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ABSTRACT 
The use of drug-loaded soft contact lenses (SCLs) systems is a promising alternative to improve 
the efficiency of ocular drug delivery relatively to eye drops. However, these devices are not 
commercially available since extended, controlled drug release is difficult to achieve. Several 
strategies have been attempted to overcome this problem. Incorporation of vitamin E is one of 
them, and is based in the creation of diffusion barriers to retard the drug release. Whatever the 
approach, SCLs sterilization is mandatory to avoid eye infections. Depending on the sterilization 
method, drugs can be affected, as well as SCLs materials and drug release profiles. This work 
intends to study the effects of different types of sterilization: steam and pressure and gamma 
radiation at three doses (5, 15 and 25 kGy). Several drugs (chlorhexidine, levofloxacin, diclofenac 
and ketorolac) were tested concerning their eventual degradation and antimicrobial activity 
(chlorhexidine and levofloxacin). The SCLs used were commercial silicone-based SCLs 
(Acuvue®Oasys® and 1-Day Acuvue®TruEye®), whose properties (swelling, wettability, 
transmittance, ionic permeability and morphology) were studied. Drug release experiments were 
performed with the best sterilization conditions. From the point of view of drugs, the standout 
sterilization was, in general, steam and pressure and, for chlorhexidine and levofloxacin, 5 kGy 
gamma radiation. The most significant alterations of SCLs were: wettability decrease by steam 
and pressure, swelling increase by all radiation doses for Acuvue®Oasys® and the appearance 
of surface irregularities with 25 kGy gamma radiation. Thus, steam and pressure and 5 kGy 
gamma radiation were the chosen sterilizations for drug release experiments. Different drug-SCL 
systems led to different results, implying that it is not possible to elect a single sterilization for all 
SCLs drug delivery systems. 
KEY WORDS: ocular drug delivery, contact lenses, drugs, sterilization, steam and pressure, 
gamma radiation 
1. INTRODUCTION 
The eye is a complex organ that can be divided 
in two segments: anterior and posterior. The 
anterior segment of the eye that includes 
tissues such as lens, cornea, iris, conjunctiva 
and ciliary muscle, is affected by several 
disorders such as infections and 
inflammations.1 The efficient treatment of these 
disorders has been a challenge, since the most 
common therapy is by topical administration, 
such as eye drops. Eye drops are extremely 
inefficient since the drug absorption is lower 
than 7% due to anatomical barriers and 
physiological processes present in the eye. 
Thus, to achieve the desired therapeutic effect, 
high concentration of drugs in a frequent 

application regime have to be used, what can 
lead to toxicity and undesirable side effects.2  
To overcome this issue, new ocular drug 
delivery systems have been investigated 
including contact lenses, which are claimed by 
some scientists to improve up to 35 times the 
efficiency of drug delivery when comparing to 
eye drops.3  The most common method to 
incorporate drugs into the lens is by soaking 
the lens in the drug solution. However, this 
method usually lead to a non-controlled and 
non-extended drug release profile. To 
overcome these limitations several 
approaches are being studied, including the 
incorporation of molecules, e.g.  vitamin E, 



  

which act as diffusion barriers, making the drug 
go through a tortuous path until its release .4–6  
An ocular drug delivery system to be placed on 
the eye has to be sterile to avoid further 
complications to the user. Preferentially a 
terminal sterilization method where the final 
product is submitted to physical (filtration, heat 
or radiation) or chemical (liquid and gaseous) 
sterilization should be applied. However, it is 
important to take into account the impact of the 
sterilization methods on the properties of the 
product being sterilized, namely, the properties 
of contact lenses, drugs and, furthermore, the 
drug release kinetics profile. 7,8 
This work aims to study the effect of different 
sterilization methods and conditions in several 
ophthalmic drugs, properties of contact lenses 
and release kinetic profiles of those drugs from 
the drug-loaded contact lenses. The 
sterilization methods used were steam and 
pressure and gamma radiation at 3 doses (5 
kGy, 15 kGy and 25 kGy). Steam and pressure 
uses saturated steam under pressure at a 
particular temperature for a defined time, and 
is widely use since it is non-toxic, inexpensive, 
fast and easy to manage.9 Gamma radiation, 
an ionizing radiation, does not lead to an 
increase in temperature, being mostly 
adequate to heat-sensitive items. Furthermore, 
it is non-toxic and has high penetration power. 
However, gamma radiation can generate 
radyolitic products from the water radyolisis 
when there are irradiation of drugs in solution. 
To prevent this, there are several possible 
solutions, including the addition of a radio-
protecting excipient to the solution. One of the 
reported excipients is mannitol, whose effect is 
tested in this work10,11. The drugs used were: 
chlorhexidine, an antiseptic that also acts 
against bacteria such as Staphylococcus 
aureus12; levofloxacin, an antibiotic belonging 
to the third generation of fluoroquinolones, 
active against bacteria such as 
Staphylococcus aureus and Pseudomomas 
aeruginosa13 ; diclofenac and ketorolac, both 
nonsteroidal anti-inflammatory drugs (NSAIDs) 
used to reducing the pain, the redness and the 
swelling of the eye, principally in patients that 
are recovering from cataracts surgery14. The 
contact lenses used are commercial based-
silicone soft contact lenses (SLCs): Acuvue® 
Oasys®, which can be used by 2 weeks (daily 
wear) or 5 consecutive nights (extended wear), 
made of Senofilcon A with 38% water content, 
and, 1-Day Acuvue® TruEye®, which is a daily 
contact lens made of Narafilcon A with 46% 

