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Abstract

Lumichrome (7,8-dimethylalloxazine, LC) is a natural photodegradation product and catabolite 

of flavin coenzymes. Although not a coenzyme itself, LC is used for biosignaling in plants and 

single-celled organisms, including quorum sensing in the formation of biofilms. The noninvasive 

detection of in vivo lumichrome would be useful for monitoring this signaling event. For 

molecules that undergo significant charge redistribution upon light excitation (e.g., intramolecular 

charge transfer), there are optical detection methods (e.g., second-harmonic generation) that would 

be well suited to this task. Here, we have used Stark spectroscopy to measure the extent and 

direction of charge redistribution in photoexcited LC. Stark and low-temperature absorption 

spectra were obtained at 77 K on LC in ethanol glasses and analyzed using the Liptay analysis 

to obtain the difference dipole moments and polarizabilities. These data were complemented 

by a computational analysis of the excited states using density functional theory (DFT) at the 

TD-B3LYP/6–311+G(2d,p) level of theory.
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INTRODUCTION

Lumichrome (7,8-dimethyl-1H-benzo[g]pteridine-2,4-dione or LC) is a tautomer of flavin 

(7,8-dimethylbenzo[g]pteridine-2,4(3H,10H)-dione or 7,8-dimethylisoalloxazine or FL) in 

which the N10 hydrogen shifts to the N1 atom with a resultant decrease in conjugation of 

the tricyclic aromatic system (see Scheme 1). LC is not enzymatically synthesized directly, 

but its biological precursor riboflavin (N10-ribityl-7,8-dimethylisoalloxazine or RBF) is 

biosynthesized in copious amounts by plants and bacteria using RBF synthase.1 Animals 

lack the RBF synthase enzyme and must obtain RBF by ingestion.2 Lumichrome is one of 

the primary products of the facile photodegradation of riboflavin and its derivatives flavin 

mononucleotide (FMN) and flavin adenine dinucleotide (FAD).3,4 Additionally, LC is a 

product of the enzymatic catabolic degradation of riboflavin.5

While FAD and FMN are critical enzymatic cofactors due to their favorable reduction 

potentials in both ground and electronic excited states6,7 for performing electron-transfer 

mediated reactions, lumichrome has not (yet) been found in this role. Its ground state 

reduction potential, which has only recently been determined by cyclic voltammetry, is 

significantly more negative than oxidized RBF8 and more negative than most biological 

redox cofactors in the ground state, including nicotinamide cofactors.9 This suggests a 

rationale for it not being found as a redox cofactor.

The facile photodegradation of oxidized vitamin B2 and its derivatives efficiently produces 

lumichrome with the concomitant loss of the ribityl side chain, probably through a triplet-

induced electron-transfer reaction.4,10 Since flavins are ubiquitous in cellular biochemistry,7 

LC can build up in the cell with a variety of physiological consequences, principally that 

of a feedback regulator of riboflavin synthesis or catabolism, which proceeds via riboflavin 

hydrolase,5,11–13 an enzyme that has been known since the 1940s.14

Another recent discovery is that lumichrome inhibits riboflavin transport in rat15–18 and 

human15,19–21 retina, possibly leading to riboflavin deficiency and ocular issues.16,20–22 

Studies on the human retina have shown similar results.23 Lumichrome’s apparent 

deleterious effects on cellular function render lumichrome transport essential. For this 

purpose, the RBF transport protein dodecin also binds LC with high affinity, presumably 
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for cellular waste disposal.24 Coincidentally, the wide adoption of white light-emitting 

diode (LED) lamps with significant blue intensity appears to have accelerated the rate of 

RBF/FMN photodegradation and concomitant increase in LC formation in the retina.25 

Also of potential consequence is the use of blue light LEDs for treating seasonal affective 

disorders and jetlag.26–28

FMN is utilized as a genetically encoded singlet oxygen generator (SOG) in miniSOG 

proteins, parts of LOV domains6,29,30 in which a molecule of FMN absorbs blue light to 

generate 1O2 with high yield. The inevitable photodegradation of the FMN to LC gives a 

LC-miniSOG with a singlet O2 yield an order of magnitude larger than for FMN-miniSOG, 

given LC’s high intersystem crossing rate.31

LC functions as a signaling molecule. In concert with RBF, it can affect plant growth at the 

nanomolar level in a species-dependent manner.32 When LC is secreted outside of the cell, 

it appears to provide a bacterial quorum sensing signal leading to biofilm formation.33–35 

Since biofilms of pathogenic organisms represent a human health risk, their early detection 

would be an important achievement. LC exhibits low fluorescence emission,36,37 which is 

advantageous for second-harmonic generation (SHG) detection.

