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ABSTRACT

Purpose: A cataract is a cloudy area in the crystalline lens. Cataracts are the leading cause of
blindness and the second cause of severe vision impairment worldwide. During cataract surgery,
the clouded lens is extracted and replaced with an artificial intraocular lens, which restores the
optical power. The fabrication of intraocular lenses using existing molding and lathing techniques is
a complex and time-consuming process that limits the development of novel materials and designs.
To overcome these limitations, we have developed a stereolithography-based process for producing
models of clear lens designs without refractive function, serving as a proof of concept. This process
has the potential to contribute toward new lens development, allowing for unlimited design
iterations and an expanded range of materials for scientists to explore.

Methods: Lens-like 3D objects without refractive function were fabricated by using stereolithography.
A photopolymerizable resin containing 2-phenoxyethyl acrylate, poly (ethylene glycol) dimethacrylate,
and a suitable photoinitiator was developed for the production of lens-like 3D object prototypes.
The morphology of the printed devices was characterized by scanning electron microscopy. The
transparency and thermal properties were analyzed using spectrophotometry and differential
scanning calorimetry, respectively. The biocompatibility of the devices was investigated in a cultured
human lens cell line (FHL-124), using a standard lactate dehydrogenase assay, and the lenses were
folded and implanted in the human capsular bag model.

Results: One-piece lens-like 3D objects without refractive function and with loop-haptic design
were successfully fabricated using Stereolithography (SLA) technique. The resulting 3D objects were
transparent, as determined by UV spectroscopy. The lactate dehydrogenase test demonstrated the
tolerance of lens cells to the prototyping material, and apparent foldability and shape recovery was
observed during direct injection into a human capsular bag model in vitro.

Conclusions: This proof-of-principle study demonstrated the potential and significance of the rapid
prototyping process for research and development of lens-like 3D object prototypes, such as
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intraocular lenses.

Introduction

Cataract, a cloudiness of the crystalline lens, is the leading
cause of blindness worldwide."? More than 50% of all blind-
ness is caused by this pathology, with a higher prevalence
among elderly populations. Consequently, the incidence of
cataract is only expected to rise due to the increasing life
expectancy in developed countries.! Currently, the only
effective treatment for cataract is surgery.®> During a cataract
operation, a circular opening (~5mm diameter) is made in
the anterior capsule of the lens by performing the capsulor-
hexis technique. The cataractous lens fibers are then emulsi-
fied and extracted via phacoemulsification.* A capsular bag
is thus generated, comprising part of the anterior capsule
and the entire acellular posterior capsule.” An artificial intra-
ocular lens (IOL) is then implanted within this structure to

restore the refractive power of the natural lens.” Following
this procedure, light can pass freely through the transparent
implanted IOL and the thin, acellular posterior capsule.®
This allows the formation of a high-quality visual image in
the retina and the subsequent improvement in visual acuity.”®

IOLs are formed of an optic component that sits within
the visual axis and provides the refractive properties, and
haptics that provide support and stability within the capsular
bag.’ Currently, a wide variety of materials are used in the
fabrication of IOLs. These can be rigid hydrophobic poly-
mers, such as polymethylmethacrylate (PMMA), or flexible
materials, such as acrylics, silicones, and hydrogels.”® The
use of flexible biomaterials with a high refractive index
allows the implantation of the IOL through a smaller inci-
sion, which is less disruptive to the eye and is associated
with lower post-surgical inflammation. Therefore, it is
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preferable to implant a foldable IOL rather than a rigid one.’
Similarly, there are different IOL designs that are made for
implantation in different parts of the anterior segment of the
eye. These include single- or multi-piece configurations,
plate-haptic or open-loop styles, and angulated or planar
haptic designs.!!12

