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The current treatment of wet age-related macular degeneration (wWAMD) relies on monthly intravitreal or
intravenously injection of vascular endothelial growth factor (VEGF) inhibitor or photodynamic (PDT) agents to
inhibit choroidal neovascularization. However, traumatic local therapy and exogenous long-distance fundus drug

;/ertetp osﬁn delivery often lead to secondary eye damage, low treatment efficiency, and immunogenic inflammation. Herein,
enetratin . . . e . . . . .
Eye drops inspired by the natural neovascular targeting ability of endogenous low-density lipoproteins (LDL), a noninvasive

bionic nano-eye-drop with enhanced ocular penetrability and lesion recognizability is developed for enabling the
PDT treatment of WAMD. Verteporfin (VP) as a laser-induced PDT agent is protected inside the hydrophobic core
of reconstituted LDL (rLDL) vectors. 5-carboxyfluorescein (FAM) conjugated ste-penetratin (PEN, a trans-
membrane peptide) is anchored on the surface of the rLDL carrier, which enabled the nanoparticles (PEN-rLDL-
VP) to cross the blood-retina barrier to realizing visual therapy. Following instillation, PEN-rLDL-VP can effec-
tively deliver VP into neovascular that overexpress LDL receptors, which can respond to laser-induced PDT. Only
with a single dose of the eye-drop and laser-induced PDT, the VEGF and proinflammatory intercellular adhesion
molecule-1 (ICAM-1) proteins are significantly down-regulated in vivo, which implicates the neovascular inhi-
bition and inflammation alleviation. This study presents an attractive non-invasive strategy for the PDT of
WAMD.

1. Introduction

Many people over 60 years of age suffer from age-related macular
degeneration (AMD) and endure irreversible vision loss [1]. It is esti-
mated that there will be 300 million patients suffering from macular
degeneration diseases by 2040[2]. Macular degeneration has two major
types, the dry AMD and wet AMD, and the wet AMD (wAMD) condition
is more severe [3,4]. wAMD is characterized by abnormal growth of new
blood vessels into the choroid, followed by leakage or bleeding, causing
vision-threatening scars in the macula [5]. wAMD is a multifactorial
related disease, in which angiogenic factor (VEGF) plays an important
pathogenic role in its pathological process [3,6].

* Corresponding authors.

Several treatments for AMD have been clinically implemented, such
as laser coagulation, photodynamic therapy (PDT), radiation therapy,
surgical therapy, and anti-vascular endothelial growth factor therapy
[7]. To date, intravitreal injection of anti-VEGF drugs is the standard
therapy for wAMD, however, it has been demonstrated as ineffective in
reversing the existing neovascularization and patients would suffer from
endophthalmitis and retinal detachment due to frequent injections [8].
Susvimo, formerly known as ranibizumab Port Delivery System, can
continuously release ranibizumab, providing an alternative strategy to
anti-VEGF eye injection for wet AMD patients. The routine monthly
injection is improved to per six-month, that is, the implant is inserted
into the eye through surgery and refilled every-six months. This product
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can significantly improve the adaptability of patients, compared with
once-a-month injection of anti-VEGF drugs, but it is still an invasive
treatment. In addition, long-term inhibition of VEGF may also increase
the risk of cardiovascular disease [9]. Therefore, a more efficient strat-
egy with less damage, such as PDT, has received increasing attention for
the treatment of wAMD. The effectiveness of PDT is attributed to the
production of singlet oxygen by the photosensitizer after laser
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irradiation, resulting in platelet activation, thrombosis, and selective
occlusion of the choroidal neovascularization (CNV) within the illumi-
nated lesions [10,11]. At present, one of the PDT agents, verteporfin
(VP), has already been approved by FDA for clinical treatment of AMD
[12], which can stimulate the generation of short-lived singlet oxygen
and oxygen free radical to terminate neovascular leakage, in response to
non-thermal red light at a wavelength of 689 nm [13-15]. However, VP
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Fig. 1. Schematic representation for the composition of PEN-rLDL-VP and the treatment of wAMD after its topical application.



M. Ran et al.

is currently administered intravenously, and this causes systemic
phototoxicity with low delivery efficiency, which significantly hampers
the use of VP for wAMD therapy.

As an endogenous substance, LDL has consisted of a lipid core and an
apolipoprotein B-100 (ApoB), which has many unique advantages over
synthetic materials, such as biocompatibility, the long half-life, biode-
gradability, and high drug loading capacity [16]. On the surface of
neovascular endothelial cells, the LDL receptor is nearly 10 times
overexpressed in comparison to normal endothelial cells [17-19]. LDL
has been used to deliver anti-cancer drugs due to the accumulation of
neovascular at the tumor site. Under wAMD conditions, the LDL receptor
is also reported to overexpress in neovascular sites, but not in other
healthy endothelial cells [20,21]. Therefore, LDL is a potential advanced
carrier for targeted delivery of VP to posterior segment neo-
vascularization for treating wAMD. Due to the limited availability of
natural LDL and easily occurred infection during isolation of natural
LDL, the reconstituted LDL is produced by microfluidization [22].
Reconstituted LDL (rLDL), with similar biological composition and
structure to natural LDL, can be fabricated as promising vehicles for VP
delivery [23].

Non-invasive ocular administration, such as eye drops [24], is the
most tolerated treatment strategy for patients. Nevertheless, WAMD is a
posterior segment disease in which drug delivery is severely challenged
by the presented dynamic and static ocular barriers [25]. Cell-
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penetrating peptides (CPPs) are cationic peptide sequences, which are
effective strategies for drug delivery as they can cross biological mem-
branes and also carry carriers into cells. Penetratin possesses amphipa-
thicity (the hydrophobic aromatic residues, 2 tryptophan and 1
phenylalanine) and PPII helix structure, which can be introduced to
increase the drug penetration through static ocular barriers and to
enhance the drug-delivering efficiency [26,27].

