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ABSTRACT: Recentadvances in nanotechnology have attracted significant attention to
nanodiamonds (NDs) in both industrial and research areas thanks to their remarkable
intrinsic properties: large specific area, poor cytotoxicity, chemical resistance, magnetic
and optical properties, ease of large-scale production, and surface reactivity make them
suitable for numerous applications, including electronics, optics, sensors, polishing
materials, and more recently, biological purposes. Growing interest in diamond platforms
for bioimaging and chemotherapy is observed. Given the outstanding features of these
particles and their ease of tuning, current and future applications in medicine have the
potential to display innovative imaging applications and to be used as tools for
monitoring and tracking drug delivery in vivo.
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1 Introduction

Over the past decades, nanosciences have attracted
scientific and technological attention due to the unique
structure and remarkable properties of nanometric objects
[1-3]. Among them, carbon nanomaterials (CNMs) have
garnered significant interest for numerous technical
applications in various fields, including electronics [4-5],
composites, sensors and medical applications. The enor-
mous diversity of CNMs results from their ability to form
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different hybridized orbitals and bonds that complement
the well-known forms of the structured carbon family (i.e.,
diamond, graphite, graphene, fullerene, and nanotube).
More recently, nanoscale diamond particles, also known
simply as nanodiamonds (NDs), have emerged as a
relatively new class of CNMs that has gained consideration
over the years as alternative carbon-based materials. From
a structural point of view, NDs will present different
features depending on their preparation method. In that
respect, if detonation obtained NDs (i.e., DET NDs) are
represented by a complex structure including a diamond
core with defects, a transient nondiamond layer and an
outer shell exhibiting various functional groups (diamond
cores are covered by other allotropic carbon forms, such as
graphite and/or noncarbon impurities surrounding the sp’-
hybridized core, due to treatment conditions), high
temperature/pressure obtained NDs (i.e., HPHT NDs) are
highly crystalline structure. Their morphology has a nearly
spherical shape (i.e., DET NDs), irregular or faceted (i.e.,
HPHT, milled NDs) and their size can range from 1 to 200
nm [6—7]. NDs are classified into three groups according to
their size [8]: diamond nanocrystals (10-150 nm), ultra-
nanocrystalline diamond particles (2—10 nm) and diamond-
oids (1-2 nm). A high atomic density is obtained through
strong covalent bonds between atoms in the diamond
crystallographic lattice, which provides hardness and
chemical inertness features and stability in a wide range
of environments [9].

Depending on the synthesis procedure, core defects and
impurities can be observed, resulting in interesting
magnetic and optical properties. As an example, photo-
luminescence using NDs resulting from nitrogen vacancy
defects exhibit stable photoemission properties (spectral
range: 500-800 nm) [10] which could be useful for
bioimaging applications. These unique features (i.e.,
hardness, biochemical inertness, magneto-optical proper-
ties, etc.) have created opportunities for many applications,
such as catalysis [11], polymer strengthening, polishing,
antibacterial and antifungal coating materials and even
nanomedicine [12], for which recent reports highlighted
the use of such particles in tissue engineering [13—-14],
coating (implantable) materials, gene therapy [15], protein
mimics [16], diagnostic applications [17] and drug delivery
[18]. Indeed, similar to other nanoscale particles, the large
surface area enables conjugation of a high number of (bio)-
molecules for intra- or extracellular delivery applications,
which is particularly useful for chemotherapy. Moreover,
NDs have emerged as promising materials for imaging

applications such as magnetic resonance imaging (MRI),
luminescence imaging or theranostic purposes through the
grafting of various molecules (e.g., conventional contrast
agents, biological vectors, and drugs). Many investigations
exploiting their endogenous magnetic and fluorescent
properties have led to the development of a new generation
of imaging probes exclusively using NDs. Beyond these
purposes, ND platforms have been explored as effective
carriers for therapeutics and drug delivery since their
surfaces provide versatile functional groups.

This short review aims to cover the properties and
applications of NDs for the biomedical field (i.e., diagnosis
and drug delivery). From synthesis techniques, intrinsic
properties, platform design and biomedical applications,
this review will summarize the promising interest that
nanoscale diamond particles have generated to date, and
some current challenges for future applications will be
discussed.

2 Synthesis and physicochemical
properties of NDs

Crucial parameters, such as size, shape, intrinsic properties
and surface functions, are determined by the technique
used for their production [5,19]. While some natural NDs
have been found in meteorites, as evidenced by X-ray
diffraction (XRD) data [20], a variety of synthetic
processes affording ND particles, either through a top-
down (i.e., the controlled fragmentations of micron-sized
diamond) or a bottom-up approach (i.e., building the
carbon lattice from carbon molecular precursors), have
been reported [21]. Among other techniques, we can
reference the use of ultrasound cavitation [22], plasma-
assisted chemical vapor deposition (CVD) [23] or CVD
milled boron-doped procedure [4], laser ablation [24],
crushing and milling of larger high static pressure and high-
temperature (HPHT) diamond microcrystals and dynamic
techniques for the production of such particles. The
laboratory-scale production method uses adamantane
(C1oH;6), a monomolecular unit of diamond (diamondoid),
which can reproduce the nano/microstructure of diamonds
under HPHT conditions (8 GPa and temperature above
1300 °C [25]). In addition, the laser-assisted technique
produces high-purity 4-5 nm particles using a much more
expensive methodology than casual detonation and static
synthesis, and the high cost does not allow for large-scale
production [5].
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The most commonly used method is to detonate carbon-
containing explosives (detonation technique, DET) uses an
oxygen-deficient environment to avoid oxidation of the
carbon [24]. The internal combustion requires an explosive
mixture of trinitrotoluene (TNT; CgHsN3Og, 2-methyl-
1,3,5-trinitrobenzene) and hexogen (RDX; CgHgNgOg,
1,3,5-trinitroperhydro-1,3,5-triazine) in a charge propor-
tion of 60/40 (TNT/RDX) to increase ND yield from the
detonation product [26]. The decomposition reaction is
shown as follows [24]:

6CNOH — 3N, + 3H,0 + CO + CO, +4C (1)

In the traditional synthesis, the detonation process takes
place in a closed metallic chamber under an atmosphere of
gas (e.g., N, and CO,) or water (in the physical state of ice)
whether the process occurs under dry or wet conditions,
respectively. The drastic conditions created during the
detonation process last a fraction of microseconds. During
this time, NDs grow to a few nanometers in the form of
nanodroplets and then transform into NDs after rapid
cooling [25]. The charge-dependance has been studied
according to the different physicochemical parameters of
the resulted NDs. It was established that single digits
increased in size (4—6 nm) while increasing the charge
weight more than 17-fold during the detonation procedure
[26].

