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ABSTRACT
Noninvasive drug delivery is a promising treatment strategy for ocular posterior segment diseases. Many
physiological and anatomical barriers of the eye considerably restrict effective diffusion of therapeutics to
the target site. To overcome this problem, a novel cyclic arginine-glycine-aspartate (RGD) hexapeptide
and penetratin (PEN) co-modified PEGylation polyamidoamine (PAMAM) was designed as a nanocarriers
(NCs), and its penetrating and targeting abilities were evaluated. In this study, we show that PAMAM-PEG
(reaction molar ratio 1:32) has a relatively high grafting efficiency and low cytotoxicity. The particle size
was within the range of 15–20nm after modification with RGD and PEN. Cellular uptake of RGD-modified
NCs involved significant affinity toward integrin avb3, which validated the targeting of neovasculature.
An in vitro permeation study indicated that modification with PEN significantly improved penetration of
the NCs (1.5 times higher). In vivo ocular distribution studies showed that, the NCs (modified with PEN or
co-modified with RGD and PEN) were highly distributed in the cornea and retina (p< .001), and modifica-
tion extended retinal retention time for more than 12h. Therefore, these NCs appear to be a promising
noninvasive ocular drug delivery system for ocular posterior segment diseases.
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Introduction

Age-related macular degeneration (AMD) causes gradual
blindness and is temporarily incurable (Pennington &
DeAngelis, 2016). In the United States alone, approximately
11 million people are affected by AMD, global prevalence
has reached 170 million, and the number of people pro-
jected to have AMD in 2040 is 288 million (Wong et al.,
2014). As the population ages, the incidence rate will
increase. AMD can be divided into exudative AMD and non-
exudative AMD. Although the exudative AMD associated
with only 15% of AMD cases, it is responsible for a significant
proportion of cases of vision loss associated with AMD
(Votruba & Gregor, 2001). Previous studies have shown that
choroidal neovascularization (CNV) plays a key role in acute
visual loss in AMD (Ambati et al., 2003).

At present, intravitreal injection of anti-angiogenic anti-
bodies is the first choice for exudative AMD therapy (Heier
et al., 2012). According to a long-term study (Rofagha et al.,
2013), such therapies have improved the prospects of
patients with exudative AMD. However, the risk of vision-
threatening complex diseases such as lens injury, vitreous
hemorrhage, retinal detachment and endophthalmitis is
increased by invasive interventions (Thakur et al., 2014). In

addition, subconjunctival injection may be an alternative, but
it is still invasive. Fortunately, eye drops, which are an alter-
native to eye injections for the treatment of posterior seg-
ment diseases, are in development (Li et al., 2019). However,
because the many physiological and anatomical barriers in
the eye considerably restrict effective diffusion of therapeu-
tics to the target site (Peynshaert et al., 2018), the penetra-
tion and targeting of eye drops still needs to be improved.

Dendrimers are spherical dendritic nanometer-sized
(3–20 nm) polymers (Xu et al., 2013). Drugs can be
embedded in polymer networks through ionic interactions,
hydrophobic interactions and hydrogen bonds. In addition,
they can be also coupled using chemical bonds (Madaan
et al., 2016). In dendrimers, polyamidoamine (PAMAM) is one
of the most studied and commercially exploited species for
therapeutic agent delivery. PAMAM dendrimers are water-sol-
uble and non-immunogenic, and the biocompatibility of
PAMAM can be increased through modification with poly(-
ethylene glycol) (PEG) (Malik et al., 2000; Jevprasesphant
et al., 2003). Our previous studies have shown that PAMAM
can increase the corneal permeability and improve the bio-
availability of a co-delivered drug (Yao et al., 2011).
Therefore, in the current study, we constructed a PAMAM-
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based nanometer-sized ocular drug delivery system through
surface structural modification.

The RGD peptide sequence can bind integrin avb3.
Integrin avb3 is pivotal for neovascularization, and is upregu-
lated during this process (Millard et al., 2011). During CNV
pathogenesis, integrin expression dramatically increases, and
conversely, integrin expression is minimal in the healthy chor-
oid (Hennig & Goepferich, 2015). In our previous studies, we
found that the cyclic hexapeptide of c(RGDf(N-me)VK) exhib-
ited strong affinity for integrin avb3-overexpressing cells
(Zhang et al., 2017). Furthermore, the cyclic peptides showed
a potent inhibitory effect on CNV, because of their ability to
antagonize integrins after binding (Luo et al., 2013). Therefore,
we selected this new cyclic hexapeptide as a targeting ligand,
and applied it to ocular drug delivery for the first time.

