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A B S T R A C T

One of the newly emerging carbon materials, nanodiamond (ND), has been exploited for use in traditional
electric materials and this has extended into biomedical and pharmaceutical applications. Recently, NDs
have attained significant interests as a multifunctional and combinational drug delivery system. ND
studies have provided insights into granting new potentials with their wide ranging surface chemistry,
complex formation with biopolymers, and combination with biomolecules. The studies that have proved
ND inertness, biocompatibility, and low toxicity have made NDs much more feasible for use in real in vivo
applications. This review gives an understanding of NDs in biomedical engineering and pharmaceuticals,
focusing on the classified introduction of ND/drug complexes. In addition, the diverse potential
applications that can be obtained with chemical modification are presented.
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1. Introduction

Nanodiamonds (NDs) have been developed as electric materials
since they have promising properties such as energy absorbance,
thermal diffusivity, and high capacity (Branson et al., 2013; Lim
et al., 2013; Sundar et al., 2014). NDs also have applications in
lubricants, composites, electromagnetic shielding, and special
catalysts similar to other carbon materials (Mochalin et al., 2012).
Recently, NDs have emerged as a new platform for nano/
biomaterials due to their interfacial integration with a variety of
biomolecules, including proteins, polymers, chemical drugs, and
genes. In detail, exploring the biomedical applications of versatile
potential ND via chemical modification or physical absorption has
been proposed for many different applications including photo-
acoustic imaging agents, polymer composites as a dental resin
(Mochalin et al., 2011), gene carrier (Bertrand et al., 2015; Zhang
et al., 2009), drug reservoir (Chen et al., 2009), and fluorescence
marker (Schrand et al., 2011). The easy access of NDs to biomedical
applications relies on the moderate condition of the surface
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modifying capability in charges and other functional groups on the
ND substrate. Moreover, it has been observed that ND particles
uptaken by cells are minimally cytotoxic and biocompatible, which
means they do not affect mitochondrial function or ATP production
at the cellular level (Schrand et al., 2007a); however, the
biocompatibility of ND varies depending on its material properties.

The nature of promising NDs depends mainly on their chemical
production and purification procedures. NDs can be produced via
detonation method (Mochalin et al., 2012), chemical vapor
deposition (Liu and Dandy, 1995), high-energy ion irradiation of
graphite (Daulton et al., 2001), and high-energy ball milling of
diamond microcrystals (Boudou et al., 2009). Different production
methods, treatment conditions, and processing techniques result
in diverse types of NDs that vary in size, shape, structure, and even
surface chemistry (Kulakova, 2004; Paci et al., 2013; Sabirov and
Osawa, 2015). This creates distinct surface properties making it
possible to use as an extensively good platform for other potential
discoveries (Paci et al., 2013). However, this is also why identifying
the physical and chemical properties of NDs and carrying out
quantitative analysis of its surrounding chemistries remain a
challenge (Mochalin et al., 2012).

NDs contain a core diamond crystalline structure and possess a
unique surface structure. They have a large specific surface area,
high adsorption capacity, and chemical inertness (Kulakova, 2004;
Mochalin et al., 2012). Various functional groups in the ND surface
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Fig. 1. Summary of the functional groups present on the nanodiamond surface.
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have been revealed saturation of the reactive surface of carbon
atoms (Kulakova, 2004) and existence of dangling bonds for
various covalent bonding (Krueger, 2008). These dangling bonds
react with the surrounding media to trigger the functionalization
of the ND particles (Krueger, 2008).

The ND surface is covered with amorphous carbon and mainly
oxygen-containing functional groups [6]. These functional groups
are analyzed using Fourier Transform Infrared Spectroscopy (FT-
IR), which can detect functional groups and changes in the surface
chemistry of functionalized NDs (Chen et al., 2009; Mochalin et al.,
2012). Measurements confirm that there is significant presence of
oxygen-containing groups on the ND surface (Chen et al., 2009).
Small amounts of nitrogen-containing groups, methyl and
methylene groups, sulfone, and other groups are also present
(Kulakova, 2004). Fig. 1 shows a summary of the functional groups
present on the ND surface.

The ND retains amorphous carbon, graphitic shells, and the sp3
phase of carbon on the diamond surface (Gaebel et al., 2012),
which is available for surface functionalization. The physicochem-
ical properties of the ND may be altered via surface modification
(Sabirov and Osawa, 2015). Functional groups can be replaced by
other groups, but they always remain attached within the surface
of the ND (Kulakova, 2004). They can also be the binding site for the
covalent integration of ND into polymer structures and help
improve the dispersibility of ND powders in common solvents (Liu
et al., 2004). Various groups are compatible with ND surface
Fig. 2. Schematic description of ND surface modification. Carboxylated ND (ND–COOH) i
with gas at high-temperature condition (red area) or wet chemistry modification at ambi
Copyright 2012 Macmillan Publishers Ltd.). (For interpretation of the references to col
chemistries, allowing for radical surface functionalization, and
thus present a distinct characteristic of ND compared to other
nanoparticles (Mochalin et al., 2012; Wahab et al., 2015); ND also
exhibits high surface reactivity compared to other carbon nano-
structures. ND is chemically functionalized in many ways, but the
outcome depends on the purity and uniformity of their surface
chemistry (Fig. 2) (Mochalin et al., 2012; Sabirov and Osawa, 2015;
Wahab et al., 2015). Surface functionalization was also said to affect
the stability of ND surfaces (Mochalin et al., 2012). The
functionality of the ND surface is responsible for its drug binding
ability and imaging, and is also a determining factor for its other
applications (Paci et al., 2013).

