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Abstract

Timolol maleate (TML) is a beta-blocker drug that is commonly used to lower the intraocular pressure in glaucoma. This
study focused on using a 3D printing (3DP) method for the manufacturing of an ocular, implantable, sustained-release
drug delivery system (DDS). Polycaprolactone (PCL), and PCL with 5 or 10% TML implants were manufactured using
a one-step 3DP process. Their physicochemical characteristics were analysed using light microscopy, scanning electronic
microscopy (SEM), differential scanning calorimetry (DSC) / thermal gravimetric analysis (TGA), and Fourier-transform
infrared spectroscopy (FTIR). The in vitro drug release was evaluated by UV-spectrophotometry. Finally, the effect of the
implants on cell viability in human trabecular meshwork cells was assessed. All the implants showed a smooth surface.
Thermal analysis demonstrated that the implants remained thermally stable at the temperatures used for the printing, and
FTIR studies showed that there were no significant interactions between PCL and TML. Both concentrations (5 & 10%)
of TML achieved sustained release from the implants over the 8-week study period. All implants were non-cytotoxic to
human trabecular cells. This study shows proof of concept that 3DP can be used to print biocompatible and personalised
ocular implantable sustained-release DDSs for the treatment of glaucoma.
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Introduction topical carbonic anhydrase [4]. One of the first-line thera-
peutic agents in glaucoma management is timolol (TML),

Glaucoma is the main cause of irreversible blindness  a non-selective beta-blocker known for its ability to reduce

worldwide [1]. Considering that there were 76 million
affected people in 2020, and this value is estimated to reach
111.8 million by 2040 [2, 3], effective therapeutic inter-
ventions have become an urgent imperative to mitigate the
global burden of this disease. There are various pharmaco-
logical treatment options to manage glaucoma, including
beta-blockers, prostaglandin analogues, alpha-agonists, and
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aqueous humour production and to lower the intraocular
pressure (IOP) [5, 6]. This medication is available in various
formulations, including eye drops and gel solutions, which
have been widely used in clinical practice [7]. Despite its
proven efficacy, the limitations of conventional delivery
methods have sparked interest in developing sustained
implantable drug delivery systems (DDSs) to enhance the
bioavailability and long-term therapeutic effects of anti-
glaucoma drugs [8].

Traditional treatments for glaucoma, such as eye drops
and oral medications, have shown promising results in man-
aging IOP; however, issues such as poor patient compliance,
low bioavailability, and the daily treatment burden by eye
drops underscore the need for sustained DDSs to optimise
glaucoma management [9]. To address these problems, mul-
tiple ocular DDSs with the aim to deliver therapeutic levels
of anti-glaucoma drugs in the eye for extended periods have
emerged. Durysta™ (Allergan), a rod-shaped intracameral
implant that can continuously release bimatoprost over 4 to
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6 months, is the first Food and Drug Administration (FDA)
approved drug implant for glaucoma management [10].
In addition, there are some sustained-release prostaglan-
din-eluting implants that are currently in the late clinical
development and are considered as promising alternatives
to daily eye drops, such as Glaukos’ iDose™, a travoprost-
containing implant which is designed to release travoprost
in the anterior chamber for 6 months [9], and OTX-TIC,
an intracameral hydrogel-based implant which can release
travoprost for up to 4 months [11]. Apart from glaucoma,
sustained-release implants also stand as a pioneering break-
through for the treatment of other ophthalmic disorders.
Ozurdex®, a dexamethasone intravitreal implant, has been
widely used in the treatment of uveitis or macular oedema
by sustainably releasing dexamethasone for up to 6 months
[12].

