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The study of the effects of external stimuli on lipidic mesophases may enable a better understanding of alter-
ations in biomembranes and improve the design of multilayered lipid structures. Here we demonstrate the in-
fluence of pH on the formation of elongated multilamellar assemblies, known as myelin figures (MFs). Polarized
light microscopy allowed us to follow the growth process and thermal stability of phosphatidylcholine-based
MFs. Our results reveal that the dimensions of these cylindrical microstructures change depending on the
initial pH of the aqueous phase required for the self-assembly of lipids into MFs. Furthermore, we have confirmed
the significant strength of the association between pH and characteristic parameters of MFs using Spearman’s
rank correlation tests. Also, we have shown that one- and two-photon fluorescence microscopy can reveal the
morphological changes that occur in MFs resulting from the lipid phase transition. These findings indicate the
feasibility of using non-destructive methods to gain insight into liquid crystalline properties of biologically
relevant multilamellar lipid structures in a wide pH range.

1. Introduction

An important aspect of soft matter research is the development of
new approaches to better understand the properties and functions of
biologically relevant structures [1-3]. Liquid crystalline phases are
observed in normal and lesioned tissues related to various pathologies
that introduce or modify the mesomorphic states [4-6]. Among nature-
inspired mesophases, myelin figures (MFs) resemble a lipid-rich
(70-85% of dry weight) native membrane, which insulates the axon
and facilitates the conduction of an action potential [7,8]. The defects
and disruptions in multilamellar lipid assembly within the myelin sheath
cause less efficient transmission of nerve impulses [9,10]. Interdisci-
plinary studies on biomimetic membranes may provide new perspec-
tives for in vivo imaging of small-scale morphological changes associated
with myelin disorders of incompletely understood origin (e.g., multiple
sclerosis) [4,11,12].

Lipid molecules contain spatially distinguishable hydrophilic (polar
headgroup) and hydrophobic (hydrocarbon chains) parts. Depending on

geometrical parameters, amphiphile concentration, and environmental
conditions, lipids may self-assemble into different well-defined forms in
an aqueous medium [13-15]. At considerably high concentrations,
lipids can organize into three-dimensional (3D) multilamellar assem-
blies, i.e., in spherical and cylindrical shapes [16,17]. Purely lipidic MFs
are elongated 3D forms that consist of hundreds of concentrically
wrapped lipid bilayers interspaced with layers of water [7,18,19]. These
structures are formed above the main phase transition temperature (Ty,),
where lipids are in the liquid crystalline phase. Under these conditions,
the hydrocarbon chains are disordered as a result of the trans-gauche
isomerization of some of the C-C bonds. Below Ty, lipids are in an or-
dered gel phase, the polar headgroups are tightly packed, and all C-C
bonds within the acyl chains are in the trans configuration [20-23].
The phase behavior of lipid bilayers may respond to external stimuli
such as variations in pH [24], temperature [25,26], and ion strength
[27]. The effect of localized pH fluctuations on membrane-related issues
has been of great interest, for example, in the context of neuronal ac-
tivity [28-30], erythrocyte deformability [31], and specific drug release
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[32,33]. Previous studies have shown that acidic pH may increase T, of
phospholipids due to the protonation of the phosphate group, causing
enhanced hydrogen bonding between adjacent headgroups [34-36].
Since Ty, is an important factor to control the stability of membranes
[37], it has been probed with various experimental methods. Those
include differential scanning calorimetry (DSC) [35,36,38], small-angle
X-ray scattering (SAXS) [39], atomic force microscopy [25], fluores-
cence spectroscopy [24,40], nanoplasmonic sensing [41] and others
[42,43].

Considering the lipid composition of the myelin sheath, the present
study focuses on MFs composed of phosphatidylcholines (PCs), a class of
phospholipids commonly found in biomembranes [10,44-46]. PCs have
a zwitterionic headgroup that contains a positively charged quaternary
amine and a negatively charged phosphate group. The single-component
lipid systems in the shape of vesicles have been extensively studied as
simple models of biological structures, while there is much less research
on multilamellar microstructures in the shape of cylinders. Several
studies have described the effect of external factors on the formation and
morphology of MFs [19,47-52]. For example, the elongation growth
rate of multilayered lipid tubes could be increased by thermal [53] and
hydration gradients [54,55]. The use of digital holographic microscopy
has shown that the formation of unsaturated PC-based MFs at room
temperature (RT) can be influenced by pH of the surrounding medium
[56].

