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Abstract 

Peri-implant infection control is crucial for implant fixation and durability. Antimicrobial 

administration approaches to control peri-implant infection are far from satisfactory. During bacterial 

infection, pH level around the peri-implant surface decreases as low as pH 5.5. This change of pH can 

be used as a switch to control antimicrobial drug release from the implant surface. Silver nanoparticles 

(AgNPs) have broad-spectrum antimicrobial properties. In this study, we aimed to design a pH-

dependent AgNPs releasing titania nanotube arrays (TNT) implant for peri-implant infection control. 

The nanotube arrays were fabricated on the surface of titanium implant as containers; AgNPs were 

grafted on TNT implant surface via a low pH-sensitive acetal linker (TNT-AL-AgNPs). SEM, TEM, 

AFM, FTIR as well as XPS data showed that AgNPs have been successfully linked to TNT via acetal 

linker without affecting the physicochemical characteristics of TNT. The pH 5.5 enhanced AgNPs 

release from TNT-AL-AgNPs implant compared with pH 7.4. AgNPs released at pH 5.5 robustly 

increased antimicrobial activities against gram-positive and gram-negative bacteria compared with 

AgNPs released at pH 7.4. TNT-AL-AgNPs implant enhanced osteoblast proliferation, differentiation, 

and did not affect osteoblast morphology in vitro. In conclusion, incorporation of AgNPs in TNT via 

acetal linker maintained the surface characteristics of TNT. TNT-AL-AgNPs implant was 

biocompatible to osteoblasts and showed osteoinductive properties. AgNPs were released from TNT-

AL-AgNPs implant in high dose at pH 5.5, and this release showed strong antimicrobial properties in 

vitro. Therefore, this novel design of low pH-triggered AgNPs releasing TNT-AL-AgNPs could be an 

infection-triggered antimicrobial releasing implant model to control peri-implant infection. 

Keywords: Peri-implant infection; pH-dependent drug release; silver nanoparticles; antibacterial 

properties; titanium implant; titania nanotube arrays 
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Introduction 

Titanium (Ti) implants have been used in clinic for decades as dental and endo-osseous implant [1-5]. 

Peri-implant infection is still a major challenge for proper implant fixation and durability [6-9]. Dental 

or endo-osseous implants can be infected by local or systemic infection. Bacterial infection on implants 

extends rapidly into bone marrow, which accelerates bone loss, and causes implant failure [10-13]. 

Therapeutic approaches such as disinfection of implant and implantation site, stringent aseptic surgical 

protocols, antimicrobial agents coated on implant surface, and postoperative systemic antibiotic 

administration are frequently used to prevent postoperative peri-implant infection [14].However, the 

effectiveness of such therapeutic approaches on prevention of peri-implant infection is far from 

satisfactory. Conventional antibacterial treatment methods such as oral medication or systematic 

administration cannot control the peri-implant infection since rapidly formed biofilm blocks drug 

penetration to infection site [15, 16]. Implants are in constant risk of infection by a variety of bacterial 

species from early days to years later of implantation [8, 9, 17]. Antimicrobials applied locally or 

adsorbed on implant surface cannot sustain for long periods due to burst release [15, 18, 19]. Therefore, 

antibacterial directly loaded on implants or biodegradable polymer can only treat the peri-implant 

infection in the early days of implantation. Antimicrobial loaded implants give uncontrolled drug 

release with inappropriate dose which increases the risk of antimicrobial resistance [20]. Therefore, 

novel approaches of loading broad-spectrum antimicrobial agents on implant surface that can store 

antimicrobial agents for long periods of time, and release only during the infection are desperately 

needed. 

The special tunable pore structure and large surface area of the TNT not only enhance implant 

osseointegration but also provide a reservoir for high amount of antimicrobial drugs [21, 

22]. Physicochemical properties of TNT affect osteogenic cell adhesion on implant, proliferation of 

those cells and implant osseointegration [21, 22]. Therefore, implant surface modification of nanotube 

arrays and/or antimicrobial incorporation should maintain the physicochemical properties of the 

implants. Drug-release duration of the super-hydrophilic TNT is still limited to few weeks, which is 

still not sufficient to control peri-implant infection during late stage of implantation [23]. Therefore, 

drug loading approaches, which can store the antimicrobial on TNT surface, and release only during 

infection could be an ideal approach to control infections in long term.  

