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Abstract:

One of the advantages of investigating lipid phase transitions by thermoanalytical techniques
such as DSC is manifested in the proportionality of the signal strength on a DSC curve,
attributed to a particular thermotropic event, and its cooperativity degree. Accordingly, the
pretransition of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) is less noticeable than
its main phase transition; as a matter of fact, when DSC measurements are performed at low
heating rate, such low-cooperativity phase transition could go (almost) unnoticed. The aim of
this work is to present temperature-dependent UV/Vis spectroscopy, based on a temperature-
dependent change in DPPC suspension turbidity, as a technigque applicable for determination of
lipid phase transition temperatures. Multivariate analyzes of the acquired UV/Vis spectra show
that phase transitions of the low-cooperativity degree, such as pretransitions, can be identified

with the same certainty as transitions of a high-cooperativity degree.
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1. Introduction

Uni- and multilamellar liposomes as well as supported lipid bilayers constituted from 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Fig. 1) are frequently utilized as model lipid

membranes [1,2]. Although DPPC is far from being representative phosphocholine in biological



membranes, the most important reason for its intensive use lies in the fact that the transition of
DPPC from gel (Lg) to fluid phase (L) (main phase transition) displays a peak at Tm = 41 °C
[3], making the latter easily accessible by the vast majority of experimental techniques. This
advantage is reflected in the possibility to unravel the mechanism of water permeation across
the bilayer; as the latter reaches maximum at Tm in lipid membranes [4-7], DPPC serves as
suitable model system in assessing the structural transitions and dynamics allowing water to
translocate across the membrane [8-10]. The experimental elucidation of the pattern and site
of incorporation of potential drugs in DPPC lipid bilayers [11-16] is usually achieved via the
temperature-dependent behavior of the latter; since the signals originated from different lipid
parts (phosphate, choline, glycerol backbone, hydrocarbon chains) vary differently in the
absence/presence of drugs, with the maximum difference at Tm, the reconstruction of the
incorporation of drugs into the DPPC bilayer becomes indirectly enabled. In spite of the
reported benefits, the utility of DPPC as model lipid lacks in certain aspects: first, when
studying the interaction of drug and model lipid membrane significantly higher drug
concentrations are required compared to the physiological ones in order to induce lipid signal
changes, which in turn affects their mutual interactions [17]; second, at physiological
temperature (37 °C) DPPC is found in a ripple phase (Pp), the appearance of which is generally
exceptionally sensitive on the additive presence in DPPC bilayer [18,19]. At the same time the
latter opens the possibility that subtle changes in Pg properties, caused by the incorporation of
a much smaller amount of drugs, could indirectly provide insight into drug location and
interaction pattern. In turn, discussed disadvantages could be reduced by applying a technique
sensitive enough to record the signals of both lipid and incorporated compound even at low

concentrations, and, at the same time, be able to identify Pp and the associated changes.

As much as the manipulation of drug (or any other additive) concentration is trivial, so much is
the characterization of Pg complicated. Although the geometrical and dynamical properties of
periodic undulations observed on the DPPC surface have been described by different structural
[20-29], microscopic [22,30], spectroscopic [31-36] and computational [37—41] techniques,
there are still disagreements in explaining their origin; according to one hypothesis, all DPPC
lipids are found in gel phase (see, for example, [31] and references therein), whereas another
one supports the coexistence of DPPC lipids in gel (Lg) and fluid (L,) domains [42].
Nevertheless, a crucial role of cooperativity for undulations detection [43] is substantiated by

the exceptional sensitivity of Lg — Ppg transition to the lamellarity of the investigated lipid



membranes [3,19,44], as well as to the medium in which the membranes are suspended [45—
48].

