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Developing efficient antibacterial nanomaterials has potential across diverse fields, but requires 

a deeper understanding of material-bacteria interactions. In this study, a novel two-dimensional 

(2D) core-shell MoAlB@MBene structure was synthesized using a mild wet-chemical etching 

approach. The growth of E. coli, S. aureus, and B. subtilis bacteria in the presence of 

MoAlB@MBene decreased in a concentration-dependent manner, with a prolonged lag phase 

in the initial 6 h of incubation. Even under dark conditions, MoAlB@MBene triggered the 

formation of intercellular reactive oxygen species (ROS) and singlet oxygen (1O2) in bacteria, 

while the bacteria protected themselves by forming biofilm and altering cell morphology. The 

MoAlB@MBene showed consistent light absorption across the visible range and a distinctive 

UV absorption edge. We identified two types of band gaps: direct (1.67 eV) and indirect (0.74 

eV), which facilitate complex light interactions with MoAlB@MBene. Exposure to simulated 

white light led to decreased viability rates of E. coli (20.6%), S. aureus (22.9%), and B. subtilis 

(21.4%). Altogether, the presented study increases the understanding of bacteria responses in 

the presence of light-activated 2D nanomaterials. 

 

1. Introduction 

 

Pathogenic bacteria pose a significant and widespread health challenge globally. [1] Based on 

data from 2019, bacterial infections were responsible for 7.7 million deaths worldwide. This 

represented roughly one-eighth of all global fatalities, ranking bacterial infections as the second 

most significant cause of death on a worldwide scale, surpassed only by ischemic heart disease. 

[2] Health concerns related to bacterial infections are particularly evident in developing countries 

due to poor sanitation, limited access to clean water, inadequate healthcare infrastructure, and 

malnutrition. [3-5] 

In order to mitigate the negative impact of pathogenic bacteria on various areas of life, intensive 

research is conducted in the fields of chemistry, biology, medicine, and nanotechnology. [6] In 

this area, nanomaterials hold promise in combating pathogenic bacteria for several reasons. [7] 

Their increased surface area provides better interaction with bacteria cells, while two-

dimensional (2D) offers sharp edges, which can disrupt bacterial cell membranes. [8-11] 2D 

nanomaterials can also be engineered into stimuli-responsiveness in order to boost their 

antibacterial action. [10, 12]  
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In this regard, 2D nanostructures with unique bioactivity are being developed, including 

MXenes. [13-15] These are 2D transition metal carbides, nitrides, and carbonitrides derived from 

their parental MAX phases. [16] MXenes’ properties, such as their tunable surface chemistry and 

hydrophilic nature, facilitate their use as biocidal agents. [17-19] This was confirmed in the work 

of Rasool et al., who reported a decrease in the viability of Escherichia coli and Staphylococcus 

aureus when exposed to a Ti3C2Tx MXene (Tx stands for mixed surface terminations) 

concentration of 200 µg mL-1 within 4 h. [20] They noted that the antibacterial activity was 

associated with a decrease in cell integrity, the release of cytoplasmic contents, and the 

induction of oxidative stress. Rosenkranz et al. explored the possibility of photothermal 

antibacterial therapy using Ti3C2Tx MXene. [21] They noted that a combination of a 100 µg mL-

1 concentration with a 5-minute laser treatment completely immobilized E. coli and S. aureus. 

In our recent work we showed, that the superior optical properties of Ti₃C₂Tₓ MXene enable 

the development of light-induced self-sterilizing coatings with antimicrobial potential. [22] 

Nonetheless, Ozulumba et al. postulated that the apparent biocidal effect of Ti3C2Tx may be 

misleading, attributing it to the presence of post-synthesis residual acidic impurities. [23] 

Moreover, numerous studies have confirmed the low stability of MXenes, resulting in the 

formation of oxides (e.g., TiO2) on the surface of nanoflakes, which are responsible for the 

antibacterial effect. [24-27] 

Nano-laminated layered materials hold great promise as an alternative to state-of-the-art 

biocidal agents and therapies. [8, 17, 28] However, the drawbacks of MXenes, such as low 

chemical stability under air and a misleading biocidal effect, are prompting scientists to search 

for more prospective alternatives. [29-31] In this context, MBenes have been gathering significant 

attention recently. [29] These are 2D transition metal borides obtained from their parent MAB 

phases. [32-33] MBenes were first postulated by Ade and Hillebrecht in 2015, who highlighted 

their structural analogy to MXenes. [33] However, their variable crystal symmetries, differences 

in the modes of 2D layer sandwiching and, most importantly, the presence of boron instead of 

carbon suggest that they will interact distinctly compared to MXenes when introduced into 

biological systems. [29, 32, 34-35] Moreover, their long-term chemical stability under relevant 

working conditions is crucial when exploring interactions with bacteria, as it ensures that the 

material maintains its integrity without degrading or releasing harmful byproducts, which could 

alter bacterial behavior, interfere with experimental results, or compromise the intended 

biological interaction. [29, 36-37] 

The stoichiometric description of MBenes is derived from their parent thermodynamically 

stable MAB phases. They exhibit diverse chemical formulas, represented as Mn+1AB2n (212, 
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314, 426), M4AB4 (414), and MAB (111). [32, 37] Here, 'M' stands for an early transition metal, 

'A' is a metal from group A of elements, and 'B' represents boron. [32, 37] Additionally, 15 ternary 

laminated boride phases with in-plane chemical ordering, represented by the general formula 

(M'₂/₃M''₁/₃)2AlB2, have been theoretically predicted. [38] Despite the fact that MBenes can be 

obtained under milder conditions than MXenes, efficient synthesis methods have only recently 

been established. [29] For example, Majed et al. reported the synthesis of Mo2AlB2 from MoAlB 

MAB phase using hydrofluoric acid (HF). [39] Further treatment with sodium hydroxide (NaOH) 

resulted in partial etching, oxidation, and material perforation. Our team proposed an optimized 

top-down wet-chemical etching and delamination approach using a mixture of hydrochloric 

acid (HCl) and hydrogen peroxide (H2O2), yielding outstanding results. [37, 40] However, 

interactions of MBenes with biological systems, including bacteria, have not been reported. 

