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A B S T R A C T   

Postoperative endophthalmitis (POE) has been the most threatening complication after cataract surgery, which 
perhaps can be solved by the antibiotic-loaded intraocular lens (IOL). However, most drug-loaded IOLs 
demonstrate insufficient drug quantity, short release time, increased implantation-related difficulties or other 
noticeable drawbacks. To prevent POE and to address these deficiencies, a drug-loaded copolymer IOL, prepared 
from poly (urethane acrylate) prepolymer, isobornyl methacrylate (IBOMA), N-vinyl-2-pyrrolidone (NVP), 
Irgacure 819, RUVA-93, and gatifloxacin (GAT), was rapidly fabricated via photocuring and by using a 3D- 
printed mold. This composite displayed an outstanding and controllable GAT release behavior in vitro, a high 
light transmittance, and a moderate refractive index. Also, it demonstrated improved strain stress and elongation 
compared with the reference commercial acrylic IOL material. In vivo tests demonstrated satisfying released drug 
concentration at the early treatment stage. In vitro and in vivo studies further confirmed the remarkable bacterial 
inhibition and prevention of POE by the proposed IOL, which also displayed good biocompatibility. These 
findings suggested that the GAT-loaded IOL could be a promising implant to prevent and cure POE, also the 
proposed methods could inspire more designs for various medical applications.   

1. Introduction 

Cataract, as the leading blind-causing eye disease, related to 51% of 
blindness worldwide with about 95 million individuals affected [1,2]. 
Cataract surgery with the intraocular lens (IOL) implantation has been 
the sole cure method so far. Though the surgery is a safe and highly 
developed approach, postoperative complications are presented. Among 
them, postoperative endophthalmitis (POE) has been the most dreaded 
complication, which leads to blindness and ocular atrophy. POE mostly 
occurs after cataract surgeries [3], with an incidence rate ranging from 
0.012% to 1.3% [4–9] in the past two decades. Though topical antibi
otics were routinely used preoperatively and one to two weeks post
operatively, it cannot efficiently prevent the occurrence of POE due to 
the poor bioavailability in deep ocular tissues. The European Society of 
Cataract & Refractive Surgeons recommended the intracameral 

injection of cefuroxime or moxifloxacin at the end of cataract surgeries 
to prevent POE [10]; however, this method prolongs the process, and 
there has been a risk of outflow of intracameral antibiotics and reflux of 
pathogens or contaminations in the anterior chamber in sutureless sur
geries when an incision is incompletely closed. Hence, inserting an 
antibiotic-loaded drug delivery device, which releases continuously and 
works directly in target spot, would be a practical way to prevent POE. 

The implantation of IOL has been a standard procedure in general 
cataract surgeries for decades. Thus, the necessity of using IOL in sur
geries makes it a great drug delivery device which doesn’t require extra 
surgical step. Previous studies focused on IOLs modification to prepare 
drug-loaded IOLs. Surface coating [11–17], chemical grafting [18–20], 
electrostatic interaction [21], and layer-by-layer self-assembly [22,23], 
which were all classified as surface modification techniques, have been 
studied. The ideas of creating extra drug-loading spaces on haptics were 
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also reported [24,25]. Besides, drugs were deposited in an IOL polymer 
network by immersing the IOL into a drug solution [26,27] and by using 
the supercritical fluid impregnation method [28,29]. A number of pat
ents were licensed on the field of drug-loaded IOLs; clinical trials about 
heparin-coated IOLs were performed [30–32] and heparin modified 
IOLs have already launched on the market. Nonetheless, no clinical trial 
concerning other kind of drug-loaded IOLs was performed or is currently 
running. All of the studies above have successfully modified an IOL into 
a sustained drug release device and some of them showed satisfying in 
vivo results; however, drawbacks such as insufficient drug quantity, 
short release time, increased difficulty of implantation, lack of in vivo 
studies, potential cytotoxicity or adverse reactions causes by the release 
of excess reagents and the need of terminal washing of the prepared 
system before use, have been noted in part of the studies. Therefore, the 
current study aims to develop an antibiotic-loaded IOL with a new 
practical method. 

Besides the IOLs modification, an alternative way to create the drug- 
loaded IOLs is to blend the target drug with the monomer ingredient 
prior to polymerization rather than modifying the existing IOLs. With 
this method, those aforementioned imperfections could be improved; 
the device could be easy to implant, the quantity of the loaded drug and 
the drug release behavior could be manually controlled. To execute this 
method, the primary issue is how to maintain the drug stability. Previous 
studies have described the bulk photopolymerization of copolymers 
along with the target drugs and achieved controlled release of the 
entrapped drugs [33,34]. Though those researches were not relevant to 
ophthalmology or optical device, they provided the theoretical basis for 
our study. Photocuring, which is based on photopolymerization, offers 
an environmental-friendly process to rapidly convert liquid photosen
sitive oligomers and monomers into a solid substance at room temper
ature by the trigger of photoinitiators under UV or visible light exposure. 
Moreover, the monomers can be photocured in an enclosed mold to 
achieve a certain appearance. Though current technology of direct rapid 
prototyping of IOLs is not ready for primetime [35], rapid prototyping is 
still an efficient means to build a customized three-dimensional (3D) 
mold from liquid resin by using digital data. Digital light processing 
(DLP), as an additive manufacturing process in rapid prototyping tech
nology [36], endows the printed product with precise details and 
exquisite surface finishes, its ability for shaping miniature model accu
rately makes it an ideal means to fabricate a transparent reverse mold of 
IOLs. The method combines photocuring and 3D-printed mold offers a 
fast polymerization process and a simple shaping method in a mild 
environment, this proposed approach not only avoids the high temper
ature and time-consuming thermopolymerization, but also eliminates 
the need for the laser shaping and aftertreatment processes that are 
involved in the traditional IOLs manufacture, thus it helps to retain the 
loaded quantity and keep the stability of the target drug to its largest 
extent. 

Still, more issues, such as the optical properties and mechanical 
properties, must be considered in order to fabricate the qualified drug- 
loaded IOLs. Although acrylic IOLs get the biggest market share for its 
high transparency and good biocompatibility, unexpected issues such as 
haptic fracture [37] and optic disc breakage [38,39] have been reported, 
indicating the inadequate strength of the acrylate. Also, the presence of 
drug in a cross-linked network would reduce the mechanical strength of 
the polymer due to the plasticization effect. For this reason, a biofriendly 
substrate with outstanding mechanical properties is required. Poly
urethane (PUR), a versatile material which could reach excellent me
chanical properties, have been reported as a potential IOL material in 
studies, wherein PUR was described to have a high refractive index, 
excellent mechanical properties, a moderate cell adhesion properties, 
and it did not display cytotoxicity [40–43]. Moreover, when hydroxyl 
acrylates are used as blocking agent during PUR synthesis, the product, 
poly (urethane acrylate) (PUA), displays the advantages of both of its 
components, namely, the urethane bond and the acrylate functional 
group. Given its unique segmented block copolymeric character, PUA 

has been an emerging polymer material in the industry and has been 
meeting various expectations in terms of strength, toughness, flexibility, 
and transparency through switching ingredients during synthesis [44]. 
PUA can be obtained by photocuring from the nontoxic photosensitive 
PUA prepolymer; also, PUA prepolymer can copolymerize with other 
photosensitive monomers to achieve the desired properties of the final 
product. However, the use of PUA as a biomaterial in ophthalmology has 
not yet been reported and thus it is a promising area to research in op
tical biomaterial field. 

