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Abstract: Foods contain a plethora of aromatic molecules—natural colors, synthetic dyes, flavors, 

vitamins, antioxidants, etc.—that are luminescent, exhibiting prompt fluorescence or delayed 

phosphorescence. Although food autofluorescence has been used to detect specific contaminants 

(e.g., aflatoxins) or to authenticate specific foods (olive oil), much of the potential of using the 

optical luminescence of intrinsic molecules for sensing properties of foods is unrealized. We 

summarize here work characterizing the photophysical properties of some edible, and potentially 

GRAS (generally-recognized-as-safe), chromophores and especially their sensitivity to, and thus 

potential for sensing, various physical—viscosity, mobility/rigidity—or chemical—polarity, pH—

properties of food known to reflect or be indicative of food quality, stability, and safety. A thorough-

going characterization of and robust protocols for interpretation of the luminescent signals from 

edible chromophores can expand the repertoire of analytical techniques available to monitor quality, 

and even safety, of the food supply at various stages of production, distribution and storage or even 

at point of sale. 

Keywords: edible luminescent probes; molecular rotors; flavonols; riboflavin; synthetic dyes; 

natural colors; physical properties; molecular mobility; microviscosity; water activity 
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1. Introduction 

A vast number of compounds either naturally present in or intentionally added to foods—natural 

colors, synthetic dyes, antioxidants, flavors, vitamins…—are photoluminescent: they reemit 

absorbed light as either prompt fluorescence or delayed phosphorescence [1]. This review will focus 

on the potential use of edible, that is, potentially GRAS (generally-recognized-as-safe), 

photoluminescent compounds as intrinsic sensors of food quality, stability, and safety. An extensive 

summary of the photophysical properties of fluorescent natural organic compounds, including those 

present in foods, was published by Wolfbeis in 1985 [2]. More recently, Christensen et al. [3] make 

available a web-based food fluorescence library (www.models.kvl.dk) providing steady state 

fluorescence data on intact foods and solutions of the most common intrinsic edible fluorophores, 

molecules such as tryptophan, NADH, and chlorophyll. In recent years, the need to authenticate the 

origin and/or composition of select foods has driven interest in fluorescent fingerprinting [4–8]. 

Despite such efforts, knowledge of the basic photophysical properties and environmental sensitivities 

of edible lumiphors—fluorophors and phosphors—is dispersed and little appreciated, despite the 

known essential value of such information for sensor development. 

More specifically, there has been little effort to investigate how the intensity/quantum yield, 

lifetime, excitation/emission energy distribution, or polarization of edible luminescent chromophores 

can provide direct molecular level information on the physical—viscosity, mobility/rigidity—and 

chemical—polarity, pH—properties that are known to be related to and indicative of food quality, 

stability and even safety. Most such photophysical information is either unknown or distributed 

piecemeal, and thus buried, throughout the scientific literature. 

Emission from each lumiphor exhibits unique photophysical properties determined by its 

specific structure—aromatic ring, hetero-atoms or functional groups such as alcohol and amine—the 

nature of the electronic excitation—change in bond order, spin multiplicity, transition dipole moment 

orientation—and the characteristics of the local environment surrounding the probe [1,9]. 

Information on how the photophysical properties of edible fluorophores respond to, and thus 

potentially report on, specific chemical and physical properties of the food matrix can be used to 

monitor food quality, stability and safety in real time and on the fly. The use of noninvasive edible 

luminescent probes for measurements in in-line during manufacturing or in-situ during distribution 

and use can be of particular importance within the food, medical, and pharmaceutical arena. 

2. Challenges in The Utilization of Edible Fluorophores as Molecular Sensors in Foods 

The use of edible probes as molecular sensors in foods presents several challenges: 

a) Probe sensitivity. In comparison to standard luminescent probes, such as fluorescein or 

rhodamine, many native or added edible molecules often present low quantum yields (Φ) and short 

lifetimes (τ) under conditions of interest in food testing, i.e., liquid solution at room temperature: the 

Φf of retinol at room temperature is 0.03–0.006 [2,10], for example, and τ for the singlet excited state 

(S1) of β-carotene is about 10 ps [11]. Therefore, although these edible chromophores have been 

studied in the past, their potential as luminescent sensors has been ignored or considered limited. The 

availability of equipment with higher sensitivity, which facilitates obtaining adequate signals from 

less efficient chromophores, and the enormous appeal of using nontoxic, already present molecules 

as sensors justify the current study of these potential molecular probes. 
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b) Characteristics of the medium. Luminescence spectroscopy is typically applied to optically 

clear, diluted samples [12]. Most foods do not fit this description: they are turbid, multiphase, and 

concentrated, which normally results in extensive scattering and significant contributions of 

background to the overall emission. Although front-face mode [13,14] can be used to acquire 

appropriate measurements in absorbing or scattering condensed phases, such as most foods, it should 

be noted that such measurements reflect the characteristics of the sample surface and in 

heterogeneous solid foods these measurements are not necessarily representative of the entire 

sample; additional testing of the sample interior using fiber optics is necessary to increase accuracy. 

Differentiating the probe’s signal from extraneous luminescence can be accomplished either by 

subtracting the background signal, provided that no interactions between the background and the 

probe are present, using appropriate filters, or employing post-processing data treatments, such as 

parallel factor analysis (PARAFAC) [15]. Additionally, the appropriate selection of an edible probe 

with large Stokes shift (the difference between the excitation and emission wavelength) and emission 

in the far red also facilitate differentiation from background [16]. 

c) Probe concentration. High concentrations of chromophore result in inner filter effects that 

attenuate the excitation beam and/or re-absorb the emitted (typically) fluorescence. Conversely, low 

concentrations of chromophore might be problematic under certain conditions. While attaining 

appropriate concentrations in model systems is trivial, modifying the probe concentration in intact 

food samples is often not, often being accompanied by loss of sample integrity or significant changes 

in sample characteristics. To circumvent problems associated with probe concentration several 

strategies, such as sample dilution or concentration (if appropriate), adequate selection of testing 

conditions (slits, excitation wavelengths, front-face geometry) and mathematical corrections [1], can 

be followed. 

