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Description

[0001] This disclosure relates to a method of preparing block copolymers and more particularly to a method of preparing
colloidally stable particles comprising such polymers. The polymer particles can be formed in a variety of different
morphological forms, including spherical nano-sized latexes (nanolatexes), rod or "worm-like" particles and/or vesicles
(also known as ’polymersomes’). The method of the disclosure uses a RAFT type dispersion polymerisation process
under aqueous conditions and is advantageous in providing particles, in particular vesicle or nanolatex particles, of low
polydispersity. The method of the disclosure employs in particular a macromonomer chain transfer agent ("Macro-CTA")
and, typically, a vinyl monomer in the RAFT synthesis. The present disclosure relates generally to the RAFT synthesis
of sterically-stabilized nanolatexes, typically of about 10 nm to about 150 nm, in particular about 20 nm to 110 nm
diameter, and to the RAFT synthesis of sterically-stabilized vesicles, typically of up to about 1500 nm diameter, in each
case via aqueous dispersion polymerisation. The present disclosure also relates generally to the RAFT synthesis of
particles with a rod, fibre or "worm-like" morphology, which typically have a width of 20 nm to 110 nm and range in length
from 100 nm to several microns (for example, up to 10 microns).

BACKGROUND

[0002] Emulsion polymerisation is widely used for waterborne polymer latex coatings1. Reducing the latex particle
size in such coatings is known to promote coalescence and hence enhance film formation. However, achieving smaller
latex particle sizes by emulsion polymerisation usually requires additional surfactant, which can compromise the quality
of waterborne coatings. For example, poor adhesion and reduced film quality can result because of migration of excess
surfactant2. In principle, reactive surfactants offer a potentially decisive advantage over conventional surfactants in
emulsion polymerisation because the former become irreversibly bound to the latex and hence cannot migrate during
film formation; this allows defect-free coatings to be produced with reduced moisture sensitivity3.
[0003] Over the last two decades, controlled/living radical polymerisation techniques such as nitroxide-mediated
polymerisation4, atom transfer radical polymerisation (ATRP)5 and reversible addition-fragmentation chain transfer
(RAFT) polymerisation6-8 have become powerful tools for synthetic polymer chemists. There are many examples of
latex syntheses based on these approaches9. For example, nitroxide-mediated living radical polymerisation has been
used by Charleux10-15, El-Aasser16, Okubo17 and Georges18 to mediate the mini-emulsion polymerisation of n-butyl
acrylate and styrene. ATRP has been optimised by Matyjaszewski19-22 and Okubo23-25 for the mini-emulsion polymer-
isation of (meth)acrylic and styrene monomers. RAFT polymerisation has been extensively exploited in the context of
both emulsion and mini-emulsion polymerisation by Hawkett26-29, Charleux30-33, El-Aasser34, Cunningham35 and Zhu36.
There are also a number of RAFT syntheses conducted under non-aqueous dispersion polymerisation conditions37-39.
[0004] However, the inventors believe that there are only two literature examples of the application of controlled/living
radical polymerisation techniques for latex syntheses by aqueous dispersion polymerisation40,41. In each case, a relatively
expensive speciality monomer was utilised for the latex core, namely N-isopropylacrylamide40 and N,N’-diethyl
acrylamide41. This lack of research is perhaps surprising, because aqueous dispersion polymerisation formulations are
conceptually much more straightforward than aqueous emulsion polymerisation since the initial reaction solution is
homogeneous in the former case.
[0005] Recently, the inventors have reported the use of conventional (non-living) free radical chemistry for the aqueous
dispersion polymerisation of a commodity methacrylic monomer, 2-hydroxypropyl methacrylate (HPMA)42. The resulting
PHPMA latexes were stabilised by poly(N-vinylpyrrolidone) and the mean particle diameter could be varied from ap-
proximately 100 to 1000 nm diameter, with good control over the particle size distribution in most cases.

BRIEF SUMMARY OF THE DISCLOSURE

[0006] An aspect of the present invention provides a method of preparing colloidally stable polymeric particles com-
prising a block copolymer of Formula B:

wherein P1 represents an aqueously soluble polymeric component derived from a monomer M1 and P2 represents a
substantially aqueously insoluble polymeric component derived from an aqueously soluble monomer M2, or P1 is a
copolymer comprising a monomer M1 with a monomer M2 provided that the polymer P1 remains aqueously soluble; the
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method comprising forming a block copolymer of Formula B in an aqueous based medium by admixing:

(a) an aqueously soluble polymer including moieties of Formula A

where X represents a terminal group of P1, at least some of the groups X being a chain transfer agent (CTA) terminal
group,
with
(b) monomer M2
and initiating an aqueous dispersion-type radical addition fragmentation chain transfer (RAFT) polymerisation, to
provide the block copolymer of Formula B,
wherein each monomer M1 is selected from a monomer of the Formula M1A, M1B and/or M1C:

where R1, R10 and R11 represents a substituent of M1A or M1C which allows P1 to be at least partially aqueously
soluble,
R2 represents H, CH3 or CN,
RS represents one or more substituents of the aromatic ring effective to allow P1 to be least partially aqueously
soluble,

and
each monomer M2 is selected from a monomer of the Formulae M2A and/or M2B:



EP 2 545 090 B1

4

5

10

15

20

25

30

35

40

45

50

55

where R3 is a substituent of M2 which allows P2 to be substantially aqueously insoluble, and R4 and R6 inde-
pendently represent H or methyl;
wherein monomer M2 has a water solubility between 5 and 30% w/v or is a monomer M2 selected from:

or
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[0007] In an embodiment of the invention, P1 is a copolymer, which comprises two or more monomers M1 of the
Formulae M1A, M1B and M1C defined above.
[0008] In an alternative embodiment, P1 is a homopolymer comprising a single monomer M1 selected from the mon-
omers of Formulae M1A, M1B and M1C defined above.
[0009] In an embodiment, P1 is a homopolymer or copolymer comprising monomers of formulae M1A or M1B.
[0010] In an embodiment, P1 is a homopolymer or copolymer comprising monomers of formulae M1A.
[0011] In an embodiment, P1 is a copolymer comprising a monomer M1 with a monomer M2A provided that the polymer
P1 remains aqueously soluble.
[0012] In a further embodiment of the invention, P2 is a copolymer, wherein monomer M2 is selected from two or more
monomers of the Formulae M2A and M2B defined above.
[0013] In an alternative embodiment, P2 is a homopolymer comprising a single monomer M2 selected from the mon-
omers of Formulae M2A and M2B.
[0014] Suitably, P2 is a polymer or copolymer comprising monomers M2 selected from the monomers of Formulae
M2A. Thus, in a particular embodiment, P2 is a polymer or copolymer comprising monomers of formula M2A.
[0015] In certain embodiments, P2 may additionally comprise a cross-linking monomeric unit (such as, for example,
EGDMA), whether P2 is a copolymer or a homopolymer. In other embodiments, P2 does not comprise any cross-linking
monomeric units.
[0016] In a preferred embodiment of the invention, both of P1 and P2 are homopolymers as defined above.
[0017] The term "aqueous-based medium" is used herein to mean a medium comprising water as the principal solvent.
In some embodiments, the aqueous-based medium may comprise one or more co-solvents in addition to the water. Any
co-solvent that is present in the aqueous-based medium is suitably a water miscible solvent. In some embodiments, the
aqueous-based medium comprises less than 10%v/v of co-solvent. Suitably, the aqueous-based medium comprises
less than 5% v/v of co-solvent. In most cases, the aqueous-based medium will comprise at least 50% water and preferably
at least 70% water, and more preferably at least 90% water. In a particular embodiment, the aqueous-based medium
is pure water or water comprising a dissolved electrolyte.
[0018] Preferably R1 is sufficiently hydrophilic to render P1 at least partially aqueously soluble. Accordingly, R1 is
suitably selected from a polar substituent group which renders the monomeric units M1, and the polymeric component
P1 formed therefrom, water soluble. Any suitably hydrophilic R1 substituent group may be used.
[0019] In an embodiment, R1 is selected from:

hydrogen;
a C1-8 alkyl chain, optionally interrupted by one or more hetero atoms (such as O or N or S or P), and optionally
having one or more substituents selected from: OH; =O; N(Ra1)(Ra2); N+(Rb1)(Rb2)(Rb3) and SO3

-, wherein Ra1,
Ra2, Rb1, Rb2 and Rb3 are independently selected from H, C1-6 alkyl;
an oligomer moiety effective to render P1 at least partially aqueously soluble; and
a moiety of the general formula:

where n is 1, 2 or 3, Z represents a five or six membered heterocycle having one, two or three heteroatoms selected
from O and N.

[0020] In some preferred embodiments R1 is selected from:

hydrogen;
a C1, C2, C3, C4, C5 or C6 alkyl chain, optionally interrupted by one or more hetero atoms (such as O or N or S or
P), and having one or more substituents selected from: OH; =O;
N(Ra1)(Ra2); N+(Rb1)(Rb2)(Rb3) and SO3

- where Ra1, Ra2, Rb1, Rb2 and Rb3 are independently selected from H, C1,
C2, C3 and C4 alkyl;
an oligomer moiety effective to render P1 at least partially aqueously soluble;
and
a moiety of the general formula:
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where n is 1, 2 or 3, Z represents a five or six membered heterocycle having one, two or three heteroatoms selected
from O and N. In preferred variations, Z represents an N-morpholino group. Preferably n is 2.

[0021] When R1 is an alkyl chain interrupted by one or more heteroatoms, the heteroatom is suitably O or N, and most
suitably O.
[0022] In variations of the above embodiment the oligomer moiety is an oligo-ether, in particular an oligo(ethylene
glycol) preferably with a degree of polymerisation of about 6 or more. When R1 is an oligoether, it suitably has a terminal
group selected from hydroxyl, methoxy or ethoxy.
[0023] Preferably RS represents one or more hydrophilic substituents on the aromatic ring effective to render P1 least
partially aqueously soluble. Any suitably hydrophilic group could be used.
[0024] In an embodiment, Rs is selected from hydroxyl, halo, nitro, cyano, carboxy, amino, amido, haloC1-4alkyl (e.g.
CF3), hydroxyC1-4alkyl, or SO3

-.
[0025] Preferably R3 is insufficiently hydrophilic, or is sufficiently hydrophobic, to render P2 substantially aqueously
insoluble.
[0026] In further preferred embodiments R3 is selected from the group comprising:

a C1, C2 or C3 alkyl group optionally having one or more substituent hydroxyl groups; and

an oligomer moiety effective to render P2 substantially aqueously insoluble.

[0027] Preferably in the above embodiments where R3 is an oligomer moiety, said moiety is an oligoether, in particular
an oligo(ethylene glycol), preferably with a degree of polymerisation of less than 6, in particular less than 4 and especially
about 2 or 3. When R3 is an oligoether, it suitably has a terminal group selected from hydroxyl, methoxy or ethoxy.
[0028] In an embodiment, R10 and R11 are selected from hydrogen or (1-2C)alkyl. In a particular embodiment, R10

and R11 are hydrogen or methyl, especially methyl.
[0029] In some preferred embodiments the method further includes a preliminary step of forming the aqueously soluble
polymer of Formula A by the RAFT polymerisation of the monomer M1.
[0030] In some embodiments the aqueously soluble polymer of formula A is a non-ionic polymer.
[0031] In some embodiments the aqueously soluble polymer of formula A is an anionic polymer.
[0032] In some embodiments the aqueously soluble polymer of formula A is a cationic polymer
[0033] In some embodiments the aqueously soluble polymer of formula A is a zwitterionic polymer.
[0034] In some embodiments, particles with varying surface charge can be prepared by altering the charge density in
the polymer of formula A. This can be achieved by the appropriate selection of the monomer units M1. For example, the
polymer P1 may be a homopolymer composed of charged monomeric units M1 that provide a high charge density. The
charge density of the polymer P1 and hence the surface charge (or zeta potential) of the resultant particles may also be
reduced by forming P1 as a copolymer of charged monomers M1 with non-charged monomers M1. The zeta potential
of the final particle may also be adjusted by judiciously mixing cationic and anionic monomers M1 when making copolymer
P1.
[0035] In some preferred embodiments the monomer M1 is selected from monomers of the formulae:
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[0036] In a particular embodiment, M1 is selected from: GMA, QDMA, DPA, SEMA, KSPMA, AMA, DMA, or MPC.
[0037] In further preferred embodiments monomer M2 is selected from:

or

[0038] In a particular embodiment, M2 is HPMA.
[0039] In a further embodiment, M2 is a copolymer of HEMA or HPMA with HBMA. In a further embodiment, M2 is a
copolymer of HEMA with HPMA.
[0040] As mentioned above, monomers M1 and M2 may be selected for P1 and P2 so that either or both of P1 and P2
are copolymers or homopolymers.
[0041] In a particular embodiment, the polymeric component P1 is a homopolymer, wherein M1 has any of the meanings
as defined hereinbefore, and the polymeric component P2 is a homopolymer, wherein M2 is HPMA.
[0042] Particularly suitable block copolymers according to Formula B [P1-P2] include any one of the following:

1. PGMA-PHPMA. The PGMA block may suitably have a degree of polymerisation (DP) of 30-80, and suitably
40-150. The PHPMA block may suitably have a DP of 10-1000, and suitably 50-500.

2. PQDMA-PHPMA. The PQDMA block may suitably have a DP of 40-80, and suitably 60-70. The PHPMA block
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may suitably have a DP of 20-400, and suitably 150-250.

3. PDPA-PHPMA. The PDPA block may suitably have a DP of 40-80, and suitably 50-70. The PHPMA block may
suitably have a DP of 10-400, and suitably 50-150.

4. PSEMA-PHPMA. The PSEMA block may suitably have a DP of 40-100, and suitably 60-80. The PHPMA block
may suitably have a DP of 10-400, and suitably 150-250.

5. PKPSMA-PHPMA. The PKPSMA block may suitably have a DP of 50-80, and suitably 60-70. The PHPMA block
may suitably have a DP of 10-400, and suitably 150-250.

6. PAMA-PHPMA. The PAMA block may suitably have a DP of 50-80, and suitably 60-70. The PHPMA block may
suitably have a DP of 10-400, and suitably 50-150.

7. PDMA-PHPMA. The PDMA block may suitably have a DP of 50-80, and suitably 60-70. The PHPMA block may
suitably have a DP of 10-400, and suitably 200-350.

8. PMPC-PHPMA. The PMPC block may suitably have a DP of 10-60, and suitably 20-55, and suitably 20-30. The
PHPMA block may suitably have a DP of 10-450, and suitably 100-400.

9. PGMA-(PHPMA/EGDMA), where EGDMA is a cross linker for the PHPMA chains. The PGMA block may suitably
have a DP of 30-80, and suitably 50-70. The PHPMA block may suitably have a DP of 10-400, suitably 150-250.
The EGDMA cross-linker may suitably have a DP of 1-8, suitably 1-2.

10. PMPC-(PHPMA-EGDMA), where EGDMA is a cross linker to PHPMA. The PMPC block may suitably have a
DP of 10-170, and suitably 40-60. The PHPMA block may suitably have a DP of 10-450, suitably 100-400. The
EGDMA cross-linker may suitably have a DP of 1-8, suitably 1-6.

11. PGMA-P(HEMA-stat-PHBMA). The PGMA block may suitably have a DP of 10-500, suitably 30 to 100 and more
suitably 40-60. The HEMA block may suitably have a DP of 10-450, suitably 50-400 and more suitably between 50
and 200. The HBMA block may suitably have a DP of 10-450, suitably 50-400 and more suitably between 50 and 200.

12. PDMAA-PMEA. The PDMAA block may suitably have a DP of 10-500, suitably 20 to 100 and more suitably
30-50. The PMEA block may suitably have a DP of 50-800, suitably 75-600 and more suitably between 75 and 500.

[0043] In an embodiment, the water solubility of M2 is between 5 and 30% w/v, particularly between 10 and 30% w/v.
[0044] Preferably the water solubility of M2 is at least 10% w/v, more especially the water solubility of M2 is at least
20% w/v. In particularly preferred embodiments, M2 is fully aqueously miscible.
[0045] A further preferred embodiment comprises the step of adding to the reaction medium a bifunctional or multi-
functional cross-linking agent effective to cross-link with monomer M2.
[0046] Preferably the bifunctional cross-linking agent is ethylene glycol dimethacrylate (EGDMA).
[0047] In some preferred embodiments the method is carried out in the absence of any co-solvent.
[0048] In some preferred embodiments the method is carried out as a "one-pot" synthesis - that is, all the reaction
materials are added, at appropriate stages, to the same reaction vessel.
[0049] The mean particle size can be controlled by judiciously adjusting the synthesis parameters (such as, for example,
the salt concentration, the target degree of polymerisation of P2). For example, larger particles can be prepared by
targeting longer P2 chains which form the particle cores.
[0050] Thus, the methodology of the present invention enables particles of varying size, morphology and surface
charge to be prepared.

Colloidally stable polymeric particles

[0051] In a further aspect, the present invention provides a colloidally stable polymeric particle comprising a polymer
of formula B as defined herein which is obtainable by any one of the methods defined herein.
[0052] In a further aspect, the present invention provides a colloidally stable polymeric particle comprising a polymer
of formula B as defined herein which is obtained by any one of the methods defined herein.
[0053] In a further aspect, the present invention provides a colloidally stable polymeric particle comprising a polymer
of formula B as defined herein which is directly obtained by any one of the methods defined herein.
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[0054] Preferably the particles, in particular nanolatex particles, of the polymer of Formula B are formed by in situ
micellar self-assembly.
[0055] In some preferred forms, the block copolymer of Formula B comprises particles of which component P2 forms
a substantially non-solvated core and component P1 acts as a solvated steric stabilizer.
[0056] The colloidally stable polymeric particles of the present invention may exist in a number of different morphological
forms or as a mixture of different morphological forms. In particular, the particles may be in a substantially spherical or
non-spherical form. Particular particle morphologies include spheres, nanolatexes, fibres/worms/rods, lumpy rods, and
vesicles.
[0057] In an embodiment, the colloidally stable polymeric particles are spheres.
[0058] In a particular embodiment, the colloidally stable polymeric particles are nanolatex particles.
[0059] Colloidally stable sterically stabilised nanolatex may be formed by the methodology defined herein.
[0060] In some preferred forms, the particles are nanolatex particles having near-monodisperse substantially spherical
morphologies.
[0061] The mean diameter of said particles may in some preferred methods be increased by increasing the degree
of polymerisation of polymeric component P2. Said mean diameter may be selectable over the range of from about 10
nm to about 1500 nm.
[0062] In preferred embodiments said particles are nanolatex particles having a mean diameter is selectable over the
range of from about 20 nm to about 110 nm.
[0063] In other preferred embodiments said particles are in the form of vesicles having a mean diameter selectable
over the range of from about 100 nm to about 1500 nm.
[0064] These spherical/nanolatex particles may be used for a variety of applications, including their use as coatings,
lubricants, imaging agents, binding agents, delivery agents, as precursors for hollow nanoparticles in anti-reflective
coatings.
[0065] Colloidally stable block copolymer vesicle may be formed by the method as defined herein.
[0066] Such vesicles comprise a core that may utilised for the loading of particular agents, such as drugs, imaging
agents, dyes, nutrients etc. Such vesicles may serve to protect the encapsulated agent and/or release the encapsulated
agent when required.
[0067] In yet another embodiment, the colloidally stable polymeric particles are in a fibrous "rod" or "worm-like" mor-
phology.
[0068] A colloidally stable polymeric particle comprising a polymer of formula B as defined herein may possess a
fibrous, rod or "worm-like" morphology.
[0069] Polymeric particles of the present invention having a fibrous, rod or "worm-like" morphology are described
further herein in the accompanying examples. Such particles form viscous fluids and/or gels. Accordingly, such particles
are potentially useful as viscosity modifiers or gelling agents for use in, for example, adhesives, wounds dressings,
pharmaceutical formulations etc.
[0070] In a particular embodiment, the polymeric particles take the form of "lumpy rods", i.e. rod shaped particles with
one or more protruding lumps present on its surface. Mixtures containing lumpy rods are envisaged to be suitable inter
alia in biomedical applications in view of their biocompatibility and antibacterial properties.
[0071] In general it is envisaged that longer rods or "worm-like" particles (diameters of greater than 100nm) will confer
higher fluid viscosities and/or form stronger gels, while thinner fibres (< 50 nm) will lead to more transparent gels or
fluids, which may be preferred for some applications (e.g. wounds dressings). The mean fibre length can be adjusted
by fine-tuning the block copolymer molecular curvature (i.e. the stabiliser/core-forming block ratio) while the mean fibre
width is directly related to the mean degree of polymerisation of the core-forming block.
[0072] The polymeric particles of the present invention may be also present as a mixture of different morphological
forms. Such a mixture may comprise spherical or non-spherical particles or a mixture thereof. In a particular embodiment,
the mixture comprises more than one particle variety, for example spheres and worms, or worms and vesicles.
[0073] Such mixtures may also have applications, for instance, in pharmaceutical compositions, where vesicles may
serve as a drug delivery vehicle whilst worms serve as viscosity modifiers.
[0074] In a particular embodiment, the polymeric particles possess a single morphological form.
[0075] The skilled person would readily understand how to assess the morphology of the polymer particle, and the
imaging techniques (e.g. SEM or TEM) described in the examples allow the skilled person to clearly define the particles.
[0076] Thus the present disclosure seeks to provide a method of preparing a block copolymer which, in particular
forms, takes the form of latex (especially nanolatex), rods/fibres/worms or vesicle particles. The method of the disclosure
can be carried out in wholly aqueous conditions using inexpensive and readily available starting materials. A co-solvent
may in some cases be used but preferred methods according to the disclosure use no co-solvent. The methods of the
disclosure can further avoid any need to use a surfactant.
[0077] Desirably small latex particle sizes are achievable by the methods of the present disclosure without the presence
of any surfactant in the reaction medium. The methods of the present disclosure employ RAFT polymerisation techniques.
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The particles obtained by the methods of the present disclosure typically have relatively low size polydispersity and in
at least some cases the particles are near-monodisperse in terms of mean particle diameter. The latex particles resulting
from the methods of the present disclosure can be broadly defined as having a core-shell morphology in which an inner
core of non- or (in some cases) partially-solvated polymer comprising one block of the block copolymer is surrounded
by a shell of solvated sterically stabilising polymer comprising another block of the block copolymer. These particles
may be nano-sized latex particles (nanolatexes).
[0078] The methods of the present disclosure may also result in particles in the form of vesicles which tend to be larger
than the block copolymer latex particles. The production of latex particles or vesicles depends, for example, on the
selected starting materials, the targeted block lengths and the precise formulation (for example, the reagent concentra-
tions). Unlike the latex particles, the vesicle particles comprise an aqueous core surrounded by a hydrophobic membrane.
Expressed either side of this membrane are the hydrophilic stabilising chains.

Compositions comprising the polymeric particles

[0079] According to a further aspect of the disclosure there is provided a composition comprising the colloidally stable
polymeric particles as hereinbefore defined.
[0080] Such a composition may suitably comprise one or more additional excipients. Such a composition may suitably
be a biomedical composition, a wound dressing, a pharmaceutical composition, a gel, a lubricant, a viscosity modifier,
as organic precursors for hollow nanoparticles for use in an anti-reflective glass coating, or a personal care composition.
[0081] Where the composition is a pharmaceutical composition, the particulate mixture suitably comprises vesicles,
for instance, which have trapped therein a pharmaceutical active, or pharmaceutically acceptable salt thereof.
[0082] In the present specification polymers or polymeric components are identified using the following notation:-

ABCDxx-EFGHyy

where ABCD and EFGH are abbreviations identifying the polymer or polymeric component and xx and yy respectively
indicate a degree of polymerisation (DP). Thus, for example, PGMA65-PHPMA300 indicates a copolymer comprising
poly(glycerol monomethacrylate) with a DP of 65 and poly(2-hydroxypropyl methacrylate) with a DP of 300.

