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A B S T R A C T

Age-related macular degeneration (AMD), in which choroidal neovascularization (CNV) affects the center of the
retina (macula), leads to the irreversible visual loss. The intravitreal injection of anti-angiogenesis antibodies
improved the prognosis of AMD, but relatively less invasive therapies should be explored. In the present study,
we show that a high-density lipoprotein (HDL) mutant is a therapeutically active drug carrier capable of treating
a posterior eye disease in mice via instillation. Various HDL mutants were prepared with apoA-I proteins fused
with different cell-penetrating peptides (CPPs) and phospholipids with different alkyl chain lengths; their sizes
were further controlled in the range of 10–25 nm. They were screened based on the efficiency of fluorescent dye
delivery to the inner retinal layer in mice. The best mutant was found to have penetratin (PEN) as a CPP, 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), and a size of 15 nm. In preclinical studies on a laser-induced
CNV murine model, 1 week of instillation of the best mutant carrying the anti-angiogenesis drug pazopanib had
dramatic therapeutic effects in reducing the CNV size. Importantly, the HDL mutant by itself contributed to the
therapeutic effects. Future clinical trials for treating AMD with instillation of the HDL mutant are expected.

1. Introduction

Non-communicable diseases, that is, chronic non-infectious diseases
of long duration, are increasingly widespread worldwide and are be-
coming some of the most serious health problems according to a United
Nations High-Level Meeting in 2011 [1]. To combat these diseases,
preemptive medicine, early interventions oriented to the in-
dividualized, and less invasive approaches are considered necessary
[2]. Hopefully, novel nanotechnologies for disease-specific drug de-
livery systems (DDSs) as well as genomic approaches for understanding
the underlying pathogeneses will play pivotal roles in achieving pre-
emptive medicine [3].

In ophthalmologic fields, non-communicable disorders in the pos-
terior segment of the eye are the main causes of social blindness:
glaucoma, diabetic retinopathy, and age-related macular degeneration
(AMD) [4]. Especially, AMD was one of the leading causes of blindness
worldwide from 1990 to 2010, following cataract and glaucoma. The
first option for AMD treatment nowadays is the intravitreal injection of
anti-angiogenesis antibody [5,6]. This quite straightforward treatment

has improved the prognosis of AMD [7], but in contrast, the social
burden from the number of repeated injections [8] and the risk of sight-
threatening complications such as endophthalmitis [9] have increased.
Periocular injections such as subconjunctival and subtenon's may be
other choices but cannot lessen these social burdens. Alternative
therapies for eye injections, eye drops targeted the posterior segment of
the eye, are developing [10], but none has proved to be effective in
clinical practice [11,12].

Recent genome-wide association studies have indicated that the
pathophysiology of AMD is based on the dysregulation of lipid meta-
bolism, oxidative stress, and/or chronic inflammation [13,14]. Histo-
logical approaches also suggest that AMD especially shares a patholo-
gical mechanism with atherosclerosis [15] in terms of the existence of
plaques with similar lipid and protein profiles and associations with
macrophages. Thus, it is rational to hypothesize that preemptive
therapies for atherosclerosis also have the potential to prevent or treat
AMD.

High-density lipoprotein (HDL) has been drawing attention as a
therapeutic target, especially to inhibit the onset of myocardial
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infarction from atherosclerosis [16–18]. HDL has antiatherogenic
properties arising from cholesterol efflux from the vascular en-
dothelium and macrophages [19]. In fact, supplemental HDL therapies
have been tested in many clinical trials [16]. Meanwhile, many ex-
perimental studies have reported on DDSs using reconstituted HDL
nanoparticles [20,21] because of their high biocompatibility, relatively
small sizes (approximately 10 nm), and hydrophobic cores. HDL can be
reconstituted with phospholipids and recombinant apolipoprotein A-I
(apoA-I) and thus are easily modified in various ways, i.e., by drug
loading, genetic engineering, chemical modification, controlling lipid
contents, and so on. Although modified HDL nanoparticles also hold
great potential as formulations, their applications in the treatment of
eye diseases have never been reported.

Our previous study revealed that genetic fusion of HDL with the
TAT (Trans-Activator of Transcription) peptide, one of cell-penetrating
peptides (CPPs), greatly improved intracellular drug delivery efficacy
[22]. This property would be favorable for the better absorption of
drugs by cells on the surface of the eye. Additionally, the smaller size of
lipid nanoparticles would be advantageous for improved eye tissue
penetration [23]. In addition to the antiatherogenic properties of HDL,
these considerations motivated us to explore the potential of CPP-fused
HDL nanoparticles as instillation formulations against AMD. In this
study, we prepared various HDL mutants with different compositions
and sizes and tested their therapeutic efficacy in a murine model of
laser-induced choroidal neovascularization (CNV) and AMD.

