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Abstract: Organisms belonging to all life kingdoms may have the natural capacity to fluoresce. Au-
tofluorescence events depend on the presence of natural biomolecules, namely endogenous fluoro-
phores, with suitable chemical properties in terms of conjugated double bonds, aromatic or more 
complex structures with oxidized and crosslinked bonds, ensuring an energy status able to permit 
electronic transitions matching with the energy of light in the UV-visible-near-IR spectral range. 
Emission of light from biological substrates has been reported since a long time, inspiring unceasing 
and countless studies. Early notes on autofluorescence of vegetables have been soon followed by 
attention to animals. Investigations on full living organisms from the wild environment have been 
driven prevalently by ecological and taxonomical purposes, while studies on cells, tissues and or-
gans have been mainly promoted by diagnostic aims. Interest in autofluorescence is also growing 
as a sensing biomarker in food production and in more various industrial processes. The associated 
technological advances have supported investigations ranging from the pure photochemical char-
acterization of specific endogenous fluorophores to their possible functional meanings and biologi-
cal relevance, making fluorescence a valuable intrinsic biomarker for industrial and diagnostic ap-
plications, in a sort of real time, in situ biochemical analysis. This review aims to provide a wide-
ranging report on the most investigated natural fluorescing biomolecules, from microorganisms to 
plants and animals of different taxonomic degrees, with their biological, environmental or biomed-
ical issues relevant for the human health. Hence, some notes in the different sections dealing with 
different biological subject are also interlaced with human related issues. Light based events in bi-
ological subjects have inspired an almost countless literature, making it almost impossible to recall 
here all associated published works, forcing to apologize for the overlooked reports. This Review is 
thus proposed as an inspiring source for Readers, addressing them to additional literature for an 
expanded information on specific topics of more interest. 
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1. Early History
Studies on fluorescence started from the first observations on the light rising from 

vegetable components. As reminded by Acuna and F. Amat Guerri [1], in the 6th century 
the Spanish physician Nicolas Monardes was fascinated by the flora of the New World 
with its potential curative properties, and described in his book of the bluish opalescent 
light of the infusion of the Lignum nephriticum wood. The wood was collected from a tree 
used in Mexico to treat kidney disorders, likely corresponding to Eysenhardtia polystachya, 
a small tree belonging to the family of Leguminosae. In fact, this tree was reported by 
studies on pre-Hispanic people as the source of the wood called coatli, used to prepare 
infusions and already testified by them to have a bluish color. The blue light emission 
from the Eysenhardtia polystachya wood was subsequently ascribed to its rich content in 
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Coatline B, a rare C-glucosyl-α-hydroxydihydrochalcone [1]. In 1852, George Gabriel 
Stokes published his famous monograph [2], describing the first report of Sir. J. Herschel 
on the “beautiful celestial blue color” observable from the colorless water solution of qui-
nine when exposed to incident light, and the subsequent note from Sir. D. Brewseter who, 
using a lens to focalize the light and a rhomb of calcareous spar, demonstrated a different 
polarization between the less and the more “refrangible” blue light. In the same publica-
tion G. G. Stokes supported the remark of Sir. D. Brewseter on the frequent ability of veg-
etal solutions to give rise to “light dispersion”, including the red light from green leave 
extracts lately related to chlorophyll, and coined the term “fluorescence” in place of “dis-
persive reflection”. Observations were also reported on the general occurrence of fluores-
cence emission at wavelengths longer than excitation, the effect named Stokes’ shift. At 
the beginning of the XX century, the first fluorescence microscopes allowed the initial de-
tection of components of plant cells. As recalled by F. H. Kasten [3] the red fluorescing 
chlorophyll allowed M. Tswett to distinguish chloroplasts, while G. Klein and H. Linser 
observed fluorescence of variable color in the blue-yellow range from various plant tissues 
[4]. The fluorescence emissions were tentatively ascribed to substances which were any-
way almost excluded by W. Larcher [5], who for example suggested that not better-de-
fined impurities accompanied to tannins could actually account for their fluorescence. In-
spired by W. Larcher, H. R. Oppenheimer and B. Jaeoby [6] investigated in about one 
hundred of species of 57 families of vascular plants the role of autofluorescence as possible 
indicator of plant damage in living of death leaves. They concluded that in general the red 
fluorescence of chlorophyll persists in death leaves, contrarily to the blue-yellow fluores-
cence of substances at that time still undefined. Scheme in Figure 1 summarizes key points 
starting history of autofluorescence studies. 

 
Figure 1. Key historical points in autofluorescence reports, studies and applications. 
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Specific fluorescing substances derived from vegetables have been then identified 
over time, and characterized as to both chemical and optical properties (Figure 2).  

 
Figure 2. Vegetable autofluorescing compounds and emission spectral position [7]. 

The mostly fluorescing vegetable fluorophores with excitation and emission proper-
ties are summarized in Table 1. Similarly, in each subsequent section a table will summa-
rize the related, most relevant fluorophores. 

Table 1. Indicative excitation emission wavelength ranges for the mostly fluorescing products re-
ported in Figure 2 *. 

Fluorophores Absorption/Excitation 
(nm) 

Emission (nm) References 

Coumarins 400–450 nm 450–480 nm [8] 
Quinine 300–400 nm 400–600 nm [9] 
Ferulate  355 nm  450–650 nm  

[7] 

Lignin 355 nm/488 nm 400–600 nm/500–700 nm 
Suberin 355 nm 400–600 nm 
Flavonoids 355 nm/488 nm 400–600 nm/500–700 nm 
Kaempherol 355 nm 500 nm–800 nm 
Dihydrokampherol2 355 nm 500–700 nm 
Tannins2 488 nm 490–700 nm 
Stilbenes UV  400 nm/490 nm–700 nm 

Anthocyanins 310–410 nm 
860 nm multiphoton 

360–530 nm 
680 nm 

Chlorophyll 350–475 nm/625–690 nm 640–850 nm  [10,11] 
Porphyrins 405 nm 600–630 nm/670–750 m [12–14] 
Phycocyanine 550–670 nm 650–700 nm [15] 
Phycoerythrin 500–590 nm 550–650 nm [16] 
Riboflavin/flavins 360/445 nm  480/540 nm [17] 
Nicotinamides 330–380 nm 440/480 nm, free/bound [17] 
* Wavelength positions may vary depending on measurement conditions. 
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2. Plants and Algae  
2.1. Pigments Involved in Light Harvesting and Photosynthesis  
2.1.1. Chlorophyll Photophysical Properties 

Chlorophyll a and b are the main components of photosynthetic complexes in plant 
and green algae. Both chlorophylls show well shaped light absorption bands in the 350–
475 nm and 625–690 nm spectral regions. 

As compared with chlorophyll a, the blue band of chlorophyll b is slightly shifted 
toward longer wavelengths, and the red one toward shorter wavelengths, making them 
distinguishable from different analogues [10,18] (Figure 3).  

 
Figure 3. Absorption spectra of chlorophyll a and chlorophyll b, after 40 min of extraction from 
leaves, and elution from a TLC plate (organic solvent: diethyl ether). Reprinted with permission 
from [10]. 

Chlorophyll a is considered mostly crucial for light harvesting to initiate the photo-
chemical processes, and chlorophyll b is for the stabilization of proteins in the photosyn-
thetic complex. The two kinds of chlorophylls can be reciprocally converted into each 
other by specific enzymes according to the “chlorophyll cycle”, in the adaptation of pho-
tosynthetic cores to the plant requirement, during growing or to respond to stress stimuli 
from external factors [18].  

To avoid damages from light exceeding leaf requirements, energy can be dissipated 
by chlorophyll as heat or fluorescence (ref. [19] and references therein). This latter rises 
from chlorophyll a, consists in two well defined bands in the 640–850 nm and its changes 
are relatable to the conditions and functionality of photosystem II [11,20]. Besides being 
activated by proper light irradiation, the emission of red fluorescence of chlorophyll ac-
companying photosynthesis is regarded as a protective way to dissipate excessive light 
energy in an inverse relationship with the photosynthetic process and heat dissipation 
(ref. [19,21] and references therein). Anyway, protection from excessive light energy is 
greatly ensured by carotenoids, the biosynthetic pathway of which has been proposed to 
be balanced with that of the photosensitizing porphyrins under conditions favoring pho-
tooxidation [22]. In addition to the participation to light harvesting, carotenoids contribute 
to regulate energy flow in photosynthesis and to the dissipation of excessive energy de-
pending on changes in wavelength and dose of irradiating light, and on more general 
environment conditions. In this regard, a spectroscopic investigation on absorption and 
fluorescence properties of pure compounds in solution has led to propose that chlorophyll 
a can interact with β-carotenoid, which absorb in the 400–520 nm interval [10,23] through 
both electron transfer and energy transfer mechanisms, with the yield of transfer and the 
consequent quenching of chlorophyll a signal being dependent on the environment [24].  

Various factors can influence optical properties of chlorophyll as well as other pig-
ments, making the overall absorption, reflectance and fluorescence signals of plants and 
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leaves to act as valuable intrinsic biomarkers exploitable for various studies. Investiga-
tions can vary from the basic mechanisms of photosynthetic processes to the noninvasive 
characterization of leaf growing or plant adaptation to stress inducing factors such as 
changes in light irradiation and soil components, for applications ranging from industry 
and farming to environmental surveillance [25–28].  

Several studies have been performed on pigments extracted from vegetable sub-
strates [10]. Purified chlorophyll a has revealed a minor absorption band in the long red 
spectral region. The dependence on temperature and its matching with energy vibrational 
levels suggested that this red band is unlikely participating to light harvesting, while play-
ing a possible functional role in energy transfer in the photosynthetic complex [29]. On 
the other hand, the decay of flash-induced fluorescence of chlorophyll in isolated photo-
system II membranes allowed to assess a similarity between UV-A and UV-B injuring 
mechanisms, differently from mechanisms activated by the light at a longer and photo-
synthetically active wavelength [30].  

2.1.2. Chlorophyll as Photophysical Biomarker 
Chlorophyll in chloroplasts can be easily detected by exciting its red fluorescence by 

proper artificial light irradiation. Fluorescence light microscopy, for example, has been 
applied to confirm the presence of the endosymbiotic Chlorella variabilis in cells of Parame-
cium bursaria, when investigating the persistence of the infective capacity of the alga fol-
lowing many cycles of its extra-host cultivation [31] (Figure 4). 

 
Figure 4. Images of Paramecium bursaria bearing Chlorella variabilis collected at microscope in bright 
field by differential interference contrast (A), and at fluorescence. The symbiotic alga provides the 
Paramecium with products of photosynthesis, mainly sugars, and oxygen, reciprocated by CO2 and 
nitrogen. Chlorophyll in the alga makes easy its identification and localization, as the greenish color 
or brilliant red fluorescence (B). Paramecium: macronucleus (Ma), cytopharynx (Cy) [31]. 

The optical analysis of chlorophylls directly from the leaves has opened interesting 
perspectives to define the steps of its own biosynthesis and adaptation during leaf green-
ing and plant growing, or in responses to changes in irradiating light and other environ-
mental factors [32–34]. Stimulating results have been provided by preliminary investiga-
tions based on multispectral imaging applied to the leaves of soybean, submitted to stress 
induced by exposure to herbicide or to ozone. These treatments were found to remarkably 
affect fluorescence, opening interesting perspectives for the set-up of procedures for the 
remote assessment of stress induced to plants be exogenous factors [35] (Figure 5). 
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Figure 5. False color images from soybean leaves on the effects on fluorescence by treatments with herbicide DCMU (left) 
or ozone (right). On the left, leaf immersion in DCMU for 6 h (a), or partial DCMU application on the abaxial side results 
in a fluorescence decrease (b). On the right, ozone exposure results in an increased emission, particularly at the longer 
wavelengths. Control (CF) and ozone (O3) treated leaves. Excitation: 360 nm, emission wavelengths, resulting image ratios 
and color scale of intensity are indicated in the figures. Reprinted/adapted with permission from [35] (© The Optical So-
ciety. 

The non-destructive, in situ optical procedures may take advantage of the use of ar-
tificial light or of sun light as irradiating sources to excite fluorescence, making them to be 
respectively classified as active or passive methods. The diagnostic potential of remote 
optical measurements on vegetables can be also supported by a laboratory study on leaves 
and modelling based on the PROSPECT model of radiative transfer, representing plant 
leaf optical properties in the 400 nm–2500 nm spectral interval [36]. Numerous studies 
have been afterwards reported, using methods such as hyperspectral and multispectral 
imaging and spectroscopy, RGB imaging, thermography and fluorescence imaging and 
spectroscopy, with the aim to detect chlorophyll fluorescence combined with additional 
parameters as biomarkers of the response plant functional conditions to stress factors, as 
well as of fruit ripening [37]. The advances and lowering costs of digital, thermal and 
hyperspectral cameras, and the increasingly sensitive smartphone cameras have pro-
moted the set-up of portable detection devices for in field monitoring of plant health. The 
implementation of data sets and the development of machine learning algorithms, such 
as the “Support Vector Machine” and “Artificial Neuronal Network” and deep learning 
derivatives using a convolutional neural network, can additionally promote the infield 
detection of plant stress induced by abiotic, namely water and light, nutrients or toxic 
substances, and biotic factors [25,37]. An example is given by the measurement of chloro-
phyll fluorescence of the orchid Phalaenopsis Aphrodite along with parameters of photo-
synthesis functionality, sucrose content and antioxidant enzymes as assessed biomarker 
of the plant acclimation to the blue light, proved to decrease photo-inhibition and suffer-
ing to light changes in the young sprouts and plants transferred in greenhouses, improv-
ing their growing and commercial value [38]. Also, the proximal measurement of original 
reflectance and data preprocessing procedures support the in situ hyperspectral analysis 
of the leaves of Eutrema japonicum, called the Japanese horseradish or wasabi, to assay 
chlorophyll and carotenoids as biomarkers of the plant stress in response to changes in 
pH and sulfur. This procedure has been thus proposed as a suitable tool to support a 
proper greenhouse cultivation of highly sensitive plants, particularly helpful for inexpert 
farmers [39]. Chlorophyll fluorescence can be also exploited as indirect biomarker for the 
in situ optical measurement of anthocyanins in grape [40] (Figure 6). 
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Figure 6. Grape images collected at 740 nm, under excitation at 650 nm (A) and 550 nm (B), and RGB 
image resulting from recombination of monochrome images (470, 546 and 680 nm bands) collected 
under white light (C), bar = 1 cm. Image resulting as the logarithm of the ratio between the two (A) 
and (B) images (D). Image (D) represented in pseudo-colors (E), and image from a different grape 
brunch (F), processed as (E). (E,F) arrows indicate concentration of anthocyanin from methanolic 
extracts of the berry skin (nmol cm−2, as surface-based units). (D–F) intensity scales on the right. 
(G,H) Distribution of pixels vs. logarithm of the chlorophyll (ChlF) fluorescence excitation ratio in-
tensity for bunches respectively in (E) and (F). Reprinted/adapted with permission from [40] © The 
Optical Society. 