Another technique has been developed by crashing
microsized monocrystalline diamonds produced by non-
dynamic processes, such as the HPHT method. HPHT NDs
can be obtained from graphite or other carbon sources
through these conditions, leading to the thermodynamic
transition of the carbon phase from sp® to sp* hybridization.
This process is quite versatile since the conditions of
pressure and temperature are tuned to control the size of the
resulted particles. Size discrimination undergoes a frag-
mentation process through a bead-assisted sonic disinteg-
ration or through a mechanical bead milling, providing
high quality 20 nm up to a few microns NDs. This
procedure is a well-described and reproducible top-down
method [24].

Both synthetic approaches (i.e., detonation or HPHT)
allow the large-scale production of NDs [24]. It should be
highlighted that the resulting raw product is a mixture of
NDs and ND clusters entrapped and coated with other
carbon allotropes (25-85 wt.%) and noncombustible
impurities (metals, oxides and salts; 1-8 wt.%) introduced
by the detonation itself and by the chamber [27-28] (e.g.,
the steel walls of the blast chamber, the charge suspension

device, the copper or lead igniter) in the case of detonation
production or by the grinding process (i.e., HPHT). The
process to isolate the diamond crystals from the mixture
(30-75 wt.% of the diamond phase) involves oxidizing
agents (e.g., H,SO4/HNO3z, KMnQ,, Os/catalyst), mineral
acid treatment (e.g., HCl, HNO;, HCIO,4) [28] and a
deagglomeration procedure with milling samples using
micrometer-sized zirconium oxide beads [5]. More
recently, salt and sugar-assisted milling [29], or thermal
and chemical treatment [24] have also been proposed.
However, some functional groups are introduced as a result
of the purification steps. DET NDs that result from the
detonation procedure have homogeneous average size
particles with a very narrow size distribution of 4-5 nm for
a single digit with an oval shape (Fig. 1(a)), while statically
HPHT NDs display an irregular sharp shape of 10-20 nm,
as evidenced by transmission electron microscopy (TEM)
image in Fig. 1(c). HPHT NDs also show a lower tendency
to form agglomerates in comparison with DET NDs due to
their different surface potentials (resulting from the wide
variety of functional groups exhibited by DET NDs), as
shown in TEM and scanning electron microscopy (SEM)
images in Fig. 1 [30-31].

TAS_SU70 1.5kV 15.4mm x3.50k SE(M) 10 pm

Fig. 1 Morphology and size distribution of NDs from dynamic
and static synthesis observed with TEM (left column) and SEM
(right column) of (a)(b) single digit DET NDs [30] and (c)(d)
HPHT NDs [30-31]. Reproduced with permission from Refs.
[30-31].

Overall, processes such as HPHT and DET have shown a
high degree of potential and versatility to produce a wide
variety of NDs from their structure to their intrinsic
properties [32]. HPHT-synthesized NDs could be obtained
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with different sizes ranging from a few nanometers to
micrometers with monocrystalline structures [33]. In
addition, HPHT NDs have a lower amount of sp* carbon
than DET NDs remaining after purification and generally,
present a higher degree of polydispersity than DET NDs.
HPHT particles are particularly suitable for biological
applications using their nitrogen-vacancy fluorescent
properties as a result of a higher crystallinity. Additionally,
color centers are more easily generated in top-down HPHT
fragmentations of micron-sized diamond method than in
detonation procedure because HPHT NDs can host more
defects (minimum 5-fold larger HPHT NDs than DET
NDs). It has been demonstrated that the nitrogen content in
DET NDs can be controlled through an adequate selection
of the precursor materials [26].

Overall, HPHT and DET NDs show various interests for
a wide variety of applications in medicine. However, the
appropriate characteristics must be taken into consideration
when using these particles (e.g., intrinsic properties). In
addition, surface modifications are usually performed to
improve ND properties.

3 Preparation of ND platforms for
biomedical applications

Diamond is generally considered a stable, chemically inert
and biocompatible carbon material [34]. An isolated
particle (e.g., DET ND) contains the following constituents
[5]:

e A spherical core of sp*-hybridized carbon atoms
consisting of a typical diamond tetrahedral crystal lattice of
approximately 4.5 nm containing 70%-90% of the carbon
diamond-like structure of the particle weight according to
X-ray data.

* An inhomogeneous outer layer composed of amor-
phous sp? carbon atoms, which contains various defects
and heteroatoms (e.g., from the detonation synthesis: Fe,
Cr, Ni, Al, Si, Ca) [35] giving the dark gray appearance of
the colloidal suspension.

* A multifunctional surface layer containing heteroatoms
such as '?C, “N, and '°O that results in a variety of
functional groups on the surface. These compounds are
involved in hydroxylic, carboxylic, ketonic, lactonic, ether,
ester, anhydride and other groups from synthesis and
purification treatments due to oxidation.

This last point is certainly a key feature that provides a
high degree of flexibility. A number of interesting
functionalization schemes has been developed to tailor

surface modifications for (non)covalent attachment. These
are summarized in Fig. 2 [28,36-39], where a wide variety
of groups are explored for suitable potential applications
involving in vitro and in vivo targeted delivery and
bioimaging [36-38,40-57].

Strategies include carboxyl surface terminations for
bioapplications and attachment of contrast agents, poly-
meric chains, peptides and/or nucleic acids bearing primary
amine functions, while others involve immobilization of
(bio)molecules, drugs or composites.

3.1 Surface oxidation

At the end of a typical synthesis and after the purification
steps, the surface of the NDs is covered with oxygen-rich
carbon functional groups from purification by sp* carbon
oxidation conditions (e.g., as aldehydes, ketones), and
many of them can be oxidized into carboxylic acid
functional groups. Further oxidation treatment increases
the content of oxygen atoms, resulting in a more uniform
outer surface in terms of functional groups due to the
increased amount of carboxylic acid functional groups,
leading to optimal coupling [58—60]. In this context,
oxidative surface chemistry is generally performed (e.g.,
oxidizing acids, ozone [42], thermal [59,61]) and opti-
mized to lead to a high degree of carboxylation. Air
annealing is a particularly effective oxidation process. In
this context, powders are thermally treated in a high-
temperature furnace under ambient and static air (tempera-
ture range: 400-500 °C) [59,61-62]. The temperature at
which oxidative etching begins on the surface is approxi-
mated by an oxygen optimization procedure by studying
the results of thermogravimetric analysis (TGA), X-ray
photoelectron spectroscopy (XPS) results and weight loss
versus annealing time. The evolution of surface modifica-
tions is assessed using Fourier transmission infrared
spectroscopy (FTIR), XPS and zeta potential analysis
[59-61]. Following air annealing, the intensity of the
carbonyl band in the FTIR spectra (1600 cm™) increases
(Fig. 3(a)). The C—H vibrational peak (2920 cm™) is
significantly reduced. XPS data have revealed that under
efficient heat conditions, the graphitic carbon content
decreases (Fig. 3(b)), while oxygen-containing species
increase by a factor of 2 after air oxidation, especially in
ether- and carbonyl-bonded carbons. Furthermore, these
values indicate that the oxygen-containing surface func-
tional groups are located on the ND surface at a higher
concentration. After redispersion in aqueous suspension,
the effect of pH on the {-potential is compared to untreated
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Fig. 2 Schemes to tailor surface modifications: surface homogenization, functional activation and covalent functionalization of NDs
(ozone oxidation [40-42]; oxidation [43]; reduction [44-45]; functionalization [36-38,46]; silanization [47-48]; graphitization [49-51];
hydrogen microwave plasma and functionalization by diazonium coupling [52]; hydrogen isotopes (deuterium (Hz) and tritium (H3))
incorporation for surface study [53—54] or labeling [55]; and halogenation [56—57]).
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Fig. 3 Conversion into carboxylated DET NDs: (a) FTIR spectra; (b) XPS survey patterns and insets of C 1s and O 1s with their
respective atomic percentage (A) before and (B) after air annealing at 773 K for 30 min; (c) Zeta potential versus pH. Reproduced with
permission from Ref. [59] (Copyright American Chemical Society).