Herein, in this study, a low-density lipoprotein-inspired nanoparticle
(PEN-rLDL-VP) was designed with high VP encapsulation efficiency and
neovascularization recognizability for the targeted PDT of wAMD
(Fig. 1). The effects of PEN-rLDL-VP on wAMD was investigated by cell
experiments, intraocular distribution test, in vivo pharmacodynamic
experiments, and in vivo biosafety evaluations. Due to the high
biocompatibility of all contents within the PEN-rLDL-VP, it might serve
as a promising strategy for clinical wAMD therapy, as well as for non-
invasive drug administration to treat other types of fundus diseases.

2. Results and discussion
2.1. Preparation and characterization of PEN-rLDL-VP
To enhance the delivery efficiency and bioavailability, highly hy-

drophobic photosensitizer VP was protected inside bio-inspired recon-
stituted rLDL NPs, and the transmembrane peptide (PEN) was embedded
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Fig. 2. Characterization of PEN-rLDL-VP. (A, B) Representative TEM images and photographs of rLDL-VP and PEN-rLDL-VP. Scale bars: 100 nm. (C) DLS size of rLDL-
VP and PEN-rLDL-VP (n = 3). (D) visible spectrophotometry absorption spectra of VP, PEN, rLDL, PEN-rLDL, PEN-rLDL-VP. (E) Zeta potential of PEN, rLDL-VP, and
PEN-rLDL-VP (n = 3). (F) Release profile of PEN-rLDL-VP and TEM image of nanoparticle broken (n = 3).
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on the surface of rLDL to achieve ocular barrier penetration. We suc-
cessfully prepared pure rLDL and VP encapsulated (rLDL-VP) NPs by
emulsification-solvent evaporation method and optimum process pa-
rameters (Figs. S1, S2, S3) were determined: homogenization pressure
(700 bar), homogenization times (4 times), and rotary steaming tem-
perature (50 °C). The screening principle of the prescription can be
found in supplementary materials. The binding rate of Penetratin was
determined by the fluorescence intensity measured with a microplate
reader. The binding rate of penetratin was 60 %, indicating that pene-
tratin was closely bound to the bionic nanoparticles to enhance the
penetration of the nanoparticles into the eyes. The prepared rLDL and
rLDL-VP NPs exhibited uniform sphericity with a size around 60 nm, as
revealed by transmission electron microscopy (TEM) (Fig. S4, Fig. 2A).
Meantime, the size of rLDL-VP observed from dynamic light scattering
(DLS) was 91.2 + 5.8 nm (Fig. S5), which might be caused by the ab-
sorption of the solvent molecules layer at the wetting stage [28-30].
Subsequently, we modified the PEN on the surface of rLDL-VP through
electrostatic attraction (PEN-rLDL-VP). The PEN-rLDL-VP also exhibited
uniform sphericity with a size around 60 nm in TEM (Fig. 2B) and AFM
(Fig. S6), but with a DLS size of 98.5 + 7 nm (Fig. 2C). In addition, as
shown by the FTIR spectrum, a new peak was shown at 1650 cm ™ for
PEN-rLDL-VP (Fig. S7) compared with the rLDL-VP group, which rep-
resented the N—H stretching vibration of modified PEN.

Subsequently, the drug loading and PEN modification were further
verified by visible spectrophotometry, and the absorption spectra of VP,
PEN, rLDL, PEN-rLDL, and PEN-rLDL-VP were shown in Fig. 2D.
Compared with the rLDL group, the PEN-rLDL-VP group exhibited three
VP characteristic peaks at 586 nm, 629 nm, and 691 nm, demonstrating
that VP had been successfully loaded into the rLDL. The drug encapsu-
lation efficiency and drug loading degree were 96.4 + 1.6 % and 15.8 +
0.5 mg/g (Table S1), which were calculated based on the equations S1
and S2 in the supplementary material. In addition, PEN characteristic
peak at 503 nm was detected in PEN-rLDL and PEN-rLDL-VP groups by
UV, which indicated that the amphiphilic PEN was embedded onto the
surface of rLDL-VP NPs. Besides, zeta potential measurement was also
utilized to prove the decoration of the cell penetration peptide PEN. The
zeta potential of rLDL-VP NPs reversed from —36 mV to 9 mV after PEN
modification, as shown in Fig. 2E. Hence, the PEN-rLDL-VP was suc-
cessfully contrasted for further ocular drug delivery investigation.

To investigate the release of VP from the PEN-rLDL-VP, the PEN-
rLDL-VP was incubated in simulated tear fluid at pH 7.4. The results
showed that the NPs could release 75 % of loaded VP in 24 h (Fig. 2F).
Furthermore, clear NP morphology change was observed in tear fluid, as
no intact NP structure could be detected under TEM after the 24 h in-
cubation (Fig. 2F), and the DLS data showed irregular size distribution
(Fig. S5B).

2.2. Evaluation of the biocompatibility of pure nanocarrier and laser

Human umbilical vein endothelial cell (HUVEC cell) was selected as
angiogenesis model cell and retinal pigment epithelial cell (ARPE cells)
was chosen as the healthy cells. These two cell lines were treated with
the pure carrier rLDL and PEN-rLDL NPs for another 48 h at different
concentrations (0-2 mg/mL) after laser irridiation (Fig. S8A). Interest-
ingly, for both rLDL and PEN-rLDL NPs, negligible toxicity was detected.
Furthermore, different laser intensities (200-600 mW) were given to the
HUVEC and ARPE cells. Again, negligible toxicity was detected in
HUVEC cells and ARPE cells with further incubation for 48 h. (Fig. S8B).
These results verified these bionic NPs possessed excellent biocompati-
bility and the laser power we selected was safe for the cells.

2.3. Evaluation of cell uptake
On the surface of neovascular endothelial cells, the LDL receptor is

nearly 10 times overexpressed compared to normal endothelial cells.
Therefore, LDL receptor-mediated enhanced endocytosis of our designed
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nanosystem could greatly facilitate the targeted delivery of VP to neo-
vascularization. To verify the neovascular targeting of the nanoparticles,
we blocked LDL receptors on the HUVEC surface for mimicking normal
endothelial cells, and compare the endocytosis effects with normal
HUVEC cells. ApoB, as a ligand for LDL receptors, is used to block LDL
receptors, as shown in Fig. 3A. PEN (green) and VP (red) were used to
track the NPs in cells.

