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ABSTRACT

Block copolymers PDMS-b-PDMAEMA were synthesized via reversible addition-fragmentation chain
transfer (RAFT) polymerization involving N,N-dimethylaminoethyl methacrylate (DMAEMA) by using
poly(dimethylsiloxane) (PDMS) macro-chain transfer agent. And, the tertiary amino groups in PDMAEMA
were quaternized with n-octyliodide to provide quaternary ammonium salts (QPDMAEMA). The well-
defined copolymers generated composition variation and morphology evolvement on film surfaces,
which were characterized by X-ray photoelectron spectroscopy, atomic force microscopy, and contact
angle measurements. The results indicated that the enrichment of QPDMAEMA brought about lower
elemental ratios of Si/N on the film surfaces. The surface morphologies evolved with the variations of
QPDMAEMA content, and the variation trend of film roughness was exactly opposite to that of water
contact angle hysteresis. With regard to structure-antimicrobial relationships, the copolymer films had
more evident antimicrobial activity against Gram-positive, Bacillus subtilis, and the surfaces with hetero-
geneous morphology and higher N* content presented better antimicrobial activity. The functionalized
copolymers based PDMS and quaternary ammonium salts materials have the potential applications as

antimicrobial coatings.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The growth of bacteria is a particular contamination prob-
lem, which can lead to severe infections and diseases [1].
Great efforts have been devoted to develop materials with high
antimicrobial performance. Antimicrobial polymers with diverse
mechanisms, including quaternary ammonium salts (QAS), poly-
meric N-halamine, and host-defense peptide are of importance.
Polymeric N-halamines possess the advantages of high efficiency,
durability and rechargeability [2]. Host-defense peptides with
sequence-specific structure can prevent bacteria from evolving
resistance to the membrane-disruption mode [3]. QAS is the most
popular antimicrobial polymeric material owing to its simple
fabrication process and low cost, though it has relatively lower
antimicrobial efficacy compared with polymeric N-halamines and
antimicrobial peptides [4].

The antimicrobial activity of QAS related polymers was asso-
ciated with complex factors, such as molecular weight, types of
the counter anions, charge density, alkyl chain length and steric
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hindrance of QAS, hydrophilic-hydrophobic balance, as well as
bacteria species [5-9]. Some research groups indicated that QAS
containing long alkyl chain substituent of at least 8 carbon atoms
showed significant active biocides in water [6,7,10,11]. As well
known, poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA)
is one of the hydrophilic polymers containing tertiary amino
groups, and can be further converted into positively charged poly-
mer with quaternary ammonium salt groups (QPDMAEMA), which
has been considered to be a promising polymeric antimicrobial
agent [12-14]. A previous study reported antimicrobial poly-
meric brushes with high density cationic surfaces could effectively
kill bacterial cells [15]. Tang’s group [16] have studied ammo-
nium containing PDMAEMA with natural rosin as the pendant
groups (PDMAEMA-g-rosin), and indicated that conformation of
hydrophobic group with particularly steric hindrance played an
important role for antimicrobial efficacy. Moreover, it was reported
that the QAS modification could enhance the mechanical properties
of polysiloxane coatings [17].

From the aspect of application, poly(dimethylsiloxane) (PDMS)
is one of the versatile candidates to integrate with QPDMAEMA,
because of the good fouling-release performance, low surface
energy and elastic modulus, as well as biocompatibility, optical
transparency, and permeability [ 18-20]. Actually, there are several
approaches utilized to endow PDMS with antimicrobial properties.
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The facile techniques involve blending with various antimicro-
bial agents [6,21,22], and chemical surface modification of PDMS
material with preformed polymers [23-25]. The drawbacks of
these manipulations are that they cannot give long-term protec-
tion under adverse conditions and the modified surface of PDMS
could be transformed into a brittle silica-like layer [26-28]. The
available approach is based on constructing copolymers contain-
ing antimicrobial functional groups in side chains to tailor brush
structures [8,29]. The controlled polymerizations, such as atom
transfer radical polymerization (ATRP) [30] and RAFT polymeriza-
tion [31], are often used to synthesize the target copolymers for
antimicrobial purpose. Due to the high flexibility of PDMS chains,
the QAS-tethered polysiloxane may readily interact with bacteria,
acting not only on the surface but also in bulk, which would pre-
vent the bacteria from colonizing crevices as well as defects of other
materials [8].