DET NDs and oxidized DET NDs (Fig. 3(c)) to investigate
the electrostatic interactions in the suspensions. In the
particular case of thermally treated powder, a strongly
negative (-potential above pH 3 is obtained due to
deprotonation of ND-COOH to ND-COO™ [28]. These
experimental data are in good agreement with efficient
surface modification.

3.2 Noncovalent coating strategies

Noncovalent functionalization is achieved through physi-
cal and chemical adsorption of specific small (bio)-
molecules. This method has been reported as efficient to
ensure stabilization of the suspension (i.e., interaction with
polymers), prepare stable composites (i.e., polymers) or
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serve as a complex for drug delivery (i.e., proteins, lipids,
and drugs) [63].

3.3 Covalent coating strategies

Covalent surface strategies require the modification of
surface functional groups. Some pathways performed on
NDs include Diels—Alder reactions, Prato reactions, EDC
chemistry, hydrogen isotopes incorporation, etc. Other
strategies, including those involving inorganic materials
such as silica layers on the NDs, are less common. Silica
grafting involves the growth of inorganic silica shells or
multilayers around hydroxylated NDs via in situ polymer-
ization of a silica precursor (tetracthoxysilane (TEOS))
from the ND core directly [31] or from an emulsion via a
liposome-based encapsulation process [48]. The use of
functionalized silanes (i.e., (carboxyethyl) triethoxysilane
(CETS), (3-aminopropyl) triethoxysilane (APTES)) allows
for additional vectorized (bio)grafting (i.e., peptides,
antibodies, nucleic acids) while providing high colloidal
stability over wide pH ranges. Thus, the author of that
study reported a facile surface modification process using
silane chemistry and direct functionalization that can be
explored in the biological field.

Because the surface is covered by a significant amount of
carboxylic acid, a common approach relies on amine/
carboxyl coupling to attach moieties. For example,
polymer grafting provides stabilization. Hydrophilic poly-
mers such as polyethylene glycol (PEG) or polyglycerol
(PG) are widely used in nanotechnology to cover many
materials due to their physicochemical and biological
properties, including water solubility and biocompatibility
[64]. Covalent conjugation of PEG chains on the
nanoparticle surface can be achieved directly on ND-
COOH systems via the EDC/NHS coupling process. For
example, Terada et al. reported a one-pot preparation of
hyperbranched polyglycerol NDs (HPHT ND-HPG-
COOH) using this strategy that allowed for better
dispersion in various environments. In addition, reactive
sites were available for further grafting of compounds of
interest bearing primary amine functions [65].

4 NDs in the biomedical field

NDs offer a unique combination of biologically and
chemically relevant properties that make them advanta-
geous alternatives to other nanoparticles. Because they are
mostly composed of sp*-hybridized carbons, it has been
suggested that NDs are the hardest and the most

biologically stable carbon allotrope. Many studies using
cell viability tests of mitochondrial function (MTT) and
luminescent ATP production assays have demonstrated that
NDs are nontoxic to a variety of cell types [34,66—67].
In vitro genotoxicity studies (i.e., (oxidative) DNA or
chromosomal damages mediated by oxidative stress) have
shown significant differences according to the materials
under investigation which differed from physiological
properties (e.g., size, surface chemistry). Indeed, DET NDs
(2-5 nm) were susceptible to induce cytotoxicity at higher
concentrations, while genetic toxicity was observed to be
stimulated at lower concentrations (<50 pug-mL™") [68].
Besides, carboxylated HPHT NDs (20-100 nm) were
reported to evidence any genotoxic activity (100 ug-mL™)
[69] which attested their interest in bio-nanotechnology.

Overall, their promising applications in biomedicine
include biosensing, coating for implantable materials,
labeling for imaging modalities, tissue engineering, and
drug and gene delivery. A brief overview of recent reports
referring to the use of NDs for biomedical applications is
given in Table 1 [7,37,64,70-88].

A key question regarding the non-biodegradable beha-
vior of such NDs is related to the possible tissue
accumulation and elimination pathway. To figure out, the
short- and long-term distribution patterns in animals were
investigated using labeled NDs (e.g., '*°I and **™Tc, *H or
fluorescein dyes) or ND intrinsic defects (e.g., paramag-
netic centers). In a recent study, Claveau et al. explored
labeled *H-DET NDs produced by the radioactive analog
tritium gas to monitor the distribution [55]. They observed
that *H-DET NDs were accumulated mainly in the liver,
lung, spleen and kidney after administration. In addition, in
accordance with previous studies, small NDs (i.e., smaller
than 10 nm) of size compatible with kidney elimination
have been reported to be captured by liver cells, filtered by
the glomerular system to be then eliminated while larger
NDs (i.e., 50 nm) accumulate in tissues for few weeks after
injection [55,89]. In another study, Purtov and coworkers
showed the influence of the DET particle size (Dy: 150 and
300 nm) on the biodistribution in mice [89]. Their
observations suggest that the size dependence is not
significant. However, they found that unlike the smaller
DET ND, the largest DET particles had accumulated in the
liver after several days. Based on ex vivo EPR spectro-
scopy, intravenous administration of NDs (Dy: 70 nm;
40 mg per 1 kg body weight) into the tail veins of mice
(2628 g) has shown that most of the particles were
removed from the bloodstream and trapped in the liver and
spleen (2.5 h post-injection) [90].
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Table 1 Some examples of modified NDs for biological purposes [7,37,64,70—88]

