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ARTICLE INFO ABSTRACT

Keywords: Choroidal neovascularization (CNV) is a prevalent vision-threatening vascular disorder in aging population. CNV
Liposome is associated with several diseases in the posterior segment of the eye such as age-related macular degeneration
Sunitinib

(AMD). In this study we developed sunitinib-loaded liposomes to block the neovascularization signalling
pathway through inhibition of tyrosine kinase of vascular endothelial growth factor receptors (VEGFRs). Lipo-
somal sunitinib formulations were prepared by thin film hydration method and studied for their encapsulation
efficiency (EE), loading capacity (LC) and drug release profile in buffer andvitreous. Our finding showed that the
liposomes (mean size 104 nm) could effectively entrap sunitinib (EE ~ 95%) at relatively high loading capacity
(LC =~ 5%) and release sunitinib over at least 3 days. Intravitreal sunitinib-loaded liposomes revealed inhibitory
effect on established neovascularization in laser-induced CNV mouse model while the intravitreal injection of
sunitinib solubilized with cyclodextrin was inefficient in management of neovascularization. Accordingly,
liposomal sunitinib is a promising drug delivery system that should be further studied to inhibit the CNV related

Choroidal neovascularization
Age-related macular degeneration
Cyclodextrin

Intravitreal injection

to AMD.

1. Introduction

Ocular pathological neovascularization is the most common cause of
vision loss in industrialized countries (Campochiaro, 2013; Ferrara,
2016). In choroidal neovascularization (CNV) newly formed blood
vessels sprout from choriocapillaries and grow into the subretinal space
through Bruch’s membrane and RPE (Campochiaro, 2013). Choroidal
neovascularization is a hallmark of exudative age-related macular
degeneration (AMD), also known as wet-AMD; a prevalent vision-
threatening ocular disease (Jager et al., 2008). The number of AMD
patients increase worldwide at fast rate. The number of patients has
been projected to reach over 240 million cases worldwide between 2020
and 2030 (1.2-fold increase) (World report on vision, 2020) (Wong
et al., 2014). The AMD affects the quality of life of increasing number of
individuals socially and economically.

The current AMD therapy includes intravitreal injections of vascular
endothelial growth factor (VEGF) neutralizing agents, such as ranibi-
zumab, bevacizumab, aflibercept and brolucizumab (Varela-Fernandez
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et al., 2020; Ferrara and Adamis, 2016; Al-Khersan et al., 2019). The
VEGF inhibitors transformed the treatment of wet-AMD that was earlier
based on phototherapy by verteporfin (Visudyne®) (Ferrara and Ada-
mis, 2016; Patel et al., 2018). The current treatment prevents the
interaction between VEGF and its receptor (mainly VEGFR-2), since
binding to VEGFR-2 triggers the endothelial cell migration and prolif-
eration (Ferrara, 2016; Ferrara and Adamis, 2016). The VEGF inhibitors
are delivered as monthly or bimonthly intravitreal injections to millions
of patients (Janoria et al., 2007; Peyman et al., 2009). Despite their
significant therapeutical benefits, current anti-VEGF drugs show unsat-
isfactory therapeutic response even in more than 20% of the patients due
to various reasons (Sakurai et al., 2005). There is still a need for addi-
tional therapeutics in the treatment of neovascular AMD.

It is now evident that the phosphorylation of tyrosine in VEGFRs is
required for the neovascularization signalling pathway (Sakurai et al.,
2005). Thus, an alternative strategy is to block the VEGF-induced sig-
nalling pathway by tyrosine kinase inhibitors (e.g. sunitinib, axitinib
and pazopanib) (Al-Khersan et al., 2019; Robbie et al., 2013; Nowak-
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Sliwinska et al., 2015; Giddabasappa et al., 2016). Sunitinib received
FDA approval for treatment of renal cell carcinoma (Motzer et al., 2006)
and has shown effective suppression of VEGF expression in several in
vitro and in vivo studies with ARPE19 cell line (Streets et al., 2020), chick
embryo chorioallantoic membrane (CAM) (Ramazani et al., 2015) and
animal models (mouse, rat, rabbit) (Tsujinaka et al., 2020). Sunitinib
has broad mechanism of action by blocking all VEGFRs (VEGFRI-
VEGFR3) and platelet-derived growth factor (PDGFR) that are associ-
ated with neovascularization (Roskoski, 2007). Hence, it may provide
better visual outcomes than the current anti-VEGF treatments.