For the purpose of finding an economic and practical biomedical
antibacterial coating, in this study, a series of block copolymers
with different content of QPDMAEMA were synthesized via RAFT
polymerization and quaternization, taking the effects of charge
density and molecular weight on antimicrobial efficiency into
account. PDMS was used as macro chain transfer agent (PDMS-
CTA) with low surface energy and biocompatibility available,
while QPDMAEMA was designated to fulfill the antimicrobial
function. The well-defined structure of copolymers endowed
greater insight into microphase separation and the resulting
antimicrobial activity, which could generate special composition
and unique morphology on film surfaces. These block copolymer
films were characterized by X-ray photoelectron spectroscopy
(XPS), atomic force microscopy (AFM), and contact angle measure-
ments. With regard to structure-antimicrobial relationships, the
antimicrobial activity of the copolymers against Gram-positive
and Gram-negative bacteria was preliminarily investigated.

2. Experimental
2.1. Materials

a-Hydride-terminated polydimethylsiloxane (PDMS-H,
M, =8000 g/mol) was purchased from Hangzhou Silong Material
Technology Co., Ltd., China. 2-(Allyloxy)ethanol, platinum(0)-
1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution in
xylene (Pt~2%), 4-(dimethylamino)pyridine (DMAP, 99%) and
N,N-dicyclohexylcarbodiimide (DCC) were purchased from Sigma-
Aldrich. Hydroxyl-terminated polydimethylsiloxane (PDMS-OH)
was synthesized from «-hydride-terminated polydimethyl-
siloxane according to the literature [32]. 4-Cyanopentanoic
acid dithiobenzoate (CAD) was synthesized referring to the
previous report [33]. PDMS-CTA was obtained according to
the literatures [34,35]. N,N-dimethylaminoethyl methacry-
late (DMAEMA) (Aldrich, 98%) and hydroxyethyl methacrylate
(HEMA) (Tianjin Kemiou Chemical Reagent Co., China) were
purified by passing the monomer through basic alumina column.

N-octyliodide was obtained from Alfa Aesar and used as received.
Azobis(isobutyronitrile) (AIBN, Aldrich, 99%) was recrystallized
from ethanol and dried. Hexamethylene diisocyanate (HDI) was
purchased from Bayer AG. Germany. Gram-positive bacteria
(Bacillus subtilis) and Gram-negative bacteria (Escherichia coli)
were supplied from Hebei University of Science & Technology,
China, and were incubated at 4 °C on nutrient agar plates.

2.2. Synthesis of PDMS-b-QPDMAEMA block copolymers

The synthesis procedure for PDMS-b-QPDMAEMA is described
in Scheme 1. RAFT polymerization was conducted in a 50 mL dry
three necked flask equipped with a magnetic stirrer. In a typical
reaction, DMAEMA (0.942 g, 6 mmol), AIBN (0.0028 g, 0.017 mmol)
and PDMS-CTA (1.008¢g, 0.12mmol) were dissolved in toluene
(0.95¢g). In addition, a certain amount of HEMA was added for
crosslinking. The solution was then degassed to remove oxygen,
and polymerization was carried out under stirring in water bath
at 65°C for 12 h. The reaction was terminated and quenched to
0°C, and the crude products were diluted and dialyzed against
methanol over 48 h. After dialysis, the solvent was removed by
rotary evaporator and the copolymer was dried under high vac-
uum for 24 h at room temperature to yield a pink product. Block
copolymers with different contents were synthesized in the same
manner (Table 1). 'TH NMR (500 MHz, CDCl;) d (ppm): 0.07 (6nH,
m, C4Hg(Si(CH3);3)n), 0.91-1.06 (3H, s, CH,C(CH3)S), 1.80-1.90 (2H,
s, CH,C(CH3)S), 2.32 (6H, s, CH;N(CH3)3), 2.58 (2H, t, CH;N(CH3),),
3.83 (2H, t, CH,CH,0H), 4.08 (2H, t, COOCH,CH;N).

