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Abstract

Lowmolecularweight gelators (LMWGS) formel networks through norcovalent interactons.
Materials formed from these small molecules are often responsive to external stimuli, making them
attractive for hightech applicationsThis resporigeness often comes #ihe expense of durabty.

In contrast, polymer gelators form crosslinked netkswhich are often robust, but unresponsive.

Toharness thaelesirable properties of both classes of materiablausthybrid hydrogel comprising
the LMWG 1,3:2-dibenzylidened-sorbitol diacylhydrazide (DBSONHNH) anda photo-inducible
PG (poly(ethylee glycol)dimethacrylate), PEGDM) was developdtisDMvas crosstiked within

a supportig DBSCONHNEgel matrix by photoirradiationSpectroscopistudiesindicated that
non-covalent interactions between the LMWG and PG networks subtly modified the iaater
properties(e.g. gé stiffness) The use of a printed maskiding photoirradiationenabledspatial

control of PEGDM crosslinking

We demonstrated the application of these hybrid gels as active drug release matrices. Specific
interactions etweennaproxen (NPX) and the DESDNHNEnNnanofibres mediated pidependent
release DBSCONHNEwas found to largely retain its responsiveness within the hybridvgeich
demonstraed a good degree of pidependent NPX release. A gib-patterned hybrid gé
preferentialy delivered NPJhto a compartmentat pH 7compared toone at pH 2.8illustrating

potential for targeted drug release

The application of photepatterned hyorid gels as enzyme bioreactors were explored next.likkka
phosphataseetained isactivitywithin hybrid gelsvhichbehavedas a sempermeable membrane
- entrappingthe enzyme but alloing diffusionof reactants and produs. First generation reactsr

showed good reaction conversion over relatively short timescales.

Cytocompatibility studies indated thathybrid hydrogels were compatible with mesenchymalst
cells, supporting degrowth over one month. Gel matridegulatedstem cell differentiationwas
apparent on the stiffest hybrid gels tested. Cells cultured on these matenidiibited elevated
alkaline phosphatase ontent and calcium dposition indicators of osteoblast formation.
Preliminary studies suggestahspatiallyresolved hybrid gels induce spatiatlysolved stem cell

morphology.
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(a). Visualisation of spatiathgsolved gel formation using a Congo Red stain under -grolssised
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light (b). Geen regiorrepresents association of Congo Red with-ssi$embled -sheets. Scale bar

= 0.3 mm. Adapted from [ .....oeeeei e 57

Figure 1.29Confocal microscop¥ Y 3Sa 2 F @I -yattetnadQricliydrazéne s (a0 S
Yellow regions represent the surface patterrm@y a A 2y a® | Rl Ya QriggeredS O N
dipeptide hydrogels (b). Top (left) and side (b) views. Gel thickness was controlled by the iggpl
current and the patterning time. Adapted from [BJ0and [L06]............ccoeveiiiiiiiiiiieeriieeeeeinans 58

Figure 1.30:Spontaneous separation of peptide amphiphile and piotpregelators occurs on
mixing (a). Altering the number of interfaces between the gel and an external surface altered the

anisotropic gel structure (b and c). NIH/3T3 us® fibroblasts were formulated into these

cytocompatible materials by 3D printind)( Adapted from [11]. ........ccooiriiiiiiiiiiniiieeeiiiinn 59
Figure 1.31:Structures of the LMWG (a) and PG (b) used to develop ghetternable hybrid
Nydrogels in thisS tNESIS.......coii i e 60
Figure 2.1a S dzy' A S NeSisiof BBS ffaimsorbitol and benzaldehyde.............................. 62

Figure 2.2:Structure of1,32,4-di(3,4dichloro benzylidenep-sorbitol studied by Sty and ce
workers (a). This DBS derivative ssl§embled into straight nanofibres in 7:3 DMB (b) and
helical nanofibres in{octanol. Adapted from [AL].........ccoooiriiiiiiiiei e 63

Figure 2.3:PEG diacrylate hydrogels with different polymer chain lengths display different cell
viability. Gels with average molecular weight 3,000 Da showed gelbviability (A and E) whilst a

gel formed from PEG diacryéatvith average mass 10,000 Da showed good cell survival over the
same timeframe. Green cells = live, red cells = dead. Adapted frath [1..........cccooeevevnnnnneee 65

Figure 2.4Representative images of inverted hydrag@drmed from 6 mM DBEONHNHK(a) and

3% WHVOI PEGDM (D)...iiiieiiiii ettt e e e e e e s e e e et ae e e st s e e e eenes 69

Figure 2.5:Schematic representation of the hybrid gel fabrication process. A-TBESHNH
hydrogel is formed firstiaa heat/cool cgle (a).A solution of PEGDM and Pl is pipetted on top (b)
and left for 3 days for these species to diffuse into the gel (¢). The supernatant is removed and the
PEGDM photgolymerised by exposure to UV light (d)...........cooiiiiiiiiiceniiii e, 70

Figure 2.6Representative NMR spectrum of a hybrid gel (10% wt/vol PEGDM, 24 h diffusion), dried
and dissolved in DMS@ prior to UV exposure. Peaks at 9.8IBSCONHNE and 1.93 (PEGDM

CH) were used to calculate the percentage PBGdiffused into the gel...........ccoovvveeiiiiinnnnnn. 71

Figure 2.7{ G 2NJ 3S WVWYR={ B2&40PDQQS NBRO Y2RdA A 27
response to varying shear strain at a constant frequency (1 Hz)ldinemd taces for: 6 mM DBS
CONHNHK(a), 8 MM DBEONHNH(b), 5% PEGDM (c), 10% PEGDM (d), 5% hybrid (e) and 10%
hybrid (f). Features of interest are highlighted on the trace of 6mM -BBBIHNK(a). Errors are

Ca £ 10% fOr All SAMPIES- ... e 75
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Figure 2.8:Representative rheological trace of 6 mM BBSNHNH in response to varying
FTNBIjdzSyOe gAGK FSFidaNBa 2F AYyaBbRBRAGYRR&EKAAAK
prepared hydrogel 60 B0® | DY MOA NDt Sakol NAXZ Dok 10% fhBIR O
T2 10 0] o[ PP PP PP PPPPPPIRR 77
Figure 2.9{ G 2N} 3S Y2 Rdzf dzZa oDQU 2F (GKS G2L) Iyea o02i
1 cm) in reponse to changes in frequency. Red squares = top half, blue circles = bottom half. Error
bars are standard deVIAtION, N S. 3. ... e e s e e r e e e e enas 78

Figure 2.10{ 42 NJ 3S o6DQX of I Ofuldof theydRerefit Praparedohided@es inNB R
response to varying temperature at constant shear strain and frequency. Rheological traces for: 6
mM DBSCONHNE(a), 7% PEGDM (b), 10% PEGDM (c), 7% hybrid (d) ahgldi@d4e). Features

of interest are highligted on the tace of 6mM DBEONHNHK(a). Errors area + 10% for all

T2 10 0] o[ PP PPPTT R PRPPPPIPIN 79

Figure 211: SEM images of 6 mM DE®NHNL(left), 10% PEGDM (middle) and 10% hybrid (right)
gels. inage magnifiationisgivgy | & GKS t STiG 2F SIFOK NRgd { Ol f

HnXnnn R T m >YI..pnXnan..B..L..Mman. . y.Y.®. ... 81
Figure 2.12Excerpts from IR spectra of 6 mM DBSNHNE(a) and 10% hybrid (b) gel&hanges
in the OH and NH peaks of DBEGONHNHare 0bServed............cccoiiieviiiiiiiieeii e 82

Figure 2.13Gels were prepared in bottomless vials, which could be removed from the glass tray
they were adhered to (a). This alted a glass slide and carboa#tLJK 2 G 2 Y| &1 G2 06 S
G2L) 2F GKS 3Sfsx aKAStRAY3I GKS OSYydiNB 2F (KS
(a) and top (b) views of this system are ShOWN.................iiiiiicei e 84

Figure 2.14:Schematic of the masking procedure to create php#tterned gels (a). UV light is
represented by purple wavy arrows. Masking the exterior of the gel discs during-phtigrning

as well as th region desired to remain fforesulting in improved photgatterning resolution.
Samples of 10 mm thickness and exposed to UV light for 20 min yielded the highest resolution
multidomain gels (b), comprising a soft centre and a robust exterior. Physaraputation of the

outer edgewas possible (c) and this region could be easily separated from the uncured c&dtre.
Figure 2.15Compaison of 10 mL DBSONHNLIgels prepared by heating ine@® directly (a) and

by adding gelr pre-dissolved in DMSO to boiling®l..............ccooiiiiiiiiiceeiie e 86

Figure 2.16:Photo-patterning resolution test. 10% hybrid gel samples were exposed to UV
irradiation for 0.5 h. Noferosslinked regions were washed awaith a lowpressure water stream

to reveal the patterned regions. AsseeNB Y (G KS aARS o6l 0 IYyR F062@S

(from top to bottom) 2 mm, 3 mm, 4 mm and 5 mm respectively...........ooviiiiiecnirieennnnd 87
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Figue 2.17:Gels were photgatterned using a mask with a ring geometry printed on (a). The
thickness of the photomask has a profound impact on the patterning efficacy. Masks 1 layer thick

showed very poor patterning resolutiqb), but this was much iprovedwith a 4 layer thick mask

Figure 3.1Cartoon representation of strategies for encapsulatidrrugs within a LMWG matrix.
Physical encapsulation (a), covalent conjugation to LM\pad selfassembly of drugs (c).90
Figure3.2: Structures of thgpara- (a) andmeta- (b) bisimidazolium gelators reported by Limon et.
al. Regions of each gelator which interact with ibdproandindomethacin are highlighted in red.
Release profiles of physically encapsulated ibuprofen afod indomethacin (d) from bis
imidazolium amphiphile hydrogels. Figure adapted fr@I3. .............cooeeiiiiiiiiiiieeeeeeeis 92
Figure 33: Reversible lighinducedtrans-cisisomerisation of an azobenzene pentapeptide gelator
(a). Exposure to UV light results in gel breakdown (b). Rapid release of Vitar(ihiB seen for
samples exposed to UV light (black squares) comparedsamplekept in the dark (red circles).

Fgure adapted frOMZLO]. ......ccooiiiiiiiiiii e enn s 93
Figure 3.4{ 0 NHzOG dzNB 2 F - dzQ a-pyileife 2ofijGgatelfleff) Whichd sedfsembied O A vy
in waterto yield a hydroge(right). Adapted from [20]..........cccooeeriiiiiiiiiicee e 94

Figure 3.5Structures of the bol@mphiphile drugconjugate gelator reported by Vemula et. al. (a).
Acetaminophen portions of the molecule are highlighted in.r&lfructure of curcumin (b).

Schematic of single and dual drug release from acetaminophen gelatorslégted from [L01].

Figure 3.6Gels formed by the reaction of acetylcysteine with gald ilverlf) and copper (c) salts.

(d) Supamolecular synthons formed in the reaction of aimilammatory drugs with amantadine.
¢2LJ 7 w2 Q aeyiliKz2ys 0200229ad[230].Q.. 820 K2y 9 ! RI
Figure 3.7:Structures of the NSAIDs naproxen (a), ibuprofen (b) and aspirin (c). Surface displays of
COX2 bound by naproxen (d) and CQXound by indomethacit(R}" -ethyl-ethanolamide (eP8

Figue 3.8:NPX release profiles for PASP (black diamonds) andB@&kbrid (white diamonds)
under simulated intestinal (a) and gastric (b) conditions. Figdemted from R45]................... 99

Figure 3.9:pH-dependent release of NPX from DB®NHNHKhydrogels (a), as reported by Smith

and coworkers [L14]. The proposed mode of interaction between BBANHNEand NPX (b). Only

a fragment of DBEONHNEhas been drawn for Clarity............cooovviiiiiiiieeeiiee e 100
Figue 3.10:Images of hydrogels loaded with NPX (6 mM). 6 mM-OBNHNL(a), 10% PEGDM
(b) and hybrid gels (c: left = 5% hybrid, middle = 7% hybrid, right = 10% hyhbrid)............ 102

Figure 3.11{ G 2N} 38 6DQ> o6fF 010 FYyR 234 0DQQs NBI

response to varying shear strain at a constant frequency (1 Hzdldjieal traces for: 6 mM DBS
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CONHNEi(a), 8 mM DBEONHNH(b), 5% EGDM (c), 10% PE@ (d), 5% hybrid (e) and 10%
hybrid (f). Errors area. + 10% for all samples. Breaks in the data in (a) and (b) are due to sample
][] 0] 1] 0 o TR PP PP PPPTT R PPPRRPN 105

Figure 3.12{ 12N} 3S o6DQX o6t O1 0 I YKR6 nivg bbaded dnyiQgels in NS F
response to varying frequency at a constant shear strain. Rheological traces for: 6 mM DBS
CONHNE(a), 8 mM DBEONHML (b), 5% PEGDKIpoor quality data due to gel slipping (c), 10%
PEGDM (d), 5% hybrid (e) and 10% hybridE(fprs areca +10% for all samples................. 107

Figure 3.13SEM imagesf@ mM DBSCONHNLI(top) and 10% hybrid (bottom) gels loaded with 6

mM NPX.rhage magnification is given above each column. Scale bars are as follows: 5,000 x = 1
>YS wnIannn P I ™M 2Y.S..paXaoni.. Rl Mmooy Y.4a08

Figure 3.14Excerpts from IR spectra of 6 mM DBSNHNE(a) and10% hybrid (b) gels. Changes

in the GH and NH peaks of DBGONHNHare observed............ccovieiiiiiiiiee i, 109
Figure 3.15'H NMR spectrum of NPX (6 mM) loaded OEMNHNE(6 mM) hydrogel made inD
solvent. Solution wsspiked with DMSO (0.028 M) to quantify unbound NPX................... 111

Figure 3.16Representative absorption spectra of all gel components used in this study. Pl = blue,
DBSCONHNLEE= red, NPX = greyEBDME Grange.........uiiieiviiiieieeciiieeeeie e eee e e e e 112

Figure 3.17Release of NPX from DB®NHNEhydrogels at LMWG concentration of 6 mM (a) and

8 mM (b) into buffers bdifferent pH. Black diamond = pH 2.8, red square = pH 4, pimpteted
triangle = pH 5.5, green circle = pH 7, blue triangle = pH.8..........cccooiiiiiiceei 114

Figure 3.18SEM images of NRXaded DBSLONHNLhydrogels after submersion in pH 4 buffer

for 72 h. Magnifications arg,000x (left), 20,000x (middle) and75,000x (right). Scale bars are as
F2ft26ayY pZnnn P T ™ >S0ImMHAZALAL.R.LMGEAYE TP
Figure 3.19Release of NPX from 5% (a) and 10% (b) PE{$Bdels into buffers of different pH.

Red square = pH 4, greeincte = pH 7, blue triangle = pH.8.........cccoooiiiiiiiicee i, 116

Figure 3.20Release of NPX from 5% (a) and 10% (b) hybrid hydrogels into bufferedrdifiH.

Red square = pH 4, pink inverted triangle = pH 5.5, green circle = pH 7, blue triangle. = pH78.
Figure 3.21SEM images of NRéaded 10% hybrid hydrogels after submersion in pH 4ebpdibr

72 h. Magnifications are 5,000(left), 20,000x (middle) and50,000 x (right). Scale bars are as
F2tt26aY pXnnn R I M >YI HWAZanAR.L..MGA¥E pn
Figure 3.22:A ringshaped photonmask (a) was applied over the NRdded LMWG gel and the
pattern transferred to the gel by Uphotopatterning b). The weak LMWG interior and exterior
were easily removed to leave the more robust hybrid hydrogel ring.(C)............ccccceeeeeoe. 119

Figure 3.23Summarnyof the differential release experiment (a). Release into two compartments of

different pH values, separated by a gel band (diameter = 2 cm). NPX release profiles (b). Red circle!
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=pH 2.8, greenircles = pl 7. Increased transparency of the gel is obsgfvem 0.5 h (top) to 3 h
(bottom) as NPX IS rel@aSed (C)-.....ccviirreeiiiiiiiis ettt 121

Figure 3.24Crystallisation of NPX at the top of the PEGDM hydrogel glatitempteddiffusion

loading (a). Schematic of the optimised reverse hybrid gel fabrication methodology.(b)..123

Figure 3.25images of 1 mL (a) and 10 mL (right) 5% reverse hybrid gels loaithed X (6 m

Note that crystallisation of NPX is observed after 24 h, as seen in.(a)..............cceceeeeeeennn. 124

Figure 3.26{ 12N} 23S 6DQ> o6flFO10 YR f2aa 6DQQI NBRU
apre-heatedsé dziA 2y 2F t9D5aktL® / KIy Isdoinkrgasirny shedr y R
strain (a), frequency (b) and temperature (c). Errorsaae: 10% for all samples................. 125
Figure3.Z:{ 12 NI S torDd} 0 YR f24da 0DQQ> NBRO Y2Rdz .
' NRP2Y GSYLISNI GdzZNB &az2ftdziaAzy 2F t9D5aktL®d / KI
shear strain (a), frequendb) and temperature (c). Errors az® + 10% for d samples.......... 126

Figure 3.28Release of NPX into buffers of different pH from a 5% reverse hybrid gel. Red circles =
pH 4, green squares = pH 7, blue triangles = pH.8............oooiiiiiiiier e 128

Figure 4.1{f OKSYF G A O NBLINBaSYylGlFGA2y 2F I GNIXYRAGAZ2Y
pass the membrane, whereas small molecule products can diffuse through, eliminating the need
(0] 010 1) 3 =Tz (ox 10 g IST=T o= = L1 Lo o PP 132

Figure 4.2industrially relevant MBR reactions. Effective separation of lactase starting material and
lactic acid was demonstrated by Najafpour (a), whilst Liu demonstratedothigitglucose ando
oligosaccharide species could pass through a PES membrane (k) uBabthe selective oxidation

of glucose (c) to achieve efficient separation from xylose in solution..................coeeeeees 133

Figure 4.3:Cartom represetation of strategies for enzyme immobilisation in MBRs. Covalent

immobilisation (a), physical entrapment (b) and crosslinkimegliated physical entrapment (c).

Figue 4.4:(a) Schemaf 2-hydroxybiphenyl hydroxylation catalysed by HbpA with concomitant
NADH regeneration by formate dehydrogenase (FDH). (b) Schematic representation of tie tube
tube reactor including separation of gasd liquid phases by inner menge. Figure adapteflom

(280, ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt eee e 134

Figure 45 { OKS Yl G4 A O NXLINE a Sattivé liMWEYimoBilEed endya (a)a TzeJS NJ
amphiphilic nature of the LMWG accompanied by large pore size &edlitmass transferfo
substrate (S) and products (P) to and from the enzyme (E) sites in the hydrogklb Thagalysed
oxidation of pyrogallol was tested (b). Turnover rates (c) of Hb immobilised in the LMW hydrogel
(squares) were much greater than fre® kh water (triangle) and Hb immobilised in a PG matrix

(circles). Figure adapted fromMYB..........cooeiiii i 136
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Figure 4.6:Immobilised enzyme assays reported by Hamachi et. al. Fluorescence assay for N
terminal lysine residues Ja 5Dimethylaminonaphthane-1-(N-2-aminoethyl)sulfonamide is
liberated selectively in LMW hydrogels containing lysyl endoprotease (LEP), resulting in a change in
colour from pink to green for these samples only. Adapted from [34id&@rmediated LMWG
breakdown assay (b). Oxidlan of the relevant biomolecule results in formation ofQ4, which
reductively cleaves the NPmoc protecting group and induces LMWG disassembly. Adapted from
[296]. ..ttt n ettt ettt nan e 137

Figure 4.7:Cartoon representation of a challenging t8tep photopatterned enzyme reactor
configuration. To proceed to the next compartment, each reagent must pass through an enzyme
loaded gel barrier. In theory thisrdg (1 & RyzOK QW ORE LindNdEactanyimpurdids(i K
Example reaction shown here is the dephosphorylatiopar&-nitrophenyl phosphate by alkaline
phosphatase (ALPjfollowed by Gglucosylation using-glucosidase (BGHY........................ 138

Figure 4.8Structure of rat intestinal alkaline phosphatase wilP located at the active site (a).
Enzyme was recombinantly exgeed in Sf9 lepidoptera cells and tiwe monomers are coloured

in green and yellow respectivet§lmage from [302]. Al-Patalysed dephosphorylation gNPP

yieldspNP, which undergoes a gHduced colour change based on deprotonation of the phenol

Figure 4.9:Schematic representation of the proposed enzyme bioreacttPP (colourless)
RATFdzaSa FTNRY | Ofeftihkdugh anlANBBaAded Gdl nyeiniran©@urplelring)i
which catalyses its dephosphorylation infiNRR 0@ Sff260d ¢KSNBT2NBX
compartment should consist SOlely [EINP............cooiiiiiii e 140
Figure 4.10Concentration of fluorophores at the base of gels of dimension X &nemx 0.5 cm
(height) Dffusion through 6 mM DBSONHNTE(a), 10% hybrid (b) and 10% PEGDM (c) hydrogels.
Errors given as standard deviation (N S.3).......oeiiiiiiiii e e e 142
Figure 4.11Two possible tautomeriofms of fluoresceir free aid (left) and lactone (rightl44
Figure 4.121UV spectra opNPP (solid) andNP (hollow) at pH 4 (red) and pH 9 (blue). All spectra
recorded at a concentration of 0.016 mM (a). Structused ésorption maxima opNPP anghNP
AtPH 4 aNd PH O (D)enn e 145
Figure 4.13:Representative changes in AtftalysedpNP formation over time at different
substrate concentrations. ALP concentratiwas0.1 U mt for all samples.............ccc.u........ 146
Figure 4.14MichaelisMenten kinetic plot for the hydrolysis @NPP using ALP at a concentration
of 0.1 U mt. Error bars represent one standard deviatand whee not seen aremaller than the

(o b= = oo 1K= (T ) 147
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Figure 4.151 ineweaveiBurk plot for the hydrolysis @NPP using ALP at a concentration of 0.1 U
mL?L. Error bars represent ondgandard deviation and where not seen are smaller than the data
10 a1 S (T PP PPPPPPTT 148

Figure 4.16Change in the initial rate of hydrolysispiPP (0.1 mM) with ALP concentratioh49

Figure 4.17Total conversion gbNPP over time at different concentrations of ALP in pH 9 buffer
(a), pH 11 buffer (b) and in unbuffered water (c). Orange bars = 2 h, blue bars = 24 h, yellow bars =
2 o 150

Figure 4.18Solutionphase studies of gelation stimuli on the bioactivity of ALP (0.2°t).rLtivity

in the hydrolysis opNPP (5 mM) was tested in respongespnication (a: left = controljght =
sampe) and heat (b: left = control, middle = heated, right = heated and cooled in.ice).....152

Figure 4.19:Gelphase studies of gelation stimuli on the bioactivity of ALP (0.4 Uimkachgel).

All els are 6 mM DBSONHNHK Gel prepared by standard DB®NHNHEprocedure (a: left =
sample, right = control). Gels prepared by holding the hot s@D&E (b: left = untreated solution
control, middleleft = treated solution control, middieght = gel ingcted with ALP, right = gel
sample). ALP gel prepared by holding the hot sol 4C8@). AL#gel containing DMSO has similar
activity to a gel with o DMSO (d: left = DMSO gel, right = gel conttal)................ccceeeee. 153

Figure 4.20Images of dyes injected into hydrogels. Fluorescein injected intea@BEHNb(a) and

hybrid (b) gels. Methylene blue injected into a hybrid gel.(b)...........ccoviiiiiiiceiiiii 154

Figure 421: Effect ofUV light on the bioactivity of ALP in solution (0.2 U'mControl (left), 0.5 h

UV exposure (middle) artd5 h UV exposure in 0.05% wt/vol Pl solution (rigit)PP concentration

WAS 5 MM N Al CASES......uuuiiiiiiiiiiiiiiii ettt eee ettt et e e et e eeeaea e 156

Figure 4.22Uptake ofpNPP (left) angNP (right) into DBEONHNHE(top), 10% PEGDM (middle)

and 10% hybrid (bottom) hydrogels. Red bars = pH 4, blue bars = pH 11. Green bars are uptakes &
pH 7. FOpNP two distinct species aabserved by UVt pH 7. The protonated and depratated

forms are denoted by the dark and light green bars respectively. The dashed black line represents
25% uptake, the expected dilution based solely on equilibration of concentration. Errors given as
standard deViationNN = 3) .. ciiiiiii e e e e e aaans 160

Figure 4.23NMR spectrum of a DBSONHNE(6 mM) hydrogel formed in an aqueous solution of
pNP (10 mM). Peaks of interest for determining the proportion obite andimmobile pNP ae
a1To] a1 [To] o] (<o 1R PPN 162

Figure 4.24Change in concentration @NPP (red)pNP (grey) and the total molar concenicn
688tt260 Ay GKS WLINE RdzO G Q-lofiaybid\gél Yelinf (o). Thé S NJ
dotted blue line represents the rate of diffusionh t t Ay G2 (GKS WLINRRdzOGQ
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ALP present. Images of the bioreactor taken after 1 h (I2ft) (middle) and 5 h (right) reaction

L] 41T TP PPP PP 164

Figure 4.25Change in concentration @NPP (red)pNP (grey) and the total molar concentration
68Stt260 Ay GKS WLINPRdAzZOGQ O2YLI NLIYSYyd 2@SNI i
compartment (a). Theatted blue line r@resents the rate of diffusionglb t t Ay 2 (GKS
compartment with o ALP present. Images of the bioreactor taken every 30 min (b). Pictures span
the time from O h (Ieft) t0 3 N (FIgNT)...cceieeeee e 165

Figure 4.26{ OKSYI GAO 2F K2g | o0A2NBFO0G2NI gAGK WNBI
ALP is encapsulated between two phqtatterned hybrid gel ringgoONPP must diffuse from the
WNE I Ol yiQ O2YLI NI YSYKS o Oy HidMbrirEd®b) Gadelally K N2
yieldingpuregpbt Ay (GKS WLINRRdzOGQ O2.XY.LI.NIL.Y.Sy.0...desdzi a A
Figure 4.27(a) Change in concentration piNPRred),pNP (grey) and theostal molar concentriaon
0esStft260 Ay (GUKS WLINRPRAZOGQ O2YLI NIYSyid 2@SNJI
compartment. (b) Images of the bioreactor taken after 2 h (left), 4 h (middle) and 6 h (right). (c)
Image ofthe bioreactor after beinggubmerged in pH 9 Bifer for 24 h. Errors given as standard

(o oY= T T I (T SRR 170

Figure 4.28Schematic representation of an exclusion bioreactor. Dense, ppatierned hybrid

gel (purple) doesot allow passage akactant or product, whilst an enzyreaded, soft LMWG

(blue) allows reagent diffusion and reactiQn............ccceoevieiiiiieeiii e, 171

Figure 429{ 412 NJ 3S o6DQX ofl O10 I YiRereftdraparedshfdpegin NB R
response to varying shear strain at a constant frequency (lefgand to varying frequency at a
constant shear strain (right). Rheological traces for: 20% hybrid (a), 40% hybrid (b), and 60% hybrid
(c) hydrogels. At 40 ah60% PEGDM loadingpgling of the gels lead to poor quality data, in
particular in the fregency sweep experiments. Errors given as standard deviation (n.=.31.72

Figure 4.30Concentration ofluorophores at the bas of gels 6dimension 1 cnx 1 cmx 0.5 cm

(b). Diffusion through 20% (blue), 40% (red) and 60% (green) hybrid gels. Errors give as standart
(o LYY= i o g I () PSRRI 173

Figure 431: Cartoon representabn of the reactor design (a). Fluorescein (b, yellow) and MB (c,
0f dzS0 RAFFdzaS GKNRJIAK GKS fSaa RSyasS NBI OG22t
Figure 4.32Diffusionof MB and fluorescein through 6 mM DB®NHNLH(a) and 60% hybrid (b)
hydrogels. Pictures were taken after 0 h (left), 5 h (middieg) 84 h (right). Both dyes are at

CONCENITATIONS OF 0.5 M it ittt ettt et e ettt etr e et e e e e eaeneeeens 175
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Figure 4.33:Photomask (a) and resulting pattern (b) used to study tiiféusion of MB and

fluorescein in photepatterned 60% hybrid gels. MB and fluorescein at 0.5 M (a) and as saturated

solutions (b) after 0 h (left), 5 h (midgland 24 h (rght)........oooeiiiiiieee e 176
Figure 4.34Diffusion of saturated solution of MB and fluorescein in php&tterned 20% hybrid
(8) and 40% hybrid (D) FEACIOIS. ... ..ii ettt e s 177

Figue 4.35:Diffusion of saturated MB and fluorescein solutions through phostterned 40%

hybrid (top) and 60% hybrid (bottom) gels (a). Pictures represent the reactor (from left to right)
after 1, 3, 5, 7 and 24 h. Cumulative mwotjuantities of dyes (toprgph) andpercentage of total
FRRSR Y2tSa 06002G02Y 3ANI LKO YSIFadaNBR Ay GKS
hybrid (c) reactors. Yellow circles = fluorescein, blue circles = MB..............ccccceeveeeinenn.. 178

FHgure 4.36:Change in concentration gfiNPP (red) angNP (grey) in the product well of the
diffusion bioreactor at room temperature (a) and images of the bioreactor (b) after 1 h (left) and 6
h. Changen concentration ofpNPP(red) andpNP (grey) in thegroduct well of the diffusion
bioreactor at 50°C (c) and images of the bioreactor (d) after 1 h (left) and.6.h................. 180

Figure 5.10rthogonal triggers can be used to &e complex control of gel pperties and stem

cell behaviour. Anseth and agorkers used SPAAC reactivity between a tetnaa PEG and a
functionalised aldehyde to form a PG network (a). Conjugation of biomoleautas el network

was achieved with spi@l controlvia a visible ligt-initiated thiol-ene reaction (b). Orange circle =
biomolecule. Twephoton laser methods were used to spatially control the expression of
fluorescent peptides in-8limensions (c). Gelrbakdown was initiated by Umediated ¢eavage of

a nitrobenzyl ethe(d). UV light was used to pattern channels in the PEG hydrogel. Cell migration
was only seen in the channel which had been functionalised with an RGD peptide (e). Adapted from
(340, ottt ettt ettt ettt ettt ettt ettt ettt ettt ettt 184

Figure 52: Reversible oxime ligation can be used to conjugate proteins to the PEG hydrogel with
spatiotemporal control (a). Uihitiated cleavage of the nitrobenzyl ether moiety reveals an
alkoxyamine, which in turn reacts with amlahydefunctionalised proteina form an oxime linkage
between hydrogel and protein (b). Reversible oxime ligation was used to spatiotemporally control
mesenchymal stem cell (MSC) adherence to the gel network (c, MSCs shown in green). Images
AdaPted frOM B0, ... e e a e e 185

Figure 5.3Peptide amphipile developed by Schneider andvwaworkers (a). Peptide amphiphile gels
implanted into a brain lesion (b) allows migration and growth of cells into the gapléa)sters
treated with the peptde amphiphile recovered vision in most cases, as evidencedsnesiponse

of the subjects to a visual stimulus (d). Images adapted fr&8][3.........cccviiieriiiiiieeennnn. 186
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Figure 5.4(a) Caassembly of FmePhePhe (top)and FmoeSer (bottom) allowed the fabrication

of robust, cytocompatible amino acid hydrogels. (b) The ratio of the two gelators could be altered
to control hydrogel stiffness. Greater proportions of FaRleePhe incrasedhydrogel stiffness. (c)

Soft, stff and rigid gels could be used to stimulate the formation of adipocytes (left), chondrocytes
(middle) and osteocytes (right) respectively. Images taken f@H.[.........cccoooeeiiiiiiiiiieen. 187

Figure 5.5. | NI K S f $®sylatelahynidiné g2lator (a). Little ASC adherence is seen after 14
days on the LMW hydrogel alone (b). Whenrassembled with collagen however, much gexat
ASC adherence and proliferation is observed. Figure adamad[874.............ccooeevvvviiinnnnns 189

Figure 5.6:Cartoon representation of the influence ofatnix stiffness on mesenchymal stem cell
fate (a). The example fates given here are those of human bone marrow mesenchymaletite

The specific stem cell tgpalters the available lineages, and other possible stem cell fates are
possible. For exampleyith a different subset of stem cells, Engler et. al. showed that MSCs
undertook different morphologies when cultured on gels high (b), medium (c) and low (d)
stiffness. These different morphologies were the result of the formation of bone, muscleaéind f
tissue respectively. Images taken frof8]...........cccoooevviiiiiiiiicee e 190
Figure 5.7Gds were prepared in the centre of whers adhered to the bottom of the wells in a 24
well plate (a). A typical experiment is shown in (b). Brightfield (top) and fluorescence (bottom)
images of a DBSGONHNH(6 mM) hydrogel incubated in media for 24 N.(Ehe LMW hydrogel
features seen in th Brightfield images are not observed in the fluorescence image. Cells seeded on
LMW hydrogels at densities of 10,000 (d) and 50,000 (e) ceftsshdwed good adherence after

24 h and adopted extended, fibroblalste morphologies. Scalé I N& [ ..p.a.0....>.Y188
Figure 5.8Representative fluorescence microscopy images of Y201 XGreen cells cultured on DBS
CONHNEhydrogels washed with 70% ethanol followed by three hesmswith PBS. Cellgere
cultured for 1, 5 and 7 days. Seeding densities are given on thhdett side of the figure. Good
adherence and proliferation were seen for cells up to 40,000 celis At a seeding density of
50,000 cells mtaggregated strucires were observedThis is indicative of cell apoptosis and
agglomeration occurring at high cell confluency. Scald'barp 1 n....2.Y.D..cccoooveerenn.. 195
Figure 5.9Representative fluorescence microscopy images of Y201 XGreen cells cultured on DBS
CONHNEhydrogels washed with PBS only for 1, 5 and 7 days. Seeding densities arengilien
left-hand side of the figure. Good adherence and proliferation were seen for cells seeded at 10 and
20,000 cells mL At higher seeding densities large, round, aggtegatructures were observed.

This is indicative of cell apoptosis and agglortieraoccurring at high cell confluency. Scale bar
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Figure 5.10:Brightfield (top) and fluorescence (bottom) images of PEGDM samples. Gels were
washed with 70% ethanol followed by three washes with PBS. Images of the gel seeded with n
cells indicate that the gel does not fluoresce under ZsGreeitagion conditions (a). Poor Y201
XGreen adherence was seen on PEGDM gels, shown at a seeding of 30,000 cgd)s Thiis is
indicated by the rounded morphology of the cells after 24 milar cell morphologies were
observed at higher and lower Y201r¥én seeding densities (see Appendix 13). Good adherence

of cells to the polystyrene well plate surrounding the gel and washer was observed over 24 h (c),
indicating that lack of adhesionasproperty of the gel and not of experiment error............ 198

Figure 5.11Representative fluorescence microscopy images of Y201 XGreen cells cultured on 10%
hybrid hydrogels washed washed with 70% etbicollowed by three washes with PBS. Cells were
imaged after 1, 5 and 7 days culture. Seeding densities are given on thateftside of the figure.

Good adherence and proliferation is seen for cells seeded between 10,000 and 40,000 2éells mL
over 7 days. Poor adhesion is seen in some samples after 24 h At an initial seeding density of 50,000
cell mL, evidence of large, rouh aggregated structures were observed. This is indicative of cell
apoptosis and agglomeration occurring at high cell conflueBcgle baf  p n a....2.Y.9©200

Figure 5.12:Elastic moduli (stiffnesses) of the gels tested in this cytocompatibility study. Errors
given as standard deviation (N=3).... ..o e 201

Figure 5.13:Y201 XGreen cells cultured on 20% (a, b), 40% (c, d) and 60% (e, f) hybrid gels for 7
days. Reasonable cell adhesion is seen on the 20% hybrid gels, with cells adopting an extendec
morphology. MSCs cultured on 40% hybgdls show no adherence ad display spherical
morphology reminiscent of that seen for PEGDM hydrogels. Almost no cells were observed on the
surface of the 60% hybrid gels, indicating that they are not compatible with Y201 cells. Scale bar =
L1010 F=7 1 o RSP UPPPT 202

Figure 5.14Concentration of Pl in PBS solution used to wash gels in prepared in well plates. Errors
given as standard deviation (N = ). ..o 204

Figue 5.15:Representative optical microscopy images of Y201 XGreen cells cultured on plastic and
gel matrices. Images were taken after 7, 14 and 21 days. Initial cell seeding densities of 10,000 cells
mL?* were used for all samples. Cetidtured on LMW hydbgel matrices appear more disperse

than those cultured on the stiffer hybrid gels. All individual cells showed elongated morphologies
on these materials. Cells grown on 10% PEGDM hydrogels showed no adherence over 21 days
indicated bythe rounded aggredas. Scale balt P /1 ... 2. Y. @ecoveiiiiiceeeecece e 206

Figure 5.16:Representative fluorescence microscopy images of Y201 XGreen cells cultured on
plastic and gematrices. Images were taken after 7,d4d 21 days. Initial cell seeding densities of

10,000 cells mtwere used for all samples. Cells cultured on LMW hydrogel matrices appear more
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disperse than those cultured on the stiffer hybrid gels. All indiviczedls showed elongated
morphologies ontiese materials. Cells grown on 10% PEGDM hydrogels showed no adherence over
21 days, indicated by the rounded aggregates. Scal€ bap 1 n....2.Y. . D..oooooviveeeennne. 207

Figure 5.17SEM images of 10% hybrid (top) and 20% hybrid (bottom) hydrogels with Y201 MSCs
cultured on top for 3 weeks. Further images are provided in Appendix.14.............c........ 209

Figure 5.18Confocal microscopy images of Y201 XGreen cells cultured on a 20% hybrid gel. Views
are from beneath (a), siden (b) and above (c). Scale bar =500 ................cceiiiiriineenns 209

Figure 5.19:Complexation of Cuby bicinchonic acid (a). This complex is responsible for purple
coloration in the presence of protein. Total protein recorded for each of the cell treatments (b).
Erras given as standard deviationFrh)..........coovviriiiiiiiiiie e 210

Figure 5.20:0il Red O staining of Y201 cells cultured on different materials after 3 weeks (top).
Images of Oil Red O stained control samples with no cells seeded (bottom). Scalerbar 212

Figure 5.21:Absorption of solutions of Oil Red O eluted from Y201 cells cultured for 3 weeks.
Absorbance of eluent from control samples with no seeded cells were subtracted from giveabri
absorbance to yild these values. Errors given as standard deviation (n.=.6)................... 213

Figure 5.22Mode of calcium binding by Alizarin Red S (a). Cumuleliition of Alizarin Red S from

each ell growth matrix (d) Scanned images of the 24 well plates containing Alizarin Red S stained
samples. Controls without cells are shown in (b). Stained test samples with cells cultured for 3
weeks are shown in (c). Valslare corrected for staining on coatrsanples where no cells were
seeded and against. Errors given as standard deviation (N.5.6)..........cccccceivvieeneeeeennnnnn. 215

Figure 5.23:Fluorescence intensity normalised against total sample protein content for cells
cultured on four different matrices. Solid bars represent fluorescence from-Bénreated positive
controls for fluorescence, whilst striped bars represenfescence from the untreated test
samples. Errors given as standard deviation (N 5.6)........cccooeeiiiiiiiieeeni e 217

Figure 5.24:ALP content normalised against total protein for samples cultured on different
matrices. Errors given as standard deviation (N m.6).........cuieiiiiiiiiieeeiiin e 219

Figure 5.25:Cartoon representation of photopatterning of gels in well plates. Gels are formed in
the well plates. The plate is turned upside dowrdaa photomask placed over the top such that
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Figure 5.27Gradient patterning mask (a). Increasingly light regions of the mask (moving frem top
left to bottom-right) should allow greater UV penetration and P@sstinkingresulting in greater

gel stiffness. Sampling pattern for rheology is given in (b). Stofadydk dzf dza& 6 DQO 2 F (|
from each region of the gel (c). Errors given as standard deviation (0= 3)........cccevvennn... 224

Figure 6.1Spatialj-resolved hybrid hydrogels have been shown to have potential applications for
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1 Introduction

1.1 LowMolecularWeightGels

Gels are a colloidal state of matterwhere colladal refers to the microscopic dispersion of one
phase within another in which bulk flow of a duid-like phase is prevented by the presence of a
solidlike samplespanning network. Theolidlike network ¢ formed from molecules known as
gelators- is able to do this despite comprising a very small percentage of the overall material
(typically lesshan 1% wt/vol}: The macroscopic consequence of the mixinghef two phases is
2yS GKAOK Yzaid LIS2LX S | NB T Yhludes tdib fact th& thaV g 2 6

properties of these materials are sombere between solid and liquitl.

