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Liposomes, or phospholipid vesicles, are colloidal particles in
which a closed membrane-like bilayer arranges concentrically
around a hydrophilic cavity. They are considered to be amongst
the most versatile supramolecular assemblies, which is re-
flected in the large number of applications including drug/gene
delivery platforms in pharmaceutics’ and cosmetics,” food
technology,® biological cell membrane models,* signal ampli-
fiers in analytical sciences® and many others.®

In particular, the amphiphilic nature of the lipidic building
blocks allows the encapsulation of both hydrophilic and
hydrophobic compounds within the core cavity and in the
membrane, respectively. This opened up ways to expand the use
of poorly water-soluble or unstable compounds in pure aqueous
environments. For example, to realize the full potential of Ir(i)
complexes, which posses outstanding properties that can be
exploited in catalysis,” electronics,® and more recently, medi-
cine,” one has to overcome the low water-solubility of these
compounds. To address this issue, strategies based on their
incorporation into zwitterionic dipalmitoylphosphatidylcholine
(DPPC) vesicles as well as the addition of lipophilic tails to allow
their self-assembly into micelle-like systems have been
explored. This has resulted in the design of artificial molecular
systems for light energy conversion,' photosensitizers for the
photocatalytic oxidation of water'* and H, production,” and
agents for cancer treatment.*

On the other hand, a major aspect in the physicochemical
assessment of liposomes is to control and validate their
morphology. Knowing in detail the structure of the liposomes is
of key importance for the effectiveness of clinical translation**
or catalytic performance® of liposomal formulations. Despite
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A simple and cost-effective method based on multi-photon microscopy is presented for the preliminary
screening of the general morphology, size range and heterogeneity of Ir(il) nano-aggregate formulations.

the availability of different imaging techniques, the morphology
of liposomes is generally not well characterized, since
preserving the membrane environment while characterizing the
systems at the nanometer scale in aqueous environments
remains a challenge. This is due to the poor physical and
chemical stability of liposomes, which compromise the struc-
ture of the sample when exposed to the varying environmental
conditions of the different imaging techniques.'*** It is well-
known that photo-induced lipid peroxidation and sponta-
neous facet formation' occur after prolonged exposure to
fluorescent light in fluorescence microscopy. Likewise, lipo-
some structure can be potentially damaged as a result of
staining and/or exposure to vacuum conditions in transmission
electron microscopy (TEM), including cryo-TEM or freeze frac-
ture practices.'® Therefore, imaging modalities that allow for
the visualization of liposomes in a hydrated state are preferred.
Environmental scanning electron microscopy (ESEM) and
atomic forced microscopy (AFM) have emerged as excellent
candidates for the morphological analysis of liposomes. While
ESEM can image wet systems without prior sample preparation,
AFM provides nanometer resolution of the liposomal surface.*®

Alternatively, multi-photon microscopy could provide
similar information to that obtained by conventional fluores-
cence microscopy regarding lipidic structures in a hydrated
state (i.e. size and shape of individual vesicles), with a strong
reduction of lipid photodamage due to the fact that absorption
is limited to the focal volume. This is a direct result of
employing near infrared (NIR) femtosecond pulsed lasers to
generate observable non-linear signals in the visible range.
Additionally, second-harmonic generation (SHG) is an excellent
tool to probe anisotropy and unravel the orientation of distinct
structural features.” However, although multi-photon micros-
copy has been largely used to characterize the heterogeneity of
cell membranes that play key roles in immunological
synapses,” membrane trafficking® and viral infection,? it has
been rarely used for liposome characterization.”

In this work, we employed a simple and straightforward
method for the study of mixed nano-aggregates composed of
DPPC, typically forming  bilayers, and cationic
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cetyltrimethylammonium bromide (CTAB) surfactant by using
multi-photon microscopy. Into this nano-aggregate system, an
amphiphilic Ir(m) photosensitizer is incorporated (Fig. 1A). The
inherent multi-photon emission (MPE) properties of complex 1
allow the visualization of the structures as well as the quanti-
tative analysis of individual aggregates. Thus, we studied if
direct information on the size and shape of the aggregates could
be obtained by multi-photon microscopy from wet samples
using a frame seal chamber. AFM was used to validate the
results.

