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a b s t r a c t

Antibacterial ability is greatly demanded for biomedical implants to prevent after-surgery infections. 
Titania is the oxidative layer of the widely used Ti implants, and is well known to gain antibacterial ability 
via photocatalysis. However, to prevent the implant related infections, antibacterial ability in dark is re-
quired. In this work, we carry out a study on the in-dark antibacterial ability of black titania nanotube arrays 
(B-TNT) on Ti substrate, and the mechanisms are also deeply investigated. We discover that B-TNT have 
prominent bactericidal ability in dark, and the mechanisms lie on the electron transfer mediated by the 
oxygen vacancies (Vo) of B-TNT. With single-electron trapped in their sites, the Vo function as both electron 
donors and acceptors, generating superoxide anions, hydroxyl radicals and singlet oxygen to do bacteria 
killing. Moreover, the Vo have the ability to trigger unusual extracellular electron transfer (EET) from the 
bacteria on B-TNT, which eventually leads to bacteria death. The generation of the Reactive Oxygen Species 
(ROS) and the force EET mediated by Vo work together to enable the antibacterial ability of B-TNT in dark.

© 2023 Elsevier Ltd. All rights reserved. 

Introduction

The demand for orthopedic implants to restore bone loss or 
function is growing globally due to the aging population [1–4]. De-
spite of the development of various biomaterials, orthopedic implant 
associated infection is one of the major causes of implant failure 
[5–7]. Titanium (Ti) as the most widely applied metal orthopedic 
materials, has an infection rate of more than 10 % after surgery [8]. 
The infections often require extensive surgical intervention and 
long-term antibiotic therapy. In addition to causing pains and fi-
nancial losses, severe infections can even lead to amputation or life- 
threatening sepsis [9–12].

Although titania (TiO2) as the intrinsic oxidative layer of Ti can 
gain antibacterial ability via photocatalysis [13–18], the requirement 
of light irradiation makes it unapplicable for biomedical implants. 
Luckily, in recent years a new concept of antibacterial theory based 
on electron transfer has been proposed [19–22]. Electron transfer is 
not only a common event in photochemical modulation, but also a 
basic process for energy generation in organisms [23,24]. Therefore, 
material surface and microorganisms may have interactions via 
electron transfer, leading to bacteria inactivation eventually. Cao 
et al. found that on Ag doped TiO2 surface, electrons were stored in 
the Ag nanoparticles, and induced valence-band hole accumulation 
which caused cytosolic content leakage of the bacteria [25]. Panda 
et al. reported that graphene oxide (GO) coatings can achieve su-
perior antibacterial properties when attached to certain substrates, 
and the anti-bacterial ratio is closely related to the conductivity of 
the substrates [26]. A study by Wu’s group showed that hydro-
xyapatite and molybdenum disulfide (HA/MoS2) coating on Ti can 
trigger electron transfer between bacteria and the implant, pre-
venting in vivo infection [27]. This new anti-bacteria theory based on 
electron transfer brings in a different perspective for developing 
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infection-prevention implants, and the understanding toward this 
concept is just beginning.

Apart from electron transfer induced by the combination of top 
layer and the substrate, defects in materials can also play the role of 
facilitating electron transfer [28]. Shi et al. reported an anti-biofilm 
strategy by introducing nanoholes in MoS2 nanosheets as active 
electron donor, to boost electron transport and biofilm inactivation 
[29]. Li et al. demonstrated that sulfur vacancies in the quantum dots 
of transition metal dihalides can ensure one-way electron transfer 
from the external environment to the quantum dots, leading to re-
active oxygen species (ROS) free sterilization [30]. Wang et al. syn-
thesized defects-rich MoS2/rGO vertical heterostructures (VHS), and 
demonstrated that the VHS had defects and irradiation dual-en-
hanced triple enzyme-like activities for promoting ROS generation 
and bacterial inactivation [31].