Since secretion of LC would require passage through the cell membrane, interface-

sensitive stand-off spectroscopic techniques should produce sensitive optical signatures. 

We hypothesize that lumichrome has a sufficiently large difference dipole moment, 

Δμ fi = μ f − μ i, to facilitate noninvasive spectroscopic stand-off detection of biofilm 

formation33–35 through second-harmonic generation (SHG).38,39 SHG efficiency requires 

a large β (hyperpolarizability) value, which correlates positively with the magnitude of the 

difference dipole moment

The only experimental data on LC charge redistribution are the molecular relaxation studies 

on methylated LC derivatives by Shcherbatska et al., giving the magnitude of Δμ 10 1D.40 

Here, we present low-temperature absorption and Stark spectra to determine the degree and 

direction of charge redistribution in the two lowest-energy bright excited electronic states of 

lumichrome. Density functional theory (DFT) calculations at the TD-B3LYP/6–311+G(2d,p) 

level of theory were used to support these assignments. The hyperpolarizability of LC was 

estimated relative to flavin adenine dinucleotide, a tautomeric derivative. The Δμ  obtained 

here confirms the result obtained by Shcherbatska et al. and is ~30% lower than Δμ 10 for 

flavin, suggesting that it would be a modest probe of bacterial quorum sensing by SHG. 

However, the charge-transfer character of higher excited transitions, we will argue, will 

provide for stand-off detection of biofilms.

METHODS

Preparation of Lumichrome/Ethanol Solutions.

Lumichrome (99% purity) was obtained from Acros and used without further purification. 

However, its purity was checked by reverse-phase C18 column chromatography using 

50:50 MeOH/H2O, which showed a single peak only (Agilent 1260 with a diode array 

detector). All solutions were prepared fresh in anhydrous ethanol (EtOH, Pharmco-Aaper). 
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Extinction coefficients for lumichrome were determined on two standard solutions made by 

dissolving ~22 (±0.1) mg of LC in 100 mL of neat EtOH in a volumetric flask to make 

a saturated solution. The stoppered solution was sonicated at 65 °C for a total of 20 min 

and allowed to cool to room temperature. A 1 mL sample was extracted, filtered using a 

0.22 μm poly(vinylidene difluoride) (PVDF) syringe filter (Fisher), and its absorbance was 

measured. The remaining 99 mL cloudy solution was then filtered under vacuum using 

a 0.22 μm poly(tetrafluoroethylene) (PTFE) membrane filter (FGLP, Millipore) that had 

been preweighed. The undissolved LC on the filter was weighed after drying. This mass 

along with the absorbance of the 1 mL filtered sample solution gave the room-temperature 

extinction coefficients of the two lowest-energy optical transitions of the lumichrome in dry 

ethanol.

UV–Vis Spectroscopy.

Room-temperature UV–vis spectra were measured in fused silica cuvettes in pathlengths 

from 0.1 to 1.0 cm using either a Hewlett-Packard 8453 or 8452A Diode Array 

Spectrophotometer. Spectra were baseline-corrected using SpectraGryph (Friedrich Menges, 

http://spectroscopy.ninja). The concentrations of LC/EtOH solutions were determined based 

on the measured extinction coefficient for LC in EtOH from the standard solutions, as 

described above.

The low-temperature absorption spectrum of LC in EtOH was measured using a cuvette 

formed from two sapphire windows measuring 1 cm in diameter and 0.52 mm in 

thickness (Swiss Jewel) separated by a ceramic annulus of thickness 510 μm (Upchurch 

Scientific). The low-temperature spectrum was measured using our in-house constructed 

Stark spectrometer (see below). Contraction of the EtOH upon flash-freezing to 77 K was 20 

± 5% based on measuring the change in the height of the solution versus the frozen glass. 

