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Abstract: Antibiotic-resistant bacteria have become a major issue due to the long-term use and 

abuse of antibiotics in treatments in clinics. The combination therapy of antibiotics and silver 

(Ag) nanoparticles is an effective way of both enhancing the antibacterial effect and decreas-

ing the usage of antibiotics. Although the method has been proved to be effective in vitro, no 

in vivo tests have been carried out at present. Herein, we described a combination therapy of 

local delivery of Ag and systemic antibiotics treatment in vitro in an infection model of rat. 

Ag  nanoparticle-loaded TiO
2
 nanotube (NT) arrays (Ag-NTs) were fabricated on titanium 

implants for a customized release of Ag ion. The antibacterial properties of silver combined 

with antibiotics vancomycin, rifampin, gentamicin, and levofloxacin, respectively, were tested 

in vitro by minimum inhibitory concentration (MIC) assay, disk diffusion assay, and antibiofilm 

formation test. Enhanced antibacterial activity of combination therapy was observed for all the 

chosen bacterial strains, including gram-negative Escherichia coli (ATCC 25922), gram-positive 

Staphylococcus aureus (ATCC 25923), and methicillin-resistant Staphylococcus aureus (MRSA; 

ATCC 33591 and ATCC 43300). Moreover, after a relative short (3 weeks) combinational treat-

ment, animal experiments in vivo further proved the synergistic antibacterial effect by X-ray and 

histological and immunohistochemical analyses. These results demonstrated that the combination 

of Ag nanoparticles and antibiotics significantly enhanced the antibacterial effect both in vitro and 

in vivo through the synergistic effect. The strategy is promising for clinical application to reduce 

the usage of antibiotics and shorten the administration time of implant-associated infection.

Keywords: implant-associated infection, silver nanoparticles, TiO
2
 nanotube, antibiotics, 

synergistic bactericidal activity

Introduction
Titanium (Ti) implant-associated bacterial infection remains as one of the most serious 

complications that could lead to implant failure and serious disabilities.1–3 Treatment 

with antibiotics is the most regular strategy to prevent and cure implant-associated 

infection in clinics. However, antibiotic resistance and biofilm formation are chal-

lenging the drug efficiency, resulting in an extended antibiotic therapy than a usual 

6-week antibiotic administration.4 Although gram-positive Staphylococcus aureus 

remains as one of the main pathogens leading to implant infection, the emerging 

methicillin-resistant Staphylococcus aureus (MRSA) and gram-negative bacteria are 

making the scenario more complex. MRSA is resistant to all β-lactam antibiotics that 

share structural similarity with methicillin.5,6 The treatment of gram-negative bacteria 

is challenging due to the exterior protective lipopolysaccharide membrane.7 Drug-

resistant bacteria is an increasing public health issue that has led to millions of deaths 
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every year because of the shortage of effective therapeutics 

to combat the resistant bacteria. The rising trend in drug 

resistance can be partially attributed to the long-term use of 

antibiotics, promoting the formation of new resistant bacteria 

through the process of evolutionary pressure.8–10

In addition, biofilm, a multiple bacteria structure embed-

ded in a three-dimensional extracellular polymeric substance, 

is a physical barrier to antibiotic molecules and protects the 

bacteria present inside from the attack of antibiotics.11,12 

Compared to planktonic bacteria, an incredible 1,000-fold 

higher dosage of antibiotic is needed to kill bacteria inside 

the biofilm.13 Furthermore, biofilm can supply a microenvi-

ronment stimulating the formation of new genetic mutant 

bacterial strains, which are highly drug resistant.14 From the 

abovementioned perspectives, developing a highly efficient 

antibacterial therapy, simultaneously making resistant bac-

teria more vulnerable to antibiotics, and inhibiting biofilm 

formation are highly desired.