d) Complex signals due to mixtures of fluorophores. The large number of chromophores present 

in foods results in competing signals and can limit the development of practical commercial 

applications. Signal overlapping is often observed in complex biological samples, including  

foods [17]. Besides probe selection, chemometric techniques based on multivariate data analysis 

and/or decomposition algorithms [18–20] can be used to decouple signals from a mixture of 

luminescent molecules. 

e) Local versus bulk properties. It should be noted that luminescent probes are site specific and 

operate as molecular sensors, that is, they report on environmental properties at the local molecular 

level around the probe. Because of that, they present a unique opportunity to assess and investigate 

microstructural characteristics and local quality attributes—pH, polarity, water activity—of actual 

undisturbed foods and to provide maps of how these properties differ throughout the food. Their use 

as sensors of bulk food properties thus has some limitations since local properties might not be well 

correlated with the macroscopic properties of the food. Supportive data and judicious interpretation 

of the photophysical properties of the probes is required before using a local probe as a sensor of a 

bulk property. 

f) Limited knowledge on environmental sensitivity. The structure of an edible chromophore 

establishes opportunities for its interaction with the local environment. The intensity, lifetime, energy 

and polarization of emission are largely dependent upon the strength of the probe’s interactions with 

the surrounding media and the time scale of matrix or fluorophore relaxations that modulate these 

interactions. Thus, fluorophores containing hydroxyl and other polar groups may be sensitive to 

solvent polarity and hydrogen bonding potential, those containing amine and carboxylic acid groups 



322 

AIMS Biophysics  Volume 3, Issue 2, 319-339. 

are often sensitive to pH, and those chromophores that relax the singlet state through internal 

rotations about bonds may be sensitive to solvent microviscosity and molecular crowding. Although 

the photophysical properties of several edible chromophores have been characterized, extensive 

analyses on how their signals are affected by the chemical or physical attributes of the environment 

have been seldom reported or conducted [21,22]. Operationalizing edible luminescent probes as 

molecular sensors in foods requires a systematic characterization of those environmental sensitivities 

that can provide information about specific attributes of food quality, stability, and safety. There is 

thus a distinct need for a library summarizing the photophysical properties of edible luminescent 

molecules and until such a library exists, their general applicability as sensors of food quality may be 

limited. 

In the following sections we will summarize current advances, limitations and tested 

applications of edible luminescent probes in model food systems. 

3. Luminescent Edible Probes of Food Quality and Safety: Characterization and Uses 

Some examples of edible optical probes with specific photophysical properties that be used to 

report on progressive degradation and stability of quality attributes in foods are illustrated in Figure 1. 

 

Allura Red FCF Riboflavin Fisetin 

 
 

 

Quinine Curcumin Vanillin 

 

 
 

Figure 1. Chemical structure of some common edible probes. 

3.1. Edible molecular rotors as sensors of a food’s micro (and bulk) physical properties 

The physical properties of foods, e.g., viscosity, play an important role in food acceptance and 

quality. Identifying molecular probes and developing protocols to continuously and non-invasively 

report on physical properties can reduce food waste and improve food quality without increasing 

production costs. 
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Figure 2. Jablonski diagram of a single emission band molecular rotor. Top: Notice that 

relaxation from the TICT state occurs without fluorescence emission. Bottom: Restriction 

of formation of the twisted state increases fluorescence emission. Reproduced with 

permission from ref. [16]. 

Synthetic dyes, due to their stability and functionality at low concentrations, are widely used in 

food products to enhance appearance. Allura Red AC (FD&C Red No. 40), Tartrazine (FD&C 

Yellow No. 5), Sunset Yellow FCF (FD&C Yellow No. 6), Fast Green FCF (FD&C Green No. 3), 

and Brilliant Blue FCF (FD&C Blue No. 1) are currently approved for their use in food and 

pharmaceutical products in the United States [23]. The potential application of these synthetic 

monoazo—Allura Red AC, Tartrazine, Sunset Yellow FCF—and triarylmethane—Fast Green FCF 

and Brilliant Blue FCF—food dyes as fluorescence probes to characterize micro and bulk viscosity 

of liquid and semi-solid foods has recently been described [16,21,24]. These dyes typically exhibit 

weak, often undetectable, fluorescence in low viscosity fluids such as water; however, their 
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fluorescence quantum yield, and thus emission intensity and lifetime, increases significantly with an 

increase in the viscosity of the surrounding medium. These synthetic dyes thus exhibit presumptive 

molecular rotor behavior; i.e., they include groups that can rotate in the excited state and quench 

fluorescence. The environmental sensitivity of molecular rotors towards the physical state of the 

surrounding media is based on the potential formation of two alternative states upon photoexcitation, 

namely a locally excited (LE) planar state or a twisted intramolecular charge transfer (TICT) state. 

Deactivation from the TICT state is predominantly through a non-radiative pathway (and thus does 

not result in emission). Conversely, deactivation from the LE state occurs with emission of a photon. 

Since formation of the TICT state requires intramolecular motion of (in the case of food dyes) large 

aromatic groups, it is slower in more restricted environments. These two competing decay pathways 

determine the sensitivity of these probes to the physical state of the surrounding environment [25]. 

Energy state Jablonski diagrams summarizing this behavior are presented in Figure 2. It should be 

noted that preliminary research on natural colors, such as betalains and chlorophyll, and their 

derivatives have also indicated that internal twisting constitutes a predominant deactivation pathway 

for natural dyes in fluid environments [26,27]; therefore, some natural dyes are also potential 

molecular sensors of the physical state of foods. Examples of synthetic and natural food dyes 

exhibiting presumptive molecular rotor behavior with excitation and emission wavelengths are 

provided in Table 1. 

Table 1. Luminescent food probes with presumptive molecular rotor behavior. 

Type Compounds λEx (nm) λEm (nm) References 

Azo Dyes Allura Red, 

Sunset Yellow, 

Tartrazine, 

Citrus Red 

450–540 540–610 [21] 

Tri-

arylmethane 

Dyes 

Fast Green 

Brilliant Blue 

580–600 650–700 [1] 

Natural 

colors 

Betaxanthins 

Conjugated 

chlorophylls* 

470 

440 

500 

685 

[27,29,80,81] 

*Derived from chlorophylls. 

