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Abstract

Glaucoma is the leading cause of irreversible blindness worldvBdegical
interventions are frequently necessary to lower the intraocular pressure (IOP) and do so
by creating a new channel for aqueous humour taidrinto the subconjunctival space.
This channel can be formed by performing a glaucoma filtration surg&fs) or by
implanting a glaucoma drainage device (GDD). However, excessive scarring at the
surgical site blocks aqueous outflow, elevates I0P, asdlts in treatment failure.
Drugs injected locally to control scarring rapidly clear from the subconjucéind
current implants are susceptible to a foreign body response. This work investigated
strategies that could improve the outcomes of these catrglaucoma interventions.

First, drugeluting spacers were formulated using established biocompatible
materials to prolong drug release in conditions representing the subconjunctival space
post-GFS or GDD implantatio®f these formulations, the spaceomtainingnon-ionic
surfactant, Brij 98, at a concentration of 1.25% w/v was able to prolong the release of
dexamethasone frorpoly(2hydroxyethylmethacrylatepHEMA hydrogels significantly
longer (>30 days) than hydrogels containing no surfactant (<%)dsytherapeutically
relevant drug concentrationis vitro.

Next, engineering principles were applied tdlated elastomeric membranes,
which provided novel insights into considerations needed to design a novel ophthalmic
drug delivery pump. Pocket geotng and material properties had a significant impact
on internal pressure and subsequent pump function. Miidg data supports the
feasibility of elastomeric pumps for prolonged subconjunctival drug delivery.

Finally, an alternative mechanism of IOP cohwas 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, thein vitro permeability of hydrogel candates was
determined to be too low to maintain optimal IOP. Furthermore, hydrogel permeability
tended to nayate its mechanical integrity, making them unsuitable candidate materials

for GDD development.



Impact Statement

In anever-ageing population,the chronic burden of glaucoma ilscreasing and
the World Health Organizatioestimates that 70 million people are affected by this
disease worldwide. Pharmacological treatments in the form oféyps are the first
line of treatment to lower intraocular gssure (IOP) to prevent irreversible vision loss,
but poor-efficacy and lowpatient compliance necessitate surgical intervention.
Glaucoma surgery halts disease progression by creating an artificial opening for aqueous
humour drainage and lower IOP, buigt-operative scar formation increases the failure
rate of this therapy. Tkiwork investigated strategies that could improve the outcomes
of these current glaucoma interventions.

Strategies were explored to formulate dreduting implants to prolong drug
delivery of commonly used antiflammatory drugs in the subconjunctival siga Such
an approach could prove beneficial in modulating psstgical wound healing in
glaucoma patients and improve surgical outcomes. Further research in this area could
be aimed at characterising this drugpacer system with different drugolymer
combinations, depending on the intended indication. The use of such an implant might
further be extrapolated todifferent indications requiring localised drug delivery in
different pats of the body, minimising the potential for systemic side effects.

Next, cucial relationships governing flui@lease from elastomeric pockets
were elucidated that coulde directly appliedor the development of an elastomeric
pump device. Currently,msuch pump haveen approvedior human useand the
findings from this theis could be used to advance the research in pumpdesign that
is implantable in the subconjunctival space. The experimental reselts basedn the
analysis of larger pocketsbut through scaling analysis and data modelling,
recommendations were progted for designing implantable elastomeric pumps.
However, a scaledown examination of elastomeric pockets is warranted to confirm
the relationship coefficients that have been @ped in this thesis and further work in
this direction is underway.

Finall, biocompatible materials were explored for glaucoma drainage device
(GDD) development. Novel and establistgdrogels were assessed for their potential
to modulate the aqueousldw in the eye.Contrary toprevious studies that have

reported significanteffects 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 wer somewhat counterintuitive and raised intriguing
questions regarding the mare 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 tha@s close to the flow of agueous humour in
the eye, these candidate matersaffailed to meet the criteria for clinichlandling.
Further research to disseminate the differences in the underlying mechanisms involved
in water transport and water absorption hydrogels would be of merithiswould help
to achieve a better understating of the molecular interactions involved between water
and biomaterials, which could aid in tineore precise regulation of water permeability
by using these biomaterials, makinpem even more useful to ongoing GDD
development.

The original research deribed in this thesis hdmenpresented at international

conferences angublishedin peerreviewed journals.
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Figure 230. The(A) concentration released an{B) cumulative release percent of DOX hyclate
from 2.5% wi/w chitosan hydrogels over time. Chitosadrbygels released 908.7% of
the total DOX hyclate amount added in 72 hours. 116

Figure 231. Digital microscope images of electrospun fibres formulated with 20% w/w PCL and
DOX monohydrate with poloxamer 4QA) and 188(B).The sale bars are 20Qum.
Diameter distribution analysis suggested that QX fibres formulated with 407 had a
larger average diameter (2.58 £0.4 um) as compared with those formulated using 188 (1.78
+0.51 pm). 117

Figure 232. The cmcentration released(A) and cumulative release percer{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 DOXnhonohydrate for five and seven days, respectively.
Concentration of drug release between Ri@lloxamer 188 fibres and Pgbloxamer 407
fibores was not statistically significant (p>0.05). PB6Glbxamer 188 fibres released
significantly more DOX monohydratean PCipoloxamer 407 fibres (p<0.05). 118

Figure 233. The concentration release@A) and cumulative release percer{B) of DOX
monohydrate from solvent cast Ppbloxamer 188 and PGloloxamer 407 spacers over
time. Drug releasexperiments using solvent cast P@loxamer 188 and P@loloxamer
407 spacers showed a sustained release of DOX monohydrate (<11 days). Concentration of
drug release between solvent cast Riolloxamer 188 and solvent cast P@lloxamer 407
was not statisically significant (p>0.05). Solvent cast®6loxamer 188 spacers released
significantly more DOX monohydrate than solvent cast-pttixamer 407 spacers
(p<0.05). 120

Figure 234. Brij 98 has a hydrophobic tail made of 18 carhmiymethylene 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 235. A schematic of the Brij 9%®aded DEXHEMA 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 emlles, 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 theypoér 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 difiusould prolong drug
release from the hydrogel spacer. 132
Figure 236. A schematic showing a hydrogel disc spacer implanted at the site of surgery after
GFS (or GDD). If optimal drrgjease kinetics were to be achieviadvivofrom this drug
surfactanthydrogel spacer, the spacer has the potential to modulate wound healing and
improve the success of the surgery. 136
Figure 237.The Brij 98DOXHEMA mixture fééd to polymerise when initiated by UV. 141
Figure 238. Electrospun DORCL droplets without the addition of poloxamers, observed using
digital microscopy. After electrospinning, droplets of D@L solution were deposited on
the collector plate, and it appears that poloxamers are required to increase tresitsm
order to form fibres in the electrospinning conditions used in the present work. 144
Figure 31. Each silicone membrane sample was cut into a-lbmge shape(A) before being
placed into the electromagnetic actuat@)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 rat®d mm & 160
Figure 32. The experimental setip 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 inleof liquid. 162
Figure 33. A schematic of the experiment analysing the deflection in the pocket hgightof
a fixed radius, R, when a pressure head of water is chamgedith time. WhennPis low
(left), there is smaller punsg of the pouch, and whenP is higherr{ght), 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 34. A schematic of an elastic pocket mdius=|= in the initial pursed stat€A) with a
uniform internal pressureﬂ-, which is compresse) by uniformly applying a static force
3 "Hn the top of the pocket, changing the internal pressure of the podkéﬂ, 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 tubaswconnected 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 36. A geneal 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 dvarying 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 understaad th
relationship between internal pocket pressure (using aqaibrated 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 only in the
case of deflation experiments. 168
Figure 37. Seven hypothetical singiehamber elastic pocketsf radius=| = 10 mm and
maximum displacement; = 6 mm wereused for modelling fluid release from a
hypothetical pumpThemaximum fhaxchange depicted in red) and minimumi change
RSLIAOUGUSR Ay 3INBSYO @I f dzf&Emarand Bhin) (S Blarddf & 2 d
thicknesﬁ| (Tmaxand Tin)(C, D of elastomeric sheets, and diametgi(Dmaxand Dmin)
(E, B of anoutlet tube was fixed based on commercially available materials. Finally, a
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hypothetical optimal pump with same dimensioap&nd% ) and optimal values (Optimal)
(G) for |Tﬁ{|ﬁ"— and4 for prolonging drug release was modelled for fluid release. The blue
arrows indicate direction of fluid release from the outlet tube. 171
Figure 38. Engineering stres¢, and engineering strain,, were measured for 0.8 mm thick
silicone sample. The linear slope of the data points shown aboveseakto calculate the
gl tdzS F2N |, ZF@PahQa Y2 RdzA dza = 172
Figure 39. Images used for calibration of the height (in mm) of dyed water optical intensity
(greyscale). FdiA) height 0 mm, the greyscale was 135 +4.1,(Brheicht 1.65 mm, the
greyscale was 120.5 +4.3, and (@)height 3.3 mm, the greyscale was 106.2 +3.8173
Figure 310. Calibration test showing the correlation between height and light intensity
determined optically, theerror was lesghan 3.5%. 174
Figure 311.Images of the circular elastomeric pockets with a silicone sheet (thickness 0.5 mm
YR , 2dzy3Qa Y2Rdzdza 2F wmMdunm atl 0 (AJdzNE SR
colour photograph of the pocket. [B) and(C)the blackandwhite image recorded by the

camera and the pogprocessed image with the greyscale are shown. 174
Figure 312. The 2D planar (top panel) and the 3D elevated view (bottom panethef
SELISNARAYSYy(GlFf RSTEtSOUGAZ2Y LINBFAES 2F | &Af;

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 313. The 2D planar (Top) and the 3D elevated view (bottom) of the experimental

RSTfSOGA2Y LINRBFAES 2F | &AfAO02yS alyYLX S 6
MPa) obtained using the optical method. The sample Masped to form a square pursed
pocket (side 40 mm and internal pressure 1070.8 Pa). 176

Figure 314. Differences in the deflectiory at different pressures|} using silicone sheets off
different thicknesses)| for pursing circl NJ & KI LJISR L2 01 Sda gAGK NI ¥
modulus| 1.241 MPa. The displacement heigjptdecreased with the increase in material
thicknesss| at similar pressure| and pocket size. 178

Figure 315. Differences in the diéection.q) at different pressure,|} using silicone sheets for
LIdzNBE A Y3 OANDdzf F NJ aKI LISR L2201 SGa 6AGK NI RANA
r 1.241 MPa for 0.5 mm thickneg¢8) and 1.72 mm thicknes@). Deflection increased
with the size othe pocket. 179

Figure 316. Variation of the dimensionless maximum deflectigni| with the dimensionless
pressure|l4  pHor simply connected circular shapes obtained experimentally for a
range of silicone samples (s€abk 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 el 2017). Each experimental data point is reported as averag®rt
(n=3). 180

Figure 317. Differences in the deflectiony at different pressure |} using silicone sheets for
pursing square shaped pockets of membrane thickn€sp0 YY X mM®dc YYZ | 2dzy
F1.241 MPa for sides 20 m() and 40 mm(B). The displacement height, decreased
with the increase in material thicknessat similar pressure| and pocket size. 181

Figure 318. Differencesn the deflections at different pressure |} using silicone sheets for
pursing square shaped pockets withsidgsi 1 6 { HNOZ nn YY Ofnnoz
1.241 MPa for 0.5 mm, 1.6 mm sheet thicknessl Y R , 2 dzy 3 Q& Y2 Rdz dza
1.72 mm shet thicknesgB). The displacement heighy, increased with the increase in
pocket size at similar pressurf, and material thicknesgyz I Y R | 2 dzyf3182 Y 2 R

Figure 319. Variation of the dimensionless maximum deflectigni| with the dimensionless
pressure {3  hlfor simply connected square shapes obtained experimentally for a
range of silicone samples (s€able 33for legend). The black curve is the analytical results
for bending regimes and the blue curvetli® 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 aveesgw n=3)
183

Figue 3-20. Pressurised pocket at 4903 Pa with radi#s20 mm4|=0.5 mm, =1.241 MPa.
Applied compressive forcg Jfor (A) 0.24 N(B)0.48 N,(C)0.72N,(D) 0.95N,(E)1.19N.

184

Figure 321. Variation of the internal pressurfd¥ || of pursed pockets (see Table 14 for legend)
of different thickness when under increasing compressive forgedl} + - The
relationship constant, was calculated using the slope of the graph.

Figure 322.AcirculallJ2 O1 Sl 6A UK NIYRAdzZA Hn YYI ndp YY (K
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 heigh(B). 186

Figure 323. The deflation profile of a purse shaped elastomeric pocket is shown. Flow|}rate,
(mL sY) and pressurel} (P9 as a function of internal volume (mL). For circular pocket with
radius 20 mm, 0.5 mmthicl,a At A 02y S YSYO NI y S pL3sRthefidvdzy 3 Q&
rate, |F was linearly proportional to the internal pressufeof the pocket. 186

Figure 324. Fluid release was modelled from hypothetical single chamber poetigtsfixed
dimensions of = 10 mmz = 6 mm. FoEmax, the parameters for sheet wer= 0.1 mm,
maximum = 5.25 MPaand the dimensions of the outiéube were = 0.05 mm and= 4
m. The maximum volume released was 738.7in 364.5 hours. F&min the parameters
for sheet were||= 0.1 mmminimum = 0.525 MPaand the dimensions of the outlet tube
were = 0.05 mm andl= 4 m. The maximum volume ealsed was 3728L in 502.1 hours.

For Tmax, the parameters for sheet were maximupﬂt 1.6 cm,= 1.25 MPaand the

dimensions of the outlet tube wergr= 0.05 mm and= 4 m. The maximum volume

released was 852.j[L in 247 hours. Fofmin the parameters ér sheet were minimum
189

Figure 325. Fluid release was modelled from hypothetical single chamber poetigtsfixed
dimensions of = 10 mmz = 6 mm. Fobmax, the parameters for sheet werdl= 0.1 mm,
= 1.25 MPaand the dimesions of the outlet tube were maximug= 0.25 mm and= 4
m. The maximum volume released was 544.3n 0.8 hours. Fd@min the parameters for
sheet werej|= 0.1 mm= 1.25 MPaand the dimensions of the outlet tube were minimum
r= 0.025 mm andl= 4 m The maximum volume released was 544L8n 7915 hours. For
Optimal, the parameters for sheet were minimugj= 0.02 mm,= 5.25 MPaand the
dimensions of the outlet tube were minimur= 0.025 mm and= 4 m. The maximum
volume released was 513l in8072 hours. 190

Figure 326.Typical stresé 4 NI Ay OdzNBS F2NJ I {2 dz3 ), bEéking A t f dz
strength ( "H, elongation at break {H and work of extensiom|("H}, figure adapted from
(675) 192

Figure 327. Simply connected circular elastomeric pockets were initrahde by joining two
silicone membranes of varying thickness and radius with silicone gluegau@@ Terumo
needle was used (ID 0.45 mm) as inlet for fluid. Rastiows circular pockets with radius
10 mm, rowB shows pockets of radius 22 mBwith radius35 mm and rowD shows doubly
connected pockets of radius 45 mm with varying area of central clamping (internal
diameter). 193

Figure 328. 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 329. 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 changingdimensions 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 330. A proposed schematic of a doulpecket elastomeric pump that could be
implanted under the anjunctiva, 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 toscale. 205

Figure 41. Chemical structure of-Blethacryloyloxyethyl phosphorylcholine (MPC). 212

Figure 42. Schematic diagram indicating how a proték) interacts with a foreign body. After
an interactionwith the surface, proteins may lose their own shell of hydration, denature
and irreversibly bind to the surfacéBandC) 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 nasv it
energetically unfavourable for irreversible binding to occur, and the protein does not
denature and activate an inflammatory response. 212

Figure 43. Diagramme of the casting mould used for hydrogel preparations. The mould
conssted 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 44. Chemical synthesiof pHEMAVIPC hydrogel films by free radical polymerisation. The
monomer, HEMA, and emonomer, MPC, were mixed with crefisker, EGDMA, to form
a clear solution. The initiator, AIBN, was added, the formulation was degassed with argon,
was injected intdhe casting moulds, and was placed in the oven at 70°C for 7 hours. Figure
gra YIRS dzaAy3a 1'/5Q0a /KSY{{1SGiOK® 220

Figure 45. Chemical synthesis of pHEMAPC hydrogel films by free radical polymerisation. The
monomer, HEMA, and emonomer, MPC, were mixed with creisker, EGDMA, to form
a clear solution. The watesoluble 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. Figurewa¥ RS dzaAy3 !/ 5Q4 [/ KSY{1S3GOKd22

Figure 46. Chemical synthesis of pHEMAPC hydrogel films by free radical polymerisation. The
monomer, HEMA, and emonomer, MPC, were mixed with rigid crdiatker, MBAM, to
form a clear solutionThe watersoluble initiator, APS, was added, the formulation was
degassed with argon and injected into the casting moulds, and was placed in the oven at
Tnc/ F2NJ 1 K2dzZNE® CAIdzNBE 461 a YIRS dzZeay3a !/

Figure 47. Schenatic of the experimental design used for introducing physical channels into the
hydrogels via the addition of space(#\) Stainless steel wires 120 um in diamet@) a
glass capillary 0.2 mm thick, arf@) 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 48. The twopiece closedlow chamber that was used to test hydrogel discs for agueous
permeabiity is shown in us€A), and the different parts of the chambé@B). The design of
GKS Tft2¢6 OKFYoOSNI gla Y2RAFASR 2y GKS ol as$s
for skin permeation studies. 234

Figure 49. The system ugsk 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

Figue 4-10. The hydrogel discs were cut 3 mm from the edges to obtain a disc sample with 1
cm width for mechanical testin@p). For twisting and stretching tests, the samples were

clamped on the top and bottom with binder clif). 237
Figure 411.1 @ RN2 3St &l YL S& ¢SNB F2f RSR a2 GKS &zl
the test if cracking or fracture was observed after manual folding. 238

Figure 412. The twisting test was performed by holding the hydribggmple at both ends using
a binder clip, leaving a 1 cm of hydrogel sample in between the clips to be tested. The
al YLX S WFIFAfSRQ (GKS (SaG AF ONIXOlAy3d 2NJ FN
directions and returning to normal (untwistegpsition. 238
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Figure 413. Photograph of the experimental sep used for tensile testing of the hydrogel
Al YL Sad ¢KS &l YLX S WFIFAfSRQ (K®detisBgdaf AT
weight applied to stretch the sample. 239

Figure 414. 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 ché@d)er
with appropriatelysized 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 (K the tydrogel.
All measurements were taken in triplicate. 241

Figure 415. The hydrogel casting mould after injecting the 1015 polymer mixdjevas made
of two 3 mm thick polypropylene sheets, used to seal silicone gaskets around @y em
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 hydrog#) 242

Figure 416. The effect of solvent ofA) EWC% an(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 bmavs 243

Figure 417. 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 hydrogetslicating phase separation during
the polymerisation process. 243

Figure 418. 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 EGBMA,
wiw 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% wW/MWAPS; (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/wtewaand 0.5% w/w APS. As the
concentration of HEMA increased, the relative aqueous permeability generally decreased.
pHEMA hydrogels could be synthesised containing approximate8220 w/w HEMA, and
M9 20% w/w pHEMA hydrogels with mostly water yieldegiavalue of 0.72 £0.12.4
values are reported as mean £SD. 244

Figure 419. 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 thdtireg xerogels
were coloured beige and had shrunk within the casting mould. 245

Figure 420.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 transgafédém (M31) and phase
separated, translucent (M32), and opaque films (M33). When cured ‘@ % 20 hours
and then at 90C for 2 hours, it resulted in slightly beige hydrogels, that were transparent
(M35) and phase separated, translucent (M36), andopeafilms (M37). 246

Figure 421. ESEM micrographs of M30 and M34 hydrogel films. (A & C) M34 was polymerised
at a slower rate and at a lower temperature (&0for 20 hours) than (B & D) M30, which
was polymerised at 7@« for 7 hous. 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 422. UV-polymerised 1015 hydigels supplied by Vertellus Biomaterials. 248

Figure 423. Relative aqueous permeabilities of pHEMA hydrogels with varying types and
concentrations of canonomers. The 1015 formulation was modified by (MPC) creating a
gradient of @25% w/w MPC (red squares), (VP) adding a gradient ¢35 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 concentratiors of MPC and VP generally increasggvidlues. Adding PC10159 to the
1015 formulation yielded the highestgiKvalue compared to the additions of <o
monomers, VP, HPMA, and EMAx Yalues are reported as mean £SD. 249

Figure4-24. 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 Vontaining hydrogels (CM21) appeared fragile and opaque. 250

Figure 425. Relative aqueous permeabilities of pHEMA hydrogels with varying types and
concentrations of crosknkers. The 1015 formulation was modified by creating a gradient
of 0.26.9% w/w EGDMA (red squares); (CX4) contained 84.7% w/w HEMA2/w
MPC, 0.75% w/w PEGDMA 700 gfnahd 0.5% w/w AIBN; (CX5) contained 84.7% w/w
HEMA, 14.1 % w/w MPC, 0.75% w/w PEGDMA 2000 4§ amad 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) contaim 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%
wiw MPC, 2.5% w/w MBAM, 0.5% w/w AP S &2.2% w/w water. Changing the type and
concentration of croséinkers resulted in no significant change to relative aqueous
permeability. Ki values are reported as mean +SD. 251

Figure 426. 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. & values are reported as mean =SD. 252

Figue 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/whaitanol (blue
triangles); (D4) was diluted with glycerol (52.7% w/w); D12 and D14 (THF) weifgechod
1015 formulations that contained 46.2% and 68.8% w/w HEMA, 0.7% and 0.4% w/w MBAM
crosslinker (instead of EGDMA), and 16.4% and 43.9% w/w THF (red circles); (D21) was
1015 formulation diluted with THF (46.7 % wi/w final concentration). Further addaf
THF (>50% wi/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
Kuir value of 0.67. There was a slight increase in relative aqueous peiliheals the
concentration of tbutanol increased, but it was not significant. Glycerol did not increase
the permeability. K values are reported as mean £SD. 254

Figure 428.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) wiw 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 serdiPN films. 255

Figure 429. Relative aqueous permeabilities of pHEMA hydrogels with VP and THF. The 1015
formulation was nodified by creating a gradient of &84.6% w/w (final concentration)
VP and diluting the formulation with THF (~40% w/w final concentration) (red). Increasing
the concentrations of VP resulted in increase@\alues. K values are reported as mean
+SD. 255

Figure 430. Relative aqueous permeabilities of nylon meshes with 0.2 um (grey squares) and 1
pm (red circles) sized pores coated in different concentrations of PC1059 mixtures. The
coated meshes exhibited large relative agus permeabilities compared with
permeabilities observed with pHEMA hydrogels, and the relative aqueous permeability
decreased as the concentration of PC1059 increasgd/dfues are reported as mean =SD.

256

Figure 431.ESEM ricrographs 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% ARS)shows the surface area of the hydrogel at 250x
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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.
257
Figure 432.ESEM micrographs showing 1015 formulation hydrogetued for 1 hour at 6TC.
(A) shows the surface of the cut corner of the hydrbdisc at 500x magnification, aifB)
shows the surface at 100x magnification. The surface is smooth showing striations from
being cut with a scalpel during sample preparation. 257
Figure 433. ESEM micrographs are shown of M9 (¥#8.AEMA, 0.8% MPC, 0.5% w/w EGDMA,
0.5% w/w APS, and 78.5% w/w watéh) shows a 100x magnification of the corner of the
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Chapter 1 Introduction

1.1. Glauommaand its impact

Glaucoma is deed asa group ofoptic neuropathieghat are characterised by
the progressive degeneration oétinal ganglion cellcausingstructural changes tthe
optic nerveheadandresulting in agradualloss of thevisualfield in at least one eyél).

If not diagnosed and treatedarly, glaucoma wiltesult in blindnessas damage to the
optic nerve is rreversible. Gaucomais the leading cause ofrreversible blindness
worldwide (2¢4).

It has been estimated that over 70 million people awerently affectedglobally
by glaucomand thatapproximately seven million of these are bilaterally bl{gyl The
global prevalence ofglaucoma andrreversible blindnesslue to glaucoma has been
projected to rise ta80 million andl1 million, respectivelyby 2020(2,6,7) while more
recent estimatesy the World Health Organizatisuggest that the number of people
affected by glauoma worldwide will increase to 95million between 2020 and 2030
alone(4). A metaanalysis of 50 populatichased studies predicteithat the prevalence
of glaucoma wuld increaseeven further to111.8 million by2040 (8). Increased
prevalence of glaucoma wiisproportionally affectpeople residing iAsia and Africa
with 40% ofglobalcases ocurring in China and Ind{&c10).

The economic impact of glaucoma farreaching.Glaucoma costs the United
States(US)economy$2.9billion every year in direct costs and productivity losgEL).
Total direct cost estimates faglaucoma patients in Australia &pproximatelyAUD
144.2 millon (12). In the United Kingdon{UK) the total cumulative costs of glaucoma
were projectedat £5.5 bilion from 2010 to 2020assuming 90%diagnosigate within
the patient population (13). In Scotland, the mean cost of glaucoma treatm@mnbne
clinicover the patientslifetime was £3001, with an annual mean cost ppatient of
£475 (14). AcrossEurope, the annual total cost of glaucomaper patient were
determinedtobed SG 6 SSY | ¢/MRm X NI M M M

The financial burden of glauconoa health care systems, payors, and individuals
increases ashe diseaseseverity inceases. A US studgund a fourfold increase in
direct ophthalmologyrelated costs fom earlystageglaummato end-stage glaucoma

and blindnesswith average direct costs per patient per yaacreasing fronts623to
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$2511for earlystage and enestage glaucoma, respective(§6). Another analysis of
resource utilisation and direct medical costs of glaucamBuropediscoveed arisein
costswith worsening disease severitindingannual mean costper patiert increasing
FNR Y ¢ n nsiageylglucosaoNt ddn endstage glaucomél?).

Glaucomaalsoimpacts patientsindividualhealth-related quality of life (HRQoL)
in multiple ways, includingy reducing outdoor mobilitythe ability to carry out personal
or household tasksand byintensifying the riskor injuries and accidentd 8). HRQoL is
ametric thatreflects a mtient'sperception oftheir well-being focussingon dimensions
of physicakndsocial functioningand mental healh (19). In a large US studyith more
than 3,000 participantsgaucomapatientswith severe visual field losgad consistently
lower seltreported HRQoL scogg independent of whether the patients had prior
knowledge of their glaucoa (20). Psychological burdensisa escalate as vision
deteriorates, and some contributors to this burden include fear of blesdn social
withdrawal, and depressio(21).

The main risk factors associated witlisease progression include ageing,
increased intraocular pressure (IORJhnicity, myopia and diabetes althoughthese
risk factors have not yet been fully characterised #malbiologicalbasis & glaucoma is
not completely understood (see Section1.2) (5,22,23) As optic nerve damagiom
glaucoma is irreversible, the primary treatmenstrategy involves slowing this
degeneration. The only major risk factor that is clinically modifiable is the level of IOP
(24,25) The higher the I0P, the greatire risk is foroptic nerve damage; therefore,
reducing the IOP is theost effective clinicahpproachto halt the progression of the
diseasq26).

Glaucomacan be relativelyasymptomatic, especially in the eadtages otthe
disease, and gople with glaucoma do not usually have an awarenesargfocular or
systemic symptoms, which makes early detection more diffi(2if). Glaucomatous
vision loss is commonly misrepresentednrages developed fgpatient informationin
glaucoma awareness programmes. These informational materials depict vision &ss as
black peripherythat slowly developsinto a distinctive "tunnel" vision. Rather, the
glaucomatous visual field is characteridgdthe development bblurred patches and
blurred edgeg28). Consequently dw public awarenessf glaucoma and its risk factors
coupled witha lack of symptoms early on have resulted in a large proportion of

individuals with glaucoma who remain undiagnosedeceive a delayed diagno$29).
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In developed countries,samany a$0% ofglaucoma caseare undiagnosedyhereasit

has beenpredictedthat this number could be as high 88%in developing countries
(30,31) Therefore,by the time thedisease is diagnosed, the optic nemway already
have advanced damageand significant interventions are required to maintain

reasonable visual functiof82).
1.2. Pathophysiologyof glaucoma

Although the pathogenesis of glauva is not fully understood, elevate@P>22
mmHg has beerrelated to retinal ganglion cell deai33). Retinal ganglion cells are a
population of neurons of the central nervous system with their soma in the inner retina
and axons irthe optic nerve(34) Retinal garglion cell axongxit the posterior of the
eye through the lamina cribrosawhich is a collagenousstructure with meshlike
perforations in the sclera(35) Because the lamin&ribrosais thinner and more
compliantthan the sclerad tissue it is more sensitive tehanges in pressure.Elevated
IOPrestricts blood flow in the posterior ey86)andcausesmechanical stress and sin
to the lamina cribrosawhichmay result in compression, deformaticor,remodelling of
the tissue(37,38) Deformation of the laminar tissuesults in cupping of the optic nerve
head that strains the retinal ganglion cell axons and compromises their fun@&)n
These structural changealso disrupt axonal transport andmpair the delivery of
adenosine triplosphate ATBH andes®ntial neurotrophic factorso the retinal ganglion
cells(33,39%;42). Damaged axonal transport of essential factlmads tomitochondrial
dysfunction, oxidative stresgndthe activation of apoptotic signallingy surrounding
glial cellsculminating irretinal ganglion cédeathand aloss of synaptic connectivigt
the optic nerve head33,40,43)

Vision lossisually begins witlblurred patches irthe peripheral vision, followed
by deterioration in the central visio(32,35) In healthy individuals, the optic nerve
degenerates ata rate of 0.5% per year, and since the brain accepts this rate of
degenerationas normal apatient with glaucoma may only appreciatesion loss when

the diseas advance$44).
1.2.1 AqueoushumourandIOP

The level of IOP is determined by the balance betwé®sn secretion and

drainage of aqueous humo. Normal levels ofOP(10¢21 mmHg)xanvary at different
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times of the daybut the averagdOPhas been determined as 15.5 mmidghe general
population, derived fromstudiesinspecting both eye®f 10,000 individualg45,46)
Aqueass humour, also known as intraocular fluid, is continuopstduced inside the
eye by norpigmented ciliary epithelial cellg7) It is compsed of 98% water with
dissolved amino acids, glucose, electrolytes, ascabid, immunoglobulinspxygen,
and carbon dioxideThe agueas humourmaintains the structure of the eydranspors
nutrients, assigin immunity, and provides the means forefractive indexng, which is
essential for visior§48). The production, flow, and drainage ofelaqueous humour is
an active, continuous procesegequired to maintain optimal ocular health, and
overproductionor insufficient drainage are the two causes of increh$©P (49,50)
Aqueous humour is produced by ciliary body epithelium in the posterior chamber
through an active secretion that relies on ATP hydrolysis from 8ddiun-potassium
pumpsand carbonic anhydrag®1). The production rate has been reporte follow a
circadian rhythm, ranging from 1.5 plinute at night to 3.0 plminute* in the morning
(52¢54). An averageate of aqueous humour production a2.0 +Q4 pLminute? is
generally accepte@2,55)

After production the aqueous humour flows frorthe posterior chambelrvia
passive diffusiothrough the pupil tathe limbal region of theanterior chamber, where
it drains througha spongdike tissue calld the trabecularmeshwork (TM)Aqueous
humour contains cellular delsfrom upstream tissues that is removed by cells in the
outer layer of TM, which are phagoay(56). Fom the TM, the agueous humour drains
into Schlemrts canaland then into the episcleral vein and venous circulation in the
conventional drainage pathwa{p1,57) Alternatively,the aqueous humour can dnai
through theuveal meshwork into theiliary muscle and other downstream tissues in
the unconventional drainage pathwaseeFigurel-1 (57).

TheTM acts as theesistance barrier for the flow of aqueousrmour. h order
for aqueous humoudrainage tooccur, a positive pressure gradiemust be built inside
the eye. cethe IOP reaches 15 mmHg, the aqueous humour will flow through the TM
(52,53) For this reason, drainage through the TMasmsidered the major mechams
for aqueous humour drainagé8,59) 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 Schlemsrcanal60). Approximately 220 um thick(61),

the surface area of thdCT has been reged as1656+502 unt (62). Thealternative
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method of aqueoushumour drainage is through the uveal meshiko which is
comprised of conective tissue with irregular opening®¢75 pmin diameter (63).
Drainage through theiveal meshwork usinthe unconventional pathwayccounts for

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

Conjunctiva Trabecular meshwork ) - Cornea

Schlemm’s canal

Anterior chamber

Trabecular outflow

Ciliary body
Juxtacanalicular
tissue

Sclera Uveoscleral Posterior
Outflow chamber

Figurel-1. A diagram illustrating the flow of aqueous humour and corresponding location
eye. The dark blue arrow indicates the direction of the movement of the aqueous humou
the ciliary body(pink) around the lens in the anterior chamber towards the trabecular mesl
through the trabecular outflow pathway (green arrow) or towards theahmeshwork throuc
the uveoscleral outflow pathway (light blue arrow).

Primary operangleglaucoma (OAG), or chronic glaucqnsahe most common

type of glaucomaaccounting for more than 70% otses(22,65) In OAG there is
increased resistance to aqueous outflow through th®l, which causes théOP to
increase slowly66). Increased resistance in the TM is thought to be duexcess cells,
debris, fibrin or proteins carried by the aqueous humd67). 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, am mutant caveolins result in disrupted cell signalling inedlin endocytosis,
but their putative mechanisms in glaucoma have not been establighed

The other type of glaucomaamngleclosure glaucoma (ACG), or acute glaucoma.
InACG elevated IOP is due tbstructed access of the agueous humourttte drainage
pathways, typically caused by a narrowmighe angle between the iris and theornea
(68). Some genetic structural variations predispose individual8@8x69), andACGs
more prevalent in Chinese, Indians, and Eskipmgulations(8,70) Acute glaucoma is

a medical emergency and has symptoms such as severenpaga, and blurred vision
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(71). Because of these symptts, this type of glaucoma is easily identified and can be

controlled before any irreversible damage occurs if appropriate action is taken.
1.3. Current reatment strategiesfor glaucoma

The primary goalfaylaucoma treatment is to prevemwtr delayvision lossandso
the treatment strategycentres around decreasinte IOP to a level where sight loss and
thus disease progression are reduced to a minim({). Irrespective of whether the
IOP iswithin anormal range in patients with establishe@AG(defined as havingptic
nerve damage), lowering th®©P20¢40%was showrto slow the disease progression by
decreasing the rate of peripheral vision loss by 5Q%73,74) Loweringthe IOPhas been
shown to slowdisease progressian higher riskpatients(75), in those with earlystages
of the diseasg76,77) and at advancedstages of glaucomé&/8). The mechanism of
action of virtually all current glaucomatherapies isto reduce IOP by either enhancing
TM and uveosclerabutflow of aqueous humouor by suppressingagueous humour
production(79,80)

The choie of the treatment takes into account several factors, including the
clinical situation of the patienti.e€. the stage and severity of the diseasahd the
invasiveness, effectiveness and safety profile of the treatn{88). Furthermore, the
treatment that has the lowestate of adverse events or postoperative complications is
another factor in choosing a glaucoma treatmehherefore, glaucoma is notanaged

the same way for all patien{82).
1.3.1 Pharmacological treatmers

The first line of treatment to lower the IOP is by topically administeing
pharmacological therapy the form ofeye dropg81¢83). Thesemedicationsconsist of
i-0f 201 SNA = LINR & 0 | 3t lagrénkrgic réepidr { agbdis$si
parasympathomimetics and topical or systemic carbonic anhydrase inhil{ifatse
1-1)(84). These treatments aim to lower the I@Rher by reducing theate of aqueous
humour productionin the ciliary body or by improving theumour outflow in the eye
via the trabecular rashwork and uveoscleral tissues

i -receptorsplay an important role in the regulation and production of aqueous
humour; thus, blocking these receptors reduces the productioraqfieous humour.

