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A B S T R A C T   

Diseases of the posterior eye segment are often characterized by intraocular inflammation, which causes, in the 
long term, severe impairment of eye functions and, ultimately, vision loss. Aimed at enhancing the delivery of 
anti-inflammatory drugs to the posterior eye segment upon intravitreal administration, we developed liposomes 
with an engineered surface to control their diffusivity in the vitreous and retina association. Hydrogenated 
soybean phosphatidylcholine (HSPC)/cholesterol liposomes were coated with (agmatinyl)6-maltotriosyl-acet
amido-N-(octadec-9-en-1-yl)hexanamide (Agm6-M-Oleate), a synthetic non-peptidic cell penetration enhancer 
(CPE), and/or 5% of mPEG2kDa-DSPE. The zeta potential of liposomes increased, and the mobility in bovine 
vitreous and colloidal stability decreased with the Agm6-M-Oleate coating concentration. Oppositely, mPEG2kDa- 
DSPE decreased the zeta potential of liposomes and restored both the diffusivity and the stability in vitreous. 
Liposomes with 5 mol% Agm6-M-Oleate coating were well tolerated by ARPE-19 retina cells either with or 
without mPEG2kDa-DSPE, while 10 mol% Agm6-M-Oleate showed cytotoxicity. Agm6-M-Oleate promoted the 
association of liposomes to ARPE-19 cells with respect to plain liposomes, while mPEG2kDa-DSPE slightly reduced 
the cell interaction. Dexamethasone hemisuccinate (DH) was remotely loaded into liposomes with a loading 
capacity of ~10 wt/wt%. Interestingly, mPEG2kDa-DSPE coating reduced the rate of DH release and enhanced the 
disposition of Agm6-M-Oleate coated liposomes in the ARPE-19 cell cytosol resulting in a more efficient anti- 
inflammatory effect. Finally, mPEG2kDa-DSPE enhanced the association of DH-loaded Agm6-M-Oleate coated 
liposomes to explanted rat retina, which reflected in higher viability of inner and outer nuclear layer cells.   

1. Introduction 

Ocular diseases such as age-related macular degeneration (AMD), 
glaucoma, and diabetic retinopathies are among the major causes of 
visual impairment and blindness. It has been predicted that the number 
of patients suffering from retinal diseases will increase globally by about 
45% in the next 20 years due to the aging population [1]. 

Diseases of the posterior eye segment are characterized by increased 
retina inflammation mediated by secretion of IL-1, IL-6, IL-8, tumor 
necrosis factor (TNF-α), and granulocyte-macrophage colony-stimu
lating factor (GMC-SF) [2]. Furthermore, dysregulation of various 

growth factors, including vascular endothelial growth factors (VEGF), 
leads to pathological neovascularization with irreversible vision 
impairment [3]. 

Although several anti-VEGF and anti-inflammatory agents are 
commonly used to treat ocular diseases of the posterior segment, the 
biological barriers strongly limit their therapeutic performance. Indeed, 
the inner and outer blood-retinal barrier, blood-aqueous barrier, and 
corneal barrier limit the biodistribution of drugs either from systemic 
circulation or from the ocular surface after topical application [4]. 
Therefore, to overcome the low accessibility of drugs to the target tis
sues, most drugs to treat retinal diseases are administered via intravitreal 
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injections. However, while small molecules may permeate across the 
retina layers, they suffer from rapid drug clearance, thus requiring 
frequent injections, which entails the risk of severe adverse effects and 
infections. On the other hand, macromolecules and nanomedicines 
suffer from low retinal permeation, thus requiring delivery improve
ments to achieve therapeutic benefit [5,6]. 

Nanomedicine is expected to contribute to fulfilling the unmet needs 
of intraocular disease treatment with innovative approaches that pro
vide sustained drug delivery to the posterior eye segment while reducing 
the frequency of administration. Accordingly, novel drug delivery sys
tems have been explored to improve the bioavailability and bio
distribution of therapeutic agents in the eye [7], enhance barrier 
penetration [8], exploit active targeting [9] or control the release profile 
of drug payload [10]. 

Liposomes are promising carriers that can be properly designed for 
controlled release and extended half-life of drugs in the vitreous [11]. 
Although the only liposome-based nanomedicine approved for AMD 
treatment, named Visudyne®, is administered intravenously, there is a 
growing interest in developing novel liposomal formulations for intra
vitreal administration of corticosteroids, antibiotics, chemotherapeutic, 
peptides or oligonucleotides [12–14]. Liposomes can, in fact, be deco
rated with functional components such as polymers, targeting agents, 
and cell penetration enhancers (CPEs), to tailor their biopharmaceutical 
feature and selectively trigger the drug release, tune the access across 
biological barriers, and modulate the intravitreal mobility to prolong the 
residence time or facilitate cell retina targeting [15–18]. 

Here, we report a liposomal system with tailored surface properties 
for intravitreal administration of anti-inflammatory drugs to the poste
rior eye segment. We explored the liposome decoration with a synthetic 
CPE and mPEG. CPE was used to promote the liposome association and 
uptake to the retina. Indeed, its cationic charge may slow the liposome 
diffusion through the vitreous due to electrostatic interactions with its 
components. The biopharmaceutical properties of the CPE-coated lipo
somes can be further modulated by PEG addition to the coating layer. 

The liposomes of this study are expected to offer some benefits over 
Ozurdex, the intravitreal implant for dexamethasone release [19], 
although final clinical performance has not yet been shown. Firstly, they 
can be injected with a small needle (30 G) like chronic anti-VEGF 
medications and unlike Ozurdex (22 G). Secondly, Ozurdex is dis
located from vitreous body into the anterior chamber at incidence of 
0.63% - a rare but serious complication that requires immediate action 
to avoid corneal edema [20]. Liposomes are eliminated from the vitre
ous anteriorly, but they are so small that they are eliminated from the 
anterior chamber in the aqueous humor outflow [21]. Thirdly, the lens 
opacification is a common side-effect of corticosteroids, like dexa
methasone [22]. As liposomes permeate to retina, but not to the lens, 
liposomal dexamethasone might have beneficial therapeutic index 
compared to the suspensions and Ozurdex. Also, dexamethasone hemi
succinate, used in this study, may have lower permeation to the lens 
tissue than dexamethasone. Future comparative studies should inform 
whether liposomal dexamethasone will have improved therapeutic 
index over clinical state-of-art. 

2. Materials and methods 

2.1. Materials 

Hydrogenated soybean phosphatidylcholine (HSPC, ≥98%, Tm 
52.5 ◦C) was obtained from Lipoid GmbH (Ludwigshafen, Germany). 
Cholesterol was purchased from Sigma-Aldrich (St Louis, MO-USA). 
Dexamethasone hemisuccinate (DH, 1,4-pregnadien-9α-fluoro-16α- 
methyl-11β, 17, 21-triol-3, 20-dione 21-hemisuccinate) was purchased 
from Steraloids Inc. (Newport, R.I., USA). 1,2-distearoyl-sn-glycero-3- 
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] [mPEG 
2kDa-DSPE] and 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 
(sodium salt) [DOPG] were purchased from Avanti Polar Lipids 

(Alabaster, Alabama, USA). N-(lissamine rhodamine B sulfonyl)-1,2- 
dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium 
salt (rhodamine-DHPE) and N-(fluorescein-5-thiocarbamoyl)-1,2- 
dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium 
salt (Fluorescein-DHPE) were obtained from VWR International PBI 
(Radnor, PA, USA). All buffer salts, solvents, and other reagents were 
purchased from VWR International PBI (Radnor, PA, USA) and Sigma- 
Aldrich (St. Louis, MO, USA). 