Macroscale Stress Stress

(Rheology) - _applied - _removed -

Relaxed state Gel strain Recovery of
relaxed state

Interconnected porous networks

Y

Nanoscale
(Topology)

Nanofibrous Spherulitic

Figurel.1: Summary 6some charateristic macroscale and nanoscale features of gélasematerials. Rheologically,
gels exhibit solidike properties and stresselaxation. The precise macroscale properties of a gel network are

determined by the porous nanoscale network frowhich it isformed. Images adapted from [5].

However, despite the ase with which this phase can be identified macroscopically, a universal
definition of a gel is yet to be fully establishéd\imost ubiquitous indiscussions of ggihase
YIFGSNAFE A Aada 52NRGKe W2 NRé oflloiflat cariditon, dhe gethis one a G |
GKAOK Aa Sl aasSN i2*TNSstar@eitivasSnade khk gbsedcd of Rog& of y S ¢
the analytical techniques available to the gel chemist todast, still holds surprisingly true.
Nonetheless a number of characteristic features that gels ofteraydpave beeidentified, which

include the recovery of mechanicalgperties after the removal of a straining force and the

formation of a porous networkFigurel.1).’

30



Within the more general field of gel chemistry -salled lowmolecularweight gelatorfLMWGS)
havebecome of increasing interest in recent years. Thesevalecules with a macular weight <

2000 Da which selissemble through norovalent interactions (including hydrogen bonding, van
der Waals forces,-~ a il Ol Ay 3 | yR taf@mh Budimensionadfibi@straqbireédi a 0
for solvent immobilisationKigure1.2) and formation of a bulk material. Gels of this type are
commonly known as lownolecularweigh gels, supramolecular gels, physical gels and molecular
gels.This type of gelation can be considered a type of crystallisation, in which the formation of
directional interactions between gelators usually induces the formation-gdiniensional fibres,

rather than 2 or 3-dimensional crystals.

‘ LT
r \): "
' Trlgger Bundllng Entanglement e’ \‘_,f' J
’f h— —
) ‘ e.g. heat iopx _:V/
+ LAYV G T
-5 & Hlight e

Dissolved Primary Nanofibres Sample-spanning Bulk
Gelators Fibrils Network Material

Figurel.2: Selfassembly of lowmolecular weight gelators into a bulk ggbhase material

The formation of these fibres is highly mendent on both the structure of the LMWG and the
solvent in which the gel is formed. The interactions between gelator molecules and between the
gelator and the solvent must be finely balanced for gelation to o&élfrthe former are too strong,

the gelators will not disperse in the liquid, whilst if the latter prevail, slikel nanofibres will not
precipitate out of the solution phase. Therefore, not every LMWG will form a saspglening
network in every solventThose which undergo gelation in water are known as hydrogelators,

whilst those which form gels in organic solvents &mened organogelators.

LMWGs are of particular interest because the weak, reversiblecowalent interactions through
which the nanofires are assembled are susceptible to changes in their environment. The formation
or disassembly of a gel network caa triggered by the application of a range of external stimuli
including heating/cooling, changes in the concentration téi-bther ionsand the use of a specific
enzyme to form/cleave bonds; all of which change the solubility of the gelator in the gihesnt
(Figure1.3).81° Reaction between two prgelators toform a selfassembling compound is also
known, although less widely reportéd The properties of the bulk gels, including the stimuli to
which they are responsive, are determined by the nature of the gelators from which they are

formed. The propertiesfahe individual molecules are translated up through the hierarchic#l sel
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assembly process into the macroscopic material. In this way the organic chemist can design material

properties based on their knowledge of the behaviour of small molecules.
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Figurel1.3: Partial gelator structures which may show responsiveness to electromagnetic irradiation (a), changes in pH

(b) and enzymatic activity (c).

Due to their responsiveness @antuneability, LMWGs find increasing use in a wide range of high
tech appications? LMW hydrogels are of particular interest as matricesifoig delivery and tissue
engineeringt**®* These will be discussed in more detail later in this thesis. Supramolecular gels have
also been explored as a solution @aorange of environmental problenté For example, LMWGs
which spontaneously seHfssemble in organic media could be used for water purification (e.g. by
entrapping crude oil in a soliike phase)!”*whilst conductive gel matrices hayotential for use

in optoelectronic device®?° LMWG matrices have also been used for the crystallisation of
previously inaccessible polymorphs of pharmaceutical compotirtdas well as the encapsulation

of said pharmaceuticals to prevent extraction for the synthesis of illegal dfuidsese higktech
applications build upon the more traditional and industrial applications of LMWGs in the food,
lubricant and adhesives industries among others. Such applications (as well as more cutting edge

ones) have recently been extensiyetviewed*
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1.2 5dzrf bSGH2N}] WI&@8o0NAR DSfaQ

One approach to achieving enhanced functionality of a LMWG is to combine it with a polymer gel
(PG). PGs are a second category of gelator, encompassing natural and synthetic long yimairspol
which form gel netwrks through either covalent or necovalent crosslinking (termed chemical
and physical gels respectivelf° The consequence of this is that compared to LMWGs, these
materials are often relatively robust and durable. As such PGs have foarehsing industrial
relevance through the years, and are currently available in commercial products in the form of
foods (such as jelly sweetd)contact lense€<*° and as absorbent materials in sanitary products

amongst others?

This durability, however, often corseat the cost of stimulugesponsiveness. The comparative
robustness; and in the case of covalently linked PGs, the permanenaiecrosslinking in these
materials can prevent them from responding to changes in their external environment. PGs often
swell in aqueous solution or irresponse to temperature changes, representing a type of
WNBALRYAaADBSYSaaQ:r I yR (KS -séanygithe tmits2chid imibue tiese2 F >
materials with responsiveness to certain stimliHowever, the programming of more
sophisticated responses into PGs is often synthetically more challenging than for LMWGs. As such
examples of these types of materials are, perhaps, surprisingly limited. Practically, ttasthieni
usefulness of thesmaterials in highiech biomedical applications, where responsive and adaptive
changes in material properties can be used to control the delivery of drugs or growth factors at

defined locations and times.

As such there is increiag interest in the syngistic combination of responsive LMWG networks
with polymerbased materials to utilise the desirable properties of the respective components. In
a key recent review, Cornwell and Smith identified five categories of Ligu{@er conbination,
namely: (i) pofmerisation of gel fibres; (ii) capture of LMWG fibres in a polymer matrix; (iii) addition
of nontgelling polymers to LMWGs; (iv) directed interactions between LMWG and polymer
networks; and (v) hybrid LMWG/PG netwofKs.

Of particularinterest is the final category. In such hybrid gels, orthogonal assembly of the two

network types results in a material which, at least in theory, can demonstrate the properties of the
two individual networksKigurel.4). Informed selection of the two gel networks allows a material

to be created which demonstrates the desirable properties of the two individual networks whilst

mitigating the drawback®ften this means that the stimulugsponsiveness of the LMWG network

is retained, but the mechanical weakness of this material is offset by the incorporation of the robust

polymer gel.
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Figurel1.4: Cartoon represntation and generalised characteristics of lemolecular weight gels (a), hybrid gels (b)

and polymer gels (c).

This section will describe key reports in which this hybrid gel approach has been utilised. For each
example discussed, the importance of asddy methodology on maintenance of the individual
network properties will be highlighted, as well as how incorporating two networks proves
advantageous over the constituent parts. It is worth noting that the conoépluatnetwork gels

is not a new onenl fact, myriad publications describe-salled interpenetrating polymer network

(IPN) gelg in which two independent polymer networks exist in a single matéfi&.

1.2.1 Hybrid organogels

Somewhat surprisingly, it was not until 2009 that the first reports of hybrid LMWG/PG gels were
published. Dasguptat. al.formed an oligg¢-phenylene vinylene) (OPV) orgmyel (Figure 1.5a)
within an isotactic plystyrene gel (Figure 1.5b) network to yield a hybrid gel struct@noling of

the mixed components fronthe hot sol resulted in sequential asselntf the two components
(polystyrene first, then OPV) due to the significant difference irgebltransition temperature
between the two networks. The Differential Scanning Calorimetry (DSC) trace of the hylbrid ge
displayed two distinct sedel transitons, whilst Atomic Force Microscopy (AFM) images showed
evidence of two distinct sets of nanofibres, both indicating orthogonality of the structirigsire

1.5¢). Heating the gel to a temperature between the gielattemperatures of the two networks
resulted in selective disassembly of OPV within the supporting polystyrene frametigike
1.5d).
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Figure1.5: Guenetand c@ 2 N] SNEQ St NI & SEI Y LEtrScturdstof the OR\E LIVMMIS ), iBotaEtiE Y 2 3
polystyrene PG (b). AFM image of the hybrid gel formeccigdecalin (c). Two fibre sizes are evident. The thicker
structures are LMWGiires, the thin fibres are the PG network. A therrneversible colour chang was seen for the

hybrid gels due to assembly and disassembly of the LMWG fibres. Adapted fr8mn [3

1.2.2 Hybrid hydrogels

Around the same time, the first example of a hybrid hydroga$ also reported. In this work by
Wanget. al.selfassembling Fmeproteded amino acids (LMWG) were combined with agarose (a
biological polysaccharide) PG to yield materials with greater rheological stiffness than either of the
components aloné? The presene of the agarose network prevented significant leaching of the
amino acid derivatives into solution whilst the LMWG provided the material with controlled release
properties. Differat combinations of amino acids yielded gels with distinct nanofibrillarcstires

and noncovalent interactions with Congo Red. The same group subsequently showed that the
incorporation of an unnatural amino acid gelator into a supporting agarose netardgréinced the
uptake of methyl violet from solution compared to agarose alffhand that the use of polymer
additives can increase the astancer activity of a sedssembled nevork based on a taxol

derivative®!

Amino acidbased gelators are by far the most common LMWGs incorporated into hybrid hydrogels.
In particular, Fmogprotected anino acids, as in the LMWG literature generally, are widely

represented inthis class of material. For example, He andvookers incorporated the well known
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FmocPhePhe gelation motif into a glucomannan polysaccharide \gela solvent switching
method*? The pesence of glucomannan significantly retarded the gelation kinetics of fRhec

Phe, however the stability of the LMWG network in neutral/alkaline buffer was greatly enhanced.
Thisstability slowed the release of docetaxel from the hybrid gel comparethe¢d MWG matrix
alone. A significant degree of control over release could be achieved by modifying the molecular
weight of the glucomannan chains, gel ageing time, and administrationmannanase (which
breaks down the supporting PG network). later work, this group used calcium chloride to
simultaneously trigger the assembly of FrfeltePhe and alginate (a biologically derived PG)
nanofibres. Again, tuning the ratio of LMWG and RiGweed a degree of control of docetaxel

release®?

(c) Single trigger

Ca?*

(d) Dual trigger

(i) GdL (H)
(i) Ca?*

Figurel.6: The method of assembly can have a significant impact on hybrid gel structure and property. He and @enkba
used the same two componentsthe LMWG Frac-PhePhe (a) and an alginate PG (b) to yield materials witifferent
nanoscale structures. Using a single2€source to trigger both LMWG and PG assembly results in the formation of
narrower FmoePhePhe nanofibres (c) compared to when this networlagsembled prior to alginate crosslinking (d).

Scale bars = &m. SEM images are from $}and [44].

Denkba and ceworkers used the same two components to prepare hybrid hydrogels for cell
culture applicationg? However, to ensure complete orthogonality of the two networks they first
triggered the formation of FmePhePhe using glucond-lactone (GdL) a slow hydrolysing source

of acdic protons¢ followed by addition of calcium chloride to crosslink the alginate PG network.
Importantly, these materials had subtly different properties to those described by He and co
workers (see abovéf. The nanoscale networks, for exaraplpossessed subtly different
morphologies Figurel.6). Denkbd Q ISt & GSNB | faz2 K2Y23SyS2dzas
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conditions and assemblyraer in determining the properties of hybrid gels, a factor that also
appies to selfassembled materials in genefd?’ The hybrid gels prepared by Denkbaere
significantly more robust than FmdthePhe gels and prevented burst release of vangoin HCI.
However, some detrimental effects on chondrocyte viability was observed for more densely
crosslinked hybrid gels. Liu andworkers also used a stepwisssembly approach to ensure the
orthogonality of the Fmod'yr and alginate networks in theiybrid gels’® The LMWGvas triggered

via a solvent switclg FmoeTyr in DMSO was diluted in an aqueous solutiosarfium alginate.

After LMWG formation, calcium chloride was again used to trigger the formation of the PG network.
Unlike calcium alginate alone, the IPN hybridsgowed sustained release of both rhodamine blue
and methylene blue dyes, demonstrating ttmotential applications of these materials for

controlled drug release.

Enzymatic formation of amino acid hydrogels is, as outlined in Section 1.1, relatively ocommo
Wang et. al. used alkaline phosphatase to trigger the formation of a naphthajemected
tetrapeptide, followed by soaking in calcium chloride solution to induce alginate network
formation.*® The phosphatase enzyme immobilised in the hybrid gel retained its activity for over 20
reaction cycles, whereas neithenzyme loaded LMW or polymer hydrogels could baged, due

to gel breakdown and enzymedching respectively. A duahzyme approach to hybrid gel
formation was later reported by Maet. al. Selfassembly of Fme€yr was induced by hydrolysis

of a phophorylated precursor to form a LMW hydrogélAn N-hydroxyimide was added which
interacted with the surface of the nanofibres. Reduction of this compound in a glucose oxidase
(GOxJmediated procss resulted in the formation of a carbon centred radical, which initiated
propagation of a omethylacrylamide polymer chain. Through this process, the polymer network
formed crosslinks between the selfsembled LMWG fibres, significantly enhancing the

medhanical properties compared to the LMWG alone.

An interesting example of a hybrid gel fronri®, Escuder and eaorkers combined a tetrapeptide
(Figurel.7a) LMWG network with the polymer gel pghgafa-phenylene inylene) (PPVEigure
1.7b) 2! Interactions between the cationic LMWG chain and the anionic PG network resulted in
intimate assembly of the two networks, in contrast to the works described above.Fassembly

had a profound impact orthe nanoscale morphology, resulting in thicker and more highly
connected fibrils compared to the peptides alone. Macroscopically, a significant fluorescence
enhancement was seen from the PG network incorporated into britlygel EFigure 1.7c).
Electrostatic and aromatic interactions with dyes such as methylene blue also reduced the rate of

release of these modelrugs compared to the LMW hydrogelsdurel.7d).
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Figure 1.7: The cobination of a tetrapeptide LMWG (a) and a PPV PG network (b) resulted in fluorescence

enhancement (¢) and sustained methylene blue release (d) compared to the indivigel networks. Adapted from
[51].

Feng and cavorkers incorporated a novel bekmphphile amino acid gelator within an agarose
network, again using the difference in assembly temperatures to ensure orthogotteiM and
IR spectroscopy suggested little interaction between the networks. The stffoethe samples
increased approximately fiviold compared to the LMWG alone. Disappaigly, no applications

of this system were demonstrated or proposed.

The Smith group have developed a number of hybrid gels using functionaliseebsisgargelators.
Their first report in this area described the combinationlgd:2,4dibenzylidened-sorbitolp,LIQ
dicarboxylic acid (DBSQH) with agarose. DBSQH nanofibres formed slowly by acidification
within an agarose supporting matrix which had been formeéd a heat/cool cycle® The
orthogonality of the two networks was confirmed by a range of spectroscopic techniques.
Interestingly, cycles of DBSQH assembly or disassembly could be achieved within the agarose gel
by repeated exposure to acidic and basic conditioespectively Later, the ceassembly of this
hybrid gel system with a heparirinding micelle was demonstratédRelease of heparin (a widely
used anticoagulant) could be controlled by altering the composition of the gel. Increasing the
concentration of either DBEQH or the micellar compant reduced heparin release due to
stronger bindimg, whilst geater agarose concentrations prevented release of the biomolecule by

sterically hindering its diffusion into solution.
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DBSCQH has also been combined with the synthetic polymer gelator polyletie glycol)
dimethacrylate (PEGDM) in a hybridl.¢f Again, orthogonal triggers were used to assemble the
two networks. In this cas UV irradiation was used to initiate radical ssbnking ofa PEGDM
network containing dissolved DES3H gelator. Slow acidification of this gel resulted in the
formation of a robust hybrid gel. Each network impacted on the release of dye molecuteghieo
materials. The dense, crosslinked PEGDM ogtwompletdy prevented diffusion of a large dye,
whilst specific interactions between gelators and amb®aring dyes significantly slowed the

release of these molecules compared to PEGDM alone.
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Figure1.8: A single material with multiple applications. The orthogonally assembled hybrid gel of-DBSIHNE(a)
and agarose (b) has been used for the extraction of precious mefadladium-catalysed Suzuki couplings and the

growth of mousefibroblasts. Images adapted from [, [57] and [58].

By combining a different DBfrivative with agarose, a wholly different set of functionalities could
be accessedgurel.8), highlighting the importance attention of LMWG properties in this class

of material. In this case, a LMWG bearing acyl hydrazide moietiesGQDREINE was shown to
extract a range of metals from solution, gaatingin situ nanoparticles along the lengths of the
LMWG nanofibres Higure 1.8c). These hybrid gel/nanoparticle composites are electrically
conducting3® and ¢ as demonstrated for palladiurtontaining materiad ¢ are able toact as
catalysts in industrially relevant chemical proces$égurel.8d).*’ In the latter case, the additional
stability provided by the supporting agarose network was crucial for the recyclability of the

material. In the absence of the PG thd getwork is not obust enough to withstand stirring in a
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reaction setting. Thesame gel (but without abstracted metal) has also shown potential as a
commerciallyrelevant, biocompatible matrix for tissue engineeriigAgarose itself was unable to
support cell gravth, whilst DBSCONHNH could, but was challenging to handle owing to its
mecharcal weakness. Combining both networks in a hybrid gel combined the best features of both
individual gels, being both easily handleable and supportive of fibroblast grdvigiiré 1.8e).
These three examples of hyt gels containing DBSONHNKwere all published concurrent with

the research presented in this thesis.

Xhang ad coworkers also described the development of a hybrid hydrogel for cell eultur
applications’® A G-symmetric phenyl derived LMWG was satsembled using a thermal trigger to
form a hydrogekontaining alginate, which was then crosslinked by addition of calcium chloride.
Interpenetrating and orthogonal networks were formegconfirmed by Xray diffraction and
infrared spectroscopy. The crosslinked materials were up to five times stiffer thearlMW

hydrogels and showed improved cell fibroblast adherence and proliferation.

As well as hybrid gels being used to enhance the physicpépies of LMW&ontaining materials,

the inverse has also been recently reported. The saggy@metric phenybelator described by
Xhang was incorporated into a kapparrageenan PG network tincrease the hydrophilicity and
thermal stability of the madrials®® Theg changes were reflected in the enhanced viability of a
commonly used cell line. Watanabe andworkers showed hat templating a U\rosslinked
polyacrylamide network by a pfiermed octylaldommide/sodium dodecyl sulfate LMWG network
significantly enhanes the ability of the PG to resist crushing stress, even after the LMWG was
removed Figurel.9).5! This was attributed to the templating effect of the LMWG network, which

it was argued would reduce network inhomogeneity and imprilveenergy dissipation properties

of the polyacrylamide netwx.

(a) (d)

LMWG
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/\n/ 2 /\H/N\/N\n/\ Netw mk of LMWG Polymer gel network Polymer gel
o o] o) i i ] i

in molecular gel in the presence of LMWG after removing TMWG

Figure 1.9Y 2 | (| y I -@o@mrent GIMWAG network based on octylaldonamide (a) enhances the mechanical
properties of an acrylamide (b) network which had been crosslinkieg methylenenbisacrylamide (c). Schetita

illustration of the templating of acrylamide PG network within a pfermed LMW hydrogel (d). Adapted fron®{).
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Chenet. al.also recently describedhein situreaction and selassembly of a LMWG as part of the
hybrid gel formation process. Guanosi and boric acid were mixed in the presence of
dimethylacrylamide, a crosslinker and photoinitiator resulting in formation of guanosine borate
diesters® On addition of KOH, these species assembled into tetrameric species which could stack
further to form nanofbres. A LMW hydrogel formed, which wmaient significant stiffening on the
application of UV to crosslink the polymer network. These materials were significantly stiffer than
either the guanosindased LMW hydrogel or the dimethylacrylamide network indiely. These
materials also show remkable elasticity and stress recovery properties. The authors propose that
the LMWG contributes to these properties by reversibly dissipating the energy which would

otherwise result in permanent deformation and weakemiof the covalently crosslinked networ

1.3 Spatial Control of LoMolecularWeight Gel Structure

A major drawback of LMWGs is the homogeneity of the materials which are produced. Gels are
usually formed from the solution state through either cooling or &iddiof a chemical trigger. The

gels poduced are therefore homogeneous, with no changes in structural or chemical properties
across the material. This equally applies to almost all the examples of hybrid gels described above.
For more complex application$ LMWGs to be realised, it is essahto be able to spatially control

the formation and properties of the resulting gels. For example, stem cells are highly responsive to
the properties of the matrix they are grown &#% Properties ranging from thickness and stiffness

to the presentation of cell adhesion moieties all influence the fate omstells undergoing
differentiation. Uniform gels therefore limit the complexity of the tissue that can be grown on them.
Gels are often explored for microfluidic applications, but again, if the materials produced have
uniform properties, they are unable tdirect flow or demonstrate spatialgiefined chemical

reactivity 5

There exist in the literature miad examples of gel assembly/disassembly mediated by light, redox
processes and other spatialpntrollable stimuli€’®® Too frequently though these processes are
only performed on a whole sample, resulting in a homogeneous material. Therefore, we will focus
here on examples in which chemical and/or structural heterogeneity are introduced to a gdkesamp

through spatiallycontrolled application of an appropriate stimulus.
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1.3.1 Photopatterned LMWGs

In recent years significant effort has been made to spatially control the properties of LMWGs. Often,
approaches popularised by PG chemists are adapted foriudeMWGs. In particular photo
patterning has been widely utilised to control gy@l phase transition. LMWGs incorporating photo
isomerisable moieties are particularly attractive, as the transition betwegms- andcis forms of

a chemical structure carontrol the ability of the gelators to stack intedimensional nanofibres.

The first example of a spatialtgsolved LMWG was reported by, Eastge al. in 2004° They
demonstrated the spatiallyesolved gebkol transition of a photalimerisable stilbene
organogelatorfrigurel.10a), thetrans-isomer of which formed gels in toluene via a heat/cool cycle

in the presence of trace amountslofZ diflethyldodecylamine. The authors attribute the gelation

to the aggregation of inverse midat structures. Upon photdrradiation, the gelator undergoes a
dimerisation process, resulting in disassembly of the opaque gel in the regions exposed to UV light
(Figure1.10b). This change in the aggregation state was confirmed using-angd# neutron

scattering (SANS) amehs nonreversible.
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disassembly with spatial control (5. Adapted from [70].

In the same year, Kato and-emrkers also used light to impose spatiasolution on a LMW gel.

They incorporated a photswitchabledi-azobenzene gelator into a cyanobiphenyl liquid crystal
(LC)"* Cooling of the hot sol resulted in foation of a nematic L&mplated gel, as visualised by
polarised microscopy. Exposure of regions of the sample tolight induced atrans-cis
isomerisation of the azobenzene moieties, resulting in gel breakdown in these areas. This was
accompanied by theonversion of the nematic LC to a cholesteric phase. Over(timey exposure

to visible light) as the isomerisation process is reversed, thplygde is rformed and is templated

by the cholesteric LC phase. On heating anda@ing, the system revestto a nematic gel phase,

making the patterns erasable and ratable.
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(b) (c)

Non-irradiated area
Irradiated area

Figurel1.11: Cooling the isotropic LC/LMWG liquid under UV irradiation results in the formation ofrascdropic gel
network (a). In the absence of UV light an isopic gel network is formed (b). Micrpatterned LC gels were visualised

by polarised light microscopy (c). Adapted from2]7

In subsequent work, the same group applied this synergistic appréacLC and ggdhase
patterning in a discotic L@mplated sgtem’? Again, the gel was controlled bgistrans
isomerisation process. Under UV irradiation, the proportiosishzobenzene igreatly increased,
depressing thegk. Therefore, uporooling the isotropic LC/LMWG liquid, the discotic LC assembles
first into a columnar hexagonal (Gophase. Further cooling results in LMWG -sséembly. The
presence of the Cplphase templates tb gel, resulting in formation of an anisotropic material
(Figurel.11a). In contrast, in the absence of UV light, an isotropic gel phase forms at a higher
temperature than the Cealphase due to the greaterbaindane of trans-gelators Figurel.11b).
Again, these reversible phase changes were spatiaityrolled on the microscale using a

photomask and visalised by polarised light microscogsidurel.11c).
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Figurel.12: Licht-driven dynamic pattern formatior?3 (a) Open (left) and closed (right) forms of dithienylcyclopentene

can be switched between through exposure to specific wavelength of light. Micrographd)(bf spatiallycontrolled

gel formation (magnificationx 20). All were exposed to a homogeneousilis light source throughout the experiment.

A horizontal grating patern (a) was formed after 10 min UV exposure. An additional diagonal pattern was then formed
after rotation and a further 10 min exposure (b). After 90 min UV diagonal UV exposure thedmdal pattern has been
WSNF 4SRQ gKAf ad GKS3nsRAAdERY o [BLI GGSNYAYy3 NBY!I
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Soon after this report, van Esch, Feringa andavodkers performed reversible ringosure on a
dithienylcyclopentene derivative to develop reversipigtternable organogelsRigurel.12a).”® At

room temperature, UVnitiated (= 330 nm) ringclosure results in the formation of a rsple-
spanning gel network in toluene. Visibight (&> 420 nm) was then used to reverse this reaction
and induce gel disassembly. Spatiotemporally controlled exposure of the solutions to UV and visible
light sources allowed the formation of dynamic areversible patterned gels on the microscale.

The lifetime of the materials at each point in space could be defined by the exposure time and
intensity of the individual light sources, as well as the regime of exposugerel1.12b-d). For
example, further U\frradiation of the gel state resulted in betteiefined and longer lasting

patterns compared to those patterned into the sol.
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Figurel.13: Photoacidcatalysed formation of dris-hydrazone gelator from hydrazide and aldehyde starting materials
(a). Spatiallycontrolled gel formation on the microscale (bdphotomask design (i) and fluorescent microscopy images
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More recently, the same group have developed a system for the-lightced formation of
hydrogel patterns. The aciokomoted reaction of atris-hydrazide with three equivalents of
aldehyde formsa tris-hydrazone which spontaneously sadsembles into a sampkpanning gel
network (Figurel.13a).”* Merocyanine is a photoacid generator (PAG) which under visible light
undergoes cyclisation to form the corresponding spiropyrduis process liberates a proton which

catalyses the formation of the gelator, ultimately resulting in gel formmati@rucially, when
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irradiation stops the spiropyran rapidly converts back to the merocyanine, ensuring that gel
formation is localised to regis of light exposure. Laser printed photomasks were used for fine
control of this acidification (and gelation) gmess with excellent microscale resolutidrigure
1.13b). Adams and cworkers have also describedhe use of a PAG to spatially control the
formation of a gel network, in their case using light to protonate naphthalenalipeptide
hydrogelators, which selissemble rapidly to form nanofibrésThe rapid rate of fibre fanation

ensures good patterning resolution for trigstem.

The first example of a photpatternable hydrogelator was reported by Matsumatb al.in 2008.
They synthesised a range of glycolipesed hydrogelators, which, througtans-cisisomerisation

of an appended fumaric acid moiety, underwent resibfe gelsol transitions at room temperature
(Figure 1.14)."® The sgar head and lipid tail of these molecules contribute to gelation through
solubility modification. However, it is intermolecular hydrogen bonding associated with the amide
groups of fumaric acid which areucial for the formation of 1D fibres. Exposurdi¥ light converts

this moiety into the maleic acid form, resulting in disruption of these hydrogen bonds and gel
disassembly. This change could be reversed by exposure to visible light or a bromine/gairte.

by using a laser/photomask, this sol/gednisition could be spatiotemporally controllédgurel.14

(b)
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Figure 1.14: Fumaricacid gelator reported by Matsumotet. al. (a). Directional control of. colispreading through
spatially-resolved gel breakdown (b). Dark spots dee colj arrows indicate direction of motion. Scale bar = 16
Adapted from [76].

As well as being thfirst patternable hydrogel, this was also the first work to demonstrate an
application of photepatterned gels, specifically the controlled diffusion of bacterial movement.
Escherichia cqlE. colj was localisetb the sol region of a bulk gel samp&ize exclusion prevented
passage of the bacteria through the gel membrane. Upon exposure 4igbfvhowever, channels

of sol were produced along which tie colcould migrate and proliferaté<jgure 1.18). Contolled

cell motion is an important considation for applications such as tissue engineering and this type
of approach holds promise for the control of, for example, stem cell penetration into a 3D gel

matrix.
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More recently Kim and cworkers developed thetris-(4-((B-phenyldiazenyl)phenyl)benne-
1,3,5tricarboxamide gelatorRigurel.15a), which forms a sample spanning gel through a solvent
switch.”” This network could subsequently be disassembled by exposure ttighty Using a
photomask, paterns of sol were created in a bulk gel matrix. These patterns could be erased by
exposure to visible light, which reverses tinans-cisisomeiisation of the peripheral azobenzene
moieties. Multiple writereaderase cycles were performed on this materigigure1.15b). The
whole cycle is coplete in under 4 min, in contrast to the longer timescales. { h) reported for
gy 9a0KQa 2 NEI y 2 FSHis fasieydld tigaldfak thié sySed pradiical@Sused

in functional supramolecular memory systemawéver, the resolution achievable in this process

was only demonstrated on the mm scale.

(a) © (b)

Figure 1.15: An azobenzendased gelator (a) can undergo spatiaihesolved reversild gelsol transitions (b). UV
promotedtrans-cisisomerisation breaks down the gel network to form a pattern. This pattern was erased using visible

light, then re-written in another write-read-erase cycle. Adapted from 7.

A recentcontribution to the field comes from the Chiu lab. They used a degradable macrocycle to
shield interactions between perylergsimide (PBI) gelator moleculeFidure 1.16a) via the
formation of a rotaxandike structure’® The macrocgle utilised Figurel.16b) is photedegradable,

and on exposure to UV light breaks down to reveal hydrogen bonding moieties on the free gelator,
encouraging nanofibre formation. Rapid gelation in organic solviimiss diffusion ofthe free
gelator prior to forming nanofibres, resulting in good phgaatterning resolutionFigurel.16c). By
contrast the gelation process in aguensolution was much slower compared to thae of gelator
diffusion. As a result, no resolution was observed for gels ppatterned in agueous solution

(Figurel.16d).
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Figurel.16: Structures of the perylene bisimide gelator (a) and phategradable macrocycle (b). Spatial resolution of

gel formation could be achieved igioxane (c) but not in water (d). Adapted from §F.

The examples of photpatterned gels discussed sa flaave detailed spatial control of either the
formation or breakdown of gel networks. Of great potential interest are gels which can modulate

their gructures in response to a stimulus whilst remaining in the gel phase throughout the process.

An excellenexample of this approach was reported in 2014 by the Feringa group. They performed
a reversible photeyclisation reaction on a dithienyletherapperded peptide hydrogelator
(Figurel.17a) to generate changes in sdrption and fluorescence properties of the materibhs

in his earlier collaborative work with van Esch (see above), exposuteeddelators to UV light
resulted in cyclisation of the dithienylethene moiety (open/closed ratio = 52:48), whilst visible light
reversed this reaction (open/closed ratio = 92:8). Tigtwaut this process reversible changes in the
nanostructure of the gel add be observed by electron microscofiqurel.17b and c). Unusually,
despite these changes in structure, this did not manifest in rheckbgitangs. The UWis emission
spectrum was significantly changed upon irradiation however. This could easily be visualised by a
change in gel colour from yellow to red. This change could be spatially controlled using a photomask
to yield gels with domamof diferent colour Figurel.17d). To date, this remains the only example

of a photoepatterned gelgel morphology (in a singltomponent gel) in which the pizrned state

is indefinitely stable until a reversirgimulus is applied.
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significantly different for untreated (b) and UWexposed (c) gels (scale bar =¢fn). Spatial control of the gegel
morphology transition was achieved using a photomask (d). This was easily observable due to a change in gel

absorbance poperties on irradiation. Adapted from [79].

In contrast, Draperet. al. reported a temporarily stale change in gel morphology upon
photoreduction of a PBI gelatdFfigurel.18a) & Protonation of an appended valine initially resulted

in bulk gel formatio. Exposure of the sample to UV light{3& nm) initiates the formation of a
radical anionic PBI species, which both quenches fluorescétigar€1.18b) and increases the
mechanical strength of the bulk materidigurel.18c) aly in those areas which were exposed to

UV irradiation. These changes were confirmed through SANS to be the result of an increase in fibre
density, itself predicted by density functional theory (DFT) calculations to be caused by the
enhancement of anion™ interactions in the excited statd.he radical anion has a surprisingly long
fAFSGAYS 0BH Hn KO RdzS (2 &aGloAftAaldarazy 27F G

example, does eventually revert to the ground state in theaite of anyurther stimuli.
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Figure 1.18: Structure of PBValine gelator (a). Photepatterned gel (b). Exposure to UV light reduces the distance

(b) » (€) «.

—_

G' (kPa)

between gelator moleculedn the nanofitres, resulting in increased mechanical strength (c) in the irradiated (left) vs

non-irradiated (right) regions. Adapted fromgQ].
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In recent work, calixarenderived gelators were shown to be able to undergo spatiedigtrolled
morphologicd changes inasponse to UV light In situgel formation was achieved through the
reaction of an aldehydéearing stibene derivative Figure 1.19a) with an acyl hydrazide
functionalised calixareneRigurel.19) over 2 days in DMSO. These hydrazone gels exhibited blue
fluorescence (attribted to Haggregates), which was quenchedden UV lightFigurel.19c). This
guenching was shown to be the result of phatomerisation of the stilbene moieties and was
accompanied by a 1000 increase in the medamical strength of the gel in exposed regions. Finer
control of the gel properties was achieved by incorporating a{esttment step, which modifies

the proportion of Haggregates in the gel and therefore alters the changes observed\6n

exposure.

Figure1.19Y { G NHzOG dzNB& 2F OF f AEFNBYS o610 FyR &0Aft0SyS 600 =
are modified by UV light (c)Prior to photopatterning, the gel is fluorescent (i)A mask is applied to the gel (ii) and in

the exposed areas fluorescence is lost over time (iii and iv). Adapted f&ih [

An alternative approach to maintaining the gel state during phudtterning is to selectively
disasserhle one network of a duatetwork gel. Seminal work in this field was reported by Adams
et. al.in 2014. They used a stepwise acidification to induce orthogonahsstfmbly of: (i) ais-
phenylalaninefunctionalised stilbeneRigurel.20a, pk ca.5.8), followed by (ii) a dipeptide gelator
(Figurel.20b, pk ca.5.0)&The application of Wight (@= 365 nm}hen induces spatially selective
breakdown of the stilbene gelator by way otrans-cisisomerisationover 2 h. The mechanical
properties of gels exposed to UV light were similar to those of the dipeptide gelator alone,
suggesting that the second netwonlas unaffected by the loss of the stilbene nanofibres. NMR and
fluorescence studies also indicated thhe network breakdown was localised exclusively to areas

where light was allowed to penetrate the bulk samgfeglrel.20c).
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(a)

Figurel.20: Structures of therans-stilbene (a) and dipeptide (b) gelators used by Adams andvokers. The spatially
resolved disassembly of the dipepgdnetwork could be visualised using a lopowered UV lamp (c). The star shape

represents the irradiated gelAdapted from [82].

More recently, Cheet. al. prepared organogels comprising sstirted diacylhydrazideF{gure
1.21a) and acylhydrazon€&igurel.21b) networks®® In contrast to Adams, the orthogonality of the
networks in this case wasnsured by the significant difference igefvalues (57°C and 15°C
respectively). Crucially, in these duedtwork gels the emission profile of the dihydrazide
undergoes a bathochromic shift such that the emission maximum overlaps with the absorption
profile of the acylhydrazone. In an elegant step, visible light iatamh and subsequent
fluorescence of the dihydede network was used to induce teans-cis isomerisation in the
acylhydrazone network, resulting in selective disassembly of this second network with good spatial
resolution (Figure 1.21c). Interestingly, i O2 y (i NI & G {péatterheR gels,2h@ ppaiies (i 2
of the gel after irradiation (mechanical strength, wettability) do not return to that of the dihydrazide
gel alone. This suggests the networks may not be completehgag#d, or that they may imract

during formation, altering the propertiesompared to the singleomponent gels.

(a) OCgH47 (b) OCqgH17
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Figure1.21: Structures of the selforting hydrazide (a) and acylhydrazone (b) orgayatators. Dualnetwork gels were
partially expo®d to visible (356670 nm) light (c) and visualised under natural (green) and UV (blue) light. The
irradiated areas appear darker due to loss of fluorescené@edisassembly of the acylhydrazone network. Adad from

[83].
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Both of the above reports conétidzi S SEI YL SNAER yIVSIIC KA GBS A4z
Ayid2 + 3St o6& NBY2@QAy3 2yS 3ASt ySlUg2NPUALY Yy
to create gel domains with unique progirs. Building upon previous work with hybrid WME/PG
gels®3they combined DBEQH (Figurel.22a) with pdy(ethylene glycol) dimethacrylate (PEGDM,
Figurel.22b), a polymer hydrogelator which forms covalently linked networks through a radical
polymerisaton process?® Using a photomask, they confined PG formation to areas exposed to UV
light. A slow acidification process then resulted in formation of the LMWG network within the pre
formed PEGDM gel. The formation otcalled multidomain hydrogels was apparentedio the

vast differences in physical properties of gels formed in the irradiated andrramtiated areas
(Figurel.22c). The hybrid gel regions could beygltally manipulated whereas regions with only
LMWG wereeasily deformed. The LMWG properties were retained within the hybrid gel, as

demonstrated by selective dye adsorption, a property not present in the absence é€QBS

(a) (b) (c)

HO,C
o (o]
0 o)
o™
(6] n o
CO,H

(e}

“OH
OH

DBS-CO,H PEGDM

Figure 1.22: Combination of a sugabased LMWG (a) with a PG (b) allows phgiatterning of multidomain hybrid
hydrogels. The areas exposed to UV light are robust (c) whilst shielded regions are eadignbdown. Adapted from
[55].

In subsequent work, Cowellet. al.ii KSy NBLI2ZNISR GKS LIaAGADBS Wal
another® By slow acidification using a limited aomt of GdL, a DBSQH (pk ca. 5.4) network

could be sedctively formed from a mixture of this compound and B3&ine Figurel.23a, pk ca.

4.3). Formation of the second network was then triggered through further acidification of the
aqueous environment using diphdigdonium nitrate (DPIN) as a PAG. Again, using a photomask
this process could be spatiaifgsolved with excellent resolutiorfrigurel.23b) and was complete

after 30 min. Interestingly, spiking the gel with Coriged indicator revealed that the spatially
resolved acidity (antherefore the pattern resolution) showed no significant diffusion over several

hours Figurel.23c).
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Figure 1.23: Structure of DB§lycine (a) which, through a sequential acidification, was pheiatterned into a DBS
CQH gel with excellent resolution (b). No significant diffusion of protons out of thed®gosed area (ip-half) occurs

over several hours (c), indicating sustained pattern integrity over this timescale. Adapted freth [8

1.3.2 3Dprinted LMWGs

The advent of commercialigvailable 3Bprinting technologies has afforded gel chemists
unprecedented control over theomplex and reproducible shaping of materials. The stHtéhe-

artin the field is the fine control of gel structures througpl2oton stereolithography, which allows
materials to be fabricated with exquisite detail and resolution on the nanoscale. Getiige
research has also shown that gels can be utilised as a suspension matrix for Rapid LiquicfPrinting.
A thixotropic, granlar, polymer gel in this case allows an extruder to deposit material at defined
LRAyida gAlGK2dzi fSI1F3S 2F GKS WAYy(1Q Ayid2z2z OF @

3D-printing is a particularly attractive approach for the development of tissue engineering lsisaffo
Using mild gelation methods, encapsulation of cells inglraped materials which can be inserted
directly into a patient represents a promising approach for regenerative meditiNemerous
examples of 3Brinted and (both covalently and nezovalently) crosslinked polymersive been
reported in recent year&<®® however few reports estof 3Dprinted LMW gels. The relatively slow
rate of progress in this field can be attributed to a number of factors. The comparative difficulty in
handling these materials makes them less attractive candidates for study, whilst the relatively small
number of LMWGs demonstrating the required thixotropy for extrustmased technologies limits

their scope compared to covalently crosslinked gels which are cured rapidly during the extrusion
process. Fundamentally, the difficulty associated with rational ptemi of LMWG gelorming

ability and macroscale properties limits the rate at which advancement can be made.

