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SUMMARY: 
A simple yet reliable light scattering based protocol is described to monitor the phospholipid phase transitions. The simplicity of such a protocol can provide a new solution for routine evaluation of the interaction between chemical entities with phospholipid bilayers. 

ABSTRACT: 
[bookmark: _Hlk68554443][bookmark: _Hlk67316696]Biological membranes are spherical boundaries formed by self-assembled lipid bilayers that enclose an internal aqueous core and are surrounded by an external aqueous environment. Biological membranes have strict biophysical properties that are essential for their function, such as defined thickness, structure, microviscosity, order, lateral pressure, surface charge and permeability. Considering the similarity between biological membranes and liposomes in their ability to mimic biophysical properties of the membrane, it is easy to understand why liposomes are simple but relevant cellular membrane models. In fact, liposomes are widely used to study the drug-induced effects on membrane biophysics, which can often be related to the drug’s capacity to cross membranes and distribute to tissues or may be associated with membrane toxicity. In practical terms, the effects of drugs on membrane biophysics can be assessed by changes in the thermotropic behavior of lipid membranes which can be studied by monitoring parameters such as the main phase transition temperature (Tm) and the cooperativity (B) of the phase transition. 

Herein we propose a probe-free protocol that uses dynamic light scattering (DLS) as the detection technique to determine Tm and B, taking advantage of the light scattering changes observed when the lipid components of a membrane transit from an ordered gel-phase (Lβ) to a less ordered fluid phase (Lα). This protocol consists of a detailed explanation of a temperature trend standard operating procedure (SOP) based on the Dynamic Light Scattering technique as well as an analysis of the data collected from the thermotropic study of liposomes in the presence and absence of drugs. For its simplicity, standardization and probe–free nature, this protocol has the potential to be used with a variety of drugs and other potential therapeutic agents to screen their effects on membrane biophysics and, more broadly, to relate these effects to drug biodistribution and membrane toxicity.

INTRODUCTION: 
[bookmark: _Hlk68540783]Liposomes are hollow spherical assemblies formed by single or concentric bilayers (unilamellar or multilamellar) enclosing an aqueous medium. Due to its spherical form and phospholipid composition, liposomes have been described as potential mimetic models of biological cell membranes, in which phospholipids (e.g., phosphatidylcholine) are the most abundant membrane components. Phospholipids are a family of amphiphiles consisting of a polar hydrophilic headgroup, a hydrophobic hydrocarbon tail (acyl chain) and an ester linkage attaching the head and tail groups. Considering liposomes as biomimetic models of cell membranes, their interesting thermodynamical properties are being widely studied towards a deeper understanding of the thermotropic behavior of cell membranes in conditions that are not compatible with live cells. Additionally, considering that these lipid bilayers are markedly influenced by their surroundings, the presence of exogenous molecules, such as therapeutic agents, can produce dramatic changes in the bilayer dynamics. Therefore, liposomes can be used to study the biophysical properties of membranes but can also be used to evaluate the effect of a chemical entity on these biophysical properties. Actually, changes in thermotropic phospholipid phase transitions in biological media may be correlated to impairment in biophysical properties of membranes with consequences in stability, fluidity or permeability of cell membranes1. 

