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components, also the stereochemistry may affect the permeability of the vesicle across the BBB.
Experiments: Liposomes featuring cationic diasteromeric gemini amphiphiles were formulated, charac-
terized, and their interaction with cell culture models of BBB investigated.

Abbreviations: hiPSC, human induced pluripotent stem cells; CNS, central nervous system; BBB, blood brain barrier; BCECs, brain capillaries endothelial cells; LDL, low-
density lipoprotein; TAT, trans-activating transcriptor; CPP, cell-penetrating peptide; hiPSC-derived BMECs or iBMECs, brain microvascular endothelial cells derived from
human induced pluripotent stem cells; KYNA, kynurenic acid; PDI, polydispersity index; T, transition temperature; CHOL, cholesterol; DLS, dynamic laser light scattering;
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Findings: Liposomes featuring the gemini amphiphiles were internalized in a monolayer of brain
microvascular endothelial cells derived from human induced pluripotent stem cells (hiPSC) through an
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energy dependent transport, internalization involving both clathrin- and caveolae-mediated endocytosis.
On the same formulations, the permeability was also evaluated across a human derived in vitro BBB
transport model. The permeability of liposomes featuring the gemini amphiphiles was significantly
higher compared to that of neutral liposomes (DPPC/Cholesterol), that were not able to cross BBB.
Most importantly, the permeability was influenced by the stereochemistry of the gemini and pegylation
of these formulations did not result in a drastic reduction of the crossing ability.

The in vitro iPSC-derived BBB models used in this work represent an important advancement in the
drug discovery research of novel brain delivery strategies and therapeutics for central nervous system

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nearly 1 billion people of the world’s population suffers from
diseases of the central nervous system (CNS) and, with the ageing
of global population, neurological disorders have become one of
the greatest medical emergencies. Despite the efforts to implement
novel therapeutic approaches, the development of new drugs for
the CNS is severely hampered by the presence of the blood brain
barrier (BBB) which prevents almost the totality of the drug candi-
dates from reaching the CNS at a therapeutic concentration [1-3].

Among the most selective barriers in the human organism, the
BBB is a dynamic and complex interface between blood and CNS
and plays a crucial role in controlling the efflux and influx of sub-
stances. Its complex organization is responsible for peculiar fea-
tures such as limited paracellular and trans-cellular permeability
and transport.[4-7] Thanks to these characteristics, the BBB is able
to protect the brain against external aggressions by regulating
molecular transport and elimination of waste product, while
allowing nutrients to reach neurons.[5,6,8] However, this impres-
sive control does not allow therapeutics to reach targets in the
brain (>98 % of low-molecular-weight drugs and almost all large
therapeutics do not cross the BBB).[5] Some procedures for direct
drug administration into brain have been explored, such as cere-
brospinal fluid or intranasal delivery, but these techniques are
invasive and/or often scarcely effective.[9].

For these reasons, since drug delivery rather than drug efficacy
is the crucial issue in the treatment of CNS diseases, there is an
urgent need to develop suitable vectors to enable drug delivery
through the BBB.

In this context, nanosystems such as liposomes may repre-
sent the ideal candidates because, due to their nature, they
offer several advantages including biocompatibility, biodegrad-
ability, low potential for toxicity and immunogenicity, ease of
preparation, the ability to encapsulate a wide range of drugs
(both hydrophilic and hydrophobic ones) and, above all, the
possibility of finely tuning their properties by modulating their
composition and process of preparation.[10-16] For these rea-
sons, liposomes are probably the most studied and investigated
nanocarriers for targeted drug delivery.[17-22] To reach the
CNS, liposomes need to be functionalized with targeting moi-
eties able to trigger one among the different trans-cellular
mechanisms involved in BBB crossing.[23,24| Decorating lipo-
some surface with specific active ligands such as antibodies,
transferrin, lactoferrin, low-density lipoprotein (LDL), insulin or
glutathione, facilitates their binding to BBB and promotes
receptor-mediated transcytosis.[23,25-31] The functionalization
with sugar moieties represents another possible strategy, as
transporters of glucose (SLC2A family) are widely expressed
on brain capillaries endothelial cells (BCECs), especially SLC2A1
(GLUT1).[32] It has been reported that the presence of mannose
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residues on liposome’s surface allows BBB crossing mediated by
transporter.[33] In general, it is well known that the presence
of a positive charge promotes the interaction of nanocarriers
with the cell membrane, enhances uptake and increases the
effective delivery of drugs, therapeutic and genes.[34-38] A
cationic surface of liposomes should favour the crossing of
BBB via non-specific mechanisms of absorptive-mediated transcy-
tosis. It has already been shown that the functionalization of
liposomes with trans-activating transcriptor (TAT), a short posi-
tively charged cell-penetrating peptide (CPP)[39], promotes the
interaction with negatively charged BBB, triggering the penetra-
tion of the nanocarrier through BCECs.[40-42]

In this work we investigated the ability of cationic liposomes
composed of a phosphocholine (DPPC), cholesterol and a catio-
nic gemini amphiphile (SS, MESO or RR, Chart 1) to cross the
BBB. In addition, we investigated the effect of the concurrent
presence of both a cationic gemini amphiphile and a mannosy-
lated lipid (PA-PEG3-PE-mannose, ie. a lipid bearing a ligand
able to bind GLUT1 transporter, Chart 1) on the features of lipo-
some in the biological environment. Specifically, we investigated
the interaction of liposomes with a monolayer of differentiated
brain microvascular endothelial cells derived from human
induced pluripotent stem cells (hiPSC-derived BMECs or
iBMECs). The transport of selected liposome formulations was
also evaluated across an in vitro BBB model established in tran-
swell systems, made of iBMECs in co-culture with human astro-
cytes [43].

Previous investigations showed that the stereochemistry of
gemini (SS and MESO) affects the physicochemical and biologi-
cal features of diverse liposomes, both empty and loaded with
different active principles, such as m-THPC (the active principle
of Foscan)[44-46], DNA (calf thymus and plasmidic)[36,47] and
siRNA.[48-50] In particular, gemini stereochemistry affects lipo-
some size, {-potential, lipid bilayer organization, and stability;
as a result, these differences, in turn, affect the delivery effi-
ciency and intracellular fate of carrier and cargo in many cell
types.[51-56] More generally, it has already been reported
how the chirality of nanoparticles can affect biological
responses [57].

The different behaviour of liposomes depending on gemini
stereochemistry has been demonstrated in several experiments,
in different cell models. What has never been studied is the ability
of these formulations to cross BBB and the effect of gemini stereo-
chemistry on the permeability of liposomes.

