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Inspired by mussel-adhesion phenomena in nature, we present a simple, mild and green 

method to prepare polystyrene/Ag (PS/Ag) nanocomposite particles with enhanced 

antibacterial activities. In this approach, monodisperse polystyrene particles are used as 

template spheres, which is then coated with polydopamine (PDA) through the self -

polymerization of dopamine in a weakly alkaline aqueous environment (pH = 8.5). Silver 

precursor-[Ag(NH3)2]
+ ions are added and absorbed onto the surfaces of the PS/PDA 

composite spheres by the active catechol and  amine groups of the polydopamine coating. 

Meanwhile, these adsorbed [Ag(NH3)2]
+ ions are in situ reduced into metallic silver 

nanoparticles by the “bridge” of the polydopamine coating, and the formed Ag nanoparticles 

are home positioned. Since polydopamine is an environmentally friendly reagent with 

abilities as a universal adhesive to any surfaces and as a mild reductant for noble metal salts, 

due to its abundant active catechol and amine groups, neither additional reducing and toxic 

reagents nor special surface modifications of the template are needed in this procedure. 

Moreover, the preliminary antibacterial assays indicate that these PS/Ag nanocomposite 

particles show the enhanced antibacterial activities against  Escherichia coli (Gram-negative 

bacteria) and Staphylococcus aureus (Gram-positive bacteria), while, they do not show a 

significant in vitro cytotoxicity against HEK293T human embryonic kidney cells. These 

results allow these PS/Ag nanocomposite particles as a promising antibacterial materials for 

future biomedical applications. 

1. Introduction 

The outbreaks of infectious diseases caused by various 

pathogenic bacteria and the risk of new resistant strains of 

bacteria to current antibiotics, have greatly threaten the public  
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health in recent years. Therefore, much attention has been 

focused on creating new and effective antibacterial agents to 

meet the increasing general demands for hygiene in public 

health care.1-4 

Recently, nano-structured materials as novel antibacterial 

agents have been considered as promising candidates for 

biomedical applications, owing to their uniquely physical, 

chemical and biological properties.1, 2 Many kinds of nano-

structured materials such as TiO2,
5 ZnO,6 copper,7 gold8 and 

silver1, 2 have been intensively investigated. Among them, 

silver-based nanomaterials have been extensively used as 

effective antimicrobial agents against a wide range of 

microorganisms (e.g. bacteria,9, 10 fungi and virus11), due to its 

relatively low toxicity to humans.12, 13  Although, silver and its 
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salts have been well known as antibacterial agents for the 

treatment of the infections, burns and chronic wounds in 

curative and preventive health care for centuries, the detailed 

antimicrobial mechanisms of silver are still not fully understood. 

Recent investigations have suggested that Ag nanoparticles 

themselves could directly react with those sulfur-containing 

proteins inside or outside the cell membrane of the bacteria, 

which straightly cause the structural changes or functional 

damages to the cell membrane of the bacteria, and further affect 

the viability of the bacterial cells.9, 14 In addition, the released 

Ag ions (particularly, Ag+) from the Ag nanoparticles can also 

deactivate microorganism cells to death by interacting with the 

disulfide or sulfhydrol groups of the enzymes, and further 

causing the structural changes and destroying the metabolic 

process of bacterial cells.15, 16   

However, the practical applications of the Ag nanoparticles 

are frequently hampered by the ease of oxidization and 

aggregation of them, which cause a quick loss of the 

antibacterial activities of the Ag nanoparticles. Because the 

antibacterial activities of the Ag nanoparticles strongly depend 

on their sizes at nanometer scales. The smaller the particle sizes 

are, the better their antibacterial activities will perform. 

Therefore, the aggregation of the Ag nanoparticles will cause 

antibacterial activities to be diminished or even lost.17-19 To 

overcome this shortcoming, the incorporation of the Ag 

nanoparticles into/onto various matrices is an effective way, 

which has been intensively investigated to enhance the stability 

and antibacterial activity of the Ag nanoparticles. For instance, 

various kinds of materials including polymers,20, 21  silica,22 iron 

oxides,23 titanium oxide,24 carbon nanotubes25, 26 and 

carbonaceous materials,27 have been commonly used as the 

substrates to load Ag nanoparticles. Although the load of the 

Ag nanoparticles onto these substrates materials can effectively 

enhance the stability and antibacterial activity of the Ag 

nanoparticles, the complicated and tedious synthetic strategies 

with some certain reagents such as surfactants, stabilizers and 

reducing agents 28-30 are required in these preparation processes, 

which usually result in much time and finance consumption in 

the practical applications. On the other hand, the usage of 

unbiocompatible and hazardous reductants or the introduction 

of the groups which electrostatically or chemically locate Ag 

ions at the surface of the substrates in these  strategies can 

potentially lead to a toxicity for the environment or biological 

hazard for the living cells.12, 31-33 Therefore, an straightforward 

and environmentally friendly synthetic strategy for the 

preparation of the Ag nanocomposite materials is highly desired 

in view of the increasing demands from the potential 

biomedical applications. 

Inspired by mussel-adhesion phenomena in nature, dopamine 

(DA), a biomolecule which contains catechol and amine 

functional groups can mimic the powerful adhesive foot protein, 

Mefp-5 (Mytilus edulis foot protein 5) secreted by mussels. 

Generally, under the weak alkaline aqueous conditions and in 

the presence of oxygen at room temperature, dopamine can 

self-polymerize into polydopamine (PDA) which spontaneously 

deposits a thin adherent coating on various material surfaces, 

which shows a similar character to the adhesive foot proteins 

secreted by mussels.34, 35 More importantly, these formed 

adherent polydopamine coatings with a surface having ample of 

active catechol and amine groups, which is able to serve as the 

reductants, binding reagents and universal platforms for the 

secondary reactions.34 Recently, thank to these advantageous 

features of polydopamine coatings, a diversity of metallic 

nanoparticles have been introduced onto various substrates via 

the reduction of the metal ions. Additionally, similar to the 

nature adhesive protein, PDA demonstrates a good 

biocompatibility and low toxicity for the environment.36-39  

Hence, the usage of polydopamine as a coating or/and surface 

modification reagent can offer an simple and environmentally 

friendly approach to in situ bridge the metal nanoparticles with 

various substrate under a mild reaction conditions in the 

absence of any expensive or toxic ingredients, or using intricate 

instruments. These advanced characters would be helpful for 

the future commercial production and application. 

