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A B S T R A C T

The contamination of water bodies with dye pollutants, particularly methylene blue (MB), represents a signifi
cant environmental challenge due to the widespread use in industries such as textiles, pharmaceuticals, and 
cosmetics. Effective removal of MB from wastewater is essential to prevent ecological damage and safeguard 
human health. Various techniques have been explored globally for dye segregation, including adsorption 
methods utilizing light activated nanomaterials such as graphene oxide combined with catalytic metal atoms and 
bioremediation employing bacteria. Enzymes are also widely studied but are prone to biocatalyst deactivation 
due to denaturation. Also, some bacteria, such as E.coli, are sensitive to MB and this represents a limiting step for 
highly concentrated MB solutions. Among these methods a light independent self-sustained strategy has not been 
developed. Indeed, even if carbon materials such as graphene oxide are efficient, their efficacy in the absence of 
light exposure is limited.

In this paper, we demonstrate a novel spontaneous flocculation method combining graphene oxide and 
Escherichia coli bacteria for the efficient removal of MB from aqueous solutions. Spectroscopic analysis confirms 
significant dye removal efficacy through the formation of flocs, highlighting a synergistic interaction between 
graphene oxide and bacterial cells. E. coli is considered a non-decolorizer bacterium but in presence of graphene 
oxide cells is trapped and water decolorization is fostered on the surface of the nanomaterial. We also demon
strate that infrared light (805 nm) can be used to inactivate bacteria thanks to an enhanced NIR adsorption of MB 
deposited on graphene oxide flakes.

The detoxification method of wastewater containing methylene blue, based exclusively on the use of graphene 
oxide and without the addition of iron- or copper-based metallic particles, prevents the introduction of additional 
inorganic contaminants into the environment. Our findings not only validate the effectiveness of this combined 
approach but also suggest its potential for scalable applications in wastewater treatment, providing an innovative 
and eco-friendly solution to address global water pollution challenges.
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1. Introduction

The textile industry is among the most polluting industrial sectors 
worldwide [1]. Its production chain consumes enormous amounts of 
freshwater, employs hazardous chemicals and synthetic dyes, releases 
microplastic fibres, and relies heavily on non-renewable resources. 
These facts highlight the urgent need for sustainable technologies across 
the textile production cycle to minimize its environmental footprint [2]. 
In addition to their environmental burden, many synthetic dyes exhibit 
carcinogenic, mutagenic, and toxic effects on humans and animals. 
These dyes are chemically recalcitrant, persist in ecosystems, and may 
undergo biomagnification through the food chain [3,4]. Methylene blue 
(MB) is one of the most widely used synthetic dyes in textile processing. 
MB is non-biodegradable, persistent, and has been reported to cause 
severe toxicological effects including oxidative stress, haematological 
alterations such as methemoglobinemia, and neurotoxicity [5]. Given its 
widespread use, the environmental release of MB represents a major 
health and ecological concern.

Conventional physicochemical treatments for textile 
effluents—including adsorption on activated carbon, coagulation, 
reverse osmosis, ozonation, photocatalysis, Fenton-based oxidation, 
electrochemical oxidation, and membrane filtration—are effective for 
dye removal but often require high energy input, expensive reagents, or 
complex operating conditions. In addition, several of these processes 
generate secondary waste streams, such as toxic sludge or spent adsor
bents, requiring further disposal or regeneration, thereby increasing the 
overall environmental and economic costs [6–8]. In recent years, bio
logical approaches have gained increasing attention as greener alter
natives. Bacteria, fungi, microbial consortia, and isolated enzymes have 
been investigated for dye removal, either alone or in combination with 
physicochemical methods, providing cost-effective and environmentally 
friendly solutions [2,9,10].

