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Abstract: Multi-color fluorescent nanodiamonds (FNDs) 

containing a variety of color centers are promising fluo-

rescent markers for biomedical applications. Compared 

to colloidal quantum dots and organic dyes, FNDs have 

the advantage of lower toxicity, exceptional chemical 

stability, and better photostability. They can be surface 

functionalized by techniques similar to those used for 

other nanoparticles. They exhibit a variety of emission 

wavelengths from visible to near infrared, with narrow 

or broad bandwidths depending on their color centers. In 

addition, some color centers can detect changes in mag-

netic fields, electric fields, and temperature. In this article 

review, we will discuss the current trends in FND’s devel-

opment, including comparison to the early development 

of quantum dots. We will also highlight some of the latest 

advances in fabrication, as well as demonstrations of their 

use in bioimaging and biosensing.

Keywords: fluorescent nanodiamonds; imaging; sensing; 

color centers; fluorescent probes.

1   Introduction

Over the past decades, efforts have been focused on the 

development of fluorescent nanoparticles to analyze 

complex biological processes, as well as to track and 

localize individual drugs, proteins, nucleic acids, and 

small molecules [1–5]. Ideal fluorescent nanoparticles 

should exhibit most, if not all, of the following features: 

(1) high sensitivity, down to the single molecule level, 

(2) high spatial resolution (with correspondingly small 

size at the nanoscale), (3) high molar absorption coeffi-

cient at the excitation wavelength with high fluorescence 

quantum yield, (4) absence of blinking and photo bleach-

ing for real-time imaging, (5) robust surface chemistry, 

(6) biocompatibility, and (7) lack of toxicity. Furthermore, 

a suitable fluorescent marker should be conveniently 

excitable and detectable in the biological transparency 

window to avoid simultaneous excitation of endogenous 

fluorescent molecules, such as blood constituents, cofac-

tors, and water. Unfortunately, most fluorescent markers 

do not possess all of these features.

The most widely used fluorescent markers are organic 

dyes, such as rhodamine, coumarin, and cyanine dyes, 

and their derivatives. Within the group of dyes, we could 

also include fluorophores that are part of a protein’s struc-

ture (such as phycobiliproteins and fluorescent proteins 

that can be genetically encoded) [6]. While most organic 

dyes exhibit moderate to high quantum yields, many are 

photolabile and undergo photobleaching during continu-

ous excitation. The Stokes shift (the difference between 

the spectral positions of the maxima of the absorption and 

emission spectra) [7] for most fluorescent dyes are often 

very small [8], which poses problems such as cross-talk 
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between different dye molecules. Additionally, the inten-

sity of the fluorescence depends on the local environment 

and can be influenced by pH, hydrophobicity, tempera-

ture, and solvent [7]. The only fluorophore that is FDA 

approved for clinical use is the organic dye indocyanine 

green (ICG) [9]. However, ICG suffers from very low fluo-

rescence quantum yield [10, 11], limited stability, and 

binding to plasma proteins [12].

Fluorescent nanoparticles overcome some of the limi-

tations of organic dyes, such as quenching and environ-

mental factors, and can be separated into a few distinct 

groups, including quantum dots [13, 14], highly fluores-

cent semiconducting polymer dots [15], ultrabright fluo-

rescent silica particles [16], upconverting nanoparticles 

[17–19], gold nanoparticles [20], carbon dots [21], as well 

as a large group that can be described as dye-doped 

polymeric nanoparticles [20]. Quantum dots (QDs) are 

clusters of semiconductor nanocrystals, created from II/

VI and III/V elements, that display size-dependent lumi-

nescence [13, 14]. QDs absorb photons in the ultraviolet 

region, and then emit photons at longer wavelengths, in 

a size-dependent fashion. Relative to organic dyes, QDs 

exhibit non-quenching fluorescence, with large Stokes 

shifts, high fluorescence quantum yields, and can be 

made in an ultrasmall size (<2  nm) for single molecule 

imaging [13, 14]. However, QDs have not gained broad and 

substantial acceptance in the biological sciences due in 

part to the known toxicity of the Cd that forms the core 

of most QDs. While it is possible to coat the Cd core with 

a protective shell, their biocompatibility is still debated 

[13, 22], largely due to concerns about leaking of Cd2+, and 

cytotoxic surface ligands [23]. On the other hand, upcon-

verting nanoparticles (UCNPs) and gold nanoparticles 

have good biocompatibility and photostability, but show 

low fluorescence quantum efficiency [17, 18, 24, 25]. Due 

to space limitations, UCNPs, gold nanoparticles, carbon 

dots, and dye-doped polymeric nanoparticles will not be 

discussed further in this review.

Fluorescent nanodiamonds (FNDs), owing to their 

unique optical and chemical properties, are proposed to 

be the best alternative probes that can meet the ideal fluo-

rescent marker’s criteria. In this section, we will compare 

FNDs to commonly used QDs in terms of optical proper-

ties, photostability, and biocompatibility.

1.1   FNDs and QDs optical properties

FNDs and QDs share important optical, chemical, pho-

tochemical, and photophysical properties that make 

them excellent fluorescent markers. However, they have 

completely different electronic structures. QDs have delo-

calized electrons whose wavefunction can extend to the 

surface, while FNDs have color center defects that act like 

isolated atoms or molecules in a solid host. Therefore, 

photoluminescence of FNDs originates from local defects 

(color centers) in nanodiamond crystals and, at least in 

principle, is not expected to be strongly affected by crystal 

size until the nanodiamond size becomes less than 5 nm.

FNDs bright and photostable photo-luminescence 

cover a wide range of the VIS to NIR spectrum; for instance, 

blue emission for N3 center, green emission for H3 (N2V) 

complex, red-NIR emission for nitrogen-vacancy (NV 

center), silicon-center (SiV), germanium-vacancy (GeV), 

tin-vacancy (SnV), and nickel center (Ni) color centers 

[26–31], as shown in Figure 1A [32]. Here, it is important 

to note that new color centers are being discovered on a 

yearly basis, as only a fraction of the periodic table has so 

far been implanted into diamond [34]. Many of the new 

color centers are narrowband as preferred for biomarkers, 

especially for large-atom implantation.

Of these color centers, the NV center is the most exten-

sively studied type of fluorescent diamond centers and 

has been well characterized for its photophysics, as well 

as its use in biological settings. Unless specifically stated, 

the remaining discussion on NVs is taken largely from 

the recent NV-center literature. The brightness of FNDs 

depends on the average number of emitting color centers 

per particle [35]. Recently, the brightness of these FNDs and 

color centers stability (especially for NV center) have been 

optimized as a function of size [36]. Accordingly, irradiated 

100 nm FNDs (with NV color centers) are 12 times brighter 

than a conventional organic dye (Auto 532 dye) [36]. For 

small FNDs, with a size less than or equal to 20 nm, bright-

ness will decrease by about two orders of magnitude com-

pared to that for 100 nm FNDs. Recent efforts have been 

made to optimize the brightness stability of small NDs 

down to 10 nm (almost single emitter), and they are com-

mercially available for biomedical applications [36].

The brightness of QDs is much higher than FNDs [28] 

and the emission spectra of QDs are tunable by particle 

size, as shown in Figure 1B [13, 33]. The quantum con-

finement effect is especially relevant when the size of the 

QDs crystals becomes smaller than the Bohr radius (for 

example ∼5  nm for CdSe) and causes the energy of the 

optical transitions to be dependent on the properties of 

the shell material, and strongly on their size [37–39]. As a 

result, the photoluminescence of QDs is very sensitive to 

their surface states; fluorescence transduction is based on 

the principle that chemical or physical interactions occur-

ring at the surface of the QDs change the efficiency of the 

radiative recombination, leading to photoluminescence 
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blinking [40]. Recently, there have been reports of ultr-

asmall QDs with suppressed blinking [41], but these were 

not reproducible and later retracted [42].

1.2   FNDs versus QDs biocompatibility

QDs biocompatibility has been extensively investigated and 

is still debated [23, 43]. Assessments of QDs in living cells 

using in vitro experiments have been reported in [44]. QDs 

have shown an increase in the percentage of cell deaths as 

the concentration increases. A recent study based on cell 

viability indicates that toxicity is closely correlated with 

quantum dot surface properties (including shell, ligand, 

and surface modifications) [45]. Safety concerns are still 

high for using the most efficient QDs structure (CdSe core 

covered by ZnS and further covered by ZnS/SiO
2
 multiple 

shells), because the expected leakage of cadmium ions 

results in cytotoxicity [23]. Toxicity, based on cell death 

measurements, was minimized to about 20% of its origi-

nal value by coating the surface of QDs with poly(ethylene 

glycol) (PEG), as shown in Figure 2A [44]. To avoid cytotoxic 

materials in general, possible alternatives to classical QD 

labels could be InP or InGaP [49, 50] of III/V group semi-

conductors, which are currently available commercially. 

However, these nanoparticles are much more difficult to 

synthesize and do not display photoluminescence intensi-

ties comparable with classical QDs, such as CdSe.

Recently, efforts have been focused on capping the 

surface of QDs to improve biocompatiblity. For example, 
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Figure 1: Optical properties of FNDs and QDs.

(A) Absorption and emission bands of most of the color centers in diamonds. Adapted from [32]. (B) Quantum dot emission wavelength as a 

function of size. Adapted from [33].
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a parallel comparative study including in vitro and in vivo 

experiments was done on the toxicity of quantum dots 

synthesized by different techniques and with different 

surface engineering [51]. Specifically, these experiments 

were done on living cells in culture, and on a group of mice, 

using three groups of QDs. These different QDs groups are 

prepared as follows: QDs encapsulated by an amphiphi-

lic polymer (denoted as QDs-1), QDs surface engineered 

by glutathione-mediated ligand exchange (denoted as 

QDs-2), and QDs prepared by a coprecipitation approach 

in the aqueous phase that produces a mercaptopropionic 

acid capped surface (denoted as QDs-3). It was found that 

QDs-1 encapsulated with an amphiphilic polymer have 

the lowest toxicity in both cellular and mice experiments. 

