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Abstract Trabeculectomy is the mainstay of surgical glaucoma treatment, while the success rate was

unsatisfying due to postoperative scarring of the filtering blebs. Clinical countermeasures for scar preven-

tion are intraoperative intervention or repeated subconjunctival injections. Herein, we designed a co-

delivery system capable of transporting fluorouracil and anti-TGF-b2 oligonucleotide to synergistically

inhibit fibroblast proliferation via topical instillation. This co-delivery system was built based on a

cationic dendrimer core (PAMAM), which encapsulated fluorouracil within hydrophobic cavity and

condensed oligonucleotide with surface amino groups, and was further modified with hyaluronic acid

and cell-penetrating peptide penetratin. The co-delivery system was self-assembled into nanoscale com-

plexes with increased cellular uptake and enabled efficient inhibition on proliferation of fibroblast cells.
cleotide; DAPI, 40,6-diamidino-2-phenylindole; DLS, dynamic light scattering; EE, encapsulation efficiency;

carboxyfluorescein; FBS, fetal bovine serum; FITC, fluorescein 5-isothiocyanate; Fu, fluorouracil; GAPDH,

se; HA, hyaluronic acid; HRP, horseradish peroxidase; IBAGS, the Indiana Bleb Appearance Grading Scale;

fibroblast cells; MWCO, molecular weight cut-off; PAGE, polyacrylamide gel electrophoresis; PAMAM,
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Topically instilled antisense oligonucleotide complexes co-loaded with fluorouracil 1755
In vivo studies on rabbit trabeculectomy models further confirmed the anti-fibrosis efficiency of the com-

plexes, which prolonged survival time of filtering blebs and maintained their height and extent during

wound healing process, exhibiting an equivalent effect on scar prevention compared to intraoperative

infiltration with fluorouracil. Qualitative observation by immunohistochemistry staining and quantitative

analysis by Western blotting both suggested that TGF-b2 expression was inhibited by the co-delivery

complexes. Our study provided a potential approach promising to guarantee success rate of trabeculect-

omy and prolong survival time of filtering blebs.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Glaucoma is a frequently occurring ophthalmic disease and the
overt symptom is elevated intraocular pressure (IOP), which leads
to a series of optic neuropathy and potentially irreversible vision
loss1. Over 60 million individuals are affected with glaucoma
worldwide in 2010 and the number of cases is expected to reach
80 million till 20202. According to clinical studies, decreasing IOP
to a normal level has been demonstrated to be an efficient method
to alleviate the progression of glaucoma. Surgery is one of the
main treatments to lower IOP in clinic, among which trabecu-
lectomy is the most commonly applied procedure. However, the
complete success rate of trabeculectomy is only around 40%,
while over half of surgical effects are influenced by postoperative
scarring3,4.

In general, the aim of trabeculectomy is to create an additional
transscleral route towards the subconjunctival space by trabecula
resection. This artificial passage can achieve aqueous drainage so
that the extra aqueous humor would elevate the subconjunctival
area resulting in forming a filtering bleb. At last, aqueous drainage
will be absorbed by the conjunctival vasculature after passing the
filtering bleb. Nevertheless, during postsurgical wound healing
progress, there is a high propensity of subconjunctival fibrous
tissue formation, which may block the filtering passage with
proliferous cicatricial tissue. Extensive studies have been carried
out to prevent fibroblasts proliferation and to increase the success
rate of trabeculectomy5.

For fibrosis prevention in filtering glaucoma surgery, current
strategy mainly focuses on inhibition of fibroblast cells prolifer-
ation. For inhibition of inflammation and proliferation, cytotoxic
antimetabolites such as fluorouracil (Fu) and mitomycin C are the
mainstay of clinical anti-scarring interventions6. However, they
are mainly used via local injection or intraoperative infiltration
considering the risk of their side-effects. Recent studies have
explored the feasibility to deliver small molecule drugs to the eye
through topical administration route using poly(amidoamine)
(PAMAM) as a carrier. Complexation could be formed between
dexamethasone and PAMAM, resulting in increased transportation
across both cornea and sclera tissues7. Additionally, the PAMAM
complex was verified to improve the bioavailability of puerarin
and prolonged its half-life in aqueous humor of rabbits after
topical administration8. It was reported that fluorouracil was also
able to form supramolecular complexes with PAMAM in aqueous
solution, which may be employed to improve fluorouracil de-
livery9. These findings have prompted a possible way for sustained
ocular delivery of fluorouracil via noninvasive administration
utilizing PAMAM dendrimer.
Inhibition of related growth factors after filtering surgery is
another strategy for fibrosis prevention10. Studies conducted to
inhibit growth factors mainly focused on the myofibroblast
transdifferentiation-related transforming growth factor-b (TGF-b).
It has been reported that the TGF-b2 isoform played a predomi-
nant role in scarring responses after glaucoma filtration surgery,
and inhibition on TGF-b2 could improve the success rate11.
Among all the biological modulators, antisense oligonucleotides
(ASOs) have been extensively studied because of their gene-
silencing effects at low dose and synergetic function in clinical
therapy. ASOs are often applied in a condensation form with
cationic polymers such as PAMAM dendrimers and poly-
ethylenimine (PEI). Previous studies have shown that ASO/PEI
complex (specific targeting TGF-b2) encapsulated in poly(lactic-
co-glycolic acid) (PLGA) microspheres could improve bleb sur-
vival in a rabbit filtering surgery model after subconjunctival in-
jection12. However, biological modulators possess poor
permeability in ocular absorption barrier and are usually difficult
to be endocytosed by the cells even being administrated as im-
plants or by injections13.

Both chemical drugs and biological modulators show prom-
ising potential in fibrosis prevention; however, their applications
are limited by administration routes. Intraoperative interventions
cannot achieve a sustained prevention effect, while repeated in-
jections or subconjunctival implants may trigger inflammation and
hence reduce patient compliance14. Based on clinical studies, it is
suggested that fibrosis prevention would benefit more from
frequent applications other than intermittent applications15. In
consideration of the above concern, a topical formulation, which
can effectively deliver anti-fibrosis drugs to surgical site via a
noninvasive way, is required urgently.