Although the above works have achieved efficient bacteria killing 
together with many interesting findings, there still gaps to fulfill the 
demand for antibacterial implants. One is that most of the studies 
are conducted with nanomaterials, not implant surface. Second, 
many of them didn’t get rid of the dependence on photocatalysis, 
which still has limitations for applications inside bodies. Moreover, 
the detailed information of the interactions between the bacteria 
and the materials still needs further disclosure.

In order to endow Ti implants with bactericidal ability in dark, 
we look into ways to generate defects in titania, and find the so- 
called black titania. By doing TiO2 annealing under vacuum or in a 
reducing atmosphere, black titania with oxygen vacancies (Vo) and/ 
or Ti3+ defects can be constructed. In recent years, black titania has 
attracted extensive research interest in the physical and chemical 
fields, because they have excellent light harvesting capabilities and 

photocatalytic properties [32–34]. However, the antibacterial ability 
of black titania in dark has never been considered up until now. In 
this work, we fabricate a layer of black titania nanotube array (B- 
TNT) on Ti substrate, and the antibacterial ability and mechanisms of 
the B-TNT samples is thoroughly studied. We discover that B-TNT 
has prominent bactericidal ability in dark, and the mechanisms lie 
on Vo only. Vo act as both electron donor and acceptor, generating 
superoxide anion •O2-, hydroxyl radical •OH, and singlet oxygen 1O2 

on the sample surface which have strong killing over the bacteria. 
Moreover, Vo have triggered extracellular electron transfer (EET) in 
the bacteria on B-TNT, which doesn’t happen in their normal life 
activity. The generation of ROS and the triggered EET via Vo work 
together, and endow B-TNT with antibacterial ability in dark.

Results and discussion

Sample characterizations

The B-TNT is fabricated on the basis of normal titania nanotube 
array (TNT). As shown in Fig. 1a, a large area of uniform and dense 
nanotube array is formed on the Ti substrate (Fig. 1a). The nanotube 
diameter is about 100 nm, and the tube length is about 7 µm (Fig. 1b- 
c). Scanning transmission electron microscopy (STEM) and electron 
energy loss spectroscopy (EELS) shows that Ti and O elements are 
uniformly distributed in the entire tube wall (Fig. 1d). To make B-TNT 
samples, the anodized TNT is annealed in N2, while normal TNT is 
annealed in air. After annealing in N2, B-TNT turns out a black color, 
and normal TNT shows a color of white grey (Fig. 1e). High resolution 
TEM (HRTEM) images of TNT and B-TNT are shown in Fig. 1f-g. The 
interplanar spacing of 0.354 nm and 0.237 nm indicate the (101) and 

Fig. 1. The fabricated TNT and B-TNT. (a-c) SEM image of TNT; (d) STEM-EELS images of Ti and O elements; (e) photo of TNT and B-TNT; (f-g) HRTEM of TNT and B-TNT. 
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(001) facet of anatase TiO2 respectively. Defects are observed in the 
B-TNT sample (Fig. 1g). As shown in Figure S1, the bandgap of B-TNT 
is narrowed to 2.42 eV compared to that of 3.12 eV of TNT.

More characterizations are carried out to identify various prop-
erties of B-TNT. X-ray diffraction (XRD) spectra of TNT and B-TNT 
show almost identical peak alignment, displaying dominant dif-
fraction peaks at 2θ = 25.3° (101), 38.4° (112), and 70.3° (220) for 
both TNT and B-TNT (Fig. 2a). These indicate the formation of ana-
tase titanium dioxide. The peaks of Ti (101), Ti (102) and Ti (201) 
indicate the Ti substrate beneath. The anatase phases of TNT and B- 
TNT are further confirmed by Raman spectroscopy, as shown in 
Fig. 2b. The major Raman bands of the anatase phase are presented 
by the peaks at around 147.7 cm−1 for Eg (1), 200.4 cm−1 for Eg (2), 
394.9 cm−1 for B1g (1), 516.9 cm−1 for B1g (2) + A1g (1), and 
636.5 cm−1 for Eg (3), respectively. The main Eg (1) peak shifts ob-
viously toward higher wavenumber from 143.7 cm−1 to 152.4 cm−1, 
which is attributed to the Vo formation required to maintain charge 
neutrality in the anatase TiO2 lattice [35]. The chemical states of the 
Ti and O elements are characterized by X-ray photoelectron spec-
troscopy (XPS). In the XPS Ti 2p high resolution spectrum of TNT, 
two peaks at 458.78 and 464.53 eV are assigned to Ti4+ [36]; and 
they respectively shifted by 0.58 and 0.45 eV toward lower binding 
energy in the B-TNT spectra (Fig. 2c), which suggest that B-TNT has a 
higher electron density [37]. Both TNT and B-TNT have no obvious 

