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HIGHLIGHTS

® Ag NPs were evenly dispersed to 5nm by electrostatic interaction with ligand SMDM.
® Polymer nanocomposite coatings were prepared by SMDM as polymerizable emulsifier.
® The coating exhibited greatly improved hydrophilicity and wettability.

® The coating showed excellent and long-term antibacterial and antibiofouling ability.

® A green, simple and universal reference for the uniform dispersion of nanoparticles.
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Considerable attention has been devoted to producing polymer/Ag nanocomposite antibacterial coatings.
However, agglomeration problems of Ag nanoparticles (Ag NPs) and complex preparation process greatly limit
their performance and applications. This study reports a green, efficient, convenient and universal strategy for
the preparation of antibacterial polyacrylate/Ag nanocomposite coatings via emulsion polymerization. In this
work, a new type of polymerizable emulsifier, sodium mono dodecyl maleate (SMDM) was successfully syn-
thesized, which also acted as an anionic ligand to achieve the uniform dispersion of Ag NPs in the polymer
matrix by electrostatic interaction with Ag NPs. X-ray diffraction indicated that Ag NPs were successfully in-
troduced into the coatings. Meanwhile, the results of transmission electron microscopy and scanning electron
microscope demonstrated that Ag NPs were uniformly dispersed in the polymer matrix due to the action of
SMDM, and the particle sizes were reduced to about 5nm. Furthermore, the systematic investigations into the
surface properties and antibacterial properties indicated that the nanocomposite coatings displayed greatly
improved hydrophilicity, wettability, excellent antibacterial and antibiofouling ability. In a short period of time,
the nanocomposite coatings could approach or even reach the superhydrophilic state. Besides, the nano-
composite coatings maintained close to 100% antibacterial rate and completely inhibited bacterial adhesion and
biofilm formation in 7 days. It is believed that this approach has great potential to be applied in various fields
where antibacterial properties are highly demanded and this method is expected to provide a promising re-
ference for the uniform dispersion of other nanoparticles and the preparation of different functionalized coating
materials.

1. Introduction

Microbial infections and pollution have become an increasingly
serious problem, which greatly affects the quality and longevity of in-
dustrial products, and in turn adversely affects human health and safety
[1-3]. Due to outstanding comprehensive properties, polymer coatings
have a wide range of applications, such as the automotive industry,
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medical, home appliances, construction, packaging and so on [4-6].
However, further development of polymer coatings has been limited
because of bacterial contamination and fouling. In order to solve this
problem, it is a versatile and effective method to introduce antibacterial
agents into polymer coatings to prepare composite coatings [7,8]. An-
tibacterial agents mainly include inorganic antibacterial agents, organic
antibacterial agents and natural antibacterial agents [9,10].
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Unfortunately, organic antibacterial agents [11-15] and natural anti-
bacterial agents [16-18] have some insurmountable defects and lim-
itations. Among all antibacterial agents, Ag nanoparticles (Ag NPs)
have unparalleled advantages, such as superior bactericidal perfor-
mance, broad antimicrobial spectrum, high stability, remarkably low
human toxicity and no drug resistance [19-21]. Moreover, compared
with Ag™*, Ag NPs have more stable physicochemical properties and
lower effective antibacterial concentration (Ag NPs are nanomolar and
Ag* is micromolar) [22,23]. In addition, due to its extremely small
particle size and high specific surface area, Ag NPs can easily enter
bacteria and have a large contact area with bacteria. Therefore, it is a
practical, effective and promising method to introduce Ag NPs into
polymer coatings to endow them with antibacterial properties.

Studies have shown that the antibacterial effect of Ag NPs has an
important relationship with the particle size: the smaller the particle
size, the better the antibacterial effect [24-27]. However, Ag NPs tend
to agglomerate and are difficult to disperse uniformly, which seriously
weakens the antibacterial effect. Some methods have been adopted to
deal with the intractability problem. One of the most common methods
is to add a strong reducing agent to reduce Ag™, such as AgNO3, and
generate Ag NPs in situ, thereby preventing aggregation of Ag NPs to
some extent [25,28,29]. However, this method is prone to result in
more complicated preparation process and also brings potential risks to
the environment. More importantly, reducing agents and other mate-
rials such as stabilizers used during the synthesis of Ag NPs can leave
chemical debris and impurities on the materials, which has negative
impacts on the size and performance of Ag NPs [30]. Another widely
used method is surface modification of Ag NPs to improve the disper-
sion [31-33]. Nevertheless, most methods of surface modification that
have been reported so far are complicated in operation and cumber-
some in steps, incur additional costs, have a negative impact on the
environment, and even impair the overall performance of products,
which are hurdles to large-scale production and commercialization. In
addition, some other ways have also been employed to evenly disperse
Ag NPs, however they all have certain limitations [34-36]. In fact, most
of the methods currently used fail to achieve truly complete uniform
dispersion of Ag NPs. Therefore, a better and greener method urgently
needs to be adopted to uniformly disperse Ag NPs in polymer matrices.
Studies have demonstrated that in the aqueous medium, the surface of
nanoparticles exhibits positive or negative potentials owing to their
unique surface characteristics [37,38]. Based on this, it is a potential
and feasible method to design suitable ionic organic ligands and
achieve uniform dispersion of Ag NPs via electrostatic interaction.

Emulsion polymerization is widely used in the preparation of
polymer nanocomposite coatings. At the same time, studies have shown
that emulsion polymerization is also an effective way to uniformly
disperse nanoparticles in a polymer matrix [39]. Therefore, the use of
emulsion polymerization provides a valid way for the uniform disper-
sion of Ag NPs and the preparation of antibacterial coatings. However,
traditional emulsifiers that remain in the products adversely affect the
performance of the products and cause damage to the environment.
Compared with traditional emulsifiers, the introduction of polymeriz-
able emulsifiers [40,41] is a practical and meaningful solution to this
problem, which can copolymerize with the main monomers and avoid
the deficiency of traditional emulsifiers.

