
Vol.:(0123456789)1 3

https://doi.org/10.1007/s12551-023-01083-4

REVIEW

Label‑free fluorescence microscopy: revisiting the opportunities 
with autofluorescent molecules and harmonic generations 
as biosensors and biomarkers for quantitative biology

María José García1,2 · Andrés Kamaid2  · Leonel Malacrida1,2 

Received: 4 April 2023 / Accepted: 19 June 2023 
© International Union for Pure and Applied Biophysics (IUPAB) and Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
Over the past decade, the utilization of advanced fluorescence microscopy technologies has presented numerous opportunities 
to study or re-investigate autofluorescent molecules and harmonic generation signals as molecular biomarkers and biosensors 
for in vivo cell and tissue studies. The label-free approaches benefit from the endogenous fluorescent molecules within the 
cell and take advantage of their spectroscopy properties to address biological questions. Harmonic generation can be used 
as a tool to identify the occurrence of fibrillar or lipid deposits in tissues, by using second and third-harmonic generation 
microscopy. Combining autofluorescence with novel techniques and tools such as fluorescence lifetime imaging microscopy 
(FLIM) and hyperspectral imaging (HSI) with model-free analysis of phasor plots has revolutionized the understanding of 
molecular processes such as cellular metabolism. These tools provide quantitative information that is often hidden under 
classical intensity-based microscopy. In this short review, we aim to illustrate how some of these technologies and techniques 
may enable investigation without the need to add a foreign fluorescence molecule that can modify or affect the results. We 
address some of the most important autofluorescence molecules and their spectroscopic properties to illustrate the potential 
of these combined tools. We discuss using them as biomarkers and biosensors and, under the lens of this new technology, 
identify some of the challenges and potentials for future advances in the field.
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Introduction

Autofluorescence originating from tissues can pose chal-
lenges for label-based fluorescence imaging (Rich et al. 
2013; Pyon et al. 2019). Strong autofluorescent cells and 
tissues can complicate fluorescence microscopy by inter-
fering with the signals emitted by the labels being used. 
However, this drawback presents an invaluable opportunity 
to investigate cellular processes or identify the presence/

accumulation of important biological molecules involved in 
cell fate determination (Stringari et al. 2011; Aguilar-Arnal 
et al. 2016). The label-free characteristic of these fluoro-
phores is a highlighted aspect, as it eliminates the need to 
introduce foreign markers or modify the molecules of inter-
est, which could potentially affect their endogenous func-
tion (Croce et al. 2016). Some of these molecules are key in 
metabolic processes; for others, their increase or decrease 
implies dysregulation of normal physiology. Some exam-
ples are NADH, FAD, retinoic acid, porphyrin, vitamins, 
or lipids (Richards-Kortum and Sevick-Muraca 1996), see 
Fig. 1. The autofluorescent molecules within the cell are 
great candidates to be used as biomarkers or biosensors that 
can report specific cellular processes or the occurrence of 
a deleterious event. While a biomarker implies the appear-
ance of a molecule that indicates something is happening 
(e.g., aging, oxidative stress, or senescence), a biosensor can 
be a molecule that can report the status of a process, and 
it can offer a measurement that relates to cellular activity 
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such as metabolism (Altintas and Tothill 2013; de Oliveira 
et al. 2020).

The utilization of autofluorescence may pose certain chal-
lenges, primarily due to the weak fluorescence exhibited by 
the target species and their vulnerability to strong bleaching 
when subjected to single-photon excitation (Klemm et al. 
2019). However, these limitations have been successfully 
overcome through the introduction of multiphoton imaging 
techniques and the advancements in novel detectors charac-
terized by high quantum yields (Zipfel et al. 2003b; Aptel 
et al. 2010).