For the rLDL-VP group, we found the uptake efficiency of NPs in
normal HUVEC cells was around 3 times higher than in ApoB pre-
saturated HUVEC cells. This indicated that ApoB could enhance the
uptake of NPs through ApoB-mediated endocytosis, which was highly
dependent on LDL receptors. Furthermore, for the PEN-rLDL-VP group,
the uptake in the normal HUVEC cells was around 4 times higher than
ApoB pre-saturated HUVEC cells, and the PEN-rLDL-VP group reflected
higher uptake ability compared with the rLDL-VP group for ApoB-
blocked HUVEC. Therefore, the rLDL system is a promising system for
targeting the delivery of VP to neovascularization, and the modification
of PEN could further enhance the uptake ability of NPs but did not
change the LDL receptor-mediated uptake passway.

In addition, we also studied the colocalization of PEN with VP. As
revealed in Fig. 3B, the red (VP) and green (PEN) fluorescence was
overlapping and mainly located in the cytoplasm of HUVEC cells at 4 h,
which indicated that the PEN stably anchored on the surface of rLDL-VP
NPs at the early stage of cell uptake. While, the co-locolization rate
(Pearson’s R value) of PEN to VP dropped from 0.92 (4 h) to 0.81 (8 h)
(calculated by the Coloc2 plugin in Image J), which reflects the shedding
of PEN from the surface of the nanoparticles (Fig. S9).

Moreover, the uptake of rLDL-VP and PEN-rLDL-VP NPs by normal
HUVEC cells was further studied by flow cytometry (Fig. 3C, D). Results
quantitatively reflected the time-dependent uptake of rLDL-VP and PEN-
rLDL-VP in HUVEC cells. The fluorescence intensity of the PEN-rLDL-VP
group was 1.4 times higher than that of the rLDL-VP group (Fig. 3E),
which is in good agreement with the confocal results.

2.4. Endosome escape of PEN-rLDL-VP

Subsequently, we performed an endosomal escape experiment [31]
to verify the VP escape from lysosomes after laser irradiation via lyso-
somal rupture. Lysosome (green) and VP (red) were labeled in cells. For
the PEN-rLDL-VP without Laser group, Pearson’s R overlap rate of green
and red fluorescence was 0.85 at 4 h. While, with laser, it reduces to 0.73
(Fig. S10 A, B, C) which indicated that excitation of the laser accelerates
VP escape from the lysosome. For 24 h, Pearson’s R value of PEN-rLDL-
VP with Laser group dropped to —0.09, indicating that the VP could
escape from the lysosome. However, the Pearson’s R value at 24 h
without laser treatment remained at around 0.68, which proved that
laser is the main reason for the escape of lysosomes. Because the
nanoparticles we designed did not possess the proton sponge effect,
which cannot break lysosomes by changing the osmotic pressure in ly-
sosomes, but only through the active oxygen generated by the laser.

2.5. In vitro phototoxicity evaluation

To investigate the phototoxicity of NPs on HUVEC cells and ARPE
cells, MTT assays were carried out. After incubating the nanoparticles
with cells for 6 h, the nanoparticles-contained medium was replaced,
and laser was applied. Subsequently, the cells were further incubated for
another 24 h or 48 h to better observe the effect of VP on the cells. For
the HUVEC cell line, the PEN-rLDL-VP and rLDL-VP NPs groups under a
laser dose of 600 mW for 5 min exhibited notable phototoxicity to
HUVEC cells in a dose- and time-dependent manners (Fig. 3F, G). For the
rLDL-VP + Laser group, 37.5 % and 18.7 % survival rates were observed
at 24 h and 48 h respectively. Nevertheless, the PEN-rLDL-VP group
showed more potent inhibition of HUVEC cells, the survival rate was
30.2 % and 10.2 % at 24 h and 48 h respectively. The results suggested
that PEN-rLDL-VP and rLDL-VP upon NIR radiation significantly
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Fig. 3. (A) Confocal microscopy images and quanti-
tative analysis of HUVEC cells taken at 4 h of PEN-
rLDL-VP and rLDL-VP in the absence of laser with or
without ApoB. (B) Quantitative analysis of HUVEC
cells taken at 4 h of PEN-rLDL-VP and rLDL-VP in the
absence of laser with or without ApoB. (Red repre-
sents the VP and green represents the PEN, n = 3). (C,
D) Results of HUVEC cells uptake of rLDL-VP and
PEN-rLDL-VP in the absence of laser-measured by
flow cytometry. (E) Quantitative analysis of uptake. (*
P < 0.05, ** P <0.01, *** P <0.001, n = 3) (F, G)
MTT assay and cell apoptosis assay. Quantitative
growth of HUVEC cells treated with varying VP con-
centrations (0, 0.5, 2, 4, 10, 15, 20 pg'mL’l) of VP
drug, rLDL-VP and PEN-rLDL-VP (+Laser) for 24 h
and 48 h, n = 3) (H) Cell apoptosis assay of rLDL-VP
(+Laser) and PEN-rLDL-VP(+Laser) in HUVEC cells
(VP, 4 pg'mL™Y) after 6 h incubation. Cell apoptosis
was analyzed by flow cytometry, n = 3.
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inhibited the growth of HUVEC cells, and PEN modification promoted
the inhibition effect. However, for ARPE cells, both of rLDL-VP + Laser
and PEN-rLDL-VP + Laser groups were only slightly toxic to cells, and
the survival rate of ARPE cells was over 80 % after 48 h (Fig. S8 C, D).
These results indicated that this biomimetic nanosystem as an eye drop
would not cause eye tissue damage, which is attributed to the high rLDL
receptor targeting ability of PEN-rLDL-VP nanoplatforms for
neovascularization.