In this work, we proposed to develop a co-delivery system
combining gene therapy with chemotherapy in order to prevent the
formation of postoperative scar in filtering blebs. ASO and fluo-
rouracil were chosen to implement a synergistic inhibition on the
proliferation of fibrous cells, and the synergistic effect of the co-
delivery system would be assessed. Moreover, this co-delivery
system aimed to improve ocular absorption via topical instillation.
We applied PAMAM G5eNH2 (PG5) as a carrier core to condense
ASO, which was specific for TGF-b2, as well as to encapsulate
fluorouracil (Dual/PG5 complex). The dual drug-loading was
achieved by incorporating fluorouracil in the hydrophobic cavity
of PG5 dendrimer and condensing ASO with amino groups on the
surface of dendrimer. In this case, the ocular permeability of PG5
would be impaired since the functional groups on PG5 were
partially occupied by ASO and fluorouracil. Cell-penetrating
peptides have been widely reported as potential tools to
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overcome various physiological barriers16. Penetratin is a cell-
penetrating peptide derived from a non-virus originated protein.
In our previous work, penetratin was screened out as an ocular
permeation enhancer for its quick intraocular distribution and low
tissue toxicity17. Considering PG5 and penetratin were both
electropositive, low molecular weight hyaluronic acid (HA) was
introduced as an electronegative linker between PG5 and pene-
tratin (Dual/PG5/HA complex). Finally, penetratin was non-
covalently modified on the outer surface of Dual/PG5/HA com-
plex (Dual/PG5/HA/Pene complex). All the complexation during
preparation of the delivery system was assembled by electrostatic
interaction and was easy to process.

Accordingly, we prepared a series of complexes for in vitro and
in vivo evaluation of their anti-fibrosis effects. In vivo trabecu-
lectomy model was established with rabbits and the complexes
were evaluated for their ability to prolong the survival of filtering
blebs via topical instillation. The aim of this study is to explore the
noninvasive delivery approach for prevention of postoperative
fibrosis proliferation after trabeculectomy. This alternative treat-
ment with antisense oligonucleotide and fluorouracil was expected
to effectively inhibit bleb area from scarring at low administration
dose without injuring normal ocular tissues, which may be of great
potential to increase the success rate of trabeculectomy and to
relieve post-surgery suffering.

2. Materials and methods

2.1. Materials

PAMAM G5eNH2 (PG5) was purchased from SigmaeAldrich
(St. Louis, MO, USA), and labeled with fluorescein isothiocya-
nate (SigmaeAldrich) in our laboratory (PG5-FITC). Antisense
oligonucleotide (ASO) targeting TGF-b2 with a sequence of 50-
CCGTGACCAGATGCAGGAT-30 was synthesized by Sangon
Biotech (Shanghai, China). ASO labeled with 6-
carboxyfluorescein (FAM) at 50-end was assigned as ASO-FAM.
Hyaluronic acid sodium salt (HA, 6 kD) was purchased from
Freda Biochem (Jinan, China). Penetratin (Pene, RQI-
KIWFQNRRMKWKK) was provided by ChinaPeptides Co., Ltd.,
(Shanghai, China). Fluorouracil was purchased from Yuanye Co.,
Ltd., (Shanghai, China). All other biochemical reagents used in
this work were purchased from SigmaeAldrich and all the
chemicals used in this work were of analytical grade.

Murine fibroblast cells (L929) were kindly provided by Stem
Cell Bank, Chinese Academy of Sciences (Shanghai, China) and
cultured at 37 �C in a 5% CO2 humidified atmosphere and DMEM
medium supplemented with 4 mmol/L glutamine. Human corneal
epithelial cells (SDHCEC) were kindly donated by Zhongshan
Ophthalmic Center, Sun Yat-sen University (Guangzhou, China)
and cultured in DMEM medium supplemented with 5 mg/mL
insulin, 10 ng/mL human EGF and 1% (w/v) hydrocortisone. All
medium was supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 mg/mL streptomycin. The cell
culture related reagents were purchased from Gibco (New York,
USA).

2.2. Preparation of co-delivery complexes

2.2.1. Preparation of fluorouracil and PAMAM complexes
PAMAM and fluorouracil were separately dissolved in deionized
water. Fluorouracil solution of different concentrations was
dropwise added into stirred PG5 solution (concentration of PG5
was 180 mg/mL) and the obtained mixture solution (Fu/PG5) was
stirred for a certain duration. Molar ratio of fluorouracil to PG5
(20:1, 100:1 and 200:1), pH value of dissolution medium (pH 5.0,
7.4 and 9.0) and stirring duration (2, 4 and 6 h) were studied to
optimize the complexation condition of Fu/PG5, respectively.
After stirring, free fluorouracil was removed from the mixture
solution by ultrafiltration centrifugation at 3000 rpm (Heraeus
Biofuge Stratos, Heraeus Instruments, Osterode, Germany) using
a membrane with molecular weight cut-off (MWCO) value of
3000 Da (Millipore, USA). The removed free fluorouracil was
quantified using ultraviolet spectrophotometry analysis (UV-
2401PC, Shimadzu, Kyoto, Japan). Encapsulation efficiency and
drug loading capacity of fluorouracil in Fu/PG5 were calculated
based on the determination of free fluorouracil and all experiments
were repeated 3 times.

2.2.2. Preparation of co-delivery complexes modified by HA and
penetratin
The Dual/PG5 complex was prepared by mixing 100 mL ASO
solution (containing 10 mg/mL ASO) with 100 mL Fu/PG5 solu-
tion (containing 58.8 mg/mL PG5), leading to a N/P ratio of 8
(PG5/ASO), followed by vigorous vortex (Vortex 3, IKA, Staufen,
Germany) for 30 s at room temperature and then standing for
30 min before further use. Then, the Dual/PG5 complex was
mixed with 100 mL HA solution (containing HA 20 mg/mL) to
obtain Dual/PG5/HA complex, followed by vigorous vortex for
30 s and then standing for 30 min before further use. At final step
to form Dual/PG5/HA/Pene complex, 100 mL penetratin solution
(containing penetratin 150 mg/mL) was added to Dual/PG5/HA
solution following the above-mentioned method.

Fu/PG5/HA/Pene and ASO/PG5/HA/Pene complexes were
also prepared according to the same method for scientific
assessment (Scheme 1). Fu/PG5/HA/Pene complex was prepared
using deionized water instead of ASO solution, and ASO/PG5/
HA/Pene complex was prepared using PG5 solution instead of Fu/
PG5 solution.

2.3. Characterization of co-delivery complexes

The co-delivery complexes modified with different layers were
characterized by dynamic light scattering (DLS) for particle size
and zeta-potential using a Zetasizer Nano-ZS (Malvern In-
struments, Malvern, UK). Morphology of the complexes was
observed under JEM-2100F transmission electron microscope
(TEM, JEOL, Tokyo, Japan).