Herein, we present an easy, mild and green approach to 

prepare polystyrene/silver (PS/Ag) nanocomposite particles 

with enhanced antibacterial activities. In this approach, 

monodisperse polystyrene particles were used as template 

spheres, and with a subsequent coating step by polydopamine 

through the self-polymerization of dopamine in a weakly 

alkaline aqueous environment. Subsequently, silver precursor-

[Ag(NH3)2]
+ ions aqueous solution was successfully in situ 

reduced to silver nanoparticles (Ag NPs) by polydopamine 

coating, and they were deposited on the surface of the 

polystyrene/polydopamine (PS/PDA) composite spheres. This 

approach is also called polydopamine-assisted electroless Ag 
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metallization, which possesses three highlighted unique 

characteristics: (1) the coating of polydopamine is carried out 

under a very mild and easy conduction condition without any 

pre-treatments of the surface of the polystyrene template 

spheres or co-polymerization with extra co-monomers during 

the synthesis of template PS spheres; (2) the formed adherent 

polydopamine coatings have abundant of active catechol and 

amine groups on the surface, which facilitate the secondary 

reaction and further decoration of the surface. Moreover, these 

ample amounts of functional groups of polydopamine coatings 

provide an excellent platform to in situ bind and reduce silver 

precursor- [Ag(NH3)2]
 + ions into metallic Ag nanoparticles on 

polystyrene spheres. Neither additional reductants nor toxic 

reagents are needed in this procedure; (3) the coverage and the 

size of the Ag nanoparticles on the surface of PS/PDA 

composite spheres can be easily tailored through the adjustment 

of the concentration of the silver  precursor. Therefore, our 

method inherently offers a simple, mild, environmentally 

friendly and controllable route for the synthesis of Ag-based 

nanocomposite particles. In addition, the produced PS/Ag 

nanocomposite particles can be used as the antibacterial agents 

against Escherichia coli (Gram-negative bacteria) and 

Staphylococcus aureus (Gram-positive bacteria), which 

exhibited an enhanced antibacterial performance against 

Escherichia coli and Staphylococcus aureus. 

2.   Experimental section 

2.1   Materials 

Polyvinylpyrrolidone (PVP, MW=40,000 g/mol), 3-Hydroxy-

tyramine hydrochloride (Dopamine hydrochloride) and Tris 

(hydroxymethyl)aminomethane (Tris base, ≥99.8%) were 

purchased from Sigma-Aldrich and used as received. Styrene 

(St) was bought from Tianjin Tianli Chemical Reagent Co., Ltd. 

(China) and was distilled to remove the inhibitor in vacuum, 

and then stored at 4oC until use. 2, 2’-azobisisobutyronitrile 

(AIBN) was purchased from Shanghai Chemical Reagent Co. 

(China) and was purified by recrystallization in ethanol. 

Hydrochloric acid (HCl, 36 wt% in water), Silver nitrate 

(AgNO3, ≥99.8%), aqueous ammonia (28 wt% aqueous 

solution), absolute ethanol were purchased from Sinopharm 

Chemical Reagent Co., Ltd (China) and used without further 

purification. Ultrapure water (>17 МΩcm-1) from a Milli-Q 

water system was used throughout the experiments. 

2.2   Preparation of monodisperse polystyrene spheres  

Micron-sized monodisperse polystyrene spheres (PS) were 

prepared by dispersion polymerization according to our 

previous work.40 In brief, all of styrene (10.0 g), PVP (3.0 g), 

AIBN (0.2 g), ethanol (75.0 g) and water (25.0 g) were added 

into a 250 mL four-necked round-bottom flask equipped with a 

mechanical stirrer, a thermometer with a temperature controller, 

a N2 inlet, a Graham condenser and a heating mantle. The 

solution was deoxygenated by bubbling pure nitrogen gas 

thought the flask at room temperature for ca. 60 min, and then, 

the flask was heated to 70 oC and the polymerization took place 

for 24 h under a constant stirring with a rate of 100 rpm. After 

the complete of reaction, the dispersion was centrifuged and 

washed with ethanol,  and finally, was dried in vacuum oven at 

room temperature for 24 h. 

2.3  Preparation of monodisperse polystyrene/polydopamine 

(PS/PDA) composite spheres 

The process was described as following: In detail, dopamine 

aqueous solution (2 mg/mL) was first prepared by dissolving 

dopamine (400 mg) in the Tris–HCl buffer (200 mL, 10 mM; 

pH = 8.5). Then, the dried PS powder (0.1 g) was immersed 

into the dopamine solution, and kept magnetically stirring at 

room temperature. After 36 h, the reaction was complete, and 

the core-shell structured PS/PDA composite spheres were 

obtained. These as-prepared PS/PDA composite spheres were 

separated by centrifugation, and were thoroughly cleaned by 

ultrasonication and rinse with deionized water several times. 

The final product was dried for 24 h in a vacuum oven at room 

temperature. 

2.4   Preparation of PS/Ag nanocomposite particles 

The typical strategy used to fabricate PS/Ag nanocomposite 

particles has been illustrated in Scheme 1. As described: first, 

various concentrations of [Ag(NH3)2]
+ ions aqueous solutions 

(0.012 mol/L - 0.094 mol/L) were freshly prepared with an 

addition of aqueous ammonia into AgNO3 solution until the 

solution became transparent. Subsequently, 0.1 g of PS/PDA 

composite spheres was added into 50 mL of freshly prepared 

[Ag(NH3)2]
+ ions aqueous solution mentioned above, and the 

system was magnetically stirred at a speed of 100 rpm at room 

temperature for 1 h. In this process, [Ag(NH3)2]
+ ions were first 

absorbed onto the surfaces of the PS/PDA composite spheres 
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surfaces due to the catechol and amine groups of the 

polydopamine shell. Then, these adsorbed [Ag (NH3)2]
 + ions 

on the surfaces of polystyrene spheres were in situ reduced to 

the metallic silver nanoparticles by the polydopamine coating, 

and finally, PS/Ag nanocomposite particles were formed 

through this so-called electroless metallization procedure.41 34, 

42, 43 The PS/Ag nanocomposite particles were collected via a 

repeat of centrifugation and washing with an excess amount of 

deionized water several times, and in the end, they were dried 

in the vacuum oven at room temperature for 24 h. These as-

synthesized PS/Ag nanocomposite particles were collected and 

stored in vials for further characterization and experiments. 