Fetal bovine serum (FBS), L-glutamine (200 mM), sterile Dulbecco’s 
phosphate-buffered saline (PBS), penicillin-streptomycin solution 
(10,000 units penicillin and 10 mg streptomycin/mL), L-glutamine (200 
mM), trypsin (10×), lipopolysaccharides from Escherichia coli O111:B4 
(LPS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dul
becco’s modified eagle medium/nutrient mixture F-12 without gluta
mine was purchased from Aurogene (Rome, Italy). TrypLE™ Express, 
Gibco™ DMEM-F12 cell culture medium, and wheat germ agglutinin- 
Alexa Fluor 633 conjugates (WGA-Alexa Fluor633) were obtained 
from Thermo Fisher Scientific (Madison, WI, USA). Paraformaldehyde 
(PFA) was purchased from Polysciences Inc. (Warrington, PA, USA). IL-6 
ELISA development kit was acquired from Mabtech AB (Nacka Strand, 
Sweden). In-situ cell detection kit was purchased from Roche applied 
science (Penzberg, Germany). Tissue-TEK®OCT™ was acquired from 
Sciences Services GmbH (Munich, Germany). 4′,6-diamidino-2-phenyl
indole (DAPI) was purchased from Vector laboratories Inc. (Burlingame, 
CA, United States). 

2.2. Synthesis of (agmatinyl)6-maltotriosyl-acetamido-N-(octadec-9-en- 
1-yl)hexanamide [Agm6-M-Oleate] 

The synthesis of (agmatinyl)6-maltotriosyl-N-acetyl-amino-hexanoic 
acid (Agm6-M-COOH) was performed as previously reported [23]. 
Agm6-M-COOH (500 mg, 0.188 mmol) was dissolved in 5 mL of anhy
drous dimethylsulfoxide (DMSO) and added 2.5 mL of 155.2 mg/mL N, 
N′-dicyclohexylcarbodiimide (DCC; 1.88 mmol) anhydrous DMSO so
lution. The reaction mixture was stirred for 15 min, and then added of 
216.4 mg of N-hydroxysuccinimide (NHS; 1.88 mmol). After overnight 
stirring, the dicyclohexylurea was removed from the reaction mixture by 
filtration, and the solution of NHS-activated Agm6-M-COOH was added 
of 619 μL of oleylamine (1.88 mmol) and 262 μL of triethylamine (1.88 
mmol). The final mixture was stirred for 24 h and dropwise added to 
500 mL of diethyl ether. The precipitate was desiccated, dissolved in 
water, and then lyophilized (93.6% molar yield). The product was 
characterized by 1H NMR, and the guanidium content was assessed by 
Sakaguchi assay [24] according to a calibration line obtained with 
agmatine (y = 0.0663×-0.0183, R2 = 0.9933). 

1H NMR (400 MHz, DMSO‑d6): δ 7.94–7.43 (m, 24H, guanidinium 
moieties), 5.32 (s, 2H, -CH=CH-), 3.10 (s, 12H, -CH2-N-), 1.97 (bs, 4H, 
CH2-C=C-CH2) 1.23 (s, 36H, (CH3)2-C-), 0.85 (s, 3H, -CH3). 

2.3. Liposome formulation 

Liposomes were prepared by thin layer hydration technique [25]. 
Briefly, 20 mg mixtures of 2:1 HSPC/cholesterol molar ratio for neutral 
naked liposomes (Naked Lipo) or 2:1:1 of HSPC/ DOPG/Cholesterol 
molar ratio for anionic liposomes (Anionic Lipo) were prepared from 6.7 
mg/mL stock chloroform solutions of each lipid. Rhodamine-DHPE or 
fluorescein-DHPE (0.3 mol% of with respect to lipids) were included in 
the lipid mixture to generate fluorescently labeled liposomes. The so
lutions were transferred to a round bottom flask, and the organic solvent 
was removed under reduced pressure using a rotary evaporator. The 
lipid film was then hydrated using 1 mL of 10 mM HEPES, 150 mM NaCl, 
pH 7.4 (HEPES buffer). The samples were processed with 10 freeze-thaw 
cycles and extruded 11 times using a 200 nm cut-off polycarbonate 
membrane mounted in Avanti mini extruder (Avanti Polar Lipids Inc. 
Alabaster, Alabama, USA) and diluted to a final lipid concentration of 

M.D. Al-Amin et al.                                                                                                                                                                                                                            



Journal of Controlled Release 354 (2023) 323–336

325

10 mg/mL. 

2.4. Liposome coating 

Neutral naked liposomes, mPEG2kDa-DSPE, Agm6-M-Oleate solu
tions, and HEPES buffer were preincubated 5 min at 45 ◦C. Neutral 
naked liposomes were mixed with fixed volumes of 6 mg/mL mPEG2kDa- 
DSPE (mPEG) and/or 4 mg/mL Agm6-M-oleate (CPE) solutions in 
HEPES buffer. The mixtures were diluted to a final lipid concentration of 
2.5 mg/mL with the same buffer, followed by incubation at 45 ◦C for 10 
min in an Eppendorf Thermomixer F 2.0 (Hamburg, Germany). Deco
rated liposomes with the following compositions were obtained: (i) 5 
mol% mPEG2kDa-DSPE liposomes (PEG-Lipo); (ii) 5 mol% Agm6-M- 
oleate liposomes (Agm6-Lipo); (iii) 5 mol% of Agm6-M-oleate and 5 mol 
% of mPEG2kDa-DSPE liposomes (mPEG/5%Agm6-Lipo); (iv) 10 mol% of 
Agm6-M-oleate liposomes (10%Agm6-Lipo) (v) 10 mol% of Agm6-M- 
oleate and 5 mol% of mPEG2kDa-DSPE liposomes (mPEG/10%Agm6- 
Lipo). The percentages of functional components are referred to the 
lipids in the formulations. Preliminary studies were performed by 
decorating liposomes at increasing Agm6-M-oleate ratio in the 0–20 mol 
% range. 

The amount of Agm6-M-oleate associated to the liposomal bilayer 
was tested by liposome centrifugation for 20 min at 15,000 rpm (Sigma 
1–14 microfuge, Newtown, UK) and assessing the guanidinium group 
and lipid concentrations in the supernatant by Sakaguchi assay and 
Stewart assay (y = 8.932× + 0.0079, R2 = 0.99), respectively 
[24,26,27]. 

The amount of mPEG2kDa-DSPE associated to liposomes was tested 
on the pellet by Iodine assay [28], and the percentage of mPEG2kDa-DSPE 
inserted was calculated with respect to lipids in the pellet assessed by 
Stewart assay [27]. 

2.5. Dexamethasone hemisuccinate loaded liposomes 

Dexamethasone hemisuccinate (DH)-loaded liposomes were formu
lated according to the remote loading technique reported in the litera
ture [29]. Naked liposomes were prepared by lipid film hydration with 
1 mL of 0.2 M calcium acetate, and calcium acetate-loaded liposomes 
were dialyzed overnight using a 100 kDa float-a-lyzer against 1 L of 
HEPES buffer to remove the non-loaded calcium acetate. The resulting 
lipid concentration after dialysis was assessed by the Stewart assay [27]. 
A 5 mg/mL DH stock solution in HEPES buffer was added to the lipo
somes to yield 10 mg/ mL lipids and 2.5 mg/mL DH mixture that were 
incubated at 65 ◦C for 60 min. The non-loaded DH was removed by 12 h 
dialysis using a 100 kDa float-a-lyzer against HEPES buffer. 

DH-loaded liposomes were surface modified with 5 mol% Agm6-M- 
oleate, or with 5 mol% mPEG2KDa-DSPE, or 5 mol% Agm6-M-oleate/ 
mPEG2KDa-DSPE according to the post-insertion procedure reported 
above. DH leaked during the coating, and the non-associated Agm6-M- 
oleate were removed by liposome centrifugation at 15,000 rpm for 20 
min at 4 ◦C (Beckman L780, Indianapolis, IN, United States). The 
centrifuged liposomes were re-dispersed in the same buffer at the con
centrations requested for further studies. 

Loading of DH into the liposomes was assessed by spectrophoto
metric analysis. Twenty μL of liposomes were dispersed in 800 μL of 
methanol and sonicated for 30 min to induce lipid dissociation and 
analyzed by UV–Vis at 242 nm. All experiments were performed in 
triplicate. 