Here we study the correlation between pH and phase behavior of
saturated PC-based MFs with different T, by methods commonly
applied to examine liquid crystalline phases. The thermal stability and
growth process of multilamellar lipid tubes are precisely followed over a
wide range of pH values. Insights into the characteristic parameters of
MFs are provided using polarized light microscopy (PLM), showing that
MFs can form without shape disruption under extreme pH conditions
above Tp. In addition, we use one- and two-photon microscopy with
temperature control to characterize the morphological changes along
the Nile Red-stained MFs caused by the transition from the liquid crys-
talline to the gel phase. The use of PLM and fluorescence imaging
techniques allows us to determine the organization of lipid molecules
within multilamellar structures. Despite extensive research on lipid as-
semblies, we present the first study on PC-based MFs using polarization-
sensitive two-photon fluorescence excited microscopy.

2. Experimental
2.1. Chemicals

Synthetic phospholipids, 1,2-dilauroyl-sn-glycero-3-phosphocholine
(DLPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were
purchased from Avanti Polar Lipids. Phospholipids were dissolved in
chloroform (spectrophotometric grade). The fluorescent dye, 9-Dieth-
ylamino-5H-benzo[a]phenoxazine-5- one (Nile Red), was purchased
from Biotium. The pH of the aqueous phase was adjusted by adding the
appropriate amount of HCl or NaOH to Milli-Q water.

2.2. Sample preparation

MFs were prepared from a single type of phospholipid (DLPC or
DMPC). First, a certain amount of PCs was dissolved in chloroform to
prepare a solution of 20 mg/mL. Then a small drop of the lipid solution
was placed on a coverslip. The sample was left to evaporate under a
vacuum overnight. After that, a liquid crystal cell was prepared using
spacers with a diameter of 30 um and a coverslip to cover the dry lipid
droplet. The as-obtained sample was placed on a heating stage set at
20 °C and hydrated with the solution at a specified pH using capillary
forces. The pH was controlled by a Mettler Toledo pH meter.
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2.3. Characterization of myelin figures

The samples without the fluorescent dye were observed by the
Olympus BX60 optical microscope equipped with two crossed polarizers
and a 530 nm full-wave retardation plate. A temperature-controlled
Linkam LTS120 stage was used to cool or heat the samples to a
desired temperature within 0.1 °C with a 0.5 °C/min ramp. Experiments
that followed the formation of MFs over time were carried out using a
Pixel TC-252 intervalometer.

Confocal fluorescence microscopy (CFM) was carried out using the
Olympus IX83 equipped with a 488-nm diode laser. Two-photon excited
fluorescence microscopy (2PEFM) was performed using the Olympus
1X81 with a femtosecond laser system (Ti: Sapphire oscillator, Chame-
leon Ultra II, Coherent Inc., 140 fs, 80 MHz repetition rate) [57]. The
fluorescence signal was spectrally separated by a dichroic mirror (570
nm) and sent through a 610/75 nm band pass filter (Semrock) and a 720
nm short pass filter (Semrock) to minimize the collection of undesired
signals. The bright-field and polarized-light optical images were
captured by a charge-coupled device camera (Grasshopper, Point Grey
Research).

All fluorescence microscopy studies were conducted on MFs stained
with Nile Red using inverted microscopes. The emission signals were
epi-collected by high numerical aperture oil immersion objectives, the
same as used for excitation (60x/1.35 and 100x/1.40). Temperature-
dependent experiments employed the objective heater controller (Bio-
ptech) with an accuracy of 0.1 °C. Image analysis was performed using
the Olympus Fluoview and ImageJ software.

2.4. Statistical analysis

The statistical strengths of nonlinear monotonic relationships were
determined by evaluating Spearman’s rank correlation coefficient (r).
The p values were calculated to show the probability of observing those
strengths of association. Both parameters were interpreted according to
commonly accepted standards. The strength of correlation increases as
absolute values of r in the range of 0-1, while p values below 0.05
indicate a statistically significant test result [58,59].

