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.. . A Polymeric System for Release .of an Active Agent

Technical Fieid

The present invention generally relates to a

-'pol?meric system for ’reléase, of an active agent and a

process for making the same. The:  disclosed polymeric
system 'ﬁay be an injectable hydrogel for rzrelease of
therapeutic agents. - ' '
7 Background _ .
A hydrogel is a network of cross-linked hydrophilic

homo- or hetero-co-polymers, which has the ability to

absorb and retain -large amounts of water or biological

fluids. Hydrogels are of great interest and high demand in

'industry. Natural and synthetic hydrogels have been

utilized as tissue engineering matrices, wound dressings,
dermal fillers and drug deliveryhdevices; In particular,
injectable hydrogels have received wuch attention as

protein delivery systems that can form a stable depot in

the body in situ and release their payloads in a sustained

manner. The use of such hydrogels is desirable because it
eliminates the.‘need for surgical procedures and allows
protein.delivery in clinical settings. '
quever, there are a number of d;awbacks that need to
be addréssed before injeétable hyvdrogels can be

efficiently used in ¢linical - settings. For instance,

- conventional hydrogel systems suffer from a rapid

.diffusion of proteins from the "hydrogel matrix due to

their high permeability. Such rapid diffusion, also known

~as initial burst release, leads to a sudden increase in

the concentration of the protein. Hence, if applied to
physiological systems, problems such as undesired side
effects and ineffective treatment of diseases may arise.

Thus, there is a need for hydrogels that have suppressed
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' initial'burSt.release, such that a protein can bé_released

over an extended period of time. ‘
.‘VSeVeiél, appfbachés haVec'peen,Ldeﬁeloped ;to_‘sﬁppress

the initial burst release and extend the releaée period of
“the prcteins.l However, they suffer from a number of
drawbacks. At present, the most popular approach is to
reduce. the.,permeability of hydrogels by increasing the
crosslinking density.‘:Howéver, this approach is not
effective . in preventing" the diffusion of low molecular '
weight protéins.‘Thus, therée is a need for hydrogels that
are effective in preventing the diffusion of low molecular
‘weight proteins. . ' .

Another known approach aﬁailable in the art is the
incorporation of heparic in the hydrogel matrices ' to
enable the prolcnged release of heparin-binding growth .
factors dﬁe'ﬁo'the specific interaction between heparin

"and the growth factcrs. waever; a drawbéck of this
apﬁroach is that these affinity hydrogel systems are oniy
applicable to a limited rénge of proteins due to the need .
for a'specific interaction between the pfoteins and high-
affinity ligands. Thus, there is a need for an approach
which-is Suitab-le for a wider range of proteins.

Another approach thétrhas been used to suppress the
initial burst release is pendant chain systems, in which
proteins are ‘directiy conjugated to polymer chains of
hydroééls. The conjugated proteins are released after
cleavage of the linker between the proteins and polymer
chains via hydrolysis or enzymatic reaction. Since
chemical modification of proteins is reqguired, changes to
the Dbiocactivity and immunogenicity of the modified
proteins may arise. As such, the applicability of this
approach is limited. Thus, there is a need for an approach
which does. mnot interfere with the 'bioactivity and

immunogenicity of proteins.
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There 1is therefore a need to provide a polymeric
system that can suppress the initial burst release that
overcomes, -Oor at least ameliorates, one or more of the
disadvantages degcribed above.

Summary

Accoxrding to the disclosure, there is provided a
pelymeric system for release of an active agent,
comprising a first polymeric phase containing the aé¢tive
agent, said first polymeric phase forming discrete regions
of a set size range and being digpersed within a second
polymeric phase comprising a cross-linked polymer-phenol
conjugate for release of the active agent therein.

According to a first aspect, there is provided a
polymeric system for release of an active agent, having a
first polymeric phase comprising polyethylene glycel (PEG)
and containing the active agent as a PEG-conjugated active
agent, the first polymeric phase forming discrete regions
©f a set size range and being dispersed within a second
polymeric phase comprising a cross-linked dextran-tyramine
conjugate for release of the active agent therein, wherein
said PEG conjugated-active agent preferentially partitions
to said first polymeric phase as compared to said second
polymeric phase.

The first polymeric phase may act as a reservoir for
the active agent, and entrap or release the active agent
upont changes in the concentration of the active agent in
the sgecond polymeric phase. When the active agent is
releagsed from the polymeric system, the active agent in
the first polymeric phase may move Ffrom the Ffirst
polymeric phase to the second polymeric phase. As a
regult, the concentration of the active agent in the
gecond polymeric phase advantageously remains
substantially constant for prolonged periods of time.

The set size range of the discrete regions of the
first polymeric phase may control the rate of release of
the active agent. The set size range may be selected by
controlling the zrate of cross-linking of the second



polymeric phase during formation of the second polymeric
phase s0 as to form the discrete vregions having the
selected set sgize range. The rate of cross-linking may be
controlled by the concentration of catalystg added to form
chemical cross-links between the

polymer-~phenol
conjugates.
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This may_ﬁacilitate the containment'of active.agents‘
of various sizes, ranging from low to high molecular
weight, -and possibly more than. one active agentsJ‘Notably,
the ‘discrete regions become smallerv_with 'increasing-
éondéntration of = the -cataIYSt. For example, ‘if'.thé

gelation rate is increased, the size of ‘the discrete

' regions may decrease because . the first polymeric phase (in

the form of microdomains) that are dispersed in the second

polymeric- phase (in the form of a continuous phése) does -

" not tend to coalesce into’ larger ores aUe to the fast

- gelatiorn process. Since smaller microdomains create a

smaller concentration gradientl the transport of active
agents across the two polymeric phases may become slower,
_which in turn. leads to a - slower release of‘.the
encapsulated  active agent from the polymeric systenm,
leading to aAsustained delivery of the active agent for a

long period of time. The delivery of the active agent may

" be sustained for more than a month. Consequently, smaller

discrete regions result in a slower release rate of the
active agent from. the polymeric system as compared to
lai‘ger discrete regions. Aavant'ageously, by controlling
the size of the microdomains or discrete regions of the
first polymeric phase, the release of the active agent(s)
ffom the pelymeric system may . also be desirably
controlled. ' |
The ability to control the release -of the active
agent from the polymeri¢ system via controlling the size
range of the discrete regionsg of the firstlpolymeric phase
may allow the release of the active -agent from the
polymeric system without the need to use a rélease agent.

In conventional hydrogels which 7require the use of a

release agent, the release ageﬁt tends to diffuse out of

the hydrogel into the body when applied in vivo, leading

to a significant decrease in the release agent in the
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hydrogel, which then significantly affect the release of
the active agent from the hydrogel. It is not necessary to
use a release agent in the disclosed polymeric system due
to the presence of the discrete regions which does not
change substantially in size over time once they are
formed in the body. Hence, the control of the release of
the active agent from the disclosed polymeric system can
be contrclled over time even when placed in vivo.

In the disclosure, there 1is provided an injectable
hydrogel for release of an active agent, comprising a
first polymeric phase containing the active agent, said
first polymeric phase forming discrete regions of a set
size range and being dispersed within a second polymeric
phase comprising a cross-linked polymer-phenol conjugate
for release of the active agent therein.

In the disclosure, there is provided a carrier for
delivering a biologically active substance or a drug,
comprising the injectable hydrogel as described above as
an active ingredient.

In another aspect, there 1is provided a carrier for
delivering a bioleogically active substance or a drug,
comprising the polymeric system as defined herein.

In the disclosure, there 1is provided a method for
forming a polymeric system for release of an active agent,
comprising a first polymeric¢ phase containing the active
agent, said first polymeric phase forming discrete regions
of a set size range and being dispersed within a second
polymeric phase comprising a c¢ross-linked polymer-phenol
conjugate for release of the active agent therein, the
method comprising the steps of:

a. providing an aqueous reaction mixture comprising
a first polymeric phase polymer, a polymer-phenol

conjugate and an active agent; and
b. controlling the wxate of c¢ross-linking of the

polymer-phenol conjugate during formation of said second
polymeric phase to thereby control the set size range of
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the discrete regions of the first polymer phase having the
active agent therein.

In ancther aspect, there is provided a method for
forming a polymeric system for release of an active agent,
having a first polymeric phase comprising polyethylene
glycol (PEG) and containing the active agent as a PEG-
conjugated active agent, the first polymeric phase forming
discrete regions of a set size range and being dispersed
within a second polymeric phase comprising a cross-linked
dextran-tyramine conjugate for release of the active agent
therein, wherein said PEG conjugated-active agent
preferentially partitions to said first polymeric phase as
compared to said second polymeric phasgse, the method
comprising the steps of:

a. providing an aqueous reaction mixture comprising

a first polymeric phase polymer, a dextran-tyramine

conjugate and a PEG-conjugated active agent; and

k. controlling the rate of cross-linking of the
dextran-tyramine conjugate during formation of the second
pelymeric phase by adding a catalyst to the aqueous
reaction mixture to thexeby contreol the get gize range of
the discrete regions of the first polymeric phase having
the PEG-conjugated active agent therein.

