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Abstract: Titanium-based implants have been widely used in orthopedic surgery; however, 

failures still occur. Our in vitro study has demonstrated that gentamicin-loaded, 80 nm-

diameter nanotubes possessed both antibacterial and osteogenic activities. Thus, the aim of 

this study was to further investigate the in vivo anti-infection effect of the titanium implants 

with gentamicin-loaded nanotubes. Thirty-six male Sprague Dawley rats were used to establish 

an implant-associated infection model. A volume of 50 μL Staphylococcus aureus suspension 

(1×105 CFU/mL) was injected into the medullary cavity of the left femur, and then the titanium 

rods without modification (Ti), titanium nanotubes without drug loading (NT), and gentamicin-

loaded titanium nanotubes (NT-G) were inserted with phosphate-buffered saline-inoculated Ti 

rods as a blank control. X-ray images were obtained 1 day, 21 days, and 42 days after surgery; 

micro-computed tomography, microbiological, and histopathological analyses were used to 

evaluate the infections at the time of sacrifice. Radiographic signs of bone infection, including 

osteolysis, periosteal reaction, osteosclerosis, and damaged articular surfaces, were demon-

strated in the infected Ti group and were slightly alleviated in the NT group but not observed 

in the NT-G group. Meanwhile, the radiographic and gross bone pathological scores of the 

NT-G group were significantly lower than those of the infected Ti group (P,0.01). Explant 

cultures revealed significantly less bacterial growth in the NT-G group than in the Ti and NT 

groups (P,0.01), and the NT group showed decreased live bacterial growth compared with the 

Ti group (P,0.01). Confocal laser scanning microscopy, scanning electron microscopy, and 

histopathological observations further confirmed decreased bacterial burden in the NT-G group 

compared with the Ti and NT groups. We concluded that the NT-G coatings can significantly 

prevent the development of implant-associated infections in a rat model; therefore, they may 

provide an effective drug-loading strategy to combat implant-associated infections in clinic.
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Introduction
Currently, implant-associated infection is one of the critical causes of implant failures 

in orthopedic surgery.1–3 Titanium and titanium alloys are the most widely used implant 

materials and have good biocompatibility and excellent mechanical properties.4,5 

However, these implant surfaces also favor bacterial adhesion, colonization, and biofilm 

formation, and there is a competition of initial adhesion to the implant surface between 

bacteria and osteoprogenitors.6,7 One study of 46,113 intramedullary nail operations 

demonstrated that the overall infection rates of humerus, femur, and tibia fractures 

were 1.0%, 0.8%, and 1.5%, respectively.8 Therefore, good antibacterial properties and 

osteoblast activity are the key points involved in implant material manufacturing.

The systemic administration of antibiotics and the removal of intramedullary nails 

are two conventional approaches applied in the treatment of implant-associated infection, 
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which can compromise patient compliance and lead to severe 

complexities, such as systemic toxicity, osteomyelitis, septic 

arthritis, and bone ununion.9,10 Moreover, the infection rate 

reaches up to 33% in spite of the use of external fixation.11 

Since the initial report on the fabrication of titania nanotube 

(TNT) arrays generated over a Ti surface by a simple and 

adjustable electrochemical anodization process in 1999,12 they 

have been extensively explored as an innovative nanoengi-

neering technology to mitigate the side effects of systemic 

drug administration.9,13,14 Meanwhile, TNT arrays have been 

utilized to form new drug-eluting implants based on localized 

drug delivery due to their high loading capability, tunable 

drug-releasing performance, and excellent biocompatibility.15 

It has been widely shown that antibiotic-loaded TNTs are able 

to reduce bacterial adhesion, while retaining or improving 

normal osteoblast adhesion and differentiation.13,16–19 Various 

metal cations that possess antibacterial properties, such as Ag, 

Zn, and Cu, have been introduced into TNT arrays to enhance 

the antibacterial activity of TNT-based Ti implants.20–24 Nev-

ertheless, their potential toxicity and antibacterial durability 

have yet to be improved and investigated.

