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Abstract

With recent advances in the field of nanomedicine, many new strategies have emerged for
diagnosing and treating diseases. At the forefront of this multidisciplinary research, carbon
nanomaterials have demonstrated unprecedented potential for a variety of regenerative medicine
applications including novel drug delivery platforms that facilitate the localized and sustained
release of therapeutics. Nanodiamonds (NDs) are a unique class of carbon nanoparticles that are
gaining increasing attention for their biocompatibility, highly functional surfaces, optical
properties, and robust physical properties. Their remarkable properties have established NDs as an
invaluable regenerative medicine platform, with a broad range of clinically relevant applications
ranging from targeted delivery systems for insoluble drugs, bioactive substrates for stem cells, and
fluorescent probes for long-term tracking of cells and biomolecules /n vitro and /n vivo. This
review introduces the synthesis techniques and the various routes of surface functionalization that
allow for precise control over the properties of NDs. It also provides an in-depth overview of the
current progress made towards the use of NDs in the fields of drug delivery, tissue engineering,
and bioimaging. Their future outlook in regenerative medicine including the current clinical
significance of NDs, as well as the challenges that must be overcome to successfully translate the
reviewed technologies from research platforms to clinical therapies will also be discussed.
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1. Introduction

Nanodiamonds (NDs) are an emerging class of carbon nanomaterials which possess a unique
set of chemical, physical, and biological properties essential for the design of innovative
therapies in the fields of drug delivery, tissue engineering, and bioimaging. Over the last two
decades, several synthesis techniques have been optimized to enable the fabrication of NDs
with a defined size, morphology, and homogeneous surface chemistry. The discovery of
improved purification methods and surface modification strategies have also facilitated the
production of NDs with precise and customizable features [1]. The inherent physical and
chemical properties of NDs make them suitable candidates as delivery agents for many
therapeutic molecules. For instance, their high surface area to volume ratio and tunable
surface chemistry enables the high loading capacity of small molecules containing amine
groups or other polar moieties by physical adsorption. Following this reversible loading
technique, poorly soluble drugs such as anthracyclines can be non-covalently linked to NDs
that possess hydroxyl or carboxyl groups on their surfaces [2]. This facile loading process is
efficient and does not require any chemical modification. Moreover, NDs have demonstrated
to improve the therapeutic efficacy of many chemotherapeutic agents by increasing their
dispersivity in water, facilitating their sustained release, shielding the drug from inactivation,
and bypassing the mechanisms of chemoresistance [3, 4]. These significant improvements in
the delivery of chemotherapeutic agents have inspired researchers to study NDs for the
sustained release of other therapeutic molecules, such as growth factors, peptides, and genes
[5]. In fact, NDs are rapidly internalized by cells but do not readily undergo exocytosis,
which localizes the release of bioactive molecules within the cell for an enhanced
therapeutic effect [6]. Proteins such as insulin and bone morphogenetic protein-2 (BMP-2)
have been adsorbed onto carboxylated NDs and administered both /n vitro and in vivoto
achieve a pH-dependent sustained release [7, 8]. Additionally, the presence of polar groups
on the surface of NDs enables the nanoparticle to adsorb positively charge polymers such as
polyethyleneimine or polylysine, which serve as intermediate cationic layers to promote the
adsorption of DNA and RNA [9].
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Meanwhile, NDs have also been evaluated as a nanofiller for reinforcing the mechanical
properties of composite scaffolds to rival that of human tissue [10, 11]. By establishing
covalent or ionic bonds with the polymeric chains during the scaffold preparation, NDs can
be used to modulate the mechanical properties of polymeric networks to mimic the structure
of both soft and hard tissues of the human body [12]. NDs have also found applications as
bioactive coatings to improve the tribological properties and reduce the mechanical wear of
orthopedic implants [13]. The high biocompatibility of NDs in comparison with other
carbon nanomaterials such as graphene oxide or single and multi-walled carbon nanotubes
represents a significant advantage for NDs and suggests the high probability for the clinical
translation of ND-based treatments [14].

Finally, the optical properties of fluorescent NDs (FNDs) have sparked a great interest
among researchers for the use of these nanoparticles as imaging probes. NDs can be
modified to introduce nitrogen vacancies in their inner diamond core that emit a highly
stable fluorescence. These nitrogen vacancies, which emit a bright fluorescence in the far-
red spectrum, are located within the sp3 carbon lattice structure allowing for surface
modification without disrupting the vacancy centers or reducing the fluorescence intensity.
FNDs possess high photostability, high quantum efficiency and longer fluorescent lifetimes
when compared to other organic fluorophores used for cellular imaging [15].

In this review, we will highlight the strategies available for the synthesis and the chemical
modification of NDs’ surface with particular attention on how they may affect their
biocompatibility. This section will be followed by an overview of the possible applications
of NDs in the field of drug delivery, tissue engineering and bioimaging describing the
current challenges yet to overcome (Figure 1A). Finally, particular emphasis will be given to
the design of multidisciplinary approaches in which NDs can be employed as a nanocarrier
for drugs or genes while functioning as fluorescent probes or as nanofilling agents in bone
tissue scaffolds. The ability of NDs to present multimodal functionality is what makes them
truly unique from other nanomaterials, and thus, NDs have a very bright future as both a
research tool and as a clinical theranostic platform.

2. Synthesis and functionalization of NDs

NDs were first discovered in 1963 by researchers in the USSR who were performing
detonation tests with carbon-based explosives. Upon detonating a mixture of 2,4,6-
trinitrotoluene (TNT) and 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) in a blast chamber, the
researchers found that the soot contained 4-5 nanometer diamond particles accompanied by
graphite and other non-diamond carbon particles [16]. Despite their early discovery, the
properties of these nanoparticles were not researched for biomedical applications until the
beginning of the 215t century. NDs can be produced in different sizes such as nanocrystalline
particles (1-150 nm) or ultra-nanocrystalline particles (2-10 nm). The core of the
nanoparticle is a sp3 hybridized carbon lattice that is surrounded by sp? hybridized carbon
and various oxygenated functional groups [17].

The size of the diamond core, the distribution of the sp? regions in the outer shell, as well as
the diversity of reactive functional groups on the NDs’ surface, are substantially influenced
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by the route of synthesis and the composition of the reactants. In addition, the
physicochemical properties can also be affected by the purification steps, which are
necessary for removing undesired impurities that are introduced during synthesis. An
overview of these fundamental aspects will be examined with an emphasis on strategies
aimed to homogenize the NDs’ surface chemistry, which is an essential requirement for their
potential application in biomedical research.

2.1. Synthesis techniques

Several methods are available for the fabrication of NDs including detonation synthesis,
chemical vapor deposition (CVD), high-pressure high-temperature (HPHT), and laser
techniques. Each one of these technologies has a profound impact on the size and surface
properties of the obtained NDs. The choice of a particular strategy can also influence the
degree of agglomeration and level of purity of the nanoparticles, which are both aspects that
need to be accurately tested when prior to further use of NDs in drug delivery, tissue
engineering, or bioimaging applications. For this reason, signficant effort has been made to
fabricate NDs with controllable size and homogeneous surface features to reduce the level of
variability associated with their fabrication. Both the advantages and limitations of each
synthesis approach will be discussed in the following sections with particular attention to the
emerging solutions designed to achieve a precise control over the NDs’ properties.

2.1.1 Detonation synthesis—Detonation nanodiamonds (DNDs) are formed by high
temperature and pressure reactions resulting from the detonation of mixtures of carbon
explosives such as TNT and RDX or 2,4,6-triamino-1,3,5- trinitrobenzene (TATB) in
oxygen-deficient reaction chambers. The combustion reaction produces extreme operating
conditions at which sp3 diamond becomes the thermodynamically favored bulk phase of
carbon; shortly after detonation (<100 ns) the diffusive coagulation of clustered carbon
atoms results in the formation of this bulk sp2 phase [18]. As the soot of detonation is cooled
at a controlled rate in either a gas or liquid phase medium, sp? hybridized carbon and other
impurities are deposited in layers surrounding the diamond lattice. These partially
graphitized diamond crystallites, known as DNDs, have an average diameter of 4-5 nm and
possess a truncated octahedral morphology (Figure 2A) [19]. Overall, the detonation
synthesis is a process associated with a poor degree of control over the NDs’ purity. This
issue is due to the presence of non-carbon species in the explosive reactants, which
introduces in the lattice and the outer shell of DNDs a wide diversity of impurities such as
nitrogen, metals, and some carbides [20].

For this reason, several purification steps are necessary including magnetic separation,
filtration, and oxidation by washing with strong acids like sulfuric acid and nitric acid.
Removal of the sp? carbon shell can also be achieved by oxidizing NDs in air with ozone at
high temperature without the utilization of any corrosive liquid [21]. These steps are
expensive and increase the final cost of fabrication significantly. Another drawback of the
detonation approach is the limited control over the surface chemistry along with the
considerable variability in surface chemistry from batch to batch. DNDs typically present
negatively charged function groups on their surfaces in the form of carbonyl, hydroxyl,
epoxy or carboxyl groups. Additionally, the composition of functional groups on the surface
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may also vary according to the process of cooling after the explosion which can be obtained
in a dry chamber with an inert gas or in wet condition using water.

Finally, another limitation of this technique is that the resulting DNDs have a strong affinity
to form aggregates in aqueous suspension, and these clustered networks can form up to 200
nm in diameter [22]. DNDs tend to aggregate due to the high density of reactive groups on
the surface and the small size. The process of aggregation can be caused by the formation of
covalent bonds among the particles or other types of weak interactions including hydrogen
bonds, van der Waals forces and mt-rt stacking due to the presence of graphitic regions.
Therefore, in addition to removing metallic impurities, DNDs require a further step of
purification after their synthesis to increase their colloidal stability. These strategies will be
further analyzed in the following section.

2.1.2 Deagglomeration strategies of DNDs—To effectively overcome the problem of
agglomeration and create stable suspensions after detonation synthesis, several factors can
be modulated such as the surface charge, the steric hindrance and the size distribution of
DNDs. Each one of these factors can impact the stability of DNDs once suspended in
aqueous medium and determine their suitability for biomedical applications. For instance, it
is well established that highly charged nanoparticles do not aggregate due to electrostatic
repulsion. Based on this concept, a straightforward approach to modifying the surface charge
of DNDs consists in the addition of electrolytes or ionic surfactants in solutions that can
increase the absolute value of the zeta potential, which is a measure of the electric potential
between the solvent shell around the ND and the bulk medium [23]. Similarly, DNDs with
high positive zeta potential can be obtained by hydrogen annealing treatment at a
temperature above 800° C, which enables the formation of hydrogenated DNDs that present
high colloidal stability [24].

Moreover, the surface can be modified with synthetic polymers to increase the DNDs
colloidal stability by creating a shell that can generate enough steric hindrance to reducing
agglomeration among the nanoparticles [25]. Polyethylene glycol (PEG) along with its
methacrylate derivatives and hyperbranched polyglycerol (PG) are typical examples of
polymers investigated to form hydrophilic shells on the surface of DNDs which have been
successfully used to increase their stability in aqueous solution [26, 27].

Aside from the surface properties, the particle size also affects the tendency for NDs to
aggregate. Smaller particles display higher colloidal stability, while larger NDs exhibit a
much lower colloidal stability. As discussed in the previous section, the conditions employed
during detonation synthesis do not allow control over the size of the produced DNDs and a
variety of strategies have been designed to decrease the size of DNDs after synthesis to
generate nanoparticles with narrower size distributions. These techniques include milling
with silica or zirconia microbeads, which have been proven successful in reducing the
nanoparticle size of DNDs to dimensions below 10 nm and in increasing their dispersivity
[28, 29]. However, these methods, which involve the use of mechanical energy to
disaggregate ND clusters, present a series of limitations such as the possible contamination
of NDs with impurities derived from the bead material. For instance, ZrO, impurities that
result from milling with zirconium beads are difficult to remove and require further
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treatment with strong acids or bases after milling. To overcome this issue, the process of
milling can instead be conducted with crystalline media such as sucrose or sodium chloride
without the utilization of any beads made of zirconia or silica. In this case, the milling media
can be removed completely by washing DNDs with water although metal impurities derived
from the mill may still require removal in further purification steps [30]. Similarly, an
alternative strategy to reduce the size of DNDs is the use of ultrasound in the presence of
salts such as NaCl, KCI, or CH3COONa, which can be eliminated after the process of
segregation. The presence of salts can also significantly improve the colloidal stability by
increasing the absolute value of the zeta potential of DNDs [31].

2.1.3 Alternative synthesis approaches to detonation—In addition to detonation,
refined methods of ND synthesis have also emerged to produce NDs with improved features
in terms of size distribution and homogeneous surface chemistry. For instance, chemical
vapor deposition (CVD) consists of the injection of methane and hydrogen gas in a plasma
reactor [32]. CVD is commonly utilized to form thin ND films with thicknesses varying
from 5 to 100 nm (Figure 2B) [33, 34]. Since hydrogen gas is used to direct the deposition
of carbon, the resulting NDs are hydrogen-terminated and do not contain many of the
structural impurities found in DNDs. To obtain films of lower thickness (3-5 nm), hydrogen
can be replaced with argon. This technique is commonly chosen for the formation of ultra-
nanocrystalline diamond coatings on metallic biomedical implants. NDs films exhibit high
surface roughness, dense structure and low cytotoxicity with superior performance compared
to other types of material such as platinum or quartz [35]. Additionally, NDs films possess
excellent mechanical properties such as high resistance to fracture, high Young’s modulus,
and low friction coefficients. A more in-depth discussion about the applications of NDs film
can be found in another excellent review [36].

An alternative technique for the production of NDs is high-pressure and high-temperature
(HPHT) synthesis that transforms a graphitic precursor into single phase NDs that are free of
sp? defects [37]. Additionally, the temperature and pressure can both be adjusted during
operation to precisely control the size and morphology of NDs. HPHT synthesis is most
commonly complemented with bead-assisted sonic disintegration or high-pressure milling to
reduce the nanoparticle size. HPHT synthesis produces NDs with a discernible euhedral
structure. Coupled with bead-assisted milling techniques to enhance dispersivity, HPHT
NDs display sharply faceted outer surfaces. HPHT synthesis is often favored over detonation
synthesis because HPHT NDs are formed in a more uniform size and contain fewer lattice
defects than DNDs. Moreover, NDs produced by the HPHT technique tend to form fewer
aggregates when compared to DNDs, and to increase their colloidal stability, the surface can
be modified with amino-silica or other types of polymer coatings (Figure 2C). HPHT
synthesis has been used to create NDs as small as 1.1 nm, the smallest artificial NDs ever
recorded [38]. This process of synthesis is also suitable for the fabrication of NDs with a
high content of nitrogen (100 — 300 ppm) in their diamond core which can be useful for the
manufacture of fluorescent NDs. For example, HPHT NDs can be treated with high energy
irradiation followed by thermal annealing to create carbon-nitrogen vacancies that are
responsible for their fluorescent properties. One of the drawbacks associated with the HPHT
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approach is the high production cost, which is relatively higher in comparison to detonation
synthesis and limits the mass preparation of NDs using this strategy.

