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ABSTRACT: A new methacrylamide monomer (MAMP) containing a pyridine moiety was synthesized by reacting
methacrylic anhydride and 3-(aminomethyl) pyridine. The monomer was homopolymerized in 1,4-dioxane and
copolymerized withN-isopropyl acrylamide in DMF at two different compositions using AIBN as an initiator.

The pyridine groups of the homopolymer and copolymers were reacted with various bromoalkanes containing
12, 14, and 16 carbon alkyl chains to obtain the polymers with pendant pyridinium groups. The monomer and
polymers were characterized by elemental analysis, NMR, FTIR, SEC, TGA, and DSC. The neutral and quaternized
copolymers with low MAMP content were water-soluble and showed temperature-responsive behavior in aqueous
solutions. The lower critical solution temperatures (LCSTSs) of these polymers varied between the temperatures
of 25 and 42°C. The LCST of quaternized copolymers were higher than that of the neutral copolymer because
they were more hydrophilic. The LCST of the quaternized copolymers decreased with an increase in the alkyl
chain length on the pyridinium group because the copolymers became more hydrophobic this way. The antibacterial
activities of water-soluble copolymers were investigated agatephylococcus aureusnd Escherichia coli

using the broth dilution and spread plate methods, whereas the water-insoluble polymers were tested for the
antibacterial activity against the same types of bacteria using the shaking flask method. The quaternized water-
soluble copolymers showed excellent antibacterial activities against both types of bacteria, whereas the neutral
polymers and quaternized water-insoluble homopolymers and copolymers were not active.

Introduction the positively charged QACs are adsorbed onto the negatively
charged cell surface by electrostatic interaction, and then the
long lipophilic chain promotes diffusion into and/or through the
cell wall.*?2 The long alkyl chains, especially as multiple groups
acting in concert along the polymer chain, disrupt the cytoplas-
mic membrane and cause the loss of cytoplasmic constituents,
which results in the death of the microorganisth¥’ The
antibacterial activity of the QACs is strongly dependent on the
overall molecular structure and chain length of the alkyl chain.
It has been shown that an increase of the alkyl chain length of
an amphiphilic compound, i.e., to 14 carbon alkyl chains,
disinfectants and preservatives in pharmaceutféals. increases the antibacterial activity of the compound against both

: , Gram-negative and Gram-positive bactérias3*

Some of the commonly used low-molecular-weight antibacte-
rial agents are fluoroquinoloné;2s quaternary ammonium Two approaches are generally employed for the attachment
salts*~7 biguanide group® and phosphonium saltd2728 of these antibacterial agents to polym&dhe first approach
Among these an“bactena' agents’ quaternary ammonium Com_inVOIVeS the intl’OdUCtion Of the antlbaCtel’Ia| agenlS to mono-
pounds (QACS) have been the most W|de|y used adé]"ﬁ:%; mers, fo"oWed by the|r pOlymel’Izatlon ThIS methOd haS the
They have some advantages over other antibacterial agentsadvantage that the monomers can be polymerized with several
including excellent cell membrane penetration properties, low Other comonomers and the composition can be varied easily.
toxicity, good environmental stability, lack of skin irritation, ~The second approach, on the other hand, involves the linking
low Corrosivity, and extended residence time and bi0|ogica| of the antibacterial agents direCt'y onto preformed functional
activity.2® Common characteristics among quaternary am- Polymers. The advantage of using this method is that the
monium compounds are that they possess both a positive ChargéUﬂCtiOI’\aJ polymers can be modified with different antibacterial
and a hydrophobic segmefit:32 Quaternary ammonium com-  agents and the degree of modification can be controlled.
pounds with a long alkyl chain have the ability to Kill Recently, our group has focused on the synthesis of various
microorganisms such as bacteria, fungi, and molds by interactingantibacterial polymers containing pendant quaternary ammonium
with their cell membrane%:2%331t is generally accepted that compounds. In our previous effort, we have synthesized

antibacterial polymers through the polymerization of methacry-

* Corresponding author. E-mail Lon.Mathias@usm.edu. Address: 118 laté monomers containing quaternary ammonium groups. On
College Drive 10076, Polymer Science, The University of Southern the other hand, in this work, we synthesized preformed
';";?'ﬁf'lffgg Eg‘ggg@%ﬁé" MS, 39406-0076. Telephord-601-266-4871.  fynctional polymers with pendant pyridine moieties, which were

t Department of Polymer Science. then quaternized to obtain the antibacterial polymers with alkyl

* Department of Biological Sciences. pyridinium pendant sites.

