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Abstract 

Background: Age-related macular degeneration (AMD) is a leading cause of severe visual deficits and blindness. 
Meanwhile, there is convincing evidence implicating oxidative stress, inflammation, and neovascularization in the 
onset and progression of AMD. Several studies have identified berberine hydrochloride and chrysophanol as potential 
treatments for ocular diseases based on their antioxidative, antiangiogenic, and anti-inflammatory effects. Unfortu-
nately, their poor stability and bioavailability have limited their application. In order to overcome these disadvantages, 
we prepared a compound liposome system that can entrap these drugs simultaneously using the third polyami-
doamine dendrimer (PAMAM G3.0) as a carrier.

Results: PAMAM G3.0-coated compound liposomes exhibited appreciable cellular permeability in human cor-
neal epithelial cells and enhanced bio-adhesion on rabbit corneal epithelium. Moreover, coated liposomes greatly 
improved BBH bioavailability. Further, coated liposomes exhibited obviously protective effects in human retinal pig-
ment epithelial cells and rat retinas after photooxidative retinal injury. Finally, administration of P-CBLs showed no sign 
of side effects on ocular surface structure in rabbits model.

Conclusions: The PAMAM G3.0-liposome system thus displayed a potential use for treating various ocular diseases.

Keywords: PAMAM G3.0-coated compound liposomes, Ocular drug delivery, Berberine hydrochloride, Chrysophanol, 
Transcorneal permeability, Antioxidative retinal damage
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Background
More than 5% people worldwide suffer visual impair-
ment caused by AMD, which induced heavy burden with 
huge economic cost more than 300 billion dollar [1] and 
the global prevalence of AMD is likely to rise as a conse-
quence of the aging population [2]. However, the physi-
ological and anatomical structure of the eye represents 
great challenges for developing effective therapies for 
AMD.

In order to overcome these barriers, different thera-
peutic strategies have been developed for the treat-
ment of AMD. As therapeutic drugs delivered via 
intravitreal injection can reach the target tissue directly 

at a therapeutic concentration, this is regarded as the 
most essential strategy for treating AMD, particularly 
wet AMD [3]. However, this approach has some limita-
tions, including repeated-injection-induced complica-
tions such as inflammation, vitreous hemorrhage, retinal 
detachment, and endophthalmitis [4–6], also resulting 
in significant side effect on serum or plasma level after 
intravitreal injection of anti-VEGF [7, 8]. Meanwhile, 
advancements in the field of nanotechnology such as 
nanoparticles [9], micellar carrier [10] and dendrimer 
[11] have emerged, displaying effective accumulation in 
the cornea via noninvasive routes and providing con-
trolled release with minimal side effects.

Liposomes, which are nanocarriers consisting of a 
cellular-membrane-like lipid bilayer surrounding an 
aqueous phase, represent a promising avenue for ocular 
drug delivery based on their various advantages, such as 
an increased residence time for drug absorption [12]. In 

Open Access

Journal of Nanobiotechnology

*Correspondence:  yuyang@gzucm.edu.cn 
†Sisi Lai and Yanyan Wei contributed equally to this work.
1 School of Pharmaceutical Sciences, Guangzhou University of Chinese 
Medicine, Guangzhou 510006, Guangdong, China
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-019-0498-7&domain=pdf


Page 2 of 12Lai et al. J Nanobiotechnol           (2019) 17:64 

addition, their half-lives in vitreous bodies can be pro-
longed with low toxicity [13]. However, their entry into 
deeper tissues is limited because of their low bioadhesion. 
Currently, a variety of biomacromolecules, such as poly-
mers [14] and specific ligand [15] have been used along 
with liposomes for enhancing transshipment efficiency. 
PAMAM G3.0, the third-generation formulation of poly-
amidoamine dendrimer, characterized by a high degree 
of dendritic branches and high-density functional amino 
groups, provides an excellent platform for drug-delivery 
systems because of its advantages, including high drug 
loading, high water-bonding capacity, and low toxicity 
[16–18]. In addition, its spherical shape and enormous 
internal hydrophobic cavities allow it to encapsulate drug 
molecules similarly as micelles, which could also modify 
the liposomal structure to facilitate targeting [19–22].