The aim of this paper is to lay the basis for the development of a technique that could
simultaneously record the signals of liposome-incorporated drug at low concentrations, and
detect the occurrence and/or change in Pg phase. The former criterion might be met by
temperature-dependent UV/Vis spectroscopy since it is one of the simplest and most routinely
used techniques in exploration of liposome-incorporated drugs release when the latter possess
chromophore(s) that absorb in UV/Vis spectral range [49-51]. Further advantage associated
with utility of temperature-dependent UV/Vis spectroscopy is the ability to identify the
corresponding signals even at very low concentrations and, due to UV/Vis transparency of drug-
free liposome suspensions, the discrimination of drug-incorporated and drug-released signals
is facilitated. The lack of UV/Vis signatures of pure DPPC liposome suspensions is a crucial
reason why this technique was rarely applied in determination of DPPC phase transition
temperatures [52-54]. For instance, by measuring the temperature dependence of the
absorbance of the signal at 400 nm, which was formed as a result of turbidity of the solution,
Cevc et al. managed to determine main phase transition temperature of membranes under
exploration [55]. However, multivariate techniques such as multivariate curve analysis with
alternating least squares and evolving factor analysis (MCR-ALS/EFA) [31] might be powerful
enough to detect temperatures of phase transitions of lower cooperativity such as pretransition.
With this in mind this, we decided to explore suspension of multilamellar DPPC liposomes in
aqueous solution of NaCl (I(NaCl) = 100 mM) via DSC (as a reference technique) and
temperature-dependent UV/Vis spectroscopy; furthermore, multivariate techniques were
employed on the latter in order to assess its potential in determination of DPPC pre- and main
phase transition temperatures. A suspension of DPPC and cholesterol (CHOL; Fig. 1), with
mole fraction of CHOL being Xx(CHOL) ~ 20 %, and saturated aqueous CHOL solution were
used as reference systems in which, in the examined temperature range, the pretransition or any
phase transition, respectively, is not expected [56,57]. Since phase transition temperatures of
lipid membranes can be modulated by the change in the ionic strength and the content of the
hydrating medium [45-48,58-60], DPPC liposomes (in the absence of CHOL) were prepared

in two additional hydrating media and these data are presented in Supporting Information.



Fig. 1. Structural formula of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
cholesterol (CHOL).

2. Experimental
2.1 Chemicals and multilamellar liposomes preparation

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; white powder, > 99 %) and cholesterol
(CHOL,; white powder, 98 %), purchased from Avanti Polar Lipids, were dissolved in
chloroform (CHCIs; colorless liquid, p.a., Carlo Erba) to give a stock solutions of concentration
of y(DPPC) =10 mg ml-* and y(CHOL) = 1 mg ml-%. The latter were further used in the
preparation of DPPC and DPPC + 20% CHOL films intended for the preparation of
multilamellar DPPC and DPPC + 20% CHOL liposomes, respectively, for DSC and UV/Vis
measurements. After pipetting the appropriate amount of DPPC (and/or CHOL) stock solution
into each flask (DPPC: 2 ml of DPPC stock solution for DSC and 1 ml for UV/Vis
measurements, respectively; DPPC + 20% CHOL: 5 ml of DPPC stock solution and 4.65 ml of
CHOL stock solution for DSC and 1 ml of DPPC stock solution and 0.950 ml of CHOL stock
solution for UV/Vis measurements, respectively; CHOL: 2 ml of CHOL stock solution for DSC
and 1 ml for UV/Vis measurements, respectively), CHCIls3 was evaporated on a rotary
evaporator in order to get DPPC, DPPC + 20% CHOL and CHOL films, respectively.
Following their drying under an Ar stream the films in the flasks intended for DSC and UV/Vis
measurements were suspended in 4 ml and 10 ml, respectively, with aqueous (milli-Q water)
solution of NaCl (Kemika, p. a. grade) with ionic strengths | = 100 mM (pH = 6.5). DPPC
liposomes (in the absence of CHOL) were additionally prepared in aqueous solution of NaCl
of higher ionic strength (I(NaCl) = 400 mM), and in phosphate buffer (PB) (composed from
sodium hydrogen phosphate (Na;HPO4, Alfa Aesar, > 99%) and sodium dihydrogen phosphate



(NaH2POg4, Fluka, p.a.)) of the same ionic strength as the reference solution (I = 100 mM) but
of different chemical composition and pH (pH = 7.1) (these data are displayed in Supporting
Information). Suspended films were vortexed, retained in a hot H>O bath (heated up to 70 °C)
and cooled in an ice bath following the Bangham's procedure [61]. The samples were held for
2 minutes during each step, with the whole procedure performed in three to five cycles. The
final mass concentrations of lipids for DSC and UV/Vis measurements were y =5 mg ml-tand
y = 1 mg ml-, respectively (in pure CHOL saturated solution was further examined). All

chemicals were used as received.

