion method for diamond production results in di-

amond clusters that are formed from carbon atoms contained
within the explosive molecules; thus, only the explosive is used
as a precursor material. However, a wide variety of explosive
materials can be used.49,56 For example, a typical explosive is a
mixture of TNT and hexogen composed of C, N, O, and H with
a negative oxygen balance, so that ‘excess’ carbon is present in
the system. The explosion takes place in a non-oxidizing cooling
medium of either gas (N2, CO2, Ar, or other medium that can be
under pressure) or water (ice), so-called ‘dry’ or ‘wet’ synthe-
sis, respectively. To prevent the DND formed in the detonation
wave from transforming into graphite at the high temperature
generated by the detonation, the cooling rate of the reaction
products should be no less than 3000 K/min.55,66 The initial
shock from a detonator compresses the high-explosive material,
heating it and causing chemical decomposition, which releases
enormous amounts of energy in a fraction of a microsecond.
As the detonation wave propagates through the material, it gen-
erates high temperatures (3500 to 4000 K) and high pressures
(20 to 30 GPa) that correspond to the phase region for ther-
modynamically stable diamond.98 During detonation, the free
carbon coagulates into small clusters, which might grow larger
by diffusion.99 The product of detonation synthesis, called “det-
onation soot” or “diamond blend” contains 40 to 80 wt.% of the
diamond phase depending on the detonation conditions.49,56 The
carbon yield is 4 to 10% of the explosive weight. Understand-
ing the mechanisms of the DND formation during detonation of
high-energy explosives is still unresolved and is an active area
of research.79,100,101

There are two major technical requirements for DND syn-
thesis using explosives; the composition of the explosives must
provide the thermodynamic conditions for diamond formation,
and the composition of gas atmosphere must provide the neces-
sary quenching rate (by appropriate thermal capacity) to prevent
diamond transformation to graphite.49 The diamond yield de-
pends to a large extent on the explosive mixture and cooling
media.49,56 The shape of the explosive also influences the yield;
the ideal shape is spherical but for convenience a cylindrical
charge is regularly used.49 The relationship between the mass
of the explosives and the mass of the surrounding media also
influences the yield. Thus, 5 kg of explosive requires ∼11 m3 of

detonation chamber with gas media at ambient pressure to pro-
vide the necessary quenching rate.55,66 The mass of the charge
influences the average size of the primary particles, although
not significantly.79,95 For example, for charges with a mass of
0.2 to 2 kg, 10 to 20 kg, and 140 kg, the average primary particle
size is 4 to 5 nm, 6 to 7 nm, and 8 nm, respectively.101

For numerous areas of DND applications, including bioap-
plications, there are several important questions related to revis-
iting DND synthesis methods and to the development of a new
generation of DND particles. Reducing DND primary particle
size to the range of 2 to 3 nm may further increase their capability
for penetrating cells and organelle membranes including nuclear
pores. ND particles with sizes ∼2 nm and smaller show quan-
tum confinement effects.102 Synthesis of small particles would
open perspectives for the development of diamond quantum
dots. Another question is related to the possibility of optimiz-
ing the detonation process to produce mostly isolated primary
particles and only small aggregates in the detonation soot. This
would significantly reduce the cost of the final DND product. In
fact, it has been recognized that dry and wet synthesis methods
influence both of these parameters (the primary size and degree
of aggregation) in opposite directions.79,93 The dry DND syn-
thesis results in smaller primary DND particle sizes and smaller
average aggregate sizes as compared with wet synthesis.79,93,101

This strategy of optimization using dry synthesis for producing
small average aggregate sizes has been discussed recently by
Gubarevich.93 Another factor that influences the aggregation of
DNDs during synthesis is the mass of the charge and a ratio
between masses of the charge and wet cooling media used.79

In principle, the XRD data on the size distribution of primary
DND particles within detonation soot, which were reported in a
limited number of publications,56,92 include 2 nm peaks. It was
reported by Dolmatov92 that his novel method of using reducing
agents agents (for example urea, ammonia) in water cooling me-
dia allows the preservation of the DND fraction with a primary
particle size less than 3 nm along with a ‘typical’ fraction of 5
nm primary particles. Estimations of the kinetics of the explo-
sion process by Danilenko79,101 declares that DND cannot be
produced with sizes less than ∼2 nm. Also, a method reported
by Dolmatov92 for using reducing agents provides the benefits
of increased DND yield from the soot as well as an increased
carbon content (up to 96mass%) within DND particle compo-
sition, where the total content of C,H,N, and O corresponds to
100mass%.

The new, forseen approaches for DND synthesis are focused
on the different combinations of explosive materials with pos-
sible solid dopants, as well as on the non-traditional cooling
media (both gaseous and liquid) with possible additives to alter
the DND composition (both bulk defects/doping content and
surface groups), dispersivity, and primary particle sizes.

3.2. DND Post-Synthesis Processing
Biomedical applications set high standards on nanomaterial

purity, so the development of DND products of ultra-high purity
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remains an important goal. In addition to the diamond phase,
the detonation soot contains both graphite-like structures (25
to 45 wt.%) and incombustible impurities (metals and their ox-
ides – 1 to 8wt.%).49 The metal impurities originate from a
detonator and from the walls of the detonation chamber. The
impurity content of nanodiamonds produced by detonation syn-
thesis is higher when compared with other artificial diamonds
(for instance, HPHT diamonds contain no less than 96% car-
bon). After typical purification steps, powders of DND can be
considered a composite consisting of different forms of car-
bon (∼80% to 89%), nitrogen (∼2% to 3%), hydrogen (∼0.5%
to 1.5%), oxygen (up to ∼10%) and an incombustible residue
(∼0.5% to 8%).49,65 The carbon phase consists of a mixture of
diamond (90% to 99%) and non-diamond carbon (1% to 10%).

Figure 3 illustrates the major structural features of detona-
tion soot and the purified DND product. Non-diamond carbon
contains graphite nanocrystals, graphite ribbons, carbon onions,
and amorphous carbon, which may be located externally to the
tight DND aggregates and be removed during the purification
process or can be confined within tight aggregates and remain
inaccessible to oxidizing media (Figure 3). Similar features can
be attributed to the metallic, incombustible impurities, which
can be located externally or internally relatively to the tight
DND aggregates. To remove internal metal impurities and in-
ternal non-diamond carbon, tight DND agglomerates should be
disintegrated. Nevertheless, after deep purification using acid
treatment, the incombustible impurity content in polydispersed
diamond, for example from New Technologies (Chelyabinsk,
Russia) can be ∼0.2wt.% as defined using thermal gravimetric
analysis (TGA).103 It should be noted that metal ions can also
form complexes on DND surfaces (Figure 3) after treatment
with liquid oxidizers containing metals (for example, using the
mixture of H2SO4/CrO3) and contribute to the total content of
incombustible impurities. A combination of oxidation of non-
diamond carbon and metallic impurities should be performed
to effectively remove both non-diamond carbon and metal par-

ticles confined within amorphous carbon. The importance of
this aspect was demonstrated by Osswald et al.103 and Pichot
et al.104 by achieving a low metal content only after oxidizing
the amorphous carbon during soot treatment.

In general, methods of DND purification as well as DND
purity vary from vendor to vendor. For DND purification from
detonation soot, mechanical and chemical methods are used.
After mechanically removing process admixtures, the diamond-
carbon powder is subjected, for example, to thermal oxida-
tion with nitric acid under pressure to separate the diamond
phase.49 In this method, metals are dissolved and non-diamond
carbon is oxidized simultaneously. Other ‘classical’ purifica-
tion methods, based upon the use of liquid oxidizers for the
removal of metallic impurities, include sulfuric acid, mixture of
sulfuric and nitric acids, hydrochloric acid, potassium dichro-
mate in sulfuric acid, as well as other schemes.49,105 A brief
review of the numerous methods of detonation soot purifi-
cation developed in the former USSR is provided by Petrov
et al.105 Pichot et al. reported on soot treatment using hydroflu-
oric/nitric acids for the efficient removal of metallic particles.104

For the oxidation of sp2 carbons, the purification schemes in-
clude KOH/KNO3, Na2O2, CrO3/H2SO4, HNO3/H2O2 under
pressure, mixtures of concentrated sulfuric and perchloric acids,
and other approaches.49,105,107−109 To remove non-carbon im-
purities, the chemically purified product is subjected, in some
cases, to an additional purification process using ion-exchange
and membrane technologies.

Currently, the majority of DND vendors use strong liquid
oxidizers at elevated temperatures and pressures.49 However,
liquid-phase purification is both hazardous and costly, contribut-
ing up to 40% of the product cost. In addition, the expense of
waste pre-treatment and disposal, which is already high, is ex-
pected to increase as governmental policy on environmental
protection becomes tighter. Alternatively, DND can be very ef-
fectively purified from non-diamond carbon in an environmen-
tally friendly manner by a gas phase treatment using ozone at

FIG. 3. Tentative scheme of major structural components of detonation soot (left) and commercial DND product (right). Corre-
sponding electronic microscopy images are illustrated in Figure 5.
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elevated temperatures110 to eliminate the need for the use of cor-
rosive liquid oxidizers. Ozone oxidation is also more efficient
for sp2 carbon oxidation than is oxygen. The method was first
introduced in 1991,106,110 and the productivity of the ozone-in-
air flow fluidized bed reactor was 6 to 10 kg/month. Now ozone
oxidation is the only gas-phase method for soot purification that
has been realized at an industrial scale (by New Technologies,
Chelyabinsk, Russia).

Several efforts have attempted to purify DND by oxidation
of detonation soot with air at elevated temperatures. The method
allowed for a significant decrease in the non-diamond carbon
content. Larionova et al. purified DND using soot treatment
with air at 380 to 440◦C for several hours.109 Soot purification
through a combination of liquid oxidizers and air treatment at
temperatures up to 600 ◦C was reported by Mitev.111 Osswald
et al.103 demonstrated that for DND, with a high content of non-
diamond carbon (sample UD50103), the optimal temperature for
the heat treatment in air within several hours is 400 to 430◦C.
This process allows for the oxidation of sp2-bonded carbon, but
not that of the sp3 carbon. The purified DND contained 95% sp3

carbon, as was measured with XANES, and was substantially
lighter in color than the original material.103 Chiganov puri-
fied DNDs from soot through thermal oxidation in air, using
boric anhydride in order to selectively oxidize the non-diamond
carbon.107

3.3. Detonation Nanodiamond Modification
DND obtained from commercial vendors often requires addi-

tional processing and modification, since the content of incom-
bustible impurities (ash) and non-diamond carbon can be too
high, average aggregate size too large, and surface chemistry not
suitable for an envisioned application. The low stability to sedi-
mentation of commercial DND powders after liquid dispersion
is a common problem (Figure 4). Besides, there is no univer-
sal material called ‘detonation nanodiamond.’ Materials from
every vendor are specific to the synthesis and post-synthesis
purification methods adapted by the vendor. Accordingly, the
modification strategy would be different for DND from differ-
ent vendors. For example, DND of wet synthesis purified from
soot at the vendor site (VNIITF, Snezinsk) using a mixture of
CrO3/H2SO4 was additionally purified with heat treatment in
air.112 This treatment followed by dispersion in water using a
high-powered sonicator and multi-step ultracentrifugation re-
sulted in stable hydrosols of DND fractions.112 DND from ‘dry’
synthesis purified from soot at the vendor site (FSPC “Altay”)
using a mixture of H2SO4/HNO3 was also subjected to heat
treatment in air, resulting in a high-purity product.103 However,
the water dispersion of the treated DND103 was unstable and
sedimented easily, thereby requiring an additional treatment in
HCl to improve its colloidal property.113 While both samples
contained abundant carboxylic groups after heat treatment in
air,103,112 dissimilarities in other types of surface groups might
explain the differences in colloidal stability of these two DND

FIG. 4. Photos of commercial DND (Ch-St) in DI water 10
hours after sonication (a) and same after purification and frac-
tionation, forming a stable colloidal suspension of DND with
20 nm average aggregate size (b). Note the high transparency of
the suspended sample (b) and amber-like color originating from
Raleigh scattering, which is stronger for shorter wavelengths of
visible light. Narrow-size distribution fraction of ND in DMSO
with average aggregate size 50 nm depleted of primary ND
particles (c) exhibits bright blue color due to uniformity of the
particles size distribution.

samples. As a means to improve quality of the DND prod-
uct, deep purification, fractionation, deaggregation, and surface
functionalization are discussed below.

3.3.1. Deep Purification
Back in the 1990s tons of DND were produced at the Federal

Science-Production Centre “Altay,” Biisk, Siberia, Russia;55,66

hundreds of kilograms of DND were produced at VNIITF cen-
ter, Snezinsk, Ural region, Russia,114 and at other centers in
Russia, Belorussia, and the Ukraine; these products are still
available in the DND market. At that time, achievement of
low ash content in DND was not a high priority. The incom-
bustible impurities content in DND produced at Altay and VNI-
ITF was 2.39wt.%115 and 1.4wt.%,112 correspondingly. The pu-
rity of commercial DND from a large manufacturer in Lanzhou,
China, Gansu Lingyun Nano-Material Co., Ltd., was reported
as 1.19wt%.115 Additional purification of these DNDs is re-
quired for modern applications, especially for biomedical use.
Table 1 illustrates that additional treatment with liquid oxidiz-
ers reduced the ash content in the sample (Ch-St DND) that
was produced at VNIITF.113 The sample was purified with HCl,
HCl/HNO3, HF/HCl, and H2O2-NaOH.116 The most efficient
purification in this series was achieved using treatment with HF
followed by HCl acids. While the initial Ch-St sample had a
very low colloidal stability (Figure 4, left), the colloidal sta-
bility of the samples after deep purification was significantly
improved, and the average aggregate size decreased by more
than twofold (Table 1). Table 1 also contains data on the aver-
age aggregate size of the DND purified from soot with ozone.
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TABLE 1
Comparison of incombustible impurities content and average
aggregate size for the same initial soot purified with either a

wet oxidizer or ozone (rows 1 and 2, correspondingly) as well
as for different additional purification treatments

of the Ch-St DND

Incombustible Size in
Impurities, H2O,

ND treatment wt.% nm

Soot purified with CrO3/H2SO4

(Ch-St ND)
1.5 300

Soot purified with O3 0.9 190
Ch-St purified with air 210
Ch-St purified with HCl 1.2 177
Ch-St purified with HCl/HNO3 0.9 175
Ch-St purified with HF/HCl 0.2 171
Ch-St purified with H2O2-NaOH 0.8 202

The average aggregate size is much less than for DND purified
with CrO3/H2SO4 (Ch-St) from the same batch of the soot. The
colloidal stability of the ozone-purified DND in water is very
high. For example, a suspension of 10% ozonated DND in water
was stable for 5 years. This illustrates the importance of using
ozone treatment of DND for both soot purification, and, possi-
bly, for additional deep purification of DND. Examples of the
lowest reported incombustible impurities content obtained on a
small scale using hot nitric acid for DND purification include
samples containing only 0.08wt.%115 and 0.07%92 of ash.

Heat treatment in air can be considered as an efficient means
for deep purification of DND from non-diamond carbon, as
demonstrated in a thorough study by Osswald et al.103 using the
XANES technique for identifying sp2 and sp3 carbon content.
Gordeev et al.117 heated DND in air at 440 to 600◦C and obtained
DND with a significantly improved stability for their disper-
sions in water. The effects on stability for DND with an average
primary particle size of 8 to 10 nm, heated in air at a tempera-
ture exceeding 557◦C, were studied by Xu et al.118 Shenderova
et al.112 carried out oxidation of commercial DND products (Ch-
St DND) with air at 400 to 450◦C and achieved high colloidal
stability for DND hydrosols. In an alternative approach of DND
purification with gases, a significant decrease in sp2 carbon con-
tent and a significant reduction in Al, Cr, Si, and Fe content was
achieved by applying Cl2 treatment at 850 degrees C.119

3.3.2. Fractionation
While the primary detonation ND particle size is 4 to 5 nm,

the primary particles form tightly and loosely bound aggregates.
The typical commercial polydispersed ND powder solutions that
are subjected to powerful ultrasound treatments routinely exhibit
200 to 400 nm average aggregate sizes, which are unbreakable
by the ultrasonic treatment (Figure 5 e–g). An alternative ap-

proach to effectively separate the particles and narrow the size
distribution is centrifugal fractionation.94,112,120,121 Importantly,
DND solutions must possess high colloidal stability for centrifu-
gal fractionation. It is difficult, if not impossible, to fractionate
an unstable suspension.

DND fractionation has several attractive aspects. First, it is
a contamination-free approach as compared, for example, with
bead milling, which introduces impurities from ceramic beads.
It is also convenient to be able to fractionate DND into differ-
ent, narrow distribution of sizes for different niche applications
(Figure 6). For example, only DND with aggregate sizes of more
than 100 nm can form photonic structures that diffract light in
the visible region.122 Finally, after deep purification or treatment
with ozone/air, the content of DND with small-sized aggregates
can be significantly increased and the production of suspensions
with small fractions of pure DND without added contaminents
becomes economically feasible. In fact, suspensions of 5wt%
of 25 nm size DND fraction in water have been produced us-
ing this method.94 Suspensions of DND with an average 15 nm
aggregate size in water can be obtained by centrifugation (Fig-
ure 4, right). The purity of small aggregates can be very high.
First, as it was discussed in the previous subsection, the content
of incombustible impurities even in the polycrystalline sample
after deep purification is very low. Second, the small aggre-
gates consisting of several primary DND often have both elon-
gated shapes (Figure 7) and atomically sharp grain boundaries
(Figure 5 c,d),123 preventing confinement of amorphous carbon
in the intergrain regions. It might be expected that content of
non-diamond carbon would be relatively low. Future charac-
terization of small fractions of DND is required to test these
parameters.

The content of individual primary DND particles within the
fractions with small average aggregate size is quite substantial
(Figure 7). It is expected that the content of surface groups on
these individual primary DND particles is more uniform than for
those obtained by bead milling when ‘fresh’ diamond surfaces
are being formed during disintegration of the agglomerates,
which can interact with surfactant and other molecules from the
liquid media.124,125 The development of methods of extraction
of the primary DND particles from DND suspension would
definitely advance DND applications.

The centrifugal fractionation approach has drawbacks that
mostly originate from the highly irregular shapes (spherical vs.
elongated chains) of the DND aggregates (Figures 5 and 7).
While the centrifugal force depends upon the particle shape, the
resulting separation is done based upon the combined size/shape
factor rather than solely on the size. Importantly, it was recently
shown that it is possible to extract 4nm primary DND particles
by ultracentrifugation.126

3.3.3. Deagglomeration
Deagglomeation if nanodiamond into their primary particle

size is an important goal for biomedical applications. Osawa
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28 A. M. SCHRAND ET AL.

FIG. 5. HRTEM images of primary DND particles (a,b), primary DND particles forming small agglomerates with atomically
sharp grain boundaries (c,d); medium-size agglomerates with high (e) and low (f) DND packing density and a large aggregate
with highly irregular shape (g). Images (a) and (e-g) are courtesy of Talmage Tyler, NCSU, ITC. Image (b) is courtesy of Bogdan
Palosz, IHPP, Warsaw, Poland. Image (c) is courtesy of Vladimir Kuznetsov, BIC, Novosibirsk. Image (d) has been adapted from
Iakoubovskii, et al.123 with permission.

