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ABSTR ACT: Cholesterol transport between cellular organelles comprised vesicular trafficking and nonvesicular exchange; these processes are often 
studied by quantitative fluorescence microscopy. A major challenge for using this approach is producing analogs of cholesterol with suitable brightness and 
structural and chemical properties comparable with those of cholesterol. This review surveys currently used fluorescent sterols with respect to their behavior 
in model membranes, their photophysical properties, as well as their transport and metabolism in cells. In the first part, several intrinsically fluorescent 
sterols, such as dehydroergosterol or cholestatrienol, are discussed. These polyene sterols (P-sterols) contain three conjugated double bonds in the steroid 
ring system, giving them slight fluorescence in ultraviolet light. We discuss the properties of P-sterols relative to cholesterol, outline their chemical syn-
thesis, and explain how to image them in living cells and organisms. In particular, we show that P-sterol esters inserted into low-density lipoprotein can 
be tracked in the fibroblasts of Niemann–Pick disease using high-resolution deconvolution microscopy. We also describe fluorophore-tagged cholesterol 
probes, such as BODIPY-, NBD-, Dansyl-, or Pyrene-tagged cholesterol, and eventual esters of these analogs. Finally, we survey the latest developments 
in the synthesis and use of alkyne cholesterol analogs to be labeled with fluorophores by click chemistry and discuss the potential of all approaches for 
future applications.
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Introduction
Cholesterol is a fundamental component of animal plasma 
membranes (PMs). It is also present in plant cells, but in sig-
nificantly smaller amounts.1,2 Ergosterol is the major sterol in 
fungi, including baker’s yeast, Saccharomyces cerevisiae, where 
this sterol fulfills similar functions as cholesterol in mamma-
lian cells. Among the major lipid species localized in mem-
branes, sterols are chemically unique. Cholesterol exhibits 
very low water solubility. Therefore, it is transported in plasma 
as a component of lipoproteins, either in the limiting phos-
pholipid monolayer or in an esterified form as a component 
of the lipoprotein core. The basic structure of cholesterol con-
sists of four fused rings to which an alkyl chain is attached at 
carbon 17 in the D-ring, while a hydroxyl group is linked in 
β-orientation to carbon 3 in the A-ring (Fig. 1A). A single 
double bond is found between carbon 5 and 6 in the B-ring. 
The two methyl groups in the ring system point toward the 
β-surface (Fig.  1B). The orientation of cholesterol in lipid 
membranes is typically with the 3β′-hydroxy group pointing 
toward the interface, while the alkyl side chain is buried in the 
hydrophobic interior of the bilayer, and the smooth α-surface 

can interact with the saturated fatty acyl chains of neighboring 
phospholipids. The extent of cholesterol alignment parallel 
to the bilayer normally depends on the acyl chain saturation 
of the host phospholipids as well as of the cholesterol con-
centration in the bilayer. Polyunsaturated membranes are an 
exception, as cholesterol preferentially lies between the two 
bilayer leaflets.3 Adding cholesterol to a membrane made of 
phospholipids with monounsaturated fatty acids will con-
dense and rigidify the bilayer, and this condensing effect is 
instrumental for cholesterol-mediated regulation of bending 
stiffness, permeability to small solutes, receptor aggregation, 
and so on. Further information on the relationship between 
sterol structure, its membrane properties, and intracellular 
transport can be found in recent reviews.4–6

The majority of cholesterol is synthesized de novo; only a 
small fraction comes from dietary sources (Fig. 1C). Biosynthe-
sis as well as uptake of cholesterol from plasma via circulating 
lipoproteins is strictly regulated. Several feedback loops ensure 
the exact amount of cholesterol the cells need for their physi-
ological function. The complex metabolic control of cholesterol 
synthesis, uptake, and efflux has been recently reviewed in 
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detail and will not be discussed further.6–8 We will just empha-
size that regulatory networks controlling sterol metabolism are 
mechanistically linked to the size of various cellular cholesterol 
pools, such as the endoplasmic reticulum (ER) and the PM. 
This underlines the importance of understanding cholesterol 
trafficking pathways from the aspect of metabolic control. 
Cholesterol is not homogenously distributed in mammalian 
cells. Depending on the cell type, the PM contains about 60% 
of the total cellular cholesterol. The ER is the organelle where 
most steps of synthesis of cholesterol take place, but the total 
sterol concentration is low when normalized to total lipids in 
ER membranes.9 This is due to the fact that cholesterol is rap-
idly transferred from the ER to other organelles.10 It has to be 
emphasized that cholesterol moves rapidly between intracel-
lular organelles making use of vesicular trafficking and nonve-
sicular pathways. Accordingly, the size of cellular cholesterol 
pools can be rapidly adapted according to metabolic needs.

Excess cholesterol is known to have cytotoxic effects in 
mammalian cells, as it triggers the unfolded protein response 
and apoptosis in free cholesterol-loaded cells.11 Thus, cells adapt 
to remove excess cholesterol in several ways: first, cholesterol 
efflux transporters can be upregulated via the liver X  receptor 
(LXR) family of transcription factors. This results in the efflux of 
cholesterol together with phospholipids to high-density lipopro-
tein (HDL) and its apoprotein, apoA1. Second, a slight increase 
of cholesterol above the physiological set point results in blocked 
export of sterol response element binding protein 2 (SREBP2) 
from the ER to the Golgi. Herein, SREBP2 would be processed 
to become a transcription factor controlling the expression of 
cholesterol-synthesizing enzymes, such as 3-hydroxymethyl-
3-methylglutaryl coenzyme A reductase (HMGR) together with 
the low-density lipoprotein (LDL) receptor.12,13 Expanding cel-
lular cholesterol levels also triggers activation of acyl-coenzyme 

A acyl transferase (ACAT) in the ER.14,15 ACAT catalyzes 
reesterification of free cholesterol in the ER, and excess choles-
teryl esters (CEs) become stored in lipid droplets (LDs).

LDL particles are the major cholesterol carriers in the 
blood, and high plasma concentrations of LDL are corre-
lated with an increased risk of developing atherosclerosis 
and cardiovascular diseases.16,17 After binding to its recep-
tor in clathrin-coated pits and uptake of the LDL-receptor 
complex, the LDL is released from its receptor in a pH- and 
calcium (Ca2+)-dependent manner within early endosomes.16 
Degradation of LDL, including hydrolysis of its CEs by acid 
lipase, is proposed to take place after or during the struc-
tural and functional transition of early into late endosomes 
(LEs). Unrestrained cholesterol accumulation is deleterious 
for cells and associated with a number of diseases such as 
atherosclerosis and lysosomal storage disorders.18 For exam-
ple, Niemann–Pick disease type C (NPC) is a neurodegen-
erative disorder caused by a mutation in either protein NPC1 
or protein NPC2.19 NPC1 is a large transmembrane protein 
mostly located in LE/LYSs and also found in the trans-Golgi 
network (TGN).19 NPC2 is a small protein found mainly in 
lysosomes and LEs, which binds cholesterol and presumably 
hands it off to NPC1. The proteins seem to bind the opposite 
sides of a cholesterol molecule.20 Loss of function in either 
NPC1 or NPC2 has been shown to cause severe lysosomal 
accumulation of cholesterol, glycosphingolipids, sphingo-
sine, and sphingomyelin.19,21 Fibroblasts lacking functional 
NPC1 or NPC2 hydrolyze LDL-derived CEs normally, but 
have a strongly reduced ability to elicit normal regulatory 
responses.22,23 Both NPC1 and NPC2 bind cholesterol and 
intrinsically fluorescent cholesterol analogs, such as dehydro-
ergosterol (DHE) and cholestatrienol (CTL).6 It is generally 
assumed that these proteins specifically control the transport 

Figure 1. Structure and biosynthesis of cholesterol biosynthesis. The chemical structure with atom numbering (A) and a space-filling representation (B) 
(Structure shown above kindly supplied by Avanti Polar Lipids, Inc.). An overview of cholesterol’s biosynthesis (C).
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of LDL-derived sterols out of LEs.24,25 One model proposes 
that NPC2 binds cholesterol after hydrolysis of LDL CEs 
in the lumen and transfers it to NPC1 for export from LEs 
to various target organelles including the ER and the PM.25 
In  vitro experiments demonstrated that NPC2 accelerates 
sterol exchange between membranes several-fold, and this 
process is further enhanced under conditions found in acidic 
endosomal compartments.24,26 A mechanistic link between 
NPC2s in in vitro and in vivo functions is missing.27 A sum-
mary of cholesterol transport through the endocytic pathways 
is shown in Figure 2. Further discussion of proteins being 
involved in endosomal cholesterol transport as well as of the 
proposed underlying mechanisms can be found elsewhere.6

