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ATOM TRANSFKFER RADICAL
POLYMERIZATION UNDER BIOLOGICALLY
COMPATIBLE CONDITIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application 61/575,482 filed on Aug. 22, 2011 and U.S.

Provisional Application 61/690,688 filed on Jul. 2, 2012, the
disclosures of each of which are entirely incorporated herein
by this reference as 11 fully set forth herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] Some of the work 1mvolved in the developments
described in this patent application was partially funded by
the U.S. National Science Foundation; grant DMR-09-
69301. The United States Government may have certain
rights to ivention(s) described herein.

TECHNICAL FIELD

[0003] The present invention defines conditions that allow
conducting a controlled grafting from atom transier radical
polymerization (ATRP) reaction 1n aqueous media under bio-
logically compatible conditions. Biologically compatible
conditions are conditions under which proteins or other bio-
responsive molecules do not denature, or undergo any con-
formational or chemical change that modifies their activity.
Aqueous based systems, low catalyst concentrations and
ambient temperatures are desired.

BACKGROUND

[0004] Protein-Polymer Conjugates (PPCs) have been
described as a marriage between two diverse yet symbiotic
materials. PPCs combine the biological specificity of proteins
with the diverse functions and tunable properties of synthetic
polymers. Proteins and other biologically active molecules
are used 1n a number of diagnostic, monitoring or treatment
applications by virtue of their biological activity and speci-
ficity. However the in vivo delivery of such agents can
encounter several limitations including low solubility, poor
stability, short half l1ives and a potential to create an immuno-
genic response which may require frequent administration of
the agent or generate a risk of adverse reactions. The conju-
gation ol proteins with well defined polymers allows the
resulting PPC to overcome some of the inherent limitations of
specific proteins targeting specific biological applications.

[0005] When one takes into consideration the rate at which
reversible-deactivation radical polymerization (RDRP), for-
merly named controlled radical polymerization (CRP) proce-
dures that include Nitroxide Mediated Polymerization
(NMP), Atom Transier Radical Polymerization (ATRP), and
Reversible Addition Fragmentation Transfer (RAFT) have
evolved over the last two decades, to provide access to (co)
polymers with predefined molecular weights, compositions,
architectures and narrow/controlled molecular weight distri-
butions, 1t 1s no surprise that a growing number of researchers
have decided to combine the biological specificity of proteins
and other biologically active (macro)molecules, including
peptides, nucleic acids, and carbohydrates, with the diverse
functions and tunable properties of synthetic polymers pre-
pared by RDRP by conjugation to form well-defined polymer
protein hybrids (PPH); a procedure frequently termed bio-

Sep. 13, 2014

conjugation. [Curr. Opin. Chem. Biol., 2010. 14(6): 818-827]
Functionalization of bioresponsive molecules with well
defined polymers can provide improved stability, tailored
solubility, predeterminable trafficking pathways, and
increased therapeutic potential of already useful biomacro-
molecules 1ncluding peptides, proteins, nucleic acids, and
polysaccharides in a variety of applications.

[0006] Indeed, since RDRP processes can provide compo-
sitionally homogeneous well-defined polymers, with pre-
dicted molecular weight, narrow molecular weight distribu-
tion, and high degrees of c.- and m-end-functionalization,
they have been the subject of much study as reported in

several review articles and ACS symposia. [Matyjaszewski,
K., Ed. Controlled Radical Polymerization; ACS: Washing-

ton D.C., 1998; ACS Symposium Series 685. Matyjasze-
wski, K., Ed.; Controlled/meg Radical Polymerization.
Progress in ATRP, NMP, and RAFT; ACS: Washington, D.C.,
2000; ACS Symposium Series 768; Matyjaszewski, K.,
Davis, T. P., Eds. Handbook of Radical Polymerization;
Wiley: Hoboken, 2002; Q1u, I.; Charleux, B.; Matyjaszewska,
K. Prog. Polym. Sci. 2001, 26, 2083; Davis, K. A.; Matyjas-
zewski, K. Adv. Polym. Sci. 2002, 159, 1.]

[0007] Matyjaszewski and coworkers disclosed the funda-
mental four component ATRP process comprising the addi-
tion, or 1n situ formation, of an 1nitiator, in this case a mol-
ecule with a transferable atom or group that 1s completely
incorporated into the final product, a transition metal and a
ligand that form, a partially soluble transition metal complex
that participates 1n a reversible redox reaction with the added
initiator or a dormant polymer to form the active species to
copolymerize radically polymerizable monomers, and a
number ol improvements to the basic ATRP process, 1n a
number of commonly assigned patents and patent applica-
tions: U.S. Pat. Nos. 5,763,546; 5,807,937, 5,789,487, 5,945,
491;6,111,022;6,121,371,6,124,411,6,162,882; 6,624,262 ;
6,407,187, 6,512,060; 6,538,091; 6,541,580; 6,624,262;
6,627,314, 6,759,491; 6,790,919, 6,887,962; 7,019,082;
7,049,373, 7,064,166, 7,125,938; 7,157,530; 7,332,550;
7,407,995, 7,572,874, 7,678,869; 7,795,355; 7,825,199;
7,893,173; 7,893,174, U.S. Ser. Nos. 12/877,589; 12/949,
466; and International patent applications PCT/US04/09903;
PCT/US06/33152; PCT/US06/048656; PCT/US08/64710;
PCT/US09/36377, PCT/US2010/029073; PCT/US2011/
051043 and PCT/US11/65578 all of which are herein incor-
porated by reference to provide background and definitions
tor the present disclosure. The generally accepted mechanism
of an ATRP reaction 1s shown 1n Scheme 1.

Scheme 1. General mechanism for the ATRP process

e

P,—X + M/YLigand = P, .

+ X—M/"VLigand

[0008] ATRP 1s the most efficient RDRP method for the
preparation of pure segmen‘[ed copolymers, since, unlike
RAFT, 1t does not require addition of a radical imitiator to
continuously form new polymer chains that do not contain the
desired a-biofunctional group 1n a grafting from reaction and
unlike NMP does not require high temperatures to generate
the active species by homolytic cleavage of the dormant chain
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end. ATRP allows the synthesis of new telechelic multi-seg-
mented copolymers with a predetermined degree of polymer-
ization, low molecular weight distribution (M /M , also
called polydispersity index or PDI), incorporating a wide
range of functional monomers and displaying controllable
macromolecular structures under mild reaction conditions.
ATRP generally requires addition or formation of an alkyl
halide or (pseudo)halide as an initiator (R—X) or dormant
polymer chain end (P, —X), and a partially soluble transition
metal complex (Cu, Fe or Ru, for example) capable of under-
going a redox reaction as a catalyst. This procedure would be
expected to be 1deal for the preparation of PPCs but surpris-
ingly, considering the prior efforts in this field there have been
problems preparing well defined bioconjugate materials.

[0009] As noted above PPCs have a relatively long history
of being used therapeutically because they exhibit the prop-
erties of both the biomolecules and the polymer, with the
polymer actively providing a means to tune the bioactivity of
the biomolecule or passively stabilizing the biomolecules in
vivo to allow an increase in blood circulation time or
improved tumor targeting by enhanced permeation and reten-
tion effects. The primary applications of PPCs have been
developed by the pharmaceutical industry, where they are
used as highly potent therapeutics. PPCs have also been

applied to prepare biological sensing devices. The first gen-
cration of PPCs were described 1n 1977 by Abuchowski et al.

[J. Biol. Chem. 1977,252,3578 & 3582] The authors reported
that proteins modified with poly(ethylene glycol) (PEG) have
a greatly increased in vivo circulation time and reduced
immunogenicity, and this started an extended study of PEG
based bioconjugation because PEG and 1ts derivatives are
nontoxic, non-immunogenic, and possess biocompatible
properties.

[0010] Recently there has been considerable interest dedi-
cated to alternative methods of “PEGylation” by the polymer-
1zation of PEG or oligo(ethylene glycol) (OEG) vinyl-mac-
romonomers. Many of these methods allow the preparation of
polymers that are both biocompatible and stimuli-responsive.
Increasingly, polymer bioconjugates with therapeutic poten-
tial are being made with synthetic polymers other than PEG
based copolymers. This work has given rise to an expanding
research field where stimuli responsive polymers are conju-
gated to bioresponsive molecules [Nat. Rev. Drug Discovery
2003, 2, 347, Bioorg. Med. Chem. 2007, 15, 4382; J. Am.
Chem. Soc. 2010, 132, 13575]. Similar to PEG, these poly-
mers may also enhance the stability and solubility of the
biological component to which they are attached, while
simultaneously providing responsive behavior and numerous
sites for subsequent functionalization; e.g., to allow the
attachment of cofactors, targeting ligands, 1maging reagents,
etc. The synergistic effect of polymer bioconjugation can be
turther enhanced by the introduction of functional groups into
the polymer’s backbone. New drug delivery systems can be
envisioned where hydrophobic drugs are encapsulated into a
PPC above the polymers lower critical solution temperature
(LCST) and released 1 vivo 1n a predetermined area at a
predeterminable rate.

[0011] Two methods are generally used for the preparation
of PPCs: the “grafting to” approach, which involves conju-
gation of a preformed polymer to a protein, and the “grafting
from” approach, which involves growing a polymer from a
known 1mitiator site within the protein.

[0012] “‘Graftingto” has been used to conjugate a variety of
polymers to protemns including poly(ethylene glycol),

Sep. 13, 2014

thermo-responsive polymers, drug-loaded polymers, and
dye-loaded polymers among others. Indeed due to the ongo-
ing development of bio-orthogonal *“click chemistry” meth-
ods [Angew. Chem. Int. Ed., 2001.40(11): 2004]. Bioconju-
gation has furthermore become increasingly selective, which
has led to hybrid structures with improved functional charac-
teristics. While RDRP techmiques have allowed synthesis of
precisely defined PPCs with properties unachievable through
simple PEGylation and the procedure allows for the straight-
forward formation of, and subsequent conjugation of, poly-
mers to proteins, under high yield conditions “grafting to” has
several limitations. Typically PPC’s prepared by “grafting to”
suifer from substantial batch-to-batch varniability and gener-
ate a broad distribution of products. This variability 1s due to
the presence of a multiplicity of reactive groups on the surface
ol a targeted protein 1n addition to steric constraints generated
when grafting two large macromolecules together. Further-
more, purification of the desired PPC from a multitudinous
mixture of modified proteins and free polymer is challenging.

[0013] The alternative approach to synthesizing PPC’s 1s
the “grafting from” method. In this method an in1tiating group
1s immobilized onto a protein, typically through acetylation
of lysine or cysteine residues present within the protein, and
a polymer 1s grown from the incorporated imtiator/control
agent 1n situ. The major advantages of protein polymer con-
jugates formed by “grafting from” procedures are high yields
and avoidance of traditional purification 1ssues associated
with the “grafting to” method. The field of using controlled
radical procedures for a “grafting from” has been slowly

gaining popularity as a standard tool to creating functional
PPC’s.

[0014] In the first example of this method, a biotinylated
ATRP mitiator was bound to streptavidin and PNIPAM or
POEOMA chains were grown from the streptavidin tetra
initiator [J. Am. Chem. Soc. 2005, 127, 6508; U.S. Pat. No.
7,786,213 B2]. In a later work, POEOMA was grown {rom
the C-terminus of green fluorescent protein (GFP) and shown
to accumulate 1n vivo 1n a tumor mouse model [Proc. Natl.
Acad. Sci. 2010. 107(38): 16432-7; and PCT Publication WO
2010/096422]. More recently, an engineered non-natural
amino acid bearing an ATRP initiating site was genetically
incorporated into the 134 amino acid residue of GEP [J. Am.
Chem. Soc. 2010, 132, 13575] and POEOMA was grown
from this genetically encoded inmitiator. The retention of the
fluorescence demonstrated preservation of the GFP’s native
tertiary structure during the RDRP. This mitial work on
preparation of a protein-polymer conjugate (PPC) based on a
RDRP, specifically a “gratting from” ATRP, provided a com-
posite structure with a stable link between the protein and the
copolymer was disclosed in U.S. Provisional Application

61/381,757 filed on Sep. 10, 2010, converted to PCT/
US2011/051043, which 1s hereby incorporated by reference.

[0015] However, achieving a high degree of control over
the “grafting from” processes has proven to be challenging.
Typically the gel permeation chromatography (GPC) curves
of the formed PPC do not display a normal distribution of
molecular weights and provide high values for molecular
weight distribution (M /M ). The curves observed 1n size
exclusion chromatography display a substantial tailing to low
the molecular weight region, which would indicate low and/
or poor 1nitiation efficiencies. As noted 1n the PCT/US2011/
051043 application, specifically in the discussion relating to
FIG. 7C of the 043 application, reproduced herein as FIG. 1,

there 1s a tailing towards low M region of the GPC elutogram
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of the product formed during the grafting from reaction,
compare the dark line for parent GFP with the grey line from
the product. This extended tailing indicates the formation of
non-uniform protemn-polymer conjugates that could have
negative implications for controlled therapeutic protein deliv-
ery and uniform enzymatic processes. This 1s not a unique
observation since a similar problem 1s seen 1n other published

GPC traces from PPCs formed by “grafting from” reactions;
FIG. 101n U.S. Pat. No. 7,786,213 and FIGS. 10, 13 and 26 1n

PCT application WO 2010/096422 and, indeed in any prior
art work conducted under previously envisioned bio-compat-
ible conditions.

[0016] Therefore one of the remaining challenges present
when seeking to incorporate a protein, or other biologically
responsive molecule, into a well defined protein-polymer
conjugate 1n a “grafting from” reaction 1s to identily, define,
and exemplily conditions for the “grafting from™ reaction that
provides uniform well defined tethered chain(s). A target for
the degree of dispersity of the tethered copolymer chain that
1s accepted as indicative of good control in a RDRP grafting
from reaction 1s a M /M  of less than 1.30, preferably less
than 1.25 and more preferably less than 1.20. In addition the
reaction should not atfect the properties of the biologically
responsive molecule; thereby providing a bioconjugate in
which uniform (co)polymer segment(s) are attached to the
protein, or other biologically responsive molecule, at known
sites within the bioresponsive molecule that do not modify the
physiological action of the protein or other biologically
responsive molecule 1n an undesired fashion, or reduce the
cifectiveness of the desired bioresponsive action to any sig-
nificant degree.

[0017] Tosummarize the current state of the art focusing on
“orafting from” proteins has resulted 1n a situation where
reaction conditions utilized for the “grafting from” reaction
are copied from conditions employed for a biologically 1nac-
tive imitiator, frequently a small molecule. The conditions are
taken from the literature then applied to a new bio-sensitive
macroinitiator. This means that a wide range of polymeriza-
tion conditions have been used to prepare PPCs including a
variety of different monomer and protein-initiator concentra-
tions, catalyst to 1nitiator ratios, catalyst systems, 1.e. ligands
and copper halides, copper(l) to copper(ll) ratios, and solvent
systems; essentially procedures where reagents are mixed
with a protein mitiator and the reaction 1s stopped after a
seemingly random time frame. Despite claims for a success-
tul gratting from protein polymers conjugates produced by
these procedures have long tail towards low molecular
weights and there has been little description of the rate of the

polymerization with respect to conversion or time [J. Am.
Chem. Soc. 2005, 127(18), 6508-6509; Biomacromolecules

2005, 6(6), 3380-3387; Angew. Chem. Int. Ed 2008, 47(33),
6263-6266; Proc. Natl. Acad. Set. USA 2009, 106(36),
15231-6; Proc Nat! Acad Sci USA 2010, 107(38), 16432-7;
Adv. Drug Deliv. Rev., 2010. 62(2): 272-82].

[0018] Other RDRP techniques have also been examined,
on the basis that ATRP requires a high concentration of an

undesirable metal catalyst, include RAFT [Macromol Rapid
Commun. 2011, 32, 354] and NMP [Polym. Chem., 2011.

2(7); 1523-1330]. These procedures also possess inherent
limitations when targeting well defined PPCs. In the case of
RAFT a secondary source of radicals 1s required to drive the
reaction thereby forming non-conjugated polymer contami-
nants. NMP requires a high temperature to form the active
propagating radical which can denature the bio-active agent.
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In common with prior art ATRP procedures the products of
both procedures displayed a broad dispersity; M /M ==<1.40
and M_ /M ==1.33 respectively.

[0019] In order for a “grafting from™ procedure to become
a widely utilized method 1n the preparation of PPCs the afore-
mentioned challenges must be addressed and conditions that
lead to direct preparation of a well defined PPC must be
established. Preparation of these materials under biologically
compatible conditions would allow synthesis of biomaterials
in their native environments and minimize post fabrication
purification steps while preserving biological activity.

SUMMARY OF THE INVENTION

[0020] The present disclosure describes embodiments for
conducting a controlled radical polymerization process under
biologically compatible conditions, for example to produce
conjugates between bioresponsive molecules and highly con-
trolled polymer chains.

[0021] Inone embodiment, the present disclosure provides
a process for forming a conjugate between a bioresponsive
molecule and at least one polymer chain. The process com-
prises polymerizing radically polymerizable monomers at a
temperature of between about 4° C. and about 50° 1n the
presence of an aqueous system comprising a bioresponsive
molecule having at least one site specific functional mitiator
comprising a radically transierable atom or group, a transition
metal that participates 1n a reversible reduction-oxidation
cycle with at least one of the site specific functional 1nitiator
and a dormant polymer chain having a radically transferable
atom or group, wherein the mole fraction of transition metal
in a lower, activator oxidation state to transition metal 1n a
higher, deactivator oxidation state 1s less than 20%, and a
ligand that forms a stable complex with the transition metal
catalyst, wherein the aqueous system comprises less than
30% by weight of organic solvent and monomer concentra-
tion and the total bioresponsive molecule concentration 1s less
than about 3 mg/mlL, and forming a conjugate between the
bioresponsive molecule and the at least one polymer chain,
wherein the at least one polymer chain has a molecular weight
distribution of less than 1.35. In another embodiment, the
transition metal has a total concentration in the system of less
than 1000 ppm.

[0022] In another embodiment, the present disclosure pro-
vides for a conjugate between a bioresponsive molecule and
one or more polymeric chains, wherein the one or more
polymeric chains each have a molecular weight distribution
of less than 1.20. In certain embodiments, the bioresponsive
molecule 1s a molecule selected from the group consisting of
a protein, a peptide, a nucleic acid, a carbohydrate, and a
biologically active macromolecule.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The following Figures assist in elucidating the dis-
closed process for preparation of well defined PPCs under
conditions that do not alter the biological actions of the bio-
initiator but do not limit the procedure to these exemplitying
procedures.

[0024] FIG. 1: Reproduced from provisional application
61/381,75°7. FPLC of GFP-1 reaction, GFP-1 (O min) dark
line, GFP-1-p(OEO300MA) (180 min) grey line.

[0025] FIG. 2: Effect of components of an ATRP catalyst
(Cu(I)Cl,:L) on GFP (1 mg/mL) stability. [Cu(I1)Cl,]/[L]=1
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when L=[bpy] and [PI] and =2.2 for [TPMA], and 1.1 [Cu(II)
Cl,]=19 mM, [OEOMA475] =0.23 M.

[0026] FIG. 3: Effect of copper halide (X—Br or Cl) on
ATRP of OEOMA ., under aqueous conditions at 30° C.
(3A) First order kinetic plot; and (3B) M, (solid shapes) and
M. /M_ (open shapes) versus conversion plot.

[0027] FIG. 4: (4A) GPC traces for CuBr/CuBr/bpy; (4B)
GPC traces for CuCl/CuCl,/bpy.

[0028] FIG. §: Effect of ligand (L=bpy or TPMA) and
halide (X=—Br or Cl) on ATRP of OEOMA ,-. grafted from
BSA-O-[1BBr];, at 30° C. (Table 1). (5A) First order kinetic
plot; and (5B) M, (solid shapes) and M_/M_ (open shapes)
versus conversion plot.

[0029] FIG. 6: Effect of feeding reducing agent on AGET
ATRP of OEOMA ... GF BSA-O-[1BBr],, at 30° C. (Reac-
tions 6-7, Table 2). (6 A) First order kinetic plot and (6B) M
(solid shapes) and M_/M_ (open shapes) versus conversion
plot.

[0030] FIG. 7: Effect of the feeding rate of ascorbic acid
(FR , ,) on the ARGET ATRP of OEOMA_ - 1n water at 30°
C. First-order kinetic plot (7A), and evolution of molecular
weight M (solid shapes) and molecular weight distribution
M. /M_ (open shapes) with conversion (7B). [OEOMA475]
,=0.5 M; [OEOMA473]/[1)/[TPMA]/[CuBr,]=500/1/1.2/0.
15.

[0031] FIG. 8: (8A) First order kinetic plots. Squares indi-

cate the results from an experiment with no DMSO and 10%
of monomer. Circles mdicate results from a mixture of 10%
monomer and 10% DMSO. Conversion determined by NMR
of methacrylate peak vs. 0.5% (v/v) DMF internal standard;
and (8B) M. (solid shapes) and M /M, (open shapes) versus

conversion plot.

[0032] FIG. 9: (9A) Voltammetric analyses and selected
voltages. (9B) Cyclic voltammetry of 1 mM Cu”L** in the
absence (a) and presence of 1 mM HEBrB (b) or 2 mM
HEBmB (c¢), recorded at 0.1 V/s 1n H,0+0.1 M Et,NBF,.
[0033] FIG. 10. Effect of the ratio of Cu:LL on the ARGET
ATRP of OEOMA,_,. in water at 30° C. (10A) First-order
kinetic plot; and (10B) evolution of molecular weight M
(solid shapes) and molecular weight distribution M /M
(open shapes) with conversion; reaction conditions
|[OEOMA -:],=0.5 M; [OEOMA475]/ [I)/[TPMA]/[CuBr,]
=500/1/0.050n/0.05 (where n 1s 2, 4, 8); FR , ,=16 nmol/min
[0034] FIG. 11. Effect of the type of halide on the ARGET
ATRP of OEOMA ... in water at 30° C. (11A) First-order
kinetic plot; and (11B) evolution of M (solid shapes) and
molecular weight distribution M /M (open shapes) with
conversion. [OEOMA,.;],=0.5 M; [OEOMA_..]/[1]/
[ TPMA]/[CuBr,]=500/1/0.4/0.05, FR , =16 nmol/min.
[0035] FIG. 12. Effect of the NaCl concentration on the
ARGET ATRP of OEOMA - in water at 30° C. (12A) First-
order kinetic plot; and (12B) evolution of molecular weight
M, (solid shapes) and molecular weight distribution M /M
(open shapes) with conversion.

