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Abstract  
 

Glaucoma is the leading cause of irreversible blindness worldwide. Surgical 

interventions are frequently necessary to lower the intraocular pressure (IOP) and do so 

by creating a new channel for aqueous humour to drain into the subconjunctival space. 

This channel can be formed by performing a glaucoma filtration surgery (GFS) or by 

implanting a glaucoma drainage device (GDD). However, excessive scarring at the 

surgical site blocks aqueous outflow, elevates IOP, and results in treatment failure. 

Drugs injected locally to control scarring rapidly clear from the subconjunctiva, and 

current implants are susceptible to a foreign body response. This work investigated 

strategies that could improve the outcomes of these current glaucoma interventions.  

First, drug-eluting spacers were formulated using established biocompatible 

materials to prolong drug release in conditions representing the subconjunctival space 

post-GFS or GDD implantation. Of these formulations, the spacer containing non-ionic 

surfactant, Brij 98, at a concentration of 1.25% w/v was able to prolong the release of 

dexamethasone from poly(2-hydroxyethyl methacrylate) pHEMA hydrogels significantly 

longer (>30 days) than hydrogels containing no surfactant (<7 days) at therapeutically 

relevant drug concentrations in vitro. 

Next, engineering principles were applied to inflated elastomeric membranes, 

which provided novel insights into considerations needed to design a novel ophthalmic 

drug delivery pump. Pocket geometry and material properties had a significant impact 

on internal pressure and subsequent pump function. Modelling data supports the 

feasibility of elastomeric pumps for prolonged subconjunctival drug delivery. 

Finally, an alternative mechanism of IOP control was investigated. Novel and 

established hydrogel formulations were evaluated for aqueous permeability and 

mechanical integrity. Despite evidence to suggest the feasibility of hydrogels to 

modulate aqueous flow, the in vitro permeability of hydrogel candidates was 

determined to be too low to maintain optimal IOP. Furthermore, hydrogel permeability 

tended to negate its mechanical integrity, making them unsuitable candidate materials 

for GDD development. 
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Impact Statement  

In an ever-ageing population, the chronic burden of glaucoma is increasing, and 

the World Health Organization estimates that 70 million people are affected by this 

disease worldwide. Pharmacological treatments in the form of eye-drops are the first 

line of treatment to lower intraocular pressure (IOP) to prevent irreversible vision loss, 

but poor-efficacy and low patient compliance necessitate surgical intervention. 

Glaucoma surgery halts disease progression by creating an artificial opening for aqueous 

humour drainage and lower IOP, but post-operative scar formation increases the failure 

rate of this therapy. This work investigated strategies that could improve the outcomes 

of these current glaucoma interventions. 

Strategies were explored to formulate drug-eluting implants to prolong drug 

delivery of commonly used anti-inflammatory drugs in the subconjunctival space. Such 

an approach could prove beneficial in modulating post-surgical wound healing in 

glaucoma patients and improve surgical outcomes. Further research in this area could 

be aimed at characterising this drug-spacer system with different drug-polymer 

combinations, depending on the intended indication. The use of such an implant might 

further be extrapolated to different indications requiring localised drug delivery in 

different parts of the body, minimising the potential for systemic side effects. 

Next, crucial relationships governing fluid-release from elastomeric pockets 

were elucidated that could be directly applied for the development of an elastomeric 

pump device. Currently, no such pump has been approved for human use, and the 

findings from this thesis could be used to advance the research in mini-pump design that 

is implantable in the subconjunctival space. The experimental results were based on the 

analysis of larger pockets, but through scaling analysis and data modelling, 

recommendations were provided for designing implantable elastomeric pumps. 

However, a scaled-down examination of elastomeric pockets is warranted to confirm 

the relationship coefficients that have been reported in this thesis and further work in 

this direction is underway.  

Finally, biocompatible materials were explored for glaucoma drainage device 

(GDD) development. Novel and established hydrogels were assessed for their potential 

to modulate the aqueous flow in the eye. Contrary to previous studies that have 

reported significant effects of chemical modification on the hydrogel permeability, in 
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most cases, statistically significant improvements in permeability were not observed. 

The permeability results were somewhat counterintuitive and raised intriguing 

questions regarding the nature and extent of water flow through hydrogels and the 

distinct separation of two phenomena; water flow and water absorption. Even though 

some hydrogels modulated water flow that was close to the flow of aqueous humour in 

the eye, these candidate materials failed to meet the criteria for clinical-handling. 

Further research to disseminate the differences in the underlying mechanisms involved 

in water transport and water absorption in hydrogels would be of merit. This would help 

to achieve a better understanding of the molecular interactions involved between water 

and biomaterials, which could aid in the more precise regulation of water permeability 

by using these biomaterials, making them even more useful to ongoing GDD 

development.  

The original research described in this thesis has been presented at international 

conferences and published in peer-reviewed journals. 
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too disintegrated quickly forming heterogeneous, gel like microstructures surrounding the 
insoluble DEX. The figure above shows the 3 mm tablet (A) after being ejected out of the 
tablet die. Disintegration of the tablet is shown at 3 minutes (B). 112 

Figure 2-27. DOX-chitosan solutions transitioned to hydrogels at 37°C. The solution of chitosan 
after the addition of GP during agitation (left) transitioned to a viscous hydrogel after the 
solution was heated to 37°C, and the same stirrer can be seen suspended in the hydrogel 
(right). 113 

Figure 2-28. SEM images of DOXmonohydrate-encapsulated chitosan hydrogels at (A) 500x 
magnification and (B) at 5,000x magnification, and DOXhyclate-encapsulated chitosan 
hydrogels at (C) 500x magnification and (D) at 5,000x magnification performed under a 
vacuum. DOXmonohydrate –chitosan hydrogels contained a few small aggregates on the 
surfaces, which could be attributed to either chitosan or DOXmonohydrate phase-separating 
from the bulk hydrogel structure. DOXhyclate-chitosan hydrogels displayed no visible 
aggregates. 114 

Figure 2-29. The concentration of DOX monohydrate released (A) and cumulative percent 
release (B) of DOX monohydrate from 2.5% w/w chitosan hydrogels over time. Chitosan 
hydrogels released 77.3 ±8.2% of the total DOX monohydrate amount added in seven days.
 115 

Figure 2-30. The (A) concentration released and (B) cumulative release percent of DOX hyclate 
from 2.5% w/w chitosan hydrogels over time. Chitosan hydrogels released 90.8 ±2.7% of 
the total DOX hyclate amount added in 72 hours. 116 

Figure 2-31. Digital microscope images of electrospun fibres formulated with 20% w/w PCL and 
DOX monohydrate with poloxamer 407 (A) and 188 (B).The scale bars are 200 µm. 
Diameter distribution analysis suggested that PCL-DOX fibres formulated with 407 had a 
larger average diameter (2.58 ±0.4 µm) as compared with those formulated using 188 (1.78 
±0.51 µm). 117 

Figure 2-32. The concentration released (A) and cumulative release percent (B) of DOX 
monohydrate from electrospun fibres of PCL with poloxamer 188 and 407 over time. Drug 
release experiments using electrospun PCL with poloxamer 188 and 407 showed a 
sustained release of DOX monohydrate for five and seven days, respectively. 
Concentration of drug release between PCL-poloxamer 188 fibres and PCL-poloxamer 407 
fibres was not statistically significant (p>0.05). PCL-poloxamer 188 fibres released 
significantly more DOX monohydrate than PCL-poloxamer 407 fibres (p<0.05). 118 

Figure 2-33. The concentration released (A) and cumulative release percent (B) of DOX 
monohydrate from solvent cast PCL-poloxamer 188 and PCL-poloxamer 407 spacers over 
time. Drug release experiments using solvent cast PCL-poloxamer 188 and PCL-poloxamer 
407 spacers showed a sustained release of DOX monohydrate (<11 days). Concentration of 
drug release between solvent cast PCL-poloxamer 188 and solvent cast PCL-poloxamer 407 
was not statistically significant (p>0.05). Solvent cast PCL-poloxamer 188 spacers released 
significantly more DOX monohydrate than solvent cast PCL-poloxamer 407 spacers 
(p<0.05). 120 

Figure 2-34. Brij 98 has a hydrophobic tail made of 18 carbon polymethylene chain and a 
hydrophilic head made of 20 polyoxyethylene groups. Above the CMC value, the 
oxyethylene head groups form a barrier between the hydrophobic core and aqueous 
environment (3D model generated using JSmol). 123 

Figure 2-35. A schematic of the Brij 98-loaded DEX-pHEMA hydrogel spacer. In the matrix of 
hydrogels, surfactants may exist in three different forms; a free form that constitutes of 
surfactants that do not interact with the polymer or other surfactant molecules, a second 
form where the surfactant molecules interact with polymer and a third form is where they 
exist as micelle aggregates with hydrophobic cores. Similarly, DEX exists in three forms 
inside the hydrogel matrix; free form, adsorbed on to the polymer and inside the 
hydrophobic cores of the micelle aggregates. Since the hydrophobic cores of micelles 
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provide thermodynamically stable sites for DEX, the majority of the drug lies in the 
hydrophobic micelle aggregates. This added barrier to drug diffusion would prolong drug-
release from the hydrogel spacer. 132 

Figure 2-36. A schematic showing a hydrogel disc spacer implanted at the site of surgery after 
GFS (or GDD). If optimal drug-release kinetics were to be achieved in vivo from this drug-
surfactant-hydrogel spacer, the spacer has the potential to modulate wound healing and 
improve the success of the surgery. 136 

Figure 2-37. The Brij 98-DOX-HEMA mixture failed to polymerise when initiated by UV. 141 
Figure 2-38. Electrospun DOX-PCL droplets without the addition of poloxamers, observed using 

digital microscopy. After electrospinning, droplets of DOX-PCL solution were deposited on 
the collector plate, and it appears that poloxamers are required to increase the viscosity in 
order to form fibres in the electrospinning conditions used in the present work. 144 

Figure 3-1. Each silicone membrane sample was cut into a dog-bone shape (A) before being 
placed into the electromagnetic actuator (B) for tensile testing. The tested samples were 
4 mm wide and 15 mm long. The maximum load applied was 225 N with a uniaxial 
displacement (stretching) of 6.5 mm and a resolution of 1 nm. Each uniaxial tensile test 
(n=3 for each membrane) was performed at a rate of 0.1 mm s-1 160 

Figure 3-2. The experimental set-up for inflation of elastomeric sheets using dyed water clamped 
between clear acrylic plates. The top plate had a hole cut for inflation, the bottom plate 
had an injection for inlet of liquid. 162 

Figure 3-3. A schematic of the experiment analysing the deflection in the pocket height, ΔH, of 
a fixed radius, R, when a pressure head of water is changed, ΔP, with time. When ΔP is low 
(left), there is smaller pursing of the pouch, and when ΔP is higher (right), there is larger 
pursing of the pouch. Dyed water is used to image the deflection using a diffused light 
source kept under the pocket. 163 

Figure 3-4. A schematic of an elastic pocket of radius 𝒂 in the initial pursed state (A) with a 
uniform internal pressure 𝑷, which is compressed (B) by uniformly applying a static force 
𝑭𝐜 on the top of the pocket, changing the internal pressure of the pocket, 𝑷𝐜. 165 

Figure 3-5. The experimental setup for deflation of pursed elastomeric sheets, clamped between 
clear acrylic plates. The top plate had a hole (radius 10 mm) cut for inflation, the bottom 
plate had an injection for inlet and outlet of liquid). The inlet tube was connected to a 
pressure transducer to measure the internal pressure of the elastomeric purse. The outlet 
tube would empty into a beaker placed on a weighing balance to measure the volume of 
liquid released. 166 

Figure 3-6. A general schematic for the experimental setup used in the experimental work for 
this chapter. After the silicone membranes were characterised for stiffness, the 
experimental work was undertaken in three main parts. 1. Inflation of pockets (circles and 
squares of varying sizes) with dyed water to study the deformation in the pocket height 
(using an optical photographic method) and internal pocket pressure (using a pre-
calibrated pressure transducer). 2. Compression of inflated pockets (circles) to study the 
relationship between compressive forces (applied uniformly on the top of the pocket using 
custom made cylindrical weights) and the change in internal pocket pressure (using a pre-
calibrated pressure transducer). 3. Deflation of pockets (circle) to understand the 
relationship between internal pocket pressure (using a pre-calibrated pressure transducer) 
and flow rate of fluid released (using a weighing balance) through an outlet attached with 
a known resistance. Please note; the pocket outlet with resistance was open only in the 
case of deflation experiments. 168 

Figure 3-7. Seven hypothetical single-chamber elastic pockets of radius 𝑹 = 10 mm and 
maximum displacement 𝑯 = 6 mm were used for modelling fluid release from a 
hypothetical pump. The maximum (max change depicted in red) and minimum (min change 
depicted in green) values of material young’s modulus 𝑬 (Emax and Emin) (A, B) and 
thickness 𝑻 (Tmax and Tmin)(C, D) of elastomeric sheets, and diameter 𝑫 (Dmax and Dmin) 
(E, F) of an outlet tube was fixed based on commercially available materials. Finally, a 
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hypothetical optimal pump with same dimensions (𝑯 and 𝑹) and optimal values (Optimal) 
(G) for 𝑬, 𝑻, 𝑫 and 𝑳 for prolonging drug release was modelled for fluid release. The blue 
arrows indicate direction of fluid release from the outlet tube. 171 

Figure 3-8. Engineering stress, 𝜹, and engineering strain, 𝛆, were measured for 0.8 mm thick 
silicone sample. The linear slope of the data points shown above was used to calculate the 
value for Young’s modulus, 𝑬 (MPa). 172 

Figure 3-9. Images used for calibration of the height (in mm) of dyed water optical intensity 
(greyscale). For (A) height 0 mm, the greyscale was 135 ±4.1, for (B) height 1.65 mm, the 
greyscale was 120.5 ±4.3, and for (C) height 3.3 mm, the greyscale was 106.2 ±3.8. 173 

Figure 3-10. Calibration test showing the correlation between height and light intensity 
determined optically, the error was less than 3.5%. 174 

Figure 3-11. Images of the circular elastomeric pockets with a silicone sheet (thickness 0.5 mm 
and Young’s modulus of 1.241 MPa) pursed with pressure of 6005.7 Pa showing (A) a 
colour photograph of the pocket. In (B) and (C) the black-and-white image recorded by the 
camera and the post-processed image with the greyscale are shown. 174 

Figure 3-12. The 2D planar (top panel) and the 3D elevated view (bottom panel) of the 
experimental deflection profile of a silicone sample (thickness 0.5 mm and Young’s 
modulus of 1.241 MPa) obtained using the optical method. The silicone sheet was clamped 
to form circular pursed pocket (radius 10 mm and internal pressure 4500.5 Pa). 175 

Figure 3-13. The 2D planar (Top) and the 3D elevated view (bottom) of the experimental 
deflection profile of a silicone sample (thickness 0.5 mm and Young’s modulus of 1.241 
MPa) obtained using the optical method. The sample was clamped to form a square pursed 
pocket (side 40 mm and internal pressure 1070.8 Pa). 176 

Figure 3-14. Differences in the deflection, 𝑯 at different pressures, 𝑷 using silicone sheets off 
different thicknesses, 𝑻 for pursing circular shaped pockets with radius 20 mm and Young’s 
modulus, 𝑻 1.241 MPa. The displacement height, 𝑯 decreased with the increase in material 
thickness, 𝑻 at similar pressure, 𝑷 and pocket size. 178 

Figure 3-15. Differences in the deflection. 𝑯 at different pressure, 𝑷 using silicone sheets for 
pursing circular shaped pockets with radii of 10 (R1) and 20 mm (R2) at Young’s modulus, 
𝑬 1.241 MPa for 0.5 mm thickness (A) and 1.72 mm thickness (B). Deflection increased 
with the size of the pocket. 179 

Figure 3-16. Variation of the dimensionless maximum deflection 𝑯𝑻 with the dimensionless 
pressure 𝑷𝑹𝟒𝑬𝑻𝟒 for simply connected circular shapes obtained experimentally for a 
range of silicone samples (see Table 3-3 for legend). The black curve is the analytical result 
(published data, Bouremel et al 2017) for the bending regime and the blue curve is the 
numerical result for stretching regimes, obtained using finite element analysis (published 
data, Bouremel et al 2017). Each experimental data point is reported as average ±error 
(n=3). 180 

Figure 3-17. Differences in the deflection, 𝑯 at different pressure, 𝑷 using silicone sheets for 
pursing square shaped pockets of membrane thickness 0.5 mm, 1.6 mm, Young’s modulus, 
𝑬 1.241 MPa for sides 20 mm (A) and 40 mm (B). The displacement height, 𝑯 decreased 
with the increase in material thickness, 𝑻 at similar pressure, 𝑷 and pocket size. 181 

Figure 3-18. Differences in the deflection, 𝑯 at different pressure, 𝑷 using silicone sheets for 
pursing square shaped pockets with sides, 𝒂 20 (S20), 40 mm (S40), Young’s modulus, 𝑬 
1.241 MPa for 0.5 mm, 1.6 mm sheet thickness (A) and Young’s modulus 1.112 MPa for 
1.72 mm sheet thickness (B). The displacement height, 𝑯 increased with the increase in 
pocket size at similar pressure, 𝑷, and material thickness, 𝑻, and Young’s modulus 𝑬. 182 

Figure 3-19. Variation of the dimensionless maximum deflection 𝑯𝑻 with the dimensionless 
pressure (𝑷𝒂𝟒𝑬𝑻𝟒) for simply connected square shapes obtained experimentally for a 
range of silicone samples (see Table 3-3 for legend). The black curve is the analytical results 
for bending regimes and the blue curve is the numerical results for stretching regimes, 
obtained using finite element analysis, verifying the experimental values (published data, 
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Bouremel et al 2017). Each experimental data point is reported as average ±error (n=3)
 183 

Figure 3-20. Pressurised pocket at 4903 Pa with radius, 𝒂=20 mm, 𝑻=0.5 mm, 𝑬=1.241 MPa. 
Applied compressive force 𝑭𝒄 for (A) 0.24 N (B) 0.48 N, (C) 0.72N, (D) 0.95N, (E) 1.19N.
 184 

Figure 3-21. Variation of the internal pressure 𝑷𝒄/𝑷 of pursed pockets (see Table 14 for legend) 
of different thickness when under increasing compressive forces 𝑭𝒄/𝑷𝛑𝒂𝟐. The 
relationship constant, 𝛃 was calculated using the slope of the graph. 185 

Figure 3-22. A circular pocket with radius 20 mm, 0.5 mm thick silicone membrane and Young’s 
modulus 1.241 MPa was used for the deflation experiments. At the start of the experiment, 
inflated purse a with internal pressure 3000 Pa shows a deflection of purse height to 4.75 
mm, (A) at the end of the experiment, empty purse with no internal pressure has no 
deflection in height (B). 186 

Figure 3-23. The deflation profile of a purse shaped elastomeric pocket is shown. Flow rate, 𝑸 
(mL s-1) and pressure, 𝑷 (Pa) as a function of internal volume (mL). For circular pocket with 
radius 20 mm, 0.5 mm thick, 𝑻 silicone membrane and Young’s modulus, 𝑬 1.241, the flow 
rate, 𝑸 was linearly proportional to the internal pressure, 𝑷 of the pocket. 186 

Figure 3-24. Fluid release was modelled from hypothetical single chamber pockets with fixed 
dimensions of 𝑹= 10 mm, 𝑯= 6 mm. For Emax, the parameters for sheet were 𝑻= 0.1 mm, 
maximum 𝑬= 5.25 MPa, and the dimensions of the outlet tube were 𝑫= 0.05 mm and L= 4 
m. The maximum volume released was 738.7 µL in 364.5 hours. For Emin the parameters 
for sheet were 𝑻= 0.1 mm, minimum 𝑬= 0.525 MPa, and the dimensions of the outlet tube 
were 𝑫= 0.05 mm and L= 4 m. The maximum volume released was 372.9 µL in 502.1 hours. 
For Tmax, the parameters for sheet were maximum 𝑻= 1.6 cm, 𝑬= 1.25 MPa, and the 
dimensions of the outlet tube were 𝑫= 0.05 mm and L= 4 m. The maximum volume 
released was 852.7 µL in 247 hours. For Tmin the parameters for sheet were minimum
 189 

Figure 3-25. Fluid release was modelled from hypothetical single chamber pockets with fixed 
dimensions of 𝑹= 10 mm, 𝑯= 6 mm. For Dmax, the parameters for sheet were 𝑻= 0.1 mm, 
𝑬= 1.25 MPa, and the dimensions of the outlet tube were maximum 𝑫= 0.25 mm and L= 4 
m. The maximum volume released was 544.3 µL in 0.8 hours. For Dmin the parameters for 
sheet were 𝑻= 0.1 mm, 𝑬= 1.25 MPa, and the dimensions of the outlet tube were minimum 
𝑫= 0.025 mm and L= 4 m. The maximum volume released was 544.8 µL in 7915 hours. For 
Optimal, the parameters for sheet were minimum 𝑻= 0.02 mm, 𝑬= 5.25 MPa, and the 
dimensions of the outlet tube were minimum 𝑫= 0.025 mm and L= 4 m. The maximum 
volume released was 513.7 µL in 8072 hours. 190 

Figure 3-26. Typical stress-strain curve for a tough gel illustrating Young’s modulus (𝑬), breaking 
strength (𝛅𝐛), elongation at break (𝛆𝐛) and work of extension (𝐖𝐞𝐱), figure adapted from 
(675) 192 

Figure 3-27. Simply connected circular elastomeric pockets were initially made by joining two 
silicone membranes of varying thickness and radius with silicone glue. A 26-gauge Terumo 
needle was used (ID 0.45 mm) as inlet for fluid. Row A shows circular pockets with radius 
10 mm, row B shows pockets of radius 22 mm C with radius 35 mm and row D shows doubly 
connected pockets of radius 45 mm with varying area of central clamping (internal 
diameter). 193 

Figure 3-28. Relative to the nose, the eyeball can be divided into four main quadrants, 
superonasal, superotemporal, inferonasal and inferotemporal. The rectus muscles (as 
shown in this schematic diagram) are responsible for the movement of the eye. 200 

Figure 3-29. A proposed schematic of a single pocket elastomeric pump that could be implanted 
under the conjunctiva, much like the current surgical technique used for GDD implantation. 
The rate of drug delivery could be controlled by changing the dimensions of the pump 
outlet and could be refilled once the drug reservoir has been emptied. Pump is not drawn 
to scale. 204 
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Figure 3-30. A proposed schematic of a double-pocket elastomeric pump that could be 
implanted under the conjunctiva, much like the current surgical technique used for GDD 
implantation. This pump would have the added advantage of being able to respond to 
external stimuli to tailor the drug release according to the therapeutic requirement. Pump 
is not drawn to scale. 205 

Figure 4-1. Chemical structure of 2-Methacryloyloxyethyl phosphorylcholine (MPC). 212 
Figure 4-2. Schematic diagram indicating how a protein (A) interacts with a foreign body. After 

an interaction with the surface, proteins may lose their own shell of hydration, denature 
and irreversibly bind to the surface, (B and C). In the case of a PC coated substrate, (D) the 
protein can still interact but the surface layer of water bound to the PC, but now it is 
energetically unfavourable for irreversible binding to occur, and the protein does not 
denature and activate an inflammatory response. 212 

Figure 4-3. Diagramme of the casting mould used for hydrogel preparations. The mould 
consisted of two 3 mm polypropylene sheets and a 1 mm thick silicone sheet between 
them. The mould was held together with binder clips and the polymer mixture was injected 
into the mould after degassing. 219 

Figure 4-4. Chemical synthesis of pHEMA-MPC hydrogel films by free radical polymerisation. The 
monomer, HEMA, and co-monomer, MPC, were mixed with cross-linker, EGDMA, to form 
a clear solution. The initiator, AIBN, was added, the formulation was degassed with argon, 
was injected into the casting moulds, and was placed in the oven at 70°C for 7 hours. Figure 
was made using ACD’s ChemSketch. 220 

Figure 4-5. Chemical synthesis of pHEMA-MPC hydrogel films by free radical polymerisation. The 
monomer, HEMA, and co-monomer, MPC, were mixed with cross-linker, EGDMA, to form 
a clear solution. The water-soluble initiator, APS, was added, the formulation was degassed 
with argon and injected into the casting moulds, and was placed in the oven at 70°C for 7 
hours. Figure was made using ACD’s ChemSketch. 222 

Figure 4-6. Chemical synthesis of pHEMA-MPC hydrogel films by free radical polymerisation. The 
monomer, HEMA, and co-monomer, MPC, were mixed with rigid cross-linker, MBAM, to 
form a clear solution. The water-soluble initiator, APS, was added, the formulation was 
degassed with argon and injected into the casting moulds, and was placed in the oven at 
70°C for 7 hours. Figure was made using ACD’s ChemSketch. 228 

Figure 4-7. Schematic of the experimental design used for introducing physical channels into the 
hydrogels via the addition of spacers. (A) Stainless steel wires 120 µm in diameter, (B) a 
glass capillary 0.2 mm thick, and (C) a stainless steel spatula with 0.5 cm x 2.5 cm 
dimensions were inserted into the casting mould before injecting 1015 polymer mixture 
and placing in the oven to polymerise. 231 

Figure 4-8. The two-piece closed-flow chamber that was used to test hydrogel discs for aqueous 
permeability is shown in use (A), and the different parts of the chamber (B). The design of 
the flow chamber was modified on the base of Franz cells’ design, which is commonly used 
for skin permeation studies. 234 

Figure 4-9. The system used to apply a dynamic hydrostatic pressure across the hydrogel 
samples using a water column and the tube connecting it to the flow chamber kept in a 
water bath. The direction of flow of water is shown with navy blue arrows. 236 

Figure 4-10. The hydrogel discs were cut 3 mm from the edges to obtain a disc sample with 1 
cm width for mechanical testing (A). For twisting and stretching tests, the samples were 
clamped on the top and bottom with binder clips (B). 237 

Figure 4-11. Hydrogel samples were folded so the sort edges would meet, sample would ‘fail’ 
the test if cracking or fracture was observed after manual folding. 238 

Figure 4-12. The twisting test was performed by holding the hydrogel sample at both ends using 
a binder clip, leaving a 1 cm of hydrogel sample in between the clips to be tested. The 
sample ‘failed’ the test if cracking or fractures were observed after manual twisting in both 
directions and returning to normal (untwisted) position. 238 
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Figure 4-13. Photograph of the experimental set-up used for tensile testing of the hydrogel 
samples. The sample ‘failed’ the test if cracking or fractures were observed under 50 g of 
weight applied to stretch the sample. 239 

Figure 4-14. For assessing the aqueous permeability of hydrogel films, discs of 16 mm diameter 
each were punched out, as shown here. Discs were then placed in the flow chamber (FC) 
with appropriately-sized silicone washers to ensure no leakage. A column of water of 30 
cm was attached to the FC containing the disc and the drop in the column height was 
recorded over two hours to estimate the experimental permeability (Ke) of the hydrogel. 
All measurements were taken in triplicate. 241 

Figure 4-15. The hydrogel casting mould after injecting the 1015 polymer mixture (A) was made 
of two 3 mm thick polypropylene sheets, used to seal silicone gaskets around an empty 
cavity where the polymer mixture could be filled in using a syringe. After the 
polymerisation was complete, the xerogels were soaked in purified water to remove any 
unreacted monomer and to form a fully hydrated hydrogel (B). 242 

Figure 4-16. The effect of solvent on (A) EWC% and (B) swelling ratio (SR) of the 1015 hydrogel 
films. Samples in water, PBS, and 9% saline show >90% of their equilibrium swelling after 
six hours. 1015 films soaked in EtOH continued to swell for up to 24 hours 243 

Figure 4-17. HEMA concentrations of 60% w/w (M5) resulted in transparent hydrogel films 
similar to 1015. Decreasing the concentration of HEMA to 30% w/w (M7) resulted in 
translucent and 20% w/w (M9) in opaque hydrogels, indicating phase separation during 
the polymerisation process. 243 

Figure 4-18. Relative aqueous permeabilities of pHEMA hydrogels with varying concentrations 
of HEMA monomer. (M1) contained 91.7% w/w HEMA, 7.7% MPC, 0.4% w/w EGDMA, 0.3% 
w/w AIBN; (M2) contained 73.4% w/w HEMA, 24.5% w/w MPC, 1.3% w/w EGDMA, and 
0.9% w/w AIBN; (M3) contained 79.6% w/w HEMA, 0.5% w/w EGDMA, 19.4% w/w water, 
and 0.5% w/w AIBN; (M4) contained 79.6% w/w HEMA, 0.5% w/w EGDMA, 19.4% w/w 
water, and 0.5% w/w APS; (M5) contained 59.7% w/w HEMA, 0.5% w/w EGDMA, 39.3% 
w/w water, and 0.5% w/w APS; (M7) contained 30.3% w/w HEMA, 2.6% w/w MPC, 0.5% 
w/w EGDMA, 66.1% w/w water, and 0.5% w/w APS; (M9) contained 19.8% w/w HEMA, 
0.7% w/w MPC, 0.5% w/w EGDMA, 78.5% w/w water, and 0.5% w/w APS. As the 
concentration of HEMA increased, the relative aqueous permeability generally decreased. 
pHEMA hydrogels could be synthesised containing approximately 20–92% w/w HEMA, and 
M9 20% w/w pHEMA hydrogels with mostly water yielded a Kdiff value of 0.72 ±0.12. Kdiff 
values are reported as mean ±SD. 244 

Figure 4-19. Xerogels containing 50% (M24) and 40% w/w HEMA (M25) cured for 40°C for 12 
hours and then annealed at 120°C for 4 hours fully polymerised, but the resulting xerogels 
were coloured beige and had shrunk within the casting mould. 245 

Figure 4-20. Hydrogels containing 60% (M31, M35), 50% (M32, M36) and 40% w/w HEMA (M33, 
M37), when cured at 50°C for 20 hours resulted in a transparent, film (M31) and phase 
separated, translucent (M32), and opaque films (M33). When cured at 50°C for 20 hours 
and then at 90°C for 2 hours, it resulted in slightly beige hydrogels, that were transparent 
(M35) and phase separated, translucent (M36), and opaque films (M37). 246 

Figure 4-21. ESEM micrographs of M30 and M34 hydrogel films. (A & C) M34 was polymerised 
at a slower rate and at a lower temperature (50°C for 20 hours) than (B & D) M30, which 
was polymerised at 70°C for 7 hours. The surfaces of both 30% w/w HEMA hydrogels at 
2,500x magnification (C & D) appeared as an agglomeration of small particles, however 
M30 seemed to have a smaller microstructure than M34. 247 

Figure 4-22. UV-polymerised 1015 hydrogels supplied by Vertellus Biomaterials. 248 
Figure 4-23. Relative aqueous permeabilities of pHEMA hydrogels with varying types and 

concentrations of co-monomers. The 1015 formulation was modified by (MPC) creating a 
gradient of 0–25% w/w MPC (red squares), (VP) adding a gradient of 15–55% VP (blue 
circles), (CM6) adding 0.8% w/w PVP, (CM10) adding 1.76% w/w of PC1059, (CM12) adding 
HPMA in a 1:1 HEMA:HPMA ratio, (CM13) adding EMA in a 1:1 HEMA:EMA ratio. Increasing 
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the concentrations of MPC and VP generally increased Kdiff values. Adding PC10159 to the 
1015 formulation yielded the highest Kdiff value compared to the additions of co-
monomers, VP, HPMA, and EMA. Kdiff values are reported as mean ±SD. 249 

Figure 4-24. Hydrogel films composed of 15% (CM17), 25% (CM18) and 35% w/w VP (CM19) 
were transparent and glassy. Hydrogels containing 45% w/w VP (CM20) were translucent, 
and 55% w/w VP-containing hydrogels (CM21) appeared fragile and opaque. 250 

Figure 4-25. Relative aqueous permeabilities of pHEMA hydrogels with varying types and 
concentrations of cross-linkers. The 1015 formulation was modified by creating a gradient 
of 0.2–6.9% w/w EGDMA (red squares); (CX4) contained 84.7% w/w HEMA, 14.1 % w/w 
MPC, 0.75% w/w PEGDMA 700 g mol-1, and 0.5% w/w AIBN; (CX5) contained 84.7% w/w 
HEMA, 14.1 % w/w MPC, 0.75% w/w PEGDMA 2000 g mol-1, and 0.5% w/w AIBN; (CX6) 
contained 84.9% w/w HEMA, 14.2% w/w MPC, 0.4% w/w MBAM, and 0.5% w/w AIBN; 
(CX7) contained 84.0% w/w HEMA, 14.0% w/w MPC, 1.4% w/w MBAM, and 0.5% w/w 
AIBN; (CX15) contained 29.7% w/w HEMA, 2.5% w/w MPC, 0.5% w/w EGDMA, 0.5% w/w 
MBAM, 0.5% w/w APS and 66.3% w/w water; (CX16) contained 29.9% w/w HEMA, 5.0% 
w/w MPC, 2.5% w/w MBAM, 0.5% w/w APS and 62.2% w/w water. Changing the type and 
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 Introduction 

1.1. Glaucoma and its impact 

Glaucoma is defined as a group of optic neuropathies that are characterised by 

the progressive degeneration of retinal ganglion cells, causing structural changes to the 

optic nerve head and resulting in a gradual loss of the visual field in at least one eye (1). 

If not diagnosed and treated early, glaucoma will result in blindness as damage to the 

optic nerve is irreversible. Glaucoma is the leading cause of irreversible blindness 

worldwide (2–4). 

It has been estimated that over 70 million people are currently affected globally 

by glaucoma and that approximately seven million of these are bilaterally blind (5). The 

global prevalence of glaucoma and irreversible blindness due to glaucoma has been 

projected to rise to 80 million and 11 million, respectively, by 2020 (2,6,7), while more 

recent estimates by the World Health Organization suggest that the number of people 

affected by glaucoma worldwide will increase to 95 million between 2020 and 2030 

alone (4). A meta-analysis of 50 population-based studies predicted that the prevalence 

of glaucoma would increase even further to 111.8 million by 2040 (8). Increased 

prevalence of glaucoma will disproportionally affect people residing in Asia and Africa, 

with 40% of global cases occurring in China and India (8–10). 

The economic impact of glaucoma is far-reaching. Glaucoma costs the United 

States (US) economy $2.9 billion every year in direct costs and productivity losses (11). 

Total direct cost estimates for glaucoma patients in Australia is approximately AUD 

144.2 million (12). In the United Kingdom (UK), the total cumulative costs of glaucoma 

were projected at £5.5 billion from 2010 to 2020, assuming a 90% diagnosis rate within 

the patient population (13). In Scotland, the mean cost of glaucoma treatment in one 

clinic over the patients' lifetime was £3,001, with an annual mean cost per patient of 

£475 (14). Across Europe, the annual total costs of glaucoma per patient were 

determined to be between €11,758 and €19,111 (15).  

The financial burden of glaucoma on health care systems, payors, and individuals 

increases as the disease severity increases. A US study found a four-fold increase in 

direct ophthalmology-related costs from early-stage glaucoma to end-stage glaucoma 

and blindness, with average direct costs per patient per year increasing from $623 to 
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$2511 for early-stage and end-stage glaucoma, respectively (16). Another analysis of 

resource utilisation and direct medical costs of glaucoma in Europe discovered a rise in 

costs with worsening disease severity, finding annual mean costs per patient increasing 

from €445 in early-stage glaucoma to €969 in end-stage glaucoma (17).  

Glaucoma also impacts patients' individual health-related quality of life (HRQoL) 

in multiple ways, including by reducing outdoor mobility, the ability to carry out personal 

or household tasks, and by intensifying the risk for injuries and accidents (18). HRQoL is 

a metric that reflects a patient's perception of their well-being, focussing on dimensions 

of physical and social functioning and mental health (19). In a large US study with more 

than 3,000 participants, glaucoma patients with severe visual field loss had consistently 

lower self-reported HRQoL scores, independent of whether the patients had prior 

knowledge of their glaucoma (20). Psychological burdens also escalate as vision 

deteriorates, and some contributors to this burden include fear of blindness, social 

withdrawal, and depression (21).  

The main risk factors associated with disease progression include ageing, 

increased intraocular pressure (IOP), ethnicity, myopia, and diabetes; although these 

risk factors have not yet been fully characterised and the biological basis of glaucoma is 

not completely understood (see Section 1.2) (5,22,23). As optic nerve damage from 

glaucoma is irreversible, the primary treatment strategy involves slowing this 

degeneration. The only major risk factor that is clinically modifiable is the level of IOP 

(24,25). The higher the IOP, the greater the risk is for optic nerve damage; therefore, 

reducing the IOP is the most effective clinical approach to halt the progression of the 

disease (26). 

Glaucoma can be relatively asymptomatic, especially in the early stages of the 

disease, and people with glaucoma do not usually have an awareness of any ocular or 

systemic symptoms, which makes early detection more difficult (27). Glaucomatous 

vision loss is commonly misrepresented in images developed for patient information in 

glaucoma awareness programmes. These informational materials depict vision loss as a 

black periphery that slowly develops into a distinctive "tunnel" vision. Rather, the 

glaucomatous visual field is characterised by the development of blurred patches and 

blurred edges (28). Consequently, low public awareness of glaucoma and its risk factors 

coupled with a lack of symptoms early on have resulted in a large proportion of 

individuals with glaucoma who remain undiagnosed or receive a delayed diagnosis (29). 
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In developed countries, as many as 50% of glaucoma cases are undiagnosed, whereas it 

has been predicted that this number could be as high as 90% in developing countries 

(30,31). Therefore, by the time the disease is diagnosed, the optic nerve may already 

have advanced damage, and significant interventions are required to maintain 

reasonable visual function (32).  

1.2. Pathophysiology of glaucoma 

Although the pathogenesis of glaucoma is not fully understood, elevated IOP >22 

mmHg has been related to retinal ganglion cell death (33). Retinal ganglion cells are a 

population of neurons of the central nervous system with their soma in the inner retina 

and axons in the optic nerve (34). Retinal ganglion cell axons exit the posterior of the 

eye through the lamina cribrosa, which is a collagenous structure with mesh-like 

perforations in the sclera (35). Because the lamina cribrosa is thinner and more 

compliant than the scleral tissue, it is more sensitive to changes in pressure. Elevated 

IOP restricts blood flow in the posterior eye (36) and causes mechanical stress and strain 

to the lamina cribrosa, which may result in compression, deformation, or remodelling of 

the tissue (37,38). Deformation of the laminar tissue results in cupping of the optic nerve 

head that strains the retinal ganglion cell axons and compromises their function (38). 

These structural changes also disrupt axonal transport and impair the delivery of 

adenosine triphosphate (ATP) and essential neurotrophic factors to the retinal ganglion 

cells (33,39–42). Damaged axonal transport of essential factors leads to mitochondrial 

dysfunction, oxidative stress, and the activation of apoptotic signalling by surrounding 

glial cells, culminating in retinal ganglion cell death and a loss of synaptic connectivity at 

the optic nerve head (33,40,43). 

Vision loss usually begins with blurred patches in the peripheral vision, followed 

by deterioration in the central vision (32,35). In healthy individuals, the optic nerve 

degenerates at a rate of 0.5% per year, and since the brain accepts this rate of 

degeneration as normal, a patient with glaucoma may only appreciate vision loss when 

the disease advances (44). 

1.2.1 Aqueous humour and IOP 

The level of IOP is determined by the balance between the secretion and 

drainage of aqueous humour. Normal levels of IOP (10–21 mmHg) can vary at different 
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times of the day, but the average IOP has been determined as 15.5 mmHg in the general 

population, derived from studies inspecting both eyes of 10,000 individuals (45,46). 

Aqueous humour, also known as intraocular fluid, is continuously produced inside the 

eye by non-pigmented ciliary epithelial cells (47). It is composed of 98% water with 

dissolved amino acids, glucose, electrolytes, ascorbic acid, immunoglobulins, oxygen, 

and carbon dioxide. The aqueous humour maintains the structure of the eye, transports 

nutrients, assists in immunity, and provides the means for refractive indexing, which is 

essential for vision (48). The production, flow, and drainage of the aqueous humour is 

an active, continuous process required to maintain optimal ocular health, and 

overproduction or insufficient drainage are the two causes of increased IOP (49,50). 

Aqueous humour is produced by ciliary body epithelium in the posterior chamber 

through an active secretion that relies on ATP hydrolysis from ATP sodium-potassium 

pumps and carbonic anhydrase (51). The production rate has been reported to follow a 

circadian rhythm, ranging from 1.5 µL minute-1 at night to 3.0 µL minute-1 in the morning 

(52–54). An average rate of aqueous humour production at 2.0 ±0.4 µL minute-1 is 

generally accepted (52,55).  

After production, the aqueous humour flows from the posterior chamber via 

passive diffusion through the pupil to the limbal region of the anterior chamber, where 

it drains through a sponge-like tissue called the trabecular meshwork (TM). Aqueous 

humour contains cellular debris from upstream tissues that is removed by cells in the 

outer layer of TM, which are phagocytic (56). From the TM, the aqueous humour drains 

into Schlemm's canal and then into the episcleral vein and venous circulation in the 

conventional drainage pathway (51,57). Alternatively, the aqueous humour can drain 

through the uveal meshwork into the ciliary muscles and other downstream tissues in 

the unconventional drainage pathway, see Figure 1-1 (57).  

The TM acts as the resistance barrier for the flow of aqueous humour. In order 

for aqueous humour drainage to occur, a positive pressure gradient must be built inside 

the eye. Once the IOP reaches 15 mmHg, the aqueous humour will flow through the TM 

(52,53). For this reason, drainage through the TM is considered the major mechanism 

for aqueous humour drainage (58,59). The main site of resistance in this pathway has 

not yet been determined, but it is thought to be at the juxtacanalicular tissue (JCT) 

portion of the TM, adjacent to Schlemm's canal (60). Approximately 2–20 µm thick (61), 

the surface area of the JCT has been reported as 1656 ±502 µm2 (62). The alternative 
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method of aqueous humour drainage is through the uveal meshwork, which is 

comprised of connective tissue with irregular openings 25–75 µm in diameter (63). 

Drainage through the uveal meshwork using the unconventional pathway accounts for 

only about 10% of the total aqueous drainage (64). 

Primary open-angle glaucoma (OAG), or chronic glaucoma, is the most common 

type of glaucoma, accounting for more than 70% of cases (22,65). In OAG, there is 

increased resistance to aqueous outflow through the TM, which causes the IOP to 

increase slowly (66). Increased resistance in the TM is thought to be due to excess cells, 

debris, fibrin or proteins carried by the aqueous humour (67). Mutations in genes 

encoding myocilin and caveolin proteins have been linked with increased IOP in patients 

with glaucoma. Mutated myocilin results in intracellular accumulation of misfolded 

proteins, and mutant caveolins result in disrupted cell signalling involved in endocytosis, 

but their putative mechanisms in glaucoma have not been established (5). 

The other type of glaucoma is angle-closure glaucoma (ACG), or acute glaucoma. 

In ACG, elevated IOP is due to obstructed access of the aqueous humour to the drainage 

pathways, typically caused by a narrowing of the angle between the iris and the cornea 

(68). Some genetic structural variations predispose individuals to ACG (69), and ACG is 

more prevalent in Chinese, Indians, and Eskimos populations (8,70). Acute glaucoma is 

a medical emergency and has symptoms such as severe pain, nausea, and blurred vision 

Figure 1-1. A diagram illustrating the flow of aqueous humour and corresponding location in the 
eye. The dark blue arrow indicates the direction of the movement of the aqueous humour from 
the ciliary body (pink) around the lens in the anterior chamber towards the trabecular meshwork 
through the trabecular outflow pathway (green arrow) or towards the uveal meshwork through 
the uveoscleral outflow pathway (light blue arrow). 
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(71). Because of these symptoms, this type of glaucoma is easily identified and can be 

controlled before any irreversible damage occurs if appropriate action is taken. 

1.3. Current treatment strategies for glaucoma 

The primary goal of glaucoma treatment is to prevent or delay vision loss, and so 

the treatment strategy centres around decreasing the IOP to a level where sight loss and 

thus disease progression are reduced to a minimum (72). Irrespective of whether the 

IOP is within a normal range, in patients with established OAG (defined as having optic 

nerve damage), lowering the IOP 20–40% was shown to slow the disease progression by 

decreasing the rate of peripheral vision loss by 50% (1,73,74). Lowering the IOP has been 

shown to slow disease progression in higher risks patients (75), in those with early stages 

of the disease (76,77), and at advanced stages of glaucoma (78). The mechanism of 

action of virtually all current glaucoma therapies is to reduce IOP by either enhancing 

TM and uveoscleral outflow of aqueous humour or by suppressing aqueous humour 

production (79,80). 

The choice of the treatment takes into account several factors, including the 

clinical situation of the patient (i.e. the stage and severity of the disease) and the 

invasiveness, effectiveness and safety profile of the treatment (32). Furthermore, the 

treatment that has the lowest rate of adverse events or postoperative complications is 

another factor in choosing a glaucoma treatment. Therefore, glaucoma is not managed 

the same way for all patients (32). 

1.3.1 Pharmacological treatments 

The first line of treatment to lower the IOP is by topically administering 

pharmacological therapy in the form of eye drops (81–83). These medications consist of 

β-blockers, prostaglandin analogues, α2-adrenergic receptor agonists, 

parasympathomimetics and topical or systemic carbonic anhydrase inhibitors (Table 

1-1)(84). These treatments aim to lower the IOP either by reducing the rate of aqueous 

humour production in the ciliary body or by improving the humour outflow in the eye 

via the trabecular meshwork and uveoscleral tissues. 

β-receptors play an important role in the regulation and production of aqueous 

humour; thus, blocking these receptors reduces the production of aqueous humour. 

Selective β-blockers, e.g. betaxolol, which block β 1-adrenoceptors, and non-selective 
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β-blockers, e.g. timolol, which block both β 1- and β 2-adrenoceptors, reduce the 

production of aqueous humour by the ciliary body (85,86). Carbonic anhydrase 

inhibitors, such as dorzolamide, exhibit the same effect on the ciliary body as β-blockers, 

but through a different mechanism. Carbonic anhydrase is an enzyme important in the 

production of aqueous humour by converting CO2 and H2O to HCO3, which helps 

regulate chloride secretion. By inhibiting carbonic anhydrase, the rate of fluid 

production reduces (87,88). Adrenergic agonists, such as epinephrine, act by stimulating 

both α- and β-receptors, which restricts blood flow and reduces the rate of aqueous 

humour production and also increases the rate of flow through the trabecular meshwork 

(86). 

Table 1-1. Current pharmacological treatment strategies for glaucoma (ClinicalTrials.gov 
identifier NCT03310580, NCT02087085)(83,89–93) 

Pharmacological treatment Examples Mechanism of action 

Topical β-adrenergic blockers 
Timolol, carteolol, 

betaxolol 

Reduce aqueous humour production in 
the ciliary body 

Topical α2-adrenergic receptor 
agonists 

Brimonidine, 
apraclonidine 

Systemic carbonic anhydrase 
inhibitors 

Acetazolamide 

Topical carbonic anhydrase 
inhibitors 

Dorzolamide, 
brinzolamide 

Parasympathetic muscarinic 
receptor agonists 

Pilocarpine Increase aqueous humour outflow 
through the trabecular meshwork 

Rho-kinase inhibitors Netarsudil 

Topical prostaglandin 
analogues 

Latanoprost, 
bimatoprost, travoprost 

Increase aqueous humour outflow 
through the uveoscleral pathway 

Prostaglandin analogues, such as latanoprost, increase the flow of the aqueous 

humour through the uveoscleral pathway by binding to endogenous prostaglandin 

receptors, relaxing the interior eye muscles (94). Miotics, such as pilocarpine, and rho 

kinase inhibitors (e.g. netarsudil), which more recently approved, are a class of drugs 

that act on improving the drainage efficiency of the aqueous humour through the 

trabecular meshwork. They stimulate ciliary muscle contractions, which leads to 

relaxation of the trabecular meshwork (91,92,95). 

Eye drops exhibit a poor ability to penetrate the corneal barriers of the eye, and 

it has been determined that fewer than 5% of the drug delivered in eye drop 

formulations is absorbed, with the remaining entering the bloodstream via transnasal 

and conjunctival absorption (96). Poor drug delivery has the potential to lead to serious, 

unwanted side effects in off-target organs. For instance, topical β-blockers are 



35 
 

associated with decreases in blood pressure, reduced pulse rate, fatigue, shortness of 

breath and even depression (91). β-blockers also cause relaxation of the bronchial, 

urinary, and vascular smooth muscles, resulting in other adverse reactions (79,97). The 

prolonged use of eye drops increases the sensitivity of the eye tissues due to chronic 

exposure to the preservatives commonly added to these formulations, such as 

benzalkonium chloride (86,98). Due to a fairly acidic pH, many eye drops also cause 

ocular irritations, such as stinging and redness (99).  

Since glaucoma is a chronic disease, low patient adherence and cost play an 

important role in evaluating the benefit-risk ratio of eye drops as a treatment. An 

economic analysis of resource utilisation and direct medical costs of glaucoma in Europe 

discovered that eye drop medications comprised 42–56% of total direct costs for all 

stages of glaucoma (17). Eye drops need to be used several times a day, which is 

inconvenient for patients and results in low patient compliance (79). Overall patient 

compliance is estimated at approximately 50% for the regular administration of eye 

drops (100). In an observational cohort study using an electronic monitoring device, 

nearly 45% of glaucoma patients used their prescribed eye drops less than 75% of the 

recommended time (101). Another study using an eye drop medication monitor 

determined that over 50% of patients missed at least 20% of doses prescribed for 

glaucoma treatment (102,103). Finally, using routinely collected data, one clinical 

practice in the UK found that 51.6% of patients demonstrated poor adherence to 

prescribed eye drops for glaucoma (104). Patients that are non-compliant with eye drop 

prescriptions report having difficultly remembering to take them and report other issues 

like stinging and redness (105,106).  

Fixed-dose combinations (FDCs) of eye drops represent another option for 

patients. For example, the US FDA recently approved a combination of a carbonic 

anhydrase inhibitor and an α2-adrenergic agonist (90), while a brinzolamide-

brimonidine FDC eye drop formulation received European marketing authorisation in 

2014 (107). Combining two medications in one formulation has been shown to improve 

compliance slightly by reducing the time required to administer drops and the frequency 

of use (88); however, challenges with patient adherence still remain. Patient adherence 

to FDC eye drops still declined over time, although at a lower rate than was observed in 

a single-dose formulation control (108). Poor ocular uptake and potential systemic side 
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effects paired with low patient compliance and high costs all illuminate significant 

disadvantages for eye drop formulations in treating glaucoma (105,109). 

1.3.2 Laser treatments 

When eye drops prove insufficient at prolonged management of IOP, laser 

treatment is sought to correct the blocked trabecular meshwork. There are three types 

of laser surgeries; Argon Laser Trabeculoplasty (ALT), Selective Laser Trabeculoplasty 

(SLT), and transscleral diode laser cyclophotocoagulation (TSC). In ALT, the laser ablates 

the trabecular meshwork by burning small holes into the tissue to increase fluid drainage 

and open the blocked channels (110). Early clinical studies suggested that ALT might be 

superior to pharmacological therapy as a first-line treatment for primary OAG (111). 

However, ALT can cause IOP spikes and inflammation, and because a high-powered laser 

is employed, its use is limited to two-three times per patient (80,112). SLT targets the 

pigmented cells of the trabecular meshwork, preserving the overall trabecular 

meshwork structure, which allows for repeated treatments (113).  

Although SLT and ALT both effectively lower IOP, SLT causes less coagulative and 

structural damage than ALT; however, SLT has a 50% failure rate after two years (114). 

In TSC, the laser ablates the ciliary body and reduces the formation of aqueous humour, 

but TSC has been associated with adverse events like suprachoroidal haemorrhaging 

(115–117). The effects of these laser-based interventions are relatively short-term and 

the outcomes vary between patients (32,79). The blockage of some of the newly formed 

channels causes elevated IOP due to fibrin deposition, and patients may require 

medication even after laser treatment to combat elevated IOP (118). 

1.3.3 Surgical treatments 

If the progression of glaucoma is not halted by pharmacological or laser 

treatment, then a surgical procedure known as trabeculectomy, or glaucoma filtration 

surgery (GFS), may be necessary to preserve visual function in patients (119). GFS 

involves creating a new drainage channel called a fistula through the sclera between the 

anterior chamber and the subconjunctival space, as illustrated in Figure 1-2. The new 

fistula is designed to bypass the compromised conventional drainage pathway. The IOP 

lowers as the aqueous humour drains to the subconjunctival space through a small 

cavity under the conjunctiva, called a filtering bleb, and is absorbed into the systemic 
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circulation via the conjunctival and episcleral veins (120). GFS was devised in the late 

1960s and is still considered the 'gold standard' surgical procedure for glaucoma 

because it has been proven as the most effective treatment for lowering IOP (80,121–

123).  

The GFS technique involves creating a new surgical channel for controlled 

aqueous draining (Figure 1-2). An incision is made in the conjunctiva, followed by 

elevating a partial-thickness flap of scleral tissue. A portion of scleral tissue is removed 

as well as part of the iris, directly below the sclera. The conjunctiva is then sutured back 

in place to allow for the circulation of aqueous humour around the scleral flap, forming 

a filtering bleb (1). This surgical technique requires considerable skill and technical 

expertise to achieve the optimal thickness and takes approximately 30−60 minutes per 

patient to perform (124).  

Many early postoperative complications of GFS relate to poor initial control over 

aqueous outflow (125). Hypotony, which is IOP ≤5 mmHg, a flattened anterior chamber, 

bleb leakage, blebitis (inflammation of the bleb), and failure of filtration due to bleb 

encapsulation make post-GFS effective management essential (126,127). The 

postoperative care determines the outcomes of GFS and its long-term success, which 

means it is not the first choice of treatment for glaucoma management by 

ophthalmologists (128). GFS outcomes could be considerably enhanced if the flow 

resistance through the drainage bleb were more effectively regulated (125). Post-

Figure 1-2. A schematic diagram illustrating glaucoma filtration surgery. The black arrow 
represents the alternative aqueous outflow pathway created during glaucoma filtration surgery 
where the fluid is directed to the subconjunctival space through a filtering bleb. 
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surgical inflammation and scarring make improper wound healing a major problem in 

GFS. After any surgical procedure of tissue trauma, there is an intrinsic wound healing 

response that results in the deposition of scar tissue. This scarring process after GFS can 

effectively close the 'trap door', which results in surgical failure (129,130). If wound 

healing following a GFS can be controlled, then there would be a greater chance for bleb 

survival (131). 

1.3.4 Glaucoma drainage devices 

Glaucoma drainage devices (GDDs) were introduced as an alternative to GFS for 

patients at a high risk of GFS failure due to the increased risk of fibroblast proliferation 

and episcleral scarring (128). GDDs create an artificial drainage channel with minimal 

incisions and a shorter implantation period than GFS (132). Since GFS is a highly technical 

surgery, GDDs were developed as a means to deskill the procedure and obtain a more 

uniform IOP reduction. The basic design of GDDs includes a tube that is connected to a 

flexible end plate or spacer plate. One end of the tube is inserted into the anterior 

chamber of the eye, and the other end is attached to the plate, which is placed into the 

subconjunctiva. This artificial tube is employed as a new drainage channel for the 

aqueous flow into the subconjunctival space. The end plate is designed as a physical 

placeholder during subconjunctival fibrosis after implantation and relies on the body to 

undergo foreign body encapsulation. Within four to six weeks after device implantation, 

a fibrovascular capsule, composed of collagen and vascularised tissue, develops around 

the spacer and acts as the primary resistance mechanism for aqueous humour flow. 

(133). Because this capsule is the first resistance to aqueous flow in the postoperative 

period, it is important for adequate IOP control. Aqueous humour accumulates in the 

capsule and is later reabsorbed by capillaries and lymphatic vessels, resulting in IOP 

reduction (134,135). After this 4–6-week period, a filtering bleb forms around the end 

plate, providing drainage of the aqueous humour (136). 

From a clinical standpoint, the bleb progresses through 3 stages (127): the first 

phase is the hypotensive phase, which lasts approximately 1–4 weeks, during which the 

IOP is typically low, and the bleb is ill-defined and diffuse, exhibiting congested blood 

vessels around the bleb. The second phase is a hypertensive phase, which lasts between 

1–6 months and is associated with increased IOP. The bleb becomes localised and well-

defined with the formation of a dense fibrous capsule separating the aqueous humour 
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from the conjunctival blood vessels. The incidence of the hypertensive phase has been 

reported to be between 10% and 50% and varies with the various GDDs. During this 

phase, the IOP can potentially increase to 30–50 mmHg. Finally, a stable phase is 

achieved at the end of six months and is characterised by the presence of a bleb with no 

or little inflammation and well-maintained IOP (15–17 mmHg)(127). 

Molteno® developed the first GDD in 1969 (137), which was composed of a 

polypropylene plate and a silicone tube, see Figure 1-3. This was a non-valved tube 

device that offered little to no resistance to aqueous humour outflow. Due to the lack 

of control over the outflow, significant fluctuations in the IOP were observed, which led 

to postoperative hypotony, flattened anterior chambers, and choroidal effusions (138). 

With a non-valved GDD, the IOP is controlled by the fibrous capsule that eventually 

forms around the end plate as a part of healing after implantation. Because the 

implantation relies on the patients' ability to develop a fibrovascular capsule, patients 

respond differently, which causes inconsistencies in the outcome of the surgery (139). 

The first valved GDD was introduced in 1976 by Krupin and contained a silicone 

tube and end plate (140). The principle used by the Molteno device is the same in the 

Krupin device, but a unidirectional valve was introduced to provide resistance to the 

aqueous flow and prevent hypotony after the implantation of the device. When the IOP 

reaches ~14 mmHg, the valve opens due to the pressure exerted by the IOP. Later in 

1993, the Ahmed® glaucoma device (AGD) was introduced, with the valve optimised to 

open when the IOP would reach 8–12 mmHg. Several devices have been developed since 

the AGD, which are shown in Table 1-2.  

Complications that may occur in the early postoperative period while the fibrous 

capsule forms include hypotony, flattening of the anterior chamber, corneal oedema, 

uncontrolled high pressure, ptosis, and diplopia (141). Hypotony is crucial to prevent in 

the first few weeks as it disrupts visual function. Certain surgical techniques are used to 

try and minimise hypotony, such as external absorbable ligatures or internal removable 

suture stents to control the aqueous flow temporarily (142,143). Modifications in the 

design of the device, such as increasing the surface area of the end plate and designing 

a subsidiary pressure ridge to reduce postoperative hypotony have also been introduced 

(144).  

Complications that occur several weeks post-implantation are harder to predict 

and include corneal oedema, erosion, chronic iritis, tube obstruction, and GDD failure 
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(141). The origin of these complications can be traced to either poor aqueous flow 

control or suboptimal material biocompatibility (134). The most common complication 

that occurs during this period is increased IOP, which is due to obstruction of the tube 

caused by excessive capsule formation and fibrosis around the tube and the end plate. 

(145). A study reported that for AGD and Molteno®, between 40–80% and 20–30% of 

patients, respectively, experienced increased IOP three to six weeks after GDD 

implantation (146). The most common causes for a GDD failure are either bleb 

encapsulation or bleb fibrosis (134,147). The foreign body response to GDDs is 

characterised by inflammation, collagen deposition and finally, scar tissue formation, 

which causes the newly formed channel to close and the operation to fail (130). It has 

been found that most GDD failures occur within the first year, with an estimated failure 

rate of 10% per year due to excessive fibrosis around the end plate (147). The only 

option available to the patient after GDD failure is to have an ophthalmologist perform 

a follow-up operation to either segment the capsule to allow aqueous humour to flow 

or implant a new GDD. This strategy is not ideal because the non-functioning device will 

be left in the eye, while the second device is placed in a suboptimal place in the eye 

(148).  

An additional valve-specific complication in valved GDDs is the variability in valve 

performance between devices that occurs due to manufacturing inconsistencies (149). 

Modifications in the devices to overcome these problems, such as increasing the plate 

surface area and modifying the valve in AGD have been introduced, but no significant 

advantages of IOP control have resulted from these modifications (150). In general, 

GDDs available in the clinic lack the consistency in controlling IOP among patients for 

more extended periods (151). 
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Table 1-2. GDDs currently used or in clinical development, including the materials used for each device, the mechanism of aqueous humour drainage, and the size 
of each device. 

Device 
Aqueous humour 

drainage 
Material 

Valved? 
(Y/N) 

Size References 

Molteno®  Subconjunctiva 
Silicone tube; polypropylene end 

plate 
N 

134 mm2 single end plate, 268 mm2 double end plate; 
340 µm inner tube diameter 

(137,139,152) 

Baerveldt® Subconjunctiva 
Silicone tube; barium-impregnated 

silicone end plate 
N 

250 mm2, 350 mm2, and 500 mm2 end plates 
available; 300 µm inner tube diameter 

(153,154) 

ExPress R50 Subconjunctiva 
Stainless steel tube; stainless steel 

disc-like flange 
N 

3 mm length; 50 µm and 200 µm inner tube 
diameters available 

(155–157) 

Ahmed® Subconjunctiva 
Silicone tube; polypropylene end 

plate 
Y End plate is 185 mm2; 300 µm inner tube diameter (158,159) 

Krupin Subconjunctiva Silicone tube; silicone end plate Y End plate is 180 mm2; 300 µm inner tube diameter (140) 

MIDI-Arrow Subconjunctiva SIBS tube N 
8.5 mm length; 70 μm inner diameter, 350 μm outer 

diameter 
(NCT01563237)(160,161) 

SOLX®  Suprachoroidal space 24-carat gold N 5.2 x 3.2 mm flat implant (162) 

CyPass® Suprachoroidal space Polyamide N 6.35 mm length; 0.3 mm lumen (80,163) 

Hydrus™  Schelmm's canal Nitinol N 15 mm length (NCT03065036)(164) 

iStent® Schelmm's canal Titanium N 
1 mm length (body); 250 µm (snorkel) [GTS100], 360 

μm length [GTS400] 
(NCT02024464)(165,166) 

Xen implant Subconjunctiva 
Porcine-gelatine cross-linked with 

glutaraldehyde 
N 

6 mm long; 45, 63 and 140 µm inner diameters 
available 

(167,168) 

Optimed Subconjunctiva PMMA N 14 mm length; 10 mm width; 1.3 mm thickness (134) 

Aquaflow™ Subconjunctiva Lyophilised porcine scleral collagen N 
2.5 mm length; 

1 mm dry width; 1 mm thickness 
(169) 

STARflo™ Suprachoroidal Porous silicone N 
8 mm length; 27μm 

diameter 
(170) 

Aquashunt™ Suprachoroidal Polypropylene N 10 mm length; 4 mm width; 250 μm lumen diameter (171) 

Abbreviations: PMMA, polymethylmethacrylate; SIBS, poly(styrene-b-isobutylene-b-styrene). 
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Figure 1-3. Current glaucoma drainage devices (GDD) in the clinic. (A) Molteno's single plate GDD; (B) Krupin's unilaterally valved GDD; (C) Ahmed® GDD with 
pressure sensitive valve; (D) iStent® minimally invasive GDD; (E) Baerveldt® GDD; (F) SOLX® Gold-shunt 24 carat gold supraciliary device to increase 
uveoscleral outflow; (G) CyPass® supraciliary Micro-stent to improve uveoscleral outflow; (H) ExPress R50 translimbal GDD made of a stainless steel tube; (I) 
Ivantis Hydrus™ Microstent, an intracanalicular scaffold that dilates Schlemm’s canal; (J, K) Xen Collagen implants for glaucoma drainage (168,833–835). 
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More recent GDDs include the ExPress R50, SOLX® Gold, and iStent®. The ExPress 

R50 is a stainless steel non-valved tube with a disc-like flange instead of an end plate at 

one end and a spur-like projection at the other end (Figure 1-3H). These modifications 

were introduced to prevent tube migration. Initially, it was placed underneath the 

conjunctiva, but issues with hypotony and conjunctival erosion were common, so it is 

now placed under a partial thickness scleral flap similar to GFS (172). While the ExPress 

R50 has been demonstrated to improve IOP postoperatively (173), there is minimal 

evidence from clinical trials to suggest superior efficacy compared with GFS (174). The 

SOLX® Gold (Figure 1-3F) is another newer GDD that was developed to direct the 

aqueous humour to the suprachoroidal space to drain out of the uveoscleral outflow 

pathway, but has been associated with a high failure rate (162). The Istent® is a 1 mm 

long, L-shaped titanium tube (Figure 1-3D) that is inserted surgically into the eye 

through the trabecular meshwork into Schlemm's canal. This creates a permanent 

opening in the trabecular meshwork to direct the aqueous humour into Schlemm's 

canal. A systematic literature review of clinical studies reported that iStent® 

implantation lowers IOP and reduces dependency on glaucoma medications, but that it 

is unknown whether these effects last beyond 18 months (175). 

The materials used for manufacturing a GDD must be biocompatible to minimise 

the initial inflammatory foreign body response and avoid the common complications 

mentioned previously (176). Polypropylene and silicone are the most commonly used 

materials in GDD development; however, blood plasma and proteins can bind to both 

of these materials, which can lead to cellular adhesion, inflammation and fibrosis (128). 

Polypropylene, used in Molteno® and some AGD implants, has been associated with 

higher rates of inflammation compared with silicone in animal studies (177). This has 

been attributed to the polypropylene's rigidity, flexibility and shape. In a clinical study 

where patients underwent AGD implantation, those with silicone AGDs experienced 

fewer complications than those with polypropylene AGDs (178). Silicone is used as a 

material in Baerveldt®, Krupin and some AGD devices (147). 

Most GDDs are made of silicone and polypropylene, but stainless steel (ExPress 

R50) and gold (SOLX®) are also used due to their inert qualities (Figure 1-

3)(176,179,180). Cross-linked gelatine (Xen Implant; Figure 1-3D) and poly(styrene-b-

isobutylene-b-styrene)(SIBS)(MIDI-Arrow) have been introduced as biocompatible 
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materials in GDD development. Although these materials demonstrate improved 

biocompatibility to silicone and polypropylene, inflammation and scarring are still 

observed requiring significant postoperative manipulation (181). Biomaterials such as 

Vivathane and polymethylmethacrylate (PMMA)(Optimed) have been tested in GDD 

development, but they were not found to be less inflammatory than the materials 

currently in use (182,183). 

Regarding GDD design, a systematic literature review of 54 articles comparing 

different GDDs, including 29 with Molteno® (single- and double-end plates) with some 

form of intraoperative modifications performed to prevent hypotony, 6 with single-end 

plated Molteno® without any surgical modifications, 9 with Baerveldt®, 8 with AGD, and 

2 with Krupin valves, found similar IOP control and success rates with no statistical 

differences across devices (184). A sub-analysis comparing GDDs with the smallest 

(Molteno®, 130 mm2) and largest (Baerveldt® 350 mm2) surface area also found no 

statistical difference in end IOP (184). Another long-term study compared polypropylene 

AGD implants (185 mm2) with double plate Molteno® valves (270 mm2) also found no 

difference in end IOP (184). In contrast, there is evidence that GDDs with smaller 

surfaces (e.g. single-plate Molteno®) areas have lower IOP reduction than those GDDs 

with larger surface areas (e.g. double-plate Molteno®)(185). However, the IOP reduction 

was not proportional to the increase in surface area of the GDD (184). This seems to 

suggest that end-plate size does not affect IOP control. There might be a minimum end-

plate area to achieve IOP lowering, after which additional surface area does not 

decrease IOP, but no definitive data on the ideal size is currently available (146,147). 

