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We report the controlled radical copolymerizatior\s{2-hydroxypropyl)methacrylamide (HPMA) with a monomer
containing an active esteN-methacryloyloxysuccinimide (NMS), by reversible addition fragmentation chain
transfer (RAFT). The large difference in the reactivity ratios of HPMA and NMS resulted in significant variations

in copolymer composition with increasing conversion during batch copolymerization. The use of a semi-batch
copolymerization method, involving the gradual addition of the more reactive NMS, allowed uniformity of
copolymer composition to be maintained during the polymerization. We synthesized polymers in a wide range of
molecular weightsNl, = 3000-50 000 Da) with low polydispersities (1-11.3). The effect of the ratio of monomer

to chain transfer agent (CTA) on the molecular weight of the polymer was investigated. Given the numerous
applications of poly(HPMA)-based conjugates in designing polymeric therapeutics, these controlled molecular
weight activated polymers represent attractive scaffolds for biofunctionalization. As a demonstration, we attached
a peptide to the activated polymer backbone to synthesize a potent controlled molecular weight polyvalent inhibitor
of anthrax toxin.

Introduction weight of the polymers is critical for designing effective polymer
therapeutics and for elucidating structteectivity relationships.
Polymer therapeutics- polymers conjugated with drugs, Thus, it would be useful to synthesize PHPMA conjugates of
proteins, or other ligands have attracted enormous interest controlled molecular weight.
in the past two decadés!! Polymer-drug conjugates offer
several advantages over conventional chemotherapeutic agent

) . . .
including lower nonspecific cytotoxicity, biocompatibility, dontr:olleo: n:olecular_vyel%ht. ISI\(;IdSWIE et al. DOIW}e”Z&;_ |
longer circulation times, and increased solubility. We and others methacryloyloxysuccinimide ( ) by atom transfer radica

have also used polymeric scaffolds to design polyvalent Polymerization (ATRPJ* Poly(N-methacryloyloxysuccin-
inhibitors for pathogens and toxif422° Polyvalent molecules, ~ imide) (PNMS) with number average molecular weightnX
which display multiple copies of a suitable ligand on a polymeric @S high as 40 000 Da was prepared with a polydispersity index
backbone, can have a much higher affinity for the target of Of 1.2; subsequent reaction of the active ester groups with excess
interest than the corresponding monovalent ligand. 1-amino-2-propanol yielded PHPM#:3 Other authors have
Poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) repre- @lso reported the controlled polymerization of NMS by
sents a particularly attractive scaffold for designing polymer ATRP3¢738 However, complete removal of the catalyst is
therapeutics. PHPMA is a biocompatible, nonimmunogenic, and difficult, which may limit the use of this approach for biomedical
nontoxic polymer with a well-characterized pharamacokinetic applications®
profile 2 It has been widely used for the tumor-specific delivery  Reversible addition-fragmentation chain transfer (RAFT)
of oligonucleotides, targeted delivery to the gastrointestinal tract, ,oymerization has emerged as an alternative controlled radical
and the delivery of antl-cancer drug# copolymer ofN-(2- polymerization techniqué. Compatibility with a variety of
hyd.rqupro.pyl)methacrylam|de (HPMA) and a HPMA'dQXO' monomers and the ability to carry out polymerization in a
rubicin conjugate, also known as PK1, entered phase I trials asaqueous system are some of the salient features of RAFT
antr?nt;]-canctﬁr drug ir;_ 1%9’&Since tﬁen, conju?e;tﬁs Qf PtHP'\l/'A dRecentIy, McCormick and co-workers reported the controlled -
with chemotnerapeutic drugs such as camptothecin, taxol, an polymerization of HPMA in aqueous media by RAFT.

i 2,33 ini i
platinateg?33 have also progressed to clinical testing. Most of PHPMA with M, as high as 98 000 Da was reported with a

these conjugates are prepared by free radical copolymerization . S . .
and therefore have a broad molecular weight distribution. The Narow polydispersity index (1.08). Although this method is
convenient for the synthesis of PHPMA, it is not amenable to

molecular weight distribution of the polymers can significantly ) ) -t
influence a number of properties of the resulting conjugate, the synthesis of activated polymers such as those containing
including pharmacokinetics, toxicity, and inhibitory poteriéy. active ester groups, due to Fhelr hydrolytic sensitivity. Acpvated
Consequently, control over the chemical structure and molecularPolymers provide a versatile scaffold that can be conjugated
with a wide variety of ligands via post-polymerization modifica-

*To whom correspondence should be addressed. Tel: (518) 276-2536. tions, thereby providing a convenient method for synthesizing
Fax: (518) 276-4030. E-mail: kaner@rpi.edu. polymer-ligand conjugate4?

Several attempts have been made to synthesize PHPMA of
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Scheme 1. Copolymerization of HPMA and NMS by RAFT? in DMSO-ds at room temperature. Approximately 26800 scans were
made (depending on the value bf,). 13C NMR spectra were also

obtained on the same spectrometer in DM&G@t room temperature.
n m Approximately 3000-4000 scans were made (depending on the value
AlaNlcmB o o of My). No hydrolysis of active ester units was observed dufi@

tBuOH | DMF NMR analysis.