Selectivei -blockers e.g. betaxolol,g KA OK  o-ddrddeptdrsand nonselective
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i -blockers,e.g. timolol, 8 KA OK 0 f 2 O y P aidréheceptorsreduce the
production of aqueous humour by the ciliary bod{85,86) Carbonic anhydrase
inhibitors, auch as dorzolamidesxhibit the same effect on the ciliary bollya-blockers

but through a different mechanism. Carbonic anhydrase is an enzyme important in the
production of agqueous humouby converting C®and BHO to HC@ which helps
regulate chloride secretion. B inhibiting carbonic anhydrasethe rate of fluid
production reduce$87,88) Adrenergic agonists, such as epinephrine, act by stimulating
0 2 (4« y"Rreceptors, which restricts blood flow and reduces the rate cfiems
humour productiorandalso increasethe rate of flow through therabecular meshwork

(86).

Table 1-1. Current pharmacologicatreatment strategies for glaucomaClinicalTrials.gov
identifier NCT0331058(INCT0208708%33,8%;93)

Pharmacological treatment Examples Mechanism of action
¢ 2 LJA -@drehergicblockers Timolol, carteolol,
betaxolol
¢ 2 LIA Gedrenergieireceptor Brimonidine,
agonists apraclonidine Redue aqueous humour production ir
Systemlc. carb_omc anhydrase Acetazolamide the ciliary body
inhibitors
Topical carbonic ahydrase Dorzolamide,
inhibitors brinzolamide

Parasympathetic muscarinic

receptor agonists Pilocarpine Increaseaqueous humoubutflow
] . . through the trabecular meshwork
Rhokinase inhibitors Netarsudil
Topical prostaglandin Latanoprost, Increaseaqueous humoubutflow
analogues bimatoprost, travoprost through the uveosclelgathway

Prostaglandin analogues, suchlagnoprost,increase the flow of the aqueous
humour through the uveoscleral pathway by binding to endogenous prostaglandin
receptors, relaing the interior eye muscle@®4). Miotics, such as pilocarpinand rho
kinase inhibitors €.g. netarsudil) whichmore recently approvedare a class of drugs
that act on improving the drinage efficiency of the aqueous humour through the
trabecular meshwork. Thegtimulate ciliary musclecontractions which leads to
relaxatian of the trabecular meshwor{@1,92,95)

Eyedropsexhibit apoor ability to penetratethe corneal barriers of the eye, and
it has beendetermined that éwer than 5% of the drugdelivered in eyedrop
formulations is absorbedyith the remainingenteringthe bloodstream vidaransnasal
and conjunctival absorptio(®6). Poor drug deliverjas the potential to lead to serious,

unwanted side effects in offarget organs For insta®© S =  { 20ldék€s &re |
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associated with decreases in blood pressure, reduced pulse rate, fatigue, shortness of
breath and even depressiof®1). i -blockersalso cause relaxation of the bronchial,
urinary, and vascular smooth musclessulting in other adverse reactiorig9,97) The
prolonged use of eye dropacreases the sensitivityf dhe eye tissueslue to chronic
exposure tothe preservativescommonly added tothese formulations, such as
benzalkonium chlorid€86,98) Due toa fairly acidic pHmany eye drops als@ause
ocular irritations,such astinging and rednes®9).

Snce glaucoma is a chronic diseakmy patient adherence and cogtlay an
important role inevaluatingthe benefitrisk ratio of eye drops as treatment. An
economic analysis of resource utilisation and direct medical costs of glaucoma in Europe
discoveed that eye drop medications comprised @&b% of total direct costs for all
stages of glaucom@l7) Eye drops need to be used several timeslag, which is
inconvenient for patientsand results in low patient compliand@9). Overall patient
complianceis estimated at approximately 50%r the regular administrabn of eye
drops (100). In an observational cohort study using an electronic monitoring device,
nearly 45%of glaucoma patientsised theirprescribed eyealrops less than 75% of the
recommendedtime (101) Another study using areye drop medication monitor
determined that over 50% of patients mssd at least 20% ofloses prescribed for
glaucomatreatment (102,103) Finally, sing routinelycollected data,one clinical
practice in the UK foundhat 51.6% of paents demonstrated poordherenceto
prescribed eye dropfr glaucomg104) Patiensthat arenon-compliart with eye drop
prescriptions report having diffidtly remembering to take them and repioother issues
like stinging and redneg405,106)

Fixeddose combinationdFDCs) of eye dropepresent another option for
patients For example, the US FD@écently approved a combination of a carbonic
I Yy K& RNI a8 Ay K A-adkeiie?gidJ agonysRo0), wifile & Brinzolamide
brimonidine FDC eye drop formulatioreceived European marketing authorisation in
2014(107) @mbining two medications in onf@rmulationhas been shown tamprove
complianceslightlyby reducing the time required to administer drogsd the frequency
of use(88), however challenges witlpatient adherencestill remain Patient adherence
to FDCeye dropsstill declinedover time,although at a lower rate thawas observed in

asingledose formulationcontrol (108) Poor ocular uptak@and potential systemic side
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effects paired withlow patient complianceand high costsll illuminate significant

disadvantage$or eye drop formulationsn treating glacoma(105,109)
1.3.2 Laser treatmens

When eye drops prove insufficierdt proonged management ofOP, laser
treatment is sought taeorrectthe blocked trabecular meshwork. Theaee three types
of laser surgeriesArgon Laser Trabeculoplasty (ALSglective LaseTrabeculoplasty
(SLTMandtransscleral diode laser cyclophotocodapion (TSC). In ALT, the laser ablates
the trabecular meshworky burning small holes into the tissteeincrease flid drainage
and open the blocked channg]$10) Early clinical studiesiggested that ALT might be
superior to pharmacological therapy asiesttline treatment for primary OAG111)
However, ALT can cause IOP spikesrdtahimation, andecause a higpowered laser
is employed, its use ignited to two-three times per patien{80,112) SLT targets the
pigmented cells of the trabecular meshwork, preserving the raletrabecular
meshwork structure, which allows for repeated treatmef(it43)

Although SLT and ALT haffectively lower IOP, SLT causes less coagulative and
structural damage tha®\LT; howeverSLT has a 50% failure rate after two ydafst)
In TSC, the laser ablates ttiBary body anadeducesthe formation of aqueous humour,
but TSChas been associated withdverse events liksuprachoroidal haemorrhaging
(115¢117) The effects of these lasérased interventions are relatively shedgrm and
the outcomes vary between patien{82,79) The blockage of some of the newly formed
channels causes elevated I@Re to fibrin deposition,and patients may require

medication even after laser treatment to combat elevated (DF8)
1.3.3 Surgical treatmens

If the progression of glaucoma is nbilted by pharmacologcal or laser
treatment, then a surgical procedure known teabeculectomy or glaucoma filtration
surgery (GFSmay be necessaryo preseve visual function in patient§119) GFS
involves ceating a new drainage channelled a fistulalirough the sclera between the
anterior chamberand the sulsonjunctival space, as illustrated Figure1-2. The new
fistula is desiged to bypass the compromisaembnventionaldrainagepathway. The IOP
lowers as the aqueous humour drains to tleibconjunctivalspace throug a small

cavityunder the conjunctiva, called a filtering bleb, aisdabsorbed into the systemic
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circulation via tle conjunctival and episcleral vei(20) G-S was devised in the late
1960s and isstill considered the'gold standard surgical procedure for glaucoma
because it has been proven as the most effective treatment for lowering(80R.2XL,
123)

The GFS technique involvesreating a new surgical leannel for controlled
agueous drainingFigure 1-2). An incisionis madein the conjunctiva followed by
elevating a partiathicknessflap of scleraltissue.A portion of scleral tissue is removed
as well as pardf the iris,directly belowthe scleraThe conjunctivas then suturedack
in placeto allow for the circulation ohqueous humour around the scleral fldprming
a filtering bleb (1). This surgical technique requires considerable skill amthrigal
expertise to achieve the optimal thickness aalesapproximately 3060 minutesper

patientto perform (124)

Conjunctiva  Aqueousoutflow COT?? -
throughnewopening -~
/ - Anterior chamber

Schlemm’s Posterior
canal chamber

Sclera

Figure 1-2. A schematic diagram illustrating glaucoma filtration surgellye black arroy
represents the alternative aqueous outflow pataycreated during glaucoma fition surger
where the fluid is directed tthe subconjunctival spaddrough a filtering bleb.

Manyearly postoperative complications of GFS relate to poor initial control over
aqueous outflow(125) Hypotonyg KA OK A & Lalflattendi§mrieNoY dhainbey
bleb leakage blebitis (inflanmation of the bleb), and failure of filtration due to bleb
encapsulation make posEFS effective managemenessential (126127) The
postoperative care determines the outcomes of GFS and its-lemg success, which
means it is not the first choice of treatment for glaucoma management by
ophthalmologists(128) GFSoutcomescould be considerably enhaad if the flow

resistance through the drainagbleb were more effectivelyegulated (125) Post
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surgical inflammation and scarring make improper wound healing a major praoblem
GFSAfter any surgical procedure of tissue trauma, there is an intrinsic wound healing
response that resultsiithe deposition of scar tissue. This scarpngcess after GFS can
effectively close thétrap door, which results in surgical failuf@29,1®). 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 (&pere introduced as an alternative @FSor
patients ata high rsk ofGFSailure due to the increasedsk of fibroblast proliferation
and episcleral scarrin@28) GDD<reate an artificial drainage channel with minimal
incisions and a shortémplantationperiodthan GF$132) SinceGFSs ahighly technical
surgery,GDDs were developed as a means to deskill the procedurelatach a more
uniform IOPreduction The basic design @DDsncludesa tube that is connected to a
flexible end plate or space plate. One end of the tubes inserted intothe anterior
chamberof the eye and the other end is attached to the plate, which is placed the
subconjunctiva This artificial tube is emplad as a new drainage channel for the
agueous flowinto the sulzonjunctival spaceTheend plate is designed as a physical
placeholder during subconjunctival fibrosis after implantation and relies oty to
undergoforeign body encapsulatiofwVithin four to six weeksfter devicemplantation,
afibrovascular capule composed of collageand vascularised tissudevelops around
the spacerand actsasthe primary resistance mechanism for aqueous humour flow.
(133) Beausethis capsulas the first resistance taqueousflow in the postoperative
period, itis important for adequate 10Bontrol. AQueous humour accumulates in the
capsule and is later reabsorbed by capillaries and lymphatic egssulting inlOP
reduction (134,135) After this 4¢6-week period, a filtering bleb forms arounte end
plate, providing drainage ohe aqueous humouf136)

From a clinical standpoint, the bleb progresses through 3 stéfgs) the first
phase is thdnypotensive phae, which lasts approximately4 weeksduring which the
IOP is typically low, and the blebilisdefinedand diffuse, exhibitingongestedblood
vessels around the bleb. The second phase is a hypeviepbase, which lasts between
1¢6 manths and is associated with increased IOP. Gleb becones localised and well
defined with theformation 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 variddDB< During this
phase, the IOP can potentiallgcrease to 3@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 inflammaiton and welmaintained I0P (1&L7 mmHg)127)

Molteno® developed the first GDD in 196237) which wascomposedof a

polypropylene plate and a silicone tubseeFigure1-3. This was a newmaled tube
device that offered little to no resistance to aqueous humour outflow. Due to the lack
of control over the outflow, significarfluctuationsin the IOP \&re observed which led
to pogoperative hypotonyflattened anterior chambes, and choroidal §usions(138)
With a nonvalved GDD, the IOP is controlled by the fibrous capsae eventually
forms around the end plateas a part of healing afteimplantation. Because the
implantation relies on thegatients ability to develop dibrovascular capsulegatients
respond differentlywhich causes inconsistencigsthe outcome of the surger{d39)

The frst valved GDD was introdutén 1976 by Krupiand contained silicone
tube andend plate (140) The principle used by the Molteno device is the samihe
Krupin devicebut a unidirectional valve was introded to provide resistance tthe
aqueous flow and prevent hypotony after the implantation of thevice. When the I0P
reaches 44 mmHg, the valve opens due to the pressure exerted by the IOP. Later in
1993,the Ahmed®glaucoma device (AGD) was introducedhvthe valve optimised to
openwhen the IOP wouldeach8¢12 mmHgSeveral devices have been develogette
the AGDwhich areshown inTable1-2.

Complications that may occur in the early postoperative periodethe fibrous
capsuleformsinclude typotony, flattening of theanterior chamber, corneadedema,
uncontrolled high presue, ptosis, and diplopiél41) Hypotonyis crucial to prevent in
the first few weeks as it disrupts visual functi@ertain surgical techniques anesed to
try and minimise hypotonysuch as external absorbable ligatures or internal removable
suture stens to control the aqueous flow temporaril{142,143) Modifications in the
design of thedevice such asncreasing the surface area of the end plate and designing
a subsidiary pressure ridge to reduce pgstative hypotony have also been introduced
(144)

Gomplicatiors that occur several weeks pestplantation are harder to predict

andincludecorneal oedema, erosion, chronic iritis, tube obstruction, &dD failure
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(141) The origin of these complicationsae be traced to either poor aqueous flow
control or suboptimal material biocompatibilifft34) The most common complication
that occurs during tts period is increased IOP, whicldige to obstructionof the tube
caused by excessive capsule formation and fibrosis around the tube and the end plate.
(145) A study reported that for AGD driMolteno® between 4@;80%and 20¢30%of
patients, respectively, experienced increased IOP three to six weeks G
implantation (146) The most common causefor a GDD failureare either bleb
encapsulationor bleb fbrosis (134,147) The foreign body response to GDDs is
characterised by inflammation, collagen deposition and finally, scar tissue formation,
which causes the nay formed channel to close and the operation to fdiB0O) It has
been found that most GDD failuresaur within the first yearwith an estimated failure

rate of 10% per year due texcessivdibrosis around the end platél47) The only
option available to the patiemafter GDD failurés to hawe an ophthalmologist perform

a followup operation toeither segmenthe capsule ¢ allow aqueous humour to flow

or implant a new GDIDhisstrategy is not idedbecause thaon-functioning devicewill

be left in the eye, whilehte second device is placed ansuboptimal place in the eye
(148)

An additionalalvespecific complication imalvedGDDss the variability in valve
performance betweerdevicesthat occurs dugo manufacturing inconsistenci€$49)
Modifications in the devices to overcome these problesgh as increasing thdagte
surface area ah modifying the valve in AGlave beenintroduced, but no significant
advantagesof IOPcontrol have resulted from these modificatiorf$50) In general,
GDDsavailable in the clinic lack the consistgria controlling IOP among patients for

more extended periodél51)
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Tablel-2. GDD<urrently usedor in clinical development, including timeaterials used foeach device, the mechanism of aqueous humour drainagd,the size
of each device.

Aqueous humour

Valved?

Device drainage Material (YIN) Size References
Molteno® Subconjunctiva Silicone tube; plypropylene end N 134 mnft single end plate, 268 mﬁmlouble end plate; (137,139,152)
plate 340 pm inner tube diameter
Baerveld® Subconjunctiva Silicone tg_bebarlumlmpregnated N 250 mr_r?, 359 mns, a_nd 500 mrﬁ_end plates (153,154)
silicone end plate available; 300 m inner tubediameter
ExPress R5( Subconjunctiva Stainless ;tee} tubestainless steel N 3 mm Iength; 50 pum and 200 pum inner tube (155157)
disclike flange diameters available
Ahmed® Subconjunctiva Silicore tube;sgépropylene end Y End plate is 185 mfn300 um inner tube diameter (158,159)
Krupin Subconjunctiva Silicone tubesilicone end plate Y End plate is 18tnm? 300 um inner tube diameter (140)
MIDFArrow Subconjunctiva SIBSube N y®p YVY I Sc)iqazrlngteKrT TAOZY Ay (NCT01563237160161)
SOLX® | Suprachoroidal space 24-carat gold N 5.2 x3.2 mmflat implant (162)
CyPass® | Suprachoroidal space Polyamide N 6.35 mm length; 0.3 mm lumen (80,163)
Hydrust Schelmns canal Nitinol N 15 mm length (NCT03065036164)
. . 1 mm length (body); 250 pum (snorkel) [GTS100], Z
iStent® Schelmns canal Titanium N >Y tSy3GK “D¢{nn (NCT02024464165,166)
Xen implant Subconjunctiva Porcinegelatine crosdinked with N 6 mm bng; 45, 63 and_ 140 um inner diameger (167,168)
glutaraldehyde available
Optimed Subconjunctiva PMMA N 14 mm length10 mm width; 1.3 mm thickness (134)
Iljdzl ¥ ¢ Subconjunctiva Lyophilised porcine scleral collage! N 2.5 mm length; (169)
- I yop P 9 1 mm dry width; 1 mm thickness
{¢! w¥ Suprachoroidal Porous silicone N y Y.Y ESYy3uKT wr> (170)
diameter
Aquashunit Suprachoroidal Polypropylene N Mn YY £Sy34KT n YY @gARI (171)

Abbreviations:PMMA,polymethylmethacrylateSIBSpoly(styreneb-isobutyleneb-styrene)
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Snorkel

120 pm

Retention .
Aschos Self-Trephining

Tip

C ) @

Pars Plana Model BG-102-350 Model BG-103-250 Model BG-101-350
Surface area: 350 mm* Surface area: 250 mm* Surface area: 350 mm’

Figurel-3. Current glaucoma drainage devices (GDDhe clinic (A) Molteno's single plate GDIB)Krupin's unilaterally valve@DD (C)Ahmed®GDD witl
pressure sensitive valygD) iStent® minimally invasive GD(&) Baerveld® GDD (F) SAX® Goldhunt 24 carat gold supraciliary devite increas:
uveoscleral outflow(G)CyPass®upraciliary Micrestentto improve uveoscleraluflow; (H) ExPress R50 translimbal GDBRde of a stainless steel tub@)
lvantisl & R NMigrostent, an intracanalicat scaffd R G Kl  RAf I (i @&KXénTalagdiviptattsifor Glaugomé drainadé68,83%835).
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More recent GDDs includbe ExPress R580OLX® GolandiSent®. Th&ExPress
R50 is a stainless sta@n-valvedtube with adisclike flangeinstead of an end platat
one end andh spurlike projection & the other end(Figurel-3H). These modifications
were introduced to preventube migration. Initially, it was plaed underneath the
conjunctiva, butissues withhypotony andconjurctival erosionwere commonso t is
now placed under a partial thicknesslerd flap similar to GFE72) While the ExPress
R50has been demonstratk to improve IOP postoperativeli73) there is minimal
evidence from clinical trials to suggesiperiorefficacy compared witltGFS174) The
SOL® Gold (Figure 1-3F is another newer GDD thawas developed to direct the
aqueous humour to thesuprachoroidal spact drain out of tre uveoscleral outflow
pathway, but has been associated with a high failure (a&82) The Istet®is a 1 mm
long, Lshapedtitanium tube (Figure 1-3D) that is inserted surgically into the eye
through the trabeculatmeshwork into 8hlemnis canal. This creates a permanent
opening in the trabecular meshwork to direct the agueous humioio Schlemmis
canal. A systematic literature review of ligical studiesreported that iStent®
implantationlowers IOP andeduces depadency on glaucoma medittans, but that it
is unknown whether these effects last beyobh8 months(175)

The naterials used fomanufacturinga GDD must be biocompatible to minimise
the initial inflammatory foreign body responsasd avoid thecommoncomplications
mentioned previously176) Polypropylene and silicone are the mostranonly used
materialsin GDD developmenthowever, lbood plasma and proteinsanbind to both
of these maerials, whichcan leado cellular adhesion, inflammatioand fibrosig128)
Polypropylene, used iMolteno®and some AGD implants, has been associated with
higher ratesof inflammation compared with silicon@ animal studie177) Thishas
beenattributed to the polypropylenés rigidity, flexibility and shape. Indinicalstudy
where patients underwent AGD implantatigrnthose with silione AGDs experienced
fewer complications than those with polypropylene AGD#8) Silicone is useds a
materialin Baerveldt®Krupin and some AGD devi¢éd7)

Most GDDsare made of silicone and polypropylene, but stainless StexPress
R50) and gold (SOL®) are also used due taheir inert qualties (Figure 1-
3)(176,179,180) Crosdinked gelatine(Xen Implant Figure1-3D) and poly(styreneb-

isobutyleneb-styreneSIBEMIDFArrow) have been introducg as biocompatible
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materials in GDD development Although these materialslemonstrate improved
biocompatibility to silicone and polyprnaylene inflammation and scarring are still
obsaved requiring significant pogperative manipulation(181) Biomaterials such as
Vivathane and polymethylmethacrylate (PMM@pimed) have been testedn GDD
development, but they were not found to be less inflammatory than thaterials
currentlyin use(182,183)

Regarding GDD designsgstematic literature review of 54 articles comparing
different GDDsincluding 29 wittMolteno®(single and double-end plates) with some
form of intraoperative modificatios performedto prevent hypotony, 6 with singiend
plated Molteno®without any surgical modificatian 9 withBaerveldt®8 with AGD, and
2 with Krupin valvesfound similar IOP control and stess rates with no statistical
differencesacross device$184) A subanalysis comparing GDDs with the smallest
(Molteno® 130 mm?) and largest Baerveldt®@850 mn?) surface area also found no
statistical dfference in end IOPL84) Another longterm study compared polypropylene
AGD implants (185 minhwith double plateMolteno®valves (270 mr) also found no
difference in end IOR184) In contast, there is evidence that GDDs with smaller
surfaces (e.g. singiglate Molteno® areas have lower IOP reduction than those GDDs
with larger surface areas (e.g. doulglate Molteno®(185) However, the IOP reduction
was not proportional to the increase in surface area of the GI83) This sems to
suggest that engblate szedoes not affect IOP controlhere might be a minimum end
plate area to achieve IOP lowering, after which additional surface area does not
decrease I0P, but no definitive data on the ideal sizerigentlyavailable(146,147)

Thegeneal success rate d&DDs has been estimatedagiproximately 70%fter
the first year and 40% after five yeamith as many as 30% of GlDoplanted eyes
developing excessive scar tiss{is884) Given that met GDD failure is due to fibrosis
around the endplate, research hasden conducted on making the erplate a drug
delivery system for slow, sustained release of an antifibrotic dimwever, large
fluctuationsin IGPand the considerable posperative maipulationthat isrequired are

the major limitations of GDDs
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1.3.5 Antimetabolites

A successfulGFSor GDDimplantation is dependent upon the wound healing
process After surgical trauma to the conjunctiva any epithelial surfacea sequence
of overlappingevents occurshat resultsin eithertissuereconstructionor scarring. Tis
process can be divided intodr major phasesthe coagulatve phase the inflammatory
phase the proliferation phase and thetissueremodellingphase(186) Although these

phases are distin¢their timelinesoverlap seeFigurel-4.

A

Clotting
=V ascular Response

Inflammation

Relative Response

====Fibroplasia and granulation tissue formation

Remodelling

i \

0 5 10 15 20 25 30
Time (days)

Figurel-4. The wourl healing process consistsa$eries of overlapping events; the coaguls
phase, the inflammatory phase, the proliferation phase, and the tissue remodelling pFtze
first one month is regarded as the critical period of maximum postoperative fibrBgisir
reproduced from(353)

During the coagulation phase, plateletad plasma proteinsare released from
disrupted vesselsThese activated platelets aggregate and release factorsatiedct
inflammatory cells such asnacrophages and neutropbi(131) Macrophages release
various growth factors thatontribute to wound healing regulatiorThe proliferation
phase begins in parallel with the inflammatory phase and includes ttbkfgration of
epithelial cells fibroblasts, and endothelial cells sealthe wound, form a temporary
extracellular matrix and carry out angiogenesis(with the help of matrix
metalloproteinasey respectively(187) The final phase of wound maturation is the
process of tissue remodelling, which may continue for months. Fibroblasts aredime
cellsinvolvedin remodelling, andhey, degraa, depositand arrange collagenfibres.
Persistent inflammation and fibroblast formation can intensify scar(it®g8) While

scarringin certain situationse.g. of the skin, isusuallyinnocuous, scarring of the eye
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tissues can result in blindne$¢$89) Targetingthese phasesof wound healing could
modulate wound healingnd could potentiallynediate scar formation.

Since the 1980s, surgeons have attempted to delay or pre@&#ailure due to
excessive scarrirtgrough the use of antimetabolite®80,190) Mitomycin-C (MMGQ and
5-fluorouracil (5FU)are the most widely usedff-label antimetabolites to modulate
wound healing in the clini€127,191) MMC is a ntrally occurring antibiotic and
antineoplastic compound it acts as an alkylating agerdfter activation to form
mitosene,and results in DNA crodimking (190) 5FU is a pyrimidine analogue that
inhibits cellular proliferation as it interferes with DNA synthesis bybitihg thymidylate
syntheta®, which isan enzyme that catalyses the synthesis of thymidiadDNA
nucleotide Both medications interfere with DNA synthesis and lead to cellular
apoptosis

MMC and 5FU areboth administeredat the site of surgery in GFS and GDD
implantation either alone or with other antnflammatory drugs to reduce fibroblast
proliferation and formation of scar tissue. MMC ane=8 areadministeredeither
topicallyby aking a sponge with the drug and glag it in the subconjunctiyaspace
(site of surgeryjor five minutesor by injecting themnto the subconjunctivg127,192)

The evidence available for the efficacy of MMC includé® tTube Versus
Trabeculectomy (TVT) stud@linicalTials.gov Identifier: NCT003068%293) Thiswas
a multicentre randomised interventionalclinical trial that compared GFS with MMC
(0.4 mg mt! for 4 minutes)with a Baerveldt@&DD(350 mn? end plate)over fiveyears
The GDDvas associated with the use of more medications than GFS during the first two
years of followup, but thislevelledwith longer followup. GFS was associated with more
early posoperative complications, butvision loss, rates of late pagterative
complicdions and serious complications were similar between both proced(ire4)

Although augmentation of the wound healing processwith off-label
antimetabolites is pervasive in glaucoma treatment there are significantrisks
associated with their use, suds filtration bleb infections, leaks from tissudrthing,
hypotony, suprachoroidal haemorrhaging, and necrosis due tortbaspecifictoxicity
of these drugg195,196) Thesetoxic effects are due tahe suppression otellular RNA
and piotein syntheses, as well as apoptosis and necrosis at high concentrations (0.4 mg

mL?Y). In a case study, ane year follow upafter a highdose MMC injection displayed
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toxic effectsto the ocular tissues and atrophy of the irgliary body, and retina vere
observed(197) Because igher concentrations of MIC may be preferred for cases of
repeatGFJ198) dose monitoring is required after surge§0,127,199)

There is oneMMC formulation for ophthalmithat has been available as an FDA
approved formulation in the US since 20(4itosol Kit; Mobius Therapeutics). This
formulation can be stored at room temperature for extended periods while maintaining
a reliable dos (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 thefficacy of MMC documented in existing litere¢u(190,201,202)
Furthermore, the cost of one Mitosol kit is reportedly $3890) whereas the current
cost of an existing MMC preparation used in GFS is less than £10 in {(B63)K

Other strategieswith lesstoxic agentshave been investigated teemper the
scarring process glaucomaby targeting compoents in one or more of thevound
healing phases (204) Various anti-inflammatory or antifibrotic drugs have been
evaluated preclinically for subconjunctival use aftéFS,such asilomastat (205),
doxycyclne (206) pirfenidone(207) and rosiglitazon€208) however, none of these

are availabldor usein the clinic
1.4. Challenges of ophthalmic drug delivery

The aim of anyherapyis to deliverthe drug moleculeor active ingredienat a
relevanttherapeutic concentration to the site afctionfor an optimal periodHowever,
drug design igontingenton the notion that key disease targets are isolated from the
disease tissue(209) Compartmental sites of disease, such as the eye, contain biological
barriers that intrinsically obstrucacess of systemically administered drug210)
Systemic drug distribution is often accompanied by sideot$f due to offtarget
interactions whereaslocalised drug delivergfforts have the potential to minimise
these deleterious side effects by reducitige amount of drugneeded forthe desired
effect.

Treatment administratiorto the eye preserd severaldrug deliverychallenges
andrequires a basianderstanding of thetructureand functon of each part othe eye.
Since the eye is exposed to the outside environment, there are nouseprotective
structures in place to keep foreign patés and pathogens from enteringgeFigurel-5
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(211) The eye is externally protected by the eyelids, eyelast@sunctiva, and the tear
film of the cornea212) The cornea is a transparent window, covetsadhe tear film,
and issituated at the front of the sclera, and connecte&althe scleravia the corneal
limbus.The sclera is composed collagen fiboreandencompassethe eyeball. Covering
the inside of the eyelids and the anterior sclera, excludihg tornea,lies the
conjunctiva. It isa thin, clear mucous membrane enriched witblood vessls and
provides lubrication through the production ofucus and tear§213)

Internally, theeyeballisdivided into two segmentsThe first onehird of the eye
is clasified as the anterior segmentvhile the remaining twahirds are called the
posterior segmentThe anterior segment of the eyecorporatesthe cornea, iris, iiary
body, and lens. The cornea ix@nvex structurewith highly innervated tissue and no
blood supply. Thus, it is extremely sensitive to pain and requires support for
nourishment and removal of waste produdtem the aqueous humouiThe surface of
the cornea is covered with a tear film consisting of fiilssue layers: the corneal
epithelium, Bowmats membrane, stroma, Descengtmembrane, and endothelium

(214) Directly posterior to the cornea is the anterior chamber, a cavity between the
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Figurel-5. Adiagramof the eye, which shows the location of the anatomy of #merior anc
posterior segments. Green and blue shapes represent the routes of ophthalmic drug d
including(A) topicd (B)intracameral(C)subconjunctiva{D)intrascleral(E)intravitrea.
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cornea and the igcontaining aqueous humoutheiris isthe pigmented fibrovascular
portion of the eye that contains and controla 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, whichntains ciliary muscles that ol the
shape of the lens, and the ciliary epitheli§215)

These anatomical structuresgnifystatic anddynamic barriers that limit drug
entry and distribution into the anterior segmernt addition to systemic administration,
the main routes of administration in oculadrug deliveryrelated to glaucomanclude
topical,intracameral, intravitreal, subconjuntival, and intrascleral(216) Topical drug
delivery through eye drops is threostcommon route for the teatment ofglaucoma in
the anterior segment dudo the nortinvasive nature of the routehowever, several
factors affect the parmacokinetics of drug moleculesanterior segment tissug17)

Topicdly administered drugs are absorbedherthrough permeation across the
cornea or through systemic absorption through local capillarie§he cornea is
considered a ketatic barrier for drug absorptionand the corneal tear film layers
containdifferent polarities(218,219) The human corneal epithelium 82 um thickand
the tight junctions of the lipaal corneal epithelium limit drug transport through the
cornea, especially for large and/or polar molecy220) In contrast, the coreal stroma
has a large water contentmaking itconducive to solubilising hydrophilic molecules
(217) The bloodaqgueous barriers another static barrier thatas tight junctions of the
non-pigmented epithelium of the cibary body andiridial tissuesthat also limit drug
absorption(221)

Thepre-cornealtear filmcan onlyaccommodateapproximately30> [of volume,
yet many commerciallyavailable eyedroppers deliver volumes retrange of80¢70> |
to the tear film (222) Moreover, the tear volume in human eyes under normal
conditonsis@p >[ BAGK | (qeghsz &$ NILISHKiRGY & BFainis ¢ p
barrier to drug absorptionf217) Topical administratioabruptly ircreases the total tear
volume and sincehere is not enough space twldthe liquid, this causes reflex blinking
and rapiddilution andremoval of the medication via tearing and drainageough the
nasolacrimal ductg47). It has been estimated that ©95% of the drug ineye drop
formulationsislost to these precorneal factors, andiat only 5% reaches thgeriocular

and intraocular tissue4223) Efforts to improve bioavailability and drug release times
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of drugsadministeredtopicaly have been attempted by using dAmaded contact
lenses, but these lenses can decrease oxygen permeability and dedieasens
transparency(224)

Anather route that is relevant to current glaucoma treatment strategies is
subconjunctivaldrug delivery, where drugs are injected insetted, or implanted
underneath the conjunctivaThe human subconjunctiva is 42 um thick with tight
junctions that can allowmolecules up to 5 kDa in size to pg220,225) As typial
injection volumes are 0.£0.6 mL (226) a portion of the mjected solution might seep
into the tear fluid and become absorbed through the corr{@a7) The injected drug
canalsoabsorb into the sclera, which allowisug diffusion to other structures like the
iris and ciliary bodyo occur(226) The majority of the injected drugill absorb into
lymphatic and blood circulatioand rapidly clearnto the systemic circulation, which
necessitates repeated dosiig28) As a resultthe bioavailability, whilgenerally higher
than topicallyadministereddrugs, idimited in the subconjunctival deliveryoute (226)
The counter directional convection of the agueous humioom the ciliary bodyinders
drug distribution into the posterior segmentof the eye (229) Additionally, the
subconjunctivatoute is invasivewhich carrieshe possibility of infectioror hypotony.
(230233),

1.5. Implantabledrugdelivery systems

Due to theselectivefunctionality of the biologickbarriers in ocular tsues
ocular drug delivery is a challenging task that traditionally leads to suboptimal drug
concentrations at the target site€onsequentlythe eye has been a target orga
interestfor the development of prolonged drug delivery systamithin the pas decade
Specifically implantable delivery systems fgrolonged release opharmacological
treatment of glaucomaTablel-3) have beerextensivelyinvestgatedas a replacement
of viscoelastic depot delivery irggons (ClinicalTrials.gov identifieNCT02129673
NCT01408472 NCT01845038 NCT01016691 NCT01229982 NCT01915940
NCT03868124NCT0406075892,109,181,23&54) An idealocular deliveryimplant
must notinterfere with vision,is able toacheve a highdrug 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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administrationbypasgsthe biological barriers of theye, intraocular boavailability will
be enhanced, whileninimising 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 systerm theay, an open system Figure 1-6A-O
would have a steady flow of biological fluiand the release of the drug would be
diffusion controlled. This system is passibelirectional,and requires a difference in
the concentraton of drug in the surrounding environment to drivikug releaseThis
open systemncludes both reservoir and matrsbased drug distributionf255)

In a matrixbased drug delivery systenkigure1-6B), the drug is dissolved or
dispersed inside a polymer matrix. In theory, if the gidistribution in the polymer
matrix is homogenous, a sidydrugreleasewith zerc-order release kineticsyhere the
drug release concentration is independent of time, can be achieved. However, in
practice, the rate ofdrug releasefrom the matrix systenusually isnot steadyand
decreasesover time due to thedecreased drug concentration in the surrounding
polymer membrane. Theolubility of the drug partially dictates the druglease rate
The primary driver for drug magsansfer is the surrounding biological fluid. In implant
form, the thicknessof the polymer membrane and drugelease area also affect the

drugreleasekinetics(256)

EETIT D& 2= Combination
B =
A Combination
Drug matrix
(membrane)

Drug matrix | E @
< Drugreservoir EW Drug reservoir
C F ~ (pocket)

Open system Closed system

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

Inreservoirbased drug delivery systemsigurel-6C), a drug core is surumded
by a polymer, and thdrugreleaserate is controlled by the properties of the polymer

such as polymer composition, molecular weight and thickn€2s7,258) The
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physicochemical properties of the enskd drug, such as solubility, drug particle size,
and molecular weight alsaffectthe drugreleasekinetics from these systen{857)

In contrast, a closed systerigure1-6D¢F) isa theoretical systemvhere the
drug is enclosed ia nonpermeable or slightly permeable membrarend the releas
of the drug iscontrolled andunidirectional i.e. the drug flows from theystemto the
site of action Thissystem isactiveandrequires an energy sourder drug release. This
energy source could be in the formmfgnetic energy, electricity, hediguid pressure
or air pressure, which is coested into motion to drive drug releas€259%261) In
theoreticalclosedmatrix-based systemd={gurel-6E), the drug is dissolved or dispersed
within the membrane, andhe drug rdease rate is controlled bwyn internal or external
stimulus, such as utilising the energy stored in the space between the membranes. |
reservoirbased system@-igurel-6F), the drug is enclosed within@ocket formedusing
non-permeable membrang, and theelastic 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 driegse is
controlled by diffusion. Some of thesxamples oimplantabledrugreleasesystems
under clinicablevelopment for glaucoma are listed Trable1-3.