Given the dose-dependent toxicity and small molecular size of
sunitinib, intravitreal administration is only practical by using drug
delivery systems (del Amo et al., 2017). Dissolved sunitinib is eliminated
from the vitreous cavity rapidly (half-life in rabbit eye is 3.7 h) due to its
ability to cross blood-retinal barrier (Del Amo et al., 2015). In this study,
we developed a liposomal sunitinib formulation according to our pre-
viously reported criteria for the design of intravitreal nanocarriers
(Tavakoli et al., 2021; Tavakoli et al., 2020). Sunitinib-loaded liposomes
were applied to 1) suppress the VEGF-induced neovascularization and 2)
extend the drug release in the vitreous. We examined the physico-
chemical formulation features and anti-neovascularization effects of
liposomal sunitinib in laser-induced CNV mice model.

2. Materials and methods
2.1. Materials

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG)
and 1,2-distearoyl-sn-glycero-3-phosphoglycerol (DSPG), were pur-
chased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). The extruder
was purchased from Avanti Polar Lipids (Alabaster, AL, USA) and the
100 nm Nucleopore polycarbonate membranes (diameter 19 mm) were
supplied from Whatman Int. Ltd. (Maidstone, England). Frozen cit-
rate-phosphate-dextrose (CPD)-anticoagulated human plasma was
bought from the Finnish Red Cross Blood Service (Helsinki, Finland),
which is provided as an anonymized blood product for research use only
and constitutes non-identifiable human material under the Declaration
of Helsinki. Vitreous humour for drug release experiments was isolated
from porcine eyes provided by HKScan Finland Oy (Forssa, Finland) and
homogenized according to the protocol reported previously (Jager et al.,
2008) (World report on vision, 2020). Amicon ® Ultra-4, MWCO 10 kDa
was supplied by Merck-Millipore®, USA. Sunitinib free base (S-8877)
was purchased from LC Laboratories (Woburn, MA, USA). Slide-A-
Lyzer® mini dialysis device with 10 K MWCO inserts was supplied by
Thermo Fisher Scientific. Triton X-100 was from MP Biomedicals (Santa
Ana, CA, USA). Dulbecco’s phosphate buffer saline (PBS) was supplied
from Gibco®. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), sodium chloride (NaCl), Hydroxypropyl p-cyclodextrin and all
organic solvents were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All reagents were analytical grade.

2.2. Sunitinib analysis by ultra-performance liquid chromatography
(UPLC)

Sunitinib quantification was performed using the Acquity UPLC
(Waters, USA). Briefly, a gradient method was applied with a mobile
phase A (0.015 M phosphate buffer, pH 2) and mobile phase B (aceto-
nitrile) using a Luna Omega 1.6 um Polar C18 column (100 A, 2.1 mm x
50 mm, Phenomenex, USA) at a flow rate of 0.5 ml/min. The eluent ratio
(A/B) was linearly changed from 70/30 to 40/60 in 2 min after which
the system was stabilized for 1 min. The detection wavelength of suni-
tinib was 270 nm. The volume of injection was 5 pL and the running time
for all samples was 3 min. The retention time of sunitinib was 0.85 min.

International Journal of Pharmaceutics 620 (2022) 121725
2.3. Sunitinib-cyclodextrin inclusion complexes: phase solubility assay

Solubility test was performed according to the phase solubility assay
as described by Higuchi and Connors (Higuchi and Connors, 1965). A
known excess amount of sunitinib was added to various concentrations
of hydroxypropyl p-cyclodextrins (1, 2.5, 5, 10, 20, 40, 60, 80, 120, 160
mM) in 1.5 ml of PBS. The suspensions were shaken at the speed of 300
rpm for 48 h at 25° C. The samples were then filtered through a 0.45 pm
polytetrafluoroethylene (PTFE) filter and assayed for dissolved sunitinib
content by UPLC.