Berberine hydrochloride (BBH), an active ingredient of 
Rhizoma Coptidis, has been widely employed in the treat-
ment of gastrointestinal disorders in China owing to its 
diverse pharmacologic activities. Recently, it has gained 
increasing attention because of its potential biological 
activities, including antioxidant [23, 24], anti-inflamma-
tory [25, 26], and antidiabetic [26–28] activities, as well 
as its significant inhibition of vascular smooth mus-
cle cell proliferation [25, 29]. Chrysophanol (CHR), an 
anthraquinone extracted from the Chinese herbs Rheum 
palmatum L. and Rheum officinale Baill., is used to treat 
cerebral ischemia/reperfusion injury owing to its sup-
pression of NALP3 inflammasome activation, inhibition 

of neuronal apoptosis, and attenuation of oxidative stress 
[30, 31]. In addition, it was found out in some studies that 
CHR can suppress NF-κB/caspase-1 activation during 
lipopolysaccharide-induced inflammatory responses in 
mouse peritoneal macrophages [32, 33]. These findings 
suggest the possible application of CHR in the treatment 
of retinal diseases. However, the application of BBH and 
CHR is limited because of their oxidizability and thermal 
instability, resulting in low bioavailability.

In this study, we used CHR and BBH as the model 
drugs for a novel ocular drug-delivery system consist-
ing of PAMAM and liposomes. Cellular uptake, in  vivo 
transcorneal permeability, ocular irritation, and drug 
absorption after administration were studied in order 
to clarify whether the PAMAM G3.0-coated compound 
liposomes were conducive to drug delivery to posterior 
chamber of eyes. Finally, the therapeutic efficacy was 
examined via preliminary pharmacodynamics studies 
including in  vitro assessments of anti-reactive oxygen 
species (ROS) efficacy and protection against photooxi-
dative retinal damage in a light-damaged animal model in 
comparison with chrysophanol–berberine hydrochloride 
suspension (CBs), uncoated liposomes, and PAMAM 
G3.0 liposomes (Fig. 1).

Results
Characterization of P‑CBLs and CBLs
Fluorescein isothiocyanate (FITC) was grafted onto 
PAMAM G3.0 via a reaction between the isothiocyanic 

Fig. 1 Schematic illustration of the design and evaluation of PAMAM G3.0-coated compound liposomes. a Synthesis process of PAMAM coated 
compound liposomes. Loading BBH and CHR into the different chamber of liposomes by thin film and active load, respectively, and PAMAM G3.0 
was loaded into the surface of compound liposomes via electrostatic interaction. b Comprehensive evaluation of PAMAM coated compound 
liposomes including characterization, in vitro, in vivo transport efficiency, preliminary pharmacodynamics studies and opthalmic irritation studies
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group of FITC and the  NH2 termini group of PAMAM 
G3.0. The comparative proton nuclear magnetic reso-
nance (1H-NMR) results before and after the reaction 
illustrated that the H-signal for the chemical displace-
ment of 2.3–3.3 disappeared (Fig.  2a), indicating that 
FITC had occupied a C-atom of PAMAM G3.0 success-
fully. Moreover, as shown in the result, shell with a fine 
dendritic structure was obviously observed on the sur-
face of CBLs coated with FITC-PAMAM, indirectly prov-
ing that PMAMA could coat the CBLs successfully by 
this method (Fig.  2b). And the fluorescence intensity of 
FITC-PCBLs was 5.56 × 102.

Corneal permeability is influenced by various fac-
tors, including particle size and surface charge [34]. As 

shown in Table 1, the average sizes of CBLs and P-CBLs 
were 103.0 ± 18.02 and 148.0 ± 9.98 nm, respectively, 
indicating that all liposomes were suitable for ocu-
lar application and that the average size of P-CBLs was 
increased because of the coating of the surface of CBLs 
with PAMAM G3.0. It made no difference of appear-
ance between CBLs and P-CBLs observed with cam-
era (Fig.  2c). The comparative analysis of zeta-potential 
between CBLs and P-CBLs revealed that the positive 
potential of CBLs became negative following coating 
with PAMAM G3.0. CBLs and P-CBLs were uniform 
and spheroid in shape, without fusion and aggregation 
(Fig.  2d). Furthermore, the liposomes were coated with 
a shell (PAMAM), and the particle size increased after 

Fig. 2 Characterization of FITC-PAMAM coated  liposomes. a Verification of FITC onto PAMAM G3.0 via 1H-NMR. b SEM image of FITC-PAMAM coated 
liposomes (scale bar = 1 μm). c The appearance of CBLs and P-CBLs taken with camera. d TEM images of CBLs and P-CBLs, the red arrow indicates 
the P-CBLs and white indicates CBLs (scale bar = 100 nm)
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being coated. All liposomes were well distributed in the 
system. The EE% results for CHR and BBH demonstrated 
that P-CBLs promoted a significant increase of EE%, 
indicating that PAMAM improved drug loading.