Definitions

The following words and termg used herein shall have
the meaning indicated:

The term “phase”, as used in the context of the
present specification, is intended to refer to a distinct,
homogeneous and immiscible part of a polymeric system that
may be physically separated from the rest of the polymeric
system. One phase of the polymeric system may be dispersed
or surrounded by &a second phase, which is a continuous
phase.

The word ‘“polymer” or ‘“polymeric’ refers to a
molecule having twe or more monomeric repeat units. It
includes linear and branched polymer structures, and also
encompasses crosg-linked polymers as well ag copolymers
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{which may or may not be cross-linked), thus including
block copolymers, alternating copolymers, random
copolymers, and the 1like. A T“polymer-phencl conjugate”
refers toc a polymer covalently attached to a phenol-
containing moiety, as defined herein.

The term “domain” or “microdomain” herein refers to
discrete regions of a set size range in the polymeric
system.

The term “cross-iinked” herein refers to a reaction
between two moieties, an example being an oxidative
coupling of tyramine moieties catalyzed by an agent and an
oxidant.

As used herein, polyethylene glycol or “PEG” broadly
refers to a linear, multi-arm, or branched polymer
backbone comprising a water-soluble and non-peptidic
polymer having repeat CH,CH,O units. The PEG family of
polymers generally exhibits the properties of solubility
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in water and in many organic solvents, lack of toxicity,.
aﬁd lack of immuncgenicity. The term PEG should be
understood to be inclusive and to include polyethylene
glycol. rin any of its linear, branched .or multi-arm forms,
‘including alkoxy PEG, bifunctional fEG, forked PEG,"
branched PEG, '_pe_ndant PEG, and PEGV . with degraciable
linkages therein. ‘

: PEG, .in any of_ the forms described herein, is.
typically clear, colorless, odorless, sol_ub'le in water,
stable rtoﬂ heat, iﬁert .to many chemical -agérits,, does 'nct
hydrolyze or deteriorate (unless si:;ecifically designed to
do so), and is g_enerally nontoxic. PEG lS considered to be.
biocompatible, which is to say that PEG is capable of
coexistence with living tissues _o;r organisms without
cé,using harm. More specifically, PEG is substantially non-
immunogenic, which 1s ﬁo' say that PEG élloes-'-n'ot tend to
prodice an immune response in a patient. When attached to
a ‘molecvule having some desirable function in the body,
such as a biologically active agent, the PEG tends to mask
the agent and can Jf_educe or eliminate any immune response
so that an organisrh can tolerate the presence of the
agent. PEG_-cont-aining conjugates'r-and hydrogels tend not to
produce a substantial imrﬁune responéé or cause clotting'or
other undesirable effects. B

The term “hydrogel” 13 used in the conventional sense
to refer to a water-sweéllable -?olymeric gystem that can
absorb a 'substantiél. amouﬁt- of water' to form an elastic
gel, wherein the “system” <comprises a first polymeric
phase contéining the active agent, the £irst polymeric
phase forming d,i_screté regions of-a set sgize raﬁge and
being dispersed within a second polymeric phase_.'

The term “gelation rate” is used herein to ‘refer to

the rate of cross-linking of Ehe'second polymeric ‘phase

- during formation of the second polymeric phase so as to

7
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form the discrete regions having the' selected set sgize
range.
The term “stiffness” is used herein to refer to the

rigidity of the polymeric system. The rigidity is defined

ag” the extent -to which the polymeric systenm resists

deformation in response to an applied force.
The term “storage modulus” is used herein as an

indicator thdt  characterizes the stiffness of the

‘polymeric system. The storage modulus is the tendency of

the polymeric system to be deformed 'elastically' when a
force is applied ﬁb it. .
.The term “active agent” is used herein to ;efer to a
chemical material or compound suitable for administration
to a human patient and that induces a desired beneficial
effect;'e.g.,"eﬁhibits a desired pharmacological activity.
The term ‘includes, for example, agents that are
therapeutically effective, prophylactically‘efféctivé, and
coémeticélly {and cogmeceutically) effective. Also
included are derivatives and analogs of those compounds or
classes of compouhds specifically mentionéd which also
induce the desired beneficiai effect. The active agent may
be selected from the group -consisting of proteins,
antibodies, peptides, small—moiecule drugs, nucleic acid-
based drugs, nanoparticulate systems and mixﬁures thereof.
Unlegs .specified otherwise, the terms .“comprisingﬁ
and‘.“comprise“, ‘and 'grammatical variants thereof, are
intended to represent "open" or "inclusiﬁe" language such
that they 1include’ recited elements but alsc permit
inclusion of additional, unrecited elements.
: As used herein, the term "about”, in the context of

concentrations of components of the formulations,

typically means +/- 5% of the stated value, more typically
" 4+/~ 4% of the stated %alue, more typically +/- 2% of the

stated value, more typically, +/- 2% of the stated value,

.
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even more typically +/- 1%3of the stated value, and even
more typically +/- 0. 5% " of the stated value.
Throughout this dlsclosure certain embodlments may

be dlsclosed_ln a range format. It should be understood

';that the ‘description - in range format . ﬂis_ merely  for

convenience and brev1ty and should not be construed as an -

inflexible limitation on the scope of the dlsclosed.
ranges. Accordingly, the description of a rangeﬂshould'be

con51dered to have specifically disclosed all the p0551b1e-“

sub- ranges as well as individual numerlcal values within

that range. For example,,descrlption of a Iange'such as
from 1 to 6 should be considered to have specifically
disclosed sub-ranges such as ofrom 1 ﬁo 3, from 1 to 4,
from 1 t0'5,‘from 2 to 4,.from 2 to 6,'from 3 to 6 etc.,
as well asg"individual numbers within ~that range, for
example, 1, 2, 3, 4;“5, and 6. This applies regardiess of
the breadth of the range. o

. Certain embodiments may also be described broadly and
generically herein. Each of the nariower species and sub-
generic groupings £falling within the generic disclosure
also form part .of  the aisclosure. This includes the
genefic desoription’of,the'embodimenﬁs with a proviso or
negative limitation removing any subjéct matter from the
genus, regardless of whether or not the exc1sed materlal

is spec1f1cally re01ted herein.

Detailed Disclosure of Optiomal Embodiments
Exemplarf, non-limiting embodiments of a polymeric
system for release of an active agent will now be
disclosed. The polymoric ‘system Vcomprisés a first
polymeric phase containing the . active agent, said first
polymeric phase forming" discrete regions of a set size

range and being dispersed within a second polymeric phase
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comprising a cross-linked polymer-phenol conjugate for
releage of the active agent therein.

The first polymeric phase may act as a reservoir for
the active agent, and entrap or release the active agent
upon changes in the concentration of the active agent in
the second polymeric phase. When the active agent is
released from the polymeric system, the active agent in
the first polymeric phase may move from the £first
polymeric phase to the second polymeric phase. As a
result, the concentration of the active agent in the
second polymeric phase advantageously remains
substantially constant for prolonged periods of time. This
advantageously helps 1in the sustained releagse of the
active agent from the polymeric system.

The first polymeric phase may comprise a polymer
selected from the group consisting of polyether,
polyamine, polyester, polyacetals, poly{aminoc acids},
polysaccharides, polynucleotides, polypeptides,
polyanhydride, polyorthoester, polyurethane, polyamide,
polyaliphatic, polyaromatic, polycarbonate, and
combinaticns thereof.

The polymer may be selected from the group consisting
of polyethyleneglycol (PEG) , poly{propylene glycol),
poly{2-ethyl-2-oxazcline), polyethylenimine,
peoly (methacrylic acid}, poly(vinyl alcohol),
polyvinylpyrrolidone, polyallylamine, poly{styrenesulfonic
acid), hydroxypropyldextran, hydroxyethyl cellulose,
methyl cellulose, Ficoll, Pluronic F&8, nonylphenol
polyoxyethylene 20, Zonyl, and combinations thereof.

