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HIGHLIGHTS: 

• First study in the literature describing ZnO and Mn-doped ZnO NPs nanofunctionalized Ti 

scaffolds with improved antibacterial performance. 

• Complete eradication for S. aureus 

• 90% of reduction for P. aeruginosa 

• Antibacterial mechanism investigated and attributed to both Zn2+ and Mn2+ metal ions 

release 

• Coating strategy suitable for realization of new hybrid implantable devices through a low-

cost process, compatible with the biotechnological industrial chain method. 
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ABSTRACT 

In the biomedical field, the demand for the development of broad-spectrum biomaterials able to 

inhibit bacterial growth is constantly increasing. Chronic infections represent the most serious and 

devastating complication related to the use of biomaterials. This is particularly relevant in the 

orthopaedic field, where infections can lead to implant loosening, arthrodesis, amputations and 

sometimes death. Antibiotics are the conventional approach for implanted-associated infections, 

but they have the limitation of increasing antibiotic resistance, a critical worldwide healthcare 

issue. In this context, the development of anti-infective biomaterials and infection-resistant 

surfaces can be considered the more effective strategy to prevent the implant colonisation 

and biofilm formation by bacteria, so reducing the occurrence of implant-associated infections. In 

the last years, inorganic nanostructures have become extremely appealing for chemical 

modifications or coatings of Ti surfaces, since they do not generate antibiotic resistance issues and 

are featured by superior stability, durability, and full compatibility with the sterilization process. 

In this work, we present a simple, rapid, and cheap chemical nanofunctionalization of titanium (Ti) 

scaffolds with colloidal ZnO and Mn-doped ZnO nanoparticles (NPs), prepared by a sol-gel 

method, exhibiting antibacterial activity. ZnO NPs and ZnxMn(1−x)O NPs formation with a size 

around 10–20 nm and band gap values of 3.42 eV and 3.38 eV, respectively, have been displayed 

by characterization studies. UV–Vis, fluorescence, and Raman investigation suggested that Mn 

ions acting as dopants in the ZnO lattice. Ti scaffolds have been functionalized through dip coating, 

obtaining ZnO@Ti and ZnxMn(1−x)O@Ti biomaterials characterized by a continuous 

nanostructured film. ZnO@Ti and ZnxMn(1−x)O@Ti displayed an enhanced antibacterial activity 

against both Gram-positive Staphylococcus aureus (S. aureus) and Gram-negative Pseudomonas 

aeruginosa (P. aeruginosa) bacterial strains, compared to NPs in solution with better performance 
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of ZnxMn(1−x)O@Ti respect to ZnO@Ti. Notably, it has been observed that ZnxMn(1−x)O@Ti 

scaffolds reach a complete eradication for S. aureus and 90 % of reduction for P. aeruginosa. This 

can be attributed to Zn2+ and Mn2+ metal ions release (as observed by ICP MS experiments) that 

is also maintained over time (72 h). To the best of our knowledge, this is the first study reported 

in the literature describing ZnO and Mn-doped ZnO NPs nanofunctionalized Ti scaffolds with 

improved antibacterial performance, paving the way for the realization of new hybrid implantable 

devices through a low-cost process, compatible with the biotechnological industrial chain method. 

 

1. Introduction 

In the biomedical field, there is an increasing demand to develop broad spectrum biomedical 

devices able to inhibit bacterial growth [1,2]. Microbial infections are one of the most important 

causes leading to mortality and morbidity among surgical patients [[3], [4], [5]]. 

The infection risk is considered as the most serious and devastating complication related to the 

use of biomaterials, in many medical fields. This is particularly relevant in the orthopaedic field, 

where infections can eventually evolve into osteomyelitis, which is responsible for severe effects 

on both bone and surrounding soft tissues [[6], [7], [8]]. Further, chronic infections that not 

response to the conventional antibiotic therapy can lead to implant loosening, arthrodesis, 

amputations and sometimes death [9]. 

Titanium (Ti) alloys are the most used material for permanent artificial implants due to their 

excellent mechanical and chemical properties [[10], [11], [12]], corrosion resistance [13,14] and 

biocompatibility [15,16]. Unfortunately, these materials can also provide a good foothold for 

pathogenic bacteria that colonise them, forming biofilms hard to eradicate [17,18]. S. 
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aureus (Gram-positive) is the most frequent cause of orthopaedic implant infections [19] featured 

by several virulence factors, such as coagulase and adhesion proteins that induce the escape from 

the host immune system, leading to bacterial invasion and osteolysis of the tissue around implants 

[20]. Gram-negative bacteria can also be involved in the infections associated with fracture-

fixation implantable devices [21]. They generally include species belonging to Enterobacteriaceae 

and other bacilli, such as P. aeruginosa, able to produce a biofilm hard to eradicate, associated 

with poor healing in fracture-related infections [22]. 

Antibiotics are the conventional approaches to avoid implant-associated infection [23,24]. 

However, these treatments have the limitation of increasing antibiotic resistance by microbial 

strains, which is a critical worldwide healthcare issue [25]. Additionally, antibiotics do not 

eliminate infection risks that can be furtherly caused by some drug-resistant variants (secondary 

infections) with more acute clinical manifestations [26]. 