The main methods used in the manufacture of IOLs
include molding and lathing.!** Molded IOLs are produced
by pouring a polymerizable resin into a mold and heating it
to induce the thermal polymerization of the material.”* On
the other hand, lathing involves the production of rods that
are cut into disc-shaped structures which are then machined
with a lathe to produce the IOL.!>!® Once formed, the IOLs
are polished to remove any artifacts that may compromise
the smoothness of the IOL surfaces while preserving the
sharp edges.!>'* While the utilization of these manufacturing
techniques results in the production of high-quality IOLs,
they also have numerous disadvantages, especially when pro-
totyping new IOL designs. First, these methods are particu-
larly time-consuming, as they require highly demanding
cleaning procedures and the execution of multiple steps.!” In
the case of molding, artifacts can form around the edge of
the IOLs due to polymer spillage from the molds. These
could cause damage to intraocular tissues if not removed
before implantation.!® Another issue is the high cost associ-
ated with the use of specialist equipment that often needs
replacement due to damage and wear.!” These limitations
make it desirable to seek faster and more cost-effective tech-
niques for the production of IOLs.

Additive manufacturing allows the fabrication of objects
designed on computer-aided design (CAD) software by
depositing materials layer by layer until the whole structure
is formed.'*?® Of the different types of additive manufactur-
ing technology currently available, SLA is usually the method
of choice for the fabrication of lenses.?! There are many
advantages to this process, including a high resolution and
speed of fabrication, the versatility of the materials that can
be used, and the possibility of using them simultaneously.??
These attributes make SLA a promising technique to accel-
erate the production of novel IOL prototypes.

While previous studies have attempted to use additive
manufacturing to produce IOLs, none have reported the fab-
rication of a structure that is representative of a commercial
model and the analysis of the physico-chemical, mechanical,
and biological properties of a specific prototype.?>* We
report herein a method for the production and characteriza-
tion of lens-like 3D objects via SLA using a photopolymer-
izable formulation developed in house. The use of this
material allowed the production of transparent devices which
had the mechanical properties required for this type of
implant. The cytocompatibility of the material was tested in
vitro, proving that the polymer did not elicit toxic responses
upon lens epithelial cells. Thus, this proof-of-concept study
showed that lens-like 3D objects could potentially be pro-
duced with materials that are used for SLA, although care
should be taken to choose the appropriate technology.
Furthermore, a set of characterization techniques was estab-
lished and adapted for the analysis of the printed implants

using non-specialist equipment. The findings suggest that
the process requires refinement and additional testing before
considering its application for the manufacture of refractive
intraocular lenses (IOLs). However, it remains suitable for
producing prototypes, potentially aiding researchers in the
development of innovative therapeutic implants to address
specific clinical challenges.

Materials and methods
Design and fabrication of I0L-like implants using SLA

The CAD model of the lens-like 3D objects without refrac-
tive function was created using Blender (Stichting Blender
Foundation, Amsterdam, The Netherlands) as a modeling
software. The model was based on a one-piece design with
an optic component and looped haptics. The haptic-to-hap-
tic length was 13mm, the optic diameter was 6 mm, and the
thickness was set at 0.9mm. The model was exported and
saved in STL format for SLA printing, which allowed direct
import into SLA software of a commercially available SLA
printer.

The photopolymerizable mixture was prepared by mixing
93% (w/w) 2-phenoxyethyl acrylate (>93% purity, TCI
Chemicals, Tokyo, Japan), 7% (w/w) poly (ethylene glycol)
dimethacrylate (M, 750Da, Sigma-Aldrich, UK), and an
additional amount equivalent to 1% (w/w) of diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (>98% purity, TCI
Chemicals, Tokyo, Japan) in proportion to the total mass of
the starting materials was added to the mixture. The mix-
ture was stirred in the dark and purged with nitrogen for
~20min. A suitable amount of the liquid resin was then
poured onto the resin tank of the SLA printer and polymer-
ized in a single layer via repeated exposure to the UV light
(405nm, 250mW) integrated into the printer. The exposure
time of the resins to the UV light was optimized to ensure
that the IOL structure was formed while avoiding over-curing
effects. The resulting devices were washed with isopropanol
and post-cured by irradiating them with UV light for 1h
and heating in a vacuum oven at 70°C overnight. The effi-
ciency of the post-curing process was investigated by 'H
NMR, as this allowed the detection of any monomers that
leached from implants that had or had not been post-cured
and the subsequent comparison between the different exper-
imental groups (Supplementary Information). The dimen-
sional accuracy of the printed implants was calculated by
measuring the optic diameter and thickness of three
post-cured implants using a caliper and calculating the dif-
ference with respect to the CAD model, reported as
percentage.