There is only one FB#pproved implantable drug delivedevice for glaucoma
treatment. The biodegradable intracameral implaftdzNE Awiad agproved in March
2020 and is indicated to reduce IOP in patients with OAG by providing a sustained
release of 1qug of bimatoprost, a prostaglandin analog(#62) The VS101 (Ey®) isa
subconjunctival insert intended for patients with OAG or ocular hypertension. The
latanoprostloaded insert recently completed a Phase l1/@alticentre randomised
controlled study, which found that the inset demonstrated a reduction in IOP fa2
weekswith a favourable safety profilé263) ENV515 is a PL&Aased intracameral
implant for sustained travoprost delivery that has shown clinically meaningful
reductionsin IOP for 11 months aPhase Zohort study(264) Bimatoprost SR is also
a PLGAased intracameral implant that is currently undergoing a Phase 3 study and has
demonstrated favourale efficacy and safety for up to six months in a Phase 1/2 dlinica
study(92,246,265)
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Table 1-3. Examplesof sustainedrelease delivernyimplants for glaucoma that aren clinical

development.

Implant

Delivery

Deliverylocation name/description Drug system Reference
Bimatoprost (250)
Inserted into Sustaineerelease Latanoprost ; (249)
canaliculus of the Openmatrix [~
. punctal plug
eyelid Travoprost (242,251)
Dexamethasone (266)
. Ciliary
. Pars pIapa Non-biodegradable NT| neurotrophic Clqseq (240,267)
implantation 501 combination
factor
Biodegradable slow .
Subconjunctival releaseinsert Bimatoprost Open (268)
implantation VSL01 (EyeD) Latanoprost reservoir (234)
Formx—_based ocular Silicone matrix Bimatoprost Open_ (246)
insert combination
DH¢Cw OAD5H Travoprost Open_ (248)
reservoir
5dz2NE adil ) Bimatoprost (262)
Intracameral
implantation PA5108 Latanoprost . (247)
Open matrix
ENV515 Travoprost (264)
Bimatoprost SR Bimaoprost (265)

F 5 dzNEwad approved by the FDA in March 2020 and is the BBjapprovedsustainedrelease
implant indicated to educe I0OP

Nondegradable ocular implants that have been approved by the FDA for

intravitreal drug delivery could potentially be adapted in glaucoma management.

Vitrasert, approvedor cytomegalovirus retinitisand Retiser{ approved for chronic

non-infectious uveitis are bothpolyvinyl alcohebased inserts that deliver ganciclovir

over a period of five to eight month§69) and the corticosteroid fluocinolone

acetonide for about 2.5 yearsrespectivelydirectly in the vitreous(270) lluvien®

(Durasert), designed to deliver fluocinolone acetonide for a duration of 36 mqinas

been approved for diabetic macular oederfZb3) Due to its small size (cylinder, X5

0.37 mm), it can be injected into the vitreodisectly using a 2yauge transonjunctival

injector system,which eliminatesthe need for an invasive procedur@71,272)

Ozurde® is a biodegradable PLGAbased implant loaded with corticosteroid,

dexamehasone that is approved for intravitreal implantation in the treatmeruf

53



uveitis and macular oedemahich affecthe posterior segment of the eye. This implant
was also investigatedfor intravitreal delivery of neuroprotective agents €.g.
Brimonidine)in glaucoma; however, this trial was completed in 2013 and failed to meet
its primary endpoin{273)

Much of the implantable drug delivegystems to manage glaucoma haeen
investigated to improve the efficacy and decrease #dministration frequency of
pharmacological therapiegi.e. eye drops). The high cost and discomfoof
administrationhave been established @sncerrs for patients who requirdifelonguse
(86). Low patient ompliance is common, guticularly in the cae of developing
countries wherea large proportion opatients need to travel long distances to collect
the treatment andpotentially cannotafford the medications due taheir high cost
relative to incomg274) It wasdiscovered thatn Ghanapnly 17% of patients that were
prescribed eye drops complied with the therag274) Therefore, in developing
countries where patientsmight not be anticipated to comply fully with medical
treatment, a costeffective, "one-time" treatment along with standard glaucoma
surgery isa preferred approachimplantable drug delivery systems have potential
to relieve issues with patient compliance, overcome the ocular delisleajlenges, and

improve glaucoma treatments.
1.6. Hydrogelsasa material fordrug delivery systems

Hydrogels are hree-dimensional (3D) viscoelastistructures composed of
hydrophilic polymeric chains that can hold large amount$lafis, up to thousands of
times their dry weightpy swelling reversibly iliquidswithout changing their chemical
structures (275¢277), seeFigure 1-7. Hydrogelscan behave in this waglue to the
presence of physical crodisks, including inter-polymer entanglements of long
polymelic chains, hydrogen bondingan der Waals forces, or chemicabsslinks, such
as strong covalent bonds that form a sofidlymer matrix (278) The expansion and
contraction of the3D crosslinked polymer network of the hydrogel, which is also
referred to as a meshprovide dasticity andprevents the hydrogel structure from

completely solubilisingto a liquid statg(278;281)

54



Thepolymer chains in hydgelsare held together by crosknks, whichallow
hydrogels to behave like solids rather than liquids, despite containing at least 20% and
often greater than 90% water by weig(282) Water transport through hydrogels is
essentiaffor their use as soft contact lens€283) in drug releas¢284) and asstimuli-
sensitive hydrogels(285) The swelling behaviour of hydrogels is their mostical
property because it allows them to absorb and hold high amounts of liquid, giving them
broad possibilities of applications. Both the sWwefj and absorption capacity of
hydrogelsis attributedto the degree of crosinking, which also known as the number
of junction points. The degree of creisking is altered by varying the ratio of cress
linker to solvent during the hydrogel preparatioA 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 g8ift3

Dry hydrogel

releasing excess excess solvent Cross-linker

Deswelling, I lSwe”ing in ,V\_c\ Polymer chain

solvent A Solvent molecules
A A A A @ Junction points
A A A A !} Entanglements
A
'y F'y
A A F Y
A P

Mesh size

Figurel-7. An illustration of the expansion of polymeric straridsadry hydrogel(known as
xerogel) upo the addition of excess solvent (water in this case) to form hydrated hydroge
junction points allow for the croginking of molecules to attach to thgolymer chain The
expansion and contraction of theD crosslinked polymer network (known asraesh) inthe
hydrogelprovides elasticity and preventhe hydrogel structure from completely solubilis
into a liquid state.
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The chemical composition of tHeydrogels also governs hydrogel swellifigp
minimise exposure to water, hydrophobic groups in the polymer chains tend to
aggregate and collapse in the presence of an aqueous environ(@&6) As a result,
the hydrogels witha higheramount of hydrophilic groups in them tend to swell more
(279) The swelling kinetics of the hydrogels daa classifiedinto either diffusion
controlled (Fickian)where the transport of the solvent into the polymeric structure of
hydrogels is concentrationlependent; or elaxation contolled, where the rigidity of the
hydrogel,or the ability of the polyneric chains to relatimits the capaity of swelling of

the hydrogel(286¢288)
1.6.1 Types of hydrogels

When the hydrogelnetwork is made by covalent bonds crofisking different
polymers chains; the hydrogefformed are classified aspermanent or chemical
hydrogels(289) Chemical hydrogels may be synthesised by dinkig two existing
polymer chains in the sokligtate or in solutio, copolymerisation of monomer/cross
linker reactive in solution/multfunctional macromer or polymerisation of a monomer
inside a different solid polym&R89) When theinter-polymermolecularentanglement
in the hydrogel structurés derived from secondaifgrces such as ionmonds hydrogen
bonds or hydrophobic forces, a reversibilitis imparted to the hydrogel. These
hydrogels are commonly named reversible or physiocalirogels (290) Hydrogels
containingchargel functional groups present in tirestructuremay undergahanges in
shape andswelling when exposed to differenstimuli, such apH or electrical fields
(290) Physical hydrogels may be synthesised by hgaiincooling a polymer solution
to form a gel, changing pH to promote the appaace of hydrogen bonds that form a
gel between two different polymers, or mixing solutions of polyelectrolytes of different
charges,forming a coacervate g€P89)

First describeaver 120 years ag@91) hydrogels have been used in numerous
applications in medicine and industi§292) Hydrogels prepared fronhydrophilic
polymers have been studied extensively in biomedical research because of their ability
to interact with water through hydrophilic functional groups such-@d4,-CONH -
OQONH2,-COOH andSO3H(280) As hydrophobic polymers cannbe used alone for
hydrogel preparation, they are either gmlymerised wih hydrophilic polymers or a
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hydrophilic group is added to their structure to mbtdtheir properties and improve
their interaction with water(293)

The first work ofhydrophilic hydrogelswas publishedon crosslinked 2
hydroxyethylmethacrylate (HEMA) hydroggl294) It was based on this work that the
first spuncast contact lenses were made that ushered in a new era of the modern
contact lens industry295) HEMA monomers arecgylates containing double bonds
that undergo freeradical polymerisation to form the poly +Bdroxyethyl
methacrylate)(pHEMApolymer (280) HEMA can be covalently cressked using a
diacrylate such as ethylem glycd dimethacrylate (EGDMA), which prevents
solubilisation of the polymer chainand results in a noxegradablepolymer network
(296) Hydrogel contact lenses are hydrophilic, @hiallovs for increased tear
wettability over their surfac€297)

The hydrophilicity of pHEMA is due to the presence of hydroxyl gro@b$)ih
the primary chainswhich results in contact lenses with acd®% water content once
fully hydrated (298) The development of these hydrogel lenses resulted in the
refinement of severalfunctional characteristics of contact lenses, including the
optimisation of the lens fitting profile, which reduces the mechanical effects of lens
placement, and the definition of thienaterial flexibility range for improved comfort and
durability (299) pHEMA hyrogels arealsoconsidered biocompatible because there is
a reduction of protein adsorption onto pHEMA surfaces and improved biocompatibility
with blood cells when compared with alternativenaterials such as acrylates and
silicones used for mana€turing contact lense§300)

Polymers usedor hydrogel synthesis can be eitheatural, semisynthetic, or
synthetic.Polymersfrom natural sourcesncludepolysaccharides likeellulose, starch,
chitin, gelatine and hyaluronic acidvhichare widely usedn food and pharmaceutical
applications as they tend already be biocompatible and saf801) Gelatine, a
hydrolysel form of colagen, is used in food, tablet coating and in the synthesis of hard
and soft gelatine capsules. Hyaluronic acid (in the form of sodium hyalurosaisgd
in various applications including cosmdticmulations, Healon® surgical aid for caiatr
extraction, as a raw material in tissue engineering, am@yedrops for the treatment
of dry eyes(301,302) Semignthetic polymers are derived from modifiedatural

polymers An exampleof a semisynthetic polymes chitosan, wich is the deacetylated
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derivative ofthe natural polymer chitin. While chitin is poorly soluble in both aqueous
and organic solventschitosan has been widely investigated and is much more
commonly used in drug delivery due to its improvedubdity, biocompatibility, low
toxicity, and biodegradability303) Examples of commosynthetic polymersnclude
pHEMA phosphorylcholing(PC), acrylic acid and itkerivatives, poly (vinyl) alcohol
(PVA) and poly (Minyl pyrroldone)(PVR)which also display biocompatibility, low
toxicity, butresistdegradation (304)

Hydrogels can be funer classified based on the method of preparatigvhen
preparing hydrogels, ree of the most versatile formef polymerisationfor preparing
chemicallycrosslinked hydrogels is free razhl polymerisation, where polymer chain
propagation occurs by the adubn of free radical building blocks with monomer units
(305) A watersoluble monomer is polymerised with a small amount of a second co
monomer/crosslinker to form a3D hydrophilic network(306) The reaction caibe
facilitated by several different initiator systems, such as ultraviolet photo
polymerisation, thermay-initiated, and chengaly-initiated polymerisation with the
reaction conditionsbased around the final intended application of the polymer
(307,308) Variation in the amount of crodmker, polynerisation temperature, and pH
leadsto a change in the propertiesf the prepared hydroggB09)

Hydrogels calbe prepared by crosknking a singlespecies omonomer(homo-
polymer) comonomers (co-polymer) multiple moromers (multipolymer),
interpenetrating networks (IPN), or seAPNs.A cepolymer hydrogel is composeaf
two types of monomer where at least one is hydrophilic in natéue IPNs a hydrogel
with a combination of two polymers, where one polymer is chemically dioksd in
the presence ofhe other (310) A semilPN is a hydrogel whemne polymer is linear
and entangles witha crosslinked network in the presence of another momaer. The
two monomers can be polymeriseddether in the same sample or polymerised
sequentially but the two resultingpolymer chains are entgled in the matrix without
any chemical croskinking occurrindetween them(311) see Figurel-8. IPN hydrogels
impart superior mechanical properties such as strength than-iiRhh hydrogels, but
they mixing two different polymers can be difficult to achieve, so s&Nis offer the

chancefor two polymers to be mor@ntimately entangled312)
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Figurel-8. Classification of hydrogels based on hydrogel preparation metHpdiogels can
classified agA) homo-polymer, (B) co-polymer, (C) multi-polymer, (D) IPN and(E) semiPN
hydrogels based on the number of monomers, cHirgisers, and polymers added.

1.6.2 Hydrogel applications

Due to their ability to retain fluids,adt texture and high flexibilityhydrogels
havethe ability to mimic thanechanical properties of the tige extracellular matrix of
many tissues, with minimal irritation to the surrounding tissues when apphedvo
(289,313) Their biocompatibility and the ability to absorb and release fluidse

resulted in the extensive investigation lmydrogelsas a materiain applications such as
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tissue engineering, artificial replacement of organgtew of implantable devices, drug
delivery, gene delivery, scaffolding and wound dress{BG4c318)

Hydrogelswith high chemical stabilitgan be synthesised to be nategradable,
with the different polymer chainscrosslinked with covalent bond$o maintain the
structure of the hydrogel. Alternatively, hydrogels may beiregred such that the
polymer chainsinclude crosslinks that can either degrade hydrolytically or
enzymatically into smaller degradation products aftea specific period
(275,276,317,319)This ability to tailor the hydrogel degradation accordingthe
intended application bolsters their use in implantable devices, implant coatings, soft
contact lensesand wound dressing$319,320) One of their primary biomedical
applications is their use as wound dressitgsbsorb exudates from wounds and are
useful to treat necrotic wounds. Examplef the available hydrogel wound dressings are
ActiFormCool, Coolie, Geliperm, Novogel, Algisite®, AlgiDeBorbsan®, Kaltostat®,
Intrasite®, Neoheal®, Purilon® and Aqu#f821,322) Hydrogels are also used in
different medical devices such as keratoprosthesis, intraocular lenses, smart drug
delivery systems and bieensorg275,276,317,323,324)

Hydrogels, whileextremely versatilen the context of druglelivery, have been
associated with burst release profilesd poor drug loading efficiencied burst drug
releaseis especially problematic with dgs that have aarrow therapeutic index, and
their rapid release may cause toxicity in the surroundinguiés.Poor drug loading
efficiencies particularly affect hydrophobic drugs due to their limited solubility and the
high water content in hydrogels, hich makes loading therapeutic doses challenging
(325)

1.7. Elasticpursedpocketsasdrug deliverysystems

Elastic pursed pockets represent another option for controlled ocular drug
delivery. An elastic pocketis created by introducing a fluid between two elastic
membranesthat are fixed together along a common edd826,327) Elastc pursed
pockets arecommonly used in technological applicationsincluding as pressure
sensitive buttons, to strain cells in a controlled manrard as infusion pumpgor cost

effective ambulatory care for patien{828;330).
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When the fluidinsideexerts pressure on the elastic membranes, they pucse
inflate, andform a pocket. Understanding how elastic membranes undergo the process
of deformation isof significance to many biologicaystems, from cellular replication
and motility tothe pathogenesis ofardiovasculadisease$331,332) Previous research
hasfocussed on studying the inflation of axisymmetric (symmetricaiad a common
axis)balloons, particularly in the context of how stent placements interact with arteries
(33%335), electroelastomers used in prosthetic blood pumg836) endoscopic
devices (337) and urinary sphincters for patients suffering from severe stress
incontinence(338) Today, thanajority of coronary gents are expandable el&@meric
pocketsand are deployed usingn elastomeridipped catheter, which i thin tube
made of medicagrade materials. To improve stent implantation, the biocompatible
elastomeric membranes of the angioplasty pocket is typically folded around theteat
in a pleded 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 cathetd833,335)

Fornearly 70 years the principle of delivering drgs using elastoeric pockets
hasbeenmostlyused in the form oimbulatory infusion pump£339) but it was only
aroundthe mid-1990sthat there were changes introduced in the desigmtake them
compact andcosteffective These later deigns of compact elastomeric pockets are
used to deliver fluids into a patiest body ina systematically controlled fashion.
Although there are various mechanisms behind the controlled rate of the drug delivery
from these pumpse.g.electronic, mechanidaor osmotically driven, the nealectronic
elastomeric infusion pumpssuch as shown ifrigure 1-9, are easier touse, more
compact (smallem size and lighter in weight), portable, and ceffiective compared
with electronic pump$340) Elastomerignfusion 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 céaself (341). These elastomeric infusion

pumps are being used for various indicationsntioned inTable1-4.
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Figurel-9. Commonlyused elastomeric infusion pumps have two desjgims first is compose
of two connected elastomeric membranes encased in a protective shell sufh) &axte
INFUSORB)PCA infusoriC)Canox MYFUSHR)Baxter INTERMATE, and the second doe
include the protective shell such §8) SMARTeZ pumF) BBraun Easypumpand (G) ON-GQ

pump.

Tablel-4. Commercially approved portable infusion pumps andrticénical
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)
Accuduser®(Woo Young Medical Co.) Oncology (343)
Advance Silicone Infuser, Baxter k\{YBaxter Two Day
Infusomt, Multiraten Infuser LV, Homepump-Eerie®(Block Antibiotics (341¢347)
Medical), ReadyMED (Alaris)
Intermatex Antimicrobials (346)
Accufuser® Baxter LW, Baxter PCA Infusar »(Baxter
Healthcare) Baxter Two Day Infuser, Intermatex (Baxter
Healthcare), Multiratet Infuser LV (Baxter Healthcare); C Analgesia (328,341,
Bloc (}Flow Corp.), Eclipgg Homepum® Homepump € 352)
Serie®(Block Medical), MedFlald (MPS Acacia)
Qrefuseb NIPRO)
Baxter LW, Baxter Two Day Infusaer, Multirateu Infuser LV, Chemotherapy (34%
Singleday Infusar 347,350)
: Iron chelation
Homepump CSerie® therapy (346)
Baxter LV, Baxter Two Day InfusorMultiraten Infuser LV, Desferrioxamine 323?33:50)

Singleday Infustv, Homepump ESerie®

Advance Silicone Infuser, Surefusem

6bLt wh

Cystic fibrosis,
Thalassemia,

Heparin

(341,343,350)
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Elastomeric pumps consist of single or multiple elastomeric membranes that can
be manufactured usingeither natural or synthetic elastomers.g silicore, latex, or
isoprene rubber.The properties of the material, such as stiffness well as the
geomety such as size, shape, and material thicknessthe elastomeric pocket,
determine the pressure exerted on the fluid when the pocket is filddltiple-layer
elastomeric membranes can exert higher pressures than slagés membranes. The
elastomeric paoket is protected by an outer shell that can either be a rigid plastg. (
Infusor [Baxter Healthcare, Deerfield, IL]) or a more flexible etast €.g. Homepump
Eclipse HFlow Corporation, Lake Forest, CA]). Elastomeric pumps currently available
operae with a driving pressure of 26620 mmHg and infuse drug at rates of 500

mLhour?.
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1.8. Thesis overview

This thesiswill explore novel strategiesthat have the potential tomatch the
unmet clinical need to improve current glaucoma theragherewere two primary
objectivesfor the workdescribedn this thesis
1 Firstly, to investigatemethods for localisecand sustained delivery of drugshat
modulate past-surgical wound healinglo realise thi®bjective standalone, non
refillable drug delivery space systemssuch as hydrogelslectrospun fibresand
solvent cast matricesvere explored.Refillable drug delivery systemssuch as
elastomerigpocketswere also investigated.

1 Secondly to evaluatethe potential of hydrogels as an alternative material for
aqueousflow modulation that could be used to develgmovel GDD.The primary
focuswas onthe characterisation chqueouspermeability and melcanical integrity

of nove and establishedhydrogelformulations

Chapter 2describes an experimental assessmeof two mainapproachesor
formulating an implantable drugelivery spacer system assessed usmgitro drug
release chmbers.Chapter3 elucidates the major variableshat affect the function of
elastomeric pumpsand establisbs their relationships.Based on experimental and
modelling data, recommendations for designing an implantable pump for localised
subconjunctivatrug deliveryare provided. Chapter4 investigaes the performance of
agqueous flow modulatioroy hydrogelsusingestablished and novdbrmulationswith
chemical and physical adifications The generabliscussionconclusions and future

work are stated in Chaptes.
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Chapter 2 Investigaing spacers for prolonged drug release for

the subconjunctiva

Abstract

This Chapter describes an investigatimto drugeluting spacers that were
formulated using established biocompatible materials. The aim was to prolong drug
release for at least five weeks critical to postoperative fibrosjsin conditions
representing the subconjunctival space p&ES or GDimplantation.The drugeluting
spacers that were investigated were formulated using «egradable and degradable
polymers.Of these formulatios, the spacer containingon-ionic surfactant, Brij 98, at
a concentration of 1.25% w/v was able to prolong teéease of dexamethasone from
poly(2-hydroxyethyl methacrylate) pHEMA hydrogels significantly longer (>30 days)
than hydrogels containing no dactant (<7 days) at therapeutically relevant drug
concentrationsin vitro. The degradable formulations faildd prolong the release of

Doxycyline for five week# vitro.
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2.1. Background

Thewound healing process after any surgery comprises of a seriesraplex
events, starting with inflammation and haemostasis and ending with tissue remodelling
and scar formatio (seeSection1.3.5 (130) The firstfive weeks argegarded as the
critical period of maximum postoperag fibrosis (353;355) In the eye, the
postoperativefibrosis leads to scar formain, posing asignificant challenge tahe
success of surgery as it may close the chaforeted during GFS or GDD implantation.
Different drugs, including the use of asttarring agents in different dosage forysach
as ingctions and implantabldilms, have been investigated to modulate the wound
healing process and reduce scar format{@81,353) Use of hydrogel spacers at the site
of the surgery has shown promising results in kdebvival and surgery success in both
preclinical models and humargseeSectionl1.6.2) (356,357)

Antimetabolites,e.g. MMC and 5FU, are ratinely used at the time of GFS to
lower the chance opostoperativefibrosis and improve the outcome of the surgery
(354) However,use ofthese antimetabolitegarries several risks, atldeserisks along
with the intrinsictoxicity of these drugssequire close monitoring of the patient after
surgery (127,199) Less toxic mti-fibrotic drugs might be used as alternatives. An
example is theanti-fibrotic drug ilomastat, which has been demonstrated to promote
bleb survival with minimal scang when injected into the subconjunctiva in rabbit
models(231,239,358) Theanti-fibrotic activity; however, was reversible and repeated
injections were needed to maintain effica(358,359) A slowrelease implant may ba
way of increasing drug bioavailability at the site of surgery, overcoming the need for
repeated drug administration during and after surgeHowever, whenanti-fibrotic
drugshave beenmplanted directly (inpowder or tablet form) at the time of surgery
they may themselveslicit a fibrotic response. Previous work conductethe Brocchini
research groufmas demonstrated a significant antagdigseffect of a solidnti-fibrotic
drug implanted at the site of surgery (GFS in animal model, New Zealbimb al
rabbits)356)

Currently no antifibrotic drugrelease implants for the subconjunctiva have
been licensed for human use, and subconjunctival injections are routinelyregito

modulate postoperative wound healinBiocompatible polymersnstead of powders or
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drugtablets, offer the versatility to tailor drugelease kinetics for specific drugs without
triggering a foreign body respong860;363) Ocularimplantsthat are currently in
preclinical developmentnclude nondegradable and degradable desigriareclinical
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 arsustained
release implants for glaucontiated inTablel-3. The safety and clinical effectiveness of

a drug delivery systerdetermineits practical use andequire extensivein vitroandin

vivostudies before a potential product can be translatedhe 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 eeservoir of aqueous humour in a subconjunctival capsule
(180,366)

The Ologen implantalso named iGen) usdise spacer effect as its underlying
principle to decreaspostoperativefibrosis. It is a biodegradable cylinder maafea 3D
collagen matrix manufactured using highly purified pegsiated typel collagen
(>90%) and glycosaminoglycan (<10%). ltsdiméhga | NB n®nn YY 5 n
TOdn YY § ndp YV, alBwing foreasy iRkskrtiolibtd tikedbconjunctival
space. Placed between the scleral and conjunctival flipgenpushes on the scleral
flap to controlpostoperativehypotony until ableb is formed367) A study of 63 eyes
of 44 patients compared trabeculectomy with the Ologen implant (31 eyesus
trabeculectomy with MMC without themplant (32 subjects). The Ologen group were
found to have a significantly lower I0Pthtee months, six months, one year, three
years andfive years follow ug367) In preclinical research, several methods have been
described to prolong the releasof drugs to enable controlled wound healimggluding
the use of drugeleasing spacerg199) Such spacers can be implanted in the
subconjunctival space during the surgery to release drugs over an extended padod

improve the outcomes of GFS and GDD implantat{@i9)
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Because hydrogeleave a unique capabilityfaabsorbing aarge amount of
water, hydrogelshave many advantages as implantable materials because they are
considered biocompatible and can be exploited to load and release dbuggloaded
hydrogel contact lenses have been developed to increasefil@aresidence times of
Yy dzY S NP dz& R NXz3udockess,dzh#biotids,a sterbids, antihistamines and
antimicrobials(368) Thema& i AAYLX S YSGK2R 2F KeRNR3ISE
imbibingE Ay 6KAOK (GKS Ke@RNR3ISt & | NBtheam { SR
of drug absorption into the hydrog€B69,370) However,this method leads to a poor
drug loading efficienciesand since theonly resistance to drg transport is diffusion
through the gel matrix burst drug release profie are observed in aqueous
environments,characterised by spikes of high concentrations of drug rele43@ik;
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 eylgops(375¢377)

l'Yy20KSN) YSUK2R (2 SYOSR UKMsRNEARIKIR
which involves solubilising the drug indgolymer solution prior to the polymerisatio
of the xerogel (dry hydroge(p87,378) This method ensures a 100% drug entrapment
efficiency within the polymer matrix but is limited in application due to the requirement
for postfabrication processin@379) Unreactedmonomeroften needsto be removed
but is alsoaccompanied by the loss of drug during this pfadirication step.Another
potential disadvantagef directlydissolving the drug in the polymeation mixture is
the possibilityof drug moleculesnterfering with the polymerisabn processor losing
their efficacy as a result of the polymerisation reactig@80) In-situ loading might
increase the bioavailability of the drug in hydrogels but does not prolong the drug
residence time in an aqueownvironment, limiting the potential of these hydrogels for
prolonged delivery of drugs381)

The successful use of a ndagradable pHEMA spacer in combination with AGD
to release MMC at the site of surgery has previously been demonstmateio(382)
The MMCcontaining pHEMA spacer decreased the postoperative fibrosis and
inflammation from bleb formation in a rddit model. Another recenin vivostudy in New

Zealand albino rabbits confirmed that MM@aded pHEMA discs prevegmbstoperative
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fibrosis and inflammation around the ble{855) Both studies shoed excellent

biocompatibiity of pHEMAIn the subconjunctival space
2.1.3 Use of dexamethasone iaphthalmology

Corticosteroids are anthflammatory agents that have been used to treat ocular
inflammatory conditions for decadel870,383;388) They supprss 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 decreasingrthber of T and B lymphoi®s at the site
of tissue damagdg389) Another mechanismof action is through the inhibition of
phospholipase A2, and thus the arachidonic acid pathway, which decreases the
production of preinflammatory mediators, such as prostaglandins, thromboxanes and
leukotrienes(387,389)

Dexamethasone (DEX) ia amexpensive, highlpotent glucocorticoid steroid
(390) that is approved for use in sterciégsponsive inflammatory conditions diie
anterior eye,andit is most commonly useith eye dropsand sulzonjunctival injections
to reduceinflammation following eye surgery, such@gScataract surgery and corneal
operations (ClinicalTrials.gov identifieNCT02006888NCT03751059NCT0082864,
NCT0407522MNCT0287515891¢397), the chemical structure of DEX showrHigure
2-1. This drug is poorly soluble in water and has an aqueous solubility of approximately
100 pg nb-t at 25°C, and has aiomolecular weighbf 392.5 gmolt. DEX is potent at
micromolarconcertrations (398)and has been shown to have a dissociation constant
(Kg) of 3.47 £0.38 niwhich correlates with the Egvalue(2.77nM) determined from
59. NB3Idz I §A2y 2F Idder@mic) i Nilroblasg3BIR3OMNBOP S LIj 2
DEX has been shown to inhibit the piedation of fibroblastsn vivo(401) It has also

demonstrateda partial inhibitory effect orcytokineinduced upregulation oMMPs (2

Figure2-1. Chemical structure of dexamethasone (DEX
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and9) in human vascular endotheliells(402)andthe inhibition ofcytokine induction
in human retinal micreascular pericytes at 2 n{885) Additionally,DEX does not cause
the complications that are frequently associated witie application MMC and-#U

However, after topical adminisation of DEX, only about 1% reaches tioailar
anterior segmen{385) The dosing schedule for DEdnhtaining eye drops is generally
1¢2 drops per eye everf hours for the first 24n y ouf§ with 1¢2 drops every ¢
C Ouks afterwards (371) Probnged systemic administration of steroids can cause
serious side effectsuch as diabetes, haemorrhagic ulcers, skin atrophy, myopathies,
osteoporosisand psychosigd03,404) DEXutilisation, while being remarkably effective
at reducing ocular inflammatiorhas been associated witincreased I0Pdefects in
visual acuity and fields of vision, and perédr subcapsular cataract forrian and
thinning of the cornea or sclemaith prolonged us€387,40%407)

In order to overcome the potential for side effects associated with corticosteroid
application, a controlled release of DEX from a biocompatible implaatd be clinically
useful (408) Also, asite-specifi¢ sustained release formulation is dexble that would
eliminate the need for multiple postoperative injections and prolonged ey<lrop
administration that are requiredto maintain therapeutic concentrationsRecent
investigations further reflect this clinical needto prolonging DEX releastom
hydrogels for one month QinicalTrials.gov identifier NCT04403516,
NCT04200651266,409)

2.1.4 Use of doxycycline imphthalmology

Doxycycline (DOX) is eommon, inexpensi, antibiotic that has shown
promising results as an argcarring agenin ophthalmology(410¢412), seeFigure2-2,
for the chemical sucture of DOX. It is a broagpectrum antibiotic of the tetracycline

family that has been used for the treatment of conditions caused by bacterial infections

OH O OH O O

Figure2-2. Chemical structure of doxycycline (DOX).
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such as acne, urinary tract infectionstestinal infections, eye infections, gonorrhoea,
chlamydia and periodontitig413) DOX is used in the clinic inveeal dosage forms
including injections, suspensions, cajes and tablets for the treatment of
inflammatory, autoimmune and granulomatous disegsasd even in the form of a
hydrogel (Atridox®) for the treatment of periodontal dise&&4,415)

Some properties such as regulation of cytokines, antioxidation, itidmbof
proteaseactivated receptor 2 (PAR2), MNthibition, inhibition of collageitreakdown
and chemotaxis of lewcytes have been reported as being responsible for its- anti
inflammatory effect(410,412,418§418) DOXis commercially available as a slightly
water-sdublemonohydrateform, and as wateisoluble formshyclate and hydrate. DOX
hyclate has keen shown to be usefuhs an antiscarring agent to modulate wound
healing after GF$19) Considering the efficacy of DOX in modulating fsesgical
tissue regair (ClinicalTrials.gov identifiddCT00064766320) a spacer formulated with
biocompatible materials for the sitepecfic releaseof DOX at therapeuticy relevant
concentrations for five weeksould help tomodulate wound healing posEFS or GDD

implantation.
2.1.5 Surfactants

Surfactants are compounds that lower the surface tension (or interfacial tension)
between two phasedfluid: fluid/fluid: solig(421) They contain both hydrophobic
groups (tails) and hydrophilic groups (heads), wigole them the unique quality of
being both watersoluble and insolubl¢422,423) seeFigure2-3A. According to the
Surfacetension theory, surfactants reductie interfacial tension between two phasges
whereas according to the Repulsitireory, they create a film over one phase that forms
globulesthat repel each othe 422) Surfactants aggregate togethergating physical
barriers between the two phases. In water, surfactant molecules adsorb atitheater
interface, decreasing the cohesion betwedretwater molecules on the surface. Below
a certain concentration threshold, known as critical micelle cotre¢ion (CMC),
individual surfactant molecules adsorbing at the-water interface increases with
increasing concentration of surfactants. Thigérly decreases the surface tension with
the increasing surfactant concentratiq24) At the CMC, both the bulk solution and
the interface are saturated, and any additional surfactasgaciate together to form
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micelles, which is driven entropically via the expulsion of ordered water molecules into

the bulk aqueouphase(425)

Aqueous

@ Solution

=

© |

@@ O

‘ ‘
!