Loading capacity and loading efficiency were derived using the 
following equations: 

Loading capacity (w/w%) =
DH encapsulated (mg/mL)

Lipids (mg/mL)
x 100 (1)  

Loading efficiency (%) =
DH encapsulated (mg/mL)

fed DH (mg/mL)
x 100 (2)  

2.6. Size and zeta potential analyses 

Size, poly-dispersity index (PDI), and zeta potential of liposomal 
formulations were measured by photo correlation spectroscopy (PCS) 
using a Malvern Zetasizer NanoZS (Malvern, UK). Size and poly
dispersity index (PDI) were analyzed using liposomes diluted to 0.2 mg/ 
mL in HEPES buffer or cell culture media (DMEM-F12, Gibco™) or 
homogenized vitreous. Zeta potential was assessed by using liposomes 
diluted to 0.2 mg/mL in mQ water. 

2.7. Cryogenic electron microscopy (Cryo-EM) 

Three μL of liposomes at 2.5 mg/mL lipid concentration were vitri
fied with Leica EMGP vitrification device (Leica Microsystems GmbH, 
Wetzlar, Germany) using freshly glow discharged Quantifoil Cu R1.2/ 
1.3 grids. Images of the vitrified samples were acquired with FEI TALOS 
Artica transmission electron microscope (Cryo-EM unit, University of 
Helsinki) equipped with Falcon III direct electron detector camera and 
FEI phase plate at 57000× magnification. 

2.8. Colloidal stability 

Samples of 2.5 mg/mL DH-loaded liposomal formulations in HEPES 
buffer, were incubated at 37 ◦C. At scheduled time points, the samples 
were diluted to 0.2 mg/mL, and size, PDI, and zeta potential were 
assessed by PCS as reported above. 

The colloidal stability of liposomal formulations was also tested in 
porcine vitreous. The vitreous was mechanically homogenized with a 40 
mL Dounce tissue grinder (Wheaton™, Thermo Fisher Scientific, Mad
ison, WI, USA), followed by centrifugation at 3600 g for 1 h. The ho
mogenate was sequentially filtered twice with a sterile 0.45 μm filter and 
twice with sterile 0.22 μm filter and stored at − 80 ◦C until use. 0.3 mol% 
fluorescein-DHPE labeled liposomes at 2.5 mg/mL in HEPES buffer were 
mixed with homogenized vitreous in a 1:1 v/v ratio. Flow cytometry 
(Apogee Flow Systems, Hertfordshire, UK) was used to differentiate 
between the liposomes and porcine macromolecular vitreous compo
nents by large-angle light scattering (LALS), and the detection of the 
fluorescein-DHPE fluorescence was used to identify the liposome pop
ulation. Large angle light scattering (LALS) of each formulation was 
measured at day 0 and day 20. 

2.9. Diffusivity in vitreous 

Freshly explanted porcine eyeballs provided by the slaughterhouse 
HKScan (Forssa, Finland) were treated to remove the extraocular tissue 
and washed with PBS. The eye preparation was performed following the 
protocol in the literature [30,31]. Briefly, the eyeballs were placed on 
Petri dishes, and the anterior ocular parts were cut and removed by 
performing a short incision into the sclera perpendicularly to the 
anterior-posterior axis using a scalpel blade. Then, after the removal of 
the anterior eye section, the intact vitreous body was left in the posterior 
part of the eye (Fig. SI-1). Afterwards, the intravitreal injection of 
liposomal formulations was performed using a 30G BD Micro-Fine™ 
insulin syringe (BD, Franklin Lakes, USA). The liposome samples were 
injected at a depth of 0.5 cm inside the vitreous. The injections con
tained 50 μL of 0.5, 0.1, and 0.01 mg/mL of 0.3 mol% rhodamine-DHPE 
labeled liposomal formulations in HEPES buffer. The eye samples were 
covered with 35 mm microwell dishes having 14 mm diameter glass 
window at the bottom (MatTek Corporation, Ashland, MA, USA). 
Thereafter, the eyeballs were inverted upside down, leaving the vitreous 
facing down and the posterior eyeball facing up, and fixed using Loctite 
Precision® super glue before performing the confocal analysis at 37 ◦C. 
Each liposome formulation was tested with at least three different 
porcine eyes. Ten videos were recorded, and four of them were pro
cessed to derive the values of mean square displacement (MSD) and the 
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diffusion coefficient. 
Rhodamine-DHPE labeled liposomes were tracked using a 3I 

Marianas confocal microscope equipped with an Andor Neo sCMOS 
camera using the 561 nm laser source. Slidebook® 6 software (Intelli
gent Imaging Innovation, Colorado, USA) was used to record 15 s movies 
at 150 ms temporal resolution. The movements of liposomes in the intact 
vitreous were analyzed using Imaris software (Bitplane AG, Zurich, 
Switzerland) with MATLAB plug-in (The MathWorks, Inc. Massachu
setts, USA). The obtained MSD values were used to determine the 
diffusion coefficient in vitreous (Dv) using equation Eq. (3). As controls, 
the diffusion coefficient in water was theoretically calculated consid
ering liposome size obtained by PCS analysis (Eq. (4)) 

Dv =
MSD

4t
(3)  

Dw =
RT

6πηrN
(4)  

where MSD is the mean-squared displacement of liposome trajectories, t 
is the time delay for the calculated displacement, R is the gas constant 
(8.314 J K -1 mol -1), T is the temperature (310.15 K), η is the viscosity of 
vitreous at 37 ◦C, r is the size of liposomes obtained from PCS mea
surements, and N is the Avogadro constant (6.022 × 1023 mol-1). 

2.10. Drug release 

The release of DH from liposomes was evaluated in vitro. A dispersion 
of 1 mL of 2.5 mg/mL DH-loaded liposomes in HEPES buffer was 
transferred into a 20 KDa MWCO Spectra/Por® Float-A Lyzer® and 
dialyzed against 4 L of the same buffer. The dialysis system was main
tained at 37 ◦C. At scheduled times, 10 μL of liposome suspension was 
withdrawn from the dialysis bag and diluted with 500 μL methanol to 
assess the DH concentration by UV-spectrophotometry. The release 
study was carried out for 30 days. 

2.11. Cell culture 

ARPE-19 (ATCC® CRL-2302), retinal pigment epithelial cells, were 
cultured at 37 ◦C in a 5% CO2 atmosphere using DMEM-F12 medium 
(Gibco™) supplemented with 10% FBS, 2 mM L-Glutamine, 100 IU/mL 
penicillin and 100 μg/mL streptomycin. Cells at 70% confluency were 
subcultured by treatment with 0.05% trypsin-0.02% EDTA solution 
(Sigma-Aldrich, St. Louis, MO, USA). 

2.12. Cytotoxicity studies 

In vitro cytotoxicity of DH-loaded liposomes was performed with 
human retinal pigmented epithelial cell line (ARPE-19). ARPE-19 cells 
were seeded in a 96-well plate at a density of 3 × 104 cells/well and 
grown for 24 h in a humidified 5% CO2 atmosphere at 37 ◦C using 
DMEM F-12 medium supplemented with 10% FBS, 2 mM L-glutamine, 
100 IU/mL penicillin and 100 μg/mL streptomycin. Then the medium 
was discharged, and the cells were washed twice with PBS and incu
bated with 200 μL of DH-loaded liposomes or free DH in DMEM F12 
without FBS at equivalent DH concentration of 1, 10, 20, 50, and 100 
μM. Drug-free liposomes at equivalent lipid concentrations and higher, 
up to 1 mg/mL lipids, were tested. After 6 and 24 h, the medium was 
removed, and the cells were washed carefully with PBS and then incu
bated with 200 μL/well of complete medium added of 20 μL of 5 mg/mL 
MTT solution in PBS for three hours at 37 ◦C. The medium was removed, 
and 200 μL/well of DMSO was added. After 30 min, the plate was read 
spectrophotometrically with a microplate reader (Microplate autor
eader, EL311SK, Biotek Inc., Vermont, USA) equipped with a 570 nm 
light filter. The analysis was done in triplicate, and cell viability was 
expressed as a percentage referring to non-treated cells. 

