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of Chemistry Developing responsive antibacterial materials is crucial in addressing antibiotic overuse. While many
materials respond to indirect external stimuli like pH, light, and enzymes, bacterial self-metabolism
remains an underutilized activation mechanism for precision sterilization. Here, we present a self-
sustaining bioreactor consisting of bacteria-reduced graphene oxide—copper biohybrids (BrGO-Cu),
wherein living bacteria activate graphene oxide—copper ions (GO-Cu) for self-termination through
metabolic redirection. Bacterial extracellular electron transfer (BEET) cascade reduced graphene oxide

promotes Cu?* to Cu* conversion and ultimately kills bacteria through *‘OH generation. Meanwhile, the
Received 10th June 202> BrGO-Cu bioreactor effectivel ts biofim formation with negligible cytotoxicity. Notably, th
Accepted 30th July 2025 r u bioreactor effectively prevents biofilm formation with negligible cytotoxicity. Notably, the

bacteria-responsive bioreactor exhibits lasting bactericidal activity upon recapture of live bacteria for up

DOI: 10.1039/d55c04234h to 129 passages without bacterial resistance. Our work pioneers a BEET-redirecting strategy that enables
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Introduction

Antibiotics exert therapeutic effects through target-specific
molecular interactions; however, this precision inherently
imposes evolutionary pressure that accelerates the emergence
of resistant pathogens."* In contrast, broad-spectrum antimi-
crobials bypass the limitation of specificity by employing non-
selective cytotoxic mechanisms,® primarily through (1) disrup-
tion of the cell wall and membrane integrity*® and (2) ROS-
induced peroxidation of lipids, proteins, and DNA.*” Both
mechanisms lead to strong but short-lived antimicrobial effects
with potentially severe side effects, as they fundamentally allow
uncontrolled continuous release of antimicrobial species. To
extend the antimicrobial effect, high doses are inevitable and so
is drug resistance. Slow-release systems can delay the develop-
ment of drug resistance to a certain degree,* but on-demand
release (i.e. stimuli-responsive) is expected to resolve this
problem more directly.'®** Secondary chemical or biological
cues, such as pH,”™" enzymes,” and light,"” are popular
choices, but they can be interfered with or mistakenly activated
by complicated physiological processes, necessitating novel
activation strategies with improved specificity.
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pathogen-specific, long-lasting antimicrobial protection through precisely controlled feedback loops.

Bacterial extracellular electron transfer (BEET), a critical
mechanism for energy acquisition and environmental adapta-
tion,' has been increasingly recognized as a contributor to drug
tolerance and resistance.'” In contrast, eukaryotic cells rely on
mitochondrial respiratory chains.'® This fundamental distinc-
tion positions BEET as a bacteria-specific stimulus, and it is
anticipated to be a broad-spectrum and low-side effect ideal
method in an antimicrobial scenario. Several studies have
demonstrated that blocking BEET induces intracellular oxida-
tive stress, resulting in significant antimicrobial efficacy.'*>
Beyond simple inhibition, redirecting BEET to initiate bacte-
ria's own demise is important for on-demand antibacterial
effects. Wrapping bacteria on metal-based material forms
a responsive and bio-electrochemically active complex, whose
antibacterial properties (through the redox reaction) can only be
triggered by BEET. This localized and self-activated bactericidal
process offers strong potential for minimizing drug dosage,
reducing systemic toxicity, and limiting resistance
development.

Herein, we developed a bio-electroactive sterilization plat-
form through BEET-directed assembly of bacterially
reduced graphene oxide with copper ions (BrGO-Cu) for
responsive sterilization and long-lasting inhibition of bacterial
biofilms (Fig. 1). Graphene oxide (GO) initially captures bacteria
through m-m interactions before undergoing bacterial-
mediated reduction to BrGO (electron collectors), which
subsequently channels extracellular electrons toward Cu®"
centers (electron extractors). This bioelectrochemical configu-
ration redirects the BEET pathway to amplify the Cu®*/Cu* redox
cycle and depletes glutathione (GSH) within biofilms,
promoting a Fenton-like reaction that disrupts bacterial
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Fig.1 Bio-electroactive sterilization redirects the BEET pathway for in
situ self-sustaining responsive-sterilization.

structures. Simultaneously, BrGO hijacks BEET to generate
H,0, in situ for self-sustained antibiofilm efficacy.

Results and discussion
Fabrication and characterization of the BrGO-Cu bioreactor

The BrGO-Cu bioreactor was prepared in two steps (Fig. 1).
First, the BrGO biohybrids formed as living bacteria's outer
lipids adhered to the amphiphilic GO surface.”® Subsequently,
a copper chloride (CuCl,, Cu®") solution was introduced to form
BrGO-Cu biohybrids via cation-7 interaction.>* The bioreactor
consists of two functional units: an electron collector (BrGO
biohybrid) and an electron extractor (catalytically active site, Cu
ions) for a Fenton-like reaction through valence-modulation
later.

To efficiently gather bacterial extracellular electrons (BEEs),
the electron collector should be constructed from a material
possessing good water dispersibility, strong bacterial adhesion,
and the redox potential below the biological redox potential
(BRP), such as two-dimensional GO nanosheets. The as-
obtained GO disperses well in water, with an average zeta
potential of —51 4+ 1 mV, as depicted in Fig. S1. This excellent
dispersion stability is attributed to the presence of carboxyl (-
COOH) groups primarily located at the edges of the film,
ensuring good contact with bacteria (Fig. S1, FTIR spectra). GO's
hydrophobic basal plane (evidenced by the C-C/C=C peaks in
XPS, Fig. S2) provides strong adhesion to bacteria through
hydrophobic interaction with bacterial lipids.*® The ultrahigh
affinity between GO and bacteria (E. coli and S. epidermidis) was
demonstrated through time-dependent bacterial adherence
behavior analysis using a quartz crystal microbalance with
dissipation (QCM-D). Notable time-dependent frequency
changes were observed when the bacterial suspension adhered
to the GO-coated QCM crystal, indicating rapid bacterial
capture by GO (Fig. 2a and S3). SEM analysis further confirmed
that GO efficiently captured multiple live bacteria, suggesting
that bacteria could serve as an electron supply source through
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BEET (Fig. S4 and S5). Successful electron transfer from bacteria
to the electron collector (BrGO) is the key for BEET stimulated
sterilization, which is related to the redox potential of GO.
Ultraviolet-visible (UV-vis) spectroscopy and Mott-Schottky (M-
S) electrochemical testing were further employed to investigate
the energy level of GO in detail. Tauc's plots converted from UV-
vis spectra revealed a bandgap energy (Eg) of 2.68 eV for GO
(Fig. S6 and 2b).”® Furthermore, GO is an n-type semiconductor
as observed from the positive spectral slope from the M-S
spectra, with a —0.698 V (vs. Ag/AgCl) flat band potential (Eq,)
(Fig. 2¢).*” The potential applied to Ag/AgCl was converted to the
reversible hydrogen electrode (RHE) potential using formula