Considering the presence of biologically active boron in the layered structure, successful 

synthesis of MBenes not only represent a natural progression but also offer tremendous intrigue 

in exploring their bioactivity. [29, 41] 

Hence, our study aims to explore the bioactivity of a novel 2D core-shell MoAlB@MBene 

structure. At first, we obtained MoAlB@MBene from its parental MAB phase with water-based 

acid etching using a mixture of HCl and H2O2. Further, we characterized the obtained material 

in terms of morphology, structure, elemental, and phase composition, as well as stability, and 

optical properties. Subsequently, we investigated its concentration-dependent bioactivity 

towards Gram-negative E. coli and Gram-positive S. aureus and B. subtilis bacteria. Additional 

tests, such as reactive oxygen species (ROS) assays and biosorption studies, aid in elucidating 

material-cell boundary effects. To reveal the enhanced light-induced antibacterial potential of 

the MoAlB@MBene, we conducted additional tests following activation by an extra light 

source. 

 

2. Results and discussion 

 

2.1. MoAlB@MBene’ preparation and characterization 

 

Recent reports detail efficient synthesis protocols for novel 2D MBene, overcoming their 

development challenges. [37, 39-40] This led to the exploration of the MBenes' properties, yet their 

impact on living organisms, including bacteria, remains unexplored. We have already 

highlighted the enormous potential of MBenes for applications in biotechnology and 

nanomedicine in our review paper. [29] But before delving into microbiological studies, we 
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characterized the as-synthesized MoAlB@MBene and its parental MAB phase, ensuring the 

synthesis efficacy. Our analysis covered morphology, structure, elemental and phase 

composition, surface chemistry, and optical properties of both the initial MAB-phase and the 

resulting etching product (Figure 1).  

High-resolution scanning electron microscopy (HR-SEM) micrographs (Figure 1a) revealed 

MoAlB phase microstructure with a grain size under 10 µm, resembling typical ceramics. At 

higher magnifications, its distinctive nanolayered structure, common in MAX and MAB 

phases, becomes evident. [16, 42-44] After a 48 h of etching with HCl/H2O2 the MAB phase 

transforms into an expanded multilayered structure (Figure 1b), displaying nanometric spaces 

between layers and slit-shaped pores. Similar to MXenes synthesis from MAX phases, this 

transformation can be linked to removing the Al layers, creating gaps between the Mo-B layers. 

[16, 45-46] The edges of these layers appear spiky and sharp (Figure S1), contributing to potential 

interactions with bacteria, known as the nanoblade effect. [8, 12, 47-48] 

 
Figure 1. SEM micrographs representing (a) the parental MoAlB phase and (b) the resulting 

MoAlB@MBene. (c) The distribution of molybdenum (Mo), aluminum (Al), and oxygen (O) 
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obtained through EDS-mapping, accompanied by (d) the corresponding EDS spectrum. XPS 

peak fitting results for (e) MoAlB phase and (f) MoAlB@MBene showing Mo3d, Al2p, and 

B1s components. XRF studies showing alterations in (e) Al and (f) Mo in MoAlB@MBene, (g) 

X-ray diffractograms of MoAlB and MoAlB@MBene.  

 

The energy-dispersive X-ray spectroscopy (EDS) mapping of etched MAB grain (Figure 1c) 

reveals the presence of MAB-associated elements (Figure S2) and uniform distribution of Mo 

and Al, except for localized regions with higher concentrations of Al. Minimal oxygen content 

indicates the MoAlB@MBene long-term stability, confirmed by EDS-spectrum (Figure 1d). 

Further, we noticed partial removal of Al from MoAlB, consistent with previous reports. [37, 40, 

43] The amount of Al is half that of Mo, suggesting the removal of approximately one aluminum 

layer. However, the retained Al layers contribute to structural stability, enhancing performance 

and facilitating material studies. [37]  

X-ray photoelectron spectroscopy (XPS) analysis is then conducted to quantify the amounts of 

Al, Mo, and B in the core-shell MoAlB@MBene (Figure 1e and f, also Figure S3a, as well as 

Table S1 and S2). Unlike EDS, XPS has a typical penetration depth of 1 to 10 nm, enabling us 

to specifically quantify the composition of the surface or shell of the MoAlB@MBene. [49] The 

survey spectra revealed that in the MAB phase (Figure 1e and Table S1), the normalized atomic 

percentage ratio of Mo3d:B1s:Al2p was 1.05:1.00:2.63. After etching, this ratio shifted to 

0.96:1.00:1.71 (Figure 1f and Table S2), indicating the loss of Al during the etching process. 

The high-resolution Mo3d, B1s and Al2p spectra of MoAlB MAB phase and core-shell 

MoAlB@MBene show considerable similarity. The Mo3d XPS spectra can be deconvoluted 

into three doublets, with the Mo─B component being the dominant one, accompanied by minor 

contributions from MoO2 and MoO3. Similarly, the B1s XPS spectra can be fitted with two 

components: the dominant Mo-B, along with a minor contribution from B2O3. The presence of 

molybdenum and boron oxides is consistent with previous experimental findings on MAB 

etching. Additionally, Al2p analysis revealed the presence of Al2O3 and Al metal on the MAB 

phase and core-shell MoAlB@MBene surface. 

The X-ray fluorescence (XRF) technique (Figure 1g and h) confirmed the effective removal of 

Al during the 48 h etching of MoAlB, indicated by significant decrease in signal intensities. 

The selected etchant demonstrated selectivity, resulting in minimal Mo removal.  