In vitro cellular internalization
As shown in Fig.  3a, b, the fluorescence intensity 
of PAMAM coated coumarin (Cou) liposomes was 
stronger than that of the other formulations within 1 h 
after administration, indicating that PAMAM coated 
Cou liposomes could significantly increase the cellular 
uptake of therapeutic drug compare with others. The 
whole process of in vitro cellular internalization for vari-
ous formulations were showed in Additional files 1, 2, 3, 
respectively.

In vivo transcorneal permeability
Results demonstrated that each formulation could per-
meate the corneal endothelium, and the intensity of fluo-
rescence was similar 15 min after administration. With 
increasing time after instillation, more CBLs and P-CBLs 
moved into the corneal epithelium layer, as indicated by 
the increased fluorescence intensity, and the fluorescence 
intensity indicated that the formulations were not elimi-
nated by tears. Nevertheless, the fluorescence intensity of 
CBs in the corneal endothelium was attenuated, suggest-
ing that they could not permeate the corneal epithelium 
(Fig. 3c).

In vivo pharmacokinetics
Results revealed that the recovery rates (RR  %) were 
29.7 ± 6.352% for BBH and 51.42 ± 4.256% for CHR, 
in line with the quantitative assessment performed via 
microdialysis. Further, no significant difference of RR  % 
was noted among the different concentrations of CHR 
and BBH (Additional file 4: Fig. S1A). In addition, the two 
drugs exhibited good stability for 7 h in in  vivo analysis 
(Additional file  4: Fig. S1B). The BBH concentration in 
the rabbit aqueous humour of the anterior chamber and 
time profiles for P-CBLs, CBLs, and CBs after tropical 
administration were shown in Fig. 3d. P-CBLs and CBLs 
led to significantly increased aqueous BBH concentra-
tions with peak levels at 100 and 800  min, respectively, 
whereas the peak of CBs was observed after 40 min. The 
parameters of the aqueous humour of P-CBLs, CBLs, 

and CBs were presented in Table 2. The maximum con-
centrations (Cmax) of BBH in the aqueous humour after 
the administration of P-CBLs and CBLs were 1.719- 
and 1.23-fold higher, respectively, than those after CBs 
administration. Meanwhile, the bioactivity of BBH 
entrapped by liposomes was 1.33-fold higher than that of 
BBH entrapped by CBs, and P-CBLs increased the bioac-
tivity versus CBs 1.6343 times.

Preliminary pharmacodynamics studies
Protection against photooxidative retinal damage
P-CBLs induced the greatest protection of retinal func-
tion in light-exposed rats. Flash electroretinograms 
(FERGs) were recorded on day 14 after light damage, 
demonstrating significantly increased b-wave responses 
in P-CBLs-treated rats compared with the findings in the 
other groups (Fig. 4a).

The retinal vessels of rats in the normal saline group 
were intact, and the background of the fundus was clearly 
displayed. There were no abnormal changes in the vessels 
of rats in the blank liposomes group, but the reflection of 
the fundus was particularly severe. P-CBLs had no effect 
on the blood vessels, but they improved the large area of 
reflection under the eyes (Fig. 4b).

Compared with the findings in the normal saline group, 
the outer nuclear layer in the blank liposomes group 
became thinner, and the number of outer nuclear layer 
cells decreased significantly. The histopathological find-
ings of sections through the eye revealed obvious pro-
tective effects in the retina in P-CBLs-treated rats after 
photooxidative retinal injury, in contrast with the find-
ings in blank-liposome-exposed rats. Morphometric 
analysis indicated that P-CBLs-treated rats had clear 
layers of retinal structures, including neatly arrayed and 
clearly stained outer nuclear layers (Fig. 4c).