Although the eye is an easily accessible organ, various
ocular barriers such as the sclera, conjunctiva, and cornea,
lead to difficulties in drug delivery to the ocular posterior
segment (Nayak & Misra, 2018). In addition, the viscoelastic
mucus of the ocular surface can trap and quickly eliminate
nanoparticle-based drug delivery systems, therefore restrict-
ing targeted and sustained drug delivery at the ocular sur-
face. A series of studies has shown that a relatively dense
grafting of medium molecular weight PEG (e.g. 2–5 kDa)
results in a dense brush conformation, which can efficiently
avoid contact with mucins and promote rapid penetration of
nanoparticles in mucus (Xu et al., 2015; Huckaby & Lai, 2018).
In positively charged cell penetrating peptides (CPPs) usually
composed of less than 30 amino acids, the amino acid
sequences have a wide range of sources, and can transport
macromolecules into living cells and cross many physio-
logical barriers (Patel et al., 2007). Unlike intravenous injec-
tion and oral administration, CPP-mediated drug delivery for
ocular application has not yet been researched widely.
Research has shown that among the studied CPPs, penetratin
(RQIKIWFQNRRMKWKKK) shows excellent performance in
terms of high permeability of the posterior segment, and
high biocompatibility (Liu et al., 2014).

To maximize both targeting of the CNV and crossing of
the ocular physiological barriers, in the current study, RGD
and PEN co-modified PEGylated PAMAM was successfully
constructed. It was possible to adjust the size by changing
the molecular weight and grafting density of the PEG.
Fluorescein isothiocyanate (FITC) was used as a fluorescent
probe for cell and animal imaging experiments and it was
linked to PAMAM. The cytotoxicity of NCs in human conjunc-
tival epithelial cells (NHCs), human corneal epithelial cells
(HCECs), and human umbilical vein endothelial cells
(HUVECs) was measured using a MTT assay. Because of the
wide application of HUVECs as vascular endothelial cells in
investigations of pathologic neovascularization, HUVECs were
applied as a cellular model to validate the targeting of the
NCs. The in vitro permeability of the NCs was evaluated in
NHCs and HCECs. Furthermore, frozen sections of mouse
eyes were used to evaluate the in vivo distribution of NCs.
The penetration and targeting of the NCs were studied to
identify their availability and feasibility for use in the treat-
ment of ocular posterior segment diseases. We hope that the

current research will contribute to the development of a
noninvasive CNV eyedrop treatment.

Materials and methods

Materials and animals

PAMAM G4.0 was obtained from Sigma-Aldrich, Inc. (St.
Louis, MO). Methoxy PEG succinimidyl carboxymethyl ester
(M-PEG-SCM, MW¼ 2000Da) and Maleimide PEG succinimidyl
carboxymethyl ester (MAL-PEG-SCM, MW¼ 2000Da) were
provided by JenKem Technology Co., Ltd. (Beijing, China).
c(RGDf(N-me)VK)-C (MW¼ 820Da) was obtained from
Shanghai Top-Peptide Biotechnology Co., Ltd. (Shanghai,
China). Penetratin (C-RQIKIWFQNRRMKWKK, MW¼ 2350Da)
was obtained from ChinaPeptides Co., Ltd. (Shanghai, China).
Artificial tear fluid was composed of 0.65mM CaCl2�H2O,
18.51mM KCl, 25.95mM NaHCO3, and 116.02mM NaCl in
deionized water.

Dulbecco’s modified eagle medium (DMEM)/high glucose
and trypsin solution were obtained from HyClone (Logan, UT,
USA). Penicillin-streptomycin solution, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), and phosphate-
buffered saline (PBS, pH 7.4) were obtained from Beyotime
Biotechnology Co., Ltd. (Shanghai, China). Bis benzimide
Hoechst NO33342, rat tail tendon collagen type, hank’s bal-
anced salt solution (HBSS) and O.C.T. compound were
obtained from Beijing Solarbio Science & Technology Co.,
Ltd. (Beijing, China). Fetal bovine serum (FBS) was bought
from Zhejiang Tianhang Biological Technology Co., Ltd.
(Zhejiang, China). Davidson’s solution was composed of
50mL acetic acid, 150mL 95% ethanol, 100mL 10% neutral
buffer formaldehyde solution and 150mL distilled water.

NHCs, HCECs, and HUVECs were provided by Cellbio
Bioengineering Co., Ltd. (Shanghai, China). Male ICR mice
(40 g± 5 g) were obtained from Jinan Pengyue Laboratory
Animal Breeding Co., Ltd. (Shandong, China). Animal experi-
ments were carried out in accordance with the UK Animals
(Scientific Procedures) Act, 1986, and associated guidelines,
and the EU Directive 2010/63/EU for animal experiments.

Synthesis and characterization of NCs

RGD and PEN were connected to the primary amine groups
of PAMAM via MAL-PEG-SCM. For the purpose of tracing the
cellular uptake, in vitro permeability, and in vivo ocular distri-
bution of the synthetic carriers, FITC was used as a fluores-
cent probe and we synthesized the following NCs:
FITC-PAMAM (FP), FITC-PAMAM-PEGn (n¼ 8, 16, 32, and 48),
FITC-PAMAM-PEG32-RGD (FPPR), FITC-PAMAM-PEG32-PEN
(FPPP), and FITC-PAMAM-PEG32-RGD/PEN (FPPRP) conju-
gates. The synthetic routes are shown in Figure 1.

