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A B S T R A C T   

Transcutaneous implants that penetrate through skin or mucosa are susceptible to bacteria invasion and lack 
proper soft tissue sealing. Traditional antibacterial strategies primarily focus on bacterial eradication, but 
excessive exposure to bactericidal agents can induce noticeable tissue damage. Herein, a rechargeable model 
(HPI-Ti) was constructed using perylene polyimide, an aqueous battery material, achieving temporal-sequence 
regulation of bacterial killing and soft tissue sealing. Charge storage within HPI-Ti is achieved after galvano-
static charge, and chemical discharge is initiated when immersed in physiological environments. During the early 
discharge stage, post-charging HPI-Ti demonstrates an antibacterial rate of 99.96 ± 0.01 % for 24 h, preventing 
biofilm formation. Contact-dependent violent electron transfer between bacteria and the material causes bacteria 
death. In the later discharge stage, the attenuated discharging status creates a gentler electron-transfer micro- 
environment for fibroblast proliferation. After discharge, the antibacterial activity can be reinstated by recharge 
against potential reinfection. The antibacterial efficacy and soft tissue compatibility were verified in vivo. These 
results demonstrate the potential of the charge-transfer-based model in reconciling antibacterial efficacy with 
tissue compatibility.   

1. Introduction 

Transcutaneous and transmucosal implant-related infections have 
attracted wide attention. As transcutaneous implants, such as dental 
implants and external fixators, are increasingly utilized in medical 
treatments, bacterial infection at the soft tissue-implant interface poses a 
significant concern [1–3]. Transcutaneous implants penetrate through 
the intact skin or mucosa, leading to the exposure of the interior of the 
human body to foreign substances [4]. The gap between artificial ma-
terials and the skin or mucosa disrupts the skin’s natural barrier against 
pathogenic factors [5]. Following the invasion, bacteria competitively 
adhere to the surface of biomaterials, hindering the sealing of soft tissues 
[6]. Moreover, the adverse effects of bacterial infections will rapidly 
exacerbate over time, and these versatile bacteria that adhere to 

biomaterial surfaces aggregate in extracellular polymeric substances to 
form biofilms, which exhibit resistance to antibiotics and host defense 
[7]. Therefore, it is crucial to eliminate bacteria efficiently during the 
initial adhesion stage. 

Biomedical titanium and its alloy are commonly used for trans-
cutaneous implants due to their biocompatibility and good mechanical 
properties [8]. However, the absence of antibacterial activities on tita-
nium surfaces represents a major drawback, which has been addressed 
through strategies such as incorporating antibiotic agents or antimi-
crobial peptides, as well as surface modification using inorganic anti-
bacterial metal elements, graphene oxide derivatives, and antibacterial 
polymers [9–13]. A better soft tissue sealing can be a natural and potent 
barrier against bacteria [14,15]. However, achieving both optimal 
antibacterial efficacy and tissue regeneration proves challenging, giving 
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rise to a paradox. Excessive exposure to bactericidal agents that exhibit 
significant antibacterial properties has been found to induce noticeable 
tissue damage [16–18]. Therefore, to mitigate the cumulative impacts of 
prolonged exposure to antibacterial materials and provide a conducive 
environment for soft tissue repair, it is highly desirable to design 
temporal-sequence regulatable surfaces, which can kill bacteria while 
enhancing cell adhesion at the initial competitive adhesion stage, and 
then facilitating cell proliferation in the later tissue-repair stage. 

A better understanding of metabolic activity in bacterial and 
mammalian cells may inspire the design of an efficient antibacterial 
strategy at the initial contact stage. Electron transport is a fundamental 
process for the vital functions of cells [19–22]. The concept of 
contact-dependent electron transfer between bacteria and materials has 
been previously proposed in the field of microbial fuel cells [23] and, 
more recently, in prospective antibacterial research [24–26]. Theoret-
ical and experimental investigations have demonstrated that the intro-
duction of surface charges can compromise the structural and functional 
integrity of bacterial membranes [27,28]. The implementation of a 
post-charging capacitive material capable of energy storage or charge 
accumulation proves to be a straightforward bactericidal strategy [29]. 
Additionally, electrical signals play an essential role in wound healing 
[30]. Specifically, an endogenous electrical field is generated around a 
wound following skin trauma, which elicits cell migration towards the 
central region of the wound and facilitates tissue sealing [31,32]. 

Perylene polyimides containing carbonyl groups represent typical 
organic electrode materials demonstrating excellent redox stability and 
high reversible capacities [33–35]. Polyimide material has been pro-
posed for antitumor application due to its exceptional capacity and 
non-toxic nature [36]. Electron transfer is involved in conjugated aro-
matic polyimide during the charge and discharge process [37]. Modi-
fying titanium surfaces with polyimide coating can be a viable strategy 
to induce surface electron transfer, achieving potent antibacterial 

effects. The electron transfer in reversible keto-enol transformation of 
the polyimide during charge and discharge may result in renewable 
antibacterial effects. Different electron-transfer activities in early and 
later discharging stages can enable the temporal-sequence regulation. 

In this study, hydrazine hydrate-derived polyimide (HPI) synthesized 
from perylene-3,4,9,10-tetracarboxylic dianhydride is coated on tita-
nium (HPI–Ti) to design the temporal-sequence regulatable model 
described in Scheme 1A. HPI-Ti achieved reversible charge/discharge 
performances, enabling the charge, discharge, and recharge of the 
antibacterial model. The antibacterial efficacy of HPI-Ti is achieved 
through negative charging and can be repeatedly charged to restore its 
antimicrobial activity. As illustrated in Scheme 1B-C, this strategy can be 
applied to the removable abutment on titanium dental implants to 
fabricate an HPI-coated abutment with renewable antibacterial activity. 
After implantation, post-charging HPI-Ti can effectively kill bacteria 
through potent charge-transfer interaction during the early discharge 
stage while promoting cell adhesion and migration by influencing the 
expression of cell adhesion-related proteins. If bacterial infection occurs 
during use, the abutment can be removed for recharging and reinstal-
lation to enhance antibacterial activity. If there is no more bacterial 
infection, the HPI-coated modified abutment can be retained and uti-
lized to enhance soft tissue sealing by facilitating cell and tissue adhe-
sion through the electrical signals generated by its charge transfer. 
During the later discharge stage, the attenuated discharge status can 
create a milder electron-transfer micro-environment for fibroblast pro-
liferation. The antibacterial efficacy and soft tissue compatibility are 
investigated in vivo and in vitro to verify the model’s effectiveness. The 
systematic study on the rechargeable HPI-Ti presents a tactic for 
designing temporal-sequence-regulated implanted devices with 
enhanced antibacterial efficacy and soft tissue compatibility. 

Scheme 1. Schematic illustration of (A) synthesis processes for HPI, HPI-Ti, and post-charging HPI-Ti, along with (B–C) the application of rechargeable HPI-Ti for 
removable abutment on titanium dental implants. 
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2. Results and discussion 

2.1. Preparation and characterization 

The synthesis of HPI powder was initially conducted via the sol-
vothermal method, with perylene-3,4,9,10-tetracarboxylic dianhydride 
(PTCDA) serving as the primary precursor material (Fig. 1A). The FTIR 
spectrum in Fig. 1B reveals that PTCDA exhibits two broad infrared vi-
bration bands at 1771 and 1721 cm− 1, which correspond to the asym-
metric and symmetric stretching vibrations of C––O bonds. The 
characteristic peaks of the HPI diminish in this spectral region, while 
new peaks emerge at approximately 1700 and 1660 cm− 1. The redshift 
of carbonyl characteristic peaks can be ascribed to spatial and resonance 
effects associated with polymerization reactions. Additionally, a peak at 
1367 cm− 1 from HPI can be attributed to the stretching vibration of C–N 
bonds within the polyimide ring. The polymerization of HPI through the 
imide region facilitates π-electron delocalization and preserves the 
integrity of carbonyl groups, which can function as redox centers in 
electrochemical charging/discharging [35]. The X-ray diffraction pat-
terns of PTCDA and HPI are depicted in Fig. 1C, revealing sharp 
diffraction peaks at 2θ values of 11.6◦, 24.3◦ and 27.9◦ for HPI, which 
indicate its exceptional crystallinity. The well-crystalline nature can be 
attributed to the polymer segments’ rigid chain structure and high 
conjugation level [33]. 