In vitro antioxidant efficacy
Figure  4d, e revealed that CHR and BBH could reduce 
intracellular ROS levels effectively compared with the 
findings in the model group, and P-CBLs was the most 
potent according to their relative fluorescence ratio (flu-
orescence confluence/cell confluence). The process of 
in vitro anti-ROS for various formulations were shown in 
Additional files 5, 6, 7, 8, respectively.

Table 1 Characteristic of liposomes formulations (n = 3)

Formulations Zeta potential (mV) EE% PDI

CHR BBH

CBLS 6.15 ± 0.78 51.59 ± 3.82 89.6 ± 3.63 0.186 ± 0.027

P-CBLs − 9.45 ± 1.09 80.69 ± 0.96 93.99 ± 0.05 0.132 ± 0.049
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Fig. 3 Evaluation of the effectiveness of liposomes delivery. a Representative fluorescence images of various formulations containing Cou taken 
with long-term real-time dynamic live cell imaging analyzer. Following incubated for 24 h and then the cellular uptake of HCECs was captured 
and analyzed by real-time dynamic monitor (scale bar = 300 μm). b Intake count of various formulations. c Representative images of different 
formulation distribution in cornea after administration of respective formulation stained with Nile Red; the arrow indicates the corneal endothelium 
(scale bar = 50 μm). d In vivo pharmacokinetics evaluation following topical administration of various formulations
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Ophthalmic irritation studies
The representative images of the tissue histology after 
P-CBLs instillation for 14 consecutive days were shown 
in Fig.  5a, and no obvious injury or abnormality was 
observed in the cornea, iris, or conjunctiva. Further, 
Fig. 5b showed that no injury and edema occurred in the 
ocular surface, as observed using a silt lamp and camera, 
and staining with 0.5% sodium fluorescein further con-
firmed the safety of P-CBLs.

Discussion
In our study, BBH and CHR were chosen as the thera-
peutic agents for AMD because of their diverse phar-
macological activities. Nevertheless, it is difficult to 
encapsulate two drugs with different polarities. In previ-
ous studies, it was observed that precipitation occurred 
when CHR and BBH were encapsulated at a mass ratio 
of 1:1 (Lec/CHR = 25:1, mass ratio), affecting the drug 
loading capacity. In order to address these problems, 
we prepared CHR liposomes (Lec/CHR = 60:1, mass 
ratio) via thin-film dispersion and the entry of BBH (Lec/
BBH = 25:1, mass ratio) by adjusting the pH for active 
loading, leading to an acceptable encapsulated concen-
tration with an EE% of 51.59 for CHR and 89.6 for BBH. 
Further, in this study, the results also indicated that 
PAMAM G3.0 greatly contributed to improved encap-
sulation efficiency. The possible interaction occurred 
between the drug molecule and abundant groups formed 
via electrostatic interactions in accordance with Devara-
konda et al. [35].

In vitro and in  vivo transport efficiency studies rep-
resented a pivotal strategy for evaluating ocular drug 
delivery. In our study, transport efficiency was evalu-
ated from three aspects, namely, cellular internaliza-
tion, transcorneal permeability, and pharmacokinetics. 
First, cellular internalization for a preliminary targeting 
study was evaluated in HCECs, and Cou [36] was chosen 
because neither CHR nor BBH exhibited fluorescence, 
indirectly evaluating the cellular internalization ability for 
various formulations. Previously, laser-scanning confocal 
microscopy has been the most commonly used strategy 
for assessing the extent of cellular uptake. Nevertheless, 

the clear dynamic process of cellular uptake could not be 
observed in real time by this approach. In this study, we 
adopted a long-term real-time dynamic live cell imag-
ing analyzer in order to record the status continuously 
at each time point. The results indicated that the coated 
liposomes delivered drugs quickly with a high efficiency.

Secondly, transcorneal permeability was adopted in 
order to evaluate the bioadhesion of various formula-
tions, providing a preliminary evaluation of drug bio-
availability. The result demonstrated that P-CBLs was 
more efficient in transporting Cou than CBLs. Con-
versely, CBs provided minimal uptake into cells, and a 
higher degree of fluorescence in deep layers of the cor-
nea occurred using liposome formulations and the most 
of P-CBLs. Although numerous studies illustrated that 
small, positively charged nanoparticles induced better 
accumulation in the cornea than negatively charged nan-
oparticles on the basis of electrostatic interactions with 
negatively charged cellular components, an amino group 
in PAMAM G3.0 possessed mucoadhesive properties 
with the negatively charged cellular membrane in accord-
ance with Souza et al. [37], and the diffusion of PAMAM 
G3.0 occurred through the sclera, allowing greater per-
meability of negatively charged molecules than of posi-
tively charged molecules into corneal layers [38].