This contraction leads to an increase in concentration by a factor of 1.25.

Stark Spectrometer and Analysis.

The Stark spectrometer has been described in detail previously.41,42 Briefly, the output of 

a 300 W Xe arc lamp is focused onto a 1/8 m monochromator with a 2 nm bandpass. The 

monochromatic probe beam is then passed through a depolarizer followed by a Glan–Taylor 

polarizer to control the polarization. This probe beam is then passed through the Stark 

cuvette, held in a two-chambered Janis cryostat filled with liquid nitrogen. After passing 

through the frozen sample, the light is focused onto a Si photodiode.

The Stark cuvette is constructed from two pieces of Corning boro-aluminosilicate glass 

(2.54 cm × 2.54 cm × 0.7 mm) coated on one side with a transparent conductive coating 

of indium tin oxide (100 Ω/cm, Delta Technologies). The conductive sides of the slides 

are separated by Kapton spacers (25 μm thickness). These Kapton spacers leave an open 

space between the two conductive sides of the glass slides that can be filled with the sample 

solution (~40 μL). The cuvette is spring-clipped to a cold finger and lowered into the inner 

dewar of the cryostat. The cold finger can be rotated to control χ, the angle between the 

polarization of incident light and the applied electric field.
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A lock-in amplifier (Stanford Research Systems SR830) was used to generate a high-fidelity, 

low-voltage sinusoidal AC waveform at 3.5 kHz. This was amplified 1000× using a TREK 

609 amplifier to obtain upward of 3 × 105 V/cm across the 25 μm pathlength cuvette. Phase-

sensitive detection was performed at the second-harmonic of the amplified AC voltage.

Low-temperature absorbance spectra were taken under the same conditions as the Stark 

spectra with the addition of a chopper of ω = ~1 kHz to modulate the probe beam. The 

spectra at several concentrations were computed according to the Beer–Lambert Law, A = 

log(I0/I), where I0 was obtained using only ethanol.

The Stark spectra were analyzed according to eq 1, the Liptay equation43

Δε(v)
v = fC F ext

2
Aχ

ε(v)
v + Bχ

15cℎ
d

dv
ε(v)

v  + Cχ
30c2ℎ2

d2

  dv2
ε(v)

v (1)

where ε(v) is the extinction as a function of wavenumber, F ext is the magnitude of the 

external electric field in V/m, fC is the local field correction factor, c is the speed of light, 

and h is Planck’s constant. The change in energy-weighted extinction due to an applied 

electric field, Δε(v)/v, can be described as a linear combination of the zero, first, and 

second derivatives of the energy-weighted extinction ε(v)/v for an immobilized, isotropically 

oriented sample. The zero, first, and second-derivative contributions to the Stark spectrum 

are weighted, respectively, by the coefficients Aχ, Bχ, and Cχ. These coefficients are 

functions of parameters characterizing charge redistribution in the molecule upon optical 

excitation.

The Aχ coefficient is related to the polarizability and hyperpolarizability of the molecule’s 

transition dipole moment m . In most cases, the transition dipole moment polarizability 

and hyperpolarizability are negligible, causing the zero derivative component of the Stark 

spectrum to be below the limit of detection of the instrument.

Bχ ≈  52TrΔαfi + 3cos2χ − 1 3
2 m fi ⋅ Δαfi ⋅ m fi −

1
2TrΔαfi (2)

The Bχ coefficient (eq 2) is a function of the change in polarizability between ground and 

excited states, Δαfi = Δαf − αi, as well as the projection of the mean difference polarizability 

along the transition dipole moment. The difference polarizability of the molecule under the 

application of the external electric field causes a shift in the absorption band. Because the 

lock-in detects ΔI = I(Fext) − I(0), the shift is measured as a first derivative of the absorption 

line shape.

Finally, the Cχ term (eq 3) reports on the change in dipole moments between ground and 

excited states, Δμ fi = μ f − μ i, as well as the angle ζfi between m  and Δμ

Cχ = Δμ fi
2 5 + 3cos2χ − 1 3cos2ζfi − 1 (3)
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The applied field leads to a broadening of the absorption spectrum and is measured as a 

second-derivative line shape.