The general success rate of GDDs has been estimated at approximately 70% after 

the first year and 40% after five years, with as many as 30% of GDD-implanted eyes 

developing excessive scar tissue (184). Given that most GDD failure is due to fibrosis 

around the end-plate, research has been conducted on making the end plate a drug-

delivery system for slow, sustained release of an antifibrotic drug. However, large 

fluctuations in IOP and the considerable postoperative manipulation that is required are 

the major limitations of GDDs.  
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1.3.5 Antimetabolites 

A successful GFS or GDD implantation is dependent upon the wound healing 

process. After surgical trauma to the conjunctiva or any epithelial surface, a sequence 

of overlapping events occurs that results in either tissue reconstruction or scarring. This 

process can be divided into four major phases; the coagulative phase, the inflammatory 

phase, the proliferation phase, and the tissue remodelling phase (186). Although these 

phases are distinct, their timelines overlap, see Figure 1-4. 

During the coagulation phase, platelets and plasma proteins are released from 

disrupted vessels. These activated platelets aggregate and release factors that attract 

inflammatory cells, such as macrophages and neutrophils (131). Macrophages release 

various growth factors that contribute to wound healing regulation. The proliferation 

phase begins in parallel with the inflammatory phase and includes the proliferation of 

epithelial cells, fibroblasts, and endothelial cells to seal the wound, form a temporary 

extracellular matrix, and carry out angiogenesis (with the help of matrix 

metalloproteinases), respectively (187). The final phase of wound maturation is the 

process of tissue remodelling, which may continue for months. Fibroblasts are the main 

cells involved in remodelling, and they, degrade, deposit and arrange collagen fibres. 

Persistent inflammation and fibroblast formation can intensify scarring (188). While 

scarring in certain situations, e.g. of the skin, is usually innocuous, scarring of the eye 

Figure 1-4. The wound healing process consists of a series of overlapping events; the coagulation 
phase, the inflammatory phase, the proliferation phase, and the tissue remodelling phase. The 
first one month is regarded as the critical period of maximum postoperative fibrosis. Figure 
reproduced from (353). 
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tissues can result in blindness (189). Targeting these phases of wound healing could 

modulate wound healing and could potentially mediate scar formation. 

Since the 1980s, surgeons have attempted to delay or prevent GFS failure due to 

excessive scarring through the use of antimetabolites (80,190). Mitomycin-C (MMC) and 

5-fluorouracil (5-FU) are the most widely used off-label antimetabolites to modulate 

wound healing in the clinic (127,191). MMC is a naturally occurring antibiotic and 

antineoplastic compound that acts as an alkylating agent, after activation to form 

mitosene, and results in DNA cross-linking (190). 5-FU is a pyrimidine analogue that 

inhibits cellular proliferation as it interferes with DNA synthesis by inhibiting thymidylate 

synthetase, which is an enzyme that catalyses the synthesis of thymidine, a DNA 

nucleotide. Both medications interfere with DNA synthesis and lead to cellular 

apoptosis.  

MMC and 5-FU are both administered at the site of surgery in GFS and GDD 

implantation either alone or with other anti-inflammatory drugs to reduce fibroblast 

proliferation and formation of scar tissue. MMC and 5-FU are administered either 

topically by soaking a sponge with the drug and placing it in the subconjunctival space 

(site of surgery) for five minutes or by injecting them into the subconjunctiva (127,192).  

The evidence available for the efficacy of MMC includes the Tube Versus 

Trabeculectomy (TVT) study (ClinicalTrials.gov Identifier: NCT00306852)(193). This was 

a multicentre, randomised, interventional clinical trial that compared GFS with MMC 

(0.4 mg mL-1 for 4 minutes), with a Baerveldt® GDD (350 mm2 end plate) over five years. 

The GDD was associated with the use of more medications than GFS during the first two 

years of follow-up, but this levelled with longer follow-up. GFS was associated with more 

early postoperative complications, but vision loss, rates of late postoperative 

complications and serious complications were similar between both procedures (194).  

Although augmentation of the wound healing process with off-label 

antimetabolites is pervasive in glaucoma treatment, there are significant risks 

associated with their use, such as filtration bleb infections, leaks from tissue thinning, 

hypotony, suprachoroidal haemorrhaging, and necrosis due to the nonspecific toxicity 

of these drugs (195,196). These toxic effects are due to the suppression of cellular RNA 

and protein syntheses, as well as apoptosis and necrosis at high concentrations (0.4 mg 

mL-1). In a case study, a one year follow up after a high-dose MMC injection displayed 
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toxic effects to the ocular tissues and atrophy of the iris, ciliary body, and retina were 

observed (197). Because higher concentrations of MMC may be preferred for cases of 

repeat GFS (198), close monitoring is required after surgery (80,127,199).  

There is one MMC formulation for ophthalmic that has been available as an FDA-

approved formulation in the US since 2012 (Mitosol Kit; Mobius Therapeutics). This 

formulation can be stored at room temperature for extended periods while maintaining 

a reliable dose (200). However, there have been no randomised clinical trials comparing 

the Mitosol kit to MMC prepared in a compounding pharmacy, and the FDA approval 

was based on the efficacy of MMC documented in existing literature (190,201,202). 

Furthermore, the cost of one Mitosol kit is reportedly $359 (190), whereas the current 

cost of an existing MMC preparation used in GFS is less than £10 in the UK (203). 

Other strategies with less-toxic agents have been investigated to temper the 

scarring process in glaucoma by targeting components in one or more of the wound 

healing phases (204). Various anti-inflammatory or antifibrotic drugs have been 

evaluated preclinically for subconjunctival use after GFS, such as ilomastat (205), 

doxycycline (206), pirfenidone (207), and rosiglitazone (208); however, none of these 

are available for use in the clinic.  

1.4. Challenges of ophthalmic drug delivery 

The aim of any therapy is to deliver the drug molecule or active ingredient at a 

relevant therapeutic concentration to the site of action for an optimal period. However, 

drug design is contingent on the notion that key disease targets are isolated from the 

diseased tissue (209). Compartmental sites of disease, such as the eye, contain biological 

barriers that intrinsically obstruct access of systemically administered drugs (210). 

Systemic drug distribution is often accompanied by side effects due to off-target 

interactions, whereas localised drug delivery efforts have the potential to minimise 

these deleterious side effects by reducing the amount of drug needed for the desired 

effect.  

Treatment administration to the eye presents several drug delivery challenges 

and requires a basic understanding of the structure and function of each part of the eye. 

Since the eye is exposed to the outside environment, there are numerous protective 

structures in place to keep foreign particles and pathogens from entering, see Figure 1-5 
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(211). The eye is externally protected by the eyelids, eyelashes, conjunctiva, and the tear 

film of the cornea (212). The cornea is a transparent window, covered by the tear film, 

and is situated at the front of the sclera, and connected to the sclera via the corneal 

limbus. The sclera is composed of collagen fibres and encompasses the eyeball. Covering 

the inside of the eyelids and the anterior sclera, excluding the cornea, lies the 

conjunctiva. It is a thin, clear, mucous membrane enriched with blood vessels and 

provides lubrication through the production of mucus and tears (213).  

Internally, the eyeball is divided into two segments. The first one-third of the eye 

is classified as the anterior segment, while the remaining two-thirds are called the 

posterior segment. The anterior segment of the eye incorporates the cornea, iris, ciliary 

body, and lens. The cornea is a convex structure with highly innervated tissue and no 

blood supply. Thus, it is extremely sensitive to pain and requires support for 

nourishment and removal of waste products from the aqueous humour. The surface of 

the cornea is covered with a tear film consisting of five tissue layers: the corneal 

epithelium, Bowman's membrane, stroma, Descemet's membrane, and endothelium 

(214). Directly posterior to the cornea is the anterior chamber, a cavity between the 

Figure 1-5. A diagram of the eye, which shows the location of the anatomy of the anterior and 
posterior segments. Green and blue shapes represent the routes of ophthalmic drug delivery; 
including (A) topical (B) intracameral (C) subconjunctival (D) intrascleral (E) intravitreal. 
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cornea and the iris containing aqueous humour. The iris is the pigmented fibrovascular 

portion of the eye that contains and controls an aperture known as the pupil. Between 

the iris and lens lies the posterior chamber. The lens itself is a clear, flexible structure 

and is surrounded by the ciliary body, which contains ciliary muscles that control the 

shape of the lens, and the ciliary epithelium (215). 

These anatomical structures signify static and dynamic barriers that limit drug 

entry and distribution into the anterior segment. In addition to systemic administration, 

the main routes of administration in ocular drug delivery related to glaucoma include 

topical, intracameral, intravitreal, subconjunctival, and intrascleral (216). Topical drug 

delivery through eye drops is the most common route for the treatment of glaucoma in 

the anterior segment due to the non-invasive nature of the route; however, several 

factors affect the pharmacokinetics of drug molecules in anterior segment tissues (217). 

Topically administered drugs are absorbed either through permeation across the 

cornea or through systemic absorption through local capillaries. The cornea is 

considered a key static barrier for drug absorption, and the corneal tear film layers 

contain different polarities (218,219). The human corneal epithelium is 52 µm thick, and 

the tight junctions of the lipoidal corneal epithelium limit drug transport through the 

cornea, especially for large and/or polar molecules (220). In contrast, the corneal stroma 

has a large water content, making it conducive to solubilising hydrophilic molecules 

(217). The blood-aqueous barrier is another static barrier that has tight junctions of the 

non-pigmented epithelium of the ciliary body and iridial tissues that also limit drug 

absorption (221). 

The pre-corneal tear film can only accommodate approximately 30 μL of volume, 

yet many commercially available eyedroppers deliver volumes in the range of 30–70 μL 

to the tear film (222). Moreover, the tear volume in human eyes under normal 

conditions is 7–9 μL with a turnover rate of 0.5–2.2 μL per minute, making it a dynamic 

barrier to drug absorption (217). Topical administration abruptly increases the total tear 

volume, and since there is not enough space to hold the liquid, this causes reflex blinking 

and rapid dilution and removal of the medication via tearing and drainage through the 

nasolacrimal ducts (47). It has been estimated that 70–95% of the drug in eye drop 

formulations is lost to these pre-corneal factors, and that only 5% reaches the periocular 

and intraocular tissues (223). Efforts to improve bioavailability and drug release times 
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of drugs administered topically have been attempted by using drug-loaded contact 

lenses, but these lenses can decrease oxygen permeability and decrease the lens 

transparency (224).  

Another route that is relevant to current glaucoma treatment strategies is 

subconjunctival drug delivery, where drugs are injected, inserted, or implanted 

underneath the conjunctiva. The human subconjunctiva is 42 µm thick with tight 

junctions that can allow molecules up to 5 kDa in size to pass (220,225). As typical 

injection volumes are 0.1–0.6 mL (226), a portion of the injected solution might seep 

into the tear fluid and become absorbed through the cornea (227). The injected drug 

can also absorb into the sclera, which allows drug diffusion to other structures like the 

iris and ciliary body to occur (226). The majority of the injected drug will absorb into 

lymphatic and blood circulation and rapidly clear into the systemic circulation, which 

necessitates repeated dosing (228). As a result, the bioavailability, while generally higher 

than topically administered drugs, is limited in the subconjunctival delivery route (226). 

The counter directional convection of the aqueous humour from the ciliary body hinders 

drug distribution into the posterior segment of the eye (229). Additionally, the 

subconjunctival route is invasive, which carries the possibility of infection or hypotony. 

(230–233). 

1.5. Implantable drug delivery systems 

Due to the selective functionality of the biological barriers in ocular tissues, 

ocular drug delivery is a challenging task that traditionally leads to suboptimal drug 

concentrations at the target sites. Consequently, the eye has been a target organ of 

interest for the development of prolonged drug delivery systems within the past decade. 

Specifically, implantable delivery systems for prolonged release of pharmacological 

treatment of glaucoma (Table 1-3) have been extensively investigated as a replacement 

of viscoelastic depot delivery injections (ClinicalTrials.gov identifier NCT02129673, 

NCT01408472, NCT01845038, NCT01016691, NCT01229982, NCT01915940, 

NCT03868124, NCT04060758)(92,109,181,233–254). An ideal ocular delivery implant 

must not interfere with vision, is able to achieve a high drug bioavailability, and can 

prolong the release of a drug to the specific compartment of the eye without any 

complications arising at the site of administration. Since this route of drug 
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administration bypasses the biological barriers of the eye, intraocular bioavailability will 

be enhanced, while minimising drug waste and maximising the efficacy of treatment 

(90,253).  

Implantable drug delivery systems in ophthalmology can be characterised by the 

drug-polymer arrangement in the system. In theory, an open system (Figure 1-6A-C) 

would have a steady flow of biological fluid, and the release of the drug would be 

diffusion controlled. This system is passive, bidirectional, and requires a difference in 

the concentration of drug in the surrounding environment to drive drug release. This 

open system includes both reservoir and matrix-based drug distribution (255).  

In a matrix-based drug delivery system (Figure 1-6B), the drug is dissolved or 

dispersed inside a polymer matrix. In theory, if the drug distribution in the polymer 

matrix is homogenous, a steady drug release with zero-order release kinetics, where the 

drug release concentration is independent of time, can be achieved. However, in 

practice, the rate of drug release from the matrix system usually is not steady and 

decreases over time due to the decreased drug concentration in the surrounding 

polymer membrane. The solubility of the drug partially dictates the drug-release rate. 

The primary driver for drug mass-transfer is the surrounding biological fluid. In implant 

form, the thickness of the polymer membrane and drug-release area also affect the 

drug-release kinetics (256).  

In reservoir-based drug delivery systems (Figure 1-6C), a drug core is surrounded 

by a polymer, and the drug-release rate is controlled by the properties of the polymer 

such as polymer composition, molecular weight and thickness (257,258). The 

Figure 1-6. Drug delivery systems can be classified into two main types based on the drug-
polymer arrangement, such as open (A, B, C) and closed (D, E, F) systems. The rate and 
mechanism of drug release is influenced by the system. 



 
 

52 
 

physicochemical properties of the enclosed drug, such as solubility, drug particle size, 

and molecular weight also affect the drug-release kinetics from these systems (257).  

In contrast, a closed system (Figure 1-6D–F) is a theoretical system where the 

drug is enclosed in a non-permeable or slightly permeable membrane, and the release 

of the drug is controlled and unidirectional, i.e. the drug flows from the system to the 

site of action. This system is active and requires an energy source for drug release. This 

energy source could be in the form of magnetic energy, electricity, heat, liquid pressure 

or air pressure, which is converted into motion to drive drug release (259–261). In 

theoretical closed matrix-based systems (Figure 1-6E), the drug is dissolved or dispersed 

within the membrane, and the drug release rate is controlled by an internal or external 

stimulus, such as utilising the energy stored in the space between the membranes. In 

reservoir-based systems (Figure 1-6F), the drug is enclosed within a pocket formed using 

non-permeable membranes, and the elastic energy of the membranes would dictate the 

drug release rate.  

Most implantable drug delivery systems in ophthalmology that are currently 

under clinical development are open systems, which means that the drug release is 

controlled by diffusion. Some of these examples of implantable drug-release systems 

under clinical development for glaucoma are listed in Table 1-3. 

There is only one FDA-approved implantable drug delivery device for glaucoma 

treatment. The biodegradable intracameral implant, Durysta™, was approved in March 

2020 and is indicated to reduce IOP in patients with OAG by providing a sustained 

release of 10 µg of bimatoprost, a prostaglandin analogue (262). The VS101 (Eye-D) is a 

subconjunctival insert intended for patients with OAG or ocular hypertension. The 

latanoprost-loaded insert recently completed a Phase 1/2a multicentre randomised 

controlled study, which found that the insert demonstrated a reduction in IOP for 12 

weeks with a favourable safety profile (263). ENV515 is a PLGA-based intracameral 

implant for sustained travoprost delivery that has shown clinically meaningful 

reductions in IOP for 11 months in a Phase 2 cohort study (264). Bimatoprost SR is also 

a PLGA-based intracameral implant that is currently undergoing a Phase 3 study and has 

demonstrated favourable efficacy and safety for up to six months in a Phase 1/2 clinical 

study (92,246,265). 
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Table 1-3. Examples of sustained-release delivery implants for glaucoma that are in clinical 
development. 

*Durysta™ was approved by the FDA in March 2020 and is the only FDA-approved sustained-release 
implant indicated to reduce IOP. 

 

Non-degradable ocular implants that have been approved by the FDA for 

intravitreal drug delivery could potentially be adapted in glaucoma management. 

Vitrasert, approved for cytomegalovirus retinitis, and Retisert, approved for chronic 

non-infectious uveitis, are both polyvinyl alcohol-based inserts that deliver ganciclovir 

over a period of five to eight months (269), and the corticosteroid, fluocinolone 

acetonide, for about 2.5 years, respectively directly in the vitreous (270). Iluvien® 

(Durasert™), designed to deliver fluocinolone acetonide for a duration of 36 months, has 

been approved for diabetic macular oedema (253). Due to its small size (cylinder, 3.5 x 

0.37 mm), it can be injected into the vitreous directly using a 25-gauge trans-conjunctival 

injector system, which eliminates the need for an invasive procedure (271,272). 

Ozurdex® is a biodegradable PLGA-based implant loaded with corticosteroid, 

dexamethasone, that is approved for intravitreal implantation in the treatment of 

Delivery location 
Implant 

name/description 
Drug 

Delivery 
system 

Reference 

Inserted into 
canaliculus of the 

eyelid 

Sustained-release 
punctal plug 

Bimatoprost 

Open matrix 

(250) 

Latanoprost (249) 

Travoprost (242,251) 

Dexamethasone (266) 

Pars plana 
implantation 

Non-biodegradable NT 
501 

Ciliary 
neurotrophic 

factor 

Closed 
combination 

(240,267) 

Subconjunctival 
implantation 

Biodegradable slow 
release insert 

Bimatoprost 
Open 

reservoir 

(268) 

VS101 (Eye-D) Latanoprost (234) 

Fornix-based ocular 
insert 

Silicone matrix Bimatoprost 
Open 

combination 
(246) 

Intracameral 
implantation 

G2TR (iDOSE™) Travoprost 
Open 

reservoir 
(248) 

Durysta™* Bimatoprost 

Open matrix 

(262) 

PA5108 Latanoprost (247) 

ENV515 Travoprost (264) 

Bimatoprost SR Bimatoprost (265) 
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uveitis and macular oedema, which affect the posterior segment of the eye. This implant 

was also investigated for intravitreal delivery of neuroprotective agents (e.g. 

Brimonidine) in glaucoma; however, this trial was completed in 2013 and failed to meet 

its primary endpoint (273). 

Much of the implantable drug delivery systems to manage glaucoma have been 

investigated to improve the efficacy and decrease the administration frequency of 

pharmacological therapies (i.e. eye drops). The high cost and discomfort of 

administration have been established as concerns for patients who require lifelong use 

(86). Low patient compliance is common, particularly in the case of developing 

countries, where a large proportion of patients need to travel long distances to collect 

the treatment and potentially cannot afford the medications due to their high cost 

relative to income (274). It was discovered that in Ghana, only 17% of patients that were 

prescribed eye drops complied with the therapy (274). Therefore, in developing 

countries where patients might not be anticipated to comply fully with medical 

treatment, a cost-effective, "one-time" treatment along with standard glaucoma 

surgery is a preferred approach. Implantable drug delivery systems have the potential 

to relieve issues with patient compliance, overcome the ocular delivery challenges, and 

improve glaucoma treatments. 

1.6. Hydrogels as a material for drug delivery systems 

Hydrogels are three-dimensional (3D) viscoelastic structures composed of 

hydrophilic polymeric chains that can hold large amounts of fluids, up to thousands of 

times their dry weight, by swelling reversibly in liquids without changing their chemical 

structures (275–277), see Figure 1-7. Hydrogels can behave in this way due to the 

presence of physical cross-links, including inter-polymer entanglements of long 

polymeric chains, hydrogen bonding, van der Waals forces, or chemical cross-links, such 

as strong covalent bonds that form a solid polymer matrix (278). The expansion and 

contraction of the 3D cross-linked polymer network of the hydrogel, which is also 

referred to as a mesh, provide elasticity and prevents the hydrogel structure from 

completely solubilising into a liquid state (278–281). 
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The polymer chains in hydrogels are held together by cross-links, which allow 

hydrogels to behave like solids rather than liquids, despite containing at least 20% and 

often greater than 90% water by weight (282). Water transport through hydrogels is 

essential for their use as soft contact lenses (283), in drug release (284), and as stimuli-

sensitive hydrogels (285). The swelling behaviour of hydrogels is their most critical 

property because it allows them to absorb and hold high amounts of liquid, giving them 

broad possibilities of applications. Both the swelling and absorption capacity of 

hydrogels is attributed to the degree of cross-linking, which also known as the number 

of junction points. The degree of cross-linking is altered by varying the ratio of cross-

linker to solvent during the hydrogel preparation. A higher number of junction points 

hinders the mobility of the polymer chains, which results in a more rigid structure of the 

hydrogels and hence swell less than those with a lower number of junction points (277). 

Figure 1-7. An illustration of the expansion of polymeric strands in a dry hydrogel (known as a 
xerogel) upon the addition of excess solvent (water in this case) to form hydrated hydrogels. The 
junction points allow for the cross-linking of molecules to attach to the polymer chain. The 
expansion and contraction of the 3D cross-linked polymer network (known as a mesh) in the 
hydrogel provides elasticity and prevents the hydrogel structure from completely solubilising 
into a liquid state. 
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The chemical composition of the hydrogels also governs hydrogel swelling. To 

minimise exposure to water, hydrophobic groups in the polymer chains tend to 

aggregate and collapse in the presence of an aqueous environment (276). As a result, 

the hydrogels with a higher amount of hydrophilic groups in them tend to swell more 

(279). The swelling kinetics of the hydrogels can be classified into either diffusion-

controlled (Fickian), where the transport of the solvent into the polymeric structure of 

hydrogels is concentration-dependent; or relaxation controlled, where the rigidity of the 

hydrogel, or the ability of the polymeric chains to relax, limits the capacity of swelling of 

the hydrogel (286–288). 

1.6.1 Types of hydrogels 

When the hydrogel network is made by covalent bonds cross-linking different 

polymers chains; the hydrogels formed are classified as permanent or chemical 

hydrogels (289). Chemical hydrogels may be synthesised by cross-linking two existing 

polymer chains in the solid-state or in solution, copolymerisation of monomer/cross-

linker reactive in solution/multi-functional macromer or polymerisation of a monomer 

inside a different solid polymer (289). When the inter-polymer molecular entanglement 

in the hydrogel structure is derived from secondary forces such as ionic bonds, hydrogen 

bonds, or hydrophobic forces, a reversibility is imparted to the hydrogel. These 

hydrogels are commonly named reversible or physical hydrogels (290). Hydrogels 

containing charged functional groups present in their structure may undergo changes in 

shape and swelling, when exposed to different stimuli, such as pH or electrical fields 

(290). Physical hydrogels may be synthesised by heating or cooling a polymer solution 

to form a gel, changing pH to promote the appearance of hydrogen bonds that form a 

gel between two different polymers, or mixing solutions of polyelectrolytes of different 

charges, forming a coacervate gel (289). 

First described over 120 years ago (291), hydrogels have been used in numerous 

applications in medicine and industry (292). Hydrogels prepared from hydrophilic 

polymers have been studied extensively in biomedical research because of their ability 

to interact with water through hydrophilic functional groups such as -OH, -CONH, -

CONH2, -COOH and -SO3H (280). As hydrophobic polymers cannot be used alone for 

hydrogel preparation, they are either co-polymerised with hydrophilic polymers or a 
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hydrophilic group is added to their structure to modify their properties and improve 

their interaction with water (293). 

The first work of hydrophilic hydrogels was published on cross-linked 2-

hydroxyethyl methacrylate (HEMA) hydrogels (294). It was based on this work that the 

first spun-cast contact lenses were made that ushered in a new era of the modern 

contact lens industry (295). HEMA monomers are acrylates containing double bonds 

that undergo free-radical polymerisation to form the poly (2-hydroxyethyl 

methacrylate)(pHEMA) polymer (280). HEMA can be covalently cross-linked using a 

diacrylate, such as ethylene glycol dimethacrylate (EGDMA), which prevents 

solubilisation of the polymer chains, and results in a non-degradable polymer network 

(296). Hydrogel contact lenses are hydrophilic, which allows for increased tear 

wettability over their surface (297).  

The hydrophilicity of pHEMA is due to the presence of hydroxyl groups (-OH) in 

the primary chains, which results in contact lenses with a 38–40% water content once 

fully hydrated (298). The development of these hydrogel lenses resulted in the 

refinement of several functional characteristics of contact lenses, including the 

optimisation of the lens fitting profile, which reduces the mechanical effects of lens 

placement, and the definition of the 'material flexibility' range for improved comfort and 

durability (299). pHEMA hydrogels are also considered biocompatible because there is 

a reduction of protein adsorption onto pHEMA surfaces and improved biocompatibility 

with blood cells, when compared with alternative materials, such as acrylates and 

silicones used for manufacturing contact lenses (300). 

Polymers used for hydrogel synthesis can be either natural, semisynthetic, or 

synthetic. Polymers from natural sources include polysaccharides like cellulose, starch, 

chitin, gelatine and hyaluronic acid, which are widely used in food and pharmaceutical 

applications as they tend already be biocompatible and safe (301). Gelatine, a 

hydrolysed form of collagen, is used in food, tablet coating and in the synthesis of hard 

and soft gelatine capsules. Hyaluronic acid (in the form of sodium hyaluronate) is used 

in various applications including cosmetic formulations, Healon® surgical aid for cataract 

extraction, as a raw material in tissue engineering, and in eye drops for the treatment 

of dry eyes (301,302). Semisynthetic polymers are derived from modified natural 

polymers. An example of a semisynthetic polymer is chitosan, which is the deacetylated 
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derivative of the natural polymer chitin. While chitin is poorly soluble in both aqueous 

and organic solvents, chitosan has been widely investigated and is much more 

commonly used in drug delivery due to its improved solubility, biocompatibility, low 

toxicity, and biodegradability (303). Examples of common synthetic polymers include 

pHEMA, phosphorylcholine (PC), acrylic acid and its derivatives, poly (vinyl) alcohol 

(PVA) and poly (N-vinyl pyrrolidone)(PVP), which also display biocompatibility, low 

toxicity, but resist degradation (304). 

Hydrogels can be further classified based on the method of preparation. When 

preparing hydrogels, one of the most versatile forms of polymerisation for preparing 

chemically cross-linked hydrogels is free radical polymerisation, where polymer chain 

propagation occurs by the addition of free radical building blocks with monomer units 

(305). A water-soluble monomer is polymerised with a small amount of a second co-

monomer/cross-linker to form a 3D hydrophilic network (306). The reaction can be 

facilitated by several different initiator systems, such as ultraviolet photo-

polymerisation, thermally-initiated, and chemically-initiated polymerisation, with the 

reaction conditions based around the final intended application of the polymer 

(307,308). Variation in the amount of cross-linker, polymerisation temperature, and pH 

leads to a change in the properties of the prepared hydrogel (309). 

Hydrogels can be prepared by cross-linking a single species of monomer (homo-

polymer), co-monomers (co-polymer), multiple monomers (multi-polymer), 

interpenetrating networks (IPN), or semi-IPNs. A co-polymer hydrogel is composed of 

two types of monomer where at least one is hydrophilic in nature. An IPN is a hydrogel 

with a combination of two polymers, where one polymer is chemically cross-linked in 

the presence of the other (310). A semi-IPN is a hydrogel where one polymer is linear 

and entangles with a cross-linked network in the presence of another monomer. The 

two monomers can be polymerised together in the same sample or polymerised 

sequentially, but the two resulting polymer chains are entangled in the matrix without 

any chemical cross-linking occurring between them (311), see Figure 1-8. IPN hydrogels 

impart superior mechanical properties such as strength than non-IPN hydrogels, but 

they mixing two different polymers can be difficult to achieve, so semi-IPNs offer the 

chance for two polymers to be more intimately entangled (312).  
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1.6.2 Hydrogel applications  

Due to their ability to retain fluids, soft texture and high flexibility, hydrogels 

have the ability to mimic the mechanical properties of the native extracellular matrix of 

many tissues, with minimal irritation to the surrounding tissues when applied in vivo 

(289,313). Their biocompatibility and the ability to absorb and release fluids have 

resulted in the extensive investigation of hydrogels as a material in applications such as 

Figure 1-8. Classification of hydrogels based on hydrogel preparation method. Hydrogels can be 
classified as (A) homo-polymer, (B) co-polymer, (C) multi-polymer, (D) IPN and (E) semi-IPN 
hydrogels based on the number of monomers, cross-linkers, and polymers added. 
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tissue engineering, artificial replacement of organs, coating of implantable devices, drug 

delivery, gene delivery, scaffolding and wound dressings (314–318). 

Hydrogels with high chemical stability can be synthesised to be non-degradable, 

with the different polymer chains cross-linked with covalent bonds to maintain the 

structure of the hydrogel. Alternatively, hydrogels may be engineered such that the 

polymer chains include cross-links that can either degrade hydrolytically or 

enzymatically into smaller degradation products after a specific period 

(275,276,317,319). This ability to tailor the hydrogel degradation according to the 

intended application bolsters their use in implantable devices, implant coatings, soft 

contact lenses and wound dressings (319,320). One of their primary biomedical 

applications is their use as wound dressings to absorb exudates from wounds and are 

useful to treat necrotic wounds. Examples of the available hydrogel wound dressings are 

ActiFormCool, Coolie, Geliperm, Novogel, Algisite®, AlgiDerm®, Sorbsan®, Kaltostat®, 

Intrasite®, Neoheal®, Purilon® and AquafloTM (321,322). Hydrogels are also used in 

different medical devices such as keratoprosthesis, intraocular lenses, smart drug-

delivery systems and bio-sensors (275,276,317,323,324). 

Hydrogels, while extremely versatile in the context of drug delivery, have been 

associated with burst release profiles and poor drug loading efficiencies. A burst drug 

release is especially problematic with drugs that have a narrow therapeutic index, and 

their rapid release may cause toxicity in the surrounding tissues. Poor drug loading 

efficiencies particularly affect hydrophobic drugs due to their limited solubility and the 

high water content in hydrogels, which makes loading therapeutic doses challenging 

(325). 

1.7. Elastic pursed pockets as drug delivery systems 

Elastic pursed pockets represent another option for controlled ocular drug 

delivery. An elastic pocket is created by introducing a fluid between two elastic 

membranes that are fixed together along a common edge (326,327). Elastic pursed 

pockets are commonly used in technological applications, including as pressure-

sensitive buttons, to strain cells in a controlled manner, and as infusion pumps for cost-

effective ambulatory care for patients (328–330).  
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When the fluid inside exerts pressure on the elastic membranes, they purse, or 

inflate, and form a pocket. Understanding how elastic membranes undergo the process 

of deformation is of significance to many biological systems, from cellular replication 

and motility to the pathogenesis of cardiovascular diseases (331,332). Previous research 

has focussed on studying the inflation of axisymmetric (symmetrical around a common 

axis) balloons, particularly in the context of how stent placements interact with arteries 

(333–335), electro-elastomers used in prosthetic blood pumps (336), endoscopic 

devices (337), and urinary sphincters for patients suffering from severe stress 

incontinence (338). Today, the majority of coronary stents are expandable elastomeric 

pockets and are deployed using an elastomeric-tipped catheter, which is a thin tube 

made of medical-grade materials. To improve stent implantation, the biocompatible 

elastomeric membranes of the angioplasty pocket is typically folded around the catheter 

in a pleated configuration. As such, the deployment of the angioplasty pocket is 

governed by the material properties of the elastomeric membrane, its folded 

configuration, and its attachment to the catheter (333,335). 

For nearly 70 years, the principle of delivering drugs using elastomeric pockets 

has been mostly used in the form of ambulatory infusion pumps (339), but it was only 

around the mid-1990s that there were changes introduced in the design to make them 

compact and cost-effective. These later designs of compact elastomeric pockets are 

used to deliver fluids into a patient's body in a systematically controlled fashion. 

Although there are various mechanisms behind the controlled rate of the drug delivery 

from these pumps, e.g. electronic, mechanical, or osmotically driven, the non-electronic 

elastomeric infusion pumps, such as shown in Figure 1-9, are easier to use, more 

compact (smaller in size and lighter in weight), portable, and cost-effective compared 

with electronic pumps (340). Elastomeric infusion pumps are now widely used in clinical 

and home settings because they are reliable and comparatively cheaper than electronic 

medication pumps and of course, hospital care itself (341). These elastomeric infusion 

pumps are being used for various indications mentioned in Table 1-4. 
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Table 1-4. Commercially approved portable infusion pumps and their clinical 

indications. Please note, these pumps are not implanted in the body but used for 

ambulatory delivery of medication to the patient by using the elastic energy stored in 

the stretched membrane of their drug reservoir. 

Elastomeric pump Application References 

ReadyMED Antivirals (342) 

Accufuser® (Woo Young Medical Co.) Oncology (343) 

Advance Silicone Infuser, Baxter LV™, Baxter Two Day 
Infusor™, Multirate™ Infuser LV, Homepump E-Series® (Block 

Medical), ReadyMED (Alaris) 
Antibiotics (341–347) 

Intermate™ Antimicrobials (346) 

Accufuser ®, Baxter LV™, Baxter PCA Infusor™™ (Baxter 
Healthcare), Baxter Two Day Infusor™, Intermate™ (Baxter 
Healthcare), Multirate™ Infuser LV (Baxter Healthcare), C-
Bloc (I-Flow Corp.), Eclipse®, Homepump®, Homepump C-

Series® (Block Medical), MedFloII™ (MPS Acacia), 
Surefuser+™ (NIPRO) 

Analgesia 
(328,341–

352) 

Baxter LV™, Baxter Two Day Infusor™, Multirate™ Infuser LV, 
Singleday Infusor™ 

Chemotherapy 
(343–

347,350)  

Homepump C-Series® 
Iron chelation 

therapy 
(346) 

Baxter LV, Baxter Two Day Infusor™, Multirate™ Infuser LV, 
Singleday Infusor™, Homepump C-Series® 

Desferrioxamine 
(343–

347,350)  

Advance Silicone Infuser, Surefuser+™ (NIPRO) 
Cystic fibrosis, 
Thalassemia, 

Heparin 
(341,343,350) 

Figure 1-9. Commonly used elastomeric infusion pumps have two designs; the first is composed 
of two connected elastomeric membranes encased in a protective shell such as (A) Baxter 
INFUSOR, (B) PCA infusor, (C) Canox MYFUSER, (D) Baxter INTERMATE, and the second does not 
include the protective shell such as (E) SMARTeZ pump, (F) B.Braun  Easypump, and (G) ON-Q 
pump. 
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Elastomeric pumps consist of single or multiple elastomeric membranes that can 

be manufactured using either natural or synthetic elastomers, e.g. silicone, latex, or 

isoprene rubber. The properties of the material, such as stiffness, as well as the 

geometry such as size, shape, and material thickness of the elastomeric pocket, 

determine the pressure exerted on the fluid when the pocket is filled. Multiple-layer 

elastomeric membranes can exert higher pressures than single-layer membranes. The 

elastomeric pocket is protected by an outer shell that can either be a rigid plastic (e.g. 

Infusor [Baxter Healthcare, Deerfield, IL]) or a more flexible elastomer (e.g. Homepump 

Eclipse [I-Flow Corporation, Lake Forest, CA]). Elastomeric pumps currently available 

operate with a driving pressure of 260–520 mmHg and infuse drug at rates of 0.3–500 

mL hour-1. 
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1.8. Thesis overview 

This thesis will explore novel strategies that have the potential to match the 

unmet clinical need to improve current glaucoma therapy. There were two primary 

objectives for the work described in this thesis: 

• Firstly, to investigate methods for localised and sustained delivery of drugs that 

modulate post-surgical wound healing. To realise this objective, stand-alone, non-

refillable drug delivery spacer systems, such as hydrogels, electrospun fibres, and 

solvent cast matrices were explored. Refillable drug delivery systems, such as 

elastomeric pockets were also investigated. 

• Secondly, to evaluate the potential of hydrogels as an alternative material for 

aqueous flow modulation that could be used to develop a novel GDD. The primary 

focus was on the characterisation of aqueous permeability and mechanical integrity 

of novel and established hydrogel formulations.  

Chapter 2 describes an experimental assessment of two main approaches for 

formulating an implantable drug delivery spacer system assessed using in vitro drug 

release chambers. Chapter 3 elucidates the major variables that affect the function of 

elastomeric pumps and establishes their relationships. Based on experimental and 

modelling data, recommendations for designing an implantable pump for localised 

subconjunctival drug delivery are provided. Chapter 4 investigates the performance of 

aqueous flow modulation by hydrogels using established and novel formulations with 

chemical and physical modifications. The general discussion, conclusions, and future 

work are stated in Chapter 5. 
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 Investigating spacers for prolonged drug release for 

the subconjunctiva 

Abstract 

 

This Chapter describes an investigation into drug-eluting spacers that were 

formulated using established biocompatible materials. The aim was to prolong drug 

release for at least five weeks critical to postoperative fibrosis, in conditions 

representing the subconjunctival space post-GFS or GDD implantation. The drug-eluting 

spacers that were investigated were formulated using non-degradable and degradable 

polymers. Of these formulations, the spacer containing non-ionic surfactant, Brij 98, at 

a concentration of 1.25% w/v was able to prolong the release of dexamethasone from 

poly(2-hydroxyethyl methacrylate) pHEMA hydrogels significantly longer (>30 days) 

than hydrogels containing no surfactant (<7 days) at therapeutically relevant drug 

concentrations in vitro. The degradable formulations failed to prolong the release of 

Doxycycline for five weeks in vitro. 
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2.1. Background 

The wound healing process after any surgery comprises of a series of complex 

events, starting with inflammation and haemostasis and ending with tissue remodelling 

and scar formation (see Section 1.3.5) (130). The first five weeks are regarded as the 

critical period of maximum postoperative fibrosis (353–355). In the eye, the 

postoperative fibrosis leads to scar formation, posing a significant challenge to the 

success of surgery as it may close the channel formed during GFS or GDD implantation. 

Different drugs, including the use of anti-scarring agents in different dosage forms, such 

as injections and implantable films, have been investigated to modulate the wound 

healing process and reduce scar formation (131,353). Use of hydrogel spacers at the site 

of the surgery has shown promising results in bleb survival and surgery success in both 

preclinical models and humans (see Section 1.6.2) (356,357). 

Antimetabolites, e.g. MMC and 5-FU, are routinely used at the time of GFS to 

lower the chance of postoperative fibrosis and improve the outcome of the surgery 

(354). However, use of these antimetabolites carries several risks, and these risks, along 

with the intrinsic toxicity of these drugs, require close monitoring of the patient after 

surgery (127,199). Less toxic anti-fibrotic drugs might be used as alternatives. An 

example is the anti-fibrotic drug ilomastat, which has been demonstrated to promote 

bleb survival with minimal scarring when injected into the subconjunctiva in rabbit 

models (231,239,358). The anti-fibrotic activity; however, was reversible and repeated 

injections were needed to maintain efficacy (358,359). A slow-release implant may be a 

way of increasing drug bioavailability at the site of surgery, overcoming the need for 

repeated drug administration during and after surgery. However, when anti-fibrotic 

drugs have been implanted directly (in powder or tablet form) at the time of surgery, 

they may themselves elicit a fibrotic response. Previous work conducted in the Brocchini 

research group has demonstrated a significant antagonistic effect of a solid anti-fibrotic 

drug implanted at the site of surgery (GFS in animal model, New Zealand albino 

rabbits)(356).  

Currently, no anti-fibrotic drug-release implants for the subconjunctiva have 

been licensed for human use, and subconjunctival injections are routinely required to 

modulate postoperative wound healing. Biocompatible polymers, instead of powders or 
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drug tablets, offer the versatility to tailor drug-release kinetics for specific drugs without 

triggering a foreign body response (360–363). Ocular implants that are currently in 

preclinical development include non-degradable and degradable designs. Preclinical 

research on implantable drug delivery systems for the subconjunctiva has emerged 

within the last ten years (244,364,365), with the current state of the art sustained-

release implants for glaucoma listed in Table 1-3. The safety and clinical effectiveness of 

a drug delivery system determine its practical use and require extensive in vitro and in 

vivo studies before a potential product can be translated to the clinic.  

2.1.2 Using spacers for drug delivery 

The concept of using spacers to promote surgical success is common when it 

comes to GDDs. The principal of a spacer is most commonly used by GDDs such as the 

Ahmed®, the Baerveldt® and Molteno® tubes (see Section 1.3.4). Their structure 

consists of a flexible plate attached to a tube and relies on foreign body encapsulation 

around the plate to create a reservoir of aqueous humour in a subconjunctival capsule 

(180,366).  

The Ologen implant (also named iGen) uses the spacer effect as its underlying 

principle to decrease postoperative fibrosis. It is a biodegradable cylinder made of a 3D 

collagen matrix manufactured using highly purified pepsin-treated type-I collagen 

(>90%) and glycosaminoglycan (<10%). Its dimensions are 4.00 mm ± 0.3 mm (height) × 

7.0 mm ± 0.5 mm ×7 mm (diameter), allowing for easy insertion into the subconjunctival 

space. Placed between the scleral and conjunctival flap, Ologen pushes on the scleral 

flap to control postoperative hypotony until a bleb is formed (367). A study of 63 eyes 

of 44 patients compared trabeculectomy with the Ologen implant (31 eyes) versus 

trabeculectomy with MMC without the implant (32 subjects). The Ologen group were 

found to have a significantly lower IOP at three months, six months, one year, three 

years, and five years follow up (367). In preclinical research, several methods have been 

described to prolong the release of drugs to enable controlled wound healing, including 

the use of drug-releasing spacers (199). Such spacers can be implanted in the 

subconjunctival space during the surgery to release drugs over an extended period and 

improve the outcomes of GFS and GDD implantations (279). 
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Because hydrogels have a unique capability of absorbing a large amount of 

water, hydrogels have many advantages as implantable materials because they are 

considered biocompatible and can be exploited to load and release drugs. Drug-loaded 

hydrogel contact lenses have been developed to increase tear film residence times of 

numerous drugs such as β-blockers, antibiotics, steroids, antihistamines and 

antimicrobials (368). The most simple method of hydrogel drug loading is called ‘drug-

imbibing’, in which the hydrogels are soaked into saturated drug solutions with the aim 

of drug absorption into the hydrogel (369,370). However, this method leads to a poor 

drug loading efficiencies, and since the only resistance to drug transport is diffusion 

through the gel matrix, burst drug release profiles are observed in aqueous 

environments, characterised by spikes of high concentrations of drug released (371–

374). Previous studies have reported that commonly used topical drugs when loaded in 

hydrogel contact lenses using the imbibition technique, released drug amounts that 

were lower or comparable to those of eye-drops (375–377).  

Another method to embed the drug within a hydrogel is called ‘in-situ loading’ 

which involves solubilising the drug into a polymer solution prior to the polymerisation 

of the xerogel (dry hydrogel) (287,378). This method ensures a 100% drug entrapment 

efficiency within the polymer matrix but is limited in application due to the requirement 

for post-fabrication processing (379). Unreacted monomer often needs to be removed 

but is also accompanied by the loss of drug during this post-fabrication step. Another 

potential disadvantage of directly dissolving the drug in the polymerisation mixture is 

the possibility of drug molecules interfering with the polymerisation process or losing 

their efficacy as a result of the polymerisation reaction (380). In-situ loading might 

increase the bioavailability of the drug in hydrogels but does not prolong the drug 

residence time in an aqueous environment, limiting the potential of these hydrogels for 

prolonged delivery of drugs (381). 

The successful use of a non-degradable pHEMA spacer in combination with AGD 

to release MMC at the site of surgery has previously been demonstrated in vivo (382). 

The MMC-containing pHEMA spacer decreased the postoperative fibrosis and 

inflammation from bleb formation in a rabbit model. Another recent in vivo study in New 

Zealand albino rabbits confirmed that MMC-loaded pHEMA discs prevent postoperative 
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fibrosis and inflammation around the bleb (355). Both studies showed excellent 

biocompatibility of pHEMA in the subconjunctival space. 

2.1.3 Use of dexamethasone in ophthalmology 

Corticosteroids are anti-inflammatory agents that have been used to treat ocular 

inflammatory conditions for decades (370,383–388). They suppress inflammation by 

inhibiting the adherence of vascular endothelial cells (EC) and the migration of 

neutrophils through blood vessel walls to tissue sites of inflammation, inhibiting the 

presence of macrophages and decreasing the number of T and B lymphocytes at the site 

of tissue damage (389). Another mechanism of action is through the inhibition of 

phospholipase A2, and thus the arachidonic acid pathway, which decreases the 

production of pro-inflammatory mediators, such as prostaglandins, thromboxanes and 

leukotrienes (387,389). 

Dexamethasone (DEX) is an inexpensive, highly potent glucocorticoid steroid 

(390) that is approved for use in steroid-responsive inflammatory conditions of the 

anterior eye, and it is most commonly used in eye drops and subconjunctival injections 

to reduce inflammation following eye surgery, such as GFS, cataract surgery and corneal 

operations (ClinicalTrials.gov identifiers NCT02006888, NCT03751059, NCT00825864, 

NCT04075227, NCT02875158)(391–397), the chemical structure of DEX shown in Figure 

2-1. This drug is poorly soluble in water and has an aqueous solubility of approximately 

100 µg mL-1 at 25°C, and has a low molecular weight of 392.5 g mol-1. DEX is potent at 

micromolar concentrations (398) and has been shown to have a dissociation constant 

(Kd) of 3.47 ±0.38 nM, which correlates with the EC50 value (2.77 nM) determined from 

DEX regulation of glucocorticoid receptors (β-adrenergic) in fibroblasts (385,399,400). 

DEX has been shown to inhibit the proliferation of fibroblasts in vivo (401). It has also 

demonstrated a partial inhibitory effect on cytokine-induced upregulation of MMPs (2 

Figure 2-1. Chemical structure of dexamethasone (DEX). 
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and 9) in human vascular endothelial cells (402) and the inhibition of cytokine induction 

in human retinal microvascular pericytes at 2 nM (385). Additionally, DEX does not cause 

the complications that are frequently associated with the application MMC and 5-FU. 

However, after topical administration of DEX, only about 1% reaches the ocular 

anterior segment (385). The dosing schedule for DEX-containing eye drops is generally 

1–2 drops per eye every 2 hours for the first 24–48 hours, with 1–2 drops every 4–

6 hours afterwards (371). Prolonged systemic administration of steroids can cause 

serious side effects, such as diabetes, haemorrhagic ulcers, skin atrophy, myopathies, 

osteoporosis, and psychosis (403,404). DEX utilisation, while being remarkably effective 

at reducing ocular inflammation, has been associated with increased IOP, defects in 

visual acuity and fields of vision, and posterior subcapsular cataract formation and 

thinning of the cornea or sclera with prolonged use (387,405–407).  

In order to overcome the potential for side effects associated with corticosteroid 

application, a controlled release of DEX from a biocompatible implant would be clinically 

useful (408). Also, a site-specific, sustained release formulation is desirable that would 

eliminate the need for multiple postoperative injections and prolonged eye-drop 

administration that are required to maintain therapeutic concentrations. Recent 

investigations further reflect this clinical need into prolonging DEX release from 

hydrogels for one month (ClinicalTrials.gov identifier NCT04403516, 

NCT04200651)(266,409). 

2.1.4 Use of doxycycline in ophthalmology 

Doxycycline (DOX) is a common, inexpensive, antibiotic that has shown 

promising results as an anti-scarring agent in ophthalmology (410–412), see Figure 2-2, 

for the chemical structure of DOX. It is a broad-spectrum antibiotic of the tetracycline 

family that has been used for the treatment of conditions caused by bacterial infections 

Figure 2-2. Chemical structure of doxycycline (DOX). 
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such as acne, urinary tract infections, intestinal infections, eye infections, gonorrhoea, 

chlamydia and periodontitis (413). DOX is used in the clinic in several dosage forms 

including injections, suspensions, capsules and tablets for the treatment of 

inflammatory, autoimmune and granulomatous diseases, and even in the form of a 

hydrogel (Atridox®) for the treatment of periodontal disease (414,415). 

Some properties such as regulation of cytokines, antioxidation, inhibition of 

protease-activated receptor 2 (PAR2), MMP inhibition, inhibition of collagen breakdown 

and chemotaxis of leukocytes have been reported as being responsible for its anti-

inflammatory effect (410,412,415–418). DOX is commercially available as a slightly 

water-soluble monohydrate form, and as water-soluble forms, hyclate and hydrate. DOX 

hyclate has been shown to be useful as an anti-scarring agent to modulate wound 

healing after GFS (419). Considering the efficacy of DOX in modulating post-surgical 

tissue repair (ClinicalTrials.gov identifier NCT00064766)(420), a spacer formulated with 

biocompatible materials for the site-specific release of DOX at therapeutically relevant 

concentrations for five weeks would help to modulate wound healing post-GFS or GDD 

implantation. 

2.1.5 Surfactants 

Surfactants are compounds that lower the surface tension (or interfacial tension) 

between two phases (fluid: fluid/fluid: solid)(421). They contain both hydrophobic 

groups (tails) and hydrophilic groups (heads), which give them the unique quality of 

being both water-soluble and insoluble (422,423), see Figure 2-3A. According to the 

Surface-tension theory, surfactants reduce the interfacial tension between two phases, 

whereas according to the Repulsion theory, they create a film over one phase that forms 

globules that repel each other (422). Surfactants aggregate together, creating physical 

barriers between the two phases. In water, surfactant molecules adsorb at the air-water 

interface, decreasing the cohesion between the water molecules on the surface. Below 

a certain concentration threshold, known as critical micelle concentration (CMC), 

individual surfactant molecules adsorbing at the air-water interface increases with 

increasing concentration of surfactants. This linearly decreases the surface tension with 

the increasing surfactant concentration (424). At the CMC, both the bulk solution and 

the interface are saturated, and any additional surfactant associates together to form 



 
 

72 
 

micelles, which is driven entropically via the expulsion of ordered water molecules into 

the bulk aqueous phase (425). 

Above the CMC, the hydrophobic blocks of surfactants assemble to form 

hydrophobic core sites, shown in yellow in Figure 2-3B. There is a rapid drop in surface 

tension when the surfactant concentration is increased further above the CMC (424). 

The hydrophilic segments of the surfactant lie between the hydrophobic core and the 

external aqueous medium, stabilising the core and serving as an interface between the 

bulk aqueous phase and the hydrophobic core. This process is driven by the hydrophobic 

attraction between the hydrocarbon chains of the surfactants and the electrostatic 

repulsion between the polar head group of the surfactant (424). Tanford proposed that 

the hydrophobic affinities are responsible for the cooperative growth of micelles, while 

the interactions between the polar head groups of surfactants provide the anti-

cooperativity that limit the aggregates to finite sizes (426). 

It is possible that poorly soluble drugs can enter into these hydrophobic cores 

and the drug-entrapped micelles can act as drug depots, which could potentially 

increase drug-loading efficiencies and extend drug release times in a biomaterial such 

as hydrogels (427). The transport of the drug and surfactant through the hydrogel is 

Figure 2-3. (A) Surfactants contain both hydrophobic (tails, shown in yellow) and hydrophilic 
(heads, shown in blue) groups that adsorb between interfaces, decreasing the surface tension 
in a mixed solution. Above the CMC (critical micelle concentration), (B) the hydrophobic blocks 
of the surfactants assemble to form hydrophobic core (shown in yellow) sites surrounded by 
hydrophilic shells. These cores can be utilised as drug depots for hydrophobic drugs in 
hydrophilic environments. 
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controlled by the bulk and surface diffusion of water. As water diffuses into the hydrogel 

matrix, it forms a depletion zone near the micellar-aggregate surface (428). As the 

concentration of the surfactant decreases, the drug-depot micelles dissociate or rupture 

and release the drug into the hydrogel matrix, and the rate in which the drug diffuses 

out of the hydrogel matrix depends primarily on the matrix composition that allows for 

greater water diffusion (429,430).  

Most commonly, surfactants are classified according to their polar head group. 

Ionic surfactants carry a net positive (anionic), or negative (cationic) charge. Non-ionic 

surfactants have no charged groups in its hydrophilic head. The head of zwitterionic 

surfactants contains two oppositely-charged groups (422,423,425). Non-ionic 

surfactants have become increasingly influential in pharmaceutical preparations due to 

the implementation of high throughput screening techniques (430,431). In the past few 

decades, the search for new pharmacologically active compounds using hit strategies 

has led to a higher number of low solubility drug candidates belonging to Class II (high 

permeability) and Class IV (low permeability) of the biopharmaceutical classification 

scheme (BCS)(432,433). The poor aqueous solubility of these drugs is a significant barrier 

to forming an effective drug-delivery system. 

The Brij family of non-ionic surfactants, which contain a hydrophilic chain of 

oxyethylene groups and a distinct hydrophobic hydrocarbon chain, are of specific 

interest. Brij surfactants are non-toxic surfactants can form micellar carriers for 

hydrophobic drugs (434), are FDA approved and are widely utilised in pharmaceutical 

applications (435). Several of these surfactants have been shown to have little to no 

ocular toxicity (430,436–438). 

Surfactant-containing soft contact lenses have been shown to extend the 

delivery of hydrophobic ophthalmic drugs (430). Brij 78 has been previously reported as 

a promising carrier for extended-release of cyclosporine A (CyA) from pHEMA contact 

lenses (429,430,436). Moreover, in addition to being non-toxic, these surfactants act as 

permeation enhancers over the corneal surface and have shown to increase the drug 

bioavailability (438). Brij 98 is of particular interest due to its low CMC value, 0.6% w/v 

(439) and its safety on ocular surfaces (Kapoor & Chauhan 2008a; Kapoor, Howell, et al. 

2009; Kapoor, Thomas, et al. 2009; Sahoo et al. 2014; Saettone et al. 1996).  
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2.2. Hypothesis and aims 

The hypothesis for this chapter was that it was possible to incorporate a known 

non-toxic, anti-fibrotic drug into a spacer system formulated with biocompatible 

materials and achieve a prolonged drug release profile. If drug release at 

therapeutically-relevant concentrations can be maintained for a five-week period 

critical to postoperative fibrosis (353–355), then this spacer has the potential to 

modulate subconjunctival wound healing following a GFS or GDD implantation. The 

rationale behind formulating a drug-release spacer with biocompatible materials is that 

the spacer could either act as a stand-alone controlled drug-release implant or in 

combination with a GDD to modulate wound healing. 

The two main aims of the work described in this chapter were:  

• Firstly, to formulate and characterise a non-degradable hydrogel spacer 

incorporating a model hydrophobic drug and assess its drug-release profile in 

conditions mimicking the subconjunctival space. DEX was chosen as the model drug 

due to is low molecular weight, poor water-solubility, its widespread use in anti-

inflammatory formulations (e.g. eye drops for inflammation following eye surgery), 

and its ability to represent other low MW hydrophobic drugs used in ophthalmic 

indications. A non-ionic surfactant, Brij 98 was utilised to form micelles to entrap the 

DEX within non-degradable hydrogels and characterise its release using an in-house 

in vitro drug-release set-up. The rationale was that increasing surfactant 

concentrations would increase the micellar aggregates available for the preferential 

partitioning of the hydrophobic drug in them. These micelles would act as drug-

depots, and higher drug-loading would prolong the release of DEX. 

• Secondly, to formulate a degradable drug-polymer spacer to achieve prolonged drug 

release for five weeks. The rationale for using degradable polymers for the spacer 

was due to their potential to degrade into smaller, biocompatible constituents, 

allowing the spacer to clear from the subconjunctival space into the systemic 

circulation after the drug-payload has been delivered. DOX monohydrate and 

hyclate were chosen as two forms of the model drug due to their low molecular 

weight, water-solubility, widespread use in the clinic for the treatment of eye 

infections, and its promising effect as an anti-scarring agent. Three different spacer 
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materials and methods were investigated: chitosan hydrogels loaded with DOX 

monohydrate and hyclate, electrospun poly(ε-caprolactone)-poloxamer fibres 

containing DOX monohydrate, and formulating solvent-cast poly(ε-caprolactone)-

poloxamers with DOX monohydrate.  

2.3. Optimal Device Requirements 

The requirements for an optimal spacer device include fabrication of the spacer 

with biocompatible materials and the ability to release drugs at pharmacologically 

relevant concentrations for at least five weeks, which is a critical period for 

postoperative fibrosis following GFS or GDD implantation in glaucoma.  
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2.4. Materials and Methods  

Materials used in this Chapter are listed in Table 2-1 (list of chemicals and 

solvents) and Table 2-2. (list of materials and equipment). Reagents were all used as 

received without further purification. Instruments and experimental set-ups used are all 

described in relevant sections below. 

Table 2-1. List of chemicals and solvents used in this Chapter. 

Material (MW, density*) Supplier 
CAS; Catalogue/Lot 

number 

2-hydroxyethyl methacrylate (HEMA) (MW: 130.14 g 
mol-1, density: 1.073 g mL-1) 

Sigma Aldrich, UK 868-77-9; 525464 

Ethylene glycol dimethacrylate (EGDMA)(MW: 198.22 g 
mol-1, density: 1.051 g mL-1)  

Sigma Aldrich, UK 97-90-5; 335681 

2,2’-Azobis(2-methylpropionitrile) (AIBN)(MW: 164.21 g 
mol-1) 

Sigma Aldrich, UK 78-67-1; 441090 

2-Hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (HMPN)(MW: 224.25 g mol-1) 

Sigma Aldrich, UK 
106797-53-9; 

410896 

Dexamethasone (MW: 392.46 g mol-1) 
VWR 

International, UK 
50-02-2; 10173165 

Brij™ 98 (Polyoxyethylene(20) oleyl ether) (density: 1.07 
g mL-1) 

Fisher Scientific, 
UK 

(Acros Organics™) 

9004-98-2; 
10117553-100 

Doxycycline hyclate (MW: 512.94 g mol-1) 
VWR 

International, UK 
24390-14-5; 
J60579.14 

Doxycycline monohydrate (MW: 462.46 g mol-1) 
VWR 

International, UK 
17086-28-1, 
J63805.06 

Acetone (MW: 58.08 g/mol; density: 0.791 g mL-1) Sigma Aldrich, UK 67-64-1; 179124 

Chitosan (MW: 190,000-310,000 Da) Sigma Aldrich, UK 9012-76-4; 448877 

Hydrochloric acid solution (MW: 36.46 g mol-1) Sigma Aldrich, UK 7647-01-0 

Poly(ε-caprolactone) (PCL) (MW: ~14,000 g mol-1) (Mn: 
~10,000) 

Sigma Aldrich, UK 440752 

di-Sodium β-glycerophosphate pentahydrate (MW: 
306.11 g/mol) 

VWR 
International, UK 

13408-09-8; 
2765890 

Poloxamer 188 (average MW: ~7680-9510 g mol-1) Sigma Aldrich, UK 
9003-11-6; 188-

15759 

Poloxamer 407 (average MW: ~7680-9510 g mol-1) Sigma Aldrich, UK 
9003-11-6; 407-

P2443 

Acetonitrile (HPLC grade) (MW: 41.05 g mol-1) Sigma Aldrich, UK 75-05-8; 34851 

Water (HPLC grade) (MW: 18.02 g mol-1) Sigma Aldrich, UK 7732-18-5; 270733 

Trifluoroacetic acid (MW: 114.02 g mol-1) Sigma Aldrich, UK 76-05-1; 302031 

Sodium azide (MW: 65.01 g mol-1) Sigma Aldrich, UK 26628-22-8; 769320 

*density at 25°C.  

Table 2-2. List of materials and equipment used in this Chapter. 
Material Supplier Catalogue/Lot number 

Silicone sheets  Polymax, UK Silona 

Glass microscope slides Sigma Aldrich, UK BR474702-2500EA 

21 gauge needles Terumo, UK 21G AN-2138R 

5 mL syringes Terumo, UK SS05SE1 

3 mL slip top plastic syringes BD Plastics, UK 309656 
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Thin wall stainless steel tubing  
Coopers Needle Works Ltd, 

UK 
16 gauge 

20 gauge stainless steel needle Nordson EDF, UK 7018169 

Clear cast acrylic rods  RS Components Ltd., UK RS PRO Clear 824-626 

Silicone tubing VWR International, UK Tygon® 3350  

Sealing film  Cole-Palmer, UK P7543-1EA 

PTFE tape RS Components Ltd., UK Klinger 228-687 

Water purifier VWR International, UK Purite Select Fusion 80 

Weighing balance Sigma Aldrich, UK Ohaus® Explorer® Pro 

pH meter Hanna Instruments Ltd, UK HI-2210-02 

Universal oven  Fisher Scientific, UK 
Memmert™ UN110plus Universal 

50 

UV lamp Fisher Scientific, UK 95020102 

Peristaltic pump Cole-Palmer, DE Ismatec® IPC-N 

Syringe pump  KD Scientific, UK KDS100 

Dynamic light scattering Malvern Panalytical, UK Zetasizer Nano ZS 

Laser diffraction Malvern Panalytical, UK Mastersizer 3000 

Micro Cuvettes VWR International, UK MSPP-ZEN0040 

DC power supply FuG Elektronik, DE HCP35-35000 

HPLC-UV Agilent, UK 1200 series 

Stationary phase columns 
Thermo Fisher Scientific, UK Hypersil BDS C18 

Supleco/Sigma Aldrich, USA Ascentis RP-amide 

Digital microscopy Thermo Fisher Scientific, UK EVOS XL cell imaging system 

Scanning electron microscopy 
(SEM) 

FEI Company, NL Quanta 200 ESEM FEG 

Dynamic Scanning Calorimetry 
(DSC) 

TA Instruments, USA DSC Q2000 

Thermogravimetric analysis (TGA) TA Instruments, USA Discovery TGA 5500 

Freeze dryer SP Scientific, USA VirTis AdVantage  

 

2.4.1 Non-degradable spacers 

2.4.1.1 Micelle preparation and size characterisation 

Micellar solutions were prepared by adding different quantities of 

polyoxyethylene (20) oleyl ether (Brij 98) in water. Amounts of Brij 98 (125 mg, 375 mg, 

750 mg, and 1000 mg) were added to 5 mL of deionised (DI) water and were left to stir 

overnight at 800 rpm at room temperature to achieve 2.5%, 7.5%, 15%, and 20% w/v 

solutions. These solutions were at least four times as concentrated as the reported CMC 

(0.6% w/v) of Brij 98 to ensure complete micellisation (434). After overnight stirring, 100 

µL of each micellar solution was added to a micro-cuvette and were analysed for micellar 

size by dynamic light scattering (DLS). Average particle size was analysed by a Zetasizer 

Nano ZS with the following specifications: automatic sampling time of 12 measurements 

per sample, measurements were carried out at 25°C with an equilibration time of 120 

seconds and a 173° scattering angle. The particle size was calculated automatically by 
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the Zetasizer Nano software v7.12, using the Stokes-Einstein relationship. At least three 

samples for each concentration of surfactant were analysed, and the values were 

reported as average ±SD. The measurements were pre-calibrated using pure DI water as 

a baseline. 

2.4.1.2 pHEMA hydrogel preparation and drug loading 

The hydrogel preparation protocol was optimised based on published protocols 

(430,436,441). To prepare drug-entrapped hydrogels, 70 mg of DEX powder was added 

to 2.1 mL of HEMA monomer. Then, 2 mL of the Brij 98 solutions were added to the DEX-

HEMA mixture along with 100 μL (2.5% v/v) of ethylene glycol dimethacrylate (EGDMA) 

cross-linker. This resulted in a total volume of 4.1 mL (final concentration of 1.7% w/v 

DEX) of the HEMA-DEX-Brij 98 mixture, and this mixture was left to stir at 600 rpm for 

15 hours to ensure complete dissolution. 

Because the limit of solubility of DEX in micellar HEMA is unknown, additional 

DEX was added in increments of 0.1 mg to the HEMA-DEX-Brij 98 mixture and was stirred 

for 2 hours until the solution turned clear and no precipitates were observed. DEX 

solubility was visually confirmed by observing the mixture against a diffused light source 

(442,443). A clear solution indicated the partitioning of DEX into micelles. The maximum 

concentration of additional DEX that allowed for complete solubilisation in the HEMA-

DEX-Brij 98 mixture was recorded, and this solubility method was repeated. The highest 

concentration of DEX that produced a clear solution; 28.1 mg mL-1, 28.4 mg mL-1, 29.7 

mg mL-1, and 30.5 mg mL-1 DEX for 1.25%, 3.75%, 7.5%, and 10% w/v Brij 98 mixtures, 

respectively, were added to new vials of all four HEMA-DEX-Brij 98 mixtures. For pHEMA 

hydrogels without Brij 98, 8 mg of DEX was dissolved in 2.1 mL of HEMA monomer. Brij 

98 was substituted by 2 mL of DI water and was added to make a total HEMA-DEX 

mixture of 4.1 mL (0.2% w/v DEX). This mixture was stirred at 600 rpm for 15 hours to 

ensure complete dissolution. 

Thermal curing for the fabrication of pHEMA hydrogels is common; however, in 

this study, hydrogels were created using UV-initiated polymerisation to promote a rapid 

polymerisation and prevent segregation of DEX aggregates of insoluble pHEMA that 

could give rise to a heterogeneous hydrogel structure (373). 
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To initiate free radical polymerisation via UV light, 4.92 mg of UV initiator, 2-

Hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (HMPN), was added (0.12% 

w/v) to the HEMA-DEX-Brij 98 mixture (Figure 2-4), and the polymer mixture was 

degassed with argon for 10 minutes to avoid oxygen inhibiting the radical 

polymerisation of HEMA (444). Meanwhile, polymer casting moulds were prepared by 

cutting out a 2.7 cm x 1.0 cm area from silicone gaskets with a 1 mm thickness. Glass 

microscope slides were placed on either side of the silicone gasket, and the slides and 

gasket were secured by placing binder clips on three sides of the casting mould to seal 

a cavity inside, see Figure 2-5A. 

Immediately after degassing, the polymer mixture was drawn into a 1 mL plastic 

syringe using a 21G needle, which then pierced the silicone at the top of the casting 

Figure 2-4. Chemical synthesis of HEMA hydrogel films by UV-initiated free radical 
polymerisation. The monomer (HEMA) was mixed with cross-linker EGDMA to form a clear 
solution. The initiator HMPN then added and placed under an 8W for at least 2 hours. 
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mould between the glass slides and was injected to fill the cavity. The moulds were 

completely filled with the polymer mixture before transferring them beneath an 8W UV 

lamp (Figure 2-5B). The samples were laid flat under the UV lamp with a wavelength of 

254 nm. After 2 hours, the casting moulds were held up to a light source, where it was 

obvious if there was any remaining liquid polymer mixture, which implied 

polymerisation was not complete.  