water content. The effects of sterilization on 
drugs were determined by measuring its 
degradation by high performance liquid 
chromatography (HPLC) and by antimicrobial 
assays, in the case of chlorhexidine (against 
Staphylococcus aureus) and levofloxacin 
(against Staphylococcus aureus and 
Pseudomonas aeruginosa). The studied 
properties of commercial SCLs were: swelling, 
wettability, transmittance, ionic permeability 
and morphology. 
 2. EXPERIMENTAL 
2.1. Materials 
The used commercial SCLs were: 1-Day 
Acuvue® TruEye® of dioptre -2.50 and 
Acuvue® Oasys® of dioptre -0.50, both from 
Johnson&Johnson. 
The used drugs were: Chlorhexidine diacetate 
hydrate 98%, from Acros Organics, Fisher 
Scientific; Levofloxacin ≥98% (HPLC), from 
Sigma-Aldrich®; Diclofenac sodium salt, from 
Sigma-Aldrich®; Ketorolac tromethamine, from 
Fluka Analytical. 
The NaCl (130 mM) aqueous solution is 
prepared with sodium chloride PA, from 
Panreac. The used vitamin E is (+/-)-A-
tocopherol, from Sigma-Aldrich®. The 
excipient used for radio-protection of the drugs 
was D-Mannitol ≥ 98.0%, from Sigma-
Aldrich®. For the antimicrobial assays the 
following materials were used: Mueller-Hinton 
agar CM0337, from Thermo Scientific Oxoid 
and disks blank antimicrobial susceptibility, 
from Thermo Scientific Oxoid. For the 
production of the mobile phases of HPLC for 
each drug were used: Triethylamine ≥99%, 
from Sigma-Aldrich®; Methanol RPE, from 
Carlo Erba Reagents; Acetonitrile RS, from 
Carlo Erba Reagents; Orto-phosphoric acid 
85% for analysis, ACS, ISO, from Panreac; 
Potassium phosphate monobasic, from Sigma-
Aldrich®. All aqueous solutions were prepared 
with deionized and distilled (DD) water. 
 2.2. Sterilization methods 
2.2.1. Steam and pressure 
The autoclave used was a vertical steam 
sterilizer UNICLACE 88 of 380V. The 
sterilization parameters were: 121ºC, at 1 bar 
for 1 hour. The drugs were sterilized in solution 
(all drugs were dissolved in NaCl aqueous 
solution of 130 mM, except chlorhexidine that 
was dissolved in DD water due to its limited 
solubility in saline solution). The commercial 
SCLs were sterilized hydrated in two different 
solutions: water and NaCl, to replicate the 



  

