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Abstract
Objectives The aim of the work was to introduce 3D printing technology for the design and fabrication of drug-eluting contact lenses (DECL) for 
the treatment of glaucoma. The development of 3D printed lenses can effectively overcome drawbacks of existing approaches by using biocom-
patible medical grade polymers that provide sustained drug release of timolol maleate for extended periods.
Methods Hot melt extrusion was coupled with fusion deposition modelling (FDM) to produce printable filaments of ethylene-vinyl acetate co-
polymer–polylactic acid blends at various ratios loaded with timolol maleate. Physicochemical and mechanical characterisation of the printed 
filaments was used to optimise the printing of the contact lenses
Key findings 3D printed lenses with an aperture (opening) and specified dimensions could be printed using FDM technology. The lenses pre-
sented a smooth surface with good printing resolution while providing sustained release of timolol maleate over 3 days. The findings of this 
study can be used for the development of personalised DECL in the future.

Graphical abstract
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Introduction
Glaucoma is considered to be the leading cause of irrevers-
ible vision loss. There are nearly 80 million people that are 
diagnosed with glaucoma worldwide.[1, 2] The disease affects 
mainly the optic nerve of the eye where its gradual damage 
could eventually cause complete loss of vision.

Topical medications, which involve a single drug substance 
or a combination thereof, are used as first line of defence for 
glaucoma treatment and management. However, the adminis-
tration of topical dosage forms such as eye drops are not very 
effective as physiologic and anatomic factors including tear 
turnover, blinking, induced lacrimation, tear film and solution 

D
ow

nloaded from
 https://academ

ic.oup.com
/jpp/article/74/10/1467/6470728 by M

ayer, Brow
n, R

ow
e and M

aw
e user on 23 January 2024

https://orcid.org/0000-0002-6310-729X
https://orcid.org/0000-0002-3782-0091
mailto:d.douroumis@gre.ac.uk?subject=


1468 Youssra Moustafa Gadelkareem Mohamdeen et al.

drainage are the limiting factors affecting the bioavailability. 
The tear film is considered the first limiting barrier because it 
has a high turnover rate and rapid restoration time resulting 
in a lower contact time of the drug with the absorptive mem-
brane. As a result, the drug is washed away rapidly within 
15–30  min after application and less than 5% of the dose 
reaches the target tissue.[3–5]

Conventional hypodermic treatments are used to overcome 
the challenges for the delivery of ophthalmic drugs to specific 
sites by either targeting the posterior or anterior segment of 
the eye. However, they are not preferred due to poor patient 
compliance, slow diffusion rate into the target tissue, pain 
and the need for well-skilled personnel to inject them into the 
eye. Moreover, multiple injections administration may cause 
more ocular complications for the patient.[6]

Implants have also been introduced for the treatment 
of glaucoma by reducing ocular pressure such as iStents,[7] 
Hydrus,[8] CyPass implant[9] and XEN Gel Stent.[10] Polymeric 
biodegradable or non-degradable implantable devices are 
considered as a very promising technology for sustained drug  
delivery directly to the cite of action. Moreover, lower drug 
concentrations are required to exert pharmacological ac-
tion.[11, 12] However, implantable drug-loaded devices suffer 
from other challenges including the rapid initial release of 
drugs, increased drug concentration in the blood, ocular dis-
comfort and patient non-compliance.[13]

Furthermore, timolol maleate has been used as a drug sub-
stance for delivery in contact lenses due to the clinical per-
formance that has been demonstrated in clinical trials.[14–17] 
In most cases, contact lenses are fabricated using moulding 
process or molecular imprinting[15] where the drug is impreg-
nated or soaked in the polymeric compositions.[18]

Three-dimensional (3D) printing is a versatile technology 
that has attracted significant attention from various indus-
tries including pharmaceutical,[19] biomedical,[20] food[21] and 
even construction.[22] Typical applications include transder-
mal drug delivery,[23, 24] prosthetics,[25, 26] microfluidics,[27] or-
gans,[28, 29] and tumour models.[30, 31]