Fluorescent Probes for Cholesterol Studies in Cells
Fluorescence microscopy is one of the few methods that 
can provide information on the distribution and dynamics 
of molecules in living cells. However, as cholesterol and its 

physiological esters are not fluorescent, for imaging by this 
technique, their fluorescent analogs must be employed. The 
main challenge here is to find analogs that, while being fluo-
rescent, would introduce minimal changes to the structure 
and properties (and thus distribution and transport path-
ways) of cholesterol or CEs. An alternative approach is to use 
cholesterol-binding and fluorescent molecules. Herein, one 
can either use certain bacterial toxins, such as perifringolysin 
O (PFO). For imaging, PFO can be linked to a fluorescent 
dye or expressed as fluorescent protein-tagged construct in 
cells, or one can apply intrinsically fluorescent polyene antibi-
otics, such as filipin or nystatin.28,29 Filipin binds sterols with 
a free 3′-hydroxy group and is, therefore, often used to deter-
mine total cholesterol distribution by microscopy.30 Filipin 
and PFO derivatives work well in fixed cells and have been 
used in high-content screening assays or in ultrastructural 
studies using electron microscopy (see Table 1).31–35 How-
ever, such probes do not allow one to study inter-organelle 

Figure 2. Schematic illustration of cholesterol transport. Cholesterol uptake via LDL particles, its liberation in late endosomes and lysosomes (LE/LYSs), and 
trafficking from the PM to the endocytic recycling compartment (ERC), the TGN, the ER, or to mitochondria, as happening in steroidogenic cells, is shown. 
Between these membranes, cholesterol moves by vesicular (lined arrows) and/or nonvesicular pathways (dashed arrows). See the text for more details. 
Adapted from Wüstner D, Solanko LM and Lund FW. 2012. Cholesterol trafficking and distribution between cellular membranes., in: I.a.B. Levitan F. (Ed.) 
Cholesterol regulation of ion channels and receptors., John Wiley & Sons Inc., pp. 3–25. © 2012 John Wiley & Sons, Inc.
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sterol transport dynamics, and with the exception of fluores-
cent protein-linked fringolysin, variants cannot be applied 
to living cells. Filipin perturbs membrane structure and 
has even been shown to bind gangliosides in addition to 
cholesterol.36–39 Most importantly, neither filipin nor PFO 
and related toxins detect sterol esters, and such probes do 
not allow for discriminating endogenously synthesized from 
exogenous cholesterol taken up from circulating lipoproteins, 
like LDL. Thus, for specific and reliable tracking of the LDL 
cholesterol pathway in living cells, fluorescent analogs of CEs 
are needed, and developing suitable sterol esters is an impor-
tant but a challenging task.

Fluorescent analogs of cholesterol and its esters can be 
discriminated into intrinsically fluorescent sterols and extrin-
sic or tagged sterol probes. Intrinsically fluorescent sterols 
contain several conjugated double bonds as an intrinsic part 
of the molecule, either in the steroid ring system or in the 
fatty acyl moiety in the case of an ester. Extrinsically fluores-
cent sterol probes have a label moiety attached to either the 
steroid backbone or the fatty acyl chain in the case of a CE 
analog. The very first attempt of using intrinsic fluorescence 
was by introducing conjugated double bonds into the A-ring 
of cholesterol creating sterophenol or by employing aromatic 
steroid hormones such as estradiol or estrogen derivatives 
such as dihydroequilenin.40,41 Sterols with an aromatic A-ring 
have excitation around 285 nm and a slight emission centered 
around 308 nm.40,42 Using iodide as collisional quencher, ste-
rophenol was used to determine the transbilayer dynamics of 

a cholesterol probe.40 However, it turned out that a completely 
planar A-ring found in aromatic sterol probes is not compatible 
with the properties of cholesterol, as comprehensively reviewed 
by Schroeder more than 30 years ago.42 Equilenin and dihy-
droequilenin contain a larger conjugated system involving the 
A- and B-rings of the sterol backbone and show excited state 
deprotonation reactions of the 3-hydroxy group.41 Thus, these 
probes are of interest in the studies on steroid hormones but 
very different from cholesterol. Since the conjugated double 
bonds of most intrinsically fluorescent sterols resemble the 
basic structure of polyenes, they are also called polyene sterols 
(P-sterols). Such P-sterols extend the conjugated system based 
on the double bond of the cholesterol in the B-ring, as exem-
plified for DHE and CTL below. These P-sterols do not have 
completely planar rings in the steroid backbone.

Intrinsically Fluorescent Cholesterol (Ester) Analogs
Dehydroergosterol. DHE is the P-sterol that is most 

widely used in cholesterol trafficking research. DHE is a direct 
derivative of ergosterol, from which it differs only in having one 
additional double bond in the ring system (compare Fig. 3A 
and B). The resulting conjugated system of three double bonds 
makes DHE slightly fluorescent in the ultraviolet (UV) range. 
DHE is a sterol naturally occurring in yeast cells, for example, 
S. cerevisiae, and other fungi.43 Penicillium candidum, a fun-
gus used for the production of camembert, synthesizes DHE, 
and this sterol—but not ergosterol—has been shown to be the 
active dietary compound of these organisms for protecting 

Figure 3. Schematic pathway of DHE synthesis and possible side pathways. The chemical structure of ergosterol (A) and that of DHE having only one 
additional double located in the C-ring (B). (C) Synthesis of DHE from ergosterol and the possible side reactions leading to impurities: (1) ergosterol; 
(2) ergosteryl acetate; (3) dehydroergosteryl acetate; (4) ergosteryl D acetate; (5) ergosterol D; and (6) DHE. Adapted from Ref. 43.

http://www.la-press.com
http://www.la-press.com/lipid-insights-journal-j109


Solanko et al

100 Lipid Insights 2015:8(S1)

microglia cells in culture.44 This suggests a novel approach 
for using DHE as a dairy additive for preventing microglia 
inflammation and onset of dementia.44 While DHE is com-
mercially available, it usually contains a significant amount of 
impurities. This is detrimental to analysis by imaging, as the 
impurities can compete with DHE itself, or have other effects, 
including cytotoxicity.45 For synthesis of DHE (Fig. 3C), 
ergosterol is first converted into an ester form (ergosteryl ace-
tate) in the reaction with acetic anhydride. This procedure is 
necessary in order to protect the 3′OH group during the sub-
sequent oxidation by mercury (II) acetate ((CH3COO)2Hg) 
and acetic acid (CH3COOH). The reaction is carried out in 
boiling ethanol for two hours. Subsequently, the reaction 
mixture is cooled down and the solvent is evaporated under 
reduced pressure in a rotary evaporator. A crude solid is dis-
solved in dichloromethane or tetrachloromethane (CCl4) and 
purified using water extraction (with the addition of sodium 
hydroxide to hydrolyze the ester). Mercury(II) acetate is 
highly soluble in water, and its leftovers are usually removed 
together with the water fraction. We typically purify DHE 
synthesized from ergosterol by washing the organic layer sev-
eral times with water, drying with anhydrous MgSO4, and 
then applying active carbon (for example Norit®). The solvent 
is evaporated in vacuum, and the product is crystallized from 
1:1 acetone:ethanol mixture at -20°C. The crystalline product 
is gently washed in a last step with ice-cold petroleum ether. 
The final product is kept in the dark and under nitrogen until 
use. By this procedure, we typically reach a reaction yield of 
60%–70% and a stable product for several months.