In this work, we proposed a novel, simple, effective and eco-friendly
strategy to prepare polyacrylate/Ag nanocomposite antibacterial
coating with excellent performance. Commercial Ag NPs were used and
a polymerizable emulsifier sodium mono dodecyl maleate (SMDM) was
synthesized, which also acted as an anionic ligand, interacting with the
charge on the surface of Ag NPs and allowing Ag NPs to be uniformly
dispersed in the polymer matrix. Through our method, Ag NPs were
successfully introduced into the polymer matrix and achieved ex-
tremely uniform dispersion, which the particle sizes were reduced to
about 5 nm. The prepared nanocomposite coatings exhibited excellent
antibacterial and antibiofouling activity against both Gram-negative
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bacteria (E. coil) and Gram-positive bacteria (S. aureus) as well as im-
proved mechanical properties, hydrophilicity and wettability thanks to
the uniform dispersion of Ag NPs. This method is expected to provide a
promising approach for the uniform dispersion of a variety of nano-
particles and the preparation of functionalized nanocomposite coating
materials.

2. Experiment
2.1. Materials

Ag NPs (60-120 nm, 99.5wt%) were purchased from Shanghai
Macklin Biochemical Technology Co., Ltd. 4-Vinylbenzyl chloride
(analytical grade) and 1-Dodecanamine (analytical grade) were pur-
chased from Tianjin Heowns Biochemical Technology Co., Ltd. Maleic
anhydride (analytical grade) and Dodecyl alcohol (analytical grade)
were purchased from Tianjin Jiangtian Chemical Technology Co., Ltd.
Potassium persulfate (KPS, analytical grade, Tianjin Yuanli Chemical
Co., Ltd) was used as initiator. Methyl methacrylate (MMA) was pro-
cured from Tianjin Yuanli Chemical Co., Ltd and Butyl acrylate (BA)
was procured from Tianjin Damao Chemical Reagent Factory. Sodium
dodecyl sulfate (SDS, analytical grade) and Heptane (analytical grade)
were purchased from Tianjin Jiangtian Chemical Technology Co., Ltd.
Other reagents were all of analytical grade. Deionized water was used
throughout.

2.2. Synthesis of SMDM

SMDM was synthesized as below. Maleic anhydride and 1-dode-
canol were stirred and heated to 60 °C to melt completely, followed by
reaction at 80°C for 1h. Then, heptane was added to the reaction
mixture, which was stirred to homogeneous and transparent liquid.
After that, the solution was stirred at room temperature for 3 h and then
at 15°C for 2h. The precipitate that formed was collected and re-
crystallized from heptane. Then the obtained white crystals melted in
acetone at 60 °C and 40% NaOH aqueous solution was dropwise added
with rapid stir. After cooling, the white solid was obtained by suction
filtration and precipitate was collected and dried under vacuum. The
product was a white powder. The characterization results of SMDM are
shown in Fig. S2, which exhibits SMDM was successfully synthesized.

2.3. Preparation of nanocomposite emulsions

The mixture of deionized water, 0.5g SMDM, 0.057 g KPS, MMA
and BA (mass ratio was 1:1) was pre-emulsified for 2.5 h under stirring
at 700 rpm. After 2.5h, the pre-emulsion was poured in constant
pressure funnel for future use. The ultrasonic dispersion of Ag NPs was
performed immediately after the pre-emulsification was started. The
mixture of deionized water, Ag NPs (2.50 wt%, based on monomers
mass, the same below) and 0.5g SMDM was sonicated for 30 min to
preliminarily achieve uniform dispersion. The ultrasonically dispersed
mixture with MMA and BA (mass ratio was 1:1) were pre-emulsified for
30 min under stirring at 700 rpm. Next, the reaction system was heated
to 70 °C, followed by 0.057 g KPS. Then, the system was heated to 75 °C
and reacted for 30 min. 30 min later, the pre-emulsion was dropwise
added in the system in 1 h. After that, the system was heated to 82°C
and sequentially polymerized for another 2h for sufficient reaction.
After the reaction, the prepared latex was washed, filtered and cen-
trifuged to obtain pure products, named P(MMA-co-BA-co-SMDM)/
Ag2 50

In order to study the effect of different Ag NPs content on the
coating properties and obtain the best comprehensive performance,
1.25wt% and 3.75wt% Ag NPs were also selected to prepare nano-
composite emulsions according to the same preparation process as
above, and the products were named as P(MMA-co-BA-co-SMDM)/
Ag o5 and P(MMA-co-BA-co-SMDM)/Ag5 75, respectively.
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To verify the effect of SMDM as polymerizable emulsifier and its
superior performance in dispersing Ag NPs and preparing nano-
composite emulsions, the traditional emulsifier SDS instead of SMDM
was used to prepare nanocomposite emulsions, and the preparation
method was the same as above and Ag NPs were added in an amount of
2.50 wt%, which the products were named P(MMA-co-BA)/SDS/Ag5 so.

Pure polymer matrix was also prepared, named P(MMA-co-BA).

2.4. Preparation of nanocomposite coatings

Nanocomposite coatings were prepared by casting. Specifically,
coatings were cast from the emulsions as mentioned above, which were
uniformly cast onto Teflon molds, and were first dried at room tem-
perature for 48 h and then dried under vacuum at 50 °C for 48 h to
thoroughly remove moisture.

2.5. Characterizations

The 'H nuclear magnetic resonance (*H NMR) spectrum of SMDM
was recorded using an AVANCE IIITM HD 400 MHz NanoBAY NMR
spectrometer (Bruker, Germany) with D,O as the solvent. Fourier
transform infrared spectrum (FTIR) of SMDM was recorded on a spec-
trometer (Nicolet 6700, USA) in the range of 400 ~ 4000 cm L

The X-ray diffraction (XRD) measurement of Ag NPs and nano-
composite coatings was carried out on a X-ray diffractometer (Rigaku
Ultima IV, Japan) in a range of 20 = 5°~90°, using Cu Ka radiation
(A = 0.15406 nm) as X-ray source, operated at 40 kV and 40 mA.

