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Introduction

Bioapplications need many prerequisites to be safe and efficient. The use of nanoparticles (NPs) has gained more and more attention due to their small size and high surface to volume ratio, but there are many concerns about their harmfulness for the living. Among NPs, nanodiamonds compatibility in living organisms, from administration to clearance, is intensely watched. According to several in vivo studies, NDs are well-tolerated and non-toxic. 1 Moreover, in the midst of carbon-based nanomaterials, NDs seem to be the most biocompatible species of their family. This fundamental property is associated with high specific surface area, inert carbon core with various impurities and defects and tunable surface chemistry. Other characteristics of ND-based materials, such as surface zeta potential, tissue penetration, dispersibility and accessibility, can be modulated for optimal use in biological media. 2 Therefore, biological parameters such as aggregation, metabolism, internalization and toxicity can be controlled, providing better risk-benefit ratio towards therapeutic and bioimaging systems. 3 NDs are classified into different categories depending on their bare size and synthesis process. Detonation nanodiamonds (DNDs) basically exhibit monodisperse size close to 5 nm. 1,4,5 They are manufactured by shocks with trinitrotoluene-like explosives and hexogen, where graphite is converted in tiny little gems in a bottom-up approach, prior to purification and washing phases. 6 Fluorescent nanodiamonds (FNDs) with wider size distribution than DNDs, are principally shaped from expensive high pressure and high temperature (HPHT) diamond and grinding procedure, which confer them very stable defects. Their intrinsic fluorescence, originating from nitrogen-vacancy (N-V) color centers, and their good biostability render them ideal for tracking and imaging upon light excitation. 7 Nano-sized diamonds can also be obtained by chemical vapor deposition or pulsed laser ablation in liquids, but these processes are less common and expensive. [8][9][10] Before their use in formulations for bioapplications, NDs are purified to selectively remove impurities (non-diamond carbons, metals, oxides and other particles) to control their surface chemistry. The restrictive aggregation effect of bare NDs, which is one frequently discussed issue, can be solved by different strategies governed by physical principles or chemical modifications. The former gathers milling, sonic disintegration, and annealing techniques, while the latter refers to surface modification by oxygenated functions or small molecules to bring stability to the final materials. 3 DNDs are commonly chosen in anticancer drug delivery systems owing to their low cost, chemical inertia and ability to overcome multidrug resistance. 11 In addition, their high specific surface area and small monodisperse size allow higher release rates and good therapeutic in vivo efficacy via targeting molecules such as polymers, peptides and liposomes. 1,5,6 They show good relevancy as topical antineoplastic drug delivery transporters, cancer stem cells eradication enhancers and chemoresistance suppressors. 3 Their alterable surface and biocompatibility render them suitable drug carriers protecting against protein adhesion and immune responses, leading to longer circulation time in the body and better selectivity for the tumor sites. 1 NDs have been adapted for use with several drugs, demonstrating positive input and lower side effects. For instance, studies of materials loaded with doxorubicin (DOX) displayed interesting tumor growth inhibition, prolonged release in the cytoplasm or increased drug uptake in cancer cells nucleus. 3,12,13 These fluorescent gems can also be beneficial in photodynamic therapy (PDT), generally associated with active photosensitizers whose activity relies on phosphorescence phenomenon. By non-radiative intersystem crossing, these materials can generate reactive oxygen species (ROS) by electron or energy transfer during electronic transitions from excited to ground states. 14 Additionally, there is potential in photothermal therapy (PTT), by which light is converted into heat to wipe out malignant cells. 5 Otherwise, NDs have considerable potential as bioimaging probes due to their fluorescence properties, generally associated to ND intrinsic impurities (N-V and silica-vacancy color centers). Among the different ranges, FNDs, generally bigger in size than DNDs, can be fluorescent markers to monitor uptake efficiency, uptake pathways, and intracellular behavior. 15 Fluorescence imaging is usually facing two issues: autofluorescence of tissues and light absorption by biomolecules in UV-vis domain, leading to photobleaching and poor brightness level. Intrinsic stable defects fluorescence of NDs is ideal for bio-tracking, as it displays high lifetime (20-30 ns) contrary to biomolecules autofluorescence that is usually of 1-4 ns, providing high contrast imaging. 6 Interestingly, ND N-V centers are emitting from 600 to 800 nm. In these conditions, there is no intense photon absorption by body biomolecules, thus, no signal perturbation. 5 Autofluorescence photobleaching and bad penetration in the tissues are avoided in near-infrared (NIR) conditions. Furthermore, covalent and non-covalent attachment of emitting fluorophores enhances imaging quality. 15 Great fluorescence can be achieved by the use of fluorophores, such as fluorescein, Hoechst blue, rare-earth (RE) elements and quantum dots (QDs), but it has been reported that FNDs possess the advantage to show better biocompatibility. 7 Hence, two strategies are considered for their use in bioimaging and labeling: NDs carrying chromophores for a synergistic action or NDs as a unique fluorescence source. Unfortunately, FNDs bioapplications are limited due to their big size compared to classic fluorescent molecules (< 20 nm). 1 The use of detonated NDs would be a good alternative as they have better biocompatibility and versatility, but this will require the enhancement of intrinsic N-V distribution and quantity.

NDs have proven their effectiveness for a wide range of diagnosis techniques. In photoacoustic microscopy, the great optical absorbance of NDs can render them suitable CAs to enhance signals' sensitivity. 15 This parameter is also a crucial requirement to perform magnetic resonance imaging (MRI) and a controlled creation of paramagnetic N-V defects could make them outstanding contrast agents (CAs) for MRI based on T1 relaxation time. Additionally, they can also be used as carriers to enhance the biocompatibility of classic T1 based CAs. 16 Owing to their optical properties, NDs are naturally good probes for Raman imaging in NIR II domain as they display a strong peak at 1332 cm -1 , which is far from living cells' signals (2800-3200 cm -1 ), allowing an easy monitoring without signal perturbation. Moreover, as Raman spectroscopy made great progress for 4D temporal and spatial resolution and 3D imaging, ND-based materials could enable the access to further information by internalizing into the cells. 5 ND-based systems could also be well-suited to answer the challenges related to emerging bioimaging techniques. Super-resolution imaging such as stimulated emission depletion (STED) microscopy can be performed with red or green fluorescent NDs, demonstrating impressive resolution of about 10 nm. In STED optical analyses, there is a need for high photostability that could be mastered by FNDs as they can be internalized in living cells. 16,17 NDs use in correlative light-electron microscopy is also a very stimulating challenge for the coming years as electronic and fluorescence properties, coming from defects and surface functionalization, can be combined. 16 More recently, hyperpolarized MRI using dynamic nuclear polarization has emerged as a promising technique even if it presents some drawbacks like the need for cryogenic temperature and long-time analyses. 18 Irradiation at room temperature of 13 C nuclear spins from FNDs led to upraising T1 signal intensities. 19,20 There is also a renewed interest for elaborating new strategies against infectious diseases causing chronic inflammation and tissue damage, due to the growing antimicrobial resistance phenomenon, characterized by drug-resistant bacteria. [21][22][23] Some alternatives to antibiotics have already been tested, and many of them consisting of NPs-polymers composites searching for the best anti-adhesive properties against bacteria and their protective barriers, the so-called biofilms. [24][25][26][27][28] Nanodiamonds are gradually tested as potent efficient tools to fight infections, because they can hold optical transparency, fluorescence behavior, and tunable surfaces. [29][30][31][32][33][34] Like in the majority of bioapplications, biocompatibility and poor toxicity are compelling prerequisites. 35 Thus, with judicious designs, one can easily imagine both passive and active antibacterial roles for these probes.