In the last two decades, several antibacterial polymers have
been synthesized by immobilization of low-molecular-weight
antibacterial agents to polymers'® Compared to conventional
low-molecular-weight biocides, antibacterial polymers have the
advantages that they show enhanced antibacterial activity,
reduced residual toxicity, increased efficiency and selectivity,
and prolonged lifetimé:312.1415Antibacterial polymers have
been used as coatings in many areas such as food procé&ssing,
filters,'® and biomedical deviceé$.They have also been used
in the textile industry to form antibacterial fibéfsand as
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A new methacrylamide monomer (MAMP) was synthesized mixture was allowed to react for 30 min afG and 11 h at ambient
and used in the polymerizations. The homopolymer of MAMP temperature. After completion of the reaction, the reaction mixture
and its copolymers witl-isopropylacrylamide (NIPAAm) with ~ Was extracted with water (100 mL), and the organic layer was
two different compositions were synthesized by conventional SeParated and extracted two more times with water. The organic
free radical polymerization techniques. The quaternization of '2Y€r Was passed through a phase separation filter paper in order

- . . _toremove residual water remaining. Finally, the methylene chloride
tbhe homl?(polymer. ?1”(1 go;:])-cilyme(;silvere Cgrrled Iiult uilng var_:_c;]uswas evaporated using a rotary evaporator at ambient temperature
romoalkanes with 12, 14, and 16 carbon alkyl chains. The y, give 5 yellowish solid product in 91% yield (46.48 g, 0.26 mol).
NIPAAmM was used as a comonomer in the copolymers becauseg|em. Anal. Calcd for MAMP: C, 68.16; H, 6.86; N, 15.90; O,

its polymers show a lower critical solution temperature (LCST) 9.08. Found: C, 67.84: H, 7.03: N, 15.70; O, 9.43.

behavior?®4% The homopolymer of NIPAAmM, poly{-isopro- Homopolymer SynthesisMAMP (8.81 g, 0.05 mol) and AIBN
pylacrylamide) (PNIPAAm), is one of the most extensively (0.08 g, 0.5 mmol) were dissolved in 1,4-dioxane (40 mL) in a
studied polymers with an LCST of 32C.A4144 Several 100 mL round-bottom flask. The flask was closed with a rubber

copolymers of NIPAAm have been synthesized in order to Septum, and hwas passed through the flask using syringe needles.
change the LCST. It has been found that the use of hydrophilic The temperature was adjusted to°TQ and the mixture was stirred
comonomers with NIPAAm increases the LCST of the copoly- [Or 24 h. 1,4-Dioxane was evaporated using a rotary evaporator.
mers, whereas the use of hydrophobic monomers decreases thg"e SOlid product was dissolved M,N-dimethylformamide and

30,42 . . precipitated into diethyl ether. It was then reprecipitated from
LCST: In our case, the copolymers with a high NIPAAm methanol into petroleum ether twice. The final white solid product

content and a low comonomer (MAMP) content showed a5 dried in a vacuum oven at ambient temperature to give the
temperature-responsive behavior in an aqueous environmenthomopolymer (5.01 g) in 57% yield. Elem. Anal. Calcd for
The quaternization of these copolymers resulted in the synthesishomopolymer: C, 68.16; H, 6.86; N, 15.90; O, 9.08. Found: C,
of both antibacterial and temperature-responsive copolymers.64.94; H, 7.30; N, 14.35; O, 13.41.

The obtained homopolymers and copolymers were tested for Copolymer Synthesis (50/50 Composition)MAMP (5.29 g,
antibacterial activities again§taphylococcus auretand Es- 0.03 mol), NIPAAm (3.40 g, 0.03 mol), and AIBN (0.10 g, 0.6
cherichia coli The minimum bactericidal concentration (MBC) mmol) were dissolved in DMF (20 mL) in a 50 mL round-bottom
values were determined for water-soluble copolymers using flask. The flask was closed with a rubber septum, apuak passed

broth dilutiorf® and spread plate methotfsThe shaking flask through the flask using syringe needles. The temperature was

, ! . . . ... adjusted to 70C, and the mixture was stirred for 24 h. The final
method was performed to investigate the antibacterial activity mixture was precipitated into diethyl ether. The product was
of water-insoluble polymers.

