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and Gang Ho Lee *a

Nanodiamonds (ND) are chemically inert and stable owing to their sp3 covalent bonding structure, but their

surface sp2 graphitic carbons can be easily homogenized with diverse functional groups via oxidation,

reduction, hydrogenation, amination, and halogenation. Further surface conjugation of NDs with

hydrophilic ligands can boost their colloidal stability and functionality. In addition, NDs are non-toxic as

they are made of carbons. They exhibit stable fluorescence without photobleaching. They also possess

paramagnetic and ferromagnetic properties, making them suitable for use as a new type of fluorescence

imaging (FI) and magnetic resonance imaging (MRI) probe. In this review, we focused on recently

developed ND production methods, surface homogenization and functionalization methods,

biocompatibilities, and biomedical imaging applications as FI and MRI probes. Finally, we discussed

future perspectives.
Introduction

Over the past decades, many studies have demonstrated the
potential application of nanoparticles in biomedical imaging
and clinical diagnosis.1–6 Before biomedical applications, they
need to be rened to obtain good water solubility because most
of them are water-insoluble and non-toxicity if they contain
toxic elements via surface engineering.7,8 Among nanoparticles,
carbon-based nanomaterials such as carbon dots, carbon
nanotubes, and nanodiamonds (NDs) have attracted great
attention due to their relatively low toxicity as they are made of
carbons.9–11 Importantly, their attractive optical and magnetic
properties may be useful for uorescent imaging (FI) and
magnetic resonance imaging (MRI) probes.9–11

In particular, NDs as a metastable allotrope of carbons are
especially attractive owing to their strong sp3 bonding structure,
leading to superior chemical stability, inertness, and hard-
ness.12,13 Although their core is chemically stable and inert, their
surface is composed of graphitic sp2 carbons which can be
easily conjugated with various functional molecules for
biomedical applications.14 Several researchers have developed
surface homogenization methods such as carboxylation,15

halogenation,16 hydrogenation,17 amination,18 hydroxylation,19

and graphitization.20 These functional groups can be further
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conjugated with hydrophilic ligands,21 peptides,22 proteins,23

nucleic acids,24 drugs,25 uorescent dyes,26 cancer targeting
ligands,27 dopamine derivatives,28 and additional imaging
probes,29 which were conjugated directly or via linkers.30–33 NDs
can be introduced with nitrogen vacancy (NV) defects as color
centers via irradiation of high-energy particles (p+, He+, or e−)
followed by high temperature annealing, making them prom-
ising candidates as FI probes.34,35 NDs can also act as MRI
probes aer conjugation with Gd(III)-complexes or Mn(II)-
complexes on ND surfaces, extending their functionality to
powerful hybrid MRI and FI probes.36–44 In addition, NDs
themselves exhibit paramagnetic and ferromagnetic properties,
which will be useful for use as MRI probes.45 Taking all these
attractive features together, NDs have emerged as promising FI
and MRI probes in single or multi-modal biomedical imaging
applications.46

Currently, various production methods of NDs have been
developed; these are detonation,47,48 fragmentation of high
pressure and high temperature (HPHT) microdiamonds,49,50

laser ablation,51–53 chemical vapor deposition (CVD),54–56 chlo-
rination of carbides,57 ultrasound cavitation,58 ion beam irra-
diation of graphites,59 and electron irradiation of carbon
onions.60 Among them, NDs produced by rst two methods are
most common and commercially available.61,62 The rst four
production methods are briey described in this review.
Notably, the particle size and surface properties depend on the
production method and thus, applications are somewhat tied to
the production method.63
RSC Adv., 2023, 13, 32381–32397 | 32381
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In this review, we concisely provided an insight into the
recent advances in ND research such as the production and
purication, surface homogenization and functionalization,
physicochemical properties, biocompatibilities, and biomed-
ical FI and MRI applications.
Production methods
Detonation

As shown in Fig. 1a,64 NDs are produced through explosion of
a mixture of 2,4,6-trinitrotoluene and 1,3,5-trinitroperhydro-
1,3,5-triazine in the presence of a combined atmosphere of
N2, H2O, and CO2 in a metallic chamber. The explosion gener-
ates HPHT conditions (P > 10 GPa; T > 3000 K),64 resulting in ND
crystals (called detonation NDs) via condensation of supersat-
urated carbon vapors.65,66 They consist of a ND core surrounded
by a few layers of sp2 carbons. Their particle diameters typically
range from 1 to 10 nm,65 with nearly spherical shape. However,
they exhibit severe aggregations due to appreciable amount of
sp2 surface carbons. They possess low nitrogen impurities
which are needed to generate NVs as color centers. The NDs can
be puried through oxidation with strong liquid oxidants such
as HCl/HNO3, HClO4, H2SO4/HNO3, HF/HCl, K2Cr2O7/H2SO4,
and HNO3/H2O2 (refs. 67 and 68) or with air or ozone at elevated
temperatures (400–430 °C).69–72 These oxidations introduce
oxygen-containing groups on ND surfaces such as hydroxyl,
carbonyl, and carboxyl groups. A high energy balling73 or a salt-
assisted ultrasonic de-aggregation74–76 can be used to separate
aggregated NDs into individual NDs; the latter method is
Fig. 1 (a) Detonation production of nanodiamonds,64 (b) HPHT productio
and (d) CVD production of nanodiamonds.55 Reproduced with permission
Elsevier, and ref. 53 Copyright 2018 Springer.