2.4. Liposome preparation

Liposomes were prepared by thin film hydration method followed by
sequential extrusion as reported previously with a modification in the
lipid composition (Kari et al., 2020). DSPC, DOPC, DSPG and DSPE-PEG
lipid mixture (20 umol) at a molar ratio of 75:10:10:5, respectively, were
dissolved in chloroform and placed in rotary evaporator. In order to
form a thin lipid layer, the organic solvent was removed at 55 °C under
nitrogen flow while the pressure was gently reduced to below 100 mbar.
The thin lipid film was then hydrated with 1 ml of HEPES buffer saline
solution (20 mM HEPES and 140 mM sodium chloride, pH 7.4) at the
indicated temperature. Thereafter, liposomes were extruded 11 times at
55 °C through polycarbonate filter membranes of 100 nm pore size with
a syringe-type mini-extruder (Avanti Polar Lipids) followed by quick
cooling and storing at 4 °C. Given the highly lipophilic characteristic of
sunitinib (LogP = 2.93), encapsulation of sunitinib was done by adding
the sunitinib (7% w/w to lipids in chloroform) to the lipid mixture in
chloroform prior to evaporation process.

2.5. Sunitinib-liposome characterization

2.5.1. Size and zeta potential

The particle size was measured by dynamic light scattering (DLS)
using Malvern Zetasizer APS automated plate sampler (Malvern In-
struments Ltd., Malvern, United Kingdom). Data acquisition was per-
formed with Malvern DTS v7.01 software and the result were reported as
size distribution by particle number and polydispersity index (PdI). Prior
to measurement, each sample was diluted at 1:10 v/v ratio in HEPES
buffer (pH 7.4) and analyzed three times with 13 sub-runs. The zeta
potential was determined following the same sample dilution at room
temperature with a Zetasizer ZS v7.1.1 (Malvern Instruments Ltd.).

2.5.2. Encapsulation efficiency and loading capacity

Encapsulation efficiency was calculated by indirectly determining
the amount of drug entrapped in the liposomes and defined as the per-
centage of drug incorporated into liposomes relative the total amount of
drug used in the preparation (Eq. (1)). Loading capacity was calculated
to determine the amount of encapsulated sunitinib relative to the
amount of liposomes in the formulation (Eq. (2)). Since sunitinib has
poor solubility, solid sunitinib was first separated from dissolved and
liposomal sunitinib by centrifuging at 12,800g for 10 min (Thermo IEC
microlite microcentrifuge, USA). Then, the supernatant was collected in
Polyaallomer tube (Beckman Coulter®, USA) and ultracentrifuged at
215,000g for 2 h using a SW 60 Ti rotor in ultracentrifuge (Optima Max,
Beckmann Coulter, USA) at 20 °C. The clear supernatant contains the
free dissolved sunitinib, whereas the sunitinib loaded liposomes formed
a gel-like pellet. The components were kept at 4 °C until analysis.

The encapsulation efficiency (EE%) and loading capacity (LC%) were
calculated by following equations:

_ Alotal drug — Afree drug

Encapsulation efficiency (EE%) = — QA x 100, 1)
total drug

Aoa\ rug 7Aree rug
Loading capacity (LC%) = —wildwe — “Hreedne o 10 @))

A total liposome
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where Atotal drug iS the total amount of the sunitinib used in the formu-
lation and A (otal liposome in Eq. (2) is the total amount of lipids.

