Open Access Article. Published on 22 November 2023. Downloaded on 12/9/2025 6:19:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

W) Check for updates

Cite this: Nanoscale, 2023, 15, 19085

™ COYAL SOCIETY
ap OF CHEMISTRY

Phasor-FLIM-guided unraveling of ATRA
supramolecular organization in liposomal

nanoformulations+

Received 13th July 2023,
Accepted 17th October 2023

DOI: 10.1039/d3nr03420h

Mario Bernardi,

rsc.li/nanoscale Francesco Cardarelli *3

Here we use fluorescence lifetime imaging microscopy (FLIM) to
study the supramolecular organization of nanoencapsulated lipo-
somal all-trans retinoic acid (ATRA), exploiting ATRA's intrinsic flu-
orescence as a source of signal and phasor transformation as a fit-
free analytical approach to lifetime data. Our non-invasive method
is suitable for checking for the presence of a fraction of ATRA
molecules interacting with liposomal membranes. The results are
validated by independent small-angle X-ray scattering (SAXS) and
nano-differential scanning calorimetry (NanoDSC) measurements,
probing ATRA’s putative position on the membrane and effect on
membrane organization. Besides the insights on the specific case-
study proposed, the present results confirm the effectiveness of
Phasor-FLIM analysis in elucidating the nanoscale supramolecular
organization of fluorescent drugs in pharmaceutical formulations.
This underscores the importance of leveraging advanced imaging
techniques to deepen our understanding and optimize drugs’ per-
formance in delivery applications.

Retinoids are part of the family of polyisoprenols and are
structurally related to vitamin A," or retinol. They are involved
in the regulation of cell proliferation and differentiation,
immune function, bone tissue growth, and tumor-suppressor
gene expression.”” As such, they are attracting growing interest
as potential therapeutic agents for the treatment of different
dermatological conditions such as skin cancers, inflammatory
skin disorders, photoaging, psoriasis, and acne.*® Unfortunately,
however, the use of retinoids has been challenged by their
extreme lability, especially if exposed to oxygen, acidic environ-
ments, and light.! To tackle this issue, retinoids have been
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encapsulated using a number of different strategies, e.g. by
complexation with proteins, films, liposomes, micelles, and in-
organic and polymeric nanoparticles.””® Protection of retinoids
against the external environment led to promising results, in
terms of efficacy, in the treatment of various diseases, includ-
ing cancer.”'" Despite the progress made in in vitro and
in vivo applications, scarce information has been collected
thus far on the synthetic identity of encapsulated retinoids in
terms of the physical state of the encapsulated drug. Based on
a recently patented'” and validated® procedure, here we
employ fluorescence lifetime imaging microscopy (FLIM) to
study the supramolecular organization of nanoencapsulated
liposomal ATRA with phosphatidylcholine (PC), cholesterol
and DSPE-PEG2000. By exploiting ATRA’s intrinsic fluo-
rescence as source of signal, we performed phasor transform-
ation as a fit-free analytical approach to lifetime data. For each
pixel in the image, the measured lifetime decay is converted
into a point in the “phasor plot”: the distribution of phasor
points originating from FLIM measurements appears on the
universal circle for mono-exponential decays, or inside the
circle for multi-exponential decays. Phasor positions are typi-
cally estimated using cumulative phasors from multiple repli-
cas, following established procedures.'*™*°

The law of phasor addition, originally presented by
Gregorio Weber,"” helps identify the origin of multiexponen-
tial points in the phasor plot. In brief: if two molecular species
are coexisting in the same pixel, for instance, all the possible
weighting combinations of the two molecular species give
phasors distributed along a straight line joining the character-
istic phasors of the two pure species. In the case of three mole-
cular species, the phasor-FLIM signal lies in a triangle where
the vertices correspond to the characteristic phasors of the
pure species, and so on. Thus, given an experimental phasor
that is the combination of two (or more) species, and the
phasors of the isolated pure components, a graphical solution
can be derived as described previously by others.'®*%*°