32382 | RSC Adv., 2023, 13, 32381–32397
preferred because the former method leaves broken ball mate-
rials aer milling. In addition, annealing at 500 °C followed by
centrifugation of NDs in aqueous colloidal solution can be used
to obtain de-aggregated NDs by removing surface graphite
carbons on ND surfaces;77 even high-purity NDs of ∼1 nm can
be obtained by controlling annealing temperature, whereas the
former two methods allow only de-aggregations of NDs.
Fragmentation of HPHT microdiamonds

As shown in Fig. 1b,78 graphites or nanotubes or fullerenes as
carbon source in a reactor chamber are brought to a high
pressure (5–6 GPa) and high temperature (1300–1700 °C).78 Iron
and other metals such as cobalt and nickel as catalysts and
small diamonds as crystallization seeds are provided. Under
HPHT conditions achieved with a heater and carbide piston,
carbon atoms are deposited on the diamond seed surfaces due
to the temperature difference (20–50 °C) between the carbon
source (high temperature side) and seed diamonds (lower
temperature side) and exhibit transition from sp2 to sp3,
making diamond seeds grow into bulk diamonds.78 The ob-
tained diamonds are fragmented into NDs with size of 2–50 nm
via bead-assisted sonic disintegration or mechanical ball
milling (the nal fragmented diamonds are simply called HPHT
NDs). Finally, impurities such as graphites and metals are
eliminated via purication process.79 Compared with detona-
tion NDs, HPHT NDs have less amount of surface sp2 carbons,
leading to less aggregation, non-spherical shape with sharp
edges, and higher nitrogen impurities.
n of microdiamonds,78 (c) laser ablation production of nanodiamonds,53

s from ref. 64 Copyright 2012 Springer-Nature, ref. 78 Copyright 2016

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Laser ablation

As shown in Fig. 1c,53 a pulsed laser beam is focused onto graphite
target immersed in water.51–53,80,81 The laser pulse leads to the
vaporization of carbon atoms to the surrounding liquid in the
form of an ablation plume. Carbon atoms trapped inside the
bubble under HPHT conditions (P= 1–10 GPa; T= 5000–6000 K)80

are subject to the formation of NDs with particle diameters of 3 to
15 nm51 or∼100 nm,81 depending on laser power conditions. This
method is more environmentally green and less hazardous
compared with detonation and HPHTmethods. In addition, high
purity NDs with minimal metallic impurities can be obtained.
CVD

As shown in Fig. 1d,55 a ND thin lm can be obtained from the
decomposition of methane in an excess of hydrogen gas in
a plasma reactor.56,82 Jin-Woo et al. reported NDs of 4–6 nm
using this method.82 Depending on the relative concentration of
the gas mixture (CH4/H2), microdiamonds (>100 nm), NDs (10–
100 nm), and ultrasmall (<10 nm) NDs in a lm can be
produced.56 For the synthesis mechanism of CVD NDs,
a carbon-containing precursor (∼1% CH4 in H2) is introduced
into a reaction chamber and then, plasma (a mixture of cH and
cCHx radicals and electrons) is produced through microwave
discharge or hot lament discharge.56,83 The released carbon
atoms from the precursors form diamond nuclei in gas phase or
on a substrate, serving as templates for further diamond
growth. In addition, NDs can grow on prepared diamond seeds
on a substrate.83 The diamonds grow slowly through the addi-
tion of carbon atoms onto the growing diamond lattice, ulti-
mately yielding NDs.
Comparison between different production methods

For detonation NDs, Osswald et al. found that the as-prepared
(i.e., pristine) detonation NDs (d ∼5 nm) contained 77% sp2
Fig. 2 Schematic representation of homogenization of ND surface
halogenation.87

© 2023 The Author(s). Published by the Royal Society of Chemistry
carbons using so X-ray absorption near-edge structure
(XANES) spectroscopy, but aer air oxidation, the amount of sp2

carbons was reduced to 5%.71 Stenclova et al. estimated 45% sp2

carbons for as-prepared detonation NDs (d = ∼5 nm) using
high-resolution XPS.84 Stehlik et al. prepared sub-10 nm HPHT
NDs and estimated 52% sp2 carbons for as-prepared HPHT NDs
using XPS, but sp2 carbons decreased to 9% aer air oxidation
at 450 °C for 1–2 h.77 For CVD NDs, Kozakov et al. estimated 32–
33% sp2 carbons using XPS.85 For laser ablation NDs, Xiao et al.
produced NDs (3.1–3.6 nm) via laser ablation of coals and
estimated 12% sp2 carbons using XPS.86

Detonation NDs, HPHT NDs, and laser ablation NDs are
produced under HPHT conditions and commercially available
because they can be produced on a large scale at a reasonable
cost. However, CVD NDs which are produced through nucle-
ation reactions on a substrate, are not commercially available
because the CVD synthesis takes a long time and thus,
production cost is high.
Surface homogenization and
hydrophilization
Surface homogenization

ND surfaces contain sp2 carbons and a mixture of hydroxyl,
carbonyl, and carboxyl groups aer production and purication
(Fig. 2).87 Therefore, ND surfaces should be uniformly termi-
nated with one type of functional groups to facilitate further
conjugation with other ligands.31,88,89 As shown in Fig. 2, the
surface homogenization includes carboxylation, hydroxylation,
halogenation, amination, hydrogenation, and graphitization.87

Alternatively, silica can be coated on ND surfaces because the
silica shell contains rich hydroxyl groups.90,91 Namely, core@-
shell structure of NDs such as ND@silica in aqueous media may
be also used for surface homogenization of NDs with numerous
–OH groups on silica surfaces.90,91
s via carboxylation, hydroxylation, hydrogenation, amination, and