In this context, the development of anti-infective biomaterials and of infection-resistant surfaces 

can be considered the more effective strategy to prevent the implant colonisation and biofilm 

formation by bacteria, so reducing the occurrence of implant-associated infections [27]. Several 

works have reported chemical modifications of the Ti surface or applications of coatings to confer 

antibacterial properties [[28], [29], [30]]. Most of these chemical modifications involve organic 

materials that, although show effective antibacterial properties however have the limitation of poor 

stability and compatibility with industrial sterilization processes. Therefore, inorganic materials 

with bactericidal activity gained considerable interest, due to their superior stability, durability, 

and thermal resistance [31,32]. Among these, the most extensively studied material is the silver 

(Ag) [[33], [34], [35]]. However, Ag is a precious metal that rapidly oxidizes when exposed to 

light and heat and exhibits a cytotoxic effect [33,36]. 
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Metal and metal oxide nanoparticles represent a promising alternative due to their broad-

spectrum antibacterial activity. This involves several mechanisms that are not entirely clarified 

and still controversial since they include several NPs properties such as the size and their surface 

features (charge, isoelectric point…). Basically, the main mechanisms that have been reported are: 

(i) direct contact of NPs with cell walls; (ii) ion leaching/dissolution, and (iii) Reactive Oxygen 

Species (ROS) production [37]. 

Among nanomaterials, metal oxide nanostructures, like ZnO NPs [38,39], CuO NPs [40,41], 

NiO NPs [42], and MnO [5,43] NPs, have been extensively studied as antibacterial agents due to 

their ease synthesis and versatile properties. 

ZnO is the most biosafe semiconductor material with good electrical and optical properties [44]. 

Nano-sized ZnO (ZnO NPs) display high biocompatibility [45], biodegradability over time, 

through the excretion of the excess zinc by the body [46], and efficient bactericide properties with 

the ability to inhibit both Gram-positive and Gram-negative bacteria without inducing antibiotic 

resistances [[44],[47], [48], [49], [50], [51], [52], [53]]. ZnO NPs are also investigated in various 

tissue regeneration applications [54,55]. The doping of ZnO with several metals (Cr, Mn, Fe, Co, 

and Ni) has also been explored [56]. In the literature various methods for the synthesis of pure and 

doped ZnO NPs through physical, chemical, and biological approaches are reported. Laser 

ablation [57], arc discharge [58], combustion methods [59], flame spry pyrolysis [60], 

hydrothermal [61], and Chemical Vapor Deposition (CVD) are the most used techniques. 

Although all these techniques allow the synthesis of doped NPs below 100 nm, they suffer of 

several drawbacks. These approaches require high process temperatures, long synthesis times, and 

specific and expensive equipment that may limit their diffusion as not available to everyone. 
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Among the several strategies, the wet chemical synthesis in solution has been preferred, being 

rapid, simple, and low cost with respect the above-mentioned techniques. In literature, 

ZnxMn(1−x)O NPs are mainly synthesized by coprecipitation of Zn2+ and Mn2+ metal ions 

in different ratios of the starting precursors [62]. In the literature, different metal precursors have 

been used, the ideal candidate being Zn2+ and Mn2+ acetates. Even bigger structures such as Mn-

doped zinc oxide microspheres are synthesized by coprecipitation of Zn2+ and Mn2+ ions starting 

from Zn(CH3COO)2 and Mn(CH3COO)2 [63]. The literature reports synthesis of ZnO and 

ZnxMn(1−x)O nanoparticles by ions coprecipitation in different solvents [64,65]. 

Metal-doped ZnO has been shown to improve the antibacterial properties of ZnO due to the 

introduction of new energy levels that improve the ROS production ability [66,67]. 

Among transition metals, Mn represents an important micro-nutrient for the metabolism, growth, 

and reproduction of living organisms [[68], [69], [70]] and is a key element also for connective 

tissue and bone growth [71]. It gives rise to different metal oxide forms, such as MnO, MnO2, 

Mn2O3, Mn3O4, and Mn5O8 (MnxOy) [72]. Mn NPs have also been widely considered and explored, 

and they showed good antimicrobial properties against both Gram-positive and Gram-negative 

bacteria [[3], [4], [5]]. Although the antibacterial activity of Mn-doped ZnO NPs against different 

bacterial strains is well established [[73], [74], [75]], to the best of our knowledge, nanocoating's 

of these materials on titanium scaffolds are poorly investigated and have not been reported to date. 

In this work, we present a simple, rapid and cheap chemical nanofunctionalization of Ti scaffolds 

with colloidal Mn-doped ZnO NPs obtained via Zn(II) and Mn(II) acetate salts as metal precursors 

in DMSO solvent, able to stabilize the nanostructures. We investigated the morphological and 
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structural features of the nano-functionalized Ti scaffolds (ZnO@Ti and ZnxMn(1−x)O@Ti) and 

their antibacterial properties. Results are presented and discussed. 

 

2. Materials and Methods 

Chemicals. Zn(II) acetate dihydrate, Mn(II) acetate tetrahydrate, tetramethylammonium hydroxide 

(25 wt%), dimethyl sulfoxide (DMSO, HPLC and biological grade), hydrogen peroxide (30 % 

v/v), ammonium hydroxide (30 % v/v), and ultra-pure water (UPW) were purchased by Sigma-

Aldrich. Commercial Si wafers were purchased from Siegert Wafer. 