BRIEF DESCRIPTION OF THE DRAWINGS

[0083] Embodiments of the invention are further described hereinafter with reference to the accompanying drawings,
in which:

Figure 1 shows dynamic light scattering particle size distributions obtained for a series of PGMA65-PHPMAx na-
nolatexes;
Figure 2 shows electron microscopy images of (left image) PGMA65-PHPMA300 latex particles prepared at 10 %
solids by a two-stage synthesis (see entry 7 in Table 1); and (right image) PGMA65-PHPMA300 vesicles prepared
at 20 % solids by a one-pot synthesis (see entry 14 in Table 1);
Figure 3 shows zeta potential vs. pH curves obtained for PGMA65-PHPMA100, PQDMA50-PHPMA100,
PSEMA53-PHPMA100 and PKSPMA50-PHPMA100 nanolatexes;
Figure 4 shows kinetic study results for the 10 % solids synthesis of PGMA65-PHPMA200 at 70°C. Conditions:
[HPMA]o = 7.35 w/w %; [PGMA65]o = 2.65 w/w%; [4,4’-azobis(4-cyanopentanoic acid)]o = 0.143 w/w%; water =
5.088 mL;
Figure 5 shows 1H NMR spectra recorded for the PHPMA50 homopolymer (in d4-methanol), PGMA65 homopolymer
in D2O and four PGMA65-PHPMAx latexes redispersed in D2O. Only the PGMA signals are visible in the nanolatex
samples, which indicates that these stabiliser chains are solvated, but the PHPMA cores are non-solvated;
Figure 6 shows DMF GPC traces (refractive index detector) obtained for PGMA65 homopolymer and various
PGMA65-PHPMAx block copolymers synthesised via RAFT polymerisation under aqueous dispersion polymerisation
conditions. The higher polydispersities observed for longer targeted PHPMA blocks are due to a dimethacrylate
impurity in the HPMA monomer;
Figure 7 shows dynamic light scattering particle size distributions obtained for a PGMA65-(PHPMA100-EGDMA1)
latex dispersed in water, methanol and pyridine, respectively. Water is a poor solvent for the PHPMA latex core.
On the other hand, methanol is a solvent and pyridine is a good solvent for PHPMA, which leads to the nanolatex
becoming swollen and acquiring microgel character in these latter two solvents;
Figure 8 shows 1H NMR spectra recorded in d5-pyridine for a PHPMA50 homopolymer, a PGMA65 homopolymer
and a cross-linked PGMA65-(PHPMA100-EGDMA1) latex. All PGMA and PHPMA signals are visible in d5-pyridine,
since this is a good solvent for both blocks;
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Figure 9 shows a schematic reaction scheme for RAFT synthesis of sterically-stabilised latexes by aqueous disper-
sion polymerisation; and
Figure 10 shows schematically and partially in section the structure of a typical vesicle produced by the method of
the present disclosure.
Figures 11-38 are described in the description and examples that follow.

[0084] The present disclosure relates generally to the RAFT synthesis of sterically-stabilised nanolatexes, typically of
about 10 nm to about 150 nm in diameter and especially about 20 to about 110 nm diameter, via aqueous dispersion
polymerisation. The present disclosure further relates generally to the RAFT synthesis of sterically-stabilised particles
in the form of, or resembling, vesicles, typically of from about 400 nm to about 1500 nm in diameter.
[0085] Referring initially to Figure 9, in the process of the present disclosure for preparing latex particles, a suitable
polymeric chain transfer agent is reacted under RAFT conditions with a water-miscible monomer to form a block copol-
ymer. The example illustrated in Figure 9 is typical of the process according to the present disclosure. However, the
scope of the present disclosure is not confined to the particular materials identified in Figure 9. In this example, the
polymeric chain transfer agent (macroCTA) ([Pi]-[X]) is a poly(glycerol monomethacrylate) (PGMA) obtained by the
RAFT polymerisation of glycerol monomethacrylate. The PGMA macroCTA is reacted under RAFT conditions with 2-
hydroxypropyl methacrylate (HPMA)(monomer M2) to obtain the desired PGMA-PHPMA block copolymer. In Figure 9,
the dot-dashed line indicates schematically the boundary between the PGMA ([P1]) and PHPMA ([P2]) polymer blocks.
[0086] The reaction is carried out in aqueous solution. An important requirement of the process of the present disclosure
is that both the macroCTA ([P1]-[X]) and the monomer (M2) are sufficiently soluble in the aqueous reaction medium.
However, in the resulting diblock copolymer [P1][P2], the portions [P2] of the copolymer derived from the monomer (M2)
(as distinct from those ([P1]) derived from the macroCTA ([Pi]-[X])), are insoluble in aqueous medium. In the example
illustrated in Figure 9, the PGMA macroCTA and the HPMA monomer are sufficiently soluble in water to allow the reaction
to proceed in solution, but the PHPMA chains of the resulting diblock copolymer are insoluble. Thus the diblock copolymer
forms particles in situ (in the illustrated case, latex nanoparticles) which have the form shown schematically at the right-
hand side of Figure 9. Specifically in this example, a non-solvated PHPMA core is surrounded by a solvated PGMA
shell, with the PGMA acting as a steric stabiliser for the latex. The sterically stabilised core-shell morphology is typical
of the latex particles produced by the process of the present disclosure. As indicated in Figure 9, increasing the chain
length of the PHPMA component of the PGMA-PHPMA diblock copolymer results in an increase in particle size and,
depending on the other conditions, possibly a change in the particle morphology (from spheres to rods/fibres to vesicles).
Where vesicles are formed, the structure of the particle is different, as shown schematically in Figure 10.
[0087] The process of the present disclosure is not limited to the reactants and polymer products indicated in Figure
9 and a range of other materials may be used, as highlighted in the Examples of the present disclosure. For example,
several water-soluble polymers can suitably be used as chain transfer agents, including non-ionic poly(glycerol mono-
methacrylate), anionic poly(potassium 3-sulfopropyl methacrylate) and cationic poly(2-(methacryloyloxy)ethyl trimethy-
lammonium chloride). Zwitterionic polymers may also be used. Thus, only in some of the preferred syntheses is a
poly(glycerol monomethacrylate)-based chain transfer agent (CTA) used as the reactive steric stabilizer, notably for the
polymerisation of HPMA. In this case both the latex cores and the steric stabiliser chains of the resulting latexes are
highly hydroxylated. As suggested above, the inventors have found that varying the length of the targeted PHPMA chains
allows the final size of the sterically-stabilised latex particles to be controlled quite precisely (see Figure 9 and Table 1
illustrating nanoparticles produced by methods of the present disclosure).
[0088] The structure of a typical vesicle is shown in Figure 10. The molecules of the block copolymer forming the
vesicle self-assemble to form a membrane. In the vesicle of Figure 10 the membrane has a generally spherical inner
surface and a generally spherical outer surface, so that the vesicle as a whole has a generally spherical shape. In reality,
the inner and outer surfaces may depart in shape considerably from a true sphere. The inner and outer surfaces are
defined by the substantially aqueously insoluble (hydrophobic) component ([P2]) of the block copolymer. Steric stabili-
sation for the membrane is provided by the hydrophilic component ([P1]) of the block copolymer on either side of the
membrane. The core of the vesicle (AC) comprises the aqueous medium. Thus, the aqueous medium is encapsulated
by the membrane.
[0089] The process of the present disclosure may further include, as a preliminary stage, the preparation of the
polymeric chain transfer agent (macroCTA). In a typical example, 4-cyanopentanoic acid dithiobenzoate (CTP) is used
as a chain transfer agent for the RAFT synthesis of a near-monodisperse PGMA homopolymer. Previously this chain
transfer agent has been used to control the RAFT synthesis of both methacrylamide and methacrylate homopolymers43,44.
Many other chain transfer agents (CTA) for RAFT syntheses are known to those skilled in the art and examples are
given in "The Chemistry of Radical Polymerisation" 2nd Edn, by Moad and Solomon (Elsevier 2006) on pages 508 to
514, the contents of which are hereby incorporated by reference.
[0090] In the process of the present disclosure, a suitable co-solvent can be used to improve the solubility of the CTA
in the macroCTA forming step. This may, for example, be desirable because a relatively large amount of CTA can be
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required to target lower molecular weight polymers. In one preferred embodiment 1,4-dioxan was used as a co-solvent
to improve the CTP solubility for the GMA polymerisation. However, it is also possible to conduct the RAFT polymerisation
in purely aqueous solution if the monomer concentration is increased, since the monomer itself can act as a co-solvent
for the CTA under these conditions. For example, in the RAFT polymerisation of GMA using CTP as the CTA, increasing
the monomer concentration to 50% allows the monomer to act as a co-solvent for the CTP.
[0091] Those skilled in the art will appreciate that an initiator is required for the RAFT polymerisations. Generally,
radical initiators known to those skilled in the art are suitable, such as 4,4’-azobis(4-cyanopentanoic acid) or 2,2’-azobis(2-
amidinopropane) dihydrochloride or ammonium persulfate or 2,2’-azobisisobutyronitrile. The molar ratio of CTA: initiator
may be set at ratios that are typical for RAFT polymerisations. In particular examples according to the present disclosure
the CTP: 4,4’-azobis(4-cyanopentanoic acid) molar ratio was fixed at 5:1, which is quite typical for RAFT polymerisations.
A more general molar ratio range would be from 2:1 to 10:1. Well-defined, low polydispersity homopolymers, such as
the methacrylic polymers exemplified herein, can be obtained under such conditions (see, for example, the first entry in
Table 1).
[0092] The homopolymer obtained in the first stage RAFT synthesis (PGMA in the above example) is then used as a
’macroCTA’ for the second-stage RAFT polymerisation to prepare the desired particles, under aqueous dispersion
polymerisation conditions. No organic co-solvent is needed where both the macroCTA and the HPMA monomer are
fully soluble in aqueous solution under the initial reaction conditions (according to its manufacturer, the solubility of
HPMA monomer in aqueous solution is around 13% w/w at 25°C). An organic co-solvent may be used to increase the
solubility of the macroCTA and/or the monomer. However, in preferred processes according to the present disclosure,
no such co-solvent is used.
[0093] An essential criterion for aqueous dispersion polymerisation in the second stage RAFT synthesis according to
the process of the present disclosure is that the monomer is sufficiently soluble in the aqueous reaction medium to
enable the reaction to proceed, but the component of the final polymer resulting from said monomer is insoluble in said
aqueous reaction medium. The reaction scheme according to the process of the present invention can be expressed in the

P1X + M2 → P1P2

most general terms as
where: P1X represents the macroCTA, P1 being the polymer moiety thereof and X representing a terminal group which
functions as the chain transfer agent; M2 is the second stage monomer; and P1P2 is the final block copolymer, of which
P2 is the polymeric component derived from M2. The polymeric chain P2 of the block copolymer is "grown" from the
macroCTA P1X. Thus in the above scheme, for the reaction to proceed as a dispersion polymerisation, monomer M2 is
required to be either fully soluble in the aqueous reaction medium under the reaction conditions or must be at least
sufficiently soluble for the reaction to take place in solution. Excess monomer M2 not initially in solution may be brought
into solution as the monomer M2 is consumed during the in situ polymerisation. Component P2 of the final block copolymer
P1P2 is, however, insoluble. Typically, the growing block copolymer is initially water-soluble since the P2 block is still
relatively short. However, as the P2 block becomes longer, its hydrophobic character increases, which eventually drives
in situ micellar self-assembly and ultimately a colloidally stable sterically-stabilised latex or vesicle is formed. The P1
block acts as the solvated steric stabiliser, while the P2 block forms the non-solvated core. In the case of vesicle formation,
the P2 block is located in the vesicle membrane, while the P1 block is expressed at both the outer and inner surface of
the membrane,
[0094] In the specific case illustrated in Figure 9, unlike their earlier synthesis of PHPMA latexes using conventional
free radical polymerisation42, the inventors have utilised RAFT chemistry so the resulting PHPMA latexes comprise
PGMA65-PHPMAx block copolymers, since the PHPMA chains are grown from the PGMA65 macroCTA. As indicated in
the preceding paragraph, initially the growing PGMA65-PHPMAx block copolymer remains water-soluble since the PHP-
MA block is still relatively short. However, as the PHPMA block becomes longer, its hydrophobic character increases,
which eventually drives in situ micellar self-assembly45 and ultimately a colloidally stable sterically-stabilised PGMA-
PHPMA latex is formed. Using the same PGMA65 macroCTA, a systematic increase in the mean target degree of
polymerisation (DP) of the PHPMA block from 30 to 300 leads to a monotonic increase in the mean latex diameter, from
26 to 105 nm as judged by DLS (see Table 1 and Figure 9). As is clear from the preceding diameters, the latex formed
in this case is a nanolatex.
[0095] Kinetic studies (see Figure 4) confirm that the RAFT polymerisation of HPMA under aqueous dispersion con-
ditions is relatively fast. For example, 80% conversion can be achieved within 2 h for a targeted block composition of
PGMA65-PHPMA200 at 10 % solids. After 5 h, this same formulation leads to almost complete (> 99 %) HPMA conversion
and produces a final intensity-average latex diameter of around 78 nm.
[0096] 1H NMR spectra are shown in Figure 5 for the PGMA65 macroCTA dissolved in D2O, a RAFT-synthesised
PHPMA50 homopolymer control in CD3OD and four PGMA65-PHPMAx latexes redispersed in D2O. All the signals as-
sociated with the PGMA macroCTA are observed in each of the latex spectra. For the shortest PHPMA block (DP = 30),
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there is evidence for at least partial core hydration, since there is a prominent signal at around 1 ppm due to the PHPMA
chains. In contrast, no PHPMA signals are visible for longer block lengths (DP = 50,100 or 300; N.B. the signal at 3.2
ppm in the PHPMA homopolymer reference spectrum is due to methanol solvent). Thus these NMR observations are
consistent with the PGMA65 block acting as the solvated steric stabiliser, while the PHPMA block forms a partially-
solvated (at the lowest DP) or a non-solvated latex core.
[0097] DMF GPC chromatograms obtained for the PGMA65 macro-CTA and selected PGMA65-PHPMAx latexes are
shown in Figure 6. The corresponding molecular weight data are summarised in Table 1. Compared to that of the PGMA65
macro-CTA, the GPC traces obtained for the diblock copolymers are all shifted to higher molecular weight. Moreover,
a high molecular weight shoulder gradually becomes more prominent as the target DP of the PHPMA block is increased.
These results are consistent with the results of the inventors’ solution polymerisation control experiments mentioned
above. In addition, there is also some evidence for a relatively low level of contamination (< 10 %) of these PGMA-
PHPMA latexes by the original PGMA macroCTA, suggesting that the macroCTA efficiency during the second-stage
HPMA polymerisation is less than 100 %. This is not unexpected given that RAFT chemistry has only pseudo-living
(rather than genuinely living) character.
[0098] Although the PHPMA latex cores are cross-linked, this degree of cross-linking is still relatively low, as is apparent
from the fact that the copolymer chains can be fully dissolved for GPC analysis, as indicated above. In a variation of the
process according to the present disclosure, with a view to preventing such dissolution and to obtain more robust particles,
a bifunctional or multifunctional cross-linker can be added to the reaction solution along with the M2 monomer. One
example of such a bifunctional cross-linker is ethylene glycol dimethacrylate (EGDMA). Empirically, the inventors have
found that 1 mol % EGDMA is sufficient to fully cross-link the latex particles. Compared to a PGMA65-PHPMA100 latex
prepared in the absence of any EGDMA (see entry 5 in Table 1), the mean diameter of the corresponding cross-linked
latex (entry 8 in Table 1) increased from 58 to 86 nm. The latex polydispersity also increases slightly from 0.10 to 0.12
as judged by DLS.
[0099] Scanning electron microscopy allows good-quality images to be obtained for the larger examples of these
nanolatexes, as illustrated in Figure 2. Both the PGMA65-PHPMA300 and PGMA65-PHPMA200 latexes have near-mon-
odisperse spherical morphologies, with mean number-average diameters of around 105 nm and 87 nm, respectively.
Images obtained for related latexes prepared with shorter PHPMA blocks (not shown) are generally consistent with the
DLS observations.
[0100] Dynamic light scattering particle size distributions of cross-linked nanolatexes (e.g.
PGMA65-(PHPMA100-EGDMA1) dispersed in water, methanol and pyridine respectively are shown in Figure 7. Both
methanol and pyridine are good solvents for both PGMA and PHPMA homopolymers. Thus the cross-linked latex swells
significantly in these latter two solvents. The intensity-average latex diameter increases from 86 nm in water to 123 nm
in methanol to 166 nm in pyridine. 1H NMR spectra recorded in d5-pyridine for PGMA65 homopolymer, PHPMA50 homopol-
ymer and the PGMA65-(PHPMA100-EGDMA1) latex are shown in Figure 8. In addition to the expected PGMA signals,
two PHPMA signals are also observed at δ 4.11 and δ 4.50, which suggests significant solvation of the PHPMA latex
cores in this solvent. However, DLS studies confirm that this lightly cross-linked latex acquires microgel character in this
solvent environment, rather than undergoing molecular dissolution.
[0101] Selected nanolatexes having respectively non-ionic, anionic and cationic steric stabilisers were characterised
by aqueous electrophoresis (see Figure 3). As expected, in view of its non-ionic character, the PGMA steric stabiliser
effectively shields any surface charge, leading to a relatively flat zeta potential vs. pH curve, with zeta potentials only
varying from +4 mV to -12 mV. However, PHPMA particles can also be prepared using polyelectrolyte-based macroCTAs
and, in contrast, these nanolatexes exhibited markedly different electrophoretic behaviour. Thus macroCTAs based on
methyl chloride-quaternised poly(2-(dimethylamino)ethyl methacrylate) [PQDMA] and poly(potassium 3-sulfopropyl
methacrylate) [PKSPMA] lead to strongly cationic and anionic particles respectively over a wide range of solution pH.
On the other hand, using a poly(2-(methacryloyloxy)ethyl succinate) [PSEMA] macroCTA led to highly anionic zeta
potentials above the pKa of the carboxylic acids (around pH 5), whereas much less anionic zeta potentials were observed
below pH 5.
[0102] Freeze-thaw stability experiments were also conducted to examine the effectiveness of the steric stabilisation
mechanism. A PGMA65-PHPMA300 latex of 105 nm diameter was frozen overnight at -20°C and thawed at ambient
temperature. DLS studies of the thawed aqueous dispersion indicated a mean particle diameter of 107 nm, which
suggests that minimal aggregation had occurred. A similar DLS diameter was obtained for this latex in the presence of
1.0 M NaCl; thus the steric stabilisation conferred by the PGMA65 chains provides an effective barrier towards electrolyte-
induced coagulation, as expected.
[0103] Although the water solubility of HPMA monomer is only about 13 % at room temperature, it is nevertheless
possible to prepare PGMA-PHPMA particles at 20 % solids with little or no coagulum (see Table 1, entry 9). In such a
formulation, the PGMA macroCTA and azo initiator are fully dissolved at room temperature, but the HPMA monomer
remains partially immiscible even on heating to 70°C. However, the reaction solution becomes transparent after about
30 minutes at 70°C due to partial consumption of the HPMA monomer. It is also possible to conduct convenient, wholly
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aqueous, ’one-pot’ syntheses of these PGMA-PHPMA particles. In this case, GMA is polymerized via aqueous RAFT
polymerisation at 50 w/w %. Under these conditions, the monomer initially acts as a co-solvent to ensure complete
dissolution of the CTP RAFT agent. The GMA conversion reaches 96 % after 3 h at 70°C. After a small aliquot (∼ 50
mL) was removed for 1H NMR and GPC analysis, an aqueous degassed solution of HPMA monomer was added to the
reaction solution and the total comonomer conversion reached 99 % after 24 h. The final sterically-stabilised PHPMA
latex had an intensity-average diameter of around 39 nm and a polydispersity of 0.24, as judged by DLS.
[0104] In summary, the inventors have prepared a range of block copolymer sterically-stabilised spherical nanolatexes,
rods/lumpy rods/fibres and vesicles via RAFT polymerisation of a water-soluble monomer such as 2-hydroxypropyl
methacrylate under aqueous dispersion polymerisation conditions. Several water-soluble polymers can be used as chain
transfer agents, including non-ionic poly(glycerol monomethacrylate), anionic poly(potassium 3-sulfopropyl methacr-
ylate) and cationic poly(2-(methacryloyloxy)ethyl trimethylammonium chloride). The precise nature of the steric stabiliser
profoundly influences the electrophoretic behaviour of these resulting particles. In at least the case of poly(glycerol
monomethacrylate)-stabilised nanolatexes, electron microscopy and DLS studies confirm relatively narrow particle size
distributions and the mean latex diameter can be conveniently controlled over the 10 nm to 150 nm, (and especially 20
nm to 105 nm) range simply by adjusting the target block composition. GPC analyses indicate that higher polydispersities
may be obtained when targeting higher degrees of polymerisation for the core-forming block due to a dimethacrylate
impurity in the 2-hydroxypropyl methacrylate monomer.
[0105] The inventors suggest that applications for the nanolatexes obtained by the process of the present disclosure
are likely to be dictated by the functionality imparted by the steric stabiliser chains. For example, the well-known highly
biocompatible nature of the poly(glycerol monomethacrylate) stabiliser suggests potential biomedical applications such
as fluorescent staining of live cells, while ionic stabilisers may be useful for the preparation of colloidal nanocomposite
particles. These nanolatexes may also be effective Pickering emulsifiers for the production and stabilisation of oil-in-
water emulsions. The block copolymer vesicles (if formed from a biocompatible material such as PGMA, see entry 14
in the Table 1 shown overleaf and also example 5) may be useful for delivering dyes into living cells or for the delivery
of genetic material (e.g. DNA, siRNA, proteins, antibodies, antigens) or small molecule drugs into cell nuclei.
[0106] Applications for the sterically stabilised particles may depend on the particulate form. For instance, it is envisaged
that worm-like particles will be suitable as viscosity modifiers or as ingredients in biocompatible gels (e.g. for wounds
dressings) and the like. Such viscosity modifying applications are supported by the viscosity observations set out in the
Examples. Lumpy rods, on the other hand, are envisaged to have biomedical applications in view of their biocompatibility
and anti-bacterial properties. Finally, certain spherical and non-spherical morphologies are envisaged to be ideal organic
precursors for the preparation of hollow nanoparticles for anti-reflective glass coatings.

Examples

[0107] The following examples are further illustrative of the process according to the present disclosure. The intensity-
average particle diameters and polydispersities for particles (nanolatexes and vesicles) resulting from examples of the
invention are summarised in Table 1.

Table 1. Summary of intensity-average particle diameters and polydispersities obtained by dynamic light scattering 
for various PGMA65-PHPMAx particles (nanolatexes and vesicles) synthesised via RAFT polymerization under aqueous 

dispersion polymerisation conditions at 70°C.

Entry No. Targeted copolymer Structure DLS Diam. (nm) PDI

1 PGMA65 homopolymer -

2 PGMA65-PHPMA30 26 0.12

3 PGMA65-PHPMA50 29 0.12

4 PGMA65-PHPMA70 40 0.10

5 PGMA65-PHPMA100 58 0.10

6 PGMA65-PHPMA200 87 0.05

7 PGMA65-PHPMA300 105 0.003

8 PGMA65-(PHPMA100/X1) 86 0.12

9 PGMA65-PHPMA100 (20% solids) 73 0.11

10* PGMA55-PHPMA100 20 0.12



EP 2 545 090 B1

16

5

10

15

20

25

30

35

40

45

50

55

Example 1 General Protocol for the RAFT Polymerisation of GMA

[0108] 4,4’-Azobis(4-cyanopentanoic acid) (0.0309 g, 0.083 mmol), CTP (0.1224 g, 0.417 mmol) and GMA (4.00 g,
25 mmol) were added to a mixture of deionised water (8.0 g) and dioxane (8.0 g) in an ampoule. The solution was stirred
until all the CTP had dissolved. The ampoule was sparged with nitrogen for approximately 30 min. and then placed in
a pre-heated oil bath at 70°C. The polymerisation was terminated after 4 h by cooling the reaction vessel in an ice bath.
The crude PGMA homopolymer was purified by dialysis against water and isolated by lyophilisation. Yield = 3.9 g (98
%) and Mn = 36,200; Mw/Mn = 1.22, as judged by DMF GPC vs. poly(methyl methacrylate) standards. The actual degree
of polymerisation of this macroCTA is around 65 (hence it is denoted ’PGMA65’) as judged by 1H NMR, which indicates
that the CTA efficiency is around 90 %.

