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Abstract: Live-cell imaging of cholesterol trafficking depends on 
suitable cholesterol analogs. However, existing fluorescent analogs of 
cholesterol either show very different physico-chemical properties 
compared to cholesterol or demand excitation in the ultraviolet 
spectral region. We present novel intrinsically fluorescent sterols 
containing four conjugated double bonds in the ring system and either 
a hydroxy or a keto group in the C3 position. Synthesis of these 
probes involves dehydrogenation of 7-dehydrocholesterol using 
mercury(II) acetate, Swern oxidation/dehydrogenation, and 
stereoselective Luche reduction. Molecular dynamics simulations and 
nuclear magnetic resonance spectroscopy reveal that the analog with 
a 3’-hydroxy-group like cholesterol can condense fatty acyl chains and 
form hydrogen bonds to water molecules at the bilayer interface. The 
emission of both probes is red-shifted by 80-120 nm compared to the 
widely used sterol analogs dehydroergosterol or cholestatrienol. This 

allows for their imaging on conventional microscopes, as we here 
show in giant unilamellar vesicles. These experiments reveal a 
preferred partitioning of both sterol probes into the biologically 
relevant liquid-ordered phase. In conclusion, we present a synthesis 
strategy leading to novel intrinsically fluorescent sterol probes with 
close resemblance of cholesterol. Their improved photophysical 
properties will allow for live-cell imaging of sterol transport in the future.  

Introduction 

Cholesterol is the most abundant lipid species in the plasma 
membrane (PM) of mammalian cells, playing a central role in its 
function by regulating membrane packing, protein dynamics, 
permeability, and membrane trafficking.[1] Biophysical and cell 
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biological studies have shown that cholesterol possesses unique 
properties enabling this sterol to fine-tune membrane 
properties.[1a, 1b] Trafficking of cholesterol between subcellular 
membranes is an important aspect/process of cellular cholesterol 
homeostasis. Disturbed cholesterol transport is observed in a 
variety of human diseases, ranging from atherosclerosis and 
lysosomal storage disorders over neurodegenerative diseases to 
cancer.[1a, 2] Studying intracellular cholesterol transport heavily 
relies on fluorescence microscopy, and several approaches have 
been developed to visualize cholesterol in cells. One approach is 
based on using fluorescent polyene macrolides, such as filipin, 
binding to cholesterol and other sterols with free 3’-hydroxy 
groups, which contains intrinsic fluorescence due to conjugated 
double bonds in the polyene portion of the molecule, allowing for 
their visualization by fluorescence microscopy. Filipin can be 
conveniently visualized using DAPI filters available on most wide 
field and confocal microscopes, which explains its widespread 
use. Significant disadvantages of this polyene, however, are, that 
(i) cells need to be fixed for filipin staining, and (ii) that no 
particular sterol pool can be directly monitored (e.g., newly 
synthesized versus sterols internalized by cells).[3] Also, filipin 
staining cannot distinguish cholesterol from its biosynthetic 
precursors nor from oxysterols. An alternative approach is to use 
cholesterol binding toxins, such as as perfringolysin O (PFO) or 
aerolysin D4 tagged with a suitable fluorescent reporter.[4] Such 
toxins bind to cholesterol-rich model and cell membranes, but only 
above a certain threshold concentration, often defined as 
‘accessible cholesterol’. The nature of this pool is not clear, and 
suitability of such toxins for quantifying membrane cholesterol has 
been debated.[4c, 5] A third strategy to follow cholesterol trafficking 
by microscopy is to use fluorescent cholesterol analogs bearing a 
covalently linked dye, preferentially attached to the side chain of 
cholesterol. Here, BODIPY- or NBD-moieties are often employed, 
allowing for convenient live-cell imaging of sterol transport and 
even for correlative and super-resolution microscopy.[6] A 
disadvantage of these probes is their limited resemblance of 
cholesterol, since the attached dye significantly affects the 
biophysical properties of such analogs, leading e.g.  to strongly 
reduced ability to condense membranes or even to opposite 
membrane orientation compared to cholesterol.[7] A variant of this 
approach is to use alkyne derivatives of cholesterol to which a 
fluorescent moiety can be attached after cells have been labeled 
using bioorthogonal click chemistry.[6a, 8] While the alkyne analogs 
are only minimally modified variants of cholesterol with very 
similar properties, the click reaction and the resulting dye-
attached cholesterol analog can disturb membrane properties and 
transport in hardly controllable ways. 

Fourth, cholesterol analogs have been synthesized and 
employed which contain conjugated double bonds endowing the 
molecules with an intrinsic fluorescence. Cholesterol contains a 
single Δ5 double bond in the ring system, while the yeast sterol 
ergosterol contains additionally a Δ6 double bond as well as an 
extra methyl group and double bond in the side chain. Intrinsically 
fluorescent sterols, such as the cholesterol analog cholestatrienol 
(CTL) or the ergosterol analog dehydroergosterol (DHE), contain 
three conjugated double bonds in the ring system including the 
natural ones, giving such probes a slight fluorescence in the 

ultraviolet (UV) region of the spectrum, while maintaining very 
similar biophysical and biochemical properties like cholesterol 
and ergosterol, respectively.[7a, 9] These analogs can replace 
cholesterol and ergosterol in sterol auxotroph organisms, interact 
with sterol binding proteins and can be used in spectroscopic and 
imaging assays.[10] Another advantage is that the same strategy 
of introducing additional double bonds into the ring system can be 
employed to generate analogs of important bioactive cholesterol 
derivatives, such as oxysterols or steroid hormones.[11] 
Disadvantages of such sterol molecules like DHE or CTL are that 
their visualization requires UV-optimized microscope optics, and 
that they have low brightness and high bleaching propensity 
making long-term imaging impossible.[6b, 12] Few studies have 
attempted to use multi-photon excitation for imaging of DHE and 
CTL, but here, the low absorption cross-section demands long 
acquisition times, thereby preventing routine applications.[9b, 13] 
This is particularly pronounced in cellular studies, where three-
photon excitation was used to minimize parallel excitation of 
cellular autofluorescence.[9b, 10d, 13a]  

