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Direct Synthesis Of pH-Responsive Polymer Particles And
Appllcatlon In Control Release Of Hydrophobic Therapeutic

Compounds

‘Technical Field
The present invention generally relates to a method
for preparing pH-responsive polymer nanoparticles .and

their application in controlled release of therapeutic

Aagents.

. Background

pH-Responsive polymers are polymers whose solubility,
volume;'configuration and. conformation can be reversibly
manipulated by changes in external pH. The adjustment in
pH alters the iocnic interaction, hydrogen bonding, and
hydroﬁhobic interaction, resﬂltingl in a reversible
micfophase se?aration or self-organization phenomenon. As
such, pH-responsive polymeric systems provide the

possibility of fabricating tailorable “smart” Zfunctional

materials which have been widely applied commercially.

Generally, pH;responsive polymers can be synthesiied
by emulsion polymerization and self-assembly of pre-
synthesized block copolymers followed by . cross-linking
ﬁrocessés. However, there are a number of drawbacks

associated with existing methods used tc synthesize pH-

: respon51ve polymers

Due to its well controlled partlcle size distribution

and structure, emulsion polymerization is one of the most

‘popular synthetic routes for preparing vinyl-based pH-

responsive polymeric systems, especially microgel systems.
In contrast to bulk, sclution oxr suspension

polymerization, emulsion polymerization makes wuse of

radical chain polymerization to produce latexes of narrow

particle size distributions. The emulsien-polymerization
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systems are commonly composed of monomerg, water, water-
soluble initiator and surfactant (emulsifier). However,
this method requires the removal of the surfactant either
by dialysis or desoxption, which may lead to cocagulation
or flocculation of the latex. Thus, there is a need for a
method for preparing pH-responsive polymers that doeg not
require the use of surfactants that have to be removed
thereafter.

Alternatively, pH-responsive polymers can be
synthesized wusing polymerization techniques such as
anionic polymerization and group transfer polymerization
(GTP) . However, these polymerization techniques often
require stringent reaction conditions and are restricted
to a limited number of relatively non-functional monomers.
Thus, there is a need for a method for preparing pH-
responsive polymers that is simpler to operate and easier
to scale up. There 1is also a need for a method for
preparing pH-responsive polymers that is suitable for
various functional monomers.

There is therefore a need to provide a. method to
gynthesize pH-responsive polymers that overcomes, or at
least ameliorates, one or more of the disadvantages

degcribed above.

Summary

According to the disclosure, there is provided a
process for making a Dbranched copolymer comprising
reacting polymer monomers with macro-azo polyethylene
glycol (PEG) initiators and cross-linkers, in the presence
of a chain transfer agent, wherein said process comprises
the step of traditional radical polymerization (TRP}.

According to a first aspect, there is provided a

process for making a branched copolymer comprising
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reacting polymer monomers with macro-azo polyethylene
glycol (PEG) initiators and cross-linkers, in the pregence
of a chain transfer agent, wherein said process comprises
the step of traditional radical polymerization, wherein
sald polymer monomer is selected from the group consisting
of dimethylamino ethyl methacrylate, diethylamino ethyl
methacrylate and derivatives thereof.

This process may allow the preparation of pH-
responsive branched copolymers directly from various

functional polymer monomers that have well-controlled

2a



WO 2015/053716 ) PCT/SG2014/000479

10

15

20

25

30

structures. The. syﬁthesized pH-responsive branched- .

copolymers may be stable (no disaséembly) across a wide pH

range and may have large loading and release capacity,

thereby making them suitable for a wide range ' of

industrial’ applications.

TRP may be a more éompetliﬁive synthetic route  for
industrial applications compared to' other living radical
polyfherization technigques such as atom-transfer radical
polymeriz'ation (ATRP) * and  reversible = addition
fragmentation chain trangsfer polymerization (RAFT), due to
the relatively simple reaction conditions which may
conse_quent‘ly lead to a lower operation cost and shorter
reacf:ion time. For instance, TRP does not reguire the use
of catalysts such as copper-based or thiol-based chain
transfer agents, which are neces'sary in ATRP é.nd RAFT
respectively. ‘ ’

Additionally, TRP may be applied to a largexr variety

of monomers than other 1living radical polymerization

‘techniques and may be used ° to synthesize

_polymers/copolymers with very high molecular weights that

cannot be achieved by living radical pelymerization.

In a-dditioﬁ, due to the usé of - macro-azo PEG
initiators, branched copolymers with, well-controlled -
structures may be synthesized from fﬁnctional monomers by
TRP. PEG from the macro-azo initiators may faciiitate the
formation of the hydrophilic corona of the particles,
which may result in the stabilization of the particles in
the aqueous phase. Advantageously, better structure
control may be achieved with macro-azo PEG initiators

compared to other initiators such as AIBN initiators. When

other initiators such as AIBN are used, copolymerizatibn

of several monomers including PEG-MA, DMAEMA and EGDMA may
be necessary, which makes the process more cdmplicated due
to the different polymerization rate of these monomers.

3
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The process may further comprise a step of dialysis
to obtain polymer nanoparticles. The resultant branched
copolymer nanoparticles may exhibit strong PH~
responsiveness and may be stable across a wide pH range,
Advantageously, the process may be a direct prebaration of
pH-regponsive branched copolymer nanoparticles that does
not require a self-assembly step.

The process may further comprise the step of loading
the polymer nanoparticles with a hydrophobilc compound.

