A Thesis Submitted for the Degree of PhD at the University of Warwick

Permanent WRAP URL:
http://wrap.warwick.ac.uk/101927/

Copyright and reuse:

This thesis is made available online and is protected by original copyright.

Please scroll down to view the document itself.

Please refer to the repository record for this item for information to help you to cite it.
Our policy information is available from the repository home page.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk

warwick.ac.uk/lib-publications



1 MENS E
AGI [MOLE)

-

NVVIVYN
///////)

Understanding the formation and
responsive behavior of agueous

polymer self-assemblies

Lewis David Blackman
Submitted for the degree of Doctor of Philosophy

University of Warwick
Department of Chemistry
September 2017

\ A 4
WARWICK

THE UNIVERSITY OF WARWICK



For Charlotte Davison and Maria Blackman.



Table of Contents

TaDIE OF CONTENTS ... .ottt e e st nbe e I
List of Figures, Schemes and TabIes ........ccccvoiieiiiiiicie e v
[T o) T TN =SSP TRPP v
LISt OF SCNEIMES ... XVI
LISE OF TADIES ... bbb XVII
ACKNOWIEAGEMENTS ... XVIII
Declaration of AUTNOISNIP.......coviiiiiii s XXI
PUBIICALIONS ... ettt be e XXI11
ADDIBVIALIONS ... XXVI
L INEFOTUCTION ...ttt bbbt eneas 1
1.1. Declaration of AULNOISNIP ......ccviiiiiice e 2
1.2. Polymers and SynthetiC TEChNIQUES.......cc.ooiiiiiiiiieeeceeeee e 3
1.2.1. INtroducCtion t0 POIYMEIS......c.viiiiiieiieite e 3
1.2.2. Chain-growth polymerization and polymer architectures ............ccccoecvevvvennee. 5
1.2.3. Reversible deactivation radical polymerization (RDRP)...........ccccoevvvvevinenne. 8
1.2.4. RAFT POIYMEIIZAtION .....ccviiieiicc e 9
1.2.5. Photo-RAFT POlYMErZatioNn .......c.cccveveiieiicie e 15

1.3. Polymer Solution Self-ASSEMDBIY ........cooiiiiiiiii e 19
1.3.1. Polymer self-assembly under thermodynamic control. ...........cccccooevervinnens 19
1.3.2. Polymer self-assembly under Kinetic control...........c.cccovveiiieiie e, 24

1.4. Polymerization-Induced Self-Assembly...........cccoiiiiiii i 29
1.4.1. Polymerization-induced self-assembly via thermal initiation ..................... 32
1.4.2. Polymerization-induced self-assembly via photoinitiation.............c.c.ccccoe.e... 34

1.5. Stimuli-Responsive Polymers and Polymer Self-Assemblies...........ccccccoeeveienenn 38
1.5.1. CO2 and pH-responsive polymer SyStemS. .........cccooerereneneneneneseseeee e 38
1.5.2. Light-responsive polymer SYSTEMS ..........ccoiriririieiiieiesese e 41
1.5.3. Polymer systems responsive to other stimuli...............ccccooeiviiiiiiiiccec, 43

1.6. Analysis Techniques for Polymer Self-Assemblies ........cccccocvvvieiiiiiiiciie e, 46
1.6.1. Light scattering teChNIQUES ........ccveiiiiiecece e 46
1.6.2. Electron microscopy teChNIQUES ........ccvevveiieiieii e 55

1.7, SUMMAIY ittt bt e e b b nne s 61
1.8, RETEIENCES ...ttt sreesteeneesteebeeneenre s 62

2. Effect of micellization on the thermoresponsive behavior of polymeric assemblies..66



2.1. Declaration of AUtNOISHIP .....cocviiiiei e 67

2.2. ADSTFACT ...t nes 68
2.3, INEFOTUCTION ...ttt ettt bbbt 69
2.4, RESUILS @Nd DISCUSSION .....veuveiiviiiisiieiieie ettt sttt bt 80
2.4.1. Polymer synthesis and micelle preparation ............ccccoceeeneniiiinininnicen, 80
2.4.2. Critical micelle concentration (CMC) determination ..............ccocevevvvvvennnnn. 83
2.4.3. Variable temperature light scattering analysis.........ccccooeveriinienieninneeene 86
2.4.4. Variable temperature turbidimetry and microcalorimetry analysis................ 88
2.4.5. Discussion of micelles with longer pNIPAM COronas .........c.cccceeveevvervenene. 94
2.5, CONCIUSTON ...ttt bttt sb bbb 97
2.6. EXperimental SECHION.........ooi it 98
2.6.1. Methods and MaterialS..........ccueeieiieeiiee e 98
2.6.2. POlYMEr SYNTNESIS ....coviiiieiiiiiice e 99
2.6.3. Particle @nalysis ........cccoooiiiiiiieie e 101
2.7, RETEIBINCES ...t bbbt ne e 104
3. Probing the causes of thermal hysteresis using tunable Nagg micelles with linear and
brush-like thermorespoNSIVE COMONES..........cveiieiieiieiiere e sie e se e 107
3.1. Declaration of AULhOIShIP .......coveiiiiecece e 108
T N 4] 1 (ot USSR 109
T N 011 (0T [1 4 A o o USSR 110
3.4. RESUILS AN DISCUSSION ....c.veeuviiiiesiieiesiie et sttt sttt neeas 117
3.4.1. Polymer synthesis and micelle preparation ...........ccccccevveiiieiieciiciie e, 117
3.4.2. Multiple angle light scattering analysis. ..........ccccceeveieereiiiese e 121
3.4.3. Thermoresponsive DENAVIOL.........ccccueiveiiiic e 122
T T 0] 0] 01 [ o USSR 133
3.6. EXperimental SECTION.........ccoiiiiiiiieee e 134
3.6.1. Methods and MaterialS...........ccooueiiiiiieii e 134
3.6.2. SYNLNETIC PrOCEAUIES........eeeieiieiieeie ettt nee s 136
3.7 RETEIBINCES ...ttt 150
4. Comparison of photo- and thermally initiated polymerization-induced self-assembly:
a lack of end group fidelity drives the formation of higher order morphologies.......... 153
4.1. Declaration of AULhOIShIP .......coveiiiicce e 154
O N 01 1 - Uod SR PSRSS 155
O I 111 oo 1 o{ 1 o] o USRS 156
4.4, RESUILS ANd DISCUSSION ....ccuviiieiieiiesiieiiesiee st e ettt sttt sbe b snee e 160
4.4.1. Construction and Comparison of Isothermal Phase Diagrams.................... 160
4.4.2. The influence of light intensity on the final PISA morphology .................. 169