[0036] FIG. 13. GPC chromatographs of the poly
(OEOMA - .)-Cl macromitiator and poly(OEOMA ,-.)-b-
poly(OEOA ;) block copolymer. Polymerization of
OEOMA .. conducted in water (~80%) at 30° C. with
[M],=0.5 M, [I],=2mM, 100 mM NaCl FRAA—16nmol/m1n
polymerization of OEOA ., conducted in water (~80%) at
30° C. with [M],=0.5 M, [I],=1 mM, 30 mM NaCl, FR , ,=50
nmol/min

[0037] FIG. 14. ARGET ATRP of OEOMA,.. from
HEBrB and BSA-1BBr in PBS at 30° C. (14A) First-order
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kinetic plot; and (14B) evolution of molecular weight M

(solid shapes) and molecular weight distribution MW/M

(open shapes) with conversion [OEOMA,-:],=0.5 M.,
|[OEOMA .. |/[1J/[TPMA]/[CuBr,]=500/1/0.4/0.05, 16
nmol/min of AA; [OEOMA475],=0.25 M, [OEOMAMS]/[I]/
[ TPMA]/[CuBr,]=250/1/0.6/0.075.

[0038] OEOMA,_ ;15 a biocompatible monomer, similar to
PEG 1n properties, and was used 1n a graiting from reaction
using 2-hydroxyethy 2-bromoisobutyrate bromide (HEBrB)
and BSA functionalized by reaction with bromo-isobutyrate-
ATRP 1mitiators at two different concentrations of the BSA
initiator (see Example 14). All reactions followed the same
kinetic profile.

[0039] FIG. 15: Temperature dependent DLS spectra of the
thermo-responsive GF BSA-O-[1BBr],,.

[0040] FIG. 16: Emission spectra of time samples from the
polymerization of OEOMA ... from GFP-O-1BBr. Samples
were diluted 1:10 in 1xPBS and measured on a TECAN

Safire2 plate reader.

ABBREVIATTONS
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[0044] Controlled Radical Polymerization (CRP)
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10041]

Dimethylaminoethyl methacrylate (DMAEMA)
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[0077] Molecular Weight Distribution (M, /M )

[0078] Dimethylsulfoxide (DMSO)

[0079] Feeding Rate of Ascorbic Acid (FR | ;)
DETAILED DESCRIPTION

[0080] The present disclosure describes a process for pre-

paring conjugates between bioresponsive molecules and at
least one polymer chain, where the at least one tethered poly-
mer chain has a well defined structure, such as those provided
by a well controlled radical polymerization processes exhib-
iting high mitiation efficiency. The conjugates prepared by
the methods herein display well defined conjugated polymer
chains with narrow polydispersities (molecular weight distri-
butions) that have been previously unattainable by conven-
tional methods used for conventional PPH procedures. The
conjugates are prepared under conditions typical of biologi-
cal systems, such as, substantially aqueous reaction media
and biologically compatible temperatures and pH’s.

[0081] Other than the operating examples, or where other-
wise indicated, all numbers expressing quantities of mngredi-
ents, processing conditions and the like used 1n the specifica-
tion and claims are to be understood as being modified 1n all
instances by the term “about”. Accordingly, unless indicated
to the contrary, the numerical parameters set forth in the
tollowing specification and attached claims are approxima-
tions that may vary depending upon the desired properties
sought to be obtained. At the very least, and not as an attempt
to limait the application of the doctrine of equivalents to the
scope of the claims, each numerical parameter should at least
be construed 1n light of the number of reported significant
digits and by applying ordinary rounding techniques.

[0082] Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of the disclosure are
approximations, the numerical values set forth 1n the specific
examples are reported as precisely as possible. Any numerical
values, however, may contain certain errors, such as, for
example, equipment and/or operator error, necessarily result-
ing from the standard deviation found in their respective
testing measurements.

[0083] Also, 1t should be understood that any numerical
range recited herein 1s intended to include all sub-ranges
subsumed therein. For example, a range of “1 to 107 1s
intended to include all sub-ranges between (and 1ncluding)
the recited minimum value of 1 and the recited maximum
value of 10, that 1s, having a minimum value equal to or
greater than 1 and a maximum value of less than or equal to
10.

[0084] Any patent, publication, or other disclosure mate-
rial, in whole or 1n part, that 1s said to be incorporated by
reference herein 1s incorporated herein only to the extent that
the incorporated material does not conflict with existing defi-
nitions, statements, or other disclosure material set forth in
this disclosure. As such, and to the extent necessary, the
disclosure as explicitly set forth herein supersedes any con-
flicting material incorporated herein by reference. Any mate-
rial, or portion thereof that 1s said to be incorporated by
reference herein, but which conflicts with existing defini-
tions, statements, or other disclosure material set forth herein
will only be incorporated to the extent that no contlict arises
between that incorporated material and the existing disclo-
sure material.

[0085] The present disclosure describes several different
teatures and aspects of the invention with reference to various
exemplary non-limiting embodiments. It 1s understood, how-

Sep. 13, 2014

ever, that the invention embraces numerous alternative
embodiments, which may be accomplished by combiming any
of the different features, aspects, and embodiments described
herein in any combination that one of ordinary skaill 1n the art

would find usetul.

[0086] A standard set of biologically compatible condi-
tions that can be used in the synthesis of PPCs 1s defined as
conditions that maintain protein stability. The target set for
these conditions include use of a relatively low concentration
of protein 1n an aqueous based polymerization medium. Fur-
thermore, since most proteins become unstable when exposed
to greater than 20% of organic media; 1.e. high monomer
volume fraction or presence of a co-solvent, a 10% (w/v) total
organic solvent content, and near ambient temperatures were
selected to conduct the polymerizations. However, conduct-
ing an ATRP under these biologically compatible conditions
exacerbates several issues not normally encountered 1n
known ATRP procedures. These issues include limited stabil-
ity of the Cu based catalysts 1n dilute aqueous systems, par-
ticularly the Cu” complexes which can undergo dissociation
leading to poorly controlled polymerization, interactions
between Cu complexes and proteins, and relatively high
ATRP equilibrium constants 1n water.

[0087] Procedures that resolve these 1ssues are disclosed
herein for each of the commonly utilized ATRP 1nitiation
procedures 1n addition to a newly developed electrochemai-
cally mediated procedure, eATRP.

[0088] Secking to conduct an ATRP under biologically
compatible conditions brings forth numerous 1ssues typically
absent when conducting an ATRP 1n predominately organic
media and requires a significant step forward from current
ATRP procedures. They include overcoming the repercus-
sions ol generation of high ATRP equilibrium constants in
water [Macromolecules, 2009, 42(17), 6348-6360], which
can lead to high radical concentrations and consequentially
high termination rates. Moreover, conducting an ATRP in
aqueous media suffers from many additional complications,
which include dissociation of copper(1l) halide species, labil-
ity of the copper(l)/ligand complex, disproportionation of
certain copper(l) species [ACS Symposium Series, 2006, 944,
56-70], and hydrolysis of the carbon-halogen bond [Macro-
molecules 2004, 37, 9768]. These factors all contribute to
poorly controlled polymerizations with broad distributions,
as a result of low deactivator concentrations and loss of ATRP
activity. Furthermore, when utilizing proteins as initiators,
undesired binding of the protein to the ATRP catalyst can
occur which may denature the protein [ Polym. Chem. 2010, 1,
9441 and cause inactivity of the copper complex when a
ligand displaying a suificiently high binding constant 1s not
used. In addition, many monomers and polymers of interest
have limited solubility 1n pure water. These challenges indi-
cate that 1t 1s important to develop general conditions for
synthesis of well-defined PPCs by the “grafting from”
approach using ATRP 1n aqueous media.

[0089] As noted above, 1n addition to developing condi-
tions that overcome the concerns associated with the catalyst
that present problems for aqueous based ATRP reactions,
when targeting preparation of PPCs the reaction conditions
should be caretully selected to minimize protein denaturation
that can occur from the presence of a relatively high volume
fraction of monomer in the reaction mixture. Denaturation
causes proteins, or nucleic acids, to lose their tertiary and/or
secondary structure which 1s normally caused by application
of some external stress or the presence of a non-natural com-
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pound, such as a strong acid or base, a high concentration of
an morganic salt or an organic solvent, e¢.g., alcohol or chlo-
roform, or heat. Denatured proteins can exhibit a wide range
of modified characteristics, from loss of solubility to commu-
nal aggregation.

[0090] Factors that should be optimized include total sol-
vent/monomer concentration, ratio of monomer to solvent,
type of solvent(s), ligand and Cu(I):Cu(Il) ratio, halide coun-
terion, selection of reducing agents and procedures for addi-
tion of the selected reducing agent to an ATRP, particularly an
ATRP with low copper concentration for catalyst reactiva-
tion, 1n absence or presence of bulfers, and 11 present whether
the counterion on the builers interact with either the catalyst
or protein. Particularly since the polarity of the chosen sol-
vent can affect the final degree of control over the polymer-
1zation.

[0091] Cu(l) complexes formed in water are generally not
elficient deactivators 1n a standard ATRP and this has been
addressed by adding a ligand substitute [U.S. Pat. No. 6,624,
262] or changing the solvent to promote the formation of the
tertiary Cu(ll):LL complex, for example, many literature
sources have typically used a 30% methanol or DMF co-
solvent when conducting ATRP in water, but proteins are
sensitive to the type and concentration of solvents and the
procedures used 1n prior art papers are outside the realm of
acceptability. As discussed below the ligands effect on the
rate and control of ATRP in water should be balanced with the
ligands ability to continue to form a catalytic complex with

copper 1n the presence of proteins.

[0092] Fourexemplary ATRP mitiation/control systems are
evaluated, a classic ATRP, an AGET/ARGET ATRP, an ICAR

ATRP and the most recently developed electrochemically
mediated ATRP (€eATRP) 1n order to identify conditions, that
contrary to prior art procedures, allow one to conduct the full
spectrum of ATRP reactions 1n a biologically compatible
environment.

[0093] One embodiment of the present disclosure provides
a process for forming a conjugate between a bioresponsive
molecule and at least one polymer chain. The process may
comprise polymerizing radically polymerizable (co)mono-
mers at a temperature of between about 4° C. and about 50° C.
in the presence of an aqueous system comprising a biorespon-
stve molecule having at least one site specific functional
initiator comprising a radically transferable atom or group, a
transition metal that participates 1n a reversible reduction-
oxidation cycle with at least one of the site specific functional
initiator and a dormant polymer chain having a radically
transierable atom or group, and a ligand that forms a stable
complex with the transition metal catalyst, and forming a
conjugate between the bioresponsive molecule and the at
least one polymer chain, such as by a grafting from process,

wherein the at least one polymer chain has a molecular weight
distribution of less than 1.35.

[0094] According to these embodiments, the transition
metal may have a total concentration in the system of less than
1000 ppm, wherein the mole fraction of transition metal 1n a
lower, activator oxidation state to transition metal in a higher,
deactivator oxidation state 1s less than 20%, or even less than
10%, or 1n some embodiments less than 5%, and even less
than 2% or less than 1%. In other embodiments the transition
metal may have a total concentration in the system of less than
500 ppm, or even less than 300 ppm. In specific embodiments,
the total concentration of the transition metal may have a
lower value of 100 ppm, or 1n various embodiment 10 ppm, or
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even 5 ppm and 1n certain embodiments 1 ppm. In one non-
limiting embodiment, the total concentration of the transition
metal may be from 10 ppm to 300 ppm.

[0095] According to various embodiments, the polymer-
1zation occurs 1n a substantially aqueous system that 1s com-
patible with the bioresponsive molecule. Since for example,
1n certain non-aqueous systems or even aqueous systems with
high contents of organics or inorganic salts, the bioresponsive
molecule may lack stability and/or may degrade under the
solvent conditions to lose at least a portion of one or more of
its secondary, tertiary, and/or quaternary structure; topology:;
and activity, such as 1ts biological activity. Thus, according to
certain embodiments, the aqueous system of the polymeriza-
tion may comprise less than 30% by weight of combined
organic compound concentration, such as, for example,
organic compounds selected from organic solvent, ligand,
and/or monomer concentration. In other embodiments, the
aqueous system may comprise less than 20% by weight of
combined organic compounds or even less than 15% by
weight ol combined organic compounds. Suitable organic
solvents may include, but are not limited to DMSO, metha-
nol, ethanol or other C, -C, alcohols, THF, DMF, acetonitrile,
and mixtures of any thereof. In specific embodiments, the
organic solvent concentration in the aqueous system may be
less than 20% by weight, or even less than 10% by weight. In
other embodiments, solvent or monomer, including addi-
tional solvent and/or monomer, may be added slowly to the
predominantly aqueous medium to maintain a polymeriza-
tion medium wherein the formed PPC remains 1in solution
while maintaining a low molecular weight organic content
below 20%. Furthermore this can provide a procedure for
introducing some less soluble water soluble species 1nto the
system for forming the PPC.

[0096] According to certain embodiments, the 1nitial con-
centration of the bioresponsive molecule in the aqueous sys-
tem may be less than about 3 mg/ml, or even less than about
1 mg/mlL. Suitable bioresponsive molecules may include
those bioresponsive molecules described 1n detail herein. For
example, 1 specific embodiments, the bioresponsive mol-
ecule may be amolecule selected from the group consisting of
a protein, an enzyme, a polypeptide, a peptide, a nucleic acid,
a polynucleotide, a carbohydrate, a biologically active mac-
romolecule, and combinations of these molecules (for
example a combination of a protein and a carbohydrate etc.).
In specific embodiment, the bioresponsive molecule may be a
protein, such as, for example, an enzyme. According to the
various embodiments, the aqueous system and polymeriza-
tion conditions are selected so that the bioresponsive mol-
ecule, such as the protein or enzyme, retains 1its structure
(such as secondary, tertiary, and/or quaternary structure),
topology, and/or activity ({or example enzymatic activity) in
the formed conjugate. That 1s, after the polymerization, the
conjugate has the same or similar structure, topology and/or
activity as the original bioresponsive molecule.

[0097] Polymerizing the radically polymerizable mono-
mers 1n the presence of the aqueous system to produce the
conjugate having highly defined polymer chains may be
attained by a controlled radical polymerization process. Suit-
able controlled radically polymerization processes may
include, for example, classic AT RP processes, reverse ATRP

processes, AGET AIRP processes, ARGET ATRP processes,
ICAR ATRP processes, transition metal mediated RAFT
polymerization processes, and eAIRP processes, as
described herein and 1n the references incorporated herein. In
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certain embodiments, the controlled polymerization process
may be selected from an AGET ATRP process, an ARGET

ATRP process, an ICAR ATRP process, and an eATRP pro-
cess. According to these embodiments, the polymerizing pro-
cess 1s generally a grafting from polymerization process,
wherein the bioresponsive molecule comprises at least one
site specific functional 1nitiator to 1imitiate the polymerization,
such as aradically transferable atom or group. The controlled
radical polymerization process thereby forms the at least one
polymer chain from the site specific functional mitiator on the
bioresponsive molecule by a controlled radical “grafting
from” polymerization process.

[0098] Transition metals suited for conducting controlled
radical polymerization processes are described in detail in the
incorporated references. In specific embodiments, the transi-
tion metal that participates 1n areversible reduction-oxidation
cycle may be copper, wherein the Cu™ is the lower, activator
oxidation state of the transition metal; and Cu”* is the higher,
deactivator oxidation state of the transition metal. In certain
embodiments, the transition metal may be added to the sys-
tem as the halide CuX, CuX,,, or amixture thereof, such as the
chloride or bromide species (1.e., CuCl, CuCl,, CuBr and/or
CuBr,). In other embodiments, other counterions may be

used, such as phosphate counterions, sulfate counterions and
the like.

[0099] The ligand that 1s capable of forming a stable com-
plex with the transition metal to form the active catalyst may
be any of the ligands utilized 1n controlled radical polymer-
1zation processes described 1n detail 1n the incorporated ret-
erences. In specific embodiments, the ligands may be a
strongly coordinating ligand, such as a nitrogen based ligand
where the nitrogen coordinates and/or chelates to the transi-
tion metal to form the stable complex. Non-limiting examples
of mitrogen containing ligands include 2,2'-bipyridyl ligands
and substituted 2,2'-bipyridyl ligands, tris(2-pyridylmethyl)
amine, tris|2-(dimethylamino)ethyl]amine and substituted
tris(2-pyridylmethyl)amine ligands, (Me ,TREN), N,N,N',
N".N"-pentamethyldiethylenetriamine (PMDETA), or other
nitrogen containing ligand used 1n transition metal mediated
controlled radical polymerization processes. Other, non-ni-
trogen ligands may also be used in the polymerization pro-
cesses described herein and are within the broad scope of the
claimed invention.

[0100] In specific embodiments, the aqueous system may
turther comprise a butifer. In certain embodiments, the buifer
may be a phosphate builer, such as any of the phosphate
buffers described herein, for example a phosphate builer
saline (PBS) buffer. Buflers may be used, for example, to
control the pH of the aqueous system and make the system
compatible for the bioresponsive molecule. Bulfers may be
selected to minimize formation of 1nsoluble salts with the
transition metal and displacement of ligands from the active
transition metal catalyst. According to certain embodiments,
the builer in the aqueous system may have a concentration
ranging from about 1 mM to about 33 mM. According to
various embodiments, the buffer may comprise the same
counterion as the radically transferable atom or group. For
example, i those embodiments where the radically transier-
able atom or group may be a bromine or chlorine, the buifer
may comprise a bromide or chloride counterion.

[0101] In specific embodiments, the polymerization pro-

cess may comprise one ol an AGET ATRP process, an
ARGET ATRP process, and an ICAR ATRP polymerization
process. According to various embodiments, in these poly-
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merization processes the transition metal may be added pri-
marily as the higher, deactivator oxidation state transition
metal and a fraction of the transition metal may be continu-
ously reduced from the higher, deactivator oxidation state to
the lower, activator oxidation state by the controlled addition
of a reducing agent or by the controlled degradation of an
added free radical imtiator. Examples of reducing agents and
free radical imitiators are described in detail 1n references
incorporated herein. For example, in those embodiments
comprising controlled degradation of an added free radical
initiator to effect reduction of the deactivator transition metal
catalyst to the activator transition metal catalyst, the added
free radical initiator may be a free radical mitiator known 1n
the art, such as, but not limited to, azo compounds, for
example, azobisisobutyronitrile (AIBN) and the like, or
organic peroxide compounds, such as di-t-butylperoxide,
benzoyl peroxide and the like, which may be activated by
thermal means or by exposure to UV light. Examples of
reducing agents may include morganic reducing agents and/
or organic reducing agents. Non-limiting examples of 1nor-
ganic reducing agents include tin based reducing agents, such
as, Sn~* agents, for example tin(1I) 2-ethylhexanoate (Sn(EH)
2) or other common inorganic reducing agents, such as
NaNQO,, Na,S,0O;, NaHSO,, hydrazine hydrate, hydroxy-
lamine hydrochloride, or sodium borohydride. Non-limiting
examples of organic reducing agents include glucose, ascor-
bic acid, and phenyl hydrazine, as well as other common
organic reducing agents and antioxidants. In specific non-

limiting embodiments, the reducing agent may be Sn(EH)2 or
ascorbic acid (AA).

[0102] According to other embodiments, the polymeriza-
tion process may comprise an electrochemically medicated
(eATRP) process, such as described 1n International Applica-
tion PCT/US2011/0635578. According to various embodi-
ments, 1n these polymerization processes the transition metal
may be added primarily as the higher, deactivator oxidation
state transition metal and a fraction of the transition metal
may be continuously reduced from the deactivator state to the
activator state by application of a potentiometric or galvanis-
tic charge sufficient to maintain the targeted ratio of transition
metal 1n the activator state to transition metal 1n the deactiva-
tor state, such as a mole fraction of less than 30%, or even less

than 20%.

[0103] Still other embodiments of the present disclosure
are directed to a composition of matter comprising a conju-
gate between a bioresponsive molecule and one or more poly-
meric chains, wherein the one or more polymeric chains each
have a molecular weight distribution of less than 1.20 and/or
a predetermined and controlled degree of polymerization. As
described 1n detail herein, prior art polymer protein hybrids
lack well defined structures, such as where the structure ofthe
polymeric chain are not controlled and/or do not display a low
molecular weight distribution, as shown by shoulders and/or
tailing 1n the GPC curves of the prior art hybrid compounds
prepared by grafting from-type polymerization reactions. As
described herein, the conjugate may comprise a biorespon-
stve molecule selected from the group consisting of a protein,
an enzyme, a polypeptide, a peptide, a nucleic acid, a poly-
nucleotide, a carbohydrate, a biologically active macromol-
ecule, and combinations of these molecules. In certain
embodiments, the bioresponsive molecule may be a protein
Or enzyme.

[0104] According to various embodiments of the conjugate
as described herein the one or more polymeric chains may
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have a structure resulting from a controlled radical polymer-
1zation process, for example a controlled radical polymeriza-

tion process selected from the group consisting of a classic
AlTRP process, a reverse AIRP process, an AGET AIRP

process, an ARGET AIRP process, an ICAR ATRP process,
a RAFT polymerization process, and an eATRP process, as
described herein and 1n the references incorporated herein.
According to these embodiment, the one or more polymeric
chains may be formed from radically polymerizable mono-
mers, such as radically polymerizable monomers described in
the various references 1mcorporated herein and described in
this disclosure.

