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Abstract Membrane organization and fluidity research con-
tinues to expand and the understanding of membrane dynam-
ics continues to be refined. Within this field of study, laurdan
remains among the most popular, versatile, and established
fluorescence probes. Fluorimetry and multiphoton microsco-
py techniques are standards for measuring laurdan fluores-
cence and continue to be refined. However, complications
have arisen due to an amended membrane model, revised
terms used for describing membrane phases, and wide varia-
tion in the selection of laurdan generalized polarization equa-
tion values. Here, in the context of the history and chemical
properties of laurdan, discrepancies are highlighted and im-
portant recommendations are made to promote uniformity and
ongoing progress.

Keywords Cholesterol . Fluorescencemicroscopy . Lipid
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biochemistry

Abbreviations
LUT Look-up table
DOPC Dioleoyl phosphatidyl choline
SM Sphingomyelin
Lo Liquid ordered

Ld Liquid disordered
SUV Small unilamellar vesicle
LUV Large unilamellar vesicle
GUV Giant unilamellar vesicle
GPMV Giant plasma membrane vesicles
FA Fatty acid
GP Generalized polarization
PM Plasma membrane
RU Relative units

Introduction

Over 40 fluorescence probes have been used to examinemem-
brane properties, membrane domains, and membrane order
[1]. Laurdan is one of the most established probes for studying
overall membrane fluidity and its uses are rapidly expanding,
from whole living zebrafish embryos down to single cell mi-
crodomain deconvolutions [2–4].

Following the synthesis and chemical characterization of
prodan (6-propionyl-2-dimethylaminonaphthalene) in 1979
[5], which contained only a three fatty acid (FA) carbon tail,
laurdan (6-dodecanoyl-2-dimethylaminonaphthalene) was de-
veloped soon after in 1981, with a twelve carbon FA tail. With
this longer FA tail, laurdan maintains a more consistent mem-
brane orientation and generally resides lower within the bilay-
er [6] (Fig. 1). Whereas prodan can probe the surface of a
membrane, laurdan can probe both interfacial regions and
the lipid bilayer close to the surface and is thus more versatile.

Since laurdan is incompatible with standard widefield
and confocal fluorescence microscopy due to its low
photostability, fluorescence spectroscopy has predominantly
been in the past to monitor laurdan fluorescence. More recent-
ly, two-photon microscopy was demonstrated and endorsed
for use with laurdan beginning in 1996 [9]. Since then, two-
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photon microscopy has grown into a common technique used
to examine membrane organization with the laurdan probe,
even while fluorimetry continues to be popular.

With both the two-photon microscopy and fluorimetry tech-
niques, inconsistencies have becomewidespread in (i) describing
membrane phase separated domains (gel, liquid crystalline, liq-
uid ordered [Lo], liquid disordered [Ld], etc.), (ii) reportingmem-
brane organization versus fluidity/order, and (iii) analyzing
laurdan data from both two-photon microscopy and fluorescence
spectroscopy. Thesewill be discussed and clarified. Furthermore,
specific suggestions will be offered to amend disparities.

Diverse Applications

Laurdan presents many merits for investigating membrane
fluidity and has been used within an extensive range of

membrane types: vesicles, supported bilayers, cells, organ-
elles, and hybrid membrane systems. Applications include
spectroscopic studies and microscopy imaging of phase
separated domains as listed in Table 1. Inconsistencies
of laurdan use have arisen at least in part from the
diversity of these laurdan applications.

Early Lo and Ld Complications

The first characterizations of laurdan for detecting phospho-
lipid membrane dynamics were performed in 1990. Herein,
the concept of Bgeneralized polarization^ (GP) was intro-
duced, which utilized the peak emission spectra wavelengths
from the two pure lipid phases, gel (440 nm) and liquid crys-
talline (490 nm) [35].

A complication arose, beginning around 2001, when the
classical fluid mosaic model of the membrane (including
Bgel^ and Bliquid crystalline^ phase descriptions) was gener-
ally replaced by the view that the membrane was a complex
combination of liquid ordered (Lo) and disordered (Ld)
phases (reviewed and described here [1]). The Lo and Ld
phases were defined as saturated and unsaturated membrane
lipids, respectively, together with cholesterol. And while
laurdan was among the first probes introduced for imaging
Lo and Ld phases in model membranes [36], certain growing
pains came with revising the long-standing fluid mosaic mod-
el. As a consequence, some publications that utilize laurdan to
investigate membrane fluidity continue to include gel/
crystalline (Lβ and Lα, respectively) phase descriptions
[20], or even a conglomeration of Lo, Ld, Lβ, and Lα

together [37]. Since typical studies using laurdan in-
volve physiologically relevant conditions (liquid disor-
dered or ordered; without freezing or boiling), we rec-
ommend that Lo and Ld be used in membrane phase
descriptions involving laurdan (Fig. 2a).