dissolved in methanol and precipitated into petroleum ether. The
. . final white solid product was dried in a vacuum oven at ambient
Experimental Section temperature to give the 50/50 copolymer (5.39 g) in 62% yield.
Materials and Bacterial Strains. 3-Aminomethyl pyridine and ~ Elem. Anal. Calcd for 50/50 copolymer: C, 65.92; H, 8.33; N,
methacrylic anhydride were purchased from Aldrich Chemical Co. 14.14; O, 11.61. Found: C, 61.82; H, 8.36; N, 13.65; O, 16.17.
All alkyl halides and solvents used in the synthesis were purchased Copolymer Synthesis (90/10 CompositionMAMP (0.88 g, 5
from Acros Chemical Company, Fisher Scientific, or Aldrich mmol), NIPAAm (5.09 g, 45 mmol), and AIBN (0.16 g, 1 mmol)
Chemical Co.N-isopropylacrylamide was purchased from Acros were dissolved in DMF (20 mL) in a 50 mL round-bottom flask.
and recrystallized from hexane twice. 2-Azobis(isobutyronitrile) The flask was closed with a rubber septum, andwés passed
(AIBN) was purchased from Aldrich and recrystallized from through the flask using syringe needles. The temperature was
methanol twice before its use. All other chemicals were used as adjusted to 70C, and the mixture was stirred for 24 h. The final
received. mixture was precipitated into diethyl ether. The white solid product
Tryptic soy agar (TSA) was purchased from Difco Laboratories. was dissolved in methanol and reprecipitated into diethyl ether.
It contained 15.0 g of pancreatic digest of casein, 5.0 g of enzymatic The final white solid product was washed with diethyl ether
digest of soybean meal, 5.0 g of sodium chloride, and 15.0 g of extensively and dried in a vacuum oven at*@for 12 h to give
agar. Tryptic soy broth (TSB) was also purchased from Difco the 90/10 copolymer (3.73 g) in 63% yield. Elem. Anal. Calcd for
Laboratories. It contained 17.0 g of pancreatic digest of casein, 90/10 copolymer: C, 64.13; H, 9.51; N, 12.73; O, 13.63. Found:
3.0 g of enzymatic digest of soybean meal, 2.5 g of dextrose, 5.0 C, 59.80; H, 9.68; N, 11.98; O, 18.54.
g of sodium chloride, and 2.5 g of dipotassium phosphate. Bacterial ~ Quaternization of Polymers.Homopolymer (0.5 g) and excess
strains used for antibacterial activity tests includsd aureus 1-bromododecane, 1-bromotetradecane, or 1-bromohexadecane (5.0
RN4220 ancE. coli TOP10 strain. The strains were kept-a80 g) were mixed in 8 mL of a 5/3 volume mixture of methanol and
°C in a freezer. acetonitrile solvent system in a test tube. The test tube was closed
Measurements.’3C and*H NMR spectra were collected on a  with a rubber septum and kept in an oil bath at’60 The mixture
Varian 300 MHz NMR in CDCG and DMSOes with tetrameth- was stirred at this temperature for 48 h. At the end of the reactions,
ylsilane (TMS) as the internal reference. FTIR spectra were recordedeach mixture was precipitated into diethyl ether. Each solid product
on a Mattson Galaxy series FTIR 5000 spectrometer using pressedbtained was dissolved in methanol and reprecipitated into diethyl
KBr pellets. Thermal analyses were performed on a TA Instruments ether three times. Finally, the polymers were dried in a vacuum
analyzer equipped with a 2920 differential scanning calorimeter oven at 40°C for 8 h and at ambient temperature overnight. The
and a 2960 thermal gravimetric analyzer cells using heating ratesquaternized homopolymers obtained using 1-bromododecane, 1-bro-
of 10 °C/min under nitrogen purge. Elemental analysis results were motetradecane, and 1-bromohexadecane, respectively, were 0.83 g
obtained from Quantitative Technologies, Inc. Antibacterial assays (yield: 69%), 0.87 g (yield: 67%), 0.72 g (yield: 53%).
were incubated in a Gyromax 737 shaker af@0with a gyration The same procedure and quantities were used for the quater-
speed of 220 rpm. Absolute molecular weights and molecular nization of the 50/50 copolymer. The amounts of the quaternized
weight distributions were obtained by the Viscotek SEC with low- copolymers obtained with 1-bromododecane, 1-bromotetradecane,
angle light scattering. or 1-bromohexadecane were 0.70 g (yield: 75%), 0.63 g (yield:
Synthesis of 3-(Methacrylamidomethyl)-pyridine (MAMP). 64%), 0.55 g (yield: 54%), respectively.
3-(aminomethyl) pyridine (31.35 g, 0.29 mol) and triethylamine A slightly different procedure was used for the quaternization
(44.67 g, 0.29 mol) were mixed in 80 mL of methylene chloride in of the 90/10 copolymer. Although the same quantities were used,
a 250 mL round-bottom flask. The flask was kept in an ice bath to a trace amount of Nal was added into the reaction mixture in order
adjust the temperature to @. Methacrylic anhydride (44.67 g, to optimize the degree of quaternization. The amounts of the
0.29 mol) was added to the mixture dropwise in 30 min. The final quaternized copolymers obtained with 1-bromododecane, 1-85\/
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Scheme 1. Synthesis of the Monomer MAMP and Its Polymers
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motetradecane, or 1-bromohexadecane were 0.45 g (yield: 90%), Figure 1 shows3C NMR results of the monomer MAMP,
0.43 g (yield: 86%), 0.41 g (yield: 82%), respectively. its homopolymer, and the 50/50 copolymer with NIPAAmM. The
Antibacterial AssessmentS. aureusandE. coli were streaked double-bond peaks of the monomer were observed at 120 and
colony was lifted off with a wire loop and placed in SmL of TSB,  4nearance of the backbone peaks (b, ¢, k, I) of the homopoly-
which was then incubated with shaking at q7 for 24 h. At this mer and copolymer at around 464 pr’Jm’ aiso confirms the