Furthermore, QDs-1 exhibits less adverse effects on cell 

proliferation and DNA fragmenting, while both QDs-2 and 

QDs-3 show obvious cell damage [51]. This study suggests 

that encapsulation methods play vital roles in the acute 

toxicity profiles of QDs. In general, toxicity associated 

with QDs is a big concern in biological applications.

In contrast to QDs, the toxicity of FNDs is entirely 

related to the surface purity. For example, nanodiamonds 

produced by detonation (DNDs) have been reported to 

have strong anti-bacterial properties, if not well cleaned 

[52]. However, aggressively cleaned FNDs do not show this 

behavior. Additionally, functionalization can suppress 

toxicity of uncleaned DNDs, for example strong bonds 

(C-C bonds) can be created between the graphitic shell 

and the surface functional groups following Diels–Alder 

reactions [53] and diazonium chemistry [54].

However, it is preferable to remove the graphitic shell 

for quantum efficiency and phototoxicity considerations. 

This is normally done with aggressive oxidation both in 

liquid (boiling in acids) and in air at temperatures above 
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Figure 2: An illustration of toxicity levels of QDs and FNDs in living organisms.

(A) Toxicity assessment of cell exposed to QDs for 4 h. The upper curve represents pure QDs without surface modifications. The other curves 

illustrate QDs with PEG coating at different concentrations (750- and 6000-Mw PEG-substituted QDs). Adapted from [44]. (B) Zebrafish embryos 

development stages with various concentrations of nanodiamond for different periods at 4-h post-fertilization (hpf) and 24 hpf (upper image in 

Figure 2B). Mortality and hatching of zebrafish embryos as a function of the NDs concentrations (lower image in Figure 2B). Adapted from [46]. 

(C) Images of worms fed with FNDs coated with BSA (bovine serum albumin) and DOX (doxorubicin). Insets: 100× magnified images of the FNDs 

within the intestinal cells. Adapted from [47]. (D) Optical images of a single human kidney cell after fluorescent nanodiamond uptake. The red 

spots are the FNDs. Inset: Toxicity assessments of showing the survival percentage of the kidney cells versus the FNDs doses. Adapted from [48].
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500°C [55]. Once the surface has been cleaned to expose a 

pristine diamond surface, there are a number of function-

alization strategies that have been applied. For example, 

one approach is to reduce all carboxyl (-COOH) groups to 

hydroxyl (-OH). From this, a silane linkage can be made 

[56], or alternatively nitrogen can be attached directly to 

the surface carbon, serving as a basis for linkers like PEG, 

antibodies, proteins, DNA, etc. [57–59].

Recently, Havlik et al. developed a synthetic method 

to replace the carboxylic group on nanodiamonds (NDs) 

surface by fluorine using selective sp3-based radical chem-

istry [60]. This surface modification produces nanodia-

monds with a highly hydrophilic interface with mixed C-F 

and C-OH terminations. These dual terminations on NDs 

surface suppress hydrophobic interactions, which cause 

NDs agglomeration in solutions. Furthermore, fluorina-

tion of NDs leads to surface band-bending that stabilizes 

shallow fluorescent NV center for small size FNDs (espe-

cially size <100 nm) [60]. All these surface advanced mod-

ifications make NDs suitable for a variety of biomedical 

applications.

Toxicity assessments, after surface preparation, have 

been performed on FNDs by in vitro and in vivo experi-

ments. The most sensitive experiments were done by 

Cheng and coworkers [46] who conducted toxicity tests 

of nanodiamonds (NDs) on the zebrafish embryo model 

in vivo. This model is especially sensitive to toxicity at 

critical stages of embryo development. They found that 

for ND concentrations below 1 mg/ml, even in the critical 

stage, zebrafish embryos exhibit similar development as 

compared to the control groups, as shown in Figure 2B. 

However, at higher concentrations, the NDs affect the 

zebrafish embryos at the Pharyngula stage, as shown in 

Figure 2B. The results suggested that NDs are safe as a 

drug delivery agent for concentrations below 1 mg/ml. In 

this study, a significant toxicity was observed only for very 

high ND concentration, above 5 mg/ml, where an increase 

in the mortality rate of zebrafish embryos (to 60%) and 

a decrease in hatching rate (to 20%) was seen, as shown 

in Figure 2B [46]. In earlier work, FNDs were also fed to 

more than 600 worms (C. Elegans) ∼600 worms at a dose 

of the range of ∼3 ng/worm or ∼1 × 106 particles/worm. 

This amount of FNDs did not cause any detectable stress 

to the worms for several days, as shown in Figure 2C [47]. 

Upon microinjection of the worms with FNDs, some were 

passed along to offspring without any apparent effect on 

development. Another early study showed only a modest 

decrease of cell viability at a FND dose of very high dose 

of 400 mg/ml corresponding to 1011 particles per ml after 

uptake by 293 T kidney cells, as shown in Figure 2D [48]. 

Recently, FNDs have been injected into groups of mice for 

more than 5 months at a dosage of up to 75 mg/kg body 

mass and shown no evidence of toxicity, neither in the 

living animals, nor in the histopathological examina-

tions [61]. In another important study on nanodiamonds 

toxicity assessment, 0.002–0.05  wt% of NDs in solution 

hydrosols were given to mice instead of water for 6 months 

and showed no significant effects on growth rates, organ 

weights, or reproductive rates for at least 3 generations 

[62]. For more extensive discussion of NDs toxicity includ-

ing those with cleaned and uncleaned surfaces a recent 

review is recommended [55].

1.3   Challenges for fluorescent nanodianonds

FNDs exhibit unique optical and chemical properties, as 

well as exceptional biocompatibility as discussed above. 

However, there are still challenges that can limit short and 

long-term interaction of nanodiamonds with living organ-

isms. These include colloidal stability, specific targeting of 

structures in biological samples, and brightness against 

auto-fluorescence in commercial microscopes, especially 

those using filters specifically designed for particular dyes.

Successful strategies have been developed to achieve 

stable aqueous dispersions of NDs produced from com-

mercial detonation nanodiamonds or crushed/milled high 

pressure high-temperature (HPHT) diamonds [22, 62–64]. 

Briefly, as outline in review paper [22], the problem arises 

when crushed NDs (HPHT) or DNDs are irradiated with an 

ion beam and annealed at high temperature in a vacuum 

to create color centers. Annealing at high temperature 

results in a graphitic shell formed on the surface of the 

NDs which is responsible for the instability. However, this 

can be removed by a combination of dry and wet oxidation 

(mixture of nitric and sulfuric acids). This oxidization pro-

duces carboxylic groups on the surface of the NDs which 

increase the colloidal stability and allows further function-

alization for specific bio-conjugations. Furthermore, oxidi-

zation of the surface of NDs allows covalent modifications 

that have been proposed to improve stability in biological 

environments as well as to increase the loading capability 

for the delivery of therapeutic cargos [22, 63].

As mentioned above, another challenge facing the use 

of FNDs in biological imaging is the degree of nanodiamond 

brightness. This was studied in detail in reference [28] and 

is summarized in Figure 3A which compares signal to (auto-

fluorescence) background ratio (SBR) of NDs to organic 

dyes and QDs. To keep this in perspective, Figure 3B shows 

photostability for the same fluorescent emitters to illustrate 

the tradeoff in brightness versus bleaching rate. Some of 

the poor SBR performance of NV is due to a mismatch of 
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excitation, emission, and dichroic filter sets. To address 

this, Philipp Reineck et al. recently studied the influence of 

different optical filters for FNDs and came up with suitable 

filter combinations that can improve the signal to noise 

ratio of FNDs in commercial microscopes [28].

Finally, while the exceptional physico-chemical stabil-

ity of diamonds is considered an advantage for imaging, 

it may be a concern for medical applications if there is 

accumulation in the tissue. This was addressed by a recent 

study [65] which showed that fluorescent nanoparticles 

of size greater 8 nm can be trapped in the body tissue. In 

contrast, particles of smaller sizes (including all surface 

chemistry) can be rapidly eliminated from the body via 

kidneys (and liver) but can still passively target a tumor 

with high efficiency. Note that in this study, fluorescent 

nanoparticles are divided to nonrenal clearable inorganic 

NPs (above the kidney filtration threshold 6–8  nm) and 

renal-clearable ones (below the kidney filtration threshold 

6–8 nm), as shown in Figure 3C, where it was noted that 

shape and surface chemistry can modify the size threshold. 

Fortunately, ultrasmall fluorescent nanodiamonds (size 

less than 2 nm as shown in Figure 3D) have been reported 

in the literature [66]. Later we will discuss how such ultras-

mall ND particles might soon be mass-produced.

Figure 3: A Brightness and photostability of FNDs compared to other fluorescent nanoparticles. Also a demonstration of kidney filtration 

threshold of small nanoparticles.

(A) Signal-to-noise ratio comparison of different fluorescent materials performed on a commercial microscope (Olympus IX83-wide field 

fluorescence microscope). Adapted from [28]. (B) Normalized fluorescence emission intensity as a function of time for different fluorescent 

probes under continuous excitation. Adapted from [28]. (C) Liver, spleen, and uptake of representative nonrenal clearable inorganic NPs and 

renal-clearable inorganic NPs in mice following intravenous injection. Adapted from [65]. (D) The measured autocorrelation function (red 

symbols) to estimate the effective size of fluorescent nanodiamonds with SiV color center of 1.6 ± 0.2 nm when using 0.6 nm as a reference 

for the hydrodynamic radius for Rhodamine 6G in water. Adapted from [66].