The X-ray diffraction (XRD) pattern of the MoAlB phase (Figure 1i) revealed an orthorhombic 

structure, with the presence of (020), (040), (110), (021), (060), (111), (150), (131), (061), 

(151), (170), (200), (002), (081), (171), and (221) planes, as indicated by peaks located at 
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diffraction angles of 12.68, 25.51, 28.52, 31.56, 38.65, 40.92, 42.89, 45.04, 48.87, 52.34, 54.06, 

57.34, 59.55, 60.81, 62.38, and 66.89º, respectively. [33, 37, 39, 50-51] After etching, the intensity 

ratio of the characteristic peaks of the original MoAlB phase changed, indicating a partial 

removal of Al rather than a complete phase transformation. Importantly, the XRD pattern of 

MoAlB MBene is distinct from the typical XRD pattern of MoB MBene, suggesting that the Al 

layer is not fully removed, in full agreement with the EDS and XRF analysis. 

The Fourier transform infrared (FT-IR) analysis (Figure S3b) of the MoAlB phase indicates 

that there are minimal functional groups present on the surface. Following synthesis, the etched 

product revealed vibrations indicating the presence of BO3 and BO4, as well as O-H functional 

groups. [37, 52-53] Details were included in the Supporting Information (SI) document.  

The absorption spectrum (Figure S4a) acquired from the aqueous dispersion of MBene (Figure 

S4b) indicates comparable light absorption across the entire visible spectrum, with an 

absorption edge observed in the UV region. Subsequent studies on optical properties, conducted 

on solid samples and coupled with the Tauc method (check Figure S4c for absorption 

coefficient), revealed the presence of both direct and indirect band gaps. We calculated the 

direct band gap value to be 1.67 eV (Figure S4d), whereas for the indirect band gap, the value 

was determined to be 0.74 eV (Figure S4e). The obtained results suggest MBene's potential to 

be activated with additional light irradiation, which we took advantage of in our further studies. 

Dynamic light scattering (DLS) and particle shape analysis revealed the transformation of MAB 

due to the etching, which is evident in disruptions to the uniformity of MoAlB grains and 

suggests a heightened structural complexity and a deviation from the original MoAlB phase 

distribution. Details can be found in SI (Figure S5 and Figure S6).  

 

2.2. Exploring the bioactivity of MoAlB@MBene 

 

After successfully synthesizing MoAlB@MBene, our studies explored the fascinating interplay 

between nanomaterials and bacteria, with potential implications in medicine, environmental 

science, and nanotechnology. While antibacterial properties are emphasized, some reports 

highlight beneficial bacteria-nanomaterials interactions within environmental settings. [8, 11, 18, 

28, 54-57] For example, Tamez et al. found that applying inorganic nanoparticles at key stages of 

plant development can significantly boost growth, enhance crop yields, increase nutritional 

value, and help suppress diseases. [58] Likewise, Yin et al. showed that copper-contaminated 

sediments can be efficiently remediated with the use of titanium dioxide nanoparticles 

supported by granular activated carbon. [59] 
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Initial diffusion tests (Figure S7 and Figure S8) did not yield any clear information about the 

MoAlB@MBene bioactivity or material-cell interplays. Therefore, we examined how the 

various concentrations of MoAlB@MBene affect the development of bacteria by observing not 

only the changes in the initial cell count, but also alterations in growth dynamics. Thus, we 

determined growth curves in nutrient-rich (MHB broth) and nutrient-depleted (PBS) 

environments. The results are presented in Figure 2. Supporting Information document 

explains the experiment concept (e.g., why error bars were omited, Fig. S9) and provides 

information about growth curves in a nutrient-depleted environment (Figure S10) and specific 

growth rate curves (Figure S11). 

Growth curves in nutrient-rich (Figure 2a, c, and e) and nutrient-depleted (Figure S10) 

environments show that MoAlB@MBene primarily influenced dynamics and kinetics while 

leaving the initial bacteria cells relatively unaffected. The OD at 610 nm, representing bacterial 

cell density, followed a sigmoidal pattern without MoAlB@MBene, which is to be expected. 

As MoAlB@MBene concentration increased, the sigmoidal curve sustained, tending to flatten 

at higher concentrations. 
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Figure 2. (a, c, e) The changes in the density of (a) E. coli, (c) S. aureus, and (e) B. subtilis 

suspensions when exposed to varying concentrations of MoAlB@MBene over time in a 

nutrient-rich environment, accompanied by (b, d, f) specific growth rate curves depending on 

the MoAlB@MBene concentration at selected time points. Purple line marks MoAlB@MBene 

concentration significantly altering bacteria growth kinetics. The measurement error did not 

exceed 10% on average. 
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MoAlB@MBene’s impact on bacterial growth directly correlated with concentration, 

particularly 3000 µg mL-1, diminishing as concentration decreased. The presence of 

MoAlB@MBene extended the lag phase, a period allowing bacteria to adapt to new 

environmental conditions. As described by Monod, the lag phase remains poorly understood 

and is controlled by unknown regulatory mechanisms. [60] Chatterjee et al. define this prolonged 

lag phase as delay time, indicating the duration for bacteria to reach the reproductive stage. [61] 

Figure 2 shows a significant increase in delay time with increasing MoAlB@MBene 

concentration for all three tested bacteria, with B. subtilis exhibiting the most noticeable 

increase.  

Delay time was most pronounced in the initial 6 h of incubation. To understand how 

MoAlB@MBene concentration affects delay time, specific growth rate curves relative to the 

concentration were depicted (Figure 2b, d and f). Given the most disrupted growth dynamics in 

the first 6 h, we plotted specific growth rate curves every two h up to 6 h, and comparatively 

after 24 h of incubation. Time-based specific growth rate curves were shown in the SI (Figure 

S11).  