The selection of antibiotics is also important for this study, since the 
target drug must be photostable and remain chemically inactive in the 
resin during the polymerization to keep the stability. Furthermore, it 
needs to be distributed well in the polymer in order to ensure the 
transparency of drug-loaded system. Gatifloxacin (GAT), a fourth- 
generation fluoroquinolone with good photostability, was chosen as 
the target drug in this study given its being a broad-spectrum antibiotic 
without a definite phototoxic effect [45]. It has showed efficient pre
vention and treatment on endophthalmitis [5,46,47] and its minimal 
inhibitory concentrations (MIC90) against the most common cause of 
POE, staphylococcus epidermidis (S. epidermidis) [48], was 0.25–2 μg/mL 
[49,50]. GAT also shows great solubility and inert properties in some 
photosensitive chemicals, so it can be well distributed in the polymer 
matrix by adjusting the ingredients of the mixture for photocuring. 

Herein, we describe a rapid fabrication method of a GAT-loaded IOL 
based on a bulk-synthesized PUA prepolymer, isobornyl methacrylate 
(IBOMA), N-vinyl-2-pyrrolidone (NVP), and adjuvants via photocuring 
in a 3D-printed mold. The major physical properties, the drug release 
profile along with the related factors, the biocompatibility, and the 
antibiotic effect of the newly designed device were evaluated in this 
study. To our knowledge, this proposed device is the first that involves 
the rapid casting of an IOL with sustained drug release ability, and it is 
also the first to combine a drug and resin before polymerization for 
preparing a drug-loaded IOL. This design could also be employed in 
loading other drugs to solve more ophthalmologic post-operative 
problems, and it could also inspire applications in fields other than the 
area of ophthalmologic biomaterial. 

2. Materials and methods 

2.1. Materials 

Isophorone diisocyanate (IPDI), isobornyl methacrylate (IBOMA) 
and 2-(2′-hydroxy-5′-methacryloxyet hylphenyl)-2H-benzotriazole 
(RUVA-93) were purchased from J&K Chemical Ltd. (China). Dibu
tyltin dilaurate (DBTDL), N-vinyl-2-pyrrolidone (NVP) and hydroqui
none were commercially obtained from Aladdin Industrial Corporation 
(China). Poly (tetramethylene ether) glycol 1000 (PTMG-1000), petro
leum ether (30–60 ◦C), diethyl ether, phosphoric acid, triethylamine, 
acetonitrile were bought from Sinopharm Chemical Reagent Co. Ltd. 
(China). Hydroxypropyl acrylate (HPA) was purchased from Macklin 
Biochemical Co., Ltd. (China). Phenylbis (2,4,6-trimethylbenzoyl) 
phosphine oxide (Irgacure 819) was obtained from Sigma-Aldrich LLC. 
(USA). Phosphate-buffered saline solution (PBS 1 × ) and Trypsin-EDTA 
(with 0.25% trypsin and 0.02% EDTA) solution were bought from 
Genom Chemical Co., Ltd. (China). Dulbecco’s modified Eagle’s medium 
(DMEM/F12) was purchased from Corning Inc. (USA). Fetal Bovine 
Serum (FBS) was purchased from Biological Industries (Israel). Pento
barbital sodium was obtained from Merck&Co., Inc (Germany). Strain of 
Staphylococcus epidermidis ATCC 12228 was gained from Guangdong 
culture collection center (China). Human lens epithelial cells (hLECs) 
and adult retina pigment epithelium (ARPE-19) cells were provided by 
the Ophthalmology Lab Center, 2nd Affiliated Hospital of Zhejiang 
University School of Medicine. Hydrophobic acrylic FV-60A IOLs and its 
raw sliced material were purchased from 66 Vision Tech Co., Ltd. 
(China). GAT was generously offered by Shenyang Sinqi Pharmaceutical 
Co. Ltd. (China). Acetonitrile was of high performance liquid 
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chromatography (HPLC) grade and all other chemicals and solvents 
were analytical reagent and used without further treatment. 

2.2. Generation of a digital model and 3D printing of a transparent mold 

A two-piece mold was designed for the rapid preparation of IOL 
based on the prototype of a commercial enhanced C-loop IOL (FV-60A) 
at 1:1 ratio. The details of design were described in supplementary in
formation (SI). The designs were digitally constructed using Rhinoceros 
(Version 5.0) and exported as an STL file for 3D printing. The trans
parent A370 photosensitive resin (Ausbond, China) was served as the 3D 
printing ink; designed structure was printed at a resolution of 25 μm 
using a Phoenix Touch Pro DLP 3D printer (Full Spectrum Laser, USA). 

The printed molds were repeatedly washed with ethanol and water to 
remove the uncured resin and were finely polished before use. 

2.3. Preparation of GAT-loaded photopolymerizable IOL 

2.3.1. Synthesis of PUA prepolymer 
PUA prepolymer was synthesized via a two-step method (Fig. 1A) 

using a four-neck round-bottom flask in an oil bath under nitrogen 
environment. The flask was equipped with a mechanical stirrer, a 
condenser, a nitrogen port, and a thermometer. IPDI (8.8912 g, 0.04 
mol) and the catalyst DBTDL (0.05% of total weight, 0.0173 g) were 
added, and the mixture was heated to 50 ◦C. Then PTMG-1000 (20.0000 
g, 0.02 mol) was slowly dropped into the flask. The mixture was stirred 

Fig. 1. Scheme of the synthesis of PUA prepolymer (A) and the rapid formation of PUA-GAT IOL by photopolymerization in the 3D printed molds (B); display of 3D 
printed molds (C) and 1:1 duplicated photocured IOLs (D): Prototype acrylic IOL (FV-60A), PUA-BLK IOL and PUA-GAT IOL (from left to right); (E) PUA-GAT IOL 
ejected from the IOL injection system. 
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for 3 h before adding hydroquinone (1% of HPA weight, 0.0574 g) as the 
inhibitor, and then HPA (5.7392 g, 0.042 mol) was introduced dropwise; 
the mixture was reacted continuously at 65 ◦C. The reaction was 
monitored by a TENSOR II FT-IR analyzer (Bruker, Germany) at certain 
time points; the reaction was stopped when the FT-IR spectrum indi
cated the disappearance of the absorption band from the –NCO group. 
The synthesized product was characterized by FT-IR and DD2-600 MHz 
1H NMR (Agilent, USA), details concerning the spectra acquisition were 
described in SI. 