Phospholipid bilayers can mainly assume three lamellar temperature-dependent phases (a crystalline phase (LC), a solid-crystalline or gel phase (Lβ’), and a liquid-crystalline or fluid phase (Lα)) and its existence or co-existence is regulated by the temperature. The temperatures at which the lipid phase transition occurs are called the sub-transition temperature, occurring from LC to Lβ’ (TS) and the main transition temperature (Tm), occurring from Lβ’ phase to Lα. It is also possible for an intermediated lipid phase – the ripple gel phase (Pβ’) between Lβ’ to Lα, and the temperature at which the Lβ’ → Pβ’ occurs is called the pretransition temperature (TP). In the crystalline sub-gel phase (LC), the hydrocarbon chains are in a completely stretched all-trans conformation and the polar headgroups are relatively static. After the sub-transition, at the gel phase (Lβ’) the acyl chains remain preferentially in an all-trans conformation. Because the lateral chain-chain packing favors van der Waals attractive interactions in this lipid phase, the all-trans acyl chains are tightly packed together. The close packing loosens as the temperature reaches the Tm due to thermally mediated trans-gauche isomerization of C – C along the acyl chains. This isomerization results in an increased lipid molar volume, decreased bilayer width, and increased lateral chain-chain interaction gap within the bilayer, as well as increased intra- and intermolecular motion rates and amplitudes. The loose packing between the side chains also allows their average cross-sectional sum to almost perfectly match that of the headgroup, resulting in non-tilted acyl chains, nearly perpendicular to the surface of the bilayer. Regarding the characteristics of each lipid phase, it is easy to realize that the biophysical properties of cell membranes (stability, fluidity and permeability) are intimately connected to their phase transitions. Studies on the interactions of various drugs with biomimetic models of cell membranes are extensively described in the literature, and it has been shown that the way drugs influence the conformational properties of phospholipids and/or their molecular order causes changes in the thermodynamic properties of the biomimetic system2-7. Consequently, the thermodynamic parameters of lipid membranes are being used as a tool in assessing drug biodistribution as part of the drug pharmacokinetic profiling8. 

[bookmark: _Hlk67318040]The thermotropic behavior of lipid membranes can be studied by monitoring parameters such as Tm and the cooperativity (B) of the phase transition, which together allow prediction of the location of chemical entities interacting with the membrane. Actually, across the lipid bilayer of a membrane exists a fluidity gradient both above and below the transition temperature, in which the part of acyl chains near the center of bilayers (between C10 and C16) is more disordered than the part of the acyl chain closer to the headgroup region (C1 to C9)9. Regarding these assumptions, the cooperativity of the transition is largely regulated by the interaction in the region near C1 and C9, whereby changes in cooperativity induced by an external molecule can be taken as an indication of its location at a bilayer level. On the other hand, considering the increased disorder existent at bilayer core (C12 to C16), if an external molecule is placed at this level it would have subtle or no effect on the cooperativity of the transition9. 

Although the most widely used method to evaluate the lipid phase transition is Differential Scanning Calorimetry (DSC)10-13, other methods for precisely determining the phase transition temperatures of lipids have been identified and include Nuclear Magnetic Resonance (NMR)14,15, Electron Paramagnetic Resonance (EPR)16,17, Fourier Transform Infrared spectroscopy (FT-IR)18,19, fluorescence polarization or anisotropy studies6, and Small and Wide-Angle X-ray Scattering (SAXS/WAXS)20. DSC measurements take into account the changes of enthalpy associated with the changes of the heat capacity of phospholipids during the phase transition from the gel to the fluid phase8. The determination of lipid phase transitions by FT-IR is focused on the temperature-dependent changes in the fundamental vibrations of CH2 groups of hydrocarbon chains due to the trans-gauche C – C bond rotational isomerism that occurs at the hydrocarbon chain-melting phase transition14,21,22. However, some difficulties can be found in this analysis, since absorption bands from these vibrationally active groups are often very broad and there is the possibility of being in the middle, overlapped or obscured by adjacent or overlapping bands arising from the solvent. In addition, when lipid bilayers are in the hydrated form, the infrared activities of groups located on the polar region of headgroups will be dominated by interaction with the solvent, including when the lipids are forming quasi-crystalline lipid phases14. On the other hand, experiments of NMR studying the relaxation times of the protons of ammonium methyl groups (N+(CH3)3) can be conducted to study lipid membrane dynamics, since NMR relaxation times associated with spin-lattice and spin-spin are both sensitive to the mobility of the NMR active species. Thus, as a molecule undergoes random thermal motion, fluctuating magnetic fields arise from interactions with the lattice. From the NMR spectra it is possible to obtain the lipid phase transitions by monitoring the variation of either the amplitude or the area of peaks originated by such protons14. Other methods require the incorporation of paramagnetic spin or fluorescence probes (EPR and fluorescence anisotropy, respectively). Both methods allow the phase transition temperatures determination by monitoring the rotational motion of extrinsic probes. The main drawback of both methods relies precisely on the requirements of extrinsic molecules, that although are interesting to study the biophysical properties of cell membranes, become a hindrance on the evaluation of drug-induced effects, since the probe constitutes a secondary external element capable of disturbing the biomimetic system. In SAXS/WAXS studies, it is possible to distinguish the different lipid phases on fully hydrated lipids by monitoring the temperature-dependent changes in molecular order and packing 20. Although all these methods allow observation of changes that phospholipids undergo with temperature with good agreement in the obtained results, the highly specific and complex instrumentation and skills required make them far from the ideal solution for routine study of phase transitions as a critical step toward elucidating drug-membrane interactions1. With demand for a simple method to determine the phase transitions of phospholipids as well as the effect provoked by a chemical entity aiming for a molecular understanding of its biodistribution, a method based on the application of the dynamic light scattering (DLS) will be described in this protocol. This protocol is based on the liposomal optical properties’ dependence on the temperature, in which at critical temperatures, such as those temperatures at which phase transitions occur, the changes in conformational structure, lateral diffusion and expansibility as well as bilayer thickness, lead to modification on the light that is scattered. Basically, at lower temperatures (T˂Tm), the rigid structure of liposomes causes a higher scattering of the incident beam light and with the temperature increasing (T˃Tm) as the lipid membranes are transitioning to a less organized and more fluid conformation, the ability to promote the scattering of the incident beam light is decreased1,3,4. Therefore, by monitoring the intensity of the light scattered as a function of the temperature, it is possible to analyze the phases’ transitions. The average number of photons detected per second are reflected by the mean count rate (MCR) measured by DLS. This value is a representation of an emerging macroscopic phenomenon and not directly size dependent and reflects the changes in optical properties of the different phase transition state of the liposomes. The validity and reproducibility of this method was first proved by Michel et al.1 and in this protocol, this method will be validated as a routine step in the pharmacokinetic profiling of chemical entities, such drugs. Thus, representative results of one very-well characterized lipid –dimyristoylphosphatidylcholine (DMPC) – was analyzed by the proposed method and compared with literature. Also, the same lipid systems were analyzed in the presence of several model drugs – caffeine (CF), diclofenac (DCF), resveratrol (RSV) and acyclovir (ACV) – and the results were compared to what were previously published in literature. 