Synthesis of FP conjugates

FITC (2.72mg, 7.0 lmol) dissolved in 3mL of methanol was
added to 3mL of a PAMAM (20mg, 1.4 lmol) methanol solu-
tion. The reaction system was stirred for 12 h in dark

990 X. YANG ET AL.



conditions at room temperature (RT). The reaction product
was purified through dialysis against water using a dialysis
membrane (MWCO¼ 3500Da) for 24 h in darkness. The
obtained solution was concentrated using an ultrafiltration
tube (MWCO¼ 3000Da) until the filtrate was colorless and it
was lyophilized to obtain FP.

Synthesis of FPPn conjugates

FPPn was constructed through the reaction of the primary
amine groups of the FP with the SCM groups of M-PEG-SCM.
FPPn was constructed with various degrees of PEGylation.
Different quantities of PEG (9.9mg, 4.95lmol; 19.8mg,
9.91lmol; 39.6mg, 19.8 lmol; 59.5mg, 29.7lmol) were
added to 6mL of PBS (0.2M, pH 8.0) containing FP (10mg,
0.62lmol). The reaction systems were stirred for 24 h at RT,
with nitrogen blanketing and away from light. The mixtures
were purified via dialysis against water using a dialysis mem-
brane (MWCO¼ 7000Da) for 24 h in darkness. The obtained
solution was concentrated using an ultrafiltration tube
(MWCO¼ 10000Da) until the PEG was eliminated from the
filtrate, which was verified through thin layer chromatog-
raphy (TLC). The reaction products were lyophilized to
acquire FPP8, FPP16, FPP32, and FPP48.

Synthesis of FPPR, FPPP, and FPPRP conjugates

RGD peptides were linked to FP to synthesize FPPR through
MAL-PEG-SCM. PEG (39.7mg, 19.8lmol) and RGD (2.0mg,
2.5lmol) were dissolved in 3mL of NaAc-HAc buffer (0.1M,
pH 6.0) and reacted for 30 s, and then transferred to 3mL of
NaOH-borax buffer (0.05M, pH 9.2) with FP (10mg, 0.62lmol)
and stirred for 12h in the dark at RT, with nitrogen blanket-
ing. Considering that the unreacted maleimide may affect the
in vivo behavior of the NCs, the pH of the reaction system
was adjusted to 7, and an excess of 2-mercaptoethanol was
added to the reaction for 1 h (Zhu et al., 2011). The product
was purified via dialysis against water using a dialysis mem-
brane (MWCO¼ 7000Da) for 24h in darkness. The obtained
solution was concentrated using an ultrafiltration tube
(MWCO¼ 30000Da) until the PEG and RGD were eliminated
from the filtrate, which was verified through TLC. After vac-
uum freeze drying, FPPR was obtained. Similarly, PEN peptides
(5.8mg, 2.5lmol) were linked to FP (10mg, 0.62lmol) to syn-
thesize FPPP via PEG (39.7mg, 19.8lmol).

Furthermore, FPPRP was also constructed using the above
method. Briefly, RGD (2.0mg, 2.5lmol) plus PEG (19.8mg,
9.9 lmol) and PEN (5.8mg, 2.5lmol) plus PEG (19.8mg,
9.9 lmol), were dissolved in 1.5mL of NaAc-HAc buffer
(0.1M, pH 6.0), respectively. After stirring for 30 s, they were
added in turn to 3mL of NaOH-borax buffer (0.05M, pH 9.2)

Figure 1. Synthetic routes of FP, FPP, FPPR, FPPP, and FPPRP.
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with FP (10mg, 0.62lmol). After the reaction, purification,
and lyophilization steps, FPPRP was acquired.

Characterization of synthetic NCs

The structure of the modified PAMAM samples was confirmed
through nuclear magnetic resonance using a proton nuclear
magnetic resonance (1H NMR) spectrometer (400MHz; JEOL,
Tokyo, Japan). The average diameter, zeta potential, and size
distribution of the NCs was measured using a dynamic light
scattering (DLS) particle size analyzer (Zetasizer Nano ZSE;
Malvern Panalytical, Malvern, UK). The morphology and size of
the NCs was examined using a transmission electron micro-
scope (TEM) (JEM-1400Flash; Hitachi, Tokyo, Japan).

In vitro cell studies

In vitro cytotoxicity assay

NHCs, HCECs, and HUVECs were cultured at 37 �C in a humid
atmosphere at 5% CO2 wet air in DMEM/high glucose plus
10% FBS, 100mg/mL streptomycin sulfate antibiotics, and
100 IU/mL penicillin.

The cytotoxicity of NCs in NHCs, HCECs, and HUVECs was
evaluated using an MTT assay. Briefly, when the cells entered
the logarithmic growth phase, they were digested and inocu-
lated in 96-well plates (3000 cells/well) and incubated for
24 h. The original culture solution was removed and 100 lL
of fresh culture medium with different concentrations (0.2,
0.5, 1, 2, 5, 10, and 20 lM) of NCs was added, and then the
cells were cultured for 6 or 24 h. After that, 20lL of MTT
aqueous solution was added and incubated for 4 h. Then,
the media was removed, and 150lL of dimethyl sulfoxide
was added. Finally, the absorbance was measured using a
CYTATION 5 imaging reader (BioTek Instruments, Winooski,
VT, USA) at a wavelength of 570 nm after gentle shaking for
10min. Negative control groups without NCs were estab-
lished at the same time.

