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INTRODUCTION 

Whilst bacteria are often beneficial to humans, 
they can also cause serious infections. The 
World Health Organisation has found that 7% of 
patients in developed countries and 10% in 
developing countries will acquire at least one 
health care-associated infection at any given 
time.1 The overuse of antibiotics has 
exacerbated this situation, and led to the 
evolution of antibiotic-resistant organisms. It 
was estimated that more than 700,000 deaths 
were caused by antibiotic-resistant bacterial 

strains in 2010 and that number is expected to 
surpass 10 million in 2050.2 Bacterial resistance 
to antibiotics can be acquired through four 
principal mechanisms: i) enzymatic inactivation 
or modification of the chemical structure of the 
antibiotics; ii) alteration of the structure of the 
binding sites; iii) alteration of the metabolic 
pathways to avoid the antibiotics; and iv) 
reduction of the accumulation of antibiotics 
through changes in the permeability of cell 
membranes.3 Such mutations call for the 
development of antibiotics which exploit 
different mechanisms of action against bacteria. 

ABSTRACT 

Antimicrobial polymers have been widely reported to exert strong biocidal effects against bacteria. In 
contrast with antimicrobial polymers with aliphatic ammonium groups, polymers with anilinium 
groups have been rarely studied and applied as biocidal materials. In this study a representative 
polymer with aniline side functional groups, poly(N,N-dimethylaminophenylene methacrylamide) 
(PDMAPMA), was explored as a novel antimicrobial polymer. PDMAPMA was synthesised and its 
physicochemical properties evaluated. The methyl iodide-quaternised polymer was tested against 
the Gram-positive Staphylococcus aureus, with a minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC) of 16 – 32 μg/mL and 64 – 128 μg/mL respectively. 
Against the Gram-negative Escherichia coli the MIC and MBC were both 64 – 128 μg/mL. To broaden 
the range of applications, PDMAPMA was coated on substrates via crosslinking to endow the surface 
with contact-kill functionality. The effect of charge density of the coatings on the antimicrobial 
behaviour was then investigated, and stronger biocidal performance was observed for films with 
higher charge density. This study of the biocidal behaviour of PDMAPMA both in solution and as 
coatings is expected to broaden the application of polymers containing aniline side groups and 
provide more information on the antimicrobial behaviour of such materials.  
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Scheme 1: The structure of typical quaternary ammonium groups of antimicrobial polyQAS. 

It is known that natural host defence peptides, 
e.g. magainin, α- and β-defensins,4 are able to 
kill bacteria by taking advantage of the net 
negative charge of the cell membrane and by 
acting as surfactants by virtue of their 
amphiphilic character.5,6 This mechanism of 
action significantly slows down the 
development of resistance against antibiotics.6 
However, the synthesis of host defence 
peptides requires extensive expertise and large 
financial investment. Antimicrobial polymers, 
which mimic the structure and function of host 
defence peptides,7 have been shown to possess 
moderate to high biocidal activity against 
bacteria.7 The poly(quaternary ammonium 
salt)s (polyQAS) are the most widely explored 
antimicrobial polymers. The most commonly-
used active moieties of polyQAS are listed in 
Scheme 1. However, as an important member 
of this class of structures, quaternary anilinium 
groups have not been widely tested. Two 
studies of polymers using this active 
functionality are known by us. Ortega and 
colleagues in 2008,8 prepared and studied 
anilinium-terminated carbosilane dendrimers 
and showed that they were effective against 
Staphylococcus aureus and Escherichia coli. Very 
recently Tolosa et al.9 examined the biocidal 
activity of poly(phenylene)vinylene derivatives 
with different geometries and peripheral 
functional groups, including the aniline 
derivatives. These latter compounds only 
exhibit moderate activity, however these two 

reports demonstrate the importance of 
multivalence and provide sufficient motivation 
for further exploration of the biocidal behaviour 
of anilinium-containing macromolecules. 

Aniline, an important member of the family of 
aromatic amines, has been the basis of the 
synthetic dye industry, and is frequently utilised 
in the field of rubber additives and as 
precursors for the synthesis of several 
important drugs, such as paracetamol.10 Aniline 
can also act as a monomer in the synthesis of 
the conductive polymer polyaniline. In its 
neutral state, aniline is highly hydrophobic, but 
is water soluble if protonated.10 Therefore 
aniline is soluble in water after quaternisation. 
The conjugation of amine and benzene groups 
leads to a planar spatial structure and strong 
delocalisation of electrons, which reduces the 
electron density on the amine group and 
reduces its basicity.10 Such a structure also 
provides a large steric hindrance when used as 
a side group to the main chain, and shifts the 
amphiphilic balance of the antimicrobial 
polymer towards high hydrophobicity, which is 
crucial for biocidal performance and 
cytotoxicity.11 Based on these properties, 
significant biocidal behaviour is expected for 
antimicrobial polymers with quaternary 
anilinium groups.  

Poly(N,N-dimethylaminophenylene 
methacrylamide) (PDMAPMA) is a 
representative polymer with pendant anilinium 
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groups. Its monomer N,N-dimethylaminophenyl 
methacrylamide (DMAPMA)12 and its polymer13 
were first synthesised by Sokolova and 
Ovsyannikova in the late 1950s. About 30 years 
later, Li et al. investigated the effect of different 
initiators on the polymerisation of this 
monomer.14 Not until the 2000s did Der-Jang 
Liaw and his colleagues15,16 examine the 
copolymerisation of DMAPMA with 
methacrylamide, and the properties of the 
quaternary and zwitterionic derivatives of 
PDMAPMA in water. These authors did not 
examine the antimicrobial properties of their 
polymers. To our knowledge no further studies 
or applications of this polymer have been 
reported.  

In this article, the properties of PDMAPMA 
prepared through free radical polymerisation 
are reported in detail. The static and dynamic 
antimicrobial action of the homopolymer 
quaternised with methyl iodide was thoroughly 
investigated through measurement of minimum 
inhibitory/bactericidal concentrations (MIC, 
MBC) and time-kill curves against common 
pathogens. Furthermore, coatings of PDMAPMA 
on solid substrates were fabricated to broaden 
the range of applications of this material. The 
coatings were prepared through dip coating 
onto silicon wafers, crosslinking and 
quaternisation of the polymers and then tested 
against S. aureus and E. coli to study the 
efficiency of contact killing. The effect of charge 
density on the biocidal effectiveness of the 
coatings was also investigated by varying the 
degree of quaternisation. This study is expected 
to broaden the application of polymers with 
aniline as functional side groups in the field of 
antimicrobial polymers and provide more 
information on the antimicrobial behaviour of 
such material.  