Despite these difficulties, a number of recent reports suggest an emergence of interest in using
LMWGs for 3Bprinting. In 2016, Weet. al. reported the development of an elegant twstep
enzymebased printing method in which glucose oxidase (GOx) and horseradish peroxidase (HRP)

work in tandem to crosslink LMWG fibras situ (Figure1.24).°° Both enzymes were added to a

52



supramolecular hydrogel formed from an acryldimctionalised tripeptide gel, along withuglose,
acetylacetone (AcAc) and poly(ethylene glycol) methacrylate. Glucose iokidigt GOx produces
one equivalent of kD,, which is converted by horseradish peroxidase into water. ACAc intercepts
the intermediate radical in this process to generafeAc. Thisspecies initiates a radical
polymerisation of the LMWG with poly(ethylemmgycol) methacrylate (PEGMA), crosslinking the
LMWG fibres.

HOH
Ho
HO
HO 9 0
" ORYo PR
H
H,0,
Gox HRP
HOH
H o O\é/\ }H
0, . % o o
HO OH o 0 o
p o S Nap-FFK o] IH
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Figure 1.24: Dualenzyme catalysed 3printing of a naphthalenetripeptide gel. LMWG fibres (blue chains) are
crosslinked by PEGMA molecules (red chains) to form printed hydrogel matrices (top right). Adapted 9@m [

Performing thé process in the gel state prevents reactions between individual LMWGs and
enhances enzyme activity compared to the solution state tieadby trapping the enzymes (and
their reaction products) in close proximity. The rapid rate of enzyme turnover igdbkisis crucial

to the 3Dprinting process. As the gel sets rapidly after mixing with the enzymes, the precursor
solution was used asdnk for an extrusiofibased printing process. Additionally, thislogalisation

of enzymes prevents radical processemf causing significant damage to encapsulated fibroblasts,

which showed excellent viability over 48 h.

A simpler approach to 3printing was reported in the same year by Fang andvodkers. They
synthesised a tetraubstituted calix[4]areneHigurel.25a) which formed gelgiaa heat/cool cycle

in a range of organoalkoxysilangsmportantly, these gels demonstrate thixotropy. After breaking
by shear, upon removal of the straining force they are able to rapidly recover their original
mechanical properéis and reform a gel networleigurel.25b). By forming a gel in a syringe barrel
and applying pressure, the gel could be extruded and reforinesituto create basic 3printed
shapes Figurel.25c). Finer control and reproducibility could in this case be achieved, at least in

principle, through the use of a dedicated-pibnter.
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Figure 1.25: Tetra-substituted calix[4]arene (a) form gels in organic solvents. These gels are able to recover their
mechanical properties on removal of the applied strain (b). This allows them to be extruded as printedrialatéc).
Adapted from [91].

More recently the Adams group have outlined an approach to the design and optimisation of the
3D-printing process for LMWG@3.Using a range of dipeptide hydrogelBigure 1.26a), they
optimised parameters including gelation trigger, extrusion volume and speed, printing height and
printer movement speed. Their efforts culminated in the printing of wielined multilayered gel
structures on the millimetre scal&igurel.26b and c¢). The approach reported here represents the
current standard fo the development of LMWGs for 3inting, and it is expected that it will be

further developed by others in the future.

(a) (b)

T

Figure 1.26: Fmoediphenylalanine, one example of dipeptide hydrogelator used to illustrate the optimisation of
LMWGs for 3Bprinting (a). 3Dprinted lines (b) and layers (c) were printed. Dyes were added to each line/layer for
clarity. Adapted from [2].

1.3.3 Diffusioncontrolled LMWGs

Hierarchical selissenbly is a diffusiorcontrolled process, in which the rate of transport to thiesi

of fibre nucleation or extension plays a key role in determining the kinetics of gel network
formation. This in turn has profound implications for the macroscopic propetigsayed by the
gekphase material§? Recently, some research groups have looked to exert kinetic control over the

diffusion of specific moledes to spatiotemporally control the shape and lifetime of gels.
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In a seminal pagr, van Esch and egorkers used alginate gels to spatially control the formation of
atris-hydrazone hydrogel (see abov¥)Shaped calcium alginate gels were used to enforce spatial
separaton of the aldehyde andris-hydrazide gel precursors at the beginning of an eipent.

Over time, these species diffused through the alginate matrix and spontaneously formed an opaque
gel network upon reaction. Rapid selésembly of the gel matrix on reteon ensured that well
resolved structures were formed, the final shape of vihicas determined by the geometries of

the reservoir and separating alginate gel. Dissolution of the alginate gel using
ethylenediaminetetraacetic acid (EDTA) yielded sgdefined and seHstandingtris-hydrazone gels

of multiple millimetres in diameterfqgure 1.24). Using a fluorescently tagged aldehyde it was also
shown that chemical gradients could be introduced into the samipigufe 1.2B), an important
feature for the daign of materials for more complex applications such as tissue enginediing.
fabricate smaller shaped gels, the researchers employed a wet stamping approach, in which a
shaped agar stamp containing dissoltgg-hydrazide was pressed onto an alginaté gmntaining

the reactive aldehyde. At the interface between the gels diffusianechange allows the two
components to react in a spatialtdefined mannerFigure 1.2¢). Gel formation was observed and
again the addition of EDTA allowed separation of thie-hydrazone gel from the alginate
supporting matrix. Weltesolved objects add be produced down to 306m in size and were

visualised by fluorescence microscopy.

()

Figurel1.27: Spatiallyresolvedtris-hydrazone gel formation controlled by reactiediffusion (a). H =ris-hydrazide, A =
aldehyde. In a reactiordiffusion configuration, a chemical gradient, in this case of fluorescent aldehyde, could be
introduced into the free-standing gels (b). Microsda objects were fabricated using a wet stamping methodology (c).
Scale bar (a), (b) = 1 cm. Scale bar (c) = 1 mm. Adapted from [94].

Control of reactiordiffusion processes is a hew but powerful approach to the spatiotemporal
control of gel structure. Limited systems complexity has been achieved thus far, but it can be
envisioned that a combination of spatiotemporally controlled gelnfation and disassembly
approaches outlined above could be used to create dynamiefogeling processes with

programmable kinetic profiles. For example, Bon angvookers have spatiotemporally controlled
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alginate gel breakdown by enzymatic methdé®efined breakdown of an alginate gel over time
O2dzZ R Ff G4SN FI @2dzNFo6fS RAFTFdAAZY LI GKa 27F ¢

spatiotemporal controbf macroscale gel shaping could be achieved.

RuizOlleset. al. have also studied the strural alteration of an acid/amine twoomponent
organogel caused by diffusion of the gelator precursors acrossgegeiterface’® When two gels
containing different combinationsf acid and amine were placed in contact, exchange of the
gelator components occurred to @t a gradient of gel composition across the length of the
sample. The nanoscale gel networks were modified across the material and changed with time,
again demonsating how diffusion can be used to create LMWGs with spatiotemporally defined

properties.

1.3.4 Surfacepatterned LMWGs

Given that the formation of a LMWG is initiated by some external stimulus, patterning these triggers
onto a surface is a simple way to sjadif-control the formation of a bulk gel. An early example of
this approach came from the §H group in 20097 Through immobilisation of an endoprotease
(thermolysin) on a poly(ethylene glycol) (PEGated surface, they were able to confine enzyme
adivity exclusively to regions where it was covalently bound. Fptmmylalanine was only coupled

to a further phenylalanine residue in the regions of enzymatiovagt(Figurel.28a). Rapid self
assembly of the multing FmoePhePhe LMWG meant that gel formation could be spatially defined
with excellent resoltion. This was visualised using a Congo Red dtanrel.28b). Interestingly,

in follow-up work it was shown thahe composition of reversibly (mecovalently) and irreversibly
(covalently) bound thermolysin on a polymer layer has a significant impact on getafiagreater
proportion of noncovdently bound enzyme results in a greater gel height compared to when only
covalently bound thermolysin is present. A combination of the two studies outlined here could be

used to achieve-8imensional control of the supraolecular gel shape.
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(a) (b)

Figurel.28 Thermolysin catalyses the formation of Fmdiphenylalanine from gelator precursors (a). Visualisation of
spatially-resolved gel formation ging a Congo Red stain under cregsslarised light (b). Green region represents

association of Congo Red with selfsembled -sheets. Scale bar = 0.3 mm. Adapted fron7][9

Xu and Vemula have reported several examples of LMWG precursors whictsssatible on
cleavage by phosphatase enzyni&&?>Hydrolysis of the phoste group fom an amino acid pre
gelator lowers the solubility of the peptide LMWG and induces-asd&mbly, enabling the
formation of hydrogels capable of controlled drug delivét*or enzymatic reactivity®1%* The
immobilisation/incorporation of two different enzymes, which promote smedtembly via
orthogonal reactions, an be enviaged to induce the formation of dualetwork hydrogels. For
example, the confinement of both thermolysin and alkaline phosphatase specific regions of a gel
surface (as described by Ulijn) would enable complex shaping ehdtabrk peptide hydogels to

be achieved.

Similarly, the van Esch group demonstrated the sudaegliated patterning of theitris-hydrazone
hydrogel. Rather than using enzymes, they spatially defined the display of sulfonic acid moieties on
the surface of a glass slid®. When submerged in a solution ¢fis-hydrazideand aldehyde,
localised dissociation of the acid catalysed the rapid reaction betweemyglagors in a shape
RSTAYSR o0& (KS waidl YLIQ dzaSR G2 LIGGSNy GkKS 13
confirm that hydrogel patterns down tb0em in diameter could be produced with excellent spatial
resolution Figurel.29a). Interestingly, rapid gel formation prevents protons from diffigsia
significant distance from the surface, and as such gels aonilgl be formed up to 5.2m in

thickness.

An alternative approach to acitiggered patterning of peptide gels was reported by Adams and
co-workers in the same year. In this unique workitpens of conductive and insulating regions on

a fluorinedoped tinoxide (FTO) slid®® These slides were submerged in a solution of a dipeptide
hydrogdator and hydroquinone. On passage of a current through the FTO slides, hydroquinone

undergoes an electrochemical oxidation, liberating two protons. The localised pH change on
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oxidation resilts in the rapid protonation of the dipeptide LMWGSs and formatdra gel network

in the regions of conductivity. As well as the regions of the slide in which the gels formed, the height
of the gel could also be controlled by altering either the appledzNNB y i 2 NJ 6 KS WS
the precursor solutionRigure1.299 0 ® Ly O2 y (i NI a-Gatalys@d agptogth t6 §eD K Q:
patterning, materials with thicknesses in the millimetre range could easily be fabrivédtis

method.

The researchers went on to demonstrate exest examples of the potential to create cqhex
patterned materials using this system. For example, they fabricated taykr gels by exposing a
sample of electrochemically patterned gel to another solution of gelator and hydroquinone. They
were also ake to make multidomain gels by taking a gatned gel and exposing the previously
insulated areas to a current in the presence of a different gelator. Perhaps most impressively
however, through careful control of the applied current, slow acidificatioa eblution of mixed
peptide gelators was &ieved. As the pKof each gelator (see above) was reached, a sample

spanning network was formed, with the two networks remaining orthogonal.

(b)

Figure 1.29: Confocal microscap A Yl 3Sa 2 F Jatternddird-Kydrazond deldXKa). ¥&low regions
NBLINBASY(d G(KS adaNKFIF OS LI &GS Nifrigdeedrdtpgptide Byyrageis (b).RopYiatands t S O
side-on (b) vews. Gel thickness was controlled by the digp current and the patterning time. Adapted from [B)and

[106].

1.3.5 Selthealing LMWGs

Selfhealing gels are great interest in a diverse range of technoldtfié¥.In particular, these
materials have greagpotential as healable adhesives and seadafur the aerospace industry, as

well as for biomedical applications where injection is required for minimally invasive therapies. An
excellent recent review of selfealing LMWGs and their applications in desiagas recently
published by Lét. al.’®Ly G KA & NBLRNIE (KS& KAIKEAIKG F y
WKSIfAYy3IQ 2 Fmolecurwelghtiger dishiso fdrn2ageylinder. Various chemistries have
been utlised to achieve chemical or physical heglincluding the formation of dynamic covalent

bonds (imines, oximes etc.) or the-agrangement of nanoscale networks to form enthalpically
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favourable norcovalent interactions. In LMWGS, the exchange of matetigthe gelgel interface

has also been shawto have important implications in the sditaling proces®

Examples where selfealing has been used to create more complex shapes than cylinders are few
AY ydzYoSNX® . SN} FyR | FfRFNI RSAGNR 60BR KASYF f HAyMEC
gel cylinderg!®Selfassembly of this material in a range of alcohols occurred specifically on addition
of aqueous potassium hydroxide. The spedificif gelation with respect to base suggests that
specific interactions between the gelator, potassium cations and hydroxide anions are essential for
the assembly and raealing properties of these materials. Heegels were mechanically robust

and largelythixotropic, evidencing the seliealing nature of the gel networks.

(d)

100 fim

Figure1.30: Spontaneous separation of peptide amphiphiledaprotein pregelators occurs on mixing (alAltering the
number of interfaces between the gel and an external surface altered the anisotropic gel structure (b and c¢). NIH/3T3

mouse fibroblasts were formulated into these cytocompatible materials by 3D tomion (d). Adapted from [11].

A unique sethealing gel was recently reported by Mata andveorkers. Spontaneous biphasic
separation of an elastitike protein and a peptide amphiphile resulted from the sedgembly of a
two-component membrandike gelat the interface of the two aqueous solutisi' Interactions
between hydrophobic domains was postulated to result in this spontaneousssdimbly. Neither
of the two pregelator species are capable of forming gels, however-cqavalent interactions
between these molecules results in alignment andeasbly of the twecomponent gelator.
Interestingly, this membrane spontaneously adheres to any surface it commgontact with.
Moving the surface away from the membrane resulted in anisotropic extension of the material to
generate complex macroscopittigctures Figurel.30a-c). Structural integrity of the material was
maintained throughout this process due to the assembly of furthergeiators ina selfhealing
process. This intriguing sedfsembling system has since been combined withp@iting

technologies to develop defineddmensional materials for cell culta: (Figure1.30d).12113
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1.4 Project Aims

As alluded to above, for LMWGs to find more widespread application, issues regarding the
mechanical weakness of these materiaigst first beaddressed. The ubiquitous image of the gel

in the upturned vial masks the fact that most are too fragile to be removed from these containers.
Similarly, for these materials to be fabricated as devices to interface with systems, whether

biological or eleabnic, the ability to process such materials into a desired shape is essential.

The aim of this project is therefore to combine an industriadigvant, functional LMWG-gure
1.31a) with a robustand photopatternable PGRigurel.31b) in a single hybrid material; and to
demonstrate its use as &unctional material in a variety of applications. To understand the
macroscale behaviour of these materials, tmayst be characterised fully to determine the degree

of interaction between the LMWG and PG, and in turn the extent of orthogonality of the two
networks. This has important implications on how the two gel networks retain and express their
individual propeties in a hybrid material. Having developed a php#iternable hybrid gel, we
aimed to use them to achieve a degree of spatial control ofdtkey bierelevant processes: (i)

drug release; (ii) stem cell differentiation; and (iii) enzyme reactivity.

(b)

Figurel1.31: Structures of the LMWG (a) and PG (b) useddwelop photepatternable hybrid hydrogels in this thesis.

1.4.1 Drug release

We aim to build on previous work describingettpHdependent release of carboxylic acid
containing drugs by LMWG¥' By incorporating a orthogonal PG network into thiaterial, it is
thought that these materials will be made more robust without significantly hindering the pH
dependent release of the LMWG. Characterisation of the interactions between all three
components of this network (LMWG, PG and drug) will helmtiomalise any differences seen. In
addition, we aim to use photpatterned materials to spatially control the releas# drug
molecules, taking this class of material a step closer to application as a controlled/targeted release

system.
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1.4.2 Enzyme reactivity

The encapsulation of enzymes within a gel matrix is well known. However, examples in which they
are formulated withinan LMWG are relatively few. Additionally, in all examples, a simple block of
an enzymdoaded gel is added to a reaction mixture. We &inuse a shaped hybrid gel to create
diffusiondriven enzyme bioreactors. It was hoped that formulation of an enzyntt@ma shaped
hybrid gel would allow for the conversion of reactant into product to be achieved with a degree of
spatial and temporal cdrol, bringing these materials closer to being considered as reactor devices

in their own right, rather than as passiweaction additives.

1.4.3 Stem cell differentiation

By confining the formation of the PG network to defined regions in space, spatial cohtfte
mechanical properties of a gel can be controlled. We aim to exploit this spatial resolution to achieve
spatialcontrol over stem cell behaviour. The differentiation process, for example, is well known to
be dependent on the stiffness of the matiox which the cells are grown. We aim to characterise
the growth of stem cells on each class of gel developed here (GMYG and hybrid gel) and to

determine how these materials direct stem cell behaviour.
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2 Fabrication and Characterisation of Spatigiigolved Hybrid
Hydrogels

Aspects of this research have been published in: P. R. A. Chivers and D. kKClgmith$ci2017,
8, 72187227.

2.1 Introduction

As seen in Chapter 1, examples of hybrid hydrogels are somewhat rare. Considered choices of
gelators with assembly methods which are orthogonal and compatible with each monomer species
are necessary to create functionalaterials combining the properties of both individual gel
networks. As such, researchers often turn to thoroughly studied fasndf gelators. In this thesis,

we have focused on a single derivative of each of the LMWG 1-@it#edzylidened-sorbitol (DBS)

and the PG poly(ethylene glycol) (PEG), both of which areastelblished gelator frameworks.

2.1.1 DBS gels

The first reported gnthesis of DBS came as early as 1981. Meunier described the formation of this
compoundviathe acidcatalysed condensation ofsorbitol with two equivalents of benzaldehyde
(Figure 2.1).1*> A mixture of compounds was dained, which was originally ascribed to the
formation of isomeric diacetal species. This interpretation was later revised in the light of structural
studies carried out by Wolfe in the early4®'® They first showed that a negelling a mixture of
mono-, di- and trisubstituted derivatives were formed during the reaction procedure. Treatment
with triphenylmethyl chloride shoed only the presence of a single D&Ricture containing only

one tritylated alcohol. Acid hydrolysis of thisG81 protected DBS8erivative resulted in the
formation of L-xylose, confirming acetal substitution in the 1, 2, 3 ar@H positions. Angyal and
Lawler carefully hydrolysed DBS to yield-@2@nobenzylidenep-sorbitol, confirming the now

accepted 1,3:2,4 acetal substitution patteti.

(0]
0
H O
R
(0]
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In the years sice its discovery, DBS has become widely used in a ramgpenohercial product$!®

It is presentas a textural modifier in a range of personal care proddité®and is formulated into
plastics where it acts as a clarifying ag&#t3! To tailor the properties of this LMWG for the
different applications outlined above, extensive research into the derivatisation of DBS has been
carried out. A wide range of functionalydzLJa K|l @S 06SSy AyaidltftSR 2y
LMWG, including halogef®® amines’®* acyl hydrazone¥® and alkyl groups®
Functionalisation of theeactive 60H position is also relatively common, whilst protection of this
primary alcohol allows facile derivatisation at theOB positiont*613” Alternatively, by using
gluconotf I OtGi2yS a GKS adlFNIAyYy3I aadzal NE Zlcohol i@t dzO
the 5-position was obtained?® Functionalisation of the ®H followed by reduction of the acid
yielded this type of DB@erivative in fewer steps than by traditional protection/deprotection
strategies. In unique work, Xiet. al. showed that by using a modified sorbitol as reagent,

functionalisation at the Jposition of the sugar chain was possible.

More recently, studies regarding the nature of the ssd6embled structures DBSbased gels has

begun to emerge. Modification of the®H demonstrated the importance of this moiety in the self
assembly process in ngpolar solvents; no gelation was observed on its conversion into a methoxy
group, whilst functionalisation with aylrogen bond donormoiety did not prevent seif
assembly*® In contrast Wataseet. al. 8 K2 ¢ SR - i Klad I O1Ay3 ¢+ a (G(KS
interaction between monomers in polar solverfS. Interestingly, the consequence of the
differences in assembly mechanisms is manifested in changes in the nanoscale network
morphology Figure2.2).*t £ I y I NJ adF O1 Ay 3 ANRKIBddthdishERens RIE -
in the formation of straight nanofibres as observed3fM. In contrast, a slight twisting is induced

to minimise the energy of the structures formed by interactions between theHsand acetal

oxygens of adjacent monomet& This confer$elicity onto the nanoscale structures observed.

\ \ o
\n-Octanql W\ (e

, -

Figure 2.2: Structure of 1,3:2,4li(3,4dichloro benzylidenep-sorbitol studied by Song and eworkers (a). This DBS
derivative selfassembled into straight nanofibres in 7:3 DM$GO (b) and helical naofibres inn-octanol. Adapted

from [141].
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Despite the large library of DBS derivatives reported to date, surprisingly only three examples of
hydrogelators have been developed within this family of molecules. Using a divergent synthetic
procedure the Smitlyroup synthesised DBS derivatives funciiiged at thepara-position of the
FNRYFGAO WoAyIaQ o R(DRSCEH) orfarbayl HydragidSDBaCORHNE.O | O
The incorporation of these relatively polar groups overcame the solubility issues preventing
dissolution and gelation in water associated withstitlass of molecule. The two LMWGs form
sample spanning networks in water at relatively low concentrations, but using different triggering
mechanismsg DBSCQH forms in response to acidification, whilst BBGNHNHE forms via a
heat/cool cycle. Reactionf®@BSCQH with the amino acid glycine yo=d another pH responsive
LMW hydrogelator with a pkralue distinct from that of its precurs8f.The development of these
LMW hydrogels opas the possibility of DBSased materialso be used for biomedical applications.

2.1.2 PEG gels

Poly(ethylene glycol), also known as poly(ethylene oxide), is a commercially available polymer
which is widely used for tissue engineeritfg}*® and drug delivery?™* |ts relatively low cost,
biocompatibility and low toxicity make it suitable for these applications. In addition the flexibility
and electron donatiombility of PEG gels makes them suitable materials for energy storage devices

as electrolytes/polymeric separatotst

I 201t Syid ONRaatAylAy3d 2F GKS t 9D YerieapsaairNE Q
samplespanning network. Thisrosslinkng can be initiated by a number of methoti}°® the

most common of which is Uifradiation'>!*°, These techniques are compatible with a range of
alkenederivatised PEG species. Reaction at one or both of the hydroxyl enpsgean yiel PEG
bearing acrylate or methacrylate groups which facilitate the crosslinking préte€s.Co
polymerisation of these species with bioactive species (for exampleGAr§sp sequences or
peptides§®162165 and the incorporation of degradable linking grof§$% has imbued this type of
hydrogel with great versatility, which has contributed to its widespread use in biomaterials

research.

The chain length of crosslinked PEG bygéts can have a siificant impact on its properties. At the

same concentration (% wt/vol) crosslinked PEG diacrylate and PEG dimethacrylate gels are
significantly less stiff than their shechained counterparts, presumably due to the presence of a
greater number of crosdinkable moieties in the latter. However, low molecular weight PEG gels
were also more brittle (less elastic), demonstrated lesser release of bioactive molecules and

showed comparatively poor cell viability over 7 dafsggre2.3)."®1"® These effects must be
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considered when selecting a specific mass fraction polymer for a given application, however the

rationale for these decisions is often omitted from publications.

n =224

Figure 2.3: PEG diacrylate hydrogels with different polymer chain lengths display different cell viability. Gils
average molecular weight 3,000 Da showed poor cell viability (A and E) whitg! formed from PEG diacrylate with
average mass 10,000 Da showed good cell survival over the same timeframe. Green cells = live, red cells = dead.
Adapted from [171].

2.2 Chapter aims

In this chapter we aimed to develop a novel hybrid hydrogel based amanercially relevant
LMWG (DBEONHNE and a photepatternable PG (PEGDM). It was hypothesised that the
orthogonal assembly of the two gel networks would allow us to hastles desirable properties of
each class of material, namely the stimuhesponsieness of the LMWG and the robustness of the
PG. Having demonstrated the formation of such a hybrid gel, we targeted the full characterisation

of the materials on a number é&éngth scales:

i) The macroscopicproperties of the material were analysed using teitjues such as
rheology
ii) Thenanoscalemorphology of the network was observed through electron microscopy

iii) On themolecularlevel we probed gelator interactions using NMR and IR spectroscopy

The incorporation of PEGDM as a PG in this system will also almanduce spatial control over
the gel properties. We aimed to exemplify the spatiantrolled application of ligh{photo-
patterning) as a method to define the areas under which the pkpaitymerisation of the polymeric
species occurs and demonstratieat the changes in material properties are confined to those

regions where exposure to UV light is allowed.

Given therange of applications we envisaged these hybrid gels being utilised for, we elected to use

a mediumsized PEG chain length for thesedses. Whilst less stiff (an important consideration for
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tissue engineering applications) we also considered the grezkrviability and greater rate of

small molecule diffusion associated with this chain length compared to shorter analogues.

2.3 Synthesi®f Gelators

2.3.1 Synthesis of 1,3:2dibenzylideneD-sorbitol.J2-did@yl hydrazide (DBESONHNE)
1,3:2,4Dibenzylidened-sarbitol-LJZ-dibdrazide (DBSONHNL was synthesised in two steps as
previously reported by Okesod. al.(Scheme2.1).1*3First, the acietatalysed condensation af-
sorbitol @) with two equivalats of methyl4-formyl benzoate Z) under Dean Stark coiitns
yielded a mixture of mong di- and tri-substituted benzylidene methyl esters. The desired di
substituted compound, 1,3:2;dibenzylidened-sorbitol-LJZ-didethyl ester (DBEQMe, 3) was
isdated by washing the crude mixture first with boilingldaromethane (DCM, to remove the 4ri
substituted derivative), then with boiling water (to remove the mesubstituted compound). This
yielded3in good yield. No features corresponding to startingteni@l or undesired sidg@roducts
were observed by eitheNMR or mass spectrometry, suggesting the product was obtained with
good purity €a. 95%). To ascertain whether a greater level of purity is achieved by this method,
further characterisation techniges, such as elemental analysis or hgghssure liquid
chromatography, need to be employed.
oH H (0]
HO O/; :: :: :O—
OH 2

HO (2 equiv.)
«11OH

p-TsOH, MeOH, cyclohexane
70 °C, Dean-Stark

OH
1 3 (74%)

Scheme?.1: Synthesis of DBSGGQMe.

The reaction oB with a large excess of hyalzine monohydrate§cheme2.2) under reflux resulted

in formation of 1,3:2,4ibenzylideneD-sorbitolLJZ-did@yl hydrazide(DBSCONHNL), 4). This
nucleophilic substitution reaction proceeds in excellent yield #vacompound was isolated on

the gram scale without the need for column chromatography. Again, no evidence of impurities were
observed by NMR or mass spectrometagd the purity of the compound is estimateded 95%.

A greater level of purity has noekn ascertained at this time, and the presence of some impurities
cannot be ruled out, a factor which must be considered when interpreting the results in subsequent

chapters.
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NoH,4.H,0 (6 equiv.)

THF, reflux, 24 h

Scheme2.2: Synthesis of DBGONHNE

2.3.2 Synthesis of poly(ethylene glycol) dimethacrylate

Poly(ethylene glycol) dimethacrylate (PEGDM), with an average molecularah&00 Da was
synthesised as previously reporteBicheme2.3).5°16°Poly(ethylene glycolb( Average M = 8000

Da) was stirred in dry DCM for 4 days in the presafddethylamine and methacrylicrdnydride

(6) to yield the desired compoundr), which was isolated by filtration through alumina and
precipitation in diethyl ether. Yields for this reaction were variabke 80-80%) but were enhanced

by using ice coldiethyl ether and elution with a tge volume of DCM. Consistent yields in the
region of 6680% could be achieved by control of these parameters. The purity of these compounds,
as above, are estimated ab. 95% based on NMR and mass spectrometric anal#idst every
effort was taken taemove residual DCM from the product, the presence of small amounts of this
solvent has not been confirmed by elemental analysis at this time. Again, this must be taken into

consideration, in particular regarding the finds relating to stem cell growth iChapter 5.

YO o

0 6
H{ \/>\OH )J\H{O\/%o
n Et;N, DCM, 4 days
0 n

5 7 (75%

Scheme?.3: Synthesis of PEGDM.

2.4 Preparation of Hydrogels

2.4.1 Preparation of DBSONHNEhydrogels and initial characterisation

DBSCONHNLgels were prepared by wghing out a known amount of gelator in 0.5 mL deionised
H.O. Dispersion of the solid in solution followed by heating to dissolution and subsequent cooling
under ambient conditions resulted in the rapid formation of LMWdtogels. A qualitative
assessmentfogel formation was carried out initially. The-€d t f SR WAYJSNEA2Y

this purpose'’#In this test the mould in which the material has been formed is inverted. Should a
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samplespanning network have formed, bulk flow tfe liquid phase is prevented antie gel
remains at the base of the container. Using the inversion test, it was found thaCOBSINE
forms hydrogelsKigure2.4a) over arelatively narrow concentration range- mM, 0.190.47%
wt/vol). Both above and below this concentration, on cooling after dissolution CQBISHNH

precipitated from the solution without forming a uniformly dispersed sarrgpanning network.

NMR specioscopy was used to assess the proportioh DBSCONHNHKgelator which had
undergone selassembly. Monomeric species (i.e. free gelator) has a lohbgefaxation time due

to their relative freedom to tumble and diffuse in solution. This gives them-eefihed peaks in

an NMR spectrum. In coratst, nanofibrillar assemblies are much more constrained and therefore
are not observed in the spectrum due to peak broadening. Using this knowledge, the relative
proportions of a gelator species present in the smntand gelphase respectively can be @nfed

by comparison to a mobile internal standard.

A DBSCONHNHhydrogel was formed in an NMR tube by addition of a hot solution of gelator (6
mM, 0.7 mL in BD) containing DMSO (0.04% vol/vol) as internal standard hot NMR tube.
Comparison of the raltive integrals of the aromatic peaks of BBONHNFEto the DMSO standard
confirmed that for gels prepared at a concentration of 6 mM, less than 0.01% of the gelator is free
in solution after the heat/cool cycle. BBCONHNEhas previously been reported toe stable
across a wide range of pH valif8sikely due to the relatively low pkf the acylhydrazide moiety

(typicallyca. 2-4) 5253

2.4.2 Preparaion of PEGDM hydrogels

PEGDM hydrogels were fabricated by dissolution of a known mass of gelator in 0. mithi2
hydroxyn -(2-hydroxyethoxyj2-methylpropiophenone (0.05% wt/vol) as a photoinitiator (PI),
followed by exposure to a highowered UV lampThis concentration of Pl was chosen as it has
previously been shown to be effective for initiation of radical crosslinking reactions whilst
remaining compatible with a range of cell typesimvitro and in vivo experiments’’1’® yv
exposure for 0.5 h induced in the crosklimg of the polymer chains and resultadgel formation

at a minimum concentration of 3% wt/voFigure2.4b) and a maximum of 60% wt/vol, again
assessedvia tube inversion. Below the minimum gelation concentration (MGC), there may be
insufficient crosshking to induce the formation of the samppanning network. Above 60%

wt/vol PEGDM the polymer was not completely soluble.
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(b)

Figure2.4: Representative images of inverted tgogels formed from 6 mM DBSONHNE(a) and 3% wt/vol PEGDM
(b).

2.4.3 Preparation of DBSONHNKHPEGDM hybrid hydrogels

As a result of the different assembly methods of the two gelators, it was envisaged that the LMWG
and PG could be fabricated as a dnatwork hydrogel. The formation of orthogonal gel networks
would in theory allow us to utilise the desirable propertidghe two individual materials. Initially,

we attempted to prepare such a materidh a method similar to that described by Cornwetl al.

for DBSCQH/PEGDM hybrid ge?s.They reported that orthogonal photpolymerisation and
LMWG sekassembly could be initiated finoa mixed solution of the two gelators. In our case, the
rapidly forming DBE ONHNEnetwork would be formed first bg heat/cool cycle, after which UV

exposure would crosknk the PG network.

DBSCONHNLE(6 mM) was suspended in an aqueous solution of B @&% wt/vol) and PI (0.05%
wt/vol) by sonication. On heating the DE®NHNLEdissolved, but the solution became aldy,
possibly due to aggregation of the polymers in solution. On cooling, a weak LMWG network was
formed. Qualitatively, this appeared lestble than DBEONHNHEgels formed in the absence of
PEGDM and PI. This can be rationalised by a difference iilgglaf the LMWG in water and the
more hydrophobic PEGDM solution. A BBSNHNHKHhydrogel submerged in a PEGDM solution
does not dissolvehowever, suggesting that the presence of the PG may disrupt the fibre

nucleation/aggregation process.

Due to the imprfect gelation from using this directly mixed system, we developed an alternative
method to formulate PEGDM into the DBE®NHNHgel Figure2.5). Fist, the DBSCONHNLgel
(6 mM) was formedvia a heat/cool cycle. Following network formation, a solution of the same

volume as the LMWG and containing a known concentration of PEGDM and Pl was mpetipd
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of the LMWG. This solution was left for 3 daysllow an equilibrium to be reached, after which
time the supernatant was removed. Exposure of this gel to UV light for 0.5 h resulted in a noticeable
stiffening of the sample, confirming that a prapion of the PEGDM had diffused into the pre
existing gel network and subsequently been polymerised. This was also confirmed by the
appearance of peaks corresponding to the ethylene glycol moiety in the NMR spectrum of a sample
prior to UMexposure. Both &fore and after the photepolymerisation step, no DBSONHNEwas

seen in the spectrum, suggesting that diffusion of PEGDM into the gel and formation of the second
PG network does not result in significant disassembly of the LMWG nanofibres. Hybridmels$ fo

by this method will be referred to as®o hybrid, wherawis the concentration of PEGDM in the
supernatant (wt/vol). It should be noted, however, that not all of this PEGDM will have diffused

into the gel (see below for quantification).

(a) (b) v (@)

R g I

c

Figure2.5: Schematic representation of the hybrid gel fabrication process. A-BBBIHNEhydrogel is formed firstia
a heat/cool cycle (a). A solution of PEGDM and Pl is pipetted ontdand left for 3 days for these speciasdiffuse
into the gel (c). The supernatant is removed and the PEGDM pipolgmerised by exposure to UV light (d).

2.5 Characterisation of Dullletwork Hydrogels
2.5.1 Quantification of hybrid hydrogel PEGDM content KARN

To quantify PEGDM incorporation into thewv-molecularweight gel (0.5 mL), we again formed a
DBSCONHNLHgel and then pipetted a solution of a known concentration of PEGDM on top. The
supernatant was removed and the gel driedvacuoafter a defined priod of time. The contents

of the gel werethen fully dissolved in DMS@ and analysed byH NMR. Given that the

concentration of DBEONHNHin the sample is known (6 mM), it was possible to quantify the

70



PEGDM content of the gel by comparison of thegmals of noroverlapping peaks in the speam

(Figure2.6). Using a calibration curve of peak integral ratio against mass of PE@DNed by

dissolving known quantities of PEGDM monomer and-OBSHNLIin DMSGds ¢ data regarding
the effect of tme (Table2.1) and PEGDM concentratiofable 2.2 on uptake were deduced.

The quantity of PEGDM taken up by the gel, as expectegkases over timeTable2.1). A time
periodof 3 days maximed uptake. Additionally, the concentration of the supernatant determines
the final concentration of PEGDM in the hybrid gEhble 2.2) As expecteda hgher PEGDM
concentration in the solution results in a higher overall uptake intogisle A similar uptake by mass
was observed for solutions of identical concentrations, but different volumes. This data thus
confirms that 3 days is sufficient to allosquilibration of PEGDM uptake into the gel and quantifies
the concentration of PG in thRybrid gels. Interestingly, the uptake of PEGDM is greater than
expected based on simple equilibration of concentration (56840f5 mL supernatant, 33% for 1
mL). Itis possible that the PEGDM monomers favour the more hydrophobic environment in the

DBSOCONHNH hydrogel, and therefore partitions preferentially into this phase.

9.80
—1.83

PEGDM chain

DBS-CONHNH,

\ / Pl CH,
Ar-H
DBS-CONHNH, PEGDM
/N-H \ CH;

1.00-=| }

ER =

10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2 1.5 1.0 0.5 0.0

nnm

Figure2.6: Representative NMR spectrum of a hybrid gel (10% wt/vol PEGDM, 24 h diffusion), dneddissolved in
DMSQds prior to UV exposure. Peaks at 9.80 (BBONHNH,) and 1.93 (PEGDMHg) were used to calculate the
perentage PEGM diffused into the gel.
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Table2.1: Uptake of PEGDM from a solution odncentration 10% wt/vol (0.5 mL) over time. Hydrogels of volume 0.5
mL were used in this study and were not exposed to UVtllggfore analysis. Errors given as standadgviation (n =
3).

Time /h PEGDM uptake . % uptake PEGDM conc i
mg gel / % wt/vol

24 15+8 30+16 3.0+£1.6

48 31+10 62120 6.2+2.0

72 41+4 82+8 8.2+0.8

Table2.2: Uptake of PEGDM into DR®NHNH hydrogel after 3 days. Hydrogels of volume 0.5 mL were used in this

study andwere not exposed to UV light before analysis. Errors given as standard deviation (n = 3).

PEGDM mas Superngant PEGDM conc PEGDM uptak % uptake PEGDM conc i

/' mg volume /ml  (sol) / % wt/vol / mg gel / % wt/vol
15 0.5 3 13.5+ 0.5 90+ 3 2.7+x0.1
25 0.5 5 22.2+0.2 89+ 1 45+0.1
35 0.5 7 27.3x1.4 78+ 4 5.5+£0.3
50 0.5 10 43.2+1.0 86+ 2 8.6+ 0.2
50 1 5 27.5x15 55+ 3 5.6£0.3

These studies werearied out in sample vials with diameter 1.0 cm. Samples prepared in these
vials havea smaller ratio of the gel:sol interface area to gel volume than those prepared in the
vials/mouldsdescribed later. It was #refore considered likely that the diffusigrocesses in this
setup would be slowest, and therefore that a diffusion time ofaysifor all samples would result

in samples with similar properties regardless of container dimerssion

The influence of erroran these results was minimised by regutdibration of the equipment used
(weighing balance, Gilson pipette). In particuldmistshould minimise the influence of systematic
errors on the results here. The effect of instrumeamecision on random errohas also been
considered. The error assotad with the mass of gelator measuredd6.005 mg, and the precision
of the 1000> [pipette is £ 1eL. Therefore, for this experiment, the error associated with the
weighing out of DBEONHNKFand PEGDM are 0.2b6and 0.03% respectively. Pipetting err@sw
calculated as 0.14%. The total error associated with reagent quantity measuresn@®2%. In
addition to this, errors associated with NMR experiments can typically be 5%. In additleese

errors, whilst he greatest efforts were taken to make tlyel formation process consistent, the
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nature of the heat/cool cycle is such thataplete reproducibility cannot be ensured. The random
error associated with the readings here is theref@xpected to be in exces$ 5%. This is in line

with the errors reprted in the measurements in Tables 2.1 and 2.2.

2.5.2 Tgestudies

We initially probedthe macroscopic properties of the prepared gels. Using the tube inversion
method described above, the sponse of selected hydrotgeto changes in temperature was
determined Gels (0.5 mL) were prepared in sample vials (diameter 1 cm) and placed in a
thermoregulated oil bath. The temperature was raised slowly {Q.5nin') and the vials inverted

at each whte degree. The gaol transition temperature (Je) was recorded athe temperature at
which the gel no longer adhered to the surface of the viab{e2.3). As is often reported for
LMWGs, the thermal stability of the DBE®NHNKhydrogd network improves with increased
gelator oncentration. Increasing the PEGDM loading in the hybrid gel also raisegitheeTto an
increase in the crosslinking dgity of the material and an increase in the number of adhesion points
with the glass sudce. The anticipated errors associated witkasurement are anticipated to be
similar to those noted above. In addition, vialersion may disrupt the gels, introdag a high
degree of potential error in the readings here. The qualitative nature of Thistudy makes it
difficult to estimate erors by comparison to prior literature, however the trends observed here are

in line with a similar hybrid gel reported I§ornwellet. al>®

Table2.3: Ty values of DBSCONHNEand UVicured hybrid gels. Errors given as standard deviation (n = 3).