different drugs preparations. The drug-loaded 
commercial SCLs were sterilized in the 
respective drug solution. 
2.3.2. Gamma radiation 
For the sterilization of drugs and commercials 
SCLs, three gamma radiation doses were 
used: 5, 15 and 25 kGy. The dosing rate was 5 
kGy per hour, so the irradiation time for each 
dose was respectively: 1, 3 and 5 hours. The 
source of gamma rays was 60Co. The drugs 
were sterilized in three different conditions for 
each radiation dose: in solution, in solution with 
5% of mannitol and in powder. The commercial 
SCLs were sterilized in two different solutions: 
water and NaCl, to replicate the different drugs 
preparation media. The drug-loaded 
commercial SCLs were sterilized in the 
respective drug solution. 
 2.3. Study of drugs 
2.3.1. Drugs degradation 
It was used high performance liquid 
chromatography (HPLC) do determinate the 
concentration of the drugs and thus its 
degradation. The HPLC system used was the 
Waters® e2695 and the column used was a 
Waters Reversed-Phase Column C18. The 
flow rate used for the mobile phase was 
1mL/min. The mobile phases were different for 
each drug: for chlorhexidine it consisted of 
acetonitrile and potassium phosphate 
monobasic solution (0.02 mol/L at pH 2.5) in 
the ratio  40:60 v/v; for levofloxacin a mixture 
of water, acetonitrile, orto-phosphoric acid and 
triethylamine in the ratio 86:14:0.6:0.3 v/v was 
used; for diclofenac it was used orto-
phosphoric acid  (0.05 M), acetonitrile and 
methanol in the ratio 40:48:12 v/v; for ketorolac 
it was used phosphate buffer (2.72 g of 
potassium phosphate monobasic, 1 L of DD 
water and 1 mL of triethylamine, at pH 3.0) and 
methanol in the ratio 45:55 v/v. All drugs were 
dissolved until a concentration of 0.1 mg/mL 
and all tests were done at least in triplicate. 
2.3.2. Microbiological assays 
The method used to determine antimicrobial 
activity of chlorhexidine and levofloxacin was 
the agar diffusion method with Mueller Hinton 
(MH) agar. The MH agar was prepared at a 
concentration of 38g MH agar/ 1L DD water 
and sterilized. Then, it was stabilized at 50ºC. 
The bacterial suspensions were prepared 
using different concentrations: For 
Staphylococcus aureus, a gram-positive 
bacteria, the concentration used was 1 
McFarland, while for Pseudomonas 
aeruginosa, a gram-negative bacteria, the 

concentration used was 0.5 McFarland. Then, 
350µL of bacterial suspension were added to 
50mL of MH medium being gently mixed and 
homogenized and placed on square petri 
dishes. Blank discs were placed in the medium 
already solidified and 15 µL of the drug solution 
was incorporated into each correspondent 
blank disk. The inhibition halos were measured 
and compared with those obtained with a non-
sterilized solution. Minimum inhibitory 
concentrations (MICs) of the antibiotics against 
the referred bacteria were determined by the 
same method, with drug solutions, prepared 
previously with different dilutions. The 
minimum visible halo corresponds to the MIC. 
 2.4. Determination of the sterilization 
effects on SCLs 
2.4.1. Swelling 
Swelling kinetics assays were performed for 
both commercial SCLs sterilized in water and 
NaCl, at two temperatures: 4ºC and 36ºC. The 
samples were first dried at air overnight and 
then weighted. The hydrated SCLs were 
weighted at 1, 2, 6, 9 and 24 hours of 
immersion. The swelling capacity ( ) was 
determined through the following equation: 

= × 100 [1] 
where  is the weight measured at a certain 
time and 0 is the dried lens weight.  
2.4.2. Wettability 
The wettability of hydrated SCLs was 
determined through the measurement of 
contact angles by the captive bubble method. 
The SCLs were previously hydrated in DD 
water for 24 hours. Measurements were 
carried out at room temperature in water DD. 
An air bubble was placed below the SCL 
surface, mounted in a horizontal support, using 
a micrometer syringe with a needle inverted in 
the edge. The images acquisition was 
performed during 1 minute for each bubble (14 
images) with a video camera JAI CV-A50 
connected to a microscope WildM3Z, using a 
frame grabber Data translation DT3155. The 
image analysis was performed by the ADSA-P 
software (Axisymmetric Drop Shape Analysis 
Profile). At least 9 bubbles were done for each 
system. 
2.4.3. Transmittance 
Transmittance was accessed by the 
absorbance measurements of the SCLs 
previously hydrated in water for 24 hours and 
placed in a lateral surface of a quartz cuvette. 
The absorbance was measured in the 
wavelength range of ultraviolet and visible light 



  

(200-700nm). All tests were done, at least, in 
triplicate in different SCL zones. The UV-Vis 
spectrometer used was the Multiskan™ GO 
Microplate Spectrophotometer from Thermo 
Scientific. 
2.4.4. Ionic permeability 
The ionic permeability of the hydrated SCLs 
was measured using a homemade diffusion 
cell, which is constituted by two compartments. 
The SCL was placed in an aperture between 
the two chambers. The donor chamber was 
filled with 24 mL of NaCl aqueous solution (130 
mM) and the receiving chamber was filled with 
32 mL of DD water. A conductivity measuring 
sensor was placed in a slot in the receiving 
chamber to measure the conductivity (µS/cm) 
over time, which will be converted in ions 
concentration by the following equation: 