Quaternization reactions were carried out in a 50mL dry
three-necked flask equipped with a magnetic stirrer. In a typ-
ical reaction, 0.99g of PDMS-b-PDMAEMA (2.4 mmol of tertiary
amine functional groups) was mixed with 0.864 g of n-octyliodide
(3.6 mmol of iodide ions), then the reactants were dissolved in
toluene/acetonitrile (w/w=1:1) solvents, and the quaternization
reaction was proceed at 70°C for 32h. A substantial increase
in viscosity was observed as a result of the reaction. The prod-
uct was precipitated by hexane four times. 'H NMR (500 MHz,
CDCl3) d (ppm): 0.07 (6nH, m, C4Hg(Si(CH3)2)n), 0.91-1.06 (3H,
s, CH,C(CH3)S), 1.39 (17H, m, (CH,);CH3), 1.80-1.90 (2H, s,
CH,C(CH3)S), 3.47 (6H, s, CH,N*(CH3);), 3.72 (2H, t, CH,N*(CH3);),
4.08-4.15 (2H, t, COOCH,CH;N). It was estimated that all the ter-
tiary amino groups have almost been transformed into QAS groups.

2.3. Preparation of the copolymer films

A certain amount of the obtained block copolymers and HDI
were dissolved in acetonitrile to prepare copolymer solution
(10 wt%). Then the solution (200 p.L) was spin-coating (rotate speed
600r1/s for 6s and 3000r/s for 10s) on clean aluminum sheet
(2 cm x 2 cm). The solvent was evaporated at room temperature for
1 hbefore the samples were cured at 100 °C for 2 h. These films were
used for the characterization of surface structure and antimicrobial
performance testing.

Table 1

Conversion and relative molecular weight of the prepared block copolymers.
Sample? TH NMR GPC

Conv. (%) My, nur (kDa) M, (kDa) M,y (kDa) PDI

PDMS - 8.0 9.3 11.8 1.27
PDMS-b-PDMAEMA 4" 80.0 15.2 12.7 16.0 1.25
PDMS-b-PDMAEMAgo 60.0 16.8 15.6 18.7 1.20
PDMS-b-PDMAEMAg, 56.0 20.1 18.9 23.0 1.22
PDMS-b-PDMAEMA 100 72.8 23.5 23.7 28.0 1.18

2 Each sample of the block copolymers contained approximately 15 repeat units of HEMA estimated by 'H NMR for crosslinking.
b Subscripts represented the numbers of repeat units for PDMAEMA estimated by 'H NMR.
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Scheme 1. Synthesis of PDMS-b-QPDMAEMA-b-PHEMA block copolymer.

2.4. Characterizations

TH-nuclear magnetic resonance ('H NMR) spectra were con-
ducted on copolymers by a Bruker Avance 500 MHz at 25°C.
Deuterated chloroform (CDCl3) was used as solvent, and all chem-
ical shifts were reported in ppm (d).

Gel permeation chromatography (GPC) was equipped with
Waters 1515 isocratic high performance liquid chromatogra-
phy pump and Waters 2414 refractive index detector. Narrow
polystyrene (PS) standards were used, and tetrahydrofuran was
utilized as the eluent through a flow rate of 1.0 mL/min at 40°C.

Differential scanning calorimetry (DSC) was carried out using a
TA instrument (DSC F1 204) with an indium metal standard under
a nitrogen atmosphere. Samples (5-6 mg) were heated from room
temperature to 150 °C, and then cooled to —150 °C with heating and
cooling rate of 30°Cmin~!. The samples were reheated to 150°C
with rate of 10°Cmin~!. The thermograms in the second heating
run were recorded.

X-ray photoelectron spectroscopy (XPS) was performed on an
axis ultra X-ray photoelectron spectrometer with an Al X-ray source
operating at 250 W. The specimens were analyzed at an electron
takeoff angle of 45°, and measured with respect to the surface plane.
General survey scans (binding energy range 0-1100 eV, pass energy
188 eV) and high-resolution spectra (pass energy 29 eV) in the C1s,
O1s, Si2p, N1s and 13d5 regions were recorded for the copolymer
films.

Atomic force microscopy (AFM) was measured by scanning

probe microscope (CSPM5500A, Being Nano-Instruments, Ltd.,

China) in tapping mode, in order to investigate the surface mor-
phology of the block copolymer films. Samples were imaged at
3 pm x 3 wm magnifications using a nanosensor silicon tip.