2.4.1.3 Post-fabrication processing 

Using a custom-made punch, discs 5 mm in diameter were punched out of the 

polymerised (1 mm thick) xerogels and weighed. These discs were then washed in 10 mL 

of DI water at 50°C, the DI water was replaced every five minutes, and this step was 

repeated five times to remove unreacted monomer and surface-adsorbed DEX before 

conducting release experiments. The amount of drug lost during the washing step was 

quantified using HPLC (explained further in Section 2.4.9) and taken into considering 

when calculating final drug release. The encapsulation efficiency and loading capacity of 

DEX in the DEX-pHEMA-Brij 98 hydrogel discs were calculated using the following 

equations; 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦% =  
𝑑𝑟𝑢𝑔 𝑎𝑚𝑜𝑢𝑛𝑡 𝑎𝑑𝑑𝑒𝑑 − 𝑑𝑟𝑢𝑔 𝑙𝑜𝑠𝑡 𝑖𝑛 𝑤𝑎𝑠ℎ𝑖𝑛𝑔

𝑑𝑟𝑢𝑔 𝑎𝑚𝑜𝑢𝑛𝑡 𝑎𝑑𝑑𝑒𝑑
× 100 

(2.1) 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦% =  
𝑑𝑟𝑢𝑔 𝑎𝑚𝑜𝑢𝑛𝑡 𝑎𝑑𝑑𝑒𝑑 − 𝑑𝑟𝑢𝑔 𝑙𝑜𝑠𝑡 𝑖𝑛 𝑤𝑎𝑠ℎ𝑖𝑛𝑔

ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑑𝑖𝑠𝑐 𝑤𝑒𝑖𝑔ℎ𝑡
× 100 

(2.2) 

Figure 2-5. For UV-initiated polymerisation, (A) casting moulds were prepared using glass 
microscope slides and a silicone gasket to hold the polymer mixture and were (B) placed under 
a UV lamp (8 W) at 254 nm for at least 2 hours. 
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The amount of drug added to the discs was determined by the concentration of 

DEX added to the polymer mixture, the volume of polymer mixture added to the casting 

moulds and the weights of the resulting individual xerogels and individual discs. 

2.4.1.4 Scanning electron microscopy 

An FEI Quanta 200 FEG Scanning Electron Microscopy (SEM) maintained at the 

UCL School of Pharmacy was used for the examination of the surface and inner structure 

of the hydrogels. The acceleration potential used for imaging was 5 kV, and the working 

distance was 5–17 mm. The hydrogel samples were freeze-dried prior to SEM analysis. 

The fully hydrated gels were frozen at -40°C and freeze-dried using VIRTIS-Advantage 

freeze-dryer for three days. The dried samples were cut and adhered onto aluminium 

SEM stubs using carbon-coated double-sided tape. In order to make the samples 

electrically conductive, they were sputter-coated with gold prior to imaging. 

2.4.1.5 Cross-linked hydrogel tablet preparation and particle 

characterisation 

Another option for a non-degradable spacer was a compressed hydrogel tablet. 

A study demonstrated that an ilomastat-polymer mini-tablet achieved sustained drug 

release and prolonged bleb survival in a rabbit model for several weeks (445). Given the 

promise of this drug delivery system, a formulation of HEMA with a biocompatible 

comonomer MPC, also known as the 1015 formulation, utilised in manufacturing 

contact lenses, was prepared according to a heat-initiated free radical polymerisation 

method. Fully hydrated 1015 hydrogels were dried in an oven at 60°C for 2 hours and 

then ground using a mortar and pestle until a fine powder of cross-linked pHEMA-MPC 

was achieved. The fine powder was further dried in an oven for 5 hours at 50°C before 

characterising for particle size using laser diffraction (Mastersizer 3000 with AERO 

attachment, Malvern Panalytical, UK). The laser obscuration during the measurement 

was within 1-10%, which was the acceptable range of the instrument. The system was 

auto-cleaned between measurements to reduce the carry-over effect. A minimum of 10 

measurements were made, and the average median particle size ±SD (Dv50) was 

analysed using the Mastersizer software version 3.63. 
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The hydrogel tablets were formulated using direct-compression method without 

excipients using a custom-made punch and die set (Holland, Nottingham, UK). Three 

different punch and dies created mini-tablets of 2 mm and 3 mm in diameter. A diagram 

illustrating the apparatus for the tablet punch and die set is shown in Figure 2-6. 

To lubricate the parts, micro grade Poloxamer 188 (Lutrol F68, BASF, Germany) 

0.1% in acetone was applied, and the solvent was allowed to evaporate before tablet 

compression. The FDA has approved the use of Poloxamer 188 in ophthalmic drops 

(446). The tablets were pressed using a Specac IR press. Cross-linked pHEMA powder 

was mixed with DEX (75% w/w) and poured into the die for the 2 mm tablet. The punch 

was placed with the pin inside the die and compression applied (0.3 MPa for 10 

minutes). 

For preparing the 3 mm tablet, firstly, an excipient-less DEX tablet was fabricated 

using a punch and die (2 mm diameter) set with no lubricant. DEX (1.5 mg) was weighed 

and placed into the die and compressed (0.3 MPa for 10 minutes). The tablet was ejected 

from the die, and its weight was recorded. The DEX tablet was placed individually into 

tared Eppendorf tubes (1.5 mL) and stored at 4°C. Next, cross-linked pHEMA powder 

(1.5 mg) was emptied into the 3 mm die. The excipient-less DEX tablet was carefully 

centred in the middle of the 3 mm die on top of the cross-linked pHEMA powder. To 

this, the cross-linked pHEMA powder was added from a second vial (1.5 mg). Fitting the 

punch into the die, this combination of solids was compressed (0.5 MPa for 20 minutes) 

Figure 2-6. The different components of the punch and die set. For each size of the intended 
mini tablet, a specific upper and corresponding lower punch would be used to punch a known 
amount of drug polymer mixture. An alignment spacer was used to ensure the symmetrical 
distribution of compression force during tablet pressing. 
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to yield a cross-linked pHEMA coated DEX tablet (33% w/w drug/polymer) that was 

ejected from the punch. The tablet heights were measured using a micrometre screw 

gauge. 

2.4.2 Degradable spacers 

2.4.3 Chitosan hydrogel preparation  

Chitosan is an amino-polysaccharide obtained by alkaline deacetylation of chitin 

that is naturally found in Crustacean shells (447). Chitosan was investigated as a 

degradable drug hydrogel spacer because it is both biocompatible and biodegradable 

(448), readily dissolving in acidic solutions through protonation of its amine groups. 

Once dissolved, chitosan remains in solution up to a pH of 6.2. In the presence of β-

glycerophosphate at 37°C, the pH value reaches the physiological range, and 

electrostatic attractions between the ammonium and phosphate groups form, chitosan 

interchain hydrogen bonding increases, and chitosan-chitosan hydrophobic interactions 

occur, which leads to the formation of a hydrated gel-like precipitate (Figure 2-7). 

A polymer solution was prepared by dissolving 200 mg of chitosan (with medium 

viscosity and a >80% degree of deacetylation) in 10 mL of 0.1N HCl to a final 

concentration of 2% w/v. The solution was stirred for 6 hours at 600 rpm with a magnetic 

Figure 2-7. Synthesis of chitosan hydrogels in the presence of β-glycerophosphate. Chitosan 
dissolves in pH <6.2 via protonation of its amine groups. In the presence of β-glycerophosphate 
salt at physiological, neutral pH and at 37°C, chitosan transitions from a solution to a hydrogel 
by chitosan interchain hydrogen bonding, electrostatic attractions between the ammonium and 
phosphate groups, and chitosan-chitosan hydrophobic interactions. 
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stirrer to ensure complete mixing and was then cooled to 4°C. di-Sodium β-

glycerophosphate pentahydrate (500 mg) was dissolved in 1 mL of DI water, and drops 

of this solution were carefully added to the cooled chitosan-HCl solution to obtain a clear 

and homogeneous liquid solution. The chitosan solution was split into two 5 mL 

portions, and 110 mg of DOX monohydrate (2.2% w/v) was added to one portion, and 

110 mg of DOX hyclate (2.2% w/v) was added to the other portion. The pH values of the 

two DOX-chitosan solutions were determined as 7.12 and 7.19 for DOX monohydrate 

and DOX hyclate, respectively. The solutions were heated to 37°C while stirring 600 rpm 

on a heating plate. Chitosan hydrogels were used without any further modification for 

in vitro drug release of DOX (monohydrate and hyclate) using the same set-up and 

method described in 2.4.9. 

2.4.4 Electrospinning polymers to formulate poly(ε-caprolactone) fibres 

Fibres were explored as a potential degradable drug-delivery spacer for DOX 

monohydrate. The rationale was that a polymer should encapsulate DOX monohydrate, 

which is a poorly-water soluble form of DOX, and prolong its release whilst preventing 

its degradation by photolysis. Poly(ε-caprolactone)(PCL) and poloxamers have been 

approved by the FDA for ophthalmic formulations and were used to formulate fibres by 

electrospinning, using a vertical set-up.  

Electrospinning works by applying a high voltage (typically 0–30 kV) to a capillary 

tube with the polymer and drug mixture. Once the voltage is applied to the liquid 

mixture, the liquid droplets become charged with the same polarity (449). When these 

charged polymer droplets at the tip of the capillary tube are sufficient for the 

electrostatic repulsion to counteract the confinement of liquid surface tension, a droplet 

elongates to form a Taylor cone (450–454). Because the liquid is subjected to a high 

electric field, the charged droplets become unstable and emerge as a single jet, 

travelling straight down, decreasing in diameter, until it starts to bend. The jet then 

enters the “whipping instability” regime, in which it accelerates and fluctuates rapidly in 

a “whipping” motion (449,455). As the solvent evaporates, the jet solidifies to form 

continuous fibres that are collected on a grounded collector plate, see Figure 2-9.  
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First, a polymer solution was prepared by adding 1 gram of low molecular weight 

PCL (Mn ~10,000) and 1 gram of poloxamer 407 (PPO units of 4000 kDa and a 70% PEO 

content) to 10 mL of acetone to obtain a final solution concentration of 20% w/v (Figure 

2-8). Another solution of PCL and poloxamer 188 (PPO units of 1800 kDa and an 80% 

PEO content) in acetone at the same concentration was prepared. DOX monohydrate 

(250 mg) was added to each of these PCL-poloxamer solutions, with final a drug 

concentration of 12.5% w/w with respect to the polymer mixture and was used to 

estimate the final drug loading in the fibres. To ensure complete mixing, both solutions 

were stirred at 800 rpm for 6 hours at room temperature. 

Second, the PCL-poloxamer-DOX solutions were transferred into a 5-mL syringe, 

and a stainless-steel needle with an inner diameter of 0.6 mm was attached to the 

syringe. The syringe was mounted on a syringe pump, and a flow rate of 1 mL hour-1 was 

maintained. The applied positive voltage was 18 kV using a DC power supply (HCP35-

35000, FuG Elektronik, Germany). The resulting fibres were collected on a grounded 

plate covered in aluminium foil for easy collection and storage (Figure 2-9). The distance 

between the needle tip and the grounded target was 18 cm. Electrospinning processes 

were conducted under ambient conditions, with a temperature of ~21°C and relative 

humidity of ~45%. Optimisation of the electrospinning parameters was first performed 

to find the most appropriate flow rate, voltage, and needle to collector distance. The 

range of parameters explored, and optimal processing conditions identified are detailed 

in Table 2-3. 

Table 2-3. Range of electrospinning processing parameters explored and identified optimised 
values. 

Parameter Range Optimised 

Flow rate (mL h-1) 0.5-1.5 1 
Voltage (kV) 14-24 18 

Distance from needle to collector (cm) 12-20 18 

Figure 2-8. Chemical structures of poly(ε-caprolactone) and poloxamer, a co-block polymer of 
polyethylene oxide and polypropylene oxide. 
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Finally, PCL nanofibre preparation was confirmed by visual inspection using a 

digital microscope (EVOS XL cell imaging system, Thermo Fisher Scientific, UK). Diameter 

distribution analysis of the fibres was carried out using the digital microscope images by 

making manual measurements at 50 different points, using the ImageJ 1.53a software 

(National Institutes of Health, USA)(456). The collected fibres were stored in darkness at 

room temperature and were used without any further modification for in vitro drug 

release of DOX (monohydrate) using the same set-up and method described in Section 

2.4.9.  

2.4.5 Solvent-casting polymers 

In this method, a drug is dissolved in a suitable solvent and mixed with a polymer 

carrier, which is followed by solvent removal and solidification to form solid dispersions. 

The advantage of this method is that the temperature and the mixing time are lower 

Figure 2-9. Schematic of the set-up used for electrospinning PCL fibres. Polymer-drug liquid 
mixture was drawn in a syringe with a needle of 0.6 mm inner diameter attached to it. The 
syringe was mounted on a syringe pump and flow rate was maintained at 1 mL hour-1. A positive 
voltage of 18 kV was applied using a DC power supply. A grounded target was covered in 
aluminium foil for easy fibre collection and storage. The distance between the needle tip and 
the grounded target was 18 cm. Electrospinning processes were conducted under ambient 
conditions (temperature: ~21°C, relative humidity: ~45%). Fibre preparation was confirmed by 
visual inspection using digital microscopy. 
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than traditional melting methods of polymer processing, thus protecting the drug from 

potential thermal degradation (457).  

Solvent casting was used to encapsulate DOX monohydrate in PCL. PCL-

poloxamer 407 and PCL-poloxamer 188 (20% w/v) solutions were prepared by adding 1 

gram of low molecular weight PCL (Mn ~10,000) and 1 gram of either poloxamer 407 or 

188 to 10 mL of acetone. DOX monohydrate (250 mg) was added to the polymer 

solutions with a concentration of 12.5% w/w (DOX/PCL-poloxamer) and was used to 

estimate the final drug loading in the solvent-cast PCL spacers. To ensure complete 

mixing, both solutions were stirred at 800 rpm for 6 hours at room temperature. Since 

the solvent vapour pressure of acetone is 25.1 kPa at ~20°C (information from supplier), 

the DOX-PCL-poloxamer solutions were poured into glass Petri dishes and were placed 

in a standard laboratory fume hood for solvent vapour extraction, and were left in the 

fume hood for 9 hours. The dry DOX-PCL-poloxamer spacers were weighed and used 

without any further modification for in vitro drug release of DOX monohydrate using the 

same set-up and method described in Section 2.4.9.  

2.4.6 Swelling ratio measurements of hydrogels 

The type of binding of water in a hydrogel can determine the overall exchange 

of solute from the hydrogel. The maximum percentage of water absorbed by the 

hydrogel to reach full hydration is termed as equilibrium water content per cent 

measurements (EWC%)(458). To calculate the EWC% of pHEMA hydrogels, 5 mm discs 

were cut from fully hydrated pHEMA hydrogels and weighed, which was considered the 

weight of the disc in equilibrium with water (𝑊𝑒). The discs were then completely dried 

by placing them in a vacuum oven at 70°C until they reached constant weight (𝑊𝑑).  

Chitosan hydrogels were weighed after polymerisation, and this weight was 

considered the equilibrium with water (𝑊𝑒) weight. The hydrogels were then dried in a 

vacuum oven at 70°C until they reached a constant weight (𝑊𝑑). The equation below 

was used for the calculation of EWC% (458,459).  

 
EWC (%) =

(𝑊𝑒 − 𝑊𝑑)

𝑊𝑒
× 100 

(2.3) 
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Swelling ratio (SR) refers to the ratio between the weight of solvent absorbed by 

the hydrogel and the dry weight of the xerogel. It gives an indication of the increase in 

the size of the xerogel when fully hydrated. It was calculated as; 

 
SR =

(𝑊𝑒 − 𝑊𝑑)

𝑊𝑑
 

(2.4) 

2.4.7 Differential scanning calorimetry 

To measure the free water to bound water ratio in pHEMA hydrogels, differential 

scanning calorimetry (DSC) was utilised. The principle behind DSC is that only free water 

and lightly-bound water molecules are frozen, so the endotherm obtained from DSC 

represents the amount of frozen water only. The heat of fusion of freezable water in 

hydrogels was assumed to be the same as ice. The amount of bound water is the 

difference between the total water content and freezable water (317,460). The melting 

enthalpies achieved from DSC were used to calculate the bound to free water ratio. As 

given in the equations below, Wb is the amount of bound water, Wf is the amount of 

free water, Wfb is the amount of lightly bound water, Qendo is the melting enthalpies 

derived from the DSC chart and Qf is the melting enthalpies of free water which is the 

same as ice; 79.9 cal g-1 (458). 

 𝑊𝑏(%) = 𝐸𝑊𝐶% − (𝑊𝑓 + 𝑊𝑓𝑏) × 100 (2.5) 

 
𝑊𝑏(%) = 𝐸𝑊𝐶% − (

𝑄𝑒𝑛𝑑𝑜

𝑄𝑓
) × 100 

(2.6) 

DSC measurements were performed with a DSC Q2000 equipped with a 

refrigerated cooling system. Nitrogen with a flow rate of 50 mL min-1 was used as a purge 

gas for all the experiments. Fully hydrated hydrogel samples were weighed into TA zero 

aluminium hermetic pans. All samples weighed between 15–20 mg. An empty 

hermetically sealed pan was used as a reference for all samples. Calibration with indium 

(Tm =156.6; ΔHf =28.71 J g-1) was performed according to the manufacturer instructions. 

Samples were cooled from 25°C to -35°C at a cooling rate of 5°C min-1, then were held 

for 3 minutes at -35°C, and then were heated to 150°C at a rate of 10°C min-1. All 

measurements were performed at least in triplicate for all hydrogels, and the mean 

values were used in data analysis with TA Universal Analysis software version 4.5A (TA 

Instruments, USA). 
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2.4.8 Thermogravimetric analysis 

To evaluate the thermal stability and degradation profiles of micellar pHEMA 

hydrogels, thermogravimetric analysis (TGA) was carried out on a Discovery TGA 5500. 

Nitrogen was used as a purge gas for the furnace at 50 mL min-1. Fully hydrated hydrogel 

samples were weighed into open TA aluminium pans. All samples weighed between 15–

20 mg. The samples were heated to 50°C, were held at 50°C for 5 minutes, and then 

were heated to 500°C at a rate of 20°C min-1. The sample weight remaining (%) and the 

rate of thermal decomposition data as a function of temperature (°C) were plotted using 

OriginPro b9.5 Academic (Origin Lab Cooperation, USA). 

2.4.9 In vitro drug release studies 

2.4.9.1 Design of in vitro drug release flow chamber 

Because the drug delivery spacers are intended for use in the subconjunctiva, a 

two-piece, closed-top drug-release rig was fabricated from clear cast acrylic rods by Mr 

John Frost UCL School of Pharmacy workshop to mimic the subconjunctival space. Each 

rig consisted of two acrylic parts and a silicone-ring that were sealed securely with three 

screws, see Figure 2-10. To minimise water evaporation, all junctions were secured using 

Figure 2-10. Schematic diagram of the in vitro flow rig used for drug release studies was designed 
to mimic the bleb formed in the subconjunctival space after GFS. It had an inlet for aqueous flow 
through the spacers and an outlet to collect the drug-release aliquots for quantification using 
HPLC-UV. 
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tie locks and thread sealing PTFE tape. The bottom part of the drug-release rig was 8 

mm in diameter and contained an inlet for fluid into a small well with a 250 µL capacity, 

which is the estimated volume for a filtration bleb in the subconjunctiva (239,461,462). 

A constant flow of water at 2 µL per minute was maintained across the drug-polymer 

spacers to assess drug release using a pharmaceutical dispensing pump. The top part of 

the release rig had an outlet tube for sample collection.  

2.4.9.2 In vitro drug-release set-up 

All drug-loaded spacers were tested for drug release, and the schematic of the 

set-up is shown in Figure 2-11. Since there were no visually-observable aggregates in 

the hydrogels or fibres, the drug distribution was assumed to be homogenous and 

represented the drug distribution profile in the entire material. 

After any post-fabrication processing, spacers were seated in the well of the 

bottom chamber of the in vitro drug-release rigs and were screwed shut. The drug-

release rigs were placed on a heated oil bath, so a constant temperature of 35.5°C was 

maintained, which is an estimate of the subconjunctival temperature (463). DI water 

supplemented with 0.02% sodium azide, maintained at 35.5°C, was pumped through the 

rigs using an eight-channel peristaltic pump (Ismatec, Germany) at the physiological rate 

of aqueous production in the eye (2 µL min-1)(52,53,64). The flow rig apparatus was 

calibrated and checked by collecting and weighing effluent over a set period of time. 

Calibration took place at the start and the end of the experiment. Drug-release samples 

Figure 2-11. Schematic of the in vitro drug-release set-up used. Hydrogel discs (shown as an 
orange disc) were placed in drug-release chambers (maintained at 35.5°C), connected to a 
peristaltic pump which pumped warm water (maintained at 35.5°C) at the physiological rate (2 
µL/min) of aqueous production. Drug-release aliquots were stored 4°C until quantified using 
High Pressure Liquid Chromatography with a UV detector (254 nm). 
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were collected in glass vials and were covered with a parafilm. Samples were collected 

every two hours on the first day, every day for the next four weeks and once every three 

days until 35 days (end of five weeks). The eluted samples from drug release 

experiments were stored at 4°C until quantified using HPLC. 

2.4.9.3 HPLC methods for drug quantification 

DEX samples were analysed by an HPLC-UV system Agilent 1200 series equipped 

with Chemstation software (Agilent, Wokingham, Berkshire, UK). The stationary phase 

was a Hypersil BDS C18 (250 x 4.6 mm, 5 µm) column maintained at 25°C. The mobile 

phase was composed of 32% (v/v) acetonitrile and 0.1% (v/v) trifluoroacetic acid in 

water. The separation method included a mobile phase flow rate of 1.1 mL min-1 for a 

10 minute run time. The injection volume was 25 μL, and the detection wavelength was 

254 nm. The retention time for DEX was 7.4 minutes.  

DEX samples for the calibration curve were prepared using the mobile phase as 

the solvent. The first sample in the calibration curve was prepared by adding 1 mg of 

DEX to 8 mL of mobile phase and stirred at 600 rpm for 15 minutes with a magnetic 

stirrer to ensure that DEX was dissolved. This sample was diluted 1:1 in the mobile 

phase, and a concentration range was created by further 1:1 dilution. To increase the 

reliability of measures, this process was repeated three times, and an average of each 

concentration was plotted on the calibration curve. The correlation coefficient of the 

calibration curve was R2: 0.9996 for a concentration range of 125–0.031 μg mL-1, 

indicating acceptable linearity. The deviation between replicate samples was <1%, and 

the limit of detection for DEX in the mobile phase was ~0.1 μg mL-1.  

DOX monohydrate and hyclate samples were also analysed by an HPLC-UV 

system Agilent 1200 series equipped with Chemstation software. The stationary phase 

was an Ascentis RP-amide column (150 x 4.6 mm, 5 µm) maintained at 40°C. The mobile 

phase was composed of 25% (v/V) acetonitrile and 0.1% (v/v) trifluoroacetic acid in 

water. The separation method included a mobile phase flow rate of 1 mL min-1 over a 

10 minute run time. The injection volume was 25 μL, and the detection wavelength was 

273 nm. The retention time for DOX monohydrate was 3.4 minutes.  

A calibration curve for DOX monohydrate was prepared using the mobile phase 

as the solvent; the first sample was prepared by adding 1.1 mg of DOX monohydrate to 
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8 mL of mobile phase and stirred at 600 rpm for 15 minutes with a magnetic stirrer to 

ensure that DOX was dissolved. This sample was diluted 1:1 in the mobile phase, and a 

concentration range was created by further 1:1 dilution. To increase the reliability of 

measures, this process was repeated three times, and an average of each concentration 

was plotted on the calibration curve. The correlation coefficient of the calibration curve 

was R2: 0.9989 for a concentration range of 137.5-0.03 μg mL-1, indicating acceptable 

linearity. The deviation between replicate samples was <1%. The limit of quantification 

for DOX in solvent was ~0.1 μg mL-1.  

A calibration curve for DOX hyclate was also prepared using the mobile phase as 

the solvent; the first sample was prepared by adding 32.0 to 8 mL of mobile phase and 

stirred at 600 rpm for 15 minutes with a magnetic stirrer to ensure that DOX was 

dissolved. This sample was diluted 1:1 in the mobile phase, and a concentration range 

was created by further 1:1 dilution. To increase the reliability of measures, this process 

was repeated three times, and an average of each concentration was plotted on the 

calibration curve. The correlation coefficient of the calibration curve was R2: 0.9999 for 

a concentration range of 4000-0.03 μg mL-1, indicating acceptable linearity. The 

deviation between replicate samples was <1%. The limit of quantification for DOX 

hyclate in solvent was ~0.2 μg mL-1.  

The concentrations of DEX and DOX were determined from the area under the 

release rate curve (AUC) using the trapezoidal rule to approximate the definite integral 

(signed area of the region in XY-plane that is bounded by the graph). The concentration 

of drug in each sample analysed on a given day was determined by a standard curve 

prepared on the same day. If the concentration of drug release in a sample fell outside 

the linearity range of the calibration curve, appropriate dilutions were made using the 

mobile phase, and the dilution factor was accounted for in the concentration estimation. 

Next, the volume that was collected from drug-release chambers between each 

time point was calculated using equation 2.7;  

 𝑣𝑜𝑙𝑢𝑚𝑒 =  𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 ×  𝑡𝑖𝑚𝑒 (2.7) 

with the flow rate set as 2.0 µL min-1. From there, the mass of drug in each sample was 

calculated using equation 2.8; 

 𝑚𝑎𝑠𝑠 =  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ×  𝑣𝑜𝑙𝑢𝑚𝑒 (2.8) 
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and then the cumulative mass for each time point was calculated. Next, the cumulative 

drug release (total drug released) for each time point was calculated using the total drug 

content in a hydrogel disc using equation 2.9; 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒% =  
𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑚𝑎𝑠𝑠

𝑑𝑟𝑢𝑔 𝑎𝑚𝑜𝑢𝑛𝑡 𝑖𝑛 𝑑𝑖𝑠𝑐 −  𝑑𝑟𝑢𝑔 𝑤𝑎𝑠ℎ𝑒𝑑 
×  100 

(2.9) 

Average cumulative drug released (%) and standard deviation for each time point were 

calculated. The time required for half of the drug amount in the spacer to be released, 

or the elimination half-life, 𝑇1
2⁄  was estimated using the following equations:  

 

 𝑘𝑡𝑡 = 𝑙𝑛𝑄0 − 𝑙𝑛𝑄𝑡 (2.10) 

 
𝑇1

2⁄ =
0.693𝑡

𝑘𝑡
 

(2.11) 

where 𝑄𝑡 is the amount of drug released in time 𝑡, 𝑄0 is the initial amount of drug in the 

spacer and 𝑘𝑡 is the first order release constant (464,465). 

2.4.10 Mathematical modelling of drug release kinetic data 

To evaluate the kinetics of in vitro release data from the pHEMA hydrogel discs, 

mathematical models such as zero order, first order, Higuchi’s, Hixson-Crowell’s, Weibull 

and Korsmeyer-Peppas models were applied (465–470). The criterion for selecting the 

most appropriate model was based on matching the assumption criteria of the model: 

goodness-of-fit test (R2) and the smallest sum of squares of residuals (SSR) value (471–

473). Korsmeyer-Peppas model was found to be the best fit for studying the mechanism 

of drug release. According to this model, to find out the mechanism of drug release from 

a polymeric system, the first 60% of the drug-release data is fitted to the equation using 

the following equation; 

 M𝑡 

M∞
= 𝑘t𝑛 

(2.12) 

where 
M𝑡 

M∞
 is the fraction of drug released at time, 𝑡, 𝑘 is the rate constant, and n is the 

diffusion exponent. The n value is used to characterise different release mechanisms for 

cylindrical shaped matrices (474,475). 
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2.4.11 Statistical analysis 

All results are presented as the average (arithmetic mean) and standard 

deviation (± SD) of at least three samples, and data were plotted using Origin Pro 2018 

Academic (OriginLab, USA). For the analysis of variance, one-way and repeated measure 

ANOVA with Tukey’s post hoc test was carried out to evaluate statistical differences 

between the mean values of experimental data. Probability value descriptive data were 

generated for all variables and values less than 0.05 (p<0.05) were considered as 

indicative of statistically significant differences. 
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2.5. Results 

2.5.1 Non-degradable pHEMA spacers 

The aim of these experiments was to formulate DEX-loaded pHEMA spacers 

using a non-ionic surfactant, Brij 98, and evaluate in vitro release kinetics and duration 

of release. DEX was used as the model hydrophobic drug due to its widespread use as 

an anti-inflammatory drug in ophthalmic formulations. A range of Brij 98 surfactant 

concentrations (1.25-10% w/v), well above the CMC (0.6% w/v) was investigated to 

achieve maximum drug-loading and prolong drug release. 

2.5.1.1 Micelle characterisation 

As the concentration of Brij 98 was increased (2.5–20%) in aqueous solution, the 

mean particle size of the micelles decreased, see Figure 2-12. For a 2.5% w/v Brij 98 

solution, the mean size of the micelles was 8.8 ±0.08 nm with a poly-dispersity index 

(PDI) of 0.1. For 7.5% w/v Brij 98 concentration, the mean size of the micelles decreased 

to 7.69 ±0.08 nm with a PDI of 0.2. For 15% w/v Brij 98 solution, the mean size of the 

micelles further decreased to 6.21 ±0.07 nm with a PDI of 0.2. For 20% Brij 98 

concentration, the mean size of the micelles was observed to be the smallest of the four 

concentrations of Brij 98 solutions analysed by DLS. The mean size of the micelles was 

5.67 ±0.07 nm, with a PDI of 0.2. These results suggest that as the concentration of Brij 

Figure 2-12. Dynamic light scattering showed that as the concentration of Brij 98 in water 
increased, the average size of the micelles decreased (n=6). The range of average micelle 
particle sizes was 8.8 ±0.08–5.7 ±0.07 nm. The poly-dispersity index increased as the 
concentration of Brij 98 increased, suggesting small, moderately polydisperse micelles at higher 
concentrations of Brij 98. 
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98 increases, the resulting micelles are smaller and are moderately polydisperse in 

solution, while lower concentrations of Brij 98 result in monodisperse particle 

distributions. 

2.5.1.2 Visual characterisation 

The UV-polymerised DEX-pHEMA-Brij 98 xerogels were transparent and glossy 

with no precipitates observed during the visual inspection, see Figure 2-13. They were 

also pliable to the touch. The absence of particulates suggested that the majority of DEX 

was entrapped in micelles within the xerogels. Importantly, heterogeneous DEX 

distribution would affect the accuracy of the drug release results. Additionally, a non-

encapsulated drug can trigger the immune system resulting in foreign body response 

and ultimately adversely affect the therapeutic efficacy of the implantable spacer disc 

(356,476,477). The inclusion of Brij 98 and DEX did not appear to interfere in the 

polymerisation process of pHEMA hydrogels.  

2.5.1.3 Post-fabrication processing 

After recording the observations of pHEMA xerogel visual inspection, circular 

discs were punched out (Figure 2-14) and weighed to calculate the drug loading 

efficiencies and drug loading capacities. DEX loading increased from 0.2% w/v in DEX-

pHEMA xerogels (103.3 ±6.4 µg disc-1) without Brij 98 to >2.5% w/v for Brij 98-loaded 

DEX-pHEMA xerogels, see Table 2-4. Drug loading was determined based on the 

Figure 2-13. UV-initiated polymerisation resulted in pHEMA xerogels loaded with DEX. (L-R) 
DEX-pHEMA hydrogels containing 1.25%, 3.75%, 7.5% and 10% w/v Brij 98. The xerogels did not 
show particulate aggregates, indicating that majority of the drug was entrapped in micelles. 
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maximum solubility of DEX in the system (with or without Brij 98), which was confirmed 

by repeated evaluations, the volume of polymer mixture added to the casting moulds, 

and weights of individual xerogels and discs. Post-fabrication of the xerogel discs 

included a washing step with hot water (50 mL at 50°C). 

Table 2-4. The amount of DEX lost during post-fabrication processing, the final amount 
of DEX loaded per disc, drug-loading capacities, and drug-loading efficiencies of the 
hydrogels. 

Brij 98 concentration 
in hydrogel discs 

(% w/v) 

Amount of DEX 
lost in washing 

(µg) 

Final amount 
of DEX loaded* 

(µg disc-1) 

Loading 
capacity (%) 

Encapsulation 
efficiency (%) 

0 24.8 ±4.1 78.5 ±4.2 0.3 ±0.03 75.9 ±1.5 

1.25 165.2 ±27.0 718.4 ±12.3 2.8 ±0.3 81.2 ±1.6 

3.75 201 ±32.8 667.1 ±6.0 2.8 ±0.3 76.7 ±1.9 

7.5 180 ±29.4 884.0 ±23.7 3.6 ±0.4 83.0 ±1.4 

10 182.7 ±29.8 1230.3 ±25.1 4.6 ±0.4 87.0 ±1.1 

*Calculated by subtracting the amount of drug lost in the washing step from the theoretical amount of 
DEX (in µg) added to the discs. The theoretical amount of DEX was derived from the concentration of DEX 
added to the polymer mixture, the volume of polymer mixture injected into the casting moulds and the 
weight of the individual hydrogels and hydrogel discs. 

 
This method is commonly utilised while manufacturing soft contact lenses to 

remove unreacted monomer after polymerisation is complete (436). This method also 

washed out some drug from the xerogel discs and the drug lost was quantified using 

HPLC and subtracted from the total drug per disc for estimation of final drug loading, 

see Table 2-4. As the concentration of Brij 98 increased, there was an increase in the 

calculated per cent loading capacities of the hydrogels; however, there was no clear 

difference in the calculated per cent encapsulated efficiencies between all the 

hydrogels. This indicates that hydrogels with higher Brij 98 concentrations are able to 

hold high drug amounts. 

Figure 2-14. Discs 
with a diameter of 5 
mm were created 
from xerogel films 
using a custom-
made punch for 
characterisation and 
drug release studies. 
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2.5.1.4 Scanning electron microscopy 

Scanning electron microscopy (SEM) imaging was employed to qualitatively 

assess the microstructure of drug-loaded hydrogels because it enabled a closer 

inspection of their bulk homogeneity (internal structure) as well as their surface. In UV-

initiated polymerisation, the surface of the xerogel is first to polymerise followed by the 

bulk of the xerogel. Hydrogels examined included both DEX-pHEMA hydrogels (0% Brij 

98) and Brij 98-loaded DEX-pHEMA hydrogels. DEX-pHEMA hydrogels without Brij 98 

showed a uniform glossy surface with folds presumably formed during the 

polymerisation process, see Figure 2-15. 

SEM images of the Brij 98-loaded DEX-pHEMA hydrogels revealed some 

noticeable structural differences compared with DEX-pHEMA hydrogels without Brij 98, 

see Figure 2-16. All Brij 98-loaded DEX-pHEMA hydrogels were characterised by rougher 

surfaces with the presence of complex aggregates and cavities in the bulk structures, 

indicating varying pore distributions, whereas DEX-pHEMA hydrogels displayed a 

uniform structure with no visible aggregates. 

Figure 2-15. SEM images of DEX-pHEMA hydrogels with no added Brij 98 of (A) the surface at 
500x magnification and (B) the bulk structure at 20,000x magnification. The surface had visible 
folds caused by swelling in the casting mould during polymerisation. The bulk structure did not 
show any visible aggregates, suggesting homogeneity across the hydrogel. The scales bars are 
100 µm for the surface and 4 µm for the bulk. 
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Figure 2-16. SEM images of Brij 98-loaded DEX-pHEMA hydrogel discs. (A) 1.25% Brij 98, (B) 3.75% Brij 98, (C) 7.5% Brij 98, and (D) 10% Brij 98-loaded DEX-
pHEMA hydrogels at 500x magnification. Increasing the magnification to 20,000x for (E) 1.25% Brij 98, (F) 3.75% Brij 98, (G) 7.5% Brij 98, and (F) 10% Brij 98-
loaded DEX-pHEMA hydrogels revealed spherical aggregates (red arrows) with complex shapes as well as cavities within the bulk structures. 
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2.5.1.5 Water in DEX-loaded pHEMA hydrogels 

Understanding how Brij 98-loaded DEX-pHEMA hydrogels swell in water was 

important to understand the effect of surfactant concentration on drug loading and drug 

release from the hydrogel discs. The effect of the Brij 98 concentration on the EWC% 

and the SR of the DEX-pHEMA hydrogels were measured. The results are shown in Figure 

2-17. Brij 98 had an impact on EWC% and SR as there was a significant decrease in the 

EWC% and SR in the Brij 98-loaded DEX-pHEMA hydrogel discs as compared with DEX-

pHEMA hydrogel discs (0% Brij 98)(p<0.0001). However, no significant correlation was 

observed between the different surfactant concentrations and EWC% of the hydrogels 

(p<0.5). Brij 98-loaded DEX-pHEMA hydrogels showed a minimum EWC% greater than 

38.5%; 1.25%, 3.75%, 7.5%, and 10% Brij 98-loaded hydrogels displayed EWC% of 38.8%, 

43.6%, 43.1%, and 40%, respectively. In comparison, DEX-pHEMA hydrogels (0% Brij 98) 

resulted in an EWC% of 69.6%. Brij 98-loaded DEX-pHEMA hydrogels all showed a 

minimum SR less than 0.63%. 1.25%, 3.75%, 7.5%, and 10% Brij 98-loaded hydrogels 

Figure 2-17. The effect of surfactant concentration on the EWC% and SR of Brij 98-loaded DEX-
pHEMA hydrogels. There was a significant difference between the DEX-pHEMA hydrogels 
without Brij 98 (0%) and all the DEX-pHEMA hydrogels containing Brij 98 (p<0.0001). However, 
no significant correlation between the surfactant concentrations and EWC nor SR was observed 
(p>0.5). 
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displayed SR values of 0.64, 0.77, 0.76, and 0.67, respectively. In comparison, DEX-

pHEMA hydrogels (0% Brij 98) exhibited an SR value of 2.3. 

2.5.1.6 Differential Scanning Calorimetry and Thermogravimetric 

Analysis 

Diffusion of drugs from hydrogels is related to the bulk water percentage in the 

hydrogel; the higher the free + lightly bound water content, the faster the drug release 

will be (478). Relative to the EWC%, the proportion of the non-freezing water content, 

i.e. bound water increased and the proportion of freezing water content, i.e. free + 

lightly bound water decreased as the surfactant concentration increased, see Figure 

2-18. DEX-pHEMA hydrogels (0% Brij 98), 1.25% Brij 98 and 3.75% Brij 98-loaded DEX-

pHEMA hydrogels contained a statistically lower proportion of bound water compared 

with the 10% Brij 98-loaded DEX-pHEMA hydrogel, (p<0.05, p<0.001, and p<0.05, 

respectively). Additionally, the proportion of bound water in 1.25% Brij 98 and 7.5% Brij 

Figure 2-18. The effect of surfactant concentration on the proportion of bound water to free 
and lightly bound-water in Brij 98-loaded DEX-pHEMA hydrogels. The proportion of free and 
lightly-bound water generally decreased as the concentration of Brij 98 increased, whereas the 
proportion of bound water increased as the concentration of Brij 98 increased. For the 
proportion of bound water, there was a significant difference between 10% Brij 98 and 0% Brij 
98, 1.25%, and 3.75% Brij 98 (p<0.05, p<0.001, and p<0.05). 1.25% and 7.5% Brij 98-loaded DEX-
pHEMA hydrogels also were significantly different (p<0.01). For free and lightly-bound water, all 
Brij 98-loaded DEX-pHEMA hydrogels were significantly lower than 0% Brij 98 (p<0.001 for 1.25% 
and 7.5% Brij 98; p<0.0001 for 7.5% and 10% Brij 98). 
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98-loaded hydrogels were statistically different (p<0.01). For the proportion of free and 

lightly bound water in the hydrogels, all the Brij 98-loaded hydrogels contained 

significantly lower amounts of free and lightly bound water (p<0.001 for 1.25% and 

3.75% Brij 98; p<0.0001 for 7.5% and 10% Brij 98). Comparing the surfactant-loaded 

hydrogels revealed that the free and lightly-bound water in 1.25% and 3.75% Brij 98-

loaded hydrogels was significantly higher than 10% Brij 98 (p<0.01).  

Table 2-5. Endotherms from DSC analysis of Brij 98-loaded DEX-pHEMA hydrogels. 

* The second endotherm was composed of two fused peaks in all Brij 98-loaded hydrogels and two values 
for Tmaximum are reported. 

 

DSC examination of Brij 98-loaded DEX-pHEMA hydrogels exhibited two clear 

endothermic peaks, see Table 2-5. The first peak was around 0°C for the melting 

temperature of ice, which reflected free and lightly bound water as they are able to 

freeze, and the second peak was around 100°C, which reflected the evaporation of 

water and volatiles from Brij 98. Comparing TGA data along with DSC thermograms can 

give some useful information regarding volatiles, including water, carbon monoxide (CO) 

and carbon dioxide (CO2), and the influence of surfactant concentration on thermal 

stability by measuring the change in weight of hydrogels as a function of temperature. 

During the TGA analysis, a three-step degradation process was observed in all 

the DEX-pHEMA hydrogels, with and without Brij 98. The first step was between 50–

150°C, the second step was between 150–380°C, and the third step was between 380–

500°C and is typically attributed to main chain breakdown. The data for the maximum 

rate of thermal decomposition (ΔTdec in °C) in each of these three steps and the amount 

of sample decomposed at ΔTdec is shown in Table 2-6. 

In the case of DEX-pHEMA (0% Brij 98) hydrogels, the DSC data (Figure 2-19–A) 

indicated the first endothermic peak, composed of two fused peaks at 0.05°C and 

2.67°C, corresponded to the melting of ice. The second broad endothermic peak at 

111.53°C corresponded to the evaporation of water from the hydrogels. TGA analysis 

Brij 98 concentration (%) 
1st endotherm  2nd endotherm* 

Tonset (°C) Tmaximum (°C) Tmaximum (°C) Tmaximum (°C) 

0 0.05 2.67 111.53 - 

1.25 0.34 3.65 103.3 108.8 

3.75 -0.29 3.65 104.2 113.6 

7.5 -0.83 4.04 104.87 116.6 

10 -1.65 0.28 112.9 N/A 
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(Figure 2-19–B) revealed that although approximately 50% of the sample weight was 

lost during the first step (50–150°C), the rate of thermal decomposition (ΔTdec) peaked 

at 95.4°C, where 30.1% of the sample had decomposed. 

Table 2-6. TGA analysis of Brij 98-loaded DEX-pHEMA hydrogels showing the temperature (°C) 
at peak rates of thermal decomposition (ΔTdec) and amount of sample decomposed (%) at the 
ΔTdec peak during the 3-step degradation of the hydrogels. 

ΔTdec refers to the peak rate of thermal decomposition during each step, and the per cent sample lost 
corresponds to that ΔTdec. 

These observations were in agreement with the DSC data that showed the free 

and lightly-bound water was about 50% of the total EWC% (Figure 2-18). The second 

step, 150–380°C, resulted in a loss of 60.1% of the total sample weight, and the ΔTdec 

peaked at 342.8°C. The third step, 380–500°C, resulted in 81.8% sample loss, and the 

ΔTdec peaked at 423.4°C. The amount of residual ash content was <1%. 

For 1.25% Brij 98-loaded DEX-pHEMA hydrogels, the DSC data (Figure 2-20–1A) 

indicated that the first endothermic peak onset (Tonset) was 0.34°C and peak maximum 

(Tmaximum) was 3.65°C. The second broad endothermic peak comprised two fused peaks 

at 103.3°C and 108.8°C, which corresponded to the evaporation of water and volatiles, 

Brij 98 
concentration 

(%) 
First step Second step Third step 

Residual 
ash (%) 

 ΔTdec (°C) 
Sample 
lost (%) 

ΔTdec (°C) 
Sample 
lost (%) 

ΔTdec (°C) 
Sample 
lost (%) 

 

0 95.4 30.1 342.8 60.1 423.4 81.8 <1.0 

1.25 109.3 7.2 378.5 40.6 435.1 76.3 <2.0 

3.75 114.6 19.6 365.1 46.4 436.8 83.4 <1.3 

7.5 108.0 12.4 373.8 43.4 436.7 80.7 <1.3 

10 108.7 10.3 350.2 34.5 442.9 86.7 <1.5 

Figure 2-19. DSC and TGA thermograms for DEX-pHEMA hydrogels without surfactant. (A) In the 
DSC endotherm, orange arrows indicate the melting (1st peak) and evaporation of free and 
lightly-bound water (2nd peak). (B) In the TGA thermogram, orange arrows indicate a three-step 
degradation process. 
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such as CO and CO2, from Brij 98. TGA analysis (Figure 2-20–1B) revealed that although 

8.6% of the sample was lost during the first step, ΔTdec peaked at 109.3°C, where 7.2% 

of the sample had decomposed. These data were in agreement with DSC data that 

showed the free and lightly-bound water in the hydrogel was approximately 24% of the 

total EWC% (Figure 2-18). During the second step, 40.6% of the sample weight was lost, 

and ΔTdec peaked at 378.5°C. During the third step, ΔTdec peaked at 435.1°C and 

represented a substantial loss in sample weight (76.3%). The amount of residual ash 

content was <2%.  

For 3.75% Brij 98-loaded DEX-pHEMA hydrogels, the DSC data (Figure 2-20–2A) 

indicated Tonset for the first endothermic peak was at -0.29°C, and Tmaximum was 3.65°C. 

The second broad endothermic peak was also two fused peaks at 104.2°C and 113.6°C, 

which corresponded to the evaporation of water and volatiles from Brij 98. TGA analysis 

(Figure 2-20–2B) revealed a 24% sample loss during the first step, and ΔTdec peaked at 

114.6°C, where 19.6% of the sample had decomposed. Even though the DSC data 

showed the free and lightly-bound water in the hydrogel was approximately 26% of the 

total EWC%, the extra 10% loss in sample weight may be attributed to release of residual 

water, CO, or CO2 (from Brij 98) from the hydrogels. During the second step, 46.4% of 

the sample weight was lost, and ΔTdec peaked at 365.1°C. During the third step, ΔTdec 

peaked at 436.8°C and represented a substantial loss in sample weight of 83.4%. The 

amount of residual ash content was <1.3%. 

For 7.5% Brij 98-loaded DEX-pHEMA hydrogels, the DSC data (Figure 2-20–3A) 

indicated the first endothermic Tonset was at -0.83°C, and Tmaximum was 4.04°C. The second 

broad endothermic peak were fused peaks at 104.87°C and 116.6°C, and corresponded 

to the evaporation of water and volatiles from Brij 98. TGA analysis (Figure 2-20–3B) 

revealed an 18% sample loss during the first step, and ΔTdec peaked at 114.6°C, where 

12.4% of the sample had decomposed. Even though the DSC data showed the free and 

lightly-bound water in the hydrogel was approximately 14% of the total EWC%, the 

additional 10% weight loss may be attributed to the residual release of water, CO, and 

CO2 (from Brij 98) from the hydrogels. During the second step, 43.4% of the sample 

weight was lost, and ΔTdec peaked at 373.8°C. During the third step, ΔTdec peaked at 

436.7°C and represented a substantial loss in sample weight of 80.7%. The amount of 

residual ash content was <1.3%. 
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For 10% Brij 98-loaded DEX-pHEMA hydrogels, the DSC data (Figure 2-20–4A) 

indicated the first endothermic Tonset was -1.65°C with Tmaximum at 0.28°C. The second 

broad endothermic peak observed at 112.9°C and corresponded to the evaporation of 

water and volatiles from Brij 98. TGA analysis (Figure 2-20–4B) revealed a 15% sample 

loss during the first step, and ΔTdec peaked at 108.7°C, where 10.3% sample had 

decomposed. Even though the free and lightly-bound water in these hydrogels was 

around 5% of the total EWC%, the additional 12% weight loss may be attributed to the 

release of residual water and the increase in CO, and CO2 volatilisation. During the 

second step, 34.5% of the sample weight was lost, and ΔTdec peaked at 350.6°C. During 

the third step, ΔTdec peaked at 442.9°C, representing a substantial loss in sample weight 

of 86.7%. The amount of residual ash content was <1.5%. 

Overall, TGA data revealed an increase in the ΔTdec peak for all Brij 98-loaded 

hydrogels compared with hydrogels without Brij 98, which suggests that the addition of 

surfactant improved the thermal stability of the hydrogels. The sample weight lost in the 

first step during TGA was more than the estimated free and lightly-bound water (from 

DSC and EWC data). The volatiles escaping from Brij 98 had minimal impact on the total 

weight loss of the hydrogel. 
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Figure 2-20. DSC and TGA thermograms for DEX-pHEMA hydrogels loaded with (1) 1.25% Brij 
(2) 3.75% Brij 98, (3) 7.5% Brij 98, and (4) 10% Brij 98. In the (A) DSC thermograms, orange 
arrows indicate the melting (1st peak) and evaporation of free and lightly-bound water (2nd 
peak). In the (B) TGA thermograms, orange arrows indicate a three-step degradation process. 
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2.5.1.7 In vitro drug release of DEX-pHEMA hydrogels 

The experiments described in this section examined the drug-release profiles of 

DEX-loaded pHEMA hydrogel discs using different concentrations of micelles in 

conditions mimicking the subconjunctiva. A flow rate of 2 µL minute-1 and a temperature 

of 35.5C (52,53,64,463), representing subconjunctival conditions in a healthy eye, were 

maintained for the duration of the experiments. DEX appeared to be unaffected by the 

polymerisation process because the DEX released from the hydrogel spacers eluted at 

the same retention time as pure DEX during HPLC analysis. 

DEX loading into the pHEMA hydrogel discs was 78.5 ±4.2 µg, 718.4 ±12.3 µg, 

667.1 ±6.0 µg, 884.0 ±23.7 µg, and 1230.3 ±25.1 µg per hydrogel disc for 0%, 1.25%, 

3.75%, 7.5%, and 10% Brij 98, respectively. All Brij 98-loaded DEX-pHEMA hydrogel discs 

showed a sustained release of DEX at therapeutically-relevant concentrations for an 

anti-inflammatory agent (>2 µM) over the course of 35 days, see Figure 2-21. All Brij 98-

loaded hydrogels released the maximum concentration of DEX within four hours; 

however, higher surfactant concentrations seemed to lower the amount of drug lost 

during the initial burst release. The maximum concentration of DEX released by all the 

Figure 2-21. DEX was released at concentrations >2 µM from Brij 98 (1.25-10%)-loaded DEX-
pHEMA hydrogel discs, a concentration adequate for effective anti-scarring agents. There was a 
burst release of the drug in the first 4 hours, but all surfactant-loaded hydrogels sustained the 
release of DEX for 35 days. In contrast, DEX-pHEMA hydrogels (0% Brij 98) released most of their 
drug content in under a week. 
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Brij 98-loaded hydrogel discs at one time during the experiments was 31.8 ±6.5 µg mL-1, 

35.0 ±13.3 µg mL-1, 31.2 ±5.2 µg mL-1, and 31.2 ±5.2 µg mL-1 for 1.25%, 3.75%, 7.5% and 

10% Brij 98, respectively at 4 hours (0.2) days (Figure 2-21). DEX-pHEMA hydrogels (0% 

Brij 98) released the highest concentration of DEX during the experiment, 18.6 ±2.7 µg 

mL-1, at 12 hours (0.5 days). The half-lives (T1/2) of DEX release were extended with 

higher concentrations of Brij 98 added in each hydrogel disc, and T1/2 for DEX were 1.6 

±0.3, 27.5 ±4.6, 27.9 ±6.6, 46.9 ±10.0, 68.9 ±14.0 days for 0%, 1.25%, 3.75%, 7.5%, and 

10% Brij 98, respectively, see Table 2-7. 

After 35 days, the total amount of DEX released was 69.2 ±3.0 µg, 425.5 ±28.1 

µg, 395.0 ±20.5 µg, 365.9 ±18.7 µg, and 374.9 ±19.1 µg for 0%, 1.25%, 3.75%, 7.5%, and 

10% Brij 98-loaded pHEMA hydrogels, respectively. This corresponded to 88.2%, 59.2%, 

59.2%, 41.4%, and 30.5% of DEX released for 0%, 1.25%, 3.75%, 7.5%, and 10% Brij 98-

loaded pHEMA hydrogels, respectively (Table 2-7). The cumulative percent DEX released 

between all concentrations of surfactant were statistically significant (p<0.05), except 

for 1.25% and 3.75% Brij 98 (p=0.09). All Brij 98-loaded hydrogels exhibited percent DEX 

releases that were statistically different from the 0% Brij 98 hydrogels (p<0.05). 

Table 2-7. Drug release of DEX-loaded pHEMA hydrogel discs after 35 consecutive days. 

Brij 98 concentration in 
hydrogel discs (% w/v) 

DEX loaded 
(µg disc-1) 

DEX released 
(µg) 

T1/2 

(days) 

Cumulative DEX 
release (%) 

0 78.5 ±4.2 69.2 ±3.0 1.6 ±0.3 88.2 ±4.3 

1.25 718.4 ±12.3 425.5 ±28.1 27.5 ±4.6 59.2 ±6.6 

3.75 667.1 ±6.0 395.0 ±20.5 27.9 ±6.6 59.2 ±5.2 

7.5 884.0 ±23.7 365.9 ±18.7 46.9 ±10.0 41.4 ±5.1 

10 1230.3 ±25.1 374.9 ±19.1 68.9 ±14.0 30.5 ±5.1 

 

The results in Figure 2-22 demonstrate a significant reduction in DEX release rate 

and a concurrent increase in the duration of release upon addition of Brij 98 micelles to 

the pHEMA hydrogels. DEX-pHEMA hydrogels containing no surfactant (0% Brij 98), 

released most of the drug (88.2 ±4.3%; 69.2 ±3.0 µg) in fewer than seven days. The 

cumulative amount of drug release was Brij 98 concentration-dependent (p<0.05) in the 

case of 3.75%, 7.5% and 10% Brij 98-loaded hydrogels. The cumulative drug-release data 

indicate that Brij 98 was successful in prolonging the release of the hydrophobic drug, 
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DEX, significantly longer than non-micelle entrapped DEX-pHEMA hydrogels, Figure 

2-22. 

2.5.1.8 Mathematical model fitting of in vitro drug-release data 

To evaluate the kinetics of DEX in vitro release data from the pHEMA hydrogel 

discs, mathematical models such as zero order, first order, Higuchi’s, Hixson-Crowell’s, 

Weibull and Korsmeyer-Peppas models were used. The criterion for selecting the most 

appropriate model was based on matching the assumption criteria of the model, 

goodness-of-fit test (R2) and the smallest sum of squares of residuals (SSR) value (471–

473). The R2/SSR ratio was the smallest for kinetic data modelled using Korsmeyer-

Peppas model, indicating that the data best fit this model, see Figure 2-23. The value for 

the diffusion exponent n was obtained from the slope of the linear graph, see Table 2-8.  

  

Figure 2-22. DEX-loaded pHEMA hydrogel discs demonstrated a sustained release over 35 days 
at all four concentrations of Brij 98. DEX-pHEMA hydrogels with 1.25%, 3.75%, 7.5%, and 10% 
Brij 98-loaded hydrogels released 59.2%, 59.2%, 41.4% and 30.5% of DEX at the end of the 
experiment, respectively, whereas DEX-pHEMA hydrogels without Brij 98 (0%) released 88.2% 
of DEX loaded in fewer than 7 days. There was a significant difference in drug release between 
all Brij 98-loaded DEX-pHEMA hydrogels and the hydrogels without Brij 98 (p<0.05), and there 
was a significant difference in drug release between all Brij 98 concentrations (p<0.05), except 
for between 1.25% and 3.75% Brij 98 (p=0.09).  
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Table 2-8. The parameters obtained when in vitro drug release data were fitted using 
the Korsmeyer-Peppas model. 

Parameter 
Brij 98 concentration 

0% 1.25% 3.75% 7.5% 10% 

Intercept 1.7 ±0.02 0.85 ±0.02 0.92 ±0.2 0.71 ±0.02 0.57 ± 0.02 

Slope (n) 0.42 ±0.07 0.7 ±0.02 0.67 ±0.02 0.67 ±0.02 0.67 ±0.02 

SSR 7.61E-04 0.07 0.08 0.06 0.05 

Pearson's r 0.988 0.99 0.99 0.99 0.99 

R2 0.98 0.98 0.98 0.98 0.999 

 
Because the n values for all Brij 98-loaded DEX-pHEMA hydrogels were all 

between 0.45–0.89, the model suggests the mechanism of drug release from these 

hydrogels was via Anomalous transport, following non-Fickian diffusion, and is 

characterised by both diffusion of the molecules and swelling of the polymer matrix 

(474,475). Furthermore, it must be noted that there was no increase in the n values 

when Brij 98 concentration was increased. For 3.75%, 7.5%, and 10% Brij 98-loaded DEX-

pHEMA hydrogels, n = 0.67 ±0.02. For 1.25% Brij 98, n = 0.70 ±0.02. For DEX-pHEMA 

hydrogels (0% Brij 98), n = 0.42 ±0.07.  

Figure 2-23. Data from in vitro drug-release experiments using DEX-loaded pHEMA hydrogel 
discs containing varying concentrations of Brij 98 (0%, 1.25%, 3.75%, 7.5%, 10%) were 
transformed and plotted to fit the Korsmeyer-Peppas model. This graph shows data fitting to 
log [data for ≤60% drug released] versus log [time (days)]. 
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2.5.1.9 Cross-linked hydrogel tablet 

Before compression of pHEMA hydrogel tablets, the fine cross-linked xerogel 

powder was characterised for particle size using particle laser diffraction. Results 

obtained showed the average ±SD median particle diameter (Dv50) for the powder was 

64.2 ±0.6 µm, which was within the range for Quality Audit Standard Measurement 

Protocol (479). The distribution of the particle size was unimodal, i.e. the particles were 

uniformly distributed around the median value, see Figure 2-24 (480). 

Compression forces of 0.3 MPa (for 10 minutes) and 0.5MPa (for 20 minutes) 

were found suitable for making tablets 2 mm and 3 mm in diameter that could withstand 

their weight, respectively, see Table 2-9. The source of DEX (Alfa Aesar, UK) used 

consisted of fine powder that poured easily into the press and resulted in less than 10% 

loss between weighing the powder and the resulting tablet. The approximate drug 

loading efficiency for 2 mm and 3 mm tablets were 50% and 33%, respectively. 

Table 2-9. Dimensions of fine cross-linked pHEMA tablets. 
Tablet 

diameter (mm) 
Tablet 

height (mm) 
Tablet 

mass (mg) 
Tablet 

surface area (mm2) 
Tablet 

volume (mm3) 

2 0.7 2.9 10.68 2.2 
3 1.55 4.9 28.75 10.96 

Figure 2-24. Laser diffraction results (R) showed a unimodal particle size distribution of the fine 
cross-linked pHEMA powder (L) with the average ±SD median particle diameter (Dv50) for the 
powder was 64.2 ±0.6 µm. 
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Before testing the tablets for drug release, post-fabrication processing to remove 

excess monomer, as described earlier for hydrogel discs, caused the tablets to 

disintegrate entirely within seconds. As shown in Figure 2-25, when water was added to 

the Eppendorf tubes containing the 2 mm diameter hydrogel tablets, they disintegrated 

in under 5 minutes, leading to the formation of gel-like microstructures surrounding the 

insoluble DEX.  

The 3 mm tablet completely disintegrated too (<3 minutes), forming gel-like 

microstructures similar to the 2 mm tablet, as shown in Figure 2-26. The gel granules 

were more heterogenous for the 3 mm tablet with drug particles visible in the Eppendorf 

tube as compared to the 2 mm tablet. 

2.5.2 Degradable spacers 

These experiments aimed to encapsulate DOX into a biocompatible and 

degradable polymer spacer and evaluate the in vitro drug release. DOX monohydrate 

and DOX hyclate were used as the model hydrophilic drug because, in addition to its 

antibacterial activity, DOX has shown potential as an anti-inflammatory and anti-scarring 

Figure 2-25. Upon adding water to 
the Eppendorf tubes containing 2 
mm hydrogel tablets, they 
disintegrated quickly, forming gel 
like microstructures surrounding 
the insoluble DEX. This figure 
shows the 2 mm tablet (A) after 
being ejected out of the tablet 
die. Disintegration of the tablet is 
shown at 10 seconds (B), 1 minute 
(C) and 5 minutes (D). 

Figure 2-26. Upon adding water to the Eppendorf tubes 
containing 3 mm hydrogel tablets, they too disintegrated 
quickly forming heterogeneous, gel like microstructures 
surrounding the insoluble DEX. The figure above shows 
the 3 mm tablet (A) after being ejected out of the tablet 
die. Disintegration of the tablet is shown at 3 minutes (B). 
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agent in ophthalmic formulations. Three different approaches were explored to 

formulate degradable polymer spacers to prolong DOX release; chitosan hydrogels, 

electrospun PCL fibres, and solvent-cast PCL.  

2.5.2.1 DOX-encapsulated chitosan hydrogels 

It was possible to formulate DOX-chitosan solutions that transitioned to 

hydrogels at 37°C. Figure 2-27 (left) shows a solution of chitosan after addition of β-

glycerophosphate (GP) during agitation, and Figure 2-27 (right) shows the transition to 

a viscous hydrogel after heating the solution to 37°C with the magnetic stirrer 

suspended in the hydrogel. 

The EWC% for the chitosan hydrogels were 55.7% and 60.0% for DOX 

monohydrate and DOX hyclate, respectively. The swelling ratios were 1.26 and 1.50 for 

DOX monohydrate and DOX hyclate, respectively, see Table 2-10. 

Table 2-10. The EWC% and SR values for DOX-chitosan hydrogels. 

Spacer EWC (%) SR 

DOXmonohydrate 55.7 ±1.4 1.26 ±0.04 

DOXhyclate 60.0 ±2.1 1.50 ±0.1 

 

SEM images of the DOX-chitosan hydrogels analysed under vacuum revealed 

that DOXmonohydrate-chitosan hydrogels were characterised by mostly smooth surfaces 

with raised bumps that could be macroporous vacuoles underneath the surface. At a 

higher magnification, a few small aggregates were observed on the surfaces, which 

could be attributed to either chitosan or DOXmonohydrate phase-separating from the bulk 

hydrogel structure. DOXhyclate-chitosan hydrogels were characterised by uniform 

surfaces with small, undulating striations on the surfaces, see Figure 2-28. Additionally, 

DOXhyclate-chitosan hydrogels displayed no visible aggregates, which suggested that the 

Figure 2-27. DOX-chitosan 
solutions transitioned to 
hydrogels at 37°C. The solution of 
chitosan after the addition of GP 
during agitation (left) 
transitioned to a viscous hydrogel 
after the solution was heated to 
37°C, and the same stirrer can be 
seen suspended in the hydrogel 
(right). 
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drug was evenly distributed within the hydrogels. No macroporous holes were visible in 

either of the hydrogels, perhaps due to the application of vacuum during SEM imaging.  

  

Figure 2-28. SEM images of DOXmonohydrate-encapsulated chitosan hydrogels at (A) 500x 
magnification and (B) at 5,000x magnification, and DOXhyclate-encapsulated chitosan hydrogels at 
(C) 500x magnification and (D) at 5,000x magnification performed under a vacuum. DOXmonohydrate 
–chitosan hydrogels contained a few small aggregates on the surfaces, which could be attributed 
to either chitosan or DOXmonohydrate phase-separating from the bulk hydrogel structure. DOXhyclate-
chitosan hydrogels displayed no visible aggregates. 
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These DOX-chitosan hydrogels were not processed further before evaluation for 

in vitro drug release. DOX monohydrate loading into the chitosan hydrogels (250 µL in 

volume) was 5.5 mg hydrogel-1. The DOXmonohydrate-chitosan hydrogels showed a burst 

release of DOXmonohydrate with maximum drug concentration of 1.96 ±0.2 mg mL-1 

released within 24 hours, see Figure 2-29A. The T1/2 of DOXmonohydrate was 26.3 ±6.0 

hours. The DOXmonohydrate-chitosan hydrogels released 51.2 ±4.1% of the total amount of 

drug-loaded over 24 hours and showed a sustained release of DOXmonohydrate for a further 

144 hours, releasing 77.3 ±8.2% of total drug amount and the end of the 168-hour 

experiment, see Figure 2-29B and Table 2-11.  

DOX hyclate loading into the chitosan hydrogels (250 µL in volume) was also 5.5 

mg hydrogel-1. Chitosan hydrogels showed a burst release of DOX hyclate with a 

maximum concentration of 8.3 ±0.5 mg mL-1 released at 4 hours, see Figure 2-30A. The 

T1/2 of DOXhyclate was 2.5 ±0.3 hours. Chitosan hydrogels released 72.8 ±4.3% of the total 

drug amount loaded within four hours and demonstrated a sustained release of DOX 

hyclate for 72 hours, releasing 90.8 ±2.7% of the total drug amount loaded into the 

hydrogels, see Figure 2-30B. 

Figure 2-29. The concentration of DOX monohydrate released (A) and cumulative percent 
release (B) of DOX monohydrate from 2.5% w/w chitosan hydrogels over time. Chitosan 
hydrogels released 77.3 ±8.2% of the total DOX monohydrate amount added in seven days. 
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Table 2-11. Drug release after seven and three days from DOXmonohydrate and DOXhyclate-
chitosan hydrogels, respectively. 

Chitosan spacer 
Drug loaded 
(mg spacer-1) 

Drug released 
(mg) 

T1/2 (hours) 
Cumulative drug 

release (%) 

DOXmonohydrate 5.5 4.25 ±0.5 26.3 ±6.0 77.3 ±8.2 

DOXhyclate 5.5 5.00 ±0.2 2.5 ±0.3 90.8 ±2.7 

*Half-life calculations estimated based on the assumption of drug diffusion following first-rate kinetics. 

Figure 2-30. The (A) concentration released and (B) cumulative release percent of DOX hyclate 
from 2.5% w/w chitosan hydrogels over time. Chitosan hydrogels released 90.8 ±2.7% of the 
total DOX hyclate amount added in 72 hours. 
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2.5.2.2 Electrospun DOX-PCL fibres 

DOX-incorporated fibres were successfully formulated from PCL and two types 

of poloxamer using electrospinning as a technique. The resulting DOX-loaded fibres 

were confirmed using a digital microscope, see Figure 2-31. Diameter distribution 

analysis suggested that PCL-DOX fibres formulated with 407 were larger (2.58 ±0.4 µm) 

as compared with those formulated using 188 (1.78 ±0.51 µm). The fibres had a white 

to a slightly yellow hue, and while the fibres used in assessing in vitro drug release were 

stored in darkness, the fibres maintained this colour even when exposed to light for 

three weeks on the lab bench (not shown). This confirmed that DOX was loaded in the 

fibres and suggested they had a prolonged resistance to DOX photosensitisation. These 

DOX-PCL-poloxamer fibres were not processed further before evaluation for in vitro 

drug release. 