2.13. Cell association 

2.13.1. Cytofluorimetry 
ARPE-19 cells (2 × 105 cells/well) were seeded on a 24-well plate in 

DMEM F12 supplemented with 10% FBS and grown for 24 h. The me
dium was discharged, and the cells were washed twice with PBS. Blanc 
liposomes or DH-loaded liposomes (volume 500 μL) with 0.3 mol% 
fluorescein-DHPE were added to each well in triplicate at concentrations 
of 0.1, 0.25, and 0.5 mg/mL. The cells were incubated with liposomes 
for 1 h. Afterwards, the liposome-containing medium was removed, and 
the cells were washed twice with PBS and once with PBS containing 10% 
FBS. Cells were then detached by treatment with 200 μL/well of 0.125 
mg/mL trypsin for 8 min at 37 ◦C and then transferred in FACS tubes 
containing 200 μL PBS, 0.5 w/v% BSA, 5 mM EDTA, 2 mM NaN3, 4 w/v 
% PFA. Cells were stored at 4 ◦C in the dark prior to analysis. Samples 
underwent cytofluorimetric analysis using a BD FACS CANTO™ II (BD 
Biosciences, San Jose, CA, USA), and fluorescence deriving from 
fluorescein-DHPE labeled liposomes was detected using a laser emitting 
at 496 nm. 

2.13.2. Confocal microscopy 
ARPE-19 cells (8 × 104/well) were seeded on 13 mm2 cover slips 

introduced in a 24-well plate with DMEM F12 added of 10% FBS and 
grown for 24 h. The medium was then removed, and the cells were 
washed twice with PBS. 300 μL of a 0.1 mg/mL of DH-free and DH- 
loaded fluorescein-DHPE labeled liposomes in FBS free medium was 
added to each well, and cells were incubated for 1 h. Afterwards, the 
medium was removed, and the cells were washed twice with PBS and 
twice with PBS added of 10% FBS. Cells were then fixed by 20 min 
treatment with 200 μL/well PBS containing 4% (w/v) PFA. The solution 
was then discharged, and cells were washed three times with PBS. The 
staining of cell nuclei was performed by incubating the samples with 
200 μL of a 5 μg/mL solution of DAPI in PBS for 10 min. After dis
charging the solution, cell membranes were stained by incubating cells 
with 200 μL/well of a 5 μg/mL solution of Wheat germ agglutinin-Alexa 
fluor-633 conjugate in PBS for 10 min. The solution was then dis
charged, and cells were washed with PBS three times and two times with 
mQ water. The coverslips were mounted on a glass slide using Mowiol as 
mounting medium. The samples were maintained at 4 ◦C in the dark 
until microscopic examination. Cell samples were imaged using a Zeiss 
LSM 800 confocal microscope (Carl Zeiss, Jena, Germany) equipped 
with a 63×, n.a. 1.4, oil immersion objective and a ZEN 2.1 - blue edition 
– software (Carl Zeiss, Jena, Germany). Lasers with emission wave
lengths at 405, 488, and 640 nm were used to detect DAPI, fluorescein- 
DHPE, and WGA-Alexa Fluor-633, respectively. To avoid emission 
crosstalk, each emission fluorescence was recorded independently with 
specific detector and optical cut-off filter over the entire emission 
spectrum of related chromophores. Image analyses were performed 
using ImageJ 1.47v (National Institutes of Health software package). 

2.14. In vitro anti-inflammatory assay 

The anti-inflammatory activity of liposomes was investigated by 
quantifying the inhibition of pro-inflammatory cytokine release. 1.2 ×
105 ARPE-19 cells/well were seeded in a 24-well plate using DMEM F12 
medium and grown for 24 h in a humidified 5% CO2 atmosphere at 
37 ◦C. Then, the medium was discharged, and the cells were washed 
twice with PBS and incubated with 500 μL of 5 μg/mL LPS for 12 h. 
Afterwards, LPS was removed, and 500 μL of 1 and 10 μM DH-loaded 
liposomes, or DH solution at equivalent concentration or drug-free li
posomes containing an equivalent concentration of lipids was added, 
and cells were incubated for 1 h. Media containing liposomes or free 
drug were removed, and cells were further incubated for 24 h in DMEM- 
F12 without FBS. Supernatants were collected after 24 h and analyzed 
with human IL-6 ELISA kit to quantify the IL-6 concentration in each 
group. Cells were lysed with 2% Triton X-100 in 10 mM Tris-HCl, 150 
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mM NaCl, 2 mM EDTA, pH 8.2, and cell number of each group was 
assessed by BCA assay. IL-6 concertation in the supernatants was 
normalized by cell number in each group. 

In order to assess the carrier’s pro-inflammatory activity, non-LPS 
stimulated cells were incubated with drug-free liposomes at lipid con
centrations equivalent to those of the 1 and 10 μM DH-loaded liposomes 
for 12 h. Afterwards, liposomes containing medium was removed, cells 
were washed with PBS and further incubated with medium without FBS 
for 24 h. Cell supernatants were then tested as reported above. 

2.15. Distribution and therapeutic activity in ex-vivo retinal organ culture 

Penetration and neuroprotective effects of DH-loaded liposomes 
were evaluated in ex-vivo retinal organ culture. All procedures were 
approved by the Tübingen University committee on animal protection 
and performed in compliance with the Association for Research in Vision 
and Ophthalmology (ARVO) statement. Animals were kept in the 
Tübingen Institute for Ophthalmic Research animal housing facility 
under standard white cyclic lighting, had free access to food and water, 
and were used irrespective of sex unless stated otherwise. All efforts 
were made to minimize the number of animals used and their suffering. 

Retinal explants were cultured as previously described [32–34]. 
Briefly, 6 days-old WT C57BL/6 J mice were sacrificed, and the eyes 
were removed and incubated for 15 min at 37 ◦C in a 12% Proteinase K 
solution. First, enzymatic digestion was quenched by transferring the 
eyes to HBSS medium, added of 10% fetal bovine serum, and incubating 
them for 5 min at room temperature. Next, the eyes were dissected in 
HBSS medium: (1) the sclera was carefully removed, leaving the retinal 
pigmented epithelium attached to the eyeball; (2) the incisions were 
made at the edge of the cornea to remove the cornea, lens, and hyaloid 
body; (3) four equidistant, radial incisions were made in the retina. 

The retinas were then transferred, with retinal pigmented epithelium 
side down, to a nitrocellulose culture membrane (PICMORG50, Milli
pore) and cultured in Neurobasal A medium (NA, Gibco, Carlsbad, CA, 
USA) supplemented with 2% B-27 supplement (Gibco, Carlsbad, CA, 
USA), 1% N2 supplement (Invitrogen, Carlsbad, CA, USA), 1% penicillin 
solution (Gibco, Carlsbad, CA, USA), and 0.4% GlutaMax (Gibco, 
Carlsbad, CA, USA). Explants were maintained for 5 days at 37 ◦C in a 
humidified 5% CO2 atmosphere. To mimic dosing via intravitreal 
treatment (IVT), treatments were given apically as 15 μL drops con
taining 135 μg/mL of free DH and DH equivalent DH-loaded liposomes. 
Untreated neurobasal medium was used as control. Explants were 
incubated with treatments for 5 days. 

After treatment, retinal explants were fixed in 4% PFA (Polysciences, 
Inc., Warrington, PA, USA) at room temperature for 40 min. Retinas 
were then washed with PBS for 20 min and cryoprotected by incubation 
with 10, 20, and 30% sucrose solution for 20 min each. After that, tissues 
were embedded in Tissue-TEK® OCT™ (Science Service, GmbH, 
Munich, Germany), and sections were frozen in liquid nitrogen. Next, 
14 μm vertical sections were obtained on an HM525 NX Cryostat 
(Thermo Fisher GmbH, Dreieich, Germany), air-dried at 37 ◦C for 1 h, 
and stored at − 20 ◦C until use. 