2.2 UV/Vis spectroscopy: Temperature-dependent spectral acquisition, data preparation
and spectral analysis of hydrated multilamellar liposomes

UV/Vis spectra were measured on UV/Vis spectrophotometer NanoDrop Thermo Scientific
Nanodrop 2000 (Thermo Fisher Scientific, USA) in the spectral range 250 — 500 nm. Sealed
quartz cuvettes (sample volume 1 ml) were placed in a temperature-controlled cuvette holder
and heated in a temperature interval of 30 — 52 °C. Every sample was recorded three times (in
three different cuvettes) except for the aqueous solution(s) of NaCl (and PB) which were
recorded once.

After smoothing the acquired spectra (Savitzky-Golay; polynom of a 3" degree and 10 points)
[62], further analyses were undertaken on the prepared UV/Vis spectra in the range 250 — 300
nm, as this range possesses the greatest sensitivity on sample turbidity change. The latter is
manifested as the shift in the background signal absorbance, whose variations coincide with
temperature-dependent behavior of DPPC multilamellar liposomes (Fig. 2a). The analogous
behavior is not detected in DPPC + 20% CHOL suspension (Fig. 2b) and especially not in
CHOL saturated solution (Fig. 2¢) in which there is no phase transition in the examined
temperature range (30 — 52 °C). We used the duel approach to extract the most significant
changes occurring during heating of multilamellar DPPC (+ 20% CHOL) liposomes and CHOL
saturated solution, namely differential spectral analysis and MCR-ALS method coupled with
EFA (see [31,63-65] for details).

Differential spectral analysis. The differential spectral analysis (DSA) was employed to
monitor the changes in the average absorbance (turbidity) of the consecutive spectra, whereby
one first finds the average difference in absorbance (AAy . 5) between two neighboring spectra,

i.e.
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where Ar(,.1y denotes the spectrum acquired at temperature T(+1) (where T goes from 30 to 51
(°C)), and m is the number of data points in spectra (in spectral range 250 — 300 nm m is 51).
Afterwards, the obtained average differences in absorbance were used to build profiles
presented in Fig. 2b in a cumulative fashion, following
-
¢, = Z AA;

T=30.5

where A7, stands for cumulative absorbance difference. Finally, the obtained profiles were
normalized in a way that A7, at 51.5 °C was set to 1, and the remaining points are determined
accordingly. Overall, the procedure takes into account behavior of the spectra in the entire
investigated region (250 — 300 nm) with the obtained metric (A7) being multivariate in its

nature.

Multivariate curve analysis. We also applied MCR-ALS with EFA using publicly available
Matlab code [66] to analyze the behavior of the systems at hand. Details of MCR-ALS with
EFA procedure can be found elsewhere [63-65], whereas only the basics are outlined here.
Briefly, this approach enables one to decompose data matrix D (temperature-dependent UV/Vis

spectra in this manuscript) as the product of two matrices C and S*
D=CST+E

where C and ST refer to the concentration (C) and spectral (ST) profile of the components that
exhaust the most variance from the data (in our case acquired spectra), respectively, and E is a
matrix of residuals unexplained by the product CST. In this study we employed this multivariate
method by performing single-component analysis, to differ from the previous study in which
two-component analysis is utilized [31]. This change, compared to the previous usage of this
technique in which it is used to characterize the similar systems via temperature-dependence of
FTIR spectra [31], stems from the fact that the spectra obtained in 250 — 300 nm region, when
temperature-dependent UV/Vis spectroscopy is employed, are virtually linear in nature (see
Fig. 2a), i.e. no significant change in the topology of the spectra appears. Thus, the first two
components obtained after MCR-ALS/EFA procedure do not bear equivalent physical
interpretation as previously noted [31], namely they do not correspond to the low- and high-