RSC Adv., 2023, 13, 32381–32397 | 32383
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Fig. 3 TEM images of NDs synthesized by different methods: (a) detonation (d = 4–5 nm),116 (b) HPHT after fragmentation (d = 2–7 nm; davg =
3.5 nm),112 (c) CVD (d = 1–10 nm),57 and (d) laser ablation (davg = 3.5 nm).117 Low- and high (inset)-resolution images are provided. Reproduced
with permissions from ref. 116 Copyright 2012 Royal Society of Chemistry, ref. 112 Copyright 2009 IOP Science, ref. 57 Copyright 2003 American
Institute of Physics, and ref. 117 Copyright 2015 American Chemical Society.
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View Article Online
Surface hydrophilization

Surface homogenized NDs are not colloidally stable in aqueous
phase and thus, should be further graed with hydrophilic
polymers such as polyethylene glycol (PEG),92,93 PEG
Table 1 Particle diameter, morphology, and application of NDs produce

Production method Particle diametera Morphology

Detonation 1–10 nm Nearly sphe
Fragmentation of HPHT
microdiamond

2–50 nm Irregular sh
sharp edges

CVD 4–6 nm, 10–100 nm, >100 nm Nearly sphe
Laser ablation 3–15 nm, ∼100 nm Nearly sphe

a Particle diameter depends production method and conditions.

32384 | RSC Adv., 2023, 13, 32381–32397
derivatives,94,95 polyglycerol,39,96–98 polyethylenimine (PEI),99 and
polydopamine.100 Aer this, hydrophilic polymer-graed NDs
can be further conjugated with diagnostic and therapeutic
molecules for desired biomedical applications. ND–COOH can
be conjugated with –NH2 groups of hydrophilic polymers via
d by various methods

Application Refs

rical, aggregated Lubrication, composite ller 64, 65, and 116
ape with Optical probe 78 and 112

rical Coating, abrasive 56, 57, and 82
rical Magnetic probe 51, 52, 81, and 117

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD pattern of NDs produced by laser ablation (d= 3–4 nm).114

Reproduced with permission from ref. 114 Copyright 2013 Springer.

Fig. 5 Raman spectra of NDs of different sizes under 355 nm exci-
tation. Size in this figure is estimated by dynamic light scattering (DLS)
for HPHT and DND3 NDs and by XRD for the LND NDs. The peak at
1332.9 cm−1 is due to the C–C sp3 chemical bond as indicated by the
dotted line. The broad peak at ∼1580 cm−1 is due to graphite carbons
on ND surfaces, which becomes stronger for smaller NDs owing to
their higher surface to volume ratios.115 Reproduced with permission
from ref. 115 Copyright 2017 Elsevier.

Fig. 6 (a) Photoluminescence (PL) spectra of 100 nm HPHT NDs at
300 K with excitation wavelengths of 170 nm synchrotron source and
532 nm laser light, showing zero-phonon lines (ZPL) at 576 and
638 nm for NV0 and NV− centers, respectively.133 Vertical dotted lines
indicate ZPL positions. (b) PL spectra as a function of HPHT ND
diameters, showing no dependence of NV0 and NV− center positions
on particle diameter (510 nm laser excitation).122 Reproduced with
permissions from ref. 122 Copyright 2019 IOP Science and ref. 133
Copyright 2017 Wiley.
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View Article Online
amide bond using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)/N-hydroxysuccinimide (NHS) coupling
reaction.101–103 Or ND–COOH can be activated with thionyl
chloride (SOCl2) to form acyl chloride, i.e., ND–COCl, which can
directly react with amines of hydrophilic polymers to form
amide bond.104–107 ND–NH2 can be conjugated with –COOH
groups of hydrophilic polymers via amide bond using EDC/NHS
coupling reaction.108–110 ND–OHs can be conjugated with acid
chloride (ClO−) groups of hydrophilic polymers to form ester
bond, i.e., ND–OOC–polymer111 or with silanes to form ND–O–
Si–polymer.31 Silica coating can be considered as another
method of surface hydrophilization of NDs.90 This is because
silica and terminal –OH groups are hydrophilic. Bumb et al.
used tetraethyl orthosilicate as silica precursor to obtain
ND@silica in aqueous media,90 which was stable whereas
uncoated NDs precipitated in aqueous media.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Physicochemical properties

NDs can be characterized with various techniques.112–117 As shown
in low- and high (inset)-resolution transmission electron micro-
scope (TEM) images in Fig. 3a–d and Table 1, the diameters of
NDs largely depend on production method. The detonation NDs
contain a nearly spherical shape in severely aggregated forms with
thick graphitic shell.64,65,116 NDs obtained via fragmentation of
HPHTmicrodiamonds (simply, HPHT NDs) have irregular shapes
with sharp edges, but are well dispersed.78,112 CVD NDs56,57,82 and
laser ablation NDs51,52,81,117 are nearly spherical and well dispersed.
The particle diameters of detonation NDs are very small (davg = 5
nm) and narrow (2–9 nm)65 (polydispersity index, PDI = 0.11–
0.13).3 The particle diameters of HPHT NDs range from 2 to
50 nm, showing a broad size distribution because they are
produced from fragmentation of HPHT microdiamonds.112 Laser
ablation NDs exhibit the particle diameters of 3 to 15 nm51,52 or
∼100 nm,81 depending on laser power conditions. CVD diamonds
exhibit microdiamonds (>100 nm), NDs (10–100 nm), and ultra-
small (<10 nm) NDs, depending on the relative concentration
(CH4/H2).91
RSC Adv., 2023, 13, 32381–32397 | 32385
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Fig. 7 The top shows EPR spectra of HPHT 18 nm NDs in deionized
water and the bottom shows the EPR spectra of the same NDs after air
oxidation. Air oxidation removed the broad component arising from
disordered dangling bonds at the ND surfaces while leaving the narrow
component arising from lattice defects in the crystalline core unaf-
fected.45 Reproduced with permission from ref. 45 Copyright 2017
Springer-Nature.

