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Abstract 

Reactive oxygen species (ROS) photogenerated by two-dimensional (2D) nanomaterials provide 

a means of delivering persistent antibacterial activity in fluid media. Semiconducting molybdenum 

disulfide (MoS2) nanosheets are an attractive option for exploiting such activity using visible light. 
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However, the tendency of MoS2 nanosheets in suspension to restack or otherwise aggregate 

remains a critical obstacle as it results in the loss of the desired photo-activity. We report here the 

development of persistent antibacterial activity by successfully immobilizing MoS2 nanosheets 

within porous crosslinked polymer beads. The nanosheet-loaded beads demonstrate continuous 

antibacterial activity against model species under visible light exposure. The bactericidal activity 

is associated with ROS-mediated oxidative organismal stress, as assessed through chemical 

methods using fluorescent probes and gene-level biological studies. The porous beads demonstrate 

an effective antifouling capability and were physically stable with sustained bactericidal activity 

at an average of 99 % over 5 cycles. The ability to confer reusable, continuous antibacterial activity 

under visible light illumination is attractive in the context of the development of sustainable 

solutions for photoinduced antibacterial materials. 

 

1. Introduction 

Disinfection to destroy harmful microorganisms found in drinking water, air, and healthcare 

settings represents a pressing public health concern.1, 2 Two-dimensional (2D) nanomaterials, 

including graphene, carbon nitride, and black phosphorus, have emerged as promising candidates 

to provide antimicrobial activity due to their photocatalytic properties.3, 4 They display 

antibacterial effects through direct and indirect mechanisms. The direct mechanism known as the 

‘nano-knife effect’, involves the physical rupture of cellular structures by the edges of 2D 

nanomaterials.5, 6 The efficacy of the direct mechanism is improved by controlling the orientation 

of the nanomaterial to maximize the presentation of edges7, 8 but the need for physical interaction 

constrains the effectiveness overall. By contrast, the indirect mechanism relies on damage by 
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chemical species generated by the nanomaterial, notably, reactive oxygen species (ROS), which 

rapidly kill bacteria without prolonged intimate contact.9 ROS can be generated by semiconducting 

nanomaterials through redox reactions initiated by absorption of photons with energies exceeding 

the bandgap.10,11 Nanomaterials with band gaps in the visible regime, as opposed to the ultra-violet 

(UV), are most desirable – avoiding the use of UV is beneficial from a safety perspective, while 

the ability to activate using solar irradiation is attractive in terms of utility.12, 13  

Among the range of 2D nanomaterials, molybdenum disulfide (MoS2), stands out as a 

potential option for antibacterial function. While conventional photocatalyst-based antibacterial 

materials have relatively high bandgaps that require the use of UV light,14-16 the narrow direct 

bandgap of ~1.9 eV in the case of exfoliated MoS2 nanosheets facilitates the use of visible light.17-

19 In addition, MoS2 nanosheets can produce ROS with presenting favorable biocompatibility.20, 21 

The biocompatibility of MoS2 nanosheets stems from their ability to generate ROS in a controlled 

manner, typically under visible light exposure. This selective ROS production can target and kill 

bacteria at concentrations effective for antibacterial activity, while minimizing damage to human 

cells, which possess better antioxidant defense systems.22 However, the irreversible aggregation 

tendency of nanosheets often results in a significant reduction in ROS generation efficiency due 

to the reduction of the key reactive edge sites that are generated during the exfoliation process.23 

Moreover, the multilayer configuration promotes electron-hole recombination between the 

interlayers, which further hinders ROS formation. To counteract restacking or other aggregation, 

various supporting materials such as polymers, carbon fiber, and natural rubber have been 

proposed.24-26 The photo-induced bactericidal properties of MoS2 nanosheets in these platforms is 

noteworthy. However, the lack of persistence of this activity poses a challenge that hinders 

practical and sustainable applications. 
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The essence of our study lies in the development of a persistent antibacterial system. To 

achieve this, MoS2 nanosheets were immobilized within alginate-based porous polymer beads 

through a straightforward ionic gelation method. Dispersion of nanosheets within the bead was 

systematically analyzed through Raman spectroscopy. We further investigated how the nanosheet 

dispersion impacts photogeneration of ROS and the resulting bactericidal effects. Our hypothesis 

posits that the bactericidal activity is induced by the ROS-mediated oxidative stress, which was 

verified by both chemical assays employing fluorescent probes and gene expression-based 

biological analyses. In particular, the antibacterial mechanism of MoS2 nanosheets triggered by 

