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Abstract

:

An amorphous carbon film with embedded detonation nanodiamond (DND) particles (a-C:ND) was produced by magnetron sputtering of nanodiamond powder. An Ag film was deposited on the carbon structure by radiofrequency magnetron sputtering. The silver film was irradiated with a 150 eV Ar+ to form plasmonic-active nanoparticles (NP) on the surface of the a-C:ND. The structure of the obtained a-C:ND and a-C:ND/Ag structures were studied by scanning and transmission electron microscopy, electron energy-loss spectroscopy, UV–Visible absorption spectroscopy, Raman spectroscopy, and fluorescence lifetime imaging at two-photon excitation. The analysis revealed 76% of sp3-carbon and a good dispersion of diamond nanoparticles in the a-C. Surface-enhanced Raman scattering (SERS) was applied to investigate the a-C:ND/Ag structure, allowing for the observation of SERS from the sp2-carbon species and the absence of significant a-C:ND damage after Ar+ irradiation of the Ag overlayer. A plasmonic-metal-enhanced luminescence was observed at one- and two-photon excitations, revealing a two- to five-fold intensity increase. The activity of the used DNDs was tested using the agar diffusion method and observed against the bacteria of Bacillus subtilis, Staphylococcus aureus, and Escherichia coli and the fungi of Aspergillus niger, Aspergillus fumigatus, and the yeast of Candida albicans, showing DND activity against all the test strains of fungi.
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1. Introduction


Nanodiamond (ND) composites are of great interest due to the versatile and tunable properties of NDs [1]. All-carbon composites usually combine coexisting carbons of sp3 and sp2 hybridization. In particular, one of the examples of such composites is amorphous carbon matrix with ND inclusions (a-C:ND). The sp2/amorphous carbon shell surrounding the diamond core is typical for commercially available ND particles [1,2]. This structure with a significant percentage of the sp2-sp3 interface may determine the unique physiochemical properties of carbon composites (which depends also on the particle size, spatial distribution, diamond lattice defects, surface functionalization, etc.) and offers a wide range of possible applications of the resulting a-C:ND material [3]. Most of the applications of the composite require controllable NDs with pre-established surface structure and functionalization as well as particle dispersion in the matrix/film and their alignment.



Among the wide variety of nanodiamonds available, detonation NDs (DNDs) with a small (3–5 nm) diamond crystallite/core are especially attractive; however, the tight aggregation of a DND can complicate its application, particularly for the synthesis of composites with preset properties. Significant efforts are applied to disaggregate DNDs and prepare highly dispersed DND systems. The methods to get well-dispersed colloidal systems are still the subjects of recent studies [4].



As for ND embedding into solid media, the well-dispersed distribution of DNDs is also of high interest: e.g., the monodispersed distribution of DNDs in a bulk polymer matrix is discussed in [5]. We have succeeded in synthesizing a hybrid structure with NDs well-dispersed in an amorphous carbon thin film matrix by magnetron sputtering of ND powder in a pulsed mode. The direct current sputtering of the insulating ND powder in a pulsed mode induced the formation of microarcs on a target surface. The microarcing process led to the NDs charging and subsequent detachment of the charged particles from the magnetron target surface. In its turn, the Coulomb repulsion of the charged NDs during their transfer to the substrate resulted in the dispersion of detonation nanodiamond particles embedded into the sp3-rich amorphous carbon film. As a result, a-C:ND coatings with uniformly distributed DND inclusions were produced by using magnetron sputtering of nanodiamond powder [6]. This technique ensuring uniform dispersion of DND inclusions in a matrix may be beneficial for a number of applications. Thus, the possibility of creating thin homogeneous layers of a well-dispersed ND with a predictable, controlled, and reproducible structure with photoluminescence originating from the color centers is of particular interest for application in the fields of quantum technologies, secure quantum communication, quantum information processing [7], and in the semiconductor industry as a whole [8]. It may be also useful in sensing and biosensing methods and the development of new devices [9], e.g., for chemical [9,10], thermo- [11], magnetic sensing [12] and molecular and biosensing [13,14,15]. As fluorescence lifetime imaging (FLIM) has been successfully applied for the study of NDs [16,17], the analysis of the structures capable of ND luminescence-based sensing is of particular interest. As for the a-C:ND films, the variability of carbon matrix properties also gives rise to the study of various applications of such structures [18,19,20,21,22,23,24,25,26,27], particularly, as reinforcement coatings [20,21,22,23].



Due to their biocompatibility, a-C:ND films are also of interest for biomedical coatings aimed at enhancing cellular growth for bone and tissue repair [24,25]. Being biocompatible with animal cells and tissues, a-C and ND-based films show activity against some bacteria and other microorganisms; therefore, such structures may become a basis of novel coatings for medical devices, implants, etc. [26,27]. Therefore, synthesizing all-carbon hybrid material with preset properties (structure, ordering, presence of surface functional groups, color centers, etc.) as well as methods of characterizing the composite material are topical tasks.



