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A simple and efficient approach for the loading of Ag nanoparticles on the poly(dopamine)-modified TiO2 nanotubes (PDA-

TNTs) was used to prepare Ag nanoparticles-poly(dopamine)-TiO2 nanotubes composite (Ag-PDA-TNTs) that was applied as 

an long-term antibacterial agent to inhibit the growth of bacterial cells. The features of the obtained Ag-PDA-TNTs were 

investigated by TEM, XRD, FT-IR and XPS analysis. Anatase TNTs were encapsulated in PDA layers with thickness of about 3 

nm on which about 20.4 wt% of single crystalline Ag nanoparticles anchored. XPS and FT-IR results indicated that the PDA 

layer not only served as a reduction reagent that could reduce Ag+ ions to Ag nanoparticles but also worked as an adhesive 

coating by tethering the Ag nanoparticles on the surface of PDA-TNTs. The long-term release profiles of the 

nanocomposites showed that PDA layers slowed the release rate of Ag nanoparticles, implying the possible long-term 

antibacterial activity of Ag-PDA-TNTs; and the antibacterial assays verified this point. Besides that, the antibacterial activity 

of Ag-PDA-TNTs under visible light was higher than that in the dark because of the synergistically antibacterial effects of Ag 

nanoparticles and ROS under visible light irradiation. Compared with the antibacterial activity of TiO2 nanotubes loaded 

with Ag nanoparticles (Ag-TNTs), Ag-PDA-TNTs had higher and longer-term antibacterial activity which owned to the effect 

of PDA layers by tethering Ag nanoparticles on TNTs and slowing Ag+ ions release rate. This work provides a new method 

for the preparation of Ag-based antibacterial agents and facilitates their practical application in modern antifouling and 

biomedical fields. 

1. Introduction 

As the most frequently studied photocatalysis material, 

anatase TiO2 has been proposed as one of the best disinfection 

materials as it can degrade bacteria to harmless small 

molecules such as H2O, CO2.
1,2

 The electrons and holes induced 

by light excitation have strong oxidizing activities, and 

subsequently react with water and oxygen molecules (H2O and 

O2) to yield reactive oxygen species (ROS), such as hydroxyl 

radicals (·OH), superoxide anions (O
2−

), and hydrogen peroxide 

(H2O2),
3
 which are strong oxidants not only for toxic organic 

molecules but also for bacteria.
4-6

 However, there are still 

drawbacks of the wide band gap that only responses to a 

narrow light-absorption range (only 3-5% of the solar 

spectrum) and high recombination of electron-holes, which 

result in the slow reaction rate and little effect of illumination 

on bacteria.
7
  

To improve the antibacterial activity of TiO2, various studies 

have been carried out. In particular, Ag-based TiO2 gains 

intense attention for its improvement of photocatalytic 

reactions and antibacterial activity under visible light 

irradiation,8,9 commonly in the form of Ag+ ions and metallic Ag. 

Although the antibacterial activities of Ag ions at a low 

concentration has been confirmed for a long time, however, 

Ag nanoparticles nowadays are more highly favorable owning 

to their low biotoxicity, high disinfection efficiency, good 

stability, long-term antibacterial activity, and so on.10 Ag 

nanoparticles can exert an excellent antibacterial activity 

through a multifactorial process which involving either 

damaging of bacterial cell walls and plasma membrane, or 

inhibition of DNA replication and protein synthesis.11 

Moreover, it has been demonstrated that the surface plasma 

resonance of Ag nanoparticles can greatly improve the 

photocatalytic antibacterial activity of TiO2 by enhancing the 

electron-hole separation and extending the light-absorption 

range of TiO2 into the visible region.12,13 Furthermore, it has 

been recently confirmed that a sufficient loading amount of Ag 

nanoparticles could boast a relatively long-term antibacterial 

ability of Ag-based TiO2.14 Although Ag-based TiO2 

nanoparticles have been extensively investigated in the 

medical fields, however, the limitation of the relatively low 

surface area of TiO2 particles makes it difficult to load a  large 

amount of Ag nanoparticles, which restricts the long-term 

antibacterial activity.
15-16

 Compared with TiO2 particles, TiO2 

nanotubes (TNTs) possess unique  properties  including higher 

specific surface area, stronger adsorption ability and more 

favorable bioactivity; therefore they  exhibit  good  application  

prospect in modern antifouling and biomedical fields.
17

 Not 
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only the hollow structure of TNTs makes them can serve as 