Liposome formulations were characterized in terms of size,
polidispersity, and stability. Those showing appropriate size and
stability were then evaluated both on iBMECs in monolayer and
on the in vitro iBMECs model. The toxic potential of these formula-
tions in primary human fibroblasts and endothelial cells, as well as
haemolytic activity, was also evaluated.
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2. Results and discussion
2.1. Characterization of liposomes

2.1.1. Preparation of liposomes

Different liposomes were formulated, composed of a saturated
phospholipid (DPPC), cholesterol (CHOL), one of the cationic gem-
ini amphiphiles (SS, MESO or RR, Chart 1), and/or a mannosylated
phospholipid (PA-PEG3-mannose). Formulations including SS
amphiphile were prepared also in the presence of a pegylated
phospholipid (mPEG-DSPE).

The inclusion of cholesterol in the mixture enhances the stabil-
ity of the lipid bilayer and gives it the so-called bilayer-tightening
effect, inducing a dense packing and increasing the orientation
order of lipid chains. This leads to a more compact structure with
reduced permeability to water-soluble molecules and increased
retention of the entrapped drug.[58,59]

In the formulation including SS gemini, mPEG-DSPE was also
added to compare non-PEGylated and PEGylated formulations in
terms of drug uptake and retention, stability over time, ability to
bind with specific tissues or cells[23] and permeability across the
BBB model. Indeed, the presence of PEG-conjugated lipids
improves the stability of liposome in biological fluids by providing
a protective hydrophilic film on liposome surface and hindering
the interaction with plasma proteins.[60] It has also been reported
that decorating liposome surface with PEG not only increases
liposome-circulation life but also affects the uptake by target
cells.[61-65]

The presence of a cationic amphiphile (SS, RR or MESO gemini)
in the lipid bilayer should favour, as previously observed in the
case of other cellular types [42,45], the electrostatic interaction
with the negatively charged cell membranes of BBB epithelium,
promoting the crossing via absorptive-mediated transcytosis. On
the other hand, the inclusion of a mannosylated phospholipid
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(PA-PEG3-mannose) in the lipid bilayer should promote the cross-
ing of BBB by carrier-mediated endocytosis (in the specific case
Glut1) [33].

Liposomes were labelled with a fluorescent lipid for cytotoxicity
experiments and for experiments on monolayer of brain tissue cul-
tures (Rhod-PE 16:10 and NBD-PE 16:10, see next paragraphs). In
the case of permeability experiments on the in vitro BBB model,
liposomes were loaded with kynurenic acid (KYNA, Chart 1) that
was used as a tracer.

Liposomes were prepared by the lipid film hydration method
combined with the extrusion procedure and the freeze-thaw pro-
tocol in order to reduce their lamellarity and size, thus obtaining
unilamellar vesicles of suitable dimensions (100-200 nm).

For all liposomes the mean diameter, the polydispersity index
(PDI) and the transition temperature (T,) were investigated. In
addition, for KYNA-loaded liposomes, the content and release of
entrapped KYNA in the final liposome suspensions were evaluated.

The most stable formulations selected for biological experi-
ments are reported in Table 1 and 2. The ratios of lipid components
were chosen as the result of a systematic investigation addressed
to achieve liposomes of suitable dimension, stable to aggregation
phenomena and capable of entrapping and retaining KYNA for
the time necessary for biological permeability experiments.

Importantly, formulations containing amphiphile RR were not
able to retain KYNA for the time required for biological exper-
iments. Different conditions were explored, changing the ratio
of lipid components and using POPC or DMPC instead of DPPC,
but in all cases KYNA was soon released from RR-based
liposomes.

Different lipid ratios were explored also in the case of liposomes
formulated with PA-PEG3-mannose, in this case liposomes of suit-
able dimensions and capable of encapsulating KYNA for a sufficient
time were obtained by including the SS amphiphile in the lipid
bilayer (F5a, F5b, Table 1 and 2).

Table 1
Features of liposome formulations selected for biological experiments (10 mM total lipids) in HBSS ~HEPES buffer (pH 7.4).
Formulation Composition Diameter Pdl ¢-Potential
(mM) (nm) (mV)
Fla DPPC /CHOL 140 £ 2 0.08 + 0.02 79 + 0.5
8.0: 2.0
F2a DPPC /| CHOL | SS 159 + 2 0.05 + 0.03 352 +23
5.6:2.0: 2.4
F3a DPPC [ CHOL / SS | mPEG-DSPE 180 +3 0.10 + 0.04 241 +13
5.6:2.0: 24: 04
F4a DPPC /| CHOL | MESO 143 +£2 0.05 + 0.02 33.8 +34
5.6:2.0: 2.4
F5a DPPC | CHOL |/ PA-PEG3-mannose | SS 135 +1 0.10 + 0.01 284 +14
5.6:2.8:02: 1.4
Table 2

Features of liposome formulations selected for biological experiments (10 mM total
solution in HBSS-HEPES buffer (pH 7.4).

lipids) in HBSS -HEPES buffer (pH 7.4). Formulations were hydrated with a 1 mM KYNA

Formulation Composition Diameter Pdl {-Potential KYNA
(mM) (nm) (mV) (uM)

F1b DPPC /| CHOL 137 £ 1 0.10 £+ 0.01 40+ 1.7 19+2
8.0: 2.0

F2b DPPC | CHOL / SS 160 + 2 0.01 + 0.03 325+ 1.1 56 + 3
5.6:2.0: 2.4

F3b DPPC | CHOL / SS | mPEG-DSPE 183+ 2 0.08 + 0.03 26.1 +£0.7 50 + 2
5.6:2.0: 2.4: 0.4

F4b DPPC / CHOL /| MESO 147 £ 1 0.07 + 0.02 232403 53+3
5.6:2.0: 24

F5b DPPC | CHOL / PA-PEG3-mannose | SS 118 £+ 2 0.10 £ 0.01 272 +33 24+ 4
5.6:2.8:0.2: 1.4
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2.1.2. Characterization of empty liposomes

Liposome particle size distribution and polydispersity index
(PDI) as well as T,;, were investigated by dynamic laser light scat-
tering (DLS).

Empty liposomes Fla-F5a (Table 1) were monitored daily for 14
days to evaluate their stability over time in terms of aggregation
phenomena, a crucial issue for biological investigations.

Results of DLS measurements show a narrow size distribution
for all liposomes with a diameter of ~ 130-180 nm. Fla-F5a for-
mulations were stable for seven days, after this period F2a
(DPPC/CHOL/SS) formulation showed an increase in size due to
vesicle aggregation whereas PEG-decorated F3a (DPPC/CHOL/SS/
mPEG-DSPE) showed no tendency to aggregate. As expected, the
presence of PEG-lipids in liposomes reduces surface-surface inter-
action, thus preventing aggregation.[66-68].