Some of the major features of 3D printing technologies 
include their capacity to fabricate structures with complex 
geometries with high accuracy, reproducibility and con-
trolled drug release profiles rendering them suitable for 
personalised medications according to the patient clinical 
needs.[32–34]

The aim of this study was to design and fabricate drug-
eluting contact lenses (DECL) using fusion deposition mod-
elling (FDM) for the sustained delivery of timolol and the 
treatment of glaucoma. The technology was coupled with hot 
melt extrusion (HME)[35, 36] for the filament optimisation of 
ethylene-vinyl acetate copolymer (EVA) and polylactic acid 
(PLA) blends at various ratios in order to optimise printabil-
ity and drug release rates. The study demonstrated promising 
results that could be used in the future treatment of glaucoma 
by printing personalised contact lenses.

Materials and Methods
Materials
PLA biopolymer granules were purchased from Goodfellow 
Cambridge Ltd (Huntingdon, England), EVA medical and 
non-medical grades were provided by Celanese (Germany). 
(S)-Timolol maleate (TML) was purchased from Hangzhou 
Longshine Bio-Tech Co., Ltd (Hangzhou, China).

Hot melt extrusion and 3D printing of drug-eluting 
contact lens
The EVA/PLA/TML physical blend at a ratio of 84 : 15 : 1 
(wt/wt) was prepared and mixed using a turbula mixer (Glen 
Mills T2F Shaker/Mixer). The physical blend was fed into 
the hopper of a single screw hot melt extruder (Filabot EX6, 
Filabot HQ, USA). The extrusion temperatures across the 
screw barrel were set at 35°C, 160°C, 170°C and 140°C. The 
physical blend was extruded at 10 V using a 2.5 mm circu-
lar die. The extruded filament was passed through a cooling 
system consisting of five cooling fans and collected using a 
filament winder. The filament winding speed was adjusted to 
generate a filament with a desired diameter ranging from 2.6 
to 2.9 mm suitable for FDM printing.

The contact lens was designed using SolidWorks 2015 
(Dassault Systèmes). The lens dimensions were defined ac-
cording to conventional marketed soft contact lenses (Air 
Optix Aqua) with 14.2 mm diameter. The thickness of the lens 
was adjusted at 0.26 mm with a 5 mm central aperture The 
contact lens design was converted into a stereolithography 
(stl) file and printed using a FDM 3D printer Ultimaker S5 
(Ultimaker, the Netherlands). The contact lenses were printed 
using a 0.25 mm nozzle where the optimum printing settings 
were set to print temperature of 225°C, room temperature 
build plate, layer height of 40 µm, line width of 0.15 mm and 
print speed of 5 mm/s.

Differential scanning calorimetry (DSC)
The thermal behaviour of bulk materials and the drug-loaded 
filaments were studied using differential scanning calorimeter 
(Mettler Toledo 823e, Greifensee, Switzerland) and analysed 
using a DSC-1 Star System (Mettler Toledo Ltd, Greifensee, 
Switzerland). About 2–3  mg of each sample was carefully 
weighed and placed into a 40 µl aluminium pan and immedi-
ately crimped. The samples were examined using a heat-cool-
heat cycle where heating and cooling rate were set at 10°C/
min. The temperature range was adjusted from −40 to 240°C 
with a nitrogen flow rate at 50 ml/min.

Thermogravimetric analysis (TGA)
TGA (Q5000-IR, TA Instruments, Crawley, UK) was utilised 
to investigate the thermal stability of the bulk materials, plain 
and drug-loaded filaments. Approximately 2–3  mg of each 
sample was placed into a standard TGA aluminium pan. Each 
sample was heated in a nitrogen atmosphere at the heating 
rate of 10°C/min. The TGA curves were scanned from 25 to 
500°C. Generated data were interpreted using TA Universal 
Analysis 2000 (TA Instruments, USA).