temperature component. Rather than that, we can now only discuss the results in purely
mathematical terms, namely the single-component analysis should be thought of simply as the
representation of the multidimensional data (spectral data) onto first principal component
obtained after MCR-ALS/EFA procedure. In this respect, we find that the profiles obtained
after single-component MCR-ALS/EFA procedure give rise to profiles bearing virtually
identical signatures as the ones obtained using differential spectral analysis, implying that the
first principal component (denoting the component corresponding to the largest variance of
data) corresponds almost perfectly to the average difference in absorbance between the
experimentally obtained spectra. Putting it differently, MCA is virtually equivalent to DSA up
to the transformation in which profile is reflected over a horizontal axis. Profiles obtained from
UV/Vis spectra of DPPC multilamellar liposomes, using both of the aforementioned techniques
(differential spectral analysis and MCR-ALS/EFA), are sigmoidal in nature and display two
inflections. The profiles were then further analyzed, whereby we determined the positions of
the inflection points by performing double Boltzmann fit (R? values in all cases > 0.992). Details
on fitting parameters are presented in Supporting Information (section S1). The analogous
profiles obtained from UV/Vis spectra of DPPC + 20% CHOL and CHOL are best described

by a second- and first-order polynomial, with R? values > 0.983 and 0.985, respectively.
2.3 DSC: Thermal analysis of hydrated multilamellar liposomes

DPPC and DPPC + 20% CHOL suspensions, saturated CHOL solution and reference aqueous
solution(s) of NaCl (and PB) were held for 10 minutes in a degassing station before the start of
the measurement. The calorimetric experiments were performed in a microcalorimeter Nano-
DSC, TA Instruments (New Castle, USA) at a scan rate of 0.25 °C min™%, temperature range 15
— 55 °C for reference solution(s) and 25 — 50 °C for DPPC samples in cell volume of 300 pl.
Each sample was recorded twice in two heating-cooling cycles. The reference scans (of aqueous
solution(s) of NaCl and PB) were collected in the same manner as samples spectra (only once)

and subtracted from the raw data.

Data analysis was performed using the TA Instruments Nano Analyze software package where
the baseline was manually constructed and subtracted from the resultant curve. Tp and Tm values
were determined from heating-rate independent curve onsets [67] obtained by tangential
method [68] as well as from the curve maxima from thermal-history free second heating run
[69].

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 (dn) 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). dn values of the DPPC and DPPC + 20% CHOL liposomes (at y (DPPC
/ DPPC + 20% CHOL) = 0.5 mg ml™), determined by dynamic light scattering (DLS) at 25 °C,
were in the range 2000 nm < dn < 4000 nm for DPPC and 200 nm < dn < 500 nm for DPPC +
20% CHOL and thus confirming the existence of multilamellar liposomes.

3. Results and Discussion

As NaCl aqueous solution(s) (and PB) are completely transparent in UV/Vis region, their
temperature-dependent spectra are more or less straight horizontal lines (see Supporting
Information, Fig. S2). In DPPC suspensions the inherent turbidity of the suspensions causes a
background signal uplift and represents the signature of multilamellar liposomes in the UV/Vis
region (Fig. 2a). Since the turbidity of solutions changes with temperature (the solution
becomes more transparent with increasing temperature), the change in the background signal
absorbance with temperature is a function of temperature-dependent behavior of lipid
molecules in multilamellar liposomes. (More details on the formalism that links macroscopic

and molecular properties of lipid suspensions are presented in [70-72].)