nanocontainers to store a large amount of antibacterial 

agents, but also their unique “open-ended” nanostructure and 

large length-diameter ratio make it feasible for controlling the 

release of these drugs, thus producing sustained antibacterial 

effects. Many reports have investigated the loading of Ag 

nanoparticles into TNTs arrays prepared by anodization on Ti 

foils and confirmed the efficiently antibacterial property;
 18-19

 

however, the weak van der Waals interactions between Ag 

nanoparticles and TNTs can easily cause the problem of burst 

Ag release in the early stage of application, thus inevitably 

weakens or even totally loses their antibacterial activities.
19

 

Therefore, modification of the interface of TNTs and Ag  

nanoparticles is highly desirable to ensure large loading 

amount of Ag and achieve sustained release patterns for the 

prolonged antibacterial period.  

As an eco-friendly biopolymer, dopamine is widely used in 

surface modification for its self-polymerization on foreign 

substrates and adhering on nearly any inorganic and organic 

surfaces through the formation of strong covalent and 

noncovalent bonds with these surfaces. At the same time, the 

formed polydopamine (PDA) coating can serve as a versatile 

platform for secondary reactions, leading to tailoring of 

coatings in material synthesis, drug release, sensors, and 

immunoassays.
20,21

 In such a way, PDA can be used as a binder 

to integrate TNTs and Ag nanoparticles tightly and stably, 

forming a three-in-one nanocomposite with excellent 

antibacterial activity.  

In this work, PDA layers were prepared on TNTs and used as 

media that possessed reducing ability and stabilizing ability for 

the loading of Ag nanoparticles on TNTs. The numerous amine 

and catechol functional groups in PDA were exploited to 

absorb Ag
+
 ions by metal-binding ability and reduce them into 

Ag nanoparticles by its weak reducibility. The preparation 

process was eco-friendly and easily operated, thus a large 

quantity of PDA interface-modified Ag-TNTs (Ag-PDA-TNTs) 

were obtained. The Ag-PDA-TNTs were characterized with 

transmission electron microscopy (TEM), X-ray diffractometry 

(XRD), Fourier transfer infrared spectroscopy (FTIR) and X-ray 

photoelectron spectroscopy (XPS) analysis to verify the effect 

of PDA layers and the growth of Ag nanoparticles on PDA-

TNTs. The release behaviour of Ag was explored to study the 

effect of PDA interface-modification between TNTs and Ag 

nanoparticles. Antibacterial assays were conducted with agar 

diffusion method to investigate the long-term antibacterial 

activity of Ag-PDA-TNTs with Escherichia coli (E. coli) and 

Staphylococcus aureus (S. aureus) as model microbes. 

2. Experimental 

2.1. Materials 

Dopamine hydrochloride was purchased from Alfa Aesar. 

Sodium hydroxide(NaOH), silver nitrate(AgNO3) were 

purchased from Sinopharm Chemical Regent Co.. Anatase TNTs 

as a starting material were synthesized using an alkali-

hydrothermal method, and more details of this method are 

given in our previous work.
22

 Phosphate buffer solution (PBS) 

was prepared by adjusting the ratio of 0.1 mol/l Na2HPO4 and 

0.1 mol/l KH2PO4. All other chemicals used in this study were 

of analytical grade and used as received without further 

purification. 

 

2.2. Preparation of PDA-TNTs 

PDA modification of TNTs was conducted as the follows 

process. TNTs were initially dispersed in a beaker containing 

200 ml of deionized water. Following that, 50 mg of dopamine 

hydrochloride were added, and the transparent suspension 

immediately turned into orange. The pH value of the mixture 

was adjusted to 8.5 with 2 mol/l NaOH solution, and the 

reaction was maintained under magnetic stirring for 8 h. The 

color of the mixture gradually became dark brown with the 

stirring time increased. After the reaction, the precipitant was 

collected and rinsed with distilled water until Cl
-
 ions were 

removed completely. Finally, the product was dried at 80 °C in 

a vacuum oven and some dark brown particles were obtained. 