Physico-chemical characterization of the IOL-like
implants

Thermal analysis was performed to evaluate the T, and the
thermal stability of the printed devices. The T, was deter-
mined by DSC analysis in a DSC Q2500 instrument (TA
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instruments, New Castle, USA). Samples with a mass of
1-3mg were pressed into aluminum DSC pans that were
introduced into the equipment used to perform the analysis.
The samples were then subjected to a heating cycle from
-50 to 150°C, followed by a cooling step from 150 to —50°C
and a second heating ramp back to 150°C. The scan rate for
all cycles was 10°C/min and the nitrogen flow was main-
tained constant at 50mL/min. The data was analyzed using
TRIOS software v4. 3. 1. 39215. The T, value was obtained
from the thermogram generated during the second heating
cycle as the temperature at the midpoint of the decline in
the heat capacity that takes place during this thermal event.
The thermal stability of the lens-like 3D objects without
refractive function was evaluated by TGA. This test was per-
formed in a TGA 5500 system (TA Instruments, New Castle,
DE, USA) under a nitrogen atmosphere. The sample was
heated from 25 to 500°C at a heating rate of 10°C/min. The
data were analyzed using TRIOS software v4. 3. 1. 39215 to
determine the initial degradation temperature of the sample.

The absorption of water by the polymer was measured by
performing a swelling test. Four implants were incubated in
PBS 1x (0.5mL, pH 7.4) at 35°C for one month. The
weights were recorded before the incubation and they were
measured after 4, 24, and 48h, one week, two weeks, and
one month. Finally, the hydrophilicity/hydrophobicity of the
material was evaluated by measuring the water contact angle
using a goniometer built in-house. This device was com-
posed of a red LED light source, a Hamilton needle, and a
video camera (1080 % 768 pixels) connected to image capture
software. The water contact angle was measured using
Image] (NIH, Bethesda, MD, USA).

Optical characterization

The spectral transmission curve of nine printed devices
before and after 1h of UV sterilization was measured using
a FLUOstar' Omega microplate reader). A circular structure
of 3mm diameter was printed with the same resin compo-
sition as the IOL models and subsequently inserted into the
wells of a 96-well tissue culture plate, after which they were
immersed in 200uL of borate buffer (0.1M H;BO,, 75mM
NaCl and 25mM Na,[B,0.(OH),]-8H,0, adjusted to pH 7).
An absorbance scan was obtained from 300 to 800 nm wave-
length at 2nm resolution. A borate buffer was used as a
blank. An absorbance scan was obtained and used to con-
vert it to transmittance. Transmittance was calculated using
the following formula: Transmittance = 10(2-Absorbance)

Mechanical characterization

The haptic pull strength was measured using a Q800
dynamic mechanical analyzer (TA Instruments, Delaware,
USA). A film-clamp was used and the oscillating frequency
was set at 1 Hz. For the tensile tests, the haptic was fixed
onto a plastic strip that was mounted in the clamp, allowing
the force to distribute throughout the entire structure.
Tensile experiments were carried out by pulling the haptic
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with a ramp force of 0.25N/min until fracture. A set of
samples was measured at room temperature (n=4), while
another batch was analyzed at 37°C after incubation in PBS
at the same temperature for a week (n=4).

Morphological evaluation

Scanning electron microscopy (SEM) images of a post-cured
implant were taken to evaluate the morphology of the cen-
tral zone, haptics, and the edges. The samples were mounted
on aluminum stubs and coated in an argon-filled sputter
gold coater (Polaron SC7640, Quorum Technologies, UK)
for 30s before acquiring the images in a JEOL JSM 5900 LV
microscope (Jeol Ltd., Tokyo, Japan) with a 20-kV accelerat-
ing voltage.