Ti3+ peaks, suggesting that the amount of Ti3+ is very low for both 
samples. In the O1s spectra, the peak of lattice O (Lo) also shifted 
toward low binding energy by 0.32 eV from 530.03 to 529.71 eV for 
B-TNT (Fig. 2d). Apart from this, an apparent shoulder peak turns out 
in B-TNT spectrum locating at 531.33 eV, which can be assigned to Vo 
[38]. The deconvolution of the O1s peak indicate that the ratio of Vo: 
Lo is 0.51 for B-TNT, and 0.17 for TNT, suggesting that a large amount 
of Vo is generated in B-TNT. Meanwhile, Electron Paramagnetic Re-
sonance (EPR) is employed to evaluate the Vo and Ti3+ formation in 
B-TNT (Fig. 2e). The B-TNT sample exhibits a strong signal of Vo, but 
no sign of Ti3+, which is consistent of with the results of XPS. Because 
EPR can only detect the signals of unpaired electrons, the Vo in our 
B-TNT sample are identified to be single-electron trapped Vo [36,39]. 
The photoluminescence (PL) spectra show that the intensity of peaks 
in B-TNT is significantly lower than that in TNT in the range of 
330–750 nm (Fig. 2f). This indicates that B-TNT has enabled faster 
electron-hole separation and migration after the 325 nm laser irra-
diation in the PL equipment, resulting in lower carrier recombina-
tion and lower PL signal intensity. The peaks around 430 nm become 
dominate in the B-TNT spectrum, which is believed to be contributed 
by Vo [40,41]. Taken the above results together, we conclude that in 
this study, we obtain B-TNT with single-electron accompanied Vo as 
the defect contributor, without detectable involvement of Ti3+. The 
atomic model of B-TNT is shown in Fig. 2g.

Fig. 2. Characterization of TNT and B-TNT: (a) XRD patterns; (b) Raman spectrometry; (c-d) XPS HR spectra of Ti 2p and O 1s; (e) EPR signal of the single-electron trapped Vo; (f) 
PL spectra. (g) the atomic model of TNT, B-TNT and the single-electron trapped Vo.
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Antibacterial ability of B-TNT in dark

The antibacterial property of TNT and B-TNT in dark are studied 
using typical infection bacteria Staphylococcus aureus (S. aureus) and 
Escherichia coli (E. coli). As shown in Fig. 3a, after culturing on B-TNT 
for 12 h, the killing efficiency of E. coli and S. aureus is 42.3 % and 39.8 
%, respectively; after 24 h, the inactivation ratio increased to 95.7 % 
for E. coli and 90.2 % for S. aureus. Typical photos of the bacteria CFU 
plating are shown in Fig. 3b. SEM is used to observe the morphology 
of bacteria growing on TNT and B-TNT as shown in Fig. 3c. The 
density of bacteria on B-TNT is significantly lower than that in on 
TNT, for both E. coli (green) and S. aureus (yellow). The bacteria on 
TNT are doing normal proliferation and division, while those on B- 
TNT are having difficulty doing division. Moreover, many bacteria on 
B-TNT completely collapse displaying very abnormal cell shapes. In 
addition, the long-term anti-biofilm performance of TNT and B-TNT 
samples after 48 h culture is evaluated (Fig. 3d). The Live-Dead 
fluorescence staining shows that biofilm has formed on both TNT 
and B-TNT, but the biofilm on B-TNT is much thinner, with a thick-
ness of 2.65 µm, less than half of that on TNT (5.78 µm). More 