We resorted to customized codes®® to measure the phasors
(see Table 1) of the two putative pure species expected to be
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Table 1 Phasor coordinates for ATRA physical states and nanoformula-  acquisition, custom-made codes®**® were employed to reduce
tions. g and s coordinates in the universal circle Phasor-FLIM represen- 514 analyze the spectra. The data were subjected to back-
::It)lon, standard deviations for both coordinates, and number of replicas ground subtraction (PBS buffer) and edited to remove the

noisy g-range, selecting only the g-range of 0.06-2.5 (1 nm ™).
Sample g gstd s sstd N Fig. 2A displays the scattering patterns of liposome placebo
and liposome ATRA after background subtraction across the

. . .014 0. . L .
ﬁx gfeecipitate d 18(7);1 888; 8820 gggg 2 full g-range. Notably, a rather noisy segment is discernible
Lipo ATRA 1 0.933 0.012 0.072 0.011 3 beyond 2.5 (1 nm™"). Moreover, it's worth noting that although
Lipo ATRA 2 hol 1 0.648 0.017 0.232 0.012 3  the intensity of the liposome placebo scattering pattern is
ATRA + PC + Chol liposome 0.873 0.020 0.149 0.016 3 . . . .

ATRA + PC + Chol isI())lated 0510 0024 0383 o010 3 Slightly higher than that of liposome ATRA (possibly due to

membrane small differences in lipid concentration), the shapes of the
scattering patterns differ from each other. This divergence

allows for a more in-depth analysis of the bilayer structure.

present in the manufactured formulation: ATRA in its precipi- Indeed, the reduced data were analyzed according to
tated form and ATRA dissolved in a solution (obtained by Brzustowicz et al.’® to estimate the electron density profile of
using DMSO*"*?*) shown in Fig. 1A and B. Both pure species the bilayer of the liposome. The bilayer is considered asym-
yield short characteristic lifetime values, appearing close to metric, and its head-tail-tail-head center is set as the center
the bottom-right corner of the universal semi-circle. of the profile. This procedure was applied to both samples,
Worthy of note, in Fig. 1B and Table 1, the phasor of the ie., the unloaded and the drug-loaded liposomes. The esti-
precipitated ATRA lies outside of the universal circle, likely due  mation was achieved by minimizing residual least squares
to the presence of excimers in the powder.'®*® In Fig. 1C, con-  through the parametric nonlinear regression of the sum of
sidering the cumulative phasor of liposomal ATRA, we are three Gaussian functions presented by Brzustowicz et al.,”®
prompted to speculate that a longer characteristic lifetime using the logarithms of the data pairs. As reported in Fig. 2B,
could be the result of a supramolecular organization that pre- comparison between the two samples reveals noticeable differ-
vents the excited state of ATRA from relaxing as fast as it would  ences (the raw fit is provided in Fig. S1t). The electron density
do in solution or in the precipitated state. This in turn is remi-  profile of the bilayer is reported in terms of real distance (nm)
niscent of what has been observed in similar conditions for and electron density difference relative to the mean value (6,
other nanoencapsulated drugs. For both liposomal doxo- with dimensions of 1 per unit). The thickness of the mem-
rubicin and irinotecan, a long-lifetime contribution was brane bilayer, estimated to be around 5 nm, is represented by
observed and assigned to the drugs putatively interacting with  the profile’s width. The varying amplitudes of the Gaussians
the liposome membrane.'>'*** Here, for the first time, the reflect the contrast between lipids in the bilayer and the
FLIM-guided identification of a putative drug species interact- medium (PBS buffer). The electron density of the phospholipid
ing with the liposome membrane is validated by independent heads, rich in electrons compared to the water-based medium,
proof. gives rise to positive amplitudes of the outer Gaussians.
To this end, SAXS was employed as means to probe semi- Conversely, the Gaussian displays a negative amplitude when
quantitatively the presence of the drug in proximity to the the electron density of the medium is subtracted from the elec-
lipid bilayer of liposomal ATRA. Following the experimental tron density of the tails, composed of aliphatic chains. In the