 

2.3 Preparation of Ag-PDA-TNTs 

PDA-TNTs were dispersed uniformly in 0.1 mol/l AgNO3 

solution in the dark with magnetic stirring for 4 h at 40 °C. The 

mixture was then put into a vacuum oven by controlling 0.05 

MPa pressure for 1 h, assuring more Ag
+
 ions were absorbed 

on PDA-TNTs. During this process, most of Ag
+
 ions could be 

reduced to Ag nanoparticles with the aid of weak reducibility 

of PDA and anchored on PDA-TNTs.
23

 The suspension was 

centrifuged and some dark precipitants were collected. To 

assure the absorbed Ag
+
 ions on PDA-TNTs surface to be 

reduced to Ag nanoparticles completely, the wet Ag-PDA-TNTs 

were then irradiated by 500 W ultraviolet lights for 0.5 h, and 

dried at 80 °C in a vacuum oven. For comparison, Ag-TNTs with 

brown color were also obtained by photo-reduction method, 

and the preparation procedure was the same as that of Ag-

PDA-TNTs. 

 

2.4 Characterization 

The crystal structure of the samples was determined by X-ray 

diffractometer (D8, Bruker, Germany) with Cu Kα radiation 

(λ=0.15405 nm) with a step size of 0.02°. To determine the 

microstructure and the size of Ag nanoparticles, high-

resolution transmission electron microscopy and 

corresponding selected area electron diffraction 

(HRTEM/SAED) were preformed on a transmission electron 

microscope (JEM-2100, JEOL, Japan). The surface-chemistry of 

different samples was analyzed using the Fourier transform 

infrared spectroscope (IS50, Thermo Fisher, USA) within the 

frequency range of 400-4500 cm
-1

. The chemical composition 

of the samples was determined by X-ray photoelectron 

spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher, USA) with 

monochromated Al Kα radiation (1486.6 eV). 

 

2.5 Silver release behaviour 
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To compare the Ag release behaviour of Ag-TNTs with that of 

Ag-PDA-TNTs, the 50-day Ag release profiles of the samples 

were investigate. 0.5 g of Ag-TNTs and Ag-PDA-TNTs were 

respectively dispersed in 25.0 ml phosphate buffered saline 

(PBS) solutions (pH = 8) by ultrasonication, and then the 

suspensions were kept in a digital shaking air bath at 37 °C. 

The samples were taken out at a predetermined time interval, 

and then were dialyzed with dialysis bags. The concentration 

of Ag in dialysate was detected by inductively coupled plasma 

mass spectrometry (ICP-Q, Thermo Fisher, USA), and the 

precipitates were collected to determine the antibacterial 

activity of Ag-based TNTs from which Ag released. Each sample 

was performed in triplicate and the results were expressed as 

the mean. 

 

2.6 Antibacterial assay 

The persistent antibacterial activity of the Ag-based TNTs that 

were immersed in PBS for different time was studied by agar 

diffusion method against E. coli (ATCC 25922), and S. aureus 

(ATCC 25923), which were selected as models for gram-

negative bacteria and gram-positive bacteria, respectively. The 

bacteria were activated with LB broth and diluted with fresh LB 

broth before the antibacterial assay. In the tests, 0.5 ml 

suspensions of the activated bacteria were spread onto agar 

plates, and several circular filter papers with diameter of 15 

mm soaked in antibacterial agents suspensions (200 mg/l) 

were lightly placed on top of the inoculated agar plates and 

incubated at 37 °C with or without visible light irradiation, to 

evaluate the effect of the light irradiation on antibacterial 

activity of Ag-based TNTs. After incubation at 37 °C over night, 

pictures of the agar plates were captured. The long-lasting 

antibacterial activities of the Ag-based TNTs were evaluated 

according to the change of diameters of the inhibition zones. 

Each sample was performed in triplicate in the antibacterial 

experiments and the typical images were used. 

3. Results and discussion 

3.1 TEM analysis 

To investigate the nanostructures of the as-prepared products, 

the typical TEM images of them were firstly observed, shown 

in Fig. 1. According to Fig. 1a and d , the TNTs with length of 

50-200 nm showed open-end tubular nanostructures that 

were extremely beneficial for the loading of Ag ions, and the 

outer and inner diameters were 9-10 nm and 5-6 nm, 

respectively. After being surface-modified with PDA, a rough 

PDA layer with thickness of about 3 nm on the TNTs was 

observed in Fig. 1e. In addition, the TNTs were top-sealed by 

the PDA layer that might hamper Ag nanoparticles diffusing 

into the cavity of TNTs. However, although the surface of TNTs 

was covered with some black dots (Fig. 1b) after the loading of 

Ag nanoparticles, the same as PDA-TNTs (Fig. 1c), it was found 

that the density of the black dots anchored on TNTs was much 

lower than that on PDA-TNTs by comparing the HRTEM images 

of Ag-TNTs (Fig. 1f) with that of Ag-PDA/TNTs (Fig. 1g). This 

phenomenon indicated that the PDA layer could increase the 

loading amount of Ag nanoparticles on TNTs, and this 

inference would be verified by the next measurements. 