In the disclosure, there is provided a polymer
nanoparticle obtainable by the process asg defined above.
The polymer nanoparticle may be used for the slow release
of a hydrophobic compound 1in a neutral or alkaline
environment or the fast release of a hydrophobic compound
in dgn acidic environment. Consequently, the polymer
nanoparticle may exhibit good controlled-release of
hydrophobic compounds. The polymer nanoparticle may have a
higher loading capacity compared to highly cress-linked
micro/nano gels. '

According to another aspect, there is provided a
polymer nancparticle obtainable by the process as defined
above, wherein said mnanoparticle comprises a branched
copolymer, gaid branched copolymex comprising a
polyethylene glyccol monomer and a polymer monomer selected
from the group consisting of dimethylamino ethyl
methacrylate, diethylamino ethyl methacrylate and
derivatives thereof. '

According to another aspect, there ig provided the
use of the polymer nanoparticle as defined above for the
slow release- of a hydrophobic compound in neutral or
alkaline environment.

According to another aspect, there ig provided the

use of the rolymer nancoparticle as defined herein for the

4



10

15

fast release of a hydrophobic compound in an acidic

environment.

Definitions

The following words and terms wused herein sghall have
the meaning indicated:

The word ‘“polymer” or “polymeric” refers to a
molecule having two or more monomeric repeat units. It
includes linear and branched polymer structures, and also
encompasgges cross-linked polymers as well as copolymers
(which may or may not be cross-linked), thus including
bliock copolymers, alternating copolymers,. random
copolymerg, and the like.

As used herein, macrc-azo PEG initiators comprise
macro-az¢ initiators linked with “PEG” chains of various

molecular weights.

4a
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As used herein, polyethylene glycol or “PEG” broadly

refers to a linear, multi—a;m, "or branched polymer

' backbone comprising ‘a _waterfsoluble and non-peptidic

polymer having repeat CHpCH;O wunits. The PEG family of
polymers generally exhibits the prbpertieé bf:soiubility
iniwater‘ahd iﬁ'many organic golvents, lack of toxiéityr
iand lack of immunogenicity. The term PEG should be
understood to be .inclﬁsive and to inqludé polyethylene
glycoi'in‘any of its lineaf, brénched or multi-arm forms,
including alkoxy .PEG, bifunctional - PEG, forked PEG,
branched PEG, pendant PEG, and PEG with degradable
linkages therein. ' |

The term “PDMAEMA” 1is used herein to fefer to a

polymeric composition of dimethylaminoc ethyl methacrylate

" (DMAEMA). In the context of this disclosure, the term
“DMAEMA2,” indicates that there are 20 units of DMAEMA in
‘the polymeric composition. Similarly, the terms “DMAEMA;4",

“DMAEMA@”,. “DMAEMA¢,” and “DMAEMAg,” indicate that there
are 30 units of DMAEMA, 40 units of DMAEMA, 60 uﬁits of
DMAEMA and 80 units of DMAEMA in the polymeric composition

‘respectively.

The term “PDEAEMA” is used herein to refer to a

polymeric composition of diethylamino ethyl methécrylate

‘(DEAEMAJ. In the context -of this disclosure, ﬂihe term

“DEAEMAM” indicates that there are 20 units of DEAEMA in
the polymeric composition. Similarlf, the terms “DEAEMA;.”,
“DEAEMA4,”, “DEAEMB¢o” and'_“DEAEMAm" indicate that there
are 30 units of DEAEMA, 40 units of DEAEMA, 60 units of

' DEAEMA and 80 units of DEAEMA in the polymeric composition

respectively.
Thé term “PPEG” is used herein to refer to a
polymeric composition of PEG.
The term “hydrophobic gompoﬁnd” is wused herein to
refer to a compound that is insoluble or sparingly soluble
5
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in aqueous solution. The hydrophobic compound may be

selected  from . the group consisting  of drugs,
cosmeceuticals, natural antimicrobial active ingredient,

pharmaceuticél active ingredientVor.é combination thereof.

- Unless specified otherwise, the terms "comprising"

'and "comprise", and grammatical variants thereof, are

intended to represent ‘Y“open" or "inclusiﬁe" languageisuch
that they include recited elements but also permit
inclusion of.aadiﬁional, unrecited eleﬁents.' ,

As used herein, the'teim "about", in the cbntéxt of
concentrations of components of_ the formulations,

typically means +/- 5% of the stated value, more typically

+/- 4% of the stated value, more typically +/-.3% of the

stated value, more typically, +/- 2% of the Stated value,
even more typically +/- 1% of the stated value, and even
more typically +/- 0.5% of the stated value.

Throughout thisg disclosure, certain embodiments may
be_discibsed in a range format. It should be understood

that the description in range format is merely for

convenience and brevity and should not be construed as an

inflexible limitation on the scope of the disclosed
ranges. Accérdingly, the description of a range should be
considered to have specifically disclosed all the possible
sub-ranges as- well as indi#iduai numerical values within
that range. For example, description of a range such as
from 1 to & should be considered to have specifically
disclosed sub-ranges subtl as from 1 to 3, from 1 to 4,
from 1 to 5, from é to 4, from 2 to 6, from 3 tec 6 etc.,
as well as individual numbers within that range, for
example, 1, 2, 3, 4, 5, and 6. This applies regardless of
the breédth of the range. ' .

Certain embodiments may also be described broadly and
generically herein. Each of the narrower species and sub-
generic groupiﬁgs falling withinA the generic disclqsure

6
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also form part of the disclosure. This includes the

 generic description of the ewbodiments with a proviso or

- ‘negative limitation removing -any subject'ﬁatter from the

gengs;.regardléss of whether or not the excised material

is ‘specifically recited herein.