importantly, the biofilm on B-TNT show very small, discrete bacterial 
colonies, and many of them are red, indicating that the bacteria have 
been killed. The bacteria on TNT and B-TNT are further examined for 
oxidative stress. The group of S. aureus cells on B-TNT display strong 
green fluorescence suggesting high level of intracellular ROS, but 
only a few cells are stained green on TNT (Fig. 3e). In addition, the 
antibacterial behavior of the newly prepared B-TNT (B-TNT) is 
compared with those that have been placed in ambient air for two 
weeks (B-TNT-OLD) (Figs. S2–4). The B-TNT and B-TNT-OLD have the 
same appearance and color (Figure S2), and the antibacterial ratios 
show no significant difference between the two groups (Figs. S3–4). 
These results prove that B-TNT have very stable antibacterial ability.

Antibacterial mechanisms of B-TNT in dark

Since strong intracellular ROS are detected in the bacteria on B- 
TNT, the origin of the ROS is studied. First, the instinct ability of B- 
TNT to generate ROS in dark is studied by EPR. The EPR signals of 
•O2

-, •OH, and 1O2 radicals are examined using DMPO-CH4O, DMPO- 
H2O and TEMP-CH4O spin trap reagents, respectively. •O2

-, •OH, and  

Fig. 3. The evaluation of the anti-bacteria ability of B-TNT in dark. (a) Bacteria killing ratio of TNT and B-TNT. (b) The photos of CFU plating of E. coli and S. aureus after treated with 
TNT and B-TNT. (c) SEM images of S. aureus (yellow) and E. coli (green) on TNT and B-TNT. (d) Live-Dead fluorescent staining for the anti-biofilm performance of TNT and B-TNT. (e) 
Intracellular ROS staining of S. aureus on TNT and B-TNT.
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1O2 radicals are successfully detected on B-TNT in dark without light 
irradiation (Fig. 4a-–c). The typical generation of •O2

- is by an elec-
tron donor to give one electron to O2, and the typical generation of 
•OH is by an electron acceptor to extract one electron out of H2O 
leaving H+ and •OH [42,43]. Because we have identified that the Vo in 
our B-TNT are single-electron trapped, they act as both electron 
donors and acceptors to enable the reactions as follows (Reaction 
1–2). The typical generation of 1O2 is caused by the reaction between 
•O2

- and h+ [44,45]. As shown in Fig. 4c, 1O2 is also generated in B- 
TNT. This suggests that Vo acting as electron acceptors may play the 
role of h+ to generate 1O2 by reacting with •O2

- (Reaction 3). These 
results demonstrate that single-electron trapped Vo have the ability 
to generate •O2

-, •OH, and 1O2 spontaneously without the need of 
light.

+ + ++ +Vo H O Vo H OH2 (1) 

+ ++ ++Vo O Vo O2 2 (2) 

+ ++Vo O Vo O2
1

2 (3) 

Next, we conduct more experiment to disclose whether B-TNT 
can have interaction with the bacteria via electron transfer mediated 
by the single-electron trapped Vo. Bacteria current is measured in a 
similar setup with that of light current measurement, but bacteria 
are introduced to the system instead of light. After attaching a layer 
of E. coli film on B-TNT, the current-potential (I-V) curve is elevated 
largely compared to bare B-TNT: with a potential of 0.5 V, the current 
is increased from 50 μA to 200 μA (Fig. 4e). This indicates that the 
bacteria film undergoes extracellular electron transfer (EET) serving 
as electron donors to the Vo, which increases the current. The I-V 
curves of TNT have no such pattern. The curve of normal TNT is 
nearly zero, and adding bacteria barely changes the curve (Fig. 4d).