4.4.3. The influence of post-synthetic light and heat irradiation on the pre-formed

PISA MOIPROIOGIES. ..ot 172
4.4.4. Investigation into the equilibrium morphologies formed at 37 °C.............. 179
4.5, CONCIUSION ....vviiiiii ettt 182
4.6. EXPerimental SECION.........c.civviiieie ettt 183
4.6.1. Methods and materialS...........ccvvverviieiieiicie e 183
4.6.2. SYNTNETIC PrOCEAUIES.......oiuiitiiiieiieieiet ettt e 185
A.7. RETEIEINCES ...ttt sttt sttt et st e sbe et e sneenne s 192
5. PISAylation: Confinement of functional and therapeutic proteins in selectively
PErMEabIe POIYMEISOMES. .......viiie ittt e e e eare e 194
5.1. Declaration of AUthOIShIP .....coovviiiei 195
5.2, ADSITACT ..ottt bbb 196
5.3. INEFOTUCTION ...ttt bbb bbb 197
5.4. ReSUILS aNd DISCUSSION ....c.veeiieiiesiieiesiesieesie e sieesie e steetesneesreessesneesreensesneesneas 206
5.4.1. POIYMEr SYNTNESIS ....cviiiiiiiiieiieieie et 206
5.4.2. Preparation of GFP-loaded vesicles for direct fluorescence imaging.......... 208
5.4.3. Preparation of catalytic HRP-loaded Vesicles...........cccooveviiiiiiiiciieciiee, 211
5.4.4. Preparation of GOx-loaded vesicles and enzymatic cascade activity.......... 214
5.4.5. Calculation of loading effiCIENCY........ccccveiieiiiieceee e 218
5.4.6. Preparation of ASNS-loaded vesicles as an alternative to PEGylation....... 222
5.4.7. In vitro efficacy of ASNS-loaded vesicles towards a cancer cell line......... 228
5.5, CONCIUSION ...ttt sttt sttt r et e b e st e nne s 232
5.6. EXperimental SECHION..........ccceiiiiie et 233
5.6.1. Methods and MAaterialS..........cccuveiiririiesiseee e 233
5.6.2. Recombinant GFP expression and purification .............cccocevviieieeieiiiennnnn 236
5.6.3. Particle SYNThESIS ........cccooiiiiiii e 238
5.6.4. Kinetic COlorimetric analySes ..........cocooeririnininieeese e 239
5.6.5. Calculation of protein 10adings..........ccccooriieiiiiiniee e 240
5.6.6. IN VILr0 CEIl STUIES. ......eiiiiiieiiieie et 241
5.7, RETEIBINCES ...t ettt 243
6. Conclusions and OULIOOK ...........ccccuiiiiiiiieieie s 245
Y o] o 1= o | TS SPSSRRSRS 250
7.1, TECHNICAI NOTE ...t re e aneenne s 250
7.2. Supplementary SEC Data..........cccouiieiiieiieieie e 252



List of Figures, Schemes and Tables

List of Figures

Figure 1.1. Examples of some common chain architectures. Colored spheres represent
different monomers and gold stars or triangles represent different initiators or initiating
[0 (01U PP PP PP 7
Figure 1.2. Compatibility of the R- and Z-groups with different monomers. The groups
are listed in order of decreasing of fragmentation rates (R-groups) or addition rates (Z-
groups). A bold line shows good control over both molar mass and dispersity. A dashed
line shows partial control or significant retardation. Abbreviations: MMA=methyl
methacrylate, HPMAM=2-hydroxypropyl methacrylamide, St=styrene, MA=methyl
acrylate, AM=acrylamide, AN=acrylonitrile, VAc=vinyl acetate,
NVP=N-vinylpyrrolidone, NVC=N-vinylcarbazole. Adapted from ref.® ................... 12
Figure 1.3. Outline of the species obtained from a homopolymerization and single chain
extension by a RAFT polymerization process at full monomer conversion. Taken from
=] 7RO R O 13
Figure 1.4. LHS: Chemical structures of some common photoinitiators and
photocatalysts. RHS: The mechanism of PET-RAFT in the absence (oxidative quenching)
and presence (reductive quenching) of a sacrificial electron donor, TEA. Adapted from
=] TR 16
Figure 1.5. Illustration of the effect of the packing parameter, p, on the equilibrium
morphology based on geometric arguments for diblock copolymers. Taken from ref.3220
Figure 1.6. Isothermal equilibrium phase diagram for PS-b-PAA nanostructures formed
at various SDS concentration and water content at a polymer concentration of 1.0 wt%.
The phase regions are separated by solid black lines, the dashed lines are a guide for the
eye. Key: S = spheres, R = rods, V = vesicles. Adapted from ref.3...........c.ccocvvvvrnne. 22
Figure 1.7. Illustration of the unimer exchange mechanism between “dynamic” particles
to reach an equilibrium state in a given timeframe, and of the particle-particle fusion
MECNANTSIML <.ttt st et e st e e be e e e sreenteeneenees 24
Figure 1.8. A: Non-equilibrium trapped structures and B: mixed and hybrid
morphologies observed for various PS-b-PAA and poly(styrene)-b-poly(ethylene oxide)
(PS-b-PEO) polymers. Adapted from ref. % ............ccovviiieiceee e 25
Figure 1.9. Formation of non-equilibrium non-spherical polymersome structures. A:
Morphological transition from a spherical polymersome towards a stomatocyte during
dialysis with representative cryo-TEM images. B: TEM images showing the transition
from a lyotropic phase towards tubular polymersomes and finally spherical
polymersomes with time during thin film rehydration. Adapted from ref.*® and ref.*¢ .. 27
Figure 1.10. A: Schematic of a typical PISA process by chain extension from one of the
three different mCTA stabilizer blocks shown, to yield self-assembled amphiphilic
diblock copolymer nano-objects in situ. B: Phase diagrams for an aqueous PGMA-b-
PHPMA system using a long (top) or short (bottom) stabilizer block. Key: S = spheres,
W = worms, BW = branched worms V = vesicles. Adapted from ref.*” and ref.® ........ 29



Figure 1.11. Chemical structures of some corona-forming and core-forming blocks
compatible with PISA in aqueous SOIULION. .........coviiiiiiie i 31
Figure 1.12. Functionalization of PISA-derived nano-objects formed by thermal
initiation. A: Surface functionalization of PISA nano-objects with negative MRI contrast
agents. B: Core functionalization of PISA nano-objects with fluorescent moieties.
Adapted From ref.87 . . 33
Figure 1.13. Structures of some typical PISA initiators and their corresponding initiator
mechanisms. Key: T1 = thermal initiator, Pl = photoinitiator, PC = photocatalyst. Adapted

Figure 1.14. Top: Mechanism for photoinitiation in the presence of dissolved oxygen
using EY as the dye molecule and ascorbic acid as the reducing agent. Bottom: SEC traces
and stained TEM images of some formed nano-objects under non-degassed conditions

using ultra low volumes. Adapted from ref.2*..............c.oooiieeiieeece e 37
Figure 1.15. Examples of some pH- and CO2-responsive polymers outlined in the main
L= PP PP PSPPI 39

Figure 1.17. Structures of some light-responsive polymers with photo-labile side chain
moieties that undergo either reversible or irreversible phase transitions. In each case the

aqueous SOlUDITity IS INAICALEA. .........ccveieeieciece e 41
Figure 1.18. Structures of some multi-stimuli responsive polymers prepared by
Thayumanuvan and co-workers. Adapted from ref.2% ..., 43

Figure 1.19. A: Structure of the PEO-b-PAGMA hydrogen sulfide-responsive block
copolymer used by Yan et al. and the Hz2S-triggered cascade elimination reaction. B:
Schematic of the self-assembly into polymersomes and disruption in the presence of HzS.

LI AR 0T T (=1 P 44
Figure 1.20. Hlustration of the relationship between the scattering wave vector and the
incident and scattered wave vector. Taken from ref.118 ..., 47

Figure 1.21. Illustration of how q affects the window of observation in a sample of
polymer coils in solution. Larger g values probe a higher magnification (smaller features)
of the sample. Taken from ref.128 s 47
Figure 1.22. A: Example of an intensity autocorrelation function obtained from polymer
8 from Chapter 3 at an angle of 80°. B: The distribution of relaxation times obtained from
fitting the autocorrelation function shown in A using the REPES algorithm. ................ 49
Figure 1.23. Plot of t* vs. g? for polymer 8 in Chapter 3 at a concentration of 1 mg-mL
! to determine the apparent diffusion coefficient, D. The error bars represent 10% error.

