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Abstract

The response of fluorescent dyes incorporated in multilamellar liposomes was evaluated for
their applicability in monitoring thermal-induced changes in liposomes. Five fluorescent
probes, diverse in polarity, lipophilicity, and consequently their position within the lipid
multibilayers constituted from 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), were
used to record temperature-dependent fluorescence spectra of the liposomal suspensions. The
responses of the dyes were analysed in a multivariate fashion to determine pre- and main phase
transition temperatures of DPPC. Laurdan® and 1-chloro-9,10-bis(phenylethynyl)-anthracene
register both phase transitions, while 9,10-diphenylanthracene and 9,10-bis(phenylethynyl)-
anthracene report only pretransition. According to the differential scanning calorimetry
measurements, all suspensions display both phase transitions that resemble DSC curve of pure
DPPC. The positions of the dyes within the bilayers were determined by molecular dynamics

simulations.

! Present address: Selvita d.o.o. Prilaz baruna Filipovi¢a 29, 10000 Zagreb, Croatia



Keywords: 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC); Fluorescent dyes,
Differential scanning calorimetry (DSC); Fluorescence spectroscopy; Multivariate curve

analysis, molecular dynamics simulations
1. Introduction

The interaction with cellular membranes or membrane models is one of the most studied topics
in biomedical research.!>? Transport through the membranes is always a part of the drug
delivery studies. Furthermore, the membrane itself, more specifically, the membrane proteins,
are frequently the drug targets since there are numerous diseases related to the function of
membrane proteins. Even if the interaction with the targeted proteins is well described, the
interaction with the surrounding membrane lipids should be evaluated as well. Steady-state or
time-resolved fluorescence spectroscopy and microscopy are among the most widely used
techniques for visualisation and evaluation of membrane integrity, structure, organization and
dynamics.* To efficiently monitor liposome integrity, the fluorescent probes should not
interfere with the assembly, structure or dynamics while being embedded in the bilayer and

reporting minute changes in the environment.’

Liposomes constituted from 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) lipids,
formed by self-assembly of DPPC into lipid bilayers, are frequently used membrane models for
studying membrane interactions. The long lipid aliphatic chains of DPPC provide sufficient
hydrophobic interactions for the reproducible and problem-free formation of liposomes, while
the polar headgroups of DPPC ensure stable equilibrium in a water-based environment. Upon
heating, the transformation of DPPC from the gel (Lp’) to fluid (Lo) is preceded by the
pretransition from gel to ripple phase (Pg'), which manifests itself with periodic ripples on the
membrane surface, where more prominent hydration occurs.> 7 The temperature interval
between pre- and main transition depends on the lipid chain length, with DPPC this gap is about
8 °C.® L/Pg — L, phase transition is a highly energetic, cooperative and fast process,
characterized by the disruption of hydrogen bonds and van der Waals interactions, whereas the

pretransition is much less energetic and cooperative.

Thermal properties of lipid (multi)bilayers can be examined by monitoring the temperature-
dependent behaviour of fluorescent probes incorporated at various depths in the bilayer™!. As
lipids undergo melting, the environment of the fluorescent probe changes, which is reflected in
the change in its response. In the case of Laurdan, a shift in the wavelength maximum,

accompanied by the intensity change, is observed'!, while in some pyrrolo-quinoline
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fluorescent probes (LD-473 and LD-423), only the signal intensity in the fluorescence spectrum
changes'?. To the best of our knowledge, the responses of the fluorescent probes to the change
in lipid bilayer thermal behaviour and the consequent indirect characterisation of phase

transitions are rather scarcely documented.

To address the above issue, we examined the changes in thermal properties of DPPC
multibilayers in the presence of several hydrophobic and one relative amphiphilic fluorescent
probes: Laurdan, DPA, BPEA, CI-BPEA, Rhodamine B (Fig. 1). 6-lauryl-2-dimethylamino-
naphthalene (Laurdan; L)'* is one of the most frequently used membrane probes. The
naphthalene fluorophore offers relatively high fluorescence quantum yield, while the lauryl
moiety ensures hydrophobicity and similarity with the lipid part of phospholipids.'* 9,10-
diphenylanthracene (DPA); 9,10-bis(phenylethynyl)-anthracene (BPEA) and 1-chloro-9,10-
bis(phenylethynyl)-anthracene (CI-BPEA) are hydrophobic fluorophores exhibiting high
fluorescence quantum yield."” In comparison with probes above, Rhodamine B (R) is less
hydrophobic and offers more insight into liposome partitioning of more polar, water-soluble
probes.'® Thermal properties of DPPC multilamellar liposomes in the presence of listed
fluorescent probes are examined using differential scanning calorimetry (DSC), a technique
standardly used in the characterisation of lipid bilayer thermodynamic properties.!” and
temperature-dependent fluorescence spectroscopy to unravel the changes in fluorescent probes
signals as DPPC undergoes phase transitions. Temperature-dependent fluorescent spectra are
analysed with multivariate curve analysis that demonstrated the success in displaying the phase
transition temperature even from temperature-dependent UV/Vis spectra of blank DPPC
liposomes'®. Our experimental data are supported with MD calculations that provide an insight
into the location of a particular probe at a carefully selected temperature in the gel and fluid