The success of osteoblasts versus bacteria in the implant 

surface adhesion competition has been shown to be significant 

for the deposition of bone matrix onto the biomaterials.25 Thus, 

the inhibition of initial bacterial adhesion and colonization is of 

importance to implant osseointegration. The nano-featured sur-

face topographies of the TNT-based implants have been widely 

investigated as a potential approach for selectively enhancing 

desirable osteoblast functions while simultaneously inhibit-

ing bacterial adhesion. Some reports, including our previous 

in vitro study, have demonstrated that 80 nm-diameter TNTs 

produced the best antibacterial activity of all the surface treat-

ment parameters tested.16,26,27 Another in vivo study showed that 

70 nm-diameter TNTs significantly improved the bone–implant 

contact and osseointegration-related gene expression levels 

when compared with the other tested titanium implants.28

Gentamicin, which is an aminoglycoside antibiotic, has 

been widely used in the treatment of implant-associated 

infections. Gentamicin-loaded nanotubes and polymer coat-

ings have been shown in various studies to effectively inhibit 

bacterial adhesion while retaining good osteoinductivity.13,29 

Meanwhile, our in vitro research revealed that gentamicin-

loaded nanotubes (NT-G) and nanotubes with no drug loading 

(NT), especially those with diameters of 80 nm, significantly 

improved the antimicrobial effects and osteogenic activity 

of the implant surface.16,26 However, there have also been 

several reports indicating that the nanotubular surfaces 

increased bacterial adhesion compared with conventional 

and nanorough surfaces due to the presence of fluorine 

and amorphous crystallinity.30,31 Therefore, it is of great 

importance to evaluate the in vivo anti-infection effect and 

reliability of the drug-loaded nanotube coating. In addition, 

implant-related infection model in rats, which could be used 

to simulate the tibia or femur implant-related intramedul-

lary infection in clinics, have been widely used to verify 

the treatment effect of implant with antibacterial properties 

in vivo.29,32 This study was designed to further investigate 

the effects of gentamicin-loaded nanotubes on the surface of 

titanium implants on experimental infection in a rat femur 

implant-related infection model using a standard Staphylo-

coccus aureus (ATCC 25923) strain inoculation.

Materials and methods
Preparation of gentamicin-loaded, 
nanotube-coated titania rods
The gentamicin-loaded, nanotube-coated titania rods were 

fabricated as described previously.9,16,33 In brief, the titania 

rods (20 mm in length and 1.5 mm in diameter) were chemi-

cally polished in a mixed solution including HF and HNO
3
 

(V[HNO
3
]:V[HF] =1:1) for 60 seconds, and then TNTs 

(80 nm in diameter and 2 μm in length) were prepared over 

the surface of the rods after the anodization in the electrolyte 

(0.5 wt % NH
4
F and 10 vol % distilled water in ethylene 

glycol) for 1 hour at a constant voltage of 25 V. Then, the 

rods were cleaned with deionized water and dried at room 

temperature for subsequent drug loading. A gentamicin 

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

ered saline (PBS) solution of 100 mg/mL was prepared and 

loaded into the TNTs by a lyophilization and vacuum-drying 

method.13 The rods were rotated after each step to ensure even 

drug loading. Then, after the completion of the drug-loading 

procedure, the surfaces of the rods were gently rinsed with 

PBS to remove excess drug from the surface. Titania rods 

without modification (Ti) and nanotube-coated titania rods 

(NT) with uniform size were used as controls; the morphol-

ogy of the nanotubes with or without drug-loading was shown 

in our previous report.16 All prepared rods were sterilized with 

25 kGy of 60Co irradiation before in vivo implantation.

Preparation and characterization of bacteria
S. aureus (ATCC 25923) was purchased in freeze-dried form 

from the American Type Culture Collection (Manassas, VA, 

USA). S. aureus (ATCC 25923) has been proved to be able to 

form biofilm.34 Meanwhile, this strain exhibits significant sus-

ceptibility to gentamicin (minimum inhibitory concentration, 

1 μg/mL), as determined by a microtiter broth dilution method 
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as previously reported.35 Then, the bacteria were suspended 

in tryptone soy broth (TSB) solution at a concentration of 

5×108 CFU/mL after overnight culture according to a McFar-

land standard protocol (Beijing Zhecheng Science and Tech-

nology Co., Ltd, Beijing, People’s Republic of China). For 

the in vivo study, the concentration of the bacteria suspension 

was diluted to 1×105 CFU/mL in TSB solution.

surgical procedures
All experimental procedures (including surgery and drug 

administration) were approved and performed in accor-

dance with the guidelines of the Animal Ethics Committee 

of Shanghai Ninth People’s Hospital. Thirty-six specified 

pathogen free (SPF) grade 8-week-old male Sprague Dawley 

rats (weighing 421.77±62.72 g) were used and randomly 

assigned to four independent groups. The surgical procedures 

were similar to the previously reported femur implant-related 

infection model.32 In brief, the rats were initially anesthetized 

using an intraperitoneal injection of 1% pentobarbital sodium 

(100 mg/kg body weight). The left knee of each animal was 

shaved and cleaned with 70% ethanol prior to the procedure, 

and then the left knee was opened via a middle parapatellar 

incision. The femoral medullary cavity was opened at the 

middle of the femoral trochlear after the dislocation of the 

patella and then was gradually reamed with Kirschner wires 

up to a diameter of 1.5 mm. Subsequently, 50 μL of either 

PBS or TSB containing ATCC 25923 bacteria at a concentra-

tion of 1×105 CFU/mL was injected into the medullary cav-

ity using a micropipette. Then, a prepared Ti, NT, or NT-G 

rod was inserted (Table 1). The surgical site closure was 

performed layer by layer after the opening was sealed with 

bone wax. The rats were kept in separated cages and allowed 

to eat and drink ad libitum. The animals were sacrificed after 

6 weeks. No antibiotic was administered postsurgery.