3D printing (3DP), also termed additive manufactur-
ing (AM), is using a Computer-Aided Design (CAD) for
the manufacturing of 3D objects layer-by-layer (LbL). 3D
printing’s feasibility in medical applications lies in its preci-
sion and customization, enabling the creation of accurate,
patient-specific implants. Advanced CAD technology and
real-time monitoring ensure strict quality control [13]. The
inherently sterile environment and the use of sterile materials
make it suitable for medical implant production, minimiz-
ing infection risks. While initial setup costs exist, long-term
cost-effectiveness is achieved by reducing the need for
extensive tooling and molds[14]. 3DP is increasingly used
to make DDSs and is being researched in a range of dif-
ferent diseases as it allows for localised drug administra-
tion over a sustained period of time [15, 16]. Recently, 3DP
technologies have also been developed in ophthalmology.
For example, an anti-fibrotic drug, 5-Fluorouracil (5-FU),
has successfully been loaded into a rod-like Polycaprolac-
tone (PCL)-chitosan implant using 3DP method, with the
aim to prevent conjunctival fibrosis after glaucoma filtra-
tion surgery [17]. Mohamdeen and coworkers successfully
developed the personalised ocular contact lenses loaded
with TML by 3DP technology for the treatment of glau-
coma, providing a sustained release for 7 days [18], how-
ever, the contact lenses suffer from challenges including low
bioavailability caused by drug permeation and irritation of
the cornea. In this research, the fused deposition modeling
(FDM) technique, one of the most common 3DP technol-
ogy, in a one-step process, was used. This process involves
several key steps such as: initial scaffold design, preparation
of raw materials, extrusion of the scaffold filament at a pre-
determined temperature, and cooling and solidification of
the extrudates. Notably, this one-step approach streamlines
the manufacturing process, enhancing efficiency and ensur-
ing consistent interface properties of the implant in com-
parison to multi-step 3DP processes [19].
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Here, to achieve a reduced TML loss and extend drug
retention, we developed two types of 3DP intracameral
implants capable of releasing TML over 8 weeks. In this
work, PCL implants were manufactured by a one-step 3DP
process. The integration of PCL, a biocompatible and bio-
degradable polymer, with two different percentages of TML
represents a promising synergy that not only ensures sus-
tained drug release but also exhibits good biocompatibility
and safety. It is demonstrated that the one-step 3D printing
process provides an advantage for personalised medication,
and development of patient-specific ocular implants, which
can deliver sustained doses of TML directly to the affected
site, circumventing the challenges posed by conventional
daily eye drops and the reliance on patient compliance. This
study also acts as a proof of concept, building upon existing
research on 3D printing for ocular use. 5% and10% concen-
trations of Timolol were used as there is a lack of research
within DDS using concentrations higher than 5%. This
study further established the changes or lack of changes in
the printing process, and subsequently the outcome of the
implant with a much higher drug dosage than most found in
the existing literature.

Materials and methods
Materials

Polycaprolactone powder (PCL; MW 50,000 Daltons;
Tm =58C) was purchased from Polysciences Inc. PCL with
50,000 Daltons molecular weight was used following the
known suitable viscosity of the melting polymer needed for
3DP from previous studies [17, 20]. Timolol maleate (TML)
and phosphate-buffered saline (PBS, pH 7.4) were pur-
chased from Sigma-Aldrich. Dulbecco’s modified Eagle’s
medium (DMEM) and foetal calf serum were purchased
from Thermo Scientific (Gibco, UK). Penicillin and strepto-
mycin were purchased from Sigma-Aldrich. CellTiter 96®
AQueous One Solution Reagent was purchased from Pro-
mega (Southampton, UK).

Synthesis of Timolol-loaded Implant by 3D printed
process

Tinkercad, an online 3D CAD design tool (Fig. 1a), was
used to design scaffold structures, which were then divided
to smaller implantable systems. The Biox' = 3D Bioprinter
(Cellink, Sweden) with a thermoplastic printhead was
employed, using a 22G conical needle (0.41 mm inner diam-
eter) at | mm/s speed. PCL only implants were manufac-
tured by adding the powder directly into the thermoplastic
printhead without adding any solvent and fill maximum half
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Fig. 1 Dimensions of the implant design (A) and the final 3D printed structures: PCL (B), PCL-5%TML (C) and PCL-10%TML (D)

of the cartridge to ensure the most efficient heating of PCL.
Implants containing both PCL and the timolol maleate were
added together in thermoplastic cartridge as the powder form
and vortexed for 5 min at 60 s intervals. The layer height for
printing was set at 0.8 mm and the infill density was set at
0%. Each implant was composed of 2 layers. To achieve
good printability, optimisation of the printing pressures and
temperatures was required to achieve good flow (data not
shown). The PCL extrusion was smooth, and the implant
was fully formed at 150 °C and at the pressure of 175 kPa.
With the addition of TML, the temperature remained the
same; however, the pressure had to be increased to 190 kPa.

