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The implant-associated infections will cause implant failure, which bring patient suffering and risk of infection
death. Once forming bacteria biofilms on implant, the resistance to antibiotics will increase hundreds of times.
However, the recent methods that endow implant with antibacterial activity, are always time-limited, process
complicated, unstable, introducing new antibacterial components with side effects and showing little effect on
mature bacterial biofilm. Meanwhile, some method may inhibit osteoblasts’ adhesion and suppress osteogenesis.
Here, we present a self-powered method of loading and accumulating negative charges on the surface of
anodized titanium implant by using a triboelectric nanogenerator (TENG). The most obvious advantage is that
TENG can harvest and transfer mechanical energy from daily human motions to electrical energy for building the
stable and long-term effective negatively charged implant surface, which effectively inhibits bacterial adhesion,
reduces bacteria number and lowers the live/dead bacteria ratio in forming and mature biofilms. Moreover, the
treated implant reveals osteogenesis promotion in MC3T3-E1 cells, without adverse side effects. Our findings
provide a promising method for energizing implant with anti-biofilm and osteogenesis promotion activity by selfpowered technology in vivo, which may also encourage new design impetus for multi-functional material as
implant and for medical devices in future.

1. Introduction
Titanium and its alloys are the widely used materials applied for
manufacturing orthopedic or dental implants owing to their good me
chanical strength, biocompatibility, and corrosion resistance [1].
Typical titanium based long-term implants are expected to serve over
ten years [2]. Over such a long service lifetime, implant-associated in
fections are one of the main causes of implant failure.
Currently, the risk of global infection in orthopedic surgery is 2%–
5% [3]. These implant-associated infections caused as planktonic bac
teria first adhere to the device surface and ultimately developed into

biofilms [4]. Bacteria in biofilms are resistant to antibiotics at levels
500–5000 times higher than those needed to kill floating bacteria [5], so
the infections are difficult to eliminate. The biofilm caused infections
always lead to poor osseointegration and implant failure. There are
numerous solutions for imparting titanium surfaces with antibacterial
properties. Common strategies such as surface modification and coating
using antibacterial macromolecules [6–8], antimicrobial peptides [9],
antibacterial metal elements [10], and antibiotics [11,12] have been
produced to introduce antibacterial properties [3]. Some of these stra
tegies interfere with the initial bacterial adhesion stage of biofilm for
mation, while others exhibit direct bacterial killing properties [13].
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However, to date, no treatment can effectively destroy biofilm or pre
vent it recurrence.
Recently, surface charge has been applied as a new antibacterial
functionalization strategy. It has been reported that both positive and
negative surface charge have the ability to inhibit the adherence of
gram-negative bacteria to the surfaces of different materials and pro
mote antibacterial efficiency [14–18]. Some studies reveal that the
antibacterial mechanism should be the surface charges can disturb the
membrane potential, which leads to irreversible damages in the mem
brane structure [19,20]. In general, cytomembrane of microorganism
contains a large number of carboxyl and phosphate groups that endow
their membrane a negative surface charge at neutral pH [21]. Therefore,
negatively charged bacteria are less likely to adhere to the negative
implant surface owing to electrostatic repulsion. It was reported that
positively charged surfaces are difficult to inhibit the formation of
bacterial biofilms in a long time, while negatively charged surfaces deter
biofilm formation more effectively even after 70 h [21]. However, a
major drawback of the existing methods for creating negatively charged
surfaces is that it is challenging to meet the demand of long-acting
bacteriostasis throughout the full life cycle of the implant. There is
therefore an urgent need for new ways of creating negative implant
surfaces that can play a long-term bacteriostatic role.
In addition to implant-associated infections, lack of initial bonebinding capacity due to the biological inert of the materials always re
sults in implant failures [22,23]. To address this problem, researchers
have tried different methods for modifying the Ti-based implants sur
faces’ structure and chemistry while maintaining their excellent bulk
properties, such as preparing bio-mimic implant surface [24,25] and
tailoring the roughness of surface [26–28]. Creating titanium dioxide
(TiO2) nanotubes on the Ti surface has been demonstrated to induce
significantly greater osteogenesis compared with unmodified Ti plates
[29]. Recently, some studies proved that stimulation by direct current
[30], pulse electric current [31], electric and electromagnetic fields [17,
18] can all promote osteoblast proliferation and differentiation [32,33].
Thus, we infer that the osteogenesis of Ti implant surfaces can be
improved by first constructing TiO2 nanotubes on the surface and then
introducing electrical stimulation. However, identifying an external
power source that satisfies the miniaturization and weight reduction
requirements for osseointegration of implantable medical devices is also
a major issue.
Advances in bioelectronics have enabled progress in the use of bodyelectric closed-loop system for treating long-term diseases [34]. In order
to solve the problem of long-term power supply for implantable devices,
some research groups have focused on the self-sustainable power source
to remove the batteries from the system, negating the periodical main
tenance service [35,36]. TENGs as self-powered electronics are getting
more and more attention in the collection and conversion of energy
produced by organisms [37–39]. The TENGs provide us an effective way
to transform mechanical energy available in our daily life but fail to take
advantage of—such as breathe, walking, vibration, eye motion, hart
beating—into electric energy [40–42]. Thus, TENGs can act as
implantable and sustainable power sources to charge medical devices. It
has been reported that the TENG has been used to collect breathing and
heart beat energy of a mouse to charge a pacemaker [43–45]. It also acts
as a pulse sensor with high sensitivity [46,47] and a wireless trans
mission device [48,49]. Although the TENG was utilized to charge ti
tanium dioxide nanotubes doped with carbon to kill bacteria, this study
was focused on the post-charging antibacterial effects proportional to
the capacitance [18]. There is no report of using of TENG to inhibit
orthopedic implant-related infections while simultaneously promoting
bone formation on the surface of the implants.
In this study, the energy generated by human daily exercise was
converted into electricity by a TENG, which produced a negative voltage
after rectification to act on the anodized titanium implants. The for
mation and development of bacterial biofilms, the destruction of mature
bacterial biofilms, and the promotion of surface osteogenesis were

