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Abstract: Amphiphilic cationic polynorbornene derivatives, soluble in water, were prepared from modular
norbornene monomers, with a wide range of molecular weights (M, = 1600—137 500 g/mol) and narrow
polydispersities (PDI = 1.1—1.3). The antibacterial activity determined by growth inhibition assays and the
hemolytic activity against human red blood cells were measured and compared to determine the selectivity
of the polymers for bacterial over mammalian cells. The effects of monomer repeat unit hydrophobicity
and polymer molecular weight on antibacterial and hemolytic activities were determined. The hydrophobicity
of the repeat unit was observed to have dramatic effects on antibacterial and hemolytic activities. Lipid
membrane disruption activities of the polymers was confirmed by measuring polymer-induced dye leakage
from large unilamellar vesicles. By tuning the overall hydrophobicity of the polymer through random
copolymerizations of modular norbornene derivatives, highly selective, nonhemolytic antibacterial activities
were obtained. For appropriate monomer composition, selectivity against bacteria versus human red blood
cells was determined to be over 100.

Introduction therapeutic agents3 Hemolytic activity is conventionally used

Antibacterial activities of macromolecules, including oligo- 2S @ measure of cytotoxicity and model for mammalian cells

meric compounds, have been studied under two major thrusts,2ecause red blood cells are, in general, extremely fragikne

for the most part independent from each other. One group of selectlve. action has been suggested to be due to th_g balance
studies has focused on the structupeoperty relationships of ~ nd spatial arrangement of hydrophobic and hydrophilic com-
natural host-defense peptides derived from multicellular POnents of the peptide that distinguishes between the more
organisms:4 These peptides have great diversity with regard negatively charged outer surface of microbial membranes and
to their length, amino acid composition, and antimicrobial the neutral and cholesterol rich membranes of multicellular
activities ranging from very potent to weak. Despite this animals. Studies aimed at understanding the struepneperty
diversity, most are cationic peptides with a certain degree of relationships of natural peptldes. have recently gvolved into a
hydrophobicity. Extensive studies on the mechanism of action "Umber of research efforts targeting the preparation of synthetic
suggest that antimicrobial peptides act by permeabilizing the Mimics of ant|m|crgb|al peptides. These "(‘)Sllgde stereoisomers
cell membranes of microorganisms through favorable interac- ©f Natural peptides? o-peptides, 5-peptidesi? 3 cyclic a-pep-

tions with negatively charged and hydrophobic components of fides:* peptoids;® and polyarylamides all of which are

the membranes followed by aggregation and subsequent disrup®ligomeric with molecular weight below 3000 g/mol. Many of

tion 2256 This mechanism is suggested to be responsible for (N€Se examples target an amphiphilic secondary structure,
the wide spectrum of potency and speed of action for these typically helical, in addition to their cationic nature. Depending

antibacterial peptidesHost-defense peptides and their synthetic — )
o . .. (7) Oren, Z.; Shai, YBiochemistry1l997, 36, 1826-1835.
analogues are reported to exhibit varying degrees of activity (8) Wade, D.; Boman, A.; Wahlin, B.; Drain, C. M.; Andreu, D.; Boman, H.

against different bacteria and mammalian Cé"Nh”e host- G.; Merrifield, R. B.Proc. Natl. Acad. Sci. U.S.A99Q 87, 4761-4765.
9 . .. . (9) Dathe, M.; Schumann, M.; Wieprecht, T.; Winkler, A.; Beyermann, M.;
defense peptides may show selectivity against the membranes ™ krause, E.; Matsuzaki, K.; Murase, O.; Bienert, Biochemistry1996
i ; 35, 12612-12622.
of mlcrobgs versus the hc.)St organism, a numbe,r ,Of them ,are(lo) Porter, E. A.; Wang, X. F.; Lee, H. S.; Weisblum, B.; Gellman, S\&ture
antibacterial and not toxic to human cells, within certain 200Q 404, 565-565.

: Tmi H ia] (11) Raguse, T. L.; Porter, E. A.; Weisblum, B.; Gellman, SJHAm. Chem.
concentration limits, and are thus considered as potential S0C2002 124 12774-19785,
p ) ) ) (12) Liu, D. H.; DeGrado, W. FJ. Am. Chem. SoQ001, 123 7553-7559.
Department of Polymer Science and Engineering. (13) Schmitt, M. A.; Weisblum, B.; Gellman, S. H. Am. Chem. So@004
* Department of Microbiology. 126, 6848-6849.
(1) Andreu, D.; Rivas, LBiopolymers1998 47, 415-433. (14) Fernandez-Lopez, S.; Kim, H. S.; Choi, E. C.; Delgado, M.; Granja, J. R.;
(2) Zasloff, M. Nature 2002 415 389-395. Khasanov, A.; Kraehenbuehl, K.; Long, G.; Weinberger, D. A.; Wilcoxen,
(3) Hancock, R. E. WDrugs 1999 57, 469-473. K. M.; Ghadiri, M. R. Nature 2001, 412, 452—455.
(4) van't Hof, W.; Veerman, E. C. |.; Helmerhorst, E. J.; Amerongen, A. V. (15) Patch, J. A.; Barron, A. El. Am. Chem. So2003 125 12092-12093.
N. Biol. Chem.2001, 382 597-619. (16) Liu, D. H.; Choi, S.; Chen, B.; Doerksen, R. J.; Clements, D. J.; Winkler,
(5) Oren, Z.; Shai, YBiopolymers1998 47, 451-463. J. D.; Klein, M. L.; DeGrado, W. FAngew. Chem., Int. EQ2004 43,
(6) Huang, H. W.Biochemistry200Q 39, 8347-8352. 1158-1162.
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on the type of peptide, a facially amphiphilic structure results
in the gain, or loss, of selective activity, which reveals that a
stable amphiphilic secondary structure is not a precondition for
selective antibacterial activify®1® Resistance to enzymatic