phase, respectively.



Fig. 1. Structural formulas of a) DPPC and fluorescent probes: b) DPA, c) BPEA, d) CI-
BPEA, e) Laurdan (L) and f) Rhodamine B (R).

2. Experimental
2.1 Chemicals and suspensions preparations

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; Mr = 734.04, white powder, purity > 99
%) and laurdan (L; white powder, Mr = 353.54, purity > 98 %) were purchased from Avanti
Polar Lipids, rhodamine B (R; dark green powder, Mr =479.01) from Fluka . DPA (pale yellow
powder, Mr = 330.42), BPEA (orange powder, Mr = 378.50) and CI-BPEA (orange powder,
Mr = 412.90) were synthesized according to the published protocols'®?® FTIR and NMR ('H
and '3C) spectra of here prepared compounds show excellent agreement with their reference
spectra®!?22324 (details are presented in Supporting Information, section S1). Phosphate buffer
of ionic strength /= 100 mM and pH 7.3 in milli-Q water was prepared from NaHPO4 (white
powder, AlphaAeEsar, p. a. grade) and NaH>PO4 (white powder, Fluka, p. a. grade).



Chloroform (CHCIs; colorless liquid), ethanol (EtOH; colorless liquid) and hexane (HEX;
colorless liquid) were purchased from Gram-Mol (p. a., spectroscopic grade and HPLC grade,

respectively). All chemicals were used as received.

Stock solution of investigated fluorescent probes were prepared in CHCl3 (DPA, BPEA, Cl-
BPEA, L), EtOH (DPA, BPEA, CI-BPEA) and HEX (DPA, BPEA, CI-BPEA) so theirs
concentrations were 1 mM in CHCl3, ~ 1-10-* M in EtOH and ~1-10* M in HEX, respectively,
whereas stock solution of R in EtOH was ¢ = 1 mM (L is not soluble in EtOH and HEX and R
is not soluble in CHCI3 and HEX).

Stock solutions of DPPC in the absence (colorless) and in the presence of DPA (colorless) /
BPEA (green) / CI-BPEA (orange-green) / L (green) in CHCI3 as well as in the presence of R
in EtOH (pink) were prepared as follows: 1) 300 mg of DPPC was dissolved in 6 ml of CHCl3;
i1) 1 ml of the stock solution was distributed in 6 round bottom flasks so that each flask
contained 50 mg of DPPC; iii) in five flasks stock solutions of fluorescent probes were added
so their mole ratio in DPPC was x ~ 2 % ml (to meet this mole ratio, 920 ul of stock solution
of DPA (in CHCI3), 1315 ul of stock solution of BPEA (in CHCI3), 1434 ul of stock solution
of CI-BPEA (in CHCI3), 1223 ul of stock solution of L (in CHCIl3) and 1665 pl of stock solution
(in EtOH) of R, respectively, was added). The remained sixth flask contained only DPPC. In
all six samples CHCl; was removed from the flask on rotary evaporator and the obtained film
was subsequently dried under Ar stream. Afterwards, multilamellar DPPC liposomes were
prepared by suspending the corresponding films in 1 ml of a phosphate buffer (pH 7.3). The
samples were vortexed and alternated between a hot and ice H>O bath. In each of these three
steps the sample was held for about one minute. The cycle of vortexing and heating and cooling
of the sample were repeated for five times. These suspensions were further used as stocks for

fluorimetric and DSC measurements.

2.2 Fluorescence spectroscopy: spectra acquisition and spectral analysis of hydrated

multilamellar liposomes

100 ul of original stock suspension was diluted up to 5 ml of phosphate buffer in order to
achieve the mass concentration of DPPC ~1 mg / ml. Fluorescence spectra of the suspensions
were acquired on the Agilent Cary Eclipse Spectrophotometer in the temperature range 30 — 52
°C, using 1 cm path length quartz cuvettes. The stock solutions of different DPPC + probe
suspensions were diluted with 100 mM phosphate buffer, pH 7.3, to achieve 0.125 mg/mL

DPPC concentration. The temperature was incrementally increased by 1°C and after 2 min
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equilibration the spectra was recorded. Table 1 shows excitation wavelengths, emission bands,
excitation and emission optical slits for each individual suspension sample. The fluorescence

spectra of DPPC with fluorescent probes were acquired in two independent experiments.