2.6. In vitro drug release

Slide-A-Lyzer® mini dialysis device with 10 K MWCO inserts was
used for drug release study. The donor compartment volume holds a
fixed volume of 500 pL and the receiver compartment volume is 14 ml.
The receiver compartment was filled with DPBS (pH 7.4) with excess
amount of HP $-CD (15 mM) to maintain the sink conditions. The
liposomal sunitinib formulation was first purified with Amicon ® Ultra-
4, MWCO 10 kDa spin filter at 12,000g for 15 min. Next, the formula-
tions were mixed (1:1 v/v) with two different media: 1) DBPS buffer and
2) premixed porcine vitreous and placed in the donor compartment. All
donor chambers were supplemented with 1% cell culture grade pen-
icillin-streptomycin. The dialysis devices were placed in orbital shaker
and kept at +37 °C under shaking at 300 rpm in an incubator. At certain
time points, 100 pL of sample was withdrawn from each receiver
compartment and the equivalent volumes of DPBS containing HP -CD
was replaced in the receiver chamber. The samples were mixed with
phosphate buffer (pH = 2) at 1:2 or 1:5 v/v ratio. Then 5 pL of the
sample was withdrawn and analyzed using UPLC method. Sunitinib- HP
-CD complexes were studied in similar experimental set-up as a control
for the dialysis membrane barrier.

The cumulative release of sunitinib (%) was calculated according to
Eq. (3) as follows:

Amount in the dialysis device, A, = [C, x V||
Removed amount from dialysis device, R, = [C, X V]

M, 5 'Rt+A,
Mg " Total amount

Cumulative release (%) 100 3)

where M/M,, is the fraction of compound released at a time t and C; is
sample concentration (uM). Total dialysis device volume and sample
volume were shown as V; and V; (L), respectively. Total amount is the
initial measured drug per device (umol).

Sunitinib-cyclodextrin complex stability was assessed in separate
vials while protecting from light at 4 °C and 37 °C over the course of
study and the sunitinib concentration was analyzed by UPLC (see Sec-
tion 2.2).

2.7. In vivo anti-neovascularization studies

2.7.1. Animal model for choroidal neovascularization

Male C57Bl/6JRccHsd mice, eight weeks old, from Envico Labora-
tories (UK) were used. The mice were housed in a controlled environ-
ment (temperature 21 + 1 °C, 12-h light/dark cycle) with standard diet
and water ad libitum. All experiments were designed and conducted
according to the guidelines of the ARVO Statement for the Use of Ani-
mals in Ophthalmic and Vision Research and they were approved by the
Finnish National Animal Experiment Board (ESAVI-2020-027769).

Before inducing CNV, the mice were anesthetized with intraperito-
neal injection of 50 mg/kg ketamine (Ketaminol®; Intervet Interna-
tional B.V. Boxmeer, Netherland) and 1 mg/kg (Domitor®; Orion Oy,
Tampere, Finland) medetomidine and pupils were dilated with topical
application of 0.5% tropicamide (Oftan® Tropicamid, Santen Pharma-
ceuticals Co, Ltd.,Tampere, Finland). CNV was induced to all animals by
retinal photocoagulation laser (Vitra 2; Quantal Medical, Rockwall, TX,
USA). Four laser spots were placed around the optic disc of both eyes
(power 100 mW; exposure 100 ms; spot size 50 pm). The bubble for-
mation indicated the induction of CNV through a rupture of Bruch’s
membrane. Lesions with hemorrhage were excluded from further
studies.

The formation and development of CNV were monitored using
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optical coherence tomography (OCT) and fluorescein fundus angiog-
raphy (FA) using Micron IV instrument (Phoenix Research Labs, Pleas-
anton, CA, USA). OCT and FA images were obtained on days 0, 3 and 7.
Angiograms at five-minute phase were used for comparative analyses.
The area of leakage was outlined and calculated as the number of pixels
in a masked fashion by ImageJ software (National Institute of Health,
Bethesda, MD, USA). Each treatment group (liposomal sunitinib,
sunitinib-cyclodextrin or aflibercept) was compared to the control group
using two-tailed unpaired t-test with unequal variance. All results were
expressed as mean + SD. Differences were considered statistically sig-
nificant at p < 0.05.