3. Results and discussion
3.1. The pH effect on the temperature of the MFs formation

Firstly, PLM was used to observe the growth and stability of
phospholipid-based MFs prepared according to the contact method [55].
After the hydration above the Ty, the cylindrical multilamellar struc-
tures start to grow from the edge of the concentrated surfactant plaques
toward the isotropic phase (Fig. 1a) [7,55]. Recent studies showed that
the formation of MFs should be considered in terms of thermal and
hydrodynamic manipulation [60]. To preliminarily determine the effect
of initial conditions on the growth process of MFs, the experiments were
performed on samples with DMPC, which exhibit Ty, around 24 °C.

Inserting a full-wave retardation plate between two polarizers en-
hances the contrast between the different parts of the MFs and the
background. This enabled us to detect thinner structures, such as those
with fewer phospholipid bilayers. Furthermore, the colors introduced by
the additional optical element reveal the differences along the multi-
lamellar tubes. The blue and yellow interference colors in polarized light
micrographs indicate regions where the aliphatic tails of the phospha-
tidylcholines are oriented parallel and perpendicular to the slow axis of
the waveplate, respectively.

Subsequently, to determine the average temperature at which MFs
begin to form under different pH conditions, a series of experiments
were carried out using a polarized light microscope equipped with the
full-wave retardation plate. Samples were wetted with an aqueous so-
lution of a specified pH ranging from 1 to 13. The tests for each sample
started with a 5-min incubation at 20 °C, followed by an increase in the
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Fig. 1. (a) Polarized light micrographs showing the growth of DMPC-based MFs 0's, 30 s, 60 s, and 120 s after the addition of aqueous media of pH 6 at 24 °C. White
arrows correspond to crossed polarizers (A — analyzer, P — polarizer), while the blue arrow indicates the slow axis of the full-wave retardation plate (y). Scale bars
represent 100 pm. (b) Evolution of the phase transition temperature vs. pH values of the aqueous environment for DMPC-based MFs. The inset illustrates a zoom-in of

the same plot in a narrow pH range (1-2).

incubation temperature with a step of 0.5 °C/min. Below Ty,, there was
no self-assembly of lipids in vesicles or tubes, whereas above Ty, the
rapid formation of elongated microstructures was noted at the edge of
the lipid droplet (Fig. S11). The presence of MF’s unique forms (i.e.,
straight, round and twisted) was not observed to be affected by the
change of the pH values of the aqueous medium. Furthermore, the phase
transition along the representative DMPC-based MFs could be reversed
without material loss by cooling and heating the as-prepared tubular
structures through Ty, as demonstrated in Fig. S27.

The results shown in Fig. 1b reveal a tendency for the Ty, to increase
as the pH of the solution decreases, particularly in strongly acidic en-
vironments. It has been noted that the Ty, rises as the acidic character of
the isotropic phase increases (particularly from pH 3 to lower values). In
the pH range from 1 to 2, the number of measurement points was taken
due to the pronounced change in Ty, with reference to the Ty, at pH 7
(ATpH 1.pH 7 = ~ 3.3 °C). Under these strongly acidic conditions, the
linear dependence of Ty, on pH was observed. Whereas Ty, in the pH
range between 4 and 13 remains roughly the same, the fluctuation is
within 1 °C. The Spearman rank correlation analysis confirmed that Ty,
and pH are negatively correlated over the entire measurement range (rs
= — 0.8 and p value < 0.001). The strength of the association between
these two variables was determined as strong.

Additionally, we followed the T, of DMPC-based multilamellar
vesicles formed in acidic, neutral, and alkaline media by DSC (see SI). As
shown in Fig. S37, the phase transition peaks upon heating were noted
at ~ 25.0, 23.7, and 23.4 °C in samples prepared at pH 2, 7, and 13.
Similar results were obtained in the experiments performed by PLM to
examine the formation of DMPC-based MFs, the T,, were at ~ 24.7, 23.9,

and 23.8 °C, respectively. These findings differ slightly from those pre-
viously reported for the dispersion of DMPC-based liposomes by DSC
[36], probably due to different experimental parameters. In our study,
we set a lower heating and cooling rate to reduce the thermal gradient
effect (0.5 °C/min instead of 3 °C/min). By means of DSC and PLM, we
observed the same trend in Ty, at low pH, except that the thermal sta-
bility of the lipids began to alter substantially from pH 3 (instead of 2),
and the Ty, reached lower values.