HRTEM images and the corresponding SAED patterns were 

obtained to characterize the crystalline nature of Ag-PDA/TNTs 

(Fig. 2). Two sets of diffraction patterns could be observed: the 

single crystal diffraction spot and the polycrystalline rings, 

which corresponded to Ag nanoparticles and TNTs, 

respectively.
24

 From Fig. 2a and c, it was revealed that the 

attached Ag nanoparticles possessed a single-crystalline 

nature, and the lattice fringes arranging along one direction 

with interplanar distances of 0.234 nm, 0.202nm, 0.121nm and 

0.141nm were consistent with the (111), (200) (311) and (220) 

planes of cubic Ag, respectively.25 However, it was concluded 

from Fig. 2b and d that the TNTs consisted of lots of 

nanocrystals randomly arranged and yielded a polycrystalline 

structure, and the interplanar distances of the fringes were 

0.348 nm and 0.185nm, corresponding to (101) and (200) 

planes of anatase TiO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1 TEM images of (a) TNTs, (b) Ag-TNTs, (c) Ag-PDA-TNTs; 

and HR-TEM images of (d) TNTs, (e) PDA-TNTs, (f) Ag-TNTs, (g) 

Ag-PDA-TNTs. 
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Fig.2 HRTEM images of (a) Ag and (b) TNTs and the 

corresponding SAED patterns of (c) Ag and (d) TNTs on Ag-

PDA/TNTs. 

3.2 XRD analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 XRD patterns of (a) TNTs, (b) Ag-TNTs and (c) Ag-PDA-

TNTs. 

 

To further verify the successful synthesis of Ag-PDA-TNTs and 

Ag-TNTs, XRD measurement was conducted. Fig. 3 showed the 

XRD patterns of TNTs, Ag-TNTs and Ag-PDA-TNTs, curves a, b 

and c, respectively. All diffraction peaks in Fig. 3a were indexed 

to the anatase TiO2 (JCPDS21-1272), which had a favorable 

structure for Ag
+
 ions being photo-reduced to Ag 

nanoparticles. From the XRD pattern of Ag-TNTs, it can be 

found that the diffraction peaks of AgNO3 (JCPDS43-0649) and 

the face-centered cubic Ag crystals (JCPDS65-2871) both 

appeared in Fig. 1b, and this was related to a fact that only a 

part of Ag
+
 ions were reduced to metallic Ag nanoparticles 

during the process of ultraviolet light radiation. However, in 

the XRD pattern of Ag-PDA-TNTs, shown in Fig. 3c, all the main 

diffraction peaks were indexed to the face-centered cubic Ag 

crystals (JCPDS65-2871) except the diffraction peaks of 

anatase TNTs. Besides that, the weak diffraction peaks located 

at Fig. 3c-A and Fig. 3c-B were similar to that of AgNO3 but 

with lower angle diffraction, which implied larger lattice-plane 

spacing. Compared the diffraction peaks in Fig. 3b with that in 

Fig. 3c, it was obvious that the intensity of the diffraction 

peaks of Ag crystals presented in Ag-PDA-TNTs were stronger 

than that in Ag-TNTs, and this implied that the amount of Ag 

crystal loaded on PDA-TNTs was much more than that on Ag-

TNTs. According to the results of quantitative analysis using 

Rietveld whole pattern fitting method, Ag-TNTs were 

composed of 6.1 wt% of Ag nanoparticles, 17.2 wt% of AgNO3, 

and Ag-PDA-TNTs were composed of 20.4 wt% of Ag 

nanoparticles, 3.2 wt% of AgNO3. The molar ratio of Ag atoms 

to Ti atoms was about 1:6 in Ag-TNTs, while that of Ag-PDA-

TNTs was about 1:4.5. Therefore, it could be deduced that the 

existence of PDA on TNTs were in favor of the absorption of 

Ag+ ions and increased the loading amount of Ag nanoparticles 

on TNTs, which was in agreement with the result in 

literatures.24 

 

3.3 FT-IR analysis 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 FT-IR spectra of (a) TNTs, (b) PDA, (c) PDA-TNTs and (d) 

Ag-PDA-TNTs. 