Rheology
The rheological behaviour of the pure polymers and extruded 
filaments across a wide range of shear rates was studied using 
an Anton Parr MCR 302 rheometer (Anton Parr GmbH, 
Graz, Austria). Rheological behaviour of all the samples was 
tested at a temperature of 200°C using an upper geometry of 
the 25-parallel plate. The samples were tested in a 1 mm gap 
from the upper geometry and the platform. The viscosity of 
the samples was examined from 0 s−1 to 100 s−1. RheoCompass 
was used to analyse the extracted data.

Scanning electron microscopy (SEM)
The morphology of the 3D printing filaments was examined 
using Hitachi SU8030 cold-cathode field-emission gun SEM 
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(Hitachi High-Technologies, Germany). The samples were 
placed on an aluminium stub using double-sided black car-
bon tape. The images of the samples were taken at an acceler-
ating voltage of IKV and ×30 magnification. The morphology 
of blank and drug-loaded contact lenses was investigated 
under low vacuum SEM. The samples were placed on an alu-
minium stub using double-sided black carbon tape. JEOL 
JSM 5310LV SEM (Tokyo, Japan) was used to examine the 
sample’s morphology and 3D printed dimensions. Oxford 
Instruments Aztec software version 3.3 was used to montage 
the sample images.

X-ray diffraction (XRD)
Brucker D8 Advance diffractometer (Germany) equipped with 
a Göebel mirror using Cu-kα radiation was used to determine 
the crystallinity of TML within the extruded filament and the 
printed contact lens prototype using the transmission mode. 
The filament was carefully cut down into two small pieces 
using a sterile tweezer and placed into a metal holder covered 
with an X-ray transparent mylar sheet to hold the sample in 
place. The mylar coat was folded over the sample and placed 
into the transmission scanning stage. The diffractograms were 
collected between 5 and 60° 2θ with a scan speed at 0.2 s/step 
and a step size of 0.02° 2θ.

Mechanical testing
A texture analyser (TA, HD plus Texture Analyzer Stable 
Micro Systems Ltd, Surrey, UK) was used to investigate the 
mechanical properties of the extruded filaments. The TA was 
fitted with 30 kg load cell to assess the tensile strength of three 
distinct blend filaments. The total length of the sample was set 
to 120 mm and the gauge length was set to 80 mm. The spe-
cimens were put into custom-made 3D printed thermoplas-
tic polyurethane grippers. The diameter of the filaments was 
recorded in five different locations of the specimen and the 
average diameter was used for calculations. The specimens 
were tested at a speed of 1 mm/s in accordance with ASTM 
D882 and D638 standard. The data were generated using the 
TA Exponent 32 software where each sample was evaluated 
in quintuplicate.

Drug release studies
Drug-loaded lenses containing 250 µg of TML were immersed 
in test tubes containing 15 ml of simulated tear fluid (STF, 
pH 7.4). The tubes were incubated in a water shaker bath 
under 120 rpm and kept at 37°C. During the study, 2 ml were 
withdrawn from each sample and replaced with equivalent 
fresh STF solution at predetermined intervals. Experiments 
were performed in triplicates. The TML concentration was 
determined using a Varian Cary 50 Bio-UV-visible spectro-
photometer at room temperature. The concentration of the 
TML molecules released from the lenses was estimated using 
a calibration curve in STF at 295 cm−1.[37]

Results and Discussion
Thermal characterisation
The DSC analysis of plain polymers, plain TML, EVA/PLA 
filaments and drug-loaded filaments, was conducted in order 
to identify the thermal events, the drug physical state and pos-
sible drug–polymer interactions.

As shown in Table 1, bulk PLA exhibited two endotherms 
where the first one is attributed to its glass transition at 
57.93°C, while the secondary endothermic peak is related 
to the melting point at 149.78°C. The PLA also presented 
an exothermic peak at 98.00°C which is attributed to poly-
mer crystallization. The non-medical EVA presented two 
endothermic events at temperatures of 50.41°C and 76.06°C 
which relates to the presence of two different types of crystals 
(polymorphs) in the EVA copolymer.[38]

EVA/PLA filament at 90  : 10 exhibited a shifted primary 
endotherm at 50.41°C suggesting polymer miscibility be-
tween EVA and PLA. In addition, the melting peak of PLA 
had a very weak endotherm response (small trace) which in-
dicates strong interactions between the two polymers. In con-
trast, when the PLA ratio increased (EVA/PLA at 80 : 20 wt%) 
the melting endotherm of PLA appeared to be weak again 
indicating strong polymer–polymer interactions at such ratio.