2.1.4. Laser-based strategies to fabricate NDs—Aside from the aforementioned
strategies, NDs can be generated by laser ablation in liquid (PLAL) techniques, which is
more environmental friendly and less hazardous compared to detonation synthesis. These
technologies have been so far investigated for the production of NDs in the laboratory,
although the recent advancements in this field have allowed the design of less expensive
methods that can potentially be implemented on an industrial scale.

PLAL synthesis, which offers precise control over particle size during synthesis, is
performed by focusing a laser onto a carbon-based target material surface immersed in water
or acetone. During the process, small amounts of target material evaporate and remain
entrapped in microbubble. The carbonaceous material trapped inside the bubble will
experience a high pressure and temperature which is responsible for the formation of the
NDs. This synthesis technique, though much more costly than detonation synthesis, yields
NDs with high carbon content and minimal metallic impurities [43].

An alternative approach is defined as light hydro-dynamic pulse (LHDP) synthesis. In this
case, the radiation beam is focused in a transparent liquid at a certain selected distance from
the target composite material, which is made of commercially available carbon soot and
hydrocarbons. The formation of the NDs is mainly due to the impact of the acoustic shock
wave generated by the laser on the surface of the composite material. The obtained NDs can
be purified and isolated from the non-diamond soot using organic solvents, and then washed
with water and dried. The LHDP synthesis enables a precise control over the size (4-5 nm)
and several parameters can be adjusted to achieve this degree of accuracy. For instace, the
distance of the laser beam from the target surface, the energy flux, the composition of the
carbon soot, and the width or shape of the laser pulse are all parameters that can influence
the size [44]. Finally, in a more recent study, NDs with a size less than 5 nm were
successfully produced directly from ethanol without the use of any carbon soot by using
femtosecond laser irradiation (Figure 4D). This approach could be an alternative to
producing NDs with defined size simply by varying the intensity of the laser [45].

A summary of the advantages and limitations of each synthesis technique described so far
can be found in Table 1.

2.2. Chemical strategies for surface homogenization

After synthesis, chemical treatment of NDs is often necessary to create homogenized
reactive surfaces that enable further surface modifications. The initial functional groups
present on the surface of an ND following the formation of the nanoparticle varies based
upon the synthesis and purification methods that are chosen. Since the ratio of polar to non-
polar functional groups on the surface of NDs defines several important properties, such as
their hydrophabicity or hydrophilicity, it is essential to establish reproducible methods to
ensure uniformity or homogeneity of their surface chemistry. Some synthesis techniques,
such as hydrogen-assisted CVD, can be used to produce NDs with homogenous hydrogen-
terminated surfaces. On the contrary, other methods such as detonation synthesis introduce a
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highly diverse surface chemistry to NDs, with functional groups including hydroxyl,
carbonyl, ether and carboxyl groups. These groups are commonly generated on the surface
of DNDs during the step of rapid cooling using water or through the step of oxidation with
strong acids. To further chemically modify this type of NDs it is then required a process
aimed to ensure a similar functionality throughout the entire surface. Among the possible
alternatives, carboxylation, hydroxylation or hydrogenation are the routes most commonly
investigated.

Carboxylation can be carried out using both liquid and vapor oxidation reactions which help
purify DNDs by oxidizing the non-diamond carbon and terminating the surface with
carboxyl (-COOH) groups. Acid oxidation with sulfuric acid and nitric acid or with sulfuric
acid and hydrogen peroxide are both effective methods of aqueous COOH homogenization
that remove non-diamond carbon and other metallic impurities from the detonation soot.
Researchers have developed several methods for oxidizing NDs that do not require acid
treatments, such as the oxidation of detonation soot with supercritical H,O and hydrogen
peroxide [46, 47]. Additional techniques for the vapor phase carboxylation of NDs include
oxidation of the detonation powder with air at high temperatures (350-450°C) or oxidation
in ozone at lower temperatures (150-200°C) [48, 49]. These environmentally-friendly vapor
phase oxidation methods can be controlled to remove sp? carbon impurities with precision.

Hydroxylation is another surface homogenization pathway that terminates the surface of
NDs with hydroxyl (-OH) groups by oxidative, reductive, or even mechanical techniques.
The selection of the correct mechanism for successful hydroxylation depends on the
preliminary surface composition of the ND. For example, hydroxylation of NDs containing
amorphous carbon impurities is most effective when conducted by reaction with Fenton’s
reagent, a mixture of FeSO,4 and H,05,. Fenton’s reagent oxidizes non-diamond impurities
and produces OH radicals which densely terminate the ND surface [50, 51]. Alternatively,
DNDs can be treated with borane, a reductive hydride, which can reduce carbonyl groups
with the exception of lactones and esters [52]. Reduction with LiAlIH,4, on the other hand,
can reduce any type of carbonyl group, and therefore is a highly efficient method for
producing OH-terminated NDs [53, 54]. DNDs can also be hydroxylated by mechanical
techniques, such as the sonication and milling of detonation soot in water, which causes a
radical reaction that facilitates the hydroxyl surface termination [55]. Hydroxylated NDs are
hydrophilic, more stable in suspension than unmodified DNDs, and can take part in further
covalent and non-covalent modifications.

DNDs can also be hydrogenated by treating the detonation soot with elemental hydrogen at
temperatures as high as 900°C. However, small NDs (<100 nm) cannot withstand such high
temperature and therefore they require hydrogenation at lower temperatures. This change in
this physical parameter can limit the degree of hydrogenation of the surface and can also
result in the formation of hydroxyl terminations. As a more efficient alternative, hydrogen
plasma is often used to hydrogenate the surface of NDs. Loh et a/. reported the efficient
reduction of oxidized DNDs by exposing the nanoparticles to hydrogen plasma [56].
Hydrogen-terminated NDs are hydrophobic, stable in suspension, and display p-type
conductivity which can facilitate further surface modifications [57, 58].
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Aside from these three major routes described so far, other strategies have also been
explored to modulate the reactivity of the DNDs’ surface. A possible alternative is the
fluorination of the surface using a gas mixture of Fp;/H, at elevated temperatures or using
plasma treatment [59]. The presence of fluorine atoms enables for further substitutions with
alkaline reagents such as amines and Grignard’s reagents. Other halogens such as chlorine
have also been introduced by plasma treatment of NDs with Cl, or CCl, [60]. However,
chlorinated NDs have been reported to be extremely reactive in the presence of humidity and
oxygen, and the rapid substitution of the halogen with hydroxyl groups upon direct contact
with air may limit their long-term stability.

Finally, another approach to guarantee the uniformity of the surface is the removal of all the
functional groups. This result can be obtained through thermal treatment. After this process,
all the heteroatoms are removed from the surface, and it becomes evident the conversion of
DNDs into “Bucky diamonds” which display a multilayer of sp? carbon around the diamond
core [61]. The temperature and the size of the DND are crucial parameters in determining
the extent of graphitization which can in certain conditions involve the entire core of the
DNDs. In this case, it is instead possible the formation of carbon onions which is made of a
multi-shell of graphitic layers. Carbon onions do not behave like DNDs and display
completely different reactivity.

2.3. Covalent conjugation strategies

Once the correct functionality has been homogeneously introduced on the surface of NDs
further chemical modifications are possible to covalently link biomolecules, drugs,
antibodies or fluorescent probes. The type of bond and its stability in an aqueous
environment or the presence of enzymes are critical parameters that have to be considered
for a successful therapy. For instance, amide bonds offer greater stability than ester groups,
and for this reason, they are more indicated for the immobilization of enzymes on the
surface of NDs. On the contrary, groups that are more inclined to hydrolysis such as
anhydrides or carbonates will be more useful for the design of drug delivery strategies where
the therapeutic molecule needs to delivered and released from the surface of the NDs.

NDs represent a platform which enables a great variety of chemical modifications based on
the functional groups introduced with a previous step of chemical homogenization. For
example, purified COOH-terminated NDs can be used to generate ester or amide bonds
although a previous activation of the carboxyl group is required. Specifically, thionyl
chloride (SOCIy) is the preferable method of carboxyl activation which leads to the
formation of a more reactive acyl chloride derivate [62]. Alternative ways of activation
consist of the use of carbodiimides or standard reagents employed in peptide chemistry.
Once activated, carboxyl groups can react with alcohols or amines to form esters or amide
groups respectively. Esters bonds are more prone to hydrolysis in an aqueous environment
than amide groups although the latter can be cleaved by protease enzymes. Amide bonds are
the best choice to achieve immobilization of proteins onto the surface of NDs due to their
inherent chemical stability.

Another possibility to form amide bonds is when the NDs are displaying amino groups. The
amino group is nucleophilic and can react with molecules carrying activated carboxylic
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groups or with anhydrides. Direct amination of NDs has been possible on nanodiamonds
films using plasma treatment with ammonia [63]. However, common strategies for
introducing amino groups on NDs rely on the addition of a spacer which carries the amino
functionality. For instance, hydroxylated NDs can be modified with aminated aromatic
groups or aminated silanes [64]. Alternatively, fluorinated NDs can also be used to generate
amino functionalized NDs by substitution of the halogen with NH3 at high temperature.

Hydroxyl-terminated NDs can also represent a useful starting point for carrying out a
diversity of chemical conjugations involving biomolecules. One of the available options is
the substitution reaction with alkyl chlorides in the presence of NaH to create stable ether
bonds-Alcohols can also react with acyl chlorides to form esters although they may get
hydrolyzed once introduced in polar solvents. For this reason, esterified-NDs need to be
dispersed in apolar solvent to preserve their integrity.

Similarly, the bond O-Si obtained from the reaction of hydroxyl groups on the surface of
NDs and trialkoxysilanes is not stable at low pH and often the presence of adjacent hydroxyl
group can also lead to intramolecular condensation. To avoid this problem, it is possible to
choose mono or dialkoxysilanes. The Si-OR bond is a reactive center that can be subjected
to nucleophilic substitution allowing for the conjugation of proteins [65].

An interesting reaction which can be followed to conjugate proteins is the use of
benzoquinone molecules which readily react with hydroxyl groups through Michael
addition. The intermediate ND-benzoquinone complex can be used to covalently link
proteins which will be able to attach to the benzoquinone molecules using side amino groups
of lysines. Following this method, Purtov et al. [66], have successfully conjugated
simultaneously bovine serum albumin and the immunoglobulin protein G IgG on
hydroxylated NDs modified with benzoquinone molecules.

Hydroxyl groups on the NDs surface can also react with epoxy groups to form
hyperbranched polymer coatings. For instance, this strategy has been used to coat the surface
of NDs with polymers such as polyglycerol (PG) which can be formed by ring opening
polymerization directly on the surface of NDs in the presence of the monomer glycidol.
Furthermore, this polymer coating can be modified by converting the terminal hydroxyl
groups of PG into azide (N3) groups which can serve as a linking point for click chemistry
reactions with a polypeptide carrying alkyne groups in the side chain [67].

Aside from covalent strategies carboxyl and hydroxyl-terminated NDs are also able to create
hydrogen and dipole ion physical bonds with polymeric chains or large proteins. DNDs
which are rich on oxygenated functionalities such as carbonyl, hydroxyl, and ether groups
have been used successfully for the adsorption of several proteins including lysozyme and
cytochrome ¢ simply by physical adsorption [68]. Similarly, carboxylic functions on the
NDs’ surface can establish electrostatic interactions with a variety of positively charged
polymers such as polylysine, polyaniline and polyarginine forming polymeric coating that
can be useful for the targeting of drugs and genes. Specific examples on this topic can be
found in another excellent review [69].
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Finally, hydrogenated NDs present p-conductivity as well as ease electron transfer ability
which are both reasons of their high reactivity. In fact, hydrogen-terminated NDs can be
chosen for covalent conjugation allowing the formation of new C-C covalent bonds with the
lattice of the NDs. These bonds are chemically stable, and they are not readily cleaved by
enzymes like in the case of amide groups. Specifically, one of the most investigated reaction
is the one involving photochemical grafting of alkenes. The reaction consists in the UV-
mediated photorejection of electrons from the surface of H-terminated NDs. An alkene in
the liquid phase can accept the electron from the surface forming a radical anion which
becomes responsible for the extraction of a hydrogen from the surface leaving a carbon
radical. This is the center of grafting which will start the polymerization [57]. NDs
hydrogen-terminated due to their ability to donate electrons can also react with
aryldiazonium salts which can contain additional functional groups such as amines or
hydroxyl groups for further substitutions. Similarly to hydrogenated surfaces, NDs
displaying a shell of graphitic carbon can participate in the same coupling reaction with
aryldiazonium salts. Moreover, the shell of sp? can be used to carry out Diels-Alder
reactions with dienes forming new C-C bonds. In fact, the graphitic part of the surface in
bucky NDs can act like a dienophile and can undergo a [4+2] cyclic addition. A summary of
all the possible chemical modification detailed in this section are reported (Figure 3).

It is important to underline that every modification described can have a profound impact not
only on the reactivity of the surface but also on the general biocompatibility of the NDs. Due
to the importance of this biological aspect, a detailed discussion will be presented in the next
section.

2.4. Biocompatibility of NDs

NDs present a lower profile of toxicity when compared to other carbon-based nanomaterial
such as graphene oxide or carbon nanotubes [70]. This great advantage combined with their
high cellular uptake make them the ideal candidate for the design of novel therapies for drug
delivery and tissue engineering. However, as for other types of carbon-based materials,
several factors must be considered and thoroughly investigated prior to their transition into
the clinic. These include the possible toxicity induced by their physical and chemical
properties. For instance, the surface chemistry or the size of NDs are major variables that
can modulate the level of oxidative stress or alter the expression of apoptotic genes. Finally,
aside from their inherent features, another aspect that should be considered is their
biodistribution and their site of accumulation once administered /in vivo. All these critical
points have been the object of intensive study in the last decade and will be highlighted in
the following sections.

2.4.1 Main factors influencing DNDs cytotoxicity—As previously discussed, the type
of synthesis can modulate the size distribution, the morphology, the degree of aggregation,
the surface functional groups and the level of impurities of the obtained NDs. Each one of
these factors can induce cytotoxicity, which may vary according to the concentration used,
the time of exposure and the cell line tested.
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Among all the strategies for the production of NDs, detonation synthesis produces NDs with
the highest level of toxicity mainly due to the introduction of impurities including carbon
allotropes, carbon soot, oxides carbides and other metals. These impurities can induce
increase oxidative stress and alteration in the activity of antioxidant enzymes. For instance,
upon exposure to non-purified DNDs, a decrease in the enzymatic levels of superoxide
dismutase, glutathione reductase, and glutathione S-transferase are generally observed in
human umbilical vein endothelial cells (HUVECSs) [71-73] Moreover, DNDs without any
step of purification have been reported to reduce angiogenesis. Upon incubation of DNDs
with chicken embryos, ND exposure caused a downregulation of bFGF expression, which
led to a decrease in the angiogenic activity. Histological analysis determined that DNDs
exposure resulted in a decline in both the density and length of vessels in the embryos,
though no other cytotoxic or detrimental effects were observed [74]. Similarly, in a
comparative study of different carbon-based nanomaterial DNDs produced the highest
antiangiogenic effect in ovo chicken embryo chorioallantoic membranes (CAM) and this
effect was explained by the reduction induced by DNDs on the levels of pro-angiogenic
growth factor receptors [75]. Aside from impurities, the size of DNDs is generally another
parameter that can induce increase cytotoxicity. For instance, Solarska et a/. have
investigated the apoptotic effect on HUVECs of DNDs in comparison with another type of
NDs produced by CVD technique. The DNDs showed the highest apoptotic effect on
HUVECs compared to the other systems. The authors attributed this trend mainly to the
smaller size of the DNDs, and similarly to other reports, to the presence on the surface of
reactive functional groups capable of generating radical oxygen species. However, the
morphology and the structure of the different nanodiamonds investigated did not seem to
play a major role in promoting apoptosis in HUVECs [73]. Similar findings were also
observed in other cell lines, such as rat osteosarcoma cells and rat primary mesenchymal
stem cells, where the higher level of cytotoxicity was strictly dependent on the size and level
of impurities of DNDs. On the contrary, DNDs that were purified and were larger in size did
not elicit any toxic response in the same cell lines [76].