Detailed Disclosure of Optional Embodiments
Exemplary{ nen-limiting embodiments of a process for

making a branched copolymer will now be disclosed. "The-

process comprises reacting polymer monomers with macro-azo

polyethylene glyéol (PEG) initiators and croés—linkers, in

the presence of a chain transfer agent, wherein said

process comprises the step of traditional -radical
polymerization. '

Due to the use of macro-azo PEG initiators, branched

copolymers with well-contxolled structures may be

synthesized from functional monomers by TRP. The polymer

‘monomer‘ may be selected £from the group consisting of

acrylates. The acrylate may be selected from the group
consisting of  dimethylamino . ethyl methacrylate,
diethYlamino Aethyl' methacrylate, acrylic acid, butyi
methacrylate, ' hydroxyethyl methécryiate,' dimethylamind
propyl ﬁethacrylate and derivatives.thereéf. ' '
Advantageously, the "resultant branched copolyﬁers
synt‘hesized"usiﬁg Macro-azo PEG initiators may have more
‘ordered’ and uniform structures compared to branched
copolymers sYﬁtﬁesized. using AIBN as the initiator. The
average molecuiar weight of the PEG in the macro-azo PEG
initiator may be. in the range of about 71,’00(5 to about

25,000, about 1,000 to about 20,000, about 1,000 to about

. 15,000, about 1,000 to about 10,000, about 1,000 to about

5,000, about 2,000 to about 20,000, about 4,000 to about

20,000, about 5,000 to about 20,000, about 10,000 to about

20,000 and about 2,000 to about 15,000. The average
7 '
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molecular weight Of the PEG in the macro-azo PEG initiator

‘is preferably about 12,000 to about 20,000,

The ’cross linker may be selected from the group
consmstlng of ethylene glycol dimethacrylate (EGDMA), 2-
1socyanatoethyl methacrylate and N,N" -
methylenebls(acrylamide). The degreé of_brénching of the

'branched copolymer may be controlled by vafying the amount

of ‘cross-linker used. The degree of branching may be a

value selected £from "the list consisting of about 0.3,

about 0.4, about 0.5, about 0.6, about 0.7, about 0.8 and
about 0.9. The degree of branching is preferably about 0.5
per polymer chain. '

The chain transfer >agent may be selected from the
group consisting of 1-dodecanethiol (DDT), cyanomethyl
penzodithioate, 1~octédeéanethiol, l-hexadecanethiol, 1-
péntadecanethiol and l-tetradecanethiol. -

‘ Controlling the ratio of cross-linker to chain
transfer agent may result in the formation of soluble
molecular species instead of cross-linked ‘gels. The ratio
of }initiator/chain transfer .agent/cross-linker may be
a/b/c. The range. of “a” may be selected from the group
consisting of 0.05-1.0, 0.1-1.0, 0.1-0.9, d.lv—O.B, 0.1~
0.7, 0.i-0.6, 0.1-0.5, 0.2-1.0, 0.2-0.2, 0.2-0.8, 0.2-0.7,
0.2-0.6, 0.2-0.5, 0.3-1.0, 0.3-0.9, 0.3-0.8, 0.3-0.7, 0.3-
0.6, 0.4-1.0, -0.4-0'.9, 0.4-0.8, 0.4-0.7, 0.5-1.0 0.5-0.9,

0.5-0.8 and 0.5-0.7. The range of “a” is preferably 0.5-

1.0. The range of “b"” may be selected from. the group
consisting of ©0.1-2.0, 0.1-%.0, 0.1-0.8, 0.2-2.0, 0.1-1.0,

‘0.2-0.8, 0.3-2.0, 0.3-1.0 and 0.3-0.8. The range of “b” is

preferably ©.1-0.8. The range of “"c” may be selected from

the group consisting of 0.05-1.0, 0.05-0.8, 0.6540.5, 0.1-

1.0, 0.1-0.9, o.i-o.s, ¢.2-0.7, 0.1-0.6, 0:1-0.5, .0.2-

1.00, 2-0.9, 0.2-0.8, b.z-oﬂv, 0.2-0.6, 0.2-0.5, 0.3-1.0,

0.3-0.9, 0.3-0.8, 0.3-0.7, 0.3-0.6, 0.4-1.0, 0.4-0.9, 0.4~
8
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0.8, ©0.4-0.7," 0:5-1.0 0.5-0.9, 0.5-0.8 and 0.5<0.7. The
range of “c¢” is preferably 0.1-0.5.

The process may further comprise the step of dialysis
to obtain..pciymei' nanoparticles. The resultant branched
copolymer . nanoparticles  may- exhibit ' strong  pH-

regponsiveness and may be stable across a wide pH range.

',Advantageously, the process may be a direct preparation of

pﬁ-respcnsive branched copoclymer nanoparticles that does
not require a self-assembly step.

' ~ The polymer nanoparticles  may’ exhlbzt pH-
IESpon51veness across the pH range of about 1.0 to about
14.0{ The range of the PH may be seleqted from the group
consisting of about 2.0 to about 13.0,aabout 2.0 to about
12.0, about 3.0 to about 12.0, about 4.0 to about 14.0,
about 4.0 to about 12.0, about 3.0 to about 11.0 and about
3.0 to aboutblo.o. The range of pH_ia preferably about 3.0
to about 12.0. | ' |

The polymer nanoparticles way have an average

'particle size selected from thetgroup consisting of about

’10 nm to about 5000 nm, ‘about' 100 nm to about 5000 ﬁm,

about 20 mm to about 3000 nm, about 30 nm to about 3000

nm, about 40 nm to about 2000 nm,vabout 50 nm to about

3000 nm, about 60 nm to about 3000 nm, about ' 20 nm to

about 2000 m, about'éo nm to about 2500 nm, about 40 nm
to about 2000 nm,:about Sobnm to about 2000 nm, about 60
om to about 2000 mm, about 60 mm to about 1800 nm, about
60 nm to about 1600 nm, about 60 nm to about 1400 nm and
about 40 nm to about 1800 nm. The average particle size of

the polymer' nanoparticle is ‘preferably in the range of

about. 60 nm to about. 1600 nm.

The process may further comprise the step of lcading
the polymer nanoparticles with a hydrophobic.compound; The
hydrophobic compound may be aelecﬁea from the group
consisting of drugs, cosmeceuticals and a combination

9
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thereof. The hydrophobic drug may be selected from the

group consisting of anticancer agent,  antibiotic agent,

_ant-iniicrobial agent and a combination thereof.