Hydrophobic Hydrophilic

tail head @ @
o)
A B

Figure2-3. (A) Surfactants contain both hydrophobic (tails, shown in yellow) layatophilic
(heads, shown in blue) groups that adsorb between interfaces, dece#sinsurface tensic
in a mixed solutionAbove the CMC (critical micelle concentratiqi)the hydrophobic blocl
of the aurfactants assemble to forrhydrophobic corgshown in yellow)sitessurrounded b
hydrophilic shells. These cores can be utilisexd drug depots for hydrophobic drugs
hydrophilic environments.

Above the CMC, the hydrophobic blocks of surfactanterabte to form
hydrophobic core sites, shown in yellowkigure2-3B. There is a rapid drop in surface
tension when the surfactant concemifion is inceased further above the CM@24)

The hydropllic segments of theurfactantlie between the hydrophobic core and the
external agueous medium, stabilising the core and serving as an interface between the
bulk aqueous phase and the hydrophobic core. This process is driventiyditogphobic
attraction between the hydroadon chainsof the surfactants and the electrostatic
repulsion between the polar head group of the surfactéd24) Tanfordproposedthat

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 theaggregates to finite siz€426)

It is possible that poorly soluble drugs can enter into these hydrophobic cores
and the drugentrapped micelles can act as drug depots, ackhicould potentially
increase drugoading efficiencies and extend drug release times in a biomaterial such

as hydrogelg427) The transport of the drug and surfactant through the hydroigel
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controlled by thebulk and surfacédiffusion of water. As war diffuses into the hydrogel
matrix, it forms a depletion zone near the micellggregate surfacé428) As the
concentration of the surfactant decreases, the didgpot micelleslissociate orupture

and release the drug into the hydrogel matrand the rate in which the drug diffuses
out of the hydrogel matrix depends primarily on the matrix composition that allows for
greater water diffusior{429,430)

Most commonly, surfactants are clagsd according to their polar head group.
lonic surfactants carry a net positive (anionic), or negative (cationic) chargeiohion
surfactants have no charged groups inhiglrophilichead. The heaaf zwitterionic
surfactants contains two oppositelycharged group (422,423,425) Nonionic
surfactants have become increasingly influential in pharmaceutiegdgrations due to
the implementation of high throughgt screening technique@30,431)In the past few
decades, thesearch for new pharmacologically active compoundmg hit strategies
has led to a higher number tdw solubility drug candidates belonging @ass I(high
permeability)and ClasslV (low permeability)of the biopharmaceutical classification
scheme (BC&)32,433) The poor aqueous solubility of these drugs is a significant barrier
to forming an effective druglelivery system.

The Brij famy of nonvionic surfactants, which contain a hydrophilic chain of
oxyethylene groups and a distinct hydrophobic hydrocarbon chain, are of specific
interest. Brij surfactants are natoxic surfactants can form micellar carriers for
hydrophobicdrugs(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(430,43&438)

Surfactantcontaining soft contact lenses have been shown to extend the
deliveryof hydrophobic ophthalmic drugg30) Brij 78has been previously reportesks
a promising carrier for extendeklease of cyclosporine &yA from pHEMA contact
lenses(429,430,436)Moreo\er, in additon to being noroxic, 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 valuéYOw/v
(439)and its safetyon ocular surface@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 ad aims

The hypothesis for this chapter wasat 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
therapeuticdly-relevant concentrations can be maintained for fime-week period
critical to postoperative fibrosig353;355), then this spacer has the potential to
modulate subconjunctival wound healing following a GFS or GDD implantation. The
rationale behind formulating a drugelease spacer with biocompatible maigls is that
the spacer could either act as standalone controlled druyrelease implant or in
combination with a GDD to modulate wound healing.

Thetwo main ains of the work described in thishapterwere:

1 Hrstly, to formulate and characterise a nedegradable hydrogel spacer
incorporating a model hydrophobic drug and assdts drugelease profile in
conditions mimicking the subconjunctival space. DEX was chosen as the model drug
due to is low molecular weight, poor watsplubility, its widespread @sin anti
inflammatory formulations€.g.eye drops for inflammation fwing eye surgery),
and its ability to represenbther low MW hydrophobic drugsised in ophthalmic
indications. A nofonic surfactant, Brij 98 was utilised to form micelles to entiap
DEXwithin non-degradablehydrogels and characterises releaseusng an inhouse
in vitro drugrelease seup. The rationale was thatincreasing surfactant
concentrationsvould increase thenicellar aggregateavailable for the preferential
partitioning of the hydrophobic drug in thenThesemicelles would act as drug
depots and higher drugoading would prolong the release of DEX

1 Secondy, to formulate a degradabldrug-polymerspacer to achieve prolonged drug
release forfive weeks The rationaldor using degradable polymers for the spacer
was due to their potentiato degrade into smaller, biocompatible constituents,
allowing the spacer to clear from the subconjunctival space into the systemic
circulation after the drugpayload has been delivede DOX monohydrate and
hyclate were chosen as two forms of the model gidue to their low molecular
weight, watersolubility, widespread use in the clinic for the treatment of eye

infections andits promising effect as an ardcarring agentThree different spacer
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materials andmethods were investigated: chitosan hydrogéteded with DOX
monohydrate and hyclate, electrospun pohleaprolactonejpoloxamer fibres
containing DOX monohydratend formulating solvertast polyo -€aprolactone)

poloxameswith DOX monohydrate

2.3. Optimal Device Requirements

Therequirements for an optimalEacer devicencludefabricationof the spacer
with biocompatible materialsand the ability to releaselrugs at pharmacologically
relevant concentratios for at least five weels, which is a critical period for

postoperative fibosisfollowing GFS or GDD implantation in glaucoma
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2.4. Materialsand Methods

Materials used in this Chapter are listed Tade 2-1 (list of chemicals red
solventg and Table 2-2. (list of materials and equipmephtReagents were all used as
received without further purification. Instruments and experimentalaps used are all
described in relevant sections below.

Tale 2-1. List of chemicals and solvents used in this Chapter.

CAS; Catalogue/Lot

Material (MW, density*) number

Supplier

2-hydroxyethyl methacrylate (HEMA) (MW: 130.14 ¢
mol?, density: 1.073 g mi)

Ethylene glycol dimethacrylate (EGDMA)(MW: 198.2.
mol?, density: 1.051 g mi)
H Z-Az@bis(2methylpropionitrile) (AIBN)(MW: 164.21
mol?)
2-Hydroxy4Q2-hydroxyethoxy)2-
methylpropiophenone (HMPN)(MW: 224.25 g ol

Dexamethasone (MW: 392.46 g mpl

Sigma Aldrich, Uk 868-77-9; 525464

Sigma Aldrich, Uk 97-90-5; 335681

Sigma Aldrich, Uk 78-67-1; 441090

10679%53-9;
410896

50-02-2; 10173165

Sigma Aldrich, UK

VWR
International, UK
A Fisher Scientific

.NA2u ¢y ot2fte2EeSiKef Sy UK 900498-2;
-1
g L) 61 ONR & h 10117553100
. VWR 2439014-5;
Doxycycline hyclate (MW: 512.94 g mol International. UK 160579 14
. VWR 1708628-1,
Doxycycline monohydrate (MW: 462.46 g rjol International. UK 163805.06

Acetone (MW: 58.08 g/mol; dengit0.791 g mk) Sigma Aldrich, Uk 67-64-1; 179124

Chitosan (MW: 190,00810,000 Da)

Sigma Aldrich, UKk  9012-76-4; 448877

Hydrochloric acid solution (MW: 36.46 g nipl Sigma Aldrich, Uk 7647-01-0
w_ . 1 N
P2 f &aprolactone) (fﬁ)((l\)/l(;/(\)/) 14,000g mot?) (Mn: Sigma Aldrich, UK 440752
di-{ 2 R A giyterophosphate pentahydrate (MW: VWR 1340809-8;
306.11 g/mol) International, UK 2765890

Poloxamer 188averageMW: ~76809510 g mol)

Sigma Aldrich, Uk

900311-6; 188

15759

Poloxamer 407averageMW: ~76809510 g mat)

Sigma Aldrich, UK

900311-6; 407

P2443

Acetonitrile (HPLC grade) (MW: 41.05 gfol

Sigma Aldrich, UK

75-05-8; 34851

Water (HPLC grade) (MW: 18.02 g ®ol

Sigma Aldrich, UK

7732185, 270733

Trifluoroacetic acid (MW: 114.02 g rripl

Sigma Aldrich, UK

76-05-1, 302031

Sodium azide (MW: 65.01 g il

Sigma Aldrich, UK

2662822-8; 769320

*density at 25°C.

Table2-2. List of materials andquipment used in this Chapter.

Material Supplier Catalogue/Lot number
Silicone sheets Polymax, UK Silona
Glass microscope slides Sigma Aldrich, UK BR474702500EA
21 gauge needles Terumo, UK 21G AN2138R
5 mL syringes Terumo, UK SSO5SE1
3 mL slipop plastic syringes BD Plastics, UK 309656
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Coopers Needle Works Ltd

Thin wall stainless steel tubing UK 16 gauge
20 gauge stainless steel needle Nordson EDF, UK 7018169
Clear cast acrylic rods RS Components Ltd., UK RS PRO Clear 8826
Silicone tuling VWR International, UK Tygon® 3350
Sealing film ColePalmer, UK P75431EA
PTFE tape RS Components Ltd., UK Klinger 228587

Water purifier

VWR International, UK

Purite Select Fusion 80

Weighing balance

SigmaAldrich, UK

Ohaus® Explorer® Pro

pH meer Hanna Instruments Ltd, UK HI221002
= — .
Universal oven Fisher Scientific, UK asSYYs N‘DS(); i bmmal
UV lamp Fisher Scientific, UK 95020102
Peristaltic pump ColePalmer, DE Ismatec® IRN
Syringe pump KD Scientific, UK KDS100

Dynamic light cattering

Malvern Panalytical, UK

Zetasizer Nano ZS

Laser diffraction

Malvern Panalytical, UK

Mastersizer 3000

Micro Cuvettes VWR International, UK MSPPFZEN0040
DC power supply FuGElektronik, DE HCP385000
HPLAJV Agilent, UK 1200 series

Thermo Fisher Scientific, U

Hypersil BDS C18

Stationaryphase columns

Supleco/Sigma Aldrich, US

Ascentis RRmide

Digital micrecopy

Thermo Fisher Scientific, U

EVOS Xtell imaging system

Scanning electron microscopy

FEI Company, NL

Quanta 200 ESEM FEG

(SEM)
Dynamic Scanning Calorimetry
(DSC) TA Instruments, USA DSC Q2000
Thermogravimetric analysis (TG, TA Instruments, USA Discovery TGA 5500
Freeze dryer SPScientific, USA VirTis AdVantage

2.4.1 Non-degradable spacers

24.1.1 Micelle preparation and size charactetisa

Micellar solutions were prepared by adding different quantities of
polyoxyethylene (209leylether (Brij 98) in water. Amounts of Brij 98 (125 mg, 375 mg,
750 mg, and 1000 mg) were added tonk ofdeionised (DI) water and were left to stir
overnightat 800 rpm at room temperature to achieve 2.5%, 7.5%, 15%, and 20% w/v
solutions. These solutions were at lefsir timesas concentrated as the reported CMC
(0.6% wi/v) of Brij 98 to ensure completecellisation(434) After overnight stirring, 100

pL of each micellar solution was added to a micuoette and were analysed for micellar

size by dynamitght 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 ana 173 scattering angleThepatrticle size was calculatedutomatically by
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the ZetasizemNano software v7.2, using the Stokeg&instein relationshipAt least three
samples for each concentration of surfactant were analysed, and the values were
reported asaveragetSD Themeasurementsvere precalibrated using pure DI water as

abaseline

24.1.2 pHEMA hydrogel preparation and drug loading

The hydrogel preparation protocol was optimised based on published protocols
(430,436,441) To prepare drugntrapped hydrogels, 70 mg of DRdvderwas added
to 2.1 mL of HEMA monomer. Then, 2 mL of the Brij 98 solutions were added to the DEX
| 9a! YAEGdzZNB | f 2y 3 gthykérie glycal dimethfcryla@GDMA Ok O
crosslinker. This resulted in a total volume of 4.1 mL (final concentration of 1.7% w/v
DEX) of the HEMBEXBrij 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 BEN micella HEMA is unknown, additional
DEX was added in increments of 0.1 mg to the HEMEXBrij 98 mixture and was stirred
for 2 hours until the solution turned clear and no precipitates were observed. DEX
solubility was visually confirmed by obsenyithe mixtue against a diffused light source
(442,443) A clear solution indicated the partitioning of DEX into micellas. maximum
concentration of additional DEX that allowed for complete solubilisation in the HEMA
DEXBrij 98 mixture was recorded, and this solubility method was repeated. The highest
concentration of DEX that produced a clear solution; 28.1 nmg, @8.4mg mL!, 297
mg ml?!, and 30.5 mg mLDEX for 1.25%, 3.75%, 7.5%, and 10% w/v Brij 98 mixtures,
respectively, were added to new vials of all four HENM&XBrij 98 mixtures. For pHEMA
hydrogels without Brij 98, 8 mg of DEX was dissolved in 2.1 mL of kigNGkner. Bij
98 was substituted by 2 mL of DI water and was added to make a total HHEMXA
mixture of 4.1 mL (0.2% w/v DEX). This mixture was stirred at 600 rpm for 15 hours to
ensure complete dissolution.

Thermalcuring for the fabrication of pHEMA hyatyels is cormon; however, in
this study, hydrogels were created using-lbitiated polymerisation to promote a rapid
polymerisation and prevent segregation of DEX aggregates of insoluble pHEMA that

could give rise t@a heterogeneousiydrogel structurg373)
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To initiate free radical polymerisation via UV light, 4.92 mg of UV initiator, 2
Hydroxyn --hydroxyethoxy-2-methylpropiophenone (HMPN), was added (0.12%
w/v) to the HEMADEXBrij 98 mixture [igure 2-4), and the polymer mixture was
degassed with argon for 10 minutes to avoid oxygen inhibiting the ahdic
polymerisationof HEMA(444) Meanwhile, polymer casting mouldgere preparedoy
cutting out a 2.7 cm x 1.0 cm area from silicone gaskets with a 1 mm tkik@éass
microscope slides were placed on either side of the silicone gasket, and tee ahd
gasket were secured by placing binder clips on three sides of the casting mould to seal
a cavity inside, seEigure2-5A.

Immediately afer degassing, the polymer mixture was drawn intbraL plastic

syringe using a 21G needle, which then pierced the silicone at the top of the casting

HEMA OH EGDMA
0
UV254nm
2 hours HO
HMPN
H- ‘H 1.
AN A
\ A/’n/L \|l| /n
(o] o o)

HO 0= OH
, ' H
NN
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s s
HO HO
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Figure 2-4. Chemical synthesis of HEMA hydrogel films by-irit\ated free radice
polymerisation. The monomer (HEMA) was mixed with clioker EGDMA to forna cleal
solution. The initiator HMPN then added and placed urate 8W for at least 2 hours.
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mould between the glass slides and was injected to fill the caVitg. moulds were
completely filled withthe polymer mixturebefore transferring them beneath an 8W UV
lamp Figure2-5B). The samples wereithflat under the UV lamp with a wavelength of
254nm. After 2 hours, the casting moulds weeneld up to a light source, where it was
obvious if there was any remaining liquid polymer mixture, which implied

polymerisation was not complete.

Figure 2-5. For UVinitiated polymerisation,(A) casting mould were prepared using glé
microscope slides and silicone gasket to hold the polymer mixture and wégplaced unde
a UV lamp (8 W) at 254 nm for at least 2 hours.

2413 Postfabricationprocessing

Using a custormade punch, discs 5 mm in diameter were punched out of the
polymerised (1 mm thick) xerogels and weighed. These disos 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 surfadsorbed DEX before
conductingrelease experiments. The amount of drug lost during tvashing step was
quantified using HPLC (explained furtherSattion 2.4.9) and taken into considering
when calculating final drug release. The @psulaton efficiency and loading capacity of
DEX in the DEpPHEMABYij 98 hydrogel discs were calculated using the following
equations;

QL 0@ ¢ 6GDQQQI 60'@ NH WINE Q

Ot wNi 0AOWHEOQ & 01 658 £ 6B 3000 pTT

2.1)
e oo g o2 698 ¢ 6610001 KE 0 GTNE "0
L& 00he ok Qe IO TR pmT

2.2)

80



The amount of drug added to the discs was determined by the concentration of
DEX added to the polymer mixtutée volume of polymer mixture added to the casting

moulds and the weights of the selting individual xerogels and individual discs.

24.1.4 Scanning eldmon 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 hydroges. The acceleration potential used for imaging wa¥,smandthe working
distance was §1L7 mm. The hydrogel samples were fregliteed prior to SEM analysis.
The fully hydrated gels were frozen #&0°C and freezdried using VIRTi&dvantage
freezedryer for three days. The dried samples were cut and adhered onto adiwm
SEM stubs using carba@oated doublesided tape. In order to make the samples

electrically conductive, they were sputtepated with gold prior to imaging.
2415 Crosdinked hydrogel tablet pmparation and particle

characterisation

Another option for a no-degradable spacer was a compressed hydrogel tablet.
A study demonstrated that an ilomastablymer minitablet achieved sustained drug
release and prolonged bleb survival in a rabbit modekiveral week445) 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 prepareatcording to eheatinitiated 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 ctovded pHEMAVIPC
was achieved. The fine powdemas further dried in an ovefor 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 210% which was theacceptable range of the ingtment. The system was
auto-cleaned between measurements to reduce the caywgr effect. A minimum of 10
measurements were madeand the average median particle size&SD (Dv50) was

analysed using the Mastersizer software vensg63.
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The hydrogel tablets were formulated using direcimpression method without
excipients using austommade punch and die set (Holland, Nottingham, URhree
different punch and dies created mitablets of 2 mm and 3 mm in diameter. A diagram

illustrating the apparatus for the tablet punch and die sethiswnin Figure2-6.

SRR S

B A A L
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-

S S R ——
I .

It
=S
I

Upper punch Die 1mg 1.5 mg 0.5 mg Alignment spacer Assembled punch a
lower punch lower punch lower punch die set with alignment
spacer

Figure2-6. The different components of the punch and die.sébr eah size of the intende
mini tablet, a specific upper and corresponding lower punch would be used to punch a
amount of drug polymer mixture. An alignmespacer was used to ensure the symmet
distribution of compression force during tablet prewsi

To lubricate the partanicro gradePoloxamer 188 (Lutrol F68, BASF, Germany)
0.1% in acetone was appliednd thesolventwas allowel to evaporate before tablet
compression. The FDA has approved the use of Poloxamer 188 in ophthalmic drops
(446) The tablets were pressed usingSpecadR press. Crodsked 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 insiddthe die ad compression applied (0.3 MPa for 10
minutes).

For preparing the 3 mm tablet, firstly, an excipidéess 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 ahcompressd (0.3 MPa for 10 minutes). The tablet was ejected
from the dig and its weight was recorded. The DEX tablet was placed individually into
tared Eppendorftubes (1.5 mL) and stored at 4°C. Nextsslinked pHEMA powder
(1.5 mg) was emptied intthe 3 mm de. The excipientess DEX tablet was carefully
centred in the middle of the 3 mm die on top of the créisked pHEMA powder. To
this, the crosdinked pHEMA powder was added from a second vial (1.5 mg). Fitting the
punch into the die, this cobination ofsolids was compressed (0.5 MPa for 20 minutes)
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to yield a crosginked 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 Chitosanhydrogel peparation

Chitosan is an aminpolysaccharide obtained by alkaline deacetylation of chitin
that is naturally found in Crustacean she{#47) Chitosan was investigated as a
degradable drug hydrogel spacer because it is botledngpatible and biodegradable
(448) readily dissolvig in acidic solutions through protonation of its amine groups.
Once dissolved, chitosan remains in solution up to a pB.2afIn the preSy OS- 2 F |
glycerophosphate at 37°C, the pH value reaches the physiological range, and
electrostatic attractions betweasthe ammonium and phosphate groups form, chitosan
interchain hydrogen bonding increasesid chitosarchitosan hydrophobic interactions

occur, whichleads to the formation of a hydrated gkke precipitate(Figure2-7).

OH
NH, HO OH
HO
HO
o o} o O.__OH
o
HO o HO o NH,
NH OH
NH2 HO 2 HO NH:_:,l
HO 0 °
o] 37°C \)\ o
o] n - r HO O’O*P\O'-
HO HO OH Na OH o
HO NH, ? 0‘( |
*o-p-0
Chitosan Na 1]

#
OH  HyN’ O \H,
di-Sodium H,N o) OH 0 OH
B-glycerophosphate I)\/R \VC? fﬁ/ $
HO” O o OH OH
HO on "N o
— —n

Chitosan hydrogel

Figure2-7. Synthesisof chitosan hydrogels in the presence Afjlycerophosphate. Chitos
dissolves in pH <6.2 via protonation of its amine groups. In the preserfeglyéerophosphat
salt at physiadgical, neutral pH and at 3, chitosan transitions from a solution to a hydrn
by chitosan interchain hydrogeronding,electrostatic attractions between the ammonium ¢
phosphate groups, and chitosamitosan hydrophobic interactions.

A polymersolution was prepared by dissolving 200 mg of chitosan (with medium
viscosty and a >80% degree of deacetylation) in 10 mL of 0.1N HCI to a final
concentration of 2% wi/v. The solution was stirred for 6 hours at 600 rpm with a magnetic
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stirrer to ensure cmplete mixing and was then cooled to 4°C{d2 RA dzY |
glycerophosphate pemhydrate (500 mg) was dissolved in 1 mL of DI water, and drops
of this solution were carefully added to the cooled chito$#@l solution to obtain a clear

and homogeneous liquid sgion. The chitosan solution was split into two 5 mL
portions, and 110 mg bDOX 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 DOXchitosan solutions weréetermined as 7.12 and 7.19 f@OX monohydrate

and DOX hyclate, respectivelhe solutions were heated to 37°C while stirring 600 rpm
on a heating plateChitosan hydrogels were used without any further modification for

in vitro drug release of DOX (monohwde and hyclate) using the same 4gi and
method described ir2.4.9

2.4.4 Electrospinning polymers téormulate LJ2 f -@aprdlactonelfibres

Fibreswere explored as a potential degradable didejivery spacer for DOX
monohydrate. The rationale was that a polymer should encapsulate DOX monohydrate,
which is a poorlwater soluble form of DOX, and prolong its release whilst preventing
its degradation k photolysis.P2 f &adptolactone)(PCLand poloxamers have been
approved by the FDA for ophthalmic formulations and were used to formdibtesby
electrospinningusing a vertical setp.

Electrospinning works by applying a high voltage (typicaB@ &V) to a capillary
tube with the polymer and drug mixture. Once thleltageis applied to the liquid
mixture, the liquid dropletdoecomechargedwith the same polarity{449) When these
charged polymer droplets at the tip of the capillary tube are sufficiéart the
electrostatic repulsiomo counteract the confiement of liquid surface tension, a droplet
elongates to form a Taylarone (450c454) Because the liquid isubjected to a high
electric field, thechargeddroplets become unstable and emerge as a single jet
traveling straight down decreasing in diameter, until it starts to bend. The jetrthe
SYGSNAR (KS dGoKALILIAY I Ayadl odfluckuatéssapidhyBra A Y S :
I &8 KA LILIA (A2DAS5)8 iheé lyent evaporates, the jet mhilies to form

continuousfibresthat are collected o a grounded cdéctor plate, sed-igure2-9.
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First, a polymer solution was prepared by adding 1 graloveimolecular weight
PCL (M~10,000) ad 1 gram of poloxamer 4QPPO unitsofOnn 15+ FyR | 7
content) to 10 mL of acetone to obtaia final solution concentration of 20% w({gure
2-8). Another sdution of PCL and poloxameB& (PPO unitsofi8hn 1 5+ 8%/ R | vy
PEO contentin acetone at the same concentration was prepared. DOX monohydrate
(250 mg) was addkto each of these P&loloxamer 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 loadgin thefibres. To ensure complete mixing, both solutions

were stirred at 800 rpm fo6 hours at room temperature.

Aol e A

poly(e-caprolactone) Poloxamer

Figure2-8. Chemical structures of pokscaprolactone) and poloxamer, a-bbock polymer o
polyethylene oxide and polypropylene oxide.

Second, the PGholoxamerDOX solutions were transferred into ar- syringe
and a stainlessteel needle with an inner diameter of 0.6 mwas attached to the
syringe. The syringe was mounted on a syringe pump, and a ftewfra mL hout was
maintained. The applied positive voltage was 18 kV using a DC power supply {HCP35
35000, FuG Elektronik, Germany). The resulting fibres were callertea grounded
plate covered in aluminium foil for easy collection and storgggure2-9). The distance
between the needle tip and the grounded target was 18 cmctEdepinning processes
were conducted under ambient conditions, with a temperature of ~21°C and relative
humidity of ~45%0Qptimisation of the elecbspinning parameters was first performed
to find the most appropriate flow rate, voltage, amgedleto colector distance. The
range of parameters explored, and optimal processing conditions identified are detailed
in Table2-3.

Table2-3. Range of electrospinning processing parameters explored and identified optimised
values.

Parameter Range Optimised
Flow rate (mL H) 0.51.5 1
Voltage (kV) 14-24 18
Distance from needle to collgtor (cm) 12-20 18
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Finally, PCL nanofibre preparation was conéidiby visual inspection using a
digital micrescope(EVOS Xtell imaging systeni,hermo Fisher Scientific, YRiameter
distribution analysi®f the fibreswas carried outisingthe digital microscopemages by
making manual measurements 8@ different points using the Imagel.53asoftware
(National Institutes of Health, USA%6) The collected fibres were stored in darknass
room temperature andwere used without any further modification fan vitro drug
release of DOX (monohydrate) using the sa®eup and method described i&ction

2.4.9

Syringe
pump at
1mLh?

<—— Syringe

Polymer-drug
solution

High Voltage Needle
DC Supply, 18 kv

Taylor cone

Straight jet

18
em Whipping jet

Grounded
<—— collector
for fibres

Figure2-9. Schematic of e set-up usedfor electrospinningPCL fibres. Polymeirug liquic
mixture was drawnin a syringe with a needle of 0.6 mm imndiameter attached to it. Tt
syringe was mounted on a syringemp and flow rate was maintained at 1 mL hduh positiv:
voltage of 18 kV was applied using a DC power supply. A grounded target was co
aluminium foil for easy fibre collection arglorage.The distance between the needle tip ¢
the groundedtarget was 18 cm. Electrospinning processes were conducted under a
conditions (temperature: ~2TC, relative humidity: ~45%ilre preparation wa confirmed b
visual inspection usindigital microscopy.

2.4.5 Solventcasting polymers

In this mehod, 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 themiperature and the mixing time are lower
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than tradtional melting methods of polymer processing, thus protecting the drug from
potential thermal degradatiof457)

Solvent casting wassed to encapsulate DOX monohydrate in PECL
poloxamer 407 and P&loloxamer 188 (20% w/v) solutions were prepared by adding
gram oflow molecular weighPCL (M~10,000) and 1 gram of either poloxamer 407 or
188 to 10 mL of acetone. DOX monohydrat®(02ng) was added to the polymer
solutions with a concentration of 12.5% w/w (DOX/RGloxamer) and was used to
estimate the inal drug loading in the solvemtast PCL spacer§o ensure complete
mixing, both solutions were stirred at 800 rpm for 6 hoursam temperature.Since
the solvent vapour pressure of acetone is 25.1 kPa at ~20°C (information from supplier),
the DOXPCLpoloxamer solutions were poured into glaBstri dishes and were placed
in a standard laboratory fume hood for solvent vapourragtion, and were left in the
fume hood for 9 hours. Thdry DOXPCLEpoloxamer spacers were weighed and used
without any further modification forin vitrodrug release of DOX monohydrate using the

samesetup and method described iB&ection 2.4.9
2.4.6 Swelling ratio measuremers of hydrogels

The type of binding of water in a hydrogel can determine the overall exchange
of solute from the hydrgel. The maximum percentage of water absorbed by the
hydrogel to reach fulhydration is termed as equilibrium water contepeer cent
measurements (EWCP458) To calculate the EWC% of pHEMAIrbgels, 5 mm discs
were cut from fully hydrated pHEMAytirogels and weighed, which was considered the
weight of the disc in equilibrium with watety(). The discs were therompletelydried
by placing them in ®acuumoven at 70°C until they reached constant weight J.

Chitosan hydrogels were weighedteaf polymerisation, and this weight was
considered the equilibrium with watecy ) weight. The hydrogels were then dried in a
vacuum oven at 70°C until they reached a constant weighf).(The equationbelow
was used for the calculation of EW(4568,459)

0w W 2.3
%7 #P  ———— P @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 indicaifdhe increase in
the sizeof the xerogel when fully hydrated. Was calculated as;
32 ——— 24
W

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 Dfa€Casly freewater
and lightlybound 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 thedtal water content and freezable waté817,460) The meing
enthalpies achieved from DSC were used to calculate the bound to free water ratio. As
given in the equatiosbelow, W, is the amount of bound water, Ws the amount of
free water, Wy, is the amount of lightly bound wateQendo is the melting enthales
derived from the DSC chart and iQ the melting enthalpies of free water which is the
same as ice; 79.9 cal ¢458)

w b O w o pTIT (2.5
w b Ow P UG— P T (2.6

DSC measurements were performed with aCD®2000 equipped with a
refrigerated cooling system. Nitrogen with a flow rates6fmL mint was used aapurge
gas for all the experiments. Fully hydrated hydrogel samples were weighed into TA zero
aluminium hermetic pans. All samples weighed betweerg205 mg. An empty
hermetically sealed pan was used as a reference for all san@adbration with indium
6¢Y T mpc dc T wak ferfofmey abcorming\ th# manufacturer instructions.
Samples were cooled from 25°C-85°C at a cooling rate of &mint, then were held
for 3 minutes at-35°C, and then were heated to 150°Caatate of 10°C mih All
measurements were performed at least in triplicate for all hydrogels, and the mean
values were used in data analysis with TA Universal Analysisaseftersion 4.5ATA

Instruments, USA).
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2.4.8 Thermogravimetric analysis

To evaluate tk 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 pérgas for the furnace at 50 mL mdirFully hydrated hydrogel
samples were weiglteinto 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 raté 20°C mirt. The sample weight remaining (%) ahd
rate of thermal decomposibn 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

249.1 Design ofn vitrodrug release flow chamber

Because the drug delivery spacers are intended for use inubeaosjunctiva, a
two-piece, closedop drugrelease rig was fabricatiefrom clear cast acrylic rods Mr
John Frost UCL School of Pharmacy workshop to mimic the subconjunctival space. Each
rig consisted of two acrylic parts and a silicamay that were saled securely with three

screws, se€igure2-10. To minimise water evaporation, all junctions were secured using

Outlet for sample collection >

Screws for clamping the
chambers Top

chamber
Silicone O-ring

\-——.____—____.——'-—/
Sample well =5 Bottomn
Inlet for fluid at 2 puL min™ — ﬁ chamber
8mm

Figure2-10. Schematic diagram of tha vitroflow rig used fodrugrelease studiewas designe
to mimicthe blebformed in the subconjunctivapace after GFS. It had an iler aqueots flown
through the spacers and an outlet to collect the dinefpase aliquots for quantification usi
HPLAJV.
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tie locks and thread sealing PTFE tape. The bottom part of therdtegse rig was 8

mm in diameterand catained an inlet for fluid into a small well with a 250 pL capacity,
which is the estimated volume for a filtration bleb in the subconjunct®@9,461,462)

A constant flow of water at 2 uL per minute was maintained across the-minlygner
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 vitrodrug-release setip

All drugloaded spacers &re tested for drug release, and the schematic of the
setup is shown irFigure2-11. Since there were noisuallyobservable aggregates in
the hydrogelsor fibres, the drug distribution was assumed to be homogenous and

represented the drug distribution profile in thentire material.

Release = chamber

- ENENS

35.5°C 35.5°C

Water beaker i .
Peristaltic pump

(2 uL mind)

Figure2-11. Schematic of then vitro drugrelease st-up used. Hydrogel discs (shown a:
orange disc) were placed in drnglease chambers (maintained at 35.5°C), connected
peristaltic pump with pumped warm water (maintained at 35.5°C) at the physiological r
pL/min) of aqueous production. Dgirelease aliquots were stored°@until quantified usin
High Pressure Liquid Chromatography with a UV detector (254 nm).

After any posffabrication processing, spacers were seated in the well of the
bottom chamber of thein vitro drugrelease rigs and were screwed shut. The drug
release rigs were placed on a heated oil hath a constant temperature of 35.5°C was
maintained, which is an estimate of the subconjunctival temperafd@3) DI water
supplemented with 0.02% sodium azjdaeaintained at 35.5°C, was pumped through the
rigs using an eighthannel peristaltic pumfsmatec, Germany) at the phgkgical rate
of aqueous production in the eye (2 puL mj(62,53,64) The flowrig apparatus was
calibrated ad checked by collecting and weighing effluent over a set period of time.