Microscopic evaluation

Light microscopy images of all implants were taken using
the Olympus CKX41 inverted microscope with CellSens
Standard 1.13 (Build 13,479) software. The surface mor-
phology of the implants was further analysed using a Scan-
ning Electron Microscope (SEM; Hitachi TM3030 SEM,
Tokyo, Japan). Images were taken at a magnification of
5000x in the Energy Dispersive X-Ray (EDX) condition,
focusing on the successful melting of PCL and the possible
presence of TML powder on the implant’s surface.

Thermal properties

The thermal behaviours of the raw material as well as those
of the printed implants were studied using the differential
scanning calorimeter (DSC) 214 Polyma (NETZSCH-Ger-
atebau GmbH, Wolverhampton, UK). The samples were
weighed and then placed in aluminium crucibles. Start-
ing from 25°C (Room Temperature, RT) the samples were
heated up to 300 °C. Scanning rate was 10 K/min, under
protection of nitrogen purge gas (flow rate 20.0 mL/min).
The thermal gravimetric analyser (TGA; Q50, TA, USA)
was used to explore the influence of varying concentrations
of TML on the thermal stability of 3D-printed implants over
a progressive increase of temperature. The samples were

weighed and placed in aluminium crucibles. The ramp was
set at 20 °C/min from RT to 500 °C, a temperature corre-
sponding to the complete degradation of PCL, under the
protection of nitrogen purge gas (flow rate 50.0 mL/min)
[20].

Fourier-transform infrared spectroscopy (FTIR)

Attenuated Total Reflection FTIR (ATR-FTIR) Nicolet™
iS50 FTIR Spectrometer (Thermo-Fisher Scientific) was
used to analyse both powder and 3DP implants to detect any
potential chemical interactions or chemical modifications.
Each sample spectrum was obtained between 4000 cm and !
and 400 cm™'. The samples were run at a resolution of 4 cm™!
with 64 scans after background correction.

In vitro drug release test and implants weight
changes

TML was analysed by UV spectrophotometer for determi-
nation of the in vitro release using a modified established
protocol in our labs [21]. Briefly, the 3D printed implant
was cut into 1 cm, then the implant section’s weight was
measured before being immersed in a vial containing 1 mL
of PBS (pH =7.4) and kept in an incubator at 37 °C [21-24].
At each time point (e.g., 1 h, 2 h, 4 h, 6 h, 1 day, 2 days, 3
days, 4 days, 5 days, 6 days, 7 days, 2 weeks, 3 weeks, 4
weeks, 5 weeks, 6 weeks, 7 weeks and 8 weeks), the entire
solution was removed and replaced by 1 mL of fresh PBS.
Each sample was analysed using a UV-spectrophotometer
(Cole-Parmer, Staffordshire, UK) at a wavelength of 297 nm
[25]. Samples from all time points were run in triplicates.

The implants were placed in PBS at 37 °C. The initial
weight of the implants was measured at day 0. After the
drug-releasing experiment, the implants were thoroughly
dried, and the weights were determined. The experiment
was performed in triplicates.
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Table 1 Dimensions of the designed implants and the final 3D-printed
structures

Dimensions  Implant PCL implant PCL+5% PCL+10%
design  (mm) TML TML
(mm) implant implant
(mm) (mm)
Width of 0.80 1.02+0.41 1.56+021 1.40+0.17
implant
Length of 20.00 18.88+0.35 20.04+0.28 19.47+0.38
implant
Hollow inner 3.00 1.83+0.05 1.68+0.14 1.68+0.13
length

In vitro biocompatibility study

Trabecular meshwork tissues from glaucoma patients were
used to culture human TM cells [26]. The samples were
obtained with the patient’s informed consent and all experi-
mental protocols were approved by the West of Scotland
Research Ethics Committee (REC 19/WS/0146). The human
TM cells were grown in complete culture media consisting
of DMEM, 10% foetal calf serum, and 100 U/mL penicil-
lin/ 0.1 mg/mL streptomycin and cultured in incubators at
37 °C with 5% CO, and 95% humidity. The human TM cells
were plated in a 96-well plate at a density of 6.25 x 10 cells
per well. The experiment was done in triplicates for each
type of implant (PCL, PCL-5%TML, PCL-10%TML) and
untreated control cells. The cells were treated with 50 uL.
complete media and 50 pL media containing the drug solu-
tion collected from each implant on day 1, day 3, day 5, day
7, week 2, week 3 and week 4. After 24 h, the cell media was
replaced with fresh culture media, followed by the addition
of 20 pL of CellTiter 96® AQueous One Solution Reagent.
The plate was incubated for 2 h at 37 °C with 5% CO, and
95% humidity. The plate was then read using a plate reader,
PHERAstar FS (BMG LABTECH), set at 490 nm absor-
bance, and the results were normalised against untreated
control cells. The experiment was performed in triplicates.

