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ABSTRACT: Water resistant polymer with adhesive behavior is reported to exhibit long-term antimicrobial activities under diverse con-

ditions. To obtain highly adhesive polymer with prolonged antimicrobial activities and catechol moiety, 2-chloro-30,40-

dihydroxyacetophenone (CCDP) has been quaternized to poly(dimethylaminoethyl methacrylate) (PDMA). Later, for gaining the anti-

microbial effects, the polymer (CCDP-q-PDMA) was quaternized with 1-bromododecane (C12) [CCDP/C12-q-PDMA]. X-ray photo-

electron spectroscopy rectified the quaternization and adhesion of the polymer onto different substrates. The CCDP/C12-q-PDMA

coated substrates exhibited remarkable bacterial killing efficiency against both Gram-positive Staphylococcus aureus and Gram-negative

Escherichia coli, after incubation for 24 h. The remarkable antimicrobial activities exhibited in aqueous medium at 60�C for up to 60

days indicate the strong adhesiveness of CCDP/C12-q-PDMA on the substrate. Therefore, the synthesized polymer offers merit as a

potential coating material, to protect a broad range of material from microbial contamination, for a prolonged period of time, under

a highly stressed water environment. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40708.
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INTRODUCTION

At present, contamination of the surfaces of various organic

and inorganic materials by different kinds of microorganisms

has been a major global issue in different fields like medical

devices, healthcare products, water purification systems, hospi-

tals, dental office equipment, food packaging, household sanita-

tion and so forth.1–4 The surfaces act as reservoir for the

deposition of various microbes, by forming a biofilm, which

results in the destruction of the material itself as well as the

source of spreading infections.5 To avoid this adverse situation,

a bioactive surface is highly desirable, which can put off bacte-

rial contamination. Strategies have been taken under considera-

tion, by preparing surfaces with antibiotics, surfactants,

triclosan and so on.6–9 The immobilization of antimicrobial

peptides is being exhaustively investigated.10,11 Although these

mentioned materials have some great advantages, the potential

local toxicity, susceptibility to proteolysis, pH sensitivity, sensiti-

zation and allergy after repeated applications, and the cost of

synthesis represent the main disadvantages.12–14 To date, a num-

ber of antimicrobial polymers have been reported, and some

studies have achieved very promising results, behind which the

“permanent immobilization via coating of these polymers onto

the surface” is the favored argument.15,16 But shortcomings still

remain, regarding the coating procedures, adhesive properties of

the coating materials, and antimicrobial properties of the mate-

rials after coating and so forth.17 Another drawback of the

reported antimicrobial polymer is the lack of resistance to sta-

bility in aqueous media. So, substrates coated with this type of

polymer are not protected from microbial attack, when they are

applied in an aqueous environment.18 As an adhesive material,

catechol is regarded as being responsible for impressive adhesive

properties.19–21 The finding has stimulated great interest in

exploiting catechol for improving interfacial adhesion on differ-

ent materials. Under alkaline condition, a quinone form of cate-

chol is formed through self-polymerization with the

accompanied oxidation of catechol groups, and is able to show
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adherent properties on many substrates.22,23 The oxidized qui-

none form of catechol further allows it to participate in reac-

tions with various functional groups, including thiol, amine,

and quinone itself, via Michael addition or Schiff base reaction,

to produce covalently grafted functional layers.22,23

The goal of this study is the development of a water resistant antimi-

crobial polymer, having the ability to coat a wide range of substrates

with antimicrobial activity, following a simple and convenient

method. The catechol and hydrophobic alkyl group have been con-

jugated to poly(dimethylaminoethyl methacrylate) (PDMA), follow-

ing quaternization, to be a highly adhesive material that can be

applied on a broad range of substrates. The polymer was well charac-

terized by 1H-NMR and Fourier transform infrared (FTIR), and

X-ray photoelectron spectroscopy (XPS) investigation was applied

to characterize the polymer, as well to rectify the successful coating

on substrate. The antibacterial effect of polymer coated substrates

was carried out against Gram-positive Staphylococcus aureus and

Gram-negative Escherichia coli, which was shown to offer highly

effective and stable antimicrobial activity under wet process.