Fig. 8 EPR analysis of 50 nm NDs before and after air annealing for 5
and 7 h. The inset on the top right shows contributions of nitrogen
impurity centers (labeled as P1) and surface spins (labeled as S) to the
EPR spectra. The EPR spectra under the annealing process are shown
below. The red dots in the drawing represent the P1 centers and the
blue dots represent surface spins.143 Reproduced with permission from
ref. 143 Copyright 2020 American Institute of Physics.
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NDs have a sp3 bonding structure. As observed in the X-ray
diffraction (XRD) patterns (Fig. 4),114 NDs exhibit a face-
centered cubic structure with the major peak at 2q of 44°
from the (111) diffraction plane along with two other peaks at 2q
of 75° and 91° from the (220) and (311) diffraction planes,
respectively. The broad peaks are owing to small particle sizes of
NDs.113,114

The Raman spectra of NDs produced by different methods
exhibit a diamond peak from the C–C sp3 chemical bond at
1332.9 cm−1 (Fig. 5).115 The broad peak at ∼1580 cm−1 is due to
graphite carbons on ND surfaces, which becomes stronger for
smaller NDs owing to their higher surface to volume ratios.

The polydispersity index (PDI) of NDs dened as (s/d)2 (s =

standard deviation of particle diameter distribution and d =

average particle diameter) can be measured using a TEM or
a dynamic light scattering (DLS) instrument.118 The DLS-PDI is
more commonly used than TEM-PDI because DLS-PDI can be
obtained from DLS. The DLS-PDI values of NDs synthesized by
different methods are as follows. The detonation NDs exhibited
PDI values ranging from 0.1 to 0.6,33,119 HPHT NDs32 and CVD
NDs120 exhibited PDI values ranging from 0.1 to 0.3, and laser
ablation NDs provided PDI values of 0.5 aer glycidol surface
coating.121 It should be noted that the PDI values are subject to
variation based on experimental conditions and post-synthesis
treatments.
32386 | RSC Adv., 2023, 13, 32381–32397
Wilson et al. investigated stability of HPHT NDs in water and
biological media such as 10% fetal bovine serum (FBS) in water,
Dulbecco's modied eagle medium (DMEM; common cell culture
medium), and DMEM with the addition of 10% v/v FBS (simply
denoted as CM).122 1% antibiotic penicillin–streptomycin was
added to both DMEM and CMmedia. DLS was used to investigate
stability of NDs in water and biological media as a function of
time. Hydrodynamic diameter did not change in water with time,
only slightly increased in FBS and CM media with time, but
severely increased in DMEM with time, resulting in precipitation
of NDs owing to ND aggregation; therefore, stability of NDs in
water, FBS, and CM was good, but poor in DMEM.

The surface zeta potential of NDs is important for colloidal
stability in solution. The surface zeta potential of as-synthesized
detonation NDs was slightly positive (∼1.5 mV) owing to –OH
groups on the ND surfaces.123 However, surface zeta potential of
detonation NDs became highly positive (>20 mV) or highly
negative (<−20 mV) aer surface modications with different
type of acids, respectively.124 On the other hand, the surface zeta
potential of as-prepared HPHT NDs was highly negative (<−40
mV) owing to –COOH groups on the ND surfaces,125,126 but
became positive aer successive heat treatments in air (480 °C,
5 h), vacuum (0.001 mbar, 1000 °C, 2 h), and H2 (500 °C, 10
mbar, 5 h).126

Fluorescent properties

Color centers are crystal defects that absorb and emit photons
while the crystal itself has no absorption; i.e., ND itself is
colorless and transparent. The uorescence of NDs is due to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Magnetic properties of RayND-M (d = 4.3–4.5 nm). (a)
Magnetization curve of RayND-M [in comparison with ordinary deto-
nation ND (DND), d = 3–10 nm]. (b) EDS spectrum of RayND-M; Fe,
Co, and Ni atoms as impurities were not detected.139 Reproduced with
permission from ref. 139 Copyright 2018 SPIE.

Fig. 11 Zero-field-cooled and field-cooled curves of the CVD
samples (#1a: samples after the laser-cut and #1b: after laser-pol-
ishing of the laser-cut surface) as a function of temperature between 2
and 380 K at applied fields of 0.01, 0.05, and 1 T.145

Fig. 9 (a) Magnetization (M) versus applied field (H) curves for the
detonation NDs (d= 4–5 nm) (Ms= saturationmagnetization) with 15N
dose at (a) 5 × 1014 cm−2 and (b) various doses: enhanced magneti-
zations were observed with doses above 5 × 1016 cm−2.144 Repro-
duced with permission from ref. 144 Copyright 2005 American
Physical Society.
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impurity atoms such as N and Si (mostly N) bound to structural
vacancies. The most common color centers are the NVs which
are created by irradiating NDs with high-energy particles (p+,
He+, or e−), followed by vacuum annealing of NDs at high
temperatures (600–800 °C);127–129 vacancies are rst produced by
irradiation and impurity atom vacancy centers are produced
from migration of impurity atoms to the vacancies during heat
treatment. Two types of NV centers are produced; neutral (NV0)
emitting visible photons with slightly shorter wavelengths at
576 nm compared with those of negatively charged (NV−)
emitting red photons;130–132 NV− centers are dominant at
638 nm and their quantum yield is ∼1.0. In addition, conju-
gation of octadecylamine to NDs allowed blue photon
emissions.104