2.4.2 Influence of surface chemistry on the NDs cytotoxicity—As reported in
section 2.2, NDs are chemically modified to introduce a specific functionality on their
surface to reduce the level of heterogeneity commonly obtained after detonation synthesis.
Whether this change in the surface chemical composition may affect, their biocompatibility
has been the main topic of investigation for the last decade of research. The results of several
studies in this area are controversial, and a definitive conclusion cannot be drawn. In fact,
each single study needs to be evaluated separately based on multiple factors including the
type of functional group introduced, the size of NDs, the cell line tested and the
concentration of NDs tested. Having in mind these criteria, we have summarized the main
findings by highlighting the possible cytotoxic effect induced by the surface modification of
NDs For example, Paget et al. observed that NDs, carrying carboxylic groups (ND-COOH)
with diameters of 20 nm and 100 nm and concentrations as high as 250 ug/mL, caused
neither genotoxic nor cytotoxic effects in cultures of six different types of human cell lines
[77]. On the contrary, a different study reported the genotoxic effects of ND-COOH on
embryonic stem cells (ESCs), which was higher when compared to DNDs [78].
Additionally, ND-COOH induced alterations in the cell cycle of ESCs affecting their ability
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to differentiate, and this effect was not observed when ESCs were exposed to DNDs.
Marcon et al. compared the toxicity of ND-OH, ND-NH,, and ND-COOH both /n vitroin
embryonic kidney cells (HEK) and in vivo in Xenopus embryos [79]. These experiments
confirmed a dose-dependent trend of cytotoxicity both /n vitroand in vivo for NDs of all
three surface chemistries, although none of the types of NDs in this investigation were as
cytotoxic as gold nanoparticles. When administered to Xengpus embryos, ND-OH and ND-
NH, had no effects on embryogenesis whereas ND-COOH affected the gastrulation and
neurulation phases of development and caused phenotypical defects at concentrations up to
200 pg/mL. However, the observed malformations during embryogenesis were likely caused
by physical obstruction upon the aggregation of NDs and not due to ROS production [79].

An in-depth investigation of the possible interactions between cells and ion-functionalized
NDs was reported by Zhu et al. to study the use of NDs for delivering ions to controllably
induce ROS production and cell apoptosis [80]. The group reported that the highly
adsorptive surfaces of NDs and their rapid cellular internalization enabled the controlled
release of cytotoxic divalent ions within cells while inhibiting or shielding all of the toxic
effects of the ions prior to desorption. lons from metals such as copper, chromium, and
nickel were adsorbed to NDs, and their release occurred by pH-triggered desorption, which
resulted in the formation of ROS inside cells. This evidence of nanoparticle-mediated ion
penetration of the cellular membrane sheds new light on ND toxicology and offers a unique
perspective on nanomaterial cytotoxicity.

Finally, the biocompatibility of NDs can also be affected by the presence of surface coatings
which are commonly applied to prevent their aggregation in suspension. Aggregation is a
significant roadblock for the use of NDs in many biomedical applications, so polymers or
small molecules are frequently conjugated to NDs to solve this issue and increase the long-
term stability of ND complexes in suspension. Several parameters including the molecular
weight and the charge composition of the polymer coating selected can significantly affect
their biocompatibility.

For instance, polyaniline (PANI) is a commonly used conductive polymer, and by oxidative
polymerization of aniline in the presence of NDs, ND-PANI complexes can be formed
exhibiting increased dispersivity than DNDs.[81] Similarly to previously discussed types of
functionalized NDs, ND-PANI displayed a dose-dependent trend of cytotoxicity when
incubated with human embryonic kidney (HEK-293) cells /n7 vitro. While lower
concentrations (1 pg/mL) of ND-PANI had no adverse effects on the cells, higher
concentrations (10 pg/mL) were reported to be cytotoxic and warrant further study before
use. Furthermore, octadecylamine (ODA\) is another molecule with many applications in
nanomedicine. ODA can be covalently linked to NDs to form ND-ODA, which exhibit high
dispersivity in non-polar solvents. Zhang et a/. have reported that ND-ODA, as well as ND-
ODA-PLLA nanocomposites, are non-cytotoxic when exposed to 7F2 osteoblasts /n vitro at
concentrations as high as 100 pg/mL [82]. A summary relative to the influence of the surface
modification on the NDs’ cytotoxicity in different cell lines is reported in Table 2.

2.4.3 Cellular uptake pathways and biodistribution of NDs in vivo—NDs have
attracted significant attention in biomedical research due to their biocompatibility and rapid
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transmembrane transport which is favorable for the design of efficient delivery strategies for
drugs, proteins, and genetic material [89].

The primary cellular uptake pathway for NDs has been confirmed in a broad range of cancer
and stem cell lines to be clathrin-mediated endocytosis [83, 90-92]. However, NDs have a
strong affinity to aggregate, and in this form, the cellular uptake most commonly occurs by
macropinocytosis, or plasma membrane ruffling [83, 92]. Upon internalization, small NDs
(< 10 nm) localize in the cytoplasm, and larger NDs remain in vesicles. Notably, NDs have
never been observed to enter a cell’s nucleus [83, 90, 92]. In most cell lines, once NDs have
been internalized they exhibit an inherent resistance to exocytosis, but some types of cells
such as adipocytes have been reported to facilitate the efflux of NDs by exocytosis [91].

Moreover, once internalized NDs do not affect any phase of the cell cycle. For instance, it
was found that the cell cycles of adenocarcinoma cell lines and embryonic fibroblasts were
not affected by FND-labeling in cell cultures up to 10 days, and additionally, the
differentiation of the embryonic fibroblasts was not altered in any manner by the FNDs [83].
Upon telophase of the cell cycle, the FNDs migrate to the cytoplasm of each daughter cell
without disrupting any mitotic activities. These qualities were all observed while the FNDs
were tracked at a single-cell resolution /n vitro for over a week.

Aside from studying the main pathways of internalization by cells and their fate upon
internalization, NDs have also been evaluated for their biodistribution after administration /n
vivo in animal models using several routes of administration. For instance, Yuan et al.
reported that 28 days after administering DNDs to mice by bolus injection, 68% of the
loading dose was still present with a majority of the NDs localized to the liver and lungs
[93]. Alternative routes of administration have also been studied such as the intratracheal
instillation of DNDs in mice [94]. Three days after exposure, DNDs had accumulated
primarily within the lungs; however, DNDs were found to migrate across the air-blood
barrier of the lungs into the bloodstream, and all vital organs such as the heart, liver, and
kidney were all exposed to DNDs. While system exposure by this route of administration is
a concern, cytotoxicity occurs only when NDs are present in very high doses. Similarly, in
another study the pulmonary toxicity in mice was investigated after intratracheal instillation
administration of NDs having 4 nm size at the concentration of 1 mg/Kg. The NDs did not
cause any significant toxic effect in lungs and were engulfed by macrophages and cleared in
the pharynx with the assistance of the escalator/mucociliary system [95]. Biodistribution has
also been studying in non-human primates in a six-month study where NDs have been
administered in monthly bolus injections. NDs did not affect the organ functions at moderate
or high concentrations 15 mg/kg and 25 mg/kg, respectively. Analysis of complete blood
counts, serum chemistry markers, and urinalysis concluded no significant differences in
organ function or serum composition between non-human primates that were treated with
DNDs and the control group which was left untreated [96].

3. Delivery of therapeutics

Recent advancements in nanotechnology have led to the development of nanoparticle
carriers that significantly enhance the therapeutic activity of drugs, genes, and other
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biomolecules while reducing or preventing harmful side effects. At the forefront of this
research is the study of nanodiamonds, which can not only be utilized to load and release
bioactive cargo but at the same time can be functionalized to exhibit other functions such as
targeted delivery and intrinsic fluorescence for bioimaging. NDs are unlike any other
nanomaterial since not only can they provide all of the previously mentioned features, but
these nanoparticles also exhibit excellent biocompatibility, mechanical stability, and unique
optical properties. For instance, NDs can be utilized as both biomolecule carriers and as
diagnostic tools, therefore unifying into a single platform the functionality of multiplexed
nanoparticles. NDs possess a large specific surface area that enables a high drug loading
capacity, coupled with a versatile surface chemistry that offers efficient binding of
biomolecules to their surface. As with many other types of nanoparticles, NDs can not only
increase the efficacy of cancer drugs by facilitating sustained release, but they can also
bypass chemoresistance and preferentially accumulate in tumor cells due to the enhanced
permeability and retention (EPR) effect attributed to the “leaky” vasculature of tumors [97].
The versatility and promising /n vivo results of ND carriers for chemotherapy drugs, along
with their superior biocompatibility over other nanomaterials such as carbon nanotubes,
have recently encouraged researchers to study NDs for sustained and localized delivery of
antibiotics, growth factors, and other biomolecules to augment tissue healing in regenerative
medicine applications. With the rapidly expanding focus on gene delivery in regenerative
medicine, researchers have most recently explored the use of NDs as multifunctional
nonviral vectors for DNA, microRNA, and siRNA. Overall this section highlights the variety
of therapeutics that NDs are capable of delivering, ranging from tumor-eradicating
anthracyclines to gene-silencing siRNA, with a particular focus on the surface modification
strategies necessary to develop such clinically relevant platforms.

3.1. Multifunctional carriers for cancer therapy

Delivery of Dox and similar tumor-eradicating anthracyclines has been a standard treatment
for many forms of cancer, but systemic exposure of the body to these drugs results in
deleterious side effects such as alopecia, myelosuppression, and cardiotoxicity.
Chemoresistance of tumor cells further magnifies these side effects, since even though these
drugs can readily be endocytosed by a tumor cell, they are quickly pumped back out of the
cell by P-glycoprotein (Pgp), a transporter protein overexpressed in cancer cells. An
estimated 90% of failed treatments for metastatic cancer are attributed to subpopulations of
chemoresistant cells within tumors that avoid apoptosis by drug efflux [98]. The most
effective solution to avoid chemoresistance is to conjugate the chemotherapeutic drug with
nanoparticles to form nanocomplexes, which can evade drug efflux mechanisms since the
drug in a complex is not recognized by Pgp. As the intracellular concentration of the
conjugated drug increases due to a sustained release from the nanocarrier, the drug can
successfully induce apoptosis and eradicate tumors [97]. The design of nanoparticle carriers
for the improvement of cancer treatment is a fundamental goal in nanomedicine. Advantages
of nanoparticle delivery for cancer drugs include an increase in drug efficacy and circulation
half-life, a significant reduction in the required dosage, a decrease in side effects from
systemic exposure, and the opportunity to link active cell targeting moieties and other
biomolecules to the nanocomplex for targeted therapy [97].
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Several nanoparticle-based delivery platforms for chemotherapeutic drugs have recently
been FDA-approved or are undergoing clinical trials, ranging from liposomal carriers for
Dox (Doxil®), to polymeric micelles for paclitaxel delivery (Genexol-PM®). Though
effective by current clinical standards, these nanoparticle drugs still pose many risks or
limitations that leave a large margin for improvement. Shi et a/. provide a thorough review
which evaluates the current status of cancer nanomedicine with comparisons of FDA-
approved nanotherapies and their shortcomings that warrant the development of new
nanoparticle carriers [99]. Carbon-based nanoparticles represent a promising class of
inorganic nanomaterials with chemical and physical properties that can be tailored for highly
efficient delivery of hydrophilic drugs. Carbon nanotubes (CNTS), which are one of the most
widely researched carbon nanomaterials for cancer therapy, have been reported to enhance
the efficacy of cancer drugs such as doxorubicin by suppressing the drug’s toxic side effects
and by bypassing chemoresistance. Despite these advantages, CNTs can induce undesirable
cytotoxic side effects, and the lack of long-term studies on their toxicity in humans has
prevented the study of this nanocarrier in the clinical setting [100]. However, a number of
clinical studies have been conducted with more biocompatible carbon nanomaterials for
cancer therapy, such as activated carbon nanoparticles, which were evaluated as nanocarriers
for methotrexate in a 1996 clinical study for the treatment of gastric and esophageal cancers
[101]. Additionally, carbon nanoparticles have been tested as a stain for healthy lymph node
tissue in a 2015 clinical trial for enhanced surgical treatment of papillary thyroid carcinoma
[102]. The success of both clinical trials indicates a promising role for biocompatible
carbon-based materials in nanomedicine.

3.1.1. Self-assembling ND carriers for chemotherapy drugs—The use of NDs as a
drug delivery platform was first demonstrated in 2007 with doxorubicin (Dox). In this study,
NDs were presented as a facile yet robust platform capable of non-covalently loading Dox
through the ionic interactions between the protonable amino group of Dox and the carboxyl
groups of oxidized NDs, effectively entrapping the drug within ND aggregates. To facilitate
the adsorption of this cationic drug to hydrophilic detonation NDs, the components were
suspended in a sodium chloride solution, and the dissolution of CI~ ions promoted the self-
assembly of ND-Dox complexes. When administered to a colon cancer cell line in vitro, the
release of Dox from ND-Dox was controlled by the local concentration of CI™ ions in the
cell media [89]. Upon further study of ND-Dox, the group reported that the NDs enhanced
the cellular uptake and therapeutic efficacy of Dox when administered /n vitro to several
tumor cell lines. Subsequent /7 vivo studies in mouse models of mammary carcinoma and
liver tumor revealed that ND-Dox was able to bypass the drug efflux resistance mechanisms
of both types of cancer cells, increasing the circulation half-life of Dox by a factor of 10 [3].
Seven days after treatment, analysis of the extent of apoptosis of LT2-Myc liver tumors
concluded that ND-Dox loaded with 100 g of Dox induced nearly a 4-fold increase in
tumor apoptosis compared with mice treated with the same dosage of unmodified Dox. In
the more chemoresistant 4T1 mammary tumor model, a 10-fold increase in tumor apoptosis
was observed in mice treated with ND-Dox compared to free Dox. ND-Dox also
demonstrated enhanced retention of drug over time, with 1.5 pg of Dox per gram of tumor
tissue present at 7 days, while in contrast free Dox was not detected after 72 hours. ND-Dox
complexes were observed to be unaffected by the Pgp efflux mechanisms of chemoresistant
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cells, and desorption of Dox from the nanocomplexes only occurred after cellular uptake,
thus decreasing systemic exposure to the drug as well as eliminating deleterious side effects
such as myelosuppression [3].

