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Background: Posterior capsular opacification (PCO) is the main complication after intrao-
cular lens (IOL) implantation in cataract surgery, which is the result of lens epithelial cell
(LEC) adhesion, proliferation and migration on the IOL and at the lens capsule interface.
Hydrophilic surface modification, such as surface heparinization, decreases the cell adhesion,
which has been commercialized and used clinically. However, clinical long-term observation
results show no significant difference between the pristine and heparinized IOLs.
Methods: To prevent PCO over the long time span, we modified the IOLs with an
antiproliferative drug-loaded hydrophilic coating. The antiproliferative drug doxorubicin
(DOX)-incorporated chitosan (CHI) nanoparticle was fabricated by sodium tripolyphosphate
(TPP) gelation. Such antiproliferative drug-loaded CHI-TPP-DOX nanoparticles (CTDNP)
were used as one of the building blocks to prepare polyelectrolyte multilayer with heparin
(HEP) via layer-by-layer assembly, obtaining (HEP/CTDNP), multilayers. The assembly
process was characterized by quartz crystal microbalance with dissipation (QCM-D). The
drug release behavior of the coating was investigated by ultra-HPLC (UPLC). In vitro cell
experiments were carried out to monitor the effects of multifunctional coatings on cellular
adhesion, proliferation and migration. And the intraocular implantation was performed on
rabbits to evaluate the in vivo PCO inhibitory effect of such surface-functionalized IOLs.
Results: The positively charged CTDNP was successfully prepared by ionic gelation. The QCM-
D results indicate the successful preparation of the (HEP/CTDNP), multilayer film. Drug release
profiles showed that surface-multifunctionalized IOL had drug-sustained release properties. In vitro
cell culture results showed significant inhibition of adhesion, proliferation and migration of LECs
after surface modification. The in vivo results showed that the IOLs with multifunctionalized
surface can effectively reduce the posterior hyperplasia and Soemmering’s ring (SR) formation.
Conclusion: These findings suggested that such multifunctionalized drug-eluting IOLs can
effectively reduce the posterior hyperplasia and SR formation when intraocular implantation
has a major impact on reducing PCO incidence. Thus they have a great potential in
improving patient vision recovery and maintenance.

Keywords: surface modification, intraocular lens, posterior capsular opacification, drug-

eluting coating, nanoparticle

Introduction

Cataract remains the leading cause of blindness worldwide despite the availability
of effective surgery in developed countries. It is reported that about 47.8% blind-
nesses are caused by cataract, and recently, there are about 20 million cataractous
blindness worldwide.' Cataract is the crystalline lens opacification, which results in
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light obstruction and gradual vision loss. The first line of
treatment for cataract is to replace the opaque lens with an
intraocular lens (IOL) in the capsular bag." The cataract
surgery recovers the vision effectively. However, a com-
mon postoperative complication, namely posterior capsu-
lar opacification (PCO), occurs in high incidence.” It is
reported that the PCO incidence is around 20-40% in
adults’ cases after IOL implantation for 5 years, whereas
the incidence is as high as 100% in children’s cases.”? PCO
is an abnormal tissue formed by the residual lens epithelial
cells (LECs), which may be due to the wound healing
reactions after cataract-IOL surgery.’ The only way to
treat PCO in clinic is neodymium-doped yttrium alumi-
num garnet (Nd:YAG) laser capsulotomy.” However, the
laser irradiation requires additional costs and is accompa-
nied by several complications, such as retinal detachment,
high intraocular pressure and so on.

Till date, many attempts have been taken to reduce the
incidence of PCO. Antiproliferative drugs were used by
researchers to test if these drugs could prevent residual
LECs' proliferation. For example, they injected drugs into
the lens capsule during IOL implantation surgery, or soaked
IOL in drug solution before implantation.*> With disadvan-
tages of burst drug release and accompanied side effects to
the adjacent tissues, these actions did not remarkably reduce
the PCO incidence either.” Surface modification provides an
the biocompatibility of

biomaterials.*’ Scientists have designed bio-inert or hydro-

alternative way to improve
philic surface coatings on IOL surface, such as surface
immobilization with CF,4, hydrophilic HEP, polyethylene
glycol, phosphorylcholine moieties and so on.*'' So far,
the surface-heparinized IOL has been used clinically and
serves as one of the high-end IOL types.'? These surface
coatings decrease cell adhesion to prevent PCO. However,
the obtained in vivo results were not as good as expected.
Current clinical investigations also showed that there was
no significant difference in PCO incidence between the
pristine and heparinized IOLs in the long run.'? In previous
studies, we have generated enhanced anti-adhesive surface
modifications to improve the IOL biocompatibility via sur-
face-initiated-reversible addition-fragmentation chain trans-
ferpolymerization and natural polyelectrolyte layer-by-layer
(LbL) deposition method."*'” The enhanced hydrophilic
surface modification decreased the posterior capsular hyper-
plasia, whereas they also could not eliminate the PCO
incidence thoroughly.'*'® The sole anti-adhesion modifica-

tion is likely to be inadequate in actual applications.