From the 2 h incubation, the specific growth rate decreases dynamically at the higher 

MoAlB@MBene concentrations (3000 to 1000 µg mL-1). Further concentration reduction 

caused a plateau (as seen in E. coli or S. aureus) or a less dynamic reduction (B. subtilis). 

Subsequent concentration reduction leads to a linear return to the parameter’s value (S. aureus 

or B. subtilis) or nearly reaching the reference sample’s value (E. coli). This suggests 

1000 µg mL-1 concentration as critical (Figure 2b, d and f, purple line), below which there’s a 

low impact on bacteria growth dynamics, affecting the delay time. 

Over time, the impact of increasing MoAlB@MBene concentrations on the specific growth 

rates of tested bacteria diminished, as indicated by the curves plotted at 4 and 6 h of incubation. 

After 24 h, nearly identical values were observed, regardless of the MoAlB@MBene 

concentration. However, this doesn't signify that MoAlB@MBene ceased affecting the bacteria. 

Cultures incubated in the presence of bacteria (Figure 2a, c, and e) never reached the OD levels 

of control despite growth curves plateauing. These permanent changes resulted in a reduction 

in the maximum number of cells achievable in that system. Nonetheless, all bacteria could adapt 

to the presence of MoAlB@MBene, continuing to grow at a diminished rate. Similar adaptive 

responses have been observed for E. coli exposed to silver, TiO2, and MoO3 nanoparticles, as 

well as palladium oxide-modified nitrogen-doped TiO2. [61-65] These studies highlight bacterial 

adaptability to various nanomaterials, underscoring the importance of nuanced analyses of 

long-term effects and underlying mechanisms in nanotoxicology studies. 
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Assessing viability over short incubation periods (2 to 6 h, Figure S12), the lowest viability 

occurred after 2 h, progressively rising. Variations were noted based on the nutrient presence, 

confirming MoAlB@MBene’ predominant impact on growth dynamics. After 2 h incubation 

with 3000 µg mL-1 of MoAlB@MBene in a nutrient-rich environment, viability for E. coli, S. 

aureus, and B. subtilis was 76, 46, and 45%, respectively. In nutrient-depleted environments, 

viability didn’t significantly deviate from 100%. Over 24 h (Figure S13), consistent viability 

of approximately 60-70% for E. coli, 70-80% for S. aureus, and 80% for B. subtilis was noted, 

regardless of nutrient availability.  

 

2.3. Intracellular ROS levels and singlet oxygen assay 

 

Reported data suggests that 2D nanomaterials induce reactive oxygen species (ROS) within 

bacteria, leading to cell membrane damage and modifications in DNA, lipids, and proteins, 

causing cellular dysfunction and growth disturbances. [11, 17-18, 20, 28-29, 54, 66] Thus, to understand 

the inherent properties of the MoAlB@MBene, we performed our experiments fully in the 

darkness. Furthermore, concentration-dependent intracellular ROS and singlet oxygen (1O2) 

were tested in both nutrient-rich and nutrient-depleted environments to assess the nutrients 

impact. Tests were conducted after 2 and 6 h of incubation were conducted to observe short-

term changes. Concentration-dependent intracellular ROS levels were presented in Figure 3, 

while Figure S14 in SI shows concentration-dependent singlet oxygen production.  
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Figure 3. Concentration-dependent intracellular ROS levels after 2 and 6 h of incubation for 

(a-b) E. coli, (c-d) S. aureus, and (e-f) B. subtilis in (a, c, e) a nutrient-rich and (b, d, f) nutrient-

depleted environments. Controls were marked with an asterisk (*), indicating a zero ROS 

assumption. 
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According to Figure 3, intercellular ROS level directly correlated with MoAlB@MBene 

concentration, peaking at 3000 μg mL-1. Time-dependent intracellular ROS levels decreased 

with longer incubation (2 vs 6 h), more notably in nutrient-depleted environments, suggesting 

adaptive capabilities observed earlier. At the highest MoAlB@MBene concentration in 

nutrient-rich environments and after 2 h of incubation, intracellular ROS levels were 60% for 

E. coli and B. subtilis and at 50% for S. aureus (Figure 3a, c and e). After 6 h, ROS levels 

decreased to approximately 40-45% (Figure 3a, c and e). In nutrient-depleted environments 

(Figure 3b, d, and f), intracellular ROS levels were similar or higher, reaching nearly 90% for 

S. aureus after 2 h of incubation at 3000 μg mL-1. Over time, ROS levels decreased to values 

similar to nutrient-rich environments.  

The 1O2 tests indicated an increasing trend with MoAlB@MBene concentration, notably 

accumulating over time. Only B. subtilis in a nutrient-depleted environment showed a decrease 

in the amount of 1O2 during incubation, suggesting adaptive abilities. Despite MoAlB@MBene 

inducing ROS generation, bacteria counteracted oxidative stress induction over time, partially 

explaining the delay time observed in growth tests. Oxidative stress is a feature of the lag phase, 

with studies reporting the induction of superoxide dismutase during E. coli growth on agar and 

a similar oxidative stress response during Salmonella enterica lag phase in a liquid medium. [67-

68] 

Nanomaterials can trigger ROS generation and oxidative stress through various mechanisms. 

They interact with cells, causing DNA damage, altered cell signaling, and cytotoxicity, which 

disrupt cellular redox balance and increase ROS production. [69] Overproduction of ROS occurs 

not only in mitochondria but also through enzymatic reactions involving NADPH oxidases, 

xanthine oxidase, and peroxisomes. [70] Nanomaterials can damage antioxidant enzymes, 

leading to increased ROS accumulation and creating a vicious cycle of oxidative stress. [71-72] 

High-reactivity nanomaterials, such as nanotubes, can induce inflammation by acting as foreign 

bodies, leading to ROS release and further oxidative stress. [73] 

 

2.4. Studies on biosorption properties 

 

Our ROS studies provided initial insights into MoAlB@MBene-bacteria interactions, but we 

sought to investigate prolonged effects. For this, we examined the biosorption properties of 

MoAlB@MBene over 24, 48, and 72 h at a critical concentration (1000 µg mL-1). This 

intermediate toxic level aimed to observe growth disturbances while minimizing the material’s 
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direct influence. The resulting SEM micrographs were shown in Figure 4 and in Figure S15 in 

SI.  