A strategy to overcome such limitations is to extend the 
conjugated system by introducing a fourth double bond into the 
ring system. Computational studies predict, that this modification 
should result in strongly improved photophysical properties with 
pronounced red-shift in excitation and emission, higher oscillator 
strength and increased multi-photon absorption cross section.[11b, 

14] A first experimental realization of this strategy was performed 
for analogs of cholesterol and ergosterol with four double bonds 
in the ring system and provided promising results by confirming 
red-shifted emission which allowed for imaging of these probes 
using conventional wide field optics.[15] Extension of the 
conjugated system also resulted in much reduced photobleaching 
and thereby in prolonged live-cell imaging of these probes. Due 
to rapid keto-enol tautomerization, however, these analogs are 
converted into the corresponding polyenes with three double 
bonds and a 3’-keto group, necessitating the protection of the 3’-
hydroxy moiety with an acetate group.[15] To overcome this 
limitation, the positions of the conjugated double bonds would 
need to be reallocated, while maintaining the biophysical 
properties of the natural sterols. This could prevent the keto-enol 
tautomerization and theoretically also affect the photophysical 
properties of such sterol probes while maintaining the biophysical 
properties, as predicted by electronic structure calculations and 
molecular dynamics (MD) simulations, respectively.[14] 

Here, we present two new intrinsically fluorescent sterol 
analogs, each with four double bonds distributed over the A-, B- 
and C-ring of the steroid ring system and containing the alkyl 
chain of cholesterol. These probes have an identical core 
structure but differ in the 3’-carbon position, where 5 contains a 
keto group, while 6 has a hydroxy group, like cholesterol. The 
photo-physical and membrane properties of the molecules were 
characterized using a couple of experimental and theoretical 
approaches. Both sterol probes have a pronounced red-shift in 
their excitation and emission, which amounts to about 80 nm 
compared to DHE and CTL. Together with a much-improved 
photostability this allows for their convenient imaging on 
conventional wide field and confocal microscopes. We find that 5 
and 6 are further red-shifted in polar and protic compared to 
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apolar solvents whereby 5 has a fluorescence intensity approx. 
10 times higher than 6. Both probes can be incorporated into lipid 
membranes and detected using a conventional wide field 
microscope. Notably, 6 is able to order fatty acyl chains of 
phospholipids, and both sterol probes partition into the liquid 
ordered phase of giant unilamellar vesicles (GUVs), thereby 
resembling the properties of endogenous cholesterol. 

Together, we present novel fluorescent probes which at the 
same time resemble the respective physiological sterols closely 
and exhibit improved optical properties allowing for their 
quantitative imaging on conventional microscope systems in 
future cellular studies.  

Results and Discussion 

Synthesis of 5 and 6 
 
The synthetic route to 5 and 6 starts from commercially available 
7-dehydrocholesterol 1 (7-DHC, vitamin-D3 precursor). After 
protection of the hydroxy group as acetate (2), the third C-C-
double bond is installed upon treatment with mercury(II) acetate. 
This kind of dehydrogenation of steroids was discovered nearly a 
century ago by Windaus and Linsert with the conversion of 
ergosterol to DHE[16] and later applied to the synthesis of 
cholestatrienol (CTL) 4 from 1[17] and cholestatrienol acetate 3 
from 2.[18] Compared with these works, we could considerably 
increase the yield of 3. The subsequent saponification of 3 to 4 
proceeds with nearly quantitative yield (Scheme 1). 
 
Wilson and co-workers report in 2000 the unintentional formation 
of tetraenone 5 under Swern oxidation[19] conditions using a large 
excess of reagents.[20] “Over-oxidation” with formation of α,β-
unsaturated ketones was occasionally observed as side effect of 
the Swern oxidation.[21] It might be reasonable to assume that the 
Swern intermediates (Me2S-Cl)+ are responsible for this outcome, 
which may act as Cl+ sources.[22] A plausible mechanism for the 
formation of 4 from 5 is summarized in Scheme 2. After “normal” 
Swern oxidation of 3’-OH group the resulting ketone A is 
deprotonated to give the highly resonance-stabilized enolate B. 
The chlorination of B with (Me2S-Cl)+ affords the intermediate C. 
In the final step to 5 an elimination of HCl occurs in the presence 
of the base NEt3 (Scheme 2). 
 
The tetraenol 6 is obtained by stereoselective reduction of the 
keto group in 5 under Luche conditions (CeCl3/NaBH4).[23] The 3β-
configuration in 6 was unambiguously proven by NMR-
spectroscopy (Scheme 1, for details see the Supporting 
Information). 
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Scheme 1. Synthesis of tetraenone 5 and tetraenol 6 (i: AcCl, Py, 0 °C -> r.t., 

24h, 100%. ii: Hg(OAc)2, AcOH, EtOH/DCM, 48h, r.t., 65%. iii: NaOH, NeOH, 

rfx. 1h, 98%. iv: 10eq. (COCl)2, 20 eq. DMSO, 10 eq. NEt3, -76°C, 78%. v: 

CeCl3(H2O)7, 0°C, 60 min, 55%, R =C8H17) 
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Scheme 2. Mechanistic proposal for the formation of tetraenone 5 (R = C8H17). 

Optical properties of 5 and 6 
The  photophysical properties of the fluorescent sterol probes 
were first studied using electronic structure calculations. Table 1 
reports the calculated excitation energies and one-, two- and 
three-photon transition strengths for the fluorescent analogs of 
cholesterol. 5 has two low-lying states: a near-forbidden n-π* 
state, and a π-π* state, which is bright in a one-photon absorption 
process. The absorption energy is predicted to be redshifted 
compared to that of DHE and CTL by about 0.3 eV (Table 1). The 
two states are very close in energy (around 0.16 eV), which 
means that the ordering of the two states can likely change based 
on environmental factors such as the polarity of the surrounding 
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medium. Such a phenomenon has been observed previously for 
3’-ketosteroids with conjugated double bonds.[24] 
 
Table 1. Comparison of transition energies and oscillator strengths of 5 and 6 
versus DHE and CTL. 
 