The use of NDs for their sustained release properties, improved retention in tumor tissue,
reduction of systemic exposure to the drug, and ability to bypass chemoresistance has been
studied for various other anthracyclines and chemotherapy agents such as epirubicin[2],
paclitaxel[103], Purvalanol A, and 4-hydroxytamoxifen [104]. In these instances where the
drug is loaded by physical adsorption, the release is often controlled by the pH of the
surrounding media. Since the tumor microenvironment is well known to have a definitively
lower pH than the rest of the human body, the design of controlled release systems, which
retain cargo in normal tissues and release drug selectively in lower pH tumor tissues, is of
great interest for cancer therapies. The major roadblock for the use of these self-assembling
ND complexes in translational medicine is the strong affinity of NDs to aggregate. Several
methods have been studied to improve the colloidal stability of ND carriers without
compromising their multifunctional capabilities. By modifying the surface of NDs with
polymers, lipids, or other biomaterials, the dispersivity and long-term colloidal stability of
NDs is greatly enhanced. Furthermore, both non-covalent and covalent crosslinking
strategies can be applied to also extend the functionality of NDs as drug or gene carriers.

3.1.2. Methods for improving the dispersivity of ND drug carriers—As discussed
in the previous section on ND synthesis, nanoparticle aggregation is a significant challenge
especially in the design and application of NDs for delivery of biomolecules. The strong
tendency for NDs to form aggregates of 100-200 nm in diameter, and even micron-sized
agglomerates, can prevent cellular uptake and endosomal escape of the loaded cargo [105].
One simple approach to address these challenges is to introduce a polymer or lipid coating to
surfaces of nanoparticles to fabricate ND nanohybrids with controlled dispersivity and size
[106]. Toward this goal, Xiao et al. incorporated a polyethylene glycol (PEG)-modified lipid
onto ND-Dox complexes and reported that the lipid-modified complexes exhibited a higher
circulation half-life and stability than uncoated ND-Dox when administered in mice [107].
By adsorbing a PEG-maodified lipid to ND-Dox complexes, hybrid ND-lipid (NDL) particles
were formed. The /n vivo half-life of the drug from NDL-Dox in a murine lung-metastasized
tumor model increased 8-fold from that of ND-Dox and 16-fold from that of unmodified
Dox. In addition, the lipid-coated complexes facilitated a 3-fold and 12-fold increase in Dox
accumulation in the lungs of mice as compared to unmodified Dox and ND-Dox,
respectively. As a result of these functional improvements, NDL-Dox reportedly enhanced
the treatment of breast cancer metastasis in the mouse model whereas ND-Dox caused a
partial reduction in metastatic tumor volume.

PEGylation of ND-Dox has also been reported as an effective strategy to prevent
aggregation of the nanocomplexes and can also provide further control over the release
kinetics and circulation half-life of Dox both in vitroand /n vivo [108-110]. Aside from
polymer and lipid coatings, another strategy that has been implemented to improve the
dispersivity of NDs for drug and gene delivery applications is covalent modification of
nanodiamonds with amino acids. For example, carboxylated NDs were chemically
conjugated with lysine through a carbon linker, and subsequent measurements with dynamic
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light scattering (DLS) revealed the obtainment of particles with a size of 21 nm and narrow
size distribution [9]. On the other hand, unmodified carboxylated NDs, which formed large
aggregates up to the micron range, had a broad particle size distribution. The study also
showed that the lysine-functionalized NDs could be further modified for loading and
delivering bioactive molecules, such as siRNA.

3.1.3. Targeted NDs for cancer theranostics—Aside from improving the dispersivity
and drug pharmacokinetics, lipid and polymer coatings on NDs can also serve as interfaces
to which functional molecules such as cell-binding ligands can be grafted using common
wet synthesis techniques including click chemistry and carbodiimide crosslinking. By
chemically grafting antibodies, aptamers, peptides, or other ligands to the linking interface
of an ND drug complex, the release of drug can be actively targeted with high specificity to
tumorigenic markers.

When an ND complex is internalized by the targeted cell, the ligand first binds to the
receptor on the cell membrane, and uptake occurs by receptor-mediated endocytosis. Several
approaches to this concept include non-covalent lipid coatings, porous silica shells, and
polymeric coatings. Finally, as an alternative strategy, ligands can also be grafted directly
onto the surfaces of NDs.

Multifunctional biotin-modified lipid coatings are an attractive platform for non-covalently
linking targeting molecules to NDs due to their self-assembly ability which eliminates the
need for chemical conjugation. Such ND-lipid particles (NDLPs) were formed by
rehydration of lipid films with NDs suspensions, and these nanohybrids exhibited improved
dispersivity and presented a one-step linking strategy for the attachment of antibodies and
fluorescent dyes [111]. Cell-targeted NDLPs were fabricated by the addition of biotinylated
antibodies along with streptavidin to unmodified NDLPs. In this interaction, streptavidin
serves as a cross-bridge in which one end binds to the biotin of the lipid film while the other
end binds to the biotin in the modified antibody. As a proof of concept, NDLPs loaded with
epirubicin (Epi) were targeted to a receptor that is overexpressed in breast cancer cells,
epidermal growth factor receptor (EGFR). Biotinylated anti-EGFR was attached to NDLPs
via streptavidin. Dye-loaded NDLPs were also fabricated to enable particle tracking by
confocal microscopy to analyze nanocarrier localization. Cell studies /n vitro revealed that
the antibody-targeted NDLPs were rapidly internalized by EGFR-overexpressing breast
cancer cells via EGF-mediated endocytosis, with nearly a 3-fold increase in cellular uptake
compared to that of untargeted NDLPs. When the EGFR-targeted NDLP-Epi was
administered /n vivo for targeted delivery of Epi to a triple-negative breast cancer mouse
model, a 50% greater reduction in tumor volume was observed 7 weeks after treatment, with
respect to treatment with untargeted NDLP-Epi. In fact, the antibody-targeted NDLPs
induced almost complete regression of tumors, while delivery of an equivalent dosage of
free Epi resulted in mortality after 4 weeks of treatment [111]. Overall, the NDLP platform
is a highly efficient and reproducible therapeutic and diagnostic platform. The
aforementioned benefits in addition to their high biocompatibility and versatility toward
loading nearly any type of drug and targeting molecule warrant further preclinical or clinical
study. One downside that may limit its translational potential is that the self-assembly of the
nanocomplex does not provide any control over critical synthesis parameters, such as
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particle size. For instance, the addition of drugs, dyes, and streptavidin for antibody-linking
can have a different impact on the diameter of the NDLPs, which is an issue that could
hinder reproducibility and scalability.

Another reported technique to develop a multifunctional linker interface for NDs is the
deposition of a porous silica coating onto NDs, which despite requiring a more complex
synthesis procedure than the discussed NDLPs, enables precise control over the particle size
and greater long-term colloidal stability. These silica coatings can vastly improve the drug
loading efficiency due to the increase in surface area provided, and a polymer layer around
the silica shell enables the chemical grafting of biomolecules including proteins, dyes, and
targeting molecules by click chemistry [112, 113]. Furthermore, this approach is compatible
with NDs produced by HPHT or by detonation. Optimization of the synthesis parameters
also allows for deposition of silica shells at a precisely defined thickness that can be
controlled within 10 nm. Slegerova et al. demonstrated the application of silica-coated FNDs
for targeting of tumor cells (Figure 4A). Using click chemistry to immobilize cyclic RGD
peptides to the copolymer-modified surface of the FND-silica composites, tumor-targeted
complexes were prepared for delivery of a bioimaging probe to glioblastoma cells [114].
Glioblastoma is one of the several types of cancer cells that overexpress the integrin a.,fs3,
for which the synthetic cyclic RGD peptide has a high binding affinity. When delivered /in
vitro, the RGD-modified FND hybrids were rapidly endocytosed by U-87 MG glioblastoma
cells, in contrast to untargeted FND hybrids. Confocal microscopy revealed that the RGD-
modified FNDs were internalized by specific binding of FND complexes to a3 followed
by receptor-mediated endocytosis. This platform was also highly biocompatible, and the
silica shell did not impact the fluorescent intensity of the NV~ centers in FNDs. Further
studies on these FND-silica nanohybrids should evaluate the /n7 vivo delivery and imaging
capabilities for targeted cancer therapy. The versatility in the grafting techniques of both of
the previously discussed preclinical studies presents a favorable modality for a combined
delivery and bioimaging platform that can be targeted to multiple receptors to increase the
uptake efficiency in cancer cells. For instance, Eph receptor tyrosine kinases are another
class of receptors that are characteristic of tumor angiogenesis and are highly active during
tumor development [115]. Eph receptor targeting peptides represent just one example of
many other types of ligands which can be grafted to functionalized NDs or FNDs for
targeting Eph-positive tumors as a diagnostic tool and drug delivery.

Bioactive molecules can also be immobilized directly to the surface functional groups of
NDs, most commonly using carbodiimide crosslinking between carboxyl groups of NDs and
amino groups of biomolecules. For instance, EDC-NHS coupling was used to link cisplatin,
a chemotherapeutic drug, and the recombinant EGF protein to carboxylated NDs [116]. The
resulting ND complexes exhibited specificity toward cells expressing EGFR, and by
monitoring the Raman spectra of the NDs, the intracellular transport of NDs was tracked /in
vitro, confirming that the internalization occurred through EGFR-mediated endocytosis.
While cisplatin delivery by untargeted NDs resulted in minimal inhibition of cell growth,
EGF-modified NDs loaded with the same dosage of cisplatin significantly inhibited cell
growth in HepG2 cells. Low doses (0.6 ug mL™1) of cisplatin-loaded onto the targeted NDs
inhibited cell growth to the same extent as high doses (5.0 pg mL™1) of free cisplatin. A
similar approach has also been evaluated for enhancing the efficacy of Dox by immobilizing
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peptides on the surface of NDs (Figure 4B). Using NHS-EDC coupling, Dox and trans-
activating transcriptional activator (TAT) peptide were both chemically linked to
carboxylated NDs to form ND-Dox-TAT [117]. TAT is a cell-penetrating peptide that was
originally derived from the HIV virus and has previously been shown to enhance cellular
uptake of many types of nanoparticles. The conjugation of the TAT peptide to the surface of
the ND effectively increased the rate of cellular translocation of the drug, and compared to
ND-Dox, ND-Dox-TAT induced significantly higher cytotoxicity in glioma cells /n vitro.
Several other crosslinking strategies have shown promising results, for instance, sulfhydryl-
reactive crosslinking chemistry was used to link thiolated paclitaxel and thiolated
monoclonal anti-EGFR with fluorescent oligonucleotide labels to NDs to develop a tumor-
targeted ND carrier for paclitaxel with simultaneous bioimaging capabilities [118].

A recent study showed that NDs are not only capable of targeting a single receptor, but their
high surface area and chemistry enable the loading of multiple ligands at once to achieve
dual-targeted delivery and particle tracking. Chan et a/. demonstrated this concept with ND-
Dox to facilitate both active cell targeting of chemoresistant breast cancer cells as well as
subcellular targeting after internalization to sequester Dox to the mitochondria and bypass
Pgp-mediated efflux [119]. Dually-targeted ND-Dox complexes were formed by chemical
conjugation of NDs with folic acid (FA) in addition to mitochondrial localizing sequence
(MLS) peptides. FA is a commonly utilized ligand for the folate receptor, which is
overexpressed in most cancer cells. MLS peptides were recently identified to enhance the
efficacy of Dox by targeting the subcellular delivery of the drug to the mitochondria of the
cell and entirely bypassing drug efflux. This platform was assembled by linking PEGylated
FA and MLS peptides to carboxylated NDs through EDC/NHS coupling to create dually-
targeted NDs, (FA-MLS)-NDs, with a 6 to 1 ratio of FA to MLS. Afterward, Dox was loaded
to the (FA-MLS)-NDs by physical adsorption with a 75% loading efficiency, forming (FA-
MLS)-ND-Dox complexes. The /n vitro study concluded that upon administration of (FA-
MLS)-ND-Dox to MCF-7 human breast cancer cells, the complexes were selectively
internalized by folate receptor and then localized directly into cells’ mitochondria. In
contrast, the delivery of Dox by (FA)-ND-Dox resulted in receptor-mediated uptake
followed by nonspecific localization of drug in the lysosomes of the cells. In MCF-7/ADR
cells, a human cancer cell line which overexpresses P-gp, administration of (FA-MLS)-ND-
Dox containing 10 uM Dox resulted in approximately 70% cell death within 2 days, whereas
administration of 10 uM of unmodified Dox or with (FA)-ND-Dox induced approximately
5% cell death. Interestingly, when Dox was delivered with FA-tagged NDs, the rapid efflux
of the drug counteracted the potential benefits of ND delivery, thus highlighting the potential
therapeutic benefit of subcellular targeting /n vivo.

3.2. Gene delivery

Gene therapy is the increasingly popular strategy of inducing or silencing the expression of
targeted genes to treat or diagnose diseases. Genes are transferred to cells in carriers known
as vectors, and successful gene therapy requires the design of efficient and biocompatible
vectors that mediate the cellular uptake of genetic material. While viral gene delivery is
highly effective, several safety concerns have limited their clinical application. The success
of NDs as a drug delivery platform has encouraged researchers to investigate the efficacy of
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NDs as a nonviral vector for gene delivery. To design an ND vector to deliver plasmid DNA
or small interfering RNA (siRNA), NDs must be functionalized to create a cationic surface
to which negatively charged DNA or siRNA can adsorb and desorb. For example, polymers
such as polyethyleneimine (PEI) or poly(allylamine hydrochloride) (PAH) were adsorbed to
the surfaces of carboxylated NDs to form ND-polycation complexes ND-PEI and ND-PAH
[120]. PEl is a cationic polymer that is commonly studied for its high affinity to bind to
DNA and siRNA, but when delivered alone its transfection efficiency is low because it is not
readily internalized by cells. By complexing these polymers with NDs, which are
internalized by cells via endocytosis, highly efficient vectors can be developed. Both ND-
PEI and ND-PAH demonstrated high loading efficiencies for the adsorption of siRNA, and
when delivered to Ewing sarcoma cells, ND-PEI exhibited a higher transfection efficiency
than ND-PAH for the knockdown of an oncogenic marker. Additionally, both PEI and PAH-
modified NDs displayed a higher transfection efficiency and much lower cytotoxicity than
Lipofectamine, a very popular lipid-based non-viral vector. Alhaddad et a/. also
demonstrated that the same complexes could be formed with fluorescent NDs (FNDs),
enabling the possibility to track the delivery of the vectors in real time using confocal
microscopy [120]. Polycation complexes formed with FNDs enabled fluorescent imaging of
SiRNA transfection, revealing that cells internalized the ND vectors by endocytosis. Chen et
al. have similarly investigated the use of ND-PEI complexes for sSiRNA delivery [121]. By
adsorbing 800 Da PEI to carboxylated NDs, ND-PEI vectors were formed which possessed a
high loading capacity and promoted a sustained release of sSiRNA. When delivered /n vitroto
GFP-expressing M4A4 cells, ND-PEI vectors induced a 62.2% knockdown of GFP
expression at 48 hours with negligible cytotoxicity to the cells, in contrast to Lipofectamine
which caused a 26.4% reduction in cell viability to achieve similar knockdown levels.