Table 1. Settings used for the fluorescence spectra recording: Aex— excitation wavelength, Aem

— emission band, Ex slit — excitation optical slit, Em slit — emission optical slit

suspension AEX AEm® Ex slit* Em slit*
DPPC® 280 320-450 20 20
DPPC + DPA 380 400-600 5 10
DPPC + BPEA 470 480-600 5 5
DPPC + CI-BPEA 485 500-600 5 5
DPPC +L 380 400-600 2.5 5
DPPC + R 550 560-750 2.5 5

In nm; ° In the case of liposome suspension, there was no fluorescence, the observed

phenomenon is due to the dispersion.

Before venturing into multivariate curve analysis (MCA), temperature-dependent fluorescence
spectra of all suspensions were prepared using Spectragryph?®. The procedure was as follows:
i) the spectra were smoothed (Savitzky-Golay with 10 points and polynom of 3™ degree), ii)
certain spectral range was selected for initial analysis, iii) spectra were baseline corrected by
making vertical offset so that at one same point their ordinate is set to 0, iv) spectral range was
reduced in order to eliminate the spectral parts in which temperature-dependent spectral
variability is negligible. In particular, the corresponding data (except for 1)) are: DPPC: 320 —
450 nm (ii), 0 at 435 nm (iii1), 320- 425 nm for MCA (iv); DPPC + DPA: 400 — 560 nm (ii), 0
at 600 nm (ii1), 400 — 540 nm for MCA (iv); DPPC + BPA: 480 — 600 nm (ii), 0 at 600 nm (ii1),
400 — 580 nm for MCA (iv); DPPC + CI-BPEA: 500 — 600 nm (ii), 0 at 600 nm (iii), 500 -580
nm for MCA (iv); DPPC + L: 400 — 600 nm (ii), 0 at 600 nm (iii), 400 — 600 nm for MCA (iv);
DPPC + R: 560 — 690 nm (ii), 0 at 690 nm (iii), 560 — 660 nm for MCA (iv).

Temperature-dependent spectra prepared in this way were further analyzed in a multivariate
fashion following the protocol described previously'®. Briefly, temperature-dependent spectra
constitute data matrix (D) that can be separated as a product of two factors: one is spectrum of
particular species (matrix of spectral profile of particular species, S), and another is its

concentration (matrix of concentration profile of particular species, C):



D=CST+E

E stands for residual matrix that contains unexplained data, i.e. the information not contained

in C and S.

Before going into MCA, it is necessary to carefully assume the number of components that
constitute the system. Since in the examined temperature range we monitor the signal of
fluorescent probe the position of which in all but one system remains effectively unchanged (L
undergoes conformational change due to change in lipid ordering in DPPC + L suspension)'!,
one (principal) component (c1) projects the spectra of DPPC, DPPC + DPA, DPPC + BPEA,
DPPC + CI-BPEA and DPPC + R (essentially, this represents the change in the signal intensity);
accordingly, two (principal) components (c; and c2) project the spectra of DPPC + L (the change
in signal intensity + signal displacement). The concentration profiles (c1 (and c2)) display
sigmoid character and their inflection points (that correspond to the phase transition(s)
temperature(s)'®2%) are obtained by fitting them on a single (7, or Tim) or double (7, and Tm)
Boltzmann profiles, depending on the R? values of particular fit. Statistically most significant
fit results are further discussed and are as follows: DPPC (c1): 7, =35.5 £ 0.1 °C, Tn=44.6 £
0.7, R>=0.997; DPPC + DPA (c1): Ty =36.4 £ 0.1 °C, T =54 + 1, R* = 0.999; DPPC + BPEA
(c1): T,=37.4+0.3 °C, R?=0.976; DPPC + CI-BPEA (c1): T, =34+ 1 °C, Tm =422 £ 0.8, R?
=0.980; DPPC+ L (c1/¢2): T, =40.7£0.5°C/39.4+0.7°C, Tn=42.6 £0.1/42.6 = 0.1 °C,
R?>=0.999/0.999; DPPC + R (c1): T, =41.5+ 0.5 °C, Ty =49 £ 1, R* = 0.992 (phase transitions

temperatures are displayed in Table 1 as well).
2.3 DSC: preparation and thermal analysis of hydrated multilamelar liposomes