To verify the EET from bacteria to B-TNT, PL survey is carried out 
with E. coli on the surface of TNT and B-TNT (Fig. 4f-g). The PL in-
tensity of both TNT and B-TNT increase after adding the E. coli film. 
This means that the recombination of electrons and holes increase, 
suggesting that bacteria transfer electrons to the substrate which 
results in more charge recombination and more illuminance. TNT+ E. 
coli shows higher PL signal than bare TNT (from 600 to 2000), which 
can be regarded as the basic increase caused by the bacteria. The 
increase of PL signal of B-TNT+ E. coli is much larger (from 250 to 

5500), almost three folds of that of TNT. The additional increase of 
the PL signal is caused by the interaction between Vo and the bac-
teria. This result confirms the dominate ability of B-TNT to induce 
bacteria electron outflow.

The overall anti-bacteria mechanism is illustrated in Fig. 5. We 
obtain B-TNT containing single-electron trapped Vo as the defect 
contributor. The antibacterial activity of B-TNT in dark is enabled 
from two aspects. First, when in contact with water and oxygen, the 
B-TNT produces hydroxyl radicals, superoxide anions and singlet 
oxygen due to the both electron acceptor and donor ability of Vo, and 
the ROS play the role of sterilization. Second, the electron acceptor 
tendency of Vo can attract active electrons in the bacterial re-
spiratory chain, forming EET (yellow arrow) from bacteria to B-TNT. 
The normal electron transfer pathway in E. coli is indicated with 
dashed green arrows in the figure, which has highly ordered tem-
poral and spatial sequences [46]. In normal conditions, EET does not 
take place for the infection related bacteria such as E. coli and S. 
aureus [47]. The unusual EET from the bacteria to B-TNT eventually 
leads to their death.

In depth discussion on Vo mediated antibacterial activity in dark

After we finish this study, a look back survey reveals that just 
recently, two groups have reported antibacterial activity in dark 
mediated by Vo. Gao et al. developed Vo rich α-MoO3 bactericidal 
nanocatalysts in dark and described a surface-dependent me-
chanism of ROS generation for antibacterial activity [48]. Also, Liu 
et al. found that Ag-modified ZnO nanorods had better antibacterial 
effects on clinical drug-resistant bacteria because the modified ZnO 
can produce H2O2, which is highly related to the Vo concentration 
[49]. These works together with ours have made a success step to-
ward the light-independent electron-transfer based disinfection. 
Nevertheless, the three works have distinct differences. Gao’s and 
Liu’s work are based on 1D nanoparticles, while ours are based on 2D 
nanotube arrays. Gao et al. found that Vo in dark can induce the 
generation of superoxide and Liu et al. found that Vo in dark can 
induce the generation of H2O2. Only one type of ROS was detected in 
the nanoparticles and nanorods each, while in the B-TNT, we have 
detected three types of ROS. The less rich ROS generation in the 
nanoparticles and nanorods may lie in the fact that they as 1D 

Fig. 4. Mechanism study of the antibacterial property of B-TNT in dark. (a-c) EPR detection of ROS generation on B-TNT in dark. (d-e) EET from the bacteria to B-TNT detected by 
the I-V curves. (f-g) EET from the bacteria to B-TNT detected using the PL survey.
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materials have smaller specific surface area (SSA) than the 2D na-
notube array [50,51]. A smaller SSA reduces the possibility for O2 and 
H2O to react with the Vo and the possibility of ROS generation. 
Therefore, if fabricating black TiO2 nanoparticle, they should have 
certain ROS generation ability just like the B-TNT, but with a lower 
efficiency, because the black TiO2 nanoparticle have smaller SSA. But 
they may have advantages when applied in other scenarios, for ex-
ample, water pollution treatment. In addition, our work verifies that 
EET has been triggered from the bacteria to the B-TNT, which is 
abnormal for those infection related bacteria and finally leads to 
their death. However, EET is not likely to be induced by the nano-
particles, because the nanoparticles, diffused in solution and taken 
in by the bacteria, are not able to induce oriented electron transfer or 
current. The forced EET triggered by Vo is another critical bacter-
icidal mechanism associated with B-TNT. This is the most important 
superiority of our work over the published ones.

