
1

Vol.:(0123456789)

Scientific Reports |        (2024) 14:18870  | https://doi.org/10.1038/s41598-024-69787-5

www.nature.com/scientificreports

Preparation and properties 
of silver‑carrying nano‑titanium 
dioxide antimicrobial agents 
and silicone composite
Dongdong Hao 1, Yuxuan Zhang 2*, Yonghong Ding 3 & Qiuyu Yan 1

The characteristics of dopamine self‑polymerization were used to cover the nano‑titanium dioxide 
 (TiO2) surface and produce nano‑titanium dioxide‑polydopamine  (TiO2‑PDA). The reducing nature 
of dopamine was then used to reduce silver nitrate to silver elemental particles on the modified 
nano‑titanium dioxide: The resulting  TiO2‑PDA‑Ag nanoparticles were used as antimicrobial agents. 
Finally, the antibacterial agent was mixed with silicone to obtain an antibacterial silicone composite 
material. The composition and structure of antibacterial agents were analyzed by scanning electron 
microscopy, transmission electron microscopy, X‑ray photoelectron energy spectroscopy, and X‑ray 
diffraction. Microscopy and the antibacterial properties of the silicone antibacterial composites were 
studied as well. The  TiO2‑PDA‑Ag antimicrobial agent had good dispersion versus nano‑TiO2. The 
three were strongly combined with obvious characteristic peaks. The antibacterial agents were evenly 
dispersed in silicone, and the silicone composite has excellent antibacterial properties. Bacillus subtilis 
(B. subtilis) adhesion was reduced from 246 ×  104 cfu/cm2 to 2 ×  104 cfu/cm2, and colibacillus (E. coli) 
reduced from 228 ×  104 cfu/cm2 leading to bacteria‑free adhesion.
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Polymers are important in tissue engineering, medical devices, and medical  carriers1–3. Unlike metals and ceram-
ics, polymers can be applied in specific scenarios due to their unique structure and  properties4–6. Silicone has 
good aging resistance, mechanical properties, and biological inertia. It also has a wide temperature range and 
weak inflammatory reactions with human tissues; it is widely used in implanted materials in medicine including 
urinary catheters, peritoneal dialysis catheters, central venous catheters, and endotracheal  catheters7–18.

Medical devices made from silicone usually make contact with human tissues. In this process, bacteria (such 
as Staphylococcus aureus, Escherichia coli, and Proteus) easily invade the tissue through various ways causing 
 infection19–22. According to the US Centers for Disease Control and Prevention, 15–25% of hospitalized patients 
require catheter catheterization. Almost all of the patients undergoing long-term catheterization will develop 
positive urine cultures within a month; 44% are contaminated within two weeks. The patient’s risk of infection 
increases based on the time that the device stays in the  body23. Therefore, the antibacterial properties of medical 
silicone material are particularly important.

Nano-titanium dioxide and nanosilver particles are widely used in the field of antibacterial modification 
and have excellent antibacterial  performance24,25. However, their distribution in the modification matrix can be 
decreased by the high specific surface area of nanomaterials, thus leading to a performance decline.

Dopamine can form polydopamine via polymerization and subsequently coat the surface of different matrices. 
Due to its adhesion, reduction, and biocompatibility, dopamine and its derivatives have been used in different 
fields. Here, the dispersion and interface binding ability of nanoparticles were improved via a silicone matrix 
with a multi-step modification.
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Materials and methods
Materials
Nano-titanium dioxide  (TiO2), dopamine, and 2,5-dimethyl-2,5-di (tert-butylperoxy) hexane, were purchased 
from Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). Silver nitrate, acetone, and trihydroxymethyl-
aminomethane, were purchased from China National Pharmaceutical Group Co., Ltd. (Shanghai, China). Silicone 
was purchased from Xinghuo Organic Silicone Plant (Jiangxi, China). Hydrochloric acid was purchased from 
Yonghua Chemical Technology Co., Ltd. (Jiangsu, China).

Preparation of silver‑carrying nano‑TiO2antimicrobial agents
0.788 g of Trihydroxymethyl aminomethane and 14.7 ml 0.1 mol/L hydrochloric acid was added to the beaker. 
The deionized water was slowly added the solution and stir at 25 °C. Use a pH meter to detect the pH value of 
the solution. When the pH value of the buffer is 8.5, stop adding deionized water and seal the resulting solution 
for low-temperature storage.

Then, 0.5 g of  TiO2 was added to the trihydroxymethylaminomethane-hydrochloric acid mixture. The sample 
was then sonicated for 30 min. After dispersion, 1.5 g of dopamine was added, and the reaction was stirred for 
36 h at room temperature. After the reaction, the products were centrifugally washed three times using deion-
ized water (9000 r/min, 10 min) and subsequently placed in a 60 °C vacuum oven and dried for 24 h to prepare 
dopamine-coated nano-titanium dioxide  (TiO2-PDA).