 

Scheme 1. Schematic diagram illustrating the formation of the 

PS/Ag nanocomposite particles by polydopamine-assisted 

electroless Ag metallization. 

2.5   Antibacterial assays 

For the antibacterial activity assays, two bacterial species, 

Escherichia coli (Gram-negative bacteria) and Staphylococcus 

aureus (Gram-positive bacteria), were used through all 

experiments. The bacterial suspensions were prepared by taking 

a single colony from the stock bacterial culture with a loop and 

inoculating 5 mL of sterile nutrient broth medium, which were 

then incubated in a shaking incubator (37 °C at 200 rpm) for 12 

h. Later, 30 μL of bacterial suspensions (O.D.=0.6) were 

inoculated in a 3 mL of liquid nutrient broth medium 

supplemented with different concentrations of PS/Ag 

nanocomposite particles. The suspensions were shaken by a 

shaker at 200 rpm under 37 °C, and their bacterial survivals 

were determined by measuring the optical density (O.D.) of the 

nutrient broth in both medium at a wavelength of 600 nm. The 

absorbance was sequentially checked from time 0 to 10 h with 

an interval of 1 h. In addition, the commercial antibiotic 

kanamycin was selected as the positive control groups to 

compare the antibacterial activities against Escherichia coli and 

Staphylococcus aureus. The procedure for their antibacterial 

activity assays was the same with just mentioned above. 

To further examine the antibacterial properties, the bacteria 

were staining with the live/dead Bacterial Viability Kit 

following the protocol (GENMED). Briefly, 3 μL of the 

fluorescently-dyed mixture was added into each milliliter of the 

bacterial suspensions. Then, these sample was thoroughly 

mixed and incubated at room temperature in the dark for 15 

minutes. In order to observe and image with a Fluorescence 

Microscope (Olympus IX71), 5 μL of the stained bacterial 

suspension was added between a slide and a square cover slip.  

2.6  Cell culture 

HEK293T human embryonic kidney cells  were kindly donated 

by Professor Shaobo Xiao (Huazhong Agricultural University, 

China) and routinely cultured at 37oC and 5% CO2 atmosphere 

in the Dulbecco’s Modified Eagle Medium (Hyclone) 

supplemented with 10% fetal bovine serum (Hyclone), 

Penicillin-Streptomycin solution (100U/mL, 100μg/mL, 

Beyotime). They were seeded with an equal density in each 

well in 96-well plates (1×104 cells per well) in a 100 μL of 

Dulbecco’s Modified Eagle medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS) for 24 h at 37
 oC under a 

humidified 5% CO2-containing atmosphere and grew overnight 

prior to further studies. 

2.7   In vitro cytotoxicity and cell viability evaluation 

The in vitro cytotoxicity of PS/Ag nanocomposite particles 

against HEK293T human embryonic kidney cells was tested by 

using the Cell Counting Kit-8 assay (CCK-8, Dojindo, Japan). 

CCK-8 is based on the colorimetric assays with the highly 

water tetrazolium salt, WST-8 [2-(2-methyxy-4-nitrophenyl)-3-

(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium, mono 

sodium salt]. Specifically, the HEK293T human embryonic 

kidney cells were seeded in 96-well plates with a density of 

1×104 cells/well in the 100 μL of Dulbecco’s Modified Eagle 

medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS) and cultured under a humidified atmosphere of 5% CO2 

at 37
 oC for 24 h prior to the exposure to the above materials. 

Then, the HEK293T human embryonic kidney cells were 

incubated in the growth medium containing different 

concentrations (2, 4, 8, 12 and 16 μg/mL) of PS/Ag nano 

composite particles in the growth medium for another 24 h. 

Meanwhile, the wells only containing the cell medium were 

also prepared as the untreated controls. Subsequently, 10 μL of 

CCK-8 dye was added to each well and the plates were 

incubated for another 2 h at 37
 oC. The absorbance was 

measured with the single wavelength spectrophotometry at 450 

nm by using a microplate reader (Bio-Rad 680). The 
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experimental results were expressed as mean values of three 

measurements, and the relative cell viability (%) was 

determined by comparing the absorbance at 450 nm with the 

control wells containing only the cell culture medium. 

 2.8   Characterization 

TEM observation Transmission electron microscopy (TEM, 

JEOL JEM-2100, Japan) was used to observe the morphologies 

of obtained spheres (PS spheres, PS/PDA composite spheres 

and PS/Ag nanocomposite particles). All samples were diluted 

with ethanol, ultrasonicated at 25 oC for 10 min, and dried onto 

the carbon-coated copper grids prior to examination. The 

average diameter of the particles was calculated by averaging 

more than 100 particles in the TEM images. 

SEM observation Scanning electron microscopy (SEM, 

Hitachi S-4800, Hitachi, Ltd. Japan,) was used to characterize 

the surface morphologies of the PS spheres, PS/PDA composite 

spheres and PS/Ag nanocomposite particles. All dispersions 

were diluted with ethanol and dried on the silica wafers at room 

temperature before observation. 

X-ray diffraction Powder X-ray diffraction was performed on 

a DX-2700 X-ray diffractometer equipped with a Cu tube and a 

diffracted beam curved graphite monochromator operating at 

40 kV and 30 mA. Crystal structure identification was carried 

out by scanning the PS/Ag powders deposited on a glass 

substrate with a scanning rate of 0.02 degrees (2θ) per second 

in the range of 20° and 90° (2θ).  

X-ray photoelectron spectroscopy X-ray photoelectron 

spectroscopy (XPS) measurement was carried out on AXIS 

Ultra X-ray photoelectron spectrometer (Kratos Analytical Ltd. 

U.K.) equipped with a monochromatized Al K X-ray source 

(1486.6eV). All binding energies were calibrated by using the 

containment carbon (C1s = 284.6eV). 