The HPI-Ti was fabricated by spin coating with the HPI slurry 
(Fig. 1A), followed by heat treatment. A commendable binding ability of 
HPI coating was verified by scratch testing and ultrasonic peeling 
method (Fig. S1). The representative SEM image of HPI-Ti exhibits the 
characteristic narrow needle-like morphology of HPI (Fig. 1D). FTIR 
spectra are depicted in Fig. 1E, in which characteristic FITR peaks cor-
responding to HPI are observed in HPI-Ti. It indicates that HPI coating 
has been successfully fabricated on titanium surfaces, preserving its 
inherent morphology and structural integrity. 

2.2. Electrochemical properties and charge/discharge mechanism 

The electrochemical redox activity of HPI-Ti is of significant 

importance. Herein, an investigation into the charge transfer mechanism 
was conducted by recording the cyclic voltammetry (CV) curve of HPI- 
Ti. The CV curve in Fig. 2A reveals two reduction peaks at − 0.50 V and 
− 0.97 V [versus saturated calomel electrode (SCE)], indicating a step-
wise charge storage mechanism. Three oxidation peaks are observed at 
− 0.80 V (split into two peaks at − 0.84 V and − 0.79 V), − 0.30 V, and 
− 0.14 V (versus SCE), which can be attributed to charge release. 
Furthermore, the redox reaction kinetics of HPI-Ti were investigated 
using CV measurements with different scan rates (1–10 mV s− 1). As 
shown in Figs. S2a–c, slight changes in shape and peak shifts were 
observed in the CV curves at various scan rates, with b values of 0.73 and 
0.86 for the two reduction peaks, respectively, indicating a surface- 
controlled redox reaction [38]. The galvanostatic charge and 
discharge (GCD) curves are illustrated in Fig. 2B, wherein the voltage 
plateau signifies the storage and release of charges within HPI-Ti. Uti-
lizing the rechargeable nature of HPI-Ti, the post-charging HPI-Ti, 
including HPI-Ti-1 and HPI-Ti-2, were prepared, which were charged to 
different potential thresholds, − 0.7 V and − 1.0 V (versus SCE), 
respectively (Fig. S3). 

The formation of electron-carried anion and dianion (HPI− and 
HPI2− ) in post-charging HPI-Ti is reflected in Raman spectra (Fig. 2C). 
The characteristic Raman vibration modes of HPI-Ti at 1302, 1375, and 
1571 cm− 1 are observed that attributed to the aromatic core’s C–C 
stretching and C–H bending, while the vibration modes at 1302 cm− 1 

exhibit a shift to 1291 cm− 1 and 1289 cm− 1 in HPI-Ti-1 and HPI-Ti-2, 
respectively, indicating the formation of electron-carried anion and 
dianion (HPI− and HPI2− ). To be specific, the vibration mode at 1289 
cm− 1 belongs to the blended signal of HPI− and HPI2− , denoted as A’ 
(− 1, − 2); the vibration mode at 1302 cm− 1 and 1375 cm− 1 belongs to 
the HPI neutral molecules, denoted as A’ (0); the vibration mode at 
1571 cm− 1 belongs to HPI− and neutral molecules, denoted as A’ (− 1, 0) 
[39]. For HPI-Ti-1 and HPI-Ti-2, the ratio of IA’ (− 1, -2)/I A’ (0) increases 
from 0.85 to 0.89 (Table S1), ascribed to more production of HPI− and 
HPI2− . The formation of HPI anions and dianions in post-charging HPI is 
also demonstrated in UV–vis spectra (Figs. S4 and S5). 

Notably, post-charging HPI-Ti exhibits electron transfer when 
immersed in an aqueous solution. As shown in Fig. 2D, HPI-Ti 

Fig. 1. Preparation and characterization of HPI and HPI-Ti. (A) Schematic illustration of the synthesis process for HPI, HPI-Ti, and post-charging HPI-Ti. (B) FTIR 
spectra and (C) XRD patterns of HPI and its raw material of PTCDA. (D) Representative SEM images of HPI-Ti. (E) FTIR spectra of Ti and HPI-Ti. 
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underwent charging (as indicated by the initial solid curve) and was 
then disconnected from the power supply. Subsequently, it was 
immersed in physiological saline, resulting in a gradual return of the 
open circuit potential (OCP) of HPI-Ti to its pre-charged state (as 
depicted by the dashed lines). A longer period of immersion results in a 
more complete recovery of OCP (as depicted by the dashed lines). This 
phenomenon may be attributed to the conformational transition in 
polyimides [36,40]. 

Further, the reaction mechanism of the conformation transition is 
investigated through ex-situ FITR and XPS testing. The FTIR spectra are 
depicted in Fig. 2E. Peaks at 1700 and 1660 cm− 1 represent C––O 
asymmetric and symmetric stretching vibration for HPI-Ti. For HPI-Ti-1 
and HPI-Ti-2, the characteristic peaks of C––O bonds become weaker or 
even indiscernible. In contrast, for samples discharging to point 1 and 
point 2 (marked in Fig. 2B), the characteristic peaks of C––O bonds are 
gradually strengthened again, and the peaks are also observed in 

Fig. 2. Electrochemical properties, charge/discharge mechanism, and the associated surface properties. (A) Cyclic voltammetry (CV) curve of HPI-Ti in 1 M LiCl 
aqueous solution with a scan rate of 10 mV s− 1. (B) The galvanostatic charge and discharge (GCD) curve of HPI-Ti. (C) Raman spectra of Ti, HPI-Ti, HPI-Ti-1 and HPI- 
Ti-2. (D) Voltage–time curves of HPI-Ti with negative charging at 1A g− 1 after immersion in physiological saline for different durations. (E) Ex-situ FTIR spectra of 
HPI-Ti at different charging/discharging statuses marked in Fig. 2B and HPI-Ti-2 after immersion for 24 h. (F) Li 1s XPS high-resolution spectra of HPI-Ti, HPI-Ti-1, 
HPI-Ti-2, discharging HPI-Ti-2, and 24-h immersed HPI-Ti-2. (G) Open circuit potential of HPI-Ti, HPI-Ti-1, and HPI-Ti-2. (H) Optical image of the electric potential 
of HPI-Ti-2 in physiological saline. (I) The UV–Vis spectrum of the surface-catalyzed TMB colorimetric reaction of Ti, HPI-Ti, HPI-Ti-1, and HPI-Ti-2. (J) Zeta po-
tential, (K) contact angle, and (L) surface protein adsorption of Ti, HPI-Ti, HPI-Ti-1, and HPI-Ti-2. Data are presented as mean ± SD (n = 3). Statistical significance is 
indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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immersed HPI-Ti-2, which are immersed in saline solution for 24 h. The 
enolization transformation in carbonyl groups has also been proved by 
XPS measurement, as presented in Fig. S6. Li 1s XPS spectra of different 
samples are shown in Fig. 2F. Li 1s peak at 55.1 eV appears in HPI-Ti-1 
and HPI-Ti-2, and the peak area increases from HPI-Ti-1 to HPI-Ti-2, 
indicating lithium insertion during charging. The peak area of Li 1s di-
minishes in discharged HPI-Ti-2 and immersed HPI-Ti-2, showing the 
de-insertion of lithium ions during discharging and immersion. The total 
amount of lithium ions released measured by ICP-AES from HPI-Ti-1 and 
HPI-Ti-2 are 0.88 ppm and 1.31 ppm, respectively (Fig. S7). The release 
of charge carriers and conformation transition of post-charging HPI-Ti 
during galvanostatic discharge and immersion exhibit remarkable sim-
ilarities, suggesting that immersion is a chemical potential-driven 
pathway for discharge. 

To summarize, upon charging of HPI-Ti with negative current, the 
conjugated aromatic HPI molecules with carbonyl groups facilitate 
electron delocalization, resulting in the formation of electron-carried 
anions and dianions, and then stabilize through intercalation of Li+- 
ions (considered as enol-form structure, R-C-O--Li+). The “chemical 
discharging” process is activated when immersed in physiological saline. 
Li+-ions diffuse across the solid-liquid interface driven by a concentra-
tion gradient. Meanwhile, the enol-form (R-C-O-) of HPI-Ti undergoes a 
conformational transition and reverts back to its keto-form (R–C––O). 

2.3. Surface characterization 

The changes in surface properties among Ti, HPI-Ti, HPI-Ti-1, and 
HPI-Ti-2 would influence the cellular/bacterial behaviors. Firstly, as the 
chemical discharging is activated by immersion, the open circuit po-
tential (OCP) varies over time (Fig. 2G). The open circuit potential 
(OCP) of HPI-Ti-2 exhibits a rapid transition from − 0.8 V to − 0.1 V 
(versus SCE) within approximately 1000 s, followed by a decelerating 
fluctuation. Compared with HPI-Ti-2, the OCP of HPI-Ti-1 displays a 
narrower variation range, and the OCP of HPI-Ti remains essentially 
unaltered. Additionally, Fig. 2H visually illustrates the electrochemical 
activity of the post-charging HPI surface in a physiological environment 
by depicting the electric potential between HPI-Ti-2 and physiological 
saline. The UV–vis spectra of the surface-catalyzed 3,3′,5,5′-tetrame-
thylbenzidine (TMB) colorimetric reaction for different samples are 
illustrated in Fig. 2I, demonstrating no production of reactive oxide 
species on the surface. 

