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Abstract

In this note, we present a discussion of the advantages and scope of model-free analysis methods 

applied to the popular solvatochromic probe LAURDAN, which is widely used as an 

environmental probe to study dynamics and structure in membranes. In particular, we compare and 

contrast the generalized polarization approach with the spectral phasor approach. To illustrate our 

points we utilize several model membrane systems containing pure lipid phases and, in some 

cases, cholesterol or surfactants. We demonstrate that the spectral phasor method offers definitive 

advantages in the case of complex systems.

Keywords

LAURDAN; spectral phasor; generalized polarization; membrane biophysics; lung surfactant

Introduction

Usually, experimental results, such as fluorescence data, are examined and explained on the 

basis of different models. However, sometimes an appropriate model is difficult to construct. 

In the present letter, we present a discussion of the advantages and scope of model-free 

analysis methods applied to the popular solvatochromic probe LAURDAN, which is widely 

used as an environmental probe to study dynamics and structure in membranes [1, 2]. To 

understand the use of LAURDAN as a sensor in membranes we need to understand the 

photophysical processes involved. The generalized polarization (GP) function [3] most 
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commonly used with LAURDAN is based on the classical mathematics of fluorescence 

polarization. Specifically, GP is defined as:

(1)

where IB and IR represent the emission intensities in the ‘blue’ and ‘red’ spectral regions, 

respectively (these regions are typically at 440 nm and 490 nm). GP measurements can be 

implemented in microscopes as well as cuvettes: In the case of microscope determinations 

one must include a G factor (as in polarization) to calibrate the efficiency in both channels to 

obtain the corrected GP value [4].

Recently, new model-free methods to study LAURDAN in membranes have appeared in 

both lifetime and steady-state domains [5–7]. These methods are based on the Fourier 

transformation of the lifetime decay function or the emission spectra of LAURDAN. These 

Fourier transformations allow one to determine, with a simple visual inspection, the 

presence of complex interactions in the LAURDAN/membrane system without the 

assumption of a particular model.

In 1981, Weber [8] introduced a Fourier transformation approach for dealing with multiple 

lifetime emission components. These algorithms allowed the calculation of N lifetime 

components in a heterogeneous fluorescence emission as the sum of independent terms in 

the Fourier space, calculating the real and imaginary part of the lifetime decay. In 1984, 

Jameson et al [9] introduced the concept and application of the phasor plot to study the 

heterogeneous emission of probes. These lifetime phasor plots were used for a number of in 
vitro (cuvette) measurements in protein and membrane systems by Stefl et al [5]. Digman et 
al [6] used the phasor plot representation to analyze FLIM data, introducing these methods 

to the imaging field. The spectral phasor approach was first introduced by Fereidouni et al 
[7], for the blind unmixing of up to three different probe emissions in the same sample with 

spectral resolved confocal microscopy. The emission spectrum of a sample, recorded on a 

spectrofluorimeter or in an image from a spectral confocal microscope, is used to calculate 

the real and imaginary components (the amplitude and phase, respectively) for the first 

harmonic Fourier transformed spectrum (X and Y, called G and S, respectively). The data 

are then plotted in a phasor scatter plot, termed the spectral phasor plot.

The spectral phasor is based on the Fourier transformation of the spectral information 

obtained from a cuvette or each pixel in a spectral image. The basic calculation is as follows:

(2)

(3)
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where I is the intensity at each step of the spectrum (each λ interval or bandwidth in an 

image spectral phasor), n is the number of the harmonic, and L is the length of the spectrum 

taken as the final minus the initial wavelengths, in our case 600–400 nm). The calculations 

of G (equation (2)) and S (equation (3)) are very simple; basically, the intensity at each 

wavelength is multiplied by the cosine or sine of the wavelength at each step multiplied by 

the harmonic number and 2π/L. After that, the sum of the individual steps is divided by the 

integral of the spectrum (sum of the intensities of the full spectrum). The G and S terms take 

values between l to −1 and the position on the spectral phasor plot is related to the center of 

mass of the spectrum and the width of the spectrum. The center of mass of the spectrum is 

associated with the angular position of the point on the spectral phasor plot while its axial 

position is inversely related to the spectral bandwidth. These principles are illustrated with 

simulations of spectral phasors shown in figure 1.

The Fourier space, i.e. the spectral phasor plot, has the properties of sum, difference, etc, 

providing the opportunity to judge the contributions from the different species, and the 

interactions between them, in a straightforward manner.

In a recent paper, Golfetto et al [10] introduced the first utilization of the spectral phasor 

approach to study LAURDAN emission in membranes. That paper demonstrated the utility 

of the method to delineate aspects of membrane micro-heterogeneity and lipid domains with 

the association of the cholera toxin subunit B.