DBS CONHNH PEGDM Tger/ °C
6 mM - 80+1
8 mM - 94+ 1
6 mM 5% 85+ 2
6 mM 7% 91+1
6 mM 10% > 100

2.5.3 Rheological studies
To further study the macroscale propertiestbésegels, we employed parallel plate rheology to
characterise the mechanical properties. Rheology is a technique which meésamresponse of a

bulk material to the apptation of an oscillatory shear stre§$:'8A perfectly elastic material will
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demonstrate an oscillatory strain prog@nal to and exactly in phase with the jgiged stress at any
moment (phase anglej= f). Conversely, a perfectly viscous matevidl have a strain curve out

of phase with theapplied stress by 90°. For viscoelastic materials, the reality will begbare
0SG6SSyYy (GKS {62 rsiomoftherphase angle ihto tvé componisyo@eSlescribing

the elasticity of the matekif 0 DQUO FyR 2yS RSaAONAGAY3I (GKS @A

following treatments:
O Owé i/ Equation 2.1
‘O "0i Q¢ Equation2.2

DQO> GKS &dG2N}3IS Y2RdzZ dzax NBLINBaSyida GKS | Y2d
D Q Q esWdsLibedissipated energy and is knovattee loss modulus. G* is the complex she

modulus and is calculated fmothe ratio of the applied stress and the observed material strain.

I @Lftdz2S 2F DQ 3INBFGSN KFy {&IASmpemeabufetenioh O
the viscolelastity of the material of interest can thefore quickly reveal whether anot the

al YLt S Aa I 3St 2N a2YS 20KSNJ LKIFasS oSo3o |
tube inversion). AdditionallyktS Y 3y A (1 dzRS 2 F D Qniegamdingihe Sifinkiss @ S |
of the gel whist the point at which the two alues become equal can be considered the maximum
stress the material can withstand. Measurement of these properties with increasing tenperat

provides an alternative measure of tfig, for comparison to the methods outled above.

In an effort to minimse systematic errors, the rheometer used was periodically calibrated using
viscous liquids with known rheological behaviour. Random erradhénexperiments described
below can be imbduced by a number of sources. Similanices of error as described almwere
expected with regards to the quantities of gelator and water used (total no more than 0.5%).
Additionally, for this particular techgue, differences in the adhesion of thelgiase materials to

the upper and lowerheometer plates can be signiéiat. The effects of slight differences in sample
slipping can be significant. These typically account for errors in rheological measuramehts
order of 10%. Errors of this magmite (measured as the standard deviatiditlte mean) are typical

of the data presented in this thesis. Where sample slipping results in greater error this is noted in

the figure legends.

First, we monitored the degoroperties in response to an applied sha#rain whilst maintaining a
constant fequency Figure270 @ Ly 3ISy SNl f > GKS DQ @FfdzsS 27F
PEGDM gel of the same concentratigQrior both types of material the stiffness incress with

PEGDM concentration. This sugtgethat the polymer component of these materials is dominant
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Figure2.7Y { (2 NJ QB0 6IDNE ©H2 &4 o Difiteht pragarBdhydiogel’ trfedpongeTo nindsbear
strain at a constant frequency (1 Hz). Rheological traces for: 6 mM-OB8IHNKI(a), 8 MM DBSONHNHK(b), 5%
PEGDM (c), 10% PEGDM (d), 5% hybrid (e) and 16684 iffy. Features of interest are higighted on the trace of 6mM
DBSCONHNGI(a). Errors areca. + 10% for all samples.

in determining the stiffness of these materials. Of particular interest is the 10% hybrid gel. This
material has a stiffness sigmifintly €a. three times) greater thabDBSCONHNH gels Figure2.8a).

& O02YLI NAy3I GKS grtdsSa G 6KAOK DQ FyR DQQ
the gels to defomation can also be determed. DBSCONHNLHgels yield at shear strasiof 13 and
20% at 6 mM and 8 mM respeatly. For PEGDM hydrogels this process occurs at >100% strain.

The hybrid gels break down at intermediate valuesaf30%. Clearly, both netwakhave an
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impact on the ablity of the gels to resist changes in strabut the incorporation of the crossked

PG network makes the hybrid both stiffer and more resistant to strain than the LMWG alone. These
changes account for the relative robustnessla@ase of handling of thieybrid gels compared the
DBSCONHNLgels(see above).

Significant differences irhe shapes of the traces corresponding to EESNHNKHand PEGDM
KERNRIStA& INBE 20aSNBSR® ¢KS @I f dzSo tReHeciea3®in A y C
D Q u®ass$ociated with breakdown of the gel tstaBy comparison, only a small incredse
observed in the LMW hydrogels. We propose that these differences are due to the differences in
the response of the two network types to the ieasing strain. The morelastic, covalently
crosslinked PEGDM netwdikely undergoes significant rearrangent with increasing shear prior

G2 ONBF{AYy3d R2yP ¢KS RALI Ay DQQ |G t2¢ akKSlt
be the result oinanoscale rearrangementBue to the norcovalent nature of the bondgin the
DBSCONHNTLHgels, the nanofibre are less able to dissipate energy in this manner and therefore
2yte I avylrftt AYyONBIFIaS Ay DQQ Aa keSS fiybriagd 2 NB
behaves rore like the DBEONHNEgels, withnoobseS R A Y ONBF 4SS Ay DLQ | (
the trace of the 10% hybrid gels closely resembles that of the PEGDM gels. Whilst the critical strain
of the 5 and 10% hybrid gels is vemnisar, the behaviour of th gels prior to their breakdown is

clearlyinfluenced by the PG content of the maii

The response of the gels to a change in frequency at a fixed shearcsaliected from the linear
viscoelastic region (LVR, see Figur@Rdf the shear strain sveg - was also probedHigure2.8).
TheLlVR & (GKS NIy3IS 2F aKSFNI adNFAya ¥F2nNyandis OK
usually identified qualitatively. In this region, the mechanical propertigh@tydrogels are not
expected to deviatevith any small changes in the appliedastr. As such, any features seen in the
rheological traces below are the resultafanges in frequency, and not error in the strain applied

to the materials. The relativelvi dz§4 2F DQ | Yy R D QtosesobdedBed with2 I R
changing shear stmiand no changes in these values was observed over the standard LMWG testing
range(1-100 rad 8 [ 0.7-16 Hz). On increasing the frequency to much higher valegesi Q0 H,
628rad S0 020K DQ I ypdyDrditating s RekiBning frocasd in the -gehse
materials on the short timescales studied. Similar effects have beported previaisly by the
groups of Adams and Verdier, who attribute this behaviour tglasslike transition8!182 The
frequency at which this stiffening occurs is significantly impatigdhe hydrogel composition.
PEGDM hydrodesappear to harden at frequencies o& 16 Hz, whilst the DBSONHNKHLMWGs

only undergo this process at much higher valwes40 Hz).dterestingly, the hybrid gels, with both
LMWG and PG networks presentffstin at intermediate frequenciexé 2530 Hz). No changes
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were observed in the rheological properties of BBSNHNEhydrogels after exposure to UV light
for 0.5 h, supporting théypothesis that PEGDM is responsible for the differences seen here, rather

than any photeinduced thermal/evaporatio effects.

(a) (b) 5x10°% 4

100000
[ ]
. o.o 3
100004  Frequency-independence 4x10
.......-.....................
& 1000 . & 310
;(; e080s0scccscnsssssvece®®e ¢ o
v 1004 \ © 2x10°
Gel .
101 stiffening 10"
. | DBS-CONHNH, (6 mM)
T T T T 0=
0.1 1 10 100
R N T
Frequency / Hz AN R - I S
& & < & < o
AL S
FF Samol
ample
© %6\ P
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As all these gels were exposed to UV from above, it was important éordate whether the extent

of crosslinkingvasidentical throughout the depth of the gels. As a proxy measurement of this, we
prepared a 10% hybrid gel disc as described above.drcéisie, the gel had a total volume of 2 mL,
resulting in a gel height @h. 1 cm. Importantly this is double theitthness of the other prepared
rheological samples, but is also at least as thick as any other gel prepared as part of this thesis. Thi:
2 mLgel was halved horizontally, to yield two identical gel discs. The rgmalioproperties of the

top and bottom halesof the gel were almost identicaFigure2.9), suggesting that for all hybrid
gels reported heein, no significant differences in thosslinking densityand therefae material
propertiesc are significant inhe height axis. Changes (or lack thereof) in crosslinking density could
also be measured directly using techniqgues such as spatétived Raman and NMR
spectroscopy. We reased that the macroscopic impactas the most relevant measure of this

effect, therefore these methods have not been employed hé&f&84
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Finally, the response of the various mgdels to an increase in temperatu¢grecarded at a shear
strain and frequency within the plateau regiogswas measuredHigure2.10). DBSCONHNE
hydrogels showed a slight increase in the elastic and inelasiitulinon increasing the temperature
up unti a critical point, which can be interpreted as thg.TThis crossover point . 75 °C, in
good agreement with thegfiobserved in hlk gel samples. The increase in stiffness up to this point
could be explamed by the conversion of a kinetically Bla form to a slightly stiffer equilibrium
structure. Alternatively, these observatiomsay be an artefact of the methodology solvent
evgooration over time may increase the effective concentration of OBBNHNHresulting in

increased stiffness, or maytar the applied force of the rheometer plate as the sample shrinks.

By contrast PEGDM/drogels do not show an increase in stiffnesshastemperature is increased.
After a certain temperaturecf 65 °C for 7%°EGDM anda. 75°C for 10% PEGDM) D @Ol yiR Sy
decrease, with samples having lower PEGDM loadings showing greater susceptibility to thermally

initiated gel breakdown.
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Figure2.10Y { (2 NJ 3 S dadesy® €ed)fmiodil] ob theldifferent prepared hydrogels in response to varying
temperature at constant shear strain and frequency. Rheologitates for: 6 mM DBEONHNLI(a), 7% PEGDM (b),
10% PEGDM (c), 7% hybrid) @nd 10% hybrid (e). Features infterest are highlighted on the trace of 6mM DBS

CONHNEi(a). Errors area. £ 10% for all samples.

In the hybrid gel samples, however, very imsting behaviour is observed. These gels increase
significantly in stiffnes as the temperature increaseshi¢t the 7% hybrid gel stiffness plateaus at
ca. 80°C, the 10% hybrid gel increases in stiffness up to°’@dhe reasons for this behaviour are

not clear at this time. In the gel phase, the methacrylate groups wergisitile using solution state
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NMR spectrosopy even prior to UV exposure, thus it was not possible to probe the degree of
crosslinking by this method. The decrease in stiffness eoleskefor DBSCONHNHgels is not
observed in the hybrid gel samples, inding that the PEGDM network staisiés theLMWG
nanofibres with respect to heat, preventing network breakdown. However, given that the stiffness
2T GKS al YLX Sa théPrEGDMcante 6f thé ydifdgsfsSiis nor likely that any

changes iLMWG structure are simply not g in these experiments.

These rheological tests demonstrate that the combination of the two gel network types in a single
hybrid gel results in syergistic modification of the mechanical properties. The incorporation of
PEGDM enhances the stiffness o# tmaterid, improving the handleability, whilst DESONHNH

appears to increase the resistance to high frequency oscillations compared to therleG alo

2.5.4 SEM imaging

Next, the nanoscale morphology of the gels was assesgsetebtron microscopy. Transmissiand
scanmAyd St SOGNRY YAONRaO2LR 6¢9a YR {9a NBaL
nanofibres in 2 and-8imensions respectivelyn this scale. The collection of meaningful data from
these techniques ikess than trivial however and reB heaviy on proper sample preparation. For
traditional EM techniques, samples must be dry. Adams has discussed at length the effects of drying
onthe network observed by ER#°18To prevent collapse of the gel networks to a xerogel, samples
are often prepared for TEMyla freezefracture method, where rapid freezing of the solvent helps
preserve the gel nanostructuré’ For SEM, freezdrying under vacuum in liquid.Ns a suitable

preparaion method to preserve a more aerogie structurel®s18°

We elected to use SEM to visualise the gel networks in our LMWG, PG and hybrid hy&iggels (
2.11). DBSCONHNHexhibited a nanofibrous morphology characteristic LWWGs, with fibre
diameters of 25+ 11 nm. By comparison, PEGDM hydrogels adopt a more extendedlisieeet

structure due to the covalent nature of the bonding in this material.

For a samplef 10% hybrid gel, both the shekke structures associated witPEGDM and the DBS
COMNNH nanofibres (diameteca.20 nm)can be seen in the electron micrograph. This indicates
that both networks have formed orthogonally in the hybrid gel as hypothesiShd presence of

the pre-existing LMWG fibres does not preventrhation of a samplespanning PG network, and

the PG crosslinking process does not result in LMWG disassembly. This orthogonality, allowing full
formation of the PEGDM network, could explaihy the rheological stiffnesses of the hybrid gels

(Section2.5.3 are very close to those of PEGDM hydrogels of a similar loading. It shoultebe no
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that whilst the assembly of the two gel networks is orthogonal, it does appear that the DBS
CONHNHnanofibres aggregate somdat along the sheelike structures of the PEGDM network.
This indicates that there may be some interactions between the tetwarks in the hybrid gel,
which could explain the responses of these materials to high shear strain and frequency, both of
which are intermediate betwen gels formed from the individual components. It is possible that
this observation is an artefact of éhdrying process, however efforts were taken to minimise any
induced structural changes by freedeying all samples at low tempatures (as described
above)!®18Fyrther SEM images with different magnifications are given in Appendix 4.

10% Hybrid
Taum

4 ?
(e |
s

Figure 2.11: SEM images of 6 mM DESONHNH (left), 10% PEGDM (middle) and 10% hybrid (right) geisade
magnification is given at the left of each row. Scale bars are as follows: 5,000 xm > Y X w/=n jpm S nfn W

nm.

2.5.5 IR spectroscopy
Infra-red (IR) spectroscopy is a useful tool dimderstanding the specific interactions a gelator has

with both other gelator molecules and the solvent in which the gel is formed. Changes in
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wavenumber in the IR spectrum can be indicative of hydrogen bonding interaction, solvophobic
effects or van der \Wals interactions and can reveal which moieties in a gelator compound are
responsible for the assembly of fibrit€.It is preferable to measure the IR spectrum of a sample in
the gel phase. Dependiran the nature of the interactions and the solvent however, the relevant
peaks in the spectrum may be obscured. For example, the large percdmtagass of water in a

hydrogel sample often obscures the hydroxyl and amine peaks of interest.

(a) (b)

3289 cm™

2864 cm™

O-H
C-H stretch
stretch
3296 o™ 3184 cmt
O-H N-H ; 1

stretch stretch 2881 cm

C-H
stretch

3300 3300 3100 2900 2700 3500 3300 3100 2500 2700
Wavenumber / cm? Wavenumber / cm?

Figure2.12: Excerpts from IR spectra of 6 mM DBSNHNLEI(a) and 10% hybridh) gels. Changes in the-B® and NH
peaks of DB&ONHNHare observed.

With this in mind, we elected to analyse the IR spectra of dried xerogels to prevent maskitt) of O
and NH stretches of interest (Appendix 8}:1°2192|n DBSCONHNH xerogels these stretches
appear at 3296 crhand 3184 cm respectively Figure2.12a). A characteristic C=0 stretch is
observed at 1724 crhin 10% PEGDHydrogels. Importantly, for a dried 10% hybrid xerogel, the
peaks associated with both individual components can be seen. This emphasises that the two gel
networks are preent in a single material. Interestingly however, the IR spectrum of the hybrid gel
does not correspond simply to an overlay of the LMWG and PG spectra. THeQDBSNKHO-H
stretch is shifted significantly (7 ct)) whilst the NH stretch is broadened={gure2.12b). Whilst
these changes appearggsiificant, they are relatively small when considering the full width at half
maximum (FWHM) of the peaks.&FTRWHM of the @H stretch areca. 140 cmt and 230 crttin the
LMW and hybrid hydrogels respectively. Therefore, whilst the peak broadening obseasete
indicative of norcovalent interactions, this data does not provide conclusive evidence of these.
More significantly, a difference in wavenumber of 4-tim the carbonyl stretch of DBSONHNHK

is seen in the LMW (1639 cinand hybrid (1635 cr) hydrogels. These peaks are much sharper
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(ca. 30 cmt) and therefore give a much better indication that theat networks interact to some
extent. A similar change is seen in the PEGDM IR spectrum. The carbonyl stretch is seen at 173:
cmitin the hybrid gela shift of 8 cr compared to the PG alone. This data is indicative of attractive
interactions between the DBSONHNEand PEGDM networks in the hybrid gel, and supports the
observation by SEM that the LMWG nanofibres appear to aggregate along the &6 (Ssetion

2.5.4. Again though, caution must be taken when drawing conclusions from this data. Difficulties
associated with drying of the hybrid gels mean thaemttions with water cannot be ruled out.
Addtionally, as for SEM images, the data must be regarded with the caveat that the interactions

observed may not be identical to those of the native §et86:1%3

2.6 Phob-patterning of DBE ONHNHPEGDM Hybrid Gels

Having demonstrated the formation of hybrid gels comprising two largely orthogonal gel networks,
we aimed to prepare photpatterned gels with nomuniform mechanicalproperties in twoe
dimensions. We sealed baiinless glass vials to a glass tray using silicone. A hot solution of DBS
CONHNE(6 mM, 1 mL) was added to this vial. On cooling, the LMWG network formed and a bulk
gel could be seen. A solution of PEGDM (108oltand PI (0.05% wt/vol) was added on tpd

left for three days as described abovdgure2.13a). At this point, the vial was carefully removed

to leave the DBEONHNLHgel standing in the tray. A glass disc (diameter = 18 mm) was applied to
the top ofthe gel and a circular carboard photomask (diameter = 10 mm) was placed drigap

2.13b and c). The glass slide was applied so the carboard mask was not in direct contaeingith
therefore not removing watefrom - the hydrogel. It was expected that in regions exposed to UV
light that the photo-polymerisation of PEGDM would result in stiffening of the gel, whilst shielded
areas would remain as a weak LMWG material composed ofaBEINHK nanofibres and

unpoR YSNRA ASR t9D5a® 2SS o0S3ly o0& aidzRe AWHQ G&KASH K
soft LMWG centre. The diameter of the gel in this case was 17 mm whilst the carboard mask had a

diameter of 10 mm.

Using this system, poor patterning resolutioasvachieved for exposure times between 10 and 30
minutes, with the centre of the destiffening (qualitatively) to approximately the same extent as

the outer edge in all cases. This was considered to be the result of one of the following effects:

i) Refraction of light by the glass disc to the centre of the gel
i) Diffusion of propagative radal species to the centre of the disc prior to termination

iii) Penetration of UV light through the sides of the gel to the centre of the disc.
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Figure2.13: Gels wergrepared in bottomless vials, which could be removed from the glass tray they were adhered to
0loed ¢KAA FEf268SR | 3Jtl aa at ARS | yR Ol shi@dng tNdcente dktigel 2 Y I
disc from UV exposure for patterning ofAaSt WNAY3IQd {ARS o0+ 0 FyR (2L 660 @AS

The first of these hypotheses was tested by the use of a smaller glass disc, in this case the same
diameter as the pbotomask (10 mm). No improvement in the patterning resolution was obskerve

Nor was an increase in resolution achieved by cooling the gels in ice for the duration of the photo
patterning. This suggests that diffusional effects were unlikely to have sanilficaffected the
process. However, when a mask was used which shieidednly the centre of the gel, but also

the area outside the gel diametefFigure2.14a), a significant level of spatial control was achikve
Optimisation of the patterning process with respect to gel thickness angtxpdsure time was
carried out, with 1 cm height and 20 min patterning time found to result in the highest resolution

(Figure2.14b).

(a) (b)

Photomask

\ il

Glass Tray

Figure2.14: Schematic of the masking procedure to create phgiaterned gels (a). UV light is represented puyrple
wavy arrows. Masking the exterior of the gel discs duripboto-patterning as well as the region desired to remain soft
resulting in improved photepatterning resolution. Samples of 10 mm thickness and exposed to UV light for 20 min
yielded the higlest resolution multidomain gels (b), comprising a soft centredaa robust exterior. Physical

manipulation of the outer edge was possible (c) and this region could be easily separated from the uncured centre.
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Clear differences in the material propertiesthe gels in the centre and at the edge of the disc were
obsewved. The soft centre of the gel could not be manipulated easily with either a spatula or a
needle. By contrast, the robust exterior region could be handled with ease and facile separation of
this region from the uncured LMWG region was achieved by pievdgihga needle and removing

by hand Figure2.14c, Supplementary Video 1).

Whilst thisinitial approach to the photgatterning of DBEONHNKPEGDM hydrogels provided
evidence of the feasibility of the techniquile fact that a glass slide is placed on the gel to apply
the mask limits the utility of this method. Application of thkass slide and subsequent removal
sometimes resulted in breakdown of the shielded regions of the gels, a problem which we expected
to be exacerbated with scale. Therefore, it was desirable to develop a methodology which did not

require this step.

Therefor, in a manner analogous to that reported by Cornvetllal, we attempted to prepare
hybrid gels in a larger (5 crb cmx 1 cm) tray, over which could be placed a lagginted acetate
photomask without contacting the gel. Interestingly, on the 10 kdlesit was not possible to fully
dissolve a 6 mM suspension of BBONHNLIin water alone. This was believed to be the result of
inhomogeneous heating of the sample. Some of these samples were able to form turbiBligate (
2.153a), however, reproducibility in the proportion of sample dissolved could not be ensured and
inconsistent gel robustnaswas observed. Efforts were made to heat the suspengfoosighout

by heating in glass containers of various shape (in the mould, round bottomed flask, large vials etc.),
as well as by heating to reflux. However, none of these methods resulted in issalation of the

sample.

Addition of either ethanol or nthanol to the starting solution aided solubility in certain ratios.
However, this often led to the formation of gels which were too weak to allow addition of a
PEGDM/PI solution for subsequent hybgel formation Table2.4). Of the mixtures trialled, only a

10% solution of ethanol resulted in gelator dissolution followed by formation of a robust gel. Either
increasing the ethanol content to 20% or &ingit to 0% resulted in the formation of a less stiff

gel as measured by rheology (Appendix 6). Presumably this is due to an increased proportion of
gelator remaining soluble in the former case, whilst lower initial solubility in pure water likely means
fewer gelator molecules are available to form nanofibres in the latter. Whilst there is an interest in
the effects of solvent properties on the gelation process and material propeftié¥,given the
cytotoxicity of ethanol and methanaland bearing in mind the target biomedical apptionsfor

these materials we chose not to pursue this avenue of research further.
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Table2.4: Gelation of DBEONHNLIin different solvent mixtures. All samples were prepared in 10 mL total solvent

volumeand transferred to a glass mould (dimensions 5 cr§ cmx 1 cm) before cooling to room temperature.

% HO / viv % MeOH / viv % EtOH / v/iv  Total dissolution Gel formation?

on heating?

90 10 0 No Yes (robust)
80 20 0 No Yes (robust)
70 30 0 No Yeg(fairly rolkust)
65 35 0 Yes Yes (weak)
50 50 0 Yes Yes (very weak)
90 0 10 Yes Yes (robust)
80 0 20 Yes Yes (weak)
50 0 50 Yes No

Instead, to overcome the solubility issues, samples ofOBNHNLHwere first dissolved in DMSO

with sonication before adding to diling HO. Samples were prepared such that the final
concentration of DMSO was between 2 and 4% v/v. At these concentrations Olatsalh
demonstrated that the DMSO has no significant effen the bulk properties of the materi&t?
Additionally, with biomedical applications in mind, these amications of DMSO are widely
reported to have little effect orhuman cell culturesn vitro or in viva'®®1%7 Using this method
reproducible, uniform, translucent DBESONHNEQels of 10 mL volume were produced in the glass
moulds Figure2.15b). To prepare hybrid gels, an agueous solution (10 mL total) of PEGDM (10%
wt/vol) and PI (0.05% wt/vol) was carefully pipetted on top of the LMW hydrogel. As for the gels in
vials, diffusion of the polymer anPl was allowed to reach equilibrium over 3 days before the

supernatant was removed. On Wivadiation, the gels stiffened aspected.

(b)

Figure2.15: Comparison of 10 mL DESONHNFbgels prepared by heating in 4@ directly (a) and by adding gelator
pre-dissolved in DMSO to boiling.8.
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To prepare U\patterned multitdomain gels, a cardboard photomask was placed over the mould
such that it was not in contact with the surface of the gel. As before, the area surrounding the gel
was also shielded from Ufadiation to improve patterning redotion. We intially tested the
resolution we could achieveia this method by using a standard mask with circles of increasing
diameter cut into them. Gels were partially exposed to UV light for 0.5 h, after which time the light
source was removed, andelsoft, nonpolymerised regions washed away with a low power stream

of HO. This revealed the patterned regions, which were formed with relatively good resolution
(Figure2.16). Gel pattern diameters werea. 1.3x the mask patern diameter. It should be noted

that an identical resolution was observed for hybrid gels formed in a 10% v/v EtOH solution (in

water).

(a) (b)

Figure2.16: Photopatterning resoluion test. 10% hybrid gel samples were exposed to-itfgdiation for 0.5 h. Nor
crosslinked regions were washed away with a lgwessure water stream to reveal the patterned regienAs seen from
0KS aARS 6F0 IyR F02@S 00 ptobottdmi 2 mmPEmn, JomnRakd 5 lieSpediively. NB

This slight loss in fidelity is thought to be the result of the mask being held around 0.5 cm above the
gel (because room mube left in the tray for PEGDM/PI solution). This allows light to reacbniegi

of the gel which were not accessible when the mask was in direct contact with the gel. Such issues
were not encountered when the mask was in direct contact with the gel (bevey. Better
resolution could therefore likely be achieved by usingam@&é 3K A &8 G A OF 6 SR YI &1
lowers the photomask closer to the surface of the gel, but this was not explored within the scope

of this project.

An advantage of using the ae¢¢ photomasks is that it is possible to print any 2D geometry onto
them, which can then in theory be patterned into the gehase materials. We chose to exemplify
this approach by printing and patterning a simple ring, with an internal diameter of 2 c¢mn an
thickness 0.5 cnmH{gure2.17a). Acetate masks were placed above (and not in contact with) the gel
as described for the cardboard photomasks abovgtifisation of the process with respect to a

number of variables was carried out in this case. Considerations included the number of acetate
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too few photomaks resulted in poor resolution of the ring patteffigure2.17b), as a proportion

of the UV ligh could pass through the black regions of theask, which were not completely
opague. Longer patterning times also resulted in a lower resolution, however incomplete patterns
were observed at short exposure times. It was found thddyer mask and 0.5 h\Gexposure
resulted in optimal photepatterning of this geometryRigure2.17c). The regions shielded from UV

light in this case were washed away easily with a-fowassure water stream, whilst theobust

hybrid gé ring remained intact throughout this process. Cooling the gel with ice during the process

also slightly enhanced the pattern fidelity, presumably by limiting diffusion.

(a) (b) (c)

Figure 2.17: Gels were photgatterned using a mask with a ring geometry printed on (a). The thickness of the
photomask has a profound impact on the patterning efficacy. Masks 1 layer thick showed very poor patterning

resolution (b), but thisvas much improvd with a 4 layer thick mask (c).

Control experiments in which a solution of PEGDM was exposed to UV light under a photomask
were also carried out. Interestingly, regardless of the patterning time, no spatial control over the
photo-polymerisation processould be achieved in the absence of the jesdsting DBEONHNH
selfassembled network. Presumably, the LMWG network limits diffusion of propagating radical
species, allowing spatial control over the crosslinking reaction lwtsicnot possible when the
monomeric species are free to diffuse in solution. This finding, as with the rheological data,
demonstrates that the synergy between the ttomponents in this hybrid gel is crucial to the
properties and function of the materiaBoth components of the hydgel are essential to be able

to fabricate hydrogels with spatialsontrolled properties.
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2.7 Conclusions and Future Work

In this chapter, we have synthesised and characterised-OBS$HNEKH a LMWG which has
previously been showto have potential applicatiosn for controlled drug delivery and precious
metal remediation. Despite the interesting properties of BBSNHNLHK gels, they are too
mechanically weak to be of significant practical use. We have therefore developed a novel hybri
gel, in which the DBGONHMNL, LMWG network is supported by the by a biocompatible PEGDM PG

network.

Importantly, in this novel hybrid gel, the two networks have orthogonal methods of assembly. The
DBSCONHNEH samplespanning network is formedia a heat/cool cycle, whilst UV photo
polymerisation is used to crosslink the PEGDM network. Evidence that the two networks are largely
independent is seen in the SEM images and by IR spectroscopy. However, the synergy between the

two networks has a profound impaon the material in a numberfavays:

i) Whilst the PEGDM component of the hybrid hydrogels determines the rheological
stiffness, the resistance to increased frequency of shear oscillations is enhanced by the
incorporation of the LMWG;

i) The use of PEGDM allowse stiffening of the hydrogeto be spatiallycontrolled
through selective irradiation of regions of the gel,

iii) Photo-patterning is not possible in the absence of the REBNHNEnNnetwork, which
helps provide spatial resolution by acting as a supportingngairix and limiting

diffusioneffects.

DA@GSY GKIFIG AyO2YLX SGS ISt aA2y 461 4R 203 YSDER |
described by Cornwedit. al.,>*#*we believe that the metod outlined herein, where the LMWG
network is formed first, followed by incorporation of the PG component, may provide a more
general route to hybrid LMWG/PG hybrid gels. In the future, this approach could be used teexplor
different combinations of LMW&and PGs to develop hybrid materials with unique properties. In
particular, the combination of PEGDM with a wide range of hydrogelators may allow the

development of a versatile family of shaped, functional hybrid gel dsvice

89



3 Hybrid and Multidomain Hydgels for Controlled Drug Release

Aspects of this research have been published in: P. R. A. Chivers and D. kKCIgmith$ci2017,
8, 72187227

3.1 Introduction¢ LMW hydrogels for controlled drug release

Gels are widely @l as excipients in drug formtians, with the majority of both academic reports

and patent literature describing the use of PGs as carriers of active pharmaceutical ingredients
(APIs). Recently, however, a significant increase in the number of forrmdatiibising a responsive
LMWG & a responsive matrix have been reported. LMW hydrogels are of particular interest for
controlled drug delivery ¢ the combination of responsiveness, biodegradability and
biocompatibility makes them highly attractive candidatfor this purpose. Two excatiierecent
reviews have set the field in conteX!*®and have identified three major approachesigure3.1)

to the capture and release of drugs from LMWiltggel matrices:

1) Physical encapsulation within an LMWG scaffold
2) Covalent conjugation of drugs to selésembling LMWGs
3) Gelforming drugs

Rather thanproviding an exhaustive overview of the area, in this chapter introduction, important
and illustrative exaples of each of these three approaches will be highlighted with a focus on how
controlled release is achieved from each system. It should be noteddityanogels formed in
relatively benign solvents are also of significant interest for drug deliverythiese materials will

not be discussed her¥&?

(a) (b) (c)
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Figure 3.1: Cartoon representation of strategies for encapsulation of drugs within a LMWG matrix. Physical

encapsulation(a), covalent conjugation to LMWGs (b) and safflsembly of drugs (c).
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3.1.1 Physical encapsulation

By far themost common method of API formulation, physical entrapment within a gel matrix
provides a very simple method to enhance the stability of drugs witienbody?° Traditionally,
densely crosslinked polymers have beeredigo prolong drug release by limiting the rate of
diffusion out of the hydrogel matri¥* This is often not a viable approach for LMWingels, which

tend to be formed from relatively small quantities of gelator in a large volume of solvent. For limited
examples however, an increase in LMWG loading has been shown to influence the release of
therapeutic agents. Das and -wmrkers decreasedhe rate of Vitamin Brelease from cationic
dipeptide gels from 100% to 70% over 48 h by increasing the gelator loading from 0.5 to 3.0%
wt/vol.?%2 Similarly, Caet. al. showed that the release of salicylic acid was inversely propuati

to the concentration of gelator, although the changes in release were modest irageg doubling

the gelator concentration decreased API releasecyl 0%2°2 Puramadrix® is one example of a
commercially available peptide LMW hydrogel which demonstrates similar lodéimgndent
release propertie$?%2%|ncreasing the time for which a gel is stable under physiological conditions
isalso a promising approach to achieving sustained release. The use of LMW hydrogels formed from
D-peptide or unnatural amino acid gelators can result in enhancetirties and slower release of

the drug payload®7?1°

A more widespread approachb timit release rate is to tune the structure of the gelator such that

it interacts relatively strongly with the encapsulated API. Pioneering work in this field ftame

the Zhang group. They demonstrated the ssdfembly of &-sheet 16 amino acid seqoee into
samplespanning hydrogel networks and, as in the examples above, reported an inverse
relationship between LMWG loading and release fatédore importantly, they showed that the
structure of the encapsulated drug has a profound effect on its release rate. With this particul
amino acid sequence, highly acidic species such as bromophenol blue remained in tide pept
hydrogel whilst the less acidic phenol red diffused freely out. Small release differences were also
seen for triply and quadruply substituted sulfonic acid pyeaterivatives, with the more highly
charged species interacting more strongly with the géiis research highlights the importance of

non-covalent interactions for controlled release from LMW hydrogels.

More recently, Palocci and emorkers showed that dfierences in release rate were observed for
enantiomeric forms of a tripeptide gel. Dexarhasone, a corticosteroid, was released from Fmoc
PhePhePhe hydrogels with-chirality at a much greater rate than for itschiral enantiomer!?
likely due to differencesiispecific interactions between the chiral drug and the gel network. Limén

et. al.also reently showed that changes in the substitution pattern of aimgdazolium gelator
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Figure3.2: Structures of thepara- (a) andmeta- (b) bisimidazolium gelators reported byimonet. al. Regions of each
gelator which interact with ibuprofen and indomethacin are highlighted in red. Release profiles of physically
encgpsulated ibuprofen (c) and indomethacin (d) from Bmidazolium amphiphile hydrogels. Figure adapted from

[213.

significantly affects the release of APIs including ibuprofen and indomethacin. The positively
charged gel amphiphiles interact with the anio drug molecules in a manner determined by the
substitution pattern of the central phenyl rindgrigure3.2).2*3 In solution, thepara-substituted
gelator interacts with the two drugs only through the imidazolium growhereas additional
interactions with the phenyl group were present with theeta-gelator. Surprisingly then, release

of both ibuprofen and indomethacin was less in a hydrogel formed fronp#ra-gelator. It was
suggested that in the presence of the druglse selfassembly modes of the two gelators are
altered, resulting in API intaalisation within the nanofibres of theara-gel, reducing the release
rate. In subsequent work, thmeta-linked bisimidazolium was cassembled in the presence of a
serine potease inhibitor, which resulted in the formation of coiled nanofibres rathantthe long,
straight nanofibres associated with the gelator aldgi€The presence of the drug also modified the
gel properties, making it softer and more elastic. These rheological properties, combined with the
high permeation of inhibitomto skin, makes this gel formulation appropriate for topical application

in the reatment of Rosacea.

As well as modifying the gelatdrug interactions, the timing and location of release can be

controlled by designing stimatesponsive systems. As dabed in Chapter 1, LMW hydrogels are

92



inherently responsive materials, able to werdo morphological changes or disassembly in response
to an external stimulus. Zhang and-workers demonstrated Uthduced gel breakdown of an
azobenzengentapeptide hydrogkand its application in temporally controlled drug release. Gels
formed in the pesence of Vitamin Breleased the biomolecule over a period of 48 hours when
relying on diffusion alone. On irradiation, complete release was achieved over 4 hfodd12
increase in the release rafé® Schneider and cworkersadopted a similar approach, utilising an
azobenzenappended cyclic dipeptide wth, as above, underwent Uxduced disassembR}®
Significantly greater release of both DNA oligomers and doxorubicin werease® Virradiation,

highlighting the potential of this approach for gene therapy
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Figure3.3: Reversible lighinducedtrans-cisisomerisation of an azobenzene pentapeptidelator (a). Exposure to UV
light results in gel breakdown (b). Rapid release of Vitamin B) is seen for samples exposed to UV light (black squares)
compared to a sample kept in the dark (red circles). Feyadapted from R16].

The controlled shrinkg of a hydrogel matrix in response to environmental changes has been
demonstrated by several groups. Notable contributions regarding drug release include those from
Liu and Hamachi, who have utilised the resperof such gelators to metal iohéand pH*®
respetively. Gel shrinkage encouraged expulsidnasge molecules such as vitamins from the
hydrogel matrices, with the degree of release determined by the relative affinity of the species for
the gel and agueous phase respectively. Hamachi also developettisstimulus responsive LMW
hydrogel for fie control of API releasé? Phosphate groups in these molecules were sensitive to
changesinpHand €02 Yy OSY (N} GA2y S gKAf&ad GKS R2dzmf S
gelation efficiency in responde light exposure. Complex temporal contadl vitamin B release

was achieved by application of these stimuli in different sequences.
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3.1.2 Covalent conjugation

Covalent conjugation of bioactive drugs to a LMWG can have a number of advantages compared to
physical encapsulation. In particular, this apach can prevent burst release which is often
associated with physically encapsulated drug molecules. The stability of thassehbling
WLINPRNHzZZIAQ LINB@Syida GKAAZ | a (KSK unbdeNEertaiR S a A
conditions. In this wayselective release at a target position in the body can be achieved, provided

the triggering species is specifically produced at the target site.

Xu and ceworkers pioneered this approach to controlled drugidety in the early 2000s. In
seminal work tiey reported the selassembly of vancomycicontaining structures formed through
conjugation of the @erminal backbone of the antibiotic to a pyrene unit which exhibited
stacking Figure3.4).22° Gels formed at a relatively low concentration and retained a good degree
of the antibiotic activity of vancomycin against a range of bacteria. Some years later, the same
group reported that the conjugation of taxol to a tetrapeptide unit gave a molecule that underwent
seltassembly to form a gel on enzymatic dephosphorylatfdslow and sustained release of the
prodrug from the LMW hydrogel meant that this prodrug hydrogel exhibited comparable
cytotoxicity to that of free taxol. Subsequent work demonstrated hydrogelation of the same
tetrapeptide formed using>-amino acids, and showed that in &nvivomouse model, improved
biostability and longer term activity was exhibited compared to thprodrug.®® Improved
resistance to enzymatic hydrolysis makeamino acids attractive candidates farstainedin vivo
delivery. Dastidar and eworkers used a similar approach to enhance the lifetime of naproxen
conjugated dipeptide hydrogels. Rather thesamino acids, the incorporation 6famino acids in

the prodrug structure prevented rapid enzymatileavage, instead enabling slow release of the

prodrug into solutior???

Self-assembling

Vancomycin pyrene unit

Figure3.4Y { G NHzOG dzNB 2 F - dzpfrene BodjugaieSIbi) whith setssérOtiey ia Wateyto yield a
hydrogel (right). Adapted from [20].
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In the above examples, the sa@§®mbling prodrug retains the activity assaeid with the free API
andsustained release of this species is dependent on the dissolution rate of the gel. More common
however, is cleavage of the prodrug species to yield an active API in response to thelexter
environment. Enzymes represent the megtely used cleavage tgr for this purpose. Kim and
co-workers demonstrated as early as 2006 the enzynticed release of ibuprofen from a drug:
dipeptide conjugate hydrogéf? Diglycylibuprofen underwent sethssembly due to a combination

of hydrogen bonding interactions between the amino acididees, and aromatic interactions of
peripheral ibuprofen moieties. ide bond cleavage was initiated by addition of carboxypeptidase
Y, liberating ibuprofen and inducing gel breakdown. A similar report from Xu amwbrb@rs
described the conjugation of @salazine to a-tripeptide assembly sequerg¢and its subsequent
release was triggered by azeductase, an enzyme produced specifically in the cétbn.
Importantly, the amino acid sequence was stable to a powerful protease, suggesting the utility of

this material for oral delivery of this anatiflammatory.