Fig. 6a shows PL spectra of 100 nm HPHT NDs, showing two
emissions, i.e., zero-phonon lines (ZPL) of NV0 and NV− centers
at 576 and 638 nm, respectively; they were obtained with exci-
tation wavelengths of 170 nm synchrotron far-UV source and
532 nm laser light, respectively.133 In addition, the positions of
NV0 and NV− centers do not change with particle diameters
whereas broad emission from graphitic carbons on ND surfaces
are red-shied with increasing ND size, as shown in Fig. 6b.122

Moreover, since the NV centers are incorporated deeply
inside the ND matrix, their optical properties are not altered by
surface coating.90,134,135 The exceptional photostability with no
photobleaching of NV centers in NDs provides a greater
advantage to emerge as an ideal candidate for long term
© 2023 The Author(s). Published by the Royal Society of Chemistry
imaging.131 Most brightly uorescent NDs have been made from
HPHT NDs because the HPHT NDs contain the highest amount
of nitrogen impurities with a typical concentration of 100–
200 ppm among NDs produced with different methods.112,127 A
recent study showed that NV centers in detonation NDs can be
enhanced up to 104 ppm through a HPHT sintering.136

NDs can be engineered to emit near-infrared uorescence
(NIRF). This property makes them useful in bio-imaging
applications because NIR light can penetrate deeply into bio-
logical tissues. One of the commonly employed methods to
induce NIRF in NDs is the introduction of silicon vacancy (SiV)
RSC Adv., 2023, 13, 32381–32397 | 32387
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Fig. 12 Cytotoxicity of neuroblastoma cells incubated with various
types of NDs (d = 2–10 nm), carbon black (CB) nanoparticles (d = 20–
30 nm), and CdO nanoparticles (submicrometer size) viaMTT assay.150

Reproduced with permission from ref. 150 Copyright 2007 American
Chemical Society.
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centers (zero phonon line center = 738 nm) into NDs.137,138 The
SiV centers are created by introducing silicon precursors as
impurities into the diamond growth region for HPHT dia-
monds137 or detonation region for detonation NDs.138
Paramagnetic and ferromagnetic
properties

Bulk diamonds are diamagnetic owing to sp3 bonding structure.
However, NDs can take paramagnetic or ferromagnetic prop-
erties.139 Paramagnetism comes from graphitic surface layers in
NDs.140 Shames et al. found a high concentration of radical like-
paramagnetic surface spins (1020 spins per g).141,142 Fig. 7 shows
electron paramagnetic resonance (EPR) spectra of 18 nm HPHT
NDs showing that air oxidation of NDs reduces the amplitude of
the broad component in the spectra owing to the removal of
paramagnetic surface spins at the ND surfaces.45 A similar thing
Fig. 13 Cell cytotoxicity of NDs (davg = 4 nm) on HEK293 cells after
normalization with respect to control cells that were not incubated
with NDs. The control cells exhibited a cell viability of 97 ± 1% 24 h
after incubation.153 Reproduced with permission from ref. 153 Copy-
right 2010 Royal Society of Chemistry.

32388 | RSC Adv., 2023, 13, 32381–32397
was observed in 50 nm NDs; i.e., the paramagnetic component
from nitrogen impurity centers in ND crystalline core did not
change during annealing while that from surface spins were
signicantly removed (Fig. 8).143

The ferromagnetism in NDs is not clearly understood up to
now. Talapatra et al. observed ferromagnetism aer they irra-
diated NDs with 15N and 12C ions; the results for 15N ion irra-
diation are provided in Fig. 9a and b.144 At low doses, the
magnetization was independent of the irradiating species
indicating that it mainly arises from structural deformation
(i.e., generating sp2/sp3 defect structures) of the carbon bonds
in NDs. However, 15N implants exhibited higher saturation
magnetizations than 12C implants at higher doses (i.e., 5 × 1016

cm−2 in Fig. 9b whereas the magnetization was independent of
the irradiating species up to 1016 cm−2 doses), which could be
due to extensive defect generation or graphitization and, to
some extent, incorporation of nitrogen in the graphitic network
and formation of C–N bonds. Perevedentseva et al. prepared
ferromagnetic NDs via thermal treatment of NDs produced by
laser ablation in liquid (called RayND-M).139 They demonstrated
Fig. 14 Histopathology of rats showing no toxicity of NDs 12 weeks
after intravenous injection of NDs (hydrodynamic diameter = 800 nm)
and 8 weeks after intravenous injection of PBS solution (control).
Images of hematoxylin- and eosin-stained liver, spleen, kidney, lung,
and heart. N = 3 for all groups. Injection dose (2 mL of PBS for control
rats; 60 mg NDs per kg rat).162

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Laser scanning confocal fluorescence images of A549 cells. (a) The cell nuclei were dyed with Hoechst 33 258 to show the nucleus
position (Ex: 351 nm, Em: 350–460 nm). (b) The cell tissue was dyed with anti-b-tubulin (Cy3) to show the cell cytoskeleton (Ex: 543 nm, Em:
550–615 nm). The cells treated with 100 nm NDs with excitation with (c) 488 nm (Em: 500–530 nm) and (d) 633 nm (Em: 640–720 nm). (e)
Overlaid images of (a)–(d).170 Reproduced with permission from ref. 170 Copyright 2007 CellPress.
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that the surface structural modication could be the source of
ferromagnetism in RayND-M (Fig. 10a) rather than elemental
contents (Fe, Co, and Ni) as impurities because no such metals
were detected from elemental analysis using energy dispersive
X-ray spectroscopy (EDS) (Fig. 10b). For comparison, detonation
NDs did not exhibit ferromagnetism (Fig. 10a).