M.H. Alkahtani et al.: Fluorescent nanodiamonds: past, present, and future      1429

2   Bio-applications of FNDs

Drug delivery is one of the earliest bio-medical applica-

tions of nanodiamonds (NDs) that has been investigated. 

Also, clinical applications of non-fluorescent DND nano-

diamonds are the most recent technology in bio-applica-

tions. Initially, non-fluorescent nanodiamonds were used.

2.1   Non-fluorescent nanodiamonds for drug 
delivery

Early studies on the use of nanodiamonds as drug deliv-

ery vehicles were reported by the group of Ho in 2007 [67]. 

These studies showed that the chemotherapeutic agent 

doxorubicin (DOX) could be passively absorbed onto the 

surface of non-fluorescent nanodiamonds to create nano-

diamond-drug complexes (NDX) then delivered into cancer 

cells with preserved efficacy, as well as slow and sus-

tained DOX release [67, 68]. The NDX treatment overcomes 

a problem seen with drug-resistant tumors in which trans-

porter proteins facilitate the efflux of drug compounds out 

of the cell, markedly decreasing, or precluding treatment 

efficacy. A mechanism of how these nanodiamonds act 

to circumvent drug resistance is shown in Figure 4A [69]. 

Similarly, absorption and delivery of other drugs have 

been reported including, anticancer agents mitoxantrone 

(MTX), cisplatin, 4-hydroxytamoxifen (4-OHT), and pur-

valanol A [70–73], an anti-inflammatory drug dexametha-

sone [73], and the diabetes drug insulin [74]. 

In preclinical experiments, the NDX complex was 

shown to inhibit tumor growth in both murine LT2-Myc 

liver tumor and 4T1  mammary tumor without affect-

ing normal tissues [68]. Figure 4B shows that treatment 

with 100 µg of a Dox equivalent of either free Dox or NDX 

effectively inhibited liver tumor growth, with a measur-

able preference for NDX. ND with Dox has decreased the 

percentage of mice with tumors, after treatment, to less 

than 50% and increased the survival probability over a 

long period of time as shown in Figure 4C, D. In additional 

safety studies, NDX was found not to elicit myelosuppres-

sion, which is an unwanted side effect of free DOX chemo-

therapy underlying patient mortality.

2.2   Non-fluorescent nanodiamonds in Root 
canal therapy (RCT)

RCT is a common treatment used to address infected pulp 

tissue and protect the tooth against future reinfection in 

order to preserve its normal function. The current mate-

rial used in RCT obturation is gutta percha (GP), which 

is generally made of zinc oxide and other materials [75]. 

Commonly used GPs are limited by microleakage, allow-

ing fluids and bacteria to access the treated root canal. In 

addition, GPs also have suboptimal mechanical proper-

ties, which can cause buckling during obturation [76, 77].

In a recent achievement, Ho and his co-authors embed-

ded GPs with nanodiamonds (NDs) to form GPs-ND com-

position that has shown better performance for root canal 

filling [78] than GP alone, as shown Figure 5A. GPs-NDs 

demonstrated improved tensile strength and resistance 

to elongation during loading into the obturation system 

compared with unmodified GP, as shown in Figure 5B, C. 

In clinical application, successful results of GPs-NDs treat-

ment were observed, and enhanced lesion healing was 

confirmed in the GPs-NDs-treated patients [78].

2.3   Non-fluorescent nanodiamonds in bone 
growth

Nanodiamonds have been used for bone and tissue 

implants [55] several years ago. Recently, Ho and his co-

authors [79] proposed an innovative treatment of cleft 

lip and/or palate (CLP), which is caused by failure of 

fusion between maxillary and nasal processes [80, 81]. 

Figure 4: An illustration of using nanodiamonds as drug delivery 

vehicles.

(A) Scheme of ND and ND with DOX(NDX). (B) Images of livers/

tumors from treated mice with PBS, ND 400 µg, Dox 100 µg, and 

ND-Dox 100 µg. (C) Percentage of mice exhibiting macroscopic 

tumor nodules (defined as >1 mm). *p < 0.03. (D) Kaplan-Meier 

survival plot for LT2-Myc mice treated with PBS (n = 5), DOX (100 µg; 

n = 8), or NDX (100 µg of Dox equivalent; n = 7) by tail vein injection 

every 7 days. *p < 0.03; **p < 0.06. Adapted from [68].
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This defect is normally corrected by surgery, but there is 

a strong tendency to rebound to the original shape, result-

ing in relapse [82, 83].

To overcome these limitations, a nanodiamond–

hydrogel (ND/G) complex vehicle was developed as illus-

trated in Figure 5D. Estrogen, 17β-estradiol (E2), which 

has proven bone-building properties, is then incorpo-

rated within this vehicle. It was found that the E2/ND/G 

complex substantially reduced post-expansion relapse by 

nearly three-fold compared to E2 alone. In addition, the 

E2/ND/G complex produced greater bone volume by two-

fold or higher compared with the control group.

2.4   Fluorescent nanodiamonds for drug 
delivery

In general, FND are normally made from crushed high-

pressure high-temperature (HPHT) bulk diamonds or in 

some cases chemical vapor deposition (CVD)-grown nano-

diamonds, as these are typically much brighter than deto-

nation diamonds. Therefore, for image monitored drug 

delivery non-detonation FNDs are preferred as discussed in 

two studies [84–86]. In the second of these studies, FNDs 

were coated with biopolymers and proteins to ensure col-

loidal stability and conjugated to DOX molecules for treat-

ment of cancer cell lines. The FNDs-DOX complex uptake 

and drug release process in a cancer cell is illustrated in 

Figure 6A. The FNDs-DOX complex was photostable inside 

living cells, as shown in Figure 6B [85]. Figure 6C shows 

that the fluorescence of the NV color center in diamond 

overlaps with emission of doxorubicin, but this can be sub-

tracted to show the NV centers alone. Significant amounts 

of DOX were released from ND carriers in these studies 

and in other experiments, FNDs-DOX have shown efficient 

tumor inhibition of human cancer cells over time, as shown 

in Figure  6C,  D [85]. Furthermore, tumor luminescence 

decreased to very low percentages over time, as shown 

in Figure 6F, which indicates the cancer fighting effect of 

FNDs-DOX in human cancer [85]. All the advantages above-

mentioned indicate that FNDs are intriguing candidates as 

delivery platforms for chemicals and antibodies.

3   Tracking of fluorescent nano-

diamonds inside living cells

Real-time tracking of dynamic biological processes in 

living organisms such as single motor protein stepping [87, 

88], DNA polymerization [89], and cell membrane motility 

[90, 91] has been dramatically improved by the use of pho-

tostable fluorescent markers. Dynamic fluorescent probe 

tracking involves monitoring the position and distribution 

of a finite number of individual fluorescent probes over 

time with high spatial resolution. Conventional fluores-

cent markers including organic dyes, QDs, and UCNPs 

have been used for single particle tracking; however, 

previously discussed limitations such as photostability, 

cytotoxicity, and low quantum efficiency reduce the sensi-

tivity of real-time tracking [5, 92–95]. Fluorescent nanodia-

monds have been shown to be the best candidates for long 

Figure 5: Clinical applications of nanodiamonds.

(A) An illustration of NDGP in the middle third of the root canal and unmodified GP in the apical and coronal thirds of the root canal-treated 

tooth. (B) A view of unmodified GP in the dispensing unit. (C) A view of NDGP in the dispensing unit. Adapted from [78]. (D) A schematic of 

E2/ND complex embedded within a hydrogel matrix. Adapted from [79].
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term single particle tracking applications owing to their 

photostable and bright color centers and extraordinary 

biocompatibility [96–98]. Hollenberg et al. demonstrated 

tracking of individual fluorescent NVs in nanodiamonds 

in human HeLa cells. By using the spin and magnetic 

sensing properties of the NV, they measured not only 

location, but also orientation of NV nanodiamonds [98]. 

Furthermore, using the spin properties of individual NVs 

as fingerprints, it is possible to simultaneously track mul-

tiple particles, in principle even for spacing less than the 

diffraction limit.

For these studies, they used 45 nm fluorescent nano-

diamonds that were uptaken by human HeLa cells via 

co-incubation, as shown in Figure 7A. The NV center has 

an S = 1  spin ground state, which is split into a pair of 

sublevels (m
s
 = ± 1, and m

s
 = 0) with a zero-field splitting 

near D = 2.87 GHz. This splitting is due to spin-orbit inter-

actions and the local diamond crystal field, as shown in 

Figure 7B, and is therefore slightly different for each NV 

[99], which gives the distinguishability discussed above 

in the absence of an externally applied magnetic field 

(B
0
 = 0). In particular Hollenberg et  al. [98], track and 

identify two NV color centers (NV-1a and NV-1b) with dif-

ferent strain splitting inside the HeLa living cell, as shown 

in Figure 7C [98]. In addition, by applying a weak mag-

netic field, the orientation of the NV spin quantization 

axis relative to the applied magnetic field can be deter-

mined, which provides a compass to determine NV ori-

entation, as discussed above. The NV spin sublevels are 

detected optically by the optically detected magnetic reso-

nance (ODMR) technique [29]. Briefly the NV fluorescence 

strength depends on which spin sublevel is occupied so 

that spin transitions can be observed as dips in the fluo-

rescence, even for single NVs.

Hollenberg et al. [98] demonstrated the ability to probe 

magnetic fluctuations in the local cellular environment 
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Figure 6: Biological applications of fluorescent nanodiamonds in drug delivery.