The fluorescence spectrum and lifetime are molecular 
features that identify a molecule’s existence and its status 
(Ranjit et al. 2018). Due to their broad excitation and emis-
sion, autofluorescence for individual markers is difficult to 
isolate from each other. Thus, it is simpler to handle this data 
using spectroscopy tools such as time-resolved or spectral 
imaging (Croce 2021). In the last decade, technologies such 
as fluorescence lifetime imaging microscopy (FLIM) and 
hyperspectral imaging (HSI) in combination with multipho-
ton excitation opened multiple possibilities to address auto-
fluorescence for several life science and biomedical research 
applications (Hiraoka et al. 2002; Zimmermann et al. 2003; 

Alfonso-Garcia et al. 2020; Datta et al. 2020). FLIM can 
be acquired using cameras or scanning-based instruments 
(Chen et al. 2015; Ranjit et al. 2018). Two main approaches 
exist to obtain FLIM data, namely the time-domain and 
frequency-domain. Time-domain relies on fast cards to 
acquire the fluorescence decay with picosecond resolution 
(Malacrida et al. 2021). Frequency-domain uses a modulated 
source of light and simpler electronics to measure the delta 
phase as indicative of the delay by the fluorescence life-
time of the molecule of interest (Malacrida et al. 2021). HSI 
instrumentation combines a dispersive optical element to 
open the fluorescence in a range that can be recorded using 
an array detector or camera (Zimmermann et al. 2003). A 
detailed discussion of FLIM and HSI instrumentation and 
techniques can be found elsewhere (Torrado et al. 2022; 
Díaz and Malacrida 2023), see Fig. 2.

Classical methods to measure the fluorescence lifetime 
of autofluorescence through imaging (by FLIM) require 
knowledge of individual molecules’ lifetime fingerprints. 
Such information must be used to propose fitting models that 
determine each contributor’s lifetime and molecular fraction 
(Becker 2012). However, there are multiple situations where 
it is difficult to know a priori the physical model underlining 

Fig. 1  Autofluorescent mol-
ecules in label-free fluorescence 
microscopy

710 Biophysical Reviews (2023) 15:709–719



1 3

a process in cells. This kind of situation would benefit 
from using a model-free approach. The phasor approach 
for FLIM and HSI data is a model-free approach used for 
time-resolved and spectral data analysis in which the zeta 
dimension is converted into the phasor plot by the Fourier 
transform, see Fig. 2 (Ranjit et al. 2018; Torrado et al. 2022). 
Using such an approach, it is simple to determine whether a 
lifetime decay relates to a single exponential decay or it is a 
combination of n-components (Torrado et al. 2022). Besides 

being a model-free approach, the phasor plots have valu-
able properties, such as the linear combination or reciprocity 
principle that enables one to quantify the fraction of com-
ponents solving the linear algebra of the linear combination 
while generating a map of molecular markers in a pseudo-
color image by the selection of a region of interest at the 
phasor plot (Díaz and Malacrida 2023). Taking advantage 
of these unique properties, many applications of label-free 
fluorescence microscopy are flourishing (Skala et al. 2007; 

Fig. 2  Fluorescence lifetime imaging microscopy (FLIM) and hyper-
spectral imaging (HSI) and its analysis by the phasor approach. A 
Fluorescence lifetime imaging microscopy (FLIM), data can be 
acquired using time or frequency domain (top and bottom, respec-
tively). Using these approaches, it is possible to obtain the average 
lifetime of a fluorophore. Traditional further analyses involve fitting 
the decays using single or multiexponential decays. However, the 
decay or delta phase can be converted into the phasor plot (Fourier 
transformation). The shorter the modulation vector, the longer the 
associated lifetime, while an increase in the phase delay indicates an 
increasing lifetime. For any single exponential decay (single lifetime), 
the position expected will fall on the universal circle (semi-circle with 
radius 0.5 unit, and centered at (0.5, 0)). B Spectral imaging collects 