(1):

Exue = E ag +0.0591pH + E%y, E’y, =0.199 (1)
AgCl AgCl  AgCl

Therefore, the flat band potential is —0.0853 V (vs. RHE),
indicating that the minimum conduction band potential (Ecg)
was —0.1853 V (vs. RHE) calculated from the empirical formula
(Ece = En, — 0.1, where 0.1 is an empirical value). The RHE
potential can be converted to the energy level position under
vacuum using eqn (2):

Evs, vacuum — —4.5 — Erue (2)

Consequently, the corresponding Ecg at the vacuum level
was determined to be —4.3147 eV (versus vacuum). According to
the equation E; = Eyg — Ecg, the valence band (VB) position is
—6.9947 eV (versus vacuum), in good agreement with previous
reports. Bacteria typically possess a biological redox potential
(BRP) ranging from —4.12 to —4.84 eV due to the membrane
disulfide bonds,*®** higher than the potential of GO. This
ensures the rapid transfer of electrons from bacterial
membrane proteins to GO. The evidence of directing BEET to
GO was obtained using Raman spectroscopy (Fig. 2d and S7).
After co-culturing with bacteria for 12 h, the (Ip/l;) ratio
decreased from 0.98 to 0.64, indicating a significantly higher
graphitization degree due to BEET-mediated reduction.’*** The
electrons collected from bacteria were measured from the
current-potential (I-V) curve. As shown in Fig. 2e, a more
saturated current was observed in the BrGO group cultured with
E. coli (Gram-negative bacteria, G—) than S. epidermidis (Gram-
positive bacteria, G+), as a consequence of the thicker cell wall
in S. epidermidis and thus a lower BEET rate. Moreover,
electrochemical impedance spectroscopy (EIS) showed that the
resistance of the BrGO was ca. 13.5 Q, four times lower than that
of the pure GO film (ca. 67 Q; Fig. S8). This lower electro-
chemical impedance suggests a stronger electron transport
capacity for BrGO compared to GO, beneficial for the electron
extraction later.

The stable binding between Cu ions and BrGO is crucial for
shortening the electron transfer path and promoting rapid elec-
tron extraction. Energy-dispersive spectroscopy (EDS) was first
performed to explore the Cu element distribution in the biore-
actor. As depicted in Fig. 2f and S9, the Cu element was mainly
distributed at the interface of bacteria and BrGO. After washing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Frequency changes of E. coli adsorption on bare and GO-coated Au chips. (b) Tauc's plots and (c) Mott—Schottky plots of GO; the inset

in (c) shows the energy levels of GO. The light pink area indicates biological redox potential range. (d) Raman spectra and the corresponding color
(inset) of GO and BrGO (/p/Ig: intensity ratio of the D and G bands). (e) Bacterial extracellular electron transfer from the bacteria to GO detected
using the /-V curves. (f) Element mapping of Cu in the BrGO-Cu bioreactor. (g) CV curves before and after the assembly of Cu?* and BrGO
hybrids. (h) XPS spectra of Cu 2p in the BrGO—Cu bioreactor. (i) The relevant ADCH charge distribution of rGO-Cu?* (C: cyan, O: red, Cu: orange,

and H: white).

with deionized-water two times, the Cu ion concentration des-
orbed from BrGO-Cu was much lower than 1.5 uM (Fig. $10),
indicating that over 95% of Cu ions were stably bound to BrGO.
To further investigate the electron extraction capacity of Cu ions,
a series of experiments were conducted. Cyclic voltammetry (CV)
was subsequently conducted to explore electron extraction from
BrGO by Cu®" (Fig. 2g and S11). Both the anodic and cathodic
peak potentials in the CV curve of BrGO-Cu were shifted to the
middle voltage window compared to Cu>* alone, demonstrating
that the reductive ability of BrGO-Cu was much higher than Cu®*
possibly as a result of assigning too many electrons to Cu>" for
the BrGO biohybrid (see Table S1 for details). XPS was performed
to investigate the oxidation states of Cu ions in the BrGO-Cu
bioreactor as an indicator of electron extraction. The binding
energy of the Cu 2p spectrum, as indicated in Fig. 2h, shifted
from 934.7 eV (Cu 2p3),) and 954.7 eV (Cu 2p,,,) to 932.3 eV (Cu
2ps) and 952.2 eV (Cu 2p;,), respectively, revealing the presence
of Cu®* and Cu" valence states in the BrGO-Cu bioreactor and

© 2025 The Author(s). Published by the Royal Society of Chemistry

a successful electron extraction from the BrGO electron collec-
tors. To further elucidate the electron extraction behaviour of Cu
in the BrGO biohybrid, density functional theory (DFT) calcula-
tions were performed (see SI, Experimental procedures).*® As
illustrated in Fig. S12, the highest occupied states of the molec-
ular orbitals (HOMO) exhibit strong coupling, namely cation-7
interaction, between the empty d orbitals of Cu** and delocalized
7 orbitals of the aromatic structure of the BrGO surface. This
interaction as the electron transfer path resulted in a noticeable
charge transfer from BrGO to Cu”*. The atomic dipole moment
corrected Hirshfeld population (ADCH) charge distributions
showed that Cu®" on BrGO retained a partial charge of +0.542
compared to the original +2 valence, further confirming the
significant charge transfer between BrGO and Cu®" (Fig. 2i).