2.3.2. Preparation of photopolymerizable composites and photocuring of 
the GAT-loaded/blank IOLs and sample strips 

Two groups of materials, copolymer based on PUA with GAT (PUA- 
GAT) and without GAT (PUA-BLK), were prepared from a series of 
photosensitive resin mixtures by using PUA prepolymer as the main 
substance, IBOMA and NVP as the active diluents with different weight 
percentages, Irgacure 819 as the photoinitiator and RUVA-93 as the UV 
absorber with or without GAT. Each formulation was marked as B-a/b or 
G-a/b, where a/b represents the IBOMA/NVP mass ratio (Table 1). All 
mixtures were stirred thoroughly in brown bottles and allowed to stand 
at room temperature to remove any bubbles. The two pieces of 3D- 
printed molds were matched and fixed by bolts (Φ = 3.0 mm) threa
ded through the holes at each corner, with a polydimethylsiloxane films 
used as spacer (50-μm thick) inserted in between. The mixed resin was 
placed in a syringe and then injected into the molds through the vertical 
tunnel created on the molds. The molds were placed in a closed box, 
irradiated under a GGZ500 500W high-pressure mercury lamp (Yaming 
Lighting, China) at a distance of 20 cm, and cured for 5 min. Subse
quently, the molds were opened and extra resin was injected to cover the 
shrunken surface. Next, the molds were fixed again, and the resin was 
cured for another 5 min (Fig. 1B). After demolding and trimming the 
edge of the photocured IOLs, the IOLs were washed in petroleum ether- 
diethyl ether solution (85:15, v/v) for three times (1 h) and then 
immersed in deionized water repeatedly to remove the uncured mono
mers. Finally, the products were dried overnight in a vacuum oven at 
room temperature. Meanwhile, cured sample strips for each group were 
prepared using the same procedure described above for material eval
uation. The degree of crosslinking of samples was determined by solvent 
extraction method. All products were sealed separately, sterilized under 
60Co gamma-ray irradiation at 6 kGy (attained 10− 6 Safety Assurance 
Level), and stored in the dark before use. 

2.4. Material characterization 

2.4.1. Basic characterization of PUA-BLK and PUA-GAT sample strips 
The PUA-BLK and PUA-GAT samples were characterized by a Nicolet 

6700 FT-IR Spectrometer (Thermo Scientific, USA), GAT was charac
terized by a TENSOR II FT-IR analyzer. X-ray diffraction (XRD) analysis 
was carried out by a X’Pert PRO diffractometer (PANalytical, 
Netherlands) to study the structural properties of PUA-BLK and PUA- 
GAT. The morphology of the cross-section of the whole series of 

sample strips was analyzed under a SU8010 scanning electron micro
scope (Hitachi, Japan). A direct observation of the presence and distri
bution of GAT in the PUA-GAT samples was done by IX71 inverted 
fluorescence microscopes (Olympus, Japan). The glass transition tem
peratures (Tg) of the PUA-GAT series were determined through dynamic 
mechanical analysis (DMA) by using a Q800 Dynamic Mechanical 
Analyzer (TA Instruments, USA). Details of those studies were described 
in SI. 

2.4.2. Surface hydrophilicity test and swelling study 
The sample strips of PUA-BLK and PUA-GAT were fixed on a glass 

slide for surface hydrophilicity determination. The water contact angle 
for the surface of the sample strips was measured by an OSA200 Optical 
Surface Analyzer (NBSI, China) and analyzed by Surface Meter Software 
(NBSI, China). Both contact angles of the sessile drop method on 
dehydrated samples and the captive bubble methods on fully hydrated 
samples were measured. Three random spots were tested for each 
sample, tests were performed in triplicate for each group, and the 
average value was calculated. Swelling studies were conducted on the 
series of PUA-BLK and PUA-GAT IOLs. The IOLs were weighted before 
soaking (Wd) and after soaking (Wm) in PBS for different time points at 
37 ◦C, study was ended when the equilibrium state was reached. The 
maximum thickness and the diameter of optic part of the IOL were 
measured at dehydrated and fully hydrated status. Four samples were 
tested in each group and the average moisture content (MC) and 
dimensional change were calculated. MC was calculated using the 
following equation: 

MC=
Wm − Wd

Wd
× 100%  

2.5. In vitro drug release test 

For the evaluation of the target drug release behavior in vitro under 
sink condition, the series of PUA-GAT IOLs were precisely weighed in 
dry condition before test, and four samples were prepared for each 
group. Samples were separately soaked in 1 mL PBS solution in 1.5 mL 
Eppendorf tubes, placed in a thermostatic oscillator set at 37 ◦C, 100 
rpm. Then each sample was picked out from the current tube and 
transferred into a new Eppendorf tube filled with 1 mL fresh PBS me
dium at fixed time points; the new tubes were placed back to the 
oscillator and the used tubes containing the 1 mL GAT-released medium 
were collected. The concentration of GAT in each release medium was 
determined based on UV absorbance at 290 nm by using a Nanodrop 
2000c (Thermo Scientific, USA), and the cumulative release of GAT in 
each group was calculated. The released medium also was tested by a 
LC20 HPLC (Shimadzu, Japan) and a 6460 Series Triple Quadrupole LC/ 
MS system (Agilent, USA) to study the chemical stability of GAT, 
meanwhile, the quantity of eluted GAT during the washing process in 
Section 2.3.2 was measured; details of those studies were described in SI. 

Table 1 
Formulas of blank/GAT loaded photosensitive copolymer.   

Name PUA prepolymer IBOMA NVP RUVA-93 Irgacure 819 GAT 

(weight ratio) 

PUA-BLK B-0/40 60 0 40 1 0.1 0 
B-5/35 60 5 35 1 0.1 0 
B-10/30 60 10 30 1 0.1 0 
B-15/25 60 15 25 1 0.1 0 
B-20/20 60 20 20 1 0.1 0 

PUA-GAT G-0/40 60 0 40 1 0.1 1 
G-5/35 60 5 35 1 0.1 1 
G-10/30 60 10 30 1 0.1 1 
G-15/25 60 15 25 1 0.1 1 
G-20/20 60 20 20 1 0.1 1  
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2.6. Optical performance evaluation 

The sample strips of the PUA-BLK and PUA-GAT were fully hydrated 
in PBS and placed perpendicular to the light beam in the PBS-filled 
cuvette. Light transmittance was analyzed at 200–800 nm by a UV- 
2450 UV–Vis Spectrophotometer (Shimadzu, Japan). Light trans
mittance of PUA-GAT was also tested at the beginning of drug release in 
PBS and after 4 weeks of GAT release. The refractive index of the hy
drated samples at the wavelength of 589 nm were measured in air by a 
M2000 Ellipsometer (J.A. Woollam, USA). The incidence angle was set 
at 60◦ and the glass with transparent film model was employed to obtain 
the refractive index. The tests were performed in triplicate with three 
spots per sample at 20 ◦C, and the average was calculated. 

2.7. Mechanical properties evaluation 

The cured sample strips of PUA-BLK, PUA-GAT, and the reference 
FV-60A material were cut into type 1BB dumbbell-shaped test specimens 
as described in ISO 527–2 [51] for tensile stress–strain analysis. The 
stress–strain analysis was performed by a CMT6103 Electronic Universal 
Testing Machine with a 0–1 kN capacity (Xinsansi, China) at a strain rate 
of 5 mm/min at room temperature. Sand papers were applied in the 
clamps to ensure the good grip of samples. Dry samples of PUA-BLK and 
PUA-GAT were measured for their ultimate tensile strength and elon
gation at break performance. For the evaluation of the mechanical 
properties of PUA-GAT materials at working condition, samples from 
this group and FV-60A group were soaked in PBS solutions for fixed 
times before measurement and then the dynamic change in the above
mentioned mechanical indicators were observed. Tests were performed 
in quintuplicate for each group, and the average values were adopted. 

Finally, the optimum formulation for PUA-GAT IOL was selected 
according to the result of the comprehensive assessment of drug release 
behavior, optical performance, and mechanical properties for later 
studies. 

2.8. In vitro cytotoxicity test 

A cytotoxicity elution test involving APRE-19 and hLECs cells was 
performed in vitro to assess the cytotoxicity of the PUA-BLK and PUA- 
GAT IOLs. Cell viability was tested by Cell Counting Kit-8 (CCK-8) 
assay (Dojindo, Japan) after culture according to the manufacturer’s 
protocol. The mechanism of CCK-8, preparation of elution media and 
details of culture [52] were described in SI. Optical density values at 
450 nm were measured by an iMark microplate absorbance reader 
(Bio-rad, USA), and the cell viability was calculated. 

