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ARTICLE INFO ABSTRACT

Keywords: Podocytes, cells of the glomerular filtration barrier, play a crucial role in kidney diseases and are gaining
BDNF attention as potential targets for new therapies. Brain-Derived Neurotrophic Factor (BDNF) has shown promising
Low temperature sensitive liposomes results in repairing podocyte damage, but its efficacy via parenteral administration is limited by a short half-life.
}lj:()it(;e;;t:cap sulation Low temperature sensitive liposomes (LTSL) are a promising tool for targeted BDNF delivery, preserving its
Peptide-functionalized nanocarriers activity after encapsulation. This study aimed to improve LTSL design for efficient BDNF encapsulation and
P!
targeted release to podocytes, while maintaining stability and biological activity, and exploiting the conjugation
of targeting peptides. While cyclic RGD (cRGD) was used for targeting endothelial cells in vitro, a homing peptide
(HITSLLS) was conjugated for more specific uptake by glomerular endothelial cells in vivo. BDNF-loaded LTSL
successfully repaired cytoskeleton damage in podocytes and reduced albumin permeability in a glomerular co-
culture model. cRGD conjugation enhanced endothelial cell targeting and uptake, highlighting an improved
therapeutic effect when BDNF release was induced by thermoresponsive liposomal degradation. In vivo, targeted
LTSL showed evidence of accumulation in the kidneys, and their BDNF delivery decreased proteinuria and
ameliorated kidney histology. These findings highlight the potential of BDNF-LTSL formulations in restoring
podocyte function and treating glomerular diseases.

1. Introduction the glomerular filtration barrier (GFB)(Cellesi et al., 2015) are particu-
larly susceptible to various biological stresses, including genetic muta-
tions, as well as inflammation, toxicity, metabolic imbalances, and

altered hemodynamics(Barutta et al., 2022; Cellesi et al., 2015). Their

Current treatments for managing or mitigating kidney damage often
suffer from adverse side effects and limited efficacy(Whittaker et al.,

2018). To tackle this problem, it is crucial to develop targeted therapies
that deliver drugs in a selective manner to increase efficacy and mini-
mize adverse effects(Bruni et al., 2017; Huang et al., 2021).

Among possible cell targets, podocytes have become a focus in recent
years as a key target in renal diseases (Bruni et al., 2017; Cellesi et al.,
2015; Colombo et al., 2017). These highly specialized polarized cells of

damage leads to structural (foot process retraction and cell detachment)
and functional (increased protein leakage though GFB) derangements
(Cellesi et al., 2015).

Recent studies demonstrated that the neurotrophin Brain Derived
Neurotropic Factor (BDNF) has restorative effects on podocyte cyto-
skeleton damage in vitro and in vivo(Li et al., 2015) Upon binding to its
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receptor tropomyosin-related kinase-B (TrkB), also expressed by this cell
type(Géral et al., 2013; Li et al., 2015), BDNF stimulates actin poly-
merization by activation of the kinase Limk1 and cofilin phosphoryla-
tion resulting in improved podocyte structure and reduced protein loss
(Li et al., 2015). These findings constitute the basis for a possible
treatment of chronic kidney diseases(Badenski et al., 2022; Gao et al.,
2022; Lee et al., 2015; Leeuwis et al., 2010; Ozkan et al., 2022). Since
BDNF is a promising biotherapeutics for treating neurological disorders
(Géral et al., 2013), its safety has been established through human trials,
although its efficacy is limited by its short half-life in blood circulation
(Géral et al., 2013), and the applicability of BDNF is also hindered by the
expression of TrkB by multiple cell types(Andreska et al., 2020;
Cardenas-Aguayo et al., 2013; Géral et al., 2013; Kraemer et al., 2005).
To maximize its therapeutic potential, it is essential to develop
biocompatible nanocarriers that can selectively deliver BDNF to the
target cells while protecting it from rapid clearance in the bloodstream.

Recent advancements in nanomedicine and drug delivery have led to
the development of new nano-based therapeutics for treating various
kidney diseases, such as kidney cancer(Kulkarni et al., 2016; Liu et al.,
2015; Singh et al., 1989), acute kidney injury, and chronic kidney dis-
ease(Huang et al., 2021; Scindia et al., 2008; Suana et al., 2011; Wang
et al., 2020; Zhou et al., 2021) (Oroojalian et al., 2020). Despite the
remarkable promise, their efficacy is limited by biological barriers
encountered in the blood circulation and at the kidney target sites.

Liposomes are a widely recognized nanodelivery system with sig-
nificant clinical acceptance. They consist of biocompatible vesicles
composed of at least one phospholipid bilayer that envelops an aqueous
core?”> 28, When decorated with polyethylene glycol (PEG), liposomes
significantly reduce the risk of opsonization and clearance by the
mononuclear phagocytic system during blood circulation(Hwang et al.,
2012; Immordino et al., 2006; Pattni et al., 2015). Additionally, lipo-
somes can be easily modified with ligands, such as antibodies or homing
peptides, for improved targeting. By encapsulating hydrophilic drugs
specific for podocytes and targeting them to the glomerulus, exposure to
undesirable substances in vivo can be avoided.

Recently, PEGylated low temperature sensitive liposomal formula-
tions have been optimized to encapsulate a range of payloads, including
large macromolecules and proteins, such as BDNF, while preserving
their activity in vitro(Huang et al., 2017). Low temperature sensitive
liposomes (LTSL) offer key benefits compared to traditional liposomes.
Their relatively low gel-liquid crystal transition temperature (Tm) en-
ables protein encapsulation under mild conditions, which is often
crucial for avoiding protein denaturation(Xu et al., 2012). Moreover,
these liposomes may also be used for triggered drug delivery to cells,
tissues, and organs, through the use of local hyperthermia(Chaudhry
et al., 2022; Ta and Porter, 2013) or high-intensity focused ultrasound
(Gasselhuber et al., 2012; Zhan et al., 2019). In fact, at body temperature
the lipid membrane has low permeability for hydrophilic compounds,
while above the Tm, when the targeted area is exposed to a local in-
crease in temperature, the drug is released, either by increasing the
permeability of the membrane or by causing its rupture(Chaudhry et al.,
2022; Ta and Porter, 2013).