In situ living bacteria-driven antibiofilm performance

Due to its high redox potential, Cu" efficiently catalyzes trace
hydrogen peroxide (H,0,) in bacterial environments to generate
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reactive oxygen species (ROS),*** killing bacteria and inhibiting
biofilm formation. S. epidermidis and E. coli were incubated
with different concentrations of GO, Cu®', and BrGO-Cu. As
shown in Fig. 3, neither Cu** nor GO had an obvious inhibitory
effect on bacterial biofilm formation. The increase in biofilm
mass with increasing GO concentration is attributed to GO
sheets absorbing nutrients to form protein corona, significantly
promoting rapid bacterial proliferation. While the antibiofilm
activity of Cu®" increased in a concentration-dependent manner
(Fig. S13), the inhibition efficacy could only reach about 25% at
100 uM. However, the biofilm inhibition efficiency was boosted
up to 75% when Cu®" (100 uM) was introduced into the co-
culture of bacteria and GO (125 pg mL™ ).

To further verify the antibiofilm potency of the BrGO-Cu
bioreactor, confocal laser scanning microscopy (CLSM) and
electron scanning microscopy (SEM) were performed (Fig. 3b).
In the control group, the cell wall was intact and smooth,
forming a thick and dense biofilm after saline physiological
water (SPPS) treatment. In contrast, in the GO and Cu”" groups,
biofilm formation was slightly inhibited, with some cell walls
showing slight shrinkage or rupture, presumably due to the
elevated ROS levels and transient nutrient isolation, respec-
tively. The BrGO-Cu bioreactor causes severe cell wall damage
and almost completely shuts down bacterial biofilm formation,
achieving maximum anti-biofilm efficacy. Moreover, COMSTAT
analysis revealed that the S. epidermidis biofilm increased to 85
pm thick after treatment with SPSS. Conversely, the biofilm
thickness was close to 0 pm in the BrGO-Cu group (Fig. 3c). In
the Cu®" and GO groups, the biofilm thickness was comparable,
but the biomass was significantly higher in the GO group,
further indicating that GO had no anti-biofilm effect. Obviously,
the biomass approached 0 um® um 2 in the BrGO-Cu biore-
actor, with the bacteria largely suicidal, effectively preventing
biofilm formation (Fig. 3d). Similar conclusions were reached in
experiments with E. coli and MRSA (Fig. S14-S16). Taken
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Fig. 3 (a) Histograms of S. epidermidis exposed to stroke-physio-
logical saline solution (SPSS; control), GO (125 pg mL™Y), Cu?* (100
uM), and BrGO-Cu (containing 125 pg mL™ GO and 100 puM Cu?*)
biohybrids for 72 h. (b) CLSM and SEM images of S. epidermidis biofilms
treated with SPSS, Cu?*, GO, and BrGO—-Cu biohybrids for 72 h (green
fluorescence: live S. epidermidis biofilm). Average thickness (c) and (d)
biomass of S. epidermidis biofilms derived from COMSTAT analysis of
CLSM images.
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together, although GO films capture a large number of bacteria
to prevent the escape of free bacteria and inhibit bacterial
reproduction for a short time through nutrient isolation, it has
no obvious killing effect on bacteria. The enrichment of living
bacteria actively generates abundant extracellular electrons,
promoting Cu®** to Cu” conversion. Within the enriched live
bacteria, the BrGO-Cu bioreactor redirected BEET to power Cu-
mediated apoptosis, thus effectively inhibiting bacterial biofilm
formation on substrate surfaces.

Bacteria-responsive antimicrobial performance

The precise bacteria-responsive antimicrobial bioreactors were
highly specific leaving normal tissues untouched. The in vitro
biocompatibility of GO, Cu®>*, and BrGO-Cu bioreactors was
investigated by examining their toxicity on the 1929 cell line.
After treatment with GO, Cu®*, and BrGO-Cu bioreactors at 125
pg mL ™", 100 uM and 125 ug mL~" to 100 uM separately, the
survival rates of the cells were 92.8%, 84.4% and 88.0% (Fig. 4a).
Furthermore, hemolysis assessment of bioreactors shows
a hemolysis rate of less than 5.0% at concentrations up to 125
pug mL™' to 100 uM, indicating good hemocompatibility
(Fig. S16).

Furthermore, BrGO-Cu turned on antimicrobial processes
only in the presence of living bacteria, a crucial step in pre-
venting resistance development. To rigorously evaluate this, we
conducted a long-term resistance assessment by continuously
culturing bacteria under sublethal BrGO-Cu exposure
(1/2 MBC) for up to 129 generations. As shown in Fig. 4b, the
65th generation of S. epidermidis was completely eradicated
upon co-culture with the 1st-BrGO-Cu bioreactor (125 ug mL ™"
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Fig. 4 (a) Cell toxicity evaluation of stroke-physiological saline solu-

tion (SPSS, control), GO, Cu?*, and the BrGO-Cu bioreactor on L929
cells at 37 °C for 24 h. (b) Bacterial viability following successive
introductions of various generations into the same BrGO—-Cu biore-
actor. (c) Photographs, (d) quantitative statistical results and (e) TEM
images with the inactivated BrGO—-Cu bioreactor.
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to 100 uM). Re-introducing the 129th generation bacteria into
the system, 2nd-BrGO-Cu could be rapidly reactivated for ster-
ilization, confirming its excellent bacteria-responsive antimi-
crobial activity. The same principle also applied to the
inactivation of E. coli by the BrGO-Cu bioreactor (Fig. S17). In
addition, sublethal concentrations of BrGO-Cu treated strains
did not change the effective antimicrobial concentration,
further suggesting that the BrGO-Cu bioreactor curtails the
generation of drug-resistant bacteria. These results showed that
the bioreactors did not exhibit significant toxicity at 125 ng
mL ™" to 100 pM, but rather effectively in bacteria-responsive
sterilization. It is also worth noting that after three steriliza-
tion cycles, the concentrations of copper ions released into the
surrounding solution in the BrGO-Cu bioreactor solution
remained at approximately 0.1 puM (Fig. S18), indicating
minimal ion release and strong copper ion retention. However,
the accumulation of bacterial debris during this process may
increase internal resistance, hinder electron transfer,* and lead
to a decline in bacterial current within the bioreactor (Fig. S19),
suggesting the need for surface optimization to maintain long-
term performance.