300 pl of original stock suspension was diluted with 2700 ul of phosphate buffer in order to
achieve the mass concentration of DPPC ~ 5 mg / ml. The samples were placed in a degassing
station for 15 minutes before they were transferred in the cell and measured. The calorimetric
experiments were made in a microcalorimeter Nano-DSC, TA Instruments (New Castle, USA)
at a scan rate of 1 °C min ' and in the temperature range 10-70 °C (cell volume is 300 ul). Each
sample was recorded two times in two heating — cooling cycles, whereas buffer—buffer scan
was collected only once. After subtracting the buffer-buffer scan from raw data, the baseline
was manually constructed and subtracted from the resultant curve. Phase transition
temperatures of DPPC multilamellar liposomes (7}, and 7w) were determined from the second

heating run (free from thermal history?’) by reading both onsets (o) and maxima (m) of the curve.



2.4 DLS measurements

The size distribution of liposomes was determined by means of dynamic light scattering using
a photon correlation spectrophotometer equipped with a 532 nm (green) laser (Zetasizer Nano
ZS, Malvern Instruments, Worcestershire, UK). To avoid overestimation arising from the
scattering of larger particles, the average hydrodynamic diameter (dh) was obtained as the value
at peak maximum of the volume size distribution. The reported results correspond to the
average of six measurements. The data processing was done by the Zetasizer software 7.13
(Malvern Instruments). The hydrodynamic diameter of the liposomes (dh) at 25 °C was found

to be dh ~ 1000 um (0.5 mg / 10 ml).
3. Molecular dynamics simulations

To investigate the behavior of the chosen fluorescent probes, namely BPEA, CI-BPEA, DPA,
L and R, we performed a set of classical MD simulations, with each of the investigated probes
being simulated in two different membrane environments, namely in the gel (Lg’) and in the
fluid (Lo) phase. The simulated systems consist of DPPC bilayer and 2 % molar ratio of a
specific fluorescent probe. To prepare the simulated systems, firstly the pure DPPC bilayer
systems were prepared using the membrane builder module of CHARMM-GUI

(http://www.charmm-gui.org/),?8-3¢

with it containing 192 lipid molecules, 14660 water
molecules (TIP3P water model), and 25 sodium chloride species to emulate experimental
conditions. CHARMM-GUI membrane builder minimization and equilibration procedure was
used to obtain equilibrated simulation boxes at 7= 20 °C and 7 = 50 °C. After aforementioned
initial equilibration, both pure DPPC systems, differing in their target temperatures (7= 20 °C
and 7 = 50 °C), were simulated for 100 ns using unbiased all-atom molecular dynamics (MD)
utilizing CHARMM36m force field*! and TIP3P water model. The final snapshots of these two
simulations, representing Lg' (7= 20 °C) and L, (7 = 50 °C) phases of DPPC lipid bilayer,
respectively, are then used to prepare the simulations of DPPC/fluorescent probe systems. More
precisely, 4 fluorescent probe molecules (consistent with the 2 % molar ratio used in the
conducted experiments), being either BPEA, CI-BPEA, DPA, L and R, are placed in the
equilibrated simulation boxes of DPPC at 7= 20 °C and 7'= 50 °C (inside the water layer). All
fluorescent probes were parameterized using CHARMM36m force field.>** Upon that, short
pulling simulations were conducted to pull fluorescent probes inside the lipid bilayer (reaction
coordinate being distance in the direction perpendicular to the membrane, i.e., z-direction,

between the centre of mass of the bilayer and the centre of mass of the probe molecule, 4



reaction coordinates per system). The obtained initial configurations of 10 prepared systems
(BPEA + DPPC (20 °C), CI-BPEA + DPPC (20 °C), DPA + DPPC (20 °C), L + DPPC (20 °C)
and R + DPPC (20 °C), BPEA + DPPC (50 °C), CI-BPEA + DPPC (50 °C), DPA + DPPC (50
°C), L + DPPC (50 °C) and R + DPPC (50 °C)) are then propagated for 5 ns in the NPT
ensemble, using Nosé-Hoover thermostat®? with Berendsen barostat®* (p = 1 bar, semiisotropic
pressure coupling) to equilibrate the simulation boxes. The equilibrated boxes of 10 prepared
fluorescent probe + DPPC systems are then propagated for additional 100 ns, thus constituting
production runs. All simulations were performed in GROMACS 2018.4** with a time step of 2
fs, van der Waals and short-range Coulomb cut-offs of 12 A, three-dimensional periodic
boundary conditions, incorporating the particle mesh Ewald procedure®>. The production
simulations (both pure DPPC and fluorescent probe + DPPC systems) were propagated using