Subsequently, the zeta potential, surface wetting, and protein 
adsorption properties vary after charging. Zeta potential plays a crucial 
role in protein absorption and cell adhesion, and the surface potential at 
pH = 7.4 was considered as the reference value for the physical envi-
ronment. The corresponding surface zeta potentials of Ti, HPI-Ti, HPI-Ti- 
1, and HPI-Ti-2 at pH = 7.4 are − 52 mV, − 42 mV, − 37 mV, and − 30 
mV, respectively (Fig. 2J). Zeta potentials of HPI-Ti-1 and HPI-Ti-2 
exhibit a positive shift trend compared with HPI-Ti. Surface wetting 
properties were analyzed, and the results are presented in Fig. 2K. The 
water contact angle of Ti is approximately 100◦. Due to the hydrophobic 
nature of HPI, a type of perylene polyimides, the contact angle of HPI-Ti 
increases to 120◦. However, HPI-Ti-1 and HPI-Ti-2 show smaller contact 
angles, with 90◦ for HPI-Ti-1 and 60◦ for HPI-Ti-2. Furthermore, Fig. 2L 
demonstrates increased protein adsorption levels from Ti, HPI-Ti, and 
HPI-Ti-1 to HPI-Ti-2, which will promote cell adhesion. In contrast to the 
smoother surface morphology of Ti, HPI-Ti, HPI-Ti-1, and HPI-Ti-2 
exhibit a narrow needle-like morphology (Fig. S8). Therefore, the dif-
ferences in surface properties among HPI-Ti, HPI-Ti-1, and HPI-Ti-2 can 
be attributed to the conformation transition involved in the charging 
process. 

2.4. Antibacterial activity and electron transfer mechanism 

Gram-positive S. aureus and Gram-negative E. coli were chosen to 
investigate the antibacterial activity of various samples. Compared with 

Ti, bacterial colonies of S. aureus are significantly reduced from HPI-Ti-1 
and HPI-Ti-2, while lots of S. aureus colonies can still be found from HPI- 
Ti (Fig. 3A). It indicates that HPI-Ti-1 and HPI-Ti-2 show good anti-
bacterial activities against S. aureus, while Ti and HPI-Ti do not. Live/ 
dead staining was conducted to investigate the biofilm formation of 
S. aureus on various samples further. As a result, Ti and HPI-Ti exhibit 
vivid green fluorescence (Fig. 3B), indicating the accumulation of 
abundant live S. aureus to form biofilm. However, the green fluorescence 
decreases and is accompanied by red fluorescence in HPI-Ti-1. Almost 
no green fluorescence and a higher amount of red fluorescence can be 
observed from HPI-Ti-2, indicating prevention of biofilm formation on 
post-charging HPI-Ti. The inhibitory effects on biofilm formation can 
also be observed in the representative SEM images and biofilm viability 
analysis (Figs. S9a and b). The quantitative survival rates of S. aureus 
were calculated based on the agar plate count analysis, and the results 
are shown in Fig. 3C. Compared with Ti, the antibacterial rates of 
S. aureus from HPI-Ti-1 and HPI-Ti-2 groups increase, and the antibac-
terial rate of HPI-Ti-2 against S. aureus is 99.96 ± 0.01 % for 24 h, 
suggesting a remarkable antibacterial efficiency. The antibacterial effi-
cacy increases as the charging capacitance is elevated from HPI-Ti-1 to 
HPI-Ti-2. 

Relevantly, the mechanism associated with antibacterial efficacy 
against S. aureus was investigated. To begin with, an interesting 
reversible change in antibacterial activity against S. aureus is observed in 
Fig. 3D. In detail, photographs of d1, d2, d3, and d4 represent the cor-
responding bacterial agar plate of HPI-Ti, post-charging HPI-Ti, chemi-
cal discharged HPI-Ti, and recharged HPI-Ti. It suggests that the 
antibacterial activity of HPI-Ti is activated through charging, deacti-
vated after chemical discharging, and renewed upon recharging. 
Further, antibacterial rates and efficiency after coculturing with HPI-Ti- 
2 for 0, 0.5, 1, 2, and 4 h are profiled in Fig. 3E and F. The antibacterial 
rate of S. aureus in HPI-Ti-2 samples gradually increases, with the bac-
terial inhibition rate at 99.63 ± 0.13 % for 6 h (Fig. 3E). Notably, the 
antibacterial efficiency exhibits a rapid surge within the time frame of 
0.5–1 h, reaching its peak value in 1 h with an impressive antibacterial 
efficiency of 24.80 ± 2.96 % per hour (Fig. 3F). Furthermore, the most 
significant alteration of discharging potential in HPI-Ti-2 inoculated 
with S. aureus is observed during this timeframe, indicating an active 
charge transfer on its surface. Subsequently, during the 1–6 h, although 
the antibacterial rate continues to rise, the antibacterial efficiency di-
minishes, then tends to stabilize, exhibiting a pattern similar to that 
observed in potential variation, thus verifying the correlation between 
surface charge transfer and antibacterial effects. 

Furthermore, the representative SEM morphology of S. aureus 
cultured on HPI-Ti-2 for 0–6 h was investigated to capture more details 
about the interaction between S. aureus and HPI-Ti-2. As shown in 
Fig. 3G, at the beginning, S. aureus inoculated on the sample surface 
remains intact cell membrane and exhibits a spherical shape. After half 
an hour, the cell membranes of some bacteria become crumpled. More 
crumpled cell membranes can be observed for longer co-culture time, 
and significant damage of cell membranes, including cytosolic content 
leakage, membrane perforation, and curl distortion, is observed for 1, 2, 
4, and 6 h. Moreover, the damage of the bacteria membrane potentials is 
observed in the fluorescence images of the CTC assay (Fig. S10). The 
variation in total ATP amount and intracellular ROS levels is vital in 
bacterial energy metabolism. As is shown in Fig. 3H, the total ATP 
amount sharply decreases for HPI-Ti-1 and HPI-Ti-2 compared with Ti 
and HPI-Ti. The intracellular ROS levels of HPI-Ti-2 significantly in-
crease compared with the other three groups (Fig. 3I). The close inter-
action between bacteria and materials results in the impairment of 
bacterial membrane integrity, a reduction in total ATP levels, and an 
increase in intracellular ROS. Additionally, the absence of a ROS signal 
in the materials (Fig. 2I) suggests that bacterial intracellular oxidative 
stress is induced by their interaction with the post-charging HPI-Ti 
surface rather than generated by the materials. 

Compared with cocultured directly on the material’s surface, no 
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inhibition rings against S. aureus are observed in the agar diffusion assay 
of Ti, HPI-Ti, HPI-Ti-1, and HPI-Ti-2. (Fig. 3J). Moreover, S. aureus 
cocultured in the extractions from each sample is not inhibited 
(Fig. S11). These findings suggest that the release of Li+-ions and other 
potential changes in the culturing medium poses little threat to the 
survival of S. aureus, and close contact is required in the interaction 
between the bacteria and post-charging HPI-Ti. 