2. Materials and methods

2.1. Materials

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-distearoyl-sn-gly-
cero-3-phosphocholine (DSPC) were obtained from NOF America
Corporation (White Plains, NY, USA). Cholesterol, dicetyl phosphate
(DCP), and coumarin-6 were obtained from Sigma-Aldrich (St. Louis,
MI, USA). The Dc Protein Assay Kit was obtained from Bio-Rad
Laboratories (Hercules, CA, USA). Spectra/Por Dialysis Membranes
(molecular weight cut-off [MWCO], 3500 and 50,000) were obtained
from Spectrum Laboratories (Rancho Dominguez, CA, USA). Fetal bo-
vine serum (FBS) was obtained from Japan Bioserum (Hiroshima,
Japan). Dulbecco's phosphate-buffered saline (pH 7.4, phosphate buffer
saline (PBS)) and trypsin-EDTA (0.05% trypsin, 0.53 mM EDTA-4Na)
were obtained from Invitrogen (Carlsbad, CA, USA). Cell culture dishes
were obtained from BD Bioscience (San Jose, CA, USA). Dimethyl
sulfoxide (DMSO) and potassium bromide (KBr) were purchased from
Wako (Osaka, Japan). Pazopanib was purchased from SYNkinase
(Parkville, Australia).

The expression vector pCold I was purchased from Takara Bio Inc.
(Shiga, Japan). The Escherichia coli strain BL21(DE3) was obtained from
Novagen (Madison, WI, USA). The Ni Sepharose resin was purchased
from GE Healthcare (Buckinghamshire, UK). The restriction enzymes
were purchased from TOYOBO (Osaka, Japan) and Takara Bio Inc. DNA
polymerase and DNA ligase were purchased from Takara Bio Inc.
Tryptone and yeast extract were obtained from BD (Franklin Lakes, NJ,
USA). DH5-alpha, isopropyl beta-thiogalactopyranoside, and carbeni-
cillin sodium salt were obtained from Wako.

2.2. Construction of cDNA for the expression of human apoA-I mutants

The construction of cDNA for the expression of human apoA-I mu-
tants with or without a C-terminal TAT peptide was described pre-
viously [22]. Penetratin (PEN) and polyarginine (R8) peptide sequences
(vide infra) were amplified with the following primers and inserted into
the PstI and XbaI sites of the pCOLD I bacterial expression vector for a
similar C-terminal fusion. For fusion of these two CPPs with apoA-I, N-
terminal 44 amino acid-deleted apoA-I cDNA, optimized for E. coli

expression by Invitrogen, was used.
Forward primers: 5′-attctgcagcgccagattaaaatttggtttcagaaccgccgcatg-

3′ (PEN), 5′-atctgcagcgccgccgccgccgccgccgccgctaatctagaaaactgctgga-
taattggg-3′ (R8).

Reverse primers: 5′-attctagatttttttttccatttcatgcggcggttctgaaaccaaa-3′
(PEN), 5′-cccaattatccagcagttt-3′ (R8).

2.3. Preparation of human apoA-I mutants

All apoA-I mutants were expressed in BL21(DE3) according to the
manufacturer's protocol and were purified on a Ni Sepharose column in
an AKTA start chromatography system (GE Healthcare) under dena-
turation conditions. After dialysis against 0.4 mM hydrochloric acid at
4 °C with a Spectra/Por Dialysis Membrane (MWCO, 3500), proteins
were lyophilized with an FDU-2200 lyophilizer (EYELA, Tokyo, Japan)
and stored at −80 °C until use.

