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A B S T R A C T   

Oral administration of cholesterol-lowering statins, HMG-CoA reductase inhibitors, is associated with beneficial 
effects on eye conditions. This work aims to design contact lenses (CLs) that can sustainedly deliver pravastatin 
and thus improve the ocular efficacy while avoiding systemic side effects of statins. Bioinspired hydrogels were 
prepared with monomers that resemble hydrophobic (ethylene glycol phenyl ether methacrylate) and amino (2- 
aminoethyl methacrylamide hydrochloride) functionalities of the active site of HMG-CoA. Best performing CLs 
loaded >6 mg/g, in vitro fulfilled the release demands for daily wearing, and showed anti-inflammatory activity 
(lowering TNF-α). High hydrostatic pressure sterilization preserved the stability of both the drug and the 
hydrogel network. Ex vivo tests revealed the ability of pravastatin to accumulate in cornea and sclera and to 
penetrate through transscleral route. In vivo tests (rabbits) confirmed that, compared to eye drops and for the 
same dose, CLs provided significantly higher pravastatin levels in tear fluid within 1 to 7 h of wearing. Moreover, 
after 8 h wearing pravastatin was present in cornea, sclera, aqueous humour and vitreous humour. Strong 
correlations between percentages of drug released in vitro and in vivo were found. Effects of volume and proteins 
on release rate and Levy plots were identified.   

1. Introduction 

Statins are one of the most commonly prescribed drugs in the world. 
They are orally used for the first line treatment of hypercholesterolemia 
and reduction of cardiovascular disease risks by inhibiting 3-hydroxy-3- 
methyl-glutaryl coenzyme A (HMG-CoA) reductase, an important 
enzyme in the mevalonate pathway. Additionally, a better understand
ing of the mechanism of action of statins has revealed their pleiotropic 
capacity [1]. Statins can inhibit the activity of Rho proteins and some of 
their targets, which provides anti-inflammatory, anti-proliferative, 
immunomodulatory, neuroprotective, and anti-diabetic effects, among 
others [2]. Prolonged oral treatments with statins have revealed bene
ficial effects on ocular health [3]. Statins may promote corneal healing, 
prevent cataract formation, and also reduce glaucoma severity [3]. 
Regarding to the posterior segment, oral therapy of 

hypercholesterolemia with statins has been associated with reduction of 
hard exudates and microaneurysms in patients with diabetic macular 
edema, and lower incidence and slower progression of proliferative 
diabetic retinopathy [4–7]. 

Diabetes mellitus is one of the world's greatest health challenges and 
is reaching epidemic proportions [8]. The lack of glycaemia control 
causes a variety of damages in multiple structures of the anterior and 
posterior segments of the eye, triggering the development of diabetic 
keratopathy, dry eye syndrome, cataracts, glaucoma, diabetic retinop
athy and macular edema [9,10]. Dysregulation of multiple molecular 
pathways contributes to upregulation of growth factors and inflamma
tory cytokines [11,12]. Increased levels of plasma cytokines (tumor 
necrosis factor-α and interleukin-6) have been found in ocular fluid of 
diabetic patients [13]. Other inflammatory mediators as prostaglandin 
E2 may also have a pathogenic role in diabetic retinopathy [14]. 
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Inhibition of mevalonate pathway by statins reduces oxidative stress, 
endothelial dysfunction, inflammation, and angiogenesis; thereby 
improving retina health [15]. Also, statins improve the integrity of 
endothelial cells, hence preserving the blood–retinal barrier [16]. 
However, high oral doses may cause adverse systemic collateral effects, 
mainly on liver and muscle tissue [17]. Therefore, the development of 
statin ophthalmic formulations that can provide sufficiently high levels 
of statins in the anterior and posterior segment of the eye, avoiding 
systemic absorption, may notably improve the ocular outcomes and the 
overall safety of the treatment. Statin ophthalmic formulations would 
also be useful for people who do not have hypercholesterolemia. 

Pilot studies have shown that topical ocular administration of ator
vastatin eye drops is well tolerated in prolonged treatments of dry eye 
and blepharitis, but frequent instillation is required due to low ocular 
bioavailability [18]. Sustained drug release from contact lenses (CLs) 
may provide more prolonged levels in tear fluid and with fewer fluctu
ations compared to eye drops, which in turn favours drug penetration 
into anterior eye segment [19–21]. Indeed, the first medicated CL has 
been approved in 2021 for the management of allergic conjunctivitis 
[22]. Moreover, it has been recently demonstrated in animal models that 
such an increase in the amount permeated may make even possible that 
some specific drugs may reach the posterior segment as recorded for, for 
example, epalrestat [23], ofloxacin [24] and timolol [25]. Nevertheless, 
the development of medicated CLs has to face up to the problem of that 
the affinity of commercially available CLs for most used ophthalmic 
drugs is low. Therefore, CLs have to be ad hoc designed for each target 
drug in order to uptake therapeutic doses and to provide sustained 
release on the eye surface [26]. 

A variety of approaches, which include film coatings, molecular 
imprinting and drug nanoencapsulation, among others, are under 
investigation to overcome the loading and release limitations shown by 
CLs [27–32]. Among these approaches, the recreation of biomimetic 
receptors that resemble the composition and spatial ordering of the 
physiological receptor of the drug without compromising relevant op
tical properties of CLs is pointed out as a successful strategy [26]. 
Another barrier to be solved for the development and clinical translation 
of drug-loaded CLs is that in vitro release methods that can predict in vivo 
release behaviour are still to be identified because there are too many 
variables involved [33–36]. In most reports on CLs the in vitro release 
tests are used for optimization of drug release kinetics although with 
limited basis of how the in vitro release profiles may correlate with the in 
vivo release kinetics [37,38]. 

In a previous study, CLs soaked in atorvastatin calcium solution 
demonstrated improved drug accumulation ex vivo in cornea and sclera, 
but the drug did not penetrate further probably because its large 

molecular weight (1155.3 g/mol) and hydrophobicity (Log P = 6.36) 
caused the ocular permeability to be very low [39]. Thus, the present 
work relied on the hypothesis of that a smaller and more hydrophilic 
statin, like pravastatin sodium (446.5 g/mol; Log P = − 0.23 [17]; 
Fig. 1A), adequately formulated in a CL may get access to deeper eye 
tissues. Accordingly, the aim of this work was to design CLs bioinspired 
in the natural receptor of pravastatin, i.e., the HMG-CoA reductase. This 
natural receptor contains amino acids with a wide variety of hydroxyl 
groups, hydrophobic groups, and high density of protonated amino 
groups [40], which could be resembled using 2-hydroxyethyl methac
rylate (HEMA), ethylene glycol phenyl ether methacrylate (EGPEM), 
and N-(3-aminopropyl) methacrylamide hydrochloride (APMA), 
respectively (Fig. 1). All hydrogels were characterized in terms of sol
vent uptake, light transmission, mechanical properties and pravastatin 
loading and release capacity. The effects of high hydrostatic pressure 
(HHP) and autoclave sterilization on pravastatin solutions and 
pravastatin-loaded hydrogels were also evaluated. Preliminary 
screening of cytocompatibility and ocular tolerance was carried out with 
Balb/3T3 fibroblasts and HET-CAM assay. Pravastatin permeability was 
assessed ex vivo using porcine cornea and sclera tissues. Anti- 
inflammatory activity of pravastatin-loaded hydrogels was also inves
tigated. Finally, in vivo experiments with the most promising CLs were 
performed in New Zealand white rabbits to investigate the in vivo release 
profiles of pravastatin-loaded CLs and to quantify pravastatin levels in 
anterior and posterior segment ocular tissues. An additional aim of the 
work was to identify in vitro release conditions that may provide in vitro- 
in vivo correlations (IVIVC). To the best of our knowledge, this is the first 
time that the effect of the volume and protein composition of the release 
medium on Levy plots is evaluated. 

