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Abstract
Lipofuscin accumulation is a hallmark of senescence. This nondegradable material aggregates in the
cytoplasm of stressed or damaged cells due to metabolic imbalance associated with aging and age-related
diseases. Indications of a soluble state of lipofuscin have also been provided, rendering the perspective of
monitoring such processes via lipofuscin quantification in liquids intriguing. Therefore, the development of
an accurate and reliable method is of paramount importance. Currently available assays are characterized by
inherent pitfalls which demote their credibility. We herein describe a simple, highly specific and sensitive
protocol for measuring lipofuscin levels in any type of liquid. The current method represents an evolution of
a previously described assay, developed for in vitro and in vivo senescent cell recognition that exploits a
newly synthesized Sudan Black-B analog (GL13). Analysis of human clinical samples with the modified
protocol provided strong evidence of its usefulness for the exposure and surveillance of age-related
conditions.
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Introduction
We have recently shown that cytoplasmic lipofuscin aggregation is a
landmark of senescence [1, 2]. The latter represents a cellular
response mechanism against stress or damage [3–7]. Subsequently,
we developed a novel reagent (GL13) and a hybrid histochemical–immunohistochemical method that allows for recognition of

Sophia V. Rizou, Konstantinos Evangelou, Vassilios Myrianthopoulos, and Iordanis Mourouzis contributed
equally to this work.
Marco Demaria (ed.), Cellular Senescence: Methods and Protocols, Methods in Molecular Biology, vol. 1896,
https://doi.org/10.1007/978-1-4939-8931-7_12, © Springer Science+Business Media, LLC, part of Springer Nature 2019

119

120

Sophia V. Rizou et al.