Stark and low-temperature absorption spectra were fitted in the following manner. The 

number of electronic transitions was estimated by the electrodichroism in the Stark spectra 

(see below). An initial fit of the 77 K absorption spectrum was performed with 3–8 Gaussian 

functions per transition, and the fewest number of Gaussians that gave a fit with random 

residuals was used. Gaussians are attractive for this purpose not because of any physical 

significance but because their derivatives can be computed analytically. The computed 

spectrum and its derivatives also effectively remove high-frequency noise in the measured 

absorption spectrum. These Gaussian parameters were used as a starting point for the 

simultaneous fitting of Stark and absorption spectra.

A weighted nonlinear least-squares simultaneous fit to the Stark and absorption spectra was 

performed using our in-house program Starkfit (https://github.com/stanleyextreme/Stark-

Spectroscopy-Fitter). The weighting factor selects the relative contribution of the Stark 

versus absorption spectrum to the simultaneous fit and allows for different S/N ratios 

between Stark and absorption spectra to be considered. Once the fit converges, the final 

parameters are fed into a Monte Carlo routine that tests the sensitivity of the fit to the value 

of each fitted parameter. These simulations estimate uncertainties for the fitted parameters. 

The analysis takes into account pathlength and angle of incidence changes due to the 

solvent.

Computational Methods.

All theoretical calculations were completed in the gas phase at the B3LYP/6–311+G(2d,p) 

level of theory using Gaussian16.44 First, the ground state molecular geometry of 

lumichrome was optimized, and a frequency calculation was conducted to verify that the 

optimized geometry was a minimum of the nuclear potential energy surface. Second, an 

excited state calculation was completed to determine the transition energies, transition 

dipole moments, and oscillator strengths of transitions between the 10 lowest-energy 

electronic excited states of lumichrome. Third, the finite field method45 was used to 

determine the difference permanent dipole moments characterizing electronic transitions 

from the ground state of lumichrome to each of the two lowest-energy electronic 

excited states of lumichrome of experimentally measurable oscillator strength. Briefly, 

the energy of a molecule in an external electric field, E(F ), may be approximated 

using a Taylor series truncated at the second term such that E(F ) = E(0) − μ ⋅ F , 

where μ  is the molecule’s permanent dipole moment. Expanding the dot product 

as μ ⋅ F = μ x F x + μ y F y + μ z F z  and assuming that molecular energy depends 

linearly on field magnitude for field magnitudes on the order of 0.001 au (~5142 

V/cm), the component μ  of the permanent dipole moment may be computed as 

μi = −
E Fi = + 0.001au − E Fi = − 0.001au

0.002au . Gaussian16 permits single-point calculations 

and excited state calculations to be completed with finite electric fields projected in the 

positive or negative direction along each of the three Cartesian axes. By cycling through 
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each of the six possible finite field components one at a time and computing molecular 

energies for the electronic ground state and the electronic excited states in the presence 

of each finite field, it is possible to determine the components of the permanent dipole 

moments of each electronic state and also therefore the components of the difference 

permanent dipole moment characterizing each electronic transition. Having calculated the 

difference dipole moment and the transition dipole moment characterizing each transition, 

it was possible to compute the angle between the difference dipole moment and transition 

dipole moment, ζfi. Difference electron densities were computed using Gaussian16 and 

visualized at an isovalue of 0.0025 e/au3 using GaussView 6.0.46 All calculations conducted 

for lumichrome were repeated for lumiflavin (LF).

RESULTS AND DISCUSSION

Room-temperature and low-temperature absorption spectra were obtained as described 

above. The 298 K spectrum (Figure 1) shows two near-UV broad bands centered at 338 

and 385 nm. Based on a replicate pair of measurements, these bands have peak extinction 

coefficients of ε385nm = 9100 ± 100 M−1 cm−1 and ε338nm = 9500 ± 100 M−1 cm−1.