With these specific potentials and capabilities, ND complexes
that are formed either by physical adsorption or chemical
conjugation have the benefits of reducing the multidrug resistance
of anticancer drugs, enhancing delivery efficacy with convective
diffusion. This property of ND complexes may possibly be useful for
diverse smart designs (Wang et al., 2014). Small ND of 5 nm
diameter can perform as a carrier platform by holding drug
molecules within an intracellular compartment due to their large
surface area. Moreover, ambiguous surface functional groups and
their density on the ND have dependence on versatile sources. This
review summarized the versatile chemical modifications of NDs
required to develop its desirable properties, the potentials of ND as
a drug delivery carrier platform, and the fate of ND within cells and
other in vivo applications. Future applications of ND were also
discussed with the objective of creating pharmaceutical applica-
tions.

2. Molecular dynamics

Possible concepts of versatile and novel ND applications have
been disclosed in several recent studies, which have made a strong
driving force towards analogous goals. However, different com-
mercial sources of NDs provide ambiguous and veiled surface
characteristics that require fundamental understanding and
methodology standardization in ND experiments (Lai and Barnard,
2014). Understanding the faceted ND surface is a critical step in
taking advantage of the high surface area to volume ratio for
biomedical and pharmaceutical applications. Furthermore,
s a common starting material. The surface of ND–COOH can be modified by reaction
ent-temperature condition (blue area). (Adapted by permission from Mochalin et al.,
our in this figure legend, the reader is referred to the web version of this article.)
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stoichiometric adsorption of biomolecules on ND surface needs to
be clarified based on the understanding of its properties.

Regarding this aspect, several computer simulations and
molecular dynamics have given fundamental insights into bare
NDs. The adsorption strength of bare NDs was investigated with
regard to the distribution of basic functional groups such as COOH,
OH, O, and H at the atomic level (Lai and Barnard, 2014). It is said
that the surface reconstruction by functional groups specifies facet
orientation and that ultimate particle shape determines the
concentrated adsorbents on ND surfaces. Facet (111) provides
the crowded density of COOH groups, resulting in weak adsorption.
It is interesting that the size and shape of facets are also one of the
factors for determining the surface properties of NDs, resulting in
its varied adsorption ability. Barnard et al. extensively studied the
effects of shape and size on NDs (Barnard and Per, 2014; Barnard
and Sternberg, 2005). The electro-potentials of the surface become
different depending on the shape, which might be a critical factor
in determining the ND properties in an aqueous solution. The
degree of protonation in the edges and corners of ND facets may
vary depending on the size of the facets.

ND itself is influenced by the factors of its exterior environment
such as the temperature and pH (Adnan et al., 2011; Lai and
Barnard, 2012). Together with the basic understanding of ND such
as its molecular dynamics, the behavior of ND complexes with
drugs has also been investigated. One study simulated the pH
dependent interaction between doxorubicin (Dox) hydrochloride
and faceted ND (Guan et al., 2010). Molecular dynamics suggests
that the manner in which Dox adsorption on ND depends on the
Fig. 3. pH-dependent doxorubicin (Dox) adsorption on the ND surface. Magnified ND–D
Dox are close to minimum at low pH, while their strong electrostatic interactions lead t
modeling with eight NDs at (c) low pH and (d) high pH (modified with permission fro
pH. In ND/Dox complexes, ND was integrated with 30% functional
groups at different pH levels. As shown in Fig. 3, it was noted that
Dox was located at 15 Å from the ND surface at low pH, maintaining
a stable separation. Dox was bound to the ND surface at high pH,
indicating that the electrostatic interaction was strong enough
(Adnan et al., 2011). The pH dependent behavior of ND might
change depending on the major surface functionality. In addition to
pH adjustment, van der Waals forces, hydrogen bonding, and facet-
dependent dipole moments are also factors in determining ND
aggregation and drug adsorption. It is critical to understand
completely how the relationships between diverse factors influ-
ence ND agglomeration and drug adsorption.

In an advanced study, a multiscale simulation of siRNA gene
delivery was carried out with polyethyleneimine (PEI)-based ND
complexes (Kim et al., 2012). From the first layer of PEI on ND, the
simulation estimated the number of PEI to the ND and the effective
ratio of siRNA adhering to the PEI/ND surface. It was noted that the
approach of the large molecule, PEI, was limited depending on the
facet size and facet direction.