[0105] Inspecific embodiments of the conjugates described
herein, the one or more polymeric chains may be linked to the
bioresponsive molecule by a cleavable linkage. For example,
according to certain embodiments, the cleavable linkage may
comprise a cleavable functionality selected from the group
consisting of an ester functionality, a disulfide functionality, a
phosphate {functionality, and a thioester functionality.
According to these embodiments, the bioresponsive molecule
may be chemically modified to have at least one site specific
functional imitiator, wherein the at least one site specific func-
tional 1nitiator may be linked to the bioresponsive molecule
by the cleavable linkage. The one or more polymeric chains
may be polymerized, by a grafting from process, {from the at
least one site specific functional mitiator comprising a radi-
cally transterable atom or group by a controlled radical poly-
merization process. According to this process, the resulting
polymeric chain will be linked to the bioresponsive molecule
by a cleavable linkage that may be later cleaved to release the
one or more polymeric chains from the bioresponsive mol-
ecule by a chemical process, such as hydrolysis of the ester,
phosphate, or thioester functionality or by reduction of the
disulfide functionality.

[0106] One embodiment of the present methods utilizes
water as a solvent with less than 300 ppm catalyst complex
comprising a strongly coordinating ligand for polymerization
of radically copolymerizable monomers from an initiator
comprising one or more transferable atoms or groups at ambi-
ent temperatures wherein the catalyst complex 1s continu-
ously reduced from the higher oxidation state to a lower
oxidation state by controlled addition of a reducing agent.

[0107] Herein are described ATRP methodologies to create
PPCs using the “grafting from™ approach in aqueous media
under biologically compatible conditions. However the con-
ditions can also be applied to grafting from non-biological
entities under the environmentally benign conditions defined
herein including procedures with low concentrations of the
catalyst complex, 1.e. less than 500 ppm, 1n the presence of
water as the predominant solvent.

[0108] The defined biologically compatible conditions are
designed to preserve the protein’s secondary and tertiary
structure and activity, while simultaneously offering control
over a grafting from polymerization. Preservation of a pro-
tein’s native structure imposes several restrictions on reaction
conditions; specifically 1n regard to reaction temperatures,
concentration of reagents, and organic content 1n the contact-
ing media. Thus, polymerizations should be performed at or
near ambient temperatures. Ambient temperatures can be
considered temperatures between 4° C. and 50° C. preferably
between 20° C. and 45° C. and exemplified herein by reac-
tions conducted at 30° C., to avoid thermal denaturation of the
protein. The reaction can however be conducted within the
temperature range where the specific protein or biologically
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responsive molecule does not undergo denaturation. Also,
most proteins denature when high concentrations of the pro-
teins are dissolved 1n solutions, and hence, proteins or other
bioactive molecules should be kept under dilute conditions;
less than 3 mg/mL, preferably near 2 mg/mL. The presence of
a high concentration of organic media can also destabilize
proteins therefore limiting the total organic content of the
polymerization medium to less than 30%, preferably less than
or equal to 20%, (monomer and co-solvent) 1s a selected
target.

[0109] The choice of ligand can also have significant influ-
ence over the resulting polymerization in an ATRP. In par-
ticular, varying the ligand can have a dramatic effect on the
ATRP equilibrium, shifting it either toward a more active or
more dormant state. Initially three ligands were selected rang-
ing from a ligand forming a very activating transition metal
complex; tris(2-pyridylmethyl)amine (TPMA), a moderately
activating ligand, 2,2'-bipyridine (Bpy), and a ligand forming
a highly deactivating metal complex, N-(n-propyl)pyridyl-
methanimine (PI), to provide some guidance to the range of
catalyst activity suitable for the polymerization [J. Am. Chem.

Soc. 2008, 130, 10702].

[0110] Successtul ATRP from a protein macroinitiator
requires the protein to be stable 1n the presence of copper
halide/ligand complexes. Therefore, GFP was selected as a
model protein to test protein stability 1n the presence of dif-
ferent pre-complexed Cu:ligand species, under envisioned
targeted reaction conditions, 1.¢. 1 mg/mL GFP, 10% mono-
mer in 0.1 M phosphate butifer saline (PBS) (pH=7.4). PBS 15
a widely utilized butler in reactions associated with proteins.
GFP was selected for the stability studies because denatur-
ation of its beta-barrel structure leads to a loss of its fluores-
cent properties [Biochemistry 2004, 43, 14238]. Fluores-
cence measurements showed that copper complexes formed
with TPMA or Bpy do not greatly influence the GFP’s tertiary
structure as indicated by similar emission spectra for GFP and
GFP in the presence of CuCl,/ TPMA or CuCl,/bpy, FIG. 2. In
contrast, upon the addition of pre-complexed CuCl,/PI the
GFP denatured, demonstrated by a 100 fold decrease 1n fluo-
rescence 1mntensity of GFP, which are comparable with results
seen upon the addition of a sample of an uncomplexed copper
halide to GFP solution, right hand bars 1n FIG. 2, thereby
indicating that a strong complex should be formed between
the ligand and transition metal to prevent denaturation. This
test with GFP can be used as a screeming tool for other metal/
ligand complexes envisioned for grafting from bio-respon-
stve molecules.

[0111] Based on the above results, Bpy and TPMA ligands
were selected for continuation of the development of a *““clas-
sic” ATRP under biologically compatible conditions. In a
“classic” ATRP a mixture of cuprous and cupric halides is
added to the reaction. In the examples discussed below, a
ligand with a higher k , ., 1.e. the more deactivating ligand,
Bpy, 1s compared to a ligand with higher k__.. TPMA based
catalyst complexes are investigated even though they are
harder to control 1n aqueous systems as they provide a possi-
bility to develop conditions that use lower concentrations of
catalyst, e.g., ARGET, ICAR ATRP, or e ATRP procedures, 1f

other hurdles can be overcome.

[0112] Bovine serum albumin (BSA) was selected as an
exemplary protein to evaluate the reaction conditions
required to conduct a controlled “grafting from” ATRP
because of 1ts widespread usage as a valid model protein, and
due to 1ts abundance and low cost. When a functionalized
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BSA was used as the bio-mnitiator and PI ligands complexes
with Cu(Il) or Cu(l) are added to solutions containing BSA
the protein immediately precipitates. These observations
indicate that the proteins, GFP and BS A, are better ligands at
binding copper than PI and hence PI’s are not suitable ligands
and indicate that the GFP test 1s a valid means to evaluate
suitability of other ligands with copper or with other transi-
tion metals such as iron 1n the polymerization. Indeed the
GFP stability test described herein can be used to confirm that
other possible ligands for catalyst formation do not denature
the protein.

[0113] While the examples focus on use GFP and BSA as
exemplary proteins there are multiple examples of proteins
and polypeptides that can be used to form PPCs including but
not limited to, proteins, polypeptides, and peptide sequences.
Examples of proteins and polypeptides include any natural or
synthetic polypeptide or polynucleotide that may be admin-
1stered to a patient.

[0114] Examples of polypeptides include, but are not lim-
ited to, those of interest in medicine, agriculture and other
scientific and industrial fields, particularly including thera-
peutic polypeptides such as inteferons, isulin, monoclonal
antibodies, blood factors, colony stimulating factors, growth
hormones, interleukins, growth factors, therapeutic vaccines,
calcitonins, tumor necrosis factors, and enzymes. Specific
examples of such therapeutic proteins include, without limi-
tation, enzymes utilized in enzyme replacement therapy; hor-
mones for promoting growth 1n animals, or cell growth 1n cell
culture; anticoagulants and active proteinaceous substances
used 1n various applications, for example, 1n biotechnology or
in medical diagnostics. Specific examples include, but are not
limited to: asparaginase; glutamase; arginase; arginine
deaminase; adenosine deaminase ribonuclease; cytosine
deaminase, trypsin; chymotrypsin, papin, epidermal growth
factor, insulin-like growth factor, transforming growth factor,
nerve growth factor, platelet-derived growth factor, bone
morphogenic protein, fibroblast growth factor and the like;
somatostatin; somatotropin; somatropin; somatrem; calcito-
nin; parathyroid hormone; colony stimulating factors; clot-
ting factors; tumor necrosis factors; interferons; interleukins;
gastrointestinal peptides, such as vasoactive intestinal pep-
tide, cholecytokinin, gastrin, secretin, and the like; erythro-
poiletins; growth hormone; vasopressins; octrootide; pancre-
atic enzymes; dismutases such as superoxide dismutase;
thyrotropin releasing hormone; thyroid stimulating hormone;
luteinizing hormone; luteinizing hormone-releasing hor-
mone; growth hormone-releasing hormone; tissue plasmino-
gen activators; interleukin-1; interleukin-15; receptor antago-
nist; glucagon-like peptide-1; leptin, ghrelin; granulocyte
monocyte colony stimulating factor; interleukin-2; interfer-
ons such as interferon-[alpha]; adenosine deaminase; uricase;
human growth hormone; asparaginase; macrophage activa-
tor, chorionic gonadotropin; heparin; atrial natriuretic pep-
tide; hemoglobin; retroviral vectors; relaxin; cyclosporin;
oxytocin; vaccines; monoclonal antibodies; single chain anti-
bodies, ankyrin repeat proteins, aifibodies, and the like; and
analogs and derivatives thereof.

[0115] Examples of polynucleotides include, but are not
limited to, polynucleotides and oligonucleotide sequences,
including DNA and RNA, which may be double-stranded or
single-stranded. Examples of polynucleotides include any
natural or synthetic polynucleotide that may be administered
to a patient. Examples of polynucleotides include, but are not
limited to, antisense oligonucleotides, silencing RNA (s1R-
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NAs), anti-microRNA that target genes such as bcl-2, V2R,
EphA2, caveolin-1, TNF-alpha, MIF, GFP, Rai-1, c-raf,
luciferase, VEGE, SCV, Fas, Ins2, Caspase-8, and HBsAg.
[0116] Examples of aptamers iclude, but are not limited
to, vascular endothelial growth factor aptamer, Ricin aptamer,
pepocin aptamer, gypsphilin aptamer, thrombin aptamer,
activated plasma protein C aptamer, HIV-1 reverse tran-
scriptase, HIV-1 1ntegrase, protein kinase C aptamer, human
neutrophil elastase aptamer, L-selectin aptamer, P-selectin
aptamer, Yersinia protein tyrosine phosphatase aptamer,
phospholipase A2, angilogenin aptamer, and rhinovirus
capsid protein aptamer.

[0117] Other examples of biomolecules include, but are not
limited to, oxytocin, vasopressin, adrenocorticotrophic hor-
mone, prolactin, luliberin or luteinising hormone releasing
hormone, growth hormone, growth hormone releasing factor,
somatostatin, glucagon, gastrin, tetragastrin, pentagastrin,
urogastroine, secretin, calcitonin, enkephalins, endorphins,
angiotensins, renin, bradykinin, bacitracins, polymixins,
colistins, tyrocidin, gramicidin’s, and synthetic analogues,
modifications and pharmacologically active {fragments
thereof, monoclonal antibodies and soluble vaccines.

[0118] The polymer that 1s grown 1n situ from the bio-
molecule confers desirable properties to the conjugate. The
term “polymer” as used herein 1s intended to encompass a
homopolymer, co-polymer, ter-polymer, block polymer, etc.,
and blends, combinations and mixtures thereof. Examples of
polymers include, but are not limited to, functionalized poly-
mers, such as a polymer comprising one or more S-vinyltet-
razole monomer units and having a molecular weight distri-
bution less than 1.35. The polymer may be or contain one or
more of a linear polymer, a branched polymer, a hyper-
branched polymer, a dendritic polymer, a star block copoly-
mer, a comb polymer, a graft polymer, a brush polymer, a
bottle-brush copolymer and a crosslinked structure, such as a
block copolymer comprising a block of 5-vinyltetrazole
monomer units.

[0119] Polymers that can be produced 1n situ from specific
sites on the biomolecule or polypeptide according to the
methods disclosed herein include, without limitation, poly-
esters, poly(meth)acrylamides, poly(meth)acrylates, poly-
cthers, polystyrenes, and polynorbornenes.

[0120] As noted above, BSA, a commercially available
protein, was selected as being suitable for defining biologi-
cally compatible conditions that allow conducting an ATRP,
since BSA 1s a protein commonly used in the “grafting from™
method. BSA has 35 lysine residues available for functional-
ization. Therefore, 1f 2 mg/mlL of BSA are quantitatively
modified with ATRP initiators then an 1initiator concentration
of 1 mM would result. Suitable imitiator concentrations would
be 0.1-3 mM with control at these concentrations. To opti-
mize reaction conditions for PPC synthesis, this exemplary
study investigated the effects of different copper halides,
bromide or chloride, and ligand, Bpy and TPMA, 1n a *“clas-
sic” ATRP and the effect of quantity and feeding rate of a
reducing agent 1n an AGET ATRP “grating from™ reaction.
After defining conditions for grafting from BSA under stan-
dard ATRP conditions and AGET ATRP conditions a very
systematic study was undertaken to establish conditions
where the concentration of catalyst could be reduced below
1000 ppm preferentially below 500 ppm, or optimally below
300 ppm to allow a more environmentally compatible
ARGET ATRP to be conducted. This was a particularly dit-

ficult task as both oxidation states of the transition metal
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catalyst complexes are generally not stable at low concentra-
tions 1n the presence of high concentrations, greater that 75%,
ol water.

[0121] In addition to assessing protein stability in the pres-
ence of the selected catalyst, rigorous analysis of the synthetic
polymer formed during the preparation of the PPC 1s required
for complete characterization of the resulting bioconjugate,
as 1t provides the information that demonstrates the level of
control over the “grafting from™ polymerization. Therefore,
in contrast to prior “grafting from™ work the protein was
modified with cleavable ester initiator, (BSA-O-[1BBr];,), in
order to facilitate direct analysis of the polymer graited from
BSA, Scheme 2. The ester bond linking the initiator to the
protein can be selectively cleaved by 5% KOH (w/v) solution,
without affecting the oligoethylene oxide methyl ether side
chains [Macromolecules 2007, 40, 8540]. This allows real
time monitoring of the polymers formed in the “grafting
from” reactions, since the polymers can be cleaved from the
BSA and directly analyzed using gel permeation chromatog-

raphy (GPC).

Scheme 2. Schematic of a "grafting from” ATRP from

BSA—O [1BBr|3g and cleavage of grafted polymer for
GPC analysis.
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[0122] Previous work showed that a key parameter for con-
ducting a successiul ATRP 1n protic solvents is the presence
of high concentrations of the Cu(ll) halide species, up to 80%
of total copper, due to the high equilibrium constant formed
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by an ATRP catalyst complex in aqueous systems which 1s
exacerbated by partial dissociation of the deactivator in
highly polar media [Macromolecules 2004, 3’7, 9768]. Based
on these results, 10% of the total copper added to the reaction
was Cu(l) and the remaining fraction was Cu(ll). Initial
experiments were performed with a PEO-macroinitiator
(PEO-1BBr), Scheme 3, and then later translated to the BSA-
O-[1BBr]30 system (Scheme 2).

Scheme 3.
AGET ATRP of OEOMA,475 under biologically compatible conditions.
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[0123] A target, which represents a summary of the tech-
niques required for protein stability discussed 1n Hermanson,
G. T. Bioconjugate Techniques, Academic Press: San Diego
1996, was set for the reaction. It was envisioned that the
selected conditions would not adversely affect the topology
of the protein or other biologically responsive molecule dur-
ing the polymerization reaction.
[0124] This target was far from the state of the art in the
presently disclosed procedures for conducting an ATRP and
included certain exemplary embodiments:

[0125] A ratio of water to organic compounds of 80:20.

[0126] The =20% organic media would include the bio-
logical molecule, monomer and any added solvent.

[0127] Solvent may be added to allow the formed pro-
tein-polymer conjugate to remain in solution.

[0128] The reaction should be conducted below 50° C.,
or even below 40° C.

[0129] The ligand should be selected to form a stable
Cu” complex that can deactivate the growing radical.

[0130] The ligand should form a catalyst complex that
does not denature GFP.

[0131] A buifer may be added to enable the catalyst
complex to retain 1ts halogen counterion 1n the presence
of such high concentration of water.

An exemplary set of biologically compatible conditions was
defined as ~3 mg/mL protein concentration, 1.e. 1 mM of the
exemplary BSA 1nitiator, no more than 20% (v/v) monomer/
solvent, and near ambient temperatures 1n aqueous media.
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[0132] The nature of halogen atom in both the catalyst and
alkyl halide has a significant impact on the ATRP process.
Therefore, the first parameter evaluated was a comparison of
catalysts based on copper bromide and copper chloride under
dilute aqueous conditions, Table 1. In these *“classic” ATRP
experiments, conducted with a high concentration of copper
catalyst, a nine fold excess of Cu(Il)X,/LL was used with
respect to Cu(1)X/L to promote formation of ratio of Cu(l) to
Cu(Il) that provided a suitable deactivation rate and a lower
rate of polymerization, in response to the expected high ATRP
equilibrium constant in aqueous media.

TABLE 1

11
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[0135] Surprisingly, when taken 1n conjunction with the
results disclosed and discussed below, this does not mean the

bromine catalyst can not provide a well controlled polymer-
ization only that a higher ratio of Cu(II)Br,/L to Cu(I)Br/L
should be added to the reaction, or generated in situ, for
procedures starting with 100% Cu(Il) to increase the targeted
|Cu(1I)] 1n the reaction medium thereby reducing the concen-
tration of radicals formed and hence termination by radical
coupling reactions. Therefore when bromine 1s employed as
the transferable atom in aqueous media the % Cu(Il)Br,/L

Experimental conditions of classic ATRP from PEO-1BBr and BSA-O-[1BBr]z,

Run M/I/CuX/CuX,/L I L X Conv./% M

n.theo

1 455/1/1/9/22 PEO bpy Br 45 94
2 455/1/1/9/22 PEO bpy Cl 27 55
3 455/111/9/11 PEO TPMA  Br 2 40
4 455/1/1/9/11 PEO TPMA Cl 2 36
S 227/1/1/9/21 BSA bpy Br 66 71
0 227/1/1/9/11 BSA bpy Cl 5% 03
7 227/1/1/9/21 BSA TPMA  Br 5 5
& 227/1/1/9/11 BSA TPMA Cl 2 2

I mM imtiator, 10-20% monomer (v/v), water, 30° C., 4 h of polymerization.

[0133] Polymerizations were conducted with
|[OEOMA . .],=0.45M and [OEOMA . ]/[1}/[CuX]/[CuX,]/
|[L]=455/1/1/9/[L] with the [L] for TPMA=11 and Bpy=22.

[0134] When Bpy was the ligand and bromine the counte-
rion in the catalyst system the initial rate of polymerization
was rapid but decreased dramatically after 1 hour, reaching a
final monomer conversion of ca. 75%, FIG. 3A. Molecular
weight values were fairly close to their theoretically pre-
determined wvalues, FIG. 3B, although M /M values
increased to ca. 1.8 after conversion reached 40%. In contrast,
the chlorine based catalyst system provided linear first-order
kinetics, and a linear increase 1 molecular weight with
monomer conversion and gradual decrease in the M /M. .
GPC curves show that the system with bromine as the coun-
terion displayed a high MW shoulder, FIG. 4A, while the
chlorine based system resulted 1n a narrow normal distribu-

tion curve that moved cleanly to higher MW as the reaction
progressed, FIG. 4B.

97

35

x 1077 M, gpex 1077 M, /M,

108 1.54
S8 1.16
12 1.27
18 1.22

100 1.16

1.18
40 1.10
1.16

complex present in the reaction medium during the polymer-
ization should be greater than 95%.

[0136] Furthermore, as described 1n greater detail 1n the
following discussion on the runs listed in Table 2, TPMA 1s
not too active a catalyst for water based media but can be
controlled in AGET and ARGET ATRP systems. Scheme 4
illustrates the mechanism that operates for activators gener-
ated by electron transter (AGET) ATRP [Macromolecules,
2005. 38(10): 4139-4146; J. Am. Chem. Soc. 2005. 127(11):
3825-3830], where the precursor of a more active ATRP
catalyst complex 1s added to a reaction medium and a fraction
of the higher oxidation state catalyst complex 1s reduced to
the activator. In the examples discussed herein ascorbic acid
(AA) was used as the exemplary reducing agent as ascorbic
acid 1s a water soluble biocompatible organic molecule. Other
water soluble reducing agents, including those discussed in

incorporated references, would also be applicable 1n this pro-
cedure.

Scheme 4. Use of a reducing agent to activate the higher oxidation state catalyst

Cu” —X,/Ligand

R—X +

Y

Reducing Agent
<~ Oxidized Agent

k,

Cu!—X/Ligand —=—= R +  Cuf —X5/Ligand
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[0137] This AGET method allows for simple targeting of a
pre-determined [Cu(l)])/[Cu(ll)] ratio by controlling the
amount of reducing agent added to the first reaction mixture.
The targeted ratio was imitially selected to be 2:98. Once again
Bpy and TPMA were selected as exemplary ligands. The
amount of AA used in this series of reactions was only 1%
compared to the total concentration of CuBr,. FIG. 5A shows
the first-order kinetic plot, whereas FIG. 5B gives the M, and
M, /M  values for both ligands. The Bpy catalyzed system
provided good control over the polymerization as 1llustrated
by the linear first order kinetic behavior. Whereas the TPMA
based system resulted 1n a rapid polymerization 1n the early
stage of the reaction, and no increase 1n conversion or
molecular weight after ~15% conversion, compare Runs 1
and 2 1n Table 2. This 1s 1n contrast to the linear semi-loga-
rithmic plot observed with the Bpy complex. This rapid ter-
mination of the reaction indicates complete reconversion of
the small amounts of reactive Cu(l) species generated by
reaction of AA with the added Cu(Il) to Cu(ll), concurrent
with radical termination in the presence of high concentra-
tions of radicals generated by a very active catalyst and hence
would indicate the TPMA ligand generates an unsuitable
catalyst for the reaction.

