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Abstract 

This study aimed to design hydrogel based films comprising hyaluronic acid (HA) to overcome 

limitations of currently used eye drops. Timolol-loaded crosslinked (X2) HA-based and bilayer 

(HA/pHEMA-based layers) (B2) films were designed and characterized. The films were 

transparent (UV, visual observation) with crosslinked (<80%) films showing lower light 

transmittance than bilayer (> 80%) films. X2 showed significantly higher swelling capacity, 

tensile strength and elastic modulus  (5491.6%, 1539.8Nmm-2, 1777.2mPa) than B2 (1905.0%, 

170.0Nmm-2, 67.3mPa) respectively. However, X2 showed lower cumulative drug released, 

adhesive force (27.3%, 6.2N) than B2 (57.5%, 8.6N). UV sterilization did not significantly 

alter physical properties, while SEM/IR microscopy showed smooth surface morphology and 

homogeneous drug distribution. Timolol permeation (EpiCornealTM/porcine cornea) depended 

on the film matrix with erodible films showing similar permeation to commercial eyedrops. 

Drug permeation for porcine cornea (X2=549.0.2, B2=312.1 µgcm-2h-1) was significantly 

faster than EpiCornealTM (X2=55.2, B2=37.6 µgcm-2h-1), but with a linear correlation between 

them. All the selected optimized films showed acceptable compatibility (MTT assay) with both 

HeLa cells and EpiCornealTM. In conclusion, crosslinked and bilayer HA based films showed 

ideal characteristics suitable for potential ocular drug delivery, though further work is required 

to further optimize these properties and confirm their efficacy including in vivo tests.  

 

Keywords: EpiCorneal™, Glaucoma, Hyaluronic acid, Porcine cornea, Poly-hydroxyethyl 

methacrylate, Timolol 
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1 Introduction 

Ocular diseases and impairments such as age-related macular degeneration (AMD), diabetic 

retinopathy, cataract, and glaucoma affect the quality of life of numerous people globally. The 

number of visually impaired people was estimated to be 553 (295 moderate and severe, and 

258 mild) million  worldwide with associated social and economic burdens [1]. The anatomy 

and physiology of the eye present a huge challenge for drug delivery including the need to 

directly administer drugs to ocular tissues to avoid systemic exposure and consequent side 

effects. Delivering therapeutic agents to specific intraocular targets and achieving optimal drug 

concentration is limited by a number of inherent anatomical and physiological barriers. These 

include the cornea, anterior segment barriers, sclera and Bruch's-choroid complex as well as 

the blood-retinal barrier. These natural barriers not only protect the eye from invasion by 

foreign substances but also regulate the milieu of intraocular tissues, which is essential for 

maintaining ocular physiological function [2]. These tight barriers limit the diffusion and 

penetration of ophthalmic agents. 

One of the most common dosage forms used to manage intraocular diseases is eye drop. 

However, eye drops are limited by their low bioavailability with only 5–10% of the 

administered dose reaching the target tissue. Other traditional formulations include gels [3] and 

ointments [4] which remain longer on the eye, however, like eye drops, gels and ointments 

eventually become diluted with tear fluid and are subsequently displaced through blinking and 

drainage. In the past decade, novel therapies have been developed to overcome these limitations 

by improving drug residence times on the cornea. These include nanoparticles [5], liposomes 

[6], microemulsions [7], nanosuspensions [8], polymeric micelles [9, 10], biodegradable 

microneedles [11, 12] and hydrogel-based delivery systems.  

The use of hydrogels in ophthalmic applications is well established and has been 

applied in various forms such as contact lenses [13], in-situ gelling systems [14] and implants 

[15]. The most commonly used ocular hydrogels are soft contact lenses (SCLs) which are used 

by millions of patients for vision correction and cosmetic purposes. The high patient acceptance 

of this topical device has made SCLs and thin films promising platforms for ocular drug 

delivery in chronic eye diseases such as glaucoma, where prolonged drug retention is 

necessary. This makes them a cheaper alternative to the other advanced systems proposed such 

as nanoparticles, liposomes, microemulsions, nanosuspensions, polymeric micelles and 

microneedles. The common polymers used for preparation of SCLs are (i) poly-hydroxyethyl 

methacrylate (pHEMA) and (ii) silicone with the latter showing increased popularity due to 

excellent oxygen penetration ability which allows patients to wear the SCLs for longer periods 
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of time [16, 17]. However, for research purposes, pHEMA-based hydrogels are more 

commonly used due to lower cost and easy access worldwide.  

Many studies have used pHEMA-based hydrogels to investigate topical delivery of 

ocular drugs and their potential benefits over eye drops [18, 19]. Most of these attempts have 

focused on soaking the dry hydrogel film in a drug solution until saturation. In this method, the 

amount of drug absorbed depends on its solubility, conformation, molecular weight, interaction 

with the hydrogel, concentration and degree of swelling of the hydrogel in the drug solution 

[20]. Major limitations of drug-soaked hydrogels are the diffusion of water into the polymer 

and poor aqueous solubility of most drugs, resulting in very low uptake by the SCL which 

subsequently results in rapid release [21]. In addition, it takes a few hours to load the lens with 

the drug by diffusion (Fick’s law) from the aqueous solution, and the large fraction of the drug 

that is left in the solution is wasted. Torres-Luna and colleagues investigated the use of cationic 

surfactants for controlling the release of diclofenac from pHEMA hydrogel contact lenses [22]. 

In a similar study, Lee and co-workers investigated drug delivery through pHEMA-hydrogel 

contact lenses co-loaded with lipophilic vitamins [23]. Despite successful preparation of 

transparent hydrogels in both studies, the release profiles revealed that maximum drug release 

was achieved within only 4 hrs. Therefore, prolonged drug release was not achieved and this 

study seeks to increase the duration of drug release after application to reduce the need for too 

frequent administrations. 

In the past decade, crosslinked hyaluronic acid (HA) based hydrogels and ocular inserts 

have been studied as potential topical delivery systems for ophthalmic drugs [24, 25, 26]. In a 

study by Calles and colleagues, crosslinked HA inserts were developed and loaded with timolol 

(TM) which demonstrated positive results in reducing intraocular pressure (IOP) [24]. 

However, the inserts were not transparent and were placed in the cul de sac of the eye. In 

addition, the thickness of the most suitable formulation (selected for in vivo studies) in their 

study was 300 µm which is above the maximum recommended thickness value (90 µm) of 

SCLs reported by Johnson & Johnson. In a follow up study by the same research group [25], 

the optimum formulation comprising HA crosslinked with poly(propylene glycol) diglycidyl 

ether (PEGDE) was further optimized to achieve transparent films. However, the films 

thickness remained above 90 µm (157 µm), and the drug release profiles and mechanisms were 

also not determined. In an interesting study, Korogiannaki and colleagues [27] investigated the 

release of TM from HA-containing model silicone hydrogel contact lens materials. Despite 

incorporation of HA and PVP during synthesis of contact lenses, maximum cumulative drug 

release was achieved in less than 3 hrs implying low drug retention. Successful topical delivery 
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of drugs to the eye relies on effective diffusion of the drug molecules across the lipophilic and 

hydrophilic layers of the cornea. Strategies include prolonging residence times of the drug 

using viscosity enhancing (mucoadhesive) agents and in situ gels, employing penetration 

enhancers and colloidal systems (e.g. nanoparticles and liposomes).  

Several animal eye models, including rabbit [28, 29, 30, 31], rat [32], mouse [33, 34], 

cat [35], dog [36, 37] and pig [38, 39, 40] have been used to investigate topical delivery of 

ophthalmic drugs. Although in vivo studies are useful to study the efficacy of delivery systems, 

they are expensive to run and present ethical issues including concerns around animal welfare. 

Ex vivo experiments are less expensive and can be used to study drug permeation across the 

cornea with the pig eye considered a suitable model as it is very similar to the human eye with 

respect to size, vascular anatomy, histology, corneal thickness, and presence of Bowman’s 

layer. Furthermore, with pigs being commonly used in human meat consumption, porcine 

ocular bulbs are easy to obtain from local slaughterhouses without any ethical concerns [41]. 

Though rabbit eyes are popular for in vivo studies due to easy ex vivo–in vivo correlation [42], 

they are smaller than human eyes, possess a nictitating membrane and have very low blinking 

frequency and higher permeability [43]. Recent development and commercialization of 

EpiOcular™ and EpiCorneal™ 3D human tissue models (MatTek, Ashland, MA, USA) 

provided a highly predictive non-animal alternative to evaluate ophthalmic drug delivery. 

Reasonable cost, ready availability and ease of use have made these 3D tissues popular and 

reliable in vitro models for various areas of research such as buccal [44, 45] and ocular [46, 

47] drug delivery.  