Under physiological conditions the pH level around the implant surface is 7.4. During 

bacterial infection, the pH level around implant surface goes as low as 5.5 [24]. This effect of bacterial 

infection on pH level can be used as a switch to trigger antimicrobial release from implant surface [25, 

26]. For this purpose, a low pH-liable acetal linker (AL) has been previously used to incorporate 

drugging biomaterials [25]. Silver has a board-spectrum antimicrobial property at low concentration 

[27-29]. AgNPs loading on biomaterial surface shows sustained silver releasing ability, board-spectrum 

antimicrobial properties, and biocompatibility with mammalian cells [30-32]. Therefore, AgNPs 

loading on TNT via pH-sensitive AL can be a novel implant design that triggers silver release in high 

doses during bacterial infection to control peri-implant infection. 

In this study, we aimed to design a low pH-triggered silver releasing TNT-AL-AgNPs implant 

to control peri-implant infection. We developed TNT with novel surface modification, anchored 
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AgNPs into the inner wall of TNT via low pH-sensitive AL. We characterized physicochemical 

properties of TNT-AL-AgNPs, analyzed a pH-dependent release of AgNPs from TNT-AL-AgNPs, and 

tested antibacterial efficiency of the released AgNPs. Furthermore we evaluated the biocompatibility of 

TNT-AL-AgNPs, as well as its’ effect on osteoblast morphology and differentiation in vitro. 

 

Materials and methods 

TNT preparation 

Pure Tifoils (PT, Advent research materials, England, 20x20x0.25mm3) were polished by silicate-

carbon sandpapers, ultrasonically cleaned with acetone (AR, Aladdin, Shanghai, China) and deionized 

water sequentially. Electrochemical anodization of Ti was carried out in a conventional two-electrode 

cell with Ti foil as anode and PT foil as cathode. The distance between two electrodes was 1cm. 

Glycerin with 0.5% (w/v) ammonium fluoride (NH4F, AR, Aladdin, Shanghai, China) in 10% (v/v) 

distilled water was used as electrolyte [33]. TNT was prepared on Ti foil by anodization at 20V for 

12h. TNT samples were cleaned with distilled water and dried by nitrogen flow. 

Synthesis of carboxylic acid-functionalized TNT (TNT-COOH) 

TNT samples were immersed in the 25 g/L toluene solution of 3-aminopropyltriethoxysilane (AR, 

Aladdin, Shanghai, China) under stirring at ambient temperature for 15 min. Toluene was evaporated 

by a rotary evaporator at 80 °C for 2 h to obtain amine-functionalized TNT. The samples were 

immersed in 15mL DMSO solution that contained succinic anhydride (120mg) and triethylamine 

(120mg). The solution was stirred at 40 °C for 48 h [25]. Afterwards, the specimens were washed with 

ethanol. 

Synthesis of TNT incorporated with AL (TNT-AL) 

TNT-COOH was immersed in 15mL H2O with 250mg 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide-HCl (AR, Aladdin, Shanghai, China) and 100mg N-hydroxysuccinimide (AR, Aladdin, 

Shanghai, China). Then 650mg of 3, 9-Bis (3-aminopropyl)-2, 4, 8, 10-tetraoxaspiro [5.5] undecane 

(AR, Aladdin, Shanghai, China) was added and agitated at 35 °C for 8h. The obtained TNT-AL was 

refluxed in hot acetone for 48h for cleaning.  

AgNPs preparation 

AgNPs were prepared following J. Justin Gooding’s method with minor modification [34]. AgNO3 

(AR, Aladdin, Shanghai, China) aqueous solution (3mL, 1g/L) and trisodium citrate dehydrate (AR, 

Aladdin, Shanghai, China) aqueous solution (3mL, 1g/L) were added to ultrapure water (17mL). 

Sodium borohydride (AR, Aladdin, Shanghai, China) aqueous solution (9mL, 1g/L) was then added 

drop wise into the solution, under vigorous stirring. The solution was stirred for 2h until the color 

turned yellow. The synthesis of AgNPs was confirmed by Transmission electron microscopy (TEM, 

CM20, Philips, The Netherlands). 

