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Abstract 

Nanodiamond (ND)-based technologies are flourishing in a wide variety of fields spanning 

from electronics and optics to biomedicine. NDs show interesting physicochemical 

properties such as hardness, stiffness and chemical stability. Additionally, NDs can 

undergo ad hoc core and surface functionalization, which tailors them for the desired 

applications. Noteworthy, the properties of NDs together with their surface chemistry are 

highly dependent on the synthetic method used to prepare them. In this minireview, we 

critically describe the preparation of NDs from a viewpoint of materials chemistry. The 

different methodologies of synthesis, purification, surface functionalization and the 

biomedical applications are thoroughly and critically discussed. New synthetic 

approaches as well as limits and obstacles of NDs are presented and analyzed. This 

minireview is particularly addressed to chemists who have started or are willing to explore 

the ND science and technology. 
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1. Introduction 

Nowadays, nanotechnology is widening its application field and it is integrated more and 

more in our daily life. The preparation of pure, homogeneous and monodisperse nano-

objects is highly desirable. In this context, nanodiamods (NDs) have been extensively 

studied finding wide and transversal cutting-edge applications in several domains.[1–3] 

NDs are a family of nanomaterials that shares a core constituted by a common sp3 carbon 

structure, but differs in size, shape and surface chemistry. By different synthetic 

approaches it is possible to obtain very small particles of 3 to 4 nm or homogeneous films 

with micron size thickness. The preparation methods also influence the quality, the 

quantity and surface chemistry of the final material. The most popular synthetic strategies 

for the production of NDs comprise detonation (D-NDs), high pressure-high temperature 

(HPHT-NDs) and chemical vapor deposition (CVD-NDs). D-NDs are monodisperse 

diamond particles produced in large scale by exploding appropriate precursors, with a 

relatively small crystalline size. HPHT-NDs are obtained from a top-down process by 

milling HPHT diamond followed by levigation. CVD-NDs can be generated on different 

substrates leading to the formation of films. As-prepared NDs share the same core 

structure imparting mechanical and optical properties similar to bulk diamond. In 

particular, NDs are characterized by high Young’s modulus, high stiffness, excellent 

thermal conductivity, high refractive index and stability in harsh conditions. Together with 

the features of the core, NDs are endowed with a versatile surface chemistry, which 

allows to expand their use in different fields. Playing with the functional groups that are 

present or can be added onto the surface of NDs, we can tune both their macroscopic 

(e.g. hydrophilicity and colloidal stability) and microscopic (e.g. reactivity) properties 

making the prepared NDs suitable for the desired applications. Additional treatments can 

be performed to modify the sp3 core. In this case, high energy ions are used to implant 

defects inside the ND lattice (doping).[4] These defects incorporated into the sp3 structure, 

called color centers, correspond to new atoms or vacancies into the lattice and produce 

fluorescence NDs, making them suitable for electronics and bioimaging. Currently, 

different ND technologies in lubricant and polymer science have already reached late 

stage trial and few of them are commercially available.[5] However, in some other fields 

such as biomedicine, several challenges still need to be faced before a safe application 
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of ND-based technologies reaches the market. Moreover, there is still room for 

improvement regarding purification and functionalization protocols. For instance, D-NDs 

require extensive post-synthesis modifications to obtain stable dispersions, while doping 

generally needs high temperature, being incompatible with most of the surface 

treatments. For these reasons, different multi-functionalization protocols have been 

recently explored, proving how crucial is tailoring the synthetic and functionalization 

strategies to expand ND applications. In this minireview we will critically focus on the 

preparation and chemical functionalization of NDs, particularly foreseeing their 

applications into the biological and biomedical fields.  

2. Methods of synthesis: HPHT and detonation 

NDs can be produced by various top-down and bottom-up methodologies.[6] Bottom-up 

methods build the carbon lattice from molecular precursors including explosives for D-

NDs or small hydrocarbons for CVD-NDs. Alternatively, top-down protocols are based on 

the controlled fragmentation of micron sized diamonds by use of milling or ultrasound.[6] 

Since the most exploited synthetic protocols are HPHT and detonation, we decided to 

describe the details of the processes to obtain these types of NDs. 

D-NDs are produced through explosion of a mixture of 2,4,6-trinitrotoluene (TNT) and 

1,3,5-trinitroperhydro-1,3,5-triazine (hexogen). During this process, nanodroplets of liquid 

carbon are formed and converted to D-NDs after fast cooling. The detonation soot is then 

subjected to intense oxidative purification steps to remove iron impurity and sp2 carbons 

and extract the desired D-NDs. The detonation process allows the production of 

homogeneous particles with a very narrow size distribution, typically 1 to 10 nm. 