In the current work, the morphology and structure of the obtained a-C:ND/Ag hybrid were observed by means of scanning and transmission electron microscopy (SEM, TEM), electron energy-loss spectroscopy (EELS), Raman spectroscopy, and two-photon fluorescence lifetime microscopy (TP-FLIM). For the structure analysis, SERS-active nanostructured silver was deposited on the a-C:ND composite by radio-frequency magnetron sputtering of the Ag target, followed by low-energy ion irradiation [28]. The ion-beam treatment method induced the sputtering and surface diffusion of the silver, which lead to the formation of SERS-active nanoparticles [29]. SERS induced by the interaction of a-C:ND and AgNP was applied to analyze the local structural peculiarities of the amorphous carbon matrix and the surface of the composite films formed. The SERS technique had previously been found to be sensitive to the sp2-hybridized fraction of carbon structures [30,31,32]. Besides the enhanced Raman signal, plasmon-enhanced luminescence was observed. Its origin was discussed based on spectroscopic measurements and the analysis of the spatial distribution of emitters and their luminescence lifetimes by means of FLIM. The reported analysis methods are of interest for the study of the structure and properties of nanostructured carbon systems as well as for the investigation of the media surrounding nanoparticles in a-C:ND structures.



As an example of the expected applications of a-C:ND, in this paper, we discuss the preparation of antimicrobial coatings. The uniform dispersion of DND inclusions in the matrix may also ensure utilizing DND antibacterial potential for the development of a new antibacterial coating. To discuss this perspective, the antimicrobial activity of the DND component of the a-C:ND structure was tested against a number of pathogenic gram-positive and gram-negative bacteria and fungi.




2. Materials and Methods


2.1. Target Manufacturing


The sputtering target was prepared from a DND powder (FRPC “Altai”, Russia) and a standard MPG-7 graphite magnetron target (Grafi, Russia). The suspension of the DND powder was stirred in acetone, uniformly planted on the graphite target, and dried under ambient conditions. The thickness of the DND layer on the target surface estimated by the mass of the diluted DND powder was approximately 10 μm. The significant thickness of the DND layer was set up to prevent graphite target sputtering and guarantee the determining of the properties of the films by the processes taking place during the interaction between the DND layer and the magnetron discharge. The precursor DND powder had been characterized in detail previously [6]. The average DND particle size was 5 nm [6].




2.2. Deposition Stages


The deposition of the a-C:ND/Ag structure included the following steps: (1) manufacturing of target containing detonation nanodiamond (DND), which was discussed in Section 2.1; (2) a-C:ND film synthesis by magnetron sputtering of the DND-based target in a pulsed mode; (3) radio-frequency (RF) magnetron sputtering of Ag film; (4) Ag film post-deposition treatment by Ar+ ion beam resulting in Ag nanoparticle formation. Step 2 is shown schematically in Figure 1. The structure deposition and modification of Steps 2–4 is depicted in Figure 2.



The investigated a-C:ND films were synthesized during the second step by means of direct current (DC) magnetron sputtering of the graphite target covered with a 10 μm layer of DND in a pulsed mode (Figure 1 and Figure 2a). The deposition was carried out in a high vacuum chamber and pumped to the residual pressure of 10−4 Pa. The ion-beam etching of the substrates and deposition were carried out at an argon pressure of 10−1 Pa. The discharge voltage was 500 V, the pulse duration ~0.5 s, the pulse frequency ~1 Hz, and the pulse number was equal to 10. The charge accumulation on the insulating DND layer during the deposition induced local electric breakdowns or microarcs. A large number of microarcs were formed on the DND layer during the deposition. Microarcing also led to the effective transfer of the nanodiamonds from the target [6]. Unlike other techniques of ND-based target sputtering, microarcing “de-localizes” the interaction between the target and the plasma, thus reducing the graphitization of the NDs [6]. The spacing between the target and the substrate holder was ~15 cm. The thickness of the deposited coatings estimated by transmission electron microscopy (TEM) of the edges of folded films was 15 nm. Cover glass, polished Si, and freshly cleaved NaCl monocrystal were used as substrates. Before the deposition, the substrate surfaces were cleaned for 5 min by normally incident 1000 eV Ar+ ion beam. The ion beam was produced via a Hall ion-beam source with a cold hollow cathode Klan 53-M (Platar Corp., Moscow, Russia). The temperature of the substrates measured by the thermocouple located inside the substrate holder did not exceed 300 K during the deposition process.




2.3. SERS-Active Media Formation


The deposition of Ag nanoparticles was carried out to investigate the a-C:ND coatings by SERS technique and plasmon-enhanced luminescence spectroscopy. The process included 2 steps (steps 3 and 4). First, a silver polycrystalline film was deposited on top of a-C:ND coating by RF magnetron sputtering of the 30 W power at the 10−1 Pa pressure in Ar atmosphere (Figure 2b). The angle between the particle flux and the substrate surface was 45°. Thickness of the deposited film monitored by a quartz-crystal sensor was ~25 nm. Then, the grown film was irradiated with the 150 eV Ar+ ions and 5 × 1016 ion/cm2 dose (Figure 2c). The angle of 40° was set between the ion-beam axis and the normal to the substrate surface. The film thickness and irradiation dose were chosen in accordance with [29], as these deposition parameters ensure low damage to the underlying layer and sufficient SERS effect.