The AgNPs loaded TNT (TNT-AL-AgNPs) preparation 

TNT-AL was immersed in 4ml AgNPs solution for 2h at ambient temperature, which facilitates AgNPs 

binding with AL [35]. After immersing, the sample was immediately soaked in the ultrapure water for 

4h and then ultrasonically cleaned to remove the remaining AgNPs and undesired remaining organic 

compounds. Hereafter, the specimens were dried at ambient temperature. 
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The AgNPs solution after immersion and the solution after samples’ ultrasonically clean were sampled, 

mixed with aqua regia solution in 1:1 volume ratio to dissolve the silver and tested by inductively 

coupled plasma-atomic emission spectroscopy (ICP-AES, OPTIMA8000, PerkinElmer, USA) to 

calculated the amount of loaded AgNPs. The formula to calculate the amount of loaded AgNPs is as 

below. 

M (mg)=mo –a1*v1-a2*v2 

M denotes the mass of loaded AgNPs, a1, a2 denote the concentration of the AgNPs solution after 

immersion and the solution after ultrasonic cleaning, respectively. v1,v2 denote the volume of the 

AgNPs solution after immersion and the solution after ultrasonic cleaning, respectively. 

Sample characterization 

The surface morphology was evaluated by scanning electron microscopy (SEM, Nova Nano SEM200, 

FEI Co., USA) and atomic force microscopy (AFM, VeecoMultiMode, NanoscopeIIIa controller, 

Veeco Co., USA). X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo) using monochromatic 

Al Kαradiation (6 mA, 12 kV and 1486.68 eV) as excitation source was employed to determine the 

surface elemental composition and chemical states of elements. The Fourier transform infrared 

spectroscopy (FTIR, Equinox 55, Bruker Co., Germany) was used to analyze the chemical group of the 

samples. The static contact angles were tested by the static sessile drop method using the easy drop 

standard instrument (KRUSS) at ambient temperature and humidity. Microstructure of AgNPs 

anchored to the wall of the TNT was examined by TEM. 

Assessment of AgNPs release kinetics 

AgNPs release profile in different pH was evaluated. The cleaned TNT-AL-AgNPs specimens were 

divided into three groups. Group one was immersed in 5mL pH buffer solution (pH 5.5) while second 

group was immersed in same volume of neutral buffer solution (pH 7.4) and agitated in 100 rpm at 

37°C. At 2, 4, 6, 8, 10, 12, 24h, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28 and 30days samples 

were taken out from the solution, washed with PBS solution for three times, and immersed into fresh 

buffer solution. At 28th day, in pH 7.4 group, we suddenly changed the pH to 5.5 to analyze the effect 

of infection after a month of implantation. In third group, the samples were immersed in the neutral 

buffer solution (pH 7.4), then agitated in 100 rpm at 37°C. TNT-AL-AgNPs were taken out from the 

solution, washed and immersed in fresh buffer solution at 2, 4, and 6h. After 6h immersion, TNT-AL-

AgNPs were taken out, washed and immersed in acidic buffer solution (pH 3). At 8, 12, 24 and 36h the 

samples were taken out, washed and immersed into fresh buffer. Buffer solutions were mixed with 

aqua regia solution in 1:1 volume ratio to dissolve the silver. The concentration of dissolved silver ion 

in the buffer solutions was analyzed by inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES, OPTIMA8000, Perkin Elmer, USA). Accumulated silver ion concentration directly 

correlates with the AgNPs release from TNT-AL-AgNPs implants. 

Antibacterial activity of AgNPs released at pH 5.5 and 7.4 

The antibacterial efficiency of AgNPs released from TNT-AL-AgNPs at different pH was tested 

against S. aureus (gram-positive bacteria) and E. coli (gram-negative bacteria). TNT-AL-AgNPs were 

immersed into buffer solutions with pH 7.4 and pH 5.5 separately and agitated 100 rpm at 37°C. Buffer 

solution containing released AgNPs (0.5 ml) was collected at 2, 8 and 24h, and 0.5 mL fresh buffer 
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solution was added. AgNPs released solutions were neutralized by traces of 1 M NaOH and 1M HNO3 

[36, 37]. Then, 1000μL of S. aureus (ATCC25923) or E. coli (ATCC25922) (106CFU/mL) were added 

to 1000µL of neutralized AgNPs containing buffer solutions into centrifuge tubes. Specimens were 

incubated for 24h at 37°C under aerobic conditions. In control group, 1000µL PBS was used instead of 

AgNPs containing solution.  