2. Materials and methods 

2.1. Materials 

Pravastatin sodium was supplied by Biocon Limited (Bengaluru, 
Karnataka, India). 2-Hydroxyethyl methacrylate (HEMA) was from 
Merck (Darmstadt, Germany), and N-(3-aminopropyl) methacrylamide 
hydrochloride (APMA) from PolySciences Inc. (Warrington, PA, USA). 
Ethylene glycol dimethacrylate (EGDMA), ethylene glycol phenyl ether 
methacrylate (EGPEM), 2,2′-azobis(isobutyronitrile) (AIBN), and 
dichlorodimethylsilane were from Sigma-Aldrich (Steinheim, Ger
many). Simulated lachrymal fluid (SLF), pH 7.4, was prepared in 1 liter 
of ultrapure water as follows: 2.18 g NaHCO3 from Probus (Barcelona, 
Spain), 6.78 g NaCl from Scharlab (Barcelona, Spain), 1.38 g KCl, and 
0.084 g CaCl2⋅2H2O from Merck (Darmstadt, Germany). Bicarbonate 

Fig. 1. Molecular structure of pravastatin sodium (A) and monomers used to synthesize the hydrogels: (B) 2-hydroxyethyl methacrylate (HEMA); (C) N-(3-ami
nopropyl) methacrylamide hydrochloride (APMA); and (D) ethylene glycol phenyl ether methacrylate (EGPEM). 
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Ringer's solution, pH 7.2, was prepared by mixing 100 mL of buffer 
solution A (0.071 g KCl, 1.24 g NaCl, 0.49 g NaHCO3, and 0.02 g 
NaH2PO4, from Merck (Darmstadt, Germany)) and buffer solution B 
(0.031 g MgCl2, and 0.023 g CaCl2 from Panreac (Barcelona, Spain)). 
Ultrapure water (resistivity >18.2 MΩ cm; Milli-Q®, Millipore Ibérica, 
Madrid, Spain) was obtained by reverse osmosis. Methanol 99.9% for 
LC-MS grade was from Fisher Scientific (Loughborough, UK). Acetoni
trile for HPLC LC-MS grade and NaOH were from VWR Chemicals 
(Fontenary-Sous-Bois, France). Balb/3T3 fibroblasts (ATCC CCL-163™) 
and THP-1 cells (ATCC TIB-202™) were provided by American Type 
Culture Collection (ATCC, Manassas, VA, USA). Dulbecco's modified 
Eagle medium (DMEM), Dulbecco's phosphate buffered solution (DPBS), 
and RPMI 1640 was from Fisher Scientific (Newington, NH, USA). Fetal 
bovine serum, antibiotic solution (penicillin and streptomycin), lipo
polysaccharides (LPS) from Escherichia coli O111:B4, phorbol 12-myris
tate 13-acetate (PMA), and TrypLE® were acquired from Sigma-Aldrich 
(St. Louis, MO, USA). Cell counting kit-8 (CCK-8) was from Dojindo 
Molecular Technologies (Rockville, MD, USA). Schirmer test strips were 
from Contacare Ophthalmics and Diagnostics (Gujarat, India). Pento
barbital (400 mg/mL) was from Richter Pharma AG, Wels, Austria. 

2.2. Synthesis of hydrogel discs and CLs 

Four different hydrogels were synthesized combining HEMA, 
EGPEM, and APMA, as summarized in Table 1. Briefly, the monomers 
were mixed into glass vials and magnetically stirred (200 rpm) for 120 
min at room temperature. Then, EGDMA (crosslinker) and AIBN (initi
ator) were added, and the solutions were magnetically stirred again 
(100 rpm) for 10 min. The resulting solutions were immediately injected 
into moulds composed of two glass plates (10 × 10 cm) separated by a 
silicone frame with 0.3 mm of thickness, and heated at 50 ◦C for 12 h, 
and then to 70 ◦C for further 24 h for thermal polymerization [41]. 

After polymerization, each hydrogel sheet was boiled (1 L water) for 
15 min to remove unreacted substances and facilitate cutting in the form 
of 10-mm discs. The discs were alternatively washed in water and 0.9% 
NaCl twice a day (200 rpm magnetic stirring, room temperature), until 
complete removal of the unreacted monomers as monitored spectro
photometrically (UV–Vis spectrophotometer, Agilent 8453, Waldbronn, 
Germany). Finally, the discs were dried at 70 ◦C for 24 h before being 
stored and used in further experiments. 

CLs were prepared with the same composition as E200A40 hydrogel, 
but adding more AIBN (14.79 mg, initiator) for a complete polymeri
zation of the thinner hydrogels. The monomer solution was pipetted (60 
μL) in curved polypropylene moulds (similar to those used for industrial 
production of CLs) to have final CL dimensions in the hydrated state 
(phosphate buffer pH 7.4) of approx. 12 mm diameter, 7.8 mm curva
ture, and 0.1 mm thickness. After polymerization at 50 ◦C for 12 h and 
then at 70 ◦C for 24 h, all CLs were washed as described above. Finally, 
the CLs were dried at 70 ◦C for 24 h. 

2.3. Hydrogel characterization 

Solvent uptake capacity was evaluated, in triplicate, from the mass 
increase of previously weighed dried discs (W0) after being immersed in 
10 mL of SLF at room temperature without agitation until equilibrium 
(Wt), as follows: 

Solvent uptake (%) = [(Wt–W0)/W0 ] × 100 (1) 

Water contact angles on dried and wet hydrogels (10 mm in diam
eter) were measured using the sessile drop method with a Phoenix-300 
goniometer (Surface Electro Optics Co., Suwon, Korea). The measure
ments were performed over 2 discs of each formulation, at room tem
perature, and with distilled water. A total of 10 images were captured in 
10 s, and the best-adjusted pictures were selected to obtain the contact 
angle value. 

Ion permeability was recorded in triplicate by fixing individual wet 
hydrogel discs between two flat Teflon washers (8 mm open diameter), 
which were fixed in a screw cap (open top) and screwed in a 5-mL HPLC 
vial. The bottom of the vials was previously removed. The vials were 
placed downward in beakers containing 15 mL distilled water at 35 ◦C 
and magnetically stirred (130 rpm) (Fig. S1 in Supplementary Material). 
The surface available for diffusion was 50.27 mm2. Then 4 mL NaCl 0.1 
M solution were added to the vial and the conductivity was recorded as a 
function of time using an InLab® 741 conductivity probe fitted to a 
Mettler Toledo T70 titrator (Greifensee, Switzerland). 

The transmittance of the hydrogels swollen in SLF was recorded in an 
UV–Vis spectrophotometer (Agilent 8453, Waldbronn, Germany), in the 
200–800 nm range (n = 3). Mechanical properties of dog bone-shaped 
hydrogels (18 × 5 mm, in the center 6 × 2.5 mm) were tested using a 
TA.XT Express Texture Analyzer (Stable Micro Systems, Godalming, UK) 
fitted with a 50 N load cell. The hydrogel probes (n = 5) were fixed to the 
upper and lower clamps, and the tensile test was carried out applying a 
test speed of 0.25 mm/s and 0.005 N trigger force. The elastic modulus 
was calculated from the initial slope of the engineered stress-strain curve 
[42]. 

2.4. Pravastatin loading and release 

Pravastatin was loaded by soaking the dried discs in pravastatin 
sodium (0.1 mg/mL; 10 mL) solution. The experiment was repeated 
several times and in each run 4 discs of each composition were tested. 
The vials were kept under oscillatory movement (180 osc/min) at room 
temperature and protected from light. After 48 h, the absorbance of the 
loading solution was measured at 238 nm (UV–Vis spectrophotometer, 
Agilent 8453, Waldbronn, Germany). The amount loaded was calculated 
as the difference between the initial and final amount of pravastatin in 
the solutions using previously prepared calibration curves. The 
network/water partition coefficient was estimated as follows [43]: 

KN/W =
[
Loading–

(
Vs

/
Wp

)
×C0

]/
C0 (2) 

In this equation, Vs is the solvent volume sorbed by the hydrogel, Wp 
the dried hydrogel weight, and C0 the initial concentration of the 
loading solution. 

In vitro drug release patterns were recorded by immersing loaded 
discs (n = 4) in vials containing 10 mL of SLF (pH = 7.4) at 37 ◦C. The 
discs were previously rinsed with SLF to remove the excess of pravas
tatin from the hydrogel surface. The experiments were performed for 
120 h under oscillatory movement (180 osc/min) and protected from 
light. At predetermined time points, 3 mL of the release medium were 
collected, absorbance measured at 238 nm and the sample returned to 
the vial immediately. After 8 h of experiment, 2 mL of the release me
dium were collected and replaced by the same volume of fresh SLF to 
avoid false plateaus. The test was carried out under sink conditions. 