DHE is the closest analog of ergosterol from which it 
differs only by having one additional double bond in the ring 
system. Accordingly, it can be used by the yeast S. cerevisiae 
as the only sterol source, when growing under anaerobic 
conditions.46,47 It can also be used as sterol source by mam-
malian cells being partly sterol auxotroph.43 DHE is esterified 
in yeast as ergosterol, and its cellular uptake requires the activ-
ity of ARE2, the yeast homolog of ACAT.46,47 In mamma-
lian cells, DHE is esterified when taken up by nonlipoprotein 
pathways, though the esterification is slightly lower than that 
of cholesterol (Refs. 48 and 49 and our unpublished observa-
tions). In in vitro experiments, DHE was a poor substrate and 
less-efficient allosteric activator of ACAT1 compared with 
cholesterol.50 This can at least partly explain its less-effective 
esterification in mammalian cells. DHE cannot activate pro-
cessing of SCAP/SREBP2 as cholesterol does, suggesting 
that it fails to bind to several cholesterol metabolizing proteins 
in the ER membrane.51 Such shortcomings must be consid-
ered when using DHE in studies on cholesterol metabolism in 
mammalian cells. For studies on sterol trafficking and metab-
olism in yeast, DHE can be used without concerns, as DHE is 
the closest possible fluorescent analog of ergosterol.

DHE has also been used for decades for spectroscopic 
studies of cholesterol distribution in membranes.42 Recent 
experimental and computational biophysical studies have 

complemented such earlier investigations by showing that 
DHE mimics cholesterol well at moderate concentrations 
in membranes of up to 10 mol%.52,53 Above that concentra-
tion, the ability of DHE to order phospholipid acyl chains 
ceases, which is different from cholesterol.53 However, 
DHE mimics ergosterol well in this respect, as ergosterol 
also condenses and rigidifies monounsaturated phospho-
lipid membranes only up to 10 mol% in a linear concentra-
tion dependence.54,55 This is also the upper limit of the typical 
amount of DHE required in cellular membranes in live-cell 
imaging applications.56 By combining electronic structure 
calculations with time-resolved fluorescence studies, it was 
shown that DHE’s transition dipole is parallel to the long 
axis of the molecule.52 Having this information, one can 
conclude about sterol organization in the membrane from 
(time-resolved) fluorescence polarization spectroscopy. In the 
majority of isotropic solvents, DHE exhibits a fluorescence 
lifetime of approximately 0.3 nsec.57 In membranes made of 
1-palmitoyl-2-oleyl-phosphatidylcholine (POPC), its life-
time is around 0.8 nsec and only slightly dependent on ste-
rol concentration in the membrane.2,52,57 These properties 
together with the nearly linear relationship between emission 
intensity and mole fraction of DHE in bilayers52 make this 
P-sterol a quantitative probe of cholesterol concentration in 
models and cell membranes. Anisotropic emission of DHE is 
slightly concentration dependent in model membranes.2,52,58 
This has been suggested to be a consequence of transbilayer 
dimer formation of DHE similar to that proposed for choles-
terol at low concentrations.58,59 Maximum fluorescence emis-
sion of DHE is around 373 nm in POPC membranes, with 
two shoulders at 395 and 355 nm, respectively. Since quan-
tum chemical calculations find only one transition for DHE 
from the singlet ground to the excited state, the two shoulder 
peaks are likely a consequence of vibrational coupling.52 A 
low extinction coefficient (ε ≈ 11,000 M-1 cm-1) and quantum 
yield (Φf = 0.04 in ethanol) for DHE results in low molecular 
brightness (ie, the product of ε and Φf). This requires UV-
optimized optics combined with highly sensitive CCD detec-
tors for imaging DHE in living cells.60 Alternatively, DHE 
can be imaged by three-photon excitation, as shown in mam-
malian cells and in living nematodes.61–63 Advantages of this 
technique are its intrinsic sectioning capability and its deeper 
penetration into the specimen due to a lower scattering of the 
infrared laser excitation compared with single-photon exci-
tation.64 Since the excitation spot is confined to a thin axial 
region of about 600–800 nm within the specimen, any pho-
tobleaching is confined to just the slice actually recorded. 
This is particularly useful for 3D imaging of DHE in cells 
and animals (Fig. 4). However, the advantages are somehow 
balanced by the low intensity of DHE images obtainable by 
multiphoton excitation microscopy.62 The image quality can 
be significantly improved by averaging several frames for 
getting one image with good signal-to-noise ratio.62 This is 
exemplified in Figure 4A and B, where a polarized hepatoma 
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HepG2 cell couplet labeled with DHE for two minutes and 
10 frames were averaged for at each z-position. In this way, 
we can obtain good-quality images with clear visualization of 
the central biliary canaliculus (BC), and subapical accumula-
tion of sterol-rich vesicles (Fig. 4A and B; only every second 
acquired image is shown). Further improvement is possible by 
a statistical method called image denoising, as shown in the 
lower panels of Figure 4A and B.65 However, UV-sensitive 
wide field imaging is much easier and faster than multipho-
ton imaging of DHE in cells. In an attempt to track sterol 
dynamics in living nematodes, we faced the problem of strong 
intestinal autofluorescence in these animals.66 To overcome 
this problem, we developed bleach-rate-based image segmen-
tation, making use of the much faster photobleaching of DHE 
compared with autofluorescence.63,67 This approach is very 
efficient in discriminating DHE from autofluorescence and 
also works in other applications.46 Importantly, DHE has a 
significant quantum yield (0.09) for photosensitization of sin-
glet oxygen and seems to be the major photochemically active 
compound in some earthworm species.68 A self-perpetuating 

mechanism has been postulated in which prolonged UV irra-
diation causes conversion of ergosterol into DHE with parallel 
production of singlet oxygen that further reacts with ergos-
terol to form ergosterol hydroperoxide. Together with other 
reaction products, the ergosterol hydroperoxide can convert 
back to DHE to be available for another round of photore-
action.68 It must be noted, though, that UV irradiation was 
performed for more than 30 minutes in that study, which is 
much longer than the time used by us for bleach-rate imag-
ing of DHE in nematodes. To overcome the challenge of out-
of-focus blurring observed in thick specimen, three-photon 
excitation microscopy is superior, as it allows one to acquire 
thin sections in living nematodes, if they lack the majority 
of strongly autofluorescent gut granules (Fig. 4C). Again, 
PURE-LET denoising dramatically improved image fidelity 
and signal-to-noise ratio of such multiphoton sections (lower 
panel in Fig. 4C). However, only some fluorescence on the 
ventral site and within the eggs in such glo-mutant animals 
actually originates from DHE, the remaining being autofluo-
rescence, connective tissue, and egg shell material, as verified 

Figure 4. Three-photon imaging and PURE-LET image denoising for visualization of DHE in polarized HepG2 cells and in nematodes. A, B, HepG2 cells 
were labeled for 2 minutes with DHE from a DHE/cyclodextrin complex, washed and chased for 30 minutes at 37°C. A field with polarized cells forming 
an intercellular BC was selected and imaged on a home-built multiphoton microscope using a femtosecond-pulsed Ti:Sapphire laser emitting at 930 nm 
as excitation source. (A) Selected intensity-averaged frames acquired along the optical axis and (B) corresponding maximum intensity projection of all six 
intensity-averaged images from 10 acquisitions each, either prior to (upper panels) or after PURE-LET denoising (lower panels). (C, upper row) Adult glo-
mutant nematodes grown on agar plates containing DHE and imaged on the same system and (C, lower row) result after PURE-LET denoising. Images 
are shown color-coded with a FIRE-LUT. See text and Refs. 62, 63, and 188 for further details.
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in nonstained nematodes (data not shown).63 Thus, even 
though both approaches can be applied, the pros and cons of 
both imaging modalities must be carefully considered when 
imaging P-sterols such as DHE in animals or tissues.