NH o . .
80°C/8h Aqueous Size Exclusion Chromatography (ASEC)The poly-
(HPMA-co-NMS) was converted to PHPMA by aminolysis of active
OH ester units with 1-amino-2-propanol followed by dialysis and lyo-

philization. The molecular weight of PHPMA was analyzed by ASEC
aThe product is a random copolymer. using a light scattering detector and a mixture of 80:20 v/v 0.05 M
sodium sulfate and acetonitrile as the eluent. Analysis was carried out
at 25°C at a flow rate of 1.0 mL/min. Viscotek column (GMPWXL

biocompatible PHPMA-based polymer conjugates. Schilli et al. Mix Bed dimensions: 7.8 mnx 30 cm) was used with a Waters 2487
Dual wavelength UV/vis absorbance detector, Waters 2414 refractive

attempted to polymerize NMS by RAFT iN,N-dimethylfor- ; ) ;
mamide (DMF), using 2-cyanoisopropyl dithiobenzoate as the !ndex detector, and a Viscotek 270 Trisec Dual Detecter 670 nm)

41 . e inline with the column. OmniSEC 4.0 software was used to determine
g\-/r:n' atHf?i\évf? i%ﬁf:giﬁ;;gigrg;t?ﬁecgﬁflgxzrrgzlglgir'[lz;lt\llms the molecular weight. Thenddc of PHPMA in the above eluent was
. 42
had a polydispersity index of 1.46. Recently Savariar et al. 0.176 mL/g'
reported the copolymerization of NMS witk-isopropylacry- Fourier Transform Infrared (FT-IR) Spectroscopy. The FT-IR
lamide by RAFT# By analogy, we reasoned that the copo- spectrum of the poly(HPMA0-NMS) (after removing end groups)
lymerization of NMS and HPMA by RAFT (Scheme 1) would was recorded on a BioRad Excalibur FTS3000 spectrometer from 400
1
enable the synthesis of activated polymers of controlled mo- to 4000 ch ’ L .
lecular weight, and provide a convenient route to synthesize SYNthesis of Copolymer.The polymerizations were carried out
defined PHPMA-based polymer conjugates. To our knowledge, under a dry nitrogen atmosphere using standard Schienk techniques.
such controlled molecular weight activated copolymers have 2 YYPical polymerization procedure (polymer 4, Table 1) is described
not been reported in the literature. We demonstrate the ability E'T:!iﬂv; A2éonTLLoif?éirg;ugiﬂviﬁui:ﬁ? eldzv;n:lno.gflg 3525--2trrigr>?aorll)60f
to synthesize these activated polymers in a range of molecular Lo P e MY .

weiahts with low polvdi rsity indi We have also demon- (1.4 x 10~ mmol, internal standard), and 0 of a solution of CIDB
eights OW POIydISpErsity INCICesS. We have also demon- 4 g g 9 75, 105 mol) in DMF. Approximately 5QuL of a solution

stra}ted the utility of thgse act]vated polyme'rs by synthesizing a of AIBN (L5 mg, 8.6x 105 mol) in DMF was transferred to the
defined polymerpeptide conjugate, which is a potent polyva- - gcpjenk tube. In another Schienk tube, 0.1 g (0.54 mmol) of NMS

Activated polymers based on NMS can be modified to form

lent inhibitor of anthrax toxin. was dissolved in 1.0 mL of anhydrous DMF (0.5 M solution). The
molar feed ratio of HPMA and NMS was 80:20. The molar ratio of
Experimental Section total monomer (HPMA and NMS) to CTA was 320. The contents of

both the tubes were subjected to five freeze and thaw cycles. A small
Materials. HPMA (99.9%, Polysciences Inc., Warrington, PA) and  fraction (approximately 5@L) of the sample was taken out from the

tert-butyl alcohol (-BuOH) (99.9%, Aldrich, Allentown, PA) were used  t-BuOH solution for*H NMR analysis before heating the system at 80
as received. 1,3,5-Trioxane (99.5%), anhydrous diethyl ether (99.5%), °C. The NMS solution was taken in a 1.0 mL airtight syringe and
and 1-amino-2-propanol (99.5%) were obtained from Acros (Somerville, continuously added to HPMA solution over a period6oh using a
NJ) and used as received. NKI@and 2-cyanoisopropyl dithiobenzoate ~ PHD-2000 model syringe pump (Harvard Apparatus, South Natick,
(CIDB)*¢ were prepared as described in the literature. DMF (99.5%, MA). After the addition of NMS, the reaction was continued for an
Acros) was dried over CaHand distilled under reduced pressure. additional period of 2 h. Finally a small fraction of the sample

Acetone (99.5%, Acros) was dried ovep®0s. 2,2-Azobis(isobuty- (approximately 5QcL) was taken out and immediately analyzed'bly
ronitrile) (AIBN) (97%, Aldrich, Allentown, PA) was purified by NMR spectroscopy (in CDG) for monomer conversion (HPMA=
recrystallization from methanol. Peptide, ABTSTYWWLDGAPK— 58%, NMS= 67%). The remaining polymer solution was precipitated