2.9. In vitro antibacterial test 

To evaluate if the PUA-GAT IOL could inhibit and eliminate the 
pathogen fast, the S. epidermidis ATCC 12228 strain, a standard strain for 
antibacterial activity tests, was selected as the model bacteria to 
examine the antibacterial activity of PUA-GAT IOL. The details of bac
terial culture were described in SI. Diluted bacterial suspension (1 mL) 
consisting of 1 × 106 CFU/mL was added into each well of a 24-well 
plate; for the three experimental groups, a piece of PUA-GAT IOL, 
PUA-BLK IOL or FV-60A IOL was immersed in the bacterial suspension- 
contained well respectively (n = 3). Meanwhile, 2 μL GAT solution (1 
mg/mL) was added into the wells of the positive control group, and 
nothing was added in the wells of the negative control group. The plate 
was incubated at 37 ◦C for 24 h; the bacterial suspension of each well 
was collected. Suspensions were subjected to fluorescent dyeing by 
using an L-7012 LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen, 
USA) according to the manufacturer’s protocol. The viability of 
S. epidermidis was observed and captured under an IX71 inverted fluo
rescence microscope (Olympus, Japan), the details of filter setting were 
described in SI. 

2.10. In vivo study 

2.10.1. Animals and care 
All animal procedures were performed according to the approved 

Zhejiang University Institutional Animal Care and Use Committee pro
tocol and in accordance with the requirements of the Association for 
Assessment and Accreditation of Laboratory Animal Care International. 

White New Zealand rabbits of either gender, weighing 2.1 ± 0.3 kg, 
were purchased from an approved breeding facility in Hangzhou, China. 
Each rabbit was housed in an individual cage, reared at room temper
ature (24 ± 2 ◦C) and at 12 h/12 h light–dark cycle, and was given free 
access to water and feeds. The eyes of all the rabbits to be subjected to 
operation were treated with topical levofloxacin and 1% atropine eye 
gel preoperatively. The rabbits underwent general anesthesia with 3% 
pentobarbital sodium and local anesthesia with 0.5% proparacaine hy
drochloride ophthalmic solution before surgery. All operated eyes were 
treated with topical prednisolone acetate and 1% atropine eye gel for 2 
weeks, in addition to the topical diclofenac sodium for 4 weeks 
postoperatively. 

2.10.2. Biocompatibility study design 
Nine rabbits were divided into three groups, wherein all rabbits 

underwent a standard phacoemulsification with IOL implantation in one 
eye after skin preparation and draping, as follows: 

Group I: Phacoemulsification and implantation of FV-60A IOL; 
Group II: Phacoemulsification and implantation of PUA-BLK IOL; 
Group III: Phacoemulsification and implantation of PUA-GAT IOL. 

IOLs were implanted at dehydrated status with the Viscoject eco IOL 
injection systems (Medicel A.G., Switzerland). Postoperative follow up, 
as described in Section 2.10.5, was conducted at a fixed time to evaluate 
the biocompatibility of the novel IOLs in vivo. 

2.10.3. In vivo drug release study 
All the operated eyes mentioned in Section 2.10.2 underwent ante

rior chamber paracentesis at fixed time points postoperatively under 
general and local anesthesia, approximately 100–150 μL of aqueous 
humor was carefully extracted for drug quantification. All the operated 
eyes of group I were dosed with GAT eye gel 1 h before the aqueous 
humor sample collection, and samples from group II were used as blank 
control. All collected samples were stored at − 80 ◦C until analysis. GAT 
concentration in aqueous humor was determined by HPLC, the optimum 
condition was described in SI. 

2.10.4. Antibacterial activity study design 
For further assessment of the efficacy of the drug-loaded IOL in 

preventing bacterial intraocular endophthalmitis, an animal model was 
established by using S. epidermidis as the model bacteria. Bacterial sus
pension (30 μL) at 107 CFU/mL was inoculated into the anterior 
chamber of the operated eye one day after surgery, whereas an equal 
volume of normal saline (NS) was injected to the control group. Each 
group owns six rabbits, the rabbits were randomly grouped as follows: 

Group A: Phacoemulsification and implantation of FV-60A IOL, NS- 
inoculated; 
Group B: Phacoemulsification and implantation of FV-60A IOL, 
S. epidermidis-inoculated; 
Group C: Phacoemulsification and implantation of PUA-GAT IOL, 
S. epidermidis-inoculated. 

2.10.5. Follow-ups 
All operated eyes described in Sections 2.10.2 and 2.10.4 were 

examined under a YZ5S slit lamp microscope (66 Vision, China) before 
surgery and at fixed time points after operation until sacrifice. Ocular 
inflammatory and infectious symptoms, including ciliary injection, 
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exudation, synechia, hyphema, and hypopyon, were noted; also, 
conjunctival injection [53], chemosis [53], corneal opacity [54], 
aqueous flare [55] and cells [55] were graded and scored via a blind 
method involving the use of referenced classification criteria (SI in 
Tables S1–5). Corneal endothelial cell density was measured 
pre-operatively and on day 29 post-operation by using an EM-3000 
specular microscope (Tomey, Japan). In addition, the intraocular pres
sure (IOP) of all the operated eyes were measured by an NT-510 
non-contact tonometer (Nidek, Japan) pre-operatively and on day 29 
post-operation; the IOP of each eye was measured three times, and the 
average was calculated. 

2.10.6. Aqueous humor culture and bacteria identification 
When hypopyon or aqueous exudation was found during the post- 

operation examinations, aqueous humor samples were collected for 
subsequent bacterial culture and identification. In brief, 100 μL of the 
collected sample from each eye was separately dropped onto tryptic soy 
agar plates, which were cultured at 37 ◦C for 24 h. The bacterial colonies 
that grew on the plates were obtained and identified by a MALDI Bio
typer (Bruker Daltonik, Germany) for matching with a bacterial refer
ence database. 

2.10.7. Pathological morphology and histological examination 
All rabbits were sacrificed on day 29 post-operation. Pathological 

examinations were performed following ocular enucleation. The ocular 
dimensions were measured and compared with those of the contralateral 

eye. Fixation, dehydration, embedding, slicing, and hematoxylin–eosin 
staining were performed using the standard procedure. The prepared 
tissue sections were observed under a biological microscope to examine 
the cornea, anterior chamber, iris, and retina of each group. 

2.11. Statistical analysis 

Data are presented as mean ± SD. All statistical analyses were car
ried out using GraphPad Prism v9.3 (GraphPad Software, USA), and 
two-way analysis of variance (two-way ANOVA) or multiple t tests was 
used according to the circumstance. Statistical significance was set at P 
< 0.05. 