As shown in Figure 1, the DSC thermogram of the plain 
medical EVA showed two endothermic events at around 
45.90°C and 64.08°C, respectively, which comply with 
those of the non-medical grade EVA (Table 1). The thermo-
gram of TML exhibited a single sharp endothermic event at 
206.14°C, which relates to the melting endotherm. However, 
the melting endotherm disappeared in the TML-loaded fila-
ment suggesting that TML was converted into an amorphous 
state. Interestingly, the same thermogram showed a signifi-
cant temperature depression of the two polymer endotherms 
at 39.09°C and 77.9°C which is greater compared with the 
shift observed for the polymer blends (Table 1). This can be 
possibly attributed to the formation of a glass solution where 
TML is molecularly dispersed in the polymer blends.

TGA studies were carried out to investigate the thermal sta-
bility of bulk materials and the filaments to evaluate the max-
imum temperature threshold for HME and 3D printing of the 
filaments. As shown in Figure 2, bulk PLA presented a single 
degradation temperature at 338°C, while both medical and 
non-medical EVA pellets presented a two-step degradation at 
340°C due to loss of acetic acid and another degradation tem-
perature at 450°C due to the loss of unsaturated polyethylene 
co-acetylene molecule.[39] Both EVA/PLA filaments presented 
a mass loss at 340–380°C due to the PLA decomposition and 
a second peak was observed between 400 and 500°C due to 
EVA’s decomposition.

As shown in Figure 3, TML exhibited high thermal stabil-
ity up to 201°C followed by a rapid mass loss due to the deg-
radation.[40] Both drug-loaded filament and the drug-loaded 3D 

Table 1  DSC analysis of bulk polymers and extruded filaments blends

Formulation (wt/wt) Glass transition (°C) Melting endotherms (°C) Crystallization (°C)

PLA 57.93 150.88 98.00

Non-medical EVA N/A 50.41 and 76.06 N/A

EVA/PLA filament 90 : 10 N/A 40.11 and 77.26 N/A

EVA/PLA filament 80 : 20 N/A 44.26 and 77.23 N/A
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printed contact lens samples exhibited two-step mass loss which 
are mainly attributed to the raw polymeric materials of EVA 
and PLA and no apparent drug degradation is observed. The 
obtained TGA curves indicate that the drug has been protected 
from thermal degradation when embedded within the poly-
meric matrix through the HME process. Consequently, we were 
able to fabricate the drug-loaded contact lenses at relatively 
high temperature of 250°C while avoiding drug degradation.

X-ray analysis
As shown in Figure 4, X-ray analysis was conducted to inves-
tigate the solid state of the drug substance TML in the HME 
blend filament and the 3D printed contact lenses.

The XRD pattern shown in Figure 4 shows clear crys-
tallinity of bulk TML with high-intensity peaks at 10°, 
14°, 17°, 20°, 21° and 22°, 2θ. The XRD pattern of the  
TML-loaded filament showed that the drug was converted 

into an amorphous state. The presence of the amorphous 
drug in the extruded filaments is in good agreement with the 
DSC data described above.

Rheological studies
Rheological studies play an important role in processability 
settings of various 3D printing materials.[41] The study of the 
rheological behaviour of polymeric blends is highly required to  
determine the printability of the filaments. As shown in Figure 5, 
the viscosity of the 3D printing filaments was measured at print-
ing temperatures, respectively, from shear rates of 0.1–100 s−1.

All three formulations exhibited a shear thinning behaviour 
which is highly desirable for FDM applications.[36, 42] Both 
placebo filaments exhibited near-identical rheological behav-
iour. However, a slight increase in viscosity was observed by 
increase in the amount of the PLA. On the other hand, the 
drug-loaded filament exhibited increased viscosity at different 

Figure 2  TGA of plain medical EVA, non-medical EVA, PLA and EVA/PLA filaments.