In fact, anthocyanins and more generally flavonoids, which are more deeply de-
scribed in the next sub-section, exhibit optical properties able to influence at different ex-
tent the emission profile of chlorophyll. On this basis, the optical absorption of these pig-
ments allows to take advantage of chlorophyll fluorescence measured at different excita-
tion wavelengths to indirectly estimate anthocyanins in the whole bounces of grape [40]. 

The combined analysis of the fluorescence emitted by chlorophyll and phenolics de-
rivatives has been also applied to investigate the response of grape vine leaves to the in-
fection with the virus GLRaV-3. The optical signatures significant of changes in chloro-
phyll and phenolic derivatives upon infection are promising biomarkers for the early de-
tection of the infection [41] (Figure 7). 
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Figure 7. Optical analysis of grapevine leaves to analyze the impact of the infection by the virus 
GLRaV-3. On the left, impact on photosynthesis is shown in terms of quantum efficiency of photo-
system II (maximum efficiency, FV/FM; actual efficiency or quantum yield, ΦPSII, and non-photo-
chemical quenching, NPQ). On the right impact on secondary metabolites, as from fluorescence im-
age recorded or processed as indicate in the figure. Reprinted with permission from [41]. 

A similar strategy has been also applied in the set-up of a portable leaf clip-based 
device has been also set-up for the indirect, nondestructive assay of nitrogen in cabbage 
leaves, though the measurement of chlorophyll fluorescence. In fact, a correlation has been 
found to occur between the content of nitrogen in leaves and the ratio between the chlo-
rophyll fluorescence signals measured under excitation at 650 nm and 365 nm, two wave-
lengths respectively unaffected or absorbed by flavonols and anthocyanins [42]. 

Chlorophyll optical properties have been also exploited to verify the stability of the 
pigment encapsulated in cremophor-nano-micelles, to overcome the pigment hydropho-
bicity and facilitate its use as an additive in food or drugs [43]. The optical properties of 
chlorophyll and of its derivatives naturally present in alimentary oils extracted from fruits 
and seeds are also used as biomarkers for quality controls, as to kind of cultivar, country 
and adulteration [44–47]. 

2.1.3. Chlorophyll and Algae 
The industrial cultivation of algae is worldwide increasing to produce biomass for 

various uses, from food and dietary supplements to additives and dyes for alimentary 
and drug products. Chlorophyll is the intrinsic biomarker suitable to carefully monitor 
growing and quality of algae, which are very sensitive to changes in culture medium de-
pending on the increase in their own growing biomass or on external factors. Devices 
based on cell counters detecting directly chlorophyll fluorescence together with additional 
parameters have been proposed to support and facilitate the industrial cultivation of mi-
croalgae [48,49]. This could help to adapt the production response to the increasing world-
wide commercial interest in algae, because of their remarkable value as food and source 
of products valuable for dietary, nutraceutical and pharmacology purposes. In this re-
spect, algae are proposed to fight metabolic syndrome and obesity and even to improve 



Photochem 2021, 1 75 
 

 

the growth of bones in early development, for their content in antioxidant bioactive prod-
ucts with anti-inflammatory, antimicrobial and their demonstrated ability in modulating 
browning of adipocytes and hormones in growth regulation [50–52].  

Particular consideration is commonly paid to Spirulina species, for their nutritional 
value due to the content in proteins, unsaturated fatty acids, vitamins, fibers and trace 
elements, besides for their richness in pigments [53,54]. In particular, it is to recall that 
Spirulina species belong to cyanobacteria and contain both chlorophyll and phycocyanins, 
the respective green and blue pigments involved in photosynthesis, making Spirulina spe-
cies to be commonly defined as a blue-green alga. Phycocyanins exhibit special spectral 
properties in term of high absorbance and fluorescence yields, accounting for their pho-
toprotection role in cyanobacteria and for more general strong antioxidant properties, 
which have stimulated the use of phycocyanins in nutriceutics and pharmacology, besides 
the use in food and pharmaceutics as a mere dye [15,50,51,54–59]. The absorption and 
fluorescence properties of purified phycocyanin and allophycocyanin have been also an-
alyzed by time-resolved techniques to investigate ultrafast kinetic components of excita-
tion energy transfer in phycobilisome, with the aim to improve the collection of solar en-
ergy for photovoltaic applications [15].  

Cultivation of algae, and of Spirulina species in particular, requires huge amounts of 
water entailing waste of clean water and related costs. To solve these problems the use of 
zootechnic farm wastewaters has been proposed, for their richness in nutrients improving 
the biomass production. This advantage is however often counterbalanced by the hazard-
ous presence of toxic heavy metals, mainly copper and zinc, in particular in swine 
wastewaters. Hence, chlorophyll fluorescence has been exploited to investigate the effects 
of zinc accumulation in the algae, in terms of changes in their growing and quality. Inter-
estingly, this investigation has indicated two different positive outcomes, consisting re-
spectively in the ability of the alga to remove zinc from wastewater with positive perspec-
tives for environment protection, and in the ability of zinc at suitable concentrations to 
improve the content of chlorophyll, carotenoids and fatty acids in the biomass [60].  

As to copper, the in vivo measurement of chlorophyll a fluorescence relatable to pho-
tosystem II in the marine green macroalga Ulva compressa helped to investigate the en-
gagement of mitogen-activated protein kinases in counteracting the toxicity of the metal, 
by modulating its accumulation to maintain the photosynthetic homeostasis [61]. Simi-
larly, the freshwater green algae, Chlorella species and Chlorella pyrenoidoas in particular, 
have been used to investigate the potential of chlorophyll fluorescence as a biomarker of 
changes in pH in the natural environment, or of the potential harmful effects of some ionic 
liquid derivatives used in the industry, helping to assess damages to photosystem con-
currently with intracellular increase in reactive oxygen species (ROS) [62,63]. It is im-
portant to recall that algae growing in natural environments may be dangerous for eco-
systems. In this regard, optical properties of chlorophyll contained in harmful algal 
blooms have been successfully exploited in a remote satellite sensing multi source ap-
proach to monitor lake water eutrophication depending on changes in meteorological and 
environmental factors [64].  

As for harmful algal blooms, the remote sensing of chlorophyll fluorescence is be-
coming also a powerful means for the direct surveillance of plants, also in forestry and 
crops for environmental purposes. In fact, the transfer of analytical procedures from the 
proximate leaf level to remote airborne and satellite measurements, based on solar light 
as the natural irradiation source, is increasingly applied to vegetables optical measure-
ments. This is for example the case of space earth satellite observation of chlorophyll flu-
orescence combined with the use of data statistics to monitor the heat induced stress on 
the yield of wheat in India [65]. The remote sensing-based procedures, however, have 
been recommended to pay attention to additional factors, in particular to the atmospheric 
effects and consequent need for correction, as well as attention to the validation of fluo-
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rescence retrieval methods developed from large data measured on different kinds of veg-
etal samples [66]. The main fluorophores described in this section are summarized in Ta-
ble 2. 

Table 2. Pigments and fluorophores involved in light harvesting and photosynthesis *. 

Fluorophores 
Absorption/ 

Excitation (nm) Emission (nm) Main Functions References 

Chlorophylls 
350–475 nm/ 
625–690 nm 

640–850 nm Light harvesting [10,11] 

 
400–450 nm/ 
650–690 nm 

640–850 nm 
Spontaneous fluorescence: energy dis-
persion 
Induced fluorescence, biomarker of: alga 
in endosymbiotic studies; of functional-
ity photosystem II; abiotic stress in 
higher plants 

[19] 
[11,25–

28,31,34,37] Chlorophyll a 
400–450 nm/ 
650–690 nm 

640–850 nm 

   Abiotic stress in algae [62,67] 

   
Photophysical biomarker to indirectly es-
timate flavonoids in fruit ripening; biotic 
stress 

[40,41] 

Carotenoid 400–520 nm 520–640 nm 
Participation to light harvesting; regula-
tion of energy flow in photosynthesis; ex-
cessive energy dissipation 

[10,22,23] 

   Abiotic stress in higher plants [39] 
Phycocyanin Allo-phy-
cocyanin 

550–670 nm 650–700 nm Light harvesting, efficient energy conver-
sion, photoprotection in cyanobacteria 

[58] 

   Food and pharmaceutic additives [15,50,51,54–59] 

   
Models to improve photovoltaic applica-
tions [15] 

* Other optical parameters besides absorption/fluorescence may have been used in some applications; excitation/emission 
ranges may vary depending on measurement conditions. 

2.2. Pigments Not Involved in Photosynthesis 
Many vegetable compounds not involved in photosynthesis and energy metabolism 

are defined as secondary metabolites. These are essential for the survival of the plant as 
well as primary metabolites, namely carbohydrates, fatty acids, amino-acids and nucleic 
acids, indispensable for the maintenance of tissue structure and activity of energy metab-
olism [68].  

2.2.1. Phenols and Polyphenols 
Phenols and polyphenols are a very numerous groups of secondary metabolites con-

tributing to manifold plant functions such as the growth of sprouts and roots, control of 
rhizosphere and interactions between plant, besides protecting plants from pathogens and 
predators by means of different strategies, by acting as phytoalexins or causing unpleas-
ant taste and stringency [69,70]. Polyphenols are characterized by the common presence 
of a phenolic group in biomolecules, as well as by a high variability in chemical structure 
and polymerization degree [71]. Depending on the basic chemical structure, polyphenols 
have been classified in at least 10 classes, including the simplest phenolic acid, coumarins, 
stilbenes, anthraquinones, lignins and flavonoids [7,72]. Flavonoids, in turn, include nu-
merous derivatives mostly responsible for the color and taste of flowers and fruits [70] 
(Figure 8). 
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Figure 8. Basic chemical structures of flavonoids derivatives. Derivatives responsible for taste of 
vegetable mostly belong to flavanones. Derivatives responsible for colors belong to flavonols, 
mainly pale yellow, and anthocyanins, prevalently blue and red [70]. 

In general, colored derivatives help to protect plants from environmental abiotic 
stress triggered by changes in light, salts and metals, besides improving the appearance 
of flowers and fruits and thus helping pollination and seed dispersion favoring the sur-
vival of the species [68,69,72–74]. Flavonols and anthocyanins are the major responsible 
for the colors of flowers, along with carotenoids and chlorophylls. The ability of several 
flavonoid derivatives to act as chromophores and/or fluorophores has been extensively 
investigated for different application purposes. Flavonols and carotenoids absorb, respec-
tively, in the UV and blue spectral regions, and may greatly result in pale yellow or yel-
low-orange colors, while anthocyanins can absorb along the overall visible spectrum, re-
sulting in a wide range of flower colors. Anyway, the anthocyanin sensitivity to pH asso-
ciated with their prevalent localization in acidic vacuoles of epidermal cells affects their 
color depending on plant basal conditions and functional changes. These factors have 
been studied for their evolutionary sense and for their roles in plant adaptation to envi-
ronmental stress or to attract pollinators [74,75]. Research on these compounds has been 
also devoted to overcome some color limitations in flowers with remarkable commercial 
value. The great demand of blue flowers, in particular, has inspired different approaches, 
such as genetic engineering aimed to introduce genes encoding for enzymes producing 
delphinidin as the elective anthocyanin blue dye in flowers, or the modulation of vacuolar 
pH and metal transportation essential to obtain the effective blue color. In this view, good 
results have been obtained for some flowers, such as carnation and chrysanthemum, while 
a rose with the real blue color is still to be achieved [76–79].  

The autofluorescence of anthocyanins has been proposed as a useful intrinsic bi-
omarker to investigate their own metabolism and to monitor their trafficking and seques-
tration in cells vacuoles, as in the studies on the stigma cells of black rice (Oriza sativa L.) 
[80] or in grapevine (Vitis vinifera) hairy roots [81] (Figure 9).  
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Figure 9. Bright-field and fluorescence images of hairy roots (a) and epidermis pigmented cells (b) 
of grapevine plant. Production and accumulation of anthocyanins in vacuoles is appreciable for 
their own red color (c), and for red autofluorescence (d). Vacuole’s classification: smaller, group 1 
and larger, group II, respectively, <1 μm and >1 μm diameter. Bars: 0.5 mm (a); 10 μm (b–d). vc, 
vascular cylinder; ep, epidermis; V, vacuole. Reprinted and modified with permission from [81]. 

The influence of anthocyanins on plant functions has been elegantly investigated on 
two cultivars of Fittonia albiveni, distinguished by their green or red leaves. The study has 
reported that the anthocyanin role as optically screening agent is supported by its inverse 
relationship with some photosynthetic parameters, such as the ratio between the fluores-
cence signals of chlorophyll a and chlorophyll b, the heat dissipation of energy relatable 
to the non-photochemical quenching and carotenoids.  