In this study, the design of antiproliferative drug-sus-
tained release was introduced into the hydrophilic surface
coatings on IOL for postoperatively long-term PCO pre-
vention. Based on the excellent anti-adhesive to the cell of
the natural polysaccharide multilayers investigated
previously,”? the drug-loaded nanoparticles were prepared
and used as one of the building blocks in the multilayered
surface coating fabrication. Assuming that the antiproli-
ferative drug-eluting will induce the residual cell apoptosis
in the capsule, the PCO inhibition may be greatly
improved in such multifunctionalized IOLs. The doxoru-
bicin (DOX) was used as the model antiproliferative drug
in this research. It was incorporated into the chitosan
(CHI) nanoparticles via electrostatic condensation between
the cationic CHI and ionic sodium tripolyphosphate (TPP),
obtaining CHI-TPP-DOX nanoparticles (CTDNP). The
positively charged nanoparticles were then deposited
with negatively charged polysaccharide HEP on IOL sur-
face via LbL technique, forming HEP/CTDNP polyelec-
1). The

feasibility of the coating onto IOL as well as the in vitro

trolyte multilayer surface coating (Figure
cell behavior and intraocular PCO inhibition were investi-
gated. It is hypothesized that the PCO inhibition may be
greatly improved on the antiproliferative drug-loaded

polysaccharide multilayer-modified IOLs.

Materials And Methods

Materials And Reagents

Chitosan (CHI, molecular weight (MW) around 179.17 kDa,
high viscosity (>400 mPa.s)), TPP and HEP (185 USP units/
mg) were purchased from Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Doxorubicin hydrochloride
(DOX) was
Co., Ltd. (Dalian,
MW=25,000),
diimide hydrochloride (EDC), N- hydroxysulfosuccinimide

purchased from Meilun Biotechnology
China). (PEI,
N-(3-dimethylaminopropyl)-N’-ethylcarbo-

Polyethyleneimine

sodium (NHS) and fluorescein diacetate (FDA) were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). FBS,
DMEM/F12 (1:1) cell culture media, 0.05% Trypsin-EDTA
and other cell culture-related reagents were purchased from
Invitrogen (Waltham, MA, USA). Human LEC line (HLE
B3, CRL-11421™) was originated from American Type
Culture Collection. Foldable hydrophobic IOLs were sup-
plied by 66 Vision Tech Co., LTD (Suzhou, China). The
clinical postoperative administration drugs were obtained
from Eye Hospital of Wenzhou Medical University
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Figure | Schematic illustration of drug-eluting hydrophilic coating-modified IOL fabricated via layer-by-layer deposition of heparin and drug-loaded chitosan nanoparticles.

(Wenzhou, China). All other chemicals were analytical grade
and used without further purification.

CHI Nanoparticles Fabrication And

Characterization

The CHI nanoparticles were prepared by the polyelectro-
lyte condensation between TPP and CHL.'® Briefly, 0.2%
(w/v) TPP aqueous solution was added dropwise into
0.1% CHI solution (w/v in 1% acetic acid) under mag-
netic stirring (500 rpm) at room temperature, and incu-
bated for another 30 mins. A series of nitogen/
phosphorus (N/P) ratios were carried out to optimize the
CHI-TPP nanoparticles, where the N/P ratio refers to the
molar ratio of nitrogen element in the repeating unit of
CHI and phosphorus element in TPP. The DOX-loaded
nanoparticles (CHI-TPP-DOX nanoparticle, CTDNP)
were prepared under the optimized conditions with a
similar protocol, in which the CHI solution was supple-
mented with 0.05% (w/v) DOX. The drug-loaded nano-
particles were further chemically cross-linked via 40 mM
EDC and 20 mM NHS at room temperature for 1 hr, and
then used for multilayer construction. The particle size
and zeta potential of the nanoparticles were determined
light Autosizer 3000
(Malvern Instruments Limited, UK). Each sample was

by dynamic scattering with

measured thrice to obtain the Z-average of particle size

and the average zeta potential. The morphology of the

nanoparticle (N/P = 3) was observed by scanning electron
microscope (SEM, Phenom-World, the Netherlands).

Construction And Characterization Of

The HEP/CTDNP Multilayer

Polyester IOL materials and hydrophobic acrylic I0OLs
were used as the substrates for polyelectrolyte multilayer
fabrication. The fabrication procedure was similar with our
previous publications.'>!'7'%2%  Each experiment was
initiated by PEI treatment for 24 hrs, which resulted in a
positively charged substrate surface. Then, the substrates
were dipped in 1 mg/mL HEP solution for 15 mins. After
that, it was rinsed by acetic buffer solution and dried by a
stream of N,. The HEP-terminated substrates were subse-
quently dipped into the freshly prepared CTDNP solution
for 15 mins. The same rinsing and drying processes were
carried out after CTDNP deposition. The alternating HEP
and CTDNP deposition cycles were continued until deter-
mined bilayers of HEP/CTDNP were fabricated.