Biocompatibility of the printed devices

The toxicity of the materials used in the manufacture of the
lens-like 3D objects without refractive function was evalu-
ated by performing a lactate dehydrogenase (LDH) cytotox-
icity assay. The efficiency of the post-curing process in
reducing the toxicity of the devices was also assessed by
monitoring the changes in the biocompatibility of the poly-
mers that occurred after each of the stages that comprised
this treatment. A negative control group in which the cells
were grown in the absence of an implant was also included
in the experiment. Three tests, each with three technical
replicates, were carried out to perform statistical analysis of
the resulting data. FHL-124 cells were grown in 5%
FCS-supplemented EMEM (PAN Biotech Ltd., Aidenbach,
Germany) at 35°C in a 5% CO, incubator. This media had
been further supplemented with L-glutamine and gentami-
cin. The 5% FCS-supplemented media was then removed
and replaced with serum-free (SF) EMEM for 24h. Following
the period of serum starvation, the printed devices were
pinned on top of the cells and the media was replaced with
fresh SF EMEM. The dishes were then incubated at 35°C in
a 5% CO, incubator. After 48h, an LDH analysis was per-
formed by following the protocol provided by the supplier
(Roche, Basel, Switzerland). This study was repeated four
times for each study group, and a total of three technical
replicates were included in each experimental group.

Implantation of the SLA-fabricated model in a human
capsular bag ex vivo

A suspended human capsular bag system was used to eval-
uate the implantability. Donor human eye globes were
obtained with UK National Research Ethics Committee
approval (REC 04/Q0102/57) and used in accordance with
the tenets of the Declaration of Helsinki. The procedure for
the generation of the capsular bag model was first reported
by Liu et al. in 1996* and is described in detail in the
Supplementary Information. After removing the lens fibers,
a viscoelastic solution was injected into the capsular bag to
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inflate it and facilitate the implantation of the IOL-like
model. The SLA-fabricated implant was folded, loaded into
a DualTec injector (Ophtec, Groningen, The Netherlands),
and implanted into the capsular bag.

Statistical analysis

The significance of the differences observed between the
experimental groups analyzed in the cytotoxicity tests was
evaluated by performing a one-way ANOVA analysis with a
post-hoc Tukey test. The mean and standard deviation were
calculated using Microsoft Excel’ 2016 software. The statisti-
cal package GraphPad Prism v.6.01 was used for the statisti-
cal analysis. The level of significance was set at p<0.05.

Results

Prototyping lens-like 3D objects without refractive
function

Implantable devices which had been modeled on standard
IOL designs were successfully produced by SLA. The CAD
model of the lens-like 3D objects without refractive func-
tion was created using Blender. The model was based on a
one-piece IOL with looped haptics; in this case, the optical
part was flat on both faces (Figure 1). The haptic-to-haptic
length was 13mm, the optic diameter was 6 mm, and the
thickness was set at 0.9mm. A resin composed of
2-phenoxyethyl acrylate (POEA) and poly (ethylene glycol)
dimethacrylate (PEGDMA) was employed in the manufac-
ture of these devices. A pilot study was performed to opti-
mize the composition of the resin. The formulation
containing POEA 93% (w/w) and PEGDMA 7% (w/w) was

Optic

Haptic

/

-]

CAD model of the IOL

/ Stereolithography system SLA-fabricated

models
uv nt
@ = Acrylatemonomer * gg{
~—@-» = Crosslinker v
™ = Photoinitiator S
Photopolymerizable resin Post-curing

Figure 1. Schematic illustration of the production of lens-like 3D objects with-
out refractive function by stereolithography. A resin composed of acrylate
monomers and crosslinkers was developed and used for this purpose.

chosen for the fabrication of the implants. The photoiniti-
ator was maintained at an additional 1% (w/w) in propor-
tion to the total mass of the resin in all the formulations
tested in these experiments (Figure SI, Supplementary
Information).

Once fabricated, the dimensions of the implant were
measured using a standard calibrated digital caliper. The
compared accuracy of the dimensions between the printed
devices and the CAD model was 94.5% for the optical diam-
eter, with the thickness being 64% higher than the theoreti-
cal dimension of the CAD model. These data suggest that
although the device was successfully fabricated, the accuracy
of the dimensions was compromised.