ZnO nanoparticles (NPs) synthesis. ZnO NPs synthesis was carried out according to Panasiuk et 

al. [76]. An aqueous solution of N(CH3)4OH (25 % w/w, 0.3 mL) was rapidly added under 

vigorous stirring to 19.7 mL of a DMSO solution of Zn2+ ions (final [Zn2+] = 0.2 M), obtaining a 

1:2 ratio between [M2+] and [OH−]. The initially transparent solution immediately turned cloudy 

white due to the precipitation of ZnO NPs. Then suspensions were kept under stirring for 30 min 

at room temperature (RT) and purified thrice by centrifugation (5000 rpm, 10 min). The solid was 

finally resuspended in DMSO (≥99 %), through sonication for 10 min at RT, up to a nominal ZnO 

NPs amount of 16.3 mg/mL. 

ZnxMn1-xO NPs synthesis. The synthesis of ZnxMn(1−x)O NPs was carried out according to a slight 

modification of Panasiuk et al. [76]. An aqueous solution of N(CH3)4OH (25 % w/w, 0.3 mL) was 

added to 19.7 mL of a DMSO solution containing a mixture of Zn2+ and Mn2+ ions (final 

[M2+] = 0.2 M; Zn2+/Mn2+ = 0.975/0.25) under vigorous stirring, in a 1:2 ratio between [M2+] and 

[OH−]. The initially transparent and colourless solution immediately turned cloudy brown due to 

the precipitation of ZnxMn(1−x)O NPs. After suspensions were kept under stirring for 30 min at RT 
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and purified thrice by centrifugation (5000 rpm, 10 min). The solid was finally resuspended in 

DMSO through sonication for 10 min at RT, up to a nominal ZnxMn(1−x)O NPs amount of 

16.3 mg/mL. 

NPs deposition on Ti scaffolds. Trabecular Ti scaffolds (1 cm × 1 cm × 0.26 cm) have been 

provided by MTOrtho Inc., and they were constituted by Ti-6Al-4V alloy. They were cleaned by 

immersion in a basic piranha solution, prepared by mixing UPW, 30 wt% H2O2, and 30 wt% 

NH4OH in a 2:1:1 volume ratio, at 80 °C under magnetic stirring for 20 min. The samples were 

thoroughly washed with UPW to eliminate any cleaning solution residue. A slight blackening of 

the Ti substrate metallic gray surface was observed after the cleaning protocol. ZnO or 

ZnxMn(1−x)O NPs were then deposited onto Ti scaffolds by dipping (1–2 s) followed by samples 

drying in an oven at 50 °C for 8 h. Finally, the samples were washed thrice in UPW under gentle 

oscillation at 37 °C and air-dried. 

UV-Vis measurements. UV–vis absorption spectra of NP suspensions (27 μg/mL) were recorded 

in 1 cm quartz cuvettes on a Jasco V-570 spectrophotometer operating with 2 nm slits. The direct 

band gap Eg of nanomaterials is derived from the Tauc plot [77] which presents the relationship 

between the optical absorption coefficient α and the incident photon energy hυ: 

(αhυ)2 ~ (hυ − Eg) 

The Eg value is the intercept between the x-axis and the tangent to the linear section of the band 

edge. 

Photoluminesce measurements. Fluorescence emission spectra of NPs suspensions (27 μg/mL) 

were recorded in 1 cm quartz cuvettes on a HoribaJobin Yvon FluoroMax-P fluorimeter equipped 
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with a Hamamatsu R3896 photomultiplier. The spectra were recorded operating in a right-angle 

geometry, a 333 nm excitation wavelength with 5 nm slits, and a high-pass filter with a cut-off of 

400 nm. 

Micro-Raman spectroscopy. The samples before to be investigated by Raman spectroscopy were 

prepared by drop casting 200 μL of 16.3 mg/mL NP suspensions onto 1 cm × 1 cm glass slides and 

drying samples in an oven at 50 °C for 4 h. Raman spectra were acquired using a Micro-Raman 

HR800 (Horiba) equipped with a 100× objective (N.A. = 0.9), and the 514.5 nm line of an 

Ar2+ laser with a power density of 2 mW/μm2 and acquisition time of 60 s. The instrument was 

equipped with a Peltier-cooled CCD model “Synapse” (Horiba). Grating: 1800 grooves/mm. 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) Analyses. NPs 

morphology was examined by dip-coating Si wafers chips into their suspensions and drying the 

samples in air at RT. SEM micrographs were recorded at an acceleration voltage of 5 kV using a 

Gemini Field Emission SEM (FE-SEM) Zeiss SUPRA 25 equipped with an InLens detector. 

The morphology of NPs coated Ti scaffolds was investigated using a Zeiss Crossbeam 540 FE-

SEM instrument operating at acceleration voltage in the 3–15 kV range in the analytical and high-

resolution modes, equipped with the Oxford Instruments XMaxN 150 EDX probe. EDX data were 

collected under the same accelerating voltage (10 kV), working distance (5 mm), and image 

magnification (10,000×). 

SEM in the transmission mode (STEM) analyses were carried out with a Zeiss-Gemini 2 electron 

microscope, operating at 30 kV, with a working distance of 4 mm and at an accelerating voltage 

of 150 kV. 