systematically studied to establish the effect of the TENG negatively
charged surface. The results of this study demonstrate a new solution for
simultaneously endowing the surface of implant with antimicrobial
properties and promoting bonding between the bone tissue and the
implant, which is crucial for sustainable anti-biofilm activity and
osteogenesis of orthopedic and dental implants. This work also en
courages new design impetus for multi-functional material as implant
and for medical devices in future.
2. Experimental section
2.1. Samples and electrical stimulation device
2.1.1. Preparation of Ti-based samples
All of the pure titanium (Ti) plates were commercially available
(cpTi, grade 2, Titanium Industries, Inc.) and were cut into several plates
with a size of 4 cm � 8 cm. The TiO2 nanotubes (TNT) were prepared by
electrochemical anodization of a Ti plate in an NH4F-ethylene glycol
solution, containing H2O (10%), NH4F (0.5%), and ethylene glycol
(89.5%, Beijing Chemical Works, China). The Ti plates were ground with
abrasive paper (from 400 to 2000 grit), cleaned ultrasonically in
acetone, alcohol (Beijing Chemical Works, China), and deionized water,
and dried in nitrogen. Anodization was performed at 50 V for 3 h at
room temperature (25 � C) in a conventional two-electrode cell with a DC
power supply (IT6123, ITECH, Nanjing, China). The pure and anodized
Ti plates with TiO2 nanotubes were cut into discs with a diameter of 11
mm using a laser. Finally, the anodized discs were annealed in argon at
450 � C for 3 h. The side and back of both the unmodified Ti and TNT
discs were encased in PDMS to avoid charge loss from the back and side
of the discs. TNT discs were both used for the fabrication of TENG and
negative electrode of electrical stimulation device for experimental cell
and bacteria surface.
2.1.2. Fabrication of the TENG
Fabrication of the TENG was based on vertical contact separation.
The inner face of a polytetrafluoroethylene (PTFE) film was etched with
nanorods and the anodized inner face of the Ti foil with nanotubes was
used as triboelectric layers (Fig. 1a). Copper with a thickness of 200 nm
was magnetron sputtered onto the exterior face of the PTFE film to give
one electrode and the exterior face of the Ti foil without anodization was
used as the other electrode. The naked TENG was encapsulated in PTFE
tape and subsequently in polydimethylsiloxane (PDMS). A periodical
compressive force with a frequency of 1.25 Hz was applied to the TENG.
The open-circuit voltage, short-circuit current, and transferred charge of
the TENG were measured using an electrometer (Keithley 6517B, USA)
and a digital oscilloscope (Keithley DPO6450, USA).
2.1.3. Electrical stimulation device
Before culturing with bacteria or cells, the anodized titanium discs
were washed with ethanol and sterilized by autoclaving. To fix the Ti
and TNT discs to the 24-well plates, 3D printed supports were used,
which were connected to the anode and cathode of the TENG after
rectification by thin copper wires (Fig. 2d). The charge and discharge
properties of the device were characterized using an electrochemical
workstation (CHI660, China). The discs were kept vertical to the bottom
of the 24-hole plate to eliminate the effects of gravity on the bacteria, as
shown in Supplementary Fig. 1. The distance between the pure Ti and
TNT discs in each well was ~5 mm. In the cell experiment, the TNT discs
were placed parallel to the bottom of the 24-well plates. To ensure that
the distance between the Ti plate and the TNT plate was equal in each
hole, we used a 3D printed rod as a support between the two plates. The
device in the cell plate before stimulation is shown in Supplementary
Fig. 2.
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Fig. 1. Mode of action and mechanism of TENG in the construction of antimicrobial and osteogenesis promoting surfaces for orthopedic or dental implants. (a)
Energy harvesting points of the human body and the structure of TENG. (b) Surface morphology of Ti orthopedic implants after anodic oxidation. (c) Assumed
principle of biofilm formation inhibition and promotion of osteogenic differentiation.

2.2. Evaluation of antibacterial performance

bacteria in the solution were quantified using the colony counting
method.

The ability to prevent biofilm formation was assessed with two
model bacteria, Escherichia coli (E. coli) (CICC 23657) and Staphylococcus
aureus (S. aureus) (CICC 10384). The bacteria were cultured in nutrient
broth at 37 � C for 12 h to the logarithmic phase in a 120 rpm shaker. The
bacteria solution was then centrifuged at 8000 rpm and resuspended in
sterilizing nutrient broth to reach a concentration of 1 � 103 or 1 � 106
CFU mL 1 before being inoculated in 24-well culture plates. The samples
were divided into two groups: without stimulation (control) and with
TENG stimulation (TENG).

2.2.3. Colony counting method
The bacterial solution was centrifuged at 8000 rpm, resuspended in
PBS, and then uniformly inoculated in solid medium plates after
gradient dilution. Two plates were used at each concentration, and
colony counting was conducted after 24 h of culture in a constant
temperature incubator at 37 � C. To measure the bacteria on the TNT
discs, each TNT disc was pressed five times onto a dish, then the dish was
incubated for 24 h to count the colonies.