magainin derivativé! The successful design for nonhemolytic,
antibacterial, and high molecular weight polymers has not been
achieved thus far.

Ring-opening metathesis polymerization (ROMP) has been

degradation was also targeted in some cases for potential usesuccessfully used in the preparation of biologically active well-

in therapeutic applicatiorfs?10.14.15

defined polymeric materiaf, due to its living nature and

Independent from the antimicrobial peptide research, a secondfunctional group toleranc®:3*Remarkable examples included

thrust involves studies of synthetic cationic polymers that exhibit
varying degrees of antibacterial activiti€s2® This class of
polymeric compounds is relatively inexpensive and less cumber-
some to prepare, when compared to peptide mimics. In many
instances, cationic polymers were reported to exhibit enhanced
antibacterial activities compared to their small molecule coun-

terparts. The most common polymers are quaternary ammonium

or phosphonium functionalized. This class of cationic polymers
was predominantly targeted for use in the solid state as poten
disinfectants, biocidal coatings, or filters, due to their toxicity
to human cells at relatively low concentrations which is an
important distinction from the work on peptide mimics8
Consistent with the target applications of these cationic poly-
mers, in most cases only antibacterial activity was reported
without any report of hemolytic activity. In one instance, a
soluble pyridinium polymer was reported to have low acute
toxicity against the skin of test anima#s.An example of
antibacterial cationic polymers that have found large industrial
use as disinfectants and biocides is poly(hexamethylene bigu-
anide) (PHMB). Different levels of toxicity against various
mammalian cells were reported for PHMB and similar biguanide
functionalized polymerd>=2° To the best of our knowledge, a
direct comparison of antibacterial and hemolytic action has not
been reported for this class of antimicrobial polymers. Gelman
et al. have recently reported the antibacterial activity of low
molecular weight, hydrophobically modified, cationic poly-
styrene derivatives in comparison with a potent derivative of
magainin 1120 In their initial study, a crossover between the
research on antimicrobial peptide mimics and polymeric dis-
infectants, cationic polystyrene derivatives have shown similar
antibacterial activities as the magainin derivative but were highly
hemolytic. Recently, two of us reported selective activities of
facially amphiphilic low molecular weight polyphenyleneeth-
ynylenes with activity and selectivity similar to those of a

(17) Tashiro, TMacromol. Mater. Eng2001, 286, 63—87.

(18) Worley, S. D.; Sun, GTrends Polym. Scil996 4, 364—370.

(19) stiriba, S. E.; Frey, H.; Haag, Rngew. Chem., Int. EQ002 41, 1329~
1334.

(20) Lim, S. H.; Hudson, S. MJ. Macromol. Sci., Polym. Re 2003 C43
223-269.

(21) Thorsteinsson, T.; Loftsson, T.; Masson, ®urr. Med. Chem2003 10,
1129-1136.

(22) Kenawy, E. R.; Mahmoud, Y. A. GMacromol. Biosci.2003 3, 107—
116

(23) Pavlikova, M.; Lacko, I.; Devinsky, F.; Mlynarcik, @ollect. Czech. Chem.
Commun.1995 60, 1213-1228.

(24) Li, G. J.; Shen, J. R.; Zhu, Y. L1. Appl. Polym. Sci1998 67, 1761
1768.

(25) Rowden, A.; Cutarelli, P. E.; Cavanaugh, T. B.; Sellner, P.Inest.
Ophthalmol. Visual Scil997, 38, 5135-5135.

(26) Liu, N. H.; Khong, D.; Chung, S. K.; Hwang, D. Gvest. Ophthalmol.
Visual Sci.1996 37, 4058-4058.

(27) Vogelberg, K.; Boehnke, Mnvest. Ophthalmol. Visual Scil994 35,
1337-1337.

(28) Albert, M.; Feiertag, P.; Hayn, G.; Saf, R.; Honig, Blomacromolecules
2003 4, 1811-1817.

(29) Messick, C. R.; Pendland, S. L.; Moshirfar, M.; Fiscella, R. G.; Losnedahl,
K. J.; Schriever, C. A.; Schreckenberger, P.JCAntimicrob. Chemother.
1999 44, 297-298.