Measurement of Zn2+ and Mn2+ metal ion release from Ti scaffolds: The released amount of both 

Zn2+ and Mn2+ metal ions from the surface of the ZnO@Ti and ZnxMn(1−x)O@Ti scaffolds was 
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assessed as follows. Two scaffolds for type were separately incubated in 1 mL of UPW for 24 h 

under constant stirring. After 24 h, the supernatants were collected, and another 1 mL of UPW was 

added to each scaffold. This process was repeated until to 72 h. At the end of the procedure, two 

aliquots for each time (one for each scaffold) were collected and mixed. 1.6 mL of each solution 

was withdrawn and diluted to a final volume of 3.2 mL. The two solutions of 3.2 mL relating to 

24 h and 72 h were analyzed by inductively coupled plasma mass spectrometry, using an Agilent 

model 7900 instrument equipped with a single quadruple and using the UNI EN ISO 17294-2 

method. Certified standard solutions (from AreaChem Instruments and Consumables (Naples, 

Italy)) of individual metals (1000 mg/L in aqueous solution with 5 % nitric acid) and mix of metals 

(100 mg/L in aqueous solution with 2 % nitric acid), were used for the analysis. For each metal 

cation, the calibration curves were constructed in the concentration range between 0.5 and 

100 μg/L (ppb), exhibiting a linearity of the instrumental response (R > 0.9998). As required by 

the UNI EN ISO 17294-2 method, a solution containing Sc, Y and Re (500 ppb) was also prepared 

and analyzed as an internal standard. 

Bacterial strains, media, and growth conditions. P. aeruginosa (ATCC27853) and S. 

aureus (ATCC29213) were purchased from the American Type Culture Collection (LGC 

Promochem, Milan, Italy) and cultured in Luria-Bertani broth (LB, Sigma-Aldrich, Milan) and 

tryptone soy broth (TSB, Sigma-Aldrich, Milan), respectively. Both bacterial strains were 

maintained in their respective media supplemented with 20 % glycerol at −80 °C. 

Minimal inhibitory concentration (MIC): MIC was determined by broth microdilution assay. For 

each strain, semi-exponential broth culture was prepared at a final concentration of about 

105 bacteria/mL starting from 0.5 Mc Farland inoculum (~1.5 × 108 bacteria/mL). Bacterial 

suspensions, dispensed in tubes, were incubated with several ZnO and ZnxMn(1−x)O NPs 
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concentrations (600, 300, 150, 75, and 37.5 μg). Then, 150 μL from each experimental condition 

were distributed in 96-well plates and incubated at 37 °C for 18 h. Finally, bacterial growth was 

quantified by spectrophotometric reading at 540 nm (OD540) with a microtiter plate reader 

(Multiskan GO, Thermo Scientific, Waltham, MA-USA). All samples were analyzed in triplicate. 

The bactericidal activity was calculated by % OD540nm by using the following formula: 

 

where MO = ZnO NPs and MnxZn(1−x)O NPs. 

MIC was evaluated by considering over 90 % of % bacterial inhibition with respect to the control 

+ (bacterial culture without NPs) using the following formula: 

% Bacterial inhibition = (% OD540nmCTR+ − %OD540nmMO NPs)/ %OD540nm CTR+ 

MIC = % bacterial inhibition > 90 %. 

Evaluation of antibacterial activity of ZnO and ZnxMn(1−x)O NPs coated titanium scaffolds 

(ZnO@Ti and ZnxMn(1−x)O@Ti) on planktonic cells: For each strain, bacterial suspensions were 

incubated in a 24-well plate with several types of pre-decontaminated titanium scaffolds: uncoated 

titanium scaffold (Ti) and coated titanium scaffolds with ZnO NPs (ZnO@Ti) and ZnxMn(1−x)O 

NPs (ZnxMn(1−x)O@Ti). Then, the plate was incubated under gentle shaking (100 rpm, orbital 

shaker KS-15, Edmund Bühler GmbH) at 37 °C for 24 h. Cell viability was evaluated by XTT 

assay and expressed as a percentage of the uncoated Ti. More in detail, 100 μL of bacterial cultures, 

from each experimental condition, were transferred in a 96-well plate and 25 μL of XTT solution, 

prepared according to the manufacturing protocol, was added. Then, the plate was incubated for 

90 min at 37 °C in the dark. After incubation period, the plate was shaken briefly and OD at 490 nm 
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(OD490) measured by using a synergy HT plate reader (BioTek Instruments, Inc., VT, United 

States). All samples were analyzed in triplicate. 

Evaluation of antibacterial activity of ZnO and ZnxMn(1−x)O NPs coated titanium scaffolds 

(ZnO@Ti and ZnxMn(1−x)O@Ti) on adhered cells: To detect viable and sessile cells after 24 h of 

incubation, Ti scaffolds were aseptically transferred into 24-well plate and washed gently thrice 

with phosphate buffer saline (PBS) to remove non-adherent bacteria. Then, each scaffold, placed 

in a conical tube, was vortexed for 60 s in PBS, and the detached bacteria were quantified through 

Colony Forming Units (CFU) assay, as previously reported [30]. Precisely, bacterial suspensions 

were serially diluted in PBS, and finally 100 μL of each dilution were spread on agar plates. Agar 

plates, then, were incubated overnight at 37 °C and CFU number determined. CFU/mL was 

quantified by the following formula: 

CFU/mL =
number of colonies

volume (0.1mL) x dilution factor
 

All samples were analyzed in triplicate.  