The final proof-of-concept tested whether inactivated BrGO-
Cu could still trigger bacteria-responsive antimicrobial activity
as a reagent. As shown in Fig. 4c and d, the inactivated BrGO-Cu
displayed significant bacteria-responsive behavior at a concen-
tration of 50 ug mL ™", achieving >99% antimicrobial efficiency
against both E. coli and S. epidermidis after 2-hour exposure.
Furthermore, significant cytoplasmic loss and/or bacterial
degradation were observed via TEM imaging in the BrGO-Cu
treated group compared to the control (Fig. 4e). The treatment
with inactivated BrGO-Cu induced bacterial cell wall
membrane shrinkage and/or structural damage, resulting in
cytoplasmic leakage, confirming the potential of inactivated
BrGO-Cu as an excellent bacteria-responsive antimicrobial
agent.

BrGO-Cu bioreactor redirects BEET to enhance the catalytic
antibiofilm mechanism

Typically, Cu-based materials could decompose H,O, into
hydroxyl radicals ("OH) within the biofilm microenvironment,
effectively killing bacteria by oxidizing proteins, lipids, and
nucleic acids.**” To investigate the mechanism of redirected
BEET-activated Cu ion valence modulation for enhanced anti-
biofilm properties, we conducted DFT analysis on H,0, decom-
position by the BrGO-Cu bioreactor. The process of catalyzing
H,0, is shown in Fig. 5a, including three steps: adsorption,
homolysis, and desorption (BrGO-Cu** + H,0, — BrGO-
Cu™"-H,0 — BrGO-Cu*™"OH + OH, x+: oxidation states; the
main rGO-Cu was taken as the calculation model).* The
desorption processes of free radicals from rGO-Cu”*, rGO-Cu’,
Cu*, and Cu®" are endothermic, which is the rate-determining
step of the whole reaction. However, the desorption activation
energy of tGO-Cu" was only 1.67 eV. The activation energies of the
entire reaction were 1.76, 1.67, 2.43, and 4.84 eV on rGO-Cu?*',
rGO-Cu’, Cu’, and Cu®', respectively (Table S2). rGO-Cu*",
compared to Cu®’, has significantly lower energy to overcome in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the rate-determining step, suggesting that Cu" is more favorable
to catalyze the generation of "OH from H,0,. Moreover, the rGO-
Cu system inhibited biofilm formation less effectively than the
BrGO-Cu bioreactor (Fig. S20), likely due to its lower Cu" content.
The Cu*/Cu®" ratio, calculated from the XPS Cu 2p spectra
(Fig. S21), was in the order of BrGO-Cu > rGO-Cu > bacteria-Cu >
GO-Cu*". This implies that the valence modulation of the BrGO-
Cu bioreactor depends on redirected BEET-activated chemical
units with potential turbulence from O,, H,O, and GSH in the
biofilm microenvironment (BME, Fig. 5b).***

As shown in Fig. 5c, the BrGO effectively catalyzes H,O, to
0,. Bacteria in the bacterial biofilm were in oxide-limited BME
with abundant electron donors and few electron acceptors;*
thus, O, would be easily reduced to superoxide anion radicals
(Oy"7) by BEE.* Both Cu and BrGO-Cu display a consistently
higher O, elimination capacity than pure BrGO as expected,
indicating that Cu ions were the main component of scavenging
0O, (Fig. 5d). Moreover, the BrGO-Cu (+2/+1) system can
effectively consume the GSH in the biofilms (Fig. 5e). With the
sequential addition of BrGO and Cu®', the characteristic
absorbance decreased, effectively depleting GSH. Therefore, the
increased ratio of Cu'/Cu®’ resulted from the simultaneous
presence of O, and GSH, which was consistent with the Cu 2p
XPS results (Fig. S21). Additionally, BrGO-Cu can be trans-
formed into BrGO-Cu’ and H,O, in the subacid BME. The
generation of H,0, was monitored by its indicator Ti(SO,),,
which turned yellow with a characteristic absorption peak at
415 nm. Fig. 5f shows a considerable increase in the absorption
peak intensity at 415 nm following BrGO-Cu treatment
compared to Cu®*, indicating H,0, generation. DFT calcula-
tions further confirmed the reaction as spontaneous (AE =
—903 kJ mol ') at pH < 7 (AE = 926 k] mol " at alkaline pH,
Table S3). The above results demonstrated that the BrGO-Cu
bioreactor utilized BEET and GSH in the BME to synergistically
promote the conversion of Cu** to Cu" and enabled H,0, self-
generation. Furthermore, the ESR signal of 5,5-dimethyl-1-
pyrroline N-oxide (DMPO)-OH with an amplitude ratio of 1:
2:2:1 was significantly intensified in the BrGO-Cu bioreactor,
indicating that the BrGO-Cu bioreactor is more favorable for
'OH generation (Fig. 5g and S22).* As the vitality of bacteria
decreased, the bacterial current diminished (Fig. $23), and the
pH in the microenvironment increased from 5.5 to 7.4. As
a result, "OH production is suppressed causing an automatic
halt in antimicrobial performance (Fig. 5h). Briefly, in the
BrGO-Cu bioreactor, the BEET-driven valence modulation
cascade reaction involves O,"~ scavenging and GSH depletion,
resulting in self-supplied H,O, and enhanced “OH generation to
effectively inhibit biofilm formation (Fig. S24).