2.2.1. Effect of TENG stimulation on the initial bacterial adhesion and
maturity
After different periods of stimulation (1, 2, 3, and 4 h) with an initial
concentration of 1 � 103 CFU mL 1, the bacteria on the surface of the
TNT disc and in solution were quantified using the colony counting
method. After stimulating for 2, 4, 8, 24, 48, and 72 h with an inocu
lation concentration of 1 � 106 CFU mL 1, the biofilm formed on the
TNT was semi-quantified using crystal violet staining. In addition, the
morphology and distribution of the biofilms formed on the TNT were
observed by scanning electron microscopy (SEM) and confocal laser
scanning microscopy (CLSM).

2.2.4. Crystal violet staining
The TNT discs were rinsed with PBS three times to remove plank
tonic bacteria, and fixed with anhydrous methanol (Beijing Chemical
Works, China) for 10 min. The methanol was removed with a pipette and
then the discs were stained with crystal violet solution (0.1%, Solarbio,
China) for 15 min. The discs were then gently washed with running
water and immersed in ethanol (95%) for 15 min to dissolve the stained
biofilms. The optical density value was measured at 570 nm.
2.2.5. Morphology observation using SEM
At predetermined time points, half of the TNT samples were taken
out, rinsed three times with PBS, fixed with glutaraldehyde (2.5%) at 4
�
C overnight, and dehydrated in a series of ethanol solutions (50%, 70%,
80%, 90%, and 100%) for 15 min successively, and in anhydrous ethanol
a further twice. The samples were then dried, platinum coated, and
scanned using SEM.

2.2.2. Effect of TENG stimulation on the elimination of formed biofilms
The bacteria were inoculated in 24-well plates at a concentration of
1 � 106 CFU mL 1 and cultured for 24 h. There was one TNT disc in each
well. The TNT samples were then taken out and rinsed gently before
being put into new wells with sterilized nutrient broth. After treating
with antibiotics (AB, penicillin for S. aureus and streptomycin for E. coli),
TENG stimulation, or AB combined with TENG for 24 h, the samples
were assessed using crystal violet staining or LIVE/DEAD staining. The

2.2.6. LIVE/DEAD staining
The other half of the samples were also rinsed with PBS three times,
and stained with LIVE/DEAD dye solution for 15 min before being
3
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Fig. 2. Working principle and output signals of TENG and the whole experimental device. (a) Surface microstructure of the friction layers and general appearance of
TENG. (b) The working mode of contact-separated TENG. (c) The open-circuit voltage, short-circuit current, and charge quantity of TENG. (d) Schematic diagram of
experimental devices, and (e) capacitive character of the pair of the discs in each well.

observed with CLSM. The dye solution contained the same amount of
SYTO 9 and PI. Live bacteria stained with SYTO9 show green fluores
cence, while dead bacteria stained with PI show red fluorescence. The
amounts of live and dead bacteria were expressed by average fluores
cence density, which was analyzed by ImageJ software.

CCK-8 assay. After treatment for 1, 3, 5, and 7 d, the medium was
replaced with fresh medium containing CCK-8 solution (10%) and the
samples were incubated for 3 h. The optical density was determined on a
multimode reader (Bio Tek, USA) at 450 nm. At the 5 d stimulation time
point, half of the Ti/TNT discs with cells on the surface were fixed with
paraformaldehyde (PFA, 4%) for 10 min, permeabilized with Triton X100 for (0.5%) 10 min, blocked with BSA (1%) for 30 min at 37 � C,
stained with phalloidin-fluorescein isothiocyanate (FITC) (Sigma, USA)
for 40 min at room temperature, and then stained with propidium iodide
(PI) (Sigma, USA) for 15 min. PBS was used to remove excess reagents.
Finally, the Ti/TNT samples were observed by CLSM. Other Ti/TNT
discs were fixed with glutaraldehyde (2.5%) at 4 � C overnight, dehy
drated in a series of ethanol solutions (50%, 70%, 80%, 90%, and 100%)
for 15 min successively, then the samples were dried, platinum coated,
and scanned by SEM.

2.3. Evaluation of cell performance
MC3T3-E1 cells were obtained from the American Type Culture
Collection (ATCC). The cells were cultured and expanded in α-MEM
medium (Hyclone, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco) and 1% penicillin-streptomycin solution (100 � , Solarbio,
China).
2.3.1. Cytotoxicity and proliferation
MC3T3-E1 cells in the logarithmic growth phase were harvested,
centrifuged, and resuspended in sterilized fresh α-MEM medium at a
density of 1 � 104 cells mL 1. After adherence to the Ti or TNT discs in
the 24-well culture plates, the samples were divided into four groups,
including samples without stimulation (Ti and TNT), negatively charged
TNT samples stimulated by TENG (TENG ), and positively charged TNT
samples stimulated by TENG (TENGþ). Ti discs were used as the basic
blank control. The cell viability and proliferation were measured by

2.3.2. Osteogenesis
MC3T3-E1 cells in the logarithmic growth phase were incubated in
24-well plates with one TNT disc in each well at a density of 2 � 104 cells
mL 1. After 48 h, the medium was replaced by fresh α-MEM medium
supplemented with 10% FBS, 1% penicillin-streptomycin solution (100
� ), dexamethasone (0.1 mM, Sigma, USA), β-glycerophosphate (2.5 M,
Sigma, USA) and L-ascorbic acid (50 mM, Amresco, USA). The cells were
4
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treated in the following groups, no stimulation (TNT), TENGþ, and
TENG . After 7 d, the cells were harvested with RIPA lysis buffer
(Solarbio, China), centrifuged at 12,000 r/min for 5 min at 4 � C. The
amount of total protein in the supernatant was quantified using a BCA
Protein Assay Kit (Thermo, USA), and the activity of alkaline phospha
tase (ALP) was detected using an ALP assay kit. After 21 d, the samples
were rinsed twice with PBS, fixed with formalin (10%) for 10 min,
stained with alizarin red S (0.2%) for 5 min, and observed by inverted
microscopy.