The optical screening effect of anthocyanins has been also proposed to be in agree-
ment with an improved resistance to drought [27]. In this respect, it can be also recalled 
that plant adaptation against abiotic stress in terms of improved salt tolerance, as well as 
dry matter production are better in genotypes of wheat with colored seeds with larger 
flavonol, anthocyanin and anthocyanidin accumulation in sprouts and leaves, as com-
pared with non-colored wheat [82]. Also, water deprivation applied to in vitro cultures of 
the inner and colorless layers of epidermal cells of red onions was found to induce an 
increase in anthocyanins, characterized by fluorescence spectra comparable to the native 
ones. Even more importantly, in the same study the in situ detection of anthocyanins by 
microscope imaging along with the analysis of absorbance ratio and of fluorescence al-
lowed to investigate the functions of anthocyanins in the control of the expression of ex-
ogenous transcription factors derived from different plant species [83].  

Besides the mere light screening effects, the polyphenol protective issues in plants 
are greatly ascribable to their direct and indirect antioxidant properties [70]. The func-
tional photoprotection role of flavonoids with their catechol group, is greatly explained 
with their scavenging ability against ROS and H2O2. This action, anyway, can also influ-
ence the sensing roles of these oxidizing species, as in the case of H2O2 capacity to trigger 
specific mitogen-activated protein kinases and the consequent cascades of signals in the 
maintenance of redox homeostasis, entailing also plant morphology responses [84]. 

The optical properties of anthocyanins may also change after interaction with ozone, 
making them possible biomarkers of this oxidizing agent. In fact, the changes in the fluo-
rescence of the pigment contained in the cells of the blue flower petals of Saintpaulia io-
nantha have been proposed as an indoor and outdoor biomarker of the presence of this 
harmful oxidizing agent [85]. Likewise, anthocyanin transmittance spectra recorded di-
rectly from grape berries have been proposed along with other parameters to assess the 
quality of the grape purposely exposed to ozone, used as a protective agent against the 
fungus Botrytis cinerea to decrease the loss of grape during the post-harvesting withering 
phase requested by the disciplinary of production of the wine, Amarone [86].  



Photochem 2021, 1 79 
 

 

The presence of natural polyphenolic compounds in animal and human diet has de-
pended at all times on their occurrence in vegetables and fruit. The pleasing effects of 
polyphenol derivatives on taste and color of alimentary products, along with the increas-
ing awareness on their nutritional and healthy properties account for the gathering efforts 
to improve their natural content in edible vegetables or their use as additives in food and 
beverage. The antioxidant properties of phenolic compounds are considered the main rea-
son for their anticancer, antidiabetic, anti-inflammatory, anti-osteoporotic and cardiopro-
tective effects, [55,71,72,87–91]. Actions on the pathways of glucose metabolism, as well 
as on the signaling pathways regulating cell proliferation, apoptosis, host immune re-
sponse and inflammation, or on estrogenic or anti-estrogenic activity are reported in the 
literature to explain the manifold therapeutic effects of polyphenols, with particular at-
tention to the cyanidin-3-O-galactoside, the colored derivative commonly present in dif-
ferent kinds of seeds and fruits [71,92].  

Optical properties of flavonoids and anthocyanins are exploited as useful parameters 
to guide the development of strategies to improve quality, or assist piking of fruits con-
taining these beneficial compounds. An approach based on UV excitation and cryo-imag-
ing of autofluorescence in apple and grape tissue slices has allowed the topological local-
ization of chlorophyll and flavonols in cuticle and cell walls, as a helpful technique to 
assess fruit quality and resistance to biotic and abiotic stress [93]. A fluorescence nonde-
structive spectral analysis of some cultivars of yellow peaches has also shown that fruit 
ripening is accompanied by a decrease in the signals typical of chlorophyll, the 683, 820 
nm bands, and of flavonols and carotenoids, the 450–600 nm spectral region, in parallel 
with an increase in the band in the 600–650 nm range, consistently with the fluorescence 
spectral position of anthocyanins reported in the literature for grapes or onions [83,94,95]. 
Similarly, the content of anthocyanins estimated indirectly from the ratios of chlorophyll 
fluorescence measured in situ under different excitation wavelengths, by means of a port-
able fluorometric sensor device, has been proposed to optimize the harvest time for the 
table grape, Crimson seedless cultivar [96].  

Interestingly, the indirect estimation of leaf flavonoids or anthocyanins from the chlo-
rophyll fluorescence signal detected under different excitation wavelengths has been sug-
gested to be more reliable than hyperspectral analysis based on reflectance measurements 
in the set-up of supportive procedures in the breeding and selection of herbal plants, such 
as chicory and lettuce, to enhance their nutraceutical value [97,98]. All these findings are 
promising to improve technology to control fruit condition in harvesting, packaging and 
supply in the chain from the producer to the consumers.  

Besides the improvement in the natural content of flavonoids or anthocyanins in veg-
etables, a goal of the research activity is also to enhance the yield of their extraction and 
preservation as food additives, very appreciated for their water solubility facilitating their 
use, and for their intense colors in the blue-red range. Anyway, as already recalled for 
anthocyanins in flowers, microenvironmental factors such as pH, light, temperature and 
aging may affect the color of these biomolecules, besides their yield of extraction form 
natural substrates and subsequent preservation. To counteract these problems different 
strategies have been proposed, consisting for example in pigment encapsulation, copig-
mentation with polyphenol, interaction with substrates such as pectins, gums or proteins. 
The assessment of the color maintenance through the analysis of chromaticity parameters 
is used along with other techniques to estimate the effectiveness of these strategies. When 
proteinaceous substrates are used, their own fluorescence has also been used to monitor 
their association with anthocyanin molecules [99–102].  

2.2.2. Betalains 
Before continuing on additional phenol derivatives, it is to worth recall that some 

plant families lack anthocyanins, which are substituted by betalains, chemically based on 
the tyrosine group. These derivatives can be found in plants belonging to the order of 
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Cariophyllales and in some higher fungi. Although chemically different from anthocya-
nins, betalains exhibit similar properties as to the contribution to the color of flowers, 
fruits and seeds, localization in the cell cytoplasmic vacuoles and antioxidant and protec-
tive functions both as intrinsic components in plants and as nutraceutical products in ali-
mentary products [103].  

Similarly to anthocyanins, betalain pigments are greatly considered as food additives 
and dyes, leading to the development of technologies to improve the yield and lower the 
costs in their extraction from the red beetroot to be used in alimentary industry [104].  

Betalains include yellow betacyanins and red betaxanthins. The latter can give rise to 
a yellow fluorescence signal under blue light excitation [105] (Figure 10). 

 
Figure 10. Betalain fluorescence. The yellow inflorescences of Celosia argentea (A) shows also a green-
ish fluorescence when excited with a blue light (B) even better appreciable in a particular magnifi-
cation of one of its part. Bar = 500 μm (C). The pigment purified appears as comparable color and 
fluorescence (D). The general chemical structure of betaxanthins (E) and 3-D spectral characteriza-
tion of the betaxanthin/dopaxanthin solution (F). Reprinted with permission from [105]. 

This yellow fluorescence, however, is quenched when betacyanins are present, acting 
as an inner filter because of their absorption spectrum overlapping betaxanthin emission 
[106]. The engineering of the expression of betalains in plants different from their native 
producers has opened interesting perspectives of multiple purpose applications. Produc-
tion of betalain has been obtained in plants commonly producing anthocyanins by com-
bining a gene modification resulting in expression of dihydroxyphenylalanine (DOPA) 
dioxygenases, and administration of the substrate L-DOPA [107].  

The engineering of the expression of betalains in plants different from their native 
producers has opened interesting perspectives of multiple purpose applications. Produc-
tion of betalain has been obtained in plants commonly producing anthocyanins. The suc-
cessful engineered combinatorial expression of genes related to betalain synthesis in Ni-
cotiana tabacum has been proved to improve the resistance to Botritis cinerea in eggplants, 
potatoes and tomatoes, where the production of betalains concurrently with anthocyanins 
is also expected to increase their nutriceutical values. The success of the procedure is 
demonstrated also by changes in the color of flowers as well as the increasing greenish 
fluorescence relatable to the enrichment in betaxanthins [108] (Figure 11). 
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Figure 11. Flowers from Nicotiana tabacum plants engineered to produce betalains: pX11, pX12 and pX13 represent the 
combinations of genes influencing the bio-metabolic fluxes in the biosynthesis of betalains, influencing the production of 
red betacyanins or of yellow betaxanthins (A). As a result, tobacco flowers show a scale of color associated with an increase 
in fluorescence reflecting the improved presence of betaxanthins (B). The LC-MS analysis and mass ion chromatograms 
of petals from pX11, pX12 and pX13 flowers confirm the presence of proline-, tyramine, glutamine-betaxanthins and 
betanins (C). Flowers of Petunia × hybrida, cultivar Mitchell, as wild type or after engineering with pX11 vector (D). Re-
printed with permission, and adapted, from [108]. 

The fluorescence of betalain derivatives has stimulated the development of further 
and various strategies using them as biomarkers for various applications in biotechnology 
[105] (Figure 12). 

 
Figure 12. Schematic representation of various Biotechnological Applications based on betalains: 
improved detection of the pigments separated by analytical techniques, such as HPLC (A); Plasmo-
dium falciparum staining in erythrocytes to improve its detection (B); visibility of digestive tract in 
animal models (C); linking to specific activities of enzymes in microbiology-biotechnology (D); tag-
ging of proteins to improve their detection (E); intrinsic biomarker of its own production bioreactors 
(F); general biosensor following engineerization of betalamic acid production (G); betaxanthin flu-
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orescence as self-biomarker to confirm the successful genetic transformation to express dioxygen-
ases producing betalamic acid (H). (ref. [105] and references therein, figure created by Authors using 
BioRender (https://biorender.com). 

2.2.3. Additional Polyphenols 
Coming back to flavonol derivatives, compounds different from anthocyanins such 

as kaempferol, myricetin and quercetin have been shown to fluoresce grossly in the 520–
570 nm region. Some small spectral differences have allowed to discriminate these com-
pounds by means of a parallel factor analysis of excitation/emission matrices, evidencing 
a particular abundance of quercetin in paprika, commonly used as spice and as food red 
coloring agent [109].  

Following a study on the overall fluorescence of honey, able to discriminate different 
botanical products independently from the identification of fluorescing species [110], a 
variability in quercetin and other phenolic acid derivatives, such as coumaric, caffeic, folic, 
vanillic and hydroxybenzoic ones, besides carotenoids was evidenced with a fluorescence 
based spectral investigation on ethanol extracts of pollen from different flowers harvested 
in Tuscany. Interestingly, the direct relationship between fluorescence intensity emission 
and in vitro antioxidant activity of pollen led to suggest a relationship between fluores-
cence and nutraceutical quality, depending on the botanical specie of flowers [111]. Also, 
flower pollen and anthers have been shown to fluorescence under UV excitation. Fluores-
cence has been ascribed to hydroxycinnamoyl derivatives, proposed to favor the visual 
attraction for pollination insects as well as to protect from potential UV damage [112].  

A similar function might also account for the blue emission at the border of the 
pitcher trap of some carnivorous plants, when excited at 366 nm. This emission has been 
ascribed to the presence of phenolic derivatives, including p-coumaric and ferulic acids 
and quercetin. In this case light may attract and guide insects to the pitcher trap, where 
preys are then digested [113] (Figure 13). 

 
Figure 13. Fluorescence recorded under 366 nm excitation from the border of pitchers of different 
carnivorous plants: Nepenthes ventricose (A), N. gracilis (B), Sarracenia purpurea (C), S. oreophila (D), 
N. khasiana (E,F) and near-dead N. khasiana pitcher (G). N. ventricosa with unopened pitcher (top) 
and opened pitcher (bottom) with digestive fluid (H). Reprinted with permission from [113]. 

Catechins 
Catechins are polyphenol derivatives characterized by spectral absorption and fluo-

rescence properties sensitive to oxidation.  
Such compounds are particularly abundant in green and black tea and may have 

beneficial effects on human health or influence on drug pharmacokinetics in human 
plasma [114,115]. For these reasons spectral fluorescence analysis has been recently suc-
cessfully proposed as a valuable support to assess quality and origin of tea [116,117].  
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Ferulate 
Ferulate is a widespread phenolic compound, present as free form or in phytochem-

ical polymers in leaves, fruits and seeds, regarded positively for its antioxidant properties 
and beneficial health properties (ref. [118] and references therein). The fluorescence of fer-
ulate is sensitive to pH, with a blue emission at neutral pH and brighter green at high pH, 
allowing its differentiation in vegetable tissues from other fluorescing components of cell 
walls, namely suberin and lignin. An interesting application of this property has regarded 
the topologically localization of ferulate in pine needle tissue sections, in the absence of 
specific histochemical procedures, with the perspective of a fluorescence-assisted diagno-
sis of plant functionality disorders (ref. [119] (Figure 14)). 

 
Figure 14. Autofluorescence pattern reflect the histological structures in a chlorotic pine needle. Im-
age recorded under sequential sessions of measurements, in the blue (400–500 nm), green (500–570 
nm) and red (650–750 nm) spectral emissions, under the respective excitations at 355 nm, 488 nm 
and 633 nm. Scale bar = 200 μm (a). Autofluorescence images of a healthy needle recorded sequen-
tially under 355 nm excitation in blue (420–460 nm), and green 495–550 nm) spectral regions (b), and 
in the 400–800 nm, improving to detection selectively the green fluorescing ferulate in the phloem 
(c). Scale bars = 100 μm [119]. 