FIG. 6. Detonation nanodiamond structural changes and proposed uses for controlled and sustained release of small molecules or
medicinal products during different stages of purification: (1) Nitric acid oxidation, (2) Bead milling, and (3) Removal of graphitic
surface layer. (Adapted with permission from Ōsawa.392 Also see Huang et al.80)
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FIG. 7. SEM image of the fraction of DND particles with av-
erage aggregate size 20 nm dispersed over a Si substrate. High-
lighted in yellow are selected primary particles, aggregates con-
sisting of one or two particles as well as elongated worm-like
DND aggregates.

and coworkers developed proprietary methods of mechanical
deagglomeration of DND dispersion in suspensions by stirred
media milling115 or bead-assisted sonic disintegration.127 Sus-
pensions of individual 4 to 5 nm DND particles containing a very
small fraction of ∼30 nm particles (less than 1vol.%) have been
produced.127 Since the small fraction of particles with coherent
scattering region of more than 5 nm in size was observed in the
X-ray diffraction studies,128 the fraction of ‘un-milled’ particles
can originate from these large monocrystalline particles. Be-
sides, the high cohesive energy between primary DND particles
at atomically sharp grain boundaries (Figure 5 c,d) produces
unbreakable bonds, that upon bead milling, lead to undesirable
side effects such as contamination with zirconia and generation
of graphitic layers on the particle surface.129 Attempts to purify
bead-milled DND with liquid oxidizers lead to aggregation of
the primary particles.129 While using NaOH solution in water
can be a way to purify the bead-milled material,130 purification
of the single-digit DND to a chemically acceptable level has
not been yet reported.129,130 Despite this, several kilograms of
this so called single-digit, bead-milled “Nanoamando” nanodi-
amond has become the most popular nanodiamond material for
biomedical research and has permitted the successful develop-
ment of applications thereof.129 Figure 6 illustrates DND struc-
tural changes during Osawa’s approach and proposed uses for
controlled and sustained release of small molecules or medicinal
products during different stages of purification.

Several other methods have been proposed for DND deag-
glomeration. Xu et al. developed a two-step deagglomeration
procedure that included graphitization of by-products of deto-
nation in N2 atmosphere at 1000◦C for 1 h followed by their
oxidation with air at 450◦C for several hours.131 The final pow-
dered product contained at least 50% DND with the particle size
of less than 50 nm. Krueger reported using DND reduced in bo-

rane (accompanied by ultrasonic treatment) resulting in signif-
icantly smaller sized aggregates.97 Treatment of DND powder
in atmospheric pressure plasma also reduced the average DND
aggregate size by ∼20%.132

A concern that requires thorough study is the possible re-
agglomeration of single-digit DND or small-sized fractions sub-
jected to further surface functionalization after purification or
drying for storage. Kruger et al. observed an increase in size
of DND agglomerates after silanization due to the condensa-
tion reaction between silanized particles.124 At the same time,
reduction reactions did not lead to further agglomeration.124

Typically, during drying of ND from water and other solvents,
ND aggregation is further increased, making ND functionaliza-
tion, which often involves drying of the ND from a solvent,
more difficult. Recently, a technique of ND fractionation has
been developed that allows for drying of the ND to a powder
form without concomitant agglomeration.133 In this case, the
size of the ND powder aggregate (20 to 30 nm) is preserved
after dissolving the fractionated powder in a variety of solvents,
facilitating ND functionalization and further processing. Puzyr
et al. developed a modification based upon sonication-assisted
treatment of NDs in a NaCl solution,134,135 which results in the
purification of the NDs and possibly the incorporation of Na+

ions into the ND surface. The attractive feature of the NaCl-
treatment method of ND modification134,135 is the possibility
of drying NDs from a hydrosol to a powder form with subse-
quent re-suspension without agglomeration. DND powder with
average aggregate size ∼40 nm after dispersion in water was
obtained through this method.

3.3.4. DND Surface Functionalization
Nanodiamonds are unique among the class of carbon

nanoparticles because of their intrinsic hydrophilic surface,
which is one of the many reasons that these nanocarbon par-
ticles are envisioned for biomolecular applications. The sur-
face of nanodiamond particles contains a complex array of sur-
face groups, including carboxylic acids, esters, ethers, lactones,
amines, etc. Alterations in detonation nanodiamond surface
groups can produce a high density of chemical functionalities,
as compared with nanoscale diamond powders, since almost
15% of all atoms in the DND primary particle are located on the
surface and therefore are solvent-accessible.

Nanodiamond surface groups have been altered using vari-
ous reaction chemistries. Radical based reactions were one of
the first chemistries to be investigated on diamond powder sam-
ples. In these reactions, the surface terminated hydrogen was
abstracted creating reactive radical species that bond to groups
such as carboxylic acids,136 NO2,137 benzoyl peroxide, and di-
carboxylic acids.138 Furthermore, modifications to DND sur-
faces have been made without wet chemical methods. Liu and
coworkers showed that fluorinated nanodiamond improves the
solubility of these particles for efficient chemical modification
into alkyl, amino, and amino acid groups.139 Earlier work on a
gas-phase treatment of DND particles with fluorine, chlorine,
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and hydrogen was done by Loktev et al.140 Spitsyn et al. per-
formed annealing of DND in a CCl4/Ar mixture and demon-
strated a decrease in the hydrophilicity by a factor of 20.119 The
authors also performed high temperature treatment of DND in
H2 and NH3. RF plasma was used for biofunctionalization with
amino silanes141 and an atmospheric, cold plasma source to
fluorinate ND within minutes.142

Kulakova et al.143,144 analyzed the modification of the nan-
odiamond surfaces in gaseous and liquid media and the influence
of modification on the sorption and catalytic properties of nan-
odiamonds, their compactibility, and sintering. A procedure for
the photochemical chlorination of DND by molecular chlorine
in the liquid phase was described by Lisichkin et al.143 The pos-
sibility of disintegrating the initial aggregates (<60 um) to finer
aggregates (<200 nm) was shown. The reactions of a series
of C-nucleophiles (organolithium reagents, CN− ion) with the
chlorinated surface were also carried out.

Because of the myriad chemical surface groups found on
DNDs, prior to chemical surface modifications, it is necessary
to reduce these groups in order to decrease the number of chem-
ical products formed and to increase the yield of product. To
achieve this goal, Krueger et al. have reduced DNDs with borane
to eliminate surface oxygen groups, such as carboxylic acids,
producing a product with increased OH surface groups.97,145 Us-
ing this product, it was then possible to attach alkyl silanes to the
DND surface. Starting with this alkyl silane, a small peptide, as
well as biotin were then synthesized onto the DND surface.97,145

Lithium aluminum hydride has also been used to reduce DND
surface groups prior to the formation of aminated DND. This
aminated DND was attached to both a dye and a biotin linker
using their succinimydl ester derivatives.146 In addition to these
biofunctional groups, nanodiamond hydrophilic and hydropho-
bic polymer brushes have been synthesized.147 Krueger et al.
modified the surface of hydroxylated DND with alkyl chains of
different length by an esterification reaction of carboxylic acid
chlorides with the surface hydroxyl groups.148 The resulting ma-

terials had a surface loading of 0.3 to 0.4 mmol/g and showed a
much better dispersibility in several organic solvents along with
a smaller particle size of the remaining agglomerates.

A recent review149 summarized the state of the art of chemi-
cal, photochemical, and electrochemical strategies for the graft-
ing of different organic functionalities on diamond surfaces.
Depending on the envisioned application, halogenated, ami-
nated, carboxylated and oxidized diamond surfaces have been
proposed. Chemical functionalization strategies have been used
on oxygen-terminated diamond, while other methods have been
developed for the formation of C–C, C–X, and C–N bonds on
hydrogen-terminated diamond.

Characterization of surface groups on nanodiamonds is usu-
ally achieved by FTIR and XPS. FTIR analysis is complicated
by the fact that ND surfaces strongly adsorb water causing
Lewis Acid/Lewis Base interactions149 and water’s stretching
and bending frequencies overlap other regions of interest, in-
cluding amine and amide groups. Therefore, it is necessary
to use temperature-programmed vacuum FTIR for DND sur-
face group characterization.146,150,151 X-ray photoelectron spec-
troscopy (XPS) can be used for the quantification of binding en-
ergies of nitrogen,146 fluorine,152 oxygen,153 and carbon atoms
on DND surfaces. Other methods for characterizing ND surface
groups are emerging, such as solution phase C13 NMR.154

3.3.5. DND Zeta Potential
The type of charge DND acquires in colloids becomes im-

portant in its sorption and electrophoretic applications. Remark-
ably, there are classes of commercial and modified DNDs with
highly positive and highly negative zeta potential values (Fig-
ure 8). Different groups, both acidic and basic, found on the
ND surface form during the chemical treatment of the nanoma-
terial. DNDs processed with soot oxidation using either singlet
oxygen (RUDDM) in NaOH, air treated in a presence of cata-
lyst (Kr series), ozone purified, or oxidized with a mixture of

FIG. 8. Zeta potential and average aggregate size for different types of commercial DND.
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H2SO4/HNO3 have negative zeta potentials (Figure 8). Addi-
tional oxidation of Ch-st sample (with zeta potential +17mV)
in air resulted in a material with high negative zeta potential,
-45mV.112 DND oxidized from soot with HNO3, CrO3/H2SO4,
NaOH/H2O2 have positive zeta potentials (Figure 8). DND sam-
ples after deep purification with HCl, HCl/HNO3, HF/HCl (Ta-
ble 1) exhibit high positive zeta potentials (∼ +40mV) (not
shown in Figure 8).

Thus, presently it might be suggested that some processes
of oxidation of soot or further oxidation of ND containing
non-diamond carbon such as the use of singlet oxygen in liq-
uid media, oxygen, or ozone106 in a gas phase result in rather
deep oxidation with predominant carboxylic acids groups on
the ND surface. When ND is dispersed in DI water, dissociated
acidic groups cause a negative charge on the ND surface.155

The amount of carboxylic acid species on the surface of de-
hydrated ND with negative and positive zeta potential is the
major difference observed in FTIR spectra for these groups of
nanodiamond.132

Revealing the origin of positive zeta potential of ND is more
complicated. Previously a positive charge on the ND surface
was attributed to protonation of amino groups in acidic media.
The spectra were taken in air, so the presence of adsorbed water
might obscure signatures from amines.156 However, FTIR spec-
tra taken in a vacuum cuvette revealed a negligible amount of
amino groups on the surface of Ch-series ND with a positive zeta
potential. For comparison, the FTIR spectra of aminated DND
taken in vacuum demonstrated a very pronounced peak at 3420
cm−1 related to amines.146 At the same time, the amount of al-
coholic groups that might also be responsible for a positive zeta
potential is also small. From numerous studies of the nature of
oxygen-containing groups on the surface of carbons,157,158 two
families of surface groups have been identified relative to their
acidic or basic character in aqueous solutions. Carboxyl groups,
lactones, phenol, and lactol groups contribute to the acidic
character of carbon materials. Several models of basic oxygen-
containing functionalities still being debated include chromene
structures, diketone or quinone groups, pyrone-like groups and
electrostatic interactions of protons with the π -electron system
of the graphene structures.157−159 Quantum chemical calcula-
tions on a large series of polycyclic pyrone-like model com-
pounds demonstrated high relevance of the model to carbon
basicity.158,160 Pyrone-like structures, are combinations of non-
neighboring carbonyl and ether oxygen atoms at the edges of a
graphene layer (Figure 9). Signatures for both ketone and ether
groups are present at FTIR spectra of ND. The underlying reason
for the basicity of pyrone-like structures is the stabilization of
the protonated form via the electronic π -conjugation through-
out the sp2 skeleton.160 In principle, this model, which attributes
the basicity of the carbon surface to pyrone-like structures, can
be adapted to nanodiamonds with positive zeta potential. It is
known, that the sp2-like carbon shell might be present at the
surface of ND, as well as buckyfication of (111) surfaces that
can take place on the surface of nanodiamond,102 providing a π -

FIG. 9. Illustration of acid and basic groups on the edge surface
of graphene. Pyrones surface groups can be responsible for the
positive zeta-potential of the DND possessing residual aromatic
rings at the surface. The inset illustrates a model of the basicity of
carbon surface attributed to pyrone-like structures. Both figures
were adapted with permission from Montes-Moran et al.160

conjugated system. HRTEM images (Figure 5) reveal the pres-
ence of sp2 carbon on the surface of some DND samples. The
presence of sp2- and sp3-type oxygen has also been observed
in FTIR spectra, making the presence of pyrone-like structures
plausible at the nanodiamond surface. Never the less, studies on
the surface modification of NDs, by chemical and mechanical
processing, in combination with FTIR measurements, may help
reveal the origin of positive or negative zeta potentials. Zhu et
al. found that the addition of DN-10 oligomer converted the zeta
potential from positive to negative.125Additional studies using
titration157 are required to reveal the nature of the positive zeta
potential for DND.

3.4. “Modern” Detonation Nanodiamond
DND specification has been significantly tightened lately due

to growth of interest in their use for new applications, specifi-
cally in the biomedical field. Figure 10 schematically illustrates
the most important structural aspects of modern DND and key
questions and goals that must be addressed before the ‘ideal’
DND will appear on the market. Major structural characteris-
tics that need to be carefully controlled are the size of DND
particles (both primary particles and their aggregates), their
‘external’ composition (surface groups), and ‘internal’ lattice
defects responsible for important physical properties such as
photoluminescence (Figure 10).

To date, suspensions of DND primary particles 4 to 5 nm in
size obtained by bead milling, as well as fractions of DND ag-
glomerates obtained by centrifugal fractionation, have been de-
veloped (Figure 11). Both approaches have positive and negative
facets in terms of purity of bead-milled DND and consistency of
DND aggregate shapes within fractions as was discussed in Sec-
tion 3.3.3. It was also demonstrated that full deagglomeration
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32 A. M. SCHRAND ET AL.

FIG. 10. Schematics of the most important structural aspects of modern DND and key questions and goals that need to be addressed
before ‘ideal’ DND will appear on the market.

of DND should not be an ultimate goal, since a wide variety of
applications require particle sizes much larger than the size of
the primary particles (Figure 11), such as use of DND for effi-
cient UV protection161 or formation of photonic structures.122

Logically, two methodologies should be advanced in parallel:
development of slurries of DND primary particles free from
contamination and attempts to obtain DND fractions with a nar-
rower size distribution. Importantly, the strategy of optimization
of DND deagglomeration shifted from the stage of modification
to DND synthesis and purification from the soot.

The key requirements for the chemical composition of the
modern DND are purity (absence of incombustible impurities

and non-diamond carbon) and uniformity of surface groups (Fig-
ure 10). It was demonstrated at the laboratory scale that incom-
bustible impurity content in DND can be extremely low, less
than 0.1wt% (Section 3.3.1). Previously, using X-ray diffrac-
tion and small angle X-ray scattering, it was postulated that a
DND cluster in detonation soot has a complex structure consist-
ing of a diamond core and a shell made up of sp2-coordinated
carbon atoms, implying that the content of non-diamond carbon
in DND is relatively high.162 At the same time, HRTEM images
demonstrate that DND particles can be purified to a level where
sp2 carbon on DND surface is visually absent (Figure 5 a,b);
this was also demonstrated by Iakubovslii et al.123 Very low sp2

FIG. 11. Schematics of the size ranges of DND primary particles and aggregates in relation to different possible areas of biomedical
and healthcare applications as well as current approaches for obtaining DND product within these size ranges.
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FIG. 12. Illustration of the 4.2 nm diamond particle with a
shape, close to spherical. Purple and green colored atoms cor-
respond to 2- and 3-coordinated carbon surface atoms, corre-
spondingly. 1-coordinated atoms had been removed from the
surface. Facets with low Miller indexes are denoted.

carbon content in DND heat treated in air was also demonstrated
by Osswald et al.103 These data imply that the high purity DND
can be available in the nanodiamond market.

Inhomogeneity of pristine DND surface groups hampers
control of the surface functionalization including modification
with biologically active moieties.145 However, the question of
whether homogeneity of DND surface functional groups can be
achieved might have a negative answer. A nanodiamond par-
ticle of 4 to 5 nm in size with a shape, approximating that
of sphere has multiple low-index facets, such as (001), (011),
and (111) types, exposed at its surface (Figure 12). Surface
energies of these facets are very different, involving possible
surface reconstructions for (111) and (001) surfaces. Binding
energies with different surface groups can be rather different
as well.163 For example, as reported by Kern et al.,164 the hy-
drogen adsorption energy (difference between the hydrogenated
surface and the stable clean surface) differs by 0.4 eV for C(111)
and C(100) diamond surfaces. It might be possible that binding
of different surface groups will be energetically preferable for
different DND facets. This question requires further atomistic
simulation work. Moreover, as pointed out by Chiganova,155

the hydrophilic-hydrophobic mosaic structure of the surface of
DND particles has a strong influence on the aggregation behav-
ior of the low-concentration DND aqueous dispersions. Zeta po-
tential of DND suspensions is another characteristic defined by
DND surface composition. Modern commercial DND may have
positive or negative charge in solvents (Section 3.3.5), which fa-
cilitates applications where the type of the charge is important.

Finally, the internal structure of the DND core and the de-
velopment of methods for its control also must be addressed
(Figure 10). An important aspect of DND bio-related applica-
tions is a question of DNDs strong internal photoluminescence,
originating particularly from lattice structural defects. It is im-
portant to have a well pronounced unambiguous zero phonon
line (ZPL) signal in the spectra rather then than just a broad PL
emission peak. While a well pronounced ZPL has been observed
from N-V centers created by proton irradiation and annealing of
HPHT diamond nanoparticles 25 nm in size,75−77 after similar
treatment of DND powder only a broad structureless emission
peak was observed.165 Although it was demonstrated that the
content of nitrogen in a DND core is high,166 nitrogen states
in the DND core are far from understood. So far, the ZPL in
the photoluminescent spectra of 4 to 5 nm DND has not been
observed, to the best of our knowledge, and the development of
bright, intrinsically photoluminescent DND remains an impor-
tant target.

4. BIOMEDICAL PROPERTIES OF ND
The benefits of using nanodiamonds in biomedical applica-

tions, including purification, sensing, imaging, and drug deliv-
ery, are based upon their desirable chemical, biological, and
physical (optical, mechanical, electrical, thermal) properties
(Table 2). As discussed in Sections 2.3 and 3.1, NDs can be
synthesized at low cost (i.e., detonation synthesis) and in large
quantities, while their55,167 particle and film forms have exhib-
ited high biocompatibility and low toxicity. Although nanodia-
monds have recently become commercially available (Alit, Di-
amond Center, Sinta, Real Dzerzinsk, ITC, Nanoblox, Aldrich,
and others), there remains a large variety of size distributions
and purities with variable uniformity. For example, the small
size of primary monocrystalline ND particles (∼4 to 5 nm) can
be useful for interactions at the same size-scale as biomolecules.
Because the primary core of detonation NDs is sp3 hybridized
carbon, sharing the carbon-based composition with many bio-
components, they are stable and present a biocompatible inter-
face with no generation of reactive oxygen species (ROS).168

Indeed, ND particles are efficiently internalized at a variety of
concentrations by individual cells and through animal systems.