the spectrum pixel-by-pixel. Traditional HSI data is analyzed using 
different spectral unmixing, and the spectral phasor plot enables one 
to analyze the data using a model-free approach. The phase shift of 
the spectral phasor generates the color-coded image. In the spectral 
phasor plot, the position at the phasor relies on the spectral maximum 
and bandwidth. Bluer spectra appear at shorter phases from position 
(1,0) and broader spectra are closer to the center. C Using the reci-
procity principle for the FLIM-Phasor plot it is possible to identify a 
region of interest at the phasor plot (selection cursors at phasor plot, 
right) and color these pixels in the original image generating a FLIM 
image (central image). This property is shared with the spectral pha-
sor plot. Figure modified from (Torrado et al. 2022)
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Stringari et al. 2011; Dvornikov et al. 2019; Ranjit et al. 
2019b). In addition, a group of other label-free approaches 
uses non-linear microscopy, known as harmonic generation 
(second and third). These methods enable, for example, the 
identification of the occurrence of fibers or lipidic deposi-
tion in tissues or cells through a non-fluorescent process 
(Friedl et al. 2007). Such an approach is expanding from 
basic research to diagnostic and clinical applications (Aptel 
et al. 2010; Ranjit et al. 2016a, 2017; Ung et al. 2021).

One of the most highlighted examples of label-free 
microscopy in combination with the phasor plot is the sin-
gle-cell metabolic fingerprint based on NADH fluorescence 
(Stringari et al. 2011; Ranjit et al. 2019b; Datta et al. 2020). 
When NADH binds to enzymes, its fluorescence lifetime 
changes, so by using these lifetime changes, it is possible 
to generate a metabolic index that informs about the cellu-
lar metabolic fate (glycolysis or oxidative phosphorylation) 
(Aguilar-Arnal et al. 2016; Ranjit et al. 2019b). Therefore, 
NADH is an excellent example of an autofluorescent mol-
ecule that can be considered as a biosensor.

On the other hand, lipofuscin is an example of an auto-
fluorescent intracellular entity considered a biomarker of 
aging and senescence (Seehafer and Pearce 2006). In this 
case, advanced imaging technologies, such as FLIM, have 
allowed the identification of heterogeneity in lipofuscin’s 
fluorescence lifetime. This result has opened a new research 
area aimed at understanding its biological meaning and its 
use as a biosensor.

This short review aims to provide an overview of the 
most significant autofluorescent molecules and label-free 
approaches. The focus is on their integration with cutting-
edge imaging technologies and tools, allowing for the identi-
fication of more accurate and robust biomarkers and biosen-
sors in the realm of quantitative life science research. The 
advantage of these methods lies in their ability to analyze 
natural systems without the need for introducing foreign 
markers that may alter the system under study.

NAD(P)H and FAD as fluorescent metabolic 
cofactors

Reduced nicotinamide adenine dinucleotide (NADH) and 
flavin adenine dinucleotide (FAD) are autofluorescent cel-
lular redox cofactors with a central role in energy produc-
tion (Stringari et al. 2017). Their use as biosensors of meta-
bolic changes relates to Britton Chance’s pioneer work in 
the mid-fifties (Williams and Chance 1955). Since then, 
many studies have confirmed them as reliable indicators of 
metabolic activities and mitochondrial functionality (Chance 
et al. 1962; Zipfel et al. 2003a; DeBerardinis et al. 2008). 
These molecules can be excited by UV/visible light and 2P 
excitation, which opens the opportunity for in vivo imaging 

using multiphoton microscopy (Heikal 2010; Stringari et al. 
2017; Kalinina et al. 2021). Measuring their autofluores-
cence properties offers the opportunity to eliminate toxicity 
from exogenous fluorophores that may affect cell metabo-
lism, and in fact, novel technologies such as 2P-FLIM or 
HSI have opened the possibility of understanding metabolic 
dynamics in basic research and diagnostics for clinical appli-
cations (Gosnell et al. 2016; Ranjit et al. 2019b; Kalinina 
et al. 2021).