Similar experiments were conducted using E. coli, but the results 
differ from those of S. aureus. There is no significant difference in anti-
bacterial rate among Ti, HPI-Ti, HPI-Ti-1, and HPI-Ti-2 samples in 
Fig. 4A. Further, As presented in Fig. 4B, the total ATP amount of E. coli 
from HPI-Ti-2 shows a slightly downward trend, while changes among 
Ti, HPI-Ti, and HPI-Ti-1 groups are negligible, suggesting a limited in-
fluence on the energy metabolism of E. coli. As displayed in Fig. 4C, no 
significant changes are observed in intracellular ROS levels among all 
the samples. Lots of red and blue fluorescence can be seen in CTC 
staining fluorescence images from all the samples, indicating intact cell 
membrane potential (Fig. S12). As shown in Fig. 4D, lots of bacterial 

colonies are observed from Ti, HPI-Ti, HPI-Ti-1, and HPI-Ti-2, and green 
fluorescence can be seen in live/dead assay from Ti, HPI-Ti, HPI-Ti-1, 
and HPI-Ti-2 (Fig. S13), verifying the present post-charging samples 
exert little impact on the survival of E. coli. Why is it ineffective against 
E. coli? To enhance the antibacterial effect against E. coli, we increased 
the HPI content on titanium and charged it to − 1.0 V (consistent 
charging parameters as HPI-Ti-2). Consequently, the bacterial colonies 
reduce, and the antibacterial rates increase as the amount of HPI on 
titanium increases from 0.1 mg to 0.2 mg and 0.3 mg after charge 
(Fig. 4E and F), accompanied by inhibition of ATP synthesis and an 
accumulation of ROS (Fig. 4G and H). The differential antibacterial ef-
ficacy against S. aureus and E. coli can be attributed to the variations in 
their membrane structure and associated functions [41,42]. S. aureus is a 
type of Gram-positive bacteria with a bacterial membrane consisting of 
layers of peptidoglycan and a single-layered inner membrane (IM), 
lacking an outer membrane (OM); E. coli is a type of Gram-negative 
bacteria with a bacterial membrane consisting of the OM, the peptido-
glycan cell wall, and the IM, which is more complex than that of 

Fig. 3. Antibacterial effects against S. aureus. (A) Representative agar plate photographs of S. aureus colonies from Ti, HPI-Ti, HPI-Ti-1, and HPI-Ti-2. (B) Live/dead 
staining fluorescence images of S. aureus biofilm on Ti, HPI-Ti, HPI-Ti-1, and HPI-Ti-2. (C) Antibacterial rate of Ti, HPI-Ti, HPI-Ti-1, and HPI-Ti-2 against S. aureus. 
(D) Renewable antibacterial activity of HPI-Ti against S. aureus (d1, d2, d3, and d4 represent the corresponding bacterial agar plate of HPI-Ti, post-charging HPI-Ti, 
discharged HPI-Ti, and recharged HPI-Ti). (E) Inhibition rates of S. aureus cultured on HPI-Ti-2 for 0.5, 1, 2, 4, and 6 h. (F) Antibacterial efficiency and discharging 
potential of HPI-Ti-2 inoculated with S. aureus for various durations. (G) Representative morphology of S. aureus cocultured on HPI-Ti-2 for 0–6 h. (H) Total ATP 
amount of S. aureus from various samples. (I) Intracellular ROS levels of S. aureus from various samples. (J) Representative agar plate photographs of inhibition ring 
against S. aureus from various samples (j1, j2, j3, and j4 represent Ti, HPI-Ti, HPI-Ti-1, and HPI-Ti-2). Data are presented as mean ± SD (n = 3). Statistical sig-
nificance is indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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S. aureus [43]. 
The electron-transfer interaction between bacteria and material was 

further investigated electrochemically. As shown in Fig. 5A and B, the 
colonization of S. aureus and E. coli on the material surface leads to 
variations of peak position and peak current at − 0.5 V (versus SCE) in 
I–V curves, which remain unchanged in CV cycles of HPI-Ti-2 without 
bacteria (Fig. S14). Moreover, the bacteria-associated electrical signal in 
I–V curves is investigated in repeated tests (Fig. S15 for S. aureus and 
Fig. S16 for E. coli); compared to S. aureus, E. coli colonization leads to a 
more significant peak current variation (Fig. 5C). 

Additionally, electrochemical impedance spectroscopy (EIS) was 
conducted on bacteria-inoculated HPI-Ti-2. According to EIS Nyquist 
curves, compared to HPI-Ti-2, the radii of impedance arcs exhibit a 
slight decrease with live S. aureus (Fig. 5D) and a significant reduction 
with live E. coli (Fig. 5E). In the phase angle plot (Figs. S17 and 18), two 
peaks at approximately 0.1 Hz (corresponding to the slow mass transfer) 
and 1000 Hz (corresponding to the quick responsive electron transfer 
process) can be detected from the HPI-Ti-2, as well as HPI-Ti-2 with/ 
without bacteria (S. aureus and E. coli). Thus, an equivalent circuit model 
with capacitive elements, charge transfer resistance, and Warburg 
impedance is used to fit the EIS data of these samples (Fig. 5F), in which 
Rs represents the resistance of the electrolyte solution, Rfilm represents 
the resistance of the bacteria film, Zw represents the Warburg imped-
ance, Rct represents the charge transfer resistance between the hybrid 

film (HPI coating and the bacteria film) and the electrolyte, Qfilm rep-
resents the capacitive constant phase element of the hybrid film, and Qi 
represents constant phase element at the interface between the titanium 
substrate and electrolyte. According to the fitted results by the EIS 
equivalent circuit model, the influence of S. aureus on the electron 
transfer impedance (Rct) within HPI-Ti-2 is minor, decreasing from 
1.046 × 103 to 8.152 × 102; the electron transfer impedance (Rct) with 
live E. coli changes significantly, falling from 1.164 × 103 of HPI-Ti-2 to 
9.517 × 101 of HPI-Ti-2 with live E. coli (Tables S2 and S3). Notably, the 
presence of dead bacteria (S. aureus and E. coli) results in a reduction in 
peak current and an elevation in Rct, suggesting that only live bacteria 
contribute to the electron transfer within the material. The slight 
decrease in total ATP of E. coli observed in HPI-Ti-2 indicates that the 
metabolic activity of E. coli remains intact mainly, thereby contributing 
more electrons and resulting in a more significant electrical signal. 

Fig. 5G illustrates the interaction between bacterial and post- 
charging HPI. Bacteria accomplish the process of electron transfer in 
the respiratory chain and synthesize ATP through enzyme complexes 
located on the membrane. This intricate process involves the sequential 
transport of electrons from NADH/FADH2, coenzyme Q, and cyto-
chromes to a specific electron acceptor via enzyme complexes and their 
associated cofactors situated on or near the bacterial inner membrane 
[44,45]. In our experiments, the bacterial membrane is in contact with 
the post-charging HPI surface, where the oxygen atom with lone pair 

Fig. 4. Antibacterial effects against E. coli. (A) Antibacterial rate of Ti, HPI-Ti, HPI-Ti-1, and HPI-Ti-2 against E. coli. (B) Total ATP amount of E. coli from various 
samples. (C) Intracellular ROS levels of E. coli from various samples. (D) Representative agar plate photographs of E. coli from Ti, HPI-Ti, HPI-Ti-1, and HPI-Ti-2. (E) 
Representative agar plate photographs of E. coli cultivated with (e1) 0.3 mg HPI-Ti, (e2) 0.1 mg charged HPI-Ti, (e3) 0.2 mg charged HPI-Ti, and (e4) 0.3 mg charged 
HPI-Ti. (F) Antibacterial rates, (G) total ATP amount, and (H) intracellular ROS levels of E. coli with increasing HPI content on titanium corresponding to the samples 
in Fig. 4E. Data are presented as mean ± SD (n = 3). Statistical significance is indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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electron in enol-form π-conjugated HPI molecular is electron with-
drawing, thus altering the normal ET pathway marked by blue dash 
arrows to the ones shown by red arrows in Fig. 5G. Further, the snatched 
electrons are delocalized through the π-conjugated electric channel 
triggered by the enol-keto transition, enter the Ti substrate, and produce 
electrical signals observed in Fig. 5A and B. Consequently, the impaired 
transmembrane transport of substances and energy in bacteria leads to 
membrane stress, followed by inhibited adenosine triphosphate (ATP) 
synthesis and intracellular reactive oxygen species (ROS) accumulation. 

2.5. Fibroblast response 

Fibroblasts undertake essential roles in soft tissue integration. 
Accordingly, we paid close attention to the influence of various samples 
on human gingival fibroblasts (HGFs) response. Cell adhesion in the 
initial stage of biomaterial-host cell interaction plays a considerable role 
and will influence the following cell behaviors: proliferation, migration, 
and differentiation. Fig. 6A shows the initial cell adhesion of HGFs on 
various samples. After 1 h, HGFs on the surface of all the samples show a 

round morphology with few cells starting to spread out, and HGFs on 
HPI-Ti-2 show better adhesive behavior and the largest spreading area 
than the other groups. After 4 h, the spreading area of HGFs extends, and 
cell morphology differs among groups. Plenty of cells on Ti and HPI-Ti-2 
exhibit polygonal shapes, while cells on HPI-Ti and HPI-Ti-1 show 
elongated morphology with lots of lamellipodia. When incubated for 24 
h, the widely spreading cytoskeleton is seen on all the samples. In the 
semi-quantitative analysis, the cell spreading area of FTIC-stained 
cytoskeleton in HGFs cultured on HPI-Ti-1 and HPI-Ti-2 exhibited a 
significant increase compared to that observed on Ti (Fig. S19). It sug-
gests that fibroblast adhesion is promoted in the initial discharge stage. 