The combination of systemic antibiotics treatment and 

local site delivery of silver (Ag) is an attractive antibacte-

rial therapy to address the challenge. Silver nanoparticles 

possess highly efficient antibacterial activity toward many 

species of bacteria, including gram-negative bacteria, gram-

positive bacteria, and resistant strains, such as MRSA.15,16 The 

antibacterial mechanism of Ag involves multiple processes: 

1) disrupting the integrity of cell wall14,17; 2) inhibiting cell 

wall synthesis18; 3) binding to and damaging DNA19,20; 

4) preventing protein translation;21 and 5) forming reac-

tive oxygen species (ROS).22–24 Silver nanoparticles have 

been incorporated into nanostructures for the preparation 

of bactericidal surface and exhibited excellent antibacterial 

effect.25,26 Several recent studies indicated that Ag nanoparti-

cles could enhance the antibacterial effect of antibiotics, such 

as vancomycin, gentamicin, rifampicin, and levofloxacin.27–31 

The mechanism of the synergistic effect is complicated and 

varies with the type of antibiotics. For example, the destruc-

tion of cell wall by Ag nanoparticles or ions makes the 

antibiotic-resistant bacteria more sensitive to antibiotics.28 

However, most of the in vitro data could not guarantee the 

expected in vivo results, and the appropriate animal model 

has not been established to test the antibacterial effect.

The present study aimed to determine the synergistic 

antibacterial effect of antibiotics and Ag nanoparticles against 

various bacterial strains in vitro and in vivo. We combined 

the commonly used antibiotics and Ag nanoparticles with 

systemic test of the synergistic bactericidal effect against 

four bacteria species, including representative gram-negative 

Escherichia coli (ATCC25922), gram-positive S. aureus 

(ATCC25923), and MRSA strains (ATCC33591 and 

ATCC43300). Less quantity of Ag nanoparticles was incorpo-

rated into TiO
2
-nanotubes (NTs; Ag-NTs), which minimized 

the risk of toxicity due to high concentrations of Ag ion. An 

implant infection model was built in a rat to demonstrate 

the enhanced antibacterial efficiency in vivo. Combination 

of commonly used antibiotics and Ag-NTs delivery coating 

would be expected to expedite the synergistic bactericidal 

activity against both planktonic bacteria and biofilm in vitro 

and in vivo, allowing an enhanced antibacterial effect with 

reduced use of antibiotics and shorter administration time.

Materials and methods
Materials
Ti (99.8% pure) was purchased from Goodfellow Cambridge 

Limited (Huntingdon, UK). Methanol and ethylene glycol 

were obtained from Sinopharm Chemical Reagent Co., Ltd 

(Beijing, People’s Republic of China). Ammonium fluoride 

(NH
4
F) and silver nitrate (AgNO

3
) were obtained from 

Aladdin (Shanghai, People’s Republic of China). Tryptic 

soy broth (TSB) medium, standard antibiotics, and antibiotic 

sensitivity paper disk were supplied by the National Institutes 

of Food and Drug Control (Beijing, People’s Republic of 

China). Ag nanoparticles with a size of 40 nm were purchased 

from Sigma-Aldrich Co. (St Louis, MO, USA).

Specimen preparation
The Ag-NT coating was fabricated following a previous 

method.25 Ti foils (10×10×1  mm3) and Ti rods (length: 

12  mm, diameter: 0.8  mm) were prepared and polished 

by SiC sandpapers and then ultrasonically washed with 

acetone, ethanol, and distilled water sequentially. TiO
2
-NT 

coating was fabricated on the Ti surface by electrochemical 

anodization. The anodization process was carried out in a 

two-electrode cell equipped with a direct current (DC) power 

supply (IT6834; ITECH, People’s Republic of China). The Ti 

foil or rod was used as the anode electrode, and the graphite 

was used as the counter electrode. The electrolyte was pre-

pared by ethylene glycol containing methanol (5 vol%) and 

distilled water (5 vol%). Anodization was run for 30 min at 

60 V followed by ultrasonic washing. TiO
2
-NT specimens 

were formed after annealing at 450°C for 120 min in air.

To prepare Ag-NTs, unannealed TiO
2
-NTs were soaked 

in the AgNO
3
 solution (1 mol⋅L-1) for 10 min. After being 

rinsed with distilled water and air drying, the samples were 

irradiated with ultraviolet (UV) light by a high-pressure Hg 

lamp for 10 min. The whole process ended up with sequen-

tial ultrasonic cleaning and air drying. The samples were 
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sterilized for 30 min with the UV light for future antibacte-

rial experiments.

Sample surface characterization
The surface topography of sample was characterized by 

field emission scanning electron microscopy (FESEM; FEI 

Nova 400 Nano) and transmission electron microscopy 

(TEM; Philips CM20). The surface chemical composition 

was analyzed by X-ray photoelectron spectroscopy (XPS; 

ESCALAB 250Xi, Thermo Fisher Scientific, Waltham, 

MA, USA) and energy-dispersive X-ray spectrometry 

(EDS; Tecnai).