 

CTL 
π-π*  
S1 

 
DHE 
π-π* 
S1 

5 
n-π*  
S1  

5 
π-π*  
S2 

6 
π -π*  

S1 

6 
π-π*  
S2 

ΔE (eV) 4.00 4.00 3.69 3.85 4.23 4.92 

λ (nm) 310 310 336 322 293 252 

Oscillator  
strength  0.31 0.32 0.01 0.62 0.56 0.16 

σ(2PA) 
(GM) 0.02 0.02 0.29 24.40 1.66 20.50 

D(3PA)  1.28E+06  1.34E+06  5.96E+05  3.40E+07  7.38E+06  5.79E+06  
 
Compared to CTL and DHE, the n-π* state of 5 possesses a 
modest two- and three-photon absorption. The π-π* state has a 
much larger two-photon cross-section (around 25 GM) and is also 
predicted to have relatively significant three-photon absorption 
properties, with a transition moment that is roughly 12 times larger 
than DHE/CTL. However, the close energetic proximity of the two 
states could potentially limit the fluorescence quantum yield of the 
molecule to some extent.  

 

Figure 1. Electronic transitions energies and natural transition orbitals (NTOs) 

for 5 and 6.  
 
As shown in Fig. 1, the calculated natural transition orbitals 
(NTOs) of the n-π* state and the π-π* state of 5 are confined to 
the steroid ring system. The cholesterol analog 6 has two low-
lying π-π* states but with a larger energetic separation (around 
0.7 eV) compared to 5. The absorption energy of the lowest state 
of 6 is predicted to be slightly blue-shifted compared to DHE and 
CTL (about 0.2 eV; Table 1). Both states are bright in a one-
photon process, but the lower state possesses a higher oscillator 
strength. For two-photon absorption, the higher-lying state is 
predicted to be the more active state (at around 20 GM). The two 
states are both predicted to be active in a three-photon absorption 
process, with transition moments that are roughly five times larger 
than DHE/CTL. These results are important predictors of the 
optical properties of 5 and 6 for their future application in live-cell 
imaging of sterol transport. Particularly the much higher two- and 
three-photon absorption cross-section of 5 and 6 compared to 

DHE or CTL is promising, since multiphoton imaging of the latter 
sterols was found to give new insight into sterol distribution in 
model and cell membranes but was plagued by low signal-to-
noise ratios.[9b, 13] 

Fluorescence properties of 5 and 6 in solvents 
The fluorescence properties of 5 and 6 were studied in solvents 
of different polarity. The spectra reflect an approximately 10-fold 
higher fluorescence intensity of 5 than 6 (Fig. 2). Supporting this 
notion, we found a quantum yield of 25.6% for 5 but only 1.8% for 
6, both measured in ethanol at the respective absorption peak 
(see Fig. SI 1 and Table SI 1 for details). This difference may be 
due to the additional double bond of the 3’-carbonyl group in 5, 
which makes 5 structurally more like a pentaene compared to 6. 
The emission of both probes strongly depends on solvent 
properties; as there is a bathochromic shift between the solvents 
methanol, ethanol and isopropanol (Fig. 2, see also Fig. SI 2 
showing the spectra normalized to the fluorescence maxima). 
This pronounced solvatochromism of both molecules is likely a 
consequence of their large change in dipole moment upon 
excitation. We did not consider in these experiments the spectra 
in chloroform owing to a sensitivity of the probes (especially for 6) 
towards acids. Chloroform can easily form HCl which protonates 
the alcohol at the C3 position of 6. Due to the double bonds of the 
molecule, this may cause a chemical reaction in that the alcohol 
is eliminated as H2O. Therefore, we note that these molecules 
should not be dissolved in chloroform which is often used as 
solvent for cholesterol.  

Additionally, fluorescence properties of the analogs were 
measured in the presence of Triton X-100, methyl-ß-cyclodextrin 
(MßCD) and bovine serum albumin (BSA) resulting in differently 
pronounced fluorescence spectra (Fig. 2 and Fig. SI 2). Triton X-
100 is a detergent forming micelles in aqueous buffers into which 
the analogs are incorporated. Water-soluble cyclodextrins (CDs), 
especially methyl-β-cyclodextrin (MβCD), are able to form 
complexes with endogenous cholesterol, which has been used 
e.g. to manipulate the level of cholesterol and cholesterol analogs 
in model and biological membranes.[25] The significant intensity in 
the spectra measured for 5 and 6 in MßCD show that both 
analogs also effectively bind to this CD which offers the possibility 
to label biological membranes with these analogs.  

Albumins interact with a wide variety of hydrophobic ligands and 
serve physiologically in the serum as transporter for a variety of 
compounds e.g. fatty acids. It has been shown that BSA also 
binds cholesterol[26] which underlines its role in cholesterol efflux 
and transfer between cells and lipoproteins.[27] The weak 
fluorescence spectra measured for 5 and 6 in the presence of 
BSA, indicate that albumin also shows some affinity for the 
analogs. Comparing the position of the fluorescence maxima 
measured in the different solutions with those of the solvents 
allows to draw conclusions about the respective polarity around 
the analogs (see Fig. SI 2). From that, it can be postulated that 5 
and 6 solubilized in Triton X-100 sense a polarity which is 
between that of isopropanol and ethanol, whereas when bound to 
MßCD or BSA, the polarity of their immediate environment is 
similar to that of ethanol. 
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Figure 2. Fluorescence properties of 5 (A) and 6 (B) in different solvents. The 

fluorescent sterols were given from an ethanolic stock solution to the respective 

solvents and solutions (final concentration 10 μM): isopropanol (red line), 

ethanol (blue line), methanol (green line), Triton X‐100 (0.7%(v/v)) (black line), 

methyl‐β‐cyclodextrin (1 mM) (dark green line), and bovine serum albumin 

(1%v/v)) (gray line). Fluorescence spectra (λex = 396 nm) were recorded at room 

temperature. From the spectra, the spectra of the respective solvents/solutions 

were subtracted. 