In situ cell death detection kit by Roche Applied Sciences (Penzberg, 
Germany) was used according to the supplier’s protocol. The apoptotic 
nuclei count was expressed as the ratios of TUNEL-positive nuclei over 
DAPI-stained nuclei for each of the three nuclear layers in the sections of 
the same group. 

All samples underwent microscopic imaging using Zeiss Axio Imager 
Z1 ApoTome microscope, AxioCam MRm camera, and Zeiss Zen 2.3 
software in Z-stack at 20 × magnification. For quantitative analysis, 
positive cells in the outer nuclear layer (ONL) and inner nuclear layer 
(INL) of at least three sections per group were counted. The percentage 
of positive cells was derived from the number of positive cells by the 
total number of cells in each layer. In addition, photoreceptor cell rows 
were assessed by counting the individual nuclei rows in one ONL and 
INL and averaging the counts. 

2.16. Statistical analysis 

The results of the experiments were expressed as mean ± SD derived 
from three independent experiments. The significance of the difference 
between treatment groups was determined by the two-tailed Student’s t- 
test using GraphPad Prism 5 software (La Jolla, CA, USA). 

3. Results and discussion 

To achieve retinal delivery and sustained release of anti- 
inflammatory drugs, dexamethasone hemisuccinate (DH)-loaded lipo
somes with tailored intravitreal diffusion and cell up-take were 
designed. DH was used in place of dexamethasone because this prodrug 
can be efficiently loaded into liposomes by remote loading [29,35]. 
Dexamethasone is largely used as an anti-inflammatory drug for AMD 
treatment [19], and the hemisuccinate prodrug was found to display the 
anti-inflammatory activity of the native drug [36]. 

Liposomes were decorated with oligocationic moieties because 
cationic liposomes have been found to efficiently deliver drugs to retinal 
cells [37–39]. Furthermore, the oligicationic functions used to decorate 
liposomes were shown to enhance the cellular uptake of colloidal sys
tems [40]. Cationic liposomes interact electrostatically with the nega
tively charged macromolecular components of the vitreous (i.e., 
hyaluronic acid), slowing the elimination from the vitreal cavity [16]. 
Monomethoxy-poly(ethylene glycol) (mPEG) was added to modulate the 
mobility of liposomes in the vitreous. PEG has been reported to enhance 
the mobility of nanocarriers, such as cationic liposomes, in viscous 
physiologic matrices, such as vitreous and respiratory mucous [41] or 
female reproductive tract mucous [42–44]. Furthermore, PEG can 
modulate the cell interaction of cationic liposomes lowering cytotoxicity 
typical of cationic nanoparticles and thus enhancing biocompatibility 
[45,46]. 

3.1. Liposome composition study 

The oligocationic moiety used for liposome decoration was obtained 
by end-tipping oleylamine with an oligo-agmatine maltotriosyl-N- 
acetyl-amino-hexanoic acid derivative (Agm6-M-COOH). The Agm6-M- 
CO-X-R derivatives were previously found to be excellent carriers for 
nucleic acids [23,47] and cell permeation enhancers upon conjugation 
to proteins or liposomes [40,48]. 

The oleyl function of oligocationic “star-like” Agm6-M-oleate 
(Scheme 1) was introduced for lipid anchoring to the liposomal bilayer. 
The 1H NMR analyses confirmed the chemical identity of the synthesized 
Agm6-M-oleate. Indeed, the 2 protons integration of the signal at 5.32 
ppm of the Z‑hydrogens on the -C=C- double bond and the 3 protons 
integration of the signal at 0.85 ppm of the terminal methyl group of the 
oleyl moiety are in agreement with the expected 36 proton integration of 
the signal at 1.23 ppm of the hydrogens of the methyl groups of the 
isobutyryl moieties. 

Liposome decoration was achieved by post-insertion of Agm6-M- 
oleate and mPEG-DSPE. 

Fig. SI-2A shows the efficiency of Agm6-M-oleate insertion to the 
liposomes: theoretical 10 mol% Agm6-M-oleate feeding yielded more 
than 96% association of oligocationic moiety to the liposomes. At higher 
Agm6-M-Oleate feeding ratios (>10 mol%), the association efficiency 
decreased. These results are in agreement with the zeta potential profile 
(Fig. 1A), showing that the zeta potential increases up to 32.7 ± 1.3 mV 
by Agm6-M-oleate feeding but remains stable at Agm6-M-oleate feeding 
ratios above 10 mol%. The size of liposomes was not affected by oli
gocationic moiety insertion (162–177 nm; Fig. SI-2B). 

To investigate the effect of the positive charge density on liposome 
diffusion in the vitreous, liposomes with 5 and 10 mol% of Agm6-M- 
oleate insertion were selected as formulations with medium (5%Agm6- 
Lipo) and high (10%Agm6-Lipo) positive charge densities, respectively. 

PEGylated liposomes (mPEG-Lipo, mPEG/5%Agm6-Lipo, mPEG/ 
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10%Agm6-Lipo) were obtained by post-insertion of 5 mol% mPEG2kDa- 
DSPE, which is the mPEG content used in several pharmaceutical lipo
somal formulations [49]. According to the analysis of associated and 
non-associated mPEG-DSPE, the polymer association resulted to be 96%. 

Neutral naked liposomes (Naked-Lipo, HSPC/Chol, 162.6 ± 22.6 nm, 
− 1.3 ± 1.4 mV), neutral PEGylated liposomes (mPEG-Lipo, HSPC/Chol, 
162.6 ± 22.6 nm, − 1.1 ± 1.3 mV) and negatively charged liposomes 
(Anionic-Lipo, HSPC/DOPG/Chol, 151.4 ± 33.7 nm, − 23.4 ± 1.5 mV) 

Scheme 1. Scheme of Agm6-M-Oleate synthesis by conjugation of the Agm6-M-COOH to oleylamine to yield (agmatinyl)6-maltotriosyl-acetamido-N-(octadec-9-en-1- 
yl)hexanamide. Agm6-M-COOH was synthesized according to Malfanti et al. [23]. 

Fig. 1. Physical features of Agm6-M-oleate and mPEG-DSPE coated liposomes. A. zeta potential of Agm6-M-Oleate coated liposomes. B. Size ( ) and zeta potential ( ) 
of the liposome library: Naked-Lipo, PEG-Lipo, Anionic-Lipo, 5%Agm6-Lipo, mPEG/5%Agm6-Lipo, 10%Agm6-Lipo, mPEG/10%Agm6-Lipo. 

Fig. 2. A. Viability profile of ARPE-19 cells incubated for 6 h with liposomes at increasing lipid concentration. Statistical analysis versus Naked-Lipo: * p < 0.05, ** p 
< 0.01, *** p < 0.001. B. Mean velocity in vitreous of rhodamine-DHPE labeled liposomes. Statistical analysis: * p < 0.05, ** p < 0.01, *** p < 0.001. 
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were also prepared for comparative studies. 
The results reported in Fig. 1B show that mPEG on the liposome 

surface does not affect either the size or the PDI of liposomes. On the 
contrary, mPEG reduced the zeta potential values of 5%Agm6-Lipo and 
10%Agm6-Lipo by physical shielding of the cationic charges. The zeta 
potential reduction was higher for 5%Agm6-Lipo (84.9%) than in 10% 
Agm6-Lipo (58.9%), indicating that the masking effect of mPEG de
creases as the cationic density increases. 

3.2. Liposome behavior in the vitreous and cultured cells 

3.2.1. Cytotoxicity 
In-vitro results from cultured ARPE-19 cells reported in Fig. 2A show 

that Naked-Lipo, Anionic-Lipo, and mPEG-Lipo did not elicit cytotox
icity even at high liposome concentrations and 5%Agm6-Lipo and 
mPEG/5%Agm6-Lipo showed slight cytotoxicity only at high liposome 
concentration (1 mg/mL) The 10%Agm6-Lipo displayed dose-dependent 
cytotoxicity. This is in agreement with the cytotoxicity of cationic 
nanoparticles that interact with negatively charged cell surface and may 
result in membrane disruption [50]. Interestingly, the charge shielding 
by mPEG reduced the cytotoxicity of the 10%Agm6-Lipo. Due to the 
toxicity, 10%Agm6-Lipo were not further investigated. 