2.4. Preparation of the HDL mutants and liposome

HDL mutants were prepared according to the procedure described
by Jonas [24] with minor modifications. Briefly, phosphatidylcholine
(PC; DMPC, DPPC, or DSPC) was solubilized in PBS containing 30 mg/
mL sodium cholate, and mutated apoA-I protein was solubilized in PBS
containing 4 M urea. These two solutions were mixed at the phase
transition temperature (Tm) of each PC. Subsequently, for DMPC and
DPPC, the mixture was incubated overnight at 24 °C and 41 °C, re-
spectively. For DSPC, the mixture was incubated at 55 °C only for
30 min to reduce any side reactions. In all cases, the mixture was then
dialyzed at room temperature (22 °C) overnight with a Spectra/Por
Dialysis Membrane (MWCO, 50,000) to remove sodium cholate. The
dialyzed solution was centrifuged at 16,500 ×g at room temperature
for 30 min to remove any debris. Thereafter, HDL samples were purified
by density gradient ultracentrifugation according to the method by
Kelley et al. with some modifications [25]. Briefly, the density of HDL
samples (1 mL) was adjusted to 1.31 g/mL and layered beneath a four-
step gradient (3.0 mL, 1.21 g/mL; 3.8 mL, 1.063 g/mL; 3.3 mL,
1.019 g/mL, 1.2 mL, 1.006 g/mL) in a polyallomer tube (Beckman
Coulter Inc., Tokyo, Japan). Density adjustments were made with solid
KBr. Ultracentrifugation was carried out at 24 °C in a Beckman Optima
MAX-XP using an MLS50 rotor at 286,000 ×g. The samples were col-
lected from fractions in the 1.063–1.21 g/mL density range (see Fig.
S3a, b).

For the preparation of small-size liposome (ssLip) formulations in
our study, the procedure described by Hironaka et al. [26] was used
with some modifications. Briefly, the lipid mixture of PC, DCP, and
cholesterol and the cargo (coumarin-6 or pazopanib) at a molar ratio of
8:2:1:0.04 was dissolved in chloroform in a round-bottom flask and
evaporated at 40 °C to form a thin lipid film using a rotary evaporator
(EYELA). The film was freeze-dried overnight to completely remove
chloroform. After adding PBS, the lipid film was sonicated at 65 °C for
at least 10 min. The resulting suspension was passed through a poly-
carbonate membrane with pore size of 100 nm (Avanti Polar Lipids,
Inc., Alabaster, AL, USA) in an Mini-Extruder (Avanti) at least 10 times.

2.5. Incorporation of coumarin-6 or pazopanib into HDL mutants

There are two timings for loading a drug or substance into the
nascent HDL, which are before and after reconstitution of the HDL. For
incorporation of coumarin-6, we used the former; coumarin-6 was
mixed with PC in chloroform at a molar ratio of 8:0.04. Chloroform was
evaporated at 40 °C using a rotary evaporator and then the residual
lipid film was dried in vacuo overnight. The dried lipid film was solu-
bilized in PBS containing 30 mg/mL sodium cholate and the following
procedure was performed as described above. The amount of coumarin-
6 was quantified with a FluoroMax-4 fluorometer (HORIBA, Kyoto,
Japan) at an excitation wavelength of 490 nm and an emission
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wavelength of 520 nm.
In contrast, the loading of pazopanib in a HDL mutant (HDL/PEN)

was carried out by mixing HDL/PEN (750 μg on a protein basis) in PBS
and pazopanib (100 μg) in DMSO at 55 °C for 1 h. The mixture was
immediately purified by density gradient ultracentrifugation as de-
scribed above. Pazopanib in HDL/PEN or ssLip was analyzed by the
HPLC-UV method described by Escudero-Ortiz et al. [27] using an A-
CQUITY UPLC equipped with a BEH C18 column (Waters, Milford, MA,
USA).

2.6. Evaluations of the HDL mutants and liposome

The amount of protein (apoA-I mutant) in the HDL mutants was
determined via the Lowry method using a Dc Protein Assay Kit. The
phospholipid in the HDL mutants or ssLip was quantified through a
phospholipid-specific enzymatic assay using the Phospholipid C-test
Wako (Wako Chemical Industries, Osaka, Japan). The hydrodynamic
diameters and zeta potentials of the HDL mutants and ssLip were de-
termined in PBS with a Nanotrac UPA-EX250 particle size analyzer
(Nikkiso, Tokyo, Japan) and in 10% PBS with a Zetasizer Nano Z
(Malvern, Worcestershire, UK), respectively.

The observation of the HDL mutants by transmission electron mi-
croscopy proceeded in accordance with the protocol described by Silva
et al. [28]. In short, copper collodion film paste (400 mesh; Nisshin EM
Co., Ltd., Tokyo, Japan) was floated for 20 s on a 15-μL droplet of the
HDL mutant solution (2 μg/mL protein). Excess fluid was removed from
the mesh. After washing with distilled water twice, the mesh with the
absorbed the HDL mutants was floated on a 15-μL drop of uranyl
acetate for 60 s. Excess stain was removed and the dried mesh was
viewed at 80 KeV with a Hitachi H-7650 transmission electron micro-
scope (Hitachi High-Technologies, Inc., Tokyo, Japan).