Dynamic Light Scattering (DLS) and Zeta potential measurements
were performed with BI-90Plus laser particle size analyzer/Zeta po-
tential analyzer (Brookhaven) to characterize the particle size and Zeta
potential of different samples. Samples were diluted to an appropriate
concentration in deionized water before measurements and then were
sonicated for a period of time.

The morphologies of Ag NPs and nanocomposite emulsions were
observed by JEM-2100F transmission electron microscope (TEM)
manufactured by JEOL. Particularly, the size and dispersion state of Ag
NPs in the polymer matrix were observed via TEM to tell whether Ag
NPs were uniformly dispersed.

The morphologies of the coating cross sections were characterized
by scanning electron microscope (SEM, Hitachi, S-4800, Japan)
equipped with an X-MAX20 energy dispersive spectrometer (EDS)
(Oxford).

The surface morphologies of the prepared coatings was detected by
atomic force microscope (AFM) (CSPM5500A, Benyuan Nano-
Instruments Ltd., China) and the quantitative roughness of the coatings

was calculated using the Imager software in terms of average roughness
(R,) and root mean square roughness (Rg).

Water contact angles (WCA) of the prepared coatings and their
evolution with time were measured at room temperature with a 5 pL
deionized water drops by using a JC 2000D CA meter (Shanghai
Zhongchen Instrument Co. Ltd., China). Each coating was tested in
three parallels. According to Owens-Wendt-Kaelble (OWK) method
[42,43], the surface energy of the coatings was measured and calcu-
lated by the JC 2000D software. Deionized water and decahy-
dronaphthalene were used as the test liquids respectively. Both water
and decahydronaphthalene contact angles were used by the initial
value. Each test was conducted in triplicates.

The tensile testing of P(MMA-co-BA), P(MMA-co-BA)/SDS/Ag> 5o
and P(MMA-co-BA-co-SMDM)/Ag was performed on a universal testing
machine (M350-20KN, Testometric, UK) at a 2mm/min crosshead
speed at room temperature. The limit of force transducer was 500 N
(BSA-XS-50kg). The dimensions of tensile specimens were
25 x 5 x 0.25 mm. Each coating was tested in five parallels.
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2.6. Antibacterial tests

The evaluation of the antibacterial activity of the prepared coatings
was thoroughly determined and discussed by the following methods:
the inhibition zone method, the plate colony assay and the optical
density of bacterial count method. E. coil and S. aureus were used in the
antibacterial experiment as typical Gram-negative and Gram-positive
bacteria, respectively. The nanocomposite coatings were made into
small circular samples with a diameter of 1 cm by a puncher, which
were sterilized by ultraviolet radiation for more than 2h before the
microbiological experiments.

The antibacterial capability of the prepared coatings was firstly
investigated using the inhibition zone method which is also called the
agar disk diffusion method. The sterilized circular samples were placed
on E. coli and S. aureus bacterial agar plates with the inoculum con-
centration of 3 x 107 colonies forming units per mL (CFU/mL), re-
spectively, which were then incubated in a shaking incubator at 37 °C
and 80 rpm for 18 h. Three replicate experiments were performed. The
presence of the inhibition zones was recorded by a digital camera and
the diameters of the inhibition zones were measured. Zones of inhibi-
tion were presented as the diameter of the area of no bacterial growth
minus the diameter of the sample itself. The antibacterial effect can be
characterized by the presence and size of inhibition zones.

Then, the killing efficiency of the prepared coatings against bacteria
was characterized by the plate colony assay. Briefly, the bacterial sus-
pension was diluted by 1000 times to achieve a loading of
3 x 10° CFU/mL. Subsequently, 200 pL of this bacterial suspension and
600 pL of liquid culture medium were added into each well of the 24-
well plate with the coating samples. The blank group contained only
200 pL bacterial suspension and 600 pL liquid culture medium. The 24-
well plate was incubated at 80 rpm for 24 h at 37 °C. A certain amount
of the bacterial suspension was then taken from per well and diluted
with an appropriate dilution factor. The diluted bacterial suspension
(10 uL) was scraped uniformly onto a nutrient agar (Biotopped?®, life
sciences) plate and cultured at 37 °C for 18 h. The number of colony-
forming units was recorded after incubation and the bacteria count was
expressed as the CFU number per sample. Each test was conducted in
triplicates.

In addition, the optical density (OD) of bacterial count method was
used to demonstrate the bactericidal ability of different samples more
accurately and quantificationally. The optical density value at 600 nm
(ODggo) of the remaining bacterial suspension in the plate colony assay
was measured by the Microplate Reader (TECAN, Switzerland). For E.
coli and S. aureus, each test was conducted in triplicates. The lower the
ODggo value, the less the bacterial content and the better the anti-
bacterial effect.

The long-lasting and stable antibacterial effect of the coatings was
also investigated through the optical density method. In short, the
bacterial suspension was diluted 1000 times to 3 x 10° CFU/mL and
then the coating samples were placed in each well of the 24-well plate,
followed by the addition of 200 uL of the bacterial suspension and
1000 pL of liquid culture medium to each well. The 24-well plate was
incubated at 80 rpm for 7 days at 37 °C. The blank group contained only
200 uL bacterial suspension and 1000 pL liquid culture medium.
Additional 200 pL of the bacterial suspension was added after every
24h to provide new sources of bacteria. The coating samples were
taken out from the 24-well plate every 24 h and the ODgq values of the
bacterial suspension was measured via the Microplate Reader. Each test
was conducted in triplicates. The growth inhibition rate was defined by
the following equation:

Growth inhibition rate (%) = (ODpositive control — ODSamples)
/(ODPositiveconlrol - ODNegative comml) % 100

where ODpogsitive control ODnegative control and ODsamples represent the
ODgqo values of the bacterial suspension without the coating samples,
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the pure liquid culture medium, and the bacterial suspension with the
coating samples, respectively.