Next, to examine the proapoptotic effect of PDT in HUVEC cells, the
Annexin V/PI assays were also performed. We found that when laser
excitation was lacking, the rLDL-VP and PEN-rLDL-VP groups did not
have high toxicity and showed high safety and the apoptosis rates were

1.12 % and 5.41 %. However, with 5 min laser irradiation, and further
incubation for 6 h, the rLDL-VP, and PEN-rLDL-VP NPs groups were
programmed to undergo apoptosis, indicating that the system can
realize NIR-mediated photodynamic therapy. Meantime, PEN promoted
apoptosis of NPs and a higher curative effect (Fig. 3H) was found in PEN-
rLDL-VP + Laser group (apoptosis rate, 14.10 %), compared with the
rLDL-VP + Laser group (apoptosis rate, 5.77 %), which was consistent
with the MTT assays. Taken together, these results proved the PEN-
rLDL-VP could successfully deliver VP to HUVEC cells to produce the
proapoptotic effect.
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2.6. Intracellular 104 generation VP and PEN-rLDL-VP with and without laser groups. The 105 shows in
green in cells. From the results, we observed that without laser irradi-

Meantime, the generation of sufficient singlet oxygen (103) in ation, all groups showed negligible 10, generation in cells, However,
HUVEC cells is another critical factor responsible for the PDT effect. The with laser irradiation, the PEN-rLDL-VP group showed the highest 10,
capacity of intracellular 10, generation was investigated by the detec- generation ability, which increased by approximately 411 % (Fig. 4A,

tion of a singlet oxygen sensor green (SOSG) probe at 525 nm for rLDL- Fig. 4B) compared with no laser group. For the rLDL-VP + Laser group,
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Fig. 4. (A) Intracellular 105 production from rLDL-VP and PEN-rLDL-VP (VP, 4 pg'mL’l) with and without laser. (B) Quantification of fluorescence intensity. (Green
for singlet oxygen, n = 3) (C) Representative images of PEN-rLDL-VP (Laser, VP, 4 pg'mL_l) (D) Representative images of the total number of tubes per well tube
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we observed the amount of 105 was only increased by 310 %. Thus,
more 102 was produced in HUVEC cells in PEN-rLDL-VP with laser, and
as a consequence, the presence of PEN could enhance the intracellular
uptake and thus lead to more 10, generation in HUVEC cells.

2.7. Inhibition of HUVECs migration

Cell migration is a crucial process in angiogenesis, and the wound-
healing assay is one of the commonly used assays for studying cell
migration [32]. In this study, we measured the inhibition effects of
different VP delivery systems (rLDL-VP and PEN-rLDL-VP NPs) on
HUVEC cell migration after 24 h of drug administration, as shown in
Fig. 4C and Fig. S11. The blank cells without any treatment were used as
the control group. The results showed that rLDL-VP and PEN-rLDL-VP
NPs groups without laser irradiation exhibited certain inhibitory ef-
fects (percent wound closure, 54.35 %, and 55.46 %) on the migration of
HUVEC cells compared with the untreated control group (percent
wound cloture, 81.92 %). More interestingly, rLDL-VP + Laser repre-
sented a more obvious effect on inhibiting cell migration (percent
wound closure, 18.15 %) and PEN-rLDL-VP + Laser had the most sig-
nificant inhibitory effect (3.70 %), probably due to the enhanced
endocytosis of PEN-rLDL-VP.

2.8. Tube formation experiment

Tube formation ability of endothelial cells is another key factor in
angiogenesis [33,34]. To explore the effects of NPs on angiogenesis in-
hibition, HUVEC cells were treated with rLDL-VP + Laser and PEN-
rLDL-VP + Laser (4 pg/mL of VP) respectively (Fig. 4D). The total
length, number of junctions, and total number of meshes were statisti-
cally analyzed with Image J software, and the results are shown in
Fig. 4E-G. From the results, the HUVEC cells in the untreated control
group, pure laser group, and pure rLDL group could form typical cord-
like structures on the matrix gel and a large number of tubular struc-
tures with multiple branches were finally closed into tubes (Fig. 4D).
Meantime, the rLDL-VP and PEN-rLDL-VP groups without laser had only
a slight inhibition effect on tube formation, as compared with the control
group, the total length was 52 + 0.7 % and 53 + 3.7 %, the number of
junctions was 50 + 3.3 % and 37 + 3.0 %, and the number of meshes
was 57 + 9.1 % and 30 + 2.1 %. With the laser, the rLDL-VP exhibited
apparent inhibition in angiogenesis. The total length was 43 + 0.2 %,
the number of junctions was14 + 1.9 % and the number of meshes was
0. More interestingly, the PEN-rLDL-VP + Laser group exhibited the
strongest inhibition in angiogenesis. The total length was 36 + 2.3 %,
the number of junctions was 4 + 1.9 % and the number of meshes was 0.
The nanoparticle plus laser groups had inhibited the typical formation of
tubular network structure, with a significant difference from the non-
laser groups. This observation was in agreement with the wound-
healing assay. Taken together, the activated PEN-rLDL-VP exhibited a
significant effect on the angiogenic event of HUVEC cells.

The timepoint of tubule formation assays should consist with other
tests including 24 and 48 h, however, due to the HUVEC cells start to
undergo apoptosis after 24 h, and this leads to detachment from the
matrix and the breaking of the tubes, only a short time point can be
observed. In our case, during the observation, 8 h is the best timepoint
that we can manage to capture the best tube formation phenomenon,
hence, 8 h timepoint was choose for the observation of tube formation.
At the same time, since the matrix gel had a certain thickness and was
not completely flat, it was possible for cells to grow in different planes,
so it was normal for some cells to be round in the photograph.