Previous in vitro studies of different NDs antimicrobial efficacy underlined better killing effects depending on purification process, annealing and functional groups, notably in the case of ND negatively-charged surface. Strains nature is also a major parameter according to discordant conclusions with ND-NH2 and ND-mannose grafting, probably due to the size, morphology, and above all to the biological composition of the bacteria membranes. 36 A better understanding of microbial damaging mechanisms is urgent, including immune system behavior in facing adhesion and growth processes. For example, culture media composition can influence antimicrobial activities as expressed in recent in vitro assays on E. coli using two different NDs in Luria-Bertani (LB) or Mueller-Hinton (MH) nutritious medium. The nanomaterials seemed more effective in LB media compared to MH due to a poor Ca 2+ and Mg 2+ content, more suitable for the generation of oxidative stress. 37 In another study, carboxylated NDs in LB caused partial membrane disruption and cell death. 38 Moreover, glycanconjugated NDs borne strong affinity to type I FimH fimbriae from E. coli lectins, with good ability in restraining metabolic pathways, inducing cell death and potential biofilm destruction. 15,36 Research about infections also require to pay attention to biofilms, as they can reproduce fast and gather, in a complex matrix, huge quantities of microbes. Thus, inhibiting biofilm growth at its early stage is decisive and the properties of antimicrobial agents can make a clear difference to solve this problem. 36 Nanodiamonds could lead to vast findings in many other medicinal applications. In skin relative diseases, for enhanced transport, delivery and efficacy of drugs, hydrophilicity tuning and high dispersibility of functionalized NDs are appealing factors. Therefore, NDs can reinforce both the quality and the activity of classical composites applied for wound management, tissue engineering and various diseases closely linked to the immune system behavior. 2 These hybrid materials generally include biopolymers such as polyethylene glycol, chitosan and bacterial cellulose, with good chemical structures and properties for wound covering designs and skin pathologies applications. 7 Besides, several drug and gene delivery experiments have been performed by using ND-based formulations promoting faster repair process through a large variety of favorable effects like protection against instability and functionalized surfaces for a better penetration. 2 One recurrent strategy is to enhance growing factors distribution to the wound site. 39 In this review, we selected the most recent articles where NDs potential is explored in a perspective of medicinal use. We divided our review by application type, from cancer research to bioimaging and biolabeling, covering studies dealing with other diseases. We presented the key information about materials synthesis, modification and preparation, toxicity and safety, but also the main results with or without ND moieties (Table 1). Our goal is to provide a summary of NDs advantages and input, when possible, and to shed light on rising strategies for improved therapeutic balance and upgraded diagnosis.

Nanodiamonds in cancer therapy research

One of the biggest topics in current cancer therapy research is building nanomaterials with several features. Whether they have a good ability to enhance chemosensitivity, a prolonged delivery with high stability and selectivity levels or an active role in phototherapy due to their fluorescence, nanodiamonds can be efficient tools in lowering drug side effects and enhancing the theranostic outcome. 3 In this context, there is still room for improving cellular uptake pathways. Sigaeva's group presented an interesting strategy where 120 nm FNDs were stabilized by dilution in high glucose Dulbecco's Modified Eagle Medium (DMEM) containing 10% of fetal bovine serum (FBS). By testing different methodologies, they demonstrated that internalized FNDs amount in HT-29 colon cancer cells was considerably dependent of the taken direction. Uptake was much more efficient when FNDs were guided to enter by the basolateral side of plasma membrane. Moreover, when FNDs were incorporated from the apical border, impressive internalization rates were obtained on gathered HT-29 cells, but these remarkable results were mainly due to an initial trypsin-ethylenediaminetetraacetic acid (EDTA) treatment step performed until particles were well spread. Trypsin, a well-known enzyme, can improve dispersibility by bound cleavage between cells and can also affect cell surface (composition, surface area, etc.) for easier penetration. By both strategies, about 95% of colon carcinoma cells contained FNDs for a concentration of 5 µg.mL -1 , whereas it was 50% when directed to the apical side without enzymatic treatment. 40 This research is notable for not entailing any FNDs surface functionalization and its results could be taken into account in future theranostic applications.

Cellular uptake and anticancer drug delivery studies

Like many nanoparticles, nano-sized diamonds can be powerful carriers of antineoplastic drugs, providing higher selectivity towards tumor cells due to their protective capacity. In their report, Yu et al. developed a sonication method to encapsulate camptothecin (CPT) anticancer agent in alkyl-amine modified NDs. Three different alkyl-amine molecules were grafted to purified DNDs suspended in water (ND-ori, Fig. 1) through condensation between amine moiety and surface carboxyl functions, using water soluble carbodiimide hydrochloride (WSC) carbodiimide linkage agent in a slightly acidic 2-(N-morpholino)ethanesulfonic acid (MES) buffer. Then, these particles self-assembled while being sonicated. The resulting scaffolds were ideal for CPT transport as they gave high biocompatibility results in vitro and in vivo, but also huge killing effect compared to classic CPT-polyethylene glycol (PEG)-micelles and CPT-intralipid emulsions. The cell viability fell to 10% on bone osteosarcoma cells (20 µg.mL -1 of CPT), while it reached around 50-60% for classic CPT-complexes (at same concentration). Moreover, after implementing HT-29 colorectal adenocarcinoma xenografts in mice, ND-CPT synergy significantly reduced tumor volumes compared to phosphate buffer saline (PBS) control measurements. 41 Another recurrent issue with pristine or modified nanodiamonds is their spontaneous aggregation and limited dispersion in water. Consequently, the design of composites can render NDs more hydrophilic and provide better compatibility with aqueous media. Recently, ND-polymer drug delivery systems showed good dispersibility, biocompatibility and successful transport of doxorubicin (DOX) in hepatitis G2 (HepG2) liver cancer cells. For this purpose, Long et al. functionalized small detonated NDs. Using thiol-ene click reaction with dicumyl peroxide, methyl 3-sulfanyl propanoate radicals were generated. After thiol conjugation onto NDs surface, reaction with hydrazine hydrate led to stable amide functions. In parallel, carbonylated PEG was produced by reaction with 4-carboxybenzaldehyde. Then, PEG and DOX were concomitantly anchored to NDs by hydrazone linkages. In vitro assays evidenced a good cellular uptake of the cargos and a pH-dependent DOX release with good results at pH 5.4. MTT assays highlighted the therapeutic efficacy of this strategy, demonstrating a good reduction of viability at high concentrations. At 200 µg.mL -1 in free drug, the killing effect was about 75%, similar to the result with DOX loading. 42 This way, dose and relative side effects could be reduced.

Wei's team built a DOX delivery system sensitive to pH-triggered release. At first, a modified polyethylene glycol (H2N-PEG-COOH) was grafted onto carboxylated nanodiamonds, creating an amide group. Subsequently, a glycidol (GLY)-DOX moiety was attached to the terminal carboxyl function of ND-PEG by ester junction with GLY alcohol, reaching a drug loading of 15 wt%. The material structure was well-suited to prevent drug leakage. Tests in PBS containing 10% FBS revealed no apparent drug release after 50 h. 44 Therefore, when subjected to acidic lysosomes in cancer cells, controllable and extended release of GLY-DOX was detectable by fluorescence intensity measurements, surely arising from ester cleavage. This off-on system was also applied in vitro on HepG2, HeLa and MCF-7 cancer cell lines. High survival rates obtained by MTT assays showed satisfactory biocompatibility of ND and ND-PEG nanoparticles. In contrast, when DOX was liberated from ND-PEG-GLY-DOX, cell viability was very low, indicating good tumor proliferation inhibition. Besides, the platform could affect other processes such as migration, apoptosis and cell cycle. Noteworthy, mice body weights were relatively stable, while a serious weight loss occurred with only GLY-DOX. In conclusion, this rich study provided an efficient design for actuable drug transport and drug liberation, and associated monitoring. Some research about selectivity competence for pancreatic ductal adenocarcinoma was conducted recently. 45 NDs with different surface terminations were loaded with DOX and tested against this rare cancer. Among ND-NH2, ND-COOH and ND-PEG, the latter conferred the best catch and release ability toward DOX. Up to 75% of drug was complexed by adsorption on NDs surface for an initial weight ratio of 5:1 ND-PEG:DOX. In different media, the release efficiency was inversely proportional to the pH value, and best ratios were obtained in acidic environment (≈ 95% at pH 2). In vivo imaging systems with fluorescence snapshots on NSG mice, as well as ex vivo biodistribution analyses revealed a remarkable accumulation of DOX in the tumors, 48 h post-injection, indicating a good cellular uptake. This led to lower tumor sizes -after treating the animals for 3 weeks -compared to the free drug.