senescent cells in vitro and in vivo, with high specificity and sensitivity [8]. GL13 is a biotinylated Sudan Black-B (SBB) chemical
analog (commercially available as SenTraGor™ by Arriani Pharmaceuticals Greece, Catalog number: AR8850040-AR8850080).
GL13 interacts potently and specifically with lipofuscin and can be
detected via an antibody-mediated chromogenic or fluorescent
assay [8–11]. As a result, the application of GL13 outperforms
most of the available and widely used senescent cell-staining methods with respect to their technical challenges, inherent limitations
and systematic errors [8]. Interestingly, unprecedented quantification capacities also emerge, as shown herein. The currently
described protocol represents an advancement rendering lipofuscin
levels measurable in biological fluids. More specifically, we present a
novel quantitative detection method of soluble or extracted lipofuscin levels in cell culture supernatants, body fluids and tissue
homogenates that utilizes an antibody-mediated chemiluminescence assay.
Lipofuscin is a nondegradable substrate of metabolism that
accumulates in cells due to impaired mitochondrial/lysosome
(mitochondrial–lysosomal axis theory) and proteasome function,
upon stress or cellular damage [12–20]. Stressed or damaged cells
have ceased to proliferate and are therefore not able to degrade this
substrate by cell division [17, 20]. The bulk mass of this heterogeneous material consists of oxidized proteins/lipoproteins, oxidized
lipids and metals that become resistant to hydrolysis by lysosomal
enzymes [17–19]. Lipofuscin is not inactive and harmless but
harbors detrimental properties. Firstly, lipofuscin accumulation is
known to reduce proteostasis and, particularly, the proteasomal
activity, thus inhibiting the effective turnover of modified/oxidized
proteins [17, 19, 21]. Secondly, it facilitates production of reactive
oxygen species (ROS) via the Fenton reaction, mediated by its
integrated redox-active metals [17, 19, 21]. Together, these lead
to increased formation of oxidized intracellular molecules which, in
turn, further promote lipofuscin aggregation in a positive feedback
loop [17, 18, 21]. Based on the above, intracellular aggregation of
lipofuscin signifies an impaired cellular status and deregulated
homeostasis.
The quantification of lipofuscin is regarded as being of high
importance for a wide range of life sciences and related disciplines.
Lipofuscin levels seem to provide a lifetime history of cumulative
exposure to metabolic stress and, thus, are directly related to the
aging process and bear pathophysiological relevance [19, 21–23].
Increasing evidence supports a linear correlation of lipofuscin levels
with age and age-related diseases [19, 21, 24]. This is rather well
anticipated given that the number of senescent cells in tissues and
organs increases with age as stress and damage accumulates [3–7,
20]. Interestingly, some age determination methods of organisms
based on the quantification of lipofuscin have been described
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[25–29], while a broad spectrum of age-related disorders, including Alzheimer’s and Parkinson’s disease, age-related macular
degeneration, heart failure and others, have been associated with
tissue and organ lipofuscin accumulation [19, 30–33]. Of note,
early studies showed increased lipofuscin levels with age in peripheral human lymphocytes and plasma cells [34]. In addition, the
presence of lipofuscin pigments was reported in erythrocyte membranes of Alzheimer’s patients [35].
A number of studies provide indications that lipofuscin also
exists in a soluble form in different body fluids. More specifically,
Feng et al. claimed that lipofuscin concentrations detected in the
plasma of human cases exhibited significantly higher levels than
those observed in the saliva [36]. Similarly, detectable lipofuscin
levels have also been reported in the plasma of mice [37]. Indirect
evidence regarding the existence of lipofuscin in the plasma or
blood serum based on its autofluorescence properties (soluble
lipofuscin fluorophores) have also come in light [38–45]. Some of
these reports focused on the putative correlation of lipofuscin levels
in body fluids (mainly plasma) with age and different pathologies,
in an attempt to establish a sensitive and reliable method for detecting and monitoring both aging and disease [38, 40, 42, 43, 46].
Yet a number of inherent difficulties are related with the measurement of lipofuscin to a good precision. Lipofuscin composition
varies considerably between different tissues, organs, and species,
thus leading to differences in distribution, staining, solubility, and
enzymatic activity [47–49]. Additionally, this complicated mixture
of oxidized macromolecules exhibits autofluorescent properties
that possibly rely on Schiff bases formed by reactions between
carbonyls and amino residues [18]. Broad deviations in excitation
and emission (wavelengths ranging from 320 to 480 nm and from
460 to 630 nm, respectively) pose serious difficulties to methods
based on direct spectroscopic characterization [14, 24, 50]. As a
result, both the accuracy and the credibility of the available quantification methods to date, most of which rely mainly on lipofuscin
autofluorescence, have received severe criticism.
Based on the excellent specificity of GL13 reagent, we describe
a rapid, highly specific and precise protocol for detecting and
measuring soluble lipofuscin levels in cell culture supernatants,
body fluids as well as cell and tissue homogenates. In brief, lipofuscin is initially isolated from the studied biological samples
according to the modified Folch extraction method [51], resuspended and treated with GL13 to saturation. Then, a primary antibiotin antibody is applied and after incubation, a secondary antibody is used for detecting the lipofuscin–GL13 complex via a
chemiluminescence reaction. Finally, lipofuscin levels are quantified
on the basis of the resulting signal intensity (see Fig. 1). For determining the crude lipofuscin content of analyzed samples, luminescence is measured and signal intensity is matched with the
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Fig. 1 Schematic workflow of lipofuscin isolation and detection procedures using different biological specimens. A diagram depicting key components of the protocol, as described in experimental procedure.
Lipofuscin is isolated from homogenized human liver tissue, human blood serum, and cell lysates using
chloroform–methanol and 10 mg/ml proteinase K incubation and centrifugation. Lipofuscin is dissolved in
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corresponding values of a calibration curve created by following a
similar protocol with the exception of lipofuscin being extracted
from fresh aged human liver tissue. While in the young samples,
lipofuscin levels were low [Relative Light Units (RLU): 10-471], in
those obtained from aged individuals, we observed a 7.6-fold
increase in measurement (RLU: 486-3.252). These findings not
only provide an indication of the baseline levels of lipofuscin in
humans (young cases) and of its distribution in elderly individuals,
but also clearly confirm the linear correlation between lipofuscin
and age, further denoting its putative role as a biomarker for
monitoring the aging process (see Fig. 2). A stepwise scheme has
been applied for validating the protocol (see Fig. 3). First, cell
extracts from cellular models with established senescence and
their corresponding, senescence-negative controls were analyzed
and differences in lipofuscin levels were measured (see Fig. 3). Measurements showed a significant increase in soluble lipofuscin levels
in the samples obtained from senescent cells in comparison to those
from untreated cells [HBEC-CDC6 Tet-Off vs HBEC-CDC6
Tet-On (6 days on induction), Saos-2 p21WAF1/Cip1 Tet-Off vs
Saos-2 p21WAF1/Cip1 Tet-On (10 days induction)] (see Figs. 1
and 3). Subsequently, we extracted intracellular lipofuscin from
the same cellular models and repeated the quantification assay
(see Fig. 1). The protocol was then implemented for determining
lipofuscin in blood sera from young (controls) and aged but
“healthy” individuals as well as patients suffering from different
kinds of pathologies. These included heart failure, neurodegenerative disorders (dementia), rheumatoid arthritis and cancer
(see Table 1, Fig. 4a, b). Clinical sample collection and their experimental use were approved by the Bio-Ethics Committee of Medical
School of Athens, in accordance with the Declaration of Helsinki
and local laws and regulations. Written consent was also obtained
from the patients. As an additional level of validation, lipofuscin
levels measured in human tissues by the herein presented GL13based chemiluminescence assay were correlated with lipofuscin
concentration in the same tissues as assessed by the hybrid histochemistry–immunohistochemistry method [8] (see Fig. 5). Further
control experiments included electron microscopy in order to verify
that the extracted material exhibits morphological features similar
to those described for isolated lipofuscin [54] (see Fig. 6).
The current method allows for an accurate estimation of soluble lipofuscin levels practically in any biological material. Given that
ä
Fig. 1 (continued) organic phase, which is evaporated and weighed. Crude lipofuscin extract is resuspended
in 1% v/v Tween 20/TBS. After centrifugation, the pellet is resuspended in EtOH 50% and the biotinconjugated SBB analog (GL13) is added. GL13 binds to lipofuscin and the anti-biotin HRP antibody binds to
the biotin moiety of GL13. HRP will react upon addition of luminescent substrate (luminol and H2O2) and light
will be emitted. Concentration of lipofuscin in each sample is linearly proportional to light intensity
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Fig. 2 (a) Schematic summary of the procedure implemented to create a calibration curve. The calibration
curve is constructed by following steps 1-III to 34 as described in experimental procedure, with the exception
of preparing 5–7 serial dilutions of the sample obtained after step 31 (dilution of each sample by 20% using
0.5% v/v Tween 20/TBS buffer). Measurements are recorded on an Excel spreadsheet and linear regression
analysis is performed. Determination of back calculated values may be assisted by using the Data analysis
add-in of Microsoft Excel and implementing manual functions. (b) The calibration curve for the determination
of crude lipofuscin content in liver tissue samples along with related parameters and metrics. Linear
regression analysis has been performed with no weighting factors, while the 0.0 point was neither included
nor the curve forced through it upon fitting (Error bars, 95% confidence intervals; n ¼ 3). The LOD and LOQ
values are determined as 3.3  SY/slope and 10  SY/slope, respectively, where SY is the standard error of the
response at low concentration. Back calculated values exhibited error values lower than 10.6%, demonstrating the validity of the calibration curve