Given that the environmental sensitivity of molecular rotors reflects the hindrance of 

intramolecular rotation [28], any increase in local viscosity or molecular crowding will increase the 

fluorescence emission intensity [29]. Therefore, they not only can report on the physical state of 

solutions (viscosity) and materials (rigidity) but can also report on specific processes of industrial 

importance such as cross-linking, aggregation [30–32], polymerization [33] or phase changes [34] in 

foods. 

The sensitivity of food dyes to the microviscosity of the surrounding medium has been tested in 

numerous models systems, such as glycerol-water, and aqueous monosaccharide and disaccharide 

solutions [21]. In these model systems, the viscosity dependence of the fluorescence quantum yield, 

lifetime or emission intensity followed a power law relationship. The Förster-Hoffmann  

equation [35]: 
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                         (1) 

is normally used to describe the power law relationship between quantum yield (Φ) and viscosity ( ). 

Since quantum yield and fluorescence emission intensity are proportional, the relationship between 

fluorescence intensity and viscosity is normally reworked from Eq. 1 and expressed in the following 

manner [28]: 

     
          (2) 

where α is considered a measure of the probe’s brightness and x a measure of its sensitivity to local 

viscosity. The highest theoretical value for x is 0.66 [36] and values in the range from 0.25 to 0.6 

(e.g., 0.26–0.4 for modified nucleosides [37], 0.53 for 9-(2,2-dicyanovinyl)-julolidine (DCVJ), and 

0.52 for 9-(2-carboxy-2-cyano)vinyl julolidine (CCVJ) [38]) have been reported in glycerol-based 

solutions. In the case of synthetic food dyes, the viscosity sensitivity is between 0.32–0.48 in similar 

systems [21]. The fluorescence of Sunset Yellow FCF (FD&C Yellow 6) also varies with viscosity in 

glycerol/water mixtures by a power law model (Eq. 2) as the log/log plot of fluorescence intensity 

versus viscosity is linear (Figure 3 – bottom and inset.) 

Current research on the photophysical properties of synthetic food dyes thus demonstrates their 

potential as molecular sensors of the physical properties of foods. However, their effective 

implementation and extensive application presents some challenges. First, the fluorescence lifetime 

of these synthetic food dyes is extremely short in fluid environments; for example, the lifetime of 

Allura Red FCF in water at room temperature is 12 ps and other dye lifetimes are comparable. This 

might limit the use of edible molecular rotors in Fluorescence Lifetime Imaging Microscopy (FLIM) 

in comparison with current non-edible fluorescent probes that report on changes in local  

viscosity [39–41]. This short lifetime in fluid solutions has motivated the use of Allura Red FCF, and 

potentially of other synthetic food dyes, as an adequate alternative to commonly employed light 

scattering elements in time resolved measurements when microchannel plates (MCPs) are not 

available [42]. Allura Red’s fluorescence lifetime increases one order of magnitude when dissolved 

in glycerol (231 ps) (see Figure 4), which reaffirms the molecular rotor behavior of these dyes. 

Second, since these edible probes operate as molecular sensors, their sensitivity to bulk properties 

modulated by large macromolecules such as hydrocolloids is problematic. Hydrocolloids have the 

ability to increase bulk viscosity even at very low concentrations. Because of their different 

molecular weights, structural characteristics (linear vs. branched), and interactions with the solvent 

and possibly the probes (electrostatic vs. hydrogen bonding, for example), hydrocolloids influence 

molecular crowding and hydration around the probe in different ways. This, in turn, leads to 

differential sensitivity. The viscosity of dextran, hydroxyethyl starch [43], collagen [44] and 

methylcellulose [21] solutions could be monitored using either non-edible or edible molecular rotors. 

However, the bulk viscosity of carboxymethyl cellulose was significantly under estimated using 

edible molecular rotors. 



326 

AIMS Biophysics  Volume 3, Issue 2, 319-339. 

 

 

Figure 3. Top: Fluorescence spectra of an azo dye (Sunset Yellow - FD&C Yellow No. 6) 

in solutions of different viscosity. Bottom: Normalized fluorescence intensity vs. 

viscosity relationship fitted with the Hoffman and Foster equation. Inset: Relationship 

between fluorescence intensity (cps) and viscosity (mPa s) presented as a log-log plot to 

illustrate linearity. 

To date, several effective applications of edible molecular rotors as sensors of local and bulk 

physical properties of model systems and of actual foods have been reported. Besides their utility in 

hydrocolloid solutions, their sensitivity to the bulk rheological properties of gelatin desserts and to 

changes in consistency of custards during cooking has been demonstrated [45]. Additionally, Du  

et al. [16] have identified the efficacy of a liposoluble edible azo dye, Citrus Red 2, as a sensor for 

the micro-viscosity of oils confined in colloidal fat crystal networks. The luminescent response of the 

azo dye could not be unequivocally related to solids content but rather to a decrease in the void 

volume, expressed in terms of the fractal dimension of the fat network in which the liquid oil was 

entrapped. This observation emphasizes that the fundamental basis for environmental sensitivity of 

molecular rotors involves hindrance of intramolecular rotation. 
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Despite their successful use in these applications, a deeper understanding of the molecular scale 

interactions of the molecular rotors and their environment is required to fully delimit their 

appropriate operating conditions. 

 

Figure 4. Lifetime of Allura Red FCF (FD&C Red No. 40) in water at 1 mPa s (top) and 

glycerol at 1150 mPa s (bottom). Notice the prominent increase in lifetime due to an 

increase in viscosity. 

3.2. Generally recognized as safe (GRAS) compounds as sensors of food chemical quality 

Food chromophores are not only sensitive to physical properties but are also to chemical 

properties relevant to food quality. The fluorescence signals of quinine and anthocyanins exhibit 

characteristic changes with the pH of a solution [46–51] and can thus be potentially exploited to 

continuously monitor food spoilage and deterioration that results from microbial growth or chemical 
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reactions. This application requires assessment of the degradation kinetics of the probes in model and 

actual foods. Curcumin and anthocyanins are also reported to be sensitive to the presence of amines 

and high pH and thus provide opportunities for monitoring degradation of meats and fish fillets. 

Table 2 presents examples of edible compounds that exhibit sensitivity to several chemical and 

physicochemical attributes. 