∗ = ∗   [2] 
where F is the rate of ion transport, V is the 
volume of the receiving chamber solution, A is 
the area of the lens and  dC/dx is the initial 
NaCl concentration gradient across the 
hydrogel of thickness dx. All the experiences 
were performed at least for 10 hours, recording 
one conductivity value at each hour, at 36ºC. 
The conductivity measuring instrument used 
was the Handheld meter Cond 340i from WTW. 
2.4.5. Morphology  
SEM images were taken to analyse the lens 
surface and the matrix. For both analyses the 
SCLs were hydrated previously with water. For 
the surface images, the SCLs were cut in small 
pieces, placed in a -80⁰C freezer for 1 day and 
then lyophilized overnight. For the matrix 
imaging, the entire SCL was frozen in liquid 
nitrogen for a few seconds, broken into small 
pieces and lyophilized overnight. Then the 
samples, for both imaging, were coated with 
chromium and analysed by SEM with different 
magnifications: 1 000x, 3 000x, 10 000x and 
20 000x. The SEM used was a Field Emission 
Gun (FEG) SEM JEOL JSM-7001F. The 
chromium deposition was done in a Q150T ES 
from Quarum Technologies equipment. 
 2.5. Preparation of the drug loaded 
materials 
The drug release experiments were made for 
all drugs loaded in both commercial SCLs. 
Additionally experiments with Vitamin E were 
performed only for two drugs loaded in both 
commercial SCLs: chlorhexidine and 
levofloxacin, where the vitamin E was 
incorporated first. The optimal vitamin E (%) 
loading in the SCLs used in this work was 

found to be 20% to achieve an extended 
release of the drugs.  
2.5.1. Vitamin E incorporation 
First, the lenses were washed with DD water, 
dried at air, and weighted. Then, they were 
immersed in 3 mL of a solution of vitamin E in 
ethanol for 3 hours at room temperature. The 
concentrations of the vitamin E solutions were: 
40mg/mL for Acuvue® Oasys® and 41.7 
mg/mL for 1-Day Acuvue® TruEye®. After the 
loading of vitamin E, the SCLs were dried at 
room temperature overnight and weighted 
again to confirm the loading (%) of vitamin E.  
2.5.2. Drug incorporation 
The drug incorporation into the SCLs (with or 
without vitamin E) was done by soaking. The 
dried SCLs without Vitamin E were immersed 
in the drug solution for 7 days at 4ºC, while the 
lenses with vitamin E were immersed for 3 
weeks at 4ºC. The drug solution of 
chlorhexidine and levofloxacin was 5 mg/mL 
while the diclofenac and ketorolac solution was 
2 mg/mL. All drugs were dissolved in NaCl 
aqueous solution (130 mM), except 
chlorhexidine that was dissolved in DD water. 
 2.6. Drug release testing 
Drug release experiments were carried out in 5 
mL of NaCl solution (130 mM), at 36⁰C and 180 
rpm in a shaker (Incubating Mini Shaker from 
VWR) to try to simulate the lachrymal fluid. 
Before the experiment, the SCLs were taken 
out of the drug loading solution, soaked in DD 
water and blotted with dry absorbent paper. 
The drug concentration was determined from a 
sample of 0.5 mL from the supernatant, which 
was replaced by 0.5 mL of fresh NaCl solution 
(130 mM). The samples were collected each 
hour in the first 8 hours, and after that, each 24 
hours until the stagnation of the drug release. 
The concentration of the drug release was 
determined by UV-Vis spectroscopy 
(Multiskan™ GO Microplate 
Spectrophotometer of Thermo™ Scientific) in 
the drugs characteristic wavelength (255 nm 
for chlorhexidine, 290 nm for levofloxacin, 276 
nm for diclofenac and 315 nm for ketorolac). 
2.7. Sterility tests of SCLs 
A sterility test recommended by the 
Portuguese Pharmacopeia 9, was performed 
for both SCLs sterilized by steam and pressure 
and 5 kGy gamma radiation. The method used 
was the direct inoculation in two different 
culture media: a lactose broth (to see if there is 
growing of pathogenic and non-pathogenic 
bacteria) and a soya-bean casein digest 
medium (to see if there are present fungi or 