ROS was explored at the gene level, making this the only study to date to our knowledge. The 

bead-shaped antibacterial system allows for easy recovery and reuse. The persistence of ROS-

induced bactericidal activity was finally demonstrated through multi-cycle antibacterial tests. We 

strongly anticipate that reusability contributes to the practical and sustainable use of our 

antibacterial system, highlighting the importance of ROS as a means of achieving persistent 

bactericidal effects. 

 

2. Experimental Section 

2.1. Materials. MoS2 powder (98 %, < 2 μm), 2.5 M n-butyllithium solution (2.5 M in hexane, 95 %), 

anhydrous hexane (95 %), a semi-permeable dialysis bag (molecular weight cutoff of 20 kDa), sodium 

alginate, CaCl2 (> 97 %), glutathione, 5,5′-dithiobis-(2-nitrobenzoic acid (DTNB), and polystyrene (PS, 

MW = 280,000) were purchased from Sigma. NB broth solution (1×), phosphate buffered saline (PBS), 

and Tris·HCl buffer (pH 8.3) were purchased from GibcoTM. Escherichia coli (E. coli, ATCC 25922) was 
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purchased from ATCC. Tryptic soy broth and LB agar plates were purchased from BD Bacto™ and Moltox, 

respectively. DCFH-DA staining kit was purchased from Dojindo. QIAGEN RNeasy Mini Kit and Qiagen 

Reverse Transcription Kit were supplied by QIAGEN. Live/dead assay kit was purchased from Fisher 

Scientific. Deionized double distilled (DI) water was used for all experiments. All other chemicals 

were of reagent grade. 

2.2. Preparation of MoS2 nanosheets. MoS2 nanosheets were prepared via an exfoliation process 

outlined in the previous work.27 Specifically, 500 mg of bulk MoS2 powder (98 %, < 2 μm, Sigma) 

was added to 2.5 M n-butyllithium solution (2.5 M in hexane, Sigma) at 1 to 3 molar ratio in a 

nitrogen-filled glovebox (with oxygen and water concentrations maintained below 0.1 ppm), 

followed by stirring for 2 d under the nitrogen atmosphere. Subsequently, the resulting mixture 

was washed with anhydrous hexane (95 %, Sigma), and excess n-butyllithium was separated from 

Li-intercalated MoS2 through three-times repeated centrifugation at 6000 rpm for 10 min. The 

fully dried pellet was then diluted in deionized water and bath-sonicated for 1.5 h in an ice bath. 

After sonication, exfoliated material was exclusively collected from the dark supernatant, 

separated through twice centrifugation at 2000 rpm for 10 min. The final product was obtained 

after a 3-d dialysis process in 1 L of deionized water using a semi-permeable dialysis bag 

(molecular weight cutoff of 20 kDa, Sigma). The concentration of the final MoS2 suspension was 

determined by weighing the dried product. 

 2.3. Fabrication of ABM. A series of ABMs were prepared using MoS2 nanosheets at different 

concentrations of 100, 200, and 500 ppm, designated as ABM100, ABM200, and ABM500, 

correspondingly. Initially, the respective concentration of MoS2 nanosheets was mixed with 5 wt% 

sodium alginate (Sigma) solution. The resulting mixture was added dropwise to 5 wt% CaCl2 (> 

97 %, Sigma) solution with gentle stirring, maintaining a consistent rate of 0.2 mL/min using a 
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syringe needle (25 G) coupled with a syringe pump (KD Scientific). The beads were allowed to 

remain in the solution for 12 h to accomplish the ionic-crosslinking process. Finally, the products 

were washed with deionized water to remove excess Ca2+ ions. For comparison, AB was also 

prepared using the same procedure but without the incorporation of MoS2 nanosheets. 