Cellular uptake study

The cellular uptake of NCs was visualized using an inverted
fluorescence microscope (Vert.A1; Carl Zeiss AG, Oberkochen,
Germany). NHCs, HCECs, and HUVECs were inoculated into
24-well plates (30,000 cells/well) and cultivated for 24 h, and
then NCs (2lM) were added and cultivated for 6 h. After 0.5,
1, 2, 4, and 6 h of cultivation, the cells were rinsed three
times using and fixed using polyformaldehyde (4%). Finally,
the cells were observed after negative staining of nuclei
using Hoechst 33342 (5lg/mL).

Flow cytometry was used to quantify the cellular uptake
of NCs. Briefly, NHCs, HCECs, and HUVECs were inoculated
into 6-well plates (3,00,000 cells/well) and cultivated for 24 h,
and then NCs (2lM) were added and cultivated for 4 h. After
0.5, 1, 2, and 4 h of cultivation, the cells were digested and
centrifuged (1500 rpm for 5min) and washed with PBS three
times. Finally, flow cytometry was used to detect the average
FITC fluorescence intensity of the cells.

In vitro corneal and conjunctival permeation

NHCs and HCECs were inoculated in transwell plates at
50,000 cells/well and cultivated for 3–4weeks until the trans-
epithelial electrical resistance (TEER) was 200–300 X/cm2

(Toropainen et al., 2001). Specifically, 0.5mL of medium con-
taining the cells was added to each 12mm Transwell with a
0.4 mm pore polycarbonate membrane insert (coated with rat
tail tendon collagen type I), and 1.5mL of blank medium
was added to the basolateral side. The color of the medium
was observed every day, and when it changed from pink to
light yellow, the medium was replaced. From the third week,
the TEER value was monitored using a Millicell ERS meter
(Millipore Corporation, Bedford, MA, USA). When the TEER
value of the cell layers was greater than 200 X/cm2, they
were used for in vitro transport studies.

When the TEER value of each chamber reached the
experimental requirement, the medium in the well plate was
removed, and the cell layer was washed using preheated
HBSS. Next, 1.5mL of HBSS was added to the lower chamber,
and then 0.5mL of medium containing FPP, FPPR, FPPP and
FPPRP was added to the upper chambers at a concentration
of 5 lM and the samples were cultivated for 4 h at 37 �C. At
0.5, 1, 2, 3, and 4 h, 0.2mL of sample was removed from the
lower chamber and an equal amount of HBSS was added.
Finally, a standard curve was established using a microplate
reader at a wavelength of 488 nm, and the amount of NCs in
each sample was calculated. The following formula was used
to calculate the apparent permeability of the NCs:

Papp ¼ DQ
Dt

� 1
AC0

where Papp is the apparent permeability (cm/s), the total
amount of NCs transported to the lower chamber is repre-
sented by DQ (lg), A is the area of the upper chamber
(1.12 cm2), and the original concentration of NCs in the
upper chamber is represented by C0 (lg/mL).

In vivo ocular distribution

The intraocular distribution of NCs was studied after topical
instillation. Briefly, we dissolved NCs in artificial tear fluid
(20 lM), and then instilled 5 lL into the conjunctival sac of
mice three times in 30min (Liu et al., 2016). The eyelids were
pulled up and closed lightly to spread the NCs on the ocular
surface. After the last administration, the mice were sacrificed
at 1, 2, 4, 8, 12, and 24, and then the eyeballs were excised
and rinsed with artificial tear fluid. The excised eyeballs were
fixed in Davidson’s solution for 30min and then embedded
in OCT compound. Corneal and retinal images of frozen sec-
tions (15 lm thick) were obtained using an inverted fluores-
cence microscope with fluorescence filters for FITC. The
fluorescence intensity of FITC was evaluated using ImageJ
software (Suda et al., 2017).

Date analysis

The data are shown as the means ± standard deviations (SD).
Statistical comparisons were evaluated using two-sample t
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tests and one-way analysis of variance. A p value of .05 or
less was considered statistically significant.

Results and discussion

Characterization of synthetic NCs

The successful construction of FP, FPP, FPPR, FPPP, and
FPPRP was confirmed through 1H NMR. The characteristic
peaks of PAMAM, RGD, and PEN are shown in Figure
2(A,D,F), and a detailed assignment of the characteristic
peaks was carried out. Briefly, the presence of the aromatic
proton peaks demonstrated the successful synthesis of FP
(Figure 2(B)). The successful synthesis of FPP was demon-
strated by the disappearance of the succinimidyl proton
peaks and the appearance of an obvious signal at 3.7 ppm
that accorded with the methylene proton of PEG. The pres-
ence of the isopropyl group proton peaks (Figure 2(E-d)) at
0.6 and 0.9 ppm demonstrated the successful synthesis of
FPPR, and the presence of the mercaptomethyl proton peaks
(Figure 2(G-d)) at 1.9 ppm demonstrated the successful syn-
thesis of FPPP. Finally, as mentioned earlier, the successful
construction of FPPRP was identified by the occurrence of a
signal at approximately 0.55 ppm that corresponded to the
isopropyl group protons (Figure 2(D-a)) of RGD, and a signal
at approximately 1.9 ppm that corresponded to the mercap-
tomethyl protons (Figure 2(F-d)) of PEN. In addition, the
number of FITC, PEG, and polypeptide molecules coupled
per molecule of PAMAM was calculated using peak area nor-
malization method, which involves the relative integration
values of the peaks (Luo et al., 2002).