  

yeast), at different temperatures, for 1 week. 
The temperatures of incubation were 30ºC and 
25⁰C respectively. At the end of the 
experiment, the existence of turbidity was 
checked by visual observation, which indicates 
contamination. 
 3. RESULTS AND DISCUSSION 
3.1. Minimal inhibitory concentration (MIC) 
of drugs 
The obtained MIC of chlorhexidine and 
levofloxacin for Staphylococcus Aureus was 
7.5 µg/mL, while the MIC of levofloxacin for 
Pseudomonas Aeruginosa was 15 µg/mL. 
3.2. Effect of sterilization on drugs 
HPLC chromatograms and UV spectra of the 
four drugs were compared before and after 

each sterilization method. An example of the 
chromatograms obtained for chlorhexidine 
non-sterilized and sterilized by the different 

methods and conditions is shown in figure 1. 

 Figure 1. Chromatograms obtained by HPLC correspondent to 
the different sterilization methods used and the several 

chlorhexidine preparations. 
 From these chromatograms it is possible to 
obtain the relative concentration of each drug 
(%), which is represented in figure 2. 

 Figure 2. Relative concentration of drugs (%) determined by HPLC 
for the different sterilization methods used and the several drugs 
preparations. A: Chlorhexidine; B: Levofloxacin; C: Diclofenac; D: 
Ketorolac. 
 

From figure 2 it is possible to see that steam 
and pressure and gamma radiation (5, 15 and 
25 kGy) seem to be good sterilization methods 
for all drugs used in powder, since they do not 
have degradative effects in any of them. 
Additionally, 5 kGy gamma radiation dose 
seems to be a good sterilization method for 
chlorhexidine and levofloxacin, when in 
solution. The higher gamma radiation doses 
(15 and 25 kGy) have degradative effects on 
all drugs. Diclofenac and ketorolac 
demonstrated degradative effects when 
sterilized by all gamma radiation doses, being 
diclofenac the most affected. Furthermore, 
there were no significant differences between 
the drug solution without mannitol and with 
mannitol for all drugs, so mannitol at 5% does 
not show radio-protective effects for the 
studied drugs in this work.  
UV-spectra were obtained for all drug 
preparations, non-sterilized and sterilized by 
the different conditions and methods. An 
example concerning chlorhexidine, is 
presented in figure 3. It was confirmed the 
decrease of the absorbance for the degraded 
drugs already seen in the chromatograms. No 
shift of the spectra was reported for any drug.  

 Figure 3. UV spectra obtained by HPLC correspondent to the 
different sterilization methods used and the several chlorhexidine 
preparations. 
 The results obtained from the antimicrobial 
activity assays, presented in figure 4, confirm 
that the best sterilization methods for 
chlorhexidine and levofloxacin which lead to 
lower activity loss are: steam and pressure, 5 
kGy gamma radiation in solution and all 
gamma radiation doses when the drug is in 
powder. 



  

 Figure 4. Antimicrobial activity (%) determined for the different 
sterilization methods used and the several drugs preparations of 
levofloxacin against Staphylococcus Aureus (A) and Pseudomonas 
Aeruginosa (B) and chlorhexidine against Staphylococcus aureus 
(C). 
 3.3. Effect of sterilization on contact lenses 
properties  
Properties that are critical for SCLs were 
studied, such as: swelling, wettability, 
transmittance, ionic permeability and 
morphology. For swelling, wettability and 
transmittance, non-sterilized lenses were 
compared to the lenses sterilized in two 
different liquids (water and NaCl solution) and 
by different sterilization methods (steam and 
pressure and the three gamma radiation 
doses). For the ionic permeability, only the 
effect on the lenses sterilized in both liquids 
(water and NaCl solution) by steam and 
pressure and 5 kGy gamma radiation was 
studied. The morphological characterization 
was done for the lenses sterilized in NaCl 
solution (since most of the drugs were 
dissolved in the presence of this salt), using 
three different sterilization methods (steam and 
pressure, 5 and 25 kGy gamma radiation 
dose).  
The results of the swelling experiments, 
performed at 4ºC and 36ºC, are shown in the 
figures 5 and 6. The most significant difference 
was noticed for Acuvue® Oasys® whose 
swelling kinetics and final absorption capacity 
increase significantly when it is sterilized in 
both solvents (water and NaCl) for all  three 
gamma radiation doses (5, 15 and 25 kGy), 
specially at 36ºC. 

 Figure 5. Swelling profile of Acuvue® Oasys® at 4ºC after 
sterilization in water (A) and in NaCl (B) and at 36ºC after 
sterilization in water (C) and in NaCl (D). 