Interesting cytotoxicity of ND-PEG-DOX incorporated in BxPC3 PDAC cancer cells (3D spheroids) was also visible, while ND-PEG without loaded drug were non-toxic. After 96 h exposure, almost all cells were eradicated. 45 Altogether, these systems seem to be efficient for drug delivery purposes, as they promote good biocompatibility and extended drug release.

Nanodiamond fluorescence wavelength is sometimes too short for drug labeling and cell tracking. Qin et al. fabricated an innovative material for both therapy and diagnosis purposes using RE-based complexes with nanodiamonds to enhance optical properties. Several steps were necessary to build these materials. In a first part, NDs surfaces were purified by thermal annealing, carboxylated and then partially acylated using SOCl2. To follow, 2-thenoyltrifluoroacetone (TTA) and NDs were silylated with 3-isocyanatopropyltriethoxysilane and 3-aminopropyltriethoxysilane, respectively. Finally, ND-Si and TTA-Si were mixed in presence of europium and gadolinium RE to obtain highly stable biolabelling and drug delivery systems (Fig. 2). These ND-based particles were loaded with up to 37.5 wt% in DOX for an initial feeding of 60 wt%. 46 Drug adsorption was typically between DOX NH3 + groups and -CO containing groups from NDs surface. When incorporated in 96-well plates containing gastric cancer cells, they showed anticancer activity equivalent to unentrapped DOX, but with significant prolonged release certainly originating from ND-Si moiety stability. hydrochloride and N-hydroxysuccinimide to activate carboxyl function reactivity for carbodiimide conjugation with adipic acid dihydrazide (ADH). Lastly, one of the three above-mentioned drugs was conjugated by substitution with the terminal hydrazide, reaching about 90% loading (Fig. 3). Tests in PBS with free drugs indicated their almost total release in 3 h, whereas the conjugates showed prolonged drug liberation for 96 h, due to the hydrophilic properties of nanodiamonds. 47 With increasing acidic conditions, greater amounts were freed from NDs. Sulforhodamine B trials evaluation of the cytotoxicity on human MCF-7 and HepG2 cancer cell lines revealed a dose-dependent growth inhibition for all ND-drug couples and antitumor drugs. Tumor killing effect was related to drug internalization in nucleus after escaping from intracellular lysosomes, leading to an inhibition of DNA production. These conjugates could be further investigated for applications in targeted cancer treatment as strong therapeutic efficacy was achieved at relatively low concentrations (80 µg.mL -1 ). 47 Tumor therapy can be very limited by interactions occurring between drugs and biomolecules from our blood, such as human serum albumin (HSA), the most profuse protein.

Hekmat et al. recently presented a study where they admixed nanodiamonds, paclitaxel (PTX) chemotherapeutic agent and HSA in tris(hydroxymethyl)aminomethane buffer. Zeta potential, DLS, and several analytical methods highlighted a complexation of PTX + NDs with the above-mentioned protein. For example, steady-state spectroscopy revealed a fluorescence-quenching phenomenon of tryptophan intrinsic fluorophore moiety of HSA. In presence of PTX, NDs or PTX + NDs, fluorescence emission intensity was weakened, and a blue shift occurred. One answer could be that tryptophan surface was clustered by specific interactions with the molecules, inhibiting the fluorescence properties. Hence, HSA-PTX solutions with NDs were prepared to further examine their bioactivity and therapeutic potential. Drug release studies over time indicated a good stability of HSA-PTX + NDs systems in the bloodstream. Indeed, only 35% of PTX + NDs were released in physiological media after 48 h, while the results in pH 4.7 media were about 85%. These results among others suggested a preferential targeting of tumor sites, with a better affinity for acidic lysosomes in cells, which might be ascribed to enhanced permeability and retention (EPR) effects as albumin specifically bind to Gp60 (glycoprotein of 60 kDa) and secreted protein acidic and rich in cysteine (SPARC) receptors that are expressed by endothelial cancer cells. 48,68 Once this mixture was integrated in vitro, an important reduction of MDA-MB-231 human breast cancer cells multiplication was achieved, contrasting with bare NDs and free drug influence. Moreover, at minor NDs and PTX concentrations versus established half-maximal inhibitory concentration (IC50) values for these cell lines, the cell viability largely dropped, providing a synergistic effect of the two materials. This could be correlated with HSA higher binding force in buffers containing PTX + NDs than with PTX or NDs alone. 48 For this reason, it is believed that these systems could furnish good benefit-risk balance in future in vivo inquiries.

Photothermal and photodynamic therapies against cancer

In addition to chemotherapy and radiotherapy, some new techniques presenting limited undesirable effects are emerging to fight cancer. This is the case of photothermal therapy, based on light conversion into heat, and photodynamic therapy, inducing a production of reactive oxygen species. These two phenomena can lead to cells' damaging or even their destruction. By combining a light source (laser, LED, etc.) with a photosensitizing agent, high toxicity levels can be reached. Moreover, for a better treatment efficacy, just like in many therapies, the addition of targeting moieties and the use of biodegradable systems are much exploited. between aromatic cycles from PDA and ICG. According to their calculations of photothermal conversion ability, this strategy brought a notable increase of temperature with NDs@PDA (36.5%) and NDs@PDA@ICG (44.5%) compared to the three ND groups (< 10%). Referring to its absorption profile, ICG exhibits a maximum absorbance in the NIR region (≈ 800 nm, Fig. 4), indicating good photophysical properties for theranostics and low autofluorescence photobleaching in biological environments upon irradiation. This maximum was also found on the ICG-based core-shells. Hence, WST-1 assays in vitro demonstrated that, after irradiating NDs@PDA@ICG at 808 nm, glioblastoma cell viability completely dropped (10%), in comparison with dark samples (no laser, 80-90%), NDs@PDA (45%) and simple NDs (70%). 49 These results unveiled the suitable properties of these systems for PTT, but only above a certain concentration (20 or 40 µg.mL -1 ), depending on experimental conditions, cell nature and analytical techniques. Notably, core-shell NDs@PDA and NDs@PDA@ICG still had good stability after 5 on-off cycles of irradiation, confirming their good photothermal stability and also ICG high photostability due to strong interactions with PDA. As stated by the authors, their use for repeatable therapy could be an appealing option. 49 In the experiments of Matshitse's group, three photosensitizers (i.e. DNDs, 3,5-di-p-benzyloxystyryl borondipyrromethene (BODIPY) chromophore and a zinc-based phthalocyanine-derivative (ZnPc)

were combined to assess their potential in PDT. The halogenated BODIPY dye was covalently attached to DNDs carboxyl functions via an esterification reaction. 2,9,16,23-tetrakis[4-(N-methylpyridyloxy)]phthalocyanine was basically adsorbed onto NDs surface via π stacking due to the presence of sp 2 graphite-like composition (Fig. 5). Triplet and singlet quantum yields assessment (in DMSO or in water with 1% v/v DMSO) showed higher scores when all elements were associated contrary to separated tests. Notably, the singlet quantum values were much higher since singlet oxygen is generated from triplet state, whose quantum yield improved. This could be also attributed to a synergistic effect of the photosensitizers, which provide more enhanced non-radiative transitions than radiative fluorescence. As a result, on MCF-7 breast cancer cells, highest PDT efficiency was obtained by gathering the three constituents, lowering the viability down to 21.4 ± 5% with the most concentrated sample at 50 µg.mL - 1

. 50 The authors claimed that positive zeta potentials of the structures could facilitate their anchoring and uptake in tumor cells. 50 Moreover, there was no relative toxicity in dark conditions (98.6 ± 3% viability), reinforcing the biocompatibility of these particles before PDT. Hence, this study highlighted the collaborative effects of photosensitive molecules with DNDs present in the core position due to the great linking potential of their surface.