Figure 2-31. Digital microscope images of electrospun fibres formulated with 20% w/w PCL and 
DOX monohydrate with poloxamer 407 (A) and 188 (B).The scale bars are 200 µm. Diameter 
distribution analysis suggested that PCL-DOX fibres formulated with 407 had a larger average 
diameter (2.58 ±0.4 µm) as compared with those formulated using 188 (1.78 ±0.51 µm). 
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DOX monohydrate loading into the PCL-poloxamer 188 and PCL-poloxamer 407 

fibres was 2.5 mg per 20 mg of fibres. DOX-PCL fibres with poloxamer 188 showed a 

burst release of DOX monohydrate with a maximum concentration of 3.4 ±0.3 mg mL-1 

released within four hours, see Figure 2-32A. Electrospun PCL fibres with poloxamer 407 

showed a burst release of DOX monohydrate with a maximum concentration of 2.3 ±0.9 

mg mL-1 released at four hours, see Figure 2-32A. The concentration of drug released 

between PCL-poloxamer 188 and PCL-poloxamer 407 fibres was not statistically 

significant (p>0.05). 

Table 2-12. Drug release of DOX monohydrate-loaded PCL-poloxamer fibres after seven 

days. 

Fibres 
Drug loaded (mg 

20 mg fibres-1) 
Drug released 

(mg) 
T1/2 

(hours) 

Cumulative drug 
release (%) 

PCL-poloxamer 188 2.5  2.2 ±0.2 2.7 ±0.5 88.1 ±4.2 

PCL-poloxamer 407 2.5 2.0 ±0.1 4.0 ±0.3 78.3 ±2.7 

*Half-life calculations were estimated on the assumption of drug diffusion following first-rate kinetics. 

Electrospun DOX-PCL-poloxamer 188 fibres released 64.3 ±4.4% of the total drug 

amount loaded within four hours, and showed a sustained release of DOX monohydrate 

for five days (120 hours), releasing 88.1 ±4.2% of the total amount of DOX loaded at the 

end of the experiment, see Figure 2-32B. The T1/2 of DOX monohydrate was 2.7 ±0.5 

hours and 4.0 ±0.3 hours for PCL-poloxamer 188 fibres and PCL-poloxamer 407 fibres, 

Figure 2-32. The concentration released (A) and cumulative release percent (B) of DOX 
monohydrate from electrospun fibres of PCL with poloxamer 188 and 407 over time. Drug 
release experiments using electrospun PCL with poloxamer 188 and 407 showed a sustained 
release of DOX monohydrate for five and seven days, respectively. Concentration of drug release 
between PCL-poloxamer 188 fibres and PCL-poloxamer 407 fibres was not statistically significant 
(p>0.05). PCL-poloxamer 188 fibres released significantly more DOX monohydrate than PCL-
poloxamer 407 fibres (p<0.05). 
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respectively, see Table 2-12. Electrospun DOX-PCL-poloxamer 407 fibres released 43.9 

±1.7% of the total drug amount loaded in four hours, and showed a sustained release of 

DOX monohydrate for seven days, releasing 78.3 ±2.7% of the total DOX amount loaded 

(Figure 2-32B). PCL-poloxamer 188 fibres released significantly (p<0.05) more 

cumulative per cent DOX monohydrate than PCL-poloxamer 407 fibres at the end of the 

experiment. 

2.5.2.3 Solvent-cast DOX-PCL spacers 

After the acetone solvent evaporated, solvent-cast DOX-PCL spacers had a 

yellow hue, which turned darker in colour when exposed to light for two weeks (data 

not shown). This observation indicated that spacers formulated by loading DOX in PCL 

using solvent casting did not provide a prolonged resistance to DOX photosensitisation. 

These solvent cast DOX-PCL-poloxamer spacers were not processed further before 

punching into discs for evaluation of in vitro drug release. 

DOX monohydrate loading into the PCL-poloxamer 188 and PCL-poloxamer 407 

spacers was 2.5 mg per 20 mg of the spacer. Solvent cast PCL-poloxamer 188 spacers 

showed a burst release of DOX monohydrate with a maximum concentration of 1.59 

±0.6 mg mL-1 released within four hours, see Figure 2-33A. Solvent cast PCL-poloxamer 

407 spacers with showed a burst release of DOX monohydrate with a maximum 

concentration of 0.74 ±0.1 mg mL-1 released within four hours, see Figure 2-33A. The 

T1/2 of DOX monohydrate was 35.9 ±14.8 hours and 57.8 ±5.0 hours for PCL-poloxamer 

188 spacers and PCL-poloxamer 407 spacers, respectively, see Table 2-13. The 

concentration of drug release between solvent cast PCL spacers with poloxamer 188 and 

solvent cast PCL spacers with poloxamer 407 was not statistically significant (p>0.05). 

Table 2-13. Drug release of DOX monohydrate-loaded, solvent-cast PCL-poloxamer 
spacers after ten days. 

Spacers 
Drug loaded (mg 
20 mg spacer-1) 

Drug released 
(mg) 

T1/2 

(hours)* 

Cumulative drug 
release (%) 

PCL-poloxamer 188 2.5 1.6 ±0.4 35.9 ±14.8 65.1 ±15.7 

PCL-poloxamer 407 2.5 1.1 ±0.1 57.8 ±5.0 45.5 ±2.4 

*Half-life calculations were estimated on the assumption of drug diffusion following first-rate kinetics.  

Solvent-cast PCL-poloxamer 188 spacers released 30.54 ±10.6% of the total drug 

amount loaded within four hours and showed a sustained release of DOX monohydrate 

for ten days, releasing 65.1 ±15.7% of the total amount of DOX monohydrate loaded at 

the end of the experiment, see Figure 2-33B. Solvent case PCL-poloxamer 407 spacers 
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released 14.2 ±0.9% of the total drug amount loaded within four hours, and showed a 

sustained release of DOX monohydrate over the course of ten days, releasing 45.5 ±2.4% 

of their total drug amount, see Figure 2-33B. Solvent cast PCL-poloxamer 188 released 

significantly more DOX monohydrate than solvent cast PCL-poloxamer 407 (p<0.05). 

  

Figure 2-33. The concentration released (A) and cumulative release percent (B) of DOX 
monohydrate from solvent cast PCL-poloxamer 188 and PCL-poloxamer 407 spacers over time. 
Drug release experiments using solvent cast PCL-poloxamer 188 and PCL-poloxamer 407 spacers 
showed a sustained release of DOX monohydrate (<11 days). Concentration of drug release 
between solvent cast PCL-poloxamer 188 and solvent cast PCL-poloxamer 407 was not 
statistically significant (p>0.05). Solvent cast PCL-poloxamer 188 spacers released significantly 
more DOX monohydrate than solvent cast PCL-poloxamer 407 spacers (p<0.05). 
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2.6. Discussion 

Utilising hydrogels to formulate spacers for use in the human body is of much 

clinical interest. SpaceOAR™ is a recent FDA approved hydrogel that consists primarily 

of water and polyethylene glycol (PEG) in a liquid form (ClinicalTrials.gov identifier 

NCT01538628, NCT02353832, NCT04004312)(481–483). It is used to reduce rectal injury 

in men receiving prostate cancer radiation therapy (RT) by acting as a spacer pushing 

the rectum away from the prostate. Upon injection, the liquid precursor solidifies to 

form a hydrogel that maintains space between the rectum and prostate during radiation 

therapy to protect the rectum from acute and long-term toxicity caused by the high dose 

radiation field. It then gradually liquefies to clear out from the body (484). 

Ozurdex® (Allergan), a biodegradable copolymer D, L lactide-co-glycolide (PLGA) 

which contains 700 µg DEX, has been approved by the FDA to be used as a sustained-

release, free-floating intravitreal implant (0.46 x 6 mm cylinder). It has been approved 

for the management of macular oedema following retinal vein occlusion, diabetic 

macular oedema or non-infectious uveitis, and its use is increasing, especially where 

other therapies have been unsuccessful. The PLGA co-polymer used to fabricate 

Ozurdex® slowly undergoes hydrolysis to form carbon dioxide and water, while DEX is 

slowly released into the vitreous cavity over the course of six months (385,485). A study 

done on New Zealand albino rabbits concluded that Ozurdex-treated GFS blebs had 

significantly prolonged bleb survival compared to untreated blebs (485). Moreover, 

Ozurdex®-treated blebs exhibited a favourable bleb histology (<50% avascularity) 

compared with the MMC treated blebs. However, authors of the same study also 

reported that MMC treated blebs had significantly longer survival compared to 

Ozurdex®-treated blebs (485). These results indicate that DEX was unable to improve 

bleb survival as compared to MMC but was a much safer alternative.  

More recently, DEXTENZA®, a 3 mm cylindrical-shaped, resorbable, ophthalmic 

insert, containing 400 µg dexamethasone in a polyethylene glycol (PEG) based hydrogel 

conjugated with fluorescein was approved by the FDA for the treatment of ocular 

inflammation and pain following ophthalmic surgery (486,487). In three randomized, 

multicentre, double-masked, parallel-group, vehicle-controlled trials, a higher 

proportion of patients were pain-free, as compared to the vehicle alone. On 

postoperative day 14, in two of the three studies, DEXTENZA® had a significantly higher 
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proportion of patients than the vehicle group who had an absence of anterior chamber 

cells (486). More recently, a Phase IV clinical trial investigating the safety and efficacy of 

DEXTENZA®, following concomitant minimally invasive glaucoma surgery 

(ClinicalTrials.gov identifier NCT04200651)(266) and another investigating the use of 

DEXTENZA® for the treatment of post-surgical pain and inflammation compared to 

standard of care (topical prednisolone acetate 1%) in patients undergoing conjunctival 

surgery is underway (ClinicalTrials.gov identifier NCT04403516)(409).  

2.6.1 Non-degradable pHEMA spacers 

2.6.1.1 Micelles 

In the work described in this chapter, DEX-pHEMA hydrogels (0% Brij 98) resulted 

in a loading capacity of 0.3 ±0.03%, which was limited by the solubility of 

dexamethasone in the HEMA solution pre-polymerisation. Moreover, considering that 

some drug was lost during the post-fabrication of DEX-pHEMA hydrogels, the adjusted 

loading efficiencies reported here are comparable with the literature. A previous study 

has demonstrated that loading values of DEX in pHEMA hydrogels as 0.1–0.6% w/w 

using an in situ entrapment method (488). This study did not investigate phase 

separation of DEX from the final pHEMA hydrogels; however, it reported comparatively 

significantly lower loading capacities when DEX was loaded in the pHEMA hydrogels 

using the imbibing method (488).  

It has been previously reported that pre-soaking hydrogel contact lenses in a 

drug solution, for a period from 2 minutes to 24 hours, resulted in drug uptake varying 

from 0.02 to 2.3 mg lens-1 for ionic materials and 0.01–5.53 mg lens-1 for non-ionic 

materials (489,490). Ketorolac tromethamine, a hydrophobic drug, exhibited poor drug 

loading of 106 µg lens_1 and a significantly poorer average drug release of 21 µg lens-1 

when loaded in pHEMA hydrogels (369). Using the entrapment method, a comparatively 

higher amount of drug (69.2 ±3.0 µg disc-1) was released from the DEX-pHEMA hydrogel 

spacers in this study. However, this amount is not therapeutically relevant for more than 

a week in the subconjunctival space. To achieve a prolonged release of DEX from pHEMA 

hydrogel spacers, use of micelles was investigated. 

Varying the concentrations of Brij 98 were added in the polymer mixture, and a 

direct dissolution method was used to prepare Brij 98 micelles. Brij 98 is a non-ionic 
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surfactant, containing a hydrophilic head, with 20 polyoxyethylene (POE) groups and a 

distinct hydrophobic tail consisting of an 18-carbon polymethylene chain, see Figure 

2-34. The CMC values of Brij 98 have been reported in the literature from 0.2–2.5% w/v 

using iodine solubilisation and fluorescence techniques (368,429,434,439). However, 

some of these studies defined micellisation to represent the completion of the 

micellisation process, rather than the initiation of micelle formation. To ensure 

complete micellisation, the smallest concentration of Brij 98 used (1.25%) was at least 

two times larger than its reported CMC value (0.6% w/v)(434). 

Brij 98 micelles resulted in an overall increase in DEX solubility in HEMA. 

Subsequently, this resulted in increased DEX loading capacities of pHEMA hydrogels. 

Based on the classic packing model by Tanford (426), Israelachvili et al. estimated that 

the prediction of micelle shape is governed by the packing parameter, 𝑃 which can be 

calculated as;  

𝑃 =
𝑉0

𝑎0𝐼0
 

Where 𝑉0 is the surfactant tail volume, 𝑎0 is the equilibrium area per molecule 

at the aggregate interface and 𝐼0 is the tail length of the surfactant molecule (491). Since 

Brij 98 has a single polymethylene chain with a large polyoxyethylene (POE) headgroup 

made of 20 units (manufacturer’s datasheet), the value of 𝑃 is <1/3. Based on this model, 

it can be predicted that Brij 98 would form spherical micelles with some ellipsoidal and 

cylindrical aggregates present in the system (491,492). It has been suggested that only 

Figure 2-34. Brij 98 has a hydrophobic tail 
made of 18 carbon polymethylene chain 
and a hydrophilic head made of 20 
polyoxyethylene groups. Above the CMC 
value, the oxyethylene head groups form 
a barrier between the hydrophobic core 
and aqueous environment (3D model 
generated using JSmol). 
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headgroup (POE) controls the aggregate structure via 𝑎0 and the tail (polymethylene) 

does not have any influence on the shape and size of the aggregate (426). However, the 

latter has been contested in the literature by Nagarajan et al., who suggested an 

additional consideration of the tail packing constraint (422). 

The large poly(oxyethylene oxide) head group of Brij 98 means the area per 

surfactant molecule at the micellar aggregate interface would be large enough to have 

significant repulsive forces between their headgroups (423,426). The repulsive forces 

would favour a positive curvature of the micellar interface, with the increasing 

surfactant concentration (491,493). This further suggests the formation of more 

spherical shaped micelles at higher surfactant concentrations. This observation was in 

agreement with the predicted model based on surfactant packing perimeter, 𝑃 and 

taking into account the surfactant tail constraint (422,491,494). 

PDI values <0.1 are considered as monodisperse and between 0.1–0.4 as 

moderately disperse (368). Using DLS for micelle characterisation, a slight increase in 

polydispersity was observed with the increase in Brij 98, indicating the presence of free 

surfactant molecules and larger micellar aggregates. This is expected due to the 

decrease in the thermodynamic stability of the surfactant solutions, and the tendency 

of the micelles to aggregate to counter the change in entropy as the concentration of 

surfactant increases (422,423). Moreover, Brij 98 solutions have been reported to begin 

micellisation at concentrations as low as 0.025% w/v. The increase in pre-micellar 

aggregates could further explain the increase in poly-dispersity with the increase in Brij 

concentration (434). 

Another reason for the increase in PDI values could be attributed to the presence 

of ellipsoidal and elongated micelles at higher concentration. The true shape of globular 

micelles, to accommodate a larger number of hydrocarbon chains (>10), leads to a 

distortion in the micellar shape (426). This includes oblate and prolate ellipsoids (426). 

This distortion of the globular shape of micelles has previously been reported in the case 

of non-ionic micellar aggregates made of large oxyethylene headgroups (>10 

groups)(422). In addition, when the surface concentration of surfactants exceeds a 

critical surfactant concentration, known critical aggregation concentration (CAC), the 

surfactant may form complexes with the polymer itself. CAC for homologous surfactants 

such as Brij 98, is primarily dependent on the hydrophobic moiety (polymethylene chain) 
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and not on the PEO chain length. CAC is generally lower than CMC for non-ionic 

surfactants as the hydrogel-surfactant system thermodynamically favours aggregation 

rather than micellisation (495–497). 

The utilisation of Brij 98 micelles significantly improved DEX solubility in HEMA 

and resulted in significantly higher DEX loading as compared to DEX-pHEMA hydrogels 

without Brij 98. Consequently, the increased amount of DEX loaded in pHEMA hydrogel 

discs after post-fabrication processing (667.1 ±6.0–1230.3 ±25.1 µg) was comparable 

with the only FDA approved DEX containing ophthalmic implants, Ozurdex® (700 µg) and 

DEXTENZA® (400 µg), the only FDA approved intracameral DEX injection DEXYCU® (517 

µg), and the subconjunctival injection of DEX (500 µg) used during conventional TSC laser 

treatment for refractory glaucoma (ClinicalTrials.gov identifier 

NCT02875158)(397,486,498,499). 

2.6.1.2 Visual analysis 

There are several other potent ophthalmic drugs that are hydrophobic and have 

a similar size to DEX, and thus it was considered as a model drug to study the release of 

small, hydrophobic molecules from hydrogel spacers. Initially, heat-initiated 

polymerisation was investigated to entrap DEX loaded Brij 98 micelles in pHEMA 

hydrogel spacers. However, irregularly distributed small spots were observed during a 

visual inspection of the xerogels, indicating that DEX phase-separated and precipitated 

on the xerogel surface. This observation suggested a heterogenous drug distribution in 

the xerogel with the majority of DEX distributed within the polymer matrix, instead of 

within the hydrophobic cores of micellar aggregates. A possible explanation could be 

the evaporation of free water from the polymer solution due to the high temperature 

and long time required for polymerisation. This heterogeneity of drug distribution would 

give unreliable pharmacokinetic data of pHEMA spacer discs, which were representative 

of the drug amount in the hydrogel. Moreover, solid particulate matter is known to elicit 

an immune response when implanted in the body (356,500,501). 

In comparison, the UV-initiated hydrogels were clear with no visible aggregates. 

This could be due to the higher water content in the hydrogels as UV-initiated 

polymerisation was much faster than heat-initiated hydrogels and evaporated less 

water from the polymer mixture. The absence of particulates suggested that majority of 
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DEX was still entrapped in the micelles and distributed homogenously within the 

hydrogels. 

SEM was used to characterise the hydrogels for their internal structure and 

specifically compare differences between drug-loaded hydrogels containing Brij 98 and 

pure pHEMA hydrogels (0% Brij 98). However, a major drawback of this characterisation 

technique is the drying of hydrogels that is needed for sample preparation. Since the 

pore structure of the aqueous samples collapses in the dry state, this could introduce 

artefacts and skew the representation of the true internal structure of a hydrogel. 

Bearing this limitation in mind, the SEM results were only assumed to indicate the 

hydrogel structure and were used in support of other characterisation techniques to get 

a better understanding of the drug-loaded hydrogels. 

Characteristic folds were observed in the pHEMA hydrogel structure during SEM 

characterisation. This observation has also been shown in previous studies in the 

literature (502,503). The folds in the hydrogels are formed due to the high degree of 

swelling of the polymer network in a confined space, during polymerisation in the 

presence of water. Some additional artefacts such as minor holes and blemishes are 

commonly produced on the exposure of hydrogels to the beam in the microscope (504).  

As polymerisation progresses, there is a dramatic decrease in the solubility of 

pHEMA, resulting in the amorphous solid material. However, pHEMA is able to absorb a 

high amount of water, nearly 45% (w/w), and this water remains and fills the 

intermolecular spaces of the polymer network (505). The water-soluble monomer 

HEMA, filled with pHEMA, aggregates together into small droplets. By the end of the 

polymerisation process, pHEMA becomes fixed in a network filled with larger spaces 

which could be interconnected to form channels. These channels are occupied by the 

water phase, which in the meantime has also separated (503,504). From SEM images in 

this study, the porous nature of the pHEMA hydrogels and the formation of cavities in 

the bulk structure was evident. Due to the polymer (pHEMA) property of being able to 

hold up large amounts of water, the empty spaces observed between polymer networks 

suggest that these might be filled with water upon hydrogel swelling. Similar cavities 

have been observed in previous studies of pHEMA hydrogels (506). It may be possible 

for a drug to access these empty spaces, and when placed in sink conditions where the 

volume of solvent about 5–10 times greater than the volume present in the saturated 
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solution of drug, this can cause a burst drug release due to the absence of any additional 

rate-limiting step (e.g. micelle dissociation)(427,464,507). 

The increased roughness (as compared with pure pHEMA hydrogels) of the bulk 

structure of Brij 98-loaded DEX-pHEMA hydrogels may be attributed to the presence of 

a higher degree of porosity as free, and polymer-adsorbed surfactants create water-rich 

environments and might increase pore size distribution (430). However, these individual 

pores would not be visible as they are only a few nanometres in size. If the water content 

were to be increased in the pre-polymerisation mix, it would increase phase separation 

to form larger interconnected pores that form a sponge-like hydrogel which is 

mechanically fragile (503,504). 

The presence of complex aggregates was another striking observation that was 

noticed in the SEM micrographs of Brij 98-loaded DEX-pHEMA hydrogels. These 

aggregates were much larger than the Brij 98 micelle size, suggesting the formation of 

complex vesicular structures, which could be due to the confining effects of the 

hydrogels (436). Increased globule sizes, on the addition to the pre-polymer mixture, 

has previously been reported in a recent study (508). The authors reported a 4–5 fold 

increase in micro-emulsion globule size on dilution by the pre-polymer mixture. 

Although the possible collapse of porous structure and formation of artefacts are 

significant limiting factors to the use of SEM as a tool in gel porosimetry, this procedure 

can provide useful insight into the morphology of the gels (503). Environmental SEM is 

a technique, capable of analysing ‘wet’ samples, eliminating the high-vacuum 

requirement of conventional SEM (509,510). It could be utilised for future studies, to 

reduce the introduction of artefacts caused by drying of hydrogel samples. However, 

this technique was unavailable at the time this research was conducted. 

2.6.1.3 Water in hydrogels 

As drug release from hydrogels is governed by the transport of molecules in the 

soluble fraction (or solvent), it was thought that the water content of the hydrogel might 

affect the rate of drug release through the hydrogel; such that the more water that was 

present, the better diffusion and the faster the release would be (224,511). From the 

DSC data acquired in this study, low EWC% were observed in surfactant-containing 

hydrogels indicated that the drug-release rates from pure DEX-pHEMA hydrogels (0% 

Brij 98), which had a significantly higher EWC%, would be significantly faster than the 
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Brij 98-loaded hydrogels. This faster release was evident in the drug-release studies 

where DEX-pHEMA hydrogels (0% Brij 98) released most of their drug content 

significantly faster than the pHEMA hydrogels that utilised Brij 98 micelles to entrap DEX. 

Additionally, the amount of water at the surface and inside the polymer 

networks can play a vital role in implant biocompatibility by avoiding platelet and 

protein adhesion (512). When a protein molecule is adsorbed on a polymer surface, 

water molecules between the protein and polymer need to be replaced (459). Protein 

adsorbed on the surface loses the bound water at the surface-contacting portion. This 

exposes the hydrophobic part of the protein to the polymer surface, leading to 

conformational changes in the protein (513). If the water state at the surface is similar 

to an aqueous solution, proteins do not release bound water molecules, even if protein 

molecules contact the surface. This means that the hydrophobic interaction between 

proteins and the polymer surface is restricted. Moreover, conformational changes 

during protein adsorption upon contact with the surface are also suppressed. This 

reversible nature of protein binding associated with hydrated surfaces causes fewer 

conformational changes in the proteins (513). Softer hydrogels with high water content 

(>50%) have less effect on the surrounding tissues (less inflammation and foreign body 

response)(300,514). The presence of water reduces the interaction between polymer 

and protein by reducing the non-reversible protein adsorption on the surface of the 

hydrogel device leading to increased biocompatibility (513). 

Brij 98-loaded pHEMA hydrogels showed a decrease in the EWC%, but DSC data 

revealed the ratio of bound/free water increased on the addition of Brij 98. The amount 

of bound water was the same or increased on the addition of Brij 98 (except 1.25% Brij 

98, which showed a decrease in the amount of bound water). This suggests that there 

would be some difference in the platelet adhesion ability to the pHEMA hydrogels with 

the addition of Brij 98. However, this was not characterised in the present work but 

would be of significant interest for future studies. Shi et al. have reported that free or 

bulk water is mainly responsible for the improvement in biocompatibility (515). Tanaka 

and Mochizuki reported that the slightly bound water on the polymer surface is the type 

of water responsible for the reduction in protein adsorption while He et al. suggested 

that bound water is the key player (512,516,517). Although there is some disagreement 

on which type of water is responsible for biocompatibility; free, slightly bound or bound 
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water, in general, the biocompatibility of a hydrogel matrix is directly proportional to 

the total water content (518–520). 

Furthermore, the amount and type of binding of water in a hydrogel can 

determine the overall exchange of solute from the hydrogel (290,317). In the present 

work, the addition of Brij 98 significantly decreased the amount of bulk water as 

compared with the pure pHEMA hydrogel (0% Brij 98). This would further contribute to 

decreasing the rate of drug release due to a significant decrease in the availability of 

free-moving water molecules inside the Brij 98-loaded hydrogels. When a xerogel (dry 

hydrogel) begins to absorb water, the first water molecules entering the matrix will 

hydrate the hydrophilic polar groups, leading to ‘bound water’ (458). This ‘bound water’ 

represents the water molecules that are immobilised by hydrogen bonding to the 

polymer chains of the hydrogels (521). Bound water does not freeze within the 

temperature range investigated using DSC, remaining unfrozen even at temperatures 

lower than -100°C (522). This causes the hydrogel network to swell, exposing 

hydrophobic groups, which also interact with water molecules, leading to 

hydrophobically-bound water, or ‘lightly bound water’ (460). Bound and lightly bound 

water are often combined and simply called the ‘total bound water’ (317,458). 

DSC analysis of DEX-pHEMA hydrogels revealed a lowering of Tonset for the first 

endothermic peak corresponding to the melting of frozen water with the increase of Brij 

98 (3.75, 7.5 and 10%). This could be attributed to an overall increase in the hydrogen 

bonding ability of pHEMA. The presence of higher fractions of non-freezable bound 

water on the addition of Brij 98 indicated that the water molecules were likely strongly 

hydrogen-bonded to the hydrophilic hydroxyl and carbonyl groups of the pHEMA 

polymer, inhibiting the mobility of the water molecules from nucleating and forming ice 

crystals at cooling temperatures. This observation was consistent with the findings in 

the literature (522,523). 

For Brij 98-loaded DEX-pHEMA hydrogels, the DSC data showed a peak shift of 

the first endotherm for melting of bulk water (free + lightly bound), when compared 

with DEX-pHEMA hydrogels (0% Brij 98). This was expected as frozen lightly bound water 

melts at temperatures lower than frozen free water (524). It was observed that the free 

water content decreased in the pHEMA hydrogels with the addition of Brij 98. Similar 

results have been previously reported in the literature (523). A further peak shift for the 
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melting of bulk water was observed with the increased concentration of the surfactant. 

This could be attributed to the plasticising nature of the Brij 98 surfactant. After the 

polar and non-polar (hydrophobic) sites in the polymer network have interacted with 

water molecules, hydrogels imbibe additional water, which is driven by the osmotic 

force of the hydrogel chains. This additional swelling is opposed by the crosslinks 

(physical or covalent), thus bringing the hydrogel to an equilibrium swelling level (290). 

The additional water that is imbibed after the ionic, polar and hydrophobic groups 

become saturated with bound water, is called ‘free water’ or ‘bulk water’, and is 

assumed to fill the space between the network chains, and/or the centre of larger pores 

or voids. These water molecules exhibit increased mobility due to the absence of 

hydrogen bonding with the polymer chains. 

It should be noted that DSC gives information about the bulk structure of water 

in the polymer, not the structure of the polymer surface. The reader must also bear in 

mind that the calculation of the relative amounts of free and bound water in the pHEMA 

hydrogels was approximate, since exact heats of melting are required for the calculation 

of the amount of free water from the peak area and the measured heat/g of a wet 

sample. It has been observed that in polymers showing multiple endotherms, a portion 

of the water melting below 0°C would have a lower heat of fusion than pure water 

(460,525). Consequently, for the results presented in the current work, the use of the 

heat of fusion of pure water (the upper limit) for the calculation of the amounts of free 

water would have lead to a slight overestimation of the amount of bound water. 

With the addition of Brij 98 to the hydrogels, the bound surfactant around the 

hydrophobic parts of pHEMA will require more energy to dismantle the micellar 

structures and polymer chain alignment. This would raise the energy requirement of the 

system, the magnitude of which is primarily governed by the electrostatic repulsion and 

its strength. However, it is known that interactions between non-ionic surfactants and 

neutral polymers are hydrophobic interactions and hydrogen bonding (496,526). This 

does not create significant difficulties to dismantle polymer-non-ionic surfactant 

systems as compared with pure pHEMA hydrogels (527), and this was evident from the 

TGA analysis of Brij 98-loaded DEX-pHEMA hydrogels. 

It is worth noting that similar to the DSC method, TGA results are changeable and 

depend on the conditions of sample and experimental process, making it rather 
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challenging to compare the experimental results with published literature (528). The 

TGA thermograms for the pHEMA hydrogels analysed showed a three-step thermal 

degradation process. This can be explained as follows; firstly, the bulk water (free + 

lightly bound) present in the structure of the hydrogels (adsorbed and absorbed 

moisture) was eliminated via dehydration and evaporation between ~50–150°C. In the 

second step, the weight loss was characterised by the volatilisation of bound water, 

decomposition in the side groups and the branches of pHEMA hydrogel, between ~150–

380°C. Volatiles from Brij 98 were mainly carbon monoxide (CO) and carbon dioxide 

(CO2), according to the manufacturer’s supplied datasheet. The final step was attributed 

to the breakdown of the primary polymer chain, between 380–500°C. These 

degradation results corresponded well with previous findings in the literature 

investigating pHEMA hydrogels (529,530). 

2.6.1.4 Drug release and modelling 

Encapsulating DEX into a hydrogel for sustained release is of particular interest 

for formulating prolonged drug-release ophthalmic formulations (531). Incorporating 

surfactants into the gel matrix can alter the interaction of the drug with the hydrogels 

and significantly affect drug-release. This effect was investigated and utilised to 

formulate non-degradable pHEMA hydrogel spacers. 

Results from drug-release experiments confirmed that there was a significant 

(p<0.05) decrease in cumulative drug release and drug-release rates when Brij 98 was 

used to entrap DEX in pHEMA hydrogels at all four concentrations (1.25–10%). 

Furthermore, this decrease was found to be significantly (p<0.05) inversely related to 

the concentration of Brij 98, except 1.25% and 3.75%, which were found to be not 

statistically significant (p>0.05). The primary rate-limiting step for drug release from 

hydrogels is considered to be the rate of drug diffusion through the polymer matrix into 

the surrounding environment (532). In the matrix of Brij 98-loaded DEX-pHEMA 

hydrogel spacers, surfactants may exist in three different forms (a zoomed-in schematic 

of the hydrogel spacer arrangement is shown in Figure 2-35), a free form that constitutes 

of surfactants that do not interact with the polymer or other molecules of surfactants. 

The second form is where they interact with polymer, and the third is where they exist 

as micelle aggregates with hydrophobic cores. Similarly, drug exists in three forms inside 
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the hydrogel matrix: free form, adsorbed on to the polymer or inside micelle aggregates 

(430). 

Since the hydrophobic cores of micelles provide thermodynamically stable sites 

for DEX, the majority of the drug lies in the hydrophobic micellar aggregates. For this 

drug to be released, it needs to partition out of the hydrophobic micellar cores into the 

hydrogel matrix by disassociation of micelles, followed by diffusion out of the hydrogel 

(428). This two-step release process decreases the total drug-release rate. The 

remaining amount of free DEX present inside the hydrogel matrix can readily diffuse 

through the hydrogel. The obvious question is ‘which of the two mechanisms play a 

greater role in slowing the release of DEX’. By using mathematical models to analyse the 

drug-release kinetics data, further conclusions may be drawn to get a better idea about 

the underlying dominant mechanism for the drug-release. 

DEX-pHEMA hydrogels did not release 100% of the drug initially loaded into the 

polymer solution. This could be caused by drug degradation during the polymerisation 

Figure 2-35. A schematic of the Brij 98-loaded DEX-pHEMA hydrogel spacer. In the matrix of 
hydrogels, surfactants may exist in three different forms; a free form that constitutes of 
surfactants that do not interact with the polymer or other surfactant molecules, a second form 
where the surfactant molecules interact with polymer and a third form is where they exist as 
micelle aggregates with hydrophobic cores. Similarly, DEX exists in three forms inside the 
hydrogel matrix; free form, adsorbed on to the polymer and inside the hydrophobic cores of the 
micelle aggregates. Since the hydrophobic cores of micelles provide thermodynamically stable 
sites for DEX, the majority of the drug lies in the hydrophobic micelle aggregates. This added 
barrier to drug diffusion would prolong drug-release from the hydrogel spacer. 
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process. However, this is unlikely as during HPLC analysis, no change in DEX 

chromatograms were observed, as compared with native DEX, confirming that the drug 

being released was in fact unaltered. This suggests that the reason for the discrepancy 

in drug release amount would be irreversible entrapment of DEX within the hydrogel. In 

the literature, irreversible entrapment of 17% DEX in pHEMA has been reported, which 

was estimated using the difference in drug loading and release (488). The mechanism of 

entrapment, i.e. physical or chemical entrapment has not been investigated and could 

be pursued in future work. 

DEX loaded Brij 98 DEX-pHEMA hydrogels were clear and free from particulate 

matter which indicated that majority of the drug was inside the micellar aggregates. 

Results from the drug release experiments further indicated that the two-step release 

process decreased the total drug-release rate of DEX from Brij 98-loaded pHEMA 

hydrogels as comparatively, DEX-pHEMA hydrogels (0% Brij 98) released most of their 

drug content under a week. For a micelle-entrapped drug to be released, the influx of 

water must decrease the surfactant concentration in the hydrogel below the CMC value, 

disassociating the micelle and releasing the drug into the hydrogel matrix. It is only then 

possible for this drug to diffuse out of the hydrogel. This added step of micelle to matrix 

partition of the drug creates a depot effect and extends drug release from the pHEMA 

hydrogels. The effect of this rate-limiting step (micelle to matrix partitioning of the drug) 

was also evident in the prolonged drug-release from Brij 98 micelle-entrapped 

hydrogels. However, it was somewhat surprising that I did not observe a correlation 

between the increase in surfactant concentration and the prolonging of the drug-release 

time. This could be due to the higher drug entrapment efficiency of micelles at higher 

surfactant concentrations, slowing down the rate of drug release even further. 

In both in vitro and in vivo studies, a pulse-like (burst) or dose-dumping release 

of the drug has generally been observed for drug-loaded hydrogels (370,533). In the 

present work, SEM characterisation of pure pHEMA hydrogels (0% Brij 98) revealed 

empty spaces in the hydrogel matrix that the drug may access when the hydrogel would 

be placed in sink conditions. This would lead to a characteristic burst release due to the 

absence of any additional added rate-limiting step to the diffusion of DEX. In another in 

vitro study, the corticosteroid triamcinolone acetonide, commonly used in ocular 

therapy (including intraoperative augmentation supplementing MMC for GFS), was 
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loaded into non-degradable pHEMA contact lenses by the soaking method (0.05% w/w). 

These contact lenses released 80% of the drug in 24 hours (373). In the present work, 

comparable findings were reflected in the pHEMA hydrogel drug-release data as Brij 98-

loaded DEX-pHEMA hydrogels, even though have a much higher loading than pure 

pHEMA hydrogels (0% Brij 98), exhibited a smaller burst release (amount of drug 

released <one day).  

All drug release experiments were carried out using DI water rather than PBS, 

which is considered as a suitable model fluid for aqueous humour. DEX is a non-ionic 

drug and so its diffusion into the aqueous environment from the hydrogel is not 

expected to depend significantly on the salt concentration. It has been previously 

reported in a comparative study that there is a negligible effect on the partition (ratio of 

the drug concentration in the hydrogel and the concentration in the aqueous phase at 

equilibrium) and diffusivity of DEX loaded in pHEMA hydrogels, when comparing release 

using DI water and PBS (488). 

In the case of hydrogels, progressive swelling of the polymer particles is observed 

on hydration, leading to considerable structural changes. These include a change of the 

mobility of the macromolecular chains, macromolecular relaxations, and alterations in 

the porous structure (534). These changes induce alteration of the shape and size 

distribution of pores, modifying the overall porosity during hydrogel swelling and 

increased diffusion (474,535). To get a better understanding of the underlying dominant 

mechanisms of action of drug release from pharmaceutical dosage forms, mathematical 

modelling is often applied to the drug-release kinetics data. It aids in the measurement 

of important physical parameters, such as the drug diffusion coefficients based on 

model fitting of experimental release data (468). These parameters aid in predicting the 

drug-release rates and mechanisms involved when comparing dosage forms with a 

similar active drug, polymer, adjuvants, as well as the geometry (size and shape)(469). 

For studying the release kinetics of DEX from pHEMA hydrogels, I found the 

R2/SSR ratio to be the smallest for drug release data modelled using the Korsmeyer-

Peppas model. The criterion for selecting the most appropriate mathematical model for 

drug-release kinetics from pHEMA hydrogels was based on matching the assumption 

criteria of the model, goodness-of-fit test (R2) and smallest SSR value (471–473). The 

mathematical model used, needs to have the ability to transform the drug-release curve 
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in function of some other parameter related to the dosage form under analysis (465). 

The R2 value, also known as the coefficient of determination, has been used in the 

literature as the goodness of fit parameter in linear relationships (467,536–538). The 

sum of squares of residuals (SSR) and R2 as final criteria have also been utilised to predict 

the mechanism of drug release (472). However, the deviation predicted on the basis of 

drug release, SSR and R2 as individual entities may result in error up to 16% from ideal 

release (473). As R2 mainly reports variability in the data that is accounted for the model, 

and its calculation involves the use of mean value, an increasing number of data points 

increases the value of R2. Therefore, R2 alone cannot be considered as an accurate 

indicator of goodness of fit statistics in either linear or non-linear relationships 

(539,540). 

The n values of the slope obtained graphically (Figure 2-23 and Table 2-8) using 

the Korsmeyer-Peppas model can be compared with the values in the literature to 

predict the mechanism of DEX release from pHEMA hydrogels. The n value for DEX-

pHEMA hydrogels without Brij 98 was found to be ~0.45 and Brij loaded DEX-pHEMA 

hydrogels was found to be between 0.45 and 0.89. Thus, this model suggested that the 

mechanism of drug release from DEX-pHEMA hydrogels without Brij was diffusion-

controlled, which includes contributions from both bulk and surface diffusion. This 

finding was comparable with the literature (488). 

On the other hand, the mechanism of drug release from Brij 98-loaded DEX-

pHEMA hydrogels was found to be Anomalous transport, following non-fickian diffusion 

which is characterised by both, diffusion of the molecules and swelling of the matrix 

(474,475). This can be explained due to the slow rearrangement of pHEMA polymer 

chains and the simultaneous diffusion of DEX and water molecules, causing the time-

dependent anomalous effects (465). In Anomalous transport, the velocity of solvent 

diffusion and the polymeric relaxation process have similar magnitudes. At n > 0.89, 

there is a significant change in the mechanism of drug release as the velocity of chain 

relaxation significantly increases diffusion velocities. This shift in the mechanism of drug 

release has been shown to correspond to zero-order kinetics. The diffusion of a solvent 

through the drug-polymer system is much faster, compared to the polymeric chain 

relaxation process (465). The increase in the n value on the addition of Brij 98 indicates 
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that Brij 98 increased the role of polymer chain relaxation as compared to solvent 

diffusion alone, significantly increasing the time of DEX release from the hydrogels. 

After any surgical intervention, the first five weeks are regarded as the critical 

period of maximum postoperative fibrosis (353–355). In the eye, the postoperative 

fibrosis leads to scar formation, posing a significant challenge to the success of surgery 

as it may close the newly formed channel during GFS or GDD implantation. The in vitro 

drug-release results presented here suggest that Brij 98-loaded pHEMA hydrogels 

released DEX at a release profile that matches the post-surgical inflammation response 

profile. This indicates the that Brij 98 at concentrations as low as 1.25% w/v might be a 

suitable surfactant for optimal DEX loading in pHEMA hydrogels to extend drug release 

over a month while maintaining an optimal therapeutic dose. Moreover, the initial high 

concentration of DEX release, followed by a taper in the present may be beneficial to 

mimic the regimen of DEX eye drops currently used in the clinic (ClinicalTrials.gov 

identifier NCT02873806, NCT00825864)(392,541). The pHEMA hydrogel discs have the 

potential be used as a standalone implant at the site of surgery as shown in Figure 2-36, 

for localised drug release of an anti-fibrotic to modulate wound healing for 

approximately a month. Once the drug has been released, this spacer would stay 

permanently implanted at the site to support the space for a diffused filtration bleb. 

Figure 2-36. A schematic showing a hydrogel disc spacer implanted at the site of surgery after 
GFS (or GDD). If optimal drug-release kinetics were to be achieved in vivo from this drug-
surfactant-hydrogel spacer, the spacer has the potential to modulate wound healing and 
improve the success of the surgery. 



 

137 
 

It must be noted that even though the biocompatibility of pHEMA is well 

established in the front of the eye, the DEX-Brij entrapped pHEMA hydrogel spacer 

described in this chapter has never been characterised in the subconjunctival space. The 

release of surfactant from these spacers might be an important factor to consider as 

surfactants at large concentrations may cause ocular irritation (438). Brij surfactants 

have been investigated as ocular permeation enhancers, and their ocular toxicities on 

the corneal surface have been reported in the literature to be minimal. Saettone et al. 

have reported that Brij 98, tested as a permeation enhancer at 0.5% w/v for β-blockers, 

in male New Zealand white rabbits exhibited negligible irritant effects in the lower 

conjunctival space (438). 

Moreover, since this Brij 98-loaded DEX-pHEMA hydrogel spacer would be 

implanted in the subconjunctival space, the releasing surfactant should clear into the 

systemic circulation without causing any harm to the corneal tissue (438). This Chapter 

is unable to encompass the effect of surfactant on the surrounding tissues in the 

subconjunctival space. For this purpose, a reasonable approach for future work would 

be the quantification of Brij released from these hydrogel systems for an extended 

period, or until no more surfactant is detected in the release media. 

The in vitro drug-release results from Brij 98 loaded DEX-pHEMA hydrogel 

spacers suggest the viability of this drug delivery system to deliver DEX at therapeutic 

concentrations for more than a month. However, given the hydrophobic nature of DEX, 

it was considered to be a model hydrophobic drug for alternative anti-fibrotic drugs. An 

ideal example of such an alternative drug is an MMPi called ilomastat (GM6001). It is a 

poorly water-soluble (~140 µg/mL at 25°)(542) broad spectrum MMPi that has 

successfully shown to promote bleb survival and reduce postoperative scarring in 

preclinical evaluation (231,358). Initially designed as an inhibitor of human skin 

collagenase for the treatment of the invasive phase of rheumatoid arthritis, later studies 

indicated ilomastat’s potential to treat corneal ulcers by reducing the infiltration of 

inflammatory cells in alkali-burned rabbit corneas (543). 

Ilomastat is a potent anti-scarring agent that unlike other MMPis such as DOX, 

has shown to be extremely effective even in nanomolar concentrations (358,543). The 

inflammatory inhibition of ilomastat was shown to be reversible, and it was non-toxic to 

cells in both in vitro and in vivo models (358,359). Removing ilomastat two days after 
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application in cultured fibroblasts initiated gel contraction, which indicated the 

reversible nature of its effect. To translate such a drug to the clinic, a sustained release 

drug delivery system would be suitable that can be implanted in the subconjunctival 

space at the time of GFS. This would prolong optimal drug concentration directly at the 

site without the inconvenience of repeated injections and ‘spikes’ of concentration. To 

achieve this, the drug would need to be encapsulated in a biocompatible material to 

minimise foreign body response by the surrounding tissue. Future studies can be aimed 

at exploring the encapsulation of ilomastat in Brij 98-loaded pHEMA hydrogels. 

The reader must bear in mind that the findings in this chapter cannot be 

extrapolated to all anti-fibrotic drugs as the micelles prepared using Brij surfactants 

preferentially encapsulate hydrophobic drugs into their cores. I used DEX as a model 

drug due to its anti-inflammatory efficacy at mico-molar concentrations, widespread use 

in the clinic, significant clinical interest for a prolonged-release formulation and its 

hydrophobic nature. The generalisation that this system would prolong the release of 

hydrophobic drugs should be approached with some caution due to two main reasons. 

First, the drug-release kinetics observed from a relatively small sample size in the in vitro 

experiments (n=3) might not necessarily correlate in vivo. Second, Brij 98 might not 

encapsulate a hydrophobic drug with a much larger molecular weight into its core with 

similar encapsulation efficiency, thereby decreasing the drug-loading in the pHEMA 

hydrogel spacer. 

The in vitro drug release chamber utilised in the current work provides valuable 

information regarding drug release from spacers in an open flow system. It does, 

however, have limitations as a model of the bleb. The chamber to hold the spacer 

implant was of a fixed volume (250 µl) whereas as blebs may vary in their internal 

volume in every patient. Using optical coherence tomography, a functioning bleb has 

been reported to have a fluid volume as small as 6.3 µL (544). Moreover, in the current 

in vitro set-up, the aqueous fluid drains through one exit point as opposed to diffusely 

through episcleral veins. The aqueous flow rate used for the drug release experiments 

was 2 µl/min. A range of values for the production rate of aqueous humour by the ciliary 

body has been reported in the literature depending upon the method of assessment, 

ranging from 1.5 µL/minute at night to 3.0 µL/minute in the morning (52–54,545). 

Although the value of 2.0 +/- 0.4 µL/minute is generally accepted (52,55), this value may 
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significantly vary in patients and conversely translate to varying pharmacokinetics of the 

drug-eluting spacer. 

Additional factors involved in the pharmacokinetics of release would be the 

interplay of cells and tissue around the spacer, and to be able to test this, experimental 

work involving animal models is needed. Investigating the effect of different sterilisation 

methods on drug release from micelle-entrapped pHEMA spacers is warranted, prior to 

any meaningful in vivo studies. 

2.6.1.5 Cross-linked tablet 

DEX’s low solubility would enable the prolonged concentration over therapeutic 

levels of the drug in the subconjunctival space for a significant duration. Additionally, 

the drug loading of DEX could be adjusted according to the tablet size. Furthermore, by 

not using anything other than pure drug and polymer, there would be no ‘by-product’ 

that remains that might cause toxic or inflammatory side effects. In an in vivo 

experiment with 24 rabbits, it has been demonstrated that an anti-fibrotic drug “tablet” 

prolonged bleb survival significantly longer than MMC with significantly less collagen 

deposition than either MMC or negative control (application of water in the same way 

as MMC at the time of surgery)(546,547). 

The average median particle size (Dv50) of the cross-linked pHEMA-MPC was 

found to be in the nanometre range with a unimodal distribution. The Dv50 was found 

to be within the range for Quality Audit Standard Measurement Protocol (Malvern, 

2016). The literature suggests that small particles yield stronger tablets with 

homogenous distribution of pores due to the increase in bonding surface area (548). 

Moreover, spread in particle size has been shown in the literature, to have little 

influence on tablet porosity during compression but can significantly influence the short-

term post-compression increase in tablet tensile strength (548,549). This is primarily due 

to capillary forces restructuring the surface in the presence of humidity (550). In 

pharmaceutical manufacturing, particle size distribution plays a vital role in filtration and 

product purity, making it an essential parameter in shipping and handling of the powder 

(549,551). 

During post-fabrication processing, the crosslinked pHEMA-MPC tablets 

disintegrated rapidly, and particulate matter was observed. Such non-solubilised 

particulate matter is well known to cause an immune response when implanted in the 
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body. In the acute inflammation stages, this response consists predominantly of 

neutrophil recruitment and infiltration (500,501). These cells are limited in their ability 

to reconstitute the proteases needed to eliminate pathogens, and if a foreign material 

persists, recruitment of macrophages in great numbers occurs during the stages of 

chronic inflammation (356). Cannon & Swanson have demonstrated that macrophages 

are capable of ingesting particles of more than their own size (552). The larger particles 

can cause the macrophages to contain the stimulus (latex beads in this particular case) 

in a foreign body granuloma. Even micro-fragments of surgical-grade cotton retained 

from gauze used in surgery can cause a significant foreign body reaction (500). 

Specifically in the conjunctiva, this has been explicitly demonstrated by the retention of 

particles of methylcellulose sponge (501). 

Assessing these findings in the literature, I concluded that the hydrogel tablet 

would trigger a foreign body response, resulting in the tablet becoming enclosed in a 

granuloma. This would inhibit drug diffusion, and thus the tablet would fail to provide 

the anti-inflammatory or anti-scarring effect. Considering these findings, it was decided 

not to pursue this strategy further. 

2.6.2 Degradable spacers 

DOX is another anti-inflammatory drug that has been investigated to improve 

the success rate of surgery to treat trachoma. This study reported favourable results of 

DOX treatment suppressing the contractile phenotype of fibroblasts and matrix 

degradation. DOX significantly altered MMP expression associated with the profibrotic 

phenotype (411). DOX hydrogels have shown promising results for MMP inhibition in a 

double-blind, placebo-controlled trial, assessing the use of low dose DOX (1.5 mg g-1) in 

a hydrogel (553). Another study found no statistical difference in the clinical outcomes 

for the management of periodontitis, when comparing PCL-DOX controlled release 

implants with in situ controlled release gels containing DOX (554). There was a 

statistically significant difference in the release of DOX from the gel, when compared 

with the implant on the 10th and 30th days, more DOX being released from the gel (554). 

The same UV-initiated Brij 98-loaded pHEMA spacer system was initially 

investigated to incorporate DOX in a hydrogel. A similar drug-loading method and 

polymerisation process was carried out with the aim to formulate Brij 98-loaded DOX-

pHEMA hydrogels. I found that in all concentrations of Brij 98 (1.25–10%), as well as the 
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pure pHEMA hydrogels (0% Brij), the hydrogel failed to polymerise. Furthermore, the 

polymer mixture, when removed from under the UV lamp, had completely turned black, 

see Figure 2-37. A significant problem with DOX is its photosensitivity. It has been 

reported that DOX degrades by photolysis under UVC light at 100–280 nm (555). Other 

researchers have previously reported that DOX molecules absorb UV energy at a higher 

wavelength than the photoinitiator and that DOX likely blocks the generation of active 

free radicals and thus decreases the overall conversion rate from monomer to polymer 

(556). The ability DOX to act as a UV absorber against the photoinitiator explains the 

inability for the DOX-pHEMA hydrogels to polymerise. 

2.6.2.1 DOX-encapsulated chitosan hydrogels 

To overcome the inability to carry free radical polymerisation with entrapped 

DOX in pHEMA hydrogels, an alternative hydrogel system using chitosan was explored 

for DOX encapsulation. Chitosan has gained significant interest for drug-loaded hydrogel 

preparation, largely due to its biocompatibility, biodegradability and cost-effectiveness 

(557–564). Due to the presence of the free amino groups in its chemical structure, 

chitosan can be dissolved in aqueous acidic solutions in the ionized state. Most 

importantly, a chitosan solution, on the addition of glycerophosphate (GP), becomes 

thermo-responsive at physiological pH and temperature (565). Additionally, anionic 

nature of most human tissues due to the presence of glycosaminoglycans in the 

extracellular matrix, and the cationic character of chitosan allows for adherence of 

chitosan hydrogels to tissue sites (566).  

In the present work, chitosan in the presence of GP was investigated as a 

biocompatible and degradable material for formulating a spacer to encapsulate DOX 

monohydrate and DOX hyclate. Chitosan DOX solutions transitioned to hydrogels at 37° 

Figure 2-37. The Brij 98-DOX-HEMA mixture failed to polymerise when initiated by UV. 
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C. Chitosan hydrogels released most of their drug content, DOX monohydrate in seven 

days which was significantly longer than DOX hyclate, which was released in three days. 

This difference in release duration was expected as DOX hyclate is more hydrophilic and 

would solubilise into the surrounding aqueous environment more readily than DOX 

monohydrate. However, in both cases, chitosan hydrogels were unable to prolong the 

release of DOX for five weeks. A possible explanation for this could be a potential reverse 

sol-gel transition, leading to the disintegration of chitosan hydrogels as the temperature 

in the in vitro release chamber was set at 35.5°C. The constant flow rate would have 

expedited the release of the chitosan from the release chamber, leading to a short 

release duration. Considering these results, utilising chitosan for formulating a 

prolonged drug-release degradable spacer was deemed unsuitable, as this formulation 

would fail to achieve a prolonged concentration release of DOX at therapeutic levels, in 

the subconjunctival space. These results however, further exemplify the requirement 

for added barriers to drug release, when utilising hydrogels. 

2.6.2.2 Electrospun DOX-PCL fibres 

Next, electrospinning was explored as a potential polymer processing technique 

to load DOX in a degradable PCL-based delivery system. “Electrospinning” derived from 

“electrostatic spinning” refers to a fibre production method, which uses electric force to 

draw charged drops of visco-elastic polymer solutions to form fibres. The main 

advantage of this technique relates to the extremely high surface area per unit mass of 

fibres, which facilitates the fast and efficient solvent evaporation, leading to the 

formation of amorphous dispersions (567). The utilisation of this technique was first 

published in 1887, and the term ‘electrospinning’ was coined in 1897 by Rayleigh, and 

the first patent describing an experimental set-up for the production of polymer 

filaments using an electrostatic force was published in 1934 (568–570). 

During the electrospinning process, the diameter and morphology of the fibres 

are affected by solution surface tension, the polymer solution dielectric constant, 

feeding rate, the electric field strength, tip-to-collector distance as well as some 

environmental parameters such as temperature, humidity and air velocity in the 

spinning chamber (571). In addition to solid fibres with a smooth surface, 

electrospinning has also been adapted to generate fibres with several secondary 

structures, including those characterised by a porous, hollow, or core-sheath structures. 
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All of these attributes make electrospun fibres well-suited for encapsulation of bioactive 

species, drug delivery, tissue engineering, and regenerative medicine (449). More 

importantly, for formulating DOX spacers, electrospinning involves electrical 

evaporation rather than using elevated temperatures to remove the solvent, thus 

avoiding thermally-induced drug-degradation (572). 

In the case of degradable implants, the degradation products should be non-

toxic and should completely clear the body. PCL is a highly hydrophobic and semi-

crystalline polymer with well-established biocompatibility. It is widely used as 

biomedical material for manufacturing FDA-approved sutures (Monocryl™ and Ethicon), 

subcutaneous contraceptive implants (Capronor™), medical devices for use in bone 

voids in craniofacial defects (Osteomesh™ and Osteoplug™) and dental fillings 

(573,574). PCL degrades in aqueous media or when in contact with microorganisms and 

thus can be used to make degradable polymeric devices (507).  

Bulk degradation of PCL occurs when water penetrates the entire polymer bulk, 

causing hydrolysis throughout the entire polymer matrix (575,576). In the literature, 

degradation studies have concluded that PCL undergoes a two-stage degradation 

process; first, the non-enzymatic random hydrolytic scission of ester groups, and 

second, when the polymer is reduced to a lower molecular weight (less than 3000), it is 

shown to undergo intracellular degradation. Hydrolysis intermediates are formed, which 

are metabolised intracellularly via the tricarboxylic acid cycle or are eliminated from the 

body by direct renal secretion (577). This mechanism of degradation is concluded by the 

observation of PCL hydrolysing to 6-hydroxyl caproic acid and acetyl coenzyme A, which 

are uptaken by macrophages and fibroblasts (575,578). 

In the present work, low molecular weight PCL (Mn ~10,000) was chosen for 

spacer formulation to decrease the degradation time of the bulk material. However, PCL 

alone was found to be unsuitable for electrospinning as the solution viscosity was too 

low to form fibres, and rather the polymer was sprayed as droplets on the collector 

plate, see Figure 2-38. Moreover, due to the presence of five hydrophobic -CH2 moieties 

in its repeating units, PCL degrades slowest among all the polyesters (3–4 years in 

vivo)(579). Addition of poloxamers to PCL materials have been shown to decrease the 

overall degradation time of the overall bulk material. Poloxamers are block co-polymers 

of ethylene oxide (EO) and propylene oxide (PO), synthesized by sequential addition of 
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propylene oxide first to the two hydroxyl groups of a low molecular weight, water-

soluble propylene glycol, and then ethylene oxide is added at both ends of the PPO block 

to form the PEO end-blocks (507,580). The ability to change from individual block 

copolymer chains (unimers) to self-assembling micelles has enabled the use of 

poloxamers to increase the solubility and dissolution of hydrophobic drugs (581,582). 

Fluorescence probe studies have found that the micelle core is hydrophobic and made 

by PPO blocks, while the micelle corona, in contact with the bulk aqueous environment, 

is comprised of hydrated PEO blocks (583). Poloxamers increase the viscosity of the final 

formulation and increase the hydrophilicity, thus are frequently investigated in 

combination with PCL for implant formulation (584–587). 

Digital microscopy indicated that PCL fibres formulated using poloxamer 188 had 

a thinner average diameter than fibres formulated using poloxamer 407. This would lead 

to an increase in the surface area of the spacer available for drug diffusion. During drug-

release experiments, PCL fibres released most of their drug content in under seven days. 

Fibres formulated using poloxamer 188 released significantly more DOX in a shorter time 

with shorter T1/2, as compared with fibres formulated using poloxamer 407. This could 

be attributed to the increased surface area available for drug diffusion as a direct result 

of thinner fibres (576). In addition, the resulting materials from electrospinning 

technique generally contain the drug molecules randomly distributed throughout the 

polymer, and thus can significantly increase the solubility and dissolution rate of poorly 

water-soluble drugs, by nanosizing and amorphisation (588). This would explain rapid 

DOX release from the electrospun fibres. 

Figure 2-38. Electrospun DOX-PCL droplets 
without the addition of poloxamers, observed 
using digital microscopy. After electrospinning, 
droplets of DOX-PCL solution were deposited 
on the collector plate, and it appears that 
poloxamers are required to increase the 
viscosity in order to form fibres in the 
electrospinning conditions used in the present 
work. 
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2.6.2.3 Solvent-cast DOX-PCL spacers 

I utilised solvent casting method to formulate PCL-poloxamer spacers containing 

DOX. In a solvent casting method, the solidification rate can determine the physical state 

of drugs in solid dispersions. Ideally, a fast solidification method is preferred to ensure 

the amorphous state of drugs (457). Commonly utilised methods for fast solvent 

removal are heating on a hot plate (589), vacuum drying (590), rotary evaporation (591), 

spray drying (592), freeze-drying (593), spray freeze drying (594) and ultra-rapid freezing 

(595). However, these methods have their own associated disadvantages that include 

drug degradation, poor scalability, and high processing costs. To overcome these 

disadvantages, I utilised a less harsh and significantly more cost-effective technique of 

solvent evaporation using a standard laboratory fume hood.  

During drug-release experiments, solvent cast PCL spacers released most of their 

drug content in under 11 days. Similar to what was observed with fibres, solvent cast 

spacers formulated using poloxamer 188 released significantly more DOX in a shorter 

time with shorter T1/2, as compared with spacers formulated using poloxamer 407. The 

difference in cumulative drug release between electrospun fibres and solvent cast 

spacers was significant, with the latter releasing a lower amount of DOX with 

significantly longer T1/2. This difference could be attributed to the differences in the 

surface area available for drug diffusion.  

Even though using implantable drug delivery systems have shown promise in 

improving the efficacy and safety of ocular therapies, a number of factors limit their use. 

The polymer-drug interaction is essential as the molecular weight and the type of 

polymer system used determines the rate and mechanism of drug release from the 

implant (252). Poloxamer 188 has a higher ratio of PEO:PPO units (206:39) as compared 

with poloxamer 407 (200:65), making the latter more hydrophobic and have a larger 

polymer chain size (582). Both these factors would translate to a faster drug release 

from spacers formulated using poloxamer 188. This difference in drug release was 

evident from the results in the in vitro release experiments. 

Additionally, the high concentration of poloxamers used in the preparation of 

DOX loaded PCL spacers would have rapidly leached out during the in vitro testing, 

increasing the porosity of the PCL spacer, thus increasing the rate of DOX release. 

Previous studies in the literature from PCL-poloxamer spacers have found similar results, 
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reporting a significant increase in drug release with the increase in poloxamer 

concentration used in implant formulation (585–587). Another study found comparable 

burst release profiles and significantly faster release of the poorly water-soluble drug 

docetaxel from PCL-poloxamer matrices, as compared to PCL alone (586). A preclinical 

evaluation of levonorgestrel implants made of PCL-poloxamer blend reported that 

poloxamer molecules leached out rapidly because of surrounding body fluids, creating 

micropores in the implant matrices, thus enhancing the drug release from the implant. 

The authors also reported the PCL-Poloxamer implants to be biologically safe and 

nontoxic after a two-year follow up (587).  

A plausible explanation for these phenomena could be derived using the 

Percolation theory. According to Percolation theory, few and isolated pores created in 

matrices are not favourable for generating the interconnected open pore structures. 

Once the porosity increases above the percolation threshold (the critical porosity), the 

interconnecting pathways in porous matrices would be formed easily and became more 

‘‘filled-in’’ by release medium, facilitating drug to diffuse and release from the matrices 

(596–599). Addition of equal amounts of PCL and poloxamer led to the formation of a 

large number of interconnected pores by the rapid leaching out poloxamers from the 

spacers. The significant difference in cumulative DOX release suggests that poloxamer 

188 formed larger and more interconnected pores in the PCL-poloxamer spacers, as 

compared to those formed by poloxamer 407. This effect was pronounced in the DOX 

release profile from solvent cast spacer. 

Moreover, the leaching poloxamers from the PCL spacers would form micelles 

that would significantly improve the solubility of DOX in the release samples. It has been 

shown previously that poloxamers (P9200, P10300, P10400 and P10500) at 5% w/w 

were able to increase in the solubilization of the water-insoluble drug, fenofibrate over 

100-fold at 25°C (600). Nuclear Overhauser effect spectroscopy (NOESY)-NMR 

experiments indicated that the protons from fenofibrate interacted exclusively with 

PPO, enhancing the drug solubility (600). The effect of poloxamer micelle formation on 

DOX solubility was not investigated in the present work, but future studies could involve 

utilising this effect to improve drug loading in hydrophilic spacers. 

The degradation products of the non-permanent spacers should ideally be 

biocompatible, safe and must completely exit the body to make them suitable for tissue 
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engineering and smart drug-delivery devices (292,601–603). I was unable to formulate 

a prolonged DOX-release formulation of 1:1 PCL-poloxamer spacers using 

electrospinning and solvent cast techniques. In the absence of poloxamers, PCL shows 

extremely slow degradation profiles (575) which would be unsuitable for the intended 

purpose of formulating a degradable spacer for prolonged drug release at therapeutic 

levels. 

2.6.2.4 Trachoma 

In addition to subconjunctival scarring caused by surgeries to lower the IOP in 

glaucoma patients, trachoma, a bacterial infection of the eyelid, conjunctiva, and 

cornea, is also strongly associated with subconjunctival scarring. Trachoma is caused by 

Chlamydia trachomatis, leading to chronic conjunctivitis and scarring of the upper 

conjunctiva (604). At present, trachoma is the leading infectious cause of blindness 

worldwide, affecting large populations of patients in developing countries (604,605). It 

is considered an endemic disease that affects poor communities in Central and South 

America, Africa, the Middle East, Asia, and large populations in Australia (606–610). It is 

estimated that trachoma remains endemic in 44 countries, has blinded or visually 

impaired around 1.9 million people with 142 million people at risk of trachoma, 

responsible for 1.4% of all blindness worldwide (609). In earlier stages, tetracycline 

ointments are used to treat trachoma, but severe scarring can cause the eyelid to in 

turn, which requires corrective surgery (605). 

Trachoma surgery involves rotating the eyelid outwards and making an incision 

through the scarred tissue and suturing the tissue to the margin of the eyelid. Sutures 

are removed after two weeks and to prevent infection, antibiotic treatment in the form 

of ointment is required throughout the process (611) Unsurprisingly, low patient 

adherence to the antibiotic treatment, potential for systemic side-effects caused by 

antibiotics (604,612), combined with post-surgical scarring pose a significant challenge 

to the success of the treatment (613). 

The amine groups in chitosan make it antibacterial, haemostatic, antifungal, and 

mucoadhesive in nature (564,614–617). PCL is frequently used to formulate implantable 

delivery systems for wound healing applications and has been utilised for making 

ophthalmic implants (618–621). Poloxamers have been shown to be mucoadhesive, and 

are utilised to encapsulate drugs with high loading efficiencies using thin-film hydration 
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and lyophilisation techniques, which can significantly improve the shelf-life of the final 

formulation (622–626). 

DOX is frequently prescribed either topically or orally to prevent infection, but a 

two-week sustained release formulation implanted under the eyelid would benefit 

patients undergoing trachoma surgery. In the present work, DOX containing degradable 

spacers released most of their drug content in 10 days or less, when tested in vitro at a 

flow rate of aqueous humour production (2 µL min-1). However, tear turnover rate has 

been reported to be comparatively significantly lower (0.2 ±0.2-1.2 ±0.5 µL min-1), which 

would decrease the rate of drug diffusion from the degradable spacers, translating to a 

slower release of DOX (627–630). DOX containing spacers might be potentially useful for 

trachoma, both as an antibiotic and as an MMPi to reduce post-surgical scarring. At the 

time of writing this thesis, there is currently no prolonged-release formulation for DOX 

that could be used after trachoma surgery in the clinic or in development. Thus, the 

degradable DOX spacers could be a viable solution to improve success rate after the 

trachoma surgery. 
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2.7. Summary and conclusions 

There is a clinical need to develop a sustained release anti-scarring drug-eluting 

spacer fabricated from biocompatible materials that can be used after GFS, with or 

without a GDD to modulate wound healing. This spacer should deliver optimal doses of 

an anti-scarring agent to the subconjunctival space to modulate post-surgical wound 

healing. The site of surgery is prone to eliciting a significant foreign body response, 

making it harder to implant a drug-eluting tablet. This chapter aimed to investigate 

spacer formulation strategies to prolong drug release of clinically used anti-fibrotic 

drugs for five weeks. 

It was possible to formulate pHEMA hydrogel spacers with a significantly higher 

DEX loading by using Brij 98 surfactant, as compared with pHEMA hydrogels prepared 

without the surfactant. Results from in vitro drug-release experiments over a period five 

weeks suggest that Brij 98-loaded pHEMA hydrogels released DEX at therapeutically 

efficacious concentrations that could potentially match the post-surgical inflammation 

response profile. Mathematical modelling revealed the underlying mechanisms of drug 

release to be diffusion for DEX-pHEMA hydrogels and anomalous transport for Brij 98-

loaded DEX-pHEMA hydrogels, with both diffusion and relaxation of polymer chains 

playing a significant role in drug release from the hydrogel spacer. These findings 

indicate Brij 98-loaded pHEMA hydrogels to be suitable candidates for encapsulating 

anti-fibrotic drugs for prolonged drug release. Future work could investigate the 

reproducibility of this spacer system in vivo. 

It was also possible to formulate DOX-loaded polymer spacers, using chitosan 

hydrogels that transitioned from solution to hydrogel at physiological pH and 

temperatures. It was also possible to formulate electrospun fibres and solvent cast 

spacers using PCL in combination with poloxamers 188 and 407. However, in vitro drug-

release experiments revealed burst drug release profiles and the spacers were unable 

to prolong the release of DOX over ten days. For this purpose, formulating spacers using 

chitosan and PCL was concluded to be an unsuitable strategy for prolonging drug 

release. 