3.2.2. Vitreal diffusion 
The mobility of liposomes in the vitreous affects their clearance and 

association with the retina [16]. Therefore, liposome mobility was 
investigated using ex-vivo porcine eye and rhodamine-DHPE-labeled 
liposomes. 

Fig. SI-3 shows representative trajectories of liposomes imaged over 
time by confocal microscopy, and Fig. 2B reports the mean velocity (μm/ 
s) obtained by tracking of at least 100 liposomes. 

mPEG-Lipo were found to move faster (0.77 ± 0.13 μm/s) than 
Naked-Lipo (0.53 ± 0.11 μm/s) and Anionic-Lipo (0.30 ± 0.12 μm/s) 
(Fig. 2B). This is in agreement with the literature data reporting 
enhanced diffusion of PEG-coated liposomes in the vitreous [51]. 5% 
Agm6-Lipo displayed the lowest mobility, presumably due to their 
positively charged surface that interacts with the negatively charged 
macromolecules in the vitreous (e.g., hyaluronic acid) [51,52]. Addition 
of mPEG to the liposomes increased the mobility of 5%Agm6-Lipo due to 
the masking of the positive charge on the liposome surface. In line with 
the zeta potential values, mPEG/10%Agm6-Lipo showed lower vitreal 

mobility than mPEG/5%Agm6-Lipo. Unexpectedly, Anionic-Lipo 
showed low mobility in the vitreous, which was similar to mPEG/10% 
Agm6-Lipo (Fig. 3B). It is worth noting that the low mobility of anionic 
nanoparticles in the vitreous has already been reported in the literature 
[37], although another study reported high mobility of anionic lipo
somes in the vitreous [51]. This behavior may result from “wrong side 
interactions” that can be due to Coulombic and van der Waals interact 
ions between the colloidal systems (i.e., nanoparticles and macromole
cules) occurring in complex matrices [53]. 

The diffusion coefficients in vitreous (Dv) and in water (Dw) are re
ported in Table 1; high Dw/Dv ratios indicate reduced particle mobility 
in the vitreous. The results suggest that the combination of mPEG-DSPE 
and Agm6-M-oleate modulates the diffusivity of liposomes in physio
logical matrices. Importantly, mPEG increased the vitreal mobility of the 
cationic liposomes to the levels of neutral liposomes (Table 1). 

3.2.3. Cell uptake 
Cytofluorimetric and confocal analyses were performed with 

ARPE19 cells to study the cell association and uptake of fluorescein 
labeled liposomes. The results reported in Fig. 3-i show that the Naked- 
Lipo, Anionic-lipo, and mPEG-Lipo poorly associate with ARPE19 cells. 
On the contrary, positively charged liposomes remarkably associate 
with ARPE-19 cells; 5%Agm6-Lipo yielded the highest cell association. 
Also, the PEGylated versions of Agm6-coated liposomes showed high cell 
association, even though a few previous studies showed reduced lipo
some cell interaction after surface coating with PEG [54,55]. Appar
ently, PEG in mPEG/5%Agm6-Lipo and mPEG/10%Agm6-Lipo did not 
significantly interfere with the cell association, even though it prevented 
the liposomes from vitreal binding. 

Fig. 3. i) Mean fluorescent intensity of ARPE-19 cells incubated with fluorescein-DHPE labeled pro-drug-free liposomes. Statistical analysis was calculated versus 
Naked-Liposomes. * p < 0.05, ** p < 0.01, *** p < 0.001, **** < 0.0001. ii) Confocal microscopic images of ARPE-19 cells incubated with pro-drug-free Naked-Lipo 
(A), mPEG-Lipo (B), Anionic-Lipo (C), 5%Agm6-Lipo (D), mPEG/5%Agm6-Lipo (E) and mPEG/10%Agm6-Lipo (F). Magnification and Z-projection of the cells in the 
white squared areas of Panel D–F are reported in Panel G-I, respectively. 

Table 1 
Experimentally derived diffusion coefficients of liposomes in vitreous (Dv) and 
their theoretically calculated diffusion coefficients in water (Dw).   

Dv (μm2/s) Dw (μm2/s) Dw/Dv 

Naked-Lipo 0.08282 2.70 32.60 
mPEG-Lipo 0.17451 2.82 16.16 
Anionic-Lipo 0.02786 3.00 107.68 
5%Agm6-Lipo 0.00408 2.65 649.51 
mPEG/5%Agm6-Lipo 0.10722 2.83 26.39 
mPEG/10%Agm6-Lipo 0.02090 2.82 134.93  
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The confocal microscopy images reported in Fig. 3-ii confirmed the 
results of cell association studies. Incubation of Naked-Lipo, Anionic- 
Lipo, and mPEG-Lipo with ARPE-19 cells yielded negligible fluorescent 
spots in the cells (Fig. 3-ii A-C). On the contrary, remarkable cell uptake 
was observed with all cationic liposomes. In particular, 5%Agm6-Lipo 
and mPEG/5%Agm6-Lipo localized in the cytoplasm (Fig. 3-ii D-E), as 
confirmed by zeta stack projections of the magnified images (Fig. 3-ii G- 
H). Instead, mPEG/10%Agm6-Lipo were mostly associated with the cell 
surface (Fig. 3-ii F and I). Overall, these results indicate that despite 
mPEG-induced zeta potential reduction, the interactions of cationic li
posomes with cells were not prevented but affected their localization 
within cells. Indeed, other studies showed that the cationic charge / PEG 
ratio on the liposomal surface affects the association to and the uptake 
into cancer cells, and the cell membrane adhesion of liposomes increases 
over uptake when the ratio increases [56]. 

Based on cytofluorimetric and confocal results, Anionic-Lipo and 
mPEG/10%Agm6-Lipo were not further investigated. Indeed, Anionic- 
Lipo does not interact with the cells, while mPEG/10%Agm6-Lipo ag
gregates on the cell surface without cell internalization. Therefore, DH 
delivery was investigated by using 5%Agm6-Lipo and mPEG/5%Agm6- 
Lipo. Naked-Lipo and mPEG-Lipo were used as reference formulations. 

3.3. Dexamethasone hemisuccinate-loaded liposomes 

DH was loaded into the liposomes by remote loading prior to the 
surface modification with oligocations and mPEG. At pH 7.0, DH has 
LogD of − 1.26 (Fig. SI-4A; Marvin software, version 19.27, by Chem
Axon), which fits the recommended LogD values (from − 1.5 to 1) for 
remote loading of amphipathic drugs into liposomes [57,58]. A pre
liminary study showed similar loading efficiency at pH 7.0 and 7.4 
(Fig. SI-4B and C). Therefore, DH was loaded into liposomes at physio
logical pH of 7.4, which resulted in 9.1–11.3 wt/wt% DH loading ca
pacity, corresponding to 36.2–44.9% loading efficiency. 

Fig. 4A shows that the mPEG-DSPE post-insertion did not affect drug 
loading, but post-insertion of Agm6-M-Oleate decreased DH loading 
capacity by ≈18%. These results suggest that post-insertion of mPEG 
does not alter the liposomal membrane permeability, whereas the oli
gocationic moieties induce bilayer leakiness, presumably due to 

repulsive charges on the liposome surface. 
To investigate the effect of electrolytes and non-electrolytes on 

bilayer hydration, which in turn can impact on remote loading of drugs 
into liposomes [59,60], DH loading was also carried out in the presence 
of either the NaCl or dextrose under isosmotic conditions. The results 
(Fig. SI-5) did not show differences of drug loading among formulations, 
indicating that NaCl is a suitable excipient to obtain isotonic dispersions. 

The results reported in Fig. 4B show that the DH-loaded liposomes 
have similar size, PDI, and zeta potential to DH-free liposomes described 
above. In particular, the similar zeta-potential of DH-free and DH-loaded 
liposomes suggests that DH does not interact with the liposome surface. 
Indeed, DH interaction with liposome surface would decrease the zeta 
potential of liposomes. 