[0138] However, one surprising but very interesting feature
in the results reported 1n Table 2, run 2, and additionally,
retrospectively, observed for the TPMA runs reported in
Table 1, 1s that the polymer synthesized using the TPMA
based complex had a very narrow molecular weight distribu-
tion (M_/M_=1.09). Therefore rather than immediately aban-
donming TPMA as a potential ligand, the amount of ascorbic
acid added to the reaction was reduced by a factor often, Run
3. This did provided a slower reaction but the reaction still
stopped at low conversion. Addition of further amounts of
ascorbic acid reactivated the catalyst and allowed the reaction
to continue for a short period, Run 4, but overall conversion
was still low even after three sequential additions of reducing,
agent. Despite these difficulties the TMPA system generated
polymers that showed lower values for M /M , and the
molecular weight was a closer match to the theoretical values
than the polymers formed with the Bpy system 1n the first
stages of the reaction.

TABL.

2

(Ll

Experimental conditions of AGET ATRP from PEO-1BBr and BSA-O-[i
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media. It was not until ascorbic acid was continuously added
to the polymerization, Run 5, ensuring a slow continuous
generation of Cu’/L that it was possible to drive the reaction to
higher conversion while retaiming low M_/M_. FIG. 6 illus-
trates that slow addition of an identical amount of AA led to
88% conversion 1n 4 h, compared to 5% conversion when a
conventional AGET ATRP was conducted with a single addi-
tion of reducing agent to activate a fraction of the catalyst and
initiate the reaction. The resulting polymer had a high
molecular weight and very narrow molecular weight distri-

bution, 1.08.

[0140] Every molecule of ascorbic acid that reacts during
the redox reactions provides two electrons. In this reaction the
rate of feeding of AA was 8 nano-mol/min, which means that
only 0.008% of the total CuBr, 1s reduced to Cu(l) every
minute and that after 4 hours only 2% of the total amount of
CuBr, 1n the reaction medium was reduced to form an acti-
vator complex. This would indicate that the concentration of
the activator, the Cu(l) catalyst complex was lower than 1%
throughout the reaction, indeed FIG. 6 shows almost imme-
diate 1mitiation of the controlled polymerization reaction,
which 1s truly surprising when one considers that after 30
minutes only 0.025% of the Cu(Il) catalyst complex could
have been reduced to the activator state but surprisingly this
was sulficient to provide an active controlled polymerization
in predominantly aqueous media.

[0141] An alternative approach would be to use a poorly
soluble reducing agent and use the slow solubility or limited
access of the copper complex to the solid reducing agent to
provide a controlled rate of reduction.

[0142] Even with the success detailed above since the con-
centration of the catalyst complex was higher than desired for
a more environmentally benign procedure for a grafting from
a protein procedure a systematic evaluation of all components
present 1n the reaction medium for an ARGET ATRP proce-
dure was undertaken. The results of the studies discussed
below provided a final resolution of the problems associated
with conducting a controlled aqueous polymerization with an
active TPMA catalyst whose activity was enhanced by the

Run M/I/CuBr,/I/AA 1 L Time/h  Conv./% M, ...
1 455/1/10/22/0.1  PEO bpy 6 20 43
2 455/1/10/11/0.1 PEO TPMA 6 15 32
3 455/1/10/11/0.01 PEO TPMA 6 5 11
4 455/1/10/11/0.03® PEO TPMA 1 12 26
5 227/1/10/11/0.2 PEO TPMA 4 60 65
6 227/1/10/11/0.1 BSA TPMA 4 5 5
7 227/1/10/11/0.1¢ BSA TPMA 4 38 95

I mM mmtiator, 10-20% monomer (v/v), water, 30° C.;

“charges of AA were 0.1 mL of a 0.5 mM solution,

PAA was slowly fed to the reaction mixture at the rate 16 nmol/min,
“AA was slowly fed to the reaction mixture at the rate 8 nmol/min

[0139] Surprisingly, we concluded that even with the ratio
ol activator to deactivator set at 2:98 these results did not
mean TPMA catalysts are unsuitable for aqueous based

ATRP reactions but indicated the need for additional work
directed at development of a procedure that would generate
an even higher ratio of Cu”/Cu’ in systems with TPMA as
ligand to provide a suilicient level of deactivator 1n aqueous

x 1073 M, cpex 102 M, /M,

25 1.30
30 1.09
15 1.09
27 1.10
37 1.09
30 1.10
82 1.08

aqueous medium to such an extent that a controlled polymer-
ization could not be conducted under known ATRP proce-
dures and show how the problem can be resolved.

[0143] When a low concentration of catalyst 1s added,
lower than the expected amount of deactivator formed by
termination reactions, the reducing agent 1s utilized to first
activate the catalyst complex then continuously reactivate the
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catalyst. The procedure was named ARGET for activator
regenerated by electron transfier, see Scheme 3.
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Scheme 5. Use of a reducing agent to continuously reactivate the fraction of the

deactivator formed by termination reactions.

P
S
k,

Cu/—X/Ligand = — R’ +
Kda

R—X +

Oxidized Agent
Reducing Agent

[0144] In an ARGET ATRP, Scheme 5, where low ppm
concentrations ol catalyst are employed, the nature and
amount of the reducing agent added to the reaction 1s critical
in order to provide the appropriate ratio [Cu”]/[reducing
agent]| and create conditions for an ATRP that provides good
results in terms of both control, rate of polymerization and
DP. Furthermore the influence of halide species, the concen-
tration of the halide i1n the reaction medium, the ratio of
catalyst complexes with different oxidation states of the
added transition metal exemplified herein by copper, the
selected ligand, the concentration of ligand and the reducing
agent all interact together have to be controlled to provide a
procedure for the polymerization of water soluble monomers.

[0145] FEach of these parameters were examined by con-
ducting controlled polymerizations of oligo(ethylene oxide)
methyl ether methacrylate as discussed 1n the examples sec-
tion. Conditions were developed for the aqueous ARGET
ATRP of OEOMA - to prepare well defined polymers at
ambient temperature (30° C.) using catalyst concentrations
between 100-300 ppm.

[0146] Primary issues for preparation of well-controlled
polymers are the recognition that the reducing agent, exem-
plified herein by ascorbic acid, should be slowly fed to the
reaction medium and that a large excess of halide salt should
be added to the polymerization medium to ensure the pres-
ence of a sufficiently high concentration of the deactivator
complex. For example, polymerizations with chloride 1ons
showed a slower rate of reaction with improved control com-
pared to bromide 1ons, with the optimal concentration of the
halide salt 1n the polymerization medium being between 30
and 100 mM. An excess of the ligand over copper 1s recom-
mended to provide conditions for improved control and faster
kinetics. A faster feeding rate of the reducing agent only gives
a minimal improvement in the kinetics and leads to a decrease
in the level of control over the final polymer. Since the exem-
plifying ascorbic acid reducing agent should be slowly and
continuously fed into the aqueous ARGET ATRP system this
generates an additional method of control over the reaction;

Cu/ —X,/Ligand

Cu’/ —X,/Li gand

allowing the reaction to be stopped or restarted at any point
simply by ceasing or recommencing the feeding of the reduc-
ing agent, FIG. 7.

[0147] The low catalyst concentration employed in this
aqueous ARGET ATRP make the procedure biologically
friendly and hence an excellent techmque for creating bio-

conjugates, as was demonstrated by the synthesis of a BSA
based protein-polymer hybnd.

[0148] One additional 1ssue related to ATRP for specific
bio-conjugation applications 1s exemplified by the fact that
there are several bio-compatible monomers, €.g. doxorubi-
cin-methacrylate or MEO,MA, that are not soluble 1n a pure
aqueous system. For this reason polymerizations were per-
tformed with addition of 10% (v/v) of an organic solvent. As
noted above, an additional approach to incorporate less
soluble comonomers 1nto the grafted from (co)polymer chain
(s) 1s to slowly add the less soluble monomer to the reaction
medium. Dimethylsulfoxide (DMSO) was chosen as an
exemplary co-solvent due to 1ts usefulness 1n the proteomics
research field, and the fact that DMSO at 10% (v/v) does not
cause protein’s denaturation [ Biophys. Chem. 2007,131, 62].

[0149] The reaction conditions for polymerizations con-
ducted 1n the presence of a solvent are summarized in the
Table 3. Conversion of monomer followed first-order kinetic
plots and the GPC of polymer samples taken periodically
throughout the reaction displayed a continuous increase in
molecular weight with conversion and narrow molecular
weilght distribution. As shown 1n FI1G. 5A the rate of polymer-
1zation was essentially the same with or without DMSO. FIG.
8B shows that the molecular weight and polydispersity of the
polymers formed 1n the reactions were also similar for both
sets ol conditions.

[0150] The final set of conditions studied was the optimi-
zation of the “grafting from” reaction under buifered condi-
tions. Phosphate buffer saline (PBS) (pH=7.4) 1s a widely
utilized protein buffer and was chosen as a suitable butler for
use 1n the reaction media for the “grafting from” reactions.
Conducting an ATRP in PBS can be challenging for several
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reasons. Firstly, the copper and phosphate 1ons can form
insoluble Cu,PO, causing loss of active species and conse-
quently retardation of polymerization. Secondly, chloride
ions from the butfer can displace the ligands from the copper
complex, and produce an mactive catalyst. However, as dis-
closed herein under appropriate conditions these two poten-
tial negative effects can be mimimized, and a well controlled
polymerization can be performed 1n the presence of PBS. To
determine optimized conditions, OEOMA ... was polymer-
1zed m PBS using both normal ATRP and AGET ATRP pro-
cesses. Experimental conditions and polymer characteristics
are presented 1n Table 4.

[0151] The PEO-1BBrmodel system showed that the CuCl/
Cu(Cl, catalyzed polymerization reached only 6% monomer
conversion after four hours and was therefore not extended to
“grafting from” BSA-O-[1BBr],,. The CuBr/CuBr, catalyzed
polymerization 1n PBS was approximately 3 times slower
than the reaction in a purely aqueous system, but rather sur-
prisingly the PBS still allowed good control over the poly-
merization. Therefore, the CuBr/bpy system was used for a
traditional ATRP 1n builfered media from a protein. The poly-
mers grown from BSA-O-[1BBr],;, had relatively narrow
molecular weight distributions, but as seen i the PEO-1BBr

reaction the semilogarithmic plot became noticeably curved
after the first hour.

TABL.

3

(L]

Experimental conditions for a normal ATRP from
BSA-O-[1BBr];, 1n water/ DM SO

M/I/CuCl/ Time, Conv.
Run  CuCl,/bpy h % M, 7°x107° M “FC¢x107° M /M,

1 455%/1/1/9/22 3.5 75 81 80 1.22
2 200°/1/1/9/11 3.5 82 40 58 1.22

1 mM mmtiator, 10% monomer (v/v), 30° C.;
GPVI = OEO]VIAMS,
"M = |OEOM A3 /[MEO>MA] = 1/1

TABLE 4
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[0153] In summary, well-defined polymers can be grafted
from proteins by ATRP under biologically compatible condi-
tions. These conditions were selected both to maintain protein
stability throughout the polymernization and grow well-de-
fined polymers with normal narrow molecular weight distri-
butions so that the PPCs would act 1n the same manner in
bio-applications.

[0154] Biologically compatible conditions have been
defined as a polymerization conducted at near ambient tem-
peratures (30° C.) with a low mitiator concentration (1 mM),
low monomer and co-solvent concentrations; 1.e., total
organic content should not exceed 20% of the total reaction
volume. Furthermore, the ligand selected ought to bind to the
copper sulliciently strongly to prevent protein denaturation. A
CuX/CuX,/Bpy (1/9/22) catalyst complex where X 1s either
Cl or Br was found to be the optimal catalyst when conducting
traditional ATRP, FIGS. 3A and 4B. The optimal halide
depends upon the reaction media selected: i pure water the

chloride species 1s preferred while 1n the presence of PBS the
bromide species can maintain an acceptable polymerization
rate.

[0155] ARGET ATRP with slow continuous feeding of a
water soluble reducing agent exemplified herein by ascorbic
acid (AA) allows the strongly activating TPMA based cata-
lysts to be used, giving controlled polymerization, even with
a very low ratio of copper(l) to copper(ll) species, less than
1% Cu(l). Moreover, ARGET ATRP with slow feeding of
reducing agent gives a rapid reaction and well-controlled
polymers in both pure water and PBS.

[0156] Finally, the use of 10% of an organic solvent, exem-
plified herein by DMSO, expands range of available mono-
mers, grving access to smart bio-hybrid materials comprising
a broader selection of(co)monomers that are not soluble 1n
pure water. These results show that under the specified con-
ditions, uniform well-defined PPHs can be prepared by ATRP
in aqueous media under biologically compatible conditions.

Experimental conditions of (AGET) ATRP from PEO-1BBr and BSA-O-[1BBrlaqn

Run M/I/CuX/CuX,/L/AA I L

X Timeh Conv./% M

n.theo

x 10 M, pcx 1072 M,/M,

1 227/1/1/9/22/- PEO bpy Cl 3 6
2 227/1/1/9/22/- PEO hpy Br 3 33
3 227/1/1/9/22/- BSA bpy Br 3 40
4  227/1/-/10/11/0.2¢ PEO TPMA  Br 4 60
5 227/1/-/10/11/0.1% BSA TPMA  Br 4 75

I mM imtiator, 10% monomer (v/v), PBS, 30° C,;
“AA was fed to the reaction mixture at the rate 16 nmol/min;
bAA was fed to the reaction mixture at the rate § nmol/min

[0152] When AGET ATRP, conducted with TPMA as
ligand with slow feeding of AA, Runs 4 and 5 1n Table 4, there
1s a linear 1ncrease 1n the first-order kinetic plot up to moder-

ately high monomer conversion which illustrates that low
[Cu’] AGET ATRP provides a linear increase in molecular
weight with conversion and narrow molecular weight distri-
bution, M /M _<1.2. These results demonstrate that well-de-
fined PPHs can be synthesized 1n the presence of PBS using
either a traditional ATRP or an AGET ATRP, however, at the
expense of slower polymerization rates as compared to a pure
aqueous media and absence of butler.

6 10 1.19
36 28 1.19
43 50 1.26
63 37 1.09
81 83 1.19
[0157] In order to further expand the scope of conducting

an ATRP under biologically compatible conditions two other
approaches to activating an ATRP reaction were evaluated.

[0158] InanICAR ATRP a low concentration of the Cu(Il)
X,/ complex 1s added to the reaction medium and a fraction
of the added complex 1s reduced to the Cu(I)X/L activator
state by reaction with a standard free radical initiator. Scheme
4 also 1llustrates ICAR ATRP 1f one considers that the formed

radicals react with the Cu(Il)X,/L. complex and reduce a
fraction of the higher oxidation state transition metal complex
to the activating Cu(1)X/L complex. The rate of initial reduc-
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tion, and continued reduction throughout the reaction, 1s con-
trolled by selection of the free radical polymerization (FRP)
initiator(s), reaction temperature and concentration of FRP
initiators added. Experiments were performed under ICAR
conditions, 1n water with 100 ppm Cu/TPMA catalyst or less,
down to 20 ppm. The key premise examined in this set of
examples 1s that control can be obtained under conditions
providing low catalyst concentrations in water using 100 mM
tetracthylammonium bromide (TEABr) to promote the for-
mation of the deactivator. Although the acrylate-Br bond
could hydrolyze, this reaction 1s limited by the presence of
TEABFr and the results indicate that loss of active chain end 1s
insignificant 1 these systems or else the PDI would be
broader, not ~1.15-1.2 obtained in the reactions. Furthermore
one would expect to discern unusual features 1n the GPC, such
as a large population of dead chains and a very fast growing
living peak and when starting from the H-EB1B initiator no
such effects were observed. There was a linear increase 1n
molecular weight with conversion with no sign of creation of
a population which was not capable of chain extension indi-
cating that while the C—Br bond on the chain end can hydro-
lyze this did not occur to any significant extent at the reaction/
temperatures/conditions selected over the time scale of the
reaction.

[0159] A more recent advance in ATRP 1s the development
of electrochemically mediated ATRP (e ATRP) [see Interna-
tional application PCT/US11/653578 herein incorporated by
reference]. This procedure also provides a means to continu-
ously control the ratio of Cu(I) species to Cu(Il) in an ongoing
ATRP process. In an eATRP the application of a cathodic
current 1n an electrochemical cell reduces the Cu(1l) complex
to a targeted degree and maintains the selected ratio through-
out the reaction or until the charge 1s changed to create a
different ratio. The overall mechanism of an eATRP 1is
depicted 1n Scheme 6.

Scheme 6: Procedure for controlling k47rp by applied electrical potential

Anodic potential

N
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value of £, can be appropriately chosen to achieve a con-
tinuous production of a small quantity of Cu’L* and conse-
quently control the concentration of R generated and main-
tamned throughout the reaction. The livingness of the
polymerization process 1s ensured by the intelligent combi-
nation of low [R’] and, as disclosed herein, very high ratio of
[Cu”L**]/[Cu’L*] when targeting aqueous systems with high
concentrations of water. The overall rate of the process and
the degree of control over polymerization can be tuned by
adjusting E_ . The first example of AIRP under eATRP
conditions has recently been reported for the successiul poly-
merization of methyl acrylate in acetonitrile. [Science 2011,
332, 81-84.]

[0161] Herein, we describe the e ATRP of oligo(ethylene
glycol) methyl ether methacrylate (OEOMA, <) 1n water.
Cu”’TPMA, which is one of the most active complexes used
in ATRP, was selected for the catalyst system. In cyclic vol-
tammetry (CV) Cu”L** exhibits a reversible peak couple
with E®'=-0.245 V vs SCE, FIG. 9A. Addition of a large
excess of Br™ to the solution does not significantly atffect this
CV response, indicating that the K ;- of Cu™L** is very small.
The full reversibility of the response at very low scan rates
also points out that Cu’L* is quite stable in H,O with a
lifetime of at least few seconds, the time scale of running a
CV. Using the above reported E”' value together with other
available thermodynamic data, we estimated a K, value of
6.8x107> for the disproportionation of Cu'L*. The CV
response of Cu”L* drastically changes when an equimolar
amount of the mitiator 2-hydroxyethyl 2-bromoisobutyrate,
(HEBriB)1s added. The cathodic peak approximately doubles
in height while the anodic one decreases indicating that Cu’
rapidly reacts with HEBriB. On the basis of thermodynamic
data available in the literature, we estimated a K , - » value of
1.5%x107" for this system which is 4 orders of magnitude

higher than the value measured for an analogous system in

P-—Br + Cu'—DBr/Mes[REN = u/—DBryMesTREN  + P,
kdf] . k.::
R
\ /\ o
Cathodic potential
[0160] In an eATRP the reaction mixture imitially contains CH,CN. An estimate of the activation rate constant based on

monomer, initiator, and Cu”L>* (or Cu”L**+X—Cu” L+) No
polymerization occurs under these conditions, as there 1s no

Cu’L* activator in solution. The reaction starts only when a
specific selected potential (E,, ) 1s applied to the cathode so
that reduction of Cu”L"* to Cu L+ occurs at the electrode. The

voltammetric analysis of the system Cu”L>*+HEBriB at dif-
ferent concentration ratios FIG. 9B and different scan rates
provides a very large value for k__=2.5x10° M~' s™'.

[0162] Theabovedescribed voltammetric analyses confirm

that the system under investigation has all the characteristics;
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low K, high K , - », and extremely rapid activation that make
aqueous ATRP very difficult to control. The electrogeneration
of the active catalyst was first carried out under potentiostatic
conditions starting from an aqueous reaction medium con-
taining Cu”L**/HEBriB 1:1 in H,0+10% OEOMA,..
(MW=4775 g/mol). The effect of E___ on the degree of control

“pp .

over polymerization was initially investigated. Three E_
values around E™, see FIG. 9, were applied and the results are

summarized 1n Table 5, Runs 1-3.

[0163] The dniving force of the electrochemical process 1s
given by AG”=F(E, , -E™) and the [Cu"L*"]/[Cu’L*] ratio at
the electrode surtace 1s closely related to that dictated by the
Nernst equation. At the beginming of the electrolysis there 1s
only Cu”“L** in solution, so the current has to decay as Cu” is
converted to Cu’, approaching a constant value corresponding
to the [Cu”L>*]/[Cu’L*] ratio generated by the appliedE, .
However, Cu'L* is engaged in a reversible reaction with the
initiator, and dormant species, which represents a continuous
perturbation to the equilibrium concentrations 1mposed by
E, - Therefore, whether a constant [Cu™L**)/[Cu’L*] ratio
can be imposed 1n the bulk solution depends on the mutual

rates of electrogeneration and disappearance of Cu'L* and
theretore will depend on E__ . At E_ =-0.55V, which 1s

<<E™. the electrode processpi; unde;pé}iffusion control and
Cu”L** is almost quantitatively converted to Cu'L* in a rela-
tively short time; the current rapidly decreases to very small
values. The overall rate of the process was rather high, with
79% of monomer conversion 1n less than 30 min, but control
over polymerization was poor. The In([M]/[M],) vs. time plot
deviated significantly from linearity, while M, /M was very
broad and the final experimental M was 3 times larger than
theoretical, Table 5, Run 1. These features are typical of an
uncontrolled polymerization dominated by termination reac-

tions, such as bimolecular radical-radical coupling.

TABLE 5
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[0165] The possibility of carrying out polymerizations
under biologically compatible conditions was vestigated
using PBS buffer as the solvent. Since E* shifts to —-0.326 in
this medium E  was adjusted to -0.275 V. Although several
side reactions perturbing the ATRP equilibrium are possible;
e.g., formation of highly insoluble Cu”,(PO,), and/or stable
Cu'(H,PO,),” and Cu’Cl,, excellent results were observed
both 1n terms of conversion and M /M , Table 5, Run 5.
Indeed, neither displacement of the ligand nor loss of cata-
lytic activity was observed by CV analysis of the system.
[0166] Finally the ability to target different DPs were
explored, Table 5, Runs 6-8, using 0.1 mM Cu”L>*, 6.4 ppm
with respect to solvent, and different concentrations of mono-
mer. All polymerizations displayed a linear In([M]/[M],) vs.
time plots which, together with low values for M /M_ of the
final polymer, 1s indicative of a well controlled ATRP. How-
ever, the experimental M, was significantly higher than the
theoretically predicted one. This was due to low nitiation
elficiency at the beginnming of the polymerization and a sig-
nificant improvement was obtained after addition of PBS
butter, Table 5, Run 9.