2.7.2. Intravitreal drug treatments

Two different experiment arms were used to evaluate the effects of
liposomal sunitinib and sunitinib-cyclodextrin. In the first study on
liposomal sunitinib, the mice were randomly divided into three groups
immediately after laser photocoagulation. Under a deep plane of anes-
thesia 1 pL of drug formulation was injected intravitreally into both eyes
using Hamilton microinjector (Hamilton Co., Reno, NV, USA). Group 1
(n = 10) received injection of aflibercept (Eylea® 40 mg/ml), group 2 (n
= 10) received injection of sunitinib encapsulated in liposomes and
group 3 (n = 10) received no treatment and acted as a control in this
study.

In the second study a total of 12 mice were divided into two groups.
All animals underwent laser photocoagulation as described above.
Group 1 (n = 6) received 1 pL of sunitinib-cyclodextrin into both eyes
(total dose, 5 pg of sunitinib). The mice of group 2 (n = 6) were used as
controls. Topical eye drop (Viscotears®, Alcon, Finland) was applied
after intravitreal injections to prevent any efflux of drugs.

3. Results
3.1. Physicochemical characterization of liposomes

The following physicochemical characteristics were measured for
sunitinib-loaded liposomes: hydrodynamic diameter was 104 + 28 nm,
polydispersity index (PdI) 0.177, and { —potential —21.4 mV (Fig. S1).
The formulations showed narrow size distribution as the PdI values were
below 0.2.

3.2. Sunitinib-cyclodextrin inclusion

Fig. 1 demonstrates the phase solubility diagram applied for the
complexation of sunitinib with HP p-CD. According to this diagram the
solubility of sunitinib linearly elevates with increasing concentration of
cyclodextrin. This confirms the “AL type” phase solubility diagram. The
complexation of HP B-CD with sunitinib increased the solubility of

1000-
. 800
=
2
S 600+
£
2 400-
@

200

1 I I |
0 20 40 60 80 100

HP B-CD (mM)
Fig. 1. Phase solubility diagram of sunitinib complexed with HP B-CD at

various concentrations in DPBS at pH 7.4. Linear regression analysis was done
in GraphPad Prism v.8 with 95% confidence interval, r> = 0.9988.
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sunitinib by almost 150-fold, from 5.6 uM (without complexation) up to
848 uM at 80.4 mM of HP p-CD (Fig. 1). Accordingly, 15 mM of HP -CD
was selected for obtaining the sink conditions in the release study which
is at least 5 times higher than the solubility of inserted dose.

3.3. Encapsulation efficiency and loading capacity of sunitinib in the
liposomes

Sunitinib was passively loaded in liposomes using thin layer hydra-
tion technique. The encapsulation efficiency which represents the mass
ratio of loaded drug to total drug in the system was 94.7 + 11.0 % with
relatively high loading capacity of 4.8% (loaded drug amount/lipid
mass).

3.4. In vitro drug release

Drug release profile of liposomal sunitinib (Fig. 2) demonstrates that
the complete release from liposomes in buffer and vitreous were ob-
tained by 72 h and there were not significant difference between the
drug release in the vitreous compared to the DPBS buffer. Sunitinib in
HP B-CD complexes (without liposome) was used as a control. After 4 h
the concentration of the sunitinib reached equilibrium in both donor and
receiver chamber, indicating that the dialysis membrane does not
limiting the sunitinib transfer between chambers.

Neither changes in sunitinib concentration nor extra peaks in UPLC
analysis were observed in the stability experiment with sunitinib-
cyclodextrin complexes suggesting that sunitinib was stable during the
experiments (Fig. 3).

3.5. Liposomal sunitinib reduces choroidal neovascularization lesions

To determine the effect of liposomal sunitinib on laser induced CNV,
fundus fluorescein angiography was performed. Laser spots in control
mice showed remarkable leakage of fluorescein on experimental days 3
and 7 (Fig. 4). Single intraocular administration of liposomal sunitinib
suppressed leakage on day 3 post-photocoagulation. The fluorescein
leakage was 50% lower in the liposomal sunitinib-treated group
compared to the control mice (3520 + 4048 pixels vs. 7040 + 5412
pixels in controls). In contrast, mice treated with aflibercept decreased
leakage 58% on day 3 (2972 + 3012 pixels) and 72% on day 7 (1474 +
2491 pixels). There was no statistically significant difference between
the control and liposomal sunitinib-treated groups at 7 days.