(30) Gelman, M. A.; Weisblum, B.; Lynn, D. M.; Gellman, S. Brg. Lett.
2004 6, 557-560.

polymers carrying oligopeptideé8,oligonucleotides? carbo-
hydrates’—3° anti-cancer drug® and antibiotic agent&.
ROMP-based techniques are evolving into a powerful synthetic
toolbox for the introduction of multiple functionalities into
polymeric materials in pursuit of obtaining potent biological
activities. We have recently reported the synthesis and ROMP
of modular norbornene derivatives for the preparation of well-
defined amphiphilic polymers exhibiting lipid membrane disrup-

ttion activities?? Cationic amphiphilic polymers above certain

molecular weights were reported to show the highest membrane
disruption activities on lipid vesicles as rough models for
bacterial membranes.

The current report presents the antibacterial and hemolytic
activities of narrow polydispersity homopolymers and random
copolymers of modular norbornene derivatives, spanning a large
range of molecular weights. Our results show that, by controlling
the hydrophobic/hydrophilic balance of water-soluble am-
phiphilic polymers, it is possible to obtain high selectivity
between antibacterial and hemolytic activities without a pre-
disposed amphiphilic secondary structure as part of the synthetic
design. The overall efficacy toward both Gram-negative and
Gram-positive bacteria is strongly dependent on the length of
alkyl substituents on the repeat units. This report shows that it
is possible to design simple polymers that are potent against
bacteria yet nonhemolytic.

Experimental Section

Materials. (Tricyclohexylphosphine)(1,3-dimesitylimidazolidine-2-
ylidine)benzylideneruthenium dichloride, the second generation Grubbs’
catalyst, was purchased from Strem Chemical. Stearoyl-oleoyl-phos-
phatidylcholine (SOPC) and phosphatidylserine (SOPS) were purchased
from Avanti Polar-Lipids, Inc.. Cyclopentadiene for the synthesis of
fulvene derivatives was obtained by the thermally induced cracking of
dicyclopentadiene followed by distillation. Compounds-3,4?
homopolymers ofl—4,%2 and [(HImes)(3-Br-py)-(Cl),Ru=CHPh}*
were prepared according to literature procedures. All other reagents
were obtained from Aldrich. Deuterated chloroform and dichloro-
methane were passed through columns of basic activated alumina prior
to use.

(31) Armnt, L.; Nisslein, K.; Tew, G. NJ. Polym. Sci., Part A: Polym. Chem.
2004 42, 3860-3864.

(32) Kiessling, L. L.; Owen R. M. IrHandbook of Metathesisrubbs, R. H.,
Ed.; Wiley-VCH: Weinheim, 2003; Vol. 3, pp 18@25.

(33) Trnka, T. M.; Grubbs, R. HAcc. Chem. Re2001, 34, 18-29.

(34) Buchmeiser, M. RChem. Re. 200Q 100, 1565-1604.

(35) Maynard, H. D.; Okada, S. Y.; Grubbs, R. Macromolecule200Q 33,
6239-6248.

(36) Watson, K. J.; Park, S. J.; Im, J. H.; Nguyen, S. T.; Mirkin, CJAAm.
Chem. Soc2001, 123 5592-5593.

(37) Mortell, K. H.; Gingras, M.; Kiessling, L. LJ. Am. Chem. Sod 994
116, 12053-12054.

(38) Mortell, K. H.; Weatherman, R. V.; Kiessling, L. lJ. Am. Chem. Soc.
1996 118 2297-2298.

(39) Meier, S.; Reisinger, H.; Haag, R.; Mecking, S.; Mulhaupt, R.; Stelzer, F.
Chem. CommurR001, 855-856.

(40) Watson, K. J.; Anderson, D. R.; Nguyen, SMacromolecule001, 34,
3507—-35009.

(41) Arimoto, H.; Nishimura, K.; Kinumi, T.; Hayakawa, I.; Uemura, Ohem.
Commun.1999 1361-1362.

(42) llker, M. F.; Schule, H.; Coughlin, E. Bdacromolecule004 37, 694—
700

(43) Lové, J. A.; Morgan, J. P.; Trnka, T. M.; Grubbs, R. Ahgew. Chem.,
Int. Ed. 2002 41, 4035-4037.
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Instrumentation. H (300 MHz), and*C NMR (75 MHz) spectra and a solution of catalyst (0.015 mmol in 0.05 mL of dichloromethane
were obtained on a Bruker DPX-300 NMR spectrometer. Gel perme- or deuterated chloroform) [@mes)(3-Br-py)-(Cl);Ru=CHPh] was
ation chromatography (GPC) was performed with a Polymer Lab added at room temperature, under an inert atmosphere. The mixture
LC1120 high-performance liquid chromatography (HPLC) pump was allowed to react for 90 min at €. The random progression of
equipped with a Waters differential refractometer detector. The mobile the copolymerization was monitored using in siti NMR analysis,
phase was tetrahydrofuran (THF) with a flow rate of 1.0 mL/min. by probing the disappearance rates of the peaks at 1.53 ppm2from
Separations were performed with51a 0%, and 18 A Polymer Lab and 2.24 ppm fron3 in deuterated chloroform solutions. Polymerization
columns. Molecular weights were calibrated versus narrow molecular was terminated by addition of ethyl vinyl ether (0.2 mL) followed by
weight polystyrene standards. Fluorescence spectroscopy was recordegrecipitation in pentane resulting in a white polymer precipitate and
with a Perkin-Elmer LS50B luminescence spectrometer. Optical density brown supernatant. The product was filtered and dried overnight under
and absorbance spectroscopy were recorded with a Molecular Devicesreduced pressure at room temperature. A small sample was used for