A 200μL volume of each bacterial culture solution was transferred into 1.5mL centrifuge tube. 

Afterwards, 20μL MTT (0.5mg/mL, Aladdin, Shanghai, China) stock solution was added to the 

centrifuge tube to initiate the reaction, mixed manually for 10s and incubated at 37 °C for 20 min. The 

mixture was centrifuged and the supernatant was removed by pipette. Then, 150μL DMSO (AR, 

Aladdin, Shanghai, China) was added to the pellets of the cell-formazan crystal complexes and mixed 

with pipette. Mixture was transferred to 96-well plates and absorbance was measured at 540 nm in a 

microplatereader  (Bio-Rad Model 680, US) [38]. DMSO was used as the reference. 

Effect of TNT-AL-AgNPs on osteoblast proliferation, cell morphology and differentiation 

Osteoblasts attach on implant surface, and deposit calcium phosphate matrix during implant 

osseointegration. MC3T3-E1 murine osteoblasts (ATCC; Chinese Academy of science, Shanghai, 

China) were cultured in α-Minimumessentialmedium (α-MEM) with 10% fetal bovine serum (FBS) 

(Gibco, Invitrogen, Grand Island, NY, USA), 10 µg/mLpenicillin, 10 µg/mL streptomycin, and 

50 µg/mL fungizone (complete medium). Medium was changed every 3 days. Osteoblasts were 

harvested using 0.25% trypsin and 0.1% EDTA, seeded onto Ti disc, TNT, and TNT-AL-AgNPs 

(φ=1.77 cm) at 1x104 cells/cm2, and cultured in a Petri dish with complete medium.  

Alamar Blue cell viability assay (Invitrogen Corporation, Carlsbad, CA, USA) was carried out 

to determine osteoblast proliferation and viability at day 1 and 3. A fluorescence spectrometer (Spectra 

Max M5 Molecular Devices, Sunnyvale, CA, USA) at 540 nm/excitation 590 nm emission was used to 

measure the fluorescence intensity [39]. The alkaline phosphatase activity and total protein content 

were measured at day 3 of culture. A Lab Assay™ ALP colorimetric assay kit (Wako Pure Chemicals, 

Osaka, Japan) was used to determine the ALP activity in the cell lysate (Sigma-Aldrich, St. Louis, MO, 

USA). The total protein content was measured at 570 nm with a commercial BCA Protein Assay kit 

(Beyotime, Beijing, China). ALP activity was expressed in nanomole per microgram protein. 

To analyze the cell morphology on implant surface, osteoblasts cultured on Ti disc, TNT, and 

TNT-AL-AgNPs for 1 and 3 days were rinsed with sterile PBS for three times, fixed with 

paraformaldehyde for 10 min and permeabilized with Triton X-100(AR, Aladdin, Shanghai, China) at 

4 °C for5 min. Cells were stained with phalloidin-FITC (Aladdin) overnight at 4 °C and counterstained 

with DAPI (AR Aladdin, Shanghai, China). Cells were observed under fluorescence microscope. 

Statistical Analysis 

The results were reported as the mean ± standard deviation. Statistical analysis was performed by 

Student’s t-test and one-way analysis of variance (ANOVA). Difference at p< 0.05 was considered to 

be significant. 
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Results and discussion 

Physicochemical characterization 

SEM, TEM, AFMobservation 

Optimal nanotube diameter and homogeneous distribution of nanotubes on implant surface is crucial 

for implant osseointegration [21]. SEM is a useful tool for surface morphology analysis of 

biomaterials. The surface morphology of the TNTs clearly exhibited that a well-aligned structure of 

circular opening with homogeneous and uniform nanotubes with an average diameter of approximately 

70 nm can be fabricated on Ti foil (Figure 1). After treatment with AL-AgNPs, the surface of TNT was 

slightly changed. Consistent with the SEM images, TEM images showed the diameter of TNT was 

about 70 nm (Figure 2A) and the TNT wall was intact after TNT-AL-AgNPs preparation (Figure 2B). 