Setzer et al. investigated magnetic properties of natural and
CVD diamonds aer laser-cut.145 All of them exhibited ferromag-
netism aer laser-cut owing to surface graphite formation on
diamond surfaces. The surface graphites formed on CVD dia-
mond surfaces were <20 nm thick aer laser-cut and reduced by
10% aer laser polishing of the laser-cut surface. The zero-eld-
cooled (ZFC) and eld-cooled (FC) magnetization curves of the
laser-cut CVD diamonds before (sample #1a) and aer laser pol-
ishing of the laser-cut surface (sample #1b) weremeasured at 0.01,
0.05, and 1 T applied elds between 2 and 380 K as shown in
Fig. 11. The observed saturation magnetization values were 10 to
20 emu g−1 at 300 K, similar to those obtained with pure graph-
ites, supporting that the ferromagnetism of NDs resulted from
surface graphites formed on ND surfaces by laser-cut.
In vitro and in vivo biocompatibility

NDs are considered to be the most biocompatible form among
carbons (fullerene, graphene, carbon nanotubes, and so
on).146–151 The sp3 carbon core of NDs is chemically inert and
non-toxic. Therefore, toxicity of the NDs mostly comes from
surface materials including sp2 graphite carbons, functional
© 2023 The Author(s). Published by the Royal Society of Chemistry
groups, and metal impurities.152–156 NDs did not show any
noticeable toxicity on human embryonic kidney tumor
(HEK293T) cells up to concentration of 400 mg mL−1 [concen-
tration (mg mL−1) = mass of NDs (mg)/volume of solution (mL)],
conrming their non-toxicity.131 The viability of neuroblastoma
cells aer incubation with various concentrations of various
types of NDs, carbon black (CB) nanoparticles, and cadmium
oxide (CdO) submicroparticles were assessed using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
colorimetric assay (Fig. 12).150 The results exhibit that all NDs
are non-toxic and less toxic than CB whereas CdO sub-
microparticles are highly toxic. The cellular toxicity of NDs on
human embryonic kidney 293 (HEK293) cells was ranked in the
order of ND-NH2 > ND-OH > ND-CO2H at a concentration of 200
mg mL−1 (Fig. 13),153 indicating that higher negative ND surface
charges induce less cytotoxicity owing to less interaction
between cells and NDs. Generally, large NDs (more than 100
nm) are more biocompatible than smaller NDs (5 nm).157 This is
due to more active surface materials of smaller NDs compared
with those of large NDs.

The clearance of NDs from the body depends on their
particle diameter and surface properties. Small NDs (d < 3 nm)
graed with zwitterionic molecules can be excreted from the
body through the renal system,158–160 whereas large NDs (d > 3
nm) graed with polymers mostly accumulate in the body. NDs
(d < 3 nm) may be excreted through the renal system within 1 h
because inulin (3 nm) achieved 100% renal excretion with
a blood half-life of only 9 min.158 However, large NDs (d > 3 nm)
RSC Adv., 2023, 13, 32381–32397 | 32389
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Fig. 16 Bright-field fluorescence merged images of C. elegans fed with NDs (d = 50 nm) with nitrogen vacancy centers. (a) A conventional
fluorescence image obtained without SIP as shown in red, resulting from background and NDs. (b) An image obtained by SIP as shown in green,
resulting from only NDs. (c) The merged image of a and b; fluorescence from NDs is given in yellow whereas that from other sources remains
red.171 Reproduced with permission from ref. 171 Copyright 2012 American Chemical Society.
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are mostly taken up by the reticuloendothelial system (RES),
particularly in the liver and spleen, followed by the excretion
through the hepatobiliary system.158 The excretion through the
hepatobiliary system takes a long time. Yuan et al. investigated
the biodistribution and fate of very large NDs (d = 50 nm) in
vivo.161 They found that approximately 60% of injected NDs were
entrapped in the liver and 8% in the lung at 30 min aer
intravenous injection in mouse. These accumulation values
remained for 28 days aer injection, implying that large NDs are
not or negligibly excreted from the body.

Barone et al. conducted an in vivo histological evaluation of
various rat organs including the liver, spleen, kidney, lung, and
heart 12 weeks aer intravenous injection of large NDs
(hydrodynamic diameter = 800 nm) (Fig. 14).162 The analysis
showed few changes in liver, spleen, kidney, lung, and heart
aer injection (60 mg of NDs per kg rat), showing no-toxicity of
the NDs. All these in vitro and in vivo studies conrm that NDs
are non-toxic.
Fig. 17 Confocal microscopy fluorescence images of HeLa cells 2 h
after incubation (d=∼100 nm; 25 mgmL−1; 488 nm excitation) with (a)
rA27-NDs and (b) rDA27-NDs as control. The red fluorescence in (a) is
from targeted NDs, whereas negligible red fluorescence in (b) is owing
to negligible targeting of NDs. The blue emission is due to fluores-
cence from Hoechst 33 342-stained cell nuclei.174 Reproduced with
permission from ref. 174 Copyright 2017 American Chemical Society.