Am, was purchased from Genemed Synthesis Inc. (South San Franciscowith approximately 400 mL of a mixture of anhydrous diethyl ether
CA). Spectra/Por 3 (MWCO 3,500) membrane used for dialysis was and anhydrous acetone (1:1, v/v) and the copolymer was recovered by
obtained from Fisher Scientific (Rancho Domingez, CA). centrifugation. The copolymer was further washed several times with
IH and *°C NMR Spectroscopy.Quantitative'H NMR spectra of the anhydrous diethyl ether and anhydrous acetone mixture and
the copolymers were recorded on a Varian Unity 500 MHz spectrometer immediately dried under vacuum for a period of 24 h (yield: 0.25 g,

Table 1. Copolymerization of HPMA/NMS by RAFT2

copolymer
NMS conversion® composition®
addition rate  polymerization (mol %) (mol %) M, theoretical? M, ASEC results®
polymer  [MJ/[CTA] (uL/h) time (h) HPMA NMS HPMA NMS (kDa) (kDa) My (kDa) PD
1 40 80 18.0 62.0 69.0 72.0 28.0 3.9 43 4.6 1.08
2 80 100 15.0 66.0 64.0 81.0 19.0 7.6 8.9 10.3 1.16
3 160 125 12.0 65.0 70.0 75.0 25.0 15.7 17.2 19.8 1.15
4 320 165 8.0 58.0 67.0 78.0 22.0 28.9 33.1 38.0 1.15
5 640 250 6.0 54.0 67.0 77.0 23.0 55.6 53.6 65.4 1.22

a Polymerization conditions: HPMA = 0.32 g (2.2 mmol) in 2.2 mL of BuOH, 1.0 M solution, NMS = 0.1 g (0.54 mmol) in 1.0 mL of DMF, HPMA:NMS
= 80:20 mol/mol, temp. = 80 °C, [CTAJ/[AIBN] = 2.0, For polymer 5, the [CTAJ/[AIBN] = 1.5. » HPMA conversion determined by comparing the initial and
final concentrations from *H NMR, however, the initial concentration of NMS was calculated theoretically. ¢ In mol %, determined by *H NMR. ¢ Theoretical
M, based on [M]/[CTA] ratio at given conversion after aminolysis. ¢ Determined by ASEC after aminolysis.
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RAFT Synthesis of Poly(HPMA) Containing NMS

60%). The absence of residual monomers in the copolymer was
confirmed by*H NMR (in DMSO-ds). The copolymer composition
was determined byH NMR spectroscopy (78 and 22 mol % for HPMA
and NMS respectively}H NMR (DMSO-ds): 6 [ppm] = 7.78-7.83
(dd), 7.2-7.6 (br), 4.5-4.8 (br), 3.6-3.9 (br), 2.6-3.1 (br), 0.9-1.5

(br).

Kinetics. The kinetics of the copolymerization was followed by
withdrawing samples from the polymerization mixture at different
intervals of time and analyzing the residual monomer concentrations
by *H NMR in CDCl;. Monomer concentrations were calibrated by
comparing the integration of the peaks due to the vinyl protons of the
monomers with those of an inert internal standard; 1,3,5-triof&ne.

Removal of End Groups. The dithiobenzoate end group was
removed according to the procedure reported by Perrier@Tgpically
0.2 g of poly(HPMA€o-NMS), M, = 4.5 kDa, 28 mol % NMS,
polymer 1, Table 1) and 150 mg of AIBN (20 times higher than
copolymer, mol/mol) were dissolved in 3 mL of anhydrous DMF. The
solution was heated at 8 for 90 min. Finally the copolymer was
precipitated in 400 mL of a mixture of anhydrous diethyl ether and
acetone (1:1 v/v) and collected by centrifugation. The copolymer was
dried under vacuum for a period of 24 h (yield: 0.19 g, 95%). The
absence of the dithiobenzoate end group was confirmetHdyMR
spectroscopy*H NMR (DMSO-dg): o [ppm] = 7.1-7.6 (br), 4.5
4.8 (br), 3.6-3.9 (br), 2.6-3.1 (br), 0.9-1.5 (br).*3C NMR (DMSO-
ds, 9): 175.5, 173.1, 170.2, 68.5, 64.5, 55.8, 47.5, 44.7, 39.5, 29.7,
25.8, 21.6, 18.0. FT-IR (KBr pellet): 3448412 (—OH, —NH), 1738
(—=N—C=0 of NHS), 1665 (G=0O of amide).

Biofunctionalization. A total of 1.5 mg of poly(HPMA€eo-NMS),

(21 mol % NMS,M,, = 33 kDa, polyme#, Table 1) was dissolved in
anhydrous dimethyl sulfoxide (DMSO) (100 mg/mL). Peptide-Ac
HTSTYWWLDGAPK—AmM (2 mg) predissolved in DMSO was added
to the polymer solution followed by the addition of excess triethylamine.
The reaction was carried out at 30 for 24 h followed by quenching
with 1-amino-2-propanol. The polymer solution was dialyzed against
MilliQ water for 48 h to remove unreacted peptide and other organic
reagents. The extent of peptide attached was determinéd biMR
spectroscopy (3.0 mol % conjugation) with a yield of 14%.NMR
(D20): o [ppm] = 7.8-8.4 (br), 6.6-7.6 (br), 4.1-4.6 (br), 3.74.0
(br), 3.4-3.6 (br), 2.8-3.4 (br), 2.3-2.8 (br), 1.5— 2.3 (br), 0.85-

1.5 (br), 0.55-0.85 (br). The yield of conjugation was observed to be
dependent on the ligand. We obtained a yield of 80%
of biotin-(2-amino-ethyl)-amide to poly(HPMA&e-NMS).