......................................................................................................................................... 50
Figure 1.24. Partial Zimm plot of polymer 8 at a concentration of 1 mg-mL™ in Chapter
3. The reciprocal of the Muw, particle IS Shown. The error bars represent 10% error. .......... 53

Figure 1.25. Relationship between the intensity-weighted size distribution obtained from
fitting the autocorrelation function of an equal mixture of two spheres of sizes one order
of magnitude apart and the corresponding physical volume-weighted and number-
weighted distributions. Taken from ref.118 ..., 54
Figure 1.26. Dry state TEM images of PEG113-HPMAs00 formed by PISA at 10 wt%
HPMA by thermal initiation from Chapter 4 on a Formvar-coated grid stained with 1%
uranyl acetate solution. Image A shows a positively stained region. Image B shows a

\Y



region with a greater coverage of the uranyl acetate stain, resulting in negative staining.

Figure 1.27. Cryo-TEM images of some common contaminants. A: Empty vitreous ice.
B: Hexagonally packed ice. C: Large ice crystals (white arrow). D: Probable ethane
contamination (white arrows). The scale bars represent 200 nm. Taken from ref.1?2.....59
Figure 2.1. Hypothetical phase diagram for a polymer system in solution that exhibits
both LCST and UCST behavior. Blue chains represent solvated chains and red, collapsed
chains represent solvophobic, collapsed chains that precipitate and macroscopically phase
separate from the surrounding solvent. The coexistence (solid lines) and spinodal (dashed

lines) curves are ShOwn. (0 = COMPOSILION. ...vvevirvveiiiieeiiieeiiiessieeerree e e saeeeseee e 69
Figure 2.2. Chemical structures of some typical homopolymers derived from vinylic
monomers that exhibit either LCST or UCST-type behavior.k..........ccccocovevvvvvviviveninnnns 70

Figure 2.3. Left: Post-polymerization route to thermoresponsive homo-, co- and
terpolymers from a common pVDMA precursor polymer scaffold. Abbreviations of the
monomers shown in blue, green and red are shown along with their role on the overall
phase behavior. Right: Turbidimetry data showing UCST (A), LCST (B) and both LCST
and UCST (C) behavior. Arrows indicate the solubility of the polymer at a given point
along the turbidimetry curve. Adapted from ref. . ... 71
Figure 2.4. End group modification of thermoresponsive polymers to produce dual-
responsive polymers. A: Chemical structure of catechol-functionalized pNIPAM (top)
and soluble-to-insoluble transition induced by either increasing the temperature or the
addition of Fe3* (bottom). Adapted from ref.** B: Chemical structure of azobenzene-
functionalized pPOEGMA (top) and illustration of how the soluble-to-insoluble transition
induced by increasing the temperature could be reversed by either cooling, or 365 nm
light irradiation to undergo the trans-to-cis isomerization of the end group (bottom).
Adapted from TEF.A% ..o s 73
Figure 2.5. Triple fluorescent overlaid confocal microscopy images of fluorescently
labelled p(NIPAM-co-DMA)-b-pLA) micelles (green channel) incubated with bovine
epithelial cells with selectively stained nuclei (blue channel) and either lysosomes (A and
B, red channel) or golgi apparatus and ER (C and D, red channel). Incubation at 37 °C (A
and C) and 42 °C (B and D) are shown. Areas where green and red overlap are indicated
in yellow. Taken from ref.2h ... ..ottt 75
Figure 2.6. Turbidimetry analysis showing the thermal transition of pNIPAM in aqueous
solution. The polymer’s solubility in different temperature regimes is shown, along with
the hysteresis. Adapted from ref. ... ..o, 76
Figure 2.7. Left: Chemical structure of doubly pH-responsive p(DMAEMA-co-
DEAEMA)-b-DMAEMA used in the study by O’Reilly and co-workers. Right:
Increasing Nagg with decreasing o for a series of block copolymers with increasing

DEAEMA incorporation, denoted here as 1-4. Adapted from ref.? ...............ccccocene.... 79
Figure 2.8. *H NMR spectrum of mMCTAL, analyzed at 400 MHz in CDCls. ............... 81
Figure 2.9. SEC RI chromatograms of mCTA1 using 5 mM NHsBFz in DMF as the
eluent and calibrated against poly(methyl methacrylate) standards. ............cccccevvvennenne. 81
Figure 2.10. SEC RI chromatograms of mCTAL and polymer 1 using 5 mM NH4BF in
DMF as the eluent and calibrated against PMMA standards. ............ccccoeveiiieiieiiinennns 82
Figure 2.11. *H NMR spectrum of polymer 1, analyzed at 400 MHz in CDCls............ 83



Figure 2.12. Fluorescence emission spectra of polymer 2 at 0.2 uM PNA dye
concentration at varying polymer concentrations. The excitation wavelength was 340 nm.
Imicelle and lwater are shown with dashed arrows illustrating the decrease or increase in
intensity with decreasing polymer CONCENIatioN. ............ccuveririeieniene s 84
Figure 2.13. Plot of Imicetie/Iwater against log[polymer] for micelles comprised of polymer
1 (black squares), 2 (red circles), 3 (blue triangles), 4 (pink triangles) and 5 (green
diamonds) using 0.2 uM PNA dye. The data in each series was normalized to the
maximum intensity of the highest polymer concentration in that series...........c...c.c....... 85
Figure 2.14. Multiple-angle light scattering analysis of micelles 1-5 in water. A.
Autocorrelation function of polymer 2 at 20 °C analyzed at an angle of 150°. The inset
shows the y-axis as a log scale. B. Plot of the ™ values obtained by DLS analysis against
q? for polymer 2 at 20 °C with 10 % error bars. C. Partial Zimm plot of polymer 2 at
20 °C with 10% error bars obtained using SLS analysis. D. Plot of Nagg with varying nBA
units in the micellar core determined by SLS analysis for the micellar series 1-5 at 20 °C
WIth 1090 EITON DAIS. .....eeiieeieee ettt este et e sreenseeneesneenneas 86
Figure 2.15. Left: Variation of Ry of micelles composed of polymers 1 (black squares),
2 (red circles), 3 (blue triangles) and 4 (pink triangles) with temperature as determined by
DLS analysis. Inset: Variation of Ru (filled circles) and Rq (empty circles) of a pNIPAM-
stabilized dendritic core particle as determined by DLS and SLS, taken from ref.%° Two
clear transitions were observed in the referenced work. Right: Variation of Rcore Of
micelles composed of polymers 1 (black squares), 2 (red circles), 3 (blue triangles) and 4
(pink triangles) with temperature as determined by SLS analysis. Error bars represent
0T (o | T O YOS STPRPR 88
Figure 2.16. Thermal analysis of micelles comprised of polymer 1. Heating traces from
the turbidimetry (A) and microcalorimetry (B) analysis are shown along with the cloud
point from turbidimetry and T, from microcalorimetry. The inset images show digital
photographs of the micelles before and after heating above the transition temperature.
Both were performed at 1 mg-mL™ with a temperature ramp of 1 °C-min™................. 89
Figure 2.17. A: Temperature of phase transitions measured by variable temperature
techniques at 1 mg-mL™* with 10% error bars. Black squares represent cloud points
determined by turbidimetry. Red circles represent T, values determined by
microcalorimetry. B: Degree of hysteresis observed by turbidimetry analysis. Error bars
represent the standard deviation over 3 repeats. C: Heating (solid) and cooling (dashed)
turbidimetry traces at 1 mg-mL™ for micelles comprised of polymer 1 D: Heating (solid)
and cooling (dashed) turbidimetry traces at 1 mg-mL* for micelles comprised of polymer
5. In all experiments, the heating and cooling rate was 1 °C-min™t. ........cocooooiirrrnnnn. 90
Figure 2.18. A. Turbidity of micelles comprised of polymer 5 with time at 30 °C after
being heated to 40 °C. Error bars represent the standard deviation over 3 repeats. B.
Schematic representation of higher chain density in high Nagg micelles leading to higher
interchain entanglement in the globular state, above the transition temperature. C.
Schematic representation of increased water exclusion in highly hydrophobic micelles
above the transition temperature, compared to less hydrophobic cores, which exhibit more
hydrated PreCiPItAtES. ......cviiieie et rs 91
Figure 2.19. Plot of mo against polymer concentration. 7o values were calculated from the
obtained absolute viscosity values, 1, and the measured viscosity of the pure solvent, s,