Conclusion

In summary, we have constructed black titania nanotube arrays 
(B-TNT) on Ti surface containing single-electron trapped Vo as the 
defect source, without the involvement of Ti3+. The B-TNT has the 
universal properties as the previously reported black titania, in-
cluding the absorption of visible light and the narrowing of the band 
gap. More importantly, we have discovered that B-TNT has anti-
bacterial properties in dark, without the requirement of light. The 
antibacterial mechanisms of B-TNT in dark are as follows. On one 
hand, single-electron trapped Vo has the ability to both gain and lose 
electrons. With the presence of water and oxygen, hydroxyl radical, 
superoxide anion radical and singlet oxygen are generated, and the 
bacterial are killed by these ROS. On the other hand, the Vo can 
capture the active electrons in the bacterial respiratory chain, and 
the bacteria die from this forced EET. The abnormal EET is confirmed 
in our study by both EIS and PL survey. To the best of our knowledge, 
this study is the first one to identify B-TNT with antibacterial ability 
in dark and discover the abnormal EET triggered by Vo. With the 
antibacterial property in dark, as well as the simple preparation 
process without the introduction of foreign substances, B-TNT is a 

promising new candidate for the infection prevention interface of 
titanium implants.

Materials and methods

Fabrication of B-TNT

Black titania nanotube arrays are prepared by electrochemical 
anodizing of titanium sheets in NH4F-glycol solution, and annealing 
of the anodized titania nanotubes in argon. The 14 mm diameter 
titanium samples with thickness of 1 mm are polished with acid 
lotion (40 % nitric acid, 10 % hydrofluoric acid, 50 % deionized water) 
for 3 min. Then, they ultrasonic cleaned with acetone, alcohol and 
deionized water for 30 min, respectively. After dried with nitrogen, 
they are cleaned with PLASMA for 3 min. Positive photoresist (S1813) 
is dripped onto the cleaned titanium samples, rotated for 10 s at 
1000 RPM and 30 s at 8000 RPM in a spin coating machine, and dried 
for 10 min at 80 ℃ on a hot plate. Anodization is performed in ice 
bath with a DC power supply (MCH-K1505D, China) at 60 V for 
55 min. A graphite electrode and the titanium samples are used as 
the cathode and anode respectively, with a space of 1 cm. The 
electrolyte contains 0.55 % ammonium fluoride, 5 % deionized water, 
5 % methyl alcohol and 90 % mL glycol. The prepared samples are 
soaked in acetone, alcohol and deionized water for 1 h sequentially, 
and dried in the oven at 60 ℃. Finally, sample annealing is carried 
out in the nitrogen atmosphere in the tube furnace, with heating 
rate of 5 ℃/ min, heating temperature of 450 ℃and holding time of 
3 h, and then cooled naturally in the furnace.

Characterizations of B-TNT

The morphology of TNT is characterized by scanning electron 
microscopy (SEM, SU8020) and transmission electron microscopy 
(TEM, Tecnai G2 F20 S-TWIN TMP). The crystallinity of the samples is 
determined by XRD (PANalytical X 'Pert) and irradiation by Cu Kα 
(λ = 1.54184 A) at 30 kV and 10 mA. The UV–visible diffuse reflection 
spectrum is obtained by Shimazu UV3600 at room temperature, and 
the wavelength range is 300–700 nm. The chemical state is 

Fig. 5. Illustration of the antibacterial mechanism of B-TNT in dark. 
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determined by XPS (Thermo Scientific ESCALab 250Xi) with a ra-
diation of 200 W monochromatic Al Kα (hν= 1486.6 eV). The foun-
dation pressure in the analysis chamber is about 3 × 10-9 mbar. 
Electron Paramagnetic Resonance (EPR) spectra are recorded using a 
spectrometer at room temperature in ambient air (Bruker E500). The 
chemical structure, crystallinity and molecular interactions are 
characterized by Raman spectroscopy equipped with an Ar laser 
(LabRAM HR Evolution, Horiba). The material defects and electron- 
hole recombination efficiency are analyzed by photoluminescence 
spectroscopy (PL) equipped with He-Cd lasers operating at 325 nm 
(LabRAM HR Evolution, Horiba).