(A) Demonstration of living cell uptake and drug release process of DOX-ND. (B) Fluorescence spectra of fluorescent DOX-NDs inside 

living (A549) cells. (C) Black curve represents the overlapping emission spectra of DOX and NV centers. The red curve illustrates the 

emission spectrum after laser bleaching of the DOX emission showing a clear NV center spectrum with NVo and NV peaks at 575 and 

638 nm, respectively. (D) Human cancer xenografts treated with NDs-DOX after 3 days. (E) Breast cancer cells treated with DOX-ND over 

time. NDs-DOX treatment reduced the cancer cell proliferation in a dose-dependent manner. (F) Luminescence imaging analysis of tumor 

xenograft growth after 3 days treatment by NDs-DOX. *p < 0.05, **p < 0.01. Adapted from [85].
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by measuring and monitoring the coherence time (T
2
) of 

the NV probe [100, 101]. In particular, coherence times 

for both NV-1a and NV-1b color centers were measured by 

spin-echo techniques, and then repeated for each NV as 

the cell timeline progressed (over 10 h). Figure 7D shows 

coherent Rabi transitions of the NV center that are needed 

to produce the spin-echoes. They can be selectively excited 

by tuning a microwave (MW) field to the |0 > → | + 1 >  reso-

nance for NV-1a or the |0 > → | − 1 >  resonance for NV-1b 

[98]. Finally, to track orientation of the individual NVs, 

they applied an external magnetic field and achieved an 

effective angular precision of 1° over integration times of 

89 ms, as shown in Figure 7E [98].

3.1   Intraneuronal traffic readout with fluo-
rescent nanodiamonds

A special case of intracellular tracking that takes full 

advantage of non-bleaching, non-toxic properties of NV 

nanodiamonds is the monitoring of intraneuronal traffic 

[102]. This work was motivated by the increase in human 

brain diseases around the world, which emphasizes a crit-

ical need for a comprehensive and detailed understanding 

of the extremely complex nature of the human neuronal 

system [103, 104]. Great efforts have been focused to 

mimic the abnormal cellular activities and physiological 

effects caused by neuronal diseases, largely by studying 

mice models [103–105]. Many of these studies used con-

ventional fluorescent markers such as organic dyes, QDs, 

and fluorescent proteins for labeling neurons [106, 107].

Haziza et al. [102] studied intraneuronal transport by 

tracking FNDs in mouse hippocampal neurons, as shown 

in Figure 8A [102]. They imaged 30 nm fluorescent nano-

diamonds inside the branches of dissociated neurons, as 

shown in Figure 8B, C [102] with a (subwavelength) spatial 

resolution of 12  nm and a temporal resolution of 50  ms. 

They then used these tracked particles as an assay to 

monitor the biological effects of certain chemicals (noc-

odazole) and genetic factors (Mark1 mutants) that affect 
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(A) Fluorescent nanodiamonds uptaken by HeLa cells. NV fluorescence is shown in red and the nucleus is stained with Hoechst 33342 (blue). 

(B) Electronic structure of NV color center in diamond. (C) ODMR spectra of NV-1a and NV-1b showing the different strain splitting between the two 

NV color centers. (D) Rabi oscillations of NV-1a and NV-1b measured at various times during the lifetime of the cell. (E) Changes in the orientation 

of the NV quantization axis relative to the external magnetic field owing to nanodiamond motion inside HeLa cell. Adapted from [98].
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intraneuronal transport dynamics [102]. Based on their 

success, they propose that combining FND technology 

with other state-of-the-art approaches, such as CRISPR/

Cas9 genome editing [108] could lead to a deeper under-

standing of neuronal transport in normal, as well as 

disease states, including Alzheimer’s disease.

4   Effects of rough nanodiamonds in 

living cells

So far, we have discussed some of the advantages of FNDs 

as excellent tools to study the complex processes of living 

cells [96–98]. However, the best FNDs, based on crushed 

HPHT nanodiamonds, typically have sharp edges, looking 

like broken panes of glass in the TEM [109]. This can have 

either good or bad effects on cellular imaging applica-

tions. The good effects are related to the lack of a general 

technique to efficiently internalize nanoparticles (NPs) 

into living cells. Many existing techniques are invasive 

and can have toxic effects on cells [110–112]. However, the 

rough edges of crushed FNDs can provide an alternative 

means of efficient delivery into living cells, as reported by 

Li et al. [113]. These authors found that FNDs with sharp 

shapes, regardless of their surface chemistry, size, or 

composition, entered the membranes of endosomes that 

carried them into the cells and escaped to the cytoplasm 

with high efficiency, as shown in Figure 9A [113]. This 

study further showed that a combined solution of prickly 

FNDs and SiO
2
 NPs led to efficient internalization of the 

SiO
2
 NPs, which otherwise would not have internalized, 

E18.5 DIV 0 DIV 15/16
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Hippocampal

neuron culture

FND
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Trajectory

acquisition (TIRF)
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Figure 8: Intracellular tracking of fluorescent nanodiamonds in neuron.

(A) An experimental illustration from hippocampal neuron culturing and fluorescent nanodiamonds internalization to imaging. (B) Optical 

image of the neuronal branches merged with the fluorescence channel showing four FNDs moving within dendrites (yellow arrows). During 

the 2-min video, two FND-containing endosomes, labelled 1 and 2, were observed moving towards the cell soma in the same branch (scale 

bar, 5 µm). (C) Optical image of the positions of these two FNDs (1 in yellow; 2 in green), determined by particle tracking, with a persistence 

of 10 s, at different times. Adapted from [102].
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as shown in Figure 9B. They showed that the quick escape 

of NDs from the endosomes was realized by rupturing the 

endosomal membrane rather than slipping through it, as 

shown in Figure  9C [114]. They also demonstrated that 

prickly FNDs can be coated with DNA to effectively deliver 

it into cells. This led them to conclude that prickly FNDs 

make promising candidates for efficient drug delivery 

systems, as shown in Figure 9D.

5   Temperature sensing in living cells

Luminescence nano-thermometry has been demonstrated 

using QDs, organic dyes, gold nanoparticles (GNPs), and 

polymers to measure temperature changes in intracellular 

environments [115–118]. However, many of these fluorescent 

probes are limited by drawbacks including fluorescence 

fluctuations, such as photobleaching and blinking, par-

ticularly for dyes and QDs [116, 118], as well as fluorescence 

sensitivity to local environments [119]. The remarkable 

optical properties of nitrogen color centers (NV) in dia-

monds, which include photostability, spin long coherence 

time, and biocompatibility [96–98], make them one of the 

best alternatives for accurate temperature sensing.

Sensing temperature using the NV color center in 

diamond has been well-studied [120–122]. An increase in 

environmental temperature (T) can induce crystal expan-

sion, which shifts the zero-field splitting of ground state 

toward smaller values as temperature is increased, as 

shown in Figure  10A [27]. These shifts were detected by 

ODMR [29], as will be discussed in more detail later in 

Section 6.2. The first application of fluorescent nanodia-

monds (FNDs) as nano-thermometers in living organisms 

was done by Lukin et al. in 2013 [120]. They used 100 nm 

nitrogen-vacancy color center nanodiamonds to measure 

the local temperature of human living cells with a preci-

sion of 200 mK/ Hz and a spatial resolution of 200 nm. 

Briefly, they injected laser-excited gold nanoparticles 

as a heat source (cross symbol) together with diamond 
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Figure 9: An illustration of rough nanodiamonds effects in living cells.

(A) An illustration showing nanoparticle (NPs) with low sharpness and sharp corners entering the cell. Left, round NPs enter cells via 

endocytosis with the endosome as the vehicle and finally exit the cell. Right: a sharp-shaped nanoparticle enters the cell via endocytosis 

with the endosome as the vehicle and escapes the endosome by rupturing the endosomal membrane and staying in the cytoplasm for a 

long time. Adapted from [113]. (B) A schematic demonstration of how nanodiamonds escape the endosomal membrane. (C) Confocal images 

of efficient nanodiamonds delivery into HepG2 cells after cell incubation with nanodiamonds in serum-free medium for 1 or 4 h. (D) A 

schematic illustration of nanodiamonds as a successful carrier for gene (DNA) in cells. Adapted from [114].
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nanocrystals inside the living cells and used the NV 

center for thermometry (circle symbol), as illustrated in 

Figure 10B. They precisely measured the change in tem-

perature at the position of NV1 and NV2 relative to the 

incident laser power applied to the Au NPs, as shown in 

Figure 10C, D [120].

Following this, there were several other notable 

achievements in the field of the NV-based nanoscale 

temperature sensing in biological applications [121, 123, 

124]. Remarkably, Wang and his co-authors [125] reported 

that the temperature sensitivity of the NV center in nano-

diamonds can be increased by two orders of magnitude 

beyond the sensitivity reported in [120]. This was done 

using a hybrid nano-thermometer composed of NV centers 

and a magnetic nanoparticle (MNP), in which the temper-

ature sensitivity is enhanced by the critical magnetization 

of the MNP near the ferromagnetic-paramagnetic transi-

tion temperature.

In addition to NV, almost all narrowband emitters in 

diamond have temperature dependence and can be used 

as a nano-thermometer without the need for microwaves. 

For example, nano-thermometry with SiV [126] and GeV 

[127] has been explored recently, where in the case of SiV 

the excitation and emission is in the tissue transparency 

window.

Here, it is important to note that there has been some 

recent controversy in the field of cellular temperature 

measurement. Specifically, it was argued that the temper-

ature changes reported by many experiments could not 

have been possible based on simple thermodynamic argu-

ments [128], and hence, there must have been unknown 

interferents present in the cells that led to false tempera-

ture readings. To address this controversy multi-modal 

temperature measurement is a good approach, in which 

two or more temperature probes simultaneously measure 

temperature. Provided these probes sense temperature by 

different physical mechanisms, they will not respond to 

interferents in the same way, and therefore false readings 

can be ruled out [109].

5.1   Temperature sensing in neurons

The temperature sensing capability of fluorescent nanodi-

amonds, together with their low toxicity suggests possible 

uses in the treatment of nervous system-related diseases 
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Figure 10: An optical temperature sensing application of FNDs (NV color center) in living cells.