In the evaluation of the HDL mutants by atomic force microscopy
(AFM), we used an HS-AFM apparatus (Research Institute of
Biomolecule Metrology Co., Ltd. [RIBM], Tsukuba, Ibaraki, Japan).
HDL samples in 2-μL PBS droplets (1 μg protein/mL) were adsorbed
onto the mica substrate (RIBM) for 10 min after diluted with 10 μM
phosphate buffer (pH 5.8). HDL samples were analyzed in solution by
AC-mode AFM equipped with a NanoWorld USC-F1.2-k0.15 ultra-short
cantilever (NanoWorld AG, Neuchâtel, Switzerland) at a scanning rate
of 0.5 fps at 22 °C. To obtain the height and width data for the HDL
particles, the scanning ranges were varied from 50 nm to 999 nm. The
obtained AFM images were analyzed in Gwyddion (version 2.47;
Department of Nanometrology, Czech Metrology Institute, Brno, Czech
Republic), a free software package for SPM data analysis.

2.7. Mouse strains

All animals were handled in accordance with the Association for
Research in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research and the Guideline for
Animal Experiments of Kyoto University. All experimental procedures
were approved by the Institutional Review Board of Kyoto University
Graduate School of Medicine. All mice were maintained under a 12-h
light/12-h dark cycle.

2.8. Evaluation of drug delivery efficiency to the posterior segment of the
mouse eye

Awake male adult mice (C57BL6/J, SLC, Kyoto, Japan) weighing
20–30 g were used. A single dose of 3 μL of the sample was dropped
onto the surface of the cornea using a micropipette. Since little cou-
marin-6 fluorescence was detected in the contralateral eye (Fig. S1),
both eyes of three mice were treated with the samples under one ex-
perimental condition.

Except where otherwise indicated, the eyes were enucleated 30 min
after topical administration and fixed in 4% paraformaldehyde (PFA) in

PBS at 4 °C overnight, immersed in 20% sucrose at 4 °C for 24 h, and
then embedded in OCT compound (Miles, Elkhart, IN, USA). Cryostat
sections (14-μm thick) were mounted on Matsunami platinum-coated
glass slides (Matsunami Glass, Osaka, Japan) and preserved at −30 °C
until evaluation by microscopy. Retinal images around the optic discs of
frozen sections were observed by confocal microscopy (LSM 5 Pascal,
Carl Zeiss, Tokyo, Japan) with fluorescence filters for FITC (emission:
488 nm, excitation: 506–530 nm). Within the area of the inner plexi-
form layer (IPL) at a distance between 100 and 200 μm from the optic
disc, the fluorescence intensity of coumarin-6 was evaluated with
ImageJ (version 1.50i; Wayne Rasband, National Institutes of Health,
USA). The intensity data were obtained at six points from a single
section (three sections per eye, six eyes from three mice) and a total of
108 values were averaged for the following analysis.

2.9. Pre-clinical studies in mice with laser-induced choroidal
neovascularization (CNV)

The procedure for CNV induction was described previously [29].
Briefly, mice were anesthetized with 10 mg/kg of xylazine and 80 mg/
kg of ketamine. Their pupils were fully dilated with 5% phenylephrine
hydrochloride/0.8% tropicamide (Sandol P; Nitten, Nagoya, Japan).
Cover glasses were positioned on their corneas for use as a contact lens.
Laser photocoagulation was used to create CNV with four laser-induced
burns in one eye four to five disc diameters away from the optic disc
with the following settings: 75 μm, 0.05 s, and 150 mW (DC-3000,
Nidek, Gamagori, Japan). Only burns with a bubble were included in
this study since the formation of a bubble generally indicates a suc-
cessful perforation of Bruch's membrane. Laser burns with any he-
morrhage were excluded.

After the instillation of eye drops for 1 week twice a day, eyes with
CNV were enucleated and fixed in 4% PFA in PBS for 20 min at 4 °C and
sectioned at the limbus; the cornea, iris, and lens were discarded. For
CNV quantification, RPE/choroidal flat mounts were stained according
to previously described standard immunohistochemical procedures
[30]. Rat anti-CD102 antibody (1:200, BD Pharmingen, San Diego, CA,
USA) and Alexa 488-conjugated anti-rat IgG antibody (1:500, In-
vitrogen, Eugene, OR, USA) were used as the primary and secondary
antibody, respectively. The RPE/choroidal complexes were laid flat and
radial relaxing incisions were made to obtain a whole-mount prepara-
tion. Images were obtained by confocal microscopy (LSM 5 Pascal, Carl
Zeiss, Tokyo, Japan).