Wang and colleagues have reported that 70 nm diameter of titanium nanotubes is optimum for implant 

osseointegration [21]. The AgNPs ranging from 5-20 nm in diameter were anchored onto the inner wall 

of the TNT (Figure 2B). The AgNPs distributed along the wall of TNT without significant aggregation. 

This confirms that adding AL and AL-AgNPs did not affect the nanotube diameter. After the 

introduction of the AL and AgNPs, the nanotube morphology was maintained with sporadically 

occurring debris. The cross-sectional views showed that the TNT layer was about 2.5µmand the 

surface modification didn’t significantly change the length of TNT (Figure 1).Nanotubes with 70 nm 

diameter and 2.5 µm length provide enough space to incorporate AgNPs that could give sustained 

silver release. 

Surface roughness measurements were calculated from the AFM images and it is 

demonstrated in Figure 3A-3C. We found that surface roughness of the TNT increased with the 

incorporation of AL-AgNPs (Figure 3C). It may be caused by the ultrasonically cleaned step after the 

introduction of AL-AgNPs. AFM analysis showed mean roughness of TNT and TNT-AL was 31.78nm 

(Figure 3A) and 24.45nm (Figure 3B) respectively. The mean roughness of TNT-AL-AgNPs was 

75.73nm (Figure 3C). Higher surface micro-roughness of implants has been reported to accelerate bone 

tissue regeneration and increase mechanical retention in the bone bed at short periods of implantation 

[40]. Therefore, increased surface roughness of TNT-AL-AgNPs could be beneficial for implant 

fixation and osseointegration.
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Figure 1: SEM top view images and cross-sectional images of nanotube layer on TNT, TNT-AL, and 

TNT-AL-AgNPs.  

 
Figure 2:TEM image of TNT(A) and TNT-AL-AgNPs (B). The yellow arrow indicates the wall of the 

TNT. The red arrows denote AgNPs incorporated inside TNT. 

 

 
Figure 3: Samples characteristics analyzed by AFM. (A) TNT, (B) TNT-AL, and (C) TNT-AL-

AgNPs. 

 

XPS analysis 

The XPS survey spectra and high-resolution Ag3d are shown in Figure 4. XPS analysis indicated the 

presence of Ti, O, C, F, N and Si elements on TNT-AL (Figure 4A). The XPS spectra of TNT-AL 

revealed the presence of carbon (1s and 2p), nitrogen (1s), oxygen (1s), fluoride (1s), Ti (2p), Si (2p) 

on the surface (Figure 4A).The Ti 2p3/2 maximum (458.9 eV) was used as binding energy reference. 

The same data were obtained when C 1s (adventitious carbon at 285.1 eV), or O 1s lattice oxygen 

(530.4 eV) was used as reference. Whereas for the TNT-AL-AgNPs corresponding spectrum exhibited 
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the photoelectron peaks of carbon (1s and 2p), nitrogen (1s), oxygen (1s), fluoride (1s), Ti (2p), Si (2p) 

from TNT-AL and Ag (3d) from the AgNPs. Figure 4A and 4B shows the O 1s peaks of the 

nanoparticles and nanotubes with the peak amplitude at 530.54 and 530.20, respectively. The peaks at 

530.54 and 530.20 can be attributed to the Ti-O in the titanium dioxide materials. The presence of C, 

N, F and Si elements should be due to the surface contamination from the organic electrolyte and 

aminopropyltriethoxysilane. The peak for Ag element occurred only in TNT-AL-AgNPs (Figure 4B). 

Consistent with the TEM result, the Ag3d5/2 and Ag3d3/2 (367.36 eV and 373.35eV) (Figure 4C) were 

close to the metallic Ag0 spectra absorption. This finding indicated that AgNPs were successfully 

immobilized onto the wall of TNT. Surface chemical properties, surface roughness, wettability, and 

surface energy are important parameters that can influence cell–materials interactions, cell adhesion 

and proliferation [41, 42]. Our results confirmed that incorporation of AgNPs on TNT via AL did not 

affect the physicochemical properties of the TNT. 