EXPERIMENTAL  

Materials 

The main raw materials for the syntheses of 
monomer DMAPMA and polymer PDMAPMA, 
i.e. N,N-dimethyl-1,4-phenylene diamine, 
methacryloyl chloride and 2,2’-azobis(2-
methylpropionitrile) (AIBN), were purchased 
from Sigma Aldrich. AIBN was recrystallised 
from ethanol before use. N,N-dimethyl 
formamide (DMF) and dichloromethane 
(CH2Cl2), were purified in an MBraun Solvent 
Purification System. Tetrahydrofuran (THF), 
hexane, ethyl acetate, diethyl ether and N,N-
dimethylacetamide (DMAc) in HPLC grade were 
provided by Merck. Dimethyl sulfoxide (DMSO) 
in analytical grade was purchased from 
Chemical-Supplies. Deuterated DMSO (DMSO-
d6) for NMR sample preparation was supplied 
by Cambridge Isotope Laboratories. Methyl 
iodide, sodium chloride, sodium hydroxide and 
sodium sulphate were supplied by Chemical-
Supplies. The crosslinker 1,4-dibromobutane 
was provided by Sigma. 

For the biocidal assays, S. aureus (ATCC 25923) 
and E. coli (ATCC 25922) were used as 
representative bacterial strains. Mueller-Hinton 
broth (MH Broth) was provided by OXOID. 
Nutrient agar was purchased from Merck. PBS 
were prepared by dissolving PBS tablets 
(Amresco) in reverse osmosis (RO) water (1 
tablet/100 mL). The above growth media were 
sterilised by autoclaving at 121 °C for 20 min 
and used within 1 month. Live/dead Baclight 
stain was purchased from Thermo Fisher and 
prepared according to method provided by the 
supplier. 25% glutaraldehyde and 
hexamethyldisilazane (HMDS) for sample 
preparation for Scanning Electron Microscopy 
(SEM) were provided by Chem-Supply. The 
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glutaraldehyde solution was diluted into 2.5% 
using PBS and stored at 4 °C before use. 

For the cytotoxicity tests, Dulbecco’s Modified 
Eagle Medium (DMEM) was provided by 
Thermo Fisher. The cells tested were NIH/3T3 
(ATCC CRL-1658) fibroblast cells. For haemolysis 
tests, fresh human red blood cells were used.  

Methods of Characterisation 

Characterisation of Polymers in Solution 

Nuclear Magnetic Resonance (NMR) 

Proton and carbon nuclear magnetic resonance 
spectra (1H NMR and 13C NMR spectra) were 
acquired on a Bruker ASCEND 400 MHz NMR 
spectrometer operating at 400.13 MHz. Other 
parameters for 1H NMR spectra were set as 
follows: number of scans: 64; acquisition time: 
4.085 s; and temperature 300.0 K. The 
parameters for 13C NMR spectra were: number 
of scans: 6000; acquisition time: 1.486 s; and 
temperature 300.0 K. All samples were 
prepared by dissolving in DMSO-d6 and 
referenced to the residual DMSO at a chemical 
shift at 2.5 ppm for the 1H NMR spectra and 
39.53 ppm for the 13C NMR spectra. 

Size Exclusion Chromatography (SEC) 

The molecular weight distributions of the 
polymers were measured on a Polymer Labs 
GPC50 system consisting of two PLGel Mixed B 
(7.8 × 300 mm) SEC columns connected in 
series. HPLC-grade DMAc with 0.03 wt.% LiCl 
was used as the eluent at a flow rate of 1.0 
mL/min. The injection volume was set at 100 μL 
and run time to 30 min at a constant 
temperature of 50 °C. The SEC was calibrated 
using standard PS samples. The SEC samples 
were prepared by dissolving the polymer in 

DMAc (containing LiCl) at a concentration of 
around 2 mg/mL and filtered through a 0.45 μm 
filter. 

 

 

Differential Scanning Calorimetry (DSC) and 
Thermal Gravimetric Analysis (TGA) 

The glass transition temperature (Tg) and 
thermal decomposition of the polymer were 
measured on a Mettler Toledo DSC/TGA 
(STARe) System. DSC samples were prepared by 
weighing about 5 mg of the polymer in a 
standard 40 μL aluminium pan. The heating rate 
was set at 10 °C/min and two cycles of heating 
from 30 °C to 250 °C were performed under 
nitrogen atmosphere with a flow rate of 15 
mL/min. The Tg reported here was measured on 
the second heating run. For TGA 
measurements, around 10 mg of sample was 
weighed in a 70 μL alumina pan and heated 
from 25 °C to 700 °C at a rate of 10 °C/min in a 
nitrogen atmosphere. 

pH Responsiveness and UV-Vis Spectra 

20 mg polymer was dissolved in 2 mL HCl with a 
pH value of 0.5 to make a 10 mg/mL solution. In 
the meantime, a series of buffers with pH 
ranging from 2.2 – 8.0 was prepared from 0.1 
mol/L citric acid and 0.2 mol/L Na2HPO4 
aqueous solution according to a previously 
reported protocol.17 All solutions, including the 
polymer solution, were filtered through 0.45 
μm syringe filters to remove undissolved 
particles before use.  

In a plastic cuvette 1 mL of buffer and then 0.1 
mL of polymer solution were added and 
thoroughly mixed. The transmittance of the 
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solution was measured on a Varian Cary 4000 
UV-Vis Spectrophotometer from 400 – 700 nm. 
For each sample, three measurements were 
made to calculate an average value. 

The UV spectra were also measured on the 
Varian Cary 4000 UV-Vis Spectrophotometer. 
Quartz cuvettes were used with all substances 
dissolved in THF. The spectra were measured 
over a wavelength range of 200 – 800 nm. 

 

 

 

Characterisation of Films 

Contact Angle Measurements 

Static contact angles were measured using a 
Data Physics Instruments Optical Contact Angle 
Series 5 goniometer. The contact angles 
reported here were measured by the addition 
of a 5 μL drop of water at two different 
locations for each thin film and a triplicate of 
measurements for each type of film was 
conducted. 

X-Ray Photoelectron Spectroscopy (XPS) 

The nitrogen 1S spectra of the coatings were 
measured using XPS to characterise the degree 
of quaternisation on a Kratos Axis ULTRA 
spectrometer (Kratos Analytical, Manchester, 
U.K.) with a 165 mm hemispherical electron-
energy analyser and monochromatic AlKα X-ray 
source (1486.6 eV) operating at 300 W (15 kV, 
20 mA). The XPS spectra were analysed using 
CasaXPS version 2.3.12 software. The N1s 
spectra were rescaled to 399.7 eV to 
compensate for charging effects. 

Spectroscopic Ellipsometry 

Thicknesses of the films after annealing were 
measured on a J.A. Woollam VASE ellipsometer. 
Thin film samples were scanned using polarised 
light with a wavelength from 300 nm to 800 nm 
at incidence angles of 55°, 60°, 65°, 70° and 75°. 
The thicknesses of the films were obtained by 
fitting the data using WVase32 software. 

Surface Streaming Potential 

The streaming potentials of the films were 
measured using an Anton Paar SurPASS 
electrokinetic analyser. For each type of films, 
two planar samples with size of 20 mm × 10 mm 
were loaded in the adjustable gap chamber. The 
two samples were aligned in parallel facing each 
other with a ∼100 μm gap to form a 
microchannel. 1 mM KCl was used as the 
electrolyte solution and pumped through the 
microchannel at 0 – 300 mbar. The streaming 
potential of the coatings was calculated from 
the streaming current using the 
Helmholtz−Smoluchowski equation. Each 
streaming potential was measured four times 
and the average value was taken. 