PROTOCOL: 

1. Preparation of the lipid systems

1.1. In a volumetric flask of 25.00 mL, dissolve 338.97 mg of DMPC powder in an organic solvent (e.g., ethanol absolute HPLC grade) to achieve a final concentration of 2.00 x 10-2 M. 

NOTE: Chloroform can be also used instead of ethanol absolute.

1.2.  Transfer an adequate portion of the stock solution obtained in the step 1.1 to a round bottom glass flask. For example, to obtain a LUVs final concentration of 1.00 x 10-2 M in 5 mL of buffer solution, transfer 2.5 mL to the round glass flask. 

1.3. Evaporate the organic solvent under a nitrogen flow and constant flask rotation to promote the formation of a thin-lipid film on the bottom of a glass flask.

1.4. Hydrate the dried lipid films with an adequate quantity of aqueous solution (Tris Buffer, 100 mM, pH 7.4) pre-heated at a temperature above the main transition temperature of the lipid (for DMPC T> 23 °C) to achieve a final lipid concentration of 1.00 x 10-2 M.

1.5. Perform ten cycles of 1 min of vortex and 1 min of heated bath at a temperature above the main phase transition, to promote the formation of multilamellar vesicles (MLVs). 

1.6. Extrude the MLV suspension (Step 1.4) at controlled temperature (T˃ Tm) five times through polycarbonate filters with pore diameters of 400 nm, ten times through polycarbonate filters with pore diameters of 200 nm, and ten times through polycarbonate filters with pore diameters of 100 nm to obtain Large Unilamellar Vesicles (LUVs).

2. Sample preparation

2.1. Prepare a drug stock solution by dissolving the drug in an aqueous solution.

2.2. [bookmark: _Hlk67321562]Prepare the samples by mixing adequate portions of LUVs suspension, Tris buffer solution (100 mM, pH 7.4) and drug solution accordingly to the desired final concentrations.

NOTE: Herein, a final concentration of liposomes of 5.00 x 10-4 M was used in the presence and absence of pre-established drug concentrations of 100 μM CF and DCF, 150 μM of ACV, and 200 μM of RSV.  

2.3. Incubate the samples for 30 min at 37 °C (a temperature chosen because it is above the main transition temperature of the lipid and to mimic physiological conditions). 