2.4. Structural Investigations


High-resolution transmission electron microscopic (HRTEM) investigations were performed by the JEM 2100F microscope (JEOL, Tokyo, Japan) at the 200 kV accelerating voltage. The samples were prepared for TEM by dissolving a NaCl substrate in distilled water and subsequently placing the floating film on the grid.



Electron energy loss (EELS) carbon pre-K edge spectra were detected with the TEM module based on the Omega energy filter.



UV–Visible absorption (UV–Vis) spectra were obtained by the Unico-2802 spectrophotometer (Unico LLC, Seattle, WA, USA). In the spectrophotometer setup, the solution cuvette has been replaced with a holder of cover glasses for transmittance measurements.



Scanning electron microscopy (SEM) images were obtained by the SEM JSM6500F (JEOL, Tokyo, Japan).



The statistical analysis of the images was carried out via Gwyddion software (Gwyddion 2.61, open-source software, Brno, Czech Republic, http://gwyddion.net/, accessed on 25 October 2022). The average distance between the particles was estimated as a square root of the area per particle.



The spectra were measured using Raman microspectrometers: Renishaw1000 (Renishaw, Wotton-under-Edge, GB) equipped with a 532 nm solid-state continuous wave (CW) DPSS laser (Coherent Inc., Santa Clara, CA, USA), a grid 1800 1/mm, microscope, and an objective N Plan ×50/0.75 (Leica, Wetzlar, Germany). The spectra were measured with the laser power of ~15 mW in a focal spot, 10 s acquisition time (Raman, SERS), and 10 × 10 s for Raman and photoluminescence (PL).



TP-FLIM was used to visualize the film structure via two-photon excited luminescence of nanodiamond particles embedded into a-C matrix and to analyze the luminescence lifetimes. A tunable Ti-sapphire laser (Chameleon Ultra-II, Coherent, USA) was used for the two-photon excitation; the wavelength was 780 nm, the pulse duration was 140 fs, and the repetition rate was 80 MHz. The FLIM was performed with a 2D scanner (EINST Technology, Singapore) coupled with the Olympus IX 71 inverted microscope. The objective UPlanFLN ×40/0.75 (Olympus, Tokyo, Japan) was used. The signal registration in the spectral range of 450–640 nm was done by means of a PicoHarp 300 (PicoQuant Gmbh, Berlin, Germany) single photon counting system and thermoelectrically cooled PMT. The FLIM data were analyzed using the commercially available software SymPho Time (PicoQuant Gmbh, Berlin, Germany).




2.5. Estimation of DND Antimicrobial and Antifungal Activity


The antimicrobial activity of ultradispersed ND was assessed by the agar diffusion method [33]. All samples were tested at the concentration of 500 µg/mL. Inhibition zones were measured manually using a digital caliper. Assays were performed three times in triplicate. Amphotericin B 40 µg («NII Pasteur», Saint Petersburg, Russia), nystatin 80 µg («NII Pasteur», Russia), and amoxiclav 10 µg («NII Pasteur», Saint Petersburg, Russia) were used as positive controls. The antibacterial activity was assessed with the following test strains: gram-negative bacteria of Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853; gram-positive bacteria Bacillus subtilis ATCC 6633; and Staphylococcus aureus 209P and Micrococcus luteus NCTC 8340. The antifungal activity was assessed with the following test strains: the fungi of the genus Aspergillus–A. niger INA 00760, A. fumigatus KPB F-37, and the yeast of Candida albicans ATCC 2091.



The test culture of B. subtilis ATCC 6633 was grown on the Gause 2 medium (g/L): 2.5 tryptone (or 30 mL Hottinger broth), peptone-5, sodium chloride-5, and glucose-10. S. aureus 209P, M. luteus NCTC 8340, and P. aeruginosa ATCC 27853 were grown on the MPA (meat peptone agar) medium, and E. coli ATCC 25922 was grown on the LB (tryptone soy agar).





3. Results and Discussion


3.1. Characterization of a-C:ND Coating


3.1.1. SEM


The SEM image of the a-C:ND film on Si substrate is presented in Figure 3. Well-dispersed nanosized inclusions can be observed via SEM. SEM studies were carried out at 15 kV electron accelerating voltage. To investigate the origin and structure of the inclusions, the TEM analysis of the samples was carried out.




3.1.2. HRTEM


The TEM image of the a-C:ND structure, the distribution of the nanoparticle sizes, the HRTEM, and the Fast Fourier Transform (FFT) of the HRTEM image of an individual nanoparticle are shown in Figure 4. TEM and EELS studies were carried out at 200 kV electron accelerating voltage. The HRTEM (Figure 4c) confirms the previously discussed results [6], verifying that microarc-assisted sputtering of NDs resulted in the transfer of separate monocrystalline nanoparticles from the magnetron target to the surface of the growing film. However, as magnetron sputtering also led to the condensation of the vapor of the carbon atoms on the growing film surface; the resulting structure was the NDs incorporated into the amorphous carbon matrix (a-C:ND), which can be observed from the overview of the structure (Figure 4b). The average size and average distance between the centers of the nanoparticles embedded into the a-C matrix were ~4 nm and ~29 nm, respectively, corresponding to the 1190 μm−2 aerial density of the nanoparticles (Figure 4a,b). The FFT images obtained for individual particles correspond to the structure of a cubic diamond lattice; the characteristic FFT image of an individual particle is shown in Figure 4d. The analysis of the FFT image of the individual inclusion showed that its point reflexes corresponded to the 2.06 ± 0.02 Å interplanar spacing. Such a value is in good agreement with the value typical for the (111) plane of cubic diamond [34]. This proved that monocrystalline NDs were transferred from the substrate surface with only slight damage during the deposition process. In addition, as the ND particles became charged during the sputtering process, they exhibited Coulomb repulsion during the transfer, resulting in the uniform dispersion of the monocrystalline NDs in the matrix of the amorphous carbon. However, the applied method of achieving well-dispersed NDs requires no more than 10 magnetron pulses. A higher number of magnetron pulses leads to the graphitization and agglomeration of the particles, limiting the obtainable thickness of the coatings [6].