System ND surface modification Purposes Outcomes Refs.
ND-ODA/PLLA ODA-functionalized NDs Bone tissue engineering ®  Good biocompatibility, [70]
+ PLLA increase in hardness,
promising for bone scaffolds
and smart surgical tools
ND-ANG-1 inside B-TCP scaffolds were Bone implants ¥ Improvement of [71]
B-TCP modified with NDs vascularization and bone
functionalized with ANG-1 regeneration, safe and easy
tool using NDs for
biomolecule immobilization
and delivery
ND-PEG-anti-HER2 Acid-treated NDs coupled CA for PAM ¥ NDs accumulation in breast [72]
peptide with PEG and then conjugated tumors, nontoxic particles
to anti-HER2 peptide
ND-Gd**(DO3A), Carboxylated ND surface T1-weighted MRI CA T, contrast on MRI at high [73-74]
ND-Mn*"(EDTA) conjugated to conventional (1st generation) magnetic field
amino Gd>*/Mn?" ion chelate
ND-PG-Gd**-DTPA Carboxylated ND surface T-weighted MRI CA Good dispersibility and high [75]
conjugated to functionalized (2nd generation) ¥ relaxometric properties
Gd(IIT) chelate PG
ND (HPHT, DET, Untreated or thermally oxidized =~ ND enhanced MRI via No long-term toxicity of [76-79]
natural) in situ hyperpolarization Gd(I1I), afford a different
using OMRI, 'H and '*C perspective to monitor and
MRI ® track functionalized ND
in vivo
FND (HPHT NDs) Intrinsic properties Fluorescence imaging High photostability [80]
(without photoblinking and
photobleaching)
ND-dye Covalently grafted dyes via click Luminescence labeling Fluorescent labeling that [81]
chemistry may undergo photobleaching
NDs-dBSA- Biopolymer-based coating Stable fluorescent labeling  Stabilizing electrostatic and [82]
PEG3000-biotin for bioimaging hydrophobic interactions to
stabilize the systems
ND-OH-DOX (drug Hydroxylated ND surface + drug Increased uptake by breast ~Tumor-growth inhibition [83]
delivery) (DOX) adsorbed (1st generation) and liver cancer cells ©
ND-PEG-DOX Coating with PEG + DOX Increased uptake, Prevention of proteins and [37,64,84]
adsorbed (2nd generation) stabilization © immune response adhesion,
prolonged circulation time,
tumor retention and better
dispersion under
physiological environment
ND-PAC Covalent linkage of NDs to PAC  Drug delivery and cancer Decrease of ND-PAC [85]
therapy © complex cell viability of
human lung (A549)
ND-PEG-FA-DOX PEGylated NDs conjugated with  Increase in the specificity Decrease of potential side [86]
folate and DOX of drugs © effects, loading high
number of DOX
ND-TAT-DOX DOX and cell penetrating peptide Targeted drug release © To avoid premature release, [87]
(TAT) conjugated to the surface optimization of intracellular
of oxidized NDs drug delivery by enhancing
the translocation across the
cell membrane
ND-DOX, ND-EPI, Absorption of small hydrophobic Increased uptake © Improvement of drug [7]
ND-BLEO, ND-PAC, anticancer drugs retention
ND-MTX
ND-PEI800-DNA (gene Acid-treated ND surface coated Gene therapy mediated Higher transfection efficiency, [88]

delivery)

with PET + DNA

by NDs ©

enhancement of plasmid DNA
delivery

a) Purpose on the aspect of tissue scaffolds. b) Purpose on the aspect of labeling. c¢) Purpose on the aspect of delivery agents.

Notes: “-” refers to the noncovalent interaction; “-” refers to the covalent bonding; B-TCP, B-tricalcium phosphate; ANG-1, Angiopoietin-1; BLEO, bleomycin; CA,
contrast agent; dBSA, dodecyl benzenesulfonic acid; DET, detonation; DO3A, a gadoteridol macrocycle; DOX, doxorubicin; DTPA, diethylenetriaminepentaacetic
acid; EDTA, ethylenediamine tetraacetic acid; EPI, epirubicin; FA, folic acid; FND, fluorescent nanodiamond; HPHT, high pressure high temperature; MRI, magnetic
resonance imaging; MTX, mitoxantrone; ND, nanodiamond; ODA, octadecylamine; OMRI, Overhauser-enhanced magnetic resonance imaging; PAC, paclitaxel;
PAM, photoacoustic microscopy; PEG, poly(ethylene glycol); PEI, polyethyleneimine; PG, polyglycerol; PLLA, poly(L-lactic acid); TAT, trans-activator of
transcription protein.
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4.1 NDs as tissue scaffolds and surgical implants

Tissue engineering is a new approach to repair or replace
diseased tissues using biomaterials. These systems open
many routes for their potential use as components of smart
surgical tools, implants or bone scaffolds [91]. NDs show
appropriate properties (i.e., strength, support adhesion,
roughness, thermal stability) for tissue engineering [92].
Such agents were synthesized by Grausova et al. using
NDs as a matrix on osteoblast-like MG 63 cells [14]. NDs
provided good support for the adhesion and growth of cells
in cultures. The study showed promising results using NDs
in tissue engineering, particularly for their applications as
implantable surface bone materials. Eivazzadeh-Keihan
et al. reported that various CNMs, including NDs, can be
used in bone/tissue engineering [13]. The authors reported
the beneficial contribution of the NDs thanks to their
enhanced mechanical properties and biocompatibility, as
evidenced by the positive immune response toward the
implanted composites. Another group from Lelkes’ team
investigated octadecylamine (ODA)-functionalized ND—
poly(L-lactic acid) (PLLA) composites [70] in 2011. The
mechanical properties showed a 4-fold improvement in
material hardness. Experiments using osteogenic marker
gene expression demonstrated that both NDs and NDs-
ODA are nontoxic to murine osteoblasts and are able to
support in vitro cell proliferation. The combination of these
properties, including biocompatibility, good dispersion,
good affinity and intrinsic fluorescence, has made ND-
ODA-PLLA composites promising materials for bone
tissue engineering and regenerative medicine. Another
group aimed to develop a new construct based on a three-
dimensional (3D) B-tricalcium phosphate (B-TCP) scaffold
and angiopoietin-1 (ANG-1) immobilized onto NDs to
provide a sufficient vascularization (e.g., for nutrients and
oxygenation supplies) within bone substituents [71]. Their
results demonstrated that such scaffolds was a valuable
method to improve the features of implants (30-fold
increase in the active surface area) and was of great
interest for some new approaches attended for bone tissue
engineering [71].