A 0.5 B 0.5 N C 0.5
| /4
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0.1 0.1 0.1 o free
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Fig. 1 FLIM analysis of pure species and liposomal formulation. The phasor plot's x and y axes are referred to as ‘g’ and 's’, representing the real and
imaginary components of the FLIM signal after Fourier transformation. (A) Examination of the phasor plot for the characteristic lifetime cumulative
phasor of free ATRA reveals a monoexponential signal for a phasor lying on the universal circle. (B) However, when looking at the characteristic life-
time cumulative phasor of the precipitated ATRA, despite its theoretical monoexponential nature, it deviates from the universal circle due to the
presence of excimers in the precipitated state. (C) As for the characteristic lifetime cumulative phasors of liposomal nano formulations, specifically
Lipo ATRA 1, a multi-exponential behavior is presented, residing within the universal circle as a result of a combination of various physical states.
Interestingly, it appears that the signal is not a mere combination of precipitated (blue phasor) and free-in-solution (green phasor) ATRA, as it
doesn't fall on the segment connecting these phasors. (Note: N = 3; errors in ‘g’ and ‘s’ coordinates are detailed in Table 1, as they are too small to
be visually appreciated.)
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Fig. 2 SAXS and nanoDSC validation of ATRA interaction with the
lipidic membrane. (A) SAXS patterns of liposome placebo (black) and
ATRA-loaded liposomes (red) were obtained after background subtrac-
tion across the full g-range. Beyond 2.5 (1 nm™), a noisy range of points
can be observed which is expected when q increases. (B) Electron
density profile of the bilayer of placebo liposomes (black line) and ATRA-
loaded liposomes (red line): the three Gaussian curves reported in the
graphs represent the head-tail-tail—head arrangement of the bilayer in
the liposome. (C) Deconvoluted thermogram of placebo and ATRA-
loaded liposomes. (D) Melting temperature (T,,,) and standard deviation
extrapolated from the thermograms of placebo, phosphatidylcholine,
phosphatidylcholine + ATRA and liposomal formulation LipoATRA 1.

liposome loaded with ATRA, there is an increase in the elec-
tron-density contrast in both the phospholipid heads and tails
regions.

This strongly suggests that, when encapsulated, a signifi-
cant fraction of ATRA is embedded into the phospholipid
bilayer. Based on the SAXS data, inference on the putative
orientation of ATRA within the membrane can be attempted.
As ATRA possesses a hydrophilic carboxylic-acid residue on
one side of the molecular structure and a more hydrophobic
moiety on the opposite side, it is reasonable to assume that
ATRA orients itself with the carboxylic residue towards the
hydrophilic heads of the phospholipids, and the hydrophobic
heads in contact with the lipid tails. In keeping with this
hypothesis, the electron-rich carboxylic head might be respon-
sible for the enhancement of contrast in the outer Gaussians.
Conversely, the less electron-rich aliphatic moiety might be
contributing to the negative contrast in the inner Gaussian.
Ultimately, the electron density profile of the bilayer signifi-
cantly increases if ATRA is present inside the liposome. When
ATRA is effectively embedded into the lipid bilayer, an influ-
ence on the membrane organization is expected. To verify this
possibility, differential scanning calorimetry experiments
(NanoDSC) were carried out. The heating of liposomes in DSC
results in the appearance of endothermic events in the ther-