stage, the cultures & aureusandE. coli contained approximately .
10° colony-forming units (CFU) per mL. Cultures &f aureusand formation of the polymers. The appearance of three backbone

E. coli containing 10 CFU/mL were prepared by dilution with TSB, ~ P€aks was a result of the tacticity present in the polymers. These
which were used for antibacterial tests. peaks were more noticeable in the homopolymer than they were
The antibacterial activities of the water-soluble copolymers were in the copolymer. The tacticity effects were also observed for
determined by testing different concentrations of the copolymers the polymers at around 718 ppm, where the methyl peak of
againstS aureusandE. coli using broth dilution and spread plate the MAMP monomer is present. The methylene peak e and
methods. A range of concentrations from 20480 toud@mL of pyridine peaks were observed at around 41 and-150 ppm,
each copolymer was prepared using sterile double-deionized watefrespectively, in the monomer, hopolymer, and copolymer
(autoclaved) in 96-well microtiter plates. The test organisms (2 spectra. In the copolymer spectrum, all of the additional peaks
10° CFU, 20uL TSB) were added into each well. In the end, each of the NIPAAm unit were observed. The isopropyl peaks (o

well contained 18@L of water, 20uL TSB, and the test organism.
The microtiter plates were incubated at@for 24 h in a shaker. agdmn)r:sn[;jeg:i?/ggrbonyl peak were observed at 23, 35, and 175

At the end of this period, a small amount of the mixture from each P )
well was pulled out and spread on agar plates using a swab, and In Figure 2,'H NMR spectra of the monomer, homopolymer,
the plates were incubated at 30 for 48 h. The growth of bacterial ~ and 50/50 copolymer are shown. Upon polymerization, the
cells was observed on agar plates. The lowest concentration ofdouble-bond peaks of the MAMP monomer (b and c) observed
antibacterial copolymer at which no growth was observed was at 5.3 and 5.7 ppm disappeared, whereas the backbone peaks
determined as the minimum bactericidal concentration (MBC) value. of the homopolymer and copolymers {bg, and k) appeared