 
Given that cholesterol has a very low water solubility and forms 
readily aggregates in aqueous solution[28], we also studied the 
self-aggregation behavior of both sterol probes. We found in 
mixtures of water and ethanol that the fluorescence of 5 and 6 is 
strongly quenched, the higher the volume fraction of water is (Fig. 
SI 3). Additionally, in the emission of 6 a new band with a peak at 
442 nm appeared at 75 % v/v water and above. The excitation 
spectra of both probes additionally revealed a shoulder peak 
between 310-350 nm, whose relative contribution to the overall 
intensity was higher in water than in ethanol. Using electronic 
structure calculations of dimers of either 5 or 6, we found evidence 
for strong exciton splitting at short distances for both sterol probes 
with energy gaps of 0.062 and 0.053 eV, respectively (Fig. SI 4). 
Here, the resulting S1 state is dark (i.e., with close to zero 
oscillator strength), but in contrast, the resulting S2 state is bright 
with about twice the intensity of the isolated gas-phase state. 
Additional calculations including the polarized continuum model 
(to simulate environmental effects) revealed that the character of 
the states stays the same, and there is only about a 0.4 nm shift 
in the lowest excited state between water/ethanol (not shown). 
Thus, the experimentally observed differences in fluorescence in 
water solvent compared to ethanol solvent are not due to the 
difference in dielectric constants between either solvents. MD 
simulations additionally revealed that both 5 and 6 readily forms 

aggregates in water and in water/ethanol mixtures but not in pure 
ethanol (Fig. SI 5). Together, these results support the 
experimental observations, namely that both sterol probes self-
aggregate in aqueous solution which causes a strong reduction in 
their fluorescence compared to less polar environments. 
 
Effect of 5 and 6 on the fatty acyl chains of phospholipids 
One of the key properties of cholesterol is its ability to order acyl 
chains and thereby condense phospholipid membranes in the 
fluid phase. To determine to which extent 5 and 6 can mimic this 
effect of cholesterol, we carried out MD simulations of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) membranes 
containing either cholesterol, 5 or 6 (Fig. 3A, B). We found that 
both sterol probes increase the acyl chain order of both, the sn-1 
and sn-2 chain of POPC, albeit to a lower degree than cholesterol. 
For both acyl chains, 6 was much more efficient than 5 in ordering 
along the entire carbon chains. To follow up on these 
observations, 2H NMR measurements of deuterated POPC-d31 
were performed from which the smoothed order parameter of the 
sn-1 chain was calculated (Fig. 3C). These experiments confirm 
the observations from MD simulations, namely that 6 can increase 
the acyl chain ordering of POPC, but not to the same extent as 
cholesterol does. There was no impact of 5 on acyl chain mobility 
in these 2H NMR experiments, suggesting that its impact on chain 
ordering is neglectable on the NMR time scale. We conclude from 
these studies, that the 3’-hydroxy group is an essential property 
for mediating cholesterol-like properties of a fluorescent 
cholesterol analog. The conjugated double bond system reduces 
the ability to pack membrane lipids, but to a smaller degree.  

 
Figure 3. Influence of 5 and 6 on the phospholipid acyl chain ordering of POPC 

compared to that of cholesterol. Smoothed order parameters of the sn-1 (A, C) 

or sn-2 (B) chain are shown calculated from MD simulations (A, B) or obtained 

from 2H NMR measurements (C) without and with 20 mol% cholesterol, 5 or 6. 
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MD simulations of the membrane properties of 5 and 6 
To further explore the structural requirements for membrane 
organization of the novel sterol analogs, the electron density 
profile and hydrogen-bonding capacity to interfacial water was 
analyzed from MD simulations (Fig. 4A). We found that 
membranes containing 6 but not 5 have a similar thickness 
compared to those with cholesterol. This supports the conclusion, 
that 6 can condense the lipid bilayer similar to cholesterol, which 
is known to increase the bilayer thickness at the expense of a 
reduced membrane area.[29] In contrast, the 3’-carbonyl group of 
5 causes reduced membrane packing, which is in line with 
previous observations on 3’-carbonyl cholesterol derivatives.[30] 
Also, the capacity of forming hydrogen bonds to water is only 
slightly lower for 6 compared to cholesterol but much reduced for 
5 (Fig. 4B). This capacity of hydrogen bonding is important for 
maintaining the structural integrity of membranes, partially for 
offsetting the large electrostatic repulsion between head groups 
and thereby contributing to the condensing effect of sterols.[31] 
The fact that 6 has a comparable bonding capacity as cholesterol 
supports its close resemblance to cholesterol. 
The ability of cholesterol and other sterols to condense and order 
lipid membranes is closely associated with the bilayer orientation 
of the sterol itself, with a low tilt angle being characteristic for a 
high capacity for membrane lipid packing. We calculated this tilt 
for the sterol probes and found that 5 but not 6 has a similarly 
confined and upright orientation in the membrane as cholesterol 
(Fig. 5). Together, these results clearly show, that the hydroxy, 
but not the keto form of the new sterol analogs, can mimic 
cholesterol’s membrane properties closely. 

Figure 4. Electron density profiles and hydrogen-bonding of the sterol probes 

in POPC membranes. The figure shows electron density profiles (A) and 

hydrogen bonding to water molecules at the bilayer interface (B) for cholesterol 
(black line), 5 (red line) and 6 (blue line). 

 
Fluorescence properties of 5 and 6 in membranes 
Fluorescence excitation and emission spectra of the probes were 
recorded in multilamellar lipid vesicles (MLV) composed of POPC 
and POPC/cholesterol (2:1) and are shown in Fig. 6. They reveal 

that the fluorescence intensity of 6 amounts only to one tenth of 
that of 5 in each system. These results agree with the 
measurements in solvents (compare Fig. 2).  
 