Cell proliferation was investigated, and the results are presented in 
Fig. 6B. The cell proliferation for 1, 3, and 5 days shows an overall 
upward trend for all the samples. No significant difference is observed in 
1 day. In contrast, a substantial improvement of proliferation levels is 
observed from HPI-Ti, HPI-Ti-1, and HPI-Ti-2 compared to Ti at 3 and 5 
days, indicating an enhanced cell proliferation as the temporal-sequence 
regulated post-charging model enters the later discharging stage after 1 
day. 

Fig. 5. Electron-transfer interactions and the underlying antibacterial mechanism. I–V curves of HPI-Ti-2 before/after inoculation with live/dead (A) S. aureus and 
(B) E. coli. (C) Peak current variations of HPI-Ti-2 at around − 0.5 V after inoculation with live S. aureus and E. coli. EIS Nyquist plots of HPI-Ti-2 before/after 
inoculation with live/dead (D) S. aureus and (E) E. coli. (F) Schematic illustration of the equivalent circuit model for EIS analysis of HPI-Ti-2 before/after inoculation 
with bacteria (S. aureus and E. coli). (G) Schematic illustration of electrical signal tests and electron-transfer mechanism between bacteria and material. Data are 
presented as mean ± SD (n = 3). Statistical significance is indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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The total intracellular ATP amount was measured to test the influ-
ence of energy metabolism for HGFs, and the results are shown in 
Fig. 6C. An improvement of total cellular ATP levels is observed from 
HPI-Ti-1 and HPI-Ti-2 compared with Ti and HPI-Ti, demonstrating that 
the post-charging surface does not inhibit cellular energy production. 
Cell morphology was further investigated by SEM. As shown in Fig. 6D, 
the spreading area of HGFs on Ti is the smallest, while HGFs in other 
groups exhibit lots of filopodia and lamellipodia, indicating improved 
cell adhesion and spreading effect. The migration of fibroblasts to the 
wound sites plays a significant role in soft tissue sealing. The wound 
healing assay depicted in Fig. 6E demonstrates that the migration of 
HGFs is enhanced on the surfaces of HPI-Ti-2 and HPI-Ti-1 compared to 
HPI-Ti and Ti. This finding aligns with previous studies indicating that 
electrical stimulation facilitates cell migration [30]. Additionally, 
live/dead staining results of HGFs cultured with various samples 

indicate the absence of cytotoxicity in these samples (Fig. S20). 
Furthermore, the preferable cell adhesion, proliferation, and viability of 
mouse-derived fibroblasts (L929) are observed on post-charging HPI-Ti 
(Fig. S21-23). 

The fibroblast response is regulated in different discharge stages. In 
the initial adhesion stage, the electrical stimulation on the post-charging 
HPI-Ti surface enhances cell adhesion and migration ability. The post- 
charging HPI-Ti demonstrates no cytotoxicity for extended coculture 
durations and promotes fibroblast proliferation on its surface. The cell 
morphology remains intact, and ATP synthesis is not inhibited. 
Regarding cells, the electron transfer of the respiratory chain is pri-
marily completed within specialized organelles known as mitochondria 
[20]. Consequently, even if the cellular membrane directly contacts the 
material surface, its electron transfer chain remains unaffected. In 
contrast, the adhesion-related proteins and extracellular matrix (ECM) 

Fig. 6. Fibroblast response in vitro. (A) Cytoskeleton-staining fluorescence images of HGFs cultured with various samples for 1, 4, and 24 h. (B) Proliferation of HGFs 
cultured with various samples for 1, 3, and 5 days. (C) The total amount of intracellular ATP of HGFs cultured with various samples for 1 day. (D) Representative SEM 
image of HGFs culturing on various samples for 1 day. (E) Fluorescence images of HGFs with nuclei stained by DAPI on various samples for 0, 6, and 12 h in wound 
healing assay. Relative expression level of adhesion-related genes of HGFs, including (F) FN, (G) Talin 1, and (H) Vinculin. Data are presented as mean ± SD (n = 3). 
Statistical significance is indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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proteins are localized in the vicinity of the cell membrane, rendering 
them susceptible to regulation by external signals at the interface be-
tween cells and materials. The qPCR experiment on HGFs revealed an 
upregulation in the expression of cell adhesion-related genes, including 
fibronectin (FN), Talin 1, and vinculin (Fig. 6F–H). FN is an ECM protein 
that functions in cell adhesion and migration by specifically binding cell 
adhesion molecules [46]. Talin is an essential mediator of integrin 
activation and cell anchorage [47]. Vinculin is essential in enabling 
mechanical coupling between the actin cytoskeleton and the ECM. 
Extracellular signals at the cell-material interface can be transmitted 
through dynamic remodeling of the actin cytoskeleton, which can in-
fluence cellular behaviors such as adhesion, migration, and proliferation 
[48]. 

2.6. Antibacterial activity and soft tissue compatibility in vivo 

Bacterial infections can trigger severe inflammatory responses and 
destroy the natural organization of soft tissues, which are detrimental to 
soft tissue sealing. The ability to inhibit bacterial infections is vital to 
enhance soft tissue sealing in percutaneous implants. Therefore, the 
antibacterial efficiency and soft tissue compatibility were tested in vivo, 
and the operation procedure was illustrated in Fig. 7A. Given its good 
antibacterial properties (99.83 ± 0.01 % against S. aureus for 24 h), HPI- 
Ti-1 was selected as the treated group of post-charging material due to 
its advantages in enhancing cell adhesion and proliferation in vitro 
compared with HPI-Ti-2. S. aureus was inoculated with Ti, HPI-Ti, and 
HPI-Ti-1 for 2 h and placed subcutaneously in mouse dorsal skin. All 
mice remained healthy throughout the study, and no swelling or other 
complications related to the surgery were observed. The dorsal skin 
tissues with integrated samples were collected on days 1, 4, 7, and 14 
after implantation. The antibacterial effect in vivo was then evaluated by 
the agar plate counting method and histological staining. On days 1 and 
4, numerous bacterial colonies of S. aureus can be observed on Ti and 
HPI-Ti, while the presence of bacterial colonies on HPI-Ti-1 is negligible, 
especially on day 4 (Fig. 7B). It can be seen from the quantitative results 
in Fig. 7C that the antibacterial rate of HPI-Ti-1 against S. aureus at 4 
days is 99.00 ± 0.01 %. Giemsa staining images are presented in Fig. 7D. 
After implantation for 1 day, the stained bacteria (indicated by arrows) 
can be observed from Ti and HPI-Ti while the bacteria sharply reduce 
from HPI-Ti-1. After 4 days, more bacteria are seen from Ti and HPI-Ti, 
indicating no antibacterial effect. However, the stained bacteria (indi-
cated by arrows) can hardly be observed from HPI-Ti-1, suggesting an 
effective antibacterial ability in vivo. 

Bacterial infiltration can lead to persistent and severe inflammation 
within the tissue, impeding the proper integration of soft tissue with the 
material. Hematoxylin & Eosin (H&E) staining is conducted on the tissue 
in contact with the materials, and the results are presented in Fig. 7E. 
Significant infiltration of inflammation can be seen from Ti and HPI-Ti at 
4 days (indicated by circles), along with numerous inflammatory cells 
being observed (Fig. S24). The inflammatory response of HPI-Ti-1 is 
significantly suppressed compared to Ti and HPI-Ti, indicating that the 
inhibition of bacterial infection can effectively mitigate excessive 
inflammation. 

Bacterial infiltration can significantly disrupt the inherent structure 
of soft tissue and collagen organization. Therefore, collagen deposition 
was further investigated using Masson’s trichrome staining. It is evident 
from Fig. 7F that the positive-stained collagen fibers in HPI-Ti-1 are 
dense and well-organized, in contrast to the loose and disordered 
collagen fibers observed in Ti and HPI-Ti samples. Furthermore, 
enhanced collagen I expression at the material-tissue interface of the 
HPI-Ti-1 group is preferable to promote cellular adhesion and tissue 
integration at the interface, as shown in Fig. 7G (indicated by red ar-
rows). It is suggested that HPI-Ti-1 can efficiently inhibit bacteria in vivo 
and facilitate soft tissue sealing. Additionally, no tissue damage is 
observed in H&E staining of the heart, liver, spleen, lung, and kidney 
(Fig. S25). 