The average molecular weight of the polymers in the
first polymeric phase wmay be in the range of about 1,000
to about 2,000,000, about 1,000 to about 10,000, about
1,000 to about 50,000, about 1,000 to about 75,000, about

1,000 to about 100,000, about 100,000 to about 200,000,
10
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about "100,000 to about 300,000, about 100,000 to about
400,000, about 100,009 to about 500,000, aboﬁt 100,000 to
about 600,000, about 1oo,odo,wto about 700,000, about
100,000 to about 800,000, abdut'loo,obo to about 500,000,

" about 100,000 to about 1,000,000, about 100,000 to about

1,500,000, or about 100,000 to about 2,000,000. The
average wmolecular weight- of ‘the polymers in the first

polymeric phase ‘is preferably. in the. range of about 1,000

~ to about 100,000. -

‘The set size raﬁge of the discrete Iregions of the
first polymeric phase may'control‘the rate of release of
tﬁe active agent.nThe set size range may be selected by
'controliing the rate of cxoss—iinking of the second

polymeric phase'during‘formation of the second polymeric

' phase g0 as to form the discrete regions having the

selectéd,set.siZerange:

The size of the discrete regions may be in the
'micion—rangé or the nano-range. The range qf the size of
thelrdiscrete regionS' may be gelected from the group
consisting of: about 1 pm to about 150 pm, about 1 um to
about 10 pum, about 1 pum to,about 20 um, about 1 um to
about 30 um, about 1 pm to about 40 um,‘about 1 um to
about 50 um, about 1 pm to about 60 pm, about 1 pm to
about 70 gm, about 1 um to about 86 pm, about 1 um to
about 90 uﬁ; about 1 um to about 100 um, about 50 um to
about 150 um, about 10 fm .to about 150 .um, about 20 um to
about 150 pm, about 30 um to about 150 um, about 40 pm to
about 100 um, about 60 um to about 150 um, about_?d'um_to
about 150 um, and .about 5 wum to about 100 um. The
rpreferred size of the set size range of ‘the -discrete
‘regions may be from_abouﬁ-i pm to about 100 um.

The discrete -regions may form microdémaing,

microspheres -or microcapsules 1in the  second -phase.

11
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Advantageously, these microdomains, microspheres or
microcapsules may encapsulate or trap active agents.

The microdomains may encapsulate or trap active
agents of various sizes, ranging from low to high
melecular weight, and possibly more than one active agents
The molecular weight of the active agent may be in the
range of about 1 to about 600 kDa. The range of the
molecular weight of the active agent may be selected from
the group consisting of: about 1 kDa to about 50 kDa,
about 1 kDa to about 100 kDa, about 1 kDa to about 200
kbDa, abkout 1 kDa to about 300 kDa, about 1 kba to about
400 kDa, about 1 kDa to about 500 kDa, about 50¢ kDa to
about 100 kDa, about 50 kDa to about 200 kDa, about 50 kDa
to about 300 kDa, about 50 kDa to about 400 kDa, about 100
kDa to about 500 kDa, and about 1 kDa to about 600 kDa.
Notably, the discrete regions may become smaller with
increasing concentration of a catalyst. For example, if
the gelation rate ig increased, the size of the discrete
regions may decrease because the microdomains dispersed in
the second polymeric phase do not tend to coalesce into
larger ones due to the fast gelation process. Since
smaller microdomains create a smaller concentration
gradient, the transport of active agents across the two
polymeric phases may become slower, which in turn leads to
a slower release of the encapsulated active agent from the
polymeric system. Consequently, smaller discrete regions
may result in a slower release rate of the active agent
from the polymeric system as compared to larger discrete
regions, leading to a sustained delivery of the active
agent for a long period of time. The delivery of the
active agent may be sustained for more than a month. The
delivery of the active agent may be sustained for a
duration selected from the group consisting of: about 1
month, about 2 months, about 3 months, about 4 months,

12
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about 6 months, about 8 months, about 10 months, about 12

_months, about 18 months and about 24 months.

AThe second polymeric phase may comprise a crdss-
linked pol?meriphenbl conjugate. By controlliﬁg the rate
of cfbés~linkiﬁg-of the polymer—phenol'conjugate;'the drug

-felease"kinetiés may be controlled. The drug release

kinetics ‘may be reguléted by changing the size of
micfodomains through. controlling  the cross-linking rate.
The\éecondrpolyﬁeric.phase may- be forﬁed by utilizing an

agent' that cbntfols the rate éﬁ Lcross—linking during

formation of the second polymeric phase to thereby control

the .set size range of the discrete regions.of‘the first

_polymer phase.

The cross-linked polymer-phenol conjugate may be a

crogs-linked polysaccharide-phencl conjugate or a cross-

'linkéd protein-phencl conjugate. The polymer-phenol

conjugate may be a polymer-phenol -containing conjugate.
Suitable polysaccharides include, but are not limited to,
dextran polymer, chitosan, chitin, cellulose, starch,

giYCogén, alginate, carrageenan, Ficoll, gellan, guar gum,

hyaluronic acid, heparin, . methylcellulose, pectin,
polysucrose, _‘pullulan} scleroglucan, - xanthan, and
xyloglucan, '

Suitable dextran polYmers .iﬂclude, but are not

limited to . methacrylated dextran (dexMA) ,

hydroxyethylmethacrylated _ dextian ' " (dexHEMA) ,
hydroxyethylmethacrylated ' dextran-lactate

{dexLactateHEMA), dextran sulphate, hydroxyproéYldextran,
and cyélodextrin-dextran conjugate.

The degree of substitution of the dextran polymer may

be from 1 to 30. The degree of substitution can be a value

selected from the group consisting of: 1, 2, 3, 4, 5, 6,
7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22, 23, 24, 25, 26, 27, .28, 29 and 30.

13
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The average molecular weight of the polymers in the

- second polymeric'phasé may be in the range of about 1,000

to about 10,000, about 1,000 to about 50,000, about 1,000

" to about .75,000, about 1,000 to about 1000,000, about

100,000 to ‘about 200,000, about 100,000 to about 360,000,
about 100,000 to about 400,000, about 100,000 to about
500,000, about 100,000‘t0 about 600,000, about 100,000 to
about 700,000, about 100,000 to about 800,000, about
100,000 to. about - 900,000, about ‘ 100,000 to about
1,000,000, about 100,000 to about 1,500,000, or ébout
100,000 to about 2,000,000. The average molecular weight
of the polymers in the second polymeric phase is
preférably in the range' of about 10,000 to ébout
1,500,000. ' |

The phenol in the polymer-phenol conjugate may be a

.phenol—contaihing‘moiety. The phenol-containing moiety may

include, but are not 1limited to tyramine, tyrosine,

hydroxyphenylabetic acid, ,3—(4—Hydroxyphenyl)progionic'
acid, catechin, epicatechin géllate, epigallocatechin,
epigallocatechin gallate (BGCG) , ‘galiocatechin,

gallocatechin gallaté,. dihydroxyphenylalanine, dopamine,

norepinephrine, tannin, tannic  acid, gallic acid,

pyrdgailol, pyrrole,. . derivatives thereof, and a
combination thereof .

The pol?mer—phenol conjugate may be dexﬁran~tyramine
conjugate or gelati@—phehol Conjugate. In the dextran-
tyramine conjugate, ;%ﬁramihe ‘serves as a cross—linking
moiety such that the polymeric system is formed by é
cross-linking reaction between the tyramine molecules.-
Tyramine, ‘being ~one of the simplest hydroxyphenol
compounds, has a primary amine group that allows for
facile conjugation to polymers. Tyramine also has good

solubility in water and physiological buffer solutions. -

14
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"To form the’pdlymeric system, an aqueous solution of
the polymer phenol conjugate may be first mlxed w1th the
-aqueous solution of the polymer of the first polymeric
'phasel This -is followed ‘by an enzymatic cross-linking
‘reaction of the. polymer-phenol conjugates by uslng a
catalyst and an oxidant. The rate of the enrymatic eross—
1linking reaction may be controlled by controlling the
amount of the - catalyst " that facilitates ‘oxidation-
reactions of the tyramine m01ety, Wthh ‘in  turn affects
rthe gelatlon' rate of 'the polymer tyramine 'conjugate,
leading to the control of the size of the microdomains and

hence release rate of the active agent' _

The _time taken for the formation of the polymerlc
system 1ncreases with reducing the concentration of the
catalystf This is attributed to the slower rate of cross-
linking at lower concentrations of the.oatalyst; Although
the gelation rate is different, the_storage modulus of the
polymeric system may be substantially unaffected. As such,
‘the gelation rate can be tuned by changing the

concentration of .the catalyst, while maintaining the

..stiffhess of the polymerlc system

- The agent that controls the rate of -cross- llnklng
during polymerlzatlon‘ls a catalyst. The concentration of
the catalyst is changed in order to control the rate of
.cross linking between the phenol moieties (or phenol-
contalnlng moleties). oﬁ3'the polymer phenol conjugate.
Suitable catalysts include, but are not limited to,
horseradish peroxidase, human myeloperoxidase,
lactoperoxidase, eosinophil peroxidase, thyroid
peroxidase, prostaglandin H synthasest soybeah peroxidase,
hemin, hematin, micropercxidase-11, ahd'cytochrome <. The
‘cohcentration of the catalyst may be changed in order to
control the rate AOf':crossilihking. The range of the

concentration ©f the catalyst may be selected from the
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'group consisting of about 0.01 units/mL.-to about 0.50
units/mL,  such. as about 0.01 units/mL, . about 0.02
units/mkL, about 0.05 units/mL, about d.O? units/mL, about
0.10 units/mL,,aboht 0.13 uhits/mL, about 0.15 units/mL,
Aabout' 0.17 units/mL, éboﬁt' 0.19 units/mL, about .0.21
‘units/mL, about 0.25 units/mL, ébout O.30_units/mL, about
0.35 units/mL, about 0.40 units/mL, about 0.43 units/ml,
about 0.45 units/mL, and about 0.50 units/mL, .