The relationship between Ty, and pH can be explained by the pro-
tonation and deprotonation of functional groups within the PC head-
group. At low pH, the phosphate group is protonated (pK, < 2), resulting
in an increase in electrostatic repulsion between adjacent positively
charged headgroups and enhanced hydrogen bonding between the
neighboring lipids. The PC headgroup is zwitterionic at neutral pH since
the quaternary ammonium group expects to be neutralized only under
extremely alkaline conditions (pH > 12) [34,36,61,62].

3.2. The pH effect on the growth process and dimensions of MFs

Then, we followed the formation of the myelinic organization over
time to assess how various pH conditions affect the growth process of
MFs. The samples were hydrated at the Ty, and images were taken every
5 s for 150 s. To quantify the growth behavior of MFs, five straight tubes
showing undisturbed elongation (i.e. not encountering obstacles and
presenting regular morphology) were selected at different pH of the
aqueous phase (1, 2, 7, 9 and 13) and measured from roots to tips.
Firstly, the rapid rate of MFs’ elongation was observed, and then a
process of slowing down the formation of MFs was noted over the entire
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range of tested pH values. As illustrated in Fig. 2a, MFs’ growth curve
over a wide pH range can be successfully approached by typical diffu-
sion behavior [63,64], where the length of a lipid tube (1) is directly
proportional to the square root of time (t). Such dependence is charac-
teristic for lyotropic MFs, after the initial seconds of rapid growth, and is
caused by a hydration gradient within the region of lipid-water interface
[65-67]. Fig. 2b depicts that the growth rate remained fairly constant
60 s after sample hydration. The length increments (Al) were approxi-
mately 40%, 27%, and 26% of the initial value (i.e. within 15 s after
sample preparation) for pH 1, 7, and 13, respectively. Furthermore,
longer multilamellar structures were formed in acidic than in neutral
pH, and vice versa in alkaline pH. The differences in growth curves
between multilamellar lipid tubes obtained at various pH can result from
changes in H'/OH™ concentrations, which lead to alterations in inter-
facial tension of lipid membrane [56,68].

The mean diameters of DMPC-based MFs observed 150 s after sample
preparation at different pH are shown comparatively in Fig. 2c. The
diameters of the MFs ranged from 20.1 ym + 4.4 ym (pH 1) to 8.2 um +
3.62 um (pH 13), depending on the pH of the aqueous phase. The
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confirmed the strong association between diameter and pH. As the co-
efficient is negative, there is a decrease in the MF diameter with an in-
crease in the pH of the aqueous phase. The increase in the diameter at
low pH can be caused by the dehydration of the PC headgroup in acidic
media, resulting in a decreased headgroup area and thickening of the
lipid bilayers [35,69]. To monitor changes in the width of the elongated
multilamellar structures during the growth process, it was assumed that
the MFs were cylindrical, with no cavities or bulges along their length.
Fig. S4 1 shows that even if the length of the MFs increases, its diameter
remains the same along the tube. As shown in Fig. 2d-f, the characteristic
arrangement of the phospholipids in the stacks of bilayers wrapped
around the water channel running along the entire structure does not
change over tested conditions. The long axes of the DMPC molecules for
each sample are oriented perpendicularly to the flow direction of the
aqueous core, except for the MF tip.

Another aspect to consider is whether the relationship between the
diameters of MFs and pH is applied when measurements are performed
at the same initial temperature. Therefore, further experiments were
conducted on DLPC-based MFs formed in the water phase of pH 1, 7 and
13 at 25 °C, well above its Ty, (T, pLpc = —2 °C). The results in Fig. 2g