Silver ion release
The Ag release from Ag-NTs was monitored as follows. 

The Ag-NTs were immersed in phosphate-buffered saline 

(PBS; 5 mL) in dark, and PBS was refreshed every 24 h. To 

determine the Ag release quantity at 1, 3, 7, 10, and 14 days, 

the PBS was analyzed by inductively coupled plasma atomic 

emission spectrometry (ICP-AES; IRIS Advantage ER/S) 

with a specific 328.1 nm emission line for Ag.

Minimum inhibitory concentration (MIC) 
and combination assay
Antibiotics such as vancomycin, rifampin, gentamicin, cefa-

mandole, penicillin, levofloxacin, and clindamycin were used 

in the study. The antibacterial activities of standard antibiot-

ics and Ag nanoparticles were tested against four bacterial 

strains, including a representative gram-negative E. coli 

(ATCC25922), gram-positive S. aureus (ATCC25923), and 

MRSA strains (ATCC33591 and ATCC43300). Susceptibil-

ity tests were carried out in 96-well microtiter plates using 

a standard twofold broth microdilution method of the anti-

bacterial agents in TSB, following Clinical and Laboratory 

Standards Institute (CLSI 2013) guidelines. Briefly, bacterial 

cells were cultivated to midexponential phase at 37°C in the 

TSB medium under aerobic conditions. Aliquots of 100 µL of 

the bacterial cells were then seeded in the wells of a 96-well 

microtiter plate at a density of 1×106 cell⋅mL-1. A total of 

100 µL each of the serially diluted solutions of the bacteri-

cidal agent was then added to the bacterial cells (antibiotics 

or nano-Ag). The MIC assay was repeated five times. The 

MIC was defined as the lowest drug concentration of visible 

growth after overnight incubation at 37°C. The synergistic 

effects of Ag were also investigated using a checkerboard 

method by determination of the fractional inhibitory con-

centration index (FICI).32 FICI was calculated as follows: 

FICI  =  MIC (antibiotic  +  Ag)/MIC (antibiotic)  +  MIC 

(Ag  +  antibiotic)/MIC (Ag). The synergistic effects were 

interpreted as follows: FICI ,0.5 (synergy), 0.5# FICI ,1 

(partial synergy), FICI =1 (additive), 2# FICI ,4 (indiffer-

ent), and 4# FICI (antagonism).

Disk diffusion assay
In disk diffusion assay, 10 µL bacterial suspension (1.5×108 

colony-forming units [CFUs]⋅mL-1) was evenly dispersed 

on Mueller-Hinton (M-H) plates. Standard antibiotic disks 

were then impregnated with 10 µL of prepared Ag solution 

(PBS solution with released Ag at day 1 in the silver release 

test). Both control disks (without Ag) and experimental 

disks (with Ag) were placed onto the M-H plates. The plates 

were incubated at 37°C under aerobic conditions for 24 h to 

observe zone inhibition diameter. The disk diffusion assay 

was processed in triplicate.

Antibiofilm formation ability assay
The antiadhesive and antibiofilm formation properties were 

examined by scanning electron microscopy (SEM; S-4800; 

Hitachi Ltd., Tokyo, Japan). The Ag-NT samples and differ-

ent standard antibiotic disks were immersed in 1 mL bacteria 

suspension with 1.5×108 cells in TSB and cultured for 48 h at 

37°C. Nonadherent bacteria were removed by gentle rinses 

with PBS for three times. The samples were subsequently 

fixed with glutaraldehyde solution (2.5% concentration) 

for 2 h at 4°C, and then, the samples were dehydrated in 

ethanol series (30%, 50%, 70%, 90%, and 100%). After 

that, the samples were soaked into amyl acetate solution for 

1 h at ambient temperature to replace the ethanol and then 

freeze-dried. The adherent bacteria and biofilm formation 

on resultant samples were coated with Au in a sputter coater 

and imaged using SEM.