EXPERIMENTAL

Materials

2-Mercaptoethanol, dimethylaminoethyl methacrylate (DMA),

tetrahydrofuran, 2-chloro-30,40-dihydroxyacetophenone (CCDP),

ethanol, 1-bromododecane (C12), trizma base (99%, Sigma),

trizma HCl (99%, Sigma), diethyl ether, hexane, S. aureus,

E. coil, MRS, LB, ager, and d-chloroform (CDCl3) reagent were

purchased from Sigma Aldrich Reagent Company.

Synthesis of (2-chloro-30,40-dihydroxyacetophenone/1-

bromododecane) Quaternized Poly(dimethylaminoethyl

methacrylate) (CCDP/C12-q-PDMA)

PDMA terminated with a hydroxyl group at one end was pre-

pared by chain transfer polymerization, using 2-mercaptoethanol

as a chain transfer agent. The PDMA (0.1 mmol) and 2-chloro-

30,40-dihydroxyacetophenone (CCDP, 1.5 mol) was dissolved in

50 mL of anhydrous ethanol in a 250-mL flask, following our

previous report of preparing CCDP-q-PDMA.21 The mixture was

stirred for 48 h at 70�C. After stirring, the solvent was evaporated

in a rotary evaporator. Diethyl ether was added in the polymer,

to form precipitation. The resulting CCDP quaternized PDMA

(CCDP-q-PDMA) was dried in vacuum and analyzed. The yield

of the product was 75%.

Finally, CCDP-q-PDMA (0.1 mmol) and 1-bromododecane (8.5

mol) were dissolved in 80 mL of anhydrous ethanol in a 250-

mL flask. The mixture was stirred for 24 h at 80�C. After stir-

ring, the solvent was evaporated, using a rotary evaporator.

Diethyl ether was added in the polymer, to form precipitation.

The resulting CCDP/C12-q-PDMA was dried in vacuum and

analyzed. The yield of the product was 80%.

1H NMR (400 MHz, D2O, d): 3.9–4.1 (2H, OCH2), 2.3–2.6 (2H,

CH2), 0.6–0.9 (3H or 2H, CH3, or CH2), 0.9–1.1 (18H, (CH2)9),

1.8–2.3 (3H, NCH3), 3.9–4.1 (2H, CH2), 6.8–7.4 (1H, CH).

Surface Modification by CCDP/C12-q-PDMA

Surface modification using CCDP/C12-q-PDMA was performed,

by immersing substrates in a buffer solution of (10 mM Tris,

pH 8.5), methanol with 10 mg/ mL of (catechol/C12) quater-

nized PDMA at room temperature. After 24 h of incubation,

the coated substrates were rinsed extensively with deionized

water, and dried under a stream of argon, for further

experiments.

Characterization

CCDP/C12-q-PDMA was characterized by 1H-NMR (Bruker

AVANCE 400 spectrometer operating at 400 MHz), using d-

chloroform as a solvent. FTIR (Thermo scientific, Nicolet 380)

spectrometer was also used to characterize the synthesis CCDP/

C12-q-PDMA. The spectra, including the background scan,

were collected at a resolution of 4 cm21, and 128 scans were

averaged. XPS spectra were obtained to measure the surface

Scheme 1. Illustration of (a) preparation of surface coated substrates

under alkali condition and (b) the synthesis of CCDP/C12-q-PDMA.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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atomic composition, using an Omicrometer ESCALAB (Omi-

crometer, Taunusstein, Germany), with amono-chromated Al

KR (1486.8 eV) 300 W X-ray source, under ultra high vacuum

(<1029 Torr). The takeoff angle was fixed at 45�, except as oth-

erwise mentioned, and all spectra were calibrated, using the

hydrocarbon C 1s peak (284.5 eV).

