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a b s t r a c t

The rise of antimicrobial resistance and the ecological harm inflicted by broad-spectrum disinfectants
underscore the urgent need for species-specific strategies that eradicate pathogenic bacteria without
disrupting beneficial microbial communities. Staphylococcus aureus thrives in diverse aquatic environ-
ments across wide temperature ranges, posing persistent risks to human health and exacerbating
resistance challenges, yet existing agents lack the precision to target this pathogen selectively. Here we
show that triethylenetetramine-functionalized carbon dots, derived from corn straw biomass via one-
step hydrothermal synthesis, exhibit intrinsic oxidase-like activity that selectively eliminates
S. aureus. These nanomaterials achieve complete bactericidal efficacy (100%) against S. aureus at
50 μg mL− 1 within 1 h at 37 ◦C, retaining robust activity (80%) even at 4 ◦C, through synergistic pref-
erential binding to cell-wall polysaccharides—facilitated by retained biomass cellulose moie-
ties—combined with membrane disruption and generation of superoxide radicals (⋅O2− ) and singlet
oxygen (1O2). This selectivity spares Bacillus subtilis and Gram-negative species such as Escherichia coli
and Pseudomonas aeruginosa, owing to differences in cell-wall architecture and reduced affinity. Amine
chain length tunes the oxidase-mimicking potency, enabling oxygen-dependent reactive oxygen species
production without external stimuli. By upcycling abundant agricultural waste into rapidly photode-
gradable (within 11 days under visible light) precision disinfectants, this approach provides a sustain-
able way for ecologically compatible pathogen control, advancing rational design principles for next-
generation nano-antimicrobials.
© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Staphylococcus aureus (S. aureus) shows extraordinary adapt-
ability to many environments, including human skin [1], food [2],
garbage [3], wastewater treatment plants [4], public spaces [5],
and households [6]. Infections caused by S. aureus are becoming
increasingly widespread, and the development of antimicrobial
resistance in S. aureus is becoming a significant threat to global
public health [7,8]. Data from the China Antimicrobial Surveillance

Network in 2023 showed that the detection rate of S. aureus
ranked third among the major clinical isolates, accounting for
9.23% of total samples. In recent years, S. aureus bioaerosols in
sewage plants have been found to have an extremely adverse
impact on human health [9]. Vantarakis et al. [10] tested the
bacterial flora near wastewater treatment plants and found that of
83 randomly detected bacterial isolates, 29% (24 strains) were
S. aureus. Other studies have found that S. aureus bioaerosols are
the main cause of chronic lung infections [11].

S. aureus can survive in freshwater, river water, and seawater,
and even survive for a long time in cold, nutrient-rich saltwater
[12]. This presents a major challenge in the development of ma-
terials with high antimicrobial activity that can adapt to different
water bodies at varying temperatures for public health protection
[13]. Existing conventional antibacterial agents (e.g., metal ions
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[14], quaternary ammonium compounds [15], and antibiotics [16])
face challenges such as high costs, complex synthesis processes,
antibiotic resistance, and environmental pollution [17]. As an
emerging carbon-based nanomaterial, carbon dots (CDs) have
garnered growing interest due to their remarkable antibacterial
properties [18,19]. For instance, Wang et al. [20] revealed that
amine-modified CDs can generate reactive oxygen species (ROS)
via peroxidase- and oxidase-mimicking activities. Their low drug
resistance potential and good biocompatibility make them
promising alternatives to traditional antibiotics. However, despite
the extensive biological applications reported, the precise bacte-
ricidal mechanisms of CDs remain unclear and controversial.
In the circular economy framework, leveraging biomass waste

as a carbon source for synthesizing value-added CDs addresses
resource limitations and expands their practical applications
through sustainable production [21,22]. Current research on
biomass-derived CDs is still in the preliminary stages, with exist-
ing studies mainly focusing on the antibacterial properties of high-
value biomass, such as the Chinese herbal medicine forsythia [23],
turmeric [24], and garlic [25], while the antibacterial potential of
cheap and abundant biomass waste, such as corn straws, remains
under investigated. Inspired by previous research [26], we utilized
amine modifiers with varying active hydrogen densities (e.g.,
ethylenediamine [EDA], diethylenetriamine [DTEA], and triethy-
lenetetramine [TETA]) to investigate the antibacterial properties of
CDs. Most existing antibacterial studies are conducted at the
optimal bacterial growth temperature (37 ◦C), with limited data on
room temperature (25 ◦C) or low temperatures (4–15 ◦C). Thus,
utilizing low-cost biomass such as corn stalks to synthesize amine-
modified CDs and exploring their disinfection performance in real
water matrices (especially under low-temperature conditions)
carries considerable scientific and practical relevance.
In this study, a systematic evaluation of the antibacterial

properties of a series of amine-modified biomass waste corn straw
CDs was conducted, focusing on the effects of amine-modified
reagents on the antibacterial activity of the biomass CDs. The se-
lective antibacterial activity of the CDs against S. aureus was
assessed at various CD concentrations (10–200 μg mL− 1), at
different temperatures (4–37 ◦C), and in real water matrices. The
selective antibacterial mechanisms of TETA CDs were revealed
through a series of characterization tests.

