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Abstract

Reactive oxygen species (ROS) can be used to kill bacterial cells, and thus the selective generation 

of ROS from material surfaces is an emerging direction in antibacterial material discovery. We 

found the polarization of piezoelectric ceramic causes the two sides of the disk to become 

positively and negatively charged, which translate into cathode and anode surfaces in an aqueous 

solution. Because of the microelectrolysis of water, ROS are preferentially formed on the cathode 

surface. Consequently, the bacteria are selectively killed on the cathode surface. However, the cell 

experiment suggested that the level of ROS is safe for normal mammalian cells.
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Reactive oxygen species (ROS) are chemically reactive molecules containing oxygen, such 

as peroxides, superoxide, hydroxyl radicals, and singlet oxygen.1,2 ROS are highly reactive 

molecules with unpaired electrons and are generated in normal physiological processes.3,4 

The regulation of oxidation– reduction (redox) reactions is critical to cells because it 

influences metabolic and other signal transduction pathways.5,6 When ROS generation 

exceeds the cellular antioxidant defense, cells are damaged.7,8 It is increasingly clear that the 

generation of ROS can be exploited therapeutically to develop antimicrobial agents,9,10 to 

treat cancer,11–13 and for organ transplantation.14 Ideally, antibacterial biomaterials research 

should include methods for tuning ROS production. There has been no effort to control ROS 

production on the specific surface of a functional material. To address this gap, we exploited 

the physical properties of piezoelectric ceramics to control ROS production without 

changing the material’s composition.

An electric field can trigger the micro electrolysis of water15 and subsequent production of 

ROS on the cathode surface.16,17 Piezoelectric ceramic surfaces can form a micro electric 

field after polarization under a strong DC field (ceramic electric domain along the direction 

of the electric field). Therefore, we hypothesized that polarized piezoceramics would 

produce ROS on the cathode side to permit ROS release from a particular side of the 

material in a controllable manner. Potassium sodium niobate (KNN), a lead-free 

piezoelectric ceramic, has been employed as an implant material for dental and orthopedic 

applications due to its stable piezoelectricity.18,19 Hence, we used KNN with different 

piezoelectric constants to achieve surface-selective production of ROS (Figure 1).

After polarization of KNN, a piezoelectric constant of 70 pC/N was obtained. The positively 

and negatively polarized sides were denoted KNN+70 and KNN−70. KNN+70 produced the 

largest amount of ROS, whereas KNN−70 produced a negligible amount of ROS. To verify 

ROS generation and selective release on the positively polarized side, we assessed the 

antibacterial activity of KNN with different piezoelectric constants against S. aureus using a 

plate colony-counting method.20 We observed that the bacteria were killed selectively on the 

positively polarized surface because of the selective production of ROS on this surface.

The polarization of KNN led to the formation of positively and negatively charged surfaces 

on opposite sides,21 which further attracted ions of opposite charges to form a micro electric 

field in phosphate-buffered saline (PBS) (Figure 1). The electric field disrupted the hydrogen 

bonding of H2O, producing more charged ions and free-radicals.22 Such micro electrolysis 

can further produce ROS. As shown in the electrolysis reaction (Figure 1), ROS are 

produced, including H2O2, HO2
−, and •OH.23 The ROS can kill bacteria by increasing the 

oxidative stress in the cells and the permeability of the cell membranes, resulting in the 

penetration and disruption of the bacterial cell membranes.24
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KNN was polarized under an electric field of 25 kV/cm for 30 min. to get a piezoelectric 

constants of 70 pC/N. For the polarized KNN substrate, two surfaces were studied, one 

positively charged and another negatively charged, to determine which side generated more 

ROS and thus selectively killed bacteria. KNN substrates with four different piezoelectric 

constants (10, 30, 50, and 70 pC/N) were prepared. The scanning electron microscopy 

(SEM) and energy dispersive spectroscopy (EDS) results (Figure S1) indicated that the 

polarized KNN had the same morphology and chemical composition as nonpolarized KNN. 

Hydroxyapatite (HA) was used as a control surface. Figure S2 shows the confirmation of the 

successful preparation of KNN and HA substrates by XRD analysis.

The surface potentials of nonpolarized KNN, KNN+70, and KNN−70 were 136 ± 5, 187 

± 8, and 67 ± 3 mV as determined by scanning Kelvin probe microscopy (SKPM) (Figure 

2). The surface potential was measured and calculated by averaging the data from 3 

randomly selected areas (500 nm × 500 nm) on the substrates. The surface potential of the 

three KNN surfaces increased in the order KNN−70 < KNN < KNN+70. Thus, the potential 

of the KNN surface was increased by positive polarization and reduced by negative 

polarization.

A high ROS level can increase oxidative stress in cells, resulting in damage to both the cell 

membrane and proteins. Intracellular ROS formation was measured on the polarized KNN 

using dichlorofluorescein diacetate (DCFH-DA) as a fluorescent staining probe after 24 h of 

incubation with S. aureus. Quantification of ROS in S. aureus treated with KNN samples 

(Figure 3) indicated that ROS increased when S. aureus was cultured on KNN+70. However, 

when S. aureus was cultured on KNN−70, very little ROS were detected. These results 

further support our hypothesis that piezoelectric ceramics can realize surface-selective 

controllable ROS production.