Fundus image acquisition and fluorescence intensity analyses

100 re z z
= = = -=— Buffer
+— Vitreous
75
A

T T
0 24 48 72 96 120

Cumulative release %
(4]
o

0 T
0 50

I I I I I I
100 150 200 250 300 350
Time (Hour)

Fig. 2. The cumulative release of sunitinib (%) from liposomal formulation.
Slide-A-Lyzer® mini dialysis device with 10 K MWCO inserts was used for drug
release study. Donor compartment contained the liposomal sunitinib formula-
tions which were mixed (1:1 v/v) with two different media: 1) DBPS buffer and
2) premixed porcine vitreous. The receiver chamber was filled with DPBS (pH
7.4) with excess amount of HP -CD (15 mM) to maintain the sink conditions.
The drug release study was performed in orbital shaker incubator at the speed
of 300 rpm and + 37 °C. The insert shows a magnified view of release profile
over 5 days. (n = 3).
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Fig. 3. Sunitinib stability at 37 °C and 4 °C during 30 days. (n = 3).

(Fig. S2) supports the conclusion that most sunitinib is eliminated in 3
days from the vitreous.

The analysis of the inhibitory effect of sunitinib-cyclodextrin on CNV
fluorescein angiography was performed (Fig. 4). The fluorescein leakage
did not differ significantly between the sunitinib-cyclodextrin and con-
trol groups on day 3 or day 7 (9619 + 6589 pixels vs. 5911 + 4578
pixels in controls; 6515 + 6314 pixels vs. 7025 + 8297 pixels in con-
trols), respectively. In addition, our in vivo experiments did not show any
sign of inflammation upon intravitreal injection of sunitinib-
cyclodextrin complex based on OCT and fundus imaging.

4. Discussion

Sunitinib is a multiple tyrosine kinase inhibitor that blocks VEGF-
induced neovascularization signalling through the VEGF and PDGF re-
ceptors (Ferrara and Adamis, 2016) (Robbie et al., 2013) (Roskoski,
2007). Thus, sunitinib may provide an alternative approach to anti-
VEGF biologics in blocking VEGF-associated ocular neo-
vascularization. Previously, Takahashi et al, reported inhibition of
neovascularization in CNV mouse model following the oral adminis-
tration of sunitinib (Takahashi et al., 2006), but this approach may not
be feasible and safe in the clinics. Moreover, sunitinib revealed neuro-
protective effect due to its inhibitory effect on dual-leucine zipper kinase
(DLK) which may prevent retinal degenerative process in AMD as well as
other ocular conditions with retinal degeneration including glaucoma
(Welsbie et al., 2017) (Welsbie et al., 2019). Thus, sunitinib is an
interesting compound for complementing the current therapeutic
arsenal in the treatment of AMD, but problems of poor solubility and
rapid intravitreal elimination of small molecules should be solved (del
Amo et al., 2017; Del Amo et al., 2015; Schmitt et al., 2019).

Our approach combines a tyrosine kinase inhibitor sunitinib and
liposome formulation to overcome its solubility problem and rapid
clearance from the eye. Previously, we demonstrated that 100 nm sized
PEGylated anionic liposomes are freely mobile in the vitreous with
insignificant protein corona formation suggesting that they can over-
come vitreal barrier (Tavakoli et al., 2021). In this study, we developed
intravitreally injectable sunitinib liposomal formulation for retinal de-
livery to minimize drug dosing levels and risks of systemic sunitinib
toxicity. We applied the sunitinib free base as a highly lipophilic form of
the drug in order to maximize the encapsulation efficiency (about 95%)
and loading capacity (~5%), but sunitinib release studies were chal-
lenging due to its poor water-solubility. We solved the solubility issue by
introducing excess of HP p-CD to the receiving chamber of dialysis de-
vice to maintain the sink condition. Sunitinib release from these lipo-
somes took place in about 72 h. Considering the liposome structure and
the high phase transition temperature, the liposomes were stable in the
release condition, therefore the release mechanism is expected to be
simple diffusion-controlled release (Jain and Jain, 2016).