Example 2 PGMA65-PHPMA300 Latex Syntheses

[0109] A general protocol for the synthesis of PGMA65-PHPMAx nanolatexes via RAFT at 10 % solids is exemplified
as follows for PGMA65-PHPMA300. 4,4’-Azobis(4-cyanopentanoic acid) initiator (0.0014 g, 0.0038 mmol), PGMA65 mac-
roCTA (0.150 g) and HPMA (0.810 g, 5.6 mmol; target DP = 300; CTA/initiator molar ratio = 5:1) were dissolved in
deionised water (8.64 g). This solution was stirred at around 20°C until both reagents had dissolved (solution pH around
7.0). After sparging with nitrogen for 30 min, the reaction was allowed to proceed at 70°C with continuous stirring for 24
h. The polymerisation was quenched by cooling the reaction vessel in an ice bath. DLS analysis indicates a mean particle
diameter of around 105 nm (PDI = 0.003).

Example 3 ’20% solids’ synthesis of a PGMA65-PHPMA100 nanolatex

[0110] 4,4’-Azobis(4-cyanopentanoic acid) initiator (0.0014 g, 0.0038 mmol), PGMA65 macroCTA (0.150 g) and HPMA
(0.27 g, 1.9 mmol; target DP = 100; CTA/initiator molar ratio = 5:1) were dissolved in deionised water (1.68 g). The
solution was stirred at 20°C until all the solids had fully dissolved (N.B. the HPMA monomer is not quite fully miscible
under these conditions). After sparging with nitrogen for 30 min, the polymerisation was allowed to proceed at 70°C.
After 30 min the solution becomes transparent due to partial consumption of the HPMA monomer. The reaction was
quenched after 24 h by cooling the reaction vessel in an ice bath. DLS analysis indicates a mean particle diameter of
around 73 nm (PDI = 0.11).

Example 4 ’One-Pot’ PGMA60-PHPMA100 Latex Synthesis at 10 % Solids

[0111] 4,4’-Azobis(4-cyanopentanoic acid) (0.010 g, 0.027 mmol), CTP (0.0398 g, 0.135 mmol) and GMA (1.300 g,
8.125 mmol) were added together with deionised water (1.30 g) into a Schlenk tube. This solution was stirred until all
the CTP and 4,4’-azobis(4-cyanopentanoic acid) had dissolved, sparged with nitrogen for approximately 30 min. and
then placed in a pre-heated oil bath at 70°C. After 3 h, a small aliquot (∼ 50 mL) was taken for 1H NMR and GPC analysis.
Then a previously degassed solution containing HPMA (1.95 g, 0.0135 mol), 4,4’-azobis(4-cyanopentanoic acid) (5.0
mg, 0.013 mmol) and deionised water (26.65 g) was added. The second-stage HPMA polymerisation was allowed to
proceed for another 24 h. DLS analysis indicates a mean particle diameter of around 20 nm (PDI = 0.12).

(continued)

Entry No. Targeted copolymer Structure DLS Diam. (nm) PDI

11* PGMA55-(PHPMA100/X1) 39 0.24

12* PGMA55-PHPMA200 131 0.30

13* PGMA55-PHPMA200 (15% solids) 324 0.16

14* PGMA55-PHPMA300 (20% solids) 520 0.22

15 PSEMA71-(PHPMA200-X1) 129 0.03

16 PKSPMA65-PHPMA100 66 0.09

17 PQDMA67-PHPMA100 56 0.20

* One-pot syntheses conducted at the stated solids content; all other syntheses were conducted at a total solids content
of 10%. X = EGDMA cross-linker; this was added at the start of the reaction.
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Example 5 ’One-Pot’ PGMA55-PHPMA300 Block Copolymer Vesicles at 20 % Solids

[0112] The above one-pot synthesis was also repeated at 20 % solids using the following reagents. Firstly, 4,4’-
azobis(4-cyanopentanoic acid) (0.011 g, 0.030 mmol), CTP (0.0434 g, 0.148 mmol) and GMA (1.300 g, 8.125 mmol)
were reacted in H2O (1.30 g) to produce the PGMA-based macroCTA. For the second-stage polymerisation HPMA (6.38
g, 0.0443 mol) and 4,4’-azobis(4-cyanopentanoic acid) (0.011 g, 0.030 mmol) dissolved in deionised water (29.427 g)
were added to the reaction solution. In this particular example the target structure was PGMA55-HPMA300. DLS analysis
indicates a mean particle diameter of around 520 nm (PDI = 0.22).

Example 6 General Protocol for the RAFT Polymerisation of QDMA

[0113] 4,4’-Azobis(4-cyanopentanoic acid) (0.0146 g, 0.039 mmol), CTP (0.055 g, 0.197 mmol) and QDMA (3.00 g,
75% aqueous solution, 10.83 mmol) were added to a mixture of deionised water (6.25 g) and dioxane (2.0 g) in an
ampoule. The solution was stirred until all the CTP had dissolved. The ampoule was sparged with nitrogen for approx-
imately 30 min. and then placed in a pre-heated oil bath at 70°C. The polymerisation was terminated after 4 h by cooling
the reaction vessel in an ice bath; 1H NMR analysis shows the polymerisation conversion was about 98%. The crude
PQDMA homopolymer was purified by dialysis against deionised water and isolated by lyophilisation. The actual degree
of polymerisation of this macroCTA was around 67 (hence it was denoted ’PQDMA67’) as judged by 1H NMR, which
indicates a CTA efficiency of around 82 %.

Example 7 PQDMA-PHPMA Latex synthesis. A general protocol for the synthesis of PQDMA67-PHPMA200 nanolatexes 
via RAFT at 10 % solids

[0114] 4,4’-Azobis(4-cyanopentanoic acid) initiator (0.0007 g, 0.0019 mmol), PQDMA67 macroCTA (0.100 g) and
HPMA (0.2773 g, 1.9 mmol; target DP = 200; CTA/initiator molar ratio = 5:1) were dissolved in deionised water (3.396
g). This solution was stirred at around 20°C until both reagents had dissolved (solution pH around 7.0). After sparging
with nitrogen for 30 min, the reaction was allowed to proceed at 70°C with continuous stirring for 24 h. DLS analysis
indicates a mean particle diameter of around 79 nm (PDI = 0.27).

Example 8 General Protocol for the RAFT Polymerisation of DPA

[0115] DPA (10.00 g, 40.08 mmol) was added to a mixture of deionised water (10 g) and dioxane (20 g) in an ampoule.
The solution pH was adjusted to 5.5 by adding concentrated HCI. The solution was then diluted to 50 grams (with the
aid of a four-figure balance) by adding deionised water to the solution. 4,4’-Azobis(4-cyanopentanoic acid) (0.0495 g,
0.134 mmol), CTP (0.1962 g, 0.668 mmol) were then added. The solution was stirred until all the solid had dissolved.
The ampoule was sparged with nitrogen for approximately 30 min. and then placed in a pre-heated oil bath at 70°C. The
polymerisation was terminated after 3 h by cooling the reaction vessel in an ice bath; 1H NMR analysis showed that the
polymerisation conversion was about 83%. The crude PDPA homopolymer was purified by dialysis against water and
isolated by lyophilisation. Mn = 12,800; Mw/Mn = 1.23, as judged by aqueous GPC vs. poly(2-vinylpyridine) standards.
The actual degree of polymerisation of this macroCTA was around 58 (hence it is denoted ’PDPA58’) as judged by 1H
NMR, which indicates that the CTA efficiency is around 86 %.

Example 9 PDPA-PHPMA Latex synthesis. A general protocol for the synthesis of PDPA58-PHPMAx nanolatexes via 
RAFT at 10 % solids

[0116] 4,4’-Azobis(4-cyanopentanoic acid) initiator (0.0030 g, 0.008 mmol), PDPA58 macroCTA (0.500 g, 0.040 mmol),
EGDMA (0.016 g, 0.081 mmol) and HPMA (0.5806 g, 4.03 mmol; target DP = 100; CTA/initiator molar ratio = 5:1) were
dissolved in deionised water (8.80 g). This solution was stirred at around 20°C until both reagents had dissolved (solution
pH around 5.8). After sparging with nitrogen for 30 min, the reaction was allowed to proceed at 70°C with continuous
stirring for 24 h. DLS analysis indicates a mean particle diameter of around 53 nm (PDI = 0.23).

Example 10 General Protocol for the RAFT Polymerisation of SEMA

[0117] 4,4’-Azobis(4-cyanopentanoic acid) (0.0081 g, 0.022 mmol), CTP (0.0319 g, 0.109 mmol) and SEMA solution
(5.00 g, 30% aqueous solution, 6.52 mmol, pH 5.8) were added together with dioxane (2.50 g) into an ampoule. The
solution was stirred until all the CTP had dissolved. The ampoule was sparged with nitrogen for approximately 30 min.
and then placed in a pre-heated oil bath at 70°C. The polymerisation was terminated after 3 h by cooling the reaction
vessel in an ice bath; 1H NMR analysis showed that the polymerisation conversion was about 90%. The crude PSEMA
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homopolymer was purified by dialysis against water and isolated by lyophilisation. The actual degree of polymerisation
of this macroCTA was around 71 (hence it was denoted ’PSEMA71’) as judged by 1H NMR, which indicates that the
CTA efficiency is around 76 %.

Example 11 PSEMA-PHPMA Latex synthesis. A general protocol for the synthesis of PSEMA71-PHPMAx nanolatexes 
via RAFT at 10 % solids

[0118] 4,4’-Azobis(4-cyanopentanoic acid) initiator (0.0009 g, 0.0024 mmol), PSEMA71 macroCTA (0.150 g), EGDMA
(0.0024 g, 0.012 mmol) and HPMA (0.3478 g, 2.4 mmol; target DP = 200; CTA/initiator molar ratio = 5:1) were dissolved
in deionised water (3.0 g). NaOH (0.1 M) was slowly added to dissolve fully the PSEMA macroCTA. The final solution
pH was around pH 6.0. Deionised water was then added to dilute the solution concentration to 10% w/w. After sparging
with nitrogen for 30 min, the reaction was allowed to proceed at 70°C with continuous stirring for 24 h. DLS analysis
indicates a mean particle diameter of around 129 nm (PDI = 0.03).

Example 12 General Protocol for the RAFT Polymerisation of KSPMA

[0119] 4,4’-Azobis(4-cyanopentanoic acid) (0.010 g, 0.027 mmol), CTP (0.0397 g, 0.135 mmol) and KSPMA (2.00 g,
8.12 mmol) were added to a mixture of deionised water (8.0 g) and dioxane (2.0 g) in an ampoule. The solution was
stirred until all the CTP had dissolved. The ampoule was sparged with nitrogen for approximately 30 min. and then
placed in a pre-heated oil bath at 70°C. The polymerisation was terminated after 3 h by cooling the reaction vessel in
an ice bath. 1H NMR analysis showed that the polymerisation conversion was about 97%. The crude PQDMA homopol-
ymer was purified by dialysis against water and isolated by lyophilisation. The actual degree of polymerisation of this
macroCTA was around 65 (hence it is denoted ’PKSPMA65’) as judged by 1H NMR, which indicates that the CTA
efficiency was around 89 %.

Example 13 PKPSMA65-PHPMA200 Latex Synthesis. A general protocol for the synthesis of PKSPMA65-PHPMA200 
nanolatexes via RAFT at 10 % solids

[0120] 4,4’-Azobis(4-cyanopentanoic acid) initiator (0.0008 g, 0.0021 mmol), PKSPMA65 macroCTA (0.150 g) and
HPMA (0.3024 g, 2.1 mmol; target DP = 200; CTA/initiator molar ratio = 5:1) were dissolved in deionised water (4.072
g). This solution was stirred at around 20°C until both reagents had dissolved (solution pH around 6.5). After sparging
with nitrogen for 30 min, the reaction was allowed to proceed at 70°C with continuous stirring for 24 h. DLS analysis
indicates a mean particle diameter of around 82 nm (PDI = 0.05).

Example 14 PGMA60-(PHPMA200/EGDMA1) Latex Synthesis. A general protocol for the synthesis of 
PGMA60-(PHPMA200/EGDMA1) nanolatexes via RAFT at 10 % solids

[0121] 4,4’-Azobis(4-cyanopentanoic acid) initiator (0.0014 g, 0.0038 mmol), PGMA60 macroCTA (0.150 g) and HPMA
(0.54 g, 3.8 mmol; target DP = 200; CTA/initiator molar ratio = 5:1) were dissolved in deionised water (6.21 g). This
solution was stirred at around 20°C until both reagents had dissolved (solution pH around 6.5). After sparging with
nitrogen for 30 min, the reaction was allowed to start at 70°C. EGDMA (3.7 mg) was added after 1 h via syringe. The
reaction was then allowed to proceed at 70°C with continuous stirring for 24 h. DLS analysis indicated a mean particle
diameter of around 108 nm (PDI = 0.065).

Example 15 General Protocol for the RAFT Polymerisation of AMA

[0122] 4,4’-Azobis(4-cyanopentanoic acid) (0.0448 g, 0.121 mmol), CTP (0.1773 g, 0.604 mmol) and AMA (6.00 g,
36.23 mmol) were added to a mixture of deionised water (18.0 g) and dioxane (8.0 g) in an ampoule. The solution was
stirred until all the CTP had dissolved. The ampoule was sparged with nitrogen for approximately 30 min. and then
placed in a pre-heated oil bath at 70 °C. The polymerisation was terminated after 3.5 h by cooling the reaction vessel
in an ice bath. 1H NMR analysis showed that the polymerisation conversion was about 85%. The crude PAMA homopol-
ymer was purified by dialysis against water and isolated by lyophilisation. The actual degree of polymerisation of this
macroCTA was around 64 (hence it is denoted ’PAMA65’) as judged by 1H NMR, which indicates that the CTA efficiency
is around 80 %.
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Example 16 PAMA-PHPMA Latex synthesis. A general protocol for the synthesis of PAMA65-PHPMAx nanolatexes via 
RAFT at 10 % solids

[0123] 4,4’-Azobis(4-cyanopentanoic acid) initiator (0.023 g, 0.12 mmol), PAMA65 macroCTA (0.500 g), EGDMA
(0.0023 g, 0.012 mmol) and HPMA (0.8372 g, 5.8 mmol; target DP = 100; CTA/initiator molar ratio = 5:1) were dissolved
in deionised water (8.80 g). This solution was stirred at around 20°C until both reagents had dissolved (solution pH
around 6.5). After sparging with nitrogen for 30 min, the reaction was allowed to proceed at 70°C with continuous stirring
for 24 h. DLS analysis indicated a mean particle diameter of around 67 nm (PDI = 0.08).

Example 17 General Protocol for the RAFT Polymerisation of DMA

[0124] DMA (4.00 g, 25.48 mmol) were added to a mixture of deionised water (6.0 g) and dioxane (8.0 g) in an ampoule.
The solution pH as adjusted to 5.5 by adding concentrated HCl. The solution was then diluted to 20 grams by adding
deionised water. 4,4’-Azobis(4-cyanopentanoic acid) (0.0315 g, 0.085 mmol) and CTP (0.1247 g, 0.425 mmol) were
then added. The solution was stirred until all the solids had dissolved. The ampoule was sparged with nitrogen for
approximately 30 min. and then placed in a pre-heated oil bath at 70°C. The polymerisation was terminated after 3 h by
cooling the reaction vessel in an ice bath. 1H NMR analysis showed that the polymerisation conversion was about 99%.
The crude PDPA homopolymer was purified by dialysis against water and isolated by lyophilisation. The actual degree
of polymerisation of this macroCTA was around 67 (hence it is denoted ’PDMA67’) as judged by 1H NMR, which indicated
that the CTA efficiency is around 89 %.

Example 18 PDMA-PHPMA Latex synthesis. A general protocol for the synthesis of PDMA67-PHPMAx nanolatexes via 
RAFT at 10 % solids

[0125] 4,4’-Azobis(4-cyanopentanoic acid) initiator (0.0010 g, 0.0026 mmol), PDMA67 macroCTA (0.150 g) and HPMA
(0.5581 g, 3.9 mmol; target DP = 300; CTA/initiator molar ratio = 5:1) were dissolved in deionised water (6.373 g). This
solution was stirred at around 20°C until both reagents had dissolved (solution pH around 6.5). After sparging with
nitrogen for 30 min, the reaction was allowed to proceed at 70°C with continuous stirring for 24 h. DLS analysis indicated
a mean particle diameter of around 143 nm (PDI = 0.21).

Example 19 General Protocol for the RAFT Polymerisation of GMA with CDB as chain transfer agent

[0126] 4,4’-Azobis(4-cyanopentanoic acid) (0.0067 g, 0.018 mmol), CDB (0.026 g, 0.091 mmol) and GMA (0.80 g, 5
mmol) were added to a mixture of deionised water (1.60 g) and dioxane (2.0 g) in an ampoule. The solution was stirred
until all the CDB had dissolved. The ampoule was sparged with nitrogen for approximately 30 min. and then placed in
a pre-heated oil bath at 70°C. The polymerisation was terminated after 4 h by cooling the reaction vessel in an ice bath.
1H NMR analysis shows the polymerisation conversion is about 97%. The crude PGMA homopolymer was purified by
dialysis against water and isolated by lyophilisation. The actual degree of polymerisation of this macroCTA is around
60 (hence it is denoted ’PGMA60’) as judged by 1H NMR, which indicated that the CTA efficiency is around 89 %.

Example 20 PGMA60-PHEMA100 Latex Synthesis (outside the scope of the present invention). A general protocol for 
the synthesis of a PGMA60-PHEMA100 nanolatex via RAFT at 10 % solids

[0127] 4,4’-Azobis(4-cyanopentanoic acid) initiator (0.0009 g, 0.0025 mmol), PGMA60 macroCTA (0.100 g) and HEMA
(0.1627 g, 1.3 mmol; target DP = 100; CTA/initiator molar ratio = 5:1) were dissolved in deionised water (2.364 g). This
solution was stirred at around 20°C until both reagents had dissolved (solution pH around 7.0). After sparging with
nitrogen for 30 min, the reaction was allowed to proceed at 70°C with continuous stirring for 24 h. DLS analysis indicated
a mean particle diameter of around 52 nm (PDI = 0.06).

Example 21 PMPC25-PHPMAx Latex Synthesis and alternative morphologies

[0128] This example demonstrates block copolymer self-assembly in concentrated solution to produce alternative
morphologies, particularly rod or worm-like morphologies which are typically problematic to form. In this example, a
poly(2-(methacryloyloxy)ethyl phosphorylcholine) [PMPC]46,47 chain transfer agent serves as the solvated ’A’ block (i.e.
P1 block). Chain extension of this zwitterionic block with 2-hydroxypropyl methacrylate in water produces a hydrophobic
poly(2-hydroxypropyl methacrylate) [PHPMA] ’B’ block (i.e. P2 block), which drives in situ self-assembly to form either
spheres, worms or vesicles. A detailed phase diagram has been elucidated in which, for a given mean degree of
polymerisation (DP) of the PMPC block, the final particle morphology obtained at full conversion is solely dictated by:
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(i) the target DP of the PHPMA block and (ii) the total solids concentration at which the HPMA polymerisation is conducted.
Moreover, if the final targeted structure is vesicles, the observed morphology changes from spheres to worms to vesicles
during the in situ polymerisation of HPMA. This facile and generic approach allows the direct, reproducible and highly
efficient preparation of pure phases comprising either block copolymer vesicles at up to 25 % solids or well-defined
worms at 16 to 25 % solids in aqueous solution.

i) Method of synthesis for PMPC25-PHPMA100-400

[0129] For the synthesis of the PMPC macroCTA, MPC (11.073 g, 37.50 mmol, 15.0 w/w %), 4-cyanopentanoic acid
dithiobenzoate (CTP; 0.420 g, 1.50 mmol), V-501 (0.084 g, 0.30 mmol), deionised water (52.161 g), and 5.0 w/w %
aqueous NaHCO3 solution (10.08 g) were added to a Schlenk flask, which was equipped with a magnetic stir bar. This
reaction mixture was then stirred until all the CTP had dissolved in an ice-bath. The solution was purged with nitrogen
for approximately 30 min and then placed in a pre-heated oil bath at 70 °C. The polymerisation was terminated after 2
h via rapid cooling in an ice bath and exposure to air. The crude PMPC homopolymer (or PMPC macroCTA) was then
purified by dialysis against deionised water using semi-permeable cellulose tubing (SPECTRA/POR, corresponding to
a molecular weight cut-off of 1000) with at least six changes of deionised water, followed by lyophilisation. Yield = 2.730
g (99 %); Mn = 3900 and Mw/Mn = 1.07, as judged by GPC using a mixed 3:1 chloroform/methanol eluent, a refractive
index detector and a series of near-monodisperse poly(methyl methacrylate) calibration standards. This same GPC set-
up was also used to assess the molecular weight of the various PMPC-PHPMA diblock copolymers, The actual degree
of polymerisation of this macroCTA was around 25 as judged by 1H NMR spectroscopy, which indicates that the CTA
efficiency is close to 100 %. This PMPC25 macroCTA (0.250 g, equivalent to 0.847 mmol MPC repeat units) was mixed
with V-501 (2.3 mg, 0.0082 mmol; macroCTA/initiator molar ratio = 4.0) and varying amounts of HPMA (0.488-1.954 g,
3.388-13.552 mmol; target DP 100-400), and deionised water (2.211-19.834 g) for the desired total solids concentration
in a round-bottomed flask, which was equipped with a magnetic stir bar. These solutions were stirred in an ice bath until
all reagents had dissolved. After sparging with nitrogen for approximately 30 min, each polymerisation was allowed to
proceed at 70 °C and then quenched after 20 h via rapid cooling in an ice bath and exposure to air.

ii) Materials

[0130] All chemicals were purchased from Aldrich at the highest available purity and used as received unless otherwise
noted. 2-(Methacryloyloxy)ethyl phosphorylcholine (MPC; > 99%) was kindly donated by Biocompatibles Ltd. (Farnham,
UK). 2-Hydroxypropyl methacrylate (HPMA) was either donated by Cognis or purchased from Aldrich. The HPMA mon-
omer comprises an isomeric mixture of 75 mol % HPMA and 25 mol % 2-hydroxyisopropyl methacrylate48. 4,4’-Azobis(4-
cyanopentanoic acid) (V-501) was purchased from Aldrich and was purified by recrystallisation from methanol. 4-Cyan-
opentanoic acid dithiobenzoate (CTP) was synthesised according to a literature protocol49.