The test was repeated at least four times for each antibacterialgyt qround 1.22.1 ppm. The pyridine peaks (g, h, i, j) were
copolymer. The water/TSB mixture (180/2Q) and water/TSB  ,psored at around 7-8.5 ppm in all three spectra. The amide
mixture (180/20uL) inoculated with test bacterium were used as peak shifted from 6.8 ppm in the monomer to 7.8 ppm in the

negative and positive controls, respectively. . .
The neutral and water-insoluble polymers were tested ag@inst polymers. The methylene peak next to amide group shifted

aureusand E. coli using the shaking flask method, where 5, 10, Upfield and broadened in the polymers. The methyl peak of the
20, and 40 mg of each polymer were mixed with bacteria solution Monomer shifted from 1.9 to 0-0.8 ppm in the polymers.
(2 x 108 CFU) in a 2.5 mL liquid medium (2 mL of water and 0.5  The other peaks of the NIPAAm unit (n, m, and I) were all
mL of TSB) in culture tubes. The tubes were incubated in an oven observed in the copolymer spectrum at 1.0, 3.8, and 7.0 ppm.
at 30°C for 24 h, and the growth of bacteria was observed visibly. Figure 3 shows théH NMR spectra of the 50/50 and 90/10
copolymers. The peaks e and m were integrated, and the ratio
was used to calculate the copolymer compositions. The com-
Synthesis and Characterization of the Monomer and positions were essentially the same as the feed ratios of the
Polymers. The general route for the synthesis of the new monomers. As the content of the MAMP unit was increased
monomer and its polymers is shown in Scheme 1. from 10 to 50%, the intensities of the pyridine peaks (g, rbbv

Results and Discussion
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Figure 1. C NMR spectra of the monomer (MAMP), homopolymer, and 50/50 copolymer (bottom to top).
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Figure 2. 'H NMR spectra of the monomer, homopolymer, and 50/50 copolymer (bottom to top).

f), amide peak (d), methyl peak of MAMP unit (a), and The degree of quaternization (DQ) for each copolymer was
methylene peak next to amide in the MAMP (e) increased.  calculated by integrating methyl and methylene peaks of the
Figure 4 shows théH NMR spectra of the 90/10 copolymer, alkyl units against methyl groups of NIPAAm unit. The DQs
90/10 copolymer-C12, 90/10 copolymer-C14, and 90/10 copol- were found to be more than 90% for all polymers synthesized

ymer-C16. As the neat copolymer was quaternized with bro- here.

moalkanes, the methyl and methylene peaks of the alkyl units Table 1 shows the molecular weights and molecular weight
were observed in théH NMR spectra of all quaternized distributions of the homopolymer and copolymers. The molec-
copolymers at around 0.8 and 1.2 ppm, respectively. All pyridine ular weight of the homopolymer was quite high, perhaps due
peaks shifted downfield after the quaternization of the pyridine. to the strong hydrogen bonding capability of the amide groe[)ﬁl
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Figure 4. 'H NMR spectra of 90/10 copolymer, 90/10 copolymer-C12, 90/10 copolymer-C14, 90/10 copolymer-C16.

Table 1. Molecular Weights and Molecular Weight Distributions of Fourier transform infrared spectroscopy (FT-IR) was utilized
Homopolymer and Copolymers to follow the polymerizations and quaternization reactions of
polymer M Mw PDI the homopolymer and copolymers (Figure 5). The peak assign-
homopolymer 426 000 658 000 1.54 ments for the monomer were made as follows: (HHCout-
50/50 copolymer 76 000 107 000 141 of-plane deformation in pyridine (805 cr), (2) C=C stretching
90710 copolymer 49 000 76000 1.55 in CH;=R1R, (945 cnt?), (3) symmetric G-N stretching

of the MAMP monomer. Intermediate molecular weights were Vibration (1430 cm?), (4) CH, scissors vibration and GH
obtained for the copolymers. As the NIPAAm content was antisymmetric deformation (1465485 cm?), (5) N-H
increased from 50 to 90% in the copolymers, the molecular deformation bend (amide Il band) (1530 ch (6) C=N
weight decreased. PDI values of all polymers were relatively stretching in pyridine (1590 cn), (7) C=C stretching in

low. pyridine and methacrylamide (1660635 cnt?), (8) C=0 CDV
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Figure 5. FTIR spectra of MAMP, homopolymer, homopolymer-C12, 50/50 copolymer, and 50/50 copolymer-C12.