[0167] In conclusion, e ATRP overcomes the most serious
drawbacks associated with conventional aqueous ATRP. The
Cu”L** to Cu'L* ratio, which is key to the successful control
of the reaction, can be regulated by appropnate selection of
E,,,- The best results were achieved at Eapp?«ﬂem(m L/CuDLs
providing excellent control over MW and MW distribution,
accompanied by a fast reaction and a low charge consump-
tion. Remarkably, phosphates and halide 1ons are not only
tolerated but can have a beneficial effect on the degree of
control over the polymernization which can be a positive
observation when targeting biological systems.

[0168] These experiments, reported 1n detail below, dem-

onstrated that well-controlled polymers can be prepared by

Electrochemical agueous AI'RP of OEOMA475 at 25° C.

Run % M v/v [M)/[RX])/[Cu”L] Eletrolyte!”) E_  (VvsSCE) tth) Q (C)

1 0  200/1/1/%! Et,NBF, ~0.550 0.5 3.05
2 10 200/1/1/14] Et,NBF, -0.310 1.8 4.34
3 10 200/1/1/14] Et,NBF, -0.210 3.0 2.65
4 10 200/1/1/14] Et,NBr ~0.210 2.5 232
5 10 200/1/1/14 PBS bufferl? -0.275 3.0 1.94
6 5.0 1000/1/1/1%] Et,NBr -0.210 2.0 0.175
7 2.5 500/1/1/1%) Et,NBr -0.210 2.0 0.210
8 1.0 200/1/1/1%] Et,NBr ~0.210 2.5 0.267
9 5.0 1000/1/1/1%] PBS bufferl! -0.275 2.0 0.179

leicu T4 = 1 mML

Plicd141=0.1 mM.

[€lp, 1M,

1919, 134M naCl + 2.7 mM KCI + 11.9 mM (Na,(HPO,) + KH,PO,) in H,O; pH = 7.4.

[eIDetermined by 'H NMR.

FIDetermined by GPC-MALLS

[0164] In order to promote the formation of XCuL* some

1072 1077
C %[E] Mn,,rhec:rr Mn,,expm Mw/ Mn
79 75.1 233 1.58%
88 83.2 213 1.53
OR 93.1 112 1.22
99 94.0 109 1.16
0% 93.1 130 1.15
84 399 704 1.25
72 171 403 1.19
77 73.2 175 1.35
79 375 450 1.20

ATRP under biologically compatible conditions, provided

experiments were run in the presence of a large excess of X7,
Table 5, runs 4-3. The presence of X~ produces a discernable
improvement of MW distribution without any reduction 1n
rate of monomer conversion. Contrary to expectations the
overall rate of the process does not decrease due to the for-
mation of inactive Cu’X, species as was found in organic

solvents [Macromolecules, 2010, 42, 9257-92677, Chem.
Commun. 2011, 47, 3580-3582].

that appropriate reaction conditions are selected for the
selected 1nitiation system.

[0169] Inthe imitial examples employing a standard ATRP
procedure the copper chloride system resulted 1n 1improved
polymerization control compared to copper bromide using

Bpy ligand for the classic ATRP.

[0170] In AGET ATRP 1t was determined that TPMA pro-
vided a catalyst complex that was more active than Bpy when
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using an 1dentical amount of ascorbic acid as the reducing
agent. Upon reducing the amount of ascorbic acid used 1n
ATRP systems with TPMA as the ligand, timed feeding
resulted i a slower more controlled polymerization, while
maintaining a linear increase of molecular weight with con-
version and narrow symmetrical molecular weight distribu-
tions.

[0171] ARGET ATRP with 300 ppm catalyst complex
tformed with TPMA 1n the presence of excess halide salt and
slow continuous feeding of reducing agent provided good
control over the polymerization.

[0172] ICAR ATRP could be conducted with low levels of
catalyst, down to 20 ppm.

[0173] eATRP was also successiully applied to preparation
of a PPC.
[0174] In one embodiment of this invention targeting an

environmentally benign system for the preparation of PPH
the concentration of transition metal 1n the polymerization
medium 1s less than 1000 ppm, preferably less than 500 ppm
and more preferably 300 ppm or less. The mole fraction of
activator to deactivator in the selected ATRP procedure con-
ducted 1n aqueous systems can be less then 20%, preferable
less than 10% and often less than 5% and indeed 1n specific
systems lower than 1%.

[0175] Other embodiments of the present embodiment
includes a process for the formation of a conjugate between a
bioresponsive molecule and a polymer wherein a low con-
centration of bioresponsive molecule with a site specific func-
tional in1tiator may be utilized for a transition metal mediated
controlled polymerization of vinyl monomers 1n an aqueous
based polymerization medium. In certain embodiments the
bio-responsive molecule may comprise a protein, polypep-
tide, polynucleotide, adaptamer or other biomolecule that 1s
incorporated into the formed conjugate with the polymer
grown from the mitiator site(s). In specific embodiments, the
site specific functional mitiator may be a radically transfer-
able atom or group. In certain embodiments, the monomer
volume fraction or total organic content may be not greater
than 30% of the total content of the reaction medium. In
certain embodiments the monomer volume fraction or total
organic content may be less than or equal to 20% (v/v) total
content of the reaction medium. In certain embodiments, the
polymerization reaction may be conducted near ambient tem-
peratures, between 4° C. and 50° C. In certain embodiments,
the transition metal catalyst may comprise a transition metal
that forms a soluble complex with a ligand wherein the
formed complex does not influence the tertiary structure of
GFP and thereby reduce the fluorescence of GFP. In certain
embodiments, the site specific mitiator may comprise a radi-
cally transierable atom or group. Certain embodiments may
turther comprise a buffer added to the aqueous reaction
medium. In certain embodiments, the buffer may have the
same counterion as the transierable atom or group on the
added 1mitiator. According to certain embodiments, the con-
centration of protein in the reaction may be less than about 3
mg/ml protein concentration and concentration of monomer
and organic solvent 1s no more than 20% (v/v) and the poly-
merization may be conducted near ambient temperatures in
aqueous media. In certain embodiments, the linkage between
the bioresponsive molecule and the site specific functional
initiator may comprise a cleavable linkage. According to
certain embodiments, the bioresponsive molecule may be a
protein that retains 1t structure, topology and activity and the
tethered polymers have a normal distribution of molecular
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weights and provide values for molecular weight distribution
lower than 1.30. In certain embodiments, the normal distri-
bution of molecular weights may provide values for molecu-
lar weight distribution lower than 1.25 or 1n other embodi-
ments lower than 1.15. In certain embodiments, the
controlled polymerization process may be an ATRP and the
ligand for the catalyst complex 1s selected so that the protein
1s stable 1n the presence of the copper halide catalyst complex.
In certain embodiments, water 1s the solvent and the reaction
may conducted with less than 1000 ppm, or even less than 500
ppm catalyst complex comprising a strongly coordinating
ligand which polymenzes radically (co)polymerizable
monomers from a bioresponsive mitiator comprising one or
more transierable atoms or groups by a graiting from process
at ambient temperatures wherein a fraction of the catalyst
complex 1s continuously reduced from the higher oxidation
state to a lower oxidation state by controlled addition of a
reducing agent. In certain embodiments, the concentration of
the added cupric halide catalyst complex may be less than 300
ppm and the reaction may be conducted 1n the presence of a
salt comprising the same halogen as the catalyst complex and
initiator and a fraction of the added higher oxidation state
deactivator catalyst complex may be reduced to the lower
oxidation state activator complex by reaction with either a
reducing agent, the continuous degradation of an added free
radical initiator or by application of a potentiometric or gal-
vanistic charge to maintain a targeted ratio of Mt* to Mt™". In
certain embodiments, the concentration of salt 1s between 10
and 300 mM. In certain embodiments, mole fraction of acti-
vator to deactivator 1n the selected ATRP procedure may be
less then 20%, or even less than 10% and often less than 5%,
and 1n specific systems lower than 1%. In certain embodi-
ments, the polymerization process may be an AGET ATRP or
ARGET ATRP and the reducing agent may be added inter-
mittently or continuously to the reaction medium to maintain
a ratio of Cu(l) to Cu(ll) catalyst complex and the process
may include forming a polymer-protein conjugate wherein
the normal distribution of the polymer portion may have a
molecular weight distribution of less than 1.25. In certain
embodiments, the reducing agent may be added continuously
to the reaction medium and the rate of addition may be slowly
reduced as a batch reaction progresses. In certain embodi-
ments, the polymerization may be an ICAR ATRP and the
concentration of the added cupric halide catalyst complex
may be less than 150 ppm 1n the presence of a salt comprising
the same halogen as the catalyst complex and 1nitiator and a
fraction of the catalyst complex may be reduced to the
cuprous state by reaction with a continuously degraded added
free radical mitiator to maintain a ratio of Cu(l) to Cu(Il)
catalyst complex forming a polymer-protein conjugate
wherein the normal molecular weight distribution of the poly-
mer has a distribution of less than 1.35.

[0176] Various {features of the present invention will
become more apparent upon consideration of the following
examples. The various embodiments of this disclosure
described 1n the following examples are not to be considered
as limiting the invention to their details. All parts and percent-
ages 1n the examples, as well as throughout this specification,
are by weight unless otherwise indicated.

EXAMPLES AND DISCUSSION OF EXAMPL.

L1
/2

Materials

[0177] The highest available purity oligo(ethylene oxide)
monomethyl ether methacrylate (average molecular weight
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~475,~300, 188 g/mol, OEOMA .., OEOMA,,,, OEOMA,
respectively), BSA, mono-tert-butyl succinate, N-hydrox-
ysuccinimide (NHS), trifluoroacetic acid, bromoisobutyryl
bromide, 2,2'-bipyridine (Bpy), N-(n-propyl)pyridylmetha-
nimine (PI), ascorbic acid (AA), CuCl, Cu(Cl,, CuBr, and
CuBr, were purchased from Aldrich. Tris(2-pyridylmethyl)
amine (1 PMA) was purchased from ATRP Solutions. Mono-
mers were passed over a column of basic alumina prior to use.
Poly(ethylene oxide)isobutyryl bromude (PEO-1BBr
M_=2000) was prepared, as previously described. [Biomate-
rials 2009, 30, 5270] GFP was prepared as previously
described. [Polym. Chem. 2011, 2, 1476.]

Instrumentation.

[0178] Molecular weight and molecular weight distribution
(M., /M ) were determined by GPC. The GPC system used a
Waters 515 HPLC Pump and Waters 2414 Refractive Index
Detector using PSS columns (Styrogel 10%, 10°, 10° A) in
dimethylformamide (DMF) as an eluent at a flow rate of 1
ml./min at 50° C. and 1n tetrahydrofuran (THF) as an eluent at
a tlow rate of 1 mL/min at 35° C. All samples were filtered
over anhydrous magnesium sulfate and neutral alumina prior
to analysis. The column system was calibrated with 12 linear
polystyrene (M _=376~2,570,000).

[0179] Monomer conversion was measured using 'H NMR
spectroscopy 1n D0, using a Bruker Avance 300 MHz spec-
trometer at 27° C.

[0180] Thermoresponsivity was measured by dynamic
light scattering (DLS) on a Zetasizer from Malvern Instru-
ments, Ltd. The temperature ramp used 1in this study was from
15°C.t0o64° C. at 1° C. mtervals. Samples were equilibrated
for 2 mins before measuring particle size.

[0181] Tangential flow filtration was conducted on a Lab-
scale TFF system from Millipore. Zebra Spin desalting col-
umns were purchased from Fisher and used according to the
manufactures instructions.

[0182] The fluorescence spectra for GEFP stability testing
were obtained on a Tecan Safire2 using a 96 well plate.

Example 1

Determination of Suitable Reaction Conditions

[0183] A series of ATRP reactions were conducted 1n order
to 1dentily a suitable range of ligands and select reaction
conditions for controlled polymerizations under conditions
that would not denature a protein or other biologically active
molecule. Water soluble initiators and water soluble mono-
mers are employed 1n these reactions. The target was to deter-
mine 1i a well controlled ATRP could be conducted 1n the
presence of 80% water at room temperature.

DSRC1. Normal ATRP with N-(n-propyl)pyridylmetha-
nimine (PI) Ligand:

[0184] PEO,,,,1BBr (1.58 mg, 0.00079 mmol), OEO,.
MA (22.5 uL., 0.04977 mmol), were dissolved 1n 4.5 mL of
Millipore water. This solution was degassed for 20 minutes by
bubbling with nitrogen. A stock solution of CuCl, (95.5 mg,
0.71 mmol), with (1.66 mmol) of added ligand was prepared
in water (5 mL). When the selected ligand was pyridine imine
ligand (245.3 mg, was added), CuCl (7.8 mg, 0.079 mmol)
was prepared 1n 5 mL of water and 500 pL of this solution was
added to the mitiator and monomer solution to 1nitiate poly-
merization thereby providing a ratio of reagents=[1]:[63]:]0.
1]:[0.9]:]2.1] Samples were periodically drawn to investigate
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the reaction kinetics. Water was evaporated from the samples
betore re-suspension 1n THE. The samples were filtered with
a 0.2 micron filter with neutral alumina and 1 drop of toluene.
The molecular weight increased linearly with time.

[0185] fit

In a series of runs with different ratio of monomer to
initiator the MW increased linearly with conversion and GPC
traces displayed a normal distribution of molecular weights
and provide low values for molecular weight distribution
M,/M,,).

DSRC2. Normal ATRP with Bpy as Ligand:

[0186] PEO,,,,1BBr (10.0 mg 0.005 mmol), OEOMA,,.
(1 mL, 2.28 mmol), CuBr, (10.0 mg, 0.045 mmol), and Bpy
(16.4 mg, 0.105 mmol) were dissolved in 4 mL of water and
charged into a 10 mL Schlenk flask. The reaction was bubbled
for 20 minutes, frozen, and CuBr (0.72 mg, 0.005 mmol) was
added under the flow of nitrogen. The reaction was put under
vacuum and back filled with nitrogen 5 times, thawed, and
placed 1n an o1l bath at 30° C. Molecular weight increased
linearly with conversion and final dispersity was low, 1.16,
when the molecular weight reached 57,800.

DSRC3. TPMA was Tested Under the Same Model
Conditions:

[0187] Ratio of reagents: [L]:Cu[I]:Cu[ll]:[I] of 11:1:9:1
the reaction gave multimodal GPC traces indicating a fast
reaction with no control.

[0188] As can be seen from the data presented above that
moderate control has been found for both the Bpy and PI
systems. This could be interpreted as indicating lower activity
catalysts are preterred but conditions presented above need to
be further examined before they can be declared biologically
compatible. At this point the major conclusions are a high
Cu(II):Cu(l) ratio allows control over the ATRP process.

DSRC4. Eftect of Solvent:

[0189] DMSO, diglyme and ethanol were evaluated as
added solvents. The fraction of solvent and monomer added
to 80% water was varied from 0:20 to 10:10 and 17:3. The
best results were obtained with 10% DMSO and 10% mono-
mer. Conditions: PEO,,,,1BBr (10.0 mg 0.005 mmol),
OEO_,,.MA (477 uL, 1.055 mmol), Cu(Il)Br, (10.0 mg,
0.045 mmol), and Bpy (16.4 meg, 0.105 mmol) were dissolved
in 4000 uL of ultra pure water 1n a 10 mL Schlenk flask. To
this solution 500 uL. of DMSO was added. The reaction was
bubbled for 20 minutes frozen and Cu(I)Br (0.72 mg, 0.005
mmol) was added under the flow of nitrogen. The reaction
was back filled with nitrogen 5 times and the reaction was
thawed and placed 1n an o1l bath at 30° C. The reaction was
run for 200 minutes and from the GPC traces of samples taken
periodically demonstrated that the addition of 10% DMSO
co-solvent allows for well-controlled polymerization. The
final sample had an M_/M_ of 1.25.

DSRCS5. AGET ATRP

DSRCS5A: Mode of Addition of Reducing Agent:

[0190] Imtially one reason for examining an AGET system
was because 1 small scale exploratory examples when tar-
geting lower Cu(l) concentrations weighing out of these
minute samples becomes practically impossible due to bal-
ance accuracy. The total Cu(I) in the system should be kept to
a minimum to take into account a repressed deactivation
environment presented by high levels of water. Furthermore
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in addition to single addition, and multiple fractional addi-
tions, of the reducing agent the eflect of a slow continuous
teeding of ascorbic acid into the system was evaluated 1n
order to determine 11 control 1s improved.

[0191] Imtial polymerizations were conducted with
[OEOMA .. ]=0.45 M and [OEOMA_ . ]/[1}/[Cu(IDX,]/
|[AA]=455/1/10/0.1. [Bpy] and [TPMA]=21 and 11 mM,
respectively. The results are presented 1n Table 2 where 1t can
be observed that continuous addition of small amounts of

reducing agent, run 7, provided high conversion and narrow
M /M .

DSRC5B. Eftect of Ratio of Activator:Deactivator:

[0192] In addition to ligand eflects, the effect of targeting
differentratios of [Cu(I)]:[Cu(Il)] was investigated. This ratio
1s decisive 1in determining the degree of control attained 1n
ATRP, since 1t governs the rate ol polymerization. The ratio of
[Cu(D)]:[Cu(Il)] was decreased by a factor of 10 1n the TPMA
system. Rather than attempting to add an exceedingly small
amount of solid Cu(l) an AGET system was employed and
operated by adding less reducing agent, to gain control of the

il
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In Table 6 Run 10, 50 ul of 1 mM solution of ascorbic acid was
added every 15 mins, a 250 ul gas-tight syringe was used for
the injection. In other reactions, Table 6 Runs 15-19, a syringe
pump was used to continuously add the reducing agent to the
reaction. The total moles of ascorbic acid added in Run 10
were calculated and moles per minute were determined (3.3
nmol/min). The syringe pump was set at a speed 1 pul/min of
4 mM solution of ascorbic acid, therefore 4 nmol/min was
added. The reactions using the syringe pump for addition of
the reducing agent progressed to higher conversions with
lower molecular weight distributions. However, for Runs 15
through 18 in Table 6 an increase in polydispersity with
higher conversion was observed. This was attributed to the

fact that at higher conversions the solutions became very
viscous, which can partially be attributed to pulling samples
for analysis. Indeed, a total volume was 5 mL and 0.4 mL
samples were removed but the speed of feeding of the reduc-
ing agent remained the same which means that after some
point the effective rate of addition of reducing agent increased
and the concentration of ascorbic acid became too high and
some crosslinking/coupling was observed. This was avoided
when a larger volume of reaction

TABLE 6

Reactions for system [M]:[I]:[TPMA]:[CuBr,]:[AA]

Run Ratio
1 455:1:11:9.99:0.1
3 455:1:11:9.99:0.01
4  455:1:11:9.99:0.01
6 455:1:11:9.99:0.1
10 227:1:21:10:0.01
15 455:1:21:10:0.01
17 227:1:21:10:0.01
18 455:1:21:10:0.01
19 227:1:21:10:0.01

% o0f  Volumeof Syringe
Solvent  monomer reaction pump Time,h Conv. M_  PDI
water 20 5 mL no 1 h# 12% 31000 1.16
water 20 5 mL no 0.66 h# 5% 15000 1.09
water 20 5 mL no* 1 h# 12% 28000 1.11
PBS 20 5 mL no 6 h 7% 35000 1.12
PBS 10 5 mL no* 1.5 h 28% 31900 1.11
water 20 5 mL yes 25 h 59% 83800 1.33
water 10 5 mL yes 3 h 929 76400 1.20
PBS 20 5 mL yes 3 h 73% 87300 1.21
PBS 10 20 mL yes 4 h 59% 36700 1.09

#reaction self terminated under selected conditions after this time period.

*In Runs 4 and 10 the addition of the ascorbic acid was split into three; one at the beginning, one after 20 min and one after 30

Min.

polymerization since TPMA 1s a highly active ligand, imply-
ing that even a low concentration of copper(l) species can
provide rapid polymerization. Two different reaction condi-
tions were studied. In the first case only one charge of reduc-
ing agent was added, targeting an 1mitial ratio of [Cu(I)]:[Cu
(ID] of 0.2:9.8. In the second system, there were two
additional additions of ascorbic acid, one after 16 min and the
other after 32 min. The results are reported 1n Table 6. The
reaction mixture was prepared for the polymenzation by
passing nitrogen gas through a solution of monomer, initiator,
ligand, copper (I1I) bromide, and water for a minimum of 20
minutes before adding a deoxygenated solution of ascorbic
acid under 1nert conditions. Samples were taken periodically
tor GPC (0.4 mL). Betore GPC analysis the samples were
dried over magnesium sulfate. Monomer content was —20%,
or ~10% (v/v)when a solvent was added, and the total volume
of the system was 5 mL.

[0193] In the first series of reactions; Runs 1, 3, 4 and 6 1n
Table 6, the ascorbic acid was added 1n a single 1njection. The
reaction quickly reached a plateau indicating loss of activator
due to termination reactions although PDIs were still narrow.

DSRC6. ARGET ATRP

[0194] Inan ARGET ATRP the concentration of catalyst in
the system 1s significantly lower than in an AGET ATRP and
indeed 1s reduced below that expected to result in conversion
of all Cu(I) to Cu(Il) due to termination reactions and hence
the catalyst has to be regenerated by addition of a reducing
agent. This low level of added catalyst exacerbates the prob-
lems associated with dilute aqueous polymerization media.
Therefore a systematic study of the roles of all agents that
could contribute to a controlled reaction were analyzed.

DSRC6A: Influence of Added Counterion:

[0195] One of the major challenges associated with aque-
ous ATRP 1s the dissociation of the halide anion from the
Cu(Il) deactivator complex, which both reduces deactivator
concentration and affects the dispersity of the final product,
Scheme 7. [ Tsarevsky, N. V.; Pintauver, T.; Matyjaszewski, K.
Macromolecules 2004, 377, 9768-9778.] The addition of a
halide salt increases the concentration of the Cu”X/L species
and promotes ellicient deactivation.
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Scheme 7. ATRP with dissociation of the halide anion from
deactivating complex (A), and equation for calculating the
dispersity of the polymer (B).