The Ir(m) complex 1 consists of a hydrophilic center and two
hydrophobic tails of 10 carbon atoms linked through an amide
bond to the ancillary 2,2'-bypyridine (bpy) ligand, BC;,-bpy.
Complex 1 was prepared as its PFs~ salt by refluxing the di-p-
chloro-bridged cyclometalated Ir(m) dimer with BC;y-bpy ligand
in a 1:2 molar ratio. Subsequently, 1 was characterized by
positive-ion MS and 'H and "*C NMR spectroscopy (Fig. S17).
The positive-ion ESI mass spectrum displayed the [M]" signal at
1095.4 m/z having the expected isotopic distribution pattern.
The NMR spectra were recorded at concentrations bellow 5 mM
since the spectral features disappeared at higher concentrations
due to spontaneous aggregation of the complex and were in
accordance with the structure of 1 (Fig. S17).

The UV/Vis absorption spectrum of 1 (10 uM) was measured
in an aqueous medium containing 1% DMSO (v/v) at room
temperature (Fig. 1B). The metal-to-ligand-charge-transfer
(MLCT) band is centered at 350 nm while high-energy bands
at A <350 nm can be attributed to spin-allowed ligand-centered
(*LC) m-=* transitions for the 2-(2,4-difluorophenyl)pyridine
(dfppy) and BCy4-bpy ligands. The one-photon emission (OPE),
which was recorded upon excitation at the MLCT (1 = 350 nm),
showed a broad emission centered at 562 nm corresponding to
the triplet energy levels of Ir(ur) complex 1. Moreover, a MPE was
observed after 900 nm excitation (Fig. 1B). Plotting the emission
intensity as a function of laser power revealed a power law
dependence of order 2 showing that the MPE is most likely
a two-photon process (Fig. S2t). The calculated two-photon
emission cross-section of 1 was 0.8 GM at 900 nm. Thus, the
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Fig. 1 (A) Schematic representation of the mixed metallo-nano-
aggregates NA1 composed of DPPC, CTAB and Ir(i) complex 1. CTAB
is not shown for clarity. Model 1 represents rod-like micelles and
model 2 elongated vesicles. UV/Vis absorption, OPE and MPE spectra
of (B) complex 1 in DMSO : H,O (1:99) and (C) the mixed nano-
aggregates NAL in H2O. Aexc, ope = 350 nmM and Aexc, mpe = 900 nm.
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photophysical properties of 1 resemble those of the cationic
complex [Ir(dfppy).(bpy)]*,?* suggesting that the addition of the
tails does not cause any band broadening or shift in the exci-
tation and emission spectra.

The amphiphilic nature of 1 allowed for its incorporation
into phospholipid bilayers. Nano-aggregates NA1 were prepared
through lipid-film hydration by mixing the Ir(m) complex with
phospholipid (DPPC) and surfactant (CTAB)ina1 : 3 : 10 molar
ratio. The resulting turbid suspension remained stable for
weeks, as previously observed for similar lanthanides-
containing micelles.?® The UV/Vis absorption and emission
spectra were successfully used to monitor the incorporation of 1
into the vesicle solution. While the absorption spectrum of the
nano-aggregates NA1 present a broader band with a maximum
centered at 266 nm, the OPE and MPE spectra showed the
characteristic triplet emission of 1 having a maximum at
542 nm (Fig. 1C). The blue-shifted emission of the nano-
aggregates with respect to 1 is consistent with the lower
mobility of the Ir(m) complex residing in the less polar and more
viscous environment of the vesicles bilayer.>