FTIR Measurement Fourier-transform infrared spectra of PS 

spheres and PS/PDA composite spheres were recorded on 

Transform Infrared Spectroscopy (FTIR, EQUINX55, Brucher 

Crop, Germany). All samples were centrifuged and washed 

with absolute ethanol. Subsequently, they were dried in a 

vacuum oven for 24 h and pressed into KBr pellets for the FTIR 

measurement. The spectra were taken from 4000 to 500 cm-1. 

TG analysis The thermogravimetric analysis (TGA) was 

performed on SDT Q600 (TA Instruments. U.S.A.). All dried 

powder samples (PS spheres, PS/PDA composite spheres and 

PS/Ag nanocomposite particles) were heated from 30 oC to 800 

oC with a rate of 10 oC/min under nitrogen atmosphere with a 

flow rate of 50 mL/min. 

3.  Results and discussion 

3.1 Preparation and characterization of PS and PS/PDA 

composite spheres 

The monodisperse template polystyrene (PS) spheres were 

prepared by dispersion polymerization according to our 

previous work.40 As shown the TEM image in Fig. 1a and b, it 

is confirms that the original PS spheres prepared by dispersion 

polymerization are uniform at a large scale with an average 

diameter of 625 nm (by averaging 100 particles in the TEM 

micrographs). Moreover, the smooth surfaces of the original PS 

spheres are also confirmed with a high magnification TEM 

image of one typical PS sphere (see Fig. 1b). Therefore, these 

monodisperse PS spheres with smooth surfaces are ideal 

starters for the fabrication of nanocomposites or hollow spheres 

at a commercial scale. 40, 44-49 

 

Fig.1 Transmission electron microscopy (TEM) images of (a 

and b) PS spheres, (c and d) PS/PDA composite spheres and (e 

and f) PS/Ag nanocomposite particles (PS/PDA composite 

spheres: 0.1 g; [Ag(NH3)2]
+ ions: 4.7×10-2 mol/L in 50mL 

aqueous solution; Time: 1h; Temperature: room temperature). 

The high magnification TEM images in (b), (d) and (f) show 

the typical PS spheres, PS/PDA composite spheres and PS/Ag 

nanocomposite particles, respectively. 

The surface modification of PS template spheres with 

dopamine has been illustrated in Scheme 1a. In this process, 
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monodisperse PS spheres were first dispersed in aqueous Tris-

HCl buffer solution, and then, mixed with dopamine (2 mg of 

dopamine per milliliter of 10 mM Tris-HCl, pH = 8.5). Under 

the weakly alkaline aqueous conditions and along with oxygen 

present in the air, dopamine self-polymerize to form a thin 

adherent polydopamine coatings on the surfaces of the PS 

template spheres.34 Note, the PS spheres served as a substrate is 

not vital, because it has been already proved that polydopamine 

polymerized from dopamine was able to attach on a variety of 

substrates without restriction on the type of the materials and 

the morphologies of the surfaces.34 This opens a new window 

for our future research on the abundant selection of the 

materials50, 51 and the shapes of the substrates.52, 53 54 The 

morphology of the PS/PDA composite spheres was examined 

by TEM, as shown in Fig. 1c, which clearly indicates that the 

polydopamine coatings do not have a significant influence on 

the spherical shape of the PS spheres. While, in comparison 

with the original PS spheres (see Fig. 1a and b, also see Fig. 4a 

and b), both of the average size and surface roughness of 

PS/PDA composite spheres (see Fig. 1c and d) are increased. 

After coating, the average size of the obtained PS/PDA 

composite spheres is increased from 625 to 660 nm (by 

averaging 100 particles in the TEM micrographs). Hence, a thin 

layer (35 nm) of polydopamine coatings have been successfully 

formed on the PS template spheres, which paves a way for the 

further surface decoration through the surface active catechol 

and amine groups of the PDA shell.34 

 

Fig.2 Fourier-transform IR (FTIR) spectra of (a) PS spheres 

and (b) PS/PDA composite spheres with their characteristic 

absorption peaks. 

Thin polydopamine coatings formed on the surfaces of PS 

template spheres were also confirmed with the comparison of 

the Fourier-transform infrared spectra (FTIR) of the PS 

template spheres and PS/PDA composite spheres (see Fig. 2). 

Before the surface modification with polydopamine, the typical 

polystyrene absorption bands at around 698, 757, 1029, 1450, 

1494, 1601, 2922 and 3026 cm-1 can be clearly seen in the FTIR 

spectrum of the PS template spheres (Fig. 2a). After the surface 

covered with polydopamine, several new absorbance signals 

appear, as shown in Fig. 2b. The broad absorbance between 

3600 and 3100 cm-1 is ascribed to N-H/O-H stretching 

vibrations from polydopamine, and the peaks at 1510 cm-1 and 

1292 cm-1 are assigned to the amide N–H shearing vibration 

and the phenolic C-OH stretching vibration of the 

polydopamine, respectively.55-57 These sufficient FTIR results, 

again, confirm the successful incorporation of the surface-

adherent polydopamine coatings on the surfaces of PS template 

spheres after dopamine self-polymerization. 

 

Fig.3 XPS scans of (a) PS spheres; (b) PS/PDA composite 

spheres; (c) PS/Ag nanocomposite particles and (d) Ag3d core–

level spectrum of the PS/Ag nanocomposite particles (PS/PDA 

composite spheres: 0.1 g; [Ag(NH3)2]
+ ions: 4.7×10-2 mol/L in 

50 mL of aqueous solution; Time: 1 h; Temperature: room 

temperature). 