Coumarins 
Coumarins are phenolic compounds present in plants, fungi and bacteria. The p-cou-

maric acid is characterized by an emission fluorescence band peaking at about 400 nm. In 
wheat leaves the band amplitude has been found to decrease in the presence of infection 
by the fungal pathogen Puccinia striiformis, in an inverse relationship with the emission at 
longer wavelength, ascribed to other components including carotenoids and anthocya-
nins. Interestingly, the simultaneous detection of different phenolic compounds by fluo-
rescence spectroscopy senses the fungal infection in apparently diseased as well as in 
asymptomatic specimens, before the advent of the characteristic stripe-like lesions in 
leaves caused by the pathogen, helping to timely prevent its rapid spread and crop losses 
[120]. Coumarins are also among the natural phenolic compounds cause of phyto-photo-
dermatitis following the accidental skin contact with plants or their ingestion, and their 
photosensitizing and fluorescence properties have inspired the synthesis of derivatives 
used as fluorescent labelling agents in the biomedical research and diagnosis, besides for 
therapeutic medical applications (ref. [121,122] and references therein). Psoralenes, in par-
ticular, are photosensitizing coumarin derivatives able to intercalate in the double helix of 
DNA accounting for some ancient attempts to treat skin diseases, such as vitiligo, eczema 
and psoriasis (ref. [123] and references therein).  
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2.2.4. Lignins 
Lignins are very large and complex biopolymers of wood and sclerenchyma cells, 

which may include different moieties such as stilbene, coniferil, coumaryl and coumaran 
derivatives. Lignin excitation in the short UV may give rise to a wide emission spectrum, 
depending on the variable contributions of its components [7]. Lignin is a valuable bi-
omarker to estimate wood compression, an anomalous and unfavorable quality of wood, 
as well the quality of paper [124,125]. In fact, lignin along with polysaccharide derivatives, 
namely cellulose, is a variable component of biomass material derivable from vegetable 
substrates such as wood, grass and waste from crops, which are increasingly considered 
green and sustainable source of various bio-materials. In this context, lignin as the for-
merly unwanted component in cellulose extraction from the biomass for paper production 
or saccharification, has now become a valuable by-product to produce bio-based materials 
[126]. In this view the inverse relationship between lignin fluorescence and the yield of 
biotransformation of the biomass has been proposed as a reliable, fast and cost-effective 
parameter to monitor the processing of the lignocellulosic biomass [127]. 

The main fluorophores described in this section are summarized in Table 3. 

Table 3. Pigments and fluorophores not involved in photosynthesis *. 

Fluorophores Absorption/ 
Excitation (nm) 

Emission (nm) Main Functions References 

Phenolic compounds 
 400–520 nm, 

>550 nm 
600–700 nm/700–

800 nm 
Fruit phenolic maturity [93,94,96,128] 

   Monitoring of own metabolism, 
trafficking and cell vacuole seques-
tration 

[80,83] 

Anthocyanins   Abiotic/biotic resistance, biomarker 
of oxidative stress 

[85,93] 

   Estimated indirectly from chloro-
phyll AF as biomarkers in fruit rip-
ening; biotic stress; nutritional ad-
vance of herbal food 

[40,41,97] 

P-Coumaric, Caf-
feic, Ferulic Acids 

366 nm. 430–480 nm Attract and guide insect preys to the 
pitcher trap in some carnivorous 
plants 

[113] 

Catechin 280/450 nm 300–340, 
400–490 nm/ 
550–600 nm 

Tea quality and origin [114,117] 

Ferulate 355 nm 450–650 nm Diagnosis of plant disorders [119] 
Coumarins 400–500 nm 500–600 nm Photosensitizers. Chemical deriva-

tives: pharmacology (e.g., anticoag-
ulants); laser and labelling dyes. 
Spectral properties vary depending 
on substituents 

[121,122,129] 

Lignin 355/488 nm 400–600 nm/500–
700 nm 

Wood quality, lignocellulosic bio-
mass processing 

[124,127] 

Porphyrins 405 nm 600–630 nm/670–
750 m 

Intermediates in chlorophylls bio-
synthesis; biomarkers of leaf pho-
tooxidation 

[6,55] 

Quercetin 
Kaempherol, 

440 nm 520–600 nm Spice components, e.g., paprika be-
tween flavonoids with a role in 

[109] 
355 nm 500–800 nm [7,109] 
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auxin transport, gravitropism, and 
phototropism 

Betalains 
Betaxanthins 430–500 nm 500–600 nm Flower industry; studies on flowers 

vs. pollinator signaling; biomarker 
in protein tagging, diagnosis, beta-
lamic production 

[105,108,130,131] 

Betacyanins 480–540 nm ---   
Alkaloids 

Quinine 300–400 nm 400–600 nm Traditional medicine; fluorescence 
reference standard; pharmacology; 
soft drinks 

[9,132–134] 

Campothecin 300–400 nm 450–600 nm Anticancer drug development [135] 
Berberine 420 nm 500–600 nm Traditional medicine, anticancer 

drug development 
[136] 

* Other optical parameters besides absorption/fluorescence may have been used in some applications; excitation/emission 
ranges may vary depending on measurement conditions. 

2.2.5. Other Photoactive Phytocompounds  
Additional photoactive phytocompounds and their synthetic derivatives have been 

investigated to be applied in experimental research and in clinics for both diagnosis and 
therapeutic purposes, including cancer treatment (ref. [137] and references therein).  

The tetrapyrrole based porphyrins such as protoporphyrin IX (PPIX) are produced 
in cell plants as precursors in the biosynthesis of chlorophylls [13]. Anyway, the fluores-
cence of porphyrins in plant has been rarely used, as in the case of their extract assay when 
investigating the effects of herbicides on photooxidation pathways [22]. On the contrary, 
fluorescence of porphyrins has deserved a much greater attention in bacteria and biomed-
icine, for photo-diagnosis and photo-dynamic therapy (PDD, PDT) application purposes, 
as from the following Sections 3 and 6, “Bacteria”, and “Normal and altered cell and tissue 
discrimination”. The remarkable intrinsic autofluorescence of the alkaloids campothecin 
and berberine and of their derivatives has made these compounds to act as their own bi-
omarkers to investigate their pharmacokinetic inside living cells in the anticancer research 
[135,136]. Within alkaloids, a particular mention is also to be deserved to quinine, con-
tained in the bark of the Cinchona, or quina-quina tree, original from Andean region in 
South America. In fact, as recalled in “Early history” Section 1, quinine is the subject of 
the ancient observations on light rising from its aqueous solution, following only the re-
ports on the infusion of Lignum nephriticum wood. Those observations have guided the 
initial uncovering of the principles of the fluorescence related phenomena. Besides, the 
quinine fluorescence properties in terms of high quantum yield and constant spectral 
shape in the controlled conditions of acidic solution account for its use as the most com-
mon and reliable fluorescence reference standard [9].  

It is also to remark that the early interest in quinine was greatly stimulated by its 
therapeutic potential, since it has been for a long time used as antipyretic, anti-malarian 
and anti-inflammatory, even to treat rheumatoid arthritis and systemic lupus erythema-
tosus [132,133]. The increasing awareness on unwanted hazardous side effects of quinine, 
however, is limiting its pharmacological use, posing also the question on soft drinks con-
taining it for its appreciated bitter taste [134]. 

3. Bacteria 
Beyond cyanobacteria, reminded in the former “Pigments involved in photosynthesis” 

subsection for their content in photosynthetic the fluorescing pigments chlorophyll and 
phycocyanin, bacteria in general may exhibit different autofluorescence properties. 
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These are particularly important for the human health, as to both environment pro-
tection and the clinics. Autofluorescence imaging has been proposed as a helpful proce-
dure for the in-situ detection of infective agent in chronic and acute wounds, to set up 
timely and properly dressing and antibiotic therapy [138–140]. 

Green and red fluorescence are typically detected in wounds. Green fluorescence is 
commonly ascribed to the presence of Pseudomonas aureaginosa, in agreement with the 
identification of pyoverdine as its specific endogenous fluorophore and agent likely fa-
voring the formation of biofilms [138,141] (Figure 15). 

 
Figure 15. White light (a,c) and autofluorescence images (405 nm excitation, b,d) recorded from a 
venous leg ulcer before and after debridement. The green fluorescence has been ascribed to pyover-
dine, the fluorophore produced by the infective Pseudomonas aeruginosa, in particular under hostile 
environment such as wound debridement and use of antimicrobials. Fluorescence imaging is suita-
ble for the point of care diagnosis and consequent treatment of the infection [138]. 

Red fluorescence rises from endogenous porphyrins, present in different kinds of 
bacteria [139,142]. Among these, Propionibacterium acnes is a lipophile bacterium belonging 
to the normal flora of the skin, which may play a role in the development of acne vulgaris 
when the skin equilibrium if disrupted. Endogenous porphyrins in Propionibacterium acnes 
have been confirmed by fluorescence spectra and response to photo-irradiation, inspiring 
their use as intrinsic photosensitizing agents in the photodynamic treatment of acne, pro-
posed to overcome antibiotic resistance [143,144]. A study on the red and green fluores-
cence detected in variable proportions in various microorganisms isolated form the oral 
cavity has also directed to the conclusion that in dentistry red fluorescence seems to be 
indicative of the presence of bacteria causing caries [145,146]. A successive study based 
on the characterization of spectral and tridimensional excitation-emission matrices rec-
orded from different species of oral bacteria has provided specific fluorescence finger-
prints in the green-red spectral region for each kind of microorganisms, providing a prom-
ising perspective for the development of a user friendly, rapid and relatively low-cost 
procedures to identify oral microorganisms [147]. The analysis of fluorescence in terms of 
excitation emission matrices collected in the overall UV-visible spectral range has been 
also used to characterize eleven kinds of bacteria of clinical interest, valuable for the ap-
plication translation to the search of possible surface contaminations on hospital equip-
ment [148].  

These useful perspectives for diagnostic applications have been attained irrespec-
tively from the estimation of changes in the specific bacterial endogenous fluorophores, 
commonly aromatic amino acids and the coenzymes NAD(P)H and flavins, contributing 
to the overall emission besides the above-mentioned porphyrins and pyoverdine [149]. In 
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this regard, it is anyway to recall that procedures based on fluorescence excitation emis-
sion matrix collected in the spectral region limited to the UV-blue spectral range and re-
flecting a different presence in the fluorescing aromatic amino acids could distinguish be-
tween E. coli, Salmonella and Campylobacter bacteria [150].  

Spectral positions of bacterial endogenous fluorophores have been also taken into 
account to interpret excitation emission matrices recorded from the sludge in bioreactors 
for the treatment of wastewaters. To this end proteins, NAD(P)H and flavin coenzymes 
as intracellular fluorophores and no more defined additional components of humic and 
fulvic material, along with still proteins as extracellular components were indicated as 
biomarker of changes in intra and extracellular products relatable to the metabolic activity 
of bacteria, and thus of the bioreactor performance in degradation of waste biomaterial 
[151]. In this regard, the need to improve the surveillance of the impact on environment 
and human population of bioaerosol from treatment of wastewater has driven to the ne-
cessity of a most exhaustive assessment of related fluorescing species. To this end, a “Spec-
tral Intensity Bioaerosol Sensor” has been applied to collect sixteen fluorescence bands in 
the 298–735 nm spectral range under two excitations, at 285 and 370 nm. The comparison 
of these data with those from fluorescence excitation emission matrices supported the 
ability to identify additional fluorescing species besides aromatic amino acids and coen-
zymes. The detection of vegetable structure components, such as lignin, or of secondary 
metabolites, such as phenol and terpene derivatives, have encouraged the further devel-
opment of the “Spectral Intensity Bioaerosol Sensor” system to improve the real time mon-
itoring of bio-aerosol quality [152] (Figure 16). 

 
Figure 16. Representative summary of an effective application of autofluorescence for the real time 
monitoring of bioreactor performance in the treatment of wastewater, and environment impact. Bi-
oaerosol (on the left) and wastewater (on the right) are collected from the bioreactor to be analyzed 
respectively by Spectral Intensity Bioaerosol Sensor (SIBS, on the left), and Fluoromax-Plus spectro-
fluorometer (on the right). Fluorescence information on air quality (bioaerosol) is provided by SIBS 
as spectral data resolved in 16 channels under dual excitation (285 nm; 370 nm), and on wastewater 
by Fluoromax-Plus, as a fluorescence em/ex matrix from stored liquid samples. Image partly modi-
fied from the Graphical Abstract in [152]. 

The main fluorophores described in this section are summarized in Table 4. 
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Table 4. Fluorophores in bacteria *. 

Fluorophores 
Absorption/ 

Excitation (nm) Emission (nm) Main functions References 

Porphyrins 405 nm 
600–630 nm/670–750 

m 

Intermediates/catabolites in heme bio-
synthesis; 

Biomarkers of bacteria/photodynamic 
treatment of acne 

[143,144,147] 

Pyoverdine 
360–410 nm 450–480 

nm 
450–480 nm 

Biomarkers of Pseudomonas aureaginosa 
infection 

[138,141,153] 

Riboflavin/ 
flavins 

360/445 nm 480/540 nm  
Intra/extracellular product biomarkers 
of performance in biowaste processing 

[17] 

Nicotinamides 330–380 nm 
440/480 nm, 
free/bound 

[17,151] 

* Excitation/emission ranges may vary depending on measurement conditions. 

4. Fungi 
Fungi both pathogenic and saprophytic, may fluoresce when excited by UV-blue 

light, or by equivalent energy through multiphoton excitation. Fungi contain common 
fluorophores including NAD(P)H, flavin derivatives and flavoproteins, lipofuscins, carot-
enoids and ergosterol. On the other hand, the pigment melanin, may affect the autofluo-
rescence signal as an inner absorbing filter.  

Upon excitation, the various fungal fluorophores fluoresce at different wavelengths 
along the overall spectrum, making them to be distinguishable by label-free imaging mi-
croscopy. Consequent applications have been proposed for taxonomic studies, to monitor 
the production of metabolites in bioreactors, to check the quality of edible mushrooms or 
for the diagnosis of fungal infection in biomedicine or in agriculture products [154].  

Autofluorescence images allow to distinguish the morphology of septa, walls and 
spores. Images acquired in three RGB channels by a laser scanning microscope under UV 
excitation have been also demonstrated to distinguish between pathogen fungal species 
of interest in the medical practice, as well as showing their morphology [155] (Figure 17).  

 
Figure 17. Images of fungi recorded under multiphoton excitation (780 nm). Spore and sporal septa 
are easily recognizable in Micosporum canis (a), as well as septae in hyphae of Aspergillus flavus (b). 
can be clearly delineated in the multiphoton image. Reproduced with permission from AIP Publish-
ing from 043703-2 Lin et al. Appl. Phys. Lett. 95, 043703; 2009. doi: 10.1063/1.3189084 [155]. 