 Figure 6. Swelling profile of 1-Day Acuvue® TruEye® at 4ºC after 
sterilization in water (A) and in NaCl (B) and at 36ºC after 
sterilization in water (C) and in NaCl (D). 
 The contact angle measurements are 
presented in figures 7 and 8 for Acuvue® 
Oasys® and 1-Day Acuvue® TruEye®, 
respectively. From these results it is possible to 
see that steam and pressure and 5 kGy 
gamma radiation are the sterilization methods 
that cause the greater difference in the 
wettability, slightly increasing the contact angle 
(so decreasing the wettability). The exceptions 
are Acuvue® Oasys® when sterilized in NaCl, 
in which steam and pressure had little effect on 
the contact angle, and 1-Day Acuvue® 
TruEye® sterilized in water, in which 5 kGy 
gamma radiation maintained the wettability of 
the SCL. For higher doses of gamma radiation, 
in general, the wettability increases. 

 



  

Figure 7. Water contact angle of Acuvue® Oasys® non-sterilized 
and after sterilization in water (A) and NaCl (B). 

 Figure 8. Water contact angle of 1-Day Acuvue® TruEye® non-
sterilized and after sterilization in water (A) and NaCl (B). 
 The transmittance of both SCLs was measured 
in the range of 400-700 nm (visible spectra) in 
all conditions and is presented in table 1. 
The results obtained did not present significant 
differences, so it is possible to conclude that 
none of the sterilization methods affects a clear 
vision through the SCLs. 
 Table 1. Transmittance (%) measured for Acuvue® Oasys® and 1-
Day Acuvue® TruEye® non sterilized and sterilized in the different 
conditions (average values for the range 400-700 nm). 

Lens Conditions Acuvue® 
Oasys® 

1-Day Acuvue® 
TruEye® 

No sterilization 98.2±0.3 97.5±0.1 

Sterilization 
in water 

Steam and 
Pressure 97.4±0.8 95.4±1.6 

5 kGy 98.2±0.3 98.0±0.4 
15 kGy 97.7±1,1 97.1±0.4 
25 kGy 97.4±0.8 96.2±0.8 

Sterilization 
in NaCl 

Steam and 
Pressure 96.6±0.9 97.9±0.5 

5 kGy 97.3±0.6 96.1±0.7 
15 kGy 97.6±0.5 97.0±0.8 
25 kGy 97.1±1.1 97.2±0.4 

 
Furthermore, since the SCLs used in this work 
have a UV-absorbing monomer used to block 
the UV radiation, the spectra in the range of 
280-700 nm was analysed too, to include the 
UVB (280-315nm) and UVA (316-380nm) part 
of the spectra. The several spectra did not 
show significant differences among them. 
The obtained results from the ionic 
permeability (mm2/min) are presented in table 
2, which shows that the Acuvue® Oasys® did 
not change significantly with the sterilization 
conditions, while in the lenses 1-Day Acuvue® 
TruEye® some slight increase in the ionic 
permeability for all sterilization conditions were 
noticed. Furthermore, it is important to notice 
that all the experimental values reported here 
are above the minimal value required for the 
on-eye-movement of a lens, which is 1.5×10-
5mm2/min.15  
 

Table 2. Experimental values of the ionoflux diffusion coefficient 
(mm2/min) of both commercial SCLs non-sterilized and sterilized by 
steam and pressure and 5 kGy gamma radiation dose. 

Lens Conditions Acuvue® 
Oasys® 

1-Day Acuvue® 
TruEye® 

No sterilization 4.9×10-4 4.8×10-5 

Steam and 
Pressure 

After sterilization 
in water 4.3×10-4 6.1×10-5 

After sterilization 
in NaCl 4.3×10-4 6.3×10-5 

5 kGy 
After sterilization 

in water 4.8×10-4 5.4×10-5 
After sterilization 

in NaCl 4.7×10-4 6.7×10-5 
 The SEM analysis presented in figures 9 and 
10, for Acuvue® Oasys® and 1-Day Acuvue® 
TruEye®, respectively, revealed no significant 
changes in the surfaces after sterilization with 
steam and pressure and 5 kGy gamma 
radiation. However, the surfaces sterilized with 
25 kGy gamma radiation presented surface 
irregularities.  

 Figure 9. SEM image of the surface of Acuvue® Oasys® non-
sterilized (A) and sterilized by: steam and pressure (B), 5 kGy 
gamma radiation (C) and 25 kGy gamma radiation (D) with a 
magnification of 3 000x. 