lipofuscin concentration has often been associated to age and various age-related diseases [19, 25–33], the applicability domain of
the protocol presented herein is particularly broad. The determination of lipofuscin distribution in human body fluids according to
age, gender or any other epidemiological characteristic is now
feasible in the general population. To our knowledge, this issue
has not been sufficiently addressed in the past. Furthermore, the
method itself may well promote biomedical and clinical investigations on whether soluble lipofuscin levels could serve as a putative
biomarker of aging and/or disease. In this context, wide-scale
screening of populations, as well as groups of differences in age
and disease, is likely to assist in determining cases that are at “risk,”
despite a “young” and/or “healthy” phenotype, hence providing a
new tool for early detection. Additionally, monitoring lipofuscin in
the blood serum could provide valuable information on patient
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Fig. 3 Lipofuscin detection with GL13 and chemiluminescence after isolation from cell culture supernatant and
cell lysis. (1) Images showing chemiluminescence intensity from supernatant of HBEC-CDC6 Tet-Off and
Tet-On cell lines. (2) Images showing chemiluminescence intensity of cell extracts derived from cellular
models with established senescence (HBEC-CDC6 Tet-On and Saos-2 p21WAF-1 Tet-On) in comparison with
their corresponding, senescence-negative controls (HBEC-CDC6 Tet-Off and Saos-2 p21WAF-1 Tet-Off).
(3) Table showing the values and the statistical data of chemiluminescence intensity measurements in
each group and sample