. The 'éoncenﬁxation ‘of the égent may be changed in
order to- céntrol thé’%éte of cross»iinking. The rate of
release of the active agent from. the polymeric system is

dependent on the size of = the discrete -regions.

Advantageously, smaller discrete regions result 4n .a

slower release rate of theAactive agent from the polymeric
system as compared to larger discrete regions. The release
rate of the active agent (that- is, the percentage of

loaded. active agént that can be released from the

- polymeric system) from the poljmeric system is 0.5% to 20%

per day, such as 0.5%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%,
10%; 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19% and 20%
per day. | . ‘

‘An advantége of the disclcéed.polyﬁeric system from
conﬁentiénal drug release sYstems is that it allows for
‘active agentsvto be incorporated into a pdlymeric system;
via preferential partitioning, which allows for the
controlled incorpcraﬁion and release of a variety of
different active agents from the polymeric'systém.

The first polymeric .phase and second polymeric phase
are immiscible phases when Twmixed  at  appropriate
concentrations. This agueous two-phase polymeric system
advantageously prevehts the initial burst release of the

active agent by preferential ‘partitioniqg‘ of the. active
agent(s) in the firs; polymeric phase.ﬂ The extent and

outcome of preferential partitioning may be controlled by
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"~ the nature of the active agent(s), the molecular weight
and concentration of the polymers making up the first and

second polymeric phases, and the ionic compositioﬁ of the

phases. The condentrationhrﬁf:tﬁe'polymers may be in the

~ range of about 1 %(W/ﬁ) to'about—so'%(w/v), about-Si%(w/vf

to about 50 %(w/v),raboqt'lo %(w/v) to about 50 % (w/v),
ébout 20 %(w/v) to'about 50 %(w/v),.about 30 %${w/v) to
'about\SO‘%(w/v){ about 40 %(w/v) to about 50 %(w/v).. The
ionic compositidnrof'the phéses_may-be selected from the
group consisting of sodium phosphate, " sodium chloride,:
sOdium.‘acetate;- sodium citrate, sodium malonate, sodium
“nitrate, . sodium succinate,. sodium . sulfate, potassium

chloride, ammonium acetate, ammonium chloride, ammonium

. nitrate and ammonium sulfate.

The active agent may be selected from the group

- consisting ,of.mproteins,_ antibodies,. peptides, small-

melecule drugs, mucleic acid-based drugs, nanoparticulate
syétems and mixtures thefeof. _

The 'active"agent may be. selected from the group
conslisting of . ingulin, rboviné Serum albumin - and
interferon. '_ _-. _ | .

The"activé agent may'be conjugated ﬁo'a‘polymer that
preferentially partitions to the. first polymeric phase as
compared to the second polymeric phase. Thé two polymeric
phases may be immiscible when mixed :at appropriate
concentrations. The concentration of the polymers may be
in the range of about 1 %(w/v) to about 50 %(w/v), about 5
%{w/v}) to about 50 %(w/v), about 10 ${(w/v) to about 50
%(w/v), about 20 %{w/v) to about 50 ‘%(w/v), about 30
S {w/v) té about 50 %(w/v); about 40 ${w/v) to about 50
%(w/v). The partitioning behavior is governed by the
entropy of mixing the active agent -and polymer, which

léfgel?”depends on the nature of thelpartitioned active
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agent, the molecular weight 'ar_ld concentration of the phase
polymers, or the ionic composition of the phases.

~ Greater than 20% of said conjugated-active agent may
‘be present ‘in the first polymeric | phase- as ‘. con{pared to
saia. -s.eg:ond polymeric ‘pha-se._. The percentage of said
conjugated-active agent present in the first polymeric
‘phase may be selected from the group consisting of: 20%,

25%, . 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%,

'80%, 85%, 90% and 95%.

The cqnjﬁgated—active agent may be a PEG conjugé.ted~
active agent. Advantageously, the active 'agent can be
preferentially partitioned in the PEG microdomains such

that thé-—k PEG microdomains ‘may act as a drug reservoir

“which releases the .protéiz_l drugs upon changes in the drug

concentration in the secénd polymeri;: phase.' In one

émbodirﬁer‘xt, the PEG conjugated-active agent may be

" selected from the gfoup consistiing of PEGinterfercn alpha-

2a (PEGASYS), PEGylated L-asparaginase (Oncaspar), PEG-
adenosine deaminase ({Adagen), PEGinesatide (Omontys),
PEGylated uricase (Pegloticase), PEGylated hyaluronidase,
PEGylated epidermal growth factor, PEGy—latedr tumor
‘necrosis fact_of, PEGylated tumor  necrosis factor-related
apoptosis-indu'cing- ligand (PEG-TRATIL), certolizumab pegol
(Cimzia}, PEGylated erythropoetin (Mircera), PEGaptanib
(Macugen), PEGylated' recombinant methionyl human
granul—ocyt‘é colony—'étj:muiating factor (Neulasta), PEG-
human growth hormone mutein antagénists (Somavert) and
PEGylated interferon alpha-2b (Pegintron).. ‘

The polymeric 'syst'em for release of an activé agent
as disclosed herein, may £ind appliéation in '.cirug delivery
or tissue engineering scaffolds to promote tissue repair
and/or regeneration. They may be useful in other materials

in related appliéations where c.ontrolled release of
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multiple active agents is desired, e.g. biosensors,
detoxlflcatlon, DNA dellvery, etc.

: Exemplary, non-limiting embodlments of an 1njectable

‘hydrogel for release,Aof an active agent will now be

disclosed. The ‘injectable nhydrogel may comprise a Ffirst
polymeric phase containing‘.the active agent, the first
polymeric phase forming discrete regionsu of a set -size
range and belng dlspersed within a second polymerlc phase'
comprising a cross- llnked _polymer- phenol conjugate for
release of the active agent therein. o

" It was advantageously discovered that radiation was

‘not required to initiate the cross-linking reaction

required to form a hydrogel and that the hydrogelimay'be
formed in situ. The use of injectable in situ forming
hydrogels eliminates the need for surgical procedures,

which would otherw1se have been required to 1mplant pre~’

'formed hydrogels.

The hydrogel may exhlblt sustained release of the
active agent due to the reduction of initial burst

release. A slower release may be obserﬁed with smaller

discrete ’regions.-_Mére advantageously, the size of the

discrete regioné can-be controlled by the gelation rate of

the second polymeric phase.
The hydrogel may also include conventional additives

such as fillers; preservatives, pH regulators, scfteners,

thickeners, pigments,l?vdyes, refractive ‘partiéles,
stabilizeérs, toughening agents, detackifiers,
pharmaceutical agents, anti-adhesion barriers, wound

sprays and permeation enhancers. ,

Exemplary, non-limifing embodiments of a carrier for
délivering a biologically active substance or a drug,
compr151ng the 1njectable hydrogel as described above will

now be dlsclosed
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The carrier allows for sustainéd_ release of the
biologically active substance or ‘drug over a‘;period. of
time due to the reduction of the initial burst release.