The growth of the HEP/CTDNP multilayer was fol-
lowed by quartz crystal microbalance with dissipation
(QCM-D, Q-sense AB, Sweden).'*?! Briefly, the quartz
crystal was excited at its fundamental frequency (~5 MHz,
v=1), as well as at the 3rd, 5th, 7th, 9th and 11th overtones
(v=3,5, 7,9, 11 corresponding to 15, 25, 35, 45 and 55
MHz, respectively). Changes in resonance frequencies
(AF) and relaxation (AD) of the vibration once the excita-
tion was stopped were recorded. In detail, the clean quartz
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crystal was installed in the QCM chamber and the acetic
buffer was injected at equilibrium. Then, the PEI solution
was continuously injected into the chamber at 100 pL/min
until equilibrium, followed by the buffer pumping at the
same speed. Then, the HEP and CTDNP solutions were
alternatively injected until equilibrium and separated by
the washing solution. After n cycles of HEP and CTDNP
injection, the (HEP/CTDNP),, multilayers were obtained.
The curves of frequency shift vs time and dissipation vs
time were recorded, respectively. The transmittances of the
surface-coated IOLs were carried out by the UV-visible
spectrophotometer (UV-Vis, UV3100, Thermo Fisher,
USA). The optical images of surface-coated IOLs were
observed by stereomicroscope (Digital Sight DS-U3,
Nikon, Minato-ku, Tokyo, Japan).

In Vitro Drug Release Study

The drug release behaviors of the multilayer films were
investigated.'”** The IOL materials were incubated in a 4
mL releasing buffer at 37°C with gentle shaking. PBS
(pH=7.4) and acetate buffer (pH=5.5) were used for mon-
itoring the physiologicaland pathological conditions,
respectively. At certain time points, 1 mL release buffer
was collected and stored in the refrigerator while another 1
mL fresh buffer was added into the incubation solution.
After all the samples were collected, the buffers were
filtrated with 0.22 um cellulose nitrate membrane and
tested by the ultra-HPLC (UPLC) with UPLC BEH C18
columns (Waters, USA) at room temperature. The detect
method is according to Pharmacopoeia of the People'’s
Republic of China. A series of DOX standard solution
with concentrations from 0.01 to 5 pg/mL were prepared
to obtain the standard curve. The mobile phase was a
mixture of buffer solution (sodium lauryl sulfate 1.44 g
and 0.68 mL of phosphoric acid dissolved in 500 mL of
deionized water)/acetonitrile/methanol (500/500/60, v/v/
v). The flow rate was 0.3 mL/min. The sample quantity
was 0.5 mL and the detection wavelength was 254 nm.
The concentration was obtained via the UPLC analysis
software according to the standard curve.

In Vitro LECs Test

For cell adhesion test, IOL materials with a diameter of
6 mm were prepared and sterilized by UV irradiation, and
placed in the 96-well cell culture plates. LECs were
digested by 0.25% trypsin, centrifugalized and resus-
pended in DMEM/F12 containing 10% FBS after 95%
cell confluence. The cell seeding density was 1000 or

2000 cells/well depending on different experiments. The
effects of surface modification on anti-adhesion and anti-
proliferation of LECs were assessed by FDA staining after
culture for 24 hrs. Fluorescent images were acquired by
fluorescent microscopy (Nikon) with fluorescein filter (488
nm/excitation). The cell number was counted using the
Imagel] software adding with artificial judgment. To moni-
tor the cell migration and proliferation in lens capsule,
cells were seeded on the peripheral parts of the cell culture
wells. After cell attachment for 24 hrs, the IOL materials
were placed in the central areas and the cells were cultured
for another 48 hrs. The unmodified materials and the no
drug-loaded surface coating materials were used as con-
trols. The cells were stained by H&E and optical images
were taken.

In Vivo Intraocular Implantation And

Evaluation

The animal experiment was approved by local laboratory
animal committee (Laboratory Animal Ethics Committee
of Wenzhou Medical University with approved institu-
set by the
Laboratory Animal Care). Eight-weeks-old male rabbits
(obtained from the Wenzhou Medical University
Laboratory Animal Center, Approval No. 2016-0057)
were used for the animal experiment (n=10, 2 groups),

tional protocols China Association of

following Laboratory animals — guideline for ethical
review of animal welfare (2018, China). IOLs' implanta-
tion surgical procedure and postoperative evaluation were
the same as our previous investigations.'*'® Briefly, after
making a 2.2 mm temporal corneal incision, the anterior
chamber was filled with ophthalmic viscosurgical device
(OVD) and a continuous curvilinear capsulorhexis (CCC)
was subsequently created to allow 360° CCC-IOL overlap
after IOL implantation. After hydrodissection and phacoe-
mulsification, the folded IOLs were implanted into the
capsular bag with a dedicated IOL injector. Then, the
OVD was completely removed from IOL boundary, cap-
sular bag and anterior chamber. According to the clinical
cataract surgeries, subconjunctival injection of triamcino-
lone acetonide was carried out to reduce postoperative
inflammation. Other postoperative treatments, including
levofloxacin and tobramycin—dexamethasone eye drops,
were carried out four times daily for 2 weeks, and two
times for another 2 weeks. Regular slit lamp microscopic
observation was carried out to judge postoperative acute
inflammation and the long-term PCO development. All
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rabbits were euthanized by air embolism after excessive
anesthesia in the 10th week. The eyeballs were collected
and sectioned at the equator. Gross examination of the
anterior segment was performed from the posterior aspect
(Miyake-Apple View) to assess the severity of the capsular
bag opacification. The severity of central PCO (CPCO, the
capsule areas behind IOL optical center with a diameter of
3.0 mm), peripheral PCO (PPCO, the capsule areas behind
the periphery of the IOL optic, except CPCP area) and
Soemmering’s ring (SR) formation ( equatorial region of
the capsular bag, outside the IOL optic area) were scored
from grades 0 to 3.'> After observation, the lens capsules
with IOL inside were separated and the stereomicroscopic
images were taken. Some of the eyeballs were fixed for
histochemical staining and observation. Briefly, the lens
capsules were fixed in 4% paraformaldehyde, dehydrated
in 30% sucrose solution. Then, the tissues were made into
frozen section and followed with H&E staining. The opti-
cal images were taken to observe the ocular tissue mor-
phology and the posterior capsule hyperplasia thickness,
which was used to judge the PCO degree as well.