The biodegradation of azo dyes by bacteria generally proceeds 
through two distinct stages. First, the azo bonds undergo reductive 
cleavage, producing aromatic amines, which are often toxic and 
persistent. In the second stage, these aromatic amines are further broken 
down. While the initial cleavage can occur under both aerobic and 
anaerobic conditions, the effective degradation of the resulting aromatic 
amines takes place predominantly under aerobic conditions. Therefore, 
the most effective strategy for treating industrial effluents contaminated 
with azo compounds is an integrated process that combines anaerobic 
and aerobic steps, ensuring both efficient dye removal and the mini
mization of environmental and human health risks [11].

However, the efficiency of microbial removal is strongly influenced 
by environmental and nutritional factors, including pH, temperature, 
dissolved oxygen, organic matter, metals, and co-pollutants [9].

Biological approaches are frequently limited by bacterial sensitivity 
to toxic dyes, the need for nutrients, long treatment times, and strong 
dependence on environmental parameters such as pH, temperature, and 
oxygen availability. To overcome these limitations, strategies such as 
genetic engineering to enhance resistance and expand the enzyme 
repertoire, enzymatic treatments, hybrid systems, and microbial floc
culants have been proposed [2]. Often microorganisms have to be 
acclimatized to compounds to obtain an efficient dye removal [12–14]. 
Consequently, hybrid systems combining physicochemical adsorption 
with biological activity are increasingly being explored to exploit the 
advantages of both strategies while minimizing their individual 
limitations.

The search for bacteria capable of degrading dyes can take advantage 
of the “natural” selection of these organisms through bioprospecting in 
contaminated environments, selecting bacteria that underwent great 
environmental pressure, thanks to human action [15].

E. coli is a widespread and adaptable microorganism, capable of 
surviving in challenging environments for a certain time span. However, 
E. coli itself is not highly efficient in dye removal, and it is considered a 
non exoelectrogen and non-decolorizer. Indeed, previous studies have 

shown that E. coli exhibits limited methylene blue removal efficiency 
compared to specialized dye-degrading microorganisms, highlighting its 
role as a weak or non-specific decolorizer [5]. E.coli can enhance the 
activity of other bacteria [16] and remains a valuable potentially ideal 
microorganism for environmental treatment due to its ease of cultiva
tion and genetic manipulation [17,18].

On the material side, carbon nanomaterials such as graphene oxide 
(GO), the water-soluble alternative to graphene, exhibit high water 
dispersibility and strong pollutant adsorption properties, and have been 
applied to capture dyes prior to light- or photocatalysis-based deacti
vation [19]. GO has recently emerged as a multifunctional platform 
capable of combining adsorption, catalytic activity, and antimicrobial 
effects within a single material system, enabling the simultaneous 
removal and transformation of contaminants [20–28].

GO has been extensively investigated as an adsorbent for MB 
removal owing to its large specific surface area, abundant oxygen- 
containing functional groups, and strong electrostatic and π–π in
teractions with cationic dyes. Several studies have demonstrated that 
the adsorption performance strongly depends on the oxidation degree 
and reduction state of graphene-based materials, which influence both 
the density of surface functional groups and the availability of graphitic 
domains for π–π stacking [29–32]. Reduced graphene oxide generally 
exhibits enhanced adsorption capacity due to the restoration of aromatic 
domains, whereas highly oxidized GO provides improved water dis
persibility and abundant adsorption sites. More recently, GO has also 
been explored as a metal-free photocatalytic platform for the simulta
neous adsorption and light-assisted degradation of methylene blue, 
highlighting the potential of graphene-based materials for sustainable 
wastewater remediation.

GO collapses and rearranges in presence of ions and macromolecules 
in solution and therefore can be exploited to design both physical and 
chemical strategies for wastewater remediation as well as for microbial 
entrapment and immobilization [33–35]. For instance, physical pro
cesses such as adsorption onto GO sheets allow the capture of dyes, 
heavy metals, and organic pollutants, while chemical methods like 
coagulation and flocculation promote the aggregation and subsequent 
removal of contaminants from aqueous solutions [36]. Beyond these 
processes, GO also displays intrinsic catalytic and photocatalytic prop
erties, enabling the deactivation of hazardous compounds such as 
methylene blue, phenolic pollutants, and even pharmaceutical residues 
[21]. However, multi-step approaches based on photolysis often face 
challenges related to process complexity, costs, and incomplete removal 
of toxic byproducts [36].