Figure 1  DSC thermograms of plain medical grade EVA, timolol maleate and timolol-loaded filament.
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shear rates which is due to the presence of the EVA medical 
grade. Such high viscosity of the filament requires lower print 
speeds to ensure uninterrupted and continuous disposition of 
the filament through the nozzle as well as avoiding filament’s 
crimping at the feeder section of the printer.

Mechanical studies
Tensile testing was carried out to investigate the printability 
of the fabricated 3D printing filaments (Table 2). According 
to a recent study,[36] filaments with ultimate tensile strengths 
of more than 17 MPa are considered printable. The tensile 
tests revealed that all three filament blends including the 
TML-loaded filament meet the ultimate tensile threshold of 
17 MPa.

All three 3D printing filaments are quite flexible featuring 
high percentage elongation and low Young’s modulus which is 
desirable for fabrication of contact lenses. As shown in Figure 
6, the effect of TML in the extruded filaments was minimal 
and almost identical to the plain with EVA/PLA 90 : 10 (wt/
wt). There is a slight increase in rigidity (Young’s modulus) of 
the timolol-loaded filament in comparison with the placebo 
filament (EVA/PLA 90 : 10) which is explained due to differ-
ences in mechanical behaviour of medical and non-medical 
EVA grades. Nevertheless, consideration for the printability 
of the filaments should be taken into account due to possible 
feeding of over flexible filaments according to Nasereddin 
et al.[43] Therefore, low print speeds were used for printing of 
the contact lenses to avoid crumbling the filaments.

Figure 3  TGA of timolol-loaded filament and 3D printed timolol-loaded contact lens.

Table 2  Mechanical properties of the 3D printing filaments

Filament composition (wt/wt) Ultimate tensile strength (MPa) Percentage elongation (%) Young’s modulus (MPa)

EVA/PLA/TML (84/15/1) 58.94 398.22 101.96

EVA/PLA (90/10) 62.00 398.19 78.63

EVA/PLA (80/20) 112.78 517.62 114.96

Figure 4  XRD graphs of timolol maleate, timolol-loaded 3D printing filament and timolol-loaded 3D printed contact lenses.
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Hot melt extrusion and 3D printed contact lenses
The mechanical pushing mechanism used in the FDM printers 
to propel the filament towards the heating zone requires 
thermoplastic materials with a specific limit of mechanical 
strength that guarantees the proper material feeding with-
out any difficulty which might lead to nozzle blockage and  
eventually cause printing process failure. For instance, ma-
terials with inadequate mechanical strength exhibit bending 
behaviour resulting in grinding the filament in between the 
moving rotating rollers during the feeding process. On the 
other hand, very ductile materials may exhibit fractures at  
the feeding zone that also leads to the failure of the process.

The pure EVA filaments (data not shown) lacked suffi-
cient mechanical strength despite the fact that they fulfil all 
the other required features. Therefore, we found that it was 
challenging to achieve the desired printability from bulk EVA. 
As a result, another trial was conducted to extrude EVA/PLA 
blends to improve the mechanical characteristics of EVA 
polymers. The EVA/PLA were blended at ratios of 90  :  10 
(w/w) which improved the mechanical strength without com-
promising the transparency of EVA. The extruded EVA/PLA 
of ratio at 90 : 10 (wt/wt) was fed successfully into the feeder 

and extruded from the nozzle’s tip. Although successfully 
printing contact lenses, the particular blend presented the 
same issues of grinding, under extrusion and nozzle blockage 
during printing.