. . . . Table 2. Minimum Bactericidal Concentrations of the Quaternized
stretching (am_lde l band),(1660 Cﬂ?' ©) allphatlc CH, CH, Water-Soluble 90/10 Copolymers againsg. aureusand E. coli
CHz symmetric and antisymmetric stretching (28=D00

cmY), (10) aromatic=CH stretching in pyridine (3050 cr), MBC (ug/mL)

and (11) N-H stretching (3230 cmt). The G=C stretching polymer S. aureus E. coli
peaks 2 and 7 of the monomer disappeared upon polymerization.  90/10 copolymer-C12 640 320
The aliphatic CH stretching peak (peak 9) compared to the 90/10 copolymer-C14 320 160
aromatic CH peaks (peak 10) of the 50/50 copolymer were more ~ 90/10 copolymer-C16 640 320

intense than that of the homopolymer because the aliphatic CH .

content in the 50/50 copolymer is higher. As the quaternization ~ The 90/10 copolymer showed a transition at temperatures
of the pyridine was carried out, the intensity of the aliphatic Petween 25 and 30C. The transition was observed by both
CH peaks (peaks 9 and 4) increased both in the quaternized®?SC (Figure 8) and melting point apparatus (data not shown).
homopolymer and copolymer. The NH stretching peak of the The copolymer was water-soluble below 26 and water-

monomer appeared at around 3230-énOn the other hand,  insoluble above this temperature. As the temperature was raised
this peak was seen at around 335390 cntlin the polymers ~ above 25°C, a white dispersion was formed.
and was split into two peaks. The-®! stretching peak 3 of The phase transition temperatures were also visibly observed

the monomer was observed in the neat homopolymer and 50/for the quaternized 90/10 copolymers (Figure 9). Upon quater-
50 copolymer, whereas this peak disappeared as the polymerglization of 90/10 copolymer, the phase transition temperature
were quaternized. Additionally, the CH out-of-plane deformation increased. This is due to the fact that the quaternized polymers
peak 1 was also present in the neat polymers, whereas this peaRreé more hydrophilic than the neat copolymer. As the length of
disappeared in the quaternized polymers. The amid®l @nd alkyl chain attached to the pyridine group increased from 12 to
C=O0 stretchings were broader in the polymers compared to 14 to 16, the phase transition temperature decreased as a result
the monomer. The same observations applied to the 50/50-C140f the increased hydrophobicity of the copolymer.
copolymer and the 50/50-C16 copolymer. The FT-IR spectra  Antibacterial AssessmentThe antibacterial activities of the
of the 90/10 copolymer and its quaternized forms showed similar water-soluble copolymers were determined by testing different
behaviors. The increase in the intensities of the aliphatic CH concentrations of the copolymers agaiSstureusandE. coli
stretching peaks was less because a smaller amount of pyridineusing broth dilution and spread plate methods. A range of
was present in this copolymer compared to 50/50 copolymer. concentrations of each copolymer was prepared according to
TGA and DSC were used for thermal analysis of the the experimental procedure mentioned earlier. The addition of
polymers. Figure 6 shows both the TGA thermograms and TSB into a 96-well microtiter plate wells containing different
decomposition and glass transition temperatufes0dT) of concentrations of the copolymers in water resulted in precipita-
neat and quaternized polymers. Thg values for the neat  tion of the copolymers. As a result of the precipitation of the
polymers were around 28@®90 °C. The T4 values for the copolymers, the antibacterial activities might be limited because
quaternized polymers were lower than that of the neat polymers.there is less interaction between the copolymers and bacteria
The quaternized copolymers had similarvalues around 260 when the copolymers are solid compared to the case when they
270°C, whereas the quaternized homopolymers had IGyer ~ are in solution. The MBC values of the quaternized water-
values around 216230 °C. The Ty values for neat and  soluble copolymers obtained from broth dilution and spread plate
quaternized copolymers were very close to each other. Thetests are summarized in Table 2.
hydrogen bonding between the (meth)acrylamide groups of the The best antibacterial activity was obtained for the 90/10
polymers was more dominant than the van der Waals interac-copolymer-C14, which had MBC values of 320 and 1&§
tions between the aliphatic pendant side chains in determiningmL againstS. aureusand E. coli, respectively. The other
the Ty values of the copolymers. Th&y value for the guaternized water-soluble copolymers had MBC values of 640
homopolymer PMAMP was 169C (Figure 7). NoTgs were ug/mL against both types of bacteria. Considering that only
observed for the quaternized homopolymers, which might either around 10% of the composition of the copolymers carries
be due to the plasticization effect of the aliphatic side chains pyridinium groups, these copolymers show very good antibacte-
and/or adventitious water that was absorbed by the samples. rial activities. The agar plates showing the MBC resultsc Vv
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Figure 7. DSC thermograms of homopolymer, 50/50 copolymer, and 90/10 copolymer.

