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Two-photon absorption (2PA) was theoretically predicted by Maria Goeppert-Mayer in 1931 [1]. 

In a large part thanks to femtosecond lasers delivering high photon flux needed to effect the 

instantaneous nonlinear absorption, 2PA is now widely used in biological microscopy and other 

practical applications. In addition, measuring quantitative 2PA spectra can reveal essential yet 

often hard-to-get molecular information regarding excited states, symmetry breaking, charge 

transfer and many other key characteristics of materials from all-optical switching to proteins. 

In the biological fluorescence microscopy, 2PA is prised because it offers greatly improved 3D 

resolution and expanded functionality, especially in cases involving thick turbid tissues such as 

brain. Unfortunately, known biological fluorophores including fluorescent proteins (FPs) exhibit 

low 2PA efficiency (typically expressed in units of Goeppert-Mayer cross section: 1 GM = 10-50 

cm4 s photon-1), and/or low photo-stability. These circumstances remain as a major road block on 

the way towards comprehensive real-time mapping of a functioning nervous system. The situation 

is further exacerbated by the fact that, unlike synthetic organic chromophores, where the 2PA can 

be improved by manipulating the molecular structure, the relevant photo-physical characteristics 

of genetically encoded probes constitute a complex and hitherto unknown function of the protein 

structure and environment. 

In this talk we will show that the above issues can be addressed by applying the principle of 

directed evolution, i.e. by combining random mutagenesis of FPs with high-throughput screening 

of the two-photon absorption efficiency and by repeatedly selecting “winners” out of tens of 

thousands of mutants. We will discuss how one could potentially develop designer biophotonic 

proteins, i.e. create genetically encoded structures with unprecedented highly efficient coherent 

Raman scattering, second harmonic generation or any other enhanced nonlinear-optical 

characteristic. 

In molecular spectroscopy it is well known that if a chromophore possesses inversion symmetry, 

then any electronic transition cannot be at the same time both 1PA- and 2PA-allowed (so-called 

alternative parity selection rule). Following elementary perturbation theory, it can be shown that 

in case of a non-centrosymmetric system, the strength of 2PA in the lowest-energy electronic 

transition is directly related to how much the inversion symmetry is broken, i.e. the cross section 

spectrum σ2PA in that transition is quantitatively derived from the corresponding change of the 

permanent dipole moment ∆µ. 

In the second part of the talk we will show how the above general spectroscopic principle can be 

applied to experimentally quantify local electrostatic interactions between a chromophore and its 

solvent environment. By combining measurements of 2PA and 1PA spectra and cross sections, we 

determined, for the first time, that in standard solvents such as toluene and DMSO the local electric 

field created by interface between the solvent and the chromophore (so-called dielectric reaction 

field) reaches values up to 107 V cm-1. Interestingly, no assumptions need to be made about the 

size of the molecule itself, because this key parameter is simply determined by fitting experimental 

data. In this way, 2PA can be used as an all-optical molecular voltmeter to quantify electrostatic 

forces and interactions on nanometre scale, especially in complex proteins and other biological 

environments, where standard methods such as electrochromism and Stark effect are poorly 

adaptable. 