As a result, a new EVA/PLA 80  :  20 (wt/wt) blend was 
extruded using the same extrusion setting parameters. In 
comparison with EVA/PLA blend of 90  :  10 (w/w), it was  
observed that the feeding of filament into the printer was 
much easier and the printing reproducibility was improved 
while grinding, buckling and irregular extrusion problems 
rarely occurred. Even though the successful printing attempts 
of the contact lens was achieved using EVA/PLA 80 : 20 (wt/
wt), the contact lenses exhibited lower flexibility and showed 
crack marks upon bending in comparison with contact lenses 
printed using EVA/PLA at 90 : 10 (w/w) ratio. Therefore, the 
80 : 20 (w/w) ratio of EVA/PLA was selected for the drug load-
ing step but using medical grade EVA polymer. For the drug-
loaded filament, further experimentation (data not shown)  
revealed that extruded blends of EVA/PLA/TML at 84/15/1 
(w/twt/wt) ratio could be used for 3D printing processing. The 
new blend composition was fed smoothly into the printer’s 
feeder and printing attempts were successful.

The initial printing trials revealed the printing of contact 
lenses was very challenging without using support mater-
ial due to the inherent overhang of the contact lens model. 
Polyvinyl alcohol (PVA) was used as a support material and 
fed into the second extruder to support the lens internally. 
PVA was particularly chosen as a suitable material due to 
its ease of removal from the printed lenses because of its 
high-water solubility. As a result, the support was easily re-
moved off by simply immersing the lens in a beaker filled with 
water and left for around 2 h until the PVA material attached 
to the lens was completely dissolved. PVA exhibited a good 
fusion with the main printing blend of EVA/PLA material. 
However, the print quality was not optimal on the upper part 
of the lens. Although printing with support has assisted to 
overcome the overhang issue in the lens model, it comprom-
ised the lens transparency and printing time was prolonged.

As Figure 7 illustrates, two lens structures with or without 
an aperture were designed using SolidWorks 2015 CAD soft-
ware at dimensions of 12 mm in diameter and thickness of 

Figure 5  Viscosity measurements EVA/PLA filaments and timolol-loaded filaments.

Figure 6  Stress–strain graphs of EVA/PLA and timolol-loaded filaments.
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0.26 mm and saved as STL format. During the print optimisa-
tion, it was decided that the lens design with circular 5 mm 
aperture was decided as the best option for DECL in order to 
avoid the improper vision of the patient when applied on the 
eye. The drug-loaded filament of EVA/PLA/TML at 8 : 15 : 1 
(wt/wt/wt) ratio was successfully used for printing lenses 
which showed a yellowish colour due to the melting of the 
drug during printing. Further investigation showed that print-

ing below the melting point of the drug at 200°C the lenses 
appeared transparent, without forming the yellowish colour.

As shown in Supplementary Table 1, for the printing op-
timisation of 3D printed contact lenses, the most important 
print setting parameters were investigated including nozzle 
diameter, thickness layer, line width, print speed, printhead size 
and build-plate temperatures. Due to the hollow structure of 
lens design, the infill ratio has no major effect on the printing  

Figure 7  Blank 3D printed contact lenses with and without central aperture (5 mm) comprising of EVA/PLA 90 : 10 (wt/wt) blend.

Figure 8  SEM images of (a) EVA/PLA 90 : 10 (wt/wt), (b) EVA/PLA 80 : 20 (wt/wt), and (c) timolol-loaded EVA/PLA 3D printing filament at 84 : 15 : 1 (wt/
wt). SEM images of (d) 3D printed timolol-loaded and (e) placebo contact lenses.
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quality. However, infill is one of the FDM setting parameters 
which can affect the rate of drug release. It has been reported 
that faster release rates of drugs have been observed in some 
printed drug-loaded dosage forms with higher infill percent-
ages.[44] In addition, print speed and layer thickness influence 
the quality of 3D structures.

Furthermore, our printing optimisation showed that lower 
print speed and layer thickness results in the fabrication of 3D 
structures with higher resolution and better quality.[19] In this 
respect, a smaller nozzle’s diameter of 0.25 mm was used for 
lens printing instead of a 0.4 mm nozzle in order to obtain very 
fine layers of deposited materials and achieve a very smooth 
surface with invisible lines. Additionally, the nozzle tempera-
ture is a very important factor in FDM printing technology as 
the filament should be heated at temperatures above its glass 
transition or melting point of the polymer to adequately melt 
the material and easily extrude it from the nozzle. The use of 
higher printing temperatures above the melting point of mater-
ial is usually recommended to overcome the slight shear force 
applied to the molten material during extrusion from the noz-
zle. In this sense, the difference of temperatures applied in HME 
and 3D printing could reach 100°C depending on different ma-
terials.[45] This is because the shear thinning behaviour improves 
the flow efficiency of the filament and the energy consumed 
during processing.[46] Successful printings have been achieved at 
temperatures of 220–225°C using the EVA/PLA blends contain-
ing non-medical grade of EVA. In contrast, the EVA/PLA blend 
filament containing medical grade of EVA exhibited successful 
printing behaviour at temperatures starting from 200°C.