Drug releasing spacers formulated with pHEMA and chitosan hydrogels, and PCL-

poloxamers have a significant advantage of having optimal biocompatibility and 

regulatory approval for use in the human body. However, once the drug has been 
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released, no effective methods exist currently to replenish the depleted drug reserves 

in the spacer successfully. Elastomeric pumps are a cost-effective approach to deliver 

drugs with the added option of refill-ability. In the next chapter, I will explore the use of 

elastomeric pumps for prolonged ophthalmic drug delivery. 
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 Evaluating elastic pockets for their potential as 

subconjunctival drug delivery systems 

Abstract 

 

In this Chapter, engineering principles were applied to inflated elastomeric 

membranes, with the aim to provide novel insights into considerations needed to design 

a novel ophthalmic drug delivery pump. Inflation, compression and deflation of elastic 

pockets of different geometries and varying material properties were investigated to 

elucidate relationships that govern the discharge of fluid from elastic pockets. A novel 

optical method developed for experimental fluid mechanics was successfully applied to 

determine the displacement of elastomeric membranes of a pursed pocket when a fluid 

exerts pressure. Pocket geometry and material properties had a significant impact on 

internal pressure and subsequent pocket function as a pump for fluid release. Modelling 

data supports the feasibility of elastomeric pockets for prolonged subconjunctival drug 

delivery. 
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3.1. Background 

Topical drug delivery to the eye poses a number of challenges, including systemic 

side effects and low bioavailability in the ocular tissues. Patients have to be treated quite 

frequently, which creates a burden for physicians, health systems and the patients 

themselves. Poor patient compliance has become another important variable in 

determining the treatment outcome of glaucoma therapy. Sustained ocular drug 

delivery therapies are sought to decrease repeated hospital visits in an attempt to 

improve patient compliance and disease management (see Section 1.5).  

For example, Genentech recently revealed favourable results at the 2018 ASRS 

annual meeting of a Phase 2 clinical trial (ClinicalTrials.gov identifier NCT02510794) of 

the Port Delivery System (PDS) with Lucentis (631). Ranibizumab, the active ingredient 

of Lucentis, is a monoclonal antibody fragment that was designed to bind to and inhibit 

VEGF (vascular endothelial growth factor), a protein that is believed to play a critical role 

in the formation of new blood vessels (angiogenesis) and the hyperpermeability 

(leakiness) of the vessels. Currently, to maintain clinical efficacy, patients suffering from 

neovascular age-related macular degeneration (nAMD) require a monthly intraocular 

injection of ranibizumab (0.5 mg)(632) or bi-monthly injections of aflibercept (633), 

costing the National Health Service (NHS) in the UK around £550 and £880 per injection, 

respectively (634). However, a gap is observed between clinical trial results and clinical 

practice outcomes of vision gains from the current treatment. The difficulty with 

maintaining office visit and treatment (injection) frequency is a major problem as it 

increases the burden for the cost-effective management and treatment of disease, 

adversely impacting patient outcomes (635). 

Acute volume-related IOP elevation is commonly observed after intraocular 

injections (232,636–638). Repeated acute IOP spikes may contribute to cumulative, non-

specific and permanent damage to the retina (638). A recent systematic literature 

review analysing 15 randomised clinical trials found that patients receiving monthly anti-

VEGF injections were at an increased risk of endophthalmitis (639). After glaucoma 

surgery, subconjunctival injections of anti-inflammatory drugs are often used to 

maintain drug concentrations at the site surgery and manage post-surgical fibrosis. 

However, the amount of drug delivered is limited by the volume and concentration of 

drug injected. Moreover, subconjunctival injections also result in poor bioavailability 
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because they are cleared rapidly into the systemic circulation, necessitating repeated 

administration (230–233). 

Several degradable intravitreal implants for sustained release of small molecule 

anti-inflammatory agents are already approved but require repeated surgical 

interventions to implant and replace the implant, causing similar side effects to those 

observed in injection therapies (634,640–643). Moreover, no devices have yet been 

approved for localised delivery of anti-fibrotic drugs in the sub-conjunctival space. 

Results from this work (Chapter 2) suggest that hydrogels have the potential to deliver 

anti-fibrotic drugs directly at the site of surgery in a sustained manner. Once the drug 

has been released from a hydrogel implant, the hydrogel, if biocompatible, might act as 

a spacer in the subconjunctival space. The favourable effect of hydrogel spacers in 

promoting the success of glaucoma surgery (356,357,367) along with the exploitation of 

their biocompatibility for alternative indications (484) is well documented in the 

literature (see Section 2.1.2). However, a significant limitation for using hydrogels as 

implantable materials for long-term drug delivery is their inability to be refilled and 

reused after the drug has eluted. 

3.1.2 Elastomeric pockets for ophthalmic delivery 

Implantable micropumps have been investigated to overcome the need for 

repeated localised injections and the challenge of rapid drug clearance. The principles 

of microelectromechanical systems (MEMS) engineering have been utilised to design 

and fabricate, manually and electrically controllable refillable pockets that act as drug 

reservoirs, and have a tube attached for drug outflow (644). Saati et al. have previously 

demonstrated the ability of such a micropump to deliver micro-doses in animal models, 

with the potential for repeated fillings (up to 24 refills) of the drug reservoir (7 × 7 × 1.58 

mm)(645). The flow rates demonstrated by this first generation device were as low as 

438 pL min-1 at 5 μA to 7 μL min-1 (645).  

Recent advances in micropump technology have led to more progress by 

delivering small quantities of the drug in a precise manner (646). A study demonstrated 

the use of a refillable micropump fabricated with polydimethylsiloxane in vitro. The 

volume dispensed by the pump and the duration of pressure was found to be linearly 

proportional for both applied pressures (250 and 500 mmHg), resulting in a consistent 

flow. In vivo experiments in male Dutch Belted pigmented rabbits demonstrated 
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delivering 100 µL of phenyl epinephrine, resulting in the corresponding physiological 

response of pupil dilation during the dosing period. (647). A one-year feasibility study 

using Replenish micro-pumps (13 x 16 x 5 mm), implanted episclerally in Beagle dogs 

demonstrated good biocompatibility of this device (648). Another safety and surgical 

feasibility study assessing the feasibility of implanting the Replenish micro-pumps in 

patients reported favourable results of the implantation procedure. Furthermore, no 

serious adverse events were reported during the 90 day follow-up period. 

Refillable implantable micropumps have the potential to replace the 

conventional therapy of subconjunctival injections. Using an implantable pocket to 

deliver drugs at a controlled rate might be a viable solution for treating diseases at the 

front of the eye. The pocket of such a device would act as a reservoir, storing a saturated 

drug solution. After completion of the drug-release process, the emptied reservoir 

would be refilled easily in a minimally invasive manner through a refill port. This 

implantable pocket could be placed in the superotemporal quadrant under the 

conjunctiva, similar to how and where a GDD is currently implanted (see Section 1.3.4). 

Furthermore, these pumps may be filled with a combination of potent anti-fibrotic drugs 

that could be delivered at the site of surgery, at controlled and sustained rates. This type 

of a controlled drug delivery system in the eye would be a novel closed-system (see 

Section 1.5) and could potentially modulate the wound healing process after GFS or GDD 

implantation.  

However, the use of moving parts for fluid release actuation and valve 

membranes or flaps to control the rate of outflow pose significant drawbacks to current 

implantable micropumps under development. These moving parts increase the 

possibility of device malfunction due to risk of wear and fatigue of the parts, which 

require post-implantation manipulation and ultimately hinder the long term reliability 

of these implantable devices (649–651). Additionally, all pumps require a source of 

energy to generate a driving force for fluid release. This energy in the form of magnetic 

energy, electricity, heat, liquid pressure or air pressure is converted into motion within 

the pump (259–261). This necessitates the requirement of a means for energy storage 

within the pump in the form of a battery that would need replacement or implementing 

additional mechanisms for contactless re-charging. Both scenarios increase the number 

of parts needed for the pump function and significantly reduces an already limited space 
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available for the fluid (drug) reservoir (652). Additionally, the need for parts-

miniaturisation and post-implantation manipulation would increase the associated 

manufacturing costs, ultimately passing the cost burden on to the patients and the 

healthcare services.  

Elastomeric pumps, commonly used for ambulatory infusions, provide the 

advantage of being essentially maintenance-free, using no mechanical moving parts for 

fluid actuation as they utilise the potential energy stored in the membrane for fluid 

release (see Section 1.7) (653,654). This significantly reduces the cost burden for the 

patients as compared to electronic medication pumps (329). However, the reliability of 

drug-release dynamics, offered by elastomeric pumps is debatable, with variations in 

drug-release rate and duration (340,342,348,654–665). The functional reliability of an 

elastomeric pump could be improved by closely controlling the major parameters that 

govern pump function, the current state of the art portable elastomeric pumps for drug 

delivery are listed in Table 1-4. 

The performance of an elastomeric pump is influenced by the internal pressure 

of the drug reservoir (666). This internal pressure is influenced by the elastomeric 

pump’s material properties, e.g. stiffness, and the pump’s pocket geometry, e.g. 

thickness, shape, and size. When an elastomeric material is inflated, it undergoes 

characteristic deformations, known as bending and stretching. Bending is a deformation 

that is smaller than the material’s thickness, and stretching is a deformation that is larger 

than the material’s thickness (667). In the literature, previous analysis of the 

deformations of clamped, or closed, elastomeric pockets have all been theoretical, using 

numerical or computational techniques (668–673). However, a systematic experimental 

comparison analysing the differences between the two deformations and their 

implications for designing an elastomeric pump has never been performed. 

For the sake of clarity, there are a number of terms in this Chapter which are 

used based on their significance in the field of mechanical engineering. The terms 

‘deformation,’ ‘displacement,’ and ‘deflection’ in this Chapter refer to the same 

phenomenon defined as a temporary change of shape that is self-reversing after an 

applied force has been removed so that the object returns to its original shape. The term 

‘pursing’ has been used in this Chapter to describe the process of inflating connected 

elastomeric membranes when pressure is exerted on these membranes by a fluid. This 
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pressure increases the displacement height of the elastomeric membranes and forms a 

‘pursed’ chamber. This chamber is referred to as an elastomeric pocket or purse. In the 

context of drug delivery, these pockets are also called elastomeric pumps.  

When the amount of the deflection (height, 𝐻) is smaller than or approximately 

equal to the thickness (𝑇) of the material, the deformation of the pocket shape follows 

a bending regime (
𝐻

𝑇
≤ 1). When the amount of deflection is greater than the thickness 

of the material, then the deformation of the pocket shape follows a stretching regime 

(
𝐻

𝑇
> 1)(667). These regimes follow different dynamics, such as pressure exerted on the 

fluid, height of deflection from the original non-pursed state, and their combined effects 

on the flow rate of the liquid released when the pocket deflates. Investigating these 

changes is necessary to understand their contribution to the design of an elastomeric 

pump for localised drug delivery. 
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3.2. Hypothesis and Aims  

The hypothesis for this Chapter is that it is possible to elucidate engineering 

principles in a system using elastomeric membranes and then design a mini elastomeric 

pump so that prolonged release of at least five weeks in the subconjunctival space using 

commercially available materials could be achieved. The transition from bending to 

stretching regimes in pursed (inflated) elastic pockets is dependent on the geometry and 

the material properties. These regimes would theoretically influence the functionality 

of the pursed pocket and thus, have important implications for an ophthalmic drug 

delivery pump-design. 

The three main aims of the work described in this chapter were: 

• Firstly, to characterise pursed elastic pockets and their deformation profiles 

(bending and stretching) to explore the relationship between purse deformation, 

material properties, pocket geometries and internal pocket pressure. This would be 

helpful to estimate the change in internal pump pressure as a function of key 

variables involved in the design of an ophthalmic elastomeric pump.  

• Secondly, to evaluate the relationship between the application of a compressive 

force and the resulting change in the internal pressure of a pursed elastic pocket. 

This would be helpful to estimate the change in pump performance (fluid release 

rate) when subjected to the compressive forces applied by the conjunctiva after 

implantation.  

• Thirdly, to characterise the relationship between the rate of fluid released from a 

pursed pocket, internal pocket pressure and volume.  

Finally, the evaluation of these relationships will be used to model drug release 

profiles from hypothetical single-chamber elastic pockets, within the constraints of 

feasible dimensions for subconjunctival implantation and commercially available 

materials. The decision to characterise the design of an elastomeric pump that utilises 

stored elastic energy of the membranes to drive the drug out was made due to the 

simplicity of the mechanism of mass transfer. The rate of drug flow can be controlled 

with precision by adding additional resistance at the outlet of the pump. 
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3.3. Optimal Device Requirements 

While there are many different types of elastomeric pumps that are available 

commercially, the size constraint of the site of implantation in the eye is a major 

challenge for an implantable drug delivery device to be successful. The requirements for 

an optimal elastic pursed pocked device include fabrication of the pursed pocket with 

biocompatible materials, dimensions that do not exceed 20 mm in length and 6 mm in 

displacement height, and the theoretical suitability for implantation in the 

subconjunctival space. The elastic pursed pocket should prolong the drug release for at 

least five weeks, which is a critical period for postoperative fibrosis following GFS or GDD 

implantation in glaucoma. 
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3.4. Materials and Methods 

Materials used in this Chapter are listed in Table 3-1. Reagents were all used as 

received without further purification. Instruments and experimental setups used for 

characterisation are all described in the Methods section below.  

Table 3-1. List of materials used in this Chapter. 

Material Supplier 
CAS; Catalogue/Lot 

number 

Methylene blue Sigma Aldrich, UK 122965-43-9; M9140 

Silicone sheets Silex, UK SuperClear 

Electromagnetic linear actuator 
Bose Corporation – ElectroForce 

Systems Group, USA 
ElectroForce® 3220 

Series III 

Stainless steel sheets Metals4U Ltd., UK 3066 

3-way stop valve Fisher Scientific, UK 4201634503 

Camera (Pixel density 1280 × 
960, 8-bit) 

Allied Vision Technologies GmbH, 
Germany 

Prosilica GC 1290 

Clear acrylic sheets Displaypro, UK DP0015 

Glass Burette for water column Aimer Products Limited, UK 1567/BT 

Silicone tubing VWR International, UK Tygon® 3350 

PTFE tape Sigma Aldrich, UK 20808-U 

Peek tubing IDEX Health & Science, UK 1569 

20 gauge needles Terumo, UK NN-2038S 

Leur-Lok tip syringe BD Plastic, UK 309657 

Pressure transducer Honeywell, USA 162PC01D 

Syringe pump Harvard Apparatus, USA PHD 22/2000 

Weighing balance A & D Company, Japan GX series 

 

Commercially available silicone membranes were used in this work due to their 

material reproducibilities such as uniform thickness and stiffness, relatively low cost, 

and the similarity of their stiffness with subconjunctival tissue (~1 MPa)(674,675). To 

gather more information on the behaviour of how a pursed elastomeric pocket would 

behave in a clinical situation, the structural and functional changes caused by inflation 

and deflation of the pocket with different geometries (circles and squares of varying 

thicknesses) and sizes, taking into account the changes in the internal pressure exerted 

by fluid and material properties (stiffness) needed to be assessed. To do this, it was 

essential to characterise the materials used for pocket formation for their stiffness. 

3.4.1 Measuring the physical properties of elastic materials 

The term that is used for the quantitative determination of mechanical strength, 

or stiffness, is called Young’s modulus or elastic modulus (𝐸). The stiffness of any 

material depends on the dimensions of the specimen being analysed. This makes the 
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deformation harder to compare because of the applied force in different materials. To 

overcome this problem, a material’s strain, rather than deformation, and stress, rather 

than applied force, are reported.  

The silicone membranes for the current work were characterised using an 

electromagnetic linear actuator (Bose Electroforce 3220 Series III, USA). Each silicone 

sample was cut into a dog-bone shape (Figure 3-1) that is typical for tensile testing so 

that the deformation was confined to the narrow centre region and not to the ends of 

the sample, and the dimensions of the centre were 15 mm long by 4 mm wide. The 

maximum load applied to the samples was 225 N with a uniaxial displacement 

(stretching) of 6.5 mm and a resolution of 1 nm. Each uniaxial tensile test (n=3 for each 

membrane) was performed at a rate of 0.1 mm s-1. These range of displacements were 

large enough to determine the engineering stress, 𝛿 and engineering strain, ε which 

were calculated using equation 3.1; 

 
𝛿 =  

𝐹

𝐴0
, ε =  

Δ𝐿

𝐿𝑜
 (3.1) 

where 𝐹 was the force applied on the material, 𝐴0 was the initial cross-sectional area of 

the material tested, Δ𝐿 was the change in sample length during the test and 𝐿𝑜 is the 

initial non-deformed length of the sample (674,676,677).  

The data was exported as a text file to obtain the values of the engineering stress, 

𝛿 and the engineering strain, ε for the silicone membranes. The ratio of the material’s 

stress to strain (when strains are small, less than 10%) gives the value of Young’s 

Figure 3-1. Each silicone membrane sample was cut into a dog-bone shape (A) before being 
placed into the electromagnetic actuator (B) for tensile testing. The tested samples were 4 mm 
wide and 15 mm long. The maximum load applied was 225 N with a uniaxial displacement 
(stretching) of 6.5 mm and a resolution of 1 nm. Each uniaxial tensile test (n=3 for each 
membrane) was performed at a rate of 0.1 mm s-1 
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modulus, 𝐸 (modulus of elasticity) calculated as the initial linear slope of the stress-

strain graph. Young’s modulus was calculated using equation 3.2 ; 

 
𝐸 =

𝛿

ε
 (3.2) 

3.4.2 Determining pocket displacement using an optical method 

An optical method was used to determine the displacement of the elastic 

membranes to an applied pressure using a technique developed for experimental fluid 

mechanics (678). This technique exploited the translucent nature of the silicone 

membranes. The membrane deformation was determined using a dilute methylene blue 

solution at a concentration of 33 mg L-1. This optical technique correlates the height of 

the membrane to the attenuation of light intensity caused by dyed water. The intensity 

of the methylene blue solution was recorded by a camera. MATLAB version R2017b (The 

MathWorks, Inc., USA) was used to measure the average intensity of each pixel in each 

image and correlated this with the average height of the fluid. This intensity of the dyed 

water was pre-calibrated against thin layers of dyed water that were created by 

successively adding 0.5 mL of dyed water to a measuring cylinder from a height of 0.82 

mm up to 19.8 mm. As the intensity increased with fluid height, a greyscale value 

corresponding to fluid height was converted attributing a 0–255 greyscale to all areas in 

an image. No dye was attributed as 255 and the upper limit of detection of the dye 

intensity was 0. To ensure reproducibility, the optical intensity calibration was 

performed each day before starting the experiment. 

This optical technique was used to accurately determine the deformation in 

elastic membranes when the internal fluid exerted pressure on them, see Figure 3-3. 

Each image was first converted into red, green, and blue colours (RGB) using MATLAB 

version 2017b (The MathWorks Inc., USA) and the conversion from RGB to greyscale was 

done using MATLAB, with the help of Dr Yann Bouremel (Research Associate at UCL 

Institute of Ophthalmology). 
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3.4.3 Inflation of elastic pockets 

Elastic pockets were created using six clear silicone membranes of thicknesses, 

0.32, 0.5, 1.6, 1.72, 3.2, and 3.25 mm, clamped between two clear acrylic plates, an 

upper plate, and a base plate of dimensions 162 x 162 mm. These formed simply 

connected elastomeric pockets, meaning that the point of contact was along a single 

continuous boundary at the outer edge. There was a diffusive light source below the 

membranes, and an 8-bit camera with a pixel density of 1280 × 960, using a 16 mm lens 

(Allied Vision technology, Germany) was placed perpendicularly above the membranes 

and was used to record the optical images, see Figure 3-2.  

Different pocket geometries; a circle with radii (𝑅) of 10 and 20 mm, and a square 

with sides (𝑎) 20 and 40 mm long were cut in the upper plate using a laser (by technicians 

at UCL Department of Mechanical Engineering Workshop) to fix the outer edge of the 

pockets. The pockets were pressurised by injecting dyed water under the clamped 

membrane through a hole drilled in the base plate, as shown in Figure 3-2 and Figure 

3-3. In order to apply a uniform hydrostatic pressure over the membrane, water columns 

of different heights were connected to the pocket. Since the height of the water column 

was significantly greater than deflection, Δ𝐻, the pressure, Δ𝑃 , applied over the 

membrane was uniform. 

INJECTION 
LOCATION 

LIGHT 
BOX 

CLEAR ACRYLIC 
PLATES 

Figure 3-2. The experimental set-up for inflation of elastomeric sheets using dyed water clamped 
between clear acrylic plates. The top plate had a hole cut for inflation, the bottom plate had an 
injection for inlet of liquid. 
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For the case of inflation of different shapes of elastomeric membranes, the 

experimental results were non-dimensionalised to obtain the value of the coefficient 𝛾 

for inflation. With the scaling analysis, the characteristics of interest were the 

dependences of membrane displacement, 𝐻, thickness, 𝑇, Young’s modulus, 𝐸, shape 

and size (𝑅 for circular and 𝑎 for square-shaped pockets) of the pocket and the internal 

pocket pressure, 𝑃. An in-depth assessment of how the variables would determine fluid 

release from pursed pockets was performed.  

3.4.3.1 Finite Element Analysis model 

To complement the experimental results obtained from inflation experiments, a 

finite element model of the three-dimensional elastic pocket was created and solved by 

Dr Yann Bouremel (Research Associate at UCL Institute of Ophthalmology), using Abaqus 

version 6.12-3 (Dassault Systèmes , France)(667). 

During the simulations, the pressure was applied uniformly on the lower surface 

of the pocket. Newton's method was used to calculate solutions for pressure values in 

sequence, covering five orders of magnitude. After each solution was found, the 

pressure was increased by step ranging from 0.0001 to 10 pascal, depending on the 

pressure range of the simulation. The current solution was used as an initial guess for 

the next solution. For a solution to be accepted as ‘converging’, the largest correction of 

Figure 3-3. A schematic of the experiment analysing the deflection in the pocket height, ΔH, of 
a fixed radius, R, when a pressure head of water is changed, ΔP, with time. When ΔP is low (left), 
there is smaller pursing of the pouch, and when ΔP is higher (right), there is larger pursing of the 
pouch. Dyed water is used to image the deflection using a diffused light source kept under the 
pocket. 
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the solution for one increment was less than 1% of the incremental change for the 

corresponding solution variable, and a residual error of less than 0.5%. The edges of the 

pockets were set to be clamped. A three-dimensional mesh with 8-node linear 

hexagonal brick elements was generated by extruding a 2D grid. The optimal number of 

elements was determined with the convergence of the maximum deflection, 𝐻 and was 

usually around 50000. The numerical results obtained from the finite element analysis 

were plotted using MATLAB version 2017b (The MathWorks Inc., USA) to complement 

experimental results. 

3.4.4 Compression of inflated elastic pockets 

Most of the elastomeric pumps used in the clinic currently are enclosed in a hard 

casing, presumably to protect it from damage during handling and avoid altering the 

intended rate of drug delivery. Once implanted, the pump would experience a 

compressive force exerted by the conjunctiva. However, the relationship between the 

compression of the elastomeric pocket when subjected to external force and the change 

in the internal pressure of the pocket has not been studied in the literature. 

For the compression of pursed pockets, four elastic silicone membranes of 

thicknesses, 0.25, 0.5, 0.8, and 1.6 mm were sandwiched between a clear base acrylic 

plate and a steel upper plate. A circular hole radius, 𝑎=20 mm was cut into the upper 

plate (by technicians at UCL Department of Mechanical Engineering Workshop) so that 

introducing water beneath the sheet enabled it to be pressurised to an initial pressure, 

𝑃, and form a purse, see Figure 3-4. The inlet to the circular pocket was connected via a 

three-way control tap with one end to a column of glass capillary with an inner diameter 

of 3 mm, that enabled the initial pressure of the pocket to be set using a column of 

water. After setting the initial pressure of the inflated pocket, the connection to the 

water column was sealed, and the other end of the three-way control tap was connected 

to a calibrated pressure transducer (Honeywell, USA). The water column height varied 

from 20 to 50 cm, which was significantly larger than the deflection height of the purse 

(<10 mm) so that the pressure variation with the height in the purse is negligible. A static 

compressive force, 𝐹c was applied uniformly over the top of the purse by using custom-

made weights. After applying a compressive force, 𝐹c, the pressure in the purse 
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increased to 𝑃c. The contact between the applied force 𝐹c and the elastic membrane 

generates an area of the purse 𝐴c and is related through equation 3.3; 

 𝐴c =
𝐹c 

𝑃c 
 (3.3) 

3.4.5 Deflation of elastic pockets 

The aim for this part of the experimental work was to understand the 

relationship between the rate of fluid release, internal pocket volume and pressure, 

when deflating an elastomeric pocket. Experiments focussed characterising release of 

liquids from a circular purse made of silicone sheet in terms of internal pressure, volume 

and flow rate of liquid released. A silicone sheet of 0.5 mm thickness and Young’s 

modulus of 1.241 MPa was used as they closely match to Young’s modulus of the sclera 

which has been reported to be in the range of 1–2.9 MPa (674,675,679,680). Also, the 

pressure to inflate these pockets was low enough to be between the linear ranges of our 

experimental calibration.  

For this purpose, an elastomeric purse made of a simply connected silicone 

sheet, clamped in between two acrylic plates was inflated by filling water. The top acrylic 

plate had a hole (radius 10 mm) cut out to let the pocket purse during inflation. The 

bottom acrylic plate had an inlet tube attached to a three-way control tap connected to 

a pressure transducer (Honeywell, USA). The bottom plate also had an outlet tube 

Figure 3-4. A schematic of an elastic pocket of radius 𝒂 in the initial pursed state (A) with a 
uniform internal pressure 𝑷, which is compressed (B) by uniformly applying a static force 𝑭𝐜 on 
the top of the pocket, changing the internal pressure of the pocket, 𝑷𝐜. 
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attached to a three-way control tap to release the liquid that would empty from the 

pursed pocket. A tube with an internal diameter of 500 μm and a length of 10 cm was 

attached on the outlet three-way tap to provide additional resistance to the outflow of 

water, see Figure 3-5.  

The internal pressure (back-pressure) of the inflated pocket was recorded by the 

pressure transducer (Honeywell, USA) in mV, which was converted to Pa with the help 

of a calibration curve made against a water column, described in Section 3.4.6. To begin 

the experiment, the outlet with the resistance tube was opened and the released water 

was collected in a beaker, placed on a weighing balance (A&D Company, Japan), to 

measure the simultaneous change in back-pressure, the internal volume of the pocket, 

rate of fluid release, as a function of time. 

3.4.6 Pressure measurements 

A one-metre-high glass column of water was attached to a pressure transducer 

(Honeywell, USA) and a syringe pump (Harvard Apparatus, UK) using a three-way control 

tap, a schematic of the experimental setup was shown previously in Figure 3-3. The 

pressure transducer was powered by an external voltage source at 5V and was attached 

to a laptop with Velleman software to measure the change in pressure output as a 

change in mV. The change in mV as a function of the change in the height of the water 

Figure 3-5. The experimental setup for deflation of pursed elastomeric sheets, clamped between 
clear acrylic plates. The top plate had a hole (radius 10 mm) cut for inflation, the bottom plate 
had an injection for inlet and outlet of liquid). The inlet tube was connected to a pressure 
transducer to measure the internal pressure of the elastomeric purse. The outlet tube would 
empty into a beaker placed on a weighing balance to measure the volume of liquid released. 
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column (measured using a fixed ruler) was recorded to calculate a calibration curve for 

the transducer (R² > 0.999). To ensure reproducibility, the calibration was performed 

each day before starting the experiment. To perform the experiments, the elastomeric 

pockets were connected to the pressure transducer and the back-pressure was recorded 

in mV and was converted to Pa using the calibration curve. 

3.4.7 Flow rate and volume measurements 

For the inflation and deflation of the elastomeric membranes, a syringe pump 

(Harvard Apparatus) was used to control the flow rate and volume of water with 

precision. For the deflation experiments, the elastomeric pumps were connected to a 

three-way control valve, one outlet connected to a tube of 500 µm internal diameter 

and 10 cm length, that would empty into a beaker kept on a weighing balance. The 

weighing balance was connected to a laptop using a standard RS-232-to-USB cable, and 

the change in weight was recorded using WinCT401 software provided on the 

manufacturer website (A&D Company). 

The flow rate, 𝑄 (mL s-1), for time point, 𝑇 (s), was calculated using the change in 

weight, 𝑊2 − 𝑊1 (mg), as a function of time using equation 3.4; 

 𝑄 =  
𝑊2 − 𝑊1

𝑇2 − 𝑇1
 (3.4) 

The third outlet was connected to a pressure transducer (Honeywell, USA) and 

the change in pressure was recorded as a function of time using the method described 

in Section 3.4.6.  

A general schematic for the experimental setup used in the experimental work 

is given in Figure 3-6. 
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3.4.8 Modelling drug release from hypothetical single-chamber elastic 

pockets 

This part of the work was aimed at modelling the effect of material properties 

such as Young's modulus (𝐸), material thickness (𝑇) and the diameter of the outlet tube 

on drug release from proof-of-concept single-chamber hypothetical elastic pockets with 

small volumes (~1 mL). According to the Hydrodynamics principle, flow rate (𝑄) of fluid 

is dependent on the resistance (𝑅) to fluid flow. This can be re-written as equation 3.5; 

 𝑃 = 𝑅𝑄 (3.5) 

Figure 3-6. A general schematic for the experimental setup used in the experimental work for 
this chapter. After the silicone membranes were characterised for stiffness, the experimental 
work was undertaken in three main parts. 1. Inflation of pockets (circles and squares of varying 
sizes) with dyed water to study the deformation in the pocket height (using an optical 
photographic method) and internal pocket pressure (using a pre-calibrated pressure 
transducer). 2. Compression of inflated pockets (circles) to study the relationship between 
compressive forces (applied uniformly on the top of the pocket using custom made cylindrical 
weights) and the change in internal pocket pressure (using a pre-calibrated pressure 
transducer). 3. Deflation of pockets (circle) to understand the relationship between internal 
pocket pressure (using a pre-calibrated pressure transducer) and flow rate of fluid released 
(using a weighing balance) through an outlet attached with a known resistance. Please note; the 
pocket outlet with resistance was open only in the case of deflation experiments. 
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This resistance generates pressure, 𝑃, which acts as the driving force for fluid flow. In an 

inflated elastomeric pocket, this pressure is applied by the displaced (deflection height, 

𝐻) elastomeric sheet that drives the fluid out of the pocket. 

The drug release (fluid) from the hypothetical pockets would be slowed with the 

help of additional resistance provided a micro-tube. The resistance, 𝑅 offered by the 

micro-tube was calculated using the Hagen-Poiseuille’s equation (equation 3.6) that 

calculates the fluid flow through a cylindrical pipe of length, 𝐿 and diameter, 𝐷 (2𝑟), the 

dynamic viscosity of the fluid at 37°C, 𝜇 (681); 

 𝑅 =  
128𝜇𝐿

𝜋𝐷4
 (3.6) 

Using the results described in Section 3.5.3, we know the pressure exerted by a circular 

elastomeric membrane of a fully pursed drug reservoir, rearranging for 𝑃; 

 𝑃 =  
4.63𝐸𝑇𝐻3

𝑅4
 (3.7) 

The volume (𝑉) of fluid inside the hypothetical single-chamber pockets with 

radii, 𝑅 of 10 mm and maximum displacement, 𝐻 of 6 mm was calculated using the 

formula (equation 3.8) for the volume of spherical domes (682,683); 

 𝑉 =  
1

6
𝜋ℎ(3𝑅2 + 𝐻2) (3.8) 

The fluid release results from hypothetical single-chamber pockets with known 

parameters for 𝐸, 𝐻, 𝑇, 𝑅, and the dimensions of the outlet tube, 𝐷 and 𝐿 were plotted 

and compared using MATLAB version R2017b (The MathWorks Inc., USA). The time 

required for release of 50% (T1/2) of the total fluid released was also calculated. The fluid 

release results were modelled with a cut-off pressure value to match the IOP of a healthy 

eye, such that the fluid would be released until a minimum internal pressure of the 

hypothetical pocket reached 15 mm Hg. A maximum and minimum value of 𝐸 (Emax 

and Emin) and 𝑇 (Tmax and Tmin) for elastomeric sheets, and 𝐷 (Dmax and Dmin) for 

an outlet tube was fixed based on commercially available materials. Pocket dimensions 

of 𝐻 and 𝑅 were fixed based on the optimal size of a pump that could be implanted in 

the superotemporal quadrant of the eye. 

In a hypothetical pocket with 𝑅 as 0.01 m, a square shape with a side of 0.01 m 

can easily fit on the circular bottom plate. If a tube of 𝐷=25 µm were to be arranged 

inside the pocket, along a square serpentine shape with a separation of 100 µm apart, 



 

170 
 

the total 𝐿 of the tube would be 8 m. However, it would not be possible to arrange the 

tube using 100% of the area of the square as some area would be used for bending the 

tube. For this reason, a conservative estimate of 50% space used by the tube would 

make the equivalent length of the tube to be 4 m. 

Finally, a hypothetical optimal pump with same dimensions (𝐻 and 𝑅) and 

optimal values (Optimal) for 𝐸, 𝑇, 𝐷 and 𝐿 for prolonging drug release was modelled for 

fluid release. Pump efficiency was calculated using equation 3.9; 

 
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦% =  

𝑉𝑜𝑙𝑢𝑚𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
𝑋 100 (3.9) 

Table 3-2. Parameters for modelling drug release from hypothetical single-chamber elastic 
pockets. The changes for each condition have been highlighted in grey. 

Variable 
Young’s modulus Thickness Diameter 

Optimal 
Emax Emin Tmax Tmin Dmax Dmin 

𝑬 (MPa) 5.25 0.525 1.25 1.25 1.25 1.25 5.25 

𝑻 (m) 1.0E-04 1.0E-04 0.0016 2.0E-05 1.0E-04 1.0E-04 2.0E-05 

𝑯 (m) 0.006 0.006 0.006 0.006 0.006 0.006 0.006 

𝑹 (m) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

𝑫 (m) 5.0E-05 5.0E-05 5.0E-05 5.0E-05 2.5E-04 2.5E-05 2.5E-05 

𝑳 (m) 4 4 4 4 4 4 4 

 

A schematic of the seven hypothetical single chamber pockets that were used for 

modelling the fluid release is presented in Figure 3-7.  
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Figure 3-7. Seven hypothetical single-chamber elastic pockets of radius 𝑹 = 10 mm and 
maximum displacement 𝑯 = 6 mm were used for modelling fluid release from a hypothetical 
pump. The maximum (max change depicted in red) and minimum (min change depicted in 
green) values of material young’s modulus 𝑬 (Emax and Emin) (A, B) and thickness 𝑻 (Tmax and 
Tmin)(C, D) of elastomeric sheets, and diameter 𝑫 (Dmax and Dmin) (E, F) of an outlet tube was 
fixed based on commercially available materials. Finally, a hypothetical optimal pump with 
same dimensions (𝑯 and 𝑹) and optimal values (Optimal) (G) for 𝑬, 𝑻, 𝑫 and 𝑳 for prolonging 
drug release was modelled for fluid release. The blue arrows indicate direction of fluid release 
from the outlet tube. 
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3.5. Results 

3.5.1 Material characterisation 

Engineering stress, δ and engineering strain, ε were calculated from the force 

applied on a known area of the sample and the displacement in sample length in 

comparison with original sample length. The initial linear slope of the equilibrium 

engineering stress-strain curve was used to calculate Young’s modulus (𝐸) for the 

silicone membranes, data points shown in Figure 3-8. 

For the silicone sheets tested, the values of 𝐸 were found to be between 1–2.5 

MPa. The material properties tested using the electromagnetic linear actuator for 

different samples are given in Table 3-3. Summary of silicone samples used in the 

experimental study; the sheet thickness, 𝑻 Young’s modulus, 𝑬 length (𝑹 for circles or 𝒂 

for squares), and symbols are listed below. Silicone membranes were characterised 

using uniaxial tests to give Young’s modulus 𝐸. 

  

Figure 3-8. Engineering stress, 𝜹, and engineering strain, 𝛆, were measured for 0.8 mm thick 
silicone sample. The linear slope of the data points shown above was used to calculate the value 
for Young’s modulus, 𝑬 (MPa). 
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Table 3-3. Summary of silicone samples used in the experimental study; the sheet thickness, 𝑻 
Young’s modulus, 𝑬 length (𝑹 for circles or 𝒂 for squares), and symbols are listed below. 

Thickness 𝑻 
(mm) 

Young’s modulus 𝑬 
(MPa) 

Length 𝑹 or 𝒂 
(mm) 

Symbol used in the 
results 

0.25 1.241 20  

0.32 2.628 20  

0.5 1.241 10  

0.5 1.241 20  

0.8 1.241 20  

1.6 1.241 10  

1.6 1.241 20  

1.72 1.112 10  

1.72 1.112 20  

3.2 1.241 20  

3.25 1.083 20  

These samples were further used for inflation and compression experiments, as 

described in Sections 3.4.3 and 3.4.4. 

3.5.2 Optical method for displacement determination 

For an accurate 3D estimate of the height of the pursed pockets, a novel 

experimental method was used to correlate the optical intensity of dyed water with 

height. Figure 3-9 shows an example of the images used for calibration of the height 

(mm) of dyed water optical intensity (greyscale). For height 0 mm, the greyscale was 135 

±4.1, for height 1.65 mm, the greyscale was 120.5 ±4.3, and for height 3.3 mm, the 

greyscale was 106.2 ±3.8.  

Figure 3-9. Images used for calibration of the height (in mm) of dyed water optical intensity 
(greyscale). For (A) height 0 mm, the greyscale was 135 ±4.1, for (B) height 1.65 mm, the 
greyscale was 120.5 ±4.3, and for (C) height 3.3 mm, the greyscale was 106.2 ±3.8. 
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The optical intensity calibration was found to be linear with error <3.5%, and 

data is shown in Figure 3-10.  

Figure 3-11 shows an example of a circular elastomeric pocket with a radius of 

10 mm with a silicone sheet of thickness 0.5 mm and Young’s modulus of 1.241 MPa, 

pursed with a pressure of 6005.7 Pa showing a colour photograph of the pocket. In the 

black-and-white image recorded by the camera and post-processing are shown, 

respectively. The same processing technique was used to correlate the images from 

pockets with the height to give an accurate value for the 3D displacement of the 

elastomeric membranes. 

Figure 3-10. Calibration test showing the correlation between height and light intensity 
determined optically, the error was less than 3.5%. 

Figure 3-11. Images of the circular elastomeric pockets with a silicone sheet (thickness 0.5 mm 
and Young’s modulus of 1.241 MPa) pursed with pressure of 6005.7 Pa showing (A) a colour 
photograph of the pocket. In (B) and (C) the black-and-white image recorded by the camera and 
the post-processed image with the greyscale are shown. 
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Figure 3-12 shows a typical 3D elevated and 2D plane views of the deflection 

obtained experimentally using the optical method for the silicone sheet with a thickness 

of 0.5 mm and Young’s modulus of 1.241 MPa, fitted in a circle of radius 10 mm. The 

sample was clamped using acrylic plates at a single continuous boundary to form a 

circular pursed pocket (radius 10 mm and internal pressure 4500.5 Pa). 

Figure 3-12. The 2D planar (top panel) and the 3D elevated view (bottom panel) of the 
experimental deflection profile of a silicone sample (thickness 0.5 mm and Young’s modulus of 
1.241 MPa) obtained using the optical method. The silicone sheet was clamped to form circular 
pursed pocket (radius 10 mm and internal pressure 4500.5 Pa). 



 

176 
 

Figure 3-13 shows the typical 3D elevated and 2D plane views of the deflection 

obtained experimentally using the optical method for the silicone sheet with thickness 

0.5 mm and Young’s modulus of 1.241 MPa, fitted in a square of side 40 mm. The sample 

was clamped using acrylic plates at a single continuous boundary to form a square 

pursed pocket (side 40 mm and internal pressure 1070.8 Pa). This method allowed to 

Figure 3-13. The 2D planar (Top) and the 3D elevated view (bottom) of the experimental 
deflection profile of a silicone sample (thickness 0.5 mm and Young’s modulus of 1.241 MPa) 
obtained using the optical method. The sample was clamped to form a square pursed pocket 
(side 40 mm and internal pressure 1070.8 Pa). 
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accurately plot a 3D deformation profile based on the deformation planes of the pursed 

pockets while comparing the 2D deformation distribution along pocket width. 

3.5.3 Inflation of elastic pockets 

The static profiles of an elastic membrane that is clamped to a rigid base when 

the pocket between them is inflated by a fluid with uniform pressure were studied. 

Simply connected (point of contact along a single continuous boundary) circular and 

square pocket shapes were considered for the inflation experiments. These pockets 

were pinched on the edges with acrylic plates allowing no boundary rotation. 

Experiments were performed for the simply-connected cases in which the attenuation 

of light passing through the dyed fluid was measured to infer the thickness of the fluid 

layer and hence the deflection of the membrane. Both the bending regime (pocket 

deformations smaller than the membrane thickness) and the stretching regime (pocket 

deformations larger than the membrane thickness) were considered. 

3.5.3.1 Circular pockets 

From the energy balance equation (684), when an elastomeric circular pocket is 

in bending regime such that, 
𝐻

𝑇
≤ 1, the relationship between membrane displacement, 

𝐻; membrane thickness, 𝑇; pressure, 𝑃; pocket radius, 𝑅; Young’s modulus, 𝐸; and 

Poisson’s ratio, 𝜎, has been analytically calculated (685) using equation 3.10 as ; 

 
𝐻

𝑇
=

3(1 − 𝜎2)

16
(

𝑃𝑅4

𝐸𝑇4
) (3.10) 

Poisson’s ratio is a measure of the deformation in the material in a direction 

perpendicular to the direction of the applied force, value for silicone/rubber membranes 

is estimated to be 0.5 (686). Landau et al. determined that the transition from bending 

to stretching of a membrane in a pursed pocket occurs when 
𝐻

𝑇
~ 1 (Landau and Lifshitz, 

1975). In case of stretching of the elastomeric membranes, (
𝐻

𝑇
> 1), the relationship 

between membrane displacement 𝐻 and pressure 𝑃, pocket size 𝐿, membrane thickness 

𝑇 and Young’s modulus 𝐸 was estimated (684,687) using equation 3.11 as ; 

 𝐻

𝑇
~ (

𝑃𝐿4

𝐸𝑇4
)

1
3

 (3.11) 
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While the scaling analysis gives an estimate of the purse response in the two 

regimes, experimental data is required to determine the pre-multiplying coefficient. 

With the scaling analysis, the characteristics of interest were the dependencies of both 

membrane displacement, 𝐻, and pressure, 𝑃, on the membrane (circle) with thickness, 

𝑇, radius, 𝑅, and Young’s modulus, 𝐸. Elastomeric (silicone) membranes were used to 

objectively measure Young’s modulus, the influence of membrane thickness, shape, the 

pressure under the pursed pocket. A qualitative assessment of how the variables 

determine release from pursed pockets was performed. 

The changes in the deformation height, 𝐻 (mm) with the change in internal 

pressure, 𝑃 (Pa), of the circular purse of radius 20 mm using silicone sheets of Young’s 

modulus, 𝐸 1.241 MPa and different thickness, 𝑇 of 0.5, 1.6 and 3.2 mm are plotted in 

Figure 3-14. 

The changes in the deformation height, 𝐻 (mm) with the change in internal 

pressure, 𝑃 (Pa), of circular purses of radii 10 (R1) and 20 (R2) mm using silicone sheets 

of Young’s modulus, 𝐸 1.241 MPa and thickness, 𝑇 of 0.5 (A) and 1.72 mm (B) are plotted 

in Figure 3-15. 

Figure 3-14. Differences in the deflection, 𝑯 at different pressures, 𝑷 using silicone sheets off 
different thicknesses, 𝑻 for pursing circular shaped pockets with radius 20 mm and Young’s 
modulus, 𝑻 1.241 MPa. The displacement height, 𝑯 decreased with the increase in material 
thickness, 𝑻 at similar pressure, 𝑷 and pocket size. 
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For a circular pocket of radius 20 mm, made using a material with Young’s 

modulus 1.241 MPa, an inverse correlation was found between the thickness, 𝑇 of the 

membrane used and maximum deformation height, 𝐻 of the pocket when compared 

under similar internal pressure during inflation. The observed height (maximum 

deformation) for the thicker membranes was lower than the observed height for thinner 

membranes. For similar material thickness and Young’s modulus, the displacement 

height, 𝐻 increased with the increase in pocket size at similar pressure, 𝑃 and material 

thickness, 𝑇. 

From the above results, the data were non-dimensionalised to obtain the value 

of the coefficient 𝛾 for inflation for a pursed circular pocket in the stretching regime 
𝐻

𝑇
>

1. Figure 3-16 shows the dimensionless maximum deflection 
𝐻

𝑇
 of circular elastic pockets 

over six orders of magnitude of 
𝑃𝑅4

𝐸𝑇4. The experimental data matches very well with the 

analytical bending solution (667) for the circle plotted with black curves up to the 

maximum deflection of 
𝐻

𝑇
 ≈ 1. Above 

𝐻

𝑇
 ≈ 1, the silicone pocket undergoes stretching and 

the data obtained numerically through finite element analysis (Section 3.4.3.1) can be 

fitted (667), in the case of the circular shapes, using equation 3.12 ; 

Figure 3-15. Differences in the deflection. 𝑯 at different pressure, 𝑷 using silicone sheets for 
pursing circular shaped pockets with radii of 10 (R1) and 20 mm (R2) at Young’s modulus, 𝑬 
1.241 MPa for 0.5 mm thickness (A) and 1.72 mm thickness (B). Deflection increased with the 
size of the pocket. 
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 𝐻

𝑇
≈ 𝛾 (

𝑃𝑅4

𝐸𝑇4
)

1
3

 (3.12) 

The value of 𝛾 was calculated from the experimental data to be 0.60.  

3.5.3.2 Square pockets 

As mentioned in the previous section, to simplify the relationships between 

variables, scaling analysis is commonly used where the values of variables are non-

dimensionalised. From the energy balance equation (684), when an elastomeric square 

pocket is in bending regime such that, 
𝐻

𝑇
≤ 1, the relationship between membrane 

displacement, 𝐻; membrane thickness, 𝑇, pressure, 𝑃; pocket side length, 𝑎; Young’s 

modulus, 𝐸; and Poisson’s ratio, 𝜎, has been analytically calculated (688) using equation 

3.13 as ; 

 
𝐻

𝑇
= 0.245(1 − 𝜎2) (

𝑃𝑎4

𝐸𝑇4
) (3.13) 

Similar to the case of circles, for inflated square pockets, stretching of the 

elastomeric membranes, 
𝐻

𝑇
> 1, the relationship between membrane displacement, 𝐻, 

Figure 3-16. Variation of the dimensionless maximum deflection 
𝑯

𝑻
 with the dimensionless 

pressure 
𝑷𝑹𝟒

𝑬𝑻𝟒 for simply connected circular shapes obtained experimentally for a range of 

silicone samples (see Table 3-3 for legend). The black curve is the analytical result (published 
data, Bouremel et al 2017) for the bending regime and the blue curve is the numerical result for 
stretching regimes, obtained using finite element analysis (published data, Bouremel et al 
2017). Each experimental data point is reported as average ±error (n=3). 
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and pressure, 𝑃, pocket-size, 𝐿, membrane thickness, 𝑇, and Young’s modulus, 𝐸, was 

estimated (684,687) from equation 3.11. With the scaling analysis, the characteristics of 

interest were the dependencies of both membrane displacement, 𝐻, and pressure, 𝑃, 

on the membrane (square) with thickness, 𝑇, side length, 𝑎, and Young’s modulus, 𝐸. 

Elastomeric (silicone) membranes were used to objectively measure Young’s modulus, 

the influence of membrane thickness, shape, the pressure under the pursed pocket. A 

qualitative assessment of how the variables determine release from pursed pockets was 

performed. 

The changes in the deformation height, 𝐻 (mm) with the change in internal 

pressure, 𝑃 (Pa), of square purses of sides 20 and 40 mm using silicone sheets of Young’s 

modulus, 𝐸 1.241 MPa and thickness, 𝑇 of 0.5 and 1.6 mm are plotted in Figure 3-17. 

Figure 3-17. Differences in the deflection, 𝑯 at different pressure, 𝑷 using silicone sheets for 
pursing square shaped pockets of membrane thickness 0.5 mm, 1.6 mm, Young’s modulus, 𝑬 
1.241 MPa for sides 20 mm (A) and 40 mm (B). The displacement height, 𝑯 decreased with the 
increase in material thickness, 𝑻 at similar pressure, 𝑷 and pocket size. 
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The changes in the deformation height, 𝐻 (mm) with the change in internal 

pressure, 𝑃 (Pa), of square purses of sides 20 (S20) and 40 mm (S40) using silicone sheets 

of Young’s modulus, 𝐸 1.241 and 1.112 MPa and thickness, 𝑇 of 0.5 and 1.6 mm and 

1.72 mm are plotted in Figure 3-18. 

For a square pocket of similar size (20 mm and 40 mm) made using a material 

with Young’s modulus. 𝐸 1.241 MPa, an inverse correlation was found between the 

thickness. 𝑇 of the membrane and maximum deformation height, 𝐻 of the pocket when 

compared under similar internal pressure, 𝑃 during inflation. The observed height 

(maximum deformation) for the thicker membranes was lower than the observed height 

for thinner membranes. The displacement height, 𝐻 increased with the increase in 

pocket size at similar pressure, 𝑃, material thickness, 𝑇 and Young’s modulus, 𝐸. 

From the above results, the data were non-dimensionalised to obtain the value 

of the coefficient 𝛾 for inflation for a pursed square pocket in the stretching regime, 
𝐻

𝑇
>

1. Figure 3-19 shows the dimensionless maximum deflection 
𝐻

𝑇
 of square elastic pockets 

over six orders of magnitude of 
𝑃𝑎4

𝐸𝑇4. The experimental data matches very well with the 

analytical bending solution (667) for the square plotted with black curves up to the 

maximum deflection of 
𝐻

𝑇
 ≈ 1. Above 

𝐻

𝑇
 ≈ 1, the silicone pocket undergoes stretching and 

Figure 3-18. Differences in the deflection, 𝑯 at different pressure, 𝑷 using silicone sheets for 
pursing square shaped pockets with sides, 𝒂 20 (S20), 40 mm (S40), Young’s modulus, 𝑬 1.241 
MPa for 0.5 mm, 1.6 mm sheet thickness (A) and Young’s modulus 1.112 MPa for 1.72 mm 
sheet thickness (B). The displacement height, 𝑯 increased with the increase in pocket size at 
similar pressure, 𝑷, and material thickness, 𝑻, and Young’s modulus 𝑬. 
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the data obtained numerically, using a finite element analysis model (Abaqus version 

6.12-3) can be fitted (667), in the case of the square shapes, using equation 3.14; 

 𝐻

𝑇
≈ 𝛾 (

𝑃𝑎4

𝐸𝑇4)

1

3
  (3.14) 

The value of 𝛾 was calculated from the experimental data to be 0.70.  

In the present work, the transition from bending to stretching has been studied 

in detail. It was shown that the maximum deflection varies linearly with 𝑃 in the bending 

regime but to the power 
1

3
 in the stretching regime once the maximum deflection 

reaches approximately the thickness of the pocket and continues to increase. Both 

analytical and numerical approaches validated the optical methods to obtain the 

dimensionless maximum deflection (
𝐻

𝑇
) of pursed silicone pockets for a range of 

dimensionless pressure 
𝑃𝑎4

𝐸𝑇4
 ranging from 10−1 to 105. The profile widths of bent pockets 

compared to stretched pockets were also found to be narrower as expected and 

quantified at different dimensionless pressures (667).  

Figure 3-19. Variation of the dimensionless maximum deflection 
𝑯

𝑻
 with the dimensionless 

pressure (
𝑷𝒂𝟒

𝑬𝑻𝟒) for simply connected square shapes obtained experimentally for a range of 

silicone samples (see Table 3-3 for legend). The black curve is the analytical results for bending 
regimes and the blue curve is the numerical results for stretching regimes, obtained using finite 
element analysis, verifying the experimental values (published data, Bouremel et al 2017). Each 
experimental data point is reported as average ±error (n=3) 
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3.5.4 Compression of inflated elastic pockets 

For the case of subconjunctival implantation, the inflated elastic pocket of an 

ophthalmic pump would be subjected to compression by the conjunctiva. This 

compressive force applied on an inflated pocket can have significant effects on the 

internal pressure of the purse. We know from equation 3.5, the internal pressure, 𝑃 of 

the purse is directly proportional to the flow rate, 𝑄 of liquid being released from such 

a pocket through a tube of known resistance, 𝑅. 

To understand the effects of compressive forces on a pressurised pocket 

affecting the flow rate of liquid released, elastomeric pockets of different internal 

pressures, 𝑃, radii, 𝑎, and material thicknesses, 𝑇, were pursed. Increasing weights were 

placed on top of pursed pockets. The change in the internal pressure of the pocket, 𝑃𝑐  

was measured as a function of the successive application of weight as compressive force, 

𝐹𝑐  on the top of the pocket, as shown in Figure 3-20.  

The data were non-dimensionalised to find the relationship between the change 

in internal pressure, 𝑃𝑐/𝑃 of the pursed pockets, when a compressive force 𝐹𝑐  was 

applied on the pressurised pockets. The relationship, β between increased compressive 

forces, 𝐹𝑐/𝑃π𝑎2 and changes in the internal pressure 𝑃𝑐/𝑃 of the squashed inflated 

Figure 3-20. Pressurised pocket at 4903 Pa with radius, 𝒂=20 mm, 𝑻=0.5 mm, 𝑬=1.241 MPa. 
Applied compressive force 𝑭𝒄 for (A) 0.24 N (B) 0.48 N, (C) 0.72N, (D) 0.95N, (E) 1.19N. 
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pocket was calculated through the linear fitting of the data, as shown in Figure 3-21. 

Using the line of best fit, β was calculated from equation 3.15 

 
𝑃𝑐

𝑃
=

β𝐹𝑐

𝑃𝜋𝑎2 +  1  (3.15) 

The value of β was calculated from the slope as ≈ 1.85 (689). This equation is 

plotted with a black line in Figure 3-21.  

3.5.5 Deflation of elastic pockets 

A circular pocket with a radius of 20 mm was made by clamping a silicone sheet 

of thickness, 𝑇 0.5 mm with Young’s modulus, 𝐸 1.241 MPa, to understand the 

mechanism of fluid release from an elastomeric pocket. A tube with an internal 

diameter, (2𝑟) of 500 μm and length of 10 cm was attached at the outlet, to provide 

additional resistance to the outflow of water, as shown in Figure 3-22.  

Deflation experiments were undertaken, as mentioned previously (see Section 

3.4.5). The results from inflation of pursed pockets confirm that the deflection for a 

pocket made of elastomeric sheets with similar material properties (Young’s modulus) 

and material thickness increases with the increase in pocket size. For deflation 

Figure 3-21. Variation of the internal pressure 𝑷𝒄/𝑷 of pursed pockets (see Table 14 for legend) 

of different thickness when under increasing compressive forces 𝑭𝒄/𝑷𝛑𝒂𝟐. The relationship 
constant, 𝛃 was calculated using the slope of the graph. 
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experiments, the size of a 20 mm radius was used to increase the amount of fluid that 

could be filled in the pocket at a given pressure. 

Figure 3-23 shows the relationship between the flow rate Q (mL s-1) of liquid 

released and the internal pressure (Pa) of the pocket. The flow rate Q of liquid released 

was found to be linearly proportional to the internal pressure of the pocket when a tube 

of an internal diameter of 500 μm and length of 10 cm was attached on the outlet, as 

plotted in Figure 3-23. 

Figure 3-23. The deflation profile of a purse shaped elastomeric pocket is shown. Flow rate, 𝑸 
(mL s-1) and pressure, 𝑷 (Pa) as a function of internal volume (mL). For circular pocket with radius 
20 mm, 0.5 mm thick, 𝑻 silicone membrane and Young’s modulus, 𝑬 1.241, the flow rate, 𝑸 was 
linearly proportional to the internal pressure, 𝑷 of the pocket. 

Figure 3-22. A circular pocket with radius 20 mm, 0.5 mm thick silicone membrane and Young’s 
modulus 1.241 MPa was used for the deflation experiments. At the start of the experiment, 
inflated purse a with internal pressure 3000 Pa shows a deflection of purse height to 4.75 mm, 
(A) at the end of the experiment, empty purse with no internal pressure has no deflection in 
height (B). 
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3.5.6 Modelling fluid release from hypothetical single-chamber elastic 

pockets 

The effect of an elastomeric material’s Young's modulus, material thickness and 

the diameter of the outlet tube on drug release amount and duration from proof-of-

concept single-chamber hypothetical elastic pockets with small volumes (~1 mL) was 

modelled. The fluid volume inside the pocket was calculated to be 1055.58 µL. The 

results for the modelling data are presented in Table 3-4, and the volume of fluid 

released and the release profiles for the seven conditions modelled are plotted in Figure 

3-24 and Figure 3-25. 

Table 3-4. Modelling data of fluid release from hypothetical single-chamber elastic pockets of a 
fixed dimension of radius 10 cm and maximum displacement height of 0.6 cm. 

*Release rate was in µL min-1, + Release rate was in nL min-1 

 

Amongst the different hypothetical single-chamber elastic pockets modelled, 

Tmax released the largest volume of fluid, 852.7 µL and took 247 hours (10.3 days) with 

a decreasing flow rate, 0.93–0.007 µL min-1 with the highest pump efficiency of 80.8%. 

Emax released the next largest volume of fluid, 738.7 µL and took 364.5 hours (15.2 

days) with a narrower range of decreasing flow rate, 0.24–0.007 µL min-1 with a pump 

efficiency of 70%. Emin released, 372.9 µL of fluid and took 502.1 hours (20.9 days) with 

a narrow range of decreasing flow rate, 24.4–6.6 nL min-1 with a pump efficiency of 

35.5%. Tmin released the smallest volume of fluid, 181.4 µL and took 347.2 hours (14.5 

days) with a decreasing flow rate, 11.6–6.6 nL min-1 with the lowest pump efficiency of 

17.2%. Dmax showed the fastest release rate of fluid, 544.3 µL released in 0.8 hours, the 

smallest value for T1/2= 0.2 hours with a decreasing flow rate, 36.2–4.1 µL min-1 with a 

pump efficiency of 51.6%. Optimal showed the slowest release rate of fluid, 513.7 µL 

released in 8072 hours (336.3 days), largest value for T1/2=2154 hours (89.8 days) with a 

decreasing flow rate, 3.05–0.4 nL min-1 with a pump efficiency of 48.7%. The next 

Variable Condition 
Time 

(hours) 
Volume 

released (µL) 
T1/2 

(hours) 
Flow rate  

Efficiency 
(%) 

Young’s 
modulus 

Emax 364.5 738.7 49.2 0.24–0.007* 70.0 

Emin 502.1 372.9 171.4 24.4–6.6+ 35.3 

Thickness 
Tmax 247 852.7 17.18 0.93–0.007* 80.8 

Tmin 347.2 181.4 149.3 11.6–6.6+ 17.2 

Tube 
diameter 

Dmax 0.8 544.3 0.2 36.2–4.1* 51.6 

Dmin 7915 544.8 1980 3.63–0.4+ 51.6 

𝑬, 𝑻, 𝑫 Optimal 8072 513.7 2154 3.05–0.4+ 48.7 
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slowest release of fluid was from Dmin, 544.8 µL released in 7915 hours (329.8 days), 

second largest value for T1/2=1980 hours (82.5 days) with a decreasing flow rate, 3.63–

0.4 nL min-1 with a pump efficiency of 51.6%. 

The results from the modelling data of fluid release from hypothetical single-

chamber pockets further revealed that the efficiency of the pump was proportional to 

Young’s modulus (𝐸) and thickness (𝑇) of the elastic material. Decreasing Young’s 

modulus (𝐸) of the material by a factor of 10 (Emax/Emin) decreased the pump 

efficiency by 49.5% but increased the time taken for fluid release by 37.8% and increased 

T1/2 by a 248.4%. A similar trend was observed when the thickness of the material was 

decreased by a factor of 80 (Tmax/Tmin), pump efficiency was decreased by 78.7% but 

the time taken for fluid release increased by 40.6% and T1/2 increased by 769%. 

Changing the diameter of the outlet tube had the most significant impact on the 

performance of the hypothetical pump. Decreasing the diameter of the outlet tube by a 

factor of 10 (Dmax/Dmin) had a negligible impact on the efficiency of the pump 

(efficiency decreased by 0.1%) but increased the time taken for fluid release by a factor 

of 9,893.8 (0.8/7915) and T1/2 by a factor of 9,899 (0.2/1980 hours). 

Finally, increasing to maximum values of 𝐸 and minimum values of 𝑇 and 𝐷, the 

Optimal pump compared with Dmin showed a decrease in efficiency of the pump by 

5.7% but increased the time taken for fluid release by 2% and increased T1/2 by 8.8%. 
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Figure 3-24. Fluid release was modelled from hypothetical single chamber pockets with fixed dimensions of 𝑹= 10 mm, 𝑯= 6 mm. For Emax, the parameters for 
sheet were 𝑻= 0.1 mm, maximum 𝑬= 5.25 MPa, and the dimensions of the outlet tube were 𝑫= 0.05 mm and L= 4 m. The maximum volume released was 738.7 µL 
in 364.5 hours. For Emin the parameters for sheet were 𝑻= 0.1 mm, minimum 𝑬= 0.525 MPa, and the dimensions of the outlet tube were 𝑫= 0.05 mm and L= 4 m. 
The maximum volume released was 372.9 µL in 502.1 hours. For Tmax, the parameters for sheet were maximum 𝑻= 1.6 cm, 𝑬= 1.25 MPa, and the dimensions of 
the outlet tube were 𝑫= 0.05 mm and L= 4 m. The maximum volume released was 852.7 µL in 247 hours. For Tmin the parameters for sheet were minimum  
𝑻= 0.02 mm, 𝑬= 1.25 MPa, and the dimensions of the outlet tube were 𝑫= 0.05 mm and L= 4 m. The maximum volume released was 347.2 µL in 181.4 hours. 
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Figure 3-25. Fluid release was modelled from hypothetical single chamber pockets with fixed dimensions of 𝑹= 10 mm, 𝑯= 6 mm. For Dmax, the parameters for 
sheet were 𝑻= 0.1 mm, 𝑬= 1.25 MPa, and the dimensions of the outlet tube were maximum 𝑫= 0.25 mm and L= 4 m. The maximum volume released was 544.3 µL 
in 0.8 hours. For Dmin the parameters for sheet were 𝑻= 0.1 mm, 𝑬= 1.25 MPa, and the dimensions of the outlet tube were minimum 𝑫= 0.025 mm and L= 4 m. 
The maximum volume released was 544.8 µL in 7915 hours. For Optimal, the parameters for sheet were minimum 𝑻= 0.02 mm, 𝑬= 5.25 MPa, and the dimensions 
of the outlet tube were minimum 𝑫= 0.025 mm and L= 4 m. The maximum volume released was 513.7 µL in 8072 hours. 
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3.6. Discussion 

Post-operative wound management remains a major challenge for the success 

of glaucoma surgery. Anti-inflammatory drugs are frequently dosed using eye-drops, 

which provide poor bioavailability in the subconjunctival space. Intra-ocular injections 

are often needed, but the drug is rapidly cleared into the systemic circulation, requiring 

repeated administration. Elastomeric pumps could potentially be a viable solution for 

prolonged drug delivery in the subconjunctival space. However, a systematic analysis of 

different variables governing pump function has previously not been experimentally 

assessed. To this end, an in-depth analysis was conducted, assessing the relationships 

between material properties and pocket geometry, and the internal pressure of pocket, 

when an elastomeric pump transitions from bending to stretching regimes.  

3.6.1 Material and Methods 

For the work described in this Chapter, commercially available silicone 

membranes were used due to their material reproducibility, relatively low cost, and the 

similarity of their stiffness with subconjunctival tissue (~1 MPa). To be used as medical 

implants, it is often crucial for the material to match the properties of the surrounding 

tissue to avoid physical damage caused by hard materials, thus reduce localised 

inflammation. Moreover, these silicone sheets are considered to be biocompatible 

(manufacturer’s guidelines).  

The ratio of the material’s stress to strain (when strains are small, less than 10%) 

gives the value of Young’s modulus, 𝐸 (modulus of elasticity), calculated as the initial 

linear slope of the stress-strain graph (674,676,677). It gives the measure for a material’s 

property to resist deformation, see Figure 3-26 (690). A typical stress-strain curve can 

define elastic and plastic regions of the material being tested. In the elastic region, the 

material obeys Hooke’s law (691), published by Robert Hooke in 1678 as a solution to 

his previously published Latin anagram (692). Hooke’s law states that the force applied 

(stress) is proportional to the change in surface area (strain) of a material. The law also 

states that when force is no longer applied to the material, it returns to its original shape 

and size without deformation. In the stress/strain curve, the straight line represents 

Hooke’s behaviour of the material in the elastic region and the slope of the line is 



 

192 
 

Young’s modulus 𝐸 (691). Materials that behave according to Hooke’s Law are called 

elastic materials (693). If the material deformation is permanent under an applied force, 

it is called plastic material (694). 

Elastic behaviour is required for an implant or a device to withstand pressure 

during implantation without deforming. Elongation at break (εb), also known as fracture 

strain, expresses the capability of a material to resist changes of shape without crack 

formation. It is the ratio between changed length and initial length after breakage of the 

material being tested, see Figure 3-26 (676). 

(676)Moduli have units of stress (N m-2 = Pa) and cover a wide range from kPa to 

MPa. Stiffer materials have higher values for the elastic modulus. Typical Young’s 

modulus values for ceramics and metals are >10 GPa, for un-orientated polymers is 1–3 

GPa, for elastomers is about 1 MPa, and for highly swollen gels are 10–100 kPa (676). 

The soft tissue in the human heart have moduli in the range of 10–500 kPa, which is 

similar to highly swollen hydrogels (695). Another important parameter is fracture 

energy (Jm-2), defined as the energy required for breaking the material in an infinitely 

large specimen. This parameter can be used to assess the toughness as a function of 

molecular mechanisms in different materials and the energy absorbed in creating a unit 

area of a crack in the material (676,696,697). 

For the silicone sheets tested in the present work, the values of 𝐸 were found to 

be between 1–2.5 MPa. These values are comparable to the reported scleral values of 

1.2–1.3 MPa (674,675) and 1.8–2.9 MPa (679,680). This is particularly important for 

matching the pump material stiffness to the biological tissue to avoid foreign body 

Figure 3-26. Typical stress-strain curve for a tough gel illustrating Young’s modulus (𝑬), breaking 
strength (𝛅𝐛), elongation at break (𝛆𝐛) and work of extension (𝐖𝐞𝐱), figure adapted from (675) 
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response (698,699). However, for a final pump design, a well-established biocompatible 

polymer (such as a double network HEMA or medical grade silicon) could be used to 

fabricate the pocket of the pump that acts as a reservoir for the drug. 

A novel optical method developed for experimental fluid mechanics, using 

methylene blue dye, was successfully applied for the first time to accurately plot a 3D 

deformation profile based on the deformation planes of the pursed pockets while 

comparing the 2D deformation distribution along pocket width. This technique can be 

applied to any sheet provided the material is clear and the deflection of the pockets 

being analysed is relatively low.  