Based on the current challenges with ocular drug delivery outlined above, this study 

aims to design thin films that enhance the pre-corneal residence time, control release of the 

drug from the thin films, and ultimately improve drug absorption for potential treatment of 

glaucoma. It will be beneficial to reduce the dose, dosing frequency and consequently, reduce 

potential side effects of drugs applied directly onto the eyes. We hypothesize that 

polysaccharide-based films in the form of (i) matrix crosslinked HA hydrogels or (ii) HA in 

combination with soft contact lens hydrogel materials i.e. pHEMA (bilayer film), represent 

suitable platforms for delivering drugs directly to the eye and overcomes the limitations of 

currently used eye drops. This study reports on the formulation design and comparison of the 

functional physical and biological characteristics of different HA based ocular films 

(crosslinked HA and bilayer films) for delivering TM to potentially treat glaucoma. Finally, 

mechanical and physicochemical properties of these formulations were compared with 

erodible HPMC/HA-based matrix films previously reported [48]. In the case of the bilayer 
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films, the drug was embedded directly into the HA layer to avoid the need for soaking the 

pHEMA hydrogel in drug solution which has many limitations as outlined above. The 

ultimate rationale was to improve retention time, prolong the release of drug, and in the case 

of the bilayer films, to achieve one directional release of the drug. To the best of our 

knowledge, this is the first study that compares the functional characteristics of TM loaded 

crosslinked HA films with bilayer films comprising TM loaded erodible HA layer and 

pHEMA hydrogel (contact lens) layer for the potential treatment of glaucoma. In addition, no 

study exists in the literature that tests permeation of TM released from HA-based films 

through EpiCornealTM tissue (in vitro) and subsequently correlates the in vitro permeation 

with permeation through (ex vivo) pig cornea. 

 

2 Materials and methods 

2.1 Materials 

Hydroxypropyl methylcellulose (HPMC) (1261.45 g/mol molecular weight and viscosity 4,000 

cP in water), timolol maleate (TM), poly(vinylpyrrolidone) (PVP), ethylene glycol 

dimethacrylate (EGDMA), itaconic acid (IT), poly(propylene glycol) diglycidyl ether 

(PEGDE), 2-hydroxyethyl methacrylate (HEMA), Triton X-100, PBS tablets (pH 7.4), Krebs-

Ringer bicarbonate buffer and 2,20-azobis(2-methylpropionitrile) (AIBN) were purchased 

from Sigma Aldrich, (Gillingham, UK). Glycerol (GLY), sodium bicarbonate, potassium 

chloride, calcium chloride, sodium chloride, mucin, glucose, Dulbecco’s Modified Eagle’s 

Medium, fetal bovine serum, penicillin-streptomycin, (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide), MTT reagent and dimethyl sulfoxide (DMSO) were all 

purchased from Fisher Scientific, (Loughborough, UK). Hyaluronic acid (HA) (molecular 

weight 2.6×106) was purchased from Wisapple, (Beijing, China). EpiCorneal™ tissue kit 

(COR-100) was purchased from MatTek, (Ashland MA, USA) and pig eyes were obtained 

from a local slaughterhouse (Tunbridge Wells, Kent, UK). 

 

2.2 Preparation of ocular films 

2.2.1 Composite films 

Composite erodible films were prepared using solvent casting method as previously reported 

[48]. Briefly, TM was first dissolved in water prior to the addition of primary polymers (HA 

and HPMC) in a 1:1 ratio and plasticizer (GLY) with a total polymer to plasticizer ratio of 2:1.  
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2.2.2. Bilayer films 

Bilayer films were prepared by adding a pHEMA/PVP hydrogel slurry on top of selected 

erodible films (blank or drug loaded-DL) prepared from 1% w/v (HPMC only, composite 

HA/HPMC or HA only) gels plasticized with GLY, with the latter (HA) selected for drug 

loading. The DL HA films contained TM (0.75%) based on the total solid polymer. To prepare 

pHEMA/PVP hydrogel (98/2, w/w), an appropriate amount of EGDMA (crosslinker) was 

dissolved in HEMA (hydrophilic monomer) to obtain an EGDMA concentration of 80 mM 

(Table 1). The resulting mixture was then degassed by sonication for 5 min and a gentle stream 

of nitrogen bubbled through it for 15 min before the addition of AIBN (10 mM) as initiator, 

and PVP (0.02 g mL-1). The mixture was stirred continuously for approximately 2 hrs on a 

magnetic stirrer to allow complete dissolution of PVP. The PVP acted as copolymer to produce 

crosslinked structures, comprising pHEMA blocks grafted onto a PVP matrix. Its main function 

was to increase wettability and moisture retention due to its hydrophilic property [49]. The 

completion of the polymerization reaction (Figure 1a) was achieved at 50 ℃ over 14 hrs. The 

resulting hydrogels were washed over 5 days with twice deionized water (renewed three times 

a day) to remove unreacted monomers and to facilitate easy handling [50]. Finally, 10 g of the 

hydrated slurry was poured on top of the previously prepared HA films (both blank and DL) 

and placed in 40 ℃ oven for 72 hrs to obtain dry bilayer films.  
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Table 1 Formulation composition for blank and TM-loaded crosslinked (X) HA and pHEMA-HA bilayer (B) films#. X1 is blank crosslinked HA 

films, X2 is DL crosslinked HA films, B1 is blank pHEMA-HA bi-layer films, B2 is DL pHEMA-HA bilayer films.  

 

Component Function X1 (mg) X2 (mg) B1 (mg) B2 (mg) 

HA Film forming polymer 2000.0 2000.0 1000.0 1000.0 

PEGDE Crosslinker to HA 1.4 1.4 - - 

IT Acidic catalyst for HA crosslinking 0.1 0.1 - - 

GLY Plasticizer 125.0 125.0 500.0 500.0 

AIBN Reaction initiator during crosslinking of HEMA  - - 165.0 165.0 

EDGMA Crosslinker for HEMA - - 165.0 165.0 

HEMA Monomer for preparing pHEMA hydrogel - - 98000 98000 

PVP Copolymer to HEMA in synthesis of pHEMA hydrogel - - 2000.0 2000.0 

TM Model glaucoma drug - 15.0 - 7.5 

 

  



9 
 

 

 

Figure 1 (a) Polymerization of HEMA monomer to pHEMA using EDGMA as crosslinker in 

the presence of PVP co-polymer. The synthesized pHEMA/PVP hydrogel was then poured onto 

previously prepared HA films with or without TM and dried in an oven to obtain the bilayer 

films (b) crosslinking of HA polymer chains by PEGDE in the presence of IT. The crosslinked 

HA hydrogels with or without drug were then dried in an oven to obtain the crosslinked HA 

films 

 

2.2.3 Crosslinked HA films 

  The crosslinked HA films were prepared as previously reported by Calles and co-

workers [24, 25] and illustrated in Figure 1b, based on the formula in Table 1. TM-loaded 

crosslinked HA films were prepared by incorporating the appropriate amount of TM into 2% 

w/w HA solution, using twice distilled water as solvent. The amount of each constituent was 

adjusted to produce 1:1:2 molar ratios for HA:IT:PEGDE. IT provided an adequate acidic 

environment required for ionisation of HA and subsequent crosslinking of the polymer chains 

by PEGDE. After 24 hrs reaction time (Figure 1b) under slight stirring at room temperature, 

35 g of the final gel was poured into a Petri dish and dried overnight in a vacuum oven at 40 

℃. The various formulations prepared using different approaches were functionally 

characterized and compared, and the selected optimized DL films are summarized in Table 2. 

 

  

+ IT

(a) (b)
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(a) (b)
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40 ℃ oven 
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Table 2 Composition for three selected optimized TM loaded formulations whose performance 

characteristics were compared: F3 - composite HA/HPMC films (reproduced from [48] with 

permission); X2 - crosslinked HA films; B2 - bilayer pHEMA /PVP-HA films. In the case of F3 

the amount of HA was reduced by 500 mg and replaced with the same amount of HPMC.  

 F3 (mg) B2 (mg) X2 (mg) 

HA 500.0 1000.0 2000.0 

HPMC 500.0 - - 

PEGDE - - 1.4 

IT - - 0.1 

GLY 500.0 500.0 125.0 

AIBN - 165.0 - 

EDGMA - 165.0 - 

HEMA - 98000 - 

PVP - 2000.0 - 

TM 7.5 7.5 15.0 
#Preliminary development work was undertaken by using different combinations (amounts) of film components to achieve formulations that 

were easily removable from the casting containers without being damaged and easy to handle. Based on these, three different types of film 

formulations were prepared for testing and their properties compared. As a result, the compositions of HA and GLY in the synthesized films 

differed for F3, X1/X2 and B1/B2. Further, the amount of TM present in the DL films was based on how much HA (X2, B2) and HA/HPMC 

(F3) to ensure the same percentage drug loading (0.75%).  

 

2.3 Sterilization 

The films were sterilized by exposing them to UV-C (short wave) radiation [51] with 

wavelength range of 280 - 100 nm over 24 hrs. Furthermore, to evaluate the potential 

deleterious effects of UV radiation, the films were evaluated for their tensile and mucoadhesive 

properties using a texture analyzer (details below) before and after sterilization and the results 

compared (n = 3). 