Statistical analysis. Data were analyzed either as raw data or as mean ± standard error (SE), as 

appropriate. Differences between scaffolds were evaluated by using two-way ANOVA with post-

hoc Holm test, where appropriate. The values p < 0.05 were considered significant. 

 

3. Results and Discussion 
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The ZnO@Ti and ZnxMn(1−x)O@Ti scaffolds were prepared according to the scheme reported 

in Fig. 1. Basically, cleaned trabecular Ti were dipped into solutions containing pre-synthetized 

ZnO and ZnxMn(1−x)O NPs. The procedure involves few steps and is quick and easy to perform. 

 

Fig. 1. Schematic representation of the synthesis and deposition process of ZnO and 

ZnxMn(1−x)O NPs on Ti scaffold. 

 

ZnO and Mn-doped ZnO NPs syntheses are carried out following the literature method reported 

in [76], which presents several advantages both from the nano chemical and the biological point 

of view. This approach can yield a colloid of luminescent semiconductor nanospheres smaller than 

10 nm, very stable toward self-aggregation even in relatively high concentrations. DMSO allows 

the stabilization of the colloid, avoiding the extensive precipitation that can occur in water 

solutions. Actually, in our study, ZnO and ZnxMn(1−x)O NPs form via a precipitation reaction upon 

the addition of tetraethylammonium hydroxide to a Zn2+ or a Zn2+/Mn2+ (0.975:0.025 mol%) 

solution in DMSO. According to the literature, avoiding water as a solvent lead to the fast 

dehydration of the sparingly soluble metal hydroxides and the direct formation of a stable colloid 

of oxides (Eqs. (1), (2)): 
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Zn++ + 2 OH– ⇌ Zn(OH)2 (s) ⇌ ZnO(s) + H2O (Eq. 1) 

x Zn++ + (1 – x) Mn++ + 2 OH– ⇌ ZnxMn1-x(OH)2 (s) ⇌ ZnxMn1-xO(s) + H2O (Eq. 2) 

 

Fig. 2a presents UV–vis absorption and photoluminescence features of the obtained white ZnO 

and brown ZnxMn(1−x)O NP suspensions (Fig. 2a, inset: left and right vial, respectively). The 

absorption spectrum of ZnO (solid black line) displays a continuous band with an edge around 

355 nm (3.49 eV) and a peak centred around 337 nm (3.68 eV), together with a broad fluorescence 

emission (dashed black line) centred around 568 nm (2.18 eV, λexc = 333 nm). These results are in 

agreement with previous studies [[76], [77], [78]] that assigned this fluorescence emission to an 

electron transition from a level close to the edge of the conduction band to a deeply trapped hole 

in the bulk of the ZnO particle [79]. The 3.42 eV value for the NPs (direct) band gap, as determined 

per the Tauc plot [77] (Fig. 2b), is slightly higher than the band gap of bulk ZnO (3.2–3.3 eV) [80], 

suggesting a quantum confinement of the photogenerated excitons. 
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Fig. 2. a) UV/vis absorption (solid lines; left y-axis) and fluorescence emission (dashed lines, right 

y-axis) spectra of ZnO (black) and ZnxMn(1−x)O (red) NPs suspensions in DMSO. Inset: photo of 

16.3 mg/mL suspensions of ZnO (left) and ZnxMn(1−x)O (right) NPs. b) Tauc Plot graphs; c) Raman 

spectra of dried ZnO (black) and ZnxMn(1−x)O (red) NP deposits on glass; in cyan is reported the 

reference spectrum of the glass substrate 27 μg/mL concentration, reference DMSO, fluorescence 

λexc = 333 nm (abs≃0.2); ii) drop-casting deposition, 200 μL of 16.3 mg/mL suspensions per cm2, 

λexc = 514.5 nm. 

 

The absorption spectrum of ZnxMn(1−x)O NPs (Fig. 2a, solid red line) displays a profile similar 

to ZnO suspensions, presenting an edge around 355 nm (3.49 eV) and a peak at around 333 nm 
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(3.72 eV). Differently from the colourless ZnO suspensions, the spectral region at longer 

wavelengths presents a more intense absorption, accounting for the brown colour of ZnxMn(1−x)O 

NPs. The slight blue shift (Δλ = −4 nm) observed upon comparing the positions of peaks in the 

absorption profiles of the two NPs suggests that Mn ions might act as well-

distributed dopants within the ZnO lattice [[81], [82], [83], [84]]. The band gap value obtained by 

Tauc plot [77] (Fig. 2b) is 3.38 eV, a value lower than undoped ZnO NPs, in agreement with 

previous studies [76,85]. Differently from undoped ZnO NPs, no fluorescence emission is 

observed upon irradiation of the ZnxMn(1−x)O NPs suspension at the absorption maximum. The 

action of manganese as a quencher of the emission of ZnO NPs is not unprecedented, and it has 

been explained in terms of a significant quenching of the electron transitions from surface traps to 

deep level defects on doping ZnO with Mn ions [86,87]. 