To determine if ASO could be completely condensed into the
complexes, these complexes were evaluated by a polyacrylamide
gel electrophoresis (PAGE) assay using 12% acrylamide with a
voltage of 110 V. The gel was visualized under a chemilumines-
cent imaging system (FluorChem M, Protein Simple, San Jose,
USA) after ASO was stained with GelRed (Biotium, Hayward,
USA).

Drug release profiles of the co-delivery complexes were
explored in vitro using HPLC and fluorescence determination
methods. Briefly, fluorouracil and FAM-labeled ASO were used to
prepare the complexes, 0.5 mL of which were filled into a dialysis
bag (MWCO 20 kD) and immersed in 2.0 mL of 10 mmol/L PBS
as release medium at 37 �C. An aliquot of 1 mL release medium
was extracted at 10, 30 min, 1, 2, 4, 6, and 8 h, and then equivalent
fresh PBS was immediately supplemented. The amount of
released fluorouracil was determined by HPLC (Agilent 1100,
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Aglient Technologies, Palo Alto, USA) method, with a YMC
ODS-A column (4.6 mm � 150 mm, 5 mm) maintained at 20 �C,
2% acetonitrile solution containing 0.1% trifluoroacetic acid as the
mobile phase at a flow rate of 0.7 mL/min, and detection wave-
length at 214 nm. The amount of released ASO was determined
based on the fluorescence intensity of the samples using a
Multimode Microplate Reader (Synergy 2, Bio-TEK, Winooski,
USA).

2.4. Cellular uptake of co-delivery complexes

2.4.1. Cellular uptake efficiency
For better evaluation of cellular uptake efficiency, PG5-FITC was
used in this experiment instead of PG5 to prepare the complexes,
Dual/PG5, Dual/PG5/HA and Dual/PG5/HA/Pene. L929 cells
were seeded in a 12-well plate (1 � 105 cells per well) and
incubated for 24 h in DMEM medium and 5% CO2 humidified
atmosphere. Cells were then incubated with different complexes
containing identical concentration of PG5 (60 mg/mL) for 1 h.
FAM solution was used as control. After incubation, the cells were
rinsed 3 times with ice-cold PBS (pH 7.4), fixed with 4% para-
formaldehyde for 10 min, and imaged by fluorescence microscope
(DMI4000 B, Leica, Bensheim, Germany). Besides, quantitative
analysis of cellular uptake was determined by a flow cytometer
(FACSAria II, BD Bioscience, San Jose, USA) and results were
analyzed using Flow Jo software (Treestar Inc., San Carlos, AZ,
USA).

2.4.2. Intracellular distribution
To observe intracellular distribution of ASO released from the
complexes, ASO-FAM was used in this experiment instead of
ASO to prepare the three complexes, Dual/PG5, Dual/PG5/HA
and Dual/PG5/HA/Pene. L929 cells were seeded in a four-well
(6 � 104 cells per well) chambered cover-glass (Lab-Tek) in
DMEM and allowed to grow overnight. Cells were then incubated
with different complexes containing identical concentrations of
PG5 (60 mg/mL) for 4 h. After incubation, cells were rinsed 3
times with ice-cold PBS (pH 7.4), fixed with 4% para-
formaldehyde and stained with DAPI before imaging by confocal
microscope (LSM710, Carl Zeiss, Jena, Germany).

2.5. Cytotoxicity evaluation of co-delivery complexes

Cytotoxicity of the complexes were tested using MTT assay. L929
cells and SDHCEC cells were separately seeded in 96-well plates
(3 � 103 cells per well) and incubated for 24 h in DMEM medium
Scheme 1 Schematic diagram showing the p
and 5% CO2 humidified atmosphere. Then the medium was
refreshed with 200 mL culture medium containing the complexes
of different concentrations. SDHCEC cells were treated with
Dual/PG5/HA/Pene for cytotoxicity verification. L929 cells were
separately treated with free fluorouracil, Fu/PG5, Fu/PG5/HA, Fu/
PG5/HA/Pene, ASO/PG5/HA/Pene, Dual/PG5, and Dual/PG5/
HA/Pene. For all formulations, drug concentration (ASO and
fluorouracil) was normalized according to the concentration of
PG5. The highest concentration used in MTT assay containing
180 mg/mL PG5, 20 mg/mL fluorouracil and 30 mg/mL ASO. After
4 h treatment, the cells were cultured with normal medium till
48 h before MTT assay.
2.6. Anti-fibrosis study of co-delivery complexes on rabbit
trabeculectomy model
2.6.1. In vivo trabeculectomy model of subconjunctival scarring
Rabbit model of glaucoma filtration surgery was established as
previously described by Gomes Dos Santos et al.12. All surgical
procedures were performed by an ophthalmologist and all studies
were conducted in accordance with guidelines evaluated and
approved by the ethics committee of Fudan University (Shanghai,
China). New Zealand white rabbits were used to build trabeculec-
tomy models. Rabbits (24 in total) were randomly assigned into 6
groups: normal saline as negative control, intraoperative infiltration
with fluorouracil solution (Fu infil.) as positive control, naked ASO,
fluorouracil eye drops (Fu dr.), Dual/PG5, Dual/PG5/HA/Pene
(n Z 4). All animals were anesthetized by intramuscular injection
of sumianxin II (Shengda Animal Drugs, Dunhua, China) and
supplemented with local anesthesia by oxybuprocaine hydrochlo-
ride eye drops (Novesine�, Wander Pharma, Nürnberg, Germany)
before surgery. Filtration surgerywas performed only on the left eye
of each experimental rabbit, and was carried out following the
standard operation of trabeculectomy. A fornix-based conjunctival
flap was created. After mild cauterization of blood vessels, a
3 mm � 3 mm scleral flap of half scleral thickness was dissected.
Swabs soakedwith either fluorouracil (2.5%, Fu infil. group) or PBS
were then applied to the surgical site for 3 min in a masked fashion.
Trabeculectomy was performed at the scleral spur, followed by
iridectomy. The scleral flap was sutured with 10-0 nylon and
Tenon’s capsular and conjunctival wound were closed using 8.0
vicryl sutures. Tobramycin and dexamethasone ophthalmic
ointment (TobraDex�, Alcon, Fort Worth, TX, USA) was
administrated on the left eye after surgery and three times a day
during the next 15 days as a prevention of inflammation.
reparation process of Dual/PG5/HA/Pene.
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2.6.2. Medication and bleb observation
Except the already treated Fu infil. group, the other five groups were
separately treated with 50 mL normal saline, fluorouracil solution
(containing 20 mg/mL fluorouracil), ASO (containing 30 mg/mL
ASO), Dual/PG5 (containing 30 mg/mL ASO and 20 mg/mL fluo-
rouracil), and Dual/PG5/HA/Pene (containing 30 mg/mL ASO and
20 mg/mL fluorouracil) via topical instillation three times a day for
the following 15 days. Evaluation of filtering blebs was performed by
photographic documentation on the 2nd, 4th, 6th, 9th, 12th, and 15th
day after surgery. The grading system of filtering bleb was rated
according to four indexes: height, vascularity, range, and survival
interval. Bleb filtering failure was determined by flat appearance of
the bleb and adhesion between the conjunctiva and underlying
filtration site.