Animals and surgical procedures
The study used a total of 60 adult male Sprague Dawley rats 

(average weight: 150 g), supplied by the Laboratory Animal 

Center of Tongji Medical College, Huazhong University 

of Science and Technology. All surgeries were performed 

following the protocol approved by the ethics committee of 

animal experiments (Huazhong University of Science and 

Technology, permit number 20140918R). The experimental 

rats were treated following the Guide for the Care and Use 

of Laboratory Animals (8th edition). Sixty rats were equally 

divided into three groups: group I (antibiotics treatment), 

group II (Ag-NT implant), and group III (Ag-NT implant and 

antibiotics). Before surgery, the rats were anesthetized with 

50 mg pentobarbital per kg body weight by intraperitoneal 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

734

Xu et al

injection. After shaving and sterilizing with povidone iodine, 

an incision was made across the left knee. Then, a sterilized 

syringe needle (external diameter: 0.8 mm) was used to drill 

a hole through the tibia plateau, from the proximal to the 

distal end. The exposed medullary cavity was injected into 

100 µL bacteria suspension in TSB (ATCC43300, 1.5×108 

CFUs⋅mL-1). After bacteria inoculation, rod sample Ag-NTs 

were implanted into the medullary cavity in group II and group 

III rats. Burr hole of the tibia plateau was sealed with sterilized 

bone wax, and skin openings were sutured and sterilized.

During the recovery period from anesthesia and surgery, 

rats were kept in individual clean, dry, and comfortable cages. 

An intense and frequent observation was given to respira-

tory function, thermoregulation, cardiovascular function, 

and electrolyte and fluid balance by experienced personnel. 

After recovery from anesthesia, biological functions such as 

intake and elimination were monitored. Special attention was 

paid on the incision site for dehiscence and timely removal 

of skin suture. Both group I and group III rats were divided 

into four subgroups and treated with four different kinds of 

antibiotic treatments, respectively (rifampicin 1.5 mg every 

24 h, vancomycin 15–20 mg⋅kg-1 every 12 h, gentamicin 

5 mg⋅kg-1 every 24 h, and levofloxacin 12 mg⋅kg-1 every 

24 h), by tail veil injection. The therapy ended after 3 weeks. 

The health status of rats including weight, body temperature, 

and vitality were monitored daily as the reference.33

In vivo radiology
X-ray examination (DirectView DR3000; Kodak) was 

performed 3  weeks after the primary surgery to assess 

longitudinal infection symptoms of the rats. Rats were 

anesthetized with the pentobarbital as carried out previously. 

X-ray parameter was chosen according to the human hand 

imaging parameter.

Histological and immunohistochemical 
analysis
All rats were euthanized (anesthesia with an overdose of pento-

barbital) after 3 weeks. The left tibia was removed and separated 

and subsequently fixed in 4% paraformaldehyde solution for 

12 h. Specimens were then incubated in ethylenediaminetet-

racetic acid (EDTA) and further embedded in paraffin. Then, 

sagittal sections (5 µm thick) were stained with hematoxylin 

and eosin (H&E). An indirect immunostaining technique based 

on a specific S. aureus monoclonal antibody (ab37644; Abcam 

plc, Cambridge, UK) was used for the in situ identification 

of S. aureus, and polymerized HRP-anti mouse/rabbit IgG 

(KIT-9901, IHC Kit) was added as the secondary antibody.

Statistical analysis
The assays were processed in triplicate, and the results were 

expressed as mean ± standard deviation. A one-way analysis 

of variance (ANOVA) and a Student–Newman–Keuls (SNK) 

post hoc test were used to determine statistical significance; 

P,0.05 was considered significant.

Results
Sample surface characterization
The surface microstructure of specimens obtained by anod-

ization at 60 V for 30 min is shown in Figure 1A. The TiO
2
-

NTs formed by anodization had a typical NT structure. The 

SEM image and TEM image (Figure 1B and C) of Ag-NTs 

show that the Ag nanoparticles with a size of 20–40 nm are 

clearly loaded at the inner surface of NT arrays. In Figure 1D, 

Ti, O, and Ag are clearly shown in the EDS curve. The full 

XPS survey spectrum of Ag-NTs in Figure 1E illustrates 

the chemical components of sample surface. The signals of 

Ag, Ti, C, and O were all detected. The C signal in the XPS 

curve is believed to arise from adventitious contamination. 

Figure 1F presents the fine XPS spectrum of Ag3d. The peaks 

at 367.9 and 373.9  eV were in accordance with Ag3d5/2 

and Ag3d3/2, respectively, which suggested the existence 

of metallic Ag. The abovementioned results indicated that 

the Ag nanoparticles were successfully loaded into the 

NT arrays.

