Carboxyl-terminated nanodiamond–silica composite films towards optical monitoring of electrified biosensing interfaces
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Organic dyes and semiconductor quantum dots cannot simultaneously satisfy the photostability, biocompatibility, and sensing sensitivity required of optical biosensor reporters. Nitrogen-vacancy (NV) center-bearing fluorescent nanodiamonds (FNDs) are intrinsic quantum probes that offer indefinite photostability and sensitivity to local electric and magnetic field fluctuations [1,2]. These characteristics make them uniquely suited as optically addressable reporters in thin-film sensing architectures [3] However, their integration into mechanically stable, optically homogeneous thin-film architectures that preserve NV-center photoluminescence while presenting a chemically defined, functionalisable surface has not been systematically addressed.
This work presents the synthesis and characterisation of carboxyl-terminated nanodiamond (COOH-ND)–silica composite films via TEOS sol-gel processing. COOH-NDs, produced by acid oxidation in a 9:1 (v/v) H₂SO₄:HNO₃ mixture, were embedded in TEOS-derived silica matrices via two-step spin coating onto O₂ plasma-activated glass substrates, using sols prepared at a water-to-TEOS molar ratio of r = 6.6 [4]. COOH surface functionalisation was selected on the basis of DFT calculations showing it to be energetically optimal for covalent condensation with the silanol groups of the TEOS-derived silica network. A systematic experimental matrix spanning two particle sizes (140 nm and 1 μm), four mass loadings (0.05, 0.10, 0.50, and 1.0 wt%), and three replicates per condition was evaluated alongside blank TEOS and bare glass controls.
ATR-FTIR confirmed carboxyl and related oxygen-containing surface groups on acid-oxidised NDs, evidenced by carbonyl stretching at 1726 and 1763 cm⁻¹ and a broad O–H stretching band. UV-Vis spectroscopy confirmed optical transparency exceeding 85% across the visible range (400–1000 nm) for films deposited on plasma-treated substrates, with reduced loading-dependent scattering compared to untreated glass. SEM micrographs revealed a monotonic increase in crack density with increasing nanodiamond loading, consistent with drying-stress accumulation in sol-gel matrices [5]. O₂ plasma treatment improved film homogeneity by enhancing substrate hydrophilicity and promoting uniform sol spreading. Among the conditions evaluated, COOH-ND at 140 nm particle size and 0.10 wt% loading was identified as optimal condition, yielding uniform films with minimal aggregation and retained optical transparency. These results establish a reproducible platform for integrating fluorescent nanodiamonds into silica thin films while preserving optical functionality and structural stability [4]. The carboxyl groups identified here enable covalent attachment of photoactive molecules. Such functionalisation facilitates intra-bandgap state engineering and the introduction of photo-driven electrochemical activity [6]. The resulting films are therefore proposed as candidates for spectro-electrochemical biosensing, where NV-centre photoluminescence and photo-generated electrochemical signals may be accessed simultaneously [1, 3].
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