2.6.3. Histological and immunohistochemistry evaluation
Rabbits were anesthetized and sacrificed with an overdose of
pentobarbital sodium after 15 days of treatment. Scleral flap areas
of the surgical eye tissues were collected, fixed in 4% para-
formaldehyde, dehydrated by graded ethanol and embedded in
paraffin, and then 3e4 mm sections were prepared. For histo-
logical analysis, the sections were stained with hematoxylin and
eosin for general observation of fibrosis tissues and corneal
toxicity. The treated slides were observed and imaged under a
fluorescence microscope (DMI4000 B, Leica).

For immunohistochemical analysis, tissues were collected and
fixed in 10% (w/v) PBS-buffered formaldehyde and 7 mm sections
were prepared with the paraffin embedded tissues. After inacti-
vation of endogenous peroxidase (Beyotime, Shanghai, China),
non-specific adsorption was minimized by incubating the sections
in normal goat serum (Beyotime). Tissue sections were incubated
overnight with primary antibody (rabbit anti-goat, Sangon
Biotech, Shanghai, China). Sections were then stained using
avidin-biotin methods and the counter stain was developed with
diaminobenzidine (Beyotime). Positive staining was marked in
brown color, indicating that the immunoreactions were posi-
tive11,18. The distribution of TGF-b2 was observed using a fluo-
rescence microscope (DMI4000 B, Leica).

2.6.4. Western blotting analysis
Western blotting assay was performed to determine TGF-b2
expression level in fibrosis tissue. To assure accuracy of quanti-
fication, each sample contained tissues from all experimental an-
imals in the same group. Surgical sites were excised from eye
tissues followed by homogenization and lysis in extraction buffer
by sonication on ice. After centrifugation at 4 �C (6000 rpm,
Heraeus Biofuge Stratos, Heraeus Instruments), the supernatants
were transferred into fresh tubes on ice. Concentrations of isolated
proteins were measured using the BCA protein assay kit (Goodbio
Technology, Wuhan, China). The protein samples were always
kept on ice for subsequent analysis. Equal amounts of total protein
were run and separated by 10% SDS-PAGE, and then the proteins
were transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). The membranes were blocked
with 5% non-fat milk in TBST buffer (10 mmol/L Tris-HCl, pH
8.0, 150 mmol/L NaCl, 0.05% Tween-20) and then incubated with
primary antibody (1:1000, Sangon Biotech) overnight at 4 �C.
Membranes were washed with 1 � TBST buffer (every 5 min, 3
times) and then treated with horseradish peroxidase (HRP) con-
jugated goat anti-rabbit IgG antibody (Goodbio Technology) at
1:3000 and incubated for 30 min at room temperature, and washed
as mentioned above. Blots were visualized and imaged for further
analysis (FluorChem M, Protein Simple). The pixel densities in
each band were normalized to the amount of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, housekeeping) in that lane.

2.7. Distribution of co-delivery complexes in excised rabbit
sclera

Adult New Zealand rabbits were euthanized by an overdose of
pentobarbital sodium administered through marginal ear vein.
Then the sclera adjacent to corneal limbus were excised and
placed vertically between the diffusion cells with epithelium ori-
ented to the donor cell17. The mixture of fluorouracil (10 mg/mL)
and FAM-labeled ASO (2.5 mg/mL) in 3.5 mL of normal saline or
the Dual/PG5/HA/Pene complex containing equivalent fluoro-
uracil and FAM-labeled ASO was added in the donor side, while
the acceptor cells contained 3.5 mL normal saline as the diffusion
medium, both of which was maintained at 34 � 0.5 �C by
circulating water bath. In order to simulate in vivo elimination, an
aliquot of 0.5 mL of sample was extracted from the acceptor cell
every 0.5 h, following a supplement of 0.5 mL fresh normal saline.
After incubation for 2 h, the tissues were fixed in 4% para-
formaldehyde and dyed with DAPI for further observation by
fluorescent microscope (DMI4000 B, Leica).

3. Results

3.1. Complexation of fluorouracil and PAMAM

In this study, we chose PG5 as the carrier for fluorouracil
considering its loading capacity and further application as non-
viral gene vector. We investigated the impact of pH value, stirring
duration and molar ratio (Fu to PG5) on the encapsulation effi-
ciency (EE) of fluorouracil (Table 1). When complexation was
conducted in neutral medium (pH 7.4), the highest EE was ach-
ieved. Compared to neutral medium, acidic (pH 5.0) or alkaline
(pH 9.0) medium reduced the EE of fluorouracil by 3% and 9%,
respectively. The EE of fluorouracil doubled from 12% to 26%
when stirring duration extended from 2 to 4 h. Meanwhile, EE
only increased 1% when stirring duration extended from 4 to 6 h.
The optimization of stirring duration indicated that complexation
between fluorouracil and PAMAM approached to equilibrium
after stirring for 4 h. Considering both encapsulation rate and dose
consumption, molar ratio (Fu to PG5) was set at 100:1.

3.2. Characterization of co-delivery complexes

Morphology observation showed that all the complexes were in
spherical shape and at nanoscale sizes (Fig. 1). Compared to the
Dual/PG5 complex, TEM image of the Dual/PG5/HA complex
showed a clearly semitransparent polysaccharide layer surround-
ing the particle, which indicated HA has been successfully coated
on the outer surface of the complex (Fig. 1A). The HA coating has
also been verified by zeta potential analysis. Zeta potential of
Dual/PG5/HA reversed to �8.7 mV in contrast with þ21.9 mVof
Dual/PG5, which indicated that HA had shielded the excessive
amino groups of PG5 (Fig. 1B). After addition of penetratin layer,
zeta potential value of Dual/PG5/HA/Pene increased to þ4 mV
and the complex exhibited uniform texture under TEM. The par-
ticle size of Dual/PG5 complex was around 125 nm. Coating with
HA layer led to a significant increase in the particle size of Dual/
PG5/HA to approximately 200 nm. When penetratin was further
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absorbed on the surface, the particle size of formed Dual/PG5/HA/
Pene complex decreased to about 100 nm. These results implied
that not only the HA layer was highly compressed by positively
charged penetratin, but also the complexes might be reassembled
during penetratin insertion.