Arthrobotrys ferox is a terrestrial Antarctic fungus which produces aerial hyphae and 
highly fluorescent spores. The spores are dispersed in the environment for reproduction 
with a consequent exposure to hazardous UV radiation, which is likely affecting their flu-
orescence. This effect has been, thus, investigated as a potential indicator of UV radiation 
changes in the Antarctic areas [156] (Figure 18). 
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Figure 18. Autofluorescence imaging of Arthrobotrys ferox colony (A) and spores (B), recorded in the 
400–600 nm spectral range. The cell wall of spores exhibits higher fluorescence than hyphae. Scale 
bar = 12.5 mm; fluorescence intensity indicated by the color scale. Reprinted with permission from 
[156]. 

Hyperspectral analysis of autofluorescence recorded under 488 nm excitation al-
lowed also to differentiate three Candida species, depending on the changes in the contri-
bution from the signal around 550 nm, ascribed to flavins, and around 600–650 nm, from 
an unidentified fluorophore. The easy and rapid fluorescence analysis of cultures of sus-
pect biological material in human serum was thus proposed as an easy and rapid support 
to more traditional diagnostic procedure to improve the early detection of these hazard-
ous pathogens, contributing also to reduce the related healthcare costs [157].  

On the other hand, the analysis of peeled and unpeeled caps of Agaricus bisporus, 
commonly known as Portobello Mushroom or Champignon, by collecting spectrally sep-
arated fluorescence images at microscopy under two-photon-excitation has proved to as-
sess the freshness of this commercially valuable edible mushroom, suggesting also the 
possible translation of the technique to the monitoring of fungal biomass growing in bio-
reactors [158]. 

Ergosterol is a typical sterol component of cell membrane in fungi, regarded also as 
a hormone-like compound involved in the regulation of proliferation of fungal cells, such 
as in Saccharomyces cerevisie, commonly known as of Baker’s Yeast [159]. Ergosterol is im-
portant both as a diet component precursors of vitamin D, or as a target of antifungal 
actions in fungal infestation. Interestingly, excitation in the short 360–370 nm region has 
been verified to detect ergosterol by excitation emission matrices (400–600 nm spectral 
interval) in the extract of the fungal biomass produced from the dried mycelium of the 
Schizophyllum commune. Similar procedures have opened also valuable perspective for the 
autofluorescence-based assessment of the fungal biomass in solid or semisolid fermenta-
tion processes, for example to monitor the consumption of nutrients, CO2 generation in 
the production of compounds of industrial and commercial interest. Only a simple extrac-
tion procedure is required, making particularly easy and fast to assay filamentous fungi 
from solid or semisolid mass, with a technique potentially extendable to the analysis of 
fungal food contamination [160]. 

A particular study has regarded Trichoderma atroviride, a filamentous fungus deserv-
ing increasing attention as a beneficial mycoparasitic agent to be used against phytopath-
ogens, with the aim to reduce pesticides and improve environmental benefits. In this case, 
the fungus autofluorescence is an undesirable factor hindering the in-situ studies aimed 
to better understand its action mechanisms to improve its beneficial use. Therefore, an 
advanced microscope technique such as the single molecule detection has been proposed 
to investigate in situ specifically labelled proteins, such as Sfp2-a tetraspanin membrane 
of the Sur7 family proteins, and better understand their roles in the growth of hyphae and 
the stabilization of cell walls [161].  

The autofluorescence of fungi may be also increased by fixation with aldehydes, 
helping the in situ detection of infections by pathogenic fungi in plants, as proved for 
example in a pine needle [7]. Similarly, in clinics a periocular cutaneous lesion initially 
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histologically misdiagnosed as squamous cell carcinoma was reported to be identified as 
blastomycosis only following fluorescence microscopy of tissue sections stained with he-
matoxylin and eosin, ineffective to evidence the microorganism [162]. 

Saccharomyces cerevisiae is the most used and studied microorganism of the kingdom 
of fungi. Beyond the countless uses continuing the most ancient practices based on fer-
mentation in the production of food and beverages and its nutritional value for the vita-
min content, research has relied on S. Cerevisiae as a suitable and versatile central model 
of higher eukaryotes. Engineering of the microorganism has resulted in its application in 
bioreactors to produce insulin, as well as in investigation of biochemical and metabolic 
mechanisms essential for a widespread improvement of knowledge in biomedicine.  

S. Cerevisiae has been and continues to be a suitable model to advance knowledge on 
the structure and functions of membranes and cell organelles, signaling mechanisms, cell 
dysfunctions, mechanism of cell death, virus cell interactions affecting cell life and related 
antiviral drug screening, biogenesis of mitochondria and bioenergetics [163–165]. Pre-
cisely as to bioenergetics, it is to underline the importance of yeast in pioneering studies 
and in the development of sophisticated technology to investigate autofluorescence as bi-
omarker of energy metabolism, given the essential metabolic roles played by its coen-
zymes NADH and flavins, respectively fluorescing in the reduced and oxidized state 
[17,166].  

The first report on NADH autofluorescence in the yeast by Duysens and Kroneberg 
[167], was followed by the huge number of works by Britton Chance, including also fla-
voproteins as the additional autofluorescence biomarker of the functionality of the respir-
atory chain in isolated mitochondria, performed on yeast as well as on mammalian cells 
[168,169]. These observations started the gathering research and development of technol-
ogy and applications based on the autofluorescence of NAD(P)H and flavins as diagnostic 
biomarker of the functionality of energy metabolism under physiological normal, altered 
and pathological conditions of cells and tissues in biomedicine [17,170–173].  

A particular report regarded the fluctuations of NADH fluorescence detected in the 
yeast S. calsbergensis, initiated by glucose under anaerobic condition [174]. Subsequent ob-
servations on respiratory oscillations [175] and on the remarkable similarities between 
yeast and cardiomyocytes as to the oscillatory organization of metabolism and redox state 
promoted yeast as a convenient and suitable eukariotic model to investigate the dynamic 
networks regulating cell metabolism [176]. In this view, NADH and flavin autofluores-
cence contributed to assess the evolutive conservation of the systems ensuring the flow of 
energy in living cells, and to characterize phenomena, such as the respiratory synchroni-
zation involving the entire cell population in a yeast cell culture. This finding supported 
the definition of homeo-dynamism rather than homeostasis for the maintenance of that 
disequilibrium of the complex network of metabolic functions ensuring the organism life 
[165,176]. The main fluorophores described in this section are summarized in Table 5. 

Table 5. Fluorophores in fungi *. 

Fluorophores Absorption/ 
Excitation (nm) 

Emission (nm) Main Functions References 

Ergosterol 360–370 nm 400–600 nm Diet, precursors of vitamin 
D; marker of fungal infes-
tation. 

[160]. 

Flavins 360/445 nm 480/540 nm Markers of fungal infesta-
tion, 
energy metabolism 

[157,169] 
NADH 330–380 nm 440/480nm, 

free/bound 
[167,168,177] 

* Excitation/emission ranges may vary depending on measurement conditions. 
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5. Autofluorescence in Animals 
5.1. Arthropods  

Autofluorescence can occur in different animals of some Orders in the phylum of 
Arthropod [21]. The phenomenon is known since a long time in insects. The initial report 
by Cockayne on the fluorescence of pigments in Lepidoptera [178] has been followed by 
the description of green or red emitting rhabdomeres in the eye of the housefly Musca 
domestica [179] and of butterfly fluorescing scales [180]. In insects, attention has been 
pointed in particular on butterflies and moths, of the Order of Lepidopteran, and to bee-
tles, of the Order of Hymenoptera, for their particular ability in affecting light events.  

Butterflies have always deserved great attention because of their greatly variable and 
beautiful colors. In butterflies, fluorescence is essentially ascribed to pteridine pigments, 
excited in the 320–325 nm range and fluorescing in the blue region as in Morpho sulkowskyi 
and Papilio xuthus [181], and to papiliochrome, containing beta-alanyl dopamine deriva-
tive, as in Papilio xuthus or Parides species [182,183]. The beautiful colors and iridescence of 
butterfly wings, anyway, depend on the combination of multiple factors, including the 
presence of other pigments acting as light filters, light reflection, scattering and diffrac-
tion, accounted by the ultrastructure of the wing scales [184,185] (Figure 19). 

 
Figure 19. Hindwing of a male Troides magellanus. Sequence, left to right, of images showing the 
surface of yellow scales with parallel ridges on a basal slab; the ridges observed laterally with their 
micro-ribs, organized with an average angle of 61° with regard to the ridge crest and the arrow 
pointing towards the pedicel of the scale; a cross section of the array of the ridges on the scale upper 
part, at transmission electron microscope, showing each ridge as a support with triangular cross 
section and side protrusions making micro-ribs to appear as one-dimensional grating. Reprinted 
and modified with permission from [185]. 

In fact, scales are characterized by parallel ridges with an organized series of micro-
ribs working as a grating, as assessed in Papilionidae butterflies such as those belonging 
to Parides genus and Troides magellanus, and in subjects form the genus Morpho [184–187]. 

Biological implications may regard butterfly life and evolution as to camouflage, in-
ter-intra-specific recognition and mating, and have been exploited for taxonomical pur-
poses [183,184,188,189].  

For their effect on light, the ultrastructure of scales has been compared with photonic 
nanostructures. Their changes, e.g., in thickness and length, as well as changes in the pres-
ence of pigments may tune the resulting color [184] (Figure 20). 

Similarly, other different kinds of biological structures show nano periodicity organ-
ization, comparable to optically active photonic-crystal-like structures [190] (Figure 21). 
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Figure 20. Parides species show differently wing scales, as to structure and color (resulting in differ-
ent reflectance spectra. Each line shows: butterfly species and related reflectance spectra of wing 
areas of different colors, micrograph and scanning electron microscopy image of scale: Parides quad-
ratus, yellow and black (A–D); P. erithalion zeuxis, olive and small yellow and red spots (E–H); P. 
aeneas bolivar, green and burgundy spots (I–L); P. childrenae oedippus, green-colored and red (M–P). 
Bars: 1 cm 1st column; 100 μm 3rd column; 1 μm 4th column of pictures [184]. 

 
Figure 21. Representative graphical summary of typical nanostructures detectable in living beings, 
comparable to photonic crystals: multilayers (A), Bragg stacks (B), nanorod periodic arrays (C). Re-
printed and modified with permission from [190]. 

The beetle Hoplia coerulea is commonly recognized to change the elytra color from 
bleu to green when wet. The changes in the observed color depend on the structural or-
ganization of the cuticle in elytra and thorax, which consists in a periodical stack of porous 
layers similar to a photonic cell, making the filling of the pores with media of different 
refractive index, e.g., air, water or ethanol, to affect reflection of incident light as well as 
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fluorescence [191,192]. This latter, in turn, rises from a fluorophore not yet chemically 
identified, although being indicated by one photon and two photon excitation investiga-
tion as a fluorescing species with several states of excitation and emission [193]. The sen-
sitivity of the color of Hoplia coerulea scales to water inspired also the microporosity of its 
natural structure as a model for a vapor sensing device [191] (Figure 22). 

 
Figure 22. Representative graphical summary of a male H. coerulea beetle (a), with the scales which 
cover the elytra (b), the photonic structure in a 100 nm thick envelope, consisting in a periodic struc-
ture composed by layered and microporous cuticular material (mostly chitin) (c,d). Representation 
of the photonic structure of the scale as a “Photonic cell”, with different permeability to water and 
ethanol due to the physicochemical properties of the envelope (e). Reprinted with permission, and 
partially modified, from [191]. 

The different autofluorescence emission colors of materials composing the cuticle of 
insects may accompany different biomechanical properties. Reddish autofluorescence 
rises from sclerotized cuticle, yellow-green and brownish colors from more elastic parts, 
and bluish fluorescence from resilin. Resilin has deserved great attention because it is a 
structural rubberlike protein, named also “arthropod elastin” [194], and its bluish auto-
fluorescence it suitable for the in situ three-dimensional investigations on the structural 
organization of the arthropod exoskeleton [195]. In the Odonata order, which includes 
dragonflies and damselflies, mixed autofluorescence color analysis by confocal scanning 
microscopy has been applied to characterize the parts composing the cuticle in the mouth 
in larvae of damselflies. Imaging has evidenced the prevalence of reddish-yellowish scle-
rotized material in the parts of mandibles where a high force is applied by the insect to 
crush preys, while the bluish emitting resilin is mainly present in elastic membranous 
structures, confirming the autofluorescence potential for the in situ study of functional 
organization of complex structures [196]. Even more interestingly, resilin autofluores-
cence in Odonata has been also exploited to study the biomechanical role of this protein 
in the mechanism of flight defined as “direct”, for the direct connection between muscu-
lature and wings by means of cap tendons ensuring unique skills of fly movement 
[197,198]. The bluish autofluorescence of resilin has also allowed its differentiation from 
the green and red emission respectively from sclerotized and chitinous cuticle, besides 
confirming its presence in the pterothorax cap tendons. This finding is fully consistent 
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with the role of resilin in supporting and protecting muscles from mechanical shock, by 
absorbing and bringing them back energy [198]. Autofluorescence detection of resilin and 
chitin depending on their respective brilliant light blue and yellowish-reddish emission 
colors has also been proved to discriminate antennal gustatory sensilla in leaf beetles, 
opening interesting investigation perspectives on the sensing of non-volatile metabolites 
in herbivorous insect in decoding plant biochemical composition [199].  

Lastly, it can be reminded that in bees few reports describe only the autofluorescence 
of accumulating lipofuscin-like pigment, higher in old than in young worker subject and 
associated with production of pentane and hexane in the breakdown of hydroperoxides 
from membrane lipid peroxidation [200]. The main fluorophores described in this section 
are summarized in Table 6. 

Table 6. Pigments and fluorophores in Animals–Arthropods *. 

Fluorophores Absorption/ 
Excitation (nm) 

Emission (nm) Main Functions References 

Pteridines 320–325 nm 425–450 nm Butterfly classifying 
tool 

[181] 
Papiliochrome II ~400 nm ~470 nm 
Resiline 320–380 nm 420–470 nm Functional morphol-

ogy and biomechanism 
in insects 

[195] 
Other exoskele-
ton components 
(e.g., chitin) 

450–490 nm/530–
560 nm 

>510 nm/ 
570–640 nm 

Lipofuscin-like 
lipopigment 

Near UV, 400–500 
nm 

>460 nm Membrane lipid perox-
idation in Apis Mellif-
era 

[200,201] 

* Excitation/emission ranges may vary depending on measurement conditions. 