clinical assessment
All animals in those four groups were monitored on the day 

of surgery and 3 days, 7 days, 14 days, 21 days, 28 days, 

35 days, and 42 days after surgery. Body temperature and 

weight were selected as general index observations and 

evaluated from all the nine animals in each group.36 Weight 

was measured on a precision scale (TCS, Shanghai, People’s 

Republic of China), and body temperature was determined 

by a veterinary digital infrared thermometer (HRQ-S60; 

Zhengzhou, People’s Republic of China). Local clinical signs 

of infection included knee joint swelling, skin exudation, and 

other inflammatory signs.

radiographic evaluation
Femur and knee joint lateral radiographs were obtained at 1 day, 

21 days, and 42 days postsurgery. Radiographic manifestations 

were assessed on the basis of a modified scoring system,36,37 

as follows: 1, periosteal reaction; 2, osteolysis; 3, soft tissue 

swelling; 4, deformity; 5, general impression; 6, spontaneous 

fracture; and 7, sequestrum formation. Parameters 1–5 were 

scored as follows: 0, absent; 1, mild; 2, moderate; and 3, severe. 

Parameters 6 and 7 were recorded as 0 (absent) or 1 (present). 

X-rays of the femurs and knee joints in all the groups were read 

and interpreted in a blind manner by a radiologist unaware of 

the grouping characteristics and inocula. The modified femurs 

were harvested and evaluated using a high-resolution micro-CT 

(Scanco Medical, μCT 80, Brüttisellen, Switzerland) at an 

isometric resolution of 20 μm (70 kV and 130 μA radiation 

source with 0.5 mm aluminum filter). Three-dimensional, 

high-resolution images obtained from overall, longitudinal and 

transverse sections, bone volume/total volume, and the corti-

cal bone mineral density of the rat femurs were reconstructed 

and analyzed using the software provided by the manufacturer 

(Image Processing Language, v4.29d; Scanco Medical AG, 

Brüttisellen, Switzerland). The evaluation of the X-ray and 

micro computed tomography (CT) manifestations was obtained 

from five animals randomly selected in each group.

evaluation of gross bone pathology
Three rats in each group were randomly sacrificed at 42 days 

postsurgery for evaluating gross bone pathology; their femurs 

were aseptically harvested, and the intramedullary rods were 

removed. The explanted rods were fixed in 4% buffered form-

aldehyde for 4 hours at a temperature of 4°C for subsequent 

confocal laser scanning microscopy (CLSM) and scanning 

electron microscopy (SEM). Femurs from each group were 

then cut sagittally for gross pathological observation, and 

those samples were subsequently used for histopathological 

evaluation. The gross bone pathology scores were assessed 

using a grading system:36,38 0, absence of abscess, seques-

trum, active bone formation, and erythema; 1, minimal 

erythema without abscess or evidence of new bone formation; 

Table 1 animal experimental groups

Group Number (n) Implant Inoculation

I 9 Ti rod S. aureus 105 cFU/50 μl
II 9 NT rod S. aureus 105 cFU/50 μl
III 9 NT-g rod S. aureus 105 cFU/50 μl
IV 9 Ti rod PBs/50 μl

Note: Ti, titanium without modification.
Abbreviations: NT, nanotubes; NT-g, gentamicin-loaded nanotubes; PBs, phosphate-
buffered saline; S. aureus, Staphylococcus aureus.
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2, erythema accompanied by widening of the shaft and new 

bone formation in the bone shaft; 3, abscess with new bone 

formation, sinus tract drainage, periosteal reaction, or grossly 

purulent exudate; and 4, severe bone resorption, abscess, and 

diaphyseal or total tibial involvement. The scores of the gross 

bone pathology were evaluated and obtained by a pathologist 

blinded to the samples’ grouping characteristics.