 

 
Figure 4. SEM micrographs of MoAlB@MBene after incubation with (a, d, g) E. coli, (b, e, 

h) S. aureus and (c, f, i) B. subtilis for (a-c) 24, (d-f) 48 and (g-i) 72 h. The red arrows indicate 

biofilm formation. Zeta potential measured after (j) 24, (k) 48 and (l) 72 h of incubation.  

 

SEM micrographs (Figure 4a, b, and c) depict MoAlB@MBene samples incubated with E. coli, 

S. aureus, and B. subtilis. When incubated with MoAlB@MBene, E. coli (Figure 4a and Figure 

S15a) and B. subtilis (Figure 4c and Figure S15c) maintained their rod-like morphology, while 
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S. aureus (Figure 4b and Figure S15b) retained its typical cocci-like shape. Notably, all tested 

bacteria tend to grow in clusters, showing potential for biofilm formation. This is evident in E. 

coli (Figure 4a and Figure S15a) and S. aureus (Figure 4b and Figure S15b), where individual 

cells are challenging to separate, indicating a dominance of biofilm formation. B. subtilis 

(Figure 4c and Figure S15c) exhibited less intense biofilm formation, but we noticed cell 

collapse, indicating an unfavorable environment.  

With extended incubation period (48 and 72 h), biofilm formation intensified, notably covering 

larger areas of MoAlB@MBene grains, especially for E. coli and S. aureus (Figure 4d, e, g, and 

h and Figure S15d, e, g, and h). Evidently, B. subtilis exhibited greater resistance, showing a 

lesser degree of biofilm formation. After 48 h (Figure 4f and Figure S15f), biofilm primarily 

forms along material edges, with clearly visible separate bacteria cells. By 72 h (Figure 4i and 

Figure S15i), biofilm formation extended inside the MoAlB@MBene cavities, with fewer 

distinctly visible separate cells.  

During the incubation with MoAlB@MBene E. coli cells retained their rod-like shape but 

became noticeably narrower, appearing sunken, with wrinkled cell walls (Figure 4d, g and 

Figure S15d, g). For S. aureus, MoAlB@MBene had a pronounced and devastating effect, 

changing its cocci-like morphology to an irregular spherical shape after 48 and 72 h (Figure 4e, 

h and Figure S15e, h). B. subtilis maintained its rod-like morphology more effectively, with 

cells appearing firm initially and developing more surface wrinkles over prolonged incubation 

(Figure 4f, i and Figure S15f, i). Notably, all bacterial cells, regardless of the incubation 

duration, appeared covered with particles below 0.1 µm, possibly smaller MoAlB@MBene 

particles adsorbed onto the bacteria's surface. 

The biosorption assay’s second part involved zeta potential investigations to assess biofilm 

formation efficiency and bacterial coverage on the MoAlB@MBene surface. Zeta potential 

measures the electrical potential at the particle-liquid interface. If biofilm or bacterial 

adsorption occurs, the material’s zeta potential should approach the one of bacteria. Compared 

zeta potential values for samples incubated in the presence of bacteria for 24, 48, and 72 h with 

pure bacterial suspension, and the material itself was presented in Figure 4j, k, and l, 

respectively.  

Results indicate extensive bacterial settlement on the MoAlB@MBene surface, as seen in zeta 

potential values. Pure MoAlB@MBene had a zeta potential of approximately -3.5 mV, 

significantly differing from all bacteria-incubated samples. Across incubation time, 

MoAlB@MBene with E. coli showed nearly identical zeta potential to initial bacterial 

suspension. Similar observations were made with S. aureus for 24 and 48 h, but a noticeable 
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decrease after 72 h (difference of -3.5 mV) suggests bacterial metabolic dysfunction, consistent 

with SEM micrographs. The largest zeta potential differences, averaging -7 mV, were observed 

with B. subtilis, aligning with SEM observations of low biofilm formation and the presence of 

individual cells.  

Biofilms, communities of microorganisms encased in self-produced matrices, serve as a 

survival strategy for bacteria in unfriendly environments. Facilitating adherence, colonization, 

and resource sharing, biofilm formation provides advantages of protection and defense, 

increasing persistence and longevity. [74] Mann et al. demonstrated Pseudomonas aeruginosa 

adaptative abilities on prolonged exposures to silver nanoparticles and ionic silver (Ag+), 

developing persistent cells through biofilm formation. [75] Zhang et al. observed E. coli adapting 

to TiO2 nanoparticles through biofilm formation and cell remodeling, enhancing stress 

tolerance. [63] These findings align with our studies, highlighting the crucial role of biofilm 

formation and cell remodeling in challenging environments.  

 

2.5. Light-induced tunable bioactivity 

 

Further, we explored the light-activated bioactivity of MoAlB@MBene. Our recent study 

highlighted its exceptional photocatalytic performance in decomposing methylene blue. [40] 

Consequently, we aimed to extend this potential to biology-related research, investigating 

MoAlB@MBene’s applicability for in-situ immobilization of bacteria upon light activation. 

Using white light (WH) to simulate environmental conditions, we employed 1000 µg mL-1 of 

MoAlB@MBene. Samples without MoAlB@MBene served as the negative control, with a dark 

environment for comparison. Figure 5 shows changes in bacterial density, specific growth 

rates, and viability due to MoAlB@MBene light activation in a nutrient-rich environment. 