2.4. Antibacterial tests. Antibacterial testing was performed, in part, following the procedures of 

previous studies.28 A drop of Escherichia coli (E. coli, ATCC 25922) suspension in tryptic soy 

broth (BD Bacto™) solution was streaked on LB agar plates (Moltox), followed by incubation at 

37 oC for 12 h. Several colonies were lifted off with a loop, placed in 10 mL of NB broth solution 

(1×, GibcoTM), and incubated with shaking at 37 oC for 12 h. After washing twice with phosphate 

buffered saline (PBS, GibcoTM), the cells were resuspended in PBS to obtain a concentration of 

1.5 ×  106 colony forming units (CFU)/mL. This value was determined by evaluating the 

absorbance of the cell dispersion at 600 nm with reference to a standard calibration curve.29 5 g of 

AB, ABM100, ABM200, and ABM500 were then introduced to the 10 mL of bacterial solution, 

respectively, and placed in a custom-made reactor equipped with LED light (120 W, wavelength 

= 380 to 780 nm). Additionally, a transparent UV blocking film was placed in front of the LED 

light to block any possible effects of light in the UV range. Each sample was light irradiated for 

32 min with stirring at 200 rpm. Every 4 min, 0.1 mL of the solution was taken and added to 0.9 

mL of PBS. The resulting solution was serially diluted and then 0.1 mL of each diluent was spread 

onto the agar plates. The survived E. coli colonies were counted after incubating for 18 h at 37 oC. 

Each test was repeated at least three times. Bacterial survival (%) was calculated according to the 

equation: Bacterial survival (%) = 100 × (Ni/N0), where N0 is the bacterial CFU of the standard 

sample without any treatment and Ni is the bacterial CFU of the tested sample. For comparison, 

the same procedure was conducted without any samples under visible light and with samples under 
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dark conditions. In the reusability test, the same ABM200 was used for 5 cycles, being recovered 

at each cycle, and washed with PBS. 

2.5. Bacterial cell morphology analysis. To analyze changes in cell morphology induced by 

ABM200 under visible-light irradiation, the images of the E. coli remaining after the antibacterial 

tests were obtained using scanning electron microscopy (SEM, Quanta 600 FEG ESEM). For the 

SEM analysis, the cells were fixed according to the protocol described in the previous study.30 

Specifically, cells washed with PBS were immersed in 3 % glutaraldehyde (Sigma) for 10 min at 

room temperature, followed by dehydration with ethanol. Complete evaporation was ensured prior 

to analysis. For comparison, the same procedure was repeated for the untreated E. coli.  

2.6. Detection of ROS generation. Detection of ROS generation was conducted using a DCFH-

DA staining kit (Dojindo, Japan). E. coli cultured in the same manner as the antibacterial test was 

stained with the kit and then incubated under dark condition for 30 min. After washing twice with 

PBS, the cells were resuspended in PBS to obtain a concentration of 1.0 x 108 CFU/mL. 5 g of 

ABM200 was then introduced to the 10 mL of bacterial solution and placed in the custom-made 

reactor. The same seven samples were exposed to 32 min of visible-light irradiation with stirring 

at 200 rpm. Samples were collected one by one at 4-min intervals, and the E. coli suspension was 

collected by centrifugation at 6000 rpm for 5 min. The ROS generation was estimated by 

measuring the fluorescence intensity of DCFH-DA in the E. coli samples at 520 nm using a 

microplate reader (Infinite® M Plex, Tecan, Switzerland).  

2.7. Ellman's assay. ROS-mediated oxidative stress was estimated using Ellman’s assay. 5 g of 

ABM200 was introduced into a 10 mL mixture solution containing 0.8 mM glutathione (Sigma) in 

100 mM bicarbonate buffer (pH 8.6) and allowed to stand for 2 h under dark condition until the 

glutathione concentration reached saturation due to absorption by the bead. The sample was then 



 8 

exposed to 32 min of visible-light irradiation with stirring at 200 rpm. Every 4 min, 450 μL of the 

solution was taken and added to 780 μL of Tris·HCl buffer (pH 8.3, GibcoTM). The resulting 

solution was treated with 20 μL of 100 mM 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB, Sigma) 

solution. Subsequently, the amount of unoxidized glutathione was quantified by measuring the 

absorbance of the solution at 412 nm. For comparison, the same procedure was repeated for the 

sample without ABM200. The loss of glutathione (%) was calculated based on the absorbance 

measurements of the sample under dark conditions. 