 

2.4 Physical evaluation 

2.4.1 Transparency 

The transparency and clarity of the films were evaluated to ensure non-interference with sight 

upon application as previously reported [48, 52]. Briefly the films were tested via; (i) 

qualitative measurement which involved placing the films over a ruler and determining ease of 

reading the markings and capturing a digital image as evidence, (ii) semi-quantitative 

measurement through observation and scoring for transparency using adult human volunteers 
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(scores ranged from 1 to 5 with 1 being completely transparent and 5 being completely opaque) 

and (iii) quantitatively measuring light transmission at wavelengths ranging from 290-700 nm 

with the help of a UV spectrophotometer [53]. 

 

2.4.2 Weight, thickness, surface pH and folding endurance   

The weight and thickness of the films were measured using an analytical balance and a 

micrometer screw gauge respectively [48]. Surface pH was measured for the hydrated films 

using a pH meter as previously reported [54]. Briefly, the films were placed in a Petri dish 

containing 100 mL of twice-distilled water (room temperature), covered and left to hydrate for 

30 min. The hydrated film was placed in close contact with a digital pH meter and the surface 

pH recorded. The folding endurance was evaluated by repeated folding at the same position at 

an angle of 180 degrees as previously reported [55, 56]. 

 

2.5 Swelling capacity 

The swelling profiles of the films were measured using simulated tear fluid (STF) at a pH 7.4 

and temperature of 37 °C prepared based on the formula shown in Table 3 . The samples (n = 

3) were cut into 35 mm diameter circular strips, accurately weighed (W0) and placed in a Petri 

dish. Aliquots (2 mL) of STF was poured onto the weighed film to initiate hydration and 

swelling.  

 

Table 3 Preparation of STF in 1 L of 2x deionized water  

Composition (in water) Weight (g) 

Sodium bicarbonate 0.1924 

Potassium chloride 0.1111 

Calcium chloride 0.0023 

Sodium chloride 0.6728 

Mucin 0.6690 

Glucose 0.0025 

 

At regular time intervals, The STF was blotted out carefully using tissue paper and the weight 

of the swollen film (W1) recorded. A further 2 mL of STF was placed on the swollen film and 

the entire process repeated till the films started to erode or disintegrate and the swelling 

capacity at each time point calculated using Equation 1. 
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  𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = [
(𝑊1− 𝑊0)

𝑊0
] × 100   (1) 

 

2.6 Texture analysis 

Texture analysis was performed on the films to characterize their tensile and adhesive 

properties with the help of a texture analyzer (Stable Micro Systems, Surrey, UK).  

 

2.6.1 Tensile properties 

Dumb-bell shaped strips of each formulation (n = 3) were stretched between the tensile grips 

of the texture analyzer in tensile mode till they broke. The following instrument settings were 

applied: gauge length of 30 mm, 5 kg load cell, trigger force of 0.01 N, pre-test speed and the 

test speeds were 1 mm sec-1, and post-test speed at 10 mm sec-1. Equations (2 – 4) were used 

to calculate the tensile strength, elastic modulus and percentage elongation respectively of each 

film from the force - time plots. 

 

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =  
𝐹𝑜𝑟𝑐𝑒 𝑎𝑡 𝐹𝑎𝑖𝑙𝑢𝑟𝑒

𝐶𝑟𝑜𝑠𝑠−𝑆𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎
      (2) 

 

𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 =  
𝑆𝑙𝑜𝑝𝑒

𝐶𝑟𝑜𝑠𝑠ℎ𝑒𝑎𝑑 𝑆𝑝𝑒𝑒𝑑 × 𝐶𝑟𝑜𝑠𝑠−𝑆𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎
    (3) 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 =
𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝐿𝑒𝑛𝑔𝑡ℎ (𝑒𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛)

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ
 ×  100   (4) 

 

2.6.2 In vitro mucoadhesion 

Adhesive properties were evaluated using a 35 mm cylindrical probe with a 5 kg load cell 

against gelatin gel (20 g, 6.67% w/v) which had been allowed to set. To simulate ocular mucosa 

environment, the gelatin gel was equilibrated with 500 µL of STF. The basis of the 

mucoadhesive test was the interaction between the films and mucin present in tear fluid. The 

gelatine gel was used to provide a solid support (mimicking the soft cornea) for the STF [48, 

57]. The films (n = 3) were cut into circular discs (35 mm in diameter), attached to the 

cylindrical probe and the probe programmed to approach the gelatin gel equilibrated with STF. 

The film was left in contact with the moist gelatin surface for 60 sec to ensure complete contact, 

and subsequently withdrawn using a speed of 1 mm min-1 and 0.01 N trigger force until 

complete detachment from the gelatin gel. In the case of the bilayer films, the HA side was in 
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direct contact with the model mucosa surface. The plotted mucoadhesion profiles were used to 

calculate the peak adhesive force (PAF), total work of adhesion (TWA) representing the area 

under the force-distance curves and cohesiveness (distance travelled by probe before 

detachment) of the films. 

  

2.7 Analytical characterization 

Various analytical techniques including attenuated total reflectance Fourier transform infrared  

(ATR-FTIR) spectroscopy, X-ray diffraction (XRD) and thermal analyses were employed to 

characterize the different film formulations as well as the starting materials. 

  For the ATR-FTIR analysis, a Perkin Elmer Two ATR-FTIR spectrophotometer (Seer 

Green, UK) was used at a wavenumber range of 450 to 4000 cm-1 with resolution of 32 cm-1 

and scan speed of 0.2  cm-1. For XRD analysis, diffractograms were obtained in transmission 

mode with the help of a Bruker diffractometer equipped with a DIFFRAC plus XRD 

Commander from 2θ range of 5°- 50° and the following instrument settings were applied; step 

size (0.04°), scan speed (0.2 sec/step), voltage and current of 40 kV and 40 mA respectively 

with Cu Kα radiation. 

  Thermal analyses were undertaken using thermogravimetric analysis (TGA) and 

modulated differential scanning calorimetry (MDSC). A TA Instruments TGA machine 

(Q5000 SA, Delaware, USA) equipped with Universal Analysis 2000 software (TA 

Instruments, Delaware, USA), was used to evaluate the residual water content within the films. 

The samples were weighed accurately (2 – 5 mg) and heated at 10 °C min-1 from 25-300 °C 

with a steady flow (50 mL min-1) of dry nitrogen. Thermal transitions were analyzed for the 

films and pure starting materials on a TA Instruments DSC Q2000 (Delaware, USA) machine 

with modulated function (MDSC) enabled to ensure better detection of the glass transition (Tg) 

peak. About 3-5 mg of each sample was weighed in aluminium pans with lids pierced and 

heated from 25 to 220 °C  (5 °C min-1), cooled (10 °C min-1) to 0°C and heated back to 220 °C 

at a rate of 5 °C min-1. 

 

2.8 Microscopic examination 

A Nicolet iN 10 IR microscope (Thermo Fisher Scientific, Loughborough, UK) and scanning 

electron microscope (SEM) (Hitachi SU8030 SEM (Berkshire, UK) were used to map the film 

surface for uniform distribution and determine surface morphology respectively, as previously 

reported [48] and briefly summarized below. For the IR mapping, 2D and 3D images (maps) 

and corresponding IR spectra for the major peaks determined from the ATR-FTIR analyses 
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were collected from random portions of the films’ surfaces. In the case of SEM, samples were 

coated with chromium and images acquired using accelerated voltage and working distance of 

20 kV and 15 mm respectively. 

  

2.9 In vitro drug dissolution studies  

The in vitro release of TM from the DL films (X2, B2) was evaluated using a specialized flow 

system that collects sample fractions automatically. The set up comprised a collector system 

(Gilson FC204, Middleton, USA) and SC100 immersion circulators (Thermo Fisher, 

Loughborough, UK) which were maintained at 37 °C and a peristaltic pump with multiple 

channels (Longer Pump BT100-1L, Hebei, China). This arrangement allowed all the samples 

to be analyzed for TM release simultaneously and also allowed continuous flow (50 L min-1) 

of STF over the film samples to ensure sink conditions throughout the experiment. This 

automated sampling technique at the given flow rate was set to mimic the tear turnover in the 

eye. STF was pumped into the chamber containing the sample from one end and flowed out of 

the chamber into the collector at the opposite end. At specific time intervals the STF in the 

sample collector was transferred into glass vials for HPLC analysis. The TM was analyzed 

following a previously reported method by Rodriguez and co-workers [58] on an Agilent 

Technologies 1200 HPLC instrument (Cheshire, UK) using a 15.0 × 0.46 cm Spherisorb S5 

ODS1 column with 5 µm particle size as stationary phase. The mobile phase comprised 

methanol, water and trimethylamine (TEA) in a ratio of 80:20:0.2 respectively at a flow rate of 

1 mL min-1 and detection wavelength set at 259 nm.  