TiO2-PDA particles (1 g) were placed into 100 ml of solution  AgNO3 (the concentration is 50 mg/mL); the 
reaction was shaken for 24 h at room temperature. After the reaction, the resulting products were Centrifugally 
washed three times with deionized water (9000 r/min, 10 min). They were then placed in a 60 °C vacuum oven 
and dried for 24 h and ground into powder to prepare dopamine-coated silver-carrying nano-titanium dioxide 
antibacterial agents, i.e.,  TiO2-PDA-Ag particles.

Preparation of antimicrobial‑resistant silicone composites
The  TiO2-PDA-Ag particles were mixed with silicone at different proportions via an internal mixer (PPT-3, 
Putong Instrument, Guangzhou, China) at 25 °C. After mechanical mixing at 30 r/min for 6 min, the composite 
was then placed into a 1-mm mold and sulfurized using a plate vulcanization machine (XH-406B, Zhengyuan 
Technology, Dongguan, China) under 175 °C for 9 min. The sample was subsequently vulcanized at 200 °C for 
4 h to create an antibacterial silicone test piece.

SEM analysis
SEM (SUPRA55, Carl Zeiss Inc., Germany) evaluated the microscopic morphology of  TiO2-PDA-Ag particles. 
The antibacterial silicone composite was frozen fracture. The micromorphology of the section was observed 
after gold sputtering.

TEM Analysis
TEM (JEM-2100, Carl Zeiss Inc., Germany) was used to observe the  TiO2-PDA-Ag particle micromorphology. 
The sample was prepared at 0.4 mg/ml in anhydrous ethanol. Some solution was dropped on the copper web, 
and the solvent was evaporated under a vacuum.

XPS analysis
XPS (PHI5000VersaprobeII, Ulvac-Phi, Japan) was used to characterize the elemental composition changes of 
 TiO2 before and after modification; it used tablets prepared after sample drying. Carbon element was calibrated 
when using the XPS eqiupment, the binding energy of C–C was 284.8 eV.

XRD analysis
XRD (D/max2500PC, Rigaku, Japan) was used to characterize the crystal structure changes of  TiO2 before and 
after modification; it used a scanning range of 5° to 80°.The X-RAY source is a Cu target, with λ = 1.54056 Å.

Antibacterial performance test
Preparation of liquid culture medium and activation and inoculation of bacteria: According to the formula of 
bacterial liquid culture medium in Table 1, the tryptic liquid culture medium was disinfected three times before 

Table 1.  Bacterial adhesion experiment and medium formulation.

Name Liquid medium Solid medium

Beef extract 5 g 5 g

Tryptone 10 g 10 g

NaCl 5 g 5 g

Agar–agar – 20 g

Purified water 1000 g 1000 g
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inoculation with Bacillus subtilis and Escherichia coli. The sealed sample was incubated for 8 h at 37.5 °C in a 
120-rpm shaker.

Preparation of solid medium: Trypsin solid medium was prepared according to the solid medium formula 
in Table 1 and disinfected three times at 100 °C. Subsequently, 20 ml of solid medium was absorbed by a liquid 
pipette gun and then cooled, solidified, and UV disinfected for 30 min.

Bacterial adhesion experiment: We next placed the sample in a liquid culture medium, and placed it in a 
shaker at 37 °C for 8 h. After the shake, the sample was removed, washed slightly with sterile water, put into a 
test tube containing 10 mL of sterile water, and sonicated for 5 min to obtain a bacterial dispersion. The bacterial 
dispersion (1 mL) was removed by a pipette gun and placed in 9 mL of sterile water and diluted sequentially to 
obtain bacterial dispersion with different concentration gradients. After absorbing 0.1 mL of bacterial dispersion 
and evenly coated on the surface of the solid medium, and incubating in a 37 °C constant temperature incubator 
for 12 h, the colonies of bacteria in the solid medium at different dilutions were counted.

Calculation of bacterial adhesion on silicone surface: The bacterial adhesion before and after sample modi-
fication can be calculated according to formula:

where N is the number of sample colonies; ΣC is the total number of plate colonies; n1, n2 are the numbers of 
plates of the first and second dilutions; and d is the dilution factor.

Mechanical properties test
Use a universal testing machine to measure the tensile properties of the sample according to the standard GB/T 
528–2009, with a rate set at 100 mm/min. Measure the tear strength of the sample according to the standard GB/
T529-2008, with a rate set at 500 mm/min.