In another work, Matshitse et al. associated the same metallophthalocyanine with other carbon-based nanomaterials (i.e. CDs and graphene-type QDs), but without BODIPY. As stated in their report, conjugation with NDs induced slightly more singlet oxygen species production than the other materials. In MCF-7 breast cancer cells, there was no dark toxicity of DNDs and ZnPc-NDs. However, excitation of ND-phthalocyanine for PDT evidenced up to 71.2% killing at 50 µg.mL -1 , which was close to other carbon-phthalocyanine materials data. 51 Regarding the photophysical assets, both surface charge and surface composition (specific functional groups and high wt% graphene-like sp 2 ) seem essential to build suitable PDT agents with nanodiamond. Our teams recently developed a new strategy for drug delivery purposes. 4 nm hydroxylated nanodiamonds (NDs-OH) were encapsulated in periodic mesoporous organosilica (PMO) by a simple process. Ethenylene and ethylene-based PMO networks were both prepared, NDs being localized inside PMO nanoparticles. ND@PMO were tested in vitro by two-photon excitation PDT on MCF-7 cell line cultured in DMEM (see global protocol in Fig. 6). The photosensitizing capability of ND@PMO was proved by two-photon fluorescence imaging, using a confocal microscope, to evidence good ROS generation and cellular uptake. By irradiating at 800 nm and incubating for 20 h, at best 39% killing effect was observed. Adding doxorubicin led to enhanced results than bare ND@PMO with notably 57% cellular eradication. The developed systems were pH-actuable in lysosomal conditions as a fast and great release of DOX occurred right after adding 0.2 mol.L -1 HCl in ultrapure water. Finally, when combining drug activity with PDT, up to 87% cancer cell death was reached at only 5 µg.mL -1 in nanoparticles, promoting a good collaboration of both elements. 52 Similar to PMO, phase-change material (PCM) nanoparticles have been investigated as a matrix containing DNDs (< 10 nm) and chlorin e6 (Ce6) photosensitizer. Organic PCM made of lauric acid (Tmelting = 43.8°C) reacted with NDs and Ce6 in a dichloromethane media containing sodium lauryl sulfate surfactant. By laser irradiation, an accurate on-off release of Ce6 from Ce6/ND/PCM platform was mediated by the thermosensitive properties of DNDs. Even if solutions average temperature was below PCM melting point, Ce6 was released from the matrix as NDs locally generated heat. Besides, ROS generation was enhanced while increasing the time of exposure. A synergistic result of singlet oxygen species and heat production led to interesting therapeutic effect in KB cells, a subline of HeLa cells (Fig. 7). The cell death area was enhanced by this PDT and PTT combination. In vivo assays in nude mice displayed continuous tumor size reduction for twelve days, after 4 min irradiations at day 0 and day 6. It was evidenced that Ce6 and DND particles were still present in sufficient quantities at the tumor site 10 days after intratumoral injection, suggesting a prospective capacity for unique or repeated laser exposure. Noteworthy, no specific conjugation was necessary to build these efficient nanodiamond-based structures that could be good systems for combined PDT and PTT, which harbor many unexplored strategies. 53 In summary, due to their good optical properties and high loading capacities, nanodiamonds are increasingly implemented in new anticancer drug delivery and combined therapies projects (for instance phototherapy and medication delivery) where they can play a large variety of roles.

Nanodiamonds for bioimaging and labeling

In the last decades, the vast majority of biological studies using nanodiamonds and applied to bioimaging and labeling operations have been performed using FNDs. Having satisfactory photophysical properties to examine biological samples, and more generally a good contrast level, is obviously important in the election of the best probes, but other features have been identified to improve the feasibility and the quality of the measurements. In this section, recent applications main conclusions will be discussed.

Besides the fabrication of efficient doxorubicin delivery platforms (ND-PEG-GLY-DOX, presented in section 2), Wei et al. created promising drug labels to follow their behavior in cells. Indeed, when entering in acidic intracellular lysosomes, the ester bound connecting ND-PEG and GLY-DOX moieties was cleaved. This induced not only the release of the drug in the tumor cells, but also synchronous fluorescence of GLY-DOX fractions. They were released about one hour after injection according to green fluorescence appearance. After 16 h, fluorescence was still bright, proving that such platforms could be used for long-term cell tracking, contrary to free GLY-DOX. Confocal microscopy imaging allowed confirming GLY-DOX course in time from lysosomes to nucleus, passing by the cytoplasm. 44 For instance, GLY-DOX fluorescence was overlapped with MCF-7 nuclei stained with Hoechst 33258 blue dye. This study, like many others before, suggests an obvious potential of ND-based materials for theranostics. Here, nanodiamonds were essentially acting as carriers as they displayed protection against degradation, low toxicity and better selectivity toward healthy tissues thanks to EPR effect. 44 ND@PDA@ICG core-shells presented as photothermal agents in section 2 were a good example of great imaging probes due to their good optical properties. Analyses of polydopamine and photostable indocyanine green, combined with nanodiamonds, revealed multiple assets for high resolution and prolonged fluorescence microscopy to illustrate the efficacy and selectivity of NIR irradiation treatment with the particles towards glioma cancer cells. 49 8). This conjugated compound exhibited strong and stable orange fluorescence, following aggregation-induced emission aspect. 70 As demonstrated by CCK-8 assays in L929 mouse cells, the particles were non-toxic at higher concentrations (120 µg.mL -1 , 85% viability after 48 h) than classical cell imaging agents. This great biostability was connected to polymer chains hydrophilicity, which was also responsible for the considerable systems dispersibility in water. In addition, confocal laser scanning microscopy showed good uptake in L929 cells with a large distribution in the cytoplasm. Thus, these particles could be adapted to serve as theranostic platforms, for instance with an active drug release or in PDT. 54 Nanodiamonds fluorescence properties are in some cases not enough for selected applications. The innovative material fabricated by Qin et al. for therapy and diagnosis using RE-based complexes had enhanced optical properties. The coordination compounds exhibited an intense and remarkably extended red fluorescence (613 nm under UV excitation at 365 nm, best intensity reached after 0.68 ms) compared to other well-known biomarkers. Moreover, the in vivo imaging in shaved Kunming mice demonstrated a good fluorescence stability even 4 h after subcutaneous injection. Additionally, these ND-based complexes held excellent paramagnetic properties from Gd 3+ , making these complexes potent CAs for T1 weighted MRI. 46 An optimal combination of dual-modal imaging capacities should be very interesting for further bioapplications studies such as targeted theranostic.