It is worth of note that F4a (DPPC/CHOL/MESO) formulation,
containing the MESO amphiphile, remained substantially stable
after 2 weeks.
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The strong control of the stereochemistry of gemini on the orga-
nization of lipid bilayers, and hence on their morphology and
physicochemical features, was not unexpected./48,52,55,69,70]
Actually, in previous studies it was shown that the different stere-
ochemistry of SS and MESO gemini controls water exposure of
hydrophilic groups, chain packing, interface curvature, and the
morphology of the aggregates.[55,71].

The behaviour of F1a-F5a formulations as a function of temper-
ature was studied to evaluate liposome transition temperature by
monitoring scattering intensity and vesicles size by DLS. Generally,
by increasing the temperature, formulations are expected to show
an abrupt increase of the derived count rate at the transition. As
the size of the aggregates does not show usually the same rise,
the intensity jump is mainly ascribed to a change in the lipid
bilayer refractive index, and hence to a change of its fluidity. In
our case, a well recognizable transition was shown by Fla
(DPPC/CHOL) formulation (T, ~ 40°). However, the presence of a
gemini component and its stereochemistry affected the behaviour
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Fig. 1. Scattering Intensity (Derived Count Rate, blue square) and aggregate diameter (d, black triangle) measured as a function of temperature for formulations Fla-F5a. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Leakage of KYNA over time in the case of liposomes F1b (green triangle), F2b
(red rhombus), F3b (green square), F4b (blue circle) and F5b (pink hexagon). The
value is expressed as percentage of KYNA released with respect to initial KYNA
concentration in liposomes. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

of the formulations with respect to DPPC/CHOL liposomes. In the
case of formulations F2a (DPPC/CHOL/SS) and F3a (DPPC/CHOL/
SS/mPEG-DSPE), the presence of SS led to a less pronounced jump
and to a decrease of T;,, (~36 °C and 37 °C, respectively). This result
suggests that in the case of F2a formulation the presence of SS
smoothes the difference between the gel and the liquid-
crystalline phase, likely due to the perturbation of the gel phase
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that becomes more fluid. In addition, the transition occurred in a
short temperature range, indicating that it is cooperative and thus
that SS has a good miscibility with the lipid bilayer. In the case of
F4a (DPPC/CHOL/MESO), a clear transition was not detectable, as it
occurred gradually in a wide temperature range, evidencing that
MESO isomer is less miscible with the other lipid components than
SS. The different effect of the two gemini on the T, was already
reported for other formulations.[53]

In the F5a formulation the presence of gemini SS and PA-PEG3-
mannose induced a slight increase of the derived count rate at the
transition temperature (T,, ~ 38° C).

2.1.3. Characterization of KYNA-loaded liposomes

Based on the results obtained in the case of Fla-F5a empty lipo-
somes, their capability to entrap and retain KYNA was investigated.

KYNA was entrapped by passive loading, using 1 mM KYNA in
HBSS-HEPES solution to hydrate lipid films and obtain a final
10 mM total lipid concentration (Table 2, F1b-F5b). Removal of
unentrapped KYNA was performed by size exclusion
chromatography.

KYNA and lipid concentrations were chosen on the basis of pre-
liminary experiments showing that higher KYNA concentrations or
higher KYNA/lipid ratios lead to the formation of large and polydis-
perse aggregates.

F1b-F5b formulations, all containing KYNA, were characterized
by monomodal distribution with a diameter in agreement with
that imposed by the extrusion and an appropriate PDI (Table 2).

The loaded KYNA content (Table 2) was evaluated by HPLC mea-
surements. The amount of CHOL was also determined in order to
estimate lipid concentration after filtration by size exclusion
chromatography.
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Fig. 3. Cell viability assay of BJ cells exposed to liposomes. Cells were exposed to liposomes for 6 h and cell viability was addressed by MTS assay 24 (A) and 48 h (B) following

liposome withdrawal. n = 3 biological replicates. *p value < 0.05; **p value < 0.01.
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Knowing the relatively low efficiency of passive loading
method, initial concentration conditions were properly set to have
a final encapsulated KYNA concentration suitable for biological
experiments.

HPLC results showed that liposomes containing gemini amphi-
philes (F2b-F4b) entrapped a higher amount of KYNA compared
with liposomes formulated in the absence of gemini, i.e. DPPC/
CHOL (F1b).

The leakage over time of KYNA from liposomes was monitored
over a period of 24 h. A leakage of ~ 50 % was observed in all cases
after 8-9 h (Fig. 2). However, the presence of gemini (F2b, F4b,
F5b) resulted in a slower release with respect to F1b (DPPC/CHOL)
formulation over the first 6 h after preparation.

Based on these results, the formulations were used for biologi-
cal experiments immediately after the preparation, in order to
have a suitable concentration of entrapped KYNA in all liposomes.

2.2. Experiments on human fibroblasts and primary endothelial cells.

Potential toxicity of formulations was addressed measuring the
viability of primary human normal fibroblasts (B]) by MTS cell pro-

DPPC/CHOL

DPPC/ .
CHOL/SS

DPPC/CHOL/
MESO

Fig. 4. Confocal microscopy of BJ (A) and HUVEC cells (B) exposed to fluorescent
liposomes. The presence of NBD-PE-labelled liposomes (green) is visible at the inner
surface of BJ cells (arrows). B] cytoscheleton was stained by an anti-o tubulin
antibody, revealed by an Alexa Fluor 555 secondary antibody (red). Nucleus was
stained by DAPI (blue) (A). The presence of rhodamine-labelled liposomes (red) is
visible at the inner surface of HUVEC cells (arrows). HUVEC cytoscheleton was
stained by an anti-o tubulin antibody, revealed by an Alexa Fluor 488 secondary
antibody (green). Nucleus was stained by DAPI (blue) (B). Cell Magnification
40 x, scale bar 10 um. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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DPPC/CHOL

DPPC/ .
CHOL/SS

DPPC/CHOL/
MESO

Fig. 4 (continued)

liferation assay. BJ cells were preliminary exposed for 6 h to differ-
ent concentrations (5, 10 and 50 uM) of liposomes Fla (DPPC/
CHOL), F2a, (DPPC/CHOL/SS) F4a (DPPC/CHOL/MESO) and their
viability was measured at 24 and 48 h after treatment (Fig. 3).
Overall, no significant effect on cellular viability was observed
under any of the explored experimental conditions. The potential
toxicity of F5a (DPPC/CHOL/SS/PA-PEG3-mannose) formulation
was also evaluated on human primary endothelial cells (HUVEC-
Human Umbilical Vein Endothelial Cells). The rationale of evaluat-
ing the toxicity of F5a formulation on endothelial cells stems from
the evidence that these cells express high levels of the GLUT1
transporter protein and should therefore uptake mannose-
functionalized F5a liposomes with higher efficiency than fibrob-
lasts, possibly resulting in an increased toxicity and reduced viabil-
ity. However, HUVEC exposed to F5a did not show significant cell
viability impairment (Supplementary Figure S8).