 
Figure 4: XPS spectra of TNT-AL and TNT-AL-AgNPs. (A)XPS survey spectra of TNT-AL, (B) XPS 

survey spectra of TNT-AL-AgNPs, and (C) high-resolution XPS spectra of Ag3d of TNT-AL-

AgNPs.(D) FTIR absorption spectroscopy of TNT-AL-AgNPs (a) and TNT-AL (b). 

 

FTIR analysis  

Fourier transform infrared (FTIR) spectra are used to analyze the surface functional groups of the 

TNT-AL and TNT-AL-AgNPs and results are shown in Figure 4D. The FTIR spectra of TNT-AL 

showed a broad and strong bond at 3418 cm-1 corresponded to the stretching vibrations of hydroxyl (–

OH) or amine (–NH) groups, which suggested a significant interaction between AgNPs and parts of the 

amino-groups. The characteristic adsorption at 3418 cm-1was corresponding to N-H stretch vibrations 
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from AL [34]. The peaks at 2920, 2850 cm-1 were attributed to the stretching vibration of –CH2 groups 

(Figure 4D). The pH sensitive AL has been successfully linked with mesoporous silica, hydrogel and 

micro gel as a drug carrier [25, 26]. Physicochemical characterization of TNT-AL-AgNPs by SEM, 

AFM, TEM, FTIR and XPS showed that AgNPs were properly linked in TNT via AL. This is the first 

study reporting successful incorporation of AgNPs homogeneously in TNT via AL without affecting 

physicochemical characteristics of TNT and diameter of nanotubes. 

 

Contact angles measurement 

The wetting ability of nonporous materials plays a crucial role in biomedical applications by promoting 

the adhesion and spreading of host cells to the implant surface as well as adsorption processes [23]. 

More hydrophilic material has higher wettability, and lower contact angle. The contact angle is the 

resultant between adhesive (droplet-surface) and cohesive (droplet– droplet) forces. In other words, the 

tendency of a drop to spread out over a flat, solid surface (wettability) increases as the contact angle 

decreases. The contact angle magnitude of TNT displays a decreasing trend with a loading nanotube 

array, indicating that nanotubes layer exhibits a hydrophilic character. It is generally recognized that 

TNT displays a hydrophilic behavior due to the presence of surface hydroxyl (-OH) groups [23]. As 

shown in Figure 5, the Ti foil had the highest contact angle, corresponding to the lowest hydrophilicity. 

In the case of TNT, lower contact angle was observed in comparison with Ti foil (Figure 5B and 5C). 

TNT and TNT-AL-AgNPs had almost similar values in contact angles (Figure 5D). This result 

indicated that the surface hydrophilicity of TNT and TNT-AL-AgNPs was significantly higher than Ti 

foil, and incorporation of AL-AgNPs didn’t reduce the hydrophilicity of TNT (Figure 5D).Our findings 

indicate that TNT and TNT-AL-AgNPs designed in this study have hydrophilic surface, which is 

suitable for cell adhesion and spreading. 
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Figure 5: Water contact angles measured on (A) Ti foil, (B) TNT, (C) TNT-AL-AgNPs, and (D) 

Quantification of to water contact angle in Ti foil, TNT and TNT-AL-AgNPs. Values are mean ± SD 

from 6 different experiments. Significant effect: *p<0.05, **p<0.01. 

 

Antimicrobial effect of AgNPs release from TNT-AL-AgNPs at pH 5.5 and 7.4 

Implants, coated with antimicrobial agent directly or via biodegradable polymers, are frequently use to 

control peri-implant infection [16, 18, 19]. Although TNT provides larger space for loading 

antimicrobial agent than Ti, antimicrobial loaded in TNT exhaust in 30 days [23]. Therefore, drugs 

directly loaded in TNT cannot control one month post-implantation infection. Moreover, the 

antimicrobial agents directly loaded in TNT fail to respond to the subtle variations of the peri-implant 

microenvironment, such as infection-mediated change in pH level or degree of inflammation. 