In vivo treatment of S. epidermidis-infected subcutaneous
abscess healing

Encouraged by BrGO-Cu's excellent antibacterial ability and
biocompatibility in vitro through the BEET-driven strategy, we
successfully applied BrGO-Cu to treat subcutaneous abscesses
induced by S. epidermidis in vivo. All experimental mice were
randomly divided into five groups (Fig. 6a). The Un-infected
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Fig. 5 (a) Proposed catalytic mechanism schematic and the free energy diagrams of Cu*, Cu?*, rGO-Cu?*, and rGO-Cu'* in the Fenton-like
process (C: cyan, O: red, Cu: orange, and H: white). (b) Diagram of the process of the enhanced valence regulation process by BEET-driven redox
species. (c) O, production ability of different concentrations of GO by catalysing H,O, in a bacterial fluid. (d) O, scavenging activities of SOD
enzymes (control), GO (125 ug mL™?), Cu?* (100 uM), and BrGO-Cu (containing 125 pg mL™* GO and 100 pM Cu?*). (e) Loss of GSH (%) after 10 h
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(Un-inf) group was a blank control group without any treatment.
The infected mice were divided into four groups for different
treatments: stroke-physiological saline solution (SPSS), GO,
Cu**, and BrGO-Cu. Fig. 6b shows the photographs of abscesses
with different treatments on days 0, 1, 3, 5, and 7. After treat-
ment with BrGO-Cu for 5 days, the scars appeared, and the
abscess area became generally smaller. In contrast, the cuta-
neous abscesses in control and other treatment groups healed
slowly with evident dermonecrosis and white lesions (filled with
fluid/pus). We also visualized bacterial populations around the
abscess in each group. The smallest number of colonies
belonged to the BrGO-Cu treated group. Moreover, the weight
of mice in the BrGO-Cu group recovered faster than the other

Chem. Sci.

groups (Fig. 6¢), proving that BrGO-Cu offered the best and
fastest recovery from S. epidermidis-infected abscesses.

In addition, the infected tissues were collected and stained
with haematoxylin-eosin (H&E), immunohistochemistry (IHC)
for IL-6 and TNF-a. to study the anti-biofilm ability of BrGO-Cu.
H&E staining showed that the BrGO-Cu group contained the
fewest neutrophils compared to the Un-inf group, forming new
capillaries. Conversely, other groups' abscesses manifested
extensive necrotic polymorphonuclear leukocytes and a signifi-
cant quantity of neutrophils, suggesting a severe bacterial
infection (Fig. 6d, H&E). More importantly, the bacterial infec-
tion process was accompanied by changes in inflammatory
factors. We then assessed expression levels of IL-6 and TNF-a in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic diagram of subcutaneous abscess formation and the treatment process. (b) Representative photographs of subcutaneous

abscess at designated days in stroke-physiological saline solution (SPSS), GO (125 pg mL™Y), Cu?* (100 uM), and BrGO-Cu (containing 125 ug

mL~* GO and 100 uM Cu?*

) groups (column 6: digital photograph of S. epidermidis colonies from infected tissues on day 7). (c) Body weight

changes corresponding to (b). (d) H&E and IHC staining images of infected tissues after various treatments on day 7. (e) Protein expression level of

IL-6 and TNF-a in abscess tissues by western blotting.

the infected tissues by IHC and western blot (WB) (Fig. 6d, IHC
and 6e). Infected abscess tissue in the SPSS group secreted
a large number of IL-6 and TNF-a. compared to the Un-inf group
to aggravate the inflammatory response in mice. The BrGO-Cu
group was the only infected group that witnessed an inflam-
mation reduction. Meanwhile, the protein expression level of
TNF-o (which is an indicator for inflammation response) in the
BrGO-Cu group was significantly lower than that in the other

© 2025 The Author(s). Published by the Royal Society of Chemistry

groups. The expression of IL-6 also returned to near-normal
levels in the BrGO-Cu group, indicating that BrGO-Cu effec-
tively inhibited the inflammatory response (Fig. S25). In brief,
the BrGO-Cu bioreactor enhances the catalytic antibacterial
ability on demand via the BEET-driven valence self-regulating
strategy, dynamically inhibits the further development of
a subcutaneous abscess, reduces the stimulation of bacterial
inflammation, and shows a great anti-infective treatment effect.
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Conclusions

In summary, we successfully assembled a bio-electroactive
BrGO-Cu bioreactor exploiting the bacteria-specific BEET
process, achieving on-demand bacteria-responsive sterilization
with negligible side effects and drug resistance. The BrGO-Cu
bioreactor not only traps bacteria to prevent the diffusion of free
bacteria, but also fuels the following antibacterial behavior with
bacteria's own extracellular electrons (BEET) and delocalized =
electrons. The BEET activated the conversion of Cu>* to Cu* for
enhanced "OH generation, efficiently inhibiting the formation
of the bacterial biofilm. Importantly, BrGO-Cu's antibacterial
behavior is activated only by live bacteria, allowing prolonged
sterilization and preventing bacterial resistance for both Gram-
positive and negative bacteria. This new “two birds with one
stone” strategy: (1) treats bacterium itself as the stimulus
achieving high specificity and thus low toxicity; (2) and powers
the antibacterial process using bacteria's own extracellular
electrons improving antibacterial efficacy and thus low drug
resistance. Despite its promise, the BrGO-Cu's performance
remains dependent on the accessibility and redox activity of
copper sites, which may diminish over time due to surface
fouling or Cu" reoxidation. Future work will focus on enhancing
material durability and broadening applicability to more
complex microbial environments. Altogether, this BEET-
activated, self-sustained sterilization approach offers a prom-
ising framework for designing bacteria-responsive materials
targeting persistent and biofilm-associated infections.

Ethical statement

All animal procedures were approved by the Ethics Committee
of Wenzhou Institute, University of Chinese Academy of
Sciences (approval no. WIUCAS22031403). Six-week-old male
BALB/c mice were obtained from the Animal Care and Use
Committee of the same institute.