2. Materials and methods

2.1. Materials and chemical reagents

Corn straw powder (100 mesh; cellulose, 32.4%; hemicellulose,
19.2%; and lignin, 19.5%) was obtained from the farmers' market in
Nangang District, Harbin, China. The strains of Staphylococcus
aureus (S. aureus, ATCC 6538), Escherichia coli (E. coli, ATCC 25922),
Pseudomonas aeruginosa (P. aeruginosa, ATCC 15692), and Bacillus
subtilis (B. subtilis, ATCC 6633) were obtained from Beijing
Microbiological Culture Collection Center (Beijing, China). Ascor-
bic acid (AA; 99%), EDA (99%), DTEA (99%), TETA (70%), sodium
alginate (SA), propidium iodide (PI; 98%), and 2′,7′-dichlorodihy-
drofluorescein diacetate (DCFH-DA; 97%) were obtained from
Aladdin (Shanghai, China). Phosphatidyl ethanolamine (PE) was
obtained from Macklin (Shanghai, China), and bovine serum was
obtained from the Beyotime Institute of Biotechnology (Shanghai,
China). SYBR Green I (10,000 × concentrate in dimethyl sulfoxide)
was obtained from Thermo Fisher Scientific, USA. Phosphate-
buffered saline (PBS; pH 7.4) and normal saline (NS; 0.9% w/v)
were used to mimic physiological conditions. Dulbecco's Modified
Eagle Medium (DMEM) was obtained from Corning (Corning, NY,
USA). Mouse embryo fibroblasts (NIH 3T3) and fetal bovine serum

were obtained from Procell Life Science & Technology Co., Ltd.
(Wuhan, China). Cell Counting Kit-8 (CCK-8) was obtained from
Invigentech (Irvine, CA, USA).

2.2. Syntheses of a series of CDs

We prepared amine-modified CDs using a simple one-step
hydrothermal method. Corn straw powder (1 g) was dispersed in
deionized water (25 mL) and combined with different amine
sources (EDA, DTEA, and TETA), then sonicated for 30 min. The
suspension was transferred to a polytetrafluoroethylene-lined
autoclave and subjected to hydrothermal treatment at 160 ◦C for
8 h. Following the reaction, the mixture was sonicated for 30 min
to ensure homogeneity and centrifuged at 10,000 rpm for 30 min
to remove insoluble residues. The CD solutionwas then transferred
into a dialysis bag (Molecular Weight Cutoff: 500 Da) and dialyzed
in deionized water for 24–36 h until the dialysis solutionwas clear.
Finally, the CD powder was obtained by vacuum freeze-drying for
subsequent experiments. Samples prepared with EDA, DTEA, and
TETAwere named EDA CDs, DTEA CDs, and TETA CDs, respectively,
whereas CDs prepared with deionized water without amine
sources were named CS CDs.

2.3. Material characterization

Themorphological characteristics of the CDs were examined by
a high-resolution transmission electron microscope (HRTEM;
Talos F200S G2, FEI, USA) operated at 200 kV. Fourier transform
infrared (FTIR) absorption spectra were collected using a Frontier
FTIR spectrometer (PerkinElmer, USA). X-ray photoelectron spec-
troscopy (XPS; Kratos Analytical, UK) was carried out to analyze
the surface chemical states and elemental valences. The crystalline
phase analysis was conducted using an X-ray diffractometer
(Bruker D8 Advantage, Germany). The electron paramagnetic
resonance (EPR) spectra were acquired using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) and 2,2,6,6-tetramethylpiperidine
(TEMP) as trapping agents on an EPR spectrometer (Bruker Bio-
Spin EMXplus-6/1, Germany). The bacterial structure and
morphology were characterized using scanning electron micro-
scopy (SEM; ZEISS SIGMA 500, Zeiss, Germany) and transmission
electron microscopy (TEM; H-7650, Hitachi, Japan). The zeta po-
tential was characterized using a ZETA potential analyzer (Anton
Paar Litesizer50, Austria). The fluorescence signals of bacteriawere
detected by a Confocal laser scanning microscope (CLSM; ZEISS
LSM800, Germany). The leakage of potassium ions (K+) was
quantitatively detected by Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES; PerkinElmer Avio 550 Max,
USA). The optical properties of the CDs were characterized by an
ultraviolet spectrophotometer (UV–Vis; SHIMADZU UV-2550,
Japan).

2.4. Antibacterial activity experiments

We evaluated the narrow-spectrum, selective antibacterial ac-
tivity of a series of amine-modified corn straw CDs against the
pathogenic bacterium S. aureus and the probiotic bacterium
B. subtilis by assessing differences in their antibacterial efficacy
[27]. Bacterial strains were cultured overnight in lysogeny broth
(LB) to prepare them for subsequent experiments. Specifically,
S. aureus and B. subtiliswere incubated in LB broth at 37 ◦C for 12 h.
Prior to each experiment, all vessels and different water samples
were autoclaved at 121 ◦C for 20 min. A series of concentrations of
CDs was prepared and added to suspensions containing S. aureus
and B. subtilis (~105 CFU mL− 1), with a total volume kept at 2 mL,
then the mixtures were allowed to incubate at 37 ◦C for different
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times, and the samples without CD treatment were treated iden-
tically to the control group. Then, 10 μL of the diluted bacterial
solution was uniformly applied to the surface of the LB agar plate
and cultured for 12–16 h at 37 ◦C. Finally, colony-forming units
(CFUs) were counted to determine the antibacterial rate. Each test
was performed in triplicate. The antibacterial rate of the series of
CDs was calculated as follows:

A =
Nb − Ns
Nb

× 100%

where A is the antibacterial rate of CDs, Nb is the number of CFUs
on LB agar plates of the blank control, andNs represent the number
of CFUs in the groups treated with the series of CDs. The analytical
methods and characterization are described in more detail in
Supplementary Texts S1–S7.