In vitro release profiles of fluorouracil and ASO were illus-
trated in Fig. 1C and D, respectively. Fluorouracil was released
significantly slower from the Dual/PG5/HA/Pene complex,
compared with the solution, primary complex Dual/PG5, and
even intermediate complex Dual/PG5/HA. The accumulative
amounts of released fluorouracil ranged from 30.65% to 72.19%
during initial 10 min and 2 h, which was about 20% less
(P < 0.01) than those from fluorouracil solution. Considering
after administration the retention time of conventional eye drop
is only several minutes in the conjunctival sac, the sustained-
release characteristics of Dual/PG5/HA/Pene complex would
be sufficient for topical absorption of fluorouracil. In contrast,
only naked ASO could be released into the medium within 8 h
in vitro, revealing that all the complexes could provide complete
protection for ASO.

3.3. Cellular uptake of co-delivery complexes

FITC was conjugated to PG5 as a tracer of the complexes, and
then cellular uptake of the complexes was evaluated qualitatively
and quantitatively. From the fluorescent images (Fig. 2A), it could
be clearly seen that the cells showed the strongest green fluores-
cence when treated with Dual/PG5/HA/Pene complex. Quantita-
tive results from flow cytometer analysis further confirmed this
observation. Even though the uptake percentage by L929 cells had
almost no statistically significant difference among these experi-
mental groups (Fig. 2B), the mean fluorescence intensity signifi-
cantly increased with each additional layer of the complexes
(Fig. 2C). Compared with Dual/PG5 and Dual/PG5/HA, the mean
fluorescence intensity of Dual/PG5/HA/Pene treated cells
increased about 3-fold and 2-fold, respectively.

3.4. Intracellular distribution

Antisense oligonucleotide specific for TGF-b2 was covalently
labeled by FAM (green color) to trace the distribution of co-
delivery complexes in L929 cells (Fig. 3). Lysosomes were
stained by LysoTracker� (red color) for better presentation of the
intracellular localization of ASO.

As hydrophilic macromolecule, naked ASO was inefficient to
pass through cell membranes, and therefore few naked ASO
(green) could be found in the L929 cells. When condensed by
PG5, Dual/PG5 was internalized into the cells and trapped in red
endosomes, leading to merged yellow color in cytoplasm. Similar
to Dual/PG5, Dual/PG5/HA was also trapped in lysosomes in the
cells at a slightly higher concentration. Obviously different with
the above two complexes, only few Dual/PG5/HA/Pene co-
localized with lysosomes. Most of Dual/PG5/HA/Pene was
Table 1 Optimization of complexation factors in preparation of Fu/

Complexation pH Time (h)

Factors 5.0 7.4 9.0 2

EE (%) 14.8 � 1.2 17.8 � 0.8 8.8 � 1.2 12.3 � 0.4

DLC (%) 7.2 � 0.4 9.1 � 0.2 4.5 � 0.1 4.9 � 0.1

Data are mean � SD, n Z 3. EE, encapsulation efficiency; DLC, drug loa
found in the cytoplasm, as presented by the green color in the
fluorescence-merged image.

3.5. Inhibition on cellular proliferation

To verify that the modification layers improved delivery efficacy
of the complexes, fluorouracil was loaded in different complexes
for comparison of their cytotoxicity (Fig. 4A). L929 cells were
treated with free fluorouracil solution, Fu/PG5, Fu/PG5/HA, and
Fu/PG5/HA/Pene complexes, respectively. Each formulation
contained same amount of fluorouracil for parallel comparison.
Under high concentration of 90 mg/mL PG5 [Lg(PG5) Z 1.95],
inhibition rate of cell viability was about 40% in free fluorouracil
and Fu/PG5/HA treated groups, and about 90% in Fu/PG5 and Fu/
PG5/HA/Pene treated groups. Under low concentration of 11.2 mg/
mL PG5 [Lg(PG5) Z 1.05], inhibition rate of cell viability was
about 10% in free fluorouracil, Fu/PG5, and Fu/PG5/HA treated
groups, and about 40% in Fu/PG5/HA/Pene treated groups. To
further confirm the enhanced cytotoxicity of double-layer modi-
fied complexes, L929 cells were treated with Dual/PG5 and Dual/
PG5/HA/Pene complexes, respectively. The results in Fig. 4B
revealed a significantly increased cytotoxicity in Dual/PG5/HA/
Pene treated group under lower concentration. The calculated IC50

of Dual/PG5 and Dual/PG5/HA/Pene complexes were 28.3 mg/mL
PG5 and 14.5 mg/mL PG5, respectively.

To explore whether the inhibition efficacy could be improved
by the synergistic effect of ASO and fluorouracil, L929 cells were
treated with ASO/PG5/HA/Pene, Fu/PG5/HA/Pene, and Dual/
PG5/HA/Pene, respectively (Fig. 4C). The complexes only loaded
with nucleic acid (ASO/PG5/HA/Pene) exhibited almost no
cytotoxicity on L929 cells. The complexes only loaded with
chemical drug (Fu/PG5/HA/Pene) inhibited about 50% cells under
concentration of 90 mg/mL PG5 [Lg (PG5) Z 1.95]. The co-
delivery complexes (Dual/PG5/HA/Pene) showed the highest in-
hibition rate of cell proliferation and inhibited about 75% fibro-
blast cells under the same concentration. The calculated IC50 of
Fu/PG5/HA/Pene and Dual/PG5/HA/Pene complexes were
36.4 mg/mL PG5 and 14.5 mg/mL PG5, respectively. SDHCEC
cells and L929 cells were both treated with Dual/PG5/HA/Pene to
assess the cytotoxicity on target cells and normal ocular cells
(Fig. 4D). MTT assay showed that the cytotoxicity of Dual/PG5/
HA/Pene complex on corneal cells was reduced by 50% compared
with that on fibroblast cells. More importantly, under concentra-
tion of 11.2 mg/mL PG5 [Lg(PG5) Z 1.05], Dual/PG5/HA/Pene
complex inhibited about 50% L929 cells while showed no cyto-
toxicity on SDHCEC cells.