Microbiological evaluation
On the day of sacrifice, the remaining three rods were asep-

tically explanted and rolled over tryptone soy agar (TSA) 

plates to semi-quantify bacteria implant adhesion. The rods 

were placed in 5 mL PBS and then sonicated in an ultrasonic 

bath at 150 W (B3500S-MT, Shanghai, People’s Republic 

of China) operating at a frequency of 50 Hz for 5 minutes, 

followed by rapid vortex mixing (Vortex-Genie 2; Scientific 

Industries, New York, NY, USA) at maximum power for 

1 minute to dislodge the adhered bacteria thoroughly.29,32,39 

The solutions collected after ultrasonication were then 

serially diluted tenfold and were plated in triplicate onto 

TSA plates; the plates were then incubated at a temperature 

of 37°C for 24 hours. The number of colonies on the TSA 

plates was counted, and the final number of CFUs on each rod 

was equal to the number of colonies multiplied by the dilution 

ratio. Following implant removal, the three femurs of each 

group were weighed, chilled with liquid nitrogen, crushed 

into fragments, and pulverized in a sterile bone mill.36 The 

bone powder was homogeneously vortexed in 5 mL PBS for 

2 minutes. After centrifuging at 10,000 rpm for 20 seconds, 

50 μL of the supernatant was drawn and serially diluted ten-

fold. The bacteria quantity in each bone powder was analyzed 

and expressed relative to the femur weight (CFU/g femur) 

using the spread plate method mentioned earlier.

CLSM and SEM were used for direct observation of biofilm 

formation on the different rods of the four groups. After the 4% 

buffered formaldehyde fixation, the rods were stained in a fresh 

six-well plate (CoStar; Corning Incorporated, New York, NY, 

USA) with 500 μL of combination dye (LIVE/DEAD BacLight 

Viability Kits, L7012; Thermo Fisher Scientific, Waltham, 

MA, USA) and visualized by CLSM (Leica TCS SP8; Leica 

Microsystems, Wetzlar, Germany). The viable bacteria with 

intact cell membranes appeared fluorescent green, whereas 

nonviable bacteria with damaged cell membranes appeared 

fluorescent red. The three-dimensional images were acquired 

from random rod positions. After the CLSM observations, the 

rods were then dehydrated by a series of graded ethanol solu-

tions (30%, 50%, 70%, 80%, 90%, and 100%) for 10 minutes 

each. Subsequently, the rods were examined using a scanning 

electron microscope (SEM; JEOL JSM-6700F, Tokyo, Japan) 

after critical-point drying and gold sputter-coating.

Bone histopathology
For histopathological evaluation, six medial femur halves 

after the gross observation and three intact femurs without 

rods after the micro-CT detection from each group were fixed 

in 4% buffered formaldehyde for 48 hours and decalcified for 

7–10 days using a Rapid Decalcifier (DeCa DX-1000; Pro-

Cure Medical Technology Co. Ltd, Kwun Tong, Hong Kong). 

The samples were then embedded in paraffin and cut using a 

microtome (CUT 6062; SLEE Medical, Mainz, Germany) to 

obtain 5 μm longitudinal and transverse sections. Hematoxylin 

and eosin and Masson’s trichrome staining were used to assess 

morphology, and Giemsa staining was used to assess bacterial 

contamination. Meanwhile, after fixation and graded dehydra-

tion, three undecalcified femurs containing implants were 

embedded in methyl methacrylate (MMA) for infiltration and 

polymerization. The embedded specimens were transversely 

cut at the middle of the left femur (Leica SP1600 cutting equip-

ment), the cut surface was glued to a slide, and the sections were 

ground to a thickness of ~50 μm. The undecalcified sections 

containing implants were stained with van Gieson to observe 

the morphology of cortical bone around the implants.

statistical analysis
All data are expressed as the mean ± SD. A one-way analysis 

of variance and least significant difference tests were utilized 

to assess differences in gross bone pathology scores and body 

weights and temperatures between groups. Nonparametric 

tests for independent samples (the Mann–Whitney U test) 

were performed for comparison of the radiographic scores 

and CFUs from microbiological evaluations between groups. 

P,0.05 was defined as statistically significant. All statistical 

analyses were performed using SPSS software (v19.0, IBM 

Corporation, Armonk, NY, USA).

Results
clinical assessment
No deaths or severe systemic complications occurred during 

the 6-week postsurgery follow-up period. Four rats in group I 

and three rats in group II showed slight swelling around 

the surgical sites on days 2–5 after surgery; however, the 

remaining animals in groups I and II and all the animals in 

group III exhibited no evident exudation or suppuration.

The body weights of all animals increased gradually from 

day 1 to day 42, and there were no significant differences 

in the weight changes among the four groups (P.0.05). 
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The body temperatures of all animals remained consistent and 

normal, with no significant differences between the groups 

(P.0.05) (Table 2). The gradually increased body weights and 

relatively stable temperatures demonstrated in all the groups 

indicated that the bone infections were localized intramedul-

lary or around the femurs, which may be the primary cause 

of bone-related infection diagnosis difficulty.

radiographic evaluation
Radiographic signs of obvious osteolysis and slight periosteal 

reactions around the distal femurs in all the animals of 

groups I and II were observed by X-ray after 3 weeks 

postsurgery; increases in destruction of articular surfaces, 

osteosclerosis, and deformities were also observed. None of 

the X-ray images obtained from groups III and IV exhibited 

obvious signs of bone infection, including osteolysis and 

periosteal reactions (Figure 1A). Furthermore, the micro-CT 

analyses were used to corroborate the radiographic observa-

tions mentioned earlier on the day of sacrifice (Figure 1B). 