Calibration took place at the start and the end of the experiment. Belgase samples
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were collected in glass vials and were covered with a paraBamples were collected
every o 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 HPLGnethods for drug quantification

DEX samples were analysed myHPLAJV 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 um) column maintai@édGitThe mobile
phase was congsed 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 mt forim
10 minuteNdzy GAYS® ¢KS Aya2SOiAzy OwaedngBwasl & H
254 nm. The retation 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 calibratiomnee was prepared by adding 1 mg of
DEX to 8 mL of mobile phase and stirred at 600 rpnmlBominutes with a magnetic
stirrer to ensure that DEX was dissolved. This sample was diluted th& mobile
phase, and a concentration range was created by furthé& dilution. To increase the
reliability of measures, this process was repeated thregef and an average of each
concentration was plotted on the calibration curve. The correlation coefficient of the
calibration curve was 2R0.9996 for a concentrath range of 126n ®nom 1>3 Y]
indicating acceptable linearity. The deviation between gk samples was <1%, and
the limit of detection for DEXithe mobilephases & Y9ndm >3 Y|

DOX monohydrate and hyclate samples were also analysed iyPaAEGJV
system Agilent 1200 series equipped with Chemstation software. The stationary phase
was anAscentis RRmide column (150 x 4.6 mm, 5 um) 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 mt: over a
10minuterdzy GAYS® ¢KS Aya2aSOlAz2y @2fdzyS 6l a Hp
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 peepd 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 th& mobile phase, and a
concentration range was created by fueth1:1 dilution. To increase the reliability of
measures, this process was repeated three tinaesl an average of each concentration
was plotted on the calibration curve. The correlation coefficient of the calibration curve
was R: 0.9989 for a concentrain range of 13751 ® n o ->iadicatiig acceptable
linearity. The deviation between replicate samples was <1%. The limit of quantification
forDOXnsolventg & dndm >3 Y]

A calibration curve for DOX hyclate was also prepared using the mobile phas
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 1:1ha mobile phase, and a concentration rang
was created by further 1:1 dilution. To increase the reliability of measures, this process
was repeated three timesand an average of each concentration was plotted on the
calibration curve. The correlation coefficient of the calibration curve wa8.8999 for
a concentration range of 4000 ® n o % ihdicatihg acceptable linearity. The
deviation between replicate samples was <1%. The limit of quantification for DOX
hyclateinsolventg @ dndH >3 Y]

The concentrations of DEX and DOX were detgethifrom the area under the
release rate curve (AUC) using the trapezoidal rule to approximate the definite integral
(signed area of the region K¥plane that is bounded by the graph). The concentration
of drug in each sample analysed on a given day dessrmined 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 phaseand the dilution factor was accousd for in the concentration estimation.

Next, the volume that was collected from droglease chambers between each
time point was calculatedsing equation 2.7

DEAOAQIEUO D QAQ 2.7
with the flow ratesetas 2.0 uL mit. Fiom there, the mass of drug in each sample was
calculatedusing equation 2.8

GO i OEE OQEOT Hhd 86 aQ (2.9
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and then the cumulative mass for each time point was calculated. Nextutinelative
drug release (total drug releadgfor each time point was calculated using the total drug

content in a hydrogel disgsing equation 2.9;

5546 & D BEDE B O WO a6 & daRl Q
00 OO0 aud v (o wl ; e T e T T e Tt
31 000 € 6080l @ wdmo P
29)

Average cumulative drug released (%) and standard deviation for each time periat w

calculated.The time required for half of the drug amount in the spacer to be released,
or the elimiration haltlife,”Y was estimated using the following equations
o a8 (2.10)

a Y
. wio (2.11)
Y ——

0

where0 is the amount of drug released in tinded is the initial amount of drug in the

spacerand’Q is the firstorder release constar(@64,465)
2.4.1Mathematical modelling of drug releaskinetic data

To evaluate the kinetics a@f vitrorelease data from the pHEMA hydrogel discs,
mathematical models such as zenaler, first order, Hi dzZOK A Q d NRI5/SHE & Xna =
and KorsmeyetPeppasnodels wereapplied(465¢470) The criterion for selecting the
most appropriate model was based on matching tisswmption criteria of the model:
goodnessof-fit test () andthe smallest sum of squares of residuals (SSR) 4l
473) KorsmeyeiPeppas model was found to be the best fit for studying thenagism
of drug releaseAccording to this model, to find out the mechanism of drug release from
a polymeric system, thigrst 60% of the drugelease data is fittedb the equationusing
the following equation

- B (2.12)

where— is the faction of drug released at time), "Qis the rate constantandn is the

diffusion exponent. Thavalue is used to characterise different release mechanisms for

cylindrical shaped matric€g74,475)
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2.4.11Statistical analysis

All results are presented as he average(arithmetic mean)and standard
deviation (x SD) of at least three samples, and data were plotted using Origin Pro 2018
AcademidOriginLab, USAor theanalysis of variancene-way and repeated measure
ANOY g A GK ¢dzl Seé Qa calrid it to KvalGate St&xidtidal dédferénces
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 significadifferences.
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2.5. Results

2.5.1 Non-degradablepHEMAspacers

The aim of these experiments was to formulate Bé&Xled pHEMA spacers
usinga nonionic surfactant Brij 98,and evaluatan vitro release kinetics and duration
of release. DEX was used as the model hydrbmghdrug due to its widespread use as
an antiinflammatory drug in ophthalmic formulations. A range of Brij 98 surfactant
concentrations (1.280% w/v), well above the CMC (0.6% wwas investigated to

achieve maximum drufpading and prolong drug release

25.1.1 Micelle characterisation

As the concentration of Brij 98 was increased {2®%) in aqueous solution, the
mean particle size of the micelles decreased, Bepire2-12. For a 2.5% w/v Brij 98
solution, the mean ige of the micelles was 8.8 +£0.08 nm with dypdispersity index
(PDI) of 0.1. For 7.5% wi/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% wi/v Brij 98 solution, the mean size of the
micelles furher decreased to 6.21 +0.07 nm with a PDI d.dFor 20% Brij 98
concentration, the mean size of the micelles was observed to be the smallest of the four
concentrations oBrij 98 solutions analysed by DLS. The mean size of the micelles was

5.67 £0.07 nmwith a PDI of 0.2. These results suggest Hsathe concentration of Brij

Size Distribution by Intensity
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Figure 2-12. Dynamic light scattering showed thas the concentratiorof Brij 98in water
increased, the average size of thacellesdecreased(n=6). The range of average mic
particle sizeswas 8.8 +0.085.7 +Q07 nm. The polgispersity index increased as -
concentration of Brij 98 increasesiiggestingmall, moderately polydigrsemicelles at highe
concentrations oBrij 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 U\-polymerised DEXHEMABTij 98 xerogels wer&ransparentand glossy
with no precipitates observed during thesualinspection, sed-igure2-13. They were
also pliable to the touch. Thabsence 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. Additionalhgn-
encapsulateddrug can triggethe 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 98nd DEX did not appear to interfere in the
polymerisation process of pHEMA hydrogels.

2‘§ i_::— i) 7‘ &_Q)cf___:— ) lg‘&)}'g i} . 2‘0 SZ_E—_;—T_.\
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Figure2-13. U\Ainitiated polymerisation resulted in pHEMA xerogels loaded with QHEX
DEXpHEMA hydrogels containing 1.25%, 3.75%, 7.5% and 10% j@8.Brhe xerogels did r
show particula¢ aggregates, indicating thatajority of the drug was entrapped in micelles.

2.5.1.3 Postfabrication pocessing

After recording the observationsf pHEMA xerogeVisualinspection, circular
discs were punched outF{gure 2-14) and weighed to calculate the drug loading
efficienciesand drug loading capacitie®EXoading increased from 0.2% wi/v in DEX
PHEMA xerogels103.3 +64 ug disct) without Brij 98 to >2.5% wi/v for Brij 98aded
DEXpHEMA xerogels, se€able 2-4. Drugloading was determined based on the
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maximum solubiliy of DEXn the system (with or without Brij 98), which was Giomed
by repeated evaluations, the volume of polymer mixture added to the casting moulds,
and weights of individual xerogels and disBastfabrication of thexerogel discs

included awashing stepwith hot water (50 mL at 50°C).

Figure 2-14. Dise
with a diameter of
mm were create
from xerogel film
using a cusbm-
made punch for
5 - 3 -y ke characterisation an
Rt gk : | drug release studie

Table2-4. The amount of DEX lost during pdabrication processing, the final amount
of DEX loaded per disc, dHaading capacities, andrug-loading efficiencie®f the

hydrogels
Brij 98concentration Amount of DEX  Final anount Loading Encapsulation
in hydrogel discs lost in washing  of DEXoaded capacity (%) efficiency (%)
(Yo wiv) (1) (ugdisch)

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 £2.3 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 3.61£0.4 83.0+1.4

10 182.7+29.8 1230.3 £25.1 4.6+0.4 87.0+1.1

*Calculatedby subtracting the amount of drug lost in the washing stepn the theoreticalamount of

DEX (inug) added to thaliscs. The theoretical amount of DEX was derived from the concentration of DEX
added to thepolymer mixure, the volume of polymer mixturenjected into the casting moulds and the
weight of the individuahydrogels and hgrogeldiscs.

This method is commonly utilised while manufacturing soft contact lenses to
remove unreacted monomer after polymerisation is complét86) This method also
washed out some drug from theerogel discs and the drug losias quantified using
HPLC and stfacted from the total drug pedisc for estination of final drug loading,
seeTable2-4. 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. Thigndicates that hydrogels with higher Brij 98 concentrations are able to

hold high drug amounts.
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2514 Scanning electron microscopy

Scanning electron microscopy (SEM) imaging wapl@yed to qualitatively
assess the microstructure of drdgaded hydrogels because @nabled a closer
inspection of their bulk homogeneity (internal structure) as well as their surface.4n UV
initiated polymerisation, the surface of the xerogel is figpolymerise followed by the
bulk of the xerogel. Hydrogels examined included both-pEHEMA hydrogels (0% Brij
98) and Brij 98oaded DEXHEMA hydrogels. DEPKIEMA hydrogels without Brij 98
showed a uniform glossy surface with folds presumably formed ridg the

polymerisation process, sdagure2-15.

Figure2-15. SEM images dDEXpHEMA hydrogels with nadded Brij 98 ofA) the surface &
500x magnification an¢B)the bulk structure a0,00x magnification The surface had visit
folds caused by swelling in the casting mould during polymerisation. The bulk structure

show any visible aggregatesjggesting homogeneity across the hydrogel. The scales b
100pm for the surface and um for the bulk.

SEM images of the Brij 98aded DEXHEMA hydrogels revealed some
noticeable structuratlifferences compared with DEPHHEMA hydrogels without Brij 98,
seeFigure2-16. All Brij 98oaded DEXHEMA hydrogels were characterised by rougher
surfaces with the presence of complex aggregates and cavities in the bulk structures,
indicating varing pore distributions, whereas DIpKIBMA hydrogels displayed a

uniform structure with no visible aggregates.
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Figure2-16. SEM images of Brij 98aded DEXHEMA hydrogel discéA) 1.25% Brij 98(B)3.75% Brij 98(C)7.5% Brij 98, an(D) 10% Brij 980aded DES R
pHEMA hydrogels at 500x magration. Increasinghe magnificationto 20,000x for(E)1.25% Brij 98, (F) 3.75% Brij 88)7.5% Brij 98, an(F)10% Brij 9¢
loaded DEXHEMA hydrogels revealed spheriagbregatesréd arrowg with complex shapeas well as cavities within the bulk sttures.



25.15 Water in DEXoaded pHEMAYydrogels

Understanding how Brij S®aded DEXHEMA hydrogels swell in water was
important to understand the effect of surfactant concentration on drogding and drug
release from the hydrogel discs. The effect of the Brij 98 concentration on the EWC%
andthe SR of the DEpHEMA hydrogels were measured. The results are showigure
2-17. Brij 98 had an impactroEWC% and SR as there was a significzredse in the
EWC% and SR in the Bri}l68ded DEXHEMA hydrogel discs as compared with DEX
pPHEMA hydrogel discs (0% Brij 98)(p<0.0001). However, no significant correlation was
observed between the different stactant concentrations and EWC% of the rogkls
(p<0.5). Brij 98oaded DEXHEMA hydrogels showed a minimum EWC% greater than
38.5%; 1.25%, 3.75%, 7.5%, and 10% Btg&®Bed hydrogels displayed EWC% of 38.8%,
43.6%, 43.1%, and 40%, respectively. Inmamson, DEXHEMA hydrogels (0% Brij 98)
resulted in an EWC% of 69.6%. Brijfl@ded DEXHEMA hydrogels all showed a
minimum SR less than 0.63%. 1.25%, 3.75%, 7.5%, and 10%I8agl&8 hydrogels

75 T T T T T T T T T 5

[l Equilibrium water content
60 - I Swelling ratio 4

Equilibrium water content (%)
Swelling ratio

0% 1.25% 3.75% 7.5% 10%
Brij 98 concentration (w/v)

Figure2-17. The effect of surfactant concentraticon the EWC% and SR Brij 98loaded DE>
pHEMA hydrogelsThere was a significant difference between th&XpHEMA hydroge
without Brij 98 0%)and all the DEXpHEMAhydrogels containin@rij 98 (p<0.0001). Howev
no significant correlation between the gactant concentrations and EWC R was observ
(p>0.5).
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displayed SR values of 0.64, 0.77, 0.76, and 0.67ecasply. In comparison, DEX
pHEMA hydrogds (0% Brij 98) exhibited an SR value of 2.3.

25.1.6 Differential Scanning Calorimetry and Thermogravimetric

Analyss

Diffusion of drugs from hydrogels is related to the butkter percentage in the
hydrogel; the highethe free + lightly bound water content, the faster the drug release
will be (478) Relative to the EWC%, the proportion of the Hogezing water content,

i.e. bound water increased and the proportion of freezing water contémt, free +
lightly bound water decreased dke surfactantconcentraton increased, se€&igure
2-18. DEXpHEMA hydrogels (0% Brij 98), 1.25% Brij 98 and 3.75% Brad& DEX
pHEMA hydrogels contained a statistically lower proportion of bound water cordpare
with the 10% Brij 98oaded DEXHEMA 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

75
I Free+lightly bound water
Il Bound water

60

45
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o
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Equilibrium Water Content (%)
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0% 1.25% 3.75% 7.5% 10%

Brij 98 concentration (w/v)

Figure2-18. The effect of surfaant concentrationon the proportion of band water tofree
and lightly bounewater in Brij 98loaded DEXHEMA hydrogels. The proportion of free

lightly-bound water generally decreased as the concentration of Brij 98 increased, wher:
proportion of bound waterincreased as the concentiah of Brij 8 increased For the
proportion ofbound water, there was aignificant difference between026 Brij 98 and 0% E
98,1.25%, and 3.75%ij B (p<0.05, p<0.001, and p<0.05). 1.25% and 7.5% Bdg88d DE>
pHEMAhydrogels also were signifintly different (p<0.01). For free and lighthound water, a
Brij 98loaded DEXHEMA hydrogelwaere significantly lower than 0% Brij 98 (p<0.001 for 1
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 ofdnek
lightly bound water in the hgrogels, all the Brij 9®aded 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 suHaecized
hydrogels revealed that the free andyhtly-bound water in 1.25% and 3.75% Bri} 98
loaded hydrogels was significantly higher than 10% Brij 98 (p<0.01).

Table2-5. Endotherms from DSC analysis of Brij&gled DEXHEMA hyrogels.

) _ 1stendotherm 2"endotherm*
Brij 98 concentration (%) 1™ o) T Toem(C) | Trmamm(°C) T (°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

* The second endotherm was composed of two fused peaks in all Bop@@d hydrogels and two values
for Tmaximumare reported.

DSC examination of Brij 98aded DEXHEMA hydrogels exbited two clear
endothermic peaks, sed@able 2-5. The first peak was around 0°C for the melting
temperature of ice, which reflected free and lightly b water as they are able to
freeze, and the second peak was around 100°C, which reflected the evaporation of
water and vdatiles from Brij 98. Comparing TGA data along with DSC thermograms can
give some useful information regarding volatiles, includimager, carbon monoxide (CO)
and carbon dioxide (G and the influence of surfactant concentration on thermal
stability bymeasuring the change in weight of hydrogels as a function of temperature.

During the TGA analysis, a thrstep degradation processas observed in all
the DEXYoHEMA hydrogels, with and without Brij 98. The first step was between 50
150°C, the second stepas between 15¢380°C, and the third step was between 880
500°C and igypicallyattributed to main chain breakdown. The data for theaximum
NIF S 27F (KSN)NI fcinR® 1D 2a¥h dPteselinked sfepoandithe amount
2F al YL S RSB shbwh&iabe2-6.0 n ¢

In the case of DEpHEMA (0% Brij 98) hydrogels, the DSC datu(e2-19¢A)
indicated the first endothermic peak, composed of two fused peakD#&5°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
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(Figure2-19¢B) revealed that although proximately 50% othe sample weight was
lost during the firststep 60¢150°C), theate2 T G KSNX I f R GPreaked2 & A (7
at 95.4°C, where 30.1% of the sample had decomposed.

Table2-6. TGA analysis of Brij 98aded DEXHEMA hydrogels showing the temperature (°C)
G LISFE]T NFGSa 27F dkundamndunt & Sadhglerdeigpasedi(Jo)2aythed n ¢
N Gcpeak during the Step degradation of the hydrads.

Brij 98 . . : Residual

concentration First step Second step Third step 0
(%) ash(%)

N &) o | 1 &e(C) Pl | keCe) DTS

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 <13

10 108.7 10.3 350.2 34.5 442.9 86.7 <15

n éecrefers to thepeak rate of thermal decomposition during each step, and theqeet sample lost
corresponds to thap ec

These observationsave in agreement with the DSfata that showed the free
and lightlybound water was about 50% of the total EW(®igre2-18). The second
step, 15@oy nc/ = NBadzZ 6SR Ay | f2aa 2F CoBDPM: 7
peaked at 342.8°Che third step, 38@500°C, resulted in 81.8% sample loss, and the

N Gecpeaked at 423.4°C. The amount of residual ash content was <1%.

Remaining weight (%)
te of thermal decompaostion

Ra

. T = - - 1 1
100 200 300 400 S00

N - . Ramaning weight
T'-'""F”— rature { C] = — Rate of ithermal decomposiian|

Figure2-19. DSC and TGA thermograms for pPEMEMA hydroglswithout surfactant (A) In the
DSCendotherm, orange arrows indicatéie melting (2 peak) and evaporation of free a
lightly-bound water(2" peak).(B)In the TGA thermogranorange arows indicate a threestef.
degradation process.

For 1.25% Brij 9®aded DExXHEMA hydrogels, the DSC ddag(re2-20¢1A)
indicated thatthe first endothermic peak onset {&e) 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,
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such aLLO and Oy, from Brij 98. TGAnalysis Figure2-20¢1B) revealed that although
8.6% of the sample was lost during the fisgtp> g5 feaked 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 lightipound water in the hydrogel was approximately 24% of the
total EWC%NRigure2-18). During the second step, 40.6% of the sample weight was lost,
I YRaechISI 1SR G oTydpc/ ® &dudbkey At 43BRSandi K A NF
represented a substantial loss in sample weight (76.3%). The amougasidiialash
content was <2%.

For 3.75% Brij 980aded DEXHEMA hydrogels, the DSC ddtagure2-20¢2A)
indicated Tnset for the first endothermic peak was ab.29°Cand Taximumwas 3.65°C.
The second broad endothermic peak was also twodyseaks at 104.2°C and 113.6°C,
which corresponded to the evaporation of water and volatiles from Brij 98. TGA analysis
(Figure2-20¢2B) revealed a24% sample loss during the fistepz | yieRpeagket! at
114.6°C, where 19.6% of the sample had decomposed. Even though the DSC data
showed the free and lightpound water in the hydrogel was ppximately 26% of the
total EWC%, the extra 10% loss in sample weight may be attributed aseeté residual
water, CO, or C{from Brij 98) from the hydrogels. During the second step, 46.4% of
0KS &l YL S ¢S A Juk peaked afi365.12CAdaNA y13y Ri KpS¢ «ék K A NR
peaked at 436.8°C and represented a substantial loss in sampletveéi§B.4%. The
amount ofresidualash content was <1.3%.

For 7.5% Brij 9®&aded DEXHEMA hydrogels, the DSC datgg(ire 2-20¢3A)
indicated the first endothermicoksetwas at-0.83°Cand Taximumwas 4.04°C. Ehsecond
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 analysgu(e2-20¢3B)
revealed a 18% sample loss during tfiest step> | yicRpegketl at 114.6°C, where
12.4% of the sample had decomposed. Even though the DSC data showed the free and
lightly-bound water n the hydrogel was approximately 14% of the total EWC%, the
additional 10% weight loss may be attributemthe residual release of water, CO, and
CQ (from Brij 98) from the hydrogels. During the second step, 43.4% of the sample
GSAITKO G aeclBREGSRIYRBR p¢todyc/ O gHptmkddyaa § K $
436.7°C and represented a substantial lossam@e weight of 80.7%. The amount of

residualash content was <1.3%.
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For 10% Brij 9®aded DEXHEMA hydrogels, the DSC dafag(ire 2-20¢4A)
indicated the first endothermic ohset was-1.65°C with faximumat 0.28°C. The second
broad endothermic peak observed at 112.9°C and corresponded to the eatapopf
water and volatiles from Brij 98. TGA analyBigre2-20¢4B) revealed a 15% sample
loss during the firststep, and n g.c peaked at 108.7°C, where 10.3% sample had
decomposed. Even though the free and lighityund water in these hydrogels was
around5% of the total EWC%, the additional 12% weight loss may be attributed to the
release of residual water and the increaseCO, and CQOvolatilisation. During the
a8S02yR aGSLIE onop: 27T (0 K&peaked¥nl360%5°Coiiing K
the thA NR A« f2aked aji42.9°C, representing a substantial loss in sample weight

of 86.7%. The amount oésidualash ontent was <1.5%.

hgSNI ff= ¢D! RIGF NB @Peak Briall Briyo8oAdgdd NS | &

hydrogels compared with hydrogelstivout Brij 98 whichsuggests that the addition of
surfactant improved the thermal stability of the hydrogels. The samgight lost in the
first step during TGA was more than the estimated free and lididlynd water (from
DSC and EWC data). Mudatilesescaping from Brij 98 had minimal impactthe total
weight loss of the hydrogel.
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Figure2-20. DSC and TGRAermograms for DEEHEMA hydrogel®aded with(1) 1.25% Br
(2) 3.75% Brij 98(3) 7.5% Bijf 98, and(4) 10% Brij 98In the (A) DSGhermograns, orange
arrowsindicatethe melting (¥ peak) andevaporation of free and lightipound water (2¢
peak). In th€B) TGA thermogram orange arrows indicate a threstep degadation proces:
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25.1.7 In vitrodrug releasef DEXpHBEMA hydrogels

The experiments described in this section examined the -delepse profileof
DEXloaded pHEMA hydrogel discsising different concentrations of micelleis
conditions mimicking the subconjativa. Aflow rate of 2 uL minutéand atemperature
of 35.5C(52,53,64,463xepresentingsubconjunctival conditions in a healthy eye, were
maintained for he duration of the experiments. DEX appeared to be unaffected by the
polymerisation process because the DEX released fronmybeogelspacerseluted at
the same retention time as puf@EXduring HPLC analysis

DEXoading into the pHEMA hydrogel disess 78.5 +4.2 ug, 718.4 +12.3 ug,
667.1 +6.0ug, 884.0 £23.7 pg, and 1230.3 £25.1 ug per hydragsd for 0%, 1.25%,
3.75%,7.5%, and 1% Brij 98, respectivelll Brij 98loaded DEXHEMAhydrogel discs
showed a sustained release of D&Xtherapeuti@lly-relevant concentrations foran
anti-inflammatoryagent(>2 uM)over the course of 35 dayseeFigure2-21. AllBrij 98
loaded hydrogelsreleased the maximum concentration of DE&hin four hours;
however, higher surfactant concentratiamseemedto lower the amount ofdrug lost

duringthe initial burst releaseThe maximum concentration of DEXe@sed byall the
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Figure2-21. DEX waseleased at concentrations >2 pM from Bi§ (1.2510%}oaded DE>
pHEMA hydrogel disca concentration adequate faffectiveanti-scarringagents There was
burst rdease of the drug in thérst 4 hours, butall surfactantloadedhydrogels sustained ti

release oDEX for 35 day# contrast, DEXpHEMA hydrogels (0% Brij 98) released most of
drug contentin under a week
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Brij 98loadedhydrogel discs abne time during the experimentsas 31.8 +6.5 ug .
35.0 +13.3 pug mt, 31.2 +5.2 ug mi, and 31.2+5.2 pg mit for 1.25%, 3.75%, 7.5% and
10% Brij 98, respectiveat 4 hours (0.2) day@&igure2-21). DEpHEMA hydrogels (0%
Brij 98) released the higést concentration of DEduring the experiment, 18.62.7 ug
mL?, at 12 hours (0.5 daysThe halflives (T2) of DEX release were extended with
higher concentrabns of Brij 98 added in each hydrogel disc, apgifér DEX wee 1.6
0.3, 27.5 £4.627.9 £6.6, 46.9 +£10.0, 68.9 +14i8ys for 0%, 1.25%, 3.75%, 7.5%, and
10% Brij 98, respectivelgeeTable2-7.

After 35 days, the total amourof DEX released was @9+3.0ug, 425.5 +28.1
Hg, 395.0 +20.51g, 365.9 +18.7ug, and 374.9 +19.1 pg for 0%, 1.25%, 3.75%, 7.5%, and
10% Brij 98oaded pHEMA hydrogels, respectively. This corresponded to 88.2%, 59.2%,
59.2%, 41.4%, and 30.5% of DEX s#ddor 0%, 1.25%, 3.75%5%, and 10% Brij 98
loaded pHIIA hydrogels, respectivelyéble2-7). The cumulative percent DEX released
between all concentrations of surfactant were statisticaignificant (p<0.05), except
for 1.28% and 3.75% Brij 98 (p=0.09). All Brij@&led hydrogels exhibited percent DEX
releases that were statistically different from the 0% Brij 98 hydrogpei6.05).
Table2-7. Drug release of DEHEaded pHEMAVYydrogel discs after 35 consecutive days.

Brij 98 concentration in  DEX loaded DEX released T Cumulative DEX
hydrogel discs (% w/v)  (ug disch) (ng) (days) release (%)
0 78.5 4.2 69.2 £3.0 1.6 £0.3 88.2+4.3
1.25 718.4 £12.3 4255 +28.1 275 +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 3749 +19.1 68.9 £14.0 30.515.1

The results ifrigure2-22 demonstrate a significant reduoin in DEX release rate
and a concurrent increase in the duration of releapen addition of Brij 98 micelles to
the pHEMA hydrogelDEXpHEMA hydrogels containing no surfactdffo Brij 98),
releasedmost of the drug (82 *4.3%; 69.23.0 ug) infewer than sevendays. The
cumulative amounbf drug releasavas Brij 98 concentraticdependent(p<0.05)n the
case of 3.75%, 7.5% and 10% Brijd@led hydrogelsThe cumulativelrugrelease data

indicate that Brij 98 was saessful in prolonging the releasé the hydrophobic drug
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DEX, significantly longer than namcelle entrappedDEXpHEMAhydrogels,Figure
2-22.
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Figure2-22. DEXloaded pHEMAydrogel discslemonstratal a sustained releasaver 35 day
at all four concentrations dBrij 98 DEXpHEMAhydrogels with 1.25%, 3.75%, 7.5%, and
Brij 98loaded hydrogels released 59.2%, 59.2%, 41.4% and 30.5% of DEX at the ez
experiment, respectively, whereas DRMEMA hydrogelsvithout Brij 98(0%)released 88.%
of DEX loadeth fewer than7 days There was a significant difference in drug release bet
all Brij 98loaded DEXHEMA hydrogels and the hydrogels without B8&j(p<0.05), and the
was a significandlifference in drug release between all Brij 98 concentrations (p<0.05), ¢
for between 1.25% and 3.75% Brij 98 (p=0.09).

2.5.1.8 Mathematical model fithg ofin vitrodrug-release data

To evaluate the kinetics of DEXvitro release data from the pHEMA hydrogel
discs, mathematical models such as zZ2rdlRSNE T A NBE 0 2 NREN&ES {1 f ACH
Weibull andKorsmeyeifPeppasnodels were usedThecriterion for selecting the most
appropriate model was based on matching thesanption criteria of the model,
goodnessof-fit test () andthe smallest sum of squares of residuals (SSR) (@i
473) The R/ISSR ratiovas the smallest for kinetic data modelled using Korsmeyer
Peppas modeindicating that the data best fit thismodel,seeFigure2-23. The value for

the diffusion exponenih was obtained from the slope of the linear graph, Jedle2-8.

109



Table2-8. The parameters obtained when vitro drug release data were fittedsing
the Korsneyer-Peppas model.

Brij 98 concentration
Parameter 0% 1.25% 3.75% 7.5% 10%
Intercept 1.7+0.(2 0.85 £0.@ 0.92+0.2 0.71+0.02 057+ 0.02
Slope (n) 042+0.07 0.7 £0.02 0.67+0.02 0.67+0.02 0.67+0.02
SSR 7.61504 0.07 0.08 0.06 0.06
Pearson's r 0.988 0.99 0.99 0.99 0.99
R 0.98 0.98 0.98 0.98 0.99

Because then values for all Brij 98loaded DEXpHEMA hydrogelsvere all
between 0.450.89, the modelsuggests the mechanism of druglease from these
hydrogels was viaAnamalous transport, followig nonHckian diffusion,and is
characterised by both diffusion of the nemlules and swelling of thpolymer matrix
(474,475) Furthermore, it must be noted that thergvasno increase in then values
when Brij 98 concentration was increas€wr3.75%, 7.5%, anth% Brip8-loadedDEX
pHEMAhydrogels,n = 0.67 +002. Fo 1.25% Brip8, n = 0.70+£0.02. FoDEXpHEMA
hydrogels (0% Brij 98),= 0.42+0.07.
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Figure2-23. Data fromin vitro drugreleaseexperiments usindbEXloaded pHEMAydroge
discs containing varying concentrations of Brij @%b, 1.2%4 3.75%, 7.5%, 10%jyere
transformed and plotted to fit thekorsmeyerPeppas modelThis graph shows data fitting
log [data fon§0%drug releaseal] versudog [time (day3].
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25.1.9 Crosdinkedhydrogel tablet

Before compression gbHEMAhydrogel tablets, the fine crodsked xerogel
powder was characterised for particle size using pktiaser diffraction. Results
obtained showed thaveragetSDmedianparticle diameter (¥50) for the powdemwas
64.2 +0.6 umwhich was within the rangér Quality Audit Standard Measurement
Protocol(479) The distribution of the particle size wasionodal,i.e.the particles were

uniformly distributed around the median valuseeFigure2-24 (480)
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Figure2-24. Laser diffractionesults(R)showeda unimodal particle size distribution of the f
crosslinked pHEMA powder (With the averagetSDmedianpatrticle diameter (Dv50) for the
powderwas64.2+0.6 um

Compression forces of 0.3 MPa (for 10 minutes) and 0.5MPa (for 20 minutes)
were found suitable for makin@gblets 2 mm and 3 mm in diagter that couldwithstand
their weight respectively, sedable 2-9. The source of DEX (Alfa Aesar, UK) used
consisted of fine powder that poureghsilyinto the press and resulted in less than 10%
loss between weiging the powder and the resulting tablet. Tlagproximatedrug
loading efficiency for 2 mm and 3 mm tablets were 50% and 33%, respectively.

Table2-9. Dimensions ofifie crosdinked pHEMA tablets.

Tablet Tablet Tablet Tablet Tablet
diameter (mm) height (mm) mass (mg)  surface area (m)  volume (mn¥)
2 0.7 2.9 10.68 2.2
3 1.55 4.9 28.75 10.96
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Before testing the tablets fadrug releasepostfabrication processing to remove
excess monomer, as described earlifor hydrogel discs, caused the tablets to
disintegrateentirely within seconds. As shown Figure2-25, when water was added to

the Eppendortubes containing the 2 mm diameter hydrogel tablets, they disintegra

in under 5 minutes, leading to tHermation of getlike microstructures surrounding the
insoluble DEX.

Figure2-25. Upon adding wateto
the Eppendorf tubes containing
mm hydrogel #blets, the
disintegratedquickly, forming ge
like microstructures suounding
the insoluble DEX. This figu
shows the 2 mm tablefA) after
being ejected out of the tabl
die. Disintegration of the tablet
shown at 10 second®), 1 minute
(C)and 5 minutegD).

The 3 mm tablet completely disintegrated too (<3 minutes), fornmgeglike
microstructuressimilar to the 2 mm tabletas shownin Figure2-26. The gel granules
were moreheterogenoudor the 3 mm tablet with drug particles visible in tBppendorf

tube as compared to the 2 mm tablet

Figure2-26. Upon addiig waer to the Eppendorf tube
containing 3nm hydrogel tablets, thejoo disintegratec
quickly brming heterogeneousgel like microstructure
surrounding the insolubI®EX. The figure above shc
the 3mm tablet(A) after being ejected oubf the table
die.Disintegration of the tablet is shown at 3 minu(&.

2.5.2 Degradable spacers

These experiments aimedo encapsulate DOX into a biocompatible and
degradable polymer spacer and evaluate tinevitro drug release. DOX monohydrate
and DOX hyclate eve used as the model hydrophilic drug becauseaddition to its

antibacterial activity, DOX has shown potentiahasntrinflammatory and antscarring

112



agent in ophthalmic formulations.Three different approaches were explorad
formulate degradable polymesspacersto prolong DOX releasehitosan hydrogels,

electrospun PCL fibres, and solweasst PCL.
2521 DOXencapsiated chitosan hydrogels

It was possibleto formulate DOXchitosan solutions thattransitioned to
hydrogels at 37°CFigure2-27 (left) shows a solution of chitosan afttrRRA G A2y 27
glycerophosphate (GP) durimgitation,and Figure2-27 (right) shows the transition to
a viscoushydrogel after heating the solution to37°C with the magnetic stirrer

suspended in the hydrogel.

Figure 2-27.  DOXchitosar
solutions  transitioned tc
hydrogels at 37°Q.hesolution o
chitosan afterthe addition of G
during agiation (left)
transitioredto a viscous hydrog

— .
AN
after the solution was heated -
37°C and the same stirrer can

Q seen suspended in the hydro

2% Chitosan Chitosan -
right).
+ GP solution hydrogel (right)

37°C

The BVC% for the chitosan hydrogels were55.7% and 60.0%or DOX
monohydrat and DOXyclate, respectively.lie swelling ratios were 1.26 and 1.50 for
DOX monohydrate and DOX hyclate, respectively Tsdée2-10.

Table2-10. The EWC% and SR values for {oktdsan hydrogels.

Spacer EWJ%) SR
DO Xnonohydrate 55.7+1.4 1.26 +0.04
DO Xyclate 60.0 +2.1 1.50 +0.1

SEM images of th®OXchitosanhydrogelsanalysed under vacuumevealed
that DOXonohydrateChitosan 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 D&aXohydrate phaseseparating from the bulk
hydrogel structure. DQOygiateChitosan hydrogels were characterised by uniform
surfaces wih small, undulatingtriations on the surfaceseeFigure2-28. Additionally,
DOXyclateChitosanhydrogels displayedo visible aggregates, which suggested that the
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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 appiioa of vacuum during SEM imaging.