Cytotoxicity Assay. The efficacy of the PHPMA-based polyvalent
inhibitor was evaluated by measuring the inhibition of anthrax toxin-
mediated cytotoxicity in a mouse macrophage cell line, RAW264.7. A
mixture of PA (10° M), LF (3 x 107 M), and various concentrations
of the polyvalent inhibitor (on a per-peptide basis) was added to
RAW?264.7 cells coated in a 96-well plate. After 4 h,/d00of a mixture
of MTS (3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium) and phenazine methosulfate (PMS)
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Figure 1. Kinetics of HPMA homopolymerization at [M]/[CTA] ratios
of

40 (m), 80 (a), 160 (O), and 320 (#). [M] = 1.0, [CTAJ/[AIBN] =
2.0.

Scheme 2. Structures of (A) a Typical CTA and (B) the CTA
Used in This Work, CIDB

A B

S
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(Scheme 2A), and the formed R* radical should be able to
reinitiate the polymerization. Here we selected 2-cyanoisopropyl
dithiobenzoate (CIDB; Scheme 2B) as the CTA as it is a highly
active chain transfer agent, and the leaving group radical (R*)
is capable of reinitiating the polymerization. We used AIBN as
the initiator.

Preliminary copolymerizations with various HPMA/NMS
feed ratios in DMF under batch conditions at 8D revealed
that NMS is significantly more reactive than HPMA. The
reactivity ratios for HPMA and NMS were estimated to be 0.12
and 3.46 respectively, based on the extended Kelemos
method®® Copolymerization of monomers with such a large
difference in reactivity ratios results in the preferential incor-

for the attachment Poration of the more reactive monomer within the copolymer

chain. The resulting change in the monomer ratio in the feed
results in significant drifts in the copolymer composition with
conversion. These compositional drifts may have a significant
influence on the properties of the polymer, especially when low
incorporation of NMS units is desired.

We reasoned that a semi-batch copolymerization method, in
which the more reactive NMS is slowly added to a solution
initially containing only HPMA, would allow us to compensate
for the huge difference in reactivity ratios of these monorfiefs.

was added to each well and incubated for 1 h. Live cells reduce MTS We selected-BuOH as the solvent for HPMA as alcohols are
into a soluble formazan product which absorbs at 490 nm. Absorbanceknown to be good solvents for polymerization of HPMA,
at 490 nm thus gives an estimate of cell viability. The half-maximum \whereas DMF was used to dissolve NMS. Savariar &t al.
inhibitory concentration (1€) of the polyvalent inhibitor was evaluated recently reported the copolymerization of NMS witk-
by measuring cell viability at different inhibitor concentrations. isopropylacrylamide using CIDB as the CTA anBUOH as a
solvent. No hydrolysis of either CTA or NMS was observed in
t-BUOH. Maintaining the molar ratios of monomers in the
reaction mixture constant during a semi-batch copolymerization
RAFT involves a reversible addition-fragmentation chain requires continuous feeding of the more reactive monomer at
transfer between an active and a dormant species, and thean appropriate rate. To find the proper feeding rate for NMS,
polymerization is performed in the presence of a suitable chain we first studied the kinetics of homopolymerization of HPMA
transfer agent (CTAY-50(Scheme 2). It has been demonstrated under similar conditions.
that successful implementation of the RAFT process requires  Kinetics of Homopolymerization of HPMA. Polymerization
careful selection of the CTA and reaction conditions, depending kinetics of HPMA was studied at 1.0 M concentration using
upon the monomer:>5 The Z group in CTA stabilizes the  four different monomer to CTA ratios ([MJ/[CTA]). As shown
intermediate radical and promotes addition to threSCbond, in Figure 1, a linear consumption of HPMA was observed for
whereas the R moiety should be a good homolytic leaving group conversions up to 4050% for [M]/[CTA] ratios between 40CDV

Results and Discussion
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Figure 2. Kinetics of semi-batch copolymerization of HPMA and NMS
(IM)/[CTA] = 320). NMS was continuously added over a period of 6
h. The concentrations of HPMA (l) and NMS (@) in the Schlenk tube
were monitored over a period of 8 h.
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Figure 3. Variation in copolymer composition with time. The mol %
of HPMA (m) and NMS (®) was determined at periodic intervals.
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Figure 4. Characterization of polymer at various time intervals during
a semi-batch RAFT copolymerization. Samples were removed at
periodic intervals, converted to PHPMA by aminolysis, and character-
ized by ASEC. (A) Variation of M, (®) and PDI (a) with time. (B)
ASEC traces of PHPMA at 2, 4, 6, and 8 h.

zation. The polydispersity remained low throughout the polym-
erization (Figure 4A).
Effect of [M]/[CTA] on M,. Next, we studied the effect of

and 320. The rate of polymerization decreased with a decreasgM]/[CTA] ratio on M,. The results obtained are summarized

in [MJ/[CTA] ratio; such a “retardation effect” is often observed
in polymerization by RAFT>70 The CTA to initiator ratio
([CTAJ/[AIBN]) was maintained at 2.0. Controlled polymeri-
zation of HPMA was confirmed by a monotonic increase in
Mn with time as well as low polydispersity indices. Knowledge
of the kinetic profile of HPMA was used to determine the rate
of addition of NMS for semi-batch copolymerization.