In the case of HPHT, single crystalline diamonds can be obtained from graphite or other 

carbon sources such as carbon nanotubes[7] or fullerenes[8] at high temperature and high 

pressure. These conditions cause thermodynamic transition of the carbon phase from sp2 

to sp3 hybridization. HPHT process is quite versatile, as pressure and temperature can 

be finely tuned to control the size of the prepared bulk diamond.[9] To obtain NDs of 

desired size, as-produced bulk diamonds must then undergo a fragmentation process via 

bead-assisted sonic disintegration or mechanical ball milling, giving high quality NDs 

typically of 20-30 nm up to few microns.[9] Alternatively, an interesting crushing method 
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reported the use of a hydraulic press in the presence of NaF salts yielding nanoparticles 

with size below 20 nm.[10] Subsequently, this type of NDs can be subjected to ion-

implantation followed by high temperature annealing to generate nitrogen vacancy (N-V) 

centers for endowing NDs with fluorescence properties.[11]  

If we compare HPHT-NDs and D-NDs, the shape, the interparticle interactions and the 

surface differ visibly (Fig. 1). 

 

Figure 1. TEM images of D-NDs (A) and HPHT-NDs (B). Reprinted with permission from 

ref. [3]. Copyright 2017 Elsevier. 

 
In the case of HPHT, the size of the final particles is tuned by the milling conditions of the 

bulk diamonds.[12] These NDs bear lower quantity of sp2 carbon compared to D-NDs.[12] 

Moreover, the fragmentation process allows to obtain sharp faced materials with a lower 

tendency to form agglomerates.[12] On the other hand, detonation is a bottom-up 

technology where the primary monodisperse (narrow size distribution) ND particles are 

formed during the explosion.[13] But, the produced soot is a complex mixture of 

amorphous, graphitic carbon with traces of the metal present in the detonation chamber, 

thus requiring an efficient purification protocol.[6] Additionally, sp2 carbon impurities can 

easily remain into the cleaned D-NDs. D-NDs also shows a significant agglomeration 

tendency, due to their different surface potentials.[6] Concerning surface functionalities, 

detonation process allows the introduction of a wide variety and quantity of functional 

groups rendering D-NDs more versatile for chemical modifications[6] than HPHT-NDs 

where hydroxyls are the dominant functions.[12] In addition, color centers can be 

generated more easily in HPHT-NDs than in D-NDs, because they can host more 

defects.[5] 
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Overall, HPHT- and D-NDs show high potentials and versatility allowing to expand their 

application in a wide variety of technological fields. However, we should choose the 

appropriate NDs by taking into consideration the characteristics of the particles and the 

technological needs. 

3. Post-synthetic treatments 

Prior to each utilization, NDs require an accurate purification, deagglomeration and 

fractionation process. The different steps are really crucial and strongly affect the final 

quality of the produced material. Ideally, the overall post-synthetic treatments should be 

efficient, cost effective, scalable, and reduce the batch to batch variability. Specific post-

synthetic protocols have been extensively described for D-NDs and HPHT-NDs (Fig. 2).  

 

Figure 2. Illustration of the synthesis and post-synthetic treatments in the preparation of 

D-NDs and HPHT-NDs. 

 

Besides, the soots produced via detonation contain the desired NDs, together with non-

diamond carbon and residual metals which makes purification the most delicate protocol 

for D-NDs. On the other hand, the purification of HPHT-NDs is nearly not necessary as 

the crude product into the synthetic chamber is composed by almost pure diamond.[12] 



7 

 

7 

 

Hence for HPHT-NDs, fractionation is the most important step to obtain a sharpen size 

distribution material.  

Purification of the HPHT diamond is performed to remove the non-diamond carbon traces 

present on the surfaces.[14] Instead, for D-NDs it is necessary to extract the diamond 

phase from the detonation soot. The major impurities present in the soot comprise 

metallic contaminants (1-8%) and non-diamond carbon that can reach concentration of 

80%.[15] Typically, acid treatments using HCl, HBr or HF can remove both non-diamond 

carbon and metal impurities.[16] More complex purification protocols foresee the use of 

different oxidant mixtures (e.g. HCl/HNO3, H2O2/NaOH).[16] The use of these liquid phase 

protocols are not environmental friendly, hazardous and costly.[16] For these reasons, new 

gaseous-phase treatments (e.g. ozone, hydrogen) are now into the developing stage. We 

would like to stress that in case HPHT-NDs, purification step is strongly advised after the 

doping process, where the high temperature necessary in the ion implantation and 

annealing may induce graphitization of the diamond surface. In addition, the 

oxidative/reductive purification protocols modulate the types of organic groups, which are 

essential to select the further surface functionalization. 