3. Results and discussion

3.1. Synthesis and characterization of materials

The series of CDs was successfully prepared through a bottom-
up one-step hydrothermal method, which hydrothermally
carbonized biomass to carbonized polymer dots [28] and endowed
CDs with different amine functional groups through different
amine modifiers (EDA, DTEA, and TETA). Compared to the direct
hydrothermal carbonization of biomass, the addition of amine
modifiers significantly increased the CD yield. The series of CDs
exhibited good aqueous dispersion behavior and features spherical
nanoparticles with diameters ranging from 1 to 4 nm (mean:
2–3 nm) with homogeneous distribution (Fig. 1a–d) [29]. The
HRTEM images indicated that the lattice spacing of the series of
CDs was approximately 0.21 nm, corresponding to the (100) plane
in the typical graphite lattice structure, which is not clearly visible,
suggesting low crystallinity and properties of amorphous carbon
(Fig. 1a–d) [30]. The diffraction pattern of TETA CDs revealed a
dominant peak at 13◦ (attributed to the (100) plane of graphene
oxide) and two minor peaks at 30◦ and 42◦ (corresponding to the
(002) and (101) planes of graphite) (Fig. 1e) [31]. The reduced peak
intensities and broadened full width at half maximum suggest the
formation of an amorphous carbon structure. These findings
confirmed the poorly crystalline, heterogeneous multi-layered
structure of TETA CDs, consistent with previous reports on CD
properties [32].
Given that surface functional groups serve as critical de-

terminants of antimicrobial activity, FTIR and XPS were employed
to characterize the CDs. FTIR spectra of the raw material and the
CD series (Fig. 1f) show that the CDs largely retain the functional
groups of the raw corn straw. Corn straw contains a large amount
of lignin, cellulose, and hemicellulose; all of these biopolymers
contain abundant methylene (–CH2–) and hydroxyl (–OH) func-
tional groups, as reflected by the characteristic FTIR absorption
bands at 2920 cm− 1 (asymmetric CH2 stretching), 2850 cm− 1

(symmetric CH2 stretching), and 3429 cm− 1 (–OH stretching)
[33,34]. The cellulose-specific peaks were observed at 1376 cm− 1

(C–H bending in CH2 groups) and 1062 cm− 1 (C–O stretching in
primary alcohols), which overlapped with C–N stretching at
1059 cm− 1 [35] and 890 cm− 1 (β-glycosidic linkage vibration),
confirming the presence of intact cellulose moieties [34]. The peak
at 1632 cm− 1 was attributed to O-H bending vibrations of adsor-
bed water molecules in cellulose [33,36].
Significantly, the characteristic hemicellulose peaks at

1730 cm− 1 (C=O stretching of the ferulic and p-Coumaric acids)
and lignin peaks at 1510 cm− 1 (aromatic C=C stretching of the
benzene ring) and 1247 cm− 1 (C=O in lignin) vanished after amine

modification [36–38]. This suggests a preferential reaction of
amine groups with ester linkages in the hemicellulose and car-
boxylic groups in lignin, as well as Schiff base formation with
carbonyl groups on the CD surface [39]. The N–H bonds in amino
groups and C=N bonds in the series of amine-modified CDs
overlap with OH stretching at 3429 and 1632 cm− 1, respectively
[40,41].
We used XPS to characterize the surface chemistry of amine-

modified CDs. The survey spectrum (Fig. 1g) revealed a notable in-
crease in nitrogen content from 2.9% (CS CDs) to 4.1% (EDA CDs),
3.3% (DTEA CDs), and 5.6% (TETA CDs), confirming successful amine
doping. High-resolution C 1s spectra (Fig. 1h) displayed character-
istic peaks at 284.8 eV (C–C), 286.3 eV (C–O/C–N), and
288.2 eV (C=O/C=N), consistent with previous reports [42,43]. And
the ratio of C=O/C=N in TETA CDs increased significantly, and the N
content of different CDs increased gradually with the extension of
the carbon chain of themodifier. This is consistentwith the report of
Niu et al. [44]. The O 1s spectra (Fig. 1i) indicated that the control CS
CDs contained two distinct components: a low-binding-energy
peak at 531.1 eV (C=O) and a higher-energy peak at 532.74 eV
(C–OH/C–O–C). The series of amine-modified corn straw CDs
exhibited a new peak at around 535 eV (O–C=O), further supporting
the presence of oxygen-containing functional groups [45].
These results indicate that amine modification introduces ni-

trogen moieties while retaining the oxygen-rich surface chemistry
of biomass-derived CDs [46]. In contrast to the CS CDs (Fig. 1j),
which exhibited a single peak at 400.1 eV corresponding to C–N
bonds, the amine-modified CDs displayed two distinct peaks at
399.6 eV and 402.0 eV, which can be attributed to C=N and N-H
bonds, respectively [47]. These results indicate that the primary
amines of the three amine modifiers underwent a Schiff base re-
action with C=O to form C=N bonds [48]. Notably, the new peak
appearing around 402 eV is usually reported as a positively
charged amine [49]. The percentages of the functional groups in
high-resolution XPS are shown in Table 1. Combined with the FTIR
analysis, it was shown that the amine modifiers were successfully
modified onto the surface of the CD [50].