When selecting liposomal nanocarriers for targeted podocyte de-
livery, it is important to consider the size limitations imposed by the
kidney filtration barrier. This barrier, which is composed of the
glomerular endothelium, the glomerular basement membrane, and
podocyte filtration slits, has a maximum effective size cutoff of 5-10 nm
for the entry of molecules and particles into the urinary space(Bruni
etal., 2017). As a result, intact liposome-based nanocarriers are unlikely
to cross this barrier to reach the podocytes. However, by designing the
nanocarriers to release their payload in close proximity to the podocyte
layer, the therapeutic molecules can be effectively delivered to their
intended target.

In this study, we aimed to design LTSL for the encapsulation and
targeted delivery of BDNF to podocytes, while maintaining stability and
biological activity, and exploiting the conjugation of targeting peptides
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to enhance the therapeutic effect in vitro (Fig. 1).

While cyclic RGD (cRGD) can be selected for targeting endothelial
cells in preliminary in vitro assessment, a more targeted peptide specific
to kidney glomeruli is necessary to achieve in vivo translation. The
peptidic sequence HITSLLS (abbreviated as HIT) was previously iden-
tified to home to the endothelial glomeruli using in vivo phage display
(Denby et al., 2007; Denby et al., 2006; Gray and Brown, 2014). This
peptide was therefore selected and modified with a terminal cysteine
(HITSLLSC) to be conjugated to the distal end of the maleimide-
functionalized PEGylated phospholipids of liposomes through Michael
type addition. The nanosystems were assessed in vitro on podocyte and
endothelial cell cultures, and via a podocyte-endothelial cell co-culture
device as a GFB model. Preliminary in vivo evaluations were finally
conducted to assess the effectiveness of the nanoformulation on murine
glomeruli repair and identify potential obstacles for its future translation
as a promising strategy for treating glomerular diseases.

2. Materials and methods
2.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-palmitoyl-
2-hydroxy-sn-glycero-3-phosphocholine  (P-Lyso-PC),  Cholesterol
(Chol), (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethyleneglycol)-2000] (DSPE-PEG2000), 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhod-
DPPE), 1,2-distearoyl-sn-glycero-3-phosphoethanola-mine-N-maleimide
(polyethylene glycol) (DSPE-PEG2000-Mal) were purchased from
Avanti Polar Lipids (Alabaster, US). Albumin-fluorescein isothiocyanate
conjugate (FITC-albumin), fluorescein isothiocyanate isomer I (FITC,
>90 % (HPLC)), bovine serum albumin (BSA), tris(2-carboxyethyl)
phosphine (TCEP, immobilized on Agarose CL-4B), Adriamycin (ADR),
collagenase II and IV, Paraformaldehyde (PAF) were purchased from
Sigma-Aldrich (Milan, Italy). HBS was purchased from Euroclone S.p.a,
Italy, Milano. vWF antibody was purchased from DAKO Agilent Tech-
nologies Singapore (International) Pte Lt and secondary AlexaFluor 488
donkey anti rabbit from Invitrogen- Thermo Fisher Scientific (MA USA).

Brain-derived neurotrophic factor (BDNF, human recombinant) was
obtained from QED Bioscience Inc. (Histo Line, Milano, Italy). RGD-(D-
Phe)-C (cRGD), Ac-HITSLLSC-NH2 (HIT) were synthesized by CASLO
ApS (Lyngby, Denmark).

2.2. Preparation of BDNF-loaded liposomes

Liposomes [(LTSL: DPPC/P-Lyso-PC/DSPE-PEG2000 = 90/10/4
(mol/mol)] were prepared by the lipid film hydration and extrusion
method. Respective lipids (total lipids content was 10 pmol) were dis-
solved in dichloromethane/methanol mixed solutions (V/V = 9/1) in a
round-bottomed flask, and the solvent was evaporated under vacuum in
a rotary evaporator until a thin lipid film was formed. Then 100 ug of
BDNF dissolved in 0.5 ml PBS buffer (10 mM, pH = 7.4) was used to
hydrate the lipid film at 50 °C to obtain a lipid concentration of 20 mM.
Afterward, the suspension of multilamellar vesicles (total lipid concen-
tration 20 mM) were subjected to 6 freeze-thaw cycles and sized by
repeated extrusion (Avanti extruder) through polycarbonate membranes
(pore size 0.1 pm) to obtain unilamellar liposomes. Free BDNF was
separated from BDNF-loaded liposomes (BDNF-LTSL) by gel filtration
chromatography through a Sepharose CL-4B column (Sigma-Aldrich,
Milan, Italy). When fluorescent nanocarriers were needed for in vitro/in
vivo tests, liposomes were labelled with 0.2 mol% of rhodamine through
the inclusion of Rhod-DPPE.