After the purification steps, the D-NDs need to undergo deagglomeration. High energy 

ball milling has been reported as the best deagglomeration protocol.[17] This technique 

induces sample contamination due to the inevitable breaking of the milling media (i.e. 

zirconia, stainless steel). Alternatively to classic milling, the use of sugar or salts has been 

studied.[18] Due to the lower tendency to agglomerate, in the case of HPHT-NDs, milder 

de-agglomeration such as sonication can be performed.[14] 

The last step of the post synthetic treatments is the fractionation. This step is important 

in the case of D-NDs to divide the different agglomerate size, while in the case of HPHT-

NDs it helps to select the desired size. Moreover, for D-NDs fractionation can be not 

necessary since narrow size agglomerates and well as single digit dispersions can be 

obtained by milling.[14] In the case of HPHT-NDs, fractionation is the most delicate step 

due to a wide particle size distribution after crushing. The fractionation is generally 

performed via centrifugation, provided that the NDs have a good colloidal stability in the 

appropriate solvent. Additionally, ultracentrifugation and density gradient centrifugation 
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can be applied.[14] These processes can be performed more times to narrow the size 

distribution of the final product. We would like to underline that the yield of fractionation 

is highly dependent on the starting NDs. As HPHT-NDs are produced by a top-down 

approach, the collected fractions may be composed by particles with a wider size 

distribution. 

4. Surface functionalization 

In many applications, it is necessary that NDs may undergo specific surface 

functionalizations. The chemical modification of ND surface allows to tune the interaction 

of the nanoparticle with the surrounding media. This behavior is difficult to control. For 

instance, dispersibility is crucial for the preparation of homogeneous ND dispersions, 

while playing with organic functions we can tune the efficiency of NDs to adsorb ions or 

molecules (e.g. drugs in the case of biomedical applications).[6] ND chemistry has been 

well-established. The NDs are characterized by a robust sp3 core structure that make 

them highly stable under strong acidic or basic conditions. On the other hand, high 

temperatures are able to induce surface graphitization leading to a loss of the functional 

groups.[6] HPHT-ND surface resemble that of bulk diamond, and it is characterized mainly 

by the presence of hydroxyl groups and few carboxylic groups.[12] D-NDs are instead 

considered the carbon nanostructure with the highest variety of surface diverse functional 

groups.[12] In particular, hydroxyl and carboxylic groups, epoxides and lactones have been 

identified onto the D-ND surface. On top of this abundance, we must consider that there 

could be a high variability between the different producers or even in the batches. In 

addition, to complicate the situation, the characterization and the quantification of the 

organic functions is rather difficult giving often inconclusive results. For these reasons, as 

a common procedure before any surface functionalization, the NDs are first submitted to 

a process of surface homogenization. Depending on the desired functionalities, the 

homogenization can be performed under oxidative or reductive conditions (Scheme 1).[5]  
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Scheme 1. Chemical reactions performed on NDs to reduce or oxidize their surface. 

 

As presented above, NDs are characterized by the presence of oxygen-containing 

functional groups. Oxidative conditions, such as treatments with sulfuric acid, nitric acid 

or hydrogen peroxide under sonication, are able to enhance the amount of carboxylic 

acids on the surface of D-NDs or HPHT-NDs.[19] NDs can be alternatively submitted to a 

reduction process using wet chemistry or plasma.[19] Wet chemistry reduction can be 

performed using various common reductant such as hydrides (Scheme 1).[19] The aim of 

this process is to enhance the presence of hydroxyl groups on top of the NDs. H-plasma 

can be also implemented to efficiently reduce ND surface. Depending on the conditions 

and the temperature, the reduction can enhance the formation of OH or lead to hydrogen-

terminated NDs.[13] There is not a single protocol to obtain the homogenization of the total 

ND surface but there is rather an enrichment of the desired functional groups. Moreover, 

if on one side homogenization allows the uniformity of the ND surface, on the other, it 

depletes the presence of other organics that may be used for orthogonal functionalization. 