SpectraMAX 190 plate reader.
Preparation of 4. Compound4 was prepared by a slight modification

molecular weight determination. Deprotection of primary amine pendant
groups was performed by dissolution of the polymer in trifluoroacetic

of the literature procedure that was used for the preparation of acid and stirring at 45C for 8 h. Polymer was recovered by evaporation

compound® and3.#> To a solution of 4-heptanone (20 mmol, 2.28 g)

of trifluoroacetic acid under reduced pressure and dissolution in water

and cyclopentadiene (20 mmol, 1.32 g) in methanol (20 mL) was added followed by freeze-drying overnight. The isolated yield was 85% (275

pyrrolidine (20 mmol, 1.42 g). The mixture was stirred at room

mg). *H NMR (300 MHz, DO, ppm): & 5.90-5.10 (2H, br), 4.35

temperature for 1 h, and acetic acid was added (20.1 mmol, 1.21 g).3.55 (4H, br), 3.552.90 (4H, br), 2.652.30 (33% of 1H, br), 2.08

The reaction mixture was diluted with ether (50 mL) and water (50

1.20 (66% of 6H, br), 1.180.60 (33% of 6H, brj*C NMR (75 MHz,

mL). The ether portion was separated, washed with water (50 mL) and D20, ppm): 6 180.4 (br), 163.7, 163.4, 163.2, 162.8, 162.3, 139.4 (br),

brine (50 mL), and dried over MgSOEther was removed under
reduced pressure, and the productyiropylfulvene, was used without
further purification for the cycloaddition with maleic anhydride. The
Diels—Alder reaction between di-propylfulvene (20 mmol, 3.24 g)

136.0 (br), 134.9 (br), 132. 2 (br), 131.4 (br), 130.6 (br), 122.6, 118.7,
114.9, 111.0, 52.8, 51.6 (br), 50.0 (br), 48.5 (br), 46.4 (br), 37.8, 36.7,
28.8 (br), 22.5, 21.0.

Measurement of Hemolytic Activity. Hemolytic activity measure-

and maleic anhydride (20 mmol, 1.96 g) was performed in ethyl acetate ments were performed with slight modifications of literature proce-

(50 mL) at 80°C for 2 h in asealed pressure tube. Upon removal of

dures’*?45Freshly drawn human red blood cells (HRBC,/80, were

ethyl acetate under reduced pressure, the adduct was obtained in higlsuspended in 10 mL of TRIS saline (10 mM TRIS, 150 mM NaCl, pH

yield as an oil (85:15exo—endo ratio) and used without further
purification. Previously reported mono protected diartfié.8 g, 42.3
mmol) was added to the DietAlder adduct (6.1 g, 23.5 mmol) in
DMAc (N,N-Dimethylacetamide, 6 mL) at 60C and stirred for 20
min. A catalytic amount of cobalt acetate (0.5 mmol, 88.5 mg) dissolved
in DMAc was added to this mixture followed by the addition of acetic
anhydride (25 mmol, 255 mg) and the reaction mixture was stirred for
4 h at 80C. After cooling to room temperature, the solution was diluted
with ethyl acetate, washed with water and dilute HCI, dried, and
evaporated under reduced pressure to afford 95% vyield afxan
endo(87:13) mixture of4. Recrystallization from cold diethyl ether
afforded pureexoisomer4 (50%).*H NMR (300 MHz, CDC}, ppm):

0 6.42 (2H, t,J= 2.1 Hz), 5.05 (1H, s), 3.70 (2H, J,= 1.9 Hz), 3.53
(2H, t,J = 5.4 Hz), 3.25 (2H, broad d,= 5.0 Hz), 2.75 (2H, s), 1.82
(4H, t,J = 7.8 Hz), 1.42 (9H, s), 1.22 (4H, m), 0.81 (6H.Jt= 7.3

Hz). 13C NMR (75 MHz, CDC}, ppm): 8 177.6, 155.8, 141.9, 137.8,

7.2, filtered through polyethersulfone membrane with Qu22 pore
size) and rinsed 3 times by centrifugation (5 min at 1500 rpm) and
resuspension in TRIS saline. Polymer solutions were prepared by
dissolution in TRIS saline (10 mM TRIS, 150 mM NaCl, pH 7.2) at
concentration of 8 mg/mL and further diluted as necessary. After the
complete dissolution, the pH of the solution was adjusted to pH values
between 6.5 and 7.0 depending on the solubility of polymer. TRIS saline
solutions of polyL, poly2, and poly@-co-3)s were adjusted to pH 7.0.
TRIS saline solutions of po8/and poly were adjusted to pH 6.5
because of slow precipitation of these polymers at higher pH values.
After the pH adjustments, polymer solutions were filtered through
polyethersulfone membranes (0.45n pore size). Freshly prepared
polymer solutions with different concentrations were added to:100

of the above-prepared HRBC suspension to reach a final volume of
200 uL on a 96-well plate. The resulting mixture was kept at°&7

for 30 min on a stirring plate. Then the plate was centrifuged (IEC

123.2,78.9,47.8,45.1,38.8, 38.4,33.1, 28.2, 21.7, 13.9. HRMS (FAB) Centra-4B, 10 min at 1500 rpm), and the supernatant in each well was

calcd for GsHzsN2O4: 403.260. Found: 403.260.