In order to perform skin tissues imaging and sensing, together with active materials for wound healing or skin diseases, nanodiamonds might be of great interest due to their small size and good biocompatibility. In this context, Perevedentseva et al. evaluated the skin penetration capability of different carboxylated NDs in a murine skin model by the combined power of three optical and spectroscopic techniques. To do this, DNDs (3 to 10 nm) or FNDs (50 or 100 nm) were purified and carboxylated in acidic conditions. Then, they were added in neutralized aqueous PBS suspensions at a concentration of 1 mg.mL -1 and incubated for 24 h in different environments with mice skin pieces. All the applied NDs were able to cross the skin barrier and penetrate the different layers of the epidermis, but the relative penetration mechanisms and the ultimate re-distribution are still requiring further investigations. FNDs of 100 nm seem to be well-suited specimens for multimodal imaging, notably as contrast agents for optical coherence tomography. 55 In addition, the good dispersion of NDs within the tissues suggested that they could be applied for transcutaneous delivery with targeting species for selective treatment. Nonetheless, fluorescence lifetime imaging with two-photon excitation at 800 nm highlighted that the NIR fluorescence of NDs was masked by tissues' autofluorescence, which was brighter and longer. This question will certainly be investigated in next studies. Nunn's team described innovative and affordable carbon dot (CD) decorated primary DND particles (CD-DNDs). These particles were obtained after several physicochemical treatments of polydisperse NDs, in order to have 5 nm isolated NPs in the colloids. 56 They showed comparable photoluminescence intensities to the 20 nm reference NDs possessing N-V color centers, one key defect responsible for diamond fluorescence. Laser excitation was performed at 532 nm, which is a well-suited wavelength for ND N-V defects, but not much adapted for CD whose optimal excitation range is in UV-blue, underlining the presumption that CD-DNDs held striking potential. In vitro assays with MDA-MB-231 breast cancer cells (Fig. 9) confirmed the ability for bioimaging applications as the confocal microscopy images displayed good fluorescence after cellular uptake, with different levels of NPs aggregation. 56 Moreover, CD-DNDs exhibited good biocompatibility in zebrafish during the development of embryos. Nonetheless, the clustering effect of the particles will surely need the grafting of chemical functions to apply these NPs in the biomedical field. For instance, examining questions of clearance and accumulation in various organs and blood streams would be relevant. These last years, due to its high resolution, electronic microscopy has been much employed in combination with optical imaging to better understand the living. To this extent, CD-DNDs could perfectly match with correlative lightelectron microscopy imaging. 18 Recent experiments described a few more interesting characteristics of materials composed of nanodiamonds: low toxicity in normal tissues, good protection against degradation, along with sufficient biocompatibility and dispersibility, and high selectivity levels to target molecules and to bypass natural barriers like skin layers. 44,49,54,55 To answer the current challenges, more attention should be given to the use of NDs in multimodal imaging and emerging technologies by tapping their multiple intrinsic defects and versatile surface properties. 56 In this respect, chemical modification and purification protocols seem fundamental to design efficient bioactive systems. The use of nanodiamonds against antimicrobial infections using classic antibiotic, protein and carbohydrate delivery has already proven its worth even though there is still a lot of progress to make such as developing new strategies considering release specifications.

Nanodiamonds for fighting antibacterial infections

Rouhani and Singh evaluated the potential of polyethylene imine (PEI)-grafted Fe3O4 and ND hybrid platforms. Three different methodologies were elaborated to associate the polymer and the NPs, before amoxicillin (AMOX) loading by covalent bonding with PEI. First, neither AMOX nor NDs attachment was visible by previously mixing ND-PEI and Fe3O4-PEI particles (Fig. 10a). Then, another protocol with ND loading on Fe3O4-PEI prior to PEI loading showed high particle diameters (Fig. 10b). Finally, a third approach consisting in the preparation of ND-Fe3O4 stable particles by mixing for 24 h, collecting with a magnet, and then, loading NPs with PEI, was adopted (Fig. 10c). Their conclusions highlighted the good suitability of the last system as it offered a continuous liberation of AMOX (cumulatively, 77% at 37°C) in acidic conditions for 180 h. In the contrary, other protocols, including experiments without any ND, showed effective drug delivery for 24 h only, and more agglomeration occurred, leading to an inconstant release. 58 Interaction of ND particles with hydrophobic molecules seem to be influencing their release from multicomponent platforms.

Just as drug release, cytotoxicity level and biodegradability are important parameters in the light of the cures for bacteria eradication. Chang et al. studied the role of NDs decorating silver nanoparticles (Ag NPs) as the former can be highly biocompatible and the latter is a well-known natural antibiotic.

The main target of this study is to design a useful technique to face common issues encountered with high doses of nano-sized Ag regarding antimicrobial resistance, namely cytotoxicity and aggregation. First, Ag NPs were capped with citrate through chemical reduction using AgNO3, reaching a size of 17 ± 6 nm. Then, the Ag NPs were bound to polyarginine (PA)-coated NDs, thanks to the reaction between carboxylate functions of NDs with amine moieties on PA. At the end, BSA serum albumin (BSA) was coated onto the nanoparticles, forming Ag-ND@BSA nanoplatforms of 120 ± 30 nm, able to interact with classical bacteria (1-2 µm). Optical densities and adenosine triphosphate production level tests on E. coli strains confirmed this statement. Compared to the control data, Ag-ND@BSA demonstrated considerable bactericidal activities all along 36 days experiments at 250 µg.mL -1 , which was far below the estimated half-maximal cytotoxic concentration (CC50) value. In addition, ROS levels and cell viability assays were both in agreement with a low toxic response of the nanoparticles on various human cells, even at 500 µg.mL -1 and after three days of analyses. 59 Compared to previous studies with similar efficacy, the main outcomes with ND and BSA were that antibiotic doses were decreased, given the high selectivity for E.coli. Even more interestingly, recent studies described NDs direct action against microbes by different strategies. 60,61 In artificial joints and implants, poor material mechanical properties and infectious risks are frequent drawbacks. In their work, Shirani et al. assessed the bactericidal and tribological effects of DNDs in titanium (Ti)-polyethylene artificial joints interfaces to reduce inflammation and infection issues (Fig. 11). Raman and energy-dispersive spectroscopy analyses of sliding contact areas between Ti ball and polymer surface demonstrated that NDs were mostly present inside the wear track, which corroborated with low friction and wear coefficients. Considering these good mechanical properties of NDs, enlarged lifetime for such implants and better safety for the patients could be reached. Moreover, highly concentrated solutions of NDs in presence of BSA were non-toxic on MC3T3-E1 bone cells, contrasting with 10 to 20% of viable cells with bare NDs. Following this, the antibacterial effectiveness of BSA-stabilized NDs was almost inexistent while aggregated NDs greatly impacted S. aureus growth, by surface carboxyl moiety interaction with bacteria peptidoglycan layer.

Unexpectedly, there was no bactericidal effect on E. coli strains. 60 This result could be related to the cell wall composition (E. coli has a phospholipidic external membrane that S. aureus does not have) or could originate from too close surface potential values of diamond and E.coli negatively charged surfaces. Zeta potential of bacteria is an important parameter to consider in cell damaging capabilities and can be tuned by several factors such as high temperature, pH or surfactants. 71,72 For future in vivo applications, a compromise between BSA anti-flocculation nature and NDs bacterial disruption ability should be necessary. One can say that NDs low aggregation state is generally characteristic of high viability towards cells. Thus, modifying NDs surface with suitable functional groups and targeting moieties could help to provide superior benefit-risk balance. Comparably, poly (methyl methacrylate) (PMMA), a well-known material for dental applications, does not exhibit ideal mechanical properties. Consequently, doping the systems with various NPs has been tested and brought a successful contribution. In a late study, DNDs were experimented for this purpose by Mangal's team. Different amounts of nanoparticles (from 0.1 to 0.5 wt%) were incorporated within methyl methacrylate monomeric solution. Then, adding autogenous PMMA resin in the mixture generated autogenous polymerization. Better efficiency was provided by homogenous distribution of the particles in the matrix, which was possible here by simple stirring and ultrasonication steps during production of the hybrid materials. ND-PMMA mechanical properties were assessed by physical measurements, concluding to enhanced flexural strength and elastic modulus compared to references holding ZrO particles or without doping. To go further, antimicrobial properties of ND-PMMA were assessed on Candida Albicans (renowned fungi for its involvement in many oral infections) and showed better resistance over controls. In addition, ND-based samples demonstrated a significant biofilm growth inhibition on salivary-derived biofilms from human donors without dental problems. 61 Over and above their good mechanical properties, these patterns could be good fungicide agents. Further investigations about their impact on microbial strains would be interesting.