This journal is © The Royal Society of Chemistry 2023

View Article Online

Communication

mogram, which can be associated with non-covalent processes
such as changes in the packaging of alkyl chains. The lipo-
somes undergo temperature-driven phase transitions, show-
casing their ability to form a phospholipid bilayer that can be
considered as lyotropic liquid crystals with mesomorphic
phase transitions between different liquid crystalline phases.?”
Generally, the low-temperature Lg phase is referred to as the
‘gel phase’, while the high-temperature L, phase is referred to
as the ‘liquid-crystal phase’ (and is often described as ‘gel to
liquid-crystalline’ transition). In addition, an intermediate P
phase, also known as the “rippled” phase, is characterized by
the undulation of Lg-phase bilayers accompanied by a certain
loss of the liquid crystalline order.?*™*° The transition from Py
to L, is referred to as the pre-transition; the transition to the
liquid phase is considered to be the dominant one.*??
Different phospholipids have different transition temperatures
(Tm). Four samples were analyzed: PC, PC with ATRA, the
placebo formulation, and Lipo ATRA 1. All these formulations
were prepared in PBS buffer. The first step was to perform a
baseline scan by injecting buffer into both the sample and
reference cells. Then, each sample was evaluated and com-
pared to the others upon baseline subtraction. The thermo-
grams of the four samples were deconvoluted using the
NanoAnalyze software. Three Voigt models were utilized,
leading to an accurate curve fit (RMSE < 0.002) in Fig. 2C. The
existence of three curves under each peak indicates that three
distinct processes occur while heating the liposomal formu-
lation. The first and third events can be attributed to the pre-
transition and main transition of the liposome, respectively.
The second event may be due to the presence of a crack
phase,**** or to the effects of lamellarity or varying size in the
liposomal population.®® It is worth noting that the three
events have different FWHM (full width at half maxima) which
correspond to the ATy, of each peak. This means that the
three processes have different degrees of cooperativity, with
the main transition being the most cooperative. We compared
different formulations in pairs, including PC versus placebo,
PC versus PC + ATRA, and placebo versus Lipo ATRA 1, to gain
insights into the changing behavior of the PC transition in the
presence of different components added to the formulation.
Typically, incorporating excipients or active principles into
pure liposomes results in a decrease in intensity, a broadening
of the peak, a drop in T,,, and a reduction of AH (enthalpy
change), which suggest an increase in membrane disorder.
The broadening of the DSC peaks is related to disrupting the
membrane structure, increasing packing disorder, and signifi-
cantly reducing the cooperativity of the phase transition.*®
Comparing PC and placebo, a significant decrease in T, was
observed in Fig. 2D, as expected. However, a slightly higher
AH may be due to the larger dimensions of the placebo,
higher CN (cooperativity number), and lower AT, (see
Table S1f). Then we compared the formulation with and
without active principles. Adding ATRA resulted in more con-
sistent behavior for all the parameters except T,,,. When com-
paring PC vs. PC + ATRA (see Fig. S2}) and then placebo vs. Lip
O0ATRA 1, we observed lower AH, higher ATy, and lower CN

Nanoscale, 2023, 15, 19085-19090 | 19087
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as reported in Table S1.f Additionally, we also observed an
increase in Ty,. Our hypothesis is that due to the lipophilic
structure and nature of ATRA, there is a strong hydrophobic
interaction between the active principle and the lipophilic
components (alkyl chains) of the phospholipid bilayer.
Although this strong interaction results in less cooperativity, it
increases the stability of the formulation and leads to a higher
Tm. Additionally, in Fig. 2D, we noticed that the increase in Ty,
is much higher when ATRA is added to the placebo, indicating
that the interaction between ATRA and PC is favored by the
presence of other components such as cholesterol and
DSPE-PEG in the formulation. Prompted by the independent
validation obtained by SAXS and NanoDSC, we resorted to
FLIM once again and extended the screening to a different
liposomal formulation of ATRA, namely the Lipo ATRA 2 for-
mulation of Table S2, where DSPE-PEG2000 was replaced
with DOTAP. The region of the phasor plot delimited by the
two dashed lines and the red-colored portion of the semicircle
in Fig. 3A illustrate the broad spectrum of lifetimes eligible for
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Fig. 3 FLIM identification of the ATRA-lipid interaction (A) in the phasor
plot, the red semicircle highlights the expected location of the putative
third species describing the FLIM signal, supposedly membrane-bound
ATRA. This assumption holds true as encapsulated ATRA results in a
combination of more than two distinct physical states. (B) Additional
FLIM screening of LipoATRA 2 (cyan dot) allows better definition of the
region of interest and extrapolation of the putative position of a pure
species of ATRA interacting with lipids (red dot). It becomes evident that
combinations of these physical states are sufficient to comprehensively
describe the composition of nanoformulations and distinguish their
manufacture. (C) Confocal imaging LipoATRAL liposomes after extrusion,
spinning and washing to remove excess ATRA, with and without an
intensity threshold (upper-right and lower-left, respectively; scale bar
5 pm): in these conditions the contribution from membrane-bound
ATRA is maximized (D) The phasor FLIM signal of ATRA in isolated mem-
branes made from PC and cholesterol is a combination of membrane-
bound and free-in-solution physical states validating the assumptions
made on the third physical state. (Note: N = 3; errors in ‘g’ and 's’ coordi-
nates are detailed in Table 1, as they are too small to be visually
appreciated.)
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the putative pure species of ATRA interacting with lipids,
based on data from Lipo ATRA 1 and pure free and precipi-
tated ATRA.