3.6. Anti-fibrosis on rabbit trabeculectomy models

3.6.1. Morphology observation of filtering blebs
The trabeculectomy models were established according to the
standard surgical protocol using New Zealand white rabbits to
evaluate the fibroblast inhibition effect of the co-delivery
PG5.

Molar ratio (Fu to PG5)

4 6 20 100 200

26.4 � 0.3 27.8 � 0.2 46.8 � 0.2 25.8 � 0.3 17.6 � 0.4

10.1 � 0.5 11.6 � 0.4 3.7 � 0.1 9.8 � 0.3 10.2 � 0.3

ding capacity.



Figure 1 (A) TEM photographs of Dual/PG5, Dual/PG5/HA and Dual/PG5/HA/Pene complexes. Corresponding schematics were displayed in

the corner of each image. (B) Zeta potentials and particle sizes of the complexes. Release profiles of fluorouracil (C) and FAM-labeled ASO (D)

from various complexes into 10 mmol/L PBS (pH7.4) at 37 �C. Data are represented as mean � SD, n Z 3. Statistical significance was

determined by analysis of variance using the Tukey method, **P < 0.01, ***P < 0.001 compared with fluorouracil solution (Fu).
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complexes (Supporting Information Fig. S1). Because of surgical
trauma, there was a high propensity of subconjunctival fibrous
tissue formation during postsurgical healing, which could be
identified by morphology observation of the filtering blebs. The
proliferative phase of wound healing begins at 1e3 days following
surgery, and it usually takes 8e12 days before successful wound
healing with functional filtering blebs19. Therefore, observations
were performed in the following 15 days after surgery. The
Indiana Bleb Appearance Grading Scale (IBAGS) was adopted to
classify the filtering blebs after trabeculectomy20. According to
the criteria stipulated in IBAGS (Supporting Information Table
S1), morphologic parameters of the filtering blebs such as bleb
height, bleb extent, and vascularity were evaluated, and survival
intervals of the blebs were also recorded.

Filtering bleb is referring to the elevated subconjunctival space
in the eye and its height is determined by aqueous humor draining
from the anterior chamber via previously created surgical passage.
The formation and developing progress of filtering blebs could be
observed in photograph records. As exhibited in Fig. 5A, the
filtering blebs first emerged as small cystic forms and gradually
flattened into applanate forms while preserving their filtering
function. Therefore, the height and extent of the blebs represented



Figure 2 Cellular uptake of co-delivery complexes by L929 cells. Fluorescence-labeled PG5 was used to prepare the complexes. Cells were

incubated with each complex for 1 h before analysis. Free fluorescence probe was used as control. (A) Representative fluorescence images of the

complexes. Green and blue signals are from the complex core (PG5-FITC) and cell nucleus (DAPI), respectively. Quantitative results were

analyzed by flow cytometer (B) cellular uptake percentage and (C) mean fluorescence intensity were displayed (mean � SD, n Z 3). Statistical

significance was determined by analysis of variance using the Holm-Sidak method, ***P < 0.001. Scale bar, 100 mm.
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their filtering efficiency and the blebs would be defined as
dysfunction when adhesion occurred between the conjunctiva and
underlying filtration site. Results revealed that the group treated
with Dual/PG5/HA/Pene was able to maintain bleb height and
extent without significant difference from positive control group
(Fig. 5B and C). Meanwhile, the groups treated with normal sa-
line, naked ASO, free fluorouracil, and Dual/PG5 were succes-
sively determined as failure blebs from day 9 to day 15, although
Dual/PG5 complex exhibited a slight advantage among them.

After tissue trauma induced by surgery procedures, activated
platelets along with fibrinogen and fibronectin began to accel-
erate coagulation, at the same time, they provided a short-term
structural support for proliferation of inflammatory cells,
vascular endothelial cells and fibroblast cells21,22. Therefore,
degree of congestion indicated the propensity of fibroblast scars,
and vascularity foreshadowed potential failure of blebs. We
found that there was no significant difference in vascularity
between all the groups, and all the filtering blebs presented
avascular status at the endpoint of observation (Fig. 5D). This
result revealed that the formulations induced almost no inflam-
mation response and all the treated eyes were in normal healing
condition.

In consistence with the morphologic observation of the blebs,
survival interval analysis showed that the groups treated with
Dual/PG5/HA/Pene and positive control were able to prolong bleb
survival following trabeculectomy compared to the other groups,
preserving 75% functional filtering blebs after 15 days of obser-
vation (Fig. 5E). Since wound healing is generally considered
completed after 12 days following trabeculectomy, the preserved
blebs were expected with long-term function.

3.6.2. Histological observation
Ocular tissues, including surgical site and corneal area, were
processed using hematoxylin and eosin staining method to observe
inflammatory response and scar formation. Scar tissues were
stained in violet and circled by dash line to show the area of
surgical incision (Fig. 6A). This visualized result provided an
intuitive criterion to determine the outcome of trabeculectomy.
Distinctive difference could be seen from Fig. 6A that Dual/PG5/
HA/Pene complex showed an obvious inhibitory effect on scar
formation. Fibroblasts were scarce and formed monolayer sur-
rounding the surgical site of Dual/PG5/HA/Pene treated group as
well as of the positive control group. While in the other experi-
mental groups, fibroblasts spread in an extensive area around
surgical site. There were also few collagen fibers (shown in the
circled area) around scar tissues in the Dual/PG5/HA/Pene and Fu
(infil.) treated groups, suggesting slighter collagen deposition and
better filtering function. In the other experimental groups, there
was densely packed mature collagen deposition, indicating for-
mation of pathological cicatrization and dysfunctional filtering
blebs23,24.

In all the histological observations on the surgical sites and
corneas, no sign of inflammation was found, and neighboring eye
tissues such as sclera and limbus were neither involved in the
inflammatory processes, suggesting that the complexes were of
good biocompatibility. Especially, no corneal injury was observed
as shown in Fig. 6B, which was consistent with the result of our
previous MTT assay that Dual/PG5/HA/Pene complex was safe to
corneal cells and it could be administrated via instillation without
harming corneal tissue.
3.6.3. TGF-b2 expression in filtering regions
Surgical sites were subsequently examined for their TGF-b2
expression using immunohistochemical staining for qualitative
observation and using western blotting for quantitative analysis.
As shown in Fig. 7A, since surgical wounds were induced by
operation, TGF-b2 was activated and stained in brown dots within
microscopic field. Comparing TGF-b2 expression in filtering sites
of the other groups, the groups treated with Dual/PG5/HA/Pene



Figure 3 Confocal microscope images exhibit intracellular distribution of ASO. Fluorescence-labeled ASO was used to prepare the complexes.