iii) Polymer Characterisation

[0131] Molecular weight distributions were assessed by gel permeation chromatography (GPC) using a Hewlett-Pack-
ard HP1090 Liquid Chromatograph pumping unit and two Polymer Laboratories PL Gel 5 mm Mixed-C (7.5 3 300 mm)
columns in series with a guard column at 40 °C connected to a Gilson Model 131 refractive index detector. The eluent
was a 3:1 v/v% chloroform/methanol mixture containing 2 mM LiBr at a flow rate of 1.0 mL min-1. The number-average
molecular weight (Mn) and Mw/Mn were calculated from GPC curves using near-monodisperse poly(methyl methacrylate)
calibration standards. 1H NMR spectra were recorded in either D2O or d4-methanol using a Bruker AV1-400 MHz
spectrometer. DLS studies were performed using a Zetasizer Nano-ZS instrument (Malvern Instruments, UK) at 25 °C
at a scattering angle of 173°. Copolymer solutions for light scattering studies were prepared at the desired concentration
and ultrafiltered prior to use. The intensity-average hydrodynamic diameter and polydispersity of the micelles were
calculated by cumulants analysis of the experimental correlation function using Dispersion Technology Software version
5.03. Electrophoresis measurements were also conducted using the same Zetasizer Nano-ZS instrument. Zeta potentials
were calculated from mobilities using the Henry equation and determined as a function of solution pH at 25 °C. Atomic
force microscopy (AFM) measurements were performed using tapping mode under ambient conditions with a Nanoscope
IIIa (Veeco Instrument) scanning probe microscope. Samples for AFM imaging were prepared by placing a 20 mL drop
of aqueous block copolymer dispersion (typically 0.10 w/w % solids in water) on freshly cleaved mica and allowing it to
dry in air at 20 °C. Transmission electron microscopy (TEM) studies were conducted using a Philips CM 100 instrument
operating at 100 kV equipped with a Gatan 1 k CCD camera. Carbon-coated copper grids were glow-discharged for
20-30 sec to create a hydrophilic surface. Grids were then immersed in aqueous block copolymer dispersions (0.5 w/w
%) for 1 min and then immersed for 20 s in an uranyl formate solution (0.75 w/v %) for negative staining. Each grid was
then blotted with filter paper and dried using a vacuum hose.
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iv) Discussion

[0132] Reversible addition-fragmentation transfer (RAFT)6,50 polymerisation of 2-hydroxypropyl methacrylate (HPMA)
was conducted in water using a poly(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC)-based chain transfer agent
(CTA) (Fig. 11). As the PHPMA chains grow, they become increasingly hydrophobic. Thus the resulting PMPC-PHPMA
block copolymers undergo spontaneous self-assembly in water. The final particle morphology is controlled not only by
the PMPC/PHPMA block ratio but also by the total solids concentration under which the HPMA polymerisation is con-
ducted. Thus, by fixing the mean degree of polymerisation (DP) of the PMPC chains at 25 units, we have constructed
a detailed phase diagram for the three block copolymer morphologies (spheres, worms or vesicles) simply by varying
two synthesis parameters: the target DP of the PHPMA chains and the total solids concentration.
[0133] First, we prepared near-monodisperse PMPC25 homopolymer using 4,4’-azobis(4-cyanopentanoic acid) (V-
501) initiator and 4-cyanopentanoic acid dithiobenzoate (CTP) as a RAFT chain transfer agent in water in the presence
of NaHCO3. The latter reagent was simply used to adjust the pH and hence improve the water solubility of the CTP.
RAFT polymerisation proceeded smoothly at approximately pH 8 and was almost complete after 2 h. The mean DP of
the resulting PMPC macroCTA was determined by 1H NMR spectroscopy. The actual DP of 25 estimated from the
aromatic RAFT end-group was in good agreement with the targeted DP and the final copolymer polydispersity was
relatively narrow as judged by gel permeation chromatography (GPC) (Figs. 12 and 13).
[0134] Fig. 12 shows a typical 1H NMR spectra for PMPC25 macroCTA.a, PMPC25 macroCTA in D2O and b, CTP in
CDCl3 at 25 °C. The inset shows the chemical structure of the PMPC25 macroCTA (black) and CTP (blue) and with full
peak assignments (a - h and a’- h’).
[0135] Fig. 13 shows GPC curves for the RAFT dispersion polymerisation of HPMA from PMPC25 macroCTA. The
aqueous dispersion polymerisation of HPMA from PMPC25 macroCTA at target degrees of polymerisation of 100 to 400
in water at 70 °C: PMPC25 macroCTA (0.25 g, 0.0326 mmol); [PMPC25 macroCTA]0/[V-501]0 = 4.0; total solids content
= 10 w/w %.
[0136] This PMPC25 homopolymer was then used as a so-called ’macroCTA’ for the second-stage RAFT polymerisation
of HPMA, which was conducted under aqueous dispersion polymerisation conditions.
[0137] Using the same PMPC25 macroCTA, we prepared various PMPC25-PHPMAx diblock copolymers directly in
water while also varying the total solids content of the formulation. The combined mass of HPMA and PMPC25 macroCTA
(the mass of the free radical initiator is considered negligible) was initially fixed at 10 w/w %. We use the copolymer
notation M25Hm-Y, where M stands for PMPC, H stands for PHPMA, m is the target DP of the PHPMA block in each
case and Y denotes the total solids content used for each formulation. Both the PMPC25 macroCTA and the HPMA
monomer are initially fully soluble in the aqueous reaction solution, but the aqueous dispersion polymerisation of HPMA
leads to in situ phase separation and self-assembly, with the final morphology of the PMPC25-PHPMAm diblock copolymer
particles dictated solely by the initial reaction conditions. Very high HPMA conversions are observed within 2 h, as judged
by 1H NMR spectroscopy. The PMPC25-PHPMAx diblock copolymer molecular weight distribution is shifted to significantly
higher molecular weight relative to the PMPC25 macroCTA, with little evidence for any unreacted PMPC homopolymer,
regardless of the target block composition (see Figure 13). However, there is a prominent high molecular weight shoulder,
particularly if targeting higher DP PHPMA chains. This is due to a small amount (< 0.2 mol%) dimethacrylate impurity
known to be present in HPMA monomer42. However, this impurity only causes relatively light branching rather than
cross-linking, since no PMPC25-PHPMAx diblock copolymer particles can be detected in methanol (which is a good
solvent for both the PMPC and PHPMA blocks) as judged by dynamic light scattering.
[0138] All polymerisation data are summarised in Figure 13 and Table 2 below.

Table 2

Molecular Characterisation of PMPC25-PHPMAxBlock Copolymers Prepared by RAFT Dispersion Polymerisation in 
Water at 70 °Ca

sample codeb solids (w/w 
%)c NPHPMA

d WPMPC
e Mn(kg/mol)f PDIf Morphologyg

M25H100-10 10.0 98 0.34 2.14 1.23 S
M25H100-15 15.0 101 0.34 2.20 1.27 S
M25H100-20 20.0 100 0.34 2.26 1.27 S
M25H100-25 25.0 99 0.34 2.30 1.23 S
M25H150-10 10.0 152 0.25 3.99 1.23 S
M25H150-15 15.0 151 0.25 3.98 1.24 S

M25H150-20 20.0 152 0.25 3.85 1.25 S
M25H150-25 25.0 148 0.26 3.71 1.22 S
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[0139] Representative TEM image and DLS results for various PMPC25-PHPMAx diblock copolymer particles (M25H100-
10, M25H200-10, M25H300-10 and M25H400-10) are shown in Figure 14.
[0140] Figure 14 shows various spherical morphologies obtained from M25Hm-10. a-d, TEM images obtained for a
series of M25Hm-10 block copolymer spheres prepared by RAFT aqueous dispersion polymerisation (total solids content:
10 w/w %): (a) M25H100-10, (b) M25H200-10, (c) M25H300-10, and (d) M25H400-10. In each case the PMPC block length
is fixed at 25 units and the PHPMA block length is systematically varied. e, Dynamic light scattering (DLS) particle size
distributions (intensity vs mean hydrodynamic diameter, Dh) obtained for the same series of block copolymer spheres,
M25Hm-10 (m = 100-400). The inset values indicate the mean diameter and polydispersity index (in parentheses) for
each sample, as calculated by cumulants analysis.
[0141] A systematic increase in the target DP of the PHPMA block from 100 to 400 leads to a monotonic increase in
the intensity-average particle diameter from 12 to 58 nm, as judged by DLS. In each case TEM studies confirmed
exclusively spherical particle morphologies and estimated TEM diameters were consistent with the DLS data.

(continued)

Molecular Characterisation of PMPC25-PHPMAxBlock Copolymers Prepared by RAFT Dispersion Polymerisation in 
Water at 70 °Ca

sample codeb solids (w/w 
%)c NPHPMA

d WPMPC
e Mn(kg/mol)f PDIf Morphologyg

M25H200-10 10.0 200 0.20 5.80 1.36 S
M25H200-15 15.0 201 0.20 5.30 1.35 S
M25H200-20 20.0 202 0.20 5.75 1.38 S

M25H200-25 25.0 207 0.20 5.10 1.33 S, R
M25H220-25 25.0 220 0.19 5.99 1.38 R
M25H250-10 10.0 251 0.17 6.82 1.27 S
M25H250-13 13.0 255 0.17 6.65 1.26 S
M25H250-15 15.0 251 0.17 7.01 1.29 S, R
M25H250-20 20.0 256 0.17 6.99 1.29 S, R

M25H275-25 25.0 278 0.16 7.20 1.29 R
M25H300-10 10.0 301 0.15 9.44 1.56 S
M25H300-15 15.0 294 0.15 9.76 1.49 S, R
M25H300-20 20.0 298 0.15 8.64 1.50 S, R
M25H300-25 25.0 299 0.15 9.99 1.48 R, V

M25H320-25 25.0 321 0.14 11.00 1.56 R, V
M25H350-10 10.0 354 0.13 13.22 1.42 S
M25H350-15 15.0 351 0.13 12.51 1.44 S, R
M25H350-20 10.0 349 0.13 12.40 1.46 R
M25H370-25 25.0 372 0.12 14.24 1.61 V
M25H400-10 10.0 397 0.11 17.19 1.67 S

M25H400-12.5 12.5 395 0.11 17.32 1.73 S, R
M25H400-15 15.0 401 0.11 18.56 1.66 S, R

M25H400-16.2 16.2 399 0.11 17.43 1.38 R
M25H400-17.5 17.5 399 0.11 18.14 1.39 R, V
M25H400-20 20.0 401 0.11 17.26 1.69 R, V

M25H400-22.5 22.5 398 0.11 17.63 1.51 V

M25H400-23 23.0 401 0.11 17.30 1.71 V
M25H400-25 25.0 398 0.11 17.20 1.70 V

aAll these entries were used to construct the phase diagram shown in Figure 3: PMPC25 macroCTA (0.25 g, 0.0326
mmol); [PMPC25 macroCTA]0/[V-501]0 = 4.0; polymerisation time = 20 h. bThe individual PMPC and PHPMA blocks
are denoted by (M) and (H), respectively. c100 3 [PMPC25 macroCTA (g) + HPMA (g)]/[all reaction mixtures (g)].
dDetermined by 1H NMR in d4-methanol based on PMPC25 macroCTA: conversion > 99 %. eWeight fraction of PMPC
block in the latex. fDetermined by GPC (PMMA standards, 3:1 CHCl3: methanol eluent with 2 mM LiCI). gAggregation
morphologies formed in water identified by TEM and tapping-mode AFM: S = spheres, R = worms/rods, V = vesicles.
Coexisting structures are indicated by two letters, where appropriate.
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[0142] 1H NMR spectra were recorded for the PMPC25 macroCTA dissolved in D2O, a RAFT-synthesised PHPMA50
homopolymer control in d4-methanol and M25Hm-10 (m = 100 to 400) particles redispersed in both D2O and d4-methanol
(see Figures 15 and 16, respectively).
[0143] Figure 15 shows 1H NMR spectra for M25Hm-10 diblock copolymer spheres in D2O at 25 °C. a, PHPMA homopol-
ymer in d4-methanol as a reference (Mn = 8,000, Mw/Mn = 1.17 (eluent: THF, PMMA calibration standards), DP = 50;
This PHPMA homopolymer was prepared by RAFT polymerisation in acetonitrile using CTP and V-501 at 24 h: HPMA
(1.298 g, 9.0 mmol, 15 w/w %); CTP (0.051 g, 0.183 mmol), V-501 (0.010 mg, 0.035 mmol), water (7.302 g); b, PMPC
macroCTA in D2O as a reference; c-f, M25Hm-10 diblock copolymer spheres in D2O: c, d, e, and f for m = 400, 300,
200, and 100, respectively. The inset shows the chemical structure of M25Hm-10 and with representative peak assign-
ments (a - g). No peaks attributable to the PHPMA chains are observed in D2O. For clarity, spectra are displaced by ∼
0.1 ppm relative to f, and X indicates a solvent peak.
[0144] Figure 16 shows 1H NMR spectra for M25Hm-10 diblock copolymers in d4-methanol at 25 °C.a, PHPMA homopol-
ymer in d4-methanol as a reference (the same homopolymer shown in Figure S4); b, PMPC macroCTA in D2O as a
reference; c-f, M25Hx-10 diblock copolymers in d4-methanol: c, d, e, and f for m = 400, 300, 200, and 100, respectively.
The inset shows the chemical structure of M25Hm-10 and with full peak assignments including in PHPMA isomeric
impurities. Here, all peaks expected for the PHPMA chains are observed. For clarity, spectra are displaced by ∼ 0.1 ppm
relative to f, and X indicates a solvent peak.
[0145] All the signals associated with the PMPC25 macroCTA are observed in each of the spectra recorded in D2O.
In contrast, none of the PHPMA signals are visible in this solvent, regardless of the PHPMA block length, whereas all
the signals expected for the PMPC and PHPMA blocks are visible in the spectra recorded in d4-methanol. Thus these
NMR observations suggest that the PMPC25 chains act as the solvated steric stabilizer, while the PHPMA chains form
the non-solvated nanolatex cores.
[0146] Dramatic changes in block copolymer morphology were observed when the aqueous dispersion polymerisation
of HPMA was conducted in aqueous solution under increasingly concentrated conditions. For example, either spheres,
worms (or more accurately worm-like aggregates) or vesicles were observed for the M25H400-Y series: spheres were
obtained at Y = 10 %, both spheres and rods at 12.5 and 15%, a pure worm phase at 16.2 %, both worms and vesicles
at 17 and 20 %, and purely vesicles for Y≥22.5 % (see Figure 17 and Table 2).
[0147] Figure 17 shows a morphology diagram constructed for M25Hx-Y by systematic variation of the mean target
degree of polymerisation of PHPMA (x) and the total solids concentration (Y) used for each synthesis. a-f, TEM images
for representative morphologies: (a) M25H400-15 (spheres & worms), (b) M25H400-16.2 (worms), (c) M25H400-17 (worms
& vesicles), and (d) M25H400-25 (vesicles), which are latexes with the same composition and structure, M25H400, (e)
M25H275-25 and (d) M25H150-25, which are different latexes prepared at the same solid contents, 25 w/w %.
[0148] For a given block copolymer, the morphology formed in aqueous solution depends on the relative pervaded
volumes and cross-sectional areas of the chains that dictates the spontaneous curvature of the interfaces. Given that
PHPMA is hydrophobic, its volume is not particularly affected by the concentration whereas the pervaded volume of the
PMPC chain is sensitive to its solvation. Previously Ishihara51 has reported that each MPC repeat unit is associated
with up to 24 water molecules. Thus an increase in copolymer concentration reduces the activity of the water and causes
a reduction in the pervaded volume of the PMPC block. In dilute solution the interfacial curvature is concave with respect
to PMPC which leads to micelles, whereas in the bulk the spontaneous curvature of M25H400 is convex, forming PMPC
spheres in a PHPMA matrix. At some intermediate concentration, the interfaces are essentially flat and vesicles form.
Varying the target DP of the PHPMA block at a fixed Y = 25 % leads to similar morphological control. Thus for the M25Hm-
25 series, pure phases of either spheres, worms or vesicles were observed for m = 150, 275, and 400, respectively. All
of our morphological observations are summarised in the form of a detailed phase diagram shown in Figure 17. Using
uranyl formate as a negative stain, five distinct phases (three pure and two mixed) have been identified by TEM. For
HPMA polymerisations conducted at relatively high concentration, a pure vesicle phase was observed when targeting
a high DP (e.g. M25H400-25; average diameter = 140 nm by TEM; Dh = 186 nm (PDI = 0.18) by DLS, see Figure 17 and
Figure 18).
[0149] Figure 18 shows dynamic light scattering particle size distribution obtained for M25H400-Y in water. Typical DLS
data obtained for the three pure block copolymer phases dispersed in water at 25 °C; spheres, worms/rods, and vesicles
observed for M25H400-10, M25H400-16.2 and M25H400-25, respectively.
[0150] These vesicles were also examined after drying from dilute aqueous solution onto a mica substrate using atomic
force microscopy (AFM). The average vesicle diameter of 145 nm agrees well with TEM data. More importantly, the
hollow nature of such vesicles was confirmed, since the height of the central domain was much lower than that at the
edge. However, the average vesicle dimensions determined by TEM and AFM were somewhat lower than the hydro-
dynamic diameters reported by DLS, since the latter technique is sensitive to both hydration and polydispersity.
[0151] Close inspection of the various worm phases observed by TEM for M25H220-25, M25H275-25, M25H350-20 and
M25H400-16.2 indicated mean ’inner core’ (i.e. PHPMA block only) worm widths of 22, 26, 35 and 41 nm, respectively,
with worm lengths exceeding 1 mm in most cases (see Figures 17). Thus the ’inner core’ worm width varies monotonically
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with the DP of the core-forming PHPMA chains, as expected. These TEM observations are also consistent with our AFM
data. The mean worm core widths were estimated from TEM images and plotted against the mean DP of the core-
forming PHPMA block (Figure 19). These data can be fitted to a power law that relates the core diameter, d, to the mean
DP of the hydrophobic PHPMA blocks, N, such that: d = kNα, where k is a constant that depends on the Flory-Huggins
parameter and N scales with an exponent α of unity (within experimental error)52. This indicates that the PHPMA chains
within the worms are fully extended. In contrast, the α value obtained for a series of block copolymer spheres is approx-
imately 0.78, which suggests that the conformation of the PHPMA chains is intermediate between the fully stretched
and fully collapsed states. These exponents are consistent with those reported by Forster et al.53 Furthermore, DLS
studies indicate that these block copolymer worms give rise to more intense light scattering and significantly larger
’sphere-equivalent’ diameters than the block copolymer spheres and vesicles. As-synthesised worm phases such as
M25H400-22.5 and M25H350-25 were sufficiently viscous to cause physical gelation, as judged by the tube inversion
method. Previously, both block copolymer rods and vesicles have been reported by Pan et al.39 and Charleux et al.54

using either alcoholic dispersion or aqueous emulsion polymerisation. We have recently described many examples of
diblock copolymer spheres (nanolatexes) and also a single example of a block copolymer vesicle via aqueous dispersion
polymerisation55. However, these literature examples were simply achieved by varying the diblock copolymer compo-
sition. A highly significant aspect of the present study is the realisation that the total solids concentration offers a second
highly effective means of varying the diblock copolymer morphology, since this insight allows the construction of a
predictive phase diagram for a given diblock copolymer.
[0152] The zwitterionic nature of the PMPC chains effectively shields any underlying surface charge, leading to a
relatively flat zeta potential vs. pH curve for the PMPC-PHPMA diblock copolymer particles, regardless of their morphology
(see Figure 20).
[0153] Figure 20 shows aqueous electrophoresis data obtained for M25H400-Y latexes with various morphologies. Zeta
potential vs. pH curves for dilute (0.1 g/L) aqueous solutions of M25H400-Y particles with the following morphologies: (s)
spheres, M25H400-10; (Δ) worms/rods, M25H400-16.2;(d) vesicles, M25H400-25.
[0154] As discussed above, the PMPC-PHPMA worm phase readily forms soft, free-standing gels in aqueous solution
while in principle the PMPC-PHPMA vesicles can encapsulate various actives such as dyes. Given that such block
copolymers are efficiently prepared directly in water and have already been demonstrated to be both highly
biocompatible56 and also anti-bacterial57, these novel particles are likely to have interesting biomedical applications.
[0155] Formulations that produce pure vesicle and worm phases such as M25H400-25 and M25H275-25 were dissolved
in methanol (which is a good solvent for both blocks), and then dialysed against water. Intriguingly, their original mor-
phologies were lost and purely spherical phases were obtained, as judged by TEM (see Figure S12).
[0156] Figure 21 shows morphological changes after dilution with methanol, followed by dialysis against water. TEM
images were obtained as follows: vesicle (M25H400-25) and worm/rod (M25H275-25) phases were diluted in methanol to
1.0 w/w % solids and were then dialysed against water. (a) M25H400-25, (b) M25H275-25. In both cases the original non-
spherical morphologies were replaced with spheres, because methanol is a good solvent for both the PMPC and PHPMA
blocks. However, merely diluting these vesicles or worms/rods with water did not lead to any morphological changes
due to the non-ergodic (frozen) nature of these aggregates in the absence of methanol.
[0157] Moreover, DLS studies indicate that the spherical DLS diameter obtained for M25H400-25 after this processing
step is 55 nm, which corresponds closely to that observed for the same diblock copolymer prepared at 10 w/w % solids
in water (53 nm). On the other hand, mere dilution of the M25H400-25 vesicles (or M25H275-25 worms) with water did not
lead to any change in block copolymer morphology. These results suggest that our in situ self-assembly synthetic route
produces frozen, non-ergodic structures in aqueous solution.
[0158] For pseudo-living polymerisations such as RAFT, it is well known that the molecular weight of the polymer
chains increases linearly with conversion6,46. Thus, during the aqueous dispersion polymerisation of HPMA via RAFT,
the mean DP of the majority of the PHPMA chains gradually increases. However, as we have seen, this DP is a critical
parameter in determining the block copolymer morphology. If a relatively high final DP is targeted so as to produce a
purely vesicular phase (e.g. M25H400-25; see Figure 17), then in principle all the various block copolymer phases should
be generated in situ during the HPMA polymerisation. Thus, the synthesis of M25H400-25 was revisited in a detailed
kinetic study, see Figure 22a (for the evolution of Mn and Mw/Mn with conversion, see Figure 23).
[0159] Figure 22 shows the in situ morphological changes that occur during aqueous dispersion polymerisation. a-d,
TEM images of the various block copolymer morphologies obtained after specific polymerisation times when targeting
a final block copolymer with a M25H400-25 composition: (a) 50 min, 39 % conversion (spheres), (b) 63 min, 55 %
conversion (worms or toroids and loops; see arrows), (c) 75 min, 80 % conversion (rods and vesicles), and (d) 120 min,
99 % conversion (vesicles), e, Kinetic data for the targeted M25H400-25 composition at 70 °C and the DLS hydrodynamic
particle diameter (Dh) as a function of polymerisation time. The separate phase regions are estimated from a series of
M25Hm-25 syntheses (see phase diagram shown in Figure 3): S = spheres, R = rods, V = vesicles. Polymerisation
conditions: PMPC25 macroCTA (0.250 g, equivalent to 0.847 mmol of MPC repeat units), HPMA (1.954 g, 13.552 mmol;
target DP 400), V-501 initiator (2.3 mg, 0.0082 mmol; CTA/initiator molar ratio = 4.0) and water (6.610 g).
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[0160] Figure 23 shows HPMA polymerisation kinetic data obtained using PMPC25 macroCTA. (a) Evolution of Mn
and Mw/Mn with conversion and (b) GPC curves for the RAFT dispersion polymerisation of HPMA using the PMPC25
macroCTA for a target degree of polymerisation of 400 in water at 70 °C:PMPC25 macro-CTA (0.25 g, 0.0326 mmol);
[PMPC25 macro-CTA]0/[V-501]0 = 4.0; solids content = 25 w/w %.
[0161] Initially, the reaction solution was transparent. However, as the polymerisation proceeded, the aqueous phase
gradually became more turbid (the pink colour derived from the RAFT CTA was retained) and the solution viscosity
increased, passing through a maximum after around 60-65 minutes as the PHPMA chains continued to grow (Figure
S14); the HPMA polymerisation was essentially complete within 2 h.
[0162] Figure 24 shows changes in solution viscosity during aqueous dispersion polymerisation. a-c, Digital photo-
graphs obtained for inclined sample tubes of PMPC-PHPMA block copolymer solutions after quenching at the following
polymerisation times: (a) 50 min, (b) 63 min, and (c) 75 min. These three samples exhibit sphere, worm/rod and vesicle
morphologies after 50, 63, and 75 min, respectively. For polymerisation conditions, see Figure S13. The solution viscosity
observed at 63 min is the highest for these three samples and corresponds to the worm/rod phase.
[0163] TEM studies confirmed that the block copolymer morphology changed from spheres to worms to vesicles during
the polymerisation, as expected. Moreover, if the monomer conversion obtained by NMR at any given time is used to
estimate the mean DP for the PHPMA block, then the block copolymer morphology observed by TEM corresponds to
that expected from the phase diagram shown in Figure 17, thus the co-solvent effect of the HPMA monomer on the
block copolymer morphology is negligible. Finally, for the rod phase observed after 63 min (conversion = 55 %, which
approximately corresponds to M25H220 on the basis of 1H NMR spectroscopy), the mean TEM inner rod core width was
21 nm. Moreover, both toroids and loops are clearly present in this sample, which may represent important intermediates
in the worm/rod-to-vesicle transition.