2.4.1. Pravastatin release from sterile CLs 
The synthetized CLs (E200A40 composition) were immersed in a 

pravastatin solution (0.1 mg/mL) for 48 h and then sterilized in closed 
packages by high hydrostatic pressure (HHP) (see Section 2.8). The CLs 
were stored at room temperature until release experiments were per
formed. The CLs were immersed in 2 or 10 mL of SLF without or with 
lysozyme or bovine serum albumin (2.68 mg/mL). The experiments 

Table 1 
Composition of the monomer mixtures used to synthesize the hydrogels. To each 
mixture, 4.93 mg AIBN were added.  

Hydrogel code HEMA (mL) EGDMA (μL) EGPEM (μL) APMA (mg) 

E0A0 3 12.10 – – 
E200A0 3 12.10 112.50 – 
E200A40 3 12.10 112.50 21.45 
E0A40 3 12.10 – 21.45  
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were performed at 37 ◦C, under oscillatory movement (180 osc/min) 
and at predefined timepoints, 150 μL were removed and replaced by the 
same volume of fresh SLF, or SLF plus lysozyme or BSA. The amount of 
pravastatin released from the CLs was quantified by HPLC (as described 
in section 2.7) after denaturation of the proteins (section 2.9.2). The 
amount of protein deposited on blank (non-drug loaded) CLs was 
monitored at 280 nm (UV–Vis spectrophotometer, Agilent 8453, 
Waldbronn, Germany) at the same time points as for the drug release 
test. 

2.5. HET-CAM test 

The potential ocular irritation of pravastatin-loaded hydrogels was 
evaluated using the hen's egg test on the chorioallantoic membrane 
(HET–CAM) assay, as previously described [44]. On the eighth day after 
egg fertilization, the eggshell at the wider extreme of the egg was 
removed and the CAM was exposed. Pravastatin-loaded hydrogels (n =
2, 10 mm discs) and 300 μL of pravastatin solution (0.1 mg/mL) were 
carefully placed on the CAM and the possible haemorrhage, vascular 
lysis, or coagulation of the vessels was monitored for 5 min. 0.9% NaCl 
and 0.1 N NaOH solutions were used as negative and positive controls, 
respectively. Finally, the irritation score (IS) was calculated as reported 
previously [44]. 

2.6. Cytocompatibility and anti-inflammatory activity 

Balb/3T3 fibroblasts (ATCC CCL-163™) were cultured in Dulbecco's 
modified Eagle medium (DMEM) with 10% fetal bovine serum and 1% 
antibiotics (10,000 U/mL penicillin and 10,000 μg/mL streptomycin) at 
37 ◦C and 5% CO2. Then, cells were detached from the culturing flasks 
using TrypLE® at 80% confluence. Suspended cells were counted, 
seeded in wells of 96-well plates (20,000 cells/well), and allowed to 
attach for 24 h. 

Non-loaded and pravastatin-loaded hydrogels were evaluated. Dried 
hydrogels (10 mm discs) were immersed in pravastatin solution (0.1 
mg/mL) for 48 h or in 0.9% NaCl (non-loaded hydrogels), cut in four 
symmetric pieces and sterilized using HHP method (described in Section 
2.8.). One piece of each hydrogel was placed in contact with the cells 
and incubated for 24 or 48 h. Five replicates for each hydrogel were 
tested. Cells without treatment (negative control) and cells incubated 
with pravastatin solution (0.05 and 0.1 mg/mL) were also tested. 

Cell viability was assessed using a Cell Counting kit-8 (CCK-8) 
following the manufacturer’ instructions. Briefly, hydrogel pieces and 
culture medium were removed from the wells, and 200 μL of a CCK-8 
working solution (10% v/v CCK-8 reagent in DMEM) were added to 
each well and incubated for 1 h at 37 ◦C. The absorbance was measured 
at 450 nm (UV Bio-Rad Model 680 microplate reader, Hercules, CA, 
USA), and cell viability (%) was normalized to the negative control as 
follows. 

Cell viability (%) =
(
Absexp

/
Absnegative control

)
× 100 (3) 

The anti-inflammatory effects of non-loaded and pravastatin-loaded 
E200A40 hydrogels were evaluated in THP-1 human monocytes (ATCC 
TIB-202™). The macrophage cell line was cultured in RPMI 1640 sup
plemented with 10% fetal bovine serum, 1% penicillin-streptomycin and 
maintained at 37 ◦C, 5% of CO2 and 90% relative humidity. Phorbol 12- 
myristate 13-acetate (PMA; 200 nM) was added to promote the differ
entiation of THP-1 cells into macrophages incubating for 72 h at 37 ◦C 
[45]. After macrophage differentiation, PMA solution was removed and 
cell monolayers were washed with DPBS, trypsinized and a specific cell 
scraper was used to remove all adherent cells. Macrophages were seeded 
at a density of 50,000 cells/well into 24-well plates for 6 h. After this 
period, one piece of non-loaded and loaded E200A40 previously steril
ized discs was added to each well. Also, three different concentrations of 
pravastatin sodium (0.1, 1, and 10 μM) were tested. After 12 h, cells 

were stimulated with LPS (100 ng/mL) and incubated for 24 h at 37 ◦C, 
5% of CO2 and 90% relative humidity. Cells treated with only LPS served 
as positive controls, while unstimulated cells (without LPS) were used as 
negative controls. After incubation, cell culture supernatants were 
collected, and the secretion of TNF-α and IL-6 was analyzed by specific 
ELISA kits (Sigma-Aldrich, St. Louis, MO, USA, and RayBiotech, Nor
cross, GA, USA, respectively) following the manufacturer's instructions. 

2.7. Ex vivo cornea and sclera permeability 

Ex vivo cornea and sclera permeability assays were carried out with 
pravastatin-loaded E200A40 and E0A40 hydrogels according to previ
ous described protocols [44,46]. Fresh porcine eyes were provided by a 
local slaughterhouse and transported completely immersed in PBS so
lution in an ice bath. Corneas and sclera tissues were isolated, washed 
with PBS, and mounted in vertical diffusion Franz cells. Both chambers 
were filled with bicarbonate Ringer's solution, pH 7.2, prepared with 
concentrations of bicarbonate and electrolyte ions similar to those in the 
extracellular fluid [47] and commonly used to preserve ocular tissues 
[48]. The receptor chamber was immersed in a water bath at 37 ◦C. After 
30 min of tissues balance, the buffer solution in the donor chamber was 
removed and replaced with pravastatin-loaded hydrogels (E200A40 and 
E0A40) or 1 mL of pravastatin solution (128 μg/mL). SLF (2 mL) was 
added onto the hydrogels, and the donor chambers were covered with 
parafilm to prevent evaporation. Samples (1 mL) from the receptor 
medium were taken at 30 min, 1, 2, 3, 4, 5 and 6 h and replaced with the 
same volume of fresh bicarbonate Ringer's solution. After 6 h of exper
iment, the corneal and scleral tissues were removed from the diffusion 
cells, and soaked in 3 mL of ethanol:water (50:50 v/v) mixture overnight 
at 37 ◦C under magnetic stirring. Then, they were sonicated for 99 min at 
37 ◦C and centrifuged (1,000 rpm, 5 min, 25 ◦C), and the supernatants 
filtered and centrifuged again (14,000 rpm, 20 min, 25 ◦C) for HPLC 
analysis. 