3. Results 

3.1. Prepolymer characterization, 3D-printed mold creation, and IOL 
photocuring 

A transparent and viscous PUA prepolymer was synthesized ac
cording to the reaction scheme. Both FT-IR and 1H NMR spectra in 
Figs. S1 and S2 of SI showed that the synthetic prepolymer displayed the 
expected chemical structures. A digital structure for 3D printing was 
generated (SI in Fig. S3), and Fig. 1C showed the obtained product of the 
3D-printed molds, wherein the product displayed a fine detail and a 
smooth surface. The shape of the cured materials in the mold was 
perfectly duplicated at 1:1 ratio from the prototype IOL, PUA-BLK IOL 

Fig. 2. The FT-IR spectra of GAT, B-5/35 of PUA-BLK 
and G-5/35 of PUA-GAT (A); the XRD analysis of B- 
10/30 of PUA-BLK and G-10/30 of PUA-GAT (B); the 
SEM image of B-10/30 of PUA-BLK (C) and G-10/30 
of PUA-GAT (D) demonstrated similar even and 
compact texture structure of the cross-section, no 
change of microscale structure caused by the GAT 
was observed; the fluorescent determination of B-10/ 
30 of PUA-BLK (E) and G-10/30 of PUA-GAT (F) 
showed positive fluorescent effect (blue lumines
cence) on PUA-GAT and vague fluorescent effect on 
PUA-BLK.   
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was colorless, whereas PUA-GAT IOL displayed a yellow-tinted trans
parent appearance (Fig. 1D). Moreover, PUA-GAT IOL was foldable, and 
it fitted the commercial IOL injection system (Fig. 1E). The degree of 
crosslinking was gradually increased with increasing IBOMA/NVP ratio 
(SI in Table S6). 

3.2. Material characterization 

FT-IR spectra of the GAT, PUA-BLK and PUA-GAT samples were 
shown in Fig. 2A (also in SI Fig. S4). The characteristic bands of GAT 
were assigned as following groups: 3417 cm− 1 (O–H), 3013, 2843 cm− 1 

(C–H), 1722 cm− 1 (C––O, from carboxylate), 1645 cm− 1 (C––O, from 
pyridone), 1447 cm− 1 (C–C, C–N) and 1278 cm− 1 (C–F, C–O). The 
spectra of PUA-BLK and PUA-GAT showed the following peaks: 3409 
cm− 1 (O–H), 2940, 2856 cm− 1 (C–H), 1717, 1669 cm− 1 (C––O), 1438 
cm− 1 (C–C, C–N), 1241 cm− 1 (C–O, C–F) and 1109 cm− 1 (C–O). 
Compare to the PUA-BLK spectrum, a stronger absorption of PUA-GAT at 
1717 cm-1 was seen, which can be explained by the presence of GAT in 
the PUA-GAT samples. 

The XRD spectra of PUA-BLK and PUA-GAT were shown in Fig. 2B, 
wherein the characteristic peaks of PUA-BLK and PUA-GAT were 
observed at 19.78◦ and 18.96◦ respectively. The peak of PUA-GAT was 
shifted to a lower diffraction angle, which indicated the entrapment of 
GAT in the samples. 

The cross-section structure of PUA-BLK and PUA-GAT samples as 
seen under SEM was shown in Fig. 2C and D. The similar even and 
compact texture was observed in both groups, suggesting that the 
incorporated GAT in the crosslinked polymer network did not cause any 
noticeable change in the microstructure. In addition, no obvious 
microstructure change was found in PUA-GAT after 4 weeks of drug 
eluting (SI in Fig. S5). 

The fluorescence of the tested samples from the PUA-BLK and PUA- 
GAT groups was compared under microscope. Clearly, a vague fluores
cence came out from the PUA-BLK samples (Fig. 2E), whereas an 
obvious fluorescence observed as blue luminescence due to the fluo
rescent properties of GAT, was presented uniformly in all fields of the 
PUA-GAT samples (Fig. 2F), which demonstrated the presence of GAT 
and its uniform distribution in the network. 

The Tg of the PUA-GAT materials was shown in Table 2. The Tg values 
gradually increased with increasing IBOMA/NVP ratio. The tempera
tures at the onset of Eʹ were all below − 20 ◦C, which was beyond the 
range; the Tg values as determined by the peak of Eʹʹ were all within the 
room temperature range. G-0/40 was not completely subjected to the 
test as it was yielded during the heating process, making the obtained 
result invalid. 

3.3. Surface hydrophilicity and swelling capacity 

Hydrophilic contact angles of the PUA-BLK and PUA-GAT samples 
under the two different measure methods were presented in Fig. 3A and 
B. With the increasing IBOMA/NVP mass ratio, the contact angle of 
PUA-GAT and PUA-BLK increased in sessile drop method and decreased 
in captive bubble method, indicating that the material surface was 
becoming less hydrophilic. Still, they were less hydrophobic than the 
referenced hydrophobic material FV-60A. As shown in Fig. 3C, the final 

MC of PUA-BLK and PUA-GAT samples were all less than 10%, and they 
were decreased when the IBOMA/NVP mass ratio increased. The 
comparing of MC between PUA-BLK and PUA-GAT groups under the 
same IBOMA/NVP ratio showed no significant differences (P > 0.05). 
The hydration process was presented in Figure S6 of SI. Dimensional 
change of IOLs was not obvious in all groups (SI in Table S7). 

3.4. In vitro drug release study 

The chemical stability of eluted GAT from our material was 
confirmed by HPLC and MS (SI in Fig. S7), and about 4.75–8.53% of GAT 
was lost during the monomer laundry steps (SI in Table S8). As shown in 
Fig. 3D, GAT release was sustained for up to at least 40 days in all 
groups. A decreasing IBOMA/NVP mass ratio expedited the release 
speed and increased the cumulative release of GAT; also, it promoted the 
burst release at the early stage. On the long-term basis (16 days–40 
days), the release rate was highest in G-10/30. Finally, 5.10 ± 0.14 μg/ 
mg of GAT of G-10/30 samples was released during the 40 days. 

3.5. Optical properties 

As shown in the UV–vis spectra (SI in Fig. S8), the light transmittance 
of the sample strips from all groups was sufficiently high at 94%–98% in 
the visible spectrum. The light transmittance of G-10/30 sample from 
wavelengths of 500 nm–800 nm was almost the same as that of B-10/30 
sample (Fig. 4A), indicating the effect of GAT on light transmittance is 
negligible. The UV-C and UV-B light were all blocked from wavelengths 
of 200 nm–320 nm and UV-A light was partially screened from 320 nm 
to 380 nm. PUA-GAT samples remained high light transmittance after 28 
days of GAT release (Fig. 4B), suggesting the drug release process was 
not closely related to the material transparence. Table 3 showed the 
refractive index of the tested groups; no significant difference was found 
among the tested groups (P > 0.05). 

3.6. Mechanical properties 

The ultimate tensile strength and the elongation at break of the test 
materials varied with the change in IBOMA/NVP mass ratio and with the 
presence of GAT. As the ratio increased from 0/40 to 20/20, the ultimate 
tensile strength of both the PUA-BLK and PUA-GAT samples increased 
gradually from 15.4 to 14.4 Mpa to 35.3 and 33.3 Mpa, respectively 
(Fig. 5A). However, the elongation was nonlinearly dependent on 
IBOMA/NVP ratio; the maximum value was obtained at the B/G-10/30 
groups, whereas the minimum was obtained at the B/G-5/35 groups. In 
particular, the values for elongation of PUA-BLK and PUA-GAT were 
153%–203% and 193%–228%, respectively (Fig. 5B). As for the com
parison of the elongation of PUA-BLK and PUA-GAT consisting of the 
same IBOMA/NVP ratio to determine the mechanical effect of GAT, the 
performance of PUA-GAT was always higher than that of PUA-BLK (P <
0.05). 