Then, we addressed the capability of liposomes F1a, F2a, F4a
and F5a to penetrate cells. We therefore exposed B] and HUVEC
to fluorescent liposomes and addressed by confocal microscopy
the presence of labelled liposomes inside the cells. We marked
cells by either NBD-PE (green) or rhodamine (red) conjugation
for 24 h. We stained cell cytoplasm and cell nucleus by immunore-
action with anti-tubulin antibody and by DAPI, respectively. Confo-
cal analysis of B] and HUVEC revealed the presence of fluorescent
dots in treated cells, confirming the internalization of fluorescent
liposomes. Fig. 4 and Supplementary Figure S9 show representa-
tive images of B] and HUVEC cells treated with NBD-PE- and
rhodamine-labelled liposomes, respectively.
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Fig. 6. Quantification of signal associated per cell. The plasma membrane (PM)
region was defined through staining of the tight junction protein ZO-1, while the
nucleus was identified using DAPI. Images were analyzed via the Developer Toolbox
Software. Values presented were means + SD. LLOQ = 45 RFI/cell (dashed line in
red). N = 6 different fields. Statistical analysis: two-way analysis of variance
followed by Bonferroni post-test, where ****P < 0.0001, compared to 4 °C incubation
group. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 5. Uptake of liposomes (NBD-green fluorescence) by cell monolayer. The tight
junction protein ZO-1 (red fluorescence) staining showed delineated cell-cell
contacts, nuclei were stained in blue (DAPI). Tracking of intracellular distribution by
High-content imaging. INCell 6000, Confocal-mode. 20X magnification. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.) Experiments on haemolytic activity were performed using the

same concentrations as the formulations used for the evaluation

2.3. Haemolytic assays
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of cytotoxicity against the human fibroblast cell line (5 uM, 10 pM,
50 uM) and adding an additional higher concentration (250 uM). In
this way, the total lipid concentration in the test varied from
0.003 mg/mL to 0.15 mg/mL. The results, reported as supplemen-
tary material, showed that the formulations had low haemolytic

Journal of Colloid and Interface Science 627 (2022) 283-298

activity (Figure S10) and that the DPPC/CHOL/SS formulation only
had haemolytic activity at 250 puM, which is well above the concen-
tration generally considered [72]. Interestingly, the formulation
including the SS diastereomer showed different behaviour to the
formulation with the MESO diastereomer.

DPPC/Chol/NBD-PE

+ Nocodazole

DPPC/Chol/SS/INBD-PE DPPC/Chol/MESO/NBD-PE

DPPC/Chol/NBD-PE

+ Filipin

+ Filipin

Fig. 7. Uptake of liposomes (NBD-green fluorescence) by cell monolayer in the presence and in the absence of endocytosis inhibitors (nocodazole and filipin). The tight
junction protein ZO-1 (red fluorescence) staining showed delineated cell-cell contacts, nuclei were stained in blue (DAPI). Tracking of intracellular distribution by High-
content imaging. INCell 6000, Confocal-mode. 20X magnification. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 8. Quantification of signal associated per cell in the experiments of liposome cell uptake in the presence and in the absence of endocytosis inhibitors (nocodazole and
filipin). The plasma membrane (PM) region was defined through staining of the tight junction protein ZO-1, while the nucleus was identified using DAPI. Images were
analyzed via the Developer Toolbox Software. Values presented were means + SD. LLOQ = 45 RFI/cell (dashed line in red). N > 6 different fields. Statistical analysis: two-way
analysis of variance followed by Bonferroni post-test, where ****P < 0.0001, ***P < 0.001 or no significant (ns), compared to the incubation in the presence of Nocodazole or
Filipin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Transport of liposomes containing KYNA through the in vitro human BBB model compared to the permeability of free KYNA. (Mean + SEM).

KYNA Permeability (x10°® cm/sec)

Dose transported (%) TEER (Q- cm?)

LY Permeability (x10® cm/sec)

KYNA

F1b (DPPC/CHOL)

F2b (DPPC/CHOL/SS)

F3b (DPPC/CHOL/SS/mPEG-DSPE)

F4b (DPPC/CHOL/MESO)

F5b (DPPC/CHOL/SS/PA_PEG3-mannose)

13+04
1.6 £ 0.4
16222
991+08
9.8+ 1.1
<L0Q (0.6)

1.0£05 7277 + 249
13£0.6 3578 + 394
131+18 7080 + 139
8.0+ 0.6 6348 + 387
79+09 6301 + 437
<L0Q (0.7) 7489 + 72

0.20 + 0.03
0.14 £ 0.09
0.26 + 0.02
0.56 £ 0.14
0.57 £0.13
0.13 £ 0.04

2.4. Transport of liposomes in iBMECs.

The tropism of liposomes Fla-F5a for BCECs was investigated
on terminally differentiated iBMECs in monolayer.
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Liposomes were labelled with NBD-

PE to investigate their inter-

nalization. In addition, uptake of the liposomes was carried out at
4 °C and 37 °C and followed for 1 h to assess the existence of active

or ATP-driven processes.
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204

y (x1 0 cm/s)
@

10

KYNA_Permeabilit

Fig. 9. Permeability of KYNA and liposome-loaded KYNA in the in vitro human BBB
model. Statistical analysis: one-way analysis of variance followed by Bonferroni
post-test, where ****P < 0.0001 and ** P < 0.01 compared to both, KYNA and F1b
formulation treatment. LOQ, limit of quantification.

Confocal microscopy observation allowed us to analyse the
internalization of NBD labelled liposomes in iBMECs monolayer
(Fig. 5) and to quantify the intracellular fluorescence using the
InCell Developer Toolbox software (Fig. 6). To visualize the whole
cells, the peripheral membrane protein ZO-1 was used as marker.