3. Nanodiamond in biomedical imaging

3.1. Fluorescence nanodiamond with nitrogen-vacancy sites

Laser-irradiated ND with nitrogen-vacancy color center is
known to possess fluorescence and magnetism characteristics,
which make it useful for smart applications in nano-scaled
biolabeling and bioimaging (Faklaris et al., 2009; Havlik et al.,
ox complex at (a) low pH and (b) high pH. The electrostatic interactions of ND with
he Dox molecules to be adsorbed on the ND surface at high pH. Schematic view of
m Adnan et al., Copyright 2011 American Chemical Society).
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2013). Since the first direct observation of 5 nm fluorescence
diamond (FND) was made, ND has garnered growing interests as a
promising material (Bradac et al., 2010; Wrachtrup, 2010). The
long-lasting optical properties of laser-irradiated ND with
nitrogen vacancy sites were enhanced with the addition of a
silica shell coating (Prabhakar et al., 2013). This nanocomposite
material with ND provided continuous cellular tracking due to its
stable photoluminescence. The PEG-PEI-coated ND provided
improved cellular uptake, showing localized FND at subcellular
regions (Prabhakar et al., 2013). Moreover, the long term stability
and biocompatibility of laser-irradiated fluorescence ND in vivo
was examined. The development of the intrinsic properties of FND
was also investigated with photostability, imaging resolution, and
fluorescence intensity (Vaijayanthimala et al., 2012). However,
FND with a nitrogen-vacancy color center is not widely used due to
its price and limited production. The FND production method
varies depending on the ND source, input energy, and ion species
(Nagl et al., 2015). The accurate set-up of FND production and the
biomedical applications of FND still have a lot of areas to be
examined.

3.2. Fluorescence diamond with extrinsic dyes

Fluorescence dyes as a model drug were complexed with ND
via physical adsorption (Chang et al., 2008; Lien et al., 2012).
The studies provide insights about novel ND nanocomposites as
a tool for bioimaging and drug delivery platforms. Since it is not
easy to access ND with nitrogen vacancy sites due to the high
cost of the equipment and unfamiliarity with the methods of
production, alternative approaches to introduce extrinsic
fluorescence dyes have been achieved via conjugation onto
the ND surface (Hens et al., 2008; Schrand et al., 2011). Coupled
ND complexes between aminated ND and reactive N-hydrox-
ysuccinimide (NHS) functionalized TAMRA were utilized for
temporal and mechanistic cell tracking (Schrand et al., 2011). Co-
localizations, early endosomes, or lysosomes in N2A cells were
traced over time. The destination of ND localization into
respective cell compartments may enhance the targeted site-
specific drug delivery of genes or proteins. TAMRA conjugated
with ND plays a role as a bright biomarker with high
fluorescence intensity, probably due to the high reactive sites
of ND.
Fig. 4. The schematic features of ND energy absorbance and transfer to neighboring ND co
chemical structure of ODA and oligo(phenylenevinylene). (Reproduced from Maitra et 
3.3. Blue fluorescence nanodiamond

Blue fluorescence ND formed via wet chemistry has potential in
ND surface modification with small molecules to change the light
absorption characteristics and to emit diverse light energy states
(Mochalin and Gogotsi, 2009). The formation of fluorescence ND
via the wet chemistry method is promising and elaborate studies
are still required to understand the complete mechanism. Blue
fluorescence ND was obtained by the conjugation of octadecyl-
amine (ODA), which was excited at 410 nm and emitted at 450 nm.
Another study noted that the conjugation of oligo(phenylenevi-
nylene) onto the ND surface showed enhanced photoluminescence
as the agglutinate size of ND increased with the ND concentration
as shown in Fig. 4 (Maitra et al., 2011). From the comparison of ODA
modification, the photoluminescence of oligo(phenyleneviny-
lene)-conjugated ND was stronger than that of ODA-conjugated
ND, indicating that the molecular design at the ND surface could be
a critical factor for fluorescence. The close distances between ND
agglutinates performed as bridges for electrons hopping between
particles. Oligo(phenylenevinylene) moiety on the ND surface
helps ND store electrons and transfer energy. ODA or oligo
(phenylenevinylene) conjugated ND with blue fluorescence are
hydrophobic. Hydrophilic ND with fluorescence is issued for use in
widespread biomedical imaging.

4. The cellular response, biocompatibility, and biodistribution
of nanodiamond

Varieties of nanoparticles have been introduced into the body
to examine their biocompatibility and biodistribution. The fate of
nanoparticles in the body has been traced both in vitro and in vivo.
The surface properties of nanoparticles can reduce enzymatic
degradation or phagocytic attack, extending ND circulation in vivo
(Vaijayanthimala et al., 2012). Since ND has been used as a new
material in biomedical applications, continuous studies have been
performed that have proved that ND is inert, biocompatible, and
less toxic than many alternatives. Opening with new ND
biomedical and pharmaceutical applications, extensive and
quantitative studies are still necessary to examine cellular
response, biocompatibility, and biodistribution. Moore et al.
investigated the cellular response of detonated ND, fluorescence
ND, and amine ND in HeLa and HepG2 cell lines (Moore et al.,
mplexes. (a) ND agglutinates performing as bridges for electron hopping and (b) the
al., Copyright 2011, with the permission of The Royal Society of Chemistry).
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2014). ND at 25 mg/mL concentration did not show promoted
apoptosis, an inflammatory response, or inhibited proliferation at
the level of the transcriptional response. Moreover, ND/daunoru-
bicin complexes at a ratio of 5:1 showed less toxicity at an
equivalent dose of the free drug for metabolic activity, cell death
from lactate dehydrogenase release, and initial apoptosis from
caspase activity (Man et al., 2014). Simple physical drug adsorption
onto the ND and subsequent cellular treatment in vitro showed
potentially promising results as a new drug reservoir. However, it
should be noted that the stability of the ND complexes was not
examined over time in biological media and with appropriate
exposure to ND or ND/drug complexes into cells.