(b) 35 1 1 1 1 1 1 1 1 1 1

0 T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10

Number of interval

7
pH of aqueous phase

Fig. 2. (a) Growth curves of MFs formed under different pH conditions at the phase transition temperatures. The shaded error bands correspond to the standard
deviation of the mean MF length (1,,) measured for five representative cylindrical structures after a certain time from the start of growth (t). The insert demonstrates
the fitted growth curves over a wide pH range. The pH of aqueous media was adjusted to 1 (red squares and lines), 2 (yellow line), 7 (green triangles and lines), 9
(black line), and 13 (blue inverted squares and lines). (b) The plot shows the tube length increment (Al) in 15-second intervals. (c) Plot showing the average diameter
of MFs (out of 60 measurements) vs. the pH of the aqueous phase. (d-f) Representative polarized light images of pristine MFs performed after the addition of (d)
acidic, (e) neutral and (f) alkaline solution. The white double arrows show the orientation of the slow axis of the retardation plate. Scale bars correspond to (d-f) 30
um. (g) The representative average diameters of MFs composed of DLPC (orange, plain pattern) at 24 °C or DMPC (green, diagonal pattern) at Ty,; lipids were
dissolved in chloroform, dried, and then hydrated at certain temperatures by acidic, neutral and alkaline solutions.
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reveal a negative correlation between the diameters of DLPC-based MFs
and the pH of the aqueous medium. This tendency coincides with that
previously observed for structures composed of DMPC. A comparison of
the diameters of DLPC- and DMPC-based MFs grown under the same pH
conditions shows that predominantly lower values are observed for the
MFs consisting of DLPC. It may be related to the fact that DLPC has fewer
carbon atoms per chain than DMPC (12 vs. 14 carbons in its acyl chains),
resulting in differences in structural parameters, such as an average
thickness of fully hydrated lipid bilayers (e. g. 3.26 nm and 3.67 nm at
25 °C, respectively [70]). Although follow-up studies using cryo-
transmission electron microscopy or SAXS would be helpful to obtain
information on the thickness of lipid bilayers within as-prepared MFs,
our results provide preliminary insight into modifying MF’s properties
in a widely available non-invasive way.

Journal of Molecular Liquids 391 (2023) 123365

3.3. Imaging of MF morphology by one-photon excited fluorescence
microscopy

Then, CFM was applied to gain insights into the morphology of MFs.
For this purpose, the stock solution of phospholipids was stained with
Nile Red, which exhibits strong red fluorescence in a medium rich in
phosphatidylcholines [71,72]. Initially, it was experimentally confirmed
that fluorescence from the labeled DMPC matrix might be observed upon
excitation at 488 nm at 30 °C. As depicted in Fig. S5{, the emission in the
range of 580 nm — 650 nm could be collected from the lipid bilayers of
samples prepared after adding the aqueous phase of pH 1 and 7.
Although the emission spectra of Nile Red may shift due to the local
environment [73,74], the fluorescence intensity remains similar in this
range between samples prepared after adding acidic and neutral solu-
tions. For the strongly alkaline character of the isotropic phase, the in-
tensity was fairly low in the range of 580 nm — 650 nm. Moreover, the
differences between the emission recorded in two channels, 560 nm —
610 nm and 610 nm — 660 nm, were detected for MFs formed at pH 13

(b)

Fig. 3. (a) The confocal fluorescence microscopy images of DMPC-based MFs stained with Nile Red formed in the acidic medium (pH 1) at 30.0 °C. (b) Image of the
same area of the sample taken after the process of cooling to 27.5 °C. The cross-sectional views were taken along blue and yellow lines in the planes perpendicular to
the XY plane (marked in grey lines). (c) The corresponding 3D morphology analysis and (d) bight field image of the MF. The dashed blue and yellow cutting plane
lines depict the spatial locations at which the cross-sectional views perpendicular to the XY plane are taken. The excitation was set at 488 nm (linearly polarized
probe beam) and emission was collected between 580 and 650 nm. See also Fig. S7 and Fig. S8.
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(Fig. S61). As expected, there was no fluorescence signal from the water
core in the first channel, but the signal of the same region was observed
in the second channel, which was not noticed in other samples. Because
the further study aimed to investigate the phase transition of MFs, and
Tm pmpc in neutral and strongly alkaline media is at a similar level
(~24 °Q), the following experiments were performed only for samples
formed at pH of 1 and 7.

The use of a strongly acidic environment allowed us to raise the Ty,
pmpc above RT, which facilitates detailed research on the formation of
multilamellar lipid tubes. The growth of labeled DMPC-based MFs
formed at the water phase of pH 1 was followed during the heating
process that began 15 min after sample hydration (Video S1). Interest-
ingly, non-emitting water channels were observed for elongated struc-
tures protruding from the edge of the lipid droplet. This suggests that the

(@) (b)
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wetted DMPC-based film incubated below Ty, might partially detach
from the substrate. In this case, the membrane tension is lower than in
the samples, where the dried lipid source is above its Ty, at RT and re-
mains attached to the microscope glass during the formation of MFs
[75-771].