Assessment of the post-curing efficiency

The printed devices were subjected to a post-curing process
to remove any unreacted monomers that remained within
their polymeric structure. The efficiency of this process was
monitored by incubating fully or partially post-cured sam-
ples in d-chloroform and subsequently detecting the mono-
mers leached into the solvent using 'H NMR. This
experiment also served to determine the minimum time of
UV irradiation and heating that was necessary to polymerize
the residual monomers. The results showed that the amount
of unreacted molecules decreased substantially after 1h of
UV irradiation, but it did not decrease any further with lon-
ger irradiation time (Figure 2). Thus, it was concluded that
thermal post-curing was necessary to complete the polymer-
ization of the monomers left within the polymer. As can be
seen in the spectra, no monomer molecules were detectable
after heating for 4h in a vacuum.

Physico-chemical characterization of the lens-like 3D
objects without refractive function

The glass transition temperature (T,) of the printed poly-
mers was assessed by DSC. According to the results (Figure
3(A)), the T, of the crosslinked polymer that formed the
printed devices was 4.85+1.09°C, which suggests that the
materials may be rubbery and flexible at room
temperature.

The thermal stability of the polymer was assessed by per-
forming thermogravimetric analysis (TGA). According to the
data (Figure 3(B)), the crosslinked polymer started to
decompose at ~382.4+2.17°C. The degradation occurred in
one step which finished at ~450°C. Finally, the behavior of
the implants in an environment that was similar to that of
the aqueous humor was assessed by performing a swelling
test in vitro. The printed devices were incubated in PBS (pH
7.4) at 35°C for one month and their weights were recorded
at different points. As their weight remained constant
throughout the duration of the analysis (Figure 3(C)), it was
concluded that the devices did not absorb any water due to
their high hydrophobicity. This was corroborated by the
high water contact angle measured via sessile drop tech-
nique, which had an average value of 82.3+3.2° (Figure S3,
Supplementary Information). This is comparable to the water
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Figure 2. "H NMR spectra obtained from the analysis of the incubation medium of printed I0OL-like devices that had been subjected to different stages of the
post-curing process (irradiation with 405-nm UV/visible light for 1h and heat at 80°C). The intensity of the signal at 4.8-5.2ppm (highlighted in black rectangle),
produced by the alkene groups from the remaining unreacted monomers that had leached out from the polymer, was reduced with longer time of post-curing.
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Figure 3. Physico-chemical characterization of the biomaterial that forms the SLA-fabricated implants. The T, was obtained from the third heating cycle of the
DSC analysis, the value being 4.7+0.4°C (n=3) (A). The thermogram that resulted from the thermogravimetric analysis of the polymer shows that it started to
degrade at 388.2+2.1°C (n=3) (B). The line graph depicting the variation in the swelling ratio during a month shows that the polymer did not take up any water

during this time period (n=4) (C).

contact angle of the commercial IOL AcrySof, which is
84.4+0.09°.%

Optical characterization

The transparency of the printed lens-like models was
investigated by measuring the optical transmittance of the
material. The results of this analysis showed that the
implants transmitted 80-85% of the visible light that they

were exposed to (Figure 4(A)). The sterilization with UV
light led to a 3% decrease in transmittance. The optical
properties of the devices were also assessed by imaging
them against a gridline background (Figure 4(B)). This
showed that, in accordance with the results obtained from
the transmittance measurements, the implants were rela-
tively transparent and allowed the visualization of the
gridlines.
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Figure 4. Optical characterization of the printed lens-like 3D objects. (A) Spectral transmittance of the devices before and after sterilization. A set of implants was
sterilized for 1h with UV irradiation and their light transmittance was compared to non-sterilized counterparts. The spectra indicate that the printed devices allow
light transmission within the visible range (380-700nm) and that the UV sterilization process slightly decreases the light transmittance by ~3%. Light transmit-
tance (%) was obtained and represented against a wavelength range of 300-900 nm. Data are presented as mean+SD (n=9). (B) Apparent visual clarity of a grid
seen behind the IOL-like printed object. The scale bar represents 1 mm.
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Figure 5. Scanning electron microscopy images showing the features of a printed and post-cured I0L-like implant. On the left, top-view of the central component,
with white arrows highlighting the outer edge and a white circle marking the center of this part (A). In the middle, a top-view of the junction between the haptic
and the central component (B). On the right, an image at an oblique angle of the central part and one of the haptics of the implant. Note that this image captures

the vertical edge of the central component and the haptic (C).