Kinetics of Semi-Batch Copolymerization.Copolymeriza-
tion kinetics was studied by gradual feeding of 1.0 mL of NMS
solution in DMF (0.5 M) to the reaction system containing 2.2
mL of HPMA in t-BuOH (1.0 M) at a [M)/[CTA] ratio of 320
(IM] = [HPMA] + [NMS]). NMS was added over a period of
6 h and the polymerization was allowed to continue for an
additional 2 h. Samples were taken out periodically every 2 h,
and a small fraction of the sample was utilized for the analysis
of monomer concentrations b{4 NMR spectroscopy. The
major fraction of the samples was precipitated and utilized for
the analysis of copolymer composition By NMR spectroscopy
(before aminolysis) and to determine thg by ASEC after
aminolysis. The concentrations of HPMA and NMS were
determined by comparing the integration of the vinyl proton
peaks with those of the internal standard.

in Table 1. Copolymers wittM, varying from 5006-50 000
Da were prepared with 225 mol % incorporation of NMS.
The M, values calculated by ASEC were found to be close to
theoretical predictions with low polydispersity indices.
Removal of End Groups. Thio-acylation of primary or
secondary amines with dithioesters is well documented in the
literature’>72 In general, polymers produced by RAFT retain
the thio-carbonyl end group which imparts pink color to an
otherwise colorless polymé?.3The thio-carbonyl end groups
in copolymers can competitively react with amine-terminated
ligands and can also form disulfide linkagesduring the
aminolysis of copolymers with 1-amino-2-propanol. To avoid
these side reactions, we removed the thio-carbonyl end group.
There are various methods reported in the literature namely
hydrolysis?’>7¢ pyrolysis/” aminolysis’®78-80 metal assisted
elimination® peroxide treatmer® reduction®® and radical
addition-fragmentatiot§ for elimination of thio-carbonyl end
groups in polymers synthesized by RAFT. To avoid the use of
any organic reagents, which react with active ester groups, we
followed the radical addition-fragmentation method as it does
not require any organic reagents other than AIBN. The complete
elimination of thio-carbonyl end groups was confirmediby
NMR spectroscopy. We also observed the disappearance of the

As seen in Figure 2, a significant decrease in concentration yink color from poly(HPMA€o-NMS) after removing the end

of HPMA was observed during the initid h accompanied by
the incorporation of almost all of the NMS added to the reaction

system. However, the reactivity of both monomers decreased

group.
Biofunctionalization. We demonstrated the utility of these
well-defined biocompatible activated polymers by conjugating

after 4 h, presumably due to a decrease in the rate of {hem 1o a peptide that has previously been shown to inhibit the

polymerization at higher conversions of monomers. Approxi-

mately 65-70% of both monomers was consumed by 8 h.
We determined the composition of the copolymers at different

intervals of time by'H NMR spectroscopy (Figure 3). As seen

assembly of anthrax toxi¥.Anthrax toxin is comprised of three

proteins: a cellular receptor-binding protein (protective antigen,
PA) and two enzymes (Lethal factor (LF) and edema factor
(EF)). Once PA binds to the cell surface receptors, it gets

in Figure 3, the use of a semi-batch method enabled the proteolytically cleaved and forms heptamers (§g4A. The

composition of the copolymer to be maintained constant during
the polymerization. The observed increaseMp with time
(Figure 4) confirmed the controlled nature of the copolymeri-

enzymatic components of the toxin bind to [(3}x and after a
series of events, are translocated into the cytoplasm. A peptide
HTSTYWWLDGAP, identified by Mourez et al, prevents tox&‘bv
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Scheme 3. Synthesis of PHPMA-based Polyvalent Inhibitor?

Me Me Me Me
1. Peptide, DMSO, Triethylamine, 50 °C / 24 h
n m 2. 1-amino-2-propanol " m
) o > o o
NH HN

NH ]
\ o \
N Peptide
OH
OH 0
Me Me

2 The peptide (Ac—HTSTYWWLDGAPK—AmM) has its N-terminus acetylated and C-terminus amidated. The e-amino group of the terminal lysine residue
of the peptide reacts with the active ester group of the copolymer.

100 4 Acknowledgment. We acknowledge support from the NIH
under Grant AI53506.
s 80
2 60 - References and Notes
E 40 (1) Vincent, M. J.; Greco, F.; Nicholson, R. I.; Paul, A.; Griffiths, P.
B C.; Duncan, RAngew. Chem., Int. EQ005 44, 4061-4066.
20 1 (2) Twaites, B.; Alarcon, C. D.; Alexander, Q. Mater. Chem2005
0 15, 441-455.
10° 10® 107 10 10° (3) Duncan, RNat. Re. Drug Discaery 2003 2, 347—360.
c tration (M (4) Mammen, M.; Choi, S.-K.; Whitesides, G. Mingew. Chem., Int.
_ N ~ Goncentration (W) o Ed 1998 37, 2754-2794.
Figure 5. Inhibitory activity of PHPMA-based polyvalent inhibitor of (5) Greenwald, R. B.; Choe, Y. H.; McGuire, J.; Conover, C.Ad.
anthrax toxin. Inhibition of anthrax toxin mediated cytotoxicity on Drug Delivery Re. 2003 55, 217—250.
RAW264.7 cell line was evaluated at different concentrations (on a (6) Satchi-Fainaro, R.; Puder, M.; Davies, J. W.; Tran, H. T.; Sampson,
per-peptide basis) of the polyvalent inhibitor. D. A;; Greene, A. K.; Corfas, G.; Folkman, Nat. Med.2004 10,
255-261.
(7) Dvorak, M.; Kopeckova, P.; Kopecek,Jl.Controlled Releas#999