2.2.1. Loading and encapsulation efficiency

2 pL of Triton-X100 (10 %, v/v) was added to 50 pl of BDNF-LTSL to
disrupt the liposome compartments, incubated for 30 min, and diluted in
PBS buffer to a total volume of 100 pL. The concentration of BDNF was
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Fig. 1. BDNF proteins (a) are encapsulated in LTSL (b), which are further functionalized with targeting peptides (c). The nanosystem was assessed in vitro via a
podocyte-endothelial cell co-culture device as GFB model (d) and in vivo to evaluate accumulation and releases on murine glomeruli (e).

determined through BDNF Elisa Kit Assay (Abcam, Milan, Italy) ac-
cording to the manufacturer’s protocol. Encapsulation efficiency (EE)
and loading efficiency (LE) were calculated as follows:

totalymolofpayloadtrappedinliposomes
totalumoloflipids

LE(%) = x 100 @

totalamountofpayloadtrappedinliposomes

0,
EE(%) = totalamountofpayloadadded

x 100 2)

2.2.2. Dynamic light scattering (DLS) analysis

Liposomal formulations were diluted to 0.5 mM with PBS buffer (10
mM, pH = 7.4) and the average particle size and size distribution were
measured by DLS via a Zetasizer Nano ZS (Malvern Instruments Ltd.,
UK) equipped with a 4 mW helium/neon laser at a wavelength output of
633 nm and a backscattering angle of 173° at 25 °C.

2.2.3. Sds-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE analysis was carried out on samples where the protein
amount per band was standardized to 2-5 pg. Electrophoresis was run in
a constant current mode at 200 V on discontinuous stacking (5 %) and
separating gels (15 %). Gels were stained by Brilliant blue R (Sigma)
solution (0.1 % Brilliant Blue R, 25 % ethanol, 8 % acetic acid.).

2.2.4. Peptide conjugation

Firstly, LTSL was modified with maleimide functional groups by
incorporating 2 mol % of DSPE-PEG2000-Mal to the liposomal formu-
lation [DPPC/P-Lyso-PC/DSPE-PEG2000/DSPE-PEG2000-Mal = 90/
10/2/2 (mol/mol)]. Maleimide bearing LTSL encapsulated with BDNF
(BDNF-LTSL-Mal) were prepared by the lipid film hydration method as
described previously. Then ¢cRGD or HIT peptide (1 mg/ml) was pre-
treated with TCEP immobilized on Agarose CL-4B to reduce the exist-
ing disulfide bonds according to the protocol provided by the manu-
facturer, and 12 pL peptide solution [peptide/maleimide (mol/mol) =
1/10] was added into the aqueous solution of BDNF-LTSL-Mal and the
reaction was carried out at 4 °C for 24 h. Excess amount of unbound
peptide was removed by gel filtration through a Sepharose CL-4B col-
umn and the peptide-conjugated BDNF-LTSL suspension (BDNF-LTSL-
cRGD or BDNF-LTSL-HIT) was obtained.

2.3. In vitro assessment

2.3.1. Cell cultures

The mouse microvascular endothelial cell line (EOMA) was obtained
from ATCC (ATCC number: CRL-2586, LGC Standards S.r.L., Sesto San
Giovanni, Milan, Italy) and used as a capillary endothelium model. As
indicated by the ATCC protocol, cells were grown in DMEM/F12 sup-
plemented with 10 % FBS, 100 U/ml penicillin, 100 mg/ml strepto-
mycin, 4 mM L-glutamine.

The conditionally immortalized mouse podocytes (SV1) were ob-
tained from CLS (CLS Cell Line Service Ltd, Eppelheim, Germany). Cells
were cultured at 33 °C in DMEM/F-12 containing 10 % of FBS, 100U/ml
penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine and 20 U/ml
recombinant mouse gamma-interferon (y-IFN) for proliferation. To
initiate the differentiation, cells were thermo-shifted to 37 °C and
maintained in medium (DMEM-F12, supplemented with 10 % FBS, 5
mg/ml transferrin, 107 M hydrocortisone, 5 ng/ml sodium selenite, 0.12
U/ml insulin, 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM L-
glutamine) without y-IFN.

2.3.2. Fluorescence microscopy

SV1 podocytes were seeded on cover slips in 6 well plates with a
seeding density of 2 x 10%/wells and culture at 37 °C in completed
medium without y-interferon for 3-4 days. Cells were incubated with
0.8 pM ADR for 24 h to cause damage of the cells. Then free BDNF and or
BDNF-LTSL (200 ng/ml) were added to the cells and incubated for 48 h.

Phalloidine staining of the podocyte cytoskeleton was obtained by
fixing the cells with 4 % paraformaldehyde for 10 min and then per-
meabilized with 0.3 % Triton X-100. Afterwards, cells were incubated
with 1 % of BSA for 30 min at room temperature (RT) to block any
unspecific recognition. Then a mixed solution of Phalloidin-FITC
(Sigma-Aldrich) at 1:100 dilution and DAPI at 1:1000 dilution was
added and further incubated for 1 h at RT. After 1 h incubation, the
mixed solution was removed, and the cells were washed thoroughly with
PBS several times and mounted. Images were acquired by Zeiss Axi-
oObserver microscope equipped with high resolution digital video-
camera (AxioCam, Zeiss) and Apotome system for structured
illumination, and recorded by AxioVision software 4.8.

For the evaluation of EOMA-liposome interaction, EOMA cells were
grown on cover slips in 6 well plates with a seeding density of 2 x 10°/
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wells for 24 h. Then liposome samples were diluted to 0.5 mg/ml with
cell culture medium and incubated with the cells for 24 h. Afterwards,
cells were washed with PBS and nuclei were stained with DAPI, and
observed by fluorescence microscopy as described above.