Cryo-transmission electron microscopy (Cryo-TEM) images of DH- 
loaded liposomes reported in Fig. 4C-F show the typical round-shaped 
morphology with the lipidic bilayers surrounding the inner aqueous 
compartment (images of drug-free liposomes are shown in Fig. SI-6). A 
negligible lamellarity due to the extrusion process [29] was observed in 
all formulations. All DH-loaded liposomes showed elongated structures 
corresponding to the Ca2+/DH complex. A similar phenomenon was 
earlier reported with methylprednisolone hemisuccinate-loaded lipo
somes [61]. 

At pH 7.4, the size and zeta potential of DH-loaded Naked-Lipo and 
mPEG-Lipo were stable over 20 days, and negligible size increase and 
zeta potential decrease were observed in the case of 5%Agm6-Lipo and 
mPEG/5%Agm6-Lipo (Fig. SI-7) indicating that all formulations possess 
remarkable colloidal stability under this condition. 

Large-angle light scattering (LALS) analyses by Apogee microflow 
cytometric system allowed for the evaluation of the colloidal stability of 
fluorescein-labeled DH-loaded liposomes in the vitreous. The instrument 
can distinguish the signals from the vitreal macromolecules and fluo
rescently labeled liposomes. 

Fig. 5A shows the data of fluorescently labeled liposomes that were 
gated upon removal of the signals from the vitreal components. 

Different LALS values at time 0 for the formulations indicate that 
they interact differently with the vitreous humor (Fig. 5B). In particular, 
5%Agm6-Lipo and mPEG/5%Agm6-Lipo showed higher starting values 
than Naked-Lipo and mPEG-Lipo, suggesting that they underwent 

Fig. 4. A. DH loading efficiency (%, ) and loading capacity (wt/wt%, ) in liposomes. B. Size ( ) and zeta-potential ( ) profiles of DH-loaded liposome formulations 
with different coatings. Cryo-TEM images of the DH-loaded liposomes: Naked-Lipo (C), 5%Agm6-Lipo (D), mPEG-Lipo (E), mPEG/5%Agm6-Lipo (F); the samples 
were imaged at 57 K magnification. Yellow arrows indicate the nanocrystalline structures of Ca2+ dexamethasone hemisuccinate aggregates. Size bar: 200 nm. (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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prompt dimensional changes in the vitreous. The LALS signals of Naked- 
Lipo and mPEG-Lipo did not increase over time, indicating that the size 
of these vesicles was stable in the vitreous. On the contrary, the LALS 
signal of 5%Agm6-Lipo increased by about 50% in 20 days, indicating 
progressive aggregation of these liposomes in the vitreous. Notably, the 
increase of LALS signal was significantly reduced with mPEG-DSPE 
coating of 5%Agm6-Lipo, showing remarkable PEG protection of the 
liposomes in the vitreous humor, which can also minimize the inter
ference with vision upon administration. 

Cytotoxicity of DH-loaded liposomes was assessed with ARPE-19 
cells with increasing concentrations of DH up to 100 μM correspond
ing to 0.5 mg/mL liposome concentration. 

The results reported in Fig. 6 show that DH-loaded liposomes were 
not cytotoxic over 6- and 24-h incubations. Free DH showed some 
cytotoxicity only at the highest drug concentration tested (100 μM) and 
24 h exposure, which is in agreement with results reported in the 
literature [62]. 

The cytofluorimetric results reported in Fig. 7-i and SI-8 show that 
the DH-loaded liposomes behave similarly to their blank counterparts; 
cationic liposomes showed higher cell association than neutral ones. 
This confirms that the drug loading does not affect vesicle surfaces, and 
DH is not adsorbed on the liposome surface. 

Confocal microscopy was used to study the internalization of the DH- 
loaded liposomes by the cultured ARPE19 cells. Figs. 7-ii A-B show that, 
similarly to DH-free liposomes (Figs. 3), the DH-loaded Naked-Lipo and 
mPEG-Lipo did not undergo cellular association or uptake. On the 

contrary, 5%Agm6-Lipo and mPEG/5%Agm6-Lipo showed remarkable 
cell association and disposition to the cytosol (Fig. 7-ii C–D). However, 
these formulations showed different patterns of cell association and 
entry. 5%Agm6 formed large aggregates either on the cell surface or in 
the cytosol, while mPEG/5%Agm6-Lipo accessed the cytosolic space 
generating small fluorescent spots similar to what was observed with the 
DH-free counterpart. Therefore, mPEG coating seems to reduce the 
clustering of cationic liposomes in the proximity of the cell membrane, 
thus facilitating cellular uptake. 

3.4. Dexamethasone hemisuccinate release 

Fig. 8 shows the in vitro release profiles of DH from liposomes at 
37 ◦C in buffer at pH 7.4. All formulations displayed biphasic behavior 
with fast drug release within the first 24 h (Fig. SI-9), followed by a slow 
release for more than 30 days. This behavior can be explained by the 
equilibrium between non-complexed DH that can be promptly released 
and DH complexed with Ca2+ that is slowly released. The release profiles 
show that surface modification affects the DH release. 5%Agm6-Lipo 
showed faster release compared to Naked-Lipo, suggesting that the post- 
insertion of the oligocationic-lipid moieties may affect the bilayer 
structure making it more permeable. This agrees with the slightly lower 
drug loading obtained after Agm6-M-Oleate decoration (Fig. 4A). Both 
mPEG-Lipo and mPEG/5%Agm6-Lipo showed lower levels of fast DH 
release and overall slower release than Naked-Lipo and 5%Arg6-Lipo, 
which is in agreement with the previous observation that mPEG-DSPE 

Fig. 5. Stability of DH-loaded liposomes in vitreous at 37 ◦C. A. Apogee flow cytometry profiles of liposomes. B. Correlation of the large angle light scattering signals 
vs. time of liposomes. 

Fig. 6. Viability profile of ARPE-19 cells incubated with DH-loaded liposomes for 6 (A) and 24 h (B). Concentrations reported in legends refer to the DH or, in the 
case of drug-free liposomes, equimolar lipid concentration with respect to drug-loaded liposomes. Data are presented as mean ± SD (n = 3). Statistical analysis versus 
DH-loaded Nake-Lipo: * p < 0.05, ** p < 0.01, *** p < 0.001. 
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post-insertion may reduce the bilayer permeability of liposomes. In 
particular, mPEG-Lipo was found to yield a very slow DH release, sug
gesting that the polymer brush on the liposome surfaces increases the 
stability of the lipid bilayer and modulates the diffusivity of the drug 
across the lipid membrane [63]. 

3.5. Anti-inflammatory response 

Strategies using glucocorticoids are frequently adopted in pre- 
clinical and clinical approaches [64–68], dexamethasone being the 
first-choice treatment providing neuroprotective effects by its anti- 
inflammatory activity [69]. Furthermore, dexamethasone has been 
shown to improve visual function in optic nerve traumatic injuries [70]. 

The anti-inflammatory activity of the DH-loaded liposomes was 
tested in ARPE-19 cells that were stimulated with lipopolysaccharide to 

activate the production of pro-inflammatory cytokines, such as IL-6, IL- 
8, IL-1β [71]. This endotoxin also stimulates retinal pigment epithelial 
cells to elicit an inflammatory response and pro-apoptotic signals. The 
cells respond to pro-inflammatory stimuli through several receptors, 
including CD14 and the toll-like receptors (TLRs), and regulate inflam
matory signals in the retina [72]. In this study, the release of the pro- 
inflammatory marker IL-6 from ARPE-19 cells was monitored, and the 
anti-inflammatory activity of 1 and 10 μM DH was investigated. IL-6 was 
chosen as an inflammatory marker since its secretion by ARPE-19 cells 
upon pro-inflammatory challenge is largely prevailing other cytokines 
[73], and few studies demonstrated that IL-6 is a suitable marker to 
assess experimentally induced inflammation in vitro [74], oxidative 
stress [75] and the effect of anti-inflammatory drugs including dexa
methasone [76] on ARPE-19 cells. 