The hope for NDs as biomedical probes is that they can
provide maximum therapeutic benefits while avoiding damage
to healthy cells or tissues. In medicinal preparations used for
oncology, gastroenterology, or dermatology (burns, skin dis-
eases), NDs can be used as additives to intensify the action of
other components. Purified NDs have already been shown to
normalize blood pressure, detoxify the gastrointestinal system,
and remedy cancerous conditions.169 The significant amount of
unpaired electrons on the surface of NDs makes each particle
a powerful multi-charged radical donor, able to scavenge free
radicals, which accompany many serious illnesses.169 Another
property of NDs that promotes beneficial effects is its large
specific surface area (300 to 400 m2/g) and high affinity for
adsorbing proteins, enzymes, and other biological molecules.
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TABLE 2
Physicochemical properties of NDs for biomedical applications

Property Characteristics Application

Structural Small size of primary monocrystalline particles
(∼4–5 nm)

Unique interactions with bio-compounds on same
size-scale

Availability of variable sizes and narrow size
fractions

Diverse applications based on size (UV protection,
photonic structures)

Different forms (i.e., particulate, coating/film,
substrate)

Tailorability for different bio environments

Large specific surface area (300–400 m2/g) High affinity/adsorption capacity for binding
proteins, enzymes; enterosorbents, purification

Low porosity/permeability of films Component of small pore membranes for
ultrafiltration or non-porous membrane for
extended time storage

High specific gravity (3.5 g/cm2) Dense structure for solid phase support
Chemical Chemically resistant to degradation/corrosion, pH

stability
Implants, coatings, films, substrates for cell growth

High chemical purity Biocompatible interface
Possible sp2 carbon shells Adsorption of hydrophobic biomolecules; EM

radiation absorption for thermal therapy
Numerous oxygen containing groups on surface Hydrophilic, water-dispersible suspensions for

further coupling to bio entities/into other matrices
Ease of surface functionalization (chemical,

photochemical, mechanochemical, enzymatic,
plasma- and laser assisted methods)

Attachment of drugs and biomolecules; polymer,
metal composite materials

Radiation/Ozone resistance X-ray, protective coatings and surfaces, detection
devices

Large number of unpaired electrons on the surface Free radical scavenger/multiple radical donor;
electrochemistry

Biological High biocompatibility, low toxicity Cell, tissue, organ, and organism studies
Readily bind bio-active substances (i.e., proteins,

DNA, etc.) with retained functionality
Targeted therapeutics/ molecules, labels, hormones,

inhibitors, antigens, drugs
Solid phase carrier Multiple cell delivery methods including ballistic,

transfection
Optical Photoluminescence: non-photobleaching,

nonblinking, originates from N-vacancy defects
Fluorescent probe and imaging tool for biolabeling

High refractive index, optical transparency Scattering optical label for live cells, possible UV
sunscreen

Unique Raman spectral signal Non-destructive detection with living cells
Mechanical High strength and hardness Composite additive; possible cell lysis; ballistic

delivery to tissues and cells; autoclaving
Fine abrasive Homogenization of composites/cosmetics, skin

polishing
Electro-chemical Electrochemical plating with metals Improves durability, life of medical

instruments/implants
Redox behavior of DND Chem/biosensors; potential production of ROS

Thermal Can withstand very high/low temperatures Sterilization (i.e., autoclave), composite
manufacturing, liquid nitrogen storage

Technical Inexpensive, mass production (i.e., detonation
synthesis)

Commercial availability

Exist naturally in meteorites and laboratory
synthesized by diverse techniques

Availability of various quality/purity samples
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For example, the extremely large surface area of NDs has a
high propensity for binding pathogenic viruses and bacteria,
absorbing, removing, or destroying them.86,169 As super-active
sorbents, NDs can also be used to purify solutions of proteins
or act as an enterosorbent in the body.

Although the surface of bulk diamond has been considered to
be chemically inert, NDs contain numerous oxygen-containing
surface functional groups (i.e., -COOH, -OH) that are intro-
duced during purification and modification stages. For example,
acid treatment yields high purity samples through the removal
of sp2 carbon atoms and metallic residues while introducing
hydrophilicity for aqueous dispersibility. Facile surface func-
tionalization has been accomplished by chemical, photochem-
ical, mechanochemical, enzymatic, plasma and laser assisted
methods. The use of strong chemical treatments or extreme
temperatures (i.e., autoclaving for sterilization or liquid nitro-
gen for storage) render the NDs suitable for medical use without
degrading the crystalline structure (sp3 bonding) of the all car-
bon, chemically inert core.

Due to multiple methods of surface functionalization, NDs
can be readily incorporated into other matrices useful for bind-
ing biological entities such as proteins, enzymes, hormones,
antigens, DNA, or drugs via both electrostatic and covalent in-
teractions, see recent reviews.51,53,170 The complexity of the
ND aggregates as delivery systems is continuing to evolve with
the goal of controllable release of immobilized substances,

which may occur by specialized enzymes such as lipases,
esterases, and proteases. Of critical importance to this mech-
anism of action, is the retained conformation and function-
ality of the bound biomolecule and tailorability of the deliv-
ery method for targeted therapeutics. As solid phase carriers,
NDs can be distributed by multiple methods, including ballistic
delivery.85

The optical properties of NDs are exceptional due to their
transparency in the visible wavelength range, which is greater
than glass, and high index of refraction. These characteristics al-
low both in vitro and in vivo imaging and detection with or with-
out surface functionalization by multiple methods. As shown in
Figure 13, the labeling of cells in culture with NDs can produce
intense scattering after illumination with ultrahigh resolution
light microscopy.171 As fluorescent labels, NDs display stable,
non-photobleaching, bright internal fluorescence from nitrogen
vacancy defects within the crystal lattice.74,75,172,173 The unique
Raman spectral signal for NDs allows non-destructive detec-
tion with living cells.174,175 All of these labeling schemes have
shown good biocompatibility with live cells, which is in con-
trast to other nanoparticle-based imaging labels such as quan-
tum dots that can release toxic substances over time.172 Of
particular interest is the emission in the red region (700 to
900 nm), which may prove useful for in vivo imaging, while
green emission is also possible with type 1a diamonds con-
taining H3 defects.176,177 Furthermore, the non-blinking and

FIG. 13. Ultrahigh resolution light microscopy of neuroblastoma (N2A) cells. (A,C) Control cells and (B,D) Cell incubated with
NDs demonstrating the intense light scattering capability. Images were taken with a 60x lens on a phase contrast microscope
equipped with the Cytoviva system. Figures used from Schrand.193
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non-photobleaching characteristics of photoluminescent nan-
odiamonds are unique among nanoparticles and dyes.

In more traditional materials-related biomedical appli-
cations, NDs can be incorporated either into or onto other
materials to enhance their properties. For example, ND films
improve the wear resistance of metallic implant coatings
or medical instruments due to their controllable roughness,
high micro-hardness (3000 to 3500 kg/mm2), low coefficient
of friction, lubricating quality, and fatigue durability.40 ND
particles can also be used in the electrochemical plating of
metals, enhancing mechanical properties of the metal coatings
on medical instruments. The compatibility of ND coatings with
bio-fluids while resisting bacterial colonization has possible
benefits in circulatory usage in small devices such as MEMS.19

In polymer matrix composites, NDs can increase the dispersion
of other additives while improving polymer strength, hardness,
and radiation/ozone resistance. As a fine abrasive, NDs can
be used on both hard and soft surfaces for polishing purposes
(i.e., ceramics or skin). The low porosity and low permeability
of compacted NDs could be used in developing biofiltration
and separation devices composed of small pore membranes
for ultrafiltration or non-porous membranes for extended time
storage under very high or low temperatures. As experiments
with NDs continue, it is anticipated that more uses based on
their attractive biomedical properties will be discovered.

5. ND OPTICAL LABELS AND THEIR APPLICATIONS
The photoluminescent (PL) properties of nanodiamonds

are outstanding; they have high quantum yields, little photo-
bleaching, no blinking characteristics, and long luminescence
lifetimes as compared with small-molecule dyes. When these
PL properties are coupled with ND’s noncytoxic effects and
stability (in terms of biological, physical, and chemical),
it is certain that NDs will be exploited for applications in
biotechnology and medicine.

5.1. Innate PL of NDs
Diamonds possess over 500 different color centers origi-

nating from impurity atoms,178,179 including nitrogen vacancy
centers in the crystal lattice.180 Diamond particles of differ-
ent origins have been compared based upon their luminescence
spectra and it was concluded that natural diamond shows the
most pronounced luminescence characteristic peaks (from 400
nm to 500 nm using a 337 nm laser source) as compared with
the broad bands seen for synthetic and ultradispersed diamond
materials.181 DND particles have an optical absorption value
of 236.4 nm, close to that for natural diamond, which occurs
by radiative recombination at the nucleus of the DND diamond
cluster. Their characteristic broad-band luminescence (350 to
380 nm) may be due to nitrogen defects from the nitrogen con-
taining explosives.182 Furthermore, the luminescence bands be-
come somewhat sharper when the DND powder is cooled from
300 K to 100 K. Additionally, surface modification does not
affect the photoluminescence spectrum. Natural diamond has

distinct peaks at 365 nm and 370 nm; however, related broad
bands may be present in the luminescence spectra of DND.181 It
was suggested that the intrinsic structural defects of single crys-
tal diamond are responsible for the broad band PL;181 however,
other interpretations of the featureless PL spectra have been
made, including the effect of structural disorder in carbon sur-
face groups that cause radiative recombination resulting from a
range of band gap energy levels.153

The photoluminescence spectra measured using a pulsed UV
laser showed that the relaxation times are different for natural
diamond, as well as for DND films and powders in the near-UV
to blue spectral region.183 Ultrafast optical emission measure-
ments of nanodiamond showed processes with decay times of
60 and 350 ps, which were attributed to the large number of
defect states found in the large surface-to-volume ratio of di-
amond crystallite aggregates.184 The irreversible conversion of
nitrogen vacancy color centers (NV−) to the neutral state (NV0)
has been observed using femtosecond pulsed illumination, in
addition to two unstable color centers.185

Both HPHT and detonation nanodiamonds exhibit innate PL.
Excitation of nanodiamonds by photons may be caused from a
single photon-excited PL, multiphoton PL, or PL from emission
of carbon plasma induced by laser vaporization of the sp3 car-
bons to graphitic sp2 carbon forms.186 Synthetic HPHT nanodia-
monds exhibit PL intensities that can be detected using confocal
microscopy or flow cytometry without requiring high-energy-
treatment.187,188 There also appears to be a size-dependence of
the PL spectra of nanodiamond particles, suggesting different
kinds of defects/impurities predominantly sustain the lumines-
cence from nanodiamonds of different sizes.189

5.2. Enhanced PL of NDs
The nanodiamond PL contrast enhancement has been exten-

sively studied using high-energy irradiation by electron, proton,
and helium ions and can be detected with standard microcopy
methods. In 1997, Wrachtrup and coworkers irradiated synthetic
type Ib nanodiamond powder with a high energy (∼2 MeV) elec-
tron beam and then annealed the powder to form NV− centers.180

None of the vacancy centers showed either photobleaching or
fluorescence spectral changes, as observed by scanning confo-
cal microscopy,180 thus long-term imaging was possible. More
recently, studies with continuous-wave laser excitation at 514.4
nm also showed photostable emission from a zero-phonon line
at 575 nm, after electron beam irradiation, and it was inferred
that the PL originates from a neutral NV0 defect center.172 Elec-
tron beam irradiation for this type of nanodiamond appears to
be noncytoxic to human HeLa cells,96 thus promoting their in
vivo applications, such as imaging.

When synthetic type Ia ND powder is irradiated with pro-
tons and annealed, similarly red fluorescent particles are ob-
served. A 3 MeV proton beam source with a flux of ∼1014

ions/cm2 produces a zero phonon line at 638 nm with an inten-
sity that increases by two orders of magnitude, as compared with
the untreated, annealed nanodiamond (Figure 14). Similar to
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FIG. 14. Synthetic type Ib nanodiamond can be made highly
fluorescent by irradiating the particles with high energy proton
beams. Bright field (a) and epifluorescence (b) images of cells
after uptake of fluorescent NDs. PL spectra taken under illu-
mination with 510 to 560 nm and captured using a long-pass
filter (580 nm) (c). Irradiated nanodiamonds (red) show greater
photostability compared to fluorescent polystyrene nanospheres
(blue) under the same conditions (d). (Reprinted from Yu et al.75

with permission.)

electron-beam irradiation, no photobleaching is observed after
8 hours of continuous excitation with a mercury lamp. These
fluorescent nanodiamonds appear to be noncytotoxic to human
kidney cells75 as well. Further investigation of the particles
showed two ZPLs (576 nm for the NV0 defect and 638 nm
to the triplet transition of the NV− center) and no fluorescence
blinking within 1 ms (Figure 14). It was also found that the pho-
tostability of the particles is size-dependent for 35 nm and 100
nm particles. The fluorescence lifetime of 17 ns is significantly
longer than for dye molecules.76

It is possible to evaluate the photophysical characteristics of
irradiated nanodiamonds and to compare the effects of electron
and proton irradiation on nitrogen vacancy centers using an opti-
cal set-up that allows for the collection of two-photon absorption
and emission spectra. Because the number of defect centers is
expected to be 10 for a 10 nm particle, nanodiamonds should
exhibit similar brightness as compared to quantum dots. In fact,
it was measured that proton irradiation and annealing has an
enhancement factor of over four orders of magnitude compared
with untreated nanodiamonds, producing up to 100 photostable
N-V− centers for a particle size of 35 nm. The authors suggest
that specialized van der Graaff accelerators having a 3 MeV
electron source are not required, and therefore the mass produc-
tion of PL nanodiamonds is feasible. The number of vacancy
centers produced by proton irradiation is 100 times greater than

FIG. 15. Fluorescence spectra of the synthetic type Ib nanodi-
amonds irradiated with helium ions at a dose ∼1 × 1013 ions
cm−2 (blue) and protons at a dose ∼1 × 1016 H+ cm−2 (red).
Spectral features of PL ND obtained under these two drastically
different bombardment conditions are essentially the same, ex-
cept relatively small (∼30%) difference in intensity. (Reprinted
from Chang et al.167 with permission.)

that for electron irradiation, however the penetration depth is
significantly diminished with heavier protons. In contrast to the
one photon emission spectra, two photon emission spectrums
show larger ZPL peak intensities attributed to NV0 defects.190

Two photon fluorescence imaging was shown to be practical
for imaging PL NDs in live cells due to an increased emission
signal by eliminating autofluorescence and background-light-
scattering effects of the particle. Furthermore, it was also shown
that irradiation of nanodiamonds using He+ ions can effectively
increase nitrogen vacancy centers to enhance photolumines-
cence of the particles (Figure 15). The photoemission spectra
and non-photobleaching characteristics for particles treated with
He+ and H+ ions were similar (Figure 15). Particles as small as
35 nm were imaged inside mammalian cells using photolumi-
nescent NDs, which were separated by centrifugal fractionation
after irradiation. Importantly, employing helium irradiation of
synthetic diamond nanocrystallites, bright fluorescent nanodia-
monds can be produced in large quantities.167

Besides nitrogen vacancy centers, the development of other
defect centers would broaden the utility of diamond particles
with varied PL colors and lifetimes. It has been shown that
different color centers can be created by irradiating diamond
with different types of ion beams. With the control of dose and
location of ions, nitrogen vacancy centers were “written” on
type Ib diamonds with a spatial resolution below 180 nm using
a focused gallium ion beam.191 In a similar manner, Si ions
were implanted in type IIa diamond, which produced a sharp
ZPL at 738 nm with a short lifetime of < 4 ns.192 In a different
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study, applying proton irradiation to a PDMS polymer (with
-Si-O- backbone) containing embedded DNDs, a strong dose-
dependent photoluminescence was observed. It was suggested
that this photoluminescence may be attributed to the defects
formed at the interface of DND/siloxane matrix.165

5.3. Fluorescently Labeled NDs
The development of nanodiamond optical labels has tremen-

dous potential in many areas of biomedicine and biotechnol-
ogy, and it is for this reason that additional fluorescent labeling
methods are being explored. One of these methods is labeling
nanodiamonds directly with fluorophore tags. In this way, it is
possible to fabricate the desired spectral property by choosing
an appropriate dye molecule. It was demonstrated by Huang and
coworkers that Alexa Fluor dye could be conjugated directly to
poly-L-lysine, which was physisorbed onto nanodiamonds.82 In
this way, chemical functionalization of nanodiamonds allows for
high loading efficiency of dyes to the surface of the particle. This
experimental method was used for the localization of nanodia-
mond using biolistic delivery methods.85 In another study, it was
shown that dyes can be directly conjugated with an amide bond
using aminated nanodiamond and the NHS ester of TAMRA.146

The TAMRA-ND conjugate was useful for fluorescent cellular
tracing of nanodiamonds in cytotoxicity studies; the conjugate
was chemically stable, being viewed over a 24-hour period, and
was noncytotoxic while the particle localized in the cytoplasm
after being transiently located in the lysosome region—it did
not penetrate the cell nucleus.193,194 For a larger scale reac-
tion, FITC may be conjugated to ND using the acid chloride
derivative of ND, see Figure 16.195 Interestingly, it was recently
reported that the chemical modification of DND surfaces with
octadecylamine resulted in a highly fluorescent material.113

5.4. Nonfluorescent Optical Labels
Unlike other labels, such as gold or silver plasmon resonant

scattering particles or luminescent optical labels (such as
quantum dots), nanodiamonds are noncytotoxic, immune
to their environment, have a large separation between the
excitation and emission bands, and are photostable.46,171,196

In addition to PL detection, NDs are good scattering optical
labels. Because of their high index of refraction, a 55 nm
diamond particle will appear 300 times brighter than a cellular
organelle of the same size.196 Using up to 1,000 nanodiamond
particles loaded per cell, it was possible to exploit the Raleigh
scattering property of NDs to visualize the particles by contrast
enhancement microscopy, which is useful for larger (∼40 nm)
particles,197 see (Figure 17). The optical detection by scattering
and photoluminescence of NDs, for which these images showed
almost complete overlay, were both exploited to visualize the
uptake of NDs into human cells.96

Raman spectroscopy in the 1332 cm−1 absorption region
has also been used to trace these nanoparticles within cells.
The Raman signal was mapped and showed that lysozyme-
attached nanodiamond penetrated E. coli cells, unlike un-

FIG. 16. Photograph of vials containing colloidal suspensions
of ND and ND-dye conjugates, whereby the FITC and TAMRA
are chemically attached to the surface of the nanoparticle. The
advantage of ND-dye conjugates is their intense, tunable pho-
toluminescence properties. Notice that the photoluminescence
color of TAMRA bound and unbound is unchanged.

coated nanodiamonds.175 In addition, the conjugation of small
molecules to the ND surface does not disturb the Raman map-
ping of the particles inside cells, see Figure 18. Raman mea-
surement is advantageous because it does not require physical
or chemical treatment of nanodiamonds. Thus, the in vivo effects
of the nanodiamond particle itself, as compared with ND treated
with high energy irradiation, may be determined.174,175,198

6. BIOANALYTICAL APPLICATIONS
Recent advances in the chemical manipulation of nanodi-

amonds have shown the practicality and uniqueness of NDs
as compared with other well studied nanoparticles. For exam-
ple, NDs are chemically and physically stable, but their sur-
face can be chemically modified. ND optical properties in-
clude transparency in the visible wavelength range and have
photoluminescence with nonblinking and no photobleaching
properties. NDs can now be fractionated into stable colloidal so-
lutions of narrow sizes, while the smallest primary DND particle
of 5 nm has recently been made available.129 Although the use of
NDs in biotechnology is in its infancy, recent ND studies high-
light the utility of these particles for bioanalytical applications.