Meanwhile, pharmacokinetic studies were further 
applied to examine the transport efficiency of P-CBLs. 
Challenges remained in evaluating drug deposition 
because of the anatomical structure and size of the 
eye. Recently, ocular microdialysis has been gradually 
employed owing to its ability to continuously monitor 
drug disposition and overcome the problem of high vari-
ability by reducing the need for animal models [39]. Our 
findings demonstrated that CBLs and P-CBLs signifi-
cantly enhanced the solubility and ocular absorption of 
BBH. Furthermore, in the present study, the half-life of 
BBH inside the anterior chamber could be prolonged by 
liposome-entrapped PAMAM G3.0. However, we could 
not detect CHR using HPLC–MS–MS at concentrations 
below 100 ng/mL primarily owing to its phenolic struc-
ture. Further, no quantitative assessment of CHR could 
be performed even though the drug and its metabolites 

Table 2 Main parameters of various formulations after administration in rabbit’s eye (n = 4)

* P < 0.05, ** P < 0.01, compared with CBs; # P < 0.05, compared with CBLs

Parameter CBs CBLs P‑CBLs

AUC (0–t) (ng/mL) 40,780.94 ± 9715.737 54,294.446 ± 13,066.52 67,033.93 ± 9105.516**

AUC (0–∞) (ng/mL) 43,825.184 ± 10,967.05 61,824 ± 45,069.22 12,314.38 ± 69,431.46*

Tmax (min) 45 ± 10 80 130 ± 47.61

Cmax (ng/mL) 323.9 ± 121.4 556.895 ± 56.859* 400.023 ± 108.757*#

t1/2z 131.442 ± 162.889 2326.416 ± 4563.18 241.006 ± 168.415
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were detected via HPLC and HPLC–MS–MS. There are 
few literature reports of the quantitative assessment of 
CHR. Therefore, the LC–MS–MS methodology was only 
established for BBH for use in in vivo pharmacokinetics 
studies.

Therapeutic efficacy and safety were further exam-
ined to validate our hypothesis. We investigated the 

therapeutic effects of the drugs against AMD in  vitro 
and in  vivo. First, in  vitro antioxidant efficacy was 
examined in RPE-19 cells exposed to  H2O2, and then we 
evaluated the efficacy of the drugs according to the flu-
orescence intensity to calculate ROS levels. Second, the 
in  vivo therapeutic efficacy was analyzed in Sprague–
Dawley rats in order to further confirm their potential 

Fig. 4 Protection against photooxidative retinal damage. a Change of b-wave amplitude following topical administration of respective 
formulations for consecutive 14 days. b Fundus retinography of various formulations. c The protective efficacy evaluation of various formulations in 
the retina by staining hematoxylin and eosin (H&E) (scale bar = 20 μm). d Photographs of in vitro anti-ROS efficacy taken with a long-term real-time 
dynamic live cell imaging analyzer. e ROS level of various formulations. Data were presented as the mean ± SD (n = 3). **P < 0.01, ***P < 0.001
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for treating AMD. Different animal models, including 
laser-, light-, and sodium-iodide-induced retinal degen-
eration models, are currently available for pharmacody-
namic analysis [40]. Among these different models, the 
laser-induced model has been commonly employed in 
clinical research because it can induce CNV success-
fully. However, some classical features of AMD (drusen, 
retinal inflammation) are not established in this model. 
Although some significant hallmark features such as 
drusen and CNV were not induced by light damage, 
macrophage accumulation was induced effectively in 
addition to outer retinal atrophy [41, 42], and retinal 
degeneration associated with light damage was similar 
to the natural findings [43]. Thus, the therapeutic effi-
cacy in our experiment was investigated using a light-
induced model. The results illustrated the therapeutic 
efficacy of CHR and BBH in reducing ROS levels and 
protecting against light-induced retinal damage. Fur-
thermore, we also observed that P-CBLs effectively 
promoted CHR and BBH accumulation, achieving a 
better therapeutic effect.