Fig. 1 Chemical structures of the phospholipid, dioleoyl phosphatidyl
choline (DOPC) and laurdan and prodan, depicting their approximate
bilayer locations, adapted from [7]. The phospholipid bilayer of live cells
is normally 30–40 Å thick [8]

Table 1 Fluidity studies using
laurdan have been diverse. The
uses of laurdan have included
various liposomal vesicles, cell
lines, and other membrane types

Liposomal Vesicles Small Unilamellar Vesicles (SUVs) [10]

Large Unilamellar Vesicles (LUVs) [11]

Giant Unilamellar Vesicles (GUVs) [2]

Vesicles Comprised Entirely of FA [12, 13]

Cell Lines BY-2 tobacco cells [14], human macrophages and fibroblasts [15], MEF cells [16],
MDCK and CV-1 cells [17], melanophore cells [18], neutrophils [19], OK kidney
cells [20], oligodentrocytes [21], glioblastoma cells [22], T. marmorata cells [23],
human spermatozoa cells [24], human endothelial cells [25], seven additional
mammalian cell lines [26], assorted bacterial cells such as G. stearothermophilus
[27] and E. coli [28], NIH3T3 cells [29], HeLa cells [4], HEK293 cells [4, 30]

Other Membrane Types Native Pulmonary Surfactant [2, 31]

Brain Cortex Membranes [32]

Liver Microsomes [33]

Giant Plasma Membrane Vesicles (GPMVs) [34]
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Organization and Order

Due to continued advancements in two-photon microscopy
with laurdan, Lo and Ld lipid phases are more readily visual-
ized than ever before. Imaging now enables resolution to 200-
300 nm and also allow user-defined domains or regions to be
quantified using a simple and standardized laurdan macro
readily compatible with Image J [4]. The visualization and
quantification of membrane heterogeneity uses ratiometric
changes in GP and nearly resolves individual microdomains
10-200 nm in size [39]. Due to these properties, laurdan has
become a more a powerful tool for investigating everything
from pathogens to healthy cells, or from toxic protein aggre-
gates to normal proteins, or perturbations from exogenously
added substances.

With these advances in imaging heterogeneity, a further
clarification must be noted between membrane organization
and fluidity/order. Historically, the term Bfluidity^ was used
exclusively to describe biophysical membrane properties but
Border^ was later added (~1989) to precisely specify mem-
brane organized domains [40]. With the revamped represen-
tation of membrane phases (liquid disordered and ordered),
fluidity and order are now generally used synonymously [1]
and organization (in place of Border^) is currently being used
to describe the organized domains (e.g. domains seen using
laurdan with two-photon microscopy). While fluidity/order
refer to overall Ld/Lo membrane phase ratios (as seen using
fluorescence spectroscopy, for example), membrane organiza-
tion refers to changes in phase location, density, and/or com-
position (in the case of introduced, membrane-embedded,
substances) within the larger membrane context. Lipid

organization, then, would be more readily observed from
above a surface (X– or Y– plane) corresponding to lateral lipid
packing, whereas lipid order or fluidity would normally be
seen by a sample cross-section (Z– plane) or a full fluorimetry
emission spectra. A publication by our group illustrates the
new terminology in an application to lipid bilayers [41].
Another example of a recent application of the terms
Borganization^ versus Bfluidity/order^ comes from an exami-
nation of oleic acid doses onmembranes. This oleic acid study
found that concentrations up to 100 μM had little effect on
membrane fluidity but, at the same time, these concentrations
inducted important changes in membrane lipid organization
[42]. We recommend that similar precision is used with these
terms, in ongoing and future laurdan research.

Environment Sensing

As a solvochromatic probe, laurdan that reports environmental
changes through manifold properties. One way this occurs is
through a progressive (non-binary) enhancement of laurdan
charge separation within increasingly polar environments,
which increases the dimethylamino dipole moment.
Laurdan, therefore, has more than one excited state: a locally
excited state intrinsic to the fluorophore and an internal charge
transfer state created by the larger dipolemoment [4] (Fig. 2b).