2.3.3. Cell co-culture system and BSA permeability assay

The podocyte-endothelial cell co-cultures were assembled as
described by Li et al.(Li et al., 2016). Briefly, using the Millicell hanging
cell culture inserts with Polyethylene Terephthalate (PET) microporous
(1 pm diameter) membrane (Millipore, Milan, Italy) coated on both sides
with collagen type IV (Sigma Aldrich, Milan, Italy), 1.5 x 10° of EOMA
cells were seeded on the lower side of the membrane and allowed to
adhere to it for 4 h. EOMA cells were cultured in medium containing 5
ng/ml of VEGF for one week before 6.5 x 10% podocytes were seeded on
the upper side of the membrane and covered by their own medium.
Podocytes and endothelial cells were co-cultured in their respective
medium for another one week before experiments. In order to assess
albumin permeability, cells were carefully washed on both sides with
PBS. Then, the upper (podocyte) compartment was filled by DMEM/F-
12 and the lower (endothelial) compartment was filled by DMEM/F12
supplemented with 40 mg/ml BSA. Medium was taken from the upper
compartment after 2 h incubation and albumin content was measured
and taken as the basal level (BSAb). After treatment of the co-culture
with the desired substances, the BSA content was analysed again as
before (BSAexp), and the results were expressed as: (BSAexp-BSAb) /
BSAD x 100 %. BSA concentration was measured by spectrometry using
the DC protein assay kit (Bio-Rad, Milano, Italy).

After performing the basic BSA permeability test at standard culture
condition, ADR was added to the podocyte compartment at a concen-
tration of 0.8 pM and is incubated for 24 h. Afterwards, the co-culture
inserts were washed with PBS, the medium was replaced by fresh me-
dium to remove ADR completely, and the permeability of BSA was re-
evaluated repeating the same steps above. Then BDNF-LTSL or BDNF-
LTSL-cRGD (equivalent to 200 ng/ml BDNF in cell culture medium)
was added to the upper (Podocyte) compartment or lower (endothelial
cell) compartment and incubated for 24 and 48 h. Free BDNF and me-
dium alone were used as controls. At the end of 24-48 h incubation, the
BSA permeability tests were performed as previously described.

The liposomal permeability was also calculated as percent of the
concentration of fluorescent liposomes recorded in the upper compart-
ment at 24 and 48 h with respect to the initial concentration in the lower
compartment, and it was evaluated by measuring the fluorescence in-
tensity (SAFAS Flx-Xenius, Monaco, France) of the medium removed
from the upper and lower compartments, respectively.

To simulate hyperthermia conditions and achieve thermoresponsive
release of the payload, liposome suspensions were pre-heated at 42 °C
for 30 min and then incubated with the co-culture system at physio-
logical temperature (37 °C) as described above.

2.3.4. Rat glomerular endothelial cell (rGECs)

Glomeruli were isolated from renal cortex of 7 week-old Sprague
Dawley rats, by standard sieving technique in Hank’s Balanced Salts
Solution (HBSS). Glomeruli were re-suspended in a solution of collage-
nase II and IV for 15 min at 37 °C. The digestion was then blocked by
adding 5 % FBS in HBSS and the cell suspension was centrifuged. The
pellet was then treated with trypsin diluted in HBSS for further 15 min at
37 °C and, after blocking the trypsin activity with 5 % FBS, the cell
suspension was passed through a 100 pm mesh. After centrifugation the
cells were plated on fibronectin coated flask in endothelial cell medium
(Invitrogen). Characterization of isolated cells was performed by
immunofluorescence analysis of von Willebrand factor (vWF), a marker
for endothelial cells. After fixation (PAF 1 % in PBS w/o calcium and
magnesium) and permeabilization (0,1% Triton), vWF was detected by
rabbit anti vWF antibody (1:20 Dako) and secondary anti rabbit anti-
body. Nuclei were stained with DAPI. Images were acquired by micro-
scope Leica DM 2000 equipped with Leica DFC490 camera. As negative
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control unrelated Dako was used.

Liposomes-rGECs interaction was evaluated by incubation of Cells
cultured on the fibronectin coated poly-D-lysine cellware (Corning) with
liposomes (0.5 mg/ml) for 24 h. After that the cells were washed with
PBS w/o0 calcium and magnesium and fixed with 1 % PAF. Nuclei were
stained with DAPI. Images were acquired by microscope Leica DM 2000
equipped with Leica DFC490 camera.

2.4. In vivo assessment

2.4.1. Biodistribution of liposomes in mice

To evaluate the biodistribution of liposomes-peptides after intrave-
nous injection, 8 ~ 10 week old male BALB/C mice (Envigo Rms Srl, San
Pietro al Natisone, UD, Italy) and Adriamycin nephropathy (ADRN)
mice were tested. ADRN was induced by a single injection of 10 mg/kg
ADR in the tail vein. Urinary albumin was monitored every other day by
Albustix (Bayer, Milan, Italy). After one week of ADR administration,
mice with evident proteinuria (3-4 + ), as well as healthy mice, were
randomized (3 mice/group) to receive different rhodamine-labeled HIT-
LTSL at dosage of 0.5 mg of lipids intravenously (injected volume 200 pl)
via tail vein. Mice were sacrificed after 2 h from injection, and liver,
spleen, lung and kidney were removed, embedded in optimum cutting
temperature cryoembedding matrix (OCT, Tissue-Tek, Societa Italiana
Chimici, Roma, Italy), snap-frozen in a mixture of isopentane and dry ice
and stored at —80 °C. Mice which received only physiological solution,
and rhodamine-labeled LTSL without HIT functionalization, were used
as control.

For fluorescence microscopy observation, 5-pm-thick tissue cryo-
sections were fixed with 4 % of paraformaldehyde at room temperature
for 10 min. Nuclei were stained with DAPI at concentration of 0.1 mg/ml
in PBS for 30 min. Slides were mounted with Fluorsave aqueous
mounting medium (Calbiochem, VWR International, Milan, Italy). Im-
ages were acquired and recorded as previously described. The percent-
age of the Rhodamine positivity area from 10 images of each sample
were analysed by Image J software.