3. Conclusions 

In summary, we have developed a rechargeable polyimide (HPI) 
coating on medical titanium (HPI–Ti) to realize the temporal-sequence 
regulation of antibacterial activity and soft tissue sealing. By adjusting 
the charging thresholds, post-charging HPI-Ti with different capaci-
tances were prepared (HPI-Ti-1 and HPI-Ti-2). Discharge is initiated 
driven by chemical potential upon immersion in physiological saline. 
During the early discharge stage, HPI-Ti-2 demonstrates a 99.96 ± 0.01 
% sustained antibacterial rate for 24 h and prevents biofilm formation. 
Furthermore, A strong correlation between antibacterial efficiency and 
discharge potential of bacteria-inoculated HPI-Ti-2 is observed. The 
bacteria-contributed electrical signal in the I–V curve and EIS of HPI-Ti- 
2 is tested. The temporal-sequence regulation of antibacterial activity 
and soft tissue sealing is achieved in different discharge stages (Scheme 
2). In the initial adhesion stage, the violent electron transfer between 
bacteria and material has led to membrane impairment, inhibition of 
ATP synthesis, and accumulation of intracellular ROS in bacteria. 
Additionally, post-charging HPI-Ti enhances the adhesion and migration 
of fibroblasts. In the later discharge stage, the attenuated discharge 
status offers a more conducive environment for cellular growth. 
Consequently, post-charging HPI-Ti promotes the proliferation of fi-
broblasts in vitro, as well as facilitates soft tissue sealing in vivo. More-
over, recharging can potentially reinstate the antibacterial activity as a 
precautionary measure for potential reinfection. The systematic study 
on rechargeable HPI coating on titanium presents a tactic for designing 
temporal-sequence-regulated devices with enhanced antibacterial effi-
cacy and soft tissue compatibility. 

4. Experimental section 

4.1. Preparation and characterization of HPI 

Hydrazine hydrate-derived polyimide (HPI) was synthesized through 
the condensation reaction of perylene-3,4,9,10-tetracarboxylic dianhy-
dride (PTCDA, Sigma-Aldrich Chemical, USA) and hydrazinium hydrate 
(Aladdin Industrial, China). In detail, 2 mmol of PTCDA, 2 mmol of 
hydrazinium hydrate, and 5.0 g of imidazole were mixed in a Teflon 
reactor and reacted at 140 ◦C for 5 h. Subsequently, the cooled mixture 
was treated with 1 M hydrochloric acid and stirred for 15 min. The 
precipitate was collected via vacuum filtration and washed with boiling 
saturated potassium carbonate solution, followed by multiple washes 
with distilled water and ethanol. The resulting product was then air- 
dried at 100 ◦C for 24 h and ground into a powder using a mortar. 
The FTIR spectrometer (Tensor 27, Bruker, Germany) was used to detect 
the absorption peaks of the samples in the range of 400–4000 cm− 1. X- 
ray diffraction patterns of the samples were obtained using a diffrac-
tometer (D2PHASE, BRUKER, USA). 

4.2. Preparation and characterization of HPI-Ti 

The commercial pure titanium (Ti) was cut into plates with 10 mm ×
10 mm × 1 mm dimensions. Before use, the Ti plates underwent acid 
cleaning to remove surface contaminants. A homogeneous slurry was 
prepared by mixing 70 wt % HPI, 20 wt % carbon black, and 10 wt % 
PVDF (polyvinylidene fluoride, Sigma, USA) in N-methyl-2-pyrrolidone 
followed by stirring for 24 h. Then, the Ti plates were coated with the 
slurry using the spin coating method, achieving a mass loading of 0.1 
mg cm− 2. Subsequently, the spin-coated Ti plates were subjected to 
thermal treatment at 100 ◦C for 10 h. The as-prepared samples were 
denoted as HPI-Ti. Subsequently, a different charging-state HPI-Ti was 
prepared by galvanostatic charging with an electrochemical workstation 
(PGSTAT302N, Metrohm Autolab, Switzerland). 1 M lithium chloride 
aqueous solution was employed as the electrolyte. A three-electrode 
electrolytic cell was used, wherein platinum foil and saturated calomel 
electrodes (SCE) were utilized as the counter and reference electrodes. 
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Fig. 7. Antibacterial activity and soft tissue compatibility in vivo. (A) Schematic diagram of animal experiments process. (B) Agar plate photographs and (C) cor-
responding quantitative statistics of bacteria colony counting from various samples. (D) Giemsa staining images from various samples after implantation for 1 and 4 
days (scale bar: 100 μm). (E) H&E staining after implantation for 4 and 14 days from various samples (scale bar: 200 μm). (F) Masson’s trichrome staining from 
various samples after implantation for 7 and 14 days (scale bar: 50 μm). (G) Collagen I expression at the material-tissue interface after implantation for 14 days from 
various samples (scale bar: 50 μm). Data are presented as mean ± SD (n = 3). 
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The HPI-Ti sample was placed on the working electrode. During the 
charging process, the working current for galvanostatic charging is set to 
− 0.8 mA. Charging is terminated when the potential threshold reaches 
− 0.7 V and − 1.0 V, designated as HPI-Ti-1 and HPI-Ti-2. It is worth 
noting that the collective term “post-charging HPI-Ti” encompasses both 
HPI-Ti-1 and HPI-Ti-2. The post-charging samples were rinsed in ultra-
pure water for 10 s to eliminate any residual electrolytes, followed by 
drying. The surface morphology of the samples was characterized using 
a scanning electron microscope (S–3400N, HITACHI, Japan). Raman 
spectra of various samples were detected using a Raman microscope 
(LabRAM, Horiba Jobin Yvon, France) with an Ar-ion laser for excitation 
at 514 nm. The absorption peaks of the samples in the range of 
400–4000 cm− 1 were detected using an FTIR spectrometer (Tensor 27, 
Bruker, Germany). The ultraviolet–visible near-infrared absorption 
spectra of the samples were determined using an ultraviolet–visible 
near-infrared spectrometer (Lambda 750, PerkinElmer, UK). The 
bonding ability between HPI coating and titanium substrate was tested 
using the scratch test with an MFT-4000 Multifunctional Tester for 
Material Surface (Lanzhou Huahui Instrument Technology Co., Ltd.). A 
diamond indenter (120◦ cone with a 200 μm hemispherical tip) was used 
for the scratch testing, with a load range of 0~100 N. The loading was 
applied linearly at a loading rate of 100 N/min, and the scratch length 
was set at 5 mm. 

4.3. Electrochemical analysis 

The electrochemical behaviors of various samples were measured 
using an electrochemical workstation (PGSTAT302N, Metrohm Autolab, 
Switzerland) equipped with a three-electrode cell configuration. The 
reference electrode was a saturated calomel electrode (SCE); the work-
ing electrode consisted of the tested samples; a Pt foil was the counter 
electrode. The cyclic voltammetry (CV) experiments were conducted in 
the potential ranging from − 1.2 V to 0.1 V vs. SCE at a scanning rate of 
10 mV s− 1 to obtain characteristic cyclic voltammograms. Additionally, 
cyclic voltammograms at different scan rates were performed for dy-
namic analysis. Electrochemical impedance spectra were detected from 
0.1 Hz to 100 kHz with a sinusoidal signal of 10 mV amplitude. The 
galvanostatic charge/discharge experiments were performed with a 
current density of 1A g− 1. The chemically discharging behavior was 
evaluated by immersing the post-charging HPI-Ti in saline without an 
external electrical source for various durations and then recharging it. 
The open circuit potentials of all the samples were tested in 0.9 % NaCl 
solution (physiological saline). 

The reaction mechanism of HPI-Ti occurring in the charging and 
chemical discharging process was evaluated through ex-situ FTIR and 

XPS measurements. HPI-Ti-1 and HPI-Ti-2 were removed from the 
electrolytic cells. Immersed samples were prepared by immersing HPI- 
Ti-2 samples in 1 mL 0.9 % NaCl solution for 24 h. The residual elec-
trolyte on the samples was absorbed by filter paper, followed by drying 
at 60 ◦C for 3 h. Ex-situ FTIR measurements were conducted using 
attenuated total reflection mode. X-ray photoelectron spectroscopy 
(XPS; RBD upgraded PHI–5000C ESCA system, USA) was employed to 
investigate the chemical compositions and states. 

4.4. Electrochemical evaluation of HPI-Ti-2 inoculated with bacteria 

The current-voltage (I–V) curves of HPI-Ti-2 were obtained using an 
electrochemical system mentioned in the electrochemical analysis. I–V 
curves were acquired with and without live/dead E. coli/S. aureus. For 
samples with bacteria on the surface, a bacterial solution with a con-
centration of 107 CFU mL− 1 was applied to the sample surface and 
incubated at 37 ◦C for 15 min to form a bacterial film. In contrast, dead 
bacteria were obtained by subjecting them to UV irradiation for 30 min 
before experimentation. Each experiment was repeated at least three 
times. Subsequently, electrochemical impedance spectra (EIS) of HPI-Ti- 
2 were also recorded in the presence or absence of live/dead E. coli/ 
S. aureus. EIS measurements were conducted from 0.1 Hz to 100 kHz 
using a sinusoidal signal with an amplitude of 10 mV. The chemically 
discharging measurement was conducted by remaining HPI-Ti-2 inoc-
ulated with S. aureus in physiological saline without an external elec-
trical source for certain times and then recharged. 