The number of FITC, PEG, and polypeptide molecules
coupled per molecule of PAMAM and the grafting efficiency
are shown in Table 1. As the feed molar ratio increased, the
conjugated number of PEG molecules per PAMAM molecule
also increased, but the grafting efficiency decreased, indicat-
ing that the previously reacted PEG molecules produced
steric hindrance for subsequent reaction, thereby affecting
the grafting efficiency. The phenomenon became very obvi-
ous when the feed molar ratio was increased to 48:1. Particle
size can significantly affect the drug delivery efficiency of
nanoparticles, and the smaller the particle size, the larger the
specific surface area, resulting in a larger contact area with
the ocular surface (Yoncheva et al., 2005). In brief, small
nanoparticles appear to have significant size advantages
when used for ocular drug delivery. Fortunately, this small
size is a crucial feature of modified PAMAM, and previous
research (Inokuchi et al., 2010) has shown that when drugs
are delivered to the ocular posterior segment through topical
administration, smaller nanoparticles tend to have higher
delivery efficiency. In addition, a previous study suggested
that particles which are too small (<5 nm), such as gold
nanoparticles, are rapidly eliminated from the target tissues
(Jain & Stylianopoulos, 2010). In addition, the biocompatibil-
ity of PAMAM can be improved through PEG modification,
and this is dependent on the degree of PEGylation (Li et al.,
2016). Based on these phenomena, we chose FPP32 for fur-
ther research.

In aqueous solution, PAMAM G4.0 existed as nanoparticles
with a particle size of 5.63 nm (Thanh et al., 2018), and the
size significantly increased after modification (Table 1). The
morphology and size distribution of the NCs were deter-
mined using DLS and TEM, and the results are presented in
Figure 3. As the degree of PEGylation increases, the particle
size becomes larger, and we found that the particles demon-
strated a broader size range than that of FPP after polypep-
tide modification. In addition, the number of surface primary
amine groups decreased with PEG modification, leading to a
reduction in zeta potential. Modification with RGD and PEN
led to a small increase in zeta potential, which is mainly
caused by the lysine (K) and arginine (R) in the polypeptides.

In vitro cell study

In vitro cytotoxicity

To evaluate the safety of NCs for ocular administration and
determine the concentration for subsequent cell experi-
ments, the cellular viability of NHCs, HCECs, and HUVECs was
evaluated through MTT assays. Considering the residence
time of NCs on the surface of the eye and the timing of sub-
sequent cell experiments, the duration of the cytotoxicity
experiment was set at 6 h. As shown in Figure 4(A–C), the
percentage cell survival was 90%–110% after incubation with
0.2–20 lM NCs, confirming that NCs are not signifi-
cantly cytotoxic.

Some studies have shown that generation number and
surface functional groups can significantly affect the cytotox-
icity of dendrimers, and surface functional groups play a piv-
otal role in controlling cytotoxic properties (Mignani et al.,
2018). Simple modifications of the surface functional groups,
such as the addition of carbohydrate units and peptides,
grafting amino acids, and acetylation and PEGylation, can
increase biocompatibility (Mishra et al., 2009). For the pur-
pose of studying the role of PEGylation and polypeptide
modification the current study, the NCs were cultivated with
cells for 24 h. Survival curves were constructed following MTT
assays (Figure 4(D–F)) and these demonstrate that the cyto-
toxicity of PAMAM can be significantly decreased through
PEG modification (p< .01 at 20 lM, FP versus other NCs).
Some studies have shown that hemolysis toxicity and cyto-
toxicity resulted from the abundant surface amino groups of
PAMAM (Jevprasesphant et al., 2003), while the PEGylated
PAMAM demonstrated lower toxicity because of reduced sur-
face amino groups. In addition, the probability of contact
between cells and primary amines was reduced because of
the long chains of PEG on the surface of the PAMAM. The
survival curves illustrate that PEGylated NCs did not produce
obvious cytotoxicity at a concentration lower than 10 lM
(cell viability >80%). Moreover, the NHCs and HCECs appear
to tolerate PEGylated NCs better than the HUVECs because
the survival rate of HUVECs exposed to 20 lM NCs was sig-
nificantly lower (p< .01, NHCs and HCECs versus HUVECs). In
HUVECs, the cytotoxicity of the NCs had a significant concen-
tration dependence (Figure 4(F)). In addition, compared with
HCECs, the other two cell types appeared to be more sensi-
tive to FPPR (p< .01 at 20 lM, NHCs and HUVECs versus
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HCECs). Compared with FPP, FPPP, and FPPRP, higher cyto-
toxicity was observed with FPPR (Figure 4(D,F)), probably
because the RGD lead to apoptosis (Huang et al., 2007). In
our opinion, this may be related to the strong affinity that
RGD has for integrin avb3-overexpressing cells, such as
HUVECs, because of their ability to antagonize integrins after
binding. The cornea is mainly composed of avascular con-
nective tissue, but the conjunctiva is rich in blood vessels,
and the integrin avb3 is pivotal for neovascularization, so we