Vil



using 7o = (n - ns)/ ns. Error bars represent the standard deviation across the shear rates.
In each case the error bars are smaller than the data point marker. ............ccccccoeeveenne 93
Figure 2.20. A. Triple detection SEC of mCTAla using 5 mM NH4BF4 in DMF as the
eluent. B. SEC RI traces of mCTA1a (solid line) and polymer 5a (dashed line) using 2%
triethylamine in chloroform as the eluent and calibrated against poly(styrene) standards.
C. Quantitative 3C NMR spectrum of polymer 5a with the integrals set relative to carbon
BNVITONIMENT £, ...ttt bbbttt b e e b et et st bbb e e b e e ne et e e e 95
Figure 2.21. Turbidimetry analysis of mMCTAla (A) and polymers 5a (B) and 5 (C) at 1
mg mL. In each case the heating (solid lines) and cooling traces (dashed lines) are shown
and the polymer composition has been included for comparison. .........c.cccccccvevvevvenenne. 96
Figure 2.22. *H NMR spectra of micelles comprised of polymer 4 (top) and polymer 1
(bottom) obtained at 500 MHz in D20. Proton signals from the side chains have been
INAICAtEd 1N BACKH CASE.....c.ei et nae s 96
Figure 3.1. Chemical structures of various LCST-type polymers discussed, which show
poor reversibility. pMPA, a polymer that shows good reversibility, has been included for
COMPAITSON PUIPOSES. ...vveuvereetestestesteeseeseeseessessestesbesbe bt abesseeseesse e e sseabesbeabesbeabe e e eneaneenes 113
Figure 3.2. lllustration of the thermoresponsive diblock copolymers used in this study.
Key: x = mol% nBA in the core-forming block. Below is a table outlining the differences
in the corona blOCKS’ PrOPETTIES. ..viiivviiiiiiii it 115
Figure 3.3. A: Schematic of one series of diblock copolymers with identical corona-
forming blocks and tunable p(nBA-co-DMA) core compositions that self-assemble in
water to yield micelles with a tunable Nagg. The resulting particles show identical cloud
points but different thermal hysteresis when heated in solution. B: Design of four micellar
series with different corona-forming blocks with distinct chemistry and architecture, but
whose cores contain the same p(nBA-co-DMA) compositions. In each case, the chemical
structure of the corona block is shown. C: Studying the thermoresponsive behaviors of
the four micellar series gives information on the structure-property relationships
regarding thermal hysteresis in thermoresponsive self-assemblies. ...........c.cccoevvenenn. 116
Figure 3.4. SEC RI chromatograms of diblock copolymers with pNIPAM coronas (A),
pDEAmM coronas (B), pPDEGMA coronas (C) and pPOEGMA coronas (D) alongside their
corresponding mCTAs. For mCTAL and polymer 1 (panel A), 5 mM NHsBFzs in DMF
was used as the eluent. For all other experiments, 2% TEA in THF was used as the eluent.
In each case, the distributions were calculated using the RI traces calibrated against
poly(methyl methacrylate) Standards. ...........cccooereiiiiiii e 119
Figure 3.5. '"H NMR spectra of mCTA2 (top) and polymer 8 (middle). The bottom
spectrum is that of mMCTAZ2 subtracted from that of polymer 8 used to calculate the core
composition; the peaks at 4.00 and 3.22 - 2.77 ppm corresponding to pnBA and pDMA,
respectively, are clearly reSOIVEd. ... 120
Figure 3.6. Representative multiple angle dynamic (above) and static (below) light
scattering data of micelles comprised of polymers 10 (A), 15 (B) and 17 (C), each at 1
mg-mL™L. Error bars repreSent 1090 IO ...........cceveveveveeeeeeeeeeeeeeeeesesesesesesesssssesesesesenns 121
Figure 3.7. Variation in the particles’ Nagg with the molar fraction of hydrophobic nBA
in the core-forming block, as determined by SLS analysis. Micelles with pNIPAM
(polymers 1-5, blue triangles), pDEAm (polymers 6-10, orange circles), pPDEGMA