(A) ODMR spectra of the NV color center change as a function of local temperature changes [27]. (B) A single living cell injected with 

fluorescent nanodiamonds and gold nanoparticles (Au NPs) as the heating source and nanoscale thermometer, respectively, followed by 

excitation under 532 nm. The position of the Au NP is indicated by small cross, while circles represent the location of the NV color centers in 

nanodiamonds used for thermometry. (C) Measurement of temperature changes precisely as the laser power increases with 0.1 K precision. 

(D) The change in temperature at the position of NV1 and NV2 relative to the incident laser power applied to the Au NP. Adapted from [120].
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and injuries. For example, monitoring the thermal state 

of the nervous system is very important to determine the 

effects of temperature on its operation. As a special case, 

consider neurons that sense warm, cold, and hot condi-

tions, which have specialized ion channels that convert 

heat into action potentials [129–131]. Zheltikov and his 

co-workers have demonstrated the ability to accurately 

measure the local temperature of TRP-expressing mouse 

neurons using fiber-coupled NV centers in micron-size 

diamonds [132], as shown in Figure 11A [132]. Here the 

mouse neuron was labeled with GCaMP6s fluorescence to 

serve as a calcium sensor, as shown in Figure 11B [132]. 

This calcium sensor detects neuron firing via the inward 

Ca2+ current across the cell membrane. When the tempera-

ture reaches the neuron activation threshold (T
a
 = 27.4°C), 

neurons expressing transient receptor potential (TRP) 

action channels [132] begin to fire, producing spikes of 

GCaMP6s fluorescence, as shown in Figure 11C [132]. On 

the other hand, when the temperature decreases below the 

activation threshold, the fluorescence of the Ca+2 sensor in 

the neurons gradually decreases, as shown in Figure 11D 

[132]. The temperature reading of single neurons obtained 

with the NV-diamond fiber sensor strongly correlates with 

the fluorescence of the calcium-ion sensors. This study 

opens the door for eventually using fiber-mounted FNDs 

for temperature sensing in live brains.

6   Other capabilities of fluorescent 

nanodiamonds

6.1   Super-resolution with fluorescent 
nanodiamonds

Fluorescence microscopy is an enormously powerful tech-

nique to study complicated biological structures down 

to the sub-cellular level in biological applications [133]. 

However, the diffraction limit of light is an obstacle that 

prevents detailed visualization of subcellular processes. 

In the past couple of decades, super-resolution imaging 

microscopy has overcome the diffraction limit of light. 

There are two main approaches: PALM/STORM and vari-

ants that rely on controlled bleaching and measurement 

of centroids, and stimulated emission depletion (STED)/

ground state depletion (GSD), which rely on the use of 

donut beams. STED microscopy works when two laser 

beams at different wavelengths are superimposed. The first 

(main) laser beam excites the fluorescent marker of interest 

to its excited state. The second laser beam with a doughnut 

shape at its focus depletes the fluorescence from all mole-

cules except those in the middle of the excitation volume. 

Consequently, the resultant “fluorescent volume” becomes 

smaller than the diffraction limit [27, 134], as shown in 
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Figure 11: Temperature sensing capability of FNDs (NV center) in neurons.

(A) An illustration of experimental setup of fiber-optic thermometry of single thermogenetically activated neurons, details about the system 

in [132]. (B) Fluorescence image of a laser-activated neuron. Fluorescence of the Ca+2 sensor in a laser-activated neuron (solid line) increases 

(C) or decreases (D) as the temperature increases or decreases (dashed line) above or below the activation threshold for TRPA1-expressing 

neurons. Adapted from [132].
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Figure 12A [134]. Hell and co-workers used diamond color 

centers in STED field and achieved a remarkable resolution 

of ∼6 nm by detecting single NV centers in bulk diamonds, 

as shown in Figure 12B–D [135, 136].

The reason the nitrogen-vacancy color center in 

diamond gives such high spatial resolution with STED is 

due to its long-term photostability, even for very strong 

excitation intensities. For STED with nanodiamonds, a 

study by Tzeng et al. [137] obtained a resolution of ∼40 nm 

of fluorescent nanodiamonds in HeLa cell, as shown in 

Figure 12E, F. A later study by Hell and his co-workers 

[138] has also shown that individual NVs within single 

nanodiamonds can be resolved with 10  nm resolution, 

which is even smaller than the size of the nanodiamond 

(average size 40–250 nm). This study highlights the need 

for smaller nanodiamonds with stable color centers.

6.2   Sensing magnetic field, electric field, 
and temperature

Color centers in diamonds, especially the NV color center, 

have considerable potential in quantum limited sensing 

of important physical quantities, such as magnetic fields 

[139], electric fields [140], and temperature [141]. For 

magnetic field sensing, a single NV center in an ultra-

pure bulk diamond can detect magnetic fields with sen-

sitivity of a few / HznT  [142, 143]. In principle, this has 
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Figure 12: Applications of FNDs (NV center) in super-resolution imaging.

(A) An illustration of STED microscopy technique. Adapted from [134]. (B) Energy levels of the triplet (left) and singlet states (right) of the 

NV center and the excitation beam (EXC), emission beam (Em), and stimulated emission (STED) transitions in nitrogen-vacancy centers. (C) 

Confocal and STED optical image of bulk diamond containing NV color centers. (D) STED high resolution for NV center in diamond, which 

reveals high spatial resolution reaching 5.8 ± 0.8 nm. Adapted from [135, 136]. (E) Confocal and STED imaging of HeLa cells labeled with 

BSA-conjugated FNDs through electroporation. STED images of single BSA-conjugated FND particles enclosed within the yellow boxes “1” 

and “2”. (F) Display of confocal and STED resolution of NV centers within diamond nanocrystals. Adapted from [137].
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nanometric spatial resolution owing to the small size of 

the NV [144]. For biological applications, magnetic field 

detection has been proposed to non-invasively monitor 

neuron firing [100, 145], and electric fields to monitor 

membrane potentials [29].

The NV color center senses magnetic fields via the 

ODMR [29]. Briefly, the NV has an S = 1 spin ground state, 

which is split into three spin sublevels (m
s
 = ± 1 and m

s
 = 0) 

with zero-field splitting D = 2.87 GHz due to spin-orbit 

interactions and the diamond crystal field, as shown 

in Figure 13A [99, 144]. The optical pumping excitation 

polarizes the NV center into the m
s
 = 0  spin sublevel via 

intersystem crossing to an intermediate singlet state. 

This crossing occurs only for spins in the m
s
 = ± 1  states, 

which then decay into the m
s
 = 0 state. Since the interme-

diate singlet is dark and has a relatively long lifetime, NV 

spins in the state m
s
 = 0 fluoresce brighter, emitting ∼30% 

more red photons than NVs in the /m
s
 = ± 1 states. Hence, 

when a resonant microwave field induces magnetic dipole 

transitions between these spin sublevels, it equalizes the 

spin populations, resulting in a significant decrease of the 

nitrogen-vacancy center fluorescence [144]. Due to sym-

metry, the m
s
 = ± 1 sublevels of the nitrogen-vacancy defect 

are degenerate at zero magnetic field (B = 0), resulting in 

a single resonance line appearing in the ODMR spectrum, 

as shown in Figure 13B. An external magnetic field lifts the 

degeneracy of m
s
 = ± 1, leading to the appearance of two 

lines. The external magnetic field can be measured from 

the positions of these two lines (w
1
 and w

2
), as shown in 

Figure 13B. The separation between the ODMR two lines 

increases as the axial magnetic field increases [144], and 

in addition both lines can shift in the same direction for 

non-axial magnetic fields.

For electric field sensing, Wrachtrup and his co-workers 

have demonstrated electric-field sensitivity reaching 

202 ± 6 V/cm/Hz1/2 using the NV color center in bulk dia-

monds [140]. The electric field was generated by the appli-

cation of a controlled voltage to a gold microstructure 

fabricated by lithography and electroplating directly on a 

bulk diamond sample containing NV centers, as shown in 
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Figure 13: An illustration of FNDs capability in magnetic, electric, and temperature sensing.

(A) An illustration of the energy level of the nitrogen-vacancy (NV) defect in diamond. (B) Optically detected magnetic resonance spectra 

(ODMR) for a single nitrogen-vacancy defect at increasing magnetic field (from bottom to top). Adapted from [144]. (C) Schematic of the 

confocal set-up used with Helmholtz coils for magnetic field alignment and a microstructure on the diamond sample to create the electric field 

and coupled with the microwaves. Adapted from [140]. (D) Observed shift of the ODMR resonance lines for different voltages applied to the 

electrodes, clearly showing the effect of a Stark shift. Adapted from [140]. (E) A linear fit of the NV center ODMR spectra changes as a function 

of ambient temperatures. Adapted from [146]. (F) ODMR changes linearly as a function of temperatures from 280 to 330 K. Adapted from [146].
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Figure 13C [140]. To measure electric-field-induced shifts 

of spin sub-levels, they monitored the zero-field splitting 

of the m
s
 = 0 and m

s
 = ± 1 transition, which is split by the 

local crystal field. They observed a resonance line shift (or 

increase in the zero field splitting) of 28.4 kHz correspond-

ing to an electric field of about 3000 V/cm. Figure  13D 

shows the shift of the ODMR resonance frequency for dif-

ferent voltages applied to the electrodes [140].

As previously mentioned, M. Lukin and co-workers 

used the NV for temperature sensing at precision up to 

1.8  mK/ Hz in ultra-pure bulk diamond [120]. However, 

in living cells, the precision was only 200  mK/ Hz due 

to the relatively worse spin line width in nanodiamonds 

[120]. As discussed earlier, the mechanism of temperature 

measurement is the shift of the zero field splitting, which 

is near D = 2π × 2.87 GHz at room temperature, as shown in 

Figure 13E, F [146, 147].