Though non-covalently linked, self-assembling ND-polycation complexes have shown
promising results as efficient and biocompatible vectors, the long-term stability of these
complexes in suspension and the aggregation of NDs are two main challenges that limit their
therapeutic potential. Thus, ND vectors formed by chemical conjugation may be preferable
for the development of stable and well-dispersed DNA and siRNA carriers. One strategy is
the covalent modification of NDs with lysine to introduce a cationic surface charge to
readily adsorb siRNA and prevent particle aggregation. sSiRNA was loaded onto lysine-
modified NDs by physical adsorption, and when delivered /n vitroto HeLa cells the
complexes facilitated a high transfection efficiency with negligible cytotoxicity [122].
Interestingly, the lysine-functionalized NDs were observed to bind to physiological proteins
which formed a layer of adsorbed proteins on the siRNA vectors that enhanced the
dispersivity of the vectors and had a positive impact on cellular uptake. Alternatively, Zhao
et al. investigated the covalent attachment of polypeptides to polyglycerol (PG)-modified
NDs to create highly-dispersed and positively charged conjugates [123]. Through click
chemistry, positively-charged polypeptides were chemically conjugated with PG-NDs to
form DNA vectors that were well-dispersed in solution.

Another benefit of chemical conjugation in developing ND-based vectors is the ability to
achieve targeted gene delivery by linking NDs with cell-targeting ligands as described
previously for targeted drug delivery. One technique for creating tumor-targeted NDs for
siRNA delivery was achieved by covalently linking RGD peptide to functionalized NDs
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which were used as vectors for delivering VEGF siRNA to silence the expression of VEGF
protein in cells [124]. Briefly, NDs were carboxylated and then reacted with thionyl chloride
to create highly reactive surface moiety to which the RGD peptide was covalently linked
once the protecting groups of the peptide were removed in dimethylformamide. The
resulting RGD-ND vectors were loaded with VEGF siRNA, and over 250 hours after
delivery to Hela cells /n vitro, an estimated 50% of the loaded siRNA was released. The
sustained release of siRNA is beneficial for the therapeutic use of gene silencing, because
SiRNA is quickly degraded by enzymes in the cytoplasm [124]. In comparison to
Lipofectamine, which silenced VEGF expression by 34%, RGD-ND vectors had a
significantly higher efficacy with 63% inhibition of VEGF expression. RGD-ND vectors
were also observed to inhibit tumor growth /n vivo by VEGF gene silencing in a mouse
xenograft model. The vectors were delivered /n vivo by IV injection to mice, and the
covalent attachment of RGD peptide resulted in a 150% higher concentration of vector in
tumor cells as opposed to all other organs. The strategy used for surface linking the peptide
was vital for the successful targeting of the vector. In fact, the group showed that covalent
ND-peptide conjugates maintained stability even after 240 hours of storage in suspension,
and only 10% of the peptide was released. In contrast, non-covalent linkage of the peptide,
by physical adsorption of RGD to the NDs, formed complexes which released all of the
loaded peptide within 50 hours [124]. Bi et a/. further demonstrated the utility of the
peptide-targeted NDs for delivering siRNA to silence the survivin gene, which is an
apoptosis inhibitor that can be used as a therapeutic target for cancer treatment [125]. The
RGD-linked NDs carrying survivin siRNA inhibited tumor growth /7 vivo in a mouse model
to the same extent as a therapeutic dose of Dox.

3.3. Localized delivery for regenerative medicine applications

Although NDs have primarily been evaluated as a therapeutic and diagnostic tool for cancer,
NDs also have great potential for wound healing and regenerative medicine therapies that
require controlled delivery of biomolecules that is localized to the site of wounds or
damaged tissue.

In addition to cancer drugs, antibiotics can also be delivered using NDs to improve their
therapeutic activity and lower the required dose needed for a successful treatment.
Particularly in the case of antibiotic-resistant infections, such as methicillin-resistant
Staphylococcus aureus (MRSA), high doses of antibiotics are required to treat the infection,
due to the reduced effectiveness of the drugs in killing the rapidly growing number of
antibiotic-resistant strains of bacteria. In addition, some antibiotics such as vancomycin can
reportedly induce nephrotoxic and ototoxic effects in high doses, which could be prevented
with a targeted or sustained delivery system [126]. NDs offer a potential solution for
increasing the efficacy and therefore reducing the required loading dose of antibiotics.
Moreover, the drug shielding properties of ND complexes can greatly minimize systemic
exposure and undesired side effects. Recent studies have highlighted the success of NDs for
delivery of antibiotics such as vancomycin, tetracycline, and amoxicillin [127, 128]. The
drug complexes, which were formed non-covalently using carboxylated or aminated NDs,
demonstrated sustained drug release in a pH-dependent manner. As the pH of the

J Control Release. Author manuscript; available in PMC 2018 September 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Whitlow et al.

Page 23

surrounding microenvironment changes, an alteration in the charge distribution on the
surface of NDs results in the adsorption or desorption of the drug.

Growth factors and proteins represent another important class of therapeutics that can be
delivered by NDs with a sustained release not only for treating disease but also for
improving the therapeutic efficacy of tissue scaffolds. Growth factors can be used to treat
and target many diseases, but their short half-lives and rapid clearance have hindered their
success. Clinical use of growth factors, such as the delivery of bone morphogenetic protein 2
(BMP-2) for bone regeneration, can frequently induce adverse side effects such as
heterotropic bone formation, edema, and even cancer, since effective treatment without
sustained delivery requires dangerously high dosages to be administered [129]. With a high
affinity for adsorbing proteins, NDs provide a straightforward and cost-effective solution for
improving current growth factor treatments. The tunable surface chemistry of NDs also
facilitates the covalent linkage of growth factors to the surface of the nanoparticle.

The most commonly employed strategy for loading proteins onto NDs is physisorption of
the protein to the surface of the NDs [130]. For instance, insulin was observed to readily
bind to the surface of NDs that contained hydroxyl and carboxyl surface groups, and the
release of insulin was proportional to the pH of the aqueous environment [131]. At very high
pH values the electrostatic forces between the insulin and the hydroxyl and carboxyl surface
groups of the NDs were disrupted by electrostatic repulsion, causing the desorption and
release of insulin from ND complexes. Moore et al. investigated a similar pH-dependent
release of the growth factors BMP-2 and basic fibroblast growth factor (bFGF) with ultra-
dispersed NDs [132]. The study found that both growth factors could be reversibly loaded
and released from NDs by physisorption and desorption, respectively, in a pH-dependent
manner. The /n vitro cell studies confirmed the dual release of BMP-2 and bFGF, which
resulted in osteogenic differentiation when delivered to myoblasts. The pH-dependent
release kinetics allow the potential use of this technology in oral surgery to provide
sustained bone regenerative therapy since the slightly acidic pH of the mouth could trigger
desorption. Other growth factors, such as vascular endothelial growth factor (VEGF), can
also be successfully linked to NDs by physisorption to provide a sustained and pH-
dependent release of the protein [133]. Physisorption is often preferred over covalent linkage
for loading growth factors to NDs since it can be completed in a simple procedure without
chemical modification. Furthermore, covalent linkage to NDs can potentially degrade or
inactive growth factors. In a comparative study of BMP -2 released from either non-covalent
or covalently formed ND complexes, the non-covalent complex displayed sustained BMP-2
release for over 70 days while covalent conjugation resulted in minimal release and also
inactivation of the BMP-2 [129].

Finally, a growing body of research focuses on combining NDs with biomaterial scaffolds or
substrates to facilitate a localized release of growth factors and promote a superior healing
response when the construct is implanted into a wound site. The success of such strategies
depends both on the design of NDs as a carrier, as described here, and furthermore on the
design of the scaffold into which the ND complexes are incorporated. The role of
biomolecule-eluting ND scaffolds in the field of regenerative medicine will be discussed in
further detail in Section 4.4.
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4. Tissue engineering

Tissue engineering is a multifaceted field based upon the development of tissue scaffolds,
which are biomaterial templates or substrates that control cell migration, adhesion, and
differentiation to restore damaged tissues or organs [134]. In addition to supporting cellular
activities, successful scaffolds must provide mechanical support for tissue growth and
maintain biomechanical stability similar to that of native tissue. Above all, the design of an
efficient tissue scaffold requires careful selection of biocompatible polymers and
nanomaterials that do not interfere with biological processes such as cell division or
differentiation. The biocompatibility, stability, hardness, wettability and optical properties of
NDs in addition to their versatile surfaces which can be loaded with virtually any type of
biomolecule are all favorable properties that enable their use as multifunctional materials in
biomedical constructs. NDs are unique from other biomaterials in their ability to provide all
of these traits as a single nanomaterial, which has inspired researchers to investigate NDs for
a broad range of applications in regenerative medicine with a particular focus on bone and
neural tissue engineering. Recently, NDs have been utilized as cell-adhesive surface coatings
for scaffolds, as coatings to improve tribological properties of implants, and as nanofillers to
reinforce the mechanical properties of composite scaffolds. Finally, several emerging trends
in ND-based tissue engineering will be discussed, in regards to the strategies that incorporate
NDs as a multifunctional delivery platform in scaffold matrices.

4.1. Cell substrates

The unique physical and chemical properties of NDs have prompted tissue engineers to
utilize NDs and ND composites as cell substrates that can be designed to control cell
adhesion and proliferation. For instance, the unique nanoscale properties of NDs,
specifically their surface charge distribution facilitates the physical adsorption of cell-
adhesive serum proteins to the surface of the nanoparticle, and this resulting cellular
interface has been investigated for use primarily in bone regeneration and more recently for
neural tissue engineering. The adsorption of serum proteins such as fibronectin (FN) and
vitronectin (VN) to NDs allows the adhesion of a variety of cell types, and furthermore the
surface chemistry and topography of NDs can be exploited to control cell functions such as
differentiation [135-137]. These cell-adhesive properties can be introduced to biomedical
implants through a variety of scalable and reproducible methods of depositing layered
coatings and films of NDs. One popular technique is CVD, which uses plasma to deposit
thin films of NDs with a tunable topography onto substrates and scaffolds [137]. CVD has
been used to form surface coatings with DNDs and many other types of functionalized NDs,
such as electrically-conductive boron-doped NDs [137].

To study the effects of surface chemistry on cell interactions, DNDs of differing
hydrophilicity were deposited onto substrates by CVD, onto which rat mesenchymal stem
cells (rMSCs) were seeded. Interestingly, the more hydrophilic DND films promoted
osteoblast adhesion and increased ALP expression in rMSCs [138]. One likely explanation
for this phenomenon is that the conformation of bound serum proteins like FN depends on
the hydrophilicity of the substrate, and the cell-binding domains of FN are hidden when the
protein is bound to a hydrophobic surface [139]. Thus, developing ND coatings with
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hydrophilic surfaces by using oxygen-terminated NDs, is an effective design to maximize
the biological activity of an implant. To demonstrate this concept /n vivo, Xing et al.
developed a poly(LLA-co-CL) (PLCL) bone scaffolds coated in carboxylated NDs, and 24
weeks after implantation into defects in sheep calvaria, the ND-coated scaffolds reportedly
facilitated complete regeneration of the defects [34]. In contrast, unmodified PLCL scaffolds
showed minimal bone restoration after 24 weeks. The /n vitro results of the study concluded
that the use of NDs as a surface coating on PLCL scaffolds resulted in the upregulation of
osteogenic markers in human BMSCs [34].

Similarly, in another study the inclusion of acid purified detonated NDs in the same type of
synthetic scaffold made of poly(LLA-coCL) was beneficial in promoting osteogenic
differentiation by modulating the superficial properties of the scaffold [140]. Specifically,
the presence of NDs altered the surface topography, which had a profound effect on protein
adsorption. For instance, the alteration in the nanoscale roughness induced by NDs caused
an increase in the seeding efficiency of BMSCs and a decrease of albumin adsorption, which
is beneficial in reducing the activation of macrophages that can form a fibrous capsule on the
scaffold surface. Moreover, the presence of oxygen functional groups on the NDs, such as
carbonyl and lactone groups, increased the hydrophilicity of the surface of the poly(LLA-
coCL) scaffold. This change in this parameter as explained above can promote selective
adsorption of proteins in their native conformation enabling higher BMSCs adhesion and
stem cell proliferation.

Due to their favourable surface properties so far described, NDs have been also investigated
in combination with other bioactive materials to enhance the process of cell adhesion. For
instance, hydroxyapatite inherently possesses osteoinductive properties, and when deposited
into a film coating with oxidized detonation NDs, its ability to promote osseointegration /n
vitrowas enhanced even further [135]. The presence of various positively charged functional
groups on the surface of the NDs was found to greatly enhance the overall adsorption of FN
to the AP-ND coatings in contrast to AP and stainless steel coatings. AP-ND coatings also
showed preferential adsorption of FN over other proteins when incubated with serum-
containing media. While the addition of NDs to AP coatings did not affect the nanoscale
architecture of the coating, the addition of NDs altered the surface charge and therefore the
hydrophobicity of the substrate. When tested /n vitro with human osteoblast-like MG-63
cells, the serum-incubated AP-ND coatings promoted a significantly greater extent of
osteoblast adhesion compared to AP and stainless steel substrates alone. In the absence of
serum, cells did not show a preference for adhering to either type of substrate. Thus, as
concluded in the study, the addition of NDs to electrodeposited AP coatings indirectly
enabled osteoblast adhesion due to the increased presence of adsorbed FN because of the
presence of NDs. In addition to promoting formation of focal adhesions between osteoblasts
and the AP-ND substrate compared to AP substrate, osteoblasts also demonstrated an
enhanced ability to reorganize FN when studied on the substrates with NDs (Figure 5A).

Aside from enhancing the bioactivity of bone scaffolds, NDs have also recently been
identified as a highly used tool for neural tissue engineering. Similarly to osteoblasts,
neurons and nerve cells have also been discovered to adhere and proliferate on NDs films
and monolayers [141]. Traditionally, the /n vitro culture of neurons requires substrates that
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are laminated with ECM proteins such as ornithine and laminin or with synthetic substrates
such as polylysine (PLL). PLL and other similar synthetic biomaterials are cytotoxic and
therefore cannot be used for /n vivo applications. NDs have been identified as a potential
neural cell substrate that can be used to develop implantable and biocompatible neural
prosthetics. Although a significantly larger body of research already exists on the
applications of CNTSs as substrates for neurons, the potential toxicity of CNTSs is a crucial
factor that will limit their use in future clinical implants. CNTs have also been reported to
alter intraneuronal transport mechanisms and affect information processing throughout
neural networks [142]. In contrast, NDs are reported to have no effects on the
backpropagation of action potentials.