Statistical Analysis

All experiments were conducted in triplicate, and data
were expressed as mean = SD. An independent sample
t-test was used for data analyses in PCO scores, one-
way ANOVA was conducted for the statistical analysis
of cell adhesion ratios and cell apoptosis ratios with
different multilayers modification. Statistically signifi-
cant difference was defined at a confidence level of
95% (* P< 0.05).

Results And Discussion

Almost all the IOL material investigations for PCO
prevention focused on the surface hydrophilic
modification.””* 2’ The aim of these surface hydrophilic
modifications was to decrease the residual LEC adhe-
sion after IOL implantation. The surface-heparinized
IOL is the only surface-modified IOL approved for
clinical use so far. However, recent clinical research
has demonstrated that there is no significant difference
in PCO incidences between the patients who were trea-
ted by the HEP-modified IOLs or the pristine 1OLs
implantation.'> In our previous animal investigations,
the surface hydrophilic or superhydrophilic modifica-
tions had some positive effects on the PCO prevention
in short time observations.'>™'7** However, if the post-

operative observation time duration prolonged, the PCO

also started to develop in the hydrophilic-modified
IOLs.'"* ' In a normal crystalline lens, lens epithelium
monolayer is confined to the anterior capsular surface
and ends at the equatorial lens bow. A single layer of
flat cuboidal epithelial cells, “A” cells as called, with
minimal mitotic activity corresponds to the anterior lens
capsule zone. Anterior epithelial cells in the equator
form the equatorial lens bow. Unlike “A” cell layer,
these cells have mitotic activity and undergo multiplica-
tion. New lens fibers are continuously produced in this
zone throughout life.”” Although the cataract surgery
techniques have been greatly improved in recent years,
the LECs still cannot be removed completely during the
operation. The residual LEC adhesion, proliferation,
migration and fibrosis result in the PCO after the
surgery.” The surface with hydrophilic modification
only resists residual LECs adhering onto the IOL
surfaces.!>1¢ However, as the cells are located in the
relatively closed lens capsular bags, the cells may pro-
liferate from capsular base membrane to the IOL surface
in the long run. That is, the anti-adhesive surface mod-
ification only delays the PCO incidence, but cannot
prevent its appearance. So the antiproliferative drug
administration to inhibit cell proliferation is necessary.
Drug-eluting surface coating suggests a promising
way for localized drug delivery of the implantable
materials.®'*>° The surface modification of drug-eluting
coating is an effective way to prevent the postoperative
complications of the implants, such as cardiovascular
stent. The antiproliferative drugs incorporated coatings
serve as depots and sustained released drugs, which
inhibit the cell proliferation and reduce the restenosis
effectively in the long run. In the present investigation,
the drug-eluting coating design was introduced into the
IOL surface modification, aiming to reduce PCO after
its implantation. The antiproliferative drug-loaded CHI
nanoparticles were prepared and immobilized onto the
IOL surface via LbL method.

Drug-Loaded CHI Nanoparticle

Preparation

Among all the natural polymers, CHI is one of the most
promising commercialized biopolymers. It is a linear poly-
saccharide composed of 2-acetamido-2-deoxy-B-D-glucan
and 2-amino-2-deoxy-B-D-glucan units. With its good cyto-
compatibility and interesting physicochemical properties,
CHI has been applied in a lot of biomedical researches,
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including biomedical implant surface coating, tissue scaf-
fold and nanomedicine.>'* Various CHI nanoparticles
were prepared using “polyelectrolyte complexation” (with
anionic macromolecules) or “ionic gelation” (with anionic
oligo-molecules) in the nanomedicine fields.?" In this study,
drug-loaded CHI nanoparticles were prepared by the “ionic
gelation” method, having advantages of the electrostatic
complexation of the cationic CHI and anionic TPP, in
which TPP is the most classic ionic agent in the CHI

nanoparticle preparation.**

The antiproliferative drug
DOX, which has been previously investigated for PCO
prevention, was added in the CHI solution to obtain the
drug-loaded CHI nanoparticles.*>*® As shown in Figure 2A,
the N/P ratio was critical to control the nanoparticle size
and its distribution in the uncross-linked case. In the inves-
tigated N/P ratio ranges (2—6), nanoparticles with diameter
from 190 nm to 400 nm were obtained. It can be seen that
by decreasing the N/P ratio, nanoparticles with smaller size
were produced. It is reported that unstable large complex
particle forms when N/P ratio around 1, whereas the TPP
condensation efficiency decreases in larger N/P ratios,
which may be due to the charge balance.*** The zeta
potential investigation shows that the nanoparticles in
these cases are strongly positively charged, ranging from
29.7 mV in N/P = 2 to 56.5 in N/P = 6. The particle surface
potential increases with increase in the N/P ratio, which
may be attributed to the increasing of positively charged
CHI on the nanoparticle. The CHI nanoparticle cross-linked
via EDC/NHS chemistry was also investigated. After