 

2.10 In vitro drug permeation using EpiCorneal™ tissue 

Human cornea-like epithelial kit (Figure S1), was procured from MatTek Corporation (MA, 

USA) and the tissues were immediately equilibrated to room temperature. The 6-well plates 

containing the tissue samples were then incubated in a humidified incubator (37 ℃; 5% CO2) 

overnight prior to performing the permeability experiments. To ensure the tissues were healthy 

and viable, they were visually examined under sterile conditions for the presence of any air 

bubbles at the interface of the agarose gel and the inserts. Once healthy tissues were confirmed, 

the assay medium (1 mL) was placed into each well of previously labelled sterile 6-well plates.  

  The protocol utilized a 24-well plate for every 3 tissues and the assay medium was used 

as permeability buffer at 37 ℃. Using sterile technique, 0.3 mL of pre-warmed assay medium 

was placed into the wells of 6 × 24-well plates. The well plates were labelled as follows: the 3 
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left wells were labelled “pre-incubation” and the remaining wells as 0.5, 1.0, 1.5, 2.0, and 2.5 

hrs. A set of 3 tissues were designated as negative controls (NC) and all the well plates were 

placed in the incubator for 30 min. For the permeation, an indirect method which involved first 

hydrating the film samples (F3, X2, B2) in the assay medium was employed, while TM eye 

drops were applied directly. Before application of the film samples, donor solution (100 μL) 

was transferred into wells containing EpiCorneal™ tissues. After equilibrating for 30 min, the 

cell culture inserts containing the EpiCornea™ tissues were moved to the 0.5 hr wells and 

treated with the film extracts (100 μL). Subsequently, the plates were put back in the incubator 

for another 30 min and the tissues were moved to the 1.0 hr wells. The process was repeated 

for 1.5, 2.0, and 2.5 hrs of total elapsed time. The permeation samples collected at each time 

point were then analyzed by HPLC and permeation flux (J) calculated with Equation 5 below. 

𝐽 = 𝑑𝑄/𝑑𝑡 .1/𝐴      (5) 

Where J is steady-state flux, dQ/dt is amount of drug permeated at time t and A is effective 

diffusion area. 

 

2.11 Ex vivo drug permeation using porcine cornea 

Ex vivo permeation of TM released from the optimized films (F3, X2, B2) was investigated 

with the help of the automated fraction collector system used for the in vitro drug dissolution 

studies using fresh porcine eyes. The eyes were collected from a local slaughterhouse based in 

Kent, UK and immediately transferred into a cooler containing cold Krebs-Ringer bicarbonate 

buffer, quickly transported to the laboratory, and used within 2 hrs of collection as previously 

reported [59]. The cornea was carefully detached, separated and washed with PBS (pH 7.4) 

maintained at a temperature of 37 ℃. The separated cornea was subsequently placed on the 

diffusion cell between the donor and the receiver compartments and samples automatically 

collected at specified time intervals over 24 hrs. In the case of the bilayer films, the HA side 

loaded with TM was in direct contact with the cornea mucosa surface. The flow rate of the 

medium (STF) was maintained at 50 L min-1 over the films, porcine cornea and into the 

collector and the entire system was kept at 37 ℃. The total surface area of cornea placed on 

top of the diffusion cells was 1.3 cm2 with 0.6 cm2 diffusion surface area. The collected samples 

(n = 3) were analyzed using HPLC and permeation flux (J) values were calculated using 

Equation 5.  
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2.12 Permeation correlation between porcine and EpiCorneal™ cornea tissues 

The permeability of TM across the porcine cornea and EpiCorneal™ tissues was further 

investigated by plotting a correlation curve of EpiCorneal™ cumulative permeation against the 

porcine cumulative permeation for all samples and the linear regression (R2) values obtained 

for each film were compared. 

 

2.13 Tissue integrity, cytotoxicity and cell viability 

  Preliminary MTT tests investigated blank single polymer films. In addition, aliquots of 

the pure drug solutions were also evaluated at five different concentrations to determine any 

potential cytotoxicity related to the drug dose. Furthermore, blank and DL 1% w/v composite 

formulations were also assessed for % cell viability to indicate possible cytotoxicity caused by 

combination of the two polymers or upon  drug incorporation. Finally, the selected optimized 

formulations (F3, X1, X2, B1, B2) were also assessed for potential cytotoxicity. After the 

permeation experiments, the EpiCorneal™ tissue inserts were transferred into 24 well plates 

pre-filled with 300 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) dissolved in PBS (pH 7.4). The plates were then incubated for 3 hrs, the liquid was 

gently removed from all wells and the cultures were extracted in 2 mL of acidified isopropanol 

for 2 hrs with gentle shaking at 120 rpm. Afterwards, 200 µL of the extract was transferred into 

96 well plates and the absorbance of the purple-colored formazan formed was determined by a 

microtiter plate reader (Multiskan FC, Thermo Fisher Scientific, Loughborough, UK) at a 

wavelength of 520 nm. Percentage cell viability was calculated for each tissue relative to the 

mean of the negative control (NC) tissues using Equation 6 below. For this study, untreated 

cells were used as NC (100% viable) while 0.01% w/v of Triton-X-100 treated cells were used 

as positive controls (PC). 

 Further in vitro cytotoxicity evaluation of the ocular films was conducted using HeLa 

cells supplied by the tissue culture laboratory of the University of Greenwich (Richardson Lab, 

School of Science, Grenville Building, University of Greenwich at Medway, Kent, UK). The 

cytotoxicity test was performed by indirect contact of the samples with the cells as previously 

reported [60]. Cells were cultured in Dulbecco’s Modified Eagle’s Medium containing 10% 

fetal bovine serum and 1% penicillin-streptomycin (Thermo Fisher Scientific, Loughborough, 

UK) until they reached 70–80% confluence before being challenged with the film samples. 

Films were cut into small disks using a 6 mm punching device and sterilized under UV radiation 

for 24 hrs. The samples were then immersed in 1.5 mL of complete medium and placed in a 

Heracell 150i CO2 incubator (Thermo Fisher Scientific, Dartford, UK) at 37 ºC for 24 hrs. The 
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resulting liquid mixture was filtered through a 0.2 μm filter and the filtrate collected. The cell 

suspension for the experiment was prepared at a concentration of 1×105 cells per mL and 100 

µL of cell suspension transferred into designated wells of 96-well microtiter plates. The plates 

were left in the 37 °C incubator at 5% (v/v) CO2 for 24, 48 and 72 hrs and cell viability was 

determined by the MTT assay method. For each time point (24, 48 and 72 hrs), 10 µL of MTT 

reagent was added to each well including media only and controls and left in the incubator for 

an additional 4 hrs. The culture media was then completely aspirated from all wells and 

replaced with 100 µL of DMSO and the plates returned to the incubator for 30 min after which 

the absorbance was recorded at 520 nm by a microtiter plate reader. Each experiment was 

conducted in triplicates (n = 3) and the percentage cell viability was calculated using Equation 

6. 

Cell viability (%) =  
𝐴𝑡−𝐴𝑏

𝐴𝑐−𝐴𝑏
× 100   (6)   

At, Ab and Ac are the absorbance of test samples, blank (medium only) and NC (untreated cells) 

respectively. 

 

2.14 Statistical analysis 

All the quantitative data generated were analyzed with one-way analysis of variance (ANOVA) 

followed by Tukey’s post-hoc test and t-test with p values below 0.05 considered significant. 

All the results were presented as the mean of 3 replicates (± standard deviation), unless 

otherwise specified. 

 

3 Results and Discussion 

3.1 Synthesis and formulation optimization 

  In preparing the bilayer films, HPMC and composite (HA/HPMC) films were initially 

attempted as the erodible top layer. However, the presence of HPMC caused polymer 

disentanglement and coalesced with pHEMA/PVP slurry indicated by opacity of the resulting 

bilayer films (Figure 2 a & b). The polymer disentanglement observed was attributed to weak 

polymer chain interactions in HPMC film matrices which are more easily disrupted than those 

of HA films when in contact with the pHEMA/PVP. Furthermore, Ali and colleagues showed 

high swelling of methacrylate-based hydrogels at basic pH, and this explains ingress of water 

in and out of the films depending on the hydrogel’s pH [61]. This is interesting as HPMC 

showed higher pH values than HA [48]. In addition, the coalescing and subsequent loss of 

transparency could be attributed to hydrogen bonding interaction between carbonyl groups of 
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PVP and the hydroxyl groups of HPMC as previously reported by Somashekarappa and co-

workers [62]. Synthesis of the pHEMA/PVP hydrogel presented temperature related challenges 

associated with the chemical and thermal properties of HEMA. The polymerization reaction of 

HEMA required heating at 50 ℃ for 14 hrs because the reaction is initiated only when the 

entire solution reaches 50 ℃ in a slow endothermic process. However, once the system reaches 

50 ℃, there is only a small window of approximately 15 min before HEMA solidifies (loss of 

flowability), after which it was not possible to remove unreacted monomers. This was 

explained by Huang and Yang [63] to be due to the high activation energy of HEMA which 

makes its crosslinking reaction more sensitive to temperature. The presence of initiator, catalyst 

(crosslinker) and small amount of PVP (4 %) was reported to have no effect on the activation 

energy and hence the temperature dependent solidification of HEMA.  