Journal of Colloid and Interface Science 627 (2022) 283-298

In the case of Fla (DPPC/CHOL) liposomes, NBD fluorescence
(green) in cells was almost undetectable, thus indicating a very
low rate of internalization. On the other hand, the high green
fluorescence observed in the case of F2a-F5a liposomes suggested
their internalization by the endothelial cells in monolayer. These
results indicated that the presence of gemini amphiphiles in lipo-
some formulation promote internalization. Fluorescent images
showed labelled plasma membrane and perinuclear regions, with
accumulation of liposomes in the form of droplet structures.

At 4 °C all endocytosis processes were inhibited and transport
was less efficient, due to reduced cell-membrane fluidity and
dynamics. Internalization levels were lower (2- to 12-folds) com-
pared to 37 °C (Fig. 6), also suggesting the existence of an
energy-dependent transport.

Liposomes can be internalized by eukariotic cells using endo-
cytic pathways involving clathrin-mediated endocytosis via coated
pits, or endocytic internalization independent of clathrin, such as
caveolae-mediated endocytosis. To better investigate the mecha-
nism of entry, internalization of liposomes was investigated by
pre-treating the cells with known endocytosis inhibitors for
clathrin-mediated endocytosis (nocodazole) or caveolae-
mediated endocytosis (filipin). The internalized signal after pre-
incubation with nocodazole resulted in significant decrease
(p <0.0001 and p < 0.001), with a reduction of 65% and 55% uptake
for F2a (DPPC/CHOL/SS) and F4a (DPPC/CHOL/MESO) liposomes,
respectively (Fig. 7A and Fig. 8A), which indicated the involvement
of clathrin-mediated endocytosis on uptake of liposomes. When
the cells were pre-incubated with filipin, the internalized signal
significantly decreased (p < 0.0001), with a reduction of 56% and
36% uptake for F2a (DPPC/CHOL/SS) and F4a (DPPC/CHOL/MESO)
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Chart 1. Chart 1. Molecules used for the preparation of liposomes.
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liposomes, respectively (Fig. 7B and Fig. 8B). These results sug-
gested that the mechanism of internalizazion of F2a and F4a
involves both clathrin- and caveolae-mediated endocytosis. How-
ever, for the liposome formulation F4a the prominent endocytotic
patway was through clathrin, thus probably involving late endo-
somes and lysosomes, as previously observed [56].

2.5. Transport studies on an in vitro iBMECs model

The liposomes, previously evaluated in iBMECs monolayer,
were loaded with KYNA to assess the passage across the 2D iBMECs
transwell model. KYNA is a neuroactive end-product of the kynur-
enine pathway of tryptophan degradation|[73] that was reported to
poorly cross the BBB.[74].

The transport of KYNA loaded into liposomes was compared
with the permeability of free KYNA (Table 3 and Fig. 9). After 1 h
of incubation, samples from the apical (blood side) and basal
chamber (brain side) were taken and KYNA was quantified by
HPLC. Cells were able to form a functional tight barrier as con-
firmed by the high TEER (mean 6346 Q-cm?; threshold~1000
Q-cm?) and no significant toxicity was observed. The low perme-
ability of the paracellular marker Lucifer yellow (LY,
Permeability < 0.6 x 10-6 cm/s; below the established threshold
1.2-1.3), included as internal control in each filter used for trans-
port studies, indicated the maintenance of the BBB properties for
the duration of the whole study. Above a threshold TEER value of
1000 Q-cm? the hiPSC-derived BMECs displayed a comparable luci-
fer yellow permeability, indicating that this TEER values is suffi-
cient to maintain the barrier stability as already demonstrated in
our and other laboratory. [43,75,76].

The permeability of KYNA loaded in DPPC/CHOL liposomes
(F1b) was comparable with that of free KYNA (1.6 x 10~® cm/s ver-
sus 1.3 x 107° cm/s, respectively). KYNA entrapped in the lipo-
somes formulated with the gemini amphiphiles (F2b-F4b)
showed instead a significantly higher (p < 0.01) permeability with
respect to KYNA alone. Moreover, the permeability of KYNA loaded
on DPPC/CHOL/SS liposomes (F2b) was higher than that of KYNA
loaded on DPPC/CHOL/SS/mPEG-DSPE (F3b) and on DPPC/CHOL/
MESO liposomes (F4b).

Crossing of BBB by a molecular species or a nanoparticle
involves transcytosis, ie. their internalization of one side of the
cell, their transport across the cell and hence the ejection on the
other side. As supported by the internalization study, F3a and
F4a as well as F2a are internalized in the iBMECs, thus the different
permeability across the transport model observed for these formu-
lations suggested that the decoration of liposome surface with PEG
or gemini components in the lipid membrane could trigger the
activation of additional intracellular pathways that compete with
the completion of transcytosis. The different intracellular fate of
SS and MESO based liposomes was reported previously, indeed
SS containing liposomes were observed mostly in early endosomes
whereas MESO containing liposomes were found in late endo-
somes and lysosomes.|54,56] The permeability of KYNA loaded in
F5b liposomes (DPPC/CHOL/SS/PA-PEG3-mannose) was under the
limit of quantification (200 nM), even though uptake experiments
on endothelial cells in monolayer indicated a high extent of cell
internalization of F5a liposomes. This lack of correlation between
transport in brain endothelial cells in monolayer and in the tran-
swell configuration could be due to a difference in the endogenous
sorting of the liposomes and to a higher trafficking to the degrada-
tion pathway in the BBB model.

3. Conclusion

Cationic liposomes composed of DPPC, cholesterol and a gemini
amphiphile (diastereomeric SS or MESO) were formulated and
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characterized with the aim of investigating their interaction with
cell culture models of BBB. The study was focused on the effect
of the gemini and their stereochemistry on the capability of lipo-
somes to interact and cross BBB. The effect of the concurrent pres-
ence of both a gemini and a mannosylated lipid on liposome
features was also studied.

Cell viability assays showed that the investigated liposomes
were not toxic at the explored concentrations.

Transport experiments on iBMECs monolayer indicated that the
presence of gemini in the formulations promotes internalization in
the human brain endothelial cells derived from iPSCs. In addition,
their transport across the in vitro human BBB model indicated their
capability to be first endocytosed and then released at the basolat-
eral side, i.e. to be subjected to transcytosis. Indeed, the permeabil-
ity of KYNA loaded in cationic liposomes containing a gemini
amphiphile was significantly higher compared to free KYNA and/
or to KYNA loaded in neutral liposomes (DPPC/CHOL), used as
controls.

