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Abstract

Vibrational strong coupling (VSC) reshapes adenosine triphosphate (ATP) hydrolysis Kinetics
through solvent-ion-photonic synergy. Using a Fabry-Pérot cavity coupled to water’s O-H vibration
(3404 cm™), we reveal that VSC in Ca?*-enriched phosphate-buffered saline (PBS) boosts hydrolysis
rates by 2.4-fold, outperforming pure water (1.6-fold). Ca** mitigate electrostatic repulsion by neu-
tralizing the negative charges on ATP’s phosphate groups. Concurrently, VSC induces vibrational
hybridization—evidenced by a Rabi splitting energy of 735 cm™?, which reconstructs the hydrogen-
bond network and facilitates proton transfer. This synergistic effect between Ca** and VSC opti-
mizes the enzyme-substrate binding conformation. Infrared spectroscopy confirms that VSC reor-
ganizes the hydrogen-bonding landscape to promote efficient proton transfer. This integrated “sol-
vent-ion-VSC” triad model offers a novel strategy for light-regulated enzyme engineering and holds
promise for applications in high-efficiency bioenergy systems and nanomedicine.
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Figure 1. VSC between molecular vibration and cavity mode. (A) VSC schematic diagram; (B) Schematic diagram of the
action of VSC on water molecules in the FP cavity
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Figure 2. VSC modulation of ATP hydrolysis efficiency. (A) Rabbi splitting under VSC conditions; (B) ATP hydrolysis
efficiency under detuning conditions (coupled with different wavenumbers)
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Figure 3. Infrared spectra and fitted peaks of aqueous solutions under resonant and non-resonant conditions (Purple, green and
blue respectively represent free water molecules without hydrogen bonds and water molecules with weak and strong hydrogen
bonds). (A) Infrared spectroscopy of aqueous solution under non-resonant conditions and fitted peak separation; (B) Infrared
spectroscopy of aqueous solution under VSC and fitted peak separation.
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Figure 4. Impact of divalent cations and solvent environment on ATP hydrolysis. (A) Hydrolysis efficiency in pure water
without ions, with Ca?* and Mg?". (B) VSC promotion efficiency in pure water. (C) Hydrolysis efficiency in PBS (pH 7.4)
without ions, with Ca** and Mg?*. (D) VSC promotion efficiency in PBS
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Figure S1. FP cavity diagram
S1. FP fEREE

Figure S2. FP cavity and its components
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Figure S3. FP cavity infrared spectrogram
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Figure S4. Inhibition of ATP hydrolysis by SDS
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