thus effectively promoting the integration of the implant surface and
bone tissue. The surface of orthopedic titanium implants can be treated
by anodic oxidation to create a TiO2 nanotube layer on the surface of Ti.
Fig. 1b shows the microstructure of the surface of an anodized titanium
plate that was used in this study. The nanotubes were approximately
100 nm in diameter and approximately 2 μm in length.
In light of the above considerations, we put forward the hypothesis
(Fig. 1c) that under the constant stimulation of a TENG, the negative
charge would enrich the surface of anodized titanium to repel or kill
adherent bacteria, which also have a negatively charged membrane. By
using the mechanical energy generated by the human body—but not
effectively used—combined with this new electrical power generation
device, it is hoped that the formation of bacterial biofilms can be pre
vented, formed bacterial biofilms can be destroyed, the osteogenic
ability of the implant surface can be promoted, and the loosening of the
prosthesis can be prevented.
Fig. 2a exhibits the microstructure of the triboelectric layers of the
TENG. The upper right image shows the nanorods on the PTFE plate, and
the lower left image shows the TiO2 nanotubes on the Ti plate. The size
of the naked TENG we used was 1.6 cm � 1 cm, and became 2.6 cm � 2
cm after encapsulation, which is shown in the lower right picture of
Fig. 2a. Fig. 2b illustrates the working principle of the TENG. The system
operates by employing the coupling effects between triboelectrification
that arise from contact and separation between the PTFE layer and TiO2
layer. The power generation comes from the triboelectric effect that
induces electrostatic charges on the surface of the triboelectric materials
and results in electron flow between the electrodes. In the initial state,
the system has no electric potential difference because there is no
generated or induced charge. The introduction of external force to the
system causes the triboelectric layers to come into contact, and charge
transfer occurs as a result of triboelectrification. Fig. 2c shows the
characteristics of the electrical signals generated using our TENG,
including open-circuit voltage (12 V), short-circuit current (0.15 μA),
and transferred charge (5.3 nC). The fatigue testing showed that the
stable output voltage was maintained in 1 � 106 cycles (Supplementary
Fig. 4.), which demonstrated the TENG used in this study has excellent
stability and durability. The devices used in this electrical stimulation
system and their interconnection are shown in Fig. 2d, and include a
TENG, a rectifier, and some discs immersed in the medium culturing the
bacteria or cells. Notably, the system in this research was designed to
avoid the flow of exogenous current to the medium, which means the
system behaves as a capacitive coupling device. The capacitive character
of the target TNT discs was characterized by an electrochemical work
station as shown in Fig. 2e, which shows that it had good capacitance. It
has previously been reported that the application of constant cathodic
potentials to titanium significantly improves the antibacterial efficiency
for the eradication of bacteria attached to the metal surface [51].
However, the specific focus of this study is whether the electrical signal
produced by the TENG has similar or even better antibacterial effect.

2.4. Statistical analysis
The data were evaluated by a one-way analysis of variance
(ANOVA). The data are shown as mean � SD (n ¼ 3) and P < 0.05 was
considered statistically significant. The statistical analysis was per
formed with IBM SPSS Statistics (Version 19.0, IBM Corp., Armonk, NY,
USA).
3. Results and discussion
3.1. Performance of the experimental device
Implant-related infections often accompany the full life cycle of
material implantation. The effective life cycle of many titanium alloy
prostheses is 10–15 years. Avoiding bacterial colonization and pre
venting individual bacteria from developing into bacterial biofilms
during such long service cycles is a clinical problem that has not yet been
solved. It has been reported that most bacteria have negative surface
charge at physiological pH [50], which introduces the possibility of
electrostatic repulsive forces between the negatively charged bacteria
and a negatively charged surface. Thus, bacterial adhesion on the sur
face of the material can be repelled. In addition, it has been shown that
negatively charged surfaces not only inhibit the formation of bacterial
biofilms [51], but also encourage bone marrow mesenchymal stem cell
(BM-MSC) activity and osteogenic differentiation [52]. However, one of
the main factors affecting the clinical application of electrical stimula
tion technology is the continuous generation of electric charge on the
surface of titanium-based implants. General power sources have a
limited service life; therefore, it is necessary to find new power supply
equipment to charge the surface of the Ti-based implant.
There are several energy harvesting points in the human body for
TENGs to capture kinetic energy and convert it into electricity as shown
in Fig. 1a. The design of TENG should depend on the location of the
implant. The TENG suitable for adhesion to joints can be prepared by
referring to the methods in other studies [42,53]. By adhering or
implanting TENG onto/into one or more sites that experiences constant
movement, it can continuously release electrical charge to the implant
surface. For titanium artificial joints, the hip joint handle can be used as
the cathode of the device used in this study, and the metal plate in the
external fixation device may acted as the other electrode. For other or
thopedic implants, such as a titanium plate, the plate itself can be used as
the cathode, and the metal plate in the opposite side or the external
fixation device can be used as the anode. The detailed design should be
established according to the shape and implant-position of the implants.
However, Ti is a good conductor of electricity, therefore the charge
injected into Ti implants can rapidly flow into the surrounding body
fluid, which is also a good conductor. It is therefore difficult to accu
mulate charge on the surface of Ti-based implants to contribute to
anti-infection activity. Anodizing the surface alters the elemental
composition to TiO2, which is not a conductor without specific stimu
lation. This prevents the charge injected into the titanium metal from
transferring so rapidly to the body fluid, as it partially accumulates on
the surface of the titanium dioxide nanotubes, endowing them with
antibacterial function. Additionally, it has been shown that the forma
tion of titanium nanotube arrays on Ti surfaces by anodic oxidation can
promote osteoblast adhesion, proliferation, and differentiation [54],

