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Figure 6. (A,B) Fluorescence microscopy images of the TBA-FAM distribution on the (A) thin and
(B) sonicated NDCA film; both surfaces have been activated with EDC/sNHS chemistry (with
crosslinkers); (C) fluorescence intensity values (in greyscale) corresponding to the mean values of six
areas on two different NDCA-functionalized Si3Ny surfaces activated with EDC/sNHS chemistry (with
crosslinkers) and not activated (without crosslinkers); the error bars represent the standard deviation.

4. Discussion

In the present study, we optimized the SUMBD growth to kinetically activate NDCA
molecules that can be grafted as a COOH-terminated linker to SisNjy surfaces (Figure 1). The
analyses of films with different thicknesses as well as sonicated NDCA films (Figures 2, 4 and 5)
indicate that sonication of the samples in aqueous buffer solution removes the weakly
bound molecules, exposing a homogenous NDCA monolayer covalently bound to the
SizNy surface while keeping the layer’s molecule structure intact. The monolayer formation
most likely occurred through C-N covalent bonds between one carboxylic group of NDCA
and the nitrogen atoms of the SizNy surface. The role of other chemical groups on the
surface (e.g., -OH) cannot be entirely excluded. However, the chemical bond at the or-
ganic/inorganic interface is strong, most likely covalent, as supported by our findings that
all weakly bounded species are removed by sonication. This in turn leads to an upward-
oriented COOH group available for further attachment of biomolecules. The interlayer
formation (SuMBD and sonication in water/aqueous buffer solution) is achievable in about
30 min without the use of organic solvents, which makes the entire process comparably
faster and simpler with respect to conventional wet-chemical approaches to functionalize
oxide-free silicon-based surfaces.

The growth behavior of NDCA films on SizN4 was then systematically investigated
by XPS analysis. The evolution of the XPS peak area for the substrate-specific core levels
(i.e., Si 2p and N 1s) and the overlayer (i.e., C 1s) as a function of deposition time (see
Figure 3) clearly indicate a characteristic Stranski-Krastanov layer-plus-island growth
where the nucleation of islands begins after the complete formation and coalescence of the
first two—-three layers (i.e., at point T4 in Figure 3). The development of the NDCA film
morphology with high-aspect-ratio islands and progressive increase in the film thickness is
also confirmed by u-FTIR mapping. The overall findings are schematically illustrated in
Figure 5 (upper panel).

The absorption spectra in Figure 4 verify the suitability of NDCA as functionalizing
molecule for Si3Ny-based optical biosensors. The low absorption of the molecular layers
(i.e., thick and sonicated films) in the UV-Vis range guarantees a negligible absorption
of the light during excitation or fluorescence for aptamers/protein detection in optical
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biosensors. Furthermore, consistently with the very low absorption of NDCA, a negligible
auto-fluorescence is expected.

To demonstrate proof-of-concept for biosensing, we attached different biomolecules
(TBA-FAM and AMF) to the carboxylic binding sites at the Si3Ny surface by coupling the
carboxylic acid to the amine group of the biomolecule via carbodiimide chemistry. This
kind of chemistry is widely used as a conjugation strategy to immobilize biomolecules on
carboxylic activated surfaces [19,34]. The carboxylic binding sites accessible to bioreceptor
molecules depend on the deposition method and on the type of substrate. Liu and co-
workers, for instance, compared the surface densities of COOH groups on gold substrates
using molecules that have different spatial conformations [35]. They showed that the
steric hindrance of the molecule carrying the carboxylic moiety changes the final surface
density of the COOH groups by four times. On a silicon nitride substrate, a density in the
order of 10'> COOH groups/cm? has been reported using wet-chemical functionalization
methods [36], which is in good agreement with the density of carboxylic binding sites
measured in the present work. Other approaches have been used to improve the density of
carboxylic groups on silicon and silicon nitride surfaces as reported by Cattaruzza et al. [16],
obtaining higher surface densities. It should be noted that in the biosensor field, high
surface densities are not always desirable because steric hindrance can occur in such
densely packed interlayers, so that bioreceptors such as aptamers or antibodies might not
have enough space to reach the proper three-dimensional conformation.

5. Conclusions

In this work, we demonstrated the possibility of functionalizing the Si3Ny techno-
logical surface with 2,6-naphthalene dicarboxylic acid (NDCA) through the supersonic
molecular beam deposition (SuMBD), a technique working in vacuum with a high level
of purity. We covalently bonded the organic molecule to the nitride surface by means of a
COOH-NH interaction, leaving the second carboxylic group available for further linking.
We successfully anchored two biomolecules (TBA-FAM and AMF) via carbodiimide chem-
istry, paving the way for the realization of optofluidic devices based on silicon nitride for
the sensing of biomolecules.

The direct comparison of wet-chemistry and SuMBD experiments was beyond the
scope of this research. However, we demonstrated that the advantageous properties of-
fered by the SuMBD approach for Si3Ny functionalization outweigh the well-known and
conventional additional processes of wet-chemical functionalization to form C-N bonded
interlayers. It is predicted that SuMBD will represent an alternative route for surface func-
tionalization and contribute to the development of future silicon nitride-based biosensors.
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