2.8. RT-qPCR analysis. For real-time RT-qPCR analyses, the residual E. coli samples from the 

ROS detection were subjected to total RNA isolation using the QIAGEN RNeasy Mini Kit 

(QIAGEN, Germany) according to the manufacturer's instructions. The isolated total RNA was 

estimated by measuring optical density at 260 nm using NanoDrop ND-1000 Spectrophotometer 

(Thermo Fisher Scientific, Wilmington, DE). The cDNA was synthesized using the isolated total 

RNA as a template via Qiagen Reverse Transcription Kit (QIAGEN, Germany). Quantitative Real-

time PCR was performed using SYBRgreen Supermix (Bio-rad, Hercules, CA). Analysis of the 

synthesized cDNA levels was carried out in triplicate in Real Time-PCR 7300 (Applied 

Biosystems, USA) using specific primers (Table S1).31 

2.9. Antifouling tests. To obtain the clear microscope image, ABM200 was prepared in a film form 

rather than a bead shape, by spin-coating the 200 ppm mixture solution of MoS2 nanosheets 

suspension in 5 wt% sodium alginate solution on the silicon wafer substrate at 1500 rpm for 2 min. 

Subsequently, the film was immersed in a CaCl2 solution for ionic crosslinking. E. coli (1.0 x 108 

CFU/mL) was incubated on the film at room temperature for 10 h, then stained with a live/dead 

assay kit (Fisher Scientific) following the manufacturer's guidelines. The resulting film was gently 

rinsed three times with PBS. Microscope images were captured at each rinse using a laser scanning 
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confocal microscope (LSM 800, Carl Zeiss). The count of E. coli attached to the film was 

determined using ImageJ software. The same procedure was replicated for PS (MW = 280,000, 

Sigma) coated film as a negative control. 

2.10. Material Characterization. The morphology of the MoS2 nanosheet was observed with a 

transmission electron microscope (TEM, JEM-F200 F2, JEOL, USA) operating at 200 kV. The 

thickness of the MoS2 nanosheet was measured from an atomic force microscope (AFM, 

Dimension Icon, Bruker, USA) image. Raman spectra were obtained from a LabRam Evolution 

confocal Raman microscope (HORIBA, France), using 633 nm light excitation and 300 s exposure 

under a 100× objective. Thermogravimetric analysis (TGA) was carried out using an SDT Q650 

(TA Instruments, USA) at a scan rate of 10 °C/min. The water contact angle image was captured 

using a USB camera, and the measurement was conducted using ImageJ software. 

 

3. Results and Discussion 

3.1. Fabrication of Porous Beads 

Figure 1a illustrates the fabrication procedure of the MoS2 nanosheets-immobilized alginate-

based porous bead (ABM) using an ionic-gelation method.32 As the first step, MoS2 nanosheets 

were prepared through the exfoliation of bulk MoS2 with lithium intercalation.27 Based on 

transmission electron microscopy (TEM) and atomic force microscopy (AFM) analyses, the width 

of the nanosheets varied from 50 to 300 nm, with an average width of 147 nm and an average 

thickness of 1.0 nm (±0.2 nm), respectively (Figure 1b-d). The thickness measurement suggests 

that the MoS2 nanosheets suspension mainly consists of single and few-layer nanosheets. The 

MoS2 nanosheets were homogeneously mixed with sodium alginate solution, and then added to a 
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calcium chloride (CaCl2) solution using a syringe pump, yielding uniformly sized beads (radius = 