Synthesis of Monomers and Polymers 

Synthesis of DMAPMA Monomer 

DMAPMA monomer was prepared following a 
procedure adapted from a previous report.15 
N,N-dimethyl-1,4-phenylene diamine (5.05 g, 
0.0367 mol) was dissolved in CH2Cl2 (36.7 mL) 
and the solution was mixed with 6 mol/L NaOH 
aqueous solution (9.18 mL) in a 250 mL three-
necked flask. The flask was sealed and purged 
with argon for 10 min. Methacryloyl chloride 
(3.9 ml, 0.0404 mol) was diluted in 3.42 mL 
CH2Cl2 and added dropwise into the solution, 
with the temperature of the solution 
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maintained below 10 °C using an ice bath. After 
the addition of methacryloyl chloride, the 
solution was kept stirring at room temperature 
for another 6 h. 

Milli-Q water was added to quench the 
unreacted methacryloyl chloride. The organic 
phase was separated, washed with Milli-Q 
water until the aqueous phase was neutral and 
then with saturated brine once. The organic 
phase was dried over anhydrous Na2SO4 and the 
solvent was evaporated to obtain the crude 
product. The crude product was recrystallised 
three times using ethyl acetate and hexane with 
a volumetric ratio of 1:3. Needle-like crystals of 
dark brown colour were acquired. The yield was 
calculated to be 91.4%. The structure of the 
product was confirmed through 1H NMR 
spectroscopy (Figure 1A).  

Synthesis of Polymer PDMAPMA 

Polymer PDMAPMA was synthesised using free 
radical polymerisation. DMAPMA (1.5 g, 7.34 
mmol) and AIBN (12.0 mg, 0.0734 mmol) were 
mixed with DMF (3 mL) in a 25 mL round-
bottom flask equipped with a magnetic stir bar 
and sealed with a Suba seal. The solution was 
purged with argon for 30 min and then 
immersed in an oil bath thermos-stated at 70 °C 
for 24 h. Conversion of the monomer to 
polymer was calculated from 1H NMR to be 
92.9%. The product PDMAPMA was collected by 
precipitating the solution into cold diethyl ether 
and then from THF to hexane to afford a grey 
powder. The final product was dried under 
vacuum, with a yield of 1.3 g. 

Quaternisation of the Polymer 

0.1 g of the polymer was dissolved in 2 mL 
DMSO. Quaternisation of PDMAPMA was 
conducted by adding methyl iodide (0.328 mL, 

5.27 mmol) into the polymer solution. The 
solution was stirred at 60 °C for 24 h in 
darkness. The polymer was purified by 
precipitation into THF and dialysis against 
water. Quaternised polymer MeI-PDMAPMA 
was collected through lyophilisation. 

Fabrication of Coatings 

Dip Coating of PDMAPMA 

Silicon wafers were cut into 1 cm × 1 cm size 
and cleaned by sonication in acetone and then 
isopropanol for 10 min each. The wafers were 
blown dry and baked at 150 °C to remove the 
residual solvent. A 5 mg/mL solution for dip 
coating was freshly prepared by adding 
PDMAPMA into a mixed solvent of THF and 1,4-
dibromobutane with a volumetric ratio of 80: 
20. The solution was mixed thoroughly on a 
vortex and filtered through 0.22 μm filters 
before use.  

PDMAPMA films were fabricated by dip coating 
the wafers into the PDMAPMA solution at a 
rate of 4 cm/min. The samples were then baked 
at 60 °C for 24 h in a nitrogen atmosphere to 
allow crosslinking. Finally, samples were 
thoroughly rinsed with THF to remove 
uncrosslinked PDMAPMA and unreacted 1,4-
dibromobutane, and dried under vacuum. 

Quaternisation of PDMAPMA Films 

The above crosslinked films were submerged in 
methyl iodide solution in THF. The reaction time 
and the amount of methyl iodide were varied to 
control the degree of quaternisation of the 
films. After quaternisation, the coatings were 
removed from the solution and thoroughly 
rinsed with THF to wash unreacted methyl 
iodide. Three types of films of different degree 
of quaternisation were fabricated, namely films 
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quaternised by only crosslinking (PDMAPMA-
Crosslinked), films with a middle degree of 
quaternisation (PDMAPMA-Mid QAS) and films 
with a high degree of quaternisation 
(PDMAPMA-High QAS). 

Biological Assays 

Tests of PDMAPMA in Solution 

Minimum Inhibitory Concentration (MIC) Assays 
of MeI-PDMAPMA  

A microdilution method used for measurement 
of the MIC was adapted from a previously 
reported protocol.18 Briefly, a stock solution of 
MeI-PDMAPMA was prepared by dissolving the 
polymer in sterile MH broth with a 
concentration of 4 mg/mL and was further 
serially diluted two-fold across the wells on a 
polypropylene 96-well plate using fresh broth, 
with concentrations ranging from 8 μg/mL to 4 
mg/mL, plated in triplicate. A culture of bacteria 
was inoculated in 2 mL fresh MH broth from 
independent colonies grown overnight at 37 °C 
on nutrient agar. The suspension was adjusted 
until the bacterial density reached 1 × 108 
Colony Forming Units/mL (CFU/mL). The culture 
was further diluted using fresh MH broth to 1 × 
106 CFU/mL. 50 μL of the diluted culture was 
then added to each well of the polymer-
containing 96-well plates, with a final cell 
density of 5 × 105 CFU/mL and concentration of 
the polymer ranging from 4 μg/mL to 2 μg/mL. 
Two columns of the 96 well plates were 
respectively kept as the growth control of the 
culture and the negative control of the sterile 
broth. The plates were covered and incubated 
at 37 °C for 18 h. MICs were determined 
visually, being defined as the lowest 
concentration showing no visible growth. A 
duplicate of independent experiments was 
conducted. 

 

Minimum Bactericidal Concentration (MBC) 
Assays of MeI-PDMAPMA  

MBC tests were conducted only for MeI-
PDMAPMA. The above suspensions after MIC 
measurement were incubated at 37 °C for an 
additional 4 h. 100 μL of visually clear wells 
were withdrawn and spread on nutrient agar 
plates. The plates were incubated at 37 °C 
overnight and the colonies were counted. The 
MBC is defined as the lowest concentration to 
kill >99.9% bacterial cells, i.e. < 50 CFU on the 
agar plates. 

Time-Kill Curves of MeI-PDMAPMA  

A stock solution of MeI-PDMAPMA was 
prepared by dissolving the polymer in sterile 
MH broth to achieve a concentration of 4 
mg/mL. A bacterial culture of 1 × 106 CFU/mL 
was also prepared using the method described 
above. 21.70 mL MH broth, 2.5 mL of bacterial 
culture and 800 μL of polymer solution were 
mixed in a 50 mL centrifuge tube to reach 128 
mg/mL (MBC) MeI-PDMAPMA and 1× 105 
CFU/mL and incubated at 37 °C while agitated 
at 200 rpm, with bacterial suspension without 
the polymer as control. 100 μL of the 
suspension were removed and serially diluted 
10-fold for spreading on agar plates at 0, 1 h, 2 
h, 4 h, 6 h and 8 h of incubation. The plates 
were incubated at 37 °C overnight to count the 
CFU. Two independent replicates of the assay 
were conducted. 