To provide spatial information on the multilamellar structures, the
MFs were analyzed in three dimensions. For this purpose, the z-stack
confocal images were obtained by scanning through the sample with the
step of 0.3 um, thus yielding smooth cross-sectional views (Fig. 3). As
depicted in Fig. 3a and Fig. S7f, the representative straight DMPC-based
MF formed in the acidic medium at 30 °C is the elongated structure with
the oval cross-section and rod-like ending. Furthermore, it has a cylin-
drical lipid-free space that extends along the entire length of the tube.
The volume and surface of its walls, consisting of coaxially aligned lipid

Fig. 4. (a-d) The bright field images of DMPC-based MFs with Nile Red performed during the cooling process from (a) 32.0 °C to (b-d) 27.5 °C. The images were
taken (b) 30 s, (¢) 5 min and (d) 50 min after reaching the temperature of 27.5 °C on the heating stage. (e, f) Two-photon excited fluorescence microscopy scans
corresponding to (c) and (d), respectively (hex = 980 nm, Aep: 570 nm-685 nm). (g, h) The cross-sectional views were taken along the dashed yellow lines marked in

(e) and (f), respectively. The scale bars represent (a-d, g, h) 5 um and (e, f) 10 um.

(=)}
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bilayers, are free of irregularities, such as changes in the diameters or
arrangement of the lamellae. Fig. 3b shows the same area of the sample
after the cooling process from 30.0 °C to 27.5 °C. Longitudinal areas of
material loss of 2-4 ym were observed along the walls of the MF, and
localized bulges of the structure were noted in the parts with high defect
density. Previous studies have established that the cooling process of
DLPC-based MFs can induce the formation of surface lesions along the
entire length of the tube and the growth of lateral lipid tubes [77]. Here,
defects appeared in the whole volume of the sample, and no branched
structures were found. These structural changes reflect that the volume
defects in the sample with DMPC result from lipid phase transition,
whereas, in the experiments with DLPC, they are related to alterations in
membrane fluidity above Tp,.

Comparing the end of the representative MF above and below T,
demonstrates that the tip can tremble at 30.0 °C while it remains fixed at
27.5 °C (Fig. 3c and Fig. S71). At lower temperatures, the tip adopts a
sharper shape and points upward. What is more, in the front part of the
tube, no longitudinal defects but delamination of the tip was distin-
guished (Fig. 3¢, d). The farther away from the tip the thinner the region
from which emission is collected. In both cases, the elongated part of the
MF remains still during the scan along the z-axis. The diameter of the
aqueous channel at 27.5 °C increases compared to the structure obtained
at 30.0 °C, from approximately 0.2-0.4 um to 0.8-0.9 um (out of 30
measurements). Between the scans taken under these two temperature
conditions, no significant changes were found in the collected emission
signals. As shown in both fluorescence intensity plot profiles (Fig. S81),
the emission intensity decreases steadily (~20-30 %) from the edge to
the core of the lipid tube.

3.4. Imaging of MF morphology by two-photon excited fluorescence
microscopy

Further characterization was carried out using two-photon excited
fluorescence imaging with the excitation wavelength set at 980 nm.
Thus, the Nile Red molecules were excited by the absorption of 2 times
lower energy photons than in the above-mentioned CFM experiments,
which is essential for high-resolution non-invasive bioimaging [78-80].
Fig. 4a-d depict the phase behavior of MFs during the decrease in the
temperature of the sample from 32 °C to 27.5 °C. The 2PEFM was used to

(a)

—
-—
n
-
Q
.

pH=7
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take scans of the structures obtained 5 and 50 min after the heater
objective reached 27.5 °C (Fig. 4e, f). The transverse cross-sectional
views of the MFs reveal a circular shape, indicating a cylindrical struc-
ture of the lipid tube (Fig. 4g). After a longer incubation at 27.5 °C, the
cross-sectional view of the MFs takes an oval shape and the water core is
wider (Fig. 4h). The water core and wall defects are observed along the
length of MFs, while larger areas of non-emitting phase are found to-
wards the front of the tube. In both phases, the distribution of the lipid-
free volume within the sample is qualitatively consistent with that
observed with the CFM. These findings extend previous studies on
fluorescence imaging of the aqueous phase within MFs marked with
strongly emitting carbon nanodots [81].