Fig. 2c presents the Raman spectra of ZnO and ZnxMn1−xO NPs deposited by drop-casting on a 

glass substrate. Impurities in the glass cause the presence of fluorescence, which are clearly 

observable in the spectrum acquired on the substrate (cyan coloured line). These bands strongly 

affect the ZnO nanoparticles spectrum (black line) However, the narrow and intense peak centred 

at about 438 cm−1, and assigned to the E2 (high) mode, emerges by the fluorescence background 

and characterizes the ZnO NPs spectrum. The typical asymmetric line shape is due to the lattice 

disorder and to the anharmonic phonon–phonon interactions [88]. Here, it is also possible to 

distinguish a hint of the second-order vibration mode E2(high)–E2(low) centred at about 

333 cm−1 [89]. In the case of ZnxMn1−xO NPs sample, the strong absorption of the material in the 

visible region prevents the excitation radiation from reaching the glass substrate, thus considerably 

reducing the fluorescence contribution to the Raman spectrum of this sample (red coloured line). 

As the spectrum lacks the defined peaks typically observed in the presence of stable Mn3O4 and 
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MnO2 phases, Mn should be present within the ZnO matrix in various oxidation states. Indeed, 

although the bending mode at about 390 cm−1 is hidden by the A1(TO) and E1(TO) modes of ZnO 

vibrating between 370 and 420 cm−1 respectively, we clearly observe the Mn O stretching 

modes lying in the spectral region between 500 and 700 cm−1 [90]. In particular, the peak at 

528 cm−1 can be attributed to a local vibrational mode related to Mn ions compatible with a 

replacement of Zn ion in the ZnO structure [91], addressing the role of Mn as a dopant. The band 

at 580 cm−1 monitors the presence of the MnO2 phase; this band is overlapped to other two bands 

centred at 633 cm−1 and 650 cm−1, characteristic of the Mn2O3 and Mn3O4 species respectively 

[92]. The higher-frequency peaks in both NPs spectra (red and black lines) can be assigned to the 

acetate residue signals of the metal precursors. 

The morphology of the ZnO and ZnxMn(1−x)O NPs has been inspected by electronic microscopy. 

To this end, the NPs are deposited by dip coating onto commercial flat silicon wafers previously 

cleaned with a UV lamp for 5 min to eliminate any traces of contaminants that can modify the 

adhesion of the nanomaterials on substrates. Fig. 3 reports the SEM images of ZnO and 

ZnxMn(1−x)O NPs, respectively. The low-magnification images (Fig. 3a, b) show continuous film 

composed of aggregated NPs along the entire surface of the samples. Although aggregation makes 

precise distribution of their size difficult, an estimation of the diameter of both NPs can be obtained 

from SEM high-magnification images (Fig. 3c, d) and STEM images (Fig. 3e, f) that can provide 

a size in the range of 10–20 nm. 
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Fig. 3. SEM analysis of ZnO (a, c) and ZnxMn(1−x)O (b, d) NPs dip coated on flat silicon; STEM 

of ZnO (e) and ZnxMn(1−x)O (f) NPs dip coated on flat silicon. 
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The structural analysis of the ZnO@Ti and ZnxMn(1−x)O@Ti scaffolds has been performed by SEM 

and Energy Dispersive X-ray (EDX) analysis. Fig. 4a and d shows low- and high-magnification 

SEM images of uncoated Ti scaffold constituted of a reticular weft with pores of around 0.1 mm2. 

At a larger scale, the scaffold surface appears formed by numerous welded spheres as a result of 

the sintering process during the fabrication of the material. At a higher magnification, the Ti 

surface is still rough and appears to consist of laterally stacked lamellae [93]. Fig. 4 also reports 

SEM micrographs of Ti scaffolds after the deposition of ZnO (b, e) and ZnxMn(1−x)O (c, f) NPs, 

respectively. The metal surface presents a uniform NPs coverage in both cases, as highlighted by 

the fractures that feasibly form in the coating upon the evaporation of DMSO following the dip-

coating process. The highest magnification images of the coated samples (e, f) at low coverage 

sites allow roughly estimating the diameter value of the NPs around 20 nm that are in agreement 

with the colloidal size obtained during the synthesis (see above and Fig. 3). 

 

Fig. 4. SEM analysis of ZnO (b, e) and ZnxMn(1−x)O (c, f) NPs dip coated on Ti scaffolds (a, d). 

Bare Ti scaffold (a, d) is shown for comparison. 
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Table 1 reports the EDX analysis results of uncoated Ti and ZnO@Ti, ZnxMn(1−x)O@Ti scaffolds. 

EDX data collected on uncoated Ti surfaces reflect the composition of a Ti-Al6-V4 alloy 

conventionally employed in orthopaedic implants, together with a detectable amount of oxygen 

due to surface oxidation by the cleaning piranha solution. The coating of the Ti surface with ZnO 

NPs is confirmed on the one hand by the detection of a conspicuous amount of Zn atoms 

accompanied by the increase in the percentage of oxygen. On the other hand, the surface coverage 

is indicated by the reduction of the ratio between Ti and O signals. In the case of ZnxMn(1−x)O NP 

coatings, this reduction is even more evident, indicating the formation of a nanostructured layer 

thicker than the ZnO@Ti. Moreover, the amount of Mn in the nanostructured layer is very low, at 

the limit of detection of the instrument (0.3 %). 

 

Table 1. EDX data for uncoated Ti and ZnO@Ti, ZnxMn(1−x)O @Ti scaffolds. Detected elements reported 

as wt% with the relative σ. 