2.9. In vivo ocular distribution
In vitro studies have shown that rLDL, as an ideal bionic nano-

material, had significant advantages for the ipi-mediated neovascular
targeted delivery of VP, and it did not produce toxicity to healthy cells.
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Therefore, we further investigated whether the addition of the trans-
membrane peptide PEN promoted VP delivery from the ocular surface to
the fundus, and the drug distribution of rLDL-VP and PEN-rLDL-VP NPs
group in the eye. The VP contents in the conjunctiva, cornea, iris, retina-
choroid, sclera, aqueous humor, lens, vitreous, and plasma were deter-
mined by LC-MS (Fig. 5A, Fig. S12). The area under the curve (AUC) of
VP in retina-choroid tissue for the PEN-rLDL-VP treated group was
around 9400 ng*h/g. However, in the rLDL-VP treated group only 3900
ng*h/g VP was detected, which confirmed the PEN modification greatly
boosted the penetrability of the rLDL-VP NPs.

It is indeed very difficult for VP to penetrate and reach the retinal
tissue through eye drop formulation, even with the PEN-rLDL-VP nano-
system, we only delivered 0.58 % of the original dose within 8 h, but this
is already a quite big improvement compared with strategies from other
Lab or even benchmark therapy. For instance, Bucolo et al. had carried
out single instillation of Indomethacin in rabbit’s eye and the AUCy.4p, of
65496 ng*h/g were observed in retina, which means 0.1 % of the
original dose reached the target tissue [35]. Meanwhile, our group has
also conducted other nanosystems for the treatment of posterior
segment diseases. The AUCy.o4p, in the retina-choroid was approximately
6000 ng*h/g with 50 pg single dose eye-drops, which means 0.12 % of
the original dose reached the target tissue [36]. Besides, before the listed
drug Visudyne® (vertiporfin liposome formulation) was put on the
market, Gragoudas et al. used New Zealand White and Pigmented
Rabbits to conduct preclinical pharmacokinetic study of vertiporfin
liposome preparation in 1996 [37]. For 2 kg rabbits, the dosage was as
high as 4 mg. From the perspective of pharmacokinetics, although the
dosage was as high as 2 mg/kg, the AUCg.24n) of retinal drugs studied by
Gragoudas was 6,632 ng * h/g. If the weight of retinal tissue is usually
0.01 g, only 66.32 ng drugs were exposed to the retina, and the delivery
efficiency is only around 0.001 % Therefore, this rLDL constructed
biomimetic carrier was a great breakthrough for posterior segment drug
delivery, which is logical to achieve promising results in vivo.

Moreover, we also observed that high VP levels were observed in the
sclera and retina-choroid tissues (Fig. 5A, Fig. S13), while undetectable
drug levels were observed in aqueous humor, lens, and vitreous humor.
This may be because the surface area of the conjunctiva was 17 times
bigger than that of the cornea [38,39] and the permeability can be as
high as 29 times that of the cornea [40]. Also, nanocarriers with a
diameter<300 nm could be easily absorbed by conjunctiva [40].
Meantime, the sclera, composed of collagen and elastin chains, is a
porous membrane that allows the penetration of hydrophilic macro-
molecules. Therefore, we confirmed that the non-corneal (conjunctival/
scleral) pathway was the primary pathway of nanoparticles to the pos-
terior eye tissue, and both rLDL-VP and PEN-rLDL-VP NPs could effec-
tively deliver drugs to posterior ocular tissues and treat posterior ocular
diseases in a non-invasive manner.

Later, to determine the optimized time for laser irradiation treat-
ment, the VP concentration was monitored at the retina-choroid by time
and was plotted in Fig. 5B. As a result, the laser irradiation time for
subsequent in vivo pharmacodynamics was set at 2 h after drug admin-
istration, since the highest drug concentration was detected.

2.10. PEN-rLDL-VP reduces vascular leakage and suppresses the
formation of CNV

The laser-induced choroidal injury model (CNV) in mice was estab-
lished and utilized for pharmacodynamic experiments. On the 21st day
of CNV induction, mice were treated with rLDL-VP or PEN-rLDL-VP via
topical instillation (16 pg VP, each eye) respectively. After 2 h, laser
irradiation was performed (600 mW/cm? for 83 s)[41]. Abnormal
vascular leakage is a sensitive indicator of wWAMD. To examine the effect
of PDT treatment with rLDL-VP and PEN-rLDL-VP eye drops on vascular
leakage, fundus fluorescein angiography (FFA) examination was per-
formed on CNV model mice on the 24th day (Fig. 5C).

From the results, the blood vessels in the healthy group were intact
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Fig. 5. (A) AUC of rLDL-VP-eye drop, PEN-rLDL-VP-eye drop, rLDL-VP-LV., and PEN-rLDL-VP -LV. in different ocular tissues (the results of the cornea, iris, sclera,
retina-choroid, aqueous humor, crystalline groups were amplified and inserted, n = 3) (B) The mean VP concentration of rLDL-VP-eye drop, PEN-rLDL-VP-eye drop,
rLDL-VP-1.V. and PEN-rLDL-VP-LV. in retina-choroid. (C) Representative examples of fluorescence fundus angiograms from the healthy, the untreated, rLDL-VP, and
PEN-rLDL-VP groups on the 24th day and quantification analyses of CNV areas on the 24th day. (* P < 0.05, *** P <0.001, n = 3) (D) Images for retinal sections of
experimental groups stained with HE on the 28th day (400 x ), n = 3. (E) The effect of rLDL-VP and PEN-rLDL-VP on the protein expression of VEGF and ICAM-1 in

CNV disease models on the 28th day and quantification result of Western blot analysis by ImageJ software. (n =

3, * P <0.05, ** P < 0.01) (F) Ocular irritation test

for corneal injury in rabbits of saline, rLDL-VP, and PEN-rLDL-VP. (Cobalt blue light with fluorescein sodium). (G) Histological examination of the cornea, con-

junctiva, and retina of saline, rLDL-VP, and PEN-rLDL-VP, n = 3.

and with no leakage. While, the blood vessels in the CNV model group
had a lot of leakages (marked in red), with a leakage area of 7639 pm?.
After rLDL-VP + Laser treatment, the blood vessels were relatively

repaired, and the leakage area was reduced to 3188 pm?2 More

importantly, the vascular in the PEN-rLDL-VP group was remarkably
repaired with only a slight leakage area of 1930 pm?2. Therefore, these
results demonstrated that PEN-rLDL-VP could greatly reduce vascular
leakage, and the PEN modification enhanced the photothermal
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treatment effect of VP in the eyes.