Results for nutrient-depleted environment were shown in SI (Figure S16 and Figure S17).  
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Figure 5. (a, d, g) The changes in the density of (a) E. coli, (d) S. aureus, and (g) B. subtilis 

suspensions exposed to MoAlB@MBene and white light (WH) over time in a nutrient-rich 

environment. For comparison we presented results for MBene and control sample in the dark, 

and exposed to white light. (b, e, h) Corresponding specific growth rate curves over time. (c, f, 

i) The viability changes for (c) E. coli, (f) S. aureus, and (i) B. subtilis bacteria exposed to 

MoAlB@MBene and white light, compared to reference, and incubated in darkness, in nutrient-

rich environment. 

 

Analyzing optical density (OD) changes for E. coli (Figure 5a), S. aureus (Figure 5d), and B. 

subtilis (Figure 5g), the influence of light and MoAlB@MBene becomes evident. Compared to 

the dark control, the lag phase extension was observed, but both light-exposed control and 

MoAlB@MBene in darkness eventually resumed stable growth. Specific growth rate curves 

(Figure 5b, e, and h) showed light-alone lag phase extension: 1 h for E. coli and S. aureus, and 

2 h for B. subtilis. Comparatively, for MoAlB@MBene in darkness these effects persisted: 4 h 

(E. coli), 1 h (S. aureus), and 2 h (B. subtilis). 
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The synergy of white light and MoAlB@MBene emerged as a game-changer, efficiently 

immobilizing bacteria in-situ. When exposed to either light or MoAlB@MBene in darkness, 

bacterial viability consistently ranged between 80-90% (Figure 5c, f, and i). These results are 

consistent with the growth curves observed during experiments conducted in the dark (Figure 

2a, c, and e). However, combining MoAlB@MBene with light significantly affected viability. 

Following 6 hours of irradiation, viability reductions were observed: E. coli to 20.6%, S. aureus 

to 22.9%, and B. subtilis to 21.4% (Figure 5c, f and i, respectively). In the nutrient-depleted 

environment, a consistent trend of decreasing density was observed with MoAlB@MBene and 

light irradiation (Figure S16), while controls and samples exposed to irradiation alone or MBene 

in darkness maintained consistent culture density values (within the margin of error), as shown 

in section 2.2 (Figure S11). Viability reduction after 6 hours in the nutrient-depleted 

environment was: 78.4% for E. coli, 67.5% for S. aureus, and 80.0% for B. subtilis (Figure 

S17a, b, and c, respectively), aligning with nutrient-rich environment results. 

The use of photocatalysis for bacteria elimination is an active research field. When a 

semiconductor photocatalyst absorbs light with energy equal to or greater than its band gap, 

electron-hole pairs are generated. These pairs separate into positively charged holes (h⁺) in the 

valence band (VB) and electrons (e⁻) in the conduction band (CB). The VB XPS spectra (Figure 

S18a and b in SI) show that the VB of MoAlB@MBene is 1.65 eV. Using the formula ECB = 

EVB − Eg, the CB of MoAlB@MBene is calculated to be -0.02 eV. As illustrated in the band 

structure diagram (Figure S18c in SI), holes can generate ROS by converting adsorbed water 

to •OH, while CB electrons can reduce molecular oxygen to produce 1O2 or reduce H2O2 to 

form •OH. These generated ROS can interact with bacterial membrane lipids, proteins, and 

DNA. [22, 76] The bacteria's antioxidants are insufficient to neutralize the ROS, leading to 

oxidative stress, DNA degradation, lipid peroxidation, protein oxidation, and ultimately cell 

death. [77-78] 

 

3. Conclusion 

 

To summarize, we successfully synthesized MoAlB@MBene by employing the top-down 

chemical etching procedure on the parent MoAlB phase, using HCl and H2O2 mixture. SEM 

studies confirmed the multilayered structure of the MoAlB@MBene, exihbting distinct spiky-

like, sharp edges. SEM-EDS, XPS and XRF analyses demonstrated the preferential removal of 

Al over Mo from the MoAlB phase, while XRD investigations revealed a reduction in 

characteristic MoAlB phase peaks. FT-IR assessments indicated the pristine surface chemistry 
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of MBene, free from molecules introduced after synthesis or significant oxidation. UV-Vis 

spectroscopy showcased consistent material absorption across the visible range, featuring a 

distinct absorption peak in the UV region, as well as the presence of both direct and indirect 

band gaps at 1.67 and 0.74 eV, respectively. 

The presence of MoAlB@MBene led to concentration-related disrupted growth and an 

elongated lag phase observed within the first 6 h of the bioactive studies. After 2 h of incubation, 

it became evident that the highest concentration of MBene (3000 µg mL-1) resulted in a 

reduction of E. coli viability by 24%, S. aureus by 54%, and B. subtilis by 55%. 

Concentration-based studies highlighted a correlation between ROS levels and the 

concentration of MoAlB@MBene. For instance, exposure to 3000 µg mL-1 of MoAlB@MBene 

resulted in E. coli and B. subtilis exhibiting intracellular ROS levels of 60%, while S. aureus 

displayed 50% in a nutrient-rich environment. Over time, a tendency toward ROS reduction 

was observed, partially explaining the elongated lag phase. 

SEM investigations into MoAlB@MBene's biosorption properties revealed rapid adsorption of 

all bacteria, leading to the formation of a protective biofilm primarily near the material edges. 

Over time, biofilm formation increased with bacteria aggregating into larger cell clusters, 

deviating from their usual morphology. Zeta potential studies confirmed efficient saturation of 

the material with bacteria cells. Nevertheless, B. subtilis displayed higher resistance to the 

impact of MoAlB@MBene compared to E. coli and S. aureus. 