Antibacterial analyses

The antibacterial activity of the sterilized samples is assessed 
with Gram-positive (S. aureus, 29213) and Gram-negative (E. coli, 
ATCC 25922) bacteria. In brief, the pure bacteria in LB are cultivated 
overnight in a rotating shaker at 37 °C, 1:10 diluted and then culti-
vated to a concentration of 2–3 × 109 CFU mL-1 (OD450 = 0.3 for S. 
aureus and OD450 = 1.0 for E. coli). The bacteria solution with a 
concentration of 2–3 × 105 mL−1 is prepared for the antibacterial test. 
TNT and B-TNT samples are sterilized by soaking in 75 % ethanol for 
30 min, repeatedly cleaned with deionized water and dried with 
nitrogen. 100 μL bacteria solution is placed on the samples each. 
After 12 h and 24 h, the bacteria are diluted and plated on agar for 
CFU analysis to determine the antibacterial effect.

Morphology of bacteria

The bacteria solution is placed on the TNT and B-TNT samples for 
24 h. The samples with adhered bacteria are immersed in 2.5 % 
glutaraldehyde overnight and treated with gradient alcohol (50 %, 60 
%, 70 %, 80 %, 90 % and 100 %) for 30 min each for dehydration before 
they are dried in vacuum. The samples are then put on a specimen 
stage prior to SEM observation.

Fluorescent staining of bacteria

Bacterial biofilms are formed by continuous culture S. aureus for 
48 h on the samples. Then the biofilm is stained with the LIVE/ 
DEAD®BacLight™ Bacterial viability kit (Molecular Probes, Inc., 
Eugene, OR) to assess viability. In short, live bacteria are dyed green 
and dead bacteria are dyed red. 15 min after staining, the samples 
are washed with PBS to remove the excess dye, and then placed on a 
slide under a confocal fluorescence microscope (Leica SP8). The ex-
citation wavelength of green fluorescence is 488/520 nm and that of 
red fluorescence is 488/630 nm.

Intracellular ROS staining

The intracellular ROS levels are determined by the fluorescent 
probe, 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA, 
Beyotime, China) which could be deacetylated and oxidized to 
fluorescent products after crossing the membrane of live bacteria. 
The bacteria are treated with TNT and B-TNT samples for 180 min 
before 400 μL of DCFH-DA are spread on the sample surface with 
protection from light for 15 min. The excess dye is removed by PBS 
and the samples are put on the sample stage under an inverted 
fluorescent microscope with 488 nm as the excitation wavelength 
and 520 nm as the emission wavelength.

Bacteria current detection

The current-potential (I-V) curves are acquired from the samples 
on an electrochemical workstation (CHI660E, Chenhua, China) with 
K3[Fe(CN)6] (5 mM) as the redox system. The TNT or B-TNT samples 

serve as the working electrode and a platinum plate and saturated 
calomel electrode (SCE) as the counter electrode and reference 
electrode, respectively. The working electrode potential is set be-
tween − 0.5 and 0.5 V. The samples tested included: TNT, B-TNT, 
TNT+ E. coli, B-TNT+ live E. coli; no light is applied to the system. For 
samples with living E. coli on the surface, 100 μL of the bacteria 
solution (1 ×108 CFU mL−1) is dropped onto the sample surface and 
dried at 37 °C for 0.5 h to form the bacteria film. Subsequently, the I- 
V curves of samples with live E. coli are acquired.

PL spectrum of bacteria

The material defects and electron-hole recombination efficiency 
of interface between TNT and bacteria are analyzed by photo-
luminescence spectroscopy (PL) equipped with He-Cd lasers oper-
ating at 325 nm (LabRAM HR Evolution, Horiba). The samples tested 
included: TNT, B-TNT, TNT+ live E. coli, B-TNT+ live E. coli. To get 
samples with living E. coli on the surface, 100 μL of the bacteria 
solution (1 ×108 CFU mL−1) is dropped onto the sample surface and 
dried at 37 °C for 0.5 h to form the bacteria film. Then, the PL spec-
trum of bacteria is studied.
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