Table 1
Groups of human specimens used for measuring soluble lipofuscin levels along with their health
condition and number of individual samples

a

Biological specimen

Condition/disease (age, in years)

Number of samples

Blood serum

Young healthy (21–25)

10

a

Blood serum

Aged healthy-MRMF (65–94)

10

Blood serum

Heart failure (62–85)

10

Blood serum

Neurodegenerative diseases/dementia (49–94)

10

Blood serum

Rheumatoid arthritis (27–67)

10

Blood serum

Cancer (55–83)

10

Follicular fluid

Infertile women (33–46)

5

Follicular fluid

Oocyte donors (normal) (23–27)

5

Medical record plus medications-free
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outcome, recurrence of disease and response to therapeutic interventions toward a personalized medicine strategy. Moreover, new
drug leads could be screened in a high-throughput manner for
their effect on cellular senescence, thus facilitating discovery of
senolytics, an emerging and highly promising class of bioactive
compounds [55]. Other potential applications might involve the
food industry, where monitoring superior quality properties such as
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Fig. 4 (a) Graph showing luminescence intensity of serum samples derived from different groups of individuals
(n ¼ 10 in each group) after treatment with GL13. Clear differences in lipofuscin levels are evident between
samples from young and aged “MRMF” individuals but also between young healthy individuals and others
falling under various pathological entities. The measurements in aged and pathological samples correspond to
increase of lipofuscin levels ranging between 5.3-fold and 12.2-fold in comparison to young healthy samples
(Error bars, Standard Error; *, P < 0.05). (b) Graph showing chemiluminescence intensity of follicular fluid
samples derived from different groups of individuals (n ¼ 5 in each group) after treatment with GL13. It has
been previously shown that an altered redox state of follicular fluid albumin influences the viability of aspirated
human oocytes [52]. Lipofuscin accumulation in the form of inclusions within oocytes is associated with a
significantly reduced fertilization rate and unfavorable blastocyst development [53]. Clear differences in
lipofuscin levels are evident between samples from normal oocyte donors and infertile women. Our results
confirmed this notion in follicular fluid, showing an eightfold increase in lipofuscin among infertile women
compared to normal donors. The measurements obtained from these samples correspond to a 7.5-fold
increase of lipofuscin levels in comparison to normal donor samples (Error bars, Standard Error; *, P < 0.05)
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Fig. 4 (continued)