speculate that HCECs are less sensitive to FPPR because of
their low expression of integrin avb3.

Cellular uptake study

The cellular uptake efficiency of FPP, FPPR, FPPP and FPPRP
complexes were investigated using fluorescence microscopy
for qualitative results and flow cytometry for quantitative
results. To evaluate the cell-penetration of PEN-modified NCs

Figure 2. 1H NMR spectra of PAMAM G4.0 (A), FP (B), FPP (C), RGD (D), FPPR (E), PEN (F), FPPP (G), and FPPRP (H) in D2O.
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and the targeting of RGD-modified NCs, we selected NHCs,
HCECs, and HUVECs (high expression of integrin avb3, the
cell model for pathological neovascularization) for cellular
uptake research in vitro.

The time-dependent uptake of NCs in NHCs, HCECs, and
HUVECs was investigated at 0.5, 1, 2, 4, and 6 h using an
inverted fluorescence microscope (Figure 5(A–C)).
Fluorescence imaging showed that the blue nuclei are sur-
rounded by green NCs, and the cellular uptake of NCs was
enhanced with increasing incubation time, indicating that
cellular uptake occurred through active transport. The fluor-
escence intensity of FPPP and FPPRP was significantly higher
than that of FPP and FPPR at different times (Figure 5(A,B)),
indicating that PEN modification promoted the uptake of
NCs. The fluorescence intensity of the different NCs was

ranked as: FPPP � FPPRP> FPPR> FPP, showing that the
NCs modified with RGD had increased performance in terms
of integrin avb3 targeting and cellular uptake (Figure 5(C)).

Quantitative measurements of NCs uptake by NHCs,
HCECs, and HUVECs were obtained through flow cytometry.
The mean fluorescence intensity of the FPPP and FPPRP
groups was significantly higher than that of the FPP and
FPPR groups at different times (p< .001 or p< .01, FPPP and
FPPRP versus FPP and FPPR; Figure 5(D–F). This may have
been caused by PEN-mediated energy-dependent endocyto-
sis (Zhang et al., 2016). Although extensive research has
been conducted into the transmembrane penetration mech-
anism of CPPs, there is still no clear explanation for this pro-
cess (Wang et al., 2014), and we believe that cationization
and the positive charge of PEN may play a pivotal role in

Table 1. Characterization of NCs (n¼ 3, mean ± SD).

NCs

Conjugated number per PAMAM (�)
Particle size (nm) Zeta potential (mV)FITC PEG RGD PEN

FP 4.4 (88%) N/A N/A N/A 6.46 ± 0.14 14.22 ± 0.42
FPP8 4.4 (88%) 6.8 (85%) N/A N/A 8.53 ± 0.19 11.7 ± 0.47
FPP16 4.4 (88%) 12.8 (80%) N/A N/A 10.39 ± 0.23 9.86 ± 0.59
FPP32 4.4 (88%) 24.2 (76%) N/A N/A 11.78 ± 0.17 3.72 ± 0.55
FPP48 4.4 (88%) 30.7 (64%) N/A N/A 12.79 ± 0.35 2.93 ± 0.68
FPPR 4.4 (88%) 24.2 (76%) 3.7 (93%) N/A 16.78 ± 0.33 4.68 ± 0.49
FPPP 4.4 (88%) 24.2 (76%) N/A 3.8 (96%) 17.75 ± 0.29 6.30 ± 0.41
FPPRP 4.4 (88%) 24.2 (76%) 2.8 (70%) 3.1 (77%) 19.16 ± 0.41 6.74 ± 0.37
�Grafting efficiency of the FITC, PEG, RGD, and PEN modified PAMAMA was calculated from the ratio of the observed connectivity
value to the theoretical connectivity value.

Figure 3. DLS images (A) and TEM (B) characterizations of NCs.
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cellular uptake. In addition, the mean fluorescence intensity
of the FPPR group was stronger than that of the FPP group
(p< .01 or p< .05, FPPR versus FPP; Figure 5(D,F)). This indi-
cated that RGD-modified NCs not only had specific recogni-
tion abilities for HUVECs but also demonstrated enhanced
cellular uptake through ligand-receptor recognition. This also
validated the targeting of NCs to neovascularization at the
cellular level. Compared with HCECs, we found that the
mean fluorescence intensity in NHCs was higher. The cornea
and conjunctiva are the first barriers for drugs intended to
reach the ocular posterior segment. PEN-mediated NCs
appear to reach the ocular posterior segment through both
the conjunctival and corneal pathways, but primarily through
the conjunctival pathway.