Verteporfin is a highly effective photosensitizer, which could achieve
significant vascular leakage inhibition within 24 h after a single dose of
treatment [42]. What is more, in real clinical practice, the intravenous
treatment cycle of the listed drug Visudyne® (verteporfin liposome) is
once every-three months, which means single administration can ach-
ieve the treatment of wAMD. (Ultra-high drug doses and severe side
effects including no visible natural light to the skin for 48 h, were the
current clinical challenges, which are solved by this project.) Mean-
while, we had confirmed the highest drug concentration in retina tissue
at a 2 h time point, therefore, the therapeutic effect was guaranteed.

H&E staining was also utilized to confirm the pharmacodynamics of
our nanosystem, as shown in Fig. 5D. The retina and choroid tissues
were clear and intact in normal healthy mice. However, the fundus
structure was damaged in the CNV model, with edema and disordered
cells in the photocoagulation area, spreading along with the entire
retinal layer. In addition, in the CNV model, the pigment epithelial cells
proliferated and migrated obviously, and the outer nuclear layer was
damaged. These results once again prove the success established by the
model.

Again, the nanoparticles can promote the renovation of CNV. In the
rLDL-VP group, significantly reduced new vascular was observed in the
retina and choroid region on the 28th day of CNV induction, and the
retinal structure was clearer than in the CNV control group. More
importantly, the PEN-rLDL-VP group was more effective. The retinal
structures were well preserved, and the cells were arranged neatly after
PEN-rLDL-VP treatment. The only small amount of fibroblasts prolifer-
ation and new vascular formation was detected on the 28th day of CNV
induction. These results strongly proved that our penetrability enhanced
PEN-rLDL-VP eye-drop possessed excellent retinal renovation ability.

2.11. PEN-rLDL-VP attenuates overexpression of VEGF and ICAM-1

In addition to the H&E staining, we further studied the therapeutic
mechanism for rLDL-VP and PEN-rLDL-VP NPs, and all groups were
treated with laser irradiation. Overexpression of angiogenic growth
factor (VEGF) from RPE is the primary cause of CNV pathogenesis. In
addition, pro-inflammatory and anti-inflammatory cytokines are also
involved in the formation of CNV. Adhesion molecules such as ICAM-1
can increase vascular permeability by altering the extracellular matrix
and play an important role in introducing macrophages/microglia into
inflammatory tissues [43,44]. Therefore, the effect of PEN-rLDL-VP on
inducing the expression of VEGF and ICAM-1 was investigated by
Western Blot.

From the results, the VEGF and ICAM-1 expressions were 4.75 and
2.4 times in the CNV model group compared to the healthy group.
Encouragingly, with rLDL-VP treatment, the expression levels of VEGF
and ICAM-1 dropped nearly 50 % and 55 % on the 28th day of CNV
induction. Notably, the expression levels of VEGF and ICAM-1 signifi-
cantly decreased by 54 % and 70 % with PEN-rLDL-VP treatment, as
shown in Fig. S5E. These results indicated that PEN-rLDL-VP can signif-
icantly inhibit the overexpression of VEGF and ICAM-1, which can
induce neovascular inhibition and inflammation alleviation.

2.12. In vivo ocular irritation test

Eye drops are directly applied to the corneal surface, and eye irri-
tation is, therefore, an important factor in the development and clinical
application of eye drops [45]. Since the rabbit eyeball was very sensitive
to external stimuli, the rabbit was selected as the research subject. The
results of the multiple-dose irritation test (laser irritation) for saline,
rLDL-VP and PEN-rLDL-VP groups were shown in Fig. 5F, and all groups
were under laser irradiation.

According to Draize’s evaluation [46], each evaluation score for
three groups was 0 points, thus there was no corneal opacity, no
congestion, no abnormal secretion, and no increase in tears. A detailed
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definition of Daize’s evaluation can be found in supplementary mate-
rials. (TableS2 and Table S3) There was also no macroscopic evidence of
irritation in the cornea and iris. Results of corneal injury examination
with fluorescein sodium and TUNEL assays were shown in Fig. 5F and
Fig. S14. The absence of green fluorescence indicated no damage to the
cornea. In summary, both rLDL-VP and PEN-rLDL-VP groups were safe
and did not irritate eyes.

Other than that, the sectioning results of multiple-dose stimulation
experiments with rLDL-VP and PEN-rLDL-VP are shown in Fig. 5G. After
topical administration, the eyeball was taken and sectioned for H&E
staining. The normal saline group was used as the control group, and
there were no visible abnormal changes in the cornea (epithelium,
stroma, endothelium), conjunctiva (Goblet cells, stroma), and retina
(GCL, IPL, inner plexiform layer, INL, inner nuclear layer, OPL, outer
plexiform layer, ONL, outer nuclear layer, RPE, retinal pigment
epithelium and Chro, choroid), and the morphology was complete after
rLDL-VP and PEN-rLDL-VP administration. Furthermore, the clear
structure of each layer and the absence of inflammatory cell infiltration
indicated that the rLDL delivery system was biocompatible for ocular
administration.