Several studies have shown that bare ND is less toxic compared
to other carbon materials such as carbon nanotubes, graphenes,
and graphites (Paget et al., 2014; Schrand et al., 2007b; Zhu et al.,
2012). Fluorescent dye-conjugated ND was injected to mice for
biodistribution study. ND was accumulated in the lung, liver,
spleen, and kidney in a day and its clearance lasted over 10 days.
Moreover, fluorescence signal was also observed in the bladder
(Chow et al., 2011). When ND, graphite, and graphene oxide
nanoparticles were injected to rats intraperitoneally, ND showed
significantly less aggregates in mesentery, connective, and
abdominal lipid tissue compared to graphite and graphene oxide
nanoparticles (Kurantowicz et al., 2015). The biocompatibility and
biodistribution of ND still have critical issues for further realistic
applications. Inert bare ND and heparin/polyarginine-coated ND
showed dramatically improved hemocompatibility compared to
the group of graphene (Li et al., 2013). Liu et al. observed the
Fig. 5. Cellular trafficking of ND agglutinates in cell cycles and division. (a) The trackin
interphase and mitotic phase (prophase, metaphase, and telophase), (b) Schematic pic
Copyright 2009, with permission from Elsevier).
cellular tracking of fluorescence-labeled ND in an A549 cell (Liu
et al., 2009). It was noted that ND agglutinates were localized in the
interphase and mitotic phase (prophase, metaphase, and telo-
phase). ND was also separated and localized into two daughter
cells. ND was shown in all cell cycle phases, while not disturbing
the spindle formation or chromosome segregation. The study
proved that endocytic ND agglutinates were not cytotoxic in cell
division and differentiation over 10 days of long term observation.
One study by Marcon et al. also examined the cytotoxicity of NDs
with different surface functionalities (–OH, –NH2, –COOH) in
HEK293 cells and Xenopus laevis embryos (Marcon et al., 2010). No
cytotoxicity was present in up to 50 mg/mL of ND in HEK293 cells,
while the embryotoxicity for carboxylated ND was shown for both
gastrulation and neurulation. Moreover, Rojas et al. studied in vivo
ND biodistribution using radioactive 18F-labeled ND (Fig. 5) (Rojas
et al., 2011). The individual particle sizes of surface modified ND
was approximately 7 nm, while aggregates in aqueous solution
were approximately 680 nm, as measured by light scattering that
required surfactants in their dispersion solvent of up to 5% (Rojas
et al., 2011). Interestingly, prefiltered NDs showed a highly
excreted distribution into the urinary tract, proving that stable
NDs aggregates in size are critical for biodistribution and excretion.
The long term toxicity study of ND in rats was also investigated
(Vaijayanthimala et al., 2012). Fluorescence ND was administered
with subcutaneous, intradermal, and intraperitoneal injections for
a dose per week, and rats were sacrificed for the tissue morphology
after 12 weeks. Dark carbon-laden cells were observed in the
dermis with no tissue damage, inflammation, or necrosis in the
g of ND agglutinate at each cellular phase. ND agglutinates were localized in the
ture of the suggested mechanism of ND localization. (Reproduced from Liu et al.,
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surrounding cells. Promising results of ND applications in vivo have
been shown in a way, yet further extensive studies should be
performed for broader and more realistic ND applications.

5. Nanodiamond dispersion

Unusually strong aggregates of ND lead to elaborating the
deagglomeration steps of grinding, milling with salts (Pentecost
et al., 2010), sonication with the addition of salt, and the
addition of surfactant (Xu and Zhao, 2012; Xu et al., 2005).
Without impairing the intrinsic properties of NDs, the efforts to
prepare well-dispersed NDs in an aqueous solution have been
performed. Detonated ND is approximately 5 nm in size, but
often forms named aggregates or agglutinates in the range of
several hundred nanometers in aqueous solution (Chang et al.,
2011). At present, ND can be classified according to its
agglutinins and disintegrated aggregates. Agglutinin ND is
bound with covalent C��C bonds between internanocrystals,
forming unusually strong tight aggregates. Even under strong
ultrasonication, agglutinates are stable without disintegration.
Disintegrated NDs are composed of agglutinate and small
aggregates interconnected by van der Waals forces and
electrostatic interaction. NDs have been heavily functionalized
with hydrophilic groups on its surface including phenylated,
carboxylated, and sulfonylated NDs to produce water-dispers-
ible NDs. These functional groups help in the production of a
stable dispersion of NDs in aqueous solution (�100 mg/mL) via
mild ultrasonification (Huang et al., 2007). It was hypothesized
and confirmed that the carboxyl group on the ND helped the
ND interface ND/drug complexes through physiosorption and
electrostatic interactions (Chen et al., 2009). The dependence of
the ND functional group on ND/drug complexes has been
characterized with ND/drug imaging and UV–vis analysis, and
various ND surface modifications grant specific functionalities.
However, ND aggregation (cluster formation) in biological
solutions limits its wider applications.

One simulation suggests that a ND with a hydroxyl group is
more thermodynamically stable than a ND with a carboxyl or an
amine group (Krueger and Lang, 2012), and the size of agglutinates
is greatly dependent on Coulombs law by the van der Waals
interaction rather than electrostatic interaction (Chang et al.,
2011). It was reported that a varied facet size originates the dipole
moments, determining the final size of the ND agglutinates (Lai
and Barnard, 2014). It was also reported that ND aggregates can
cause DNA damage in embryonic stem cells (Xing et al., 2011); the
results implied that the cellular damage caused by the ND was
probably due to the unacceptable agglutinate size in the
intracellular compartment. Thus, for ND to be exploited in
biomedical and pharmaceutical areas as a drug delivery platform,
the stable dispersion of ND in aqueous and biological solution is
critical. Surface modified ND with high purity also showed a
narrow distribution in an aqueous solution (Kuznetsov et al., 2012).
Ultimately, chemical surface modification may be required to
disperse the NDs evenly in aqueous solution and be further
circulated when in vivo.