5.2. Fishes  
Autofluorescence is a transverse phenomenon which may occur also in higher ani-

mals from several taxa. In fishes, excitation in the 450–500 nm interval can give rise to 
green and red autofluorescence [202] (Figure 23). 
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Figure 23. Collection of various fishes from the seaside and their autofluorescence patterns: Cepha-
loscyllium ventriosum (swell shark, A); Urobatis jamaicensis (ray, B); Soleichthys heterorhinos (sole, C); 
Cociella hutchinsi (flathead, D); Synodus dermatogenys (lizardfish, E); Antennarius maculatus (frogfish, 
F); Scorpaenopsis diabolus (false stonefish, G); Kaupichthys brachychirus (false moray eel, H); Kaupich-
thys nuchalis (false moray eel I); Corythoichthys haematopterus (pipefish, J); Gillellus uranidea (sand 
stargazer, K); Eviota sp. (Gobi, L); Eviota atriventris (Gobi, M); Acanthurus coeruleus, larval (surgeon-
fish, N); Scolopsis bilineata (threadfin bream, O) [202]. 

Fluorescence may occur in fishes belonging to different species, in part still uniden-
tified because of a cryptic living behavior. In fishes populating coral reef areas biofluores-
cence has been recommended as a valuable tool in the search and surveillance of other-
wise poorly detectable rare species [203]. It has been also reported that many of the fluo-
rescing fishes, including sharks and rays, possess a good vision and the presence of intra-
ocular yellow filters, likely facilitating their ability to detect this fluorescence at wave-
lengths longer than the blue or dark in aquatic environment. These properties have been 
proposed to favor a visual communication for a specie specific recognition in particular 
for mating, while facilitating a camouflage in the vicinity of green and red algae and corals 
protecting fishes from predators [202,204].  

As to corals, the molecular phylogenetic of genes encoding for their fluorescent pro-
teins have been deeply investigated as to the lineage diversification and the ability to re-
duce oxidative stress or to attract symbiotic algae [205]. Besides the pure spectral proper-
ties of fluorescent fishes, biomolecules and mechanisms responsible for the fluorescence 
emission in fishes need to be further elucidated [206]. In fact, few studies have up to now 
reported about this matter, as for some species of cryptic eels, for which a fatty acid bind-
ing protein has been described to give rise to a bright yellow light emission upon binding 
with bilirubin acting as the fluorophore. The selective evolution of these fatty acid binding 
proteins has been justified as an acquired advantage in communication and antioxidant 
protection [207–209]. A particular mechanism has been also proposed to control the red 
fluorescence emission from the eyes of the cryptic fish Tripterygion delaisi, ascribed to red 
emitting guanine crystals detected in iridophores and regulated by the aggregation or dis-
persion of melanosomes in melanophores, under a nervous control [210] (Figure 24). 

 

 
Figure 24. Upper line: iris of Trypterygion delaisi observed under normal, natural conditions (A), and 
in laboratory conditions by using a blue light illumination and a red filter, allowing to observed the 
changes in iris distribution of the red fluorescence (B,C). Lower line: Phase contrast (A), and fluo-
rescence (B) of crystals obtained from the fish iris (the layer of iridophores contains packer quinidine 
crystal). Not all crystals fluorescence in red light [210]. 
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A subsequent investigation in Tripterygion delaisi on the red fluorescence has further 
supported its role in creating visual contrast and signaling functions in combination with 
reflection, adapting to the various natural living conditions and in particular to the deep-
water environment [211]. On the other hand, a greenish biofluorescence is exhibited also 
by some shark species. Two kinds of shark, in particular the swell shark (Cephaloscyllium 
ventriosum) and the chain catshark (Scyliorhinus rotifer), have been studied with the aim to 
characterize the fluorophore responsible for their greenish emission. The spectrofluoro-
metric characterization of metabolites extracted from the skin of these green fluorescing 
sharks has indicated a bromo-tryptophan-kynurenine derivative produced by the bromo-
kynurenine metabolism as the green fluorophore. Besides the most common participation 
in signaling, the identification of these compounds has also driven to suggest an antibac-
terial role [212] (Figure 25). 

 
Figure 25. Representative image summary of green fluorescence typical of some sharks, the chemi-
cal synthetic pathways and the structure of the fluorophore are shown, along with the overall visual 
appearance of the Swell shark, and the topological accumulating sites of the fluorophore in the skin 
denticle structures of Chain shark. Reprinted with permission, Graphical Abstract in [212]. 

A separated but not least topic is the fluorescence of fish as seafood for human ali-
mentary purposes for the development and application of spectroscopic techniques, in-
cluding fluorescence and hyperspectral imaging, to monitor the freshness and check the 
fresh or frozen-thawed origin of food [213]. The main fluorophores described in this sec-
tion are summarized in Table 7. 

Table 7. Pigments and fluorophores in animals–fishes *. 

Fluorophores Absorption/ 
Excitation (nm) 

Emission 
(nm) 

Main Functions References 

Bilirubin-fatty acid 
a fatty acid binding 
protein complex 

450–500 nm 500–580 nm Advantage in communica-
tion and antioxidant protec-
tion in cryptic eels 

[207–209] 

Guanine crystals 450–600 nm 600–700 nm Visual contrast and signaling 
functions in cryptid fishes 

[210] 
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Bromo-tryptophan-
kynurenine deriva-
tive 

300–350 nm/380–
420 nm 

430–550 nm Antibacterial role in some 
shark species 

[212] 

* Excitation/emission ranges may vary depending on measurement conditions. 

5.3. Reptiles and Amphibians 
Some reptiles and amphibians may exhibit different fluorescence colors, depending 

on mechanisms up to now mostly uncovered. Chameleons of the genus Calumna may 
exhibit a brilliant blue fluorescence from the tubercles of their head under UVC irradia-
tion. The fluorescence has been verified to rise from tubercles, consisting in bone protrud-
ing from the skull and covered by a very thin skin, and to play a role in intraspecies recog-
nition against the dark environment beyond the epidermal colors [214] (Figure 26). 

 
Figure 26. Representative summary on fluorescing sites and their topological localization in chame-
leons (Chameleon globifer, A; C. globifer, B; C. crypticum, C; C. guibei, D). The sequence of images taken 
from the head at different steps of processing (form alive to the skull) and under different illumina-
tion conditions allow to ascribe fluorescing sites to the skull tubercles (A,D). Fluorescence excita-
tion-emission matrix (B), and details of fluorescing tubercle detectable in intact skin (C) [214]. 
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A blue and green fluorescence has been also reported for the gecko Pachydactylus 
rangei. The high efficiency of this fluorescence, along with its association with iridophores 
localized around the eyes and along the flanks have directed to propose it as a favoring 
factor in the intraspecies signaling in these nocturnal animals under the moonlight in the 
desertic environment [215]. Interesting observations have been also reported on the small 
toxic anurans of the Atlantic Brazilian Forest, which show yellow to red colors and may 
exhibit bluish fluorescence. An UV illumination, around 365 nm, has demonstrated a blu-
ish fluorescence rising from Brachycephalus ephippium and B. pitanga, but not in Ischnocnema 
parva, from areas corresponding to dermal ossification. This localization has been con-
firmed by fluorescence spectral analysis and imaging of tissue sections, although it is still 
difficult to define the biomolecular nature of the fluorophore as well as the effective bio-
logical reason of the phenomenon [216] (Figure 27). 

 
Figure 27. Representative summary of different species of pumpkin toadlets: Ethanol preserved 
Brachycephalus pitanga (a–d), Brachycephalus ephippium (e–h), Ischnocnema parva (i–l, live in i,j). Im-
ages recorded under different light illumination conditions (first three columns from the left, re-
spectively, representing images collected under illumination with natural light; UV-365 nm, UV-365 
nm and 472 nm centered filter for observation), or following reconstruction from computerized mi-
cro-tomography to observe the skeletal structure (4th column). Ischnocnema parva does not exhibit 
detectable signal under observation with the 472 nm filter (k) [216]. 

On the other hand, in Hypsiboas punctatus, a frog living in South America character-
ized by a high content in biliverdine in tissues and lymph, the brilliant fluorescence ex-
cited at 400 nm has been ascribed to a derivative of dedihydroisoquinolinone, named hy-
loins. This biomolecule present in the glands and dermis besides lymph has shown a wide 
spectrum of fluorescence emission partially filtered by skin chromatophores, making it to 
result as a blue band with a variable green shoulder ([217] (Figure 28)). 

In general, the findings up to now reported on reptiles and amphibians contribute to 
strengthen the common concept on the seemingly separate evolution of animal fluores-
cence properties, driven by the importance of favoring intraspecific signaling and com-
munication The spread of fluorescence in different representatives of amphibian taxa is 
also a helpful tool for their detection and classification, besides evolutionary studies on 
their ecology and vision ability [218].  
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Figure 28. Representative image and graphical summary on the characterization of fluorescence 
from H. punctatus. Fluorescence observed directly from the skin under 400 nm excitation; schematic 
representation of tissue layers with the content in fluorophore and related spectral characterization 
(A), histology of dorsal cutaneous tissue from H. punctatus and Scinax nasicus, showing fluorescence 
rising from epidermis (e), dermis (d) and glands (gl) in the former, and only from the dermis pteri-
dine layer (pl) in the latter (B). In H. punctatus the non-fluorescing chromatophores (ch) filter the 
blue region of the fluorescence rising from dermis and glands. As a result, emission spectra show a 
green shoulder (C). Bars: 50 μm (B); 150 μm and 20 μm (C, upper and lower pictures). Reprinted 
with permission [217]. 

The main fluorophores described in this section are summarized in Table 8. 

Table 8. Pigments and fluorophores in animals–reptiles and amphibians *. 

Fluorophores Absorption/ 
Excitation (nm) 

Emission (nm) Main functions References 

Hyloin (dedihy-
droisoquino-
linone) 

400 nm 420–570 nm Visual perception in terres-
trial environments in Hyp-
siboas punctatus, a South 
America frog 

[217] 

Likely a fluores-
cent-iridophore-
specific protein. 

330–390 nm/400–
500 nm 

400–500 nm/500–
600 nm 

Night communication and 
signaling, proposed in de-
sert gecko Pachydactylus 
rangei 

[215] 

Undefined, from 
skull bone tuber-
cles 

353 nm 360–500 nm Communication and sig-
naling, proposed in Cha-
meleons 

[214] 

Undefined, from 
bone 

365 nm 400–600 nm Alternate communication 
vs. loss of high-frequency 
hearing, proposed in South 
America pumpkin toadlets 

[216] 

* Excitation/emission ranges may vary depending on measurement conditions. 
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5.4. Birds  
In birds, attention has been devoted to parrots and their colored feathers, starting 

from an early report by Otto Völker in 1937 [219].  
Differently from carotenoids as the main coloring agents in other birds, yellow 

feather color in parrots is ascribed to the presence of psittacofulvins, polyenic compounds 
differing from carotenoids for the absence of methyl groups, and for their non-alimentary 
origin since they are proposed to be synthesized at the follicular site during feather grow-
ing [220–223].  

Psittacofulvins have been also suggested to account for both the yellow color and 
fluorescence of feathers as a single chromophore, while magenta and red colors should 
depend on changes in pigment molecular conformation, intramolecular organization and 
environment occurring during the feather growth, as supported by Raman spectroscopy 
data [224–226].  

The yellow fluorescence of feathers observable under UV excitation in cheeks and 
head of the native Australian budgerigars Melopsittacus undulatus was proved to play a 
role in the sexual choice of this monogamous budgerigars, while being uninfluential on 
the social life [227].  

Figure 29 shows an example of gene dependence of the yellow fluorescing crown in 
Melopsittacus undulatus [223].  

 
Figure 29. A wild type (WT) and a recessive blue phenotype, lacking for yellow pigmentation ob-
served under white or UV-A light illumination allows to appreciate that the yellow feathers on the 
crown of the WT exhibit a well appreciable yellow fluorescence (arrowhead). Reprinted with per-
mission from [223]. 

Plumage of some birds, many of them crepuscular and nocturnal, may exhibit a 
pinky-red fluorescence under UV excitation, which has been ascribed to porphyrin deriv-
atives. 

Is this the particular case of Caprimulgus ruficollis, commonly known as red-necked 
nightjar, red fluorescence has been found to prevalently localize in the rachis of the wing 
feathers, with the suggested necessity of a further work to understand its possible role in 
the bird ecology and functional visual evolution (ref. [228] and references therein) (Figure 
30). 
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Figure 30. Images from Caprimulgus ruficollis (red-necked nightjar) on the detection of endogenous 
porphyrin red fluorescence under UV-395 nm-light excitation. Device used to collect the red fluo-
rescence (a); flying red-necked nightjar illuminated by white light and showing typical white areas 
on tail and wings and no appreciable red color (b); Wing under-side illuminated by UV light, allow-
ing to appreciate the reddish fluorescence along the rachis (c). Photographs by Carlos Camacho, 
reprinted from [228]. 

The main fluorophores described in this section are summarized in Table 9. 

Table 9. Pigments and fluorophores in animals–birds *. 

Fluorophores Absorption 
/Excitation (nm) 

Emission 
(nm) 

Main functions References 

Psittacofulvins 300–400 nm 450–600nm Typical in parrots, proved to 
drive sexual choice, but un-
influent on the social life of 
the Australian budgerigars 
Melopsittacus undulatus 

[226,227] 

Porphyrins 405 nm 600–630 
nm/670–750 m 

Typical in crepuscular and 
nocturnal birds, e.g., Caprim-
ulgus ruficollis, still undefined 

[228] 

* Excitation/emission ranges may vary depending on measurement conditions. 