The amounts of pravastatin in the donor chamber, drug accumulated 
in the tissues and drug permeated were quantified by HPLC (AS-4140 
autosampler, PU-4180 pump, LC-NetII/ADC interface box, CO-4060 
column oven, MD-4010 photodiode array detector, JASCO, Tokyo, 
Japan) fitted with a Waters Symmetry C18 column (5 μm, 3.9 × 150 
mm) and operated with ChromNAV software v.2. Mobile phase con
sisted of methanol:0.02 M sodium phosphate (NaH2PO4) buffer (50:50 
v/v, pH adjusted to 7.0 with NaOH) at 1.00 mL/min and 25 ◦C [49]. The 
injection volume was 50 μL, and the total run time of each sample was 
10 min. Pravastatin was quantified at 238 nm (retention time 5.15 min). 
The HPLC method was validated using pravastatin solutions in bicar
bonate Ringer's buffer in the 0.05 to 16 μg/mL range. The flux, J, was 
obtained from the slope of the regression of the amount of drug in the 
receptor chamber (Q) per surface area available for diffusion versus time 
(t) [50,51]. The apparent permeability coefficient, Papp, was calculated 
as the ratio between the flux (J) and the drug concentration in the donor 
chamber measured at time point 6 h. 

2.8. Sterilization and stability of pravastatin-loaded hydrogels 

The stability of pravastatin-loaded E200A40 and E0A40 hydrogels 
after sterilization was evaluated using two different protocols: a) steam 
heat (SH; autoclave Uniclave 88/75 L; A. J. Costa, Cacém, Portugal) for 
1 h at 1 bar and 121 ◦C sterilization; and b) high hydrostatic pressure 
(HHP; 70 ◦C, 600 MPa for 10 min) sterilization. Previously developed 
protocols were followed [39]. After sterilization, the amount of pra
vastatin in the hydrogels and the release kinetics were monitored again 
as described above (Section 2.4). 

Aliquots of pravastatin solution (0.1 mg/mL) were also sterilized by 
SH or HHP under the same conditions as the hydrogels and investigated 
regarding degradation products using HPLC (Section 2.7). 

Additionally, stability of pravastatin during exposition to daylight 
conditions was evaluated by exposing aliquots of pravastatin aqueous 
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solution (0.05 mg/mL) in quartz cells to fluorescent tube light (F8T5 
Daylight, 6500 K, Hitachi, Japan) for 6 h at room temperature. HPLC 
chromatograms were recorded before and after the exposition to the 
light (Section 2.7). 

2.9. In vivo experiments: Drug release and tissue accumulation 

Dried CLs were individually packed in polyamide/polyethylene bags 
filled with 10 mL of pravastatin solution (0.1 mg/mL). The CLs were 
maintained for 48 h in pravastatin solution, sterilized by HHP and stored 
at room temperature until being placed on the rabbits ocular surface. All 
experiments were performed according to the Association for Research 
in Vision and Ophthalmology Statement for the Use of Animals in 
Ophthalmic and Vision Research and to European Directive 2010/63/ 
EU. The protocols were approved by the Committee for Animal Exper
imentation of the Universidad Complutense de Madrid [Registration 
number: O00023280e2100023620]. 

Ten healthy male New Zealand white rabbits (age approx. 3 months 
weighing 4.36 ± 0.23 Kg) were included in the in vivo experiments. The 
animals were in a light-controlled room (12 h light/ 12 h dark cycles) at 
18 ◦C in individual cages with total access to food and water. Rabbits 
with low weight or corneal disruptions were not included in the study. 
During the experiments and sampling, the rabbits were placed in rabbit 
restrainers with continuously monitoring to not remove the CLs placed 
on the ocular surface. 

The rabbits were randomly divided into two groups, CLs group (n =
6) and one-eye drop group (n = 4). In the eye drops group, one drop (50 
μL; 2 mg/mL of pravastatin) was instilled and the rabbits were eutha
nized 8 h after. The CLs group was divided into other two subgroups, the 
subgroup of rabbits (n = 3) that wore the CLs for 8 h and were eutha
nized after this period, and the subgroup of rabbits (n = 3) that wore the 
CLs for 10 h and were euthanized after 24 h (summarized in Fig. 2). No 
confounders were controlled as the presence of the CLs was evident on 
the ocular surface of the rabbits. 

For the sample size calculation, the 3R's principles were followed 
minimizing the number of rabbits used and trying to obtain the most 
reliable results. A total of 10 animals were used in this two-treatment 
parallel-design study. This design allowed the study detected a treat
ment difference at 0.05 significance level with a probability of 80% if the 
difference between treatments was 2.03 times the standard deviation. 

2.9.1. In vivo release 
The ocular surface of each rabbit was carefully inspected with a 

VX75 slit lamp (Luneau Technology, Chartres, France) before and after 
8 h of the experiment. The CLs were removed from the sterilized bags, 

rinsed with sterile saline solution for CLs (to remove excess drug on the 
surface of the CL), and carefully placed on the rabbit right eye without 
local anaesthesia. The CLs were placed in the cornea and bulbar con
junctiva below the nictitating membrane. No nictitating mem
branectomy or tarsorrhaphy was needed. To prevent drying of CL on the 
surface of the eye, every 15 min the rabbits' eyes were closed for 1 min. 
The left eye was kept as control without treatment. In the eye drop 
group, a single drop (50 μL) of 2 mg/mL of pravastatin solution, which 
contained the same amount of pravastatin as that released from the CLs 
after 8–10 h, was gently instilled in the lower conjunctival sac of the 
right eye using a micropipette. Before and after administration (t = 5 
min, 15 min, 30 min, and every hour until 8 or 10 h) tear fluid samples 
were collected using Schirmer test strips which were placed in the tarsal 
conjunctiva of the lower lid for 10 s with closed eyes [52]. The volume of 
tears collected from the Schirmer strips was recorded as millimetres of 
moistened strip. The mean residence time (MRT) was calculated as the 
area under the curve of concentration x time versus time (AUMC) 
referred to the area under the curve of concentration versus time (AUC). 
Both AUMC and AUC were calculated from the experimental data 
applying the trapezoidal rule [53]. After wearing, CLs were extracted 
with SLF (0.8 mL under stirring at 37 ◦C for 24 h) and the remnant 
pravastatin was quantified by HPLC. 

2.9.2. Quantification of pravastatin in tear fluid 
The Schirmer test strips were placed in 2 mL Eppendorf tubes with 

200 μL of SLF for 12 h at 4 ◦C. For protein denaturation, the samples 
were vortexed for 1 min, and the strips were removed from the tubes. 
Then, SLF solution was heated at 98 ◦C for 2 min, cooled in ice for 10 
min, and centrifuged at 13,000 rpm for 10 min at 25 ◦C [54]. Finally, the 
supernatants were collected and stored at − 20 ◦C until HPLC analysis (as 
described in Section 2.7). In preliminary tests, this protein denaturation 
method was shown to reproducibly recover >95% pravastatin present in 
the samples. 

In vitro-in vivo correlations (IVIVC) were attempted through Levy plot 
analysis, where the X-axis was reported as the percentage of drug 
released in vitro at a certain time, and the Y-axis the percentage of drug 
released in the tear fluid at the same time estimated as follows [55]. 

Pravastatin released in vivo (%) = (AUC0− t/AUC0− last) × 100% (4) 

Regression analysis was carried out using SigmaPlot for Windows 
v.14 software (Systat Sofware Inc., Germany). 

2.9.3. Quantification of pravastatin in ocular tissues 
All the rabbits were euthanized by intravenous administration of 

0.75 mL/Kg of propofol and 0.5 mL/Kg of pentobarbital sodium 
(approx. 2 mL, Exagon 400 mg/mL). Following euthanization, aqueous 
humour was directly extracted from the anterior chamber using a needle 
and stored at 4 ◦C until being processed for protein denaturation. Then, 
the eyes were enucleated and immediately stored at − 80 ◦C until tissue 
dissection, when cornea, sclera, crystalline lens, vitreous humour, and 
retina were weighed and separately placed in Eppendorf tubes. SLF was 
added to cornea (500 μL), crystalline (500 μL), sclera (800 μL) and retina 
(200 μL). The tissues remained immersed in SLF for 12 h at 4 ◦C, and 
then the protein denaturation process was performed as previously 
described. The supernatant was collected and stored at − 20 ◦C until 
UPLC analysis. Before UPLC analysis all the samples were centrifuged at 
5000 rpm, 4 ◦C for 10 min. UPLC analysis was performed on a Waters 
Acquity UPLC H-Class coupled with a Xevo TQD MS System. The chro
matographic separation was performed on a HypersilGOLD C18 
(Thermo-Fisher, 1.9 μm, 2.1 × 50 mm) column with a column temper
ature of 35 ◦C, a flow rate of 0.6 mL/min, and a mobile phase containing 
0.1% formic acid/water (A) and 0.1% formic acid/acetonitrile (B). The 
gradient was programmed as follows: 0–0.1 min 5% B, 0.1–1.0 min 
5–100% B, 1.0–2.0 min 100% B, 2.0–2.1 min 100–95% B, and 2.1–2.5 
min 5% B. Electrospray ionization (ESI) was run in positive mode with a 
source temperature of 150 ◦C and a desolvation temperature of 500 ◦C. Fig. 2. Animals distribution in in vivo experiments.  
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Capillary voltage was set to 3 kV and the cone voltage was set to 45 V. 
Desolvation gas flow was 900 L/h and cone gas flow was set to 50 L/h. 
Pravastatin was monitored in selected ion recording (SIR) mode using 
the m/z of 447.101. 