 

Figure 5. Sterol tilt angle distribution from MD simulations for cholesterol (A), 5 

(B) and 6 (C). 
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Figure 6. Fluorescence spectra of 5 and 6 in lipid membranes. Multilamellar 

vesicles (lipid concentration 200 µM) consisting of POPC (A) or 

POPC/cholesterol (2:1) (B) and either 10 µM 5 (black lines) or 10 µM 6 (blue 

lines) were prepared. The fluorescence excitation spectra (λem = 500 nm) and 

emission spectra (λex = 396 nm) of the vesicles were recorded at room 

temperature. The spectra were corrected for scattering by subtracting the 

spectra of respective unlabelled lipid vesicles. 
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The maxima of the excitation and emission spectra of both probes 
are located at 443 nm (with a shoulder at 420 nm) and at 520 nm 
(with a shoulder appearing at 505 nm), respectively. Upon 
normalization of the spectra to their respective excitation and 
emission maxima, one sees that the spectra of both probes in 
membranes are very similar (Fig. SI 6). 
 
The fluorescence lifetime of 5 and 6 in lipid membranes was 
determined in POPC MLV using a fluorescence lifetime 
spectrometer. The decay curves (Fig. SI 7) were fitted to a 
biexponential function giving time constants of 0.35 ns / 3.62 nm 
(5) and 0.27 ns / 3.59 ns (6). The component with the larger 
lifetime, which is very similar for both molecules, probably reflects 
analogs which are embedded as monomers in the membrane. 
The component with the much shorter lifetime could reflect a 
different population of the analogs in the membrane, for example 
sterol dimers and/or multimers experiencing fluorescence self-
quenching. It has been shown that even cholesterol forms dimers 
and tetramers in lipid bilayers.[32] From the above-mentioned time 
constants, an intensity weighted average fluorescence lifetime 
(τAv) was calculated giving 2.77 ns +/- 0.07 ns for 5 and 2.28 +/- 
0.05 ns for 6 (mean +/- SD, 3 measurements), revealing that both 
probes experience similar local environments in the lipid bilayer. 
 
Partitioning of 5 and 6 between various lipid phases  
Cholesterol’s ability to condense membranes in the fluid phase 
together with its ‘fluidizing effect’ on gel-phase membranes can 
lead to macroscopic liquid-liquid phase separation, which is often 
studied in GUVs.[33] Given the red-shifted emission of 5 and 6 
compared to that of the established intrinsically fluorescent 
cholesterol and ergosterol analogs, CTL and DHE, respectively, 
we can image both, 5 and 6, with conventional DAPI filters on a 
standard wide field microscope (Fig. 7). In ternary lipid mixtures 
consisting of POPC/N-stearoyl-d-erythro-sphingosyl-
phosphorylcholine (SSM)/cholesterol and 5 mol% of either 5 or 6, 
we found a significant partitioning of both sterol probes into the 
cholesterol-rich liquid-ordered (lo) phase compared to the liquid 
disordered (ld) phase labeled with the red-emitting marker 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindo-carbocyanine perchlorate 
(DiIC18) (Fig. 7).[33b] Quantification of sterol probe partitioning 
between both phases shows that 6 locates with higher preference 
to the lo phase (i.e. 62.7 +/- 9.8%), compared to 5 , which is on 
average distributed almost equally between the two phases, i.e. 
55.3 +/- 7.1% are located in the lo phase. These results coincide 
very well with the differences between both cholesterol analogs 
with respect to their acyl chain ordering capacity (Fig. 3), 
hydrogen bonding capacity (Fig. 4B) and tilt in the bilayer (Fig. 5). 
The data underline, that the 3’-hydroxy group is essential for ‘good’ 
cholesterol-mimicking propensities of 6. In addition, the flexibility 
of the ring system might be important, as we found by measuring 
the pseudo-valence angle between atoms 3, 9 and 16 of the 
steroids ring system slightly larger values for the mean and 
variance of this angle in 5 and 6 compared to cholesterol (Fig. SI 
8). 

 
Figure 7. Fluorescence microscopic observation of domain partitioning of 5 and 

6 in GUVs made of POPC/SSM/cholesterol, 0.1% of the ld marker DiIC18 and 

5 mol% of 5 (A, B, C) or 6 (D, E, F). The analogs were imaged in the blue (DAPI) 

channel (A, D), while DiIC18 (B, E) was imaged in the red (Rhodamine) channel 

of a wide field microscope. Images were deconvolved before visualization. The 

color overlay is shown in C and F. 

POPC GUVs were also used to measure the fluorescence lifetime 
of the analogs in lipid membranes using fluorescence lifetime 
imaging on a confocal microscope system FLIM (Fig. SI 9). Due 
to the lower quantum yield, the number of counts measured for 6 
was too low preventing a determination of its lifetime. In contrast, 
for 5 enough counts could be measured allowing the calculation 
of reliable data. The decay curves were fitted to a biexponential 
function giving time constants of 4.07 ns +/- 0.22 ns and 1.15 ns 
+/- 0.06 ns. From these values, an intensity weighted average 
fluorescence lifetime (τAv) of 3.12 ns +/- 0.07 ns (mean +/- SD, 4 
measurements) was calculated, which is similar to the value 
obtained from bulk lifetime measurements on the 
spectrophotometer. Together, these results underline the 
potential of the novel sterol probes for advanced bioimaging 
applications. 
 

Conclusion 

We present synthesis and characterization of two new fluorescent 
sterol analogs, one resembling endogenous cholesterol, the other 
3 keto-sterol. Both molecules are distinguished by four 
conjugated double bonds in the sterol ring system which provides 
them with particular photo-physical properties. The improved 
photostability of both molecules allows their convenient imaging 
on conventional microscope systems which is a considerable 
advantage over other samples used so far. We show that the 
cholesterol-mimicking probe has comparable physicochemical 
and membrane properties as its endogenous counterpart. These 
probes open for many future applications in live-cell microscopy 
to investigate the trafficking of cholesterol in cells under normal 
and disease-related conditions. 
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Supporting Information  

The Supporting Information contains experimental procedures 
and supporting figures and tables. The authors have cited 
additional references within the Supporting Information.[34-58]  

Acknowledgements 

This research was funded by the Deutsche 
Forschungsgemeinschaft (DFG), MU 1017/12-1 (P.M. and D.W. 
as Mercator Fellow), and WE1850-12/1 (P.W.) as well as by the 
Lundbeck Foundation (R366-2021-226) to DW. DW and JK 
acknowledge financial support from The Independent Research 
Fund Denmark – Natural Sciences (Grant ID DFF-7014-00050B). 