1.35 mm, Figure 1e). The formation of the bead structure is facilitated by the 'egg box'-like ionic 

crosslinking arrangement, wherein the positively charged calcium ions (Ca2+) interlock with the 

spaces between the elongated, negatively charged alginate chains.33 Through the ionic gelation 

process, the MoS2 nanosheets can be physically anchored within the cross-linked 3D networks of 

alginate (Figure 1f). To determine the optimal condition for the uniform dispersion of MoS2 

nanosheets within the bead, the MoS2 concentration in the mixture solution was further controlled 

to 100, 200, and 500 ppm, and the corresponding ABMs were designated as ABM100, ABM200, 

and ABM500, respectively (Figure S1). Alginate beads (ABs) without MoS2 were also prepared 

for comparison. The dispersion of MoS2 within the bead can be assessed through the wavenumber 

difference (Δk) between the two distinct vibrational modes,34 E1
2g and A1g, in the Raman spectrum 

(Figure 1g). The Δk value was approximately 22.28 cm-1 for ABM100, 22.30 cm-1 for AMB200, and 

25.16 cm-1 for ABM500. The Δk value of ABM500 is close to that of bulk MoS2 (Δk = 26.95 cm-1) 

in contrast to the values of ABM100 and ABM200, which means that there exists a limiting capacity 

for nanosheets to be uniformly dispersed within the beads. Therefore, 200 ppm was found to be 

the optimal MoS2 concentration to maintain the uniform dispersion of nanosheets without 

significant restacking. 
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Figure 1. a) Schematic illustration of the fabrication procedure of MoS2 nanosheet-immobilized 

alginate-based porous beads (ABM). b) Lateral size distribution of MoS2 nanosheets observed in 

c) the representative TEM image of MoS2 nanosheets. The inset in d) AFM image of MoS2 

nanosheets shows the height profile along the white line. e) A photo and f) cross-section SEM 

image of ABM200. g) Raman spectrum of AB, ABM100, ABM200, ABM500, and bulk MoS2. 

 

3.2. Visible light-induced bactericidal activity of ABM 
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The influence of visible-light irradiation and MoS2 concentration on the ROS-induced bactericidal 

effect of ABM was systematically investigated using a custom-made reactor (Figure S2). In the 

absence of light irradiation, neither AB nor ABM200 exhibit significant bactericidal properties 

(Figure S3). Under visible light, only ABM200 exhibited significant bactericidal effect, 

demonstrating the highest efficacy. ABM200 rendered over 80% of E. coli within 16 min and over 

97% within 32 min (Figures 2a and 2b). The bactericidal effect was further evidenced by 

morphological changes of the bacteria, including flattening and cell rupture, which are recognized 

as indicators of cell death (Figure 2c and 2d).35 The photo-induced bactericidal activity of ABM200 

surpasses that of both ABM100 and ABM500 (Figure S4), in accordance with the tendency observed 

in the uniform dispersion of MoS2 nanosheets. These combined quantitative and qualitative 

findings underscore that substantial bactericidal activity is achievable when uniform dispersion of 

a maximum amount of MoS2 nanosheets can be ensured. In addition, the size of ABM and visible-

light intensity affect the ROS generation efficiency, which further influences the antibacterial 

performance. Further studies are needed in this regard. 
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Figure 2. a) Photographic results of bacterial survival obtained from only E. coli solution and the 

solution treated with AB, and ABM200, respectively, under visible-light irradiation at 4 min 

intervals for a total of 32 min, and b) corresponding quantitative data. SEM images of E. coli 

exposed to ABM200 under c) dark and d) visible light irradiation for 32 min, respectively. The SEM 

image on the right side of c) and d) is an enlarged view. The arrow indicates the photo-induced 

morphological changes of E. coli.  
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3.3. Chemical assays to verify ROS generation 

Figure 3a illustrates the bactericidal effects induced by photogenerated ROS in the ABM system. 