3.2. Antibacterial effects of amine-modified CDs

The antibacterial efficacy of CDs was systematically evaluated
using model Gram-positive bacteria S. aureus and B. subtilis and
Gram-negative bacteria E. coli and P. aeruginosa as controls [13].
First, CDs prepared with corncob [51], corn straw [30], moso
bamboo [52], and chlorella vulgaris [53] as the carbon sources
were used to test the antibacterial properties against S. aureus.
Corn straw CDs with EDA as the amine modifier (EDA CDs) had
significant antibacterial activity at a concentration of 100 μg mL− 1,
eliminating approximately 105 CFUs of S. aureus within 1 h
(Supplementary Fig. S1). The antibacterial efficacy of EDA CDs was
evaluated in a dose-dependent manner against the Gram-positive
pathogen S. aureus and the probiotic bacterium B. subtilis at an
initial density of 105 CFU mL− 1 (Fig. 2a). Notably, EDA CDs
demonstrated robust bactericidal activity against S. aureus,
achieving ≥99% bacterial reduction at concentrations as low as
50 μg mL− 1.
In contrast, even at the highest tested concentration

(4 mg mL− 1) of TETA CDs, no observable growth inhibition of
B. subtilis was detected (Supplementary Fig. S2), a feature more
significant than the previously reported selective antibacterial
concentration 392.85 μg mL− 1 of CuO nanoparticles, indicating
that the amine-modified CDs exhibit excellent selective antibac-
terial activity [27]. We observed a clear dose- and chain-length-
dependent antibacterial effect (Fig. 2b). The bactericidal efficacy
of the CDs improved as the concentration of the CDs increased and
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the carbon chain of the amine modifier was extended. When the
concentration of CDs reached 50 μg mL− 1, the antibacterial rate of
EDA and DTEA CDs reached more than 90% in 1 h, while the
antibacterial rate of TETA CDs reached 80% even at a relatively low
concentration of 10 μg mL− 1, which indicates better antibacterial
efficiency than shown in previous reports [54].
Interestingly, although the series of amine-modified CDs

showed good antibacterial effects against S. aureus, they had
almost no toxic effects on B. subtilis. Even when the concentration
of TETA CDs was increased to 200 μg mL− 1 or the concentration of
B. subtilis was reduced to 103 CFU mL− 1, no significant inhibitory
effects on B. subtilis were found (Fig. 2c). Therefore, amine-
modified CDs with corn straw as a carbon source can be used as

a highly effective bactericide that specifically targets and kills
S. aureus while retaining B. subtilis.
However, the temperature of environmental water varies

greatly throughout the year, especially in northern China, and
research on the antibacterial activity of CDs as antibacterial dis-
infectants often focuses on 37 ◦C or room temperature (25 ◦C)
[50,54–56]. There is little research on low-temperature antibac-
terial activity, which significantly restricts its practical application
in water antibacterial disinfection. By testing the antibacterial
activity of the series of amine-modified CDs at different temper-
atures (Fig. 2d), it was found that when the concentration of CDs
was controlled at 50 μg mL− 1 and the temperature was kept above
15 ◦C, the activity of EDA CDs was slightly reduced at 15 and 25 ◦C,

Fig. 1. a–d, Transmission electron microscopy images and particle-size distributions (left insert) of a series of carbon dots (CDs): CS CDs (a), EDA CDs (b), DTEA CDs (c), TETA CDs
(d). e, X-ray diffraction patterns of TETA CDs. f, Fourier transform infrared spectra of the raw material and a series of CDs. Yellow shading, hemicellulose; green shading, cellulose;
blue shading, lignin. g, X-ray photoelectron spectroscopy (XPS) survey spectra. h–j, High-resolution XPS spectra of C 1s (h), O 1s (i), and N 1s (j) of the series of CDs. Samples
prepared with ethylenediamine (EDA), diethylenetriamine (DTEA), and triethylenetetramine (TETA) were named EDA CDs, DTEA CDs, and TETA CDs, respectively, whereas CDs
prepared with deionized water without amine sources were named CS CDs.

Table 1
Percentage of the functional groups in high-resolution XPS: C 1s, O 1s, and N 1s spectra of a series of CDs.

Percentage (%) C 1s O 1s N 1s

C–C C–O C=O/C=N C–OH/C–O–C C=O O–C=O C=N N–H C–N

TETA CDs 43.4 33.3 23.4 84.9 12.2 2.9 90.4 9.6 –
DTEA CDs 54.2 38.0 7.9 94.3 3.2 2.5 90.7 9.3 –
EDA CDs 43.8 41.1 15.1 85.2 11.0 3.8 88.2 11.8 –
CS CDs 51.3 33.6 15.1 89.9 10.1 – – – 100
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while the activity of DTEA CDs and TETA CDs was not affected by
temperature. When the temperature was dropped to 4 ◦C, the
antibacterial activity of EDA and DTEA CDs was completely
inhibited, while TETA CDs exhibited slightly reduced activity, with
antibacterial activity dropping from 100% to 80%. This demon-
strates that TETA CDs maintain a high antibacterial activity under

low-temperature conditions, which can expand their application
in actual water sterilization and disinfection.
To further evaluate the antibacterial activity of amine-modified

CDs using TETA CDs as a representative, the antibacterial efficiency
of TETA CDs was studied using a time-dynamic sterilization test
(Fig. 2e). The number of live colonies decreased significantly with