Ina highly influential report, Vemulet. al.described the formulatioof acetaminophen as a bola
amphiphilic prodrug with lipaseleavable ester linkagesifure3.5a)1® This structureforms a
hydrogel via a heat/cool cycle which can be degraded up@o®xe to lipase. On addition of
enzyme, gel disassembly and acetaminophen release occurred, with total gel breakdown observed
over 48 h. Encapsulation of the agtiner agent curcuminKigure3.5b) in the hydrogeallowed

for the duatrelease of drugs from the matrix upon ester hydrolyBigire3.5c). Crucially, no drug
release was reported in the absem of lipase, demonstrating the potential for targeted release in
the small intestine where this enzyme is masevalent. By combining the physical encapsulation
and release of a drug with a covalently captured API, a more complex and therapeuticaiyntele

release system was developed.
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Figure3.5: Structures of the bolamphiphile drugconjugate gelator reported by Vemulat. al. (a). Acetaminophen
portions of the moleculeare highlighted in red. Structure of curcumin (b). Schematic of Erand dual drug release

from acetaminophen gelators (c). Adapted fror@1].
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Limited examples of neanzymatic triggers have been reported for the liberation of APIs from
prodrug hydrogls. Matson and Stupp, for example, connected the drug nabumetoaepptide
amphiphilevia a hydrolyticallylabile hydrazone linkag&® Sitespecific addition of a hydrazide
group to a short peptide amphiphile allowed wdifined nabumetone functionalisation using
solidphase peptide ynthesis. Slow hydrolysis of the hydrazone linkage in pH 7 buffaticol
resulted in sustainedelease over 24 days. In novel work, Chen and/okers linked naproxen to

a peptide unit through a photolytically cleavable nitrobenzyl ester grétigxposure of the LMW
hydrogel to UV light led to lease of free naproxen and concomitant gel breakdown. The use of a
UV trigger may limit the applications of this approachifovivodrug release, however thaese of
two-photon techniques may open this up to more widespread us@articular for the relase of

anti-cancer drugs.

3.1.3 Gelforming drugs

A much more recent approach to gehsed drug release is the development of triggers which
induce gelation of an ARtself. Most early examples of this approach describe-astemblng
peptide sequences whichappen to possess some therapeutic activif{??¢ Conceptually, thes
works are therefore verysimilar to the works presented at the beginning of Section 3.1.2.
Additionally, in these examples, release of the bioactive gelator was not demonstrated,dieeref
they will not be discussed further other than to note that theges may be interesting fdurther

study as part of a dughPI release formulation.

Novel research from Odriozola and-eorkers detailed the formation of hydrogels induced by
ligation d group 11 metal salts by acetylcysteirféigure3.6a-c) 22° Coordination of the cysteine
thiol to the metal centre resul@ in the formation of a sample spamg network which
demonstrated pHesponsiveness; deprotonation of the carboxylic acid group using a base
increases the solubility of the compound in water, inducing gel disassemblyRing:l&dase. The
authors proposedhat thiol-containing peptides wouldisplace the acetylcysteine vivg providing

an alternative release mechanism.
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Figure3.6: Gels formedy the reaction ofacetylcysteine with gold (a), silver (b) and cagp(c) salts. (d) Supramolecular
synthons formed in the reactionofanfi Y ¥f | YY I 62 NE RNHzZAE 6AGK FYIydlIRAYSd ¢:
Adapted from p29 and [230].

Dastdar has contributedsignificantly to this area through the designsefpramolecular synthons
based on the salts of common APIs. The group first described this approach to gelation in a 2014
paper, where they developed a range of gels based on primary aimumo(PAM) carboxylat
synthons Figure 3.6d).2%° APIs including indomethacin, tolfenamic acid and flurbiprofen were
reacted with amantadine to yield-dimensional hydrogen bondingetworks which aggregate to

form samplespanring gel networks. Whilst the PAMs studied here were too insolublesiter to

form LMW hydrogels, judicious selection of amine and drug combinations has yielded hydrogels
with potential applications as antiance agent$®*or for live cell imaging®? Nandi ancco-workers

have developed similar bicomponent LMW hydrogels based on the supramolecular assembly of
riboflavin and a range of small molecule therapeutisAs with many of the studies in this field
however, only hydrogel formation wastudied. Subsequent release of the APls wad

demonstrated.

The controlled release of drugs from LMW hydrogels is clearly a highly active area of research, and
one which is developing rapidly. The examples highlighted herein illustrate the relativetagea

and drawbacks of each approach. De@ent on the application, burst release of a physically
encapsulated drug under programmed conditions, or sustained release of covalently conjugated
APl may be more appropriate. However, as has become clear taxheurprisingly few examples

of LMWGcontaining hydrogels exist which demonstrate multiple encapsulation and release
methods. We propose that to achieve sophisticated controlled release of multiple bioactive

components for disease treatment or tissuegeneering, such materials will have to beveloped.
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3.2 Chapter aims

Despite the many papers detailing the formulation and release of APIs in LMW hydrogels, very few
of these materials represent viable administration methods in a clinical setting. Whit LM
hydrogels have the potential for controlleand targeted release mediated by interactions with the
drug of interest, their mechanical weakness limits their utility for oral administration or
implantation. On the other hand, polymer hydrogels are oftencinumore robust, providing the
strength requied to withstand the stresses applied by the body. However, with a few exceptions,
release from these materials is controlled only by the rate of diffusion out of the porous polymer

gel structure.

Using thehybrid hydrogel developed in Chapter 2 we aimediémonstrate its utility for controlled
release, using naproxen (NPX) as a model drug. NPX is-gtamoidal antiinflammatory drug
(NSAID) related to ibuprofen and aspirifrigure 3.7). NSAIDs function by inhiln of
cyclooxygenas@ (COX2), which is responsible for the production of prostaglandins at sites of
tissue damageRigure3.7d).2** These prostaglandins induce vasodilation which can in turn lead to
acute or chronic pain in a patient. Naproxen reversibly binds-Z@X reduce the rate of

prostaglandin fomation, reducing inflammation around damaged tissue.

(a) (b) (c) 0

o} o
\O o

A

(d) (e)

Figure3.7: Structures of the NSAIDs naproxen (a), ibuprofen (b) and aspirin (c). Surface displays-@f so0Xd by
naproxen (d) and COX bound by indomethacig(R)" -ethyl-ethanolamide ().

However, significant adverse effects of naproxen in the stomach have recently been refféAsd.

well as inhibiting COZX, naproxen also reversibly inhibits GOXanother cyclooxygenase enzyme
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(Figure3.7e). COX stimulates the formation of mucus in the stomach lining, an important defence
against the strongly acidic conditions in the stomach. 8itiects of NPX are therefore reported to
include irritation, ulceratio and bleeding of the stomach. Selective G@Xhhibiting drugs have

been synthesised and tested in recent years, however, a significant increase in the incidence of
cardiovascular disease was reported in clinical trials. As such, NPX remains in uses and th
development of matrices which encourage specific release in the intestine are of increasing
importance. Not only does this reduce the risk of s@ffects, as uptake from the intestine is high

it ensures a greater therapeutic effect is provided with edohe?36-2%"

A number of reports describing approaches to controlled release of NPX from hydrogels have been
published in recent years. The majority of these examples achieve a degree of controlled release by
using highdadings da polymer to decrease the rate of diffusion out of the £&£*! This method

is not dependent on changes in conditions which may be experienced in the body however, and as
such does not represent true controlled release. More novel approaches to controlled NPX release
include conjugtion to magnetic nanoparticlé4’> and encapsulationni a temperature sensitive
poly(N-isopropyl)acrylamide (PNIPAAmM) matfikwhich utilise differences in the permeabilitpch

temperature of healthy and inflamed tissues respectively.
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Figure 3.8: NPX release profiles for PASP (black diamonds) and PEASHybrid (white diamonds) under simudat

intestinal (a) and gastric (b) conditions. Figure adapted frog4§.

Works describing the pdependent swelling of polymer hydrogels, and enhanced relaase the
Wag2tf SyQ KERNRIStA KIFIGS |taz2 o0SSyPGR@Ei&NR 6 S
comprising poly(vinyl alcohol) and chitos#fSwelling othis second network at pH 7 allows rapid
release of NPX compared to under more acidic orlim&aconditions. Caet. al. also used an
interpenetrating polymer network (IPN) to achieve the same efitds their case polyaspartic acid

(PASP) showed pH dependent swellindhimitan ethyl cellulose (EC) supporting matrix. Very slow
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NPX release was observed into simulated gastric fluid (pH 1.05) from the IPN compareBA&G#Pe
alone Figure3.8a). In contrast, some NPX release (althosgll relatively slow) was still observed
under simulated intestinal conditions (B48) for the IPNKigure3.8b). Tte release of NPX from a
sugarbased LMW gelator was reported by Wang and-waorkers in 2014. bing a
methoxybenzyliéne protected monosaccharide, release of NPX from the gel matrix was stimulated
by addition of acid, which hydrolysed the gelator acetalugy resulting in gel disassemBf§.

However, significant release was observed over 9 h even in the absence of this acid trigger.

The above examples lifse nonspecific diffusional effects to control drug release. To our
knowledge, DBEONHNHKremains the only gel wibh mediates release of this NSAl2 the
formation and disruption of drug: nanofibre interactionkigure 3.9). Smith and cavorkers
demonstrated that under acidic conditions the protonatazhrboxylic acid moiety of NPX interacts
with the acyl hydrazide groups presented on the LMWG nanofibres, limiting release into a solution
adjusted to pH 714 Deprotonation of the acid at pH 8 encoged rapid release of NPX through

disruption of these interactions.
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Figure3.9: pHdependent release of NPX from DB®NHM, hydrogels (a), as reported by Smith and-emrkers [L14].
The proposed mode of interactionetween DBSCONHNHEHand NPX (b). Only a fragment of DE®NHNkEhas been

drawn for clarity.

Given the orthogonal assembly of the BBONHNKand PEGDM networka our hybrid hydrogel
(Chapter 2), we proposed that a similar-gejpendent release behaviourauld be observed for
these dualnetwork materials. The incorporation of the PG network would also bestow the material
with additional desirable properties compatéo the LMWG alone, including increased resistance
to strain and the capacity for photmduced shaping. We aimed to formulate NPX within this hybrid
hydrogel and assess the characteristics of the system compared to bottohidR DBE ONHNH

and PEGDMais reported in Chapter 2. We then planned to determine the influence of each gel
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network on he pHdependent release of NPX. Finally, we proposed to use the ghaiternable
YIEGdzZNE 2F GKS KE@oNAR 3ISta (2 I OKeeZS KIA IKS HANIH
power of the LMWG/PG hybrid gel approach for developing functional miegse materials.

3.3 Preparation of NR}aded hydrogels

NPX was formulated into DESDONHNHE hydrogels as previously reported by Smith and co
workers!** DBSCONHNK and NPX were mixed as solids and water added such that the
concentration ofNPX was 6 mM. These samples were sonicated to break up any aggregates and
the resulting suspension heated to dissolution. The hot sol was allowed to cool to room
temperature under ambient conditions. NRoaded gels formed on cooling in a few minutes over

the same concentration range as in the absence of MBX4(10 mM). No NPX precipitation or
crystallisation was observed on cooling, although a slight turbafithe samples Kigure3.10a)

was observed comparetd gels prepared in the absence of NPX.

NPXloaded PEGDM hydrogels were prepared by sonicating auraixif NPX (6 mM), PEGDM
(known mass) and PI1 (0.05% wt/vater before curing under a highowered UV lamp at room
temperature (0.5 h). This yielded alehydrogels in which small clumps of NPX could be degure
3.10b). This suggests that the NPX is not properly mma@ted into the PG nanostructure. We
suggest that the absence of specific interactions betwéee gel fibores and NPX, alongth the
low solubility of NPX in water (partition coefficient, Ry 3.343*" prevents proper formulation into

the PG matrix.

For the preparation of NRiaded DBEONHNBHPEGDM hybrid hydrogelse initially attempted

to formulate all three components directly into the ggh a heat/coolcycle. In Chapter 2 it was
shown that this approach resulted in the formation of weak gels, we proposed due to a difference
in solubiliy of DBSCONHNEin the FEGDM solution. Smith and -@mrkers have previously
suggested that the formulation of drugs tiihigh lod® values can encourage more efficient
network aggregatiod!* Therefore we proposed that NPX may have the sarffece here,
encouragingdrmation of a samplespanning network within the PEGDM solution. This was not the
case, howeve Little to no evidence of gel formation was observed after the heat/cool cidle.
NMR spectra of mixed solutions NPX and PEGDM (bedkett and not) show no édence of
structural changes in either species, or any shifts indicative of interactions batthe two which
may hinder DBEONHNLH gelation. Just as for the samples without NPX, the LMW hydrogels

themselves were not soluble ilm¢ PEGDM/PI solution. Asoposed in Chapter 2, the nucleation
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and/or aggregation of DBSONHNTHIis likely inhibited byormulation in the PEGDM solution, and

the presence of NPX appears to exacerbate this effect.

Figure3.10: Images of hydrogels loaded with NPX (6 mM). 6 mM BIESNHNF(a), 10% PEGDM (b) and hybrid gels (c:
left = 5% hybrid, middle = 7% hybrid, right = 10% hybrid).

We therefore adopted the approach developed in Chapter 2 for theanfion of hybrid hydrogels.

A solution of PEGDM (known mass) and Pl (0.05% wt/vol) yweatga on top of an NP:loaded
DBSCONHNLHhydrogel. This solution was left for three days to allow PEGDM and PI diffusion into
the gel. After this time the supernatamwas removed and the gels irradiated with long wavelength
UV light for 0.5 h to yieldobust,drug-loaded hybrid gels. These gels are opaque, in contrast to the
translucent hybrid gels formed in the absence of NFi¥ure3.10c).

No NPX s detected byH NMR in the supernatant, and measurements perforrmadhe dried

gels after PEGDM diffusion showed equimolar quantities of-OBSHNKH and NPX (NPX
concentration = 6.15 0.3 mM). Therefore, it can be inferred thao drug was released tm the
solution during the hybrid gel preparation and that the contcation of NPX in these gels is 6 mM.
This is in line with the results reported by Hoete al, which showed that minimal release of NPX
was seen into unbufferediater.}**We suggest this is due to binding of NPX to the gel fibres under
these conditions. Additionally, no significant change in the uptake of PEGDM #34) was
observed compared to samples without NPX in 10% hybrid gel sample2¥@6NPX and PEGDM
concentation in the gels was calculated by comparison of the integralseoDIRSCONHNHacy!
hydrazide peakd{ $81) to the peaks corresponding to either the NBX (£27) or the PEGDM
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(@  £93) methyl group. As the concentration of BBSNHNHKis 6 mM in all the samples, the
concentration of NPX and PEGDM could be exlatpd.

3.4 Characterisation of NA¥aded hydrogels
3.4.1 Tgeistudies

To assess the impact of NPX on the macroscopic propeftike hydrogels, we applied the same
methodology as outlined in Chapter 2 to study the-gell transition temperature @gE). Gels (b

mL) containing NPX were placedi thermoregulated oil bath and the temperature raised at a rate
of 0.5°C mint. TheTye Was assessed by tube inversidiable2.3). Interestingly, the g values of

both the LMWG and the hybrid gel samplesrieased byca. 10 °C orincorporation of NPX. We
suggest that this may be the result of the high partition coefficient of NPX. Interactions between
the NPX and DBSONHNLHformed in solution may increase the effective hgghobicity of the
gelator species ampared to DBEONHNHKalone. This may encourage salsembly or fibre
aggregation by reducing the solubility in water, in turn increasing thesgjeltransition

temperature.

Table3.1: Ty values of DBENHNH and UVicured hybrid gels with and without NPX at a concentration of 6 mM.

Errors given as standard deviation (n = 3).

DBS CONHNH  PEGDM/ % wt/vol NPX/mM Tger/ °C

6 mM - 0 80+1
8 mM - 0 94+ 1
6 mM 5 0 85+2
6 mM 7 0 91+1
6 mM 10 0 >100°C
6 mM - 6 90+1
6 mM 5 6 94+ 1
6 mM 7 6 99+ 2
6 mM 10 6 >100°C

As for the hybrid gels in Chapter 2, increasing concentration of PEGDM resulted in an increase in
the Tger0f the resulting hybrid gel. Interesigly, the loading of NPX in hybgdls also raised theyl

compared to those prepared in its absence. This suggests that the response of the gels to
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temperature is not solely determined by the PEGDM network in thperid hydrogels. Errors
associated wh this study are similar to thoseedcribed in Chapter 2. An additional small
contribution to the random error from the weighing of NPX is expected, but overall this is should

contribute relatively little to difference in the data (0.7% based on the srasilsamples used).

3.4.2 Rheological stlies

We further probed the macroscopic properties of the diogded hydrogels by parallel plate
rheology. The response of the gels to an applied shear strain was first stijade@.11). Little
difference wabserved between the rheological properties of 6 mdd. 2300 Pa) and 8 mM4.

2700 Pa) DBGONHNHhydrogels in the pesence of NPX. However, they are approximately twice

as stiff as DBSONHNLHEhydrogels in the absenagd NPX (1600 and 1260 Pa for 6 raktd 8 mM
hydrogels respectively, see pa@b). This supports the idea that NPX encourages©OBSHNE
network assembly due to its high Bgalue (see above). As in the absence of N@¥g 79, higher
PEGDM concentrati@resulted in greater stiffnesse$the PG and hybrid hydrogels. Formulation

of NPX did not induce significant changes in the rheckbgicoperties of PEGDM hydrogels. The

5% PEGDM hydrogels had stiffnessesaf600 Pa both with and without NPX, whitee 10%

t 9D5a ISt a KfilcR5000 P& A slight dedzise in the stiffness of the hybrid gels was
observed in NPYoaded samles, which may be attributable to a slight disruptive effect of NPX on
PEGDM crosslinking, or due to the presence oX MiRiting the interactions betweethe DBS
CONHNEand PEGDM networks. In the presence of NPX, the storage moduli of the 5% and 10%
hybrid gels were 368 and 3738 Pa respectively, whilst in the absence of NPX these values were 38!
and 4370 Pap@age 79.

Generally, similar characteristic faaes in the rheological data were seen as for the hydrogels
prepared in the absence of NPX (pda@g Breaks in the data for DESDNHNLbgels make it difficult

G2 AYOGSNILINBG GKS OKI y3Sa e diycal S but itidoed apRelihdrS y O A
this value increases slightly, indicative of dissipative nanoscale rearrangements. Thisgoest s

that the presence of NPX not only raises the stiffness of the hydrogels, but increases their ability to
deform piior to gel breakdown. This is notamifested in an increase in the LVR or critical strain
value in this case. The shape of the rheolabtcaces of the 5% and 10% PEGDM gels are very
AAYAT I NI G2 (K2aS aSSy Ay [ Kl isXeédNéfaredhe tedréakeyins |
elastic modulus is observed. This is again rationalised as the dissipative effect of nanoscale network
(S NN y3SYSyidas LyGSNBadGAy3Itas Ay GKAa OFas

is formulated. Crystised NPX may disfavour changethi@ network at low shear in this case. As
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in the absence of NPX, differences in the behaviour ofidd8% hybrid gels were seen. Both gels
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is significantly more pronounced in tli®% hybrid gel, likely due to trgreater polymer content.

The incorporation of NPX also increases the breadth of the LVR in the gglzricompared to that

seen in its absence, in contrast to the LMWGs and PGs alone. This suggests that the presence ¢
NPX improves the stability of the g@etworks with respect to shear strain, perhaps as a

consequence of network stiffening.

Similarly, the response of the NPX loaded gels in response to changes in frequency (at a fixed shea
strain) were then measuredF{gure 3.19. An increased stiffnesvas again obserddor 6 mM LMW
hydrogels when NPXag incorporated compared to the driigee samples from Chapter pdges

76and 70 @ DQ @I doad&dy6 nivl DBSBNHNEhydrogels were recorded as 3840 and
1994 R for 6 mM and 8 mM LMWG loadimgespectively. leontrast, in the absence of NPXeth
stiffness of 6 mM and 8 mM DESONHNLEQgels were 2500 and 2000 Pa respectivpbges 76 and

77). The fact that a significant difference in stiffness in the presend¢RX (compared to in its
absencg is seen for the @M LMW hydrogel and not for 8 mMets, may suggest that equimolar
interactions are responsible for these changes. In contrast, little change was observed for the
t 9D5a 3IStad mx: t 9 BHAaPathdhe dbseikde Gf SIREYE3 76Zahd Jaasd

6700 Pa in the presence of NPXe Thlatively small percentage changes here indicate that even in
the presence of NPX, the properties of the PEGDM network determines the material stiffness. The
stiffnessof 5% hybrid gels approximateaipubles from 770 & (pages 76 and j#o 1600 Pa inhe
presence of NPX, whilst 10% hybrid gels show little difference between samples with (2900 Pa) and
without (3400 Pa) NPX. This could suggest that at lower PEGDM eatimgiechanical properties

of the hybrid gels isnore significantly influenced by ¢hDBSCONHNENnetwork, whilst at higher

loadings the PEGDM network dominates these characteristics.

Interestingly, in the presence of NPX, the frequency at which dferstig occurs is almost idensit

for all samplegca. 20 Hz). The stiffening frequepnhas been significantly reduced for both the DBS
CONHNHand hybrid gel samples compared to those prepared without NPX (eod0 and 25 Hz
respectively). Itis podse that the binding of NPX 9BSCONHNEengthens the time over which
the gel LMWGnetwork relaxes due to a slight stiffening/rigidification effect. This would be in
agreement with the idea that the high IBgzalue encourages assembly into sdilag fibres. An
increase in the hydrdpobicity of nanofilbes with bound NPX may also incredise energy required
T2NJ NBEFNNI yaISYSyd oFO1 (G2 Fy SySNEBSGAO WINE
lengthening the relaxation timescale. Slipping of theGDM gel at 5% wt/vol preventetie
collection of gality data for this sample. Thitusstrates that, despite the small contribution of NPX
to the total expected error associated with these measurements (.35%) its effect on the

adhesive properties othis particularhydrogel may have resulted in thgropagation of error
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through unexpeted mechanisms, and highlights the complexity of working with this class of

materials.
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3.4.3 SEM imaging

Scanning electron microscopy was used to visualise the nanossalerks of freezedried samples

of hydrogels coraining 6 mM NPXF{gure3.13). In the electron micrograph of DESONHNH
evidence of a nanofibrillar morphology is seen. The presend&df therefore does not appr to
inhibit the selfassembly of DBEONHNLHor perturb the nanoscale structure. €manofibres had

an average diameter of 2810 nm, almost identical to that reported for LMW hydrogels in the
absence of NPX (pa€). It does appear that slightly gréar aggregation of the nanofibres can be
seen in ths SEM image compared to DBONHNEalone, with a slightly denser network and
smaller pore structures visible for gels formed in the presence of NPX. Given that these are small
differences however, the fluence of drying artefacts cannot be ruled out.pontantly though, no
evidence of NR crystallisation is observed for these samples, indicating that NPX interacts with the
DBSCONHNLEInanofibres, and is not prevented from diffing out of the gel (for emple during

hybrid gel preparation) due to physic@onstraint by the porous network.

5,000 X

6 mM
DBS-CONHNH

hybrid

10%

Figure3.13: SEM images of 6 mM DESONHNLH(top) and 10% higrid (bottom) gels loaded wth 6 mM NPX.rhage
magnification is given above ah column. Scale barsareasfollawy pXnnn B [ M >YI wWnInnn

nm.

For NPXoaded 10% hybrid gel samples, as for the samples without NPX, evidence @B8th
CONHNHEnanofibres and the more shedike structures associated with PBM can be seen.
However, in this mizrial there appears to be less aggregation of the WEMNHNENnanofibres

along the PEGDM sheets. This may indicate that NPX preferentially interacts with the LMWG fibres,

competing for any interactions it may have witE@DM. Again, importantly, no evidenof NPX
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crystallisation was observed within the gel matfxirther SEM images are presented in Appendix
4.

3.4.4 IR spectroscopy

IR spectroscopy of dried Nfe¥ntaining xerogels was performed as described in Chap(page

82). Again, we focused on the- (3296 cnt) and NH (3184 cm) stretches of DBEONHNH
Addiionally, the carbonyl stretch of NPX was used to infer interactivity between the API and the

gel networks (full spectra given in Appendix 5).

(a) (b)

3298 cm™ 3185 cmt
2941 em* O-H N-H
stretch stretch
C-H
stretch
3284 cm*
O-H 3190 cm™ '
stretch N-H 2880 ot
stretch C-H

stretch

3300 3100 25900 3500 3300 3100 2900 2700

Wavenumber / cm? Wavenumber / cm?

Figure3.14: Excerpts from IR spectra of 6 mM DBSNHNLE(a) and 10% hybrid (b) gels. Changes in th&él@nd NH
peaks of DB&ONHNHare observed.

The C=0 stretching frequency of BBSNHM; is 1640 crt in both the NPXoaded LMW ad
hybrid hydrogels. This is significantly shifted from the LMW hydrogel alone (1635 amd
indicates that in both samples, narovalent interactions between the acyl hydrazide moiety and
other the other compnents of the gel exist. The NPXCCstretchshifts slightly from 1725 cito

1727 cm!t when formulated in the DBSONHNHhydrogel. This is accompanied by a significant
shift in the GH (12 cm?) and NH (+6 crm) stretching frequencies of DESONHNH These data

are indicative of inteaictions betveen the carboxylic acid of NPX and the acyl hydrazide and alcohol
moieties on the gel nanofibres. As in Chapter 2, the importance of the changes irHren® NH
peaks should not be overstated. Whilst the$efts appear large, again the FWH¥#ithe OH and

N-H peaks in this gel a. 140 and 300 crh However, the accompanying change in the carbonyl

stretching frequency of NPX lends more weight to this argument. In contrast, when formulated in
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PEGDM hydrodg, no change in the NPX C=0 sinetg frequency was observed, suggesting that

no specific interactions are formed between the API and the shketstructures of PEGDM.
Importantly, in the 10% hybrid gel, this stretch was shifted significantly to & wdlli732 crt. This
suggests thalNPX interats specifically with the DBSONHNEnNnanofibres in the hybrid gel dual
network, as inferred from the SEM imag@sliditionally, in the 10% hybrid gel smaller shifts in the
O-H (2 cm') and NH (1 cm') peaks compared to in the absence of NPX e shifts were 7 cm

and the NH peak was not visible). This data is possibly supportive of the idea that NPX competes
with PEGDM for interaction with DESDONHNUE subtly altering the nanoscale structure of the gel
network, although the small changesprakmaxima observed here are likely not significant given

the breadth of the peaks of interest.

3.4.5 NMR study

To determine the proportion of NPX bound to the BBSNHNHE nanofibres, and hence
immobilised, we prepared NA¥aded DBSCONHNEhydrogels in an NRtube. DBSCONHNH

(2.99 mg, 6 mM) and NPX (0.97 mg, 6 mM) were suspendefDicdntaining DMSO as an internal
standard (0.028 M). The sample was sonicated (15 min), then heated to dissolution. The hot sol was
transferred to an NMR tube, with a gel formg an cooling. ThéH NMR spectrum of this gel was
recorded Figure3.15) and the concentration of unbound NPX calculated by comparison of relevant

NMR sjnals to the DMSO internatandard {i= 2.50 ppm). An example calculation is given below:

000 "YWpO o T
000 "WPp'O p mk @ C P
00 0 B0 ™ T

00 0 O ™ X
O IROYO WA %z( el t® pmd
T mo
@ pmo

In DBSCONHNHEhydrogelsca 92% of the NPX is NMR invisible and therefore considered bound
to the gel fibres. This supports the conclusions drawn from the IR spectra, that interactions exist
between NPX and the DESONHNLE gelators. This higlpercentageof immobile NPX is not
considered to be the result of crystallisation of NPX in the gel matrix, as no evidence of this was

observed in the SEM images above.
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Figure3.15: IH NMR spectrum of NPX (6 mM) loaded DBONHNE (6 mM) hydrogel made in BD solvent. Solution
was spiked with DMSO (0.028 M) to quantify unbound NPX.

Using the same approach, the influence of thteoto-polymerisation process on the interactions
between NPXand DBSCONHNEwas assessed. A solution of PEGDM (70 mg, 10% wt/vol) and Pl
(0.35 mg, 0.05% wt/vol) dissolved in a solution of DMSO (0.028 MPitiD7 mL) and pipetted on

top of the gel. Thesolution was left for 1 week to maximise PEGDHKudion inb the LMW
hydrogel. The sample was then irradiated with UV light (0.5 h) antHiINMMR spectrum recorded.

It was found in this gel that the proportion of mobile NPX in the sample was almosicalefit 2%0)

to that seen in the LMW hydrogels. d¢buld be epected that competition with PEGDM for
interactions with the DBE ONHNENanofibres might increase the amount of mobile NPX, however
this is not observed here. It could be that the competitieiactions weaken the binding between

NPX and DBSONHNE but not sufficiently to make it mobile within the gel sample.

3.5 pH controlled NPX release from hydrogels

As outlined in the Chapter aims, selective release of NSAIDs under intestinal conditiGrg)(jaid
opposed to the more acidic conditionsuied in thestomach (pH 24) has many potential benefits,

including reduced dose frequency and incidence of side efféttherefore, we studied the effect
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of pH on the release of NPX from the prepared hydrogels-ddRdaining gels (1 mL) were prepared

at a dug concentration of 6 mM (1.38 mg). These getsencoveredwith buffer solution (6 mL)

and incubated at 37C. The concentration of NPX in the supernatant was monitored byidJV
spectroscopy. NPX shows three distinct absorbances, at 285, 315 and 3¥%enmonitored the
absorbance of NPX at 329 nm ranimise catributions from any DBEONHNE PEGDM or PI
released into the supernatant~{gure3.16) and compared these values to those from control
samples containing no NPX. When calculating percentage reléasegiume dthe gel (1 mL) was
considered as the corresponding amount of solution, i.e. the concentration of NPX was considered

in the 7 mL ¢tal volume, not only the 6 mL of supernatant.

Abs /a.u.

240 280 320 360 400
Wavelength / nm

Figure3.16: Repesentativeabsorption spectra of all gel components used in this study. Pl = blue; OBSHNb-= red,

NPX = grey, PEGDM = orange.

When consiédring the results of the studies below, errors in addition to those associated with gel
formation (estimated in Ciipter 2 tobe on the order of 0.4%) must be considered. Random error

in the UMvis absorption measurements has been considered and estimateal #1% of the value
recorded, based on repeat measurements of standard samples. Such error may be the fresult o
stray lidht and electronic noise. The temperature of the incubator is accurate to the nearest®©.05
and is verified using a thermometer eased within the equipment. More significantly, disruption

of the gels on sampling ay potentially have influenteel releaseprofiles. Efforts were taken to
minimise this any disruption through careful sampling, but the somewhat smaller standard
deviatiors associated with release from the more robust PEGDM gels (see below) indicate that this

may have contributed to reors. Thisis challenging to quantify, but we estimate that this could
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account for up taca. 5% error in the release percentage, relativahe recorded value, for LMW

hydrogel samples.

DBSCONHNLhydrogels showed similar ptlependent properties to thee previouly reported by
Howeet. al.(Figure3.17a), with greater NPX release observed at higher pH vali&ifferences
were observed however due to the difference in receiving solution betwbhenwo studes. Here

we used buffer solutions, which maintaineccanstant pH. In contrast, Howe monitored release
into pH-adjusted solutions, which resulted in acidification of the supernatant over the course of
the release study as NPX was releasedulmexperinent, over 24 h, a relatively small amouiot(
25-30%)of NPX was released into pH 4 buffer from a {8EBSHNK6 mM) hydrogel. No significant
differences in the release of NPX into either acetate or citrate pH 4 buffered solution was seen.
Onlyrelease imo acetate is reported here. Comparatively large qiteeg of NPX were released
into buffered solutions of pH 7 or pH 8 (80% release) over the same timescale. Similar release
profiles were observed when NPX (6 mM) was encapsulated withiB axM DBSOONHNH
hydrogel Figure3.17b). This difference in release can be rationalised by consideration of the

HendersonHasselbalch relationshijgquation 3.1)
nonn ¢&Q— Equation3.1

By inputting the pH of each buffer and the qod€ NPX (4.15} into this equation, the relative
proportion of protonated and deprotcated forms of the API were calculate@iaple3.2). Good
agreement is seen between the percentagf deprotonated NPX and the proportion of drug
released into solution after 24 h over a wide range of pH values B3 Importantly, very little
release into buffer solutions of pH 2.8 was seeris Thsult siggests that little release would be
obsened from DBSCONHNHcontaining hydrogels in the stomagcimaximising uptake in the
intestine where the conditions (pH-8) would encourage rapid release of the remaining NPX.
Equally, the rapid releasd NP X relese at pH 5.5 representative of the pH dhe skin- potentially
makes DBEONHNHEhydrogels appopriate materials for topical release of NSAIDs for pain relief
of, for example, minor burns injuries, or potentially for transdermal delivery aih pelief
medication to muscular injuries. The softatarials properties of these LMW hydrogels also lend

themselves to this application, which is an interesting future avenue of resé&fen.
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Figure3.17: Release of NPX from DE®NHNHKhydrogels at LMWG concentration of 6 mM (a) and 8 mM (b) into
buffers of different pH. Black diamond pH 2.8red square = pH 4, purple inverted triangle = pH 5.5, green circle = pH
7, bluetriangle = pH 8.

Given that the proportion of deprotonated NPX correlates to the release, we suggest that the
protonated form of NPX is unable to diffuse freelynfrthe gelsnto the supernatant. Whilst this
effect was thought to be the result of intectons with the DBEONHNEnanofibres, some other
interpretations were also considered. Crystallisation of NPX in the hydrogel matrix induced by pH
change was a po#slity. Hovever, it was not observed by SEM after submersion of the gel in pH 4
buffer for 72 h Figure3.18). Nor was any significant change in the nanofibre morphology observed,
consistent with previous findinghat the macroscopic propeies of DBSCONHNEdo not change
significantly with pH*3 Therefore, the formtion of large, entrapped grstals or changes in the gel

properties were not considered to be the cause of lowedease under acidic conditions.

Table3.2: Percentage deprotonation of NPX in each buffer salntas calalated by the HadersorHasselbalch

equation, and the observed release of NPX into buffer solufimm 6 mM DBSCONHNLIgels after 24 h.

pH 2.8 4 55 7 8
% deprotonated 4 42 96 100 100
% release (24 h 12+ 3 25+ 4 771 91+ 4 79+ 4

Smilarly, the lower solubility of NPX in pH 4 buffer was also considered as an explanation for the
lower releag. However, given that complete dissolution of NPX was observed for calibration
samples at a concentration of 0.86 miylthe maximum concentratio in solution for this

experimentg it was thought that this was an unlikely explanation of the experimentattagions.
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Therefore, specific interactions between NPX and-DBSIHNare responsible for controlling the
release of the API from the LMWG miat The sinlarity of the release profiles for 6 mM and 8 mM

DBSCONHNTLis supportive of the idea that thesab species interact in a stoichiometric fashion.

Figure 3.18: SBM images of NPXloaded DBSCONHNHK hydrogels after submersion in pH 4 buffer for 72 h.
Magnifications are 5,00 x (left), 20,000x (middle) and75,000x% (right). { O £ S o6 N&E | NB | a ¥F2¢ ¢
HAZnnn ,@5000xw 109 Mm.

In contrast tothe LMW hylrogels, no differences in NPX release were demonstrated by PEGDM
hydrogels into buffers of different pH. This supports the conclusion that no spet#iactions

exist between the PEGDM gel network and #&&uggested by IR spectroscopg).&5% PHIM
hydrogel,ca. 100% release of NPX was observed over the first 8 h into all biFfgtsd€3.19). As

well as demonstrating that no pidependent release properties from the PEGDM network, this
resultalso confims that the solubility of NPX is not the cause of limited NPX release from DBS
CONHNHhydrogels at pH 4. PEGDM loading was also seen to hagaificant influence on the
kinetics of release of NPX from the hydrogel matrix, as well as theawotaunt rdeased. A slower
release rate was observed from a 10% PEGDM gel compared to the 5% wt/vol material.
Furthermore, over 24 h, only 80% of the NP> nwekased Figure3.19b), suggesting that some of

the AR becomestapped in the 10% PG network on phgiolymerisation, and is unable to diffuse

out of the gel on the experimental timescale. Such effects have beeviqugly described for
polymer hydrogelg3%241 Again, though, the lack of specific interactions between PEGDM and NPX

ensures that NPX release is consistent across all pids/studied.
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Figure3.19: Release of NPX from 5% (a) and 10% (b) PEGDM hydrogels into buffers of different pH. Red square = pH 4,

green circle = pH 7, blue triangle = pH 8.

Given the weak mechanical properties of BBSNHNEhydrogels, these materials are not suitable

for oral delivery of NSAIDs or other drugs, despite their excellerdgpendent release properties

and potential for transdermal applications. Breakdown of tied is expected under significant
strain, resultig in disruption of the selissembled nanofibres and rapid release of the API.
Conversely the PEGDM hydrogels, whilst robust enough to withstand this strain, demonstrate no
pH-controlled release propertiesmeaning they will release the payload rapidlyoitthe stomach,
limiting useful uptake in the intestine. We therefore reasoned that the use of the hybrid gel
developed here, containing largely orthogonal LMWG and PG network, would improve on the
properties of both gels for oral drug delivery. The PG mekwshould provide additional robustness

(as seen in the rheological data), whilst the presence of the LMWG network may maintain its pH

dependent release properties.

On testing, the hybrid hydrogels did menstrate a good degree of ptlependence in the relase

of NPXFigure3.20). This effect was, however, slightly less pronounced than for the gels made from
DBSCONHNLHalone. Over 24 h the release WPX into pH #uffer wasca 50%, compared to the
30% release in the LMW hydrogel, whilst release at pH 7 and 8 decrease from 0T %80%.

After 24 h, the release of NPX into pH 4 is significantly lower from both hybrid gel than into buffers
of pH 55 and greater Little change is seen for release into pH 5.5 buffer, the rate of which was
slightly slower in DBSONHNLKgels than at pH 7 and 8. Importantly, given that the PEGDM
hydrogels showed no pHependent release properties, we can infer that thié differenes in
release into different buffers are due to retention of the BBENHNUHEproperties within the hybrid

gel, and are not influenced by any changes in the swelling ratio of the polymer at different pH

values.
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Figure3.20: Release of NPX from 5% (a) and 10% (b) hybrid hydrogels into buffers of different pH. Red square = pH 4,
pink inverted triangle = pH 5.5, green circle = pH 7, blue triangle = pH 8.

Asoutlined above, the catrolled release properties of DBSBONHNHare slightly mediated by the
presence of the PEGDM network. Similar total release percentages at pH 7 and pH 8 were seen ove
24 h for the hybrid gels as for the 10% PEGDM gel,aaith0-30% of the formulated NR not being
released into solution. This suggests that in the hybrid gel, as proposed for PG samples, crosslinking
of the PEGDM network results in entrapment of a proportion of the NPX in the more densely packed
gel network. Hindrancef NPX diffusion, iparticular for drug molecules situated far from the gel

sol interface, would account for the lesser total release over 24 h. Alternatively, some degree of
NPX loss from the gel during the PEGDM diffusion loading step may accoumnfipsoportion

of this decrease. However, this is considered a minor effect as little NPX was observed in the

supernatant removed from the gel after 3 days (see Section 3.3).

A greater proportion of NPX was released from the hybrid gels into pH 4 bufferiththe DBS
CONHNZEgels. This observation is consistent with the observations from SEM and IR spectroscopy,
which indicated that some interactions may exist between the PEGDM an@DRS&INEhetworks

in the hybrid gel. PEGDM is thus somewhat in comjoetitvith NPX for inteactive sites on the
DBSCONHNLEnetwork. Therefore, at pH 4, even though onby 30% of the NPX is deprotonated,
0KS | Y2dzy (i c¢2hat which NBnBdndotDBSONHNLHfibresc is closer to 50%. This
effect is slightly greatr for 10% hybrid gelhan 5% hybrid gels, as is the decrease in release at pH

7 and pH 8. This suggests that PEGDM is responsible for mediation of the controlled release
properties, rather than some general effect of formulation into the hybrid geldoAthe DBS
CONHNHgds, no evidence of NPX crystallisation or morphological changes were obséguee (

3.21).
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Fgure 3.21: SEM images of NPaded 0% hybrid hydrogels after submersion in pH 4 buffer for 72 h. Magnifications
are 5,000x (left), 20,000x (middle) and50,000 (right). Scale bars are as follows: 5,080 ' M >YX HWHAZAAA
50,000 x =100 nm.

Table3.3: Initial NPX release rates into buffers of varying pH. All rates assume-agter release kinetics.

Initial release rate< 10°/ mol min?