Multiphoton microscopy has recently become a power-
ful metabolic imaging tool (Zipfel et al. 2003b; Skala et al. 
2007; Datta et al. 2016; Ranjit et al. 2017). Pulsed near-
infrared excitation allows deep imaging of cells and tissues 
using NAD(P)H and FAD autofluorescence (Stringari et al. 
2017; Kalinina et al. 2021). Pulsed light as 2P lasers can 
be combined to study fluorescence lifetime, providing a 
molecular fingerprint of molecules and their physical state 
or interactions (Ma et al. 2016; Ranjit et al. 2019b; Datta 
et al. 2020). The lifetime of NAD(P)H and FAD changes 
upon binding to proteins/enzymes (Stringari et al. 2011, 
2012). NAD(P)H’s fluorescence lifetime is around 0.4 ns 
for the free version and 2–9 ns for the bound population, 
depending on the dehydrogenase bound (e.g., 3.4 ns for lac-
tate dehydrogenase) (Ma et al. 2016). This change in the 
fluorescence lifetime can be exploited to study the cellular 
metabolic state (Ranjit et al. 2019b; Ung et al. 2021), pro-
ducing a metabolic index. The metabolic index can be corre-
lated to oxidative phosphorylation (OXPHOS) or glycolysis 
status as the bound-NADH or free-NADH fractions increase, 
respectively. FAD also changes fluorescence lifetime for its 
free or protein-bound fraction (Skala et al. 2007; Stringari 
et al. 2017; Kalinina et al. 2021; Ung et al. 2021). However, 
the shorter lifetime is associated with the bound status and 
the long lifetime of the free FAD (Kalinina et al. 2021). 
The metabolic index for FAD is less explored, and several 
reasons make it a more complex problem than NADH. For 
instance, other flavins, such as riboflavin or flavin mononu-
cleotide (FMN), are fluorescent and can bind to the same 
protein/enzymes as FAD (Kalinina et al. 2021). Nonetheless, 
some groups are pushing on the valuable information of free 
and bound FAD as a biosensor for metabolic studies (Skala 
et al. 2007; Fereidouni et al. 2014; Ung et al. 2021). On the 
other hand, either stationary or time-resolved data on images 
of NADH and FAD have been used over the past decade 
as an optical redox ratio (ORR) to assess the overall redox 
state in cells and organs (Skala et al. 2007; Ostrander et al. 
2010). In the HSI application for metabolic imaging, new 
approaches such as the combination of phasor plot and light-
sheet microscopy enable quantifying the metabolic status in 
tissue, opening a new dimension for spatio-temporal studies 
in animals and embryos (Hedde et al. 2021).

Alterations that can lead to a switch between oxida-
tive phosphorylation and a glycolytic profile are related 
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to the development of cancer and other diseases such as 
diabetes, neurodegenerative, and cardiovascular disorders 
(Heikal 2010; Liu et al. 2018). Bioimaging technologies 
are able to discern spatial and temporal aspects of cells at 
the microscopic level and thus have an inherent advantage 
over methods such as magnetic resonance imaging or mass 
spectroscopy which look at larger (average) targets.

Porphyrins autofluorescence and its use 
in neurosurgery

One of the most studied porphyrins is protoporphyrin 
IX (PPIX). It is a product of the heme biosynthetic path-
way, and its organic structure relies on four pyrrole rings 
(Sachar et al. 2016). PPIX fluorescence has gained increas-
ing attention for its use in guided neurosurgery. The proce-
dure needs the administration of an exogenous fluorophore 
precursor, 5-aminolevulinic acid (5-ALA), taken up by gli-
oma cells but not normal brain tissue (DSouza et al. 2016). 
That preferential selection is because the blood–brain bar-
rier break occurred in areas such as glioma regions.