assembly: the binding of LF to the heptam®A polyvalent 60. 321392
inhibitor, obtained by attaching multiple copies of this peptide ®) Uhrich, K. E.: Cannizzaro, S. M. Langer, R. S.; Shakesheff, K. M.

to a polyacrylamide backbone, was significantly more potent Chem. Re. 1999 99, 3181-3198.

than the corresponding monovalent inhibitbkVe synthesized (9) Duncan, R.; Dimitrijevic, S.; Evagorou, BTP Pharma. Scl996
a biocompatible polyvalent anthrax toxin inhibitor by conjugat- 10) %uztg’;;]zes-' Konecek. Ads. Polym. SCi1995 122 55123

ing the peptide to poly(HPMA-NMS) (polymer4, Table 1, (11) Lee, C. C.. MaFc)Kay,'J. A Frgch'et, J. M. J.; Szoka, F.Nat.
average number of repeat units231). The conjugation was Biotechnol.2005 23, 1517-1526.

carried out in anhydrous DMSO at 56C, followed by (12) Choi, S.-K.; Mammen, M.; Whitesides, G. M. Am. Chem. Soc.
guenching the unreacted active ester groups with 1-amino-2- 1997 119 4103-4111.

(13) Mammen, M.; Dahmann, G.; Whitesides, G.MMed. Chem1995

propanol to form a PHPMA-based polyvalent inhibitor (Scheme 38 41794160

3). (14) Mé)chalova, L. V.; Tuzikov, A. B.; Marinina, V. P.; Gambaryan, A.
These biocompatible polyvalent inhibitors were tested for their S.; Byramova, N. E.; Bovin, N. V.; Matrosovich, M. Mntiviral

efficacy in neutralizing anthrax toxin in vitro. RAW264.7 cells Res.1994 23, 179-190.

were exposed to a combination of protective antigen and lethal (15 BGamba,:Iya\’/"_AN'l S, T“Z.ikr?VMA'NBX C.h.i”al“g"' Aé A J”neéa'l'-' R

factor in the presence of various concentrations of the inhibitor. e atrosovich, M. N.Antiuiral Res. 2002 55, 201

The polyvalent inhibitor had a half-maximum inhibitory con-  (16) Mourez, M.; Kane, R. S.; Mogridge, J.; Metallo, S.; Deschatelets,

centration (IGy) of 150 nM (Figure 5); in contrast, the P.; Sellman, B. R.; Whitesides, G. M.; Collier, RNat. Biotechnol.

monovalent peptide does not inhibit cytotoxicity at concentra- 2001 19, 958-961.

: : P (17) Kiessling, L. L.; Gestwicki, J. E.; Strong, L. Eurr. Opin. Chem.
tions as high as 250M. Thus, the polyvalent inhibitor was at Biol. 2000 4, 696703,

least 3 orders of magnitude more potent than the corresponding (1g) wmuider, A.; Huskens, J.; Reinhoudt, D. @rg. Biomol. Chem2004

monovalent peptide. 2, 3409-3424.
(19) Badijic, J. D.; Nelson, A.; Cantrill, S. J.; Turnbull, W. B.; Stoddart,
J. F.Acc. Chem. Re®005 38, 723-732.

Conclusions (20) Kitov, P. I.; Sadowska, J. M.; Mulvey, G.; Armstrong, G. D.; Ling,
H.; Pannu, N. S.; Read, S. J.; Bundle, D.N&ture200Q 403 669—
We have used RAFT to synthesize random copolymers of 21) ?:gzn- E.. Zhang, Z.: Minke, W. E.. Hou, Z.; Verlinde, C. L. M. 3.
HPMA and_ NMS with M, as high as 50 000 Da and_IOV\_/ HoI,’W.’G. H.J Am. Chem. S02000 1’22 56632664, '
polydispersity 'nd|Ce§- The use of Sem|'t_)atCh copolymerization (22) Biagini, S. C. G.; Gibson, V. C.; Giles, M. R.; Marshall, E. L.; North,
enabled the synthesis of copolymers with homogeneous com- M. Chem. Commuril997, 12, 1097-1098.

position along the chain. Biofunctionalization of the random (23) Kamitakahara, H.; Suzuki, T.; Nishigori, N.; Suzuki, Y.; Kanie, O.;

; ; ; Wong, C.-H.Angew. Chem., Int. Ed. Engl998 37, 1524-1528.
copolymer was demonstrated by conjugating the copolymer with (24) Maynard. H. D.: Okada, S. Y. Grubbs, R. H.Am. Chem. Soc.