Buffer DBSCONHNEKH DBSCONHNHK 5% 10% 5% 10%
pH 6 mM 8 mM PEGDM PEGDM hybrid hybrid

2.8 5.7 - - - - -

4 6.9 5.3 57.9 13.1 11.8 13.2

5.5 22.6 - - - 33.9 -

7 33.5 33.7 44.2 17.8 34.4 39.9

8 26.4 24.9 44.8 15.3 28.2 37.0

The initial rates of release from eachthe gel matrices described above were also measured and
are given irifable3.3. For DBEONHNHEhydrogels, he initial rate of NPX release was significantly
lower into pH 4 (and pH 2.8) buffer, than for less achiliffers, the pH of which are greater than

bt - Q#.15)d¢a 6% 10° mol min' compared taca2.5 x 1 mol mint. These differences were
consistent between DBSONHNH gels with different LMWG loading€onversely, relatively
similar release rate were observed from PEGDM hydrogels regardless of buffeg pdain
demonstrating that DBE ONHNLis the active component determining pédntrol of drug release.
Release from the 5% and 10% PEGDM gels is significantly different however; diffusionefrom th
former is approximately three times faster than from the lattea.(5.0x 10® mol mirt vs 1.5x

108 mol mirt). This is reflective of thgreater network density in the gel with a higher % wt/vol
PEGDM. For both the 5% and 10% hybrid gels, tieeafaliPX diffusion increased compared to the
DBSCONHNEgels. They do, however, both release NPX at a significantly slower rate than 5%
PEGDM aloa It is thought that the proposed competition between PEGDM and NPX, and the
AYONEBI A4S Ay YagadsdtCncredsds the reléaseMdd® Sdpared to the LMWG alone.
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The combination of the two gel networks also, however, limits the rate oftisldh of NPX
compared to the PG alone. Faster release kinetics were seen from the hybrid gels into buffers of
elevated pH, again demonstrating the retained-gépendent release properties of the LMWG
network. The results of the above experiments shouldhim future be verified using a different
analytical technique (such as NMR spectroscopy) to ensure thedisitiere are not influenced by

systematic errors in, for example, the Wi spectrophometer readings.

3.6 Photopatterned NPXoaded hybrid hydrogsl
Importantly, the use of PEGDM as the PG component of these hybrid hydrogels afforded us the

opportunity toinduce spatiatontrol over the formation of NRKaded materials. We wished to
demonstrate that the approach to spatiedsolution of the DBEONMH/PEGDM hybrid gels
outlined in Chapter 2 was compatible with the formulation of NPX. Therefore, we adémted
previously described methodology accordingly. RIEBNHNK(28.4 mg) and NPX (13.8 mg) were
dissolved in DMSO (0.4 mL) by sonication and atlnlédiling water (9.6 mL). The hot solution was
transferred to a square glass tray (5 &b cmx 1 cm) and Bowed to cool to room temperature
under ambient conditions, during which time a gel formed. The concentration ofTIBEINE

and NPX were both 6 khin the 10 mL gel. On top of this gel, a 10 mL solution of PEGDM (10%
wt/vol) and PI (0.05% wt/vol) was addleand left for 3 days to allow diffusion into the LMW

hydrogel. After this time, the supernatant was removed.

Figure 3.22: A ringshaped photomask (a) was applied over the XPaded LMWG gel and the pattern transferred to
the gel by UVWphotopatterning (b). The weak LMWG interior and exterior were easily removeltéve the more robust

hybrid hydrogel ring (c).

As in Chapter 2, a ringhaped photomask was chosen to exempttig photo-patterning. An
acetate photomask (four printed layerSigure 3.22a) was apped over the top of the gel and the

tray placed in ice. The masked gel was irradiated under a high power, long wavelengthp)@.5
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h) to induce photepolymerisation in the exposed regions. In this way, an-dB2ed multtddomain
material was createdA robust, crosslinked hybrid gel ring with soft, LMWG regions both inside and
outside this ring were created. The soft regiaosild be washed awayrigure 3.22b and c) to reveal

a robust, drugoaded, shaped gel.

3.7 Differential NPX release from pheqtatterned hybrid gels

We proposed that shaped, pi¢sponsive hydrogels could afford unigwsntrolled release
properties and therefore chose to demonstratiee utility of our photepatternable material by
imposing spatiatontrol over NPX release. A 10 mL N&afed hybrid hydrogel was prepared as
above. In this case though, a simple band obrity gel (width = 2 cm, height = 0.5 cm) was
WL G G S Ny Strilly-doyitralling the efipbdure to UV irradiation (15 min) using an acetate
photomask (4 layers thick). The LMWG each side of the band was removed using water to expose

the hybrid gel patten.

Given that differential release was observed into solutionevaband below the pkof NPX, we
reasoned that by exposing the two sides of the hybrid gel band to buffers of different pH, that
selective release into the compartment of elevated pH may liseoved. We chose to use the pH
values for which the greatest €&frence in rate and overall percentage release were obsequd

2.8 ad pH 7Rigure3.23a). These buffers were pipetted onto opposite sides oftierid gel band

(1.5 mL each) and both compartments stirred using magnetic fleas. NPX release into the two
compartments at room temperature was monitored by M absorption spectroscopy over 3
hours. At each time point, a 1@QL aliquot of each buffer safion was taken for analysis and diluted

to 2 mL in a UV cuvette for analysis. This aliquot was replaced to maintain a constant solution

volume and the removal of NPX at each time point accounted for in the release calculations

NPX release into the pH dropartment was significantly faster than that into the pH 2.8
compartment over the experimental timescaldigure 3.23b). Release into the neutral
compartment occurred at a rate of 11.%5 10° mol mir?, whilst the release rate into the acidic
compartment was only 1.18 x 20mol mirn ¢ approximately ten times slower. This clearly
demonstrates the ability of the shaped gels to achieve differential release from the two separate
gelsol nterfaces, dependent on the conditions to which it is exposed. Interestingly, this difference
in release was not only observable by Wi spectroscopy. As NPX is released from the hybrid gel,
it becomes more transparent. Therefore, on the side of the @gbosed to pH 7 buffer, a
significantly greater proportion of the gel became transparent over timagared to the side of

the gel which interfaces with pH 2.8 bufféfigure3.23c). The pH of the two compartmentsas
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retained for the duration of the experiment, which demonstrates the ability of this lydpel to act

as an effective barrigio separate the compartments on this timescale.
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Figure3.23: Summary of the differential release experiment (a). Release into two compartments of different pH values,
separated by a gel band (diameter = 2 cm). NPXask profiles (b). Red circles = pl8,3yreen circles = pH 7. Increased

transparency of the gel is observed from 0.5 h (top) to 3 h (bottom) as NPX is released (c).

The NPX release rates observed in this experiment are lower than those seen in the release studies
above. For example, release from a 10% hybrid gel into pH 7 buffeisiexperiment {1.5 x 16

mol mir) wasca. four times slower than in the experiment above (39.9 ® a®| mint). This is

likely due the differences in both temperature (3Z vs room temperature) and the surface area of
GKS 3Stvazt galyi@SNF ROS B LIS N WeBEdintetfarea@es fased 6nS  C
a 1.8 cm gel diameter was. 10 cni, whereas for the photgatterned gel this interface was much
smaller €a. 2 cn?). It is expected that ultimately an equilibrium (of both pH and Kié¢entration)

would eventually be reached for this system, but using the experimental setup outlined here, we
are observing differences in initial release kinetics between the two compartmiéti® drug was
0KSYy Wdza SR dzLJQ Ay 2wbodd peevdent édkibrationzhvoudh idisysteyi dvars A

longer timescales.
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To date only one other example exists of a PG pipatiberned within a LMWG has been reported,

and never before has such a shaped gel been loaded with a bioactive component. Additionally,
whilst prior literature has described control over the direction of drug release, this was never
achieved without protectiof?*?* or deprotectiort>>2°¢ of one face of a drug reservoir, or the
application of an external magnetic fietel.Here, the difference in release was driven simply by a

difference in pH at the gel:sol interfaces.

Given the wide range gdH interfaces in the body, it is easy to envisage the application of these
types of differential release materials for controlled releaseviva Simple devices such as that
described here could be used for the release of pain relief medication spdgifitahe presence

of inflamed tissue, or of acidity modifiers should the pH in the stomach cross a critical threshold. A
similar hybrid gel could apply to transdermal delivery of drugs only towards the skin. Exciting future
work may lie in the controlledelease of chemotherapeutics, which utilise pH differences in the
conditions surrounding cancers to selectively release drugs towards unhealthy tissue (e.g. latent
tumour cells possurgery), minimising the side effects of these APIs. Clearly, this sggcifile
pH-driven system is not necessarily appropriate for such an application, but this-pkqoinciple

study outlines the potential of controlled release matrices to maximise therapeutic benefits.

3.8 The influence of network orderreverse hybrid gel

For the hybrid gels described so far in this thesis, the LMWG network iasselfnbled first,
followed by triggering PG crosslinking. We have also carried out a preliminary investigation into the
influence of the order of network formation otie propeties of hybrid hydrogels, in particular
controlled release. It was thought that through formation of the PEGDM network first, followed by
selfassembly of DBSONHNUHEdifferent behaviours may be accessible to those described above,
despite usingthesamgSf O2YLRySyidaod LG A& 6S02YAy3 AyON
to materials assembly can influence their properties and perform&hte>82*These PG/LMWG
YFGSNRAEF T & coNBJESINE SRE NA RavrefedsSid the YKVE/MBAE PEGRNS NB
loaded in the material.

The formation of these reverse hybrid geddess simple than those in which the LMWG is formed
first. We first attempted to prepare dualetwork hydrogels through a diffusion approach. A 5%
PEGDM ¥ydrogel (0.5 mL) was prepared and a solution of -CBSIHNK(1.42 mg) dissolved in
DMSO (0.04 mL) waadded on top. The solution was left for 3 days and then removed. The resulting
gel was dried to the xerogel and DM8gadded. The crosslinked PEGDM ditldissolve, however

very small peaks corresponding to BBONHNHKHwere observed in the spectrum. \@&in this
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promising result, we repeated the experiment, but with both BBSNHNHK(1.42 mg) and NPX
(0.69 mg) dissolved in the DMSO supernatant. In this,caféer three days crystallisation was
observed at the very top of the gdtigure3.24a). Given that this did not occur in the absence of
NPX, it wasssumed that this species was that crystallising. This was confirmed by sectioning the
gel into two halveg top and bottomc using a razor blade, drying to therrgel and dissolving the
non-polymerised components in DMS8# as described above. Again, @ence of a very small
amount of DBE£ONHNHEwas observed throughout the gel. NPX, in contrast, was only observed in

the top half, where crystallisation occurredyrdirming the identity of the crystalline species.

Given the difficulties associated with foulation of NPX into the reverse hybrid g&lthis method,

we adopted a different approach to reverse hybrid gel formatibigre3.24b). Given therapid
gelation kinetics of DBGONHNE we considered it necessary to retard this gelation process. To
achieve this, a water bath was placed under the UV lamp so that a solution of mixed gelators could
be held at the o of DBSCONHNHE(80 °C), significdly slowing the kinetics of sedssembly. A
solution (0.5 mL) of PEGDM (10% wt/vol) and PI (0.1% wt/vol) wasgrraed in the water bath

at 80 °C. DBEGONHNHK(2.84 mg) was dissolved in DMSO (0.04 mL) and added to boin(PH46

mL). This hot sol waedded to the PEGDM/PI solution and the mixture was immediately exposed
to UV light (0.5 h) to crosslink the PG network.

(b)
.

80°C uv
PEGDM/PI
0.5mL HO
°
. <
Boiling Boiling Q
0.46 mL HO =
=]
ie]
- <
DBShyd/NPX
0.04 mL HO

Figure3.24: Crystalliséion of NPX at the top othe PEGDM hydrogel during attempted diffusidoading (a). Schematic

of the optimised reverse hybrid gel fabrication methodology (b).

After crosslinking was complete, the gel was removed from the water bath and allowed to cool to
ambienttemperature, in theory inducing seéfssembly of the LMWGs within the PG matrix. This
process resulted in the formation of robust hydrogels which were slightly yellow in colour. The final

concentrations of PEGDM and DBSNHNWin this gel were 5%ut/vol and 6 mM respectively. If
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the PEGDM/PI solution was not heated prior to addition of BBBIHNE large, inhomogeneous
aggregates of LMW hydrogel were seen in the resulting gels. NPX was formulated in these gels at ¢
concentration of 6 mM simply bgissolvirg the solid (1.38 mg) in DMSO with BBSNHNE NPX

began to crystallise within these samples ogar24 h Figure3.25a).

Figure 3.25: Images of 1 mL (a) and 10 mL (right) 5% reverse hybrid gels loaded with NPX (6 mM). Note that

crystallisation of NPX is observed after 24 h, as seen in (a).

Reverse hybrid gels with volws of 10 mL were prepared by scaling up the above qulae.
PEGDM/PI was pfieeated in a glass tray (5 cm x 5 cm x 1 c¢cm) to 80 °C before addition of the hot
DBSCONHNBNPX solution. The sample was mixed thoroughly and placed under a UV lamp.
Robust, homgeneous gels could be prepared using this approadégu¢e 3.250). However,
attempts to induce spatial control of the PEGDM crosslinking by placing-paitegned acetate
photo-mask over the solution during UV exposure led to no gel formation. Insteall aggregags

were observed on cooling, attributable to selésembling DBSONHNH As for the attempts to

form hybrid gels by simply mixing the components together, a saspdaning DBEONHNH
network could not form from this solution. We propose tha this cas, the failure of PEGDM to
crosslink is caused by the absence of the-fjorened LMWG network and the high temperatures
employed to prepare this gel. Both these factors would result in rapid diffusion of Pl away from the
site of irradiation. Cotrol over difusion rates and convection effects is an essential steppiage

to achieving spatial resolution. A sufficient concentration of propagating radical species to induce

methacrylate crosslinking is therefore not achieved in any one location.

Using homogeneusly crosslinked reverse hybrid gels, we assessed the influence of network
formation order on the rheological properties of the hydrogels in the absence of NPX. Following the
same procedure as outlined previously, we exposed the hydrogetbdages in gplied strain,

frequency and temperaturer{gure3.26). Interestingly, in contrast to the 5% hybrid gels in which
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the LMWG was formed firsthe 5% reverse hybrid gel has a slightly greater storage modulus than
DBSCONHNH (6 mM) hydrogels. More striking though, is the resistance of this material to strain.
Even up to 1000%, the critical strain had not yet been reached. Neither the Ei§¥i&/brid gels,

nor PEGDMNly hydrogels, retain their géike properties athese high shears. Reversing the order

of network formation clearly makes the material more elastic and gives significantly enhanced
shear recovery properties. This suggests tbating the PG network first may encourage it to form

a more effective samplgpanning chemical gel, whereas when it forms in the presence of-a pre
formed LMWG network, its assembly is slightly limited. In contrast, little difference is seen in the

responseo shear or change in temperature compared to hybrid gels of a similavdriég).
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Interestingly, the samples for which the PEGDMIBlution was not préheated and for which
significant heterogeneity was seen in thel gtructure, possessed a much greater elastic modulus

than the homogeneous gel&igure3.27). This is unusual, as such heterogeneity was expected to
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weaken the gels. They also appear to be slightly less resigiasttain than the homogeneous
samples, but as one might expect, the errors for these materials are lguge. Little difference
20KSNJ 0KIFy (GKS @FtdzSa 2F DQ FYyR DQQ Aa 206aS8t
the temperature sweep wasgnificantly different to that of the homogeneous géligure3.27c).

b2z aArAdayATAOIYyd AyONBLasS Ay DQ YR DQQ 4l & 26
in the data is observed aa. 75°/ ® D €aSks digylifizallly before decreasing agaima value

similar to that before the jump. It is possible that this is an experimental artefact, however this
occurs at almost the exact same temperature as thg observed for DBEONHNHgels. It is
possiblethat breakdown of the DBSONHNEcomponer of these gels occurs at this temperature
temporarily increases the stike properties of the material. On further increasing the temperature,

rearrangement of the PEGDM network could then result in recoveastdble gel state.
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Clearly further study, such as that described for the hybrid gels earlier in this thesis, is required to
gain a compdte understanding of the molecular and nanoscale properties of these gels which
govern the macroscopic behaviourdedetailed IR, NMR, SEM studies). Nonetheless, for our initial
study here we elected to determine the influence of network formation orderNPX release
(Figure3.28). As above, we prepared 1 mL gels in an 8.5 mL vial and added on top a buffer solution
of pH 4, 7 or 8. As for the PEGDM and hybrid gels above, not all of the NPX was released from the
gel even at elevated pH values where 100% shoulérée to diffuse. This is again rationalised by
diffusional effects of entrapped NPX within the crosslinked PEGDM network. Significantly lower
release percentages were observed at pH 8 than for any of tther @el types, whilst release into

pH 7 buffer wagsomparable to that from the hybrid gels seen above. The reasons for the difference
in release at pH 8 are not clear at this time, although we propose that changes in the swelling of
the PEGDM network atifflerent pH values within the reverse hybrid gel ynlae a contributing
factor. A decrease in the pore size at pH 8 may prevent effective diffusion of NPX out of the gel
matrix. Such effects were not evident from the release profiles of NPX form PEGDMogels
Additionally, previous studies indicate tHAEG hydrogels containing no-gensitive groups (as for

the PEGDM used here) do not show-gependent swelling propertie¥° Therefore, if swelling

does play a role in this case, tpeesence of the DBSONHNEnNetwork must have a sigficant
influence on this characteristic. Any differences in the porous network could be probed by

comparing the diffusion of probe molecules through the gel network (see Section 4.4) or by SEM.

Interestingly, the release of NPX into pH 4 buffer was lofeerthese samples compared to the
LMWGirst hybrid gels. Onlga. 40% release from the reverse hybrid was observed compared to
50% for the equivalent hybrid gels. The PEGDM network may compete lessveffetor DBS
CONHNZHlinteractions under the gelofmation conditions. Differences in the gel network density

or pore size may also contribute to this difference. NPX release from this material was slower than
from the hybrid gels, with release rates &g, 7 and 8 of 5.1 x #)27.9 x 18 and 24.3 X1.0° mol

min? respectively. This may be indicative of a greater PEGDM network density than in the hybrid
gel, due to the inverse order of network formation as described above. Alternatively, as suggested
above, if PEGDM is less competitive with NPX faaO©BNHNLHinteractions, the rate of release

may be slower due to enhanced interactions with the LMWG network. Interestingly, despite the
difference in equilibrium NPX release from reverse hybrid gels at @htl pH 8, the initial release
rates are relativly similar. If swelling effects are responsible for these differences, they would likely
be less pronounced at the beginning of the experimemH changes in the gel and nanoscale

changes in morphology mdake some time to manifest. Therefore, the fabat the initial release
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rate into pH 8 buffer is relatively high may support the idea that differences in swelling have a

significant influence on the release profiles.

100 4

% release

Time /h

Figure3.28: Release of NPX intouffers of different pH from a 5% reverse hybrid gel. Red circles = pH 4, green squares
= pH 7, blue triangles = pH 8.

The release of NPX from these reverse hybrid gels is clearly quite complex, with both NPX
deprotonation and pHmnediated swelling potendlly playing a role in the kinetics. As well as
studying the diffusion of probes through gels swollen in different buffers (as outlined above),
release of model drug compounds which do not have specific idieres with the acyl hydrazide
groups of DBENHNH may help to elucidate the relative importance of these two factors.
Additionally, differences in the nature of the interactions between the LMWG, PG and NPX in the
hybrid and reverse hybrid gels cannad tuled out. Saturation Transfer Difference (BTNMR
spectroscopy, in which the saturation of signals corresponding to the nanoscale network is
transferred selectively onto bound species, could show differences in the affinity and mode of
binding of NPXathe individual networks in these materia®. Taken together, thesedalitional
experiments would greatly enhance our understanding of the processes determining NPX release

under different conditions.

Clearly the order of network formation has a profound impact on the macros¢apd presumably
molecular and nanoscale) pregies of DBEEONHNKHPEGDM hybrid gels. This research may be
of significant interest, as a material composed of identical components in the same quantities can
express very different macroscopic propertiesicts differences can be studied by utilising the

techniques outlined for the characterisation of hybrid gels in this chapgtérNMR, IR, SEM) in
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addition to further, complementary methods. Differences in the molecular scale properties of the
gels could berobed by examining the differences in interiacts with a range of probes using STD
and NOESY NMR experimeft&Solid state NMR may also yield information regarding difference
in packimg of the two gel networks dependent on assemblyler.®3 On the nanoscale, as well as
differences observed in xerogels observed by electron microscopy,-antdét neutron sdaering
could be used to determine the naturef the DBSCONHNHEnanofibres in the solvated gels,

elucidating any differences in assembly mode between the two matéftals.

Developing an uterstanding of the influence of network ordesrfnation on gel properties is of

key interest moving forwards and may assist with the design and fabrication-phgeé devices

in the future. As an example, the significantly greater elasticity of the sevieybrid gel in this
chapter compared to theybrid gel (as well as the PG alone) may make it more useful as a material
for wearable devices, which must be able to withstand significant movesineoiced strain.%®
Elucidating lhe reasons for this enhanced elasticity, ashaslthe differences in interactions with a
range of small molecules, may allow rational design of materials which can be processed into

wearable sensors.

3.9 Conclusions

In this chapter, we have prepared andachcterised DBEONHNKHPEGDM hybrichydrogels
containing the clinically relevant NSAID naproxen. It has been demonstrated that the fabrication
methods developed in Chapter 2 can be readily modified for the facile incorporation of NPX in
stoichiometric amants. The presence of NPX is showralier the properties of the hydrogels in
subtle ways. The hydrophobicity of API results in significant changes in the stiffness and
temperature stability of DBEONHNEhydrogels, whist it also influences the respo$&MW and

hybrid hydrogels to highréquency oscillatory shear.

NPX has been demonstrated to bind to BBSNHNkEnNnanofibres in a pHiependent manner. IR

and NMR spectroscopy indicate that in unbuffered water, interactions between the carboxylic acid
of NPX and the acyl hydrazide/alcohol fttional moieties of DBEONHNH result in >92%
immobilisation of the API. Deprotonation of NPX at elevated pH values disrupts these interactions
and allows free diffusion of the drug into solution. The proportion ofMX which is bound to the
nanofibresat a given time is determined by both the yi¢ the drug and the relative pH of the
solution to which the gel is exposed. Despite the excellent release properties, this LMW hydrogel is
not robust enough to be of sigincant utility for many drug delivery applications, although it has

potential for ransdermal drug delivery applicatiors { Ay LJI F pdp 0 d
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The NPXoaded hybrid hydrogels reported in this chapter possess a unique combination of

properties which make them useful for controlled delivery. Key aspects include:

1 The DBEONHNHnetwork largelyretains its pHdependent release propées within the
hybrid gel. NPX is released in smaller amounts under acidic conditions, whilst at elevated
pH almost total release is seen.

1 The PG network, whilst unable to perform pkediated drug release, reinforcebe
material, making it robust enoudbr potential oral drug delivery applications.

1 Both components are necessary for the formation of shaped,-ld&ded gelphase
materials. PEGDM endows the material with-t¢gponsiveness and the potential to be
photo-patterned, whilst spatial resolution gareported in Chapter 2) is not achievable in
the absence of the LMWG.

Photo-patterning of a drugreleasing gel allowed us to impose spatial control over the diffusion of
NPX. By exposing the two sides of the hydrdgediifferent conditions of pH, the pferential
release of a drug into different compartments has been demonstrated from a LiddM@ining
material for the first time. No prior reports of such differential release without the use of physical
barriers or srong magnetic fields has been reported/e propose that this concept of differential
release may have important implications for targeted release of drugs towards sites of
inflammation, infection or tumour growthin viva Future work in this area could dos on the
development of different gétirug combinations, exploiting different release triggers to target

differences in tissues more complex than simple pH differences.

Additionally, we report preliminary findings regarding the influence of network fdionaorder on

the rheological and NPXlease properties of hybrid hydrogels. A method for the fabrication of
hybrid gels in which the PEGDM network is crosslinked prior toc@B$HNbEselfassembly has

been developed. Despite containing the same compongauts, gels formed in this fashion
demonstrate greater resistance to shear and different NPX release properties compared to hybrid
3Sta Ay 6KAOK GKS t9D5a ySig2N] Aa WLI GGSNYS
the macroscopic differencesbserved, IR, NMR and SEM studies &hdne used to probe the
properties of these hydrogels on the molecular and nanoscale. Few examples of-Liitéing
multicomponent gels exist, and to our knowledge, no systematic studies describing the influence
of network formation order on the propertis and applications of these materials have yet been

reported.
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4 SpatiallyResolved Enzyme Bioreactors

Acknowledgements are made to MChem student Jamie Kelly for his work towards some of the
results in Sections 4.51d 4.7.

4.1 Enzyme Bioreactions

Compartmermalisation of reactive components is a common and effective strategy employed in
biology to maintain the integrity of biomolecules important for cellular function. Indeed, even on a
larger scale the body can be thouglf as being divided into a numberBfA T F SNBy i wO2Y
or systems, each of which performs a given functidiRarelyare the compartments (on any scale)
completely isolated however. In fact, the ability of molecules to cross membrane barriers between
compartments is often critical to their function. Oxygen crosses the barrier from the alveoli of the
lungs into circulatoy system, whilst nutrients are absorb#ttough the membrane of the intestine

into the bloodstream to aid delivery to cells.

In a chemical settingin particular for chemical engineerimghe separation of catalyst and product

is a key factor to considevhen designing an industrial procegs effective separation of the
desired compound from the reactive substrate can drastically reduce the processing time and cost
to a company working on large scale fine chemical synthesis. For heterogenous cat#yges a
range of techniques to achievais are possible, including but not limited to the use of fluidised
beds and immobilised catalysts in flow reactors, and simple filtration/centrifugation technologies
to separate the catalyst in a batch reactor. Foreaction requiring a homogeneous catsi
however, the problem facing an industrial chemist is not so simple. The soluble catalyst can in
principle be separated from the reaction mixture, but this often requires comparatively costly and

solventintensiveprocesses such as chromatography ang/mecipitation 266267

Of increasing industrial impont&e is the use of enzymatic processes in the production of
pharmaceuticals and fine chemicdf&?7° processing of food'?"2and the development of so

Ol tf £ SR RWRBIRIQMzSLINPRirklidgthial yproblNER?"> Enzymes overcome many of the
difficulties associated with these industrial processeéscluding poor efficiency, selectivity and
enantioselectivityg whilst operating under mild conditior’$? The application of enzymes in an
industrial setting is limited however, by tHfact that their separation and subsequent recycling can
65 OKFEfSy3IAyad {2YS adNrd83Asa G2 SyF2NDS a

products are outlined below.
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4.1.1 Membrane Bioreactors

Membranebioreactors (MBRs) have been demonstto represent an effective method for the
separation of large catalysts from the reaction produdtg(re4.1). In this approach, a porous
YSYONIYS A& dzaASR G2 &SLI NI GS | oipduhedtiThe/sie€® O2
of the pores in these membranes is such that macromolecules, including enzymes, are too large to
cross between compartments, whilstngller reaction substrates or products are able to diffuse
freely between the two. These reactions argually conducted under flow to prevent equilibration

of the product concentration across the reactor. MBRs have become relatively common in the
rapidly expanding field of biocatalyst&>?’” With a push towards synthesising fine chemicals from
renewable resources such as plant matter rather than -tegileting reserves ofrade oil,

enzymatic catalysts will continue to become of increasing importance in the fetite.

I ‘ Enzyme
@ 10}
%% _o%e ° ° o © 1
@ ® @ I Membrane
() ) i
[
OO OOOO @ I e %“g Substrate
() Product
Figure4lY { OKSYIF GAO NBLINBaSyidl dAaz2y 2F | GNIRAGAZ2YLIE a. wd

whereas small molecule products can diffuse through, eliminating the need for-pesttion separation.

Whilst not using a pure enzyme, a representative example of an industrially relevant MBR process
was recently reported by Najafpoéi® Using Lactobacillus bulgaricuga lactase source), the
conversion of lactose into lactic acid was achieved with high yields (17:2&hgcbmpared to 7.2

g L hlfor a conventional bioreactor) and good separation of product and starting matEilre

4.2a). Similarly, Liet. a. RS@Sf 21LJISR | Wwayvyrft ao0FftSQ a.w 1z
parameters in the hydrolysis of cellulogeidure4.2b) - cellulase concentration, pH, temperature
etc.2 Crucially, the mesh size of the polyethersulfone membrane allowed for exclusion of not only
enzyme, but also oligosaccharides from the product stream, essentially ensuring complete
conversion to glucose. Cellulose hydrolysis providesiawableroute to monosaccharides which

are valuable feedstocks for chemical synthesis and biofuel produtfidBeparation of such
monosacharides is an important industrial challenge. Pinelo andvodkers developed a dual

enzyme MBR to address this iss&GOxmediated oxidation of gluces(Figure4.2c) was fuelled
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by the hydrolysis of ¥, by catalase, and the gluconic acid formed was separat@chembrane

from other monosaccharides in the reaction mixture.

(a)
H
"0 ° OH o
HO
0 Lactase, H,O
O ,» F2
HO&OH/ \%\OH 4 \HJ\OH
OH OH
(b) OH oH
Lo HO~__OH Cellulase, H,0 o HO o
> n
How a3 o) Ho
HO
OH OH
n
(c)
HOH O OH OH
HO 0 Glucose Oxidase - OH
HO OH ~ HO
OH OH OH

Figure4.2: Industrially relevant MBR reactions. fettive separation of lactase starting material and lactic acid was
demonstrated by Najafpour (a), whilst Liu demonstrated that only glucose and no oligosaccharideespeailld pass
through a PES membrane (b). Pinelo used the selective oxidation of glu@sto achieve efficient separation from

xylose in solution.

Ly GKS 102088 SEIFYLX Sa (KS oA20FiGFteaida | NB
increasingl common approach is the immobilisation of an enzyme within the membrane. This
approachensures contact between reactant and enzyme, and allows for easy replacement of the
biocatalyst by replacement of the membrafé:®° In general, two approaches to enzyme

immobilisation are usedgure4.3):

i Covalent attabment of the enzyme tthe MBR,;
ii. Physical encapsulation in the MBR porous structure. This approach relies on the

enzymes being too large to diffuse out of the membrane.

Sulaimaret. al.used the first of these approaches to fabricate cellulosic membraneshwhere
catalyticallyproficient in the conversion of starch into cyclodextffwhilst Kamaruddin and eo
workers crosslinked polyethyleneimine in the presence-galactosidase to entrap the enzyme in
a porous membrané®’ The dualenzyme monosaccharide separation descrilzdmbve was also

carried out using enzymes encapsulated in a polydopamine membtfa#enovel approach to
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catalyst immobilisation was recently reported by Zau al, who used simple physical adsorption
to allow laccase enzymes to enter the radial pores of a membrane before entrapping them by
covalent crosslinkingF{gure 4.3c)?® This improved the stability of the membrane reactor

compared to reactors relying on phyai@dsorption alone.

ool

Figure 4.3: Cartoon representation of strategies for enzyme immobilisation in MBRs. Covalent immobilisation (a),

(c)

physical entrapment (b) and crosslinigrmediated physical enmapment (c).

Innovations in gagexchange MBR reactors are being developed to widen the abteshemistries

2T (KSaS adeaidsSvyao !-nliBOSPiYSONFNEBEOG ZNI RYV dz
hydroxylation of 2Zhydroxybphenol to 3phenylcatehol Figure 4.4a)2% In a conventional
bioreactor, C® produced in the reaction process deactivates the hydroxybiphenyl 3
monooxygenase (HbpA) enzyme, resulting in poor yield angclaality. In this reactor
configuration however, the reaction compartmens contained by a ggsermeable Teflon
membrane which allows escape of the £&3 well as the reintroduction of oxygen to aid HbpA
activity Figured.4b). Optimisation of the reactor conditions enabled facile systh®f the desired

catechol with significantly greater yields (14.5%ht}) than other MBRs described to this date.

' (a) o O, H20 e OH
O HbpA
C

NADH+H*  NAD*

cO, M HCOO" Na*

inner-Teflon AF2400
membrane outer PFA or

FDH Tefzel tube

Figure4.4: (a) Scheme of-Bydroxybiphenyl hydroxylatin catalysed by HbpA with concomitant NADH regeneration by
formate dehydrogenase (FDH). (b) Schematic representation of the 4ukebe reactor including separation of gas

and liquid phases by inner membrane. Figure adapted frorBJR
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4.1.2 Enzymatic Reactisrin LMW Hydrogels

An alternative approach to enzyme/product separation is to formulate enzymes within a gel matrix.
Theencapsulation of the enzyme within the porous materialaaceptually similar to the physical
entrapment of enzymes in an MBR membrasedescribed above. The large peptide catalysts are
too large to diffuse through the gel nanopores, whilst small reactard product molecules can
diffuse freely. Separation die enzyme from the reaction mixture can then be achieved by simply
removingthe gel. Many examples of enzymatic reactions in polymer gels have been reported
throughout the yearg®® However, despite the fact that enzymes are widely used to trigtywG
assembly (Chapter 1) and to control gel degradation and drug release (Chapter 3), surprisingly few
examples existwdre anenzymdé 2+ RSR [ a2 D Kl & 0SSyaoazSRil@ae &

Pioneering work in this area was published in 2007 by Xu andodkers Figure4.5a)2°! They
formulated haemoglolm (Hb) into a LMW amino acid hydrogel and demonstrated that the process
(a gentle heat/cool cycle) did not alter the conformation dfet enzyme. This enzyngel showed
superactivity in the oxidation of pyrogalldFigure4.5b) carried out in toluene compared to free
enzymes in both toluenéno reaction, enzyme inactivation) and watee.(9 times slower), as well

as compared to Hb in a polyacrylamide P@gred.5¢). The athors postulate that the amphiphilic
nature and large pore size in the LMVi&Bilitate mass transport of the reaction products into the
organic phase, reducing enzyme inhibition and increasing the enzyme activity Additionally, the
aqueous environment inhie hydrogel prevented deactivation by organic solvetittle loss of
activity was shown over three reaction cycles in toluene. This as@d activity extended to other

tested enzymes (including horseradish peroxidase, laccase and chymotrypsin).

The folbwing year, the same group demonstrated that the enzyme acid phosphatasedéieye
used to trigger formation of amino acid hydrogelsdathat the resulting encapsulated enzyme
retained its activity:® Again, enhanced activitpnd stability were demonstrated in organic
solvents. Wangt. al.recently used a similar duglurpose enzyme approad®In their case alkaline
phosphatase (ALP) was usedrigger formation of a robust tetrapeptide hydrogel and subsequent
dephosphonjation of para-nitrophenylphosphate gNPP). Good recyclabilif the enzyme was
reported in these gels compared to calcium alginate hydrogels. However, the authors do not report
the washing of product from the gels between reactions, so the reported wgnof each cycle
may be influenced by the residual producfsearlier reactions. In innovative work, Mat al.used

a duatenzyme approach to form a dunetwork hybrid gef® Dephosphorylatia of Fmoetyrosine
phosphate with AP resulted in formation afLMW hydrogel, which was then reinforced by 6Ox
initiated crosslinking of a PG network (mechanism described in €hdpB). Both enzymes

remained active within the hybrid gel and retained thactivity over five reaction cycles.
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Figure45Y { OKSYIl (A O NB LINB-acBv¢ IMWGE-inthobilisedfenzyndz@ed The dehpBipdic nature of
the LMWG accompanied bigrge pore size facilitates mass transfer of substrate (Sil gmoducts (P) to and from the

enzyme (E) sites in the hydrogel. The Hb catalysed oxidation of pyrogallol was t€b)ed urnover rates (c) of Hb

immobilised in the LMW hydrogel (squares) wereuch greater than free Hb in water (triangles) and Hb immadsd

in a PG matrix (circles). Figure adapted from®[2.

Other novel examples of enzymatically active LMWGs have teported. Early work by Li and-co
workers reported enhanced activity of lemradish peroxidase (HRP}étraethylorthosilicate gels
prepared in an ionic liquid (IL)/water mixture compared to water al&and later developethis

into a stable and sensie biosensor electrodé® Sun and Huangrepared gels from -1
dodecypyridinium bromide, a cationic surfactant, and loaded them with laccase to carry out
oxidation reactions in ionic liquid medié. An interesting recent report from Aline Miller and-co
workers describes the covalent conjugation of enzymes tsleet brming octapeptide sequence.
Seltassembly of the short peptide sequence rigsin presentation of a settive reductase enzyme

on the surface of the nanofibres. No loss of enzyme mass from these hydrogels was observed over
one year. By comparison, 98% afoncovalently encapsulated enzyme diffused out of the gels
over 7 hoursThe immobilised reductase edysed the reduction of ketoisophorone with excellent
conversion (>99%) and enantioselectivity (95%). To our knowledge this is the only reportedeexamp

of an enzyme covalently bound to a satfsembled LMWG.

Researchers haveegun to utilise the high aatity and selectivity of enzymeontaining LMWGs for
advanced sensing applications. A notable early example came from the Hamachi group, who
encapsulaéd amino aciespecific proteases in a saccharaino acid hydroge®® A fluorescent
dansyl species was liberated from a protected oligopeptide by cleavage at the adjacent aidino a
and migrated into the hydrophobic environment within the gel nanofibréhis change in
environment enhanced dansyl fluorescence, providing a visible readout for the reaction and

allowing the detection of specific amino acid residues in a sanfjptpi(e4.6a). No fluorescence
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enhancemat was observed in the absence of the LMWG. More recently, this group developed a
high throughput peptidegelbased assay for a range of biologically relevant species based on the
action of oxidative enzymes such as GO arate oxidase (UOX)° Addition ofan appropriate
biomolecule (glucasfor GOX, uric acid for UOx) resulted in the production.6-Hvhich reduced
and cleaved the gelator protecting group (nitrophenyl methyloxycarbonyl, NPmoc). Loss of the

head goup caused the gels to break down rapidiyd specifically in the presenc@o S+ OK Sy T ¢
substrate Figure4.6b).
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Figure4.6: Immobilised enzyme assays reported by Hamaehial. Fluorescence assay for-tdrminal lysine residues
(a). 5Dimethylaminonaphthalenel-(N-2-aminoethyl)sulfonamide is liberated selectively in LMW hydrogels containing
lysyl endoprotease (LEP), resultinganchange in colour from pink to green for these samples only. Adapted frof. [3

Oxidasemediated LMWG breakdown assay (b). Oxidation of the relevant biomolecule results in formation@f H

which reductively cleaves thPmoc protecting group and inducésMWG disassembly. Adapted frordg6].

In other recent work, Park and aworkers have incorporated both an enzyme (GOXx) and quantum
dots (QDs) in a FmdehePhe hydrogel to enhance the detection of glucé¥eO, produced
during the oxidation of glucose ugnches QD photoluminescence atnalally relevant
concentrations for diabetes diagnosis. In a unique repoely hnd ceworkers used an HRP
containing electreosmotic gel as a bioreactor with built in separation functionafity.
Intermolecular interactions between tsors lowered the pKof the primary amides in the
nanofibres, allowing thento accumulate charge on application of a current. This charge drives
LINE INB&a 2F ySdziNlI§ O2YLRdzy R4 R2 Iblyby thekHRP geb f

could be seen ahquantified using the resulting electropherogram, although due to the caotis

137



LINP RdzOGA2Y 2F LJzN1LJzNR3IFffAYy R2gy (GKS fSy3adk
material and product was not achieved in tluase. Longer reactor lengths or heg enzyme

concentration may overcome this limitation in the future.

4.2 ChapterAims

Despite the progress made in recent years on the application of enzyme/LMWG systems for
functional reactivity, the inherent mechanical weaeess associated with most LMW hgdels limits
their applicability in realvorld applications. Additionally, fesophisticated sensing devices, spatial

control of reactivity is of vital importance to their applications.