:Thé release rate of the biologically active substance or

' drug may be tuned_bylthe siZe,of-the discrete regions of

the polymeric system.
The carxier ‘can be used for locallzed delivery of one
or’ moref‘blologlcally actlva‘ substance or drug to a
particular target ,lodation, ‘thereby faciiitating the
treatment of an illness or disease. ‘
~“Exemplary,. non- 11m1t1ng embodiments of a n@thod for
forming a polymerlc system for release of an active: agent

will now be disclosed. The polymerlc system, comprising a

 first polymeric phase containing the active agent, the

first polymeric phase forming discrete regions of a set
Size‘range.aﬁd‘being dispersed within a second polymeric.
'phaée -comprisiné a‘ cross-linked polymer#phenol conjugate
fo? release of the active agent therein, the method
comprising the steps of:

a. providing an agueous reaction mixture comprising
a first ©polymeric phase ,poiymep, a polymer-phenol
conjugate and an active agent; and _

b. controlling the rate of cross-linking of the
polymer-phenol conjugate during formation of the . second
peolymeric phase to_thefeby control the set sizé'range‘of
the discrete fegions of the first polymer phase having the
active agent therein, 7 ‘ '

The method further comprises the step of adding an
agent that controls the rate of crqséelinking of said
second polymeric phase to the reaction mixture.
Advantégeously, this leads to control of the size of the

discrete regions.
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The method further comprises the step of selecting
the concentration of the agent to thereby control the rate
of cross-linking of the second polymeric phase.

The crossflinking step involves the formation of a.c—

"¢ bond ‘or C-O0 bond between a pair of polymerephenoln

conjugates. Advanﬁageously, the cross-linking étep may be
fast and efficient. The timé taken for cross-linking is
typically from 1 to 60.minutes; Suitable time taken for
érossalinking may be -é lvalue - selected .from. the- gfoup
consisting of: 1 minute, -5+ minutes, 10 ,minutes; ‘15
minutes, zo-minutes, 25 minutes, 30 minutes, 35 minutes,
40 minutes, 45 minutes, 50 minutes, 55 minutes aﬁd 60
minutes. The cyross-linking may be carried out at a
temperature of 4°C_ to 40°C. The temperature for cross-

linking can be a value selected from,thé-group consisting.
of: 4°C," 5°C, '1o°c, 15°c, 20°Cc, 25°c, 30‘5(:, 31°c, 32°C, 33°C,

34°C, 35°C, 36°C, 37°C, 38°C, 3§°c, and 40°C. The method
further comprises the step of adding an oxidizing agent to
the reaction mixture. ‘

The method further comprises the step of adding an
agent . that contrdis the rate of cross-linking to the
reaction mixtﬁre. The‘agent may be a catalyst. Suitable
catalyéts' include an enzyme sélectéd from the group
consisting of horseradish peroxidase, glutathione
peroxidase,_ haloperoxidase, catalase, human
myeloperoxidase, myeloperoxidase,  peroxide, peroxiredoxin,
vanadium bromoperoxidasé, . lactoperoxidase,  eosinophil
peroxidase, thyroid peroxidase, prostaglandin H synthases,
soyvbean peroxidase,- hemin, hematin, wmicroperoxidase-11,
and cytochrome c. | '

 Suitable oxidizing agents mway include a peroxide
selected from-thé groﬁp consisting of hydrogen peroxide,
sodium peroxide, potassium peroxide,'hydrogen superoxide,

potassium superoxide, alkyl peroxides, aryl peroxides,
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acyl peroxides, organic hydroperoxides, organic peracids,

sodium percarbonate, ammonium persulfate and perborates,

Brief Description Of braWings
- The accompanying"drawingé illustrate a diéclosed

embodiment and serves to explain. the principles of the

‘ disclosed embodiment. It is to be understood, however,

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
polymeric system for 1release of an active agent,
comprising a first leyméric phase and a second polymeric
phase. ' ' |

Fig. 2 is a schematic representation showing the

correlation of the rate of formation of  the pélymeric,

system and the size of the discrete regions of the first
poiymeric phase. 7

Fig. 3 1is a4 bar graph depicting the partition
coefficients of various active agents in the -polymeric

system. The dotted line indicates a partition coefficient

of 1. Values above the dotted line indicate preferential

partitioning of the active agents in the PEG phase, while
the values below the line indicate preferential
partitioning of the active ageﬁts-in the dextran phase.

Fig. 4 shows the time course of changes in - the
storage modulus of the polymeric system 10 with varying
concentrations of catalyst.

Fig. 5 4s a bar graph dépicting_the stofage modulus
of polymeric systems with one polymeric phase and two

polymeric vphases as a function of concentration of

- catalyst.

Fig. 6 are bohquél microscope images depicting the

discrete regions in the polymeric system with varying
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concentrations of catalysﬁ *iteeen;bejseep_that the‘REGi 
microdomain 62 is larger than:@EG mlcrodomalns 64 - and 66'
because a lower concentratlon of . HRP is used As such, a

lower concentratlon of HRP leads to_larger mlcrodomalns.

Fig. 6a iz an image -of a .dextfen—tyfamine/PEG hydrogel

us1ng 0.21 units/mL HRP. Fig. 6b is ar 1mage of a dextran-
tyramlne/PEG hydrogel using O 32 unlts/mL HRP Fig. 6c 1is
an image of a Adextran~tyram1ne/PEG hydrogel using 0.43
units/mL HRP. Eig; 6d is an image of a dextran hydrogel
using 0.21 unlts/mL HRP. ' _

Fig. 7 ig a bar graph deplctlng the diameter of
discrete regions 1n polymerlc systems prepared W1th
varylng concentrations of catalyst. ‘

Fig. 8 deplcts short-term in V1tro release proflles
of PEGASYS (Peginterferon ~alpha- 2a) from dextran-
tyramlne/PEG hydrogels with dlfferent PEG domain sizes.

Fig. 9 depicts long-term in vitro release profiles of
PEGASYS {(Peginterferon alpha-2a} from dextran—tyramine/PEG‘

hydrogels with different PEG domain sizes.

- Detailed Description of Drawings'
Fig. 1 1is8 a schematic 1illustration depicting the

polymeric  system 10 for release of an active agent 6,

comprising a first polymeric phase 4 containing the active

agent 6, the first polymeric phase 4 forming discrete
regions of e set gize renge'and,being dispersed within a
second polymeric phase 2 comprising a crosselinked
polymexr-phenol conjugate for release of the active agent 6
which is encapsulated by the first polymeric phase.4. The
polymer that makes up the flrst polymeric phase 4 acts as
a reservoir for actlve agent 6 ~due to the preferential
partitioning of the active agent 6 in.the first polymerlc
phase'4. Consequently;einitial burst-release is prevented

because diffusion of the active agent 6 from the first
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"'-.';polymer:l.c phase 4 w111 only ocour when the concentratlon :

10

f:of the actlve agent 6 1n the second.'polymerlc phase 2
'decreases Thls decrease 1n concentra.tlon of the active

. agent 6 in the second polymeric phase 2 “occurs when the

polymeric system 10 zreleases the active agent 6. As a

result of_the reéplenishing of the active agent 6 in the

second polymeric phase 2, the concentration of the active

agent 6 remains nearly constant.
‘Fig.~ 2 is- a schematic - representatlon show1ng the

correlatlon of the gelatlon rate and. the size of the

"‘dlscretemreglons~of the first polymeric phase 4’ in the
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second polymeric phase 2' . Here, like numbers are used to
describe 11ke features but with a prlme symbol . It is
possible to regulate the release of the active agent &'
from the polymeric system 10 by changing the size of the
_discrete reglons cf the £first polymerlc phase 4’ through
the control of the gelation rate. For example, if the
gelatlon rate 1is increased, 'the =size of the discrete
-regions of the first pélymeric phase 4’ may decrease
beceuse the discrete regions of the first polymer‘phase 4f
dispersed in the seécond polymeric phase 2 do not tend to
coalesce into 'larger discrete 'regions -due to the fast
gelation process. Since smaller discrete regions of the
first polymer phase 4’ create a smaller concentration
gradient, the transport of the active agent & across the
first polymeric phase 4‘ and second polymeric phase 2 may
become slower, which in turn leads to a slower release ef
the encapsulated acti#e agent 6’ . In this way, the release
rate of the active agent 6 can be controlled by changing
the size of the discrete regions of the-fifst polymeric

phase 4" .
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'Exemples.

Non- limiting examples of the invention and a

-comparatlve example will be further described in greater .