Although they efficiently mediate the cellular uptake of
different nanoparticles, CPPs have many problems in the
context of in vivo drug delivery, particularly the nonspecific
binding and off target delivery. Although intelligent drug
delivery systems on the basis of micro environmental charac-
teristics specific to the targeted tissues have been designed
(Koren & Torchilin, 2012), this does not apply to the ocular
posterior segment, and CPPs must be exposed for penetra-
tion of the eye barrier. Therefore, RGD and PEN co-modified
NCs were designed to increase targeting efficiency.

In vitro corneal and conjunctiva permeation

In previous studies, a model of drug and formulation perme-
ability was established using immortalized HCECs (Chu et al.,
2017), and the TEER and permeability of the model were
similar to those of a complete cornea. Therefore, this in vitro
cell model may be used to study the corneal permeability of

drugs and the underlying mechanisms. In addition, consider-
ing that human tissues are frequently unavailable, using
human cells in this in vitro model can avoid the impact of
species differences on the results.

We used immortalized NHCs and HCECs for NC permeabil-
ity testing. The relative accumulated amount of permeated
NCs at different times is shown in Figure 6(A) (NHCs) and
Figure 6(B) (HCECs). We found that the NCs permeated in a
time-dependent manner. In addition, the amounts of FPPP
and FPPRP transported into the cells were greatly increased
compared with FPP and FPPR, but the amounts of trans-
ported FPP and FPPR were alike, indicating that the perme-
ation of NCs was dependent on the PEN peptide instead of
the RGD peptide. However, in the NHCs, compared with FPP,
the amounts of transported FPPR appeared to be higher
(p< .05 at 2 h), and this is consistent with the results of a
previous cellular uptake study. The permeability coefficients
of NCs at 4 h are shown in Figure 6(C) (NHCs) and Figure
6(D) (HCECs). The permeability coefficients of FPPP were 1.5-
fold greater than those of FPP, and the permeability coeffi-
cients of FPPRP were 1.6- and 1.5-fold greater than those of
FPP and FPPR, respectively (Figure 6C). The permeability
coefficients of FPPP were 1.5-fold greater than those of FPP,
and the permeability coefficients of FPPRP were 1.2-fold
greater than those of FPP and FPPR (Figure 6D). However,
there was no significant difference in the permeability coeffi-
cients between FPPR and FPP. This may be because of the
relatively low level of integrin avb3 expression in NHCs and
HCECs, so the RGD had no contribution to the transmem-
brane penetration ability of the NCs. In addition, compared
with the high permeability conferred by PEN, the RGD

Figure 4. In vitro cytotoxicity of the FP, FPP, FPPR, FPPP and FPPRP in NHCs (A), HCECs (B) and HUVECs (C) at concentrations that ranged from 0.2 to 20lM for
6 h. Cell viability of NHCs (D), HCECs (E), and HUVECs (F) following 24 h incubation with increasing concentrations of various NCs as determined by the MTT assay.
(n¼ 5, mean ± SD).

996 X. YANG ET AL.



peptide did not perform well, so we selected the RGD pep-
tide as a targeting ligand rather than a penetrating peptide.

We can conclude that RGD and PEN co-modified NCs can
penetrate the conjunctiva and corneal barrier, and substan-
tially increase permeability. What’s more, RGD peptide modi-
fication did not affect the penetrating effect of the
PEN peptide.

In vivo ocular distribution

To study the intraocular distribution of the NCs after topical
instillation, we prepared frozen sections of whole mouse
eyes, and then observed the cornea (anterior ocular seg-
ment) and retina (posterior ocular segment) using an
inverted fluorescence microscope (Figure 7). The frozen

Figure 5. Fluorescence microscopy images of the cellular uptake of various NCs at different time in NHCs (A), HCECs (B), and HUVECs (C) (blue for the nuclei, green
for the NCs, scale bar ¼ 50 lm). Mean fluorescence intensity of various NCs in NHCs (D), HCECs (E), and HUVECs (F) for 4 h (n¼ 3, mean ± SD; �p < .05, ��p < .01,���p < .001).
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sections of the artificial tear fluid group emitted light green
fluorescence (Figure 8(E)). After administration, the NCs
reached both cornea and retina in 1 h, but the FPP and FPPR
groups (Figure 8(A,B)) demonstrated relatively weak green
fluorescence, while the FPPP and FPPRP groups (Figure
8(C,D)) demonstrated bright green fluorescence, which was
consistent with the results of the in vitro studies. We can
conclude that FPPP and FPPRP can penetrate quickly into
the cornea and are eliminated after 2 h (Figures 8(C) and

9(D)). FPPP and FPPRP initially penetrated the retinal pig-
ment epithelium of retina within 2 h, and then gradually
penetrated the inner side of the retina, and an obvious fluor-
escence could still be seen at 12 h.