SEM was employed to evaluate the attachment and biofilm forma-
tion of E. coli and S. aureus on different coating surfaces. In brief, the
coatings were immersed in the bacterial suspension (3 X 10° CFU/mL)
and a certain amount of liquid culture medium, followed by incubation
at 37 °C for 7 days. An appropriate amount of liquid culture medium
was added after every 24 h to prevent the bacteria culture medium from
drying out. At the predetermined time points, the coatings were washed
thrice with sterile phosphate buffer saline (PBS), followed by fixation
with 2.5% glutaraldehyde in PBS overnight. After fixation, the coatings
were washed thrice again with sterile PBS. The fixed bacteria were
dehydrated with a series of graded ethanol solution (25%, 50%, 75%,
95%, and 100%, 10 min each). The coatings were sputter-coated with a
gold layer and observed under SEM (Hitachi, S-4800, Japan).

3. Results and discussion

3.1. Preparation and characterization of nanocomposite emulsions and
coatings

3.1.1. TEM analysis

TEM images of Ag NPs dispersed in deionized water by ultrasound
and polymer nanocomposite emulsions are shown in Fig. 2. Despite a
long period of ultrasonic dispersion, Ag NPs still exhibit very severe
agglomeration in water with particle size more than 200 nm (Fig. 2a)
and when Ag NPs/SMDM were dispersed in deionized water, the dis-
persion of Ag NPs is greatly improved (Fig. 2b). It can be found from the
TEM image of P(MMA-co-BA)/SDS/Ag, 50 (Fig. 2¢) that the dispersion
of Ag NPs in the polymer matrix is uneven and significant agglomera-
tion occurred, indicating that SDS as a traditional emulsifier cannot
successfully disperse nanoparticles and prepare polymer nanocompo-
site emulsions. Due to the action of SMDM, different amounts of Ag NPs
achieves relatively uniform dispersion in the polymer matrix. The dif-
ference is that less addition of Ag NPs (1.25wt%) results in lower
loading and sparse distribution of Ag NPs (Fig. 2d, d’), while more
addition of Ag NPs (3.75 wt%) results in relatively poor dispersion of Ag
NPs (Fig. 2f, f), and the addition of 2.50 wt% Ag NPs (Fig. 2e, €’)
achieves a double guarantee of the loading and dispersibility of Ag NPs,
so 2.50 wt% is the optimal addition amount among the three contents.
From the TEM images, it can be observed that the particle sizes of Ag
NPs after successful dispersion are around 5nm, which demonstrates
that SMDM can indeed achieve uniform dispersion of Ag NPs in the
polymer. In addition, the mechanical performance of coatings are clo-
sely related to the dispersion state of Ag NPs. As shown in Fig. S4 and
Table S1, the mechanical performance testing results are completely
consistent with the TEM results, which strongly demonstrates the role
of SMDM in dispersing Ag NPs. The mechanism of SMDM as poly-
merizable emulsifier/anionic ligand for uniform dispersion of Ag NPs is
shown in Fig. 1.

3.1.2. DLS analysis

The DLS results of particle sizes of commercial Ag NPs directly
dispersed in water, Ag NPs/SMDM dispersed in water and particles in P
(MMA-co-BA) and polymer nanocomposite emulsions are shown in
Fig. 3, and the specific values of the intensity-average particle size and
polydispersity index (PDI) are listed in Table 1. As shown in Fig. 3a, the
particle size of commercial Ag NPs dispersed in aqueous medium is
large and the intensity-average particle size reaches 241.7 * 41.5nm,
indicating that the agglomeration is serious. However, when Ag NPs/
SMDM were dispersed in water, the particle size of Ag NPs shows a
huge drop (Fig. 3b), and the intensity-average particle size is sharply
reduced to 15.8 = 1.3 nm, demonstrating strong electrostatic interac-
tion between Ag NPs and SMDM. In addition, the intensity-average
particle sizes of pure polymer P(MMA-co-BA) (Fig. 3c) and polymer
nanocomposite emulsions (Fig. 3d-g) are 107.0 = 18.9nm,
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131.6 = 32.6nm, 114.1 = 25.3nm, 118.0 = 26.5nm and
135.8 = 28.5nm, respectively. Considering the TEM results, it in-
dicates that Ag NPs achieve a relatively uniform dispersion in the
polymer matrix. Furthermore, compared with the control experiments,
the particle sizes of the polymer microspheres are all a little more than
100 nm, indicating that SMDM has a good effect as an emulsifier. In
addition, as shown in Table 1, the PDI value of P(MMA-co-BA)/SDS/
Ago 50 is 0.324 = 0.036, while the PDI values of P(MMA-co-BA-co-
SMDM)/Ag are 0.294 + 0.022, 0.284 = 0.013 and 0.286 = 0.020,
respectively, which are all close to pure P(MMA-co-BA)
(0.287 = 0.012) and obviously less than 0.324 + 0.036, illustrating
that SMDM maintains the uniformity of polymer particle size distribu-
tion while introducing Ag NPs into the polymer matrix.