Subsequently, the size and shape of the aggregates were fully
characterized by multi-photon microscopy. The bright emission
of the metal complex upon excitation at 900 nm allowed for the
visualization of the aggregates dispersed in aqueous medium
using a standard glass slide/cover slip technique. To avoid
dehydration of the sample, a few drops of the nano-aggregates
solution were placed into a liquid sample chamber onto
which a cover slip was placed to ensure complete sealing. Fig. 2
shows the multi-photon microscopy images of the nano-
aggregates NA1 taken at a 50 mW of laser power. Interest-
ingly, the microscopy images revealed the formation of rod-like
structures with a length and width of ca. 1-6 pm and 0.5-3 um,
respectively. The images were analyzed with Image] using the
Li's Minimum Cross Entropy thresholding method.”” The
structures were fit to an ellipse and the corresponding major
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Fig. 2 (A) Multi-photon microscopy images of the Ir(i) nano-aggre-
gates NAL; (B) bright field images; (C) calculated length and width of
the nano-aggregates NA1l using the ellipse approximation and (D)
length and width size distribution.
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and minor diameters were taken as length and width, respec-
tively. The ellipse approximation led to a difference of 0.4 pm or
below with respect to manual quantification for both length and
width (Fig. S31). The obtained values of length vs. width for all
the particles detected in the microscopy images are shown in
Fig. 2C and D. In addition, there is a direct correlation between
the intensity emitted by the structures and their size (Fig. S47).
From this analysis, it can be concluded that the majority of the
particles present a rod-like shape. Surfactant self-aggregation is
controlled by thermodynamics, so that changes in the lipids
composition and environment (temperature, salinity, pH, etc.)
modify their microstructures.”® For example, it has been
observed that systems containing high surfactant concentra-
tions (above CMC) have a strong tendency to form disk-like
micelles.”* Likewise, salt addition or the presence of addi-
tional counter ions induce the formation of lower-curvature
surfaces, causing shape changes from globular to worm-like
micelles.” These morphological changes mostly originate
from electrostatic and hydrophobic interactions between
cationic surfactants and anionic counter ions. These interac-
tions suppress the micellar charge and decrease the surface
area per surfactant molecule by reducing the electrostatic
repulsion between head groups.*® Furthermore, the production
of tubular polymersomes or polymeric vesicles has been
recently optimized by the addition of salt.** Therefore, two
factors may be influencing the morphology adopted by the
mixed nano-aggregates NA1, the surfactant concentration
(2 mM, CMCcrag = 0.92-1.0 mM (ref. *?)) and/or the presence of
the PFs~ counterions. However, due to their elongated shape,
we hypothesized that the presence of the large PFs~ anion
would very likely be the dominating factor. To demonstrate that
the presence of the PFs anion was responsible for the elon-
gated shape of the structures, similar nano-aggregates were
prepared using the Cl™ salt of complex 1. Interestingly, optical
microscopy and AFM images revealed the formation nano-
aggregates with a clear spherical morphology (Fig. S5 and
S6t). Unfortunately, neither the presence not the shape of the
lumen could be determined by microscopy due to the relatively
small size of the vesicles. Hence, we believe that the aggregates
could either be rod-like micelles (model 1, Fig. 1) or less likely
elongated vesicles (model 2, Fig. 2).

In addition, aggregates consisting of DPPC and CTAB,
without the addition of complex 1, were not visible in multi-
photon microscopy images. Indeed, the size of these aggre-
gates was much smaller and the formation of (large) DPPC
crystals was excluded in both types of aggregates.

The morphology of the nano-aggregates NA1 was further
confirmed by AFM on a dried sample (Fig. 3 and S71). Although
only smaller particles remained attached to the anionic silicon
surface, the shape of the nano-aggregates remains identical. In
addition, according to AFM, the rectangular structure is flat-
tened (~20 nm in height for structures of 500 nm length and
40 nm width, after tip deconvolution), similarly to the models
presented in Fig. 1. More importantly, AFM confirms that the
structures are either micelles or vesicles as they display curved
surfaces, as opposed to flat and step-like topographies charac-
teristic of lipid multilayers (Fig. S77).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 AFM images of nano-aggregates NA1 (A) display of several large
and smaller nano-aggregates; (B) higher resolution image of one
rectangular nano-aggregate.

The flattened structure of the aggregates could also be
observed by multi-photon microscopy images by performing
a scan in the z-plane. The stacked multi-photon microscopy
images in Fig. 4 were scanned over ~12 um in depth (z-plane)
with steps of 0.65 um. The labeled large micro-aggregates in the
white square and circle have dimensions of 12 x 2 x 1.5 pm
and 10.5 x 2.9 x 1.3 um with cross section areas of ~2.5 and
~3.4 um,’ respectively. Based on our proposed models in Fig. 1,
the cross section area can be estimated based on an ellipse or
a rectangle with rounded (circular) edges. The fact that mostly
small nano-aggregates are observed with AFM, while also larger
micro-aggregates are seen in the microscopy images, makes
multi-photon microscopy an excellent complementary tech-
nique to fully characterize the size and shape of liposomes.