 

FT-IR characterization was carried out to further ascertain the 

chemical structure of the Ag-PDA-TNTs. The characteristic FT-

IR spectra of TNTs, PDA, PDA-TNTs and Ag-PDA-TNTs were 

displayed in Fig. 4, curves a-d, respectively. In all four curves, 

the broad absorption from 3600 to 3100 cm−1 was attributed 

to the O–H stretching vibration on the surface of the 

materials.26 In Fig. 4a, the characteristic absorption band of 

TiO2, indentified with Ti–O–Ti stretching vibration at about 500 

cm−1 emerged. As shown in the FT-IR spectrum of PDA (Fig. 

4b), the peaks at 1613 cm−1 and 1485 cm−1 were ascribed to 

C=C stretching vibration of indole and benzenoid rings, 

respectively;27,28 The peaks at 1383 cm−1 and 1271 cm−1 were 

assigned to C–N stretching or bending vibrations and –C=N 
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stretching vibration of amide, respectively;
29

 Some other peaks 

at 600-900 cm
−1

 (out-of -plane bending vibration of benzene 

ring) , the peaks around 2875 cm
−1

 (C–H asymmetric in the CH 

and CH2 groups of benzene ring), 1720 cm
−1

 (O–C=O) and 1190 

cm
−1

 (C–O–H), etc. also emerged in the FT-IR spectrum of PDA, 

indicating that PDA could be synthesized in the current 

condition. However, in the FTIR spectra of the PDA-TNTs and 

Ag-PDA-TNTs, not only the peaks representing the groups of 

C–H, O–C=O, C–N, –C=N and C–O–H decreased in intensity, but 

their location also shifted, from which we speculated that PDA 

was successfully deposited on the surface of the TNTs with the 

aid of metal-binding ability of catechol and nitrogen-containing 

groups present in the PDA structure. Furthermore, by 

comparing Fig. 4c with Fig. 4d, it was found that the peaks 

intensity of –C=N decreased while that of C–N increased, and it 

indicated that –C=N might turn into C–N with the loading of Ag 

nanoparticles, which lowed the energy of system made it more 

stable.30 

 
3.4 XPS analysis 

To gain further insight into the features of Ag-PDA-TNTs, XPS 

was performed on Ag-PDA-TNTs to confirm not only chemical 

status of the elements but also the interaction between Ag, Ti 

and PDA. Low resolution survey spectra was shown in Fig. 5a, 

yielding peak positions for Ti, O, C, N and Ag which were the 

characteristic elements of Ag-PDA-TNTs. A high-resolution scan 

of Ti 2p (Fig. 5b) was composed of two peaks of Ti 2p3/2 and Ti 

2p1/2 at the binding energies (BE) of 458.6 and 464.4 eV, which 

were in good agreement with the Ti4+ state.31 As for the high-

resolution scan of O1s (Fig. 5c), there were four peak 

components: at a BE of 29.6, 530.4 eV for Ti–O species, at a BE 

of 531.3 eV for C=O/C–O…Ti species, at a BE of 532.2 eV for Ti–

OH species. However, there was no C–OH peak at 533.5 eV 

because of the formation of coordination bond (C–O…Ti) by 

the deprotonation of C–OH groups upon TiO2 binding, and this 

further confirmed the formation of coordination bond (C–

O…Ti), implying that there were binding force between TNTs 

and PDA membrane. In Fig. 5d, the main peak of C 1s were 

resolved into four peaks at 284.6 eV (C–C/C–H), 285.4 eV (C–N 

in Py rings), 286.2 eV (C–O) and 288.4 eV (C=N), 291.6 eV (π-

π*), respectively.32-34 Similarly, the main peaks of N 1s 

consisted of a imine (=N–R) peak at a BE of 398.8 eV, a 

secondary(R–NH–R) peak at a BE of 399.9 eV, a primary (R–

NH2) peak at a BE of 400.8 eV and a protonated (R–NH3
+) peak 

at a BE of 401.7 eV, shown in Fig. 5e.35 The presence of these 

amine functionalities showed the successful formation of a 

PDA layer on the surface of TNTs and provided an opportunity 

for Ag
+
 ions to form –NH2 ligands．In the high-resolution scan 

of Ag 3d (Fig. 5f), two obvious peaks centered at the binding 

energy of 368.3 and 374.3 eV were ascribed to Ag 3d5/2 and Ag 

3d3/2, respectively. The peak positions observed here were 

slightly larger than the expected for metallic Ag
0
 (Ag 3d5/2, 

367.4 eV and Ag 3d3/2, 373.4 eV ) while smaller than the Ag
+
 

ion (Ag 3d5/2, 369.4 eV and Ag 3d3/2, 375.6 eV).