3.1.3. EELS


The estimation of the ratio of the sp3-hybridized atoms was carried out by three-Gaussian spectra fitting of EELS carbon pre-K edge spectra [35] after the subtraction of the Tougaard baseline. The two peaks (Figure 5) observed in this range are attributed to the 1s→π* and 1s→σ* electron interband transitions inducing the characteristic energy losses of the primary electron beam. As the π*-sub-band is assigned to the presence of the sp2-hybridized atoms, the “1s→π* to “1s→σ*” intensity ratio provides information about the ratio between sp2- and sp3-carbon. However, as discussed in [6], the estimation of the sp2/sp3 ratio is interfered with by the contribution of heteroatom-induced interband transitions and fitting arbitrariness.



This estimated fraction of the sp3-hybridized carbon atoms was 76 ± 8%. The presence of sp2-hybridized atoms corresponds to the amorphous carbon matrix surrounding diamond nanoparticles and the surface of the NDs graphitized by ion irradiation over the course of magnetron sputtering and microarcing.





3.2. Ag Nanoparticles Characterization


3.2.1. SEM


The SEM image of the Ag nanoparticles on the a-C:ND film formed after post-deposition Ar+ ion irradiation is shown in Figure 6. SEM studies were carried out at a 15 kV electron accelerating voltage. The statistical analysis of the size distribution of the Ag particles obtained from the processing of the SEM images is shown in the inset of Figure 6. According to this data, the size of the particles was 18 ± 6 nm, with the average distance between the nanoparticles being 37 nm, corresponding to the 730 μm−2 aerial density.



The formation of the SERS-active Ag nanoparticles by low-energy (150 eV) ion irradiation is of recent interest [28,36], as higher ion energies usually cause ion-beam mixing or amorphization of the structure [36,37,38,39]. We should also note that 150 eV Ar+ ions modify only the subsurface layer of the materials [40]. Therefore, the a-C:ND film located below the silver NP is not affected by the ion beam, while the unshaded carbon structure is only slightly damaged. Thus, the low-energy ion irradiation of the a-C:ND/Ag structure aimed at the enhancement of the Raman signal from carbon composite causes no significant deterioration of the analyzed structure. Additionally, the routes of the synthesis of AgNP not involving harmful chemical substances are widely investigated nowadays, as they are less harmful to the environment [41].



The main highlight of the applied ion-beam treatment method is an ion channeling-induced rearrangement of silver resulting in the single-crystalline structure of the AgNP [42]. Monocrystallinity ensures the excellent stability of the silver nanoparticles to oxidation and sulfidation [43]. Aside from this, the sufficient thickness of the initial film ensures that the effect of a low-energy ion beam on the subsurface layers of the carbon structure is insignificant [29]. Therefore, the application of the suggested technique to the analysis of a-C:ND all-carbon material has great diagnostic potential. We should also note that Ag deposition can increase the applicability of the studied structure, allowing for the investigation of the interaction of a-C:ND and AgNP with bacteria by using a silver substructure as a SERS-active agent. In the present work, SERS was used to analyze the local structural peculiarities of an amorphous carbon matrix and the surface of the composite films formed in the process of the condensation of NDs and sputtered carbon atoms.




3.2.2. UV–Vis Absorbance Spectra


The UV–Visible absorbance spectrum of Ag nanoparticles deposited on the cover glass is shown in Figure 7. It depicts the localized surface plasmon resonance (LSPR) maximum at 414 nm, which is typical for 20 nm nanoparticles [44]. However, according to Mie theory, single dipole per particle approximation, and modified long-wavelength approximation, the LSPR position for an individual, spherical, 20 nm particle is ~370–380 nm [45]. As the plasmonic activity of AgNP manufactured by low-energy ion irradiation in similar conditions is considerably larger than for individual nanoparticles [29], the redshift of the observed LSPR wavelength may originate from the hotspot-related interaction between nanoparticles [46,47].





3.3. Raman Spectroscopy


The Raman spectra of the prepared samples were measured at a 532 nm wavelength laser excitation. Figure 8 shows the spectra of the a-C:ND and a-C:ND/Ag samples. The Lorentzian fitting of these spectra was carried out by Origin 7 software; the fitting parameters are shown in Table 1. The spectra of the a-C:ND vary significantly at different points, revealing the shapes typical for both amorphous carbon of sp2-sp3 hybridization (wide peaks falling into the spectral intervals 1320–1360 cm−1 and 1520–1600 cm−1 [48,49]) and sp2-carbon (D-band and G-band) [48], as shown by the spectra 1-2 in Figure 8. Spectra (1) and (2) of Figure 8 demonstrate that the ratio of intensities of the D and G peaks ID/IG of a-C:ND film varies in a wide range. This is a result of the combination of a-C (characteristic of spectrum (1), which G-peak shifted to lower wavenumbers) and incorporated DND (spectrum (2) which is quite characteristic for DND).