Preparation of Poly4. Homopolymerizations oft and subsequent
deprotection of primary amine groups to obtain golyere performed
according to the previously reported literature proced@resing
bromopyridine-substituted derivative of second generation Grubbs’
catalyst, [(HImes)(3-Br-py}-(Cl),Ru=CHPh]*> 'H NMR (300 MHz,
D0, ppm): 6 5.70-5.20 (2H, br), 4.16-3.50 (4H, br), 3.46-3.05
(4H, br), 2.26-1.70 (4H, br), 1.55-1.10 (4H, br), 1.06-0.60 (6H, s).
3C NMR (75 MHz,d-DMSO, ppm): 6 178.6 (br), 138.1 (br), 135.8,
132.4 (br), 51.3 (br), 47.9 (br), 44.2, 36.2, 33.5, 21.0, 13.8.

Preparation of Random Copolymers.The preparation of poly-
co-31) (M, = 15300 g/mol) will be described as a representative
procedure for the preparation of random copolymerg ehd3. The

transferred to a new plate. Hemolysis was monitored by measuring
the absorbance of the released hemoglobin at 414 nm. 100% Hemolysis
was obtained by adding 14L of TRITON-X solution (20 vol % in
DMSO), a strong surfactant, to the above-prepared HRBC suspension.
The upper limit of polymer concentration that was required to cause
50% hemolysis is reported as kifowhere the absorbance from TRIS
saline containing no polymer was used as 0% hemolysis. The value of
percent hemolysis was reported in cases where it was below 50%
hemolysis at the highest polymer concentration tested or above 50%
hemolysis at the lowest polymer concentration tested. Relatively small
absorbances of polymer solution due to residual catalyst at 414 nm, at
the corresponding concentrations, were measured and subtracted from
polymer—-HRBC mixtures. All experiments were run in quadruplicate.

comonomer feed ratio and catalyst-to-monomer ratio were changed in Control experiments were run to monitor the hemolytic activity of TFA-
order to obtain random copolymers with desired comonomer content treated ruthenium catalyst that may be present in trace amounts in

and molecular weights. A mixture @f(0.58 mmol) and (0.29 mmol)
was dissolved in dichloromethane or deuterated chloroform (1.5 mL),

(44) Wolfert, M. A.; Dash, P. R.; Nazarova, O.; Oupicky, D.; Seymour, L. W.;
Smart, S.; Strohalm, J.; Ulbrich, Bioconjugate Cheni999 10, 993—
1004.

(45) Helmerhorst, E. J.; Reijnders, |. M.; van't Hof, W.; Veerman, E. C. |;
Amerongen, A. V. NFEBS Lett.1999 449, 105-110.

15872 J. AM. CHEM. SOC. = VOL. 126, NO. 48, 2004

polymer solutions. Catalyst was dissolved and stirredBfb at 45°C

in TFA followed by evaporation of TFA and dissolution in DMSO
due to the insolubility of TFA-treated catalyst in TRIS saline. It must
be noted that as a result of successive precipitations of the protected
polymer in pentane, the majority of the initial ruthenium catalyst was
removed from the polymer. Elemental analysis, which was performed
to determine the residual ruthenium in the deprotected polymer, did
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polyl poly2 poly3 poly4
Figure 1. Amphiphilic polynorbornene derivatives.

not show the presence of ruthenium down to 0.3 wt % for poly  derivatives using the [(fimes)(3-Br-py}-(Cl),Ru=CHPh] vari-
(Mq = 9950 g/mol) and pol§ (M, = 10050 g/mol). No hemolytic  ant of Grubbs’ catalyst These amphiphilic polymers provide
activity was observed from the TFA-treated catalyst up to a concentra- 5 well-defined model for testing the effect of hydrophobicity
tion of 100ug/mL (10uL of 2 mg/mL solution in DMSO), a higher g molecular weight of cationic polymers on antibacterial and
concentration than the possible residual catalyst at the highest polymerhemolytic activities. The current study involves four types of
concentrations, within the time limits that were used for the hemolysis repeating units 1_4) as shown in Figure 1. All homo- and
assays. ) . o