To emphasize the novelty of the spectral phasor approaches and to demonstrate the basic 

concept behind the methods, in this letter we offer a description of the strength of the 

method to study complex fluorescence emission in a simple and straightforward manner. We 

illustrate the spectral phasor method using two simple systems and we discuss the utility of 

this novel method for studies of solvatochromic probes in membranes; however, we 

emphasize that the main purpose of this technical letter is to present a pedagogical treatment 

as opposed to offering a detailed discussion of membrane properties.

As the first example (figure 2), we provide a simple problem, i.e. a study of LAURDAN in 

gel (Lβ) and fluid (Lα)phases in a membrane. Figure 2(a) shows the spectra of LAURDAN 

in MLVs prepared with DOPC (blue), DPPC (red), and the 1/1 (mol %) DOPC:DPPC 

mixture (green). In the GP plot (figure 2(b), one notes that the gel membrane (red) has a 

high GP value while the fluid membrane (blue) has a low GP value, as expected. However, 

the DOPC : DPPC (green) mixture has an intermediate value of GP, which, as in the case of 

spectra alone, could imply that the membrane has a mixture of coexisting fluid and gel 

phases. But, this intermediate GP value could, theoretically, also be due to a homogeneous 

mixture of the lipids and a model based on the additive nature of the GP function, used to 

‘quantify’ the extent of each phase, will not reflect this homogeneous mixture case [11]. In 

fact, these lipid mixtures were studied in detail by several groups [12–14] and the 

coexistence of gel and fluid phases was eventually established. When the same spectra used 

for the GP calculations are converted to the spectral phasor format, one can see, in both the 

first and second harmonics (figures 2(c) and (d)), a linear trajectory between the fluid and 

gel phases with the mixture half and half (DOPC : DPPC) at the middle. This data are then 

also consistent with a mixture of two coexisting lipid phases.

Malacrida et al. Page 3

Methods Appl Fluoresc. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The second example to demonstrate the utility of the phasor plot is the effect of cholesterol 

on a 50 : 50 mixture of DOPC:DPPC. As previously shown, the vesicles with a 50 : 50 

ratiometric mixture of DOPC:DPPC have a coexistence of membranes in the fluid or gel 

phases. The addition of cholesterol changes the system from Ld (from 0 to 15 % cholesterol) 

→ Ld/Liquid order (Lo, from 15 to 45% cholesterol) → Lo (from 45 to 50% cholesterol). At 

this level of complexity it is hard to know how much of the LAURDAN emission comes 

from Ld or Lo states. This problem is simplified using image resolved GP analysis, 

comparing the histogram distribution of the Ld, Lβ, or Lo [4], but is essentially intractable 

using cuvettes. However, if the effect of cholesterol is an additive process and the change in 

the emission is the sum of simple components, all the spectral phasor points should fall on 

the straight line that join these limits. With the spectra (figure 3(a)) one observes the effect 

of the cholesterol as the increasing appearance of a shoulder at 490 nm that finally reaches 

the maximum emission wavelength at 50 mol% cholesterol. The GP (figure 3(b)) shows a 

non-linear relation with the addition of cholesterol to the mixture from 0 to 50 mol%. A 

model that accounts for this nonlinear GP data would be very complicated and, depending 

on the cholesterol concentration [11], would reguire at least three phases. From the first and 

second harmonic (figures 3(c) and (d)) one can identify a linear combination from 0 to 50 

mol% of cholesterol. The reasons why the LAURDAN points are on the line between the 

limits designed for our experiment (DOPC: DPPC and DOPC: DPPC + 50% cholesterol) are 

related to the photophysics underlying the LAURDAN emission process. In principle, 

LAURDAN can re-orient a few molecules of water around its excited state dipole at the 

membrane interphase (for a detailed description read [4]). This means, in a situation where 

water is absent, LAURDAN will present the non-relaxed emission, while with the full 

complement of water molecules (around 4–5 water molecules) the LAURDAN emission will 

present as completely relaxed, i.e. at the other phasor limit. All the intermediate states 

(which mean 1, 2, and 3 water molecules) should be at the intermediate spectral phasor 

positions that join the limits (0 or 4–5 water molecules). In our opinion, the results presented 

in figure 3(c) indicate that the increase in the cholesterol results in a decrease in the number 

of water molecules around the LAURDAN from 0 to 50% cholesterol. These results are in 

line with the previous reports related to the effects of cholesterol [4], but a more detailed 

examination of this system is beyond the scope of this technical note.