Cholestatrienol. Structurally, CTL (Fig. 5A) is the 
closest fluorescent derivative of cholesterol. Similar to DHE, 
it contains two additional double bonds in the ring system, 
while the aliphatic side chain is identical to cholesterol. The 
first synthesis of CTL was described by Windaus et al in 1939. 
The molecule can be obtained from 7-dehydrocholesterol by 
dehydrogenation with mercury acetate in a reaction very simi-
lar to that used for transforming ergosterol into DHE (see 
above).69,70 The first synthetic protocols for CTL involved 
purification by recrystallization, but the purified species 
was unstable and decomposed rapidly. When reversed-phase 
high-performance liquid chromatography (RP-HPLC) was 
used for purification instead of recrystallization (ie, a C18 
RP-HPLC column and 95:5 v:v methanol:hexane mixture as 
the eluent), the purified product was stable at -70°C.71 CTL 
can be synthesized in an analogous manner to DHE, and it 
remains stable in its solid form at -20°C for up to two months 
(our unpublished observation). Fluorescence properties and 
bleaching propensities of CTL are comparable with those of 
DHE.72,73 However, CTL is a closer mimic of cholesterol’s 
properties in membranes, as it shows a linear relationship 
between ordering capacity for fatty acyl chains and its con-
centration in POPC bilayers, exactly like cholesterol, but in 
contrast to DHE and ergosterol.53,54,74 One of the first studies 
pioneered by Schroeder et al used CTL to gather informa-
tion about micellar structures of sterols and to learn about 
sterol–protein interactions using the sterol carrier protein 2 

(SCP2).42,75 CTL was later used as the closest fluorescent 
cholesterol analog in many spectroscopic studies, where it 
was found to resemble native and deuterated cholesterol very 
well, for example in nuclear magnetic resonance (NMR) 
spectroscopy and other techniques.53,76–78 The close similarity 
of CTL and cholesterol with respect to structural and dynam-
ical properties in lipid bilayers was confirmed by molecular 
dynamics simulations.79,80 Electronic structure calculations 
additionally indicated that the photophysical properties of 
CTL and DHE, such as oscillator strength and transition 
dipole orientation, are comparable, which further validates 
their similar properties in many spectroscopic studies.2,57,76,80,81 
Chong and Thompson suggested lateral segregation as a 
potential explanation for their observation of homotransfer for 
DHE and CTL in POPC membranes above critical concen-
trations and for the thermal-phase behavior of DHE in lipid 
bilayers.82 A  little later, Chong determined intensity dips of 
DHE at fixed stoichiometric ratios with phospholipids in the 
membrane and interpreted the findings using the superlattice 
model of membrane organizations.83 Cholesterol is known 
to induce liquid ordered (lo)/liquid disordered (ld) phase 
coexistence in lipid membranes made of a saturated and an 
unsaturated phospho- or sphingolipid at high sterol mole frac-
tion.84,85 Since the lo phase is highly enriched in cholesterol 
compared with the ld phase, preferred partitioning into the lo 
phase is an important criterion that a good cholesterol analog 
must meet. For fluorescent cholesterol analogs, partitioning 
preference can be easily assessed by fluorescence microscopy 
of giant unilamellar vesicles (GUVs)86–88 or by spectroscopic 
quenching studies together with a known reference marker 
of either the lo or the ld phase.89,90 Unfortunately, only for 

Figure 5. CTL and its esters. (A) The chemical structure of CTL differing from cholesterol only in having two additional double bonds that are located in 
the B- and C-rings, respectively. (B) CTL-linoleate and (C) CTL-oleate. (D) Parinaric acid is an intrinsically fluorescent polyunsaturated fatty acid, which 
has been esterified to cholesterol as a sensor of lipoprotein structure. See text for details and references.
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few cholesterol analogs, partitioning between lo and ld phases 
has been reported. P-sterols such as DHE and CTL show the 
highest enrichment in the lo phase (ie, at least fivefold com-
pared with the ld phase).74,86,88 DHE was shown to be even 
able to induce the lo phase when substituted for cholesterol in 
the lipid mixture.74 We found micrometer-sized domains in 
lo/ld phase-separated GUVs for DHE and demonstrated that 
DHE can induce liquid immiscibility in phospholipid mem-
branes.74 So, the existence of regular sterol arrangements and 
sterol domains in model membranes has been well established 
in several studies. In the PM of living cells, both CTL and 
DHE are homogeneously distributed laterally with no evi-
dence for sterol clustering or domain formation.72,91 Apparent 
local lateral enrichment is a consequence of the rough surface 
topography of mammalian cells and not related to the phase 
preference of the P-sterols in model membranes, even after 
cholesterol loading of cells.72,91–94 We are not aware of any 
piece of experimental evidence for lateral sterol domains in 
the PM of intact living cells. Most evidence is extrapolated 
from model membrane studies, is indirect, or is only obtained 
after heavy experimental manipulation of the cell membranes. 
For example, lo-like domains can be induced from cell mem-
branes only after detergent extraction or when treating cells 
with chemicals, as a combination of dithiothreitol (DTT) and 
paraformaldehyde (PFA).95–98 Partitioning of fluorescent ana-
logs of cholesterol into such lo-like domains can complement 
partition experiments of cholesterol probes between lo and ld 
phase in GUVs, as described above and elsewhere.97,98 How-
ever, the harsh experimental manipulation makes it unlikely 
that such domains have precursors in the intact PM of living 
cells before the treatment. Indeed, inducing PM blebs at 
physiological temperature, in the absence of DTT or PFA, by 
disrupting subcortical actin using cytochalasin or after cho-
lesterol loading did not induce phase separation of DHE.91,92 
Based on such results and many other studies, we strongly 
question the concept of lipid rafts, ie, the existence of lateral 
lipid-based domains formed due to preferred interaction of 
cholesterol with sphingolipids in cellular membranes. Both 
P-sterols are slightly enriched in the inner leaflet compared 
with the outer one, as assessed in quenching studies directly 
under the microscope.73,99 This is again contradicting the 
raft concept, as sphingolipids, the proposed raft partners of 
cholesterol, reside mostly in the outer leaflet of the PM. Use 
of P-sterols and other fluorescent analogs of cholesterol for 
studying the lateral and transverse bilayer organization and 
dynamics of cholesterol in the PM of living cells has been 
recently reviewed in detail.100 CTL is the preferred P-sterol 
in trafficking studies in mammalian cells and also for mecha-
nistic studies on mammalian sterol transfer proteins.51,73,101–103 
Very recently, the synthesis of a side-chain hydroxylated deriv-
ative of CTL has been reported and applied for characterizing 
transport and metabolism of 25-hydroxycholesterol.104 This 
25-hydroxy-CTL is imported into cells by LDL-mediated 
endocytic uptake and modulates sterol homeostatic responses 

in a manner similar to 25-hydroxycholesterol. This confirms 
that P-sterols mimic their natural counterparts very closely, 
making them very good probes for the analysis of sterol 
metabolism and transport.

Cholestatrienol esters and cholesteryl parinaric acid as 
lipoprotein probes. CTL can be converted into ester with, for 
example, linoleate or oleate fatty acyl (Fig. 5B and C). Two major 
methods, both requiring the presence of a catalytic amount of 
4-dimethylaminopyridine can be used here: a reaction with 
an excess of the fatty acid anhydride, or a reaction with the 
fatty acid and a coupling reagent, for example, dicyclohexyl-
carbodiimide.105 Alternatively, the reaction can be conducted 
in the presence of catalytic amounts of d-block metal salts at 
the boiling point of water using a Dean-Stark apparatus. CTL 
esters can be introduced into LDL and other lipoproteins by 
two methods: (1) using sterol exchange proteins, such as those 
found in human blood plasma, which catalyze the exchange 
of sterol esters106 or (2) by heptane extraction of CEs from the 
lipoprotein and reconstituting the core with CTL-oleate.107 
While the first method is useful for incorporating sterol ester 
probes into HDL, the second technique is most suitable for 
LDL. The first bioanalytical application of free and esterified 
CTL we are aware of was a spectroscopic analysis of sterol 
distribution in LDL and HDL.108 In that study, CTL was 
shown to quench tryptophan fluorescence of the apoproteins 
within LDL and HDL efficiently, while the ester form, CTL-
oleate (Fig. 5C) was a less efficient quencher.108 From that, it 
was concluded that CEs reside in the core while cholesterol 
locates mostly to the phospholipid monolayer of lipoproteins. 
This conclusion was later confirmed in many experimental 
and computational studies.108,109 A little later, CTL was used 
to explore the surface properties of very low-density lipopro-
tein (VLDL).110 Circular dichroism, lifetime measurements, 
and accessibility to aqueous quenchers were used to analyze 
the distribution and organization of CTL-oleate (Fig. 5C) in 
LDL, and by that approach, a temperature-dependent phase 
transition of the particle could be demonstrated.109,111