Water contact angle (WCA) measurements (JC2000D contact
angle meter from Shanghai Zhongchen Equipment Ltd., China) were
carried out to evaluate the surface wettability of copolymer films
by measuring the static contact angle between the film surface
and demineralized water drops (ca. 5 uL). Advancing and reced-
ing contact angles were measured by increasing and decreasing
the drop volume. The data presented were the average of five mea-
surements.

2.5. Assessment of antimicrobial properties

The antimicrobial property of the crosslinked copolymer films
was assessed with an agar plating method according to the ref-
erence [36], and this method was also adopted to evaluate organic
silicone resin with QAS [6,9]. For these experiments, initial bacteria
concentration was approximately10°-10% CFU/mL. 200 p.L of ini-
tial bacteria was added on the nutrient agar plates and ensured
the uniform distribution on the surface. The copolymer film coated
aluminum sheets were placed slowly on the agar plates with the
coated side directly contacted with the agar surface. The plates
were inverted and incubated for 24 h at 37 °C. Inhibition of micro-
bial growth around the coated aluminum sheets was evaluated
visually from digital images taken after 24 h of incubation. For
different bacteria, a transparent inhibition zone surrounding the
coated specimen was designated as “+” for antimicrobial response.
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Fig. 1. 'H NMR spectra of (a) PDMS-CTA, (b) PDMS-b-PDMAEMA, and (c) PDMS-b-QPDMAEMA-b-PHEMA.

Conversely, if films showed no inhibition zone, the antimicrobial
response was given the designation “—".

3. Results and discussion
3.1. Synthesis of PDMS-b-QPDMAEMA copolymers

Fig. 1(a) and (b) shows the TH NMR spectra of PDMS-CTA and a
purified PDMS-b-PDMAEMA sample, respectively. The characteris-
tic peaks of PDMAEMA block appeared at 2.32 ppm, 2.58 ppm and
4.08 ppm, indicating that PDMS-b-PDMAEMA block copolymer was
synthesized successfully. The molecular weights derived from the
TH NMR spectra (M nmr) Were calculated according to the signal
integrations of the protons from the methyl groups in Si(CH3 ), and
the oxygen-methylene groups of PDMAEMA. The monomer con-
version of DMAEMA via RAFT polymerization could reach above
60%, estimated from the 'H NMR spectra. Table 1 summarizes the
conversion and relative molecular weight of the prepared block
copolymers.

The GPC traces show sharp and unimodal peaks in Fig. 2
(PDI<1.27), and the relevant values are listed in Table 1. The
copolymer molecular weights measured by '"H NMR and GPC were
consistent with each other.

The quaternization reaction between tertiary amino groups
in PDMS-b-PDMAEMA and n-octyliodide proceeded to prepare
PDMS-b-QPDMAEMA. Compared with the 'TH NMR spectra in
Fig. 1(b) and (c), almost 100% of the tertiary amino groups in
PDMAEMA blocks have been converted into QAS groups in the qua-
ternization reaction. The proton peaks of dimethyl groups attached
to the tertiary amine shift from 2.31 ppm to 3.47 ppm. Meanwhile,
the signals of methylene groups attached to nitrogen atom at
2.59 ppm shift to 3.72 ppm, and characteristics for long alkyl chain
appeared at 1.19-1.49 ppm. Besides, after quaternization reaction,

the polarity of block copolymers increased due to the electrostatic
interaction of cationic groups.

Many researchers found that antimicrobial activity of polymers
increased with molecular weight in a certain range, over which
decreased sharply due to the hindrance of the functional groups
through the bacteria cell membrane [5]. The molecular weight of
the prepared copolymers in the present research was obtained
in a controlled manner (in range of 17kDa-50kDa), and the
brush structure was estimated with high density cationic groups
(40-100 units/mol), therefore, promising properties are expected
for biomedical antibacterial materials.

3.2. Thermal behaviors of the block copolymers

DSC thermograms of PDMS-b-PDMAEMA and PDMS-b-
QPDMAEMA with different contents are shown in Fig. 3. The

Fig. 2. GPC traces of (a) PDMS-CTA, (b) PDMS-b-PDMAEMAso, (c) PDMS-b-
PDMAEMAgo, (d) PDMS-b-PDMAEMAgo, and (e) PDMS-b-PDMAEMA 1 go.
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Fig. 3. DSC thermograms of the block copolymers: (a) PDMS-b-PDMAEMA4o, (b)
PDMS-b-QPDMAEMAy, (¢) PDMS-b-QPDMAEMAGgo, (d) PDMS-b-QPDMAEMAgo, and
(e) PDMS-b-QPDMAEMA oo (glass transition temperature Ty and melting tempera-
ture Ty, indicated).