Keywords: cholesterol • sterol analogs • membranes • 
fluorescence microscopy •NMR spectroscopy • electronic 
structure calculations 

 
 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 23, 2023. ; https://doi.org/10.1101/2023.11.23.568457doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.23.568457


RESEARCH ARTICLE    

9 
 

 
Entry for the Table of Contents 

 

Novel intrinsically fluorescent sterol probes are synthesized and characterized with improved photophysical properties and close 
resemblance of the membrane properties of cholesterol. The analogs can be visualized using conventional microscope systems making 
them very useful for tracking cellular cholesterol trafficking. 

 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 23, 2023. ; https://doi.org/10.1101/2023.11.23.568457doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.23.568457


RESEARCH ARTICLE    

10 
 

[1] a) F. R. Maxfield, I. Tabas, Nature 2005, 438, 612-621; b) O. G. Mouritsen, M. J. Zuckermann, Lipids 2004, 39, 1101-1113; c) E. 
Ikonen, Nat. Rev. Mol. Cell Biol. 2008, 9, 125-138. 

[2] a) I. Tabas, J. Clin. Invest. 2002, 110, 583-590; b) J. Luo, H. Yang, B.-L. Song, Nat. Rev. Mol. Cell Biol. 2020, 21, 225-245. 
[3] F. R. Maxfield, D. Wüstner, Methods Cell Biol. 2012, 108, 367-393. 
[4] a) A. Das, J. L. Goldstein, D. D. Anderson, M. S. Brown, A. Radhakrishnan, Proc. Natl. Acad. Sci. 2013, 110, 10580-10585; b) W. 

Möbius, Y. Ohno-Iwashita, E. G. van Donselaar, V. M. Oorschot, Y. Shimada, T. Fujimoto, H. F. Heijnen, H. J. Geuze, J. W. Slot, J. 
Histochem. Cytochem. 2002, 50, 43-55; c) A. Das, M. S. Brown, D. D. Anderson, J. L. Goldstein, A. Radhakrishnan, eLife 2014, 3, 
e02882. 

[5] a) S. L. Liu, R. Sheng, J. H. Jung, L. Wang, E. Stec, M. J. O'Connor, S. Song, R. K. Bikkavilli, R. A. Winn, D. Lee, K. Baek, K. 
Ueda, I. Levitan, K. P. Kim, W. Cho, Nat. Chem. Biol. 2017, 13, 268-274; b) K. C. Courtney, K. Y. Fung, F. R. Maxfield, G. D. Fairn, 
X. Zha, eLife 2018, 7. 

[6] a) K. A. Solanko, M. Modzel, L. M. Solanko, D. Wüstner, Lipid Insights 2016, 8, 95; b) E. Sezgin, F. Betul Can, F. Schneider, M. P. 
Clausen, S. Galiani, T. A. Stanly, A. Colaco, A. Hongimann, D. Wüstner, F. Platt, C. Eggeling, J. Lipid Res. 2016, 57, 299-309; c) D. 
Wüstner, F. W. Lund, C. Röhrl, H. Stangl, Chem. Phys. Lipids 2015, 194, 12-28. 

[7] a) H. A. Scheidt, P. Müller, A. Herrmann, D. Huster, J. Biol. Chem. 2003, 278, 45563-45569; b) S. Milles, T. Meyer, H. A. Scheidt, 
R. Schwarzer, L. Thomas, M. Marek, L. Szente, R. Bittman, A. Herrmann, T. Günther Pomorski, D. Huster, P. Müller, Biochim. 
Biophys. Acta 2013, 1828, 1822-1828. 

[8] a) C. Y. Jao, D. Nedelcu, L. V. Lopez, T. N. Samarakoon, R. Welti, A. Salic, Chembiochem 2015, 16, 611-617; b) K. Hofmann, C. 
Thiele, H. F. Schott, A. Gaebler, M. Schoene, Y. Kiver, S. Friedrichs, D. Lutjohann, L. Kuerschner, J. Lipid Res. 2014, 55, 583-591; 
c) M. Feltes, S. Moores, S. E. Gale, K. Krishnan, L. Mydock-McGrane, D. F. Covey, D. S. Ory, J. E. Schaffer, J. Lipid Research 
2019, 60, 707-716. 

[9] a) O. Garvik, P. Benediktson, A. C. Simonsen, J. H. Ipsen, D. Wüstner, Chem. Phys. Lipids 2009, 159, 114-118; b) D. Wüstner, J. 
R. Brewer, L. A. Bagatolli, D. Sage, Microsc. Res. Tech. 2011, 74, 92-108. 

[10] a) A. G. Georgiev, D. P. Sullivan, M. C. Kersting, J. S. Dittman, C. T. Beh, A. K. Menon, Traffic 2011, 12, 1341-1355; b) P. Kohut, 
D. Wüstner, L. Hronska, K. Kuchler, I. Hapala, M. Valachovic, Biochem. Biophys. Res. Commun. 2011, 404, 233-238; c) M. 
Mondal, B. Mesmin, S. Mukherjee, F. R. Maxfield, Mol. Biol. Cell 2009, 20, 581-588; d) D. Wüstner, A. Landt Larsen, N. J. 
Færgeman, J. R. Brewer, D. Sage, Traffic 2010, 11, 440-454; e) A. L. McIntosh, B. P. Atshaves, H. Huang, A. M. Gallegos, A. B. 
Kier, F. Schroeder, Lipids 2008, 43, 1185-1208; f) V. Matyash, C. Geier, A. Henske, S. Mukherjee, D. Hirsh, C. Thiele, B. Grant, F. 
R. Maxfield, T. V. Kurzchalia, Mol. Biol. Cell 2001, 12, 1725-1736. 