2.4.2. Treatment of Adriamycin nephropathy mice with BDNF-LTSL-HIT

ADRN was induced as previously described. 8 days after ADR in-
jection, mice with 3-4 + proteinuria (Albustix test) were randomized to
receive vehicle (0.9 % NaCl), LTSL-HIT, BDNF, BDNF-LTSL-HIT, 20 ug/
day from day 8 to day 10 (5 mice/group) for a total dosage of 60 ug
BDNF /mouse. Mice were sacrificed on day 14. Urine was collected both
before and 7 days after ADR injection, as well as before sacrifice and the
kidneys were removed for histology examination. Urinary albumin was
analysed using mouse albumin ELISA Kit (Bethyl Laboratories, Mont-
gomery, TX, USA) and urinary creatinine assay was performed using
urinary creatinine assay kit (Cell Biolabs Inc, San Diego, CA, USA) as
manual instruction.

2.4.3. Ethical approval

A total of 131 Male BALB/C mice, age 8-10 weeks, average body
weight 25 + 1.4 g, were obtained from ENVIGO RMS Srl (Udine, Italy)
and maintained in the Stabilimento di Scienze Chirurgiche, Fondazione
IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milano. The animals
were fed a normal chow diet and water and housed under standard
conditions with a controlled temperature (~22 °C) and humidity (~60
%) and were exposed to a 12/12-h light dark cycle. Animal protocols
strictly adhered to the Public Health Service Policy on Humane Care and
Use of Laboratory Animals (D.L.116-27/01/1992) and were approved
by the organization responsible for welfare of animals of Milan univer-
sity and by the Italian Ministry of Health (authorization N. 1058/2016
PR, 550/2019 PR).

The protocols for isolation of rodent glomeruli and primary cells
were approved by the Ethics Committee for Animal Experimentation
(OPBA) of the University of Trieste (no PO1640ZEN1) in compliance
with the Italian regulation (D.L.vo 26/2014) and the Directive 2010/63/
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EU of the European Parliament.

2.5. Statistics

The data were presented as mean + standard deviation of three
different replicates and analyzed for statistical significance by Student’s
two-tailed t-test and ANOVA (assuming equal variance).

3. Results
3.1. Preparation of BDNF-loaded liposomes

BDNF was successfully encapsulated in PEGylated low temperature
sensitive liposomes (Fig. 1) by the lipid film hydration and extrusion
method(Huang et al., 2017). The LTSL formulation (DPPC/P-Lyso-PC/
DSPE-PEG2000 = 90/10/4) allowed to encapsulate BDNF at mild tem-
perature (50 °C), obtaining a loading efficiency LE of 4 mmol/mol% and
the encapsulation efficiency EE of 12 %. According to DLS analysis,
BDNF-LTSL formulation presented an average particle size of 152 + 2
nm, and during storage at 4 °C, this colloidal suspension maintained a
constant particle for at least one month. (Fig. 2A). The stability and the
activity of BDNF was assessed both before (supporting info, Figure S1)
and after liposomal encapsulation. Since the presence of sodium dodecyl
sulfate in the SDS-PAGE system (Fig. 2B) leads to the rupture of the lipid
vesicles, BDNF was released and analyzed by gel electrophoresis without
previous separation. Results showed that loaded BDNF displayed the
same band as that of original BDNF, even after being preheated at 42 °C
for 30 min and further incubated at 37 °C for 24 h.

3.1.1. Peptide conjugation

Cyclic RGD (cRGD) was selected as homing peptide for in vitro tests,
due to its availability and well-known capability of targeting endothelial
cells, via avp3 integrin binding(Amin et al., 2015; Danhier et al., 2012;
Song et al., 2017). The presence of a thiol cysteine residue enables cRGD
to be linked to maleimide bearing liposomes using sulfhy-
dryl-maleimide coupling chemistry(Koning et al., 2004; Oswald et al.,
2016). The conjugation reaction was optimized via HPLC analysis to
maximize the conversion and to select the optimal grafting density to
achieve adequate adhesion to endothelial (EOMA) cell cultures (sup-
porting info). The results indicated that at least 0.2 mol% of cRGD
should be grafted to liposomes to achieve enhanced cellular adhesion
and uptake of LTSL-cRGD.

Since cRGD presents low specificity towards the endothelial cells of
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the glomerular capillaries(Janssen et al., 2002), the HIT peptide was
selected for homing to the endothelial glomeruli(Denby et al., 2007;
Denby et al., 2006; Gray and Brown, 2014), and modified with a ter-
minal cysteine (HITSLLSC) to be conjugated to the liposomes through
Michael type addition, as used for cRGD conjugation. Physicochemical
characterisation of HIT conjugated liposomes (LTSL-HIT) via HPLC
confirmed the quantitative peptide functionalization (supporting info).
Tests also confirmed that the particle size distribution of LTSL was not
affected by the conjugation of the peptides (supporting info, Figure S4).

3.2. In vitro assessment

3.2.1. Biological activity of BDNF-LTSL

The biological activity of BDNF-LTSL was investigated by observing
the F-actin cytoskeleton of podocytes in vitro. Normal cells displayed
substantial F-actin fibers with regular distribution along whole cell body
and processes (Fig. 3A a). However, the F-actin fibers appeared irregular
and cortical distribution when podocytes were treated with ADR, indi-
cating a significant podocyte damage (Fig. 3A b). 48 h incubation with
free BDNF (Fig. 3A c) as well as BDNF-LTSL (Fig. 3A d) led to cyto-
skeleton repair, as demonstrated by the increase of F-actin fiber density
with more regular distribution.