The data presented in our study has provided prelimi-
nary evidence supporting our hypothesis, but explora-
tion of the pharmacokinetics of CHR using advanced 
techniques and molecular mechanisms for protecting 
against photooxidation should be conducted in future 
work. Meanwhile, another limitation of our study was 
that the preliminary pharmacodynamics studies were 
only performed in a photooxidative model, which is 
not representative of the multiple mechanisms involved 
in AMD. Thus, different models associated with AMD 

should be assessed in order to evaluate the therapeutic 
efficacy of CHR and BBH more comprehensively.

In conclusion, our findings suggested that P-CBLs 
could reach the target tissues and achieve appreci-
able therapeutic efficacy against photooxidative stress 
based on the various pharmacologic activities of CHR 
and BBH, providing a new strategy for achieving novel 
ocular drug delivery with compound agents for AMD 
therapy.

Materials and methods
Materials
Lecithin (Lec, soybean, > 98%), cholesterol (Chol, 
AR > 95%), dl-α-tocopherol, and octadecylamine were 
supplied by Aladdin Industrial Co., Ltd. (Shanghai, 
China). PAMAM G3.0 dendrimer (ethylenediamine 
core, generation 3.0 solution) was obtained from Sigma-
Aldrich (St. Louis, MO, USA). CHR (> 98% purity) 
and BBH (> 98% purity) were purchased from Sichuan 
Weikeqi Biological Technology Co., Ltd. (Chengdu, 
China). FITC was purchased from Meilunbio Co., Ltd. 
(Dalian, Liaoning, China). All other chemicals and rea-
gents were of analytical grade and were used as received.

Animals and cells
New Zealand white rabbits (weighing 2.0–2.5  kg) and 
male Sprague–Dawley rats (weighing 210–250  g) were 
purchased from the Laboratory Animal Center of Guang-
zhou University of Chinese Medicine.

HCECs (human corneal epithelial cells) were kindly 
donated by the Sun Yat-sen University Ophthalmology 

Fig. 5 Ophthalmic irritation studies. a Representative images of the tissue histology after P-CBLs instillation for 14 consecutive days (scale 
bar = 20 μm). b Observation of ocular surface using a silt lamp and camera, stained with 0.5% sodium fluorescein
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Center Hospital. Human retinal pigment epithelial cells 
(ARPE-19) were obtained from the Cell Bank of the Chi-
nese Academy of Sciences (Wuhan, China).

Preparation of compound liposomes (CBLs)
Briefly, CBLs were prepared via two steps. First, Lec/
Chol/CHR, dl-α-tocopherol, and octadecyl amine 
(80:20:1, mass ratio) were dissolved in anhydrous ethanol 
and then evaporated using a rotary evaporator (Yamato, 
Japan) at 60  °C under reduced pressure to produce the 
thin film. Then, the sample was dried at room tempera-
ture for 2 h and then hydrated with 10 mL of sodium cit-
rate buffer (pH = 3.47) at 40 °C to induce phase transition. 
The CHR liposome suspensions were sonicated at 200 W 
for 3.3  min and filtered using a 0.22  μm microporous 
membrane filter to achieve the desired size. Then, the 
sorted CHR liposomes were added to a 0.4 mg/mL BBH 
solution at a volume mass ratio of 1:1 (Lec/BBH = 25:1, 
mass ratio), and then the pH of the mixture was adjusted 
to 7.0, followed by incubation in a water bath at 60 °C for 
20 min to produce the CHR-BBH compound liposomes. 
The drug concentration of BBH was 0.1600 mg/mL and 
0.0500 mg/mL of CHR in CBLs.

Labeling of FITC onto PAMAM G3.0
Because the structure of PAMAM G3.0 has no fluores-
cence or ultraviolet absorption, it is difficult to detect it 
qualitatively or quantitatively by conventional methods. 
However, FITC-PAMAM has good fluorescence char-
acteristics and can be generated by the reaction of the 
amino group in PAMAM G3.0 with FITC’s sulfur cyanide 
as a qualitative or quantitative method for PAMAM G3.0.

According to the pilot studies [44], PAMAM G3.0 
(139.9  mg) was dissolved in 2  mL of methanol and 
then slowly added to 5 mL of FITC (9.46 mg, PAMAM/
FITC = 1:1.2, molar ratio) methanol solution. The mix-
ture was stirred overnight at room temperature until the 
methanol volatized. The residual solid was dissolved in 
distilled water and then dialyzed for 4 days. Then, FITC-
PAMAM was obtained via lyophilization, and verifica-
tion of successful synthesis was performed via 1H-NMR 
(Bruker, USA).