Obvious implant loos ening and porous changes in the femoral 

cortical bones of groups I and II were observed, whereas good 

implant osseointegration and cortical integrity were observed 

in groups III and IV.

The quantitative analysis of the X-ray images in 

Figure 1C showed that the radiographic scores increased 

gradually after surgery for groups I and II (P,0.01), whereas 

the scores slightly increased at 3 weeks and then gradually 

decreased at 6 weeks in group III (P.0.05). Meanwhile, the 

scores remained steady in group IV (P.0.05) over the course 

of the follow-up period. Groups I and II had significantly 

higher mean scores than the other two groups (P,0.01) at  

3 weeks and 6 weeks postsurgery, and group II exhibited 

lower mean scores than group I at the time of sacrifice 

(P,0.05). Meanwhile, there were no significant differ-

ences between groups III and IV (P.0.05). Moreover, the 

bone volume/total volume (Figure 1D) and the mean corti-

cal bone mineral density (Figure 1E) of groups III and IV 

were significantly higher than those of the other two groups 

(P,0.01), which were analyzed by the provided software 

after micro-CT reconstruction.

gross bone pathology
As demonstrated in Figure 2A, animals in groups I and II 

showed obvious clinical signs of pyogenic infections, whereas 

animals in groups III and IV appeared to be free of infec-

tion, except for slight local fibroses in the medullary spaces. 

Evident intramedullary pus formation, periosteal reactions, 

osteolytic lesions, and bone deformities were the main 

clinical symptoms observed in group I; there was also local 

pus formation in group II. The mean gross bone patho-

logical scores of groups I–IV were 3.33±1.16, 2.67±0.58, 

1.00±0.00, and 0.67±0.58, respectively (Figure 2B). The 

mean score of group I was significantly higher than those of 

groups III and IV (P,0.01). The mean score of group II was 

also significantly higher than those of group III (P,0.05) and 

group IV (P,0.01), respectively. Meanwhile, there were no 

significant differences between groups I and II or between 

groups III and IV (P.0.05).

Microbiological evaluation
All cultures from group IV remained absolutely sterile 

after 24 hours of incubation. The quantity of bacteria colo-

nies detached from the rods showed the following trend: 

group I . group II . group III (Figure 3A). Meanwhile, 

CLSM observation was utilized to determine the various 

bacterial loads among the four groups. In accordance with the 

results presented earlier, the implants in group IV showed no 

bacterial growth. As demonstrated in Figure 3B, live bacteria 

were indicated by green fluorescence and dead bacteria were 

indicated by red fluorescence. There were clear differences 

Table 2 Mean body weight and temperature values of the different groups

Groups Day 0 Day 3 Day 7 Day 14 Day 21 Day 28 Day 35 Day 42

Temperature (°c)
Ti + S. aureus 37.3±0.3 37.0±0.4 37.3±0.4 37.3±0.3 37.2±0.3 37.1±0.4 37.2±0.3 37.1±0.5
NT + S. aureus 37.0±0.3 37.2±0.5 37.0±0.7 37.0±0.4 37.2±0.3 36.9±0.7 37.0±0.4 37.1±0.4
NT-g + S. aureus 37.3±0.3 37.1±0.4 37.3±0.3 37.2±0.4 37.0±0.5 37.2±0.4 37.0±0.5 37.2±0.3
Ti + PBs 37.2±0.3 37.3±0.5 36.9±0.4 37.3±0.3 37.0±0.4 37.1±0.5 37.3±0.2 37.2±0.3

Body weight (g)
Ti + S. aureus 436.1±51.8 439.8±52.1 445.2±53.0 451.9±52.7 461.5±55.8 473.2±56.9 483.6±51.9 496.7±51.0
NT + S. aureus 465.4±56.9 467.8±55.6 471.5±52.4 476.3±57.3 482.3±52.1 488.0±50.0 496.4±53.1 506.9±56.3
NT-g + S. aureus 383.1±49.0 384.3±47.0 386.7±47.3 396.3±47.7 413.1±52.0 423.1±50.2 430.3±51.0 443.5±52.3
Ti + PBs 402.5±80.0 402.6±77.7 405.2±77.9 416.2±79.2 425.9±81.8 433.9±81.3 442.4±77.9 452.0±74.6

Note: Ti, titanium without modification.
Abbreviations: NT, nanotubes; NT-g, gentamicin-loaded nanotubes; PBs, phosphate-buffered saline; S. aureus, Staphylococcus aureus.
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in the live bacteria and biofilm formation among the four 

groups. Considerably less green fluorescence and more 

discontinuous, scattered red fluorescence were observed 

in group III. An extraordinarily dense green fluorescence, 

which indicated biofilm formation, was observed in groups 

I and II; this feature is evidence of surviving adhered bac-

teria and biofilm formation in these two groups, and it was 

observed that there was denser green fluorescence in group 

I than in group II.