Results
The mechanism of dopamine oxidation autopolymerization and its in situ reduction are shown in Fig. 126, and 
the flowchart of silver-carrying nano-TiO2 preparation is shown in Fig. 227.

Scanning electron microscopy (SEM) observation of the particles
SEM identified similarities and differences between nanoparticles. Figure 3a,b are nano-TiO2 and  TiO2-PDA-Ag 
SEM images, respectively. Figure 3c is an EDS image of  TiO2-PDA-Ag. Unmodified nanoparticles are poorly 
dispersed due to nanoscale effects as shown in Fig. 3a. After polydopamine coating, the  TiO2-PDA-Ag particle 
morphology is significantly smaller than unmodified nanoparticles, and its dispersion is significantly improved. 
No obvious agglomeration appears in Fig. 3b, which suggests that the polydopamine coating on the surface of 
nano-titanium dioxide plays a key role in improving the agglomeration behavior of nanoparticles. This proves 
that the polydopamine coating can hinder the attraction between nanoparticles and enhance the nanoparticle 
dispersion. EDS energy spectrum characterization showed many silver points (pink signals) in Fig. 3c, which 
confirm that silver is present on nano-TiO2 after dopamine modification.

Transmission electron microscopy (TEM) observation of the particles
TEM was used to study the nano-TiO2 during modification including microstructural changes. Figure 4a shows 
unmodified  TiO2, and Fig. 4b shows  TiO2-PDA-Ag TEM images. The surface of nano-TiO2 before modification 
is rough, the edge is uneven, and the agglomeration phenomenon is serious, thus it is difficult to separate via 
ultrasound. Post-modification nanoparticles are shown in Fig. 4b: The nanoparticle aggregation was improved. 
Black dots are found on the surface of the particles. The characterization results above suggest that these points 
are silver particles. Silver particles are embedded in the polydopamine coating on the surface of the modified 
nano-titanium dioxide. That is,  TiO2-PDA-Ag forms a relatively stable structural state with titanium dioxide in 
the inner layer, polydopamine coated in the outer layer, and the silver particles distributed relatively evenly in 
the polydopamine-coated layer.

X‑ray photoelectron spectroscopy (XPS) analysis of particles
XPS was used to explore the elemental composition of nanoparticles during modification. Figure 5a,b are the 
X-ray diffraction spectra of nano-TiO2 and  TiO2-PDA-Ag, respectively. Figure 5c shows the 3D high-resolution 
profile of silver. Table 2 shows the elemental composition before and after modification of  TiO2.  TiO2 has Ti and 
O peaks (Fig. 5a). Versus Fig. 5b, the characteristic peak of N 1S appears at 400 eV, and the characteristic peak of 
C is significantly enhanced because polydopamine is coated on the surface of nano-titanium dioxide. A strong 
Ag peak appears in Fig. 5b, which proves the existence of Ag after modification. Table 2 shows that the elemental 
composition changes after dopamine is coated with nano-titanium dioxide and silver carrying modifications. 
The amount of C and N in  TiO2-PDA-Ag increases, and Ag elements appear due to the inclusion of many C and 
N elements in the polydopamine structure and the silver on the surface. Figure 5c shows silver and silver oxide 
peaks at 373.7 eV and 367.7 eV in the spectrum diagram. After Ag particles are reduced to simple substances, 
they are easier to be oxidized by air, and some of them form silver oxides.

X‑ray diffraction (XRD) analysis of particles
XRD was used to explore the crystal structure of nanoparticles during modification. Figure 6a,b are the XRD 
spectra of  TiO2 and  TiO2-PDA-Ag, respectively. Dopamine modification and the crystal structure of nanoparti-
cles carrying silver were determined by X-ray diffraction instrument. Figure 6a shows peaks at 2θ = 25.3°, which 

N =

∑
C/(n1 + 0.1n2)× d
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is the anatase characteristic peak of titanium dioxide. Figure 6b shows that the characteristic crystallization peak 
of silver appeared in the  TiO2-PDA-Ag structure with distribution at 2θ = 38.1°, 44.3°, and 64.4° corresponding 
to (1 1 1), (2 0 0), and (2 2 0), respectively. This proves that the modified polydopamine on the surface of nano-
titanium dioxide successfully reduces the silver. Crystalline diffraction peaks of nano-TiO2 also exist. These data 
indicate that polydopamine is only coated on the surface of nano-TiO2, and the silver particles on the surface 
did not enter the nano-TiO2 lattice (this would not change the  TiO2 structure).