6.1. ND Binding Capability
6.1.1. Nonspecific

There are many reported biotechnical uses of nanodiamonds.
Early research shows that DND nanoparticles are capable of
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FIG. 17. Nanodiamonds may be visualized by differential inter-
ference contrast microscopy due to their high refractive index
that causes strong elastic scattering, as seen using live 293T
cells that were transfected with nanodiamonds using liposomes.
(Reprinted from Smith et al.197 with permission.)

adsorbing recombinant apoobelin and luciferase proteins.81 It
was suggested that the use of chromatographic methods for iso-
lating proteins could be side-stepped in favor of the more rapid
physisorption-based collection of proteins. For this application,
the thermodynamics of lysozyme binding was compared for
DND and nanosilica using Langmuir isotherms. DNDs have
a binding capacity that is ten times greater as compared to
nanosilica, which may be due to the five times greater sur-
face area of porous nanodiamond aggregates.199 In addition
to the physisorption of proteins, DNDs can be used to adsorb
small molecules and may replace traditional alumina silicate
enterosorbants for the removal of aflotoxin during the feeding
of corn to livestock.86,87

6.1.2. Specific
A more complex preparation of the ND surface has been ac-

complished through a combination of physisorption and chemi-
cal conjugation. For example, positively charged poly-L-lysine
was physisorbed onto the negatively charged nanodiamond
surface.82 Then the amines from poly-L-lysine were used for
subsequent reactions with succinimidyl conjugate dyes and
proteins, resulting in novel probes for cellular targeting see
(Figure 19). Free sulfhydryl groups on cytochrome c were
also chemically linked to the sulfhydryl group of one end of
a heterobifunctional linker, while the opposite end containing
a free succinimidyl group was bound to the amine of poly-L-
lysine.82 In this study, UV-VIS, FTIR, and IR spectroscopy
were used to characterize protein binding. It was estimated

FIG. 18. Confocal Raman mapping in the z-direction for a A549
cell using 1320 to 1340 cm−1 and 1432 to 1472 cm−1 sig-
nal collected for the nanodiamond and cell, correspondingly.
(Reprinted from Cheng et al.174 with permission.)

that a spherical 5 nm DND may carry up to two molecules of
cytochrome c.82

Methods for directly attaching small molecules and
biomolecules onto diamond films are now being translated for
the functionalization of DND nanoparticle surfaces. One of the
first reports of direct ND surface conjugation was the synthesis
of a peptide-ND conjugate.145 Chemical attachment to ND sur-
faces affords greater robustness of the biomolecular tag, since
it does not rely on electrostatic binding145 (see Figure 20). It is
also possible to attach streptavidin protein onto the DND surface
using chemically modified, biotinylated DNDs.96,97,146 Thus, by
chemically attaching a protein-specific probe on the DND sur-
face, protein-specific selection can be made. In this way, it is
possible to select a protein or other biomolecular target of in-
terest from a biological matrix. Furthermore, the collection of
the biomolecule can be completed using electrophoresis. In this
way, it is possible to analytically quantitate the amount of protein
in a biological sample. This method of collection and capture
was demonstrated using the biotinylated nanodiamond conju-
gate probe (ND-biotin) that was used to bind streptavidin from
solution and was subsequently collected by electrophoresis,146

see Figure 21. For this method of collection (see Figure 22),
it is important to use ND probes that form stable colloidal
solutions.146 NDs can also be linked to form ND-DNA probes
for the collection of the complementary DNA target195 (see
Figure 23), which may be used in the future to construct ND-
based DNA microarrays (see Section 9).

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
2
1
 
1
8
 
O
c
t
o
b
e
r
 
2
0
1
0
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FIG. 19. A schematic representation for the combination of indirect-direct conjugation of a dye and protein to ND surface. Poly-
L-lysine is physisorbed onto the ND surface by charge-charge interactions, thus providing amine surface groups on the ND for
conjugation to either a NHS-dye or -protein conjugate. (Reprinted from Huang et al.82 with permission.)

6.1.3. Analytical Methods
Advances in biotechnology research are being made using the

unique properties of DNDs as analytical substrates. One well
studied area is protein identification by matrix assisted time
of flight mass spectrometry (MALDI-TOF-MS), whereby NDs
are used as substrates for simply concentrating biomolecules by
physisorption. The detection limit of proteins was improved by
two orders of magnitude.83 For poly-L-lysine coated DNDs, it
is also possible to collect and separate DNA oligonucleotides
from proteins.84 In addition, enzymatic digestion has been used
for the DNA attached to the ND surface. In 2008, Yeap et al.
chemically functionalized ND with a small molecule through a

silane linker to specifically bind glycoproteins for separation in
a protein matrix and identified the attachment of glycoproteins
to the ND by the same MALDI-TOF-MS method.200 NDs are
well suited for biological samples due to their high collection
affinity of biomolecules, hydrophilicity, and high surface area
to volume ratio. Also NDs are compatible with the MALDI
matrix, allowing facile blending, and are optically transparent
to the ionizing laser source because of their UV transparency
and nanometer size, which results in less interference compared
with microbeads.83,84,200 These MALDI-TOF-MS studies pave
the way for future proteomic and genetic assay development us-
ing DNDs. Using a different analytical method, but exploiting

FIG. 20. Schematics for the direct reaction of reduced nanodiamond particles that are functionalized with silanes for modification
of a ND-polypeptide and ND-biotin conjugate. (Reprinted from Krueger53 with permission.)
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FIG. 21. A schematic representation of aminated ND surface coupled with the conjugates of TAMRA-NHS dye and biotin-NHS,
making a visible nanodiamond protein-probe complex. By fluorescence microscopy (1,000x magnification), the red fluorescence
emission of TAMRA localizes ND particles (top), while the green fluorescence emission of FITC identifies ND-bound streptavidin
(bottom). (Adapted from Hens et al.146)

the high binding capacity of DNDs for proteins, high pressure
liquid chromatography (HPLC) was capable of separating lu-
ciferase protein from other contaminants based upon the specific
adsorption affinity of this protein to the DND matrix.201 This
biotechnological advance was based upon early studies of the
binding of this protein to DNDs.81 HPLC using sintered nan-
odiamonds was also recently shown to be capable of separating
small molecules.202

6.1.4. Biochips
ND particles seem an obvious choice as a materials platform

due to their high biocompatibility and affinity for both small and
large molecules. This is no surprise, considering the success of
diamond films203 as biocompatible materials63 in electrochemi-
cal sensors204 and biochips.62 Further, a recent study shows that
diamond powders, grown by two different CVD methods and
detonation nanodiamond, deposited on substrates affect cells on
the molecular level in terms of gene expression through stress

(oxidative, cellular, genotoxic) inhibition leading to anticarcino-
genic and antioxidant activities.205 Along these lines, ND-based
biochips may be fabricated in a number of ways, for example,
by using electrophoresis, by seeding NDs, or through direct
covalent attachment. In 2004, Puzyr et al. demonstrated that
luminescent ND biochips could be fabricated using bacterial
luciferase protein.206 More recently, UNCD films were found to
be more biocompatible than platinum or silicon films, allowing
for greater adhesion, proliferation, and growth, using differ-
ent cell lines, including human cells.62 Additionally, surface
properties such as hydrophobicity or hydrophilicity, crystal
structural peculiarities, roughness, and the ability of proteins
to tightly bind NCD substrates by mere physisorption appear
to influence cell growth as well.207,208 For example, human os-
teoblast cells (SAOS-2) cultured on O-terminated NCD films
displayed increased metabolic activity as a function of surface
roughness.208 Therefore, tailoring the surface properties of NCD
films is expected to provide a greater level of sophistication for
devices, 3-D tissue scaffolds, diagnostic tools, and therapeutics.
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FIG. 22. A schematic representation for the ND capture-probe process. After the addition of reagents (Step 1) the solution is
mixed (Step 2) to capture targets onto the nanodiamond-probe complex. The solution may be mixed in a remote fashion by using a
visible light source for a closed system such as a microfluidic platform. Next, the targets are collected by electrophoresis (Step 3)
on a conductive surface from which the capture efficiency of targets can be identified by fluorescence emission (Step 4). (Adapted
from Hens et al.146)

6.2. Cellular Applications
The uptake and effects of NDs on cells has been investigated

for biotechnological applications, such as the delivery of ph-
ysisorbed DNA vectors for transformation experiments. It has
shown that DNDs can be traced within cells for bare DNDs,197

TAMRA fluorophore conjugated DNDs,193,194 as well as with
enhanced photoluminescent DNDs76 (see Section 5). The biolis-
tic delivery method was successful for forcibly delivering ph-
ysisorbed DNA plasmid vectors and small molecules attached
to DND particles into cells. In this study, it was possible to
transfect E. coli and yeast cells for cellular expression analy-
sis with DNA-coated Poly-L-lysine DNDs. In addition, small
molecules coated onto DNDs were capable of controlling fruit
ripening, while the particles were traced using Alexa Fluor 488
dye coated DNDs.85

6.3. Manipulation of ND
6.3.1. Electrodeposition of ND

Two electrically induced phenomena can be used to manip-
ulate dielectric and/or charged nanoparticles in suspension: di-

electrophoresis and electrophoresis.209,210 In dielectrophoresis,
a dielectric particle is suspended in a spatially nonuniform elec-
tric field; the applied field induces a dipole in the particle. Due
to the presence of a field gradient, electric forces acting on the
charges induced on each side of the dipole are not equal, result-
ing in a net force and particle movement. The dielectrophoretic
particle movement depends on a particle volume, relative com-
plex permittivities of the media and a particle, electric field
gradient and angular frequency of the applied electric field.
Overall particle charge does not affect its dielectrophoretic
mobility.

On the other hand, in electrophoresis, electrically charged
particles in suspension move in an applied electric field. The
electrophoretic mobility is directly proportional to the mag-
nitude of the charge on the particle, and is inversely propor-
tional to the size of the particle. In practice, quite often both
phenomena, electrophoresis and dielectrophoresis, take place
simultaneously. Electromanipulation of nanoparticles plays an
important role in the concentration of colloids from solution,
nanoparticle separation, transport, and formation of coatings

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
2
1
 
1
8
 
O
c
t
o
b
e
r
 
2
0
1
0



NANODIAMOND PARTICLES: PROPERTIES AND BIOAPPLICATIONS 43

FIG. 23. Schematic for the reactivity of carboxylated nanodiamond with an aminated DNA oligomer strand using the coupling
reagent EDC. Once the conjugate ND-ssDNA probe is constructed, hybridization to its complementary DNA strand may be
detected through the binding of streptavidin to the biotinylated DNA target moiety (photo taken with fluorescence microscope at
1000× magnification).

on a substrate, including the formation of micropatterns in
biosensors.209,210

Electromanipulation of DND has been demonstrated to
be useful in a variety of applications. Combined dielec-
trophoretic/electrophoretic deposition of DND has been used
by Alimova et al. to coat microscopic silicon tips with nanodi-
amond for cold cathode applications.211 Electrophoretic seed-
ing of substrates with submicrometer diamond particles for the
growth of diamond films was also explored.212 Currently, how-
ever, ultrasonic seeding of substrates using DND particles is the
most popular approach.213,214 Affoune and coworkers215 per-
formed electrophoretic deposition of nanodiamond particles in
order to convert them to nanographite by heat treatment for
the studies of nanographite properties. They also investigated
the potentials, solution conditions, and the structure of elec-
trodeposited nanodiamonds and were able to deposit ND seeds
without agglomeration. The commercial DND particles used by
this group were negatively charged. To collect particles at the
cathode, H+ ions were generated in situ by a reaction between
iodine and acetone, resulting in a positive surface charge of

the solvation shell formed by H+ ions on DND.211,215 As was
shown in Section 3.3.5, modern commercial DND are avail-
able with both positive and negative zeta potential, facilitating
both cathodic and anodic electrodeposition of DND. The DND
coatings on electrodes for the detection of small molecules has
been formed by electrophoretic deposition of DND particles by
Riveros et al.216

Application of detonation nanodiamonds (NDs) as probes
for protein capture and electrophoretic collection was explored
by Hens et al.146 The field strength and time dependence for the
electrophoretic collection of nanodiamonds on a silicon sub-
strate were studied. It was found that the substrate becomes
saturated quickly (see Figure 24) showing a concomitant drop
in current from the electrode (Figure 24e). This method was
used for the collection of target-bound NDs, whereby the target
streptavidin was collected using a ND-biotin probe, by applying
a potential across an electrically conductive field tip array (FTA)
substrate (Figure 25). Because the ND was labeled with both
a fluorophore and biotin, it was possible to see that the protein
was located on the nanodiamond probe.146
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FIG. 24. Photographs are shown for the time and potential dependence of ND collection on the surface of a conductive Si substrate
(a-d). After a certain threshold of ND adsoprtion is reached, the electrode becomes more insulating as can be seen from the
dependence of electrode current with time (e). (Adapted from Hens et al.146)

Electrophoretic and dielectrophoretic manipulation of nan-
odiamond particles opens up a wide range of potential
applications for trapping, manipulation, and separation of
biomolecules. Due to the possible high surface charge of DND
and relatively high dielectric constant, DND movement in the
electric field can be controlled with high precision by properly
designing the electrode configurations.209

6.3.2. ND Electrode Properties
Microcrystalline and nanocrystalline doped diamond films

are important electrode materials (see two most recent
reviews).217,218 Boron is by far the most widely used dopant
to produce conducting diamond electrodes. Microcrystalline
boron-doped HPHT diamond particles immobilized into a sub-

strate are also being used in electrode applications.217 The
most striking feature of diamond electrodes is their very high
overpotential for both oxygen and hydrogen evolution, which
leads to the widest potential window (∼3.5 V) currently known
for aqueous electrolytes. Diamond electrodes are also distin-
guished from conventional electrode materials by their very
low capacitance (high signal-to-noise ratio) and by the absence
of surface oxide formation and reduction reactions which are
present in conventional metal or metal oxide electrode materi-
als between oxygen and hydrogen evolution.217,218 Because of
their unique electrochemical properties, doped diamond elec-
trodes can be used for numerous applications, including the
destruction of organic and inorganic pollutants in water, water
disinfection, inorganic and organic electrosynthesis, electroan-
alytical applications, electrochemical energy technology, and

FIG. 25. Photographs of TAMRA-ND-biotin with TAMRA illumination and with FITC-streptavidin conjugate bound. The ND
probe was collected on the tips of a conductive field tip array (FTA) by applying a low potential. Notice the similar intensity of
TAMRA and FITC emission intensity across the tips of the FTA. Images were taken with a fluorescence microscope at 1000x
magnification. (Reprinted from Hens et al.146)
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bioelectrochemical applications.217,218 Examples of bioelectro-
chemical applications of diamond electrodes are neurodynamic
studies in an animal model219 and biosensors.217,220,221

As a seed material for doped CVD diamond growth, DND
particles play an important role for the construction of electro-
chemical sensors.213,214 However, in addition to this ‘passive’
role of DND in development of electrochemical and bio-sensors,
DND are considered as an ‘active’ component for coating elec-
trodes for the detection of small molecules.216,222,223 While
DND possesses an electrically insulating core, surface atoms
constituting 15at.% can play important role in charge transfer
in electrode-immobilized DND. Novoselova et al.224 fabricated
electrodes from DND by sintering the powder into the compacts
at high temperature and pressure. Using different redox probes,
the authors observed reduction and oxidation peaks for the re-
dox couple, as well as other peaks (for the Ce3+/4+ couple) that
could only be attributed to the ND itself.224 Zhao et al. incorpo-
rated DND powder into an electrochemical glucose biosensor
based on the covalent immobilization of glucose oxidase on
DND.222 Zang et al. also fabricated an electrode using DND
powder and reported electroactivity of DND in ferricyanide so-
lution. The authors attributed DND conductivity to sp2 groups
on the surface of the particles.225 Holt et al. confirmed that 5
nm undoped DND is indeed electroactive, but argued that it can
not be considered conducting. Holt formed a thin layer of ND
by drop-coating onto a gold electrode. A significant enhance-
ment in the redox response of ferricyanide and oxygen reduction
was observed as compared with the unmodified gold electrode.
The oxidation of the powder by heating in air resulted in an
increase in its redox activity, while hydrogenation of DND in-
hibited the electrochemical behavior. Differential pulse voltam-
metry of electrode-immobilized DND layers in the absence of
solution redox species revealed oxidation and reduction peaks
that could be attributed to direct electron transfer (ET) reactions
of the DND particles themselves. A mechanism was suggested
explaining DND inner electroactivity. While DND consists of
an insulating sp3 diamond core, DND surface contains unsatu-
rated carbon bonds as well as double bonds with other elements
(for example, in carbonyl groups). Due to presence of unsatu-
rated active bonds at the DND surface, ET is taking place be-
tween these essentially insulating particles and a redox species
in solution or an underlying electrode. Holt et al. hypothesized
that a reversible reduction of the DND may occur via elec-
tron injection into the surface states at well defined reduction
potentials so that the DND particles act as a source and sink
of electrons for the promotion of solution redox reactions.223

The observed redox behavior of DND raises important ques-
tions that needs further investigation on types of reactions that
can take place over potential ranges applicable to the cellular
environment.

Nanodiamonds have been shown to be biocompatible
substrates,63 as compared with silica and glass, thus it is highly
feasible that these nanoparticles will be used in electrochemical
detection methods in the near future. The incorporation of DND

to electrodes may also enhance signals for detection of bound
substrates. There are numerous reasons suggesting that DNDs
may one day advance current redox reactions, such as those used
for the detection of cancerous genes through the identification
of genetic mismatches.226

6.3.3. Interaction of NDs with Electromagnetic Radiation
The illumination of ND suspensions with a light beam leads

to active directional movement of the NDs. When realized in a
microliter volumes, rigorous turbulent flows are formed result-
ing in efficient mixing of NDs with other components dispersed
in the suspension. A possible explanation for this phenomena
could be a process called thermophoresis, or thermodiffusion,
the effect of a temperature gradient on mixtures of particles. Dur-
ing the illumination of nanoparticles, which can interact with
EM radiation and acquire local heating, thermal gradients can
arise at the boundary of the illuminated and non-illuminated
nanoparticles causing particle movement. This phenomenon
may be applied for efficient mixing of ND conjugates for target
capture in solution, which is especially critical in microfluidic
platforms since laminar flow prevents mixing. Presently, mix-
ing in microfluidics is achieved by texturizing the fluid channels;
however, using light exposure of NDs in solution platforms may
provide a simplified means of remotely controlling the mixing
location and duration without modifying channel architectures.
Researchers from ITC have been able to mix NDs with other
particles (carbon nanotubes and carbon onions) using light from
colored filters with a Xenon lamp on a fluorescence microscope.