22 with Parrinello-Rahman barostat®® (p = 1 bar, semiisotropic

Nosé-Hoover thermosta
pressure coupling). The subsequent analysis is performed taking into account last 50 ns of the

production simulations.
4. Results and discussion

Temperature-dependent fluorescent spectra of suspensions of DPPC in the absence and the
presence of fluorescent probes are displayed in Fig. 2. In pure DPPC (due to the radiation
scattering), DPPPC + BPEA, DPPC + CI-BPEA and DPPC + R only the signal intensity
changes as the temperature rises; in particular, in DPPC (Fig. 2a), DPPC + CI-BPEA (Fig. 2d)
and DPPC + R (Fig. 2f) the signal (with maximum at 376 nm, 509 nm and 524 nm, respectively)
decreases with temperature increase. In temperature-dependent fluorescence spectra of DPPC
+ BPEA (Fig. 2¢) the behavior is opposite; the signal with maximum at 509 nm increases as
temperature rises. In addition to the signal intensity decrease, in temperature-dependent
fluorescence spectra of DPPC + DPA the signal maxima displace from 421 nm and 439 nm at
30 °C to 412 nm and 432 nm at 52 °C (Fig. 2b). In DPPC + L (Fig. 2e) suspension the signal
with maximum at 446 nm at 30 °C suddenly declines at DPPC Ti, and shifts to 483 nm at 52

°C, which is due to the change in L conformation as the lipids change their ordering™**-¥’.
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Fig. 2. Temperature-dependent fluorescence spectra of DPPC suspensions with highlighted
spectra acquired at lowest (30 °C) and the highest (52 °C) temperature: a) without fluorescent
probe (gray line for 30 °C, dark gray line for 52 °C), b) DPPC + DPA (cyan line for 30 °C, blue
line for 52 °C); ¢) DPPC + BPEA (dark yellow line for 30 °C, wine line for 52 °C); d) DPPC +
CI-BPEA (orange line for 30 °C, red line for 52 °C); ¢) DPPC + L (green line for 30 °C, olive
line for 52 °C); f) DPPC + R (magenta line for 30 °C, purple line for 52 °C). The position and

eventual displacement of signal maximum/maxima are emphasized.

10



Phase transition temperatures (7, and 7m) of DPPC multibilayers in the absence and in the
presence of fluorescent probes are available from both multivariate analysis of temperature-
dependent fluorescent spectra and from their DSC curves (Fig. 3). In general, 7, and T, data
obtained from temperature-dependent fluorescent spectra provide somewhat higher values than
those obtained from DSC, which is exceptionally pronounced when compared with those
determined from the transitions onsets and especially for CI-BPEA and R (all values are
displayed in Fig. 3 and in Table 2). Therefore, in the continuation of the text we will compare
that values with DSC values determined from the transition maxima (7p/m, m). For pure DPPC
Tp, m and T, determined from DSC and temperature-dependent fluorescent spectra display
excellent agreement (35.8 + 0.1 °C and 35.5 £ 0.1 °C, respectively), while corresponding 7m, m
and T values differ for about 3 °C (41.9 £ 0.1 °C and 44.6 = 0.7 °C, respectively). Furthermore,
it seems that temperature-dependent fluorescent spectra barely register the main phase
transition (Fig. 3a). Analogous values of 7}, mand 7}, in DPPC + DPA (Fig. 3b) suspension differ
for about 1 °C (35.6 £ 0.1 °C and 36.4 + 0.1 °C, respectively) and Tm, m and T, are actually
uncomparable (41.8 + 0.1 °C is a reasonable value unlike 54 + 1 °C obtained as the result of a
fit, respectively). Consequently, in this suspension is impossible to state whether the
temperature-dependent fluorescent spectra are more sensitive to the pre- or main phase
transition. In DPPC + BPEA suspension (Fig. 3¢) Tp, mand 7}, differ for about 2 °C (35.3 £ 0.1
°C and 37.4 £ 0.3 °C, respectively), and Tp remains unregistered (7m, mis 41.8 £ 0.1 °C). The
outcome of incorporation of CI-BPEA in DPPC multibilayers (Fig. 3d) gives phase transition
temperatures from DSC and temperature-dependent fluorescence measurements that coincide
within the uncertainty limits (7p, m and 7} are 34.6 £ 0.1 °C and 34 + 1 °C, and T, mand T, are
41.6 £ 0.1 °C and 42.2 + 0.8 °C, respectively). Interestingly, L incorporated in DPPC
multibilayers not only does it not show particular sensitivity to pretransition, but it also detects
it at temperatures about 5 °C higher (40.7 = 0.5 °C and 39.4 + 0.7 °C) than those obtained from
DSC measurements (35.1 £ 0.1 °) (Fig. 3e). The main phase transition is found to be about 1
°C higher in spectroscopic (42.6 £ 0.1 °C and 42.6 £ 0.1 °C) than calorimetric (41.8 £ 0.1 °C)
measurements. Finally, monitoring the temperature-dependent fluorescence of R (Fig. 3f) one
gets the lower temperature transition at 41.5 + 0.5 °C (34.8 £ 0.1 °C from DSC) and the higher
one is barely registered at 49 £ 1 °C (42.0 £ 0.1 °C from DSC).
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Fig. 3. Normalized first (and second in the case of L) principal component(s) of temperature-