Preparation of FITC‑PAMAM coated compound liposomes 
or PAMAM coated compound liposomes (P‑CBLs) 
and characterization of P‑CBLs
Freeze-dried FITC was redissolved in distilled water 
(0.5  mg/mL) and added slowly to CBLs, followed by 
stirring at room temperature for 5 h (at a molar ratio of 
0.2%). Then, the sample was dialyzed with distilled water 
for 3 days to remove free FITC-PAMAM. A transmission 
electron microscope (TEM, HITACHI SU8020, Japan) 
was used to verify whether FITC-PAMAM entrapped 

the liposomes successfully. Then, P-CBLs were pro-
duced according to a previously described method, and 
the size distribution and zeta-potential before and after 
coating were compared using Malvern Instruments Zeta-
sizer HS III (Malvern, UK). The morphology of CBLs and 
P-CBLs was observed using a scanning electron micro-
scope (SEM, JEOL Jem-1010, Japan). The encapsulation 
efficiency (EE%) of CBLs and P-CBLs were analyzed by 
HPLC (Additional file 9, Shimadzu, Japan). The drug con-
centration of BBH was 0.1488 mg/mL and 0.0465 mg/mL 
of CHR in P-CBLs, respectively.

In vitro cellular internalization
HCECs was cultured in accordance with a previous study 
by Liu et  al. [45]. The cellular internalization of various 
formulations on the viability of HCECs were studied by 
long-term real-time dynamic live cell imaging analyzer.
(Essen BioScience, Inc.) The dynamic process of cellular 
internalization was photographed within 1 h to observe 
cellular uptake after incubated with various formulations 
containing Cou for 24 h.

Cou liposomes were prepared by thin-film dispersion 
method that as the same as the CHR liposome (men-
tioned in “Preparation of compound liposomes (CBLs)” 
section). Then, the PAMAM coated Cou liposomes were 
prepared by the same method as P-CBLs. The final con-
centration of Cou was 0.2737  μM for Cou liposomes 
and 0.2390  μM for PAMAM coated cou liposomes, 
respectively.

In vivo transcorneal permeability
CBs, CBLs, and P-CBLs were used to investigate in vitro 
transcorneal permeability, and all formulations were 
stained with Nile Red in order to evaluate corneal perme-
ability due to CHR and BBH did not exhibit fluorescence. 
The drug concentrations of CBLs and P-CBLs were the 
same as mention in “Preparation of compound liposomes 
(CBLs)” and “Preparation of FITC-PAMAM compound 
liposomes or PAMAM compound liposomes (P-CBLs) 
and characterization of P-CBLs”. The drug concentra-
tion of CBs was the same as CBLs group. All rabbits were 
given 50 μL formulations into the lower conjunctival sac 
after anesthesia with 3% pentobarbital sodium solution, 
followed by sacrificed to excise the corneal tissue after 15, 
30, and 60 min. The tissue was stained with hematoxylin 
and eosin (H&E) to observe permeability in the deeper 
corneal endothelial layer using an inverted fluorescence 
microscope (Phenix, China).

In vivo pharmacokinetics
Normal saline containing 30% ethanol was chosen as the 
perfusate for two drugs with opposing polarity, and the 
flow rate was 1.5 μL/min according to our previous study. 
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Then, an in vitro RR% evaluation was performed via dial-
ysis and retrodialysis. The in vivo stability study was per-
formed using a retrodialysis method, which provided the 
evidence for the microdialysis method that was used for 
the in vivo pharmacokinetics study.

New Zealand rabbits were used to investigate the 
in  vivo pharmacokinetics regarding transport efficiency 
using a microdialysis technique. Normal saline con-
taining 30% ethanol was chosen as the perfusate for 
two drugs with opposing polarity, and the flow rate was 
1.5 μL/min according to our previous study. A liner probe 
(CMA 30, sweden) was inserted into the ocular anterior 
chamber of each animal to collect samples after anes-
thesia with a 3% pentobarbital sodium solution and con-
tinuous anesthesia throughout the experimental period. 
The drug concentrations of CBs, CBLs, and P-CBLs were 
the same as before. Then, 50 μL of the formulations was 
administered into the lower conjunctival sac of the right 
eye of each rabbit using a micropipette after recovery of 
the anterior aqueous humour, and samples (30 μL) were 
collected over a 20  min period starting 6 h after instil-
lation and stored at − 20  °C. Samples were analyzed by 
HPLC–MS–MS (Agilent, USA), and data were obtained 
to fit the concentration–time curve and then analyzed 
using Drug and Statistics Software (DAS 3.0) to calculate 
the pharmacokinetic parameters of each formulation.