Therefore, in this study we loaded AgNPs in TNT via pH-sensitive AL, which allowed drug release 

based on peri-implant pH level. In this study, the total amount of loaded AgNPs was 0.017mg/implant, 

which is showed in Table 1. The amount of loaded AgNPs is lower than minimal toxic dose of silver, 

which indicated an admirable biosafety of this new biomaterial [43]. AgNPs showed a burst release 

from TNT-AL-AgNPs at a rate of 0.392 ppm/h at pH 5.5 in the initial 2h (Figure 6A). The pH 5.5 

corresponds to the pH in peri-implant surface during bacterial infection. The pH5.5 increased AgNPs 

release from TNT by 3.77, 3.26, 2.44, 2.22, 2.09, 2.24, and 2.36-fold in comparison to pH 7.4 at 2, 4, 6, 

8, 10, 12, and 24h, respectively (Figure 6A). From 2 to 12h, the release rates of AgNPs at pH 5.5 

decreased, but still sustained ~2.5-fold higher release rate up to 30days in comparison to release at pH 

7.4 (Figure 6A). When the pH was changed from 7.4 to 5.5 at 28th day, there was sharp increase in 

AgNPs release (Figure 6A). This result indicates that AgNPs can be stored at physiological state for a 

long time (> 30 days) at pH7.4 and infection (pH 5.5) can quickly trigger the release of AgNPs. 

Furthermore, the release rate of AgNPs was enhanced from0.084to 0.198ppm/h when the 

microenvironment was changed from pH 7.4 to pH 3 (Figure 6B). This finding supports pH-sensitivity 

of AL, which is the middle part of the TNT-AL-AgNPs sandwich. The AL was able to hold AgNPs for 

long period at pH 7.4 and gave quick burst release followed by sustained high dose release at pH 5.5, 

which is in accordance with the previous findings [25, 44].Our result suggests that infection-dependent 

decrease in pH around the TNT-AL-AgNPs can be used as a switch to release the AgNPs. 

 Sample 1 Sample 2 Sample 3 Sample 4 Mean  

mo (mg) 0.448 0.448 0.448 0.448 0.448 

a1 (ppm) 55 52 52 53 53 

v1(ml) 7 7 7 7 7 

a2 (ppm) 7 11 11 9 11 

v2(ml) 6 6 6 6 6 

M (mg) 0.018 0.017 0.015 0.017 0.017 

Table 1: Amount of AgNPs loaded per TNT-AL-AgNPs implant 
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mo, mass of AgNPs dissolved in solution; M, mass of AgNPs loaded; a1, concentration of the AgNPs 

solution after immersion; a2, concentration of AgNPs solution after ultrasonic cleaning; v1, volume of 

the AgNPs solution after immersion; v2, volume of the AgNPs solution after ultrasonic cleaning. 

The selection of appropriate antibiotic to control implant-related infection is too difficult since 

such infections can be caused by different bacterial species [45]. Silver has broad-spectrum 

antibacterial ability in low concentration with no adverse effect on mammalian cells [27-29]. Moreover 

silver reduces the possibility of developing drug resistant bacterial strains [14, 29, 46-49]. AgNPs 

released in 2h at pH 5.5, increased antimicrobial efficiency on S. aureus by 12.7-fold, and on E.coli by 

5.1-fold in comparison to AgNPs released at pH 7.4 (Figure 6C, 6D).The antibacterial activity of 

AgNPs released at pH 5.5 from TNT-AL-AgNPs was significantly higher than at pH 7.4 (Figure 6C, 

6D). Moreover, the antibacterial ability of AgNPs released solution showed positive correlation to 

AgNPs’ concentration. Wang and colleagues reported that AgNPs functionalized titanium surface 

inhibits bacterial adhesion and biofilm formation [30]. Results in Figure 6A indicate that at 

physiological pH 7.4, TNT-AL-AgNPs allowed AgNPs to attach more firmly on TNT surface for >30 

days compared to at pH 5.5.Due to limitations related to AgNPs directly loaded TNT, we propose that 

TNT-AL-AgNPs implant can be a potent therapeutic approach to inhibit the bacterial adhesion and 

biofilm formation, which reduces the risk of peri-implant infection. However, further in vitro and in 

vivo studies are needed to evaluate this hypothesis. Our findings indicate that the efficient pH-

responsive release and antibacterial activity of AgNPs from TNT-AL-AgNPs paves the way towards 

better satisfying the clinical needs. 