Y copolymers of these monomers have narrow polydispersities,

Measurement of Antibacterial Activity. Antibacterial activity -
measurements were performed with slight modifications of literature less than 1.3, and encompass a large range of molecular weight

procedured!231Bacteria suspensiong (coli D31 andB. subtiliSATCC from oligomers to high polymers, up to 137 500 g/mol, as
8037) were grown in MuellerHinton Broth (MHB) overnight at 37 determined by THF GPC relative to polystyrene standards prior
°C, diluted with fresh MHB to an optical density of 0.1 at 600 hm to the deprotection of polymét. No preformed and stable
(ODsog) and further diluted by a factor of 10. This suspension was mixed polymeric secondary structure is expected from these macro-
with different concentrations of freshly prepared polymer solutions in - molecules considering the imperfect tacticity of polynorbornene
TRIS saline (pH 6.57.0), by serial dilutions in a 96-well plate, and  derivatives prepared by homogeneous ruthenium cataffst
incubated fo 6 h at 37°C. The ORqo was measured for bacteria 544 the presence ofis—trans isomers on the backbone
suspensions that were incubated in the presence of polymer SOIUtionunsaturations. Furthermore, the asymmetry in the isobutylidene
or only TRIS saline. Antibacterial activity was expressed as minimal group of pol resulting frc;m head-to-head and head-to-tail

inhibitory concentration (MIC), the concentration at which more than : . lead ltiole dvad ibiliti In th f
90% inhibition of growth was observed after 6 h. All experiments were insertions leads to multiple dyad possibliities. In the case o

run in quadruplicate. In a control experiment, the TFA-treated ruthenium "andom copolymers, there is the factor of additional composi-

catalyst did not show any antibacterial activity up to a concentration tional heterogeneity. All polymers are soluble in TRIS saline

of 100ug/mL, a higher concentration than the possible residual catalyst solutions at appropriate pH values (6.5.0).

at the highest polymer concentrations, within the time limits that were  Antibacterial and Hemolytic Activities of Homopolymers.

used for antibacterial activity assays. The hydrophobicity of the repeating unit was observed to have
Determination of Polymer-Induced Leakage of Vesicle Content.  dramatic effect on antibacterial and hemolytic activities of the

The lipid vesicles were prepared with slight modifications of literature amphiphilic polymers. The activity of each homopolymer with

procedures:*2 Cholesterol (1.7«mol) was dissolved in a chloroform similar molecular weights (near 10 000 g/mil,) was probed

solution of SOPC (17.2mol), and the chloroform was subsequently against Gram-negative bactert €olj), Gram-positive bacteria

removed under a nitrogen stream followed by drying under reduced (B. subtilis) and human red blood ,Cells (Table 1). Poha

pressure fo 3 h atroom temperature to obtain the mixture as a dry e . . . .
film. The dried film was hydrated by addition of 2 mL of buffer ~Cationic polymer with no substantial hydrophobic group, did

containing calcein (40 mM) and sodium phosphate (10 mM, pH 7.0). Not show any antibacterial or hemolytic activity within the
The suspension was vortexed for 10 min. The suspension was sonicatedN€asured concentrations. This result is consistent with the
3 times in a bath type sonicator (Aquasonic 150 HT) at room previously reported lack of activity against phospholipid
temperature and freez¢hawed after each sonication. The nonencap- membraneé? Introduction of a hydrophobic group at the repeat
sulated calcein was removed by eluting through a size exclusion unit level produced an increase in antibacterial and hemolytic
Sephadex G-25-150 column with 90 mM sodium chloride, 10 mM  activities, which depended on the size of hydrophobic group.
sodium phosphate buffer (pH 7)_as eluent. The average si_ze of ve_:sicle9p0|ﬂ, with an isopropylidene pendant group, exhibited anti-
was measured to be 1 tadn in diameter, as determined using optical bacterial activity with an MIC of 20Qig/mL againstE. coli,

microscopy (ZEISS Axiovert S100TV). The preparation of negatively which is less efficacious than most antimicrobial peptides and

charged SOPS/SOPC vesicles and the measurement of polymer-induceq, .~ . . . .
calcein leakage from lipid vesicles were performed according to a %e" mimics that have MICs typically ranglng between 1 gnd
50 ug/mL 1389.1¥1647However, pol® remained nonhemolytic

literature proceduré ) .

up to the measured concentration of 4Q@mL, thus giving
Results and Discussion a selectivity, defined as the ratio of o MIC,1 greater than
20. Poly8 with an additional carbon atom per repeat unit is more
hydrophobic than pol, and has additional mobility of the
pendant alkyl group. PoB/exhibited a substantial increase in

Amphiphilic Polynorbornene Derivatives. We probed the
biological activities of a class of amphiphilic polymers that were
previously shown to exhibit lipid membrane disruption activi-
ties* The amphiphilic polynorbornene derivatives bearing (46) Frenzel, U.; Nuyken, Ql. Polym. Sci. Part A: Polym. Cher2002 40,
primary amine and variable length alkyl moieties as pendant ., 2895-2916.