3.1.3. Zeta potential analysis

Zeta potential values provide strong evidence of the electrostatic
interaction between SMDM and Ag NPs [44] and are indicative of the
homogeneity and stability of polymer nanocomposite emulsions [45].
Zeta potential measurements are presented in Table 1. As shown in
Table 1, Ag NPs display a positive zeta potential around
16.27 = 0.569 mV and SMDM shows a strong negative zeta potential
around —86.35 = 2.155mV. However, because of the electrostatic
interaction between the negative potential of SMDM and the positive
potential on the surface of Ag NPs, when Ag NPs/SMDM were dispersed
in water, they exhibit a zeta potential of —55.39 *+ 3.145mV. Ad-
ditionally, zeta potential values of P(MMA-co-BA), P(MMA-co-BA)/
SDS/Ag> 50, P(MMA-co-BA-co-SMDM)/Ag 55, P(MMA-co-BA-co-
SMDM)/Ag> 50 and P(MMA-co-BA-co-SMDM)/Ag3 75 are
—96.63 * 2.248mV, —84.23 * 6.051mV, -69.34 = 5.499mV,
—-63.98 + 1.327mV and —56.91 *+ 1.748mV, respectively. Com-
pared with P(MMA-co-BA) and P(MMA-co-BA)/SDS/Ag> 50, the zeta
potential of P(MMA-co-BA-co-SMDM)/Ag emulsions is significantly
increased, also demonstrating the strong electrostatic interaction be-
tween SMDM and Ag NPs. In addition, the stability of the emulsions is
improved as the absolute value of the zeta potential increases and when
the absolute value of the zeta potential is greater than 30mV, the
emulsion stability is high [45,46]. Although the zeta potential of the P
(MMA-co-BA-co-SMDM)/Ag emulsions is increased, the absolute values
are far greater than 30 mV, indicating that P(MMA-co-BA-co-SMDM)/
Ag emulsions still have high stability.

3.1.4. XRD analysis

Fig. 4 exhibits the XRD patterns of Ag NPs, P(MMA-co-BA), P(MMA-
co-BA)/SDS/Ago o5 and P(MMA-co-BA-co-SMDM)/Ag. Ag NPs show the
peaks at 20 values of 38.3°, 44.4°, 64.6°, 77.5° and 81.7°, which are
assigned to the (11 1), (200), (220), (311) and (2 2 2) diffractions of
Ag, respectively, suggesting the commercial Ag NPs are face-centered
cubic (fec) with high crystallinity [28]. And the pure P(MMA-co-BA) is
amorphous and has a broad band centered at 26 = 19°, which is as-
cribed to the periodicity in parallel chains. Surprisingly, P(MMA-co-
BA)/SDS/Ags 50 exhibits almost the same XRD pattern as pure P(MMA-
co-BA) and no diffraction peaks of Ag NPs are observed, which means
that very small amounts of Ag NPs were introduced into the polymer
matrix, suggesting that SDS cannot successfully combine Ag NPs with
polymer matrix. On the other hand, similar five sharp diffraction peaks
of Ag NPs and a broad diffraction band of pure polymer are observed in
the P(MMA-co-BA-co-SMDM)/Ag. From this result, it is inferred that Ag
NPs were incorporated into the polymer matrix through the effect of
SMDM. So compared with SDS, SMDM improves the bonding, com-
patibility and interaction between Ag NPs and polymer matrix. More-
over, the preparation of P(MMA-co-BA-co-SMDM)/Ag by emulsion co-
polymerization did not change the crystalline structure of Ag NPs.

3.1.5. SEM and EDS analysis
In order to investigate the dispersion state of Ag NPs in the formed
coatings, P(MMA-co-BA), P(MMA-co-BA)/SDS/Ag> 50, and P(MMA-co-
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Fig. 1. Schematic diagram of SMDM as polymerizable emulsifier/anionic ligand for uniform dispersion of Ag NPs, and preparation of nanocomposite antibacterial

coating and antibacterial mechanism.

BA-co-SMDM)/Ag> 50 were selected to study their cross-sectional
morphologies by SEM, and the elemental distribution was studied by
EDS. As shown in Fig. 5, the cross sections of P(MMA-co-BA) (Fig. 5a)
and P(MMA-co-BA)/SDS/Ag> 50 (Fig. 5b) both exhibits a “ridge-valley”
structure. Interestingly, the cross-sectional morphology of P(MMA-co-
BA-co-SMDM)/Ag» 50 (Fig. 5¢) becomes smoother, which is attributed
to the valley area filling with Ag NPs. This indicates that Ag NPs were
introduced and uniformly dispersed in the polymer matrix. Moreover,
the EDS study confirms the existence of C, O, Na and Ag elements in P
(MMA-co-BA-co-SMDM)/Ag, 50 (Fig. 5¢’) and reveals that Ag elements
are homogeneously distributed throughout the coating, while there are
only C, O, Na and S elements in the EDS mapping of P(MMA-co-BA)/
SDS/Ag> 50 (Fig. 5b”). SEM and EDS analysis of the cross sections de-
monstrate that Ag NPs remain uniformly dispersed in the formed P
(MMA-co-BA-co-SMDM)/Ag, 50 coating.

3.2. Surface properties of the coatings

3.2.1. AFM analysis
The surface morphology, roughness and uniformity of the different

coatings were investigated by AFM. As shown in Fig. 6, the P(MMA-co-
BA) exhibits a “small hills” structure and has R, (average roughness) of
11.6 + 0.51nm and R, (root mean square roughness) of
13.9 = 0.56 nm, while the surface roughness of P(MMA-co-BA)/SDS/
Ag 50 is reduced with R, of 7.4 + 0.76 nm and Rq of 10.5 + 0.85nm.
Compared with P(MMA-co-BA), the surface roughness of P(MMA-co-
BA-co-SMDM)/Ag is increased with R, of 12.8 * 0.66nm,
13.0 = 0.59nm, 13.3 * 0.69nm and R, of 155 * 0.71nm,
15.5 *= 0.65nm, 15.8 = 0.73 nm, respectively. In addition, the un-
even surface structure leads to a larger surface area for bacteria and
foulants to contact, and provides space for them to accumulate. Al-
though the roughness is increased, due to the introduction and uniform
dispersion of Ag NPs which are filled into the gaps between the “small
hills” structures, the “small hills” structures in the surface of P(MMA-co-
BA-co-SMDM)/Ag are significantly reduced and the surface uniformity
is greatly improved. However, the surface uniformity of P(MMA-co-BA)
and P(MMA-co-BA)/SDS/Ags 5o is poor, which provides the possibility
of adhesion of bacteria and foulants [47].