2.10. Statistics

All values are reported as the mean ± standard error. A one-way
analysis of variance (ANOVA) and post hoc Tukey correction were used
to investigate differences in averages between more than two groups.
All statistical analyses were performed using R ver. 3.1.2. P < 0.05
was considered statistically significant.

3. Results

3.1. Delivery of a fluorescent dye by a HDL mutant to the posterior eye
segment

To test the feasibility of HDL mutants as eye drop drug carriers to
the posterior segment of the eye, the first mutant was prepared with the
TAT peptide and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
and loaded with a fluorescent cargo molecule (coumarin-6). This
complex (DMPC-HDL/TAT) was administered to normal mice once
through eye drop instillation. After 30 min, frozen sections of en-
ucleated whole eyes were observed via confocal fluorescence micro-
scopy, which enabled specific detection of coumarin-6 compared with
epifluorescence microscopy frequently used in eye studies (Fig. 1A).
The coumarin-6 fluorescence signal around the optic disc was clearly
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detected, and the intensity was significantly higher than that of HDL
without the TAT peptide (DMPC-HDL) (Fig. 1B, C), suggesting that
upon eye drop instillation, HDL was able to deliver coumarin-6 to the
posterior segment of the eye and the TAT peptide in HDL improved its
delivery efficiency.

3.2. Optimization of the HDL mutant structure

These results encouraged us to optimize HDL mutants for better
delivery to the posterior segment of the eye. Various coumarin-6-loaded
HDL mutants with different CPPs and phospholipids were prepared and
tested in the same manner. As a result, the best composite among those
examined was found to be 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) (Fig. 2A, B) and penetratin (PEN) (Fig. 2C, D). Differences in the
phospholipid and CPP did not have a significant impact on the struc-
tural or physical properties of HDL mutants (Table S1, Figs. S2 and S3).

The sizes of drug carriers are also a key determinant of delivery
efficiency. HDL mutants bearing DSPC and PEN with four different
diameters ranging from 10 to 25 nm were carefully prepared by chan-
ging the protein/lipid molar ratio during HDL reconstitution (Fig. S4)
and the best diameter among them was found to be 15 nm (Fig. 2E, F).
This 15-nm HDL mutant bearing PEN and DSPC for eye drop instillation
was designated HDL/PEN and used for further studies.

The time course of coumarin-6 delivery was evaluated 10–360 min
after instillation. The coumarin-6 fluorescence intensity around the
optic disc was maximal at 10 min and then monotonically decreased
after that point. This profile was different from that of a small-sized
liposome (ssLip) used as another lipidic eye drop formulation with a
much larger diameter (Fig. 3).

3.3. Pre-clinical study of pazopanib-loaded HDL/PEN in a murine AMD
model

Pre-clinical studies for HDL/PEN formulations were conducted in a
murine model of AMD with pazopanib (Pzp), a tyrosine kinase inhibitor
that was previously developed as a drug in an eye drop formulation
including a beta-cyclodextrin derivative (Captisol; San Diego, CA, USA)
for AMD (Fig. 4) [10]. The size and zeta potential (zeta) of Pzp-loaded
HDL/PEN (Pzp@HDL/PEN) were nearly identical to those of the cor-
responding coumarin-6-loaded HDL/PEN (Table S2). One week after
administration via instillation, the areas of laser-induced CNV were
measured using confocal microscopy after immunofluorescent staining.
Compared with sham treatment (PBS) and HDL/PEN alone, topical
treatment with Pzp@HDL/PEN dramatically reduced the area of CNV
(19,472.5 ± 1876.1 μm2 in the PBS arm; 14,134.8 ± 938.3 μm2 in
the HDL/PEN arm; 9935.2 ± 602.5 μm2 in the Pzp@HDL/PEN arm)
(Fig. 4A, B). These results clearly demonstrate that Pzp@HDL/PEN has
potent therapeutic efficacy in this murine AMD model and that HDL/
PEN itself significantly contributes to the efficacy. More importantly,
the average CNV areas in the Pzp@HDL/PEN arm were smaller than
those with other eye drop formulations: Pzp solved in 8% Captisol
(Pzp@Captisol) and Pzp-loaded ssLip (Pzp@ssLip)
(16,436.3 ± 1875.1 μm2 in the Captisol arm; 14,046.7 ± 1139.6 μm2

in the ssLip arm) (Fig. 4C). No apparent damage to the cornea was
detected after repeated eye drop instillation of Pzp@HDL/PEN (data
not shown), and an in vitro assay of HDL/PEN in human corneal epi-
thelium (HCE-T) cells showed no significant decrease in cell viability
(Fig. 5). These results suggest that HDL/PEN is a therapeutically active
eye drop drug carrier capable of safe and efficient drug delivery to the
posterior segment of the eye.