3.2. Effect of TENG stimulation on the initial bacterial adhesion
Gram-positive and gram-negative bacteria are two kinds of patho
gens known to form biofilms on the surface of titanium implants, and
there are growing concerns over the prevalence of these often antibiotic
resistant pathogens being isolated from infected orthopedic implants
[55–58]. Therefore, in this study, gram-positive S. aureus and
gram-negative E. coli were selected to evaluate the inhibitory effect of
TENG stimulation on both of these kinds of pathogens.
In a pilot study, we compared the antibacterial effects of negatively
charged pure Ti and TNT discs at 2 and 6 h, and the result is given in
Supplementary Fig. 3. This preliminary result shows that the antibac
terial rate of negatively charged TNT was clearly higher than that of the
stimulated pure Ti. This may be owing to the pure Ti sheet being con
ducting, whereas the anodized Ti acted as a parallel-plate capacitor, in
which case the negative charge was retained on the surface of the TNT.
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groups in the first 2 h, but without statistically significant differences.
This is likely because 2 h is insufficient time for the bacteria to form a
biofilm. In addition, short-term contact is not expected to help to kill the
bacteria [21]. However, after charging for 4 h, the number of bacteria
adhered to the samples in the TENG group was much lower than for the
control samples for both E. coli and S. aureus (p < 0.05). The E. coli was

Therefore, in the following experiments, we only detected the effects of
TENG stimulation on TNT discs.
Fig. 3a shows the result of the crystal violet staining of E. coli and
S. aureus biofilms on the surface of TNT discs with or without TENG
stimulation for 2 and 4 h. The quantity of bacteria on the surface of the
TNT discs in the TENG groups was slightly lower than that in the control

Fig. 3. Effects on biofilm formation on the surface of TNT in the early contact stage (2–4 h). (a) The quantity of bacteria on the surface of TNT after 2 and 4 h was
quantified by crystal violet staining (*p < 0.05). (b) Bacterial morphology on the TNT was observed by SEM after 4 h. (c) The distribution of bacteria on the TNT after
being treated for 4 h was revealed by SYTO 9/PI staining, and (d) the ratio of live/dead bacteria. (e) The bacteria adhered to the surface and (g) bacteria in the culture
medium were assessed using the colony counting method and the comparison results are shown separately in (f) and (h). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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reduced by ~46% and the S. aureus was reduced by ~40%. Further
results of both SEM (Fig. 3b) and SYTO 9/PI (Fig. 3c) staining further
confirmed that the number and density of bacteria for the TENG charged
group were lower than those of the control group. Additional statistics
were carried out on the proportion of live/dead bacteria and the result is
shown in Fig. 3d. Compared with the control group, the proportion of
live bacteria decreased significantly in the TENG groups. This observa
tion revealed that in addition to repelling bacteria, the negative charge
accumulated on the surface of the TNT disc also had the function of
killing bacteria. There is no clear mechanism for the antibacterial ac
tivity of electrical stimulation, possible reasons for the observations
include formation of electrolysis products (such as H2O2, oxidizing
radicals, and chlorine molecules), oxidation of enzymes and coenzymes,
membrane damage leading to the leakage of cytoplasmic constituents,
reduced bacterial respiratory rate, and the introduction of an extra force
to stimulate bacterial detachment [59].
To further verify the effect of TENG charging on the inhibition of the
initial adhesion of bacteria on the surface of a TNT disc, we quantified
the CFU of E. coli on the surface of TNT by pasting discs at five different
positions in each bacterial Petri dish (Fig. 3e). The number of colonies
after 1, 2, 3, and 4 h were counted and the result is summarized in
Fig. 3f. Neither the control group nor the TENG charged group had
colonies in the Petri dish within the first 2 h. There were only a few
individual bacteria on the surface in the first 2 h, and the bacterial
biofilm may not yet have formed, which is consistent with the result of
crystal violet staining. 3 h later, only one colony appeared on the Petri
dish in the TENG charging group, while 18 colonies were present in the
control group, which was a statistically significant difference. 4 h later,
the number of colonies in the control group was approximately 5 times
that of the TENG stimulation group. All of the above results support the
finding that the negatively charged surface produced by TENG charging
clearly inhibits bacterial adhesion, which helps to delay the formation of
bacterial biofilms.
The couple of TNT and Ti discs can be considered as a parallel-plate
capacitor, then the capacitance increased as the greater charge storage.
Because the potential is applied to the cathodic of flat band potential,
excessive negative charges gathered at the electrode interface. Accord
ing to Hong and Brown’s hypothesis [60,61], as a bacteria with func
tional polar groups exhibits a negative charge surface, electroneutrality
requires the opposite charges in the space between the two surfaces. A
wave of recent researches have indicated that the electric field generated
at polarized electrodes gives rise to hydrated ions to move away from the
surface creating an electro-osmotic fluid flow which mechanically dis
rupts adherent biofilms [59,62,63]. Besides, electrodes can disrupt the
charge distribution within the extracellular matrix secreted by bacteria
of an adherent biofilm and alter the transport ions and other charged
moieties within the biofilm [64].
In addition to the effect of TENG stimulation on biofilm formation on
the implant surface, we were also interested in its effects on the bacteria
in the tissue fluid around the implant. Therefore, we also measured the
change of bacterial number in the culture medium during the first 4 h,
and the results are shown in Fig. 3g and h. We found that TENG charging
only affects the implant surface but not planktonic bacteria in solution.
Combining the results from Fig. 3a–f, we can conclude that even
when TNT discs are exposed to very high concentrations of bacterial
solutions, TENG stimulation can delay biofilm formation by preventing
the bacteria from adhering to the TNT samples and kill some of the
bacteria. Because the concentration of bacteria in tissue and blood is
much lower than that used in our experiment, we infer that TENG can
effectively inhibit the formation of biofilms by acting on the surface of
anodized titanium alloy implants.