VIl



(polymers 11-15, purple squares) and pPOEGMA coronas (polymers 16-17, cyan squares)
are shown. Error bars represent 10%0 errOr........c.cocvveveeiieesieeiie et 122
Figure 3.8. A: Variation of the cloud point transition temperatures of polymers 1-5
(orange circles), 6-10 (blue triangles) and 11-15 (purple squares) with the molar fraction
of hydrophobic nBA in the core-forming block, as determined by turbidimetry. Error bars
represent 10% error. B: Variation of thermal hysteresis of micelles comprised of pPDEAmM
coronas, which cannot form hydrogen bonds between polymer chains (polymers 1-5,
orange bars), and pNIPAM coronas, which can (polymers 6-10, blue bars). Values
determined by turbidimetry and plotted as a function of mol% nBA in the core-forming
block. Error bars represent the standard deviation across 3 repeats. ..........ccccceveeveennenn. 123
Figure 3.9. Variable temperature turbidimetry analysis of micelles comprised of
polymers 1 (A), 5 (B), 6 (C) and 10 (D) at 1 mg-mL™* with a heating and cooling rate of
1 °C-min’%, In each case, the solid trace represents the heating cycle and the dashed trace
represents the COOIING CYCIE. .....oo.vo i e 124
Figure 3.10. Turbidimetry analyses of micelles with pDEGMA coronas. Turbidimetry
curves for polymers 11 (red) and 15 (black) are shown. In each case, solid lines represent
heating cycles and dashed lines represent cooling cycles. The insets show photographs of
solutions before heating (A) and after heating followed by storage at 4 °C for 13 months
(= PSSP USRS PSPR 127
Figure 3.11. Chain density of micelles comprised of polymers 11-15. Error bars represent
10% error. The two distinct regimes of reversible and irreversible phase transitions are
marked with dashed lines. Note that polymer 14 (88% nBA in the core forming block)
shows the highest chain density because its Rn is smaller than that of polymer 15 (100%
NBA in the core forming DIOCK). .....ccuoiiiiiii e 128
Figure 3.12. Turbidimetry analyses of micelles with pPOEGMA coronas. Turbidimetry
curves for polymers 16 (red) and 17 (black) are shown. In each case, solid lines represent
heating cycles and dashed lines represent cooling cycles. For clarity, some instances of
macroscopic precipitation and sedimentation have been labelled and the cooling curve for
polymer 17 has Deen SMOOTNEM. ........cc.ooviiiiiiiiic s 129
Figure 3.13. A: SEC RI chromatograms of polymer 17 before (black dashed line) and
after (red solid line) three heating and cooling cycles from 50 - 95 °C. 2% TEA in THF
was used as the eluent and the instrument was calibrated against PMMA standards. In
each case, the distributions were calculated using the RI traces. B: Variable temperature
turbidimetry analysis of micelles comprised of polymer 17 at 1 mg-mL™* heated from 50
- 70 °C so as to reduce the thermal annealing time. In each case, the solid trace represents
the heating cycle and the dashed trace represents the cooling cycle. The 1% cycle (black
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Figure 4.1. Chemical structure and representative *H NMR spectra of PEG113-PHPMAK
diblock copolymers formed at 10 wt% HPMA by route B analyzed at 300 MHz in
CD30D. The spectral intensities were normalized to the PEG mCTA at 3.63 ppm (signal
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Figure 4.2. Representative Rl SEC traces for PEG113-b-PHPMAX diblock copolymers
formed at 10 wt% HPMA using 5 mM NHsBF4 in DMF as the eluent. Data for route A
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Figure 4.3. UV-Vis spectrum of PP-OH (black) with the wavelength range of the light
source indicated with a purple box. Below are examples of PEGuii3-b-PHPMAu00
formulations at 10 wt% formed by route A either in the presence or absence of the
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Figure 4.5. Phase diagrams of PISA formulations synthesized by routes A (I) and B (1)
with accompanying stained TEM images. Scale bars represent 0.5 pm, except where
marked with an asterisk, in which case the scale bar represents 0.2 pm. Key: S = spheres,
W = worms, L = lamellae, ULV = unilamellar vesicles, MLV = multilamellar vesicles.
Formulations highlighted with red boxes will be discussed further in this section. .....164
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Figure 4.9. Histograms of PEG113-b-PHPMAuo0 diblock copolymer unilamellar vesicles
formed at [HPMA] = 10 wt% by route A (green) and route B (red) measured from particle
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Figure 4.10. A: Kinetic study of the PEG113-b-PHPMAas00 formulation at 10 wt% formed
by route C (blue triangles) overlaid with the kinetic data previously obtained for that
formed by route B (black squares). B: SEC data for the kinetic studies. Left axis: Mn
values of polymers formed by route C (blue triangles) and route B (black squares), the
black linear trend shows the theoretical Mn values. Right axis: D values of polymers
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Figure 4.19. Stained TEM images of equilibrium structures of diblock copolymers
formed at 37 °C and 1 mg-mL™. The block ratio for each sample is indicated above the
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Figure 5.1. Various features of biomimetic self-assemblies. A: A multi-
compartmentalized polymersome-in-polymersome system consisting of enzyme-loaded
PS-b-PIAT polymersomes encapsulated within a larger PB-b-PEO polymersome. Taken
from ref.® B: Time-resolved confocal microscopic analysis showing glycosylated giant
polymersomes (red) binding with a cluster of ConA-functional PS beads (green). Taken
from ref.> C: Enzyme-loaded PEO-b-PS stomatocytes catalyze the production of gases to
achieve directional autonomous propulsion. Taken from ref.” D: Fatty acid liposomes
allow the transport of external activated nucleotides into the lumen, which in turn results
in template copying. Addition of externally applied amphiphiles results in insertion into
the membrane and subsequent formation of daughter protocells. Taken from ref.8.....198
Figure 5.2. Outline of some methods for achieving polymersome permeability found in
the literature. A: PS-b-PIAT polymersomes with intrinsic permeability towards small
molecules. Taken from ref.!® B: Post-synthetic chemical modification of PMOXA-b-
PDMS-b-PMOXA vesicle membranes using a photoinitiator. Taken from ref.!! C:
Incorporation of OmpF into PMOXA-b-PDMS-b-PMOXA vesicles to afford size-
selective permeability. Adapted from ref.’? D: PNIPAM-b-PNBOCA vesicles show an
irreversible enhancement in permeability in response to UV light irradiation. Adapted
1100 11 (=] Fh TR 199
Figure 5.3. lllustration of the artificial peroxisomes developed by Palivan and co-
workers. A: A cell with its organelles. B: A natural peroxisome is a spherical liposome
containing enzymes to break down ROS. C: Structure of the artificial peroxisome with
enzymes in the lumen and OmpF in the membrane. D: Schematic of the enzymatic
cascade reaction facilitated by the artificial peroxisomes. Taken from ref.2%............... 201
Figure 5.4. SEC RI traces of the PEG113 mCTA (gray dashed line) and the PEG113-b-
PHPMAuoo diblock copolymers (solid lines) comprising the protein-loaded vesicles used
in this study. Empty vesicles (black trace), GFP-loaded vesicles (green trace), ASNS-
loaded vesicles (purple trace), HRP-loaded vesicles (red trace) and GOx-loaded vesicles
(blue trace) are shown, along with their calculated M» and B values. 5 mM NH4BF4 in
N,N-dimethylformamide was used as the eluent and molecular weight distributions were
calculated from poly(methyl methacrylate) standards. ............cccocveveiiieniiienieene e 206
Figure 5.5. Characterization of the empty vesicles. Column A: Representative dry state
TEM images. The samples were stained with a 1 wt% uranyl acetate stain. Column B:
Representative cryo-TEM image of empty vesicles in pH 5.5 phosphate buffer (top) and
distribution of membrane thicknesses measured from statistical analysis (bottom). The
error shows the standard deviation from 200 particle membranes. Column C: DLS
analysis of empty vesicles in pH 5.5 phosphate buffer. The z-average hydrodynamic
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diameter (Dn) and polydispersity (PD) are shown. The error represents the standard
deviation from 5 repeat MeasUrEMENTS. .......ccecvveiiiieiie e 207
Figure 5.6. Characterization of GFP-loaded vesicles after purification. DLS
autocorrelation function (A) and distribution (B) of GFP-loaded vesicles in pH 5.5
phosphate buffer. The Du and PD are shown. The error represents the standard deviation
from 5 repeat measurements. Representative dry state TEM images of samples stained
with 1 wt% uranyl acetate (C and D). Representative cryo-TEM image of GFP-loaded
vesicles in pH 5.5 phosphate buffer (E) and distribution of membrane thicknesses
measured from statistical analysis (F). The error shows the standard deviation from 200
PArtiCIE MEMDIANES. ....c.viiiee e 209
Figure 5.7. A: Fluorescence spectra of the 1st supernatant (red traces) and an identical
concentration of the untreated protein (black traces). Insert: Photograph of the crude GFP-
loaded vesicle solution immediately after the PISA reaction under a UV lamp. B:
Fluorescence spectra of the 1t supernatant (black traces), disassembled vesicle solution
(red traces) and 2" supernatant (gray traces) in a 5:1 methanol:water solvent mixture. In
each case the excitation spectra (Aem = 512 nm, dashed traces) and the emission spectra
(Aex = 495 nm, solid traces) are SNOWN. ........cceiieiiiie e 210
Figure 5.8. Fluorescence micrographs of free GFP (A), empty vesicles (B), empty
vesicles purified from an identical GFP solution after light irradiation (C) and GFP-loaded
vesicles (D). The scale bars repreSent 5 M. ........oocverrieieeniiiniee e 211
Figure 5.9. Characterization of HRP-loaded vesicles after centrifugation/resuspension
and preparative SEC. Column A: Representative dry state TEM images of samples
stained with 1 wt% uranyl acetate. Column B: Representative cryo-TEM image of HRP-
loaded vesicles in pH 5.5 phosphate buffer (top) and distribution of membrane
thicknesses measured from statistical analysis (bottom). The error shows the standard
deviation from 200 particle membranes. Column C: DLS analysis of HRP-loaded vesicles
in pH 5.5 phosphate buffer. The Dn and PD are shown. The error represents the standard
deviation from 5 repeat MEaSUIEIMENTS. .........ccoieiireriiiseeeeie e 212
Figure 5.10. Enzymatic activity of HRP-loaded vesicles. A: Schematic showing the HRP-
catalyzed oxidation of DMB to its colored dimer product detected in the colorimetric
assay. B: Activity of the HRP-loaded vesicles, empty vesicles and the empty vesicles
purified from an identical HRP solution after 70 min light irradiation, measured by a
change in absorbance at 492 nm. Reaction conditions: [Vesicles] = 3.3 mg-mL™*, [H202]
=3.5% w/w, [DMB] = 0.4 mM in 80 mM pH 5.5 phosphate buffer. The error represents
the standard deviation from 4 rePEALS. .......cceeveeieiiereeie e 213
Figure 5.11. Normalized preparative SEC RI traces of HRP-loaded vesicles (black trace)
and that of the free HRP enzyme (red trace) in 100 mM pH 5.5 phosphate buffer. In each
case, the injection VOIUME WaS 1 ML, ...cccueiieieiieiieie e 214
Figure 5.12. Characterization of GOx-loaded vesicles after centrifugation/resuspension
and preparative SEC. A and B: DLS analysis of GOx-loaded vesicles in pH 5.5 phosphate
buffer. The Du and PD are shown. The error represents the standard deviation from 5
repeat measurements. C and D: Representative dry state TEM images of samples stained
with 1 wt% uranyl acetate. E and F: Representative cryo-TEM image of commercial
GOx-loaded vesicles in pH 5.5 phosphate buffer and distribution of membrane
thicknesses measured from statistical analysis (bottom). G and H: Representative cryo-
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TEM image in pH 5.5 phosphate buffer of vesicles loaded with GOx previously purified
by dialysis, and distribution of membrane thicknesses measured from statistical analysis.
In each case, the error shows the standard deviation from 200 particle membranes. ...215
Figure 5.13. Enzymatic activity of GOx-loaded vesicles. A: Schematic showing the GOx-
catalyzed oxidation of D-glucose to &-glucono-1,5-lactone and hydrogen peroxide.
Excess HRP in solution was then used to catalyze the oxidation of DMB using the rate-
limiting reagent hydrogen peroxide product from the first step. B: Activity of the GOx-
loaded vesicles, empty vesicles, and empty vesicles purified from GOx after 70 min light
irradiation (empty circles), measured by a change in absorbance at 492 nm. Reaction
conditions: [Vesicles] = 3.3 mg-mL™?, [D-glucose] = 17 mM, [free HRP] = 20 U-mL™,
[DMB] = 0.4 mM in 70 mM pH 5.5 phosphate buffer. The error represents the standard
deVviation TrOM 4 FEPEALS. .......ccviiieeiie ettt re e 216
Figure 5.14. Enzymatic activity of the HRP- and GOx-loaded vesicle cascade reaction.
A: Schematic showing the HRP- and GOx-loaded vesicle cascade reaction using D-
glucose as an initiating species resulting in production of the colored dimer after two
steps. B: Activity of the HRP- and GOx-loaded vesicle cascade with all components
present (orange circles), measured as an increase in absorbance at 492 nm. Negative
control experiments with GOx-loaded vesicles alone (blue circles), HRP-loaded vesicles
alone (red circles), or both vesicles with DMB but without D-glucose (gray circles) show
no activity. Insets show end point photographs of the plate wells after 1.5 h. Reaction
conditions (when all components present): [HRP vesicles] = 1.9 mg-mL, [GOx vesicles]
= 1.9 mg-mL?, [D-glucose] = 17 mM, [DMB] = 0.4 mM in 80 mM pH 5.5 phosphate
buffer. The error represents the standard deviation from 4 repeats. ..........cc.ccecvevvevennn. 217
Figure 5.15. Example data from BCA (A) and HPLC (B) analysis of the destroyed
vesicles. A: A dilution series of known HRP concentrations in 5% SDS/ pH 5.5 phosphate
buffer (black squares) was compared to the destroyed vesicles in 5% SDS/ pH 5.5
phosphate buffer (red circle). The data was not blank corrected. B: HPLC analysis of HRP