Haemolysis Assays of MeI-PDMAPMA  

Blood from healthy volunteers taking no 
medication was collected and anti-coagulated 
with citric acid. Red blood cells (RBCs) were 
pelleted by centrifuging 1 mL of blood and 
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washed three times with PBS. PBS was added 
into the pelleted RBCs until a volume of 1 mL 
was reached. 0.5 mL RBCs were resuspended in 
9.5 mL PBS. MeI-PDMAPMA stock solution with 
a concentration of 20 mg/mL was prepared by 
dissolving the polymer in PBS and a series of 
concentrations from 20 μg/mL to 20 mg/mL 
were prepared by dilution using PBS. 50 μL of 
polymer solution was added to 50 μL diluted 
RBC solution in a round-bottom 96-well plate 
and the mixture was incubated at 37 °C with 
shaking for 1 hour. The final highest 
concentration of polymer was 10 mg/mL. Triton 
X-100, a surfactant known to lyse RBCs was 
used as the positive control. 50 μL of 0.4% 
Triton was added to 50 μL diluted RBC solution 
and incubated as above. PBS was used as the 
negative control. The microplate was then 
centrifuged at 3000 g for 10 min at room 
temperature. The supernatants were 
subsequently transferred to a clean flat-bottom 
96-well plate. The absorbance of the free 
haemoglobin was measured at 415 nm on a 
microplate reader. Absorbance of the series of 
polymer solutions was also measured. The 
percentage of haemolysis was calculated 
relative to the positive haemolysis control 
(Triton X-100), using the following equation (1). 

%𝐻𝑎𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =  
𝐴 − 𝐴0 − 𝐴𝑃
𝐴𝐿 − 𝐴0

× 100% (1) 

Here 𝐴 , 𝐴0 , 𝐴𝐿  and 𝐴𝑃  are respectively the 
absorbance of sample, negative control, 
positive control, and polymer solution. A 
triplicate of experiments was performed. 

Cytotoxicity Tests of MeI-PDMAPMA 

The cytotoxicity of MeI-PDMAPMA was 
evaluated using 3T3 fibroblast cells through a 3-
(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium inner salt (MTS) assay. The 
procedure was based on a protocol previously 
reported.19 Briefly, 3T3 fibroblast cells were 
cultured in DMEM with 10% fetal bovine serum 
and 1% antibiotic-antimycotic, incubated at 37 
°C for 24 h with 5% CO2. 100 μL of MeI-
PDMAPMA in DMEM with concentrations 2-fold 
diluted from 2.048 mg/mL to 16 μg/mL were 
prepared and added across a 96-well plate. 100 
µL of DMEM medium with 20,000 3T3 fibroblast 
cells was added into each well to reach a final 
volume of 200 µL with 10,000 cells per well. The 
cells were incubated at 37 °C for 24 h. MTS 
solution (10 µL) was then added into each well 
and the plates was incubated for another 4 h. 
The plate was briefly shaken and the 
absorbance at 490 nm of the cells treated and 
untreated with MeI-PDMAPMA was measured 
using a plate reader. The concentration of MeI-
PDMAPMA causing 50% of cells were killed 
(CC50) was determined. 

Observation of the Change of Bacterial 
Morphology through Scanning Electron 
Microscopy (SEM) 

A JOEL 7001F Schottky field emission SEM 
(FESEM) was used for observing the change in 
integrity of the bacterial membrane before and 
after the treatment with MeI-PDMAPMA.  

Bacteria treated with or without MeI-
PDMAPMA were harvested and then washed 
three times with sterile PBS and then fixed 
using 2.5% glutaraldehyde PBS solution at 4 °C 
for 4 h. The cells were washed with sterile PBS 
three times to remove residue glutaraldehyde 
and adhered to plastic coverslips using poly-L-
lysine. The cells were then dehydrated through 
a series of ethanol aqueous solution with 
concentrations at 20%, 40%, 60%, 80% and 
twice for 100%. Finally the cells were treated 
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with 1: 1 (volumetric) HMDS: ethanol twice and 
dried under air. The cells were coated with 10 
nm iridium before being observed under SEM 
with an acceleration voltage of 3 kV. 

Testing of PDMAPMA Coatings 

Biocidal Assays of Coatings Having Different 
Degrees of Quaternisation 

Bacteria were inoculated on nutrient agar 
plates and incubated at 37 °C for 24 h. 
Individual colonies were picked and suspended 
in sterile PBS until the density reached 1 × 108 
CFU/mL. The suspension was further diluted 
100 fold to reach 1 × 106 CFU/mL. Samples were 
placed into each well of a 24-well plate, with 
uncoated silicon wafers as the controls. 1 mL of 
the bacterial suspension was added into the 
wells to submerge the films. The 24-well plate 
was sealed and incubated at 37 °C and agitated 
at 100 rpm for 6 h. After thoroughly rinsing with 
sterile PBS to remove the planktonic bacteria, 
the wafers were stained using Live/Dead 
Baclight stain according to the supplier manual 
and moved to a fluorescence microscope for 
observation. An Olympus BX61 upright 
metallurgical microscope equipped with a 
fluorescence light source was used. Live 
bacteria were stained by SYTO9 and excited 

with a band pass filter at 470 nm to 490 nm, 
showing a green colour. Dead bacteria cells 
stained with propidium iodide (PI) were excited 
with a band pass filter at 530 – 550 nm, 
showing a red colour. A triplicate of samples 
was studied and images were taken at 10 
representative points on each sample. Images 
of green and red channels were combined and 
the numbers of live and dead cells were 
counted using ImageJ software. 

Kinetic Studies of PDMAPMA-High QAS Coatings  

The biocidal efficiency of quaternised 
PDMAPMA coatings was monitored through a 
kinetic study. Following the same procedure as 
described above, PDMAPMA-High QAS coatings 
and blank silicon wafer controls were taken out 
respectively at 1 h, 3 h and 6 h. The staining 
procedure described above was used to 
observe the ratio of live/dead cells at each time 
point. 

Observation of Bacteria Killed by PDMAPMA 
Coatings through SEM 

Samples were rinsed using sterile PBS. The 
fixation, dehydration, sputtering and 
observation of the samples were conducted 
following the procedure described above for 
the bacteria killed in solution. 

 

A. 
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C. 

 

Scheme 2: Schematic diagram of the synthesis of A. monomer DMAPMA, B. polymer PDMAPMA and C. 
MeI-PDMAPMA. 

RESULTS AND DISCUSSION 

Synthesis of PDMAPMA Polymer and Polymer 
Properties 

Synthesis of Monomer DMAPMA  

The method of synthesis of the monomer 
DMAPMA is shown in Scheme 2A. A yield of 
91.4% was obtained. The monomer takes the 
form of needle-like crystals with a dark brown 
colour to the eye. The melting point was 
measured through DSC to be 131.2 °C, matching 
the previously reported value.12 The 1H NMR 
spectrum of the monomer DMAPMA, presented 
in Figure S1, confirms the structure. 