Cell proliferation and differentiation assay  

Effect of implant on cell viability and proliferation indicates biocompatibility of the implants. For 

implant fixation and durability, implant biomaterial should be biocompatible, allow cell adhesion and 

cell growth [45-48]. 
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Figure 6: The release profiles of AgNPs. (A) at pH 7.4 and pH 5.5 in different time points. (B) at pH 

7.4 from 0 to 6 h and at pH 3.0 from 6 to 36 h. Antibacterial effect of AgNPs release from TNT-AL-

AgNPs at pH 5.5 and 7.4 against S. aureus (C), and E. coli (D). Values are mean ± SD from 3 

independent experiments. 

 

We found that, TNT increased osteoblast proliferation by 1.7-fold and 1.5-fold compared with Ti disc 

at day 1 and 3 respectively (Figure 7A). TNT-AL-AgNPs increased osteoblast proliferation by 1.4-fold 

and 1.5-fold compared with Ti disc at day 1 and 3 respectively (Figure 7A). TNT-AL-AgNPs reduced 

osteoblast proliferation at day 1 by 15 % compared with TNT (Figure 7A). Interestingly, TNT-AL-

AgNPs did not inhibit osteoblast proliferation at day 3 compared with TNT (Figure 7A). It indicated 

that the special nanotubular structure and homogeneously distributed AgNPs of TNT-AL-AgNPs 

promotes the cell proliferation effectively. This result was consistent with the findings from previous 

studies [21, 40]. Our results showed the biocompatibility of TNT-AL-AgNPs with osteoblasts, which 

are major cells present around the implants and play important role implant osseointegration.  

Differentiated osteoblasts deposit calcium phosphate in the gap between implant and bone, 

thereby facilitate implant osseointegration, and reduce the risk of infection [50]. ALP activity is an 

osteoblast differentiation marker. Figure 7B shows the relative ALP activity of MC3T3-E1 cells seeded 

on Ti disc, TNT and TNT-AL-AgNPs at day 3. TNT increased ALP activity of osteoblasts by 1.7-fold 

compared with Ti disc (Figure 7B). TNT-AL-AgNPs increased osteoblast ALP activity by 1.5-fold 

compared with Ti disc (Figure 7B). TNT-AL-AgNPs did not inhibit the ALP activity compared with 

TNT (Figure 7B). Our findings are strongly supported by data reported by De Giglio and colleagues 

showing that silver ion release from TNT-AgNPs has been properly tuned in order to assure 
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antibacterial activity while preserving osteoblasts’ response at the implant interface [51]. Delayed 

osseointegration in metabolic bone diseases increases the risk of frequent peri-implant infections [52]. 

TNT-AL-AgNPs along with osteoinductive agents such as bone morphogenetic protein 2 (BMP-2) may 

be a promising strategy to accelerate osseointegration and control infection, in patients with metabolic 

bone diseases [53, 54]. Our results showed that loading AgNPs on TNT surface via AL maintained the 

osteoinductive properties of TNT. 

Both TNT and TNT-AL-AgNPs did not affect the osteoblast attachment and morphology 

compared with Ti disc at day 1 and 3 (Figure 7C). There was notable difference in the values of cell 

number between TNT and TNT-AL-AgNPs on the first day, while the values turned out to be similar 

on the third day, which may be due to the residual AgNPs absorbed on the surface of TNT. The cells 

showed elongated and spread out on TNT and TNT-AL-AgNPs, in addition, the F-actin filaments 

extended in numerous directions (Figure 7C), which revealed good cytocompatibility of TNT-AL-

AgNPs. Our findings showed that this novel design of pH dependent antimicrobial releasing TNT-AL-

AgNPs implant is biocompatible, osteoinductive, and capable to control peri-implant bacterial 

infection. 
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Figure 7: Effect of Ti disc, TNT and TNT-AL-AgNPs on (A) MC3T3-E1 osteoblast proliferation at 

day 1 and 3, (B) ALP activities of MC3T3-E1 osteoblasts at day 3, and (C) MC3T3-E1 osteoblast 

morphology at day 1 and 3 (phalloidin-FITC in green and DAPI in blue color). All data are presented 

as the mean values together with the standard deviation. Values are mean ± SD from 6independent 

experiments. Significant effect: *p<0.05. 
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