L929 cells were incubated with naked ASO and the complexes for 4 h before analysis. Green represents ASO (ASO-FAM), blue represents cell

nuclear (DAPI), red represents lysosomes (lysotracker), and yellow represents a merged area of green and red. Scale bar, 20 mm.
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and Fu (infil.) exhibited lighter and sparser stains, as circled by
dash line.

For accurate quantification, each sample analyzed in western
blotting assay contained tissues from the same group (Fig. 7).
Since TGF-b2 exists in cells as a non-activated isoform and would
be activated by tissue trauma or stress response25, we added an
untreated group without surgical procedure to define the baseline
of normal expression level of TGF-b2. Electrophoretic bands were
shown in Fig. 7B, which presented that normal cells without tissue
trauma expressed little TGF-b2. However, the expression level of
TGF-b2 dramatically increased over 20-fold after trabeculectomy
(Fig. 7C). In all the testing groups, TGF-b2 expressions were
inhibited compared to that in normal saline treated group. It was
worth noting in Fig. 7D that compared to saline treated group, the
relative expression amount of TGF-b2 in Dual/PG5/HA/Pene
treated group was only around 45%, especially considering the
same index was about 50% in Fu (infil.) treated group (positive
control). Meanwhile, the relative expression amount of TGF-b2 in
the other experimental groups ranged from 55% to 70% within
obvious scar areas. Taken together, from the results of immuno-
histochemical staining and western blotting, Dual/PG5/HA/Pene
complex was the most efficient in inhibiting TGF-b2 expression.
4. Discussion

Trabeculectomy is a common surgical treatment of glaucoma,
which can help to decrease intraocular pressure via aqueous
humor drainage. A functional filtering passage can be built after
trabeculectomy by removing part of the trabecular meshwork and
iris. The success rate of trabeculectomy depends on the survival of
functional filtering blebs. There is a probability of filtering bleb
failure when scarring occurs due to fibroblast over proliferation. In
this study, we combined gene therapy (ASO specific for TGF-b2)
with chemical drug (fluorouracil) in a co-delivery system, aiming
to inhibit fibroblast proliferation in vivo via a noninvasive method.
In order to achieve this objective, an efficient delivery system with
enhanced drug-loading capacity and ocular tissue-penetrating
ability was indispensable.

It has been reported that fluorouracil could spontaneously bind
with the protonated superficial amine groups of PAMAMeNH2,
and could also interact with the non-protonated superficial or in-
ternal amine groups of PAMAMeNH2

9. The combination ability
of PAMAM with fluorouracil depends on the surface groups and
generation of PAMAM. Experiments showed that fluorouracil-
loading capacity was higher with cationic PAMAMeNH2



Figure 4 In vitro cytotoxicity evaluation of the complexes. (A)e(C) Viability of L929 cells after 4 h incubation with different formulations

determined by MTT assay. (D) Viability comparison between L929 cells and SDHCEC cells after 4 h incubation with the co-delivery complex

determined by MTT assay (mean � SD, n Z 3). Statistical significance was determined by analysis of variance using the Holm-Sidak method,

NS, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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dendrimer than with the hydroxyl analog PAMAMeOH26. There
is also a positive correlation between fluorouracil-loading capacity
and the generation of PAMAM, which is reasonable because
higher generation contains more binding sites27. Therefore, we
chose the fifth generation of PAMAMeNH2 dendrimer as carrier
core for the co-delivery system.

In order to build a co-delivery system with enhanced pene-
trating ability, we further modified the Dual/PG5 complex with
HA and penetratin. From morphology observation, it could be
seen that HA coating increased the particle size of Dual/PG5/HA
complex, whereas addition of penetratin decreased particle size by
almost half. This could be attributed to the abundant positive
charges of penetratin, which neutralized the negative charges of
HA and consequently compressed the HA layer. As a result, the
uniform texture of Dual/PG5/HA/Pene could be seen in the TEM
image compared to the obvious HA layer of Dual/PG5/HA.
Meanwhile, fluorouracil loaded in the Dual/PG5/HA/Pene com-
plex displayed a sustained-release characteristic, mainly due to the
compact coating layer composed of both HA and penetratin. The
electrostatic interaction between negatively charged ASO and
positively charged PAMAM was competent to prevent pre-release
of ASO in vitro, which was also proved by the PAGE results
(Supporting Information Fig. S2).

The enhanced penetrating ability of modified complexes was
verified in cellular uptake experiments. The uptake percentage of
Dual/PG5, Dual/PG5/HA and Dual/PG5/HA/Pene were nearly the
same and would increase with incubation time in theory. While in
this study, the cells were incubated with the complexes for only
1 h in consideration of its application via topical instillation. It is
worth noting that mean fluorescence intensity significantly
increased when the complex was modified with both HA and
penetratin. This result revealed that the penetrating ability of the
complexes was endowed by the additional layers.

Firstly, we modified the Dual/PG5 complex with HA layer and
the resulting Dual/PG5/HA complex accumulated more in the
cells. Since hyaluronic acid is an endogenous component with
great biocompatibility and bioadhesive property, it may provide a
prolonged contacting time between the complex and cytomem-
brane28. This facilitated internalization of the complex because
hyaluronic acid receptor was highly expressed on the surface of
fibroblast cells29,30, although addition of HA had reversed the
electrical potential of the complex.

When the complex was further modified with penetratin, mean
fluorescence intensity in L929 cells significantly increased twice
than the Dual/PG5/HA complex after co-incubation. Penetratin is
a cell-penetrating peptide with good ocular permeability, which
has been validated in our previous work17. In the Dual/PG5/HA/
Pene complex, penetratin bound to the HA layer on the outer
surface of Dual/PG5/HA complex through electrostatic interac-
tion. More specifically, the positively charged residues of pene-
tratin were electrostatically attracted to the negatively charged
carboxyl of HA. However, penetratin still enhanced the uptake
efficiency of Dual/PG5/HA/Pene complex, indicating that elec-
trostatic interaction did not impair the membrane permeability of
penetratin. This was consistent with our previous speculation that
the penetrating ability of penetratin was partially due to its
hydrophobicity31.