 Figure 10. SEM image of the surface of 1-Day Acuvue® TruEye® 
non-sterilized (A) and sterilized by: steam and pressure (B), 5 kGy 
gamma radiation (C) and 25 kGy gamma radiation (D) with a 
magnification of 3 000x.  



  

Furthermore, the SEM images obtained for the 
cross section of both lenses non-sterilized and 
sterilized with 5 kGy gamma radiation (not 
shown) did not present significant changes. 
Both commercial SCLs were submitted to a 
sterilization test after sterilization by steam and 
pressure and gamma radiation with a 5 kGy 
dose. All the SCLs demonstrated to be sterile, 
leading to the conclusion that the chosen 
sterilization methods are effective for these two 
commercial SCLs.    3.4. Effect of sterilization on drug release 
Different methods or conditions of sterilization 
were chosen for each system drug-SCL, 
depending on the degradation of the drug and 
the properties of the SCL. For chlorhexidine, 
levofloxacin and ketorolac loaded lenses, two 
sterilization methods were chosen: steam and 
pressure and 5 kGy gamma radiation. For 
diclofenac loaded lenses, only one method of 
sterilization was chosen: steam and pressure, 
(diclofenac degrades with gamma radiation). 
Additionally, the effect of sterilization on SCLs 
containing vitamin E, used as strategy to 
control the release of chlorhexidine and 
levofloxacin, was also evaluated. To verify if 
there was degradation of the drug released 
after sterilization of the drug-loaded lenses, 
HPLC chromatograms of the aliquots collected 
at the hour 3 of the release experiments were 
analysed. 
 Chlorhexidine loaded SCLs 
The release profiles of both SCLs loaded with 
chlorhexidine, with and without vitamin E, are 
presented in figure 11. It is possible to see that 
for both SCLs, the sterilization method which 
hardly affects all release profiles, in the 
presence or absence of vitamin E, is 5 kGy 
gamma radiation. For Acuvue® Oasys® 
without vitamin E the steam and pressure leads 
to a faster release and to a higher amount of 
drug released, which contrasts with the results 
obtained in the presence of Vitamin E. In this 
case a lower amount of drug release after 
steam and pressure sterilization. The 
comparison of the two sets of the release 
profiles of 1-Day Acuvue® TruEye® reveals a 
negligible effect of the sterilization. 

 Figure 11. Cumulative chlorhexidine release from Acuvue® 
Oasys® (A) and 1-Day Acuvue® TruEye® (B) without and with 
20% of Vitamin E, when the drug-loaded SCL is non-sterilized and 
sterilized by both methods. 
 It can also be observed that the 1-Day 
Acuvue® TruEye® SCLs can lead to a lower 
uptake and release of the drug. This may be 
due to the lower ionic permeability of these 
lenses. Incorporation of vitamin E lowers the 
drug release rate in both lenses but also 
decreases the total amount of released drug. 
The chromatograms obtained demonstrate 
that chlorhexidine released from both SCLs 
was not degraded by any sterilization 
condition. 
 Levofloxacin loaded SCLs 
Figure 12 shows the release profiles for both 
SCLs loaded with levofloxacin, with and 
without vitamin E. Comparing both non-
sterilized commercial SCLs loaded with 
levofloxacin, it can be seen that 1-Day 
Acuvue® TruEye® is the lens that provides the 
best release kinetic profiles without vitamin E. 
The presence of vitamin E, especially for 
Acuvue® Oasys® highly improved the release 
profile leading to a considerable decrease in 
the drug release rate in the first 24h. It is 
noticed that in all cases, sterilization increased 
the amount of released drug but had a small 
effect in the release rate. The more significant 
changes in the release profiles were obtained 
with steam and pressure sterilization method. 
The chromatograms obtained demonstrate 
that levofloxacin released from both SCLs was 
not degraded by any sterilization condition. 



  

 Figure 12. Cumulative levofloxacin release Acuvue® 
Oasys® (A) and 1-Day Acuvue® TruEye® (B) without and 
with 20% of Vitamin E, when the drug-loaded SCL is non-
sterilized and sterilized by both methods. 
 Diclofenac loaded SCLs 
The release profiles of the SCLs loaded with 
diclofenac are presented in figure 13.  
Steam and pressure sterilization decreased 
the amount of diclofenac released, but did not 
modify the release time in both cases. Although 
both Avuvue® Oasys® and 1-Day Acuvue® 
TruEye® lenses loaded with diclofenac are not 
adequate for extended release, they are able 
to release drug for 24h, being the release more 
sustained for Acuvue® TruEye®. The 
chromatograms obtained demonstrate that 
diclofenac released from both SCLs was not 
degraded by steam and pressure sterilization. 
 