Before coating with silver nanoparticles, XPS spectroscopy 

was employed to analyze the surface chemical composition of 

the PS template spheres and PS/PDA composite spheres, 

respectively. As shown in Fig.3a, the main C1s peak 

accompanying with the lower intensities of O1s peak and N1s 

peak are observed in the XPS scan data of the PS template 

spheres. The appearances of O1s and N1s peaks with low 
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intensities are attributed to the agents (PVP stabilizer and AIBN 

initiator) introduced during dispersion polymerization. After the 

polydopamine coatings on the surfaces of PS template spheres 

have been formed, the intensities of N1s and O1s peaks are 

extensively enhanced in the XPS wide scan data of the PS/PDA 

composite spheres (see Fig. 3b). Carefully comparing the XPS 

data in Fig. 3a and Fig. 3b, one can observe that the surface 

O/C mole ratio of the PS/PDA composite spheres is higher than 

that of the PS template spheres, which is ascribed that the rich 

oxygen gradient polydopamine coatings have been successfully 

connected to the surfaces of PS template spheres.58 Therefore, 

all evidences demonstrate a success of the preparation of 

PS/PDA core-shell composite spheres via a self-polymerization 

of dopamine with monodisperse PS template spheres. 

3.2 Preparation and characterization of PS/Ag 

nanocomposite particles 

The preparation procedures of the PS/Ag nanocomposite 

particles through polydopamine-assisted electroless Ag 

metallization is shown in Scheme 1b. After the self-

polymerization of dopamine in the basic environment, the thin 

polydopamine coatings have been homogeneously deposited on 

the surfaces of  PS template spheres, in the other word, led to a 

core-shell structured PS/PDA composite spheres. Subsequently, 

the as-prepared core-shell PS/PDA composite spheres were 

dispersed into the [Ag(NH3)2]
+ ions aqueous solution to 

decorate Ag nanoparticles. In this process, the polydopamine 

coatings were served as a bridge between PS spheres and 

[Ag(NH3)2]
+ ions, and in situ reduced the [Ag(NH3)2]

+ into Ag 

nanoparticles, with the help of the catechol and amine groups of 

the polydopamine coatings. During this process, neither extra 

surface modifications nor auxiliary reductants were needed. 

Furthermore, polydopamine is also a biocompatible material 

with which the environmentally friendly materials can be 

developed then. 

Fig. 1e displays the TEM image of the PS/Ag nanocomposite 

particles through this polydopamine-assisted electroless Ag 

metallization method. In comparison with PS template spheres 

(Fig. 1a) and PS/PDA composite spheres (Fig. 1c), those PS/Ag 

nanocomposite particles are of relatively rough surfaces, and a 

huge contrast between PS/PDA and Ag nanoparticles can be 

obviously observed, all of which evidence that Ag 

nanoparticles have been formed and deposited on the PS/PDA 

composite spheres in aid of the polydopamine intermedia. The 

high magnification TEM image (see Fig.1f) illustrates that the 

uniform Ag nanoparticles homogeneously distribute on the 

surfaces of PS spheres, which also hints that the polydopamine 

layer is uniformly growing on top of the PS spheres, excluding 

the formation of the eccentric core-shell structure.59-61 

Similarly, the chemical information of the surface of the 

PS/Ag nanocomposite particles was also examined by XPS 

analysis. As shown in Fig.3c, C1s, N1s, O1s, Ag3d, Ag3p 

(Ag3p5/2, Ag3p3/2) and Ag3s signal peaks distinctly exist in the 

XPS wide scan data of PS/Ag nanocomposite particles, in 

which the strong Ag signal peaks at a binding energy of about 

370.0 eV strongly demonstrate the emergence of the silver  

element. Closely inspection of the XPS spectrum of Ag3d, as 

shown in Fig. 3d, exhibits two peaks at 368.0 eV and 374.0 eV 

which correspond to the binding energies of the Ag 3d5/2 and 

Ag 3d3/2, respectively, with a spin-orbit separation of 6.0 eV. 

Both of the Ag3d5/2(368.0 eV) and Ag3d3/2(374.0 eV) 

characteristic peaks are attributed to the Ag0 species, which 

certainly indicate the formation of metallic silver existing at 

zero valent state in the system. 

 

Fig.4 Scanning electron microscopy (SEM) images of (a) PS 

spheres, (b) PS/PDA composite spheres and (c-f) PS/Ag 

nanocomposite particles prepared by using various 

concentrations of  [Ag(NH3)2]
+ ions: (c) 1.2×10-2 mol/L; (d) 

2.3×10-2 mol/L; (e) 4.7×10-2 mol/L and (f) 9.4×10-2 mol/L. 

PS/PDA composite particles: 0.1 g; [Ag(NH3)2]
+ ions in 50 mL 

of aqueous solution; Time: 1 h; Temperature: room temperature. 
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3.3    Effect of the concentration of [Ag (NH3)2]
 + ions 

In our green synthetic strategy of the Ag nanoparticles attached 

at the surface of the micron-sized PS/PDA composite spheres, 

the concentration of [Ag(NH3)2]
+ ions plays a vital role in the 

size and morphology control of the aimed particles. As just 

mentioned, PS/PDA composite spheres enable to in situ reduce 

[Ag(NH3)2]
+ ions to Ag nanoparticles and exclusively bond 

them at the outer PDA layer (see Fig. 4b-f) with the help of the 

abundant catechol and amine groups of the PDA. With a 

constant amount of the active groups of the PDA, the average 

size of the Ag nanoparticles declines as increasing the content 

of the [Ag(NH3)2]
+ ions, which was confirmed by the scanning 

electron microscopy images (SEM) (see Fig. 4c-f). However, 

from these SEM images, the uniformity and size of the Ag 

nanoparticles can be roughly estimated. Although the exact 

polydispersities of the Ag nanoparticles cannot be measured 

due to the limitation of the current characterization, it still 

impresses a clear tendency of the improvement in 

polydispersity and size decrease of the Ag nanoparticles, as 

shown in Fig. 4c-f, as the concentration of the [Ag(NH3)2]
+ ions 

increase. 

 

Fig.5 X-ray diffraction (XRD) patterns of the PS/Ag 

nanocomposite particles prepared by using various 

concentrations of [Ag(NH3)2]
+ ions: (a) 1.2×10-2 mol/L, (b) 

2.3×10-2 mol/L, (c) 4.7×10-2 mol/L and (d) 9.4×10-2 mol/L. 

PS/PDA composite particles: 0.1 g; [Ag(NH3)2]
+ ions: 50 mL 

aqueous solution; Time: 1 h; Temperature: room temperature. 