a peptide resulting in a biocompatible polyvalent inhibitor of 2001, 123 1275-1279.
anthrax toxin with nanomolar potency. These defined activated (25) Honda, T.; Shuku, Y.; Arai, M.; Masuda, T.; Yamashita, Biborg.
polymers could be useful for synthesizing conjugates of PHPMA Med. Chem. Let2002 12, 1929-1932.

with a variety of ligands and drugs for applications ranging from  (26) SWSR?LHYNE.\}’.;G E%réigﬁ?uvéa?é ?2.;0 g:rg(e)yg\gngé L.; Pazynina, G.
the design of well-defined potent polyvalent inhibitors for (27) Roy, R.Curr. Opin. Struct. Biol.1996 6, 692702

pgthqgen§ and toxins, to drug delivery, gene delivery, and in (28) Gujraty, K.; Sadacharan, S.; Frost, M.; Poon, V.; Kane, R. S.;
VIVO Imaging. Mogridge, J.Mol. Pharm.2005 2, 367—372. cDV



1670 Biomacromolecules, Vol. 7, No. 5, 2006

(29) Reuter, J. D.; Myc, A.; Hayes, M. M.; Gan, Z. H.; Roy, R.; Quin, D.
J.; Yin, R.; Piehler, L. T.; Esfand, R.; Tomalia, D. A.; Baker, J. R.
Bioconjugate Cheml999 10, 271-278.

(30) Seymour, L. W.; Duncan, R.; Strohalm, J.; Kopecekl. Biomed.
Mater. Res1987 21, 1341-1358.

(31) Vasey, P. A.; Kaye, S. B.; Morrison, R.; Twelves, C.; Wilson, P.;
Duncan, R.; Thomson, A. H.; Murray, L. S.; Hilditch, T. E.; Murray,
T.; Burtles, S.; Fraier, D.; Frigerio, E.; CassidyClin. Cancer Res.
1945 5, 83-94.

(32) Zamai, M.; vandeVen, M.; Farao, M.; Gratton, E.; Ghiglieri, A,;
Castelli, M. G.; Fontana, E.; d’Argy, R.; Fiorino, A.; Pesenti, E.;
Suarato, A.; Caiolfa, V. RMol. Cancer Ther2003 2, 29—40.

(33) Duncan, R.; Gac-Breton, S.; Keane, R.; Musila, R.; Sat, Y. N.; Satchi,
R.; Searle, FJ. Controlled Releas2001, 74, 135-146.

(34) Godwin, A.; Hartenstein, M.; Muller, A. H. E.; Brocchini, Bolym.
Prepr. 200Q 41, 1002.

(35) Godwin, A.; Hartenstein, M.; Muller, A. H. E.; Brocchini, Bngew.
Chem., Int. Ed2001, 40, 594-597.

(36) Koseva, N.; Pedone, E.; Breton, S. G.; Godwin, A.; Brocchini, S.
Polym. Prepr.2002 43, 689.

(37) Monge, S.; Haddleton, D. MRolym. Prepr.2002 43, 793.

(38) Monge, S.; Haddleton, D. MEur. Polym. J.2004 40, 37—45.

(39) Shen, Y.; Tang, H.; Ding, Srog. Polym. Sci2004 29, 1053~
1078.

(40) Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T.
P.; Mayadunne, R. T. A.; Meijs, G. F.; Moad, C. L.; Moad, G.;
Rizzardo, E.; Thang, S. HMacromoleculed998 31, 5559-5562.

(41) Schilli, C.; Muller, A. H. E.; Rizzardo, E.; Thang, S. H.; Chong, B.
Y. K. Polym. Prepr.2002 43, 687.

(42) Scales, C. W.; Vasilieva, Y. A.; Convertine, A. J.; Lowe, A. B;
McCormick, C. L.Biomacromolecule2005 6, 1846-1850.

(43) Strong, L. E.; Kiessling, L. LJ. Am. Chem. S0d999 121, 6193~
6196.

(44) Savariar, E. N.; Thayumanavan, B.Polym. Sci., Part A: Polym.
Chem.2004 42, 6340-6345.

(45) Bats, H.; Franzmann, G.; Ringsdorf, Ahgew. Chem., Int. EA972
11, 1103-1104.

(46) Thang, S. H.; Chong, B. Y. K.; Mayadunne, R. T. A.; Moad, G.;
Rizzardo, E.Tetrahedron Lett1999 40, 2435-2438.

(47) Wager, C. M.; Haddleton, D. M.; Bon, S. A. Eur. Polym. J2004
40, 641-645.

(48) Favier, A.; D'Agosto, F.; Charreyre, M. T.; Pichot, Bolymer2004
45, 7821-7830.

(49) Perrier, S.; Takolpuckdee, P.; Mars, C. Macromolecule2005
38, 2033-2036.

(50) Perrier, S.; Takolpuckdee, .Polym. Sci., Part A: Polym. Chem.
2005 43, 5347-5493.

(51) Chiefari, J.; Mayadunne, R. T. A.; Moad, C. L.; Moad, G.; Rizzardo,
E.; Postma, A.; Skidmore, M. A.; Thang, S. Macromolecule2003
36, 2273-2283.