6.3   Single protein detection via magnetic 
relaxation

Several years ago, it was proposed to use NV centers  to 

detect and resolve the structure of single biological 

molecules (like proteins) through dipolar coupling to the 

nuclear spins of the protein [148–150]. In the case when the 

biomolecules have rapidly fluctuating spins, the NV can 

easily detect their presence via its accelerated magnetic 

relaxation. This was recently accomplished by Jelezko and  

co-workers who detected ferritin molecules on the surface of 

nanodiamonds by observing a significant reduction of both 

initial coherence and relaxation time of the NV color center 

in FNDs [151]. They attached ferritin molecule to the surface 

of fluorescent nanodiamonds by noncovalent binding 

to the amino groups of the protein. The nanodiamond–

ferritin complexes were first visualized by high-resolution 

Figure 14: Single protien detection via magnetic relaxation of the NV center in FNDs.

(A) High resolution images of ferritin molecules (right) showing the iron containing core and single nanodiamond covered with ferritin (left). 

The arrows indicate the position of the metalloprotein on the surface of the NDs. (B) The electron spin − lattice relaxation time T
1
 of NV in 

NDs without coating with protein (left) and in ferritin coated NDs (left, inset). Statistical distribution of the T
1
 for free nanodiamonds (right, 

blue bars) and for ferritin coated nanodiamonds (right, red bars). (C) The electron spin − lattice relaxation time T
2
 of NV in NDs without 

coating with protein (left) and in ferritin coated NDs (left, inset). Statistical distribution of the T
2
 for free nanodiamonds (right, blue bars) and 

for ferritin coated nanodiamonds (right, red bars). Adapted from [151].
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transmission electron microscopy (HRTEM), as shown in 

Figure 14A [151]. At room temperature, the iron electron 

spins in the protein molecule undergo rapid thermal fluc-

tuations, which create a strongly fluctuating spin bath. This 

bath couples to the electron spin of the NV, shortening both 

the spin coherence time T
2
 and the spin population relaxa-

tion time T
1
 by an order of magnitude when compared to 

non-coated nanodiamonds, as shown in Figure 14B, C [151]. 

As an indication of the ultimate sensitivity of this tech-

nique, we note that single Gd ions were detected by similar 

techniques [152].

6.4   Single protein imaging in live cells

One especially ambitious potential application of NV 

diamond is to image single protein molecules in live 

cells [153]. Initially, magnetic resonance force micros-

copy (MRFM) [154] was developed for this purpose, and 

successfully imaged single electrons and tobacco virus 

particles [154], but required cryogenic temperatures, and 

was therefore not suitable for live cells. In recent years, 

attempts have been made to use the NV for this purpose 

owing to its nanoscale magnetic sensing capability. The 

basic idea is to use the NV to measure magnetic fields 

produced by nuclei in the protein molecule. Then, by 

selectively driving individual nuclei in the protein using 

magnetic resonance imaging (MRI) techniques, an image 

can be constructed in principle [155].

The first successful detection/1D imaging of a near-

single electron spin was done by [156] using a technique 

called double electron-electron resonance [156, 157]. Here, 

the magnetic gradient needed for 1D imaging was sup-

plied by the field of the NV itself, which decayed as 1/r3 (r 

is distance of the electron from the NV). Later, this tech-

nique was applied to imaging of a few silicon nuclei [158] 

and ensembles of nuclei near single NVs in bulk diamond. 

Finally, the technique was extended to detect single 

nuclei outside the diamond via dark “reporter” spins on 

the diamond surface [159] or spin labels attached to a posi-

tion of interest on the protein [155]. To successfully tran-

sition this single protein imaging technique to live cells, 

ultrasmall nanodiamonds with stable NVs that have spin 

sensitivities comparable to bulk diamond are required.

7   Hyper polarization with NDs

Magnetic resonance imaging (MRI) is a powerful tech-

nique for high-contrast imaging, but it requires large DC 

magnetic fields to achieve good nuclear spin polarization 

at room temperatures. This is because of the small nuclear 

spin flip energy compared to the Boltzmann energy, kT. 

Electron spins, in contrast, have much larger polarization 

owing to their larger electron spin flip energy. By using 

the Overhauser effect [160], it is possible to transfer this 

electron polarization to the nuclear spins [161]. While 

many paramagnetic particles have been explored for this 

purpose [162–165], NDs have the advantage of excellent 

biocompatibility and chemical stability.

Recently, Waddington et al. [166] demonstrated a Over-

hauser-enhanced MRI (OMRI) technique [166–170] to image 

and track water–ND solutions. This is done by transferring 

the electron spin polarization of paramagnetic impurities at 

the surface of NDs to 1H nuclei continually in the surround-

ing water [171]. To maximize the nuclear polarization effi-

ciency, they use ultra-low magnetic fields (ULF; 6.5 mT) and 

low frequency RF (∼190  MHz) excitation, which have the 

advantage of being compatible with in vivo use. The result 

was switchable contrast enhancement at biologically rel-

evant ND concentrations. In particular for this experiment, 

they focused on HPHT NDs with sizes of 18 and 125 nm in DI 

water at concentrations near 100 mg/ml [166].

The mechanism of the Overhauser effect from ND 

surface spin impurities to water is illustrated in Figure 15A 

[166]. Briefly, Overhauser effect occurs when a reservoir of 

polarized electron spins on the NDs’ surfaces are driven by 

a resonant RF magnetic field at low enough DC magnetic 

fields that mutual electron-1H nuclear spin flips can occur in 

the surrounding solution [172, 173]. This results in enhanced 
1H signal from the water surrounding the ND, as shown 

in Figure 15B [166]. The 1H signal enhancement is sensi-

tive to ND concentration, as illustrated in Figure 15C [166]. 

After optimizing the experiment conditions to achieve high 

contrast OMRI images enhanced with NDs, a phantom is 

imaged, as illustrated in Figure 15D [166]. This phantom con-

sisted of glass vials filled with 500 µl of either pure DI water 

or aqueous solutions of HPHT ND (125 nm at 100 mg/ml). 

A high contrast OMRI image of diamond-shaped pattern in 

the vials was observed, as shown in Figure 15E [166], which 

shows high-contrast signal enhancement only where ND 

is present. Furthermore, they demonstrated that the OMRI 

technique can produce gray-level images using different ND 

concentrations, as shown in Figure 15F, G [166].

Much stronger MRI contrast enhancement is possible 

in principle using NVs that are strongly spin polarized (up 

to 90%) [174] by optical excitation. This polarization can 

then be transferred to nearby nuclear spins like 13C or 1H 

[174, 175]. Recently, it has been shown that the 13C in bulk 

diamond can be polarized to 0.054% at room temperature 

(45-fold enhancement) after 6  min of optical excitation 

of the NVs at a magnetic field of ∼0.3 T [174]. However, it 

has also been reported [174, 175] that the relaxation time of 
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hyperpolarized nuclei is much shorter for submicron par-

ticles [163, 166, 176]. Nonetheless, it has been shown that 

high contrast MRI images can be produced from spin polar-

ized 13C owing to the lack of background 13C signals [177]. 

Finally, at cryogenic temperatures, dynamic nuclear polari-

zation (DNP) of the 13C nuclei can boost the small nuclear 

spin polarization by 10,000 times [176, 178, 179]. However, 

these temperatures are not suitable for in vivo work.

Efforts have been made to overcome the short relaxation 

time of nanodiamonds at room temperature by function-

alizing the surface of the DNDs with paramagnetic Gd(III) 

chelates to create complexes for imaging with conventional 

T1-weighted MRI [164]. However, this alternative solution 

encountered a large background signal and concerns of the 

long-term toxicity of gadolinium-based compounds cancel 

the advantage of non-toxic nanodiamonds [165].

8   Nanodiamonds in high contrast 

molecular imaging

Molecular imaging is a powerful technique to image bio-

chemical differences in living organisms [180]. Molecular 

imaging can be done both on the cellular and tissue level. 

For example, contrast agents for tissues include those that 

can be detected by magnetic resonance imaging, X-ray 

tomography, and optical fluorescence. However, deep in 

the tissues, existing techniques tend to lack either sensi-

tivity or spatial resolution [180–183].

One way to overcome these limitations is to use dia-

monds containing nitrogen-vacancy color centers. Briefly, 

because NVs show a magnetic sensitivity that reaches a 

few tesla ( / HznT ) in pure bulk diamonds [184], it should 

be possible to achieve high spatial resolution by applying 

magnetic field gradients to tissues containing NVs. The 

position of the nanodiamonds can then be determined 

by using ODMR. It has been shown that nanodiamonds 

having NV-centers can achieve magnetic sensitivity of 

10–20 µT. For a 1 T/m, this would give a spatial resolution 

of ∼20 microns [185, 186].

Recently, Hegyi et  al. demonstrated NV-based mole-

cular imaging approach using magnetic gradients of 

∼1 T/m. They started with FNDs and showed a sensitivity 

as low as 100 fg with spatial resolution reaching 100 µm 

[187]. For tissue samples, they later used chicken breasts 

(1  cm × 1  cm × 2  cm) with FNDs implanted, as shown in 

Figure 16. Different shapes of FND phantoms were made 

out of a double-stick tape (1 mm × 1 mm) covered with a 

3.75-µg-mm−2 area density of NV FNDs, which was then 

Figure 15: Hyper-polorization applications of nanodiamonds.

(A) An illustration of the Overhauser effect at the ND–water interface. (B) Overhauser enhancement of 1H polarization in an HPHT 125 nm 

(100 mg/ml) ND solution (red). While the thermal hyperpolarized 1H spectrum is (blue). (C) Overhauser enhancement of 1H polarization as 

a function of NDs concentration at 6 mT. (D) Vials of DI water (blue) and vials of HPHT 125 nm ND at 100 mg/ml (orange) were arranged in a 

pattern in an imaging phantom. (E) High contrast OMRI image with high signal to noise ratio from only the vials where NDs are present. (F) 

Imaging phantom prepared with vials with different concentration of ND solutions. (G) ODMR contrast images that change as a function of 

the NDs concentrations. Adapted from [166].
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positioned inside the tissue, at a depth of 5 mm, as shown 

in Figure 16A, B.