The utility of NDs used purely as mixing reagents would
require that these particles be coated in an inert film to prevent
adsorption of solution organics or biomolecules. For example,
silanation of NDs with alkane chains may be a means of prevent-
ing adsorption. Also, removal of NDs may be necessary down-
stream of the mixing chamber, so electrophoretic mobility of
coated NDs and accompanying analytes must be tested. How-
ever, when using NDs as a target probe, these considerations are
unnecessary and allow for direct attachment and collection of
biomolecular targets.

7. BIOCOMPATIBILITY OF ND

7.1. Overview
Before nanoparticles are fully integrated into biomedical ap-

plications, their unique interactions with biological systems de-
mands special consideration. Of particular concern is the greater
toxicity found for nano-sized particles compared with larger or
soluble materials of identical composition.227−230 To fully as-
sess the life cycle impact of nanoparticles, from synthesis to
disposal, the new sub-field of ‘nanotoxicology’ was coined in
2004.231 Prior to and during this time, studies began to un-
cover the new and unpredictable ways that nanoparticles were
internalized by cells, localized to critical organelles such as
mitochondria,232 see Figure 26, translocated from regions of the
respiratory tract to various nerves233 and penetrated through the
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46 A. M. SCHRAND ET AL.

FIG. 26. Schematic representation of a mammalian cell showing some possible interactions nanodiamond (ND) particles in-
cluding biomolecular binding interactions, entrapment within organelles, and localization to areas within the cell resulting in
biocompatibility or unforeseen toxic insults. (Reprinted from Schrand.193)

blood brain barrier.234−240 In addition to their small size, a mul-
titude of other physicochemical properties have been implicated
in their distinct effects. Therefore, during the pursuit for novel
uses of nanoparticles, it is imperative to independently assess
the biocompatibility of nano-sized particles even if materials
of similar composition are currently being used in biomedical
applications.

7.2. Cell Lines, Animal Models, and Assays
The evaluation of possible therapeutic applications or the po-

tential health threat of nanomaterials is routinely performed with
both in vitro cell cultures and in vivo animal studies.241,242 In
vitro studies rapidly and inexpensively provide an initial risk as-
sessment in cell models that representative likely routes of nano-
material exposure such as alveolar macrophages (respiratory
inhalation), keratinocytes and fibroblasts (integument breech),
neuroblastoma or PC-12 cells (nervous system translocation), or
blood and epithelial cells (circulatory injection). However, dif-
ferences based on the model biological system chosen (i.e., cell
line, animal) can introduce experimental variability consider-
ing the physical arrangement of organ systems (i.e., respiratory,
digestive) and the unique role that each cell type has in the
body.233,243−246 White blood cells (i.e., neutrophils, lympho-
cytes, and monocytes) are primarily responsible for mounting
an immune response after exposure to foreign materials. The
general mechanistic paradigm to explain the toxic effects of
nanoparticles is the generation of reactive oxygen species (ROS)
and subsequent oxidative stress37 (see Figure 26). The cascade

of events that amplifies the inflammatory response can include
lysosomal membrane damage causing leakage of lytic enzymes
and increased expression of proinflammatory mediators and cy-
tokines, which signal a variety of immune and other cells to
migrate to the vicinity working to remove and repair the tissue
through inflammatory, proliferative, and remodeling processes.

Polymorphonuclear neutrophils (PMNs) quickly arrive
within an hour from the bloodstream to the site of exposure
and release a variety of proteolytic and hydrolytic enzymes in
a process known as degranulation.247 Shortly thereafter, PMNs
die and are replaced within 2 days by monocytes, which ma-
ture into macrophages. Macrophages continue to phagocytose
bacteria and damaged tissue and may contribute to the forma-
tion of inflammatory lesions called granulomas. The release of
other growth factors and cytokines by these blood cells signal
to recruit additional cells involved in angiogenesis (endothelial
cells), fibroplasia and granulation tissue formation (fibroblasts),
and epithelialization (epithelial cells, keratinocytes). Therefore,
the choice of cell type in biocompatibility studies may be based
upon the ability of nanomaterials to interfere with or contribute
to an immune response at the site of exposure (i.e., keratinocytes
in the epidermis) or for targeting of the nanomaterials to certain
locations to aid in recovering normal function (i.e., destruction
of cancer cells).

The primary assay that has been used to evaluate cell health
after exposure to nanomaterials is the MTT assay. The ability
of mitochondria in living cells to chemically reduce a tetra-
zolium salt, thereby changing its color from yellow to purple,
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TABLE 3
Biocompatibility studies of nano-sized diamond particles

Cell Line/ Cellular Assay/
ND Type Processing Dose/Time Animal Locale Imaging Bio-marker Outcome Ref.

5-300 nm
NDs, GE

A, cellobiose
and MAP
antigen
coated

500 μg/mL, 1mL
injection

White rabbits N/A ELISA Ab Antigen
carrier

367

DND S, #5 & 6
BioNDs

1.25 mg/ml, 1.5 h White Blood
Cells

N/A TB, CLR 85 to 93%
hemoly-
sis

314,315

DND S, #5 & 6
BioNDs

310 μg/mL, 1.5 h Red Blood
Cells

N/A TB, CLR 3 to 50%
hemoly-
sis

314,315

Synthetic type
Ib powder,
100 nm

PBI, F, A 20–400 μg/mL,
3 h

293 T Cyto, LM, EP, CF MTT Non-toxic 75

2-10 nm
DNDs

Raw, A, B,
S>3h,
5–10 s
before
dosing

5–100 μg/mL,
24 h

N2A Cyto, FM, LM,
TEM

MTT, ROS Non-toxic 168,193,246

2–8 nm DNDs S 30 min 20–100 μg/mL,
to 24 h

RAW
macrophage,
HT-29

Cyto, CF, LM,
TEM

MTT, gene Non-toxic 80,372

Synthetic type
Ib powder,
35 & 100 nm

PBI, F, S 30
min

0.8 μg/mL, 5 h HeLa Cyto, FM, BF,
3-D

See [75] See [75] 76,167

Commercial
type 1b
powder 50
nm and
DND 4 nm

EBI, SDS, S
10s PBS

NC, 3h HeLa Cyto, CF, RL N/A N/A 96

5 nm DND &
100 nm
NDs,
carboxylated

A, B, C, S 20
min

0.1–1000 μg/mL,
4h (RC
24–48 h)

A549 HFL-1 Cyto, Bio-AFM,
CF, PC, RM,
FC

MTT, protein Non-toxic 187,188

Acid purification treatment (A), active oxygen generation (AOG), antibody (Ab), base purification treatment (B), brightfield microscopy
(BF), centrifuged to sediment (C), chemiluminescent luminole reaction (CLR), confocal microscope (CF), cytoplasm (Cyto), electron beam
irradiated (EBI), enzyme-linked immunoassay (ELISA), epifluorescent microscope (EP), flow cytometer (FC), fluorescent (F), fluorescent
microscope (FM), light microscope (LM), mitochondrial viability assay (MTT), nanodiamond (ND), no concentration listed (NC), phase
contrast microscope (PC), phosphate buffered saline (PBS), proton beam irradiated (PBI), Raman Mapping (RM), reactive oxygen species
generation (ROS), recultured (RC), reflected light (RL), sodium dodecyl sulfate (SDS), sonicated (S), transmission electron microscope (TEM),
trypan blue supravital stain (TB).

provides a method to spectroscopically monitor reductions in
cell viability after nanomaterial exposure compared with un-
treated cells. Similar tetrazolium dye assays include XTT and
WST-1. Other complementary methods of evaluating the cellu-
lar effects of nanomaterials include, but are not limited to, mor-
phological examination, trypan blue dye exclusion, neutral red
uptake by lysosomes (NR assay), thymidine uptake, propidium

iodide staining, cell counts, reactive oxygen species (ROS) pro-
duction, cellular permeability barrier breakdown (i.e., lactase
dehydrogenase (LDH) assay), mitochondrial membrane per-
meability (MMP), chemiluminescent luminole reaction (CLR)
measurement, glutathione alterations (i.e., GSH), genetic anal-
yses, protein expression, and activation of pro-inflammatory
cytokines (i.e., IL-6, IL-8, TNF-α)46,47 (see Table 3).
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The choice of animal for studies of nanomaterial biocompat-
ibility may be influenced by several factors, including genetic
similarity to humans, size, cost, ease of handling, and repro-
duction rate. However, neither in vitro nor in vivo studies can
ultimately predict the consequences of some drugs and chemi-
cals in humans, which can produce unique effects even amongst
different rodent species.233,248−250 For example, rat studies have
shown that nanoparticles can translocate from the lungs to the
blood circulation and other organs, while most of the human
studies of short-term exposure to carbon nanoparticles have
not.251 Additional differences in the breathing patterns and the
structure of the respiratory tract between rodents and humans
result in differences in delivered dose to the upper and lower
airways.252

7.3. Factors Influencing Carbon Nanomaterial
Biocompatibility

Historically, carbon-based materials have been considered
chemically inert with minimal reactivity toward cells of the
body.4 However, nano-sized forms of carbon (i.e., nanotubes,
fullerenes, nanodiamonds), with very small sizes, high surface-
to-volume ratios, and reactive surface chemistries, have greatly
impacted cellular permeability and dynamics.38,253 Regarding
biocompatibility, the predominant factors responsible for the
cellular response to carbon nanomaterials are the elemental
impurities and structure (i.e., ropes, aggregates) of the final
product. Some examples of impurities include metallic species
remaining from the synthesis of carbon nanotubes (i.e., Fe,
Ni, Co),254−258 other materials containing Fe and transition
metals,259−261 or metal residues from the containers used in
the detonation of ND.129 Other contaminants to the underlying
elemental composition of some nanoparticles include ceramic
or other abraded materials from mechanical or ultrasonic pro-
cessing for aggregate disruption (i.e., ZrO2 in ND from stir-
media milling for dispersion), graphitic or amorphous mate-
rial formed on surface during heat treatment, nitrogen from
deliberate doping,262 or residual solvents such as tetrahydrofu-
rane or dimethyl sulfoxide to aid dispersion.263,264 These re-
sults are in agreement with the greater toxicity found for Ni,
Co, and Ag compared with TiO230,265

2 and for 20 nm Ni or
TiO2 compared with 500 nm counterparts.266,267 However, the
structure-property relationship is not as straightforward because
the as-produced nanomaterials typically undergo standard pu-
rification and processing treatment with strong acids (i.e., hy-
drochloric, nitric, sulfuric) and at high temperatures.268−271

Although there has been no direct link between the primary
dimension of carbon nanomaterials and their resultant biocom-
patibility, Jia et al.272 found that the toxicity of carbon nano-
materials followed a mass sequence of biocompatibility with
C60>quartz>MWNT>SWNT in alveolar macrophages after
exposure for 6 hours. In agreement with these studies, Schrand
et al.,246 found similar results with ND>CB>MWNT>SWNT
in a variety of cell types including neuroblastoma cells, ker-
atinocytes, and macrophages after 24 hours while Grabinski

et al. 2007 found that larger carbon fibers or carbon nanofibers
were more biocompatible than MWNTs or SWNTs in mouse
keratinocytes (HEL-30).273 Smaller sized carbon black (14 nm)
compared with larger-sized carbon black (260 nm) increased
the production of ROS and MIP2 mRNA expression.274,275

In contrast, other studies have shown that smaller or shorter
carbon nanotubes were more biocompatible than larger-sized
carbon nanotubes or carbon fibers.268,271,276,277 Other physico-
chemical properties such as shape (i.e., carbon nanotubes vs.
nano-onions or nano-horns; TiO2 rods vs. dots, Au spheres vs.
rods), crystal structure (i.e., TiO2 anatase vs. rutile or amor-
phous vs. crystalline SiO2), porosity, surface chemistry (i.e.,
hydrophilic vs. hydrophobic), charge, and release of soluble
impurities are suggested to play a role in the biocompatibility
of nanomaterials.227,233,278−293

To date, research shows that NDs are consistently better
tolerated by cells than many other carbon-based nanomaterials,
such as carbon nanotubes or fullerenes, which continue to
undergo scrutiny for determining their in vitro toxicity or
biocompatibility.256,257,269,271,273,294−301 Therefore, it is the aim
of this section to summarize the suitability of ND to interface
in a biocompatible manner with cells in culture or after various
routes of administration to animals. Factors such as particle
size, concentration, exposure time, and cell-type-specific
responses will be examined with an appropriate comparison
between micron-sized diamond particles to nano-sized diamond
particles.

7.4. In Vitro Studies of Micron-sized Diamond Particles
As previously mentioned, the body responds to injury and for-

eign materials by initiating an inflammatory response by blood
cells called platelets that signal immune cells such as neutrophils
and monocytes and connective tissue cells called fibroblasts.
Any disruption in this chain of highly orchestrated events can
lead to negative consequences such as infection, excessive scar
formation, implant rejection, or other disease conditions. Subse-
quently, many early scientific studies of particulate wear debris
from implantable materials or coatings and respirable dusts (i.e.,
asbestos, quartz) were examined in these cell types for pos-
sible links to disease conditions (i.e., inflammation, arthritis,
fibrosis).

Due to its low reactivity, diamond was frequently chosen
as an inert, negative control particle. Results showed that dia-
mond particles internalized by PMNs resulted in no chemotac-
tic activity,302 did not produce reactive oxygen species,303,304

and had no effect on degranulation or secretion of cell motility
factors.247 In vitro studies of macrophages exposed to micron-
sized diamond dust demonstrate that it is non-fibrogenic,305

does not affect cell viability for at least 30 hours,306 and does
not activate or change the cell morphology or production of in-
terleukin 1-β.307 In fibroblasts, micron-sized diamond particles
did not induce fibrogenic activity306,308 did not induce the re-
lease of proliferation factors,305 and had no mitogenic effect.309

In mouse embryo 3T3 Balb/c cells or differentiated human
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umbilical venous endothelial cell (HUVEC), a variety of ce-
ramics (Al2O3, ZrO2/Y2O3, AlN, B4C, BN, SiC, Si3N4, TiB4,
TiC, TiN), including diamond and graphite powder, were not
found to induce any cytotoxic effect.310 Additionally, rabbit
blood exposed to diamond powder did not produce any de-
tectable hemolysis after 60 minutes compared with 100% lysis
of blood cells in water or 0% lysis in saline solution.311 There-
fore, these studies collectively indicate that diamond particles
do not provoke an inflammatory response in cell types relevant
to foreign particle response.

7.5. In Vitro Studies of Nano-sized Diamond Particles
Smaller, nano-sized diamonds are being examined much dif-

ferently than their larger-sized counterparts due to their supe-
rior physicochemical properties for incorporation into cutting
edge biomedical innovations (i.e., nano-sized carriers, probes,
labels) as introduced in Sections 5 and 6.2, and to be fur-
ther discussed in Section 8. Nanodiamonds (NDs) not only
have a large surface area and high adsorption capacity, but are
able to penetrate a wide variety of cell lines while remaining
biocompatible.75,80,188,193,246 Similar to micron-sized diamonds,
NDs do not induce inflammatory or cytotoxic responses such as
ROS production, morphological alterations, viability changes,
or cytokine production in a wide variety of cell lines including,
but not limited to, macrophages, fibroblasts, and epithelial cells
(Table 3).

7.6. Differential Biocompatibility of ND
Compared with other nano-sized forms of carbon, NDs

show greater biocompatibility irregardless of their purification
method, concentration, or size. For example, Schrand et al.,
demonstrated differential biocompatibility between neuronal
and lung cell lines after exposure to aqueous suspensions of
carbon nanomaterials (ND, CB, MWNT, SWNT) at concentra-
tions from 25 to 100 μg/mL for 24 hours with the MTT assay.246

The trend for biocompatibility was ND>CB>MWNT>SWNT.
The lung cells (macrophages) were more greatly affected by the
presence of carbon nanomaterials generating up to five times
the amount of ROS compared with the neuroblastoma cells af-
ter exposure to either MWNTs or SWNTs. However, there was
a lack of ROS generation from either cell line after incubation
with the NDs as well as intact mitochondrial membranes further
supporting the low toxicity of NDs.

Similar studies by Liu et al. examined the biocompatibility of
carboxylated and uncarboxylated NDs and CNTs in human lung
A549 epithelial cells and HFL-1 normal fibroblasts.188 Treat-
ment with ND or carboxylated ND (cND, 5 nm and 100 nm)
at concentrations ranging from 0.1 to 100 μg/mL for 4 hours
followed by recovery for 24 to 48 hours did not affect the over-
all cell morphology including the cytoskeleton or nuclei, did
not reduce cell viability per the MTT assay, and did not alter
the expression of protein extracts via sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis. The
smaller 5 nm cNDs slightly reduced viability compared to the

larger 100 nm cNDs, but with no significance. In contrast, uncar-
boxylated CNTs (10 to 50 nm and 100 to 200 nm) significantly
decreased cell viability at concentrations as low as 0.1 μg/mL in
A549 cells, or 1 μg/mL in HFL-1 cells, compared to concentra-
tions greater than 10 μg/mL for carboxylated CNTs (cCNTs).
There was also a more pronounced cytotoxic effect for the longer
100 to 200 nm cCNTs compared with the shorter 10 to 50 nm
cCNTs.188

7.7. Effect of ND Surface Chemistry and Impurities
Unfortunately, the detailed purity and surface chemistry of

the NDs used in many experiments has not been mentioned
alongside the biocompatibility results, making it difficult to as-
certain the significance, if any, of the impurities and surface
functional groups. In a study of blood hemocompatibility with
diamond powders by Dion et al.,, the elemental impurities in the
diamond powder were 0.05 wt.% Al, 0.05 wt.% Fe, 0.15 wt.%
Si, and 1.00 wt.% Zr.311 However, these low concentrations of
impurities were not cytotoxic to other cell lines in culture.310 Re-
garding the purity of newly developed DNDs, there may be some
residual zirconia from the process of bead milling used to de-
stroy the agglutinate structure, fragments of graphitic structure
at grain boundaries, and approximately 2 wt.% fullerene-like
conjugated sp2 carbon,115,129,130 see Section 3.2 for further dis-
cussion on DND impurities. Other remnants from interactions
during detonation with the container may contribute metallic
residues, but the majority of these impurities are removed dur-
ing subsequent purification steps, which alter the ND surface
chemistry. For example, some initial ND powders contained
∼5.7% Fe, which was reduced to ∼1.2% Fe.134

The impact of surface chemistry on 2 to 10 nm detonation-
produced NDs, purified with strong acids or bases, on cell via-
bility was examined by Schrand et al.246 At concentrations up
to 100 μg/mL, all of the NDs were non-toxic to a variety of cell
types including neuroblastomas, macrophages, PC-12 cells, and
keratinocytes after 24 hours with the MTT assay. The most no-
ticeable difference between two cell types (neuroblastoma and
macrophage) was in the amount of carbon nanomaterials in-
ternalized by the cells, which was likely related to the greater
decreased viability and increased ROS for the macrophages.
The inherent function of the macrophages to initiate an inflam-
matory response or programmed cell death may also occur to
a greater extent in this immune cell. However, despite these
proposed cell-specific differences, there was a lack of ROS gen-
eration and a retention of mitochondrial membrane integrity in
cell lines incubated with NDs. This suggests that the presence
of impurities (i.e., Fe) has a greater influence on the oxidative
stress response of the cells.