Porphyrin fluorescence occurs over the range from 600 
to 730 nm, using 415 nm excitation light. Due to the broad 
porphyrin emission, a strong overlap is found with other 
autofluorescence molecules. Several strategies have been 
used to quantify the relative contribution of the different 
components. For instance, using single excitation with 
UV light and two bandpass filters (590–800 porphyrin 
fluorescence and 520–560 autofluorescence) can be used 
to discriminate between porphyrin and other autofluores-
cence (Lu et al. 2020). Nonetheless, it is possible to access 
molecular information of the PPIX lifetime using time-
resolved imaging to avoid problems with other autofluo-
rescence present in the tissue or light scattering (Erkkilä 
et al. 2019). This approach has demonstrated enhanced 
sensitivity for fluorescence-guided neurosurgery.

Moreover, the lifetime dimension has opened other 
possibilities, such as characterizing specific tumor vari-
ants on the lifetime of PPIX (Reichert et al. 2021). For 
instance, this approach of lifetime fluorescence imaging 
of low-grade glioma, high-grade glioma, meningioma, and 
metastases was compared, measuring the lifetime of PPIX 
and NADH. Significant changes in lifetimes among the dif-
ferent tumors are evident (infiltration zones 4.1 ns, high-
grade glioma and metastasis around 4.8 ns, and meningi-
oma tumor ~ 12.2 ns). This difference in various tumors 
was then confirmed as bi-exponential behavior with life-
times of 2 and 16 ns using the model-free phasor approach 
(Erkkilä et al. 2020).

Hence, PPIX lifetime-based fluorescence measurements 
show the potential of these tools for clinical approaches in 
supporting neurosurgeons’ decisions in the surgery room.

Vitamin A and retinoid‑related autofluorescence 
molecules

Retinoids comprise a diverse family of organic com-
pounds derived from vitamin A that plays a central role 
in animal physiology. They exert their function primarily 
by modulating transcriptional control in the cell nucleus 
to regulate various cellular processes, including cell dif-
ferentiation, proliferation, apoptosis, and others. Not sur-
prisingly, the deregulation of retinoid signaling pathways 
has been linked to several diseases, such as embryonic 
teratogenesis and tumorigenesis (Petkovich and Cham-
bon 2022). Vitamin A shows a characteristic yellowish-
greenish autofluorescence in the porcine embryo using 
a 330–385 nm excitation filter (Schweigert et al. 2002). 
However, intensity-based measurements are limited due 
to the similar steady-state spectroscopic profile of vita-
min A and retinoid-related molecules. Using 2P excita-
tion (790 nm), FLIM-phasor analysis showed that retinol 
and retinoic acid in DMSO displayed distinct locations at 
the phasor plot. Both were multiexponential decay due to 
their location inside the universal circle, but with retinoic 
acid close to position (0,0), meaning a short lifetime, and 
retinol with a longer lifetime close to 3 ns (Stringari et al. 
2011).

Interestingly, endogenous retinoic acid has been meas-
ured in vivo during embryonic brain development. In a 
recent study, 2P-FLIM-phasor analysis was used to inves-
tigate the noise amplitude in retinoic acid signaling in 
specific hindbrain segments of zebrafish embryos (Sosnik 
et al. 2016). This study showed how this robust and precise 
approach can tackle important embryogenesis questions.

Lipid‑related biosensors/biomarkers

Carotenoids in ophthalmoscopy diagnosis

The most predominant carotenoids in the retina are lutein 
and zeaxanthin, mainly located at the macular center. 
Carotenoids are responsible for the yellowish color of 
the fovea. Its absorbance at 460 nm is a blue filter for 
UV light (Barker et al. 2011). The broad fluorescence of 
both compounds is weak around 550 nm when excited at 
473 nm, with a lifetime range of 41 and 84 ps (Dysli et al. 
2017). Nevertheless, when zeaxanthin forms aggregates, 
its lifetimes increase to 1.06 ns with a maximum emission 
at 680 nm (Gruszecki et al. 1990). Fluorescence lifetime 
imaging ophthalmoscopy (FLIO) has taken advantage of 
macular pigment (MP) to analyze carotenoids’ ex vivo 
fluorescence characteristics. FLIO appears to be a valu-
able tool for the early diagnosis of various retinal diseases 
(Sauer et al. 2018).
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Lipofuscin as an aging autofluorescence biomarker