age, freshness and health of consumable organisms are of great
commercial importance. A similar approach has been followed in
demographic analyses of economically important species (e.g., the
blue crab Callinectes sapidus) by measuring extracted fluorescence
[29], yet with the drawbacks of conventional methodologies
[28, 56, 57]. Finally, the method could be exploited by the cosmetics industry in order to monitor the efficiency and response to
rejuvenation-treatments and antiaging products.
In only a limited number of available reports, soluble lipofuscin
levels were measured using a spectrophotometer according to the
Tsuchida method that is based on lipofuscin autofluorescence in the
blood serum. The concentration of fluorophores is expressed in
arbitrary units in comparison to the fluorescence of a quinine
sulphate reference [29, 40, 57]. The major disadvantage of this
approach is that, apart from lipofuscin, several other fluorophores
exist in the blood and its derivatives, as is the case with other tissues.
These fluorophores include a wide spectrum of molecules such as
amino acids (tryptophan) and proteins (albumin, enzymes and
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Fig. 5 Schematic illustration summarizing two alternative procedures that can depict lipofuscin accumulation
in human liver tissue with the use of the biotinylated SBB analog GL13. (a) Human liver tissue samples were
isolated from young (left) and aged (right) individuals. (b) Part of the tissue was formalin fixed, paraffin
embedded (FFPE) and used for light microscopy. The histochemical–immunohistochemical assay was
performed in FFPE tissues using GL13, showing evident differences in lipofuscin levels between young and
aged samples at the 100 and 400 magnifications. (c) Another part of each human liver tissue sample was
homogenized, and lipofuscin was isolated and treated with GL13. The resulting luminescence was measured
as described in experimental procedure. The analysis shows an eightfold increase of lipofuscin levels in young
compared to aged liver tissue samples, in agreement with the microscopic observations (measurements in
Relative Light Units  Standard Error, n ¼ 3; *, P < 0.05)

others), porphyrins, carotenoids, vitamins (vitamin A, riboflavin,
thiamine), pyridine nucleotides (NADH/NAD+, NADPH/
NADP+), pyridoxic acid lactone, pyridoxal phosphate Schiff bases,
and protein-bound bilirubin [23, 57–59]. Given that their fluorescence spectra are highly similar to those of lipofuscin, they may well
interfere with measurements, thus producing serious analytical
errors. Therefore, the specificity of the aforementioned method in
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Fig. 6 Lipofuscin extract observation under a transmission electron microscope (TEM). (a) Diagrammatic
representation of the procedure followed for the preparation and positive staining of the lipofuscin sample on a
formvar/carbon coated grid. The grid with the absorbed/stained lipofuscin sample was observed under a TEM
operating at 80 KV and equipped with a digital camera. (b) Transmission electron micrographs of lipofuscin
formations exhibiting the same morphology whether extracted from human liver tissue (i) or from blood serum
(ii, iii). Lipofuscin formations were characterized by small electron-lucent areas (arrowheads) indicating the
localization of lipid components, and wide electron-dense areas exhibiting very fine vacuolization (asterisks).
Scale bar: 200 nm

determining lipofuscin levels has been strongly questioned. In
addition, the estimation of lipofuscin levels is rather relative and
lacks accuracy when using a standard curve based on a quinine
sulphate reference [29, 40, 57]. In line with the above, fluorimetry
has been extensively criticized when exploited in marine biology for
determining the age of aquatic organisms. The main concerns
raised were the absence of specificity which is not counterbalanced
by high-throughput assays, the poor correlation between extracted
fluorescence and in situ lipofuscin levels, and the lack of evidence
that normalization to cellular protein content actually leads to a
reliable lipofuscin assay [56]. A flow-cytometric (FACS) approach
for the quantification of extractable neurolipofuscin again exhibited
fundamental precision pitfalls [22]. Our proposed method specifically detects lipofuscin by exploiting the unique features of GL13 in
a rapid, simple and straightforward manner. Electron microscopy
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analysis confirmed the morphological characteristics of lipofuscin in
the extracted material [54] (see Fig. 6). Moreover, the calibration
curve presented herein is designed to directly correlate crude lipofuscin concentration with its corresponding chemiluminescence
signal, thus enabling self-consistent, precise and convenient measurements in a range of different samples (see Fig. 2). Lastly, a
strong correlation between chemiluminescence measurements
(amount of crude lipofuscin) and in situ lipofuscin concentration
was observed in control experiments (see Fig. 5).
Another approach described by Feng et al. used an enzymelinked immunosorbent assay (ELISA) kit provided by the Shanghai
Huyu Biological Technology Co. Ltd. to estimate lipofuscin levels
in human saliva and plasma [36]. A comparison with our method is
not feasible since no details regarding the kit or its composition
(particularly which component of lipofuscin the applied primary
antibody reacts against) are available in the literature. Since its
publication in 2015, and to the best of our knowledge, the above
method and its accompanying kit have never been used elsewhere
by the same or other researchers. Similar issues exist with the
Human Quantitative Competitive ELISA Lipofuscin (LPF) kit
distributed by MyBioSource (catalog # MBS7230952). Since the
composition of lipofuscin varies considerably among different tissues and species [47–49], particularly with respect to the protein
fraction, the ELISA assay raises serious concerns about the lipofuscin module targeted by the primary antibody and, to an extent,
about the specificity, sensitivity, accuracy and suitability of the
overall method. No information on this matter exists in the
literature.