Table 2. Luminescent probes with sensitivity to food quality attributes. 

Food Quality 

Attribute 

Compounds λExc /nm λEm /nm References 

aw Fisetin 

Quercetin 

345 

370 

400/520* 

490 

[82] 

pH  Quinine 400 525 

620* 

[48] 

Amine Curcumin 

Anthocyanin 

400–550 550–700 [46,47,83–85] 

*Dual band emission. 

Among the compounds listed in Table 2, flavonols are currently being studied as promising 

fluorescent probes for water activity (aw) in foods. Monitoring aw during food production and storage 

is crucial since it is a determining factor for microbial growth and biochemical reactions that affect 

the quality of foods, including discoloration and nutrient degradation. Currently, methods of 

measuring aw, such as those using dew point hygrometers, require a period of vapor-liquid 

equilibration prior to measurement [52,53] and report on the overall aw of the product, providing no 

spatial resolution within a sample. Fluorescent probes have the potential to eliminate this 

equilibration period and provide measurements of the distribution of the property of interest, aw, in a 

product, allowing for more rapid, noninvasive, site specific, and in situ determination of aw. 

Flavonols are plant-derived phenolic compounds that have antioxidant, anti-inflammatory, and 

photosensitizing functions [54,55]. They are naturally occurring, or commonly added to foods due to 

their antioxidant activity, and also exhibit fluorescent properties that are highly sensitive to the 

chemical properties of the local microenvironment, particularly hydrogen bonding and  

polarity [56,57]. It also appears that flavonols, particularly those that exhibit excited-state 

intramolecular proton-transfer (ESIPT), are capable of functioning as fluorescent probes of aw. 

Fisetin and 3-hydroxyflavone (3HF), are ESIPT fluorophores that display dual fluorescence bands 

corresponding to emission from a normal (N*) and a lower energy photo-induced tautomer (T*) form 

(see Figure 5). 
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Figure 5. Fluorescence spectra of fisetin in water/ethanol mixtures. The water activity of 

the mixtures is shown in the legend. 

In these compounds, the 3-OH--C=O intramolecular hydrogen bond is known to facilitate 

proton transfer. The normal (N*) and tautomer (T*) forms vary in charge distribution and therefore 

interact differently with their molecular environments, resulting in differential spectroscopic 

sensitivities of the two emission bands to the solvent environment [58]. The emission intensity of the 

normal (IN*) and the photo-induced tautomer (IT*) of both fisetin and 3HF are sensitive to the aw of 

solvent mixtures, decreasing exponentially as aw increased. Additional sensitivity to aw is observed in 

terms of the ratiometric intensity response IN*/IT* and the band shift difference in emission 

wavelength between N* and T*, λT* − λN*. The ratiometric response, IN*/IT*, of 3HF increases with 

an increase in H-bond donor concentration and high solvent polarity [58]. Fisetin IT* decreases with 

increasing solvent polarity and a dramatic red shift of the normal band is observed due to solvent 

dipolar relaxation around the excited N
*
 state [56]. The hydrogen-bonding ability of the solvent is 

known to affect IN*/IT* since strongly hydrogen-bonding solvents compete for hydrogen bonding at 

the 3-OH and O-11 sites and disruption of the intramolecular hydrogen bond increases the barrier 

height for tautomer formation in the excited state [59]. Thus, in increasingly hydrogen-bonding 

solvents, i.e., at higher aw, the rate of formation of the tautomer is expected to decrease, increasing 

IN*/IT*. This is the case with fisetin (Figure 6 - bottom) and 3HF (not shown), where IN*/IT* is 

sensitive to aw at values higher than a critical aw of 0.85 and 0.65, respectively. For both fisetin 

(Figure 6 - top) and 3HF, a blue shift in the tautomer band was observed at high aw, resulting in a 

smaller band shift. It thus appears that with increasing solvent polarity, the ground state of the 

tautomer is better stabilized by solvation than the excited state tautomer [60]: at high aw, T* is thus 

higher in energy and emits at a lower wavelength. Since the position of the N* band remains 

relatively constant, the result is a decrease in the band shift. The band shift is sensitive to aw at values 

above 0.8, and 0.6 for fisetin and 3HF, respectively. Based on this observations, fisetin can be 

considered a promising probe of aw in foods, as it is both GRAS and naturally occurring, while also 

providing a reproducible, concentration-independent signal and sensitivity to aw at ranges most 

critical to the microbial safety of foods, i.e., aw > 0.85. 
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Figure 6. Sensitivity of fisetin’s photophysical properties to water activity (aw). Top: 

Relation between the difference in peak wavelength (Δλem) of the two characteristic 

emission bands and aw. Bottom: Relation between the ratiometric response of the two 

characteristic emission bands and aw. Both relationships were fitted with a log logistic 

model, i.e.,  )(

10**

*

* 1log wcw aak

NT

T

N eaor
I

I 
  (Eq. 3) 

3.3. Food grade chromophores in triplet state as probes of molecular mobility 

Fluorescence and especially phosphorescence can provide indirect information about the 

molecular mobility of local environments [1,61]. Phosphorescence decay occurs on a slower time 

scale, e.g., 10
−4

 to 1 s, than fluorescence (typically ≤ 10
−8

 s). The longer lifetime of the triplet state 

makes phosphorescence more sensitive to, and thus more suitable for studying, the slow molecular 

motions in solid food matrices [61]; in addition, phosphorescence is exquisitely sensitve to contact 

quenching by molecular oxygen [9,64]. Phosphorescence from edible compounds that exhibit high 

quantum yields and relatively long triplet lifetimes thus provides a sensitive way to probe molecular 

mobility and oxygen permeability in amorphous solid foods, that is, solid foods lacking the 3D 
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ordered structure characteristic of a crystal and that are hard, rigid and brittle at low temperature and 

soft, rubbery, and flexible at high temperature. Most low and intermediate water content foods, e.g., 

extruded snacks or freeze dried commodities, are partially or completely amorphous. Changes in 

molecular mobility of amorphous carbohydrates and proteins directly affect the physical, chemical, 

and microbiological stability of these products, consequently they are of great importance to the food 

industry. 