Synthesis of Polymer PDMAPMA 

The monomer DMAPMA was polymerised by 
conventional free radical polymerisation as 
illustrated in Scheme 2B. The number-averaged 
molecular weight (Mn) was measured by SEC of 
DMAc solutions to be 41,400 as referred to 

polystyrene standards, with a molar mass 
dispersity of 2.1. The intended final application 
of the polymer is as crosslinked films, and 
therefore it was deemed unnecessary to 
prepare polymers with narrow molar mass 
dispersity. 

The vinyl protons were consumed and their 
contributions to the 1H NMR spectrum 
disappeared after polymerisation (Figure 1A). 
The peaks of the protons on the α-methyl 
groups shifted to around 0.8 – 1.5 ppm due to 
the consumption of the vinyl groups. Weakly 
resolved splitting of this resonance is due to 
triad tacticity. The consumption of the vinyl 
groups also led to a lower chemical shift of the 
peak due to amide protons (by around 0.7 
ppm), as the delocalisation effect from the vinyl 
group was lost. The positions of the other peaks 
did not change significantly. The 13C NMR 
spectrum of PDMAPMA is presented in Figure 
1B along with the full peak assignments. 
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The raw material N,N-dimethyl phenylene 
diamine, monomer DMAPMA and polymer 
PDMAPMA all demonstrate strong UV 
absorption due to the presence of the aniline 
structure (Figure S2). The main absorption peak 
of N,N-dimethyl phenylene diamine appears at 
~ 259 nm. A red shift of the main absorption 
peak of DMAPMA to ~ 273 nm was observed 
after reaction with methacryloyl chloride, due 
to the strong delocalisation of the conjugated 
structure formed by the aniline group, the 
amide group and the double bond. After 
polymerisation, a slight blue shift of the peak 
was observed as the vinyl group was consumed, 
reducing the effect of delocalisation. 

The thermal properties of PDMAPMA were 
studied using DSC and TGA. The temperature of 
the glass transition (Tg) of PDMAPMA was 
around 207 °C (Figure S3A), indicative of a 

highly rigid structure. This is probably derived 
from the delocalised electron structure of the 
side groups, which adopt a planar arrangement 
and introduce steric hindrance to the main 
chain. In addition, PDMAPMA also has a high 
thermal decomposition temperature, starting at 
around 330 °C (Figure S3B). 

The pKa of PDMAPMA was measured by 
observing the turbidity of polymer solutions in 
buffers of different pH (Figure S4). From the 
change of the turbidity, the pKa of the polymer 
is located between 4.2 and 4.4, indicating that 
the basicity of the aniline group is relatively 
weak compared to other polymers containing 
aliphatic amine groups. The electron withdrawal 
effect by the delocalised electron cloud on the 
benzene ring weakens the lone-pair electron on 
the nitrogen, further leading to the reduction in 
basicity of the amine groups. 
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Figure 1: NMR spectra of polymer PDMAPMA in DMSO-d6. A. 1H NMR spectrum of PDMAPMA; B. 13C 
NMR spectrum of PDMAPMA. 

Quaternisation of PDMAPMA 

The quaternisation reaction of PDMAPMA is 
illustrated in Scheme 2C. Figure 2 shows the 1H 
and 13C NMR spectra of PDMAPMA after 
quaternisation by MeI. 

Two sets of peaks can be seen in the 1H NMR 
spectrum (Figure 2A), respectively belonging to 
the unquaternised and quaternised side chains 
of the polymer. The quaternisation of the amine 

group promotes the electron-withdrawal effect 
on the benzene ring, leading to shifts of peaks 
due to protons belonging to the anilinium 
group, c2, d2, e2 and f2 towards peaks c1, d1, 
e1 and f1 at higher chemical shifts. The ratio of 
the two sets of peaks, especially the peaks d1, 
e1, d2 and e2, can be used to calculate the 
overall extent of quaternisation, as calculated 
using equation 2. 

A.

B.
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𝑄𝐴𝑆% =  
𝐼𝑑1 + 𝐼𝑒1

𝐼𝑑1 + 𝐼𝑒1 + 𝐼𝑑2 + 𝐼𝑒2
   (2) 

The extent of quaternisation was calculated to 
be approximately 92%. Similar changes to the 
chemical shifts of the peaks were also observed 

in the 13C spectrum, as shown in Figure 2B. After 
quaternisation with methyl iodide  the polymer 
was fully soluble in water, similar to observation 
by Liaw  et al.16  of aqueous solubility  of 
dimethyl sulfate and propane sultone 
substituted PDMAPMA. 

 

 

Figure 2: NMR spectra of MeI-quaternised PDMAPMA in DMSO-d6. A. 1H NMR of QAS-PDMAPMA; B. 13C 
NMR of QAS-PDMAPMA. The degree of quaternisation can be calculated from 1H NMR to be 
approximately 92%. 

Biocidal Behaviour of MeI-PDMAPMA in 
Solution 

The biocidal properties of PDMAPMA was 
tested using the microdilution method against 
representative Gram-positive and Gram-
negative strains, S. aureus and E. coli. The 
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antimicrobial performance was quantified as 
minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC) 
values, as listed in Table 1. From the MIC value, 
PDMAPMA showed effectiveness against both 
S. aureus (16 – 32 μg/mL) and E. coli (64 – 128 
μg/mL). A 2- to 4-fold stronger inhibitory 
activity was detected for MeI-PDMAPMA 

against S. aureus, compared to E. coli. A further 
extension of the MIC test led to MBC values 
(biocidal activity) of the polymer against both 
strains to be between 64 – 128 μg/mL for both 
strains. Against S. aureus, the MBC value was 2 
– 4 times the MIC, while for E. coli, the MBC and 
MIC values were the same. 

 

 

Table 1: The antimicrobial behaviour of MeI-PDMAPMA in solution. Antimicrobial activity of MeI-
PDMAPMA against S. aureus and E. coli. 

Bacterial Strain MIC (μg/mL, μmol/L)a MBC (μg/mL, μmol/L)a 

S. aureus (ATCC 25923) 16 – 32, 0.39 – 0.77 64 – 128, 1.54 – 3.09 

E. coli (ATCC 25922) 64 – 128, 1.54 – 3.09 64 – 128, 1.54 – 3.09 

a. The molar concentration of MIC and MBC were calculated based on the polymer molecular weight 
measured by SEC. 

Table 2: The antimicrobial behaviour of MeI-PDMAPMA in solution. Cytotoxicity and selectivity of MeI-
PDMAPMA for red blood cells and 3T3 fibroblast cells over the two bacterial strains. 

Bacterial 
Strain 

RBC Compatibility 

HC50 (μg/mL) >10,000 

3T3 Fibroblast Cell 
Compatibility  

CC50 (μg/mL) 256 – 512 

 Inhibition 
Selectivity 

Bactericidal 
Selectivity 

Inhibition 
Selectivity 

Bactericidal 
Selectivity 

S. 
aureus 

> 312 > 78 8 – 16 2 – 4 

E. coli > 78 > 78 2 – 4 2 – 4 

The lower MIC value against S. aureus 
compared to E. coli is consistent with studies 
which reported that polyQAS showed better 
bacteriostatic performance against Gram-
positive compared to Gram-negative strains.20-25 

Although MeI-PDMAPMA possessed a stronger 
inhibition effect against S. aureus, the same 
value of MBC is required for the polymer 
against both strains. This means that disruption 
of the membrane of the two strains requires 
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the same amount of polymer in solution, i.e. 
same intensity of interaction between the 
polymer and the bacteria.  