dependent fluorescence spectra, along with accompanied DSC curves of: DPPC (gray and light
gray), DPPC + DPA (blue and cyan); DPPC + BPEA (wine and dark yellow); DPPC + CI-
BPEA (red and orange); DPPC + L (green and olive and dark cyan); DPPC + R (purple and

magenta). Phase transition temperatures (7, and 7n) obtained from sigmoidal fits of spectral

projections and DSC curves (by reading both onsets and curve maxima) are presented on figures

and are labeled with corresponding color, as well as their inflection points (dotted lines).

Table 2. Phase transition temperatures (in °C) of DPPC in the absence/presence of fluorescent

probes measured by DSC (7}, and T determined from both onset (o) and maximum () of the
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particular transition) and by MCA of temperature-dependent fluorescence spectra (FS; 7, and

Tm)

Tpa Tma
suspension DSC DSC
FS FS
Tp,o/m Tm,o/m
DPPC 33.6+0.1/35.8+0.1 355+£0.1 409+0.1/419+0.1 44.6+0.7
DPPC + DPA 33.1+0.1/35.6+0.1 364+0.1 40.8+0.1/41.8+0.1 54+1
DPPC + BPEA 353+0.1 374+ 0.3 403£0.1/41.8+0.1 -
DPPC + CI-BPEA 31.5+0.2/346+0.1 34+1 403%0.1/41.6+£0.1 422+0.8
40.7+0.5 42.6+0.1
DPPC +L 33.2+£0.1/35.1+0.1 40.6+0.2/41.8+0.1
39.4+0.7 42.6 +0.1

DPPC + R 31.0£ 0.1/34.8+0.1 41.5+0.5 409%+0.1/420£0.1 49=+1

4 In °C.

We observed minor but systematic deviations in phase transition temperatures obtained from
DSC and temperature-dependent fluorescence spectra. However, there are also significant
differences in the probes' fluorimetric response to the particular phase transition. With pure
DPPC, we detect only scattering, and the corresponding response is the largest in pretransition,
while the main phase transition is barely detected (Fig. 3a). This faintly detectable main
transition is found at a considerably higher temperature than expected according to DSC and
literature data reported so far (44.6 + 0.7 °C)®. Significantly higher sensitivity on the
pretransition is observed in DPPC + DPA and DPPC + BPEA, where the fluorescence intensity
increases upon heating. Furthermore, with DPPC + DPA, T, obtained by fitting the curve on
two sigmoid transitions is excessive (54 £ 1 °C, Fig. 3b), whereas for BPEA second inflection
point (Fig. 3c¢). CI-BPEA and L reflect both pre- and main phase transition, differing in that Cl-
BPEA is equally sensitive to both pre- and main phase transition (Fig. 3d), while L is more
sensitive to the main phase transition (Fig. 3e). Additionally, the curves originated from DPPC
+ L suspension resemble those obtained by temperature-dependent FTIR spectra of DPPC2, in
which the depth of particular sigmoid transition is proportional to the cooperativity degree of
the associated phase transition. R incorporated in DPPC multibilayers does not detect any phase

transition below 40 °C, making it relatively insensitive to the pretransition (Fig. 3f).