4.2 Labeling: NDs as bioimaging contrast agents

4.2.1 NDs as fluorescent biomarkers

Nitrogen atoms are the major impurities present in the
diamond crystal lattice. Natural defects such as nitrogen
vacancy (NV) centers have been used as stable natural

sources of fluorescent color centers under appropriate light
excitation [10]. These nitrogen-based centers correspond to
the substitution of a carbon atom with a nitrogen atom
bound to a lattice vacancy in the diamond structure and
absorb in the ultraviolet (UV)—visible wavelength range of
460-600 nm. Negatively charged NV (NV') defects
(uncoupled electron spin, S = 1, paramagnetic) fluoresce
in red. Besides, it should be mentioned that other vacancy
defects (i.e., EuV, SiV, BV and GeV) have some interesting
optical properties which contribute to several emerging
applications (e.g., quantum technologies, nanoscale sen-
sing, photoluminescent biomarkers) [10]. Some fluorescent
defects in NDs are derived from the starting material by
explosive production during ND production. The HPHT
technique yields particles more suitable for fluorescence
since these particles have a high crystalline structure. The
resulting particles contain a higher density of fluorescent
centers than DET NDs and display good long-term
photostability. Therefore, HPHT NDs are often referred
to as “fluorescent nanodiamonds” (FNDs), the material of
choice for fluorescent sensing or labeling applications
because of their better optical properties. In this case, the
density is higher than 10 ppm (1 ppm= 107°) [67]. The
nitrogen content is determined by combustion analysis, and
the nitrogen location within the samples is achieved by
electron energy loss spectroscopy (EELS) measurements
[6]. For NDs with negligible nitrogen-doped center
concentrations, doping NDs with high-energy particle
beams (electrons, protons, helium ions) and annealing
creates additional NV color centers through vacancy
migration [5,10,93].

Among various exogeneous optical contrast agents,
FNDs have recently emerged as an attractive option to
provide a highly stable platform for specific fluorescence
bioimaging applications while leaving the surface available
for further functionalization with biological targets and
drugs [94]. In addition, compared to conventional dyes,
NDs do not overcome photobleaching; therefore, NDs are
suitable for long-term experiments. Near-infrared (NIR)
fluorescence microscopy and imaging included in ther-
apeutic windows allow in vivo experiments in tissue with 3
cm resolution [95]. Li and colleagues found that NDs are
promising candidates for cell tracking [87]. FNDs,
typically HPHT particles, coupled to molecules to track
or potentially transport drugs, have been developed to
monitor drug release within the body. Su et al. suggested
coating 100 nm FNDs with human serum albumin (HSA)
by passive adsorption and characterized their system by
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magnetically modulated fluorescence imaging (excitation
530 nm; emission 670 nm) for cell therapy applications.
Consequently, they presented their platform for quantita-
tive monitoring of human placenta choriodecidual mem-
brane-derived mesenchymal stem cells (pcMSCs) in
miniature pigs by magnetic modulation [96]. They were
able to visualize FND-labeled pcMSCs transplanted into
the animal’s organs and tissues after i.v. administration.
Similarly, Zhang et al. focused on developing a highly
stabilized ND system for fluorescent labeling [82]. Their
FND-dBSA-PEG3000-biotin system was developed using
a bottom-up approach to ensure a reliable surface
modification strategy that enables stabilizing electrostatic
and hydrophobic interactions. The design consists of an
amphiphilic biopolymer derived from denatured bovine
serum albumin (dBSA) with covalently grafted PEG chains
terminated with biotin (TEM size: 150 nm). Their
application of fluorescent NDs is considered a nontoxic
alternative to quantum dots for medical imaging.

Alternatively, the use of external contrast agents could
significantly improve the sensitivity of the technique. NIR
labeling can be achieved by conjugating NDs with NIR
dyes (e.g., Oregon Green [81], folic acid (FA)) or by using
electrostatic interactions (e.g., cyanine). For this approach,
both DET and HPHT NDs were used. In studies by
Meinhardt and coworkers, the inherent surface chemistry
of NDs allowed the introduction of a linker to enable
“click” reactions with green dyes [81]. This strategy
allowed the preparation of a probe labeled with fluorescent
molecules and biological vectors for advanced applications
such as luminescent molecular imaging.

4.2.2 NDs for photoacoustic microscopy

Photoacoustic (PA) imaging, which is an emerging
preclinical modality, provides increased depth penetration
for in vivo visualization [97]. The prospective application
of NDs has been explored due to their optical absorbance.
NDs absorb laser energy and convert it into heat that
undergoes thermoelastic expansion and ultrasonic waves.
Zhang et al. prepared a specific breast cancer detection
method using NDs as a PA imaging contrast agent [72].
The surface of the NDs was grafted with PEG and then
conjugated to an affinity ligand, an anti-HER2 peptide, to
target HER2-positive overexpressing breast cancer cells.
ND-based platforms (92 nm) were administered to BALB/
C mice bearing HER2-positive and HER2-negative
tumors. PA imaging of the NDs-PEG-anti-HER2 peptide

in vivo enabled tumor localization by active targeting of
HER?2 cancer cells.

4.2.3 Lanthanide complexes-NDs for MRI

MRI is one of the most widely applied medical techniques
because it provides high-contrast mapping images of
organisms for the detection of affected tissues. MRI
requires radio frequency (RF) and high magnetic fields
while producing images with high spatial resolution and
deep tissue penetration [98]. Image contrast relies on water
proton 'H NMR signals with intensities proportional to
relaxation rates (R;,) of the nuclear spins, concentrations
and environments of water molecules in the tissues. Thus,
contrast agents (CAs) are usually used to enhance the local
signal intensity by increasing the number of polarized
spins. These agents mainly consist of paramagnetic metal
species coordinated to organic macrocycles (i.e., Gd(III) or
Mn(II/III) complexes), resulting in a decrease in T
(longitudinal relaxation time) [98]. It is recognized that
the relaxivity of a lanthanide-based CA can be improved by
optimizing the inner-sphere relaxivity mechanism by
slowing down the tumbling of chelates. A common
strategy consists of combining a gadolinium-based com-
plex with nanoscale particles [99-102]. Functional groups
(i.e., carboxylic acids) on the DET ND surface allow direct
grafting of conventional amine-functionalized Gd(IIT)
chelates to form a system detectable by MRI (Table 2
[73-75,103—105]). Manus and coworkers showed that
conjugated Gd*"(DO3A)-NDs exhibited higher relaxivity
than conventional CAs due to intrinsic parameters of the
considered system (i.e., influence of rotational correlation
time, 7g) [73,106]. The increase of per-Gd** relaxivity
(1.5 T, 60 MHz) reached 988% (ri: (58.82+£1.18)
s™'-mmol™-L) compared with the relaxivity of the single
Gd*"(DO3A) complex (r: 5.4 s ' -mmol '-L), as shown in
the T;-weighted phantoms (Fig. 4).