In order to determine the exact size of the obtained Ag 

nanoparticles, XRD is an indirect, but powerful tool, the 

secondary function of which is to explore the crystal structure 

of the product. First, these PS/Ag nanocomposite particles 

prepared at the various concentrations of [Ag(NH3)2]
+ ions 

(1.2×10-2-9.4×10-2 mol/L) were examined by XRD to ascertain 

the crystal structure of the Ag nanoparticles coated on the 

PS/PDA composite spheres. All the typical XRD patterns of the 

PS/Ag nanocomposite particles have been illustrated in Fig. 5, 

which exhibits the peaks at 2θ angles of 37.9°, 44.1°, 64.3°, 

77.2° and 81.4° corresponding to the reflections of (111), (200), 

(220), (311) and (222) crystalline planes of the fcc structure of 

Ag (JCPDS No.04-0783). These results indicate that Ag 

nanoparticles with fcc crystal structure can be obtained through 

our method. Second, the strongest characteristic reflection (111) 

of Ag can be used to estimate the average crystallite size of the 

Ag nanoparticles according to the Scherrer formula, by which 

the average sizes of the Ag nanoparticles on PS/Ag 

nanocomposite particles  prepared at the various concentrations 

of [Ag(NH3)2]
+ ions (1.2×10-2-9.4×10-2 mol/L) can be 

calculated. A good agreement with previous SEM observation, 

the average size of the Ag nanoparticles first increases from 

11.0 to 14.5 nm, and then, decreases to 11.2 and further to 10.5 

nm, as the concentration of the [Ag(NH3)2]
+ ions increases from 

1.2×10-2 to 2.3×10-2 and 4.7×10-2, and finally to 9.4×10-2 mol/L, 

correspondingly. 

LaMer and his colleagues pioneeringly proposed the “burst 

nucleation” which is ideally elucidate our shown results.62 63 

They believed that the final size of the nanoparticles was 

mainly determined by the supersaturation of the initial 

concentration of the precursor. Once the degree of the 

supersaturation is high enough to overcome the energy barrier 

for nucleation, the nuclei with a minimum radius (it is called 

critical radius rc) that can grow spontaneously in the 

supersaturated solution are formed. Thus, the supersaturation of 

the precursor is dramatically declined, which directly switches 

the system into growth stage. If at the end of the nucleation 

stage, the supersaturation is too low for all the particles to keep 

growing, particles smaller than rc dissolve and this precursor 

diffuse toward larger particles and precipitate on them (this is 

known as Ostwald ripening). On the other hand, a higher initial 

supersaturation of precursor results in the formation of more 

stable nuclei that can mature to nanoparticles in the end, and 

further grow to more monodisperse but smaller nanoparticles.64-

66 Based on these results, a promising extension of preparation 

of monodisperse silver nanoparticles with a controllable size 
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and polydispersity can be developed in the following 

exploration. 

In Fig. 6, the thermal stability of various as-synthesized 

particles (PS spheres, PS/PDA composite spheres and PS/Ag 

nanocomposite particles) was studied by thermogravimetric 

analysis (TGA). The pure PS spheres start to loss their weight 

at around 300 oC, and the weight percent of its residue became 

constant at about 0% after the elevation of the temperature to 

430 oC. Although, in principal, the PS spheres should be 

converted to carbon under the anaerobic circumstances at a 

high temperature (800 oC), a tiny amount of oxygen would aid 

to burn them away. Nevertheless, in comparison with curve a 

and b in Fig. 6, they indicate that the coating of PDA protects 

and improves the thermal stability of the PS spheres, in other 

words, the decomposition of the PS spheres was retarded to 400 

oC and 26% of the residue was preserved after the rise of the 

temperature to 450 oC due to the protection layer of PDA. On 

the other hand, the layer of PDA assisted the deposition of 

silver nanoparticles, which, consequently, increased the weight 

percent of the residue from the organic and inorganic composite 

PS/Ag particles after sintering. The curves (c-e) in Fig. 6 

clearly indicate that the more silver nanoparticles were loaded, 

the more residues were left over, which is consistent with the 

results reported in ref.58. 

 

Fig.6 Thermogravimetric analysis (TGA) curves of (a) PS 

spheres, (b) PS/PDA composite spheres and (c-f) PS/Ag 

nanocomposite particles prepared by using various 

concentrations of  [Ag(NH3)2]
+ ions: (c) 1.2×10-2 mol/L; (d) 

2.3×10-2 mol/L; (e) 4.7×10-2 mol/L and (f) 9.4×10-2 mol/L. 

PS/PDA composite particles: 0.1 g ; [Ag(NH3)2]
+ ions: 50 mL 

of aqueous solution; Time: 1 h; Temperature: room temperature. 

Therefore, all evidences demonstrate that the polydopamine 

coatings on the PS spheres can successfully assist binding with 

[Ag(NH3)2]
 + ions and  spontaneously reduce the [Ag (NH3)2]

 + 

ions to Ag nanoparticles. Compared with those traditional 

methods for preparing Ag-based nanocomposite spheres by 

adding SnCl2 , palladium as surface activating materials or 

using certain reagents as reducing agents,28-30, 67 this 

polydopamine-assisted electroless Ag metallization procedure 

is a simple, mild and environmentally friendly route for the 

synthesis of the Ag-based nanocomposite spheres, because 

there no additional reducing agents and other toxic reagents are 

used in this process. 

3.4 Reaction mechanism of PS/Ag nanocomposite particles 

by polydopamine-assisted electroless Ag metallization 

On the basis of all the experimental results and discussions, a 

possible reaction mechanism of PS/Ag nanocomposite particles 

formed by polydopamine-assisted electroless Ag metallization 

is described in Scheme 1. Those monodisperse PS template 

spheres were first dispersed in the aqueous Tris-HCl buffer 

solution, and then, mixed with dopamine (2 mg of dopamine 

per milliliter of 10 mM Tris-HCl, pH = 8.5). Subsequently, the 

self-polymerization of dopamine was followed and carried out 

to form a thin adherent polydopamine coating on the surfaces of 

the PS template spheres under a weakly alkaline aqueous 

environment (pH = 8.5). As mentioned, the as-formed surface-

adherent polydopamine coatings are abundant of active 

catechol and amine groups, which can facilitate the secondary 

reaction or decoration nanoparticles onto the surface. Therefore, 

with the addition of PS/PDA composite spheres into the freshly 

prepared [Ag(NH3)2]
+ ions aqueous solution, these silver 

precursor-[Ag(NH3)2]
 + ions can be absorbed onto the surfaces 

of the PS/PDA composite spheres by those active catechol and 

amine groups of the polydopamine coatings, and are in situ 

reduced into metallic silver nanoparticles. The formed Ag 

nanoparticles are home positioned.  