3.6.2 Inflation of elastic pockets 

Initially, to evaluate pursing of elastomeric membranes, simply (single point of 

contact along a continuous boundary) and doubly (two separate continuous boundaries) 

connected pockets were made by joining two silicone membranes of varying thickness 

and radius with silicone glue, see Figure 3-27. A 5 mL Terumo syringe was used to 

accurately apply a known amount of silicone glue to avoid variances in the joining 

boundary conditions of the pocket. A 26-gauge Terumo needle was used (ID 0.45 mm) 

as the inlet for fluid. The pockets were analysed for changes in deflection at varying 

internal pressures and material thickness. A major advantage of this approach was rapid 

prototyping of different variables (material thickness, size and joining boundary 

Figure 3-27. Simply connected circular 
elastomeric pockets were initially made by 
joining two silicone membranes of varying 
thickness and radius with silicone glue. A 
26-gauge Terumo needle was used (ID 0.45 
mm) as inlet for fluid. Row A shows circular 
pockets with radius 10 mm, row B shows 
pockets of radius 22 mm C with radius 35 
mm and row D shows doubly connected 
pockets of radius 45 mm with varying area 
of central clamping (internal diameter).  
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conditions) to gain a preliminary understanding of the impact by each variable on pump 

design. 

However, it was difficult to control the joining boundary between the silicone 

sheets accurately. Moreover, the shapes that could be fabricated using this method 

lacked precision due to the clamping effects of the boundary. The variance in inflated 

pocket height, 𝐻 (deflection) versus internal pressure between similar pockets (similar 

material properties and geometry) was over 20%. For this purpose, a more robust 

methodology of pursing elastic pockets was required. Acrylic and stainless-steel plates 

with holes of different shapes and sizes cut for pocket formation were used to improve 

the robustness of the experimental setup and was used subsequently for all inflation, 

compression, and deflation experiments. 

In order to simplify the relationships between variables, scaling or dimensional 

analysis is a commonly used technique where the values of variables being studied are 

non-dimensionalised. This is a technique that is commonly used in fluid mechanics for 

changing units, determining a convenient arrangement of variables of a physical 

relationship, and calculating the pre-multiplying co-efficient for the parameters of 

interest. It frequently aids in making a more natural description of the phenomena being 

investigated and the influences of all the variable involved. However, a reference to 

experimental data needs to be made to obtain the necessary constants or coefficients 

for a complete numerical expression. With the scaling analysis, the characteristics of 

interest were the dependencies of both membrane displacement, 𝐻, and pressure, 𝑃, 

on the membrane (circles and squares) with thickness, 𝑇, radius, 𝑅, and Young’s 

modulus, 𝐸. Elastomeric (silicone) membranes were used to objectively measure 

Young’s modulus, the influence of membrane thickness, shape, the pressure under the 

pursed pocket. The experimental data provided further insight into these relationships. 

The data were non-dimensionalised to obtain the value of the coefficient 𝛾 for inflation 

for pursed pockets in the stretching regime 
𝐻

𝑇
> 1.  

For circles, the value for coefficient 𝛾 was calculated from the experimental data 

to be 0.60. The coefficient 𝛾 obtained with the current experimental approach is 

comparable with previous findings in the literature (667). Chien, Dickey, Kao and 

Perrone, Christensen and Feng and Kelkar et al. found out the same value of 0.595 with 

different computing and numerical techniques (700–705). Christensen and Feng 
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reported the value of 𝛾 as 0.572 (706). The current value of 0.60 is within 1% of the 

values reported in the literature. For squares, the value of 𝛾 was calculated from the 

experimental data to be 0.70. The coefficient 𝛾 obtained with the current approach is 

comparable with previous findings in the literature (667). Jones found numerically a 

value of 𝛾 = 0.71 which is within 1.5% of our current values (707). 

It was observed that the experimental data did not exactly match, as well, the 

analytical results (plotted with a black line in Figure 3-16 and Figure 3-19) in the bending 

regime. This may be due to the compression of the sheets by the acrylic plates when 

tightened to create a seal. The clamping can cause the sheet to be raised, which would 

more prominently affect the dynamics of pursing for smaller deflections in the bending 

regime, when compared to larger deflections in the stretching. The deflection of 

elastomeric pockets on inflation follows different dynamics from bending to stretching. 

In further work where doubly-connected (silicone membranes connected at two points 

of a continuous boundary) pockets were studied using Finite Element Analysis, it was 

observed that the maximum deflection of doubly-connected pockets is greatly reduced 

compared to simply-connected shapes with similar outer shapes (circle or square). The 

results compared favourably with analytical results from the literature (667). 

3.6.3 Compression of elastic pockets 

Most of the elastomeric pumps currently used in the clinic are enclosed in a hard 

casing, presumably to protect them from being squashed and changing the intended 

rate of drug delivery. However, the relationship between the deformation of inflated 

elastomeric pockets when subjected to compressive forces and the resulting change in 

internal pocket pressure has not been studied previously. This deformation due to 

compression and change in internal pressure is critical to understand how an ophthalmic 

pump would function when subjected to a compressive force applied by the conjunctiva, 

after implantation. 

If a pursed pocket were to be compressed, the increase in internal pressure, 𝑃𝑐  , 

is associated with increased flow rate, 𝑄, of liquid released, as the flow rate can be re-

written as 𝑄 = 𝑃/𝑅, as explained from equation 3.5. This relationship also has an 

additional significance when considering the design of an ophthalmic pump requiring 

more than a single chamber (pocket), made of elastomeric materials with known 
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material properties and geometry. The primary chamber(s) would act as a drug reservoir 

that could be easily refilled when depleted. The secondary chamber(s) could be 

controlled by an external stimulus to inflate when needed, applying a known amount of 

compressive force on the drug reservoir. From the estimated value of β ≈ 1.85 

calculated in the present work studying compression of inflated elastic pockets (Section 

3.5.4), in combination with the coefficient of stretching calculated in the inflation 

experiments (Section 3.5.3), it is possible to accurately predict the effect of compression 

by the stimuli sensitive chamber on the rate of drug released from an elastomeric pump. 

3.6.4 Deflation of elastic pockets 

For the work mentioned in this Chapter, water was the fluid used for both 

inflation and deflation experiments. In the real-world application of an elastomeric 

pump, however, this is seldom the case. If we assume that, an elastomeric pump made 

using a membrane of 𝐸 1.241 MPa and thickness, 𝑇 of 0.5 mm was to be filled with a 

saturated drug solution with a dynamic viscosity similar to that of water (10-3 Pa s at 

20°C), the evolution of 𝑄 as a function of volume released in the deflation of circular 

elastic pockets experimental results suggest a first order release rate. However, the 

change in viscosity of the drug solution can be easily taken into account using the Hagen-

Poiseuille’s equation (equation 3.6) that calculates the fluid flow through a cylindrical 

pipe of length 𝐿 and diameter 𝐷, dynamic viscosity of the fluid (681). According to the 

Hydrodynamics principle (equation 3.5), flow rate (𝑄) of fluid is dependent on the 

resistance (𝑅) to fluid flow. This resistance generates a pressure, 𝑃, which acts as the 

driving force for fluid flow. In an inflated elastomeric pocket, this pressure is applied by 

the displaced (deformed height, 𝐻) elastomeric sheets that drives the fluid out of the 

pocket. As mentioned earlier, for a simply connected pursed pocket made with 

elastomeric membranes, the relationship between membrane material thickness (𝑇), 

pursed deformation height (𝐻), internal pressure (𝑃), pocket size (𝐿) and Young’s 

modulus (𝐸) is given by equation 3.12. The values for pre-multiplying coefficients (𝛾) 

was found to be 0.6 and 0.7 for circle and square shaped pockets, respectively (667). For 

deflation, to calculate the resistance, 𝑅, provided by an outlet tube, of length,𝐿 

diameter, 𝐷, the volumetric flow rate, 𝑄, may be calculated according to Hagen-

Poiseuille’s equation (equation 3.6). 
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Currently, to manage retinal diseases such as AMD, intravitreal injection of a 

bolus of anti-VEGF into the vitreous cavity is administered on a frequent basis. 

Endophthalmitis and retinal detachment are the major side effects, linked to delivering 

a large bolus of the drug (708). In addition, this administration creates a typical curve of 

a large peak of drug with rapid decay. The literature supports that the half-life of anti-

VEGFs, such as ranibizumab, a humanised monoclonal antibody fragment, administered 

as a single IVT bolus is indeed very short (2.2 days in the retina, 2.5 days in the aqueous 

humour and just under 4.0 days in the vitreous cavity)(709). This makes it necessary to 

use a higher initial dose in order to exceed therapeutic levels to allow a longer treatment 

interval (709). 

Humayun et al. demonstrated the use of a micropump (13x16x5 mm, volume 60 

µL) to deliver ranibizumab in patients suffering from diabetic macular oedema (646). 

The materials of the pump that were in contact with the ocular tissue included a titanium 

hermetic package on the bottom, a polycarbonate top surface to protect the pump, and 

a hybrid silicone-parylene cannula with suture tabs (648). The pump was prefilled with 

8.5 µL ranibizumab and implanted into the subconjunctival space of 11 patients, 

delivering the entire drug within 90 minutes of loading the drug into the pump. The 

micropump successfully delivered the programmed dose in seven subjects with no 

adverse events reported during the 90 day follow-up period. However, it must be noted 

that this was a relatively small study (11 subjects) and the long term efficacy on the 

micropump was not evaluated (follow up period ended after 90 days)(646). 

For deflation of elastic pockets in the current work, the flow rate of a liquid 

released from a single geometry (circle) of elastomeric pocket composed of silicone 

membrane was investigated. The flow rate Q of liquid released was found to be linearly 

proportional to the internal pressure of the pocket when a tube of an internal diameter 

of 500 μm and length of 10 cm was attached on the outlet. This tapered release profile 

would be particularly useful in the case of delivering initial high doses of a drug and 

tapering the amount of drug delivered as a function of time while prolonging the 

duration of therapy. A previous study validated a micro-electronic mechanical device 

with the volume dosed and the duration of pressure were found to be linearly 

proportional for both applied pressures, resulting in a consistent flow (647). However, 

this device used a different mechanism of dose release that needed to be actuated 
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externally. The pursed pockets studied in the present work utilise only elastic energy 

stored in the stretched pocket membrane to release the internal liquid over a period of 

time. It must be noted that the release rate of liquid can be precisely controlled by 

utilising a variable resistance at the outlet of the pocket. 

Post-operative inflammation is a major challenge for the success of glaucoma 

surgery (355). There is increasing evidence to support the view that angiogenesis and 

inflammation are mutually dependent. In addition to the appearance of newly formed 

blood vessels in granulation tissue, the angiogenic factors exhibit both pro-inflammatory 

and pro-angiogenic effects (710,711). Angiogenesis results from a cascade of multiple 

signals acting on the EC layer of blood vessels (712). These cells are surrounded by 

pericytes that regulate blood vessel function (712). During inflammatory reactions, 

immune cells synthesise and secrete pro-angiogenic factors that promote 

neovascularisation. The vascular endothelial growth factor (VEGF) receptor (VEGF-R1 

and VEGF-R2) system is deeply involved in angiogenesis (711). VEGF-A directly 

stimulates EC proliferation by engaging with the VEGF-R2 to activate tyrosine kinase and 

initiate the sprouting of new vessels from existing micro-vessels, destabilising existing 

micro-vessels. This leads to pericyte dropout, diminished cell–cell adhesion, dissolution 

of the basement membrane and increased vascular permeability (710). Even though 

inflammation and angiogenesis can potentiate each other, these processes are distinct 

and separable. There is evidence in the literature that the angiogenesis that 

accompanies chronic inflammation tends to prolong and intensify the inflammatory 

response (710). 

Results from deflation experiments, in correlation with the relationships 

calculated from inflation experiments, provides further insight into a proposed design 

for the miniaturisation of a pump for ocular drug delivery. Before designing a pursed 

planar pocket that can efficiently deliver drugs to the site of action (such as the site of 

surgery in the subconjunctival space), one must consider and assess the various limiting 

factors and constraints of size, shape, and thickness of the material. As mentioned 

previously in Chapter 1, the site of surgery in the conjunctiva is an incredibly challenging 

place to implant a device. In addition to delivering the required dose, a pursed pocket 

needs to be robust and biocompatible. A circular or “button-shaped” pump is the 

appropriate shape to achieve the maximum volume in the pocket for the minimum 
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amount of material. A hypothetical pursed pocket with a diameter of a 10 mm and 

height of 6 mm should hold a total volume of about 1.1 mL of a saturated drug solution. 

Another consideration when designing an optimal drug delivery pump is the ability of 

the pump to maintain close contact with the sclera while still being able to hold a 

sufficient amount of drug. In order to achieve this balance, the pump should have 

varying thicknesses to allow for deflection at the top but no deflection at the bottom, 

which lies in contact with the sclera. 

3.6.5 Modelling fluid release from hypothetical single-chamber elastic 

pockets 

The maximum implant size is a significant limitation when considering the design 

of an elastic pump for localised ocular drug delivery. The size of a human adult eye is 

approximately 24.2 mm (transverse) × 23.7 mm (sagittal) × 22.0–24.8 mm (axial)(713). 

The optic nerve’s exit point from the eyeball measures 28 mm from the limbus (where 

the cornea meets the sclera) in the superonasal quadrant and 33 mm in the 

superotemporal quadrant (714), see Figure 3-28. Ayyala et al. reported nerve changes 

in rabbits with GDD implantation closer than 2 mm to the nerve. Thus, an implant placed 

closer than 2 mm to the optic nerve might impinge on the optic nerve and may 

compromise the nerve function. This may especially be true in eyes with shorter axial 

lengths (715). Also, if the patient develops severe inflammation, the fibrous reaction 

involved may adversely affect the optic nerve. 

Thus, for an implantable pocket to be used in the superotemporal quadrant of 

the eye, the maximum length of the device must not exceed 20 mm. This is a significant 

challenge that limits the amount of drug that can be stored in an elastomeric pocket and 

the duration between the refilling. Currently, the Baerveldt® 350 GDD which is 15 mm 

long and 32 mm wide with a total surface area of 350 mm2, is the largest implant 
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approved for use in the subconjunctival space (715). Comparatively, AGD has a much 

smaller surface area of 184 mm2, but a slightly increased length of 16 mm (715). 

From the results of the modelling data of fluid release from hypothetical single-

chamber elastic pockets, it was evident that to increase the duration of drug (fluid) 

release, changing the diameter of the outlet tube would have the most significant 

impact. Dmax released 51.6% of its total fluid volume in 0.8 hours whereas Dmin 

released a similar amount of fluid (51.6%) in about 330 days (~11 months). Decreasing 

the diameter (𝐷) of the outlet tube would result in a significantly longer T1/2, which 

would potentially translate in vivo to a significantly prolonged drug release from a pump, 

when compared with a pump with an outlet tube of a larger diameter. It is worth noting 

that the biggest surprise in the application of Poiseuille's law to fluid flow is the dramatic 

effect of changing the radius as compared to the length of the pipe. According to Hagen-

Poiseuille’s law, (equation 3.6) the dependence on the resistance to fluid flow provided 

by a tube is directly proportional to the tube length, L, but a power of 
1

𝑅4 to the radius of 

the tube. Furthermore, from the Hydrodynamics principle (equation 3.5), we know that 

the resistance provided by a tube to fluid flow is inversely proportional to the rate of 

Figure 3-28. Relative to the nose, the eyeball can be divided into four main quadrants, 
superonasal, superotemporal, inferonasal and inferotemporal. The rectus muscles (as shown in 
this schematic diagram) are responsible for the movement of the eye. 
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fluid flow, we can calculate that by decreasing the radius of the outlet tube by a mere 

20%, it is possible to reduce the flow rate of the liquid released by 50%.  

The results from the modelling data of fluid release from hypothetical single-

chamber pockets further revealed that the efficiency of the pump increased with the 

decrease in Young’s modulus (𝐸) and thickness (𝑇) of the elastic material of the pocket. 

A closer inspection of the modelling results reveals a narrower range and lower average 

values of fluid release rates when 𝐸 and 𝑇 were decreased (Emax, Tmax/Emin, Tmin). 

An interesting result was that the Emin pocket displayed an almost 33% wider range of 

flow rate, as compared to Tmin. These trends can be explained by the direct dependence 

of T1/2 on the fluid release rate of the pump. Decreasing Young’s modulus (𝐸) and 

thickness (𝑇) of the elastic material resulted in a longer T1/2, which would potentially 

translate in vivo to a steadier amount of drug released for a prolonged period, when 

compared with a pump made with thicker and stiffer elastic materials.  

Finally, increasing to maximum values of 𝐸 and minimum values of 𝑇 and 𝐷, the 

Optimal pump compared with Dmin showed a slight decrease in pump efficiency (5.7%) 

but increased the time taken for fluid release and T1/2 (2% and 8.8%, respectively). This 

further supports the result that within the current limitation of commercially available 

elastomeric materials and tubes, the dimensions (diameter in particular) of the outlet 

tube have the most significant impact on the performance of the pump.  

Currently, it is unknown if a steadier delivery of a drug in the subconjunctival 

space might improve clinical outcomes as compared with a pulsatile delivery, which is 

commonly observed with intraocular injections. However, there is significant merit in 

reducing concentration spikes and maintaining higher drug bioavailability by a 

continuous delivery of the drug (635,708). Moreover, an ophthalmic pump should 

improve patient outcome as the adherence to the therapeutic regimen would be 

significantly improved. Several studies and clinical trials have demonstrated that 

uninterrupted IVT injections improve patient outcomes, as compared to patients who 

are less compliant to their dosage regimen (716–720). 

Recent results from the Ladder trial (ClinicalTrials.gov identifier NCT02510794), 

reported favourable outcomes for extended intervals of time required between drug 

refills for the PDS delivery device (635). The median time to first implant refill was 

reported to be 8.7, 13.0, and 15.0 months in the PDS 10 mg ml-1, PDS 40 mg ml-1, and 



 

202 
 

PDS 100 mg ml-1 arms, respectively. Active ranibizumab was reported to be measurable 

(with a lower limit of quantification of 15 pg/ml) in serum for 15 months or more after 

insertion of the PDS implant filled with ranibizumab 100 mg ml-1 (631,635). The authors 

of the study asserted that the results suggested the PDS to be a good candidate to 

change the current treatment paradigm in nAMD and respond to the current unmet 

need to reduce treatment burden without sacrificing clinical efficacy (635). 

The Ladder results provided a proof of concept that biologics or small molecules 

can be delivered safely to the eye for months at a time through a permanent refillable 

intraocular reservoir. Currently, two Phase 3 clinical trials are ongoing to study the 

efficacy, safety, and pharmacokinetics of the PDS with ranibizumab in patients with, 

nAMD (ClinicalTrials.gov. identifier NCT03677934)(721) and diabetic macular oedema 

(ClinicalTrials.gov. identifier NCT04108156)(722). Another Phase 3 clinical trial to 

evaluate the long-term safety and tolerability of the PDS is ongoing (ClinicalTrials.gov. 

identifier NCT03683251)(723).  

For the present work, results from the modelling of fluid release from 

hypothetical single-chamber elastic pockets suggest an extended time (Dmin and 

Optimal ~11 months) before a refill would be needed, which is comparable to that of 

the PDS implant. After the completion of fluid release, the pocket would be refilled using 

a dual-lumen needle that would simultaneously withdraw the pre-existing drug solution 

remaining in the pocket, ensuring total fluid exchange of old drug with new drug in the 

reservoir, similar to the way the PDS was refilled in the clinic using standard aseptic 

techniques and local anaesthesia (635). Moreover, in experimental testing, the single-

chamber elastic pockets might show even extended release times, as has been noted in 

preliminary testing of these devices (ongoing work, data not shown). 

Currently used stored-energy disposable pumps show a varying drug release 

performance which depends on their power source and mechanism of flow control. 

Elastomeric pumps typically deliver at higher flow rates at the beginning and end of an 

infusion cycle whereas pressure-actuated pumps deliver at higher flow rates at the 

beginning of an infusion and much lower flow rates at the end of an infusion (724). 

Clinical evaluations of elastomeric pumps have shown that the variations in flow rates 

were not clinically significant and did not present a hazard to patients (725). Data from 

modelling fluid-release results from hypothetical single-chamber elastic pockets were in 
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good agreement with clinical performance data of commercially used elastomeric 

pumps. 

Based on the experimental findings and modelling data from this Chapter, two 

mechanisms of action for an elastomeric pump for ophthalmic drug delivery can be 

suggested. Firstly, a single-pocket elastomeric pump, utilising the kinetic energy stored 

in the stretched membranes due to the uniform internal pressure exerted by the stored 

fluid. A schematic of this proposed mechanism is shown in Figure 3-29. It would be 

implanted in the superotemporal quadrant of the eye, in the subconjunctival space. The 

pump should be enclosed in a hard-protective casing to avoid having variable flow rates, 

caused by accidental compression of the pump.  

Pumps working on a similar principle are commercially available but are much 

larger in size with shorter duration of drug delivery as compared with the proposed 

design for an implantable elastomeric ophthalmic pump (340,350,661,726,727). Such a 

pump would be simple, cost-effective and would not need any external stimuli to deliver 

the stored drug in a saturated solution form. Moreover, a drug refill port may be added 

to the protective casing of the pump to make the refilling of the pump easy, much like 

the way an IVT or subconjunctival injection is currently administered.  

The effect of material thickness, Young’s modulus, pocket-size, internal pocket 

pressure and volume of the reservoir on the flow rate of liquid released from the single 

pocket elastomeric pump can be estimated using the relations developed from the 

results of inflation (667) and deflation of the pocket experiments. In indications where 

the rate of drug delivery required is low, additional resistance to the pump outflow 

would be necessary, which can be easily estimated using equation 4.10. The modelling 

data of fluid release from hypothetical single-chamber pockets of fixed dimensions 

suggested a wide range of pump efficiencies (17.2–80.8%) and T1/2 (0.2–2154 hours). 

However, this data is by no means an exhaustive estimate of all the probable values for 

pump efficiency and T1/2, as we now know that these values can change based on 

changes in material properties (𝐸), material thickness (𝑇) and outlet tube diameter (𝐷). 
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Secondly, based on the principles and the observations from studying the 

compression of inflated elastomeric pockets (689), I propose that the rationale behind 

the single pocket pump could be extended to double or multi-pocket elastomeric 

pumps. Such a pump would utilise the compressive forces generated by single or 

multiple pockets to expel out the stored drug, at a controlled flow rate. These pumps 

would be relatively more complicated than single pocket pumps and would often 

require some external stimuli to deliver the stored drug fluid. A schematic of this 

proposed mechanism is shown in Figure 3-30. One or more pockets inside the pump 

could be externally controlled, causing them to ‘swell’. This would be the pressure 

exerting chamber (C1). This systematic swelling would apply compressive forces on the 

drug reservoir (C2), squeezing the drug out of the pump. This option to tailor the drug 

release according to a variable requirement of the drug concentrations needed would 

be a significant added advantage over single pocket pumps.  

Figure 3-29. A proposed schematic of a single pocket elastomeric pump that could be implanted 
under the conjunctiva, much like the current surgical technique used for GDD implantation. The 
rate of drug delivery could be controlled by changing the dimensions of the pump outlet and 
could be refilled once the drug reservoir has been emptied. Pump is not drawn to scale. 
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The experimental results for compression of elastic pockets (Section 3.5.4) 

indicate that the internal pressure of a pocket is proportional to the compressive force 

applied, across a range of elastomeric material properties and material thickness. The 

externally controllable pumps might offer a precisely tailored control of the drug 

delivery rates. Pumps employing this multi-pocket design approach could potentially 

have improved pump efficiencies as compared to single-chamber pumps by increasing 

the internal pressure of the pump as it approaches nearer to the cut off pressure value 

of the pump. Additionally, it may be possible to fill different pockets of a multi-pocket 

ophthalmic pump with different concentrations of single or multiple drugs and achieve 

a complex delivery of a patient-specific combination dose. The potential for a tailored 

delivery regimen would significantly improve on the fixed-dose combination eye drops 

that are currently available for glaucoma management. Additionally, to improve the 

long-term stability of the drug in a multi-pocket pump, different pockets could be filled 

with separate drug and stabilisers that could be eluted at the same time. It has been 

shown previously that the stability of the anti-VEGF drug, bevacizumab was improved 

with the addition of DEX sodium phosphate (728). 

In our previous work from the Brocchini lab, we have shown in vivo that a coated 

implant of the potent MMPi, ilomastat was delivered at desirable concentrations in the 

conjunctival (719.13 ± 267.68 pg/mg tissue) and scleral tissues (3818.18 ± 351.17 pg/mg 

Figure 3-30. A proposed schematic of a double-pocket elastomeric pump that could be 
implanted under the conjunctiva, much like the current surgical technique used for GDD 
implantation. This pump would have the added advantage of being able to respond to external 
stimuli to tailor the drug release according to the therapeutic requirement. Pump is not drawn 
to scale. 
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tissue) of rabbits (239). In another study using rabbits, it was shown that ilomastat could 

be successfully formulated as eye drops with cyclodextrins (CD) to achieve therapeutic 

doses (10–100 nM) in conjunctival and scleral tissues (205). This ilomastat eye drop 

formulation could potentially be stored and delivered at the site of surgery, using the 

proposed implantable elastomeric pocket. 

However, a proof-of-concept investigation with a saturated drug solution within 

an elastomeric pocket is warranted. This design concept would need to be scaled down 

to the size of the superotemporal quadrant of the eye, which would be an accurate 

estimation of ‘real-world application’ of such a device. Future work at scaling down the 

pocket size of the pump and optimisation of flow rate is underway. 
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3.7. Summary and conclusions 

The work described in this Chapter elucidated the relationships between key 

parameters involved in the functioning of simply connected (connected across a single 

boundary) elastomeric pockets. 

First, the effect of the pressure exerted by a fluid on elastomeric membranes was 

characterised in terms of pressure applied, membrane thickness, Young’s modulus, and 

the shape and size of the elastomeric pockets. Significant differences between pursed 

regimes of two different shaped elastic pockets in terms of maximum deflection. The 

results indicate that the maximum deflection varies linearly with internal pressure in the 

bending regime (maximum deflection ≤ thickness of the pocket). However, maximum 

deflection varies to the power 
1

3
 with internal pressure in the stretching regime 

(maximum deflection > thickness of the pocket). Finally, the release of fluid from these 

pressurised elastomeric pockets as a function of time, internal pressure, and internal 

fluid volume was analysed. Material properties, such as Young’s modulus, and material 

thickness proved to be important factors in the bending regime whereas, in the 

stretching regime, the size and shape of the pocket itself had drastic implications on the 

results obtained. The relationship between applied compressive forces and changes in 

the internal pressure of an inflated pocket was found to be approximately linear. 

Results from analysing compression and deflation of elastic pockets were utilised 

to provide recommendations for pump design for localised ophthalmic delivery. 

Modelling of drug release from a single-chambered hypothetical pump made with 

commercially available materials of varying properties was undertaken using MATLAB. 

Modelling results indicate that it is possible to prolong the release of drugs from a single 

chamber elastic pocket using the elastomeric pocket designs, Dmin and Optimal, which 

released 544.8 and 513.7 µL, respectively, over approximately 11 months with ~50% 

efficiencies and without the need for replenishing the drug reservoir of the pocket, 

making these pockets ideal candidates for future investigation.  

The original contribution of this work is in elucidating the relationships between 

the key variables involved in the design and function of elastomeric pumps and applying 

them to ophthalmic drug delivery. Further work would focus, first, on the in vitro 

optimisation of the maximum dimensions of the reservoir that would be allowed for 



 

208 
 

placement in the eye (i.e. diameter and height) for maximum drug volume and drug 

release duration. Second, further work should focus on the optimisation the pump’s 

dimensions, including outlet tube dimensions, to obtain maximum drug release over a 

duration of several months. Finally, optimisation of drug viscosity and validation of drug 

stability, e.g. small molecules versus biologics, within the pump should be undertaken 

for maintaining a steady concentration of drug released by a pump over prolonged 

periods. 
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 Optimising pHEMA hydrogels for aqueous flow 

control 

Abstract 

 

This chapter reports an investigation into an alternative mechanism of IOP 

control by modulation aqueous flow. Novel and established hydrogel formulations were 

evaluated for their aqueous permeability and mechanical integrity while simulating the 

in vivo environment of the eye and the endurance to clinician handling during GDD 

implantation. Chemical and physical modifications to hydrogel formulations were 

investigated with the aim of achieving optimal aqueous permeability for IOP control. 

Despite evidence to suggest the feasibility of hydrogels to modulate aqueous flow, the 

in vitro permeability of hydrogel candidates was determined to be too low to maintain 

optimal IOP. Furthermore, hydrogel permeability tended to negate its mechanical 

integrity, making them unsuitable candidate materials for GDD development 
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4.1. Background 

Glaucoma drainage devices (GDDs) are progressively becoming a primary 

surgical intervention to halt the progression of glaucoma due to a better understanding 

of controlling flow in the early postoperative phase by clinicians (729). The current state 

of the art GDDs are listed in Table 1-2. However, the long-term success of a GDD 

implantation is dependent upon controlling the rate of postoperative fibrosis (see 

Section 1.3.5). Initially, fibrous encapsulation around the GDD end plate modulates 

aqueous humour flow to regulate IOP levels and prevent hypotony; but as the 

encapsulation increases, the aqueous is unable to drain properly, IOP increases, and 

disease progression proceeds. It is understood that the GDD material affects the 

postoperative inflammatory response. Improvements in GDD development are needed 

to reduce the foreign body response that often results in fibrous encapsulation around 

a device (see Section 1.3.4). Developing a device composed of a biocompatible material 

that reduces the foreign body response, and allows for fluid transport at a controlled 

rate, similar to what is required to maintain a healthy level of IOP (10–12 mmHg), could 

improve the outcomes of GDD implantation. Hydrogels are good candidates for this 

purpose because their biocompatibility is well-established and they readily swell to 

absorb large quantities of water (see Section 1.6.1). 

4.1.1 pHEMA-MPC hydrogels 

Hydrogels from hydrophilic polymers are soft and transparent due to high 

concentrations of water, but they often lack mechanical strength (518). Hydrogels 

composed of synthetic polymers also have the advantage of controlling properties, such 

as pore size and degradation time. Specifically, pHEMA, a synthetic, hydrophilic polymer, 

is known for its use in the synthesis of soft contact lenses (SCL), intraocular lenses (IOL), 

wound dressings and ophthalmic implants, such as the Esnoper-V2000® and Esnoper 

clip® (563). These implants were created to improve the outcome of deep sclerectomy 

surgery in glaucoma patients (730). pHEMA has also been modified by co-polymerisation 

with other polymers for hydrogel synthesis to improve water uptake, mechanical 

properties and modify the drug-releasing properties when used for drug delivery (see 

Section 1.6.1) (731,732).  
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Efforts to improve the biocompatibility of hydrogels have focussed on using 

phosphorylcholine (PC) as polymers. PC is the polar head group found in many cell 

membrane phospholipids (520). PC is zwitterionic, so has both negative and positive 

charges with an overall neutral charge (361). The highly polar nature of the chemical 

structure results in the hydration of the PC group. The resulting water layer is tightly 

bound, making the interaction with proteins energetically unfavourable due to an 

increase in Gibbs energy (733). Additionally, the overall neutral charge on the PC group 

helps to reduce the electrostatic charge on the surface of the polymer chains, further 

reducing interactions between proteins and the polymer. This impedes the proteins and 

cells from binding irreversibly to a PC polymer, thus increasing the biocompatibility and 

anti-biofouling nature of the polymer system (513,520,734).  

Hydrogels prepared using these zwitterionic polymers have been confirmed as 

biocompatible, and they have also been used as coating materials for clinically-approved 

medical devices such as drug-eluting stents, urology and otology devices. The issue of 

biocompatibility is important during passive interactions between proteins and the 

surface of a hydrophobic material. When exposed to a hydrophobic surface, proteins 

tend to rearrange their structure and favour adsorption to the surface to decrease Gibbs 

energy (735). When exposed to a hydrophobic surface, proteins favour adsorption to 

the surface, resulting in a decrease in Gibbs free energy (735). During this process, 

proteins lose their outer shell of hydration, causing changes in conformation, and the 

proteins then irreversibly bind to the surface of the foreign body. In vivo, these 

conformational changes expose binding sites and recruit other proteins and cells, 

leading to a ‘foreign body response’ that can result in blood clot formations, fibrous 

capsules or an excessive inflammatory response (520,736).  

In the case of a PC-coated surface, a surface layer of water is bound to the 

hydrophilic surface. Although proteins can still interact with the PC-coated surface, it is 

no longer energetically favourable for irreversible binding to occur, see Figure 4-2. The 

conformation of proteins adsorbed on non-PC-coated materials changes considerably 

from their native state, compared with proteins adsorbed on polymers containing a PC 

group, such as 2-methacryloyloxyethyl phosphorylcholine (MPC) (Figure 4-1), which 

differed little from their native state (513). Studies have shown that PC polymers reduce 

protein deposition and activation, thrombus formation, bacterial adhesion and biofilm 
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deposition, inflammatory and fibrotic response (363,737–741). PC polymers have been 

used in the manufacture of various clinical devices, such as PC polymer-based SCL 

containing 20% MPC (Proclear R, omafilcon A), commercially available from 

CooperVision (300), a drug-eluting PC coating in coronary stents such as Sorin and 

Endeavor (742), PC-coated urological devices (743) and a PC-coated grafted hip joint 

system (744). Vertellus Biomaterials specialises in the synthesis of PC-based polymers 

and currently holds a patent for PC (745). Several PC-based polymers are commercially 

available, and their nomenclature is related to product numbers such as PC-1015, which 

is used to make contact lenses. Each number represents a co-polymer derived from a 

different ‘formulation’ of monomers in which MPC is always included (746), see Table 

4-1. 

  

Figure 4-1. Chemical structure of 2-Methacryloyloxyethyl phosphorylcholine (MPC). 

Figure 4-2. Schematic diagram indicating how a protein (A) interacts with a foreign body. After 
an interaction with the surface, proteins may lose their own shell of hydration, denature and 
irreversibly bind to the surface, (B and C). In the case of a PC coated substrate, (D) the protein 
can still interact but the surface layer of water bound to the PC, but now it is energetically 
unfavourable for irreversible binding to occur, and the protein does not denature and activate 
an inflammatory response. 
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Table 4-1. Most commonly used PC formulations (745,746). 
Polymer Description Characteristic Typical Applications 

PC-1036 Cross-linked PC coating 
High durability, drug-

delivery matrix 
Drug-eluting stents, 

urology, otology devices 

PC-1059 
‘Standard’ non-cross-linked 

PC coating 
Easily applied, stable 

coating 
Guidewires, CPB systems, 
blood processing devices 

PC-2118 
Cross-linked PC coating with 

instant wettability 
High surface energy, self-

priming surfaces 
Blood filtration and 

processing 

PC-1062 
Cross-linked PC coating with 
a low level of positive charge 

Binds heparin to form an 
anti-thrombogenic coating 

Blood filtration and 
processing 

PC-2028 
Cross-linked PC coating with 

a high level of positive 
charge 

Matrix for delivery of high 
Mw drugs 

Drug-eluting stents 

PC-1071 
Vinyl functional in-mould PC 

coating 
Applied to curable 

materials, e.g. silicones 
Otology devices 

PC-1015 Cross-linked PC hydrogel Bulk material for moulding Contact lenses 

PC-2083 
Flexible PC hydrogel with 

high refractive index 
Bulk material for moulding Contact lenses 

 

4.1.2 Hydraulic conductivity and permeability 

Hydraulic conductivity (L) is a term used to describe the fluid transport 

characteristics of a given semi-permeable membrane (747). It is the rate of fluid 

transported (in m s-1) across a permeable membrane divided by the pressure (in Pascals) 

that causes fluid flow and has units of m s-1 Pa-1. Hydraulic conductivity reflects the 

intrinsic transport characteristics of the material. Permeability (K) is arguably one of the 

most important properties of any porous medium as it describes the conductivity 

concerning fluid flow through connected voids within the medium (748). Since the rate 

of fluid transport is dependent on the thickness of the membrane (T), multiplying L by T 

gives K of the membrane. In contrast to hydraulic conductivity, hydraulic permeability 

describes the transport characteristics across a membrane as a function of path length 

or thickness. 

4.1.3 Permeability studies of hydrogels and study rationale 

Hydrogels have been reported in the literature to show permeability to aqueous 

flow, and glycidyl methacrylate (GMA), as well as pHEMA hydrogels with varying 

initiators and cross-linkers, were reported to have aqueous permeability values in the 

range of 0.075 to 42.04 x 10-16 m2 s-1 pas-1. Cross-linked pHEMA hydrogels have also been 

reported to have a range of values for aqueous permeability which were affected by 

their cross-linker density; 0.1 to 1.5 x 10-16 m2 s-1 pas-1, solvent concentration; 0.03 to 1.5 

x 10-16 m2 s-1 pas-1 and cross-linker concentration (ethylene dimethacrylate, EDMA); 2.0 
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x 10-13 to 1.7 x 10-18 m2 s-1 pas-1 (749), which indicates that pHEMA hydrogels generally 

allow some degree of water flow. However, a more recent study reported that collagen 

type I (0.3% w/v) hydrogels showed a higher aqueous permeability of 1 x 10-9 m2 s-1 pas-

1 (750). Previous preliminary work in the Brocchini research group found that pHEMA-

MPC hydrogels display permeability values of approximately 1-9 ×10-14 m2 s-1 pas-1. 

These same hydrogels, when frozen and visualised under SEM, revealed a structural that 

was remarkably similar to a healthy trabecular meshwork in the eye. The size and density 

of pores in the pHEMA-MPC hydrogels increased with the concentration of added MPC 

(613). Another study conducted previously in the Brocchini research group 

demonstrated that a commercially available contact lens did not elicit a fibrotic response 

in New Zealand albino rabbits after 14 days (356). Considering the promising findings in 

the literature and work from previous PhD students, hydrogels demonstrate the 

potential to modulate aqueous flow as an appropriate biomaterial for a GDD fabrication. 

An ideal GDD to address the unmet need in glaucoma should appropriately 

control the flow of aqueous humour to regulate the intraocular pressure at 10 mmHg 

while being able to withstand the implantation procedure. Equally, for a hydrogel to be 

deemed fit for GDD fabrication, it must restrict aqueous flow at a rate of 2 µL min-1 at a 

steady pressure of 10 mmHg. It is possible that this flow control may be achieved by 

either chemical or physical modifications to the hydrogel formulations, provided that 

the mechanical integrity of the hydrogel is not hindered by such changes. 
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4.2. Hypothesis and aims 

The hypothesis for this chapter was that a novel, alternative strategy to 

modulate aqueous flow using a hydrogel material would be possible. This hydrogel 

would collect the aqueous and allow it to slowly diffuse through the hydrogel matrix, 

mimicking how the aqueous humour flows through the TM into the subconjunctival 

space, maintaining the IOP in a healthy eye. 

The work described in this Chapter thus aimed to investigate if the chemical 

formulation of pHEMA-MPC hydrogels could be fine-tuned to control the flow of water 

at the same rate of aqueous humour production rate of 2 µL min-1 in the eye. Secondary 

aims were to determine if the flow of water could be controlled through physical 

modifications to the hydrogels pre- and post-polymerisation, as well as to measure the 

mechanical integrity in order to ensure that hydrogels could withstand handling by a 

clinician. If these aims can be achieved, it is possible that a novel GDD composed of 

hydrogels can progress into clinical development.  

The two main objectives of the work described in this chapter were: 

• Firstly, to create an experimental method and characterise the aqueous permeability 

of non-degradable pHEMA hydrogels relative to the theoretical optimal aqueous 

permeability needed to regulate IOP at normal levels. The hydrogels were 

formulated with varying monomer concentrations, polymerisation temperatures 

and durations, co-monomer concentrations and types, cross-linking densities, 

initiator concentrations, and the addition of various diluents to the hydrogels.  

• Secondly, to devise a protocol and evaluate mechanical integrity to comply with 

clinician handling of the hydrogel materials, and third, to explore the viability of 

alternative methods to increase pHEMA hydrogel permeability. These methods 

included femtosecond laser augmentation and hydrogel polymerisation around 

physical spacers. 

4.3. Optimal Device Requirements 

The requirements for an optimal GDD material include the identification of 

biocompatible materials with the ability to restrict aqueous flow a rate of 2 µL min-1 at 
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a steady pressure of 10 mmHg. The GDD material should also be mechanically resilient 

to withstand clinician handling while undergoing subconjunctival implantation.   
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4.4. Materials and Methods 

Chemicals and solvents used in this chapter are listed in Table 4-2 and Table 4-3. 

Reagents were all used as received without further purification. Instruments and 

experimental setups used for characterisation are all described in the Methods section 

below.  

Table 4-2. List of chemicals and solvents used in this chapter. 
Material (MW, density*) Supplier CAS; Catalogue/Lot number 

2-hydroxyethyl methacrylate 
(HEMA)(MW: 130.14 g mol-1, 

density: 1.073 g mL-1) 

Sigma Aldrich, 
UK 

868-77-9; 525464 

2-Methacryloyloxyethyl 
phosphorylcholine (MPC) (MW: 

295.27 g mol-1) 

Vertellus 
Biomaterials, 

UK 
67881-98-5; 84A4108P 

Ethyl methacrylate (EMA) (MW: 
114.14 g mol-1, density: 0.917 g 

mL-1) 

Sigma Aldrich, 
UK 

97-63-2; 234893 

Hydroxypropyl methacrylate 
(HPMA) (MW: 144.17 g mol-1, 

density: 1.066 g mL-1) 

Sigma Aldrich, 
UK 

27813-02-1; 268542 

1-Vinyl-2-pyrrolidinone (VP) 
(MW: 111.14 g mol-1, density: 

1.04 g mL-1) 

Sigma Aldrich, 
UK 

88-12-0; V3409 

Poly-n-vinylpyrrolidone (PVP) 
(MW: 40,000 g mol-1) 

Sigma Aldrich, 
UK 

9003-39-8; PVP40 

PC1059 
Vertellus 

Biomaterials, 
UK 

http://www.pcbiomaterials.com/Products.html 

Ethylene glycol dimethacrylate 
(EGDMA) (MW: 198.22 g mol-1, 

density: 1.051 g mL-1) 

Sigma Aldrich, 
UK 

97-90-5; 335681 

Poly(ethylene glycol) 
dimethacrylate (PEGDMA) (MW: 

700 g mol-1, 2000 g mol-1) 

Sigma Aldrich, 
UK 

25852-47-5; 
Mn 700 - 437468 

Mn 2000 - 687529 

N, N-methylenebisacrylamide 
(MBAM) 

(MW: 154.17 g mol-1) 

Sigma Aldrich, 
UK 

110-26-9; M7279 
 

Ammonium persulfate (APS) 
(MW: 228.18 g mol-1) 

Sigma Aldrich, 
UK 

7727-54-0; A3678 

2,2′-Azobis(2-methylpropionitrile) 
(AIBN) (MW: 164.21 g mol-1) 

Sigma Aldrich, 
UK 

78-67-1; 441090 

Tert-butanol (MW: 74.12 g mol-1, 
density: 0.7800 g mL-1) 

Fisher 
Scientific, UK 

75-65-0; 194701L 

Tetrarahydrofuran (THF) (MW: 
72.11 g mol-1, density: 0.8876 g 

mL-1) 

Fisher 
Scientific, UK 

109-99-9; 34865 

Ethanol (MW: 46.07 g mol-1, 
density: 0.789 g mL-1) 

Sigma Aldrich, 
UK 

64-17-5; 459828 

Phosphate buffered saline tablets 
(PBS) 

Fisher 
Scientific, UK 

18912014 

Sodium chloride (MW: 58.44 g 
mol-1) 

Fisher 
Scientific, UK 

7647-14-5 
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*density at 25°C. PC1059 was a proprietary PC-based polymer gifted by Vertellus Biomaterials.  

Table 4-3. List of materials used in this chapter. 
Material Supplier Catalogue/Lot number 

Silicone sheets  Polymax, UK Silona 

Polypropylene sheets  RS Components, UK 682-551 

3-way stop valve Fisher Scientific, UK 4201634503 

Luer to ¼-28 adapter Sigma Aldrich, UK 58722 

Clear cast acrylic rods RS Components, UK RS PRO Clear 824-626 

3 mL slip top plastic syringes BD Plastics, UK 309656 

21 gauge needles Terumo, UK NN-2116R 

Silicone tubing VWR International, UK Tygon® 3350  

PTFE thread seal tape Sigma Aldrich, UK 20808-U 

Large bulldog binder clips  Staples, UK WW-297959053 

Universal oven  Fisher Scientific, UK Memmert™ UN110plus Universal 
50 

Water purifier VWR International, UK Purite Select Fusion 80 

Weighing balance Sigma Aldrich, UK Ohaus® Explorer® Pro 

Titanium-Sapphire femtosecond 
laser 

Coherent, USA Legend 

Laser beam shaper AdlOptica, DE π-shaper - model 6_6 

Beam splitter Thorlabs, USA UBS21 

Auto-correlator Thorlabs, USA FSAC 

Variable neutral density filter Thorlabs, USA NDK1 

Microscope objective lens Mitutoyo, UK 50x 

Charge-coupled device camera Brunel Microscopes Ltd., 
UK 

Brunel Toupcam Fluor1 

Dichroic mirror Thorlabs, USA DMBP740B 

 

4.4.1 General hydrogel preparation 

All hydrogels were either supplied pre-made by industrial collaborator, Vertellus 

Biomaterials (Basingstoke, UK) or were formulated by Dr Tamara Alhilfi and Dr Clare 

Haeysman, polymer chemists at UCL School of Pharmacy. Hydrogels were synthesised 

using a free-radical polymerisation method using either heat or UV-initiation following 

the protocol provided by Vertellus Biomaterials, UK. Pre-synthesised hydrogels supplied 

by Vertellus have been mentioned in the appropriate sections. All hydrogel formulations 

are reported in percentage by weight and complete details of the weights and volumes 

of hydrogel components are reported in Appendix 2. 
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All components were weighed using an analytical balance and were added to a 

glass vial and stirred at 600 rpm for 2 hours using a magnetic stirrer until the solution 

was clear. Meanwhile, polymer casting moulds were prepared by cutting out a 7.5 cm x 

2.5 cm area from silicone gaskets with a 1 mm thickness. A 2.5 cm x 7.5 cm area was cut 

out of two 3 mm polypropylene sheets, which were placed on either side of the silicone 

gasket, and the sheets and gasket were secured by placing binder clips on all four sides 

of the casting mould to seal a cavity inside, see Figure 4-3.  

The polymer mixture was degassed with argon for 10 minutes to avoid oxygen 

inhibiting the radical polymerisation of HEMA (444). Immediately after degassing, the 

polymer mixture was drawn into a 5 mL plastic syringe using a 21G needle, which then 

pierced the silicone at the top of the casting mould and was injected to fill the cavity. 

The moulds were filled with the polymer mixture before transferring them to an oven 

for polymerisation to avoid trapping any air bubbles that may have hindered 

polymerisation. The samples were laid flat, and the oven was maintained at 70°C for 7 

hours. Polypropylene sheets are rigid and translucent, which were optimal for easy 

handling and ensuring that the moulds were not overfilled with the polymer mixture. 

The use of a 21G needle to fill the polymer mixture in the mould significantly reduced 

the chances of cavity overspill. 

Figure 4-3. Diagramme of the casting mould used for hydrogel preparations. The mould 
consisted of two 3 mm polypropylene sheets and a 1 mm thick silicone sheet between them. 
The mould was held together with binder clips and the polymer mixture was injected into the 
mould after degassing. 
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After 7 hours, a polymeric xerogel formed. The term xerogel is used to describe 

the hydrogel in a dried, unhydrated state. The polypropylene sheets were separated, 

and the xerogels were removed from the silicone gasket and were placed in 50 mL of 

purified deionised (DI) water for hydration and to remove any unreacted monomer or 

oligomeric species. The DI water was changed an average of five times over 24 hours in 

a polypropylene tube until the xerogels were fully hydrated. The washing water was 

saved and scanned by a UV spectrophotometer over a range of A180–400 nm to check for 

any residual unreacted monomer. 

4.4.1.1 1015 formulation 

The polymer composition used for manufacturing of contact lenses 

(CooperVision) is known as the 1015 formulation (Figure 4-4). 1015 hydrogels were 

prepared according to a protocol provided by Vertellus Biomaterials. HEMA was added 

as the primary monomer, MPC was added as a co-monomer to enhance biocompatibility 

and improve the hydrophilicity of the hydrogels, ethylene glycol dimethacrylate 

Figure 4-4. Chemical synthesis of pHEMA-MPC hydrogel films by free radical polymerisation. The 
monomer, HEMA, and co-monomer, MPC, were mixed with cross-linker, EGDMA, to form a clear 
solution. The initiator, AIBN, was added, the formulation was degassed with argon, was injected 
into the casting moulds, and was placed in the oven at 70°C for 7 hours. Figure was made using 
ACD’s ChemSketch. 
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(EGDMA) was added as a cross-linker, and 2,2′-Azobis(2-methylpropionitrile)(AIBN) was 

used as the thermal initiator, see Table 4-4. 

Table 4-4. 1015 hydrogel formulation. 
Component Material Mass per preparation (g) % per hydrogel (w/w) 

Primary monomer HEMA 8.46 84.7 
Co-monomer MPC 1.41 14.1 
Cross-linker EGDMA 0.07 0.7 

Thermal initiator AIBN 0.05 0.5 

HEMA mass was calculated using its density, 1.073 g mL-1. EGDMA mass was calculated using its density, 

1.051 g mL-1. Abbreviations: AIBN, 2,2′-Azobis(2-methylpropionitrile); EGDMA, ethylene glycol 

dimethacrylate; HEMA, 2-hydroxyethyl methacrylate; MPC, 2-methacryloyloxyethyl phosphorylcholine. 

 

4.4.1.2 Swelling ratio  

To quantify swelling ratios (SR), and the time required to reach equilibrium 

swelling (EWC%) by 1015 hydrogels, freshly prepared xerogel membranes were 

weighed, Wd, and submerged in centrifuge tubes containing either 50 mL DI water; a 

PBS solution; 9% saline solution or 100% ethanol (EtOH). At various time points, the 

membranes were removed from the centrifuge tubes and patted dry with a filter paper 

to remove the excess adsorbed water and were weighed, 𝑊𝑡 EWC% and SR was 

calculated for each time point using equations 4.1 and 4.2; 

 
EWC (%) =

(𝑊𝑡 − 𝑊𝑑)

𝑊𝑡
× 100 (4.1) 

 
SR =

(𝑊𝑡 − 𝑊𝑑)

𝑊𝑑
 (4.2) 

4.4.1.3 Monomer concentrations 

The concentration of HEMA monomer relative to the amounts of co-monomer, 

cross-linker, initiator, and water was changed to determine the effects on aqueous 

permeability, see Table 4-5. HEMA compositions of different pHEMA hydrogel films 

prepared by free radical polymerisation. Ammonium persulfate (APS) was used as an 

initiator of free radical polymerisation whenever water was used in the formulation as 

it was more water-soluble than AIBN (Figure 4-5). 
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Table 4-5. HEMA compositions of different pHEMA hydrogel films prepared by free radical 
polymerisation. 

Hydrogel % HEMA % MPC % EGDMA % AIBN % APS % H2O 

M1 91.7 7.7 0.4 0.5 0.0 0.0 

M2 73.4 24.5 1.3 0.5 0.0 0.0 

M3 79.6 0.0 0.5 0.5 0.0 19.4 

M4 79.6 0.0 0.5 0.0 0.5 19.4 

M5 59.7 0.0 0.5 0.0 0.5 39.3 

M7 30.3 2.6 0.5 0.0 0.5 66.1 

M9 19.8 0.8 0.5 0.0 0.5 78.5 

Components are reported in % w/w. HEMA mass was calculated using its density, 1.073 g mL-1. EGDMA 

mass was calculated using its density, 1.051 g mL-1. Abbreviations: AIBN, 2,2′-Azobis(2-

methylpropionitrile); APS, ammonium persulfate; EGDMA, ethylene glycol dimethacrylate; HEMA, 2-
hydroxyethyl methacrylate; MPC, 2-methacryloyloxyethyl phosphorylcholine. pHEMA, poly(2-
hydroxyethyl methacrylate). 

 

4.4.1.4 Curing conditions 

The effect of different curing temperatures and durations on the aqueous 

permeability of hydrogels was also investigated, see Table 4-6. Conditions of increased 

heat duration, such as heating from ambient temperature to 70°C, then holding the heat 

constant at 70°C for 7 hours; increasing the polymerisation duration at lower 

Figure 4-5. Chemical synthesis of pHEMA-MPC hydrogel films by free radical polymerisation. The 
monomer, HEMA, and co-monomer, MPC, were mixed with cross-linker, EGDMA, to form a clear 
solution. The water-soluble initiator, APS, was added, the formulation was degassed with argon 
and injected into the casting moulds, and was placed in the oven at 70°C for 7 hours. Figure was 
made using ACD’s ChemSketch. 
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temperatures, e.g. 12 hours at 40°C, 20 hours at 50°C; adding an annealing step after a 

prolonged duration at lower temperatures, e.g. 12 hours at 40°C, followed by 4 hours at 

120°C or 20 hours at 50°C, followed by 2 hours at 90°C; and using high temperatures, 

e.g. 7 hours at 70°C followed by 2 hours annealing at 120°C were explored. UV 

polymerisation for 1 hour at 60°C was also investigated with hydrogels made by 

industrial partner, Vertellus, see Table 4-7.
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Table 4-6. Curing cycles for pHEMA hydrogels with formulations containing 85%, 60%, 50%, 40%, and 30% w/w HEMA. 
 Formulations Curing cycle 1 Curing cycle 2 Curing cycle 3 

Hydrogel %HEMA %MPC %EGDMA %APS %H2O Temp. (°C) Time (h) Temp. (°C) Time (h) Temp. (°C) Time (h) 

M19 59.7 0.0 0.5 0.5 39.3 40 12 - - - - 

M20 49.8 0.0 0.5 0.5 49.3 40 12 - - - - 

M21 39.8 0.0 0.6 0.5 59.2 40 12 - - - - 

M22 29.4 0.0 0.5 0.5 69.6 40 12 - - - - 

M23 59.7 0.0 0.5 0.5 39.3 40 12 120 4 - - 

M24 49.8 0.0 0.5 0.5 49.3 40 12 120 4 - - 

M25 39.8 0.0 0.6 0.5 59.2 40 12 120 4 - - 

M26 29.4 0.0 0.5 0.5 69.6 40 12 120 4 - - 

M27 59.7 0.0 0.5 0.5 39.3 70 7 - - - - 

M28 49.8 0.0 0.5 0.5 49.3 70 7 - - - - 

M29 39.8 0.0 0.6 0.5 59.2 70 7 - - - - 

M30 29.4 0.0 0.5 0.5 69.6 70 7 - - - - 

M31 59.7 0.0 0.5 0.5 39.3 50 20 - - - - 

M32 49.8 0.0 0.5 0.5 49.3 50 20 - - - - 

M33 39.8 0.0 0.6 0.5 59.2 50 20 - - - - 

M34 29.4 0.0 0.5 0.5 69.6 50 20 - - - - 

M35 59.7 0.0 0.5 0.5 39.3 50 20 90 2 - - 

M36 49.8 0.0 0.5 0.5 49.3 50 20 90 2 - - 

M37 39.8 0.0 0.6 0.5 59.2 50 20 90 2 - - 

M38 29.4 0.0 0.5 0.5 69.6 50 20 90 2 - - 

M39 84.6 14.1 0.7 0.5a 0.0 23–70 15 70 7 - - 

M40 84.6 14.1 0.7 0.5a 0.0 23–70 15 70 7 120 2 

M41 84.6 14.1 0.7 0.5a 0.0 70 7 120 2 - - 
aAIBN was used as an initiator instead of APS in these hydrogel formulations. Components are reported in % w/w. HEMA mass was calculated using its density, 1.073 g mL-1. EGDMA 

mass was calculated using its density, 1.051 g mL-1. Abbreviations: AIBN, 2,2′-azobis(2-methylpropionitrile); APS, ammonium persulfate; EGDMA, ethylene glycol dimethacrylate; 

HEMA, 2-hydroxyethyl methacrylate; MPC, 2-methacryloyloxyethyl phosphorylcholine; pHEMA, poly(2-hydroxyethyl methacrylate). 
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Table 4-7. UV curing conditions for pHEMA hydrogels with formulations containing 85%, 60%, and 30% w/w HEMA with and without MPC added, and a 1015 
formulation diluted with 60%, 70%, 80% and 90% DI water. 

 Formulations Curing conditions 

Hydrogel %HEMA  %MPC  %EGDMA %AIBN  %APS  %H2O Temp. (°C) Time (h) 

V1 84.8 14.1 0.7 0.0 0.0 0.0 60 1 

V2 60.0 0.0 0.7 0.0 0.5 38.8 60 1 

V3 30.0 0.0 0.7 0.0 0.5 68.8 60 1 

V4 30.0 5.0 0.7 0.0 0.5 63.8 60 1 

V5 84.8 14.0 0.7 0.5 0.0 0.0 60 1 

V6 33.9 5.6 0.3 0.0 0.2 60.0 60 1 

V7 25.4 4.2 0.2 0.0 0.2 70.0 60 1 

V8 17.0 2.8 0.1 0.0 0.1 80.0 60 1 

V9 8.5 1.4 0.07 0.0 0.05 90.0 60 1 

Components are reported in % w/w. AIBN was used as an initiator instead of APS when no water was added to the hydrogel formulations. HEMA mass was calculated using its 

density, 1.073 g mL-1. EGDMA mass was calculated using its density, 1.051 g mL-1. Abbreviations: AIBN, 2,2′-azobis(2-methylpropionitrile); APS, ammonium persulfate; EGDMA, 

ethylene glycol dimethacrylate; HEMA, 2-hydroxyethyl methacrylate; MPC, 2-methacryloyloxyethyl phosphorylcholine. 
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4.4.1.5 Co-monomer concentration and types 

Concentrations of MPC were altered from 4–24% w/w to manipulate the amount 

of water that could be held by the hydrogels, see Table 4-8. The change in MPC 

concentration was made up with the concentration of HEMA, such that MPC + HEMA 

formed ~99% w/w of the hydrogel. Other co-monomers were added in addition to MPC 

to determine their effect on aqueous permeability. 

 
Table 4-8. Compositions of different pHEMA hydrogel films containing varying co-monomer 
types and concentrations prepared by free radical polymerisation. 

Hydrogel 
% 

HEMA 
% 

MPC 
% 

EMA 
% 

HPMA 
% 
VP 

% 
PVP 

% 
PC1059 

% 
EGDMA 

% 
AIBN 

% 
H2O 

CM1 94.6 4.1 0.0 0.0 0.0 0.0 0.0 0.7 0.5 0.0 

CM2 89.6 9.1 0.0 0.0 0.0 0.0 0.0 0.7 0.5 0.0 

CM4 79.6 19.1 0.0 0.0 0.0 0.0 0.0 0.7 0.5 0.0 

CM5 74.7 24.1 0.0 0.0 0.0 0.0 0.0 0.7 0.5 0.0 

CM6 84.0 14.0 0.0 0.0 0.0 0.8 0.0 0.7 0.5 0.0 

CM10 83.2 13.9 0.0 0.0 0.0 0.0 1.8 0.7 0.5 0.0 

CM11 98.0 0.0 0.0 0.0 0.0 0.0 0.8 0.7 0.5 0.0 

CM12 42.3 14.1 0.0 42.3 0.0 0.0 0.0 0.7 0.5 0.0 

CM13 42.3 14.1 42.3 0.0 0.0 0.0 0.0 0.7 0.5 0.0 

CM17 68.8 15.0 0.0 0.0 15.0 0.0 0.0 0.7 0.5 0.0 

CM18 58.8 15.0 0.0 0.0 25.0 0.0 0.0 0.7 0.5 0.0 

CM19 48.8 15.0 0.0 0.0 35.0 0.0 0.0 0.7 0.5 0.0 

CM20 38.8 15.0 0.0 0.0 45.0 0.0 0.0 0.7 0.5 0.0 

CM21 28.8 15.0 0.0 0.0 55.0 0.0 0.0 0.7 0.5 0.0 

Components are reported in % w/w. HEMA mass was calculated using its density, 1.073 g mL-1. EGDMA 

mass was calculated using its density, 1.051 g mL-1. Abbreviations: AIBN, 2,2′-Azobis(2-

methylpropionitrile); EGDMA, ethylene glycol dimethacrylate; EMA, ethyl methacrylate; HEMA, 2-
hydroxyethyl methacrylate; HPMA, hydroxypropyl methacrylamide; MPC, 2-methacryloyloxyethyl 
phosphorylcholine; PC, phosphorylcholine; PVP, poly-n-vinyl pyrrolidone; VP, vinylpyrrolidone. 

 

The addition of a highly hydrophilic, non-immunogenic polymer, 2-

hydroxypropyl methacrylamide (HPMA) to HEMA in a 1:1 ratio was also investigated to 

increase the hydrophilic nature of the hydrogel. The addition of ethyl methacrylate 

(EMA) to HEMA in a 1:1 ratio was also investigated to introduce hydrophobicity to the 

hydrogels. 

IPN and semi-IPN hydrogels with HEMA and poly-n-vinyl pyrrolidone (PVP) and 

1-Vinyl-2-pyrrolidinone (VP) were also investigated to increase the macroscopic pores in 

the polymer network. To increase the porosity of the hydrogels, 20 mg of PVP was stirred 

in 1 mL of 1015 mixture to make semi-IPN hydrogels. Varying the ratios of VP:HEMA 

such as 15:69%, 25:59%, 35:49%, 45:39% and 55:39% w/w with a constant 
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concentration of 15% w/w MPC in the formulations to increase the pore size in the 

hydrogel structure was also investigated. 

PC1059 is a proprietary PC-based polymer from Vertellus Biomaterials, which 

specialises in the synthesis PC polymers. PC1059 was added to hydrogel formulations 

with and without MPC to assess any effect on aqueous permeability. 

4.4.1.6 Cross-linker concentrations 

The concentration of EGDMA was altered to manipulate the number of cross-

links in the 1015 hydrogel structure. PEGDMA of two different chain lengths (700 and 

2000 Mn) was also investigated as a co-monomer the concentration of 0.7% w/w to form 

polymer chains with larger spaces between them, see Table 4-9. 

Table 4-9. Compositions of different pHEMA hydrogel films with varying types and 
concentrations of cross-linkers prepared by free radical polymerisation. 

Hydrogel 
% 

HEMA 
% 

MPC 
% 

EGDMA 

% 
PEGDMA 

700 

% 
PEGDMA 

2000 

% 
MBAM 

% 
AIBN 

% 
APS 

% 
H2O 

CX1 85.0 14.2 0.4 0.0 0.0 0.0 0.5 0.0 0.0 

CX2 84.0 14.0 1.5 0.0 0.0 0.0 0.5 0.0 0.0 

CX3 79.4 13.3 6.9 0.0 0.0 0.0 0.5 0.0 0.0 

CX4 84.7 14.1 0.0 0.7 0.0 0.0 0.5 0.0 0.0 

CX5 84.7 14.1 0.0 0.0 0.7 0.0 0.5 0.0 0.0 

CX6 84.9 14.2 0.0 0.0 0.0 0.4 0.5 0.0 0.0 

CX7 84.0 14.0 0.0 0.0 0.0 1.5 0.5 0.0 0.0 

CX10 79.9 13.3 2.1 0.0 0.0 0.0 4.6 0.0 0.0 

CX11 85.4 14.2 0.2 0.0 0.0 0.0 0.2 0.0 0.0 

CX13 29.9 0.0 0.5 0.0 0.0 0.0 0.0 0.5 64.2 

CX15 29.7 2.5 0.5 0.0 0.0 0.5 0.0 0.5 66.3 

CX16 29.9 5.0 0.0 0.0 0.0 2.5 0.0 0.5 62.2 

Components are reported in % w/w. HEMA mass was calculated using its density, 1.073 g mL-1. EGDMA 

mass was calculated using its density, 1.051 g mL-1. Abbreviations: AIBN, 2,2′-Azobis(2-

methylpropionitrile); APS, ammonium persulfate; EGDMA, ethylene glycol dimethacrylate; HEMA, 2-
hydroxyethyl methacrylate; MBAM, N, N-methylenebisacrylamide; MPC, 2-methacryloyloxyethyl 
phosphorylcholine; PEGDMA, poly(ethylene glycol) dimethacrylate. 
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The addition of N, N-methylenebisacrylamide (MBAM) at 0.4%, 0.5%, 1.5%, and 

2.5% w/w were also investigated (Figure 4-6) with the idea that the heterogeneous 

cross-linking densities formed by the use of more rigid MBAM (as compared with 

EGDMA) would result in micro-gels, enhancing the overall aqueous permeability of the 

hydrogel (751).  

4.4.1.7 Initiator concentrations 

The concentration of the thermal initiator from the 1015 formulation, AIBN, was 

altered from 0.5% to 0.2% and 1.0% w/w to manipulate the number of oligomers in the 

1015 hydrogel structure, see Table 4-10. APS is a water-soluble oxidising agent used 

frequently in the synthesis of SDS-PAGE gels (in combination with 

Tetramethylethylenediamine). APS, while used in previous hydrogel formulations with 

large amounts of water present, was used to carry out a direct comparison with AIBN at 

the same concentration. For the formulation with APS, 100 µM of water was added to 

ensure it solubilised before degassing and injecting the formulation into the casting 

mould. 

 

Figure 4-6. Chemical synthesis of pHEMA-MPC hydrogel films by free radical polymerisation. The 
monomer, HEMA, and co-monomer, MPC, were mixed with rigid cross-linker, MBAM, to form a 
clear solution. The water-soluble initiator, APS, was added, the formulation was degassed with 
argon and injected into the casting moulds, and was placed in the oven at 70°C for 7 hours. 
Figure was made using ACD’s ChemSketch. 
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Table 4-10. Compositions of different pHEMA hydrogel films with varying types and 
concentrations of initiators prepared by free radical polymerisation. 

Hydrogel % HEMA % MPC % EGDMA % AIBN % APS % H2O 

I1 84.9 14.1 0.7 0.2 0.0 0.0 

I2 84.3 14.0 0.7 1.0 0.0 0.0 

I3 82.9 13.9 0.7 0.0 0.5 2.0 

Components are reported in % w/w. HEMA mass was calculated using its density, 1.073 g mL-1. EGDMA 

mass was calculated using its density, 1.051 g mL-1. Abbreviations: AIBN, 2,2′-Azobis(2-

methylpropionitrile); APS, ammonium persulfate; EGDMA, ethylene glycol dimethacrylate; HEMA, 2-
hydroxyethyl methacrylate; MPC, 2-methacryloyloxyethyl phosphorylcholine. 

 

4.4.1.8 Addition of diluents  

The addition of diluents before polymerisation to increase hydrogel permeability 

was also investigated. Phase separation occurs in pHEMA hydrogels with diluents at 

>60% w/w, forming macroporous structures and thus potentially increasing the aqueous 

permeability of hydrogels (752). Varying concentrations of t-butanol, glycerol, and 

tetrahydrofuran (THF) were added as diluents to the 1015 formulation before 

polymerisation would lead to phase separation, see Table 4-11. 

 
Table 4-11. Compositions of different pHEMA hydrogel films containing added diluents and 
prepared by free radical polymerisation. 