Preliminary studies found that monolayers of oxygen-terminated DNDs supported the
adhesion and neurite extension of primary hippocampal neurons to the same extent as
synthetic laminin-(poly-DL-ornithine) control substrates [141]. Neurite branching, which is
required for the formation of functional neuronal circuits, occurred on the ND substrates
with no differences from the control substrate, and synaptic transmissions were observed
among both the ND and control substrates. Edgington et a/. correlated neural cell adhesion
and neurite extension with the morphology of the NDs; substrates composed of smaller and
rounder NDs, mimetic of ECM proteins, generated denser neural networks [143].
Furthermore, the surface chemistry of the NDs did not have a noticeable effect on neurite
extension in neuron cultures on monolayers of either oxygenated or hydrogenated NDs.
Rather than a direct interaction between the cells and the nanoparticles, the mechanism of
adhesion is likely due to the highly physisorption nature of NDs resulting in the adsorption
of serum proteins such as FN or VN, to which neurons can bind. Toward the creation of
patterned neural networks, the group further demonstrated that photolithography masks and
reactive ion etching could be used to deposit high contrast (<10 pm) patterns of NDs onto
substrates to form microscale patterns of NDs. Neurons adhered to the micropatterned
substrates and successfully formed neurite branches that extended only throughout the
patterned regions [143]. (Figure 5B)

Further studies have been conducted which show that a variety of neural cell lines can be
cultured on ND substrates. For instance, amino-functionalized NDs have also been shown to
support neural cell adhesion for neuroblastoma-glioma, Schwann, and dorsal root ganglion
(DRG) cells [144]. All three cell lines formed dense neural networks and neurite extensions
on the aminated ND substrates over long periods of culture (3 weeks). Electrically
conductive ND substrates can also be obtained by boron-doping of ND [145]. Full factorial
studies should be conducted in the future to gain further insight on the role of substrate
topography and surface chemistry on the adhesion of both bone and neural cell lines.

4.2. Implant surface coatings

In addition to their use as cell-adhesive substrates, the advantageous tribological properties
of NDs can be used to improve the wear resistance of joint prosthetics. Long term wear of
hip, knee, and other joint replacement implants results in the formation of small debris
particles that accumulate and cause joint pain, osteolysis, implant loosening, and ultimately
implant failure [147]. ND coatings have been demonstrated to improve the wear resistance
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and prevent metal ion leaching from cobalt-chromium-molybdenum (CoCrMo) hip and knee
implants, titanium temporomandibular joint implants, and titanium dental implant screws
[148-152]. Diamond-like coatings have also been shown to improve the biocompatibility of
metal coronary artery stents by preventing the release of metallic ions [153]. As simulated /7
vitro, the average volume of wear debris per year from metal-on-metal CoCrMo implants
was 5 mm3. The hip implants with ND coatings produced 50,000 times less wear debris per
year compared to the uncoated implants [154]. ND implant coatings have also shown
promising /n vivoresults. In one model, ND coatings applied to Ti-6Al-4V implants greatly
enhanced their osseointegration within femoral defects in rabbits [155].

4.3. Nanofillers in polymer composites

Successful tissue scaffolds require materials that degrade at a controlled rate to allow the
ingrowth of new tissue. Additionally, a scaffold must possess mechanical properties that are
either equivalent or superior to that of the tissue being restored. Polymers are a favored
biomaterial used to construct tissue scaffolds because they can form biomimetic structures
that resemble the hierarchal architecture of native tissue with precisely tunable degradability.
However, polymers are limited by their weak mechanical properties. With a high surface
area to volume ratio and the abundance of reactive functional groups on their surfaces, NDs
have the ability to serve as nanofillers to reinforce the mechanical properties of polymers
and create multifunctional nanocomposites that can be designed for use in soft tissue as well
as hard tissue regeneration [106]. Among the various techniques to produce scaffolds,
electrospinning is a popular strategy for creating polymeric nanofibers that mimic the native
ECM architecture. Salaam et al. demonstrated that the mechanical properties of electrospun
poly(e-caprolactone) (PCL) scaffolds were reinforced with DNDs at various loading
concentrations [156]. PCL containing 0.1 wt% DNDs exhibited a tensile modulus of 108.5
MPa which is comparable to that of human cancellous bone. Plain PCL, in comparison,
displayed a significantly lower tensile modulus of 85.4 MPa. At greater DND
concentrations, no improvements in mechanical properties were observed which may be due
to a percolation threshold effect, or simply due to nanoparticle aggregation at higher
concentrations. Polyvinyl alcohol (PVA) is another polymer which has been investigated as a
bone scaffold material by reinforcement with carboxylated NDs [157]. The addition of 2 wt
% NDs to PVA nanofibers resulted in a reported 89% increase in tensile strength and 155%
increase in Young’s modulus from unmodified PVA nanofibers. At nanofiller concentrations
above 2 wt%, the addition of NDs did not enhance the mechanical properties of the
polymeric scaffolds due to the affinity of NDs to aggregate at higher concentrations. Brady
et al. showed that electrospun PLGA nanocomposite bone scaffolds could be reinforced by
the addition of DNDs [158]. PLGA nanocomposites with 2.3 wt% DNDs exhibited a two-
fold increase in both elastic modulus and hardness. Aside from their use as nanofillers for
bone tissue engineering, NDs have also been investigated for their nanofiller properties in
polymeric scaffolds for wound healing. Toward the development of biopolymer films with
properties similar to skin, medical grade NDs were added to chitosan and bacterial cellulose
polymers to increase the tensile strength of electrospun membranes [159]. The addition of 1
wt% of NDs increased the uniaxial tensile strength from 13 MPa to 25 MPa, and the
resulting increase in hydrophilicity by the NDs improved cellular adhesion to the scaffolds.
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Above a concentration of 1 wt%, aggregation of NDs suppressed any further enhancements
in mechanical properties.

Each of the previously described studies of NDs as nanofillers reported a common finding:
NDs can reinforce polymeric matrices and electrospun nanofibers over a wide range of
mechanical properties to create soft tissue mimetics for wound dressing or hard tissue
mimetics for bone scaffolding; however nanoparticle aggregation remains a significant
challenge. In high concentrations, the mechanical properties of the polymer are no longer
enhanced because the functional groups of the NDs begin to interact with each other rather
than with the polymeric network. To circumvent this and further reinforce polymer
properties, NDs can be covalently modified to increase their long-term stability and
dispersivity. One approach has been demonstrated by the incorporation of amino-
functionalized NDs into epoxy resins which resulted in the covalent conjugation of the
epoxy and the reactive -NH, on the NDs [160]. Amino-functionalized NDs were prepared
from detonation soot by carboxylation followed by reaction with thionyl chloride to enable
the linking of ethylenediamine. The resulting polymeric nanocomposites formed by covalent
linkage displayed a 50% increase in Young’s modulus and a 300% increase in hardness
compared to nanocomposites formed with carboxylated NDs, which did not form covalent
bonds with the epoxy [160]. Similar benefits were observed with PLLA nanocomposites
formed with NDs that were covalently linked to a surfactant to enhance stability and
dispersion [82]. NDs were chemically conjugated with octadecylamine (ODA) to form ND-
ODA complexes that reportedly improved mechanical properties of PLLA at concentrations
up to 10 wt% of ND-ODA. With respect to pure PLLA scaffolds, PLLA containing 10 wt%
ND-ODA showed a two-fold increase in Young’s modulus and an 8-fold increase in
hardness. In fact, these nanocomposite scaffolds showed equivalent mechanical properties to
human cortical bone. Zhang ef a/. also demonstrated that phospholipid-coated NDs could be
incorporated into PLGA scaffolds to achieve a 100% increase in Young’s modulus and
550% increase in hardness compared to scaffolds made of pure PLGA [161]. At 20 wt%
NDs, the nanocomposites possessed mechanical properties that matched that of cortical
bone. The ND-based nanocomposites supported cell growth and did not invoke an immune
response when implanted /7 vivo in mice.

4.4. Biomolecule-eluting scaffolds

An emerging strategy in tissue engineering with NDs is to utilize their full potential both as
a nanofiller as well as a delivery platform to create multifunctional bioactive scaffolds that
release therapeutic biomolecules to improve the /n vivo healing response. The previously
described functions of NDs as a growth factor release platform can be introduced to tissue
scaffolds to achieve therapeutic benefits to accelerate the healing response. Copolymers
commonly used in bone tissue engineering, such as PLCL, have been coated with NDs
loaded with BMP2 to improve the osteogenic function of the implant [129]. The
incorporation of ND complexes facilitated sustained release of BMP -2 from the scaffold /n
vivo, which was measured by the upregulation of osteogenic markers RUNXZ, COL1AZ,
and COLZ2A1. Furthermore, the ND coatings displayed localized anti-inflammatory effects
due to their function in inhibiting the adhesion of inflammatory cells [129]. A subsequent
study from the same group studied the osteogenic functions and tumorigenic potential of the
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PLCL scaffolds coated with NDs and the same scaffolds coated with ND-BMP complexes
[162]. The presence of the hydroxylated NDs on the surface of the scaffolds was reported to
cause a significant reduction in tumor growth when administered /n vitro to dysplastic oral
keratinocytes. The presence of NDs similarly caused a decrease in tumor size 8 weeks after
the scaffolds were implanted /7 vivo in a mouse oral carcinogenesis model, possibly due to
the ND-induced differentiation of tumor cells. On the other hand, the scaffolds coated in
ND-BMP complexes, which facilitated a sustained release of BMP-2, caused an increase in
invasive tumor growth due to the activity of the BMP-2. Since a direct link between BMP-2
signaling and cancer has not been identified, the cause of the observed increase in
tumorigenic potential in ND-BMP coated scaffolds is unknown and warrants further
investigation. These results also suggest the possible benefits of ND coatings both in terms
of promoting osteogenic function as well as inhibiting tumor growth. ND surface coatings
have also been used for the sustained release of angiogenic growth factors from p-tricalcium
phosphate (B-TCP) scaffolds to improve their bone healing capacity [163]. After linking
VEGF and Ang-1 non-covalently to oxygenated NDs, the ND complexes were deposited
onto B-TCP scaffolds which were implanted into osseous defects in sheep calvaria.
Compared to control scaffolds which were not coated with NDs, scaffolds coated with ND-
Ang displayed significantly increased blood vessel densities both at 1 and 3 months after
implantation. The effects of the ND-Ang surface coatings were also observed by an increase
in blood vessel diameter.

5. Bioimaging

Biological labeling is a powerful technique for visualizing the dynamics of biological
systems, and this multidisciplinary field not only enables researchers to track cell behavior
with nanoscale precision /n vitroand in vivo, but it also allows clinicians to noninvasively
diagnose cancer and other diseases. Thus, researchers and clinicians alike require
biocompatible and cost-effective probes that remain photostable and easily distinguishable
from cells or tissues over long time scales. Though an extensive selection of fluorescent
probes is available in both lab and clinic, there is still a high demand for more effective and
multifunctional fluorescent markers. A new modality of modern medicine is the use of
combined therapeutic and diagnostic (‘theranostic’) platforms to create advanced
nanocarriers which enable simultaneous tracking and treatment strategies. This concept of
multimodal imaging and treatment unifies the goals of both researchers and clinicians, yet a
probe that is compatible for widespread use in both the laboratory and the clinic is not
readily available.

A promising tool that can bridge this existing gap is represented by fluorescent NDs (FND),
which possess a set of unique properties that cannot be found in conventionally available
probes. Since their discovery, FNDs have been investigated for a variety of applications
including drug and gene delivery, tracking the long-term fate of stem cells /n vivo,
developing disease models, and for designing diagnostic probes for detecting and monitoring
diseases. To define their value as theranostic platforms and their potential use in clinical
settings, this section will discuss the ongoing efforts in the use of FNDs in three main
emerging areas including subcellular imaging, cell labeling and magnetic resonance imaging
(MRI).
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5.1. Subcellular imaging with FNDs

Fluorescent nanodiamonds (FNDs) have recently emerged as a promising theranostic probe
that offers advantages including biocompatibility, long-term stability, and strong fluorescent
signal. FNDs emit a fluorescent signal due to the presence of nitrogen-vacancy (NV) centers
which are defects in the sp3 carbon lattice of NDs. Several distinctly structured centers can
be formed depending on the structure of nitrogen impurities within the diamond. However,
the scope of this discussion will be limited to negatively charge (NV™) vacancy centers
which absorb light at 550 nm and emit an intense far-red signal at 685-700 nm [90, 91, 164].
NV~ centers, which consist of a nitrogen atom paired with a lattice vacancy in place of a
carbon atom, are formed by irradiating NDs with electrons or ions followed by thermal
annealing to immobilize the NV~ centers [90].

FNDs possess several unique properties with respect to other standard fluorescent probes.
Firstly, the fluorescence lifetime of FNDs containing NV~ centers is on average 5 to 7 fold
greater than that of biological tissue [165]. This significant difference offers a great
advantage because it facilitates background-free imaging of particles within cells and
tissues. Additionally, FNDs do not photobleach and are more photostable when compared to
other commonly used probes, such as QDs [166, 167].

These properties enable analysis at a high spatial resolution that is essential for single
particle tracking (SPT) of biomolecules on a subcellular scale. SPT is a useful strategy in
biomedical research not only for identifying cellular processes but also for studying
abnormalities in cellular functions caused by a disease. A recent investigation showed the
use of FNDs in SPT as a probe for detecting abnormalities in neuronal transport. Notably,
this report by Haziza et al. is the very first nanoparticle-based platform used to enable direct
measurement of intraneuronal transport /n7 vivo [168]. The group was able to track the
motion of FNDs inside neurons, both /in vitroand in vivoto develop a high-throughput assay
measuring intraneuronal transport. By delivering FNDs to primary hippocampal neurons, the
subcellular transit of FNDs was captured in real time using pseudo-total internal reflection
fluorescence video microscopy (pseudo-TIRF). From the pseudo-TIRF analysis, the motion
of the FNDs was correlated to parameters which characterized anterograde and retrograde
intraneuronal transport. These correlations served as the foundation for a novel high-
throughput assay for screening genetic markers and drugs that impact neuronal transport.
The high biocompatibility, stability, and fluorescence lifetime enabled long-term
background-free fluorescent imaging and precise localization (>12 nm) of FND trajectories
throughout neuronal microtubules. The FND tracking assay was used to study the changes in
neuronal transport caused by Alzheimer’s disease, which is known to impair neural activity
by the accumulation of amyloid plaques. The FND tracking assay was applied to /n vitro
cultures of primary hippocampal neurons that were treated with amyloid-p1_4» peptide, and
effectively demonstrated amyloid-mediated impairment of intraneuronal transport by various
parameters such as the decreased transport velocity of FNDs. (Figure 6A). The study also
tested the FND-based assay for screening the pharmacological effects of drugs. For instance,
FND tracking revealed a dose-dependent trend in the nanomolar range with the model drug
nocodazole on its impairment of intraneuronal transport. The FND tracking assay was also
demonstrated /n vivo in transgenic mice to assess the impact of genetic factors associated
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with Alzheimer’s and autism on intraneuronal transport. In mice with the transgene Mark1,
which is related to Alzheimer’s, FND tracking was able to detect even small changes in
microtubule-associated protein (MAP) concentrations due to Mark1 expression. FND
tracking also revealed an impairment of intraneuronal transport caused by the expression of
SCL25A12, a genetic marker associated with autism.