Fig. 2. a, Effect of EDA CD concentration on antibacterial rate of S. aureus and B. subtilis (105 colony-forming units (CFU), 37 ◦C, 1 h). b, Antibacterial rate of EDA CDs, DTEA CDs, and
TETA CDs against S. aureus. (105 CFU, 37 ◦C, 1 h). c, Effect of bacterial concentration on the antibacterial rate of TETA CDs against S. aureus and B. subtilis (50 μg mL− 1, 37 ◦C, 1 h). d,
Effect of temperature on antibacterial rate of CDs against S. aureus. (105 CFU, 50 μg mL− 1, 1 h). e, Growth curve of S. aureus under TETA CDs and ultraviolet (UV) treatment. f, Long-
term antibacterial rate of TETA CDs. g–m, Selective antibacterial effects of TETA CDs in different water samples: control groups with S. aureus and B. subtilis coexist (g), single
S. aureus (h), and single B. subtilis (i); test groups in ultrapure water (j), tap water (k), secondary sedimentation tank effluent (SSTE, l), and river water from the Songhua River (m)
(105 CFU, TETA CDs concentration 50 μg mL− 1, 37 ◦C, 1 h). CDs: carbon dots. Samples prepared with ethylenediamine (EDA), diethylenetriamine (DTEA), and triethylenetetramine
(TETA) were named EDA CDs, DTEA CDs, and TETA CDs, respectively.
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the extension of contact time. The antibacterial efficiency reached
99% after 20min, and the bacteria had been completely killed after
1 h. Although the efficiency is lower than that of traditional ul-
traviolet sterilization, which can kill bacteria within 20 min,
complete exposure of a bacterial solution to ultraviolet light
without shielding introduces many uncertainties into the sterili-
zation process. Moreover, the ultraviolet (UV) inactivation of mi-
croorganisms is primarily attributed to DNA damage caused by the
generation of cyclobutane pyrimidine dimers and 6-4 photo-
products, which interfere with genetic transcription and replica-
tion processes, ultimately leading to cell death. A critical limitation
of UV disinfection is the capacity of inactivated microbes to repair
such damage through photoreactivation and dark repair mecha-
nisms, which can severely reduce disinfection effectiveness [57].
We expanded the antibacterial activity testing to Gram-

negative bacteria E. coli and P. aeruginosa (Supplementary
Fig. S3), showing that the TETA CDs exhibit no obvious toxicity
toward E. coli and P. aeruginosa even at a relatively high concen-
tration of 200 μg mL− 1. The long-term antibacterial performance
and selective killing ability of TETA CDs in different water bodies
(such as ultrapure water, tap water, secondary sedimentation tank
effluent (SSTE), and river water from the Songhua River (Harbin,
China)) were also investigated. TETA CDs were prepared into a
1 mg mL− 1 stock solution, which was stored at room temperature

(25 ◦C), to explore their long-term antibacterial performance
(Fig. 2f). The TETA CDs exhibited excellent long-term stable anti-
bacterial performance. Within 12 days, the antibacterial rate of
TETA CDs reached 99% in ultrapure water, tap water, and river
water from the Songhua River, while it decreased slightly in SSTE
but remained above 90%. To this end, the antibacterial efficiency of
TETA CDs in selectively killing S. aureus in actual water was further
verified (Fig. 2g–m). It was found that after S. aureus and B. subtilis
were mixed and treated with TETA CDs in different water samples
for 1 h, the S. aureus could be selectively killed, and the physio-
logical activity of B. subtilis was retained (Fig. 2i). Therefore, TETA
CDs have good application potential in preventing S. aureus in-
fections in environmental water, and we selected TETA CDs as a
representative to further study their selective antibacterial
mechanisms.

3.3. Selective antibacterial mechanisms of TETA CDs

As a natural biomass waste, corn straw itself has no antibac-
terial activity, and is even prepared into corn straw CDs. However,
CDs prepared with amine modifiers derived from corn straw
exhibit excellent, unique selective bactericidal properties that
warrant further study. The antibacterial results show that TETA
CDs can effectively kill the pathogenic bacteria S. aureus but have

Fig. 3. a–d, Scanning electron microscopy images of S. aureus (a,c): a, control; c, TETA CDs treated, and B. subtilis (b,d): b, control; d, TETA CDs treated. e–h, TEM images of S.
aureus (e,g): e, control; g, TETA CDs treated, and B. subtilis (f,h): f, control; h, TETA CDs treated. i, Zeta potential of different samples. j-k, K+ concentration of S. aureus (j) and
B. subtilis (k) solution, each treatment group was tested in triplicate.
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no effect on the probiotic B. subtilis in water. To investigate the
antibacterial mechanism of TETA CDs, SEM was employed to
visualize morphological changes in S. aureus and B. subtilis
following treatment. Untreated control bacteria retained their
characteristic morphologies: intact spherical cells for S. aureus and
rod-like structures for B. subtilis (Fig. 3a and b) [58]. In contrast,
S. aureus cells exposed to TETA CDs for 1 h (Fig. 3c) displayed
significant membrane disruption, with CDs adhering to the cell
surface, leading to structural collapse and deflation. These obser-
vations indicate progressive membrane damage and cell death.
Conversely, treated B. subtilis cells (Fig. 3d) showed less CD
adsorption, maintaining intact cell walls and regular rod shapes
indistinguishable from untreated controls, confirming their
metabolic viability [54].
The TEM images of the bacteria show the distribution of the

bacteria and CDs. Compared with the control S. aureus (Fig. 3e),
plenty of CDs were adsorbed on the cell membrane surface of
S. aureus after treatment with TETA CDs (Fig. 3g), which destroyed
the bacterial cell membrane structure. In contrast, the cell struc-
ture of the treated B. subtilis (Fig. 3h) showed a thicker cell wall
than that of the control group (Fig. 3f), which can reduce or even
prevent the adsorption of CDs on the cell structure, thereby pre-
venting its destruction.
Zeta potential plays an important role in evaluating the

adsorption performance of CDs [59]. To further evaluate the se-
lective adsorption of CDs on both bacteria, we tested the TETA CDs
and bacterial fluid in zeta potential (Fig. 3i). Although TETA CDs
and both bacteria are negatively charged, SEM and TEM observa-
tions revealed that TETA CDs can still be adsorbed on the cell