Antibacterial Activity

The antibacterial activity of the CCDP/C12-q-PDMA on solid

substrates against Gram-positive bacteria S. aureus (American

Type Culture Collection (ATCC) 25923) and Gram-negative

bacteria E. coli (ATCC 12435) were assessed by a viable cell

counting method, following our previous reports.21,24 A freeze-

dried ampoule of S. aureus and E. coli was opened, and the cul-

tures were carried out on bacterial nutrient agar plate by using

wire loop, and incubated for 24 h at 37�C. After 24 h incuba-

tion, broth cultures of S. aureus and E. coli were prepared by

inoculating one colony into 10-mL sterilized nutrient broth,

which was then incubated at 37�C overnight, under shaking at

150 rpm. The composition of 1 L of nutrient broth, for S. aur-

eus, was 10.0 g of peptone, 5.0 g of NaCl, 5.0 g of beef extract

(MRS broth) at pH 7 and for E. coli, was 10.0 g of bactotryp-

tone, 5.0 g of yeast extract, 10 g of NaCl (Luria-Bertani); 20.0 g

of agar powder was added, to prepare solid nutrient agar.

Figure 1. (a)1H-NMR spectrum of CCDP/C12-q-PDMA and (b) FTIR spectra of CCDP-q-PDMA and CCDP/C12-q-PDMA.
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Overnight cultures were measured by UV-vis spectroscopy at

600 nm, with absorbance adjusted to 0.6 to confirm the turbid-

ity standard according to the McFarland scale, and at this stage

the cultured contained about approximately 108 cells/mL. Then,

the microorganism suspensions were diluted, and the suspen-

sion used for the tests contained 105 to 106 colony forming

units (CFU). For evaluation of antimicrobial activity, the bacte-

rial (S. aureus, E. coli) suspension having a concentration of

106/mL was sprayed using a chromatographic sprayer on the

prepared slides. Slides were dried in air and placed in Petri

dish, and growth agar was added. The Petri dishes were sealed

and further incubated at 37�C for 24 h. An uncoated slide was

used as standard, and the number of viable colonies grown was

used as reference.25 For long-term antimicrobial activities of

CCDP/C12-q-PDMA, the coated substrate was immersed in

water in a Petri dish, and incubated at 25 and 60�C for up to

60 days. After the desired time interval, the PP films were col-

lected, and the antimicrobial activity was investigated, following

the method mentioned earlier. The investigated coated PP films

were washed properly, immersed in water again, and incubated,

following the same condition.

Fluorescence Microscopy

A LIVE/DEAD BacLight bacterial viability kit (L-7007, Invitro-

gen, Carlsbad, CA) was used to determine the bacterial cell via-

bility. CCDP/C12-q-PDMA coated PP surfaces were prepared by

the same procedure as described earlier, except that PP surfaces

with an original size of 2.0 3 2.0 cm2 were used. A solution of

mixed SYTO 9 and PI dyes was prepared according to the

Figure 2. Contact angle investigation on different substrates after coating

with CCDP/C12-q-PDMA.

Table I. Investigation of the Thickness of the Surfaces After Coating with

CCDP-q-PDMA and CCDP/C12-q-PDMA by Elipsometer

Sample
Thickness (Å)
without NaIo4

Thickness (Å)
with NaIo4

CCDP-q-PDMA 12.10 6 5.64 13.64 6 3.08

CCDP/C12-q-PDMA 6.22 6 4.76 12.05 6 3.04

Figure 3. XPS survey spectrum of CCDP/C12-q-PDMA. (a) Wide-scan

XPS spectra and (b) narrow scan of N1s spectra.

Figure 4. Optical images to show the transparency of CCDP/C12-q-

PDMA before and after coating on PP, PVC, and PET surfaces. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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manufacturer’s instructions. The bacterial suspension (1 mL, 5

3 105 CFU/mL) was mixed with fluorescent dyes (10 mL) for

15 min. This bacterial suspension with the dyes (10 mL) was

dropped onto CCDP/C12-q-PDMA coated PP surfaces or

untreated PP surfaces (control), and a glass coverslip (2.0 3 2.0

cm2) was placed on the droplet. This slide sample was incu-

bated with shaking at 200 rpm for 1 h at 37�C. The slide was

also placed in the dark to avoid the bleaching of the fluorescent

dyes by ambient light. The slide was examined using a fluores-

cence microscope (LSM 510, Carl-Zeiss). Images were obtained

using an oil immersion 20 objective lens.