The anticancer agent may be selected from the group
consisting _of cisplatin,‘ . Vinblastine,. Vincristine,
Pac-:ita‘._:-cel,“ 5-fluorduracil, ara]noinosylcytos'i’ne, gemcitabine :
aﬁd methotrexate. . . ‘

The antibiotic may be selected ‘ from‘ the group
consisting of cefotaxime,. spectinomycin, amikacin,
gentamicin, neomycin and vancomycin.

.The antimicrobial agent may be selected from the
group consisting of texrpene hydrocarbons, t'erpe'ne'
alcohols, alcohols, aldehydes and ketones. The terpene

hydrocarbon may be selected from the group consisting of

limonene, pinene, camphene, terpinene and cineol. The

- terpene alcohol may be selected from the groilp consisting

of geraniol, nerol, terpinen-4-ol, linalool, citronellol
and terpineol. The alcohol may be selected from the group
consisting of menthol, eugenol and phenol. The aldehyde
may be selected from the group consisting of bgnzaldéhyde,
cinnatﬁic aldehyde .and .perillaldehyde. The ketone may  be
Selec'ted from the group congisting of carvone, menthone
and cyc lohe'xanone. . '

The hydrophobic cosmeceutical may be selected from
the group consisting  of carotenoids, polyphenols,. .
therapeutic plant = essential oil and extracts. The
carctenoid mé.y be selected froﬁ thé group consisting of
beta-carotene, lycopene, lutein, zeaxanthin, and
astaxanthin. The polyphenol may be selected from the group
consisting of anthocyanidins, catechins, flavonéids,
tannins, and procyanidins. The therapeutic plant essential
oil and extract may be selected from the group comsisting
of eucalyptus oil, lavender oil, tea tree oil, green tea
oil,-_ rosemary, oil, patchouli o0il, cedarwood atlas oil,

10
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clove__léaf» oii, palmarosa oii, grapefruit oil, bergamot
‘calabrian 0il, pine oil,\ cardamom oil, 'I.ieppermint; oil,
cinnamon leaf 0il, and ylang ylang oil. | |

" The polymer nanopartlcles may be used for the slow
_release of a hydrophoblc compound in a neutral or alkaline
environment or the fast releage of a hydrophoblc compound
in an acidic environment. The delivery -of the hydrophobic
compound may be sustained for about 1 hour .to about 200
hours, about 1 hour to about 190 hours, about 1. hour to
about "180 hours, about 1 hour to about 170 hours, abqut 1
hour to ‘about 160 hours, about 1 hour to about 150 hours,
about 1 hour to about 140 hours, about 1 hour to about 120
hours, about $'hours to about 150 hours, about 5 hours to
about 100 hours, about 10 hours to about 150 Hours, about -
15 hours to about 100 hours, about 20 hours to about 200
hours, about 20 hogrs to about 150" hours and about 25

hours to about 100 hours.

Brief Description Of Drawings

The accompanying drawings i illustrate a disclosed
embodiment and serves to explain the principles of the
disclosed en_lbodiment. It is to be understood," howéver,
- that the drawings are 'designed for purposes . of
illustration only, and not as a definition of the limits
of.the invention.

Fig. 1 is a . schematic illustration  depicting. the
process.. for making a Dbranched copolymer comprising
. reacting pelymer monomers with wmacro-azo polyet:_hjfléne
glycol (PEG) initiators and cross-linkers, in- the preseﬁce
of_'a chain transfer agent, wherein said process comprises
the step of traditional radical polymerization.

-Fig. 2 shows the pH-responsiveness of P({PEG/DMAEMA)

branched copolymer nanoparticles.

11
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Fig. '3 - shows the PH-responsiveness of P(PEG/DEAEM)
.branchedAcoﬁolymerrnanOParticles. - |

Fig. 4 depicts typical DLS curves of DMA2 at -
.different pH values. ' o o

Fig. 5 depicts typical DLS curves of ‘DEA2 at
different pH values. . | | - -

Fig. 6 is a TEM image of I_)EPA.at pH-7.0 (scale bar:
500 nm) | a

Fig. 7 depicts the_DLs results of P (PEGgpoo/DEAEMALq)
and P (PEGeoso/DEAEMAq,). particles. '

Fig. 8 shows the release of geraniol from various pH-
responsive. branched copolymer  nanoparticles under

different pH conditions.

Examples
Non-limiting examples of the invention will be further
described in greater detail  by reference to spécific
Examples, which should not be construed as in any way

limiting the scope of the invention.

Materials used for all the Examples

o Dimethylamino ethyl methacrylate {DMAEMA) ,
diethylamino etﬁyl methacrylate (DEAEMA) and‘ ethylene
glycol dimethacrylate tEGDMA, 98%) were purchased from
Sigma-Aldrich (Minnesota, USA) and paséed through an
aluminium oxide (Al.0;) column to‘ remove - the dnhibitor
before use. 1-Dodecanethiol (DDT) and macro-azo PEG
initiators were purchased from Wako Pure Chemical

Industries, Ltd (Japan) and used as feceive&.

12
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 Materials characterization used for all the Examples

'H NMR spectra were recorded using a Bruker AC 400

instrument. Samples were analyzed‘at room temperature and

CDC1; was used as the solvent. .

GPC measurements were carried out using a Waters GPRC

System with' a Waters 515 - HPLC pump, 717plus autosampler,

- 2414 refractive-index  detector, and the following

Styragel@ GPC columns arranged in series: guard, HRSE (x2,
4.6mm ID x 300 mm), HRL and HRO.S5. THF was used as eluent
(flow rate: 0.3 mL/min; 40°C) , mono-dispersed PMMA standard
was used to make the calibration. '
Dynamic ’light scattering (DLS) wmeasurements were
carried out using a Malvern Nano-S DLS instrument.
Transmission Electron Microscopy (TEM) measurements
were analysed using a Tecnai Spirit transmission electron
microscope (Tecnai G2 12) with an acceierating voltage of
110 kv, sample solutions were dropped onto 400 mesh copper
TEM grias, and dried overnight at room temperature.
Multiple image sampling was undertaken over several areas
of the TEM grid to ensure that the analysis was

representative of the nature of the sample.