[11] a) D. B. Iaea, S. E. Gale, A. A. Bielska, K. Krishnan, H. Fujiwara, H. Jiang, F. R. Maxfield, P. H. Schlesinger, D. F. Covey, J. E. 
Schaffer, D. S. Ory, J. Lipid Res. 2015, 56, 2408-2419; b) L. J. Nabo, M. Modzel, K. Krishnan, D. F. Covey, H. Fujiwara, D. S. Ory, 
M. Szomek, H. Khandelia, D. Wustner, J. Kongsted, Chem. Phys. Lipids 2017, 212, 26-34; c) M. Szomek, L. Moesgaard, S. Bell 
Haarhøj Hald, D. Petersen, S. Kathiresan, H. Fujiwara, D. F. Covey, D. Ory, P. Reinholdt, J. Kongsted, D. Wüstner, Chem. Phys. 
Lipids 2020, 233, 105004; d) L. Davenport, J. R. Kutson, L. Brand, Biochemistry 1986, 25, 1186-1195; e) P. M. Martin, H. P. 
Magdelenat, B. Benyahia, O. Rigaud, J. A. Katzenellenbogen, Cancer Res. 1983, 43, 4956-4965. 

[12] D. Wüstner, M. Modzel, F. W. Lund, M. A. Lomholt, Chem. Phys. Lipids 2016, 199, 106-135. 
[13] a) A. L. McIntosh, A. M. Gallegos, B. P. Atshaves, S. M. Storey, D. Kannoju, F. Schroeder, J. Biol. Chem. 2003, 278, 6384-6403; b) 

T. Baumgart, G. Hunt, E. R. Farkas, W. W. Webb, G. W. Feigenson, Biochim. Biophys. Acta 2007, 1768, 2182-2194. 
[14] A. Bonvicini, P. Reinholdt, V. Tognetti, L. Joubert, D. Wüstner, J. Kongsted, Phys. Chem. Chem. Phys. 2019, 21, 15487-15503. 
[15] M. Modzel, K. A. Solanko, M. Szomek, S. K. Hansen, A. Dupont, L. J. Nabo, J. Kongsted, D. Wüstner, J. Microsc. 2018, 
[16] A. Windaus, O. Linsert, Ann. Chem. 1928, 465, 148. 
[17] R. Antonucci, S. Bernstein, D. Giancola, K. J. Sax, J. Org. Chem. 1951, 16, 1159-1164. 
[18] W. R. Nes, R. B. Kostic, E. Mosettig, J. Am. Chem. Soc. 1956, 78, 436-440. 
[19] K. Omura, D. Swern, Tetrahedron 1978, 34, 1651-1660. 
[20] B. Ruan, W. K. Wilson, J. Pang, G. J. Schroepfer, Steroids 2000, 65, 29-39. 
[21] J. P. Burkhart, N. P. Peet, P. Bey, Tetrahedron Lett. 1990, 31, 1385-1388. 
[22] A. B. Smith, T. L. Leenay, H.-J. Liu, A. K. N. Lloyd, R. G. Ball, Tetrahedron Lett. 1988, 29, 49-52. 
[23] A. L. Gemal, J. L. Luche, J. Am. Chem. Soc. 1981, 103, 5454-5459. 
[24] M. Kempfle, R. Müller, R. Palluk, K. A. Zachariasse, Eur. Biophys. J. 1986, 14, 29-35. 
[25] R. Zidovetzki, I. Levitan, Biochim. Biophys. Acta 2007, 1768, 1311-1324. 
[26] D. M. Charbonneau, H. A. Tajmir-Riahi, J. Phys. Chem. B 2010, 114, 1148-1155. 
[27] a) Y. Zhao, Y. L. Marcel, Biochemistry 1996, 35, 7174-7180; b) S. Sankaranarayanan, M. de la Llera-Moya, D. Drazul-Schrader, M. 

C. Phillips, G. Kellner-Weibel, G. H. Rothblat, J. Lipid Res. 2013, 54, 671-676. 
[28] a) M. E. Haberland, J. A. Reynolds, Proc. Natl. Acad. Sci. U.S.A. 1973, 70, 2313-2316; b) D. B. Gilbert, C. Tanford, J. A. Reynolds, 

Biochemistry 1975, 14, 444-448; c) M. A. Castanho, W. Brown, M. J. Prieto, Biophys. J. 1992, 63, 1455-1461. 
[29] W. C. Hung, M. T. Lee, F. Y. Chen, H. W. Huang, Biophys. J. 2007, 92, 3960-3967. 
[30] R. A. Long, F. Hruska, H. D. Gesser, J. C. Hsia, R. Williams, Biochem. Biophys. Res. Com. 1970, 41, 321-327. 
[31] a) S. J. Slater, C. Ho, F. J. Taddeo, M. B. Kelly, C. D. Stubbs, Biochemistry 1993, 32, 3714-3721; b) O. Soubias, F. Jolibois, V. 

Réat, A. Milon, Chemistry 2004, 10, 6005-6014; c) H. Ohvo-Rekila, B. Ramstedt, P. Leppimaki, J. P. Slotte, Progr. Lipid Res. 2002, 
41, 66-97. 

[32] M. R. Elkins, A. Bandara, G. A. Pantelopulos, J. E. Straub, M. Hong, J. Phys. Chemistry. B 2021, 125, 1825-1837. 
[33] a) J. R. Silvius, D. delGiudice, M. Lafleur, Biochemistry 1996, 35, 15198-15208; b) T. Baumgart, G. Hunt, E. R. Farkas, W. W. 

Webb, G. W. Feigenson, Biochim. Biophys. Acta 2007, 1768, 2182-2194. 
[34] F. Szoka, Jr., D. Papahadjopoulos, Annu. Rev. Biophys. Bioeng. 1980, 9, 467-508. 
[35] M. I. Angelova, S. Soleau, P. Meleard, J. F. Faucon, P. Bothorel, Progr. Colloid Polym. Sci. 1992, 89, 127-131. 
[36] I. Haralampiev, M. Mertens, R. Schwarzer, A. Herrmann, R. Volkmer, P. Wessig, P. Müller, Angew. Chem. Int. Ed. 2015, 54, 323-

326. 
[37] J. H. Davis, K. R. Jeffrey, M. Bloom, M. I. Valic, T. P. Higgs, Chem. Phys. Lett. 1976, 42, 390-394. 
[38] M. Lafleur, B. Fine, E. Sternin, P. R. Cullis, M. Bloom, Biophys. J. 1989, 56, 1037-1041. 
[39] E. Sternin, M. Bloom, A. L. Mackay, J. Magn. Reson. 1983, 55, 274-282. 
[40] a) I. Haralampiev, D. J. Alonso de Armiño, M. Luck, M. Fischer, T. Abel, D. Huster, S. Di Lella, H. A. Scheidt, P. Müller, Biochim. 