Furthermore GO aggregation can be harnessed for a range of physical 
and chemical approaches to wastewater treatment [37] and bio
molecules and bacterial entrapment [33]. Particularly, microorganisms 
entrapment was demonstrated to be effective due to the binding of 
membranes to the hydrophilic functional groups on the material surface 
and is a phenomenon which is driven by concentration, ions, and lateral 
size of GO flakes in respect to microbial cell size [34,35,38].

Here, we propose a synergistic strategy that combines unmodified 
E. coli cells with GO aggregation to achieve efficient MB dye removal on 
GO surface in absence of light exposure. We demonstrate by various 
spectroscopy techniques an effect mediated by surface proximity of 
bacteria and MB. By coupling the biological adaptability of bacteria with 
the physicochemical adsorption properties of GO, this system aims to 
provide a sustainable and scalable method for the detoxification of MB. 
E. coli cells remain viable in presence of GO aggregates and MB and the 
process can be stopped by using Near Infrared Light (NIR) to induce 
hyperthermia and control bacterial growth. The underlying molecular 
mechanisms responsible for the observed synergistic effect remain to be 
elucidated and are discussed here as a future working hypothesis.
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2. Materials and methods

2.1. Graphene oxide preparation and characterization

GO (Graphenea, Spain) was used at the final concentration reported 
in each graph from a batch at 4 mg/mL using ultrapure water (18.2 
MΩ⋅cm; conductivity <0.055 μS/cm) for further dilution. Samples were 
periodically vortexed to avoid precipitation. GO hydrodynamic prop
erties were characterized using a Zetasizer Nano ZS (Malvern, Herren
berg, Germany). MB (Sigma Aldrich, CAS No.: 7220–79–3) has been 
diluted in ultrapure water at a stock solution concentration of 1 mg/mL. 
In Calcium containing samples a final concentration of 5 mM CaCl2 was 
used, as described below. GO-MB aggregates were washed via centri
fugation (10,000 g, 10 min) prior to quantify the hydrodynamic size and 
surface charge. Measurements were performed at a fixed detection angle 
of 173◦ with automatic attenuator settings. For each sample, three 
consecutive readings were taken, and the Z‑average size was calculated 
via the Stokes–Einstein equation using cumulant analysis. Electropho
retic light scattering was employed for ζ-potential determination, with 
values calculated from electrophoretic mobility applying the Henry 
correction within Smoluchowski’s model. Data acquisition and pro
cessing were conducted through the Malvern Zetasizer software. GO 
further characterization was reported in our previous work [39]. 
Absorbance was evaluated by measuring Optical density (OD) spectra. 
Absorbance and fluorescence spectra have been recorded in a UV 
transparent 96 well using Cytation 3 Cell Imaging Multi-Mode Reader.

Removal efficiency was calculated from the absorbance at 610 nm of 
the collected supernatants according to 

Removal (%) =
OD0 − ODt

OD0
× 100 

where OD0is the absorbance of the initial MB solution and ODt is the 
absorbance of the corresponding supernatant after a certain time of 
incubation.

The apparent adsorption capacity (qₑ, mg g⁻¹) was then calculated as: 

qe =
(C0 − Ce)V

m 

where V is the solution volume (L) and m is the mass of graphene oxide 
where C₀ and Cₑ are the initial and equilibrium MB concentrations (mg 
L⁻¹). Because the hybrid GO–E. coli system may involve adsorption, 
bio–nano flocculation, and bacterial metabolic activity simultaneously, 
the calculated qₑ values are reported as apparent adsorption capacities.