In the final stage of our study, we validated the bioactivity of the MoAlB@MBene through light 

activation. We demonstrated that the prolonged lag time can be heightened upon exposure to 

light. This leads to continual in-situ inhibition of existing bacterial activity and prevents the 

real-time formation of new cells. During the 6 h of the experiment, we observed that the 

viability of E. coli decreased to 20.6%, S. aureus to 22.9%, and B. subtilis to 21.4%. This 

represents nearly a fourfold increase compared to the same concentration of MBene without 

light stimulation. 

Light-induced antibacterial materials, such as developed MoAlB@MBene have numerous 

potential applications due to their ability to control microbial growth on demand. [22] These 

materials can be used as coatings on hospital surfaces, medical devices, and surgical 

instruments to significantly reduce hospital-acquired infections by continuously eliminating 

bacteria. [79-80] They are also effective in water purification systems, providing both filtration 

and disinfection through light-induced reactions that generate reactive oxygen species. [18] 

Additionally, these materials can be integrated into consumer products like textiles, personal 
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care items, and food packaging to maintain hygiene, reduce bacterial growth, and extend 

product shelf life. [81-82] 

 

4. Experimental Section/Methods  

 

MoAlB MAB phase synthesis: The MoAlB MAB phase utilized in this study was derived from 

precursor powders, which included molybdenum boride (MoB) and aluminum with a size of 

less than 44 μm. All powders were obtained from Alfa Aesar (Ward Hill, MA, USA). Firstly, 

MoB and aluminum powders were mixed in a Turbula T2F mixer at a ratio of 1:1.2 for a 3 h at 

a 56 rpm, and in the presence of 10 mm yttria-stabilized zirconia balls. Further, the resulting 

powder was shaped into 12 grams pellets. These pellets were then placed in a tube furnace and 

subjected to a gradual heating process (10 °C min-1 heating rate), reaching temperatures of 

750 °C and subsequently 1500 °C, each for a duration of 2 h, all while maintaining a continuous 

argon flow at a rate of 100 sccm. Following the thermal treatment, the solid samples obtained 

were allowed to cool down to room temperature and grounded to a particle size of less than 44 

μm.  

 

Development of the core-shell MoAlB@MBene: The mixture of 9 M hydrochloric acid (HCl) 

and 0.3% hydrogen peroxide (H2O2) was prepared in a beaker and cooled in an ice bath to 

prevent overheating. Next, MoAlB powder was gently introduced into the beaker with 

continuous stirring (1 g of MAB per 100 mL of solution). Within the initial 10 minutes, a 

substantial amount of O2 bubbles appeared. The reaction was allowed to continue for 48 h, as 

this time, we found it to yield the most efficient synthesis. [40] During this process, the originally 

dark MoAlB powder changed its color to slightly more grey. Subsequently, the solution was 

washed with double-distilled (DDI) water until the pH reached 7, achieved through 

centrifugation at 5000 rpm. The resulting sediment was then redispersed in isopropyl alcohol 

to prevent further oxidation and stored in a dark environment at -44 °C for future use. The 

powdered form of MoAlB@MBene was prepared using the freeze-drying method. 

 

Characterization of the as-synthesized MAB phase and MoAlB@MBene: The morphology and 

structure were examined with HR-SEM using a Hitachi S-5500 (Hitachi, Tokyo, Japan) and an 

accelerating voltage of 5.0 kV. We also used the above mentioned equipment to assess the 

elemental composition with SEM-EDS (Scanning Electron Microscopy with Energy-

Dispersive X-ray Spectroscopy), as well as performing elemental mapping. 
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The chemical composition of the samples was studied using X-ray photoelectron spectroscopy 

(XPS). XPS analyses were performed using a Thermo Scientific KAlpha X-ray photoelectron 

spectrometer (Waltham, MA, USA) with an aluminium X-ray source (energy 1.4866 keV) and 

working at 10-8 - 10-9 mbar pressure in the main chamber. The X-ray spot size was settled at 

400 μm. The samples were prepared by drop-casting onto conductive copper tape and dried 

under nitrogen (N2). All XPS spectra were calibrated using the C1s peak at 284.8 eV as a 

reference. 

X-ray diffraction patterns (XRD) were obtained from drop-casted samples using a BrukerD8 

X-ray diffractometer (Bruker, Billerica, MA, USA), Cu Kα=1.54060 Å. The analysis covered 

an angular range from 2 to 70 degrees, with increments of 0.03 degrees. 

The studies of the partial elements etching from the MAB phase were carried out using the XRF 

spectrometer (PI 100, Polon-Izot, Warsaw, Poland). The spectrometer was fitted with a 125–

140 eV resolution silicon drift detector (SSD), a test tube containing a rhodium (Rh) anode, and 

a multilayer 50 keV monochromator. The analysis was carried out in ambient air conditions, 

with a 300 sec measurement time allocated for each sample, along with a 100 sec normalization 

period. 

 

Exploring the bioactivity of MoAlB@MBene: A time- and concentration-dependent assay of 

biocidal action was conducted using the principle of serial dilution and by subsequently 

measuring optical density at 610 nm (OD610). Studies were performed with PBS and MHB to 

evaluate the impact of nutrient presence on MoAlB@MBene bioactivity. For this purpose, a 

stock solution of MoAlB@MBene was prepared in either PBS or MHB. Subsequently, we 

created serial dilutions from stock solution in multiwell plates, and bacterial solution in PBS or 

MHB (details from bacteria preparation can be found in SI) was added to achieve a final 

concentration equivalent to McFarland Standard No. 1 in each well. The following 

concentrations of MoAlB@MBene were prepared: 3000, 2000, 1500, 1000, 750, 500, 250, and 

125 µg mL-1. Pure PBS or MHB was employed as the negative control. Bacterial growth was 

studied by plotting OD values over time, allowing for the examination of bacterial growth 

kinetics. The experiments were conducted in eight repetitions, and averages were reported.  