The diamond peak (1332 cm−1) was not clearly observed with Raman spectroscopy, while the diamond structure was revealed via HRTEM and FFT analysis (Figure 4), which is not surprising, as the Raman cross-section of the sp3-hybridized carbon is ~50–200 times smaller than for the sp2-carbon [50]. Therefore, the sp2/sp3-carbon shell of the NDs and matrix surrounding the nanoparticles contributed significantly to the measured spectra, considerably prevailing the contribution of the NDs’ core.



The intensity of the spectra of the a-C:ND/Ag sample increased noticeably compared with the spectra of the a-C:ND (Figure 8, spectra 3-6). Additionally, the fitting of the enhanced spectrum (3) demonstrated predominantly the D and G bands of sp2-bonded carbon. Although the plasmon resonance of the deposited Ag was in the range of 400–450 nm, we can suggest that the SERS can be observed at the 532 nm excitation [44]. Therefore, Ag nanoparticles serve as an enhancing agent for carbon structures, increasing the SERS-related intensity. We should also note that the high efficiency of SERS spectroscopy in revealing the structure and physical properties of some nanocrystals, particularly, nanostructured carbon, was described in [30,31,32,50]. The enhancement of Raman scattering in the vicinity of noble metal nanostructures may involve both electromagnetic and chemical mechanisms. The electromagnetic mechanism takes place due to the increase of the electromagnetic field of incident light due to the excitation of localized surface plasmon near the SERS-active agent. In its turn, the chemical mechanism involves the creation of charge-transfer states between the adsorbed analyte and metal particles. For SERS-active nanostructured Ag, both mechanisms can be involved [51]. In general, SERS is observed when the excitation wavelength overlaps the plasmon resonance frequency of the SERS-active structure. However, the study of the efficiency of enhancement as a function of the characteristic size of noble metal nanostructures and excitation wavelength [44] demonstrates the acceptable efficiency of SERS for Ag nanoparticles of 20–40 nm and LSPR with a maximum near 400–450 nm at an excitation up to 532 nm. It allows using the wavelength of 532 nm for the SERS study.



The enhanced spectra (Figure 8, spectra 3-6) also demonstrated some variability. In conventional Raman scattering, the G and D bands are considered the convolution of the vibrational modes related to various components of carbon structures (except diamonds). For SERS, when a structural unit (e.g., local surface defect) is in close contact with a nanostructured Ag surface, its Raman signal can be increased selectively, resulting in the enhancement of the corresponding peaks in the spectrum [30]. The enhanced spectra showed characteristic D and G peaks. Additionally, some selected enhancements on the common background of the D and G bands can be observed, although it was not well-pronounced under the used measurement conditions. For example, one can observe the band at 1450 cm−1 assigned as transpolyacetylene vibration [52,53,54], which might originate from the ion-induced decomposition of the residual hydrogen and hydrocarbons on the surface of the growing film [55]. The bands in the range of 1518–1590 cm−1 arose from convolute graphite nanostructures. Both the frequencies and intensities of these bands depend on the curvature, the symmetry of the tube-like nanostructure, and the number of graphite layers [56,57]. The peaks observed in the range of 1550–1560 cm−1 were related to the D-bands attributed to the amorphous phases [58] with predominant content of sp2-carbon [48]. Thus, SERS spectra provided experimental evidence for the existence of different structural units and local defects in nanostructured carbon. As for the a-C:ND spectra variation with the AgNP formation, only a slight enhancement of the relative intensity of the D-band was observed after the deposition of Ag nanoparticles, which might originate from the minor damage of the amorphous carbon matrix induced by ion irradiation. The D-line intensity enlargement might also originate from the surface sensitivity of Raman scattering enhanced by nanostructured silver. Apparently, the surface layer was more disordered and sp2-enriched than the bulk film, which is typical for the films deposited by ion-plasma methods [59,60,61]. Thus, a slight difference between the spectra of the a-C:ND and a-C:ND/Ag structures may indicate that the subsurface layers of the films were damaged insignificantly by the ion beam, which may be promising for the spectroscopic analysis of organic structures SERS-enhanced by Ag nanoparticles synthesized via the suggested low-energy irradiation technique.