Mechanical characterization

The haptic tensile strength tests showed that the force that
these structures withstand before becoming detached from
the optic part is 0.56+0.07N when dry (Figure S2(A) and
Table S1, Supplementary Information) and that this decreases
to 0.39+£0.05N after incubation in PBS at 37°C (Figure
S2(B) and Table S2, Supplementary Information). In both
conditions, they comply with the minimum of 0.25N estab-
lished by the ISO 11979-3.

Morphological evaluation

The morphology of the printed lens-like objects was evalu-
ated using scanning electron microscopy (SEM). The central
component of the devices maintained a smooth circular
shape and was relatively uniform on its upper surface (Figure
5(A)). Similarly, a clear definition of the haptic could also be
observed (Figure 5(B)). The vertical edge of both the haptic
and the optic-like part was flat and consistent. However, the
point at which the vertical edge and the horizontal surfaces

met was rounded in appearance and did not form a sharp
square-edge, which is a feature favored by several IOL man-
ufacturers (Figure 5(C)).

Biocompatibility of the printed implants

The effect of the post-curing process on the biocompatibility
of the printed lens-like models was studied in vitro. Samples
that had not been post-cured or which had been subjected
to different stages of the post-curing protocol were
co-incubated with FHL-124 lens cells for 48h in vitro. After
this time period, an LDH test was performed. The highest
concentration of LDH in the media was detected in the cells
that had been incubated with no post-cured polymer. These
levels were significantly different from the control, as con-
firmed by the ANOVA and Tukey tests performed (p<0.05).
Figure 6 shows that the LDH levels decreased significantly
when the cells were cultured in the presence of polymers
that had been post-cured with UV light. The level of cell
death appeared to decrease further when the devices had
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been heated in vacuum after being subjected to the UV irra-
diation step, such that cell death was not significantly differ-
ent from cell only control cells. It was also observed that an
increase in the duration of the heat treatment led to a
reduction in the toxicity of the implants. The lowest cytotox-
icity was detected when the polymeric devices had been
heated overnight after UV irradiation. In this experimental
group, the cell death levels were comparable to the cell-only
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Figure 6. Cytotoxicity of the printed devices was analyzed by performing an
LDH test with the lens cell line FHL-124. The results showed that the treatment
of the lenses with UV/visible light (405nm) and heating at 80°C reduces the
cytotoxicity of the material. A significant increase in cell toxicity was only
observed in the post-cured polymer group. The LDH release in all other treat-
ment groups was comparable to the Control (No polymer). Cell toxicity was
assessed by total LDH released using commercially available kit (Roche) after an
incubation period of 48h. The data are expressed as mean+SEM (n=9) and
were normalized to the control group. * Indicates significant difference to con-
trol (p<0.05, one-way ANOVA with Tukey’s test).
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negative control. Therefore, it was concluded that the devices
must be irradiated with UV light for 1h and heated in a
vacuum overnight to minimize the toxicity elicited by these
devices.

Implantation of the SLA-fabricated lens-like models in a
human capsular bag ex vivo

To provide clinical context, the printed lens-like objects were
folded and loaded in an IOL injection system before ejection
into a dish containing PBS (Figure 7). Following the ejec-
tion, the folded implant unfurled and recovered its natural
shape without affecting the structural characteristics.

Having demonstrated that the printed devices can be suc-
cessfully delivered with a clinical tool, the next step was to
show that a printed prototype could be implanted within the
capsular bag (Figure 8). To demonstrate this, a human cap-
sular bag model was used. This system is generated by per-
forming a sham cataract surgery ex vivo. A printed lens-like
object was successfully implanted into the capsular bag using
a standard IOL injector without rupturing the capsule. The
implant was well-centered and did not cause undue defor-
mation of the capsular bag.