not form until 2 h. However, continuous colonies appeared on the sur
face of the samples in the control group after 4 h, which indicated the
initial formation of biofilms. In contrast, only a few sparse colonies
adhered to the surface of the samples in the TENG charged group and
there was no biofilm formation. Through the work in this section, we
attempted to reveal the impact of TENG charging on the process of
biofilm formation to maturation, including the changes in biofilm
morphology, the number of bacteria, and the proportion of live bacteria
in the process. The first 3 days are critical for biofilm formation, and as
such we detected the changes in bacterial biofilms from 2 h to 72 h.
Fig. 4a shows the results of semi-quantified analysis of the crystal
violet staining of the two model bacteria on the surface of different
samples at different time intervals. Statistical analysis showed that the
OD value increased approximately three times for E. coli and five times
for S. aureus in the control group, while the OD value increased by less
than twice for both bacteria in the TENG charging group. Meanwhile,
the number of bacteria on the surface of the TENG charging group was
significantly lower than that in the control group at different time in
tervals, indicating that the growth rate of bacteria on the surface of the
TNT disc was significantly inhibited by the negative charging of the
TENG. After 72 h of continuous charging, the antibacterial efficiency for
E. coli reached 72% and that for S. aureus reached 65%.
SEM was used to observe the bacterial density and distribution on the
surface of the TNT discs. Although the SEM images in Fig. 4 d show that
the bacteria adhering to the TNT increased with time, whether they were
charged or not, the biofilms formed on the non-charged samples were
more continuous and thicker than those on the TENG charged discs as
time progressed. For both the gram-positive bacteria S. aureus and gramnegative bacteria E. coli, the bacterial density of the TENG group at the
same observed time point was significantly lower than that of the con
trol group, as the figures show, indicating that TENG stimulation played
a more significant inhibitory role on E. coli than on S. aureus. In addition,
both E. coli and S. aureus showed a sparse colony distribution, even in the
TENG charged group after 72 h, however a continuous biofilm formed
after only 4 h in the control group. This result shows that the formation
time of a continuous bacterial biofilm can be significantly extended after
the surface is negatively charged by TENG.
To further understand the changes in bacterial density, live/dead
ratio in the biofilm, thickness of the biofilm, and distribution of bacteria
as a function of TENG charge, we stained the live and dead bacteria on
the surface and observed the samples using laser confocal microscopy.
The results are shown in Fig. 4c. The proportion of live/dead bacteria
was calculated and the result is shown in Fig. 4b. Statistical analysis
showed that after 72 h of TENG stimulation, the live/dead ratios of
E. coli and S. aureus were approximately 20% and 40%, respectively,
while they were 55% and 63% in the control group, respectively, illus
trating that the proportion of viable bacteria decreased significantly
under TENG stimulation. The 3D images of the biofilm on the sample
surface are also shown in Fig. 4c, which clearly indicates that there are
significant differences in the bacteria amount and live/dead ratio be
tween the TENG charging and the control group. Thus, negative TENG
charging not only reduced the total number of bacteria adhered to the
surface, but also reduced the proportion of living bacteria, which
demonstrated that the negatively charged TNT surface not only repels
bacteria, but also kills them. Again, we observed that the negative sur
face produced by TENG charging was more effective in inhibiting gramnegative bacteria than gram-positive bacteria. This may be the result of
the cell wall of gram-positive bacteria (20–80 nm) being thicker than
that of gram-negative bacteria (10–15 nm) [65], so they are more
difficult to destroy under the action of electric charge [66,67].
Combining the results of crystal violet staining, SEM, and confocal
laser scanning images (Fig. 4a–c), we found that in the TENG charging
group, the amount of bacteria and the ratio of live/dead bacteria
changed little from the biofilm initially formed to the end of our
observation, indicating that the biofilm had matured. Meanwhile the
number of these two bacteria in the control group increased

3.3. Effect of TENG stimulation on biofilm maturation
From the results in section 3.2, we learned that in both the TENG
charged and control groups, the biofilms on the surfaces of samples did
7
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Fig. 4. Anti-biofilm formation effects at different time points (2–72 h). (a) Crystal violet staining analysis of both groups at different points was assessed by
microplate reader at 570 nm. (c) LIVE/DEAD staining images of E. coli and S. aureus on the TNT discs treated with TNT control, and TENG stimulation, and (b) Ratio
of live and dead bacteria on the surface of TNT discs. (d) SEM images of E. coli and S. aureus on the surface of TNT discs. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

