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Fentanyl and its structural analogs are major contributors to the ongoing opioid crisis, largely due to their extreme potency and increasing prevalence in illicit drug supplies. These compounds are frequently encountered in counterfeit pharmaceuticals and polydrug mixtures, where rapid and accurate identification is critical for both forensic investigations and public safety. However, many existing presumptive techniques, such as immunoassays, lack the sensitivity and selectivity required to reliably detect and differentiate fentanyl analogs, particularly those with subtle structural variations.
This study investigates the use of surface-enhanced Raman spectroscopy (SERS) in combination with density functional theory (DFT) to differentiate thirteen fentanyl analogs based on their unique vibrational signatures. Gold–silver colloidal nanoparticles were synthesized to enhance Raman signal intensity, enabling detection at low concentrations using a portable Raman spectrometer. Each analog produced distinct spectral features that reflect differences in molecular structure.
To support spectral interpretation, DFT calculations were performed to simulate vibrational modes and assign characteristic peaks. This combined experimental and computational approach enabled direct correlation between structural modifications and observed spectral changes. Notably, the method successfully distinguished positional isomers, which are particularly challenging to differentiate using conventional analytical techniques.
Overall, these findings demonstrate that SERS, when coupled with theoretical modeling, provides a rapid, sensitive, and selective strategy for identifying fentanyl analogs. This approach has significant potential for improving field-deployable drug detection and enhancing forensic capabilities in response to the evolving opioid crisis.