Fig. 1. Delivery of fluorescent cargo by using an HDL mu-
tant to the posterior eye segment of a mouse via eye drop
instillation. The cargo-loaded HDL mutant involves cou-
marin-6, the TAT peptide and DMPC (DMPC-HDL/TAT).
Fluorescence images acquired 30 min after eye drop ad-
ministration are shown. (A) Representative images of the
entire eye, cornea, ciliary body, peripheral retina, posterior
retina, and optic nerve are shown. Only the posterior retina
and optic nerve have been analyzed via confocal micro-
scopy. Scale bars, 200 μm in the global view; 50 μm in other
focal views. (B) Representative confocal images of the
posterior retina after topical administration of PBS, cou-
marin-6-loaded HDL composed of DMPC without CPP
(DMPC-HDL), and DMPC-HDL/TAT. Scale bar, 50 μm. (C) A
fluorescence intensity analysis of the inner layer of the
posterior retina evaluated by grayscale. #p < 0.01 com-
pared with PBS. *p < 0.05 compared with HDL. Data are
shown as the mean ± standard error.

K. Suda et al. Journal of Controlled Release 266 (2017) 301–309

304



3.4. Structural analyses of Pzp@HDL/PEN

The structural and physical characteristics of the HDL/PEN for-
mulations prepared in this study are shown in Fig. 6, Fig. S2, and Table
S1. HDL/PEN with Pzp at a ratio of 20 mM DSPC to 0.1 mM of apoA-I
mutant with penetratin in PBS had a zeta of −8.6 mV and size of
17.8 nm in PBS. Transmission electron microscopy (TEM) micrographs
of HDL/PEN with Pzp or coumarin-6 visualized nanoparticles ap-
proximately 20 nm in diameter (Fig. 6A, Fig. S3). Atomic force micro-
scopy clearly showed that they were 15–30 nm in diameter and 4–6 nm

in height (Fig. 6B–E), demonstrating that their shape was discoidal.
Pzp@HDL/PEN had a larger diameter and height compared with the
corresponding HDL prepared with DMPC (Fig. 6E, Fig. S5). Especially,
the larger height is derived from DSPC's longer fatty acid chain (C18)
than that of DMPC (C14). Circular dichroism (CD) analysis revealed
that the protein moiety of HDL/PEN nanoparticles had a similar sec-
ondary structure to that of the parent HDL, irrespective of the type of
CPP (Fig. 7).

Fig. 2. Optimization of the HDL mutant structure. (A) Effect
of the phospholipid structure. (B) A fluorescence intensity
analysis of the inner layer of the posterior retina.
#p < 0.01 compared with the coumarin-6-loaded HDL
mutant with DMPC (DMPC-HDL/TAT). *p < 0.01 com-
pared with the coumarin-6-loaded HDL mutant with DPPC
(DPPC-HDL/TAT). (C) Effect of the CPP structure. (D) A
fluorescence intensity analysis of the inner layer of the
posterior retina. #p < 0.05 compared with coumarin-6-
loaded HDL mutants with TAT (DSPC-HDL/TAT) or R8
(DSPC-HDL/R8). *p < 0.05 compared with the coumarin-
6-loaded HDL mutant without CPP (DSPC-HDL). (E) Effect
of HDL complex size. (F) A fluorescence intensity analysis of
the inner layer of the posterior retina. #p < 0.05 compared
to the 10-nm HDL mutant complex. *p < 0.05 compared to
the 20- and 25-nm HDL mutant complexes. Scale bar,
50 μm. Data are shown as the mean ± standard error.
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4. Discussion

Many researchers have evaluated HDLs as a supplemental therapy
and have developed DDSs via oral, intravenous, and nasal routes of
administration [31,32] since the last decade of the 20th century. The
eye drop is the most common route of administration for the treatment
of ocular diseases, but nevertheless, they have only been available for
anterior segment eye diseases and rarely used for posterior segment

diseases [33]. This is because there are several barriers (the cornea,
conjunctiva, sclera, and blood-retinal barrier) to delivering drugs to the
retina by eye drop instillation. Intravenously administered drugs also
encounter the blood-retinal barrier before the retina. Thus, treatments
for posterior segment eye diseases have been limited to the periocular