Discussion

While current IOL manufacturing technology generates
high-quality products, there is considerable scope to advance
the prototyping and fabrication methods. In current practice,
the production of a novel design requires the fabrication of
new molds or other specialist equipment, with the associated
expenses and lengthy manufacturing times. Furthermore, the
large space required to accommodate the manufacturing
equipment makes it less accessible for researchers. This hin-
ders the development of novel IOLs with designs and

Figure 7. Multiple frames of a digital video showing the delivery of a lens-like 3D object from a surgical injector. The first three images (A-C) show the prototype,
indicated with an arrow, inside the injector and being delivered to the aqueous medium. The implant unfolds upon release from the injector (D,E) until it recovers

its original shape (F).
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Figure 8. Digital images showing the implantation of a printed IOL-like device in a human capsular bag model in vitro. The delivery of the implant into the
capsular bag can be seen in image (A). Once implanted in the capsular bag, the implant recovered its original shape without causing any deformation in this

structure (B).

formulations that can prevent post-operative complications.
The rapid fabrication of IOLs using SLA could accelerate the
prototyping process, eliminating the need for molding or
extensive lathing procedures. While previous studies have
attempted to use SLA to produce IOLs, these did not pro-
vide a quantitative assessment of the dimensional accuracy,
mechanical properties, and cytocompatibility. Thus, the
functionality of the resulting implants was not demonstrated.
The proof-of-principle study reported herein aimed at
demonstrating the production of IOL prototypes by using
SLA technology and the potential of the printable materials
to form IOLs that can fulfill certain requirements, such as
biocompatibility and mechanical strength. We also analyzed
the aspects that need to be improved before considering the
progression to further stages in their application. To demon-
strate the process, we fabricated a standard IOL design with
an optical zone and looped haptics. We chose POEA as the
main monomer and PEGDMA as a crosslinker to fabricate
the IOL-like implant. POEA is suitable as this is an
aromatic-based monomer with a relatively high refractive
index (1.52), whereas PEGDMA is an aliphatic bifunctional
crosslinker incorporated into the mixture to obtain proto-
types with suitable mechanical properties.

Once the IOL-like models were printed, the accuracy
between the theoretical and physical dimensions was inves-
tigated. Although all the parts of the implant were success-
fully fabricated, the physical dimensions of the printed
devices were different from those of the CAD model. The
average accuracy of the central component diameter of the
SLA-fabricated models was 94.5+0.4%. However, the thick-
ness of the device was 64+7.8% higher than that of the
CAD model. This suggests that further optimization is
required to limit the penetration depth of the UV light into
the resin. The use of a build platform would have been ben-
eficial to limit the cure depth, but it would lead to a
layer-by-layer fabrication that would compromise the optical
quality of the objects. However, the continuing innovation in
the 3D-printing industry has led to the development of
high-resolution printers that incorporate features that make

them more compatible with the manufacture of optical
devices. The use of such systems for the manufacture of
IOLs, together with the formulation and characterization
methods reported in this work, could accelerate the process
of creating new IOL prototypes and taking them forward to
pre-clinical testing stages.

Next, we subjected the printed lens-like objects to a
post-curing process to complete the polymerization of any
unreacted monomers or polymer chains, as this would
improve the mechanical strength and biocompatibility. The
devices were post-cured by irradiating them with UV light
and heating them in a vacuum oven at 70°C. The exposure
to UV light activates the formation of chemical bonds
between the unreacted monomers and the polymer chains.
Heating under vacuum accelerates this process while pre-
venting the inhibitory effects exerted by oxygen. An NMR
analysis and an LDH cytotoxicity test revealed that the opti-
mal post-curing time required to ensure the depletion of
unreacted monomers was 1h of UV irradiation, followed by
an overnight incubation in the vacuum oven. The cytotox-
icity assay indicated that the toxicity levels elicited by poly-
meric implants that had not been post-cured were
significantly higher than those of the negative control,
which did not contain any device in contact with the cells.
On the other hand, the implants that had been post-cured
overnight caused substantially lower levels of cell death,
which were comparable to those of the negative control.
Therefore, we concluded that the post-curing protocol
increased the biocompatibility of the printed devices by
eliminating the unreacted monomers that remained within
the polymer after SLA.