Follow-up studies on the biocompatibility of acid purified
NDs in RAW 264.7 murine macrophages by Huang et al. moni-
tored the response of genes involved in inflammation including
the production of three different cytokines: interleukin-6 (IL-6),
tumor necrosis factor α (TNFα), nitric oxide synthase (iNOS),
and the Bcl-x gene involved in apoptotic behavior/toxicity.80
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50 A. M. SCHRAND ET AL.

FIG. 27. Internalization and localization of NDs in neuroblastoma (N2A) cells. (A, B) TEM images of thin sections of N2A
showing NDs interfacing with the plasma membrane as well as internalized into the cytoplasm and vacuoles. (C, D) Confocal
images of N2A cells incubated with T-ND taken with a 60x lens. (C) Overlay of transmitted light and rhodamine signal after
incubated with 50 μg/mL of T-ND (red) for 1 hour showing perinuclear localization. (D) Demonstration of T-ND (red) accumulation
over 24 hours into the cytoplasm after incubation with 25 μg/mL of T-ND and counterstaining of nuclei with Hoechst dye (blue).
T-ND is a TAMRA-ND conjugate supplied by ITC, Inc. (Raleigh, NC). (Reprinted from Schrand193 and Schrand et al.194)

After 24 to 72 hours of incubation with 100 μg/mL NDs, no sig-
nificant change in the expression of the cytokines was detected
with the real time polymerase chain reaction (RT-PCR) com-
pared with controls. Additional experiments examining mor-
phological changes and DNA fragmentation in macrophages as
well as viability with the MTT assay in HT-29 human colorectal
adenocarcinoma cells revealed the high innate biocompatibility
of the NDs.

Subsequent studies with stable and fluorescent rhodamine-
labeled NDs (T-ND) incubated with both animal and human
cell lines did not induce morphological changes, but maintained
high viabilities at concentrations up to 100 μg/mL,193,194 (see
Figure 27). The internalization of T-ND increases over time
with localization to endosomes at 1 to 6 hours, to lysosomes at
3 to 6 hours, and aggregation in the cytoplasm after 24 hours
suggesting an endocytotic uptake mechanism, see Figure 27.

In addition, nerve growth factor, which has been shown to be
important in inducing neuronal proliferation,312 was disrupted
by SWNTs and MWNTs, but not T-ND, which provides further
impetus for considering NDs as biological platforms.194

7.8. ND Studies with Blood Cells
In contrast to the previous studies of ND biocompatibility in

various cell types, studies with blood cells have yielded some
disconcerting results. One study of red blood cells incubated
with ND in the presence of NaNO2, a potent peroxidation ini-
tiator, showed positive effects by protecting the cells’ main an-
tioxidant enzymes (superoxide dismutase and catalase). In this
case, ND may have been directly acting as an antioxidant or
stimulator for these antioxidant enzymes by promoting enzyme
levels similar to control cells after co-incubation with ND.313
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However, several other studies found damage to both white
and red blood cells after incubation with NDs.314−316 Careful
diagnosis of hemolysis, defined as the destruction of red blood
cells and the release of hemoglobin, is required for evaluating
blood-contacting materials and artifical organs.317 In general,
the factors found to influence hemolysis include material chem-
ical composition, reactivity, solubility, and surface state with
a correlation between toxicity results and hemolysis.311 Previ-
ously, it was shown that a variety of powders (Al2O3, ZrO2,
Y2O3, B4C, BN, SiC, Si3N4, TiC, TiN), in addition to graphite
and diamond powders, did not produce hemolysis of fresh rabbit
blood after a standard test (ISO/TR 7405-1984F) to measure the
release of hemoglobin.311 In contrast, Puzyr et al. found that the
addition of 0.125wt.% (1.25 mg/mL) NDs for 90 minutes to acti-
vated whole blood samples from healthy human donors changed
the reaction kinetics for active oxygen generation (AOG).315

The change in AOG was measured by the chemiluminescent
luminole reaction (CLR), which is directly related to cell death.
Specifically, the maximum intensity for AOG was reached more
quickly after exposure to latex particles opsonized with human
blood serum proteins or the addition of NDs; indicating blood
cell activation. While suspensions of greater stability (BioNDs)
more efficiently increased AOG compared with the initial ND
suspensions, the damaging effects of BioNDs could be remedi-
ated after coating the surface of the BioNDs with donor blood
plasma proteins. The authors hypothesized that the surface prop-
erties and dynamic aggregation behavior of the NDs were re-
sponsible for the passive or reactive nature of the different types
of NDs used in the study.

In another study by Puzyr et al., the ND sample that most
greatly influenced CLR kinetics contained the highest mass frac-
tion of non-diamond carbon (3.4 wt.%) in the solid phase and
volatile compounds (12.1 wt.%).314 However, there was no gen-
eral trend for changes in reaction kinetics based on these param-
eters or the pH of the suspension after assessing seven different
ND samples. Therefore, the impact of different synthesis meth-
ods or varied surface modifications, as in the case of the BioNDs,
have not been sufficiently understood. It does, however, seem
reasonable to presume that the source of cellular damage was
related to the surface properties, aggregation behavior, purity, or
sterility of the NDs used in the previous studies.314−316 because
many recent studies of NDs have shown good biocompatibility
and earlier studies with micron-sized diamonds in blood cells,
in particular, showed no hemolysis.318

7.9. Effect of ND Concentration
In comparison with other studies with NDs, the concentra-

tions used in Puzyr’s studies were slightly higher (1.25 mg/mL
compared with up to 1 mg/mL,187 see Table 3. However, the in-
fluence of concentration was not directly studied and is not likely
to have contributed to the negative impact on the cells because
earlier studies with micron-sized diamonds were performed at
much higher concentrations ranging from 4 to 10 mg/mL for 12
min to 4 hours.302,303,319 Most recent studies have limited the

dosage to 100 μg/mL to avoid excessive aggregation and also to
avoid biological overloading, which would be unrealistic from
the standpoint of either accidental or therapeutic exposure. How-
ever, Chao et al. found that A549 human lung epithelial cells
incubated with 5 nm and 100 nm carboxylated NDs at concen-
trations up to 1000 μg/mL did not result in altered morphology
or cell viability (MTT assay), but could be easily detected on
or in living cells with Raman mapping and fluorescent confocal
microscopy.187

7.10. Effect of ND Size
Liu et al. found that there were slight, but not significant,

reductions in cell viability after incubation with smaller 5 nm
carboxylated NDs compared with larger 100 nm carboxylated
NDs.188 However, several other studies have confirmed the high
biocompatibility of NDs produced by a variety of methods with
sizes ranging from 2 nm to 100 nm. Yu et al. investigated
the biocompatibility of relatively large synthetic abrasive di-
amond powders (type 1b, 100 nm, Micron+ MDA, synthesized
by Element Six, acid purified) that were proton beam irradi-
ated to introduce very stable, bright, and internal fluorescent
nitrogen vacancy defects.75 They found very high viability, in-
dicative of in vitro biocompatibility, with human kidney cells
(293T) after 3 hours of incubation at concentrations up to 400
μg/mL assessed with the MTT assay. Smaller, non-fluorescent,
detonation NDs (2 to 10 nm, supplied from the NanoCar-
bon Research Institute, Inc.) at lower maximum concentrations
(≤100 μg/mL) over longer periods of time (typically 24 hours)
were studied by Schrand et al.193,246 and Huang et al. in other
cell lines.80

Although the effect of ND size has not been shown to play a
role in biocompatibility, smaller 5 nm NDs have >15% of the
carbon atoms on their surface and have shown different proper-
ties than larger sized 100 nm NDs.320 Examination of the ND
aggregate behavior and size in solution as well as interaction
and uptake amount may help clarify any size-dependent effects
on biocompatibility. However, in order to properly pursue the
use of NDs in blood contacting devices and other biomedi-
cal applications, the mechanism and extent of direct ND in-
teraction with cellular membranes, proteins, and fluid elec-
trolyte/osmotic balance should be elucidated in more complex
systems.

7.11. In Vivo Studies of Nanodiamonds
The use of animals including mice, rats, and rabbits for

in vivo nanotoxicity studies allows a more in-depth under-
standing of nanomaterial kinetics. However, even within the
same animal model, there has been a great divergence in
toxicity results for pulmonary studies of carbon nanotubes
in animals 243−245,262,321−323 or C60 in aquatic species and
animals.264,324−329 It is suspected that differences in the start-
ing materials, such as metal impurities or residual solvent, may
be responsible for the varied biocompatibility results. In con-
trast, micro- or nano-sized diamonds show consistently positive
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TABLE 4
In vivo studies with detonation nanodiamonds

Type Route Animal/Patient Dose Time Outcome Ref.

DND-1 OS, IV, IM White Mouse 0.002–0.05 wt% 3–6 mo. No change in weight or reproductive
ability, ↓ cholesterol and bilirubin
levels, ↑ leukocyte level, NDA

332,334,335,336

DND-1 IM White Rat Localized, gelatinous clot at site of
injection, abundant proteins on
DND surface, no inflammation1

332,334

DND-1 IV Dog 0.3–20 mL
0.001–5wt%

NDA 336

DND-2 SC White Mouse 0.2-0.5 mL, 0.1
wt%

3 mo. Aggregates adjacent to cells, seen
through skin as dark areas

170

DND-2 IV Rabbit 20 mL, 50–125
mg

0.25-96 h No change in rbc or hemoglobin
levels, general ↑ liver function
parameters, ↓ cholesterol content
and ↑ triglycerides, NDA

170

DND-3 OS Af Mouse* Up to 2.5–3% Lifespan ↑38% compared to untreated
mice, No change in sex cells

169

DND-3 OS Dog ↓cancer pain, ↑ intestinal function, ↑
immune system

169

DND-3 OS Human Cancer
Patients

1 tbsp of o.015
mass %

3x/day ↓pain, ↑ function of stomach and
intestines, ↑ appetite, ↑ immune
system, excretion of toxins in urine,
↑ lifespan

338,374

DND-1: produced at Krasnoyarsk Research Center, Russia, sterilized, modified by sonication-assisted treatment in NaCl solution and washed.
DND-2 (RUDDM): produced by Real-Dzerzhinsk, Russia, modified by the same method as DND-1. DND-3: produced at Diamond Center,

Russia, purified with nitric acid. Oral suspension (OS), Subcutaneous injection (SC), Intravenous injection (IV), Intramuscular injection (IM),
No Death of the Animal (NDA), Red blood cell (rbc). Arrows denote overall increase (↑) or decrease (↓) in parameters.

*Mouse line with acute Erlich carcinoma.

results for in vivo applications, see Table 4. For example, micron-
sized diamond particles did not contribute to inflammation when
introduced to implant traversing canals in rabbits,330 canine knee
joints,302 or the complement system 331 and NDs do not affect
the weight or reproductive ability of mice or induce inflamma-
tion in rats.169,332−337

However, the early in vivo studies with detonation NDs were
complicated by the low colloidal stability and high polydisper-
sity, which made it difficult to establish dose-response relation-
ships. In one study, ND suspensions in starch gel were orally in-
troduced to animals with a catheter in order to increase the sedi-
mentation stability.338 Other treatments to remove contaminants
and further functionalize the surface of NDs with hydrophilic
surface moieties (i.e., oxy, carboxy, carbonyl groups) were used
to produce medical-quality ND hydrosols. The ability to prepare
stable and sterile ND hydrosols, that could be cryogenically
stored and administered by various methods, led to a series of
long-term experiments in animals including mice, rats, and dogs.
The species-specific responses to 0.002 to 1.0 wt.% ND admin-
istered by different means (i.e., oral, intravenous, intramuscular)
were studied and summarized below.168,332,333,335−338

In mice, completely replacing water in the animals’ diet with
0.002 to 0.05 wt.% ND hydrosols from three to six months nei-
ther caused death nor affected the growth or internal organ (liver,
lungs, heart, kidneys, and pancreas) weight dynamics compared
with control animals.332,335,336 Further, the substitution of water
with ND hydrosols did not influence mouse reproductive ability,
for at least the first three generations as animals consuming ND
hydrosols from birth produced healthy offspring.332−334 Within
the duration of the experiments, the total amount of ND deliv-
ered to the animals was between 16 mg to 450 mg per mouse
depending on the concentration of ND in hydrosols.336

The effects of NDs on blood cells and blood plasma chemistry
were examined after prolonged substitution of water with ND
hydrosols,333−335 see Figure 28. There appeared to be a slight
decrease in cholesterol content and a more pronounced decrease
in bilirubin content with negligible change as the time period in-
creased from 1 to 6 months, see Figure 28A,B. In contrast, there
were slight increases in iron content after 1 month and elevated
protein concentrations after 3 to 6 months (see Figure 28C,D).
Although there were increases in the level of leukocytes after 1
month of treatment with ND concentrations ranging from 0.002
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FIG. 28. Dynamics of blood chemistry (A-D) and blood leukocyte levels (E) in experimental mice as a function of ND hydrosol
concentration and time. (Figures courtesy of A. Puzyr and V. Bondar.)

to 0.01 wt.%, these levels declined over the following 2 to 6
months, with no obvious difference from the untreated animals,
except at 2 months where there was an increase compared to
the other doses at the highest concentration of 0.05 wt.% NDs,
see Figure 28E. However, the significance of this change is not
understood as most leukocyte levels appear to decline in the
subsequent months to similar levels as in the control animals.
The authors hypothesized that the increased level of leukocytes
may be a result of interactions between orally administered ND
with macrophages of the gastrointestinal tract leading to a non-
specific immune reaction in the animals.333,335 Therefore, the
obtained results demonstrated that ND possesses biological ef-
fects in vivo and, more importantly, that NDs showed properties
characteristic of an enterosorbent (detoxifying agent).

Similar studies in rats showed that intramuscularly injected
NDs localized at the injection sites as gelatinous clots that con-
tained considerable amounts of protein components on their
surface.333,335 However, no pronounced visual or histological
manifestations of inflammation were detected. The low toxic-

ity was confirmed with an estimated median lethal dose (LD50)
of >7000 mg/kg compared with an LD50 of 3000 mg/kg for
sodium chloride orally administered to rats,169 In another series
of experiments, dogs intravenously injected with 0.3 to 20 mL
of sterile ND hydrosols in glucose (0.001 wt.% to 5 wt.%) did
not die after the dosage.337

7.12. Word of Caution
Although the preliminary biocompatibility studies of NDs

with cells in culture and animals are encouraging, extensive
fundamental studies will be required before clearly understand-
ing their long-term bio-effects. Questions remain regarding the
effects of their hardness, very small primary particle size, ad-
sorption of proteins, and resistance to degradation, which could
result in mechanical damage similar to micron-sized diamond
particles,339,340 contribute to respiratory ailments, alter fluid
composition,81,82,341 influence transport properties,75,188,246 or
lead to accumulation and resistance to elimination by cells or
tissues. Along these lines, most nanoparticle studies purport
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that negative consequences are to be expected with decreasing
particle size. However, at this point, it is not known if the syn-
thesis method and resulting properties of NDs leads to greater
compatibility with the body compared to micron-sized frag-
ments of diamond. In support of this notion, nano-sized silica,
prepared through hydrothermal synthesis, possesses a smooth
and fully hydrated surface, which was less toxic than highly in-
flammatory, larger sized crystalline silica (quartz) particles that
were prepared by grinding.342

8. MEDICAL APPLICATIONS OF ND

8.1. Overview
The use of NDs, alone or attached to small molecules, has

led to their proposed use as remedies in diverse fields such as
oncology, cardiology, gastroenterology, and dermatology,4 see
Table 2. The open carbon atoms at the surface of both poly-
dispersed diamond (PDD) and ultra-dispersed diamond (UDD)
products allow the linkage of amino acids, peptides, proteins,
carbohydrates, nucleic acids, and drugs. Conjugated NDs have
demonstrated preserved efficacy, efficient elution, and stable
interfaces for use in cancer therapy, and other targeted cell de-
livery, while retaining the critically important conformation and
activity of the attached molecules.85,80174 However, the attached
surface moieties must be considered in the context of their
unique interactions with cells, even if the core nanomaterial
appears biocompatible or toxic. For example, quantum dots can
be made biocompatible with coatings, but retain the toxic In, Ga,
Zn, Cd, or Pb core.343−356 Alternatively, the effective coupling
of biocompatible NDs to enzymes or drugs has been shown to
effectively kill bacteria175 or cancer cells.80 Therefore, the at-
tachment of bio-active molecules to any of the variety of ND
forms (i.e., substrate, film, or particulate) can lead to a profound
effect on ND distribution, targeting, and medicinal effectiveness
throughout the body.

8.2. NDs as a New Class of Carbon-based
Enterosorbents

Carbon and clay-containing adsorbents are commonly used
in medical and pharmacological industries to bind ingested
toxins, which can be potentially fatal to both animals and
humans.357−360 As a remedy after the accidental ingestion of
mycotoxins, which are low-molecular-weight by-products of
mold growth, enterosorbents are designed specifically to bind
the toxins while remaining biocompatible, well dispersed in
aqueous solution, and stable for transportation and administra-
tion. However, safe, practical, and effective strategies for the
use of enterosorbents in the gastrointestinal tract to decrease the
bioavailability of specific mycotoxins such as aflatoxin are not
readily available.360

Due to the high biocompatibility, small size, large surface
area, rich surface chemistry, inexpensive production, and va-
riety of available samples, NDs were considered as poten-
tial enterosorbents for binding a group of mycotoxins called

aflotoxins.86 After examining the role of particle size, surface
chemistry, sonication time, concentration, and zeta potential
across different pH levels, the main property found to con-
tribute to the greatest aflotoxin adsorption onto the NDs, mea-
sured with fluorescent spectroscopy and high-performance liq-
uid chromatography (HPLC), was a positive zeta potential. Al-
though decreasing the ND concentration from ∼0.1 wt.% to
0.01 wt.% increased the zeta potential from +46 mV to +51
mV in one sample, these suspensions would already be con-
sidered stable because values above +30 mV (or below -30
mV) lead to electrostatic repulsion between particles and little
agglomeration. Alternatively, in a different sample, both the di-
rection of the titration (from pH 1 to 12 or pH 12 to 1) and
the concentration of the sample had an effect on the zeta po-
tential. Therefore, at 0.1 wt% concentrations, the two samples
with adsorptive capacities of over 100 mg of aflotoxin per kg
of ND were purified detonation NDs 185 nm and 300 nm in
size with surface charges of +47 and +18, respectively. Fur-
ther controlling the ND surface chemistry, determining optimal
concentrations and reducing the size of the ND aggregates for
applications in low pH environments such as the stomach would
be desirable.

8.3. Conjugated NDs in Ballistic Delivery
The usefulness of ND as a general solid phase support was

demonstrated in experiments using the Bio-Rad PDS-1000/He
instrument for the delivery of bio-active molecules to yeast, fall
armyworms, cacti, and bananas.361 In comparison with other de-
livery methods, the combination of ND bioconjugates and ballis-
tic bombardment instrumentation, which uses He pressure and
vacuum circuits to generate a shock wave, can precisely target
small areas with bio-active molecules over a wide range of veloc-
ities and distances. One example included the use of ND-assisted
ballistic delivery of diphenylcyclopropenone, an ethylene an-
tagonist, which was used to prevent the ripening of bananas.
Compared with the most potent ethylene antagonists that are
currently used to control fruit ripening, flower senescence
and biotic/abiotic stress, the ND bioconjugates are less toxic,
non-explosive, non-volatile, water soluble, cost efficient, and
potent.