At the moment, no pretreatments have been reported aiming to control the presence of 

more than one organic function, making the NDs prone to multifunctionalization. We 

believe that there are a lot of possibilities for improvement in this direction. 
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After surface homogenization, the NDs are subjected to further functionalization. The 

main strategies proposed for ND functionalization covers both covalent and non-covalent 

approaches. Non-covalent functionalization relies mainly on two types of interactions: 

electrostatic (Scheme 2) or hydrophobic (Scheme 3).[20] For the first one, oxidized NDs 

are generally used, because their surface is highly negatively charged due to the 

presence of carboxylic groups (Scheme 2).  

 

Scheme 2. Non-covalent functionalization of NDs through electrostatic interactions.  

 

In the second case, the target molecule can be adsorbed onto ND surface via apolar 

interactions (Scheme 3).[12] The non-covalent functionalization is simple and based on the 

self-assembly between the NDs and the desired molecule, and it has been extensively 

used for the preparation of composites and in drug delivery.[5,21] 
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Scheme 3. Non-covalent functionalization of NDs through hydrophobic interactions.  

 

For drug delivery applications, the drugs can be adsorbed on top of the ND surface and 

then released in the desired environment.[22,23] However, non-covalent functionalization 

suffers from lack of reproducibility. This drawback is due to the scarce control of the 

overall adsorption process. Indeed, the inhomogeneous ND surface together with the 

non-uniform agglomeration state may dramatically affect the interaction between the 

particles and the adsorbed molecules. 

Regarding the covalent approaches, the most exploited groups are the carboxylic and the 

hydroxyl groups. The carboxylic groups are quite abundant on D-NDs and can react with 

amines after activation.[23] Efficient activation of the carboxylic groups is obtained by 

thionyl chloride able to convert the carboxylic acid into the acyl chloride (Scheme 4).  
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Scheme 4. Functionalization of the carboxylic functions of NDs (R= proteins, peptides, 

dyes). 

 

However, this reagent is not specific and can also convert hydroxyl groups to chlorides 

via nucleophilic substitution.[24] Milder activation protocols have been reported using 

classical carbodiimide/succinimide activation (EDC/NHS) [1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide] that allows reactions in water 

or buffer at room temperature.[23] This methodology has widened the applications of NDs 

to the biomedical field. Several studies showed efficient grafting of a large variety of 

moieties including small molecules, dyes, monomers, polymers or proteins (Scheme 

4).[23] Another extensively exploited reaction targeting the carboxylic groups is the 

esterification. In this case, after activation using carbodiimides and appropriate bases, the 

NDs can be functionalized with the desired alcohol [e.g. polyethylene glycol (PEG) or 

polyglycerol (PG)].[12,23] Compared to amidation, ester functionalization is certainly less 

stable and more prone to hydrolysis. Esterification of NDs was normally used to graft 

biopolymers in order to enhance the colloidal stability and blood circulation.[25,26] 

Another popular functionalization regards the derivatization of the hydroxyl groups. Such 

groups are naturally present in both HPHT-NDs and D-NDs and their quantity can be 
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enhanced via an appropriate surface homogenization. Hydroxyl groups can be 

functionalized via esterification reaction in similar conditions described for COOH.[27] 

Another attractive strategy for the derivatization of NDs is the reaction with siloxanes 

(Scheme 5).[12]  

 

Scheme 5. Functionalization of the hydroxyl functions of NDs (R = proteins, peptides, 

amino-alkyl, glycidyl moieties). 

 

Siloxane functionalization offers several advantages: it can be performed under mild 

conditions using alcoholic solvents and the reaction is highly versatile and tunable due to 

the wide variety of siloxanes commercially available. On the other hand, siloxane 

functionalization may suffer from hydrolysis and so crosslinking agents such as 1,2-bis 

(triethoxysilyl)ethane are required. Noteworthy, the reaction with siloxanes forms a 

uniform shell around the NDs where the thickness depends on the siloxane precursor 

used.[12] Siloxane functionalization can be used to enhance the surface area of the 

nanoparticles and so the drug loading capacity of the materials. This approach has been 

successfully used to covalently anchor onto ND surface both dyes and receptors via click 

chemistry onto silica grafted NDs with interesting results in vitro.[3]  
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The described functionalization reactions are aimed to exploit the NDs in the biomedical 

field. However, there are also many other possibilities that allow to modify the NDs with 

different functional groups. For example, hydroxylated NDs can react via Williamson 

reaction with alkyl chloride, while hydrogenated NDs can be easily functionalized with 

alkenes after UV activation or with diazonium salt through Tour reaction. In addition, ND 

surface can exhibit an unexpected reactivity compared to “classic” molecules. For 

instance, fluorinated NDs (prepared via fluorine plasma) can easily react with amines and 