2.4. Keep the samples at low temperatures (in the refrigerator at T = 4° C) for least 24 h to promote the phospholipid organization in the crystalline sub-gel phase (if it is intended to monitor the transition temperatures below the Tm). 

3. Adjust measurement configurations for the sample

3.1. Transfer 1 mL of the buffered suspension containing liposomes (in the presence or absence of a drug) to a disposable polystyrene cell.

3.2. Place the cell on the sample holder of the DLS equipment.

3.3. Perform a ‘Size’ measurement to allow the equipment to automatically optimize the measurement setting parameters: ‘Cell position’ and ‘Attenuator Value’. 

3.4. Take note of the optimal values for such parameter established be the equipment. 

4. Setting up the temperature trend standard operating procedure (SOP)

4.1. Configure a New SOP in the DLS equipment software (menu File → New → SOP). 

4.2. Choose the Size Temperature Trend as ‘Measurement Type’ (Trend → Temperature → Size).

4.3. Fill the ‘Sample’ configurations (‘Material’, ‘Dispersant’ and ‘Cell configurations’) according to the experiment. Herein, polystyrene latex, water, and a disposable cuvette, were respectively filled.

4.4. Change configurations of the ‘Trend’ section according with the temperature range chosen. This choice depends on the lipid used and on its main phase transition temperature. For example, in the case of DMPC, to be able to evaluate pre-transition and main transition temperatures, the range of temperatures should vary from 10 °C to 40 °C with temperature increments of 1 °C.

4.5. Define the ‘Size measurement’ section, 300 seconds of equilibration time for each of the 5 measurements.

4.6. Change the attenuator position of the cell in the Advanced → Measurement Settings section, from ‘automatic’ to ‘Fixed position’ and introduce the values annotated in step 3.4. 

4.7. Start the measurement.

5. Data treatment

5.1. Represent the MCR (Kcps) as a function of the temperature (T in °C) to obtain a sigmoidal profile. 

5.2. Apply two independent linear fittings to both plateaus of the sigmoid trend obtained in step 5.1. 

5.3. Use the modified Boltzmann regression curve presented below to fit the sigmoidal profile:



where m1 and m2 are the slopes resultant from the two independent linear fittings applied to the plateaus before and after Tm, respectively, and b1 and b2 are the corresponding y-intercepts.

5.4. Fix m1, m2, b1 and b2 values to determine Tm and B. 

REPRESENTATIVE RESULTS: 
The main purpose of this protocol is to prove the reliability of a simple method to evaluate the lipid phase transition of liposomal systems as well as to monitor the biophysical changes provoked by exogenous molecules. Following the protocol, sigmoidal profiles are obtained by plotting the average of photons scattered by the liposomal systems as a function of the temperature. The thermodynamic parameters Tm and B can be calculated from the sigmoidal profile using a non-linear fitting method based on the Boltzmann regression, as described in the protocol (5.3). 

Figure 1A presents the full profile of the DMPC transition from 10 °C to 40 °C, with insets for each of the observable transitions in Figure 1B, 1C and 1D. Moreover, Table 1 presents the values for each phase transition observed by DLS in comparison with the temperatures observed using other common techniques. From the Boltzmann regression fitting to the data points, it was possible to determine the pre-transition of DMPC from the Lβ’ → Pβ’ phase occurring at 14.66 ± 0.13 °C. This transition was also observed by DSC and fluorescence anisotropy23. However, Pentak et al. were unsuccessful to observe this transition by DSC, FTIR, NMR and EPR14. From Figure 1C it was possible to determine Tm and B of the transition from the Pβ’→ Lα phase as 24.03 ± 0.05 °C and 591.3, respectively. The value of Tm agreed with the value described in the literature. Interestingly, a less marked transition was also found at 33.10 ± 0.63 °C. This transition was firstly observed by Pentak et al.14 by DSC and FTIR; however, the authors were not able to observe this latter transition by the other tested techniques (EPR and NMR). This transition at higher temperatures may be due to the spontaneous formation of some MLVs from extruded LUVs24 during the storage time, as the electrical neutral charge of DMPC liposomes makes them more prone to aggregation.