The suitability of the fabricated prototypes for use in cat-
aract surgery was assessed by performing a physicochemical
characterization. The equilibrium water content was calcu-
lated by performing a swelling test in an aqueous medium
at 35°C, which is the temperature of the human eye. Due to
their hydrophobic nature, the lens-like models did not take
up any water in their polymeric structure. This could be
beneficial for preventing the glistenings reported in some



IOLs and for the lenses to maintain their dimensions once
implanted in the capsular bag. The transparency of the
devices was evaluated via optical imaging and by measuring
the spectral transmittance. This showed that they were opti-
cally clear, although their transparency was ~10% lower than
that of the AcrySof IOL.2® However, it is important to note
that we did not incorporate a polishing step into the manu-
facturing process.

Other characteristics required for an IOL to be employed
in cataract surgery include the ability to fold/unfold and
the resistance of the haptics to a force of 0.25N before
detaching from the optic. This would allow the implant to
withstand the mechanical stress that it is subjected to
during the injection through a small incision. The DSC
analysis of the printed samples reveals that the polymer
used in the manufacturing of intraocular lenses (IOLs)
exhibits a glass transition temperature (Tg) at 4.7+0.4°C.
The determination of the T, is crucial, as it denotes the
temperature at which the polymer shifts from a hard and
brittle disposition to a more pliable and flexible state. This
flexibility is imperative for IOLs, given the necessity for
them to be foldable for insertion through the small inci-
sion made during cataract surgery. The consistency of the
T,, suggested by its narrow range, ensures that the polymer
will behave predictably during the critical folding and
insertion phases.

Moreover, the DSC curve provides an onset temperature
of -5.6°C and an endset at 11.96°C, indicating that the
polymer starts softening at temperatures well below room
level and maintains flexibility above the normal physiological
temperature. This characteristic is vital for the manipulation
of IOLs during surgery, as it allows for easy handling with-
out compromising the material’s ability to return to its orig-
inal shape once positioned inside the eye.

Corroborating the DSC data, our mechanical testing has
shown that the haptics of the IOL are capable of withstand-
ing a tensile force significantly >0.25N threshold before
detachment from the optic part occurs. This robustness in
both thermal and mechanical aspects is essential to with-
stand the mechanical stress imposed during injection
through a small incision, particularly in the phacoemulsifi-
cation technique for IOL implantation. Further chemical
characterization included TGA, which confirmed that the
polymer that formed the implants had a high thermal stabil-
ity. The morphology of the printed devices was evaluated by
SEM. The images obtained with this technique showed the
successful fabrication of all the parts of the device with a
relatively good resolution. Generally, the surfaces of the
devices are smooth and flat, although the square-edge that is
desirable for the prevention of secondary cataract was not
formed in these models.

Finally, we performed an implantation test using an ex
vivo human capsular bag model to evaluate the resistance
of these devices to the mechanical stress exerted on them
during injection. The SLA-fabricated lens-like object was
injected into the capsular bag using a surgical injector.
The implantability of these devices in human eyes using
clinical instrumentation was thus demonstrated, as they
had the appropriate flexibility and mechanical strength
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required for them to withstand the forces that they were
subjected to during this process. Furthermore, it was also
confirmed that the size of the implants was adequate for
implantation without abnormal stretching or deformation
of the capsular bag, which could potentially affect the
optical performance.

Conclusions

This proof-of-principle study demonstrates that SLA can be
used to directly and rapidly fabricate IOL-like objects with
relatively high accuracy, good transparency, foldability, and
biocompatibility. We have shown that IOLs could be rapidly
prototyped without the requirement to first develop specific
IOL molds or extensive lathing processes. Thus, this would
facilitate the creation of novel IOL designs that would be
very difficult to prototype with traditional manufacturing
methods. The models that resulted from this study were
optically clear, hydrophobic and they fulfilled the require-
ments for haptic pull strength established by the ISO
11979-3. The LDH analysis performed in vitro confirmed
the absence of toxic responses in the cells that were cultured
in contact with post-cured polymeric devices. We have also
shown the foldability and implantability of the fabricated
devices in an advanced human capsular bag model in vitro.
However, further work is needed to increase the printing
resolution to improve the dimensional accuracy. Other
aspects that need to be optimized in the future include the
scalability and reproducibility of the process.
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