PDMS block exhibited a sharp peak of melting temperature (Ty,)
around —43.3°C, which was evident in PDMS-b-PDMAEMA,g
(Fig. 3(a)). The absence of Ty, in most quaternized copolymers,
except for PDMS-b-QPDMAEMAgy, could be attributed to the
counter ions groups, which affected the mobility of the copolymer
chains in molecular packing and therefore hindered crystallization
[31]. Additional Tgs associated with QPDMAEMA blocks were
detected for all copolymers in the second heating runs, i.e. PDMS-
b-QPDMAEMA,4 (75.2°C), PDMS-b-QPDMAEMAg, (80.1°C),
PDMS-b-QPDMAEMAg, (65.4°C), and PDMS-b-QPDMAEMA1g
(68.4°C), and it was worth noting that the effect of QPDMAEMA
content on Ty was not straightforward. As we know, counter ions
are polar groups, which could increase the values of Tg, while
the flexible alkyl side chains favor rearrangement of molecules
and decrease the values of Tg. The polar groups were dominated
for PDMS-b-QPDMAEMA,, and PDMS-b-QPDMAEMAgq, and the
values of Tg increased with the rise of counter ions amount
in QPDMAEMA block. For PDMS-b-QPDMAEMAgg, the value of
Ty decreased and Tn, reappeared, which may be attributed to
the flexible alkyl side chains in a proper content to favor the
rearrangement of molecules.

3.3. Chemical compositions of the block copolymer films

The contents of carbon, oxygen, silicon, nitrogen, and iodide
elements estimated from XPS are collected in Table 2. As we can
see, the elemental ratios Si/N of PDMS-b-QPDMAEMA film surfaces
were lower than those in the copolymers, and the smallest ratio of
Si/N element was found in film PDMS-b-QPDMAEMAgo. PDMS was
prone to migrate toward the surface due to its flexibility and low
surface energy, however, the migration was somewhat limited by
the increased content of QPDMAEMA. The significant discrepancy
of Si/N ratio was relevant to the morphology evolvement detected
by AFM in next section.

The high resolution XPS spectra of the N1s for block copolymer
films are shown in Fig. 4. The results indicated that the presence of
N1s peaks were resolved into C—N* and C—N, which appeared at
402.4eV and 399.6 eV, respectively, and the percentages of C—N*
and C—N were also shown in Fig. 4. Practically, in view of the total
content of N element (Table 1), the higher percentages of C—N*
were found on the film surfaces of PDMS-b-QPDMAEMAg, and
PDMS-b-QPDMAEMA oo. Considering the almost complete conver-
sion of tertiary amino groups into QAS detected in 'H NMR result,
it is assumed that C—N was mainly generated from the crosslinker,
which was consistent with the content used for crosslinking in

Fig. 4. High resolution XPS spectra of N1s for block copolymer films (a) PDMS-
b-QPDMAEMAyg, (b) PDMS-b-QPDMAEMAG¢, (c) PDMS-b-QPDMAEMAg, and (d)
PDMS-b-QPDMAEMAgo.

experiments. It is expected of course that the increased content
of N* on surface would give rise to obvious antimicrobial activity.

3.4. Morphology of the copolymer films

Fig. 5 illustrates the copolymer films surface topography wit-
nessed by AFM. The surface morphology evolved from “hole” to
“bump” with the increased content of QPDMAEMA, presenting vari-
ation of roughness average inrange of 1.18-3.88 nm (indicated as S,
in Fig. 5). Moreover, the diameter of round domains in both topog-
raphy and phase images was getting smaller with the increased
content of QPDMAEMA, i.e. the average diameter of the round
domains about 200 nm was observed in PDMS-b-QPDMAEMA g,
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Table 2