3. Conclusions

In summary, with high VP encapsulation efficiency, PEN enhanced
penetrability as well as LDL receptor-mediated targeting ability, a novel
bio-inspired eye-drop was successfully fabricated and characterized for
the treatment of wet AMD by a noninvasive strategy. Our bionic eye
drops have shown outstanding biocompatibility and effective thera-
peutic effects both in vitro and in vivo. We confirmed that the rLDL
system is a promising platform for VP targeting delivery to neo-
vascularization sites based on the rpi-mediated cell targeting endocy-
tosis. Also, the PEN could effectively enhance the NPS penetrability and
facilitate the VP delivery to the posterior segment of the eye through
eye-drop administration. It was found that PEN-rLDL-VP NPs could
reduce HUVEC cell migration and disrupt the capillary formation in the
scratching and tube formation experiment. The laser-activated NPs
exhibited rapid closure of new blood vessels and down-regulation of
VEGF and ICAM-1 in the laser-induced choroidal injury model after 1-
week treatment. Therefore, this bio-inspired PEN-rLDL-VP eye drop
displays great potential in the treatment of wAMD, and this promising
delivery system might serve as a noninvasive strategy for other fundus
disease therapy. One limitation of this study was only one sex of animal
were used for the study of biodistribution (male rabbit) and pharma-
codynamic (female mice). Since AMD disproportionately affects fe-
males, wWAMD bearing animals with different sex should be compared
and analyzed separately in the following study.

4. Experimental section
4.1. Fabrication of rLDL-VP and PEN-rLDL-VP

Bio-inspired reconstituted LDL nanoparticles of verteporfin (rLDL-
VP) were prepared by the emulsion-solvent volatilization method. First,
phospholipid, glyceryl trioleate, cholesterol oleate, and cholesterol
(molar ratio = 3: 2: 1: 1) and VP (15 mg) were added to the mixture of
acetone and ethanol. Next, the synthetic peptide was dissolved into the
sodium oleate contained Tris-HCl buffer solution (pH 8.05). Thereafter
the peptide was added at 3 % of the total cholesterol (molar ratio). Then
the organic phase and the aqueous phase were mixed (1:4, V/V) under
high-shear mixing, and were subjected to high-pressure homogenization
(Avestin, Canada). Eventually, organic solvents were then removed by
rotary evaporation (Shanghai Ailang Instrument Co., Itd., China) at 50°C
to produce rLDL-VP. Then, PEN (200 pg/mL) was added followed by
vortexing for 1 min and incubating at 37 °C for 1 h to produce PEN-rLDL-
VP.
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4.2. Binding rate experiment of Penetratin

The formation of PEN-rLDL-VP was confirmed by centrifugal ultra-
filtration, and the nanoparticles were prepared with FAM-labeled ste-
penetratin. PEN-rLDL-VP(1000 pL) was added into a 0.1 % Tween 80
pre-saturated ultrafiltration centrifuge tube (MW = 10 kDa) and
centrifuged at 3000 r/min for 15 min in a high-speed refrigerated
centrifuge. The ultrafiltrate at the lower layer was transferred to a 96-
well plate with a black background. Fluorescence intensity was
measured by a microplate reader (excitation wavelength Ex = 492 nm,
and emission wavelength Em = 518 nm).

The binding percentage of penetratin in nanoparticles is calculated
according to the following formula:

Cultrafiltrate

Ctotal x 100%

Bound penetratin% = 1 —

Cultrafiltrate is the concentration of penetratin in the lower
ultrafiltrate.
Ctotal is the total concentration of penetratin added to the system.

4.3. Characterization of PEN-rLDL-VP

The morphology of the obtained PEN-rLDL-VP was documented by
atomic force microscopy (cypher ES) and transmission electron micro-
scopy (TEM, JEM-1200EX, JEOL ltd., Japan). Samples were negatively
stained by 2 % Uranyl acetate. The sample solution of VP was prepared
by dissolved in methanol and the UV-vis absorption value was deter-
mined between 200 and 800 nm. For PEN-rLDL and PEN-rLDL-VP
determination, 100 pL of samples were dissolved in 1900 pL methanol
and the UV-vis absorption value was measured between 200 and 800
nm. The lyophilized preparations were observed by Fourier transform
infrared spectroscopy.

4.4. Release experiment

After centrifugation of 2 mL of the formulation, it was dispersed in 2
% Tween 80, simulated tear fluid, pH 7.4, in EP tubes at 37°C. Then, 1
mL was taken at 1, 2, 4, 6, 8, 10, 24, 36 and 48 h and absorbed at 430
nm.

4.5. Cell uptake (confocal microscopy)

HUVEC cells were seeded in a 24-well plate with crawling slides, and
PEN-rLDL-VP and rLDL-VP were added after 24 h, respectively. The
group without any treatment was set as the control group. After that, the
serum-containing medium was discarded and the media FAM co-labeled
formulation groups were added immediately and cultured for 4 h and 8
h, respectively. The concentration of VP was determined to be 4 pg'mL ™!
in the cytotoxicity experiments. After removal of the medium, the slides
were rinsed with 1 mL of PBS and fixed at 37C for 15 min with 0.5 mL of
4 % paraformaldehyde. Then washed twice with 1 mL of PBS, stained
with 0.4 mL DAPI for 20 min, and twice with 1 mL of PBS. The uptake of
nanoparticles by HUVEC cells was observed under an LSM710 confocal
microscope. (German Carl Zeiss).

4.6. Cell uptake (flow cytometry)

HUVEC cells were seeded in 6-well plates with a cell density of 50 x
10* per well). In the absence of laser, HUVEC cells were added to rLDL-
VP or PEN-rLDL-VP and cultured for 1, 2, and 4 h, respectively. Next,
HUVEC cells were rinsed with PBS and centrifuged at 1500 rpm/min at
low temperatures. HUVEC cells collected after centrifugation were
dispersed in a flow tube with 500 pL and passed through a 200-mesh
sieve. The samples were kept in the dark before analyzing. The
average fluorescence intensity of VP (PE-A, Ex/Em 488/613 nm) and
cell number of HUVEC cells were monitored by flow cytometry.
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4.7. Intracellular Singlet Oxygen Detection

HUVEC cells were cultured in 24 well plates with 1 x 10° cells per
well. When HUVEC cells reached 70-80 % fusion, they were treated with
different groups and incubated at 37 °C for 4 h. After 4 h of culture,
SOSG solution (5 pM) was added to the cell culture medium. The cells
were then rinsed with fresh medium and the SOSG fluorescence signal
excited at 488 nm was imaged under an FV3000 confocal laser scanning
microscope. Image J software was used to conduct quantitative analysis
on the signal analysis of SOSG, and the levels of 105 produced in cells
under different experimental conditions were displayed.