 Figure 13. Cumulative diclofenac release Acuvue® 
Oasys® (A) and 1-Day Acuvue® TruEye® (B) when the 
drug-loaded SCL is non-sterilized and sterilized by steam 
and pressure. 
 Ketorolac loaded SCLs 
The release profiles of both SCLs loaded with 
ketorolac are presented in figure 14.  

 Figure 14. Cumulative ketorolac release Acuvue® Oasys® 
(A) and 1-Day Acuvue® TruEye® (B) when the drug-
loaded SCL is non-sterilized and sterilized by both 
methods. 
 Acuvue® Oasys® releases almost all 
diclofenac instantly when is non-sterilized or 
sterilized by steam and pressure, while when 
the lenses are sterilized by gamma radiation 
the release profile kinetics is improved, being 



  

the drug released in a more controlled manner. 
For the 1-Day Acuvue® TruEye® all profiles 
are very similar, differing slightly in the amount 
of ketorolac released which is higher for the 
non-sterilized lens. The obtained 
chromatograms show an extra peak for the 
gamma radiation sterilization which indicates 
the existence of products of degradation, thus 
invalidating the use of gamma radiation. 
Comparing both ketorolac loaded SCLs, the 
release profile kinetics is better when using 1-
Day Acuvue® TruEye®.  
 4. CONCLUSIONS 
The objective of this work was to assess the 
effect of the sterilization on drug loaded SCLs. 
Four drugs (chlorhexidine, levofloxacin, 
diclofenac and ketorolac) and two commercial 
silicone-based SCLs (Acuvue® Oasys® and 1-
Day Acuvue® TruEye®, from 
Johnsons&Johnsons) were chosen. The 
sterilizations methods used were: steam and 
pressure and gamma radiation at 5, 15 and 25 
kGy doses. Steam and pressure (121ºC, 1 bar 
for 1 hour) did not degrade any drug. For 
gamma radiation the results are: - Concerning 
the effect of those, 15 kGy and 25 kGy doses 
degraded all drugs in solution; 5 kGy gamma 
radiation dose did not degrade chlorhexidine or 
levofloxacin in solution, however it degraded 
ketorolac and diclofenac in solution, being 
diclofenac the most affected; - Powders were 
not degraded by any dose of radiation; - 
Addition of mannitol as a radio-protective 
excipient did not have the expected effect of 
protection.  
The antimicrobial assays performed for 
chlorhexidine and levofloxacin confirmed the 
results obtained by HPLC.  
The most significant differences in the studied 
properties of the commercial SCLs were the 
increase of the swelling capacity of Acuvue® 
Oasys® when sterilized with all radiation 
doses, the decrease of wettability by steam 
and pressure for both commercial SCLs and 
the presence of irregularities in the surface of 
both commercial SCLs when sterilized at 25 
kGy gamma radiation.  
Sterility tests were made for both commercial 
SCLs sterilized by steam and pressure and 5 
kGy gamma radiation, revealing that both 
lenses were sterile after using these methods. 
The results obtained helped to choose the best 
sterilization methods for further experiments 
with each drug loaded on both SCLs. The 
results from the drug release experiments 
showed that for each system of drug-SCL, the 

sterilization affects differently the release 
profiles: in the case of chlorhexidine loaded 
SCLs, both with and without vitamin E, 5 kGy 
gamma radiation seems to stand out because 
it does not affect the drug release behavior; for 
levofloxacin loaded SCLs, both sterilization 
methods (without and with vitamin E) increased 
the amount of drug release from both SCLs, 
having little effect in the release rate. For both 
SCLs, the most significant changes in the 
release profile appear with steam and pressure 
sterilization; for diclofenac loaded SCLs, only 
steam and pressure was studied and seems to 
be a valid sterilization method for both 
systems; for ketorolac loaded SCLs, only 
steam and pressure sterilization could be used, 
since the 5 kGy gamma radiation degrades 
ketorolac. From the obtained results it is 
possible to conclude that a single perfect 
sterilization method for ocular drug delivery 
systems based on commercial SCLs does not 
exist, since different sterilization methods have 
different effects on the various SCL-drug 
systems. In general, steam and pressure may 
be applied to a wide range of systems, but 
there are cases where 5 kGy gamma radiation 
seems to work better. Furthermore, 
sterilization seems to improve the release 
profile in a few examples but this claim needs 
further investigation.  
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