Atomic percentage of the copolymer surface measured by XPS.
Sample Cls (%) O1s (%) Si2p (%) N1s (%) 13d5 (%) Si/N? Si/NP
PDMS-b-QPDMAEMA 4o 62.3 19.9 10.6 7.3 0 1.5/1 271
PDMS-b-QPDMAEMAg, 67.5 17.2 53 9.2 0.8 0.6/1 1.8/1
PDMS-b-QPDMAEMAg, 68.6 16.8 5.5 7.7 1.5 0.7/1 141
PDMS-b-QPDMAEMA oo 65.2 184 7.8 7.2 1.4 1.1/1 1.1/1

a Referring to the ratio on the copolymer film surface.
b Referring to the ratio in copolymer estimated from the content.

while the smaller domains with about 40 nm in average diameter and the selectivity of solvent toward different blocks could affect
were displayed by PDMS-b-QPDMAEMAg,. The incompatibility of the morphology. Besides, from the Si/N ratios listed in Table 2,
PDMS and QPDMAEMA blocks in the copolymers was fundamen- it indicated the enrichment of QPDMAEMA on the film surfaces,
tal for microphase separation. In the formation process copolymer that is, the migration of PDMS segments was restricted by both of
films, the PDMS block was prior to precipitate from acetonitrile, the increased QPDMAEMA content and the cross-linked network

Fig. 5. AFM topography, phase images and 3D height of block copolymer films over a scope of 3 um x 3 wm (a) PDMS-b-QPDMAEMAyg, (b) PDMS-b-QPDMAEMAso, (c)
PDMS-b-QPDMAEMAg, and (d) PDMS-b-QPDMAEMA .
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Fig. 6. Wettability of PDMS and block copolymer films (a) water contact angles, (b) surface energy, and (c) contact angle hysteresis.

of the copolymer films, a similar phenomenon had been reported
elsewhere [37]. Consequently, it is speculated that the darker
round domains in the phase images were attributed to PDMS-rich
domains. Considering the XPS results in combination, microphase
separation generated special composition and heterogeneous mor-
phologies on copolymer film surface, which was bound to affect
antimicrobial activity.

Furthermore, the morphologies of PDMS-b-QPDMAEMA,4¢ and
PDMS-b-QPDMAEMA (9 films showed relatively larger phase con-
trasts than the other two samples. The surface morphology resulted
from complex interactions among various parameters, such as tem-
perature of curing, solvent, and content ratio of different blocks.
The evolvements of topography and roughness derived from dif-
ferent migration rate of individual segment to the air/surface and
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Fig. 7. Antimicrobial activity of block copolymer films (a) PDMS-b-QPDMAEMA o, (b) PDMS-b-QPDMAEMAg, (¢) PDMS-b-QPDMAEMAg,, and (d) PDMS-b-QPDMAEMA 1 ¢o.

fraction of each segment in the curing process. Intermolecular
ionic interactions of QAS groups could provide additional ther-
modynamic driving force for microphase separation. Besides, the
intramolecular actions between alkyl side chains and positively
charged groups in QAS may also promote microphase separa-
tion, which is an assumption in other reports [6,9,38]|. These
factors resulted in the distinct microphase separation of PDMS-b-
QPDMAEMA,y and PDMS-b-QPDMAEMAgg.

3.5. Wettability of the block copolymer films

Fig. 6(a) shows that WCA of the copolymer films decreased with
the increased content of QPDMAEMA before immersing in water,
which was seemingly due to the cationic groups in QPDMAEMA.
PDMS film was obtained through crosslinking and measured as con-
trol. The WCA and surface energy of PDMS film remained constant
even after immersed in water for 24 h, while for the PDMS-b-
QPDMAEMA films, the most reduction of WCA could reach 20° after
immersing in water. The results were presented as expected that
the surface wettability was increased because of the migration of
QAS groups. Surface energy values of the block copolymers films
are 26.3mN/m, 25.5mN/m, 25.8 mN/m, and 27.0 mN/m, respec-
tively, with the increasing order of QPMAEMA content (shown in
Fig. 6(b)). After immersion in water, the values of surface energy
increased dramatically, which were also mainly dominated by the
migration of QAS groups toward the surface. Theoretically, the vari-
ation of surface energy indicated the discrepancy of antimicrobial
activity to some extent, and will be discussed in the follow-up
section. The water contact angle hysteresis (CAH) provided a mea-
surement of the stability for the film surface upon exposure to
water [9,39]. Block copolymer films with QPDMAEMA resulted in
a visible change in morphology and/or surface composition upon
exposure to water, and the films exhibited larger CAH than pure
PDMS film due to the existence of hydrogen bond between cationic
group and water (Fig. 6(c)). Higher values of CAH also indicated
the surface instability due to the variations of chemical composi-
tion and morphology [9], and this may improve the antimicrobial
properties of block copolymer films to some extent. In addition, val-
ues of CAH rose with the increase of QPDMAEMA content, except
for sample PDMS-b-QPDMAEMA o before contacting with water,
and the change trend was exactly opposite to the variation of film
roughness, i.e. CAH for PDMS-b-QPDMAEMA,g (S, =3.88 nm) was
23°, while that for PDMS-b-QPDMAEMAg, (Sa=1.18 nm) was 68°.
It is speculated that the existence of water on the film surface
would provide a thermodynamic driving force for reorganization of
QAS groups, in order to maximize molecular interactions between
QAS groups and water molecules. These results are expected the
reorganization of QAS groups on film surfaces could improve
antimicrobial performances.