Exampie‘l

Synthesis of Branched Copolymers

As illustrated in Fig. 1, branched copclymers of

poly{pely(ethylene glycol)/dimethyiamino ethyl
methacrylate) {P {PEG/DMAEMA} and pély(poly(ethylene
glycol) /diethylamine ethyl methacrylate) (P (PEG/DEAEMA)

were synthesized via traditional radical polymerization
(TRP)'usingta macro-azo‘PEG initiator in the presence of
the cross-linker, ethylene glycol dimethacrylate (EGDMA),

and chain transfer agent, DDT,.

13
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. :A§ - a . representative example for a  typical .

polymerization process, the synthesis of DMAL is described

as follows:

'MAT6000 (1 g, 0.0833 mmol) was added into a dry 50 mL

.Schlénk flaskffThe'Schlenk fiask was then sealed with a

rubber' septum and subjected to a vacuum to remove any

gases and water, and then refilled with argomn. This cycle

- was repeated three times to ensure an inert atmosphere. A

10

15

20

25

30

solution comprising ethanol (6 wL, 4-equivalents with
respect to total mass of initiator and ménomer'added_},
DMAEMA (0.52 ¢, 3.33 mmol), DDT (8.5 mg, 0.04 mmol), EGDMA
(8.3. '_mg', .04 mmol) and anisole (0.2 ml; internal
standard for *H NMR) was deoxygenated by bubhlﬁ'.ng argon for
approximately 40 minutes. The deoxygenated solution was
then added to the >Schlenk flask using an argon-purged
syriﬁge. The resultant mixture was heated to 70°C and the
polymerization was ‘carried out for 20 hours at 70°C.
Monomer conversions were determined by 'H NMR spectroscopy

by comparing the integrals of the protons of the unreacted

monomer with the inexrt internal standard. After 20 hours,

the flask was cooled down to - room temperature.
Subsequently, an excess amount of hexane was added to the
reaction mixture, which - led to precipitation of the
produck. The\precipitat'ed solid was filtered and washed
with cold hexane three times before drying under vacuum at
40°C for two days to obtain a white powder,

‘ Table 1 shows the various branched copolymer
compositions synthesized using macro-—aéo PEG with va;r:ied
molecular weights of PEG. Macro-azo - initidtors with
different molecu_iar- weights of PEG were used to produce
branched copolyﬁers with varied PEG molecular weights. DDT
was chosen as the chain transfer agent to prevent cross-
linking, while the 'ratio of monomer to initiator was
varied 'té control the molecular weight o©f the resultant

14
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branched copolymer. It was advantageously found that high

ylelds were obtalned for all these polymerlzatlons, as

" indicated by the high conversion (>92%) .

Control experlments were carried out to investigaité.
the effect of EGDMA and DDT on the resultant branc¢hed

copolymer It was_found that increasing the proportion of

‘EGDMA res_ulted in .the formation of wundesirable | cYoss~—

linked gels with limited solubility in organic solvents.
'I“hus; it was found that the ratio of EGDMA to DDT' could be
controlled 'so as to produce soluble molecular species
inste'ad of cross-linked gels. Advantageouély, the ratio of

initiator/DDT/EGDMA was wmaintained at 1/0.5/0.5 as this

‘led to the formation of branched copolymers that were

readily - soluble 'in common organic solvents such as

tetrahydrofuran (THF) and dichloromethane (DCM) .

15
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Table "1 Typical branched copolymers synthesized from

'DMAEMA and DEAEMA in the presence of macro-azo initiator

with DDT as chain transfer agent and EGDMA as cross-linker

5 (Initiator/DDT/EGDMA: 1/0.5/0.5)
' Sample Macro-azo initiator “Momomer used Copolymer
-composition

DMAL MAIG000° DMAEMA ‘P (PEGggno/ DMAEMA,,)
DMAZ2 MAIL6000 DMAEMA P (PEGgg0s/ DMAEMA;,)
DMA3 MAIG000 DMAEMA P (PEGeqge/ DMAEMALg)
DMB4 MATG000 DMAEMA P (PECgpo0/ DMAEMA)
DMAS MAI&000 DMAEMA P {PEG¢op9/ DMEEMA,)
DMA6 MAT4000° DMAEMA P (PEGy000/ DMAEMA,,)
DMAT MAT4000 DMAEMA P (PEG4000/ DMAEMRA, )
DMAS MAI2000 DMAEMA P (PEG,000/ PMAEMA)
DMAS MAT2000° DMAEMA P (PEG3000/ DMAEMAZq)
DMAL0 MAT2000 DMAEMA P (PEG; 0097 DMAEMA,,)
DEAl MAI&000 DEAEMA P (PEGgpoo/ DEAEMA,; )
DEA2 MATE000 DEAEMA P (PEGgpoo/ DEAEMA, )
DEA3 MAIE000 DEREMA P (PEGggop/ DEAEMA,p)
DEA4 MAI6000 DEAEMA P (PEGgggs/ DEAEMA)
DEAS MAIE000 DERAEMA P (PEGgqpo/ DEAEMA,, }

& % ¢ MATE000, MAI400, MAI2000 refer to the macro-azo PEG
initiator with PEG6000, PEG4000 and PEG2000 on each side {structure
shown in Fig. 1) respectively. ’

10 .

It was -advantageously found that the resultant
branched copolymers synthesized using a wmacro-azo PEG
initiator . had more ‘ordered' and uniform structures
compared to branched copolymers synthesized using AIBN as

15 the initiator.