Example 22 PGMA-PHPMA - latex synthesis and alternative morphologies

[0164] This example provides mechanistic insights into the sphere-to-worm and worm-to-vesicle transitions, occurring
during polymerisation, through monitoring intermediate morphologies formed during the growth of the water-insoluble
PHPMA chains when generating PGMA-PHPMA block copolymers.

i) Materials

[0165] Glycerol monomethacrylate (GMA; 99.8 %) was donated by Cognis Performance Chemicals (Hythe UK) and
used without further purification. 2-Hydroxypropyl methacrylate (HPMA) was donated by Cognis Performance Chemicals
and was also purchased from Aldrich; in each case monomer was passed through a DHR-4 inhibitor removal column
(Scientific Polymer Products, Ontario, USA) prior to use. 2-Cyano-2-propyldithiobenzoate (CPDB), 4,4’-azobis(4-cyan-
opentanoic acid) (ACVA; V-501; 99 %) D2O, CDCl3, anhydrous ethanol (99 %) and dialysis tubing (1 kD molecular weight
cut-off) were purchased from Aldrich and were used as received. In the case of the CPDB, the manufacturer’s stated
purity was 97 % but 1H NMR analysis indicated a purity of only 75 %. This reduced purity was taken in account when
calculating the target degree of polymerisation for the PGMA block. The water-soluble internal standard used in the
NMR experiments, sodium 2,2 dimethyl-2-silapentane-5-sulphonate (DSS) and CD3OD were purchased from Goss
Scientific (Nantwich, U.K.). All solvents were of HPLC quality and purchased from Fisher.

ii) RAFT homopolymerisation of GMA (synthesis of macro-CTA)

[0166] CPDB RAFT agent (1.5 mmol, 0.33 g) and GMA monomer (89.6 mmol, 14.35 g) were weighed into a 50 mL
round-bottomed flask and purged under N2 for 20 min. ACVA (0.30 mmol, 83.7 mg, CTA/ACVA molar ratio = 5:1) and
anhydrous ethanol (40 w/v %), which had been purged with N2 for 30 min, were then added and the resulting red solution
was purged for a further 10 min. The sealed flask was immersed into an oil bath set at 70 °C for 80 min (GMA conversion
∼ 50 %) and quenched in liquid nitrogen. Methanol (50 mL) was added to the reaction solution, followed by precipitation
into a ten-fold excess of cyclohexane (1 L). The precipitated PGMA macro-CTA was washed three times with cyclohexane,
then dialysed against methanol overnight (with three changes of methanol).

iii) Aqueous Dispersion Polymerisation of HPMA (in situ experiments)

[0167] A typical protocol for in situ sampling during the synthesis of PGMA47-PHPMA160 is as follows: PGMA47 macro-
CTA (0.150 g, 0.019 mmol) and HPMA monomer (0.4462 g, 3.1 mmol, Aldrich) were weighed into a 25 mL round-
bottomed flask and purged with N2 for 20 min. ACVA was added (1.8 mg, 0.0063 mmol, CTA/ACVA = 3:1) and purged
with N2 for a further 5 min. De-ionised water (5.4 mL, 10 w/v %), which had been purged with N2 for 30 min., was then
added and the solution was degassed for a further 5 min. prior to immersion in an oil bath set at 70 °C. The reaction
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solution was stirred overnight (∼ 16 h) to ensure complete HPMA monomer conversion.

iv) Aqueous Dispersion Polymerisation of HPMA with added dimethacrylate

[0168] The RAFT synthesis of a PGMA112-PHPMA1000 diblock copolymer via aqueous dispersion polymerisation both
in the presence and absence of additional 2-methyl-1,3-bismethacryloylethane was conducted and the following example
is representative. PGMA112 macro-CTA (0.200 g, 0.011 mmol), HPMA monomer (1.5867 g, 11.0 mmol, Aldrich) and 2-
methyl-1,3-bismethacryloylethane (0.06 wt %, 0.0010 g, 0.0047 mmol) were weighed into a 25 mL round-bottomed flask
and purged with N2 for 20 min. ACVA was added (1.0 mg, 0.0037 mmol, CTA/ACVA molar ratio = 3:1) and purged with
N2 for a further 5 min. Deionised water (16.1 mL, 10 w/v %), which had been purged with N2 for 30 min., was then added
and the solution was degassed for a further 5 min. prior to immersion into an oil bath set at 70 °C. The reaction solution
was stirred overnight (∼ 16 h) to ensure complete HPMA monomer conversion.

v) Kinetics of the aqueous dispersion polymerisation of HPMA for the sphere-to-worm-to-vesicle transitions when targeting 
PGMA47-PHPMA200

[0169] PGMA47 macro-CTA (0.200 g, 0.026 mmol), HPMA monomer (0.7437 g, 5.2 mmol, Aldrich) and sodium 2,2
dimethyl-2-silapentane-5-sulphonate (DSS) (0.0225 g, 0.10 mmol, HPMA/DSS molar ratio = 50:1) were weighed into a
25 mL round-bottomed flask and purged with N2 for 20 min. ACVA was added (1.2 mg, 0.004 mmol, CTA/ACVA molar
ratio = 6:1) and purged with N2 for a further 5 min. De-ionised water (8.5 mL, 10 w/v %), which had been purged with
N2 for 30 min., was then added, a sample was immediately taken for 1H NMR analysis and the solution was degassed
for a further 5 min prior to immersion in an oil bath set at 70°C. The ’zero time’ (t = 0 min) for this polymerisation was
arbitrarily taken to be the point when the degassed reaction solution was first immersed in an oil bath set at 70°C, rather
than the time taken for the reaction solution to attain this temperature. Aliquots were then removed via syringe at various
time intervals for 1H NMR and TEM analysis. 1H NMR samples were quenched by dilution in D2O, rapid cooling to 20°C
and freezing in liquid N2. Monomer conversions were normalised using the DSS as an internal standard and are expressed
relative to the ratio of monomer to DSS observed at ’zero time’. For TEM analysis, aliquots were diluted fifty-fold with
water at 20°C to generate 0.20 wt % dispersions.

vi) Characterisation methods

[0170] 1H NMR. All NMR spectra were recorded on a 400 MHz Bruker Avance-400 spectrometer.
[0171] Gel Permeation Chromatography (GPC). Copolymer molecular weights and polydispersities were determined
using a DMF GPC set-up operating at 60°C and comprising two Polymer Laboratories PL gel 5-mm Mixed-C columns
connected in series to a Varian 390-LC multi-detector suite (refractive index detector) and a Varian 290-LC pump injection
module. The GPC eluent was HPLC grade DMF containing 10 mM LiBr at a flow rate of 1.0 mL min-1. DMSO was used
as a flow-rate marker. Calibration was conducted using a series of ten near-monodisperse poly(methyl methacrylate)
standards (Mn = 625 - 618,000 g mol-1). The chromatograms were analysed using Varian Cirrus GPC software (version
3.3).
[0172] Dynamic Light Scattering. Intensity-average hydrodynamic diameters of the dispersions were obtained by DLS
using a Malvern Zetasizer NanoZS instrument. Aqueous dispersions of 0.20 w/v % were analysed using disposable
cuvettes and all data were averaged over three consecutive runs.
[0173] Transmission Electron Microscopy (TEM). Aggregate solutions were diluted fifty-fold at 20°C to generate 0.20
w/v % dispersions. Copper/palladium TEM grids (Agar Scientific) were surface-coated in-house to yield a thin film of
amorphous carbon. The grids were then plasma glow-discharged for 30 seconds to create a hydrophilic surface. Individual
samples (0.20 w/v %, 12 mL) were adsorbed onto the freshly glow-discharged grids for one minute and then blotted with
filter paper to remove excess solution. To stain the aggregates, uranyl formate (0.75 w/v %) solution was added to the
sample-loaded grid as a 9 mL droplet for 20 seconds and then carefully blotted to remove excess stain. The grids were
then dried using a vacuum hose. Imaging was performed on a Phillips CM100 instrument at 100 kV, equipped with a
Gatan 1 k CCD camera.

vii) Discussion

[0174] Poly(glycerol monomethacrylate) (PGMA) was chosen as the hydrophilic block due to both its excellent water
solubility at elevated temperatures and biocompatibility. The RAFT polymerisation of GMA was conducted in ethanol at
70°C using CPDB as the chain transfer agent (CTA), to generate a PGMA macro-CTA. In order to retain dithiobenzoate
end-group fidelity, the GMA polymerisation was terminated at 50 % conversion by quenching in liquid nitrogen. This
approach led to the generation of a near-monodisperse PGMA47 macro-CTA (Mw/Mn = 1.13) after purification (Figure 25).
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[0175] Figure 25 shows (a) Chemical structure of the poly(glycerol monomethacrylate)-poly(2-hydroxypropyl meth-
acrylate) (PGMAm-PHPMAn) diblock copolymers synthesised by RAFT under aqueous dispersion polymerisation con-
ditions at 70°C using CPDB as the CTA. (b) DMF gel permeation chromatograms obtained for a series of six PGMA47-PHP-
MAx diblock copolymers (and the corresponding PGMA47 macro-CTA) synthesied via RAFT aqueous dispersion polym-
erisation at 70°C and 10 w/v % solids.
[0176] This PGMA47 macro-CTA was then utilised for the in situ aqueous dispersion polymerisation of HPMA at 10
w/v % to produce a series of G47-Hx diblock copolymers (where G denotes GMA, H denotes HPMA and x = 90, 115,
130, 140, 150 and 160). In order to achieve HPMA conversions of more than 99 % (as judged by 1H NMR), polymerisations
were conducted for around 16 h at 70°C (although after 2 h over 99 % HPMA conversion is measured).
[0177] The G47-Hx diblock copolymers were analysed using gel permeation chromatography (GPC) (Figure 25b).
Near-monodisperse diblock copolymers were obtained (Mw/Mn < 1.18) with very high blocking efficiencies (no PGMA
macro-CTA contaminant is observed in the diblock copolymer GPC traces). GPC molecular weights increase monoton-
ically as longer PHPMA blocks are targeted, as expected. We emphasise that these results are a significant improvement
on our initial report, in which much higher polydispersities were observed (Mw/Mn = 1.55, 2.21 and 3.63 for G65-Hx,
where x = 100, 200 & 300) as well as macro-CTA contamination55. Our improved blocking efficiency is likely to be due
to restricting the GMA conversion during the synthesis of the PGMA macro-CTA, which ensures greater chain-end
functionality. However, HPMA monomer is known to contain a dimethacrylate impurity, 2-methyl-1,3-bismethacryloyl
ethane42. This contaminant inevitably leads to some branching of the PHPMA chains55, resulting in much higher poly-
dispersities and high molecular weight shoulders in the GPC traces. In the present work, uv HPLC analysis indicated a
dimethacrylate impurity of 0.11 mol % in HPMA sourced from Aldrich. This is significantly lower than the HPMA batch
sourced from Cognis reported by Li and Armes55, which had a dimethacrylate content of 0.26 mol %. To examine the
effect of these differing levels of dimethacrylate impurity in our aqueous dispersion polymerisation formulation, G112-H1000
was synthesised using both the Aldrich and Cognis batches of HPMA. Here a relatively high degree of polymerisation
for the core-forming block was deliberately targeted in order to exacerbate the branching problem. GPC analysis indicates
that the final polydispersity of G112-H1000 synthesised using Aldrich HPMA is 1.48, whereas that obtained with Cognis
HPMA is 2.75 (with the latter sample having a prominent high molecular weight shoulder in its GPC trace). Moreover,
’spiking’ the Aldrich HPMA batch with 0.06 wt. % 2-methyl-1,3-bismethacryloyl ethane (prepared by reacting HPMA with
methacrylic anhydride) resulted in a final copolymer polydispersity of 3.10, which is close to that observed for G47-H1000
prepared using the Cognis HPMA batch. Thus these control experiments confirm the importance of dimethacrylate
content in determining copolymer polydispersity in this study. It is emphasised that, provided the target degree of po-
lymerisation for the PHPMA block is less than 310, then the final copolymer polydispersities are always less than 1.20
when using Aldrich-sourced HPMA. Thus this batch was used for the rest of this study.
[0178] The resulting PGMA47-PHPMAx particles were subsequently analysed by TEM and DLS to assess their mor-
phology (see Figure 26).
[0179] Figure 26 shows representative TEM images of the series of six PGMA47-PHPMAx diblock copolymers, where
x corresponds to (a) 90, (b) 115, (c) 130, (d, e) 140, (f, g) 150 and (h) 160. Systematically increasing the PHPMA block
length leads to structural evolution from spherical micelles to worm-like micelles to vesicles, as expected due to the
progressive reduction in molecular curvature.
[0180] G47-H90 generated exclusively spherical micelles (intensity-average diameter, d = 20 nm by DLS; see Figure
26a). Increasing the targeted PHPMA block length leads to a mixture of (mainly) short, linear worm-like micelles and
some remaining spherical micelles for G47H115 (see Figure 26b). Targeting a block composition of G47-H130 leads to
longer worm-like micelles, with some worms now containing y-junctions or ’branch points’ (as indicated by arrows; see
Figure 26c). A modest increase of just ten HPMA units results in the generation of highly branched, worm-like micelle
networks for G47-H140 (Figures 26d, 26e). G47-H150 forms an intriguing intermediate phase comprising highly branched
worm-like micelles that have partially coalesced to form nascent bilayers (Figures 26f and 26g). This observation provides
a useful insight regarding the mechanism of vesicle formation (see later). Finally, a pure vesicle phase is observed when
targeting G47-H160. This is unsurprising, as the reduction in molecular curvature obtained when targeting longer PHPMA
chains now favours bilayer formation, with vesicles being the three-dimensional manifestation of curved bilayers. In a
further experiment, vesicles were also formed by G47-H310, which suggests that this synthesis route allows the facile
preparation of vesicles with tuneable membrane thicknesses.
[0181] Interestingly, the physical properties of the aqueous dispersions formed by each G47-Hx copolymer at 10 w/v
% solids differ significantly, depending on the particle morphology.
[0182] Figure 27 shows a digital photograph illustrating the physical appearance (fluid or gel) of 10 w/v % aqueous
dispersions of a series of PGMA47-PHPMAx (x = 90 to 310) diblock copolymers. No gelation was observed at the
polymerisation temperature of 70°C, but on cooling to 20°C the worm-like micelles form soft, free-standing gels (note
inverted tubes), whereas the dispersions comprising spheres (G47H90) and vesicles (G47H160 and G47H310) remain free-
flowing. The pink colouration is due to the RAFT chain transfer agent at the end of the copolymer chains.
[0183] As expected, the solution becomes progressively more turbid for the higher-order aggregates, due to additional
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light scattering (see Figure 27). However, in the case of the worm-like micelles, the stirred reaction solutions remain
fluid at 70°C but form soft, free-standing gels at 10 w/v % after cooling to 20°C and leaving to stand for at least 16 h
(see Figure 27). This suggests that gelation is due to inter-worm entanglements. Preliminary rheological studies (data
not shown) indicate that these gels are shear-thinning, suggesting that magnetic stirring during polymerisation provides
sufficient shear to inhibit gelation. Moreover, increased branching of the worm-like micelles produces stronger gels,
presumably due to additional entanglements. The relatively short, linear worms formed by G47-H115 produce only a
relatively weak gel, which slowly flows upon tube inversion (see Figure 27).
[0184] To assess the in situ structural evolution that occurs when the G47-H200 copolymer forms vesicles at 10 w/v %
and 70°C, the polymerising solution was sampled periodically, quenched by a fifty-fold dilution with water at 20°C and
subsequently analysed by TEM. In this experiment, the macro-CTA/initiator molar ratio was increased from three to six.
This has the effect of reducing the rate of polymerisation, which facilitates sampling of the reaction solution.
[0185] Figure 28 shows transmission electron micrographs (TEM) of the various nanostructures (spheres, short worms,
long worms, branched worms, jellyfish and vesicles) generated in situ at various time intervals when targeting a diblock
copolymer composition of PGMA47-PHPMA200 by RAFT aqueous dispersion polymerisation at 70°C and 10 w/v % solids.
HPMA monomer conversions and the corresponding mean degrees of polymerisation for the PHPMA chains are stated
for each image. Each scale bar represents 200 nm.
[0186] Initially, no turbidity was visible by eye for the HPMA polymerisation. However, at around 60 min a blue colour-
ation is observed in the reaction medium, which is indicative of the onset of aggregation. At 65 min (or 46 % conversion,
corresponding to G47-H92) spherical micelles are observed by both DLS (20 nm diameter) and TEM analysis (See Figure
28a). A mixture of spherical micelles and very short worm-like micelles are formed after 70 min (55% conversion;
G47-H110). Upon closer inspection of Figure 28b, these short worms seem to be formed by the fusion of spherical micelles
into dimers and trimers. Both spherical micelles and linear worm-like micelles are still present after 75 min (62 %
conversion; G47-H123), but the former are reduced in number while the latter become more anisotropic (see Figure 28c).
After 78 min (68 % conversion; G47-H131) worm-like micelles constitute the primary morphology, with minimal evidence
for spherical micelles. However, at this point the worms begin to form branch points (primarily y-junctions; see arrows
in Figure 28d). A further morphological development occurs after 80 min (72% conversion; G47-H144). The number of
worm branch points now increases significantly, with worm clustering observed (see Figure 28e). Figure 28f shows how
these highly-branched micellar ’mesh’ structures begin to develop bilayer-type characteristics, whereby the micelle ’arms’
protrude from the nascent bilayers after 84 min (75% conversion; G47-H150). Perhaps the most striking nano-structures
are observed after 87 min (78% conversion; G47-H156) (see Figure 28g). Most of the aggregates observed here are
intermediate structures between highly-branched worm-like micellar networks and the final vesicular morphology. There
are many examples of ’jellyfish’ structures with various degrees of complexity, octopi-type bilayer aggregates and vesicles.
In essence, the jellyfish are hemispherical vesicles with worm-like micelles protruding from the periphery and this phase
appears to be the last stage before vesicle formation. Further HPMA conversion after 90 min (82% conversion; G47-H164)
leads to mainly vesicles. However, there is some evidence for the jellyfish-type structures in the form of vesicles with
inter-connecting worm-like micelle arms (see Figure 28h). At 92.5 min (85% conversion; G47-H170) almost pure vesicles
are obtained, with no jellyfish structures observed (see Figure 4i). There is now only minimal evidence for any final pre-
vesicle intermediate structures, with those observed having nominal complexity (see inset Figure 28i). After 225 min (∼
100% conversion; G47-H200) full conversion of the HPMA monomer is attained, leading to a pure vesicular phase (see
Figure 28j).
[0187] One very important observation is that, for the kinetic study of structural evolution during the synthesis of
G47-H200, the in situ morphologies obtained at a given time (and hence mean DP for the growing PHPMA block) corre-
spond closely to the final post mortem morphologies observed at full conversion when targeting the equivalent DP. For
example, spherical micelles are obtained when targeting G47-H90 (see Figure 26a), which is the same morphology as
that observed after 65 min (or 46 % conversion, which corresponds to an in situ block composition of G47-H92) during
the synthesis of G47-H200. Similarly, worm-like micelles are observed for G47-Hx diblocks at full conversion, where x =
115, 130 and 140 (see Figures 26b-26e). Hence, for the in situ synthesis of G47-H200, worm-like micelles should be
expected at reaction times of 75 to 78 min (62% conversion, DP = 123 and 68% conversion, DP = 131, respectively)
and this anisotropic morphology is indeed observed. Furthermore, the highly branched, partially coalesced worms ob-
served for G47-H150 at full conversion are also obtained after 80 to 87 min (72-78 % conversion, G47-H144-156). Finally,
only vesicles are obtained for G47-H160 at full conversion (see Figure 2f) and this is also the only phase observed for
reaction times exceeding 90 min (82 % conversion, G47-H164) when targeting G47-H200.
[0188] This structural evolution of spheres to worms to vesicles (via various intermediate structures) is due to the
progressive reduction in molecular curvature during the synthesis of G47-H200