Author contributions

Mingming Qin, Qiuping Qian, and Yunlong Zhou conceived the
project. Mingming Qin and Qiuping Qian synthesized the
samples, performed the characterization, and analyzed the
data. Feng Jia conducted additional bacteria-related experi-
ments during the revision. Tianxi Shen prepared the schematic
illustration of the proposed mechanism. Mingming Qin drafted
the initial manuscript. Xiaoqing Gao, Min Wu, Kelong Fan, and
Yunlong Zhou contributed valuable experimental insights.
Qiuping Qian and Yunlong Zhou supervised the overall project.
All authors discussed the results and approved the final version
of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Chem. Sci.

View Article Online

Edge Article

Data availability

The data supporting this article have been included as part of
the SI.

All experimental procedures and supporting data are
provided in the SI, including the synthesis and characterization
of GO, rGO, and BrGO-Cu; AFM, TEM, FTIR, UV-vis, and XPS
analyses; electrochemical measurements; DFT calculations;
antibacterial and antibiofilm assays; hemolysis testing; ROS
detection; and western blot analysis of inflammatory markers.
Supplementary information is available. See DOI: https://
doi.org/10.1039/d5sc04234h.

Acknowledgements

We acknowledge the financial support from the National
Natural Science Foundation of China (Grant No. 22472042),
WIUCASQD2019001, the “Pioneer” and “Leading Goose” R&D
Program of Zhejiang (2023C03084), Wenzhou High-level Inno-
vation Team (development and application team of functional
liver cancer-on-a-chip), and Major Science and Technology
Project of Wenzhou Science and Technology (ZG2022017). The
authors are grateful to Dr Dingdong Qi (University of Science
and Technology Beijing) for conducting critical simulation
analyses. We also thank Beijing GenePu Biotechnology Co., Ltd
for professional support with immunohistochemical experi-
ments. Dr Mingtao Chen (Westlake University) is sincerely
acknowledged for his valuable suggestions on manuscript
revision. We further thank Prof. Chen Yu (Shanghai University)
for his insightful contributions to our scientific discussions.

Notes and references

1 E. M. Darby, E. Trampari, P. Siasat, M. S. Gaya, L. Alav,
M. A. Webber and ]J. M. A. Blair, Molecular mechanisms of
antibiotic resistance revisited, Nat. Rev. Microbiol., 2023,
21, 280-295.

2 H. C. Neu, The Crisis in Antibiotic-Resistance, Science, 1992,
257, 1064-1073.

3 M. M. Xie, M. Gao, Y. Yun, M. Malmsten, V. M. Rotello,
R. Zboril, O. Akhavan, A. Kraskouski, J. Amalraj, X. M. Cai,
J. M. Lu, H. Z. Zheng and R. B. Li, Antibacterial
Nanomaterials: Mechanisms, Impacts on Antimicrobial
Resistance and Design Principles, Angew. Chem., Int. Ed.,
2023, 62, €202217345.

4Y. S. Tu, M. Lv, P. Xiu, T. Huynh, M. Zhang, M. Castelli,
Z. R. Liu, Q. Huang, C. H. Fan, H. P. Fang and R. H. Zhou,
Destructive extraction of phospholipids from membranes
by graphene nanosheets, Nat. Nanotechnol., 2013, 8, 594-
601.

5 D. L. Hou, S. Zhou, X. L. Tan, D. Z. Yuan, J. Yan, Q. Zeng and
Y. Chen, 2D Materials Kill Bacteria from Within, Nano Lett.,
2024, 24, 6506-6512.

6 J. Q. Wang, S. P. Teong, S. N. Riduan, A. Armugam, H. F. Lu,
S.J. Gao, Y. K. Yean, J. Y. Ying and Y. G. Zhang, Redox Active
Zn@MOFs as Spontaneous Reactive Oxygen Species

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/d5sc04234h
https://doi.org/10.1039/d5sc04234h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04234h

Open Access Article. Published on 31 July 2025. Downloaded on 8/16/2025 4:54:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Releasing Antimicrobials, J. Am. Chem. Soc., 2023, 146, 599-
608.

7 P. Makvandi, C. Y. Wang, E. N. Zare, A. Borzacchiello,
L. N. Niu and F. R. Tay, Metal-Based Nanomaterials in
Biomedical Applications: Antimicrobial Activity and
Cytotoxicity Aspects, Adv. Funct. Mater., 2020, 30, 1910021.

8 D. L. Han, X. M. Liu and S. L. Wu, Metal organic framework-
based antibacterial agents and their underlying
mechanisms, Chem. Soc. Rev., 2022, 51, 7138-7169.

9 L. Zhang, W. Z. Wang, W. He, T. Du, S. C. Wang, P. Y. Hu,
B. Pan, J. J. Jin, L. Z. Liu and J. L. Wang, A tailored slow-
release film with synergistic antibacterial and antioxidant
activities for ultra-persistent preservation of perishable
products, Food Chem., 2024, 430, 136993.

10 Y. Y. Zhong, X. T. Zheng, S. Q. Zhao, X. D. Su and X. J. Loh,
Stimuli-Activable Metal-Bearing Nanomaterials and Precise
On-Demand Antibacterial Strategies, ACS Nano, 2022, 16,
7138-7169.

11 X. H. Wang, M. Y. Shan, S. K. Zhang, X. Chen, W. T. Liu,
J. Z. Chen and X. Y. Liu, Stimuli-Responsive Antibacterial
Materials: Molecular Structures, Design Principles, and
Biomedical Applications, Adv. Sci., 2022, 9, e2104843.

12 H. Liu, X. M. Wei, H. G. Peng, Y. Yang, Z. Hu, Y. F. Rao,
Z. F. Wang, ]J. X. Dou, X. A. Huang, Q. W. Hu, L. Tan,
Y. T. Wang, J. Chen, L. Liu, Y. H. Yang, J. H. Wu, X. M. Hu,
S. G. Lu, W. L. Shang and X. C. Rao, LysSYL-Loaded pH-
Switchable Self-assembling Peptide Hydrogels Promote
Methicillin-Resistant Elimination and Wound Healing,
Adv. Mater., 2024, 36, 2412154,

13 Y. T. Yang, J. X. Wang, S. F. Huang, M. Li, J. Y. Chen,
D. D. Pei, Z. Tang and B. L. Guo, Bacteria-responsive
programmed self-activating antibacterial hydrogel to
remodel regeneration microenvironment for infected
wound healing, Natl. Sci. Rev., 2024, 11, nwae044.