The results reported in Fig. 9 show that free DH and DH-loaded 
Naked-Lipo and mPEG-Lipo have low anti-inflammatory activity at 10 
μM DH and none at 1 μM. Since little or no cell association or inter
nalization was observed with Naked-Lipo and mPEG-Lipo (Fig. 7), the 
low anti-inflammatory activity was probably mediated by the DH 
released in the cell culture medium (Fig. 8). DH-loaded 5%Agm6-Lipo 
and mPEG/5%Agm6-Lipo remarkably decreased the inflammatory 
response. The reduction of IL-6 levels from non-treated control was 2.7 
and 4.3 times with 1 μM DH-loaded 5%Agm6-Lipo and mPEG/5%Agm6- 
Lipo, respectively, and 3.9 and 9.4 times with 10 μM DH-loaded lipo
somes. The higher anti-inflammatory activity of 5%Agm6-Lipo and 
mPEG/5%Agm6-Lipo is in line with their efficient cell association and 
intracellular disposition in the ARPE19 cells (Fig. 7). The confocal data 
can explain the highest anti-inflammatory performance of mPEG/5% 
Agm6-Lipo with respect to 5%Agm6-Lipo. Indeed, while the latter 
associated more efficiently with cells but in large part remained on the 
liposome surface, the former possesses better access to the cell cytosol. 

The low activity of free dexamethasone hemisuccinate reported in 
Fig. 9 is attributable to the short cell incubation time (1 h). Indeed, we 
previously found that 24 h cell incubation with dexamethasone hemi
succinate yielded significant anti-inflammatory activity, and this result 
was recently confirmed by similar studies reported in the literature 
[29,36]. However, it is worth to note that despite the short cell incu
bation, the 1 μM dexamethasone hemisuccinate equivalent mPEG/5% 

Fig. 7. i) Mean fluorescent intensity of ARPE-19 cells incubated with DH-loaded fluorescein-DHPE labeled liposomes at three liposome concentrations. Data are 
presented as Mean ± S.D. (n = 3). Statistical analysis was calculated versus DH-loaded Naked-Lipo. Ns: not significant, * p < 0.05, ** p < 0.01; *** p < 0.001, **** <
0.0001. ii) Confocal microscopic images of ARPE-19 cells incubated with DH-loaded Naked-Lipo (A), mPEG-Lipo (B), 5%Agm6-Lipo (C), mPEG/5%Agm6-Lipo (D). 
Panel C and D also include the Z-stack projections on the upper and right white frames. Nuclei of cells were stained in blue (DAPI), cell membranes in red (WGA-Alexa 
Fluor633), and liposomes in green (Fluorescein-DHPE). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 8. DH release from liposomes. Data are presented as Mean ± S.D. (n = 3).  
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Agm6 coated liposomes yielded about 76% anti-inflammatory activity, 
which is comparable to the effect obtained by 24 h TPH-1 cell incubation 
with free dexamethasone hemisuccinate reported in the literature. 

3.6. Liposome distribution in ex vivo retinal layers and therapeutic effect 

The drug-loaded liposomes were further studied in an ex-vivo retinal 
culture model for permeation and drug response (Fig. 10A). We used an 
air-medium interphase system, in which we placed the explanted retinae 
(together with the RPE) on top of the membrane, with the photoreceptor 
side facing the culture membrane. The liposomes were placed on the 
vitreal side of the retinal tissue, and permeation through all retinal 
layers was evaluated. The treatment with mPEG/5%Agm6-Lipo resulted 
in a green fluorescent signal visible all through the tissue, including on 
the vitreal side, the inner plexiform layer (IPL), the inner nuclear layer 
(INL), the outer plexiform layer (OPL), the outer nuclear layer (ONL) 
and in the region of the outer segments (OS) contacting the RPE indi
cating that these liposomes diffused across the tissue (Fig. 10B). In the 
5%Agm6-Lipo treated tissue, also fluorescence -at a lower degree- was 
detected in the IPL, INL, and OPL. In addition, all groups showed fluo
rescence in the OS, which more likely corresponds to OS 

autofluorescence. 
Under normal culture conditions, retinal cells suffer excessive stress 

and degenerate over time. Thus, ex-vivo retinas were treated with DH- 
loaded Naked-Lipo, mPEG-Lipo, 5%Agm6-Lipo, and mPEG/5%Agm6- 
Lipo to evaluate the efficiency of DH delivery by the liposomes to the 
target tissue. In addition, the TUNEL assay assessed cell death (Fig. 11A). 

After 5 days of treatment with DH-loaded liposomes, retinas showed 
lower cell death (Fig. 11B), and higher thickness of the retina layers 
(Fig. 11C) compared to retinas treated with free DH, indicating that li
posomes increased DH delivery, as well as neuroprotection. mPEG/5% 
Agm6-Lipo was the most efficient formulation, with a surprisingly sub
stantial reduction of cell death in the INL, which was also reflected in 
more cell rows in this layer. 

4. Conclusions 

The results reported in this study show that the combination of 
synthetic cell penetration enhancers (CPE) and mPEG can be success
fully used to control the intravitreal behavior of colloidal drug delivery 
systems. 

We have shown here that the combination of the Agm6 and mPEG on 

Fig. 9. IL-6 release by ARPE-19 cells 
after stimulation with LPS and treat
ment with liposomes. Cells were 
treated with DH-loaded liposomes at 
1 μM ( ) and 10 μM ( ) drug concen
tration or equimolar concentration of 
drug-free liposomes. Untreated: cells 
that received neither LPS stimulation 
nor liposomes; LPS: cells stimulated 
only with LPS and did not receive li
posomes. Data are presented as Mean 

± S.D. (n = 9). p > 0.05, ns; * p <
0.05, ** p < 0.01; *** p < 0.001, **** 
< 0.0001 with the respective Naked- 
Lipo.   

Fig. 10. DH loaded liposomes distribution in retinal explants sections. 14 μm sections were prepared from wild-type explanted retinae. (A) Diagram of the air- 
medium interphase system, in which explanted retinae faced the culture membrane on its photoreceptor side. Liposomes were added on the vitreal side of the 
retinae. (B) DH-loaded Naked-Lipo, mPEG-Lipo, 5%Agm6-Lipo, and mPEG/5%Agm6-Lipo-treated retinae. The treatment with mPEG/5%Agm6-Lipo resulted in better 
penetration through all the retinal layers. Images were generated using 20× magnification. The scale bar is 50 μm. Abbreviations: GCL, ganglion cell layer; IPL, inner 
plexiform layer; INL, Inner nuclear layer; OPL, outer plexiform layer; ONL, Outer nuclear layer; OS, outer segments; RPE: Retinal Pigmented Epithelium. 
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Fig. 11. A. Microscopic analysis of retinal explant sections by TUNEL assay. Sections of wild-type mice explanted retinas treated with DH-loaded liposomes were 
imaged after treatment. TUNEL-positive cells (green) and the DAPI-stained nuclei (blue) were quantified. Images are taken with 20× magnification. Scale bar 50 μm. 
B. Graphical representation of TUNEL-positive cells and C. cell rows count in ONL and INL of different treatment groups. Data are presented as Mean ± SD (N = 3 
retinas). Statistical analysis was performed versus untreated retina. ns: not significant, *p < 0.05; ** p < 0.01; *** p < 0.001, ****p < 0.0001. (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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the liposome surface offers the opportunity to tailor the diffusivity of the 
liposomes in the vitreous, allowing docking to the retina upon intra
vitreal treatment. The coating of Agm6 decorated liposomes with mPEG 
provides an effective therapeutic anti-inflammatory outcome in vitro and 
ex-vivo, resulting from a combination of factors, including high intra
cellular drug delivery and low carrier cytotoxicity. On the other hand, 
further investigations are required to elucidate the effect of mPEG and 
Agm6 on the mechanism regulating the liposome/cell membrane inter
action, endocytosis, and intracellular trafficking. 
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