Ti Sample Ti Al V O Zn Mn 

wt% σ wt% σ wt% σ wt% σ wt% σ wt% σ 

Uncoated Ti 83.9 2.7 6.7 0.6 1.3 1.9 8.1 2.2 - - - - 

ZnO@Ti 52.2 2.1 6.1 0.6 0.4 1.5 15.3 2 25.9 1.5 - - 

ZnxMn1-xO@Ti 15.0 1.5 0.7 0.4 0.0 0.0 21.6 1.5 62.5 2.1 0.3 1.8 

 

The antibacterial assessment firstly involves the evaluation of the bactericidal activity of both ZnO 

and ZnxMn(1−x)O NPs against P. aeruginosa and S. aureus bacteria. Results are shown in Fig. 5. 

Data obtained after 24 h of incubation show that both ZnO and ZnxMn(1−x)O NPs exhibit 

antibacterial activities with respect to the control (bacterial culture without NPs). However, 

ZnxMn(1−x)O NPs display higher bacterial inhibition (normalized OD540) against the two bacterial 
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strains than ZnO NPs (left axis of Fig. 5). The percentage of inhibition (% bacterial inhibition) 

depends on the NPs amount and for P. aeruginosa correspond to: (i) 51.3 % ± 0.27 % at 37.5 μg, 

64.6 % ± 0.7 % at 75 μg, 83.9 % ± 0.04 % at 150 μg and 100 % at 300 μg and 600 μg for ZnO NPs; 

(ii) 59.1 % ± 0.2 % at 37.5 μg, 76.3 % ± 0.2 % at 75 μg, 94.4 % ± 0.1 % at 150 μg and 100 % at 

300 μg and 600 μg for ZnxMn(1−x)O NPs. In case of S. aureus these values are: (i) 30.6 % ± 0.09 % 

at 37.5 μg, 76.4.% ± 0.3 % at 75 μg, 91.7 % ± 0.1 % at 150 μg and 100 % at 300 μg and 600 μg for 

ZnO NPs; (ii) 77.6 % ± 0.1 % at 37.5 μg, 90.4 % ± 0.1 % at 75 μg, 95.5 % ± 0.03 % at 150 μg and 

100 % at 300 μg and 600 μg for ZnxMn(1−x)O NPs (right axis of Fig. 5). 
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Fig. 5. Bactericidal activity (normalized OD540) (solid lines, left axis) and percentage of bacterial inhibition 

(dotted lines, right axis) of ZnO NPs and ZnxMn(1−x)O NPs against P. aeruginosa (a) and S. aureus (b) after 

24 h of incubation. CTR+: bacterial culture alone (positive control). MIC = % bacterial inhibition > 90 %. 
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Based on the above-reported data, ZnxMn(1−x)O NPs show lower MIC values compared to ZnO 

NPs for both strains, equal to 150 μg (ZnxMn(1−x)O NPs) vs 300 μg (ZnO NPs) for P. 

aeruginosa and 75 μg (ZnxMn(1−x)O NPs) vs 150 μg (ZnO NPs) for S. aureus. 

This behavior can be attributed to a lower band gap of ZnxMn(1−x)O NPs (3.37 eV) with respect 

to ZnO NPs (3.42 eV) that triggers an enhanced antibacterial effect primarily through ROS-

mediated pathway [81,82]. 

After the characterization of the NPs in suspension, we focused our study on the bactericidal 

activity of coated titanium scaffolds with ZnO and ZnxMn(1−x)O NPs (ZnO@Ti and 

ZnxMn(1−x)O@Ti). Cell viability on planktonic and adhered bacteria has been evaluated after 24 h 

of incubation and is shown in Fig. 6. 

 

Fig. 6. Antimicrobial activity of Ti uncoated, ZnO@Ti, and ZnxMn(1−x)O@Ti scaffolds against P. 

aeruginosa (a, c) and S. aureus (b, d) planktonic and adherent cells after 24 h of incubation. Data are shown 
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as mean ± standard deviation. **p < 0.01 show significant differences between different scaffolds, as 

reported by the Holm post-hoc test. 

 

Data indicate that both ZnO@Ti and ZnxMn(1−x)O@Ti scaffolds significantly reduced the growth 

of P. aeruginosa and S. aureus, compared to the uncoated Ti scaffold (Fig. 6a, b) that do not shows 

any inhibitory effect on the cell growth of both bacterial strains compared to the control (bacterial 

culture without NPs) (data not shown). Specifically, after 24 h of incubation, P. 

aeruginosa displays a significant decrease in cell viability of about 74.5 % ± 0.1 % for ZnO@Ti 

and 89.96 % ± 0.04 % for ZnxMn(1−x)O@Ti compared to the uncoated Ti scaffold. Further, the 

ZnxMn(1−x)O@Ti scaffold shows a significant (**p < 0.01) lower bacterial viability of about 39 % 

compared to the ZnO@Ti one (ZnxMn(1−x)O@Ti: 10.04 ± 0.04 % vs ZnO@Ti: 25.5 ± 0.1 %). 

For S. aureus, a similar significant cell viability reduction of about 97.70 ± 0.02 % for ZnO@Ti 

and 97.60 ± 0.01 % for ZnxMn(1−x)O@Ti is observed. 

Results on residual adherent cells onto the MOx@Ti scaffold surfaces (Fig. 6c, d) highlight 

similar behaviors to those observed in the planktonic cells (Fig. 6a, b). Results indicated that the 

CFU of adherent P. aeruginosa on ZnO@Ti and ZnxMn(1−x)O@Ti scaffolds are 2.6 ± 0.5 × 104 and 

2.2 ± 0.4 × 103, respectively, compared to 3.95 ± 1.8 × 108 of uncoated Ti scaffold (Fig. 6c). 