" During the poiymeri.zation, the propagating DMAEMA (or
DEAREMA) segment chains were able to branch and form
chemical bonds between other growing DMAEMA (or DEAEMA)
segment chains, ' thereby . building a covalently-Iinked

20 association of copolymer chains. The ratio of EGDMA to the
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growing polymer chain was restricted to 1less than' one
branched monomer per chain, which means that the branching
is, on stoichiometric average, less than one branch per

one block copolymer chain. . Branch poin'ts were .incorporated

 statistically during the _growth‘ of the DMAEMA (or DEAEMA)

segment and ‘the covalent bonding between numerous-chains
occurred via a concerted propagation/branching process
during core formation. Thus, the'degree of branching can
be advantageously ééntrolled by varying the amount of
EDGMA uséd in the process. As a result, discrete soluble
molecular species were formed without the formation of a
more extended macromolecular network. Overall, this
process represents a one-pot direct synthesis, where a
cornpositionaily predetermined structure can be fabricated

from covalently-linked macromolecular chains.

Example 2
Preparation of polymer nanoparticles

Thé branched copolymers were subsequently used to
prepare polymer nanoparticles using a simple dialfsis
process, - which led to ‘poiymer ﬁanopartic:les that exhibited
strong pH-responsiveness. Advantageously, the dialysis
process removed any residual monomers or initiator
residues and led to the generation of aqueous solutions.
Dynamic light scattering (DLS) was used to investigate the
solution behavioﬁr of the branched copolymers.

As a representative example for a typical dialysis
process, the synthesis of polymer nanoparticles using
branched block copolymer P(PEGGQQQ/DMAEMAQ,D) ({DMA3, Table 1)
is described as follows:

The branched block copolymer P (PEGsooo/DMAEMA,p) (DMA3)
wag . dissolved in THF at 2.0 mg/ml and subsequently
dialysed against water fof two days (7000 g/mol Mw cut-off

' 17
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dialysis -tubing) . Gravimetric determinations showed that

the amount of mdterial removed during the dialysis process

- was very small (~0.5%): as such, dialysis did not lead to
._Sigﬂificant fractionation of the polymer. No THF could be-

,detectéd in the resulting dlalysed solution Aand the

solutlon was stable for at 1east two months when stored at

.amblent temperature, as’ indicated by the absence of

cloudinéss or precipitation.

‘It was found that branched copolymers prepared using

a PEG4000 or PEG2000 macro-azeo initiator precipitated out

of solution after dialysis, which indicated that no
nanopartlcles were formed. This may be due to the
lnablllty of the low molecular PEG on the outer layer to
stabilize the whole molecular spec1es in water.

On the other hand, clear solutions were obtained from
PEG6000 derived Dbranched -«copolymers after dialysis.
Furthermore, the resultant polymer nancparticles were
detected by DLS with sufficient light scattered, so that
accurate and reliable results may be obtained, at
different molecular weights with low Ipoiydispersities
across.the entire .pH range. As illustrated in‘Fig. 2 and 3/

these branched ' copolymer  particles exhibited _a'

. characteristic pH-respongiveness: the sharp shrinkage of

particlés occurred at about pH 7.5 and about pH 6.5 for

P(PEG/DMAEMA) and P (PEG/DEAEMA) copolymer particles

respectively. Negligible changes in the particle size were

" observed when the pH was less than pH 7.5 for

P(PEG/DMAEMA) . Likewise, negligible changes in the
particle size were observed when the pH was less than pH

6.5 for P‘PEG/DEAEMA) Considering that the pKa ©f linear

PDMAEMA and PDEAEMA is 7.3-7.5 and 7 0-7.3 respectively,

the critical pH of the branched copolymer nanoparticles

shown. in Fig. 2 corresponds approximately to these values.
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~ The branched copolymer nanoparticles in water were

f présent‘as core-shell structures with PDMAEMA (or PDEAEMA)
. as the‘coré and FPPEG .as corona, respectively, for all pH
 ranges. At low pH, the branched copolymers were completely

protonated and solvated but the covalently linked PDMAEMA

(or PDEAEMA) were still able to scatter sufflc:lent light,

g0 that accurate and reliable regults may be obtained,

' ‘thereby indicating the formation of expanded particles. On

incféasing kthet PH, duve to the deprotonation of the
tertiary amine groups, the Dbranched PDMAEMA (or FPDEAEMA)
blocks -form hydrophobically collapsed nanopartlcle cores
whlch were stabilized by the PPEG shell, thereby resulting
in compact particles (Elg._l), Ag such, the conformation
of the nanoparticles may be controlled by chénges in
external pH. ' | . )
. Typical DLS curves of P(PEC/DMAEMA)  branched
copolymer particles (DMA2 and’ DEA2) at different pH are

shown -in Fig. 4 and Fig. 5 respectively. Generally, both

‘particle size and poljdispersity decreased on increasing

pH;- which 'suggests_ the transformation of the expanded
nanoparticles obtained under more acidic conditions to’
compact nanoparticles obtained undexr - more basic:

conditions. From the TEM image of DEA4 at pH 7.0 (Fig. 6),

it can be seen that uniform and compact nanoparticles

could be obtained. ,
Advéntageously, the use -of a macro-aéo PEG initiator

énabled control of the structure of the branched copolymexr

particles. It was hypothesized and verified by  control

experiments that the branched copolymer particles are in a

predominantly. uni-molecular mode, which was a consequence

of the controlled gynthesis brought about by the macre-azo
PEG initiator. Each particle represents one discrete
molecular species with a PDMAEMA (or PDEAEMA) core and a
PPEG coroma. This uni-molecular structure maf also be the
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reason for the -larger particle diameters observed at low"
o v o " |

The. polymeric micelle ig a dynamic equilibrium and
themody_namic unstable system: with a tendency to
dissociate at  low \c‘:once;lntrat-ions,;_ while - nanogels ' are
highly cross-linked materials that typically havé a_.;cros_s-;-
linking degree. of more than 1.0. The branched copolymer
nanoparticles were different in structure from micelles
‘and nanogels, as ‘the - PDMAEMA (or PDEREMA) core polymer |
chains were linked but the degree of branching was well
controlled (as demonstrated in Example 1). As a result, :Ln
contrast ‘té micelles, no rdisassembly of nanoparticles
occurred while expanded nanoparticles were formed at. low
pi—,l. compared with nanogels that have a highly cross-linked
core, the controlled degree  of branching in the core of
the branched cc:spoiymers. Vdes‘cribed herein allows a
relatively  high lcading capacity for  potential
applications = in the controlled release of organic
compounds’. | | .