Biophys. Acta 2020, 1862, 183414; b) M. Fischer, P. Müller, H. A. Scheidt, M. Luck, Biochemistry 2022, 61, 1392-1403. 
[41] a) R. Schwarzer, I. Levental, A. Gramatica, S. Scolari, V. Buschmann, M. Veit, A. Herrmann, Cell Microbiol 2014, 16, 1565-1581; b) 

S. Scolari, S. Engel, N. Krebs, A. P. Plazzo, R. F. De Almeida, M. Prieto, M. Veit, A. Herrmann, J. Biol. Chem. 2009, 284, 15708-
15716. 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 23, 2023. ; https://doi.org/10.1101/2023.11.23.568457doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.23.568457


RESEARCH ARTICLE    

11 
 

[42] L. Martínez, R. Andrade, E. G. Birgin, J. M. Martínez, J. Comput. Chem. 2009, 30, 2157-2164. 
[43] W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, M. L. Klein, J. Chem. Phys. 1983, 79, 926-935. 
[44] S. Sami, M. Menger, S. Faraji, R. Broer, R. W. A. Havenith, J. Chem. Theory Comput. 2021, 17, 4946-4960. 
[45] S. Grimme, A. Hansen, S. Ehlert, J. M. Mewes, J. Chem. Phys. 2021, 154, 064103. 
[46] F. Neese, Wiley Interdiscip. Rev. Comput. Mol. Sci. 2022, 12, e1606. 
[47] J. Wang, R. M. Wolf, J. W. Caldwell, P. A. Kollman, D. A. Case, J. Comput. Chem. 2004, 25, 1157-1174. 
[48] M. J. Abraham, T. Murtola, R. Schulz, S. Páll, J. C. Smith, B. Hess, E. Lindahl, SoftwareX 2015, 1-2, 19-25. 
[49] T. Darden, D. York, L. Pedersen, J. Chem. Phys. 1993, 98, 10089-10092. 
[50] B. Hess, H. Bekker, H. J. C. Berendsen, J. G. E. M. Fraaije, J. Comput. Chem. 1997, 18, 1463-1472. 
[51] a) S. Nosé, J. Chem. Phys. 1984, 81, 511-519; b) W. G. Hoover, Phys. Rev. A. 1985, 31, 1695-1697. 
[52] H. J. C. Berendsen, J. P. M. Postma, W. F. v. Gunsteren, A. DiNola, J. R. Haak, J. Chem. Phys. 1984, 81, 3684-3690. 
[53] M. Parrinello, A. Rahman, J. Appl. Phys. 1981, 52, 7182-7190. 
[54] D. R. Roe, T. E. Cheatham, 3rd, J. Chem. Theory Comput. 2013, 9, 3084-3095. 
[55] W. Humphrey, A. Dalke, K. Schulten, J. Mol. Graph. 1996, 14, 33-38, 27-38. 
[56] F. B. Naughton, I. Alibay, J. Barnoud, E. Barreto-Ojeda, O. Beckstein, C. Bouysset, O. Cohen, R. J. Gowers, H. MacDermott-

Opeskin, M. Matta, M. N. Melo, T. Reddy, L. Wang, Y. Zhuang, Biophys. J. 2022, 121, 272a-273a. 
[57] a) T. Yanai, D. P. Tew, N. C. Handy, Chem. Phys. Lett. 2004, 393, 51-57; b) S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. 

Phys. 2010, 132, 154104; c) S. Grimme, S. Ehrlich, L. Goerigk, J. Comput. Chem. 2011, 32, 1456-1465; d) F. Weigend, R. Ahlrichs, 
Phys. Chem. Chem. Phys. 2005, 7, 3297-3305. 

[58] K. Aidas, C. Angeli, K. L. Bak, V. Bakken, R. Bast, L. Boman, O. Christiansen, R. Cimiraglia, S. Coriani, P. Dahle, E. K. Dalskov, U. 
Ekström, T. Enevoldsen, J. J. Eriksen, P. Ettenhuber, B. Fernández, L. Ferrighi, H. Fliegl, L. Frediani, K. Hald, A. Halkier, C. Hättig, 
H. Heiberg, T. Helgaker, A. C. Hennum, H. Hettema, E. Hjertenæs, S. Høst, I. M. Høyvik, M. F. Iozzi, B. Jansík, H. J. Jensen, D. 
Jonsson, P. Jørgensen, J. Kauczor, S. Kirpekar, T. Kjærgaard, W. Klopper, S. Knecht, R. Kobayashi, H. Koch, J. Kongsted, A. 
Krapp, K. Kristensen, A. Ligabue, O. B. Lutnæs, J. I. Melo, K. V. Mikkelsen, R. H. Myhre, C. Neiss, C. B. Nielsen, P. Norman, J. 
Olsen, J. M. Olsen, A. Osted, M. J. Packer, F. Pawlowski, T. B. Pedersen, P. F. Provasi, S. Reine, Z. Rinkevicius, T. A. Ruden, K. 
Ruud, V. V. Rybkin, P. Sałek, C. C. Samson, A. S. de Merás, T. Saue, S. P. Sauer, B. Schimmelpfennig, K. Sneskov, A. H. 
Steindal, K. O. Sylvester-Hvid, P. R. Taylor, A. M. Teale, E. I. Tellgren, D. P. Tew, A. J. Thorvaldsen, L. Thøgersen, O. Vahtras, M. 
A. Watson, D. J. Wilson, M. Ziolkowski, H. Agren, Wiley Interdiscip. Rev. Comput. Mol. Sci. 2014, 4, 269-284. 

 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 23, 2023. ; https://doi.org/10.1101/2023.11.23.568457doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.23.568457