At KNOWN CONCENITALIONS. ... .evieiieiieiieeie e se ettt e e te e neeeesneennes 218
Figure 5.16. Western blot analysis of disassembled GOx-loaded vesicles. A: Image of
the developed blot. B: Obtained calibration curve of the dilution series. ..................... 219

Figure 5.17. Comparison of the enzyme-loaded vesicles to the free enzymes. Activity
data for HRP (A), GOx (B) and the HRP and GOx cascade (C) are shown. Panel D shows
the residual activities calculated by comparing the slopes. The error bars represent the
standard deviation frOm 4 rEPEALS. .......ccevviiieieeerie e 221
Figure 5.18. Characterization of ASNS-loaded vesicles after purification. Column A:
Representative dry state TEM images of samples stained with 1 wt% uranyl acetate.
Column B: Representative cryo-TEM image of ASNS-loaded vesicles in pH 5.5
phosphate buffer (top) and distribution of membrane thicknesses measured from
statistical analysis (bottom). The error shows the standard deviation from 200 particle
membranes. Column C: DLS analysis of ASNS-loaded vesicles in pH 5.5 phosphate
buffer. The Du and PD are shown. The error represents the standard deviation from 5
FEPEAL MEASUIBIMENTS. 1..vvvieiiieie sttt e stiet e sttt e s st e et e e st e e s e e e e st e e sbb e e e bb e e e bb e e erbeeennseeennes 223
Figure 5.19. Schematic of the biosynthesis and uptake of L-asparagine. A: Healthy cells
expressing L-asparagine synthetase are able to uptake L-asparagine from the external
serum or synthesize their own from L-aspartate and L-glutamine. In the presence of L-

XV



asparaginase, the supply of L-asparagine to healthy cells is achieved through biosynthesis
inside the cell. B: Leukemia cells with low L-asparagine synthetase expression levels
predominantly rely on circulating L-asparagine in the blood serum. In the presence of
external L-asparaginase, the supply of L-asparagine to these cells is limited, thereby
resulting in decreased Proliferation. ... 224
Figure 5.20. A: Activity of the ASNS-loaded vesicles. The error bars represent the
standard deviation across 4 repeats. B: Photographs of the end point wells of the first 6
supernatants, the empty vesicles purified from an ASNS solution after 70 min light
irradiation, and the ASNS-loaded vesicles. C: Comparison of the free enzyme activity
against the encapsulated enzyme. D: Comparison of the untreated ASNS activity to that
of the first supernatant. Reaction conditions for vesicle solutions and free enzymes:
[analyte mixture] = 85% v/v, [Nessler’s reagent] = 15% v/v. Reaction conditions for
discarded supernatants shown in panel B: [analyte mixture] = 10% v/v, [Nessler’s
reagent] = 15% v/v in deionized water. See experimental section for more details. ....225
Figure 5.21. Proteolytic stability of ASNS-loaded vesicles. A: Activity of the a-CT-
treated species (patterned bars) normalized to the activity of the untreated species (solid
bars) after 18 h incubation for the ASNS-loaded vesicles, free ASNS and the PEGylated
conjugate. B: Normalized activity after a 7 day incubation period. The error bars represent
the standard deviation from 4 repeated measurements. C: Dry state TEM image of the
ASNS-loaded vesicles after 7 days incubation with a-CT. The sample was stained with 1
WL UFANY] @CETALE. ...o.vviiiie e e 226
Figure 5.22. Stability of the ASNS-loaded vesicles in human blood plasma. A and B:
DLS size distribution and autocorrelation function after 4 days in blood plasma. The z-
average Dn and PD are shown, with the error representing the standard deviation from 5
repeated measurements. Key: Intensity = red, volume = green, number = black. C: Stained
TEM image of the ASNS-loaded vesicles after 4 days in blood plasma. ..................... 227

Figure 5.23. Preparation of gene silenced A549 cells as a model for lymphobastic
leukemia cells. A: Western blot analysis of lyzed cultures of A549 cells, either untreated
or treated with various siRNA (top). The pixel densiometry plots (bottom) are shown
along with their average peak intensities. The error represents the standard deviation
across 3 repeat (A549) or 2 repeat (SIRNA groups) measurements. B: Proliferation in
normal medium for A549 cells incubated with various siRNA. The error represents the
standard deviation across at least 3 repeat experiments (control A549 cells, n = 6). Key:
P <0.05, %5 P < 0.0L. i 228

Figure 5.24. Schematic of the cell proliferation assay employed. After incubating the
growth medium with either ASNS-loaded vesicles or empty vesicles, the polymer was
removed by centrifugation and the treated growth media in the supernatants were used to
replace the normal growth medium in the L-asparagine synthetase gene silenced A549
cells. The metabolic activity of the cells was assessed after a proliferation period......229
Figure 5.25. Metabolic activity over time for gene silenced A549 cells treated with
normal medium (black squares), or media exposed to the empty vesicles (11 mg-mL™,
cyan diamonds), PEG-ASNS (0.18 U-mL™, red circles), native ASNS (0.18 U-mL™,
green diamonds), and ASNS-loaded vesicles (11 mg-mL™ polymer, 0.18 U-mL* protein,
purple triangles). The error bars represent the standard deviation from at least 3 repeats.