Hydrogel 
% 

HEMA 
% 

MPC 
% VP 

% 
EGDMA 

% 
MBAM 

% 
AIBN 

% 
APS 

% t-
but 

% 
THF 

% 
GLY 

% 
H2O 

D1 63.5 10.6 0.0 0.5 0.0 0.4 0.0 25.0 0.0 0.0 0.0 

D2 42.3 7.1 0.0 0.4 0.0 0.2 0.0 50.0 0.0 0.0 0.0 

D3 19.1 3.2 0.0 0.2 0.0 0.1 0.0 33.8 0.0 0.0 43.6 

D4 39.1 7.6 0.0 0.4 0.0 0.3 0.0 0.0 0.0 52.7 0.0 

D12 68.8 13.2 0.0 0.0 0.7 0.0 0.1 0.0 16.3 0.0 0.9 

D14 46.1 8.8 0.0 0.0 0.4 0.0 0.1 0.0 43.9 0.0 0.6 

D15 40.3 8.8 8.8 0.4 0.0 0.3 0.1 0.0 41.3 0.0 0.0 

D16 34.4 8.8 14.7 0.4 0.0 0.3 0.0 0.0 41.4 0.0 0.0 

D17 28.7 8.8 20.6 0.4 0.0 0.3 0.0 0.0 41.2 0.0 0.0 

D20 24.6 8.2 24.6 0.4 0.0 0.3 0.0 0.0 41.8 0.0 0.0 

D21 45.3 7.6 0.0 0.4 0.0 0.3 0.0 0.0 46.7 0.0 0.0 

Components are reported in % w/w. HEMA mass was calculated using its density, 1.073 g mL-1. EGDMA 

mass was calculated using its density, 1.051 g mL-1. Abbreviations: AIBN, 2,2′-Azobis(2-

methylpropionitrile); APS, ammonium persulfate; EGDMA, ethylene glycol dimethacrylate; EMA, ethyl 
methacrylate; GLY, glycerol; HEMA, 2-hydroxyethyl methacrylate; HPMA, hydroxypropyl methacrylamide; 
MBAM, N, N-methylenebisacrylamide; MPC, 2-methacryloyloxyethyl phosphorylcholine; PC, 
phosphorylcholine; t-but, t-butanol; THF, tetrahydrofuran; VP, vinylpyrrolidone. 

 

THF was added to the 1015 formulation before polymerisation to final 

concentrations of 16.3% w/w (D12) and 43.9% w/w (D14), as well as added to a 

formulation without MPC (D21) to a final concentration of 46.7% w/w to create phase-

separated hydrogels. Combining THF (~41% w/w final concentration) with varying ratios 
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of VP:HEMA, such as 8.8:40.3%, 14.7:34.4%, 20.6:28.7%, and 24.6:24.6% w/w, to dilute 

the co-monomer concentrations of semi-IPN hydrogels were also explored. Hydrogel 

preparations with THF were degassed with argon for 5 minutes rather than 10 minutes 

due to THF’s volatility before being injected into the casting moulds.  

4.4.1.9 Coating mesh with PC1059 polymer 

Nylon mesh with average pore sizes of 1 µm and 0.2 µm were coated by dipping 

in a polymer solution of PC1059 (Vertellus biomaterials, UK), a non-cross-linked polymer 

used for coating blood processing devices. PC1059 (1.59 g) was dissolved in 10 mL of 

ethanol and diluted to the following concentrations: 30 mg mL-1, 50 mg mL-1, 75 mg mL-

1, 90 mg mL-1, 100 mg mL-1, and 110 mg mL-1. The meshes were submerged in the 

polymer mixture and left to air dry (by hanging with binder clips) overnight. The coated 

mesh was fully hydrated for aqueous permeability analysis. 

4.4.2 Introducing physical channels into the hydrogels 

Because xerogels swell considerably when fully hydrated, an alternative 

approach to fabricate a pouch and tubing in hydrogels was explored. Two approaches 

were used to attempt to create physical channels in the pHEMA-MPC hydrogels: 

polymerisation around physical objects, and ablation using a femtosecond laser to 

create channels, pouches or holes in the hydrogel material.  
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The 1015 mixture was polymerised around physical spacers such as glass 

capillaries (outer diameter = 200 µm) and stainless steel wires (diameter = 120 µm) to 

fabricate tubes in the hydrogel. A stainless steel spatula with a thickness = 0.5 mm, width 

= 5 mm, and length = 2.5 cm was used as a physical spacer to create a pouch in the 

hydrogel. The xerogels (thickness 1 mm except for the xerogel that was moulded around 

the glass capillary, which was 2 mm in thickness) were fully hydrated to form hydrogels, 

and the physical spacers were gingerly removed before visual inspection, see Figure 4-7. 

4.4.2.1 Using femtosecond laser augmentation to create pouches, 

holes and tubes 

The unique characteristics of ultrafast lasers, such as ultra-short pulse widths and 

high peak intensities, allow for high precision and high-resolution materials processing. 

Ultrafast lasers that emit optical pulses with durations as low as picoseconds (10−12 s) 

and femtoseconds (10−15 s) have a smaller heat-affected zone (HAZ) than longer pulses 

Figure 4-7. Schematic of the experimental design used for introducing physical channels into the 
hydrogels via the addition of spacers. (A) Stainless steel wires 120 µm in diameter, (B) a glass 
capillary 0.2 mm thick, and (C) a stainless steel spatula with 0.5 cm x 2.5 cm dimensions were 
inserted into the casting mould before injecting 1015 polymer mixture and placing in the oven 
to polymerise. 
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due to a reduced thermal diffusion around the processed areas, and this improves the 

quality of materials processing in terms of resolution (753–756).  

A tuneable Titanium-Sapphire amplifier was utilised to produce 150 fs, 800 nm 

wavelength laser pulses (FAST Lab at the Optoelectronics Research Centre, 

Southampton, UK) in order to determine if creating physical channels in hydrogels was 

possible with laser augmentation. The pulses were spatially homogenized using a π-

shaper model 6_6 to produce a ‘top-hat’ spatial intensity distribution. A variable neutral 

density filter was used to tune the laser power precision, and the exposure time was 

controlled by a mechanical shutter. A beam splitter was employed to split the input laser 

beam into two with a fixed intensity ratio in order to monitor the stability of the input 

laser power during fabrication. One of the split beams was monitored using a power 

meter, and an auto-correlator was used to evaluate the pulse duration (<8 

femtoseconds). The second split beam was passed through a 50x de-magnification 

microscope objective lens (Mitutoyo, UK) to produce a tightly focused spot for ablation. 

The sample was placed on a high-precision XYZ translation stage controlled by a 

computer for 3D translation. A dichroic mirror and a charge-coupled device camera 

connected to the computer were installed above the focusing lens, enabling the 

fabrication process to be monitored in real-time. 

Pouch and hole fabrication tests were performed on a high-precision XYZ 3D 

translation stage which had a positional accuracy of ~1µm and 50 mm total travel in 

each direction. This allowed for precise control of the sample positioning. Hydrogel and 

xerogel samples were sandwiched between two glass sides and were held by the 

translation stage vertically, with the longest side of the sample perpendicular to the 

ground. This exposed the area for laser targeting at the edge of the glass slides. Several 

tests were performed on the xerogel and hydrogel samples using one pulse, five pulses, 

10 pulses, and 50 pulses with a maximum energy of one mJ at a one kHz repetition rate. 

A similar set-up as above was used for fabricating tubes using the femtosecond 

laser. The xerogel (0.5 mm thick) was sandwiched between two glass slides and 

positioned on the XYZ 3D stage laterally, with the longest side parallel to the ground. 

This allowed the thickness of the xerogel exposed to the laser beam at the edge of the 

glass slides. 
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4.4.3 Dynamic-flow approach to measure aqueous permeability 

The purpose of the dynamic-flow approach was to measure the relationship 

between pressure and flow of the hydrogel samples when exposed to a decreasing 

pressure gradient in an aqueous environment (145). A pressure head, or a fluid exerting 

a known pressure, was applied to the hydrogel sample to instigate aqueous flow, and 

the fall in pressure was followed as a function of time.  

The equations used for determining hydraulic conductivity are derived from first 

principles from measuring the porosity measurement of soils (748). A schematic 

representation of the apparatus used for the dynamic-flow analysis is shown in Figure 

4-9. The analysis was based on D’Arcy’s law, which is a constitutive equation describing 

the flow of fluid through porous media (757,758). It states that flow 𝐅 is proportional to 

the applied pressure. Thus, for a membrane disc of radius 𝐚 (m), flow per unit area is 

designated by; 

 𝐅

𝛑 𝐚𝟐
= 𝐋 × 𝐏 (4.1) 

where 𝐋 is the hydraulic conductivity of the membrane (in m s-1 Pa-1) and 𝐏 is the applied 

pressure (in Pa). Hydraulic conductivity, 𝐋 is given by; 

 
𝐋 = − 

𝐫𝟐

𝐚𝟐 ƿ 𝐠
×  𝐆 (4.2) 

where 𝒓 is the radius of the water column, ƿ is the density of water (1000 Kg m-3), 𝐠 is 

the gravitational constant, 9.81 m s-2, and gradient 𝐆 (change in column height over 

time) can be obtained by linear regression. Then, experimental aqueous permeability, 

Ke (m2 s-1 Pa-1) is calculated using 𝐋, such that;  

 𝐊𝐞 = 𝐋 × 𝐓 (4.3) 

where 𝐓 is the thickness (in m). The following equation was used to calculate the optimal 
permeability (759); 

 𝐊 =
𝐐𝐓

𝚫𝐏𝐀
 (4.4) 

where 𝐐 is the flow rate (in m3 s-1), 𝚫𝐏 is the equilibrium pressure in Pascal, 𝐓 is the 

thickness of the sample (in m), and 𝐀 is the area of the sample (in m2) and is equal to 

πr2. To calculate the optimal permeability of a healthy eye, 𝐊𝐨𝐩𝐭𝐢𝐦𝐚𝐥, T = 1 mm = 

1 × 10−3 m and A = 2 cm2 = 2 × 10−4 m2 with an estimated flow rate = 2 µL min-1 

= 3.3 × 10−11 m3 s-1 to maintain IOP at 10 mmHg. To simplify the experimental change 
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measured in permeability, the pressure of water applied was increased to 30 cm of 

water (22.5 mmHg). Therefore, 𝐏, the pressure applied = 22.5 mmHg = 3000 Pa. By 

substituting these values into equation (4.4), the following value can be obtained for 

𝐊𝐨𝐩𝐭𝐢𝐦𝐚𝐥; 

 𝐊𝐨𝐩𝐭𝐢𝐦𝐚𝐥 =
(𝟑. 𝟑 × 𝟏𝟎−𝟏𝟏 𝐦𝟑

𝐬 )  × (𝟏 × 𝟏𝟎−𝟑 𝐦) 

(𝟑𝟎𝟎𝟎 𝐏𝐚)  × (𝟐 × 𝟏𝟎−𝟒 𝐦𝟐 )
 

(4.5) 

 
 

Koptimal = 5.56 ×10-14 m2 s-1 Pa-1 

4.4.4 Design of a flow chamber to assess hydrogel permeability 

To assess aqueous permeability of the different candidate hydrogels, a two-part 

closed-top flow chamber (FC) that was modified from a Franz diffusion cell commonly 

used in skin permeation studies was designed to test the flux of water through the 

hydrogel samples. The FC was manufactured by Mr John Frost, UCL School of Pharmacy 

workshop. The FC was fabricated from clear cast acrylic rods and had a 16 mm internal 

diameter, which was theoretically small enough to fit in the eye (760–763). The two-part 

closed-top acrylic chamber was designed to reduce any error caused by evaporation of 

water, see Figure 4-8. Rubber O-rings were used in the FC to seal the hydrogel sample 

shut using three screws, and all junctions were secured using tie locks and thread sealing 

polytetrafluoroethylene (PTFE) tape to prevent micro-leaks. The bottom part of the FC 

contained a dedicated seat to place the hydrogel sample and prevent damage while 

sealing the FC. The depth of the seat was 2 mm, and a silicone washer was also placed 

Figure 4-8. The two-piece closed-flow chamber that was used to test hydrogel discs for aqueous 
permeability is shown in use (A), and the different parts of the chamber (B). The design of the 
flow chamber was modified on the base of Franz cells’ design, which is commonly used for skin 
permeation studies. 
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in the seat to make the total thickness (hydrogel + silicone washer) 2 mm, further 

preventing any micro-leaks. The bottom part of the FC also hosted an inlet that was 

eventually connected to a water column, and the top-part had an outlet that emptied 

into a water bath, as shown in Figure 4-8. 

4.4.5 Aqueous permeability testing 

Hydrogels samples were analysed for their aqueous permeability using the 

dynamic flow approach. To fit the dimensions of the FC, 16 mm diameter discs were 

punched out of the hydrogels using a custom-designed punch fabricated by Mr John 

Frost, UCL School of Pharmacy workshop. 

A glass capillary with an internal diameter of 3.2 mm was connected to a Tygon 

connector tube with a cable tie and sealant. A ‘tube to Luer’ lock adapter was connected 

to the other end of the tubing with a cable tie and sealant. A three-way tap to the 

capillary tube was secured to the FC using a Luer to ¼–28 adapter (Sigma Aldrich, UK) 

and thread sealing PTFE tape. Inside the well of the FC, silicone washers were placed on 

either side of the sample to prevent mechanical damage to the sample’s edges sample. 

The FC was filled up to the first washer with DI water, and the hydrogel disc was placed 

in the sample seat of the FC, followed by the second washer. The FC was submerged in 

a beaker containing DI water and then closed by screwing into position. This avoided 

trapping any air bubbles in the system. The FC was then transferred to a water bath with 

the outflow tube from the top part of the FC placed into a reservoir container, see Figure 

4-9. The system used to apply a dynamic hydrostatic pressure across the hydrogel 

samples using a water column and the tube connecting it to the flow chamber kept in a 

water bath. The direction of flow of water is shown with navy blue arrows. 

The glass capillary was filled to 30 cm (22.5 mmHg) above the height of the 

hydrogel disc (tubing and equipment included) with DI water, ensuring there were no 

air bubbles in the system. The system was allowed to stabilise for 15 minutes, and then 

the change in the height of the water column was recorded in millimetres after two 

hours to calculate the gradient, G (Equation 4.2). Using G, hydraulic conductivity (L) was 

calculated using Equation 4.3. Equation 4.4 was then used to calculate experimental 

aqueous permeability (in m2/s/Pa). Data were reported as the relative difference in 

aqueous permeability (Kdiff), calculated as (Kexperimental/Koptimal). 
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Validation of the test set-up was performed by using a 16 mm disc punched out 

of 1 mm and 0.5 mm thick impermeable silicone sheets. The discs were placed in the 

sample seat, and the drop in the height of the water column (in mm) was recorded over 

a testing period of two hours, during which, there was no change in the height of the 

water column. The set-up was left in place overnight. After 24 hours, the final 

permeability was considered negligible; there was a <1 mm drop in water column height 

due to water evaporation. This confirmed that FC was completely sealed and no water 

leaked. 

4.4.6 Environmental scanning electron microscopy 

Hydrogel samples were examined using environmental scanning electron 

microscopy (ESEM) Quanta TM Scanning Electron Microscopy (FEI Quanta200 FEGESEM, 

The Netherlands), which is maintained at the UCL School of Pharmacy. All ESEM imaging 

was carried out by Dr Clare Heaysman. The ESEM was operated at a pressure of 200 Pa 

in the chamber. Hydrogel samples were maintained at 5°C, creating a water-saturated 

environment in the specimen chamber at 200 Pa. In these conditions, no dehydration of 

Figure 4-9. The system used to apply a dynamic hydrostatic pressure across the hydrogel 
samples using a water column and the tube connecting it to the flow chamber kept in a water 
bath. The direction of flow of water is shown with navy blue arrows. 
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the samples occurred. Pieces of approximately 1 mm in size were cut from each sample 

using a scalpel, then were sprayed with DI water to avoid dehydration during the initial 

evacuation of the chamber. The acceleration potential used for imaging was 20 kV, and 

the working distance was 0.1–10 mm. No deterioration of the samples was noticed. Both 

top surface and cross-section specimens from each hydrogel were examined. 

4.4.7 Characterising mechanical integrity of hydrogels 

When evaluating the efficacy of biomaterials, the material cannot be divorced 

from the intended device, and it is recommended that the characterisation methods 

should be employed with the final intended application in mind (290). During GFS or 

implantation of GDD, the surgeon will push the implant into the subconjunctival space 

using surgical instruments such as forceps and clamps. For hydrogels to be used as 

biomaterials for device/implant development, they need to be mechanically resilient to 

withstand this clinical handling. In order to mimic the common handling procedures in 

the clinic (as advised during personal communication with Professor Sir Peng T. Khaw), 

a qualitative method was devised to rank the hydrogels for their mechanical resilience.  

Hydrogel discs (16 mm in diameter), were cut 3 mm from the edges using a 

scalpel so that a 10 mm width remained, as shown in Figure 4-10. Special care was given 

to ensure the hydrogel samples were free from any visible cuts, slits or defects at the 

edges. Sample hydration during testing was maintained by soaking in 50 mL DI water 

between repeated tests. Hydrogel structural resilience to twisting, stretching and 

Figure 4-10. The hydrogel discs were cut 3 mm from the edges to obtain a disc sample with 1 
cm width for mechanical testing (A). For twisting and stretching tests, the samples were clamped 
on the top and bottom with binder clips (B). 
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bending was tested. For twisting and stretching tests, the samples were attached on the 

top and bottom with large Bulldog binder clips. The edges of the clamping part of these 

binder clips were covered with anti-slip tape to avoid damaging and prevent slipping of 

hydrogel samples. The tests were done as described in the following subsections. 

4.4.7.1 Folding (compression and tension) 

The limits of hydrogel compression were tested by folding the hydrogel sample, 

so the short edges meet. The sample ‘failed’ the test if cracking or fracture was observed 

after manual-folding, see Figure 4-11. A grading system (0–3+) was created and applied 

to the hydrogel samples based on visual assessment of how well they could fold. Grading 

was assigned as follows: 1 = a single fold in both directions, so the ends meet; 2 = a single 

fold in both directions flattened with 50 g weight applied; 3 = double folds in both 

directions; 3+ = double folds in both directions flattened with 50 g weight applied. 

4.4.7.2 Twisting (shear strength) 

Twisting was performed by holding the hydrogel sample at both ends using a 

binder clip, leaving a 1 cm of hydrogel sample in between the clips to be tested, see 

Figure 4-12. The sample ‘failed’ the test if cracking or fractures were observed after 

Figure 4-12. The twisting test was performed by 
holding the hydrogel sample at both ends using 
a binder clip, leaving a 1 cm of hydrogel sample 
in between the clips to be tested. The sample 
‘failed’ the test if cracking or fractures were 
observed after manual twisting in both 
directions and returning to normal (untwisted) 
position. 

Figure 4-11. Hydrogel samples were folded so the sort edges would meet, sample would ‘fail’ 
the test if cracking or fracture was observed after manual folding. 
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manual twisting in both directions and returning to normal (untwisted) position. A 

grading system (0–3+) was applied to the hydrogel samples based on visual assessment. 

Grading was assigned as follows; 1 = 0–90° twist; 2 = 90–180° twist; 3 = 180–360° twist; 

3+ = >360° twist. 

4.4.7.3 Stretching (tensile strength) 

Binder clips were weighed after covering the edges of their clamping part with 

anti-slip tape. One of the binder clips covered with tape and was fixed onto a stand to 

minimise movement during the test procedure. The top end of the disc was clamped 0.3 

cm from the top edge, see Figure 4-13. Photograph of the experimental set-up used for 

tensile testing of the hydrogel samples. The sample ‘failed’ the test if cracking or 

fractures were observed under 50 g of weight applied to stretch the sample. In the same 

way, binder clips were attached to the bottom end of the disc, leaving about 1 cm x 1 

cm area of the hydrogel visible. Additional clips were carefully attached to the bottom 

clip until the hydrogel film tore. Grading was done as follows: 1 = 0–50g of added weight; 

2 = 50–100g of added weight; 3 = 100–150g of added weight. For reference, according 

Figure 4-13. Photograph of the experimental set-up used for tensile testing of the hydrogel 
samples. The sample ‘failed’ the test if cracking or fractures were observed under 50 g of weight 
applied to stretch the sample. 
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to the FDA guidelines for the structural integrity of Aqueous Shunts (145), hydrogels 

scoring above one are considered to ‘pass’ the tensile test. 

4.4.8 Statistical analysis  

All results are presented as the average (arithmetic mean) and standard 

deviation (± SD) of at least three samples, and data were plotted using Origin Pro 2018 

Academic (OriginLab, USA). For the analysis of variance, one-way ANOVA with Tukey’s 

post hoc test was carried out to evaluate statistical differences between the mean values 

of experimental data. Probability value descriptive data were generated for all variables 

and values less than 0.05 (p<0.05) were considered as indicative of statistically 

significant differences. 
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4.5. Results 

4.5.1 Assessing aqueous permeability of pHEMA-MPC hydrogels 

pHEMA hydrogels were tested for their aqueous permeability based on 

manipulating the concentrations of components in hydrogel formulations. This involved 

varying the monomer concentration, polymerisation types, temperatures and 

durations, co-monomer concentrations and co-monomer types, cross-linker 

concentrations and cross-linker types, initiator concentrations and initiator types, as 

well as the addition of diluents to the hydrogels. Prior to the permeability experiments, 

the 16 mm hydrogel discs, as shown in Figure 4-14, were visually inspected for obvious 

physical artefacts such as pits, cracks and holes to avoid spurious results caused by these 

artefacts, and hydrogels that passed initial visual inspection were then subjected to 

aqueous permeability analysis. By substituting the physical dimensions of the hydrogel 

discs (radius = 8 mm, thickness = 1 mm) into the variables of Equations 4.2–4.4, the 

optimal permeability, Ko, was calculated. To effectively balance the physiological rate of 

aqueous humour production (at 2 µL min-1), the Ko was calculated as 5.56 × 10-14 m2 s-1 

Pa-1 for a 1 mm thick hydrogel film.  

4.5.1.1 1015 formulation 

pHEMA hydrogels prepared using the Vertellus Biomaterials 1015 formulation 

for contact lenses were successfully reproduced, see Figure 4-15. The resulting 

hydrogels were transparent, soft and flexible. For the 1015 formulation, experimental 

Figure 4-14. For assessing the aqueous permeability of hydrogel films, discs of 16 mm diameter 
each were punched out, as shown here. Discs were then placed in the flow chamber (FC) with 
appropriately-sized silicone washers to ensure no leakage. A column of water of 30 cm was 
attached to the FC containing the disc and the drop in the column height was recorded over two 
hours to estimate the experimental permeability (Ke) of the hydrogel. All measurements were 
taken in triplicate. 
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permeability (Ke) was determined as 8.90 × 10-15 m2 s-1 Pa-1 for a 1 mm thick film. Dividing 

this value by optimal permeability (Ko), yielded an average Kdiff value of 0.16 ±0.07. 

Acuvue contact lenses (n=1) were also tested for permeability as a qualitative 

comparison, resulting in a Kdiff value of 0.27. Even though the permeability values for the 

1015 formulation are well documented (for contact lenses), to maintain the IOP at 10 

mmHg by allowing transport of water at 2 µL min-1, the 1015 did not meet the necessary 

aqueous permeability. 

Measuring the equilibrium water content per cent (EWC%) and swelling ratio 

(SR) of the 1015 hydrogel films was important to understand the ability of the hydrogel 

to hold water and other solvents. In this study, EWC% and SR were quantified to 

understand if the method of hydration of xerogels produced was adequate. The 1015 

films absorbed the maximum EWC% when soaked for 24 hours in PBS, 56.92 ±0.03% 

followed closely by water, 54.13 ±0.03%. The 1015 films when soaked for 24 hours in 

EtOH showed an EWC% of 16.73 ±0.06% but the standard 1015, when soaked in 9% 

saline, showed the maximum EWC of 49.3% at 6 hours but slightly decreased to 48.4% 

at 24 hours of soaking, see Figure 4-16A. 1015 films in water, PBS, and 9% saline show 

>90% equilibrium swelling after six hours, while films soaked in EtOH exhibited a much 

lower swelling and continue to swell for up to 24 hours, see Figure 4-16B. Chemical 

Figure 4-15. The hydrogel casting mould after injecting the 1015 polymer mixture (A) was made 
of two 3 mm thick polypropylene sheets, used to seal silicone gaskets around an empty cavity 
where the polymer mixture could be filled in using a syringe. After the polymerisation was 
complete, the xerogels were soaked in purified water to remove any unreacted monomer and 
to form a fully hydrated hydrogel (B). 
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modifications were made to the 1015 hydrogel composition in an attempt to improve 

aqueous permeability. 

4.5.1.2 Effect of monomer concentration on aqueous permeability  

Hydrogels with HEMA concentrations of 60% (M5), and 80% w/w (M4) resulted 

in transparent, flexible hydrogels similar to the 1015 hydrogels. Decreasing the 

concentration of HEMA to 30% w/w (M7) resulted in a translucent hydrogel. Further 

decreasing HEMA to 20% w/w (M9) resulted in a white and opaque hydrogel, indicating 

phase separation occurred during the polymerisation process, see Figure 4-17. 

Figure 4-16. The effect of solvent on (A) EWC% and (B) swelling ratio (SR) of the 1015 hydrogel 
films. Samples in water, PBS, and 9% saline show >90% of their equilibrium swelling after six 
hours. 1015 films soaked in EtOH continued to swell for up to 24 hours 

Figure 4-17. HEMA concentrations of 60% 
w/w (M5) resulted in transparent hydrogel 
films similar to 1015. Decreasing the 
concentration of HEMA to 30% w/w (M7) 
resulted in translucent and 20% w/w (M9) in 
opaque hydrogels, indicating phase 
separation during the polymerisation 
process. 
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Increasing the HEMA content to 91.7% w/w (M1) showed a decrease in relative 

aqueous permeability compared with the 1015; however, decreasing the concentration 

of HEMA to 79.6% w/w (M4) or 73.4% w/w (M3) resulted in no statistically significant 

(p>0.05) difference from M1, Figure 4-18. A formulation with 59.7% w/w HEMA (M5) 

showed a comparable Kdiff value to the 1015 formulation, although there was a 

considerable variation between the replicates. Similarly, 30% w/w HEMA (M7) showed 

a slight improvement in aqueous permeability with a Kdiff value of 0.34 ±0.06. This 

improvement was statistically significant (p<0.05) as compared with M1, M2, and M4. 

When the concentration of HEMA was decreased to 20% w/w, the resulting hydrogel 

(M9) exhibited a significantly (p<0.05) increased relative permeability with a Kdiff value 

of 0.72 ±0.12, as compared with the rest of the hydrogels represented in Figure 4-18. 

This increased permeability to water flow was fairly close to the optimum permeability 

(Kdiff = 1.0) required to modulate aqueous humour theoretically. 

Figure 4-18. Relative aqueous permeabilities of pHEMA hydrogels with varying concentrations 
of HEMA monomer. (M1) contained 91.7% w/w HEMA, 7.7% MPC, 0.4% w/w EGDMA, 0.3% w/w 
AIBN; (M2) contained 73.4% w/w HEMA, 24.5% w/w MPC, 1.3% w/w EGDMA, and 0.9% w/w 
AIBN; (M3) contained 79.6% w/w HEMA, 0.5% w/w EGDMA, 19.4% w/w water, and 0.5% w/w 
AIBN; (M4) contained 79.6% w/w HEMA, 0.5% w/w EGDMA, 19.4% w/w water, and 0.5% w/w 
APS; (M5) contained 59.7% w/w HEMA, 0.5% w/w EGDMA, 39.3% w/w water, and 0.5% w/w 
APS; (M7) contained 30.3% w/w HEMA, 2.6% w/w MPC, 0.5% w/w EGDMA, 66.1% w/w water, 
and 0.5% w/w APS; (M9) contained 19.8% w/w HEMA, 0.7% w/w MPC, 0.5% w/w EGDMA, 78.5% 
w/w water, and 0.5% w/w APS. As the concentration of HEMA increased, the relative aqueous 
permeability generally decreased. pHEMA hydrogels could be synthesised containing 
approximately 20–92% w/w HEMA, and M9 20% w/w pHEMA hydrogels with mostly water 
yielded a Kdiff value of 0.72 ±0.12. Kdiff values are reported as mean ±SD. 
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4.5.1.3 Effect of curing conditions on aqueous permeability 

The effect of different polymerisation temperatures using different 

concentrations of HEMA 30%, 40%, 50%, and 60% w/w on the relative aqueous 

permeability of the hydrogels was investigated. Formulations M19–M22 were cured at 

40°C for 12 hours, but polymerisation was incomplete, resulting in sticky gels (not 

shown). Films M23–M26 cured at 40°C for 12 hours and then annealed at 120°C for 4 

hours fully polymerised, but the resulting xerogels were coloured beige and had shrunk 

within the casting mould, see Figure 4-19 for an example.  

Films M27–M30 cured at 70°C for 7 hours successfully polymerised. M27 (60% 

w/w HEMA) resulted in a transparent xerogel, whereas M28–M30 (50–30% w/w HEMA) 

produced white xerogels, presumably due to phase separation that occurred as a result 

of high amounts of water present in the polymer mixture. Films M31–M34 cured at 50°C 

for 20 hours resulted in a transparent, flexible film (M31) and phase-separated, white 

films (M32–M34). M30 and M34 films were further characterised using ESEM to 

evaluate whether the appearance of hydrogels resulted in changes to the 

microstructures of the films. When fully hydrated, resulting hydrogels were transparent 

(M31), phase-separated to appear translucent (M32), and white hydrogels (M33), see 

Figure 4-20. Films M35–M38 cured at 50°C for 20 hours and at 90°C for 2 hours 

polymerised, but resulted in beige and shrunken films, which could be discolouration 

from the silicone washers, which also had a beige colour. When fully hydrated, resulting 

slightly beige hydrogels were transparent (M35), phase-separated to appear translucent 

(M36), and white hydrogels (M37), see Figure 4-20.  

Figure 4-19. Xerogels containing 50% (M24) 
and 40% w/w HEMA (M25) cured for 40°C 
for 12 hours and then annealed at 120°C for 
4 hours fully polymerised, but the resulting 
xerogels were coloured beige and had 
shrunk within the casting mould. 
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Finally, multiple curing cycles (e.g. increasing from 23°C to 70°C over 15 hours, 

then held at 70°C for 7 hours, then held at 120°C for 2 hours) resulted in transparent, 

bubbly xerogels, see Table 4-12.  

Table 4-12. Effects of curing times and temperatures on polymerisation, xerogel appearance, 
and aqueous permeability. The polymerisation was assessed for completeness based on the 
visual appearance of the xerogels and how easily the xerogels could be removed from the casting 
moulds. 

Hydrogel 
Polymerisation 

competed? 
Xerogel visual appearance Permeability (Kdiff ±SD) 

M19 N - - 

M20 N - - 

M21 N - - 

M22 N - - 

M23 Y Beige, shrunken films n.d. 

M24 Y Beige, shrunken films n.d. 

M25 Y Beige, shrunken films n.d. 

M26 Y Beige, shrunken films n.d. 

M27 Y Transparent film n.d. 

M28 Y White film n.d. 

M29 Y White film n.d. 

M30 Y White film n.d. 

M31 Y Transparent film 0.08 ±0.03 

M32 Y White film 0.10 ±0.04 

M33 Y White film 0.00 ±0.04 

M34 Y White film n.d. 

M35 Y Slightly beige films 0.04 ±0.36 

M36 Y Slightly beige films 0.72 ±0.36 

M37 Y Slightly beige films 0.04 ±0.10 

M38 Y Slightly beige films n.d. 

M39 Y Transparent film, with bubbles 0.04 ±0.06 

M40 Y Transparent film, with bubbles 0.04 ±0.06 

Figure 4-20. Hydrogels containing 60% (M31, M35), 50% (M32, M36) and 40% w/w HEMA (M33, 
M37), when cured at 50°C for 20 hours resulted in a transparent, film (M31) and phase 
separated, translucent (M32), and opaque films (M33). When cured at 50°C for 20 hours and 
then at 90°C for 2 hours, it resulted in slightly beige hydrogels, that were transparent (M35) and 
phase separated, translucent (M36), and opaque films (M37). 
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M41 Y Transparent film n.d. 

n.d. not determined. M23–M26 and M35–M38 did not punch evenly and were not tested for aqueous 
permeability. M30 and M34 films were further characterised using ESEM. 
 

Overall, the transparent films tested resulted in low aqueous permeability, while 

there was high variability in the Kdiff values of the beige, shrunken films. One of these 

films, M36, resulted in a Kdiff of 0.72 ±0.36, but because the xerogel surface appeared 

uneven after polymerisation, it was possible that the hydrogel punching created an 

uneven disc that allowed more water to pass through the flow chamber during the 

aqueous permeability analysis.  

Hydrogels M30 and M34 were further characterised using ESEM, see Figure 4-21, 

to evaluate whether the appearance of hydrogels resulted in changes to the 

microstructures of the films. M34 polymerised at a slower rate and a lower temperature 

(50°C for 20 hours) than M30, polymerised at 70°C for 7 hours. The surfaces of both 30% 

w/w HEMA hydrogels appeared as agglomerations of small particles at the same 

magnification; however, M30 seemed to have a smaller microstructure than M34, which 

suggests that curing conditions have an impact on hydrogel structure. 

Figure 4-21. ESEM micrographs of M30 and M34 hydrogel films. (A & C) M34 was polymerised 
at a slower rate and at a lower temperature (50°C for 20 hours) than (B & D) M30, which was 
polymerised at 70°C for 7 hours. The surfaces of both 30% w/w HEMA hydrogels at 2,500x 
magnification (C & D) appeared as an agglomeration of small particles, however M30 seemed to 
have a smaller microstructure than M34. 
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The effects of UV curing on polymerisation and aqueous permeability were also 

explored. Industrial collaborator, Vertellus Biomaterials, supplied fully-hydrated films 

that were UV-cured at 60°C for 1 hour, see Figure 4-22 and Table 4-13. Effects of UV 

curing for 1 hour at 60°C on polymerisation and aqueous permeability. Hydrogels discs 

were supplied pre-cut from industrial partner, Vertellus Biomaterials.  

There was no difference in the visual appearance between V1 (1015), V2 (60% 

w/w HEMA), or V3 (30% HEMA); however, V2 exhibited the best relative aqueous 

permeability, with a Kdiff value of 0.45 ±0.09. The presence of 5% w/w MPC in a 30% 

w/w pHEMA hydrogel (V4) resulted in a transparent, glossy film. V5–V9 hydrogels were 

all 1015 formulations diluted with 60%, 70%, 80%, and 90% w/w DI water. Films V8 

and V9 failed to polymerise. Vertellus reported that a significant increase in the energy 

involved in UV polymerisation was required to polymerise these more dilute hydrogel 

formulations. There was no significant difference in the relative aqueous 

permeabilities in the UV-cured hydrogels containing MPC, see Table 4-13.  

Table 4-13. Effects of UV curing for 1 hour at 60°C on polymerisation and aqueous permeability. 
Hydrogels discs were supplied pre-cut from industrial partner, Vertellus Biomaterials. 

Hydrogel Polymerisation competed? (Y/N) Hydrogel visual appearance 
Permeability (Kdiff 

±SD) 

V1 Y Transparent film 0.07 ±0.06 

V2 Y Transparent film 0.45 ±0.09 

V3 Y Transparent film 0.13 ±0.04 

V4 Y Transparent, glossy film 0.20 ±0.08 

V5 Y Transparent, glossy film 0.13 ±0.10 

V6 Y Transparent, glossy film 0.14 ±0.08 

V7 Y Transparent, glossy film 0.14 ±0.02 
V8 N - - 
V9 N - - 

Figure 4-22. UV-polymerised 1015 hydrogels supplied by Vertellus Biomaterials. 
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4.5.1.4 Effect of co-monomer concentration on aqueous permeability 

Varying the concentration of MPC from the 1015 formulation down to 4.1% and 

9.1% w/w resulted in brittle xerogels and were clear and flexible when fully hydrated 

(not shown). Increasing the MPC concentration from 15% w/w to 19.1% and 24.1% w/w 

resulted in transparent, smooth, and glassy hydrogel films. Increasing the 

concentrations of MPC generally increased the average Kdiff values, see Figure 4-23.  

There was a significant difference (p<0.05) between hydrogels containing 4.1% 

and 9.1%, and 4.1% and 14.1% w/w MPC, an increase in relative aqueous permeability 

observed between these formulations. MPC concentrations >10% w/w resulted in no 

statistically significant (p>0.05) change between the films. 

Hydrogel films composed of 15% (CM17), 25% (CM18) and 23% w/w VP (CM19) 

were transparent and glassy, see Figure 4-24. Hydrogels containing 45% w/w VP (CM20) 

were translucent, and 55% w/w VP-containing hydrogels (CM21) appeared fragile and 

opaque, requiring extra care to place in the flow chamber during analysis. Increasing 

concentrations of VP generally increased the average Kdiff values; however, this trend 

was not statistically significant (p>0.05). Using PVP to form an IPN with components in 

Figure 4-23. Relative aqueous permeabilities of pHEMA hydrogels with varying types and 
concentrations of co-monomers. The 1015 formulation was modified by (MPC) creating a 
gradient of 0–25% w/w MPC (red squares), (VP) adding a gradient of 15–55% VP (blue circles), 
(CM6) adding 0.8% w/w PVP, (CM10) adding 1.76% w/w of PC1059, (CM12) adding HPMA in a 
1:1 HEMA:HPMA ratio, (CM13) adding EMA in a 1:1 HEMA:EMA ratio. Increasing the 
concentrations of MPC and VP generally increased Kdiff values. Adding PC10159 to the 1015 
formulation yielded the highest Kdiff value compared to the additions of co-monomers, VP, 
HPMA, and EMA. Kdiff values are reported as mean ±SD. 
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the 1015 formulation resulted in hydrogels that showed a statistically significant 

(p<0.05) decrease in permeability as compared with the 1015 formulation. The Kdiff for 

20 mg PVP (0.79% w/w)(CM6) dissolved in 1 mL of polymer mixture was found to be 

0.07 ±0.03. 

The addition of other co-monomers did not improve the relative aqueous 

permeability either. Hydrogels containing HEMA:EMA::1:1 (CM13) showed virtually no 

permeation to water (Kdiff = 0.04 ±0.04). In comparison, hydrogels with HPMA:HEMA::1:1 

(CM12) showed a very slight increase in permeability (Kdiff = 0.06 ±0.03), but again, this 

was not significantly different from the permeability of the 1015 formulation, suggesting 

that HPMA and EMA had a negligible effect on water permeation. Adding PC10159 to 

the 1015 formulation yielded the highest Kdiff value (0.14 ±0.03) compared to the 

additions of other co-monomers. Not only did any of these hydrogels not meet the 

requirement for optimal permeability, but they also did not offer an improvement in 

relative aqueous permeability compared with the 1015 formulation. 

4.5.1.5 Effect of cross-linker concentration on aqueous permeability  

Increasing the amount of cross-linker EGDMA had no visual effect on xerogel or 

hydrogel appearance from 1015. Overall, increasing the concentration of EGDMA 

displayed a general increase in aqueous permeability, but only up until 1.46% w/w 

EGDMA, after which there were no changes observed in average relative aqueous 

permeability values, see Figure 4-25. 

Figure 4-24. Hydrogel films composed 
of 15% (CM17), 25% (CM18) and 35% 
w/w VP (CM19) were transparent and 
glassy. Hydrogels containing 45% w/w 
VP (CM20) were translucent, and 55% 
w/w VP-containing hydrogels (CM21) 
appeared fragile and opaque. 
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There was a slight decrease in hydrogel permeability from Kdiff = 0.06 ±0.02 to 

Kdiff = 0.04 ±0.02 with the cross-linker chain length increased using PEGDMA 700 g mol-

1 (CX4) and PEGDMA 2000 g mol-1 (CX5), respectively, after 2 hours at 30 cm water 

pressure, see Figure 4-25. However, these differences in Kdiff values were not statistically 

significant from one another or EGDMA at a similar concentration (p>0.05).  

The addition of 0.37% w/w (CX6) and 1.46% w/w (CX7) MBAM replaced EGDMA 

in the 1015 formulation to form more rigid cross-linking was tested. There were no 

observable differences in the hydrogel films with MBAM compared with EGDMA (not 

shown). CX6 and CX7 resulted in Kdiff values of 0.04 ±0.02 and 0.11 ±0.02, respectively 

which were not significantly (p>0.05) different to comparable to hydrogel formulations 

containing similar EGDMA concentrations. The addition of 0.5% w/w (CX15) and 2.5% 

w/w (CX16) MBAM with water, APS, and reduced concentrations of HEMA and MPC, 

resulted in hydrogels with Kdiff values of 0.08 ±0.11 and 0.03 ±0.03, respectively. 

Figure 4-25. Relative aqueous permeabilities of pHEMA hydrogels with varying types and 
concentrations of cross-linkers. The 1015 formulation was modified by creating a gradient of 
0.2–6.9% w/w EGDMA (red squares); (CX4) contained 84.7% w/w HEMA, 14.1 % w/w MPC, 
0.75% w/w PEGDMA 700 g mol-1, and 0.5% w/w AIBN; (CX5) contained 84.7% w/w HEMA, 14.1 
% w/w MPC, 0.75% w/w PEGDMA 2000 g mol-1, and 0.5% w/w AIBN; (CX6) contained 84.9% w/w 
HEMA, 14.2% w/w MPC, 0.4% w/w MBAM, and 0.5% w/w AIBN; (CX7) contained 84.0% w/w 
HEMA, 14.0% w/w MPC, 1.4% w/w MBAM, and 0.5% w/w AIBN; (CX15) contained 29.7% w/w 
HEMA, 2.5% w/w MPC, 0.5% w/w EGDMA, 0.5% w/w MBAM, 0.5% w/w APS and 66.3% w/w 
water; (CX16) contained 29.9% w/w HEMA, 5.0% w/w MPC, 2.5% w/w MBAM, 0.5% w/w APS 
and 62.2% w/w water. Changing the type and concentration of cross-linkers resulted in no 
significant change to relative aqueous permeability. Kdiff values are reported as mean ±SD. 
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Increasing the water content decreased the permeability of these hydrogels, but there 

was a wide variation in the test results. Despite all these changes, none of the hydrogels 

with MBAM as a cross-linker could statistically improve the aqueous permeability 

(p>0.05).  

4.5.1.6 Effect of initiator concentration on aqueous permeability 

The concentration of the thermal initiator AIBN was altered (0.25% w/w [I1] and 

1% w/w [I2]) to manipulate the number of oligomers in the hydrogel structure. There 

was no statistically significant (p>0.05) difference in the Kdiff values between these 

formulations, see Figure 4-26. A formulation with 0.5% w/w APS was created to compare 

with AIBN directly, and there was a slight but statistically insignificant (p>0.05) 

difference in relative aqueous permeability, which suggests that they are 

interchangeable as initiators in terms of water permeation through hydrogels.  

4.5.1.7 Effect of addition of diluents on aqueous permeability 

Hydrogels with t-butanol, glycerol, and THF were used as diluents to the 1015 

polymer mixture, formed hydrogels. Hydrogels with 25% (D1), 33.8% (D3), and 50% (D2) 

w/w t-butanol resulted in transparent, glassy films that curled and contained bubbles, 

Figure 4-26. Relative aqueous permeabilities of pHEMA hydrogels with varying types and 
concentrations of initiators. The 1015 formulation was modified by creating a gradient of 0.25–
1.0% w/w AIBN (red squares); and 0.5% w/w APS (blue circle) was used as an alternative initiator. 
Changing the type and concentration of initiators resulted in no change to relative aqueous 
permeability, except that 1% AIBN produced a more rigid, less-permeable hydrogel. Kdiff values 
are reported as mean ±SD. 



 

253 
 

see Table 4-14. As the concentration of t-butanol increased, relative aqueous 

permeability values increased, see Figure 4-27. Despite this, the highest concentration 

of t-butanol tested (50% w/w) only reached a relative aqueous permeability value of 

0.22 ±0.05, which was significantly (p<0.05) more than D1 and D3 but not significantly 

(p>0.05) more than the 1015. 

Table 4-14. Hydrogel formulations that incorporated diluents in a fully hydrated state prior to 
permeability testing. 

Hydrogel Hydrogel film visual appearance Diluent 

D3 

 

33.8% w/w t-butanol 

D2 

 

50% w/w t-butanol 

D4 

 

50% w/w glycerol 

D14 

 

43.9% w/w THF 
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Adding 50% glycerol (D4) produced hydrogel films that were similar to t-butanol-

containing films in that they were transparent and glassy, but also fragile and curled. 

However, these films resulted in an average Kdiff value of 0.09 ±0.02, only about 10% of 

the necessary permeability to theoretically control IOP. This value was significantly less 

than D12, D21 and D2 (p<0.05). 

The addition of THF (16.4% and 43.9% w/w in a final concentration of D12 and 

D14, respectively) to a modified 1015 formulation containing 0.7% and 0.4% w/w 

MBAM, and 0.11% and 0.07% w/w APS resulted in milky, phase-separated hydrogels 

that were fragile when handling. These hydrogel discs resulted in an average Kdiff value 

of 0.41 ±0.1 and 0.67 ±0.41, which were significantly (p<0.05) more than Kdiff values of 

hydrogels containing t-butanol and glycerol. Replacing MBAM with a similar 

concentration of EGDMA (D21) increased (p>0.05) the Kdiff value to 0.8 ±0.22. THF was 

also used to dilute semi-IPN hydrogel films (D15–D20) that had a varying ratio of 

Figure 4-27. Relative aqueous permeabilities of pHEMA hydrogel with added diluents. The 1015 
formulation was diluted by adding 25% w/w, 33.8% w/w, and 50% w/w of t-butanol (blue 
triangles); (D4) was diluted with glycerol (52.7% w/w); D12 and D14 (THF) were modified 1015 
formulations that contained 46.2% and 68.8% w/w HEMA, 0.7% and 0.4% w/w MBAM cross-
linker (instead of EGDMA), and 16.4% and 43.9% w/w THF (red circles); (D21) was 1015 
formulation diluted with THF (46.7 % w/w final concentration). Further addition of THF (>50% 
w/w) created hydrogels that were extremely permeable to water. The addition of THF created 
hydrogels permeable to water close to the desired range, with an average Kdiff value of 0.67. 
There was a slight increase in relative aqueous permeability as the concentration of t-butanol 
increased, but it was not significant. Glycerol did not increase the permeability. Kdiff values are 
reported as mean ±SD. 
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VP:HEMA and a fixed concentration (~ 8% w/w final concentration) of MPC. Combining 

THF (~41% w/w final concentration) with VP:HEMA ratios of 8.8:40.3%, 14.7:34.4%, 

20.6:28.7%, and 24.6:24.6% w/w (final concentrations) formed hydrogels with a gradual 

increase in opacity, see Figure 4-28. 

The Kdiff significantly (p<0.05) increased with increasing VP concentration and 

constant THF concentrations, resulting in values of 707.1 ±109.7, 1216.3 ±175.0, 

9199.80 ±1182.8 for 8.8%, 14.7%, 20.6% w/w VP, respectively, see Figure 4-29. These 

hydrogels were significantly (p<0.05) more permeable when compared to hydrogels that 

had no THF (CM17 and CM18), plotted in Figure 4-24. 

Figure 4-28. D15, D16, D17, D20. The 
addition of THF (~41% w/w final 

concentration) ratios of VP:HEMA ratios of 
8.8%:40.3% (D15), 14.7%:34.4% (D16), 
20.6%:28.7% (D17), and 24.6%:24.6% 
(D20) w/w final concentrations resulted in a 
gradual increase in opacity in the fully 
hydrated films as the concentration of VP 
increased, suggesting an increase in phase 
separation in the semi-IPN films. 

Figure 4-29. Relative aqueous permeabilities of pHEMA hydrogels with VP and THF. The 1015 
formulation was modified by creating a gradient of 8.8–24.6% w/w (final concentration) VP and 
diluting the formulation with THF (~40% w/w final concentration) (red). Increasing the 
concentrations of VP resulted in increased Kdiff values. Kdiff values are reported as mean ±SD. 
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4.5.1.8 Effect of coating nylon mesh with PC 1059 on aqueous 

permeability  

Nylon meshes with 0.2 and 1 µm average pore sizes were coated with a range of 

concentrations of PC1059. These coated meshes, while not hydrogels, were subjected 

to aqueous permeability testing because they possessed rigid pores and were coated in 

a biocompatible polymer. There was a significant (p<0.05) decline in relative aqueous 

permeabilities as the concentration of PC1059 increased in the meshes with 0.2 µm 

pores, see Figure 4-30. However, the 1 µm-pores nylon mesh coated with 90, 100 and 

110 mg mL-1 PC1059 provided some resistance to water flow, resulting in Kdiff values of 

11.68 ±0.38, 5.92 ±0.96 and 5.96 ±0.87, respectively, providing permeability that was at 

least 6-fold higher than required for IOP control (1)`. The difference in permeability 

between 100 and 110 mg mL-1 PC1059 coated was not statistically significant (p>0.05) 

but both were significantly less permeable than 90 mg mL-1 PC1059 coated (p<0.05). 

Figure 4-30. Relative aqueous permeabilities of nylon meshes with 0.2 µm (grey squares) and 1 
µm (red circles) sized pores coated in different concentrations of PC1059 mixtures. The coated 
meshes exhibited large relative aqueous permeabilities compared with permeabilities observed 
with pHEMA hydrogels, and the relative aqueous permeability decreased as the concentration 
of PC1059 increased. Kdiff values are reported as mean ±SD. 
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4.5.1.9 Further characterisation of most permeable hydrogel 

candidates 

Of the hydrogel candidates, M9, D14, and D21 exhibited relative aqueous 

permeability values closest to the optimal aqueous permeability requirement (0.80 

±0.22 for D21, 0.72 ±0.12 for M9, and 0.67 ±0.41 for D14). Therefore, hydrogels M9 and 

D14 (D21 was not tested) were further characterised using ESEM to visualise the film 

microstructures. The ESEM micrographs are shown for a UV-cured 1015 hydrogel as a 

point of reference (Figure 4-32), for D14 (Figure 4-31), and M9 (Figure 4-33). There was 

a clear difference between the surfaces of 1015, D14, and M9 at high magnifications 

(100x and 250x). The 1015 hydrogel was smooth and gel-like with only blemishes 

present from preparing the sample using a scalpel. The surfaces of M9 and D14 

Figure 4-32. ESEM micrographs showing 1015 formulation hydrogel UV-cured for 1 hour at 60°C. 
(A) shows the surface of the cut corner of the hydrogel disc at 500x magnification, and (B) shows 
the surface at 100x magnification. The surface is smooth showing striations from being cut with 
a scalpel during sample preparation. 

Figure 4-31. ESEM micrographs are shown of D14 (43.9% w/w THF, 46.2% w/w HEMA, 8.8% w/w 
MPC, 0.4% w/w MBAM, and 0.1% APS). (A) shows the surface area of the hydrogel at 250x 
magnification. (B) shows the structure at a corner cut with a scalpel to expose the internal 
microstructure at 1600x magnification. The surface is characterised by phase separation. 
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appeared to have a more complex microstructure, with small agglomerates as a result 

of phase separation. This microstructure appears to correlate with the opacity observed 

in the hydrogels.  

4.5.2 Introducing physical channels to pHEMA hydrogels 

4.5.2.1 Fabricating pHEMA hydrogels around physical spacers 

As the results assessing relative aqueous permeability did not result in a clear 

candidate hydrogel formulation to pursue further, an alternative strategy to use 

hydrogels to control the aqueous flow that would not rely on the flow through the entire 

hydrogel film was explored. Physical spacers were placed in 1015 polymer mixtures 

before polymerisation to attempt to introduce physical channels that could be assessed 

for their control of aqueous permeability. After polymerisation, there was a clear 

discolouration around a stainless-steel wire in the xerogel suggesting that some 

oxidation of the metal occurred during polymerisation. This would be caused by the free 

radicals released by AIBN at 70°C. During hydration, the hydrogel completely split in half 

Figure 4-33. ESEM micrographs are shown of M9 (19.7% HEMA, 0.8% MPC, 0.5% w/w EGDMA, 
0.5% w/w APS, and 78.5% w/w water). (A) shows a 100x magnification of the corner of the cut 
hydrogel. (B) shows the structure at the edge and surface of the film at 2000x magnification. 
The porous-like microstructure correlates with the opacity observed in the hydrogels. 
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near the entry point of the wires. Upon removal of the wires, clear channels could be 

seen, but parts of the hydrogel surface were completely damaged, see Figure 4-34.  

When 1015 xerogels polymerised around a different spacer material, a glass 

capillary, the capillary could be easily removed from the hydrogel. However, the newly 

formed tube space significantly compromised the mechanical strength of the hydrogel, 

causing it to tear during simple handling of the material (Figure 4-35). Another 

noteworthy observation was the opacity of this hydrogel. This could be attributed to 

partial polymerisation of the hydrogel. As previously mentioned, oxygen can inhibit the 

radical polymerisation of HEMA (444). As the capillary tube was polymerised within the 

Figure 4-35. Standard 1015 was polymerised around glass capillaries (A) (outer diameter 100 
µm), the capillary could be easily pulled out of the hydrogel (B) but the hydrogels were 
mechanically weak and tore apart even with gentle physical manipulation (C, D). 

Figure 4-34. A standard 1015 xerogel was polymerised around (A) metal wires (diameter 120 
µm) which were carefully pulled out of the hydrogel (B) causing visible damage at the entrance 
points (C). 
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hydrogel, it could have transferred reactive oxygen species that inhibited the 

polymerisation of HEMA.  

A final attempt to introduce a physical spacer into the 1015 was with a 0.5 µm-

thick stainless steel spatula. Once fully hydrated, the stainless steel spatula could be 

removed, leaving a ‘pocket’ in the hydrogel. However, this pocket was delicate and 

compromised the integrity of the hydrogel, causing it to tear at the entry site of the 

newly created pocket, see Figure 4-36. 

4.5.2.2 Femtosecond laser augmentation of pouches, holes or tubes 

Femtosecond lasers were explored for the fabrication of pouches, tubes, and 

holes in 1015 hydrogels. The femtosecond laser was able to create a small 

(approximately 5 mm radius) irregular pouch in the xerogel without any visible damage 

to the surrounding xerogel surface. Upon hydration, this hydrogel surface above the 

pouch disintegrated, forming a pit in the hydrogel. This indicated that the laser was 

unable to create a pouch in the hydrogel, even though it might have appeared to do so 

in the xerogel. The significant difficulty in focussing the laser beam inside the xerogel 

prevented the formation of the pouch. Significant damage to the hydrogel surface was 

evident under the microscope. 

Further, it was attempted to fabricate 50 µm diameter holes on a 0.5 mm in a 

1015 xerogel. This was done to maintain the optimal aspect ratio that the laser could 

utilise for between the hole and the thickness of the xerogel, 1:10. Due to the low power 

setup of the standard femtolaser, only partial-thickness (superficial) holes were 

developed, see Figure 4-38. The diameter of the hole was about 63 µm, and reducing 

the diameter was not possible at lower wattages. Increasing the duration of the laser at 

Figure 4-36. Standard 1015 polymerised 
around a stainless steel spatula 
(thickness 0.5 µm, width 5 mm and; 
length 2.5 cm) formed a spacer that 
made the hydrogel mechanically weak 
and ripped during gentle physical 
handling of the hydrogel. 
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the same spot increased melting of the surrounding xerogel (Figure 4-38A) but did not 

make a full-thickness hole (Figure 4-38B).  

An automated platform was used to create a trench instead of a hole, but the 

edges were tapered to 5 µm on either side of the processed area. It was also observed 

that debris splashed and stuck near the processed area, possibly due to the high 

temperature in the Heat-affect Zone (HAZ). The HAZ increased in size with the number 

of shots. 

A single shot of the femtolaser fabricated a partial thickness hole with a diameter 

of 95 µm on the xerogel sample. Full-thickness holes seemed to be produced with 50 

shots, but under a microscope, it was also confirmed to be superficial. Although proper 

holes (full thickness of the xerogel) were successfully fabricated using additional lenses, 

the holes were tapered, and fracture damage occurred at the other end of the hole, see 

Figure 4-39. Given the aspect ratio of the diameter of the hole (50 µm) versus the 

thickness of the material (0.5 mm), it is difficult to produce a non-tapered hole using this 

technique. Additional lenses were used to reduce the intensity of the laser to reduce the 

risk of fracture damage to the xerogel. Using the additional lens, fracture lines and the 

Figure 4-38. Holes made by increasing the duration of femtolaser at same spot (front A and back 
B). 
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diameter of the holes were reduced in the xerogel. The diameter of the hole was about 

90 µm despite the reduced intensity. 

Using the hydrogel material to form holes also helped to reduce the risk of 

fracture lines at the back of the hole, see Figure 4-40. This was due to improved heat 

distribution HAZ caused by the volatilisation of water in the hydrogels. This effect is 

commonly observed when processing biological tissues using lasers (764). 

These results show that it was possible to create partial-thickness and full-thickness 

holes in hydrogel and xerogel states. Development of holes smaller than 50 µm proved 

challenging although further optimisation may be possible using varying lenses with 

different focal power and distance. 

Finally, it was not possible to create a uniform tube through a hydrogel and 

instead, a funnel with tapered edges was formed, as shown in Figure 4-41. The entrance 

appeared to be damaged although this may have been due to misalignment of the test 

apparatus. Developing a tube using the femtosecond laser was challenging and did not 

Figure 4-39. Hole formed by 50 shots using an additional lens (A)-front (B)-back showed visible 
damage to the xerogel. The scale bar is 20 µm. 

Figure 4-40. Holes created in hydrogels with reduced fractures due to improved heat distribution 
caused by volatilisation of water. The scale bar is 20 µm 
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provide uniform results. Achieving aspect ratios >100:1 is difficult and commercially not 

a feasible method to develop holes and tubes. 

The femtolaser works optimally with materials of a few hundred nanometers in 

thickness. Developing an accurate pocket could not be guaranteed in the case of 

xerogels, given that the material properties such as transparency may allow for light 

scattering and therefore affect the laser’s cutting ability. While an opaque material 

would allow for better cutting ability, it would not be possible to fashion a pocket in an 

opaque material as the laser cannot focus inside the material for ablation. These above 

results indicate that while it might be possible to make holes in the hydrogel using a 

femtolaser, it is not the optimal method in terms of feasibility and practicality. Given 

this above findings, no permeability tests were undertaken to test the permeability 

through laser augmented hydrogels. 

4.5.3 Mechanical integrity characterisation 

Because part of the rationale behind this experimental work included clinical 

input, a protocol for mechanical testing of hydrogel samples was devised for rapid 

preliminary measurement of the structural integrity of hydrogels. As shown previously, 

changing the concentration and types of monomers, co-monomers and diluents 

resulted in noticeable physical changes in the hydrogels. A typical 1015 xerogel was clear 

and physically resembled an acrylic sheet. The xerogel was fully hydrated to form a 

hydrogel before subjecting to mechanical integrity measurements. Visually, the 1015 

hydrogels resembled soft contact lenses, and they also resembled contact lenses in their 

Figure 4-41. Tapered end of the tube in the xerogel with irregular interior. The scale bar is 100 
µm. 
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durability, as they were delicate and easily prone to tearing. The 1015 formulation failed 

all three tests for mechanical integrity and endured “grade 2” folding and twisting and 

<16 g of weight in the stretching test, see Table 4-15. 1015, therefore, failed the 

qualitative mechanical integrity grading system and was too weak to be suitable for 

further development. UV polymerisation of 1015 (V1) offered no improvement over 

heat polymerisation (1015).  

Table 4-15. Results from the mechanical integrity characterisation of hydrogels. 

Hydrogel  Folding (0-3+) Twisting (0-3+) Stretching (g) 

1015 Fail (2) Fail (2) Fail (<16 g) 

V1 Fail (1) Fail (1) Fail (<32.3 g) 

M33 Pass Pass Fail (<16 g) 

M32 Pass Pass Pass (60.8 g) 

M31 Pass Pass Pass (88.5 g) 

M9 Fail (3) Fail (2) Fail <49 g) 

CM1 Fail (3) Fail (2) Fail (<49 g) 

CM2 Fail (2) Fail (2) Fail (<32.3 g) 

CM4 Fail (3) Fail (2) Fail (<16 g) 

CX7 Fail (2) Fail (2) Fail (<16 g) 

CX5 Fail (3) Pass Pass (60.8 g) 

CX4 Fail (3) Fail (3) Pass (60.8 g) 

I2 Fail (2) Fail (1) Fail (<16 g) 

D12 Fail (2) Fail (1) Fail (<16 g) 

D14 Fail (2) Fail (1) Fail (<16 g) 

D15 Fail (3) Fail (1) Fail (<16 g) 

D16 Fail (2) Fail (1) Fail (<16 g) 

D17 Fail (2) Fail (1) Fail (<16 g) 

D20 Fail (1) Fail (1) Fail (<16 g) 

Grades refer to the point of failure of the films. “Pass” refers to a grade of “3+” for the folding and twisting 
tests and >50 grams for the stretching test. 

 

However, longer curing durations at lower temperatures than required in the 

1015 procedure resulted in much more mechanically-resilient hydrogels. M31–M33 

films passed the folding test and twisting test, while M31 and M32 passed the stretching 

test, see Table 4-15. These films also contained a reduced amount of HEMA and higher 

amounts of water from the 1015 formulation; 40%, 50% and 60% w/w HEMA for M33, 

M32, and M31, respectively. 

The concentration of MPC had an impact on mechanical integrity. Higher 

amounts of MPC resulted in weaker hydrogels. For example, CM2 (10% w/w MPC) was 

able to withstand less weight in the stretching test than CM1 (5% w/w MPC) or M9 (0.7 

% w/w MPC). This correlates with the mechanical integrity of the 1015 formulation, 

which contains 14–15% w/w MPC. M9, which was one of the hydrogels close to optimal 
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aqueous permeability, failed all three tests, indicating it was too fragile for the type of 

clinical handling required for a GDD.  

The highest concentration of EGDMA tested (6.7% w/w) also failed all three tests 

to similar grades as the 1015 formulation. However, PEGDMA 700 g mol-1 (CX4) and 2000 

g mol-1 (CX5) displayed more mechanical resilience, passing the stretching test. 

Additionally, CX5 passed the twisting test, showcasing superior flexibility to CX4. No 

improvement was observed in hydrogel mechanical integrity when the concentration of 

AIBN was doubled. D12, which was the other hydrogel formulation that revealed a 

relative aqueous permeability near to the theoretical optimum, also failed all three 

tests. Semi-IPN hydrogels containing VP and THF (D12–D20) failed all three mechanical 

tests as well, indicating that THF decreases the mechanical strength of the hydrogels. It 

seems that there was a slight trend among these films, that with an increase in VP (THF 

was held constant), but the point of failure for folding tests decreased, and the hydrogel 

samples failed each of the tests.  

Finally, all coated mesh samples passed the qualitative mechanical integrity 

grading system. 
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4.6. Discussion 

Poor biocompatibility and inadequate aqueous flow control remain the most 

significant challenges faced in GDD development. The two mechanisms for flow control 

in current GDDs is either by diffusion through a fibrovascular capsule around the end 

plate or through a pressure-controlled valve. In this Chapter, a novel mechanism for 

aqueous flow modulation and IOP management using known biocompatible hydrogel 

materials was proposed. The main rationale for investigating hydrogels as a candidate 

material for flow modulation was based on work done by previous students in the 

Brocchini research group; one that showed the similarity between the internal 

structures of pHEMA-MPC hydrogels and a healthy trabecular meshwork, and another 

that demonstrated that a commercially available pHEMA contact lens did not elicit a 

fibrotic response in rabbit eyes. It was then hypothesised that by varying the 

components of pHEMA-MPC hydrogel formulations, optimal permeability to maintain 

IOP in healthy range would be achievable. As compared to the materials that are 

currently used in most GDDs, i.e. silicone and polypropylene, hydrogels may display 

better biocompatibility. Using the 1015 formulation as a starting point, the components 

of pHEMA hydrogels were manipulated before polymerisation. Because it was clear at 

the outset what the capacity for water flow was for hydrogels, so for hydrogels that 

polymerised were then subjected to testing for aqueous permeability and mechanical 

integrity. Discussion of the permeability and mechanical testing methods and best-

performing hydrogels will be given first, followed by a discussion of the categorical 

changes made to the hydrogel formulations. 

4.6.1 Permeability testing 

Permeability testing was conducted on all hydrogel samples using an in vitro test 

that mimicked the pressure and flow conditions of the subconjunctiva, and permeability 

reflects the transport characteristics of water through a material. Initially, a two-part 

open-top acrylic chamber was designed based on Franz cells that are commonly used to 

assess drug diffusion in skin permeation studies (765). However, preliminary testing 

revealed a significant drawback of this open-top chamber in that there was enormous 

variation in the permeability data for similar samples tested on different days. This 

variation was likely due to evaporation and the absence of a dedicated seat for the 
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hydrogel sample. Since this chamber did not actually mimic the physiological conditions 

of the subconjunctival space (where the hydrogel would not be exposed to air), an 

improved closed-top flow chamber was designed with a seat for the hydrogel sample to 

be placed during testing without damaging the hydrogel and without any evaporation 

occurring. This flow chamber did not leak and showed less variability and was thus used 

in the permeability studies.  

The FDA Aqueous shunt 501(k) guidance was published in 1998 and is a 

document that refers to devices intended to reduce IOP in patients with glaucoma when 

medical or surgical treatments have failed (145). The guidance is structured around 

recommendations for appropriate pre-clinical testing, such as pressure/flow 

characteristics, structural integrity, biocompatibility, and quality assessment, as well as 

recommendations for clinical testing, packaging, and labelling. The guidance outlines 

approaches for testing the flow characteristics of a GDD in vitro, with the caveat that the 

pressure/flow characteristics should be “substantially equivalent to that of a predicate 

device” (145). Predicate devices include Molteno®, Ahmed®, Baerveldt®, and Krupin. 

One of the approaches for characterising aqueous flow is the constant flow test, which 

evaluates the pressure versus flow characteristics of the device when exposed to a 

constant flow rate (mimicking the physiological flow rate of aqueous production of 2 µL 

min-1 in the eye) in an aqueous environment (145). 

Following this guidance, a constant flow system was initially used to determine 

the aqueous permeability of hydrogel samples. A three-way tap was used to connect the 

sample holder, the flow rate controller, and the transducer that was attached to a laptop 

with a software (Velleman, UK) to measure the pressure, see Figure 4-42. When the flow 

rate controller was fixed at a specific rate, the change in pressure was recorded with 

respect to time, and the calibration curve for the transducer was calculated. Once the 

flow control apparatus was fixed at a specific flow rate, readings from the transducer 

were monitored over time. Some publications utilise a syringe pump and pressure 

transducer to record similar data (766–768), but it was not possible to obtain any 

meaningful results using the fixed-flow approach as the permeability of the hydrogels 

was too low to match the 2 µL min-1 flow used for the tests. The pressure transducer 

would saturate the upper limit of pressure detection and eventually, the hydrogel disc 

would rupture.  
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The constant flow method required pressures greater than what is normally 

expected in the anterior chamber of the eye, and for these reasons, it was decided to 

continue testing the aqueous permeability of the hydrogels using only the dynamic 

approach (glass column method). In this method, a pressure head using a column of 

water was applied to the sample to activate flow and the fall in pressure is followed as 

a function of time. Also, by calculating the theoretical permeability value for water flow 

through hydrogels, the opening pressure of a valved GDD could be obtained from this 

test method (145). A similar method has been used to determine the changes in 

hydraulic conductivity of human Bruch’s membrane in the eye with age to correlate how 

these changes contribute to the development of acute macular degeneration (769).  