The dynamic change in ultimate tensile strength and elongation of 
the PUA-GAT samples in solution for up to 8 weeks was presented in 
Fig. 5C and D; soaking time and IBOMA/NVP ratio have effectively 
influenced the mechanical properties of the PUA-GAT samples. A 
marked decline in ultimate tensile strength of each tested group after 
soaking was observed in the first 2 weeks and then began to level off; no 
significant change was observed at weeks 2, 4, and 8 (P > 0.05). 
Compared with the ultimate tensile strength of the hydrophobic acrylate 
sample at the same time point, that of all the tested PUA-GAT samples 
was significantly higher (P < 0.05), except for the G-5/35 group at 
weeks 4 and 8. As for the elongation, the results for all samples from G- 
10/30, G-15/25, and G-20/20 at each time point after being soaked 
ranged from 184% to 216%, which were significantly higher than that of 
the reference FV-60A measured as 98% (P < 0.05). The G-0/40 samples 
were too weak to be subjected to the test after being soaked; thus, their 
results were excluded. 

Table 2 
Data on the glass transition temperature (Tg) of PUA-GAT samples.  

Group Tg by E” (◦C) Tg by Tanδ (◦C) 

G-0/40 n.d. n.d. 
G-3/35 19.3 51.5 
G-10/30 20.1 57.4 
G-15/25 25.9 57.9 
G-20/20 26.4 68.7 

n.d. – not determined. Tanδ – mechanical loss coefficient, tanδ = Eʹʹ/Eʹ. 
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On this basis, combined with the results of the tests for release 
behavior and optical performance, G-10/30 was selected as the opti
mum formulation. The novel IOLs produced using this formulation were 
used for later evaluations. 

3.7. In vitro cytotoxicity study 

The cytotoxicity of the extracting solution from PUA-BLK and PUA- 
GAT IOLs toward ARPE-19 and hLECs were evaluated by CCK-8, and 
the percent cell viability in relation to the negative control (NC) was 
shown in Fig. 6A and B. The result suggested that there was no signifi
cant difference in cell viability among the PUA-BLK IOL, PUA-GAT IOL, 
FV-40A IOL or NC group at 24, 48, and 72 h (P > 0.05), and the cell 
viability of the abovementioned groups are much higher than that of the 
cell damage (PC) group (P < 0.05). 

3.8. In vitro antibacterial test 

In Fig. 6C, the viabilities of S. epidermidis in suspensions after 24 h of 
different treatments were presented by fluorescence images. The nega
tive control (NC), FV-60A and PUA-BLK IOL groups showed numerous 
green spots (viable cells) in the field, whereas red spots (dead cells) but 
no green spots were observed in the groups treated with 2 μg/mL GAT 

Fig. 3. Contact angle of PUA-BLK and PUA-GAT with sessile drop method (A) and captive bubble method (B); (C) the moisture content of PUA-BLK and PUA-GAT (P 
> 0.05, multiple t tests); (D) in-vitro release profiles of GAT from PUA-GAT IOL with different IBOMA/NVP mass ratio, wherein the mg/g indicated the mass of 
released GAT in relation to the mass of the dehydrated IOL. 

Fig. 4. UV–vis spectra of the 1 mm thick B-10/30 of PUA-BLK and G-10/30 of PUA-GAT samples immersed in PBS (A); UV–vis spectra of G-10/30 of PUA-GAT 
samples at the beginning and after 28 days of GAT release (B). 

Table 3 
Refractive index of PUA-BLK and PUA-GAT samples.  

Group B/G-0/40 B/G-5/35 B/G-10/30 B/G-15/25 B/G-20/20 

PUA- 
BLK 

1.490 ±
0.007 

1.492 ±
0.010 

1.496 ±
0.007 

1.493 ±
0.008 

1.495 ±
0.008 

PUA- 
GAT 

1.491 ±
0.003 

1.491 ±
0.006 

1.491 ±
0.006 

1.496 ±
0.010 

1.499 ±
0.005 

P > 0.05, two-way ANOVA. 

M. Li et al.                                                                                                                                                                                                                                       



Bioactive Materials 20 (2023) 271–285

279

solution and PUA-GAT IOL. This result indicated that the GAT released 
from the PUA-GAT IOL within the first 24 h has effectively controlled the 
bacterial proliferation. Also, the result establishes the foundation for any 
further investigation on the antibacterial ability of PUA-GAT IOL in vivo. 

3.9. In vivo biocompatibility study 

All operations of lens phacoemulsification with IOL implantations 
went successfully. Similar to the implantation of hydrophobic acrylic 
IOLs, the novel IOLs were used at dry state, they were folded and 
injected into lens capsular bags via IOL injection system without any 
extra procedure. 

Through slit lamp examination, groups I, II, and III were compared in 
terms of post-operative inflammatory condition and complications 
(Fig. 7A). All eyes were normal before operation, and no exudation, 
hyphema, or hypopyon was found post-operatively. However, all oper
ated eyes showed a slight to medium degree of acute inflammation 
symptoms, including conjunctival injection, chemosis, corneal edema, 
aqueous flare, and presence of cells in aqueous humor one day after 
surgery; these inflammation symptoms gradually alleviated and van
ished before day 29. No significant difference in each inflammatory sign 
score was found among the groups in all fixed time points (P > 0.05) (SI 
in Fig. S9). Complication such as synechia occasionally appeared in all 
three groups after surgeries, and it was assumed to be operation damage. 

Pathological examination further revealed the compatibility of PUA- 
GAT and PUA-BLK IOLs. No abnormal morphological feature was 
observed in the ocular tissues, and no obvious abnormalities were seen 
in the histological structure of the cornea, iris, and retina (Fig. 7B). 

Corneal endothelial cell density was measured pre-operatively and on 
day 29 post-operation, as shown in Fig. 7C, no significant cell loss was 
found among the three groups (P > 0.05). Moreover, no significant IOP 
change on day 29 post-operation was found in each group (SI in Fig. S8). 
All of the in vivo studies above revealed the good compatibility of the 
PUA-GAT and PUA-BLK IOLs. 

3.10. In vivo drug release study 

GAT concentration in aqueous humor is a reliable basis to directly 
assess the release level of the target drug in vivo. As presented in Fig. 7D, 
GAT concentration in the PUA-GAT IOL group was higher than that in 
the GAT topical dosing group for the first 5 days. The GAT concentration 
in group III reached 4.93 μg/mL within 15 min after IOL implantation, 
and the highest concentration of 6.18 μg/mL was measured after 1 h of 
implantation. Thereafter, the GAT concentration gradually decreased, 
and 0.70 μg/mL GAT was measured on day 29 after operation. 