To further investigate the differences in the 
antimicrobial actions against both bacterial 
strains, a kinetic study of PDMAPMA at the high 
end of the MBC range (128 μg/mL) was 
conducted. From these studies, time-kill curves 
of MeI-PDMAPMA at 128 μg/mL could be 
generated, and are shown in Figure 3. MeI-
PDMAPMA started to take effect right after its 
addition compared to the number of live cells of 
the inoculum at the start of the incubation, 
which was set as 100%. A faster biocidal action 
was observed for E. coli, for which a sudden 
reduction in the numbers of live bacteria of 
about 1.7 orders (44% to 1%) occurred between 
2 h and 4 h of incubation. In comparison, the 
time-kill curve against S. aureus showed a 
slower reduction in the number of bacteria 
across the 8 h period, with 1% of the bacteria 
still left alive at the end of this period. The time-
kill curves suggest that MeI-PDMAPMA has a 
stronger biocidal effect against E. coli than S. 
aureus, even though the MBC was shown to be 
the same for both species. This result is also 
contrary to the results of most previous reports, 
where a strain with lower MIC is associated 
with a faster killing rate.26-28 

 

 

Figure 3: Time-kill curves of MeI-PDMAPMA at 
128 μg/mL against S. aureus and E. coli over a 
period of 8 h. The error bars (n = 2) show one 
standard deviation. The images in the inset 
illustrate the reduction in number of colonies at 
the start and end of the 8 h incubation period. 

Damage of the membrane structure on 
exposure to MeI-PDMAPMA was confirmed by 
SEM images of the cells before and after 
treatment with the polymer (Figure 4; 
additional images are presented in Figure S5). 
The appearance of “blebs” on the otherwise 
smooth membrane of the cells demonstrates 
different extents of disruption to the 
membrane. In addition, the bacteria before 
treatment were well dispersed, while the dead 
bacteria were found clustered together. This 
suggests that the positively charged polymer 
chains exert action through adsorbing to the 
bacterial membrane so that independent cells 
adhere together to form clusters.  

The observations through SEM are consistent 
with the mechanisms of action of host defence 
peptides6 and polyQAS proposed by Ikeda et 
al.,29,30 that polyQAS exert a biocidal effect 
through disruption of the bacterial membrane 
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via electrostatic and hydrophobic interactions. 
This mechanism requires the adsorption of the 
polymer to the membrane. S. aureus has a thick 
cell wall, with a negatively-charged 
peptidoglycan layer 20 – 80 nm thick covering a 
single cytoplasmic membrane. E. coli has two 
membranes (outer and cytoplasmic 
membranes), between which is a thin 
peptidoglycan layer of 6 – 8 nm thickness. It is 
generally accepted that S. aureus is more 
susceptible to polyQAS due to the single layer 
structure of the membrane and the higher 
negative charge.31 However, the interaction 
between non-biocidal moieties of the 
antimicrobial polymers with certain features on 
the bacterial membrane/cell wall may 
moderate biocidal activity. Such an effect was 

demonstrated by Punia and colleagues27 when 
investigating the antimicrobial behaviour of 
acrylic copolymers with hexamethyleneamine 
and poly(ethylene glycol) (PEG) side chains. The 
formation of hydrogen bonds between the PEG 
groups and the cell wall hindered the diffusion 
of the polymer through the cell wall. Such 
association of the polymer with the cell wall 
interfered with its interaction with the 
membrane, causing weaker biocidal activity 
against S. aureus than against E. coli. Another 
form of hindrance arises from the “sieving 
effect” proposed by Lienkamp and colleagues32 
in which polymers with higher molecular 
weight, i.e. larger size, may be blocked by the 
cell wall of Gram-positive bacteria, resulting in 
lower biocidal efficacy.

 

E. coli

Before Treatment After Treatment

500 nm 500 nm

S. aureus

500 nm 500 nm
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Figure 4: The SEM images of bacteria before and after treatment with MeI-PDMAPMA. The membranes 
became distorted after treatment with the polymer. Bacteria were also found clustered together after 
treatment.

For the cationic polymer examined here, MeI-
PDMAPMA, complexation with the cell wall is 
expected to be driven primarily by electrostatic 
interactions. Therefore, this property of the 
polymer leads to the observed differences in 
biocidal behaviour. MeI-PDMAPMA has a 
relatively high molecular weight (41,400 
compared to PS standards before 
quaternisation) and bulky conjugated side 
groups, and therefore likely has a large size in 
solution and a highly rigid main chain, the latter 
confirmed by the high bulk glass transition 
temperature. Such characteristics may limit the 
probability of the polymer adopting specific 
orientations required to permit diffusion 
through the peptidoglycan cell wall, reducing 
the probability of its combination with the 
membrane of S. aureus. Thus, it is proposed 
that a higher concentration of polymer is 
needed to achieve wide-spread membrane 
disruption. This mechanism is similar to that 
underlying the “sieving effect” of cell walls, but 
the bacteriostatic effect of MeI-PDMAPMA at 
low concentrations is not affected by the 
hindrance to the diffusion. This suggests that 
interaction of MeI-PDMAPMA with S. aureus 
may not necessarily require fusing with the 
membrane. Due to the high extent of 
quaternisation, quaternary polymers can exert 
strong electrostatic interactions with negatively 
charged bacterial membrane when immobilised 
on substrates or even shielded by parafilm.33 
The strong electrostatic potential of MeI-
PDMAPMA can reach the lipid membrane when 
the polymer covers the negatively charged 
peptidoglycan cell wall, inhibiting the metabolic 
activity of S. aureus.  

The Gram-negative strain, E. coli, has thinner 
cell walls, which provide much reduced 
hindrance towards the diffusion of MeI-
PDMAPMA. However, the double layers of the 
lipid membrane provides stronger protection of 
the cytoplasmic contents in the cells against 
polyQAS and requires more intense 
electrostatic and hydrophobic interactions for 
disruption.30 Such requirements are met by 
MeI-PDMAPMA, which has a long polymer 
chain and high hydrophobicity. Once the forces 
driving polymer-cell interactions exceed the 
protective effect of the lipid membrane, both 
layers of the membrane are readily susceptible 
to MeI-PDMAPMA and E. coli can be efficiently 
killed. Hence, both the properties of MeI-
PDMAPMA and the differences in the bacterial 
structures lead to opposite trends in inhibition 
and bactericidal effects. 

Biocompatibility of MeI-PDMAPMA in Solution 

The biocompatibility of the novel polymer MeI-
PDMAPMA was evaluated based on the extent 
of lysis of human red blood cells by the 
polymer. MeI-PDMAPMA showed 9.1 ± 1.6% 
haemolysis at 10 mg/mL, the highest 
concentration tested in this study. This indicates 
that MeI-PDMAPMA is highly compatible with 
RBCs. Further biocompatibility of the polymer 
was assessed using 3T3 fibroblast cells. The CC50 
was found located between 256 and 512 μg/mL, 
showing a mild toxicity towards human 3T3 
fibroblast cells.  