Fig. 2. TEM images of (a) Ag NPs directly dispersed in deionized water, (b) Ag NPs/SMDM dispersed in deionized water, (c¢) P(MMA-co-BA)/SDS/Ag> s, (d, d) P
(MMA-co-BA-co-SMDM)/Ag1 s, (e, €’) P(MMA-co-BA-co-SMDM)/Ag> s and (f, f’) P(MMA-co-BA-co-SMDM)/Ag3 7s.
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Fig. 3. Particle size distribution of (a) Ag NPs directly dispersed in deionized water, (b) Ag NPs/SMDM dispersed in deionized water, (c) P(MMA-co-BA), (d) P(MMA-
c0-BA)/SDS/Ag5 50, (€) P(MMA-co-BA-co-SMDM)/Ag; s, (f) P(MMA-co-BA-co-SMDM)/Ag» 50 and (g) P(MMA-co-BA-co-SMDM)/Ag3 75 determined by DLS.

Table 1

Intensity-average particle size, polydispersity index and zeta potential of the samples.

Samples Intensity-average particle size (nm) Polydispersity index (PDI) Zeta potential (mV)
Ag NPs 241.7 = 415 0.222 * 0.032 16.27 + 0.569
SMDM - - —86.35 = 2.155
Ag NPs/SMDM 158 = 1.3 0.259 + 0.014 —55.39 + 3.145
P(MMA-co-BA) 107.0 + 189 0.287 * 0.012 —96.63 + 2.248
P(MMA-co-BA)/SDS/Ag> 50 131.6 + 32.6 0.324 * 0.036 —84.23 + 6.051
P(MMA-co-BA-co-SMDM)/Ag; 25 1141 + 253 0.294 * 0.022 —69.34 + 5.499
P(MMA-co-BA-co-SMDM)/Ag5 50 118.0 + 26.5 0.284 * 0.013 —63.98 + 1.327
P(MMA-co-BA-co-SMDM)/Ags 75 135.8 + 285 0.286 * 0.020 —56.91 = 1.748
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Fig. 4. XRD patterns of Ag NPs and the prepared coatings.

3.2.2. Hydrophilicity and wettability

The WCA measurement was used to characterize the change of
hydrophilicity and wettability of the coatings. Fig. 7a shows photo-
graphs of the contact angles of different coatings at 0s and at 330s,
respectively and Fig. 7b displays the contact angles versus time plots of
various coatings. As shown in Fig. 7a, the initial water contact angles of
pure P(MMA-co-BA) and P(MMA-co-BA)/SDS/Ag, 50 are 83.6° and
82.5°% close to 90° and at 330 s, the water contact angles are 72.5° and
74.6°, respectively. At the same time, Fig. 7b shows that the water
contact angles of P(MMA-co-BA) and P(MMA-co-BA)/SDS/Ag, 5o does
not change much over time. Considering the decrease in contact angles
caused by the evaporation of water droplets themselves, the absorption
of water by the coatings themselves can be considered to be negligible,
which means both of pure P(MMA-co-BA) and P(MMA-co-BA)/SDS/
Ags 50 have poor hydrophilicity and wettability. On the other hand, the
initial water contact angles of P(MMA-co-BA-co-SMDM)/Ag; 5, P
(MMA-co-BA-co-SMDM)/Ag»50 and P(MMA-co-BA-co-SMDM)/Ags 75
are 65.0°, 37.8° and 24.7°, respectively, showing improved hydro-
philicity, especially P(MMA-co-BA-co-SMDM)/Ag> 50 and P(MMA-co-
BA-co-SMDM)/Ags 75. In addition, the water contact angles drop sig-
nificantly over time, and decrease to 13.2°, 9.5° and 0° (completely
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wetted) at 330 s, indicating that P(MMA-co-BA-co-SMDM)/Ag coatings
have good wetting effect on water.

On the one hand, the change in the water contact angle of the
coatings and the resulting change in hydrophilicity and wettability are
directly related to the surface morphology and roughness of the coat-
ings. Theory has shown that for surfaces with water contact angle of
less than 90° (relatively hydrophilic), the increase in surface roughness
will increase the hydrophilicity of the surface [48,49]. Due to the
successful introduction of Ag NPs and uniform dispersion in the
polymer matrix, more micro-nano structures or nano structures are
constructed in the surfaces of P(MMA-co-BA-co-SMDM)/Ag coatings,
resulting in increased surface roughness. When the surfaces of the
coatings with increased surface roughness are in contact with the water
droplets, in order to balance the entire system, the water droplets first
spread on the solid surfaces and penetrate into the micro-nano struc-
tures or nano structures, and then the remaining water is completely
spread on the surfaces of the water films.

On the other hand, hydrophilicity is closely related to surface en-
ergy: the larger the surface energy of solid is, the smaller the water
contact angle will be, which means the hydrophilicity of the solid
surface is stronger [50,51]. As shown in Fig. 7c, the surface energies of
P(MMA-co-BA), P(MMA-co-BA)/SDS/Ag> s0, P(MMA-co-BA-co-
SMDM)/Ag; .25, P(MMA-co-BA-co-SMDM)/Ag> 50 and P(MMA-co-BA-
co-SMDM)/Ags 75 are 29.01 + 2.07, 28.27 = 0.25, 40.28 + 0.85,
59.50 + 0.46 and 66.66 + 0.33mJ/m? respectively, which corre-
sponds well with the results of the water contact angle test. The in-
crease in surface energy of the coatings is another key factor in the
improvement in hydrophilicity and wettability.