2

Materials

2.1 Lipofuscin
Isolation

1. Chloroform.
2. Methanol.
3. 0.9% sodium chloride in dH2O.
4. 10 mg/ml proteinase K.
5. 20 TBS. Dissolve 121 g of Tris ultrapure in 800 ml of
dH2O. Adjust the pH to 7.4 with concentrated HCl.
6. 1 TBS in dH2O.
7. 50% (vol/vol) ethanol absolute in 1 TBS.
8. Greiner Microlon Black 96-well plate.
9. Centrifuge.
10. Homogenizer.
11. Rotary evaporator with vacuum controller and vacuum pump.
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12. High vacuum pump.
13. Ultrasonic bath.
14. Analytical balance.
15. 50 ml round bottom flask.
2.2 Lipofuscin
Detection Using GL13
and Chemiluminescence

1. 80 mg SenTraGor. Dissolve 80 mg of SenTraGor in 14.5 ml
100% ethanol and incubate for 120 min in water bath at 37  C.
2. Chemiluminescence Reagent. Add equal volumes of LumiGLO Reagent A and Reagent B.
3. Anti-biotin HRP-linked antibody diluted 1:1000 in 0.1% v/v
Tween 20/TBS.
4. Tween 20.
5. Fluorchem HD2 system equipped with a CCD camera.

2.3 Positive Staining
of Lipofuscin for
Electron Microscopy

1. Uranyl acetate.
2. Lead citrate.
3. Formvar/carbon-coated copper grids, 200 mesh.
4. Tweezers, antimagnetic stainless steel, style #5.
5. Grid-box for storage of grids.
6. Electron microscope.

3

Experimental Procedure

3.1 Lipofuscin
Isolation (Timing:
4–5 h)

1. I. Human blood serum: Transfer 500 μl of serum in 1.5 ml
Eppendorf (see Notes 1 and 2, Table 2).
II. Cell lysis: Incubate cell pellet with Co-IP lysis buffer for
60 min at 4  C.
III. Liver tissue: Homogenize tissue using PBS 1 2–3 times
for 20–30 s each, pausing for 10–15 s between each homogenization and placing samples on ice.
2. Centrifuge at 6–8  C for 10 min at 232  g.
3. Transfer supernatant in 1.5 ml eppendorf.
4. Centrifuge at 6–8  C for 10 min at 7400  g to sediment
lipofuscin (see Note 3).
5. Resuspend the pellet in a mixture 2:1 chloroform and methanol (see Notes 4 and 5).
6. Dilute sample by 20% using a solution of 0.9% NaCl in distilled
water and vortex.
7. Use ultrasonication for 1 min to enhance resuspension and
transfer lipofuscin to organic phase (see Notes 6 and 7,
Table 2).
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Table 2
Troubleshooting
Step Problem

Possible reason

Solution

1I

Low amount of pellet

Low lipofuscin content in
blood serum

Increase volume of blood serum
sample

7

Large amounts of lipofuscin
trapped in intermediate
phase

Sonication conditions not
optimal

Increase sonication time. This step is
crucial to transfer chloroforminsoluble lipofuscin components
in organic phase

23

Solvent is not completely
evaporated under a
474 mbar vacuum

Traces of the aqueous phase Gradually increase vacuum in rotary
evaporator down to 72 mbar and
have been isolated along
extend evaporation time
with the organic phase