Another approach to the development of intrinsically 
fluorescent CEs is to use esters in which the fatty acid is fluo-
rescent. Perhaps the best known examples are the esters of 
parinaric acid (trivial name for octadeca-9,11,13,15-tetraenoic 
acid—see Fig. 5D). The acid naturally occurs in a large quan-
tity (46%) in Makita (Parinari laurina) seeds, from which 
it can be extracted and purified by repeated crystallization 
from petroleum ether.112 Nowadays, it can also be obtained 
synthetically, either using α-linoleic acid as a starting mol-
ecule or by iterative cross-coupling.113 Parinaric acid has been 
used as a fluorescent probe for membrane structure,114,115 and 
also for many other kinds of studies, for example, to investi-
gate human plasma lipoproteins.116 Also its esters with cho-
lesterol have been synthesized105 and used, for example, as 
a probe for LDL structure.109 However, we are not aware of 
any live-cell imaging study using cholesteryl parinaric acid. 
In contrast, DHE-oleate has been synthesized as outlined 
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above for CTL-oleate, inserted into atherogenic acetylated 
LDL, and monitored by UV-sensitive wide field imaging 
in murine macrophages.48 Currently, we follow-up on that 
approach in our laboratory, where we routinely make CTL-
oleate and -linoleate, reconstitute it into LDL particles, and 
follow their uptake and transport itineraries in living cells. For 
example, we are studying the transport of CTL-linoleate as 
part of LDL in human fibroblasts lacking functional NPC2 
protein (Fig. 6). By applying iterative maximum-likelihood 
deconvolution, to reassign out-of-focus light to the correct 
planes in a 3D image stack, we achieve confocal-like section-
ing capability of the microscope (data not shown).29 Similarly, 
Richardson–Lucy (RL) maximum-likelihood deconvolution 
can be applied to single CTL images and gives improved 
resolution, in which individual peripheral vesicles contain-
ing CTL can be clearly discerned (Fig. 6B, upper and middle 
panel).117 We chose this algorithm, as implemented in the 
Deconvolution lab plugin to ImageJ, since it provides an accu-
rate description of image noise as a Poisson statistics and gave 
the best results in our hands.117–119 The extent of blurring of 
an object by the microscope objective lens can be understood 
by considering the lens as a low-pass filter meaning that only 
spatial frequencies of the diffracted light up to a certain cutoff 
can pass the lens.117 Deconvolution is sometimes called com-
putational super-resolution, since it theoretically allows for 
reconstruction of spatial frequencies lying outside the support 
of the optics.118,120 Even if this is rarely achieved in practice, 
deconvolution almost always improves image fidelity to some 
extent, since the practically achieved resolution is affected by 
other factors including the spatial sampling, eventual aber-
rations, as well as contrast and noise levels.117,121 The perfor-
mance of a deconvolution algorithm can be assessed not only 
from the visual image improvement but can also be judged by 
comparing the frequency representation of raw and decon-
volved images, ie, their (fast) Fourier transform (FFT; Fig. 
6B, lower panel).117,118 Instead of spatial pixel coordinates (x, 
y), one gets frequency pixel coordinates (u, v). Zero frequen-
cies are found in the center of those 2D spectra and increas-
ing frequencies toward the edges (Fig. 6B, lower panel). The 
intensities in the FFT spectra tells how much each frequency is 
represented in the respective image (ie, the amplitude). With 
this in mind, inspection of the FFT spectra clearly shows that 
RL deconvolution gives a larger contribution of higher spa-
tial frequencies (ie, higher values in the periphery of the FFT 
maps). Such higher frequencies correspond to finer spatial 
details in the fluorescence images. Thus, with 20–40 iterations 
of the RL algorithm, we indeed improve the resolution com-
pared with the raw images, thereby partly compensating for 
out-of-focus blurring and other factors (Fig. 6B). The decon-
volution outcome is so convincing here, because the cells take 
up significant amounts of labeled LDL, resulting in a high 
CTL signal and thereby a good signal-to-noise ratio. Thus, we 
see in independently acquired bleach stacks as well as in direct 
comparison with unlabeled fibroblasts that the CTL signal is 

7–10-fold that of the autofluorescence (data not shown).62,122 
In this way, we demonstrated that after hydrolysis of the ester, 
some of the liberated CTL is able to reach the PM with many 
small cytoplasmic vesicles in the cell periphery. The majority 
of CTL gets trapped in perinuclear LE/LYSs due to a lack of 
functional NPC2 protein in these cells (Fig. 6 and Solanko 
et al, manuscript in preparation). These initial results clearly 
support the huge potential of wide field deconvolution imag-
ing of P-sterol esters for analysis of lipoprotein-mediated cho-
lesterol transport pathways in health and disease.

Extrinsic Cholesterol Analogs
Recently, several different extrinsic cholesterol analogs have 
been synthesized. However, some of them appear to be very 
artificial with respect to their ability of mimicking choles-
terol, or they have not been used for trafficking studies so far. 
Accordingly, they are not going to be discussed in this review. 
In the following section, we focus on the closest analogs of 
cholesterol, bearing a tagged fluorescent group.

BODIPY-tagged cholesterol and CE analogs. Bora-
diaza-indacene (BODIPY)-tagging is a versatile and common 
approach for generating fluorescent lipid probes with prefer-
able photophysical properties together with acceptable impact 
on the native lipid structure.123 BODIPY-cholesterol was first 
introduced by Li et al in 2006,124 and this cholesterol analog 
became well accepted by the research community shortly after 
(eg, in Ref. 49 and recently reviewed in Ref. 125). Li et al have 
synthesized several BODIPY-tagged cholesterol derivatives. 
The first were obtained by coupling a carboxyl acid deriva-
tive of BODIPY with a sterol analog containing a hydroxyl 
group at the side chain, mediated by the coupling reagent 
N,N ′-dicyclohexylcarbodiimide (DCC)—thus giving an ester 
link.124 A different approach involves Suzuki or Liebeskind–
Srogl coupling—in that case, instead of an ester group an aryl 
ring acts as a linker.126 Only two of them (Fig. 7A and D) parti-
tion preferentially into the cholesterol-rich lo phase in ternary 
model membranes.87,88,127,128 In GUVs made of dipalmitoyl 
phosphatidylcholine (DPPC), dioleoyl phosphatidylcholine, 
cholesterol (Fig. 1A), DHE (Fig. 3B), BODIPY-cholesterol 
(Fig. 7A), and the ld marker di-C12-indocarbocyanine 
(DiIC12), the different extent of lo preference of both fluo-
rescent sterol probes could be directly visualized by multicolor 
wide field imaging in the same membrane.88 So far, no other 
extrinsically tagged fluorescent cholesterol analogs than the 
two BODIPY-cholesterol derivatives shown in Figure 7A 
and D were reported to show preferred partitioning into the 
lo phase.127 This key property together with the overall com-
parable trafficking kinetics and itineraries from the PM as 
DHE and at least 600-fold higher brightness compared with 
CTL or DHE make BODIPY-tagged cholesterol analogs the 
preferred extrinsic cholesterol analog.125 In particular, their 
high photostability under two-photon excitation makes the 
BODIPY-cholesterol probes shown in Figure 7A and D very 
attractive for long-term time-lapse imaging and fluorescence 
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Figure 6. Direct observation of CTL ester processing after ingestion of LDL in Niemann–Pick C2 fibroblasts. (A) The esterification reaction of CTL (1) with 
linoleate (2) to CTL-linoleate (3) and water followed by reconstitution of CTL-linoleate into LDL (4) for imaging in cells (5). NPC2 disease fibroblasts were 
incubated in the medium containing CTL-linoleate reconstituted into LDL as the only lipoprotein source for 24 hours. Cells were washed and imaged on a 
UV-sensitive wide field microscope equipped with z-stacking capability for acquiring multiple images along the optical axis. (B, upper row, “Image”): CTL 
image as acquired (“Raw”) or after various iterations of RL deconvolution. Especially after deconvolution, CTL fluorescence in LE/LYSs, the perinuclear 
region, and the PM can be discerned. In addition, the inset being enlarged in the middle panel (B, “Zoom”) reveals many small peripheral vesicles 
containing CTL, again clearly visible after RL deconvolution for 20–40 iterations. The improved image quality can also be judged from the frequency 
representation of the images, ie, their Fourier transform (B, lower panel, “FFT”). Herein, the contribution of higher spatial frequencies (ie, higher values in 
the periphery of the FFT maps) is apparent after deconvolution. Higher frequencies in the FFT maps correspond to finer details in the images, indicating 
that maximum-likelihood deconvolution efficiently removes out-of-focus blur, resulting in higher contrast and resolution. This is essential for detecting 
sterol in small vesicles and other structures. Images are shown color-coded with a FIRE-LUT.
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correlation spectroscopy in living cells.129 They are also use-
ful for assessment of probe orientation by two photon-based 
fluorescence polarimetry in models and cell membranes.128 
In  addition, BChol and B-P-Chol have been used to deter-
mine diffusion laws of lo preferring cholesterol analogs in the 
PM of living cells, either using high-speed single-molecule 
tracking or based on stimulated emission depletion micros-
copy coupled to fluorescence correlation spectroscopy.128,130 
Fast and mostly free, unhindered diffusion of both cholesterol 
analogs down to a spatial scale of ,80  nm in both leaflets 
of the PM was found by such advanced imaging approaches. 
Thus, the prediction of the raft hypothesis, namely, trapping of 
cholesterol analogs in the PM, could not be confirmed. Simi-
lar results were found with a PEG-linked extrinsic cholesterol 
analog in various cells including cells grown on patterned 
surfaces.131,132 Further discussion of that topic can be found in 