Before conjugation, NDs had a hydrodynamic diameter
of approximately 21 nm, whereas Gd*"(DO3A)-NDs
formed aggregates (128 nm). It was suggested that
Gd**(DO3A)-ND aggregations contribute to the increase
in longitudinal relaxivity. Cell viability assays on human
ovary adenocarcinoma (SKOV-3) cells revealed no sig-
nificant cytotoxic effect. In 2016, in vivo imaging
experiments were performed to monitor cancer growth in
mice with a Gd-ND system at a high magnetic field [103].
Rammohan et al. suggested grafting Gd**(DO3A)-Cs-
COOH (r: 6.4 s -mmol™-L at 1.4 T and 37 °C) onto an
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Table2 Summary of modified NDs for biolabeling applications as potential T ,-weighted contrast agents for MRI in aqueous solution [73-75,103—
105]

System D/nm /(s " -mmol '-L) n/% Experimental conditions Ref.
BIT 1°C
DET ND-C4-Gd* " (DO3A)-H,O 128 ¥ 58.8 (5.4 9) 988 1.5 37 [73]
DET ND-Si-Cs-Gd*(DO3A)-H,0 75 11.1 (6.4 9) 73 1.4 37 [103]
11.5 4.8 9) 139 7 37
DET ND-Gd** 79 33.4 (4.8 9) 596 8 37 [74,104]
DET ND-PG-Gd**(DTPA)-H,0 51 19.4 (3.7 9) 424 1.5 uk [75]
16.7 3.5 D) 377 3 uk
8.2 (3.4 9) 141 7 uk
DET ND-Mn?"(EDTA)-H,0 65 22.7 (1.7 9) 1235 7 uk [105]

a) Number intensity. b) Volume intensity. ¢) Gd-DO3A. d) Gd-DO3A-Cs-COOH. e¢) Gd-BOPTA. f) Gd-DTPA. g) Mn-EDTA.

Notes: D is the hydrodynamic diameter size in water; r; is the per-Gd(III) relaxivity reflecting the efficiency of a contrast agent to reduce the longitudinal relaxation time
of water protons; 5 is the relative enhancement of r; B is the magnetic field; ¢ is the temperature; DET, detonation; DO3A, a gadoteridol macrocycle; DTPA,
diethylenetriaminepentaacetic acid, a linear chelator; EDTA, ethylenediamine tetraacetic acid, a linear ligand; ND, nanodiamond; PG, polyglycerol; “uk” indicates
“unknown” if the information is not mentioned either in the paper or in the corresponding supporting information; Gd>*/Mn>* chelates are associated to a single water
molecule coordinated to the paramagnetic center (e.g., Gd>" and Mn*").

(a) R r\O\f

(i) Sulfo-NHS (10 eq), EDC (10 eq),
[¢]
Q/U\O

0.1 mol-L™! HEPES, 0.1 mol-L™"
NaCl, pH=7.0

(i) Gd*"(DO3A)-NH,, 0.1 mol-L™' HEPES,
0.1 mol-L™! NaCl, pH =7.0

(b)

3) 4 ) 6)

System: H,0 ND ND-L ND-LGd**
c(Gd*)/(umol-L ™ 48
NP densit)"/(mgmL’l ):

Fig. 4 (a) Structural ND platform of Gd3+(DO3A)—NDs with Gd(III) chelates conjugated to the particle surface (hydrodynamic
diameter of 128 nm). (b) MRI phantoms of samples: (1) water; (2) 1 mg~mL7l DET NDs; (3) DET NDs conjugated to chelate (L)
without gadolinium ion complexation (ND-L); DET NDs conjugated to Gd(III) chelate (ND-LGd*") with Gd*" concentrations of
(4) 48 pmol-L ™", (5) 38 umol-L ", (6) 22 pmol-L ™", (7) 10 pmol-L ™', and (8) 5 pmol-L . Reproduced with permission from Ref. [73]

(Copyright American Chemical Society, 2010).

amino-functionalized ND surface. DET NDs were reduced
by borane followed by silanization with p-aminophenyl-
trimethoxysilane (APTS) to conjugate carboxylated Gd(III)
chelates. Their system showed a 73% increase in longi-
tudinal relaxivity (Dn: 75 nm; ri: 11.1 s'-mmol™-L)
[103]. Recently, a different approach relying on the
absence of a Gd*"-based complex against Gd** ions
themselves was designed using a suspension of DET NDs
modified with paramagnetic cations prepared from metal
nitrates [74,104]. Panich’s group reported the preparation
of Gd(IIl) ion-grafted NDs in which the interaction is

assumed to occur by exchange with protons from the
carboxylic acid functional groups on the NDs to the Gd**
prepared with GA(NO3)3-6H,O [74]. Their system demon-
strated high relaxivity values (Dy: 7 nm in volume; r;:
33.4s "' -mmol™"-L; r,:332 s mmol™"-L at 8 Tand 37 °C)
compared with MR relaxivity and phantom imaging (3 T).
To determine the corresponding Gd(III) contribution of the
spin-lattice () and spin—spin () relaxivities of such a
system, they removed the intrinsic background of the NDs.
Through a combination of characterization tools (EPR and
"H NMR), it appeared that two to five Gd(IIT) ions were
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anchored per particle according to their experimental
conditions. Furthermore, Zhao and collaborators have
reported a sophisticated strategy to design DET ND-PG-
Gd*"(DTPA) through multistep organic transformations,
leading to a system that demonstrated good dispersibility in
addition to high relaxometric properties [75]. Due to the
potential toxicity of free gadolinium ions, Hou and co-
workers in 2017 proposed using manganese ions (Mn*")
as an alternative. His group constructed different functio-
nalized ND systems with a Mn(II) chelating agent attached
on the ND surface using ligand derivatives to develop
Mn**(EDTA)-ND or Mn**(DOTA)-ND MRI CAs [105].
The resulting Mn(Il)-labeled platforms were found to
improve sensitivity during in vitro and in vivo assays. In
addition, they were able to decrease longitudinal and
transversal relaxation by optimizing both 7}- and T5-
weighted MRI as a dual probe to improving liver tumor
diagnosis.

4.2.4 MRI applications with hyperpolarized NDs

Among the recent approaches, the hyperpolarization
technique of paramagnetic compounds was expected to
considerably improve the distribution of spin states. By
using the Overhauser effect, a transfer of electron
polarization to the nuclear spins (e.g., '"H or *C) can be
obtained under microwave irradiation to induce a spin
polarization that can lead to a strong increase in protons or
IBC.