_detall by reference to SpElelC Examples- which - should not -’

be construed as din any way llmltlng the scope of the

;1nvenp10n

Materials‘used:forAali the Examples
Dextran (M,=500 kDa), PQiYethylehe glycol, (PEG, M,=10 kDa),
tyramine; 4-nitrophenyl chloroﬁbrmate (ENC), dimethyl -
sulfoxide (bMSO), 'pyridiﬁe, dextranase and fluorescein
isothiocyanate (FITC)-labeled. bovine serum albumin (FITC-
BSA} .were purchased frdﬁ Sigma-Aldrich (Minnesoea,'USA).
PEG—succinimidyl‘ propionate .(PEG—SPAq M,=5 kDa) was
obtained from Nektar Therapeﬁtics, (California, ‘USA).‘
Horseradish'peroxidase (HRPL 190:units mg-1) was purchased
from ‘Wako-‘Pure' Chemical - Industries (Osaka, Jepan).
Hyarogen berexide' {H,02) was obtained from Lancaster
Synthesms {Lancashire, .UK); Interferon alpha-2a (IFN-«la)
was purchased from Santa Cruz huotechnology (California,
USA). PEGylated IFN-o2a (PEGASYS), PEGylated epoetin beta
(Mircera) and‘.PEGylated ‘granulocyte .colony;stimulating
faetor (Neulastim} -~ werxe obtained £from Roche (Basel,
Switzerland). Human interferon-alpha ELISA kit obtained
from PBL ' InterferonSource (New Jersey, USA),
erythropoietin ELISA kit obtained from Abcam_(cambridge,
UK) and G-CSF/CSF3 ELISA kit obtained from Sigma-Aldrich
(Minnesota, USA) were used according to the manufacturer’s‘
4inepructions. 'All other chemicais were of analytical
grade. Protein LoBind microcentrifuge tube was - obtained

from Eppenderf (Hamburg, Germany} .
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Example 1
Synthes:i.s of a po;ymer—;phenol con.jugate

A dextran tyramlne _conjugate was synthesized by

dissolving dextran A(5 g, 92. 36 mmol OH) in-a 100 mL

~mixture. of DMSO/pyridine- (1 1, ‘-v/v) : After the dextran

‘solution was cooled at 4°¢C, PNC (1. 1 g, 5-.46 mmol)“was :
slowly added. "I'he reaction mixture was stir.feci for 24
hours at 4°C. After the solutio'n was poured into cold
ethanio‘l,‘ the prec1p:n,tate was washed with cold ethanol and
diethyl ether,- and. then drled in a vacuum oven at 25° C The
drj.ed dextran-PNC conjugate (1 g, 0._37 mmol PNC) was
dissolved in 70 mL of DMSO. To this solution, tyramine (35 .
mg, 0.25 wmmol) was added. to . .initiate the éonj_-ugation
reaction. The mixtur_e‘ was stirred f_or 24 hours at 2'5°C.
Then, the solution was added dropwige to cold deioﬁized 7
water (200 niL-) while stifring.‘:The resultant dextran-
‘tyramine conjugate was transferred to dialysis tubes with
a .molecular weight ‘cutoff of 3,500 Da. The tubes were
dialyzed against deionized water. The purified solution
was lyophilized to .obtain the dextfan—tyramine conjugate.
The structure of the dextran-tyramine conjugate was '
confirmed by *H NMR spectroscopy. The dried dextran-
tyramine conjugate (10 mg) was dissolved in 0.7 mlL D,0 and

then examined by a Bruker ‘H NMR spectrometer operating at

. 400 MHz. The degree of substitution (DS) is defined as the

number of substituents per 100 anhydroglucose units in -
dextran. DS was determined to be 6 by comparing the
relative peak area of four protons on a tyramine phenyl
ring (6.86 ppm and 7.17 rpm) anc’i'.anomer.ic protons ({5.00
ppm and 5.35 ppm) in dextran. '
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- Example 2

"Analysis of partltlon of . proteing in a dextran-

tyramlne/PEG two phase solutlon

_ 'Dextran and PEG - were dlssolved in 10 M phosphate—
bgffered. sallna V(PBS pH 7. 4) at a concentratlon. of 10.
% (w/v) ahdﬁ‘jo -% w/v) respectlvely To determlne the-

‘partition 'CO&ffiClent bf proteln, 270 uL of dextran

‘solution, 30 uL. of PEG solution and 12 uL of protein

© solution were mixed in a Protein LoBind microcentrifuge

tube. Teéted.proteins are listed as folioWs:-IFN—a2a (0.72
gg/mL), PEGASYS (2.16 pug/mL), erythropoietin .(2 IU/mL),
Mircera {3.33 pg/mL), granulocyte - colony-stimulating
factorj(lo'ng/mL}‘aﬁd Neulastim (1 pg/mL). The mixture was
left to settle‘.for 1 hour at. 4°C to induce phase
separation. The protein concentrations in the upper (PEG)
and lower '(dextran)- phases were measured by using the
corresponding BLISA kit. The partition coefficient was
determined by dividing the protein concentration in PEG
phase with the_protein concentration in dextran phase.

To analyze the partition coefficient of albumin and

_PEGylated albumin, 270-;d4 of dextyxan solution, 30 pL of

PEG solution and 12 puL of FITC-BSA (10 mg/mL) or PEGylated
FITC-BSA (10 mg/mL) solution were mixed in‘ a Protein
LoBind microcentrifuge tube. The mixture was left to
settle for 1 hour at 4°C to induce phase separation. Thé
concentration of prdteins in the PEG and dextran- phases
was assessed by measuring the fluérescence'of FITC dye at
ah emission wavelength'of 520 nm using a microplate reader
(Tecan Group Ltd., SWitzerland). The partition coefficient
is determiﬁed by dividing the protein concentratiom in PEG
phase with the pfotein concentration in dextran phase.

As shown ’in Fig. 3, the -concentrations of boﬁine
‘serum albumin, interferon, EPC and G-CSF in PEG phase-Were

gimilar to those in the ' dextran _phase; The observed
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.partition behaviors were conSistent‘ with the previous

., reports, in whlch most klnds of protelns favor more in

dextran phase In contrast all the PEGylated proteins

. were dlstrlbuted mainly in PEG phase The' concentrat‘ion of .

PEGASYS in PEG phase was s:Lgnlflcantly hlgher than that 1n'"
‘dextran tyramlne phase, :Lndlcatlng that PEGASYS : was
preferentially partltloned into PEG phase Therefore 'it
is concelvable that the PEG mlcrodomalns .can serve as a_'
universal . drug reéservoir for all types 'of - PEGylated

proteins. -

' Example 3

Formation and characterization of dextran-tyramine/PEG

l'gdrogels with phase-separated structure

" Dextran-tyramine conjugate and PEG were digsolived in
10 mM PBS solution (pH ;7.4) at a con'centrati‘on of 10
%(W/v) and 30 %(w/v), respe'ctiv"ely.. Typically, 270 ulL of
'deﬁctran—tyramine solution, 30 uL of PEGl solution and 6 uL
of deionized water were mlxed in a mlcrocentrlfuge tube.
Subsequently, 3 uL of HRP and 3 uL of H;0. solution in
-varyiﬁg concentrations -~ were ' added. The mixture was
immediately vortexed and 210 uL of the resultant mixture
was applied to the bottom plate ‘ofl a HAKkE Rheoscope_ 1
rheometer (Karlsruhe, Germany) . Rhéological measurement
was carried out at 37°C using a cone and plate geometry of
3.5 cm dlameter and 0.949° cone'angle. The ~evolution of
'storage medulus (G} and loss modulus (") was monitored
as a function of time. For comparison, dextran-tyramine
hydrogels were prepared ‘using 30 uL  of deionized water -
instead of PEG sclution. '

 In general, the gelation 'hrate of --fiextran~tyramine/PEG
hydrogels was found to be tunable with varying
concentrations of HRP. Fig. 4 shows the time course of

changes in the storage modulus of dextran-tyramine/PEG
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hydrogels prepared with different concentrations of HRP.
When HRP was added at a concentration of 0.43 unlts/mL
the format;onl of the dextran- tyramlne/PEG hydrogels
occﬁrred‘ieﬁidly, the . cross llnklng reactlon was complete
.WithinAIS minutes.'It was also observed that the gelatlon-
rate - ‘gradually ' dec;eased _w1th reduc1ng the HRP
concentration. This‘,phenomenon ,was- ettributed te the
‘slower coupling reaction of  tyramine moiefies‘ at lowef
concentratlons of HRP.

"Although the gelatlon rate was dlfferent che Stofage
modulus of . the dextran-tyramine/PEG hydrogels became

gimilar eventually (Fig. 5). Hence, these results revealed

that the -gelation rate of dextran-tyraﬁine/PEG hydrogels

could be tuned by changing the HRP concentration, while

maintaining their stiffness. This ability of the disclosed

- polymeric system to control the size of PEG microdomains

. without affecting its stiffness makes it superior to

dextfan-methacrylate/PEG hydrogels. Since a radical
polymerization is used to produce dextran-methacrylate/PEG
hydrogels, a significant change in the gel stiffness is
inevitable when controlling ‘the PEG domain structures.
This implies“ that = the hydrophilic nature and
biocompatibility of dextran—ﬁethacrylate/PEG hydrogels are
significantly changed when controlling the PEG domain
structures.