2.10. Statistical analysis 

Statistical analysis was performed using Statgraphics Centurion 18 v. 
18.1.13 (Statgraphics Technologies, Inc., Warrenton, VA, USA). The 
descriptive data were presented as mean ± standard deviation. One-way 
analysis of variance (ANOVA) followed by Multiple Range Test was 
carried out. The level of significance was 0.05. 

3. Results and discussion 

3.1. Hydrogels synthesis and characterization 

Hydrogels were synthesized combining HEMA with EGPEM and 
APMA searching for a good balance between solvent uptake, light 
transmission and mechanical properties, and binding affinity for statins. 
APMA was chosen as functional monomer able to mimic cationic amino 
acids involved in the binding site of HMG-CoA reductase [56]. Incor
poration of EGPEM was proposed for hydrophobic interactions with the 
benzyl group of pravastatin sodium enhancing drug binding through π–π 
stacking [39]. EGPEM and APMA dissolved quickly in HEMA solution at 
concentrations of 200 and 40 mM, respectively. The hydrogels were 
coded as ExAy, where x referred to the concentration of EGPEM in mM, 
and y referred to APMA concentration in mM in the monomers mixture. 

Dried hydrogels swelled quite fast after being immersed in SLF, 
achieving the solvent uptake plateau in 1 h (Fig. S2A in Supplementary 
Material). Hydrogels prepared with the hydrophobic monomer EGPEM 
showed lower water uptake (44.05 ± 0.40% for E200A0) compared to 
those bearing only APMA (52.91 ± 1.97% for E0A0) (p < 0.05). APMA 
did not alter the swelling of HEMA hydrogels. EGPEM-bearing hydrogels 
also showed greater water contact angles when tested both in the dried 
and wet states (Table S1 in Supplementary Material); nevertheless, in all 
cases the contact angles were below 90◦ and the hydrogels can be 
considered to have hydrophilic surface. NaCl permeability, calculated as 
recorded in Fig. S1 (Supplementary Material) ranked in the order E0A40 
(8.3⋅10− 6 cm/s) > E0A0 (7.8⋅10− 6 cm/s) > E200A0 (5.7⋅10− 6 cm/s) >
E200A40 (3.5⋅10− 6 cm/s). The higher values corresponded to the most 
hydrophilic hydrogels in good agreement with previous reports and in 

the range typical of CLs [57,58]. 
For all compositions, light transmission of wet hydrogels was close to 

90% in the visible range (Fig. S2B in Supplementary Material) fulfilling 
the requirements for CLs. Representative optical images of discs and CLs 
are shown in Fig. S3 (Supplementary Material). The elastic modulus of 
the hydrogels ranged between 0.65 and 0.79 MPa (Fig. S4 in Supple
mentary Material); E0A40 hydrogel presented a significantly lower 
value compared to the other hydrogels (p < 0.05). Nevertheless, the 
obtained values were for all hydrogels in the range of those typical for 
HEMA-based CLs (0.2–2.0 MPa) [59]. 

3.2. Pravastatin loading and in vitro release 

Pravastatin loading was carried out by immersing the dried discs in 
pravastatin solution (0.1 mg/mL in water) for 48 h at room temperature. 
Loading of pravastatin during CL synthesis was discarded due to the 
poor solubility of the drug in the monomers mixture and the potential 
loss of a fraction of the incorporated drug during the required washing. 
Control E0A0 hydrogel loaded a small amount of pravastatin (0.42 ±
0.22 mg/g, Fig. 3A). Incorporation of EGPEM monomer (E200A0 
hydrogel) did not significantly improve the affinity for pravastatin (0.32 
± 0.17 mg/g; p > 0.05). Differently, the copolymerization of HEMA with 
APMA monomer (E200A40 and E0A40 hydrogels) remarkably increased 
the amount of pravastatin loaded (7.26 ± 0.59 and 6.70 ± 0.20 mg/g, 
respectively; p < 0.05). The KN/W values recorded for APMA-containing 
hydrogels (66.44 ± 2.30 for E0A40 and 72.17 ± 6.78 for E200A40) 
were about twenty-fold higher than those recorded for control hydrogels 
(3.70 ± 2.58 for E0A0) and hydrogels prepared with EGPEM solely 
(2.75 ± 1.99 for E200A0) (p < 0.05). Compared to previous reports on 
atorvastatin [39], KN/W values were lower for pravastatin, which may be 
related to the higher hydrophilicity of the latter. 

When transferred to SLF, APMA hydrogels released higher amounts 
of pravastatin than non-functionalized (E0A0) and EGPEM (E200A0) 
hydrogels (Fig. 3B). Comparing both APMA hydrogels, E200A40 pre
sented slower release rate in the first hours, but the total amount of 
pravastatin released after 120 h was higher (7.84 ± 0.66 mg/g) 
compared to E0A40 hydrogel (7.07 ± 0.45 mg/g). The slower release 
rate recorded for E200A40 in the first hours may be related to the higher 
KN/W and pointed out to the role of the drug-EGPEM hydrophobic in
teractions in sustaining the release of the drug. These findings also 
suggest that both APMA and EGPEM are needed for resembling the 
multiple-point redundant interactions of the physiological receptor 

Fig. 3. (A) Pravastatin loaded by the hydrogel discs (0.3 mm thickness) after 48 h of soaking in the drug solution (0.1 mg/mL in water) at room temperature under 
oscillatory movement (180 osc/min); (B) release profiles from pravastatin-loaded discs in SLF at 37 ◦C under oscillatory movement (180 osc/min); and (C) Balb/3T3 
cells viability determined by CCK-8 assay after 24 and 48 h direct exposure to non-loaded (NL) and pravastatin-loaded (L) hydrogels (E200A40 and E0A40) and two 
pravastatin solutions (Prav. 0.10 and 0.05 mg/mL in water). Negative control (C-): cells cultured in the absence of any treatment. Dashed line corresponds to 70% cell 
viability. Hydrogel codes as in Table 1 (n = 4; mean values and standard deviations). 
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[60,61]. Subsequent studies were carried out with both types of 
hydrogels containing APMA (E0A40 and E200A40). 

3.3. Cytocompatibility and HET-CAM 

Cell viability tests were performed using sterilized non-loaded and 
pravastatin-loaded hydrogels against Balb/3T3 fibroblasts, which is one 
of the most sensitive cell lines for biomaterials testing [62]. Two solu
tions with different concentration in pravastatin were also evaluated. 
After 24 h of incubation, cell viability was 88.5 ± 8.2% and 89.6 ± 6.0% 
for non-loaded E200A40 and E0A40 hydrogels, and 80.2 ± 10.6% and 
76.1 ± 4.4% for pravastatin-loaded hydrogels, respectively (Fig. 3C). 
After 48 h of incubation cell viability increased for non-loaded hydrogels 
and slightly decreased for pravastatin-loaded ones (72.5 ± 8.4% and 
71.3 ± 7.7% for E200A40 and E0A40, respectively); statistically sig
nificant differences compared to control hydrogels (p < 0.05). Pravas
tatin solution of the highest concentration tested (0.1 mg/mL) caused 
similar decrease in cell viability. Differently and in good agreement with 
previous reports, pravastatin 0.05 mg/mL was highly cytocompatible as 
also observed for L6 fibroblasts [63]. In addition, it should be noted that 
in vitro cell studies do not reflect tear fluid renovation and drainage, 
which would reduce the contact time between pravastatin released from 
the hydrogels and ocular surface. Overall, all hydrogels could be 
considered as non-cytotoxic [64]. 