14 J. Xiang, R. F. Zou, P. Wang, X. F. Z. Wang, X. F. He, F. Liu,
C.Xu and A. G. Wu, Nitroreductase-responsive nanoparticles
for in situ fluorescence imaging and synergistic antibacterial
therapy of bacterial keratitis, Biomaterials, 2024, 308,
122565.

15 J. Li, J. Li, Y. L. Chen, P. Tai, P. W. Fu, Z. H. Chen, P. S. Yap,
Z. L. Nie, K. Lu and B. S. He, Molybdenum Disulfide-
Supported Cuprous Oxide Nanocomposite for Near-
Infrared-I ~ Light-Responsive  Synergistic  Antibacterial
Therapy, ACS Nano, 2024, 18, 16184-16198.

16 M. E. Hernandez and D. K. Newman, Extracellular electron
transfer, Cell. Mol. Life Sci., 2001, 58, 1562-1571.

17 M. Ahmad, S. V. Aduru, R. P. Smith, Z. R. Zhao and
A. ]J. Lopatkin, The role of bacterial metabolism in
antimicrobial resistance, Nat. Rev. Microbiol., 2025, 23,
439-454.

18 A. Kohler, A. Barrientos, F. Fontanesi and M. Ott, The
functional significance of mitochondrial respiratory chain
supercomplexes, EMBO Rep., 2023, 24, €57092.

19 L. H. Wy, Y. Luo, C. F. Wang, S. L. Wu, Y. F. Zheng, Z. Y. Li,
Z.D. Cui, Y. Q. Liang, S. L. Zhu, J. Shen and X. M. Liu, Self-
Driven Electron Transfer Biomimetic Enzymatic Catalysis of

© 2025 The Author(s). Published by the Royal Society of Chemistry

20

21

22

23

24

25

26

27

28

29

30

31

32

View Article Online

Chemical Science

Bismuth-Doped PCN-222 MOF for Rapid Therapy of
Bacteria-Infected Wounds, ACS Nano, 2023, 17, 1448-1463.
J. N. Fu, W. D. Zhu, X. M. Liu, C. Y. Liang, Y. F. Zheng,
Z. Y. Li, Y. Q. Liang, D. Zheng, S. L. Zhu, Z. D. Cui and
S. L. Wu, Self-activating anti-infection implant, Nat.
Commun., 2021, 12, 6907.

Z.1i, E. G.Wang, Y. Z. Zhang, R. Z. Luo, Y. S. Gai, H. Ouyang,
Y. L. Deng, X. Z. Zhou, Z. Li and H. Q. Feng, Antibacterial
ability of black titania in dark: Via oxygen vacancies
mediated electron transfer, Nano Today, 2023, 50, 101826.
G. M. Wang, K. W. Tang, Z. Y. Meng, P. Liu, S. Mo,
B. Mehrjou, H. Y. Wang, X. Y. Liu, Z. W. Wu and
P. K. Chu, A Quantitative Bacteria Monitoring and Killing
Platform Based on Electron Transfer from Bacteria to
a Semiconductor, Adv. Mater., 2020, 32, 2003616.

P. C. Henriques, A. T. Pereira, A. L. Pires, A. M. Pereira,
F. D. Magalhaes and I. C. Goncalves, Graphene Surfaces
Interaction with Proteins, Bacteria, Mammalian Cells, and
Blood Constituents: The Impact of Graphene Platelet
Oxidation and Thickness, ACS Appl. Mater. Interfaces, 2020,
12, 21020-21035.

G. K. Zhao and H. W. Zhu, Cation-t Interactions in
Graphene-Containing Systems for Water Treatment and
Beyond, Adv. Mater., 2020, 32, 1905756.

Z. L. Guo, P. Zhang, C. J. Xie, E. Voyiatzis, K. Faserl,
A. J. Chetwynd, F. A. Monikh, G. Melagraki, Z. Y. Zhang,
W. J. G. M. Peijnenburg, A. Afantitis, C. Y. Chen and
I. Lynch, Defining the Surface Oxygen Threshold That
Switches the Interaction Mode of Graphene Oxide with
Bacteria, ACS Nano, 2023, 17, 6350-6361.

U. A. Méndez-Romero, S. A. Pérez-Garcia, X. F. Xu,
E. G. Wang and L. Licea-Jiménez, Functionalized reduced
graphene oxide with tunable band gap and good solubility
in organic solvents, Carbon, 2019, 146, 491-502.

D. Liu, J. Wang, X. J. Bai, R. L. Zong and Y. F. Zhu, Self-
Assembled ~ PDINH  Supramolecular  System  for
Photocatalysis under Visible Light, Adv. Mater., 2016, 28,
7284.

A. E. Nel, L. Midler, D. Velegol, T. Xia, E. M. V. Hoek,
P. Somasundaran, F. Klaessig, V. Castranova and
M. Thompson, Understanding biophysicochemical
interactions at the nano-bio interface, Nat. Mater., 2009, 8,
543-557.

I. B. Baldus and F. Griter, Mechanical Force Can Fine-Tune
Redox Potentials of Disulfide Bonds, Biophys. J., 2012, 102,
622-629.

A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi,
M. Lazzeri, F. Mauri, S. Piscanec, D. Jiang, K. S. Novoselov,
S. Roth and A. K. Geim, Raman spectrum of graphene and
graphene layers, Phys. Rev. Lett., 2006, 97, 187401.

E. C. Salas, Z. Z. Sun, A. Liittge and J. M. Tour, Reduction of
Graphene Oxide Bacterial Respiration, ACS Nano, 2010, 4,
4852-4856.

Y. C. Yong, Y. Y. Yu, X. H. Zhang and H. Song, Highly Active
Bidirectional Electron Transfer by a Self-Assembled
Electroactive Reduced-Graphene-Oxide-Hybridized Biofilm,
Angew. Chem., Int. Ed., 2014, 53, 4480-4483.