Grignard reagents.[3,23] In addition, carboxylic groups present onto the ND surface can be 

easily converted into azido group obtaining a material readily feasible for click 

chemistry.[28] For these reasons, we believe that there is still room for improvement the 

functionalization strategy according to the final applications. 

5. Bioconjugation 

For their stiffness, lubricity, mechanical resistance and refractivity, NDs have been 

successfully applied to different materials science fields. However, one of the most 

promising application area is certainly the biomedical. Thanks to their high 

biocompatibility, their intrinsic inertness, their ability to easily penetrate cell membranes 

and their well-established surface chemistry, NDs are explored as a powerful carrier to 

deliver different drugs inside target cells and to monitor intracellular processes. To 

facilitate the biomedical applications of NDs, it is essential to conjugate them with specific 

biomolecules such as peptides, proteins, nucleic acids and other bioactive molecules. 

Depending on the interaction between the NDs and the biomolecules, the bioconjugation 

can be divided into non-covalent, covalent and interlayer mediated approaches. NDs are 

able to complex proteins or lipophilic drugs via hydrophobic interactions (Scheme 3), 

whereas the surface charge of NDs enables the loading of the biomolecules through 

electrostatic attraction (Scheme 2).[29] Because the non-covalent bonding is quite weak 

and non-specific, the biomolecules could gradually detach from ND surface under 

biological conditions. In the case of NDs bearing functional groups like hydroxyl and 

carboxylic groups, it is possible to conjugate the biomolecules to NDs through covalent 

bonding (e.g. ester and amide bonds) that provides stronger and more stable connection 

(Scheme 4). To favor the practical applications of functionalized NDs in physiological 
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environments, interlayers, mostly constituted of hydrophilic polymers,[30–32] are often 

incorporated between the NDs and the bioactive species to enhance the aqueous 

dispersibility and offer more functionalities for chemical binding. Among the different 

interlayers, PEG chains terminated with various functional moieties such as amino, thiol 

and azido groups are frequently employed to selectively bind a range of biomolecules 

through covalent bonds.[31] As an alternative strategy to PEGylation, PG grafting and 

further derivatization of NDs have recently been developed to make the bioconjugation 

more convenient and economic (Scheme 6).[25,26] The grafted PG layer on NDs has a 

hyperbranched topology and possesses many hydroxyl groups at the periphery, which 

not only significantly improve the hydrophilicity, but can be easily converted to more 

reactive functional groups (e.g. amino, azido and carboxylic groups), for further 

bioconjugation and drug loading. Up to now, a wide range of molecules including targeting 

peptides,[33] chemotherapeutics[26,34] and plasmid DNA[35,36] have been conjugated to the 

surface engineered ND-PG (Scheme 6), demonstrating preserved biological activities. 

 

Scheme 6. Conjugation of NDs with biomolecules through the PG mediated approach. 
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6. Characterizations of NDs 

One important aspect associated to the chemistry on NDs concerns the characterization 

of the precursors and the final conjugates. The techniques that allow to analyze the quality 

of ND core and surface can be divided into two families, 1) microscopic and 2) 

macroscopic techniques. The former includes X-ray photoelectron (XPS) spectroscopy, 

scanning and transmission electronic microscopies (SEM, TEM), selective area electron 

diffraction (SAED), and energy dispersive X-ray spectrometry (EDX), while the latter 

comprises elemental analysis (EA), mass spectrometry, NMR (nuclear magnetic 

resonance), Raman, infrared (IR) and X-ray diffraction (XRD) spectroscopies, mechanical 

testing, and thermogravimetric analysis (TGA).[6,37] The morphology and size (using TEM, 