58,59. Initially, the relatively high copolymer
curvature leads to the formation of spherical micelles. As the PHPMA chains increase in length, it appears that the
spheres undergo micellar fusion resulting in the formation of micellar dimers and trimers (see Figure 28b). Further
decreasing the copolymer curvature with higher HPMA conversion leads to the evolution of worm-like micelles (see
Figure 28c). However, various studies of the aqueous self-assembly of amphiphilic block copolymers indicate that micellar
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fusion does not occur, even when curvature favours mixing60,61. Moreover, in these cases the aggregates are non-
ergodic, with little or no exchange of individual copolymer chains occurring between these kinetically frozen structures.
Nevertheless, there are also literature examples detailing the fusion of spherical micelles into higher order structures
(such as worms), as highlighted by Denkova et al.62. It has also been demonstrated that unimer exchange can occur
between copolymer aggregates (with mediating interactions), which can aid micellar fusion63. These apparently contra-
dictory findings reflect significant differences in the chemical structure (and hence hydrophobic character) of the core-
forming block.
[0189] The non-ergodic aggregates mentioned above were based on highly hydrophobic polybutadiene-based block
copolymers60,61. In this case the core-forming block has negligible hydration and this, when coupled with coronal repul-
sion, prevents micellar fusion. However, micellar fusion has been observed for significantly more hydrated core-forming
blocks (such as Pluronics™)63 or when conducting a ’solvent-switch’64. Micellar fusion appears to be aided by the
presence of a co-solvent, whether ethanol in the case of the Pluronic™ copolymer63, or 1,4-dioxane for a polystyrene-
poly(acrylic acid) (PS-PAA) diblock copolymer64. These observations suggest that micellar fusion can be achieved by
partial solvation of the core-forming chains. Furthermore, it has been reported that fusion can be facilitated by unimer
exchange.45 In the present invention, the PHPMA chains are relatively solvated by the HPMA monomer at intermediate
conversions and hence are presumably highly mobile. Moreover, the hydroxyl groups on this core-forming block ensure
at least some degree of hydration by the water, particularly at shorter block lengths45. Hence the sphere-to-worm transition
is favored during PGMA-PHPMA copolymer synthesis, possibly through both sphere fusion and unimer exchange.
[0190] However, as the HPMA monomer is progressively used up, the PHPMA chains become less mobile (but never
immobile, since the reaction temperature is always higher than the Tg of the core-forming PHPMA block). Hence, if this
polymerisation is sampled at intermediate conversions, dilution of each extracted aliquot causes any unreacted water-
miscible HPMA monomer to immediately diffuse into the aqueous continuous phase, thus quenching the polymerisation.
Since rapid cooling to 20°C also occurs during sampling, the intermediate particle morphology is rendered non-ergodic
(i.e. frozen) and is hence preserved.
[0191] Further HPMA conversion leads to longer worms and the formation of branch points (y-junctions). According
to the literature, such branching is due to a reduction in molecular curvature and apparently is favoured at higher
copolymer molecular weights60,65,66. Partial coalescence of these branch points then occurs at higher monomer con-
versions (see Figures 28e & 28f and Figure 29).
[0192] Figure 29 shows a suggested mechanism (supported by TEM images) for the worm-to-vesicle transformation
observed during the synthesis of the PGMA47-PHPMA200 diblock copolymer prepared via RAFT aqueous dispersion
polymerisation at 70°C and 10 w/v % solids. Each scale bar represents 100 nm.
[0193] This structural rearrangement leads to the formation of ’pseudo bilayers’ with many radial worms, generating
octopus-like structures (see Figure 28f and 29). Similar octopus-like morphologies have been previously reported for a
binary mixture of two poly(ethylene oxide)-polybutadiene diblock copolymers60. Individually, these copolymers generate
either worms or vesicles, whereas a binary mixture can produce octopus-like structures at certain compositions. The
present work suggests that this high order structure is an intrinsic intermediate morphology between worms and bilayers
formed by polymerisation-induced self-assembly of a single copolymer, as well as for a binary mixture of two diblock
copolymers.
[0194] At intermediate HPMA conversions, the growing PHPMA chains within the micellar aggregates are solvated
by excess monomer and hence are presumably highly mobile. As chain growth leads to a reduction in molecular curvature,
the particle morphology progressively evolves from spheres to higher order nano-structures (worms or vesicles). As the
HPMA monomer is progressively used up, the PHPMA chains become less mobile. Hence, if this polymerisation is
sampled at intermediate conversions, dilution of each extracted aliquot causes any unreacted water-miscible HPMA
monomer to immediately diffuse into the aqueous continuous phase, thus quenching the polymerisation. Since rapid
cooling to 20°C also occurs during dilution, the intermediate particle morphology is rendered non-ergodic (i.e. frozen).
[0195] The octopi structures then undergo partial wrap-up and form ’jellyfish’ (see Figure 29) with surface pores and
defects that are believed to be due to incomplete worm/bilayer fusion (highlighted by arrows in Figure 28g & 28h). As
the PHPMA molecular weight increases further, the jellyfish ’tentacles’ undergo fusion and, coupled with the closure of
the surface pores, vesicular morphologies are generated. Figure 27h illustrates these final stages, with some vesicles
interlinked with remaining worm-arms. However, high conversions (> 85 %) after 100 min results in the generation of
defect-free vesicles (see Figure 28j).
[0196] These observations are consistent with previous studies of the worm-to-vesicle transition when rapidly diluting
PS-PAA copolymers in dioxane/water mixtures with further water67. A two-step transition was observed, in which the
rods/worms first flatten to form lamellae, followed by closing of the lamellae to produce vesicles. Again, these observations
are generally consistent with the results presented herein. However, the additional intermediate morphologies observed
in the present work, which are only observed over a very narrow range of block compositions, provide an enhanced
understanding of the mechanism of vesicle formation. Moreover, our observations suggest that, in principle, these
vesicles might be efficiently loaded with various water-soluble actives during their synthesis in concentrated aqueous
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solution.
[0197] Our aqueous dispersion polymerisation formulation offers a number of advantages for polymerisation-induced
self-assembly compared to the aqueous emulsion4b,56,68-70 or alcoholic dispersion71-75 polymerisation formulations
reported in the literature. In the former case, the higher order worm or vesicle phases are typically contaminated with
spheres and, although monomer conversions are relatively high, they often do not exceed 97 %. Moreover, relatively
polydisperse copolymers are often obtained, especially when targeting higher order structures (typical Mw/Mn values
range from 1.50 to more than 2.0). In the latter case, the RAFT dispersion polymerisation of styrene in methanol using
various macro-CTAs has been reported by Pan and co-workers71-75. In this system low polydispersities (Mw/Mn < 1.25)
are routinely achieved and relatively pure phases can be obtained (i.e. solely spheres, worms or vesicles). The gradual
evolution of spheres to worms to vesicles was also observed, but none of the complex intermediate morphologies
observed herein were reported73,75. However, one major disadvantage with this alcoholic formulation are the very low
styrene conversions typically obtained, especially given that the initial styrene concentrations are as high as 50 w/w %.
For example, final monomer conversions are invariably below 10 % when using either a poly(ethylene oxide)74 or a
poly(2-(dimethylamino)ethyl methacrylate)75 macro-CTA. Thus extremely high molecular weights (e.g. DP = 25,000)
have to be targeted to obtain sufficiently long core-forming polystyrene chains to drive self-assembly. Clearly, such poor
conversions are likely to preclude industrial scale-up of such formulations.
[0198] The monomer conversion vs. time plot obtained for the aqueous dispersion polymerisation of HPMA at 70°C
when targeting PGMA47-PHPMA200 at 10 w/v % provides further mechanistic insight (see Figure 30).
[0199] Figure 30 shows HPMA polymerisation kinetics obtained for the targeted PGMA47-PHPMA200 diblock copolymer
prepared via RAFT aqueous dispersion polymerisation at 70°C and 10 w/v %. The inset shows a semi-logarithmic plot
for a sub-set of these data, which confirms the rate enhancement observed upon micellar aggregation (as judged by
visual inspection).
[0200] Three distinct regimes are observed. The first regime (green line, see inset) suggests mild retardation, which
is commonly observed (but not fully understood) for RAFT polymerisation76,77. From 20 to 60 min (red line) there is an
increase in the slope of the semi-logarithmic plot, but just after 60 min the rate of polymerisation increases significantly
(blue line). The onset of this third regime corresponds to the appearance of a blue tinge in the reaction solution, which
is indicative of micellar aggregation. This interpretation is consistent with our DLS and TEM studies of the in situ polym-
erisation. Moreover, it is also consistent with earlier work by Madsen et al.45, who recently reported the self-assembly
behaviour of PMPC25-PHPMAx diblock copolymers [PMPC = poly(2-(methacryloyloxy)ethyl phosphorylcholine)] to form
PHPMA-core micelles in dilute aqueous solution. For x = 39 to 90, only weak aggregation was observed since these
relatively short PHPMA chains remain hydrated. However, when x > 90 these copolymers form partially dehydrated
spherical micelles. It is emphasised that the observed micellar nucleation occurs at a diblock composition of approximately
PGMA47-PHPMA90 in the present study (see right-hand axis in Figure 30). In this context, we also note that the molecular
weight of the MPC repeat unit is approximately twice that of GMA, so PMPC25 ≈ PGMA47. We suggest that the remaining
HPMA monomer quickly enters these nascent micelles and solvates the growing PHPMA chains, thus leading to a
relatively high local concentration of monomer and hence an enhanced rate of polymerisation.

Example 23 - PMPCn-(PHPMA-EGDMAx) Latex Synthesis and Lumpy Rod morphologies

i) Materials

[0201] All chemicals were purchased from Aldrich at the highest available purity and were used as received unless
otherwise noted. 2-(Methacryloyloxy)ethyl phosphorylcholine (MPC; > 99%) was kindly donated by Biocompatibles Ltd.
(Farnham, UK). 2-Hydroxypropyl methacrylate (HPMA) was also purchased from Aldrich. This monomer comprises an
isomeric mixture of 75 mol % HPMA and 25 mol % 2-hydroxyisopropyl methacrylate.48 4,4’-Azobis(4-cyanopentanoic
acid) (V-501) was purchased from Aldrich and purified by recrystallisation from methanol. 4-Cyanopentanoic acid
dithiobenzoate (CADB) was synthesised according to a literature protocol.49

ii) PMPC macroCTA Synthesis and Characterisation

[0202] For the synthesis of the PMPC50 macroCTA, MPC (14.764 g, 50.0 mmol, 15.0 w/w %), 4-cyanopentanoic acid
dithiobenzoate (CTP; 0.280 g, 1.00 mmol), 4,4’azobis(4-cyanopentanoic acid) (V-501, 0.056 g, 0.20 mmol), deionised
water (76.045 g), and 5.0 w/w % aqueous NaHCO3 solution (6.720 g) were added to a Schlenk flask, which was equipped
with a magnetic stir bar. The reaction mixture was then stirred until all the CTP had dissolved in an ice bath. The solution
was purged with nitrogen for approximately 30 min and then placed in a pre-heated oil bath at 70°C. The polymerisation
was terminated after 3 h for PMPC50 and 5 h for PMPC150, via rapid cooling in an ice bath and exposure to air. The
crude PMPC homopolymer (or PMPC macroCTA) was then purified by dialysis against deionised water using semi-
permeable cellulose tubing (SPECTRA/POR, corresponding to a molecular weight cut-off of 1,000) with at least six
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changes of deionised water, followed by lyophilisation. For the synthesis of the PMPC150 macroCTA, essentially the
same protocol was adopted, but the synthesis was conducted on a smaller scale. Thus MPC (4.429 g, 15 mmol, 15.0
w/w %), CTP (0.028 g, 0.10 mmol), V-501 (0.0056 g, 0.020 mmol), deionised water (24.342 g), and 5.0 w/w % aqueous
NaHCO3 solution (0.672 g) were used in this second formulation. Gel permeation chromatography (GPC) analysis of
these two PMPC macro-CTAs was performed using a mixed 3:1 chloroform/methanol eluent, a refractive index detector
and a series of near-monodisperse poly(methyl methacrylate) calibration standards (see below for further instrument
details). This set-up indicated the following data: Mn = 10,200 and Mw/Mn = 1.14 for PMPC50and Mn = 24,500 and Mw/Mn
= 1.13 for PMPC150. The same GPC protocol was also used to assess the molecular weights of the various linear PMPC-
PHPMA nanolatexes. The actual mean degrees of polymerisation (DP) of the PMPC50 and PMPC150 macro-CTAs were
determined by 1H NMR spectroscopy using the aromatic end-groups of the CTP CTA as a convenient label, which
indicates that the CTA efficiency is at least 95 %.

iii) PMPC-PHPMA Nanolatex Syntheses

[0203] The PMPC50 macroCTA (0.50 g, equivalent to 1.69 mmol MPC repeat units) was mixed with V-501 (1.8 mg,
0.0068 mmol; macroCTA/initiator molar ratio = 5.0), varying amounts of HPMA (0.4873-1.9492 g, 3.380-13.520 mmol;
target DP 100-400), and deionised water (8.884-22.041 g) at 10 w/w % solids concentration in a round-bottomed flask,
which was equipped with a magnetic stir bar. These solutions were stirred in an ice-bath until all reagents had dissolved.
After sparging with nitrogen for approximately 30 min, each polymerisation was allowed to proceed at 70 °C and then
quenched after 24 h via rapid cooling in an ice bath and exposure to air.

iv) PMPC-(PHPMA-stat-EGDMA) ’Lumpy Rod’ Syntheses

[0204] The PMPC50 macroCTA (0.50 g, equivalent to 1.69 mmol MPC repeat units) was mixed with V-501 (1.8 mg,
0.0082 mmol; macroCTA/initiator molar ratio = 5.0), HPMA (1.9492 g, 13.520 mmol; target DP 400), varying amounts
of EGDMA (4.5 mg-17.9 mg, 0.023-0.090 mmol; 2-8 units per PHPMA chain) and deionised water (22.082-22.202 g)
for 10 w/w % solids concentration in a round-bottomed flask, which was equipped with a magnetic stir bar. These solutions
were stirred in an ice-bath until all reagents had dissolved. After sparging with nitrogen for approximately 30 min, each
polymerisation was allowed to proceed at 70 °C and then quenched after 30 h via rapid cooling in an ice bath and
exposure to air.

v) Polymer Characterisation

[0205] Molecular weight distributions were assessed by gel permeation chromatography (GPC) using a Hewlett-Pack-
ard HP1090 Liquid Chromatograph pumping unit and two Polymer Laboratories PL Gel 5 mm Mixed-C (7.5 x 300 mm)
columns in series with a guard column at 40 °C connected to a Gilson Model 131 refractive index detector. The eluent
was a 3:1 v/v% chloroform/methanol mixture containing 2 mM LiBr at a flow rate of 1.0 mL min-1. The number-average
molecular weight (Mn) and Mw/Mn were calculated from GPC curves using near-monodisperse poly(methyl methacrylate)
calibration standards. 1H NMR spectra were recorded in either D2O or d4-methanol mixture using a Bruker AV1-400
MHz spectrometer. DLS studies were performed using a Zetasizer Nano-ZS instrument (Malvern Instruments, UK) at
25 °C at a scattering angle of 173°. Copolymer solutions/dispersions were prepared at the desired concentration and
ultrafiltered prior to dynamic light scattering studies. The intensity-average hydrodynamic diameter and polydispersity
of the micelles were calculated by cumulants analysis of the experimental correlation function using Dispersion Tech-
nology Software version 5.03. Electrophoresis measurements were also conducted using the same Zetasizer Nano-ZS
instrument. Zeta potentials were calculated from mobilities using the Henry equation and determined as a function of
solution pH at 25 °C. Atomic force microscopy (AFM) measurements were performed using tapping mode at ambient
conditions with a Nanoscope IIIa (Veeco Instrument) scanning probe microscope. Samples for AFM imaging were
prepared by placing a 20 mL drop of the aqueous dispersion (typically 0.10 wt. % solids) on freshly cleaved mica and
allowing it to dry in air at 20 °C. Transmission electron microscopy (TEM) studies were conducted using a Philips CM
100 instrument operating at 100 kV equipped with a Gatan 1 k CCD camera. Carbon-coated copper grids were used
for TEM measurement and then glow-discharged for 20-30 sec to create a hydrophilic surface. Grids were immersed in
aqueous copolymer dispersions for 1 min and then negatively stained by immersion in a 0.75 w/v % uranyl formate
solution for 20 s. Each grid was then blotted with filter paper and dried using a vacuum hose.

vi) Discussion

[0206] The above methodology demonstrates the synthesis of a new nano-scale morphology based on a cross-linked
diblock copolymer, comprising a poly(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC) stabilising block and a highly
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cross-linked poly(2-hydroxypropyl methacrylate) (PHPMA) core-forming block using reversible addition-fragmentation
chain transfer (RAFT) polymerisation. The highly hydrophilic PMPC block is prepared first and the second PHPMA block
is grown in situ under aqueous dispersion polymerisation conditions at 70°C, as described in a recent communication.55

The relatively high solubility of HPMA monomer in water (around 13 % at 25°C) is critical for the success of such
formulations. Conventional spherical micelles are obtained for linear polymerisations, since the growing PHPMA chains
become increasingly hydrophobic and hence drive in situ self-assembly. However, the addition of ethylene glycol dimeth-
acrylate (EGDMA) cross-linker leads to a new non-spherical morphology which we have termed ’lumpy rods’ (see Figure
31).
[0207] Figure 31 shows the synthesis of PMPCn-(PHPMAm-stat-EGDMAx) nanoparticles with spherical, worm-like
and ’lumpy rod’ morphologies by RAFT aqueous dispersion polymerisation at 70°C. In each case the extent of cross-
linking dictates the final particle morphology that is obtained.
[0208] This concept has also been utilised recently to prepare poly(glycerol monomethacrylate)-PHPMA block copol-
ymer nanolatexes.55 We recently reported that PMPC-PHPMA block copolymers are highly biocompatible56 and also
exhibit intrinsic anti-bacterial properties,57 hence these novel ’lumpy rod’ particles may have biomedical applications.
[0209] First, near-monodisperse PMPC homopolymer was prepared using 4-cyanopentanoic acid dithiobenzoate
(CTP) as a RAFT chain transfer agent (CTA) in water at approximately pH 8 using a V-501 azo-based initiator.78 The
RAFT polymerisation of MPC proceeded smoothly and was almost complete after 3 to 5 h for target degrees of polym-
erisation (DP) ranging from 50 to 150. Actual DP values were estimated by 1H NMR spectroscopy using the aromatic
RAFT chain-ends as a convenient label and were typically close to those targeted. Furthermore, the final copolymer
polydispersities (Mw/Mn) were relatively narrow as judged by gel permeation chromatography (GPC; see Table 3).

[0210] Using these PMPC homopolymers as so-called ’macroCTAs’, the second-stage RAFT copolymerisation of
HPMA and EGDMA was conducted under aqueous dispersion polymerisation conditions, with the combined mass of
HPMA, EGDMA and PMPC macroCTA being initially fixed at 10 w/w %. For a targeted PMPC50-PHPMA400 linear diblock
copolymer prepared in the absence of any EGDMA, the reaction solution was initially homogeneous, but as the polym-
erisation progressed the reaction mixture became opaque with no visible signs of precipitation. The hydrodynamic
diameter (Dh) and polydispersity index (m2/Γ2, or PDI) determined by dynamic light scattering (DLS) were monitored as
the HPMA polymerisation progressed; the Dh increased progressively up to 145 nm and the PDI was reduced to 0.015,
respectively. The final colloidally stable dispersion comprised spherical PHPMA-core micelles (Figure 32d), whose mean
TEM diameter of approximately 132 nm corresponded fairly well with that observed by DLS (allowing for polydispersity
effects and the shell of hydrated PMPC chains). For a fixed PMPC block length, the particle dimensions are dictated by
the target DP of the core-forming PHPMA block, as expected (see Figure 32 and Table 3).
[0211] Figure 32 shows TEM images obtained from linear PMPC50-PHPMAm diblock copolymers prepared by RAFT
aqueous dispersion polymerisation at 70°C. Images (a) to (d) have target DP (m) values of 100, 200, 300, and 400.
[0212] 1H NMR spectra were recorded for the PMPC50 macroCTA dissolved in D2O, a RAFT-synthesised PHPMA50
homopolymer control in d4-methanol and PMPC50-PHPMAm (m = 50 to 400) particles redispersed in both D2O and
d4-methanol. All the signals associated with the PMPC50 macroCTA are observed in each of the spectra recorded in
D2O. In contrast, none of the PHPMA signals are visible in D2O, regardless of the PHPMA block length. Nano-sized

Table 3
Molecular Characteristics of Linear PMPC-PHPMA Diblock Copolymers Prepared by Aqueous RAFT Dispersion 

Polymerisation at 70 °C

Copolymer ID
Actual DP of 

PMPCa
Actual DP of 

PHPMAb Mn (kg/mol)c PDIc

PMPC50 53 N/A 1.02 1.14
PMPC150 155 N/A 2.45 1.13

PMPC50-PHPMA50 53 50 1.99 1.20
PMPC50-PHPMA100 53 108 2.90 1.25

PMPC50-PHPMA200 53 203 4.90 1.23
PMPC50-PHPMA300 53 296 10.90 1.48
PMPC50-PHPMA400 53 404 20.00 1.78
PMPC150-PHPMA200 155 204 6.20 1.35

aEstimated by 1H NMR spectroscopy in D2O using the DP of the PMPC macro-CTA.
bDetermined by 1H NMR (CD3OD) based on the corresponding PMPC macro-CTA (conversion > 99%).
cDetermined by GPC (PMMA standards, 3:1 CHCl3: methanol eluent with 2 mM LiCl at 1.0 ml min-1)
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particles were detected by DLS for PMPC50-PHPMA100 (and all longer PHPMA blocks) but not for PMPC50-PHPMA50,
hence a target DP of around 50 for the core-forming block probably corresponds to the threshold value required to drive
self-assembly. However, all the proton signals expected for both the PMPC and PHPMA blocks were visible in 1H NMR
spectra recorded in d4-methanol, since this is a good solvent for both blocks. These 1H NMR observations suggest that
the PMPC50 chains act as the solvated steric stabiliser, while the PHPMA (DP > 50) chains form the non-solvated micelle
cores.
[0213] These block copolymer syntheses were then extended to produce nanoparticles that exhibit a unique non-
spherical ’lumpy rod’ morphology by conducting the second-stage HPMA polymerisation in the presence of varying
levels of EGDMA cross-linker under otherwise identical conditions. At relatively low levels of EGDMA (e.g. 0.50 mol %
based on HPMA, or a target block composition of PMPC50-(PHPMA400-stat-EGDMA2), only spherical nanoparticles
were obtained (48 nm diameter by TEM diameter, 52 nm by DLS; see Figure 32a for a TEM image). After freeze-drying
and redissolution in methanol, these lightly cross-linked particles become appreciably swollen; Dh = 87 nm by DLS. If
cross-linking had been unsuccessful, no particles should exist in methanol since both PMPC and PHPMA blocks are
soluble in this solvent, hence particle dissociation should occur. However, the sizes observed in both water and in
methanol are much smaller than that obtained for the linear PMPC50-PHPMA400. This is because EGDMA cross-linking
leads to increased compaction and reduced hydration of the growing nanoparticles.
[0214] Intriguingly, as the EGDMA content is increased from 0.50 up to 1.25 mol %, the DLS particle diameter observed
in water increases from 52 to 130 nm.
[0215] Figure 33 shows representative TEM images obtained from PMPC50-(PHPMA400-stat-EGDMAx) prepared by
RAFT aqueous dispersion polymerisation at 70°C. Images (a), (b), (c), and (d) were obtained for x = 0.50, 1.0, 1.25 or
1.50 mol % EGDMA.
[0216] Figure 33 compares the effect of varying the EGDMA content on the particle morphology. At 1.0 mol % EGDMA,
somewhat misshapen nanostructures of relatively low anisotropy were observed (Figure 33b). Close inspection reveals
that each composite particle (or colloidal cluster79) is composed of typically 3-5 spherical particles each of approximately
44 nm diameter, which closely corresponds to the size of the lightly cross-linked spherical particles obtained using 0.50
mol % EGDMA. At 1.25 mol % EGDMA, a higher degree of aggregation is observed for these primary particles: a
"segmented worm" morphology is observed, with a mean worm width of 43 nm and a characteristic worm length of more
than 200 nm in most cases. Again, this observed worm width is consistent with the mean diameter of the lightly cross-
linked spheres obtained when using 0.50 mol % EGDMA based on HPMA. At 1.50 mol % EGDMA, a distinctive ’lumpy
rod’ morphology was observed for PMPC50-(PHPMA400-stat-EGDMA6) particles, see Figure 33d. The primary features
observed within these highly anisotropic aggregates correspond to the dimensions of the lightly cross-linked spherical
particles prepared using 0.50 mol % EGDMA.
[0217] The sphere-equivalent DLS diameters of these anisotropic ’lumpy rods’ were 241 nm in water and 344 nm in
methanol (in the latter case sample preparation simply involved freeze-drying from water, followed by redispersion in
methanol). These ’lumpy rod’ particles were also deposited onto mica from water at ambient temperature for tapping-
mode atomic force microscopy (AFM) studies. The mean height of the ’lumpy rods’ on mica is around 90 nm, which is
consistent with the TEM image shown in Figure 33d and suggests that the extent of cross-linking is sufficient to prevent
significant particle deformation/flattening occurring on drying. Finally, at 2.0 mol % EGDMA, macro-gelation of the for-
mulation was observed, so the effective upper limit EGDMA content for this particular formulation appears to lie between
1.50 and 2.0 mol %. On the basis of the above observations, introducing an EGDMA cross-linker into the second-stage
polymerisation during the synthesis of PMPC50-PHPMA400 particles via aqueous dispersion polymerisation leads to a
range of particle morphologies, with greater levels of cross-linking favouring higher order structures. It is emphasised
that, in the case of the ’lumpy rod’ morphology, the final particles are colloidally stable in water with no traces of precip-
itation. Moreover, no morphology changes are observed by TEM even after swelling the ’lumpy rods’ in methanol,
dialysing against water, freeze-drying overnight, followed by redispersion in water. Furthermore, only the proton signals
expected for the PMPC50 chains are observed in the 1H NMR spectrum recorded for ’lumpy rod’ particles redispersed
in D2O. In contrast, all the signals expected for both blocks are visible in the 1H NMR spectrum recorded in d4-methanol,
despite the relatively high level of cross-linking of the PHPMA chains.
[0218] Figure 34 shows zeta potential vs. pH curves obtained for dilute (ca. 0.1 g/L) aqueous dispersions of spherical
linear PMPC50-PHPMA400 particles and PMPC50-(PHPMA400-stat-EGDMA6) ’lumpy rod’ particles. The similar nature
of these electrophoretic curves suggests that the surface compositions of the linear and cross-linked particles are almost
identical in aqueous solution.
[0219] Aqueous electrophoresis studies of these ’lumpy rod’ particles revealed a relatively flat zeta potential vs. pH
curve (see Figure 34), since the zwitterionic nature of the PMPC chains effectively shield the underlying surface charge.
To further investigate the influence of cross-linking in this formulation, the effect of systematically varying the polymer-
isation concentration, the cross-linker type and the DP of the PMPC stabiliser chains was investigated. Unfortunately,
reproducible results could not be obtained for PMPC50-(PHPMA400-stat-EGDMA6) syntheses conducted at 20 w/w %
due to the limited water solubility of the EGDMA comonomer under these conditions. However, for syntheses conducted
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at 5.0 w/w %, spherical particles with a mean TEM diameter of approximately 42 nm were reproducibly obtained for
PMPC50-(PHPMA400-stat-EGDMA2), see Figure 35a.
[0220] Figure 35 shows TEM images obtained for: (a) PMPC50-(PHPMA400-stat-EGDMA2), (b)
PMPC50-(PHPMA400-stat-EGDMA5), and (c) PMPC50-(PHPMA400-stat-EGDMA6) prepared by RAFT aqueous disper-
sion polymerisation at 70°C using the PMPC50 macro-CTA at 5.0 w/w % solids.
[0221] At 1.25 mol % EGDMA, dumbbell-shaped particles comprising two cross-linked spherical particles were ob-
served (see Figure 35b). At 1.50 mol % EGDMA, relatively short ’lumpy rods’ were obtained (see Figure 35c), but macro-
gelation occurred at 1.75 mol % EGDMA. Thus, the anisotropic character of the ’lumpy rods’ formed at 5.0 w/w % is
limited, presumably because the more dilute reaction conditions are not conducive to the formation of higher order nano-
structures. If EGDMA is replaced with the more hydrophilic poly(ethylene glycol) dimethacrylate (PEGDMA, average Mn
= 750) no ’lumpy rods’ could be obtained even when using 1.50 mol % PEGDMA. Thus, for a target composition of
PMPC50-(PHPMA400-stat-PEGDMAx), where x ranges from 3 to 6, DLS diameters were only 43-44 nm, which merely
corresponds to the spherical primary particles. The effect of varying the block composition was also explored. Thus a
longer PMPC block and/or a shorter PHPMA block were targeted such that the copolymer composition was
PMPC150-(PHPMA200-stat-EGDMA3). However, even at 1.50 mol % EGDMA, only spherical particles of 34 nm diameter
were obtained (see Figure 36), which correspond fairly well to the linear nanoparticles of 44 nm diameter obtained from
the same formulation in the absence of EGDMA.
[0222] Figure 36 shows TEM images (a), (b) and the corresponding DLS size distributions at 25°C (c), (d) obtained
when targeting PMPC150-(PHPMA200-stat-EGDMA3) and PMPC50-(PHPMA200-stat-EGDMA3) using RAFT under aque-
ous dispersion polymerisation conditions at 70°C. Aqueous dispersions were redispersed in methanol. For comparison,
the DLS diameters of the equivalent linear PMPC50-PHPMA200 nanolatexes prepared in the absence of any EGDMA
cross-linker are also shown.
[0223] The size of these swollen particles in methanol is 41 nm; this confirms that cross-linking has occurred, since
dissolution would otherwise be expected. Presumably, the longer PMPC150 chains are a more effective steric stabiliser
in this formulation, thus preventing fusion between primary particles and hence the formation of higher order nano-
structures (i.e. worms or ’lumpy rods’). Finally, a PMPC150-(PHPMA200-stat-EGDMA3) composition was also explored.
However, this formulation only led to the formation of worm-like micelles at 1.50 mol % EGDMA cross-linker. Thus the
phase space for the ’lumpy rod’ particle morphology seems to be relatively narrow. Nevertheless, this new aqueous
formulation is robust, reproducible and allows the convenient synthesis of various anisotropic nanoparticles directly in
water at 10 % solids.
[0224] In summary, the RAFT synthesis of PMPC50-PHPMAm (m = 100 to 400) block copolymer particles under
aqueous dispersion polymerisation conditions has been explored. At zero or relatively low levels of EGDMA cross-linker,
only spherical morphologies are observed. However, higher levels of EGDMA (up to 1.50 mol % based on HPMA) lead
to increasing particle anisotropy, with both worm-like morphologies and a novel ’lumpy rod’ morphology being observed.
These higher order structures are composed of aggregates of the primary spherical particles that are obtained at zero
or relatively low levels of EGDMA cross-linker.