Fig. 3. A time course evaluation of coumarin-6 delivery using HDL/PEN or ssLip.
Fluorescence intensity data at the inner layer of the posterior retina 10–360 min after
instillation are shown. Data are shown as the mean ± standard error.
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Fig. 4. A pre-clinical study of pazopanib (Pzp)-loaded HDL
mutant in a murine AMD model. Mice with laser-induced
CNV were used. (A) Confocal images of the CNV area
stained with anti-ICAM2-antibody after 1 week of topical
treatment with PBS, HDL mutant (HDL/PEN), or Pzp for-
mulations containing HDL/PEN (Pzp@HDL/PEN), Captisol
(β-cyclodextrin) (Pzp@Captisol), or a small-size liposome
(Pzp@ssLip) are shown. Scale bar, 100 μm. (B) A com-
parison of CNV areas on confocal images 1 week after eye
drop treatment of HDL/PEN without or with Pzp.
#p < 0.05 compared with Buffer (PBS). *p < 0.05 com-
pared with HDL/PEN (HDL mutant without Pzp). (C) A
comparison of CNV areas on confocal images 1 week after
eye drop treatment among three drug carriers. #p < 0.05
compared with Pzp@ssLip. *p < 0.05 compared with
Pzp@Captisol. Data are shown as the mean ± standard
error.

Fig. 5. Cytotoxicity of HDL/PEN with cultured corneal cells. Cell viability was evaluated
after exposure to each sample for 3 h with cell counting kit-8. BAK: benzalkonium
chloride in PBS. Data are shown as the mean ± standard error.
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or intravitreal injection of drugs. In this context, our preclinical study in
a murine model of AMD revealed the beneficial therapeutic effect of
HDL eye drops for the first time.

In nanotechnology applications for site-specific DDSs, the sizes of
the drug carriers are one of the most important factors in controlling the
pharmacokinetics and biodistribution of the drugs [34]. An important
characteristic of reconstituted HDLs as a drug carrier is their small sizes.
Inokuchi et al. reported on liposomes from 100 to 1000 nm and re-
garding the size for topical drug delivery to the posterior segment of the
eye, stated that “the smaller, the better.” [23] A similar size effect also
has been observed for brain DDSs, in which nanoparticles 10–50 nm in
diameter pass through the blood-brain barrier more easily than 100-nm
diameter nanoparticles [35]. Whereas stable liposomes< 50 nm in
diameter cannot be easily prepared, the size of reconstituted HDLs can
be controlled in the range from approximately 9 to 40 nm simply by
changing the phospholipid content [36]. On the other hand, studies on

gold nanoparticles suggest that materials that are too small (< 5 nm)
are easily washed out from target tissues [37]. In the context of these
previous studies, our data on 15-nm HDL/PEN being the best size
among the 10-, 15-, 20-, and 25-nm variants would result from the
balance between the permeability of ocular tissues toward the posterior
segment of the eye and residence stability.

The time course evaluation of the frozen sections revealed that
coumarin-6 fluorescence intensity in the inner retinal layer decreased
from 10 min after the instillation of HDL/PEN (Fig. 3), while the
fluorescence intensity in the ssLip arm reached a maximum at 30 min
after instillation and then declined faster than the HDL formulation.
One of the reasons why the time courses were different between HDL/
PEN and ssLip is the sizes of the particles, as discussed above. Generally,
smaller particles can penetrate through barriers more rapidly. The
slower rate of decline in the HDL/PEN arm may also result from some
specific affinity of HDL/PEN to the posterior eye segment in mice since
at least one of the HDL receptors, scavenger receptor BI, was reported to
be expressed in the mouse retina [38]. Another reason may be the
delivery route. Liposomes are considered to enter into the eye through
tissues involved in the trabecular meshwork, iris, and ciliary body [26].
In contrast, after the instillation of fluorescently labeled HDL/PEN, the
fluorescence intensity was higher in the cornea and conjunctiva com-
pared to those in the iris and the ciliary body (Fig. 1). This distribution
suggests putative (i) corneal-vitreal and (ii) conjunctival-scleral path-
ways. These two hypotheses are supported by previous studies of (i)
CPP enhancing the absorption of a fluorescent dye bound to it through
the cornea [39] and (ii) similar lipidic nanocarriers for triamcinolone
acetonide having transscleral abilities [40]. To determine the precise
pathway of delivery, further studies in larger species that are applicable
to live imaging would be required. Additionally, detection of HDL/PEN
or its components in the posterior eye segment would also be our next
challenge.