The phosphorescence signals from the food dye erythrosin B (FD&C Red No. 3) [62–65], the 

amino acid tryptophan [44], the flavor vanillin [66,67], and other food grade chromophores can 

provide information about local structure and mobility of the amorphous solid matrix. Table 3 

presents examples of food grade chromophores with known triplet states and their photophysical 

properties. 

Table 3. Luminescent food probes with well-characterized triplet states. 

Type Compounds λEx (nm) λEm (nm) References 

Aromatic 

Amino Acids 

Tryptophan 

(W) 

Tyrosine (Y) 

 

260–300 

 

250–285 

~345
 

~440* (W) 

~310  

~380* (Y) 

[44,86] 

Xanthene 

Dyes 

Erythrosin B 500–540 570 

~680* 

[62–64,70] 

Vitamins  Riboflavin 

(Vitamin B2) 

265, 375, 445 525 

~620* 

 

[76] 

Flavors 

 

Vanillin 

Benzaldehyde 

290–320 400 

430–490* 

 

[66] 

*Phosphorescence. 

Erythrosine B, a cherry-red synthetic food dye, has a sufficiently high (~0.003) triplet state 

quantum yield and a phosphorescence lifetime that ranges from 10
−5

 s in fluid solutions to 10
−3

 s in 

rigid solids. Room temperature phosphorescence of erythrosine B in sol-gel silica has been applied as 

an optical sensor for oxygen [68,69] and in a recent study as a probe of oxygen depletion in wheat 

flour dough during proofing [64]. It has also been incorporated into a range of amorphous protein 

films and amorphous carbohydrate matrices as a probe of molecular mobility, dynamic heterogeneity, 

the effects of salts and plasticizers on matrix structure, and oxygen permeability [62,65,70–72]. 

Tryptophan, an essential amino acid that exhibits strong room temperature phosphorescence in rigid 

matrixes, is the most widely used intrinsic phosphorescent probe in the study of the dynamics [44] 

and the local structural environment of proteins in liquid and solid phases. Its lifetime can vary from 

several seconds in rigid matrix to several ms in solution as the local rigidity, conformation, and 

flexibility of the protein changes [73,74]. The flavor vanillin has also been reported as a 

phosphorescent probe that is especially sensitive to molecular mobility in the glassy state of 

amorphous sugar matrices [63,66]. 

More recently, the delayed fluorescence and phosphorescence of riboflavin have been shown to 

be sensitivity to matrix heterogeneity in the glassy state in sucrose films and biofilms [75,76]. 
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Riboflavin has a broad absorption in the UV-Vis region with four maxima located at 220, 265, 375 

and 445 nm [77,78]. Neutral riboflavin has a strong neon green fluorescence band with a peak 

emission at 525 nm. The location of the peak varies depending on solvent polarity and  

H-bonding [79]. Phosphorescence of riboflavin is not readily detected in aqueous solution due to 

solvent quenching of the excited triplet state. When embedded in rigid media, such as cellulose, 

starch film, or organic solvents at cryogenic temperature (77K), riboflavin phosphorescence exhibits 

a peak at ~615 nm and a triplet lifetime that ranges from 0.1 to 0.2 s. The delayed luminescence 

emission spectra of riboflavin in amorphous sucrose films at selected temperatures are shown in 

Figure 7. Riboflavin phosphorescence lifetime in amorphous sugars decreased with temperature from 

~60 ms at −30˚C to ~3 ms at 60˚C. A phosphorescence decay of riboflavin in an amorphous sucrose 

matrix at 10˚C fitted with either a stretched exponential or a three-exponential model is presented in 

Figure 8. Arrhenius analysis of the thermal dependence of the non-radiative decay rate indicates that 

the activation energy to quench the riboflavin triplet state in amorphous sugars is similar to the 

activation energy of the sugar’s β-relaxation, demonstrating that riboflavin phosphorescence 

monitors the fast secondary relaxations in these glassy matrixes. 

 

Figure 7. Delayed luminescence emission spectra of riboflavin in amorphous sucrose 

films at selected temperatures. 
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Figure 8. Phosphorescence decay of riboflavin (green circles) in an amorphous sucrose 

matrix at 10˚C. Stretched exponential (black dashed line), and three-exponential (gray 

dashed line) fits plotted in log-linear (top) and linear-log format (bottom). 

The availability of these, and other potential edible molecular sensors of matrix mobility and 

oxygen diffusion can effectively contribute to improving the stability and shelf life of amorphous 

solid, low and intermediate moisture food products. 

4. Conclusion 

The potential use of edible compounds as quality sensors combines the inherent advantages of 

luminescence spectroscopy—site specific, versatile, non-invasive, rapid, inexpensive—with the 

attraction of safe and environmentally friendly ―green‖ molecules [1,6]. This direct approach 

complements a variety of other valuable optical and luminescent techniques that have recently been 
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applied to food analysis, in particular those using biosensors [87,88] and so-called ―switch-on‖ 

luminescent probes [89]. 

Research to date has identified a range of potential probes. Edible fluorescent molecular rotors 

offer a non-disruptive and highly sensitive alternative to conventional mechanical methodologies to 

evaluate the physical properties of foods. Flavonols with dual fluorescence that exhibit a ratiometric 

and thus concentration-independent response to their solvent environment are particularly promising 

as probes of water activity (aw). A range of food grade compounds with active triplet states can be 

used to assess the stability of food matrices by monitoring molecular mobility and oxygen diffusion 

in amorphous solids. 

There are thus a wide variety of edible luminescence molecules that are either intrinsic to 

specific foods or can be routinely added to foods or pharmaceuticals during processing. A detailed 

characterization of the photophysical properties of these molecules, one that specifically defines their 

sensitivity to chemical and physical changes that occur in foods and pharmaceuticals during 

manufacture, distribution, storage, and at point of sale, can thus transform these molecules into 

edible optical probes customized to monitor the quality, shelf-life and possibly safety of selected 

products. Such probes are safe, ―label-friendly‖, biodegradable and environmentally benign. They 

can reduce food waste by providing sensitive indicators of the actual (rather than the predicted) state 

of the products or even their packaging. And finally, the use of these molecular sensors should 

reduce health risks by lowering the uncertainty associated with handling practices that might 

compromise food quality and safety, by reporting their effects on quality attributes in real time. 