membrane surface of S. aureus, demonstrating that its electrostatic
repulsion is not its dominant adsorption process. After the TETA
CDs were mixed with S. aureus and B. subtilis, the zeta potential of
the mixed liquid of B. subtilis and TETA CDs was almost unaffected.
The zeta potential of the mixed solution of S. aureus and TETA CDs
was significantly reduced, from the original TETA CD zeta potential
of − 2.3 to − 3.0 mV, indicating that TETA CDs adsorb on the cell
membrane of S. aureus to cover their positive charge sites,
changing the surface nucleus distribution and increasing the
negative charge density of the system. The interaction between
TETA CDs and B. subtilis was relatively weak and did not signifi-
cantly change the surface charge distribution of TETA CDs due to
differences in the cellular structures of the two bacteria [60]. These
results suggest that membrane-targeted interactions between
TETA CDs and bacterial cells may underlie their selective anti-
bacterial activity.
K+ is critical for intracellular homeostasis, governing pH regu-

lation, osmotic balance, and membrane potential maintenance
[61]. The destruction of the membrane structure may trigger the
leakage of K+ from the cell, thereby damaging a variety of physi-
ological processes for bacteria [62]. In this regard, the changes in
K+ concentration before and after treatment of the two bacterial
solutions were detected by ICP-OES (Fig. 3j and k). K+ concentra-
tion in the S. aureus solution increased significantly following CD
treatment, while the K+ concentration in the B. subtilis solution
exhibited almost no change. The CDs’ ability to selectively destroy
the cell structure of S. aureus without affecting the activity of
B. subtilis further supports the above conclusion. This selective
destruction of bacterial cell structure results in the selective ster-
ilization of CDs.
To visualize the selective antibacterial activity of CDs, S. aureus

and B. subtilis were stained with PI/SYBR Green I before and after
treatment, and imaged using CLSM (Fig. 4) [63]. The untreated
bacteria emitted strong green fluorescence with minimal red sig-
nals, indicating intact membranes and viable cells [64]. TETA CD-
treated S. aureus exhibited reduced green fluorescence and
intense red staining, reflecting membrane damage and cell death.
B. subtilis retained its green fluorescence profile, indistinguishable
from controls, confirming membrane integrity and metabolic ac-
tivity even at high CD concentrations (1 mg mL− 1). These results
demonstrate the ability of TETA CDs to selectively eliminate
pathogenic S. aureus while preserving the probiotic B. subtilis,
highlighting their potential for targeted antimicrobial
applications.
To investigate the adsorptionmechanism of CDs on bacterial cell

membranes, their affinity toward the key structural components of
bacterial membranes was evaluated. Bovine serum albumin (BSA;
representing membrane proteins), SA (mimicking extracellular
polysaccharides), and phosphatidyl ethanolamine (PE; a major
phospholipid component) were selected as representative bio-
molecules to characterize CD–membrane interactions [65]. Through
the sedimentation experiment (Fig. 5a), it was found that the mixed
solution of polysaccharide and CDs settled at 5 h, much faster than
PE and BSA (PE settled weakly at 11 h, while BSA had no obvious
sediment), indicating that CDs preferentially interacted with poly-
saccharides and consequently formed larger hetero agglomerations,
while the interaction between CDs and phospholipid and protein
were weak or negligible. Subsequent antibacterial assays revealed
that SA suppressed the antibacterial activity of the CDs. The inhib-
itory effect of SA on TETA CDs (Fig. 5b) was significantly higher than
that of BSA (p < 0.001) and PE (p < 0.01), which was consistent with
the results of the sedimentation test.
The zeta potential of the interaction between TETA CDs and the

main components of the bacterial membrane was measured
(Fig. 5c). It can be found that SA significantly altered the surface

Fig. 4. Confocal laser scanning microscope images of S. aureus and B. subtilis solution
treated with phosphate-buffered saline (control) and TETA CDs (CDs) (PI and SYBR
Green I; 37 ◦C; 1 h). TETA: triethylenetetramine. CDs: carbon dots.
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charge and distribution of TETA CDs through specific binding,
whereas PE bound weakly to the CDs, and BSA failed to induce
significant charge changes in TETA CDs. This conclusion is
consistent with the results of the aforementioned sedimentation
experiments and antibacterial inhibition assays, further demon-
strating the preferential binding property of CDs to poly-
saccharides. This indicates that CDs preferentially bind to
polysaccharide moieties on bacterial cell membranes, thereby
disruptingmembrane integrity and triggering apoptotic cell death.
The selective adsorption of CDs to the polysaccharide structures on
the cell membrane of S. aureus is key to the selective bactericidal
properties of this series of CDs.

3.4. Antibacterial mechanism of TETA CDs

We chose ascorbic acid as an antioxidant to evaluate the ROS
generation efficiency of CDs. We used physiological saline as the
negative control and H2O2 (final concentration 10mmol L− 1) as the
positive control (Fig. 6a). After 1 h of treatment with AA, the AA
degraded to different degrees, indicating that CDs mediated the
production of ROS at differing efficiencies. The concentration of AA
gradually decreased with the lengthening of the carbon chain of
the amine modifier, corresponding to the antibacterial activity of
three amine-modified CDs, which indicated that the oxidation
ability of CDs toward AA gradually increased with the extension of
the carbon chain of the amine modifier. This conclusion is
consistent with the antibacterial efficiency results of the series of
CDs.
We investigated the effect of the absence of O2 on ROS pro-

duction by CDs (Fig. 6b), and found that in the absence of O2, the
oxidation ability of the CDs was almost completely inhibited.