The selectivity of action of MeI-PDMAPMA was 
calculated as the quotient of HC50 or CC50 and 
MIC or MBC, and the values are listed in Table 
2. MeI-PDMAPMA showed good RBC-selectivity 
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over bacteria, even at the MBC, but a relatively 
low selectivity between the bacteria and 
fibroblast cells, indicating a higher susceptibility 
of fibroblast cells from MeI-PDMAPMA. 

MeI-PDMAPMA, similar to other polyQAS, kills 
bacteria through the disruption of the bacterial 
membranes. A similar mode of action applies 
for human cells. It has been reported that 
common polyQAS, such as quaternary PEIs 
cause cytotoxicity possibly via increasing the 
permeability of human cells.34 According to 
previous reports on the effect of hydrophobic 
components of antimicrobial polymers, any 
factor leading to higher hydrophobicity of 
antimicrobial polymers not only enhances the 
biocidal performance of the polymer, but also 
increases toxicity towards mammalian cells, 
leading to general cytotoxicity.11 The important 
structural factors include the length of the alkyl 
chain,32,35 the hydrophobic comonomer36 and 
the structure of ammonium groups.37 For MeI-
PDMAPMA homopolymer, no hydrophobic 
comonomer or long alkyl chain was introduced. 
In addition, a high level of quaternisation was 
necessary to ensure water solubility of the 
polymer and interactions with bacteria or 
mammalian cells, excluding the effect of the 
structure of the ammonium groups. Therefore, 
cytotoxicity mainly derives from the overall 
hydrophobicity of the polymer. Increasing the 
hydrophilicity of the polymer by incorporating 
hydrophilic comonomers would likely improve 
the selectivity of MeI-PDMAPMA. 

Fabrication of Biocidal PDMAPMA Films 

Films of PDMAPMA were prepared through dip 
coating onto silicon wafers. In order to enhance 
the durability of the film in water and to avoid 
the dissolution of the material after further 
modification by methyl iodide, crosslinking of 
PDMAPMA through a proportion of the amine 
groups was conducted by reacting with 1,4-
dibromobutane.38,39 The reaction proceeds 
through the same mechanism as reaction with 
methyl iodide, but due to the higher 
electronegativity of bromine compared to 
iodine, the leaving ability of the bromide is not 
as high as that of iodide.10 The reactivity of alkyl 
bromides to quaternise polymers with tertiary 
amine side functional groups (usually requires 
heating/reflux40,41) is therefore significantly 
lower than that of alkyl iodide, especially 
methyl iodide (which readily reacts at room 
temperature8,42,43). These observations also 
apply for PDMAPMA. However, alkyl bromides 
will still slowly react with the aniline groups in 
THF at room temperature and crosslinked 
polymer will precipitate after 2 – 3 days. Hence, 
the polymer solution should be freshly prepared 
before the fabrication of high quality films. 
After crosslinking, methyl iodide was used to 
quaternise the remaining amine groups of 
PDMAPMA and the concentration of methyl 
iodide and time of reaction were adjusted to 
achieve different degrees of quaternisation of 
the films.  
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Figure 5: N1s XPS spectra of PDMAPMA films with different degrees of quaternisation: A. PDMAPMA 
films after being crosslinked by 1,4-dibromobutane (PDMAPMA-Crosslinked); B. PDMAPMA films of 
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middle extent of quaternisation (PDMAPMA-Mid QAS); C. PDMAPMA films of high extent of 
quaternisation (PDMAPMA-High QAS). 

 

 

The thicknesses of the PDMAPMA-Crosslinked, 
PDMAPMA-Mid QAS and PDMAPMA-High QAS 
films were measured through spectroscopic 
ellipsometry. All films had thicknesses of around 
20 nm. The degree of quaternisation, or the 
percentage of cationic amine groups, on the 
surface of the coatings was determined by XPS 
(Figure 5). By comparing the area of the peaks 
in the high resolution N1s spectra at 399.7 eV 
(neutral nitrogen) and 403 eV (cationic 
nitrogen), the degree of quaternisation can be 
calculated, according to equation 3: 

𝑄𝐴𝑆% =
𝐴𝑁+

(𝐴𝑁 + 𝐴𝑁+)/2
× 100% (3) 

Here QAS% is the degree of quaternisation of 
the films, and AN and AN+ are the area of XPS 
peaks due to neutral nitrogen and cationic 
nitrogen, respectively. Since PDMAPMA has two 
nitrogen atoms per repeating unit, respectively 
belonging to the aniline and the amide groups, 
the total amount of N is divided by two. 

The different degrees of quaternisation were 
accompanied by differences in charge density of 
the coatings. An increase in charge density 
promoted the polarity and subsequently the 
hydrophilicity of PDMAPMA, which was 
reflected by a decrease in water contact angle 
from 83° to 70° (Table 3). Accordingly, the 
streaming potentials of the coatings were also 
increased following formation of more cationic 
groups on the films. For the crosslinked 
PDMAPMA films without quaternisation, 
although around 8% of the amine was 
quaternised, the streaming potential still 
showed - 25 mV. Since the pKa of the aniline 
group on PDMAPMA is between 4.2 and 4.4, 
the amine group was not protonated at the pH 
of the measurement. At this stage, the 
dominant number of 
unquaternised/unprotonated aniline groups led 
to an overall negative potential between the 
slipping layer attached to the surface and the 
dispersive medium. After a moderate degree of 
quaternisation of 40% of the amine groups, the 
streaming potential was increased to + 20 mV 
and a further increment was observed when the 
degree of quaternisation reached 80%, when a 
value of + 63 mV was achieved. 

 

Table 3: The thicknesses, degrees of quaternisation, water contact angles and surface streaming 
potentials of PDMAPMA films. 

Film Thickness (nm)a Degree of 
Quaternisation (%) 

Water Contact 
Angle (°)a 

Surface Streaming 
Potential (mV) 

PDMAPMA-
Crosslinked 

20.6 ± 1.4 7.9 83.8 ± 0.5 - 25.0 

PDMAPMA- 19.5 ± 0.6 39.8 76.1 ± 0.3 + 20.6 
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Mid QAS 

PDMAPMA-
High QAS 

21.9 ± 1.6 80.1 69.6 ± 0.8 + 61.8 

 

a. The error is one standard deviation. 

 

 

 

 

Biocidal Performance of PDMAPMA Films 

Biocidal Performance of PDMAPMA with High 
Degree of Quaternisation 

The contact-killing experiments for PDMAPMA-
High QAS films were conducted by incubating 
the films with a bacterial suspension in PBS at 
37 °C for 6 h in order to better represent the 
everyday environment, where bacteria are in a 
state of low division.44 The fluorescence images 
of the live/dead staining experiments (Figures 6 
and 7 at an incubation time of 6 h) of the 
PDMAPMA coatings compared to blank silicon 
wafers reveal that the PDMAPMA-High QAS 
films are highly effective against both bacterial 
strains. 