(47) Porter, E. A.; Wang, X.; Lee, H. S.; Weisblum, B.; Gellman, SNéture
groups were prepared by ROMP of modular norbornene 200Q 405, 298-298.
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Table 1. Antibacterial and Hemolytic Activities of Homopolymers?@

MIC [ug/mL, (uM)] selectivity (HCso/MIC)
polymer E. coli B. subtilis HCs [ug/mL, (uM)]? E. coli B. subtilis
polyl >500, (>49) >500, (>49) >1000, 98)
poly2 200, (20) 300, (30) >4000, 400) >20 >13
poly3 25,(2.5) 25,(2.5) <1,(<0.1) <0.04 <0.04
poly4 200, (19) 200, (19) <1,(<0.1) <0.005 <0.005

aMp and PDI values are 10 250 g/mol, 1.07 for @hl9950 g/mol, 1.10 for polg; 10 050 g/mol, 1.13 for poly; and 10 300 g/mol, 1.08 for poly M,
and PDI values were determined by THF GPC relative to polystyrene standards, prior to deprotection of the pélpiyecaused 5% hemolysis at 1000
ug/mL, the highest concentration measured. Palgused 25% hemolysis at 4006/mL. Poly3 caused 80% hemolysis agd/mL, and poly caused 100%
hemolysis at ug/mL, the lowest concentrations measured.

Table 2. Effect of Molecular Weight on Antibacterial and Hemolytic Activities?

MIC [ug/mL, («M)]

polymer M, (g/mol) PDI E. coli B. subtilis HCs [ug/mL, (uM)]?
poly2 1600 1.15 200, (125) 300, (188) >4000, ¢2500)
24100 1.10 200, (8.3) 200, (8.3) >4000, ¢ 164)
49 600 1.14 200, (4.0) 200, (4.0) >4000, ¢81)
137 500 1.27 200, (1.5) 200, (1.5) >4000, ¢29)
poly3 1650 1.26 25, (15) 25, (15) <1, (<0.6)
25500 1.17 40, (1.6) 40, (1.6) <1, (<0.04)
57 200 1.70 80, (1.4) 80, (1.4) <1, (<0.02)
poly4 5300 1.09 200, (38) 200, (38) <1, (<0.2)
32 200 1.13 200, (6.2) 200, (6.2) <1, (<0.04)
57 000 1.19 200, (3.5) 200, (3.5) <1, (<0.02)

aM, and PDI values were determined by THF GPC relative to polystyrene standards, prior to the deprotection of pBlylyRsrcaused 2625%
hemolysis at 400&kg/mL. Poly3s caused 7880% hemolysis at kg/mL. Polyls caused 100% hemolysis apd)/mL.

antibacterial activity, with an MIC of 2mg/mL for both E. larger surfaces than lower molecular weight polymers. However,
coli andB. subtilis as well as hemolytic activity, an Hgof it should be noted that this approach underestimates the possible
less than Jug/mL (Table 1). This increase in antibacterial and effect of the increase in the number of electrostatic and
hemolytic activity with increasing hydrophobicity is in ac- hydrophobic interactions at the membrane surface as a conse-
cordance with literature reports that predict larger hydrophobic quence of covalent connectivity resulting from higher molecular
groups will have stronger interactions with the inner core of weights. One of many possible advantages of high molecular
cell membranes leading to loss of selectiityHowever, in weight polymeric systems would be the ability of using them
the case of pol, when the hydrophobic size was further at relatively low molar concentrations if that is a requirement
increased the hemolytic activity was retained, but the antibacte- of the target application.
rial activity decreased to an MIC of 20@g/mL. In many
instances, hydrophobic interactions have been reported to contro
hemolytic activities; whereas charge interactions are suggestect
to be more important for antibacterial activity.These results
show that the presence and balance of hydrophobic and
hydrophilic groups dictate the antibacterial and hemolytic
activities of the amphiphilic nonnatural polymer in agreement
with natural peptide studies.

The effect of molecular weight on antibacterial and hemolytic
activities was investigated for pdly poly3, and poly (Table
2). Changes in molecular weights over a large range did not

result in significant changes in antibacterial and hemolytic . . . .
L . . - copolymer formation. This synthetic approach easily allows
activities of poly2 and poly. The antibacterial activity of po8/ . o .
various compositions to be explored in contrast to polyconden-

was observed to increase moderately as the molecular weight” ™ . . 3
decreased from 57 200 g/mol to 10 300 g/mol or lower. Overall S21ON approaches earlier reporféd? Poly(2-co-3), the
there was no substantial molecular weight dependence Onraqdom copolymer .02 ands with a final comonomer molar
antibacterial or hemolytic activities of these homopolymers if rat|_o of 9/_1 resp_e(_:twely and akl, of 12 OQO g/mo_l _showed
activity is reported in mass/volume rather than molarity. In the antlbacterla! activity near that of pdywhile retaining the
most commonly suggested mechanisms for membrane disruptiod'°nnemolytic character of pay(Table 3). Remarkably, 10%
based on amphiphilic peptides, there is some type of cooperative®’ cOmonomes content was enough to bring the antibacterial
action, in either pore formation or coverage of the surface in a 2ctivity near homopolymers & and exhibit excellent selectiv-
carpetlike mannets If the membrane disruption activity is 1Y, @ ratio greater than 100. In comparison, a Magainin
associated with the accumulation of the macromolecule on the derivative, MSI-78, showed a selectivity of 9.6 as determined
membrane surface, it is a germane approach to report MIC
values in units of mass/volume. Otherwise at the same molar (48) Tew, G. N.; Liu, D. H.; Chen, B, Doerksen, R. J.; Kaplan, J.; Carroll, P.