The nitrogen-vacancy centers were optically excited 

by a red LED at wavelength 610–630 nm placed near the 

tissue. Relatively low optical intensity of ∼1 W/cm2 was 

used to illuminate the chicken breast. The achieved sen-

sitivity and the spatial resolution in chicken breast tissue 

were, respectively, 740 pg of ND with 800 µm resolution 

over a 1-cm2 field of view, after 100  s of averaging time. 

To produce images, they used four permanent magnets 

to generate a field-free point, plus electromagnets to scan 

the position of this point through the tissue in real time. 

For 2D images, a raster scan pattern was applied. For 3D 

images, rotated 2D projections and field-free lines, instead 

of points, were used instead to shorten acquisition time. 

A single point detector was used to measure changes in 

the photoluminescence. To maximize the resolution, 

they first measured the point spread function (PSF) and 

deconvolved it to produce the final images, as presented 

in Figure 16C, D. From this data, they conclude that nano-

diamonds imaging may become an important biomedical 

research tool with possible clinical applications.

Recently, Singam and his co-authors demonstrated 

high-contrast imaging by using strong laser excitation 

to enhance the magnetic sensitivity of FNDs containing 

NVs. Surprisingly, they found that static magnetic fields 

(SMF) perform better than the usual resonant microwave 

field (RMF) excitation under strong laser excitation. This 

is an advantage because microwaves can have unwanted 

heating effects. They demonstrated the ability of this high 

magnetic contrast to effectively suppress background 

bio-fluorescence from neurons loaded with FNDs [188]. 

In principle, this stronger magnetic contrast can also be 

used to enhance the performance of molecular imaging in 

tissues, as described above.

9   Diamond Raman and fluores-

cence for environmental bacteria 

detection

In addition to fluorescent color centers, diamond has a 

bright and distinct narrowband Raman line at 1332  cm−1 

Figure 16: Nanodiamonds in high contrast molecular imaging.

(A) Nanodiamond phantoms (with different patterns) made of double-sticky tape. (B) The gray stripe on the piece of chicken breast 

represents the edge of the phantom, which is placed inside the chicken breast, 5 mm back from the front surface, facing the LED. 

Fluorescence is collected off to the side. Also shown is the actual piece of chicken breast illuminated by the LED. (C) The phantoms imaged 

outside of the chicken breast, both before (left) and after (right) deconvolution by the point-spread function. (D) Same as (C) but under a 

5-mm chicken breast. Adapted from [187].
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that can be used to detect its presence. The advantage to 

Raman is that the Stokes shift is independent of excitation 

wavelength, so it can be excited by near infrared light in 

the tissue transparency window where autofluorescence 

is suppressed. The disadvantage is that the quantum effi-

ciency is low so that a larger quantity of nanodiamonds is 

needed to produce a clear signal. By functionalizing nano-

diamonds (NDs) to stick to specific bacteria, this Raman 

line, as well as fluorescent diamond color centers, can be 

used for bacteria detection. There is a need for selective 

detection of specific bacteria because not all bacteria are 

pathogenic and not all pathogenic bacteria infect humans. 

However, mortality caused by bacteria-induced illnesses, 

such as tuberculosis, whooping cough, and typhoid fever, 

are a significant global concern. Thus, there is a need to 

develop simple, large-scale, and rapid methods to detect 

bacterial pathogens in blood, sputum, urine, stools, as 

well as our food and water supplies.

As an example, consider Escherichia coli (E. coli) 

which is a Gram-negative bacterium commonly found 

in intestines. Some strains of E. coli are known to cause 

disease, including pneumonia, urinary tract infections, 

and diarrhea. This has motivated numerous efforts to 

come up with easy and rapid detection methods [189]. 

Commonly, researchers use fluorescent proteins (e.g. 

green fluorescent protein and luciferase) as reporters 

[190, 191]. However, they have two major disadvantages: 

low signal-to-noise ratio due to autofluorescence of clini-

cal samples and bacterial cells, and low photostability 

(photobleaching) [192, 193]. Quantum dots have been 

used for pathogen detection [194], but their cytotoxicity is 

a limitation.

Fluorescent (or Raman active) nanodiamonds are an 

alternative for E. coli detection owing to their great pho-

tostability and extraordinary biocompatibility [96–98]. As 

already mentioned, the surface of FNDs can be easily mod-

ified chemically [53] and conjugated with proteins, such as 

lysozyme, through physical adsorption [195]. Such FND-

protein bioconjugates allow visualization of the protein-

bacteria interaction either via the detection of the diamond 

Raman signal, as shown in Figure 17A, or for a low concen-

tration of target bacteria, by detection of fluorescence color 

centers, as shown in Figure 17B, C [47]. In both cases, the 

function of the test protein is preserved [195].

10   Fluorescent nanodiamond- 

bacteriophage conjugates

Bacteriophages (phages for short) are simple viruses that 

infect specific bacteria as their hosts [196]. They are of 

much recent interest as potential replacement for anti-

bodies because they are highly selective, attacking only 
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Figure 17: Diamond optical Raman and fluorescence signals for bacteria detection.

(A) Raman peak of 100 nm diamond peaks at 1332 cm−1 (left). Optical Raman signal of NDs during the interaction of E. coli with cND-lysozyme 

complex (right). (B) NV center fluorescence of 100 nm interacted with E. coli inside a worm. Red spots are the NV luminescence in the optical 

image. (C) In the optical images, E. coli cells can be seen but the NDs cannot be seen beyond the diffraction limit of optical microscopes. 

Adapted from [47, 195].
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one type of bacteria at a time. Phages have a rich research 

history spanning over six decades since its discovery 

[196]. Phage lambda (λ), explored in our recent work, 

targets E. coli [197, 198]. Currently, conventional fluores-

cent markers (e.g. GFP and luciferase) are used to visual-

ize the phage, as it attaches to its host during infection 

[190, 191]. However, these dyes have two major disadvan-

tages: low signal-to-noise ratio due to autofluorescence 

of clinical samples and bacterial cells, and low photo-

stability (photobleaching) [193, 194]. As an alternative, 

quantum dots were proposed [192, 194], but their possible 

toxicity is an issue. Therefore, we investigated fluorescent 

nanodiamonds as markers for phages [199–201].

Our goal was to modify the exterior of the phage to 

accept fluorescent diamond nanoparticles in order to 

visualize the phage as it is attached to its host during 

infection. To this end, we have successfully engineered 

biotinylated head protein of the phage and bound them 

to streptavidin-conjugated nanodiamonds, as shown in 

Figure 18A, B. We also tested the ability of the phages-

FNDs complex to infect E. coli, as shown in Figure 18C, 

D [202]. This illustrates the application of tagged phages 

as selective bacteria detectors. Clearly, to reach our goal 

of imaging the phage infection process, we need much 

brighter and smaller nanodiamonds.

11   New color centers in diamonds

The NV center is the most extensively studied type of fluo-

rescent diamond and expectations of its potential use in 

biological and biomedical applications have been high. 

However, NV centers have certain limitations which need 

to be appreciated. The first is the well-known reduction of 

brightness of NV centers as nanodiamond size falls below 

50 nm and approaches the single-digit regime [203]. This is 

relevant for applications such as bioimaging where small 

size is essential for in vivo imaging. On a related note, 

although NV center nanodiamonds emit fluorescence in 

the NIR, which is desirable for in vivo imaging, they are 

often excitated with green light lasers, which does not 

penetrate tissues very well. However, there are several 

recent examples of NV nanodiamonds that give bright 

fluorescence even with red laser excitation (∼630  nm or 

longer) [132, 187].

Another point to recognize about NV-center fluores-

cence is that it is very broad (between 630 and 800 nm) 

[29]. This poses a problem as it significantly limits mul-

tiplexing with other fluorescent probes. Multiplexing is a 

common and powerful method used in many biological 

applications in which multiple fluorescent probes with 

non-overlapping emission are used to generate data for 

Figure 18: Fluorescent nanodiamonds-bacteriophage conjugates maintain host identification.

(A) High magnification TEM images of biotinylated bacteria phages bound to streptavidin-functionalized FNDs. (B) Optical image of 

biotinylated bacteria phages (blue spots) bound to streptavidin-functionalized FNDs (red spots). (C and D) Optical images of biotinylated 

bacteria phages (blue spots) bound to streptavidin-functionalized FNDs (red spots) that have infected bacterial cells (E. coli).
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multiple markers simultaneously. Multiplexing is espe-

cially important for markers, which may only be avail-

able in small amounts (e.g. tumor tissue from a patient). 

For example, it would not be possible to multiplex using 

an NV center as a fluorescent probe, along with a far red 

fluorescent protein [204, 205] and/or antibodies labeled 

with Alexa Fluor 750, since the broad fluorescence of the 

NV center would bleed into both of the channels used to 

detect the other fluorescent probes.

Thus, while there are numerous applications for NV-

center diamonds, there is also a need for other “next-gen-

eration” fluorescent nanodiamonds that possess features 

not available with NV centers. One desirable feature is to 

have bright fluorescent nanodiamonds with sizes below 

10 nm. The brightness would need to be observable using 

conventional bioimaging equipment, (e.g. LiCor Pearl or 

Odyssey systems or Perkin Elmer IVIS system). Typically, 

commercial instruments are less sensitive than the cus-

tom-built fluorescence systems found in many academic 

laboratories. Another desirable feature would be to have 

color centers that can be excited within the NIR window 

and emit fluorescence further out in the NIR. This would 

overcome the poor penetration of excitation wavelengths 

in the visible region and allow fairly deep tissue pen-

etration in vivo. Finally, a third desirable feature would 

be nanodiamonds that possess sharp, narrow emission 

peaks, which could allow multiplexing with other fluo-

rescent probes. In the following sections, we describe a 

collection of such “next-generation” fluorescent nanodia-

monds that have recently been investigated which meet 

these expectations.