There are a variety of measurements for the extinction coefficient of LC in ethanol, 

varying from about 4600 to 50 000 M−1 cm−1.3,37,47,48 The room-temperature absorption 

spectrum of lumichrome in dry ethanol was acquired at a range of different lumichrome 

concentrations up to ~1 mM, but no evidence of dimerization was observed (data not 

shown).

Three separate 77 K absorption spectra of LC in anhydrous ethanol were averaged (Figure 

1). At 77 K, the 385 nm band shifts by +2 nm to 387 nm and becomes more structured, 

with apparent vibronic structure at 369 and 405 nm. The extinction falls to ε387nm = 8500 ± 

100 M−1 cm−1. The band centered at 338 nm narrows and shifts +6 nm to 344 nm, with a 

decreased extinction coefficient of ε344nm = 8000 ± 100 M−1 cm−1.

Stark Spectra.

High signal/noise ratio Stark spectra were obtained at χ = 55 and 90° (Figure 2, data 

points with error bars). The electrodichroism of the Stark spectra (change in Δε vs 

χ) was examined to determine the minimum number of electronic transitions spanning 

the wavelength region of interest (~312–476 nm). The differing electrodichroism at 

approximately 340 and 380 nm strongly suggests that two electronic transitions span this 

range.

To verify that two electronic transitions are present, an initial absorption spectrum fit using 

one set of gaussians (a single transition) was performed for LC where the number of 

gaussians used was varied from 3 to 8. The fits were poor (fits not shown), verifying that at 

least two electronic transitions form the optical absorption spectrum of LC in dry ethanol.

Fits using two and three electronic transitions were then performed. Since no improvement 

was obtained in going from two to three transitions, the absorption/Stark spectra were fitted 
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under the assumption that lumichrome in dry ethanol undergoes two distinct electronic 

transitions in the spectral range from 312 to 476 nm.

The best fit, with the minimal, random residuals, to both the Stark and absorption spectrum 

for LC in anhydrous ethanol came from the two-transition fit with 14 total Gaussians (7 per 

transition). From this fit (see Figure 2, solid lines), we determined the values of the Stark 

charge redistribution parameters based on the Aχ, Bχ, and Cχ coefficients, characterizing 

electrodichroism of LC’s two optical transitions. These parameters are compiled in Table 1. 

All values have been corrected for the local field correction factor, fC, which has a value of 

1.65 for LC in ethanol.

Electronic Structure Calculations.

The properties of the first 10 singlet electronic excited states S1–S10 of LC and LF were 

computed and compared to the respective ground (S0) states. Based on the generated 

electron density maps (cf. Figure 3), all of these transitions have π−π* character. The 

transition energy, the oscillator strength, fosc, transition and difference permanent dipole 

moments, mfi and Δμfi, dipole moment, Δμn0, are compiled in Table 2 for the two lowest 

bright electronic transitions of LC and LF. The energies of the three lowest singlet–singlet 

transitions of LC are within the spectral scan range (312–476 nm) and have fosc ≥ 0.001. 

Based on fosc, the bright (observed) transitions should be assigned as S10 and S30. However, 

if the S20 state has a significant charge-transfer (CT) character it may appear in the Stark 

spectra as well as a large difference mean polarizability, TrΔαfi. No evidence of this is 

found. The mean polarizability change for the two observed transitions is modest and 

therefore the TD-DFT results suggest that the experimental data is best modeled using 

Δμ n0  (the second derivative of the absorption spectrum) and that the assignment as S10 and 

S30 is correct.

Charge redistribution (excitation difference density) maps and difference dipole vector 

diagrams are shown in Figure 3. The computed m n0 of gas phase LC and LF are given 

as dotted arrows. The computed difference dipole moments of LC and LF are given as solid 

colored arrows, while the experimental difference dipole moments of LC are given as black 

arrows.

As shown in the ρ-CI difference density (Δρ = ρn − ρ0) map for LC, the S10 transition 

involves a relatively even redistribution of charge with Δμ 10 = 1.88D, confirming the low 

experimental Δμ 10 = 0.97D, as well as a small change in difference polarizability, TrΔα10. 