8

R. Shi et al.

Nano Energy 77 (2020) 105201

continuously over 72 h, indicating that the bacterial biofilm was still in
the process of development. All of the above results demonstrated that
the negative charge on the TNT discs introduced by TENG accelerated
the maturation of the bacterial biofilm, and effectively reduced the
number of bacteria and the proportion of living bacteria in the biofilm.

bacteria, the TENG stimulation group showed a significant decrease
when compared with the control group. Compared with the control
group, the proportion of living bacteria on the surface of the samples in
the TENG charged group decreased from 60% to 20% for E. Coil and 30%
for S. aureus. Antibiotic intervention had no effect on the total number of
surface bacteria, but slightly reduced the proportion of living bacteria.
When TENG was combined application with AB, the effect of their
combination on surface bacteria was similar to that of TENG alone,
which further indicated that antibiotics had little effect on biofilms, but
TENG significantly reduced the number of bacteria and the proportion of
live bacteria on the surface.
Summarizing the above results, the AB were effective for killing the
planktonic bacteria, however it was difficult to detach biofilms from the
plate surfaces with AB. In contrast, TENG stimulation was able to kill
most of the bacteria in the biofilm. This study reveals a new way of
treating biofilm related infection. It can be predicted that this TENG
produced electrical charging method would be supplied as an assistant
treatment with widespread antibiotic therapy. It can not only destroy
bacterial biofilms formed on the implant surface effectively, but also kill
the planktonic bacteria released into the surrounding tissues and pre
vent the formation of new bacterial biofilms through the combination
method. Currently the most effective clinical treatments for dealing with
implant-related infections invariably use of antibiotics, this study gives a
new choice to combine the TENG charging method with antibiotics,
which will make this technology a more clinically relevant therapeutic
approach.

3.4. Effect of TENG stimulation on the elimination of formed biofilms
We have learned that it is difficult to destroy mature biofilms even
with high concentrations of antibiotics because of the protective effect of
the biofilm itself on the bacteria. Moreover, the formed bacterial biofilm
continuously releases bacteria into the surrounding environment.
Therefore, it is necessary to find new techniques to effectively destroy
already formed bacterial biofilms, in order to reduce the risk of persis
tent infection introduced by implants. Therefore, we also studied the
effect of TENG electrical stimulation on damaging mature biofilms and
the bacteria release profile from the biofilms. The effects of using anti
biotics (AB) alone and the combination of TENG and AB were compared
with those of using TENG alone.
First, bacteria were cultured with TNT discs without charging for 24
h to form mature biofilms on the surface. The time was selected ac
cording to the results in section 3.3. Then, the samples were charged for
another 24 h to assess the impact of TENG charging on the already
formed biofilm, as well as the planktonic bacteria in the culture medium.
This procedure is illustrated in Fig. 5a. Fig. 5b and c showed the effect of
TENG, AB and their combined utilization on the number of bacteria
released from the formed bacterial biofilm. The images in Fig. 5b
directly showed the colonies of bacteria on agar plates in different
groups, while Fig. 5c gave the statistical counting results of the colony
(CFU/mL) in the culture medium among different groups. Compared
with the blank control group, the number of bacteria released into the
culture medium in the TENG stimulation group decreased significantly,
which may be a result of the amount of live bacteria in the biofilm on the
TNT discs in the TENG group being less than that in the control group,
leading to a decrease in released bacteria. The results also showed that
the antibiotics (AB) kill most of the corresponding sensitive bacteria in
the culture medium, but TENG stimulation did not show a significant
effect on planktonic bacteria (Fig. 5b and c), which illustrates that
negative charge had only a contact repelling interaction or killing effect
on bacteria while AB played a key role in killing planktonic bacteria.
Furthermore, when TENG and AB were used in combination, the number
of bacteria both on the surface and culture medium decreased
significantly.
We further semi-quantitatively studied the changes of the bacterial
biofilms on the surfaces of TNT discs with different treatments. The OD
values of crystal violet staining are given in Fig. 5d. Compared with the
control group, the bacteria on the surface of the samples in the TENG
charged group decreased by ~70%, however there was no significant
difference between the AB and the control group.
In the AB and TENG combined using group, the number of bacteria
on the surface markedly decreased when compared with the group only
treated with AB, however the result was very close to that observed for
samples only treated with TENG. This result further demonstrated that
TENG stimulation played a significant role in destroying the bacteria on
the surface of the material, while antibiotics showed little effect on the
bacteria that were protected by the biofilm. It is well known that anti
biotics alone have a weak effect on biofilms, which means that implantassociated infections are difficult to control and treat, and misuse of
antibiotics can lead to the emergence of drug-resistant bacterial strains
[68]. According to this study, TENG stimulation exhibited a significant
effect on promoting the detachment of biofilms.
To further understand the effect of TENG stimulation on the pro
portion of viable bacteria in a biofilm, we stained the samples with
fluorescent dyes. The images are shown in Fig. 5f and the calculated
result for the live/dead bacteria ratio is shown in Fig. 5e. Interestingly,
regardless of the total amount of bacteria and the proportion of living