Subsequently, we analyzed the alignment direction of lipids in
multilamellar structures. While the Nile Red molecules are oriented
parallel to the hydrophobic chains of lipids, this dye offers the possibility
of indirectly determining the orientation of phosphatidylcholines in MFs
[82-84]. The samples were scanned with a linearly polarized excitation
beam, whose polarization direction was rotated from 0° to 270°. First,
the structures obtained upon hydration of the DMPC droplet at 30 °C
with the aqueous solution of pH 1 were investigated after cooling them
to 27.5° C. The scans were taken with various polarizations (Fig. 5a),
which depict differences in the location of the brightest and darkest
areas of cylindrical structures. The most pronounced changes in emis-
sion intensity appeared at the edge of the sample and the delaminations
closest to the front of the tube. Meanwhile, no differences have been
observed inside the lipid tube. It suggests an altered long-range orien-
tation of hydrophobic tails of the phospholipids relative to the MF water
core below the phase transition temperature. As shown in Fig. S97,
2PFEM could be used to determine the lipid alignment distribution in
structures where PLM is insufficient (e.g. due to too low resolution).
Subsequently, the MFs that occurred after the addition of the pH 7 water
phase were examined under the same temperature conditions as in the
previous sample. Depending on the polarization of the incident laser
beam, distinct areas of varying emission intensity are observed along the
MFs, except for the non-fluorescent core (Fig. 5b). The emission in-
tensity variations indicate that the DMPC molecules are oriented
perpendicular to the lipid-free volume running inside the MFs investi-
gated above Tp,.

Fig. 5. The two-photon excited fluorescence microscopy images of DMPC-based MFs stained with Nile Red at 27.5 °C formed after the addition of the aqueous phase
of (a) pH 1 and (b) pH 7. Both samples were heated to 30.0 °C and then cooled to 27.5 °C (hex = 980 nm, Aep: 570 nm-685 nm). The white double arrows indicate the
orientation of laser beam’s polarization directions (rotated within 0°—270°). Scale bars represent 10 um.
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4. Conclusion

We have demonstrated the significant effect of pH on the formation
and morphology of single-component PC-based MFs using polarized
light and fluorescence imaging techniques. Our research shows that
precise control of the environment in which elongated multilayered
microstructures consisting of saturated PCs are formed and tested is vital
to design their properties. It was confirmed that there is a negative
correlation between Ty, and pH, which may result from varying charge
of the lipid headgroup. In addition, the size of the MF was found to be
strongly dependent on the initial conditions of the isotropic phase,
showing a decreasing tendency of diameter with increasing pH. Besides,
the following growth process over a wide range of pH values led us to
conclude that the acidic medium facilitates the elongation of MFs. The
change in the growth rate of MFs can be related to the reduced inter-
facial tension of lipid bilayers at low pH.

Moreover, this study provides valuable insights into the lipid phase
transition within MFs. The 3D imaging performed by CFM revealed
volume defects and delamination of the MF tip below Ty,. Using 2PEFM,
we successfully showed the orientational order of lipids within MFs at
different conditions. From a material point of view, we have presented a
material whose dimensions can be modified by the initial pH, while
maintaining its elongated well-ordered microstructure for potential use
as an optical waveguide as well as a matrix to organize small-scale
dopants. Further detailed analysis of more complex models, using the
microscopic techniques proposed here, has the potential to better un-
derstand the origin of structural changes in the myelin sheath.
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Appendix A. Supplementary data

Supplementary information. Polarized light microscopy imaging
of the formation of DMPC-based MFs in acidic and neutral media
(Fig. S17); observation of DMPC-based myelin figures phase transition
during cooling and heating through Ty, by polarized light microscopy
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(Fig. S2t); preparation and thermal analysis of DMPC-multilamellar
vesicles (Fig. S31); time evolution of the average diameter of DMPC-
based myelin figures (Fig. S41); polarized light microscopy images and
corresponding confocal fluorescence images of myelin figures formed at
acidic and neutral conditions (Fig. S57); the confocal micrographs of
DMPC-based MFs formed in alkaline solution (Fig. S6t); the three-
dimensional analysis of confocal images of DMPC-based myelin
formed above the phase transition temperature (Fig. S77), the fluores-
cence intensity plot profiles of myelin figures (Fig. S81); polarized light
and two-photon microscopy imaging of DMPC-based myelin figures
formed below the phase transition temperature (Fig. S91) PDF. The
time-lapse (1 frame per 3.22 s) confocal imaging of myelin figures for-
mation (Video S1). MP4 Supplementary data to this article can be found
online at https://doi.org/10.1016/j.molliq.2023.123365.
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