The Hen's Egg Test on the Chorioallantoic Membrane (HET-CAM) 
assay was used as a preliminary test to evaluate the compatibility of the 
synthetized hydrogels with the ocular surface. The vascularized CAM 
tissue of an embryonated hen's eggs can provide information similar to 
the vascularized mucosal tissues of the eye, such as the conjunctiva [65]. 
After 5 min in contact with the CAM, pravastatin-loaded hydrogels and 
pravastatin solution (300 μL, 0.1 mg/mL in water) did not trigger hae
morrhage, vascular lysis or coagulation of CAM vessels, and could be 
considered as non-irritating for the ocular surface (Fig. S5 in Supple
mentary Material). As expected, the positive control (NaOH 0.1 N) 
registered an IS of 19.24. 

3.4. Effects of sterilization and light exposition on drug stability and 
release 

Feasibility of sterilization and loading of the hydrogels in one single 
step was also evaluated. Firstly, the effect of SH and HHP sterilization on 

pravastatin solutions was tested. Pravastatin stability was compromised 
after exposition to 121 ◦C for 1 h and 1 bar originating degradation 
products at 3.9 min and 6.8 min (Fig. S6 in Supplementary Material). 
Contrarily, HHP sterilization (70 ◦C for 10 min and 600 MPa) did not 
trigger degradation, and the peak area at 5.15 min presented a variation 
lower than 5.5% compared to that of freshly prepared drug solution. As 
previously verified, degradation of pravastatin may be dramatically 
accelerated as temperature increases [66]. Thus, heating up to 70 ◦C 
could be pointed out as safe for pravastatin. 

Sterilization tests were also carried out with hydrogel discs previ
ously soaked in 10 mL of pravastatin solution (0.1 mg/mL) for 48 h. The 
hydrogels sterilized applying SH contained lower amount of drug than 
the non-sterilized counterparts, especially E0A40 hydrogel (p < 0.05) 
(Fig. 4 A). Importantly, the hydrogels sterilized by HHP loaded amounts 
of pravastatin similar to those loaded by non-sterilized hydrogels. In 
good agreement, the amount of pravastatin released significantly 
decreased for hydrogels sterilized by SH (p < 0.05) (Fig. 4B). Conse
quently, HHP was chosen for subsequent one-pot loading and steriliza
tion of CLs. 

To gain further inside into drug stability, pravastatin solutions were 
exposed to white light mimicking the daylight conditions in the time 
frame of the 6–8 h of use of daily disposable CLs, and possible light- 
induced degradation was evaluated. HPLC chromatograms recorded 
before and after 6 h of exposure were similar (Fig. S7 in Supplementary 
Material) with changes in peak area below 2% for replicated tests (n =
3), which indicated that pravastatin did not suffer degradation under 
light exposition. As previously observed, pravastatin is quite stable 
under sunlight conditions [67], which is an advantage for incorporation 
into CLs. 

3.5. Effects of SLF volume and proteins on in vitro drug release profiles 

The in vitro release profiles of sterilized curved E200A40 CLs (0.1 mm 
of thickness) were investigated under six different conditions: two vol
ume levels (2 and 10 mL) and three protein conditions (no protein, 
lysozyme, or albumin). In this work, the main tear fluid proteins albu
min and lysozyme were tested at a fix concentration of 2.68 mg/mL, 
which was considered as biorelevant [68]. Dried CLs (E200A40 formu
lation) were immersed in pravastatin solution (0.1 mg/mL) and steril
ized by HHP (as described in section 2.8). Then, the pravastatin-loaded 
CLs were rinsed with SLF and immersed in the release medium (Fig. 4C). 

Fig. 4. (A) Pravastatin loaded by E200A40 and E0A40 hydrogels when they were sterilized in drug solution by means of steam heat (SH) or high hydrostatic pressure 
(HHP), compared to non-sterilized hydrogels (WS); (B) pravastatin release profiles in 10 mL of SLF from E200A40 and E0A40 hydrogels that had not being sterilized 
(WS) or that were sterilized during loading (immersed in drug solution); and (C) pravastatin release profiles from E200A40 CLs (previously sterilized by HHP) in 2 or 
10 mL of SLF without and with incorporation of lysozyme (Lys) and bovine serum albumin (BSA). Hydrogel codes as in Table 1 (n = 4; mean values and stan
dard deviations). 
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The amounts of drug released in 10 mL of SLF from 0.3 mm thickness 
E200A40 hydrogels and from 0.1 mm thickness curved CLs of the same 
composition after HHP sterilization were similar (p > 0.05). This finding 
revealed that the hydrogel format (in the disc-CL range evaluated) did 
not impact on drug release. 

Pravastatin release in 2 mL of SLF was slightly slower than in 10 mL 
SLF, but the profiles run in parallel and no statistical differences could be 
detected due to the data variability. For 2 mL experiment, the incor
poration of lysozyme and BSA proteins accelerated drug release, and the 
percentage released in the 8 to 10 h was statistically higher than in the 
absence of proteins (p < 0.05). Differently, lysozyme and BSA decreased 
release rate in 10 mL volume in the first 4 h but once again the per
centage released in the 8 to 10 h was statistically higher than in the 
absence of proteins (p < 0.05). 

As evidenced in a previous comprehensive report, the volume of the 
in vitro release medium may significantly affect drug release from CLs 
[33]. Since the CL is not inert against the drug, i.e. there exists an af
finity, the volume of the release medium determines the concentration 
of drug outside the hydrogel, which affects to the release-rebinding 
equilibrium. When the loaded hydrogel is exposed to the release me
dium, the release is trigged by the drug concentration gradient between 
inside and outside the hydrogel. As more drug molecules accumulate in 
the release medium, hydrogels with high affinity for the drug, i.e. high 
KN/W, may stop the release [60,69]. The drug binding interactions 
counteract the release, and an equilibrium is observed when the number 
of drug molecules that abandon the network is similar to the number 
that is rebound by the hydrogel. Only under infinite dilution rebinding 
does not occur. Therefore, in any finite volume the equilibrium may be 
reached, and false plateaus or delays in the release may be observed. 
Nevertheless, this affinity-driven controlled release phenomenon gains 
more relevance as the volume of the release medium decreases and the 
KN/W increases. The high solubility of pravastatin and intermediate 
values of KN/W indicated that pravastatin affinity for water is still quite 
high, which may explain the small effect of the volume on the per
centage of pravastatin release. 

Also, drug release from CLs could be affected by the presence of 
proteins, lipids, and mucin present in the tear film [34]. Interestingly, in 
this study, the incorporation of lysozyme and BSA in 2 mL volume 
slightly increased pravastatin release at all time points, while for 10 mL 
volume a change in the release profile, first slower and then faster, was 
observed (Fig. 4C). Lysozyme (pI 11.0) and BSA (pI 4.7) are positively 
and negatively charged, respectively, in SLF. Therefore, the likelihood of 
that their effect is related to ionic interactions with the drug or the 
hydrogel is low. In previous studies with a hydrophobic drug model 
(Rose Bengal dye), these same proteins were shown to accelerate the 
release, which could be related to hydrophobic interactions between the 
drug and the protein, promoting the extraction from the hydrogel [36]. 
Pravastatin sodium is a hydrophilic drug and the fraction unbound in 
plasma has been reported to be 0.485, which means that pravastatin is 
not a highly bound protein drug [70]. Also, the experimental protocol 
applied to denature the protein before drug quantification in the HPLC 
was demonstrated to recover >95% drug from the samples, which 
ensured that the decrease in the release was not due to losses of drug due 
to protein binding. 

Slower release rate in artificial tear solution containing proteins and 
lipids was observed for moxifloxacin from a variety of CLs, compared to 
simple PBS [71]. As previously reported for other HEMA hydrogels [72], 
deposition of albumin and lysozyme on the tested CLs was very low and 
not measurable. Thus, although the formation of a thin layer of proteins 
on the CL surface that may act as an additional barrier for drug diffusion 
could not be discarded, its effect might be more relevant in the first 
hours after immersion of the discs in 10 mL medium (more total amount 
of proteins) due to the Voomer effect [73]. This might explain the initial 
slower release and also the subsequent faster release as the adsorbed 
proteins detach and may drag some drug molecules with them. 