The improved hydrophilicity and wettability provides the founda-
tion and possibility of antifouling self-cleaning properties of the coat-
ings and makes the coatings less susceptible to be contaminated by
bacteria and other contaminants [52-54].

3.3. Antibacterial and antibiofouling properties of the coatings

E. coli and S. aureus are the most prevalent species of Gram-negative
and Gram-positive bacteria, respectively, which have become the
widely used model bacteria for the antibacterial study.

The antibacterial capability of different coatings was firstly tested
by the inhibition zone method and the results are presented in Fig. 8.
For the inhibition zone method, antibacterial efficiency is rated “good”
(zone of inhibition > 1 mm), “fairly good” (zone of inhibition <1 mm),

()
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N o 0w
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C 0)
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. Na Ag

Fig. 5. Cross-sectional SEM images of (a) P(MMA-co-BA), (b) P(MMA-co-BA)/SDS /Agy »s, (¢) P(MMA-co-BA-co-SMDM)/Ag, 5o and cross-sectional EDS mappings of

(b”) P(MMA-co-BA)/SDS/Ag> 50, (¢’) P(MMA-co-BA-co-SMDM)/Ag> so.
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Fig. 6. AFM images (a) and roughness statistics (b) of the coating surfaces.

“sufficient” (just not growth up on the sample), “limited” (amount of
growth on the sample < 50%) or “poor” (amount of growth on the
sample =50%) [55,56].As shown in Fig. 8, P(MMA-co-BA) and P
(MMA-co-BA)/SDS/Ag» 50 have no inhibition effect on the growth of
both E. coli and S. aureus, indicating that they lack antibacterial prop-
erties, while three P(MMA-co-BA-co-SMDM)/Ag coatings show ex-
cellent inhibition effect against E. coli and S. aureus, and the diameters
of their inhibition zones are 2.8 + 0.27mm, 2.8 * 0.20 mm,
2.0 £ 0.25mm and 3.1 = 0.20 mm, 3.0 £ 0.10 mm,
2.4 = 0.15mm, respectively. Interestingly, P(MMA-co-BA-co-SMDM)/
Ag 55 and P(MMA-co-BA-co-SMDM)/Ag» 50 have relatively close in-
hibition effect, and although P(MMA-co-BA-co-SMDM)/Ags s has a
higher amount of Ag NPs added, it has worse inhibition effect, which is
related to the relatively poor dispersion of Ag NPs.

In order to further and quantitatively investigate the improvement

of P(MMA-co-BA-co-SMDM)/Ag for antibacterial properties, the plate
colony assay [53] and the optical density of bacterial count method
[52] were adopted. As shown in Fig. 9a and b, after incubation, the
blank group and P (MMA-co-BA) both formed many colonies and
Log10(CFU/mL) values are 5.996 + 0.646, 6.893 + 0.458 and
5.851 = 0.547,6.583 =+ 0.181, respectively (Table 2), indicating poor
killing efficiency for bacteria. In contrast, three P(MMA-co-BA-co-
SMDM)/Ag coatings exhibit outstanding antibacterial properties
without any colony growth, suggesting close to 100% killing efficiency.
So as to determine the antibacterial ability and killing efficiency of P
(MMA-co-BA-co-SMDM)/Ag more comprehensively, the ODgoo values
of the cultured bacterial suspension were tested, and the results are
shown in Fig. 9c. Compared with blank group and P(MMA-co-BA), the
ODggo values of P(MMA-co-BA-co-SMDM)/Ag all significantly fall,
which means that the bacterial amounts were significantly reduced for
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Fig. 7. WCA at Os and at 330 s (a), evolution of water contact angles on the coating surfaces with the time in 330s (b) and surface energy (c).

both E. coli and S. aureus. In addition, P(MMA-co-BA-co-SMDM)/Ags 50
shows the smallest ODgqq values for both E. coli and S. aureus.

The long-lasting and stable antibacterial effect is critical for anti-
bacterial coatings [57,58]. The durability of the coatings’ antibacterial
properties was monitored by testing the ODggo values in 7 days and the
growth inhibition rate was calculated. As shown in Fig. 10, for E. coli
(Fig. 10a) and S. aureus (Fig. 10b), the ODgqo values of the blank group
and P(MMA-co-BA) are both much larger and increase over time. Sur-
prisingly, the ODgqo value of P(MMA-co-BA) even exceeds the blank
group over time. This may be due to the fact that during the long-term
culture, some substances of the P(MMA-co-BA) coating were dissolved
in the liquid culture medium, which lead to an increase in absorbance,
and the coating also provided more attachment sites for the bacteria,
promoting the growth of the bacteria. In sharp contrast, three P(MMA-
co-BA-co-SMDM)/Ag  coatings demonstrate the outstanding
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bacteriostatic effect against E. coli and S. aureus and do not change
basically over time. Furthermore, their growth inhibition rates against
E. coli (Fig. 10c) and S. aureus (Fig. 10d) keep basically constant and
even on the seventh day, the growth inhibition rates against E. coli and
S. aureus still remain at 91.5 + 2.40%, 96.5 = 3.11%, 98.9 + 1.11%
and 89.8 + 2.53%, 96.1 + 3.67%, 99.8 + 0.18%, respectively. In
fact, excluding the experimental error caused by the long-term culture
process, it is basically considered that P(MMA-co-BA-co-SMDM)/Ag> 50
and P(MMA-co-BA-co-SMDM)/Ags 75 always maintained a growth in-
hibition rate of nearly 100% for 7 days. The durability and stability of
antibacterial properties lay a solid foundation for the practical appli-
cation of P(MMA-co-BA-co-SMDM)/Ag coatings.