Of note, by incorporating LipoATRA 2 into the analysis, the
region of interest gets further restricted: data interpolation, in
fact, identifies a reliable position in the phasor plot of a puta-
tive membrane-bound species (red dot in Fig. 3B). Exploiting
the newly formed three-species framework, the fractional-
intensity contribution of the membrane-bound species in each
formulation could be estimated, and resulted in increased
passing from LipoATRA 1 (~10%) to LipoATRA 2, so the frac-
tional intensity contribution of ATRA bound to membranes
was maximized (~51.68%). We examined the liposomal mem-
brane in more detail using confocal microscopy of an extruded
LipoATRA 1 liposome upon spinning and extensive washing of
the sample to remove excess ATRA (Fig. 3C). As shown in
Fig. 3C (lower-left panel), being an amphipathic molecule,
ATRA is in a natural dynamic equilibrium between the free-in-
solution state (both outside and inside liposomes) and the
membrane-associated state, this latter being better appreciated
by applying an intensity threshold to the image (Fig. 3C, upper-
right panel). Interestingly, the phasor-FLIM signature of such
sample is substantially shifted towards the putative mem-
brane-bound pure species, aligns well with the interpolation of
LipoATRA 1 and 2 data (dashed lines in Fig. 3D; see also
Fig. S31), and is physically substantiated by the combination
of SAXS and nanoDSC findings. This validation confirms the
identity of ATRA’s third physical state within liposomes. In
Fig. S4,T our FLIM testing of non-lipsomal nanoformulations
revealed our ability to identify the scenario where ATRA exists
solely in the precipitated state. Moreover, we discovered
additional non-liposomal interactions that cannot be fully
explained by the reference phasor plot depicting free, precipi-
tated, and membrane-bound ATRA.

In conclusion, Phasor-FLIM provided valuable insights into
the presence of a supramolecular organization of encapsulated
ATRA interacting with lipids through a label-free analysis,
exploiting ATRA’s intrinsic fluorescence. While thermo-
dynamic principles might suggest the interaction of an amphi-
pathic molecule with a membrane, it’s not evident that the
available quantitative or semi-quantitative methods can effec-
tively investigate this interaction. In the specific case of reti-
noids, previous attempts were based only on molecular
dynamics simulations®” or centrifugation-based
experimental assays.’® Moreover, there’s no guarantee that the
manufacturer’s formulation protocol facilitates drug inter-
action within the nanoparticles’ interior. A clear example of
this, as recently revealed by FLIM analysis,"**° is liposomal
doxorubicin: because of the active-loading protocol used by
the manufacturer, the drug is mostly in a precipitated semi-
crystalline form and interacts with the membrane much less
than it would do based on its amphipathic properties. It
should be noted that previous FLIM-based case reports on
encapsulated drugs (doxorubicin'® and irinotecan®*) lacked a
convincing experimental validation of FLIM sensitivity to
drug-membrane interaction, which is instead provided here by

invasive

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr03420h

Open Access Article. Published on 22 November 2023. Downloaded on 12/9/2025 6:19:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

independent SAXS- and nanoDSC-based analyses. Finally, com-
pared to previous studies, here FLIM demonstrates exquisite
sensitivity to probing differences in the membrane-interaction
capabilities of a compound which depend on membrane com-
position and on experimental conditions in general. Such sen-
sitivity, not obvious for other methods, shall now open a path
to extensive and non-invasive quantitative screening of drug
formulations to resolve properties such as synthetic identity,
biological identity and stability.
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