The results of the sonication after the rods were rolled 

over TSA further confirmed the detection mentioned before. 

As demonstrated in Figure 3C, the cultures obtained from 

the rods of group III (1.57×104±2.08×103 CFU/implant) 

showed the lowest bacterial burden when compared 

Figure 1 radiographic images and analysis at 1 day, 3 weeks, and 6 weeks.
Notes: (A) lateral X-rays of the left femur. The red arrows indicate osteolysis and slight periosteal reactions around the distal femurs, while the white arrows indicate 
articular surface damage, osteosclerosis, and deformities. (B) Three-dimensional micro-CT images of the left femur at the time of sacrifice. The micro-CT evaluations of 
the middle femurs were confined to the red square region. (C) Radiographic scores of the X-ray images. *Denotes a significant difference compared with groups I and II 
(P,0.01, n=5). **Denotes a significant difference compared with group I (P,0.05, n=5). (D) Bone volume/total volume and (E) cortical bone mineral density of the selected 
regions of the left femurs evaluated by micro-CT. *Denotes a significant difference compared with groups I and II (P,0.01, n=5). groups I, II, III, and IV indicate Ti + S. aureus, 
NT + S. aureus, NT-g + S. aureus, and Ti + PBS, respectively. Ti, titanium without modification.
Abbreviations: cT, computed tomography; d, day; NT, nanotubes; NT-g, gentamicin-loaded nanotubes; PBs, phosphate-buffered saline; S. aureus, Staphylococcus aureus; 
w, weeks.
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with groups I (6.70×105±7.55×104 CFU/implant) and II 

(4.60×105±6.24×104 CFU/implant) (P,0.01). Group II also 

exhibited significantly lower CFU/implant compared with 

group I (P,0.05). Meanwhile, the bacterial burden per gram 

of femur also demonstrated the following trend: group I, 

group II,and group III (Figure 3D); the lowest bacterial bur-

den was observed in group III (1.08×104±1.59×103 CFU/g) 

when compared with groups I (5.08×105±8.91×104 CFU/g) 

and II (3.44×105±6.56×104 CFU/g) (P,0.01). Group II also 

exhibited significantly lower CFU/femur than did group I 

(P,0.05). Considering the bacterial log-reduction on the 

implants with respect to the Ti group, the bacteria found in 

the NT and NT-G groups were reduced by 0.16-log and 1.63-

log, while on the femurs (per gram), the bacteria found in the 

NT and NT-G groups were reduced by 0.17-log and 1.67-log, 

respectively. The SEM observations of the explanted implants 

further supported these results. As shown in Figure 4, dense 

biofilm formations were found on the implant surfaces in 

both groups I and II, but especially in group I. However, 

a few scattered bacteria exhibiting damaged morphologies 

were observed in group III. It is noteworthy that the nanotube 

coating on the titanium rods in groups II and III remained 

undamaged after the implantation, which verified the stability 

and feasibility of the nanotube structure.

histological evaluation
The longitudinal and transverse decalcified sections from 

the different groups are demonstrated in Figures 5 and 6A, 

respectively. The morphological change on the left femur 

was assessed by hematoxylin and eosin and Masson’s 

trichrome staining, while the bacterial residue was confirmed 

by Giemsa staining. In groups I and II, there was obvious 

destruction of cortical bone, which was accompanied by 

intracortical abscesses and inflammatory cell infiltration, 

medullary sequestrum formation and fibrosis, and many 

bacteria observed in the intramedullary cavities as shown by 

the Giemsa staining. However, relatively slight inflammatory 

cell infiltration and no evident bone destruction were demon-

strated in group III. Meanwhile, there were Giemsa-stained 

colonized bacteria observed in bone tissues, but the bacteria 

numbers appeared to be dramatically reduced compared with 

those of groups I and II, which suggested that systemic antibi-

otic administration may have been necessary to eradicate the 

bacteria. In addition, no detectable signs of femur infection 

or bacteria were observed in group IV.