cross-linking, the particle size was more stable in investi-
gated N/P ratios, maintaining in 200 nm from N/P =2 to 5.
It is also shown that the zeta potentials slightly decrease
after cross-linking. However, the obtained nanoparticles
have a strong positive charge, ranging from 28.2 mV to
40.5 mV. The chemical cross-linking will greatly improve
the stability and the drug-sustained release properties of the
nanoparticles. As a result, the N/P ratio of 2.5 and chemical
cross-linking were selected in the subsequent investigations.
The particle size and zeta potential are 203.4 £ 2.5 nm and
33.4 + 0.9 mV, respectively. The particle size distributions
of nanoparticles before or after chemical cross-linking are
shown in Figure S1. They also indicated that the chemical
cross-linking improved the particle size distribution.
Unimodal distribution was found after chemical cross-link-
ing. Such nanoparticles were also observed by SEM ima-
ging. As shown in Figure 2B, nanoparticles with diameters
around 200 nm are found, which confirms the success of
nanoparticle preparation.

Drug-Loaded Multilayer Fabrication And
Coating Onto IOL

HEP is also a naturally occurring linear polysaccharide,
consisting primarily of two highly sulfated sugar mono-
mers, which occur as repeating disaccharide units. As
sharing chemical and structural similarity to heparan sul-
fate, a natural anticoagulant surface activity of the vascular
endothelium, HEP also has excellent anticoagulant and
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Figure 2 (A) Chitosan particle sizes and zeta potentials change with N/P ratios. (B) Chitosan nanoparticle morphology observed by SEM.
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anti-adhesion properties. As a result, HEP is widely used
in biomedical surface modification.” In our previous
research, HEP/collagen or HEP/CHI multilayers have
been constructed on the cardiovascular stent surface for
anticoagulant and endothelialization.’**'2*%73% On the
other hand, HEP is also used in IOL surface modifications.
Till date, the heparinized IOL is the first and only
surface-modified IOL.***

Taking advantages of its strong negative charge and dis-

approved clinically used

tinctive properties in surface coating, HEP is used as one
of the components for drug-eluting IOL surface modifica-
tion. The freshly prepared cationic CHI-TPP-DOX nano-
particles (CTDNP) were LbL deposited with anionic HEP,
obtaining drug-loaded polysaccharide multilayer on the
IOL surface. The fabrication process of HEP/CTDNP
multilayer was followed by QCM-D, which is a useful
and powerful demonstration of the polyelectrolyte multi-

13:2021 OCM-D is a versatile and sensi-

layer fabrication.
tive sensor technique to measure both adsorbed mass and
the viscoelastic properties of adsorbed layers of molecules
in liquid."* The crystal sensor resonance frequency (F)
depends on the total oscillating mass, including coupled
water to the oscillation.*? The F decreases when a thin film
is attached to the crystal.?! Figure 3 shows F traces at
different overtones (v), where the 3rd, 5th, 7th, 9th and
11th v corresponds to 15, 25, 35, 45 and 55 MHz, respec-
tively. Step-by-step F shift is observed by injecting poly-
electrolyte solution, which clearly illustrates a typical LbL
buildup process of HEP/CTDNP multilayer. The ladder
trace of frequency decrease indicates the successful
adsorption of HEP or CTDNP onto the substrate alterna-
tively. The (HEP/CTDNP)s multilayer was then introduced

A

No coating

I
0 CTDNP1

-100
-150 1
-200 1
-250

Fiv (Hz)

-300
-350

-400

-450 14— T T T T T
0 50 100 150 200 250

Time (min)

Figure 3 QCM-D shows the HEP/CTDNP multilayer deposition process on the
surface. The arrows indicate the injection of different polyelectrolytes.

onto the IOL surface. As indicated in the stereomicro-
scopic image of the multilayered IOL (Figure 4B), LbL
technique presents excellent feasibility to fabricate a
homogenous thin coating onto the sophisticated 3-D
implants. The commercialized hydrophobic IOL was
used in present investigation. It is circular in shape with
raised center, 6 mm in diameter of biconvex optic with two
haptics. There are no obvious opaque arises after modifi-
cation, compared with the unmodified IOLs (Figure 4A).
The effects of the multilayer coating on the light transmis-
sion were then verified by UV-Vis spectra. As shown in
Figure S2, the light transmittance of pristine IOL material
was round 92%. The surface modification of (HEP/
CTDNP)s multilayer just slightly decreases the light trans-
mittance, with transmittance in the ranges of 85% to 92%
for the visible light (380 nm to 760 nm). The (HEP/
CTDNP)s multilayer coating does not significantly influ-
ence its optical properties.