32390 | RSC Adv., 2023, 13, 32381–32397
Moore et al. conducted a comprehensive study on the
biocompatibility of detonation NDs (hydrodynamic diameter =

52.7–59 nm) in non-human primates (i.e., monkeys) for 6 months
and rats for 2 weeks by analyzing urine, body weight, histology,
and blood.163 They did not nd any adverse effects on various
organs such as the liver, kidneys, and lung. This result supports
the outstanding biocompatibility of NDs.

However, long-term toxicity (>1 year) of NDs should be carefully
studied for clinical applications. For example, blood samples can
be drawn and analyzed to detect any biomarkers that are indica-
tive of potential inammatory responses. In addition, routine
welfare checks should be performed to monitor changes to the
overall physical and mental health such as body weight, behavior,
and signs of weakness of the animals. Furthermore, major organs
should be collected and subjected to extensive histological anal-
yses to detect any phenotypic changes.164 These long-term toxicity
data are essential for U.S. Food and Drug Administration (FDA)
approval for clinical applications.165
Specific functionalizations

There are many studies on specic functionalizations of NDs by
conjugating specic ligands to NDs. Lake et al. synthesized
Nup98 antibody-conjugated NDs to target Nup98, a component
of the nucleoporin ring structures of the nuclear pore complex
(NPC).166 The successful targeting of the Nup98 antibody-
conjugated NDs onto the Nup98 of NPC was conrmed from
TEM images and uorescence imaging of NV centers of NDs.
Leung et al. conjugated NDs with three ligands, i.e., an anti-
sense oligonucleotide ANA4625, a human immounodeciency
virus TAT protein, and a nuclear localization signal (NLS)
peptide in series in aqueous media.167 The ANA4625-NLS-TAT-
NDs targeted the NPC and penetrated into cancer cells. They
conrmed nuclear targeting through uorescence imaging of
NV centers of NDs. Nie et al. conjugated NDs with pH sensitive
dextran to facilitate endocytosis of NDs inside HeLa cancer
cells. They demonstrated cell internalization of NDs through
uorescence imaging of NV centers of NDs.168
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Biomedical imaging applications
FI

NDs are emerging as a new and promising imaging agent for long
term in vitro and in vivo studies.34 NDs have defects as color
centers that can emit uorescence. ND uorescence from NV
centers is highly photostable with no photobleaching and
quenching owing to protection by the robust diamond lattice.131,169

Chao et al. successfully observed uorescence emission from NDs
treated into human lung epithelial (A549) cells (Fig. 15), con-
rming potential of NDs as imaging agents.170 Igarashi et al.
developed a background-free selective imaging protocol (SIP) to
observe uorescent NDs with nitrogen vacancy centers.171 To this
end, they irradiated microwave (2.87 GHz) to remove auto-
uorescence intensity from biological molecules. Using this
imaging technique, they observed background-free uorescence
from NDs fed into Caenorhabditis (C.) elegans (Fig. 16).

NDs can be used as in vivo tracking nanoprobes utilizing
their uorescence properties of NV centers. Mohan et al. found
that the NDs (hydrodynamic diameter = ∼120 nm) enabled
continuous imaging of the whole digestive system of the C.
elegans via uorescence imaging for several days aer feeding
them with NDs.172

NDs can be used as specic imaging agents aer conjugation
of specic targeting ligands with NDs. Han et al. synthesized
hyaluronate (HA)-conjugated NDs (d = ∼100 nm) to use them
for in vitro human liver cancer cell (HepG2) imaging and in vivo
liver imaging utilizing the fact that the liver cells possess
Fig. 18 OMRI at 6.5 mT MR field. (a) A vial of deionized (DI) water (blue) a
(yellow), 3 mgmL−1 (red) and 1 mgmL−1 (purple). The surrounding volum
obtained via standard balanced steady-state free precession (bSSFP) MRI.
(e) A 1H:13C MR image at 7 T MR field for a mouse thorax after intrathor
mouse imaging and 13C MRI was used for hyperpolarized ND imaging: t

© 2023 The Author(s). Published by the Royal Society of Chemistry
abundant HA receptors.173 Pham et al. synthesized rA27(aa 21–
84)-conjugated NDs (d=∼100 nm) to use them for humanHeLa
cancer cell imaging.174 As shown in Fig. 17a, rA27-conjugated
NDs exhibited red uorescence owing to their targeting to the
glycosaminoglycans (GAGs) of HeLa cells, whereas rDA27-
conjugated NDs as control showed negligible red uorescence
as shown in Fig. 17b because rDA27 is not specic to GAGs.
MRI