Ag release
Figure 1G shows the release profile of Ag ion from Ag-NT 

sample. The contents of released Ag ion at 1, 3, 7, 10, and 

14 days were detected by ICP-AES. The Ag content was 

0.14±0.02 ppm on the first day, which decreased gradually 

after the first 3 days. The Ag concentration reached a pla-

teau with a value of 0.06±0.01 ppm after 7 days and lasted 

as long as 14 days. The amount of released Ag ion is almost 

undetectable after 2 weeks.

MICs and combination assay
The MIC (column A and column B) and FICI (column C) 

were detected five times to evaluate the synergistic anti-

bacterial effect of antibiotics and nanosilver (Table 1). 

Generally, as shown in column A, rifampin showed the 

most efficient antibacterial activity with a smallest MIC 

from 0.125 to 0.25  µg⋅mL-1 against all the four bacterial 

strains. Vancomycin showed a consistent MIC value of 

1  µg⋅mL-1 for tested strains, while gentamicin presented 

with a 1–16 µg⋅mL-1 inhibitory concentration and was more 

effective to kill E. coli. However, E. coli with an MIC of 
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0.25–2 µg⋅mL-1 was more sensitive to cefamandole compared 

to the other antibiotics. Higher MIC values were observed 

with levofloxacin 8–16 µg mL-1, penicillin 16–128 µg mL-1, 

and clindamycin 8–64 µg mL-1. For Ag nanoparticles, the 

MIC value of all the four bacterial strains was in the range of 

0.25–1 µg mL-1 with the smallest value observed for gram-

negative E. coli. In Table 1 (column B), combinations of 

antibiotics and Ag nanoparticles resulted in a sharp decline 

in MIC of the four strains, with 0.125–0.5 µg mL-1 for van-

comycin, ,0.125 µg⋅mL-1 for rifampin, 0.125–0.25 µg⋅mL-1 

for gentamicin, 0.25–2  µg⋅mL-1 to 0.25–0.5  µg⋅mL-1 for 

cefamandole, 0.125–0.5  µg⋅mL-1 for penicillin, 0.125–

0.5  µg⋅mL-1 for levofloxacin, and 0.25–0.5  µg⋅mL-1 for 

clindamycin. The FICI value (Table 1, column C) proved that 

vancomycin, rifampin, gentamicin, and levofloxacin showed 

synergistic (FICI ,0.5) or partial synergistic (0.5# FICI ,1) 

Figure 1 Surface characterization.
Notes: (A) and (B) are the SEM images of TiO2-NTs and Ag-NTs, respectively. (C), (D), and (E) are the TEM image, EDS image, and full XPS spectrum of Ag-NTs, 
respectively. (F) is the fine XPS spectrum between 360 and 380 eV of Ag3d. The results prove that silver nanoparticles were successfully incorporated into the NT arrays. 
(G) is the noncumulative Ag release profile for 14 days from Ag-NTs into the PBS solution.
Abbreviations: SEM, scanning electron microscopy; NT, nanotube; TEM, transmission electron microscopy; EDS, energy-dispersive X-ray spectrometry; XPS, X-ray 
photoelectron spectroscopy; PBS, phosphate-buffered saline; au, astronomical unit.
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effect on all the four chosen bacteria when combined with 

Ag nanoparticles.

Disk diffusion assay
The synergistic antibacterial activity of antibiotics and Ag 

was also analyzed by disk diffusion assay. Table 2 (column A) 

lists the inhibition zone diameter of 15.08–15.74 mm for van-

comycin, 30.58–31.78 mm for rifampin, 10.00–11.84 mm 

for gentamicin, 15.57–24.33  mm for cefamandole, 9.74–

19.87 mm for penicillin, 15.70–25.78 mm for levofloxacin, 

and 6.00–23.68 mm for clindamycin. In Table 2 (column B), 

a mild increase in the inhibition zone diameter could be 

observed in vancomycin and rifampin after being com-

bined with silver (15.79–17.03 mm and 30.68–45.58 mm, 

respectively). A fold increase was measured in two groups 

(20.27–22.05  mm for gentamicin and 15.73–39.08  mm 

for penicillin), and a big increment was also observed 

(19.14–35.12  mm for cefamandole, 25.33–27.73  mm for 

levofloxacin, and 23.42–26.59 mm for clindamycin).