To investigate the feasibility of synthesizing micro-
particles, which have higher 1loading capacity, branched
copolymers were synthesized using a macro-azo initiator
MAIGOOO with varied ﬁlolecular weights - of PDEAEMA, followed
by dialysis of: the branched ' copolymers to form micro-
particles. Typical DLS results of P(PEGsooo/DEAEMA,) and
" P(PEGsooo/DEAEMAs,) -at pH 7 are shown in Fig. 7. The molar |
ratio of macrc-azo initiator: monomer: EGDMA was 1:200:0.5
and 1:500:0.5 for P(PEGeeoo/DEAEMA,) and P (PEGgoeo/DEAEMAS,)
respectively. Tﬁe DLS results indicated that the averége
particle  size  obtained  from  branched  copolymer
P { PEGso00/ DEAEMA,00) and‘ P(PEGEOOO/DEAEMAsob) were 606nm and
1198nm, respedtivel’y. Furthermore,‘ as shown - in Table 2,

the size of the micro-particles increased at lower pH,

20



W0 2015/053716

PCT/5G2014/000479

thereby indicating that the micro-particles exhibit pH-

responsiveness.

- Table 2 Synthesis of micro-particles £rom branched

5 copolymers with macrpfazo initiator {MAI6000)

10

15

20

25

Size (nm)

Samples Copelymer Size (rim) Size {nm) Size {nr:;)
composition - (AVE) (D(i)20%) | (AVE) (D{i)20%)
' _At pPH 7 At pH 7 At pH 3 At pH_3
DERG P { PEGgo00/ DEAEMA00) | 606 972 955 1230
DER7 B { PEGgo00/ DEREMAoe} | 1198 2150 2815 4100
Example 3

Loading and release of hydrophobic compound

To demonstrate the leading and release ability of the
pH-responsive polymer nanoparticles,'geraniol (a typical
loaded

into wvariougs DEA nanoparticles and its release in acidic

fragrance and effective mosquito repellent) was

and .alkaline conditions was measured.

A,-representative example for locading and release
measurements of geraniol from branched copolymer

- nanoparticleg is described as follows:
Branched copolymer P (PEGgsopo/DEAEMA,,) (0.2g, DEA3 in

Table 1) and geraniol (0.04g) were completely dissclved in
10mL of THF. Intc this solution, deionizedlwater {SmL) was
added dropwise at 1 drop/sec using a syringe pump under

stirring. After the addition of water, the mixture was

‘stirred for 30 minutes before the THF was removed using a

gentle stream of N,, as confirmed by 'H NMR spectroécopy.

The remaining clear agueous solution was put into a

dialysis tubing (7000 g/mol Mw cut-off), which was then

put into a beaker containing 150mL of pH 6.0 or pH 8.0

21




‘10

15

20

25

30

WO 2015/053716 PCT/SG2014/000479

water to measure the release of geraniol. During the

measurements, the whole aqueous phase was extracted  using

chloroform (20 mL x 3 times) and GC analysis was used to

detect ‘the amount of released geranicl. Meanwhile, the
dialysis tubing containing loaded nandpartiéles was placed
into anothér 150 mL Bf acidic or alkaline water to
continue the release of geraniol. | .
As .illustrated in Fig. 8, the releage of gerani&i
under acidic conditions was significantly faster than
under alkaline conditions when a DEA3 nanoﬁarticle was
used. This is presumably due to the formation of compact.
nanoparticles under alkaline conditions (pH_ 8.0), which

can encapsulate geraniol better than the corresponding

expanded ~nanoparticles formed under more acidic
conditions.
In the case of DEAl 'nénoparticles, a smaller

difference in the release rates of geranicl under

different pH conditidons was observed. However, it was

still observed that the rate of release of geraniol was
higher under”moré acidic conditioné. As PDEAEMA forms the
core . in DEAl nénoparticles, the relatively smaller
proportion of PDEREMA may be a contributing factor to the
lower pH-responsiveness  of the resultant  polymer
nanoparticles (20 unité-of PDEAEMA compared to 40 units of
PDEAEMA in DEA3 nanoparticles). Conversely, the more
PDEAEMA is -employed, thé-higher the pH-responsiveness of
the resultant polymer nanoparticles. As such, the pH

responsiveness may be controlled by varying the amount of

 PDEAEMA used.

Applications

The disclosed process is a direct preparation of pH-
responsive branched polymer nanoparticles by a simple
22
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'diglysis- process without self-assembly. Advantageoﬁsly,

various functional monomers may be used and the process

may be easily scaled up.

The disclosed pH—requn_sivé polymer nanoparticles may

be applied in..delivery systems of hydrophobic compounds

-with good' . bi'o-logic'al activity, "stability cand

compatibility. In- pa:cticular, when the disclosed pH-

respongive polymer nanoparticle_:s ‘are loaded with geraniol

as - the hydrophobic compound, the ‘resultant polymer.

nanopar‘ticle's' ‘may be potential antimicrobial agents for
the treatment of skin and soft tissue to inhibit the
growth of various infectious pathogens.

The -release of the hydrophcbic compounds wmay be

vtrigger{e’:d by external pH if necessary. In addition, the

disclosed_ polymer nanoparticles are very stable across the
Whole pH range compared to polymer micelles that may’
decompose and have higher loading capacity compared to
highly cross-linked micro/mnano gels. Furthermore, micro-
particles that have a higher loading capacity may be
synthesized. o .