A
Cu’X/ . + R—R
/!
+M
. (%)
R—X + CuYL = ~ ‘RS + X—CfYL
kd{?ﬂff
/
J
Cufy/. + X
B
M, 1 kp[RX]g 7
— 1 + + i 1
M, DP, K goaed XCu/L] conv.
[0196] Imitial experiments were designed to confirm that

the addition of an excess of halide salt improves the level of
control over the polymerization in systems with ~80% water
in the reaction medium. Polymerizations without and with
100 mM tetracthylammonium bromide (TEABr) were per-
tormed. Kinetic plots, molecular weight, dispersity, and GPC
traces indicated that 1n the absence of the added salt, the rate
of the reaction was significantly higher than with the salt, but
the system without additional halide 10ns did not follow linear
first-order kinetics. The dispersity of the final polymer
samples were higher than 1.5, whereas with the addition of
extra bromide 1ons they were lower than 1.4. In addition, the
GPC traces showed that polymers synthesized without added
TEABr displayed a high molecular weight shoulder, which
could be due to termination reactions caused by the higher
concentration of radicals. In contrast, when the salt was
added, the distributions were monomodal and shifted cleanly
towards higher molecular weight confirming that addition of
extra halide species does promote more efficient deactivation,
probably by increasing the concentration of the deactivator in
the aqueous polymerization medium.

DSRC6B: Influence of Rate of Addition of Reducing Agent

[0197] Although the preliminary results showed that an
ARGET ATRP can proceed 1n a controlled manner, the rate of
the reaction was quite slow under conditions that provided
good control. As discussed above, the addition of a halide salt
significantly reduced the rate of the reaction and the polymer-
1zation reached only 11% conversion in 6 h compared to 92%
in 5 h for a reaction without added TEABr. Therefore, the
teeding rate of the ascorbic acid (FR , ,) was varied from 8 to
32 nmol/min, to determine 11 the presence of higher amounts
of ascorbic acid increased the rate of the controlled polymer-
ization. The results are reported 1 Table 7. As expected,
higher rates of 1njection of the ascorbic acid reducing agent,
(FA , ) led to higher rates of polymerization. However, feed-
ing rates of 16 and 32 nmol/min resulted 1n a significant
increase in M /M at conversions above 50%. This broaden-
ing of the dispersity could be due to either a high termination
rate or to a poor deactivation rate.
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TABLE 7

ARGET ATRP of OEOMA 5 with varied
feeding rate of ascorbic acid (FR /)

M/T/ FR 44,
TPMA/ nmol/ Cu? Time Conv M, ,°x M . p-x M,/
Run CuBr, min ppm  h % 1072 1072 M,
1 500/1/ 8 100 23 41 98 72 1.35
0.1/0.05
2 500/1/ 16 100 23 68 161 104 1.66
0.1/0.05
3 500/1/ 32 100 23 67 159 122 1.85
0.1/0.05

All polymerizations were conducted with a [M]y=0.5M, [[]o =1 mM, [TEABr]y= 100 mM,

“Calculated by the initial molar ration of CuBr, to the monomer;
"M, 4= (M]o/[Tlo) x conversion x Miyomoper:

“universal calibration

DSRC6C: Influence of Adding Excess Ligand.

[0198] It has been reported that the presence of an excess of
ligand compared to copper can increase rate of polymeriza-
tion 1 an ARGET ATRP [Pintauer, T.; Matyjaszewski, K.
Chem. Soc. Rev. 2008, 37, 1087-1097]. Since ARGET ATRP
uses low concentrations of catalyst, partial dissociation of the
ligand from the metal 1n the presence of an excess of other
reagents can occur and influence the rate of polymernization.
Theretore, the addition of an excess of the ligand can increase
the concentration of activator and consequently the rate of
polymerization. This was confirmed in the next set of experi-
ments which were performed using the ligand to copper ratios
of 2/1, 4/1 and 8/1 and showed that a higher ligand to copper
ratio accelerates the polymerization rate, Table 8. The kinetic
plots showed that there 1s no difference 1n the polymerization
rates between the ratios 2/1 and 4/1, FIG. 10A, but with an
8-fold excess of ligand the rate of the reaction was approxi-
mately 5 times faster. Furthermore, there was no broadening,
of molecular weight distributions at higher conversions and
M, /M =1.40. The polymenzations results suggest that
despite the relatively high stability of the TPMA copper com-
plex, atthe low catalyst concentrations used in ARGET ATRP
system, L/Cu ratios of 2/1 and 4/1 provided insuificient sta-
bilization of the copper complexes, and a larger excess of
ligand 1s necessary to shiit equilibrium towards the Cu(l)/L
species. Thus, a L/Cu ratio of 8/1 was used for all subsequent

experiments targeting a well controlled aqueous ARGET
ATRP.

[0199] Other parameters had to be examined since while
the reaction was faster with more ligand, 1t was not as well
controlled as desired for the application. This can be seen by
the deviation from linear dependence 1n molecular weight
evolution at higher conversion FIG. 10B.

TABL.

(L]

3

ARGET ATRP of OEOMA 7 with varied Cuw/L ratio

M/T/

TPMA/ Cu?, Time Conv M, ,°x M, ep%x M,/
Run CuBr, L/Cu ppm h % 1073 1072 M,
1 500/1/0.1/ 2/1 100 23 68 161 104  1.66

0.05
2 500/1/0.2/  4/1 100 6 30 71 93 1.29

0.05
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TABLE 8-continued

ARGET ATRP of OEOMA, - with varied Cw/L ratio

M/T/

TPMA/ Cu?, Time Conv M, ,’x M, cpSx M,/
Run CuBr, [/Cu ppm h % 10~ 1072 M,
3 500/1/0.4/ 81 100 5 78 186 106 1.40

0.05

All polymerizations were conducted with [M], = 0.5M, [I]g = 1 mM, [TEABr]|,= 100 mM,
FR 4 = 16 nmol/min;
“Calculated by the initial molar ratio of CuBr, to the monomer;

"M, 5 = (M]¢/[T]o) x Conversion x Monomers
“universal calibration

DSRC6D: Influence of Counterion and an Added Salt.

[0200] The next parameter examined was the nature of the
halogen species which can influence the polymerization. A
chlorine capped chain i1s typically 10-100 times less active

21

Sep. 13, 2014

polymerization 1n the presence of higher salt concentration
could be caused by presence of a higher concentration Cu(Il)

X/L, or by the formation of mactive Cu(I)X/L species, or
substitution of TPMA ligand by halide anions. The results
suggest that a concentration o1 300 mM NaCl was too high, as
it significantly decreased the rate of polymerization without a
significant improvement in the M_/M_ values. Lower salt
concentrations of 30 and 100 mM provided linear evolution
of the molecular weight with conversion and good correlation
with the theoretical values, FIG. 12B. Furthermore, there was
a minimal change in the dispersity of polymers synthesized
with and 100 mM NaCl, while polymerization with 30 mM
NaCl was 2 times faster. When a lower concentration of salt,
10 mM, was used, the first-order kinetic plot deviated from
linearity and M, /M values increased to approximately 1.5,
FIGS. 12 A and 12B which suggests that a NaCl concentration
of 10 mM was too low to prevent deactivator dissociation.

TABLE 9

ARGET ATRP of OEOMA < with varied salt and salt concentration

Run M/I/TPMA/CuBr, Salt, mM

Cu®, ppm Tﬂﬁle: Conv% M, %107 M _.,-x107 M /M _
100 5 78 186 106 1.40
100 8 43 102 102 1.40
100 15 72 170 192 1.28
100 8 27 64 59 1.33
100 6.75 71 169 145 1.29
100 6 98 233 292 1.48

1 500/1/0.4/0.05 TEABT®,
100

2 500/1/0.4/0.05 TEACI,
100

3 500/1/0.4/0.05 NaCl,
100

4 500/1/0.4/0.05 NaCl,
300

5 500/1/0.4/0.05 NaCl,
30

0 500/1/0.4/0.05 NaCl,
10

All polymerizations were conducted with [M],=0.5M, [I]o =1 mM, [TEABr]y= 100 mM, FR ;4 = 16 nmol/min;
“Calculated by the initial molar ratio of CuBr> to the monomer;
"M, 1= ([M]¢/[L]o) X conversion X Mymomer:

“universal calibration

than bromine capped chain but the carbon-chlorine bond 1s
more hydrolytically stable. Table 9, runs 1-3 and FIG. 11
illustrates the polymenization results for polymerizations
conducted 1n the presence of different salts: TEABr, TEACI,
and NaCl. When chloride salts were added to the reaction
medium the reaction proceeded in more controlled manner.
Linear first-order kinetics and linear evolution of molecular
weight with conversion was observed for polymerizations in
the presence of TEACI and NaCl. As expected, polymeriza-
tion with TEACI] 1s similar to the polymerization with NaCl,
indicating that only the anion, not the cation, affects the
polymerization. Furthermore, the addition of chloride salts
resulted 1n preparation ol polymers with dispersities that
remained below 1.3, even at high monomer conversions.

[0201] While addition of a halide salt shifts the equilibrium
toward formation of a stable deactivator and improves control
over polymerization 1t 1s also important to determine the
elfect of the concentration of the salt on the kinetics of the
polymerization. Table 9, runs 3-6 show the influence of vary-
ing the concentration NaCl starting from 10 mM to 300 mM.
The rate of polymerization decreased in the presence of
higher concentrations of NaCl, FIG. 12A. The reaction with
300 mM NaCl reached less than 30% conversion in 8 h, while
with 10 mM 1t reached almost 100% 1n 6 h. The slower rate of

DSRC6E: Vanation of Cu Concentration and Targeted DP.

[0202] In ATRP the ratio of Cu’ to Cu” determines rate of
polymerization, while absolute Cu™ concentration influences
the molecular weight dispersity. Therefore, 1t 1s desirable to
determine the minimal amount of Cu providing control over
the polymerization and still achieving an acceptable rate of
reaction. The copper concentration was varied from 30 to 300
ppm, Table 10, runs 1-4. In general the rate of polymerization
was laster and control was better with higher concentrations
of copper. The reaction rate decreased approximately 10 fold,
and dispersities increased from 1.2 to 1.5, as the copper
concentration was progressively decreased from 300 to 30
ppm. The results suggest that both 100 and 300 ppm provided
acceptable rates of reaction and control over the polymeriza-
tion, whereas 30 ppm was too low to control the reaction. The
dispersity in ATRP is a function of the ratio of the concentra-
tion of the ATRP imitiator and the concentration of XCu(II)/LL
in solution. Therefore when a polymerization 1s poorly con-
trolled, such as the reaction with 30 ppm catalyst, increasing
the targeted degree of polymerization (DP) from 500 to 1000
could improve the level of control over the structure of the
final polymer at the same DP. Although, there was some
improvement in the dispersity when the targeted DP was
increased from 500 to 1000, both polymers had high disper-
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sities, nonlinear evolution of molecular weight, and poor
correlation between theoretical and experimental molecular
weilghts which could be due to transfer reactions or the pres-
ence ol dimethacrylate impurities in the commercial samples
of OEOMA - ..

[0203] Finally, while retaining the concentration of catalyst
at 100 ppm, the targeted DP was varied. In these reactions the
concentration of 1mitiator was varied 1n the presence of con-
stant concentrations of copper and monomer, see Table 10,
runs 1, 5 and 6. The rate of reaction was faster at higher
initiator concentrations, which was expected because of the
dependency between rate of reaction and 1nitiator concentra-
tion. In all cases the reactions showed linear first-order kinet-
ics, linear evolution of molecular weight with conversion,
good correlation between experimental and theoretical
molecular weights and generated polymers with narrow dis-
persity <1.3.

TABLE 10
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TABLE 11
ARGET ATRP of OEOMA 454
FRAA&:
M/T/'TPMA*/ nmol/ Time, M,x M,/
Run Cull/AA min Salt, mM h 1072 M,
3-17 500/1/0.4/0.05/1 16 NaCl, 100 10 98  1.30
3-19 500/1/0.5/0.05/0.7 16 NaCl, 150 7 80  1.26
3-22 500/1/0.5/0.05/1 16 TEACI, 100 10 102 1.25
3-24 500/1/0.5/0.05/1 10 NaCl, 100 10 103  1.33
3-26 500/1/0.5/0.05/0.2 4 NaCl, 100 10 95 1.29
3-27 500/1/0.5/0.05/0.03 0.5 NaCl, 100 10 30 1.41
3-28 500/1/0.4/0.05/0.09 1.5 NaCl, 100 10 44 1.29

[1] = 1 mM; 30° C.; 20% [M] (v/v), 10% [M] (v/v); water,

“Rate of addition of ascorbic acid

ARGET ATRP of OEOMA ;5 with varied copper concentration and DP

Run M/I/TPMA/CuBr, DP

1 500/1/0.4/0.05 500 100 15 72 170
2 500/1/1.2/0.15 500 300 5 79 189
3 500/1/0.12/0.015 500 30 15 69 164
4 500/0.5/0.24/0.03 1000 30 13 20 47
5  500/0.5/0.8/0.1 1000 100 10 36 200
6  500/2/0.2/0.025 250 100 10 62 74

Cu®,ppm Time,h Conv,% M, ;%107 M, opx107° M /M,

192 1.28
226 1.23
113 1.51
103 1.46
198 1.33

91 1.28

All polymerizations were conducted with [M]y=0.3M, [NaCl]y =100 mM, FR ;4 = 16 nmol/mun; [I]= 1 mM, except for entry 4-5:

1] = 0.5 mM, and for entry 6: [1], =2 mM;

“Calculated by the initial molar ration of CuBr, to the monomer;

"M,, s = ((M]o/[I]o) % conversion X Monomer:

“universal calibration (SI)

DSRC7. Exemplary ARGET ATRP Examples

[0204] Imtially two ARGET ATRP reactions were con-

ducted with continuous feeding of ascorbic acid with 100
ppm copper, molar ratio of Cu(Il) to monomer, 1n water with
OEOMA .. as exemplary water soluble biocompatible
monomer The reactions differed in monomer concentration,
one was conducted with 20% monomer and the other with
10% monomer, feeding speed of ascorbic acid was almost the
same (1 nmol/min/mL vs. 0.8 nmol/min/mL) and a salt with
a common counterion was added to the aqueous medium;

cither 100 mM of halide salt of the tetracthylammonium
cation (TEA): either TEABr or TEACI. The reactions were

slower than the reactions conducted with higher concentra-
tion of catalyst but were controlled polymerizations.

[0205] Anadditional series of runs are reported in Table 11.
All polymerizations reached around 70% conversion in 10 h.

All of them had 100 mM NaCl or TEACI, DP=100, and
Cu/L=1/10, except for run 3-17 where Cu/LL=1/8. The rate of
addition of the reducing agent (FR , ,) was varied from 32
nmol/min to 4 nmol/min. However, all reaction reached
approximately the same molecular weight in 10 h. This shows
that 4 nmol/min of reducing agent 1s suill

icient to form an
appropriate ratio of activator to deactivator for a well con-
trolled polymerization. However 1if the rate of addition of
reducing agent 1s further reduced to 0.5 or 1.5 nmol/min then
reactions are quite slow, runs 3-27 and 3-28.

[0206] Increasing the concentration of extra halide salt to
150 mM does not result in a significant change in the poly-
merization, run 3-19.

[0207] A more extensive series of ARGET ATRP reactions
of OEOMA - were conducted and are reported 1n Table 12.
Different concentrations of catalysts, different salts and dii-
terent rates of AA addition were examined. One can conclude
that an increase of ratio of ligand to copper sigmficantly
improves polymerization rate. Second, after 50% conversion
MWD of polymers increases either due to increased termina-
tion or loss of deactivator. Therefore a ditlerent halide salt:
TEACI instead of TEABr (#16-17) was examined. Reaction
with chloride 1ons was slower although the MWD of poly-
mers formed 1n both reactions were close and the reaction
with additional chloride showed more linear increase in MW
with conversion. If you add a comparison with reaction #18,
then you can notice that doubling the rate of addition of the
ascorbic acid gives you faster polymerization. However, at
70% conversion the product formed showed broadening of
molecular weight distribution.

[0208] Insummary,this series of experiments was designed
to determine suitable reaction conditions for a biologically
compatible polymerization of OEOMA - 1s: NaCl (19 mg,
0.33 mmol), OEOMA .. (2.375 g, S mmol), 100 mM stock
solution HEBriB (0.1 mL, 0.01 mmol), 25 mM stock solution
CuBr, and 200 mM stock solution TPMA (20 mL, 0.5 mmol
CuBr, and 4 umol TPMA) were dissolved in H,O (7.6 mL).
DMF (0.1 mL) was added as internal standard for "H NMR
analysis. The mixture was charged into a 10 mL Schlenk flask
and purged with nitrogen for 30 min, and placed 1n an o1l bath
at 30° C. An ascorbic acid solution (16 mM) was purged with
nitrogen, and then fed into the reaction using a syringe pump
at the rate 1 ulL/min. Samples were taken throughout the
reaction for GPC and NMR analysis. Well controlled poly-

merizations were observed.
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12

Aqueous ARGET ATRP of OFOMA -+

CM: CU, RAAA':I:

# M/T/TPMA/Cu”/AA mol/L ppm Salt, mM nmol/min  Tume, h
1 455:1:0.045:0.091:5 0.5 100 — 2 6

2 455:1:0.045:0.091:5 0.5 100 TEABT, 2 6/20
3 500/1/0.05/0.1/0.336 0.5 100 TEABT, 8 7

4 500/1/0.05/0.1/0.344 0.5 100 TEABT®, 32 7

5 500/1/0.1/0.05/4.4 0.5 100 TEABT, 32 10/23
6 500/1/0.1/0.05/2.2 0.5 100 TEABT, 16 10/23
7 500/1/0.1/0.05/1.1 0.5 100 TEABT, 8 9.5/23
& 500/1/0.5/0.25/0.5 0.5 500 TEABT, 16 5

9 500/1/0.5/0.25/0.3 0.5 500 TEABT, 16/4 4.5
10 500/1/0.1/0.05/1.6 0.5 100 TEABT, 16/8 10/23.5
11 500/1/0.5/0.05/1.7 0.5 100 TEABT, 16/6 8.8/22.5
12 1000/1/0.1/0.05/2 1 50 TEABT, 16 9/21
13 1000/1/0.8/0.1/0.1 1 100 TEABT, 16 1

14 1000/1/0.8/0.1/0.1 1 100 TEABT®, 16/4 1/2
15 500/1/0.4/0.05/0.5 0.5 100 TEABT, 16 5

16 500/1/0.4/0.05/0.8 0.5 100 TEACI, 16 8

17 500/1/2/0.25/0.3 0.5 500 TEACI, 16 3

18 500/1/0.4/0.05/1.9 0.5 100 TEACI, 32 7.3/10
19 500/1/0.4/0.05/1.3 0.5 100 NaCl, 32 7

20 500/1/0.2/0.025/3 0.5 50 NaCl, 32 6.75/16
21 250/1/0.2/0.025/3 0.5 100 NaCl, 32 6.25

Number Average MW M_ x 10 —°

GPC Calculated w/
Conversion, (PMMA  Mark-Houwink
% Theoretical st) parameters M /M
— 132 3.4
11/40 24/42 1.38/1.64
18 43.7 28.9 1.30
29 68.6 35.6 1.42
52/67 124/159 55/79 100/157 1.39/1.83
38/68 91/161 49/68 87/131 1.35/1.66
31/41 74/98 42/48 72/85 1.32/1.35
50 120 65 121 1.31
69 164 73 137 1.29
— — 36/37 — 1.39/1.32
— — 34/29 — 1.32/1.52
45/65 214/310 105/178 2006/- 1.21/2.38
— — 98 191 1.26
32/48 151/228 46/55 80/99 1.22/1.32
78 186 69 1.34
43 102 67 1.34
70 163 120 1.26
46/68 110/163 81/64 1.34/1.55
52 124 &1 1.28
34 80 40/45 1.46/2.435™
54 64 36 1.36

“Rate of addition of ascorbic acid; all polymerizations were conducted at 30° C.; THF GPC was used to measure molecular weight (instrument 2); GPC/MALLS were used to measure

weight-average molecular weight of some samples, dn/de values and Mark-Houwink parameters.

TABL.

L1l
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ARGET ATRP of OEOA o, with ascorbic acid feeding.

M/T/TPMA/ FR 4, Cu, Time, Conv., M_,x M_x M/

Run # CuBr2 nmol/min Salt, mM ppm h % 107° 107 M,

3-72 500/1/1.2/0.15 50 TEABr, 30 300 15 71 1’70 53 1.25

3-73 500/1/0.2/0.05 50 NaCl, 30 100 15 19 45 28 1.13

3-74 500/1/1.2/0.15 50 NaCl, 30 300 15 33 80 39 1.11

DSRC7A: Acrylate Monomer DSRC7C:
[0209] An acrylate monomer, OEOA ., was also polymer- [0211] NaCl (58 mg, 1 mmol), OEOMA,,5 (2375 g, 5

1zed under ARGET conditions and the results are shown 1n
Table 13.

DSRC7B: ARGET ATRP Synthesis of POEOMA-b-POEOA
Block Copolymer.