3.4. Photoluminescence of a-C:ND and a-C:ND/Ag


In addition to SERS, the hybrid a-C:ND/Ag samples also demonstrated enhanced luminescence compared with the a-C:ND sample. The spectrum measured at a 532 nm wavelength laser excitation revealed a SERS signal of nondiamond surface fraction on the background of luminescence whose wide peak is centered in the vicinity of 600 nm (Figure 9a). In general, luminescence in this range can be attributed to the NV0 defect color center in NDs [62]. It can be considered as a result of radiative recombination via additional energy levels in the diamond nanoparticles’ band gap arising from local surface structural units or energy-trapping defects [63,64]. In addition, the contribution of the carbon-dot-like fluorescence from graphitic or amorphous carbon to this range is also possible [65]. The luminescence of nanocarbon can be modified by surface plasmons. The optimal distance between a noble metal particle and a carbon structural unit is required for luminescence amplification, similarly to the plasmon-enhanced luminescence of other kinds of fluorophores. Noble-metal-modified luminescence was reported previously for different nanocarbons. It was observed for nanodiamonds [32,66,67] as a result of local field enhancement leading to the strong modification of the local density of optical states. The enhancement of the luminescence of nanodiamonds enriched with NV- centers (fluorescent nanodiamond, FND) attached to a silver surface was demonstrated [32,66,68,69]. In the case of FNDs, one of the main factors determining the resulting enhancement or quenching of the luminescence is the distance between the luminescence source (color center) in the ND and the nanostructured metal surface. A separating distance of a few nm is crucial for enhancement [66]. The defect luminescent centers in NDs are embedded in the diamond core and, accordingly, separated from the metal surface by the nondiamond carbon surface layer and the diamond’s environment [32,66]. Thus, the distance between some of the luminescent centers and AgNP can be optimal for PL enhancement. Note that one-photon excited PL was observed not only for nanodiamonds, but also for carbon dots interacting with plasmonic metal [70,71] and for carbon films [72].



Therefore, one-photon luminescence could be excited in different carbon structures; however, the spectra shown in Figure 9a reveal a wide peak centered near 600 nm, which can indicate the contribution of an NV0 defect center PL being common enough for a phonon sideband of PL of NV0. However, the luminescence from various defects and surface states may contribute to its line shape and intensity. More certain assignments of the source of PL in the a-C:ND film may be carried out at two-photon absorption. The two-photon excited PL in the prepared a-C:ND and a-C:ND/Ag samples was observed, visualized with FLIM, and analyzed. The FLIM of the a-C:ND (Figure 9b-I) showed a set of weakly fluorescent nanoparticles distributed in a nonfluorescent matrix. In general, the image is similar to the ND distribution in the SEM image. The two-photon luminescence (TPL) manifestation was reported for different color centers in the NDs [73]; the application of NDs and FNDs as imaging agents at two-photon excitation was discussed in [74]. Moreover, the two-photon PL was demonstrated in the case of nondiamond nanocarbons, carbon dots, and carbon-dot-like components of surface graphitic and amorphous carbon [75,76,77]; however, there is no information found concerning the two-photon photoluminescence of a-C film, unlike the one-photon excitation.



Two-photon-excited luminescence of NDs can also be influenced by plasmonic metal. For example, the plasmon-enhanced luminescence of SiV-doped NDs at the two-photon absorption at a 830 nm wavelength laser excitation was observed [67]. The FLIM of a-C:ND/Ag (Figure 9b-II) looks qualitatively similar to the FLIM of a-C:ND, and the character of both images indicates the embedding of luminescent particles or their clusters in a nonluminescent matrix. The luminescence of both a-C:ND and a-C:ND/Ag has a very short lifetime of about 0.1 ns, which is quite typical for the previously observed ND luminescence excited by two-photon absorption and emitted in the range of 450–640 nm [78]. However, as Figure 9a,c shows, the signal intensity was significantly higher in the case of a-C:ND/Ag.



Thus, we can conclude that two-photon luminescence is mostly observed from the ND particles in the a-C:ND films. This result is in agreement with the obtained spectra of plasmon-enhanced one-photon luminescence, which allows us to conclude that two-photon luminescence originates from NV centers (particularly, the NV0 with the zero-phonon line (ZPL) at 575 nm and the sideband centered at 600 nm) in NDs. However, the PL from other defects, e.g., H3 (with the ZPL at 503 nm), H4 (with the ZPL at 496 nm), the sideband of NV- PL as well as a nonstructured PL from the ND surface, also falls within the detected spectral interval of 450–640 nm.



Figure 9c shows the histograms of the lifetime distribution of individual particles or clusters visible in the FLIM images of the a-C:ND and the a-C:ND/Ag from the observed area. The TPL intensity was revealed via count numbers for the luminescent nanocarbon particles with and without interaction with Ag.



The intensity of the a-C:ND/Ag TPL compared with the TPL of a-C:ND increased about two to five times for some particles; however, for some points, it might be dozens of times higher. Note that although some plasmonic metals can demonstrate an intense TPL [79], we did not observe it from the prepared AgNP, so it did not overlap with the enhanced TPL of the NDs embedded in the a-C:ND.




3.5. Assessment of the DND Antibacterial and Antifungal Effect


The use of the antibacterial properties of nanostructures is currently considered an alternative to the antibiotics loaded in the antibacterial coatings of implants and medical materials in order to prevent infection and accelerate wound healing in antibiotic delivery systems for the treatment of diseases, diagnostic systems, etc. As for NDs, their application as a highly promising antibiotics alternative was analyzed in [80].