The bioactivity of BDNF-LTSL was also evaluated through a BSA
permeability assay, based on a podocyte-endothelial cell co-culture de-
vice(Li et al., 2020; Li et al., 2016) which was specifically developed to
mimic the GFB in vivo (Fig. 1d). The presence of a permeable membrane
between the podocyte and the endothelial cell layers allowed to perform
a functional assessment of this GFB-mimicking barrier. A pre-treatment
of the co-culture with ADR for 24 h led to an abundant increase of al-
bumin permeability, as an effect of induced cell damage (Fig. 3B-C).
When BDNF-LTSL were added into the podocyte (upper) compartment
for 24 h, the BSA permeability clearly decreased, as compared to the
effect of simple cell culture medium, although this effect was less pro-
nounced than that obtained with the addition of free BDNF (Fig. 3B).
When the incubation time was extended to 48 h, the permeability of BSA
was markedly reduced below the control values, and the effect of BDNF-
LTSL was comparable to that of free BDNF. This result may be attributed
to the trophic activity of BDNF on podocyte cell processes (Li et al.,
2015), which not only recovers the podocyte cytoskeleton damaged by
ADR but also ameliorates their structure compared to cells cultured in
medium without BDNF. The effect of adding the liposomes to the
endothelial (lower) compartment was also investigated (Fig. 3C). In this
case, BDNF-LTSL was still able to decrease BSA permeability, although
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Fig. 2. A) Size distribution curves, Z-average size, and polydispersity index (PdI) of BDNF-LTSL stored at 4 °C as measured by DLS at different days. B) SDS-PAGE of
BDNF-loaded LTSL liposomes at different conditions: Lane 1: standard; Lane 2: BDNF-LTSL; Lane 3: BDNF-LTSL after being incubated at 37 °C for 24 h; Lane 4: BDNF-
LTSL after being preheated at 42 °C for 30 min and further incubated at 37 °C for 24 h.
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Fig. 3. A) Morphology of podocytes stained by phalloidin. (a) Normal cells; (b) cells after ADR treatment; (c) cells after ADR treatment and incubated with free
BDNF; (d) cells after ADR treatment and incubated with BDNF-LTSL (200 ng/ml BDNF in 0.2 mg/ml lipids) for 48 h. scale bar: 20 pm. B) Percent increase of BSA
permeability when samples were added to the upper (podocyte) compartment of the podocyte-endothelial cell co-culture device; C) Percent increase of BSA
permeability when samples were added to the lower (endothelial) compartment; cell co-culture was pre-treated with ADR, then incubated for 24 h and 48 h with
culture medium, 200 ng/ml of BDNF, or BDNF-LTSL (equivalent to 200 ng/ml BDNF) (n = 3, *p < 0.05 and **p < 0.01, NS not significant).
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this response was reduced when compared to the direct administration
to the podocyte compartment. The difference was particularly evident
after 48 h incubation, which may be ascribed to the lack of permeation
of liposomes to the upper compartment, and possibly to a partial BDNF
uptake by the endothelial cells once the protein was released by the lipid
vesicles.

In the absence of co-culture damage, when the cells were kept for 24
h without ADR before treatment, the effect of BDNF and BDNF-LTSL was
very limited. In fact, BSA permeability increased by less than 5 % when
the co-culture was incubated for 24 h with medium, decreased by 15 %
only when BDNF or BDNF-LTSL were added to the upper (podocyte)
compartment, and changed within 6 % when they were added to the
lower (endothelial) compartment (supporting info, Figure S6).

3.2.2. Biological activity of BDNF-LTSL-cRGD
BDNF encapsulated in LTSL-cRGD liposomes (BDNF-LTSL-cRGD)
was still active and able to repair podocytes in vitro, similarly to what
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was obtained with unconjugated liposomes (supporting info, Figure S5).
The repairing effect on BDNF-LTSL-cRGD on GFB damage was also
assessed using the co-culture in vitro model. The liposomes were too
large (hydrodynamic diameter ~ 150 nm) to cross the co-culture filter,
as confirmed by their very limited permeation after 24 h (<2%) and 48 h
(<4%) (Fig. 4A), therefore it was assumed that only free BDNF can pass
through the GFB and exert its repairing effects on podocytes. BDNF
delivery and permeation across the co-culture filter were achieved by
pre-heating BDNF-LTSL-cRGD at 42 °C for 30 min, which allowed the
thermoresponsive release of the payload, as previously reported (Huang
et al.,, 2017). Under this condition, the BSA permeability after ADR
damage was abundantly reduced when the formulation was added to the
lower (endothelial) compartment and incubated for 48 h, while without
pre-heating, its effect was almost negligible (Fig. 4B). This may be due to
the internalization of BDNF-LTSL-cRGD by endothelial cells, possibly
followed by endosomal degradation. To verify this hypothesis, we
stained the endothelial cell layer of the co-culture with phalloidin-FITC
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Fig. 4. A) Percent of BDNF-loaded liposomes permeated through the co-culture filter at 24 and 48 h. B) BSA permeability when samples were added to the lower
(endothelial) compartment, with/without pre-heating at 42 °C (n = 3, *p < 0.05 and **p < 0.01) and incubated for 48 h. Cellular uptake of BNDF-LTSL (C) and
BNDF-LTSL-cRGD (D) liposomes by EOMA cells in the co-culture filter after 48 h incubation. Phalloidine-FITC (green), DAPI (blue), Rhodamine-labeled Liposomes
(red). Scale bar 20 pm. (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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after incubation with rhodamine-labelled BDNF-LTSL-cRGD for 48 h.
BDNF-LTSL-cRGD presented significant uptake (Fig. 4C-D) while
without cRGD peptide, no liposome-cell colocalization was noticed.