SEM and XRD), sp2 carbon content (using XRD, Raman and NMR) and metal impurities 

(using EDX, EA, TGA and XPS) can be visualized and/or quantified.[6,37] However, ND 

surface is very difficult to precisely characterize due to its complexity. Generally, IR, XPS 

and TGA are used to provide an estimation of the type and quantity of the organic groups 

present.[21] In general, multiple techniques are required for ND full characterization. In this 

direction, we will benefit of a current rapid instrument innovation trend where the coupling 

of more spectroscopies (i.e. TGA/mass, Raman/XPS) or new implementation (i.e. surface 

enhanced Raman spectroscopy) are tremendously improving the quantity and quality of 

the information we can get from NDs. For instance, IR spectroscopy using diffuse 

reflectance has been used to analyze the ND local interactions with the adsorbed 

molecules thus helping to understand ND interaction with drugs.[38] 

7. Biomedical applications 

Owing to their high biocompatibility, their rich surface chemistry and the unique magneto-

optical properties, NDs have attracted great attention in the area of biosystems including 

bioimaging, temperature sensing, drug delivery and tissue engineering (Fig. 3).  
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Figure 3. Biomedical applications of functionalized NDs. 

NDs can incorporate a variety of color centers such as N-V centers, nickel-nitrogen 

complex centers, and silicon vacancy (Si-V) centers,[39,40] which upon photo-excitation 

can emit bright and non-bleaching fluorescence with emission wavelengths ranging from 

visible to near-infrared region. The intrinsic luminescence makes NDs an ideal tool for 

fluorescence tracking and imaging.[41] More attractively, taking advantage of the 

fluorescence and magneto-optical properties of negatively charged N-V centers (NV–), it 

is feasible to achieve background-free fluorescence imaging through different 

approaches. One approach relies on the fact that the fluorescence lifetime () of NV– ( ≈ 

25 ns) in NDs is much longer than that of autofluorescence from biological samples ( ≈ 

1–4 ns). Therefore, the background fluorescence can be eliminated by time-gating 

technique.[42] The other approach is based on the unparalleled magneto-optical property 

of NV– whose fluorescence intensity is related to the ground state spin configuration, 

which can be manipulated by electron spin magnetic resonance. According to this 

characteristics, either microwave radiation[43] or a modulated magnetic field[44] can be 

employed to induce a change in fluorescence intensity of NV–, whereas autofluorescence 

of the biomolecules have no response to the external electromagnetic fields. As a 

consequence, the signal-to-noise ratio of fluorescence imaging in cells and tissues is 

significantly increased. For instance, microwave radiation was used to image NDs in living 
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C. elegans using a selective imaging protocol (SIP) based on recording the fluorescence 

intensity varying the electron spin magnetic resonance (Fig. 4). 

 

Figure 4. Imaging of NDs inside C. elegans after feeding. A conventional fluorescence 

image obtained without SIP is shown in red (a). An image obtained by SIP is shown in 

green (b). The merged image (c) reveals the fluorescence of NDs in yellow. Adapted with 

permission from ref. [43]. Copyright 2012, American Chemical Society 

 

Apart from fluorescence imaging, NDs have also been intensely investigated as contrast 

agents in magnetic resonance imaging (MRI). Immobilization of paramagnetic gadolinium 

complexes on the surface of NDs can efficiently increase longitudinal relaxivity, resulting 

in enhanced T1-weighted MRI.[45,46] Similarly, Mn functionalized NDs have been used as 

MRI contrast agents to monitor liver tumors in vivo in a mouse model, up to 120 min post-

injection (Fig. 5).[47]  

 

Figure 5. In vivo T1-weighted images using NDs and NDs functionalized with Mn (NDMn) 

as contrast enhanced MR agents at different time-points. Arrows point the tumor tissues. 

Adapted with permission from ref. [47]. Copyright 2017, Elsevier. 
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Recently, dynamic nuclear polarization through contact with electronic spins has emerged 

as a promising approach to enhance the sensitivity of NMR. It has found that both N-V 

centers[48] and 13C spins[49] in the ND core can be hyperpolarized to act as probes in NMR 

imaging.[50] The intrinsic electron spins on the surface of NDs have shown the capability 

of hyperpolarizing the 1H nuclear spins of adsorbed liquid compounds using microwaves 

at room temperature, providing another possibility for ND-enhanced NMR imaging.  

A precise measurement of the temperature in living systems is very challenging but of 

great importance for the biological and medical research. Since the fluorescence 

properties of N-V centers are very sensitive to the local temperature, a ND-based 

nanoscale thermometry with sub-degree temperature resolution and high spatial 

resolution has been developed through coherent manipulation of the electronic spin 

associated with N-V centers.[51] More attractively, temperature-gradient mapping at the 

subcellular level was realized by internalizing both NDs and gold nanoparticles into a 

living cell. 