In order to test the applicability of this protocol to unveil possible biophysical perturbations produced by interaction of cell membrane biomimetic models with chemical entities with biological interest, the thermotropic study of the DMPC system was also performed in the presence of CF, ACV, DCF and RSV. Thus, Figure 2 shows the sigmoidal profiles of the DMPC phase transition from Lβ’ → Lα in the absence (black dots and lines) and in the presence of each of these compounds (grey dots and lines). From the sigmoidal profiles obtained, it was possible to determine the Tm and B by a modified Boltzmann regression fitting curve and the results are presented in Table 2. With these studies, it is intended to show that the technique presented in this protocol can be applied to a varied range of chemical structures. 

CF is a small amphiphilic molecule that has been widely investigated due to its potential antioxidant activity25 and in previous studies with lipid membranes it was found that it has the ability to incorporate in the lipid bilayers at the headgroup-acyl chain interface, promoting a decrease in the membrane fluidity through formation of local water pockets at this interface25,26. In the present study, CF does not significantly change the Tm (24.12 °C); however, the addition of this compound to the lipid system increased the cooperativity of the transition (870.4) as can be seen in Figure 2A, which is in line with the studies presented in the literature25,26. Since the cooperativity reflects the lipid organization, increased values of cooperativity are correlated with a faster lipid transition between phases, which in turn suggests an increased lipid organization on the bilayer with decreased fluidity27. This decreased fluidity can be correlated with the preferred location of the CF on the bilayers (on the interface of headgroups region and the acyl chains) as previously documented26.

ACV is an antiviral drug used for the treatment of herpes simplex28 and little is known about its interaction with biomimetic models of cell membranes. Herein, it is possible to observe that its addition to the DMPC system causes no significant changes in Tm but provokes a significant increase in the cooperativity of the system. Once again, as the cooperativity is intimately connected with the mean size of the ordered or fluid regions existing at different stages of the transition, this means that a high cooperative process is characterized as a transition where the fluid regions increase rapidly simultaneously with a fast decrease of ordered regions29. Thus, it is possible to conclude that the addition of ACV to the lipid system decreases the phospholipid mobility. Even for temperatures above the Tm, it is possible to see that the normalized average number of photons scattered by the liposomal system increases in the presence of ACV, which corroborates the lower lipid fluidity and higher lipid organization promoted by the presence of ACV that acts as a stiffening agent at the bilayer. 

Figure 3C presents the sigmoidal profile resultant from the addition of DCF to the DMPC system as a comparison with the pure DMPC system. DCF belongs to the class of non-steroidal anti-inflammatory drugs (NSAIDs) and it is one of the most widely used NSAID worldwide3. Several studies have been performed regarding the molecular understanding of the interaction of such drug with PC bilayers3,30,31. It is well documented that the anionic form of DCF at pH 7.4 preferentially locates in a shallower region of the bilayer3,30. This is in accordance with the significant decrease observed in the Tm value (20.66 °C) of the DMPC upon DCF addition. In general, a decrease in Tm is associated with alterations in the lipid headgroups hydration and thus with headgroup-headgroup interactions, which leads to changes in the packing density at this region. In fact, these changes in packing density can be intimately related to the decrease in cooperativity of the transition observed upon addition of DCF to the DMPC system (Table 2). Thus, from the reduction of Tm and B value it is possible to conclude that DCF has a significant membrane disordering effect. 

RSV is a polyphenolic molecule present in grapes and red wine that has been studied due to its therapeutical potential in several diseases32. Regarding its therapeutic potential, numerous studies have been published documenting its interaction with lipid bilayers32-34. From the Figure 2D it is possible to understand that RSV largely affected the phase transition profile of DMPC. The decrease in Tm and B is in accordance with the results documented in the literature32-34. From the sigmoidal profile, it is possible to highlight the fluidizing effect of RSV since a phase transition occurs at lower temperatures than the pure DMPC. However, an interesting fact is that although RSV have this fluidizing effect, which leads to a phase transition at lower temperatures, for temperatures above the Tm, a stiffening effect is clear, since the number of photons scattered increased. This ambivalent behavior of RSV is in agreement with the literature32-34. Additionally, the values obtained suggest an interaction of RSV with the polar headgroups of the bilayers and regarding the high decrease in cooperativity it is possible to predict a preferential location of RSV at the interface region between the polar headgroups and the C1 – C9 region9.