24

Incomplete precipitation of
lipofuscin

Speed of centrifugation

Increase centrifuge acceleration up
to 7400  g

25

Amount of GL13 not
sufficient to saturate
lipofuscin content of
sample

High levels of lipofuscin in
analyzed sample

Increase volumes of GL13 stock
solution and EtOH 50%
resuspension solution in same
proportions

32

Poor resuspension of crude Excess amount of lipofuscin Incubate for 5–10 min in water bath
at 37  C
lipofuscin extract in 0.5%
v/v Tween 20/TBS buffer

8. Incubate the samples for 15 min at room temperature with
gentle shaking.
9. Centrifuge at 3700  g for 10 min at 6–8  C.
10. Remove the aqueous (upper) phase using a pipette.
11. Transfer and keep organic phase in 1.5 ml eppendorf.
12. Incubate intermediate phase with 10 mg/ml Proteinase K for
30 min at 37  C with gentle shaking (see Note 8).
13. Centrifuge at 3700  g for 10 min at 6–8  C.
14. Discard supernatant and resuspend pellet in a mixture 2:1
chloroform: methanol (see Note 4).
15. Dilute by 20% using 0.9% NaCl in distilled water and vortex.
16. Incubate the mixtures for 15 min at room temperature with
gentle shaking.
17. Centrifuge at 3700  g for 10 min at 6–8  C.
18. Using a pipette, remove (upper) aqueous phase (see Note 9).
19. Transfer and keep organic phase in 1.5 ml eppendorf.
20. Merge organic phase samples from steps 11 and 19, transfer
into a preweighed 50 ml round bottom flask and evaporate
solvent using a rotary evaporator apparatus and a heating bath
at 37  C (see Notes 10 and 11).
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21. Connect the round bottom flask to a high vacuum pump for
10 min.
22. Use an analytical balance to weigh the spherical flask and
determine the weight of the dried crude lipofuscin content.
23. Resuspend crude lipofuscin extract in 1% v/v Tween/TBS
using ultrasonication for 5–10 min at 37  C (see Notes 12
and 13, Table 2).
3.2 Lipofuscin
Detection Using GL13
and Chemiluminescence (Timing: 4–5 h)

24. Centrifuge at 7400  g for 10 min at 6–8  C (see Note 14,
Table 2).
25. Resuspend pellet in 200 μl EtOH 50% and add 7.5 μl of the
GL13 stock solution. Incubate for 8 min at room temperature
with gentle shaking (see Notes 15 and 16, Table 2).
26. Centrifuge at 7400  g for 10 min at 6–8  C.
27. Wash with 500 μl of EtOH 50% and centrifuge at 6–8  C for
10 min at 7400  g (see Note 17).
28. Resuspend pellet in 100 μl of TBS 1.
29. Add the anti-biotin HRP-linked antibody diluted 1:1000 in
0.1% v/v Tween 20/TBS to each sample. Incubate for
120 min at room temperature with gentle shaking (see
Note 18).
30. Centrifuge at 7400  g for 10 min at 6–8  C.
31. Wash with 200 μl TBS 1 and centrifuge at 7400  g for
10 min at 6–8  C. Repeat this step twice.
32. Resuspend the lipofuscin pellet in 90 μl 0.5% v/v Tween
20/TBS and transfer the solution in a 96-well plate (see
Note 19, Table 2).
33. Mix equal volumes of chemiluminescence substrate Lumiglo®
Reagent A and B in a plastic tube protected from light (see
Note 20).
34. Add 10 μl (dilution factor: 1/10) of chemiluminescence solution in every sample-containing well.
35. After 1 min approximately, measure emitted light using a multiplex chemiluminescence imaging system.
36. Quantify luminescence intensity with AlphaView software
v1.3.0.7.