Lipofuscin (LF) is the name given to an intracellular entity 
that forms endogenously in different post-mitotic animal cell 
types, initially observed using transmitted light-microscopy 
and described as a yellow–brown pigment that has also been 
named lipopigment or chromolipid (Sohal and Wolfe 1986). 
LF presence has been long considered a hallmark (biomarker) 
of aging (Sohal and Wolfe 1986; Terman and Brunk 2004) 
and is currently one of the most widely accepted biomarkers 
of cellular senescence (Rizou et al. 2019). Many histochemi-
cal methods have been used to detect its presence, including 
some classical lipid-staining techniques and agents, such as 
Sudan black, Nile and Berlin blue, ferric ferricyanide, hema-
toxylin and eosin, or osmic acid (Seehafer and Pearce 2006; 
Jung et al. 2007). However, in later years, LP fluorescence 
and spectroscopic properties have been used to analyze the 
chemical composition and physicochemical properties of LF 
aggregates through microscopy (Terman and Brunk 2004; 
Jung et al. 2007). LF can be excited with broad UV–VIS laser 
lines in confocal fluorescence microscopy, and it fluoresces 
with a spectrum covering 570–605 nm (Jung et al. 2009; Croce 
et al. 2016). LF can also be excited using 2P-microscopy at 
1060 nm, with detection ranging from 604–679 nm (Yan et al. 
2023). Combining 2P excitation with FLIM, LF autofluores-
cence has been shown to discriminate between necrosis and 
apoptosis with single-cell resolution (Yan et al. 2023). Several 
results have suggested heterogeneity in LF spectral properties 
(Marmorstein et al. 2002; Warburton et al. 2007; Yakovleva 
et al. 2020). The spectral shape and amplitude of the fluores-
cent signal have been shown to depend on its composition 
variability (e.g., proteins, lipids, carotenoids), the number of 
crosslinks, the degree of oxidation of these heterogeneous 
compounds as well as the concentration of Lipofuscin itself 
(Terman and Brunk 2004). LF-granules can be identified with 
age in the retinal pigment epithelium (RPE), particularly in 
people with progressive age-related macular degeneration 
(AMD). It is believed that bisretinoids and some photooxida-
tion or photodegradation products are responsible for produc-
ing LF-granule fluorescence, illustrating its composition and 
spectra heterogeneity (Yakovleva et al. 2020). Phasor analysis 
of LF autofluorescence in the Alzheimer’s mouse model shows 
heterogenic lifetime distribution and a different linear combi-
nation with the wild-type mice (Gómez 2018).

Autofluorescent proteins and second 
harmonic generation (SHG)

Besides fluorescent amino acids, there is a small list 
of intrinsically fluorescent proteins (elastin, collagen, 
among others) (Zipfel et al. 2003b; Ranjit et al. 2015). 