a recent review.100 Interestingly, we found that the orientation 
of the BODIPY-moiety has no impact on phase preference or 
lateral diffusion of BOIPY-tagged cholesterol probes in model 
membranes, but affects their lateral diffusion in the PM of 
living cells, where B-P-Chol diffuses almost twice as fast as 
BCol.128 Also, BODIPY-tagged cholesterol probes, as those 
shown in Figure 7A and D, accumulate to an artificial extent 
in LDs of fatty acid loaded cells.88,133 This is a direct conse-
quence of the dye chemistry, since BODIPY is a prominent 
LD marker.134 Including a linker between cholesterol’s alkyl 
chain and the BODIPY group caused preferred partitioning of 
such analogs into the ld phase in model membranes and rapid 
nonspecific redistribution to several organelle membranes in 
living cells.88,127,135 Thus, the attachment and orientation of 
the fluorophore in extrinsic cholesterol analogs can have dra-
matic effects on their distribution and diffusion in living cells.

Figure 7. Structure of BODIPY-tagged cholesterol analogs, their esters, and BODIPY-fatty acids, which can be esterified to cholesterol. Commercially 
available BODIPY-cholesterol (A, TopFluor-cholesterol from Avanti), its ester with linoleate (B), or with oleate (C). Hydrolysis of such esters in cells allows 
one to follow the fate of the tagged cholesterol moiety. BODIPY-P-cholesterol (D) is a probe in which the BODIPY group is linked to cholesterol’s side 
chain via one of the pyrrole rings of the dye. Three different BODIPY-labeled fatty acids have been linked to cholesterol to produce a fluorescent ester 
(E). Hydrolysis of such esters in cells enables one to follow the fate of the tagged fatty acid moiety.
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Milles et al studied cholesterol dynamics in models and 
cell membranes using several BODIPY-tagged cholesterol 
analogs including the one shown in Figure 7A.135 They have 
also investigated the interaction between cyclodextrin and 
cholesterol analogs and related that property to the ordering 
capacity of the probes in POPC membranes, as assessed by 
NMR spectroscopy. Importantly, despite having the lowest 
extractability from membranes to cyclodextrin of all studied 
extrinsic cholesterol analogs, BODIPY-cholesterol (Fig. 7A) 
had no ability to order fatty acyl chains in POPC bilayers.135 
This is an important and somehow alarming observation, since 
it shows that a crucial property of cholesterol—to condense 
lipid bilayers—vanishes when an extrinsic dye is linked to 
the sterol molecule. In similar studies carried out by the same 
research team, only CTL and—to a lower extent—DHE were 
able to order fatty acyl chains in POPC membranes, reiterat-
ing the close resemblance of cholesterol by these P-sterols.53 
The BODIPY-tagged cholesterol shown in Figure 7A is com-
mercially available from Avanti Polar Lipids under the name 
TopFluor-cholesterol, and it has also been used for in  vivo 
imaging after injecting the probe into the zebrafish egg yolk 
sack for subsequent observation over several days.49 Such 
studies could be well supplemented by two-photon excitation 
microscopy with all its advantages of probe imaging in thick 
samples.

BODIPY-cholesteryl-oleate and -linolate with the fatty 
acids coupled to the 3′-hydroxy group of BODIPY-tagged 
cholesterol have been recently introduced by Kanerva et al 
for tracking the LDL pathway of cholesterol import into cells 
(Fig. 7B and C).136 Both linoleic and oleic acids are naturally 
occurring in cells and in the esterified form of cholesterol. 
There is a widely known protocol how to reconstitute LDL 
with either fluorescent or radioactive CEs, which was also used 
for incorporating BODIPY-cholesteryl-oleate and -linolate 
into LDL.136,137 Even though the BODIPY-cholesteryl-esters 
were transported to LE/LYSs, hydrolysis of these probes was 
found to be much slower than that of native CEs.136 Thus, it is 
likely that the BODIPY group interferes sterically with acid 
lipase activity, thereby causing diminished hydrolysis of the 
BODIPY-tagged CEs. BODIPY-cholesteryl-oleate has also 
been used by Röhrl et al to follow selective uptake pathways 
of CEs from HDL in the hepatocyte-like cell line HepG2.138 
Similar to CEs with a fatty acyl-linked BODIPY group, the 
fluorescent ester remained associated with HDL for pro-
longed time after holo-particle endocytosis.138,139 It remains 
to be determined whether this trafficking route indeed resem-
bles that of native CEs or is biased by the bulky BODIPY 
group. For that purpose, P-sterol esters, such as CTL-linole-
ate, could be incorporated into HDL and studied in polarized 
HepG2 cells or other hepatocyte model systems.140 Further 
details about BODIPY-tagged CEs can be found in recent 
reviews.125,141

6-Dansyl-cholesterol. Dansyl (5-dimethylamino-1- 
naphthalenesulfonyl) as a fluorophore is commonly applied to 

tag lipids, proteins, and other biomolecules, due to its envi-
ronmental sensitivity, solvent polarity, and a long lifetime.142 
A cholesterol analog bearing the dansyl group attached at 
the sixth carbon of cholesterol was originally synthesized by 
Wiegand et al, by condensing 6-ketocholestanol with dansyl 
hydrazine catalyzed by HCl.143 Due to the specific linkage 
at carbon 6, the double bond of cholesterol is removed, and 
the resulting probe is a Dansyl-cholestanol (DChol; Fig. 8A). 
DChol was first used to study sterol trafficking in CT43 cells, 
CHO mutants deficient in a functional NPC1 protein. There, 
it was found that DChol is esterified similar to cholesterol.143 
DChol has a broad excitation and emission spectrum with 
maxima around 336 and 522 nm, respectively. The fluorophore 
is small and exhibits relatively high quantum yield, but it is 
prone to photobleaching similar to that of P-sterols, filipin, or 
NBD-tagged cholesterol analogs. The emission of DChol is 
environmentally sensitive and shift toward lower wavelengths 
(around 509  nm) at neutral pH in polar solvents. When 
dropped to pH of approximately 1–2, the emission intensity at 
509 nm decreases with an additional shift of DChol’s maxi-
mum peak toward 490  nm. Fluorescence of Dansyl-tagged 
lipids is highly influenced by the polarity of the solvent, and 
its emission maximum can be red-shifted by 26  nm when 
the solvent dielectric constant (Dsolv) increases from 2 to 42. 
Also, in the range of Dsolv = 2–40, the Stokes shift of DChol 
is proportional to Dsolv, in line with the Onsager theory and 
the Lippert–Mataga equation.142,143 Further increasing sol-
vent polarity to Dsolv  =  80 gave only a minor blue shift of 
4 nm, indicating the formation of micelles or microcrystals 
of DChol in such solvents.144 This was confirmed by light 
scattering and fluorescence polarization measurements in the 
same study, giving a critical micelle concentration of 155 nM 
for DChol compared to #35 nM for cholesterol.144,145 Moni-
toring the shifts in excitation and emission maxima combined 
with fluorescence lifetime and anisotropy measurements as 
readout for membrane packing has also been used for other 
Dansyl-tagged lipids, such as Dansyl-tagged phosphatidyl 
ethanolamine (DPE) and phosphatidylserine (DPS).142,146 
The mean fluorescence lifetime of DChol was calculated by 
fitting a triexponential decay function to the intensity decay of 
DChol in POPC liposomes to be 13.2 nsec.147 In membranes 
made of DPPC, DChol’s mean lifetime increased to ~15.6 
nsec, while it was intermediate (14.6 nsec) in liposomes mim-
icking the lo phase (ie, DPPC with 40 mol% of cholesterol).147 
Also the fluorescence anisotropy and apparent rotational cor-
relation time of DChol were sensitive to the lipid phase in 
these liposomes.147 In the same study, analysis of the mem-
brane penetration depth of the Dansyl group based on paral-
lax quenching by nitroxy-tagged lipid probes revealed that the 
average localization of the fluorophore attached to the sterol 
ring system is ~15.6 Å from the center of the bilayer.148 These 
findings are in line with the previous studies using neutron 
diffraction to localize cholesterol in the phospholipid mem-
brane.149 However, no partition preference of DChol between 
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ordered and disordered membrane phases has been shown in 
these studies. DChol has been inserted into the membranes 
of living cells by one of the three methods: (a) directly from 
the culture media in which the sterol was dissolved with 
an incubation of approximately 1–2 hours, (b)  as a complex 
with β-cyclodextrin with a short incubation of 2–30  min-
utes,143,144 and (c) as part of large unilamellar vesicles com-
posed of POPC: DChol.150 Since the excitation spectrum of 
the Dansyl group shows a strong spectral overlap with the 
emission of DHE, Förster resonance energy transfer (FRET) 
occurs between both types of fluorophores. This has been used 
initially in spectroscopic experiments to study lipase activity 
and cholesterol solubilization by bile salts and determine flip-
flop rates for DHE in liposomes, always with Dansyl-tagged 
lipids such as PC or DPE as FRET acceptors.151–153 Huang et 
al used FRET between DHE and DChol, which was detected 
by sensitized emission after multiphoton excitation of the 
DHE donor in intact cells.144 Close proximity of both fluores-
cent sterols was inferred from FRET taking place in selected 
regions of the PM. Despite these and similar promising stud-
ies, it must be emphasized that the Dansyl group protrudes 
from the sterol backbone and will likely disturb cholesterol-
induced membrane condensation significantly. In fact, DChol 
partitions with high preference into the cholesterol-poor ld 
phase in model membranes and colocalized little with cho-
lesterol-rich LE/LYSs in NPC1 disease cells.97 These results, 
together with the high bleaching propensity of this probe, 