A single intravitreal injection of liposomes with 1 pg of encapsulated
sunitinib resulted in effective anti-neovascular effect for 3 days (Fig. 2),
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Fig. 4. Invivo analysis of the effect of 1. liposomal sunitinib (n = 20 eyes in control group; n = 20 eyes in aflibercept group; n = 20 eyes in liposomal sunitinib group)
and 2. sunitinib-cyclodextrin (n = 12 eyes in control group; n = 12 eyes in sunitinib-cyclodextrin group) on vascular leakage. Representative late-phase fluorescein
angiograms in control mice and in aflibercept, liposomal sunitinib and sunitinib-cyclodextrin treated mice, three days and seven days after photocoagulation are
shown in the left side. Vascular leakage measured by fluorescein angiography as graphical illustrations: results of day 3 (1A and 2C) and day 7 (1B and 2D). Values
are presented as mean + SD. * denotes statistically significant difference compared to the controls (p < 0.05).

while the solution of sunitinib-HP $-CD complexes failed in preventing
the vascular leakage (Fig. 4). This can be attributed to more rapid ocular
elimination of the sunitinib-cyclodextrin complexes (estimated half-life
~4 h) (Schmitt et al., 2019) as compared to the liposomes as duration of
sunitinib effect matched the elimination kinetics from the mouse eyes
(Fig. S2) (del Amo et al., 2017) (Urtti, 2006). Thus, liposomes are better
solubilization method than cyclodextrins for intravitreal sunitinib in-
jections and the study also demonstrates that a delivery system is needed
for utilization of sunitinib as an intravitreal injection. Previously, mi-
croparticles have been used to sustain sunitinib release and retention in
the vitreous (Tsujinaka et al., 2020).

According to our fluorescein angiograms, liposomal sunitinib effec-
tively prevents vascular leakage in CNV mice for 3 days, which is in
agreement with in vitro drug release and liposome elimination from the
mouse vitreous. As sunitinib-CD solution did not show any anti-
neovascularization effect, the liposome effect kinetics can be attrib-
uted to drug release and reduced drug elimination from the vitreous
humour. Even though vitreal retention and retinal actions of drugs are
generally much longer in humans (vitreous volume 4 ml) than in mice
(volume 5 pL) (Schmitt et al., 2019), we should note that liposomal
sunitinib had shorter action than aflibercept in mouse eyes. Therefore,
further optimization of sunitinib release and vitreal retention are needed
to achieve at least monthly injection intervals in AMD treatment. On the
other hand, permeation of liposomes to the retinal tissue and into the
cells (Tavakoli et al., 2020) opens additional possibilities. For instance,
sunitinib is a substrate for P-glycoprotein transporter in the RPE cells,
and liposomal formulation might improve drug efficacy by bypassing
the cellular efflux transport (Zhang et al., 2008).

Overall, nanosystems combine drug release in the vitreous with more
localized delivery into the retina, even inside retinal cells (Roskoski,
2007), thus providing potential advantages in retinal drug delivery over
microparticles and implants, but further research is needed to prolong
drug release and liposomal retention in the vitreous and retina.

5. Conclusion

We have demonstrated that anionic PEG-coated liposomes effec-
tively encapsulate the sunitinib and release the drug in the vitreous
humour medium in 3 days. After intravitreal administration liposomal
sunitinib reduced the vascular leakage in the CNV mouse model in vivo
while solution formulation of sunitinib was ineffective. In summary, we
have shown that liposomal drug delivery system may provide an effi-
cient means for sunitinib delivery to the posterior segment of the CNV
mouse eye suggesting possibilities for further development of retinal
therapeutics.
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