The deviation of lipid phase transitions temperatures obtained by DSC and temperature-

dependent fluorescence spectroscopy might be the consequence of the fact that the
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corresponding temperatures are captured indirectly, i.e. not by monitoring the behaviour of the
bilayer but by observing the fluorimetric changes in the particular probe®!%!2. The probe's
location within the bilayer and the solvation status of the probe are just two of the many factors
influencing fluorescence signals. Thus, not every probe is appropriate for examining lipid
thermal behaviour; for instance, the increase of fluorescence of DPA and BPEA in DPPC is not
a property desirable for fluorescent probes®. Moreover, these probes either show an
exaggerated value of the main phase transition (DPA) or do not show it at all (BPEA). The
deviations observed for L, regarding both 7}, and 71, may be due to the fact that the fluorescent
signal of L reflects the completion of the particular phase transition and not the beginning,
which is the opposite from the data observed in temperature-dependent UV/Vis'® and FTIR?
spectra (Table 1). As for the R, the absence of a DPPC phase transition below 40 °C is probably

due to its incorporation site.

We conducted MD simulations and calculated the number density profiles (Fig 4.) to observe
the behaviour of the investigated fluorescent probes in the atomic detail. Thus, we focused on
the specific positioning of the probes inside the DPPC bilayers in different states, namely Lg:
(T=20°C) and Ly (T= 50 °C) phases. It can be noticed from Fig. 4 that L exhibits by far the
most significant change regarding its behaviour inside the lipid bilayer when DPPC transitions
from Lg' (20 °C) to Ly (50 °C) phase. More precisely, L possesses a strong peak in its number
density distribution at around z = 0 at 20 °C, with its number density profile drastically changing
at 50 °C, where it exhibits double peak distribution, with peaks lying approximately 1 nm from
the centre of DPPC bilayer. The other fluorescent probes also exhibit changes in their profiles.
Generally, the more complex number density profiles at 20 °C become relatively smooth
double-peak profiles at 50 °C. However, the differences in their positioning inside the bilayer
with the transition of the DPPC bilayer from Lg- to its Ly phase are significantly smaller than L.
This finding correlates rather well with the conducted experiments, as L showed by far the best
ability to detect the main phase transition of the DPPC bilayer (see Fig. 3). On the other hand,
R is showing a rather small difference in its Lg: and L, number density profiles (Fig. 4, lower

panel, right, compare straight and dashed violet curves).
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BPEA CI-BPEA DPA

35 3.5 3.5

3k — 20°C 3k — 20°C 3k — 20°C
--- 50°C , --- 50°C i -=- 50°C

z/nm z/nm

Fig. 4. Symmetrized number density profiles along the direction perpendicular to DPPC
membrane (perpendicular to the z-direction) for all investigated fluorescent probes and both
DPPC lipid states (z = 0 denotes the centre of the respective DPPC bilayer). Dashed blue and
orange lines denote the distance of the centres of mass of the lower and upper leaflets (defined
by the position of phosphorous atoms belonging to DPPC lipid head groups) from the bilayer
centres at 20 °C and 50 °C, respectively.

Although it somewhat occupies the centre of the bilayer in its Lg- phase and not in the L, phase
of the lipid, R shows similar features in both investigated cases, i.e. dominant peaks appear at
around 1 nm from the centre of the DPPC bilayer at both investigated temperatures.
Interestingly, DPA, L and R show the feature mentioned above, namely they occupy the central
regions of the bilayer to certain extent in the DPPC Ly phase, showcasing a peak around z =0
(peak strength trend: L > DPA > R). However, this is not the case when BPEA and CI-BPEA

are considered. Certain differences in the latter two probes can be observed in Fig. 4 (upper
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panel, compare left and central subfigures), with CI-BPEA showing higher bilayer protrusion
than BPEA. CI-BPEA resides closer to phosphate groups of DPPC, especially in the gel phase.
The discrepancies between the two can also be observed from the experimental measurements
(Fig. 3). CI-BPEA can capture the pretransition of the DPPC bilayer, while BPEA is insensitive
to it. Therefore, we decided to investigate these two probes in more depth. In addition to this,
we also further examined the behaviour of the most potent fluorescent probe, namely L.
Therefore, we present Fig. 5, highlighting the behaviour of the specific moieties present in CI-

BPEA/BPEA and L.

CI-BPEA L
0.1 — CI-BPEA
--- BPEA
0.08—
w 0.06-
S,-) g I I
o = I I
N L 0.04 | |
| |
| |
0.02- !
| |
| |
| |
()_3 1 1 3
0.1 — CI-BPEA U8 — head
--- BPEA i -~ tail
0.08—
0.06—
«  0.06—
O g
o =
o~
v Lood-
0.02—
0

z/nm z/nm

Fig. 5. Left panel: symmetrized number density profiles along the direction perpendicular to
DPPC membrane (perpendicular to the z-direction) for chlorine atom inside CI-BPEA (red
straight line) and equivalent hydrogen atoms in BPEA (dark red dashed line). Right panel:

symmetrized number density profiles along the direction perpendicular to DPPC membrane,
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with black straight line denoting the head of L (nitrogen atom belonging to the head group of
L), while green dashed line denotes the tail of L (C12 atom from its aliphatic tail). Dashed blue
and orange lines denote the distance of the centres of mass of the lower and upper leaflets
(defined by the position of phosphorous atoms belonging to DPPC lipid head groups) from the
bilayer centres at 20 °C and 50 °C, respectively.