Fluorescent nanodiamonds that have absorption and 

emission bands located within the biological transpar-

ency window are of particular interest for biological appli-

cations, as illustrated in Figure 19A [27, 69, 74, 121, 201]. 

There are several color centers in nanodiamonds that can 

be called NIR centers. For example, in addition to nitro-

gen-vacancy (NV) [27, 121], silicon-vacancy (SiV) [66, 206], 

tin-vacancy (SnV) [31], nickel-vacancy (NiV) [207, 208], 

and marginally germanium-vacancy (GeV) [209].

As stated above, the emission of the NV center is per-

fectly located within the biological transparency window 

as shown in Figure 19A, B [61]. However, the maximum of 

the absorption band (480–600 nm) of the NV color center 

overlaps with the biological tissues absorption band 

resulting in autofluorescence background [187, 210]. To 

overcome this drawback, recent reports have shown that 

the excitation bands of NV centers in certain micro and 

nanodiamonds can be extended to the zero-phonon wave-

length of 638  nm and possibly beyond, which is in the 

region of suppressed autofluorescence of the biological 

tissue [132, 187]. This is a step forward to make NV centers 

more biocompatible for biological applications.

The silicon vacancy defect in diamond consists of a 

silicon atom and a split vacancy. It has both emission and 

absorption bands in the NIR spectral window. The photo-

luminescence (PL) of SiV displays a large spread of emis-

sion wavelengths (between 730 and 750 nm), but most of 

the emission lies within a fairly sharp zero-phonon line 

(ZPL) centered at around 738 nm, as shown in Figure 19A 

[29]. The optical excitation wavelength for the SiV color 

center can be easily selected within the NIR window [29] 

or in the visible. Notably, the SiV color center was reported 

as a stable fluorescent marker in ultra-small (1.2 nm) nan-

odiamond crystals [66].

The nickel color center (Ni) in diamond is a substi-

tutional Ni site in the diamond lattice, which may also 

include a split vacancy. It possesses a strong photolumi-

nescence (PL) doublet around 883/885  nm as shown in 

Figure 19A [207, 208], which is attributed to ground state 

splitting caused by the spin orbital interaction. Ni also has 

a biocompatible excitation range (650–800  nm), which 

makes it an excellent candidate for biological imaging and 

sensing applications.
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Figure 19: New fluorescent nanodiamonds in the biological 

transparency window.

(A) Superimposed photoluminescence spectra of color centers in 

nanodiamonds (FNDs), namely, germanium-vacancy (GeV), nitrogen-

vacancy (NV), silicon-vacancy (SiV), and nickel-vacancy (NiV). (B) 

The fluorescence spectra of all diamond color centers in (a) fit within 

the biological transparency window. The black, dark gray, and 

light gray curves are the absorption spectra of H
2
O, oxygen-bound 

hemoglobin (HbO
2
), and hemoglobin (Hb), respectively. Adapted 

from [61].
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Tin-vacancy (SnV) color center in diamond has been 

recently discovered [31]. Like the SiV, the tin atom sits 

on an interstitial site with two neighboring vacancies 

in the diamond crystal. It has been incorporated into 

diamond via ion implantation and subsequent high-

temperature annealing. The SnV center exhibits a sharp 

zero phonon line at 619  nm at room temperature and 

then this line splits into four peaks at cryogenic tem-

peratures due to a larger ground state splitting (∼850 

GHz). Furthermore, the excitation and emission of the 

SnV color center are located with the biological trans-

parency window [31].

Germanium-vacancy (GeV) is a color center in dia-

monds, composed of a germanium (Ge) and a vacancy 

(V) [209] with a structure like the SiV. GeV exhibits a 

marginally biocompatible photoluminescence band 

(595–610 nm) with most of the emission concentrated in 

a zero-phonon line at 602 nm at room temperature [209]. 

The excitation wavelengths of GeV can be in green or red 

bands, which make it a potential fluorescent marker in 

bio-imaging and biomedical applications.

In general, elements heavier than Si, when implanted 

in diamond, are expected to give split vacancy structure 

like the SiV [34]. Based on recent work with Ge and Sn, 

and more recently Mg, it is estimated that many of these 

centers will have narrow emission lines in the visible to 

near IR range and will thus allow multiplexing with other 

fluorescent probes, as desired.

In summary, due to the growing number of NIR and 

visible color centers in nanodiamonds, as so far only a 

fraction of the periodic table has been implanted into 

diamond [34], they promise to be excellent candidates for 

high contrast fluorescent markers, even deep inside biologi-

cal tissues when excited with biocompatible wavelengths 

(635–800  nm). It is important to know that most of the 

above mentioned color centers have still only been seen in 

bulk diamond and in relatively large nanodiamond crystals 

(>100 nm).

12   Future outlook for fluorescent 

nanodiamonds

Commercial nanodiamonds are fabricated by two main 

techniques: (1) crushing larger diamonds [211] and (2) 

detonation of explosives [63]. In addition, nanodiamonds 

are fabricated by non-detonation shock wave techniques 

such as laser ablation [212] and ultrasound [213]. There is 

also research in direct growth of nanodiamonds via CVD 

[214], and in flowing plasma [215], plus numerous other 

techniques. However, none of the existing nanodiamond 

fabrication techniques produces material that is close to 

the quality of bulk diamond, and this often leads to photo-

stability problems for sizes less than 10 nm and sensitivity 

problems for NV centers [36].

Recently, in an attempt to overcome the limitations 

of ultrasmall nanodiamonds, direct growth starting from 

organic precursors has been performed at high-pressure 

high-temperature (HPHT) >900°C [216, 217], using tech-

niques developed a long time ago [218]. So far, FNDs with 

NV and SiV color centers have been grown by these tech-

niques. In addition, researchers have also been attempting 

to grow high-quality nanodiamonds around diamondoid 

seed molecules for more than a decade using CVD tech-

niques. The motivation is that a diamondoid molecule 

is already like an ultrasmall diamond without defects, 

so that growing around a diamondoid seed molecule 

should give much higher quality nanodiamonds. Such 

seeded growth has successfully been applied to enhance 

nucleation of nanodiamonds for the growth of superior 

nanocrystal CVD diamond films [219–221]. Recently, the 

Diamond-like

seed molecule

13C

N High pressure, high temperature

H H H

H

HH

CC CHH

Reactive carbon (radicals) Engineered

fluorescent nanodiamond

Figure 20: The basic concept of engineered fluorescent nanodiamonds via molecule seeded growth. 

A diamond-like seed molecule is chosen that has specific atoms arranged in the approximate locations needed to form the color center 

of interest (the example shown is aza-adamantane with a 13C carbon that could be a precursor for a nitrogen-vacancy quantum register). 

Carbon radicals (like the methyl and ethyl radicals shown) are then created by cracking a hydrocarbon that decomposes at a much lower 

temperature than the diamondoid seed molecule. The subsequent growth of a diamond around the seed molecule gives a near-deterministic 

number and placement of the desired color center, and also assures at least one fluorescent emitter per nanodiamond no matter how small. 

Adapted from [224].
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growth temperature has been reduced to well below the 

diamondoid decomposition temperature [220] in the 

hopes of improving yield (fraction of diamondoids pro-

ducing diamonds). However, the yield is still extremely 

small (i.e. isolated nanodiamonds separated by microns 

compared to self-assembled seed layers with sub-nanom-

eter separations).

Another work has shown that easily cracked isobutene 

molecules can serve as a source of reactive carbon in the 

synthesis of larger diamondoids from smaller ones [222], 

which presumably is a key intermediate step in the growth 

of nanodiamonds. This same work attempted seeded 

nanodiamond growth via CVD at a temperature below the 

seed decomposition temperature and observed enhanced 

nanodiamond films, but again with a relatively small 

yield. Finally, larger diamondoids have also been grown 

from smaller ones in xenon plasma, again with a rapidly 

decreasing yield as diamondoid order increases [223].

In addition to higher quality nanodiamonds, the dia-

mondoid molecule seeding approach has the potential 

to deterministically produce color centers so that every 

nanodiamond, no matter how small, can have one or 

more bright fluorescent emitter [224]. This overcomes the 

limitation of all existing fabrication techniques includ-

ing growth and post-implantation, which are inherently 

probabilistic in nature. Thus, instead of treating color 

center creation in nanodiamonds as a crystal growth or 

processing problem, it can be approached as a chemistry 

problem for seed molecule synthesis. This approach is 

illustrated in Figure 20. Here, the first step is to synthesize 

a molecule that will act as a precursor (or seed) for specific 

color centers [224]. A diamond will be grown around this 

molecule in a non-destructive way, so that the resulting 

nanodiamond (or micro-diamond) can have a completely 

independent chemical and isotopic composition from the 

seed molecule, yet still be a single crystal.

It is clear that this technique could be extended to 

other color centers. For example, a diamondoid seed with 

a single silicon atom could in principle form a 2-nm SiV 

nanodiamond, which reproduces the properties of the 

meteor diamonds (i.e. a photostable fluorescent diamond 

that is smaller than many protein based dyes) [66]. Also, 

more complex color centers may be possible. For example, 

one of the best diamond emitters consists of a nickel atom 

surrounded by four nitrogen atoms (NE8 center) [225]. It 

has strong narrowband emission in the tissue transpar-

ency window. This color center is not favored by proba-

bilistic growth, but could in principle be grown with 

high yield by using the appropriate seed molecule. In 

summary, while the field of fluorescent nanodiamond 

has been limited by material quality and growth issues, 

these will likely soon be solved by the direct HPHT growth 

techniques starting from organic molecules, including the 

diamondoid molecule seeded growth approach.
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