In addition, as described in Figure 6B, there was obvious 

bone destruction in groups I and II. Meanwhile, the implants 

in groups III and IV were in direct contact with the sur-

rounding bone and elicited no obvious signs of cortical bone 

destruction or intramedullary inflammation at the bone–

implant interface.

Discussion
The traditional remedy of an infected implant is a prolonged 

systemic antibiotic administration after device removal.10 

The local use of antibiotic-loaded nanotubes has been 

widely reported to prevent this intractable clinical condi-

tion experimentally.15,17 Meanwhile, nanostructured surface 

topographies have been explored as effective approaches for 

enhancing desirable osteogenesis.40,41 As reported in our pre-

vious research, gentamicin-loaded nanotubes with diameters 

of 80 nm exhibited predictable drug release kinetics and sig-

nificantly improved antimicrobial activity.16 In this study, we 

further investigated the effectiveness of gentamicin-loaded 

nanotubes on titanium surfaces to prevent implant-associated 

infections in a rat model.

The most common microorganisms correlated with 

implant-associated infection are S. aureus and S. epidermidis, 

which can adhere to implant surfaces and form biofims.15,42 

Figure 2 gross appearance and scores of the left femur longitudinal sections at the 
time of sacrifice.
Notes: (A) gross appearance. The white arrows mark intramedullary pus 
formation. (B) gross bone pathology scores evaluation. The mean gross bone 
pathological scores of groups I through IV were 3.33±1.16, 2.67±0.58, 1.00±0.00, 
and 0.67±0.58, respectively. *Denotes a significant difference compared with group 
I (P,0.01, n=3). **Denotes a significant difference compared with group II (P,0.05, 
n=3). ***Denotes a significant difference compared with group II (P,0.01, n=3). 
groups I, II, III, and IV indicate Ti + S. aureus, NT + S. aureus, NT-g + S. aureus, and 
Ti + PBS, respectively. Ti, titanium without modification.
Abbreviations: NT, nanotubes; NT-g, gentamicin-loaded nanotubes; PBs, 
phosphate-buffered saline; S. aureus, Staphylococcus aureus.
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Figure 3 Microbiological evaluation of the implants and bones.
Notes: (A) rollover cultures obtained from the explanted rods. (B) confocal laser scanning microscopy observations of the explanted rods. The live bacteria were stained 
with SYTO 9 and fluorescence green, and the dead bacteria were stained with propidium iodide and fluorescence red. The magnification is ×100. (C) Number of detached 
adhered bacteria and amount of biofilm after the rods were rolled over TSA. (D) Quantity of CFU/g of pulverized femur. *Denotes a significant difference compared with 
groups III and IV (P,0.01, n=3). **Denotes a significant difference compared with group I (P,0.05, n=3). groups I, II, III, and IV indicate Ti + S. aureus, NT + S. aureus, NT-g 
+ S. aureus, and Ti + PBS, respectively. Ti, titanium without modification.
Abbreviations: NT, nanotubes; NT-g, gentamicin-loaded nanotubes; PBs, phosphate-buffered saline; S. aureus, Staphylococcus aureus; Tsa, tryptone soy agar; cFU, colony-
forming unit.
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Figure 4 scanning electron microscopy (seM) observations of the explanted implants.
Notes: The red arrowheads indicate the intact nanotubular structure on the titanium rods. The magnifications are ×50, ×3,000, and ×10,000, and the scale bars are 1.0 mm, 10.0 μm, 
and 5.0 μm, respectively. groups I, II, III, and IV indicate Ti + S. aureus, NT + S. aureus, NT-g + S. aureus, and Ti + PBS, respectively. Ti, titanium without modification.
Abbreviations: NT, nanotubes; NT-g, gentamicin-loaded nanotubes; PBs, phosphate-buffered saline; S. aureus, Staphylococcus aureus.
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In this present in vivo study, a bacterial suspension of 

S. aureus (ATCC 25923) was injected into the left distal 

femoral medullary cavity of each rat prior to the implantation 

of a titanium implant. The validity of this bone infection model 

was confirmed by the X-ray images at 3 weeks and 6 weeks 

postsurgery, which were consistent with previous research.36,39 

Subsequently, physical examination, radiographic evalua-

tion, gross bone pathology, microbiological evaluation, and 

histological assessment were used for the comparison of 

efficacy between the NT-G, Ti, and NT groups in the treat-

ment of intramedullary implant-related infections. Our in vivo 

observations demonstrated that, in all animals, body weights 

increased gradually and temperatures did not fluctuate; these 

observations indicated that the infections were localized 

around the femurs. Meanwhile, the X-ray and micro-CT 

images obtained from the NT-G group did not exhibit obvious 

signs of articular surface destruction, osteolysis, or periosteal 

reaction. Moreover, significantly lower radiographic and gross 

bone scores were also observed in the NT-G group when 

compared with those of the Ti and NT groups. Combined 

with the microbiological and histological results, these results 

show the bacterial inhibition potential of NT-G coatings in 

the development of implant-associated infections.