It can be seen that the S10 transition in LF involves greater concentration of Δρ in the 

conjugated diazarene group (N5-C4a-C10a-N1). On the contrary, the S30 transition shows 

transfer of charge from the pyrimidine ring to the pyrazine/xylene rings. This redistribution 

justifies qualitatively the change in direction and increased magnitude of the Δμ 30 = 5.37D, 

compared to that for LF where Δμ 40 = 4.32D.
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SHG Cross-section Estimate.

The probability of second-harmonic generation by an oriented ensemble of chromophores, 

such as those transiting a cell membrane,49,50 is directly proportional to the second-

harmonic generation cross-section characteristic of each chromophore, σSHG, which is itself 

proportional to the squared magnitude of the first optical molecular hyperpolarizability,51–54 

β. Within the two-level approximation, the hyperpolarizability is55,56

β = 3e2

2ℏ3
ωn0fn0 Δμ n0

ωn0
2 − ω2 ωn02 − 4ω2 (4)

where e is the elementary unit of charge, ℏ is the reduced Planck’s constant, ωn0 is the 

frequency of light exciting the chromophore from the ground (g) state to the nth excited 

state, fn0 is the oscillator strength of the transition, and Δμn0 is the chromophore’s change in 

permanent dipole moment upon excitation. The parameter ω is equal to the frequency of the 

incident light.

The product, ωn0fn0 Δμ n0 , in the numerator of this equation quantifies the molecular 

determinants of the hyperpolarizability and thus the probability of SHG, while the product 

ωeg2 − ω2 ωeg2 − 4ω2  in the denominator quantifies the potential for resonance enhancement 

of second-harmonic generation as a function of the frequency of the incident light. If we 

assume that separate light sources are available for maximizing the resonance enhancement 

of two specific transitions of two different molecules, then the relative resonance-enhanced 

second-harmonic generation cross sections of the two molecules are a function of only each 

chromophore’s excitation frequency, oscillator strength, and difference dipole moment, such 

that

σSHGi
σSHGj

= βi
2

βj
2 ≅

ωn0fn0 Δμ n0 i
2

ωn0fn0 Δμ n0 j
2

=
ωn0 ⋅ ∫band 

ε(v)
v dv ⋅ Δμ n0 i

2

ωn0 ⋅ ∫band 
ε(v)

v dv ⋅ Δμ n0 j
2

(5)

where the oscillator strength fn0 has been substituted by the energy-weighted integrated 

extinction of the transition, ∫band 
ϵ(ν)

ν dν, to which it is directly proportional.57

Second-harmonic generation by flavin derivatives designed to maximize intramolecular 

charge transfer via push–pull motifs has been studied by our group58 and others.59,60 

Second-harmonic generation by native flavins, however, has been less studied. To our 

knowledge, the only publication of second-harmonic generation by a native flavin is 

that of Rinuy, Brevet, and Girault,61 who measured resonance-enhanced second-harmonic 

generation by the first optical transition of molecules of oxidized flavin adenine dinucleotide 

bound by glucose oxidase oriented at an air/water interface. While no Stark spectroscopic 

study of glucose oxidase has been completed to directly compare LC’s potential for second-

harmonic generation to that of FAD bound by glucose oxidase in terms of intramolecular 
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charge redistribution, we have published a Stark spectroscopic study of oxidized FAD 

bound by photolyase.62 The cofactor binding pockets of glucose oxidase and photolyase 

differ structurally, but to a first approximation both are predominantly hydrophobic protein 

environments excluding solvent.

The first optically bright transition of oxidized FAD in photolyase is characterized by an 

excitation frequency of 674.49 THz (corresponding to a λmax of 444.48 nm), an integrated 

energy-weighted extinction of 1747.37 M−1 cm−1, and a difference dipole moment of 1.7 

D. Since the first optically bright transition in LC has a smaller difference dipole (~1 D), 

we choose to exploit the next optically bright transition, n = 0 → 3 in the TD-DFT result, 

for comparison with FAD, using the work on two-photon cross sections in higher excited 

states of trans-stilbene as a guide.63 Th S30 transition of LC in ethanol is characterized by 

an excitation frequency of 889.98 THz (corresponding to a λmax of 336.98 nm, Figure 1), an 

integrated energy-weighted extinction of 919.17 M−1 cm−1, and a difference dipole moment 

of 2.2 D.