In the literature, similar methods that have been used to assess pHEMA hydrogel 

permeability to water by using Franz cell-like apparatuses (typically with clamped metal 

or glass cells, in which the sample was placed between supportive materials); however, 

these studies applied pressures to the samples that were 52 times, 68 times, and 1,323 

times as large as the pressure used this study (30 cm water/22.5 mmHg), but report 

permeability values of 2 x 10-13–1.5 x 10-16 m2 s-1 Pa-1 (749), 0.8–14 x 10-17 m2 s-1 Pa-1 

(752), and 2.9 x 10-17 m2 s-1 Pa-1 (770), respectively. All of these studies used supportive 

materials, such as filter papers and a metal mesh to prevent the samples from buckling 

under the high pressures used for the analysis. 

Figure 4-42. Schematic diagram for the system used for measuring permeability using a constant 
flow approach according to FDA guidelines for testing of aqueous shunts. The syringe driver was 
used at 2 µL min-1 to mimic the rate of aqueous flow in the eye. 
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4.6.2 Mechanical testing  

To address the limitations of currently used GDDs, an ideal GDD would be easily 

and quickly implanted into the subconjunctiva with only a small incision needed, as 

opposed to the time- and skill-intensive GFS. A GDD needs to be mechanically robust 

enough to be folded for implantation and maintain general structural integrity for an 

extended period while exhibiting minimal foreign body response. It also needs to be 

effective in reliable IOP control without the requirement of any post-surgical 

manipulation.  

Initially, hydrogel samples were tested for Young’s Modulus using an Instron 

Universal testing instrument. Films were cut into a dog bone shape and placed in the 

clamps of the machine and were pulled apart at a rate of 10 mm min 1 and 100 N (2 kg) 

static load; however, the films were too weak, and the results were not reproducible 

between samples. For this reason, a protocol for mechanical testing of hydrogel samples 

was devised for rapid preliminary measurement of the structural integrity of hydrogels. 

The testing was done keeping in mind the practical advice given by clinicians regarding 

the handling of GDDs in the clinic (personal communication with Professor Sir Peng T. 

Khaw). The stretching part of the protocol was based on the 510K FDA guidelines for 

Aqueous Shunts, where the recommendation for structural integrity is that any of the 

components of the device should withstand a force of 0.5 N (~51 grams) without 

breaking or causing leakage (CDRH, 1998). 

Of the hydrogels that were resilient enough to subject them to mechanical 

testing, all failed except hydrogels M31–M33, which passed the folding test and twisting 

test, while M31 and M32 passed the stretching test. These hydrogels contained reduced 

amounts of HEMA from the 1015 and higher amounts of water but were polymerised at 

50°C for 20 hours. The degree of cross-linking in the polymer network plays an important 

part in a hydrogel strength, as closely linked chains are more resilient to mechanical 

stresses. There seems to be an optimal ratio of monomer to cross-linker concentration. 

The hydrogels can be weak if the ratio is too high, as the polymer chains are held too 

close together, causing decreased network flexibility and forming brittle hydrogels 

(502). If the ratio is too low, the polymer chains have a greater degree of mobility due 

to being further apart (due to fewer cross-links), forming softer hydrogels that are 

mechanically weak (771). Physical hydrogels are not homogeneous, since clusters of 
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molecular entanglements, or hydrophobically or ionically associated domains, can 

create inhomogeneity. The free chain ends, or chain loops also represent transient 

network defects in physical gels (317). 

The main reason for the lack of mechanical strength of a hydrogel is its solution-

like nature, i.e. low density of polymer chains and small friction between the polymer 

chains (772). Another reason is the heterogeneity of the network structure of the 

hydrogel formed during the gelation (773). When a force is applied to a gel with a 

heterogeneous structure, stress is concentrated around the shortest chain, and this 

leads to a failure of the sample at a very low force (772). An increase in the mechanical 

strength of hydrogels comes at the price of further losing the permeability of the 

hydrogels to solvents (774), making them an unsuitable raw material for GDD 

development. An ideal GDD would have reliable material properties so it can survive 

being manipulated by a clinician and stay inside the body for a long time without 

disintegrating into smaller fragments.  

Over the past several years, strategies have been investigated to increase the 

mechanical strength of conventional hydrogels (319,677,775–782). The literature 

suggests that homogenous networks produce tougher hydrogels as compared to 

heterogeneous networks with equivalent cross-link density. These homogenous 

networks overcome the problem of the applied load being concentrated to fewer sites 

by uniformly distributing the strain to a larger fraction of chains, providing fewer sites 

for crack formation (676,783). Slip link hydrogels that were introduced in 2001 have 

been reported to be more robust in comparison to conventional heterogeneous 

hydrogels (784). The increased extensibility in these ‘topological gels’ is provided due to 

the ability of the (α-CD) cross-linkers to slide along the PEG polymer chains like a pulley 

(784,785). These sliding cross-links may enable all network strands between the cross-

links to carry equal force, leading to very high elongations at the break above 1000% 

(784). 

However, double network (DN) gels are the strongest synthetic hydrogels, with 

compression strengths >15 MPa as compared to ~0.5 MPa of a conventional single 

network hydrogel (786). Introduced in 2003, the DN hydrogels consist of two 

interpenetrating networks that are independently and sequentially prepared. The first 

network is soaked in a solution containing the monomer of the other second network, 

which is subsequently polymerised. The DN formed from poly(2-acrylamido-2-



 

271 
 

methylpropanesulfonic acid)(PAMPS), and polyacrylamide gels (PAA) gave a 

compression strength of 17 MPa as compared to 0.4 and 0.8 MPa of the single network 

gels of PAMPS and PAA, respectively (787). It appears that having a high molar ratio of 

the second network to the first (>10 times) and a very low degree of cross-linking in the 

second network is essential to achieve high toughness (786). The structural compromise 

caused by the micro-cracks in the first network (PAMPS) is compensated by the loose 

strands of the second network (PAA), stopping the crack propagation in the DN gel 

(788,789). However, these gels have demonstrated a large hysteresis in the first tensile 

load-unload cycle which seems to be absent in the subsequent cycles. This shows that 

even though these DN gels are much stronger than conventional hydrogel systems, the 

scission of the short strands in the structure can irreversibly deform them (751). 

It has been noted that a balanced stoichiometry of reacting groups, increased 

cross-linking efficiency and optimal reaction conditions (pH, salt concentrations) also 

can dramatically improve the mechanical properties of these DN hydrogels (772,790). A 

DN alginate-polyacrylamide gel system was made by a similar technique of sequential 

polymerisation of loosely interpenetrating networks (781). These gels contain ~90% 

water, can be stretched beyond 20 times their initial length (781). Other classes of 

hydrogels that seem to have more robustness as compared to the conventional hydrogel 

systems are nanocomposite hydrogels. They contain nano-particulate fillers like clay 

particles acting as multifunctional cross-linking sites (777). 

In this work, the method for characterising mechanical integrity to analyse 

hydrogels for their ‘clinic handling’ fit was validated by assessing technical replicates to 

reduce experimental error. However, the level of precision and accuracy could be 

significantly improved by using Dynamic Mechanical Analysers that employ linear 

motors and high-resolution displacement sensors that provide much better control over 

a wider range of force, displacement, and frequency. This would significantly improve 

the overall data quality and could be used to quantify the hydrogel materials for their 

moduli values. This could provide further insight into the underlying structural changes 

(polymer chain arrangement) as a function of hydrogel chemistry. 

4.6.3 Monomer 

To manipulate the primary chain length of the polymer, the concentration of 

HEMA monomer was altered in the 1015 hydrogel formulation, which utilises about 85% 
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w/w of HEMA. Increasing the HEMA content to 91.7% w/w (M1) showed a decrease in 

relative aqueous permeability compared with the 1015. Decreasing the concentration 

generally showed an increase in aqueous permeability of the hydrogel films. Decreasing 

the concentration of HEMA to 20% w/w (M9) exhibited a significantly (p<0.05) increased 

relative aqueous permeability with a Kdiff value of 0.72 ±0.12. This increased 

permeability to water flow was fairly close to the optimum permeability (Kdiff = 1.0) 

required to modulate aqueous humour theoretically. 

These results suggest that decreasing the concentration of HEMA monomer 

generally improves the relative permeability of the hydrogels to water flow. This finding 

is consistent with previous reports that found that increasing the amount of monomer 

available for polymerisation results in more polymer chains that produce additional 

network structures. These additional structures may hinder the entry of water into the 

polymer network and decrease the overall aqueous permeability (791). Moreover, 

HEMA monomer is water-soluble, but the newly formed pHEMA polymer is insoluble in 

water. Additionally, it has been determined that HEMA influences the arrangement of 

water within the hydrogel and that there are three types of water; water close to the 

polymer, the interstitial water in regions or cavities surrounded by polymer chains, and 

the bulk water in the environment (792). It is likely that higher amounts of HEMA have 

a lower proportion of interstitial water due to the additional network structures and a 

lower proportion of bulk water. Since the hydrogels were fully hydrated before testing 

for permeability, this decrease in bulk water could also explain the decrease in aqueous 

permeability as the concentration of HEMA increased (524). 

 The total hydrogel formulations with decreased a HEMA concentration from the 

1015 were adjusted to 100% w/w by adding water. Hydrogels with lower concentrations 

of HEMA (e.g. M9) were opaque, which was a reflection of the heterogeneous nature of 

the polymer structure (793). This correlates with what is reported in the literature as 

pHEMA hydrogels with a water content in the polymer solution >50% lose transparency 

(794). Indeed, the surface of M9, when visualised using ESEM, appeared to have a more 

complex microstructure than the 1015 hydrogel film, with small agglomerates at 2000x 

magnification as a result of phase separation. With the decrease of HEMA (<50% w/w) 

and the resulting pHEMA phase separation, there could be an increase in the overall 

porosity of the hydrogel structure. While this is useful in characterising a material for 

permeability with a GDD application in mind, this also resulted in mechanically weak 
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hydrogels. The propagation of tears and cracks in the hydrogel films even at relatively 

low amounts of applied stress (<49 grams) occurred. Personal communication with 

ophthalmologists indicated that the material’s capacity for clinical handling is essential 

as GDDs require manual manipulation during implantation into the subconjunctiva. 

4.6.4 Hydrogel curing 

To slow the rate of polymerisation, UV curing and lower temperature 

polymerisation conditions were intended to slow the rate of phase separation and 

produce a homogenous polymer network (795–797). It was anticipated that adding an 

annealing step would relax the polymer chains and reduce polymer chain movement 

during the hydraulic permeability testing. The effect of different polymerisation 

temperatures using different concentrations of HEMA, 30%, 40%, 50%, and 60% w/w, 

on aqueous permeability was investigated. Hydrogels that were cured at 40°C for 12 

hours (M19–M22) resulted in incomplete polymerisation, whereas hydrogel films cured 

at 40°C for 12 hours and then annealed at 120°C for 4 hours (M23–M26) fully 

polymerised, but the resulting xerogels were discoloured and shrunken.  

Films M31–M34 cured at 50°C for 20 hours resulted in a transparent, flexible film 

(M31) and phase-separated, white films (M32–M34). M30 (70°C for 7 hours) and M34 

films (both 30% w/w HEMA), when characterised using ESEM, appeared as 

agglomerations of small particles at the same magnification. M34 polymerised at a 

slower rate and a lower temperature than M30, and M30 seemed to have a smaller 

microstructure than M34, which suggests that curing conditions have an impact on 

hydrogel structure. A study characterising phase-separated pHEMA hydrogels for drug 

release found a remarkably similar macroporous structure of a hydrogel sponge with 

30% w/w HEMA polymerised for 50°C for 20 hours (798). Cases of incomplete 

polymerisation also affected the structural integrity of the hydrogels causing them to be 

more prone to physical damage under mechanical stress (such as the column of water 

at 30 cm, used for permeability testing).  

Increasing polymerisation temperatures and duration also formed tougher 

hydrogels. The hydrogels that were cured at lower temperatures (50°C) for longer 

durations (20 hours) exhibited the greatest mechanical strength. This could be 

attributed to the increase in the reaction sites (due to increased initiator to monomer 

ratio), forming an increased amount of smaller primary chains. The increased 
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temperature has also been associated with more branching of the polymer chain due to 

increased primary to secondary chain ratios (799). 

UV initiation resulted in transparent films with no significant difference in the 

relative aqueous permeabilities between the UV-cured 1015 hydrogels that were diluted 

with water. V2 (60% w/w HEMA without MPC); however, exhibited the highest relative 

aqueous permeability of the samples provided from Vertellus, with a Kdiff value of 0.45 

±0.09.  

4.6.5 Co-monomers 

MPC was used in the hydrogel formulations because it is zwitterionic and is 

highly biocompatible. MPC is also a hydrophilic molecule that attracts a large amount of 

water compared to HEMA, which could influence the amount of water and the 

distribution of water within the hydrogel matrix. Increasing the concentrations of MPC 

generally increased the average Kdiff values, and there was a significant difference 

(p<0.05) between hydrogels containing 4.1% and 9.1%, and 4.1% and 14.1% w/w MPC, 

an increase in relative aqueous permeability observed between these formulations. 

MPC concentrations >10% w/w resulted in no statistically significant (p>0.05) change 

between the films. Upon increasing the MPC concentration, hydrogels absorb increased 

amounts of water, making them soft. This causes the weakening of the polymer network 

due to reduced density of polymer chains and smaller friction between the polymer 

chains, caused due to water molecules arranging themselves around the hydrophilic 

groups in the polymer chain (772,800) 

Numerous MPC polymers having a wide variety of molecular architectures, such 

as random co-polymers, block-type co-polymers, graft-type co-polymers, and terminal-

functioned polymers are being utilised today in the clinic (363,746). It has been shown 

that homogeneously prepared MPC polymer surfaces normally have low water contact 

angles (0–20°), displaying a non-cell-adhesive surface nature. It was reported that a 

heterogeneously prepared poly(dimethylsiloxane) surface coated with MPC (highly 

hydrophilic, with a water contact angle of less than 20°) induced a large number of 

plasma proteins to adhere onto its surface even though the MPC monomer composition 

was around 45% (801). This result emphasises the importance of surface morphologies 

in designing a biomaterial. Heterogeneously segregated hydrophobic domains can have 
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a significant effect on cellular responses, even with a hydrophilic MPC polymer surface 

(801). 

Increasing concentrations of co-monomer VP generally increased the average 

Kdiff values; however, this trend was not statistically significant (p>0.05). Using PVP to 

form an IPN with components in the 1015 formulation resulted in hydrogels that showed 

a statistically significant (p<0.05) decrease in permeability as compared with the 1015 

formulation. The Kdiff for 20 mg PVP (0.79% w/w)(CM6) dissolved in 1 mL of polymer 

mixture was found to be 0.07 ±0.03. PVP is a hydrophilic polymer that has been used as 

a pore-forming additive in membranes for ultrafiltration and synthesising IPN hydrogels 

for drug release (802). IPNs are based on polymer blends in which linear or branched 

polymers are embedded into one or more polymer networks during the polymerisation 

reaction without any chemical reaction occurring between them (289,312). PVP is also 

used in the pharmaceutical and food industry and has been found to be non-toxic in vivo 

(802). PVP was stirred in a HEMA mixture to make semi-IPN hydrogels where the free 

chains of PVP macromolecules would be embedded into the pHEMA network (803). As 

expected, the hydrogels showed an overall decrease in permeability as compared to the 

1015 formulation. In the presence of water, the hydrocarbon chains increase the 

hydrophobicity, leading the gel to collapse rather than swell. This minimises the number 

of hydrophobic groups that can be exposed to water and allows less transport of water 

as a consequence (804). 

Adding PVP to HEMA mixtures resulted in hydrogels that felt tougher as 

compared to 1015. This could be due to the hydrogel being less hydrophilic than 1015, 

leading to less water content, feeling less slippery and hence, tougher than 1015. 

Furthermore, water has been previously well established in various industrial 

applications to act as a plasticiser, decreasing the interactions between polymer chains 

in that context (805). If water is present during the polymer network synthesis, some 

water molecules remain entrapped and strongly bonded to the polymer cross-linked 

structure, decreasing the friction between the polymer chains, making the hydrogel 

weaker (773). 

Given the assumption that the hydrophilic nature of HEMA could be responsible 

for the ‘holding’ of water and therefore a lack of hydrogel permeability, EMA was used 

to introduce hydrophobicity to the hydrogels. Hydrogels containing HEMA:EMA::1:1 

(CM13) showed virtually no permeation to water, which can potentially be explained by 
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the hydrophobic EMA migrating to the outer surface in the hydrogel (simultaneously as 

the polymerisation of hydrophobic pHEMA) creating a barrier to water entry. The 

addition of other co-monomers, HPMA, and PC105 did not improve the relative aqueous 

permeability either. 

4.6.6 Cross-linkers 

A cross-linker has been reported to play a major role in modifying the properties 

of hydrogels in terms of permeability and mechanical properties. The chemical structure 

of a cross-linker can affect absorption properties by providing more/fewer cross-linking 

sites. Hydrophilic cross-linkers enhance the aqueous permeability of hydrogels (806). 

Cross-linkers have been reported to have an ideal, and usually short, concentration 

range with respect to the polymer, below and above which, the absorption capacities of 

hydrogels decreases (807–809). Cross-linked pHEMA hydrogels have previously been 

reported to have a range of values for aqueous permeability which have been reported 

to be affected by their cross-linker density; 0.1 to 1.5 x 10-16 m2 s-1 pas-1, solvent 

concentration (ethylene glycol); 0.03 to 1.5 x 10-16 m2 s-1 pas-1 and cross-linker 

concentration (ethylene dimethacrylate, EDMA); 2.0 x 10-13 to 1.7 x 10-18 m2 s-1 pas-1 

(749).  

In this study, increasing the concentration of EGDMA up until 1.46% w/w 

displayed a general increase in aqueous permeability. Increasing the concentration of 

EGDMA further resulted in decreased average relative aqueous permeability values. 

However, no significant changes in the aqueous permeability were observed. This was 

perhaps due to the increase in the cross-linking density within the bulk structure of the 

hydrogel. Cross-linking density of hydrogels is controlled by the fraction of cross-linking 

agent present during the polymerisation and the double bond conversion process. Low 

concentrations of cross-linking agents lead to heterogeneous cross-linking degrees in 

the polymer network. This disrupts the active formation of the three-dimensional 

polymer network, and consequently, the water molecules cannot be held, decreasing 

the ability of the hydrogel polymer chains to hold water (804). This would also explain 

the increased variability that was observed in relative aqueous permeability at 0.2% w/w 

EGDMA. 

At high concentrations of cross-linkers, cross-linking sites are more readily 

available, facilitating the formation of more closely-bound polymer chains that preclude 
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water entry and could decrease the aqueous permeability of the hydrogels (810). 

Moreover, at higher cross-linker concentrations, a large number of growing polymer 

chains are involved in producing an additional network structure. This dense 

concentration of additional network further impedes water penetration into the 

network, decreasing the overall aqueous permeability (791,806). Using EGDMA at 2.1% 

and 6.8% w/w, hydrogels exhibited an increased variation in their aqueous permeability. 

This suggests the formation of increased polymer networks with the increase in cross-

linker density and a more macroporous network (804,811). Increased concentrations of 

EGDMA lead to poorer water solubility of the polymer mixture, leading to phase-

separation during polymerisation, which is responsible for this macroporous structure. 

Haldon and Lee reported that the mechanism of aqueous permeability at such a high 

concentration of the cross-linker would exclusively be through viscous flow (749). This 

macro-porosity has also been reported to form weaker hydrogels that may disintegrate 

(usually with micro-cracks) which skews the results from permeability measurements. 

This observation was also confirmed in the present work when hydrogels formulated 

using 6.8% w/w of EGDMA failed all three mechanical tests. 

MBAM is a more rigid and shorter cross-linker compared to EGDMA because 

there are two amide functional groups in MBAM’s structure, whereas EGDMA has two 

esters that allow an easier degree of chain movement. In the present work, at similar 

low concentrations, MBAM (0.5% w/w)(CX15) slightly increased hydrogel permeability 

but decreased permeability at increased (2.5% w/w)(CX16) concentrations. The 

hydrogels formed were mechanically weak and failed all three tests during mechanical 

characterisation. MBAM is most frequently used for cross-linking PAA gels, which are 

widely used in industry and academia. These gels have regions with varying cross-linking 

densities (812,813). Where the density of cross-linker is higher, the rate of 

polymerisation and monomer to polymer turnover rates are higher, forming micro-gels 

within the hydrogel. This inhomogeneity of the polymer network leads to the formation 

of low strength brittle hydrogels (751). Previous studies have observed that PAA gels 

most likely show low toughness, as only a few strands between microgels need to be 

fractured in order for crack propagation. This can initiate micro-cracks that act as stress 

concentrating sites, aiding in macro-crack propagation and hence a weaker gel 

(676,773). 
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The use of PEGDMA has been reported in the literature to improve the aqueous 

absorption capacity of hydrogels due to the increase in the hydroxyl groups (814). Even 

if this might be the case, in present work, hydrogels prepared with PEGDMA 700 g mol-

1 (CX4) and 2000 g mol-1 (CX5), the aqueous permeability decreased as compared to the 

EGDMA used at the same concentration, suggesting that increased water absorption 

may not necessarily mean increased water transport. However, an interesting result was 

the increased mechanical resilience of CX4 and CX5, passing the stretching test. 

Additionally, CX5 passed the twisting test, indicating that a longer cross-linker was better 

suited to improve the flexibility of hydrogel films. It is worth noting that when a hydrogel 

is thinner, it is easier to compact the hydrogel pores when pressure is applied by a 

column of water, blocking the flow of water through the hydrogel. This was further 

confirmed when for a similar concentration of EGDMA (0.5% w/w), thinner hydrogels 

exhibited lower aqueous permeability. 

4.6.7 Initiators 

The amount of initiator affects the molecular weight of the primary polymer 

chains in the system. At low initiator concentrations, the monomer to polymer 

conversion reaction does not proceed completely due to lack of free radicals supplied 

by the initiators. This decreases the water absorption capacities of hydrogels. Increasing 

initiator concentration has been linked to the increased monomer to polymer 

conversion rates by providing more initiating species (sites) for polymerisation 

(276,815).  

Use of APS with other initiators has been shown in the literature to improve the 

polymer reaction by improving the monomer to polymer conversion rate (Zhang et al., 

2006). It was hypothesised that since APS begins the polymerisation process much faster 

than AIBN, this would form smaller pores in the hydrogel, and would lead to a mixed 

pore size distribution, thus would increase aqueous hydrogel permeability. This was not 

the case when only APS was changed (I3), but the combination of APS in other 

formulations with high water content, resulted in improved aqueous permeability (M9). 

Increasing the AIBN to a maximum limit in terms of solubility (I2)(1% w/w) 

produced rigid, but crumbling hydrogels that failed all three tests for mechanical 

integrity. This could be due to the presence of excess radicals in the system which 

created small dimers or oligomers of HEMA, increasing the formation of heterogeneous 
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micro-gel structures with decreased cross-linked network size that reduced the overall 

mechanical integrity in the hydrogel (808).  

4.6.8 Diluents 

The addition of t-butanol, glycerol, and THF to hydrogel formulations was tested 

for their effect on aqueous permeability. Solvent concentration affects the hydrogel 

network properties by affecting the dynamics of free radical propagation. At low solvent 

concentration, the double bond concentration surrounding the free radical is relatively 

high. This leads to a faster propagation step and less opportunity for the free radicals to 

cycle (react intra-molecularly with its own pendant double bond), losing the opportunity 

to cross-link. The higher the extent of this cyclisation, the less cross-linked the polymer 

will be and the larger the mesh size (771). Solvent type and quality also have been 

reported to affect the hydrogel network properties. The result of using a less viscous 

solvent is a loose network structure, and firm networks result from using more viscous 

solvents. Increasing the concentration of diluents in the polymerisation mixture leads to 

phase separation as the polymerisation process progresses (793). The solubility 

differences between the monomer and cross-linker in the solvent is another important 

factor in governing the final polymer structure. The difference in solubility determines 

the rate and extent of cyclisation of the cross-linker (771).  

The hydrogels containing THF were semi-opaque, suggesting the irregular 

formation of the primary polymer chains, caused by phase separation during 

polymerisation. The addition of 16% (D12) and 43.9% w/w THF (D14) created hydrogels 

permeable to water that were closer to the desired permeability, with an average Kdiff 

value of 0.41 ±0.1 and 0.67 ±0.41, respectively. Replacing MBAM with a similar 

concentration of EGDMA (D21) increased (p>0.05) the Kdiff value to 0.8 ±0.22. However, 

the amount of THF used for formulating these hydrogels was not safe as the lower 

explosive limit of THF is much lower, 0.2% (816). Hydrogels with a high content of 

diluents (>30%) were structurally weak and tore easily, which indicates that some of the 

samples could have been damaged while being screwed in the flow-chamber for the 

tests. Hydrogels with a higher content of diluents (>50%) were too fragile to be tested, 

and after a few attempts with ruptured discs, these permeability tests were not 

continued to avoid spurious results. 
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Compared with no THF used (CM17 and CM18), the Kdiff values significantly 

(p<0.05) increased when THF was used with increasing VP concentrations. The near-

negligible water resistance was possibly caused by the formation of micro-tears in the 

structure when subjected to the water column for permeability testing. Adding a diluent 

to the formulation caused phase separations to occur, which indicates that larger pores 

within the hydrogel microstructure were formed. The permeability seemed to be 

concentration-dependent in the case of both THF (p>0.05) and VP (p<0.05), suggesting 

an increase in the hydrogel porosity when increasing diluent concentration. It is worth 

noting that these gels were mechanically fragile and subjecting them to pressure (even 

as low as the testing pressure of 30 cm water) could have caused micro-tears in the 

hydrogels that were not noticeable by visual inspection.  

4.6.9 Mesh 

Mesh with different average pore sizes were coated with a solution of a different 

biocompatible non-cross-linked polymer PC 1059 using the dip-coating method. 

Unsurprisingly, there was a significant increase in permeability when compared with the 

1015. All mesh samples tested using the mechanical characterisation methods passed 

all three tests (data not shown). However, these formulations did not provide enough 

resistance to flow to match the ideal IOP regulation required for managing glaucoma. 

Additionally, coating mesh could provide with additional challenges such as coating 

reproducibility, surface texture, coating efficiency and additional cost involved. This 

might be a viable area for future studies where a mesh could be used as a scaffold to 

reinforce hydrogel strength. 

4.6.10 Laser 

Because all hydrogels exhibited low relative aqueous permeability values an 

alternative approach was considered for a hydrogel GDD: that a pouch or tube could be 

fabricated using femtosecond laser from a hydrogel so that water did not have to flow 

through the entire hydrogel. The pouch could potentially be engineered (by 

depressurising the pouch before implantation) to exert pressure from inside the 

hydrogel to improve flow. Femtosecond lasers are routinely used in cataract surgery 

where the cloudy lens is removed and replaced with a synthetic intraocular lens (IOL). 

In the surgery, an incision is created where the cornea and sclera meet, to remove and 
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insert the new IOL. Precise incisions are produced by the use of femtosecond laser 

machines. The laser eliminates variability due to surgical skills and produces incisions 

without damage to surrounding tissues (817,818). 

The laser could also be used to fabricate holes, increasing the porosity of the hydrogel, 

without affecting the surface of the hydrogel, surrounding the pouch to control the rate 

of aqueous diffusion with better precision.  

It was confirmed that creating micrometre-sized holes in xerogels and hydrogels 

via femtolaser augmentation is not feasible since the material properties of hydrogels 

required for an optimal GDD interfere with the technical processes of the femtosecond 

lasers. In addition to subpar permeability, the hydrogel compositions were too fragile to 

be practically handled and manipulated by a clinician. The introduction of physical 

spacers to create drainage channels, although rudimentary, also supported these results 

that permeable hydrogels made from biocompatible materials were too weak for 

practical manipulation. 

4.6.11  Overall hydrogel performance 

A range of aqueous permeability values for other types of hydrogels have been 

previously reported in the literature, Table 4-16. In permeability analysis, fluid flow 

through pHEMA hydrogels is like that of a rubber-like material. It shows an initial strong 

decrease in permeability due to membrane compaction, eventually attaining a constant 

value of water flow after a period of time, as mentioned previously in the literature 

(752). These permeability values are generally comparable to the experimental results 

presented in the present work, but these values also do not suffice to match the outflow 

rate of the aqueous needed to match the production rate of the eye to prevent the 

increase in pressures as seen in glaucoma patients. 

Table 4-16. Comparison of permeability values of various hydrogels in the literature. 
Permeability reported 

(m2 s-1Pa-1) 
Materials Source 

1 x 10-9 Collagen hydrogels (750) 

0.8 to 14 x 10-17 
pHEMA cross-linked with EDMA, prepared with PVP, glycerol or 

diacetin 
(752) 

1 to 5 x 10-15 and 2.8 x 
10-17 

Acuvue contact lens, a co-polymer of HEMA and MMA (819) 

1.2 x 10-13 and 6.5 x 10-

15 
Fibrin hydrogels (820) 

0.1–59 x 10-5 
pMEMA, pMEEMA, and their co-polymers with pHEMA with 

water ranging 3–63% 
(821) 

3.56 x 10-10 With sacrificial additives (810) 
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4–9 x 10-18 Soft contact lenses (822) 

1.8 x 10-14 0.686-mm thick Etafilcon-A hydrogel membrane (58 wt% water) (823) 

Cross-linker density: 
0.1– 1.5 x 10-16 

Solvent concentration: 
0.03– 1.5 x 10-16 

EDMA concentration: 
2.0 x 10-13–1.7 x 10-18 

pHEMA (749) 

0.075–42.04 x 10-16 
GMA, HEMA and PGMA hydrogels. Some had cross-linker 

TEGDMA, initiators APS, sodium metabisulfate 
(824) 

2.9 x 10-17 
Monomer (GMA or HEMA or MMA), solvent (water, water/formic 

acid for GMA, water-ethylene glycol for HEMA), TEGDMA as 
cross-linker for some membranes, initiator K2S2O8 and Na2S2O5) 

(770) 

99/1: 2.0x 10-16 
90/10: 1.9 x 10-16 

AAM/MBAM as a fraction 99/1 and 90/10 (825) 

Abbreviations: APS, Ammonium persulfate; EDMA, ethylene glycol dimethacrylate; GMA, glycidyl 
methacrylate; MMA, methyl methacrylate; PGMA, poly(glyceryl methacrylate); pHEMA, poly(2-
hydroxyethyl methacrylate); pMEEMA, poly(methoxyethoxyethyl methacrylate); pMEMA, 
poly(methoxyethyl methacrylate; PVP, poly-n-vinyl pyrrolidone; TEGDMA, tetraethyleneglycol 
dimethacrylate.  

In the present work, out of all the hydrogels tested for aqueous permeability 

using the dynamic flow approach, hydrogel D21 exhibited a relative aqueous 

permeability closest to the optimal permeability value, with a Kdiff value of 0.80 ±0.22. 

Other hydrogels that displayed relative aqueous permeability values close to the optimal 

permeability value were M9 and D14. Overall, these hydrogels were opaque, suggesting 

phase separation occurred, and they were fragile, performing poorly in qualitative 

mechanical testing. M9 contained a very low HEMA concentration (20% w/w), with the 

majority of the remaining formulation made up of water. D21 contained 45.3% w/w 

HEMA, 7.6% w/w MPC, and 46.7% w/w THF, while D14 contained 46.2% w/w HEMA, 

8.8% MPC, and 43.9% THF. Both formulations contained no water. Although these 

relative aqueous permeability values were close to the required optimal permeability, it 

was still not sufficient for modulating aqueous flow in a glaucomatous eye. In the clinic, 

their use would translate to an elevated IOP (>10 mm Hg), and the disease progression 

would not be halted. For this purpose, the hydrogel formulations investigated in this 

chapter were deemed unfit for GDD development, and an optimised formulation was 

ultimately not identified.  

Another reason for the low permeability to water flow may have been due to gel 

blocking. In this case, it is possible that under the pressure of water flow, hydrogel chain 

conformations change, which results in polymer chains blocking any liquid flow. Höhne 

and Tauer suggested gel-blocking in a confined geometry is responsible for the reduction 
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in the water inflow with increased hydrogel swelling in direct contact with water (826). 

Wack and Ulbricht have suggested a diffusion-relaxation model for estimating the 

swelling pressure responsible for gel blocking effect in hydrogels (827). Compared with 

an osmotic driving force that is determined only by the number of solute molecules, 

swelling pressure additionally takes into account the elastic force of the gel, making it 

more reflective of the sorption (relating to both absorption and adsorption as a single 

process) process for polymer-solvent systems (828). Berg et al. suggested that the 

surface area to mass ratio of the polymer plays a significant role in water uptake and 

decreasing the mass average particle size can increase water uptake (829). However, 

counterintuitively, these small polymer particles may coagulate due to the fluid tension 

forces, forming a barrier to fluid flow within the hydrogel mass, decreasing their 

permeability. This phenomenon is termed as ‘gel blocking’ (829). 

Flory and Rehner have proposed that water molecules (solvent) penetrate the 

cross-linked polymer networks to produce 3D molecular network at the same time 

expanding the primary polymer chains between the cross-linked junction points (830). 

The osmotic pressure is the primary driving force for the expansion of the polymer 

network. The polymer network also has a counteracting elastic force that tries to make 

the networks contract. When these opposing forces reach an equilibrium, the expansion 

and contraction also reach a balance (831). pHEMA hydrogels are highly hydrophilic, and 

once equilibrium swelling by water absorption is reached, any additional uptake of 

water is unfavourable as there is no osmotic pressure to counteract the elastic 

contractive force of the polymer network. This explains why xerogels (dry hydrogels) 

readily swell up in water. When hydrogels are placed on a dry surface, such as a lab 

bench, the water quickly evaporates, much like what happens in a contact lens that is 

left exposed to air. This further indicates the role of an osmotic gradient on the aqueous 

permeability of hydrogels. 

However, to understand the effects of “pore-compacting” in various hydrogel 

systems, the permeability measurements should be taken for more extended periods 

under varying pressure gradients. A major limitation of this study was that the aqueous 

permeability of hydrogels was only tested over a two-hour window as the aim of this 

research was to achieve optimal ‘water transport’ at a fixed pressure and as a function 

of hydrogel chemistry. Conventional gravity flow and constant flow tests proved not to 

be precise enough to assess flow rates at a microliter scale properly. However, it would 
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be interesting to investigate an ‘optimal pressure‘ for water transport through hydrogels 

or utilise a microfluidic approach to measuring flow control at smaller volumes more 

precisely. 
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4.7. Summary and conclusions 

The original contribution of this research indicates that even though hydrogels 

allow some permeation of aqueous flow under applied pressure, their permeability was 

far lower than the values required for efficient aqueous humour drainage and IOP 

management by an ideal GDD. It was further established that there was an apparent 

compromise between aqueous permeability and mechanical strength of the hydrogels. 

Formulating permeable hydrogels was possible, but it seemed that any increase in 

permeability resulted in fragile hydrogels, unsuitable for ‘clinic handling’. Improving the 

aqueous permeability through other engineered means, such as femtosecond laser 

drilling and moulding around physical spacers was also investigated but were 

unsuccessful in fabricating a mechanically-robust hydrogel that could be further 

characterised for aqueous permeability.  

The investigations described in this Chapter were unable to optimise a hydrogel 

formulation suitable to be used as a good candidate for GDD development. Future work 

could involve conducting permeability experiments for a longer period to understand 

the effects of pressure on water flow through hydrogels and exploring techniques to 

formulate tougher hydrogels that can withstand physical modification and ‘clinic 

handling’. The primary conclusion of this experimental work that permeation of water 

does not necessitate flow through hydrogels is obviously practical but is also of 

fundamental importance. 
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 General discussion, conclusions and future work 

Glaucoma is the leading cause of irreversible blindness, affecting over 70 million 

people worldwide (4). Currently, the only clinically modifiable risk factor in halting the 

progression of glaucomatous neuropathy of the optic nerve is lowering the IOP. Almost 

all treatment modalities aim to achieve lowering of the IOP by either reducing aqueous 

humour production or by increasing aqueous drainage. The first line of treatment is 

using eye drops, but poor-patient compliance, sub-optimal therapeutic efficacy, and the 

risk of systemic side effects pose significant challenges to the success of this therapy. 

To provide an effective lowering of the IOP, surgical interventions such as GFS or 

GDD implantation are required to create a new channel for the aqueous humour to drain 

into the subconjunctival space and lower the IOP. However, postoperative fibrosis leads 

to scar formation, posing a significant challenge to the success of these surgeries as it 

may close the channel formed during GFS or GDD implantation. Anti-metabolites are 

applied locally or injected at the site of surgery to improve outcomes, but these drugs 

may have blinding complications stemming from hypotony and infections. This 

necessitates close monitoring of the patient after surgery. Additionally, frequent 

medications are required after surgery in the form of repeated subconjunctival 

injections or as dexamethasone (DEX) eye drops to reduce local ocular inflammation. 

Despite significant research into drug delivery implants, no prolonged-release 

subconjunctival implants have been approved to control post-surgical inflammation. 

There is an unmet clinical need to improve current glaucoma therapy.  

The objective of the work described in this thesis was to investigate potential 

approaches to improve current glaucoma management via surgical interventions. Two 

main strategies were pursued; First, to explore methods for prolonged site-specific 

delivery of anti-inflammatory drugs that are commonly used ophthalmology. To this 

end, the primary strategy was to use drug-eluting spacers to prolong drug release in the 

subconjunctival space. Surfactant loaded pHEMA non-degradable hydrogels containing 

DEX were formulated. Degradable chitosan hydrogels, as well as electrospun fibres and 

solvent cast spacers, using PCL and poloxamers, were formulated with doxycycline 

(DOX) were also formulated. Second, the potential of elastomeric pockets for prolonging 
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drug release in the subconjunctival space was investigated. Finally, the use of 

biocompatible materials for the regulation of aqueous flow and their feasibility as raw 

materials for GDD development was assessed. To investigate this further, novel and 

established hydrogel formulations were characterised for their ability to modulate 

aqueous flow while being able to endure ‘clinical’ handling that would be required 

during implantation in the eye. 

An ideal implantable drug delivery system would be biocompatible and would 

deliver an anti-fibrotic over approximately five-weeks, which is the critical period of 

maximum postoperative fibrosis. Bearing these considerations in mind, well-established 

biocompatible materials were utilised to formulate spacers with the aim to prolong the 

release of anti-fibrotic drugs for at least five weeks. Previous work conducted in the 

Brocchini research group and by researchers in other labs has demonstrated that using 

a ‘spacer’ can promote bleb survival, better IOP control and a lower rate of 

postoperative complications to the same degree or better than MMC, when combined 

with GFS. The potential for using hydrogels as a spacer for site-specific drug delivery has 

also been demonstrated favourably in the literature. However, poor drug loading 

efficiencies, dose-dumping and consequently, short maintenance of the therapeutic 

window are the significant challenges in using hydrogels for developing effective drug 

delivery spacer systems.  

To overcome these hurdles, a non-ionic surfactant, Brij 98, was used to form 

micellar aggregates in pHEMA hydrogels. The rationale behind this work was that if the 

micelles could be loaded with a drug and entrapped within the hydrogels, a depot effect 

would occur, prolonging the drug release from these surfactant-drug combination 

hydrogels. A model hydrophobic drug, DEX, which is most commonly used in 

ophthalmology to control post-surgical inflammation, was loaded in the pHEMA 

hydrogels. For drug-release analysis, an in vitro setup was used which mimicked the 

subconjunctival space bleb volume, temperature and aqueous humour flow rate. Drug 

release results confirm that Brij 98 (1.25% w/v)-containing pHEMA hydrogel spacers 

could be loaded with DEX at a significantly higher drug loading efficiency and can release 

DEX for a significantly extended period (over a month), as compared with DEX loaded 

pure (no surfactant) pHEMA hydrogel spacers. 

Despite the numerous improvements made to the traditional GFS and the advent 

of new GDDs, scarring is the prime cause of suboptimal pressure control and surgical 
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failure in all forms of surgery. As a general principle, the duration and severity of post-

surgical inflammation correlate well with the extent of fibrosis (353). If a prolonged drug 

delivery system of an anti-inflammatory agent could be translated to the clinic, it would 

improve the current failure rate of glaucoma surgery. The main potential advantages of 

such an implant would include, but not be limited to; localised drug delivery, improved 

patient compliance by eliminating eye drop usage, minimised systemic side effects by 

reducing off-target effects, lower drug doses by avoiding first-pass metabolism, 

improved drug stability by avoiding the gastrointestinal and the hepatobiliary systems, 

and in the case of an adverse reaction, a facile termination of drug delivery. Drug release 

results from the in vitro experiments indicated that it is possible to prolong DEX release 

from Brij 98-loaded pHEMA hydrogel spacers at a therapeutic concentration, for over a 

month. 

It could be argued that the prolonged release of DEX was observed due to the 

higher drug loading in Brij 98-loaded pHEMA hydrogels and that a similar drug release 

profile might be achieved by using a mini DEX tablet. It is worth noting that DEX has very 

poor solubility in water, and indeed, the rate of drug release from a tablet might be slow 

in the subconjunctival space. However, one cannot dismiss the fact that any particulate 

matter excites a foreign body response characterised by inflammation and scarring 

when placed in the subconjunctival space. DEX, when used alone or in combination with 

other potent anti-fibrotic drugs, still elicits a significant antagonistic effect due to the 

non-solubilised drug. Using a hydrogel would potentially be a viable method to mask the 

particulate drug matter while maintaining a therapeutic concentration at the site of 

surgery. 

Furthermore, this drug delivery system could be loaded with other potent anti-

fibrotic drugs, such as ilomastat, which has shown to be a highly effective anti-scarring 

agent at nanomolar concentrations. The contribution of the work presented here has 

been to demonstrate a proof-of-concept that pHEMA hydrogels, when loaded with Brij 

98 micelles, can prolong the release of DEX for over a month at therapeutically relevant 

levels. Future work to establish the viability of Brij 98-loaded pHEMA spacer system for 

prolonged drug delivery could involve, in the first instance, an investigation into 

candidate drugs with similar chemical and physical properties to DEX. 

Next, the aim was to formulate a degradable spacer system that could prolong 

the release of DOX for five weeks. DOX, a broad-spectrum antibiotic has shown promise 
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as an anti-scarring agent in ophthalmology. DOX is also known to undergo photolysis 

and thermally-induced-degradation. Therefore, all the materials chosen for spacer 

formulation had well-established biocompatibility, and the techniques investigated for 

spacer formulation did not involve high temperatures. Chitosan-glycerophosphate 

solutions containing DOX (monohydrate and hyclate) were formulated that turned to 

gels at physiological pH and temperature. The advantage of such a spacer system would 

be the ability to be injected at the site of surgery and then transition into a 

mucoadhesive gel, that would prolong the release of DOX and modulate post-surgical 

wound healing. The majority of DOXhyclate was released in three days while DOXmonohydrate 

was released in one week when assessed using the in vitro drug release setup.  

Next, PCL was used in combination with poloxamers (188 and 407) to formulate 

degradable spacers, encapsulating DOXmonohydrate. It was possible to formulate DOX-PCL-

poloxamer fibres, using the electrospinning technique, and DOX-PCL-poloxamer spacer 

matrices, using the solvent cast technique. Diameter distribution analysis revealed that 

fibres formulated using poloxamer 188 were on average thinner than fibres formulated 

using poloxamer 407. During in vitro drug release characterisation using the same setup, 

the majority of DOXmonohydrate was released in five days when using poloxamer 188 and 

was released in seven days when using 407 for fibre formulation. Results also indicate 

that the former released significantly more drug than the latter. Similar results were 

observed when characterising drug-release from solvent cast spacers; DOXmonohydrate was 

released in 10 days, but a significantly more amount of the drug was released when 

using poloxamer 188 compared with using 407 for spacer formulation. The difference in 

the cumulative drug-release amounts was primarily attributed to the chemical 

differences between the two poloxamers, poloxamer 188 being a smaller and more 

hydrophilic co-polymer as compared with poloxamer 407. 

Additionally, the difference in drug release profiles with the change in surface 

area available for drug diffusion was evident, thinner fibres providing a larger surface 

area as compared with thicker fibres and thicker solvent cast spacers. These kinetics are 

based on both diffusive and convective flow of molecules (832). Finally, the differences 

in drug release achieved from the same formulation but different processing techniques 

further exemplified the importance of choosing an appropriate drug-polymer processing 

method. 
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While the release of DOX from degradable spacers was not prolonged for five 

weeks, these drug delivery systems could be used to modulate post-surgical wound 

healing in Trachoma patients, where the target duration for drug release would be 

approximately two weeks. The tear turn-over rate is slower than the aqueous humour 

production rate, which could further prolong the release of DOX from these spacers. 

Future considerations to bear in mind would primarily be the intended application of 

the drug delivery spacer system, which would dictate the target drug release and 

implant degradation profiles. Additionally, drug-polymer interactions, polymer-polymer 

interactions and finally, choosing an appropriate setup for in vitro drug-release to mimic 

the physiological conditions is imperative to make appropriate conclusions of the 

feasibility of a drug delivery spacer.  

While using a spacer for prolonged site-specific delivery of potent anti-fibrotic 

drugs would be beneficial in modulating post-surgical wound healing, the spacers would 

be limited in the amount and type of drug that could be delivered. Specifically, 

hydrophilic drugs, when delivered using hydrogels, display significant burst release 

profiles and release most of their drug in a short time. Additionally, these spacers, once 

exhausted of their drug stores, cannot be replenished without significant surgical 

intervention. A refillable device with the capability of delivering potent drugs at precisely 

controlled release profiles would benefit patients who require frequent or long-term 

ocular medication. 

With the aim of a refillable, localised and prolonged drug delivery system in the 

subconjunctival space, the use of an implantable elastomeric pump was proposed. The 

use of elastomeric pumps is reasonably common for patient-controlled analgesia and 

chemotherapy primarily due to their ease of use and economic benefit. These pumps 

rely solely on utilising the elastic energy stored in their stretched membranes for drug 

delivery. However, patients using elastomeric pumps have reported significant 

variability in drug delivery rates and duration, sometimes up to twice that of the present 

time asserted by the manufacturers. Moreover, these pumps are bulky, and the idea of 

a smaller pump being implanted inside the human body has not gained much success in 

the clinic. One exception to this is the Replenish Micro Pump that was proven to be safe 

in the first human clinical trial for NAMD while delivering a small dose of ranibizumab. 

What was not clear at the outset was the impact of material properties and pump 

geometry on the intended pump applications of flow rate, pocket pressure and 
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deflection. Previous work in the literature has been limited to analytical and numerical 

solutions, exploring small or large deformations clamped inflatable elastomeric 

membranes. For this purpose, a systematic experimental analysis of simply connected 

pursed pockets was performed. Circular and square pursed pockets made with elastic 

silicone membranes of varying thicknesses and Young’s modulus were analysed to infer 

relationships between different variables governing pump function. An experimental 

optical method developed for fluid mechanics was applied for the first time to study the 

pursing of elastic pockets made with silicone sheets. Additionally, the effect of 

compressive forces applied by the conjunctiva on an inflated elastomeric pocket and the 

change in internal pocket pressure was investigated. 

Experimental results highlight that there were significant differences between 

different pursed regimes of the pocket studied under no outflow. When pocket 

deflection was smaller than or approximately equal to the thickness of the pocket 

material, the pocket was in the bending regime, and the maximum deflection varied 

linearly with internal pocket pressure. However, when the deflection was larger than 

the material thickness and continued to increase, the pocket was in the stretching 

regime, and the maximum deflection was to the power of 
1

3
 of the internal pocket 

pressure. Furthermore, when comparing materials with similar Young’s modulus values, 

the deflection of pursed silicone pockets increased with the pocket size but decreased 

with the increase in the thickness of the material for a range of dimensionless pressures 

10−1 to 105. The coefficient of inflation, 𝛾, for circular pursed pockets was found to be 

0.6 and for square pursed pockets was found to be 0.7. The observations from these 

results were also the basis of analytical and numerical solutions derived by Bouremel et 

al. for the qualitative comparison between pursed regimes of different simply and 

doubly connected pocket shapes, in terms of maximum deflections and profiles of 

pockets (667). 

Next, the relationship, β, between compression of pursed elastic pockets with 

no outflow and the changes to their internal pressure was analysed by compressing 

circular pockets using varying compressive forces. Through linear regression of the 

results, the value of β was estimated to be ≈ 1.85. This relationship significantly adds to 

the considerations involved when designing a circular elastomeric pump to be implanted 

in the subconjunctival space. Further, this principle could be applied while designing a 
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double-chambered pump. Such a pump would have one chamber that could be 

controlled by external stimuli to inflate when needed, applying a known amount of 

compressive force on the drug reservoir, hence increasing the outflow from the 

elastomeric pump. Next, the release of fluid from simply connected circular elastic 

pockets was studied. For deflating pockets, the flow rate of liquid released was found to 

be linearly proportional to the internal pressure of the pocket. This functionality is 

unique to the geometry (dome-shaped simply connected pursed pocket) and could be 

useful in achieving a tapered drug dose to the eye using a pursed pocket.  

Finally, building on the results obtained during the assessment of inflating, 

compressing and deflating elastic pockets, drug release from implantable hypothetical 

pockets for site-specific ophthalmic delivery was modelled. Within the constraints of 

feasible dimensions for subconjunctival implantation and commercially available 

materials, it is possible to slow the release of drugs from single-chamber elastic pockets 

significantly. Specifically, for Dmin and Optimal, drug release could be maintained for 

almost 11 months before a refill would be needed. Based on the results for inflation, 

compression, deflation and modelling release from hypothetical single-chamber 

pockets, two recommendations were provided for designing ophthalmic pumps. Firstly, 

a simply connected single-pocket elastomeric pump that would require no moving parts 

such as valves or for energy to be stored in the form of a battery. Secondly, multi-pocket 

elastomeric pumps that could potentially be externally actuated to deliver a fixed or 

combination of drugs, at a specific time. This design might offer a more tailored 

approach to disease management and could improve patient compliance and the quality 

of therapy. The findings from this work will be of specific interest when considering the 

design of an implantable elastomeric pump for confined spaces, such as the 

subconjunctiva. The engineering principles of pump function elucidated in the current 

work may further be extended to design implantable elastomeric pumps for other 

indications where a prolonged release of drugs is sought. Further work is being 

conducted to optimise a scaled-down version of the elastomeric pumps to match the 

pump design, efficiency, and flow control mechanisms, setup shown in Figure 5-1. 

Microfluidic flow sensors are being utilised to improve the accuracy and precision of the 

pocket pressure and flow rate measurements. 
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Finally, the use of biocompatible materials for the regulation of aqueous flow 

and investigated their feasibility as raw materials for GDD development was proposed. 

The 1015 hydrogel formulation, developed by Vertellus Biomaterials, UK and 

manufactured as contact lenses by CooperVision, was considered as the primary 

biomaterial candidate for GDD development. The rationale for this work was the 

favourable biocompatibility of the 1015 hydrogel formulation at the front of the eye, the 

ability of this hydrogel to absorb and hold large amounts of water, and the microscopic 

structural similarity of this hydrogel to the trabecular meshwork, all of which is 

supported in the literature and previous work done in the Brocchini research group. 

Furthermore, in previous experiments, the biocompatibility and improvement in the 

outcome of bleb survival post-GFS have been demonstrated due to the ‘spacer’ effect 

of an implanted hydrogel (contact lens) in the subconjunctival space. It was 

hypothesised that their structural similarity to TM, structural flexibility and high water-

absorption capacity would make hydrogels an ideal biocompatible aqueous flow 

regulator that could be folded and inserted with a small incision into the subconjunctival 

space with relative ease.  

If this could be achieved, it is possible to develop a GDD that can be implanted 

by a clinician within 10 minutes requiring less surgical skill, and no post-surgical 

manipulation would be necessary for at least 10 years. This non-degradable hydrogel 

GDD would also maintain the IOP at 10 mmHg, which is vital to stop the progression of 

glaucoma. If this 10 minutes-10 years-10 mmHg “challenge” can be met, then this device 

has the potential to revolutionise the treatment of glaucoma worldwide as most 

Figure 5-1. Scaled-down elastic pockets are created using a clear silicone membrane clamped 
between two clear acrylic plates, an upper plate and a base plate. The upper plate has a hole of 
radius 10 mm, cut out for the silicone membrane to purse and form a pocket. The bottom plate 
has an inlet injection port that is used to fill up the elastomeric pocket, and an outlet port that 
is used to externally attach micro-tubes that provide varying resistance to the flow of liquid from 
the pocket. The outlet micro-tube is attached to a microfluidic flow sensor and measurements 
of flow rate of liquid released from the inflated pockets are taken every 0.1 second.  
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patients could be treated using a one-time surgery to implant this improved GDD. This 

strategy could be realised in much the same way as patients are now treated for 

cataracts, characterised by high success rates and the ease of the surgical procedure. 

To this end, aqueous permeability of hydrogels was assessed in line with the 

recommendation provided by the FDA for Aqueous Shunts (145) and qualitative 

assessment of mechanical resilience was carried out following expert advice to assess 

the ability of hydrogels in enduring clinical-handling procedures, used during GDD 

implantation. The optimum aqueous permeability value necessary to maintain IOP in a 

healthy eye was calculated to be 5.56 ×10-14 m2 s-1 Pa-1, and all hydrogels were measured 

against this criterium. The aqueous permeability investigation revealed that the 1015 

hydrogel formulation (used for making contact lenses) was significantly less permeable 

to water flow at the physiological rate of aqueous humour production (2 µL min-1) than 

the desired permeability value for optimal IOP control. Furthermore, these hydrogels 

were not sufficiently resilient to clinical-handling procedures. To improve the aqueous 

permeability, chemical changes were made to the hydrogel formulations by changing 

the concentrations and types of crosslinkers, co-monomers, initiators, diluents and 

polymerisation conditions (e.g. temperature and duration).  

The most significant effect on increasing permeability was found to be the 

addition of water to the 1015 formulation. The modified 1015 formulation containing 

almost 80% water added to the pre-polymer mixture achieved a relative permeability of 

0.72 ±12. Other hydrogels that displayed relative aqueous permeability values close to 

the optimal permeability value used almost 50% THF instead of water as an added 

diluent to the modified 1015 formulation. This amount of THF used for hydrogel 

formulations was well above the lower explosive limit of THF (816). Overall, these 

hydrogels were opaque, suggesting phase separation occurred, and they were fragile, 

performing poorly in qualitative mechanical testing. 

While it was possible to increase the aqueous permeability of the hydrogels, it 

was observed that a higher aqueous permeability led to a decrease in structural integrity 

and resulted in weaker hydrogels. The mechanical resilience of hydrogels could be 

increased by using a longer curing duration of 20 hours at a lower curing temperature 

of 50°C. Unfortunately, these hydrogels proved to be even less permeable than the 

standard 1015 formulation. These hydrogels were deemed unfit for ‘clinical use’ as they 
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would not be able to withstand the necessary handling procedures currently used during 

GDD implantation. 

The permeability results were somewhat counterintuitive and raised intriguing 

questions regarding the nature and extent of water flow through hydrogels and the 

distinct separation of two phenomena; water flow and water absorption. Once 

equilibrium swelling by water absorption is reached in the hydrophilic pHEMA 

hydrogels, additional uptake of water is unfavourable as there is no osmotic pressure to 

counteract the elastic contractive force of the polymer network. This further indicated 

the role of an osmotic gradient on the aqueous permeability of hydrogels. Another 

plausible reason for the low permeability to water flow may have been due to gel 

blocking, caused by the change in polymer network confirmations when pressure was 

applied by the column of water, effectively blocking water transport (826–828). Berg et 

al. suggested that decreasing the mass average particle size of the polymer chains can 

increase water uptake (829). However, counterintuitively, these small polymer particles 

may coagulate due to the fluid tension forces, forming a barrier to fluid flow within the 

hydrogel mass, decreasing their permeability (829). 

It is worth noting that the potential of pHEMA hydrogels to be used as a carrier 

for drug delivery is still promising. While the low aqueous permeability proved 

disadvantageous for GDD development, it would benefit in prolonging drug-release 

from spacers. Moreover, the dimensions of the spacer are significantly smaller than a 

GDD, and would not require the same level of surgical manipulation of the material 

during implantation. To develop a sustained released formulation delivering anti-fibrotic 

drugs at the site of surgery, alternative approaches such as the use of micelles may be 

viable in manipulating the drug release kinetics through the gels.  

Alternatively, a drug delivery spacer could be used in combination with GDDs to 

improve treatment outcomes. The GDD end plate could be made of a pocket for storing 

drugs; the tube would have an adjustable resistance to tailor the drug-delivery rate and 

finally, a resilient elastomer that would not perforate when the pouch is refilled with the 

drug. The pocket would release the drug via the resistance tube to either the anterior or 

posterior chamber. The results from deflating pursed pockets indicated that that the 

amount of drug delivered from a purse is pressure-dependent and the modelling data 

suggested that dosing may be adjusted by manipulating the pocket geometry, material 

properties and the external resistance provided by the outlet tube. Therefore, there is 
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promise in the concept of developing a combination drainage device system to deliver 

drugs as well as drain the aqueous humour into the subconjunctival space. Such a 

combination device warrants pursuing in future studies. 
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 Appendices 

7.1. Appendix 1 

7.1.1 Dynamic column method 

For hydraulic conductivity calculation, Darcy’s law is used. It states that flow is 

proportional to the applied pressure. Thus for a membrane disc of radius a (m), flow per 

unit area is designated by: 

𝐅

𝛑 𝐚𝟐 = 𝐋 𝐏, (1) 

Where L is the hydraulic conductivity of the membrane (m/s/Pa) and P is the 

applied pressure (Pa). Since  

𝑭 =
𝒅𝑽

𝒅𝒕 
, (2) 

𝐝𝐕

𝐝𝐭
=  𝛑 𝐚𝟐 𝐋 𝐏 (3) 

Pressure due to the column of fluid is given by P = ƿ 𝒈 h 

Where ƿ is the density of water (1000 Kg/m3), g is the gravitational constant 9.81 

m/s2 and h is the height of the column in meters. Hence: 

𝐝𝐕

𝐝𝐓
= 𝛑 𝐚𝟐 𝐋 ƿ 𝐠 𝐡 (4) 

After a time dt, change in volume is dV = -  r2 dh, where r is the radius of the 

capillary column, i.e., column height falls. Therefore: 

Figure 7-1. A schematic representation of the apparatus used in dynamic 
approach for aqueous permeability assessment. 

Disc 
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− 
𝛑 𝐫𝟐 𝐝𝐡

𝐝𝐭
= 𝛑 𝐚𝟐 𝐋 ƿ 𝐠 𝐡,  (5) 

Rearranging: 

 
𝐝𝐡

𝐡
= − 

𝐚𝟐  𝐋 ƿ 𝐠  

𝐫𝟐
 𝐝𝐭,  (6) 

Integrating:  

∫
𝐝𝐡

𝐡
=  − 

𝐚𝟐 𝐋 ƿ 𝐠

𝐫𝟐  ∫ 𝐝𝐭,  (7) 

Thus, 

𝐥𝐧 𝐡 =  − 
𝐚𝟐 𝐋 ƿ 𝐠

𝐫𝟐
 𝐭 + 𝐜,  (8) 

Where c is the constant of integration. Boundary conditions are: t= 0, h = ho and 

hence c = ln ho 

Hence: 

𝐥𝐧 𝐡 =  − 
𝐚𝟐 𝐋 ƿ 𝐠 𝐭

𝐫𝟐
 + 𝐥𝐧 𝐡𝟎 ,  (9) 

𝐥𝐧 𝐡 − 𝐥𝐧 𝐡𝟎 =  
𝐚𝟐 𝐋 ƿ 𝐠  𝐭

𝐫𝟐   ,  (10)  

𝐥𝐧 (
𝐡

𝐡𝟎
) =  −  

𝐚𝟐 𝐋 ƿ 𝐠  𝐭

𝐫𝟐  ,  (11) 

From log b a = c, bc = a 

𝐡

 𝐡𝟎
=  𝐞

−  
𝐚𝟐 𝐋 ƿ 𝐠  𝐭

𝐫𝟐 ,  (12) 

𝐡 = 𝐡𝟎 𝐞
−  

𝐚𝟐 𝐋 ƿ 𝐠  𝐭

𝐫𝟐 ,  (13) 

From equation (11) a plot of ln h/h0 against t should yield a straight line of 

gradient G. So, 

[𝐥𝐧(
𝐡

𝐡𝟎
)= ]

𝐭
= 𝐆  (14) 

Where, 𝐡 and 𝐡𝟎𝑖 are the final and initial heights of the water column (metres) 

and 𝑡 is the time (seconds) between the final and initial measurement of the water 

column height. 

And, 

𝐆 = −  
𝐚𝟐 𝐋 ƿ 𝐠  

𝐫𝟐   (15) 

This gradient, G can be obtained by linear regression. 
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7.2. Appendix 2 

Table 7-1. Compositions of all hydrogel formulations tested for aqueous permeability 

Hydrogel 
HEMA 
(mL) 

MPC 
(g) 

EMA 
(g) 

HPMA 
(g) 

VP 
(g) 

PVP 
(g) 

PC1059 
(g) 

EGDMA 
(µL) 

PEGDMA 
700 (g) 

PEGDMA 
2000 (g) 

MBAM 
(g) 

AIBN 
(g) 

APS 
(g) 

H2O 
(mL) 

Dilution 
(formulation: 

diluent) 

1015 8.46 1.41 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

M1 15.80 1.41 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

M2 3.95 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

M3 7.46 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.05 0.00 1.95 - 

M4 5.59 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 1.95 - 

M5 1.86 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 3.95 - 

M7 2.80 0.25 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 6.54  

M9 1.89 0.08 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 8.06 - 

M19 5.84 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 4.11 - 

M20 4.83 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 5.12 - 

M21 3.84 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 6.12 - 

M22 2.80 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 7.09 - 

M23 5.84 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 4.11 - 

M24 4.83 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 5.12 - 

M25 3.84 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 6.12 - 

M26 2.80 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 7.09 - 

M27 5.84 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 4.11 - 

M28 4.83 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 5.12 - 

M29 3.84 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 6.12 - 

M30 2.80 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 7.09 - 

M31 5.84 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 4.11 - 

M32 4.83 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 5.12 - 

M33 3.84 0.00 0.00 0.00 0.00 0.00 0.00 55.0 0.00 0.00 0.00 0.00 0.05 6.12 - 

M34 2.80 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 7.09 - 

M35 5.84 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 4.11 - 
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Hydrogel 
HEMA 
(mL) 

MPC 
(g) 

EMA 
(g) 

HPMA 
(g) 

VP 
(g) 

PVP 
(g) 

PC1059 
(g) 

EGDMA 
(µL) 

PEGDMA 
700 (g) 

PEGDMA 
2000 (g) 

MBAM 
(g) 

AIBN 
(g) 

APS 
(g) 

H2O 
(mL) 

Dilution 
(formulation: 

diluent) 

M36 4.83 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 5.12 - 

M37 3.84 0.00 0.00 0.00 0.00 0.00 0.00 55.0 0.00 0.00 0.00 0.00 0.05 6.12 - 

M38 2.80 0.00 0.00 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00 0.05 7.09 - 

M39 23.70 4.24 0.00 0.00 0.00 0.00 0.00 74.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

M40 23.70 4.24 0.00 0.00 0.00 0.00 0.00 74.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

M41 23.70 4.24 0.00 0.00 0.00 0.00 0.00 74.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM1 8.82 0.41 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM2 8.35 0.91 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM4 7.90 1.92 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM5 6.96 2.41 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM6 1.98 0.35 0.00 0.00 0.00 0.02 0.00 20.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM7 0.99 0.18 0.00 0.00 0.00 0.00 0.00 10.0 0.00 0.00 0.00 0.05 0.00 1.00 - 

CM10 7.90 0.71 0.00 0.00 0.00 0.00 0.09 40.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM11 9.20 0.00 0.00 0.00 0.00 0.00 0.08 70.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM12 3.95 1.41 0.00 4.23 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM13 3.95 1.41 4.23 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM17 6.42 1.50 0.00 0.00 15.00 0.00 0.00 74.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM18 5.49 1.50 0.00 0.00 25.01 0.00 0.00 74.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM19 4.55 1.50 0.00 0.00 35.01 0.00 0.00 74.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM20 2.69 1.50 0.00 0.00 45.01 0.00 0.00 74.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CM21 3.95 1.41 0.00 0.00 55.01 0.00 0.00 74.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CX1 7.90 1.41 0.00 0.00 0.00 0.00 0.00 35.0 0.00 0.00 0.00 0.05 0.00 0.00 - 

CX2 7.90 1.41 0.00 0.00 0.00 0.00 0.00 140 0.00 0.00 0.00 0.05 0.00 0.00 - 

CX3 7.90 1.42 0.00 0.00 0.00 0.00 0.00 700 0.00 0.00 0.00 0.05 0.00 0.00 - 

CX4 7.90 1.41 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.05 0.00 0.00 - 

CX5 7.90 1.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.05 0.00 0.00 - 

CX6 7.89 1.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.05 0.00 0.00 - 

CX7 7.90 1.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.05 0.00 0.00 - 

CX10 7.90 1.41 0.00 0.00 0.00 0.00 0.00 210 0.00 0.00 0.00 0.05 0.00 0.00 - 
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(formulation: 

diluent) 

CX11 7.90 1.41 0.00 0.00 0.00 0.00 0.00 20.0 0.00 0.00 0.00 0.02 0.00 6.45 - 

CX15 2.80 0.25 0.00 0.00 0.00 0.00 0.00 48.0 0.00 0.00 0.05 0.00 0.05 6.70 - 

CX16 2.80 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.05 6.25 - 

I1 7.90 1.41 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.02 0.00 0.00 - 

I2 7.90 1.41 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 1.00 0.00 0.00 - 

I3 7.90 1.42 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.00 0.05 0.20 - 

D1 7.90 1.41 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 3:1 

D2 7.90 1.41 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 3:1:1 

D3 7.90 1.41 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 1:1 

D4 7.80 1.41 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 1:1 

D12 7.90 1.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.01 0.00 4:1 

D14 7.90 1.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.01 0.00 1:1 

D15 6.40 1.50 0.00 0.00 1.50 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 1:1 

D16 5.49 1.50 0.00 0.00 2.50 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 1:1 

D17 4.60 1.50 0.00 0.00 3.50 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 1:1 

D20 4.00 1.41 0.00 0.00 4.23 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 1:1 

D21 7.90 1.41 0.00 0.00 0.00 0.00 0.00 70.0 0.00 0.00 0.00 0.05 0.00 0.00 0.8:1 

D1–D3 were diluted with t-butanol; D4 was diluted with glycerol; D12, D14 and D21 were diluted with THF; D15–D20 were diluted with VP and THF (final amounts indicated in the 
table).  
 

 