The pulmonary surfactant is a tensoactive mixture of lipids and protein located in the 

alveolus responsible for decreasing the surface tension at the end of expiration in order to 

avoid alveolar collapse during the respiratory cycle [16]. To achieve that function the 

pulmonary surfactant has a complex mixture of hundreds of lipids and four proteins 

(pulmonary surfactant proteins, called SP-A, -B, -C, and -D). The thermotropic behavior is 

controlled by the phospholipid composition and cholesterol content [17]. Figure 4 shows the 

GP analysis for the LAURDAN emission in a porcine pulmonary surfactant in response to a 

temperature increase. From the GP data alone, it is difficult to demonstrate that the system 

has more than two components. When the spectral phasor approach is applied (figures 4(b)–

(d)), however, it is immediately evident that there is not a linear combination of two discrete 

states. Hence, one can reason that LAURDAN experiences at least three different 

environments during the melting transition in the native pulmonary surfactant (which have 

the polar and apolar components). The melting transition of the pulmonary surfactant is 
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board [18] and it is difficult to account for the observed behavior, but it may be that the 

pulmonary surfactant can experience some fluctuation in the lamellar Lo to Ld transition 

with the occurrence of lamellar and non-lamellar structures [19] that result in a more 

complex environment for LAURDAN than is present in lamellar membranes alone, which in 

principle, as previously demonstrated in figure 3, always falls on the line that joins the 

relaxed and un-relaxed state. It may also be that LAURDAN can bind to the surfactant 

protein in the mixture, which would then give rise to a more complex emission. Needless to 

say, at the present time our understanding of this system is speculative and further studies 

are required for a detailed explanation of these results.

Conclusion

The spectral phasor approach for the study of the emission of environmentally sensitive 

probes such as LAURDAN in membrane systems is a rapid and reliable method to visualize 

and understand complex processes without the necessity of models. The application of the 

spectral phasor method to other systems in which emission spectra alter during a physico-

chemical process, such as the emission of tryptophan in protein undergoing unfolding or 

conformational alterations, is another possible application of the method (protein unfolding 

and conformational change have been studied using lifetime phasors [20–23]). We note that 

the value of the traditional GP measurement is fully defined by one number (the ratio of two 

intensities) while the phasor, either lifetime or spectral, is defined by two numbers (G and 

S). Parasassi et al [24] introduced a variation of the GP method to include the excitation GP 

in addition to the emission GP so that data could be represented on two axes, allowing a 

more detailed description of the observed phenomena.
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Figure 1. 
Simulations illustrating spectral phasors for examples with different wavelength maxima and 

full width at the half maximum (FWHM). (a) Simulation of three spectra with increasing 

spectral maxima but the same FWHM (black, orange, and blue, respectively), or the same 

spectral maximum but increasing FWHM (black, red, and green, respectively). The first 

number in the legend represents the center of the spectrum and the second number is the 

FWHM (both are in nanometers). (b) First harmonic spectral phasor of the simulated spectra 

in the left plot. In that plot one observes that increasing the spectral center moves the 

position of the spectral phasor point in a counterclockwise direction (black, orange, and blue 

spectra). Increasing the FWHM moves the spectral phasor point towards the center of the 

plot (black, red, and green spectra).
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Figure 2. 
Example of the identification of linear combination in the emission of LAURDAN in a 

binary mixture of fluid and gel membrane with spectral phasor. (a) Spectra recorded of the 

MLVs of DOPC (blue), DPPC (red) and a mixture 1:1 mol of DOPC:DPPC (green) at 25 °C. 

(b) Calculated GP values from the spectral intensity (GP = I440 − I490/I440 + I490). (c) 

Spectral phasor position of each sample in the first harmonic. (d) Spectral phasor position of 

each sample in the second harmonic. All the measurements were done in triplicate and each 

point represents the mean ± standard deviation (when standard deviations do not appear they 

are smaller than the symbol diameter).
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Figure 3. 
Example of the effects of the cholesterol in a membrane with coexisting fluid/gel phases 

studied using spectral phasors. (a) Spectra recorded of the MLVs of a mixture 1:1 mol of 

DOPC:DPPC with the addition of cholesterol (0%—green, 5%—blue, 10%—red, 20%—

pink and 50%—cyan) at 35 °C. (b) Calculated GP values from the spectral intensity (GP = 

I440 − I490/I440 + I490). (c) Spectral phasor position of each sample in the first harmonic. (d) 

Spectral phasor position of each sample in the second harmonic. All the measurements were 

done in triplicate and each point represents the mean standard deviation (when standard 

deviations do not appear they are smaller than the symbol diameter).
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Figure 4. 
Study of the thermotropic behavior of porcine native pulmonary surfactant with LAURDAN. 

(a) Excitation GP (excitation wavelength was 360 nm) for the thermotropic transition of 

pulmonary surfactant from 15 to 70 °C (each step was 5 °C). (b) First and second harmonic 

(blue and red, respectively) spectral phasor plot for the LAURDAN in the pulmonary 

surfactant during the thermotropic transition. (c), (d) Zoom of the first and second harmonics 

in plot B, the temperature increase is denoted by the arrow direction. All the measurements 

were done in triplicate and each point represents the mean ± standard deviation (when 

standard deviations do not appear they are smaller than the symbol diameter).
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