Various in vitro studies have demonstrated that 80 nm-

diameter titanium nanotubes exhibit good antibacterial 

activity;16,26,27 however, our in vivo observations revealed 

that the NT coating alone displayed limited antibacterial 

capability over the course of 6 weeks postsurgery. In the 

NT group, obvious osteolysis and slight periosteal reac-

tions were observed in the X-ray images after 3 weeks 

postsurgery, with increases in articular surface damage, 

osteosclerosis, and deformities at 6 weeks, as analyzed by 

micro-CT. Meanwhile, microbiological evaluation showed 

bacterial loads in the following trend: Ti . NT . NT-G. 

Although the antibacterial activity of NT was significantly 

better than that of Ti, it was still insufficient to prevent the 

development of bone infection in vivo when compared with 

NT-G. Once adhered bacteria are not killed effectively, a 

biofilm will irreversibly evolve,43 and the biofilm bacteria 

will be 1,000 times stronger than the planktonic bacteria 

because of the physical protective effects of the biofilm 

matrix.44 Therefore, a relatively promising approach is to 

Figure 5 representative histological images of longitudinal sections from middle femur with h&e staining, Masson’s trichrome staining, and giemsa staining at 4 weeks 
after implantation.
Notes: The black arrows indicate intracortical abscesses or inflammatory cells; the red arrowheads indicate bone cortex destruction; and the red arrows indicate bacteria. 
groups I, II, III, and IV indicate Ti + S. aureus, NT + S. aureus, NT-g + S. aureus, and Ti + PBS, respectively. Ti, titanium without modification.
Abbreviations: h&e, hematoxylin and eosin; NT, nanotubes; NT-g, gentamicin-loaded nanotubes; PBs, phosphate-buffered saline; S. aureus, Staphylococcus aureus.
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Figure 6 representative histological images of transverse sections from the middle femur at 4 weeks after implantation.
Notes: (A) Decalcified sections without implants with H&E staining, Masson’s trichrome staining, and Giemsa staining. (B) Van Gieson-stained undecalcified sections with 
implants. The black arrows indicate intracortical abscesses or inflammatory cells; the red arrowheads indicate bone cortex destruction; the red arrows indicate bacteria; 
and the black arrowheads indicate new bone formation around the implants. groups I, II, III, and IV indicate Ti + S. aureus, NT + S. aureus, NT-g + S. aureus, and Ti + PBs, 
respectively. Ti, titanium without modification.
Abbreviations: h&e, hematoxylin and eosin; I, implant; NT, nanotubes; NT-g, gentamicin-loaded nanotubes; PBs, phosphate-buffered saline; S. aureus, Staphylococcus aureus.
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prevent bacterial adhesion at the time of implantation prior 

to biofilm formation; the prognosis of implant-associated 

infections will then depend on biofilm formation inhibition 

rather than elimination in animal models.27

As demonstrated in the SEM observation of explanted 

rods, the nanotubular structure on the titanium rods in groups 

II and III remained undamaged after the implantation, which 

indicated the in vivo stability of the nanotubes, and therefore 

provides reliable evidence for the viability of the drug-loaded 

nanotubes implant in orthopedic surgeries. The microbio-

logical evaluation revealed that the cultures obtained from 

the implants and femurs in the NT-G group had the lowest 

bacterial burden when compared with those of the Ti and 

NT groups. Therefore, additional treatment with systemic 

antibiotic administration may be necessary to completely 

eradicate the bacteria. However, residual bacteria detected in 

group III may also be attributed to the development of antimi-

crobial resistance. According to our previous in vitro study, 

the total amounts of gentamicin released from nanotubes with 

a diameter of 80 nm over 57 hours was 91.45 μg,16 which was 

above the minimum inhibitory concentrations of the tested 

strain (1 μg/mL). Furthermore, as the drug-loading release 

capacity can be flexibly tuned by monitoring nanotube struc-

ture parameters such as the diameter and length at various 

anodization conditions and by implant size,9 the fabrication 

of antibiotic-loaded nanotubes with various different structure 

parameters may be a valuable approach to achieve optimal 

effectiveness of such an in vivo anti-infection model.
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Conclusion
In general, this effective in vivo study showed that the NT-G 

group exhibited significant bacterial inhibition when com-

pared with the Ti and NT groups in this S. aureus infection 

rat model. The NT coatings also resulted in alleviated 

bacterial burdens and therefore demonstrated the feasibility 

of the clinical application of this antibiotic-loaded titanium 

nanotube-based implant for combating orthopedic implant-

associated infection.
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