As the first step in the estimation of the biomedical potential of synthesized film with uniformly distributed DNDs, the antimicrobial activity of the DNDs was assessed (Table 2). The test sample showed weak antimicrobial activity against gram-positive bacteria B. subtilis ATCC 6633, S. aureus 209P, and gram-negative bacteria E. coli ATCC 25922. There was no activity detected by this method for M. luteus NCTC 8340 and gram-negative bacteria P. aeruginosa ATCC 27853. Interestingly, activity was detected for all the test strains of fungi: A. niger INA 00760, A. fumigatus KPB F-37, and yeast C. albicans ATCC 2091. Note that although only a weak activity was detected, this result can be determined by the low ability of DNDs to diffuse on agar compared with a higher diffusivity of the control antibiotics. The antibacterial mechanisms of nanoparticles are still poorly understood [80]. There are only some preliminary suggestions. Thus, previously for gram-negative E. coli, it was shown that small-size ND particles can cause the mechanical destruction of a cell wall resulting in cell death [81].



While recently, the bactericidal properties of nanostructures (firstly, nanoparticles), including nanocarbons [82,83,84], have been investigated, only one paper concerning the effect of nanodiamonds on C. albican’s adhesion on materials applied in dentistry was published [85]. There is no comprehensive study related to the interaction between nanostructures and fungi, although the risk factors of fungal infection (prolonged stays in an intensive care unit, mechanical ventilation, broad-spectrum antibiotic therapy, central venous line insertion, etc.) are frequent in severe burn care, predisposing to potentially serious fungal wound infections related or unrelated to bacterial infection [86,87]. Thus, alternative materials with antifungal activity are no less important than antibacterial ones.



Although nanoparticles are currently considered to be promising antibiotics alternatives, some aspects of their antibacterial mechanisms are yet to be investigated, so further development of the analytical potential of synthesized a-C:ND and a-C:ND/Ag can contribute to this research.



Nanocarbons and nanocarbon-based hybrids showed significant antibacterial activity depending on their physical and chemical properties, size, and surface structure [81,82,83,84,88,89,90,91,92,93,94,95,96]. The possibility of modifying the properties of the film and embedded NP allows the optimization of the antimicrobial effect. Particularly, a good dispersion of NDs in the matrix may be important, as it was shown previously that the antibacterial efficiency of nanoparticles decreases at their aggregation [92,97].



The detrimental effects of NDs on microorganisms were previously observed in a more significant volume for the NDs with a higher content of sp2-carbon on the surface [96,98]; thus, we can suggest that distribution in the a-C film will not decrease antimicrobial properties of DNDs notably [99]. However, further study and optimization of the a-C:ND film is needed to assess its biomedical potential and applicability.





4. Key Findings


	(1)

	
Microarc-assisted magnetron sputtering of the DND powder in pulsed mode was applied to manufacture the coating of NDs encapsulated in an amorphous carbon matrix, i.e., a-C:ND structure. EELS showed that the cumulative sp3/(sp2 + sp3) ratio of a-C:ND was 76%.




	(2)

	
SEM and TEM revealed spatial uniformity of the distribution of encapsulated NDs and an absence of the NDs’ aggregation, thus resulting in good dispersion of the NDs in the a-C:ND structures.




	(3)

	
The plasmonic properties of AgNP formed by low-energy Ar+ irradiation of continuous Ag film allowed us to observe the SERS effect on an a-C:ND/Ag structure. Spectra intensity enhancement only occurred several times, and a selective SERS sensitivity to nondiamond sp2-features was observed.




	(4)

	
SERS studies indicated that ion irradiation of the Ag overlayer had only slightly changed the D and G lines of an a-C:ND film, proving that the suggested technique of the plasmonic-active structure formation had not altered the analyzed structure.




	(5)

	
Two-photon-excited luminescence was observed from the ND particles both in a-C:ND and a-C:ND/Ag at near-infrared excitation with fs laser. The luminescence lifetime in both cases was ~< 0.1 ns. While the lifetime did not change as a result of the plasmon-enhanced study, increased Ag-modified TPL intensity was observed for a-C:ND/Ag in comparison with a-C:ND.




	(6)

	
The agar diffusion method revealed the prominent inhibition effect of DNDs against the bacterial strains of B. subtilis, S. aureus, E. coli as well as against all of the test fungi strains (A. niger, C. albicans, and A. fumigatu).








5. Conclusions and Outlook


In conclusion, the synthesis of nanocarbon structures with preset configuration was demonstrated. The resulting a-C:ND film consisted of amorphous carbon film with embedded, well-dispersed nanodiamond particles. The structure and spectral properties of a-C:ND were analyzed.



The plasmonic-active Ag nanoparticle layer was formed on the a-C:ND film via the irradiation of magnetron-deposited Ag film by low-energy Ar+ ions. It was demonstrated that the suggested ion-beam modification technique is a promising way to create a SERS-active media for the plasmon-enhanced analysis of organic structures.



The plasmonic properties of Ag allowed us to get additional information about a-C:ND structure due to the observed SERS of carbon with sp2 hybridization. Thus, the SERS characterization gives information on nondiamond features in the vicinity of NDs and on their surface.