The increased uptake efficiency of Dual/PG5/HA/Pene was
also observed in confocal microscopy images. These images
squared with what we already knew about the uptake pathway of



Figure 5 Morphological evaluation on filtering blebs from day 2 to day 15 after trabeculectomy. (A) Morphology observation. Filtering bleb

areas are marked with black lines. Rabbits were operated on one-side eye and treated 3 times a day with saline, fluorouracil [Fu (dr.)], naked ASO,

Dual/PG5, and Dual/PG5/HA/Pene complexes. The positive control group [Fu (infil.)] was only treated with fluorouracil infiltration for 3 min

during surgery and no more additional treatment was implemented during following observation. Filtering blebs were evaluated for (B) filtering

bleb height (C) filtering bleb range, and (D) degree of congestion according to the grading system (n Z 4), paralleled to height, extent and

vascularity parameters in the IBAGS, respectively. (E) Survival analysis is displayed and the height of each square represents the number of

remaining functional filtering blebs (n Z 4).
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PAMAM, which was generally internalized by endocytosis and
escaped from lysosomes through proton sponge mechanism32.
When coated with HA layer, intracellular distribution of Dual/
PG5/HA complex increased than that of Dual/PG5, which may be
due to the hyaluronic acid receptor on the surface of L929 cells
and the enhanced cell adhesion mediated by HA. After adding the
penetratin layer, the complexes could be seen diffused in cyto-
plasm as well as in lysosomes. It has been found that except for
improving internalization, cell-penetrating peptide could also play
an important role in releasing nucleic acids by disrupting endo-
lysosomes33,34. There were also studies showing that a direct
translocation through the cell membrane was more likely to occur
when the cell-penetrating peptide was complexed with
cargoes35,36. Based on these theories, it was reasonable to deduce
that the improvement of endocytosis and release of both drugs
(fluorouracil and ASO) was owing to the addition of penetratin.



Figure 6 Anti-fibrosis efficiency of the co-delivery complexes. Rabbits were sacrificed 15 days after filtering surgery, eye tissues were

collected, fixed, dehydrated, and embedded in paraffin. Tissues were cut into 3e4 mm sections for hematoxylineeosine staining. (A) Fibrosis

tissues (circled with black dot lines) in filtering areas and (B) tissue toxicity in corneas was observed under microscope. Scale bar, 200 mm.
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The following cytotoxicity tests showed that the modified
complexes behaved better at inhibiting proliferation of fibroblast
cells. When treated with the complex only coated with HA, in-
hibition efficiency was negligible, although the previous cellular
uptake study showed an improved internalization of the HA
modified complex. When the functional proton-sensitive surface
of PAMAM was coated with HA, the complex was hard to benefit
from proton sponge effect and the encapsulated drugs were un-
likely to be released into cytoplasm. When modified with both HA
and penetratin, the complex would not only exhibit an improved
cell-penetrating efficiency but also increase the inhibition
efficiency on L929 cells. The same tendency could be found in
Fu/PG5/HA/Pene treated group as well as in Dual/PG5/HA/Pene
treated group. This finding was consistent with the result that
intracellular distribution of Dual/PG5/HA/Pene in cytoplasm was
more than that of Dual/PG5 and Dual/PG5/HA.
Compared to the complexes carrying only ASO or fluorouracil,
the co-delivery complex showed the highest inhibition efficiency
on proliferation of L929 cells. This revealed the possibility that
ASO and fluorouracil worked synergistically and addition of ASO
could reduce the fluorouracil dose and consequently the potential
toxicity and side effects. TGF-b2 exists in cells in a non-activated
isoform under normal circumstances, and can be activated when
the microenvironment is acidized or in the presence of protein
cleavage37. So it was reasonable to deduce that when fluorouracil
and ASO were delivered into cells simultaneously, DNA synthesis
was blocked by weakly acidic drug fluorouracil, and further a
weak acidic intracellular microenvironment was created to acti-
vate TGF-b2. ASO would further consolidate the inhibition effect
of fluorouracil with antisense effect on TGF-b2. The inhibition
ability of Dual/PG5/HA/Pene was confirmed in the following
observation on the animal models of trabeculectomy. After treated



Figure 7 Inhibition effect of TGF-b2 expression by co-delivery complexes. Rabbits were sacrificed 15 days after filtering surgery. (A) Eye

tissues were collected, fixed, dehydrated, and embedded in paraffin. Tissues were cut into 3e4 mm sections for immunohistochemical staining.

TGF-b2 was stained as dark brown (circled with red dot lines) for microscopic observation. Quantitative analysis of surgical areas, where the same

size tissues were collected and processed with standard Western blot procedures. (B) Western blot bands of TGF-b2 expression (C) quantitative

absorbance values of each band and (D) inhibition efficiency of all the testing groups analyzed relative to the normal saline treated group. Scale

bar, 200 mm.
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by the co-delivery complex, both proliferation of fibroblasts and
expression of TGF-b2 were inhibited.

Based on the results of in vitro experiments, we tested the
inhibition efficiency of the co-deliver system we developed on
in vivo scar formation. The comprehensive evaluation of anti-
fibrosis on rabbit trabeculectomy models indicated that Dual/
PG5/HA/Pene succeeded in inhibiting postoperative fibrosis pro-
liferation, probably due to improved permeability of the complex
in sclera (Supporting Information Fig. S3). This inhibition effi-
ciency was not only consistent with the positive control [Fu (infil.)
treated group], but also non-toxic to normal eye tissues. Consid-
ering the rate of scar formation in rabbits was faster than in
humans, the application of Dual/PG5/HA/Pene complex in post-
operative scarring was quite optimistic.

5. Conclusions

In summary, a novel and efficient approach employing co-delivery
strategy had been proposed to prevent post-trabeculectomy scar
formation. Complexes against fibroblast proliferation was
designed based on dendrimer core to carry fluorouracil as well as
to condense anti-TGF-b2 ASO. With the aid of further modifi-
cation by HA and penetratin, the co-delivery complex showed
efficient cellular uptake and consequently improved intracellular
distribution and enhanced cytotoxicity on fibroblast cells. By
taking advantage of the ocular permeability of penetratin, Dual/
PG5/HA/Pene complex exhibited equivalent fibrosis inhibition
efficiency with fluorouracil infiltration, the positive control
applied in clinic, in the trabeculectomy animal model. In vitro and
in vivo studies demonstrated that fluorouracil and anti-TGF-b2
ASO exerted a strengthened synergistic effect on inhibition of scar
formation, which provided useful clinic-relevant information for
combination medication. In addition, Dual/PG5/HA/Pene com-
plex was administered through noninvasive method to minimize
the injury to normal ocular tissues, which may greatly improve
patient convenience and compliance compared with currently
intraoperative treatment and postoperative injection. This work
had demonstrated a promising noninvasive treatment for post-
operative fibroblast proliferation and showed potential to increase
the success rate of trabeculectomy.
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