3.6. Antimicrobial activity of the block copolymer films

The antimicrobial performances of the copolymer films were
investigated by visual observation. Fig. 7 displays the results
obtained from the agar plating method. Transparent inhibition
zones around each coated specimen indicated that all copoly-
mer films had antimicrobial activity to B. subtilis, while the effect
on E. coli was not distinct. Previous results had also shown that
QAS tended to be more effective toward Gram-positive bacteria
than Gram-negative bacteria [11]. Nevertheless, the QAS groups
were tethered with the copolymers possessed relatively higher
molecular weight, and a certain content of the QAS alkyl side
chains on the film surface tended to fold back and the pos-
itively charged nitrogen atoms would be exposed in humid
environment [7], which may hinder the penetration of alkyl
chains toward cell membranes in the bacterial culturing condition
[9,40].

Surface morphology seemingly exhibits no straightforward rela-
tionship with the antimicrobial properties, but the prominent role
it plays in microorganism adhesion behaviors has been noticed
[41-43]. Compared with the surface roughness and topography
of the block copolymers, the film of PDMS-b-QPDMAEMA,4 had
the largest roughness value (S; =3.88 nm). Consequently the QAS
groups on the heterogeneous surface could sufficiently interfere
with bacteria by the increased contact area, resulting in more
excellent antimicrobial activity. Relatively, the block copolymer
PDMS-b-QPDMAEMAoo showed higher and broader-spectrum
antimicrobial activity compared with other samples. Although fur-
ther investigation was required, the migration of QAS groups to
surface was easier from the “bump” morphology, and there was also
a more migration probability for PDMS-b-QPDMAEMA gy due to
the highest QAS content, both of which made cationic amine groups
effectively bind to the outer surface of the bacteria cell structures.
Chemical composition of the surfaces contributed to the antimicro-
bial properties as well, and the similar results had been reported
[38,44]. Therefore, with regard to structure-antimicrobial relation-
ships, the surfaces with more content of N* and heterogeneous
surface morphology are expected to present better antimicrobial
activity.

In addition, antimicrobial activities are also required to take
structures of bacteria into account [11,45,46]. Negative bac-
terium is wrapped with two kinds of cell membranes, while
Gram-positive bacterium has only a single thin cell membrane,
which is easily subject to be attacked by QAS groups. The
antimicrobial mechanism depends on both of the particular copoly-
mer surface and bacterial species. The investigation on surface
composition, morphology, and the combined effect on antimi-
crobial activity, is expected to promote further antibacterial
research.
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4. Conclusion

A series of block copolymers PDMS-b-QPDMAEMA with differ-
ent content of quaternary ammonium salt groups were synthesized
via RAFT polymerization and quaternization. Thermal behaviors of
the copolymers changed after quaternization reaction and were
affected by the counter ions and flexible alkyl side chains in
QPDMAEMA blocks. The elemental ratios of Si/N and morphology
of the copolymer film surfaces were dependent on the content
of QPDMAEMA blocks. In addition, with the variation content
of QPDMAEMA, the reduction of WCA values reached up to 20°
after block copolymer films immersed in water. In brief, the well-
defined copolymers could generate special composition and unique
morphology on film surfaces, which allows greater insight into
the structure-antimicrobial activity relationship. The antimicrobial
activity was highly dependent on the surfaces with heterogeneous
morphology and higher N* content, and PDMS-b-QPDMAEMA 19
showed higher and broader-spectrum antimicrobial activity.
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