The immobilization of DNA onto 1 to 2 μm diamond par-
ticles via covalent attachment362 and more recently onto NDs
led to its use in plasmid delivery via ballistic bombardment.361

After ∼50% of plasmid DNA containing ampicillin-resistant
genes was adsorbed onto the surface of 5 nm NDs or their 100
to 200 nm aggregates, E. coli were bombarded, transformed,
and bioluminescent or blue colonies were selected due to their
conferred resistance to the antibiotic. The particular advantages
of using ND as a carrier for DNA include its ability to stabilize
DNA without nicking under longer storage times compared with
traditionally used heavy metal nanoparticles. Further optimiza-
tion of the ND surface could not only increase the efficiency of
DNA binding, but introduce multifunctionality for extending its
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applications. This work on biolistic delivery of nanodiamonds
has been published by a single team of scientists; however, there
is great potential for extending these applications to vaccine de-
livery and gene therapeutics.

8.4. Lysozyme Conjugated NDs for Anti-bacterial Use
NDs may be useful as antibacterial surfaces on implants

by attachment of enzymes, such as lysozyme, or possibly us-
ing silver-ND hybrids, to reduce infections. Lysozyme is a
globular antimicrobial protein widely used in food and phar-
maceutical industries. The enzyme lyses the bacterial cell
wall by catalyzing the hydrolysis of the sulfur backbone of
the peptidoglycan component thereby distorting the normal
packing between the phosphate groups of the phospholipids
and lipopolysaccharides.363−365 The retention of ∼60% hy-
drolytic activity of lysozyme after adsorption onto carboxy-
lated/oxidized 100 nm NDs compared to free lysozyme in so-
lution was earlier demonstrated by Nguyen et al.365 In studies
with E. coli, Perevedentseva et al. found that lysozyme electro-
statically conjugated to carboxylated 100 nm NDs, producing
∼131 nm ND-lysozyme complexes, could readily be detected
on the bacteria with Raman mapping and scanning electron
microscopy.175 There appeared to be no specific binding or
interaction between the non-conjugated NDs and E. coli, but
ND-lysozyme was visually shown to attach and perturb the
outer cell membrane resulting in significant decreases in bac-
terial colonies compared with controls and similar activity to
lysozyme in solution. Other experiments with NDs loaded into
sol-gel synthesized epoxy-silicate coatings were found to have
mild antimicrobial effects against seven different mold fungi.366

The investigation of antimicrobial formulations using ND-Ag
hybrid materials has not been reported but appears promising to
the authors of this review.

8.5. Conjugated NDs for Immunogenic Effects
The recognition of antigens by immunocompetent cells in-

volves interactions that are specific to the chemical sequence
and conformation of the epitope.367 Any alteration to the con-
formation of the antigen after surface adsorption or shielding of
critical functional groups can decrease the availability, stability,
and activity of the antigen. Additionally, antigen carriers and
adjuvants are selected to enhance the immunogenicity of the at-
tached protein antigens, and as such they must maintain a stable,
functional, and intimate contact. Many studies by Bianco and
colleagues with carbon nanotubes have shown antigen binding
and immune recognition capabilities.7,368−371

As antigen carriers, NDs have been shown to maintain the
conformational stability of mussel adhesive protein (MAP) after
injection into mice leading to antibody production.367 The weak
immune response to the MAP antigen hindered the develop-
ment of a simple antibody-based purification method for its use
as a corrosion inhibitor and surgical adhesive. Solid-phase, high
surface area, high surface energy of nanocrystalline diamonds
ranging in size from 5 to 10 nm, with some 100 to 300 nm

polygonal particles, were coated with cellobiose, a disaccharide
that was capable of hydrogen-bonding to MAP to minimize sur-
face denaturation of the adsorbed antigen, which produced 4 to
20 nm ND-cellobiose complexes, which were then coupled to
MAP resulting in ∼300 nm aggregates. The ND-MAP conju-
gates were intramuscularly injected into white rabbits and after
1 month the production of anti-MAP antibodies was quantified
by enzyme-linked immuno sorbent assay (ELISA) demonstrat-
ing a strong and specific antibody. The success of the ND-MAP
conjugate was attributed to the nature of the cellobiose matrix
and protein-cellobiose interactions at the surface of the NDs.
In particular, hydrogen bonding within the glassy sugar matrix
conferred 3-D stability and retarded dissolution while the pro-
tein was adsorbed rather than embedded in the matrix, which
allowed its surface to retain high mobility, hydration, and low
packing density for accessibility to antibodies.

8.6. Anti-cancer Properties of NDs in Cell Culture
The anti-cancer properties of diamond in both natural and

functionalized forms have been explored with exciting results.
In human promyeloblastic leukemia (HL60) cells exposed to
dual radio-frequency/microwave plasma activated chemical va-
por deposition (RF/MW PCVD) diamond powders showed
a decreased stress response demonstrated by human gene
expression.205 By comparison, drugs attached to NDs or ND
composite films have been used to effectively deliver anti-cancer
medications such as doxyrubin hydrochloride (DOX) and dex-
amethasone (Dex) see Figure 6. After electrostatic loading of
the apoptosis-inducing drug DOX onto the surface of 2 to 8 nm
NDs or into ∼50 nm ND aggregates, the cellular response of
RAW 264.7 murine macrophages and HT-29 human colorectal
carcinoma cells was monitored.80 Cell viability was examined
with the MTT assay and fragmentation of DNA was studied with
electrophoresis after the cells were incubated with 25 μg/mL un-
conjugated ND, 2.5 μg/mL DOX, or the composite ND-DOX of
equal concentration.80 The results showed the inherent biocom-
patibility of ND, the toxicity of DOX, and an intermediate, atten-
uated response for the ND-DOX composites, respectively. The
authors hypothesized that the shielding effect of the ND aggre-
gates could be utilized for delaying DOX desorption in sustained
drug release applications while protecting surrounding healthy
tissues and cells from harmful drug side effects (see Figure 6).
The mechanisms involved in the induction of apoptosis by ND-
DOX composites was examined with longer cellular incubation
leading to progressive apoptotic cell death suggesting the slow
elution of DOX from the ND surface and interior of aggregates.
Further evidence for DOX-mediated apoptosis upon addition
of ND-DOX composites was shown after pre-treatment with
lipopolysaccahride (LPS), a known inhibitor of DOX-mediated
apoptosis, which significantly decreased cell death.

Follow-up studies were performed on stable composite
ND and poly-l-lysine (PLL) thin films that were synthesized
through layer-by-layer assembly onto glass substrates.372 The
biocompatibility of the single or multi-layered ND-PLL
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films was examined after seeding with RAW 264.7 murine
macrophages. Similar to free-floating NDs, the ND-PLL films
did not induce any changes in pro-inflammatory cytokine (TNF-
α, IL-6, and iNOS) secretion by the macrophages, which is rele-
vant to multitude of cancer signaling pathways. Additionally, the
incorporation of dexamethasone (Dex), a potent synthetic gluco-
corticoid steroid hormone that acts as an anti-inflammatory and
immunosuppressant, into the ND-PLL thin films was shown to
attenuate LPS-induced cytokine production.130 To confirm the
desorption and elution of Dex from the PLL-ND composite sub-
strates, the levels of fluorescently labeled Dex into water were
measured with UV-Vis spectroscopy. The mechanism of Dex re-
lease was hypothesized to be driven by a diffusion process due
to sustained release over 24 hours corresponding to a similar
time frame as the cell experiments.

8.7. Conjugated NDs for Specific Cell Receptor
Targeting

Other studies of NDs for the detection and monitoring of
cancer cells have been shown by targeting conjugated bio-active
molecules to specific cancer cell membrane receptors.174,373 (see
Figure 26). Covalent attachment of recombinant fish growth hor-
mone (GH) onto carboxylated 100 nm NDs enabled confocal
Raman mapping of A549 cells after incubation with 10 μg/mL
of ND-GH for 4 hours.174 Although ND-GH specifically lo-
calized to the outer membrane of the cells, where the extra-
cellular domain of the GH receptor resides, unconjugated NDs
were found inside the cell cytoplasm near the nucleus of the
cell.174 The adaptation of this labeling technique could be used
in the detection of early phase carcinoma or to monitor the
status of cancer development at the cellular level where GH
receptors have been found in a variety of cancer cells. Alterna-
tively, alpha-bungarotoxin (α BTX), a neurotoxin that specifi-
cally binds to the alpha7-nicotinic acetylcholine (α 7-nACh) re-
ceptor, was electrostatically conjugation to carboxylated NDs.
The nACh receptor is involved in regulating a wide range of
physiological functions, such as cell proliferation and neuro-
protection, and it is endogenously expressed in several human
lung cancer cell lines including A549 cells. The interaction of
NDs and ND-αBTX complexes was examined in A549 cells
or Xenopus laevis oocytes (after exogenous expression) with
laser scanning confocal microscopy and flow cytometry. The
∼300 nm ND-α BTX complex was found to effectively bind
onto cell membranes where the α7-nACh receptors were lo-
cated, compared to unconjugated NDs, which entered the cell
cytoplasm. The functionality of the BTX was maintained and
led to irreversible, concentration-dependent inhibition of α7-
nACh receptor-mediated/choline-evoked inward Ca2+ currents
in oocytes after incubation for 5 minutes with 12 μg/mL ND-
αBTX. The quantification of ND and ND-αBTX with flow cy-
tometry revealed a twofold increase in fluorescent intensity after
incubation for 4 hours with 50 μg/mL ND or ND-αBTX com-
pared to control cells.373

8.8. Anti-cancer Properties of NDs in Animals and
Humans

The positive results for in vitro drug delivery or cell targeting
via NDs82,85,96,187 have provided further impetus for studying
the medical properties of NDs in animals (mice, dogs) and hu-
mans with cancer. In the Af line of mice suffering ascite Erlich
carcinoma, the influence of DND upon life expectancy was in-
vestigated. These mice were chosen as a model because radiation
is traditionally investigated on these laboratory animals and the
results may be extrapolated to humans.338,374,375 Each mouse
was injected with 6 × 106 ascite Erlich carcinoma cells, then
the influence of DND upon the level of spontaneous mutations
in the mice was estimated. The treatment of the experimental
mice with the ND suspensions prolonged their life about 38%
compared with the control group. Additionally, the mice treated
with UNCD were active until the moment of death. Further,
the administration of high concentrations (2.5% to 3% aque-
ous suspensions) of DND produced by the “Diamond Centre”
showed no mutagenic properties in the sex cells of the mice.169

Other investigations in dogs dying of cancer showed that oral
suspension of NDs could stop their growling and whining due
to pain concomitant with the restoration of intestinal function
and strengthening of the immune system.169

The research by Dolmatov and colleagues in human patients
with stage IV cancer demonstrated the ability of aqueous and oil
suspensions of DND to improve health independent of the ini-
tial tumor location (i.e., breast, intestine, stomach) after chem-
ical and radio therapies.169,338,375 In all cases, orally delivered
DND showed a pronounced positive effect by increasing life
expectancy, enhancing the will to live, reducing pain, restoring
intestinal function, allowing mobility, and improving blood in-
dexes. Further, urine color and odor were changed as toxins were
actively excreted, polyps were reduced on the internal walls of
the urinary bladder, and immune system function was enhanced.
Other specific health effects included quick healing of wounds,
cuts, and other purulent processes in the mouth and throat, in-
cluding paradontosis, after rinsing with aqueous suspensions of
DND.

8.9. ND Mechanism of Action
One of the proposed mechanisms behind the ability of NDs

to induce positive health effects was its ability to act as a
polyradical cluster and regulate free radical processes due to
its abundance of unpaired electrons.338,374,376 Additionally, the
strong adsorption characteristics (i.e., 1–10 mg-equivalents/m2

and greatly developed surface of adsorption ∼450 m2/g)377 and
hydrophilic surface groups (–OH, -NH2, -C(O)NH2) were hy-
pothesized to be responsible for actively adsorbing pathogenic
viruses and other microorganisms.

8.10. Diamonds for Implants and Health Care Products
Several other demonstrated or emerging applications for

DNDs including their use in the CVD growth of nanocrystalline
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diamond films on medical implants and prospective use of DND
in health care products are briefly discussed below.

Different kinds of carbon coatings (among them diamond-
like carbon (DLC) and diamond) deposited on the surface of
implants increase the implant biocompatibility, hemocompati-
bility and serve the role of a barrier against corrosion.378 DLC-
coated heart valves and stents are already commercially avail-
able from the Cardio Carbon Company offering DLC-coated
titanium implants; Sorin Biomedica produces heart valves and
stents coated with CarbofilmTM; the company PHYTIS sells
DLC-coated stents.378 Nanocrystalline (NC) and ultrananocrys-
talline diamond (UNCD) coatings on suitable substrates are
promising materials for medical orthopaedic implants, for ex-
ample, hip and knee joint implants379 and for coating of certain
components of artificial heart valves62,380 due to their extremely
high chemical inertness, surface smoothness and good adhesion
of the coatings to the substrate. NC and UNCD films can be
coated on different materials, such as medical steel AISI316L
and titanium and its alloys such as Ti6Al4V.62,380 Surfaces of NC
and UNCD films intended for a new generation of implantable
biomedical devices promote cell adhesion, proliferation, and
growth. These films are able to coat complex geometrical shapes
with good conformal accuracy and with smooth surfaces to pro-
duce hermetic bioinert protective coatings, or to provide surfaces
for cell grafting through appropriate functionalization.62 How-
ever, as mentioned previously, recent studies show that diamond
powders are not bioinactive at the molecular level; they affect
cellular gene expression and inhibit stress (oxidative, cellular,
genotoxic).205

UNCD is a more suitable material than silicon for fabrica-
tion of bioMEMS. For example, in the case of a Si microchip
implantable in the eye as the main component of an artificial
retina to restore sight to people blinded by retina degeneration,
Si cannot survive long-term implantation, while UNCD bioinert
encapsulation can successfully replace the Si microchip implan-
tation in the eye.381 In neurodynamic studies using an animal
model with an implantable diamond microelectrode, it was pos-
sible to integrate neural stimulation and amperometric sensing
(e.g., of dopamine, adenosine and serotonin) in the same im-
plantable device.219

As a seed material for CVD diamond growth, DND par-
ticles play an important role for the development of medical
implants.213,214 Seeding with DND allows obtaining coatings
with small grain size and, therefore, smooth surfaces that are im-
portant for medical implant applications. Until recently, prepa-
ration of the seeding slurry was performed in-house in the labo-
ratories. After advances in DND deagglomeration and fraction-
ation, seeding slurries with consistent properties have become
available in the market. Williams et al.213,214 is developing meth-
ods for improving the nucleation density of nanocrystalline di-
amond film growth using bead-milled DND that is processed
to form a stable aqueous colloidal solution of primary particles.
This colloid was applied to various substrates to yield a high

density of individually spaced diamond nanoparticles (greater
than 1011cm−2).213,214 Seeding slurries of DND with average ag-
gregate size 20 to 30nm in DMSO have been developed at ITC
(www.itc-inc.org). Prior to seeding, DMSO-based DND slurry
is mixed with methanol or ethanol382 and the substrate intended
for seeding is ultrasonically treated in the slurry, resulting in
a monolayer of small DND aggregates. As it was discussed in
Section 6, seeding using DND is also important in fabricating
biosensor electrodes.

DNDs are considered viable components in bone regen-
eration, as reported by Pramatarova et al.383 Hydroxyapatite
/DND composites were formed on glass substrate by deposition
of DND from supersaturated solution of simulated body fluid
(SBF) resembling the composition of human blood plasma. It
was revealed that the hydroxyapatite/DND composite is grown
both by physical adsorption and chemical bonding of DND with
the matrix. The role of OH¯ groups in the hydroxyapatite growth
on DND surface from SBF is emphasized, providing a negative
charge on the surface and attracting Ca2+ ions, which in turn
attractPO3−

4 ions, thus forming apatite nuclei.383

Nanodiamonds are also considered for cosmetics and health
care applications due to their ability to bond with biological ma-
terials, improve durability and robustness of a composition, pro-
vide protection from harmful UV light, possibly scavenge free
radicals and protect against viruses and bacteria.161,169,384,385

Sung Chien-Min et al.384 hypothesize that nanodiamonds dis-
persed in a biologically acceptable carrier and bonded with bi-
ological materials may improve skin cleansing and exfoliation,
add mechanical strength, and provide treatment of adverse con-
ditions. The authors consider additions of DND to deodorant,
toothpaste, shampoo, antibiotics, dermal strips, DNA test strips,
skin cleanser, dental filler, nail polish, eyeliner, lip gloss, and
exfoliants. The authors report that nanodiamonds can provide
increased resistance to chipping and wear of a nail polish so that
it can last from about three to ten times longer than typical nail
lacquer formulations. No other specific results, demonstrating
improvement in the performance/appearance after addition of
ND to healthcare/cosmetic formulations, however, have been
demonstrated by Sung Chien-Min et al.384 Lunkin et al.385 stud-
ied influence of DND formulations on viscoelastic properties of
tissue by measuring velocity of surface acoustic waves in skin.
Dynamic shear modulus of human skin was increased by 15%
after treatment with a skin cream containing 10−9g/g of DND.
In experiments with white mice with skin burn wounds, addi-
tion 10−10g/g of DND to the treatment gel accelerated the time
of healing by twofold.385 The Environmental Working Group
(www.cosmeticdatabase.com)386 lists eight cosmetic products
currently on the market containing diamond powder including
nail polishes, nail treatments, anti-aging formulation and facial
cleanser. The diamond powder is listed in the formulations as a
material with a low hazard score (1 out of 10).

Another potential application of nanodiamond in the health-
care products is protection from ultraviolet radiation (UVR), as
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discussed by Shenderova et al.161 Ultraviolet radiation causes
severe damage in humans387 and natural and synthetic materi-
als. Chemical sunscreens reduce the damaging effects of UVR
via absorption, whereas physical sunscreens cause reflection
and scattering of UVR.388 In the case of inorganic sunscreens
such as barium sulfate, strontium carbonate, titanium dioxide
and zinc oxide nanosuspensions have found applications in sun-
screens made for human use.389 DND has high refractive index
(∼2.4) and efficiently scatters light. The attenuation of UVR
by DND can be enhanced due to absorption by carbon in the
sp2 hybridization state present on the DND surface. Many lat-
tice defects and impurities found in natural and synthetic dia-
monds absorb UVR,390 contributing to the radiation attenuation.
Photoluminescent defects that can be excited by UV radiation,
emit light in the ‘safe’ visible spectral range. Shenderova et
al. demonstrated that detonation nanodiamonds of with sizes
ranging from ∼50 to 100 nm effectively attenuate UVR with-
out compromising the transparency of a sample in the visible
spectral region and, thus, can be used in sunscreens in a variety
of applications.161 The ability of DND to absorb and scatter
UVR depends on the concentration and size of nanodiamond
particles, their surface composition and can be related to the
presence of sp2 carbon, lattice defects and impurities. Biocom-
patibility and non-toxicity of nanodiamond in combination with
their excellent physical performance make this material a very
attractive candidate as a physical sunscreen. Human trials are
needed, though, to make a final conclusion of applicability of
ND in health care and cosmetic products.