Notably, ZnxMn(1−x)O@Ti exhibits a decrease of adhered bacteria of five orders of magnitude 

compared to uncoated Ti (103 vs 108), while ZnO@Ti shows a reduction of four orders of 

magnitude (104 vs 108). With respect to ZnO@Ti scaffolds, the ZnxMn(1−x)O@Ti ones show one 

order of magnitude of reduction (103 vs 104). Differently, for S. aureus no colonies are observed 

on both ZnO@Ti and ZnxMn(1−x)O@Ti scaffolds (uncoated Ti scaffold 3.5 ± 0.7 × 107 CFU/mL) 

(Fig. 6d). Basically. S. aureus is completely eradicated in presence of coated scaffolds. 
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These results are in agreement with those above discussed on NP suspensions, confirming that 

(i) ZnxMn(1−x)O nanocoating display higher antibacterial activity against the two bacterial strains 

compared to ZnO NPs derivatization; (ii) Gram-positive bacteria (S. aureus) exhibit a higher 

susceptibility than Gram-negative bacteria (P. aeruginosa) for both nanocoatings. Noteworthy, 

although ZnO@Ti and ZnxMn(1−x)O@Ti scaffolds exhibit similar antibacterial activity to NPs in 

suspension, this activity is reached with a much lower amount of NPs than the colloidal solution. 

Actually, the amount of NPs that can be estimated in nanocoatings is below μg, as they can be 

roughly evaluated by the UV–vis spectra that are unmodified after the dipping process (data not 

shown). The bacterial reduction exhibited by the nanofunctionalized scaffolds of 90 % for P. 

aeruginosa and 97 % for S. aureus corresponds to MIC values for NPs in suspension of 150–

300 μg and 75–150 μg, respectively. These amounts are >3 orders of magnitude higher than NPs 

amount estimated on the coated surface. Based on the above consideration, it appears that the 

antibacterial activity of both ZnO and ZnxMn(1−x)O NPs is enhanced when integrated into the Ti 

scaffold. This improvement can probably be due to the increased availability of NPs that are spread 

in a continuous nanostructured film onto the trabecular structure of the Ti scaffold, enhancing the 

probability of surface-bacteria interaction. On the contrary, when NPs are tested in solution, they 

tend to form aggregates due to the presence of water (see above), which decreases their availability 

for the interaction of bacteria. Further experiments are ongoing in our lab to better investigate this 

aspect by assessing the antibacterial activity as a function of the surface-to-volume ratio of the 

nanofunctionalized scaffolds. 

To investigate the antibacterial mechanism, we assess the metal ions release from both ZnO@Ti 

and ZnxMn(1−x)O@Ti scaffolds according to the procedure reported in [50]. ICP MS experiments 

showed that at 24 h (the critical time for the antibacterial activity) values of 6.4 μg for Zn2+ in 
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ZnO@Ti scaffold and 6.8 μg for Zn2+ and 13 ng for Mn2+ in ZnxMn(1−x)O @Ti scaffold were found. 

This should indicate that the antibacterial effect is due to the metal ions release. In addition, we 

also evaluated the release to more long time (72 h) observing an increased release of both Zn2+ and 

Mn2+ metal ions up to 8.5 μg for Zn in ZnO@Ti scaffold and 8.3 μg for Zn and 32 ng for 

ZnxMn(1−x)O @Ti scaffold. This evidence highlights that the amount of released ions contributes 

to maintain over time the therapeutic effect. 

 

4. Conclusions 

This work presents a simple, rapid, and cheap chemical nanofunctionalization of Ti scaffolds with 

colloidal ZnO and ZnxMn(1−x)O NPs, prepared by a sol-gel method, exhibiting antibacterial 

activity. Characterization studies indicate the formation of ZnO and MnxZn1−xO NPs with a size 

around 20 nm. UV–vis, fluorescence, and Raman spectra suggest that Mn ions act as dopants in 

the ZnO lattice. Ti scaffolds are functionalized through dip coating and present a continuous film 

of NPs, producing a nanostructured surface. ZnO@Ti and ZnxMn(1−x)O@Ti display an enhanced 

antibacterial activity against Gram-positive and Gram-negative bacterial strains compared to NPs 

in solution. Actually, the bacterial reduction exhibited by the nanofunctionalized scaffolds of 90 % 

for P. aeruginosa and 97 % for S. aureus corresponds to MIC values of NPs in suspension of 150–

300 μg and 75–150 μg, respectively. These amounts are >3 orders of magnitude higher than NPs 

amount estimated on the coated surface. Additionally, ZnxMn(1−x)O@Ti shows better performance 

with respect to ZnO@Ti, reaching a complete eradication for S. aureus and a 90 % reduction for P. 

aeruginosa. This eradication can be attributed to both Zn2+ and Mn2+ metal ions release, as 

observed by ICP MS experiments that also indicate a therapeutic effect that should be maintained 

over time (72 h). To the best of our knowledge, it is the first study reported in the literature 
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describing ZnO and Mn-doped ZnO NPs nanofuctionalized Ti scaffold with improved antibacterial 

performance, paving the way for the realization of new hybrid implantable devices through a low-

cost process, compatible with the biotechnological industrial chain method. 
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