make the use of DChol for live-cell imaging studies on cho-
lesterol transport questionable.

NBD-tagged cholesterol analogs. Cholesterol analogs 
bearing a 7-nitrobenz-2-oxa-1,3-diazole (NBD) group at 
either carbon 22 (Fig. 8B) or 25 of cholesterol (Fig. 8C) share 
some properties with DChol. They have similar environ-
mental sensitivity of emission, suitable brightness, and also 
high bleaching propensity, and such probes have been widely 
used in cellular studies for more than 30 years.154,155 22- and 
25-NBD-cholesterol can be easily incorporated into cells by 
direct addition from media, with the help of β-cyclodextrin 
or serum albumin present in the medium, both for cholesterol-
trafficking studies in mammalian cells and fungi.156–158 This is 
partly a consequence of their higher water solubility and much 
faster intermembrane exchange compared with cholesterol, 
ergosterol, or P-sterols.159 In fact, both NBD-tagged choles-
terol analogs showed a mean half-time for a passive exchange 
of 10–120 seconds, similar to side-chain oxysterols, but in 
stark contrast to cholesterol, DHE, or CTL, with exchange 
half-times in the range of 45 minutes to 1 hour in fluid PC 
membranes.102,159–161 Both 22- and 25-NBD-cholesterol have a 
strong tendency to orient opposite to cholesterol in lipid bilay-
ers; they have no capacity to order fatty acyl chains of POPC, 
and they partition exclusively into the ld phase in ternary 
model membranes, in stark contrast to cholesterol.53,89,127,135 
Despite these strong deviations from cholesterol’s behavior, 25- 
(but not 22-) NBD-cholesterol could be used to monitor the 

Figure 8. Structure of additional extrinsically fluorescent cholesterol analogs. 6-Dansyl-cholesterol (A, DChol), 22-NBD-cholesterol (B), 25-NBD-
cholesterol (C), pyrene-tagged cholesterol analogs (D, when n = 2, it is called Pyr-met-Chol as described in the text). (E) Alkyne cholesterol can be 
chemically linked to various fluorescent dyes including BODIPY when provided as azido derivative. See text for further explanations.
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physical properties of cell membranes depleted of cholesterol.162 
Such experiments have been carried out in a straightfor-
ward way by lifetime imaging, as the increased hydration of 
25-NBD-cholesterol upon cellular cholesterol depletion gave 
a change in mean fluorescence lifetime of ~0.7 nsec.162 Pro-
longed time-lapse imaging, FRAP, or FLIP studies are more 
difficult to carry out with 22- and 25-NBD-cholesterol, as 
both analogs are significantly less bright and photostable than 
BChol.97 When 25-NBD-cholesterol was introduced into 
CHO cells from culture media, it did not show prominent 
PM staining and became miss-targeted to cholesterol-poor 
mitochondria.163 Interestingly, also in yeast, mitochondria 
have been implicated in the uptake of 25-NBD-cholesterol, 
and both 22- and 25-NBD-cholesterol were shown to serve 
as substrates for mitochondrial monooxygenases in yeast.164,165 
Thus, the preferred uptake and transport of both cholesterol 
analogs to mitochondria in mammalian and fungal cells could 
be a consequence of metabolic trapping and conversion of the 
NBD group into 7-nitrobenz(1,2,5)oxadiazole-4-amine.164 
Also, the NBD group affects the cellular efflux of the tagged 
cholesterol probe, as 22-NBD-cholesterol is released from 
cells to HDL in the medium with rates much higher than 
those for 3H-cholesterol.166 While 22-NBD-cholesterol is 
esterified by ACAT to a higher extent than cholesterol,61,145 
the extent of esterification of this probe is linearly propor-
tional to that of native cholesterol.167,168 When incorporated 
into LDL, 22-NBD-cholesterol was also found to be able to 
efficiently downregulate the expression of HMGR.155 Thus, 
for some metabolic investigations, such as studying ACAT 
activity in cells, 22- and 25-NBD-cholesterol seem to be use-
ful. In contrast, the majority of biophysical studies applying 
these NBD-tagged cholesterol analogs picture these probes 
as poor mimics of cholesterol in biological membranes. Even 
though 25-NBD-cholesterol seems to be useful for studying 
sterol uptake in yeast,158,169 P-sterols such as DHE differing 
from the yeast sterol ergosterol only in one additional double 
bond will outperform extrinsically tagged sterol also in such 
uptake assays.46,47

Pyrene-tagged cholesterol and its esters. When pyrene-
containing lipids assemble in close proximity, the pyrene 
groups show a characteristic red-shifted excited state emis-
sion (excimer). This property has been used in many differ-
ent applications, for example, in the case of acyl chain labeled 
pyrene CEs, to study their exchange between HDL particles 
catalyzed by a transfer protein.170 The same probe inserted 
into LDL was used to follow trafficking and lysosomal deg-
radation of CEs in human fibroblasts.171 When reconstituting 
LDL with both cholesteryl-linoleate and cholesteryl-deca-
nyl-pyrene, both were similarly hydrolyzed by acid lipase in 
a concentration-dependent manner, and the pyrene-tagged 
decanate was able to leave the LE/LYSs in control but not 
in Wolman disease fibroblast, which lack the lipase.171 These 
studies suggest that CEs tagged in the acyl chain with a 
pyrene group are suitable surrogates of native CEs, also for 

UV-sensitive imaging application. A few years later, in 2007, 
a cholesterol derivative with the pyrene attached to the alkyl 
chain has been introduced and named 21-methylpyrenyl-
cholesterol (Pyr-met-Chol; Fig.  8D).172 This compound was 
obtained by a condensation reaction between 1-pyrenecarbox-
aldehyde and pregnenolone. Pyr-met-Chol was shown to be 
easily incorporated into membranes where it has a tendency 
to self-associate, which again was assessed by measuring the 
extent of excimer formation.172 It cannot be ruled out that self-
association of Pyr-met-Chol is a direct consequence of stack-
ing of the bulky fluorophore within the bilayer. Partitioning 
experiments of Pyr-met-Chol between the lo and ld phase in 
ternary lipid membranes have not been reported, but it is pos-
sible that the pyrene group significantly perturbs the bilayer 
and thereby conflicts with the cholesterol-induced membrane 
condensation, as shown for other pyrene-tagged lipids.173 Pyr-
met-Chol can be introduced into lipoproteins, which function 
as a vehicle for delivering this probe to cells.174 After label-
ing, Pyr-met-Chol showed strong intracellular accumulation, 
which is in contrast to cholesterol which is known to reside 
mostly in the PM.175 Also in contrast to cholesterol and also 
to analogs such as DHE, CTL or BODIPY-cholesterol is the 
complete absence of esterification of Pyr-met-Chol in cells. 
Together, the potential of pyrene-tagged sterol probes to 
report about eventual local sterol enrichment by excimer for-
mation is counterbalanced if not overshadowed by the limited 
resemblance of cholesterol’s properties in cells.