According to previous studies, diamond-like carbon (DLC) coatings are also competent materials against bacteria in addition to their resistance to corrosion phenomena. In a very recent work, DNDs were carboxylated by oxidation during thermal annealing, and then suspended in hexane to form DLC-ND suspension. To enhance Ti6Al4V substrate compatibility with ND-doped DLC, a thin film of silane derivative was applied on the alloy before performing plasma-enhanced chemical vapor deposition.

During the evaporation process, methane plasma generating hydrogen species stabilized DLC-ND drops covering on Si-H interlayer. The final multilayer materials presented interesting corrosion rates, twice lower than DLC or Ti6Al4V alone. Alongside anticorrosive properties, antibacterial activity of these materials was tested on E. coli strains. The article pointed out the potential role of agglomerated NDs in damaging cell walls, leading to cell apoptosis. With 1% w/v ratio in ND, coatings induced 95% bacteria growth inhibition after 6 h (Fig. 12), whereas bare DLC films achieved only 30% inhibition. Nevertheless, after 18 h incubation, the ND quantity was apparently not enough to block multiplication of remaining bacteria, as 74% bacteria were still alive in the culture media and extra studies would be needed to know the leeway regarding ND concentrations without being too much toxic for potent bioapplications. 62 To sum up, these latest projects demonstrated the reinforcing role of NDs in the treatment of microbial infections, including serious features, especially as an active moiety against pathogen proliferation and biofilm growth.

Tissue repairment strategies using nanodiamonds' features

In one recent study, Houshyar and co-workers presented an innovative strategy to improve wound healing quality. DNDs were dispersed in a DMF solution containing poly-ε-caprolactone. Then, the mixture was electrospun under precise conditions to design controlled nanofibers networks. According to their results, DNDs were significantly located at the surface of the fibers, as surface energy increased with increasing DNDs weight concentration from 0 to 5%. This resulted in better capillarity and optimal moisture handling in the tissues due to the presence of several OH polar functions from DNDs, originating from carboxyl and hydroxyl groups. In addition to good viability, better cell proliferation was observed on Chinese hamster ovarian cell models, as higher hydrophilicity allowed better interaction. Thus, these ND-based platforms could promote the multiplication of epithelial cells taking part in internal and external surfaces recovery. At the same time, they displayed great anti-adhesive properties against S. aureus cells, typically involved in wound infections issues. Confocal microscopy images revealed that nanocomposites with 5% DNDs significantly inhibited bacterial growth when compared with the polymer alone. 63 To summarize, tunable surfaces and properties of nanodiamonds particles make them very suitable reinforcements in hybrid materials for tissue repair. Nanodiamonds have recently been combined with biopolymers, stem cells and nanoparticles as potent agents for enhanced tissue reconstruction. Selaru's team fabricated anisotropic fibrous scaffolds of fish gelatin (FG) with a low content of NDs (0%, 0.5% and 1%) and brought them in contact with human adipose-modified mesenchymal stem cells (hASCs) cultures. Gelatin could be a good substrate for cell growth in tissue engineering applications due to its viscoelasticity and rich chemical composition besides the structures tunability brought by electrospinning technology. As shown in Fig. 13a, in presence of aggregated NDs in FG fibers, viability of hASCs increased over time, as cell death occurrence (small red dots) became relatively rare and living cells number boomed (their multiplication is visible in green). Moreover, hASCs behavior changed in terms of adhesion and growth, with a tendency to form groups where NDs were located. In Fig. 13b, hASCs stacks (nuclei represented in blue on the picture) produced more and more F-actin filaments (in green) after 48 h of incubation with scaffolds displaying extended amounts of NDs. These results suggested a much better interaction between fibers and stem cells with 1% of NDs, thus confirming the good biocompatibility of the nanocomposites and enhanced metabolic activity of hASCs. These systems showed very promising outcome and could be further developed in the treatment of harmed tissues or for neuroregeneration. 64

Other challenges around nanodiamonds relevancy

Nanodiamonds interactions with biological environments and their global behavior are still unclear.

Their biocompatibility and their relevancy in some specific therapies have been questioned in recent reports. One tremendous example was about the treatment of glaucoma, where lysozyme-activated desorption of timolol maleate drug encapsulated in ND-based nanogels furnished promising results when deposited into therapeutic contact lenses, demonstrating controlled and prolonged release competency. 15,73 In these systems, NDs acted as mechanical performance enhancer and promoted efficient drug delivery.

Lately, ND-based carriers of dexamethasone (DEX) also showed active release, this time as a potent solution to treat shocks due to DEX great immunomodulatory and anti-inflammatory properties.

Unfortunately, this well-known glucocorticoid presents the inconveniency to display low selectivity during its delivery. To answer this, two strategies using 25 nm DNDs were compared: ND@DEX and ND@SiO2@DEX core-shells with a mesoporous silica interlayer. In the second method, carboxylated NDs were coated by a sol-gel process using tetraethyl orthosilicate. Then, for both protocols, a DEX solution was added to ND or ND@SiO2 particles in cyclohexane to form the final core-shells. The ones with silica allowed at best 30 wt% loading with a sustainable drug release, while the former transported only a short content (< 1 wt%) that was almost totally released in one hour in various buffer solutions. [START_REF] Laptinskiy | Nanodiamond based complexes for prolonged dexamethasone release[END_REF] According to the authors, the ND@SiO2@DEX features could be handy to enhance anaphylactic shocks' treatment, but also in other cures in which DEX is already commercialized. In another study conducted on dexamethasone medicinal effects, materials containing aggregated diamonds were experimented in the context of rheumatoid arthritis. In more details, octadecylamine (ODA)-grafted NDs were synthesized by chlorination of the carboxylated surface of 5 nm NDs prior to reaction with ODA, and the biggest aggregates were removed by washing and centrifugation processes. Then, dexamethasone was adsorbed onto the particles by a simple condensation reaction protocol overnight. These anti-inflammatory and pro-regenerative probes were studied in human macrophages samples and were incorporated in arthritic mice limbs to get some information about the immunorestrictive power of the materials against collagen type II-induced arthritis. In contrast with control representative, 5 µL injections of solutions containing ND-ODA (15 µg.mL -1 ), DEX (0.1 µg.mL -1 ) or ND-ODA/DEX (respectively 16 µg.mL -1 and 0.1 µg.mL -1 ) lowered the expression of proinflammatory mediators and partially inhibited macrophages invasion in the joints. Therefore, ex vivo microcomputed tomography images showed reduced bone degradation with these solutions, but the authors highlighted opposite effects when working at higher ND-ODA concentration (50 µg.mL -1 ), meaning that immune cells modulation and, thus, therapeutic efficacy, are dose-dependent. Further in vivo inquiries will probably give more information concerning the pro-regenerative aptitude of these ND-based structures. [START_REF] Pentecost | [END_REF] In Fusco's group recent report, human peripheral blood mononuclear cells (PBMCs) were chosen as a model to study biomedical scenarios of NDs interaction with the human body. The aim was to assess immune responses toward functionalized NDs by strongly copying an in vivo behavior. Carboxylated (NDs-COOH) and amino-functionalized diamonds (NDs-NH2), prepared as shown in Fig. 14, were compared. Confocal microscopy images revealed their efficient internalization in PBMCs cytoplasm probably due to their glycolic chain targeting capacity. As stated by multiple gene expression and protein analyses, carboxylated NDs induced significant undesirable pro-inflammatory responses. On the contrary, the authors described that amino-terminated NDs were more immunocompatible, which could be related to their better dispersion state. 67 Thereby, grafting antibodies or other targeting molecules onto amino-NDs to further study the behavior of the immune system would be worthwhile to extend the knowledge about many diseases and improve their treatment and diagnosis. 67 To resume, nanodiamonds are presented as promising agents for tissue regeneration and several diseases when combined with other entities (biopolymers, drugs, nanoparticles) in different arrangements (fibrous scaffolds or multifunctional core-shell). By tuning the metabolism of specific biomolecules and by further exploring immunomodulatory processes, enhanced therapies might be reachable. In parallel, care must be taken in designing materials that do not adversely affect the immune system and the body integrity.