Noteworthy, the capability to cross the BBB model was affected
by the stereochemistry of the gemini as the formulation with gem-
ini SS (F2b) showed a higher permeability compared to the formu-
lation containing the MESO diastereomer (F4b). This result
confirms that the stereochemistry of the gemini, by influencing
lipid organization and the physico-chemical properties of lipo-
somes, also controls their biological fate. Furthermore, PEG-
decorated-liposome (F3b) were able to cross the BBB model,
though a lower permeability was observed with respect to the
non-pegylated formulation F2b (9.9 x10° cm/sec vs 16.2 x10°
cm/sec, Table 3).

The experiments on liposomes formulated with both gemini SS
and a mannosylated lipid surprisingly suggested on the one hand
the uptake by iBMECs monolayer but on the other a very low per-
meability across the BBB model, likely due to a higher trafficking of
this formulation to the degradation pathway in the BBB model.

Liposome formulation transport through the BBB seemed to
involve more than one mechanism. Firstly, transport of formula-
tions at 4 °C was less efficient due to reduced cell-membrane flu-
idity and dynamics. Secondly, the treatment of cells with
endocytosis-specific inhibitors reduced the uptake of F2a and
F4a. Therefore, liposome formulations use a dynamin-dependent
endocytic pathway, including both clathrin- and caveolin-
dependent endocytosis.

Probably the involved mechanism is adsorptive-mediated
transport, a process triggered at first by electrostatic interactions
between the positively charged particle and the negatively charged
glycocalyx of BBB endothelial cells, and then mediated by specific
interaction between liposomes and cell membrane, as indicated
by the differences observed in liposome internalization and trans-
port of KYNA across the BBB. The observed differences can be
ascribed to specific interaction of the different liposomes with
given lipid domains of cell membrane.

The established in vitro iPSC-derived BBB models represent an
important advancement in the pre-clinical evaluation of CNS ther-
apeutics towards improving translation.[77| Further studies are
needed to describe the extension of the therapeutic potential of
these formulations.

4. Experimental material and methods
4.1. Materials and instruments

1,2- dipalmitoyl- sn- glycero- 3- phosphocholine (DPPC, >99%);
1,2- distearoyl- sn- glycero- 3-phosphoethanolamine-N[methoxy(

polyethyleneglycol)2000] (ammonium salt, mPEG-DSPE, >99%);
1,2-dipalmitoyl-sn-glycero-3-phospho(ethyl-1’,1’,3'-triazole)trie
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thyleneglycolmannose) (ammonium salt, 16:0 PA-PEG3-man
nose > 99%); 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC,>99%), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanola
mine-N-((7-nitro-2-1,3-benzoxadiazol-4-yl) ammonium salt,
(NBD-PE 16:0) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanola
mine-N-(lissamine rhodamine B sulfonyl) ammonium salt (Rhod-
PE 16:0) were purchased from Avanti Polar Lipids (Alabaster, AL,
USA). Cholesterol (CHOL, >99%), kynurenic acid (KYNA, >98%) and
all reagents and solvents for synthesis were purchased from
Aldrich.

Methanol (MeOH), acetonitrile (ACN) and water (HPLC-grade)
were purchased from VWR International S.r.I. (Milan, Italy); formic
acid was supplied by Carlo Erba (Milan, Italy).

HBSS (Hanks’ Balanced Salt solution) buffer solution (pH 7.4)
was composed of: 1.26 mM CaCl,, 049 mM MgCl,-6H,0,
0.41 mM MgS04-7H,0, 5.37 mM KCl, 0.44 mM KH,PO4, 4.17 mM
NaHCOs, 136.9 mM Na(Cl, 0.34 mM Na,HPO,4, 5.55 mM Dextrose.
HEPES was added to have a final 10 mM concentration.

Gemini amphiphiles SS and MESO were prepared as previously
described.[71].

4.2. Preparation and characterization of liposomes

4.2.1. Preparation of empty liposomes

Liposomes were prepared according to the lipid film hydration
protocol[78] followed by the extrusion procedure.[79] Proper
amounts of lipid and amphiphile solutions (in CHCl5) were poured
in a round bottom flask, dried under rotary evaporator and then
under high vacuum (6 h) to completely remove the solvent and
obtain a thin lipid film. The film was dissolved in HBSS-HEPES buf-
fer solution to get a MLVs suspension of the desired concentration.
The suspension was subjected to six freeze-thaw cycles (freezing
in liquid nitrogen and heating at 43 °C, i.e., above T,) and then
extruded 10 times (10 mL Lipex Biomembranes extruder) under
high pressure through a 100 nm polycarbonate membrane (What-
man Nuclepore) to reduce particle size. In the case of F3a (DPPC/
CHOL/SS/mPEG-DSPE, Table 1), mPEG-DSPE was added after the
extrusion and the resulting solution was left to incubate for
90 min at 60 °C to promote the inclusion of mMPEG-DSPE in the lipid
bilayer.

Liposomes for monolayer experiments or confocal microscopy
investigations were labelled with fluorescent lipids (NBD-PE
16:0, Rhod-PE16:0) that were added to the formulation in the step
of lipid film preparation. Fluorescent lipids were 0.3 % of total lipid
composition. The presence of the fluorescent lipids did not affect
the physico-chemical properties of the liposomes (Dy, PDI, Ty,
stability).

4.2.2. Preparation of KYNA-loaded liposomes

Liposomes entrapping KYNA (Table 1) were prepared by the
same method described above. In this case, the film was hydrated
with a 1 mM KYNA solution (in HBSS-HEPES buffer, pH 7.4) to
obtain a 10 mM final concentration of total lipids.

After extrusion, free KYNA was removed from the formulation
by size exclusion chromatography following the mini-column cen-
trifugation method [80]: 400 pL of liposome suspension were
loaded on a mini-column (1 mL volume) filled with G-50 sephadex
resin, then the minicolumn was centrifuged at 3000 rpm for 3 min.
Free KYNA is retained in the column whereas liposomes are eluted.

4.2.3. Evaluation of KYNA content and release from liposomes

The content of KYNA in liposomes was monitored over a period
of 24 h.

From the liposome suspension obtained after the first filtration
(corresponding to tg), portions were taken at different times and
filtered on their turn to remove released KYNA.
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Each filtered sample was analysed by HPLC to assess residual
KYNA into liposomes. The amount of cholesterol was also mea-
sured in order to monitor lipid concentration after the filtration
and correct KYNA concentration in the various samples in case of
dilution due to elution. In the plot (Fig. 2), the percentage of
released KYNA is reported as a function of time.

Chromatographic analysis was carried out by a dual Labflow
3000 solvent delivery system (Labservice Analytica Spa, Bologna,
Italy) equipped with a Knauer solvent mixing chamber and a
model 7125 Rheodyne injector. The system was connected to
SPD-M10A diode-array detector supplied by Shimadzu (Milan,
Italy). A Synergy 4u Fusion RP-80A, C18 (150 x 4.6 mm id, 4 um
particle size) polar embedded column from Phenomenex (Castel
Maggiore, Bologna, Italy), equipped with HPLC guard cartridge sys-
tem (4 x 3.0 mm) of the same packing material, was employed for
the analysis.