When normalized cumulative absorbance difference and the difference in the spectra along the
first principal component (see subsection 2.2) are presented as a function of temperature, the
curves with the double sigmoidal character are observed (Fig. 2d). Furthermore, the inflection
points of the curves coincide with Tp (~ 33 — 34 °C) and Tm (~ 40 — 42 °C) of DPPC [3]. Their
precise values, presented in Table 1, suggest that, effectively, there is no differences between

the results obtained by these two approaches.
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Fig. 2. Temperature-dependent UV/Vis spectra of with the lowest (30 °C) and the highest temperature (52 °C) highlighted along with the spectral
profile obtained from MCA (dotted line): a) DPPC in NaCl (I = 100 mM); b) DPPC + 20% CHOL in NaCl (I = 100 mM); c) CHOL in NaCl (I =
100 mM)). The discontinuities in sample turbidity/absorbance values in DPPC suspension (a) coincides with T, and Tm; Normalized cumulative
absorbance difference (DSA) and spectra projected onto the normalized first principal component (MCA) as a function of temperature: d) DPPC
in NaCl (I = 100 mM) designated with red and wine lines and double sigmoidal fit with orange line (Tp and Tm (dotted vertical gray lines) are
labeled with corresponding colors); e) DPPC + 20 % CHOL in NaCl (I = 100 mM) designated with blue and darky cyan lines and double sigmoidal
fit with cyan line; f) CHOL in NaCl (I = 400 mM) designated with olive and green lines and double sigmoidal fit with dark yellow line.



Concerning DSC measurements (Fig. 3a), at the applied heating rate (1 °C min?) the
pretransition is resolved from the main phase transition for DPPC suspension and the
corresponding temperatures of DPPC suspension are, determined from the onset/maximum, T,
=334+02°C/364+0.1°Cand Tm=40.8+0.1°C/41.9+0.1°C (Table 1). (Analogous
quantities of DPPC suspended in other two hydrating media, along with associated explanation,

are presented in Supporting Information, section S3).
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Fig. 3. DSC curves obtained at heating rate of 1 °C min* for: a) DPPC in NaCl (I = 100 mM)
designated with orange line (Tp and Trm are determined from both onset and curve maxima,
respectively, and are labeled with corresponding colors); b) DPPC + 20% CHOL in NaCl (I =
100 mM) designated with cyan line (Tm is determined from both onset and curve maxima,
respectively); ¢) CHOL in NaCl (I = 100 mM) designated with dark yellow line.

The absence of sigmoidal character in the profiles obtained from UV/Vis spectra of DPPC +
CHOL mixtures (Fig. 2b and 2e) suggest that the observed phase transition is most likely not
overly related to the cooperative behavior between DPPC molecules. This is supported by the
data we obtained from DSC profile of this mixture; it consists of one broad signal with Tm ~ 33
° C determined from the onset and Tm = 42.0 £ 0.3 °C determined from the curve maximum
(see Fig. 3b and Table 1). According to the literature, this broad component could be attributed
either to the transition between L, (liquid-ordered) and Lq (liquid disordered) phases [73,74] or
to the melting of condensed complexes [75]. A small irregularity, partly hidden due to the error
bars, at about 40 °C (labelled as * in Fig. 3b) reflects the melting of almost pure DPPC regions
[76]. Moreover, the full width at half maximum (FWHM), which is a parameter correlated with
phase transition cooperativity [77], of this single thermotropic event in DPPC + CHOL mixture
is FWHM =~ 8 °C and is considerably higher than corresponding values of two separate
thermotropic events in pure DPPC with FWHMs being FWHM = 2.5 °C and FWHM = 1 °C,

for pre- and main phase transition, respectively.

10



Only linear profiles observed for CHOL in NaCl suspension originate from the temperature-
dependent behavior of saturated CHOL solution in which, in the examined temperature range,

there is no thermotropic event (Fig. 2c, 2f, 3c).
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Table 1. Phase transitions temperatures (Tpt) of DPPC and DPPC + 20% CHOL mixtures (and saturated CHOL solutions) suspended in aqueous
solution (I(NaCl) = 100 mM) determined from DSC curves (by reading the transition onset and maximum) and temperature-dependent UV/Vis

spectra analyzed using DSA and MCA

Tpta
UV/Vis
System DSCP
DSA MCA
Tp Tm Tp Tm Tp Tm
33.4 £ 0.2 (onset) 40.8 (onset)
DPPC 335+0.3 41.2+0.3 34.0£0.2 41.7+0.3
36.4 (max) 41.9 (max)
~ 33 (onset)
DPPC + 20% CHOL - - - - -