In contraét,' the ‘dextran—tyramine/PEG- hydrogel
disclosed herein ig an enzymatically cross—linked hydrogel
system of which the stiffness and gelation rate. is
independéntly tuned by changing the concentrations of H;0;
and HRP, respectively. As shown from Fig. 5, the disclosed
polymerlc system can regulate the size of PEG microdomains
without 51gnlf1cantly affecting ‘its stiffness.

The 1structure of PEG‘ microdome‘ins -of - the hydrogels

was examined using a confocal laser scanning microscope.
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Dextran-tyramine/PEG hydrogels were formed on a glass-
bottom microwell dish (MatTek Corporation, USA) -and"then
observed by using a confocal laser scanning microscope

(Zeiss LSM.5 DUO). Rhodamine-labeled PEG and FITC-labeled

fde&:tr"an_ were .used to visualize PEG -and: dextran -phases',.‘

respectively. The diameter of the PEC microdomains was
determined by measuring more than 50 microdomains with an

Image-'Pro Plus software (Media .Cybernetics, USA)-. - The

" scale bar represents 10 micrometers. As illustrated in

Fig. 6, round PEG microdomains were observed to be
digpersed throughoutj the dextran—tyramine' network, as
exemplified by PEG - microdomains 62, 64 ‘and 66. The -
disclosed polymexic system A.offers more sophiéticate’d
control over the size of PEG miciodomains than dextran-
méthacrylate/PEG hydrogels. As shown in Fig. 6, the PEG
microdomains of the ‘disélosed polymeric system are more
spherical and uniform  than dextranwmethacrylate/PEG
hydrogels. In the 'cas“e of - dex‘trén-—methacrylate/‘PEG
hydrogels, 40 wt.% methacrylic dextran and 40 wt.% PEG

golution are mixed together before radical polymerization.

" 8ince 40 wt.% methacrylic dextran and 40 wt.% PEG solution

are immiscible,_ a heterogenedus dextran-methacrylate/PEG
mixture is formed. This -leads to the formation of
‘irregular and heterogeneous PEG domains. |

In comparison, 10 wt.% dextran-tyramine and 30 wt.%
PEG solution aré mixed together before enzymatic cross-
linki\ng reaction to  form the disclosed  dextran-
tyramine/PEG hydrogels. A -hom'o‘géneous mi-xtufe is formed
because 10 wt.% dextran-tyramine and 30 wt.% PEG solution
are miscible. As a resﬁlt, the disclosed polymeric syst‘em"‘

advantageously results in the formation of spherical and

highly monodisperse PEG domains. Notably,. the PEG

microdomains - became  smaller with-  increasing HRP
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concentration In the case of dextran tyramine hydrogels
w1thout PEG, no mlcrodomaln structures were observed

As presented in Fig. 7, the diameter of PEG
-mierodomains decreased from 4.5 + 1.9 to 2.1 + 0.4 um ﬁhen
the concentration of HRP 1ncreased from 0.21 to 0.43
unlts/mL This reduction 1n the domaln sizes can. be
explained by the 1nh1b1t10n of coalescence of PEG phase
droplets in the dextran- tyram:.ne phase during a gelation
process. . Taken together, these results demonstrated that
thersiée of PEG microdomaing could be controlled by 51mp1y

changing the gelation rate.

Example 4

In vitro protein release from dextrane;yramine/PEG

hydrogels with phase-separated structure.__

Dextran-tyramine/PEG hydrogels loaded with PEGASYS_
;were prepared according to the procedure' described in
Exemnle 3. Typically, 270_pL.ofwdextran—tyramine solution,
'30 uL of PEG solution and 6 uL of PEGASYS (360 ug/mL) were
mixed in a Protein_ LoBind microcentrifuge tube.
Subsequently, 3 uL, of HRP and "3 uL Of>H202 soluf:ion._ in
varying 'concentratlons' were added. The mixture was
immediately vortexed and 210 ulL of the resultant mixture
was 1njected between two- parallel 'glass plates olamped
together with 1.5 mm spacing. Gelation was allowed to
proceed for 1 hour at 37°C on an orbital shaker at 50 rpm.
For comparison, protein-loaded dextran-tyramine hydrogels
were prepared using 36 gL, of distilled water instead of
PEG solution. ‘ }l |
Each hydrogel disk (13 mm diameter x 1.5 mm thick)
- was placed in a vial and then immersed in 20 mL of 10 mM
"PBS solution (pH 7.4) containing bovine serum albumin and
sodium ezide at a concentration of 0.05 %(w/v). The

sampies were incubated at 37°C on.an orbital shaker at 50
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rpm. 'At definiteA time intervals,. 200 plr of the release
medium was collected and storéd  at -30°C. To .keep- the
total VOlume'constant © 200 uL of fresh buffer solution was
added to the wvial. The .protein concentratlons in the
collected samples were measured by using a VerlKlne human
1nterferon—alpha ELISA kit. The cumulatlve percentage of
'proteln release was determlned by leldlng the amount of
released. protelns w1th. the amount of protelns added to
each hydrogel _

Fig. 8 and 9 show the release proflles of PEGASYS
from dextranjtyramlne and dextranetyramlne/PEG hydrogels
in PBS (pH 7.4). The dektran—tyramine_hyerogels without

~ PEG domains displayed»a rapid protein release; around 55%
of the encapsulated proteins were released within 1 day.
This implies that the proteins encapsulated in the

:dextran tyramlne hydrogels rapldly diffused out of the gel
network due to a high protein concentratlon gradlent. On
the cdntrary, a sustained release of PEGASYS was observed
in the "~ case of dextran-tyramine/PEG hydrogels. The
dextran—tyraﬁine/PEG hydrogels with 2 um domains released
PEGASYS for 1 month in a sustained manner. This result
suggested that the presence of PEG microdomains
'effectively suppressed the initial burst release. of
proteins from the hydrogels. It was also noteworthy that
dextran-tyramine/PEG hydrogels with 2 um domains exhibited
‘slower‘protein release, as compared with those with larger
PEG domains (3 um). While the dextran-tyramine/PEG
hydrogels with 2 um domailns released 25.1 + 0.2% of the

'encapsulated proteins within 7 days, the hydrogels with 3
pm domains showed'a protein release of 58.9 i 2.1% duriﬁg
the same period. Thus the above results revealed that the
release rate of PEGASYS was regulated by changing the size

of PEG domains throughethe'control of gelation rate.
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It is also to be noted that when the release rate of
'PEGylated prote:.ns :Ln dextran-tyramine/PEG hydrogels was

compared with that in the case of dextran- methacrylate/PEG

‘Mhydrogels, A the _ dextran tyramlne/PEG hydrogels -showed,-q

"sustalned release of the PEGylated. proteins, which ig

absent from the dextran-methacrylate/PEG hydrogels such
sustained release cannot be achieved by the dextran-

methacrylate/PEG hydrogels in thch—when ingulin was used
as the activé agent, all of the active agént was quickly
_released' "frbm. the” dextran—methaérylate/PEG ‘hydrogéls'
within 33 hours (data not shown). In addition, the

dextran-methacrylate/PEG hydrogels require an agent suéh
as dextranase to induce release of the loaded insulin.

Such a release agentl'is nbt ‘needed in the disclosed
pelymeric system. ‘

Furthermore, dextran-methacrylate/PEG hydrogels
regulate the ‘proteiﬁ felease rate by adding varving
concentrations of dextranase. Howevéf, such én approach is
not applicable in viveo because dextranasé has a tendency
to diffuse out of the hydrogel and into the body due tp‘
its small molecular weigh:; As a result; the concentration
of dextranase-- remaining in = dextran-methacrylate/PEG
hydrogels ‘significantly decreases over time. Hence,
dextran—methacrylate/PEG' hydrogels. cannot effectlvely‘

control the release of the 1oaded protelns over an

extended period of time when injected into the body.

In contrast, the disdlosed polymeric system regulates
the release rate of PEGylated proteins by .changing the
size of PEG microdomaing. Since the size ‘of‘ PEG
microdomains does not vary over time ~once formed in the
body, the disclosed polymeric system can Gontrol the
release of the loaded proteins over an extended périod of

time.
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Comparative Example 1

Comparative study of using dextran over h}}alurenic‘acid

(HA) 1n hydrogels.-

Dextran based hydrogels have longer re51dence time in

. the body than HA- based hydrogels. HA is degraded by

hyaluronldase, whlle dextran is degraded, by dextranase _
Since hyaiuronidase iz more abundantly produced in the.
body than dextrenaSe, BA- based hydrogels are more quickly
degraded _in  the Dbody ‘than dextran-based hydrogels.