Semi-quantitative analysis was carried out using ImageJ
software (Figure 9). Compared with the artificial tear fluid
group, an increased fluorescence intensity in the NC groups
showed that the NCs can permeate the cornea, and the
fluorescence intensity reached a maximum at 2 h and then

Figure 6. In vitro cell model permeation study. Relative numbers of NCs transported across the cell model of NHCs (A) and HCECs (B) for 4 h, permeability coeffi-
cients of NCs transported across the cell model of NHCs (C), and HCECs (D) at 4 h (n¼ 3, mean ± SD; �p < .05, ��p < .01, ���p < .001).

Figure 7. Slice direction of the eyeball (A), representative images of the cornea (B) and retina (C) are shown. The general retina structure includes the retinal pig-
ment epithelium (RPE), photoreceptor segments (PRS), outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layers (IPL),
and ganglion cell layer (GCL).
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decayed with time (Figure 9(A)). In addition, compared with
the FPP and FPPR groups, the FPPP and FPPRP groups
showed stronger fluorescence distribution in the cornea
(p< .001), which was consistent with the results of the cellu-
lar uptake study, indicating that the in vitro cell experiments

predicted the in vivo behavior of the NCs. Compared with
the artificial tear fluid group, the fluorescence intensity
of the FPP and FPPR groups increased slowly, indicating that
the NCs permeated the posterior segments of the eyeball
(Figure 9(B)). However, compared with the FPP and FPPR

Figure 8. Fluorescence images of corneas and retinas of rat bulbus oculi that illustrate distribution and elimination of NCs after topical administration of FPP (A),
FPPR (B), FPPP (C), FPPRP (D), or buffer (E). Artificial lacrimal fluid (5 lL) to dissolve the NCs (20lM) was instilled into the conjunctival sac of mice every 10min
three times. Scale bar ¼ 50lm.
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groups, the FPPP and FPPRP groups demonstrated higher
levels of retinal permeation (p< .001), and the fluorescence
intensity reached a maximum at 8 h and then decayed with
time. In addition, obvious fluorescence could also be seen
until 12 h post-application, suggesting that both FPPP and
FPPRP resided in the retina persistently.

To investigate the possibility of delivering NPs to the ocular
posterior segment through topical administration, intraocular
distribution studies were conducted. The NCs (modified with
PEN or co-modified with RGD and PEN) have an obvious
advantage in delivering therapeutic agents to the ocular pos-
terior segment, and in the current study, they exhibited higher
potential in delivering FITC to the ocular posterior segment
compared with the FPP and FPPR groups. Nevertheless, FPPP
and FPPRP was not statistically different, indicating that the
permeation of NCs was dependent on the PEN peptide
instead of the RGD peptide and the RGD peptide modification
did not affect the penetrating effect of the PEN peptide. In
our follow-up studies, the NCs-drug complexes will be con-
structed and evaluated, the laser-induced CNV rat models will
be established for the pharmacodynamic studies, this research
can also validate the targeting of NCs to neovascularization at
the animal level. In addition, FPPRP will be used in our future
investigation, while FPPP as a control. Severe visual loss in
AMD is often associated with CNV, and CNV occurs in the
blood vessels of the choroid, and then traverses the retinal
pigment epithelium layer and continues to grow inside the
retina. The relatively high distribution of NCs (carrying drugs
through physical entrapment or chemical bonding) in the ret-
inal achieved in the current study suggests novel possibilities
for the treatment of ocular posterior segment diseases
through noninvasive drug administration.

Conclusions

To overcome the physiological barriers in ocular tissues and
barriers to noninvasive delivery of therapeutic agents to the

ocular posterior segment, we successfully established a novel
dendrimer-based complex co-modified with RGD and PEN.
Cytotoxicity experiments confirmed that the NCs were not sig-
nificantly cytotoxic at 6 h, and PEG conjugation reduced the
cytotoxicity of PAMAM significantly at 24h. Cellular uptake of
RGD-modified NCs involved significant affinity for integrin
avb3, which validated the NC targeting of the neovasculature.
The in vitro permeation study and in vivo ocular distribution
results indicated that PEN modification significantly improved
the penetration of NCs. Compared with unmodified NCs, PEN-
modified NCs showed greater distribution in the ocular poster-
ior segment and prolonged retention in the retina for more
than 12h. In conclusion, the NCs developed in the current
study demonstrate excellent membrane permeability, an abil-
ity to reach the retina, high biocompatibility, and the ability
to carry therapeutic agents such as antiangiogenic drugs and
nucleic acids. Consequently, they may create new possibilities
in treating posterior ocular diseases. The developed system
represents a promising noninvasive intraocular delivery sys-
tem, which allows the delivery of therapeutic agents to the
ocular posterior segment through topical administration.
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Figure 9. Semi-quantitative analysis of mean fluorescent intensity in cornea and retina 1, 2, 4, 8, 12, and 24 h after topical instillation. The retinas and corneas
were separated into three regions from top to bottom in the sections, and the mean values of fluorescence intensity were calculated by gray scale. (n¼ 3,
mean ± SD; �p < .05, ��p < .01, ���p < .001; “�” in black, compared with buffer).
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