36,37

 The 

difference might be a consequence of Ag nanoparticles 

encapsulated in the organic network and Ag
+
 ions forming 

coordination compounds with PDA with the aid of the amine 

groups,
36

 as was consistent with the analysis result of Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.5 XPS spectra of Ag-PDA-TNTs: (a) the survey scan and the 

high resolution scan of (b) Ti 2p, (c) N 1s, (d) C 1s, (e) O 2s, (f) 

Ag 3d.  

 

 

3.5 Ag release test 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 Ag release profiles of Ag-PDA-TNTs and Ag-TNTs in PBS 

during 50 days of immersion. 

 

The effect of surface-modification with PDA on Ag release for 

TNTs was given in Fig. 6. It is known that the antibacterial 

effect of fungicides weakens with the release of effective 

ingredients from them.39 As for the Ag-TNTs immersed in 

phosphate buffer solution (PBS), the concentration of released 

Ag in PBS rose faster with time in the first several days, and 

then reached a near steady-state after 14 days, which implyed 

that Ag-TNTs went into a slowly sustainable Ag release 
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process. However, the Ag release from Ag-PDA-TNTs 

underwent a relatively steady process from the beginning to 

the end of the experiment, although the concentration of 

released Ag in PBS  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7 Diffusion inhibition zones of the (1) blank, (2) Ag-PDA-TNTs and (3) Ag-TNTs that were immersed in PBS for different time 

(0d, 1d, 3d, 7d, 15d, 30d, 50d) without visible light irradiation against E.coli (a-g ) and S.aureus (h-n)/with visible light irradiation 

against E.coli (A-G) and S.aureus (H-N). 

 
Table 1 Diameters of the inhibition zones of Ag-PDA-TNTs and Ag-TNTs that were immersed in PBS for different time against 

different bacteria with/without visible light irradiation 

Immersion time                                                      Diameters of the inhibition zones /mm 

E.coli /light          S.aureus/light         E.coli/ without light        S.aureus/without light 

APT       AT           APT         AT              APT          AT                     APT           AT                                      

0 day                               20.4      19.2           21.3        20.6              19.9         18.9                      20.1          18.6                                                                           

1 day                               19.8      18.2           21.1        19.5              19.5         17.9                      19.6          18.3                            

3 days                             19.6      18.0           19.6         18.7             18.9          17.5                      19.3         17.8                                

7 days                             19.3      18.0           19.3         18.8             18.0          17.4                      19.2         17.4                                 

15 days                             18.9      17.8           19.0         17.8             17.3          16.9                      18.9         17.1                                    

30 days                             17.6      16.5           18.5         17.4             16.3          16.1                      17.2         16.0                                    

50 days                             17.1      16.2           17.6         16.7             16.4          15.8                      16.9          16.1                                     

 

increased very slowly. Unlike the Ag release profile of Ag-TNTs, 

there was no burst release in the Ag release profile of Ag-PDA- 

TNTs. Compared Ag release profile of Ag-PDA-TNTs with that 

of Ag-TNTs, the concentration of Ag released from Ag-PDA-

TNTs in PBS was far lower than that from Ag-TNTs, which 

indicated that the surface-modification with PDA was in favor 

of the controllable Ag release from TNTs, thus assured the 

long-term antibacterial activity of Ag-PDA-TNTs. 