These results indicate that the ROS generation pathway of CDs
necessitates the involvement of O2. The observed ROS production
exhibited a CDs dose-dependent relationship (Fig. 6c), suggesting
that CDs function as excellent oxidases [66]. The oxidation ability
of TETA CDs toward AA at different temperatures (4–37 ◦C) was
also tested. As the temperature increased, the degradation ability
of TETA CDs toward AA gradually increased (Fig. 6d), indicating
that the production of ROS increased with rising temperature in
the range of 4–37 ◦C. CDs capable of generating ROS have been
demonstrated to circumvent bacterial resistance mechanisms
through their ability to induce oxidative damage to multiple
cellular macromolecules, including nucleic acids, proteins, and
lipids [67]. This targeted strategy contrasts with conventional
antibiotics, which selectively disrupt specific metabolic pathways,
thereby offering a more robust solution to antimicrobial
resistance.
To confirm the involvement of ROS in the bactericidal mecha-

nism of CDs, we added radical quenchers, such as AA (1 mmol L− 1)
[68], isopropyl alcohol (IPA; 1 mmol L− 1) [69], tert-butanol (TBA;
1 mmol L− 1), and L-histidine (1 mmol L− 1) [70]. Their addition
attenuated the important role of ROS in the sterilization process
(Fig. 7a). As a typical radical scavenger, AA can remove ⋅OH and ⋅O2−

free radicals, and the addition of AA significantly attenuated the
antibacterial activity of CDs at both tested concentrations, indi-
cating that ROS were produced in the reaction system [71]. IPA and
TBA are both effective scavengers for ⋅OH, and the addition of IPA
or TBA had no effect on the antibacterial rate of CDs, indicating
that ⋅OH radicals were not produced or were not the main ROS
generated by CDs during the antibacterial process. The ⋅O2− radical
is a latent ROS that affects the antibacterial activity of CDs. In the
presence of L-histidine (Fig. 7a), a 1O2 radical scavenger, the anti-
bacterial rate of CDs to S. aureus decreased at 50 μg mL− 1 but was
essentially unaffected at 100 μg mL− 1, indicating that 1O2 radicals
were generated during the antibacterial process of CDs but were
not the main ROS under these conditions. To further verify ROS
generation, EPR spectroscopy was performed in the presence of
ROS probes (Fig. 7b and c). The absorption signal of DMPO-⋅O2−

Fig. 5. a, Photographs of the sedimentation experiments. b, Antibacterial activity of
characteristic substances with triethylenetetramine-derived carbon dots (TETA CDs
concentration, 50 μg mL− 1; 37 ◦C; 1 h). c, Zeta potential of different characteristic
substances with TETA CDs. **p < 0.01, ***p < 0.001. BSA: bovine serum albumin; PE:
phosphatidyl ethanolamine; SA: sodium alginate.

Fig. 6. Absorbance of ascorbic acid (AA) treated with different carbon dots (CDs).
a, Presence of O2. b, Absence of O2. c, Absorbance of AA treated with different con-
centrations of TETA CDs (1 h). d, Absorbance of AA treated with different tempera-
tures of TETA CDs (1 h; 100 μg mL− 1). Samples prepared with ethylenediamine (EDA),
diethylenetriamine (DTEA), and triethylenetetramine (TETA) were named EDA CDs,
DTEA CDs, and TETA CDs, respectively.
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adduct observed at 15 and 30 min (Fig. 7b) confirmed the gener-
ation of 1O2 (Fig. 7c), while the characteristic peak of 1:2:2:1 of
hydroxyl was not detected (Supplementary Fig. S4), ruling out
significant ⋅OH production. The quantification data in
Supplementary Table S1 revealed that the spin density and
molar concentration of ⋅O2− were consistently greater than those of
1O2, providing direct evidence for the superior bactericidal efficacy
of ⋅O2− radicals [72].

Finally, the intracellular ROS of S. aureus treated with different
CDs were quantified using a DCFH-DA fluorescence assay. Under
normal circumstances, the level of ROS in cells is controlled, and
cells maintain the balance of ROS through antioxidant enzymes
[73–75]. However, when cells are subjected to external environ-
mental stressors such as ultraviolet radiation, pollutants, or certain
drugs, the production of ROS may exceed the antioxidant capacity
of cells, leading to oxidative stress and triggering cell damage and

Fig. 7. a, Effects of different reactive oxygen species (ROS) quenchers on the antibacterial activity of TETA CDs. AA: ascorbic acid; IPA: isopropyl alcohol; TBA: tert-butanol.
*p < 0.05, **p < 0.01, ***p < 0.001. b–c, Electron paramagnetic resonance spectra of TETA CDs in the presence of 5,5-dimethyl-1-pyrroline N-oxide (DMPO, b) in methanol
and 2,2,6,6-tetramethylpiperidine (TEMP, c) in water.

Fig. 8. Three-dimensional fluorescence spectra of S. aureus after treatment with a series of carbon dots (CDs). a, Control. b, Positive control. c, EDA CDs. d, DTEA CDs. e, TETA
CDs. (CDs concentration, 50 μg mL− 1; 37 ◦C; 1 h). Samples prepared with ethylenediamine (EDA), diethylenetriamine (DTEA), and triethylenetetramine (TETA) were named EDA
CDs, DTEA CDs, and TETA CDs, respectively.
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apoptosis [76]. Amine-modified CDs significantly elevated the
intracellular ROS levels in S. aureus (Fig. 8). Notably, ROS produc-
tion in CD-treated bacteria was substantially higher than that
induced by the positive control (10 mmol L− 1 H2O2). The ROS-
inducing capacity of the CD series correlated with the increasing
carbon chain length of amine modifiers, indicating a dose-
dependent relationship between modifier structure and antibac-
terial activity. This result corresponds to the AA oxidation ability
and antibacterial activity of this series of CDs, demonstrating that
the oxidation ability of CDs gradually increases with the extension
of the carbon chain of the amine modifier. When the large amount
of ROS produced exceeds the bacteria's ability to scavenge exog-
enous ROS, it leads to a continuous increase in the intracellular
ROS level of the bacteria, and the bacteria gradually die [77,78].
These findings indicate the antimicrobial mechanisms of