The attachment of CPP to HDL yielded better coumarin-6 delivery
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Fig. 6. Characteristics of Pzp@HDL/PEN. (A) A TEM
image. Scale bar, 100 nm. (B) An AFM image in PBS. Scale
bar, 100 nm. Inset, magnified images. Scale bar, 50 nm. (C)
A sectional view from along the white arrow in the Fig. 6B
inset. (D) A three-dimensional (3D) AFM image from the
Fig. 6B inset. (E) A scatter plot of the diameters and heights
of Pzp@HDL/PEN (blue) and its DMPC counterpart (or-
ange) in PBS. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. Circular dichroism spectra of HDL and its mutants with DSPC in PBS.
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efficiency. This is caused by the prolonged retention of HDL/PEN on the
negatively charged corneal surface, thereby leading to increased cell
uptake [33]. In addition, our data suggest that the amount of the po-
sitive charge on CPP did not correlate with coumarin-6 delivery effi-
ciency (Fig. 2C, D), which is in good agreement with the findings of the
above-mentioned study showing that among four fluorescently labeled
CPPs (TAT, PEN, polyarginine (R8), and protamine), PEN yielded the
highest intensity fluorescence in the retina of the posterior segment of
the eye in rats after eye drop instillation. In the same study, a strong
negative band at 205 nm in the CD spectrum was suggested to be re-
sponsible for the greatest delivery efficiency of PEN [39], but was not
obvious for HDL/PEN (Fig. 7). Nevertheless, the intrinsic physiological
function of PEN in Drosophila, i.e., diffusion through the barriers of
organs during development [41], might account for the deep penetra-
tion of HDL/PEN cargo into the ocular tissues in mice as well.

We found that DSPC was the best phospholipid for HDL mutant eye
drops in terms of the ocular delivery of coumarin-6. This seems to be
consistent with previous studies on ssLip [26]. Since DSPC has longer
alkyl chains than other phospholipids (DMPC or 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC)), the lipid bilayers of DSPC are more
rigid because of its higher phase transition temperature, leading to the
stabilization of nanoparticles. In fact, DSPC has been used for the pre-
paration of solid lipid nanoparticles, which are promising drug carriers
that can bind or incorporate various pharmaceutical agents and release
them in a controlled manner [42].

One of the most striking findings of this study is that HDL/PEN itself
has therapeutic effects on laser-induced CNV. In the fields of DDSs for
inflammatory diseases and neoplasms, the paradigm of DDSs with in-
trinsic therapeutic effects is attracting attention and is termed “ther-
alivery” [43]. Among the multiple therapeutic effects of HDL [44],
reverse cholesterol transport can directly counteract atherogenesis,
which is characterized by an accumulation of excess cholesterol and
oxidized lipids from macrophages in the arterial wall. These abnorm-
alities cause various inflammatory responses mediated by macrophages
[45]. HDL also inhibits chronic inflammation directly through inter-
action with ATP-binding cassette transporter A1, scavenger receptor
type I, and the sphingosine-1-phosphate receptors of macrophages via
intracellular signaling pathway to inhibition of NF-κB. Moreover,
genome-wide association studies indicate that the onset of clinical AMD
is associated with lipid metabolism dysfunction followed by oxidative
stress and chronic inflammation, which are the very pathogeneses tar-
geted by HDL, as shown above. The mechanism by which HDL/PEN
itself has therapeutic effects on mice with laser-induced CNV remains
uncertain because its pathogenesis, i.e., acute inflammation after
traumatic injury induced by laser ablation, is quite different from that
of native AMD. Nevertheless, HDL/PEN may also provide therapeutic
benefits in clinical AMD because its pathogenetic factors are all coun-
teracted by HDL.

5. Conclusions

We have developed a new serum protein-based eye drop.
Reconstituted HDL is a therapeutically active eye drop against AMD
model mice and its genetic engineering to increase the cytophilicity is
an effective strategy to improve the drug delivery efficiency to the
posterior segment of the mouse eye. The alkyl chain length of phos-
pholipids and size of a genetically engineered HDL are another factors
for controlling the efficiency. Given that the design and preparation
procedure of the best mutant (HDL/PEN) are simple, future clinical
trials for treating age-related retinal diseases by its instillation are
highly expected.
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