42.0 + 0.3 (max)
CHOL - - - - - -

&l In °C; P When not designated explicitly, uncertainty associated with T values determined from DSC curves is + 0.1 °C.
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When we compare the results obtained by UV/Vis spectroscopy and via DSC we come to two
important conclusions related to DPPC: i) the temperature of the main phase transition (Tm)
determined from DSC measurements, whether obtained by reading onset or the maximum of
the corresponding transition, shows excellent agreement with the temperatures determined from
temperature-dependent UV/Vis spectra, regardless of the approach used in data analysis. This
(first) conclusion essentially presents nothing extraordinary and actually confirms the findings
reported by Cevc et al. [55] obtained in univariate fashion; ii) the low-cooperativity
pretransition at the applied heating rate (1 °C min™') is of much lower intensity than high-
cooperativity main phase transition observable from DSC curve (it would be easy to overlook
it if it was not expected in exactly that temperature range). This is definitely not unexpected
since the heating rate is one of the most important factors influencing the intensity of
thermotropic events during calorimetric measurements [77]. What is truly surprising is the
ability to detect the same transition under the same measurement conditions from temperature-
dependent UV/Vis spectra. Moreover, the pretransition is, according to the difference between
the plateaus of the obtained curves (Fig. 2d), as easily detectible as the main phase transition
(for more details see Supporting Information, Fig. S1 and Table S1). If, however, the
thermotropic event under exploration is related with compositional heterogeneities such as in
DPPC + 20% CHOL mixture [76], multivariate analyses of their UV/Vis spectra will generate
non-sigmoidal profiles (second-order polynomial), suggesting the absence of cooperative lipid
behavior as seen in single-lipid component liposomes. In suspensions without thermotropic
events (CHOL) only linear profiles are to be expected, similarly to the profiles generated by
water combination band observed in FTIR spectra of DPPC and DPPE suspensions [31]. The
pretransition-related findings associated with a single lipid species give rise to a two-faceted
phenomenon — the data obtained from temperature-dependent UV/Vis spectra, in terms of the
differences between the plateaus of two discontinuities, do not reflect the cooperativity degree
of the detected phase transition (in comparison with other phase transitions observed in
explored temperature range). This is, for instance, not the case with FTIR data in which the
magnitude of the plateaus differences can be correlated with the cooperativity degree of the
encompassed phase transition [31]. Overall, this suggest that UV/Vis spectral data are invariant
on the phase transition cooperativity degree. However, from the other side of the same
phenomenon an outstanding advantage emerges: temperature-dependent UV/Vis spectroscopy
might just be powerful and potent enough in this respect to enable detection of phase transitions
so weak that they have not been possible to capture by conventional thermoanalytical

techniques thus far.
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4. Conclusion

To date, knowledge of the cooperativity degree of individual lipid phase transitions has relied
primarily on data obtained from DSC measurements. Since these data are a function of
operating conditions, there is a certain possibility that individual phase transitions of
(extremely) low-cooperativity will go unnoticed. The conducted study clearly indicates that by
multivariate analyses of temperature-dependent UV/Vis spectra one can detect not just all lipid
phase transitions in the explored range, but also that low-cooperativity phase transitions can be
registered with the same sensitivity as those of high-cooperativity. Accordingly, we believe that
this approach could be applied in the study of more dilute solutions on an instrument of equal
sensitivity, while the study on instruments of lower sensitivity should be conducted in cuvettes
of greater path length or higher sample concentration. This remarkable finding paves new
pathways not only in the detection and identification of lipid phase transitions that may have
gone unnoticed so far, but also in any possible structural changes in the organization of lipid
bilayers resulting in minimal changes in suspension turbidity. In this respect further

investigations focused on both individual lipids as well as on lipid mixtures are underway.
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