Statistical analysis

Statistical significance was determined by One-way
ANOVA followed by post hoc test. The statistical signifi-
cance was indicated as follows: *, p<0.05; ** p<0.01;
*¥** p<0.001; **** p<0.0001; ns, not significant. All data
are expressed as mean + SD.

Results

Implant design and printing

Implants were designed by Tinkercad and manufactured by
an extrusion Bioprinting method (Fig. 1). To ensure material
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PCL+10%Timolol

PCL+5%Timolol

Fig.2 (A) Photographs of the PCL, PCL-5%TML and PCL-10%TML
implants versus a pound sterling coin for size comparison. Light
microscopy images were taken at magnifications of (B) 4x, scale bar:
200 pm and (C) 10x, scale bar: 50 pm. (D) SEM images were taken at
magnification of 5000x, scale bar: 20 pm

homogeneity, the implants containing TML were vortexed
for 10 min before being funnelled into the printing syringes.
The extrusion temperature was set at 150 °C, which allowed
suitable material extrusion in all implant types without
causing degradation of PCL. The printing speed was set to
1 mm/s to allow the material to cool before the second layer
was added, thus preventing clumpy depositions. Table 1
represents the dimensions of implant design and actual
scaffolds.

Surface analysis

After their fabrication by 3DP, the implants were sectioned
into 1 mm in length, rendering them suitable for intraocular
implantation (Fig. 2). All the implants under light micros-
copy showed consistent optical transmission, indicating that
the raw material powders were well mixed, and implants
were homogenous in density (Fig. 2B and C). SEM was
used to analyse the implant’s surface and to examine the
extrusion of the material, observing a smooth surface for all
implants. However, for PCL-5%TML and PCL-10%TML
implants, the formation of white clumps could be observed,
possibly because TML did not melt during the printing pro-
cess, as its melting temperature is above 200 °C (Fig. 2D).
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Fig. 3 Differential scanning calorimeter (DSC) heating curves of TML powder (green), PCL powder (red), PCL implant (blue), PCL-5%TML

implant (purple), and PCL-10%TML implant (army green)

Table 2 Raw material and printed implant’s onset temperatures and
endothermic peaks obtained from DSC graphical analysis

Material Onset Temperature Endo-
(°C) thermic
Peak
)
TML powder 196.5 203.2
PCL powder 43.9 63.1
PCL implant 35.1 61.0
PCL-5%TML implant 40.2 63.3
PCL-10%TML implant 44.2 59.5

Implant thermal behaviour

DSC and TGA were used to determine the thermal stabil-
ity of the implants and powders. The data obtained allow
for the evaluation of the printing parameters and to observe
any potential effects. The DSC thermogram analysis (Fig. 3;
Table 2) encompasses all implants and raw material pow-
ders. All implants and materials, except for TML powder,
had an onset temperature of around 35 °C to 45 °C. An
endothermic peak was also observed in all implants, and
for the PCL powder within 59 °C to 63 °C. In comparison
to the PCL implant, the endothermic temperatures exhib-
ited a slight change, being 2 degrees higher in the PCL-
5%TML implants and 2 degrees lower in the PCL-10%TML
implants. The onset temperature of TML is around 200 °C
with the endothermic peak at about 204 °C. An exothermic
peak can be observed at 230 °C, past TML’s degradation
temperature. However, the DSC thermograms did not show
any TML-related peaks, possibly due to the conversion of
TML to an amorphous state when combined with the poly-
mer [27], similar results have been previously reported not
only for TML [18, 27], but also for other types of drugs such
as dipyridamole [28]. Nevertheless, it’s crucial to note that

the DSC analyse alone may not provide sufficient evidence
to conclusively prove the amorphization of TML. There-
fore, additional techniques, such as X-ray diffraction, could
potentially be employed to comprehensively determine the
solid-state characteristics of the drug.