RESULTS AND DISCUSSION

Polymeric materials play a fascinating role, with the potentiality

to assist the researcher in searching for a better way to develop

antimicrobial polymer that can easily bind to the surfaces of the

matter.21,26 But when substrates coated with antimicrobial poly-

mer come into contact with aqueous medium, the long-term

antimicrobial efficiency is difficult to gain. Therefore, their short

time activity results in the demand to search for a way to

achieve their long-term activity. The strategy can be considered

as developing a polymer having highly anchoring properties,

under aqueous medium, onto a wide range of substrates accom-

panied with antimicrobial attributes. In the construction of pre-

paring surface coated substrates, we have synthesized a polymer

showing both adhesive and antimicrobial properties, where we

have first prepared PDMA. PDMA was synthesized, using 2-

mercaptoethanol as a chain transfer agent, and AIBN as an ini-

tiator, following radical polymerization.24,27 To show adhesive-

ness of the polymer, we integrated 2-chloro-30,40-
dihydroxyacetophenone (CCDP) into the prepared PDMA, fol-

lowing quaternization, and to achieve antimicrobial effects, fur-

ther quaternization of the remaining DMA segment was

allowed, using long chain 1-bromododecane (CCDP/C12-q-

PDMA).21 The overall synthesis routes of CCDP/C12-q-PDMA

are presented in Scheme 1(b). First, catechol moiety (CCDP)

was quaternized with PDMA, to get CCDP-q-PDMA. Figure

1(a) 1H-NMR investigation indicates that the degree of quater-

nization was estimated to be 15 catechols per PDMA backbone,

derived from comparing the relative integration of the methyl

proton of PDMA at 1.8–2.3 ppm and the aromatic protons of

CCDP at 6.8–7.4 ppm. As a consequence, to finally achieve the

antimicrobial property, the existing remains of grafted PDMA

were further quaternized, followed with 1-bromododecane

(C12). The 1H-NMR peak at 0.9–1.1 ppm was attributed to the

methylene proton (18H, (CH2)9) of 1-bromododecane, where

85 units of 1-bromododecane was quaternized with PDMA in

Figure 1(b) FTIR spectroscopy was further performed, to

Figure 6. Photographs of colonies with CCDP/C12-q-PDMA coated on PP film and untreated PP film against Gram positive (S. aureus) and Gram nega-

tive (E. coil). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Bacterial cell killing efficiency (%) of CCDP/C12-q-PDMA coated

PP film under highly stressed as a function of time (a) at 25�C, and (b) at

60�C against Gram positive (S. aureus) and Gram negative (E. coil).
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characterize the CCDP-q-PDMA and CCDP/C12-q-PDMA. Fig-

ure 1(b) shows the FTIR spectrum of the polymers, where the

absorption bands at 1510 cm21 confirmed the presence of the

ring stretching from CCDP, and the peak at 2921 cm21 indi-

cates the presence of alkyl chain of 1-bromododecane in the

PDMA.21

To verify the adhesive properties of CCDP/C12-q-PDMA as

coating material, we selected different type of substrates. All the

investigated substrates were washed properly, and coating on

the surfaces was performed, by dipping in CCDP/C12-q-PDMA

solutions. Before characterization, all coated substrates were

dried at 45�C for 24 h. The significance of a coating material is

strongly dependent on its surface properties, like wettability,

morphology and so forth.28 Taking this into consideration, con-

tact angle examination was conducted. From Figure 2, it is seen

that the contact angle was significantly increased, compared to

the bare surfaces of Si wafer, titanium, quartz, and Au; whereas

it was decreased, when the polymer was used as a coating mate-

rial on the polymer surfaces of polyvinyl chloride (PVC), poly-

ethylene terephthalate (PET), PP, polycarbonate (PC), and

polystyrene, which was indicated by the adhesiveness of the syn-

thesized polymer. To strongly support the adhesiveness, we

investigated the thickness of the substrates, using elipsometer

before and after using NaIO4. A change in thickness has been

found, when CCDP/C12-q-PDMA was used as the coating

material. Before adding NaIO4, the thickness was around 6.22

Å; whereas, it became double after the addition of NaIO4, as in

Table I. The increased thickness clearly indicates the adhesion of

the CCDP/C12-q-PDMA polymer onto the surfaces. Figure 3(a)

presents the wide scan spectrum, showing the presence of nitro-

gen and bromine. Figure 3(b) reports the narrow scale XPS

spectra related to nitrogen, where it is seen that there are two

peaks at 397.2 and 401 eV, corresponding to the quaternary and

tertiary nitrogen of PDMA.21 The XPS results rectify the suc-

cessful quaternization of PDMA by 1-bromododecane.