5.5. Mammalians 
Only few mammalian animals are characterized by fluorescence emission from their 

external surface upon light irradiation. Some ancient reports are recalled by Pine et al. 
[229], on the changes in color and fluorescence of the fur of wild animals after killing, 
when introducing its work on the various colors and fluorescence of hair of museal spec-
imens of didelphid marsupials [229]. After that a renewed attention to the phenomenon 
has indicated that, in general, it seems to apply greatly to some animals with active life 
under poor light conditions in the crepuscular and nocturnal phases of the day, transver-
sally representing marsupial and placental mammals in Eastern, European, American and 
African countries [230]. 
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In the nocturnal Pedetes surdaster and P. capensis, two springhare species belonging to 
the Pedetidae rodent family, an orange-red fluorescence has been detected from their fur 
under UV irradiation. The reddish fluorescence was proved to rise from the cuticle of the 
hairs, and was ascribed to porphyrins on the basis of fluorescence spectra recorded di-
rectly from the ventral and dorsal sides of the animals, besides the HPLC biochemical 
analysis of fur extract [230] (Figure 31). 

 
Figure 31. Springhare from East Africa (Pedetes surdaster, specimen Field Museum of Natural His-
tory-FMNH-n. 73067, Chicago, Illinois, USA, originating from the Central Province of Kenia, 1952), 
observed on the dorsal (left) and ventral sides (right) under visible light or under 395 nm UV light. 
UV excitation allows to detect a reddish fluorescence on both dorsal and ventral surface areas. On 
the right, spectroscopic analysis from different specimens of P. surdaster (Field Museum of Natural 
History. Chicago, Il, USA). On the basis of the spectral shapes fluorescence is ascribed to porphyrins 
and to another unassigned fluorophore. Reprinted as a combination of Figures 1 and 2 published in 
[230]. 

Porphyrin derivatives have been also confirmed by spectral analysis as the fluoro-
phore responsible for red fluorescence detected in Erinaceus europaeus or European hedge-
hog, in terms of a reddish emission excited by a 365–395 nm irradiation and rising from 
the less colored sections of their proximal spines. Porphyrins have been ascribed to the 
abundant presence of microbiome on the spines, and suggested to play no particular roles 
on the hedgehog life biological function [231]. In this respect, it is worth to recall the de-
tection of red fluorescence in the skin of experimental mice, ascribed to the pheophorbide 
and/or pheophytin, ascribed to porphyrin-based compounds derived from chlorophyll 
contained in mouse chow [232]. On the other hand, an investigation on UV induced visible 
fluorescence observable in individuals of flying squirrels of the Glaucomys order of North 
American indicated its preferential relationship with the adaptation to living in noctur-
nal–crepuscular environment along with the frequent presence of snow, suggesting pos-
sible communication, even antipredator, functions. This proposal was provided on the 
basis of the preferential detection of pink fluorescence only in so defined individuals and 
not in others with different living behavior, and independently from factors as habitat and 
season making to rule out a possible contamination from food, such as lichens [233]. 

Lastly, museal subjects of Ornithorhynchus anatinus, from Tasmania and Australian 
New South Wales, have been demonstrated to fluorescence with a peak at 500 nm, as a 
claimed first description of fluorescence in a monotreme mammal [234]. The main fluoro-
phores described in this section are summarized in Table 10. 
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Table 10. Fluorophores in animals–mammalians *. 

Fluorophore Absorption/ 
Excitation (nm) 

Emission (nm) Main Functions References 

Porphyrins in furs in: Didelphid marsupials; 
Pedetidae family rodents, likely endogenous 
from hair cuticle; Erinaceus europaeus, exoge-
nous from spine microbiome; North American 
Glaucomys flying squirrels, from the diet 

405 nm 600–630 nm/670–750 m Undefined/cre-
puscular signaling 
functions 

[229–
231,233] 

* Excitation/emission ranges may vary depending on measurement conditions. 

6. Bioluminescence 
Beyond autofluorescence, attention is here devoted also to bioluminescence. Differ-

ently from fluorescence, emission of light in bioluminescence relies on biochemical reac-
tions providing the energy to excite a fluorophore able to relax with the emission of light, 
rather than on irradiation with suitable excitation light. The reaction commonly involves 
a redox enzymatic system and a suitable fluorescing substrate, named respectively lucif-
erase and luciferin essentially for their functional role in the light emission process, rather 
than for the actual chemical structure. The biochemistry of luciferase and luciferin has 
been characterized in some taxonomic groups, showing differences in the various types 
of bioluminescent systems in living organisms, affecting also the color of the emitted light 
[235–237]. 

Bacteria are reported to be the most numerous and abundant representatives of bio-
luminescent living beings. Luminescent bacteria are categorized essentially in three fam-
ilies, Enterobacteriaceae, Shewanellaceae and Vibrionaceae, and are unceasingly deserv-
ing attention to improve the knowledge on bioluminescence mechanisms, besides envi-
ronmental and taxonomical studies. A great part of luminescent bacteria lives in marine 
waters, as compared with fresh waters and land. 

Bacterial bioluminescence depends commonly on the peroxidation of a reduced fla-
vine derivative, leading to the formation of a flavin-4a-hydroxide in the excited state able 
to emit light at around 490 nm when returning to the ground state, ready for a new cycle 
[236]. 

Few exceptions regard a strain of Vibrio fischeri, where the emission at 484 nm as-
cribed to the common complex of luciferase flavin-luciferine can be accompanied by a 
yellow emission, ascribed to the presence of a yellow fluorescing protein. In fact, this has 
been proved to be able to activate the reduced flavin substrate resulting in a remarkable 
enhanced emission at 534 nm [238]. More generally, it is to remind how the evolution of 
luciferase enzymes is studied to better clarify the biodiversity distribution and functions 
of genes encoding for subunits participating to flavin based light emission, such as the 
luxA and luxB genes, leading to valuable outcomes in bacterial taxonomic studies [239]. 

Dinoflagellates are important plankton components and some of their representa-
tives may account for a marine luminescence occurring almost around the world and in-
volving so large areas, called milky sea, even observable from the space [235,240]. In these 
organisms, bioluminescence is sensed by mechanical stimuli which account for the light 
rising from waves braking on shoreline or from wakes of ships, and have also inspired the 
development of biotechnological strategies, such as polymersomes nanoreactors activable 
by shear stress to control biocatalytic reactions [241,242]. On the other hand, Dinoflagel-
lates are a preferred model to investigate the still greatly unrevealed biological meaning 
of bioluminescence of these microorganisms, for example with attention to elucidate both 
evolution and ecological effect of non-luminescent or toxic populations [243–245]. 

Bioluminescence involves very different organisms, most of which living in oceans, 
and its impact on their life is still greatly uncovered. Interestingly, in aquatic organisms 
prevails the emission of blue light, which is best transmitted in water as compared with 
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other visible spectral regions, in a likely agreement with an accomplishment of the func-
tions of particular animals living in the dark deep sea [235]. 

A typical example is given by sharks living in the deep sea, namely Etmopterus molleri, 
Etmopterus spinax and Etmopterus spendidus. These sharks have many small photophores 
prevalently on the ventral side of the body, giving rise to a blue-green light, independently 
from the presence of bacteria. The mechanism underlying light emission should thus in-
volves biochemical reactions still unidentified to act as the likely couple luciferin/lucifer-
ase, while it has been assessed its regulation by hormonal control [246] (Figure 32). 

 
Figure 32. Comparison between overall feature (a) and hormone control mechanisms of biolumi-
nescence in sharks belonging to the families of Etmopteridae (Etmopterus spinax, on the left; E. molleri 
in the middle) and Dalatiidae (Squalolius aliae, on the right) (b). To note, the different effects of pro-
lactine (PRL) and c-aminobutyric acid (GABA); respectively negative and positive common effects 
of amelanocyte-stimulating hormone (a-MSH) and melatonin (Mt); almost uninfluential effects of 
nitric oxide (NO). Reprinted with permission from [246]. 

In aquatic organisms the many advantages ascribed to bioluminescence are counter-
illumination and defense, attraction of prey and favoring mating, obviously mostly ques-
tionable for bacteria. For these latter the most proposed advantage seems to come from 
symbiosis, in terms of an offered protected living environment by the host, which benefits 
from the above recalled advantages [235,236,247]. A typical example is given by the asso-
ciation between a fish of the coral reef, Siphamia tubifer, and the bacterium Photobacterium 
mandapamensis, which colonizes the organ light of the fish helping it in food seeking in the 
night [248]. 

A detailed study on the interaction between the squid Euprymna scolopes and the bac-
terium Vibrio fischeri has also contributed to clarify the mechanisms underlying host colo-
nization, as an advancement of population studies in symbiosis biology [249]. 

Beyond organism living in water [235], the numerous and mostly known examples 
of bioluminescence in terrestrial living beings are represented in the superfamily Elateroi-
dea, from the order of Coleoptera. These include glow-worms fire beetles, fireflies, which 
have attracted interest to the evolution of their bioluminescence accompanied by changes 
in morphology and neoteny, stimulating also fossil-based research [250]. 

The interest in evolution of bioluminescent organisms also entails glowing fungi. Lu-
ciferase is reported to originate in Agaricales, and it is currently detectable in Armillaria 
and Mycene species. 3-hydroxyhispidin, the hydroxylated hispidin, is the luciferine [251]. 
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The high expression of bioluminescence in fruiting bodies is still not associated to a pre-
cise function, apart a suggested relationship with the remodeling of the wall. 

Studies on the expression of luciferase clusters in Mycene fungi have contributed to 
understand the importance of the genome plasticity for the maintenance or loss of biolu-
minescence during evolution, in the perspective of additional studies on the mechanisms 
of bioluminescence and its possible functional role in the ecology of fungi [251]. In this 
respect, it is however to recall that bioluminescence in some fungi has been suggested as 
a possible incidental result of metabolism by-products, rather than a factor favoring ad-
vantages in selection. In fact, bioluminescence in Omphalotus nidiformis was proved by dif-
ferent in-field trapping methods not to be attractive for insects dispersing spores, thus 
with no advantage for dissemination [252] (Figure 33). 

 
Figure 33. Pictures from the australian Omphalotus nidiformis, commonly called ghost fungus, taken 
under natural illumination in the daylight (A), and following a long exposure in the dark to collect 
its own light (B). Form a woodland with prevailing Eucalyptus fasciculosa trees as the study site in 
the Kangaroo Island (C). Insect sticky trap (D). (Pictures A, C, D, by the Author PW, (B) recognizing 
the courtesy of Australian Museum/Ray Kearney) [252]. 

Currently, valuable applications of bioluminescence in biomedicine take advantage 
of the luciferin luciferase complex to assay the cell and tissue chemical energy content in 
terms of ATP [253]. Of note, the biochemical estimation of ATP levels in solutions and 
homogenates from biological substrates has also evolved to in situ fluorescence imaging, 
motivating interest and advances in the synthesis of luciferin derivatives able to emit light 
of different colors, improving the potential of luciferine-luciferase based investigations 
[254,255]. 

Bioluminescence has also played an intriguing role in the discovery of intrinsic fluo-
rescing proteins in the jellyfish Aequorea victoria, starting the unceasing development of 
successful applications in biomedical diagnosis and research. In fact, the purification and 
early characterization of the green fluorescing protein (GFP) from Aequorea victoria have 
led to the demonstration that GFP is excited by the blue bioluminescence from aequorin 
in the presence of Ca++, likely following the mechanism of non-radiative Forster energy 
transfer [256]. After that, the possibility to take advantage of mutations resulting in fluo-
rescent proteins of different colors, and the cloning of their cDNA to obtain their specific 
expression in heterologous cells have opened almost infinite perspectives. 
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Fluorescent proteins are used as intracellular gene reporters, biomarkers of protein 
expression or of dynamic signaling events and trackers of targeted cells, as in tumor inva-
sion or cell transplantation even in deep tissues as brain or lung, in in vivo experimental 
animal [257–262]. The main fluorophores described in this section are summarized in Ta-
ble 11. 

Table 11. Bioluminescence. 

Fluorescing System: 
Luciferase Enzyme-

luminescent Luciferine 

Energy 
Source/Absorp-

tion 

Emission (nm) Main functions References 

Luciferase-flavine based lu-
ciferin 

biochemical reac-
tions by 
redox 

enzymatic system 

~490 nm Poorly defined biological meaning, 
apart reciprocal advantage from 
symbiosis with fishes; taxonomic 
and luminescence mechanisms 
studies. 
Sensing by biomechanical stimuli 
in Dinoflagellates, a model for arti-
ficial shear stress activatable poly-
mersomes nanoreactors 

[235,236,239,241–
243,245,248,263] 

Luciferase-flavine based lu-
ciferine/yellow fluorescing 
protein 

 ~ 490/~ 534 nm Vibrio fischeri, taxonomic, lumines-
cence mechanism studies; associa-
tion with the squid Euprymna scolo-
pes: host interaction mechanisms 
studies 

[238,249] 

Not better-defined lucif-
erin/luciferase couple 

 ~ 470 nm Regulation mechanism by hormo-
nal control in deep sea shark stud-
ies 

[246] 

Luciferase-3-hydroxyhis-
pidin based luciferin 

  Genome plasticity in evolution, 
mechanism and possible func-
tional roles of bioluminescence in 
the ecology of fungi (Agaricales, 
Armillaria and Mycene species). 

[251,252] 

Non enzymatic, calcium de-
pendent photoprotein (ae-
quorin)/energy transfer to 
natural GFP 

Absorption: 
200 nm/400 
nm/480 nm 

470 nm (ae-
quorin)/509 

(GFP) 

Expansive production of fluo-
rescing proteins for multipurpose 
labelling in biomedicine (FP pal-
ette generation) 

[257–262] 

7. Normal and Altered Cell and Tissues 
Autofluorescence detectable from the various living beings is mostly studied for its 

possible association with ecological, sensing and functional issues, relevant for survival 
and evolution as well as for the preservation of the environment, or for the production of 
food and supplies to meet human needs. Conversely, autofluorescence relatable to func-
tional alterations or pathological conditions of cells, tissues and organs is relevant for the 
development of diagnostic applications in biomedicine. This transversal issue has been 
already faced along this text, as to the in situ, real time detection of fungal or bacterial 
infective agents taking advantage of their autofluorescence properties. 