The pyridolamine crosslinks found in elastin and some 
collagens were shown to be the intrinsic fluorophores 
responsible for the autofluorescence (Zipfel et al. 2003a). 
The characteristic elastin ring is found directly beneath the 
lining of endothelial cells. Sixty percent of the amino acids 
in elastin are nonpolar, with pyridinoline groups attached 
to lysine residues (Bridges et al. 1966). These pyridino-
line groups are responsible for revealing elastin upon two-
photon microscopy as they exhibit an emission maximum 
at 400 nm when excited with UV light (Bridges et al. 1966; 
Richards-Kortum and Sevick-Muraca 1996; Zipfel et al. 
2003a). Collagens (I, II, III, IV, and V) are one of the 
main components of the extracellular matrix (ECM) in 
tissues. All collagens are autofluorescence under 2P-FLIM 
(Ranjit et al. 2015). Using the phasor plot analysis makes 
it possible to identify the specific lifetime signatures for 
each of them and to study different pathologies (Ranjit 
et al. 2015; Dvornikov et al. 2019). Various diseases are 
associated with the presence of fibrosis. For instance, liver 
cirrhosis, idiopathic pulmonary fibrosis, diabetic nephrop-
athy, arteriosclerosis, scleroderma, rheumatoid arthritis, 
and fibrosarcomas (Raub et al. 2007; Ranjit et al. 2015, 
2016a, b). The ratio of collagen III to collagen I show 
relevance for diagnosing dilated cardiomyopathy (Ranjit 
et al. 2015). Using 2P-FLIM and phasor analysis greatly 
simplifies the measurement of collagen III to collagen I 
(see Fig. 3). Our group has contributed to extending this 
approach to HSI, using wavelength-modulated filters (sine/
cosine transmission) to obtain the spectral phasor signa-
ture for collagen III and collagen I. This straightforward 
and powerful approach can be exploited as a biomarker of 
these two molecules (Dvornikov et al. 2019).

On the other hand, fibers of different collagens can be 
identified by a signal known as second harmonic gen-
eration (SHG) (Zipfel et al. 2003a; Campagnola 2011; 
Campagnola and Dong 2011). SHG is a non-linear opti-
cal process that occurs when the light of wavelength λ 
interacts with a non-centrosymmetric fibrillar structure 
(e.g., collagen I) and produces a signal of half the incident 
wavelength (λ/2) (Friedl et al. 2007). Among collagens, 
I and II have the strongest SHG signals, while collagen 
III gives relatively weak SHG signals (Campagnola and 
Dong 2011). SHG generation is the most widely used tech-
nique for label-free imaging of collagens, allowing one to 
obtain collagen fingerprints that are then used to identify 
the presence or absence of fibrosis. Elastin and collagen 
are thus primary extracellular sources of intrinsic non-
linear emissions (Plotnikov et al. 2008; Nadiarnykh et al. 
2009; Crosignani et al. 2013; Ranjit et al. 2015). There is 
increasing literature on the anatomopathological applica-
tion of SHG in diverse fields such as oncology, nephrol-
ogy, or ophthalmology.
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Third harmonic generation (THG) for lipid 
deposit studies

Third harmonic generation (THG) occurs at structural inter-
faces due to abrupt changes in the refractive index (Weige-
lin et al. 2016). For example, THG occurs on interfaces 
between interstitial aqueous fluids and lipid-rich structures 
such as cell membranes (Aptel et al. 2010) and lipid droplets 
(Débarre et al. 2006; Tserevelakis et al. 2014; Ranjit et al. 
2017). In this case, the generated signal is at one-third of 
the incident wavelength (λ/3). As in the case of SHG, it is 
essential to clarify that THG and SHG do not imply light 
absorption. Therefore, time-resolved harmonic generation 
measurements produce a zero lifetime in FLIM (Dvornikov 
et al. 2019). THG has been used to study lipid deposits in 
the liver or other organelles in pathology models, such as 
high-fat diets in mice (Débarre et al. 2006; Tserevelakis et al. 

2014; Ranjit et al. 2017). THG, combined with fluorescence 
and SHG, makes it possible to visualize essential details of 
the extracellular matrix, cell morphology, and subcellular 
organization to identify pathologies related to fat accumula-
tion (Weigelin et al. 2016; Stringari et al. 2017).

Long‑lifetime species (LLS) in lipid oxidation 
and oxidative stress identification

Long lifetime species (LLS) refers to a fluorescence sig-
nal originally observed in metabolic FLIM imaging during 
NADH FLIM analysis using the phasor approach (Datta 
et al. 2015). The LLS was discovered in cells under oxida-
tive stress and then observed in the livers of mice fed with a 
high-fat diet (Datta et al. 2015; Ranjit et al. 2017). This fluo-
rescence component was found in the phasor plot analysis of 
the NADH fluorescence lifetime quantification (Datta et al. 