Figure 2-28. SEM images of DQafonyarare€ncapsulagd chitosan hyrogels at (A) 500>
magnification andB) at 5,000x magnificationrand DOXcae-€ncapsulatedhitosan hydrogels
(C)500x magnification anfD)at 5,000x magnificatioperformed under a vacuum. D@gXohydrate
¢chitosan hydrogels containedfew small ggregates on the surfaces, which could be attrib
to either chitosan or DQa$nonydratephaseseparating from the bulkydrogel structureDOXyclate
chitosanhydrogels displayedo visible aggregates.
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These DOXhitosan hydrogela/ere not processed further before evaluation for
in vitro drug releaseDOX monohydrate loading into the chitosan hydrogels (250 pL in
volume) was 5.5 mg hydrogelThe DOXnonohydrateChitosan hydrogels showed a burst
release of DOonohydrate With maximum drug concentration of 1.96 +0.2 mg L
released within 24 hours, seléigure2-29A. The T2 of DOXwonohydrate Was 26.3 £6.0
hours.The DO onohyrate-Chitosan hydrogels released 51.2 +4.1% of the total amount of
drug-loaded over 24 hours and showed a sustained releas@®dfBhonydratefor a further
144 hours, releasing 77.3 £8.2% of totlalg amount and the end of the 16&our
experiment, sed-igure2-29B and Table2-11.
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Figure 2-29. The concentratio of DOX monohydrate releasdé) and cumulative percel
release (B) of DOX monohydrate from 2.5% w/w chitosan hydrogels over time. Ch
hydrogels released 77.3 £8.2% of the total DOX monohydrate amount addeddn days.

DOX hyclate loading into the chitosan hydrogels (250 pL in volume) was also 5.5
mg hydroget. Chitosan hydrogels showed a burst release of DOX hyclate awith
maxmum concentration of 8.3 68 mg mt! released at 4 hours, seéegure 2-30A. The
T2 of DOXyclateWwas2.5 £0.3nours.Chitosan hydrogels released 72.8 +4.3% of the total
drug anount loaded withinfour hours and @monstrated a sustained release of DOX
hyclate for 72 hours, releasing 80+2.7% of the total drug amount loaded into the

hydrogels, se&igure 2-30B.
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Table2-11. Drug release aftesevenandthree days from DOwonohydrateand DO Xclate
chitosan hydrogelgespectively.

. Drug loaded Drug released Cumulativedrug
Chitosan spacer (mg spacer) (mg) Tiz (hours) release (%)
DO Xnonohydrate 55 4.25 +0.5 26.3 +6.0 77.318.2
DOyclate 55 5.00 +0.2 25+0.3 90.8 +2.7

"Halflife calculations estimated based ¢me assumption of drug diffusion following firsdte kinetics.
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Fgure 2-30. The(A) concentration released and)cumulative release percent of DOX hyc
from 2.5% w/w chitosan hydrogels over timéhit@san hydrogels release?D.8+2.7% of the
total DOX kclate amountadded in 72 hours.
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25.2.2 Electrospun DORCL fibres

DOXincorporated fibres were successfuftyrmulated from PCL and two tgs
of poloxamer usingelectrospinning as a technique. The resulting Baaded fibres
were cafirmed using a digital microscope, sé&egure 2-31. Diameter distribution
analysis suggested that RDDX fibres formultad with 407 were larger (2.580.4 um)
as compared with those formulated using 188 (1.78 +0.51 um). The fibres had a white
to aslightly yellow hue, and while the fibres used in assedsingrodrug release were
stored in darkness, the fibres maintashehis colour even when expodeo light for
three weekson the lab bench (not shown). This confirmed that DOX was loaded in the
fibres and suggested they had a prolonged resistand®OX photosensitisation. These
DOXPCLpoloxamerfibres were not procesad further before evaluation fom vitro

drug release.
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Figure2-31. Digital microscope images of electrospun fibres formulated with 20% w/w P(
DOX monohydratevith poloxamer 4074A) and 188(B).The scale bars are 2@0n. Dianeter
distribution analysis suggested that RDDX fibres formulated with 407 had a larger iage
diameter (2.58 0.4 um) as compared with those formulated using 188 (1.78 +0.51 um).
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DOX monohydrate loading into the P@loxamer 188 and P&ioloxamer 407
fiboreswas 2.5 mg per 20 mg @ibres. DOXPCLfibres with poloxamer 188 showed a
burst release of DOX monohyade with a maximum concentration of 3.4 0.3 mg ML
released withirfour hours, sed-igure2-32A. Electrospun PQibreswith poloxamer 407
showed a borst release of DOX monohydrate watmaximum concentration of 2.3 +0.9
mg mL! released afour hours, seeFigure2-32A. The oncentration of drug released
between PClpoloxamer 188 and Poloxamer 407fibres was not statistically
significant(p>0.05).

Table2-12. Drug release of DOX monohydrdtaded PClpoloxamer fibres afteseven

days.
Fibres Drug loaded (ng Drug released Ti2 Cumulative drug
20 mg fibres) (mg) (hours) release (%)
PCLEpoloxamer 188 2.5 2.210.2 2.7 0.5 88.1+4.2
PCtpoloxamer 407 25 2.00.1 4.0 £0.3 78.3 2.7

“Haltlife calculations werestimated on the assumption of drug diffusion following firate kinetics.

Electrospun DORCLEpoloxamer 188ibresreleasel 64.3 +4.4% of the total drug
amount loaded withirfour hours, and showed a sustained release of DOX monohydrate
for five days (120 hours), releasing 8&4.2% of the total amount of DOX loaded at the
end of the experiment, se€igure2-32B. The T, of DOX monohydrat was2.7 +0.5
hours and4.0 +0.3hours for PCGpoloxamer 188 fibres and Pghbloxamer 407 fibres,
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Figure 2-32. The concetration releagd (A) and cumulative release percer{B) of DO
monohydrate from electrospun fibres of P@iith poloxamer 188 and 407 over tim®ruc
release experiments usinglectrospun PCL with poloxamer 188 and 4bdwed a sustaine
release oDOX monbydrate for five and sevedays respectively. Concentration of drug rele
betweenPCLEpoloxamer 188 fibres and Pghloxamer 407 fibres was not statistically signifit
(p>0.05). PGpoloxamer 188 fibres released significantly more DOX monohydrate Rk
poloxamer407 fibres (p<0.05).
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respectively, sedable2-12. Electrospun DORCLEpoloxamer 407ibresreleased 43.9
+1.7% of the total drug amount loadedfwur hours, and showed a sustained release of
DOX monohydratér seven days, releasing 78:3.7% of the total DOX amount loaded
(Figure 2-32B). PClpoloxaner 188 fibres released significantly(p<0.05) more
cumulative pe centDOX monohydrate than PPbloxamer 407ibresat the end of the

experiment.

2.5.2.3 Solventcast DOPCL spacer

After the acetone solvent evaporated, solvesast DOXPCL spacers had a
yellow hue, which turned darker in colour when exposed to lighttieo weeks(data
not shown). Thi®bservationindicated that spacerformulated by loading DOX in PCL
using solvent casting did not provide a prolonged resistance to DOX photosensitisation.
Thesesolvent cast DORCLEpoloxamer spacers were not processed furmthefore
punching into discs for evaluation of vitrodrug release.

DOX monohydrate loading into the P@iloxamer 188 and P&ioloxamer 407
spacers was 2.5 mg per 20 mgtloé spacer.Solvent cast PGpoloxamer 188 spacers
showed a burst release of D@Xonohydrate witha maximum concentration of 1.59
+0.6 mg mi released withirfour hours, seeFigure2-33A. Solvent cast Pioloxamer
407 spacers with showed a burst release of DOX monohydrate avitaximum
concertration of 0.74 +0.1 mg mireleased withinfour hours, seeFigure2-33A. The
T2 of DOX monohydrate we&5.9 +14.&hours and57.8 £5.0hours for PGlpoloxamer
188 spacers and P{bloxamer 407 spacers, respectiye 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 statissagiificant (p>0.05).

Table 2-13. Drug release of DOX monohydrdtaded, solventast PClpoloxamer
spacers afteten days.

Spacers Drug loaded (ng Drug released Ti2 Cumulative drug
P 20 mg spacet) (mg) (hoursy release (%)
PCLEpoloxamer 188 25 1.6 +0.4 35.944.8 65.1 +15.7
PCtpoloxamer 407 25 1.1+0.1 57.8 5.0 455 +2.4

“Haltlife calculations were estimated on the assumption of drug diffusion followingrfitstkinetics.

Solventcast PClpoloxamer 188 spacers released 30.54 £10.6% of the total drug
amount loaded withinfour hours and showed a sustained release of D@Xaohydrate
for ten days, releasing 65.1 £15.7% of the total amount of DOX monohydrate loaded at

the end of the experiment, seBigure2-33B. Solent case PCpholoxamer 407 spacers
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released 14.2 +0.9% of the total drug amount loaded witbur hours, and showed a
sustained release of DOXonohydrate over the course tén days, releasing 45.5 +2.4%
of their total drug amount, se€igure2-33B. Solvent cast Pcioloxamer 188 released

significantly more DOX monohydrate than solvent castptBixamer 407 (0.09.

2250 - 100
2000 4 A 90 B
| —_
E 1750 8 804
=] [
= 1500 4 &
© b
b I
& 1250 1 s
Q jo2]
i 2
= 1000 1 s
= 2
o 7504 T 5] —=—3SC_PCL_188
S 2 —s— SC_PCL_407
3 500 1 S 5 - -
c O T
[e]
O 2504 104

0 0
T T T T T T T T T T 1 T T T T T T T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
Time (hours) Time (hours)

Figure 2-33. The concentration release@A) and cumulative release percerfB) of DO’
monohydrate fromsolvent casPCLpoloxamer 188 ané®CEpoloxamer407 spacersover time.
Drug relase experiments usirgplvent casPCLpoloxamer 188 and Pqdoloxamer 40%&pacer
showed a sustained release BOXmonohydrate (41 days) Concentration of drug relea
between solvent cast P@loloxamer 188 and solvent cast RP&iloxamer €7 was nc
statistically significant (p>0.05). Solvent cast $Gloxamer 188 gacers released significar
more DOX monohydrate than solvent cast Gloxamer 407 spacers (p<0.05).
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2.6. Discussion

Utilisinghydroges to formulatespacersfor usein the human body is of much
clinial interest. Spade ! wig a recent FDA approved hydrogel that consists primarily
of water and polyethylene glycol (PEG) in a ligiadn (ClinicalTrials.gov identifier
NCT0153862NCT0235383NCT0400431)2481¢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 precursaidgies to
form a hydrogel that maintains space betweer ttectum and prostate during radiation
therapy to protect the rectum from acute and lotgrm toxicity caused by the high dose
radiation field. It then gradually liquefies to clear out from thedip¢484)

Ozurde®(Allegan), a biodegradableopolymerD, L lactideco-glycolide(PLGA
which contains 700 pg DEX, has been apprdwethe FDAo be used as a sustained
release, freefloating intravitrealimplant (0.46x 6 mm cylinder). It halseen approved
for the management D macular oedema following retinal vein occlusion, diabetic
macular oedema or neinfectious uveitis, and its use is increasiegpecially where
other therapies have been unsuccessful. The PLGPolymer used to fabricate
Ozurde®slowly undergoes hydrgsis to form carbon dioxide and water, while DEX is
slowly released into the vitreous cavity over the course of six mai&85s,485) A study
done on New Zealand albino rabbits concluded that Ozutteated GFS blebs had
significantly prolonged bleb survival compdrto untreated blebg485) Moreover,
Ozurdex@reated bkbs 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@reated blebs(485) These resultandicate that DEX was unable to improve
bleb survivahs compared to MMC but was a much safer alternative.

More recently, DEXTENZA®, a 3 mm cylindsitaped, resorbable, ophthalmic
insert, containing 40Qug dexamethasone in a polyethylene glycol (PEG) based hydrogel
conjugated with fluorescein was appraveby the FDAor the treatment of ocular
inflammation and pan following ophthalmic surgerg486,487) In three randomized,
multicentre, doublemasked, paralleyroup, vehiclecontrolled trials a higher
proportion of patents were paidree, 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 bham
cells(486) More recently, a Pdse 1V clinical trial investigatitige safety and efficacyof
DEXTENZA®following concomitant minimally invasive glaucoma surgery
(ClinicalTrials.gov identifiekCT04200651266) and another investigating the use of
DEXTENZA® for the treatment of psstgical pain and inflammation compared to
standard of care (topical prednisolone acetate 1%) in patients undergoing conjunctiva

surgery is underwafClini@alTrials.gov identifieNCT04403516309)

2.6.1 Non-degradable pHEMA spacers

2.6.1.1 Micelles

In the work described in this chapter, DEMEMA hydrogels (0% Brij 98) resulted
in a loading capacity 00.3 *0.030, which was limited by the solubyitof
dexamethasone in the HEMA solution grelymerisation. Moreover, considering that
some drug was lagluring the postfabrication of DEXHEMA hydrogels, the adjusted
loading efficiencies reported here are comparable with the literature. A pre\study
has demonstratedthat loading values of DEX in pHEMA hydrogsl$.%£0.6% w/w
using anin situ entrapment method (488) This study did not investigate phase
separation of DEX from the final pHEMA fogils; however, it reported comparatively
significantly lower loading capacities when DEX was loadédeinHEMA hydrogels
using the imbibing metho(488)

It has been previously reported thaire-soakng hydrogel contact leesin a
drug solution, for a period from 2 mikesto 24 fours resulted in druguptake varying
from 0.02 to 2.3 mdens! for ionic materials and 0.@5.53 mglens! for norionic
materials(489,490) Ketorolac tromethamine, a hydrophobic drug, exhibited poor drug
loading of D6 pg lens! and a significantly poorer average drug release of 21 pg*lens
when loaded in pHEMA hydrogéB69) Using theentrapment method, a&omparatively
higher amount of drugf9.2 +3.0ug disc') was released from the DEPKIEMA hydrogel
spacers in this study. However, this amoiswot therapeutically relevant for more than
a week in the subconjunctival space. To achi@prolonged release of DEX from pHEMA
hydrogel spacers, use of micelles was investigated.

Varying the concentrations of Brij 98 were added in the polymer mixiame a

direct dissolution method was used to prepare Brij 98 micelles. Brij 9&@donic
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surfactant, containing a hydrophilic head, with g6lyoxyethyleng(POE) groups and a
distinct hydrophobic tail consisting of an-t&8rbon polymethylene chaings Figure
2-34. The CMC values of Brij 98 have been reported in the literature frog2 3% w/v
using iodine solubilisation and fluorescence techniq(@88,429,434,439)However,
some of these studies defined micellisation to represent the completbnthe
micellisation processrather than the initiation of micelle formation. To ensure
completemicellisation the smallest concentration d@rij 98 used (1.25%) was abts

two times larger than its reported CMC value (0.6% (/32)

Figure2-34. Brij 98 ha a hydrophoti tai
made of 18 carbon polymethylene ch
and a hydrophilic head made of
polyoxyethylene groups. Above the C
value, the oxyethylene head groups fc
a barrier between the hydrophobic cc
and aqueous environment (3D moc
generated ugig JSmol).

CigHss OH
20

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 dahf426) Israelachvilet al. estimated that
the prediction of micelle shape governed bythe packing parameter) which can be

calculated as
o
®» 0
Where w is the surfactant tail volumey is the equilibrium area per molecule
at the aggregate interface ari@is the tail lengthof the surfactant moleculé491) Since
Brij 98 has a single polymethylene chain with a large polyoxyethylene (POE) headgroup
YIRS 2F Hn dzyAG&a 06Yl ydeFof0GEHANERde6En thR nddél, & K S &
it can be predicted that Br§8 would form spherical micelles with some ellipsoidal and

cylindrical aggregates present in the systéf81,492) It has been suggested that only
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headgroup (POE) controls the aggregatructure viacy and the tail (polymethylene)
does not have apninfluence on the shape and size of the aggre§4®§) However, the
latter has been contested in the literaturey Nagarajanet al, who suggested an
additional consideration of the tail packing constrai#22)

The large poly(oxyethylene iobe) head groupof Brij 98 means the area per
surfactant molecule at the micellar aggregate interface would be large enough to have
significant repulsive forces between their headgrop23,426) 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 concentrationis. @servation was in
agreement with the predicted modddased onsurfactant packing perimeter) and
taking into account the surfactant tail constrai#22,491,494)

PDI values <0.1 are considered as monodisperse and betweef.9.As
moderately dispers€368) Using DLS for micelle characterisation, a sligtresse in
polydispersitywas dservedwith the increase in Brij 98ndicating the presence of free
surfactant molecules and larger mi@ellaggregates This is expected due to the
decrease in thehermodynamicstability of the surfactant solutiongnd the tendency
of the micelles taaggregate to counter the change in entropy as tdemcentrationof
surfactant increase@?22,423) Moreover, Brij 98 solutions have been repatto begin
micellisation at oncentrations as low as 0.025% w/v. The increase inngoellar
aggregates could further explain the increase in ghspersity with the increase in Brij
concentration(434)

Another reason for the increase in PDI valoesld be attributed to the presence
of ellipsoidal and elongated micelles at higher concentration.tiireshape ofglobular
micelles to accommodate darger number of hydrocarbon chains (>10¢ads to a
distortion in the micellar shapgt26) This iludesoblate andprolate ellipsoidg426)
This distortion of the globular shape of mieslhas previously been reped in the case
of norrionic micellar aggregates made of large oxyethylene headgroups (>10
groupsj422) In addition, when thesurface concentration of surfactants exceeds a
critical surfactant concentration, known critical aggregation concerdara{ilCAC), the
surfactantmay form complexes with the polymer itself. CAC for homologous surfactants

suchas Brip8, is primarily depedent on the hydrophobic moiety (polymethylene chain)
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and not on the PEO chain length. CAC is generally lower than CM®@rfaonic
surfactants as the hydrogslurfactant 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 toBEMA hydrogels
without Brij 98. Cosequently, the increased amotiaof DEX loaded in pHEMA hydrogel
discs after postabrication processing (667.1 +§I230.3 £25.1 pg) was comparable
with the only FDA approvddEX containingphthalmicimplants, Ozurdex® (700 ay)d
DEXTENZA® (400 1igg only FDA approved intracaméf@EX injection DEXY C@E®Y
ug), and the subconjunctival injection of DEX (500 ug) used during conventional TSC laser
treatment for refractory glaucoma  CfinicalTrials.gov identifier

NCT02875158397,486,498,499)

2.6.1.2 Visual analysis

There are several other potent ophthalmic drubat 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 spacetsitially, heat-initiated
polymerisdion was investigatedto entrap DEX loaded Brg8 micelles in pHEMA
hydrogelspacers. However, irregularly distributed small spots were observed daring
visual inspection of the xerogels, indicating that DEX pisaparated and precipitated
on the xerogésurface. This observation suggested a hetermys drug distribution in
the xerogel withthe majority of DEX distributed within the polymer matrix, instead of
within the hydrophobic cores of micellar aggregates. A possible explanatiold be
the evapoation of free water from the polymer solutionué to the high temperature
andlong time required for polymerisation. This heterogeneity of drug distribution would
give unreliable pharmacokinetic data of pHEMA spacer discs, which were representative
of thedrug amount in the hgrogel.Moreover, solid peticulate matter is known telicit
an immune response when implanted in the bd8%6,500,501)

In comparison,te UVinitiated hydrogels werelearwith no vsible aggregates.
This could b due to the higher water content in the hydrogels as-ibitiated
polymerisation was much faster than heaitiated hydogels and evaporated less

water from the polymer mixtureThe absence of particulatesiggestedhat majority of
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DEX was still entragal in the micelles and distributed homogenously within the
hydrogels.

SEM was used to characterise the hydrogels for their internal structure and
specifically compare differencé®tween drugloaded hydrogels containing Bri &nd
pure pHEMA hydrogels (OBfij 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 aqueousasples collapses in the dry state, this coulttaduce
artefacts and skew th 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 useéd support of other characterisation techniquesget
a better understandingf the drugloaded hydrogels.

Characteristic foldsvere observedn the pHEMA hydrogel structure during SEM
characterisation.This observation has also been shown previous stdies in the
literature (502,503) The folds in the hydrogels are formed due to the high degree of
swelling of the polsner retwork in a confined spacejuring polymerisatin in the
presence of waterSome additional artefacts such as minor holes and blemishes are
commonly produced othe exposure of hydrogels to the beam in the microsc@p@4)

As polymerisation progressethere is a dramatic decrease in the solubilty
pHEMA, resulting in themorphoussolid material. However, pHEMA is able to absorb a
high amount of water, nearly 45 (w/w), and this water remains anfills the
intermolecular spaces of the polymer netwo(k05) The water-soluble monomer
HEMA, filled with pHEMA, aggregates together into small droplets. By the end of the
polymerisation process, pHEMA becomesdixe a network filled with larger spaces
which could beinterconnectedto form channels. These channels arecupied by the
water phase, which in the meantime has also separg®8,504) From SEM images in
this study,the porous nature of thpHEMAhydrogels and the formation of cavities in
the bulk structure vasevident. Due to the plymer (pHEMA) property of being able to
hold up large amounts of water, the empty spaces observed betywegmer networks
suggest thatthese might be filled wih water upon hydrogel swellingSimilar cavities
have been observed in previous stud@spHEMA hydrogelg506). It may be possible
for adrugto access these empty spacead whenplaced in sink conditions whethe

volume of solvent about&lO times greater than the volume present in the saturated
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solution ofdrug, this cancaus a burst drug releasdue tothe absence of any additional
rate-limiting step(e.g.micelle dissociatioy{427,464,507)

The increased roughness (as compared with pure pHEMA hydrogels) of the bulk
structure ofBrij 98loadedDEXpHEMAhydrogels may be attributed to theresenceof
a higher degree of porosity as freend polymeradsorbed surfactants create/ater-rich
environments and might increag®re size distributiorf430) However, these individuia
pores would not be visiblesghey are only &w nanometres in size. If the water content
were to be increased in the pgolymerisation mix, it wold increase phase separation
to form larger interconnected pores that form spongelike hydrogel which B
mechanically fragil€503,504)

The presence of complex aggregates was another striking observationthsit
noticed in the SEM micrographsf Brij 98loaded DEXpHEMA hydrogels. These
aggregates were much larger than tBeij 98micelle sizesuggesting the formationfo
complex vesicular structures, which coub@ due to the confining effects of the
hydrogels(436) Increased globule sizes, dme addition to the prepolymer mixture,
has previouslpeen reported in a recent styd508) The authors reported acs fold
increase in micreemulsion globule size on dilution by the goelymer mixture.

Althoughthe possible collpse of porous structure and fimation of artefacts are
significant limiting factors to the use of SEMatool in gel porosimetry, this procedure
can provide useful insight into the morphology of the &B3) Environmental SEM is
a teOKYAljdzSE OF LI oftS 2F Fylfte&aiyIvacmSiQ
requirement of conventional SE509,510) It could be utilised for future studies, to
reduce the introduction of artefacts caused by drying of hydrogel samples. However,

this technique was unavailable atahime this research was conducted.

2.6.1.3 Water in hydrogels

As drug release &m hydrogels is governed by the transport of molecules in the
soluble fraction@r solent), it was thought that the water content of the hydrogeight
affect the rate of drug releasthrough the hydrogekuchthat the more water that was
present,the beter diffusion and the faster the releasgould be(224,511) From the
DSC datacquired in this studylow EWC%were observedin surfactantcontaining
hydrogels indicated that the drugglease rates from pur®EXpHEMA hydrogels (0%
Brij 98), which had a significantly higher EWC%, wbaldignificantly faster than the
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Brij 98loaded hydrogels. This faster release was evident in the drlgase studies
where DEXHEMA hydrogels (0% PB8) released most of theirrdg content
significantly faster than theHEMAhydrogels 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 biocontipdity by avoiding plateletand
protein adhesion(512) When a protein molade is adsorbed on a polymer surface,
water molecules between the protein and polymer need to be repladé®) Protein
adsorbed on thesurface loseshe bound water at the surfaceontacting portion.This
exposesthe hydrophobic part of the protein to the polymer surfaceading to
conformational changes in the prote(813) If the water state at the surface is similar
to an aqueous solution, protegdo not release bound water moleculesven if protein
molecules contact the surface. This ams that the hydrophobic inta@ction between
proteins and the polymer surfaces restricted Moreover, conformational changes
during protein adsorption upon contact with the surfaeee also suppressed. This
reversible nature of protein binding associatedth hydrated surfaces causdewer
conformational changes in the protei(s13) Softer hydrogels with high water content
(>50%) have lesffect on the surrounding tsies (less inflammation and foreign body
resporse)300,514) The presence of water reduces the interaction between polymer
and protein by reducing the nereversible protein adsorption on the surface of the
hydrogeldevice leading to increadeébiocompatibility(513)

Brij 98loadedpHEMAhydrogels showed a decrease in the EWR#%DSC data
revealed the ratio of bound/free watencreased orthe addition ofBrij 98. The amount
of bound water washe same or increased otine addition of Brij 98 (except 1.25% Brij
98, which showed a decrease in the amount of bound water). Thigestg that there
would be some difference in the piidet adhesion ability to thgHEMA hydrogelwith
the addition of Brij 98. However, this was not characterised in the present work but
would be of significant interest for future studieShiet al. have reported that free or
bulk water ismainlyresponsble for the improvement in bicompatibility (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 whie et al. suggested
that bound water is the key playé512,516,517)Although there is some disagreement

on which type of water is responsible for bisopatibility; free, slightly bound or bound
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water, ingereral, the biocompatibility ofa hydrogel matrix is directly proportional to
the total water content(518;520)

Furthermore, he amount and type of binding of waten ia hydrogel can
determine the overall exchange of sodufrom the hydrgel (290,317) In the present
work, the aldition of Brij 98 significantly decreased the amount of bulk water as
compared with the pure pHEMA hydrod@Ps Brij 98 This would further contribute to
decreasg the rate of drug release due ta signficant decrease ithe avaibbility of
free-moving water molecules inside the Brij-Bdedhydrogels.When a xerogel (dry
hydrogel) begins to absorb water, the first i®a molecules entering the matrix will
hydrate the hydrhilic polar groups, leadingt Wo 2 dzy (B58)# IKABWIID ¢ I G SN
representsthe water moleculesthat are immailised by hydrogen bonding tahe
polymer chains of the hydrogel21) Bound water does not freezevithin the
temperature range investigatedsingDSC, remaing unfrozen even at temperatas
lower than -100°C (522) This causs the hydrogel network to swvle exposing
hydrophobic groups, which sb interact with water molecules, leading to
hydrophobicallyd 2 dzy R ¢ 4 SNE 2 NJ (46D)ABAUKdiah@lighflyzbdmyicR & |
g1 GSNI FNB 2F0Sy O2Y0AYSR I yYRBIEAELI & OI f f

DSC analysis of DERMEMA hydrogels revealed@wvering of Tonset for the first
endothermic peak corresponding to the melting of frozen watéh the increase of Brij
98 (3.75, /B and 10%)Thiscould be attributed to @ overall increase in the hydrogen
bonding ability of pHEMAThe presence of hig fractions ofnon-freezable bound
water on the addition of Brij 9&hdicated that the water moleculesere likely strongly
hydrogenbonded to the hydrophilic hydroxyl and rtenyl groups of thepHEMA
polymer,inhibitingthe mobilityof the water molecule&rom nucleating and forminge
crystals at cooling temperature$his observation was consistent withe findings in
the literature (522,523)

For Brij 98oaded DEXHEMA hydrogels, the DSC data showed a peakdhift
the first endotherm for méing of bulk water (free + lightly boundwhen compared
with DEXpHEMA hydrogels (0% Brij 98his was expected as frozen lightly bound water
melts at temperatures lower than frozen free wai@?24) It was observed that the free
water content decreased in the pHEMA hydrogels with déldeition of Brij 98. Similar

results have been previously reportedtire literature(523) A further peak stit 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 surfactafter the

polar and norpolar (hydrofobic) sitesin the polymer networkhave interacted with
water molecules, hydrogelimbibe additional water, which is driven by the osmotic
force of the hydrogel chains. This additional swelling is opposed by the ioksssl
(physical or covalent), thus Imging the hydrogel to an equilibrium swelling le{(290)

The additional water that is imbibed after the ionic, polar and hydrophobic groups
become saturated with bound wateis ¢ £ f SR WTFNBS 4IISINOND | 3/NY
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 toateenceof
hydrogen bonding with the polymer cimes.

It should be noted that DSC gs/eaformation about the bulk structure of water
in the polymer, not the structure of the polymer surfadéne reader must also bear in
mind that the calculation of the relative amounts of free and bound water in the\p&E
hydrogels was approximajsince &act 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 woultdave a lower heat of fusion than pure water
(460,5%). Consequently,dr the resultspresented 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 wouldhavelead to a slight overestimation of the amount of bound water.

With the addition of Brij 98 to the hydrgels, 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 requireshtére
system, the magitude o which is primarily governebly the electrostatic repulsion and
its strength. However, it is known that interactions between aonic surfactants and
neutral polymers are hydrophobic interactions and hydrogen bon@#®$,526) This
does not create significant difficids to dismantle polymenon-ionic surfactant
systems as compared with pure pHEMA hydro@fely) and this wasevident from the
TGAanalysis of Brij 9®aded DEXHEMA hydrogels

It is worth noting that similar to the DS@=thod, TGA results are changeable and

deperd on the conditions of sampland experimental process, making it rather
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challenging to compare the experimental results with published litera{®8) The
TGA thermograms for the pHEMA hydrogemalgsed showed ahree-step thermal
degradaton process.This can be explaed as follows; firstlythe bulk water (free +
lightly bound) present in the structure of the hydrogels (adsorbed and absorbed
moisture) was eliminated via dehydration and evaparatbetween ~5Q150°C. In the
second step, th weight loss was charactergsdy the volatilisation of bound water,
decomposition in the side groups and the branches of pHEMA hydrogel, betweegq ~150
380°C.Volatiles from Brij 98 were mainly carbon monoxi€( and carbon dioxide
(CQ), according tahe Y I y dzF | GlipplibdRiatEhéet The final step was attributed

to the breakdown of the primary polymer chain, between 8B00°C. These
degradation results corresponded wellwith previous findings in the liteature

investigating pHEMA hydrog€l529,530)

2.6.1.4 Drug release and modelling

EncapsulatinddEXinto a hydrogel for sustained release is of particular interest
for formulating prolonged drugeleaseophthalmicformulations (531) Incorporating
surfactants into the gel matrix can alter the interaction of the gimith the hydrogels
and sigriicantly affect drugelease. This effect & investigated and utilised to
formulate nondegradablepHEMAhydrogel spacers.

Results from drugelease experiments confirmed a@h there was a significant
(p<0.05) decreasm cumuative drug releaseanddrugrelease rates when Brij 98 was
used to entr@ DEX inpHEMA hydrogelsat all four concentrations (1.23.0%)
Furthermore, this decrease was found to be significantly (p<0.05) inversely related to
the concentration of Brij 98, eept 1.25% and 3.75%, which mgefound to be not
statistically significain(p>0.05).The primary ratdimiting step for drug release from
hydrogels is considered to be the rate of drug diffusion through the polymer matrix into
the surrounding environmeni532) In the matrix of Brij 98aded DEXpHEMA
hydrogel spacers, surfactants may exist in thréecent forms (a zoomedh sdhematic
of the hydrogel spacer arrangemeastshown irHgure 2-35), a free form that constitutes
of surfactants that do not interact with the polymer or other molecules of surfactants.
The secod form is where theynteract with polymer andthe 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 miegjtgegates
(430)

Since the hydrophobic cores of micelles provide thermodynamically stable sites
for DEX, themajority of the drug lies in the hydrophmc 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 twestep release process decreases the totalgdelease rate. The
remaining amount of free DEX present inside the hydrogel matrix can readily diffuse
0 KNRdzZAK GKS Ke&éRNERISE dichtoKtbe thoar@chaniris plipydaS & G A
ANBIFGSNI NRES Ay atBguwidgyhathem&i&l mdstoSmasg the T 5 ¢
drugrelease kinetics data, further conclusions may be drawn to get a better idea about

the underlying dominant mechanism for the druglease.
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FHgure 2-35. A schematic of the Brij 9®aded DEXpHEMAhydrogel spacer. In the matrix
hydrogels, surfactants may exist in three different forms; a free form that constitut
surfactants hat do not ineract with the polymer or other surfactant molecules, a second
where the surfactant molecules intact with polymer and a third form is where they exis
micelle aggregates with hydrophobic cores. Similarly, DEX exists in three fusits the
hydrogel matrix; free form, adsorbed on to the polymer and inside the hydrophobic cores
micelle aggrgates. Since the hydrophobic cores of micelles provide thermodynamically
sites for DEX, the majority of the drug lies in the hythmigic micelleaggregates. This add
barrier to drug diffusion would prolong drerglease from the hydrogel spacer.

DEXpHEMA hydrogels did not release 100% of the drug initially loaded into the
polymer sol@ion. This could be caused blyug degradation during the polymerisation
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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 iraét unaltered. This suggestsat 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 usinthe difference in drug loadmand releasé488) The mechanism of
entrapment i.e. physical or chemal entrapment has not been investigated and could

be pursued in future work.

DEX loaded Brij BEXpHEMA hydrogels were clear afrée from particulate
matter which indicated that majority of the drug was inside the micellar aggregates.
Results from the dig release experiments further indicated that the tstep release
process decreased the total druglease rate of DEX from B@g-loaded pHEMA
hydrogels as comparatively, DBMEMA hydrogels (0% Brij 98) released most of their
drug content under a weelkFor amicelleentrappeddrug to be released, the influx of
water must decrease the surfactant comteation in the hydrogel belowhe CMC value,
disassociating the micelle and releasing the drug into the hydrogel matrix. It is only then
possible for thiglrug to diffuse out of the hydrogel. This added step of micelle to matrix
partition of the drug cretes a depot effect and extendlug release from the pHEMA
hydrogels. The effect of thiate-limiting step (micelle to matrix partitioning of the drug)
was also evident in the prolonged druglease from Brij 98 miceHentrapped
hydrogels. However, it veasomewhat surprising that lidi not observe a correlation
betweenthe increase in surfactant concentration atie prolonging of thedrug-release
time. This could be due to the higher drug entrapment efficiency of micelles at higher
surfactant concentratins, slowing down the rate afrug release even further.