A further test on the biocidal efficiency of 
PDMAPMA-High QAS was conducted through a 
kinetic study. The percentages of live S. aureus 
and E. coli attached to the films were monitored 
at 1 h, 3 h and 6 h of incubation, as shown in 
Figures 6 and 7. The corresponding 
fluorescence images were presented in Figures 
S6 and S7.  

With 100% defined as all attached cells being 
alive, a gradual reduction in numbers of live S. 
aureus can be seen in Figure 6 from 1 h to 3 h, 
when around 82% of bacteria were killed. The 
rate of killing slowed down afterwards until 6 h, 
when there were 7% of live S. aureus left 
attached to the films. On the other hand, a 
rapid reduction in the number of live E. coli to 
45% was seen with just 1 h of contact with the 
material. At 6 h, only 3% live cells remained. 
Compared to S. aureus, E. coli showed higher 
susceptivity and sensitivity towards films of 
PDMAPMA-High QAS.  

It can be noted that the kinetics of killing of the 
films of PDMAPMA-High QAS resembles the 
results for PDMAPMA-MeI in solution (Figure 3). 
A similar mechanism may be proposed here 
despite the very different physical forms of the 
polymers in the different cases. In solution, it is 
proposed that the cell walls of S. aureus hinder 
the diffusion of PDMAPMA to the membrane in 
a manner similar to the “sieving effect”,32 and 
that the membrane can be efficiently disrupted 
once the electrostatic forces become sufficient. 
When used as coatings, because PDMAPMA is 
immobilised, the polymer cannot diffuse 
through the cell walls and can only exert a 
biocidal action through the positive charge at 
the place where bacteria make contact with the 
coating. In addition, according to the 
“Phospholipid Sponge Model” proposed by 
Bieser et al.45 and Li et al.46 the antimicrobial 
polymer coatings irreversibly attract the 
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negatively charged phospholipids and disrupt 
the membrane of the bacterial cells. Such action 
can cause strong deformation of the bacteria, 
as can be seen from the SEM images of the 
morphologies of bacteria before and after being 
killed by PDMAPMA-High QAS coating (Figure 8; 
additional images are presented in Figure S8). 
When acting against E. coli, the coating directly 
contacts the membrane, causing the disruption 
of the membrane and subsequently the death 
of the cells. The thin cell wall between the 
double lipid layers is not able to mitigate 
against such strong forces exerted by the 
coating. The entire surface of the cell is 
deformed and the cell membrane “collapsed” 
on the surface of the coating. On the other 
hand, for S. aureus, it is apparent that a 
“squeezing” effect derived from the 
electrostatic attraction was exerted on the cell 
and cytoplasmic substance leaked out of the 
spherical cell through a crack caused by this 
force. However, the cationic charge of the 
coating can only slowly take effect against S. 
aureus as the cell wall shields direct contact 
with the membrane. As expected for the 
“Phospholipid Sponge Model”, the biocidal 
process is therefore slowed. 

 

 

Figure 6: The percentage of live S. aureus 
respectively on silicon wafer and PDMAPMA-
High QAS films as the function of incubation 
time at 1 h, 3 h and 6 h. The error bars (n = 3) 
show one standard deviation. 

 

Figure 7: The percentage of live E. coli 
respectively on silicon wafer and PDMAPMA-
High QAS films as the function of incubation 
time at 1 h, 3 h and 6 h. The error bars (n = 3) 
show one standard deviation. 
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Figure 8: The SEM images of bacteria respectively on silicon wafer and films of PDMAPMA-High QAS. 

 

 

Relationship between Biocidal Behaviour and 
Charge Density of PDMAPMA Coatings 

The three types of films with different degrees 
of quaternisation were incubated with 1 × 106 
bacteria in PBS for 6 h.  

The relationship between the degree of 
quaternisation of the coatings and the 

percentage of live cells attached to the coatings 
is presented in Figure 9. The corresponding 
fluorescence images of the S. aureus and E. coli 
attached to the samples are shown in Figure S9. 
An increase in the ratio of dead cells can be 
clearly observed against both strains as the 
degree of quaternisation was increased. 
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Figure 9: The relationship between the biocidal performance at 6 h of incubation and the degree of 
quaternisation of PDMAPMA coatings. The error bars (n = 3) show one standard deviation. 

PDMAPMA-Crosslinked films were able to exert 
an antimicrobial effect against both strains of 
bacteria, with 61% S. aureus and 72% E. coli 
dead. Although the streaming potential of 
PDMAPMA-Crosslinked film showed a negative 
surface charge, this only reflects the overall 
potential difference between the slipping plane 
and the bulk of dispersive medium. The cationic 
anilinium groups on the surface can still exert a 
biocidal effect against bacteria through 
membrane disruption. The number of 
accessible cationic groups on the surface of 
coating was determined by XPS measurements. 
It also needs to be mentioned that PDMAPMA, 
with only 7% degree of quaternisation, is 
insoluble in water, and therefore is not able to 
display biocidal activity through mechanisms of 
action available to conventional antibiotics, 
such as inhibition of syntheses of DNA/RNA, cell 
wall and proteins,47 which require perturbation 
at the molecular level towards the metabolic 

pathways. An increase in accessible cationic 
anilinium groups to 40% led to a reduction of 
live S. aureus and E. coli to respectively 17% and 
9% and a further increase in surface change 
rendered more than 90% death of both 
bacterial strains, with only 3% survival for E. 
coli. Therefore, it can be concluded that higher 
charge density brings more efficient killing of 
bacteria. This observation is in accordance with 
the biocidal properties of coatings prepared by 
grafting of polymers40,46 or crosslinking,45,46 
where accessible charge density and the killing 
efficacy are all positively correlated. In order to 
reach higher biocidal efficiency and efficacy, 
increasing the charge density of the coatings 
appears to be a necessary and effective 
approach. 

Finally, the data in Figure 9 demonstrates that 
E. coli showed shorter survival time against 
films with the same degree of quaternisation. 
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Such an observation is consistent with the 
differences in killing efficiency of PDMAPMA-
High QAS films against the two bacterial strains 
as discussed in Section 3.2. All of the above 
information confirms that E. coli, compared to 
S. aureus, is more susceptible to charge density 
and change of charge density, due to its double 
lipid membrane structure. 

Conclusions 

We have shown in this article that quaternised 
PDMAPMA is an antimicrobial polymeric 
material with broad biocidal activity. In 
solution, this polymer showed slightly better 
inhibition of bacterial growth of S. aureus than 
E. coli at lower concentrations, but more 
efficient biocidal function against E. coli at 
higher concentrations. This behaviour may be a 
consequence of the bulky and rigid structure of 
the polymer. In addition, the polymer was 
shown to be non-toxic to human red blood 
cells, but mildly toxic to 3T3 fibroblast cells. 
MeI-PDMAPMA was then tested as a candidate 
for antimicrobial polymer coatings and showed 
strong contact killing action against both S. 
aureus and E. coli via disruption of the 
membrane integrity of bacteria. The influence 
of charge density in the biocidal films was 
investigated by adjusting the degree of 
quaternisation of the films. A stronger biocidal 
effect was achieved for films with higher charge 
density. We expect that such performance will 
promote and broaden the application of 
polymers with anilinium side functional groups 
in the biomedical fields. 
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