Antibiofilm formation ability assay
After 48 h incubation with 1 mL bacteria solution containing 

1.5×108 bacteria cells, the samples were prepared for the SEM 

test. SEM images directly presented the biofilm formation on 

the surface of samples in Figure 2. Large quantity of CFUs 

stacked onto the surface of the TiO
2
, and the two MRSA 

strains were more inclined to form biofilm. No typical biofilm 

formation was observed on Ag-NTs, and only a few separated 

bacteria colonies were able to be detected. When antibiotics 

vancomycin, rifampin, gentamicin, and levofloxacin were 

combined, respectively, few bacterial cells were found to 

adhere to the Ag-NT surfaces, including shrunken and broken 

down cells, which were regarded as dead cells.

In vivo radiology
After a 3-week antibiotic therapy, all the rats in group I (anti-

biotic) and group II (Ag-NTs) exhibited classic symptom of 

implant infection based on the results of X-ray examination 

in Figure 3. Bone absorption and periosteal reaction were 

evident, and extensive fibrosis of bone marrow cavity result-

ing from inflammatory response could also be observed. In 

contrast, the group III (Ag-NTs + antibiotic) rats showed no 

signs of infection.

Histological analysis and 
immunohistochemical analysis
The results of histological and immunohistochemical analy-

ses are presented in Figures 4 and 5, respectively. In the H&E T
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staining results (Figure 4), group I (antibiotic) presented an 

abundant neutrophilic exudate and inflammatory cell infiltra-

tion accompanied with intramedullary necrosis and abscess, 

which provided the solid evidence of infection. Group II 

(Ag-NTs) rats showed a similar neutrophilic exudate and 

chronic inflammation response to group I samples. Group III 

(Ag-NTs + antibiotic) rats displayed no prominent inflam-

matory response and neutrophilic exudate. The immunohis-

tochemical results in Figure 5 show that bacteria (ATCC 

43300) were primarily located around the capillary loops and 

within the center of the inflammation and microabscesses 

in group I and group II. However, in group III, no bacteria 

were detected. The results further provided the presence of 

bacteria in group I and group II rats, which was consistent 

with the histological analysis staining.

Discussion
Preventive and therapeutic strategies have been extensively 

studied to decrease bacterial colonization and inhibit biofilm 

formation on surgically implanted materials, while systemic 

intravenous administration of antibiotics is still the first 

choice in clinics. Antibiotics are usually required to combat 

gram-negative MRSA and biofilm formation. However, 

the long-term use of antibiotics increased the risk of new 

antibiotic-resistant strain generation through the process of 

evolutionary pressure.8–10,34 An alternative way to combat 

implant infection efficiently with a reduced antibiotics usage 

and shorter administration time is highly desired. Combina-

tion therapy of locally released Ag and systemic antibiotics 

treatment has been proved to be a considerable strategy due 

to their synergistic effect.27–29

Ag is generally considered biocompatible and safe at a 

low concentration35–37; hence, a local delivery platform offer-

ing controllable release property is in deep pursuit. TiO
2
-NT 

coating has been proved to be a reservoir with efficient loading 

capacity for various nutrient elements, including Ag.38,39 Our 

results shown in Figure 1 prove that, after hydrothermal treat-

ment in the AgNO
3
 solution, Ag nanoparticles with the size 

of 20–40 nm were incorporated into the inner wall of NTs. 

Compared to our previous studies,25,26 a lower but sustaining 

release lasting for 2 weeks of Ag ion was observed. Considering 

the cytotoxicity of Ag, a smaller quantity of Ag ion is gener-

ally considered safer. An updated release pattern is detected 

because the depositing Ag amount was tuned by a lower 

immersing AgNO
3
 concentration and soaking time compared 

to published studies.25,26 In addition, Ag loading capacity can 

also be regulated with demandable TiO
2
 inner diameter from 

40 to 120 nm and various spatial distances between NTs.40T
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Here, we evaluated and demonstrated the combinational 