To verify the adsorption state of methylene blue (MB) on graphene 
oxide (GO), the dye was desorbed from the GO surface using an ethanol/ 
acid extraction protocol. After incubation, GO-containing pellets were 
collected by centrifugation and the supernatant was discarded. The 
pellets were then resuspended in a solution containing 50% (v/v) 
ethanol and 0.1 M HCl and gently mixed for 30 min at room temperature 
to promote disruption of the non-covalent interactions between MB and 
GO. Following centrifugation, the absorbance of the recovered super
natant was measured by UV–Vis spectroscopy

2.2. Bacteria cell growth and near infrared (NIR) irradiation

E. coli (ATCC strain 25,922) was grown in Luria Bertani (LB) medium 
at 37 ◦C overnight, and cells were harvested via centrifugation (4000 g 
for 10 min) and washed three times with deionized water to remove 
medium residuals. The pellets were then suspended in ultrapure water to 
obtain a final OD of 1 corresponding to 1 × 108 CFU/mL. Experiments 
with MB have been performed at 37 ◦C in water or in 5 mM Calcium 
Chloride dissolved in ultrapure water. Cell viability in controls was 
evaluated by the colony counting method spreading 100 μL of bacterial 
solution onto LB plates and letting colonies grow overnight at 37 ◦C. No 
ultrasonic treatment was performed to avoid aggregates dissolution.

To evaluate bacterial inactivation using NIR light, 72 h after incu
bation samples with E. coli, E-coli and MB (31.25 μg/mL), E.coli- GO (100 
μg/mL) or E.coli- GO (100 μg/mL) -MB (31.25 μg/mL) have been 

Fig. 1. Characterization of GO–MB samples and adsorption of MB. (A) Photographs of MB solutions at increasing concentrations (0–125 μg/mL) in the presence 
of graphene oxide (GO, 100 μg/mL), showing the GO aggregation. (B) Representative SEM micrographs of GO sheets and GO–MB complexes, scale bar is 1 μm. (C) 
Optical Density (OD) recorded at 0 h and 24 h for MB solutions incubated with different concentrations of GO (25, 50, and 100 μg/mL). The characteristic MB 
absorption peaks at 610 nm and 664 nm are visible. (D) Quantification of the absorbance at 610 nm for MB solutions incubated with different GO concentrations 
(0–25–50–100 μg/mL). (E) Representative images and (F) quantitative analysis of the supernatants after incubation with 100 μg/mL GO, showing reduced MB 
concentration in solution as measured by the absorbance at 610 nm.
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irradiated with a NIR laser source (805 nm) at power of 1.5 W/cm2 (low 
power) or 2.5 W/cm2 (high power) for 240 s, hereafter referred as me
dium and high power doses. Then samples have been plated on LB agar 
and CFU have been calculated after overnight incubation at 37 ◦C and 
compared to untreated samples.

2.3. Scanning electron microscopy (SEM)

For morphological analysis, bacterial cells were fixed in 2.5% 
glutaraldehyde in phosphate‑buffered saline (PBS) for 2 hours at 4 ◦C. 
Samples were then washed with PBS by centrifugation, dehydrated 
through a graded ethanol series (30%–100%), and air‑dried on silicon 
wafers (Siegert Wafer, N-doped with a resistivity <0.005 Ω cm). SEM 
imaging was performed using ZEISS SUPRA 25. Image analysis was 
performed using ImageJ software while spectra were analyzed and 
normalized using Microsoft Excel.

All experiments were performed in triplicates and data are presented 
as mean ± standard deviation.