Before HPLC analysis, samples were properly diluted with
MeOH in order to obtain liposome disruption and complete solubi-
lization of membrane components. Chromatographic elution was
carried out in gradient mode by using the following solvent sys-
tem: 0.1 % formic acid in water (phase A) and 0.1 % formic acid
in ACN (phase B). The gradient program was: from 0 to 6 min, 15
% B; from 6 to 10 min, phase B increases up to 100 %, 10-35 min,
100% B. Before use, the mobile phase was degassed for 20 min in
an ultrasonic bath. The flow rate was 1 mL min~' and the sample
injection volume was 20 pL. KYNA and cholesterol were monitored
at 242 nm and 205 nm, respectively.

Method validation was carried out, according to the procedure
described above, by assessing linearity, sensitivity and precision.
Individual stock standard solutions of KYNA (526 pM) and choles-
terol (2000 M) were prepared in water and in MeOH, respectively.
Two different calibration curves were constructed for KYNA by
injecting in triplicate working standard solutions in lower (0.5 -
20 uM) and higher (20 - 526 pnM) concentration range (n = 6). Both
calibration curves were linear in the concentration ranges studied
and the correlation coefficients were > 0.9995. In the case of
cholesterol, the calibration curve and the linear range of detector
response were evaluated by analyzing in triplicate working stan-
dard solutions in 25-2000 uM concentration range (n = 6). The lin-
earity was confirmed by R? = 0.9998.

Limit of detection (LOD) and limit of quantitation (LOQ) for each
analyte were determined by using a signal-to-noise ratio of 3 and
10, respectively. LODs were found to be 60 nM for KYNA and 8 M
for cholesterol. LOQs were found to be 200 nM and 25 pM for KYNA
and cholesterol, respectively.

Precision of the method was assessed in terms of repeatability
and reproducibility. Intra- and interday precisions, expressed as
relative standard deviation (RSD) of migration time and peak area,
were evaluated by performing six consecutive injections of the
same solution in the same day (RSD < 1 %) and over three days
(RSD < 5 %).

4.2.4. Liposome composition

Liposome composition was assessed by NMR, except for KYNA
whose concentrations were assessed by HPLC as reported in the
previous paragraph. Details are reported in the Supplementary
material.

4.2.5. Dynamic light scattering and {-potential measurements
Particle size and polydispersity index (PDI) were investigated
by dynamic light scattering measurements (DLS). All light scatter-
ing measurements were performed by Malvern Nano-ZetaSizer
spectrometer equipped with a 5 mW He/Ne laser (A = 632.8 nm).
This system uses backscatter detection, i.e., the scattered light is
collected at an angle of 173°, and this is a significant advantage,
because this angle is less sensitive to multiple scattering effects
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compared to the more conventional 90°.[81] Temperature was set
at 25 °C and the measured autocorrelation function was analysed
by using the cumulant fit. The first cumulant was used to obtain
the average diffusion coefficients D of the particles further con-
verted into an apparent average hydrodynamic diameter, D, by
using the Stokes-Einstein relationship.

KT
~ 3mD

Dy,

where K, T is the thermal energy and # is the solvent viscosity.
The reported values of the hydrodynamic diameter correspond to
the average values over several measurements.

All the liposome suspensions were diluted to 1 mM lipid in
HBSS-HEPES buffer prior to measurements and samples Fla-F5a
were monitored daily for 14 days to evaluate their stability with
regard to aggregation phenomena.

The {-potential of cationic formulations was determined from
the electrophoretic mobility P measured using MALVERN
NanoZetasizer. Analysis of the Doppler shift to determine the elec-
trophoretic mobility was done by using phase analysis light scat-
tering (PALS)[82], a method that is especially useful at high ionic
strengths where mobilities are usually low. The mobility p was
converted into the {-potential using the Smoluchowski relation.
Liposomes were diluted up to 1 mM in diluted (1:140) HBSS-
HEPES buffer and low applied voltages were used to avoid the
occurrence of effects due to Joule heating.

4.2.6. T,, determination

The intensity of light scattered at a fixed angle by a liposome
solution have been employed to characterize the lipid bilayer orga-
nization.[83] It is known that the phase transitions of lipids, at the
critical temperature T,, (pre-transition or main transition temper-
ature), implies modifications of lateral diffusion, lateral expansibil-
ity, bilayer thickness, bending, permeability, etc.,, which are
reflected in changes of the refractive index. Given the scattered
light intensity strictly related to this index the method can be very
effective to determine the transition temperature in lipid mem-
branes. The method has been successfully used to determine the
thermotropic lipid phase transitions (with characteristic transition
temperatures T;,) related to the phase of the lipids in the bilayer
[84] and their remodelling within the bilayer.[52].

4.3. In vitro experiments on cellular models

4.3.1. Cell cultures

BJ and HUVEC cells were cultured at 37 °C in a humidified atmo-
sphere containing 5% carbon dioxide. HUVECs (pooled donors)
were purchased from ThermoFisher Scientific (Waltham, MA,
USA), and grown in complete endothelial cell growth medium
(EndoPan 3 Kit, Pan Biotech, Aidenbach, Germany). For the
reported experiments, we used HUVECs between passage two
and six. B] were purchased from ATCC (Manassas, VA, USA) and
cultured in EMEM (ThermoFisher Scientific), supplemented with
10% fetal bovine serum (ThermoFisher Scientific). Cells were regu-
larly checked to exclude mycoplasma contamination by Mycoalert
Detection Kit (Lonza, Basel, Switzerland).

4.3.2. MTS assay

Liposome toxicity was evaluated on both B] and HUVEC cells
viability by Cell Titer 96 Aqueous One Solution Cell Proliferation
Assay (Promega, Madison, WI, USA). Two thousand cells were
seeded on a 96-well plate in complete medium. Twenty-four hours
later, culture medium was replaced by Optimem (ThermoFisher
Scientific) and cells exposed to 5, 10 or 50 uM liposomes. After 6
or 24 h exposure, liposomes were removed, and cells cultured in
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complete growth medium for up to 72 h before MTS. Cell viability
was calculated as the ratio between the absorbance of treated and
control (sham-treated) cells. Mean values and standard deviation
were generated from three biological replicates. Each experiment
was performed at least two times.