225

neutral and quaternized water-soluble 90/10 copolymers againsiobserved for the positive control, which is the water/TSB (180/
S. aureusare shown in Figure 10. The neutral copolymer did 20 «g/mL) mixture inoculated witlS. aureus

not show any antibacterial activity as expected. No growth was
observed for the negative control, which is just the water/TSB S aureusandE. coli using the shaking flask method, where 5,
(180/20 ug/mL) mixture, whereas the bacterial growth was 10, 20, and 40 mg of each polymer was mixed with bact&r@v

The neutral and water-insoluble polymers were tested against
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Figure 8. DSC thermograms of the 90/10 copolymer obtained upon heating and cooling between 10°ghdt4brate of I°C/min.
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Figure 9. Phase transition temperatures for 90/10 copolymers (left to right in each photo: neutral copolymer, copolymer-C16, copolymer-C14,
copolymer-C12).

Figure 10. The MBC results of the water soluble copolymers: (a) neutral 90/10 copolymer, (b, c) 90/10 copolymer-C16, (d) 90/10 copolymer-
C14, (e,f) 90/10 copolymer-C12.

solution in HO/TSB mixture. None of the polymers showed The antibacterial action of polymers containing QACs is
antibacterial activity against both types of bacteria at these mechanistically complex. The target sites of these polymers are
concentrations. the cytoplasmic membranes of bacterial cells. The ponr&etR/
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adsorb onto the bacterial cell surface, diffuse through the cell (12) Tashiro, TMacromol. Mater. Eng2001, 286, 63.

wall, bind to the cytoplasmic membrane, and disrupt the

cytoplasmic membrane. This causes the release of the cyto-

plasmic constituents and death of the bact&id.1’The same

(13) Kenawy, E.; Abdel-Hay, F. |.; EI-Raheem, A.; El-Shanshoury, R.; EI-
Newehy, M. H.J. Polym. Sci., Part A: Polym. Che2002 40, 2384.

(14) Ikeda, T.; Hirayama, H.; Yamaguchi, H.; Tazuke, S.; Watanabe, M.
Antimicrob. Agents Chemothet986 30, 132.

type of action is expected for the newly synthesized temperature-(15) Nonako, T.; Noda, E.; Kurihara, S. Appl. Polym. Sci200Q 77,

responsive polymers. The water-soluble polymers interact better

with the test bacteria, therefore, they show better antibacterial (16) Seong,
€ test bacteria, therefore, they show better antibacte f? (17) Schroeder, J. D.; Scales, J. C. U.S. Patent 20020051754, 2002.

activities compared to the water-insoluble polymers. Althoug
the water-soluble copolymers precipitate upon addition of TSB,

1077.
H.; Whang, H. S.; Ko, $. Appl. Polym. Sci200Q 76, 2009.

(18) Kawabata, N.; Fujita, I.; Inoue, T. Appl. Polym. Scil996 60, 911.
(19) Rosinskaya, C.; Weinberg, A. U.S. Patent 20040106912, 2004.

there might be still some soluble polymer present in the mixtures (20) Sun, G. International Patent WO 00/15897, 2000.

that causes the death of bacteria.

Conclusions
A new methacrylamide monomer (MAMP) with two func-

(21) Kyba, E. P.; Park, J. U.S. Patent 6,051,611, 2000.

(22) Roseeuw, E.; Coessens, V.; Schacht, E.; Vrooman, B.; Domurado,
D.; Marchal, G.J. Mater. Sci.: Mater. Med1999 10, 743.

(23) Coessens, V.; Schacht, E.; Domurado]) DControlled Releas#997,
47, 283.

tional sites was synthesized, homopolymerized, and copolymer-(24) Yang, M.; Santerre, J. Biomacromolecule2001, 2, 134.

ized with NIPAAm at two different compositions. The quater-

nization of the homopolymer and copolymers were carried out
using various bromoalkanes with 12, 14, and 16 carbon alkyl

chains. The quaternized copolymers with low MAMP and high

NIPAAmM content were water-soluble and showed temperature-
responsive behavior, which was controlled by changing the alkyl

chain length in the pyridinium group. The quaternized water-

soluble copolymers showed very good antibacterial activities

against bothS. aureusand E. coli. The neutral and water-
insoluble polymers did not show any antibacterial activities
under the conditions used here.
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