MoS2 nanosheets absorb photons and generate electron (eCB
-) - hole (hVB

+) pairs. The excited-state 

electrons then initiate a reaction with molecular oxygen to produce superoxide radicals (●O2
−), 

leading to a sequence of redox reactions that yield other ROS, such as H2O2 and ●OH, shown in 

sequences (1) to (4). The induced holes (hVB
+) also react with water molecule to form hydroxyl 

radicals (5): 36, 37  

MoS2 + ℎ𝑣 → eCB
- + hVB

+ (1) 

O2 + e- → ●O2
− (2) 

●O2
- + H+ → H2O2 (3) 

H2O2 + ℎ𝑣 → 2 ●OH (4) 

H2O + hVB
+ → ●OH (5) 

 

These ROS generating reactions primarily take place at the edges of MoS2 nanosheets, particularly 

at defects created during the exfoliation process.38 This highlights the importance of the uniform 

dispersion of nanosheets in providing more reaction sites for ROS generation. We first verified the 

generation of ROS in the ABM system under visible-light irradiation via a chemical study using a 

highly sensitive fluorescent probe, 2',7'-dichlorofluorescin diacetate (DCFH-DA). DCFH-DA 

selectively detects ROS that reach E. coli by undergoing the process (5) within the cellular 

environment.39 



 15 

DCFH-DA 
ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠
→        DCFH 

𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
→        DCF (5) 

DCFH-DA is hydrolyzed by esterase within E. coli to produce 2',7'-dichlorofluorescin (DCFH), 

which can be oxidized by ROS to form the highly fluorescent 2',7'-dichlorofluorescein (DCF). As 

shown in Figure 3b, the fluorescence intensity gradually increases until the final level 

accumulated over 32 min exceeds 66.2 % of the initial level. This result suggests that ROS are 

readily delivered to E. coli without significant interference by the beads. 

We confirmed the onset of ROS-mediated oxidative stress using Ellman's assay.40 Glutathione 

(GSH) is used as a model compound since it is commonly found in most Gram-negative bacteria 

and its oxidation into glutathione disulfide (GSSG) by ROS is closely linked to cell death.41 By 

monitoring the color change from yellow (GSH) to colorless (GSSG) based on optical absorbance 

at 420 nm, the extent of ROS-mediated oxidative stress can be indirectly estimated. Exposure to 

ABM200 with visible light results in 93 % depletion of GSH within 16 min, ultimately leading to 

complete loss of absorbance after 32 min (Figure 3c). This rapid oxidation of GSH into GSSG is 

consistent with the trend observed in the earlier antibacterial test results, thus demonstrating that 

photogenerated ROS can induce oxidative stress for effective bacterial inactivation.  
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Figure 3. a) Schematic diagram of the bactericidal effects induced by ROS photogenerated in the 

ABM system. b) Fluorescence intensity of DCF measured at 512 nm for detection of ROS 

generation. c) Loss of glutathione (%) calculated based on the absorbance of GSH at 420 nm for 

assessment of ROS-mediated oxidative stress. Both b) and c) were monitored at 4 min intervals 

over a total visible-light irradiation time of 32 min. The inset photo in c) represents the color 

change of GSH solution at 0, 16, and 32 min of visible-light irradiation without (top layer) and 

with (bottom layer) ABM200. 

3.4. Biological studies on antibacterial mechanism induced by ROS 

We further investigated how ROS-mediated oxidative stress damages E. coli by analyzing gene 

expression under ROS-sensing transcriptional regulons, including soxR, soxS, and oxyR. These 

regulons serve as defense systems for E. coli, regulating the transcription of various genes involved 

in the response to elevated ROS levels. Thus, monitoring the respective mRNA levels can enhance 

our understanding of the antibacterial mechanism triggered by ROS. Figures 4a and 4b show the 

increase in soxR/S and oxyR, demonstrating that E. coli promptly activates the defense mechanism 

in response to the photo-induced ROS generation in the ABM system. The defense mechanism 

involves gene expression of sodA, zwf, and fumC induced by soxR/S and katG, ahpC, dps, and 

grxC activated by oxyR, respectively.42, 43 For some genes, such as ahpC and grxC, the expression 
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level did not increase linearly over time. This is because continuous damage may temporarily 

decrease intracellular oxidative stress or activate cellular pathways that downregulate expression.31, 