4.3.3. Confocal microscopy

For detection of fluorescently-labelled liposomes, cells were
exposed to 50 uM liposomes for 24 h, washed in PBS and fixed in
4% paraformaldehyde for 15 min. Cytoscheleton was immunos-
tained by primary mouse anti-o-tubulin antibody, 2 h at room
temperature (1:250, Sigma-Aldrich, St. Louis, MO, USA). Cells were
washed and incubated in PBS containing 5 % Normal Donkey
Serum and 1 % BSA with Alexa Fluor 555 or 488 donkey anti-
mouse secondary antibody (1:500; Life Technologies, Waltham,
MA, USA) for 1 h at RT in humid chamber. Cells were washed, incu-
bated with 4/,6-diamidino-2-phenylindole (DAPI, 1:2000; Sigma-
Aldrich, St. Louis, MO, USA) for 5 min, and washed again before
mounting the coverslips with mounting medium. Images were
acquired using a laser confocal microscope Olympus FV1200, with
the following excitation/emission wavelengths: 488/520 nm
(green o-tubulin), 553/568 nm (red o-tubulin); 559/591 nm (Rho-
damine Red); 463/536 nm (18:1 NBD-PE) and 405/461 nm (DAPI).

4.3.4. Uptake of liposomes on iBMECs

iBMECs differentiated from iPSC, as previously described [43],
were plated (2 x10° cells/well) on collagen/fibronectin coated 24
well plates (Falcon) and incubated in human endothelial serum-
free cell medium (hEC, Thermo Fisher) containing 20 ng/mL bFGF
(STEMCELL Tech) and and 1x B27 (Thermo Fisher) with 10 uM reti-
noic acid (RA, Sigma) for 24 h. After 24 h the medium was changed
with hEC without bFGF and RA and incubated for additional 24 h.
iBMECs monolayers were then washed twice with HBSS (pH 7.4),
containing 10 mM HEPES, and incubated with 500 pL of liposomal
formulations for 1 h at both 4 °C and 37 °C. To investigate internal-
ization mechanism, iBMECs were pre-incubated with different
endocytosis inhibitors such as nocodazole (35 pM) and filipin
(2 uM) for 30 min before application of liposomal formulations.

At the end of incubation, the cells were washed three times
with the blocking buffer (phosphate buffered saline (PBS) contain-
ing 1% bovine serum albumin (BSA)) to remove unbound or cell-
associated liposomes and fixed in 4 % paraformaldehyde for
20 min at room temperature. Cells were permeabilized by washing
five times (2 min each) with PBS/0.1 % Triton X-100 and blocked in
blocking buffer for 2 h at room temperature. Primary antibodies
(anti-ZO1 Mouse Monoclonal antibody, Invitrogen cat.n. 339100),
diluted 1:100 in blocking buffer, was added and incubated over-
night at 4 °C. Cells were then washed four times and incubated
in blocking buffer with the secondary antibody (Rabbit anti-
mouse IgG (H + L) Alexa Fluor 594, Life technologies, cat.n.
A11062), diluted as recommended by the manufacturer, and the
nuclear stain Hoechst 33,342 (2 pM) for one hour at room temper-
ature. At the end of incubation cells were washed three times with
phosphate buffered saline (1XPBS) and were imaged with the
INCell Analyzer 6000 (GE Healthcare) equipped with a 20X objec-
tive lens and a FITC, DAPI, and dsRed excitation/emission filters
(488/520, 405/455 and 561/605, respectively). In order to capture
enough cells for the analysis (>2000/condition), 6 different fields
were acquired/condition. For the quantification analysis, the InCell
Developer Toolbox software (GE Healthcare, v1.9) was used.
Hoechst 33,342 fluorescence was used to count the number of
cells, while ZO1 fluorescence to identify the plasma membrane
region of each cell and NBD-PE fluorescence to identify each lipo-
somal spot. Each measure reported as relative fluorescence inten-
sity (RFI) was performed in individual cells and then averaged
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within each condition. Cells exposed to NBD-free liposomes were
used to calculate the background fluorescence (LLOQ).

4.3.5. Transport experiments

In vitro model of the BBB established by co-culture of iBMECs
and human astrocytes[43] was used for transport studies. Mea-
surement of TEER, transport studies and derivation of permeability
coefficients were carried out as reported.[85] In each filter, a para-
cellular marker (Lucifer yellow) was added as internal control of
the tightness of the monolayer. Lucifer yellow was quantified by
fluorescence spectrophotometry (SAFIRE TECAN, Microplate Fluo-
rescence reader).

4.3.6. Bioanalysis

KYNA was quantitated with the HPLC system previously
described in Section 2.1. Aliquots from the receiver and donor
chambers were diluted with an equal volume of quenching solu-
tion for protein precipitation (0.1% formic acid (FA) in acetonitrile
(ACN) containing dextromethorphan (5 pm) as an internal stan-
dard (IS). Samples were then vortexed and centrifuged at 4000xg
for 10 min at 4 °C. 600 pL of the supernatant were evaporated
under nitrogen at 30 °C and reconstituted with 100 pL of mobile
phase. In parallel a standard curve was generated and finally, the
samples were injected into the HPLC system for analysis. 12 points
calibration curve for test compound in duplicate was prepared in
HBSS-HEPES buffer and processed as the samples. Procedural
blanks were included during analyses to assess the carryover. Limit
of quantitation (LOQ) was estimated as the lowest calibration stan-
dard concentration, included in the linear range, having a signal-
to-noise ratio of 10. It was found to be 31.3 nM. The proper mobile
phases and gradient conditions were selected to obtain the best
retention and separation of the test compound. Mobile phase con-
sisted of water (phase A) and ACN (phase B), both acidified with
0.1% formic acid. In particular, the elution profile was as follow:
0-6 min, 85-15% B (v/v); 6-17 min, 15-50% B; 17-18 min, 50%
B; 18-19 min, 50-100 %B; 19-37 min, 100% B. KYNA and IS were
monitored at 242 nm and 280 nm, respectively.

4.3.7. Statistical analysis

Statistical analysis was performed using one-way (liposome-
loaded KYNA) or two-way (NBD-PE labelled liposomes) analysis
of variance (ANOVA) followed by Bonferroni multiple comparison
post-hoc test (GraphPad Prism 8.4.3, San Diego, CA, USA). Formula-
tions were tested in triplicate, at least two independent experi-
ments were performed, and data are expressed as
mean + standard deviation (SD) or standard error of the mean
(SEM). The difference was considered statistically significant for
P < 0.05.

5. Supplementary material

Determination of final liposome composition by NMR, confocal
microscopy images and haemolytic assays are available as supple-
mentary material.
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