In addition to dipole-variable sensing of surroundings, a
well-defined and unique property of the laurdan probe is its
sensitivity to hydration levels [43]. Even while it is not fluo-
rescent in a purely aqueous environment [44], laurdan shifts
emission spectra when present in more or less hydrated

Fig. 2 a Schematic of an
unsaturated Ld bilayer compared
to a saturated Lo bilayer. b
Structures of the ground and
excited states of laurdan, where
hν indicate the excitation. c
Molecular model illustrating a
representative Bpolarization-like
state^ of laurdan due to a weak
interaction of the dimethylamino
group of laurdan with the ester
groups of DOPC. This interaction
is strengthened by laurdan rising
higher within the membrane (Ld
phase) or interacting with certain
other lipids such as sphingolipids
(images modified from [3, 38])
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membrane environments due to H-bonding. This shift is sig-
nificant, with several studies demonstrating that the water
density at the location of laurdan is approximately 8 times
higher in the Ld phase compared with the Lo phase [45, 46]
(Fig. 2c). In the Ld phase, comprised mostly of unsaturated
phosopholipid FA tails (containing more Bkinks^), greater wa-
ter penetration is permitted into the glycerol region of the
bilayer surface and, as a consequence, the fluorescence spectra
of laurdan exhibit a pronounced directional shift (a blueshift,
in the case of the Ld phase, Fig. 2a and Fig. 3a). Importantly,
these membrane-phase-dependent emission shifts have
been reported as independent of the nature of the
glycerophospholipid polar head group [48].

Miscellaneous accompanying properties further demon-
strate why laurdan is a popular and prominent probe for use
in membrane dynamics studies. Laurdan has been found to
maintain no preferential orientation within Ld membranes,
but is present in a constrained vertical orientation in Lo mem-
branes. This orientation further boosts emission shift changes
that are already present from hydration and/or polar-
environment dipole separations [49] (detailed orientation
characterizations also here [50]). Moreover, while the C-
laurdan analogue gives higher fluorescence quantum yields
within the Lo phase [1] and prodan preferentially partitions
to the Lo phase of a membrane [51], laurdan partitions equally
between Lo and Ld and gives comparable quantum yields in
both phases [52]. Hence, among membrane localized fluores-
cence probes, laurdan offers minimal negative characteristics

while multiplying and enhancing environmental change-
detection through several characteristics: polarity-dependent
charge separation, the strength of available H-bonding inter-
actions, hydration sensitivity, and lateral molecular constraint/
freedom [53, 54].

Redshift, Blueshift

In the early characterizations of laurdan described above,
environment-dependent fluorescence emission spectra shifts
were quantified using those values (440/490 nm) that repre-
sented the peak positions reached in the two pure lipid phases
[26, 35]. Included in these characterizations, traditional termi-
nology was borrowed from physics to describe the direction of
a laurdan spectrum shift as a Bredshift^, indicating an
increase in a peak spectrum wavelength (when comparing
two conditions), or a Bblueshift^, indicating a decrease in
wavelength. This led to the important and widely used
excitation generalized polarization (exGP) equation:
exGP = IB – IR / IB + IR where I = intensity, B = blue
(440 nm), and R = red (490 nm) (Fig. 3a).

The exGP equation has become nearly ubiquitous for quan-
tifying and comparing laurdan spectra replicates and differing
experimental conditions. However, GPRed is intuitively con-
fusing since the 490 nm wavelength is tangibly green within
the visible spectrum. Subsequently, a few recent studies use
GPGreen rather than GPRed (as in: exGP = IB – IG / IB + IG) [45]

Fig. 3 a Schematic of two
separate laurdan fluorescence
emission spectra (blue and red
lines), illustrating a blue shift or a
red shift which occur within Ld or
Lo phases, respectively. Below
are the visible spectrum
wavelengths and corresponding
wavelength colors (adopted from
[47]), as well as the generic
ratiometric exGP equation. b
Laurdan ratiometric (GP) micros-
copy image of a GUV (SM/
DOPC/cholesterol mixture) con-
taining laurdan, with arrows
illustrating Ld and Lo phases and
including a standard colorimetric
GP-LUT bar (modified from [2]).
c The (i) first published laurdan 2-
photon microscopy image of live
MEF cells, compared to a (ii)
recent 2-photon microscopy im-
age of live HEK293 cells and (iii)
a live, 5-d-old zebrafish embryo
muscle tissue (10 μM scale bars)
containing laurdan (images
modified from [4, 9])
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evenwhile the majority of current publications continue to use
GPRed. This semantic confusion is understandable because (i)
redshift terminology is imprecise albeit historical, and (ii) the
laurdan shift is not actually within the red wavelengths, but
rather toward the red direction, since red is at the far end of the
ROYGBIV visible spectrum (~700 nm). Compounding the
confusion, GPBlue (from Bblueshift^) is always used in laurdan
literature rather than BGPViolet^, which would be at the oppo-
site end of the visible spectrum from red. Further, the GPBlue
440 nm value coincidentally is authentically blue within the
visible light spectrum (Fig. 3a). Therefore and in this case, the
exact visible spectrum color is used (blue) rather than merely
the true direction of the visible spectrum color shift (violet).