9. FUTURE OUTLOOK FOR ND BIOMEDICAL
APPLICATIONS

There are a multitude of nanoparticles currently being exam-
ined for biomedical applications (i.e., imaging, diagnostics, drug
or gene delivery); however, many have limitations to overcome
such as controlling surface properties, increasing dispersion in
physiological solutions, expanding on biocompatibility criteria,
and effectively targeting intracellular locations. Thus, the in-
teractions of nanoparticles with biological systems will depend
highly on the form (i.e., airborne particulate, aqueous suspen-
sion, protective coating, solid substrate), presence of impurities
(i.e., metal, amorphous carbon), cell type or animal model, and
route of administration and exit. Fortunately, nanodiamonds ap-
pear to be ideal candidates for biomedical use due to their small
primary particle size (∼4 to 5 nm), purity, facile functional-
ization, and retention of high cellular viability. However, the
qualities of NDs that must be controlled include their aggrega-
tion state, surface chemistry, as well as their localization and
accumulation behavior within the body. Therefore, advances in
their functionalization and comparisons between in vitro and
in vivo testing for biocompatibility300 will be required before
the full biomedical potential of any nanoparticle, including ND,
can be realized. We discuss in greater detail below future ND

research and development in bioapplications, biocompatibility
studies and specific prospective applications in medicine.

9.1. Designer Nanodiamond for Bioapplications
The most important structural aspects of modern DND have

been discussed in Section 3.4. Major structural characteristics
that need to be carefully controlled are the size of DND parti-
cles (both primary particles and their aggregates), their ‘exter-
nal’ composition (surface groups) and ‘internal’ lattice defects
responsible for important physical properties such as photo-
luminescence (Figure 11). These characteristics are discussed
below in the context of cell and animal studies along with their
envisioned bioapplication.

9.1.1. Control of Surface Properties
The importance of surface properties and a need for their

thorough characterization has been exemplified in studies with
particles synthesized through combustion techniques with very
low metal content, such as carbon black, which caused inflam-
mation purely due to surface characteristics and not from any
impurity soluble species.279,391 Thus, a suggested set of nano-
material characteristics considered valuable during the course
of cell or animal testing includes size distribution of primary
particles, shape, surface area, elemental and phase composi-
tion, surface chemistry, homogeneity of surface groups, surface
contamination, surface charge, crystal structure, agglomeration
state, porosity, method of production, storage conditions, and
concentration.233 Alteration of the diamond core is possible
through high-energy beams that enhance PL properties of NDs,
however many facile modifications that can be made on a va-
riety of ND surface functional groups formed during their syn-
thesis and processing. It is advantageous that these chemical
surface modifications follow standard wet synthetic chemistry
techniques. Although the surface of NDs has been utilized for
the adsorption of a variety of proteins, microorganisms, and tox-
ins, Perevedentseva et al. demonstrated that NDs do not readily
bind E. coli until after conjugation with lysozyme.175 Therefore,
the mechanism of surface binding is critical for understanding
the specificity of ND toward microbes or other targets, such
as enterosorbents.86 In either case, the rate and efficiency of
adsorption and desorption onto the ND surface should be opti-
mized while controlling non-specific binding through steric or
chemical means.

9.1.2. Increasing Dispersion
One key aspect related to the use of nanoparticles, includ-

ing NDs, in biomedical applications is the modification of its
surface to produce stable hydrosols that are able to endure neces-
sary medical processing procedures including sterilization (i.e.,
autoclaving) and freeze-thaw cycles (also see Section 3.3.5).
The effect of pH on the stability of fluorescent ND hydrosols
in buffer solutions was examined with fluorescence correla-
tion spectroscopy (FCS).96 The correlation between ND hy-
drosol stability and pH values greater than 7.5, which promoted
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aggregation, was attributed to the pH-dependent dissociation of
surface carboxyl groups. Although phosphate buffered saline
(PBS) is known to promote the aggregation of NDs, the addi-
tion of sodium dodecyl sulfate (SDS) was shown to increase the
dispersion of a mixture of NDs and PBS in the pH range of 5.7
to 7.8. Details on the concentration of SDS, actual size of the
aggregates, and the effect of size on cell viability would provide
valuable information as well as a comparison with other com-
mon surfactants. However, the nature of the bonding between
detonation-produced NDs is considered to be covalent due to
the high-temperature high-pressure synthesis, which forms large
agglutinates. Conventional methods such as sonication have not
been successful at breaking up the agglutinates, but the isolation
of primary particles by wet-milling with zirconia beads contin-
ues to be optimized.392 Therefore, the use of surfactants (i.e.,
SDS) or other chemical solvents to increase ND dispersion96 or
the attachment of bio-active molecules80,174 must be taken into
consideration for the cellular fate of the NDs throughout the
body and in individual cells.

The degree of nanoparticle dispersion or aggregation can
impact biocompatibility results, for example by altering the
effective dosage. Future studies should strive to take into
consideration the constraints of the biological environment
(i.e., temperature, media density and viscosity, presence of
serum proteins, addition of surfactants) and particle prop-
erties (i.e., size, shape, charge, and density), which are re-
lated to the diffusion rate and gravitational settling of the
nanoparticles.46,168,246,258,296,345,393,394 For example, the disper-
sion of NDs in cell culture media containing sugars, salts, and
amino acids leads to ND aggregates as large as 2 microns in
size.193 In this respect, it is difficult to predict the effect of
size on biocompatibility based upon the primary nanoparticle
size as measured with TEM or size in non-physiological sol-
vents. Further, the danger of thrombosis by plasma protein-
mediated ND aggregates is of concern if the NDs aggregate
in vivo. Additional methods of nanoparticle separation accord-
ing to size, surface charge, and shape with methods such as
electrophoresis,146,395 understanding the properties of various
fractions of nanoparticles,94 and producing pH stable function-
alizations (i.e., for the low pH environment of the stomach or
lysosomes) will be essential for targeted therapeutics.

9.2. Better Understanding Biocompatibility
A current review of the available data on ND particles over-

whelmingly suggests that they are biocompatible with many
mammalian cell lines.75,80,168,246 Regardless of the size of the
NDs in cell culture media, after purification, or fluorescent
labeling, there was high viability, maintenance of mitochon-
drial membrane integrity, and no indication of ROS after ex-
posure and internalization at concentrations up to 100 μg/mL
over 24 hours. However, the strength of the in vitro biocom-
patibility studies could be improved by providing consistent
positive and negative controls and benchmark nanoparticles to
assess the validity of the toxicity assays. This includes indepen-

dent testing of the solvents or surfactants incorporated with the
nanoparticles.

Because micron-sized diamond particles were chosen nega-
tive control particles for other ceramics, nano-sized diamonds
could be proposed as control particles for nano-sized carbon
biocompatibility studies. However, the properties would need
to be uniform and the binding of the biochemical assay probes
(i.e., MTT or ROS) should continue to be scrutinized for directly
interfering with the toxicity assay results.396,397 In this regard,
there are currently no standard benchmark nanoparticles. Typ-
ically soluble forms of metal/metal oxide nanoparticles (i.e.,
silver nitrate for Ag nanoparticles or well known toxins such
as CdO) and micron-sized counterparts are used as positive and
negative controls. However, operating in this fashion assumes
that the larger sized or more soluble materials are less toxic,
which may not be the case.

It is evident from the above discussion, and abundance of
recent publications that have included nanoparticle toxicity as
part of their results, that the formation of multidisciplinary teams
consisting of chemists, biologists, engineers, and other expert
scientists, is critical for developing new protocols and models
as well as ensuring the correct interpretation of what might
otherwise be attributed to sampling or technical artifacts (i.e.,
change in microplate reader absorbance due to the adsorbent na-
ture of some carbon nanomaterials). Hoet et al. emphasized the
collection of high quality blood samples for clotting studies, dif-
ferences in thrombogenesis between humans and animals, and
highly advised conducting hemostasis and thrombogenesis stud-
ies in close collaboration with experts in fields of coagulation
and vascular biology.398 These collaborations could help reveal
what caused the damage to blood cells after exposure to NDs, see
Table 3.313 Parameters that can lead to blood hemolysis includ-
ing physical damage at the time of venipuncture, prolonged or
incorrect processing and storage conditions (ie too hot or cold
temperature, centrifuging too quickly, or contamination with
micro-organisms) should be carefully investigated. Further, an
in-depth study of the direct interaction of NDs with the plasma
membrane may help elucidate the mechanism of destruction.

The mechanism of positive effects of NDs should be pur-
sued in a more technical fashion. Although the LD50 oral value
in rats was >7000 mg/kg, the dermal and injection limits are
virtually unknown.169 Before NDs are incorporated into health
care products, such as sunscreens and other skin creams, as well
as shaving gels and tooth paste, the penetration depth of NDs
into the skin or gums would need evaluation for any unforeseen
side effects. The preliminary results of the anti-cancer effects
of ND need systematic probing of the mechanisms at work, in-
cluding specific cell signaling pathways and gene expression by
high throughput microarrays similar to studies performed with
carbon nanotubes.285,399,400

9.3. ND Localization
While many studies are ongoing to determine the fac-

tors responsible for the biocompatibility of nanomaterials, the
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pathways for internalization and degradation at the cellular level
are still unknown. Quantum dot-multi-walled carbon nanotube
conjugates401 or multi-photon carbon dots402 were internalized
by temperature/energy-dependent endocytosis after 1 hour at
37◦C compared to little or no uptake at 4◦C. However, other stud-
ies have found non-phagocytic uptake mechanisms based on dif-
fusion or adhesive interactions. For example the uptake of fluo-
rescent polystyrene microspheres into pulmonary macrophages
or red blood cells did not result in their containment within
membrane bound structures.403 Other non-specific uptake mech-
anisms including pinocytosis, patocytosis, or membrane ruffling
may unsuspectingly traffic nanomaterials into cells.

The kinetics of both non-fluorescent and fluorescent ND
entry and localization inside cells has been examined with
microscopic and spectroscopic techniques. Internalized ND
aggregates localized within the cytoplasm, but not within
the nucleus.75,76,96,193 Time-and concentration-dependent ac-
cumulation in the cytoplasm from 1 to 24 hours showed co-
localization to lysosomes between 3 to 6 hours with subsequent
release back into the cytoplasm or new ND internalization af-
ter 24 hours.194 However, NDs were not degraded by the cells
raising questions about long-term accumulation and damage.

As previously mentioned, the biological fate of nanodia-
monds (and many other nanoparticles such as quantum or car-
bon dots) after internalization into cells is still in an exploratory
stage. Not only are there are many different uptake mechanisms
(endocytosis, phagocytosis, non-specific) which lead to differ-
ential intracellular localization, but the physicochemical prop-
erties of the NDs are not yet controllable to consistently allow
individual particles to pass through nuclear pores for potential
applications such as gene delivery. Further limitations of ‘see-
ing’ and recording individual nanoparticles inside the nucleus
or other subcellular organelles also continue to be addressed by
the scientific community.

Most recently, the authors of this review have worked to-
gether to address this issue by using fluorescent NDs to track
their localization into cells based on time and concentration. Af-
ter entering the cytoplasm of the cells, the NDs were routed to
lysosomes. However, the NDs were unable to be degraded and
appeared to accumulate in the cytoplasm. It is unclear whether
the NDs would be released or if the cells would die after long-
term repeated accumulated. Because many cells of the body
undergo natural cell death, it is anticipated that the body would
be capable of clearing small amounts of NDs through natural
cellular renewal processes without ROS generation or negative
side effects. Cell-specific differences should also be considered
in the mechanism of nanoparticle uptake, accumulation, and
localization.246,404

9.4. Precautionary Measures
As a precaution, people synthesizing or handling nanoparti-

cles should be sufficiently protected from accidental and pos-
sibly dangerous contact. The establishment of exposure limits,
understanding their undesirable attributes, properly disposing of

waste products, and limiting their impact on micro-organisms
and plants,361,405,406 are all required responsibilities during the
development of nanoparticles-based products. With this said,
the disease potential of supposedly biocompatible nanoparticles
in individuals with existing medical conditions can still be high,
as well as an increased susceptibility to disease after exposure
to nanoparticles.407 For example, the link between particulate
air pollution and increased cardiovascular morbidity and mor-
tality is well documented where increases in respirable partic-
ulate matter have been associated with increased plasma vis-
cosity, changes in blood parameters (i.e., fibrinogen, red blood
cell counts), arterial vasoconstriction, and increased heart rate
variability.398

Due to the vast array of compositions and surface prop-
erties, the biological effects of nanoparticles have received
attention from several U.S. government regulatory agencies,
such as the Environmental Protection Agency (EPA), Food
and Drug Administration (FDA), National Institute for Occupa-
tional Safety and Health (NIOSH), and the Occupational Safety
and Health Administration (OSHA). These government agen-
cies, along with public and private organizations, are working
closely with scientists to establish safety guidelines and advance
the understanding of nanoparticles for the larger global aim of
producing sustainable and significant advances for mankind.
Although the beneficial effects of nanoparticles are not typ-
ically incorporated as part of the risk assessment process,
sharing these findings would be beneficial to the scientific
community.

9.5. The Bright Future of ND for Biomedical Use
The anticipated major areas for ND biomedical use are in

cancer therapeutics (i.e., drug delivery), analytical diagnostics,
and imaging. Other clinical uses of NDs for instruments in cell
surgery, prosthetic devices for retinal implants, and platforms
for nerve stimulation will also undoubtedly impact the field of
nanomedicine.408

9.5.1. Drug Delivery and Cancer Treatment
ND is unique in its ability as an insoluble solid powder to

effectively prevent mutations in normal cells, reduce the reoc-
currence of secondary tumors, and counteract the mutagenic
effects of cancer medications alone or with the use of chemical
and radio therapy.49,169,375 In addition, the preliminary results
of NDs for medical use,316,334,336,337 have great potential since
there are many variations of ND available that may be tailored
to a particular drug or delivery application by selecting the most
beneficial type of ND (i.e., detonation, HPHT, natural, etc.),
dose, surface functionalization, and duration of treatment to
maximize their therapeutic value. For example, the time-release
and shielding capability of ND agglomerates may be exploited
in directed/sustained drug-delivery devices.372
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FIG. 29. Schematic of a field tip array (FTA) that can be used to collect solution targets using a ND-probe conjugate by applying
a bias on the electrode (right). A photograph of nanodiamonds collected on FTAs by applying a modest potential (left).

9.5.2. Bioanalytical/Diagnostic
Bioanalytical applications of ND films and particles for ad-

sorption, purification, and collection of analytes are expected
to be utilized in the near future. For example, recent work
has shown that it is feasible to use ND-probe bioconjugates
in diagnostic applications that collect and target proteins,372

small molecules, nucleic acids, see Figure 29. This work will
be expanded to other bio- and organic molecules to determine
the breadth of applications, since NDs are biocompatible and
may serve as an inert solid support that does not affect chemi-
cal/biochemical function of bound molecules.

ND-based biosensors may out-perform traditional silicon
and gold-based microelectronic materials by combining rapid
detection with high selectivity and sensitivity due to nan-
odiamond’s chemical and physical properties, particularly for
high throughput clinical systems.63 In addition, novel devices
may be expansive due to the variations in the type of ND
particle or film (i.e., mono-, poly- crystalline) and may ex-
ceed current performance criteria with reduced cost.220 ND
particles form ordered assemblies that we call “ND Rain-
bows” such that the packing distance is dependent upon the
spacing of the particles. In addition, size selection of ND
particles has produced ordered photonic crystals, which we
call ‘ND Christmas Lights.” Thus, these ordered ND parti-
cle assemblies may have applications in biodiagnostics, for
example, as a colorimetric indicator platform (see Figure
30).122

9.5.3. Imaging
The variety of imaging modalities of ND (PL, optical scat-

tering, Raman mapping, fluorophore tagging) allows dynamic
and non-destructive monitoring of its interaction with living
systems. In the future, NDs may be used for imaging in
biomedicine, which may be targeted to the human body or
within single cells. Of course, as means of visualization, op-
timization may be required to increase the signal output due
to endogenous fluorescence of biological tissues and may be
accomplished by further functionalizing the surface or devel-
oping more sophisticated non-destructive imaging techniques.
Never-the-less, current in vitro and in vivo work shows that ND
imaging is facile and does not require such considerations. In the
future, nanohybrid fluorescent-magnetic-radioactive nanoparti-
cles could be combined for detection with various forms of
near infrared (NIR) fluorescence, tomography (magnetomotive
optical coherence, photoacoustic, positron emission, computed
scan), ultrasound, or magnetic resonance imaging (MRI).409−413

Thus, nanodiamonds offer a promising avenue for more sophis-
ticated, and possibly, new imaging modalities in biomedicine.

9.6. Future Applications
Nanodiamonds may be used for biolistic delivery in gene

therapy, drug delivery, and vaccines as a solid support matrix
that may stabilize and concentrate the bioactive molecules of
interest, while maintaining a physically strong matrix that has a
large surface area for increased loading of material. Also, NDs
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FIG. 30. Nanodiamonds form a rainbow of colors depending upon the spacing between nanodiamond particles (A). Future
applications of photonic sensors for analyte detection (B) may employ nanodiamonds that form photonic crystals (C) whereby,
the color observed is dependent upon the angle of observation (D). (Adapted from Grichko et al.85)

may be used as oral adjuvants for drugs and food as a stabiliza-
tion media, which could be prepared, for example, by hydro-
genating NDs to reduce their binding affinity to biomolecules.
In biotechnology, genetic screening using gene chips may one
day incorporate NDs as the solid support for gene attachments.
Similar applications could be transferred to the development of
proteomics and metabolomics. Additionally, NDs may be used
in immunoassays as either the detection tag or the solid support
matrix. Furthermore, NDs may one day be used in humans for
labeling biomolecular targets of interest or may be used for im-
munotherapeutic applications. For example, ND particles may
be attached to both an antibody and radiolabel, whereby the
high surface area of the ND “protects” the antibody from de-
struction by the radiolabel. Biosensors in vitro or in vivo may
be constructed of ND photonic crystals that change color when
targeted molecules bind the sensor surface. NDs may be used in
new types of purification procedures that combine high-pressure
liquid chromatography with high temperature.

9.7. Conclusions
The highly intense research into ND chemistry and

biomedicine in the last several years has lead to a new quality
of nanodiamond that is far superior to its predecessors and may
be almost unrecognizable. This focused work has lead to ND
products that rival other nanoparticles in purity, size selectivity,

prevention of aggregation, colloidal stability, surface function-
ality, and photoluminescence. Thus, the authors of this work
expect, that in the near future, NDs will become more widely
recognized for their unique surface and diamond core properties
and will attract further attention, bring about new applications,
and possibly create new scientific fields of research and applica-
tions. We believe that forming close working relationships with
investigators outside the nanodiamond community is paramount
to the successful development of nanodiamond products and is
critical in promoting and exploiting their potential in medicine
and biotechnology.
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