Click chemistry strategy and derivatives of alkyne 
cholesterol. A strategy aimed at using the benefits of both 
extrinsically and intrinsically fluorescent sterol analog bases 
on the so-called click chemistry reactions. Click chemistry is 
a concept of using high-yield reactions for joining functional 
chemical groups in a reliable and quick way. Perhaps the best 
known click chemistry reaction is the azide alkyne Huisgen 
cycloaddition, in which an azide group reacts with an alkyne 
group in the presence of Cu+ ions (usually generated in situ) 
to form a substituted 1,2,3-triazole ring.176 This approach 
was used for analyzing lipids. It turned out that fatty acids 
bearing an alkyne group are treated by living cells just like 
natural fatty acids, but they are much easier to detect and 
visualize on TLC plates, for example, after in vitro enzy-
matic assays.177,178 A similar principle was also applied to 
the analysis of sterols. Again, it was proven that alkynated 
analogs of sterols are treated by the organism like native 
sterols—with  respect to both distribution and susceptibility 
to enzymatic reactions.179,180 Moreover, click chemistry pro-
vides a broad range of possibilities for detecting and analyz-
ing the sterols, ranging from TLC over UV/Vis detection and 
fluorescence microscopy to mass spectrometry and Raman 
microscopy (including coherent anti-Stokes Raman scatter-
ing [CARS] microscopy).133,179,181 In the latter case, C≡C 
stretching vibrations were amplified by generating a conju-
gated system of p-electrons from the alkyne group to a linked 
phenyl ring in the side chain of cholesterol. This allowed for 
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detection of the resulting cholesterol probe in living cells and 
in Caenorhabditis elegans.133 The phenyl-tagged Raman-active 
cholesterol probe accumulated in LE/LYSs of Niemann–Pick 
C1 mutant cells and was not cytotoxic due to a protecting 
effect of the terminal phenyl group.133 Cytotoxicity became an 
issue for the used alkyne cholesterol in the same study, which 
differs slightly from the one used by the Thiele group.133,179 
In fact, the latter probe contained the alkyne at the end of 
cholesterol’s side chain (Fig. 8E) and showed no cytotoxicity, 
neither in mammalian cells nor in yeast cells.179 The slightly 
shortened aliphatic chain used in the alkyne cholesterol by Lee 
et al133 might be treated differently in cells, which is in line 
with the biophysical studies on the importance of cholesterol’s 
side chain for its membrane properties.182,183 An additional 
advantage of Raman-active cholesterol probes, such as the 
phenyl-tagged alkyne cholesterol, is the fact that they can be 
visualized by CARS or stimulated Raman microscopy. These 
methods can be easily combined with other nonlinear optical 
imaging techniques, such as multiphoton excitation fluores-
cence microscopy.133,184 When given to CHO cells, phenyl-
tagged alkyne cholesterol became enriched in LDs only upon 
esterification by ACAT, very much like DHE and CTL but 
in stark contrast to BODIPY-cholesterol, which accumulates 
in LDs without esterification due to the preferred partition-
ing of the BODIPY group into that organelle.51,73,88,133 Note 
that for these Raman studies, cells or nematodes were incu-
bated with  the phenyl-tagged alkyne cholesterol, so that no 
additional click chemistry reaction was necessary. This is in 
contrast to the fluorescence imaging studies using alkyne 
cholesterol mentioned above. Very recently, a new alkyne 
cholesterol and alkyne 25-hydroxycholesterol probe has been 
presented, in which the alkyne replaces the axial methyl group 
at carbon 19 of the sterols (structure not shown, but compare 
Figs. 1A and 8E).185 The 19-ethynyl-cholesterol (eChol) sup-
ported Hedgehog signaling similar to cholesterol and was 
detected by fluorescein-azide after click reaction in the PM 
and to a lower extent in the ER and mitochondria.185 Also, 
eChol could rescue the growth defect of the partially sterol 
auxotroph CHO cell line M19 similar to cholesterol.185 Since 
the same group also studies other alkyne-tagged lipids, two-
color imaging of eChol with alkyne choline phospholipids 
could be performed in the same study. However, it has to be 
noted that even though the presented alkyne cholesterol ana-
logs differ very little from cholesterol, the finally visualized 
sterol distribution is based on an extrinsic analog, in which 
a bulky fluorophore becomes linked to the alkyne group. 
Accordingly, all concerns about reliability of extrinsic fluo-
rescence probes for cholesterol, as discussed in detail above, 
applies also to alkyne-tagged cholesterol analogs. Also, for 
using the classic Huisgen cycloaddition in such applications, 
cells need to be fixed before the addition of the tag, as copper 
(I) is cytotoxic, so, it is not possible to conduct fluorescence 
microscopy analysis of alkyne-tagged cholesterol analogs 
in living  cells. However, there are other types of so-called 

biorthogonal click reactions that can be used to conjugate 
the alkyne with a fluorophore in living cells, for example, 
conjugation with strained cyclooctynes186—this approach has 
been used for in vivo imaging of glycan187 and is currently 
under investigation for possible application to sterols.180

Summary and Outlook
We have described three main approaches to cholesterol 
imaging in cells by fluorescence microscopy: applying intrinsi-
cally or extrinsically fluorescent cholesterol analogs and using 
alkyne cholesterol derivatives acting as a substrate for click 
chemistry reactions introducing the fluorophore. All three 
approaches have benefits and drawbacks. For example, while 
intrinsically fluorescent sterols usually mimic natural choles-
terol much better than extrinsically fluorescent ones; they also 
have a much lower molecular brightness and emit UV light 
and, therefore, require more specific equipment and very sen-
sitive cameras for detection. On the other hand, applying the 
alkyne derivatives bears the potential of combining the best 
properties of intrinsically and extrinsically fluorescent deriva-
tives. However, in this approach, the cells need to be fixed, 
and the most widely used click chemistry catalyst, Cu (I) ions, 
is cytotoxic. Also, the finally detected sterol probe is again 
an extrinsic cholesterol analog in this technique, and it has 
not yet been shown that the fluorophore has equal access to 
the ethynyl group in all cellular membranes during the click 
reaction step.

We are left with a toolbox of various molecules that are 
suited to different applications, ranging from in vivo sterol 
tracking to enzymatic assays. However, the situation changes 
dynamically, and it is possible that, with advances in syn-
thetic chemistry, new cholesterol probes become available. 
For example, the development of biorthogonal click reactions 
could allow researchers soon to link dyes to alkyne cholesterol 
under more physiological conditions. Similarly, intrinsically 
fluorescent alkyne cholesterol analogs could be synthesized, 
for example, CTL with the ethynyl group at position C26, 
thereby enabling one to assess whether the click reaction takes 
place equally well in all cellular membranes. Finally, the fluo-
rescence properties of intrinsically fluorescent analogs can be 
improved by introducing a fourth conjugated double bond in 
the steroid ring system. This has been predicted to red-shift the 
excitation and emission maxima and increase the extinction 
coefficient sufficiently to image such probes with conventional 
microscope instrumentation.80 This would eventually allow for 
detecting sterol transport to organelles with lower cholesterol 
abundance, such as ER, Golgi, or mitochondria. Together, we 
have recently witnessed rapid progress in synthetic and com-
putational chemistry of suitable cholesterol analogs. These 
developments combined with the fast improvement of live-cell 
imaging technology and an increasing understanding of cho-
lesterol’s specific properties in membranes promise a bright 
future for in-depth analysis of cholesterol trafficking and its 
alterations in human disease.
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