Niu et al. showed promising potentials, proving that the
photoluminescence of the ND itself could be controlled by laser
chemistry (Niu et al., 2011). Laser irradiation on the ND resulted in
the ablation of the amorphous carbon layer and a disconnection
between ND agglutinates. Unusually strong ND agglutinates could
be controlled by laser irradiation with the addition of a PEG
surfactant. The ND size distribution was critically varied, resulting
in unique light absorption and photoluminescence. The study
showed the relevant importance of ND surface modification and
dispersion.
6. Nanodiamond drug delivery

6.1. Physical adsorption of small molecular drugs

The most important advantages of ND as a drug delivery
platform arise from its strong physical adsorption. The intrinsic
properties of ND adsorption originated from its high surface
area to volume ratio and its facet-dependent dipole moment.
Even the organic impurities were absorbed within the ND, or
the ND contained bound and even absorbed water at its
molecular level. The absorbed water is not easily removed, even
during drying procedures (at 393 K), because it is absorbed
inside the ND pores that form upon aggregation (Kulakova,
2004). The strong capability of physical absorption is known to
be controlled by the ND surface functional groups that can also
be modified via oxidation such as through simple acid-washing
(Krueger and Lang, 2012).

The chemical conjugation of prodrug onto the ND surface by
microwave-assisted paclitaxel conjugation has been suggested to
facilitate the functionality of the ND surface and increase the drug
loading efficiency; the chemical conjugation of paclitaxel doubled
the loading efficiency (Hsieh et al., 2015). It was also reported that
polyglycerol was conjugated on the ND surface as a linker (Zhao
et al., 2014a). Arg-Gly-Asp (RGD) cell penetrating peptide sequence
and Dox were conjugated at the end of the polyglycerol.
ND–polyglycerol with Dox in the respective cell line showed
selective effects with minimal uptake and toxicity in a macro-
phage, while being highly sensitive to the drug in cancer cells.

In fact, rather than the chemical conjugation of prodrug,
ND/drug delivery via physical adsorption was intensively reflected
in diverse studies due to its simple process. Oxidized and bare ND
has often been investigated for its sorption of heavy metal, dyes,
proteins, and chemical drugs (Chernysheva et al., 2015; Chu et al.,
2014; Manus et al., 2009; Wang et al., 2012). To understand the ND
fundamentals as a drug delivery carrier, Mochalin et al. studied ND
agglomeration/deagglomeration and the adsorption capacity of
different drugs (Mochalin et al., 2013). The surface functional
group on ND with amine, carboxyl, and hydrogen groups showed
varied adsorption levels for Dox and polymyxin B. ND dispersion
and the drug solution being dependent on the pH condition require
clarification, since the solubility of Dox is also changed, according
to pH. The ionized and charged surface functional groups on NDs at
adapted pHs also alter the drug adsorption capacity. Salaam et al.
studied the ND–Dox complexes formed by physical adsorption
(Salaam et al., 2014a; Salaam et al., 2014b). The release of those
complexes was investigated as the pH changed. Since Dox was
solubilized at low pH, accelerated Dox release was expected at low
pH. It is not evident that pH controlled release is mainly
attributable to the ND surface reservoir ability or the intrinsic
properties of Dox. The promising desorption control of a drug,
which is an important property of therapeutics, is shown in this
study. Rye et al. also developed ND/Dox complexes, particularly
using microfluidic devices (Ryu et al., 2015). The simple process of
microfluidics controlled the size of the ND/Dox agglutinate, which
facilitated cellular uptake. Approximately 50 nm of the ND
agglutinate was shown to have high cellular uptake. Moreover,
ND/Dox complexes were investigated for their ability to inhibit the
lung metastasis of breast cancer (Xiao et al., 2013). Drug loading
was carried out with a 5:1 weight ratio of ND to Dox. To prolong the
in vivo circulation, 5% PEGylated positively charged amine lipid
molecules were also used to coat the ND/drug dispersion. Though
the ND/Dox lipid vesicles showed low cytotoxicity and therapeutic
potential, it was ambiguous whether the enhanced anti-metastatic
effect resulted from the ND/drug complexes or the aid of lipid
vesicle formulation.
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The study to investigate in vivo biodistribution also showed that
1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-PEG
lipid–coated NDs and poorly water soluble sorafenib complexes
enhanced the circulation time in vivo (Zhang et al., 2014). The
residual drug concentration in tissue was improved 15-fold,
compared to bare ND/sorafenib complexes without lipid coating,
and inhibited tumor growth in tumor xenograft models. ND used
for the physical adsorption of mitoxantrone possessed highly
positive zeta potential and probably hydrogenated ND (Toh et al.,
2014). Mitoxantrone adsorption resulted in a slight decrease of
positive zeta potential. It can be suggested that the p–p
interaction and hydrogen bonding with the ND surface are major
interacting forces with mitoxantrone, imposed from the structure
of mitoxantrone. The release of mitoxantrone was accelerated at
low pH, indicating that the physical adsorption of the drug on NDs
has potential for use in controlling the manner of drug release.