In bothin vitroandin vivostudies, a pulsdéike (burst) or doselumping réease
of the drug has generally been observed @sugloaded hydrogels(370,533) In the
present work,SEM characterisation of pure pHEMA hydrogels (0% Brij 98) revealed
empty spaces in theydrogelmatrix thatthe drug mayaccessvhen the hydrogel would
be placed in sink condition$his would lead to a characteristic burst release due to the
absence of aypadditionaladded ratelimiting stepto the diffusion of DEXn anotherin
vitro study, the corticostera triamcinolone acetonide, commonly used in ocular

therapy (including intraoperative augmentation supplementing MMC for GFS), was
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loaded into nonrdegradable pHEMA contact lenses by the soaking method (0.05% w/w).
These contact lenses released 80% of thagdn 24 hourg373) In the present work,
comparablefindings were reflectedh the pHEMA hydrogel drutglease data aBrij 98
loaded DEXHEMAhydrogels, even though have a much higher loading than pure
pHEMA hydrogel$0% Brij 98) exhibited a smaller burst release (amount of drug
released <one day).

All drug release experiments weecarried out using DI water rather than PBS,
which is considered as a suitable model fluid for aqueous hunidbX is a neinic
drug and so its diffusion into the aqueous environment from the hydrogel is not
expected to depend significantly on the satincentration. It has been previously
reported in a comparative study that there is a negligible effect on the partitatio(of
the drug concentration in théydrogel and the concentration in the aqueous phase at
equilibrium) and diffusivity of DEX load in pHEMA hydrogels, when comparing release
using DI water and PE&38)

In the case of hydrogels, progressive swelling of the polymer particles is observed
on hydration, leading to considerable strucal changes. These include a change of the
mobility of the macromolecular chains, macromolecular relaxations, and alterations in
the porous structure(534) These changes dnce alteration of the shape and size
distribution of pores, modifying the overall porosity during hydrogel swelling and
increased diffusiod74,535) To get a better understanding of the underlying dominant
mechanisns of action of drug releasgom pharmaceutical dosage formmathematical
modelling is often applied to the druglease kinetics datdt aidsin the measurement
of important physical parameters, such as the drug diffusion coeffisibased on
model fitting of experimental rele@sdata(468) These parameters aid in predicting the
drugrelease rates and mechanisms involved when comparing dosage formsawith
similar active drug, polymer, adjuvants well as the geometry (size and sh&§péP)

For studying the release kinetics of DEX from pHHidogels | found the
R/SSR ratio to be the smallest for drug release data modelled using the Korsmeyer
Peppas model. The criterion for seting the most appropriate mathematical model for
drugrelease kinetics from pHEMA hydrogels was based on matching the assumption
criteria of the model, goodnessf-fit test (R) and smallest SSR val(#71¢473) The

mathematical model used, needs to have the ability to transform the delgpse curve
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in function of some other pameter elated to the dosage form under analy$#65)
The Rvalue, also known athe coefficient of determination, has been used in the
literature as thegoodnessof fit parameter in linear relationship867,53€538) The
sum of squares of residils (SSRand Ras final criteria hae also been utilised to predict
the mechanism of drug releagé72) However, the deviation predicted dhe basis of
drug release, SSR andlaR individual entities may result error up to 16% fromdeal
release(473) As Rmainly reports variability in the data that is accounted for the model
and its calculation involves theseof mean valueanincreasing number of data points
increase the value of R. Therefore, Ralone cannb be considered asn accurate
indicator of goodness of fit statistics in either linear or Awmrear relationships
(539,540)

Then valuesof the slopeobtained graphicallyFigure2-23 and Table2-8) using
the KorsmeyeiPeppas modetan be compared with the values in the literature to
predict the mechanism of DEX release from pHEMA hydrogkésn value for DEX
pHEMA hydrogels without Brij 98 was found to be ~0.45 and Brij loREpHEMA
hydrogels was found to be between 0.45 and9.8hus, this model suggest#tht the
mechanism of drug release froREXpHEMA hydrogels without Briyas diffusio-
controlled, which includes contributions from both bulk and surface diffusidms
finding was comparable with the literatufd88)

On the other handthe mechanism of drug release froBrij 98loaded DEX
pHEMA hydrogels wdsund to beAnomalous transportfollowing nonfickian diffusion
which ischaracterised by both, diffusion of the hecules and swelling of the matrix
(474,475) Thiscan beexplained due to the slow rearrangement of pHEMA polymer
chains and the simultaneous diffusion of DEX and wateeoauiés, causing the time
dependent anomalous effect®165) In Anomalous transport, the velocity of solvent
diffusion and the polymeric relakan process have similar magnitudes. it 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 showno torrespond to zerarder kinetics. The diffusion afsolvent
through the drugpolymer system isnuch faster, comparedto the polymeric chan

relaxation proces$465) The increase in thevalue onthe addition of Brij 98 indicates
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that Brij 98 increased the role gfolymer chainrelaxation as compared to solvent
diffusion alone, significantly increasing the time of DEX release from the hydrogels.
After any surgical intervention, the firfive weeks argegarded as theritical
period of maximum postoperative fibros{853355) In the eye, thepostoperative
fibrosis leads to sedormation, posing aignificant challenge tthe success of surgery
as it may close the newly formed channel during GFS or GDD implani&tiein. vitro
drugrelease resultspresented heresuggest that Brij 98%aded pHEMA hydrogels
released DEX at alease profile that matches the posurgical inflammation response
profile. This indicates the that Brij 98 at concentrations as low as 1.25% w/v might be
suitable surfactant for optimal DEX loading in pHEMA hydrogels to extend drug release
over a monthwhile maintaining an optimal therapeutic doddoreover, the initial high
concentration of DEX release, followed by a taper in the present may be behtdicia
mimic the regimen of DEX eye drops currently used in the cl@lioi¢alTrials.gov
identifier NCT02873806NCT00825864392,541) The pHEMA hydrogel dshave the
potential be used as standalone implant at the site of surgery as showhRigure2-36,
for localised drug release of an affiibrotic to modulate wound healing for
approximatelya month. Once the drug has been released, this spaceunldvstay

permanently implanted at the site to support the space for a diffused filtratief bl

Conjunctiva Aqueous outflow F°r"e?
through new opening ’

~ ~ Anterior chamber

Schlemm’s Posterior
canal chamber

Sclera

Figure2-36. A schematic showing a hydrogel disc spacer implanted at the site of surgen
GFS (or GD). If optimal drugrelease kinetics were to badievedin vivofrom this drug
surfactanthydrogel spacer, the spacdras the potentialto modulate wound healinganc
improve the success of the surgery.
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It must be noted that even though the biocompatibility of pHEMA is well
established in the front of the eye, the DBXj entrapped pHEMA hydrogel spacer
descrbed in this chapter has never been characterised in the subconjunctival space. The
release of stfactant from these spacers might be an important factor to consider as
surfactants at large concentratiomsay cause ocular irritation438) Bij surfactants
have been investigated as ocular permeation enhancarsd their ocular toxicities on
the corneal surface have been reported in the literatuoebe minimal.Saettoneet al.
have reported thaBrij 98, tested as a permeation enhane&0.5% w/vfori -blockers,
in male New Zealand white rabbits exhibited negligible irritant effects in the lower
conjunctival spacé438)

Moreover, since thisBrij 98loaded DEXHEMAhhydrogel spacer would be
implanted in the subconjunctival space, the releasing surfactant should clear into the
systemic circulation without causing any harm to the corneal ti438) This Chapter
iIs unable to encompass the effect of surfactant on the surrounding tissues in the
subconjunctival space. For this purpose, a reasonable approach for future vooitd w
be the quantification of Brij released from these hydrogsistems for an extended
period, oruntil no more surfactants detected in the release media

The in vitro drugrelease results fronBrij 98 loaded DEHEMA hydrogel
spacers suggest the vidiby of thisdrug 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 alternagivg-fibrotic drugs. An
ideal example of sth an alternéive drug is arMMPi calledlomastat GM6001). It is a
poorly watersoluble (~140 pg/mL at 2%%42) broad spectrum MMPi that has
successfully shown tpromote bleb survival andeduce postoperative scarringin
preclinical evaluation(231,358) Initially designed as an inhibitor of human skin
collagenase for the treatment of the invasive phase of rheumatoid arthlatisr studies
indicated i2 Y | & (pbtént@abto treat corneal ulcers by reducing the infiltration of
inflammatory cells iralkaltburnedrabbit corneag543)

llomastatis a potent antiscarring agent that unlike other MMPssich as DOX,
has shown to be extremely effective even in nanomolar concentrati8s8,543) The
inflammatory inhibition oflomastatwas shown to be reversibland it was nortoxic to

cells in bothin vitro and in vivomodels(358,359) Removinglomastattwo days after
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application in cultured fibroblastsnitiated gel contraction, which indicated the
reversible nature of its effecflo translate such a drug to the clinic, a sustained release
drug delivery system woulle suitable that can be implaad in the subconjunctival
spaceat the time of GFS. This would prolong optimal drug concentration directly at the
AAGS 6AGK2dzi GKS AyO2y@SyASyOS 2F NBLISH G
achieve this, the drugvould need to be encapsulated & biocompatible material to
minimise foreign body response by the surrounding tissue. Future studies can be aimed
at exploring the encapsulation @dbmastatin Brij 98loadedpHEMA hydrogels.

The reader must bear in minchat the findings in this chaptecannot be
extrapolated to allanti-fibrotic drugs as the micelles prepared using Brij surfactants
preferentially encapsulate hydrophobic drugs into their cores. | used DEX as a model
drug due to its antinflammatory efficay at micemolar concentrationswidespread use
in the clini¢ significant clinical interest for a prolongeelease formulationand its
hydrophobic nature. The generalisation that this system would prolong the release of
hydrophobic drugs should be apprd#ed with some caution due tavb main reasons.
First, the drugrelease kinetics observed from a relatively small sample size in th&o
experiments (n=3) might not necessarily correlateviva Second, Brij 98 might not
encapsulate a hydrophobic dyuvith a much larger moleculaveight into its core with
similar encapsulation efficiency, thereby decreasing the doagling in the pHEMA
hydrogel spacer.

Thein vitrodrug release chamber utilised in the current work provides valuable
information regardhg drug release from spacers 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%0 ul)whereas as blebs may vary in their internal
volume in every patient. Usinoptical coherence tomographyg, functioning bleb has
beenreportedto have a fluid volume as small as 6.3(pdl4) Moreover, in the current
in vitro setup, 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 2ul/min. A range of valuefor the production rate of aqueous humour by the ciliary
body hasbeen reported in the literature depending upon the method of assessment,
ranging from 1.5 pL/minute at night to 3.0 pL/minute in the mornisg¢54,545)
Although the vale of 2.0 +/0.4 uL/minute is generally accept€sR,55) this value may
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significantly vary in patients and conversely transtatgarying pharmacokinetics of the
drugeluting 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 modelsigeded. hvestigating the effect of different sterilisation
methodson drug release from micelentrapped pHEMA spacers is warranted, prior to

any meaningfuin vivostudies.

2.6.1.5 Crosdinked tablet

DEXQa f 2¢ a2 ferdddethe pralodgedscardzintRatio over therapeutic
levels of the drugn the subconjunctival spader a significant durationAdditionally,
the drug loadingpf DEXcould be adjusted according the tabletsize. Furthermore, by
not using anything other than pure drug and polymer, thér@ dzf R 6-SINF R dz@i @
that remains that might cause toxic or laimatory side effects. In am vivo
experiment with 24 rabbits, thas beerdemonstratedthat an antifibrotic druga G | 6 € S €
prolonged bleb survival significantly longer than MMC witmisicantly less collagen
deposition than either MMC or negative dool (application of water in the same way
as MMC at the time of surgei(p46,547)

The average median particle size (Dv50) of the elinked pHEMAVIPC was
found to be in the nanometre range with a unimodal distributidihe Dv5Qvasfound
to be within the range for Quality Audit Standard MeasurementtBcol (Malvern,
2016) The literature suggests thasmall particles yield stronger tablets with
homogenous distribution of pores due to the increase in bonding surface (a3
Moreover, spread in particle size has been shown in the literature, teehéttle
influence on tablet porosity during compression but can significantly influence the-short
term postcompresgon increase in tablet tensile strength48,549) Ths is primarily due
to capillary forces restructuring the surface the presence of humidity(550) In
pharmaceutical manufacturing, particle size distribution playsa kale in filtration and
product purity, making it aessentiaparameter in shipping and handling of the powder
(549,551)

During postfabrication processing, the crosslinked pHEMRC tablets
disintegrated rapidly, and particulate matter was observed. Sudm-solubilised
particulate matter is well known to causa immune response when implanted in the
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body. In the acute inflammatiorstages,this response consists predominantly of
neutrophil recruiment and infiltration(500,501) These cells are limited in their ability
to reconstitute the proteases needed to elimiegpathogens, and if a foreign material
persists, recruitment of macrophages in great numbers occurs during the stdges
chronic inflammation(356) Cannon & Swansdmvedemonstrated that macrophages
are capable of ingesting particles of more than their own &@&2) The larger parties
can cause the macrophages to contain the stimulus (latex beads in this particular case)
in a foreign body granulomdven micrefragments of surgicalgrade cotton retained
from gauze used irsurgery can cause a significant foreign body reacti(500)
Specificallyri the conjunctivathis has been explicitly demonstrated byethetention of
particles of methylcellulose spong&01)

Assessing these findings in the literature, | concluded that the hydrogel tablet
would trigger a foreign body responseesulting in the tablebeconming enclosed in a
granuloma This would inhibitdrug diffusion,and thusthe tabletwould fail to provide
the anti-inflammatoryor anti-scarring effect. Considering these findings, it was decided

not to pursue thisstrategyfurther.
2.6.2 Degradablespacers

DOXis another antinflammatory drug thathas been investigated tonprove
the success rate of surgetg treat trachoma.This study reportedavourable results of
DOX treatment suppressing the contractile phenotype of fibrdblaand matrix
degradation. DOX significantly altered MMP expressi@o@ated with the profibrotic
phenotype(411) DOX hydrogels have shown promising results for MMP inhibition in a
double-blind, placebecontrolled trial, assessing the uselofv dose DOX (1.5 ngg) in
a hydrogel(553) Another study founcho statistical difference in the clinical outcomes
for the management of periodontitjswhen comparig PCIDOX controlled release
implants with in situ controlled releasegels containing DOX554) There was a
statistically significant difference in the release of DOX from thevgetn compared
with the implant on the 10th and 30th days, mor®R being released from the éb4)

The same Whitiated Brij 98-loaded pHEMA spacer system was initially
investigated to incorporate DOX in a hydrogal.similardrug-loading method and
polymerisation process was carried out with the aim donfulate Brij 98loadedDOX

pHEMAhydrogels. | found than all concentrations of Brij 98 (1.2510%), as well as the
140



pure pHEMA hydrogels (0% Brij), the hydrogel failed to polymerise. Furthermore, the
polymer mixture, when removed from under the UV larhpd completely turned black,

see Figure 2-37. A significant problem with DOX is its photosensitivityhas been
reported that DOXlegradeshy photolysis under UVC ligat 100280 nm(555) Other
researchers have previously reported tHa®X molecules absorb UV energy at a higher
wavelengththan the photoinitiatorandthat DOX likelyplocks the generation of active
free radicalsand thusdecreaseshe overall onversionrate from monomer to polymer
(556) The ability DOX to act as a UV absorber against the photoinitiator explains the
inability for theDOXpHEMA hydrgelkto polymerise

" Polymer surfactant mixture
containing doxycycline

Figure2-37. The Brij 98DOXHEMA mixture failed to polymerise when initiateg UV.
2.6.2.1 DOXencapsulated chitosan hydrogels

To overcome the inability to carry free radical polymation with entrapped
DOX in pHEMA hydrogels, an alternative hydrogel system using chitosan was explored
for DOX encapsulation. Chitosan hasgdisignificant interest for drutpaded hydrogel
preparation, largely duéo its biocompatibility, biodegradaility and costeffectiveness
(557¢564) Due to the presence of the free amino groujpsits chemical structure
chitosan can be dissolved in aqueous acidiolutions in the ionized stateMost
importantly, a chitosarsolution, on the addition of glycerophosphat{&P) becomes
thermo-responsive at physiological pahd 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 hydrogelso tissue site566)

In the present work, [ttosan in the presence of GP was investigated as a
biocompatible and degradable material for formtifeg a spacer to encapsulate DOX

monohydrate and DOX hyclate. Chitosan DOX solutions trargitimnhydrogels at 37°
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C.(hitosan hydrogels released most of their drug content, DOX monohydratevien
days which was significantly longer tha@X hyclatewvhich was releaseih three days.

This difference in release duration was expected as DOX hyctatwedydrophilic and
would solubilise into the surrounding agueous environment more readily thaX
monohydrate. However, in both cases, chitosan hydrega&re unable to prolong the
release of DOX fdive weeksA possible explanation for this could be a potential reverse
solgel transition, leading to the disintegration of chitosan hydrogels as the temperature
in the in vitro release chamber was set ab.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 resuligtilising chitosan for formulating a
prolonged drugrelease degradable spacer was deehumsuitable, as this formulation
would fail to achieve a prolonged concentration release of DOX at therapeutic,levels
the subconjunctival spacdhese results however, further exemplify the requirement

for added barriers to drug release, when utiligmydrogels.

2.6.2.2 Electrospun DORCL fibres

Next, electrospinning was explored as a potential polymer processing technique
to load DOX in adegradable PCL 8 SR RSt AGSNE aeadSyo a9t S
GSt SOGNRAaGI GAO &Ly yoh yidhbd, WIRFUSdsBlectiicforde to T A 0 |
draw chargeddrops of viscoelastic polymer solutions tdorm fibres. The main
advantage of this technique relates to the extremely high surface area per unit mass of
fibres, which facilitates the fast and efficierdolvent evaporation leading to the
formation of amorphous dispersion®67) The utilisation of thistechnique was first
publishednmy y 12 FyR (KS §(SN)XY WS 18370y RFléidbhd/ y A y 3
the first patent describing an experimental sagb for the production of polymer
filaments using an electrostatic force wasigished in 1934568570).

During the electrospinningrocess, the diameter and morphology of the fibres
are affected by solution surface tensiothe polymer solution dielectric constant,
feeding rate, the electric field strength, tip-collector distance as well as some
environmental parameters such as temperature, humidity and air velocity in the
spinning chamber(571) In addition to solidfibres with a smooth surface,
electrospinning has also been adapted to gewe fibres with several secondary
structures, including those characterised by a porous, hollow, orsbeath structures.
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All of these attributes make electrosptfibreswell-suited for encapsulation of bioactive
species, drug delivery, tissue enginegri and regenerative mediciné449) More
importantly, for Pbrmulating DOX spacers, electrospinning involves electrical
evaporation rather than using elevated temperatures to remove the solvent, thus
avoiding thermallyinduced drugdegradation(572)

In the case oflegradable implants, the degradation products shlibbé non
toxic and should completely clear the bodyCLis a highly hydrophobic and semi
crystalline polymerwith well-established biocompatibility. It is widely used as
biomedical materiafor manufacturing FDA LILINE @SR & dzi dzZNB & da2y 2 C
subOdzii I yS2dza O2y (NI OSLIIAGS AYLIX Fyda o/ LINJ
G2AR& Ay ONIYyA2FFOALIf RSTSOGa ohaidiS2vYSs
(573,574) PCL degrades in agueous media or when in contact with microorganisms and
thus can be used to maldegradablepolymeric device$507)

Bulk degradation of PCL occurs when water penetrates the entire polyatier
causing hydrolysis throughout the entire polymer maii®¢5,576) In the literature,
degradation studies have concluded that PCL undergoéwo-stage degradation
process;first, the nonenzymatic 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 intediates are formegwhich
are metabolised intracellularly via the tricarboxylic acygdleor are eliminated from the
bodyby direct renal secretio(677) Thismechanism otlegradation is concluded by the
observation of PCL hyalysing to 6hydroxyl caproic acid and acetyl coenzyme A, which
are uptaken by macrophages and fibrobla&g5,578)

In the present work, low molecular weigftCL (M ~10,000Q was chosen for
spacer formulation to decrease the degradation time of the bulk material. However, PCL
alonewas found to beunsuitable for electrospinning as the solution viscosiystoo
low to form fibres and rather the polymer was sprayed as droplen the collector
plate, sed-igure2-38. Moreover, due to the presence of five hydrophoktH moieties
in its repeating units, PCL degrades slowest among all the polyestgtsyéarsin
vivo)(579) Addition of poloxamers to PCL materials have been shown to decrease the
overalldegradation timeof the overall bulk materialPoloxaners are block cgolymers

of ethylene oxide (EO) and propylene oxide (Rfthesized by sequential addition of
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propylene oxide firstto the two hydroxyl groups of a low molecular weight, water
soluble propylene glycol, and then ethylene oxide is adddmbtt ends of the PPO block
to form the PEO endblocks (507,580) The ability to chage from individual block
copolymer chains (unimers) to seHlassembling micelke has enabledthe use of
poloxamers to increase the solubyl and dissolution of hydrophobic drugs81,582)
Fluorescence probe studies have found that the micelle etg/dophobic and made
by PPO blocks, while the micelle coromecantact with the bulk agueous environment,
is comprised of hydrated PEO blo¢k83) Poloxamers increase the viscosity of the final
formulation and increase the hydrophilicity, thus are frequently investigated in
combindion with PCL for implant formulatiofb84¢587)

Figure 2-38. Electrospun DORCL drople
without the addition of poloxamers, observ
using digital microscopwfter electraspinning
droplets of DOPCL solution were deposit

on the collector plate, and it appears tl
poloxamers are required to increase ti
viscosity in order to form fibres in t

electrospinning conditions used in the pres
work.

Digital microscopy indicated th&CL fibreformulated using poloxamer 188 had
a thinner average diameter than fibres formulated using poloxamer 407. This would lead
to an incrase in the surface area of the spacer avdéddbr drug diffusion. Dring drug
release experiments, PCL fibres released most of their drug cointeantersevendays.
Fibres formulated using poloxamer 188 released significamtiye DOX in a shorter time
with shorter T2, as compared with fibreofmulated 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, he resulting materia from electrospinning
technique generally contain the drug molecules randomly distributed throughout the
polymer, and thus casignificantlyincrease the solubility and dissolution rate of poorly
water-solubledrugs by nanosizing and amorptason (588) This would explain rapid

DOX release from the electrospun fibres.
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2.6.2.3 Solventcast DOXPCL spacer

| utilised solvent asting method to formulate PGioloxame spaces containing
DOXIn 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 amorphousstate of drugs(457) Commonly utilised methods for fast solvent
removal are heating on a hot pla(g89), vacuum drying590), rotary evaporatior{591)
spray dryind592) freezedrying(593) spray freeze dryingp94)andultra-rapid freezing
(595) However, these methods have their own associated disadvantages that include
drug degradation poor scalability, and high processiggsts. To overcome these
disadvantaged, utilised a less harsh and significantipre costeffective technique of
solvent evaporation using a standard laboratory fume hood.

During drugrelease experimentsolventcastPClspaces released most of their
drug ontent in underll days.Similar to what was observed with fibremlvent cast
spacersformulated using poloxamer 188 released significantly more DOX in a shorter
time with shorter T2, as compared withpaceas formulated wsing poloxamer 407The
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 1. This difference could be attited to the dfferences in the
surface area\ailable 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 polymerdrug interactionis essential as the moleculareight and the type of
polymer systemused 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 hydropic and have larger
polymer chain siz€582) Both these factors would translate to a fastug release
from spacers formulated using lexamer 188. This difference in drug release was
evident from the results in then vitrorelease experiments.

Additionally, the high concentration ofoppxamersused in the preparation of
DOX loaded PCL spagavould have rpidly leached out during thein vitro testing,
increasing the porosity of th&®CL spacethus increasing therate of DOX release.
Previous stuiks in the literature from PGholoxamerspacerdiave found similar results,
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reporting a signifiant increase indrug release with the increasén poloxamer
concentration used in implant formulatiq®85587) Another study found comparable
burst release profiles and significantly faster release of the poorly wskible drug
docetaxel from PCpoloxamer matrices, as compar¢a PCL alon€586) A preclinical
evaluation of levonorgestrel implants made of P@aloxamer blendreported that
poloxamer molecules Bched outrapidly because osurroundingbody buids, creating
micropores in the implant matrices, thus enhancing the drug reldéasa the implant
The authors also reported the R€bloxamer implants to be biologically safada
nontoxic after a tweyear bllow 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 nofavourable for generating théterconnected open pore structures.
Once theporosity increassabove the percolation threshold (the critical porosity), the
interconnecting pathways in porous matrices would be formed easily and became more
WY TR ¥ Or8dasednedium, facilitatingrdg 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 interconnectedqres by the rapid leaching out poloxamers frone
spacers. The significant difference in cumulative DOX release suggests that poloxamer
188 formed larger and more interconnected pores in the -p@bxamer spacers, as
comparedto those formed by poloxametQ7. 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 askesamples. It has been
shown previously that poloxamers (P9200, P10300040D and P10500) at 5% w/w
were able to increase in the solubilization of the watasoluble drug, fenofibrate over
100fold at 25C (600) Nuclear Overhauser effect spectroscopy (NOBRBAR
experimentsindicated that the protons frm fenofibrate interacted exclusively with
PPOgnhancing the drug solubilit§s00) 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 impros drug loading in hydrophilgpacers.

The degradation products of the ngrermanent spacersshould ideally be

biocompatible, safe and must completely exit the body to make them suitable for tissue
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engineering and smart drudelivery device$292,60%603) | was unable to formulate

a prolonged DOXrelease formulation of 1:1 PCLpoloxamer spacers using
electrospinningand solvem cast techniquesin the absence of poloxamers, PCL shows
extremely slow degradation profilg$75)which would be unsuitable for the intended
purpose offormulating a degradable spacer for prolongedig release at therapeutic

levels.

2.6.2.4 Trachoma

In addition tosubconjunctivakcarring caused by surgeries to lower the IOP in
glaucona patients trachoma, a bacterial infection of theeyelid, conjunctivaand
cornea, is also strongly associatedth subconunctival scarringTrachoma is causdy
Chlamydia trachomatjsleading to chronic conjunctivitis and scarring of the upper
conjunciva (604) At present, trachoma is the leading infectious cawd blindness
worldwide, affecting large popuations of patients in developing countri¢g04,605) It
is considered an endemic disease that affects poor communiti€eitral and South
Americg Africa the Middle EastAsig andlarge populatiosin Australia(606¢610) It is
estimated thattrachoma remains endemic in 44 countrigsas blinded or visually
impaired around 1.9 million peoplevith 142 million people at risk of trachoma,
responsible for 1.4%f all blindness worldwle (609) In earlier stages, tetracycline
ointments are used to treat tracdma, but severe arring can cause the eyelid to in
turn, whichrequires corrective surgerfp05)

Trachoma surgy 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 preuwdnfection, antbiotic treatment in the form
of ointment is reuired throughout the proces¢611) Unsurprsingly, low patient
adherence to the antibiotic treatment, potential for systemic sgféects caused by
antibiotics(604,612) combined with possurgical scarring pose a significant challenge
to the success of the treatmel(613)

The amine group# chitosan make it antibacteridlaemostatic, antifungal, and
mucoadhesive inature (564614¢617) PCLls frequently used to formulate implantable
delivery systems for wound healing applications and bagn utilised for making
ophthalmic implant4618;621) Pdoxamers have been shown to be mucoadhesive, and
are utilised to encapsulate drugs with high loading efficiencies usingitimrydration
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and lyophilisation techniques, which can significantly improve the difeldf 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, Déd¥aming degradble
spacers released most of their drug content in 10 days or less, when tiestétdo at a
flow rate of agueous humour production (2 pL MijnHowever, tear turnover rate has
been reported to be comparatively significantly low@r+0.2r.2+0.5uL nint), which
would decrease the rate of drug diffusion from the degradable spacers, translating to a
slower release of DO&27¢630). DOX containingpacers might be potentially useful for
trachoma, both as an antibiotic and as an MMPi to reduce-gasgical scarring. At the
time of writing this thesisthere is currently noprolongedrelease formulation for DOX
that could be usedafter trachoma surge in the clinic or in developmeniThus,the
degradableDOXspacerscould bea viablesolution to improve success rate aftédre

trachomasurgery
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2.7. Summary and conclusions

There is a clinical need to develop a sustained releasesaating drugeluting
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 antiscarring agent to the subconjunctival space to modulate jsosgical wound
heding. The site of surgery is prone to eliciting a significant foreign body response,
making it harder to implant a drugluting tablet. This chapter aimedo investigate
spacer formulation strategies to prolong drug release of clinicadlgduantifibrotic
drugs for five weeks.

It was possible to formulate pHEMA hydrogphcerswith a significantly higher
DEX loading by using Brij 98 surfactant, as compared with pHEMA hydrogels prepared
without the surfactant. Results froin vitrodrugrelease experimentever a period five
weeks suggest that Brij 98aded pHEMA hydrogels released DEX at therapeutically
efficacious concentrations that could potentially match the psstgical inflammation
response profile. Mathematical modelling reveakbeé underlying mehanisms of drug
release to baliffusion for DEXHEMA hydrogels anahomalous transporfor Brij 98
loaded DEXHEMA hydrogelswith both diffusion and relaxation of polymer chains
playing a significant role in drug release from the hyggiospacer.Thesefindings
indicate Brij 99oaded pHEMA hydrogels to be suitable candidates for encapsulating
anti-fibrotic drugs for prolonged drug releas&uture work could investigate the
reproducibility of this spacer system viva

It was alsgpossible to formulateDOXloaded polymer spacers, using chitosan
hydrogels that transitioned from solution to hydrogel at physiological pH and
temperatures.It was also possible to formulatelectrospn fibres and solvent cast
spacerausing PCln combinaton with poloxames 188 and 407. Howevenm vitrodrug-
release experiments revealed burst drug release profiles and the spacers were unable
to prolong the release of DOX oven days. For this purpose, formulating spacers using
chitosan and PCL was cambtd to be an unsuitale strategy for prolonging drug
release.

Drug releasing spacers formulated with pHEMA and chitosan hydrogels, and PCL
poloxamers have a significant advantage of having optimal biocompatilaifity
regulatory approval for use in the man body. However, ae the drug has been
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released, no effective methods exist currentlyraplenish the depleted drug reserves
in the spacer successfulliZlastomeric pumpare a costeffective approach to deliver
drugs with the added option of refillbility. In the next chpter, | will explore the use of

elastomeric pumps for prolonged ophthalmic drug delivery.
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Chapter 3 Evaluating elastic pockets for their potential as

subconjunctival drug delivery systems

Abstract

In this Chapter, engineering principles were applied to inflagdaistomeric
membranes, withthe aim to provide novel insights into considerations needed to design
a novel ophthalmic drug delivery pumimflation, compression and deflation of elast
pocketsof different geometries and varying material properti@ere nvestigated to
elucidate relationships that govern the discharge of fluid from elastic pocket®vel
optical method developed for experimental fluid mechanics was sstalty appliedo
determinethe displacement of elastomeric membranes of a pursedkadwhen a fluid
exerts pressurePocket geometry and material properties had a significant impact on
internal pressure and subsequentgketfunctionas a pump for fluid releasd&odeling
data supports the feasibility of elastomeriogketsfor prolongel subconjunctival drug

delivery.
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3.1. Background

Topical drug delivery to the eye poses a number of challerigelsiding systemic
side effects and low bioavailability in tbeulartissues. Patients have to be treated quite
frequently, which creates a burdefor physicians, health systems and the patients
themselves. Poor patient compliance has become another important variable in
determining the treatment outcome ofglaucoma therapy. Susted ocular drug
delivery therapies are sought to decrease repeatedpial visits in an attempt to
improve patient compliance andisease managemeliseeSectionl.5).

For exampleGenentechrecentlyrevealed favourable results at the 2018 ASRS
annual meeting of &hase Zlinical trial (ClinicalTrials.gov identifiedCT02510794)f
the Port Delivery System (PDS) with Luce(@l) Ranibizumab, the active ingredient
of Lucentis, is a monoclonal antibody fragment that \wasigned 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 vesselSurrently, to maintairclinical efficacy, patients suffering from
neovascular ageelated macular degeneration (hAAMD3quire a monthly intraocular
injection of ranbizumab (0.5 md$32) or birmonthly injections ofaflibercep (633)
costing theNationalHealth ServiceNHS) 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 thermant treatment. The difficulty with
maintaining office visit andreatment (njection) frequency is a major probie as it
increases the burden for the cosffective management and treatment of disease,
adversely impadnhg patient outcomes (635)

Acute volumerelated IOP elevation is commonly observed afigraocular
injections(232,63@638) Repeated acute IOP spikes may contribute to cumulatime,
specific andpermanent damage to the reting38) A recent systematiditerature
review analysing 15 randomised clinical trials found that patients receiving monthly anti
VEGEF injectian were at an increased risk ehdophthalmitis(639) After glauoma
surgery, subconjunctival injections of airtflammatory drugs are often used to
maintain drugconcentrations at the site surgery and manage pmstgical fibrosis.
However, he amount of drug delivered is limitdaly the volume and concentration of
drug injected Moreover, subconjunctival injections also resultpoor bioavailability
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because they i@ clearedrapidly into the systemic circulationnecessitatingepeated
administration(230¢233).