\\

HEP/CTDNP),

Figure 4 The stereomicroscopic images of the unmodified IOL (A) and the IOL after (HEP/CTDNP)5 coating modification (B).
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Drug-Eluting Investigation

DOX is one of the most frequently studied antiprolifera-
tive drugs in proliferative diseases, such as cancer nano-
medicine and drug-eluting stents.*'** Herein, DOX was
selected as a model drug to prepare the drug-eluting IOLs.
DOX was incorporated in the CHI-TPP nanoparticles and
then LbL deposited onto the IOL surface. The drug release
ability of the (HEP/CTDNP)s multilayer coating on the
material surface was evaluated. As PCO was the result of
the pathological hyperplasia of the residual LEC on the
lens capsule and IOL surface, the release kinetics of the
multilayer coating in both simulant physiological (pH=7.4)
and pathological conditions (pH=5.5) was taken into
consideration.”> The surface-modified materials were
soaked in the buffer at 37°C with gentle shaking. The
releasing buffer was collected at appointed time points
and analyzed by UPLC. As shown in Figure 5A, there is
a burst release in the uncross-linked case under physiolo-
gical condition (pH=7.4), whereas there is almost no drug
release in the cross-linked one. There may be several
reasons for this phenomenon. The most important one
may be due to the unique charge and solubility changes
of CHI in the physiological buffer. With a pKa around 6.5,
CHI is protonated in an acidic environment. So it is
positively charged and soluble when pH is lower than
pKa. When the pH increases under physiological condi-
tions (pH=7.4), deprotonation takes place in the CHI
chains, which results in its charge loss and insoluble. In
uncross-linked cases, the charge loss of CHI in the nano-
particle may result in the breakdown of the polyelectrolyte
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multilayer, degelation of the ionic complexation and
release of the drugs. However, in the cross-linked cases,
the multilayer coating is stable when pH changes. What is
more, the deprotonation of the CHI may further gel the
multilayer coating, deprotonated CHI from physical cross-
linking points in the coating, which may be the reason for
the very small amount of drug release in the cross-linked
case when pH is 5.5.** As mentioned earlier, the PCO
development is mainly due to the adhesion and prolifera-
tion of the LEC. The cell proliferation under pathological
conditions always results in the slightly acidic cellular
microenvironment.** Therefore, the drug release profile
under pathological condition (pH=5.5) was evaluated.
Sustained release profile was observed in this situation,
as illustrated by Figure 5B. No burst release was found in
both the cross-linked and uncross-linked multilayers.
Moreover, the cross-linking further slows down the drug
release. The accumulative drug release rate in the uncross-
linked one after 1 day is around 7.5% and it slowly
increases to 11% after 1 week, whereas the release rates
in the cross-linked multilayers are 4.4% and 7.2% after 1
day and 1 week, respectively. This result indicates that the
drug-eluting IOL is stable under physiological condition
and renders sustained drug release property under patho-
logical condition.

LECs Adhesion, Proliferation And

Migration
The LECs adhesion, proliferation and migration are the
key points in the PCO development. Herein, the in vitro
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Figure 5 (A) Accumulative drug releases from the drug-eluting IOL with and without cross-linking under different pH conditions. Black square and indigo circle refer to the
drug releasing from the cross-linked and uncross-linked coatings under pH 7.4, respectively. Blue triangle and red invert triangle refer to the drug releasing from the cross-
linked and uncross-linked coatings under pH 5.5, respectively. (B) Amplified image of the releasing profiles under pH 5.5.
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cell behaviors of the drug-eluting IOLs were tested.
Figure 6 shows the quantitative results of the cell adhe-
sion and cell apoptosis on the different surfaces com-
pared with tissue culture plates (TCP) by live and death
stain method. Cell adhesion is greatly inhibited after
surface coating with antiproliferative drug-loaded poly-
saccharides multilayer, as illustrated in Figure 6A. On
the unmodified IOL materials, the adhesion rate is com-
parable to the TCP (95.6+£15.6%). Surface modification
with HEP (0.5 bilayer) decreases the cell adhesion, with
adhesion rate around 56.7%+9.8%. The drug-loaded
nanoparticle deposition or the subsequent (HEP/
CTDNP) bilayer cycle modification further inhibits the
surface cell adhesion, with cell adhesion rates lower
than 10%. There was a statistically significant difference
in cell adhesion rate between the unmodified IOL and
the IOL modified with different layers. The cell adhe-
sion rate of the HEP modification ((HEP/CTDNP)s)
IOL was also statistically different from that of the 1
layer, 4.5 layer and 5 layers, indicating that the modified
IOL can significantly reduce the adhesion of LECs on
the IOL surface. Figure 6B indicates the apoptosis rates
of the adherent cells on the surfaces. The apoptotic rate
of LECs on unmodified IOL surface had no statistical
difference from the only HEP modification ((HEP/
CTDNP)g 5) or the lower deposition cycle modification
(e.g. (HEP/CTDNP),), indicating that the simple anti-
adhesion modification of HEP sodium and insufficient
drug loading could not significantly induce the apoptosis
of LECs. However, the LECs apoptotic rate of the

(HEP/CTDNP);s and (HEP/CTDNP)s multilayer-
A
140 -
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g 4
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: 1
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8 g
201 4|7
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modified IOL was statistically different from the unmo-
dified IOL and HEP-modified IOL. When (HEP/
CTDNP) deposition cycle increases, the apoptotic cell
proportion increases in the adherent cells, with apoptosis
rates of 30-50%. Figure 7A shows the representative
images of the living cells on these surfaces, which
directly renders the adherent cell distributions and
morphologies on the unmodified or different bilayers
of (HEP/CTDNP) multilayer modified IOL material sur-
faces. The cell spreads well on the unmodified surface
or the coatings with HEP as the outmost layer. However,
despite the decreased adherent cell number on the drug-
loaded nanoparticle as the outmost layers, the rare
adherent cells present un-spreading morphologies,
which also indicates the adherent cells are apoptotic on
this surface. In our previous researches, the hydrated
polysaccharide multilayer coating can reduce the non-
specific cell adhesion on the material surface, yet it does
not decrease the PCO incidence in the long run.'® There
may be several reasons due to the complex environment
in vivo. Although the polysaccharide multilayer coating
effectively resists the LEC initial adhesion on the IOL
surface, cells can still adhere onto the capsular mem-
brane, as the lens capsular bag is a relatively closed
space. Then, the subsequent cell proliferation and migra-
tion between capsular membrane and IOL may happen,
which results in the PCO. Thus, such anti-adhesion
modification cannot eliminate PCO in vivo, but only
delay its developing time. As a result, the antiprolifera-
tive drug loading to inhibit cell proliferation in the long
run is essential. In the present investigation, there are
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Figure 6 (A) Cell adhesion ratios on the material surface with different bilayer multilayer modifications. (B) Cell apoptosis ratios on the material surface with different