Figure 5.26. Western blot analysis of E. coli cells and GFP elutions from a Nickel-
sepharose column. Purified GFP is observed in the RHS lane and non-purified GFP in the
center lane. The numbers on the left represent the molar mass in kilodaltons, relative to
Precision Plus Protein™ Standards (LHS 1aN€)............ccceveuerrieverceesieeeeeees e 237
Figure 7.1. Turbidimetry curves of polymer 9 at 1 mg-mL™ at a programmed heating and
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Figure 7.2. SEC RI traces for the pNIPAM block copolymers in Chapter 2. mCTA1
(dashed lines in each case) and polymers 1 (A), 2 (B), 3 (C), 4 (D) and 5 (E) are shown.
5 mM NHsBF4 in DMF was used as the eluent in each case and the molar mass
distributions were calculated against poly(methyl methacrylate) standards................. 252
Figure 7.3. SEC RI traces for the pDEAm block copolymers in Chapter 3. mCTA2
(dashed lines in each case) and polymers 6 (A), 7 (B), 8 (C), 9 (D) and 10 (E) are shown.
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Figure 7.4. SEC RI traces for the pDEGMA block copolymers in Chapter 3. mCTA3
(dashed lines in each case) and polymers 11 (A), 12 (B), 13 (C), 14 (D), and 15 (E) are
shown. 2% TEA in THF was used as the eluent in each case and the molar mass
distributions were calculated against poly(methyl methacrylate) standards................. 254
Figure 7.5. SEC RI traces for the pPOEGMA block copolymers in Chapter 3. mCTA4
(dashed lines in each case) and polymers 16 (A) and 17 (B) are shown. 2% TEA in THF
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Summary of Thesis

This thesis explores the self-assembly and responsive behavior of block copolymer
amphiphiles in agueous solution. In Chapter 1, an overview of the modern synthetic
methods used for preparing such materials will be given, as well as the parameters
governing block copolymer self-assembly in solution. An introduction into
polymerization-induced self-assembly will be given, as well as an overview of stimuli-
responsive polymers and polymer self-assemblies. Finally, an outline of the analytical

techniques used throughout this thesis for studying polymer self-assemblies will be given.

Chapter 2 will introduce thermoresponsive polymers, which can respond to changes in
temperature, before investigating the solution behavior of a series of thermoresponsive
polymer self-assemblies. These micelles have a tunable average number of chains per
particle and will used as a platform to investigate the thermoresponsive behavior of the

system using a range of complementary solution-based characterization techniques.

Chapter 3 will build on the knowledge gained in the previous chapter and will explore the
effects of factors such as the glass transition temperature and hydrogen bonding ability
on the thermoresponsive behavior of such systems. This will give an insight into the
reversibility of thermoresponsive phase transitions, more generally, and provide a unique
tool with which to probe structure-property relationships in stimuli-responsive self-

assemblies.

Chapter 4 will uncover the differences between the two initiation pathways for
polymerization-induced self-assembly, thermally and photoinitiated, discussed in this
Chapter. Isothermal non-equilibrium phase diagrams will be constructed using thermally
initiated and photoinitiated polymerization-induced self-assembly. The effects of light

intensity on the formed nano-objects will be investigated as well as the effect of post-
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synthetic light irradiation, both are aspects that have not been widely explored in the

literature.

Chapter 5 will explore the use of polymerization-induced self-assembly to prepare
selectively permeable biohybrid vesicular nanoreactors. Functional proteins with
fluorescent or enzymatic capabilities will be encapsulated inside hollow polymersomes
and the selective permeability of the membrane will be demonstrated. A clinically
relevant therapeutic protein will also be investigated as the encapsulated species and the
formed nanoreactors’ ability to prevent cancer cell proliferation will be validated. The
non-covalent, yet protective nature of this protein compartmentalization will also provide
several distinct advantages over covalent attachment of poly(ethylene glycol), the current

state-of-the-art for this clinical therapeutic.

Finally, Chapter 6 will summarize the conclusions gained from the research herein, as
well as offer some insights into possible areas of new research directed by the findings

detailed in this thesis.
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Chapter 6
In this thesis, the self-assembly and solution behavior of amphiphilic block copolymer
nanoparticles have been studied in aqueous solution. In Chapters 2 and 3, it was found
that the Nagg of micellar aggregates could be tuned in solution by copolymerization of two
monomers with very different aqueous solubility to form the core-forming block, thereby
varying the core hydrophobicity of such aggregates. This subtle difference in the solution
self-assembly across each series was found to have a marked effect on the reversibility of
the thermal phase transition for various LCST-type corona blocks. This was shown to be
a result of differences in the core hydration across the series. This micellar platform was
then used to investigate the effects of the chemical structure, architecture and physical
properties, such as the Tg, on the reversibility of LCST-type transitions, which revealed

unprecedented irreversible transitions for coronas with a brush-like architecture.

In addition to the contribution towards the understanding of hysteresis in
thermoresponsive polymer systems in this specific example, looking to the future,
micelles of such well programmed self-assembly behavior could be used to uncover
structure-property relationships for a wealth of other properties. Possible avenues could
be their implementation in the study of other stimuli-responsive self-assembled systems,
such as those responsive to light, pH, etc. As these assemblies have programmable surface
densities, they could also be utilized to study biologically relevant interactions such as
those between glycans and lectins, which are known to show a large dependency on shape
and multivalency. Other than their potential in uncovering fundamental behavioral
relationships, the micelles themselves show potential for biomedical applications. If the
responsive corona was functionalized with dyes with a solvochromatic shift, or a
hydration-dependent ON/OFF fluorescence output (such as an aminobromomaleimide),
the micelles could feasibly be used to monitor an increase in physiological temperatures.
A change in physiological temperature is an indicator of a number of diseases and

processes, so these micellar assemblies could be used for diagnostic purposes. For
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Chapter 6
instance, the transition temperature could be tuned such that the micelles were stable at
healthy physiological temperatures, but aggregated inside tumors owing to the elevated
temperatures typically observed in such an environment. Micelles with brush-like
architectures, which showed irreversible transitions, could be designed to aggregate
inside the tumor, whist also switching on the dyes’ fluorescence. This would allow for
visualization of the tumor as well as potentially limiting the tumor’s blood supply through

the irreversible aggregation of the particles, which is the basis of embolization therapy.