antibacterial properties of Ag-NT surfaces and seven com-

monly used antibiotics against four representative bacterial 

strains ATCC 25922 (E. coli), ATCC 25923 (S. aureus), 

ATCC 43300 (MRSA), and ATCC 33591 (MRSA) with 

MIC and combination assay, disk diffusion test, and anti-

biofilm formation ability test. In the present study, Table 1 

clearly demonstrates that the Ag nanoparticle possessed 

smaller MIC against the four bacterial strains compared to 

all the used antibiotics except rifampin, especially when 

tested against gram-negative E. coli. After combination, the 

antibacterial activities of vancomycin, rifampin, gentamicin, 

and levofloxacin were increased to a synergistic or partial 

synergistic level. The highest enhancement of inhibition 

effect was observed with gentamicin against MRSA (ATCC 

33591). More importantly, the two MRSA bacterial strains 

and gram-negative E. coli were found to be more sensitive to 

the combined therapy. Consistent with the abovementioned 

combination assay, the ZOI results in Table 2 further proved 

the enhanced antibacterial activity of antibiotics and Ag 

nanoparticles. After being impregnated with the Ag solution, 

all the antibiotic standard disks exemplified a bigger inhibi-

tion zone. The biggest increase in the inhibition zone was 

observed at the combination of Ag and gentamicin. In addi-

tion, the SEM results in Figure 2 show the enhancement of 

the antiattachment properties of the combination treatment, 

even though the samples were incubated with a higher bac-

terial density and a longer incubation time compared to our 

previous study.25 Though the Ag-NTs already repelled bac-

teria adhesion moderately, the combination therapy reduced 

bacterial binding to a degree of few possibilities of biofilm 

formation. After adding antibiotics, only a few single bacte-

rial colonies were able to adhere onto the Ag-NT surfaces. 

Moreover, these colonies exhibited a shrunken state, which 

is usually regarded as dead or dying bacteria.41 Therefore, 

all the abovementioned results are consistent proofs of syn-

ergistic effect presented by Ag and antibiotics, including 

vancomycin, rifampin, gentamicin, and levofloxacin.

The potential mechanisms of synergistic effect between 

Ag and antibiotics are considered to include attacking the 

same target, binding of monomers to the membrane, and 

stimulating bactericidal agent penetration23,42–49 (Figure 6). 

Specifically, vancomycin kills bacteria by blocking the 

molecules called peptidoglycans, which reinforce the bac-

terial cell wall; this is also the target of Ag.46,49 They both 

lyse the cell wall and increase the following penetration of 

bactericidal agents into the bacterium, resulting in a further 

intracellular killing. Gentamicin and Ag work together by 

denaturing the 30S ribosomal subunit of bacteria,46 thus 

stopping protein translation that is necessary for survival 

Figure 2 Antibiofilm formation characterization.
Notes: SEM images presented the inhibition ability of biofilm formation against bacterial strains ATCC 25923, ATCC 33591, ATCC 43300, ATCC 25922 on TiO2-NTs, 
Ag-NTs, and Ag-NTs combined with antibiotics. A large quantity of colony-forming units stacked onto the surface of TiO2 surface, and the two MRSA strains were more 
inclined to grow into biofilm formation. No typical biofilm formation was observed on Ag-NTs, and a few separated bacteria colonies were imaged. When added with 
antibiotics vancomycin, rifampin, gentamicin, or levofloxacin, only a few shrunken and broken bacteria cells were detected on the Ag-NT surfaces.
Abbreviations: SEM, scanning electron microscopy; NT, nanotube; MRSA, methicillin-resistant Staphylococcus aureus.
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of bacteria. In addition, gentamicin molecules contain many 