Anticancer drug delivery with specific targeting has been
examined, mainly focusing on overcoming multi-drug resistance
(MDR) with cancer cells. Surprisingly, ND showed increased
anticancer drug retention and thus antitumor activity. ND
complexes with Dox showed increased acute apoptotic responses
and enhanced drug retention compared to treatment with Dox
alone in MDCK-MDR drug resistant cells (Chow et al., 2011). ND-
enhanced delivery and decreased drug efflux was not only defined
for solid tumors but also effective in leukemia cancer cells. ND–
daunorubicin (DNR) complex showed lower IC50 values and
efficacy against drug resistant K562 leukemia cells (Man et al.,
2014). The pH dependent release of drugs was exampled using
DNR in leukemia that was bound via simple physical adsorption
(Man et al., 2014). pH-dependent ND/DNR complexes showed
significantly reduced gene expression of three major efflux
proteins in the ATP-binding cassette (ABC) transporter. ND/DNR
complexes were hypothesized in which NDs played a role as stable
drug-releasing platform and bypassed the efflux pump, elevating
the drug concentration within cells and thus enhancing the drug’s
therapeutic efficacy. It was suggested that the ND/drug delivery
platform assisted the reduction of multidrug resistance in cancer
cell lines. Active drug efflux transporters such as ABC transporters
cause anticancer drug resistance against anthracyclines such as
Dox and DNR (Schinkel and Jonker, 2003). Drug conjugates with
NDs might evade drug efflux transporters by entering the cell
through endocytosis (Zeng et al., 2014). The therapeutic effect of
epirubicin-adsorbed ND was investigated against chemoresistant
hepatic cancer in vivo (Fig. 6) (Wang et al., 2014). The epirubicin–
ND complex also showed improved antitumor activity and reduced
multi-drug resistance effects when compared to epirubicin alone
Fig. 6. Schematic description of epirubicin–ND complex formation and the tumor-in
secondary allograft tumor formation compared to only epirubicin treated case at enha
injection (Reprinted with permission from Wang et al., Copyright 2014 American Chem
and an ND-treated group. The complex formation between
epirubicin and ND prevents the efflux of epirubicin via ABC
transporters due to the change of molecular size and structure
(Wang et al., 2014).

Enhanced convective drug delivery associated with the drug
and NDs prevents drug efflux via the ABC transporter. The
extended drug retention within cells elevates the possibility to
target passively in the intracellular compartment, and thus
facilitates the inhibition of initial cancer stem cells mediated with
tumor growth. NDs not only reduce drug resistance but also
prevent the side effects associated with a high drug concentration.
Dox showed myelosuppression, systemic immune response, and
liver toxicity at a high concentration. ND/drug complexes might be
an alternative delivery platform, replacing the small molecules of
an ABC transporter inhibitor. Though ND/drug complexes provided
high loading efficiency as a capable drug reservoir, specific
formulations seemed to be demanded for ultimately long lasting
in vivo circulation and targeting. Surely, developing the method of
ND use in optimal pharmaceutical formulations is required in the
near future to approach realistic therapeutic agents. Table 1 lists
various examples of nanodiamond/drug complexes.

6.2. Adsorption of biomolecules onto nanodiamonds

Together with the adsorption of small molecular drugs, the
adsorption of relatively large biomolecules onto the ND surface has
become an emerging interest as a new therapeutic delivery
platform. A fundamental understanding of ND/biomolecule
(proteins, siRNA, and DNA) complexes grants insight into the
biomolecular array on NDs. The protein size, surface charge, and
complex ratio of protein to NDs are the determining factors that
form the biomolecule layer on the ND.

Protein adsorption was examined with different surface charge
functionalities on NDs (Aramesh et al., 2015). The small protein
lysozyme formed multilayers with significant conformational
changes, while the large protein albumin formed monolayers
with minimal conformational changes on the ND surfaces.
Depending on the surface charges on ND, the protein conformation
and array between proteins become distinct. One particular study
investigated the quantitative analysis of ND/protein adsorption by
ratio (Lin et al., 2015). A ND with 3.7 nm in diameter possessed a
saturated surface forming 1:1 myoglobin/ND complexes of the
protein myoglobin with a molecular weight of 17 kDa. Another
study reported that the physical adsorption and desorption of
insulin onto NDs could be controlled in modulated pH environ-
ment (Shimkunas et al., 2009). Insulin was desorbed from the ND
itiation evaluation of epirubicin–ND complex. Epirubicin-ND complex prevented
nced tumor-initiation evaluation in allografts when seeded at 300 tumor cells per
ical Society).



Table 1
The physical properties of nanodiamond/drug complexes.

Mechanism ND-Source Drug Diameter (nm) Surface charge (mV) Ref.