Ag-modified luminescence of the embedded ND was observed at an excitation of 532 nm wavelength, characteristic for NV0 color centers with the possible contribution of other structural defects, such as surface defects whose emission was in the corresponding spectral range. Two-photon-excited luminescence was observed from embedded ND particles or their clusters both in a-C:ND and a-C:ND/Ag at near-infrared excitation with fs laser. The lifetime of the luminescence in both cases was about or less than 0.1 ns. While the lifetime did not change as a result of the plasmon-enhanced study, an increasing TPL intensity was observed for a-C:ND/Ag in comparison with a-C:ND.



The presented method of nanocarbon structure synthesis and the characterization of prepared structures allows further development of the technique for obtaining carbon-silver nanohybrid of modified preset properties. The reported nanotechnology allows further research and development in the field of bactericidal properties of nanodiamonds [82]. Plasmon-enhanced Raman (SERS) and luminescence spectroscopy of ND–Ag nanohybrids have the potential to reveal new data concerning the mechanism of bacterial membrane rupture during the interactions with nanodiamonds.



The antimicrobial properties of DNDs as a part of the hybrid structure were tested. A prominent inhibition effect was observed for a number of bacteria and all the test strains of fungi. This makes the structure with embedded DNDs a prospect for the development of antibacterial coatings. The a-C:ND hybrid may be promising for spectroscopic studies on the interaction between both pathogenic and nonpathogenic microorganisms and the carbon nanostructure.
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Figure 1. Schematic of the synthesis of a-C:ND coatings in a pulsed mode of DC magnetron sputtering. The microacring process leading to the ND transfer from the target to the substrate is shown in the inset. 
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Figure 2. Formation and modification of a-C:ND/Ag structure (steps 2–4). (a) a-C:ND film deposition by magnetron sputtering in a pulsed mode (step 2). (b) Deposition of the silver film by RF magnetron sputtering of the Ag target (step 3). (c) Ion-beam treatment of the Ag film resulting in the formation of the nanoparticles (step 4). 
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Figure 3. SEM image of a-C:ND film on Si. 
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Figure 4. (a) Nanoparticles size distribution; (b) overview TEM image; (c) HRTEM image of the individual particle and its characteristic interplanar distance; (d) FFT of the HRTEM image of the encapsulated ND. 
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Figure 5. EELS spectrum of the a-C:ND sample. The contribution of the “1s→π*” and the “1s→σ*” lines is shown by blue and red lines, respectively; their cumulative intensity is indicated by a purple line; black line shows the experimental data. The fitting parameters are presented in the inset. 
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Figure 6. SEM image of the silver nanoparticles of a-C:ND/Ag; size distribution of silver nanoparticles is shown in the inset. 
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Figure 7. Absorbance spectrum of Ag nanoparticles. 
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Figure 8. Variable Raman spectra of a-C:ND (1–2) and enhanced spectra of a-C:ND/Ag (3–6). Excitation wavelength 532 nm, laser power in a focal spot ~15 mW. Typical line positions are indicated. Black lines show the experimental data, green lines indicate its fitting with Lorentzian lines. 
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Figure 9. (a) PL spectra of a-C:ND and a-C:ND/Ag under the 532 nm laser excitation, laser power in a focal spot ~15 mW; (b) TP-FLIM at the fs excitation with the 780 nm wavelength signal detection in the range of 450–640 nm: (I) FLIM image of a-C:ND, excitation power in focal spot is 4 mW; (II) FLIM image of a-C:ND/Ag, power is 1.3 mW; (c) histograms of the distribution of luminescence lifetimes of the ND embedded into a-C:ND and a-C:ND-Ag; power is 4.5 mW. 
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Table 1. The parameters of the spectra fitting. Xc, W and A are the positions, widths, and intensities of the Lorenzian peaks. ID/IG is a ratio of the D- and G-peak intensities.
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Spectrum

	
D-Peak

	
G-Peak

	
ID/IG




	

	
Xc, cm−1

	
W, cm−1

	
A, 103 × a.u.

	
Xc, cm−1

	
W, cm−1

	
A, 103 × a.u.






	
1

	
1340 ± 10

	
290 ± 28

	
294 ± 30

	
1538 ± 2

	
153 ± 6

	
481 ± 24

	
0.61 ± 0.09




	
2

	
1368 ± 3

	
271 ± 11

	
392.5 ± 9

	
1562 ± 1

	
102 ± 5

	
151 ± 5

	
2.59 ± 0.13




	
3

	
1359 ± 2

	
268 ± 9

	
1578 ± 50

	
1579 ± 1

	
101 ± 3

	
955 ± 34

	
1.65 ± 0.12
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Table 2. Antimicrobial activity of DNDs.
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	B. subtilis ATCC 6633
	P. aeruginosa ATCC 27853
	M. luteus NCTC 8340
	S.aureus 209
	E. coli ATCC 25922
	A. niger INA 00760
	C. albicans ATCC 2091
	A. fumigatus KPB F-37





	DND
	11 ± 0.2
	0
	0
	9 ± 0.1
	11 ± 0.1
	11 ± 0.3
	11 ± 0.2
	11 ± 0.1



	amoxiclav
	18 ± 0.4
	11 ± 0.2
	24 ± 0.1
	25 ± 0.3
	11 ± 0.1
	nt *
	nt *
	nt *



	amphotericin B
	nt *
	nt *
	nt *
	nt *
	nt *
	17 ± 0.1
	11 ± 0.09
	10 ± 0.1







* nt—nontested.
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