. . . J.; Klein, M. L.; DeGrado, W. FProc. Natl. Acad. Sci. U.S.2002 99,
concentrations higher molecular weight polymers would cover 5110-5114.

Antibacterial and Hemolytic Activities of Random Co-
olymers. The results from homopolymerization studies have
hown the strong influence of subtle structural changes on the
biological activities of these amphiphilic polymers. The low
hemolytic activity of poly and strong antibacterial activity of
poly3 suggest that copolymerization of monomgiend3 would
be a facile synthetic approach to optimize activity and selectivity.
Random copolymers consisting of different comonomer ratios
of 2 and 3 were prepared without compromising narrow
polydispersities. In sitdH NMR analysis revealed the equal
disappearance rates of both monomers, suggesting random
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Table 3. Activities of Random Copolymers of 2 and 3@

MIC [ug/mL, (uM)] selectivity (HCso/MIC)
polymer My(g/mol) PDI 2/3 E. coli B. subtilis HCs [ug/mL, (uM)]* E. coli B. subtilis
poly(29-co-31) 12000 1.09 9/1 40, (3.3) 40, (3.3) >4000, ¢333) >100 >100
poly(2,-co-3;) 15300 115 2/1 40, (2.6) 40, (2.6) >4000, +261) >100 >100
93700 121 21 80, (0.9) 80, (0.9) >4000, -43) >50 >50
poly(2:-co-35) 8500 1.09 12 40, (4.7) 40, (4.7) <1,(<0.12) <0.025 <0.025
32600 1.19 1/2 80, (2.5) 80, (2.5) <1, (<0.03) <0.013 <0.013
poly(21-co-34) 11800 115 1/4 40, (3.4) 40, (3.4) <1, (0.08) <0.025 <0.025

aM, and PDI values were determined by THF GPC relative to polystyrene standards, prior to the deprotection of pdlgmeomonomer ratios in the
copolymers were determined B NMR analysis € Poly(2s-c0-3;) caused 15% hemolysis and pdy{co-3;)s caused 2825% hemolysis at 4000g/mL.
Poly(2:-co-37)s caused 6670% hemolysis and pol2{-co-34) caused 75% hemolysis atuly/mL.

100

1 Cholesterol/SOPC %0 inactive against neutral vesicles and showed little disruption of
SOPS/SOPC \§ negatively charged vesicles at the measured concentrations
80 - &k&\ (Figure 2). Poly?2,-co-3;)s were found to exhibit increased
\\& activity against negatively charged vesicles while retaining low
@ 60 \\ activities against neutral vesicles, with a selectivity near 6.3oly
S 44 R was highly active against both types of membranes with a lower
® 40 selectivity of 2. The above results confirm the membrane activity
of these biologically active high molecular weight polymers but
20 4 13 unde)resdtimate the degree of selectivity measured for pgly(
S c0-3;)s during in vitro experiments.
0 ° A . . Conclusion

Figure 2. Lysis of neutral vesicles (Cholesterol/SOPC) and negatively Amphiphilic polymers b_as_ed on mOd_Ular no_rbome_n_G_ deriva-
charged vesicles (SOPS/SOPC), at 3 min, caused g28L poly2 (A), tives were shown to exhibit good antibacterial activities and

Mn = 9950 g/mol; polyg.-co-3) (B), M = 15 300 g/mol; and polyd) high selectivity for bacteria versus red blood cells. This class
(C), My = 10 500 g/mol. Percent lysis values are given on top of the bars. of polymers was prepared through a ROMP-based facile
synthetic strategy that allows excellent control over monomer
composition, molecular weight, polydispersity, and amphiphi-
licity. Small modifications to the hydrophobic character of the
cationic amphiphilic polymer were shown to dramatically
change the antibacterial and hemolytic activities. Tuning the
hydrophobic/hydrophilic balance and molecular weights of these
copolymers allowed preparation of highly selective, antibacterial
nonhemolytic macromolecules. Desired biological activities were
maintained across a large range of molecular weights. Further-
more, this study showed the preparation of fully synthetic high
molecular weight polymers that mimic the activities of host-
defense peptides in the absence of a specific secondary structure.

in control experiment? Poly(2,-co-3;)s have also shown high
selectivity where antibacterial activity was slightly decreased
with increasing molecular weight as in the case of foljhese
copolymers, with selectivity values reaching over 100, are
powerful examples of the ability to obtain good antibacterial
activity from nonhemolytic polymers by fine-tuning the hydro-
phobic/hydrophilic balance and molecular weight. P2iy¢o-

32)s and polyR;-co-34)s exhibited high hemolytic activities

in accordance with the increased content of hemolytic comono-
mer 3.

Disruption of Lipid Vesicle Membranes. Polymer-induced
fluorescent dye leakage from negatively charged and neutral
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