In this chapter, we aimed to utikksthe photopatternable DBEONHNKMPEGDM hybrid hydrogel
described in Chapter 2 to create shaped enzyme bidoeac Substrates and reactants were
expected to pass relatively freely through the gel matrix, whist enzymes would be unable to diffuse
through the small pores of the gel membrani principle this would allow easy separation of
enzyme, starting materiall Y R LINR RdzOG ® . & RS@GSt2LIAYy3I I aKLk LIS
a degree of spatiotemporal control over an enzymatic reaction, with adiotegm view to future
developmentof multi-step reactor systems-{gure4.7). To our knowledge no such bioreactor,
where reactants diffuse through twseparate gels to perform sequential reaction steps, has been
developed to date?®3°and it constitutes anighly challenging target for shaped gel technology.
Here we will attempt tdake steps towards such reactors with a simpler system, using a single gel
barrier and a single enzyme to demonstrate the potential for these shaped materials to act as

reactor\fevice

Diffusion

O\\ _OH
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e . €

OH HO OH
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Figure 4.7: Cartoon representation of a challenging twstep photopatterned enzyme reactor configuration. To
proceed to the next compartment, each reagent must péssough an enzymdoaded gel barrier. In theory this results
AY F WdaiNgarRrdz® with no reatant impurities. Example reaction shown here is the dephosphorylation of
para-nitrophenyl phosphate by alkaline phosphatase (AlPfpllowed byO-glucosylation using -glucosidase (BGEEy!
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4.3 Alkaline Phosphatase

Alkaline phosphatase (ALP) is a widely studied metalloenzyme, found in a wide range of organisms
on the surfices of most cell membrané¥=%1t is a homodimeric enzyme containing zinc and
magnesium athe active sitesKigure4.8a). The enzyme is considered somewpetmiscuous,
catalysing the hydrolysis of a wide range of phosphatetaining orgait compounds under basic
conditions3%43%The two zinc metals are thought to be intimately involved in the binding of such
substrates by this enzyme:r&y crysallography and NMR studies suggest that one zinc site co
ordinates to the phosphoest oxygen, whilst the second zinc (as well as an arginine residue within
the active site) interact with the phosphate hydroxyl grodffsAttack at the phosphorous centre

by a serine residue results aleavage of the ¥ bond yielding the dephosphorylated product.
Under basic conditions decomplexation of inorganic phosphate from the enzyme active site is the
rate-limiting step of this reaction. As well as performing a regulatory role in the inte¥ind,P is
widely regaded as having an important role in promoting mineralisation during osteogenic
differentiation. Indeed, the upregulation of ALP is considered a reliable indicator offooméng

processes in tissue engineered cell cultufgs%
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Figure 4.8: Structure of rat intestinal alkaline phosphatase withNP located at the active siteaj. Enzyme was
recombinantly expressed irSf9 lepidoptera cells and the two mnomers are coloured in green and yellow
respectively3°®Image from [3®]. ALRcatalysed dephosphorylation gdNPP yieldpNP, which undergoes a pidduced

colour change based on deprotonation of the phenol (b).

Given that ALP displays relatively high thermal stability and has been shown to retain activity on
immobilisation?®31%it was selected as an appropriate enzyme for encapsulation and reaction in the
gelphase. For thiproof-of-principle study, the enzymatic dephosphorylationpafra-nitrophenyl
phosphate pNPP) to formpara-nitrophenol NP) and inorganic phosphate was identified as a

suitable test reactionHigure4.8b) due tothe rapid turnover rates reported in the prior literatufé:
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In addition, a striking change in the colour of the solution on dephosphdoriatfrom colourless
to yellow) afforded simple qualitative (visual) and quantitative {isible spectroscopy)
assessment of reaction turnové¥> A reacbr design in whictpNPP diffuses through a photo
patterned hybrid gel ringcontaining ALP, and reacts to yield ppMP in a product compartment
was envisagedHgure 4.9). In this reactor design, the hybrid gel acts as a gmmineable

membrane which allows diffusion of the small subgt/product molecules, whilst confining the

much larger enzymes to the gel phase.

Figure 4.9: Schematic representation of the proposed enzyme bioreacpiPP (colourless)iffluses from a central
WNBF Ol yiQ O2YLI Nbave gelmerikiaNe (ol ring) yhich §atalyses its degphorylation into
pbtt 688tt260d ¢KSNBFT2NBI (KS 2dzi SNINRLINE RdzZOGQ O2Y LI NI Y

4.4 Gel Permeability

For effectie immobilisation of ALP, it is important that it is unable to diffuse through the porous
matrix of the gel within whicit has been encapsulated. For reactor efficiency it is equally important
that small reactants and products can move freely through thlengatrix. To assess the feasibility
of our gels for use in enzyme bioreactors, we designed an experiment to prokdiftheion of

fluorescent biomolecules through a gghase material.

Gel samples of a known volume were prepared in a fluorescence cuveite DBEONHNE
samples, the LMW hydrogels were prepared by heating a known quantity of the gelator to
dissolution ina glass vial. This hot sol was transferred to the cuvette and a gel was formed on
standing at room temperature. 10% hybrid gels werepared using the same procedure, followed

by the addition of a solution of PEGDM (10% wt/vol) and PI (0.05% wt/vobpoaftthe gel and
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leaving covered for 3 days. The supernatant was then removed and the cuvette gel placed under a
long wavelength UV lamior 0.5 h to crosslink the PG network. PEGDM hydrogels were prepared
by simply charging the cuvette with a solutionREGDM (10% wt/vol) and PI (0.05% wt/vol) and
crosslinking by UV for 0.5 h.

Onto these gels was pipetted a 50 solution of either fluoescein (332 Da) or a fluorescein
isothiocyanatedextran (FIT@extran) of a known molecular weight between 4 andkDa. FITC
dextrans adopt a somewhat condensed and coiled conformation in solution and are therefore
considered good substitutes for the studf macromolecule diffusion kinetiés> They are
commonly used to assess the permeability and diffity of biological membrane¥**’ The
fluorescence intensity of the probes was recorded at the base of the gel samples (away from the
interface with the supernatant) every 5 minena 3 hour time period to collect information on the
initial rate of diffusion. An additional reading was taken at 24 and 48 h to ascertain equilibrium
uptake. Fluorescence was recorded at the emission maximag, (Table4.1). An excitation
wavelength &g for all fluorophores of 470 nm was selected. When recording the fluorescence in
gel samples a large peak was observee:at presumably dugo elastic scatteng of the incident

light. This peak obscured any changes in intensity resulting from fluorophore diffusion akisirig

470 nm ensured that no overlap of peaks corresponding to scattering and fluorescence occurred.

Table4.1: Physical characteristics of the fluorophores used in this study. Absorption maxima (recorded 150

calculated Stokes radius and literature gyration radius values for each compound.

Fluorophore BMmax Calculated Radius  GyrationRadius'*
nm nm nm
Fluorescein 512 - -
FITGdextran (35 kDa) 521 1.50 2.0
FITGdextran (10 kDa) 522 2.28 -
FITGdextran (20 kDa) 526 3.14 3.4
FITGdextran (40 kDa) 528 4.32 5.0
FITGdextran (70 kDa) 521 5.59 6.3

Initially we prepared gels of 2 mL volume (crssstional area = 1 cm1 cm, height = 2 cm) and
pipetted 2 mL of the fluorophore solution on top. However, over the first three hours, essentially
no chang in fluorescence was observed (data not shown). Increases in the fluorophore
concentration at the base of the gel were @bpged after 24 h, but it was unclear whether the
system had reached equilibrium. Additionally, as no information on the rate ofsthfiucould be
abstracted, we chose to modify the experiment and prepared gels of a smaller volume (0.5 mL, 0.5

cm gel heigt) and fluorophore solution (56M, 0.5 mL). This yielded much improved data, with
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changes in fluorophore concentration observed otleg experiment timescaleFjgure4.10). No
significant changes in concentration were observed for any samples between 24 and 48 h, so these

data have been omitted from the graphs.

The errors associated with the @apresented here are similar to those outlined for the -U¥
absorption studies described in Chapter 3. Repeat measurements of calibration samples have
allowed estimation of the random error associated with instrument readingsia® 5%. The errors
as®ciated with gel formation are also similar to thadescribed earlier in this thesisg, 0.4%). The
preparation and measurement of the fluorescent stock solutions is of a similar magnitade (
0.5%). The errors seen below are slightly greater than ttoagbned here. The contribution of
temperature flucuations is one which is likely significant in this case, as the fluorimeter was not

temperature controlled during this experiment.
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Figure4.10: Concentration of fluorophoreat the base of gels of dimension 1 cml cmx 0.5 cm (height). Diffusion

through 6 MM DBSCONHNK(a), 10% hybrid (b) and 10% PEGDM (c) hydrog&isirs given as standard deviation (n
=3).

Diffusionof the fluorescent probes is clearly influenced bg thternal structure of the hydrogels.

A significantly greater proportion of all species (with the exception of 70 kDadEKE@n) diffused
through the LMW hydrogeF{gure4.10a) than either the 10% hybrid geétigure4.10b) or the 10%
PEGDMHKigure4.10c). LMW hydrogels typically have a larger mesh size than PGs, so thisvessult
expected. A lower rate of diffusion is also observed for the 10% PEGDM gels than the 10% hybrid
gels. This indicates that the selésembly of the LMWG network prior to PEG&Mving reduces the
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density of the second network compared to in the PG aldree Stokes radius of Ft@€xtrans can

be calculated using Equation £%#:319
i ™ob 8 Equation4.1

The radii for the FIT@extrans used in this study are giveriTable4.1. Similar size can be inferred
based on literaturevalues for the radius of gyration {Rof FIT&extrans recorded by light
scattering. Given that 70 kDa Fi@i€xtran does not diffuse into any of the gels over 24 h, it can be
inferred that the pore sizes of the DEENHNH, 10% PEGDM and 10% hybrid getsadl less than

ca.1ll nm.

Table4.2: Initial diffusion rates through each gel and concentration at the base of the gel after 24 h. Diffusion rates

calculatedassuming zero order kinetics.

FITGdextran M, Initial diffusion rate Concentration After 24 h
kDa eM cntt st (x103) eM

LMWG Hybrid PG LMWG Hybrid PG

Fluorescein 168 28 10 47 4.5 7.8

4 202 6.8 4.3 24 2.2 3.8

10 64 1.4 2.8 15 0.3 2.4

20 56 25 3.3 8.6 2.7 1.5

40 56 2.5 0.7 5.3 0.8 0.5

70 5.4 0.3 0.1 0.5 0.02 0.04

For DBESCONHNHE the rate of diffusion of the fluorophores broadly decreases with increasing
molecular mass of the molecul@dble4.2). Complete exclusion of the 70 kDa FERtran was
observel, with increasing diffusion rates and equilibrium quantities observed decredsing
dextran mass as expected. Interestingly, the initial rate of fluorescein diffusion was slower than that
of the 4 kDa FITF@extran. This, combined with the fact that essially all of the fluorescein is
incorporated in the LMWG after 24 h, is indigatof interactions between fluorescein and the BBS
CONHNEInanofibres, perhaps between the gel acyl hydrazide groups and an equilibrium free acid
form of fluorescein Kigure4.11).32%322 High interactivity between fluorescein and the gel fibres
would slow diffusion to the base of the gel, as the fluorophore would remain near the surface of
the gel rather than diffusing freely through the material. Eventually, as the nanofibres become
Wal @RINI Gy R | GGNF OGABS AYGdSNI OGAz2ya Olyy2id of

then the diffusion front will move. This effect is not seen for either the hybrid or PEGDM hydrogels.
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This finding is in agreement with those reported in Chapter 3,revtige incorporation of PEGDM
in the DBSCONHNEInetwork has a slight disruptive effect on the interaction of NPX and DBS
CONHNH Unlike for NPX release though, where this effect has a negative impact on the pH
dependent release of the drug, in this cgaevention of interactions with the LMWG network

should enhance the ability of the gel to act as a passive matrix for enzyme encapsulation.

HO o o HO o OH
() L1
l CO,H O %

Yellow Colourless

(0]

Figure4.11: Two possible tautomic forms of fluoresceim free acid (left) and lactone (right).

Diffusion to the base of the 10% PEGDM was low over the first 3 hours for all safrgiiksl(2).

After 24 h though, the same trends in uptake irtftte gel were observed as in the LMWG.
Fluorescein showed the greatest uptake, whilst total exclusion of 70 kDadEXii@n was
observed.In the 10% hybrid gel however, fluorescein still diffuses comparatively rapidly through
the gel matrix, but of the FiGdextrans, the 20 kDa displays the fastest rate of incorporation. The
reasons for the change in order of diffusion rate (20 > 4 > 40 > 70 kDa) compared to the two
individual components has not been fully elucidated, although it is possible thattarplay
between the mesh size and the affinity of the fluorophores for the gel network account for this

behaviour.

Importantly, no diffugon of the 70 kDa FlTdextran was observed through any of the gels. This
suggests that it should be possible to ensalate ALP (M= 140 kDa) in any of these hydrogels
without significant loss from the matrix over time. Of equal importance is the fattfthorescein

-a small molecule, similar in size to the proposed bioreactor substrates/proéiscable to diffuse
through the 10% hybrid gel. This promising result suggested that the fabrication of enzymatically

active, photoepatterned gel reactors wafeasible.
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4.5 Solutionphase studies

Having demonstrated the potential for immobilising molecules similar in sizeL®, Ave then
studied the behaviour of this enzyme in solution. As described above, the hydrolgbsiBBfby ALP
yields para-nitrophenol pNP), a compound which displays a #igant bathochromic shift on
deprotonation. Below its pi{7.15)pNP is colourlss in aqueous solution, whereas above this value
(as the phenolate anion) it displays a prominent yellow colour. Given that optimum ALP activity is
reported as pH 9, we expexd that allpNP formed would be in this deprotonated form and would
therefore shav no overlap with peaks corresponding to the starting materkdfire 4.12a).
Therefore, this reaction was simple to monitor by-U¥ spectroscopy. By studying the reaction in

solution phase, we aimed to identiuitable conditions for the gglhase dephosphorylation of
pNPP.
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Figure 4.12: UV spectra oppNPP (solid) angNP (hollow) at pH 4 (red) and pH 9 (blue). All spectra recorded
concentration of 0.016 mM (a). Structures and absorption maximaghPP angNP at pH 4 and pH 9 (b).

Initially, we studied the influence @iNPP concentration on dephosphorylation kKiiest Given that

the active pH range of ALPci®.8-11, and forease of comparison with previously reported results,
these initial studies were carried out in buffer solution at pH 9 (glycine buffer, 0.2 M). According to
the HendersorHasselbalch equatiomt this pH >99% of theNP produced in the reaction should

be deprotonated and therefore contribute to the UV peak at 405 nm. This also ensured that there
was no contribution fronpNPP to this peak. Comparison of the intensity at this wavelength to a

calbration curve allowed the evolution @NP to be monitored oveime.

A concentrated solution of ALP was placed in a UV cuvette at room temperature. The cuvette was

placed in the spectrometer and monitoring of the absorbance at 405 nm was started. TheadLP
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diluted by addition of a solution containing a known concation of pNPP to a total volume of 2
mL. We elected to adgdNPP to ALP rather than the other way around as the volume of the former
solution was much greater. We reasoned that this would eagapid and thorough mixing of

enzyme and substrate and elinaite any diffusional effects on the observed rate.

We initially performed this experiment at an ALP concentration of 26 units per mL{J enfigure
reported in the literature!®* However, the rate of reaction at this concentration was too fast
(compgete conversion in < 100 s) to obtain an accurate measure ef Kimetics using this
experimental setup. Using a lower ALP concentration of 0.1 Usuitficiently slowed the rate of
reaction such that linear changes in product concentratich>R.99 inall cases) were observed

for the first minute of the reactionRigure4.13). For ease of viewing, the first 15 seconds of each
plot has been removedignificant deviation from linearity is seen at these short times because the
addition ofpNPP solution to the cuvette necesgitd exposure of the detector to ambient light. As
expected, the rate of change PNP concentration is greater for samples coniag a greater
concentration of starting material. The increase in the substrate availability would logically increase

the turnover rate.

14 +‘+'+.++
Tt
,P
12 +++,.|.+'+
e
gt

= 10 +_+.|-+
£ s+t Q
> ++ 0002%e
S 8 S 00095 eee®?
;| ++t PYcT) -@"0‘00
jany
zZ
=

o0 e
00007 Lyev?
2 oo®
0 Ceveseseeee 90000000000 00000 0000000000000000 00
10 15 20 25 30 35 40 45 50 55 60

Time [ s

®0.015625 mM 0.03125 mM 0.0625 mM 0.125mM @025mM O©O05mM +1mM

Figure4.13: Representative changes in AlcBtalysedpNP formation over time at different substrate concentrations.

ALP concentration was 0.1 U rafor all samples.

From the rates opNPP hydblysis, it was possible to derive tidichaelis constant (K and the

maximum velocity (Ma) under these reaction conditions. Under basic conditions, the rate of
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hydrolysis is determined by the enzymhlosphate decomplexation kinetics, such that a general

equation for the reaction can beonsidered as:

0O Yz O"Y)s O 0 Equation4.2

Where E = enzyme (ALP), S = substrgéPP) and P = produgbNP). The enzymsubstrate
complex, ES, mssumed to be in a quasteady state, athe rate of its formation greatly exceeds

that of decomplexation. Given this assumption, the rate of formation of product can be given as:
_ Equation4.3

Here, i is congdered to be the concentration of substrate at which the reaction velocity is half of
Vmax. The maximum velocity is equivalent to the product of the concentration of enzyme and the

rate constant 6 catalysis (k. Equation 4.3 can therefore be rewrittexs:
W W _ Equation4.4

Vo is defined as the initial rate of product formation (i.e. dP/dt). Taking the gradient of each line in
Figure4.13 and plotting it against the initiatoncentration ofopNPP, a scalled Michaelisvienten

plot can be generated{gure4.14).
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Figure4.14: MichaelisMenten kinetic plot for the hydrolysis gdNPP using ALP at a concentration of 0.1 UriError

bars represent one standard deviation and where not seen smaller than the data points (n = 3).
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An initial increase in the rate @NPP hydrolysis is seentlwincreasing substrate concentration.
The rate ofpNP formation does begin to plateau at concentrations greater than 0.25 mM, likely
due to saturation ofhie active sites of ALP. Above this concentration the reaction rate is limited by
the decomplexatiorof enzyme and substrate. To generate values ferald \hay, the double
reciprocal of Equation 4.4 (Equation 4.5) was plotted in what is known as a Lireviaak plot
(Figure4.15).

- —0- — Equation4.5

From this plot s and \iaxcan be calculated from the inverse of ttbandwintercepts respectively.

The values of these parametease 0.14 mM and 2.% 10* mM s? respectively, in relatively good
agreement with literature value®. The maximum velocity is slightly slower than that reported by
Wanget. al, however, likely due to differences in the operating temperatures of the reactions.
They were able to incubate all enzymatic reactioa &iked temperature of ZZ. Thdimitations of

our UMvis spectroscopy setup did not allow us to control the temperature in this way, and it is
L2aarotsS GKIFIdG GKS GSYLISNI GdNNBE 4 gKAOK ¢S Ol

report. Thisikely also contributes to the eors associated with the measurements above.
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Figure4.15: LineweavesBurk plot for the hydrolysis gfNPP using ALP at a concentration of 0.1 UlrError bars
represent onestandard deviation and where not seen are smaller than the data points (n = 3).

As well as the effect of changim@NPP concentration, walso probed the influence of ALP

concentration on the rate of hydrolysis. A similar experiment as that outlined alvagedesigned.
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A solution containing a known amount of ALP was placed in a UV cuvette and was dilutel fth
solution to a total volumedf 2 mL. A fixe@NPP concentration of 0.1 mM was studied in these
experiments. In the previous experiment the kirstiof the reaction at this concentration were
relatively rapid but were also not limited by the number of available active sites. Théyaofithe
enzyme was assessed at various pH values: pH 4, pH 7, pH 9 and pH 11 (buffer solutions) as well
in unbufered water. All concentrations were calculated based on calibration curves at the

appropriate pH.

FromFigure4.16it can be seen that the initial rate of reaction is low across a wide pH range below
0.05 U mit ALP. As expected, no ALP activity was observed at pH 4 at any loading. It should be
noted that significant overlap of thggNPP &max = 316 nm) angNP bmax = 310 nm) peaks was
observed at pH 4, making analysis challenging. However, given that no changes in the spectral
features were seen over 48 h we assumed that no reaction had taken placese #aenples.
Denaturation of the emyme under these acidic conditions likely leads to this efféég*Similarly,

very little turnover is seen at pH 7. In alkaline buffer howeveinsteases significantly with ALP
concentration. The greatest rates of reaction are observed when the greatesttity of ALP is

used, and no piteau in the activity is seen in the range tested. A significantly greater activity was
observed in pH 9 buffer at 0.4 U MALP than under any of the other tested conditions, in line with
previous literature®?®324|nterestingly, at the higher concentratioof ALP, the rate of reaction in
unbuffered water was comparable with that in pH 11 buffer solution. We propose that dissolution

of pNPP angNP raises the pH in the reaction mixture, resulting in an enhanced reaction rate.
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Figure4.16: Crange in the initial rate of hydrolysis gdNPP (0.1 mM) with ALP concentration.
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We also considered the total percentage conversiop®PP over longer time periods (example UV
spectra are given in Appendix 9. ReactionsHrduffer, as stated above, showed no evidence of
pNP in the samples. Similarly, the maximum turnover after 24 pH 7 was onlga. 4% at ALP
concentration 0.4 U mi Little to no conversion was seen at lower concentrations. In pH 9 buffer
(Figured.17a) almo$ 100% conversion @dNPP occurs over the first 2 hours of reaction with 0.4 U
mL! ALP. At lower concentrations the reaction does not reach completion, even after 48 h. In
contrast, at pH 11, lower concemations (0.2 U mb) of ALP were able to convesd. 100% of the
pPNPP over the first 24 hours of reactidrigure4.17b). Despite the slower initial kinetics of the
reaction at this pH, theeaction appears morelely to go to completion over long time periods. In
unbuffered water the percentage conversions seen after 24 h are lower than those in buffered
solutions Figure4.17c). A decrease in the observed conversion veensafter 24 h for a reaction
catalysed by ALP at a concentration of 0.4 U nitlis possible that a drop in the pH of the solution
resulted in a degree of protonationf the sample, reducing the peak intensity at 405 nm.
Importantly though, given thatie gels which will be used for ALP encapsulation are made in water,
rather than buffered solutions (for consistency, see Section 4.6) the fact that a reasonable rate of

reaction is observed in unbuffered water is promising for the proposed bioreactor.

Theaim of this solutiopphase study was to determine appropriate conditions for the conversion
of pNPP intgoNP by immobilised ALP. In the patterned reactors, we envistogoNPP diffusing
through a relatively thin, reactive membranégure4.9). Therefore, rapid turnover would help to
ensure maximum conversion ovtrs short distance. Therefore, despite the greater equilibrium
conversion ofopNPP in pH 11 buffer, we elected to use the conditions above, which shthee

fastest initial kinetics i.e. pH 9 buffer, 0.4 UhLP for our patterned reactor system.

4.6 ALPencapsulation and activity

Having studied ALP activity in solution, we next assessed the behaviour of this system when ALP i
encapsulated within our hydgel. By comparison to literature examples of enzyoataining
LMWGs, relatively harsh conditions amquired to initiate gel network formation for the gels
described in this report®**We therefore aimed to determine the impact of gelation cormiis

on the activity of ALP, initially through a qualitative study. All gels prepared in this section were
washed by pipetting 1 mL.B on top and leaving for 24 h prior to removal and reaction. It was
thought this should remove any ALP which is not imniedil, but sits on the surface of the gels,

which would create false positive signals for-getapsulatedALP activity.
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4.6.1 Solutionphase

DBSCONHNKLMW hydrogels are usually prepared by first sonicating a suspension of the gelator
in water, followed by heang to dissolutionga. 100°C) and cooling. ALP was dissolved in pH 9
buffer at a concentration of 0.2 b2, One 0.5 mL aliquot was taken and sonicated for 15 min.
Another was heating to boiling and allowed to cool to room temperature. To these samples
solution ofpNPP (10 mM, 0.5 mL) in pH 9 buffer was added such that the concentration of ALP and
pNPPm the sample were 0.1 U mland 5 mM respectively. Over the course of 1 h, the sonicated
sample developed a bright yellow cololidure 4.18a) - attributed to the formation ofpNP- at a
similar rate to an untreated control (0.1 U mIALP, 5 mMpNPP), whereas the heated sample
showed no colour change in the same peribtfre 4.18b). This is suggestive of the fact that ALP

is relatively unperturbed by sonication, but that heating to 2@results in denaturation even of

this relatively thermostable enzyme.

In the stamlard DBSCONHNHRgelation procedure, the hot sol ieft to stand under ambient
conditions to allow cooling and network formation. We considered that the resulting period at
relatively high temperature may have contributed to the seemingly total denatmatf the
enzyme. Therefore, we repeated the abaegeriment. However, after heating to boiling, the ALP
solution was placed immediately into an ice bath, rapidly cooling the solufimaré 4.18b). No
activity was evident in this sample, either indicating thia¢ theat/cool cycle employed for DBS

CONHNELMW hydrogel formation is incompatible with ALP formulation.

(a

(b)

Figure 4.18: Solutionphase studies of gelation stimuli on the bioaeity of ALP (0.2 U ml). Activity in the hydrolysis
of pNPP (5 mM) was tested in response to sonication (a: left = control, right = sarapteheat (b: left = control, middle

= heated, right = heated and cooled in ice).
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4.6.2 DBSCONHNLHKgels

To determine vether the presence of gelator or formation of a gel network enhanced the thermal
stability of ALP we carried out a simiéperiment to that described above. DE®NHNE6 mM)

was suspended in a 0.2 U tdolution of ALP in water (0.5 mL). The sampds sonicated for 15

min, then heated to dissolution. The hot sol was cooled either by standing in ambient conditions,
or byplacing in an ice bath. The pH of these gels ggad2 after network formation. Gels formed

in both cases, and an aqueous solutiihpNPP (10 mM, 0.5 mL) was added on top. No colour
change was seen for either sampleigure4.19a). It should be noted that similar studies were
attempted using gels formed in pH 9 buffer, however these werenteak to support a solution on

top and rapid breakdown of thgels occurred. No reactivity was evident on gel breakdown.

In practise, these results indicate that for ALP encapsulation in our LMWG, the enzyme must be
formulated into the gel after the heatmstep. However given the barrier to diffusion, the enzyme
cannot be pipetted on top of the gel after formation and left to penetrate into the gel matrix.
Therefore the enzyme must be either injected into the gel after formation or encapsulated during
the cooling step of LMWG formation. To test the feasibility &PAnjection, a DBSONHNHgel

was formed, and &L ALP solution (8. | ) irjdcted in via micropipette (ALP concentration = 0.4

U mLY). 0.5 mLpNPP solution was pipetted on top and convensiollowed qualitatively Figure

4.19). A yellow colour quickly developed in these gels (< 2 h), however, given that these gels are
not selfhealing, it was unclear whether the ALP is encapsulated in the matifixdamage of he

gel induced by the injection process allows it to diffuse freely intaotdEP solution. It is also clear

that the enzyme will not be homogeneously distributed within the gel.

Figure4.19: Gelphase studies of gelation stimuli on the bioactivity of ALP (0.4 Ulnm_each gel). All gels are 6 mM
DBSCONHNH Gel prepared by standard DESONHNHBIprocedure (a: left = sample, right = control). Gels prepared by
holding the hotsol at 70C (b: left = untreated solution control, middleft = treated solution control, middleight =

gel injected with ALP, right = gel sample). ALP gel prepared by holding the hot soP@t@). ALfgel containing DMSO
has similar ativity to a gel with no DMSO (d: left = DMSO gel, right = gel control).
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Injection of two dyes, fluorescein and methylene blue, into @EMNHNE 10% PEGDM and 10%
hybrid gels via syringe suggested that gel damage ocEigare4.20). The location of the dyes in
GKS&aS aryLt Sa ¢Fa fFrNBSte ftAYAGSR G2 GKS WOl
these snall molecules, diffusion throughout the sample was then observed over time, however this
is unlkely to be the case for much larger molecules such as enzymes. Therefore, this method of
enzyme encapsulation was not appropriate for the materials used heading to inhomogeneous
loading and material damage. The use of-beldling gels as an injedti® carrier for enzymes is,
however, an interesting avenue for future research and to our knowledge no such study has been

undertaken using LMW hydrogels.

(a) (b)

Figure 4.20: Images of dyes injected into hydrogels. Fluorescein injected into EEINHNE(a) and hybrid (b) gels.
Methylene blue injected into a hybrid gel (b).

Encapsulatiorof the enzyme during the gel cooling step was then tested. The procedure for the
preparation ofDBSCONHNLgels was therefore modified. After heating to dissolution, the hot sol
was placed in a thermoregulated oil baffhe possibility of using a slow ding rate to form DBS
CONHNHgels was explored, with the hypothesis that addition of ALP toghkat a lower
temperature would help retain its bioactivity. However, cooling from°@0at rates of 1, 5 and

10°C mint all resulted in incomplete gelation.

We reasoned thatooling the LMWG sol to a temperature around igg, Tollowed byALP addition

and rapid cooling, may result in the formation of more robust, bioactive gels. First we tried this
approach at a temperature ofC°C. The beginnings of a gel network formedc#ly when held at

this temperature, but the sample was left in tlod bath to equilibrate to 78C for 5 min. At this
point 1eL of a 0.2 B t ALP solution was added and the sample immediately placed in an ice bath
to complete gel formation. 0.5 npNPP(10 mM in pH 9 buffer) was added on top of the weak gel,
which apared to be catalytically activd-igure4.19b). However, given the degree of gétm

prior to enzyme addition and the weakness of the gel it is again unclear whether the ALP was truly
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encapsulated in the gel max. Importantly, the enzyme remained active during this treatment, but

the gel formation required optimisation.

In anattempt to slow gelation sufficiently to allow complete ALP encapsulation, we repeated the
previous experiment, but held the gel at°®after heating (rather than 7). When allowed to
equilibrate at 80C after dissolution (5 min), the very beginningsaofel network can be seen
forming. ALP solution (4L, 0.2 Uel™) was added at this point, the sample was mixed and then
placed immeditely into an ice bath (final ALP concentation = 0.4 B)mA robust, homogeneous
gel formed on cooling. Enzymatic sty was evidenced in this gel by the evolution of a yellow
colour over 1 hKigure4.19c). ALPis likely preserved in the gel as a result of the tieédy high pH

of the gel matrix, measured a&s. 11. This method was reproducible and was therefore used for
the preparation of all DBSONHNHgels described later in this chapter. For BBSNHNEgels of
large volume (i.e. for photpatterning) DMSO isalso added to the gelator solution at a
concentration of 4% vol/vol. DBSONHNHEgels prepared with DMSO at this concentration showed
no loss of activity compared to a gel containing no DMEQu(e4.19d). Aqueous DMSO (4%
vol/vol) solution also showed no significant change in turnover rate{Z® mM s?) or conversion
after 2 h €a. 100%) of @NPP solution (0.1 mM) compared to the same concentratioenafyme

in water (6.0x 10° mM s?, ca. 100% conversion).

4.6.3 PEGDM and hybrid gels

For the formation of enzymtaded PG and hybrid gels, UV light exposure is necessary. Therefore,
we tested the actiity of ALP after exposure to conditions mimicking the phmblymerisation
process. An AlPaded DBEONHNHKgel was prepared as described above and exposed to UV
light for 0.5 h (the maximum exposure time used for phptiterned gels). UNfradiation had no

jdz- € AGFGAGS AYLI OG 2y Ir$lt i RN AIA i del AC2yYd I NS R
observed for irradiated ALP in the solution phase eitlrégred.21).

For photepolymerisation, however, the presence of a phatitiator is also required to induce
crosslinking. ALP dissolved in a 0.05% wt/vol solution of Pl showed no activity after 0.5 h UV
exposure Figure4.21). Normal activity was observed compared to a control sample when ALP was
dissolved in the PI solutiomithout UV exposure. Proteins are well known to undergo inactivation
via free-radical initiated processes. Modification of amino acid residues in the protein can lead to
peptide cleavage, oxidation processes and prof@iotein crosslinking, all of whiaihay render an
enzyme nodunctional. It is likely therefore, that enmye inactivation occurs here through one of

these mechanisms.
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Figure4.21: Effect of UV light on the bioactivity of ALP in solution (QghL1). Control (left), 0.5 h UV exposure (middle)

and 0.5 h UV exposure in 0.05% wt/vol PI solution (rightlPP concentration was 5 mM in all cases.

Despite the inactivation of ALP under these conditions, we proposed that the presence of the
PEGDM magnhane the stability of the enzymes to freadical mediated modification. Mettler

and coworkers have previously shown that the presence of acrylated PEG macromolecules during
hydrogel curing at 0.2% wt/vol PI loading (usinghy@roxyn -2-hydroxyethoxy-2-
methylpropiophenone, as in our studies) helped preserve the structure and activity of lysozyme, a
thermally stable enzym#&?® They propsed hat the acrylates convert primary radicalgroduced

by photoinitiation ¢ into a less damaging propagating radical species. They also found (by SDS
PAGE) evidence of covalent conjugation of the enzyme to the PEG monomers. Similar results were
previouslyreported in organogeld?® We were therefore confident that the bioactivity of ALP may

be retained in our hybrid gels.

PEGDM gels containing immobilised ALP were prefayesimply dissolving PEGDM (10% wt/vol)
and PI (0.05% wt/vol) in a solution of ALP (0.1 3,215 mL). These solutions were exposed to UV
light for 0.5 h to induce crosslinking, resulting in the formation of a transparent gel. Relatively slow
converson of pNPP (10 mM, 0.5 mL) was observed for these samples, although yellowing of the
solution did occur over time. The gel did not take on a significant yellow colour throughout however
¢ only the top of the gel changed colour. This suggests, in agreewitnthe diffusion studies in
Section 4.4, that diffusion of the substrate through the PEGDM network is relatively slow, and likely
limits the rate of reaction achievable with these materials. However, it does indicate that bioactivity

is preserved in th@resence of PEGDM.

To fabricate an AlPaded 10% hybrid gel we first prepared a BBSNHNEgel containing the
enzyme as described above (0.5 mL). On top of this an aqueous solution containing PEGDM (109
wt/vol) and PI (0.05% wt/vol) was added on top daeft for 3 days to allow diffusion into the gel.

The supernatant was removed after this time and the gel placed under theploigkr UV lamp for

0.5 h. Onto this gel a solution pNPP (10 mM, 0.5 mL) was added. In contrast to the PEGDM gels,

rapid hydrolys ofpNPP was seen. In the first hour, only the gel became yellow in colour, indicating
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that the enzyme is encapsulated within the gel and retains bioactivity. Over the subsequent hour
this yellow colour intensified in both the gel and the solution phal@s result was extremely

promising and served to highlight the importance of both the LMWG and PG in our hybrid gels.

It is unclear at present whether ALP is physically encapsulated within the hybrid gel matrix or
covalently bound to the PEGDM networKie photopolymerised sample is not soluble and
therefore we could not analyse the enzyme using electrophoretic methods. It may be possible to
use lower concentrations of polymer or shorter UV exposure times to partially crosslink the
network, but not suficiently to form a samplspanning network. These samples could be tested

by SDSAGE to determine whether any covalent linkages between enzyme and PEGDM have

formed.

4.6.4 Enzyme leaching

During the PEGDM diffusion step in hybrid gel preparation, some ALBswasin the gel network
structure. WhenpNPP was added to the removed supernatant, a yellow colour developed,
indicative of the presence of enzyme in this sample. For effective separation of enzyme and
product, it is important that loss of enzyme from thgdrogels is minimal. We therefore attempted

to study the quantity of enzyme lost from each type of gel magtimMWG, PG and hybrid gebver

time. To do this we prepared gels of each type as outlined above. Onto each of these gels was
pipetted an equalolume of pH 9 buffer. After 24 h this buffer was removed and diluted to 2 mL
with pNPP such that the final concentration of the substrate was 0.1 mM. The initial ratéRof
formation was calculated and therefore a concentration of ALP could be exttedofeom the

data. This concentration was converted to a percentage loss of ALP from the gel medtted(3).
FreshpNPP solution was placed on tgp the gel and this process repeated twice more. Errors
associagd with gel formation (and ALP measurement) were estimated toa6.5% as described
previously, whilst the lack of temperature control may have also resulted in an unspecified
magnitude oferror in the experiments (enzyme reactivity can be significainflyenced by small

changes in temperature).

Table4.3: Calculated percentage ALP release from each gel type into pH 9 buffer. Eivens as standard deviation
(n=3).

Gel Wash 1 release Wash 2 release Wash 3 release| Total release
% % % %
DBSCONHNH 0.59 + 0.04 0.01+0.01 0.00 +0.01 0.60 = 0.06
PEGDM 0.04 +0.02 0.00 + 0.00 0.00 +0.01 0.04 £ 0.03
Hybrid 0.06 + 0.01 0.00 +0.01 0.01+0.01 0.07 £ 0.03
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Only a small proportion of ALP was lostfrondga 2 F G KS 3Staz yR I FdSH
no loss was observed for any of the gels. This suggests that the ALP released in these studies wa
ALP on theurface of the material which had not been immobilised within the gel matrix. According

to this interpretation, PEGDM hydrogels display a slightly greater encapsulation efficiency than the
DBSCONHNELMW hydrogels, perhaps due to a smaller pore size,eohaps due to covalent

conjugation of the enzyme to the PG network.

Similar levels of ALIBss are observed in this study for the 10% hybrid gels as for PEGDM gels.
However, as seen in the qualitative experiments, a large enough proportion of the AkPingdo

the supernatant during the 72 h diffusion step to elicit a significant colourgdanpNPP addition.

It was not possible to directly compare this sample to those used in this experiment, as the PEGDM
content of the supernatant can influence Al&activity, however it is likely that a similar ALP
percentage is lost to solution in thésep as for the LMW hydrogel. Overall, however, it appears that
little ALP is lost from the gel matrices to surrounding solution, and therefore these appear to be
suitable materials for enzyme encapsulation. This also validates the qualitative experiabents,

as one wash should have been sufficient to remove all residual ALP on the surface of the gel.

An underlying issue with this experiment for validation of Al ie that it is a measure of the
bioactive ALP released into the solution. Therefore,udth@ significant proportion of the enzyme

be denatured during gel formation, these results may be misleading for the determination of active
ALP concentration in thgels. We attempted to assess the influence of the heat/cool cycle and UV
exposure on sarmips of ALP in the gg@hase by circular dichroism (CD) spectroscopy. CD can be
used to assess the secondary structure of proteins by differential absorption of agtitleft
handed circularly polarised light. On denaturation, a decrease in the pealsityaorresponding

to "-helices and -sheet forming regions in ALP would therefore be expected as these structures
disassemblé?’*2Unfortunately, the samples did not contain a great enough concentration of ALP
to be able to perform such studies. Typical protein concentrations for CD spectroscagay Arag

mL!. The ALP purchased contained 1 mg ALP at a concentratica @0 mg mt. The large
guantities of material required for this study therefore made it prohibitively expensive. The
guestion of how much damage formulating the enzyme in théngslon the bioactivity is a question
which therefore still needs to be addressed. Alteimat characterisation techniques such as
tryptophan fluorescence may provide a means to determine this at lower enzyme
concentrations’®®#° However, changes in tryptophan fluorescence due to confinement and
solvophobic efécts are likely for ALP immobilised in the gel matrices, which would make the

abstractionof meaningful data a significant challenge.
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4.6.5 Gelphase studies

Thus far, we had demonstrated ALP bioactivity in LMWG, PG and hybrid hydrogels in a qualitative
manner.We then sought to quantify the reactivity using Wigible spectroscopy. We prepared ALP
loaded gels (0.4 U mL0.5 mL) in UV cuvettes and added pH 9 buffer (0.5 mL) on top for 24 hours
to remove any noAammobilised enzyme. This supernatant was removed aeplaced with a
solution ofpNPP (2 mL, 0.1 mM) in pH 9 buffer solution. The absorpticgfd5 nm was recorded
over time in the solution. Little increase NP concentration was observed for reactions with any
of the gels over 24 h, despite yellowing the hydrogels suggesting that the hydrolysis was
occurring. These observations were segjiye of the fact thapNP was being formed within the
hydrogel by the immobilised ALP but was then being retained in the hydrogel under the
experimental conditionsWanget. al. provided pictures of an ALBaded gel after reaction with
pNPP*° Their samples were also bright yellow in colour, but they did notroent on the reasons

for this, or attempt to quantify the amount gdNP remaining in their hydrogel after each reactive

cycle.