[0210] Living chain-end functionality was confirmed by
chain extension of a poly(OEOMA,,,.) macroinitiator with
OEOA .. The macroinitiator was synthesized using aqueous
ARGET ATRP with 100 ppm of copper, Cw/L=1/8, 100 mM

aCl and FR , ,=16 nmol/min. The poly(OEOMA,,) block
was prepared using similar conditions, except that the ascor-
bic acid was fed at a higher rate; FR , ,=50 nmol/min. The
higher feeding rate was chosen since acrylates have a lower
ATRP equilibrium constant than methacrylates, implying that
a larger fraction of the copper should be reduced for the
reaction to commence. The formation of the block copolymer
was confirmed by a clear shift 1n the molecular weight distri-
bution after chain extension, FIG. 13. The resulting block
copolymer had a low dispersity of 1.32, and its molecular
welght was close the theoretically expected value.

mmol), 100 mM stock solution HEBriB (0.2 mL, 0.02 mmol),
25 mM stock solution CuBr, and 200 mM stock solution
TPMA (20 uL, 0.5 umol CuBr, and 4 umol TPMA), DMF
(0.1 mL) were dissolved in H,O (7.5 mL). The mixture was
charged into a 10 mL Schlenk flask and purged with nitrogen
for 30 min, and then placed in an o1l bath at 30° C. An ascorbic
acid solution (16 mM) was purged with nitrogen, and then fed
in via syringe pump at the rate 1 pL/min. After 10 h reaction
was stopped by exposure to the air and diluted with water. The
polymer was extracted from the reaction mixture with 4x50
mL DCM. The organic phases were collected, and the solvent
removed under reduced pressure. The residue was dissolved
in THF and passed over neutral alumina to remove the copper
catalyst. The polymer was precipitated into diethyl ether, the
mixture was centrifuged at 4000 rpm for 5 min. The super-
natant was disposed and procedure repeated 2 more times.
The poly(OEOMA) was dried under vacuum overnight, and
characterized by GPC. The polymer with M,=56,000, and
M /M =1.23 was obtained.

[0212] The procedure for the chain extension with POEOA
tollows: POEOMA (0.3 g, 0.005 mmol), OEOA ., (1.2 g,2.5
mmol), NaCl (19 mg, 0.33 mmol), 25 mM stock solution
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CuBr, and 200 mM stock solution TPMA (20 uL., 0.25 pmol
CuBr, and 2 umol TPMA), DMF (0.1 mL) were dissolved 1n
H,O (3 mL). The mixture was charged 1n the 10 mL Schlenk
flask and purged with mitrogen for 30 min, and then placed 1n
an o1l bath at 30° C. An ascorbic acid solution (50 mM) was
purged with nitrogen, and then fed into the reaction mixture

using a syringe pump at the rate 1 ul/min. After 15 h reaction
was stopped and analyzed by GPC: M_=121,700, M /M =1.

32.
DSRC7D: ARGET ATRP with DMAEMA
[0213] In order to extend and exemplily the developed

aqueous A(R)GET ATRP to other monomers, in addition to
biocompatible OEOMA .. a series of reactions with dim-
ethylaminoethyl methacrylate (DMAEMA), Scheme 8) were
conducted.

Scheme 8. ARGET ATGRP of DMAEMA in aqueous media with
feeding asorbic acid (AA)

I CuBry/TPMA,
Asc.acid
w\ >
Aqueous, 30° C.

/P\/\}\M

/\

[0214] The ratio of reagents used 1n the reaction was M/I/
TPMA/CuBr,=594/1/2.4/0.3 with a total volume of the reac-
tion medium of 5 mL and the mitial concentration of mono-
mer and initiator, [M],=3 M, [1],=5 mM respectively, with the
copper concentration=>500 ppm. Ascorbic acid added at a rate
of 2 nmol/min. The polymerization displayed nearly linear

first order kinetics and M /M _ was close to 1.35 at 45%
conversion

DSRC7D2: ARGET ATRP with Quaternized DMAEMA

[0215] Reaction conditions similar to developed {for
OEOMA ... were used; 20 vol. % monomer, 1 mM of the
initiator, 300 ppm copper; ratio of reagents M/I/TPMA/
CuBr,=1187/1/3.2/0.4. After all reagents were mixed 1n the
reaction tlask hydrogen chloride was slowly added until the
pH=~6. The polymerization was very slow and after 4 h the
MW was only 4200 but MW/M_ was 1.06. In order to reduce
the probability that the acid could influence the stability of the
catalyst complex the sequence of adding the reagents to the
reaction flask were changed. Before adding the initiator and
catalyst complex to the flask the monomer and solvent were
mixed and then hydrogen chloride added till pH ~6. The rate
of addition of the ascorbic acid was increased to 8 nmol/min
which resulted 1n the polymerization reaching 48% conver-
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s10on 1n 4 hours. It would be expected that other halogens and

the presence of an additional builer would provide more
control.

DSRCR: Start/Stop Polymerization.

[0216] In the new disclosed aqueous ARGET ATRP
method, ascorbic acid 1s fed 1n to continuously regenerate a
low fraction of the Cu’ species in solution and promote poly-
merization. Therefore, 1f the reducing agent 1s not added, a
small amount of termination will lead to a significant build up
the deactivator, and shift the ATRP equilibrium toward the
dormant species. The following experiment demonstrated
that the reaction can be started or slowed down and stopped on
demand by turning on or off the feeding of ascorbic acid, as
demonstrated 1n electrochemically mediated ATRP or photo-
induced ATRP. The start/stop reaction was performed using a
catalyst loading of 300 ppm with FR , ,=16 nmol/min, FIG. 7.
The ascorbic acid was fed for 1 h, during which time the
polymerization proceeded at a relatively fast rate. After 1 h
the feeding was turned off, and polymerization rate decreased
significantly. This cycle was repeated two more times, result-
Ing in step-wise conversion up to 60%. Throughout the whole
experiment the dispersities were low and the molecular
weights agreed well with the theoretical values. The cluster-
ing of the points during non-feeding regimes shows that slow
feeding 1s required to trigger and maintain polymerization.
Furthermore, the efficient re-imitiation of the dormant poly-
mers 1n solution confirms the high w-chain end group func-
tionality throughout the polymerization.

[0217] Inconclusion, ARGET ATRP with continuous feed-

ing of ascorbic acid 1s very promising approach for synthesis
of water soluble polymers 1 aqueous media, particularly
under biologically compatible conditions. ARGET ATRP
was used to create well defined polymers of OEOMA,, . 1n
aqueous media at ambient temperature (30° C.) using catalyst
concentrations between 100-300 ppm. In order to obtain well-
controlled polymers, the ascorbic acid reducing agent should
be slowly fed 1nto the reaction medium and a large excess of
halide salt should be added to ensure a sufficiently high con-
centration of the deactivator complex 1n the reaction medium.
Polymerizations with chloride 1ons showed a slower reaction
but improved control compared to bromide 1ons, with the
optimal concentration of the halide salt being between 30 and
100 mM. For improved control and faster kinetics, an excess
of the ligand over copper 1s desired, whereas a faster feeding
rate of the reducing agent only gives a mimimal improvement
in the kinetics and leads to a decrease 1n the control over the
final polymer. In the aqueous ARGET ATRP system, the
ascorbic acid reducing agent should be slowly fed into the
system, allowing the reaction to be commenced or ceased at
any point simply by starting or stopping the feeding of the
reducing agent. The low catalyst concentrations and aqueous
media are biologically friendly, making the aqueous ARGET
ATRP method an excellent technique for creating bioconju-
gates, as demonstrated below by the synthesis of a BSA based
protein-polymer hybrid.

DSRC9. ICAR with Low [Cu]

[0218] Scoping experiments were performed 1n water with
100 ppm Cu/TPMA catalyst under ICAR conditions. The key
premise 1n this example 1s that control can be obtained under
low catalyst concentrations in water by using 100 mM TEABr
to promote the formation of the deactivator. OEOA.. was
selected as monomer for the preliminary ICAR ATRP with,
2-hydroxyethyl 2-bromo-2-methylpropancate (HEBrMeP)
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as the ATRP imitiator and the water soluble azo initiator
VA-044 was selected to form radicals. This azo mitiator has a
10 h half life temperature of 44° C., therefore all reactions
were performed at this temperature, at least in the initial
phase. This temperature 1s still low enough not to denature
many proteins, and in principle a higher azo initiator loading,
could be used 1n protein systems 1f lower temperatures are
considered necessary.

[0219] The 1nitial reaction was conducted with [OEOA]:
|HEBrMeP]:[VA-044]:[CuBr,]:[ TPMA]=400:1:0.1:0.04:0.

08 was performed under the conditions of 10% monomer 1n
water with (TEABr)=100 mM and essentially showed no
conversion. This suggested that the reaction was too slow
under these conditions. In order to accelerate the reaction the

system was modified to the following conditions: [OEOA]:
|[HEBrMeP]:[ VA-044]: [CuBrE] [ TPMA]=400:1:0.3:0.04:0.

08 under 20% monomer 1n water with 100 mM TEABTr. These
polymerizations displayed linear first order kinetics, and lin-
car evolution of molecular weight with conversion. MW
reached 50,000 after 20 h and the PDIs are very low, consid-
ering the very low Cu concentration (100 ppm) with many
samples having PDI a 1.15.

[0220] Additional runs were conducted with 50 ppm, 20
ppm and 5 ppm catalyst complex and the results show that the
molecular weight can accurately be targeted, as seen by an
increase in the slope ot the M vs. conversion plots for the DP
800, DP 400 and DP 200 series. In all cases the semi-loga-
rithmic plots were linear, and the molecular weight vs. con-
version was also linear, except for the 5 PPM sample, which
can be explained by the poor control. Similarly the PDI’s
were all inthe orderof 1.1-1.25, except at short chain lengths,
or in the 5 PPM system. The later 1s again due to the poor
control. Overall 1t appears that the OEOA bromide ICAR
system 1s very well controlled with catalyst concentrations
above S ppm.

[0221] OEOMA (M, =475) was also ivestigated, and the
prelimmary study of [OEOMA]:.[HEBrMeP]: [VA-044]:
[CuBrZ] [ TPMA]=400:1:0.1:0.04:0.08 with 20% monomer
in water suggested that 1t 1s possﬂale to perform ICAR of
OEOMA with molecular weight increasing with time,
although the PDIs were higher than for OEOA, typically
1.3-1.35.

DSRC10: Electrochemically Controlled Aqueous ATRP of
OEOMA (eATRP)

DSRCI10A. eATRP of Oligo(Ethylene Glycol) Methyl Ether
Methacrylate (OEOMA ) in Water.

[0222] The Cu/TPMA complex, which 1s one of the most
active complexes used in ATRP, was chosen as the catalyst
system for evaluation of an e ATRP under biologically com-

patible conditions. In cyclic voltammetry screening the
Cu”L** exhibits a reversible peak couple with E?=-0.245V

vs SCE, FIG. 9A. Addition of a large excess of Br™ to the
solution does not significantly affect this CV response, indi-
cating that the K, of Cu™L** 1s very small, FIG. 9B. The full
reversibility of the response at very low scan rates confirms
that Cu’L* is quite stable in H,O with a lifetime of at least few
seconds, the time scale of CV. Using the above reported E*"
value together with other available thermodynamic data, the
value of K, was estimated to be 6.8x107 for the dispropor-
tionation of Cu’L*. The CV response of Cu”L** drastically
changes when an equimolar amount of the mitiator, 2-hy-
droxyethyl 2-bromoisobutyrate (HEBnB) i1s added. The
cathodic peak approximately doubles in height while the
anodic peak decreases indicating that the formed Cu’L* rap-
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1dly reacts with HEBriB. On the basis of thermodynamic data
available 1n the literature, we estimated a value for K . » of
1.5%x107" for this system, which is 4 orders of magnitude
higher than that measured for an analogous system in
CH,CN. An estimate of the activation rate constant based on
voltammetric analysis of the system Cu”“L**+HEBriB at dif-
ferent concentration ratios are shown in FIG. 9B, and difter-
ent scan rates provide a very large value fork__=2.5x10° M™"
st

[0223] The above described voltammetric analyses have
shown that the system under investigation has all the charac-
teristics that make aqueous ATRP reactions very difficult to
control; low K, high K , . », and extremely rapid activation.
Theretore, 1t represents an excellent test of the potential of the
proposed electrochemical method to resolve problems still
facing application of ATRP to certain systems, herein exem-
plified by aqueous ATRP with greater than 75% water 1n the
reaction medium. The electrogeneration of the active catalyst
was carried out under potentiostatic conditions starting from

the catalytic system Cu”L**/HEBriB 1:1 in H,O+10%
OEOMA475 (MW=475 umol™). The effect of E___ on the

‘P
degree of control over polymerization was first investigated.

Three B, values around E® were applied and the results are
summarized 1n Table 35, runs 1-3. The driving force of the
electrochemical process is given by AG®= =F(E,,,— E") and the
[Cu”L**]/[Cu’L*] ratio at the electrode surface is closely
related to that dictated by the Nernst equation. At the begin-
ning of the electrolysis there is only Cu”’L** in solution, so the
current has to decay as Cu” is converted to Cu’, approaching
a constant value corresponding to the [Cu”L**]/[Cu’L*] ratio
generated by E . However, Cu'L™* is engaged in a reversible
reaction with the imitiator and the formed dormant species,
which represents a continuous perturbation to the equilibrium
concentrations imposed by E_, . Therefore, whether a con-
stant ([Cu”L**]/[Cu’L*] ratio can be imposed in the bulk
solution depends on the mutual rates of electrogeneration and

disappearance of Cu’L* and therefore will depend on E,.,
[0224] AtE__=-0.55V, which is <<E™, the electrode pro-

cess 1s under dfp usion control and CuﬂLZ“L 1s almost quanti-
tatively converted to Cu’L* in a relatively short time; the
current rapidly decreases to very small values. The overall
rate of the process was rather high, with 79% of monomer
conversion in less than 30 min, but control over polymeriza-
tion was poor. The In([M]/[M],) vs. time plot deviated sig-
nificantly from linearity, while the molecular weight distri-
bution of the formed polymer was very broad and the final
experimental M was 3 times larger than the theoretical one,
Table 5, Run 1. These features are typical of an uncontrolled
polymerization dominated by termination reactions, such as

bimolecular radical-radical coupling reactions.

[0225] With B, =-0.31 V, the current decays much less
rapidly than in the case of the electrolysis at —0.55V, but tends
to a constant value after a long period. Under these condi-
tions, the rate of polymerization decreased without signifi-
cant improvement in the control, Table 5, Run 2.

[0226] WithE,,=-0.21V, the current decays very slowly,
approaching a constant value (~-250 pA) within a short
period. Under these conditions Eappki which 1mplies an
equilibrium [Cu”L>*])/[Cu’L*] ratio>>1. In this case, the pro-
cess 1s under a good control as can be judged by the linearity
of the first-order kinetic plot. Besides a nearly quantitative
monomer conversion, M increases linearly as a function of
monomer conversion and polymers with M /M ~1.2 are

obtained. This striking improvement of control 1s achieved
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with low charge consumption. This 1s a clear evidence of a
drastic decrease of the termination events due to creation of a

good balance between [Cu'L*] and [Cu”L>*].

[0227] Some experiments were run 1n the presence of a
large excess of X~ to promote formation of XCu”L*, Table 5,
Runs 4-5. The presence of additional X in the reaction
medium produces a noticeable improvement of MW distri-
bution without any loss in the rate of monomer conversion.
On the other hand, the overall rate of the process does not
decrease due to the formation of inactive Cu’X species as
was found 1n organic solvents. [Macromolecules, 2010, 42,
0257-926°7; Chem. Commun. 2011, 47, 3580-3582.] Linear
first-order kinetic plots were observed for all the polymeriza-
tions carried out with [Cu”L?**]=0.1 mM. In particular,
experiments with different degrees of polymerization gave a
tairly constant slope, d(ln [M],/[M])/dt, suggesting that the
radical concentration 1s unaltered. For DP=200 (1% v/v
OEOMA ,-.), a small induction period was observed; this
elfect, together with the reduced rate of activation arising
from the 10-fold decrease of the concentrations of Cu™L**
and HEBriB, 1s a possible explanation for the mismatching

between the experimental and theoretical molecular weights
observed in GPC MALLS.

DSRCI10B. eatrp of OEOMA - . 1n Water and 1n the Presence
of Added Salts

[0228] PBS buller was selected as an exemplary salt since
it 1s employed 1n reactions seeking bio-conjugation of a pro-
tein with a water soluble polymer. Since in this medium E®"
shifts to -0.326, E_,, was adjusted to -0.275 V. Although
several potential side reactions perturbing the ATRP equilib-
rium are possible with PBS, e.g., formation of highly
insoluble Cu”,(PQ,,), and/or formation of stable Cu’(H,PO,)
.~ and Cu’Cl,” salts, [Chem. Commun. 2011, 47,3580-3582]
excellent results were observed both 1n terms of conversion
and M /M ., see Table 35, run 5. Indeed, neither displacement
of the ligand nor loss of catalysis was observed by CV analy-
s1s of the system.

[0229] The effect of targeting different DPs was also
explored, Table 4, runs 6-8, using 0.1 mM Cu”L**, 6.4 mol
ppm with respect to solvent, and diflerent concentrations of
monomer. All polymerizations displayed linear In([M]/[M],)
vs. time plots which, together with low M_/M_ values of the
final polymer, 1s indicative of an ATRP under good control.
However, the experimental M was significantly higher than
the theoretically predicted one. This 1s due to low 1nitiation
eificiency at the beginning of the polymerization. Improve-
ment was obtained with addition of PBS butfer, Table 5, run
9

DSRC10C. eATRP of OEQO, .. MA Under Galvanostatic Con-
ditions

[0230] The applied current was chose on the basis of the
previous potentiostatic experiments. The magnitude of the
applied current under galvanostatic conditions 1s of particular
significance for several reasons: 1) the electrogeneration rate
of Cu’ should be selected to maintain a low steady state
concentration of Cu’; ii) an high value of current could be
detrimental for the process. This 1s important since the resis-
tivity of the medium 1s increased at high monomer conversion
and the potential difference necessary to maintain the set
current could be larger, causing undesired redox processes
such as the further reduction of Cu' to Cu® electrodeposited
on the surface. Therefore, the current was set at a medium
value of the previous potentiostatic experiments, equal to

[=-250 pA.
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[0231] Adter the first 30 minutes, the potential remained
constant during the course of the polymerization. The first
step 1s actually difficult to interpret: the current reached a
minimum and then approached to a stationary value; a pos-
sible explanation 1s the stabilization of the electrodic activity.
The first order linear plot shows an induction period of ca. 40
min, although the final conversion was 94%. The growth of

the molecular weights was fairly constant resulting 1n a final
PDI of 1.37.

[0232] In conclusion, the conditions selected for aqueous
¢ATRP can overcome the most serious drawbacks associated
with conventional aqueous ATRP. The balance between
Cu”L** and Cu’'L™*, which is central to the successful control
over the polymerization, can be regulated by appropriate
selectionotE . The bestresults were achieved atE, ppi>-13'3C‘H
unr/cunr, providing excellent control over MW and MW
distribution, accompanied by a fast reaction and a low charge
consumption. Remarkably, phosphates and halide 1ons can
not only be tolerated but can have a beneficial effect on the
level of control over the polymerization. This last observation

could be attractive for biological systems.

DSRC11. Stability of GFP 1n Presence of ATRP Catalysts.

[0233] The following amounts of ligand were complexed
with 5 mg CuCl,, 0.037 mmol, y: PI (12.2 mg, 0.082 mmol),

Bpy (12.8 mg, 0.082 mmol) and TPMA (11.9 mg, 0.041
mmol) respectively. The CuCl,:L were precomplexed 1n 200
ul. of water and an additional solution of CuCl, was prepared
in 200 ul. of water. Once clear solutions of CuCl,:LL and
CuCl, were obtained they were added to 2 mL of GFP solu-
tion (1 mg/mL) in PBS with 10% OEOMA <. The solutions
were centrifuged at 4000 rpm. to remove any particulates
formed. Particulates were only observed for free CuCl, and
CuCl,:PI. 100 uL of each solution was removed for analysis
using a Tecan Safire2 plate reader with a 384 well plate.
Results are shown 1n FIG. 2 which clearly shows that when
N-(n-propyl)pyridylmethanimine (PI) was used as the ligand
in the presence of GFP the ligand destabilized the proteins
tertiary structure as demonstrated by a loss of GFP’s fluores-
cent properties.

[0234] Indeed 1n one embodiment of the invention the cata-
lyst complex employed in the controlled grafting from bio-
compatible ATRP reaction 1s selected so that 1t does not
influence the tertiary structure of GFP and reduce the fluo-
rescent properties.

Example 2

Growth of a Polymer from a Protein

[0235] Grafting from Bovine Serum Albumin (BSA).

[0236] BSA was reacted with bromoisobutyryl bromide to
attach ATRP mitiating functionality to the BSA through the
accessible lysine residues, BSA-N-1BBr. To test the efficacy
of this system OEQO,,. MA was polymerized using the
formed BSA-N-1BBr as a protein based multifunctional 1ni-
tiator with a CuCl:Cu(II)Cl,:Bpy catalyst system. This sys-
tem was tested at 10% monomer and 10% monomer plus 10%
DMSO to examine the effect of an organic co-solvent on
polymerization control. The resulting semi-log plot of con-
version vs. time shows linear monomer conversion for the
10% DMSO system and a curved monomer conversion for the
10% monomer only system. This can be attributed to the fact
that as monomer 1s converted the nature of the media changes
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to a hugher percent water and therefore the catalyst species
behaves differently throughout the course of the reaction in
the pure monomer system. Whereas in the 10% DMSO case
where there 1s a constant “inert” organic component that can
stabilize the catalyst species and provided a more linear poly-
mer growth, FIG. 8.

[0237] An issue that arose 1n the analysis of the samples
formed 1n this grafting from ATRP 1s that there was no eifi-
cient manner to analyze the molecular weight of the formed
protein-polymer hybrid species due to the lack of an aqueous
GPC 1n the laboratories. In order to overcome this limitation
an 1nitiator with a reducible linkage, one that can be cleaved
to analyze the polymer on the available DMF GPC was

designed, Scheme 2.

Example 3

Growth of a Polymer from a Protein with Cleavable
Linkages Between the Protein and Polymer for
Measurement of Dispersity

3A. Preparation of mono-tert-butyl succinate-EB1B

[0238] Mono-tert-butyl succinate (1.0 g, 5.74x107> mol),
hydroxyl-EBiB (1.33 g, 6.31x107° mol), EDC-HCI (1.43 g,
7.46x107° mol) and DMAP (0.07 g, 5.74x10™* mol) were
added to a 100 mL round bottom flask. The reaction mixture
was dissolved in 50 mL of dichloromethane (DCM) and
stirred overnight. The reaction mixture was extracted once
with 20 mL of water, twice with 1N HCI, once with 1N
NaOH, once with water and brine. The organic layer was
dried over anhydrous sodium sulfate and solvent was

removed under reduced pressure. 'HNMR: 1.44 ppm (s, 9H),
1.93 ppm (d, 6H), 2.56 ppm (m, 4H) 4.36 ppm (s, 4H).