Assuming resonant illumination of each transition at appropriate energies, these molecular 

parameters indicate that the relative resonance-enhanced second-harmonic generation cross 

sections of these transitions of these chromophores to be

σSHGLC
σSHGFAD

=
βLC

2

βFAD 2 ≅
ωn0 ⋅ ∫band 

ε(ν)
ν dν ⋅ Δμ n0 LC

2

ωn0 ⋅ ∫band 
ε(ν)

ν dν ⋅ Δμn0 FAD
2

=
674.49THz ⋅ 1747.37M−1cm−1 ⋅ 1.7D 2

889.98THz ⋅ 919.17M−1cm−1 ⋅ 2.2D 2 = 0.81

The S10 transition of oxidized FAD bound in a protein environment is characterized by a 

lower energy and slightly smaller difference dipole moment than the S30 transition of LC but 

also by a significantly greater energy-weighted integrated extinction, giving σSHG
LC 0.8σSHG

FAD. 

Because the first optically bright transition of FAD bound within a protein environment 

has previously been demonstrated to be robustly capable of resonance-enhanced second-

harmonic generation and the resonance-enhanced second-harmonic generation cross section 

of the second optically bright transition of LC is just 20% less than that of FAD’s first 

transition, we conclude that LC should function as an experimentally viable intramembrane 

second-harmonic generation probe.

Here, we have presented the room-temperature absorption, low-temperature absorption, 

and Stark spectra for lumichrome in dry ethanol. Since flavin has a useful SHG cross 

section, we hypothesized that LC might also be a useful nonlinear spectroscopic probe 

of bacterial quorum sensing, an indicator of retinal health, or in any situation where LC 

is used as a signaling molecule through an interface as well. Since RBF and FMN must 

pass through membranes, we speculated that LC, in particular, would also be a good SHG 

probe of riboflavin/FMN uptake, transport, and photodegradation. Excitation of LC can be 

accomplished using Ti:sapphire oscillators from 750 to 840 nm, a range at which light has 

a large tissue penetration depth. A further advantage of LC for SHG stand-off detection is 
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its intrinsically small emission quantum yield. For FMN and RBF with λem
max 530nm , ΦF ≈ 

0.25,64,65 but ΦF ≈ 0.04 for LC λem
max 480nm .4 However, for SHG detection, fluorescence 

is an interfering background component, so the low ΦF for LC is an ~6-fold lowering of this 

background.

To conclude, LC is collected and secreted from the cell as a waste product from 

photodegradation and catabolism of cellular flavins, so that it is not surprising that it is 

found to act as a biochemical signal for quorum sensing.34 An interesting opportunity 

exists for LC imaging at interfaces by SHG, since it is used in quorum sensing and thus 

must be transported through the cell membrane, since the secretion process will involve 

LC at interfaces it may be a useful indicator of metabolic stress and biofilm proliferation. 

A final determination of its usefulness as a SHG probe in these cases awaits dedicated 

experimentation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
298 K (red circle open) and 77 K (○) absorption spectra of lumichrome in dry ethanol, 

with transition-specific (green/cyan lines) and total fit (black line) to the 77 K absorption 

spectrum.
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Figure 2. 
LC Stark spectra at two χ angles, normalized to an applied external field of 1 MV/cm. The 

χ = 55° results are an average of two spectra averaged over 10 scans each, and the χ = 

90° results are an average of three such spectra. Representative error bars are one standard 

deviation from the mean.
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Figure 3. 
Top: Calculated difference dipole moments for unsolvated lumichrome and lumiflavin 

calculated at the B3LYP/6–311+G(2d,p) level of theory. Bottom: Difference density maps 

of LC and LF. The isovalue used is 0.0025 e−/au3. Red is an increase in electron density, 

while blue indicates a decreased electron density on excitation. Modest charge redistribution 

occurs for the S10 transition, but for higher excitations charge moves from the pyrimidine to 

the xylene ring.
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Scheme 1. 
Lumichrome and Other Degradation Products are Generated from Riboflavin, FMN, and 

FAD through Photodegradation and Catabolism of Riboflavin by the Enzyme RcaE in 

Bacteria
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