While some paramagnetic structures have been explored
for this purpose (e.g., organic TEMPO derivatives)
[77,107-108], the use of NDs can be relevant for either
MRI or Overhauser MRI (OMRI) due to the intrinsic
properties of NDs. This novel approach allows for high
contrast on MR imaging through in situ hyperpolarization
at an ultralow magnetic field (ULF) [77]. NDs exhibit
paramagnetic impurities mainly due to structural defects
(radical-like paramagnetic centers (RPCs), as unpaired
electron spins of disordered dangling C—C bonds, Pl1,
NV). Dynamic nuclear polarization (DNP), as a hyperpo-
larization technique, can provide efficient polarization
transfer from these electrons to neighboring nuclei. This
achievement can thus occur through an electron-nuclear
cross relaxation process when the electron spin polarization
deviates from the equilibrium state by microwave (MW)
irradiation (Fig. 5). Imaging experiments were established
using radio frequency (RF; approximately 190 MHz)
excitation in a regime compatible with biological study and
at ULF (6 mT) to maximize efficient nuclear polarization

Diamond core
2.4 nm

RF MWs

TAYA S

i
NV centers(_/ o
I

Disordered shell

Surface layer

Various functional groups

Fig. 5 Schematic representation of the intrinsic properties of
NDs and the Overhauser effect based on ND impurities (NDs and
nearby water molecules). Paramagnetic contributions from
surface defects and core centers. RF MWs, radio frequency
microwaves; P1, substituted nitrogen defect centers, NV ; NV,
nitrogen-vacancy centers.

while creating an on/off contrast. Indeed, the detectable
contrast can be visualized as a continuous transfer of
surface-localized RPCs to 'H nuclei from water during the
RF pulse of electron paramagnetic resonance (EPR)
transition between MRI acquisitions [77-78].

HPHT NDs ranging in size from 18 to 125 nm and
polycrystalline DET NDs (100 mg-mL ") were studied by
DNP and EPR spectroscopy, and both types were
detectable under these conditions. The hyperpolarized
particles were also visualized in high contrast sensitivity
(threshold: 1 mg-mL™") gray level phantom images. In
addition, it may be noted that air annealing prior to surface
modification tends to decrease the amplitude of the broad
signal component in the EPR spectra [79]. Waddington et
al. also reported the design, construction and experiment of
potential in vivo imaging applications of NDs as a practical
screening methodology for long-term application [77].
Additionally, this new setup reduces maintenance costs
since the new methodology does not require high magnetic
fields.

Alternatively, NDs can be detected by acquiring signals
from "*C nuclei using RPC in diamond hyperpolarization
transferred to '*C nuclei using microwaves [79]. In fact, the
long relaxation times of '*C (1/2) spins in diamond are
naturally obtained. Recent studies have reported the use of
NDs for hyperpolarized *C MRI to improve 7T,, by
enhancing '*C polarization by DNP [76,79,109-112].
Hyperpolarized imaging was clearly observed in phantoms
and in vivo imaging using 2 pum particles as CAs after
intrathoracic injection of a mouse [79]. The image was
superimposed on the corresponding 'H MR image to
provide anatomical features. In 2020, Boele et al. identified
the contribution of RPCs, such as substituted nitrogen (P1)
centers, to *C nuclei and their roles in DNP experiments
[112]. These achievements open up new opportunities for
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NDs in bioimaging, suggesting versatile developments as
new hyperpolarizing agents for MRI [113-114].

4.3 Agents for delivery: NDs as carriers for the delivery of
agents in cancer therapy

One of the major trends in cancer therapy research is the
ability of a carrier to release small chemical drugs to
specific diseased cells or tissues, possibly while tracking
their location in the body through exogeneous contrast
agents (i.e., theranostic probes). This so-called ‘drug
delivery’ process relies on the optimization of molecule
transport by a nanocarrier to deliver anticancer drugs to
appropriate tissues. This process allows a stable carrier in
the bloodstream to gradually release drugs adsorbed on the
nanostructure or by noncovalent encapsulation in nano-
structures (i.e., mesoporous particles, micelles, liposomes).
Strategies for ND-based drug delivery design are achieved
by (i) drug deposition onto the ND surface through
electrostatic interactions and hydrogen bonds or by (ii)
covalent attachment to ND functional groups sensitive to
acidic environments.

4.3.1 Small drugs delivery with NDs

ND-based systems are an attractive option for specific
applications in cancer therapy, such as nanocarriers for
drug delivery. Their attractive optical properties (red
emission) enable long-term monitoring of the drug delivery
process into cancer cells. For example, the common DOX
chemotherapeutic drug exhibits anticancer activity by
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inducing apoptotic death of abnormally divided cells. It
appears that chemotherapeutic drugs are highly cytotoxic
and can cause serious side effects because of their lack of
specificity. The anticancer drug can be loaded onto
(fluorescent) (F)NDs through physical adsorption
(ND-DOX complexes). The combination of carriers and
drugs keep the free DOX concentration below a toxic level
for normal tissues by releasing DOX over a long time.
Dean Ho’s team developed a simple and efficient
procedure based on the adsorption of hydrophobic
chemodrugs on NDs (DOX; epirubicin (EPI); bleomycin
(BLEO); paclitaxel (PAC); mitoxantrone (MTX)) [7].
Prolonged release of DOX from ND platforms significantly
increased unhealthy cell apoptosis in mouse models,
preventing tumor growth suppression more efficiently
than conventional treatment. In addition, according to
Chow et al., NDs coupled with DOX prevent the system
from being pumped out of cells [83]. Experiments focused
on a first-generation drug delivery ND platform for breast
cancer (4T1 cells) and liver cancer (LT2-M cells) with
promising results in tumor retention and increased blood
flow half-life compared with unmodified DOX activity.
Merkel et al. established the activity mode of the release of
DOX through ND-mediated delivery [115]. Figure 6 shows
the cellular uptake and efficient drug release using a
PEGylated platform (Fig. 6) [116].