 
3.6 Antibacterial assay 

Antibacterial behaviour of Ag-PDA-TNTs and Ag-TNTs that 

were immersed in PBS for different time were evaluated by 

agar diffusion method (Fig. 7). All samples showed good 

response against E. coli and S. aureus, even for Ag-PDA-

TNTs/Ag-TNTs immersed in PBS for 50 days, which showed a 

long-term antibacterial activity had been achieved by a 

sustained Ag release. To clearly interpret the change of 

antibacterial activity, the diameters of inhibition zones were 

measured and presented in Table 1. It is understandable that 

the greater is the diameter for inhibition zone; the better is the 

antibacterial activity of an antibacterial agent. From table 1, it 

was easily to find that with immersion time increasing, both 

Ag-PDA-TNTs and Ag-TNTs displayed slightly reduced 

diameters of inhibition zones against E. coli (E.C) and S. aureu 

Page 6 of 9RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



RSC Advances  paper 

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 10, 1-8 | 7  

Please do not adjust margins 

Please do not adjust margins 

(S.A). These reduced diameters of inhibition zones were 

related to the reduced amount of Ag on these samples as Ag 

released slowly from Ag-PDA-TNTs/Ag-TNTs into PBS. That was 

to say, the loading amount of Ag on Ag-PDA-TNTs/Ag-TNTs 

decreased with immersion time increasing in PBS, as was in 

good accordance with the results of Ag release analysis, and 

this finally caused the reduction of Ag contribution in 

inhibition of bacterial growth and weakened the effect of 

killing bacteria. However, compared with Ag-TNTs that were 

immersed for the same time in PBS, Ag-PDA-TNTs showed 

wider inhibition zones that might be due to their larger Ag 

contents.
40

 This result was consistent with the previous 

analysis, and at the same time demonstrated that PDA layer on 

TNTs could delay the release rate of Ag nanoparticles, thus 

attaining a prolonged antibacterial activity for Ag-PDA-TNTs. 

Moreover, whether in case of Ag-PDA-TNTs or Ag-TNTs that 

were immersed for the same time in PBS, the inhibition zones 

against S. aureus (gram-positive) were always wider than that 

against E. coli (gram-negative), and this phenomenon was 

attributed to the different structure of the cell walls of 

bacteria. It was generally accepted that the antibacterial 

activities were realized by the interaction between 

nanoparticles and bacteria occurs through initial adhesion, 

accumulation of nanoparticles on the bacterial cell wall,  

alteration/perforation of the cell wall and finally penetration 

of nanoparticles inside the cell leading to cell death. Since the 

cell wall of the gram-positive bacteria consisted of a thick layer 

of peptidoglycan, and nanoparticles were more easily adhesive 

to the cell walls of gram-positive bacteria and penetrated into 

the cells than what they did on the gram-negative bacteria 

whose cell walls with complicatedly multi-layered structure, 

thus causing larger increases in membrane permeability.
40,41 

Just because of this, the inhibition zones of Ag-PDA-TNTs/Ag-

TNTs aganist S. aureus were wider than E.coli. According to 

literatures,
42,43

 Ag nanoparticles under light irradiation would 

produce reactive oxygen species (ROS) in the vicinity of the 

bacterial cell membrane which led to the cell permeability and 

hence cell death, the higher antibacterial activity of Ag-PDA-

TNTs/Ag-TNTs under light irradiation should be attained by 

comparing with those without light irradiation. As was verified 

in table 1, the diameters of the inhibition zones of the 

specimens with the light irradiation were wider than those 

specimens with the same antibacterial agent without light 

irradiation, implying the synergistically antibacterial effect of 

Ag nanoparticles and ROS.  

4. Conclusion 

Ag-PDA-TNTs with a large quantity were successfully prepared 

by an easily operated method, where Ag
+
 ions were reduced 

by combining in situ reduction and photo-reduction methods, 

and the features were analyzed by techniques such as XRD, 

HR-TEM, FT-IR and XPS. The PDA layers with thickness of about 

3nm not only worked as the chemisorptions and reduction 

sites for Ag
+
 ions, but also stabilized and delayed the release 

rate of the thus formed Ag nanoparticles, thus made Ag-PDA-

TNTs attain a long-term antibacterial activity. The as-prepared 

Ag-PDA-TNTs had better antibacterial effect against S.aureus 

than E. coli, and the antibacterial activity under visible light 

was higher than that in the dark which due to the 

synergistically antibacterial effect of Ag nanoparticles and ROS. 

In comparison with Ag-TNTs, Ag-PDA-TNTs exhibited lower 

level of Ag release rate and higher antibacterial activity, 

demonstrating the high loading density of Ag nanoparticles 

and the long-term antibacterial effects of Ag-PDA-TNTs. Such 

products could have promising application as antibacterial 

materials for microbicides and implant devices. 
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