In addition to monitoring transport within cells, the high-resolution particle tracking enabled
by NV~ centers in FNDs can be used to evaluate transmembrane signaling. By identifying
ligand-receptor binding and activation of signaling pathways, FNDs can be utilized as a
platform to screen receptor-targeting drugs. One strategy showed the efficacy of FNDs as a
protein tag for 3D molecular imaging to test the effects of small molecule kinase inhibitors
(SMIs) on transmembrane signaling of endogenous proteins [169]. Streptavidin-bound PEG
was covalently linked to carboxylated FNDs by EDC-NHS coupling. Biotin-modified TGF-
B was then linked to the PEGylated FNDs through streptavidin, forming the FND-TGF
complex, which was further functionalized with bovine serum albumin (BSA) to prevent
aggregation. 3D localization microscopy enabled the tracking of FND-tagged TGF- within
cells, which was accurate within 8 and 16 nm on the x and z-axes, respectively. The
fluorescent tag allowed for real-time imaging of the protein binding with the TGF receptor
on the cell, prior to its internalization into the cytoplasm. 3D localization further enabled the
analysis of the protein’s diffusion trajectory through the cell membrane, and the change in
diffusion kinetics upon treatment of cells with an SMI targeted to TGF-B kinase. (Figure
6B). FNDs have also proven to be useful tools for labeling surface receptors on cells. For
instance, polyglycerol-modified FNDs were used to fluorescently label interleukin-18
receptor a (ILRa) on the surfaces of HEK293 cells to reveal the subcellular diffusion
trajectory upon receptor binding [170]. Targeted FNDs have also been used to track the
interactions between transferrins and their corresponding receptors on Hela cells [171].

Although SPT is most frequently applied to study the signaling or transport of molecules
through individual cells, it has also been used to study transport between cells. Specifically,
FNDs have been used to track the transport of proteins between human embryonic kidney
(HEK293T) cells and neuroblastoma (SH-SY5Y) cells through a recently identified
transport mechanism between cells known as tunneling nanotubule transport (TNT) [172].
By adsorbing model proteins such as BSA and green fluorescent protein to carboxylated
FNDs, TNT-mediated delivery of FND-protein conjugates was observed by confocal
microscopy of co-cultures of HEK and neuroblastoma cells.

5.2. Cell labeling with FNDs

A variety of nanoparticles, such as iron oxide and silica, have been used /7 vitroand in vivo
for labeling stem cells for extended periods of time (over 30 days). However, conflicting
reports on their cytotoxicity or effects on cell differentiation have raised concern for the use
of these materials in translational medicine [173]. This issue seems not be present with
FNDs, which are widely reported to be non-cytotoxic and highly stable probes for tracking a
variety of cell lines including macrophages and stem cells both /n vitro and in vivo[91, 92,
174]. FNDs have also been used to monitor stem cell differentiation, without any observed
changes in resulting cell morphology or metabolism [84]. Among the first reports on the use
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of FNDs /n vivo, Mohan et al. investigated the long-term tracking of nanoparticle
biodistribution in C. efegans over multiple generations with no signs of toxicity or stress
[175]. FNDs were also administered to mice by weekly intraperitoneal injections at 5 mg/kg
and observed for up to 5 months /7 vivo [176]. Compared to control mice, the FND-
administered mice exhibited no signs of toxicity after 5 months.

One important subset of research for FND labeling is the long-term tracking of cancer stem
cells (CSCs). CSCs represent a small subpopulation of tumor cells that are elusive to
chemotherapy treatments due to their quiescence and plasticity which are difficult to detect.
Similarly, their mechanisms of tumor propagation are poorly understood. To explain their
quiescent behavior and ultimately develop a diagnostic and treatment tool, highly stable
fluorescent probes such as FNDs must be used [177]. FND labeling of CSCs facilitated the
tracking of stem cell activity for over 20 days. By correlating decreases in fluorescence
intensity with the cell division of CSCs, the cell labeling was able to distinguish active from
dormant CSCs. Further investigation of FND labeling of CSCs could establish a method of
detecting these cells for /n vivo diagnostics.

Another practical function of FNDs is their use for tracking stem cell. In a recent
investigation of FNDs to monitor the progress of a stem cell therapy /n vivo, Wu et al.
delivered FND-labeled lung stem cells (LSCs) to mice by intravenous injection and observed
stem cell proliferation, differentiation, and engraftment capacity over two weeks [164]. Cell
proliferation and differentiation were successfully tracked throughout the healing period,
and interestingly, the labeled LSCs were discovered to primarily accumulate in pulmonary
tissue as opposed to other organs. Specifically, through combined analysis by fluorescence-
activated cell sorting (FACS), fluorescent microscopy, and immunostaining, the tissue-
specific location of stem cell engraftment was determined. The LSCs migrated to terminal
bronchioles in the lungs of the mice, and furthermore, the treatment successfully regenerated
the damaged epithelial lining (Figure 6C). Most recently, FND labeling of mesenchymal
stem cells (MSCs) has also been studied /7 vivo in a miniature pig model [178]. Albumin-
coated FNDs 100 nm in diameter were used to label MSCs, which were then intravenously
injected into miniature pigs., The MSCs distribution 7n vivo was tracked using a combined
imaging technique of time-gated fluorescence with confocal microscopy and magnetic
modulation. The former method enabled background-free imaging of the cells, and the latter
technique of magnetic modulation was utilized to probe the NV~ centers of the FNDs to
measure the precise particle count. Overall these methods combined facilitated real-time /n
vivo tracking of accurate numbers of FND particles with respect to their biodistribution. The
study found that over 70% of the MSCs accumulated in the terminal bronchioles of the lungs
of the pigs. Other studies have shown that magnetic modulation techniques can improve the
signal-to-background noise ratio of NV~ FNDs by 100-fold for /n vivo particle tracking
[179].

5.3. MRI contrast agents

Meanwhile FNDs have allowed researchers to conduct single particle or cell tracking
experiments that have not been possible with other fluorophores, there is also an abundance
of potential clinical applications for NDs as tissue contrast agents in magnetic resonance
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imaging (MRI). MRl is the primary medical imaging technique utilized in modern medicine
for non-invasive detection and monitoring of soft tissue tumors. In many soft tissues,
patients must be administered MRI contrast agents prior to imaging in order to improve the
visibility of tissues which emit similar 1H-NMR signals. The most common contrast agents
are vehicles for paramagnetic ions such as gadolinium(I11) (Gd) and due to their toxicity and
inability to accumulate within cells, are only effective for short-term imaging. Thus, there is
a need for enhanced or superior contrast agents which will allow radiologists to observe the
long-term fate of tumors.

Towards the goal of optimizing contrast-enhanced MRI techniques, paramagnetic contrast
agents can be modified with nanomaterials to enhance the relaxivity or rate at which the
contrast agent exhibits shortened relaxation times. One factor which defines the relaxivity of
such modified contrast agents is the electrostatic forces between paramagnetic ions and
water molecules. NDs have recently been identified as one of the most efficient
nanomaterials to date for enhancing contrast agents. The highly ordered yet tunable
electrostatic interactions unique to NDs that occur due to their faceted crystal lattice
structure and diverse surface chemistry results in the adsorption of water molecules to
certain facets and essentially forms an ND-solvent interface. By conjugating paramagnetic
ions to NDs, their relaxivity is improved due to the increased interaction of the ions with
water of the solvent phase present on the ND surface. To demonstrate this concept, Gd(l11)
chelates were chemically conjugated with amino-functionalized NDs by carbodiimide
crosslinking to form ND-Gd aggregates [180]. ND-Gd displayed a 10-fold increase in
relaxivity with respect to unmodified Gd. ND-Gd was evaluated /77 vivo as a long-term cell
tracking agent for xenografted tumors in mice, revealing that cellular uptake and retention of
Gd is increased by 300% when delivered by NDs. The biocompatible ND-Gd complexes
enabled the observation of tumor growth by MRI for 26 days. Tumor cells labeled with high
concentrations of ND-Gd initially provided negative contrast in T1-weighted images, and as
tumor growth and differentiation occurred which resulted in the dilution of ND-Gd
concentrations, the signal reversed to display Tq-weighted positive contrast. In fact, this
concentration-dependent shift in contrast was further analyzed by relaxation time in
comparison to healthy tissue, and from this data a model was developed which was used to
predict tumor morphology and cellular architecture at day 26 based on MR images alone.
This model, which was verified in this study by comparison with histology, can be used in
future studies to monitor growth dynamics and morphological changes during tumor
progression [180]. Furthermore, ND-Gd labeling was noted to have no noticeable effect on
cell growth or differentiation, and biodistribution studies after 26 days concluded that 95%
of ND-Gd remained within the labeled cells throughout the entire duration of the study.
Similarly, Hou et al. recently showed that NDs are also useful nanocarriers for manganese
(Mn2*) jons as dual mode contrast agents [181]. While Gd agents are commonly used in the
clinic as T contrast agents with great success, there is frequently a need for dual mode T;-
T, contrast agents to accurately image solid tumors. Specifically, amino-functionalized NDs
can chelate Mn2* ions forming ND-Mn complexes, which displayed transverse and
longitudinal relaxivity that significantly enhanced the efficacy of Mn as a T1—T, weighted
dual contrast agent. ND-Mn was administered /n vivo by IV injection to mice with liver
cancer xenografts. ND-Mn provided superior T1 and T, weighted contrast when compared
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with other clinically available dual mode contrast agents, in MRI detection of hepatic
tumors, while reducing the cytotoxic effects of MnZ* ions. Serum levels of Mn?* measured
at 12 hours post-administration of ND-Mn were approximately 30 ppb and undetectable at
earlier time points. Meanwhile, administration of MnCl, resulted in serum levels of 108 ppb
after 1 hour.

Despite the success of NDs for delivery of contrast agents /in7 vivo, cytotoxicity of Gd and
Mn chelates raises concern for potential use in long-term cell tracking by MR imaging.
Recent study has shown that the paramagnetic impurities including nitrogen vacancies and
unpaired electrons in the sp? shell of NDs can provide a source of contrast signal for MR
imaging with high spatial resolution [182]. Through a mechanism known as the Overhauser
effect, a low-powered magnetic field transfers spin polarization from the NDs’ paramagnetic
impurities to 1H nuclei of the water surrounding the NDs. By /n situ hyperpolarization, a
concentration-dependent and switchable background-free contrast was demonstrated by both
untreated and oxidized HPHT NDs and detonation NDs. Using 18 nm in diameter HPHT
NDs, Overhauser-enhanced MR imaging (OMRI) was found to be suitable for in vivo
imaging applications at an ND concentration of 1 mg/mL. Interestingly, oxidation of NDs
resulted in increased T relativity and reduced Overhauser enhancement, since oxidation
removes the paramagnetic impurities on the ND surface. Overall, OMRI with NDs is a
promising technology for future theranostic applications in the clinic, but further studies are
necessary to confirm the long-term tracking capabilities of NDs in /n vivo models.

6. Multimodal applications of NDs

As discussed in the previous sections, one of the most significant advantages of NDs is that
different strategies can be combined together simply by making use of their versatile and
multifunctional properties. For instance, their drug delivery features can be integrated with
their inherent ability to emit fluorescence in order to track the cell internalization of a drug.
Similarly, the presence of selected functional groups on the NDs surface can be used both to
enhance the mechanical properties of polymeric scaffolds and to modulate the release of
growth factors necessary to accelerate the process of tissue regeneration. This great
versatility, which cannot be accomplished with any other existing nanoparticles, allows the
design of theranostic approaches that can address multiple challenges at the same time
overcoming current issues with existing therapies. The bright future of this very nascent
trend, which has only emerged in the past year, will be highlighted by a discussion of two
preclinical and one clinical study that each utilizes the combined properties of NDs as a
bioimaging, delivery, and tissue engineering platform.

Petrakova et al. investigated the combination of NDs for DNA delivery and bioimaging
probes, and in this 2016 report, the researchers discovered that the by monitoring the change
of luminescence of NV~ centers with respect to time in carboxylated NDs, they could image
the subcellular DNA transfection in real time. An extraordinary trend was also observed in
which the local charge state within the vicinity of the particle directly impacts the
luminescence intensity of the NV~ centers, and thus the adsorption or desorption of DNA
from the FNDs could be tracked with unprecedented precision by direct optical
measurement of the FND luminescence [174]. To demonstrate this proof of concept, the
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group formed cationic FND vectors by adsorbing PEI to the surfaces of carboxylated FNDs,
to which plasmid DNA was physically adsorbed. Upon delivery to macrophages in vitro,
PEI-modified FND complexes were tracked in real time with fluorescent microscopy, and
the release of plasmid DNA from the FNDs was also tracked by monitoring changes in the
luminescence. Not only can this platform be used to monitor the release of DNA from the
cationic FND carriers after cellular internalization, but it can also be used to optimize the
loading and release kinetics of DNA and the long term stability of the vector even after
administration in a biological target (Figure 7A). Further development of this concept
toward a therapeutic platform could include the conjugation of targeting ligands to FNDs as
discussed previously. For instance, the conjugation of actin or mitochondria antibodies to
FNDs has enabled subcellular targeting of these organelles /n vitro, monitored in real time
by fluorescence microscopy [183].

The first demonstration of a combined tissue engineering and bioimaging concept using NDs
has also been reported in the previous year and describes a new approach towards /n vivo
tracking of tissue scaffold degradation by sub-dermal fluorescent imaging of composite
FND-PCL scaffolds over extended time points. Fox et al. demonstrated that FNDs could be
incorporated into PCL scaffolds to improve the hydrophilicity and wettability of the scaffold
as well as allow direct visualization of the biomaterial /77 vivoto monitor its degradation rate
[184]. FND-modified PCL scaffolds were implanted subdermally in pigs, and a customized
confocal microscope enabled non-invasive fluorescent imaging of the PCL implant /in vivo
with the ability to track the long-term degradation of the PCL scaffold (Figure 7B).

In addition to the combined strategies previously discussed, a recently initiated Phase |
clinical trial is currently being conducted by the research group of Dean Ho to study the
multifunctional application of NDs in tissue scaffolding and biomolecule delivery with the
goal of improving current treatments offered for root canal therapy. This treatment most
commonly involves the removal of infected dental pulp and filling the endodontic cavity
with gutta-percha polymer. However, post-operative complications can include re-infection
of the site of debriding and poor retention of gutta-percha within the endodontic cavity. This
clinical study is aimed to address both of these issues by, incorporating antibiotic-loaded
carboxylated NDs into gutta-percha to effectively enhance both the antibacterial and
mechanical properties of the polymeric mixture simultaneously. The clinical study, which is
notably the first ever clinical study involving NDs, is currently underway to evaluate the
therapeutic benefits of ND-modified gutta-percha (NDGP) and determine the efficacy of
NDs both as a nanofiller and as a carrier for amoxicillin. As reported by Lee et a/. in the
preclinical study carboxylated NDs were non-covalently linked with amoxicillin before
addition of ND-AMC complexes into gutta-percha polymer at concentrations of 5 — 10 wt%
ND. The addition of NDs at 5 to 10 wt% to the polymeric mixture resulted in a respective
49% and 247% increase in elastic modulus and a respective 74% and 171% increase in
tensile strength [128]. NDGP containing 5 wt% NDs was selected as the optimal
concentration used for the ongoing clinical trial (Figure 7C).
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7. Conclusion and outlook

In the last decade, hanodiamonds have emerged as a promising platform that enables the
design of innovative strategies in several areas of research ranging from drug delivery to
bioimaging. Several key factors have played a major role in determining their success in the
biomedical field. For instance, the discovery of new techniques of production and
purification have allowed the fabrication of NDs with a more defined size and surface
chemistry which are both essential requirements for any further development and use in a
clinical setting. Their inherent biocompatibility and rapid cellular internalization, as well as
their excellent fluorescent properties, represent the rationale behind their well-known use as
cell tracking devices. Based on these unique features, researchers have envisioned the
possible use of NDs not only as carriers for chemotherapeutic agents but as versatile
nanocarriers with multiple applications including bioimaging and selective targeting.