To further determine the thermal stabilities, TGA analy-
sis was undertaken to illustrate the material’s behaviour dur-
ing the printing process. A maximum temperature of 500 °C
was selected to fully capture PCL and TML degradation, as
well as mixing these materials with affected polymer sta-
bility (Fig. 4A). Under the printing temperature of 150 °C,
the PCL implant had no weight loss, and was thermally
stable until 400 °C. The PCL-5%TML implant showed
similar thermal stability with the temperature below 400 °C
yet exhibited greater material loss when the temperature
reached 400 °C compared to the PCL implant. In contrast,
the PCL-10%TML started degrading at around 200 °C, as
some weight loss can be observed from this point onwards.
These findings underscore that the addition of TML, par-
ticularly at a 10% concentration, leads to a reduction in
thermal stability in PCL implants. TML powder (Fig. 4B)
gradually degrades and loses weight from a temperature of
around 200 °C, which is like the implant containing 10%
TML concentration.

Spectroscopic analysis

FTIR was carried out to identify whether the printing
parameters resulted in significant changes in the chemi-
cal interactions between PCL and TML (Fig. 5). No sig-
nificant differences were observed between implants. Most
peaks were characteristic of PCL. Previously published
studies have reported absorption at 2900 cm™, 2800 cm™,
and 1700 cm™ in PCL, which are also seen in Fig. 5 [27].
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Fig. 5 Fourier-transform infrared spectroscopy (FTIR) spectra of the three implant types: PCL (red), PCL-5%TML (army green), PCL-10%TML
(blue). The yellow highlighted region shows a difference in spectra between the three implants

These absorptions correspond to bonds CH3 (asymmet-  notable with the 5% TML concentration. Overall, the simi-
ric stretching), CH3 (symmetric stretching), and C—O larity in the spectra between the control (PCL) implants and
(stretching), respectively [29]. Typical TML peaks are  those containing TML, indicates a lack of unwanted chemi-
observed at 2966 cm™ and 2855 cm™!, corresponding with  cal bond formation between the polymer PCL and TML dur-
the OH group’s presence. A peak at around 1711 cm™ and  ing the printing process.

1494 cm™ is due to the NH bond [30]. The 5% drug-loaded

implants demonstrate a slightly varied absorption pattern to  In vitro drug release test and implant weight loss
that of the other implants, at about 1500 cm™ and 1650 cm’!,

possibly elucidating to the NH group reported in pure TML A drug release study was carried out to determine whether
powder. This could not be seen in the 10% implant due to ~ TML could be released from the implants. A gradual
the minute sample size, thus, the tiny amount used in the  increase of TML release over 8 weeks in both the 5%
study may have contained more TML simply by chance. = and 10% formulations was observed (Fig. 6). The PCL-
The difference in chemical composition/absorption is most ~ 10%TML implant eluted the drugs at a higher concentration
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than the PCL-5%TML implant. By the end of week 1,
the released drug from 1 mg TML implants were 3.39 pg
(PCL-5%TML) and 7.42 pg (PCL-10%TML), respectively.
Increasing the TML concentration by 5% in the implant
resulted in a 118.9% increase in the drug released at the
1-week time point. By the end of week 8, the drug released
from 1 mg PCL-5%TML and 1 mg PCL-10%TML implants
were 7.74 pg per mg implant and 17.15 per mg implant,
respectively, resulting in an increase of 121.6% in the 10%
TML formulation compared to the 5% formulation at the
8-week time point. PCL is a well-known polymer with a
very slow degradation rate due to its semi-crystalline nature
[20]. After incubation in PBS for 8 weeks for the drug
release experiment, all implants showed a small decrease

in weight loss of 0.387% (PCL), 1.278% (PCL-5% TML)
and 2.154% (PCL-10% TML), which is negligible (Fig. 7).

Biocompatibility evaluation of the implants

To assess the safety of the implants, cell viability assays
were carried out with drug solutions collected from PCL,
PCL-5%TML, and PCL-10%TML implants at different
time points. The values were normalised against untreated
control cells (Fig. 8). At day 1, day 3, day 5, day 7, week
2, week 3, week 4, week 5, week 6, week 7 and week 8, all
drug solutions collected from the three implants showed no
statistically significant differences in human TM cells com-
pared to the untreated cells. These findings demonstrate that
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Fig. 8 Cell viability of human trabecular meshwork cells after 1-day
treatment with the drug solutions of the PCL, PCL-5%TML and PCL-
10%TML implants collected from (A) Day 1, (B) Day 3, (C) Day 5,

PCL has good biocompatibility and is suitable for implant-
able applications.