-‘Thereﬁore, dextran-based hydrogels are more‘,suitable as

long-term protein delivery systems. Additionally, dextran-
based hydrogels are more cost-effective because dextran is

much cheapex than HA.

Applications

' The disclosed polymeric system for release of an

ractive agent is particularly advantageous for sustained

and controlled delivery of various active agents. 1In
particular, it has been shown that the release rate of the
active agent can be controlled by changing the size of the
discrete regieﬁs_ef the first polymeric phase. This can be
achieved by controlling the concentration of the catalyst
for cross-linking hetween the phenol moieties (or phenol-
contalnlng moieties) during polymerlzatlon _

The disclosed polymeric system may be applled to an
injectable hydrogel for release of an active agent, as
well as a carrier for delivering a hﬁologicaily active
substance or a drug, comprising the injectable hydrogel as
an. active ihgredient. " This advantegeously- prepares
injeetable'hydrogels and carriers that can be applied for
sustained and ceontrolled delivery of - various active '
agents. ' A_ _ '

These hydrogels can be utilized as'tissue‘engineeringl

matrices, wound dressings, dermal fillers, and drug
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delivery devices. In particularr._they may be used as

1;protéinrdrug delivery systems.thatlcan form a. stable depot

-in the body in situ and release thelr payloads in a

sustained manner. Advantageously, the use of 1njectable in
situ formlng hydrogels may eliminate the need for surglcal"
procedures, which’ would otherwise have "been required to
implant-_pfe-formed hydrogels. In situ formed hydrogels
carrying bioact;ve agegts can be readily injected into
locations that are hard tQ access . through surgery. This
feétureiisfalso.beneficial inAfeducing'the recovery Eime
and the riskfof infgctiOn in patienfs. Conséguently, this
reduces patient discomfort and the cost of treatment.
"It Wili.be apparent thaﬁ various bther modifications
and‘adaptations of the invention will be apparent to the
- person skilled in the art after reading - the foregoing
disclosure without depapting'from the spirit and scope of
the invention and it is intended that all such
moaifications and- adaptations come within the scope of the

appénded claims.
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CLAIMS

1. A polymeric system for zrelease of an active
agent, having a first polymeric phase comprising
polyethylene glycol (PEG) and containing the active -agent
as a PEG-conjugated active agent, said first polymeric
phase forming discrete regions of a get gize range and
being dispersed within a second polymeric  phase
comprising a cross-linked dextran-tyramine conjugate for
release of the active agent thexrein, wherein said PEG
conjugated-active agent preferentially partitions to said
first polymeric phase as compared to said second

polymeric phase.

2. The polymeric system of claim 1, wherein the
second polymeric phase has been formed by utilizing an
agent that controls the rate of cross-linking during
formation of said second polymeric phase to thereby
control the set size range of the discrete regions of the

Eirst polymer phase.

3. The polymeric system of claim 2, wherein the

agent that controls the rate of crogs-linking during

polymerization is a catalyst.
4. The polymeric system of claim 3, wherein said

catalyst 1s selected £from the group consisting of

horseradish peroxidase, human myeloperoxidase,

lactoperoxidase, eosinophil peroxidase, thyroid
peroxidase, prostaglandin H synthases, soyhean
peroxidase, hemin, hematin, microperoxidase-11, and

cytochrome c.
5. The polymeric system of any one of claims 2 to
4, wherein the concentration of sald agent is changed in

order to control the rate of cross-linking.

6. The polymeric gystem of any one of the
preceding elaims, wherein the rate of release of said
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active agent from said polymeric gystem is dependent on
tha size of said discrete regions.

7. The polymeric gystem of claim 6, wherein
smaller discrete regions result in a slower release rate
of said active agent from said polymeric system as
compared to larger discrete regiong,

8. The polymeric system of any one of the
preceding claims, wherein the release rate of said active

agent from said polymeric system is 0.5 to 20% per day.

9. The polymeric¢ system of any one of the
preceding c¢laims, wherein the size of said discrete

regions is in the micron-range or the nano-range.

106. The polymeric syvstem of claim 9, wherein the
size of said discrete regions is in the range selected
from the group consisting of 1 um to 150 pm, 1 pm to 10
pm, 1 pm to 20 pm, 1 pm to 30 m, 1 pm to 40 pm, 1 pm to
50 pm, 50 pm to 150 pm, 10 pm to 150 pm, 20 wm to 150 pm,
30 pm to 150 pm, 40 pm to 100 pm, 5 pm to 100 pum and 1 um
to 100 pm.

11. The peolymeric system of any one of the
preceding claims, wherein the discrete regions form
microdomains, microspheres or microcapsules in said
second phase.
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12. The polymeric system of claim 1, wherein the
degree of substitution of said dextran polymer is from 1
to 30.
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13. The polymeric system of any one of the
preceding claimg, wherein said active agent is selected
from the group consisting of proteins, antibodies,
peptides, small-molecule drugs, mnucleic acid-based drugs,

nanoparticulate systems and mixtures thereof.

14. The polymeric system of ¢laim 1, wherein

greater than 20% of said conjugated-active agent is
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present in said first phase as compared to said second

phase.

15, The pelymeric system of any one of claims 1 to

14, wherein said PEG conjugated-active agent is
PEGinterferon alpha-2a (PECASYS), PEGylated 1-
asparaginase {Oncaspax) , PEG-adenosine deaminase
(Adagen) , PEGinegatide {Cmontys) , PEGylated uricase
(Pegloticase), PEGylated hyaluronidase, PEGylated

epldermal growth factor, PEGylated tumor necrosis factor,
PEGylated  tumor  necrosis factor-related apoptosig-
inducing ligand (PEG-TRAIL), certolizumab pegol (Cimzia),
PEGylated erythropeoetin {(Mircera), PEGaptanib (Macugen),
PEGylated recombinant methionyl human granulocyte colony-
stimulating factor (Neulasta), PEG-human growthh hormone
mutein antagonists (Sowmavert) and PEGylated interferon

alpha-2b (Pegintron).

156. The polymeric system of any one of claims 1 to
15, wherein said polymeric system is an injectable

hydrogel.

17. The polymeric system of claim 16, wherein said
hydrogel is formed in situ.

18. A carrier for delivering a biologically actiwve
substance or a -drug, comprising the polymexric system of
claim 16 or 17.

19. A method for forming a polymeric system E£or
release of an active agent, having a first polymeric
phase compriging polyethylene glycol (PEG) and containing
the active agent as a PEG-conjugated active agent, said
first polymeric phase forming discrete regions of a set

gize range and
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being dispersed within a gecond polymeric phase
comprising a cross-linked dextran-tyramine conjugate for
release of the active agent therein, wherein said PEG
conjugated-active agent preferentially partitions to said
first polymeric phase 88 compared to sgald second
polymeric phase, the method comprising the steps of:

a. providing an agueous reaction mixture
comprising a first polymeric phase polymer, a dextran-
tyramine conjugate and a PEG-conjugated active agent; and

b. controlling the rate of cross-linking of said
dextran-tyramine 'conjugate during formation of said
second polymeric phase by adding a catalyst to said
agueous reaction mixture to thereby control the set size
range of the discrete regions of the {first polymeric
phage having the PEG-conjugated active agent therein.

20. The method of claim 19, comprising the step of
selecting the concentration of said catalyst to thereby
control the rate of c¢ross-linking o©f said second
polymeric phase.

21L. The method of any one of c¢laims 19 to 20,
wherein said cross-linking step involves the formation of
a C-C bond or C-0 bond between a pair of dextran-
tyramine conjugates.

22. The method of any one of e¢laims 19 to 21,
comprising the step of adding an oxidizing agent to said

reaction mixture.

23. The wmethod of any one of c¢laims 12 to 22,
wherein said crosslinking is carried out for 1 to 60

minutes.

24, The method of any one of c¢laims 19 to 23,
wherein gaid crosslinking is carried out at a temperature

of 4°C to 40°C.
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25. The method of claim 19, wherein said catalyst
is an enzyme s&lected from horseradish peroxidase, human
myeloperoxidase, lactoperoxidase, eoginophil peroxidase,
thyroid peroxidase, prostaglandin H synthases, soybean
peroxidase, hemin, hematin, microperoxidasge-11, and

cytochrome <.

26. The method of any one of claimg 19 to 24,
wherein said oxidizing agent is a peroxide selected from
hydrogen peroxide, sodium peroxide, potassium peroxide,
hydrogen superoxide, potassium superoxide, alkyl
peroxides, aryl peroxides, acyl peroxides, organic
hydroperoxides, organic peracids, sodium percarbonate,

ammonium pergulfate and pexrborates.
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