Example 24 - Synthesis of PGMA-P(HEMA-stat-HBMA) diblock copolymers

(i) Materials

[0225] 2-Hydroxyethyl methacrylate (HEMA) is a fully water-miscible monomer but it forms only a weakly hydrophilic
(water-swellable) polymer. HEMA monomer was donated from Cognis and used as received.
[0226] 4-Hydroxybutyl methacrylate (HBMA) is water-miscible up to 3 w/v % at 20 °C and 2 w/v % at 70 °C. PHBMA
is a water-insoluble polymer. HBMA monomer was purchased from Sigma Aldrich and passed through a basic alumina
column before use.

(ii) Synthesis

[0227] A typical synthesis for the dispersion polymerisation of PGMA58-P(HEMA100-stat-HBMA100) is given below.
PGMA58 macro-CTA (0.200 g, 0.021 mmol), HBMA monomer (0.3326 g, 0.21 mmol) and HEMA monomer (0.2735 g,
0.21 mmol) were weighed into a 25 mL round-bottomed flask and purged with N2 for 20 min. ACVA was added (0.0020
g, 0.0063 mmol, CTA/ACVA molar ratio = 3:1) and purged with N2 for a further 5 min. De-ionised water (7.3 mL, 10 w/v
% total solids), which had been purged with N2 for 30 min., was then added and the solution was degassed for a further
5 min. prior to immersion in an oil bath set at 70 °C. The reaction solution was stirred overnight (∼16 h) before removal
from the oil bath. The reaction solution was analysed by 1H NMR, confirming complete monomer conversion. A small
sample (-0.5 g) was extracted, freeze-dries and analysed by DMF GPC (vs. PMMA standards).
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(iii) Results and discussion:

[0228] Figure 37 shows DMF gel permeation chromatograms for a series of five PGMA58-P(HEMAx-stat-HBMAy)
copolymers (and the corresponding PGMA58 macro-CTA, see Table 4) synthesised via RAFT aqueous dispersion po-
lymerisation at 70 °C and 10 w/v % solids.
[0229] Figure 38 shows representative TEM images and corresponding DLS intensity-average diameters of the five
PGMA58-P(HEMAx-stat-HBMAy) diblock copolymer dispersions, where x and y are equal and range from 75 to 175.
[0230] Figure 39 shows DMF gel permeation chromatograms for the PGMA58-PHBMA200 and PGMA58-PHEMA200
diblock copolymers (and the corresponding PGMA58 macro-CTA, see Table 4) synthesised via RAFT aqueous dispersion
polymerisation at 70 °C at 10 w/v % solids.
[0231] Figure 40 shows representative TEM images and corresponding DLS intensity-average diameters for the
PGMA58-PHEMA200 and PGMA58-PHBMA200 copolymer particles.
[0232] Seven copolymers were targeted for dispersion polymerisation with varying PHEMA and PHBMA compositions
at 10 w/v % total solids (see Table 4). 1H NMR measurements were conducted on the final dispersions by diluting a
small amount of the resulting reaction liquor in CD3OD, with each sample indicating complete monomer conversion.
Increasing the targeted DP of the core-forming P(HEMA-stat-HBMA) copolymer chains leads to higher polydispersities
(see Table 4) and also some macro-CTA contamination (see Figure 37), which suggests imperfect blocking efficiency.
The high molecular weight shoulder for the HBMA-containing copolymers is due to a minor dimethacrylate impurity,
which can lead to light branching at higher degrees of polymerisation. The HEMA monomer was distilled by the manu-
facturer; this minimises the dimethacrylate impurity leading to more well-defined copolymers (Figure 39).
[0233] Table 4. Summary of the DMF GPC molecular weights and polydispersities for the various copolymers syn-
thesised by RAFT aqueous dispersion polymerisation at 70°C.

[0234] TEM and DLS analysis of the seven copolymer dispersions indicated the formation of various nano-structures
depending on the copolymer composition (see Figure 37). Relatively ill-defined, weakly flocculated particles were indi-
cated by TEM for PGMA58-PHEMA200 (see Figure 40), with DLS measurements corroborating these observations (d =
45 nm). TEM analysis of the PGMA58-PHBMA200 copolymer dispersion indicated spherical particles (see Figure 40)
with a DLS intensity-average diameter of around 80 nm but with a relatively high polydispersity (0.30). However, this
sample is colloidally unstable, since macroscopic precipitation was observed on standing. Worm-like micelles were
obtained for PGMA58-P(HEMA75-stat-HBMA75). Increasing the core-forming block length further to
PGMA58-P(HEMA100-stat-HBMA100) etc. leads to the formation of mixtures of worms and spheres (see Figure 38). In
summary, the best results were obtained from judicious mixtures of HEMA and HBMA for the core-forming copolymer
chains, with inferior results being obtained for either pure PHEMA or PHBMA core-forming chains. HEMA acts as a co-
solvent for the less water-soluble HBMA monomer at the beginning of the polymerisation, whereas HBMA increases the
hydrophobic character of the core-forming chains, which are otherwise too hydrophilic for self-assembly of well-defined
copolymer particles.

Example 25 - Preparation of polydimethylacrylamide (PDMAA) - poly(2-methoxyethyl acrylate) (PMEA) particles

Synthesis of 2-(phenylethylthiocarbonothioylthio)-2-methylpropanoic acid (PETMP):

[0235] 2-Phenylethanethiol (10.0 g, 72.5 mmol) and potassium triphosphate (32.1 g, 144.9 mmol) were added to
acetone (200 mL). After 30 minutes vigorous stirring, carbon disulfide (13.8 g, 181.2 mmol) was added to the suspension.

Table 4
Copolymer Mn (g mol-1)1 Mw/Mn

1

PGMA58 15,800 1.14
PGMA58-PHBMA200 56,000 1.44
†PGMA58-PHEMA200 45,900 1.18

PGMA58-P(HEMA75-HBMA75) 43,200 1.18
PGMA58-P(HEMA100-HBMA100) 54,500 1.23
PGMA58-P(HEMA125-HBMA125) 62,400 1.37
PGMA58-P(HEMA150-HBMA150) 73,900 1.47
PGMA58-P(HEMA175-HBMA175) 81,000 1.69
1.As measured by DMF GPC calibrated with near-monodisperse PMMA standards.
†Example outside the scope of the invention.
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The reaction mixture was stirred for 1 h, then 2-bromo-2-methylpropionic acid (13.3 g, 79.7 mmol) was added dropwise
and the reaction mixture was stirred at 20°C for a further 30 h. The reaction mixture was filtered and acetone was
removed under reduced pressure. The residual oil was dissolved in diethyl ether (200 mL) and this solution was washed
twice with 10 % HCI aqueous solution (200 mL) and three times with deionised water (200 mL). The ether phase was
dried with magnesium sulfate and the ether was removed under reduced pressure. The crude product was recrystallised
from ethyl acetate: hexane 1:10 to produce 15.1 g (50.25 mmol) of pure PETMP RAFT agent (69 % yield).
1H NMR (400.13 MHz, CDCl3, 298 K) δ (ppm): 1.72 (6H, CH3), 2.91-2.97 (t, 2H, SCH2CH2Ph), 3.47-3.54 (t, 2H,
SCH2CH2Ph), 7.18-7.31 (m, 5H, Ph).
13C NMR (400.13 MHz, CD2Cl2, 298 K) δ (ppm): 25.3 (CH3), 34.3 (CH2Ph), 38.1 (SCH2CH2Ph), 55.8 (C(CH3)2), 126.8,
128.7, 139.6 (Ph), 179.3 (C=O), 220.4 (C=S).

Synthesis of poly(N,N-dimethylacrylamide) macro-RAFT agent (PDMAA):

[0236] In a typical experiment, N,N-dimethylacrylamide (10 g, 100.9 mmol), PETMP (0.55 g, 1.8 mmol) and 4,4’-
azobis(4-cyanopentanoic acid) (51.4 mg, 0.18 mmol) were dissolved into toluene (34.7 g) to give a N,N-dimethylacry-
lamide concentration of 2.49 mol dm-3. The reaction vessel was placed in an ice bath and the solution was degassed
by nitrogen bubbling for 20 minutes. The reaction vessel was then immersed in a pre-heated oil bath at 70°C for 70 min.
The resulting PDMAA was purified by precipitating twice into excess petroleum ether (40-60) and then dried under
vacuum at 50°C overnight (overall DMAA conversion = 55 %; Mn = 3,000 g mol-1, Mw = 3,300 g mol-1, Mw/Mn = 1.12.

Synthesis of poly(N,N-dimethylacrylamide)-poly(2-methoxyethyl acrylate) (PDMAA-PMEA) diblock copolymer:

[0237] In a typical aqueous dispersion polymerization at 15 % solids, 2-methoxyethyl acrylate (0.50 g, 3.8 mmol),
ACVA (0.54 mg, 0.0019 mmol) and PDMAA32macro-CTA (67 mg, 0.019 mmol) was dissolved in deionised water (3.22
g). The reaction mixture was sealed in a round-bottomed flask, degassed by nitrogen bubbling for 10 minutes and then
placed in a pre-heated oil bath at 70°C for 16 h (final MEA conversion = 99 %; Mn = 25,500 g mol-1, Mw = 34,500 g mol-1,
Mw/Mn = 1.35).
[0238] N.B. The DMF GPC traces indicate relatively efficient re-initiation (no evidence for a residual PDMAA macro-
CTA), but a higher molecular weight shoulder (or, in some cases, a distinct secondary peak) is observed. This may be
due to either (i) termination of the polymer radicals by combination at 70°C under monomer-starved conditions, or (ii)
some degree of backbone branching, which is known to be an intrinsic side-reaction in the case of acrylic monomers.
In both cases, shorter reaction times are likely to provide more well-defined diblock copolymers.
[0239] Table 5. Summary of the PDMAA32-PMEAx diblock copolymer nanoparticles prepared by RAFT aqueous dis-
persion polymerisation at 70°C using a PDMAA32 macro-CTA (where x represents the mean target DP of the PMEA block).

[0240] N.B. MEA monomer was not fully soluble at 70°C for the syntheses conducted at 20% solids.

Table 5

Target DP of 
PMEA block

Solids 
content 

(%)

Mn (g 
mol-1)

Mw (g 
mol-1)

Mw/
Mn

Visual 
appearance at 

20 °C

Intensity 
-average 

diameter (nm)

PDI Viscosity

100 15 13,200 15,900 1.21 Transparent 24 0.072 Fluid

200 15 25,500 34,500 1.35 Milky, 473 0.321 Viscous

300 15 30,700 48,000 1.56 Milky 404 0.029 Fluid

500 15 41,800 82,500 1.97 Milky 232 0.047 Fluid

100 20 12,900 15,200 1.18 Transparent 15 0.231 Viscous

200 20 22,300 30,200 1.35 Milky 260 0.384 Fluid

300 20 32,600 50,500 1.55 Milky 595 0.372 Fluid

500 20 47,500 88,500 1.86 Milky 250 0.023 Fluid
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Example 26 - Preparation of P(KSPMA-co-HEMA)-b-PHPMA diblock copolymer particles

Synthesis of poly(potassium 3-sulfopropyl methacrylate) homopolymer macroCTA, PKSPMA34

[0241] In a typical experiment a round-bottomed flask was charged with KSPMA (5.0 g, 20 mmol), PETTC (0.197 g,
0.58 mmol; dissolved in 1.0 mL 1,4-dioxan), ACVA (33 mg, 0.22 mmol) and 4.0 g buffer (pH 5.5). The sealed reaction
vessel was purged with nitrogen and placed in a preheated oil bath at 70 °C for 2 h. The resulting PKSPMA polymer
(96% conversion; Mn = 9,800 g mol-1, Mw = 11,500 g mol-1, Mw/Mn = 1.18) was purified using dialysis against water/meth-
anol and isolated by lyophilisation. The degree of polymerisation (DP) of this macroCTA was calculated to be 34 from
its 1H NMR spectrum by comparing the integrals of the signals corresponding to the aromatic protons at 7.2-7.4 ppm
with those of the polymer backbone at 0.4- 2.5 ppm.

Synthesis of poly(potassium 3-sulfopropyl methacrylate-co-2-hydroxyethyl methacrylate) copolymer macro-CTA, 
P(KSPMA6-co-HEMA29)

[0242] A round-bottomed flask was charged with KSPMA (1.0 g, 4.1 mmol), HEMA (2.64 g, 20.3 mmol), PETTC (0.27
g, 0.80mmol, dissolved in 1.0 mL 1,4-dioxan), ACVA (45.5 mg, 0.16 mmol) and 3.0 g buffer (pH 5.5). The sealed reaction
vessel was purged with nitrogen and placed in a preheated oil bath at 70 °C for 2 h. The resulting polymer (97%
conversion; Mn = 13,300 gmol-1, Mw = 15,600 gmol-1, Mw/Mn=1.17) was purifiedusing dialysis against water/methanol
and isolated by lyophilisation. The overall DP of the macro-CTA of 35 was calculated as described above after its
purification.

Synthesis of poly(potassium 3-sulfopropyl methacrylate-co-2-hydroxyethyl methacrylate) copolymer macro-CTA, 
P(KSPMA11-co-HEMA24)

[0243] A round-bottomed flask was charged with KSPMA (1.0 g, 4.1 mmol), HEMA (1.06 g, 8.1 mmol), PETTC (0.14
g, 0. 41 mmol, dissolved in 1.0 mL 1,4-dioxane), ACVA (22.8 mg, 0.08 mmol) and 3.0 g buffer (pH 5.5). The sealed
reaction vessel was purged with nitrogen and placed in a preheated oil bath at 70 °C for 2 h. The resulting polymer (95%
conversion) was dialysed against water/methanol and isolated by lyophilisation. The DP of this purified macroCTA was
calculated using 1H NMR as described above.

Synthesis of poly(potassium 3-sulfopropyl methacrylate-co-2-hydroxyethyl methacrylate) copolymer macro-CTA, 
P(KSPMA25-co-HEMA11)

[0244] A round-bottomed flask was charged with KSPMA (2.0 g, 8.1 mmol), HEMA (0.53 g, 4.1 mmol), PETTC (0.14
g, 0. 41 mmol, dissolved in 1.0 mL 1,4-dioxan), ACVA (22.8 mg, 0.08 mmol) and 3.0 g buffer (pH 5.5). The sealed
reaction vessel was purged with nitrogen and placed in a preheated oil bath at 70 °C for 2 h. The resulting polymer (96%
conversion) was dialysed against water/methanol and isolated by lyophilisation. The DP of this purified macroCTA was
calculated using 1H NMR as described above.

Synthesis of P(KSPMA6-co-HEMA29)-b-PHPMA300diblock copolymer particles via aqueous dispersion polymerisation

[0245] In an aqueous dispersion polymerisation conducted at 10 % solids, HPMA (1.0 g, 6.9 mmol), ACVA (1.3 mg,
0.004 mmol), P(KSPMA6-co-HEMA29) macroCTA (MS-192; 0.12 g, 0.023 mmol) was dissolved in 0.10 M aqueous NaCl
(11.23 g). The reaction mixture was sealed in a round-bottomed flask, purged with nitrogen for 20 min. and then placed
in a preheated oil bath at 70 °C for 24 h. DLS diameter = 76 nm.
[0246] Figure 41 shows a TEM image of the resulting P(KSPMA6-co-HEMA29)-b-PHPMA300 diblock copolymer par-
ticles.

Synthesis of P(TKSPMA11-co-HEMA24)-b-PHPMA500 diblock copolymer particles via aqueous dispersion polymerisation

[0247] In an aqueous dispersion polymerisation conducted at 10 % solids,HPMA (1.0 g, 6.9 mmol), ACVA (0.78 mg,
0.003 mmol), P(KSPMA11-co-HEMA24)macro-CTA (MS-059)(81 mg, 0.014 mmol) was dissolved in 0.20 M NaCl (10.82
g). The reaction mixture was sealed in a round- bottomed flask, purged with nitrogen for 20 min. and then placed in a
preheated oil bath at 70 °C for 24 h. DLS diameter = 80 nm.
[0248] Figure 42 shows TEM images of the resulting P(KSPMA11-co-HEMA24)-b-PHPMA500diblock copolymer parti-
cles.
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Synthesis of P(KSPMA25-co-HEMA11)-b-PHPMA500diblock copolymer particles via aqueous dispersion polymerisation

[0249] In an aqueous dispersion polymerisation conducted at 10 % solids, HPMA (1.0 g, 6.9 mmol), ACVA (0.78 mg,
0.003 mmol), P(KSPMA25-co-HEMA11) macro-CTA (MS-058) (110 mg, 0.014 mmol) was dissolved in 0.30 M NaCl
(11.10 g). The reaction mixture was sealed in a round- bottomed flask, purged with nitrogen for 20 min. and then placed
in a preheated oil bath at 70 °C for 24 h. DLS diameter = 65 nm.
[0250] Figure 43 shows TEM images of the resulting P(KSPMA25-co-HEMA11)-b-PHPMA500 diblock copolymer par-
ticles.

Conclusion

[0251] The above examples describe the syntheses of a series of anionic spherical diblock copolymer nanoparticles
of approximately constant particle diameter but variable anionic surface charge. This is achieved by systematically
varying the anionic charge density of the stabiliser macro-CTA and also judiciously adjusting synthesis parameters such
as salt concentration, target degree of polymerisation for the core-forming PHPMA chains, to keep the particle diameter
approximately constant.
[0252] Figure 44 shows zeta potential vs. pH curves for anionic polyelectrolyte-stabilised PHPMA nanolatexes of
comparable particle diameter. As the proportion of anionic KSPMA comonomer in the stabiliser chains is increased, the
zeta potential becomes more negative, regardless of the solution pH.

Example 27 - Preparation of P(QDMA-stat-GMA)-b-PHPMA diblock copolymer particles

Synthesis of poly(methyl iodide quaternised 2-(dimethylamino)ethyl methacrylate-stat-glycerol monomethacrylate) mac-
roCTA, P(QDMA10-stat-GMA115)

[0253] A round-bottomed flask was charged with GMA (12.0 g, 0.075 mol), QDMA (2.04 g, 6.8 mmol) PETTC (0.23
g, 0. 68 mmol; dissolved in 5.0 mL 1,4-dioxan), ACVA (19.1 mg, 0.068 mmol) and pH 5.5 buffer (9.0 g). The sealed
reaction vessel was purged with nitrogen and placed in a preheated oil bath at 70 °C for 2 h. The resulting cationic
copolymer (99% conversion) was purified by dialysis against water and isolated by lyophilisation. The overall degree of
polymerisation (DP) of this macroCTA was calculated to be 125 from its 1H NMR spectrum by comparing the integrals
due to the aromatic proton signals of the PETTC chain-ends at 7.2-7.4 ppm with those due to the copolymer.

Synthesis of spherical cationic diblock copolymer particles via aqueous dispersion polymerisation, P(QDMA10-stat-
GMA115)-b-PHPMA400

[0254] A round-bottomed flask was charged with HPMA (7.5 g, 0.05 mol), ACVA (7.3 mg, 0.026 mmol) and
P(QDMA10-stat-GMA115) macroCTA (MS-381; 2.84 g, 0.13 mmol) dissolved in 0.30 M NaCl (103.5 g). The reaction
mixture was sealed in a round-bottomed flask, purged with nitrogen for 90 min. and then placed in a preheated oil bath
at 70 °C for 24 h. DLS diameter = 53 nm (PDI = 0.021).
[0255] Figure 45 shows a zeta potential vs. pH curve for the resulting P(QDMA10-stat-GMA115)-b-PHPMA400 particles.
[0256] Figure 46 shows TEM images of the resulting P(QDMA10-stat-GMA115)-b-PHPMA400 particles.