Microstructure of silicone composites
To study the dispersibility of  TiO2-PDA-Ag particles in silicone, pure silicone and composite materials sup-
plemented with antibacterial agents were frozen with liquid nitrogen, and their sections were observed using 
scanning electron microscopy. Figure 7a,b are SEM images magnified 20,000 times; Fig. 7a is the section SEM 
of silicone without antibacterial agents, and Fig. 7b is an SEM image of silicone after adding antibacterial agents. 
Figure 7a shows that the continuous phase is very uniform. White particles are evenly distributed in the modified 
silicone section in Fig. 7b, and the particle diameter is still on the nanoscale. The results show that  TiO2-PDA-Ag 
antibacterial particles have good dispersibility in silicone.
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Figure 1.  (a) Mechanism of dopamine autolpolymerization; (b) mechanism of in situ reduction of Ag with 
dopamine.

Figure 2.  Preparation flowchart of silver-carrying nano-titanium dioxide.
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(a) (b)

(c)

Figure 3.  SEM and images of particles: (a)  TiO2 ; (b)  TiO2-PDA-Ag ; (c) EDS (Ag).

(a)

(b)a

Figure 4.  High-resolution transmission electron microscope images of particles: (a)  TiO2 ; (b)  TiO2-PDA-Ag.
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(a) (b)

(c)

Figure 5.  X-ray diffraction spectrum: (a)  TiO2 ; (b)  TiO2-PDA-Ag; (c) 3D high-resolution spectrogram of 
silver.

Table 2.  Elemental composition before and after modification of  TiO2.

Sample C N O Ti Ag

TiO2 29. 73% 0. 29% 50. 90% 20. 17% -

TiO2-PDA-Ag 54. 55% 6. 53% 22. 11% 12. 35% 4. 46%

(a) (b)

Figure 6.  XRD spectra: (a)  TiO2 ; (b)  TiO2-PDA-Ag.
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Antibacterial properties of silicone composites
The antibacterial properties of silicone composites with different contents of antibacterial agents were evaluated 
by the plate counting method as shown in Fig. 8. The addition of different proportions of nano-TiO2-PDA-Ag 
particles modified E. coli and B. subtilis adhesion. The adhesion of E. coli and Bacillus subtilis on the pure silicone 
surface is very high . There was an increase in the amount of nano-antibacterial agents, and the amount of bacte-
rial adhesion on the surface gradually decreased. The results show that the corresponding B. subtilis adhesion 
changed from 246 ×  104 cfu/cm2 to 2 ×  104 cfu/cm2 (antibacterial activity of 99.2%). For E. coli, there was 100% 
antibacterial activity. This is because nanoparticles enhances the antibacterial activity of the silicone composites. 
The silver ions have a positive charge, and bacteria are negative. This attraction leads to protein solidification, 
which destroys the activity of cell synthases as well as proteases. In turn, there is a loss of cell proliferation and 
thus cell  death28. The cell wall of Gram-positive bacteria is generally thicker than that of Gram-negative bacteria. 
B. subtilis was the kind of Gram-posetive and E.coli was the kind of Gram-negative. The antibacterial properties 
of silver ions are mainly manifested in their ability to destroy the cell wall. So the bactericidal ability of silver 
carrying nanocomposites against B. subtilis is weaker than that of E.coli.

Mechanical properties of antibacterial silicone rubber composite materials
In Fig. 9, it can be observed that as the amount of antibacterial agent added increases, the tensile strength, 
elongation at break, and tear strength of the composite material show a decreasing trend but are not significant. 
This is because the addition of antibacterial agents has a certain degree of damage to the structure of silicone 
rubber itself; As the amount of antibacterial agent added increases, its disrupte the perfect three-dimensional 
network structure of silicone rubber, ultimately leading to stress concentration points inside the body structure 
of silicone rubber composite materials, resulting in a decrease in the overall mechanical properties of the com-
posite materials.

(a) (b)

Figure 7.  Scanning electron micrograph of cross-section: (a) silicone; (b) composites.

Figure 8.  Antibacterial properties of silicone after adding different proportions of antibacterial agents.
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Conclusions
TiO2-PDA-Ag form a relatively stable core–shell structure. The inner layer is titanium dioxide, and the outer layer 
is coated with polydopamine. The silver particles are evenly distributed in the polydopamine coating layer. There 
were relatively clear characteristic peaks in XPS and XRD after centrifugal cleaning, thus indicating nano-TiO2 
had PDA and Ag particles in the outer layer. The system is relatively stable.  TiO2-PDA-Ag antibacterial agents 
have good dispersion in silicone composite materials as well as excellent antibacterial performance. When the 
amount of antibacterial agent is 2.5%, the antibacterial activity of the composite material is 99.2% for B. subtilis 
and 100% for E. coli.

Data availability
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