active groups such as amino and hydroxyl, which react eas-

ily with Ag nanoparticles by chelation.29,50 The complex 

(Ag–gentamicin) may further bind to DNA, preventing DNA 

unwinding. Also, the Ag–gentamicin could potentially keep 

a more stable structure, thus potentially leading to a long-

term antibacterial activity.29 Rifampicin and levofloxacin 

kill bacteria by targeting their enzymes. By inactivating 

essential enzyme RNA polymerase, rifampicin blocks the 

transcription process. Levofloxacin inhibits the enzyme to 

impede the DNA replication and self-repair the bacteria.43 

The cell wall destruction caused by Ag helps rifampicin and 

levofloxacin to enter the bacteria, which results in the rapid 

function loss of key enzymes. The enhanced antibiofilm 

formation activity is because of the blocking of biofilm for-

mation process at the initial stage. Most bacteria were killed 

and inhibited during the swimming journey from culture 

medium to sample surfaces by Ag and antibiotics. Because 

of the released silver, the survival bacteria attached on the 

surface could hardly keep the integrity of cell wall, which 

is essential for the initial adhesion of the bacteria.42,48 There 

may be some survivors, but the scattered residue bacteria can 

hardly continue to the next step of biofilm formation due to 

lack of quorum sensing.45,47

Figure 3 In vivo X-ray examination.
Notes: (A) X-ray examination of the bone implant infection model (male rats, 6 weeks old) implanted with Ti rods (white arrow) 1 h after surgery. (B) Images show X-ray 
examination 3 weeks post surgery. The rats in group I (antibiotic) and group II (Ag-NTs) exhibited classic symptoms of implant infection, including bone absorption (black 
arrow) and fibrosis (red arrow). The group III (Ag-NTs + antibiotic) rats showed no signs of infection.
Abbreviation: NT, nanotube.
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Previous studies have reported enhanced outcomes with a 

combination of Ag nanoparticles and antibiotics in vitro.27–31 

However, the synergistic antibacterial activity is rarely 

tested in vivo. In this regard, we built an implant infection 

model with MRSA (ATCC 43300) and treated it with the 

combinational antibacterial therapy for further verification 

of the in vitro results. The whole surgical process followed 

the protocol in our previous report,26 while a much higher 

bacteria quantity was injected into the tibia bone cavity.

Rather than choosing a regular long-term antibiotic 

therapy (at least 6 weeks), which increases the risks of drug 

resistance, we adapt a 3-week administration therapy in the 

in vivo study. In Figure 3, X-ray examination of the group I 

and II rats exhibited bone deformities and clear signs of 

infection (bone absorption, periosteal reaction, and fibrosis) 

3  weeks after surgery, whereas group III rats showed no 

evidence of infection. The histological (Figure 4) and immu-

nohistochemical (Figure 5) analyses illustrated supportive 

results to the radiology outcomes. In groups I and II, bone tis-

sue around the implant manifested inflammatory cell infiltra-

tion, intramedullary necrosis, and abscess, accompanied with 

bacteria in colonies. This case was not observed for group III 

rats. The results from the animal model demonstrated that 

the released Ag from Ag-NT surfaces enhanced the bacte-

ricidal capability of vancomycin, rifampin, gentamicin, and 

levofloxacin in vivo.

Conclusion
We demonstrated an enhanced antibacterial effect of the com-

bination of antibiotics (vancomycin, rifampin, gentamicin, 

and levofloxacin) and in situ released Ag in vitro and in vivo 

through the synergistic activity. A low but efficient Ag release 

Figure 4 H&E staining for histological analysis.
Notes: Both group I (antibiotic) and group II (Ag-NTs) rats presented abundant neutrophilic exudate and inflammatory cell infiltration (black arrow) accompanied with 
intramedullary necrosis (white arrow) and abscess (red arrow), providing the evidence of infection. In group III (Ag-NTs + antibiotic), no prominent inflammatory response 
and neutrophilic exudate were detected.
Abbreviations: H&E, hematoxylin and eosin; NT, nanotube.
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Figure 5 Immunohistochemical analysis.
Notes: In group I (antibiotic) and group II (Ag-NTs) rats, bacteria cells (ATCC 43300; black arrow) were located around the capillary loops or within the center of the 
inflammation and microabscesses. However, no bacteria were detected in group III (Ag-NTs + antibiotic).
Abbreviation: NT, nanotube.

Figure 6 The potential mechanism of synergistic effect between antibiotic and Ag: 1) lysing the cell wall; 2) stimulating the penetration of nano Ag into cell; 3) inactivating 
RNA polymerase; 4) denaturing 30S ribosomal subunit; 5) preventing DNA unwinding; and 6) inactivating DNA gyrase.
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could be achieved from our designed Ag-NTs coating on 

Ti implants. The antibacterial effect was effective not only 

to wild-type E. coli (ATCC 25922) and S. aureus (ATCC 

25923) but also to MRSA strains (ATCC 33591 and ATCC 

43300). The combinational antibacterial therapy was further 

verified in vivo on an implant infection model. Our report 

proved that the combined application of Ag and antibiotics 

is an alternative to solve the problem of implant-associated 

infection and drug resistance.
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