 

Figure 2 Digital images of (a) synthesized pHEMA/PVP hydrogel;(b) after pouring on 1% 

composite HA-HPMC film to produce bilayer film formulation showing the loss of 

transparency; (c)DL (HA crosslinked film – X2) and (d) DL (pHEMA/PVP-HA – bilayer film) 

showing optimum transparency from visual assessment soon after film formation. 

     

  As a result, the temperature conditions had to be tightly controlled to enable successful 

formation of the free-flowing hydrogel. To overcome the challenges presented by composite 

(a)

(d)(c)

(b)
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HA/HPMC films when pHEMA /PVP hydrogel was poured onto them, HA only matrix films 

were prepared in order to obtain better bilayer formulations. Furthermore, for direct 

comparison, the HA matrix was crosslinked using PEGDE in the presence of IT. During the 

first stage of crosslinking, there is interaction between the COOH groups of IT with the OH 

groups of HA to form ester bonds, with IT maintaining an acidic pH environment. 

Subsequently, the epoxide functional group of PEGDE forms ester and ether bonds with the 

COOH and OH groups of HA respectively [64, 65, 66]. 

 

3.2 Physical evaluation 

3.2.1 Transparency 

  The spectral profiles of light transmittance through the crosslinked HA and bilayer 

films are shown in Figure 3, while that for F3 has been previously reported (Tighsazzadeh et 

al., 2019). Formulations X1 and B1 (blank films) showed optimum transparency after 

immediate assessment of the films (Figure 2 c & d). HA demonstrated its ability to form thin 

transparent films after crosslinking as well as being a stable erodible drug carrier in bilayer 

films with no major sign of pHEMA/PVP-HA interaction. Despite the transparent visual 

appearance of all the selected optimized films, the light transmission test revealed lower % 

transmittance for X1 (72- 83%) and X2 (68 – 79%) (Figure 3) with values slightly below the 

ideal 80% in the visible light region (400-700 nm) required for optimum vision after application 

[27, 50].  

 

Figure 3 UV-visible light transmission spectra of HA crosslinked and pHEMA/PVP-HA bilayer 

films. 
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  On the other hand, the bilayer films (B1 and B2) showed overall light transmittance 

above 80% indicating suitable transparency for ocular application. Finally, a visual 

examination for transparency was undertaken for the four optimized formulations using 5 

human volunteers. Interestingly, all participants scored 1 (completely transparent) for X1, X2, 

B1 and B2 films and complemented the analytical assessment using UV-visible 

spectrophotometry spectroscopy as slight variations in film transparency are not easy to detect 

by the naked human eyes. In addition to the light transmittance, another important functional 

property for contact lenses that impact on their performance when applied, is the oxygen 

permeability and transmissibility which could not be undertaken in the current study and will 

be required in future experiments. 

  

 3.2.2 Weight, thickness, surface pH and folding endurance 

  Table 4 shows the results for the weight, thickness, surface pH and folding endurance 

of the different film formulations. The bilayer (B1 and B2) films possessed higher values for 

weight and thickness compared to the single layer films (X1 and X2), simply due to the 

presence of two (HA and pHEMA/PVP) layers.  

 

Table 4 Weight, thickness, surface pH and folding endurance results of DL formulations (n = 

3, ± SD).  

Film Weight (mg) Thickness (µm) Surface pH Folding Endurance 

X1 83 ± 5 44 ± 5 6.8 ± 0.03 217 ± 21 

X2 81 ± 4 48 ± 8 6.7 ± 0.04 224 ± 23 

 B1 125 ± 6 66 ± 21 5.5 ± 0.02 > 300 

B2 127 ± 6 72 ± 13 5.6 ± 0.01 > 300 

 

  In addition, despite some increase in thickness values at higher polymer concentrations, 

the change observed was not statistically significant (p > 0.05). This was attributed to the 

presence of crosslinkers in X1 and X2 as well as the pHEMA /PVP layer for B1 and B2, which 

reduced the distance between the polymer chains resulting in a more compact film matrix. 

Interestingly, the thickness of similar crosslinked HA hydrogel films reported by Calles (2016) 

and Grimaudo (2018) were 157 (± 17) µm and 275 (± 66) µm respectively [25, 26], which were 

higher than the maximum thickness value 48 (± 8) µm observed for X2 in this study. Tightly 
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bound polymer chains provide lower availability of unoccupied spaces for residual moisture 

which directly influences sample weight and other characteristics such as folding endurance 

and percentage elongation. The poor folding endurance performance for X1 and X2 confirms 

this evaluation (Table 3). Folding endurance is also directly influenced by the presence of 

plasticizer, in this case GLY. Assessment of surface pH revealed adequate values for all the 

formulations, ranging between 5.5 (± 0.02) and 6.8 (± 0.03) which is within accepted pH range 

for ocular delivery systems [67]. Therefore, X1, X2, B1 and B2 present suitable surface pH for 

topical administration on the ocular surface and are not expected to cause any irritation when 

applied. 

  

3.2 Swelling capacity 

During swelling the water molecules first bind only to hydrophilic groups forming the primary 

bound water. Extra water binds with hydrophobic groups and form secondary bound water. 

Excess water fills the voids in the hydrogel matrix and is called bulk water [68]). Erodible 

single layer films prepared from 1% HA showed maximum swelling capacity of 2497 ± 30 % 

as previously reported [48], which was deemed suitable. However, crosslinked HA 

formulations (X1 and X2) showed higher swelling profiles than erodible HA films and bilayer 

films (Figure 4a) due to X1 and X2 containing two times the amount of HA. Further, the 

swelling capacity results for X1 and X2 were higher than similarly crosslinked HA films 

reported by Calles and co-workers [24, 25], which can be explained by the presence of GLY 

in the HA films prepared in this study. Hydrophilic plasticizers such as GLY increase the 

specific volume between polymer chains [69] which allows easier ingress of water molecules 

with resultant increase rate of hydration and subsequently higher % swelling capacity. 
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Figure 4 Swelling capacity profiles of formulations X1, X2, B1 and B2 (n = 2, ± SD)  

 

  The ability of X1 and X2 to absorb high amounts of water and maintain their swollen 

matrix structure without disintegrating is related to the presence of PEGDE crosslinker which 

holds the polymer chains tightly bound. Water present in hydrophilic films is classified as free 

(bulk) or bound water. The bound water is non-covalently associated to the polymer as 

illustrated in (Figure 4b) and can be further divided into slightly and tightly bound water [70]. 

When a dry film is placed in an aqueous environment, the water initially binds to the polar, 

hydrophilic groups via hydrogen bonding resulting in primary bound water, which initiates 

matrix swelling. Once the matrix swells, hydrophobic groups become exposed to water and the 

excess water entering the swollen gel matrix then interacts with these hydrophobic groups to 

form secondary bound water. Both the primary and secondary bound water together constitute 

what is referred to as total bound water [71, 72]. The polymeric matrix continued to absorb 

water until it reached equilibrium where maximum swelling was achieved (within 40 min in 

the case of X1 and X2). The water which fills the pores and spaces within the hydrogel once 

equilibrium is reached, is referred to as free or bulk water [73]. The amount of water at the 

polymer surfaces can play a vital role in biocompatibility and drug release from hydrogels [74]. 

The swelling of bilayer (B1 and B2) films showed similar profiles to the single layer 

erodible 1% w/v HA films previously reported [48]. This is not surprising, since the HA layer 

of the bilayer films was largely responsible for swelling and subsequent erosion of B1 and B2. 
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Furthermore, the DL films (X2 and B2) showed no major variation in swelling profiles when 

compared to their corresponding blank (X1 and B1) films. This is to be expected, since the 

bottom layer of the bilayer films were similar to soft contact lenses which are designed not to 

disintegrate but rather supposed to maintain their structural integrity when in contact with 

fluids. 

 

3.3. Tensile properties 

The results for tensile properties are summarized in Table 5. Tensile strength and elastic 

modulus values of crosslinked HA (X1 and X2) films were significantly higher (p < 0.05) while 

the % elongation values were significantly lower (p < 0.05) than the bilayer (B1 and B2) films. 

The results demonstrate better mechanical strength of X1 and X2, while B1 and B2 revealed 

better flexibility and completely in line with the results from folding endurance as shown in 

Table 4. Furthermore, the tensile strength and elastic modulus values for X1, X2, B1 and B2 

films were significantly higher (p < 0.05) than those obtained for non-crosslinked single layer 

HA films [48]. 