3.5. Effect of TENG stimulation on MC3T3-E1
Bioelectricity is an important biological signal in the function of all
living organisms. Therefore, external electrical stimuli is also proved to
be an attractive guiding signal for affecting cell behavior and further
promoting tissue regeneration [69]. The capacitively coupled electric
field [70] and the biphasic current stimulation system [71] have been
shown to be effective methods of promoting bone fracture healing, and
enhancing the proliferation and differentiation of precursor cells or stem
cells. The purpose of this study is to verify the effect of the continuous
negative charge generated on the surface of oxidized titanium-based
implants on the behavior of preosteoblasticMC3T3-E1 by transforming
the force generated by normal human activities into electricity through
TENG.
The morphology of MC3T3-E1, which adhered to surfaces in all
groups, was observed by SEM, as shown in Fig. 6a. MC3T3-E1 cells
spread well on all of the samples. Notably, the cells on the pure Ti and
TNT discs without electrical stimulation retained their original shape
after culturing for 5 days, whereas those on the TNT discs stimulated by
TENG exhibited more and longer filopodia than other groups. Fluores
cent staining was utilized to show the cytoskeleton of MC3T3-E1 cells
(Fig. 6b). The cells on the surface of TNT with or without TENG stim
ulation exhibited a greater spread with a larger distribution of the actin
cytoskeleton than those on the Ti discs. Moreover, more connected actin
fibers, which are beneficial to intercellular communication, could be
seen around the cells in both the TENGþ and TENG groups.
The viability and proliferation of pre-osteoblast MC3T3-E1 were
evaluated by CCK-8 assay and the result is shown in Fig. 6c. The pro
liferation and differentiation of cells on pure Ti, TNT, TENG (nega
tively charged TNT surface), and TENGþ (positively charged TNT
surface) discs were good. The formation of nanotube arrays by surface
anodization can significantly promote cell proliferation. It is believed
that the increase of surface roughness and specific surface area are the
main reasons according to other reports [72,73]. However, there were
no significant differences between the OD values for the TENG charged
and other groups, whether the surface of TNT was positively or nega
tively charged (p > 0.05). This result effectively demonstrates that
electrical stimulation generated by TENG was harmless to MC3T3-E1.
ALP activity is an impotent marker that reflects the differentiation
9
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Fig. 5. Effects of TENG, AB and their combined utilization on the bacteria release from the pre-formed biofilms and elimination of formed bacterial biofilm on the
surface of TNTs. (a) Experimental processes before colony counting. (b) Images of colony counting by use of different culture medium. (c) Statistical counting results
of the colony (CFU/mL) in the culture medium. (d) OD values of crystal violet staining analysis of E. coli and S. aureus biofilms treated with TNT control, TENG
charging, AB, and their combined utilization after 24 h *p < 0.05 compared with control group, #p < 0.05 compared with AB group. (f) LIVE/DEAD staining images
of bacteria on the surface of TNT discs and (e) the ratio of live and dead bacteria by analysis of average fluorescence intensity in Fig. 5(f). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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R. Shi et al.

Nano Energy 77 (2020) 105201

Fig. 6. Effects of TENG on MC3T3-E1 proliferation and osteogenic differentiation. (a) SEM images of MC3T3-E1 on different surfaces, (b) Phalloidin (red) and
Hoechst 33,258 (blue) staining of F-actin and nuclei of MC3T3-E1 cells, respectively, after treating for 5 days. (c) CCK-8 analysis of MC3T3-E1 treated with Ti, TNT,
TENG (negatively charged Ti/TNT surface), and TENGþ (positively charged Ti/TNT surface). (d) ALP activity test of the cells treated with TNT, TENG , and TENG
þ after 7 days. (e) Calcium deposits with alizarin red staining of MC3T3-E1 after treatment for 21 days. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

level of osteoblasts. After being cultured for 7 days on the TNT discs with
or without TENG charging, MC3T3-E1 cells were harvested and the ALP
activity of these cells was detected. As shown in Fig. 6d, there is no
difference between the non-charged samples (TNT group) and the
samples with positively charged surfaces (the TENG þ group); however
the ALP activity of cells on the negatively charged surface (the TENG
group) was significantly enhanced compared with the other groups,
which indicates that the degree of differentiation of MC3T3-E1 was
higher than that in the other two groups. Calcium deposition is another

important marker of osteogenic differentiation that manifests later than
ALP secretion, thus the calcium mineralization of the cells was also
evaluated by alizarin red staining. As illustrated in Fig. 6e, there were no
significant differences in the number of calcium nodules between the
TNT and TENG þ groups, whereas the number of nodules in the TENG
group was much greater than those in the other two groups. Based on the
above study, MC3T3-E1 cells on the negatively charged surface of TNT
discs were more likely to differentiate into osteoblasts. Previous studies
indicated that osteoblasts were more active near the cathode [31,74].
11
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The mechanism may be related to the slightly alkaline environment
caused by the increasing pH level around the cathode, which has been
postulated as favorable for bone growth [30].
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4. Conclusion
In this study, mechanical energy generated by human physiological
movement was collected by a TENG and converted into electrical en
ergy, which was then transferred to the anodized titanium to construct a
negatively charged implant surface. The advantages of this self-powered
method are obvious. Without introducing any new materials, this
method shows stable and effective activities of antibacterial and antibiofilms. This negative-charged surface significantly prevented the
adhesion of gram-positive and gram-negative organisms, and inhibited
the formation of biofilms. In addition, the number of bacteria and the
proportion of live bacteria in already formed biofilms were greatly
reduced. Mature bacterial biofilms were also effectively destroyed as a
function of self-powered electrical stimulation. Meanwhile, the elec
trical signals generated by the TENG markedly promoted preosteoblast
adhesion, osteogenic differentiation and proliferation. The treated
implant reveals osteogenesis promotion in MC3T3-E1 cells, without
adverse effects. This study provides a basis for future research into the
application of TENG in orthopedics and may be important for orthopedic
or dental implants owing to the sustainable anti-biofilm activity and
osteogenesis promotion demonstrated.
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