Synthesis of spherical cationic diblock copolymer particles via aqueous dispersion polymerisation, P(QDMA10-stat-
GMA115)-b-PHPMA500

[0257] A round-bottomed flask was charged with HPMA (8.0 g, 55.5 mmol), ACVA (6.2 mg, 0.022 mmol),
P(QDMA10-stat-GMA115) macroCTA (MS-381; 2.43 g 0.11 mmol) dissolved in 0.30 M NaCl (104.3 g). The reaction
mixture was sealed in a round-bottomed flask, purged with nitrogen for 90 min. and then placed in a preheated oil bath
at 70 °C for 24 h. DLS diameter = 62 nm (PDI = 0.027)
[0258] Figure 47 shows zeta potential vs. pH curve for the resulting P(QDMA10-stat-GMA115)-b-PHMA500 particles.
[0259] Figure 48 shows TEM images of the resulting P(QDMA10-stat-GMA115)-b-PHPMA500 particles.

Synthesis of spherical cationic diblock copolymer particles via aqueous dispersion polymerisation, P(QDMA10-stat-
GMA115)-b-PHPMA600

[0260] A round-bottomed flask was charged with HPMA (8.0 g, 55.5 mmol), ACVA (5.2 mg, 0.018 mmol) and
P(QDMA10-stat-GMA115) macroCTA (MS-381; 2.02 g, 0.09 mmol) dissolved in 0.30 M NaCl (100.3 g). The reaction
mixture was sealed in a round-bottomed flask, purged with nitrogen for 90 min. and then placed in a preheated oil bath
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at 70 °C for 24 h. DLS diameter = 71 nm (PDI = 0.020)
[0261] Figure 49 shows a zeta potential vs. pH curve for the resulting P(QDMA10-co-GMA115)-b-PHPMA600 particles.
[0262] Figure 50 shows TEM images of the resulting P(QDMA10-co-GMA115)-b-PHPMA600 particles.

Synthesis of spherical cationic diblock copolymer particles via aqueous dispersion polymerisation, P(QDMA10-stat-
GMA115)-b-PHPMA700

[0263] A round-bottomed flask was charged with HPMA (8.5 g, 58.9 mmol), ACVA (4.7 mg, 0.017 mmol) and
P(QDMA10-stat-GMA115) macroCTA (MS-381; 1.84 g, 0.08 mmol) was dissolved in 0.30 M NaCl (103.5 g). The reaction
mixture was sealed in a round-bottomed flask, purged with nitrogen for 90 min. and then placed in a preheated oil bath
at 70 °C for 24 h. DLS diameter = 80 nm (PDI = 0.030).
[0264] Figure 51 shows zeta potential vs. pH curve for the resulting P(QDMA10-stat-GMA115)-b-PHPMA700 particles.
[0265] Figure 52 shows TEM images of the resulting P(QDMA10-stat-GMA115)-b-PHPMA700 particles.

Synthesis of spherical cationic diblock copolymer particles via aqueous dispersion polymerisation, P(QDMA10-stat-
GMA115)-b-PHPMA900

[0266] A round-bottomed flask was charged with HPMA (9.0 g, 62.4 mmol), ACVA (3.9 mg, 0.014 mmol) and
P(QDMA10-stat-GMA115) macroCTA (MS-381; 1.52 g, 0.07 mmol) dissolved in 0.30 M NaCl (105.2 g). The reaction
mixture was sealed in a round-bottomed flask, purged with nitrogen for 90 min. and then placed in a preheated oil bath
at 70 °C for 24 h. DLS diameter = 92 nm (PDI = 0.038).
[0267] Figure 53 shows a zeta potential vs. pH curve for the resulting P(QDMA10-stat-GMA115)-b-PHPMA900 particles.
[0268] Figure 54 show TEM images of the resulting P(QDMA10-stat-GMA115)-b-PHPMA900 particles.

Conclusion

[0269] The above examples describe the preparation of cationic spherical nanoparticles of approximately constant
surface charge (positive zeta potential) but with varying particle diameter. This is achieved by simply targeting longer
PHPMA core-forming PHPMA chains using the same cationic stabiliser macroCTA in each case.

Glossary

[0270]

AA = acrylic acid
AMA = 2-aminoethyl methacrylate, hydrochloride salt
CDB = cumyl dithiobenzoate
CTA = chain transfer agent
CTP = 4-cyanopentanoic acid dithiobenzoate
DEGMA = methoxy-capped di(ethyleneglycol) methacrylate
DLS = dynamic light scattering
DMA = 2-(dimethylamino)ethyl methacrylate
DMAA = N,N’-dimethyl acrylamide
DP = degree of polymerisation
DPA = 2-(diisopropylamino)ethyl methacrylate
EGDMA = ethylene glycol dimethacrylate
GMA = glycerol monomethacrylate
GPC = gel permeation chromatography
HBA = 4-hydroxybutyl acrylate
HBMA = 4-hydroxybutyl methacrylate
HEMA = 2-hydroxyethyl methacrylate
HPA = 2-hydroxypropyl acrylate
HPMA = 2-hydroxypropyl methacrylate
KSPMA = potassium 3-sulfopropylmethacrylate
MAA = methacrylic acid
MEA = 2-methoxyethyl acrylate
MPC = 2-(methacryloyloxy)ethyl phosphorylcholine
OEGMA = oligo(ethylene glycol) methacrylate
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OEGA = oligo(ethylene glycol) acrylate
PAMA = poly(2-aminoethyl methacrylate)
PDI = polydispersity index
PDMA = poly(2-(dimethylamino)ethyl methacrylate)
PDPA = poly2-(diisopropylamino)ethyl methacrylate
PGMA = poly(glycerol monomethacrylate)
PHEMA = poly(2-hydroxyethyl methacrylate
PHPMA =poly(2-hydroxypropyl methacrylate)
PMPC = poly(2-(methacryloyloxy)ethyl phosphorylcholine)
PQDMA = methyl chloride-quaternized poly(2-(dimethylamino)ethyl methacrylate) or methyl iodiide-quaternized
poly(2-(dimethylamino)ethyl methacrylate)
PKSPMA = poly(potassium 3-sulfopropyl methacrylate)
PSEMA = poly(2-(methacryloyloxy)ethyl succinate)
QDMA = methyl chloride-quaternised 2-(dimethylamino)ethyl methacrylate
RAFT = reversible addition-fragmentation chain transfer
SEMA = (2-(methacryloyloxy)ethyl succinate)
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[0272] Throughout the description and claims of this specification, the words "comprise" and "contain" and variations
of them mean "including but not limited to", and they are not intended to (and do not) exclude other moieties, additives,
components, integers or steps. Throughout the description and claims of this specification, the singular encompasses
the plural unless the context otherwise requires. In particular, where the indefinite article is used, the specification is to
be understood as contemplating plurality as well as singularity, unless the context requires otherwise.
[0273] Features, integers, characteristics, compounds, chemical moieties or groups described in conjunction with a
particular aspect, embodiment or example of the invention are to be understood to be applicable to any other aspect,
embodiment or example described herein unless incompatible therewith. All of the features disclosed in this specification
(including any accompanying claims, abstract and drawings), and/or all of the steps of any method or process so
disclosed, may be combined in any combination, except combinations where at least some of such features and/or steps
are mutually exclusive. The invention is not restricted to the details of any foregoing embodiments. The invention extends
to any novel one, or any novel combination, of the features disclosed in this specification (including any accompanying
claims, abstract and drawings), or to any novel one, or any novel combination, of the steps of any method or process
so disclosed.

Claims

1. A method of preparing colloidally stable polymeric particles comprising a block copolymer of Formula B:

wherein P1 represents a polymeric component derived from a monomer M1 and P2 represents a substantially
aqueously insoluble polymeric component derived from an aqueously soluble monomer M2, or P1 is a copolymer
comprising a monomer M1 with a monomer M2 provided that the polymer P1 remains aqueously soluble;
the method comprising forming a block copolymer of Formula B in an aqueous based medium by admixing:

(a) an aqueously soluble polymer including moieties of Formula A

where X represents a terminal group of P1, at least some of the groups X being a chain transfer agent (CTA)
terminal group,
with
(b) monomer M2
and initiating an aqueous dispersion-type radical addition fragmentation chain transfer (RAFT) polymerisation,
to provide the block copolymer of Formula B,
wherein each monomer M1 is selected from a monomer of the Formula M1A, M1B and/or M1C:
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where R1, R10 and R11 represent a substituent of M1A or M1C which allows P1 to be at least partially
aqueously soluble,
R2 represents H, CH3 or CN,
RS represents one or more substituents of the aromatic ring effective to allow P1 to be least partially
aqueously soluble,

and
each monomer M2 is selected from a monomer of the Formulae M2A and/or M2B:

where R3 is a substituent of M2 which allows P2 to be substantially aqueously insoluble, and R4 and R6

independently represent H or methyl;
wherein monomer M2 has a water solubility between 5 and 30% w/v or is a monomer M2 selected from:
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or

2. The method as claimed in claim 1 wherein R1 is selected from:

hydrogen;
a C1, C2, C3, C4, C5 or C6 alkyl chain, optionally interrupted by one or more hetero atoms (such as O, N, S or
P), and having one or more substituents selected from: OH; =O; N(Ra1)(Ra2); N+(Rb1)(Rb2)(Rb3) and SO3

- where
Ra1, Ra2, Rb1, Rb2 and Rb3 are independently selected from H, C1, C2, C3 and C4 alkyl;
an oligomer moiety effective to render P1 at least partially aqueously soluble;
and
a moiety of the general formula

where n is 1, 2 or 3, Z represents a five or six membered heterocycle having one, two or three heteroatoms
selected from O and N.

3. The method as claimed in claim 2 wherein the oligomer moiety is an oligoether, wherein the oligomer moiety is
optionally an oligo(ethylene glycol), preferably with a degree of polymerisation of about 6 or more.
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4. The method as claimed in any preceding claim wherein R3 is selected from the group comprising:

a C1, C2 or C3 alkyl group having one or more substituent hydroxyl groups and
an oligomer moiety effective to render P2 substantially aqueously insoluble;
wherein optionally the oligomer moiety is an oligoether, and the oligomer moiety is optionally an oligo(ethylene
glycol), preferably with a degree of polymerisation of less than 6, in particular less than 4 and especially about
2 or 3.

5. The method as claimed in any preceding claim wherein the block copolymer of Formula B forms particles of which
component P2 forms a substantially non-solvated core and component P1 acts as a solvated steric stabiliser.

6. The method as claimed in any preceding claim wherein the mean diameter of the colloidally stable polymeric particles
is selectable over the range of from about 10 nm to about 1500 nm, optionally wherein said particles are suitably
nanolatex particles having a mean diameter that is selectable over the range of from about 20 nm to about 200 nm,
wherein mean diameter of a particle is determinable by dynamic light scattering.

7. The method as claimed in any preceding claim, wherein monomer M1 is selected from one or more monomers of
the formulae:
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8. The method as claimed in any preceding claim wherein monomer M2 is selected from:



EP 2 545 090 B1

47

5

10

15

20

25

30

35

40

45

50

55

or

9. The method according to any preceding claim wherein the water solubility of M2 is at least 10% w/v, optionally at
least 20% w/v.

10. The method as claimed in any preceding claim further comprising the step of adding to the reaction medium a
bifunctional or multifunctional cross-linking agent effective to cross-link with M2, wherein optionally the bifunctional
cross-linking agent is ethylene glycol dimethacrylate (EGDMA).

11. The method as claimed in any preceding claim wherein the method is carried out in the absence of any co-solvent
other than water.

12. A colloidally stable polymeric particle formed by the method of any preceding claim.

13. The colloidally stable polymeric particle as claimed in claim 12, wherein the particle has a morphology selected from
the group consisting of spheres, nanolatexes, fibres, worms, rods, lumpy rods, and vesicles, wherein particle mor-
phology is determinable by imaging techniques (e.g. SEM or TEM).

14. A composition comprising the colloidally stable polymeric particles as claimed in any of claims 12 to 13.

15. The composition as claimed in claim 14, comprising one or more additional excipients.

Patentansprüche

1. Verfahren zur Herstellung kolloidal stabiler polymerer Teilchen, umfassend ein Blockcopolymer der Formel B:

wobei P1 eine von einem Monomer M1 stammende polymere Komponente ist, und P2 eine von einem wasserlöslichen
Monomer M2 stammende, im Wesentlichen wasserunlösliche polymere Komponente ist, oder wobei P1 ein Copo-
lymer ist, das ein Monomer M1 mit einem Monomer M2 umfasst, vorausgesetzt das Polymer P1 bleibt wasserlöslich;
wobei das Verfahren das Bilden eines Blockcopolymers der Formel B in einem Medium auf Wasserbasis durch
Mischen von folgendem umfasst:

(a) eines wasserlöslichen Polymers mit Anteilen der Formel A
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wobei X eine Endgruppe von P1 ist, wobei wenigstens einige der Gruppen X eine CTA(Kettenübertragungsmit-
tel)-Endgruppe sind;
mit
(b) Monomer M2 und Initiieren einer RAFT-Polymerisation vom Typ einer wässrigen Dispersion, um das Block-
copolymer der Formel B bereitzustellen,
wobei jedes Monomer M1 ausgewählt ist aus einem Monomer der Formel M1A, M1B und/oder M1c:

wobei R1, R10 und R11 ein Substituent von M1A oder M1C sind, was es ermöglicht, dass P1 wenigstens
teilweise wasserlöslich ist,
R2 H, CH3 oder CN ist,
RS einen oder mehrere Substituenten des aromatischen Rings darstellt, die es ermögliche, dass P1 we-
nigstens teilweise wasserlöslich ist,

und wobei
jedes Monomer M2 ausgewählt ist aus einem Monomer der Formeln M2A und/oder M2B:

wobei R3 ein Substituent von M2 ist, was es ermöglicht, dass P2 im Wesentlichen wasserunlöslich ist, und wobei
R4 und R6 unabhängig H oder Methyl darstellen; wobei das Monomer M2 eine Wasserlöslichkeit zwischen 5
und 30% w/v aufweist oder ein Monomer M2 ist, das ausgewählt ist aus:
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oder

2. Verfahren nach Anspruch 1, wobei R1 ausgewählt ist aus:

Wasserstoff;
einer C1-, C2-, C3-, C4-, C5- oder C6-Alkylkette, optional unterbrochen durch ein oder mehrere Heteroatome
(wie etwa O, N, S oder P)und mit einem oder mehreren Substituenten, die ausgewählt sind aus: OH; =O;
N(Ra1)(Ra2); N+(Rb1)(Rb2)(Rb3) und SO3

-, wobei Ra1, R2a, Rb1, Rb2 und Rb3 unabhängig ausgewählt sind aus
H, C1-, C2-, C3- und C4-Alkyl;
einem Oligomeranteil, der wirksam ist, um P1 wenigstens teilweise wasserlöslich zu machen; und
einem Anteil der allgemeinen Formel
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wobei n 1, 2 oder 3 ist, wobei Z einen fünf- oder sechsgliedrigen Heterocyclus mit einem, zwei oder drei aus O
und N ausgewählten Heteroatomen darstellt.

3. Verfahren nach Anspruch 2, wobei der Oligomeranteil ein Oligoether ist, wobei der Oligomeranteil optional ein
Oligo(ethylenglycol) ist, vorzugsweise mit einem Polymerisationsgrad von 6 oder höher.

4. Verfahren nach einem der vorstehenden Ansprüche, wobei R3 ausgewählt ist aus der Gruppe bestehend aus:

einer C1-, C2- oder C3-Alkylgruppe mit einer oder mehreren substituierenden Hydroxylgruppen und einem
Oligomeranteil, der wirksam ist, um P2 im Wesentlichen wasserunlöslich zu machen;
wobei der Oligomeranteil optional ein Oligoether ist, und wobei der Oligomeranteil optional Oligo(ethylenglycol)
ist, vorzugsweise mit einem Polymerisationsgrad von weniger als 6, insbesondere weniger als 4 und speziell
etwa 2 oder 3.

5. Verfahren nach einem der vorstehenden Ansprüche, wobei das Blockcopolymer der Formel B Teilchen bildet, von
denen die Komponente P2 einen im Wesentlichen nicht solvatisierten Kern bildet und die Komponente P1 als ein
solvatisierter sterischer Stabilisator fungiert.

6. Verfahren nach einem der vorstehenden Ansprüche, wobei der mittlere Durchmesser der kolloidal stabilen polymeren
Teilchen innerhalb eines Bereichs von etwa 10 nm bis etwa 1500 nm ausgewählt wird, wobei die Teilchen optional
in geeigneter Weise Nanolatexteilchen mit einem mittleren Durchmesser sind, der innerhalb des Bereichs von etwa
20 nm bis etwa 200 nm ausgewählt werden kann, wobei der mittlere Durchmesser eines Teilchens durch dynamische
Lichtstreuung bestimmbar ist.

7. Verfahren nach einem der vorstehenden Ansprüche, wobei das Monomer M1 ausgewählt ist aus einem oder meh-
reren Monomeren der folgenden Formeln:
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8. Verfahren nach einem der vorstehenden Ansprüche, wobei das Monomer M2 ausgewählt ist aus:
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oder

9. Verfahren nach einem der vorstehenden Ansprüche, wobei die Wasserlöslichkeit von M2 wenigstens 10% w/v
beträgt, optional wenigstens 20% w/v.

10. Verfahren nach einem der vorstehenden Ansprüche, ferner umfassend den Schritt der Zugabe zu dem Reaktions-
medium eines bifunktionellen oder multifunktionellen Vernetzungsmittels, das zur Vernetzung mit M2 wirksam ist,
wobei das bifunktionelle Vernetzungsmittel optional Ethylenglycoldimethacrylat (EGDMA) ist.

11. Verfahren nach einem der vorstehenden Ansprüche, wobei das Verfahren in Abwesenheit jedes anderen Colö-
sungsmittels als Wasser ausgeführt wird.

12. Kolloidal stabiles polymeres Teilchen, gebildet durch das Verfahren nach einem der vorstehenden Ansprüche.

13. Kolloidal stabiles polymeres Teilchen nach Anspruch 12, wobei das Teilchen eine Morphologie aufweist, die aus-
gewählt ist aus der Gruppe bestehend aus Kugeln, Nanolatex, Fasern, Würmern, Stäben, großstückigen Stäben
und Bläschen, wobei die Teilchenmorphologie durch bilddarstellende Techniken (z.B. SEM oder TEM) bestimmbar
ist.

14. Zusammensetzung, umfassend die kolloid stabilen polymeren Teilchen nach Anspruch 12 oder 13.

15. Zusammensetzung nach Anspruch 14, einen oder mehrere zusätzliche Hilfsstoffe umfassend.
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Revendications

1. Procédé de préparation de particules polymères colloïdalement stables comprenant un copolymère séquencé de
formule B :

où P1 représente un composant polymère dérivé d’un monomère M1 et P2 représente un composant polymère
essentiellement insoluble dans l’eau dérivé d’un monomère M2 soluble dans l’eau, ou P1 est un copolymère com-
prenant un monomère M1 avec un monomère M2 à condition que le polymère P1 reste soluble dans l’eau ;
le procédé comprenant les étapes consistant à former un copolymère séquencé de formule B dans un milieu aqueux
par mélange :

(a) d’un polymère soluble dans l’eau, y compris des fragments de formule A

où X représente un groupe terminal de P1, au moins certains des groupes X étant un groupe terminal d’agent
de transfert de chaîne (CTA),
avec
(b) un monomère M2
et lancer une polymérisation par transfert de chaîne par fragmentation par addition de radicaux de type dispersion
aqueuse (RAFT), pour obtenir le copolymère séquencé de formule B,
chaque monomère M1 étant choisi entre un monomère de la formule M1A, M1B et/ou M1C :

où R1, R10 et R11 représentent un substituant de M1A ou M1C qui permet à P1 d’être au moins partiellement
soluble dans l’eau,
R2 représente H, CH3 ou CN,
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Rs représente un ou plusieurs substituants du noyau aromatique efficaces pour permettre à P1 d’être au
moins partiellement soluble dans l’eau,

et
chaque monomère M2 étant choisi entre un monomère des formules M2A et/ou M2B :

où R3 est un substituant de M2 qui permet à P2 d’être sensiblement insoluble dans l’eau, et R4 et R6

représentent indépendamment H ou méthyle ;
le monomère M2 ayant une solubilité dans l’eau comprise entre 5 et 30 % p/v ou étant un monomère M2
choisi parmi :

ou
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2. Procédé selon la revendication 1, R1 étant choisi entre :

un atome d’hydrogène ;
une chaîne alkyle C1, C2, C3, C4, C5 ou C6, éventuellement interrompue par un ou plusieurs hétéroatomes (tels
que O, N, S ou P), et ayant un ou plusieurs substituants choisis parmi : OH ; =O; N(Ra1)(Ra2) ; N+(Rb1)(Rb2)(Rb3)
et SO3

- où Ra1, Ra2, Rb1, Rb2 et Rb3 sont indépendamment choisis parmi H, C1, C2, C3 et C4 alkyle ;
un fragment oligomère efficace pour rendre P1 au moins partiellement soluble dans l’eau ; et
un fragment de la formule générale

où n est égal à 1, 2 ou 3, Z représente un hétérocycle à cinq ou six membres ayant un, deux ou trois hétéroatomes
choisis parmi O et N.

3. Procédé selon la revendication 2, le fragment oligomère étant un oligoéther, le fragment oligomère étant éventuel-
lement un oligo(éthylène glycol), de préférence avec un degré de polymérisation d’environ 6 ou plus.

4. Procédé selon l’une quelconque des revendications précédentes, R3 étant choisi dans le groupe comprenant :

un groupe alkyle en C1, C2 ou C3 ayant un ou plusieurs groupes hydroxyle substitués and un fragment oligomère
efficace pour rendre P2 sensiblement insoluble dans l’eau ;
éventuellement le fragment oligomère étant un oligoéther, et le fragment oligomère étant éventuellement un
oligo(éthylène glycol), de préférence avec un degré de polymérisation inférieur à 6, en particulier inférieur à 4
et surtout environ 2 ou 3.

5. Procédé selon l’une quelconque des revendications précédentes, le copolymère séquencé de formule B formant
des particules dont le composant P2 forme un noyau sensiblement non solvaté et le composant P1 agit en tant que
stabilisateur stérique solvaté.

6. Procédé selon l’une quelconque des revendications précédentes, le diamètre moyen des particules polymères
colloïdalement stables pouvant être choisi dans la plage d’environ 10 nm à environ 1 500 nm, éventuellement
lesdites particules étant de façon appropriée des particules de nanolatex ayant un diamètre moyen qui peut être
choisi dans la plage d’environ 20 nm à environ 200 nm, le diamètre moyen d’une particule pouvant être déterminé
par diffusion dynamique de la lumière.

7. Procédé selon l’une quelconque des revendications précédentes, le monomère M1 étant choisi parmi un ou plusieurs
monomères des formules :
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8. Procédé selon l’une quelconque des revendications précédentes, le monomère M2 étant choisi dans le groupe
comprenant :

ou

9. Procédé selon l’une quelconque des revendications précédentes, la solubilité dans l’eau de M2 étant d’au moins
10 % p/v, éventuellement d’au moins 20 % p/v.
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10. Procédé selon l’une quelconque des revendications précédentes, comprenant en outre l’étape consistant à ajouter
au milieu réactionnel un agent de réticulation bifonctionnel ou multifonctionnel efficace pour réticuler avec M2, l’agent
de réticulation bifonctionnel étant éventuellement le diméthacrylate d’éthylène glycol (EGDMA).

11. Procédé selon l’une quelconque des revendications précédentes, le procédé étant mis en oeuvre en l’absence de
tout co-solvant autre que l’eau.

12. Particule polymère colloïdalement stable formée par le procédé selon l’une quelconque des revendications précé-
dentes.

13. Particule polymère colloïdalement stable selon la revendication 12, la particule ayant une morphologie choisie dans
le groupe constitué par les sphères, les nanolatexes, les fibres, les vers, les tiges, les tiges grumeleuses et les
vésicules, la morphologie des particules pouvant être déterminée par des techniques d’imagerie (par exemple SEM
ou TEM).

14. Composition comprenant les particules polymères colloïdalement stables selon la revendication 12 ou 13.

15. Composition selon la revendication 14, comprenant en outre un ou plusieurs excipients supplémentaires.
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