NDs are among the most promising nanocarriers for delivery of chemotherapeutics 

because of their low toxicity and large surface area. The drug loading onto the surface of 

NDs can be achieved by non-covalent and covalent methods. As a representative 

example of non-covalent loading, Ho and coworkers have developed a simple and 

efficient approach to complex anticancerous doxorubicin (DOX) with NDs by adding NaCl 

or NaOH into the aqueous dispersion.[52,53] The sustained release of DOX from ND-DOX 

composites overcame chemoresistance and significantly increases cell apoptosis, and 

suppressed tumor growth more efficiently than conventional DOX treatment in mouse 

models (Fig. 6).  
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Figure 6. ND delivery of DOX inhibits tumor growth in a murine mammary carcinoma 

model. A) 4T1 cells were injected into the mammary gland of BALB/c virgin female mice. 

Mice were treated with PBS, DOX (100 µg), ND-DOX (NDX) (100 µg of DOX equivalent), 

Dox (200 µg), or NDX (200 µg of DOX equivalent) by tail vein injection. Black arrows 

denote injection days. B) Survival plot of treated 4T1 mice. NDX treatments showed the 

highest therapeutical benefits both in tumor growth and survival. Adapted from [53]. 

Copyright 2011, American Association for the Advancement of Science. 

 

Through rational surface engineering, DOX was also covalently immobilized on PG 

grafted NDs via hydrazone bonding, which can be cleaved in mild acidic environments 

such as in the lysosomes of cells.[54] Using PG as an interlayer, not only facilitates the 

covalent attachment of DOX, but also provides a platform to impart NDs with multiple 

functionalities including stealth effect to evade non-specific cell uptake and conjugation 

with targeting peptide. In addition to chemotherapeutics, genes and proteins can be also 

loaded and delivered into cells using different surface-modified NDs as carriers. 

The remarkable biocompatibility and the exceptional mechanical properties of NDs make 

them promising candidates for applications in tissue engineering. The monolayer of NDs 

can act as an ideal platform for neuronal growth. It was observed that the neuron growth 

on ND-coated substrates show properties similar to those cultured on standard protein-

coated substrates.[55] Biodegradable poly(L-lactic acid) blended with only 10 wt% of 

octadecylamine-modified NDs displayed no negative effects on proliferation of murine 
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osteoblast and a remarkable increase in hardness and Young’s modulus even close to 

those of human cortical bone, enabling the application of the nanocomposites in bone 

regeneration.[56] Recently, the first in-human administration of NDs for dental treatment 

has been reported by Ho and collaborators.[57,58] A ND-embedded dental gutta-percha 

(GP is a natural polymer used to fill teeth canal), showing enhanced mechanical 

properties was utilized as a filler to repair root canal sites and prevent infections (Fig. 7).  

 

Figure 7. NDGP prevents bacterial contamination after root canal therapy due to the 

antimicrobial properties of both ND and amoxicillin.  A) Application of NDGP embedded 

with ND-amoxicillin conjugates. MicroCT (μCT) images of patient-derived teeth samples 

obturated with unmodified GP (B) and NDGP (C). Adapted with permission from [58]. 

Copyright 2014 American Chemical Society. 

 

8. Advantages and limitations of NDs 

NDs show different advantages over other nanomaterials (Table 1). First of all, they inherit 

many features from bulk diamond such as optical refraction and transparency, chemical 

inertness, exceptional hardness and mechanical strength. The intrinsic fluorescence of 

NDs originating from various color centers has high photostability. In particular, the unique 

magneto-optical properties of N-V centers gives rise to optically detected magnetic 

A 

B C 
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resonance (ODMR) effect, which has not been found in other nanomaterials yet. In terms 

of biological properties, NDs show non-toxicity and excellent biocompatibility, and can be 

conjugated with various biomolecules. These incomparable advantages make NDs a 

robust tool in a broad spectrum of applications, especially in the biomedical fields. 