bilayer multilayer modifications.*P<0.05, ns means no statistical significance.
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Figure 7 (A) Cell distributions and morphologies on the material surface with different bilayer multilayer modifications. (B) Cell distributions on the material surface with
different bilayer multilayer modifications with drug loading (HEP/CTDNP),,) or without drug loading ((HEP/CTNP),,). Scale bar=200 pm.

very few cells adherent on the material surface even
after the one bilayer coating, which may be combined
effects of the anti-adhesion of the polysaccharide multi-
layer and the antiproliferative drug in the coatings. To
confirm this hypothesis, the CHI nanoparticles without
DOX were prepared and the multilayer coatings without
drug loading were fabricated. The cell adhesions on
these surfaces were compared. As shown in Figure 7B,
the cell adhesion is decreased with the multilayer

increasing, whereas there are considerable number of

adherent cells on the HEP/CTNP surface, even after
five bilayer coatings. As the hyaluronic acid (HA) is
the most hydrated polysaccharide among the glycosami-
noglycan, it can be seen that the cell resistant property
of the HEP/CHI nanoparticle multilayer is not as well as
the HA/CHI multilayer in our previous investigations,
where the cell adhesion is negligible after five bilayer
modifications."® The antiproliferative drug loading evi-
dently decreases the adherent cells on the HEP/CTDNP

multilayer coatings, even after the first one or two
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deposition cycles; this results in the induction of cell
apoptosis by the antiproliferative drugs in these surface
coatings.

To evaluate the effect of the surface modification on cell
inhibition in the capsular bags, the cell migration experi-
ment was carried out. Cells were seeded on the peripheral
parts of the cell culture wells and the materials with or
without drug-loaded multilayer coating were placed in the

Control

1oL No IOL

(HEP/CTDNP), IOL

central areas. The effect of the drug-loaded multilayer on
the LEC migration was observed in the photograph. As
shown in Figure 8, the cells migrated into the central part
of the culture wells when no material was placed
(Figure 8B). When the IOL material was placed, cell migra-
tion was suppressed, but not inhibited. The cells grow well
on the peripheral area and few cells migrate into the central
area (Figure 8C). When the drug-eluting IOL material was

Figure 8 Cell migration assays via cells seeding under different conditions. Images Al-D| are the stitched images of the 24-well cell culture plates. Images A2-D2 are the
representative photos taken from the peripheral area and images A3— D3 are the representative photos taken from the central area. Scale bar=200 pm.
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placed, not only the cell migration is inhibited but also the
peripheral cell apoptosis was obtained under this circum-
stance (Figure 8D). The IOL with drug-loaded multilayer
coatings presents excellent cell adhesion inhibition, apopto-
sis inducing and the cell migration suppressing properties,
which may have great potential for PCO inhibition in vivo.

In Vivo Anti-PCO Evaluation

The in vivo PCO inhibition effects of the drug-eluting
IOLs were evaluated by the intraocular implantation
after phacoemulsification surgery was performed in rab-
bit eyes. The slit lamp examinations were performed at
1 day, 1 week, 2 weeks and 2 months postoperatively.
The anterior chamber inflammations in both groups were
alleviated in 1 day after the surgery (Figure 9A1, Bl).
There are no cell adhesion in both groups postoperative
1 week (Figure 9A2, B2). Posterior capsule starts

Figure 9 Slit lamp micrographs of IOL with (A) or without (B) (HEP/CTDNP)s
multilayer modification in rabbit eye. Images Al/BI to A4/B4 are obtained at
postoperative | day, | week, 2 weeks and 2 months postoperatively. The white
arrows indicate the PCO.

shrinking in control eyes at 2 weeks postoperatively,
showing localized capsular folds and fibrosis (white
arrow in Figure 9B3). The PCO develops rapidly after
its appearance. At 2 months postoperatively, most con-
trol eyes show obvious epithelial opaque and pearl-type
PCO (white arrow in Figure 9B4). The posterior syne-
chia of the iris is also found in the control groups, as the
pupil can not be dilated completely after dripping with
mydriasis (Figure 9B4). By contrast, no capsular shrink-
ing is observed in the drug-eluting IOL group at 2
weeks after surgery (Figure 9A3). No PCO develops in
the drug-eluting IOL group at postoperative 2 months
except mild
(Figure 9A4). The effect of the surface coating on

one eye shows capsular shrinking
PCO inhibition was further evaluated by the gross
examination and PCO scoring. The animals were sacri-
ficed humanely after euthanasia after 10 weeks. The eye
was then sectioned at the equator. Gross examination of
the anterior segment was performed from the posterior
aspect (Miyake-Apple View) to assess the degree of the
capsular opacification. The textures of the peripheral
iris, where the capsular bags are not covered, are clearly
visible in both control group (Figure 10B1) and experi-
mental group (Figure 10A1, red dash circle indicates the
IOL edges of the main parts). Iris and pupil can be
clearly seen through the capsule in the drug-eluting
IOL implanted cases (Figure 10A1), whereas serious
opacification is found in the capsular bag in the unmo-
dified IOL groups (Figure 10B1). Serious fibrosis is
unmodified IOL The

observed in the samples.