44 However, the mRNA levels for most genes consistently increase over a 32 min light irradiation 

period, reaching 2- to 6-fold of the initial levels. Figure 4c illustrates the subsequent protein 

encoding resulting from the gene expression, helping ROS management. For example, sodA, katG, 

and ahpC assist E. coli in alleviating oxidative stress by decomposing ROS into less toxic 

molecular substances. Additionally, dps and grxC play crucial roles in DNA protection and repair 

of oxidatively damaged cellular proteins, respectively. Furthermore, zwf and fumC contribute to 

restoring cellular metabolism and redox balance. This comprehensive gene expression analysis 

provides strong evidence that oxidative stress damage occurs through various pathways, affecting 

DNA, proteins, metabolic processes, and redox system. To the best of our knowledge, this study 

represents the first comprehensive gene-level analysis of the antibacterial mechanism of ROS 

based on MoS2 nanosheets. 
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Figure 4. Time course gene expression activated by a) soxR and soxS and b) oxyR in the ABM 

system under visible-light irradiation, with detection intervals of 8 min for a total of 32 min. c) 

Schematic diagram illustrating the gene expression regulated by soxR/S and oxyR in response to 

oxidative stress in E. coli, along with the respective protein encoding. 

3.5. Persistent bactericidal activity in reusable ABM system 

The reusability of the system, and therefore the persistence of the ROS-induced bactericidal 

activity, were demonstrated through multi-cycle testing. A sample of ABM200 was subjected to 5 

cycles of testing. The sample exhibited an average bactericidal activity of 99 % over the 5 cycles 

(Figure 5a). In addition, the recovered beads maintained their physical integrity and MoS2 

nanosheets loading, as reflected by the consistent char yield of 40 % over 5 cycles (Figure 5b). 

The consistency of the bactericidal activity suggests that there is no significant biofouling of the 

beads – biofouling associated with the growth of a biofilm would be expected to suppress the 

bactericidal activity. We speculate that the hydrophilic nature of the beads may act to inhibit 

biofouling.45, 46 As shown in Figure 5c-e, only a few E. coli were observed adhered on the 

hydrophilic ABM200 surface (water contact angle, WCA = 13.5 o), while the hydrophobic 

polystyrene (PS) surface (WCA =90.9 o) remains densely covered with over 700 bacterial cells 

even after three rinses. The results overall indicate that the ABM are effective materials for 

achieving persistent visible light-induced antibacterial activity, and indeed their performance 

compares favorably against prior reported examples (Table S2).47-56 We anticipate that the 

materials demonstrated here may be of interest for a variety of applications, including water 

treatment and disease prevention.  
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Figure 5. a) The bactericidal activity (%) obtained by repeated use of ABM200 for 5 cycles of 

visible-light irradiation for 32 min each. b) TGA thermograms of ABM200 obtained at each cycle 

from the 1st to the 5th cycle of antibacterial tests. c) Water contact angles measured on the surfaces 

of PS and ABM200, and AB with corresponding representative photos on top of each column. d) 

Representative fluorescence microscope images and e) the number of adhered E. coli on the 

surface of PS and ABM200, respectively. The images were taken before and after 1 to 3 times-

rinsing with PBS to remove the loosely attached E. coli (scale bar = 50 um). 

 

4. Conclusion 

In summary, we successfully developed a persistent antibacterial system by immobilizing 

exfoliated MoS2 nanosheets within alginate-based polymer beads using a simple ionic-gelation 

method. The dispersion of the optimal amount of nanosheets within the bead platform guaranteed 
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substantial ROS generation under visible light, resulting in robust bactericidal effects. Chemical 

studies systematically assessed the ROS-mediated oxidative stress, identifying this process as a 

fundamental source of bactericidal activity. Further biological analysis revealed alterations in gene 

expression levels within E. coli as part of their adaptive response to oxidative stress. This 

information has proven invaluable in understanding cellular pathways that elucidate how ROS 

affect DNA, proteins, metabolic processes, and redox balance in E. coli. Finally, we demonstrated 

the persistence of our bead system, showcasing an average bactericidal activity of 99 % over 5 

cycles. This reusability significantly enhances the practical application and sustainability of 

photoinduced antibacterial materials. We believe our material holds strong potential for 

applications such as portable water purification and wound healing patches. Future research will 

focus on optimizing synthesis for scalability, enhancing ROS production under varied light 

conditions, and improving skin adhesion for effective biocompatible wound care. 
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