Despite the advantages mentioned above, NDs also have their own limitations when 

applied. New technologies have the responsibility to solve more problems than they 

create. In case of NDs, they have been already commercialized for different applications 

such as abrasives and lubricants. Besides, considering the biomedical field different 

questions needs to find an answer. For instance, NDs comprising sp3 carbons are 

considered “biocompatible by inertness”. Indeed, due to their low reactivity in biological 

environments, NDs are overall considered safe nanomaterials. However, this high 

stability even compared to other sp2 carbon nanomaterials[59] may affect their 

biodegradability in the body or into the environment.[60] It is worth to note that there are 

no study on biodegradability of NDs reported in the literature yet. Additionally, NDs, if not 

degraded, need to be excreted from the body to avoid bioaccumulation and potential long-

term safety issues. Different in vivo studies have been performed to answer these 

questions.[5] Owing to their high surface energy and large specific surface area, NDs are 

prone to aggregate and adsorb many proteins following intravenous administration, which 

may alter their biological performance. However, coronation and aggregation can be 

modulated via surface functionalization.[3] In the case of in vivo fluorescence imaging, the 

number of luminescent centers in single NDs are very limited, leading to insufficient 

emission intensity that hardly penetrates skins and tissues. In addition, to create N-V 

centers in NDs, irradiation by high-energy electron/helium ion beams and subsequent 

high-temperature annealing are required, which largely increase the cost of fluorescent 

NDs and inevitably destroy the intrinsic surface chemistry. Last but not least, increasing 

the colloidal stability of fluorescent NDs to meet the requirements of in vivo studies still 

remains challenging. For these reasons, different groups are developing strategies to 

prepare highly doped NDs already at the synthetic step. 

 

Table 1. Pros and cons of different carbon nanomaterials used in biomedicine.  
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Type of carbon 
nanomaterials 

Pros Cons 

Nanodiamonds 

Chemically inert, good mechanical 
properties, intrinsic fluorescence, dense 

functional groups, ODMR effect for 
biosensing 

Unknown degradability, insulator, irregular 
shape 

Fullerenes[61] 
Defined molecular structure, controlled 

chemical functionalization, radical 
scavenging activity 

Low degree of functionalization, 
hydrophobic, small size 

Carbon 
nanotubes[62] 

Good mechanical properties, size tailoring, 

good cell uptake, photothermal properties， 

near-infrared fluorescence 

Hydrophobic, size dependent toxicity, risk 
of organ accumulation, inflammatory 

potential 

Graphene[63] 
Good mechanical properties, size tailoring, 
facile preparation, photothermal properties 

Hydrophobic, low functionalization level, no 
fluorescence 

Graphene oxide[63] 
Size tailoring, very high water dispersibility, 
facile preparation, photothermal properties, 

dense functional groups 

Batch to batch variability, wide size 
distribution, low fluorescence, inflammatory 

potential 

 

9. Summary and Perspective 

NDs are a family of material constituted of a well-defined core and a functional surface. 

The ND core is composed exclusively of sp3 carbon lattice covalently bound each other, 

making them one of the hardest and most stable material. Moreover, the lattice can also 

give the opportunity to make color centers, not only emitting fluorescence, but also 

susceptive to magnetic field. In contrast to the robust nature of the core, the surface of 

NDs is more dynamic. Indeed, from a material chemistry point of view, the NDs can be 

treated as organic compounds. The well-established surface chemistry developed in the 

last years has enormously widened their applications in different technological fields. As 

mentioned above, the functional groups on ND surface can be controlled through 

oxidation, reduction and then further functionalized with organic moiety covalently or non-

covalently for various purposes. 

We would like to encourage the scientists working with NDs to design future systems 

taking into account the synergistic properties of the ND core and surface. For mechanical 

applications, the “small” and “hard” properties of NDs have been utilized as abrasives, 

but not so much attention has been paid to the surface. The chemical modification with 

appropriate functional groups can impart more functions to NDs, for example in the drug 

delivery, in vitro or in vivo sensing or in tissue engineering. To date, great effort has been 

currently invested to push forward these materials in clinics.[64] In addition, the surface 

modification of NDs can also influence their core properties including fluorescence and 
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even electron spin properties of N-V centers. For example, surface oxidation is often 

employed to generate oxygen-containing functional groups on NDs. This process is also 

necessary to remove blackish graphitic layers on fluorescent NDs, effectively enhancing 

the fluorescence intensity upon photoexcitation.[26] On the other hand, a recent research 

unveils that surface oxidation of NDs is capable of extending the transverse spin-

coherence time (T2) of N-V centers, which dictates the spin-memory time in quantum 

devices and the sensitivity of quantum.[65] Taking into account the different preparation 

methods and the broad range of surface modifications that can be applied to NDs, we 

expect that such materials will find more and more uses in materials science and 

biomedicine. Both core and surface are expected to be synergized in future applications 

of NDs. 
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