More precisely, the number density profiles of Cl-atom belonging to CI-BPEA and the
equivalent hydrogen atoms from BPEA (number density of all 4 equivalent hydrogen atoms
calculated and divided by 4 to be directly comparable to Cl) are presented in the left panel. At
the same time the position of the head and the tail of L are displayed in the right panel of Fig.
5. Thereby it is found that regarding the difference between CI-BPEA and BPEA, Cl-atoms
occupy region closer to the head groups of DPPC. Apart from protruding toward the outer
sections of the membrane (Fig. 6, left panel), Cl-atoms are also more regiospecific than their
hydrogen counterparts from BPEA. Therefore, showing narrower peaks for CI in CI-BPEA
compared to peaks stemming from H atoms in BPEA (Fig. 5, left panel). Most strikingly, a
rather minute difference in the number density profiles is observed when going from L’ toward
the La phase in the case of H atoms belonging to BPEA. In contrast, Cl moiety present in CI-
BPEA shows a drastic change in the intensity of its main peaks within the same transition.
Implying that its regioselectivity diminishes significantly, going from 20 °C to 50 °C. This
finding could thus tentatively explain why CI-BPEA is somewhat more sensitive toward lipid

transitions compared to BPEA.

On the other hand, a stark difference in the behaviour of L can be easily observed in Fig. 5
(right panel) with respect to the same lipid transition. In the L’ phase, we find that L possesses
a strong tendency toward populating the mid-sections of the bilayer with its tail showing some
more proclivity toward populating both central sections of the bilayer, while its head group
populates all sections but prefers to localise closer to the membrane/water interface. However,
a different picture is obtained at 50 °C. In the fluid phase of DPPC, the head group of L exhibits
significantly more homogeneous behaviour, primarily pointing toward the membrane/water
interface, while the tail group again primarily occupies the inner regions of the membrane (Fig.
6, right panel). This rather significant difference in the equilibrium behaviour of L when in the
Lg: or Ly phase of DPPC can thus be considered the principal driving force making this

fluorescent probe as potent as shown experimentally.
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CI-BPEA L

20 °C

50°C

Fig. 6. Snapshots of CI-BPEA+DPPC (left) and L+DPPC (right) in the gel (upper panel) and
the fluid (lower panel) phase of DPPC bilayer. CI-BPEA is coloured in red, with the chlorine
atom shown in bright green, L is shown in dark green (its N and O atoms shown in blue and
red, respectively), and phosphorous atoms belonging to lipid heads are presented in dark yellow.
All aforementioned atoms are shown using vdW (spherical) representation. The remainder of
the DPPC lipids is presented in light silver, while water molecules surrounding the bilayer are

given in blue. Visualization: VMD software package*
5. Conclusion

We have examined the thermal behaviour of DPPC multibilayers in the presence of several
fluorescent probes (¥ = 2 %) to evaluate the possibility of detecting lipid phase transition
temperatures by analyzing the shift in signals of incorporated fluorescent probes. Temperature-
dependent signals of fluorescent probes were analyzed using MCA, and from obtained spectral
projections, phase transition temperatures were determined. Obtained values were compared
with those measured from DSC, and possible origins of their differences were discussed. The
response and sensitivity of fluorescent probes are highly dependent on the position of a probe
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within a lipid bilayer. Non-polar fluorescent probes buried relatively deep in the bilayer (DPA,
BPEA) detect 7, with much greater sensitivity than 7m. L, the probe that stretches along the
particular leaflet, detects both 7}, and Tm, with the sensitivity for the latter being much higher
than the former. R, located near the bilayer surface, detects phase transitions only above 40 °C.
CI-BPEA is the only probe that reflects 7, and 7 values comparable with those obtained by
DSC and detects them with almost equal sensitivity. Additionally, L does not display the
response at the beginning of the phase transition but its end. Overall, the fluorescence probes,
namely L and CI-BPEA can be considered as an excellent indirect tool for the determination of
lipid phase transition temperatures, using readily available methodology, the temperature-

dependent fluorescence spectra measurement.
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