Discussion

Sustained DDSs provide a means to overcome the ubiqui-
tous patient non-compliance, improper administration and
chronic side effects associated with daily eye drops. 3DP
technology have significant advantage over conventional
for implant fabrication, such as hotmelt extrusion (HME) or
extruded filament from the printer since 3DP offers unique
benefits in terms of precision, customization, flexibility, and
efficiency, making it an attractive option for pharmaceutical
manufacturing [30-33]. PCL, known for its biocompatible
and biodegradable nature, was used to print the implants.
Another study that used PCL for 3DP DDS has shown that
the polymer has good mechanical stability, thus making it
ideal for ocular delivery [20].

Administration of TML eye drops is one of the most
widely used medical treatments in glaucoma [34]. However,
due to the low drug bioavailability and patient compliance
issues [35], the majority of previous studies in the field of

@ Springer

Day 5 Day 7
140 D 140 ns ns
120 ns ns ns 120 ns
& 100 & 100
£ w0 £ w0
3 3
£ 60 £ 60
3 3 w0
20 20
o o
v & & > &~ &
PO &S S @ &S
r g 5 g
O » O
< & < &€
vveekK o
Week 4
140 H 140
120 =5 120
—_ ns —_ ns ns ns
£ 100 ns £ 100
2 80 £ 80
H 3
£ 60 2
3 4w 3 40
20 20
0 o
S & > > v & &
S & & & ¢ &S
& N S & N N
9 W O W
< & < &
Week 8
140
120
£ 100 ns ns ns
Z w0
3
£ 60
8 4

> v &~ &
A P

%,

(D) Day 7, (E) Week 2, (F) Week 3, (G) Week 4, (H) Week 5, (I) Week
6, (J) Week 7, (K) Week 8. The cell viability was normalised against
untreated cells. Results represent mean + SD, N=3. ns, not significant

sustained TML administration focused on delivery plat-
forms encompassing contact lenses and intracameral inserts
[36, 37]. Nevertheless, these endeavours have been accom-
panied by notable limitations. For example, the critical
properties of the contact lens, such as oxygen permeability
and elastic modulus, restrict its application [38]. By co-
delivering TML and hyaluronic acid, Desai et al., success-
fully developed a contact lens that can provide comfort to
patient’s eyes; however, the temporal scope of TML release
was confined to only 96 h, requiring frequent replacements
to sustain therapeutic levels [39].

Samy et al., designed an intracameral insert that achieved
zero-order release of TML for 3 months; however, the
V-shaped configuration of the insert yielded unintended
complications, including corneal epithelial and iris damage,
as observed during the experimental phase on rabbit mod-
els [40]. Furthermore, the multilayer biodegradable implant
incorporating TML, as developed by Ng et al., demonstrates
a sustained drug-release profile capable of delivering thera-
peutic doses for up to three months in vitro. However, it
necessitates a cumbersome preparation process [35]. Hence,
to manufacture an intracameral implant for the sustained
release of TML with a simple and highly reproducible
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method as well as to enable clinical translation, we devel-
oped an extended ophthalmic DDS with a miniaturised
structure by 3DP technology. In this study, two concentra-
tions of TML (5% and 10%) were used when printing the
implants. Using these concentrations, it was possible to
determine the optimal printing parameters by studying dif-
ferences in the thermal, chemical, and structural behaviours
of the implants. TML melts at a temperature of 202 °C to
203 °C [41] and PCL melts at a temperature of 60 °C [20].
Therefore, when printing at 150 °C, it is possible to con-
clude that there were no chemical interactions between the
drug and polymer mix. When mixed with an active phar-
maceutical ingredient (API), a higher pressure was used
compared to PCL alone, which is the result of the higher
viscosity when the polymer and drugs are mixed together.
A previously established study correlates with these find-
ings [42].

In the 3DP process, the application of heat during this
procedure results in the alignment of polymer chains,
thereby augmenting the level of crystallinity and subse-
quently mitigating surface cracks in the implants [43]. Like
other 3DP implants, the printed implants had a smooth sur-
face. The polymer mix melting efficiency was visualised by
SEM imaging. TML implants showed a white powder-like
residue that is likely due to TML agglomerations.