3.6. Ex vivo corneal and scleral permeability 

Pravastatin diffusion tests from E200A40 and E0A40 hydrogels 
through cornea and sclera were evaluated ex vivo using porcine tissues. 
The vertical Franz cell may simulate the drug flux from the exterior of 
the eye to the aqueous or vitreous humour. As a control, the donor 
chamber was filled with a pravastatin solution (128 μg/mL) that pro
vided an amount of pravastatin similar to the maximum amount of drug 
released from the hydrogels in 6 h. 

After 6 h of experiment the concentration of pravastatin in the donor 
chamber in contact with cornea and sclera was significantly lower for 
both hydrogels compared to the drug solution (Fig. 5A; p < 0.05). No 
differences were found between the hydrogels. 

The amount of pravastatin accumulated in cornea was significantly 
lower than in sclera (Fig. 5B; p < 0.05), but for a given tissue no dif
ferences were found among the hydrogels and the solution. This means 
that pravastatin released from the hydrogels during 6 h could diffuse 
into the tissues in a similar amount than when supplied as a solution, in 
spite of that in the case of the solution the entire dose was placed into 
contact with the cornea or sclera tissue since the very beginning of the 
experiment. 

Pravastatin permeated through sclera was detected in the receptor 
chamber after two hours of contact with pravastatin solution and after 
three hours for E200A40 and E0A40 hydrogels (Fig. 5C). For porcine 
cornea tissue, the amount of pravastatin in the receptor chamber was 
below the HPLC quantification limit. This means that pravastatin mainly 
accumulated into the cornea in the time frame of the experiment. 
Generally, a poor penetration across the cornea was observed for more 
hydrophilic and larger molecules [74]. Pravastatin presents greater 
hydrophilicity than other statins (log P = − 0.23) which could explain 
the higher sclera permeability observed. Very recently, ex vivo cornea 
and sclera permeability studies revealed that atorvastatin mainly accu
mulated into cornea and sclera tissues but did not progress further [39]. 
Due to its lipophilicity (log P = 5.39), atorvastatin could present higher 
cornea permeability, but this effect may have been thwarted by the 
higher molecular weight (558.64 g/mol). 

In the case of sclera, flux (J) and apparent permeability coefficient 
(Papp) of pravastatin ranked in the order: E200A40 < E0A40 < pravas
tatin solution (Table 2). These values agreed with those previously re
ported for other drugs such as transferulic acid (0.035 to 0.115 μg/ 
cm2⋅h; 5.4 to 11.5⋅10− 6 cm/s) and valaciclovir (0.42 to 4.23 μg/cm2⋅h; 
9.75 to 11.37⋅10− 6 cm/s) when delivered from drug-eluting CLs [46,51]. 

3.7. Anti-inflammatory activity 

Once pravastatin was demonstrated to be able to penetrate in the eye 
structures ex vivo, the next sept was to elucidate the anti-inflammatory 
activity of drug itself and of the drug-CL combination product. Cyto
kines and other mediators, such as prostaglandins, play important roles 
in eye inflammation. Some previous studies have been focused on the 
anti-inflammatory effects of statins, but results were not homogeneous 
[75–77]. McFarland et al. [77] compared the effects of the six statins 
(including pravastatin) on PMA differentiated THP-1 cells and using LPS 
to induce inflammatory conditions. All statins significantly reduced LPS- 
induced IL-1β and TNF-α release and also decreased prostaglandin E2 
(PGE2) levels. Loppnow et al. [76] showed that pravastatin reduced the 
IL-6 production by 60% in human vascular smooth muscle cells (SMC) 
and human mononuclear cells (MNC). Conversely, Bessler et al. [75] 
found that the IL-6 production in human peripheral blood mononuclear 
cells was not affected by pravastatin. 

In the present study, the secretion of tumor necrosis factor alpha 
(TNF-α) and interleukin-6 (IL-6), two pro-inflammatory cytokines, was 
examined by stimulation of macrophages with LPS. The macrophages 
were previously treated with non-loaded and pravastatin-loaded 
E200A40 hydrogels or pravastatin solutions (Fig. 6). A statistically sig
nificant reduction in TNF-α secretion (p < 0.05) was observed for 
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pravastatin-loaded E200A40 hydrogels compared to the non-loaded 
hydrogels (Fig. 6A). All tested pravastatin solutions (0.1, 1, 10 μM) 
caused a similar decrease in the secretion of TNF-α, and no significant 
differences were observed for the different concentrations (p > 0.05). 
Differently, in the case of IL-6, no significant decrease was recorded, and 
no differences were observed (p > 0.05) for pravastatin-loaded E200A40 
hydrogels and pravastatin solutions compared to the non-loaded 

hydrogels (Fig. 6B). Overall, the obtained results point out the effec
tiveness of pravastatin-loaded hydrogels to decrease the secretion of 
TNF-α showing promising anti-inflammatory activity. 

3.8. In vivo tests 

After in vitro, in ovo, in cell and ex vivo tests were fulfilled, an in vivo 
study was planned with the double aim of (i) assess the advantages of 
using pravastatin-eluting CLs compared to eye drops in terms of drug 
levels in tear fluid and biodistribution to eye tissues (for a same drug 
dose), and (ii) elucidate whether in vitro-in vivo correlations (IVIVC) 
could be obtained and which in vitro release conditions may provide 
better correlations. 

Fig. 5. (A) Amounts of pravastatin in the donor chamber, (B) amounts accu
mulated in cornea and sclera tissues, and (C) amounts permeated through 
porcine sclera after 6 h of contact with drug-loaded hydrogels (E200A40 and 
E0A40) and pravastatin solution (128 μg/mL, 1 mL). Codes as in Table 1 (n = 3; 
mean values and standard deviations). 

Table 2 
Flux (J) and apparent permeability coefficient (Papp) of pravastatin applied as a 
solution or as pravastatin-loaded E200A40 and E0A40 hydrogels onto to sclera 
tissue (n = 3) (mean value ± standard deviations).  

Formulation J (μg/(cm2⋅h)) Papp (×106) (cm/s) 

E200A40 0.47 ± 0.11 3.16 ± 1.85 
E0A40 1.02 ± 0.05 4.92 ± 2.93 

Prav. sol 2.46 ± 0.09 6.57 ± 2.72  

Fig. 6. Effect of non-loaded and pravastatin-loaded E200A40 discs and pra
vastatin sodium solutions (0.1, 1, 10 μM) on the secretion levels of (A) TNF-α 
and (B) IL-6 from macrophages that were previous treated with the hydrogels or 
pravastatin solutions followed by addition of LPS. Positive control refers to cells 
only stimulated with LPS; negative control refers to unstimulated cells 
(without LPS). 
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The in vivo release profiles of pravastatin in tear fluid (concentration 
versus time) after application of E200A40 CLs and eye drops (2 mg/mL of 
pravastatin) are shown in Fig. 7A. In the eye drops group, the maximum 
pravastatin concentration (Cmax) in the rabbit tear fluid was recorded in 
the first 5 min (975.21 ± 456.40 μg/mL), followed by an exponential 
decrease, with a low drug concentration being detected after 1 h (14.88 
± 10.99 μg/mL to 9.30 ± 13.13 μg/mL at 8 h), which was found to be 
consistent with previous studies that demonstrated a rapid decline 
[52,55,78]. 