Despite the logical validity of using GPGreen to describe the
laurdan emission Lo phase shift, the redshift/blueshift and
corresponding GPRed/GPBlue is recommended for use since
the vast majority of literature up to and including current work
continues to use GPRed/GPBlue. Additionally, the redshift/
blueshift terms have expanded within physics and biophysics
to include wavelengths far outside the visible spectra (such as
gamma rays ( [55]) or microwaves [56] etc.), which indicates
that these terms will continue to be used to describe
directional shifts. Finally, colorimetric look-up tables (LUTs)
are often inserted into laurdan two-photon microscopy images
and represent increased membrane order (up to red) and de-
creased order (down to blue) based on the corresponding GP
values and ranging from −1.0 to +1.0 (Fig. 3b). Even while
these LUTs are assigned arbitrary representative colors and, as
such, are not actual representations of the visible spectrum, red
has been chosen to represent the +1.0 end, while blue has been
assigned to the −1.0 end of the standard GP LUT. If the Lo
phase was described as a green shift, these modified LUTs
would likely create confusion.

Generalized Polarization Discrepancies

Since the redshift and blueshift GP equation terms have been
inconsistent within published literature, it is not surprising that
wide variability also exists in numerical fluorescence
spectroscopy exGP values as well as in two-photon
microscopy emission input values (where dual emission
rangesmust be manually selected in microscopy software that
represent Ld and Lo phases).

For example, two-photon microscopy uses the ratiometric
equation: GP = IB – IR / IB + IR, and some groups use the
values IB = 400-460 nm and IR = 470-530 nm [4], others use
IB = 410-490 nm and IR = 503-553 nm [25]; others IB = 420-
460 nm and IR = 470-510 nm [34]; or IB = 415-455 nm and
IR = 490-530 nm [18]; or IB = 395-455 nm and IR = 470-
550 nm [19]; or IB = 460-480 nm and IR = 540-550 nm
[29]; or IB = 430-440 nm and IR = 480-500 nm [20]; or
IB = 410-470 nm and IR = 500-536 nm [21]. This variability

between publications inevitably leads to variability within re-
sults between groups and difficulty comparing them, even
when the same cell types or model membranes are used.

Furthermore, other aspects of laurdan two-photon data
analysis lack congruity. This is normally subtler and less prob-
lematic than GP range values, since many different mem-
branes are investigated and specific modes of analysis are
required. Most studies use their version of the GP equation
to analyze the data and either choose a specific region to
quantify (e.g. within a cell [25]) or manually outline and dis-
tinguish between the inner and outer regions (the PM versus
the intracellular space, for example [4]). Using a free custom-
written macro with Image J software (NIH, Bethesda), this
process has recently been standardized and simplified using
the following GP values: IB = 400-460 nm and IR = 470-
530 nm [4]. Since these values are also the most widely pub-
lished for laurdan and two-photon microscopy, these are rec-
ommended for use in order to standardize this area of study.

In fluorimetry spectroscopy studies using laurdan, signifi-
cant variation once again exists with exGP values (even while
IB and IR are single numerical values and not a range of values,
as in two-photon microscopy). Using the standard equation:
exGP = IB – IR / IB + IR, many studies use the original IB = 440
and IR = 490 [10–12, 17, 27, 28, 32, 57–59]; others use
IB = 435 and IR = 490 [33]; or IB = 435 and IR = 480 [60];
or IB = 430 and IR = 500 [13]; or IB = 430 and IR = 480 [24]; or
IB = 434 and IR = 490 [23]; or IB = 430 and IR = 490 [14].
Additional procedures to analyze laurdan emission spectra
have been developed that rely on the log-normal asymmetric
function rather than Gaussian distributions [45], and we be-
lieve that either these new tools should be used, or the original
440/490 values exactly, to maintain consistency and compar-
ison among laurdan spectroscopic studies.

Summary and Conclusions

Added to cells, model membranes, or even live organisms, the
single probe laurdan has been shown to (i) distinguish Lo and
Ld organized domains, (ii) sense PM phospholipid bilayer
fluidity, and (iii) sense intracellular fluidity, all with relatively
easy experimental methods, fast response times, and high spa-
tial resolutions. While many fluorescence probes work ex-
tremely well in model lipid membranes, only a few function
as predicted/expected within live cells [1]. Laurdan is an ex-
ample that works well in live cells, making it a more important
probe than ever. This review delineates the deviations within
membrane phase terminology (and recommends Ld/Lo),
membrane phase descriptions (and recommends fluidity/
order versus organization), GP equation terms (and recom-
mends redshift/blueshift [IB and IR] terms), exGP fluorimetry
values (and recommends IB = 440 and IR = 490), and GP two-
photon microscopy range values (and recommends IB = 400-
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460 nm and IR = 470-530 nm). These propositions might not
only contribute to the expanding field of study using laurdan,
but may benefit the growing library of laurdan analogues (2,6
substituted naphthalene derivatives) such as C-laurdan,
patman, prodan, acdan, danca, and acrylodan, that often adapt
laurdan data analysis strategies and equations [4, 18, 48].
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