Chem. Sci.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04234h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 31 July 2025. Downloaded on 8/16/2025 4:54:28 PM.

(cc)

Chemical Science

33 Y. S. Tu, P. Li, J. J. Sun, J. Jiang, F. F. Dai, C. Z. Li, Y. Y. Wu,
L. Chen, G. S. Shi, Y. W. Tan and H. P. Fang, Remarkable
Antibacterial Activity of Reduced Graphene Oxide
Functionalized by Copper lons, Adv. Funct. Mater., 2021,
31, 2008018.

34 J. W. Mei, D. D. Xu, L. T. Wang, L. T. Kong, Q. Liu, Q. M. Li,
X.Z.Zhang, Z. Su, X. L. Hu, W. B. Zhu, M. Ye, J. X. Wang and
C. Zhu, Biofilm Microenvironment-Responsive Self-
Assembly Nanoreactors for All-Stage Biofilm Associated
Infection through Bacterial Cuproptosis-like Death and
Macrophage Re-Rousing, Adv. Mater., 2023, 35, 2303432.

35 J. Q. Xi, G. Wei, L. F. An, Z. B. Xu, Z. L. Xu, L. Fan and
L. Z. Gao, Copper/Carbon Hybrid Nanozyme: Tuning
Catalytic Activity by the Copper State for Antibacterial
Therapy, Nano Lett., 2019, 19, 7645-7654.

36 C. Li, G. Yao, X. Gu, J. Lv, Y. Hou, Q. Lin, N. Yu, M. S. Abbasi,
X. Zhang, J. Zhang, Z. Tang, Q. Peng, C. Zhang, Y. Cai and
H. Huang, Highly efficient organic solar cells enabled by
suppressing triplet exciton formation and non-radiative
recombination, Nat. Commun., 2024, 15, 8872.

37 Y. Li, Z. Zhang, H. Jiang, Z. Zhuang, H. Cong, B. Yu, K. Wang
and H. Hu, A near-infrared responsive hydrogel loaded with
Prussian blue-based nanocarriers for CO gas therapy of
infected wounds, Chem. Eng. J., 2025, 512, 162544,

38 X. X. Peng, J. Ma, Z. X. Zhou, H. Yang, J. J. Chen, R. Chen,
K. Q. Wu, G. C. Xi, S. Q. Liu, Y. F. Shen and Y. J. Zhang,
Molecular assembly of carbon nitride-based composite
membranes for photocatalytic sterilization and wound
healing, Chem. Sci., 2023, 14, 4319-4327.

39 Z.Y. Li, J. Z. Song, X. Y. Gao, X. X. Ma, K. Y. Liu, Z. W. Ma,
Q. L. Wang, X. L. Zeng, H. N. Zhang, P. Zhang, H. Guo and
J.  Yin, Highly efficient green light-excited AIE

Chem. Sci.

View Article Online

Edge Article

photosensitizers derived from BF,-curcuminoid for specific
photodynamic eradication of Gram-negative bacteria, Chin.
Chem. Lett., 2025, 36, 110073.

40 F. F. Cao, L. Zhang, H. Wang, Y. W. You, Y. Wang, N. Gao,
J. S. Ren and X. G. Qu, Defect-Rich Adhesive Nanozymes as
Efficient Antibiotics for Enhanced Bacterial Inhibition,
Angew. Chem., Int. Ed., 2019, 58, 16236-16242.

41 Y. F. Gao, J. Wang, M. Y. Chai, X. Li, Y. Y. Deng, Q. Jin and
J. Ji, Size and Charge Adaptive Clustered Nanoparticles
Targeting the Biofilm Microenvironment for Chronic Lung
Infection Management, ACS Nano, 2020, 14, 5686-5699.

42 J. Y. Xiao, L. Hai, Y. Y. Li, H. Li, M. H. Gong, Z. F. Wang,
Z. F. Tang, L. Deng and D. G. He, An Ultrasmall Fe;O,-
Decorated Polydopamine Hybrid Nanozyme Enables
Continuous Conversion of Oxygen into Toxic Hydroxyl
Radical via GSH-Depleted Cascade Redox Reactions for
Intensive Wound Disinfection, Small, 2022, 18, €2105465.

43 S. H. Saunders, E. C. M. Tse, M. D. Yates, F. J. Otero,
S. A. Trammell, E. D. A. Stemp, J. K. Barton, L. M. Tender
and D. K. Newman, Extracellular DNA Promotes Efficient
Extracellular Electron Transfer by Pyocyanin in Biofilms,
Cell, 2020, 182, 919.

44 G. M. Wang, W. H. Jin, A. M. Qasim, A. Gao, X. Peng, W. Li,
H. Q. Feng and P. K. Chu, Antibacterial effects of titanium
embedded with silver nanoparticles based on electron-
transfer-induced reactive oxygen species, Biomaterials,
2017, 124, 25-34.

45 J. Ma, C. Peng, X. Peng, S. Liang, Z. Zhou, K. Wu, R. Chen,
S. Liu, Y. Shen, H. Ma and Y. Zhang, H,0, Photosynthesis
from H,O and O, under Weak Light by Carbon Nitrides
with the Piezoelectric Effect, J. Am. Chem. Soc., 2024, 146,
21147-21159.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04234h

	Bacteria-driven bio-electroactive sterilization
	Bacteria-driven bio-electroactive sterilization
	Bacteria-driven bio-electroactive sterilization
	Bacteria-driven bio-electroactive sterilization
	Bacteria-driven bio-electroactive sterilization
	Bacteria-driven bio-electroactive sterilization
	Bacteria-driven bio-electroactive sterilization
	Bacteria-driven bio-electroactive sterilization

	Bacteria-driven bio-electroactive sterilization
	Bacteria-driven bio-electroactive sterilization
	Bacteria-driven bio-electroactive sterilization
	Bacteria-driven bio-electroactive sterilization
	Bacteria-driven bio-electroactive sterilization
	Bacteria-driven bio-electroactive sterilization