3B. COOH— tert-butyl succinate-EBB

[0239] Mono-tert-butyl succinate-EBiB (1 g, 2.72x107°
mol) was dissolved 1n 50 mL of dichloromethane and tritlo-
roacidic acid (2.09 mL, 2.72x10™> mol) was added dropwise
to the reaction mixture. The reaction was stirred for 36 hours,
and subsequently extracted 3 times with 30 mL of water and
once with brine. The organic phase was dried over anhydrous
sodium sulfate, filtered and the solvent was removed under

reduced pressure. 'H NMR: 1.94 ppm (d, 6H), 2.68 ppm (m,
4H) 4.38 ppm (s, 4H).

3C. NHS-tert-butyl sucinate-EBIB

[0240] Mono-tert-butyl succinate-EBiB (0.83 g, 2.69x107
mol), EDC-HCI (0.77 g, 4.04x10~> mol) and NHS (0.46 g,
4.04x107> mol) were dissolved in 10 mL of CHC], and stirred
for 16 hours. 40 mL of ethyl acetate and 30 mL of water were
then added to the reaction mixture and stirred for 10 minutes.
The organic phase was separated and the aqueous phase was
washed 3 times with 20 mL of ethyl acetate. The combined
organic phases were washed with brine, dried over anhydrous
sodium sulfate, filtered and the solvent was removed under

reduced pressure. The NHS activated inmitiator was directly
used to modily BSA.

3D. Synthesis of BSA-O-[1BBr];,

[0241] NHS-ester-mitiator (1) (1 g, 2.45 mmol) was dis-
solved 1n 2 mL of DMSO. BSA (1 g, 0.53 mmol Lys) was
dissolved 1n 500 mL 01 0.1 M PBS (pH 7.4) and 1 was added

dropwise. The reaction was stirred overnight and purified

Sep. 13, 2014

using tangential flow filtration with a 30-kDa molecular
weight cut off membrane. 15 dia-volumes of water were used

to purily BSA-O-1BBr.

3E. Grafting POEOMA from
PEO,,,1BBr/BSA-O-[IBBr],, by ATRP

[0242] Stocksolutions of CuX:L were prepared in 10 mL of
deoxygenated ultra pure water as follows: X—Br, L=Bpy:
Cu()Br (7.2 mg, 0.05 mmol), Cu(Ill)Br, (101.0 mg, 0.45
mmol), and Bpy (164.3 mg, 1.053 mmol). X—Cl, L=bpy:
Cu()Cl (4.96 mg, 0.050 mmol), Cu(IDCI, (60.5 mg, 0.25
mmol) and Bpy (164.3 mg, 1.05 mmol). X—=Br, L=TPMA:
Cu(D)Br (7.2 mg, 0.05 mmol), Cu(Ill)Br, (101.0 mg, 0.45
mmol), and TPMA (160.0 mg, 35.50 mmol). X—CI,
L=TPMA: Cu(D)Cl (4.96 mg, 0.050 mmol), Cu(II)Cl,(60.5
mg, 0.25 mmol) and TPMA (160.0 mg, 5.50 mmol).

[0243] PEO,,,,1BBr (10.0 mg 0.005 mmol) or BSA-O-
[1BBrl|;, (12.5 mg, 0.01 mmol) was dissolved 1n 3.5 mL of
Millipore water and placed mm a 10 mL Schlenk flask.
OEOMA ;.. (476.2mg, 1.14 mmol) and 50 uL. of DMF (inter-
nal standard for NMR) were added dropwise to the mitiator
solution. The flask was sealed and nitrogen was bubbled
through the solution for 20 min, while stirring, to deoxygen-
ate the reaction mixture. After the solution was deoxygenated
1 mL of catalyst stock solution was added to the reaction
mixture via a gastight syringe to iitiate polymerization. The
polymerization was carried out at 30° C. Samples were taken
at allotted times throughout the reaction for GPC and NMR
analysis.

3F. Synthesis of POEOMA by ATRP in
DMSO/Water from BSA-O-[1BBr],,

[0244] BSA-O-[1BBr] so (12.5 mg, 0.01 mmol) was dis-
solved 1n 3 mL of Millipore water and added to a 10 mL
Schlenk flask. OEOMA .. (476.2 mg, 1.14 mmol) and 50 pL.
of DMF (internal standard for NMR) were dissolved 1n 500
ul. of DMSO and added dropwise to the stirring protein
solution (to avoid protein precipitation). The flask was sealed
and bubbled for 20 min, while stirring, with nitrogen to
deoxygenate the reaction mixture. After the solution was
deoxygenated, 1 mL of catalyst stock solution was added to
the reaction mixture to mitiate polymerization. The polymer-
1zation was carried out at 30° C. Samples were taken several
times throughout the reaction for GPC and NMR analysis.

3G. Cleavage of Polymer from Protein

[0245] Polymers were cleaved from the BSA protein by
adding 200 uL of reaction mixture to 200 ul. of 5% KOH

solution and the resulting mixture left at room temperature for
2 hours. The results of Runs 3E and 3F are shown in FIG. 14
where 1t 1s seen that the polymerizations were controlled and
the molecular weight of the “grafted from” polymer increased
with conversion and the cleaved polymers possessed a narrow
dispersity ~1.15 and little tailing 1n the GPC curves.

3H. Synthesis of P(OEOMA ,-co-OEOMA, ;) {from
BSA-O-[IBBr];,

[0246] BSA-O-[1BBr],, (12.5 mg, 0.01 mmol) was dis-
solved 1n 3 mL of Millipore water and added to a 10 mL

Schlenk flask. OEOMA_ .. (1447 mL, 0.50 mmol),
OEOMA, (92.5 mL, 0.50 mmol) and 50 ul. of DMF were
dissolved 1n 800 pL. of DMSO and slowly added dropwise to

the well stirred protein solution, to avoid protein precipitation
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in a temporarily higher concentration of organic media. The
flask was sealed and nitrogen was bubbled for 20 min, with

stirring, to deoxygenate the reaction mixture. After the solu-
tion was deoxygenated, 1 mL of catalyst stock solution
(X—Cl, L=Bpy) was added to the reaction mixture to initiate
polymerization. Samples were taken at several times through-
out the reaction for GPC and NMR analysis. Prior to DLS
analysis samples were passed through a Zebra Spin desalting
column to remove solvent, monomer and catalyst species.
FIG. 15 shows the temperature dependent DLS spectra of the
thermo-responsive grafter from (GF) BSA-O-[1BBr],, and
the transition that occurs at the LCST of the tethered copoly-

mer chains resulting 1n agglomeration of the PPCs.
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and a biologically friendly reducing agent was development
ol biologically compatible reaction conditions. Theretfore, the

aqueous ARGET method 1s an excellent candidate for the
preparation of protemn-polymer hybrids by the “grafting
from” approach. Bovine serum albumin (BSA) with 30 ATRP
initiating sites was used as a model protein. Initially, a reac-
tion with a small molecule mnitiator was performed 1n phos-

phate bullered saline (PBS). PBS 1s used for protein stabili-
zation, and 1t consists of NaCl and NaH, PO, salts. Table 14

summarizes the polymerization conditions using both a

[l

water-soluble initiator, run 1, and the protein, runs 2-3.

TABLE 14

ARGET ATRP of OEOMA 75 in PBS

FRAA! Cuda Mn rhb X M?‘I GPCF X
Run M/I/TPMA/CuBr, nmol/min ppm Time,h Conv.,% 1077 1072 M /M,
1 500/1/0.4/0.05 16 100 10 76 180 226 1.38
2 500/1/0.4/0.05 16 100 10 84 199 405 1.9
3 250/1/0.6/0.075 8 300 10 79 188 173 1.35

Entry 1: HEBriB; entries 2-3: BSA-O-[1BBr|3¢. All polymerizations were conducted with [M],=0.3M, [I], =1 mM, except
for entry 3: [M]y =0.25 mM;

“Calculated by the initial molar ratio of CuBr> to the monomer;

"M, ;. = ([M]/[I], % conversion x M

F

“universal calibration

Example 4

AGFET ATRP from PEO-1BBr/BSA-O-[1BBr];,

[0247] PEO,,,,1BBr (40.0 mg 0.02 mmol) or BSA-O-
[1BBr],, (50 mg, 0.02 mmol), OEOMA_.. (2 mL, 4.54
mmol), CuBr, (44.6 mg, 0.22 mmol), and TPMA (63.8 mg,
0.22 mmol) were dissolved 1 18.4 mL of pure water and
charged into a 25 mL Schlenk flask. 0.4 mL of DMF was
added as internal standard. Next, the reaction mixture was
purged with N, for 20 minutes then placed in an o1l bath at 30°
C. Then AA was added either at the beginning of the reaction,
or slowly fed 1n via a syringe pump. The results are presented
in Tables 2 and 6. In Run 19 1n Table 6, the reaction volume
was increased from 5 mL to 20 mL to overcome limitations
associated with continuous removal of samples for analysis

while adding a constant amount of reducing agent. This
experiment showed narrow symmetrical GPC traces with low

polydispersity.
[0248] To demonstrate the versatility of the developed con-
ditions, a well-defined thermoresponsive copolymer of

MEO,MA and OEOMA ,,, was grafted from BSA-O-[1BBr]

1o- MEO,MA 1s marginally soluble in aqueous conditions and
requires the DMSO co-solvent. Conditions and characteris-

tics of the produced polymer are listed 1n the Table 3. The
resulting polymerhad an LCST o1 352° C., FIG. 15, which was

seen by a significant increase in diameter of PPH from 40 nm
to 5000 nm above the LCST. This result shows that the reac-

tion conditions developed can be used to prepare smart bio-
hybrid materials.

Example 5

ARGET from BSA

[0249] One motivation for development of the aqueous
ARGET ATRP method that uses low copper concentrations

OO Rer?

[0250] When the small molecule mitiator was used, the
polymerization in PBS showed a linear first-order kinetic
plot, linear evolution of molecular weight with conversion
and good correlation between experimental and theoretical
molecular weight values, indicating well-controlled polymer-
ization, F1G. 14. The dispersities were slightly higher than for
polymerization carried out with only NaCl, but remained
below 1.4 until ca. 80% conversion. These reaction condi-
tions were subsequently used for the grafting from polymer-
1zation of poly(OEOMA ,-.) from BSA-O-[1BBr];,. The sys-
tem showed almost linear first order kinetics, however the
evolution of the average molecular weight was above the
theoretical values, and the M /M values were close to 2. To
improve the degree of control over the system monomer
concentration was reduced from 22 vol. % to 11 vol. %,
copper concentration was increased from 100 ppm to 300
ppm, and the rate of addition of ascorbic acid, FR , ,, was
reduced to 8 nmol/min. The kinetics show an induction period
ol approximately 2 hours, after which the polymerization
proceeded at an almost linear rate in semilogarithmic coordi-
nates. The molecular weight evolution correlated well with
the theoretical values, and the dispersity of the resulting poly-
mers remained below 1.35. TEM showed that proteimn-poly-
mer hybrids synthesized under these optimized conditions
formed nanoparticles without aggregation.

Example 6
ICAR from BSA

[0251] Conditions used in ICAR ATRP are very similar to
protein polymerization so a natural extension into this system
was conducted by employing the multifunctional BSA based
initiator for an ICAR reaction. An induction period was
observed and the lack of standards hampers proper analysis
but the molecular weight of the hybrid maternial increased
linearly with time reaching 30% monomer conversion 5 h
after activation and PDI of cleaved polymers remained below

1.20.
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Detailed Reaction Conditions:

[0252] Molar ratios: [A(EO).,OME],:[1],:[VA-044],:
|CuBr,],:[TPMA],=400:1:0.3:0.04:0.08 1n 83 mM TEARB:T,
with [M],=0.38 M (17% monomer w/w), X 1s ca. 8.4. [I], 1s
the concentration of 1mtiating groups from the protein. The
BSA-O-1BBr multifunctional bio-macroimtiator (12.5 mg
(protein), 5.0x107> mmol (initiator)) was dissolved in 4 mL of
0.1 M TEABr and placed 1mn a 10 mL Schlenk flask. A(EO)
OMe (1.00 g, 2.21 mmol) and 50 ul of DMF (internal stan-
dard for NMR) were dissolved 1n 0.920 mL 01 0.1 M TEABr
added dropwise to the initiator solution. An 11.3 mM Cu“Br,
and 23 mM TPMA stock solution (20 uL., 0.23 umol Cu) and
a 27.6 mM VA-044 stock solution (60 ul, 1.7 umol) were
added to the reaction mixture. The flask was sealed and
bubbled for 20 min, while stirring, with nitrogen to deoxy-
genate the reaction mixture. After the solution was deoxygen-
ated the reaction mixture was placed 1 a 44° C. o1l bath.
Samples were taken at allotted times throughout the reaction
for GPC and NMR analysis. Polymers were cleaved from the
protein by adding 200 pd of the reaction mixture to 200 ul of

5% KOH solution and left at room temperature for 2 hours,
prior to GPC analysis.

Example 7

¢ATRP Grafting from GFP

[0253] Inthis experiment, amodified green fluorescent pro-
tein GFP (M, =30000 gmol™") containing the polymer initia-
tor 4-(2'-bromoisobutyramido )phenylalanine 1n a specific site
(JACS, 2010, 132, 13575-135777), was used as initiator in the
ATRP of OEO,,-MA. The goal was to obtained high mono-
mer conversion, which 1s desired for a simple purification,
with a good control, and a precise characterization of the
synthesis from a kinetic point of view, aspect that 1s missing
in the previous publication. To this end, a first polymerization
with the traditional HEBriB 1nitiator in PBS buifer and 5% of
monomer was carried out (C11). Then, a second experiment
with GFP-1 imtiator under the same reaction conditions was
carried out. The polymerization reached 95% of conversion in
3.6 hours. The first order kinetic plot imndicated a constant
radical concentration during the reaction.

Example 8

Grafting from GFP

[0254] A GFP with an ester linked ATRP 1nmitiator that can
be cleaved under basic conditions to provide information on
the grafted from polymer segment was used. GFP-O-1BBr

(0.1 mM) was used to initiate the polymerization of
OEOMA, . (5% w/vol) in 1xPBS under ARGET conditions

300 ppm Cu/L.

Reaction Conditions:

[0255] [GFP-O-1BBr]:[OEOMA_s]:[CuBr, |:[TPMA]: 1/
300/0.4/0.05 5% monomer 0.1 mM imitiator 1 xPBS. Ascorbic
acid was 1njected into the reaction medium at a rate of 16
nmol/min. while the reaction was held at 30° C. over a period
of 5 hours.

[0256] The polymernization yielded a well-defined PPH that
retained 1t fluorescence compared to a T=0 sample, FIG. 16.
This result 1s notable since it gave a direct assessment of the
stability of GFP under the conditions used to prepare the
GFP-b-POEOMA. Samples were taken from the ongoing
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grafting from GFP reaction after 1 hour and for the final
sample and subjected to cleavage to provide information of
the degree of control 1n the reaction.

[0257] Polymer cleavage conditions 5% KOH 2 hours 25°

C. The cleaved polymers displayed the following M, and
M /M, .

Time. \Y% M, /M,
1 hour 19,000 1.29
5 hour 277,800 1.29

[0258] One embodiment of the mvention 1s conducting an
ATRP reaction from a bioresponsive molecule under biologi-
cally compatible conditions wherein conditions are <20% of
organic media 1 an aqueous solution, ambient temperature,
and buffered media for preserving of protein stability.
[0259] In another embodiment these conditions also
include conducting the polymerization 1n the presence of an
excess of the deactivating species, typically Mt™'X __, with a
strongly bound ligand, which contributes to the control of
polymerization in aqueous media exemplified but not limited
to AGET and ARGET ATRP with a ratio of CuBr,:AA=10:
0.1, AA as reducing agent, for polymerization 1n water
wherein there 1s a continuous addition of AA to keep 1t at low
concentrations (nmol/mL) for constant generation of small
amounts of activator. In a further embodiment an excess of a
salt comprising a halide counterion 1s added to the reaction
medium to promote formation of the deactivator complex.

1. A process for forming a conjugate between a biorespon-
stve molecule and at least one polymer chain, the process
comprising:

polymerizing radically polymerizable monomers at a tem-

perature of between about 4° C. and about 50° C. 1n the

presence ol an aqueous system comprising:

a bioresponsive molecule having at least one site specific
functional mmitiator comprising a radically transfer-
able atom or group;

a transition metal that participates 1n a reversible reduc-
tion-oxidation cycle with at least one of the site spe-
cific functional mnitiator and a dormant polymer chain
having a radically transierable atom or group,
wherein the mole fraction of transition metal 1n a
lower, activator oxidation state to transition metal 1in
an higher, deactivator oxidation state 1s less than 20%;
and

a ligand that forms a stable complex with the transition
metal catalyst,

wherein the aqueous system comprises less than 30% by
weight of organic solvent and monomer concentra-
tion and the total bioresponsive molecule concentra-
tion 1s less than about 3 mg/ml.; and

forming a conjugate between the bioresponsive molecule
and the at least one polymer chain, wherein the at least

one polymer chain has a molecular weight distribution
of less than 1.33.

2. The process of claim 1, wherein the transition metal has
a total concentration in the system of less than 1000 ppm.

3. The process of claim 1, wherein the aqueous system
comprises less than 20% by weight of organic solvent and
monomer concentration.

4. The process of claim 1, wherein the aqueous system
turther comprises a butfer.
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5. The process of claim 4, wherein the butfer 1s a phosphate

bufler.

6. The process of claim 4, wherein the buifer has a concen-
tration of between 1 mM to 300 mM.

7. The process of claim 4, wherein the butfer comprises the
same counterion as the radically transierable atom or group.

8. The process of claim 1, wherein the bioresponsive mol-
ecule 1s a molecule selected from the group consisting of a
protein, an enzyme, a polypeptide, a peptide, a nucleic acid, a
polynucleotide, a carbohydrate, a biologically active macro-
molecule, and combinations of any thereof.

9. The process of claim 1, wherein the bioresponsive mol-
ecule 1s a protein.

10. The process of claim 9, wherein the protein retains 1ts
structure, topology and activity 1n the conjugate.

11. The process of claim 1, wherein the ligand 1s a strongly
coordinating ligand.

12. The process of claim 1, wherein a fraction of the tran-
sition metal 1s continuously reduced from the higher, deacti-
vator oxidation state to the lower, activator oxidation state by
controlled addition of a reducing agent or by controlled deg-
radation of an added free radical 1nitiator.

13. The process of claim 1, wherein a fraction of the tran-
sition metal 1s continuously reduced from the higher, deacti-
vator oxidation state to the lower, activator oxidation state by
application of a potentiometric or galvanistic charge suili-
cient to maintain a targeted ratio of transition metal 1 the
activator state to transition metal 1n the deactivator state.

14. The process of claim 12, wherein the mole fraction of
transition metal in the activator state to transition metal 1n the
deactivator state is less than 10%.

15. The process claim 1, wherein the concentration of the
transition metal 1s from 10 ppm to 300 ppm.

16. The process of claim 1, wherein the polymerizing radi-
cally polymerizable monomers comprises graiting from the
at least one polymeric chain to the bioresponsive molecule.

17. The process of claim 1, wherein the polymerizing radi-
cally polymerizable monomers 1s by a controlled radical
polymerization process selected from a classic ATRP pro-
cess, a reverse AIRP process, an AGET AIRP process, an
ARGET AIRP process, an ICAR AIRP process, a RAFT
polymerization process and an eATRP process.

18. A conjugate between a bioresponsive molecule and one
or more polymeric chains, wherein the one or more polymeric
chains each have a molecular weight distribution of less than
1.20.

19. The conjugate of claim 18, wherein the bioresponsive
molecule 1s a molecule selected from the group consisting of
a protein, an enzyme, a polypeptide, a peptide, a nucleic acid,
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a polynucleotide, a carbohydrate, a biologically active mac-
romolecule, and combinations of any thereof.

20. The conjugate of claim 18, wherein the bioresponsive
molecule 1s a protein.

21. The conjugate of claim 18, wherein the one or more
polymeric chains have a structure resulting from a controlled
radical polymerization process.

22. The conjugate of claim 18, wherein the one or more
polymeric chams are formed from radically polymerizable
MONoOmers.

23. The conjugate of claim 18, wherein the one or more
polymeric chains are linked to the bioresponsive molecule by
a cleavable linkage.

24. 'The conjugate of claim 23, wherein the cleavable link-
age comprises a cleavable functionality selected from the
group consisting of an ester functionality, a disulfide func-
tionality, a phosphate functionality, and a thioester function-
ality.

25. The process of claim 13, wherein the mole fraction of
transition metal in the activator state to transition metal 1n the
deactivator state 1s less than 10%.

26. A conjugate, comprising:

a bioresponsive molecule and one or more polymeric

chains,

wherein the one or more polymeric chains each have a
molecular weight distribution of less than 1.20;

wherein the one or more polymeric chains have a struc-
ture resulting from a controlled radical polymeriza-
tion process; and

wherein the bioresponsive molecule 1s a molecule
selected from the group consisting of a protein, an
enzyme, a polypeptide, a peptide, a nucleic acid, a
polynucleotide, a carbohydrate, a biologically active
macromolecule, and combinations of any thereof.

277. The conjugate of claim 26, wherein the bioresponsive
molecule 1s a protein.

28. The conjugate of claim 26, wherein the one or more
polymeric chains are formed from radically polymerizable
MOoNnomers.

29. The conjugate of claim 26, wherein the one or more
polymeric chains are linked to the bioresponsive molecule by
a cleavable linkage.

30. The conjugate of claim 29, wherein the cleavable link-
age comprises a cleavable functionality selected from the
group consisting of an ester functionality, a disulfide func-
tionality, a phosphate functionality, and a thioester function-
ality.
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