Liu et al. achieved different covalent binding of
paclitaxel to the ND surface by a succession of chemical
modifications [85]. As observed, the platform reduced cell
viability in A549 human lung carcinoma cells. Further-
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R zs‘a}g%z/ o) Uptake of NDs ND core coated with: 25
W ZTREN » PEG coating
T \ « Protein ;’E 20+
b | \\ > gaJ « DOX drug B
/ NEE - - g 157
/ Drug release from o . =4 =4 S =4 S 3 2
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inside endosome B ‘ ‘ |
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Fig. 6 (a) Schematic representation of cell uptake and the antitumor drug release process of NDs as a delivery system for DOX from into
two phases: the mechanism enabling particle uptake into the cell (endocytosis) to release the drug, and then the diffusion of the free drug.
(b) Schematic fluorescent ND-DOX platform with a ND core, protein coating (human serum albumin, HSA) and NHS-PEG2000.
(c) Photos of the tumor extracted from a breast cancer xenograft in the chorioallantoic membrane (CAM) model. After two different
treatments for 3 d in vivo, from left to right: controls (PBS), only DOX, and DOX coupled NDs. According to the results, the ND-DOX
system inhibits tumor growth efficiently by decreasing the viability of human cancer (MDA-MB-231 breast cancer). These breast cancer
cells stably expressing firefly luciferase were attached to chicken embryo CAM. ND-DOX inhibited the bioluminescence of transgenic
tumors stably expressing luciferase, resulting in an inhibition of tumor growth. This effect was greater than that induced by free DOX.
(d) Emission spectrum after laser excitation: (1) overlapping of NV centers of ND and DOX, and (2) ND optical properties after laser
bleaching (NV centers, 575 nm and NV, 638 nm). Reproduced with permission from Ref. [116] (Copyright John Wiley and Sons, 2015).
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more, ND-PAC blocked tumor growth in vivo (SCID mice)
and the formation of lung cancer cells using xenografts.
PAC acts by blocking microtubules to mediate mitotic
arrest in cancer cells. Gismondi et al. reported the
adsorption of secondary plant metabolites (ciproten and
quercetin) onto NDs that penetrated the cell cytoplasm
[117]. These chemotherapeutic systems showed antiproli-
ferative effects on human (HeLa) and murine (B16F10)
tumor cells.

A second generation is based on the covalent functio-
nalization of NDs with polymeric chains for small drug
delivery and slow release. This approach has been used by
different teams to improve dispersion in physiological
media and has led to the conclusion that this delivery
strategy can indeed provide efficient drug transport into
cancer cells. Wang et al. adsorbed DOX hydrochloride onto
PEGylated red fluorescent NDs (140 nm in size) and
showed promising results for in vitro and in cell culture
with human liver cancer cells (HepG2 cells) [84].
PEGylated NDs were prepared via a multistep organic
transformation of carboxylic acids to acyl chloride
intermediates, leading to a platform of DOX-coupled
PEG-OH NDs. It was observed that, the NDs entered the
cells and enhanced drug uptake. Another approach by
Zhang et al. involved polyPEGylation of ND by surface-
initiated atom transfer radical polymerization using
PEGMAA475 as a monomer [118]. Intracellular delivery
of DOX using polyPEGylated NDs has been studied in
more detail. According to their work, a cell internalization
study revealed that NDs facilitated drug transport in A549
cells. Li et al. obtained a different ND-PEG nanocarrier by
coupling NH,-PEG-COOH onto carboxylated NDs (140
nm) with adsorption of DOX and tested it on cultures
(HepG2, HelLLa and MCF-7 cells) [64]. These agents were
designed for pH-sensitive release. Since the pH of blood
and normal tissue is approximately 7.4 and is much lower
in the tumoral environment (pH 5), the efficient ND-PEG
-DOX drug delivery system was able to release DOX.

For polymer-modified NDs, PEG was introduced onto
NDs not only to improve the colloidal stability of the
suspension but also to increase the clearance time and
prolong blood circulation time by reducing nonspecific
interactions (e.g., with cells). Nevertheless, a major
drawback of these chemotherapeutic systems is their lack
of selective recognition of tumor cells compared to normal
cells, leading to potential side effects during the treatment
process. Therefore, tumor-targeted ND carriers have been
developed to selectively carry nonspecific cytotoxic drugs

into pathologic cells. This concept of a vectorized ND
platform was introduced by various teams, including Dong
and coworkers [86]. His group synthesized modified NDs
with PEG-diamine conjugation with folate (FA) [119],
forming an ND-PEG-FA nanocarrier system. DOX was
physically attached to PEGylated NDs-FA. Their system
showed excellent stability under neutral pH conditions and
loaded a large amount of drug in an acidic environment.
Similarly, conjugation of DOX-ND with the cell-penetrat-
ing TAT peptide could enhance intracellular drug release
and block premature delivery [87]. Several other
approaches have been reported, such as PEGylated ND
sensors to track and transmit drug release to cells [120].
Zhao et al. reported a sophisticated strategy to increase
solubility using a polyglycerol coating [75]. They devel-
oped a DET ND-PG-Gd(IIl) platform through multistep
organic transformations and demonstrated good dispersi-
bility in PBS, efficient functionalization and an attractive
potential carrier for drug-coupled theranostic applications.
Other strategies to prevent aggregation were discussed,
including NDs coated with albumin-derived polymer and
an HSA-derived biopolymer that loads drugs [121].

4.3.2 Gene or protein/peptide delivery

Zhang and coworkers reported the delivery of plasmid
DNA using NDs covered with 800 Da polyethyleneimine
(PEI800) [88]. First, the highly positively charged PEIS00
polymer was loaded onto acid-treated NDs. Then, the ND-
based system was able to bind to negatively charged DNA
through electrostatic interactions. As expected, the agent
exhibited higher gene transfection efficiency with low
cytotoxicity. Current limitations associated with the
nonspecific nature of many drugs limit the potential of
chemotherapy. An alternative approach is antibody (Ab)
therapy, as suggested by Smith and collaborators [122].
ND-Ab systems were found to be stable in a biological
environment and trigger the release of active Abs under
extreme physiological conditions. Other groups have
demonstrated that oxidized NDs have a high affinity for
different types of molecules, including proteins, such as
myoglobin and albumin [123].

5 Conclusions

This review aimed to highlight the place of NDs for
preclinic biomedical applications such as cancer therapy,
labeling and targeting drug delivery. Detonation and HPHT
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NDs are considered some of the most attractive carbon-
based materials, as the synthesis methodology allows for
large-scale production by a low-cost process. Overall, NDs
are formed by sp® carbon atoms in the core surrounded by
an sp” shell with other impurity atoms on the surface that
provide both a reservoir of electrons and inherent surface
chemistry for grafting versatile probes. All their remarkable
characteristics provide stable intrinsic properties, such as
biological, optical, magnetism, and functionalization
features. Thus, NDs can be explored as useful labels in
different imaging modalities and used to monitor and
mediate drug delivery. Despite their numerous advantages,
NDs have to overcome some limitations such as low
intrinsic fluorescence from color centers. Taking into
account the broad range of NDs production methods and
the correlated NDs physicochemical properties (e.g.,
surface, crystallinity, size, NDs doping by ion implantation
following by annealing), the optical properties can be
optimized. A key challenge in diagnostic applications lies
in intrinsic features and surface modifications, while a good
understanding of surface chemistry for theranostic applica-
tions could afford in vivo tracking. In addition, current
challenges provide a wide range of directions as powerful
MRI CA for exploring new approaches using OMRI
mechanisms or *C MRI due to hyperpolarization techni-
ques. Some additional research directions are yet to be
explored to ensure optimal and appropriate use of NDs.
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