Next, to confirm that the presence of the phospholipid and
cationic surfactant was essential for the formation of the
aggregates, images of complex 1 were taken in different media:
MeOH (good solvent for complex 1), MeOH/H,0 (20/80, v/v) and
H,O0 (poor solvent for complex 1). Complex 1 remained well
dissolved in MeOH as no particles were observed under the
microscope. In contrast, the formation of aggregates was clearly
observed with the concomitant addition of water. While small
spherical particles of ca. 0.5-1 pm were observed in the mixture
containing a 20% (v/v) water content, larger particles with no
distinct shape could be distinguished in 100% H,O (Fig. S8 and
S9t). The self-assembly of 1 in the presence of water was ex-
pected since the hydrophobic alkyl tails try to minimize the
contact with water molecules by forming entropically favored
hydrophobic domains.** However, the formed aggregates were
clearly different from those obtained with the DPPC/CTAB
mixture.

Fig. 4 Stacked multi-photon microscopy images of Ir(m) nano-
aggregates NAL. (A) Top view (B) horizontal view (z-plane).
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In addition, the MPE spectra of 1 in the different solvents
were also recorded (Fig. 5). The emission maxima appeared
centered at 582, 563 and 545 nm for MeOH, MeOH/H,0 (20/80,
v/v) and H,O, respectively. Thus, the emission spectra blue-
shifted with the concomitant addition of water as previously
observed for the nano-aggregates. It should be noted that the
emission spectra of 1 in the MeOH/H,O mixture (20/80, v/v)
matches very well the emission spectrum of the nano-
aggregates NA1, which points to similar polarity of the
medium or restricted movement of 1 in both solutions. Like-
wise, aggregates in which no surfactant was added, were
prepared and imaged with both multi-photon microscopy and
AFM. A clear multilayer morphology (flat surfaces with clear
steps indicating overlaying lipid bilayers), together with a few
nano-aggregates were observed (Fig. S10 and S11+).

Finally, to ultimately validate the use of multi-photon
microscopy with other liposomal formulations, Ir(u)-contain-
ing liposomes were prepared using the DPPC lipid and a small
amount of sodium 1,2-dipalmitoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy(polyethylene  glycol)-2000] (NaDPPC-
PEG2K) to stabilize the liposome dispersion in water and
avoid aggregation. After the subsequent dilution to 50 uM of the
photosensitizer 1 (PFg), the liposomes were characterized. The
multi-photon microscopy and AFM images (Fig. S12 and S13+)
confirmed the formation of large spherical vesicles, in good
agreement with previously reported metallo-liposomes charac-
terized by CryoTEM."

In conclusion, amphiphilic Ir(m) complexes incorporated
into mixed phospholipid/surfactant bilayers could be structur-
ally characterized by multi-photon microscopy. The MPE
properties of complex 1 allowed for the visualization of different
aggregates and liposomal formulations while providing
detailed morphological information. The aggregates NA1l
showed a flattened rectangular structure with an average size of
1-6 x 0.5-3 um. However, the presence of a lumen could not be
confirmed due to the relatively small size of the aggregates and
therefore it was hypothesized that the aggregates could either
be rod-like micelles or less likely elongated vesicles. Both
models are consistent with the presence of the PFs~ counter
ions that facilitate the growth of the aggregates in one
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Fig. 5 Multi-photon microscopy images of 1 in MeOH, MeOH : H,O
(80 : 20, v/v) and H,O. The corresponding MPE spectra are shown
below. The dotted line indicates the emission maximum of NA1.
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preferential direction. In addition, the emission maxima of the
aggregates is blue-shifted with respect to the free complex in
MeOH or DMSO/H,O (1:99, v/v), supporting the restricted
movement that 1 experiences when incorporated into the DPPC
bilayer. This study shows a simple and cost-effective method for
the preliminary screening of liposomal formulations to assess
their general morphology, size range and heterogeneity.
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