3.11. In vivo antibacterial test 

All eyes were normal pre-operatively, and all surgeries done for the 
antibacterial study went smoothly. A day after the operation, signs of 
acute inflammation similar to those observed during the biocompati
bility study were found in all operated eyes, and slight hyphema due to 
surgical injury was found in some of the eyes; however, no significant 
difference was observed among the groups before the endophthalmitis 
model was established by using S. epidermidis. As shown in Fig. 8A, all 
operated eyes in group B developed intraocular infection on day 2 post- 

Fig. 5. The ultimate tensile strength (A) and the elongation (B) of PUA-BLK and PUA-GAT at dehydrated state (*: P < 0.05, multiple t tests); the variation of ultimate 
tensile strength (C) and elongation at break (D) of PUA-GAT and FV-60A with different hydration time in PBS (*: P < 0.05, two-way ANOVA with Sidak’s multiple 
comparisons test). 
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operation; this condition was characterized by apparent corneal opacity, 
hypopyon, exudation, severe aqueous flare, and a large amount of 
aqueous humor cells, and the conditions of ciliary injection, conjunctival 
injection, and edema were aggravated than the day before. By contrast, 
no signature of bacterial infection, such as hypopyon, was found in 
group C or group A. Severe aqueous flares were found in groups B and C 
on day 2; the other signs in group C were at the same level as in group A 
(Fig. 8B). Notably, fibrinous exudation, a symptom of acute inflamma
tion caused by the sudden inrush of bacterial solution, was found in the 
anterior chamber in group C. All acute inflammatory conditions in 
groups A and C continued to improve. On day 15, the fibrinous exuda
tion in group C was basically absorbed, but hypopyon was still observed 
in group B. On day 29 post-operation, the eyes in groups A and C had 
recovered from inflammation, and the posterior synechia had consid
erably improved. Conjunctival injection, corneal neovascularization, 
yellow cloudy fundus, and severe synechia were still presented in group 
B by the end of the study. 

A further test indicated that the exudation in group C was aseptic. 
The aqueous humor collected from group C was transparent, whereas 
that collected from group B was turbid. After culture for 24 h, a number 
of white bacterial colonies were found in group B, whereas no colony 
was noticed in group C (Fig. 8C). The colony in group B was identified, 
and it matched the S. epidermidis strain that was used for the model. As 
regards the IOP of all the operated eyes (Fig. 8D), the average IOP in 
group B by the end of the study was significantly lower than that pre- 
operatively (P < 0.05). No abnormal change in IOP was found in 
groups A and C. 

In group B, ocular atrophy of the operated eyes was presented on day 
29. The equatorial diameter and the anteroposterior diameter of the 
operated eyes in group B were 16–17 and 15–16 mm, respectively; the 
contralateral eyes and eyes in group A and C measured 19–21 and 
18–20 mm, respectively. Histological examination results were shown in 
Fig. 8E. Signs of endophthalmitis, including edema at corneal stroma, 
disarrangement of corneal endothelium structure, enlargement of iris 

vessels and disordered structure of iris, and tissue organization which 
was adhered to the retinal pigment epithelium with inflammatory 
infiltration, were observed in the tissue sections obtained from group B. 
In group C, no evidence of infection was observed at the pathological 
level; moreover, the intact and regular structure of cornea, iris, and 
fundus in group C were all similar to those in blank control group (group 
A), demonstrating the successful prevention of POE using PUA-GAT IOL. 

4. Discussion 

While multiple methods are applied to modify an IOL into a drug 
delivery device for preventing complications after cataract surgery, 
there is still space to seek a more advanced drug loading method. In this 
work, the possibility of developing a sustained GAT released foldable 
IOL based on PUA was investigated. The mild environment during 
polymerization, the rapid and extremely simplified process of fabrica
tion, along with the exclusion of toxic reagent solvent offered by the 
means of bulk photocuring and DLP technology, has led to the secured 
stability of GAT, high drug uptake ability, in addition to good biocom
patibility. The proposed GAT-loaded IOL also displayed controllable 
drug release behavior, easy implantation procedure, good optical 
properties, and moderate mechanical properties. The sustained GAT 
released IOL effectively prevented the occurrence of POE in vivo, making 
this novel IOL a promising ophthalmic anti-infection drug delivery 
device. 

The drug loading capacity, effective release time, and drug concen
tration in vivo, which directly relates to the therapeutic effect, is 
important for a sustained drug release IOL. For an antibiotic that works 
in ocular tissues, an insufficient antibiotic concentration and short 
effective time result in unsatisfactory activity, whereas a high concen
tration may lead to intraocular toxicity. Therefore, when sufficient 
antibiotic supply is desired to get a satisfactory therapeutic effect toward 
POE, the release rate also needs to be controlled. However, the data of 
loading dose and release behavior about GAT-loaded IOLs in reported 

Fig. 6. CCK8 tests of cell viability of APRE-19 (A) and hLECs (B) after treating with normal medium (NC), PUA-BLK IOL, PUA-GAT IOL, FV-60A extractions and 5% 
DMSO contained medium (PC) for 24, 48 and 72 h (*: P < 0.05, two-way ANOVA with Sidak’s multiple comparisons test); (C) Left to right: viability of fluorescent 
stained S. epidermidis of negative control (NC), FV-60A IOL, positive control (2 μg/mL GAT solution), PUA-BLK IOL and PUA-GAT IOL groups (green spots: live cells, 
red spots: dead cells), scale bar: 200 μm. 
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approaches was improvable. The optimized impregnation yield of GAT 
in IOL via CO2 supercritical impregnation process was 1.03 ± 0.07 μg/ 
mg, only 24.0 ± 1.2 μg GAT was released in several weeks [56]. As re
ported of the solution presoaking method, though more than 70 μg GAT 
was released in the first 24 h, only 1.9 ± 0.8 μg/mL of GAT in aqueous 
humors was measured 2 h after in vivo implantation, which did not reach 
the MIC90 of S. epidermidis [27]. In the current study, an improved drug 
loading dose and release behavior, wherein it balanced the concentra
tion and the release speed, was demonstrated. 5.10 ± 0.14 μg/mg of 
GAT in optimized group was released within 40 days. The GAT con
centration in aqueous humor remained above the MIC90 of S. epidermidis 
for 5 days, which offered enough time to control the acute POE. GAT 
ophthalmic gel exhibited the best bioavailability in human aqueous 
humor compared to other common antibiotic ophthalmic solutions [57], 
however, the concentration of GAT decreased fast in ocular, and the 
effectiveness of topical administration always has been highly related to 
patient compliance and single dosage. Comparing to commercial GAT 

gel, GAT-loaded IOL exhibited higher GAT concentration in aqueous 
humor for days, which was crucial to prevent POE. It suggested that our 
IOL would provide a better prevention towards POE in the early 
post-operative period. In addition, the efficacy of GAT-loaded IOL will 
not be affected by external factors. 

Driven by drug diffusion and polymer chain relaxation [58], the drug 
release process of non-degradable polymeric matrix–drug mixing system 
is influenced by complex factors, including the characteristics of the 
material matrix, wherein composition, structure and swelling were 
participated [59]. In this study, the management of the drug delivery 
behavior of GAT-loaded IOLs was completed by the alteration of the 
ingredients’ proportion. The change of the ratio of hydrophilic bond and 
hydrophobic bond, offered by NVP and IBOMA respectively, resulted in 
a variety of polymeric matrixes with different chemical structure. The 
result that the drug release facilitated by a better surface hydrophilicity 
and higher swelling capacity in this study, was consistent with the 
swelling control theory [60–62]. Additionally, the bulky structure of 

Fig. 7. In vivo biocompatibility evaluations with implantation of FV-60A IOL (Group I), PUA-BLK IOL (Group II) and PUA-GAT IOL (Group III): (A) Slit-lamp ex
amination of anterior segment at different time points, slight inflammation including conjunctival injection, chemosis, corneal edema, aqueous flare, and presence of 
cells in aqueous humor was demonstrated in all group at the early stage after surgery, no severe inflammation was seen postoperatively; (B) Histological images of 
cornea, iris and retina on day 29 after implantation, regular and intact structures were found in all groups and no sign of severe inflammation was noticed, scale bar: 
100 μm; (C) Corneal endothelial cell density pre-operation and on day 29 after implantation (P > 0.05, multiple t tests); (D) GAT concentration from PUA-GAT IOL 
and from topical GAT gel in aqueous humor (AH), wherein the horizon lines (in red and orange) represent two MIC90 of GAT towards S. epidermidis according 
to references. 
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side chain of IBOMA could restrained the release rate by obstructing the 
diffusion path, according to the steric hindrance effect. Previous 
methods on controlling the drug release behavior of drug loaded IOLs 
always avoided changing the characteristics of the base matrix, mainly 
because of the inherent physical characteristics of the carrier IOLs were 
changeless. For those drugs which deposited in the polymeric matrix of 
IOLs, by solution soak or by supercritical fluid impregnation for 
instance, their release control depended on the change of the initial drug 
loading amount [27,63], however restricted control over the initial 
amount was presented. Our approach proved that the delivery behavior 
of drug-loaded IOLs could be adjusted by altering the characteristics of 

carrier IOL; this method has the complete control over the ingredients’ 
programming and the initial drug amount, making the desirable release 
rate possible. 