4.5. Surface characterization 

Contact angle measurement: The surface wettability of various samples 
was assessed using a contact angle instrument (Automatic Contact Angle 
Meter Model SL200B, Solon, China). Specifically, 2 μL of ultrapure water 
was dropped onto the sample surfaces, and images were captured with 
the integrated camera. Values of contact angles were obtained after 
analyzing the images with the built-in software. 

Zeta potentials: The Zeta-potential results of various samples were 
determined using the Surpass electric measuring instrument (Anton 
Parr, Austria). In brief, two samples (20 mm × 10 mm × 1 mm) were 
fixed on a sample holder, and the sample gap was adjusted to 100 ± 5 
μm. KCl solution (1 mM) was used as the testing medium, while NaOH 
(0.05 M) and HCl (0.05 M) were used to adjust the pH range. 

Li ions release behavior: The HPI-Ti, HPI-Ti-1, and HPI-Ti-2 samples 
were immersed in a 0.9 % NaCl solution (1 mL) at 37 ◦C for 24 h. The 
released Li ions were measured using an inductively coupled plasma- 
atomic emission spectrometer (Varian Liberty 150, USA). 

Scheme 2. Schematic illustration of rechargeable HPI-Ti and the temporal-sequence regulation of antibacterial activity and soft tissue sealing.  
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Protein adsorption: The samples were immersed in 1 mL bovine serum 
albumin (BSA, 1 mg mL− 1, Sigma Aldrich, USA) solution and incubated 
at 37 ◦C for 24 h. The total adsorbed BSA protein from different samples 
was determined and analyzed using the BCA Protein Assay Kit by 
measuring absorbance at 560 nm with an enzyme-labeled instrument 
(BioTek Cytation 5, USA). 

Surface catalytic performance: The 3,3′,5,5′-tetramethylbenzidine 
(TMB) colorimetric reaction is employed to detect oxidase activity in 
various samples. The detection principle involves the oxidation of 
colorless TMB solution to form a colored product. Each sample was 
placed in a 24-well plate and treated with 1 mL physiological saline 
solution containing TMB (2 mM). The absorbance values of the resulting 
TMB coloration were measured to determine the oxidase activity of 
different samples. After incubating each sample at 37 ◦C for 30 min, 
followed by cooling to room temperature, 100 μL of the mixture from 
each well was transferred to a 24-well plate. Subsequently, their 
absorbance within the range of 500 nm–800 nm was measured using an 
enzyme-labeled instrument. 

4.6. In vitro antibacterial test 

Escherichia coli (E. coli, ATCC 25922) and Staphylococcus aureus 
(S. aureus, ATCC 25923) were selected for antibacterial evaluation of 
various samples. Tryptic soy broth (TSB) and Luria–Bertani (LB) culture 
media were utilized to cultivate S. aureus and E. coli, respectively. For 
bacteria culture with various samples, 100 μL of bacterial suspension 
with a concentration of 107 CFU mL− 1 was inoculated onto the sterilized 
sample surface and incubated at 37 ◦C for a specific time. 

Antibacterial analysis: To evaluate the antibacterial efficacy, the plate 
count method was used. In detail, after culturing for 0, 0.5, 1, 2, 4, 6, and 
24 h, bacteria from different samples were detached and collected. 
Subsequently, the collected bacteria suspensions were fold-diluted with 
saline solution, and 100 μL of diluted bacterial suspension was inocu-
lated onto agar culture plates and incubated at 37 ◦C for 18 h. The 
resulting bacterial colonies were counted to determine the bacterial 
survival rates, calculated as antibacterial rate = (NC-NS)/NC × 100 %, 
where NC represents the average number of bacteria in the control group 
(Ti) and NS denotes the average number in the test groups (HPI–Ti, HPI- 
Ti-1, and HPI- Ti-2). Each group was replicated three times on agar 
culture plates, and results are presented as means ± standard deviation 
(SD). 

Anti-biofilm tests: S. aureus was cultivated on various samples for 24 h 
and rinsed twice with a sterilized saline solution. In qualitative analysis, 
the Live/Dead Baclight Bacterial Viability Kit (Molecular Probes, USA) 
was used to stain the biofilm on each sample according to the manu-
facturer’s instructions. Specifically, 400 μL of Live/Dead staining re-
agent was added and incubated at 37 ◦C for another 30 min. The samples 
were then visualized using a laser confocal fluorescence microscope 
(CLSM; TCS SP8, Germany). Besides, the samples with adhered bacteria 
were fixed and dehydrated before SEM observation. 

In the quantitative analysis, the biofilm viability of S. aureus on 
different samples was assessed using the AlamarBlue assay (Thermo 
Fisher Scientific Inc., USA). Briefly, bacteria were seeded onto samples 
following standard bacterial culture protocols. After culturing for 24 h, 
the samples were cultured with 0.5 mL of sterilized saline containing 10 
% alamarBlue and incubated for 1 h at 37 ◦C in darkness. Subsequently, 
100 μL of the culture medium was transferred to a black 96-well plate, 
and fluorescence intensities were measured using an enzyme-labeled 
instrument (excitation wavelength: 560 nm; emission wavelength: 
590 nm). 

Bacteria morphology observation: To observe the bacteria morphology 
by SEM, bacteria on the samples were fixed with 2.5 % glutaraldehyde 
solution overnight, followed by dehydration using a gradient alcohol 
and hexamethyldisilazane solution. Subsequently, the bacteria mor-
phologies were observed using SEM (S–3400N, HITACHI, Japan). 

Agar diffusion assay and antimicrobial activity of extracts: The agar 

diffusion assay was conducted to assess the antimicrobial activity of 
released ions from the samples. Briefly, 100 μL of S. aureus suspension 
with a concentration of 107 CFU mL− 1 was introduced onto the agar 
plates. Subsequently, the samples were placed onto the agar plates and 
incubated for 24 h. Photographs of agar plates were taken. The width of 
inhibition zones surrounding the samples indicates the strength of 
antibacterial capabilities exhibited by released ions from sample sur-
faces. Additionally, the extraction solution from each sample was uti-
lized to evaluate the antibacterial effects of released ions. In brief, 
immerse the sample in sterile physiological saline and incubate it at 
37 ◦C in an incubator for the extraction of the sample. Bacteria with the 
final concentration of 106 CFU mL− 1 were co-cultured with extract so-
lution from each sample for 24 h, then 100 μL of bacterial suspension 
was introduced into the agar culture plates and cultured for another 18 
h. 

ROS level assessment: The intracellular ROS level was determined 
with 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma, 
USA). Briefly, bacteria with a concentration of 107 CFU mL− 1 were 
incubated with various samples for 6 h. Subsequently, 500 μL of 10 μM 
DCFH-DA solution was added and incubated for another 30 min at 37 ◦C. 
After vigorous shaking to separate the bacteria from the samples, the 
bacteria suspension from different samples was measured using a fluo-
rophotometer (excitation wavelength: 485 nm, emission wavelength: 
525 nm). The relative ROS level was then obtained by normalizing 
against the total number of bacteria reflected by DAPI staining. 

Bacterial ATP level detection: According to the aforementioned culti-
vation method, E. coli and S. aureus were cultured on the samples for 6 h 
at 37 ◦C. The Enhanced ATP Assay Kit (Beyotime, China) was employed 
to evaluate the total intracellular ATP content. Following the kit in-
structions, extractions of bacterial ATP production were obtained, and 
fluorescence intensity was measured using an enzyme-labeled instru-
ment. The ATP concentration was determined based on the standard 
curve provided in the kit for ATP samples. The total protein content from 
each group was assessed using the Pierce™ BCA Protein Assay Kit 
(Thermo Fisher Scientific, USA) with measurements performed at OD of 
562 nm. To account for differences in bacterial numbers, ATP content 
was calculated using the formula: total ATP content = CATP/Cprotein 
where CATP represents tested ATP concentration and Cprotein corresponds 
to protein concentration. 