3.2.3. Bioactivity of BDNF-LTSL-HIT

When EOMA cells were incubated for 24 h, the fluorescent signal of
Rhodamine-labeled LTSL-HIT was insignificant compared to that of
LTSL-cRGD (Fig. 5A), suggesting that the interaction of EOMA cells with
LTSL-HIT was negligible, as expected. On the other hand, rat glomerular
endothelial cells (rGECs) were utilized as a model to verify the inter-
action between LTSL-HIT and the glomerular endothelial cells, which
reflects the in vivo target. The successful isolation of rGECs from rats was
confirmed by immunofluorescence staining with anti-von Willebrand
factor (vWF) which is specifically expressed on endothelial cells(Jah-
roudi and Lynch, 1994) (supporting info, Figure S7). The cellular uptake
tests clearly showed that LTSL-HIT displayed significant uptake by
rGECs, while the ligand-free PEGylated liposomes, i.e., LTSL, did not,
thus confirming the specific interaction between the peptide-conjugated
liposomes and rGECs (Fig. 5B).

3.3. In vivo assessment

3.3.1. Biodistribution of liposomes in mice

Biodistribution of HIT- conjugated liposomes was studied in healthy
mice as well as in ADRN mice. After intravenous injection, both healthy
and ADRN mice presented a major sequestration of LTSL-HIT by the
liver, followed by the spleen (Fig. 6A), in agreement with typical
clearance effect of the Mononuclear Phagocyte System (MPS) on
peptide-functionalised liposomes (Allen et al., 1995; Kelly et al., 2011;
Lucas et al., 2017). Although modest, the presence of liposomes in the
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kidney was more evident than in lungs, as a possible effect of HIT
peptide targeting. The quantitative analysis of the fluorescence micro-
scopy images confirmed this observation (Fig. 6B-C), with the highest
percentage of rhodamine-positive area in the liver, followed by the
spleen, and with more deposition of LTSL-HIT in kidney than in lungs.
On the other hand, the biodistribution of non-functionalized LTSL
showed negligible accumulation in the kidneys of both healthy and
ADRN mice (supporting info., Figure S8).

3.3.2. Treatment of ADR nephropathy with BDNF-LTSL-HIT

To verify if encapsulation of BDNF into HIT-conjugated liposomes
can provide a therapeutic effect, we used minor dosage (60 ug BDNF per
mouse) compared with our previous study (1 mg/mouse(Li et al., 2015))
to treat ADRN. 8 days after ADR injection, mice were randomized to
receive vehicle (0.9 % NaCl), LTSL-HIT, free BDNF, and BDNF-LTSL-
HIT, from day 8 to day 10 for a total dosage of 60 pg BDNF /mouse,
and finally sacrificed on day 14. As showed in Fig. 7, free BDNF and
empty LTSL-HIT were not able to reduce proteinuria at day 14, whereas
the BDNF-LTSL-HIT demonstrated a small but detectable decrease of the
urinary albumine/creatinine ratio. The positive but limited effect of the
treatment is compatible with the relatively low amount of liposomal
accumulation in the kidney glomeruli, as confirmed by the bio-
distribution tests.

Histological examination of the kidney tissue with hematoxylin-
eosin staining (Fig. 8), revealed focal and segmental glomerular dam-
age, numerous dilated tubules, and evident tubular protein casts, in mice
treated with vehicle (0.9 % NaCl). LTSL-HIT and free BDNF treatment
did not change the histological characteristics compared with vehicle
treatment, While BDNF encapsulated in LTSL-HIT ameliorated kidney
damage, which was highlighted by the disappearance of tubular

Fig. 5. A) Fluorescent images of EOMA after being incubated for 24 h with 0.5 mg/ml of (a) LTSL; (b) LTSL-cRGD; (c) LTSL-HIT; DAPI (blue), Rhodamine-labeled
Liposomes (red). Scale bar: 20 um. B) Fluorescent images of rGECs after incubation with (a) LTSL and (b) LTSL-HIT (0.5 mg/ml) for 24 h.; (red: rhodamine, lipo-
somes; blue: DAPI, nuclei, scale bar: 20 ym). (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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0

Fig. 8. Histological examination (hematoxylin-eosin staining) of the kidneys
following BDNF treatment in ADRN mice, with sacrifice at day 14. Focal and
segmental glomerular damage (red arrows), dilated tubules (green arrows),
tubular protein casts (black arrows). Scale bars = 50 pm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

dilation, tubular protein casts, and almost normal glomerular structure
except for some hyper-cellularity.

4. Discussion

The LTSL formulation was selected for this study since its relatively
low gel-liquid crystal transition temperature (Tm = 40.9 °C) due to the
presence of lysolipid Lyso-PC(de Smet et al., 2010; Huang et al., 2017).
This allowed to encapsulate BDNF at mild temperature, minimizing its
denaturation during the manufacturing process, and retaining the
payload at the physiological temperature, with the advantage of a
possible rapid release with the addition of mild hyperthermia(Al-
Ahmady and Kostarelos, 2016; Huang et al., 2017). The incorporation of
PEGylated lipid DSPE-PEG2000 also allowed to improve membrane
stability and stealth character for in vivo applications(Huang et al.,
2017). The lipid film hydration and extrusion process provided uni-
lamellar liposomes with an ideal particle size for prolonged circulation
in vivo (average hydrodynamic diameter ~ 150 nm)(Beltran-Gracia
etal., 2019). The BDNF loading and the encapsulation efficiency were in
agreement with previous studies(Huang et al., 2017), and the colloidally
stability of these nanocarriers was maintained for at least one month.
The manufacturing process, which include heating steps and freeze-
—thaw cycles, did not significantly affect BDNF stability and activity, as
highlighted by SDS-PAGE analysis and the clear demonstration of
cytoskeleton repair in cultures of damaged podocytes. These results
demonstrated that BDNF was effectively released from liposomes and
still retained its activity after encapsulation.