Acknowledgments 

The authors would like to acknowledge the support of Agriculture and Food Research Initiative 

Grant no. 2014-67017-21649 from the USDA National Institute of Food and Agriculture, Improving 

Food Quality –A1361 and the Aresty Research Center – Rutgers University. 

Conflict of Interest 

All authors declare no conflict of interest. 

References 

1. Corradini MG, Ludescher RD (2015) Making sense of luminescence from GRAS optical probes. 

Curr Opin Food Sci 4: 25–31. 

2. Wolfbeis OS (1985) The fluorescence of organic natural products. In Molecular luminescence 

spectroscopy: Methods and applications — Part 1. Edited by Schulman SG: John Wiley and 

Sons, Toronto, Canada. 

3. Christensen J, Norgaard L, Bro R, et al. (2006) Multivariate autofluorescence of intact food 

systems. Chem Rev 106: 1979–1994. 

4. Karoui R, Mouazen AM, Dufour E, et al. (2006) Utilisation of front-face fluorescence 

spectroscopy for the determination of some selected chemical parameters in soft cheeses. Lait 86: 

155–169. 



335 

AIMS Biophysics  Volume 3, Issue 2, 319-339. 

5. Karoui R, Dufour E, De Baerdemaeker J (2007) Front face fluorescence spectroscopy coupled 

with chemometric tools for monitoring the oxidation of semi-hard cheeses throughout ripening. 

Food Chem 101: 1305–1314. 

6. Karoui R, Blecker C (2011) Fluorescence spectroscopy measurement for quality assessment of 

food systems-a review. Food Bioprocess Tech 4: 364–386. 

7. Botosoa EP, Chèné C, Karoui R (2013) Use of front face fluorescence for monitoring lipid 

oxidation during ageing of cakes. Food Chem 141: 1130–1139. 

8. Airado-Rodriguez D, Hoy M, Skaret J, et al. (2014) From multispectral imaging of 

autofluorescence to chemical and sensory images of lipid oxidation in cod caviar paste. Talanta 

122: 70–79. 

9. Turro NJ, Ramamurthy V, Scaiano JC (2010) Modern Molecular Photochemistry of Organic 

Molecules. Sausalito, CA: University Science Books. 

10. Chihara K, Takemura T, Yamaoka T, et al. (1979) Visual pigments—10. Spectroscopy and 

photophysical dynamics of retinol and retinyl ether. Photochem Photobiol 29: 1001–1008. 

11. Shreve AP, Trautman JK, Owens TG, et al. (1991) Determination of the S2 lifetime of β-

carotene. Chem Phys Lett 178: 89–96. 

12. Rampon V, Lethuaut L, Mouhous-Riou N, et al. (2001) Interface characterization and aging of 

bovine serum albumin stabilized oil-in-water emulsions as revealed by front-surface fluorescence. 

J Agr Food Food Chem 49: 4046–4051. 

13. Dufour E (2002) Examination of the molecular structure of food products using front-face 

fluorescence spectroscopy. Am Lab 34: 50. 

14. Dufour E (2011) Recent advances in the analysis of dairy product quality using methods based 

on the interactions of light with matter. Int J Dairy Technol 64: 153–165. 

15. Lakhal L, Acha V, Aussenac T (2014) Resolution of fluorophore mixtures in biological media 

using fluorescence spectroscopy and Monte Carlo simulation. Appl Spectrosc 68: 697–711. 

16. Du H, Kim C, Corradini MG, et al. (2014) Micro-viscosity of liquid oil confined in colloidal fat 

crystal networks. Soft Matter 10: 8652–8658. 

17. Bro R, Vidal M (2011) EEMizer: Automated modeling of fluorescence EEM data. Chemometr 

Intell Lab 106: 86–92. 

18. Zhu C, Li R, Que L-z, et al. (2014) Determination of components of mixed color solutions by 

fluorescence spectroscopy combined with calibration algorithms. Spectrosc Spect Anal 34: 

1742–1746. 

19. Sadecka J, Tothova J (2007) Fluorescence spectroscopy and chemometrics in the food 

classification - a review. Czech J Food Sci 25: 159–173. 

20. Skov T, Honore AH, Jensen HM, et al. (2014) Chemometrics in foodomics: Handling data 

structures from multiple analytical platforms. Trac-Trend Anal Chem 60: 71–79. 

21. Kashi A, Waxman SM, Komaiko JS, et al. (2015) Potential use of food synthetic colors as 

intrinsic luminescent probes of the physical state of foods. In Chemical Sensory Informatics of 

Food: Measurement, Analysis, Integration. Edited by Guthrie B, Buettner A, Beauchamp J, 

Lavine BK: ACS Publications - Oxford University Press; 253–267. 

22. Nazar MF, Murtaza S (2014) Physicochemical investigation and spectral properties of Sunset 

Yellow dye in cetyltrimethylammonium bromide micellar solution under different pH conditions. 

Color Technol 130: 191–199. 



336 

AIMS Biophysics  Volume 3, Issue 2, 319-339. 

23. Food, Administration D (2015) Code of Federal Regulations - Food Additives. Tittle 21 Chapter 

I: Part 74. 

24. Ludescher RD, Komaiko JS, Corradini MG (2012) Monoazo dyes as probes for bulk and local 

viscosity Potential applications in semi-solid foods. Agro Food Ind Hi-Tech 23: 11–13. 

25. Law KY (1980) Fluorescence probe for microenvironments: anomalous viscosity dependence of 

the fluorescence quantum yield of p-N,N-dialkyl-amino-benzylidene-malononitrile in 1-alkanols. 

Chem Phys Lett 75: 545–549. 

26. Chug S, Hanson JL, Ryoo S, et al. (2013) Potential application of natural pigments as probes for 

viscosity. In Abstracts of papers of the American Chemical Society: Washington, DC, USA. 

27. Kuimova MK (2012) Molecular rotors image intracellularvViscosity. Chimia 66: 159–165. 

28. Haidekker MA, Theodorakis EA (2010) Environment-sensitive behavior of fluorescent 

molecular rotors. J Biol Eng 4: 1–14. 

29. Kuimova MK (2012) Mapping viscosity in cells using molecular rotors. Phys Chem Chem Phys 

14: 12671–12686. 