Bacterial membrane potential analysis: The bacterial membrane po-
tential was visualized by staining with 5-cyano-2,3-ditolyl tetrazolium 
chloride (CTC; Sigma, USA) reagent. During respiration of living bac-
teria, CTC is reduced to CTF (CTC formazan) via electron transport and 
forms a water-insoluble red fluorescent precipitate in the bacterial 
cytosol (excitation/emission wavelength: 488/620 nm). After incu-
bating the bacteria on sample surfaces for 6 h, the sample was rinsed 
twice with PBS and then treated with 0.3 mM CTC solution (dissolved in 
0.9 % NaCl) for another 1 h at 37 ◦C in darkness. DAPI was used to stain 
the nucleus of bacteria. Finally, bacterial membrane potential staining 
images were taken using a laser confocal fluorescence microscope 
(CLSM; TCS SP8, Germany). 

4.7. In vitro biocompatibility evaluation 

Cell culture: Gingival fibroblasts were identified as the predominant 
cell type in peri-implant soft tissue and played a crucial role in facili-
tating implant-tissue integration. To assess the biocompatibility of 
different samples, human gingival fibroblasts (HGFs; ScienCell Research 
Laboratories, USA) were employed. The HGFs were cultured with 
Fibroblast medium (FM, ScienCell Research Laboratories, USA) under a 
humidified atmosphere containing 5 % CO2 at 37 ◦C. Cell passaging was 
performed every three days at a ratio of 1:3. 

Cytoskeleton-staining: HGFs were seeded at a density of 5 × 104 cells 
per well onto samples in a 24-well plate. After incubation for 1, 4, and 
24 h, the cells were fixed with 4 % paraformaldehyde (PFA, Sigma, USA) 
for 2 h at 4 ◦C in the dark. Subsequently, HGFs were permeabilized using 
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0.1 v/v % Triton X-100 solution for 2 min, followed by blocking Fc- 
receptors with the addition of 1 wt % BSA for 30 min. The cells were 
then stained with fluorescein isothiocyanate (FITC)-phalloidin (Sigma, 
USA) and DAPI sequentially for 60 min and 20 min, respectively. Finally, 
confocal laser scanning microscopy was employed to examine the 
cellular specimens. 

Wound healing assay: The cell migration ability was assessed using a 
wound-healing assay. HGFs were seeded on the samples with a density 
of 5 × 104 cells mL− 1 and allowed to reach confluence for 48 h. Sub-
sequently, Subsequently, HGF monolayer “wounds” on the sample sur-
faces were created by scratching with a 0.2 mL plastic pipette tip. The 
cells were then cultured for another 6 h and 12 h in a fresh cell medium. 
Then, the samples were transferred to a new 24-well plate and fixed with 
4 % PFA for 2 h at 4 ◦C. Subsequently, HGFs were stained with DAPI. 
Fluorescence images of the wounded regions on all the samples were 
acquired using CLSM. 

Cell proliferation: HGFs were seeded with a density of 2 × 104 cells 
mL− 1 onto various samples and cultured for 1, 3, and 5 days. At each 
time point, the culture medium was replaced with 0.5 mL of 10 % 
alamarBlue-containing full FM medium, and incubated at 37 ◦C for 
another 2 h. Subsequently, 100 μL of the culture medium mentioned 
above was transferred to a black 96-well plate for measurement using an 
enzyme-labeled instrument (excitation wavelength: 560 nm; emission 
wavelength: 590 nm). 

Cell morphology: For cell morphology observation, HGFs were incu-
bated on the samples for 1 day. Subsequently, the cells were rinsed twice 
with phosphate-buffered saline (PBS) and fixed in a 2.5 % glutaralde-
hyde solution at 4 ◦C for 2 h. The fixed cells were then dehydrated 
sequentially using ethanol solutions of increasing concentrations (30 %, 
50 %, 75 %, 90 %, 95 %, and absolute ethanol) for 10 min each step. 
After dehydration, the samples underwent drying in a series of hexam-
ethyl diethylamine/ethanol solutions with varying ratios (1:2, 1:1, 2:1, 
and pure hexamethyl diethylamine). SEM was employed to observe the 
cell morphologies on different sample surfaces. Before SEM examina-
tion, the platinum coating was applied to the HGF-containing samples to 
improve the conductivity. 

Cell live/dead staining: The cytotoxicity of different samples was 
evaluated using a cell live/dead staining kit. HGFs with a cell density of 
2 × 104 cells mL− 1 were incubated with the samples for 4 days, followed 
by washing with PBS and transferring to a new culture plate. Subse-
quently, each sample was treated with 100 μL of calcein-AM and pro-
pidium iodide fluorescence dyes and incubated at 37 ◦C for 30 min. 
Finally, fluorescent images of the HGFs were captured using a fluores-
cent microscope. 

Relative mRNA expression of HGFs adhesion-related genes: Real-time 
quantitative polymerase chain reaction (RT-qPCR) was used to detect 
the expression of adhesion-related genes in HGFs cultured on different 
groups of samples. Firstly, a 4 mL cell suspension with a cell density of 
1.0 × 104 cells mL− 1 was added to the 6-well cell culture plate. After 
incubation for 6 days, the culture medium was discarded, and the wells 
were washed twice with PBS. Then, each well was added with 1 mL 
TRIzol (Invitrogen, Thermo Fisher Scientific Inc., USA) for RNA 
extraction. The extracted RNA was transcribed into cDNA using a Roche 
cDNA reverse transcription kit (Roche, Switzerland). PCR experiments 
were conducted on a Roche LightCycler480 instrument using GAPDH as 
an internal reference gene. The relative expression levels of adhesion- 
related genes (FN, Talin 1, and Vinculin) were analyzed by the 
comparative quantification method known as 2− ΔΔCt analysis. Gene 
primers were purchased from BioTNT (Shanghai), and triplicate samples 
were set up for each group along with two repeated experiments. The 
primer sequences used in this study are listed in Table S4. 

4.8. Animal experiments 

Establishment of subcutaneous infection model: The animal surgical 
procedures were conducted in accordance with the Guidelines for Care 

and Use of Laboratory Animals and approved by the Ethics Committee of 
Shanghai Xuhui District Dental Center (Protocol number: [2021]16). 
Male pathogen-free C57BL/6 mice, aged six weeks, were housed under 
specific pathogen-free conditions at the animal care facility in Shanghai 
JRDUN Biotech Co. Ltd. Initially, 20 μL of S. aureus (107 CFU mL− 1) was 
introduced, and incubated with various samples at 37 ◦C for 2 h to 
facilitate bacterial adherence on the samples. The mice were randomly 
divided into three groups: Ti, HPI-Ti, and HPI-Ti-1. Subsequently, they 
were anesthetized using a 1 wt% pentobarbital sodium solution (intra-
peritoneal injection; 10 μL g− 1). Thorough shaving of the skin overlying 
the surgical area was performed, and a 1-cm incision was made on their 
dorsal skin to create a subcutaneous pocket. One sample was placed into 
each mouse’s pocket. The subcutaneous tissues and skin were then su-
tured, and the mice were fed for 1, 4, 7, or 14 days accordingly. At each 
designated time point, euthanasia was carried out by intraperitoneal 
injection of an overdose of anesthesia. 

Antibacterial effects in vivo: The plate count method was employed to 
assess the efficacy of bacterial inactivation in different samples post- 
implantation. Initially, after implantation for 1 and 4 days, mice were 
euthanized, and the tissues in contact with the samples were collected. 
Subsequently, these tissues were immersed into 4 mL of sterile 0.9 % 
NaCl solution and then fold-diluted with saline solution. At last, 100 μL 
of the diluted solution was introduced onto agar plates and cultured for 
18 h at 37 ◦C, then colony count was performed. Additionally, Giemsa 
and H&E staining of tissues surrounding the samples were also 
performed. 

In vivo soft tissue compatibility tests: To assess the compatibility of 
various samples with soft tissues, mice were euthanized after 7 and 14 
days of culturing. Subsequently, Hematoxylin & Eosin (H&E) staining 
was employed to evaluate the inflammatory response in the surrounding 
tissues, while Masson’s trichrome staining was utilized to assess collagen 
deposition. 

H&E staining for viscera of the mouse: To assess the biosafety of the 
different samples, various organs, including the heart, liver, spleen, 
lungs, and kidneys, were collected and subjected to histological exam-
ination using H&E staining. 

4.9. Statistical analysis 

The statistical analysis was performed using GraphPad Prism 9.5.1. 
Quantitative data are presented as mean ± standard deviation (SD). 
Statistically significant differences (p) were assessed using a one-way 
analysis of variance (ANOVA) followed by Tukey’s multiple compari-
son tests. A significance level of p < 0.05 was considered statistically 
significant and denoted by "*", while p < 0.01 was represented by "**", p 
< 0.001 was indicated as "***", and p < 0.0001 was indicated as "****". 
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