Transparency of coating material is a highly attractive feature,

and strongly demanded in various fields. Considering this

attribute, the optical properties of CCDP/C12-q-PDMA coated

PP, PVC, and PET were conducted. Figure 4 shows a clear,

well visible insight of the surfaces of all applied materials,

indicating the significant transparent property of CCDP/C12-

q-PDMA.

Finally, the ability of the coating materials to prevent microbial

contamination was conducted, by measuring the bacterial cell

killing efficiency on CCDP/C12-q-PDMA coated PP surface,

against Gram-positive S. aureus and Gram-negative E. coli, after

24 h. The properties of CCDP/C12-q-PDMA, which showed

100% killing efficiency against both type of bacteria, indicates

high antimicrobial activity by CCDP/C12-q-PDMA. Figure 5

represents quantitative data of the investigated antimicrobial

activity of CCDP/C12-q-PDMA. The main goal of our work is

to prepare a highly adhesive coating agent, showing antimicro-

bial activities under high stress condition in water, for a pro-

longed period of time. As a corollary, antibacterial assessment

against both types of bacteria on the surface of CCDP/C12-q-

PDMA coated on PP film was repeatedly examined at 25 [Fig-

ure 5(a)] and 60�C [Figure 5(b)], for 60 days. The coated PP

films were immersed in water, and on different days they were

collected, to evaluate the antimicrobial activity. Figure 5(a,b)

indicate the highly efficient antimicrobial properties, with 100%

killing efficiency. This result indicates two potential attributes of

CCDP/C12-q-PDMA: one is the highly adhesive behavior of

CCDP/C12-q-PDMA in aqueous medium, due to the anchoring

behavior of catechol; and the other is the long-term antimicro-

bial activity of 1-bromododecane from CCDP/C12-q-PDMA. As

shown in Figure 6, after 24 h of incubation, dense bacterial col-

onies were observed on the control MRS agar for S. aureus and

LB agar for both E. coli. However, the MRS and LB agar plates

with the CCDP/C12-q-PDMA coated PP film exhibited no

growth of bacterial colonies, indicating excellent antibacterial

activity. The findings from antibacterial investigations indicate

that materials can be protected, after using CCDPC12-q-PDMA

as a coating material, enabling their durability for long period

Figure 7. Fluorescence microscopy images of bacteria untreated [(a) S.

aureus; (b) E. coli] and treated with CCDP/C12-q-PDMA [(a) S. aureus;

(b) E. coli] for 1.0 h after staining with SYTO 9 and PI. The scale bar is

20 mm. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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of time, without acting as a source of any contamination to the

environment.

The viability of bacterial cells on the surface was further exam-

ined by staining, using the bacterial LIVE/DEAD fluorescent

dyes. The effects of treating Gram-negative and Gram-positive

bacteria with CCDP/C12-q-PDMA are shown in Figure 7. For

the uncoated PP surface as control, most bacterial cells fluor-

esced green, indicating that these cells were viable. The fluores-

cence microscopy images show that the cell viability, in the case

of the control samples, is clearly seen by green fluorescence and

the cells treated with the compound show complete membrane

permeabilization, as indicated by red fluorescence in Figure

7(a,b) S. aureus and E. coli, respectively. This shows that the

bacteria were not able to adhere strongly onto these surfaces,

which is advantageous for the surface to retain antimicrobial

activity.

CONCLUSIONS

In conclusions, we have successfully synthesized water resistant

polymer, CCDP/C12-q-PDMA. The developed CCDP/C12-q-

PDMA exhibited extreme anchoring properties onto a wide

range of substrates. Antibacterial killing efficiency investigation,

against both Gram-positive and Gram-negative investigated bac-

teria, show that it can be applied to achieve prolonged antimi-

crobial activity in water under diverse circumstances, which can

protect the substrates from microbial contamination.
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