Conclusion

Nanodiamonds already exhibited significant action in tens of bioapplications. The latest approaches and associated results summarized in our review indicated the large application scope of these tiny little gems. As highlighted in the most recent works, rightfully tailored NDs display enhanced biocompatibility and their functionalization with targeting molecules and different moieties led to better selectivity to specific body cells, with generally lower toxicity in healthy tissues, better cellular uptake and sustainable release. Thus, their use as drug carriers for better therapeutic balance is no longer to prove. Nonetheless, the use of aggregated NDs as active therapeutic agents will require more studies to figure out biodistribution and elimination concerns.

The great optical properties of NDs make them suitable for bioimaging, sensing, labeling and phototherapies. For this reason, the scientific community experimented them in a large range of disease treatments and analytical technologies, leading to some input from their use. Moreover, the outlined papers demonstrated that fluorescence is not the only noticeable characteristic of NDs for diagnosis and drug delivery tracking. Their intrinsic core defects and external surface properties, as well as their covalent and non-covalent environment are a reservoir of striking potentials for theranostics and multimodal monitoring with their thermal properties for sensing and phototherapy, and their paramagnetic defects for MRI or correlative light-electron microscopy.

Diamond mechanical attributes are also very interesting in artificial joints and implants, providing lubrication and tribological properties. In addition, better antiproliferative effects were evidenced on fungi and bacteria proliferation when materials contained NDs. Similar systems could promptly reduce inflammation and infection symptoms in future wound healing and tissue regeneration applications. One main recent advancement is the immunomodulatory competency of NDs in the cure of a few diseases and stimulated tissue engineering with human mesenchymal stem cells. Puzzling out the biomechanisms behind those themes will certainly expand the knowledge associated to immune system behavior, and NDs could play a leading role for this purpose.

Consequently, the clinical translation of ND particles is currently a serious challenge for the scientific community as many parameters should be validated: appropriate dispersibility to bypass the biological barriers, right size and concentration for safe elimination and a better knowledge about global pharmacokinetics. 74,75 To elucidate this, reproducible and rigorous procedures should be performed to rightly identify the best ND-based systems able to outpace the clinical standards in terms of safety and efficacy. 3,76,77 In addition, this translation will require costless manufacturing as most ND synthesis pathways are expensive. Empowering this research field could be worthy, viewing the current elaborated studies and the first clinic validation of a ND-based biomaterial. [START_REF] Lee | Proc. Natl. Acad. Sci[END_REF] From all this information and because nanodiamond-based solutions are more and more studied and commercialized for bio-relative applications, nanodiamonds, among all nanomaterials, are frequently affiliated to a golden future. 16,[START_REF] Shenderova | Nanodiamonds: Advanced Material Analysis, Properties and Applications[END_REF][START_REF] Whitlow | [END_REF] 
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 1 Fig. 1. Synthesis steps of nanodiamond supraparticles loaded with camptothecin from carboxylated detonation NDs. Reproduced from ref. 41 with permission from the Royal Society of Chemistry.
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Fig. 2 .

 2 Fig. 2. Schematic view of ND functionalization with thionyl chloride and alkoxysilanes, ultimately for rare-earth immobilization and drug loading for theranostic application. Reprinted from ref. 46, Copyright 2018, with permission from Elsevier.

Fig. 3 .

 3 Fig. 3. Synthesis of ND-drug conjugate by activation of surface carboxyls groups for carbodiimide conjugation using adipic acid dihydrazide. One anticancer drug among curcumin, usnic acid and 5-fluorouracil was then loaded. Adapted from ref. 47, Copyright 2019, with permission from Elsevier. Garg et al. investigated the combination of ND covalently bound to curcumin, usnic acid or 5fluorouracil after several functionalization steps. After an initial purification of bare nanodiamond powder in ND-COOH, NDs surface was modified with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

3 , 69 MaziukiewiczFig. 4 .

 3694 Fig. 4. Chemical structure of indocyanine green (ICG, CAS 3599-32-4) dye. Typical representation of ICG absorbance (dotted lines, maximum close to 800 nm) and emission (filled area, maximum close to 810 nm) spectra. Copyright © 2019 AAT Bioquest, Inc.

Fig. 5 .

 5 Fig. 5. Conjugation of zinc phthalocyanine derivative to DNDs-BODIPY systems via π-π stacking. Adapted from ref. 50, Copyright 2019, with permission from Elsevier.

Fig. 6 .

 6 Fig. 6. Sol-gel synthesis of ND@ENE and ND@E, respectively from 1,2-bis(triethoxysilyl)ethene and 1,2bis(triethoxysilyl)ethane, for two-photon fluorescence imaging, photodynamic therapy and doxorubicin delivery against MCF-7 breast cancer cells. Reproduced from ref. 52 with permission from the Royal Society of Chemistry.

Fig. 7 .

 7 Fig. 7. Lauric acid-based phase change-material spheres incorporated with detonation nanodiamonds (DNDs) and chlorin e6 (Ce6) nanophotosensitizers. Ce6 release was induced by laser irradiation and DNDs local heat generation, respectively participating in singlet oxygen production for photodynamic therapy and tumor cells ablation by photothermal therapy. Reprinted from ref. 53, Copyright 2018, with permission from Elsevier.

Fig. 8 .

 8 Fig. 8. Representation of hydroxylated NDs surface modification with tosyl chloride, acrylonitrile derivative and specific dye (3-(10-hexadecyl-10H-phenothiazin-3-yl)-2-(4-hydroxyphenyl)acrylonitrile: PhE-OH) for bioimaging through fluorescence attributes. Reprinted from ref. 54, Copyright 2020, with permission from Elsevier. Dong et al. described recently the synthesis and characterization of fluorescent polymer-grafted nanodiamonds. Prepared by a simple synthetic route, the designed composites held great promises for bioapplications, both in drug delivery and imaging. Hydroxylated DNDs were modified with tosyl chloride. Then, 2-ethyl-2-oxazoline ring-opening reaction with tosyl led to chain polymerization. At the same time, 3-(10-hexadecyl-10H-phenothiazin-3-yl)-2-(4-hydroxyphenyl)acrylonitrile specific dye was functionalized onto NDs surface by nucleophilic substitution (Fig.8). This conjugated compound exhibited strong and stable orange fluorescence, following aggregation-induced emission aspect.70 As demonstrated by CCK-8 assays in L929 mouse cells, the particles were non-toxic at higher
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 9 Fig. 9. Visualization of 5 nm CD-DNDs groups into MDA-MB-231 breast cancer cells excited at 488 nm by argon laser irradiation. (a) Lower magnification level. (b) Higher magnification level. Original colors modified by the authors. Reproduced with permission from ref. 56, Copyright 2018 IOP Publishing Ltd.