 

Table 5 Tensile strength, elastic modulus and percentage elongation values of crosslinked and 

bilayer films calculated from stress/strain curve (n = 3, ± SD).  

Films Tensile Strength (Nmm-2) Elastic Modulus (mPa) Elongation (%) 

X1 1629.2 ± 311.2 1766.2 ± 51.2 3.4 ± 0.4 

X2 1539.8 ± 145.3 1777.2 ± 113.9 3.7 ± 0.4 

B1 170.0 ± 40.1 67.3 ± 14.7 53.3 ± 12.2 

B2 176.0 ± 31.6 54.5 ± 8.1 70.6 ± 11.9 

 

  Further, % elongation values for X1 and X2 were significantly lower (p < 0.05) than 

B1 and B2. This was attributed to the compact polymer matrix structure caused by crosslinking 

of HA as well as by the higher total polymer content in those films resulting in a denser matrix. 

Elongation at break, which represents flexibility, is directly influenced by the amount of GLY 

which acts to plasticize the films. Both X1 and X2 contained lower amounts of plasticizer 

relative to the total polymer content  compared to B1 and B2 (Table 1). Low amounts of 

plasticizer, high total polymer concentration and strong crosslinking result in a reduction of 

polymer chain mobility and decreased % elongation as well as folding endurance. Khan and 
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co-workers reported that presence of plasticizers in the system increase the free volume 

between the polymeric chains, allowing them to slide past each other and subsequently 

produced appropriate flexibility and consequent decrease in tensile strength and elastic 

modulus [75]. However, the low % elongation for X1 and X2 suggests these two formulations 

may be brittle, though physical handling and the folding endurance values showed them to be 

relatively flexible but tough. The flexibility and pliability could be improved by first soaking 

in water briefly prior to being applied, which is common with soft contact lenses currently on 

the market. 

 

3.4. In vitro mucoadhesion 

Table 6 shows the results from in vitro mucoadhesive assessment for the films. The bilayer (B1 

and B2) films showed significantly higher (p < 0.05) stickiness (PAF) compared to X1 and X2, 

while the differences in TWA and cohesiveness results were not statistically significant (p > 

0.05) for the two sets of formulations. During measurement for the stickiness for bilayer films, 

the pHEMA/PVP layer was in contact with the adhesive tape stuck to the probe while the HA 

layer made direct contact with the gelatin substrate. This was done to simulate real life 

application as the HA layer containing the TM was intended to be applied directly onto the 

ocular mucosa (cornea). The major adhesive mechanisms at play were attributed to van der 

Waals forces as well as weak hydrogen bonding between COOH groups of HA and mucin 

present in the STF [76]. 

 

Table 6 Mucoadhesion (PAF, TWA and cohesiveness) profiles for the selected optimized 

formulations (n = 3, ± SD).  

Films PAF (N) TWA (N/s) Cohesiveness (mm) 

X1 4.9 ± 1.0 1.6 ± 0.3 10.5 ± 0.3 

X2 5.6 ± 3.0 1.3 ± 0.8 9.0 ± 2.2 

B1 11.0 ± 1.5 5.0 ± 1.6 9.4 ± 6.6 

B2 8.8 ± 2.4 3.1 ± 0.7 10.2 ± 1.4 

 

  However, given the higher PAF values observed for the bilayer films compared to the 

other HA films, it is possible that there was a further contribution from PVP present in the 

pHEMA/PVP layer through secondary hydrogen bonding between PVPs carbonyl functional 

groups and the gelatin surface once the films had been hydrated. Furthermore, the HA layer for 

the B1 and B2 films contained lower amounts of HA (prepared from 1% w/v gels) resulting in 
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thinner films compared to X1 and X2 prepared from 2% crosslinked HA gels. The thinner films 

were more easily hydrated in the presence of STF which is an essential step in the initial stages 

of adhesion. This allowed easier interpenetration between the polymeric chains of HA and 

mucin, in line with the diffusion theory of mucoadhesion. The cohesiveness values of X1, X2, 

B1 and B2 were generally higher than the non-crosslinked single layer HA (F3) based films 

reported previously [48]. Enhanced cohesiveness and stickiness, together with slight delay of 

erosion observed during swelling of B1 and B2 could contribute to increased retention time of 

these formulations on the ocular surface. 

 

3.5 Sterilization effect 

Ocular formulations are required to be sterile to avoid the potential for infection when applied 

and sterilization by UV radiation is a simple and cost-effective method that can preserve sample 

biocompatibility. Short-wave UV irradiation with wavelength ranging from 100-280 nm causes 

disruption of DNA-based pairing resulting in inactivation of bacteria, viruses and protozoa 

[77]. However, sterilization methods such as radiation can cause deleterious effects on certain 

functional physical and chemical properties of formulations which can negatively impact on 

their performance in vivo [78, 79]. Therefore, tensile and mucoadhesion properties were used 

to determine the potential effects of UV radiation on the optimized TM loaded (DL) films.  

  The tensile and adhesive results obtained for the DL-loaded films (F3, X2, B2) after 

sterilization (Table 7) were compared with results of non-sterilized films presented in Tables 5 

and 6. Sterilization by UV radiation showed no significant effect (p > 0.05) on physical and 

mechanical properties of the films prepared in this study.  
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Table 7 Effects of sterilization on tensile and mucoadhesive properties of the films (n = 3, ± 

SD)  

Tensile properties 

Film Tensile Strength (Nmm-2) 

± SD 

Elastic Modulus (mPa)  

± SD 

Elongation (%) 

± SD 

F3 45.8 ± 1.2 3.5 ± 1.4 49.9 ± 1.2 

X2 1786.2 ± 123.2 1592.7 ± 276.5 5.2 ± 1.2 

B2 171.1 ± 7.4 42.4 ± 24.0 43.0 ± 8.8 

Mucoadhesion properties 

Film PAF (N)  

± SD 

TWA (N/s)  

± SD 

Cohesiveness (mm)  

± SD 

F3 3.8 ± 1.6 6.4 ± 0.8 5.1 ± 0.8 

X2 6.2 ± 4.0 1.6 ± 0.9 10.2 ± 0.6 

B2 8.6 ± 3.3 3.0 ± 0.9 9.8 ± 1.8 

      

  Tensile strength (Nmm-2) value of F3 decreased from 49.7 (± 5.4) to 45.8 (± 1.2). 

Similar changes were observed for X2 and B2 with tensile strength value of X2 increasing from 

1539.8 (± 145.3) to 1786.2 (± 123.2) Nmm-2 while B2 decreased from 176.0 (± 31.6) to 171.1 

(± 7.4) Nmm-2. A similar pattern was observed in % elongation where X2 increased from 3.7 

(± 0.4) to 5.2% (± 1.2) while B2 value decreased from 70.6% (± 11.9) to 43.0% (± 8.8). The 

slight variations observed were attributed to exposure to air over the 24 hr period which could 

have caused changes in moisture content of the films. Loss or gain of water can alter the 

mechanical properties of films due to water’s well-known plasticizing action [80]. The 

moisture differences could also be due to preparing a new batch of films for assessing the effect 

of sterilization on the mechanical properties. 

  Similar to the tensile properties, there was no marked effect of UV sterilization on the 

mucoadhesive properties of the films with insignificant differences (p > 0.05) observed. In 

composite HA/HPMC films (F3), PAF values before and after sterilization were 3.8 N (± 0.4) 

and 3.8 N (± 1.6) respectively, while the cohesiveness reduced from 5.2 (± 0.4) to 5.1 (± 0.8). 

In X2 all mucoadhesion properties (PAF, TWA and cohesiveness) demonstrated slight 

increases after sterilization, while B2 showed slight decreases but these changes were not 

significant. The fluctuation in mucoadhesion results suggests that the dissimilarities observed 

after sterilization may not be attributed fully to UV radiation, but more related to changes in 
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physicochemical properties of the prepared batch such as residual moisture content.  

 

3.6 Analytical characterization 

3.6.1 ATR-FTIR spectroscopy 

Figure S2 shows the ATR-FTIR spectra of crosslinked HA and bilayer films which showed 

structural domination of HA in bilayer films and no major shift in principal peaks of HA upon 

crosslinking in X1 and X2. The presence of TM in the drug loaded formulations was confirmed 

by the small shoulder peak around 1580 cm-1 related to bending of –NH groups, with most of 

the other major TM peaks suppressed due to the significantly higher amounts of HA. Further 

details of the other expected peaks can be found in the corresponding supplementary data 

section.  

 

3.6.2 XRD 

The physical form (crystalline or amorphous) of the films were determined by XRD and the 

diffractograms are shown in Figure S3 and indicate no differences between the blank and drug 

loaded films. All the films showed halo diffraction patterns which confirmed the amorphous 

nature of all the films which implies the pure TM which exhibited sharp crystalline peaks was 

molecularly dispersed within the HA film matrix. Such molecular dispersion can be useful in 

topical drug delivery, as amorphous drugs show better drug release behavior compared to the 

corresponding crystalline forms. 