The difference in release rate under different PH

conditions suggests the feasibility of applying the pH-

. responsive nanoparticles in fast-release gystems (acidic.

envi‘ronment) or slow-release systems (alkaline
environment) . ' '

' These pH-responsive polymer nanoparticles may also be
used in health care and personal care (pH-triggered
release, controlled-release of guest compounds such as
fragrance and L bicactive materials), biomedical and
pharmaceutical applications (controlled release of drugs),
soil remediation and environmental protection (controlled
release and. update of biocactive substances or in the
remov-fal of harmful materials, e.qg. in waste water
treatment) .
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It will be apparent that varicus other modifications
and adaptatibnsgéf the invention will be 'apparent to -the
‘person skilled 'in Ehe art after reading the foregoing
d@sclosure WLthout departlng from the Splrlt and scope of

the 1nventlon _,and it is, lntended ‘that all - such
'fmodlflcatlons and. adaptatlons come w1th1n the scope of the -

appended claims.
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CLAIMS

1. - A process for making a branched copolymer

- comprising reactlng polymer monomers with MAcro-azo

_polyethylene glycol (PEG) initiators and cross llnkers

in .the presence of a chain" transfer agent where1n said
process comprlses the step of tradltlonal radlcal

polymerization.

2. © The process according . .to claim 1, wherein said

polymer monomer is selected from the group consisting of

acrylétes.

3. The process according to claim 1, wherein said
acrylate is selected from the group consisting of
dimethylamino ethyl methacrylate, diethylamino ethyl

methacryléte, acrylic acid, and derivatives thereof.

4. The process according to claim 1, wherein said

macro-azo PEG has varied molecular weight of PEG of

" between 12,000 to 20,000.

5. The process accordlng to claim 1, wherein said

‘Cross- llnker is selected from the group con51st1ng of

ethylene glycol dimethacrylate (EGDMA), 2-isocyanatoethyl
methacrylate, N,N' -methylenebis (acrylamide) .

6. The process according to claim 1, wherein said
chain transfer agent is selected from the group
consisting of 1l-dodecanethiol (DDT)and cyanomethyl

benzodithicate.
7. The process according to claim 1, wherein the
ratio of initiator/chain transfer agent/cross-linker is

a/b/c, where a = 0.5-1.0; b = 0.1-0.8; and ¢ = 0.1-0.5.
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8. The process according to claim 1, further
¢dmpriéing‘the stép of dialysis to obtain polymer

nanoparticles.

9. The,process according to claim 8, further '
comprising the step of loading the polymer nanoparticle

with a hydrophobic compound.

10. "The process according to claim 8, wherein the
hydrophobic compound is selected from the group
conéisting of drugs, cosmeceuticals and a coﬁbination

thereof.

11. The process according to c¢laim 10, wherein the
hydrophobic drug is selected from the group consisting of
anticancer_agent,.antibiotic agent, antimicrobial ageﬁt

and a combination thereof.

'12. The process according to claim 11, wherein said

.anticancer agehﬁ'is selected from the group consisting of

cisplatin, Vinblastine, Vincristine, Pacitaxel, 5-
fluorouracil, arabinosylcytosine, gemcitabine and

methotrexate.

13. The procesé according to claim 11, wherein said
antibiotic is selected from the group consisting of
cefotakime, spectinomycin, amikacin, gentamicin, neomycin

and vancomycin.

14. The process according to claim 11, wherein said
antimicrobial agent ig selected from the group consisting
of terpené hydrocarbons, terpene alcchols, alcohols, ‘

aldehydes and ketones.
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15. The process according te claim 12, wherein said
alcohol is selected from the group consisting of menthol,

eugencl and phenocl.

16, The process according to claim 12, wherein said
aldehyde is selected from the group consisting of

benzaldehyde, cinnamic aldehyde and perillaldéhyde.

17. The process according to cliaim 12, wherein said
ketone is selected from the group consisting of carvone,

menthone and cyclohexanone.

18. The process according to claim 8, wherein said
cosmeceutical is selected from the group consisting of
carotencids, polyphenols, therapeutic plant essential oil and

extracts,

19. The process according to claim 18, wherein said
carotenoid is selected from the group consisting of beta-

carotene, lycopene, lutein, zeaxanthin, and astaxanthin.

20, The process according to c¢laim 18, wherein said
polyphenol is selected from the group consisting of
anthocyaniding, catechins, flavonoids, tannins, and

procyanidins.

21. The process according to c¢laim 18, wherein said
therapeutic plant essential oil and extract is selected from
the group consisting of eucalyptus oil, lavender oil, tea tree
0il, green tea oil, rogemary oil, patchouli oil, cedarwood
atlas oil, clove leaf oil, palmarosa oil, grapefruit oil,
bergamot calabrian oil, pine oil, cardamom oil, peppermint

0il, cinnamon leaf oil, and ylang ylang coil.
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22, A polymer nanoparticle obtainable by the process
according to any of claims 6 to 21, wherein said nancparticle
comprises a branched copolymer, said branched copolymer
comprising a polyethylene glycol monomer and a polymer monomer
selected from the group consisting of dimethylamino ethyl
methacrylate,; diethylamino ethyl methacrylate and derivatives

thereof.

23. The pelymer nanoparticle according to c¢laim 22,
wherein said polymer nanoparticle exhibits characteristic pH-

respongiveness.

24. The polymer nanoparticle according to claim 23,
wherein said pH-responsiveness is across the pH range of 3.0

to 12.0.

25. The polymer nanoparticle according to claim 22,
wherein said polymer nanoparticle has an average particle size

of 60 to 1600 nm,

26. Use of the polymer nancparticle according to any of
claimg 22 to 25 for the slow release of a hydrophobic compound

in neutral oxr alkaline environment.

27. Use of the polymer nanoparticle according to any of
claims 22 to 25 for the fast release of a hydrophobic compound

in an acidic environment.
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