Fig. 10 .

 10 Fig. 10. Three different synthesis strategies of magnetite and ND particles with PEI for amoxicillin transport. (a) Fe3O4-PEI and ND-PEI mixture. (b) ND loaded in Fe3O4-PEI particles. (c) PEI loaded in ND-Fe3O4 particles. Adapted from ref. 58 with permission from American Scientific Publisher.

Fig. 11 .

 11 Fig. 11. Multifunctional features of nanodiamonds injected in artificial joints. Reprinted with permission from ref. 60. Copyright 2019 American Chemical Society.

Fig. 12 .

 12 Fig. 12. Antimicrobial capacity of DLC coatings doped or not with 1% w/v NDs and after 6 h incubation with E. coli strains. The authors results demonstrated significant growth inhibition with DLC-ND systems compared to streptomycin positive control (15 mg.mL -1 ) and ultrapure water negative control. Reprinted from ref. 62, Copyright 2019, with permission from Elsevier.

Fig. 13 .

 13 Fig. 13. Confocal imaging of fish gelatin scaffolds with different NDs weight ratios incubated for different times in hASCs. (a) Live/dead assays of hASCs after 2 days and 7 days. Dead cells are represented in red, while cell proliferation is visible in green. (b) F-actin filaments (green) production by hASCs (nuclei in blue) after 48 h incubation. Adapted from ref. 64 with permission from MDPI.

Fig. 14 .

 14 Fig. 14. Sulfonitric acid treatment of 4-5 nm pristine nanodiamond particles to obtain purified NDs-COOH, followed by carboxylate activation using 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU), N,N-diisopropylethylamine (DIPEA) and amide formation using N-Boc-aminodiethoxyethylamine to obtain NDs-NH2. Functional groups quantity and structure proportions were arbitrary drawn. Adapted from ref. 67, Copyright 2020, with permission from Elsevier.

  

Table 1 .

 1 Recent bioapplications using nanodiamonds and relative information.

	ND type/purification		Average size				
	method/impurities		(technique)/				
	content/coating	Global system	others	Biological model	Parameter assessed Conclusions	References
	120 nm HPHT FNDs,	FNDs in various	120 nm (n.a.)	HT-29 colon	Cellular uptake rate	5 µg.mL -1 NDs (from apical side + T-EDTA pre-	40
	liquid and air oxid.,	media		cancer cells	(among direction	treatment or from basolateral side (no treatment)):	
	imp.: n.a.				and pre-treatment)	95% cells contain NDs	
	4-5 nm DNDs, liquid	CPT@ND-SPs	20-100 nm (DLS),	Bone	Cell viability	20 µg.mL -1 system: 90% killing, other CPT-complexes	41
	oxid., imp.: n.a.		no CPT	osteosarcoma cells		gave up to 50% killing	
				HT-29 colon tumor	Tumor volumes	3 mg.kg -1 CPT in 56 mg.kg -1 ND-SPs: 16 days after	
				xenografts in mice		treatment, about 40% tumor size reduction vs. PBS	
						control	
	2-10 nm DNDs, imp.:	ND-PEG-DOX	979.08 ± 55 nm	HepG2 liver cancer	Cell viability	200 µg.mL -1 free DOX or system (lower DOX rate):	42
	n.a., used as-received		(DLS in water)	cells		about 75% killing effect	
	100 nm ND-PEG	ND-PEG-GLY-	293.6 ± 0.8 nm	HepG2, HeLa,	Cell viability	Inhibition of tumor proliferation, high toxicity levels	43,44
	powders (previously	DOX	(DLS in water)	MCF-7 cancer cells			
	carboxylated), liquid			HepG2 tumor	Body weight	No weight loss after 25 days compared to 20%	
	oxid., imp.: n.a.			xenografts in mice		change with GLY-DOX	
				MCF-7 cancer cells Cell tracking and	GLY-DOX released 1 h after injection (green	
					fluorescence	fluorescence). Good photostability compared to free	
						GLY-DOX	
	20-50 nm ND-PEG,	ND-PEG-DOX	962 ± 140 nm (DLS	BxPC3 pancreatic	Cell viability	60 µg.mL -1 system (10 µg.mL -1 DOX): 90% killing (free	45
	imp.: n.a., used as-		in PBS)	cancer 3D		DOX: about 50%)	
	received			spheroids			
				6741 pancreatic	Tumor volumes	After 3 weeks treatments (2 injections per week of 10	
				tumor xenografts		mg.kg -1 ): 4 times lower volumes vs. free DOX	
				in NSG mice		equivalent	
	2-8.3 nm HOOC-DNDs	ND-TTA:RE-DOX 100-200 nm (DLS),	SGC-7901 gastric	Cell viability, drug	1 to 16 µg.mL -1 : similar toxicity than free DOX for	
	and HPHT NDs,		no DOX	cancer cells	release,	equivalent rate. Prolonged and slow release vs. free	
	thermally annealed,				fluorescence	DOX control (for 24 h). Sustainable fluorescence and	
	imp.: n.a.				properties	high stability for cell imaging	

Fluorescence stability 4 h after injection in vivo. Ideal paramagnetic behavior for T1 based MRI 49 2.1 nm DNDs, imp.: n.a., used as-received ZnPc-NDs-BODIPY 7.5 nm (DLS), deaggregated MCF-7 breast cancer cells Cell viability, thermosensitivity 50 µg.mL -1 : 21.4 ± 5% viability (≈ 683 nm laser in PDT), no toxicity without laser. System thermally stable at 80°C 50 2.3 nm DNDs, imp.: n.a., used as-received -1 : 28.8 ± 0.02% viability (≈ 686 nm laser in PDT). More singlet oxygen than CDs and graphenetype QDs 51 4 nm HO-DNDs, imp.: n.a., used as-received -1 : 87% (ND@E) and 71% (ND@ENE) killing effect (results with DOX + 800 nm excitation in PDT) 56 oxid., imp.: 0.5 wt% Zebrafish embryos Biocompatibility Good compatibility in vivo but need to overcome particles clustering tendency 25 nm HPHT NDs, liquid oxid., imp.: 1.75% non-diamond Fe3O4-ND-PEI-AMOX 350 nm (DLS) pH 4 citrate buffer solution Drug release Prolonged release (180 h) with NDs, lower without (24 h). More drug release rate in acidic conditions and at 37°C 57,58 100 nm HOOC-NDs, air and liquid oxid., imp.: n.a., PA coated Ag-ND@BSA 120 ± 30 nm (DLS in water) E. coli strain Cell viability 250 µg.mL -1 Ag NPs: strong bactericidal effect for 36 days (CC50 >> 500 µg.mL -1 ). Low toxicity on healthy human cells 59 3-5 nm HOOC-DNDs, imp.: n.a., used as-60 received S. aureus or E. coli strain Bacteria growth 31-1000 µg.mL -1 NDs: reduced S. aureus development but no significant effect against E. coli development 4-6 nm DNDs, imp.: n.a., used as-received 65 5 nm HOOC-DNDs, air and liquid oxid., imp.: n.a. ND-ODA/DEX 5.1 ± 2.2 nm (TEM), deaggregated ND-ODA, no DEX Arthritic mice limbs Immune system response, bone volume 16 µg.mL -1 /0.1 µg.mL -1 ND-ODA/DEX (5 µL injections): reduction of macrophage invasion and tuning of inflammatory response. Lower bone degradation ex vivo. Dose-dependent immunomodulatory effects Good uptake in PBMCs. Very aggregated ND-COOH caused pro-inflammatory responses. ND-NH2 were more dispersed and more immunocompatible
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