 

3.6.3 Thermal analyses 

The residual water content in X1, X2, B1 and B2 films was determined by TGA and the results 

are presented in Table S1 with further discussion in the relevant section of the supplementary 

data. Furthermore, physical form, stability and interactions between the various excipients in 

the films were examined using MDSC and the results are shown in Figure S4. All films can be 

characterized as amorphous due to absence of sharp endothermic peak which is typically 

associated with melting peak of crystalline materials and confirmed the XRD results described 

above. 

 

3.7 Microscopic examination 

Two microscopic approaches were used to analyze surface morphology as well as drug 

distribution within the polymeric matrix of the TM-loaded films. The IR microscope images 

confirmed that the HA crosslinked and bilayer films showed suitable drug distribution over the 
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entire surface with translucent strands representing functional groups of TM observed in the 

IR maps for both X2 and B2. The maps obtained from analyzing the principal IR peaks of TM 

in both formulations (Figure 5 a & b respectively) displayed green, yellow and amber colors 

indicating 30-70% density for TM. The blue circles represent areas on the film surface with 

>80% density of TM and corresponds to small regions of the drug molecules entrapped within 

a fixed space in the film matrix. This was more distinctive in crosslinked HA films (X2) 

compared to the bilayer film (B2). Homogeneous distribution of drug across the entire film 

matrix is essential to assure uniform drug release and subsequent penetration across the whole 

cornea surface rather than being restricted to a small area. Though the data obtained shows the 

presence of drug across the film surface, the uniformity of drug distribution could be further 

improved, for example by increasing the duration of stirring the gels before being cast and 

dried.  

  SEM images (Figure 5c) for X2 and B2 showed smooth surface morphology compared 

to single layer non-crosslinked HA films (F3) previously reported [48], where pockets of 

polymer entanglement were observed on  their surfaces. This is due to a more compact matrix 

structure due to crosslinking of the polymer chains, as well as the longer gelation process 

required for the crosslinking reaction to come to completion. Furthermore, addition of 

pHEMA/PVP slurry at 50 ℃ and potential hydrogen bonding between the hydroxyl groups of 

pHEMA and HA eliminates any undissolved or entangled polymer chains which resulted in 

the smooth surface of the bilayer films. Overall, the SEM results confirmed the IR mapping 

profiles and shows that they will be suitable for easy application without potential for irritation, 

though other analytical techniques such as atomic force microscopy will provide more 

definitive information about surface roughness/smoothness. 
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Figure 5 3D (right) and 2D IR maps of (a) X2 and (b) B2 illustrating the distribution of TM 

across the films (c) SEM micrographs of X2 and B2 

 

3.12. In vitro drug release  

Release of TM from X2 and B2 films was assessed with a calibration curve (Figure S5) 

and the cumulative drug release profiles are shown in Figure 6. The release was slower from 

X2 which achieved maximum percentage drug release (27.4%) whilst B2 reached maximum 

cumulative drug (57.5%) within 8 hrs and both profiles closely mirrored the corresponding 

swelling profiles, shown in Figure 4.  

X2 B2

X2

B2

(a)

(b)

(c)
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Figure 6 Percentage cumulative drug release from X2 and B2 films (n = 2, ± SD). 

 

This is interesting because single layer erodible films prepared from 1% composite HA/HPMC 

(F3) gels previously reported [48], released 71.6% of TM. The slower rate of TM release from 

X2 is hypothesized to be due to entrapped drug molecules within the strongly bound polymer 

network of the crosslinked film (higher total polymer content) and provided more viscous 

resistance to drug diffusion out of the swollen matrix. On the contrary, TM was only available 

in the thin HA layer of the bilayer films and since this HA layer was not crosslinked, it was 

more erodible compared to X2. However, the cumulative release was lower than that of 1% 

w/v HA film which was likely due to some of the drug molecules on the lower surface of HA 

layer attaching to the sticky pHEMA /PVP layer, thus reducing the total amount of drug 

available for release once the HA layer was fully swollen. 

Therefore, the objective of prolonged drug release was achieved due to crosslinking the 

drug carrier i.e., HA polymer matrix and should avoid the need for frequent administration. 

Calles and co-workers investigated TM release from non-transparent crosslinked HA ocular 

inserts designed to be applied to the eye’s cul de sac [24]. Their study demonstrated rapid initial 

release over the first 4 hrs followed by continuous release of TM over 24 hrs. However, these 

ocular inserts were limited by their poor transparency (opaque), high thickness and poor 

flexibility which presents a risk of irritation. In a related study, Grimaudo and co-workers [81] 
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investigated the release profiles of cyclosporine from crosslinked HA films. Interestingly, their 

films achieved maximum cumulative release of cyclosporine within 8 hrs or less compared to 

the crosslinked HA films  in the current study and this could be attributed to the differences in 

drug properties and possibly due to different grades of HA. Lee and colleagues [23] 

investigated TM released profile from single layer pHEMA contact lenses and showed 

maximum percentage drug release within 4 hrs which was significantly faster than both X2 and 

B2. This illustrates the critical role of HA as the drug carrier layer in B2, demonstrating its 

ability to provide sustained drug release as well as increasing retention time, both contributing 

to prolonged delivery of TM to the eyes. 

 

3.13. Drug permeation studies  

3.13.1 In vitro permeation using EpiCorneal™ tissue 

Figure 7a shows the permeation profiles of TM released from the DL films through the model 

EpiCorneal™ tissue while the permeation flux (J) of TM from the formulations are shown in 

Table 8. The most prescribed dosage form for glaucoma is eye drops, therefore 0.5% w/v TM 

eye drops were used as control in the permeation studies and compared with the DL films.  

  The reconstructed human cornea-like epithelial tissue was prepared in inserts with a 

porous membrane through which the nutrients passed to the cells. The reconstructed tissue 

possesses a non-keratinized epithelium that simulated the cornea epithelium with progressively 

stratified but not cornified cells. Among the films tested, the highest cumulative permeation 

and permeation flux (J) within 150 min was observed for F3 with the maximum cumulative 

permeation of 64.8 µg cm-2 and permeation flux (J) of 107.9 (± 1.2) µg cm-2 h-1 while the lowest 

values were observed for B2 with cumulative permeation and permeation flux (J) of 22.5 µg 

cm-2 and 37.6 (± 1.2) µg cm-2 h-1 respectively. Interestingly, the eye drop showed the fastest 

permeation rate and also achieved maximum permeation within 120. This shows rapid release 

and permeation of the TM with little control compared to the films and confirms the main 

drawback of eye drops and hence the need for developing polymeric films to prolong the drug 

release, subsequent permeation and bioavailability in vivo.  
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Figure 7 (a) In vitro cumulative permeation curves of TM released from the optimized DL 

films compared with a commercial eye drop preparation using EpiCorneal™ tissue (n = 2, ± 

SD); Maximum permeation of eye drop was within 120 min, while F3, X2 and B2 showed a 

more controlled and prolonged permeation behaviour up to 150 min as shown in Figure S6. 

(b) ex vivo cumulative permeation curves of optimized films using porcine cornea tissue (n = 

2, ± SD). F3 showed the highest permeation amongst all formulations tested, while F3 and 

X2 demonstrated more prolonged permeation than B2 as shown in the extended plot shown in 

Figure S6 
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Table 8 Permeation flux (J) of TM released from the DL films through the model EpiCorneal™ 

tissue and porcine cornea (n = 2, ± SD). 

Film sample  Flux (J) (µg cm-2 h-1) 

 EpiCorneal™ Porcine cornea 

F3 107.9 ± 1.2 1418.4 ± 0.2 

X2 55.2 ± 0.6 549.0 ± 0.3  

B2 37.6 ± 1.2 312.1 ± 0.5 

Eye drop 99.1 ± 0.2  - 

      

  EpiCorneal™ tissue construct is a recent development by the manufacturer and there 

are no published research discussing the permeability of TM or similar drugs using this 

particular tissue model. EpiOcular™ was used by Kandarova and co-workers [46] for eye 

irritation test and by Ko and colleagues [47] for ocular toxicity assessment. Katoh and 

colleagues [82] used an alternative reconstructed human corneal epithelial model (LabCyte), 

which was again used for evaluation of eye irritancy. The only published article related to 

EpiCorneal™ is by Kaluzhny and colleagues [41], who assessed very low concentrations 

(0.005% w/v) of Latanoprost solutions, but the data was not comparable to this study.  

 

3.13.2 Ex vivo drug permeation using porcine tissue 

The cumulative permeation curves of TM released from the films through porcine cornea are 

shown in Figure 7b and the permeation flux (J) of the formulations are shown in Table 8. The 

highest cumulative permeation and permeation flux (J) was shown by F3 with values of 1702.1 

µgcm-2 and 1045.1 (± 0.2) µgcm-2 h-1 respectively within 24 hrs while the lowest values were 

obtained for B2 with the maximum values of 375.3 µgcm-2 and 312.12 (± 0.5) µgcm-2h-1 

respectively within 16 hrs. Lower permeation for B2 can be explained by the swelling profiles, 

which can affect the drug diffusion from the swollen gel. More specifically, drug diffusion can 

be explained by Fick’s equation, which correlates the drug’s flux with its concentration 

gradient, surface area and membrane thickness. Therefore, the diffusion of the drug is affected 

by the structure, polymer composition, the water content of the films, and the nature and size 

of the drug.  