Preliminary pharmacodynamics studies
Protection against photooxidative retinal damage
The therapeutic efficacy and ocular transport efficiency 
of liposome formulations were investigated using a light-
induced damaged model of retinal inflammation. Male 
Sprague–Dawley rats underwent visual electrophysiology 
after the intraperitoneal injection of 3% pentobarbital 
sodium and assigned to five groups randomly accord-
ing to the value of b-wave amplitude as follows: normal 
saline, model (blank liposomes), CBs, CBLs, and P-CBLs 
groups.

All animals were exposed to 16,000 ± 1500 lux light for 
8 h, excluding animals in the normal saline group. During 
light damage, animals were placed in a special illumina-
tion cage held at a constant temperature, with free access 
to food and water. After light damage, animals in the five 
groups were given treatments into both eyes three times 
a day for 14 consecutive days. The drug concentrations 
of CBs, CBLs, and P-CBLs were the same as before. And 
then animals were given 10 μL formulations for each eye.

All animals were monitored via flash electroretinogra-
phy using a fundus camera, and the retinas were excised 
following euthanasia via an overdose of pentobarbital. 
H&E staining was used to evaluate the protective efficacy 
of P-CBLs in the retina.

In vitro anti‑ROS efficacy
Human retinal pigment epithelial cells (ARPE-19) were 
maintained in Dulbecco’s modified Eagle’s medium/
Ham’s F12 (Gibco) supplemented with 10% fetal bovine 
serum (Gibco), 100  IU/mL penicillin (Gibco), and 
100  μg/mL streptomycin (Gibco) at 37  °C in an atmos-
phere of 5%  CO2. After incubation, cells were exposed to 
200 μM  H2O2 for 24 h, and fluorescent probes (Beyotime 
Biotechnology, China) were used to measure intracel-
lular ROS levels (DCFH-DA, 10 mM) according to the 
manufacturer’s instructions. Before application, CBLs 
and P-CBLs of a certain volume were diluted with com-
plete culture medium. The final concentration of BBH 
was 0.0040 μM and 0.0020 μM for CHR in CBLs groups, 
while 0.0044 μM of BBH, 0.0018 μM for CHR for P-CBLs, 
respectively. The final drug concentration of CBs was 
the same as CBLs group. Treated cells were loaded with 
fluorescent probes in a serum-free medium for 20 min at 
37  °C. Then, photographs were taken using a long-term 
real-time dynamic live cell imaging analyzer.

Ophthalmic irritation studies
Single‑dose irritation test
New Zealand rabbits that were free of inflammation and 
ocular injury were divided into groups and given 50 μL of 
various formulations of the treatments to the right side 
of the eyes, whereas the left side was treated with normal 
saline as the control. The drug concentrations of CBs, 
CBLs, and P-CBLs were the same as before. The ocular 
surface structure was evaluated at 1, 4, 8, and 24 h using 
the Draize eye test.

Long‑term irritation test
Rabbits were given P-CBLs three times once daily for 14 
consecutive days in accordance with the single-dose irri-
tation test, and all animals were monitored closely using 
a slit lamp and a camera. The eyes of the animals were 
also exposed to 0.5% sodium fluorescein, and the stain-
ing was scored using the Draize eye test throughout the 
experiment. Further, histological analysis was performed 
in order to further examine the safety of P-CBLs in dif-
ferent tissues around the anterior chamber after 14 days 
of treatment. Tissues were stained with H&E and then 
observed using a microscope (Olympus, Japan).

Statistical analysis
Data were presented as the mean ± standard deviation 
(SD) from at least three independent experiments. Sta-
tistical analyses were performed using SPSS 20.0 soft-
ware via one-way analysis of variance (ANOVA) (n ≥ 3, 
α = 0.05), and the obtained pharmacokinetic data were 
analyzed using DAS 3.0 software. A value of P < 0.05 indi-
cated statistical significance.
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