The chemical structure of the implant was further studied
using FTIR to determine whether the manufacturing pro-
cess caused any unwanted chemical interactions. A small
difference was observed where a possible NH bond may be;
however, this may be due to the presence of TML and not
due to unwanted bonding [41]. A previous study using levo-
floxacin, also reported no observable differences at concen-
trations of 0.5%, however, as it increased to 1.5% a slight
difference was noted corresponding to the drug [44]. This
is interesting as the PCL-10%TML implant in this study
showed no significant difference when compared with the
PCL only implant.

In addition, DSC and TGA analysis were carried out to
determine the thermal properties of printed implants as well
as the pure powders. The reaction of the implants and pow-
ders to thermal stress was determined by DSC. The endo-
thermic peaks of all implants were similar, at 59 °C to 63 °C.
This is expected as most of the implant was composed of
PCL. Crystallisation was seen in the powders and the PCL
only implants. However, the TML-containing implants did
not exhibit this, which is perhaps because PCL acted as a
thermoprotectant. Despite the low melting temperatures,
TGA analysis indicated that degradation does not occur at
the 150 °C temperature at which printing was conducted.

Aninvitro drug release assay was conducted to ensure that
the implant was able to release the drug. The PCL-5%TML
implant showed a gradual increase of released drug across

the 8 weeks with a slight indication to a plateau seen towards
the end of the study. The release from the PCL-10%TML
implant was still increasing at the 56-day mark which was
expected due to the higher concentration of TML. The time
at which sustained release was achieved was not seen dur-
ing the first 8 weeks of the drug release. Comparable find-
ings were observed in a prior investigation by loannou et al.,
where PCL-chitosan implants loaded with 1% 5-FU by 3DP
technology, achieved an extended sustained release duration
with the capability to release 3.07 pg/mL of 5-fluorouracil at
the end of week 8 [17]. In contrast, Di Luca and coworkers
utilised 3DP to create a PCL-chitosan implant loaded with
1% 5-FU, but in order to serve a specialised function after
the radiation therapy, this implant incorporated an additional
PCL-based gold nanoparticle layer. This unique feature led
to a distinct release profile, with a plateau reached at the
4-week mark and a cumulative release of 0.13 mg of 5-FU
[20]. Furthermore, in consistence to the previous research
[17], the degradation rates of the implants were very slow;
this could be explained by the highly hydrophobic property
and semi-crystalline nature of the PCL.

Ozurdex, an intracameral implant formulated using
poly(lactic-co-glycolic acid) (PLGA) through a hot-melt
extrusion (HME) process, has garnered substantial clinical
utilisation as a sustained-release vehicle for dexamethasone
[45]. In contrast to the drug elution kinetics observed with
the PCL-TML implant configuration, recent publication
data underline some distinctive features of Ozurdex’s drug
release profile. Notably, Ozurdex only exhibited a limited
burst release (~ 10%) during the first week, followed by a
comprehensive drug release phase spanning from weeks 3 to
4 [12]. This distinct behaviour stems from the intrinsic attri-
butes of the loaded drug, dexamethasone, characterised by
limited aqueous solubility (~ 90 pg/mL) [12]. Consequently,
only a small fraction of the drug, residing proximally to the
implant’s surface, dissolves within the phosphate-buffered
saline during the preliminary stages. Then subsequent auto-
catalytic hydrolysis of the PLGA matrix effectively allevi-
ates the restraint on dexamethasone, expediting the overall
drug release kinetics afterwards [46].

The safety assessment of the implants is critical for the
long-term success of the implant incorporation and previ-
ous work has demonstrated the good biocompatibility of the
PCL implants [17]. In this study, by incubating with drug
solutions obtained from all three implants at various time
points, the human TM cell viability exhibited no significant
difference when compared to untreated cells. This result
underscores the potential safety and biocompatibility of
3DP PCL implant formulations for sustained timolol release
applications.

@ Springer
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Conclusions and future directions

In the current study, the printing parameters for Timo-
lol containing-PCL based implants were established. The
physicochemical characteristics as well as the drug-release
kinetics of the prepared implants were investigated. This
work demonstrated that 3DP can be used to fabricate PCL
implants loaded with TML, which can deliver the target
drug at a therapeutic dose for 8 weeks. The study acts as a
proof of concept with regards to the development of various
DDSs for glaucoma therapies. However, to pave the way for
transferring the resulting DDS to a clinical setup there is a
need for investigating the physical stability of the 3DP DDS
in a quantifiable manner using in vivo models to validate the
drug release from the implants in a biological environment.
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