The self-assembly behavior of various poly(ethylene glycol)-b-poly(2-hydroxypropyl
methacrylate) (PEG-b-PHPMA) nano-objects prepared using aqueous reversible addition
fragmentation chain transfer (RAFT) dispersion polymerization-induced self-assembly
(PISA) was also studied. Fundamentally, the question was posed of how the self-assembly
behavior differed between identical formulations formed by two initiation mechanisms.
It was found that those derived from a photoinitiated PISA methodology formed generally
higher order self-assembled structures, such as vesicles and lamellae, whereby those
formed using thermal initiation had the tendency to form lower order structures, such as
spherical and worm-like micelles. The findings from this fundamental study could be
used to compare the wealth of literature already published for thermally initiated PISA,
to photoinitiated PISA. The former is a self-assembly technique that has gathered
considerable attention over the past decade but the latter offers numerous advantages, of
which a rapidly growing number of research possibilities are being realized. The effects
of altering the experimental parameters, such as the light intensity and the degree of post-
synthetic irradiation, were also uncovered, which could be important for certain industrial
aspects, such as the scale-up and pilot plant design for preparing such materials. Only
once these factors have been considered in detail will PISA-derived self-assembled
formulations be able to be translated into numerous potential real life applications (e.g.

as rheology modifiers, drug delivery vehicles, gels for cell storage and manipulation, etc.).
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Chapter 6
Finally, photoinitiated aqueous RAFT dispersion PISA was shown to be a versatile mild
synthetic technique for the preparation of PEG-b-PHPMA vesicles loaded with functional
proteins. These hybrid materials showed fluorescence, catalytic and therapeutic
capabilities depending on their encapsulated species. It was shown that the hydrated
PHPMA membrane of such vesicles was highly permeable towards small molecules but
could act as a robust physical barrier against larger macromolecules such as proteases.
This intrinsic property afforded the encapsulated proteins excellent proteolytic stability,
even superior to direct PEGylation of L-asparaginase, the current stabilization strategy
employed for this clinical biologic. Furthermore, owing to the molecular sieving effect of
this membrane, the therapeutic efficacy of this encapsulated species was also
demonstrated in vitro. As no functionalization of the protein was required, this approach
could be applied to a range of therapeutic enzymes in order to improve their

pharmacokinetics, which could be explored for the treatment of a wealth of other diseases.

Although the PEG-b-PHPMA block copolymer components have been shown in the
literature to have good biocompatibility, in order to capitalize on these promising results,
the next stage of the research would be to optimize the hydrodynamic volume of these
therapeutic vesicles. It is unknown whether these vesicles would show good overall
pharmacokinetics, such as favorable clearance pathways etc., owing to their large average
diameter of around 350 nm. Smaller vesicles could be achieved by reducing the overall
molar mass of the block copolymer, whilst keeping the block ratios the same, or by post-
synthetic procedures such as extrusion. Larger vesicles could be investigated for
therapeutic applications targeting the stomach or gastrointestinal tract, where large
particle sizes become less of an issue. The next steps in investigating the particles’
therapeutic potential would be to assess the RAFT agent biocompatibility and the
vesicles’ in vivo biodistribution, clearance mechanism and blood half-life. Additionally,

if other therapeutic proteins were encapsulated, which relied on endocytosis for their
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Chapter 6
therapeutic effect, it would be interesting to explore factors governing endocytosis. These
could include investigation into the effect of cross-linking of the vesicles on tissue or
tumor penetration or coronal decoration with ligands for active targeting. Additionally,
imparting biodegradability into the structure for controlled release or pre-programmable

blood half-lives would be a further step in uncovering their therapeutic potential.

It was also shown that the vesicles, separately loaded with distinct enzymes, could interact
with one another by way of a cascade. In some regards, this behavior could be considered
rudimentary protocell communication. In order to further increase the complexity in such
a biomimetic system, it would be of great fundamental interest to enable some sensing
capability. This could be in the form of introducing membrane proteins such as porins or
transporters, which could selectively allow small molecules to enter the lumen. If such
species were gated by the presence of ions, a change in temperature, or pH, certain
reactions could be triggered in a modular fashion by the use of external triggers. Better
yet, the product of one cascade could be used to gate a reaction between other loaded
vesicles present in solution. This behavior would be analogous to the interactions between
organelles inside a cell, for instance. However, if membrane proteins were to be
incorporated in such a way, the membrane would need to be functionalized or redesigned

in order to limit the non-specific permeability of small molecules.

Multi-compartmentalization is another avenue yet to be fully explored in PISA, which
could be further utilized to mimic natural cells in terms of their structure. Furthermore,
enzyme-loaded vesicles could be designed to synthesize their own functionality, for
example biosynthesis of their own functional proteins inside the lumen using external
energy and nutrients. The vesicles could also be designed to synthesize amphiphiles
inside the lumen, thereby resulting in self-replicating vesicles, another prerequisite for

life. Such artificial systems would much better resemble those found in nature.
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7. Appendix

7.1. Technical note

It should be noted that the measurement of hysteresis in thermoresponsive polymers in
solution is highly dependent on the experimental parameters. It is therefore of utmost
importance to use an identical heating and cooling rate when comparing samples.
Additionally, the method by which the instrument measures the reference temperature is
crucial to the absolute hysteresis value measured. Instruments that use an internal
reference cell to measure a volume of water being subjected to identical conditions as the
sample (such as a Perkin Elmer Lambda 6 UV/Vis instrument) report more accurate
hysteresis values. This is because of the accuracy of the estimation of the true sample
temperature upon heating and cooling the sample, which allows the instrument to
accurately report the transmittance at the correct temperature, and to maintain an accurate
rate of heating and cooling. Instruments that measure the temperature of the coolant water
or the heating block during the measurement (such as an Agilent Cary 60 UV/Vis
instrument) give somewhat comparable cloud point values upon heating the sample but
greatly overestimate the degree of hysteresis owing to errors in estimating the cooling
rate of the sample. This can be seen in Figure 7.1, which shows turbidimetry curves for
polymer 9 from Chapter 3 measured on both instruments. This issue therefore contributes
to discrepancies found throughout the literature in the reported hysteresis values of
thermoresponsive polymers, even under seemingly identical conditions, and should be
kept in mind when discussing absolute literature hysteresis values. All samples discussed
in Chapters 2 and 3 were analyzed on a Perkin EImer Lambda 6 UV/Vis instrument at a

heating and cooling rate of 1 °C-min.
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Figure 7.1. Turbidimetry curves of polymer 9 at 1 mg-mL™* at a programmed heating and cooling rate of

1 °C-min! measured on a Perkin Elmer Lambda 6 instrument (top) and an Agilent Cary 60 instrument
(bottom).

251



Appendix

7.2. Supplementary SEC Data
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Figure 7.2. SEC RI traces for the pNIPAM block copolymers in Chapter 2. mCTAL (dashed lines in each
case) and polymers 1 (A), 2 (B), 3 (C), 4 (D) and 5 (E) are shown. 5 mM NH4BF, in DMF was used as the
eluent in each case and the molar mass distributions were calculated against poly(methyl methacrylate)
standards.
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Figure 7.3. SEC RI traces for the pDEAm block copolymers in Chapter 3. mMCTAZ2 (dashed lines in each

case) and polymers 6 (A), 7 (B), 8 (C), 9 (D) and 10 (E) are shown. 2% TEA in THF was used as the eluent
in each case and the molar mass distributions were calculated against poly(methyl methacrylate) standards.
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Figure 7.4. SEC Rl traces for the pPDEGMA block copolymers in Chapter 3. mCTAS3 (dashed lines in each
case) and polymers 11 (A), 12 (B), 13 (C), 14 (D), and 15 (E) are shown. 2% TEA in THF was used as the

eluent in each case and the molar mass distributions were calculated against poly(methyl methacrylate)
standards.
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Figure 7.5. SEC Rl traces for the pPOEGMA block copolymers in Chapter 3. mCTAA4 (dashed lines in each
case) and polymers 16 (A) and 17 (B) are shown. 2% TEA in THF was used as the eluent in each case and
the molar mass distributions were calculated against poly(methyl methacrylate) standards.

255