Despite this set of unique advantages, the development of ND-based therapies in the clinic is
still hindered by a series of challenges that need to be addressed. One of the main concerns
is whether or not NDs can be used in the clinic due to their potential toxicity. The majority
of the results obtained from experiments carried out /7 vitro are inconclusive as they are
generally based on 2D models that cannot adequately mimic the complexity of /n vivo
settings. On the contrary, the design of 3D cell culture models can be an important strategy
to overcome this issue and better predict the biological response /n vivo [185].

Regarding instead the NDs’ fate once administered /n vivo, Moore et al. have recently
reported for the first time the long-term effects of DND administration to non-human
primates over the course of 6 months [96]. DNDs, which were administered in monthly
bolus injections, did not affect the organ functions of non-human primates at moderate or
high concentrations (15 mg/kg and 25 mg/kg, respectively). These promising results are
possibly the most comprehensive biocompatibility assessment of NDs to date, although this
study was based on DNDs, which have limited applications for drug delivery applications
due to their high tendency of forming aggregates. On the contrary, NDs coated with
polymers or inorganic materials have greater stability and display improved features
compared to DNDs but limited evidence has been gathered regarding their safety. For this
reason, more studies should be carried out investigating the /n vivo biodistribution, as well
as the possible toxicity induced by the inclusion of a coating on the NDs’ surface.
Furthermore, a similar assessment regarding the biocompatibility /n vivo of FNDs should be
carried out to validate their safety prior to their use in clinical applications, as only a limited
number of studies are investigating the biodistribution of FNDs after administration in
animal models [176].

Finally, the use of FNDs as tracking devices in clinical settings is still limited by
technological obstacles associated with their production. For instance, there are three main
issues that needs to be address such as the high cost associated with their production, the low
brightness for FNDs with size smaller than 100 nm and their instability in a biological
environment. To resolve these challenges, recent efforts have been made to design new
synthetic techniques based on irradiation with 2-3 MeV electrons that allow the production
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of FNDs in large scale (hundred grams per batch) with size less than 100 nm and optimized
brightness [186].

Future developments in the use of NDs in cancer therapy will consist of the design of new
strategies that aim to combine the bioimaging features together with surface modifications to
improve existing therapies and obtain more selective results in the treatment of tumors
limiting the damage to healthy tissue. For instance, examples in this direction are the use of
peptide-targeted FNDs for photoacoustic imaging of breast cancer [187] or the synergistic
drug delivery of chemotherapeutic agents combined with photodynamic therapy to produce
oxygen species and enhance tumor therapy [188].

As well as providing targeted delivery platforms, the advantageous properties of NDs will be
utilized in tissue engineering and prosthetic devices in the near future in clinical trials.
Recent advancements in neural prosthetics include the 2016 European Conformity (CE)
approval of the Iris® I retinal implant developed by Pixium Vision. In September of 2016,
this device was implanted into a patient with retinisis pigmentosa, and this sub-retinal and
intra-ocular implant consisting of 150 electrodes within a conductive polymeric film
successfully restored vision to the patient who had been fully blind for years. A larger scale
clinical trial is underway in Europe (NCT02670980), and this exciting milestone in neural
prosthetics will lead tissue engineers to develop even more effective and less expensive
retinal implants. In fact, preclinical models of carbon nanostructured retinal prosthetics have
already emerged within the past two years that feature patterned microarrays of electrodes.
Both /n vitroand in vivo studies have evaluated the efficacy of using ND films to create a
flexible 3D implant with 25x25 microarrays of electrodes, which is over a 5-fold
improvement in image resolution compared to the Iris® 11 [189]. Retinal prosthetics
fabricated with patterned microarrays of ND electrodes can therefore provide higher
resolution images to patients, and several studies have already shown the possibility of
stimulating dorsal root ganglia /n vivo with nitrogen-doped ND films [190]. In addition to
their functionality that can be utilized to fabricate conductive microstructures, the long term
stability and bioinert properties exhibited by NDs have undoubtedly garnered widespread
interest of this carbon nanomaterial for use as a composite implant material for enhanced
root canal therapy in the first clinical study with NDs which commenced in March of 2017
(NCT02698163). Further studies to explore the potential of NDs as both cell substrates and
as long term biosensors, following a similar concept as theranostic ND platforms for drug
delivery, will demonstrate the versatility and high impact of this nanomaterial in regenerative
medicine.
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Figure 1.
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A) Schematic representing the major fields of research involving the use of NDs. Three
major areas can be identified including drug delivery of biomolecules and genes, tissue
engineering, and bioimaging. B) Graph showing the increase in the number of nanodiamond
publications per year over the last twenty years (1990-2017). C) Pie chart displaying the
percentage of publications (n=248 publications total) since the year 2000 in which NDs were
used as nanomaterials for biomolecule delivery, bioimaging and tissue engineering
applications. Each area of research has been categorized according to the type of
biomolecule delivered or the specific bioimaging application. Data for B and C are obtained
from Web of Science, December 2016.

J Control Release. Author manuscript; available in PMC 2018 September 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Whitlow et al.

Page 48

Figure 2.
Differences in size distribution and morphology of hanodiamond particles obtained by

different synthesis techniques. A) Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) images reveal the differences in morphology of detonation
nanodiamond (DND) depending on the synthesis technique. i) TEM image of single digit
DND. Scale bar represents 50 nm. ii) SEM images of micro-dispersed sintered DNDs. Grid
unit represents 5 nm [39]. B) SEM images of ND films deposited by hot filament CVD with
CH, and H» gas. i) Deposition duration of 10 minutes produced a film with a grain size of
50-70 nm and thickness of 100 nm. Scale bar represents 500 nm. ii) Deposition duration of
60 minutes, produced a film with 300 nm grain size and thickness of 700 nm. Scale bar
represents 500 nm [40]. C) TEM images of high-pressure high-temperature (HPHT)
nanodiamonds i) without surface modification. Scale bar represents 100 nm and ii)
aminosilica-coated HPHT NDs, scale bar represents 200 nm. iii) and iv) Higher
magnification TEM images of the amino-modified silica-coated HPHT NDs displaying a
uniform silane layer on the surface. Scale bar represents 50 nm for image iii and 10 nm for
image iv [41]. D) TEM images of NDs obtained using ultrafast laser irradiation of ethanol. i)
and ii) TEM images with different magnifications obtained from samples grown with a laser
energy of 180 pJ. iii) and iv) TEM images with different magnifications displaying smaller
size and more uniformity for the NDs grown with a laser energy of 620 uJ. Scale bars
represents 10 nm for the images i) and iii) and 5 nm for the images ii and iv) [42].
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Chemical modification of denotation nanodiamonds (DNDs). DNDs initially display a
heterogeneous distribution of oxygen-related functional groups deriving from the step of
purification and oxidation with strong acids. The first step is the surface homogenization
which creates a uniform distribution of functional groups on the surfaces of the DNDs.
Possible strategies include the introduction of carboxyl or hydroxyl groups to form
hydrophilic NDs. Alternative routes of surface homogenization include hydrogenation,
halogenation, and temperature annealing. The latter technique is used to form an
intermediate carbon phase known as bucky-diamonds, which have a fullerene-like shell
consisting of multiple layers of sp? carbon. The second step involves a variety of other
chemical reactions which are dictated by the reactivity of the functional groups introduced
on the NDs’ surface. Each of the modification proposed can be potentially used for the
covalent conjugation of biomolecules with endless possibilities in drug delivery, tissue

engineering, and bioimaging applications.
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Figure 4.
Strategies for covalently conjugating peptides to the surfaces of NDs for cell targeting. A)

Schematic representing silica-coated fluorescent NDs containing a copolymer outer shell of
methacrylamide that displays the cyclic RGD peptide. The surface of hydroxylated NDs has
been modified with a layer of silica which is used as grafting spacer for a synthetic
biocompatible copolymer. The polymer coating has been functionalized with the targeting
peptide cRGD and with Alexa Fluor 488 as the secondary fluorescent probe. Both molecules
have been covalently conjugated using click chemistry [114]. B) An example of an
alternative strategy for targeted drug delivery using carboxylated NDs obtained after a step
of oxidation in strong acids. The activation of the carboxylic groups with NHS/EDC enables
the covalent conjugation with both the drug (Dox) and the cell-penetrating peptide TAT on
the surface of NDs [117].

J Control Release. Author manuscript; available in PMC 2018 September 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Figure 5.
Surface coating techniques for depositing nanodiamonds (NDs) onto substrates in thin films

that improve cell-adhesive properties of conventional cell substrates and enable precise
spatial control over cell attachment and proliferation. A) Vinculin staining of human
osteoblast-like MG-63 cells revealing cell morphology and focal adhesions after 2 hours of
culture on electrodeposited layers of apatite (AP) with oxidized detonation NDs. (i—ii)
Images indicate the cell seeded on samples coated with serum (i—ii), with fibronectin (iii-iv)
and without any protein adsorbed (v-vi). Scale bars = 100 um [135]. B) Laminin was
directly microprinted onto hydrophilic ND monolayers which supported the spatially-
controlled adhesion and growth of dissociated murine cortical neurons. (i, iii, V)
environmental scanning electron microscopy (ESEM) images of cortical neuron culture
growing on micropatterned laminin on hydrophilic ND substrate. (ii) SEM image of
micropatterned laminin on ND surface. Scale bar represents 50 pm. (iii) An enlarged view of
the region indicated by the highlighted region is displayed below in (v) which displays the
ordered neurite extension and outgrowth across the bare ND substrate at the intersection of
the pattern. (iv, vi) Fluorescent images displaying F-actin staining (green) of ordered neurite
outgrowth on laminin-coated diamond surfaces (red) after (iv) 48 hours of culture and after
(vi) 7 days [146].
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Figure 6.
Uses of fluorescent NDs as bioimaging probes. A) Single particle tracking of FNDs to

evaluate intraneuronal transport. i) Schematic and timeline of the experimental setup
beginning with the expansion of hippocampal neuron cells, followed by fluorescent labeling
of cells by internalization of FNDs, and video acquisition of FNDs inside cells by pseudo-
total internal reflection fluorescence video microscopy (pseudo-TIRF). ii) Bright-field image
overlayed with the fluorescent channel to display the localization of FNDs (indicated in red)
throughout a neuronal branch at a single time point. The yellow arrows identify four FNDs
moving through dendrites. The FNDs labeled 1 and 2 were localized in the same branch and
were being transported towards the soma of the neuron (not visible in this image). The scale
bar represents 5 pm. iii) An expanded view of the two FNDs labeled in part ii), displaying
the trajectory of each particle (indicated by the yellow and green markings) over 10 seconds
at several time periods. The scale bar represents 1 um [168]. B) Single-particle tracking
(SPT) of proteins in transmembrane signaling. i) Single-particle trajectories of FND-labeled
TGF-p in human adenocarcinoma cells, both unmodified (w/o SMI) and with the treatment
of a small molecule kinase inhibitor (w/SMI). ii) Three distinct diffusion states were
identified when the FND-labeled protein was tracked in adenocarcinoma cells [169].

C) Investigation of stem cell tracking /n vivo using fluorescent NDs. i) Immunostaining of
club cell markers (CCSP) and ii) epithelial markers (pan-cytokeratin) in lung tissue sections
obtained from naphthalene-injured mice on day 7 after being injected intravenously with
lung progenitor stem cells (LSCs) labeled with fluorescent NDs (FNDs). In the middle,
fluorescence lifetime images (FLIM) of FNDs-labelled LSCs and corresponding enlarged
merged images of immunostaining and TGF images showing the presence of LSCs in the
epithelial region of the lung. The scale bar represents 10 um [164].

J Control Release. Author manuscript; available in PMC 2018 September 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Whitlow et al.

Page 53

A) Biomolecule Delivery + Bioimaging

——FND
FND-PEI
15 FND-PEI-DNA

NV® ZPL
575 nm

Intensity (a. u.)

540 560 580 600 620 640 660
Wavelength (nm)

B) Tissue Engineering + Bioimaging
i) ii)

I -

/NN

tub:::uwou- / _
C) Tissue Engineering + Biomolecule Delivery
i) i)

f"‘j o \\p + BaSO.and Wax
200

Trans-1 4-polyisoprene

1
S -

Nanodiamond  Amoxicillin ND-AMC NDGP

Figure 7.
Recent studies displaying the applications of NDs as a multimodal platform for biomolecule

delivery, tissue engineering, and bioimaging. A) FNDs used both as a gene delivery platform
and bioimaging platform to enable real-time imaging of DNA transfection in live cells. i)
Schematic showing the formation of an electrostatic complex between the FND-PEI-DNA
on the surface of the nanoparticles followed by the release of DNA and internalization in the
cell. FND display a change in the emission colors upon interaction with PEI and DNA. ii)
Images displaying the internalization of DNA released from the FND-PEI-DNA complex in
IC-21 macrophages after 120 minutes. DNA was labeled with fluorescein (FAM) before
formation of the complex with PEI. Red luminescence represent the NV centers in FNDs.
iii) Photoluminescence (PL) spectra of oxidized FND and the complexes with only PEI and
PEI+DNA obtained in water after an excitation at 514 nm. The FND-PEI complex showed a
significant reduction in the NV~ luminescence compared to oxidized FNDs. Additionally,
upon complexation with negatively charged DNA the luminescence increases again to the
original value of oxidized FNDs [174]. B) Composite scaffolds formed with FNDs and
polycaprolactone (PCL) were implanted subcutaneously in pigs, and the tracking abilities of
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FNDs were demonstrated /n vivo. i) Schematic of the custom confocal microscopy setup to
image the FND-PCL scaffold /in vivo. ii) Fluorescent heat map of the scaffold material. The
regions in red indicate the presence of the FNDs with notable aggregation [184]. C) ND-
modified gutta-percha for enhanced root canal therapy. i) Schematic showing the synthesis
of gutta-percha and ND complexes. Carboxylated NDs were non-covalently linked with
amoxicillin, and then mixed with gutta-percha to produce NDGP. ii) X-ray and micro-CT
scan of a human patient-derived central incisor that has been obturated with NDGP. Middle,
coronal, and apical cross sections were examined and reported to contain no voids after
filling with NDGP [128].
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