3.3 Positive Staining
of Lipofuscin for
Electron Microscopy
(Timing: 1 h)

1. In samples derived from step 19 of the experimental procedure,
add 20 μl EtOH 50% and resuspend.
2. Place drops of 5–10 μl of liquid sample onto a sheet of Parafilm
in a petri dish.
3. Place formvar/carbon-coated 200 mesh copper grids on drops
of liquid sample and allow to absorb for 5 min at RT.
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4. Wick away excess liquid sample from each grid applying carefully the torn edge of Whatman filter paper at the edge of
the grid.
5. Immediately float the grids on filtered drops (20–30 μl) of 7%
uranyl acetate (aqueous solution) onto a sheet of Parafilm in a
petri dish. Stain for 25 min at room temperature in the dark.
6. Wash grids under a stream of distilled water.
7. Drain the grids.
8. Float the grids on filtered drops (20–30 μl) of 0.4% lead citrate
(aqueous solution) onto a sheet of Parafilm in a petri dish. Place
NaOH tablets or 10 N NaOH solution droplets around the
Parafilm sheet in the petri dish to create a dry alkaline atmosphere, lacking CO2. Stain each grid for 3 min at room temperature (see Note 21).
9. Immediately apply very short (~2 s) washes of the grids with
0.02 N NaOH solution and then wash thoroughly under a
stream of distilled water.
10. Dry the grids and store them in a grid box.
11. Observe the grids under a transmission electron microscope.

4

Notes
General: Precise and careful handlings during various steps of the
protocol are required.
1. Fresh—or stored for a short period of time—biological material is preferred. It has been shown that during long term
storage, blood derivatives may lose their osmotic, hemostatic,
immunologic and other physiological properties, as more proteins included in the samples tend to transform into lipofuscin
with time [60].
2. Low amount of pellet indicates low lipofuscin content in the
sample. To overcome this, increased sample volume should be
analyzed.
3. The molecular weight of lipofuscin is similar to that of
mitochondria.
4. Chloroform and methanol are hazardous chemicals. Avoid
contact with skin, eyes and airways.
5. The usage of chloroform when extracting lipofuscin is associated with a variety of health, security, and regulatory issues.
Dichloromethane/methanol could replace the employed chloroform/methanol steps in order to bypass these issues [61].
6. Ultrasonication contributes in dissolving chloroform-insoluble
lipofuscin components.
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7. If large amounts of lipofuscin are trapped in intermediate phase
increase the duration of sonication. This step is crucial to
transfer chloroform-insoluble lipofuscin components into the
organic phase.
8. Proteinase K will release lipids from lipoprotein structures in
order to enable quantification of chloroform-insoluble
lipofuscin.
9. It is important to remove the aqueous phase without entering
the organic phase to avoid decrease in lipofuscin levels.
10. Chloroform should be totally evaporated. If possible, use a
rotary evaporator connected to a vacuum controller and set
the cut-off value at 474 mbar. Evaporation time depends on
total solvent volume.
11. If the solvent is not completely evaporated under 474 mbar
vacuum, probably due to traces of the aqueous phase that have
been isolated along with the organic phase, gradually decrease
vacuum in rotary evaporator down to 72 mbar and extend
evaporation time.
12. It is important to ensure that lipofuscin is entirely resuspended.
13. Samples can be stored for 12 h at 4  C.
14. Upon incomplete lipofuscin precipitation increase centrifuge
acceleration up to 7400  g.
15. The GL13 stock solution should be passed through a 0.22-μm
filter before use. For further details, see Evangelou et al. [8].
16. GL13 amounts should always be adjusted in a manner that
ensures sufficient saturation of sample lipofuscin content.
17. Repeat this step several times (2–3 minimum). Observe color
of supernatant. Washing has been sufficiently performed when
supernatant is clear and transparent, without any blue haze or
floating particles of SBB analog.
18. Avoid repeated freeze–thaw cycles of the anti-biotin HRP conjugate antibody which may result in reduced activation of the
HRP enzyme.
19. Poor resuspension of crude lipofuscin extract in 0.5%v/v
Tween 20/TBS buffer indicates excess in lipofuscin amounts.
To address this issue incubate for 5–10 min in water bath at
37  C.
20. The volume of chemiluminescence substrate depends on the
number of samples.
21. Avoid breathing over the grids in order to prevent the formation of lead precipitates due to the addition of CO2 in the
atmosphere.
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