In the figures shown, the phase transitions were clearly shown as the measurements were expressed as MCR as a function of temperature. It is important to highlight that although size changes also occur during phase transitions, it is not advised to use size alterations to infer about phase transitions, as the differences can be negligible. Figure 3 shows a comparison of the transition temperature profiles of DMPC liposomes obtained by measuring MCR or size as a function of temperature. There is a clear variation in liposomal size with increasing temperature, but this variation is not as clear as the variation in average count rate of light scattered intensity.
Because all the conclusions drawn were consistent with those reported in the literature and obtained using other techniques such as DSC, EPR, SAXS, WAXS, and NMR, the results presented are indicative of the reliability of the DLS-based protocol as a probe-free characterization method of drug-induced biophysical changes in lipid membranes.

FIGURE AND TABLE LEGENDS: 
Figure 1 – Evolution of the normalized mean count rate as function of temperature for DMPC liposomes displaying the whole curve obtained by DLS (A) and insets of three phase transitions: B) the pre-transition (Tp 14.66 ± 0.13 °C), C) the main phase transition (Tm 24.03 ± 0.05 °C) and D) a latter transition at 33.10 ± 0.63 °C. The whole curve experiment had the duration of 9 hours. All experiments were performed at pH 7.4 (Tris Buffer, 100 mM).

Figure 2 – Sigmoidal profiles of normalized mean count rate as function of temperature for DMPC liposomes in the presence of 100 μM of Caffeine (A), 150 μM Acyclovir (B), 100 μM Diclofenac (C) and 200 μM Resveratrol (D), including the non-linear fitting by Boltzmann regression. All experiments were performed at pH 7.4 (Tris Buffer, 100 mM) and each experiment had the duration of 90 minutes.

Figure 3 – Profiles of mean count rate (Kcps) (red) and of liposomal size (blue) both quantified as function of temperature for DMPC liposomes. All experiments were performed at pH 7.4 (Tris Buffer, 100 mM).
 
Table 1 – Comparison of the values obtained by DLS for the different phase transition temperatures with the values described in the literature using the main techniques for this determination 14,23.

Table 2 – Thermodynamic parameters (Tm and B) calculated from the Boltzmann regression fitting applied to the data obtained for DMPC in the absence and in the presence of caffeine, acyclovir, diclofenac and resveratrol.

DISCUSSION: 
This DLS-based protocol has proven to be a simple, probe-free alternative method for evaluating drug-induced biophysical changes in lipid membranes, specifically how thermodynamic parameters like Tm and B are altered. When the purpose is to evaluate the lipid phase transition of liposomal systems per se, it is advisable to test several different concentrations, although the method has been proven to be independent of the liposomal concentration. However, when the main objective of the study is to evaluate the effect of chemical exogenous molecules on the bilayer dynamics, the pure liposomal system serves as the control, and the results must be a comparison between the absence and the presence of the external molecules. Furthermore, the comparison should be always done after a normalization of the data obtained. Different scenarios can be obtained; however, it is worth highlighting that changes in Tm should be always evaluated considering the changes in B. Additionally, although this protocol is very useful in routine evaluation of lipid phase transitions, it is important to be complemented with other techniques, such as drug location at bilayer level, order and packing evaluation, and others, to support the discussion of results. Although herein not presented, the influence of the external molecules on pre-transition temperature can be also monitored. Another important point is that although the main phase transition results in size changes, it is not advisable to use size alterations to infer about phase transitions, as the differences can be negligible. 

In comparison to other techniques used to determine similar biophysical techniques, it is important to note that, while this protocol based on DLS analysis may take longer periods of time, there is no operator intervention required during the measurement of MCR with the temperature range, as this can be done automatically. Furthermore, the data treatment is expedited. Finally, the reliance and applicability to analysis of bioactive compounds/membrane interactions was demonstrated. 

In conclusion, because this protocol is simple, reliable, and requires minimal operator intervention, it has the potential to be used as a screening procedure in routine assays to evaluate drug-membrane interactions for in vitro drug distribution evaluation or, in the case of the development of liposome-based nanocarriers, to evaluate the effect of drugs loaded in the lipid carrier.
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