amine-modified biomass waste corn straw CDs, as schematically
represented (Fig. 9). The structural retention mechanism posits
that residual cellulosemoieties on CD surfaces interact with amine
modifiers, thereby preserving their active functional groups,
which is beneficial to the adsorption and accumulation of CDs on
the polysaccharide structure surface of the cell membrane of
S. aureus, but does not appreciably adsorb to the cell membrane of
B. subtilis. This targeted binding avoids significant damage to
B. subtilis cell membranes, likely due to differences in the cellular
structures of the two bacteria, and thus avoids interfering with a
critical metabolic process for B. subtilis survival. More importantly,
given that most ROS have an effective diffusion radius of less than
200 nm and a short half-life [79], only the ROS produced by CDs
that selectively adsorb on the cell membrane of S. aureus can
directly act on the cell membrane structure. This dual effect of
adsorption-induced membrane adsorption and localized ROS
attack damages the physical integrity of the cell membrane (evi-
denced by the SEM/TEM, zeta potential, and significant K+ leakage,
Fig. 3) and induces oxidative stress (CLSM and intracellular ROS of

S. aureus, Figs. 4 and 8). These combined effects progressively
impair cellular metabolic processes, leading to metabolic stagna-
tion and eventual apoptosis [80]. Furthermore, with the extension
of the carbon skeleton of the amine modifier, TETA CDs exhibit
good oxidase-like activities, even at 4 ◦C, by generating ⋅O2− and 1O2
in the presence of O2. We found that ⋅O2− was the main ROS
generated by TETA CDs via quantitative analysis of ROS spins. Ul-
timately, this synergy of selective adsorption, membrane damage,
metabolic disruption, and ROS imbalance achieves the targeted
killing of S. aureus.
Finally, the CCK-8 assay was employed to evaluate the effects of

the series of CDs (EDA CDs, DTEA CDs, TETA CDs, and AA-treated
TETA CDs) on the viability of NIH 3T3 cells, thereby assessing
their potential environmental hazards (Fig. 10a) [81]. Within the
tested concentration range (0–200 μg mL− 1), the cell viability of all
CD-treated groups remained higher than 90%, generally
approaching or even exceeding 100%. This indicates that these CDs
exhibited negligible cytotoxicity toward NIH 3T3 cells under the
experimental concentration conditions, demonstrating good
biocompatibility and minimal environmental risks. The degrad-
ability of TETA CDs was also investigated to comprehensively
evaluate their environmental impact. According to previous re-
ports, CDs can be gradually decomposed into CO, CO2, and H2O
under visible light irradiation, and the UV–Vis spectrum shows a
flat line, indicating that organic residues basically disappear after
30 days [82]. The degradation of TETA CDs at different times was
tested under the conditions of simulated sunlight conditions
(1000 W m− 2) and at 25 ◦C (Fig. 10b). With prolonged light irra-
diation, the TETA-CD solution progressively faded from yellow to
colorless over 11 days, and the intensity of its characteristic ab-
sorption peaks decreased gradually to disappear. This confirms
that TETA CDs also possess excellent sunlight degradation ability,
indicating that they have no persistence risk in natural aquatic
environments and providing key support for the subsequent
evaluation of their environmental safety.

4. Conclusion

This study presents an innovative strategy for the narrow-
spectrum, selective killing of S. aureus from probiotic B. subtilis
using amine-modified CDs synthesized from corn straw biomass
waste via a one-step hydrothermal method. The CDs can be
selectively adsorbed to the polysaccharide structure of the
S. aureus cell membrane, which effectively destroys the cell
membrane structure and increases the intracellular ROS of

Fig. 9. Mechanism of the selective antibacterial mechanism of a series of carbon dots.
ROS: reactive oxygen species.

Fig. 10. a, Vitality of NIH 3T3 cells after different treatments. b, Ultraviolet–visible
spectra of TETA CDs with different times of visible-light irradiation (25 ◦C;
1000 W m− 2). Inset photographs show the appearance of carbon dot (CD) solutions
from Day 0 to Day 11. Samples prepared with ethylenediamine (EDA), diethylenetri-
amine (DTEA), and triethylenetetramine (TETA) were named EDA CDs, DTEA CDs, and
TETA CDs, respectively. AA: ascorbic acid.
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S. aureus in the presence of oxygen, producing ROS, ⋅O2− , and 1O2.
Such behavior contributed to the selective killing of S. aureus
without obvious toxicity to B. subtilis. Among the series of amine-
modified CDs, the TETA CDs exhibited outstanding antibacterial
efficiency with a relatively low concentration (50 μg mL− 1) and at
low temperatures (4 ◦C), and showed a selective ability to kill
S. aureus without affecting B. subtilis in natural water. Our
approach emphasizes the use of waste and the efficient, selective
killing of S. aureus across various water systems, including at low
temperatures. The sustainable, low-cost, and highly effective
narrow-spectrum antibacterial agent proposed in this study has
the potential to replace traditional broad-spectrum antimicrobial
agents. It exhibits excellent low-temperature antibacterial activity,
making it suitable for water treatment in cold regions. Addition-
ally, it can selectively kill S. aureus in complex aquatic environ-
ments while preserving probiotics, and can be applied in
ecological water treatment to maintain microbial community
balance, thereby paving the way for the development of eco-
friendly, temperature-adaptive precision antibacterial technolo-
gies. This provides new avenues and insights for the utilization of
CDs in water disinfection. Future research should focus on loading
CDs onto the surface of water treatment membrane materials to
construct a continuous-flow antibacterial water treatment system
and systematically evaluate their practical application efficiency
under continuous-flow conditions.
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