Covalent linkage ND-COOH Recombinant growth hormone 9.3 N.D. Chu et al. (2014)
ND-COOH a2b1 integrin-binding peptide 303 17 Knapinska et al. (2015)
ND-PEG Cisplatin 66.9 N.D. Zhao et al. (2014b)
Pristine ND Paclitaxel 10 N.D. Liu et al. (2010)

Physical adsorption ND-COOH Purvalanol A 556 27.2 Chen et al. (2009)
ND-COOH Hydroxytamoxifen 278.9 25.7 Chen et al. (2009)
ND-COOH Dexamethasone 77.55 21.9 Chen et al. (2009)
ND-COOH Transferrin/doxorubicin 235 N.D. Wang et al. (2015)
ND-COOH Daunorubicin 93.1 N.D. Man et al. (2014)
ND-DGEA Doxorubicin 89 21 Salaam et al. (2014a)
ND-Gd Epirubicin 89.2 19.6 Wang et al. (2014)
ND-H siRNA 30 �15 Bertrand et al. (2015)
ND-NH2 Plasmid DNA (GFP) 100 35 Zhang et al. (2009)
ND-PEG Doxorubicin 187.7 �27.8 Wang et al. (2013)
ND-PEI600 Plasmid DNA (GFP) 250 45 Zhang et al. (2009)
Pristine ND Bovine Insulin 1690 �12 Shimkunas et al. (2009)
Pristine ND Myramistin 150 29 Chernysheva et al. (2015)
Pristine ND Sorafenib tosylate/DSPE-PEG 127.6 N.D. Zhang et al. (2014)
Pristine ND Mitoxantrone 54.6 47.8 Toh et al. (2014)
Pristine ND Bone morphogenetic proteins 120 N.D. Moore et al. (2013)
Pristine ND Alginate/Cisplatin 486.9 �14.8 Cui et al. (2016)
Pristine ND Amoxicilin 143.1 46.08 Lee et al. (2015)

48 D.G. Lim et al. / International Journal of Pharmaceutics 514 (2016) 41–51
and released into the cell at high pH. However, it should be noted
that the hydrodynamic diameters of NDs and insulin/ND
complexes range over 1 mm; a simple pH adjustment might
modulate the exterior charge of the protein and the ND
aggregation. Protein stability and dispersion stability need to be
clarified at each pH, forming stable ND complexes with stable
colloidal properties.

siRNA, which is smaller than proteins, might be more
applicable in ND complexation. Hydrogenated ND with a highly
cationic positive charge (50 mV of zeta potential) have been
effective at binding therapeutic siRNA (Alhaddad et al., 2011),
which was successfully targeted against the Ewing sarcoma
junction and oncogenes, strongly inhibiting its expression in
cells. The cellular tracking of ND supported that ND in dense
aggregate forms were localized in multivesicular cell bodies and
proteins in late endosomes. Due to strong cationic charges,
hydrogenated ND was an effective siRNA delivery platform. In
the case of oxidized NDs with negative charges, ND with
cationic polymers such as PEI and polyallyamine were layered
for the vectorization of siRNA (Alhaddad et al., 2011). They
suggested that cationic polymeric layers on NDs can modulate
the internalization pathways. PAH-coated ND/siRNA complexes
promoted internalization through predominant clathrin-medi-
ated endocytosis, while PEI-coated ND/siRNA facilitated cla-
thrin-mediated endocytosis and macropynocytosis.

Charged peptide biomolecules were directly delivered on ND
surface. Protamine, a biodegradable and positively charged peptide
polymer, adsorbed onto the NDs through hydrogen bonding or
electrostatic interaction (Cao et al., 2013). Protamine is mainly
composed of positive arginine peptides, which are known to
restore downregulated MiR-203 in tumors such as esophageal,
gastric, and colorectal cancers. The restoration of MiR-203
expression by the delivery of micro-RNA ND/protamine complexes
inhibits tumor cell proliferation, migration, and invasion. It is
noted that micro-RNA/ND/protamine complexes are also success-
fully vectorized in the intracellular compartment, showing that a
ND is effective as a gene vector for using large molecules as
delivery platforms and therapeutics. Highly dense positive charges
on the ND surface provided stable micro-RNA residence during
vectorization into the cellular compartment.
6.3. Complexes with biopolymers

The diverse chemical modifications of the ND surface are easily
accessed due to the abundant surface modality. The chemical end
groups on the ND surfaces have been conjugated with extended
functional chemical designs including dopamine derivatives
(Barras et al., 2011), versatile biopolymers (Barras et al., 2011;
Lee et al., 2013), functional groups including biotin (Krueger et al.,
2008), and fluorescence in small molecules (Hens et al., 2008).

Together with abundant chemically modulated ND surfaces,
biopolymers with reactive groups have been combined with ND,
augmenting intense layering. One particular study investigated
NDs encapsulated in a PEI/chitosan nanogel (Kim et al., 2014).
The ND-embedded PEI/chitosan nanogel provided a sustained
release of timolol from the hydrogel lens, as lysozyme activates
the enzymatic degradation of chitosan. The loading of ND-
embedded PEI/chitosan nanogel into a poly (2-hydroxyethyl
methacrylate) (polyHEMA) lens also improved the mechanical
properties of Young’s modulus and the tensile strength. ND
conjugated with thermosensitive poly(N-isopropylacrylamide)
(polyNIPAM)/dopamine derivatives preserved the properties of
thermosensitive polyNIPAM and presented the reversible tem-
perature-dependent aggregation of ND complexes, which prob-
ably resulted from the hydrophobic/hydrophilic alignments of
polyNIPAM (Barras et al., 2011).