To explore this phenomenon further, wepetted solutions of eithepNPP ompNP (1 mM, 6 mL)

onto 2 mL hydrogel samples in 8 nanple vials. Solutions were buffered at one of three values:
pH 4, pH 7 and pH 11. These values were chosen as they represent conditions under which 100% o
the pNP $ould be protonated (pH 4), 100% deprotonated (pH 11) and an equal proportion of the
two species respectively (pH 7). A sample of the supernatant was taken after 24 and 48 h, and the
UV spectrum recorded. From the intensities of the spectral featuses316 nm fopNPPa= 310

nm and 405 nm fopNP), the concentration of each species in Hwution could be calculated,
which in turn allowed inference of the percentage taken up by the gel. The results are summarised
in (Figure4.22). The dotted lines on the graphs represent 25% uptake by the gelisTthis value

which would be expected based purely on free diffusion of the small molecules Withsolvent

i.e. there is no preference for either the gel aldion phase. The errors associated with the

instrumentation and measurements are similarthmse described earlier in this thesis.

pNPP uptake into DBSONHNKhydrogels was broadly similacross all pH values tested, and was
slightly lower than that pedicted based on diffusion alone. For 10% PEGDM gels, relatively slow
uptake is observed athb 4 compared to the neutral and basic samples. After 48 h, however, there
was no significant diffence in uptake across the pH range. In contrast, for solupgretted onto

the 10% hybrid gel, a lower proportion of thBIPP was present in the gel phagdooth time points
compared to the LMWG and Hfased materials. Of particular interest was the algt at pH 11. At

this pH, essentially none of thENPP diffusedhto the hybrid gel over 48 h. This was a curious

159



100

8388

50

LMWG

% uptake

30
20
1

[=]

100

8388

PG

% uptake

20

30
20
1

[=]

95
B5
75
65
55
45
35
25
15

Hybrid
% uptake

Ln

pNPP

24 48

Time / h

% uptake

% uptake

% uptake

100

5388

50

30

20
10

100

5388

50

30

20
10

10

pNP
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finding. It was anticipated thapNPP, with its highly charged phosphate group, would show a

preference for the hydrophilic solution phase, rather than foenewhat more hydrophobic gel.

However, the effects were expected to be uniform, as no chamgfee overall charge of this species
should be seen in the studied pH range. It is possibleahptd 11 some change in the properties
of the hybrid gel is mdfested which serves to repeNPP from the gel matrix. Any such change

does not result in sigficant changes in either of the single component gels.

The uptake ofpNP into the gel phase wagudied in the same manner. Interestingly, the
protonation stateof pNP appears to have a significant effect on the proportion of the compound in
the solutionand gel phases respectively. For BESNHNKHand 10% hybrid gels, significantly less
pNP was found in the gel at pH 4 than at either pH 7 or pH 11. Givegah25% uptake opNP

was found for 10% PEGDM gels, this result suggests that a specificwepuisiaction between

the protonated form ofpNP and the DBSONHNEnetwork in both gels. Elevated uptake @ifIP

was observed at pH 11 across all samples coethtor what is expected based on diffusion alone.
This suggests that a more general preferefmrehe gelphase is preferred for deprotonad pNP.
This was a surprising result. A previous report by Okextokal. described the preferential uptake

of methylene blue dye at pH values which minimised the overall charge on the mofé¢lriehis
study, the inverseeffect was seen. The more highly charged species partitions preferentially into

the gels, whit the uncharged form gfNP is not taken upy the LMWG or hybrid gels effectively.

To elucidate the reasons for elevatplP uptake in the LMW gels, we used Rilgpectroscopy to
assess the mobility of this species in a IEBNHNEhydrogel. The theory bend this approach

was described in Chapter 2. Briefly, mobile species will be visible in the NMR spectrum, whilst
AYY20AES aLISOASA [|-OORHMN: (6 M) wasys@peadedirt aSdéluonBiPR

(10 mM) in BO. DMSO wasdded at a concentratio of 0.56 M. The sample was heated to
dissolution and transferred to an NMR tube. On cooling, gel formation was observetd "R

of this sample was recordeéigure4.23).

From the ratios of the peak integralelating to DMSO and the aromatfNP protons, the

concentration of mobile@NP was calculated as follows:
‘000 "WpO ¢ @i ¢
000 "0 otk ™ @
O 00 T U

00O merx k et kpad
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All of thepNP was mobile in thgel phase suggesting, as inferred from the uptake assay, that no
specific interaction between the gel fis andpNP are responsible for the elevated uptake. It
shouldbe noted that the errors associated with NMR are estimatedeat%. However, this does

not significantly influence the findings in this case. Unfortunately, we were unable to perform a
more rigorous NMR study on the influence of pHEP mobility. Geldid not form properly in the
NMR tube when prepared in buffer solution. It was not pblkesto studypNPP mobility in this way
either ¢ heating the gelator suspension in the presencepbfPP reglted in hydrolysis of the
phosphate group.These results goosne way to explaining the observations in the -gbhse

reactivity studies described atse.
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Figure4.23: NMR spetrum of a DBSCONHNE(6 mM) hydrogel formed in an aqueouslstion of pNP (10 mM). Peaks

of interest for determining the proportion of mobile and imobile pNP are highlighted.

4.7 Photopatterned bioreactors

Having studied the reactivity of ALP within a togkl, we designed and fabricated a pheto
patternable bioreaatr for the dephosphorylation gbNPP. We envisaged that in the absence of
flow, an incré &S Ay (GKS @2fdzyS 2F (KS WLINRRdzOGQ O
compartment would create a conn&ation gradient that would somewhat drive the diffusion of

material through the reactive geFgure4.9). We therefore chose to pattern a ring of bioactive gel
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photo-patterned reactor at pH 9. As outlined above, reaction kinetics were fastest at this pH.
Additionally, whist the reaction was also shown to turn over at a reasonable rate in both pH 11
buffer and in unbuffered water, uptake @NP into the hybrid gel wasimilarly high under both

conditions, therefore no benefit was perceived from using these conditions.

Theprocedure for preparing photpatterned hybrid gels is similar to that describeddhapter 2.
28.4 mg DBEONHNkHwas dissolved in DMSO, and then addo boiling water (9.6 mL). The
resulting solution was placed in a thermostatted oil bath at a tempeeati 80°C. The sample was
left to equilibrate for 5 min until the very beginning @ gel network could be seen forming. At this
point ALP solutiorf20 €L, 0.2 UeL?, in pH 9 buffer) was added. The mixture was stirred briefly
before adding to a glass tray (5 ci'b cmx 1 ¢cm) which had been preooled in an ice bath. A
samplespanninggel was formed rapidly on cooling. On top of this gel, a 10 measolution of
PEGDM (10% wt/vol) and PI (0.05% wt/vol) was pipetted and left for 3 days. After this time, the
solution was removed. An acetate photomask (4 layers) with printed ring ppattas placed over
the gel and the sample irradiated with UV light 30 min to photepolymerise the exposed regions.
The soft, shielded regions were washed away with a low power water jet to yieldoAd€d,
photo-patterned hybrid gels. All gels were gked with water prior to carrying out reactions to
remove any ALBn the surface of the hybrid gels. Propagation of error in the following experiments
is the result of a number of factors, including gel formation inconsistencyi)¥pectrometer

error ard temperature fluctuations. All of these have been discussedeganlithis work.

Initially, the rate of diffusion gbNPP through the gel and into the outer compartment was studied.
A solution ofpNPP (0.3 mL, 10 mM) in pH 9 buffer solution was pipéttexdthe inner compartment

of a photoepatterned, ringshaped hybd gd in which no ALP was encapsulated. The solution in the
outer compartment (pH 9 buffer, 2 mL) was stirred to ensure material diffused away from the
surface of the gel. The concentratiohpNPP in the outer compartment was measured over time.
The soluibn was sampled and analysed before returning the solution to the outer compartment
(@max pPNPP = 310 nm). The concentrationpdfPP increased linearly in the product compartment
over the couse of 3 h, demonstrating that in this configuration, small molecules are able to diffuse
across the gel barrier. The rate of diffusionpdfPP was calilated to be 4% 10 x 1§ &M cn1t st
based on a ring diameter of 0.8 cm. This diffusion rate is samdiwith those described in Section
4.4, and we can therefore infer that the slight alteration in fabrication procedure has not had a

significant im@ct on the internal pore structure of the hybrid gel.
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Figure 4.24: Change in concentration gdNPP (red)pNP (grey) and the total molar concentration (yellow) in the
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Having established the rate of diffusiongiPP through the hybrid gel ring, we then repeated this
experiment with a photepatterned ring containing 0.4 U mMIALP. Again, the U¥s spectrum of

the whole product compartment was recordeover time and rairned to the compartment
immediately after measurement. In the presence of ALP, a much greater proportion of the soluble
components diffuse across the membrane and into the product compartment over the course of
the experiment Figure4.24a). We suggest that the conversiongdPP intqpNP may increase the
concentration gradient of the substrate compared to when no reaction occurs, encouraging a
greaterrate of diffusion towards the exterior of éhreactor. However, the concentration pNP
observed in the outer compartment was very low, with no greater than 2% of converted product
measured in this solution. A comparatively high proportice 6%) ofpNFP diffused into the outer
compartment over his time. Clearly, in this reactor design, a greater concentration of ALP is
required for the reaction to proceed to completion as some of phePP diffused through the ring

without reacting. Significantly, howev, a marked yellow colour developed in thgbrid gel over
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the course of the reactionH{gure4.24b), again suggesting that conversion was takingeplacit

that a large proportion of th@NP remained within the gel after conversion. The volume of the gel
used in this experiment is approximately 1.44°¢tvased on a 2.0 cm inner diameter, 2.8 cm outer
diameter and 0.5 cm height). This is less than tleme of solution (total = 2.3 cf)) therefore the
retention seen is not simply due to free diffusion oétbubstrate/product. We suggest that reaction

is occurring but thapNP is being retained within the gel ring. Additionally, it should be noted that
ALP encapsulated in the hybrid gels at room temperature retain a reasonable degree of reactivity

over at last 3 months at room temperature (Appendix 10).

To try to decouple some of the effects which may contribute to the above findings, we performed
a similar experiment to that described for analysispdfPP diffusion. A photpatterned ring
shaped hydrogel euaining no enzyme was fabricated, and a solutidpNPP (0.3 mL, 10 mM, pH

9 buffer) was added to the central compartment. In this case however, the outer compartment was
loaded with a solution of ALP in pH 9 buffer, at a concentration of 26°t Tiisshould ensure a
much greater extent of reactiothan for the ALP in the gel, which was at a concentration of 0.4 U
mL?. The concentration opNP in the product compartment increased over the first 3 h of the
reaction, and then began to decrease at longeaction times Figure4.25a). Much greatepNP

concentrations are observed at this higher ALP loading as expected.
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Figure 4.25: Crange in concentration opNPP (red)pNP (grey) and the total molar concentration (yellow) in the
WLINERAzOGQ O2YLI NLIYSyYyld 20SNJ GAYS F2NJ I NBFOG2NI gAlGK ! [t
represents the rate of fusion ofpNPPA y i 2 1 KS WLINRRdAzOGQ O2YLI NIYSYyid sAGK y
taken every 30 min (b). Pictures span the time from 0 h (left) to 3 h (right).
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The constant increase ipPNPP concentration in this compartment suggests that mmicant
change in substrate diffusion are seen over this time. The decreagdlih concentration must
therefore be the result of partitioning of the product from the outer solutiphase compartment
back into the gel. At these high enzyme loadimd¢PRs likely usedip relatively quickly, resulting

in slower production opNP over time. After 4 hours the rate@flP uptake outstrips its production,

and the concentration in the product compartment decreases. This indicates that irrespective of

whether pNP is producecdithe gel ring or in the outer compartment, it ultimately ends up in the

gel.

In this experiment, the gel developed a significant yellow colour as reported for the reactor with
ALP loaded into the hybrid géligure4.25b). Interestingly, the reactant compartment also turned

a bright yellow over the course of the reaction. This prompted us to determine the contents of the
interior compartment and to calculatéhe proportion of substrate and product in the gel and
sdution phase respectively for each of the bioreactors described above. The contents of the central
compartment were removed after 6 h reaction time and diluted to 2 mL in pH 9 buffer before

recordirg the UV spectrum.

The number of moles @NPP angNP ineach compartment are given irabled.4 for the reactions
with ALP encapsulated within thelger contained in the product compartment. As expected from
the UV study, a significantly smaller amountpdfPP is premnt in the reaction mixture when the
ALP is present in solution. The higher turnover rate ensures that almost all of the substrate is
hydrolysed over the first 6 h. For this experiment, a greater proportigpiN# is also present in the
reactant compartmeh compared to the product compartment. This is in agreement with the
gualitative observations from this experiment, but is still swsiry. Based simply on the volumes
of the two compartments, a 6old excess opNP was expected in the product compartment
Additionally, given that thegNP is formed in the product compartment, it must be preferentially
released into the smaller reactanbmpartment after partitioning into the gel ring. It is possible
that the smaller interfacial area between the gel andusioh at the interior of the ring slows uptake

of pNP from this solution. Alternatively, stirring of the outer compartment may incrédaseptake

rate from the outer compartment by increasing the rate at which the product is brought into
contact with a gesurface. Whilst less pronounced, a greater than expeptd® content is also
observed for the reactant compartment for bioreactorgamimmobilised enzyme, suggesting that
these observations are a result of the specific shape and reaction employedstnidheactor. No

differences in pH were seen in the different compartments after 6 h.
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Given thappNPP shows little to no uptake intglrid gels at pH 9, we can infer that the gel contains
a relatively small amount of the substrate at the time when thesasurements were made. Given
this assumption, the approximate percentage conversion achieved by the bioreactors could be

calculated. A example calculation is given for the immobilised enzyme:

DEMOOD oY om pMAEdwY pTT GE A

e

Potl QOO

bwéedQI ipamPoob gx b

Relatively high conversions @NPP intopNP areachieved with both configurations of the
bioreactor, with 67 and 98% conversion for the immobilised &ree enzyme respectively. This
dadz3aSaida GKIG GKS SyOlF LiadZ FdGA2y > 2N OFiglel y SY
4.26) are both feasible approaches for this type of phptiterned bioreactor. Unfdunately,

despite the high conversion, the affinity of the product for the gel meant tifatior A y I 6 £ S W&
the percentage of product free in solution after 6 was relatively low. Only 11 and 23% yields
were obtainable using these reactor configuaais. This specific combination of enzymatic reaction

and supporting hydrogel matrix may e optimal, however the proedf-principle study here lays

groundwork for the development of more functional patterned reactors in the future.

Table 4.4: Quantities ofpNPP andpNP in the different compartments of the photpatterned bioreactor after 6 h

reaction time. The initial amount opNPP added to the reactant compartment was 38208 mol (10 mM, 0.3 mL).

ALPn Compartment pNPP %10%) pNP &10%  Sum &10%) % insol Conversion

mol mol mol %

Gel Reactant 38 10
131 44 67

Product 60 23

Sol Reactant 2.3 39
76 25 98

Product 4.4 30
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yellow).

In particular we are interested in enhancing the obtainable yield of this reaction by utilising the fact
that low pNP uptake is observed pH 4. It can be envisaged thidishing the reactor with pH 4
buffer after conversion is complete may drive the product out of the gel. However, subjecting the
immobilised enzyme to these conditions is likely to result in denaturation, limiting theledxiity

of these materials. Anbier potential solution is to use the related enzyme acid phosphatase (AP)
in place of alkaline phosphatase. This enzyme catalyses the same hydrolysis reaction as ALP, bt
under significantly more acidic conditions (optimuyhl ca. 4.8- 5.8)32% At these depressed pH
values, partitioning of the reaction product into the gel membrane should not be seen, increasing
the proportion available in solution and thefiore the effective yial. This may also prevent back
flow of the product into the reagent compartment. More generally, a range of different enzymatic
reactions and/or patternable gels could be screened for both catalytic activity and product
retention. Fo example, the acidriggered DBEOOH/PEGDM hybrid gel reported by Smith and co
workers”® is formed under acidic conditionsd. pH 4 which would appear higy amenable to AP

incorporation.

We briefly investigated the suitability of AP as the reactive component of these DBS
CONHNHKPEGDM bioreactors. In a simple experiment, we fabricated a 10% hybrid gel ring as
RSAONRGSRNESG DG S ¢ (i QK H2IGaHA Willh X Diyitibn PP (10 mM, 0.3 mL)

n pH 5.8 buffer solutiorg the pH optimum of the enzyme. ThENPP product is predicted, using
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the HendersorHasselbalch relationship, to be 96% protonated under these conditions. The
WLINE RdzO (G Q Otathedrandiuvdd yaintaiihg AP (26 Uthin pH 5.8 buffer solution.
The outer compartment was stirred and an aliquot (0.5 mL) of the solution in this compartment
was taken every hour. This aliquot was diluted to 2 mL in pHférte quench the readdbn and to
convert anypNP into the deprotonated, yellow form. This was a necessary step due overlap
between the UV peaks of protonatgdNP and the starting materipNPP, but made recording the
spectrum and returning the solutiomtthe reactor (as for th ALP reaction) infeasible. The aliquot
taken was replaced with fresh AP (26 U-inbkolution (in pH 5.8 buffer). Absorbances were
compared to a sample of the enzyme solution to account for contributions from the brown AP
solution and a calibration curve sed to quantify the concentration gbNPP andpNP in the

compartment.

In this preliminary experiment, it can be seen that the ratghiP accumulation in the product
compartment in the AP bioreactoFigure4.27a) is similar to that of the ALP bioreactor (as seen in
Figure4.25), despite there beingo clear visual indication of this due to the comparatively low pH
used Figure4.27b). However, in contrast to the ALP reactor, the concentratiopM®PP in the
product compartment in the AP reactor is greater than thapbiP. The rate of turnover of the
enzyme appears to be similar (due to the simildP concetration profile), so the differences must

be due to a greater rate giNPP diffusion through the hybrid gel ring. As seen in Section 4.6.5, the
uptake ofpNPP into the hybrid gel is significantly greater at pH values of 4 and 7 than at pH 11. As
the amountof pNPP entering the gel is presumably higher under these mildly acidic conditions than
in the pH 9 ALP reactor, and therefore a greater amourgNPP is present at the outer gedl

interface, increasing the rate pNPP accumulation in the pdact compartment.

The contents of the reactant compartment were also analysed byis'¥pectroscopy. The molar
guantity of pNPP andoNP in this compartment werea. 0.40 and 0.82 mM respectively. The
accumulation of product within the reactant compartmes stil an inherent issue with this reactor
design. However, it was calculated that, in this case,¢ha68% of the total substrate and product

is present in the solution phase. This is a marked improvement over the equivalent experiment at
pH 9, invhich onl ca.25% of the small molecules were in solution. This preliminary study suggests
that AP, employed under acidic conditions, is a more suitable reaction to use in these hybrid gel
bioreactors. Incorporation of AP into the phepatterned hybrid @l ring & a key next step to study

this combination further.
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buffer for 24 h. Errors gen as standard deviation (n = 3).

4.8 An alternative reactor desigrsmall molecule exclusion

As well as the studies outlined above, we also aimed to overcome the limitations of the hybrid gel
bioreactors using a differerapproach to spatial control of eetivity. Given that at 10% PEGDM
loading in a hybrid gel, significant depression of diffusion kinetics was observed even for small
molecules, it was expected that by raising the concentration of the PG, the exclusioralbf sm
molecules could also be ackiexd. Therefore, by photpatterning a higHoading hybrid gel, we
reasoned that reactants could in effect be channelled down the soft, lower densityirraatiated
regions Figure4.28). In contrast with the bioractors above, where the hybrid gel acts as a semi
permeable membrane, in this case the hybrid gel will be used to direct diffusion through a lower

density gel phase. The whole bioreactor in this section is in thelpde.
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Diffusion

Figure4.28: Schematic representation of an exclusion bioreactor. Dense, pipattberned hybrid gl (purple) does not
allow passage of reactant or product, whilst an enzydwaded, soft LMWG (blue) allowseagent diffusion and

reaction.

As seen in Section 4.4, the 10% hybrid gels allow diffusion of small molecules such as fluoresceir
through the gelmatrix. We therefore prepared hybrid gels using the same methodology as
described in Chapter 2. PEGDM uptaker 3 days was assessed'ByNMR spectroscopy on gels

as described in Chapters 2 and 3. The actual PEGDM content of the 20%, 40% and 60%I$&ybrid g
were found to beca. 10, 21, and 27% respectively. The mechanical properties of these hybrid gels
were asessed by rheological studidsdure4.29). These were carried out as described in Chapter

2. Good quality data was obtained for the 20% hybrid gel. However, at higher PEGDM loadings, gel
slipping led to inconsishcy in the data obtained, particularly in the frequency sweep experiments
(Figure429%9 0 ® CNRY GKS | YLX AGdzRS &a¢SSLlas GKS DQ ¢
were approximated asa. 8000, 30000 and 3700Pa respectively. Weonsider this stiffening of

the material to be the result of a greater density of a crosslinked PEGDM network, which should, in
principle, correlate to a decrease in pore size as required for small molecule exclusion. The critical
shear strain of these mirials also increased with higher PEGDM loading, frard0% for the 20%

hybrid toca. 60% hybrid. The increasing PEGDM content provides a greater resistance to shear, as
described in Chapter 2. The behaviour of these materialsspamse to increasinghear is similar

to the hybrid gels described in Chapters 2 and 3. Due to the high PG loadings in these examples
Yy6Iy2a0FfS NBFNNIy3ISYSyida 2F GKS t9D5a ySidszN
an accompanying decreagéi DQ A & #hésa Wghdd BGrIdadings the critical strain values
here are much closer to those of the PEGDM hydrogels described in Chapter Z%pzad 00%).

Overall, the rheological behaviour of these materials is dominated by the PG content.
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traces for: 20% hybrid (a), 40% hybrid (b), and 60% hybrid (c) hydrogels. At 40 and 60% PEGDM loading slipping of the

gels lead to poor quality data, in particular in the frequency sweexperiments. Errors given as standard deviation (n

= 3).

To assess the feasibility of small molecule exclusion using these higher R&#4zidig hybrid gels,

we performed diffusion studies on gels using the same methodology described for the diffusion
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studies above. Hybrid gels (0.5 mL) were prepared in UV cuvettes as previously described, but using
supernatant solutions containing 20, 40 and 60% wt/vol PEGDM (all 0.05% wt/vol PI). As above,
these materials have significantly greater stiffness than 10%idhglels, which we assumed to be

the result of their greater network densities. On top of these hybrid gels a solution of fluorescein
(0.5 mL, 5&M) was then pipetted and the fluorescence intensity recorded at the base of the gel
over time Figure4.30). Some diffusion of fluorescein through the 20% hybrid gel was recorded
over the first 3 hours of the experiment, however 40 and 60% hybrid gels alma#iytptevented
fluorescein diffusion through the 0.5 cm geadight on this timescale. No significant difference in
fluorescein concentration was observed after 24 h. This suggests that the diffusion of even small

molecules can be prevented by hybrid geigwhigher PEGDM loading.
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Figure4.30: Concentration of fluorophores at the base of gels of dimension Ixchemx 0.5 cm (b). Diffusion through

20% (blue), 40% (red) and 60% (green) hybrid deleors give as standard deviation (n = 3).

Encouraged by this resultie then aimed to demonstrate that the flow of small molecules could be
directed down channels of soft LMWG, which had not been exposed to UV light within a highly
crosslinked hybrid getnatrix. We prepared 10 mL hybrid gels as described previously- DBS
CONHNH was dissolved in DMSO before addition to boiling water. The resulting solution was
transferred to a glass tray (dimensions = 5 g® cmx 1 cm) and allowed to cool to room
temperature, resulting in formation of a gel. On top of this gel a solutiontaining Pl (0.05%
wt/vol) and a known quantity of PEGDM (40 or 60% wt/vol) was pipetted and left for 3 days. After
this time the supernatant was removed, and the gels exposed to UW (gth or without a

photomask) to induce photpolymerisation. Shorcuring times were required to induce PG
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network formation (6 min for the 20% hybrid), (4 min for 40 and 60% hybrids). Significantly longer

times resulted in poor patterning resolution.

(a) (b) (c)
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Figure4.31: Cartoon representation of the reactor design (a). Fluorescein (b, yellow) and MB (c, blue) diffuse through
the less dense reactor channels and mix priorto8ad i A 2y Ay GKS WLINRPRAZOGQ ¢St o

We chose to study these patterned hydmds using fluorescein and methylene blue (MB) as model
WNB I OlllyiaQs 6KAOK ¢gSNB IFdzZARSR (2 GKS alkyYS LJ
YR FdzNJi KSNJ REZDT @xa © 2 4 Bighr®tiBa)2 She WMdd of bactowell is 1 e

cm. We selected these dyes as the diffusion into-CBBIHNEgels is relativel well understood

within the research group. In this work we have shown that fluoresdeigufe4.31b) diffused
relatively freely through the LMW@atrix, whilst a previous publication in the group describes the
relative affinity for MB [Figure4.31c) of this hydroget**All gels and dye solutions used in this study

were prepared in deionised water.

Initially we studied the diffusion of the dyes thrgln gelswhich had not had structural
inhomogeneity introduced. Wells were cut using upturned UV cuvettes. 0.2 mL of dye was placed
Ay SFEOK 2F (KS WNBH Oyt yiikE NS INRER deQR) nodSet fYdh w S
diffusion of the twodyes wa®bserved through a DBSONHNbEhydrogel. Some leakage was seen
R2gy (KS aARSa 2F GKS 3JItlraa (G4Nre oKSy (KS (¢
resulted in leaching of the dyes between the two wells. Therefore this experimastrepesed

with these two wells cuta. 1 cm in from the edge of the trayigure4.32a) In comparison, in a

60% hybrid gel, diffusion of the colouréwnt was much slowerRigure4.32b), with neither dye
RAFFdzAAY3I GKS m OY RA&aGFIYyOS | ONRaa Aylats GKS
suggested that by photpatterning channels into the hybrid gels, a degree of spatiotemporal

control over dye diffusion could kechieved.
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| .
(b).
Figure4.32: Diffusion of MB and fluorescein through 6 mBMBSCONHNLEI(a) and 60% hybrid (b) hydrogels. Pictures
were taken after 0 h (left), 5 h (middle) and 24 h (right). Both dyes are at cotre¢ions of 0.5 M.

A degree of dye leaching was also seen for the 60% hybrid gel if the reactant compartments were
cut at the tray edge. Similar observations were made for initial phasttierned reactors with
reactant wells in the same location. We tlefore developed a mask where the shielded regions of
the gel endca. 0.5 cm from the edge of the glass tréigqure4.33a). This was designed such that

no unrestricted diffusion of dye was observed as a resuihptirfect contact between gel and glass
(Figure4.33b). Using this optimised reactor design, we explored the influence of dye concentration
on diffusion rate. As expected, higher concentrations of dye redultefaster diffusion, most
significantly through the LMWG channeligure4.33c and d). Additionally, replacing the dye
solution at regular interval also increased the rate at which the dyes accumulated in the product
compartment. For all subsequent experiments, we therefore replaced the dye solution every 0.5 h
for the first 7 h of diffusion in an attempt to use the concentration gradient to inducgeater

difference in diffusion rate between the LMWG and hybridrggions of the gel.
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Figure 4.33: Photomask (a) and resulting pattern (b) used to study the diffusion of MB and fluorescein in photo
patterned 60% hybrid gels. MB and fluorescein at 0.5 M (a) and as satdratdutions (b) after O h (left), 5 h (middle)
and 24 h (right).

Having established a basic methodology to study diffusion in these patterned reactors, we then
compared the efficiencgf 20%, 40% and 60% hybrid gels in directing the diffusion of dye otetec

in this configuration. Patterned gels were prepared as described above. Wells were removed from
the LMWG channels which were loaded with MB, fluorescein and water respectivedy2(afiL,

both dyes were saturated solutions). All solutions were repda@every 0.5 h. The product

compartment was taken, diluted to 2 mL and the UV spectrum recorded at each time point.
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At room temperature, very little of either dye was able to diffusmithe product compartment
over the experimental timescale for any dfet patterned gels. Over 24 h some dye content was
measured in the product compartment. However, over these lengths of time (typically 24 h)
diffusion and mixing of the dyes within théagto-polymerised regions also occurred. Using the 20%
hybrid gel this nxing was observed in just a few houFgre4.34a), making itinsuitable for these
spatiallycontrolled diffusion reactors. Better separation of the two dyes was seen in the 40% hybrid

reactor fFigure4.34b).

(a)

Figure 4.34: Diffusion of saturated solution of MB and fluorescein in phetatterned 20% hybrid (a) and 40% hybrid

(b) reactors.

To increase the flow of dyes spécdlly down the LMWG channels, we experimezhivith the effect

of temperature on dye diffusion. It was thought that at higher temperature, a greater increase in
diffusion rate might be observed in the LMWG channels compared to the hybrid regions. The
expeiiments above were repeated with the gels ulated at 50°C. A much greater rate of dye
diffusion was observed through the channels than for the equivalent experiment at room
temperature fFigure4.35a), and good gearation of the dyes between the two reactant wells is

seen for the 60% hybrid gel over the first 7 h of diffusion.

177



40% hybrid 08
= 05 ® 07 3
2™ ° 5 o
=% &y § 06 O.-
~ 04 & e
g @ g 05 o-o
© = o
D03 @ 5 04 5
. > O.-O
<02 [¢) =03 O.
'3' ..~" . ‘ = O'..‘
5 9 ® E 02
G 01 °® ’.. 3 - °
.-_." oo oo 3O 0.1 .d @ o9
0 8.60.0:00:00 0090 . 85 0000000
0 2 4 - 8 =
0 2 B o 3
Time/h Time/ h
25
° 04
o 035
2 . ®
R - o 03 LY B S
> it 0
§ 15 ‘-‘ 8 025 L e ® ®
3 g 02 PR o il
T? 1 ’ > PY
g ~® o 015
(o) o >
a
05 e 94
._..' ® 0.05
0o 8000000000000 0 | ©0:0 00090006060
0 2 4 6 8 0 2 4 6 8
Time/h Time/h

Figure4.35: Diffusion of saturated MB and fluorescesolutions through photepatterned 40% hybrid (top) and 60%
hybrid (bottom) gels (a). Pictures represent the reactor (from left to right) after 1, 3, 5, 7 and 24 h. Cumulative molar
quantities of dyes (top graph) and percentage of total added moles (bott&NJ LIKO Y S+ &dzNBR Ay

compartment for 40% hybrid (b) and 60% hybrid (c) reactors. Yellow circles = fluorescein, blue circles = MB.

The rate of diffusion of MB is, by eye, much faster than that of fluorescein. This is reflected in the
relative nolar quantities of dye measured ihe product compartment of the 40% hybrid gel
reactor Figure4.35b, top graph). However, in the 60% hybrid thes$ is not the casa~jgure4.35c,

top graph). The total dtected fluorescein in molar terms is significantly higher than that of MB.
This is likelylue to the much greater saturation concentration of fluorescein (1.5 M) compared to
MB (0.15 M). Therefore, if the dye collected in the product well is consideredpascentage of

the total loaded into the reactant wells, the relative efficiency of diftun through the LMWG
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channels can be assessed. In these terms, a significantly greater quantity of MB diffuses into the
product well compared to fluorescein. Thefeft of the molar mass of the two dyes on their
respective diffusion rates could also besassed by using an inert polymer matrix as a diffusional
barrier, however given the similarity of the two species in this respect (fluorescein = 332.31 g mol
! methylene blue = 319.85 g mi)l it was not expected to have significantly influenced the itssu

of this experiment.

These differences can be rationalised by considering the relative affinities of the two dyes for the
LMW hydrogel phase. Okese@t al.reported that little uptake of MB into DBGONHNUbhydrogels

is observed at pH 7 compared tolsgtions at pH 12, due to lessening of the overall charge on the
molecule via amine deprotonation. In contrast, the diffusion studies reported in this chapter
suggesthat fluorescein interacts with DBSONHNLEgels (Section 4.4). It is considered thassthi

high affinity for the LMWG effectively prevents fluorescein from diffusing out of the gel and into
the product well effectively, whilst the comparatively low aftinof MB for the gel phase
encourages diffusion into the agueous environment of the pradvedl. High concentrations of this
Re&S 4SNBE ySOSaalNE (2 AyRdzZOS (GKAada RAFTFdzAAZ2Y S
to encourage diffusion intthe LMWG to begin with.

The above results demonstrate that preferential diffusion of $mmadlecules through the LMWG
channels of the photgatterned reactor is feasible. Diffusion of fluorescein and MB through the
non-patterned LMWG and hybrid gelBigure4.32), where no dye was seen in the product wells
after 7 h, it is clear that the use of phefmtterned gel channels has the potential to guide the
diffusion of small molecules down pdefined paths. These pliminary experiments demotate

the potential of these patterned materials to act as bioreactors. Improvements must be made
however, for this system to become a viable tool for spatiotemporal reaction engineering. In
particular, in its current iteration,lJNB OA a4 S O2 WwiONBI\fa R (0 K aBRfod S
dye solution is a relatively crude method of achieving this, and as such proper diffusion kinetics are

difficult to obtain with this system.

Notwithstanding this drawback, we aimed to ilitete the potential of thismaterial as an ALP
bioreactor. For this experiment, we simply patterned a straight LMWG channel (4 cm) within a
surrounding 60% hybrid gel matrix. The LMWG strip was washed away, and 1 cm at each end of the
empty channel was bitked with cotton wool. An Akcontaining DB&ONHNHKhhydrogel was
prepared in a similar method as described to above. A 6 mM suspension € OBBNE(1 mL)

was sonicated and heated to dissolution. This sol was held & 86r 5 min, after which time RL

was added to a concentrain of 0.4 U mt and the solution transferred into the middle section of
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the empty gel channel. This reactor configuration was illustrate&igure4.28a. The blocking
objectswererem@S R FTNRY (KS SyRa 2F (GKS OKFIYyySftd hy
asolutionofpbt t ond®H Y[ I mMn Yau Ay LI & o0dzZFFSNE 64K
pH 9 buffer (0.2 mL) only. The solutioriirK S  WLINR RdzO( Q didslitally, dduted to NS Y 2
mL and the UV spectrum recorded. The product well was refilled with pH 9 buffer and the reactant
well with pNPP solution (10 mM in pH 9 buffer) at each time point. The experiment was carried out

atroom temperature and at 50 °C.
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Figure4.36: Change in concentration gdNPP (red) angdNP (grey) in the product well of the diffusion bioreactor at
room temperature (a) and images of the bioreactor (b) aftérh (left) and 6 h. Change in concentration¥PP (red)
and pNP (grey) in the product well of the diffusion bioreactor at 3G (c) ad images of the bioreactor (d) after 1 h
(left) and 6 h.

OnlypNPP was able to diffuse through the LMW hydrogel chaandlinto the product well at
either temperature Figure4.36). No significant amount g@dNP was observed even after 7 h. No
pNP was present in the reactant compartment either. No significant difference between the
reactors at room temperature and 5C were measured. However, frometimages given iRigure

4.36b and c, it can be seen that the reaction was occurring. We refer to the previous discussion of
pNP uptake at pH 8 explain these observations. SoipRP can clearly be seen diffusing inte th
hybrid gel regions of the reactor (across the length of the gel channel, not only at the reactant well
end) over longer periods of time, so this is not a case of the produoghenable to diffuse the

distance to the product well. It appears, as abawefavourable for thgopNP to partition out of the
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gel phase to achieve reasonable yields of reaction product. The yields in the product well are likely
particularly low because diie high volume of the gel phases( 11.5 cnd) compared to the solution

phas (0.3 cm per well) in this experiment. As for the preliminary study with the ring bioreactor
above, we propose that the use of a different enzyme, such as AP, under morecacidittons

may drive diffusion of the product into the product well.

4.9 Conclu®ns

In this chapter we have described work towards creating phpattierned, functional, gebased
enzyme bioreactors. Using the dephosphorylation pafra-nitrophenyl phosphateby alkaline

phosphatase as a model reaction, our key achievements so fartjesre

1. Demonstrating that the DBSONHNKHPEGDM hybrid gel is suitable for ALP encapsulation
2. That ALP retains bioactivity within the hybrid gel matrix
3. The development of shapeddseactors which impose a degree of spatiotemporal control

over the diffusion ad reaction of small molecules

Both the LMWG and PG in the hybrid gel are essential components determining the properties of
the reactors developed here. As outlined in previochapters, both DBEONHNKHand PEGDM are
important for spatial resolution oflpoto-patterning to be achieved. In this chapter though, we have
shown that altering the composition of the gel also has in impact on the permeability and
interactivity of the gephase. The PEGDM content of the hybrid gel can be tailored to control the
diffusion rate of both lowmolecular weight molecules and larger polymeric species. We also
propose that the DBEONHNENetwork retains its ability to interact nenovalently withspecies

such as fluoresceirpNPP and MB, introducing a further level of diffonal control in these
materials, although in many cases this has actually been frustrating. Despite the issues faced with
the initial reactor design, relatively high productre@rsions were achieved over a short timescale

for certain configurations. Wanticipate that optimisation of this reactor will result in greater
efficiency and reusability. To our knowledge, the spatisbolved activity of an enzymatic species
immobilised within an LMW&@ontaining material has never been demonstrated prior s tlork.

Most reports simply describe the addition ofanenzyim@  RSR 3Sf Wot 201 Q (2

Differential interactions between the different gel compositions andcteat molecules has
important implications for the design of reactors in theure. Tuning the rate of diffusion through
selection of appropriate diffusing species and gel media could become a powerful approach for the

complex spatiotemporal control of agtivity, in what can be considered in analogy to microfluidics

181



approaches. Sgially controlled diffusioff and enzymatic activiy have been shown to have
applications for Aimensional materials. Retention of bioactivity within gels is also a key
congderation when developing materials for tissue engineering which express biological cues in
addition to the mechanical and chemical cues inherent to the hydrtgét* With further

development this preliminary work could be utilised for such kiggth applicéions.

Key future work to realise the potential of these hybrid gels as bioreactors includes the screening
of a range of enzymes and substrates to identify more suitable reactiad elucidate the factors
governing the partitioning effect at the sgkl nterface. Acid phosphatase is of particular interest
forimmediate study. The acidic conditions under which this enzyme operates may help to increase
the yield of pNP obtainablein this reactor. Preliminary studies with this enzyme highlight the
promise fa this combination of enzyme and hybrid gel, and future work should focus on the
incorporation of this enzyme within both reactors described in this chapter to enhance product
diffusion and yield. Previous reports by Xu and Wang have also shown thatrperfonydrogel

phase enzymatic reaction in n@gueous solvents can significantly enhance the product yield due
to preference of the products for the organic phase. Investigatiomo the influence of reaction
solvent on the partitioning gbNP may alsossist in the development of more efficient bioreactors

in the future.
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5 Towards Spatiallyrogrammed Stem Cell Behaviour

Acknowledgments are made to Andrew Stone, who engined¢hnedY201 XGreen cells used in
Sections 5.4, 5.5 and 5.9 of tlsisapter.

5.1 Introduction

Tissue engineering is a highly interdisciplinary field combining chemistry, biology, materials science
and engineering, with the ultimate goal of repairing or replaciamaged organs or tissi#é?Unlike

Fy Fff23aNFFaGs | GA&adzsS SYyaIAySSNBR YIFGSNRFT A
immunogenic response on implantation and preventing eventual rejectidre reduction in

reliance on organ donation is an addeenefit of this approaci3?

Stem cells are a type of unspecialised biological cell which have the potential to undergo a process
known as differentiatior¥®* Differentiation describes the increasing specialisation of a stem cell as

it develops features defining it as a given cefleyFor example, in the early stages of mammalian
development, the inner mass of a developing blastocyst consists largely of embryonic stem cells
(ESCs¥ Later in development,hiese ESCs proliferate and specialise to become eacteafeth

types required for the development of the various systems of the developed individual.

A major focus in tissue engineering is on the stimulation of stem cells to generate desired tissues
or organs. Current strategies to induce programmed differandiainclude the delivery of small
molecules, growth factors and morphogenetic factors, as well as surface topogtapthsnd the
application of mechanical signals, and external fofé&%° As a deeper urerstanding of the
mechanisms behind stem cell differentin is established, it is becoming increasingly clear that
the interception of key signalling pathways is crucial in determining phenotypic3¥at®.
Therefore, the development of scaffolds which can deliver chemical, biological and physical cues
with spatial and temporlacontrol are of particular importance for the developmesf complex

tissue for clinical use.

5.1.1 Polymer gels for the spatiotemporal control

Hydrogels have emerged as leading materials for regenerative medicine due to their inherent
similarity to the extraellular matrix3*® For example, both are porous, elastic and have a high water
content. In addition, the tunability of these matelsanakes them highly valuable as potential tissue
engineeing scaffolds!34* In particular, polymer gels have been widely used to suppmd

direct cell behaviour through presentation of biomechanical clié¥*® Several reports have
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