  Crosslinking HA (X2) or combining with pHEMA/PVP as bilayer (B2) produced a 

tighter polymer network, which resulted in improved mechanical properties and subsequently 
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a slower drug release rate reflecting on the number of drug molecules available for penetrating 

across the porcine cornea compared to the non-crosslinked erodible equivalent (F3). The 

permeation profiles observed in our study were similar to that reported by Reichl and 

colleagues [83], using excised porcine cornea. Although pig eye is the most identical to that of 

humans, many studies have reported ex vivo data utilizing rabbit eye with drug permeability 

across porcine cornea reported to be three to nine times lower than rabbit cornea [84]. This is 

interesting because the permeation flux (J) obtained in this study were all higher than those 

reported by Abdelbary and co-workers [85] where the highest permeation flux (J) across 

excised rabbit cornea was about 2.4 µg cm-2 h-1. However, ketoconazole was the model drug in 

their study, and chemical properties of the drug play a key role in its permeation flux. For 

instance, TM (log P = 1.44) is a hydrophilic drug while ketoconazole (log P = 4.35) is very 

hydrophobic. Hydrophobic drugs show poor topical ocular permeation due to presence of tear 

film (mainly composed of water) and stroma layer of cornea (90% of cornea’s thickness) which 

is the main barrier to lipophilic drugs. Limited data available in literature relating to TM 

permeation across porcine cornea makes this data difficult to compare with other studies. 

However, the data obtained in this study illustrates the high potential of these formulations to 

achieve high and sustained permeation of TM through porcine cornea.  

  The permeation results from EpiCorneal™ support the ex vivo results confirming higher 

release and permeation for F3 which are erodible films. Higher cumulative permeation (µgcm-

2) and permeation flux (J, µgcm-2h-1) observed for porcine cornea experiment is attributed to 

the fact that the ex vivo permeation study was conducted for 24 hrs while permeation 

assessment using EpiCorneal™ was only 150 min long in line with the manufacturer 

instructions. This is considered a limitation as the novel approaches for ocular drug delivery 

are intended to prolong the release of the drug, and 150 min permeation time does not provide 

an accurate estimation of drug permeation in real life applications. Therefore, use of the ex vivo 

porcine cornea seems to be a more appropriate model to simulate human ocular permeation 

while the EpiCorneal™ tissue culture model will be useful for rapid initial screening of various 

formulations during product development. 

  The in vitro and ex vivo permeation data were further plotted to determine any 

correlation between them and representative correlation between the cumulative permeation 

curve of TM in the films using porcine cornea and EpiCorneal™ reconstructed 3D tissue is 

shown in Figure S6 of supplementary data. The results showed a positive correlation between 

permeation using EpiCorneal™ tissue and porcine cornea for all formulations tested.  
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3.15 Cytotoxicity and cell viability  

Assessment of cytotoxicity is vital for any materials that come into contact with the 

ocular surface. The polymers used in this study are currently being used in many 

pharmaceutical formulations and are listed as GRAS by the FDA. Both HA and HPMC are 

currently added to commercially available eye drops as thickening agents, while pHEMA-

based contact lenses are still available for vision correction. However, the combination of 

different polymers and excipients with the drug and any potential interactions during film 

formation at different temperatures may produce harmful by-products. Therefore, cytotoxicity 

assessment by measuring cell viability using MTT assay was used to confirm safety of the 

prepared formulations. The assay investigates the reduction of yellow MTT to an insoluble 

purple formazan by enzymes (succinate dehydrogenase) found in the mitochondria of viable 

cells [86, 87, 88]. A major drawback encountered while assessing the tissue integrity was 

insufficient sample volume available which subsequently caused single sampling for technical 

replicate MTT measurements. Hela cells are one of the most widely used human cell lines in 

biological testing with over 70,000 studies published involving the use of HeLa cells. This is 

because HeLa cells grow easily and unusually rapidly, doubling cellular count in only 24 hrs, 

as long as they are fed the right mix of nutrients, making them ideal cell lines for large scale 

testing.  

The results from MTT assay are illustrated in Figure S7 (a, b) and Figure 8a for the 

pure drug aliquots and selected optimized films respectively, compared with the controls. The 

results showed high % cell viability for the pure drug, blank and TM-loaded films over 72 hrs.  
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Figure 8 (a) Cell viability of HeLa cells after exposure to the extracts of X1, X2, B1 and B2; 

for 24, 48 and 72 hrs (n = 6, ± SD); (b) viability of treated EpiCorneal™ tissues after 

permeation studies (NC = negative control, PC = positive control).  
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The accepted % cell viability is expected to be >70% according to the ISO specification 

[60] and all the formulations showed cell viability values above 70%, confirming their 

suitability for direct application to the ocular surface for up to 72 hrs.  

Data obtained after 24 hrs showed the % viability of X2 and B1 at 67.3% and 68.9%, 

which are slightly lower than the expected value. However, these two values increased to 

76.6% and 77.5% after 48 hrs. The lower % viability observed during the first 24 hrs is 

suspected to be due to potential disturbance upon initial handling of those specific wells. In 

addition, cell viability of X1 and B2 which had the same polymer composition as X2 and B1, 

respectively, were above 70% within the same period which confirms that the lower values 

observed in X2 and B1 are not due to cytotoxicity of the formulations but due to experimental 

variations. To further confirm the biocompatibility of the formulated films, the viability of the 

EpiCorneal™ after the permeation experiments, were assessed using MTT and the % viability 

results are shown in Figure 8b. The results showed that the films can be considered safe as the 

percentage cell viability values were all greater than 70% after 48 hrs and complements the 

results in Figure 8a. However, the MTT assay only provides indication of biocompatibility in 

terms of cell viability and does not provide information about the potential for the films to 

cause acute local irritation in the eyes when applied. This can be achieved with the help of the 

OECD approved Draize test using albino rabbits’ eyes (in vivo) as detailed in the OECD Test 

Guideline No. 405 [89](OECD Test guideline 405) as well as using in vitro tissue culture 

models [46, 47].  

 

4. Conclusion 

Both single layer crosslinked HA (X1, X2) and bilayer HA-pHEMA/PVP (B1, B2) 

films demonstrated adequate mechanical and physicochemical characteristics for potential 

ocular drug delivery. Crosslinking HA and incorporation of the pHEMA/PVP layer enhanced 

tensile strength, mucoadhesion and surface morphology of the films which will improve the 

handling and drug retention time on the ocular surface. However, the swelling and in vitro drug 

dissolution studies revealed better performance of the crosslinked HA films compared to the 

bilayer films with the former showing higher swelling capacity and more controlled drug 

release profiles. ATR-FTIR and IR mapping results confirmed presence of drug across the 

entire film surface with no major drug-polymer interaction which shows that any interactions 

between polymer and drug is due to weak hydrogen bonding and van de Waals forces, while 

DSC and XRD results revealed amorphization of the drug in the film matrices. The prolonged 

release, amorphization of the drug in the polymer matrix and enhanced retention time, all 
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demonstrate promising characteristics of these films as potential topical ocular drug delivery 

platforms. This is the first study comparing permeation TM released from both HA matrix films 

and HA-based bilayer films through EpiCornealTM (in vitro) and pig cornea (ex vivo) for 

potential treatment of glaucoma. The permeability results revealed relatively similar 

permeation profiles for X2 and B2, however, F3 showed significantly higher cumulative 

permeation and permeation flux than X2 and B2. The foregoing observation suggests the 

possibility of predicting experimental in vivo trends for permeation of TM via formulations 

prepared in this study through porcine cornea since a good linear correlation between in vitro 

and ex vivo experiments was achieved. MTT assay showed biocompatibility of all the films 

tested, which was further confirmed by evaluation of EpiCorneal™ tissues previously used for 

drug permeation. The possibility of directly loading TM into HA based matrices in combination 

with pHEMA based contact lens (bilayer) will help overcome a major limitation in their use 

for drug delivery by avoiding the need to soak them in drug solution to achieve appropriate 

loading. However, the current study is limited by the lack of in vivo experiments to determine 

therapeutic efficacy, therefore, future work involving preclinical animal glaucoma model will 

be required to validate the films’ effectiveness to treat patients with glaucoma as well as 

confirming lack of irritation (Draize test) when applied. Finally, for purposes of using as 

contact lens, the oxygen permeability and transmissibility will need to be measured to confirm 

their suitability for regular use.  

 

Funding: This research did not receive any specific grant from funding agencies in the public, 

commercial, or not-for-profit sectors. 
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