Scanning electron microscopy (SEM) analysis
The SEM images of HME extruded filaments of EVA/PLA 
blends at 90 : 10 and 80 : 20 (wt/wt) along with TML-loaded 

filament shown in Figure 8a–c exhibited smooth and consist-
ent surface morphology with no defects.

As shown in Figure 8e, the morphology of the blank 3D 
printed contact lens using EVA/PLA blend (90  : 10, wt/wt) 
presented better consistency and smoother surface in com-
parison with TML-loaded printed contact lens. However, the 
differences in print layer consistency between the samples 
could be attributed to the use of different EVA grades where 
in this study the placebo contact lenses were printed using 
non-medical EVA grades while the drug-loaded using a med-
ical grade EVA. As shown in Figure 8e and d, the surfaces of 
the placebo and drug-loaded 3D printed contact lenses fea-
ture some zits and blobs due to the frequent movement and 
stops of the print head around the print. Hence, future opti-
misation is needed in order to improve the surface character-
istics of the printed drug-loaded lenses.

As shown in Table 3, the theoretical values for the lens aper-
ture and external diameter should be around 5 and 12 mm, 
respectively, according to the CAD designs. However, the re-
corded measurements from the SEM images showed slightly 
smaller values due to the inherent tendency of thermoplastic 
materials to shrink in the cooling step during the printing pro-
cess.

Furthermore, Figure 9 shows the top view of the drug-
loaded lens that present adequate consistency among the 
printed layers and excellent intralayer adhesion.

Drug release studies
An objective of the study was to optimise drug-eluting lenses 
that would provide sustained release rates of TML for a 
period of 7 days. As shown in Figure 10, most of TML was 
released after 24 h and a burst release of 20% was observed 
within the first 5 h.

Table 3  External and aperture’s diameter measurements in millimetres for placebo and drug-loaded contact lenses

Design Internal  
diameter (mm)

External  
diameter (mm)

CAD internal  
diameter (mm)

CAD external  
diameter (mm)

Internal  
diameter tolerance (%)

External  
diameter tolerance (%)

Placebo lens 4.69 11.8 5.0 12.0 6.2 1.6

Timolol 
leaded lens

4.65 11.5 5.0 12.0 7.0 4.1

Figure 9  SEM images of cross-sections of drug-loaded contact lens with and without layer thickness measurements.
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The burst release was attributed to the localised TML on 
the surface of the lenses. In addition, the drug release oc-
curred only for 3 days where 35% was detected followed 
by negligible release for the remaining period of the study. 
From the release pattern, it is obvious TML sustained re-
lease was not achieved mainly due to the slow diffusion 
from the polymer matrix. Hence, further work is required 
to optimise the drug release at the desired rate (around 
50  µg/day). This can be either achieved through the add-
ition of hydrophilic polymer (plasticisers) in the EVA/PLA 
blends or by using different EVA/PLA grades of low mo-
lecular weights.

Conclusions
In this study, 3D printing technology was coupled with 
HME processing for the development of EVA/PLA/TML 
printable blends and the printing of drug-eluting blends. 
The extruded filaments presented suitable printability 
while the drug-loaded lenses showed a smooth surface. 
The TML release rates were limited for only 3 days while 
a burst release was observed. Nevertheless, the study dem-
onstrated that the design and printing of drug-eluting 
lenses is feasible but further work is required for drug re-
lease optimisation.

Supplementary Material
Supplementary data are available at Journal of Pharmacy and 
Pharmacology online.
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