Fig. 3  Examples of autofluorescence used as biomarkers and biosen-
sors. LLS occurrence in mice liver after western diet. Modified from 
(Ranjit et al. 2017). NAD(P)H and the metabolic index generated by 
the free and bound NADH trajectory in the phasor plot. The Warburg 
effect can be identified as the glycolytic shift (white colors). Modified 

from (Ranjit et al. 2019b). SHG and THG are from rat lungs or mice 
livers, respectively. Modified from (Dvornikov et al. 2019). FLIM and 
spectral imaging revealed collagen I and collagen III fluorescence dif-
ferences. Modified from (Dvornikov et al. 2019)
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2015; Ranjit et al. 2019a). Note that the model-free phasor 
approach allowed investigators to identify a long-lifetime 
component that was not known a priori. While the specific 
molecular entity responsible for the LLS fluorescence is 
unclear, using coherent anti-stokes Raman scattering micros-
copy (CARS), the LLS was assigned to lipids within lipid 
droplets in the cell (Datta et al. 2015). Different protocols, 
both in vitro or in vivo, enabled them to be correlated with 
oxidative stress (Datta et al. 2016; Ranjit et al. 2017). Using 
the linear combination rules of phasor plots, ones can quan-
tify the fraction of the LLS at the same time as the free and 
bound NADH fraction, permitting it to become a promising 
biomarker for cells and in vivo oxidative stress.

Conclusion and remarkable

Technology progress enables us to look at autofluorescence 
under new lenses with the possibility of opening novel 
approaches to use them as biomarkers or biosensors. NADH 
is perhaps one of the most significant autofluorescent mol-
ecules used to understand metabolism in vivo; however, 
flavins, another group of autofluorescent molecules also 
involved in metabolic process within the cell, can also offer 
a deeper understanding of the cellular changes that accom-
pany OXPHOS/glycolysis. On the other hand, lipofuscin, 
retinoic acid, porphyrins, and carotenoids, considered as 
“classical biomarkers,” may open the possibility, using the 
new approaches to FLIM and HSI, to identify different states 
or interactions of these molecules with third components. 
Label- and model-free approaches are key to identify novel 
species that were not conceived to exist a priori. Discovery 
of LLS were hidden under traditional fitting approaches; 
however, the use of phasor analysis transforms them as 
an important endogenous biomarker of oxidative stress. 
The combination of 2P-FLIM and harmonic generation 
approaches, facilitated by their shared instrumentation, pre-
sents an intriguing avenue for exploring biological processes 
in their natural state and in vivo. This development holds 
great potential, particularly in fields like developmental biol-
ogy and embryology, offering unprecedented opportunities 
for research and investigation. Mini2P microscope for multi-
photon microscopy on freely moving mice is compelling 
example of the next steps in advancing the combination with 
FLIM and HSI. The integration of these tool holds tremen-
dous potential to elevate our understanding and explora-
tion of autofluorescence to the next level (Zong et al. 2017, 
2022). Furthermore, the advent of new tools such as 3-pho-
ton microscopy and adaptive optics holds great promise for 
expanding the excitation bandwidth, enabling sharper and 
deeper imaging in challenging tissues like the visual cortex 
or brain (Yildirim et al. 2019; Leemans et al. 2020; Akbari 
et al. 2022). These cutting-edge technologies open new fron-
tiers in the field of imaging, allowing researchers to delve 

into previously inaccessible depths and achieve higher reso-
lution in their investigations of complex neural structures.

Overall, we are convinced that advanced microscopy 
combined with autofluorescence (label-free) will broadly 
impact life sciences and biomedical diagnostics for the 
following decades.
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