Pravastatin-loaded CLs led to a smoother concentration curve and a 
sustained release over a period of 10 h, which demonstrated much less 
variability in the concentration of pravastatin in tear fluid and a sig
nificant improvement in mean residence time of pravastatin (Table 3). 
The Cmax was found to be 177.5 ± 116.8 μg/mL after 30 min of CL 
wearing. No burst release was observed. Only in the first 5 min, pra
vastatin concentration in tear fluid was higher for the eye drop group 
than for the CL group (p < 0.05). No statistically significant differences 
were recorded at 15 and 30 min. After that, the concentrations recorded 
in the CL group were higher than those provided by the eye drops in the 
first 7 h of wearing (with the exception of time point 6 h, which were not 
significantly different). When wearing drug-loaded CLs, pravastatin 
diffused through the CL matrix and gradually entered the post-lens tear 
film prolonging the retention in the precorneal area. Previous studies 
also evidenced that drug-eluting CLs can improve drug retention in 
comparison with eye drops. For example, in New Zealand white rabbits, 
the MRT of ketotifen delivered from non-imprinted CLs wore for an 

entire day was found to be 3.4 h compared to 0.25 h for eye drops [61]. 
Also, CLs loaded with timolol during synthesis increased the mean 
residence time from 0.33 h for eye drops to 26.27 h for CLs wore for 5 
days [55]. In our case, pravastatin-loaded CLs were intended to be daily 
disposable and, therefore, the release was aimed to be completed in the 
common half a day time frame of CL wearing. Indeed, the amounts of 
pravastatin remnant inside the CLs after 8 h and 10 h wearing were 7.5 
± 4.2 μg and 2.8 ± 1.6 μg, respectively, which indicated that >90% drug 
was released in the first 8 h of wearing. Thus, when the CLs were taken 
out, environmental impact due to waste of drug was not expected. 
Pravastatin-loaded CLs provided >2-fold increase in AUC0-8h and almost 
triplicate the MRT compared to the eye drops, for the same dose 
administered of 100 μg. MRT values of 2.82 h recorded for pravastatin- 
loaded CLs were significantly larger than those recorded for timolol (~ 
0.3 h) [53] and puerarin (1.3 h) [79] using HEMA-based CLs. 

Fig. 7. (A) Pravastatin concentration in the tear fluid during E200A40 CL wearing (n = 6 for 8 h and n = 3 for 9 and 10 h) and after a single instillation of pravastatin 
eye drops (50 μL, 2 mg/mL, n = 4) (mean values and standard deviations; *CLs provided statistically significant higher concentrations than eye drops; p < 0.05); (B) 
pravastatin accumulated in various ocular tissues after 8 h of CL wear (n = 3; * statistically different from the amount of pravastatin accumulated in the cornea; p <
0.05); and (C) slit-lamp images of rabbits' eyes without CLs (C.1) before and (C.2) after 8 h of wearing E200A40 CLs and (C.3) before and (C.4) after administration of 
a single eye drop (2 mg/mL). 

Table 3 
Pharmacokinetic parameters obtained from the pravastatin concentration-time 
profiles in tear fluid for an equivalent dose of 100 μg administered as CL (n =
6) or eye drop (n = 4) (mean values and standard deviations).  

Formulation Cmax (μg/ 
mL) 

tmax 

(h) 
AUC0-8h 

(μg/mL⋅h) 
AUMC0-8h 

(μg⋅h/mL⋅h) 
MRT (h) 

E200A40 
CLs 

177.5 ±
116.8 0.50 

573.5 ±
193.1 

1637.3 ±
637.6 

2.82 ±
0.24 

Eye drops 975.2 ±
456.4 

0.08 267.6 ±
94.3 

365.9 ± 319.2 1.17 ±
0.89  

A.F. Pereira-da-Mota et al.                                                                                                                                                                                                                   



Journal of Controlled Release 348 (2022) 431–443

441

The left eye of the rabbits served as a control, and no pravastatin was 
detected in tear fluid of left eye during treatment of the right eye either 
with CLs or eye drops. Also, no traces of pravastatin were detected in the 
tissues of the left eye. Therefore, systemic absorption could be consid
ered as unlikely. 

Biodistribution of pravastatin in the anterior and posterior segments 
of the eye was investigated after 8 h of CL wearing and eye drop 
instillation. The amount of pravastatin in eye tissues was also quantified 
14 h later of removing the CLs that were wore for 10 h in order to mimic 
the rest period without CL, which may provide information about risk of 
drug accumulation. Among the ocular tissues evaluated (cornea, crys
talline lens, sclera, retina, aqueous humour and vitreous humour), 
pravastatin was detected in cornea, sclera, aqueous humour and vitreous 
humour after 8 h of CL wearing (Fig. 7B). Pravastatin was not detected in 
rabbits' left eye (control) neither in the eye drops group. A preferential 
biodistribution of pravastatin was observed in the anterior segment, 
which provided the highest accumulation in the cornea (158.46 ± 31.8 
ng/g) and aqueous humour (108.73 ± 47.48 ng/g). CLs also facilitated 
pravastatin biodistribution and accumulation in the posterior segment, 
including sclera (1.53 ± 0.59 ng/g) and vitreous humour (2.00 ± 0.59 
ng/g). It should be noted that no pravastatin was detected in eye tissues 
of rabbits that wore CLs for 10 h and remained 14 h more without CLs, 
which avoids risks of drug accumulation after successive applications. 
The rabbit model, although widely used, may have the limitation of 
lower blinking rate, and thus the release might be somehow faster when 
CL are applied to human eyes [80,81]. 

Slit-lamp images were collected to evaluate a possible ocular irrita
tion after 8 h of wearing pravastatin-loaded CLs or eye drops adminis
tration (Fig. 7C). No signs of ocular irritation were observed in any 
rabbit. Hence, pravastatin-loaded CLs showed good compatibility and 
safety to the rabbits' eyes as revealed in previous designed and optimized 
HEMA-based CLs. 

3.8.1. In vitro-in vivo correlations 
Comparison between in vivo and in vitro release profiles in 2 and 10 

mL of SLF are shown in Fig. S8 (Supplementary Material). The in vivo 
data showed similar percentages of drug released in the first hours but 
then accelerated compared to the in vitro release. Levy plots (Fig. 8A and 
B) were used to investigate in vitro-in vivo correlations (IVIVC). The 
regression was not forced to pass through the origin in order to see better 
the deviations at short times. In vitro release tests carried out in 2 mL led 
to Levy plots with correlation coefficient (r2) values closer to 1 
compared to the Levy plots obtained for 10 mL. 

For 2 mL SLF (Fig. 8A), the intercepts at the origin were in the − 5 to 
− 6 range disregarding the presence or absence of proteins and the slopes 
were 1.476 (s.e. 0.030), 1.321 (s.e. 0.036) and 1.224 (s.e. 0.028) for 
medium without proteins, with BSA and with lysozyme, respectively. 
Thus, strong correlations but with positive deviations were observed, 
and the slope shifted towards 1 in the presence of proteins. 

For 10 mL SLF (Fig. 8B), in the absence of proteins the intercept at 
the origin was − 12.8, which evidenced that the percentage released in 
vitro was remarkably higher at the very beginning, and the slope was 
1.536 (s.e. 0.072). In the presence of BSA and lysozyme the intercepts at 
the origin were in the +4 to +5 range and the slopes were 1.245 (s.e. 
0.078) and 1.251 (s.e. 0.053), respectively. Thus, the presence of pro
teins in the in vitro release medium favored the goodness of the IVIVC. 

4. Conclusions 

CLs prepared with EGPEM and APMA as monomers that can 
resemble the hydrophobic and amine-based binding points of the nat
ural receptor have been shown able to load remarkably high pravastatin 
amounts. Pravastatin-loaded CLs exhibited swelling capacity, light 
transmission and mechanical properties typical of soft CLs (thus, they 
may be suitable for refractive errors correction) and also sustained in 
vitro release for 10 h. Preliminary biocompatibility tests in cell cultures, 

HET-CAM and then in vivo confirmed the safety of this combination 
product. Regarding efficacy, pravastatin released from the CLs exhibited 
anti-inflammatory properties and capability to penetrate and accumu
late in anterior and posterior eye segments. In vivo tests evidenced the 
suitability of the developed CLs to control pravastatin release on the 
ocular surface, notably prolonging the permanence time in the tear fluid 
compared to eye drops and also facilitating drug access to aqueous hu
mour and vitreous humour. Preliminary assessment of IVIVC revealed 
that, despite pravastatin is not a highly bound protein drug and the CLs 
have low affinity for proteins, addition of BSA or lysozyme to the release 
medium may affect to the in vitro release profiles. Indeed, more linear 
Levy plots and with slopes closer to 1 were recorded for in vitro release 
media containing proteins. The information gathered in the present 
study may serve as a first step towards the search of how a change in the 
performance of the CLs to regulate drug release in vitro may be translated 
to a change in the in vivo drug profiles. 
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