Poly(ethylene glycol)-b-poly(2-(dimethylamino)ethyl methac-
rylate-co-butyl methacrylate) (PEG-b-P(DMAEMA-co-BMA)) was
used for non-covalent coating on the ND (Lee et al., 2013). The
block copolymer was composed of positive charged moieties to
attract negatively charged carboxylic moieties on the ND. At the
same time, hydrophobic moieties could interact with the
hydrophobic ND surface (Lee et al., 2013). Moreover, the PEG
block formed hydrophilic shell to prevent the aggregation of ND.
The study suggested that the stable dispersion of the ND might be
compromised by the interactions between hydrophobic forces,
electrostatic interaction, and the repelling force of the polymer. It
was noted that the design of the polymer and the colloidal
properties of ND made it critical for stable dispersions. Surface-
modified NDs that are compatible in an aqueous solution will
surely provide a platform for many biomedical applications.
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ND was also embedded in biopolymeric matrixes with a
stimulating protein to induce tissue regeneration. There have been
significant efforts to develop a biocompatible substrate that can
support biomimetic matrices and perform a controlled release of
drugs (Huang et al., 2008; Mansoorianfar et al., 2013; Xing et al.,
2013). ND was incorporated into the structure of the natural
extracellular matrix (ECM), and promoted the adsorption of cell
adhesion–mediating molecules in an advantageous geometrical
conformation (Bacakova et al., 2014). In addition, ND has been
shown to increase the surface area of scaffolds, allowing for
numerous non-covalent interactions between the scaffold surface
and proteins (Tsapikouni and Missirlis, 2008). For example, the ND
surface was functionalized with bone morphogenetic protein-2
(BMP-2), to induce localized bone regeneration (Kloss et al., 2008).
BMP-2 adsorbed onto ND/poly(L-lactide)-co-(e-caprolactone) co-
polymer scaffolds promoted de novo bone formation in in vitro
human mesenchymal stem cells and in vivo mandibular defected
rats, demonstrating the potential of integrating ND into tissue-
engineering disease applications (Suliman et al., 2015).

7. Pharmaceutical concerns and remarks

The biomedical applications of carbon materials including
carbon nanotubes, graphite, graphite platelets, and graphene
nanosheets and dots have been widely used as multifunctional
carriers. The recently developed material, nanodiamond, is
garnering increasing interest as a multifunctional drug delivery
platform. The ND has been proven to possess low toxicity in cells,
and high in vivo biocompatibility and biodistribution. In addition,
the UV protection (Shenderova et al., 2007; Wu et al., 2015) and
antibacterial abilities (Chatterjee et al., 2015; Wehling et al., 2014)
of ND has been reported. ND could attenuate UV radiation through
absorption and scattering, a phenomenon dependent on factors
such as the ND particle size and nitrogen defects (Shenderova et al.,
2007). ND as an energy absorber is applicable to sunscreen and a
protective agent for photo-sensitive drugs. Wu et al. studied the
UVB-blocking efficiencies of ND; ND showed 94% UVB-blocking
efficiency at a nanomaterial concentration of 2 mg/cm2 and
protected keratinocytes, fibroblasts, and C57BL/6J mouse skin
from UVB-induced inflammation (Wu et al., 2015). In addition, ND
inhibited the growth of gram-negative bacteria via attachment to
the bacterial cell wall (Chatterjee et al., 2015). Oxidized ND showed
strong bactericidal activity in not only gram-negative bacteria, but
also gram-positive (Wehling et al., 2014). The bactericidal activity
of ND could be applicable in preservatives and improve the shelf-
life of pharmaceuticals. ND can be functionalized in many ways
due to its large, accessible, and tailorable external surface
(Mochalin and Gogotsi, 2015). The functionalization of ND enables
sophisticated surface functionalization without hindering the
useful properties of the ND core. ND could improve not only
physical properties (Mochalin et al., 2011; Sundar et al., 2014), but
also various interesting properties leading to uses such as targeted
drug delivery (Bertrand et al., 2015), sustained drug release (Cui
et al., 2016), fluorescence (Bumb et al., 2013; Maitra et al., 2011),
antioxidant (Adach et al., 2015), and pH-mediated drug delivery
(Shimkunas et al., 2009; Zhao et al., 2014b).

Though injection formulation was the primarily researched
drug delivery system, various formulations using ND has been
sought. ND increased the photo-stability of eugenol and improved
the in vitro skin permeation of eugenol by maintaining a high drug
concentration through drug adsorption (Lim et al., 2016); this
property is applicable for topical drug delivery. An ND-embedded
nanogel showed a sustained release of glaucoma drugs from the
hydrogel lens and proved the possibility of using NDs as an
effective vehicle for the ocular delivery of bioactive molecules (Kim
et al., 2014). A ND-conjugated scaffold showed induced bone
formation in both in vitro and in vivo experiments (Suliman et al.,
2015). NDs provide enhanced mechanical properties and a large
surface area, which are favorable for implanted devices. The
extended uses of ND as exogenous material are the main concerns
of real applications in pharmaceuticals, together with the accurate
understanding between the ND and drugs.

Overall, regarding newly emerging exogenous materials, ND
was introduced as a drug delivery platform and its other
biomedical applications were summarized in this review. Mainly
by using the tools of physical adsorption and surface modification,
the studies were extensively applied for diverse objectives.
Together with the investigation of new applications, there are
avenues of research to be examined for pharmaceutical formula-
tion and the optimal design of the drug delivery systems, including
targeting, smart activity, and organ-specific delivery. As ND is
known for their inertness and their physical adsorption capability,
their energy absorbance may also impact their employment in
biomedical engineering and pharmaceutical applications.
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