The paramagnetic and ferromagnetic properties of NDs are the
potential sources for MRI. So far only the paramagnetic prop-
erties of NDs had been applied to MRI. Waddington et al.
explored the Overhauser effect based on a proton–electron
polarization transfer technique for MRI (called Overhauser-
enhanced MRI: OMRI).45 This effect transfers spin polariza-
tion from paramagnetic impurities (i.e., NVs and unpaired
electrons in sp2 graphite shell) in NDs to 1H proton spins in the
surrounding water solution, creating MRI contrasts.45 As shown
in phantom images (Fig. 18a–d), higher contrasts were observed
with increasing ND concentration in solution at 6.5 mT MR
eld, demonstrating the capability of NDs as imaging probes in
MRI.45 The same group applied the hyperpolarized 13C (1.1%
natural abundance carbon content in ND) to MRI in vivo at 7 T
MR eld.175 They prepared hyperpolarized 13C NDs using a 2.88
T superconducting nuclear magnetic resonance (NMR) magnet.
An MR contrast image was clearly observed in mouse aer
intrathoracic injection of hyperpolarized 2 mm-diamonds
dispersed in water, as shown in Fig. 18e.
nd vials containing 18 nm HPHT NDs at concentrations of 10 mg mL−1

e was filled with DI water (blue). Scale bar is 20 mm. (b) Phantom image
(c) OMRI bSSFP phantom image. (d) The difference between b and c.45

acic injection of hyperpolarized 2 mm diamonds. 1H MRI was used for
he scale bar is 3 mm.175
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Fig. 19 Dual-modal optical and 13C MR imaging. (left) Ring-shaped phantom filled with 40 mg of 200 mm diamonds. (middle) Fluorescence
image with a 630 nm filter. (right) 13CMR image.176 Reproducedwith permission from ref. 176 Copyright 2021 National Academy of Sciences USA.
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Recently, Lv et al. reported that microdiamonds containing
NVs can be used as dual-modal optical and 13C MR imaging.176

They used 40mg of 200 mmdiamonds for phantom imaging and
successfully performed dual optical and MR imaging, as shown
in Fig. 19.
Conclusions and outlook

NDs have received a considerable interest owing to their non-
toxicity, chemical inertness and hardness due to sp3 bonding
structure, easy surface functionalization due to sp2 graphitic
shell, optical properties suitable for use as FI probes, and
paramagnetic and ferromagnetic properties suitable for use as
MRI probes. NDs can be produced using various methods as
reviewed here. In addition, they are commercially available at
reasonable prices.

Although pure NDs are colorless and optically transparent,
NDs with NVs as color centers are uorescent in the red region,
which are extremely useful as FI probes. In addition, conjuga-
tion of octadecylamine to NDs allowed blue photon emissions.
Their potential as FI probes has been demonstrated via in vitro
and in vivo experiments. Compared with organic dyes and
quantum dots (QDs), color centers of NDs are extremely pho-
tostable with no photobleaching and quenching owing to their
location at the ND center and protection by strong sp3 structure.
Very high quantum yields close to one supports the superiority
of NDs as FI probes.

Pure NDs are diamagnetic owing to a closed-shell sp3 elec-
tronic structure. However, NDs are paramagnetic owing to
defect structures such as NVs and sp2 surface graphitic carbons.
NDs can be even ferromagnetic aer thermal treatment or aer
ion irradiation with 15N and 12C. These paramagnetic and
ferromagnetic properties of NDs make them useful as MRI
probes. The paramagnetic properties had been successfully
applied to MRI in vitro and in vivo whereas the ferromagnetic
properties have not been applied to MRI so far. Considering
that the ferromagnetic NDs can be applied as T2 MRI probes
such as iron oxide nanoparticles, studies of ferromagnetic NDs
as T2 MRI probes will be highly appreciated.

The uorescent intensity of NDs is typically lower than those
of organic dyes and quantum dots. Therefore, NDs with a high
32392 | RSC Adv., 2023, 13, 32381–32397
density of NV centers must be developed because their uo-
rescent intensity is proportional to the amount of NV centers
per ND. On the other hand, for biomedical applications, small
and size-controlled NDs (d < 3 nm) are preferred to ensure their
renal excretion from the body, but small NDs have a small
amount of NV centers, leading to reduced uorescence inten-
sity. Therefore, it will be extremely useful to develop size-
controlled, small NDs (d < 3 nm) with a high density of NV
centers. Although NDs do not cause biotoxicity in the body, they
are not metabolized in the body. Therefore, synthesis of small
and brightly uorescent NDs on a large scale is a great future
challenge.

Considering excellent optical and magnetic properties
including outstanding biocompatibility,163 NDs are considered
as potential dual-modal FI and MRI probes. ND surfaces can be
easily conjugated with hydrophilic ligands for colloidal stability
in aqueous media for biomedical applications. Further, ND
surfaces can be conjugated with various functional molecules,
antibodies, and drugs for further advanced applications.
Therefore, NDs can serve as a new class of promising probes for
theranostic biomedical applications in the future.

Abbreviations
A549
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Human lung epithelial cell

bSSFP
 Balanced steady-state free precession

C
 Caenorhabditis

CB
 Carbon black

CdO
 Cadmium oxide

CVD
 Chemical vapor deposition

DLS
 Dynamic light scattering

DND3
 De-agglutinated detonation nanodiamond colloid

EDC
 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

EDS
 Energy dispersive X-ray spectroscopy

EPR
 Electron paramagnetic resonance

HEK293
 Human embryonic kidney 293 cell

HPHT
 High pressure and high temperature

TEM
 Transmission electron microscope

FI
 Fluorescence imaging

LND
 Laser-synthesized ND

MRI
 Magnetic resonance imaging
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MTT
© 2023 The
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide
ND
 Nanodiamond

NHS
 N-Hydroxysuccinimide

NMR
 Nuclear magnetic resonance

NV
 Nitrogen vacancy

OMRI
 Overhauser-enhanced MRI

PBS
 Phosphate buffer solution

PEG
 Plyethylene glycol

PEI
 Polyethylenimine

QD
 Quantum dot

SIP
 Selective imaging protocol

HEK293T
 Human embryonic kidney 293 tumor cell

XRD
 X-ray diffraction
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