In this approach of polydopamine-assisted electroless Ag 

metallization, polydopamine coatings provide an excellent 

platform to in situ bind and reduce silver precursor- [Ag(NH3)2]
 

+ ions into metallic Ag nanoparticles because of their abundant 

active catechol and amine groups. Neither additional reducing 

and toxic reagents nor special surface modification of the 

template are needed in this procedure. Moreover, the coverage 
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and the size of the Ag nanoparticles on the surface of PS/PDA 

composite spheres can be easily tailored through the adjustment 

of the concentration of the silver precursor. 

3.5 Antibacterial properties of PS/Ag nanocomposite 

particles 

Usually, silver and silver based nanomaterials are well known 

with their strong biocidal activities for a wide range of 

bacteria.9, 14-16, 18, 68 Concerning the prospective applications of 

the PS/Ag nanocomposite particles as antibacterial agents, both 

Escherichia coli (Gram-negative bacteria) and Staphylococcus 

aureus (Gram-positive bacteria) were used as the bacterium 

models to investigate the antibacterial properties of the PS/Ag 

nanocomposite particles in the present work.  

First, the bacterial inhibition growth curves were used to 

investigate the antibacterial properties of the PS/Ag 

nanocomposite particles. In this process, PS/Ag nanocomposite 

particles prepared at the concentration of 4.7×10-2 mol/L of 

[Ag(NH3)2]
+ ions was chosen as the typical antibacterial agent 

for antibacterial investigation. The diluted solutions of the 

PS/Ag nanocomposite particles were firstly incubated with 

Escherichia coli and Staphylococcus aureus, respectively, and 

then, the bacterial proliferation was monitored by the optical 

density at 600 nm (O.D. 600) based on the turbidity of the cell 

suspension within 10 h. As shown in Fig. 7, compared to the 

control groups, the growth rates of the bacteria (Escherichia 

coli and Staphylococcus aureus) in the presence of 5 μg /mL of 

PS/Ag nanocomposite particles were both slightly retarded. 

Remarkably, the growths of the bacteria were completely 

inhibited during the whole 10 h of culture period when the 

minimum inhibition concentrations (MIC) of the PS/Ag 

nanocomposite particles was 20 μg/mL for Escherichia coli and 

40 μg/mL for Staphylococcus aureus, respectively. The results 

have qualitatively illustrated that the PS/Ag nanocomposite 

particles can effectively inhibit both growth of Escherichia coli 

and Staphylococcus aureus, while Escherichia coli (Gram-

positive bacteria) showed more sensitive to the PS/Ag 

nanocomposite particles than Staphylococcus aureus (Gram-

negative bacteria). So as to further confirm which components 

in the PS/Ag nanocomposite particles play the key role for the 

antibacterial activities. We set pure PS/PDA composite spheres 

as the control group for both strains. As results showing, only 

pure PS/PDA composite spheres cannot inhibit both strains of 

the bacterial growth. This result indicates that the antibacterial 

activities of the PS/Ag nanocomposite particles are mainly from 

the Ag nanoparticles attached on the surfaces of the PS/PDA 

spheres. Also the possible reasons for the different sensitive of 

those strains to the PS/Ag nanocomposite particles may ascribe 

to the fact that the membrane of the Gram-positive bacteria is 

thicker and more stable than that of the Gram-negative 

bacteria.69 Moreover, Gram-positive bacteria generally show 

less susceptible to the antibacterial agents containing silver ion 

than Gram-negative species. 70 

 

Fig.7 Bacterial growth curves in LB media with PS/Ag 

nanocomposite particles. Different concentrations of PS/Ag 

nanocomposite particles were added to the culture of 

Escherichia coli (a) and Staphylococcus aureus (b). The growth 

of the bacteria was measured by a judgment of the O.D. at the 

wavelength of 600 nm. The initial addition of the PS/Ag 

nanocomposite particles to the LB bacterium suspension was 

regarded as the starting point. 

In addition, the antibacterial properties of the PS/Ag 

nanocomposite particles were also compared with the reported 

results. In literatures, for the Escherichia coli system, the 

minimum inhibition concentrations (MIC) of silver-based 

materials were 7.12, 62.5, 70, 130.2 and 12.5 μg/mL 

corresponding to Ag-polymer, Ag-SiO2, Ag-Fe3O4, Ag-TiO2, 

and Ag-carbonaceous materials, while, in the Staphylococcus 

aureus, the MIC values became to 3.56, 250, 60 and 250 μg/mL, 

respectively.71-75 Although the experimental conditions may be 

variable in one system to others, an apparently enhanced 
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antibacterial activity of these PS/Ag nanocomposite particles 

can be concluded.  

To further confirm the effect of the PS/Ag nanocomposite 

particles on bacterial viabilities, live/dead bacterial cell 

fluorescence stain assay was employed in the present study. 

The bacterial cells of both strains were incubated for 12 h with 

15 μg/mL of PS/Ag nanocomposite particles. Later, cells were 

harvested for staining. Blue fluorescent dye was used to stain 

both live/dead cells, while red fluorescent dye only stained dead 

cells. As Fig. 8 showing, the majority of the cells show a strong 

red fluorescence in both types of strains. This indicates both 

strains of the cells showed a poor-medium survivability in the 

environment with PS/Ag nanocomposite particles.70 And 

further, a higher percentage of the dead cells (red fluorescence) 

was found in Escherichia coli groups in comparing with that in 

Staphylococcus aureus group, which is consistent with that 

observed in antibacterial activities assays.  

All the above results have illustrated that PS/Ag 

nanocomposite particles were able to effectively inhibit the 

growth of both Escherichia coli (Gram-negative bacteria) and 

Staphylococcus aureus (Gram-positive bacteria) growth. The 

antibacterial activities mainly impute to the Ag nanoparticles 

attached on the surfaces of the PS/Ag nanocomposite particles. 