The prepared cultures were incubated at 37 ± 2 °C for 72 h, and under constant shaking of 150 

rpm, and changes in OD610 were measured using an Infinite 200 PRO multiplate reader (Tecan, 

Männedorf, Switzerland). The OD alterations were monitored each h for up to 24 h to illustrate 

the dynamics of bacterial growth changes, whereas control measurements were also conducted 

at 24, 48, and 72 h. The alterations of bacterial growth dynamics were studied based on results 
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from the time- and concentration-dependent assay. Such alternations were determined by the 

specific growth rates µ calculated from Equation 1: 

 

𝜇	(ℎ!") = #$(&'!)!#$(&'")
)#!)$

                                                              (1)  

 

Where: t0 is the time of test start, tx is the time in which measurement was performed, ODn is 

the optical density of the studied sample at time tx, ODc is the average optical density of the 

control sample at time t0. The obtained OD values were also utilized to calculate the relative 

cell viability V (Equation 2): 

 

𝑉	(%) = *!
*"
× 100              (2) 

 

Where: an is the OD value of the sample with studied concentration of MoAlB@MBene at a 

given point in time, ac is the OD value of the control sample at a given point in time. 

For further studies, we selected a concentration of 1000 μg mL-1 of MoAlB@MBene, as it 

demonstrated the most potential in the conducted studies.  

 

Intracellular ROS levels and singlet oxygen assay: The intracellular ROS levels and 1O2 assay 

were performed with fluorescent indicators. From the acquired kinetics, we selected the 2 and 

6 h time points as the most representative for understanding the observed results. The 

intracellular ROS levels were assessed using the CM-H2DCFDA fluorescent probe (Thermo 

Fisher Scientific, Waltham, MA, USA), which was dissolved in dimethyl sulfoxide (DMSO, 

99.99% pure, Chempur, Piekary Śląskie, Poland). Subsequently, 100 µL of the bacterial 

suspension exposed to MoAlB@MBene or control was transferred to the multiwell plate, and 

the CM-H2DCFDA was added to achieve the concentration of 2 µM in each well. We also 

monitored the hypothetical potential for the formation of 1O2 using the Singlet Oxygen Sensor 

Green fluorescent reagent (Thermo Fisher Scientific, Waltham, MA, USA). Details were 

included in SI. In the last step, the samples were incubated in the dark for 30 min. To assess 

intracellular ROS levels and 1O2 levels, we measured fluorescence intensity using a multiplate 

reader. For both cases, excitation and emission wavelengths of 485 nm and 520 nm, 

respectively, were utilized. Levels of intracellular reactive oxtgen species (ROS) and 1O2 were 

calculated using Equation 3: 
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𝑁	(%) = +
,
× 100              (3) 

 

Where: A represents the fluorescent intensity of the investigated sample, and B represents the 

fluorescent intensity of the reference sample. 

 

Studies on biosorption properties: For the sample preparation, we utilized the protocol 

developed in our laboratory, which has been previously reported. [83-84] Briefly, bacterial pellets 

were washed multiple times and resuspended in dechlorinated and filtered (0.22 μm) tap water, 

with further adjustment to McFarland Standard No. 2. Next, dispersions of MoAlB@MBene 

were prepared in the same tap water within Eppendorf tubes (Eppendorf, Hamburg, Germany) 

and sterilized using a UV-C biocidal lamp. After that 100 μL of the prepared bacterial 

suspensions were added, which, due to the halfway dilution with the MoAlB@MBene 

suspension, resulted in a final McFarland Standard No. 1. After mixing, the samples were 

incubated for 24, 48, and 72 h at 37 ± 2 °C (separate samples were prepared). 

After the specified incubation time, an additional 100 μL of water was added, and 75 μL of 

2.5% glutaraldehyde (Sigma-Aldrich, Saint Louis, MO, USA) was employed. Subsequently, 

such prepared samples were left overnight at 4 °C. In the last step, multiple washes were 

performed on the samples to eliminate any cells that were not firmly attached. Such prepared 

samples were further analyzed using qualitative SEM observations and quantitative zeta 

potential studies. Before SEM studies, samples were gradually dehydrated with increasing 

ethanol concentrations (12.5, 25, 50, 75, and 100%). Further samples were studied with HR-

SEM Hitachi S-5500 (Hitachi, Tokyo, Japan) using an accelerating voltage of 5.0 kV. To 

maintain cellular metabolic functions, glutaraldehyde fixation was excluded in the sample 

preparation for quantitative studies, avoiding overnight treatment. The Zetasizer Nano ZS 

analyzer (Malvern Instruments, Malvern, UK) was utilized, employing the Smoluchowski 

model. Measurements were taken at 25 °C, with each measurement repeated 10 times for 

accuracy. The final results were presented as the mean value of the zeta potential ± SD. 

 

Light-induced tunable bioactivity: The experiment was conducted in 4 mL glass vials (UV-C 

sterilized). The 2 mL of a sterile stock solution of MoAlB@MBene in either PBS or MHB, and 

2 mL of a stock bacterial solution (McFarland standard No. 2) were introduced into the vials; 

thus, the bacterial suspension reached McFarland standard No. 1 in each vial. Then, the vials 

were placed in a photochemical reactor (PhotoCubeTM, ThalesNano, Budapest, Hungary) and 
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exposed to simulated daylight (wavelength range: 400−700 nm, luminous flux: 5920 lm, and 

input power: 128 W per LED) for 6 h at 37 ± 2 °C with continuous stirring (150 rpm). Changes 

in OD were monitored every h by measuring absorbance at 610 nm with microplate reader 

Infinite 200 PRO (Tecan, Männedorf, Switzerland). A sample without MoAlB@MBene served 

as the negative control. The experiment was performed as triplicates and average values were 

reported. Bacterial growth was studied by plotting OD values over time. Specific growth rates 

and relative cell viability were calculated using Equation 1 and Equation 2, respectively.  
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