Several degradable intravitreehplantsfor sustainedrelease of small molecule
anti-inflammatory agents are already apmed but require repeated surgical
interventions to implant and replace thenplant, causingsimilarside effects to those
observedin injection therapieq634,64@643) Moreover, no devices have yet been
approved for localised delivery of asibrotic drugs in the sweonjunctival space.
Results from tis work Chapter 3 suggest that drogelshavethe potential to deliver
anti-fibrotic drugs directlyat the site of surgery in a sustained mann@mnce the drug
has been released from a hydrogel implant, the dogeel, if biocompatiblemight act as
a spacer in the subconjunctival space. The favourable effect of hydrogel spacers in
promoting the success of glaucoma surg@¥%6,357,367along with the exploitation of
their biocompatibility for alternatie indications(484) is well d@umented in the
literature (seeSection2.1.2). However, a significant limitation faising hydrogels as
implantable materials for londerm drug delivery is their inability to be refilled and

reusedafter the diug has eluted
3.1.2 Elastomeric pockets forghthalmic delivery

Implantable micropumps have been investigated to overcome the need fo
repeated localised injections and tloballengeof rapid drug clearancelhe principles
of microelectromechanical systems (MBMengineerindniave been utilised to design
and fabricate, manually and electrically controllable refillable pockets that adtuas
reservoirs, and have a tube attached for drug outfli®#4) Saatiet al. havepreviously
demonstratedthe ability of sucka micropumpto deliver micredoses in animal models
with the potential for repeated filling&up to 24 refillspf the drug reservoir (¥ 7 x 1.58
mm)(645) The flow rates demonstratebly this first generatin device were as low as
438pLmintl 4 p > minti@&5) T > |

Recent advances imicropump technology have led to more progress by
delivering small quantities of thérugin a precise manng646) A study demonstrated
the use of a refillable micropump fabricated with polydimethylsiloxameritro. The
volume dspensed by the pum@nd the duration of pressure asfound to be linearly
proportional for both applied pressurg250 and 500 mmHgJesulting in a consistent

flow. In vivo experimentsin male Dutch Belted pigmented rabbittemonstrated
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delivering D0 pL ofphenyl epinephringresulting in the correspondinghysiological
response ofupil dilation during the dosing perio@647) A oneyear feasibility study
using Replenish micpumps (13x 16 x 5 mm) implanted episclerally in Beagle dogs
demonstratedgood biocompatibility of this devic€648) Another safety and surgical
feasibility study assessing tHeasibility of implanting the Replenish micumps in
patients reported favourable results of the implantation proceel. Furthermore, no
serious adverse events were repadteuring the 90 day followp 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 fi@ating diseases at the
front of the eye. The pocket of such a device would act as a resgstainga saturated
drug solution. After completion of the druglease process, the emptied reservoir
would be refilled easily in a minimally invasive mannerotigh a refill port. This
implantable pocketcould be placed in thesuperdemporal quadrant under the
conjunctiva, similar to howand wherea GDD is currently implantddeeSectionl.3.4).
Furthermore, these punps may be filled witla combination opotent antifibrotic drugs
that could be delivered at the site of surgeay controlledand susainedrates This type
of a controlled drug delivery system in the eyeuld be a novel closesystem(see
Sectionl.5) and couldootentiallymodulate the wound healing process after GFS or GDD
implantation

However, theuse of moving partsfor fluid release actuation and valve
membranes or flapto control the rate of outflow psesignificant drawbackto current
implantable micropumpsunder development.These moving parts increase the
possibility of device malfunction due to risk of wear and fatigue of the parts, which
require postimplantation manipulatiorand ultimately hinde the long term reliability
of these implantable device4%651) Additionally, all pumps require a souroé
energy to genere a driving force for fluid release. Thisexgyin the formof magnetic
energy,electricity, heat, liquid pressure or air pressure is converted into moithin
the pump (259%261) This necessitates thequirement ofa means foenergy storage
within the pump in theform of a battery thatvould needreplacementor implementing
additional mechanisms for contactlessalarging. Both scenarios increase the number

of parts needed fothe pump functionand sgnificantlyreducesan already limiteédpace
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available forthe fluid (drug) reservoir (652) Additionally, the ned for parts
miniaturisation and posimplantation manipulationwould increase the associated
manufacturing costs, ultimately passing the cost burden on to the patients and the
healthcare services.

Elastomeric pumps, commonly used for ambulatory infusigmeyvide the
advantage of being essentially maintenaffoege, using no mechanical moving parts for
fluid actuation as they utilise the potential energy stored in the membrane for fluid
release(see Sectionl.7) (653,654) This significantly reduces the cost burden for the
patients as compared to electronic medication punip29) However the reliability of
drugrelease dynamics, offered by elastomeric pumps is daliat with variations in
drugrelease rate and duratio340,342,348,65d665) Thefunctional reliability of an
elastomeric pump could be improvédxy closely controlling the major parameters that
govern pump functionthe current state of the art portable elastomeric pumps for drug
deliveryarelistedin Table1-4.

The performance of an elastomeric pump is influenced byinkernal pressure
of the drug reservoi(666) This internal pressure isfluenced by the elastomeric
LJdzY LIQ& Y I 0 SN&R I GtiffnesslBndI§ KB A 3 IpBckelSgpdimdtry e.g.
thickness, shape, and size. When an elastomeric mateviahflated, it undergoes
characteristic deformationknown as bendingnd stretchingBending isa deformation
thatissmal SNJ (0 K| y {hickesy, and Srétdhingasteiormation that is larger
than the materia dhickness (667) In the literature, previous analysis of the
deformations ofclamped, or closedlastomerigpocketshaveall been theoretical, using
numerical or computational techniqué€668;673) However, asygematic experimental
comparison analysing the differences between the two deformations and their
implications for designing an elastomeric puims never been performed

For the sake of clarity, there @aranumber of terms in thishapter which are
used based on their significance in the field of mechanical engine€efimg.terms
Weformatior= Q WRAALX I OSYSY(G=ZQ YR WRSTtSOGAzY
phenomenon defined as a temporaghangeof shape that is selfreversing afteran
appliedforce has beememoved so that the object returns to its original shape. The term
WLIZNBE A Y3 Q K I & Chap@rSgdesdebeh® prdcgss ainflating connected

elastomeric membranewhen pressure is exted on these membranes by a fluid@his
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pressure increases thgisplacement heighof the elastomeric membranes and forras
W LJdzNEA S R QThi® ¢hambes3dfeiped toasan elastomeric pockebr purse In the
context of drug delivery hHese pockets aralso calledelastomericpumps.

When the amount of the deflection (heighi©) is smaller thamr approximately
equal tothe thickness™ (¥ of the material, thedeformation of the pocket shape follows
a bending regime{ p . When the amount of deflection is greater than the thickness
of the material, then the deformation dhe pocket shape follows a stretching regime
(— p (667) These regimes follow different dynamics, sashpressure exerted on the
fluid, height ofdeflection from the original nopursed state, and their combined effects
on the flow rate of the liquid released whdhe pocket deflates. Investigating these
changes is necessary to understand their contrifmutio the design of an elastomeric

pump for localised drug delivery.
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3.2. Hypothesis and Aims

The hypothesisfor this Chapter ighat it is possible to elucidate engipring
principles in a system using elastomeric membranes and then design a mini elastomeric
pump so that prolonged release af least five weeks the subconjunctival space using
commercially available materials could be achieved. ffaesition from bexding to
stretching regimes in purs(inflated) elastipockets is dependent on the geomgtand
the material properties. These regimegould theoreticallyinfluence the functionality
of the pursed pocket andhus, have important implications foan ophtralmic drug
delivery pumpdesign.

Thethree main ains of the work described in thishapterwere:

1 Hrstly, to characterise pursed elastic pockets and their deformation profiles
(bending and stretchingp explore the relationshifpetween purse deformation,
material propertiespocketgeometries andnternal pocketpressure This would be
helpful to estimate the change imternal pump pressure as a function of key
variables involved in the design of an ophthalmic elastomeric pump

1 Secondy, to evaluate therelationship between theapplication of a compressv
force and the resultinghange in the internal pressure of a purseldsticpocket
This would be helpful to estimate the change in pump performance (fluid release
rate) when subjected to the compressivorces applied by the conjunctiva after
implantation.

1 Thirdly, to characterise the relationship between the ratefafid released from a

pursed pocket, internal pocket pressuaad volume.

Finally, the evaluation of these relationships will be usedhtwlel drug release
profiles from hypothetical singichamber elastic pockets, within the constraints of
feasible dimensions for subconjunctival implantation and commercially available
materials.The decisionto characterise the design of an elastomerianqquthat utilises
stored elastic energy of the embranes to drive the drug out was madkie to the
simplicity of the mechanism of mass transféhe rate of drug flow can be controlled

with precision by adding additional resistance at the outitthe pump.

157



3.3. Optimal Device Requirements

While there aremany different types of elastomeric pumps that are available
commercially, the size constraint of the site of implantation in the ey@ major
challengdor an implantable drug delivery device to be succds3tue requirements for
an optimal elastic pweed 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 imgktion in the
subconjunctival spacé.he elast pursed pocket should prolong the drug release for at
least five weeks, which is a critical period for postoperative fibfoisving GFS or GDD

implantation in glaucoma.
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3.4. Materialsand Methods

Materialsused in thisChapter ae listed inTable3-1. Reagentwvere all used as
received without further purification. Instruments and experimental setups used for
characterisation a all described in thiethods section belw.

Table3-1. List of naterials used in thi€hapter.

CAS; Catalogue/Lot

Material Supplier
number
Methylene blue Sigma Aldrich, UK 12296543-9; M9140
Silicone sheets Silex, UK SuperClear
Electromagneticihear actuator Bose Corporatioq ElectroForce EIectronrce® 3220
Systems Group, USA Series I
Stairless $eel sheets Metals4U Ltd., UK 3066
3-way stop valve Fisher Scientific, UK 4201634503
Camera (Pixel d_en5|ty 1280 x Allied Vision Techrogies GmbH, Prosilica GX290
960, 8bit) Germany
Clear acrylic sheets Displaypro, UK DPO0015
Glass Burette for water columr Aimer Products Limited, UK 1567/BT
Silicone tubing VWRInternational, UK Tygon® 3350
PTFE tape Sigma Aldrich, UK 20808U
Peek ubing IDEXHealth & Science, UK 1569
20 gauge pedles Terumo, UK NN-2038S
LeurLok tip syringe BD Plastic, UK 309657
Pressure transducer Honeywell, USA 162PCO01D
Syringe pump Harvard Apparatus, USA PHD 22/2000
Weighing balance A & D Company, Japan GX series

Conmmercially availablsilicone membranewere used in this worklue to ther
material reproducibilites such as uniform thickness and stiffnesslatively low cost
and the similarity of their stiffness witbubconjunctivatissue (~1 MP&§74,675) To
gather more information on théehaviourof how a pursed elastomeric pocket would
behave in a clinical situation, the structural and functional changes caused by inflation
and deflation of the pocketwith different geometries(circles and squares of varying
thicknesses) and sizemking into account the changes in the internal pressure exerted
by fluid and material propertiess{iffnes9 needed to be assessedo do thisjt was

essentiako characteriseghe materials used fopocket formation for their stiffness.
3.4.1 Measuringthe physicalproperties ofelasticmaterials

The term that is used for the quantitative deteination of mechanical strength,
or stiffness, A a OF £ £t SR |, 2dzy 3 Q& Y 2OR dtie detiffness Nd abyf | & {
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
overcomethda LINRP O f SYZX | YI S NR Infatd@d and sireskrathérs NI
than applied forceare reported.

The silicone membranetr the current workwere characterised using an
electromagnetic linear actuator (Bose Electroforce 3220 Seriegd3W. Each silicone
sample was cut into dog-bone shape (Figure3-1) that is typical for tensile testing so
that the deformationwas confined to the narrow centre region and not to the ends of
the sample,and the dimensons of the centrewere 15 mm long by 4 mmwvide. The
maximum loadapplied 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 @fL mms?®. These range of displacements were
large enough to detemine the engineering stress,and engineering strairg which

were calculatedising equation 3.1;

"O. 30
1 5 R 3 (3.9

where "Owas the force applied on the materi@, was theinitial crosssectional area of
the material tested30 was the change isanple length during the test and is the

initial nondeformed length of the sampl@74,676,677)
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Figure3-1. Each siliconenembranesample was cut into dogbone shape(A) before beiny
placed into the electromagnetic actuat{®)for tensile testingThe tested samples were 4 n
wide and 15 mm longThe maximumoad applied vas 225 N with a uniaxial displacem
(stretching) of 6.5 mm and a resolution of 1 nm. Each uniaxial tensile test (n=3 fc
membrane) was performed at a rate of 0.1 nsrh

The data was exported as a text tibeobtain the values of the engineering stress
1 and the engineering strajm ¥ 2 NJ 1 KS &Af A02yS YSYONlIySao
aiNBaa (2 adNIAYy 06KSY adGdNIAya INB avYlf
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modulus,’O (modulus of elasticityralculated as the initial linear slope of the stress
strain graph, 2 dzy’ 3 Q aswaszdkditedising equation 3.2 ;
|

0 - (3.2
R

3.4.2 Determining pocket displacement using amptical method

An optical method was used to determine the displacemehtthe elastic
membranesto an applied pressure using a technigdevelopedfor experimeral fluid
mechanics(678) This technique exploited the translucent nature of the silicone
membranes. The membrane deformation was determined using a dilute methylee
solution at a concentratio of 33mg L. This optical technique correlates the height of
the membrane to theattenuation of light intensity caused by dyed water. The intensity
of the methylene blue solution was recorded by a camera. MATLAB versiortRZ02
MathWorks, Inc., USAvas used to measure the average intensity of each pixel in each
image and correlate this with the average height of the fluid. This intensity of the dyed
water was precalibrated against thin layers of dyed water that were created by
successively addin@5 mL of dyed water to a measuring cylinder from a height of 0.82
mm up to 19.8 mmaAs the intensity increased with fluid height, a greyscale value
corresponding to fluid height was converted attributing@b5 greyscale to all areas in
an image. No dyavas attributed as 25%nd the upper limit of detection of the dye
intensity was 0.To ensure reproducibility, theoptical intensity calibration was
performed each day before starting the experiment.

This optical technique was used to accurately determine tleformation in
elastic membranes when the internal fluid exeitpressure on then, seeFigure3-3.
Each image was first converted into regeen, and bluecolours (RGBusing MATLAB
version 2017bThe MathWorks Ing USA) anthe conversion fronRGB to greyscale was
done using MATLABWith the help of Dr Yann Bourem@Research Associat UCL
Institute of Ophthalmology).
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3.4.3 Inflation of elastic pockets

Hastic pcketswere createdusing six clear silicomaembranes othicknesgs,
0.32 0.5, 1.6, 1.72, 3.2, an®l25 mm, clamped between two clear acrylic plates, an
upper plate, and a base platef dimensions 162 x 162 mnThese formedsimply
connectedelastomericpockets, meaning thathe point of contactwasalong a single
continuous boundaryat the outer edge There was a diffusive light source below the
membranesandan 8-bit camera with a pixel density 4280x% 960, using a 16 mm lens
(Allied Vision technolog Germanyywas placegerpendicularly above the membranes

and wasused to record the optical images, segure3-2.

INJECTION
LOCATION

Figure3-2. The experimental setip for inflation of elastomeric sheets using dyed water clan
between clear acrylic plate$he top plate had a hole cut for inflation, the bottom plate ha
injection for inlet of lquid.

Different pocket geometrieg circle with radi(Y) of 10 and 20 mm, and a square
with sides(¢) 20 and 40 mm longerecut in the upper plateising a lasefby technicians
at UCL Depament of Mechanical Engineering Workshap)fix the outer edge of the
pockets. The pockets were pressurised by injectdyed water under theslamped
membrane through a hole drilled in the base plaés shown irfFigure3-2 and Figure
3-3. In order to apply a uniform hydrostatic pressure over the membrane, water columns
of differentheights were connected to thgocket Since the height of the water column
was significantly greater than deflection,3'Q the pressures0 , applied over the

membranewasuniform.
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For the case ofnflation of different shapes of elastomeric membrandke
experimental results weraon-dimensionalisedo obtain the value of the coefficierit
for inflation. With the schng analysis, the characteristics of interest were the
dependences of membrane displacemgi@ thickness”Y, 2 dzy’ 3 Q& , Oy RaRedzf dza
and size'Y for circular andbfor squareshaped pockets) of the pockahdthe internal
pocketpressure 0. An in-depth assessment of how the variables would determine fluid

release from pursed pockets was performed.

AP low ™~ H/T <1, pursing of the + AP high ~ H/T >=1, pursing of the
pouch/spacer = bending regime pouch/spacer = stretching regime

AP
H,0

ap
H,0
T AH

- “ Pouc >
Light Source Light Source

Dye used : Methylene Blue, Thickness of membrane : T

Figure3-3. A schematic of thexperiment analysinthe deflection in the pocketeight, nH, of
a fixed radius, Ryhen a pressure head of water is change#,with time. WhemPis low(left),
there is smaller pwging of the pouch,r@d whennP is highefright), there is larger pursing of tl
pouch. Dyed water is used to image the deflectiming a diffused light source kept under
pocket.

3.43.1 Finite Element Analysis model

To complement the experimental results obtained from inflation experiments, a
finite element model of the threelimensimal elastic pocket was created and solhssd
Dr Yann BouremeRgsearch Associase UCL Institute of Ophthalmologylsing Abaqus
verdgon 6.123 (Dassault Systemeg-rance(667)

During the simulations, the pressure was applied uniformly on the lower surface
of the pocke. Newton's method was used to calculate solutions for pressure values in
sequence, coverindive orders of magnitude. After each solution was found, the
pressure vas increased by step ranging from 0.0001 to 10 pascal, depending on the
pressure range of # simulation. The current solution was used as an initial guess for

GKS ySEG aztdziAz2yd C2NJ | &azftdziaAzy (2 068
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the solution for one increment was less than 1% of the incremental change for the
correspondingsolution variable, and a residuaidror of less than 0.5%. The edges of the
pockets were set to be clamped. A thrdemensional mesh with Bode linear
hexagonal bick elements was generated by extruding a 2D grid. The optimal number of
elements was deterimed with the convergence of the maximum deflectié@and was
usually around 50000Che numerical results obtained from the finite element analysis
were plotted singMATLABrersion 2017bThe MathWorks In¢ USA) to complement

experimental results.
3.4.4 Compression of inflated elastic pockets

Most of the elasbmeric pumps used in the clinic currently are enclosed in a hard
casing, presumably to protect it fromlamageduring handling andvoid alteringthe
intended rate of drug deliveryOnce implanted, the pump would experience a
compressive force exerted bydhconjunctivaHowever, tle relationshipbetweenthe
compression of the elastomeric pocket whaunbjected to eternal forceand the change
in the internalpressureof the pockethas not been studied in the literature.

For the compression of pursed pocketsur elastic silicone membranes of
thicknesses(.25, 0.5, 0.8and 1.6 mmwere sandwiched between a clear base acrylic
plate and a steel upper plate. A circular hole radiirs20 mm was cuinto the upper
plate (by technicians at UCL Department of Megital Engineering Workshopd that
introducing water beneath the sheet enk#dl it to be pressurised to an initial pressure,
0, andform apurse, sedrigure3-4. The inlet to the circular pocket was connected via a
three-way contol tap with one end to a column of glass capillaith an inner diameter
of 3 mm, that enabled the initial pressure of thgocket to be set using a column of
water. After setting the initial pressure of the inflated pocket, the connection to the
water coumn was sealedgndthe other end of the threeway control tap was connected
to a calibrated pressure transduc@tioneywel] USA) The water column height varied
from 20 to 50 cmwhich was significantly larger than tlieflectionheight of the purse
(<10mm) so that the pressure variation with the height in the purse is neglighotatic
compressivdorce, "Owas applieduniformly over the top of the purse by using custom

made weights. After applying a compressive for®, the pressure in thepurse
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increased tod . The contact between the applied foré®and the elastic membrane

generates an area of the purge and is related througlequation 3.3;

0 62 (3.3)
FC
Ll ]
N o)
/ A
d a
Pressure Pressure
transducer | transducer |

A B

Figure3-4. A schematicof an elastic pocket of radiu% in the initial pursed stat€A) with a
uniform internal pressureﬂ-, which is compresse() by uniformly applying a static foregpn
the top of the pocket, changinte internal pressure of the pockeM-\H

3.4.5 Deflation of elastic pockets

The aim for this partof the experimental workwas to understand the
relationship between the ratef fluid release internal pocket volume and pressure,
when deflating an elastomeric pockdixperiments focussed characterisirejease of
liquids from a circular purse madesificone sheein terms d internal pressure, volume
and flow rate of liquidreleased. A silicone sheet of 0.5 mm thickness an2l dzy' 3 Q a
modulus of 1.241 MPwas useds they closely match to 2 dzyhiddulds of the sclera
which has been reported to be in¢hrange ofl¢2.9 MPa(674,675,679,680)Also, the
pressure to infite these pockets was low enough to be between the linear ranges of our
experimental calibration.

For this purpose, an elastomeric purse made diraply connectedsilicone
sheet, clamped in between two acrylic plateas inflatedoy filling water. The tpacrylic
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 thieay control tap connected to

a pressure transducer (HoneywellSA. The bottom plate also had an det tube
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attached to a threeway control tap to release the liquid that would empty from the
pursed pocket. A tube with aimternalRA I Y S (G S NJ 2 ®length of 10>chi wasy R
attached on the outlet threavay tap to provideadditiond resistance to the atflow of

water, seeHgure 3-5.

Fgure 3-5. The experimental setup for detion of pursed elastomeric sheetdampedbetweer
clear acrylic plates. The top plate hadole(radius 10 mmgut forinflation, the bottom plat
had an injectionfor inlet and outlet of liquid). The inlet tube was connected to a press
transducer to measure the internal pressure of thastbmeric purse. The outlet tube wol
empty into a beaker placed on a weighirgldance to measure the volume of liquid releds

Theinternal pressurg(backpressure) of the inflated pocketas recordedy the
pressuretransducer (Honeywell, USA) in mV, whiehs convertedo Pa with the help
of a calibration curve made agaima water column, describad Section 3.4.6. To begin
the experiment the outlet with the resistance tub@as openedndthe released water
was collected in a beakeplacedon aweighng balance(A&D CompanyJapan,) to
measurethe simultaneoushange in backressure the internal volume of thepocket,

rate of fluid releaseas a function of time.
3.4.6 Pressure measurements

A one-metre-highglass column of water was attached to a pressuamsducer
(Honeywell, US) and asyringe pumgHarvard Apparatus, UK) using a thigay control
tap, a schematicof the experimentalsetup was shown previously ifigure3-3. The
pressure transduceras poweredy an external voltage source at 5V and wtached
to a laptop with Velleman software to measure tkkbange inpressure outputas a

change ilfmV. The change in mV as a function of the change in the height of the water
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column (measuredsinga fixed ruler) was recorded to calculate a calibratiaumee for
the transducer (R? > 0.999)0 ensure reproducibility, the calibration was performed
eachday before starting the experiment.o performthe experiments, the elastomeric
pocketswere connectedo the pressure transducemdthe backpressure wasecorded

in mV and was converted to Pa using the calibration curve.
3.4.7 Flowrate and volume measuremeist

For the inflation and deflation of the elastomeric membranesyange pump
(Harvard Apparatus) was used to control the flow rate and volume of watdr wit
precision. For the deflation experiments, the elastomeric pumps were connected to a
three-way contol valve, one outlet connected to tabe of 500 pum internal diameter
and 10 cm lengththat would empty into a beaker kept onweighing balanceThe
weighing balancevas connected to a laptopsing a standard R&2-to-USB cableand
the change in weightwas recorded using WIinCT401 software provided on the
manufacturer website (A&D Company).

The flow ratep (mL sb), for time point,”Y(s), was calculatedsing the change in
weight,w  ® (mg) as a function of the using equation 3.4;

. O W
0 N~ Yy (3.4)

The third outlet was connected to a pressure transducer (Honeywell, USA) and
the change in pressure was recorded as a fiomcof time usinghe method described
in Section 3.4.6.

A generalschematic for the experimental setup used in the experimental work

is givenin Figure3-6.
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Water column
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Weighing
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Three-way Pressure
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Figure3-6. A generalschematic for the experimental setup used in the exmpemtal workfor
this chapter. After the silicone membranes were characterised for stiffness, the experir
work wasundertaken in three main parts. 1. Inflation of pockets (circles and squares of v
sizes) with dyed water to study the deformation the pocket height (using an opti
photographic method) and internal pocket pressure (using a-catibrated pressie
transducer). 2. Compression of inflated pockets (circles) to study the relationship be
compressive forces (applied uniformly orettop of the pocket using custom made cylindi
weights) and the change in internal pocket pressure (using acaligrated pressure
transducer). 3. Deflation of pockets (circle) to understand the relationship between ir
pocket pressure (using agcalibrated pressure transducer) and flow rate of fluid rele:
(using a weighing balance) through an outlet attactéth aknown resistance. Please note;
pocket outlet with resistance was open only in the case of deflation experiments.

3.4.8 Modelling drug release frmm hypothetical singlechamber elastic

pockets

This part of the work was aimed at modelling the effectrdterial properties
such as Young's modulu®){ material thickness{§f and the diameter of the outletube
on drug release from proeaff-concept singleehamber hypothetical elastic pockets with
small volumes (~1 mLAccording to the Hydrodynamics pripke, flow rate () of fluid
is dependent orthe resistance’Y) to fluid flow. This can be +aritten asequation 3.5;

0 YO (3.5)
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This resistance generates pressuréwhich acts as the driving force for fluid flow. In an
inflated elastomeric poal, this pressure is applied by the displadddfiection height,
O elastomeric sheet that drives the fluid out of the pocket.

Thedrugrelease(fluid) from the hypothetical pocketsould beslowed with the
help of additional resistanceprovideda micratube. The resistancey offered by the
microtube was calculated using thdagent 2 A & S dzA f { @@uation3Ipizati A 2 y
calculates the fluid flow through a cylindrical pipe of lengthnd diameterO ¢i ,the
dynamic viscosity of the fluigt 37°C,* (681)

P %‘“0 (3.6)

Using the resultslescribed irSection 3.5.3 we know the pressure exerted by a circular

Y

elastomeric membrane of a fully pursed drug reservoir, rearranging:for
, TH OYO
y Y
The volume w of fluid inside the hypothetical singlehamber pocketsvith

(3.7)

radii, 'Y of 10 mm andmaximum dsplacement O of 6 mmwas calculated using the
formula (equation 3.8) for the volume of spherical done82,683)

® % “'QdY O (3.8)

The fluid release results from hypothetical singleamber pockets with known
parameters fofOHCH YiY, and the dimensions of the outlet tub& and O were plotted
and compared using MATLAB versR20Tb (The MahWorks Inc, USA).The time
requiredfor release of 50% (;b) of the total fluid released was also calculated. The fluid
release results were modelled with a eoff pressure value to match the IOP of a healthy
eye, such that the fluid would be releasedtil a minimum internal pressure dhe
hypothetical pocket reached 15 mm Hg. A maximum and minimum vali@(Bihax
and HEnin) and”Y(Tmaxand Tmin) for elastomeric sheets, arld (Dmaxand Dmin) for
anoutlet tube was fixed based on commercially available materials. Pocket dimensions
of 'Oand"Y were fixed based on the optimal size of a pump that could bdantpd in
the superotemporal quadrant of the eye.

In a hypothetical pocket witty as 0.01 m, a square shape with a side of 0.01 m
can easily fit on the circular bottom plate. If abwiof O=25um were to be arranged
inside the pocket, along a square senpine shape with a separation of 1Qn apart,

169



the total 0 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 conserwadiestimate of 50% space used by the tube would
make the equwalent length of the tube to be 4 m.

Finally, a hypothetical optimal pump with same dimensioi&and Y) and
optimal values (Optimal) fd®h YiO and 0 for prolonging drug release was motisl for
fluid release. Pump efficiency was calculated usiqgation 3.9;

WE QO Q@i QQ

0 QOUMINQ tfrr——— 3.9
@ B0 oo g " (3.9)

Table 3-2. Parameters for rmadelling dug release from hypothetical singtdhamber elastic
pockets The changes for each condition have been highlighted in grey.

L2dzy3Qa vy Thickness Diameter
Variable - - - Optimal
Emax Emin Tmax Tmin Dmax Dmin
F(MPa) 5.25 0.525 1.25 1.25 1.25 1.25 5.25
4 (m) 1.0E04 1.0E04 0.0016 2.0E05 1.0E04 1.0E04 2.0E05
3 (m) 0.006 0.006 0.006 0.006 0.006 0.006 0.006
4 (m) 0.01 0.01 0.01 0.01 0.01 0.01 0.01
r (m) 5.0E05 5.0E05 5.0E05 5.0E05 2.5E04 2.5E05 2.5E05
4 (m) 4 4 4 4 4 4 4

A schematic othe seven hypothetical single chamber pockets that were used for

modelling the fluid release is presentedfigure3-7.
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Figure 3-7. Seven hypotheticalsinglechamber elastic pocketsf radius=| = 10 mm an
maximum displacemeny; = 6 mm wereused formodelling fluid release from a hypotheti
pump. Themaximum (nax change depictedn red) and minimum rin change depicted
ANBSYO Sl fdzSa 27F YR(EMSAH Enin) (A B ey tcRniss| (TehdX alat
Tmin)(C, D of elastomeric sheets, and diametgr(Dmaxand Dmin) (E, ffof anoutlet tube was
fixed based on commerclgl available materialskinally, a hypothetical optimal pump w
same dimensionsy( andd ) and optimal values (Optimakpyfor #|hy and for prolonging
drug release was modelled for fluid release. The blue arradisate direction of fluid relase
from the outlet tube.
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3.5. Results

3.5.1 Material characterisation

Engineering stresg, and engineering strairg were calculated fromtte force
applied on a known areaf the sample and the displacement in sample length in
comparison with original sample length. The initial linear slope of the equilibrium
engineering stres& 4 NI Ay Odz2NIS 4 & dza SR (Opfor te t Odzt |

silicone membranegjata pointsshown inFigure3-8.

0.4 T T

0.35 e
031 ,fr“m J
0.25 i -

02} et -

Engincering Stress o (MPa)

0.1 o

0.05 - m

I 1 I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Engineering Strain e

Figure3-8. Engineering stres¢, and engineerig strain, , weremeasured for 0.8 mm thi
silicone sample. The linear slope of the data points shown above was used to edloallailu
T2NJ , 2dzy I QWPay 2 Rdzf dza =

For the silicone sheets testethe values olOwere foundto be between £2.5
MPa. The material properties tested using theectromagnetic linear actuator for
different samples are given ifable 3-3. Summary of silicone samples used in the
, 2 dzy 3 Qa, pYeagihdyifodzitclesor £
for square$, and symbols are listebdelow. Silicone menbranes were characterised

dzaAy3 dzy Al EALE (S&a®a G2 3IAPS | 2dzy3Qa Y2R

experimental studythe sheet thickness
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Table3-3. Summary of silicone samples used in the experimental stihdysheet thicknesﬁ|
L 2dzy3Qa, ll—-Yeﬂgihc(:jszodzﬁclesor=|=for square}, and symbols are listeaklow.

Thickness] , 2dzy 3Qa Y2 Lengthq or < Symbol used irthe
(mm) (MPa) (mm) results
0.25 1.241 20
0.32 2.628 20 v
0.5 1.241 10 D
0.5 1.241 20 ’
0.8 1.241 20

1.6 1.241 10 a
1.6 1.241 20 .
1.72 1.112 10 o
1.72 1.112 20 ’
3.2 1.241 20

3.25 1.083 20 %

These samples were further used for inflatiamd compressionexperiments as
describedn Sections3.4.3and3.4.4.

3.5.2 Optical method for displacement determination

For an accurate 3D estimate of the height of the pursed pockets, a novel
expermental method was used to correlatthe optical intensity of dyed water with
height. Figure3-9 shows an example of the imagased for calibration ofthe height
(mm) o dyed water optical intensity (greyscale). For height O tmagreyscale was 135
4.1, for height 1.65 mnmthe greyscale was 120.54.3 and for height 3.3 mmihe
greyscale was 106£3.8

Figure3-9. Images usedor calibmtion of the heightio mm) of dyed water optical intesty
(greyscale). FofA) height 0 mm, the greyscale was 135 +4.1, @) height 1.65 mm, th
greyscale was 120.5 +4.3, and (@)height 3.3 mm, the greyscale was 106.2 +3.8.
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The optical intensity calibration was found be linear witherror <3.5%,and

data is shownn Figure3-10.

4 T T T
P
3r 7 1
////
- e
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_,./F‘
0/ | 1 | 1
0 0.05 0.1 0.15 0.2 0.25
log(1o/1)

Figure 3-10. Calibration test showing the correlation between height and light inte
determined optcally, theerror was less than 3.5%.

Figure3-11 shows an example of a circular elastonagubcket with a radius of
10 mm with a silicone sheet diickness 0.5 Y | YR | 2dzy3Q&a Y2 Rdzf dz
pursed with gpressure of 6005.7 Pa showing a colour photograph of the pocket. In the
blackandwhite image recorded by the camera and ppsbcessng are shown,
respectively.The same processing technique was useddoetate the images from

pockets with the heightd give an accurate value for tHgD displacement of the

elastomeric membranes

00|
80
‘.J 60
40
3+ " C o
25 1 0 1 2]

Figure3-11. Images of the circular elasneric pockets with a silicone sheehickness 0.5 mi
and 2 dzy 3Qa Y 2 Rdzf dzpurs@dfwithvpressureviof 800517 Pa shagA) a colou
photograph of the pocket. I(B)and(C)the blackandwhite image recorded by the camera ¢
the postprocessé image with the greyscale are shown.
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Figure3-12 showsa typical D elevated and 2D plane views of the deflection
obtained experimentallysing the optical method for the silicone sheet watthickness
2T ndp YY | YR | 2dzy 3 Jitted ¥ A Blrdig adzidiug B0 meieei n M a
sample was clamped using acryliatgs at a single continuous boundary to form a

circularpursed pocketradius 10 mm and internal pressure 4500.5 Pa).

10
2.5
2 | 2
é 0 1:5
iy , h (mm)
=B |
0.5
-10 0

-10

| 2
52
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i
10

0

y (mm) 10 -10 .

Figure 3-12. The 2D planar(top panel)and the 3D elevated view(bottom panel)of the
experimental deflection profileof aA £ A 02y S &l YLX S 06 ( K mOdulys®
1.241 MPapbtained using the optical method he silicone sheet was clamptdform circula
pursed pocket (radius 1fim and internal pressure 45Pa)
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Figure3-13 shows the typical 3D elevated and 2D plane views of the deflection
obtained experimentally usg the optical method for the silicone sheet with thickness
05mmandYour@d Y2 Rdzft dzZA4 2F M®PHnmMm at | XThefsanipie SR A
was clamped using acrylic plates at a single continuous boundary to fequare

pursed pocket (side 40 mmad internal pressurel070.8 Pa This method allowed to
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accurately plot a 3deformation 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 staic prdiles of an elastic membrane that is clamped to a rigid base when
the pocket between them is inflated by a fluid with uniform presswere studied.
Simply connectedpoint of contact along a single continuous boundary) circular and
square pocket shzes wee considered for the inflation experiments. These pockets
were pinchedon the edges with acrylic plates allowing no boundary rotation.
Experiments were performed for the simptpnnected cases in which the attenuation
of light passing through the ey flud was measured to infer the thickness of the fluid
layer and hence theleflection of the membrane. Both the bending regime (pocket
deformations smaller than the membrane thickness) and the stretching regime (pocket

deformations larger than the memane thickness) were considered.

3.5.3.1 Ciraillar pockets

From the energy balance eqtian (684) when an elastomeric circular pocket is
in bending regime such that, p, the relationship betweemembrane displacement
L 2dzy3Qa, Orank dzt dza
t 2 Aaa2y, hasbdei analygcally calculatg®85)using equatia 3.10as;
0 op , 0'Y
Y pe 0O
t 2A4a2y Qaneadlireds the deforénation in the material in direction

"0 membrane thickness'Y pressure 0; pocket radius'Y;

(3.10)

perpendiculato the direction of theapplied force value for silicone/rubber membranes

is estimated to be 0.§686) Landauet al. determined that the transition from bending

to stretching of a membrane in a pursed pocket occurs wherp (Landau and Lifshitz,

1975). In as of stretching of the elastomeric membranes, p , the relationship

betweenmembrane displacemeri®and pressur®, pocket sizé), membrane thickness

"M YR . 2 dzy 3'Quas asinRierf68%H87)using equation 3.14s;

0 (3.11)
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