Figure 10 Gross photographs from the posterior (Miyake-Apple view) of rabbit
eyes implanted with drug-eluting IOL (Al) or pristine IOL (BI). The anterior view
of the separated lens capsules with drug-eluting IOL (A2) or pristine IOL (B2). The
red dotted circles indicate the circular outer periphery of the IOL.
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stereomicroscopic images clearly show the SR and the
posterior capsular opaque phenomena (Figure 10A2,
B2). In the drug-eluting coating-modified IOL -cases,
the capsular bag with IOL is clear. Most of the optic
and haptic parts of IOL keep transparent and only mild
SR developed in the bag edges (Figure 10A2). However,
in the pristine IOL cases, the posterior capsule opacifi-
cation on IOL starts at the optic-haptic junctions and
invades into the IOL optic center. Serious SR formation
and posterior capsular turbidity are found in the capsular
bags (Figure 10B2). The histological sections of the
different lens capsules after 10 weeks of IOL implanta-
tion directly illustrate the PCO developments. The heavy
SR, as well as serious anterior and posterior capsular
hyperplasia, is found in the unmodified IOL -cases
(Figure 11B1, B2). However, the mild SR formation
and very slight anterior and posterior capsular hyperpla-
sia occur in the drug-eluting coating modification IOL
cases (Figure 11A1, A2). Figure 12 shows the quantita-
tive SR and PCO scores of both groups. In the animal
PCO models, the unmodified IOLs show high PCO
incidence. The scores of SR, PPCO and CPCO are
2.294028, 1.90+0.68 and 1.11£0.79, respectively. The
drug-eluting coating modification decreases the PCO
scores, in which SR, PPCO and CPCO scores are 0.73
+0.27, 0.44+0.34 and 0.33+0.31, respectively. The drug-
eluting coating modification significantly decreases the
PCO incidence.

As shown in the 'Results and Discussion' section, in
unmodified cases, heavy proliferation of the residual LECs

A1 A2
AC
T e 5
PC A PC
5 mm 300 pum

Figure 11 Photographs of histological sections cut from lens capsular bag with
drug-eluting IOL (Al) and pristine IOL (Bl) implantation. A2 and B2 images are the
amplification of the Al and B2 of the posterior capsule.

Abbreviations: SR, Soemmering’s ring; AC, anterior capsule; PC, posterior capsule.

Figure 12 Soemmering’s ring (SR), peripheral PCO (PPCO) and central PCO
(CPCO) scores of drug-eluting IOL ((HEP/CTDNP)s multilayer modified) and
control pristine IOL (*P<0.05).

takes place and SR started to proliferate onto the posterior
capsules and thick hyperplasia is observed between poster-
ior capsule and IOL surface. In contrast, the cell migration
and proliferation were greatly inhibited in the drug-eluting
hydrophilic coating-modified IOL cases. Very tiny SR for-
mation was found and almost no posterior capsule hyper-
plasia was developed under this condition. Compared with
unmodified IOLs or hydrophilic anti-adhesive coating-mod-
ified IOLs in previous investigations, the current drug-elut-
ing hydrophilic coating modification effectively decreases
the PCO incidence after implantation.'*"'*** The drug-elut-
ing coating may have a great impact on the prevention of
IOL postoperative complication after cataract surgery.

Conclusion

In conclusion, antiproliferative drug-loaded nanoparticle
incorporated polysaccharide multilayer was constructed
and fabricated onto the IOL surface for IOL postoperative
PCO incidence prevention. The DOX-loaded CHI nano-
particles with strongly positive charges were successfully
prepared via ionic gelation method on the particle surface.
The drug-eluting coatings were obtained from the LbL
electrostatic deposition of the positively charged nanopar-
ticle and the negatively charged HEP. In vitro cell adhe-
sion was reduced. The cell migration and proliferation
were remarkably inhibited due to the hydrophilic hydra-
tion and the antiproliferative drug-eluting properties,
respectively. Combined the cell resist coating with anti-
proliferative properties, such drug-eluting hydrophilic
polysaccharide multilayer coating surface-modified IOLs
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evidently inhibit the postoperative PCO development. The
in vivo rabbit model demonstrates that the antiproliferative
drug nanoparticle-incorporated hydrophilic polysaccharide
multilayer-modified IOLs (drug-eluting IOLs) significantly
inhibit PCO formation after IOL implantation, either in SR
formation, PPCO or CPCO. Taking advantages of the anti-
adhesion and anti-proliferation, such multifunctional sur-
face-modified IOLs have higher in vivo biocompatibility
compared with hydrophilic surface modified or pristine
ones. However, the accelerated rabbit PCO model used
for in vivo studies may not be predictive of human
response. Therefore, human clinical investigation may
further be carried out to demonstrate the benefits of this
technology.
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