4.8. Wound healing assays

HUVEC cells (1 x 10° cells per well) were seeded into 24-well plates
and scraped into the confluent layer of HUVEC cells with the end of 1 mL
pipette tips. The detached cells in the well were removed with excess
PBS and then the HUVEC cells were incubated with the rLDL-VP =+ laser
(0.6 J-em~2) and PEN-rLDL-VP = laser (0.6 J'cm %) samples diluted in
the culture medium for 24 h. Scratches were observed at 0 and 24 h post-
induction of injury under an XD-101 inverted microscope and the area
without cells was measured using Image J software. The formula is as
follows:

migration distance of test group

— - x 100%
migration distance of control group

Percent wound closure(%) =

4.9. Tube formation assays

The ability to inhibit neovascularization was evaluated by the
HUVEC tubule formation experiment. The Matrigel (BD 356234), 24-
well plate, pipette and pipette tips were placed in the fridge at 4 °C
and pre-cooled overnight. Pre-cooled Matrigel (0.5 mL) was quickly
added to the plate and incubated at 37 °C for 30 min to allow gelation to
occur. Cells were prepared after half an hour of gel spreading, and the
cell concentration was finally adjusted to 6 x 10* cells/well with new
medium. The cell suspension and formulation were mixed homoge-
neously (VP, 4 pg mL™Y). The 24-well plate was taken out of the incu-
bator, and 1000 pL of cell culture medium was added to the vertical
bottom of each well firstly, and then the mixed cell suspension and
nanoparticles were added gently along the wall of the well. After 8 h,
parameters of tube formation (total length, junction, mesh) were
quantified by Image J software.

4.10. Intraocular distribution

Male Japanese white rabbits were purchased from Liaoning Chang-
sheng Biotechnology Co., 1td. The animal experimentation was approved
by the University Ethics Committee of Shenyang Pharmaceutical Uni-
versity (license number: CSE20201113). Thirty-two healthy male Jap-
anese white rabbits were randomly divided into 2 groups for different
treatments: Group A and B were treated with rLDL-VP nanoparticles or
PEN-rLDL-VP nanoparticles via topical instillation (16 pg, VP, each eye)
respectively. Then, the rabbits were sacrificed by air injection at 1, 2, 4,
and 8 h after treatments, and the left and right eyes were immediately
collected. After the ocular tissues (aqueous, lens, vitreous, cornea,
palpebral conjunctiva, iris, retina-choroid, and sclera) were dissected
and separated, they were accurately weighed and cut, and mixed with
ultrapure water for a final volume of 2 mL. Then, steel grinding beads
(diameter = 3 mm x 2, 4 mm x 2) were added to the tissue suspension
and homogenized at a frequency of 60 Hz for 5 min with a tissue ho-
mogenizer (KZ-II Tissue homogenizer, Wuhan Servicebio Technology
Co., Itd.). Methanol (1 mL) and internal standard solution (porphine,
THP) were successively added to the mixture samples and vortexed for 2
min. After that, VP was extracted with ether (4 mL) for 10 min and
centrifuged at 12000 rpm for 5 min. The organic phase (2 mL) was
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aspirated and evaporated with nitrogen at 40 °C for later analysis by
UPLC-MS/MS.

4.11. Establishment of CNV model and administration

All C57BL/6 female mice (three mice per group) were anesthetized
with 85 mg/kg ketamine and 14 mg/kg thiazine by intramuscular in-
jection, and mydriasis was performed using 10 g/L cyclosporine I
(towering company, Japan) eye drops, and ofloxacin eye cream was
applied rapidly to the eye surface to prevent the occurrence of cataracts.
CNV was induced by laser photocoagulation with a 532 nm YG
frequency-doubled laser (150 mV, 100 ms, 100 pm). The photocoagu-
lation site was around the optic nerve, 1.5-2.0 PD away from the optic
disc, and avoiding the large blood vessels. Three spots were applied to
each eye. The morphological index for laser photocoagulation to reach
the target was the occurrence of gasified foam (thick white foam with a
light ring), which indicated the rupture of Brunch’s membrane at the
laser spot. If there was bleeding in the fundus after photocoagulation,
which indicated vascular injury, the eye would be marked separately.
On the 21st day of CNV induction, mice were treated with rLDL-VP
nanoparticles or PEN-rLDL-VP nanoparticles via topical instillation
(16 pg VP, each eye) respectively. After 2 h, laser irradiation was per-
formed (0.6 J-cm ™ 2).

4.12. Fluorescein angiography (FFA)

On the 24th day of CNV induction, fluorescein sodium (5 %, 0.1 mL)
was injected intraperitoneally for fundus fluorescence imaging. The
recording was started after 2 min, and the late phase was observed 6-8
min after the injection with a Small animal retina image system (Phoenix
Technology Group, the U.S.A). The area of CNV was calculated using
Image J software.

4.13. Histological examination

Mice were anesthetized and sacrificed on the 28th day of CNV in-
duction. Then, the eyeballs in each group were harvested and fixed with
4 % paraformaldehyde for 24 h. Then, the retina sections were separated
to perform paraffin sections for hematoxylin and eosin staining. The
specimens were examined with a light microscope.

4.14. Western Blot

Mice were provided by the Experimental Animal Center of Shenyang
Pharmaceutical University. This experiment followed the guidelines for
the Care and Use of Laboratory Animals, and the ethical approval
number was SYPU-IACUC-C2020-12-3-117. The mice were anesthetized
and sacrificed, and their eyes were resected to separate the choroid on
the 28th day. Then, protein expression levels were measured after
retinal homogenization. Western blotting was performed using standard
methods.

4.15. Histological examination

The rabbits were euthanized after the irritation test. Then, the eye-
balls in each group were harvested and fixed with 4 % para-
formaldehyde for 24 h. Then, the corneal and conjunctival tissue
sections were separated to perform paraffin sections for hematoxylin
and eosin staining. The specimens were examined with a light
microscope.
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