30. Thompson AJ, Herling TW, Kubankova M, et al. (2015) Molecular rotors provide insights into 

microscopic structural changes during protein aggregation. J Phys Chem B 119: 10170–10179. 

31. Vus K, Trusova V, Gorbenko G, et al. (2015) Thioflavin T derivatives for the characterization of 

insulin and lysozyme amyloid fibrils in vitro: Fluorescence and quantum-chemical studies. J 

Lumin 159: 284–293. 

32. Yu W-T, Wu T-W, Huang C-L, et al. (2016) Protein sensing in living cells by molecular rotor-

based fluorescence-switchable chemical probes. Chem Sci 7: 301–307. 

33. Uzhinov BM, Ivanov VL, Melnikov MY (2011) Molecular rotors as luminescence sensors of 

local viscosity and viscous flow in solutions and organized systems. Russ Chem Rev 80: 1179–

1190. 

34. Jin Y-J, Dogra R, Cheong IW, et al. (2015) Fluorescent molecular rotor-in-paraffin waxes for 

thermometry and biometric identification. ACS Appl Mater Inter 7: 14485–14492. 

35. Förster T, Hoffman G (1971) Die Viskositätsabhägigkeit der Fluoreszenzquantenausbeuten 

eininger Farbstoffsysteme. Z Phys Chem 75: 63–76. 

36. Sutharsan J, Lichlyter D, Wright NE, et al. (2010) Molecular rotors: synthesis and evaluation as 

viscosity sensors. Tetrahedron 66: 2582–2588. 

37. Sinkeldam RW, Wheat AJ, Boyaci H, et al. (2011) Emissive nucleosides as molecular rotors. 

Chemphyschem 12: 567–570. 

38. Haidekker MA, Brady TP, Lichlyter D, et al. (2005) Effects of solvent polarity and solvent 

viscosity on the fluorescent properties of molecular rotors and related probes. Bioorg Chem 33: 

415–425. 

39. Ferri G, Nucara L, Biver T, et al. (2016) Organization of inner cellular components as reported 

by a viscosity-sensitive fluorescent Bodipy probe suitable for phasor approach to FLIM. Biophys 

Chem 208: 17–25. 

40. Peng X, Yang Z, Wang J, et al. (2011) Fluorescence ratiometry and fluorescence lifetime 

imaging: Using a single molecular sensor for dual mode imaging of cellular viscosity. J Am 

Chem Soc 133: 6626–6635. 

41. Wu Y, Stefl M, Olzynska A, et al. (2013) Molecular rheometry: direct determination of viscosity 

in L-o and L-d lipid phases via fluorescence lifetime imaging. Phys Chem Chem Phys 15: 

14986–14993. 



337 

AIMS Biophysics  Volume 3, Issue 2, 319-339. 

42. Chib R, Shah S, Gryczynski Z, et al. (2016) Standard reference for instrument response function 

in fluorescence lifetime measurements in visible and near infrared. Meas Science Technol 27: 

027001. 

43. Akers W, Haidekker MA (2004) A molecular rotor as viscosity sensor in aqueous colloid 

solutions. J Biomech Eng T Asme 126: 340–345. 

44. Draganski A (2014) A systematic study of phosphorescent probes in cryosolvents, amorphous 

solids and proteins. [Ph.D. Dissertation] Rutgers, the State University of New Jersey. 

45. Waxman SM (2016) Synthetic Food Colors: Photophysical Characterization and Potential Uses. 

[George H. Cook Honors Thesis] Rutgers, The State University of New Jersey. 

46. Moreira PF, Giestas L, Yihwa C, et al. (2003) Ground- and excited-state proton transfer in 

anthocyanins: From weak acids to superphotoacids. J Phys Chem A 107: 4203–4210. 

47. Castaneda-Ovando A, Pacheco-Hernandez MD, Paez-Hernandez ME, et al. (2009) Chemical 

studies of anthocyanins: A review. Food Chem 113: 859–871. 

48. Liu CJ, Furusawa Y, Hayashi K (2013) Development of a fluorescent imaging sensor for the 

detection of human body sweat odor. Sensor Actuat B-Chem 183: 117–123. 

49. Moorthy JN, Shevchenko T, Magon A, et al. (1998) Paper acidity estimation: Application of pH-

dependent fluorescence probes. J Photochem Photobiol A 113: 189–195. 

50. Pedros J, Porcar I, Gomez CM, et al. (1997) Interaction of quinine with negatively charged lipid 

vesicles studied by fluorescence spectroscopy - Influence of the pH. Spectrochim Acta A 53: 

421–431. 

51. Slavik J (1994) Fluorescent Probes in Cellular and Molecular Biology. Boca Raton, FL: CRC 

Press. 

52. Mermelstein NH (2009) Measuring moisture content and water activity. Food Technol 63: 64–68. 

53. Mermelstein NH (2011) Instruments for moisture and water activity determination. Food 

Technol 65: 68–72. 

54. Jan AT, Kamli MR, Murtaza I, et al. (2010) Dietary flavonoid quercetin and associated health 

benefits - AnOverview. Food Rev Int 26: 302–317. 

55. Pietta PG (2000) Flavonoids as antioxidants. J Nat Prod 63: 1035–1042. 

56. Guharay J, Dennison SM, Sengupta PK (1999) Influence of different environments on the 

excited-state proton transfer and dual fluorescence of fisetin. Spectrochim Acta A 55: 1091–1099. 

57. Demchenko AP, Klymchenko AS, Pivovarenko VG, et al. (2003) Multiparametric color-

changing fluorescence probes. J Fluoresc 13: 291–295. 

58. Klymchenko AS, Kenfack C, Duportail G, et al. (2007) Effects of polar protic solvents on dual 

emissions of 3-hydroxychromones. J Chem Sci 119: 83–89. 

59. Tomin VI (2011) Spectral properties of anionic form of 3-hydroxyflavone. Opt Spectrosc 110: 

550–556. 

60. Sytnik A, Gormin D, Kasha M (1994) Interplay between excited-state intramolecular proton 

transfer and charge transfer in flavonols and their use as protein-binding site fluorescence probes. 

Proc Nat Acad Sci USA 91: 11968–11972. 