In addition, their antibacterial properties were also compared 

with those from commercial product kanamycin. The as-

synthesized PS/Ag nanocomposite particles showed a 

comparable antibacterial ability with kanamycin against both 

Escherichia coli and Staphylococcus aureus (see 

Supplementary Information).  

On the basis of our experimental results and discussion 

combining with the knowledge in the literatures,9, 14, 18, 72, 76, 77 

the enhanced antibacterial activities of these PS/Ag 

nanocomposite particles are probably ascribed to the Ag 

nanoparticles attached. The antibacterial activities can be 

explained by the following possible bactericidal mechanisms: 

(1) Due to the abundance of sulfur-containing proteins on the 

bacterial cell membrane, the silver-based materials themselves 

can directly react with  those sulfur-containing proteins inside 

or outside the cell membrane of the bacteria, which straightly 

causes the structural changes or functional damages to the cell 

membrane of the bacteria, and further affect the viability of the 

bacterial cells;9, 14 (2) The released Ag ions from silver-based 

materials are also able to deactivate microorganism cells to 

death by interacting with the disulfide or sulfhydrol groups of 

the enzymes, and further causing the structural changes and 

destroying the metabolic process of bacterial cells.15, 16  

 

Fig.8 Fluorescent images of the antibacterial activities of the 

PS/Ag nanocomposite particles against Escherichia coli (a-d) 

and Staphylococcus aureus(e-h). (a, b, e and f) Control groups 

for Escherichia coli and Staphylococcus aureus, respectively; 

(c, d, g and h) PS/Ag nanocomposite particles treated groups 

for Escherichia coli and Staphylococcus aureus, respectively. 

Escherichia coli and Staphylococcus aureus strains were 

incubated for 12 h in LB medium with 15 μg/mL of PS/Ag 

nanocomposite particles. The red fluorescent dye stained only 

dead cells, while the blue fluorescent dye stained both live and 

dead cells. The scale bar is 10 μm for all the images. 

3.6 In Vitro cytotoxicity of PS/Ag nanocomposite particles 

To consider PS/Ag nanocomposite particles as promising 

potential antibacterial materials for future biomedical 

applications, the cytotoxicity of PS/Ag nanocomposite particles 

should be evaluated at first, which is one of the primary 

concerns in the use of these silver-based nanomaterials as 

antimicrobial agent in vivo for the clinical therapeutics.  
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Fig.9 In vitro cytotoxicity (CCK-8 assay) of PS/Ag 

nanocomposite particles against HEK293T human embryonic 

kidney cells after incubation for 24 h at 37 oC. 

First, PS/Ag nanocomposite particles that prepared at the 

concentration of 4.7×10-2 mol/L of [Ag(NH3)2]
+ ions, were 

chosen as the typical sample for the in vitro cytotoxicity assay. 

These as-synthesized PS/Ag nanocomposite particles dispersed 

in the HEK293T human embryonic kidney cells incubation 

with the final concentrations ranging from 0 to 16 g/mL were 

used to treat with cells and incubated at 37oC for 24 h. 

Subsequently, the in vitro cytotoxicity of PS/Ag nanocomposite 

particles was evaluated referenced to the pure HEK293T human 

embryonic kidney cells by using the Cell Counting Kit-8(CCK-

8) assay. Basically, CCK-8 allows sensitive colorimetric assays 

for the determination of cell viability in cell proliferation and 

cytotoxicity assays.71, 78 Moreover, considering the optical 

interference from the Ag nanoparticles on the surfaces of 

PS/PDA composite particles, the absorbance background at 450 

nm (initial time after CCK-8 was added) was removed from the 

absorbance after 2 h incubation with CCK-8. As shown in Fig.9, 

the PS/Ag nanocomposite particles did not show a significant 

cytotoxicity against the HEK293T human embryonic kidney 

cells. More than 84.14% of the cells were still viable even a 

high concentration of PS/Ag nanocomposite particles (16 

μg/mL) was used after the incubation for 24 h at 37 oC. These 

results indicate that PS/Ag nanocomposite particles have a 

reasonably good cytocompatibility to human cells. As shown, 

this in vitro cytotoxicity assay of the PS/Ag nanocomposite 

particles gave an indicator of their toxicities in vivo. Thus, the 

further in vivo use of these PS/Ag nanocomposite particles is 

possible and attractive.  

4.   Conclusions 

In summary, we present a simple, mild and environmentally 

friendly approach to prepare PS/Ag nanocomposite particles 

through the polydopamine-assisted electroless Ag metallization 

procedure. Neither additional reducing agents nor toxic 

reagents are needed in this procedure. TEM, SEM and XPS 

results have demonstrated the formation of the PS/Ag 

nanocomposite particles, and XRD patterns have indicated that 

Ag nanoparticles have been crystalized. Moreover, the 

controlled size and morphology of the Ag nanoparticles on the 

surface of the PS spheres can be facilely tuned by adjusting the 

concentration of the silver precursor-[Ag (NH3)2]
+ ions. And, 

the preliminary antibacterial assays indicate that these PS/Ag 

nanocomposite particles have exhibited extraordinary 

antibacterial activities against Escherichia coli (Gram-negative 

bacteria) and Staphylococcus aureus (Gram-positive bacteria), 

which is comparable with commercial. Moreover, the in vitro 

cytotoxicity assays indicate that PS/Ag nanocomposite particles 

have a good cytocompatibility against the HEK293T human 

embryonic kidney cells. Based on these advantages, we believe 

these PS/Ag nanocomposite particles produced by this 

environmentally friendly method are promising potential 

antibacterial materials for future biomedical applications.  

Moreover, this environmentally friendly method based on 

polydopamine-assisted electroless metallization can also 

present a new paradigm to deposit different metallic (Au, Pd, Pt, 

Cu and Ni, etc) onto various kinds of materials surfaces, 

including polymers, metals and ceramics. On the basis of this 

technique, many kinds of materials coated with various metal 

nanoparticles can be possibly achieved, and which are expected 

to be promising nanocomposite materials for biomedical and 

environmental applications. 
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