(52) Chong, B. Y. K,; Krstina, J.; Le, T. P. T.; Moad, G.; Postma, A,;
Rizzardo, E.; Thang, S. HMacromolecule003 36, 2256-2272.

(53) Donovan, M. S.; Lowe, A. B.; Sumerlin, B. S.; McCormick, C. L.
Macromolecule002 35, 4123-4132.

(54) Thomas, D. B.; Convertine, A. J.; Myrick, L. J.; Scales, C. W.; Smith,
A. E.; Lowe, A. B.; Vasilieva, Y. A.; Ayres, N.; McCormick, C. L.
Macromolecule®004 37, 8941-8950.

(55) Barner-Kowollik, C.; Davis, T. P.; Heuts, J. P. A.; Stenzel, M. H,;
Vana, P.; Whittaker, MJ. Polym. Sci., Part A: Polym. Chei2003
41, 365-375.

Yanjarappa et al.

(56) Kelen, T.; Tudos, FJ. Macromol. Sci. Chenl975 9, 1-27.

(57) Qiu, X.; Sukhishvili, S. AJ. Polym. Sci., Part A: Polym. Chem.
2006 44, 183-191.

(58) Dettmer, C. M.; Gray, M. K.; Torkelson, J. M.; Nguyen, S. T.
Macromolecule2004 37, 5504-5512.

(59) Smulders, W.; Monteiro, M. Macromolecule2004 37, 4474~
4483.

(60) Verbrugghe, S.; Bernaerts, K.; Prez, F. EMacromol. Chem. Phys.
2003 204, 12171225.

(61) Borner, H. G.; Duran, D.; Matyjaszewski, K.; da Silva, M.; Sheiko,
S. S.Macromolecule002 35, 3387-3394.

(62) Lazaridis, N.; Alexopoulos, A. H.; Kiparissides, i@acromol. Chem.
Phys.2001, 202, 2614-2622.

(63) Vitanen, J.; Tenhu, Hl. Polym. Sci., Part A: Polym. Cher2001,

39, 3716-3725.

(64) Matyjaszewski, K.; Ziegler, M. J.; Arehart, S. V.; Greszta, D.; Pakula,
T. J. Phys. Org. Chen200Q 13, 775-786.

(65) Hawthorne, D. G.; Moad, G.; Rizzardo, E.; Thang, S.M&cro-
molecules1999 32, 5457-5459.

(66) Rizzardo, E.; Chiefari, J.; Mayadunne, R. T. A.; Moad, G.; Thang,
S. H.ACS Symp. Se200Q 768 278.

(67) Goto, A.; Fukuda, TProg. Polym. Sci2004 29, 329—-385.

(68) Barner-Kowollik, C.; Quinn, J. F.; Morsley, D. R.; Davis, T. P.
Polym. Sci., Part A: Polym. Cher2001, 39, 1353-1365.

(69) Coote, M. L.; Radom, LJ. Am. Chem. So@003 125, 1490-1491.

(70) Monteiro, M. J.; de Brouwer, HVlacromolecule001, 34, 349—
352.

(71) Levesque, G.; Arse, P.; Fanneau-Bellenger, V.; Pham, T. N.
Biomacromolecule€00Q 1, 400-406.

(72) Deletre, M.; Levesque, @dacromoleculesl99Q 23, 4733-4741.

(73) Rizzardo, E. C. J.; Chong, B. Y. K.; Ercole, F.; Krstina, J.; Jeffery,
J.; Le, T. P. T.; Mayadunne, R. T. A.; Meijs, G. F.; Moad, C. L,
Moad, G.; Thang, S. HMacromol. Symp1999 143 291.

(74) Wang, Z. M.; He, J. P.; Tao, Y. F.; Yang, L.; Jiang, H. J.; Yang, Y.
L. Macromolecule003 36, 7446-7452.

(75) Stenzel, M. H.; Davis, T. P.; Barner-Kowollik, Chem. Commun.
2004 13, 1546-1547.

(76) Llauro, M.; Loiseau. J.; Boisson, F.; Delolme, F.; Ladaviere, C.;
Claverie, JJ. Polym. Sci., Part A: Polym. Cher2004 42, 5439
5462.

(77) Mori, K. S. T.; Masuda, STetrahedron Lett1978 37, 3447-3450.
(78) Mayadunne, R. T. A.; Rizzardo, E.; Chiefari, J.; Krstina, J.; Moad,
G.; Postma, A.; Thang, S. Hacromolecule00Q 33, 243-245.

(79) Barbier, F.; Pautrat, F.; Quiclet-Sire, B.; Zard, SS¥nlett2002 5,
811-813.

(80) Matsumoto, K.; Tsuji, R.; Yonemushi, Y.; Yoshida, Chem. Lett.
2004 33, 1256-1257.

(81) Gomez, L.; Gellibert, F.; Wagner, A.; Mioskowski, £ Comb. Chem.
200Q 2, 75-79.

(82) Vana, P.; Albertin, L.; Barner, L.; Davis, T. P.; Barner-Kowollik, C.
J. Polym. Sci., Part A: Polym. Cher2002 40, 4032-4037.

(83) Lowe, A. B.; Sumerlin, B. S.; Donovan, M. S.; McCormick, CJL..
Am. Chem. So2002 124, 11562-11563.

BM060098V

Ccbv