61. Ludescher RD, Shah NK, McCaul CP, et al. (2001) optical luminescence measurements of 

molecular mobility in amorphous solid foods. Food Hydrocolloid 15: 331–339. 

62. Liang J, Wang S, Ludescher RD (2015) Effect of additives on physicochemical properties in 

amorphous starch matrices. Food Chem 171: 298–305. 



338 

AIMS Biophysics  Volume 3, Issue 2, 319-339. 

63. Tiwari R, Ludescher RD (2013) Effect of temperature on molecular mobility, oxygen 

permeability, and dynamic site heterogeneity in amorphous alpha-lactalbumin films. Food 

Hydrocolloid 31: 357–364. 

64. Joye IJ, Draganski A, Delcour JA, et al. (2012) Monitoring molecular oxygen depletion in wheat 

flour dough using Erythrosin B phosphorescence: A biophysical approach. Food Biophys 7: 138–

144. 

65. You YM, Ludescher RD (2009) Effect of xanthan on the molecular mobility of amorphous 

sucrose detected by erythrosin B phosphorescence. J Agr Food Food Chem 57: 709–716. 

66. Tiwari R, Ludescher RD (2012) Molecular mobility in a homologous series of amorphous solid 

glucose oligomers. Food Chem 132: 1814–1821. 

67. Tiwari RS, Ludescher RD (2010) Vanillin phosphorescence as a probe of molecular mobility in 

amorphous sucrose. J Fluoresc 20: 125–133. 

68. Kuan Lam S, Namdas E, Lo D (1998) Effects of oxygen and temperature on phosphorescence 

and delayed fluorescence of erythrosin B trapped in sol–gel silica. J Photochem Photobiol A 118: 

25–30. 

69. Chan MA, Lam SK, Lo D (2002) Characterization of erythrosin B-doped sol-gel materials for 

oxygen sensing in aqueous solutions. J Fluoresc 12: 327–332. 

70. Liang J, Xia QY, Wang SM, et al. (2015) Influence of glycerol on the molecular mobility, 

oxygen permeability and microstructure of amorphous zein films. Food Hydrocolloid 44: 94–100. 

71. You YM, Ludescher RD (2008) The effect of salts on molecular mobility in amorphous sucrose 

monitored by erythrosin B phosphorescence. Carbohyd Res 343: 2641–2649. 

72. You YM, Ludescher RD (2008) Effect of gelatin on molecular mobility in amorphous sucrose 

detected by erythrosin B phosphorescence. Carbohyd Res 343: 2657–2666. 

73. Schlyer BD, Schauerte JA, Steel DG, et al. (1994) Time-resolved room temperature protein 

phosphorescence: nonexponential decay from single emitting tryptophans. Biophys J 67: 1192–

1202. 

74. Steel DG, Subramaniam V, Gafni A (1996) Time-resolved tryptophan phosphorescence 

spectroscopy: A sensitive probe of protein folding and structure. IEEE J Sel Top Quantum 2: 

1107–1114. 

75. Penzkofer A, Tyagi A, Slyusareva E, et al. (2010) Phosphorescence and delayed fluorescence 

properties of fluorone dyes in bio-related films. Chem Phys 378: 58–65. 

76. Wang Y (2016) A study of luminescent properties of riboflavin and its potential applications as a 

luminescent probe in food science. [PhD Dissertation] Rutgers, The State University of New 

Jersey. 

77. Moore WM, McDaniels JC, Hen JA (1977) The photochemistry of riboflavin—vi. The 

photophysical properties of isoalloxazines. Photochem Photobiol 25: 505–512. 

78. Grodowski MS, Veyret B, Weiss K (1977) Photochemistry of flavins. ii. Photophysical 

properties of alloxazines and isoalloxazines. Photochem Photobiol 26: 341–352. 

79. Ahmad I, vaid F (2006) Photochemistry of flavins in aqueous and organic solvents. Photochem 

Photobiol 2: 13–40. 

80. Gandia-Herrero F, Escribano J, Garcia-Carmona F (2005) Betaxanthins as pigments responsible 

for visible fluorescence in flowers. Planta 222: 586–593. 



339 

AIMS Biophysics  Volume 3, Issue 2, 319-339. 

81. Gandia-Herrero F, Garcia-Carmona F, Escribano J (2005) A novel method using high-

performance liquid chromatography with fluorescence detection for the determination of 

betaxanthins. J Chromatogr A 1078: 83–89. 

82. Wang SY, Le AN, Corradini MG, et al. (2015) Flavonols as luminescent probes of water activity 

in foods and pharmaceuticals. Biophys J 108: 492a–492a. 

83. Li YX, Zou XB, Huang XW, et al. (2015) A new room temperature gas sensor based on 

pigment-sensitized TiO2 thin film for amines determination. Biosens Bioelectron 67: 35–41. 

84. Kuswandi B, Jayus, Larasati TS, et al. (2012) Real-time monitoring of shrimp spoilage using on-

package sticker sensor based on natural dye of curcumin. Food Anal Methods 5: 881–889. 

85. Priyadarsini KI (2009) Photophysics, Photochem Photobiol of curcumin: Studies from organic 

solutions, bio-mimetics and living cells. J Photoch Photobiol C 10: 81–95. 

86. Draganski AR, Tiwari RS, Sundaresan KV, et al. (2010) Photophysical probes of the amorphous 

solid state of proteins. Food Biophys 5: 337–345. 

87. Narsaiah K, Jha SN, Brardwai R, et al. (2012) Optical biosensors for food quality and safety 

assurance—a review. J Food Sci Technol 49: 383–406. 

88. Mello LD, Kubota LT (2002) Review of the use of biosensors as analytical tools in the food and 

drink industries. Food Chem 77: 237–256. 

89. Leung C-H, Chan DS-H, Man BY-W, et al. (2011) Simple and Convenient G-Quadruplex-Based 

Turn-On Fluorescence Assay for 3′ → 5′ Exonuclease Activity. Anal Chem 83: 463–466. 

© 2016 Richard D. Ludescher, et al., licensee AIMS Press. This is an 

open access article distributed under the terms of the Creative Commons 

Attribution License (http://creativecommons.org/licenses/by/4.0) 