Besides the drug delivery performance, selected formula of PUA and 
co-reactants (IBOMA and NVP) brought GAT-loaded IOL long-term 
preservation, outstanding optical properties, proper mechanical prop
erties, along with good biocompatibility. Exhibited data of surface 
contact angle and MC of acrylic IOLs [64–67] suggested this novel IOL 
belongs to the hydrophilic kind. A drawback about drug-eluting hy
drophilic acrylates (hydrogels) IOL was that the constantly diffusion of 
drug into soaking solution during storage reduced the drug amount [68]. 

Fig. 8. In vivo antibacterial assessment of control group (Group A), infectious group (Group B) and PUA-GAT IOL group (Group C): (A) Slit-lamp examination of 
anterior segment at different time points (white arrow: cornea edema; purple arrow: blood exudation; blue arrow: conjunctival injection; green arrow: conjunctival 
edema; yellow arrow: hypopyon; pink arrow: exudation; red arrow: iris injection; black arrow: synechia; grey arrow: neovascular); (B) Grading of Anterior chamber 
(AC) cells, AC flares, conjunctival injection, corneal edema and chemosis after establishment of infectious postoperative endophthalmitis model (*: P < 0.05 when 
comparing to Group A at the same time point; **: P < 0.05 when comparing to Group B at the same time point; two-way ANOVA with Sidak’s multiple comparisons 
test); (C) Aqueous humor culture of group B and group C, white spots: bacterial colonies; (D) Intraocular pressure pre-operation and on day 29 after implantation; (E) 
Histological images of cornea, iris and retina (green triangle: stroma edema; purple triangle: disordered structure; black triangle: enlarged vessel; yellow triangle: 
inflammatory cells; white triangle: organization and adherence of organization tissue with inflammatory cells), scale bar: 100 μm. 
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However, the low Tg of our copolymer, contributed by the soft segment 
of PUA, rendered it with foldable behavior under dehydrated state at 
room temperature, which was different from the rigid and fragile status 
of hydrogels that owned high Tg [69]. This distinctive feature enables 
the GAT-loaded IOL to be stored in dehydrated condition for long, it 
avoids the wastage of drug before unsealing. It follows the same im
plantation procedure of hydrophobic IOLs, it doesn’t need pre-soaking 
or other treatments. Good optical properties are essential for a candi
date IOL given that it works as an optical component in the visual 
pathway. IOLs made from pure PUR showed light transmittance less 
than 90% in visible wavelength range [41]. The participation of 
co-reactants in this current study has helped to increase the light 
transmittance by creating low crystalline structure and providing an 
entirely soluble environment for GAT and solid additives. As a result, the 
high light transmittance of PUA-GAT in the visible spectrum was com
parable with commercial acrylates IOLs [70]. The purposed material 
also showed a moderate refractive index compared with commercial 
IOLs [41], and this result was considered ideal given that post-operative 
glare was reported to be positively correlated with the refractive index 
of IOL [71], whereas a low refractive index could negatively affect the 
IOL’s thickness. In addition, blocking of UV light is attributed to 
RUVA-93, which is beneficial in preventing macular disorders, and IPDI 
made the aliphatic polyurethanes a better yellowing-resistant material 
since quinonization was avoided [72]. PUA-GAT also succeed in pos
sessing a proper ductility and strength, which are key mechanical 
character for an IOL material. The proposed material showed a better 
performance in terms of these two indicators compared with the FV-60A 
material in work condition. These properties determine whether an IOL 
will remain intact when folding and unfolding; also, they indicate the 
stability of an IOL when being implanted or when an external shock 
occurs. The combination of IBOMA’s rigid ring structure and high Tg 
[73,74] and the degree of polymer conversion effected by NVP [75] 
resulted in the mechanical changes when the IBOMA/NVP ratio varies. 

After the evaluation of its drug release performance, optical prop
erties, mechanical properties and biocompatibility, the new IOL is 
considered to be an efficient, transparent, ductile, and safe drug delivery 
device suitable for preventing POE effectively. Based on our efficient, 
economical, and environment-friendly means, researches on diversity 
fields can be inspired. Firstly, the prevention and treatment of more 
intraocular diseases can possibly be achieved by changing the target 
drug and by programming suitable formula using our method. Secondly, 
IOLs with different shapes can be easily obtained by adjusting the 3D 
prototyping model, so studies about simulating and optimizing the drug 
release behavior on various types of IOLs will be convenient. In addition, 
the drug-mixed photosensitive resin can work as a 3D printing ink and 
thus can be used in 3D bioprinting studies. Furthermore, this fast 
fabricate method can offer help for the individualized therapy in clinical 
work. However, there is still room for improvement of this present 
study. Shrinkage of copolymer was presented during photo
polymerization due to the conversion of monomer to polymer, and extra 
resin was applied to cover the shrinkage. It aroused concerns about the 
negative effects of interface between the two layers. Although interface 
between homogeneous substance has little impact on light transmission 
because the layers share the same refractive index, and mechanical 
defect like tear or rupture of the sample was never appeared during the 
years of research, a more advanced way is desired to allay the concerns 
in the future. The evaluation of ageing resistance performance and the 
accurate regulation of IOL’s diopter through a precise mold control were 
not covered in this study and are yet to be investigated in future studies. 

5. Conclusion 

In this work, a GAT-loaded IOL, designed as a sustained drug delivery 
device for preventing POE, was prepared based on PUA via photo
polymerization with the aid of a customized 3D-printed mold. The GAT 
release profile demonstrated satisfying drug stability, release amount, 

and rate. The alteration of ingredients’ proportions allowed the control 
of drug release behavior. The optical test results showed that the design 
demonstrated a high light transmittance, a UV blocking ability, and a 
moderate refractive index. Moreover, the mechanical test results proved 
that the GAT-loaded material enhanced the strain stress and elongation 
performances compared to the reference commercial acrylic IOL mate
rial, and our IOL was foldable in a dehydrated state at room tempera
ture. Good biocompatibility and the successful prevention of infectious 
POE caused by S. epidermidis were confirmed both in vitro and in vivo. For 
the first time, we explored the feasibility of incorporating the target drug 
into polymer system before polymerization in the field of IOL, and 
proved that by this means, the drug loading capacity and release per
formance were optimized compared with some previous methods. In 
addition, the copolymer based on PUA improved the key mechanical 
properties of IOL. Our study demonstrates that this GAT-loaded IOL is a 
qualified drug delivery implantation, and this approach provides the 
basis for various studies and potential applications in ophthalmology 
and other medical fields. 
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