In this section attention is paid prevalently to the biomolecules acting as endogenous 
fluorophores and to their possible pathophysiological meaning, rather than on the almost 
countless clinical optically based diagnostic applications described in dedicated papers 
and reviews [264–273]. 

Alterations in animal tissue autofluorescence described by the first historical obser-
vations were even then focused on the relationship between diseased conditions and 



Photochem 2021, 1 107 
 

 

changes in specific fluorophores. In fact, the increase in red fluorescing porphyrins was 
associated with porphyria or growing of experimental tumors [274–276], and the increase 
in yellowing fluorescing ceroids was observed by fluorescence microscopy in the liver 
tissue from experimental animal models of cirrhosis induced by diet alteration [277]. 

Endogenous porphyrins along with their various derivatives or precursors adminis-
tered as exogenous compounds, and the subsequent generations of photodynamically ac-
tive biomolecules have been extensively investigated to develop PDD and PDT applica-
tions [278–283]. On the other hand, the first identification of ceroids followed by the de-
tection of other endogenous fluorophores such as vitamin A, riboflavin, thiamin and 
structural proteins started the application of autofluorescence microscopy and of the pro-
gressively more sophisticated technologies for diagnostic purposes, concurrently with a 
continuous progress on the knowledge on the metabolic and diagnostic meaning of these 
compounds [3,284–287]. As above recalled in the “Fungi” Section 4, systematic studies on 
cell metabolism were early initiated by the report on the autofluorescence of NADH in 
the yeast [167]. Soon after, Britton Chance and coworkers continued the investigations on 
grasshopper spermatids, ascites tumor cells and normal mammalian cells, including also 
oxidized flavins, as the fluorescing redox counterpart of NADH in mitochondrial respira-
tion. These studies inspired a huge amount of work, resulting in two major topics: (i) cell 
respiration, energy metabolism and responses to external stimuli; (ii) steady-state metab-
olism and changes in disease cells [168,169,177,288–290]. NADH and NADPH are preva-
lently involved in the respective metabolic energy production in mitochondria, or in cy-
toplasmic reductive biosynthesis and antioxidant defense [17] (Figure 34). 

 
Figure 34. Simplified representation of the main redox based metabolic activities based on the co-
enzymes NAD(H), NADP(H) and flavins. Modified from [17]. 

The pool of reduced NAD(P)H in the cell is maintained by complex equilibria. The 
emission spectra of the two fluorophores cannot be discriminated, while they undergo a 
blue shift and an amplitude increase upon binding to enzymes [17,291,292]. 

In any case, the major contribution to the cell fluorescence given by from NADH 
bound to the complex 1 in the mitochondrial respiratory chain makes mitochondrial flu-
orescence the major responsible of NAD(P)H signal in cells [17] (Figure 35). 
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Figure 35. Autofluorescence distribution patterns recorded from cultured, living pig cells. The sig-
nal recorded from the cytoplasm around dark nuclei is greatly due to mitochondrial NADH, allow-
ing to appreciate a mitochondrial typical distribution in mature cells (b), as compared with the most 
diffuse fluorescence pattern in immature stem cells (a), where these organelles are typically lesser, 
smaller and round shaped (a). Brighter particles are significant of the presence of lipofuscins (c,d). 
Excitation 366 nm, emission 420–600 nm band. Bar: 20 πm [17]. 

Flavins as well as NAD(P)H are essential coenzymes of key enzymes in redox metab-
olism and energy production. Contrarily to NAD(P)H flavins fluoresce in the oxidized 
state, contribute to the autofluorescence of various organisms including bacteria and fungi 
as recalled in the respective sections, and generally account for the cytoplasmic autofluo-
rescence in mammalian cells. The “free” flavin mononucleotide (FMN) and flavin-adenin 
dinucleotide (FAD) give rise to comparable fluorescence spectra, showing inly a decrease 
in amplitude [293]. Fluorescence of FAD when bound to flavoproteins as the prosthetic 
group is greatly dependent on the kind of protein. In flavoproteins engaged in energy 
metabolism, a-lipoamide dehydrogenase (FP5) and electron-transfer flavoprotein (FP3) 
have been found to greatly explain flavin emission signal in isolated mitochondria, over 
a minor part ascribed to less defined dithionite reducible flavoproteins [289]. In fact, FP5 
is a multi-enzyme complex acting as dehydrogenase at the electron entry from NADH to 
complex 1 in the respiratory chain, while FP3 is the entry point of electrons from the oxi-
dation of fatty acids and of some amino acids enter the respiratory chain. 

Complex and interlaced pathways involving also transhydrogenases provide to 
maintain the redox metabolic equilibria amid reduced and oxidized forms of NAD(P)H 
and flavins in cytoplasm and mitochondria. Despite this complexity, the autofluorescence 
properties of the two coenzymes, allowing their separate detection, has allowed for as-
sessing a simplified parameter representative of the equilibrium between the two fluoro-
phores, in terms of an optical redox ratio [294]. This parameter, consisting in the calcula-
tion of the ratio between the signal of oxidized flavin by the same signal added by the 
NAD(P)H one, has thus inspired the application of the “Ratiometric redox fluorometry” 
to various energy metabolism studies on cells and organs under different functional con-
ditions and neoplastic transformation [295,296]. Examples may regard also the monitoring 
of stem cell differentiation, commonly entailing a shift from anaerobic to aerobic metabo-
lism with the increase in the presence of mitochondria and their changes from the small 
and round shape to larger and longer organelles, and a rising in lipofuscins as accumulat-
ing products of material undigested or from autophagic and oxidizing processes [285,297–
305]. 

Changes in NADH autofluorescence are also reflecting the response of the respira-
tory chain to exposure to metabolic substrates or poisons, or to changes in oxygen availa-
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bility, with implications also for the set-up of strategies in the monitoring of organ func-
tionality during the transplantation phases [47,295,306–310]. An improvement in fluores-
cence studies of cytoplasmic metabolic functions is also promised by technological ad-
vances in imaging microscopy based on fluorescence lifetime detection, allowing to ex-
ploit the differences in lifetime between NADH and NADPH in living cells to study sep-
arately the metabolic engagement of the two derivatives, mainly as to energy production 
and antioxidant defense [173,291]. The time dependent separation can thus allow to dis-
tinguish the two fluorophores with overlapping spectra. In fact, lifetime imaging allows 
to collect distinctly the signals from different fluorophores depending on the differences 
in their typical deexcitation kinetics following excitation by a laser pulse. 

Besides fluorescence lifetime detection, more generally advances in fluorescence 
analysis are offered for example by using multiphoton excitation and data processing pro-
cedures, allowing to detect separately specific additional fluorophores according to their 
spectral position or their time decay, improving their in situ and real time topological 
localization. Applications vary from basic research to the facilitation of histopathological 
diagnosis, intraoperative imaging and surgeon guidance [285,311–321]. 

A stimulating advancement based on lifetime imaging has been reported on the ap-
plication of NADH and flavin fluorescence to assess the response to drug treatment of 
organoids derived from human neuroendocrine tumors of the gastroenteropancreatic 
tract, as a valuable support for the development of pharmacological therapies [322]. 

As to the role of additional fluorophores, it is to recall that the weak fluorescence of 
melanin detected by dermatofluoroscopy, based on two-photon excitation non-linear 
spectroscopy, has been shown to discriminate melanocytes from melanoma cells. This 
finding has been suggested as a promising valuable support for the in situ diagnosis of 
skin malignancy with additional perspectives for manyfold application in melanin re-
search in technology and biological science [323]. 

Advances are provided also by the using of the phasor approach, a procedure to pro-
cess fluorescence images by plotting separately clusters of pixels with similar fluorescence 
parameter values. Various types of collagens characterized by differences in autofluores-
cence lifetime or intensity, the latter relatable to second harmonic generation signals re-
sulting from collagen birefringence properties, have been discriminated following the 
phasor approach, proved to distinguish between type I and type III collagen in biological 
samples [321]. 

Also, the phasor approach allowed to detect fluorescing species with long-lifetime 
decay in lipid droplets in fatty liver, reported to be in agreement with findings from fat 
tissue or cells submitted to oxidative stress, in the perspective to develop automation pro-
cedures of biopsy histopathological analysis to facilitate the prescreening and diagnosis 
of liver steatosis and fibrosis [324]. 

The reports on collagen follow ancient works addressing to the great importance of 
the highly fluorescing collagen in the submucosa of multilayered epithelia in the set-up 
of strategies aiming to facilitate the in situ detection of neoplasia in hollow organs. In fact, 
the growing of neoplasia causes a thickening of mucosa and a disappearance of submu-
cosa, resulting in a lowering the signal rising at the tissue surface which can be detected 
via endoscopy, as currently performed in the clinics by means of commercial devices 
[266,325–329]. Notably, a direct relationship has been also reported between autofluores-
cence imaging data, histology and alterations in genes related to cancer cell proliferation 
[330]. 

An increase in photo-oxidized products of organic compounds, comparable to 
lipofuscins, has been suggested to account for a rising in fluorescing species with excita-
tion and emission shifted towards the red spectral region in cells submitted to UV irradi-
ation [331]. These findings may contribute to explain the fluorescence signal rising from 
parathyroid, proposed as a supportive tool to detect and preserve these glands in thyroid 
surgery within the currently proposed different optical strategies [332] (Figure 36). 
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Figure 36. Images from normal parathyroid glands, collected under white light (A,C,E) and under 
near NIR excitation (690–790 nm), which allows to easily detect the glands according to their auto-
fluorescence visualized as a blue light (B,D,F) [332]. 

Fluorescing biomolecules can be also detected in body fluids. Endogenous porphy-
rins in the blood, for example, have been proposed as fluorescing biomarker of malaria, 
kidney failure or of the presence of cancer in both experimental models and clinics 
[12,333–342]. 

Besides porphyrins, vitamin A, arachidonic, oleic and linoleic fatty acids exhibit a 
sufficient fluorescence quantum yield to make them distinguishable from each other in 
the serum by spectrofluorometry. 

Vitamin A and specific free fluorescing fatty acids in serum have been, thus, pro-
posed as promising biomarkers of liver metabolic alterations, in steatosis and consequent 
hepatic and systemic oxidative stress. These insights derive from the central role of liver 
in providing for the storage, mobilization and systemic homeostasis of these biomole-
cules, and the consequent biological effects. These may depend on the balance between 
the possible antioxidant or toxic effects of vitamin A, and on the involvement of arachi-
donic and other fatty acid derivatives, namely the eicosanoids prostanoids, lipoxins, leu-
kotrienes and the n-HETE series of hydroxyeicosatetraenoic, in sensing the regulation of 
protective or damaging, anti- or pro-inflammatory, pathways following hazardous stim-
uli such as oxidative stress [47,343]. 

Bilirubin, already recalled in the above “Bioluminescence” section as the fluorophore 
responsible for the yellow bioluminescence of cryptic eels, can be also a fluorescing bi-
omarker in blood and bile [344]. In fact, bilirubin behaves as a bichromophore because of 
its molecular structure composed by two asymmetrical dipyrroles covalently linked by a 
methylene group [345]. This feature is responsible for exciton energy transfer events in-
side the chromophore, in turn affected by the molecule concentration, excitation wave-
length and microenvironment, which can remarkably influence bilirubin absorption, flu-
orescence and quantum yield [346–348]. As a consequence, the changes occurring in bili-
rubin fluorescence depending on its biological medium can be exploited as a marker of 
liver functionality in the maintenance of systemic metabolism [349]. Notably, the function 
of bilirubin as hormone has been also supported by reports taking advantage of the rising 
of bilirubin fluorescence upon binding to the nuclear peroxisome proliferator-activated 
receptor-α, one of the receptors involved in the regulatory of the transcription of genes 
controlling adiposity, opening interesting perspectives on its regulation roles in metabolic 
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disorders [350]. The main fluorophores described in this section are summarized in Table 
12. 

Table 12. Fluorophores in normal and altered cell and tissues *. 
Fluorophores Absorption/ 

Excitation (nm) 
Emission 

(nm) 
Main Functions References 

NAD(P)H 330–380 nm 440/480nm, 
free/bound 

Energy/redox metabolism, 
reductive biosynthesis; 
phlogosis; carcinogenesis 

[17,292,351] 

Flavins 360/445 nm 480/540 nm Energy/redox metabolism; 
phlogosis; carcinogenesis 

[17,289] 

Vitamin A near UV/366 nm <460 nm Regulation of systemic 
body metabolism, cell pro-
liferation-differentiation, 
immunity, development, 
reproduction; vision 

[349,352,353] 

Fluorescing Free 
Fatty acids 

330–350 nm 470–480 nm Signaling in metabolic syn-
drome/liver steatosis 

[349] 

Bilirubin 366–450 nm 540–600 nm Heme/iron catabolism, liver 
functionality 

[344] 

Porphyrins 405 nm 600–630 
nm/670–750 

m 

Heme/iron metabo-
lism/PDD/PDT 

[12,278–283] 

5-hydroxytrip-
tamine 
(5-HT) 

near UV/366 nm <400 nm Uptake disorder at synapsis [354] 

Collagen 280–325nm) 400–410 nm Connective tissue/fibrosis [17,355] 
Elastin 300–400 nm 400–500 nm Connective tissue [356] 
Cytokeratins 355 nm/405 nm 350–500 

nm/450–600 
nm 

Intermediate filaments in 
epithelia, tumor markers 

[357–359] 

Lipofuscin-like 
lipopigment 

Near UV, 400–
500 nm 

>460 nm Oxidative stress [360,361] 

* Excitation/emission ranges may vary depending on measurement conditions. 

8. Conclusions 
The fluorescence and light related phenomena rising from many biochemical sub-

strates and living beings are since a long-time deserving attention and stimulating efforts 
to improve the knowledge on underlying chemico-biophysical mechanisms and biologi-
cal meaning, concurrently with the interlaced development of increasingly sophisticated 
technology for their detection and interpretation. This review provides notes from forc-
edly selected reports in the huge number of works dealing with autofluorescence and bi-
oluminescence, aiming anyway to cover various and multifaceted issues to promote in-
terest and awareness on their application fields and related implications, from environ-
ment and ecosystems for human health. 
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