Biofilm on coating surfaces consists of bacteria, their secreted ex-
tracellular matrix, and organic debris is extremely difficult to remove
and once the biofilm is formed, it can have a fatal effect on the
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Fig. 8. Photographs of bacterial inhibition zones of different coatings towards E. coli (a) and S. aureus (b), and diameters of inhibition zones (c) of different coatings.
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Fig. 9. Digital images of viable colonies of E. coli (a) and S. aureus (b) via plate colony assay, and ODgqo values (c) of different bacterial suspensions.

performance of the coatings [53]. As shown in Fig. 11 and Fig. S6, a
large amount of bacteria adhered to the surface of P(MMA-co-BA)
coating which developed both E. coli and S. aureus biofilms at 7 days
and the thick biofilms almost covered the whole surfaces. Bacterial
clusters and agglomerates of substances produced by bacteria can be
clearly observed on the coating surfaces, indicating that P(MMA-co-BA)
coating is unable to prevent bacterial adhesion and biofilm formation.
In sharp contrast, three P(MMA-co-BA-co-SMDM)/Ag coatings almost
completely inhibited bacteria fouling and adhesion, -effectively

Table 2
Viable colony counts of E. coli and S. aureus.

preventing biofilm formation of both E. coli and S. aureus. Studies have
demonstrated that increased surface hydrophilicity reduces bacterial
adhesion and prevents biofilm formation [52,53]. As described above,
due to the large increase in hydrophilicity, the biofilm formation on the
coating surfaces is greatly suppressed. Effective inhibition of biofilm
formation has great significance for maintaining the properties and
further applications of the coating.

The antibacterial effect of Ag NPs is greatly influenced by the par-
ticle size: the smaller the Ag NPs, the greater antibacterial activity.

Samples Log10(CFU/mL) (E. coil) Log1o(CFU/mL) (S. aureus)
Blank 5.996 + 0.646 6.893 + 0.458
P(MMA-co-BA) 5.851 + 0.547 6.583 * 0.181

P(MMA-co-BA-co-SMDM)/Ag1 25 -
P(MMA-co-BA-co-SMDM)/Ag> 50 -
P(MMA-co-BA-co-SMDM)/Ag3 75 -

10
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Fig. 10. Evolution of ODgqo values of bacterial suspensions towards E. coil (a) and S. aureus (b), and growth inhibition rate of different coatings against E. coil (c) and

S. aureus (d) during 7 days.
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Fig. 11. SEM images of E. coli (a) and S. aureus (b) after 7 days of incubation on coating surfaces.

Studies found that Ag NPs with a particle size of about 20 nm are dif-
ficult to enter the bacteria and only when the particle size is less than
10 nm, especially around 5nm, can they enter the interior of the bac-
teria [26]. As a result, the antibacterial effect of Ag NPs with a particle
size of about 5nm is significantly better. The TEM results (Fig. 2) il-
lustrate that the aggregation of Ag NPs in P(MMA-co-BA)/SDS/Ag> 50 is
serious, completely inhibiting the antibacterial action of Ag NPs. In P
(MMA-co-BA-co-SMDM)/Ag; »5 and P(MMA-co-BA-co-SMDM)/Ag5 so,
Ag NPs are uniformly dispersed in the polymer matrix with a particle
size of about 5nm and the difference is that the content of Ag NPs in P
(MMA-co-BA-co-SMDM)/Ag; »s is less, so the antibacterial effect is re-
latively poor. When the amount of Ag NPs increases to a higher value
(3.75 wt%), the dispersibility of Ag NPs is relatively reduced and the
particle size increases to more than 10 nm, thus leading to a negative
impact on antibacterial properties. So compared with P(MMA-co-BA-co-

11

SMDM)/Ag5 50, P(MMA-co-BA-co-SMDM)/Ags 75 presents similar or
even weaker antibacterial effect, which also proves that uniform dis-
persion of Ag NPs rather than content has the most crucial influence on
the antibacterial properties.

Since the well-known bioactivity, Ag NPs have been widely used to
prevent bacterial contamination. The antibacterial mechanism of Ag
NPs is attributed to surface oxidation and subsequent release of Ag ions,
which can interact with DNA or the thiol groups in proteins, to result in
the interruption of DNA replication, or the inactivation of respiratory
enzymes of bacterial [23]. Considering the antibacterial mechanism of
Ag NPs, it is crucial that Ag NPs are released from polymer coating and
contact with bacteria (Fig. 1). As discussed previously, the hydro-
philicity and wettability of P(MMA-co-BA-co-SMDM)/Ag coatings are
significantly improved. Therefore, the coatings slightly swell by ab-
sorbing moisture or water vapor in the air, causing an increase in the
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distance between the polymer segments, and Ag NPs are more easily
released from the coatings and contact with bacteria, thus producing
good antibacterial effect.

4. Conclusions

In summary, we reported a simple, efficient and environmentally
friendly method for preparing a polymer nanocomposite coating with
greatly improved hydrophilicity and wettability, significantly enhanced
antibacterial and antibiofouling properties via emulsion polymeriza-
tion. In this work, SMDM was successfully synthesized and used as
polymerizable emulsifier as well as anionic ligand to uniformly disperse
Ag NPs by electrostatic interaction. Through the role of SMDM, Ag NPs
achieved extremely uniform dispersion, and the particle size was re-
duced to about 5nm. The coating exhibited outstanding and long-
lasting antibacterial and antibiofouling properties, maintaining nearly
100% growth inhibition rate and completely preventing bacterial ad-
hesion and biofilm formation against both E. coil and S. aureus over
7 days. Moreover, the P(MMA-co-BA-co-SMDM)/Ag, s, coating ex-
hibited the best overall performance and 2.5wt% was the relatively
reasonable addition amount of Ag NPs. The prepared nanocomposite
coating might have potential applications in various industrial fields.
Other than this, this work provides a promising and universal idea for
constructing a system in which nanoparticles are uniformly dispersed
and preparing a series of functionalized polymer nanocomposite coat-
ings.
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