The efficacy of these nanocarriers as BDNF delivery systems in vitro
was assessed through a functional evaluation of albumin permeability
across a GFB-mimicking barrier (Li et al., 2020; Li et al., 2016). This
assay is based on a previously developed podocyte-endothelial cell co-
culture device that presents a permeable membrane separating the
podocyte and endothelial cell layers.

The addition of BDNF-LTSL suspension to the podocyte compartment
resulted in a marked decrease in BSA permeability at 24-48 h. This
reduction was a consequence of BDNF release and the repair of the
podocyte layer, previously damaged by ADR pre-treatment. Conversely,
the addition of liposomes to the endothelial compartment produced only
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a limited effect, which may be attributed to the lack of liposome
permeation to the podocyte compartment and possibly to partial BDNF
uptake by endothelial cells once the protein was released from the lipid
vesicles.

In a real intravenous administration of liposomes, these nanocarriers
will be transported to the glomerular capillaries of the kidney, where
they should encounter the endothelial layer first. To enhance targeting,
we therefore explored the possibility of functionalizing liposomes with a
homing peptide for the glomerular endothelium. Our investigation
focused on the impact of liposome conjugation with targeting peptides
on their physicochemical properties, bioactivity, and their interaction
with endothelial cells.

Since cRGD was reported to be capable of enhancing the interaction
of liposomes with endothelial cells(Schiffelers et al., 2003) through avp3
integrin binding(Amin et al., 2015; Danhier et al., 2012; Song et al.,
2017), this peptide was initially chosen for in vitro testing due to its
ready availability. The inclusion of a thiol cysteine residue enabled the
conjugation of cRGD to maleimide-bearing liposomes using sulfhy-
dryl-maleimide coupling chemistry(Koning et al., 2004; Oswald et al.,
2016), which was optimised through HPLC analysis to maximize con-
version and select the optimal grafting density, ensuring sufficient
adhesion to endothelial (EOMA) cell cultures, while providing loading of
active BDNF.

When BDNF-LTSL-cRGD suspension was added to the endothelial
compartment of the GFB co-culture system, the liposomal uptake by
endothelial cells limited the podocyte repairing effect, taking into ac-
count that the nanocarriers were too large to cross the co-culture barrier
and reach the podocyte layer. On the other hand, when BDNF release
was achieved by thermoresponsive degradation of the liposomes at
42 °C, the repairing effect was satisfactory. This suggested that the
targeted liposomes in vivo may require a faster BDNF release than the
cellular uptake to achieve an efficient repair of podocytes in the GFB,
and that a hyperthermia approach may enhance the overall efficacy of
the treatment.

To achieve in vivo translation of this liposomal drug delivery system,
conjugation of LTSL with HIT peptide was carried out. LTSL-HIT clearly
demonstrated specific interaction with rGECs, while showing poor
adhesion to non-glomerular endothelial cells (EOMA) in vitro. There-
fore, LTSL-HIT were utilized as a model of the in vivo glomerular target.

Afterwards, LTSL-HIT were studied for biodistribution in healthy and
ADRN mice after intravenous injection. Both groups showed major
sequestration in the liver and spleen, due to the well-known clearance
effect of MPS(Allen et al., 1995; Kelly et al., 2011; Lucas et al., 2017).
Kidney presence was more noticeable than in the lungs, which may be
ascribed to the targeting effect of the HIT peptide.

The therapeutic potential of BDNF encapsulated in HIT-conjugated
liposomes was finally explored in vivo using a reduced dosage
compared to a previous study on the administration of free BDNF.
Treatments on ADRN mice with injections from days 8 to 10, indicated
that free BDNF and empty LTSL-HIT were ineffective in reducing pro-
teinuria at day 14, while BDNF-LTSL-HIT showed a modest but
discernible decrease in the urinary albumin/creatinine ratio. The
limited efficacy aligns with the relatively low accumulation of liposomes
in kidney glomeruli, as highlighted by the biodistribution tests. Histo-
logical examination also confirmed that BDNF-LTSL-HIT ameliorated
kidney damage, evident in reduced tubular dilation and protein casts,
and near-normal glomerular structure, while LTSL-HIT and free BDNF
had no significant impact.

5. Conclusions

This study offers insights into a potential therapeutic approach
involving the liposomal nanodelivery of BDNF for kidney disorders.

BDNF was successfully encapsulated in low temperature sensitive
liposomes, ensuring stability and biological activity. BDNF-LTSL effec-
tively repaired F-actin cytoskeleton damage in podocytes and reduced
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albumin permeability in a podocyte-endothelial cell co-culture model,
indicating its potential for restoring podocyte function. Furthermore,
liposomes conjugated with targeting peptide cRGD (BDNF-LTSL-cRGD)
enhanced endothelial cell adhesion and uptake without compromising
BDNF activity, emphasizing the importance of targeted delivery. Simi-
larly, BDNF-LTSL conjugated with the HIT targeting peptide (LTSL-HIT)
exhibited specificity for glomerular endothelial cells, suggesting its po-
tential for in vivo kidney targeting. Biodistribution studies in mice
confirmed kidney accumulation of HIT-conjugated liposomes, with
promising therapeutic effects observed in ADR nephropathy models.
Despite limited kidney accumulation, BDNF-LTSL-HIT treatment resul-
ted in reduced proteinuria and improved kidney histology.

While the BDNF-LTSL-HIT system shows promise as a therapeutic
protein delivery system, there are notable limitations typical of active
targeted liposomal formulations. Achieving precise targeting remains
challenging, as ligand-receptor interactions at the glomerular endothe-
lium may lack the required specificity or selectivity. Biological barriers,
such as the mononuclear phagocyte system (MPS), can impede effective
delivery to the target site. Despite these challenges, future investigations
on the triggered release of BDNF, utilizing local hyperthermia, may be
conducted, capitalizing on the thermoresponsive character of the
designed formulation.
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