The prevailing hypothesis is that the production of ROS leads to oxidative damage to cell 

membrane and proteins, subsequently resulting in cellular death. To verify that selective 

ROS generation can lead to antibacterial behavior on selective surfaces (positively vs 

negatively polarized), the antibacterial activity of polarized KNN against S. aureus was 

evaluated using a plate colony-counting method. In the plate colony-counting test, polarized 

KNN+70 samples were compared with nonpolarized KNN, KNN−70 and blank 48-well 

plates. The positively polarized KNN surface exhibited antibacterial properties against S. 
aureus, whereas both the nonpolarized and negatively polarized KNN surfaces did not 

(Figure 4). The positively polarized KNN surface was the most effective in killing S. aureus. 

Its antibacterial ratio reached 100%, meeting the standard of medicine. The antibacterial 

results (Figure 4) were consistent with the generation of ROS (Figure 3).

An ideal antibacterial surface should only kill bacteria and not normal mammalian cells. We 

therefore performed a CCK-8 assay to detect the proliferation of mouse mesenchymal stem 

cells (MSCs) on the different KNN surfaces (Figure S3). No significant difference in cell 

proliferation was observed on the polarized KNN surface compared to HA. In addition, the 

biocompatibility of the polarized KNN surface was greater than that of nonpolarized KNN. 

Because HA is a biocompatible implant material, these results indicate that KNN + 70 is 

both antibacterial and biocompatible and that the level of ROS generated is sufficient to kill 
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bacteria but safe for normal mammalian cells.25,26 Importantly, healthy mammalian cells 

such as MSCs can survive under higher ROS stress levels.27–30 Our results further confirmed 

that the ROS levels generated on KNN+70 were sufficiently high to kill bacteria but not 

MSCs.

As shown in Figure 1, the polarization of KNN will generate microelectric fields on both 

positively and negatively charged surfaces. Because ROS tend to be preferentially formed on 

cathodes compared to anodes,17,18 ROS are expected to be produced on the positively 

polarized surface, which represents a cathode surface terminated with negative charges 

(Figure 1). Our findings confirmed this expectation, that is, the microelectric field due to the 

polarization of the piezoelectric ceramics produced ROS and hence killed bacteria 

selectively on the positively polarized surface rather than on the negatively polarized surface.

In conclusion, we have developed a new method to produce and release ROS on the surface 

of a material. The polarization of KNN results in the formation of a micro electric field on 

its surface, which in turn generates ROS and kills bacteria selectively on the positively 

polarized surface. The KNN+70 surface exhibited the most efficient antibacterial activities 

against S. aureus as well as biocompatibility comparable to that of HA. The present study 

provides new insights on controlling the antibacterial properties of a surface using 

piezoelectric ceramics without changing the material’s composition.
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Figure 1. 
Schematic illustration of the possible selective antibacterial mechanism of polarized KNN. 

After polarization, the electric domains of the piezoelectric KNN become aligned, which 

results in the distribution of positive charges on one surface and the distribution of negative 

charges on the opposite surface. Consequently, an electric field is generated around the KNN 

substrates that promotes the formation of ROS (e.g., H2O2, HO2
− and •OH) at the cathode 

surface through the reactions listed in the figure. Due to the presence of the electric double 

layer, the positive surface of KNN is the cathode of the micro electric field. Consequently, 

when bacteria are cultured on the positive surfaces (termed positively polarized surfaces) of 

the KNN substrates, they are killed by ROS. Conversely, when bacteria are cultured on the 

negative surfaces (termed negatively polarized surfaces) of the KNN substrates, they are not 

killed because of the low levels of ROS.
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Figure 2. 
SKPM study of the surface potential of (a) nonpolarized KNN, (b) KNN+70 (positively 

polarized KNN), and (c) KNN−70 (negatively polarized KNN). The 3D map combination of 

height and potential profiles illustrates that the observed potential change is not caused by 

height change. This figure shows that the surface potential of KNN is increased by positive 

polarization and reduced by negative polarization.
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Figure 3. 
Quantification of the ROS level. The DCFH fluorescence intensity was tested after different 

substrates were cocultured with S. aureus for 24 h. F and F0 are the fluorescence intensities 

of the experimental group and the positive control included in the commercial kit, 

respectively. F/F0 is the relative ROS intensity of the experimental group. The results 

demonstrate that the ROS level of KNN+70 is higher than those of the other groups (Blank, 

KNN, and KNN−70).
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Figure 4. 
(a) Antibacterial ratio of Staphylococcus aureus at a concentration of 106 CFU/mL after 

coculture with nonpolarized KNN, KNN+70 and KNN−70. The data are presented as the 

mean ± standard deviation (n = 4); (b) Bacterial colonies were grown on the different 

substrates, and counts were obtained using a standard plate counting method. The data 

revealed that the positively polarized KNN with a piezoelectric constant of +70 had good 

antibacterial properties against S. aureus, whereas KNN−70 or KNN did not have 

antibacterial properties.
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