3. Results and discussion

3.1. Graphene oxide promotes irreversible methylene blue aggregation 
and concentration-dependent quenching

GO is a water-soluble carbon-based material that can aggregate in 
different buffer systems as a result of ions bound to its surface [20]. This 
inherent instability can be exploited in several physical and chemical 
strategies for applications such as wastewater treatment and bacteria or 
nucleic acid precipitation and concentration [26]. Physical methods for 
wastewater treatment such as adsorption, and chemical processes 
including coagulation and flocculation, can benefit from the reactivity of 
GO. In addition, GO itself exhibits intrinsic catalytic properties that 
enable the deactivation of methylene blue and other dyes [21], mainly 
due to electrostatic interactions between its negatively charged surface 
and the positively charged dye molecules, as well as π–π interactions 
[40]. Among graphene-based materials, GO was selected because it 
combines high water dispersibility with abundant oxygen-containing 
functional groups, including hydroxyl, epoxy, and carboxyl moieties. 
These surface functionalities provide a negatively charged interface that 
efficiently adsorbs cationic molecules such as methylene blue through 
electrostatic interactions and π–π stacking, while simultaneously pro
moting interactions with bacterial cell envelopes. In contrast, pristine 

Fig. 2. Interaction of MB with E. coli after 24 h incubation. (A) Representative images of MB solutions at increasing concentrations (0–125 µg/mL) in the absence 
and presence of E. coli, before and after centrifugation. The formation of a blue pellet indicates MB association with bacterial cells. (B) Quantification of MB in 
supernatants after centrifugation, showing a concentration-dependent decrease in absorbance at 610 nm and 664 nm in the presence of E. coli, without significant 
changes in their ratio. (C) UV–Vis absorption spectra of whole samples at 0 h and after 24 h incubation. In the presence of E. coli, a decrease of the 664 nm band and a 
blue shift with increased intensity and broadening of the ~610 nm band are observed, consistent with the formation and stabilization of aggregated Mb species. (D) 
CFU results obtained treating cells with increasing MB concentration.
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graphene is highly hydrophobic and poorly dispersible in aqueous 
media, limiting its applicability in water treatment without additional 
functionalization.

Though highly water soluble, in the presence of MB, GO immediately 
collapses into aggregates due to electrostatic attraction between GO and 
the MB dye. In Fig. 1, a representative picture of GO samples (100 μg/ 
mL) soon after incubation with MB at dye concentrations ranging from 
0 to 125 μg/mL.

Representative SEM images of diluted samples (Fig. 1B) show a 
larger flake size of GO-MB (31 μg/mL), as confirmed by Dynamic Light 
Scattering measurements, which report an average hydrodynamic 
diameter of 1580 ± 113 nm for GO and 6635 ± 1210 nm for GO-MB. 
Zeta potential confirms that the probe is adsorbed on GO since the 
surface charge of GO-MB is − 9.45 ± 3.66 mV compared to -25 ± 1.55 
mV for pristine GO, due to the cationic nature of MB probe [41].

Representative absorption spectra characterizing MB (31 μg/mL) 
with or without GO in solution (25–50–100 μg/mL) are shown in 
Fig. 1C. A comparison of probe emission immediately after mixing with 
GO and after 24 h of incubation in the dark is reported. MB exists in 
aqueous solution as a dynamic equilibrium between monomeric and 
aggregated species, with the relative abundance strongly depending on 
dye concentration, ionic strength, and temperature. At low concentra
tions, the monomer predominates and exhibits a characteristic absorp
tion maximum around 664 nm. As concentration increases, MB 
molecules undergo self-association through π–π stacking interactions, 
leading initially to the formation of dimers, which display a blue-shifted 
absorption band centered at approximately 610 nm [42,43]. This 
concentration-dependent equilibrium is particularly relevant when 

interpreting adsorption experiments involving GO. Changes in the 
relative proportions of monomeric and aggregated Mb species produce 
characteristic variations in the absorption spectrum, including the pro
gressive increase of the dimer-associated band around 610 nm together 
with the decrease of the monomer peak at 664 nm. Consequently, 
spectral modifications should not be interpreted solely as changes in dye 
concentration but also as possible alterations in the aggregation state 
induced by adsorption onto GO surfaces.

Absorption peaks are quenched with increasing GO concentration, 
however, after 24 h at 37 ◦C, MB signal quenching in presence of GO 
occurs only to a limited extent, as shown by the 610 nm signal reported 
in Fig. 1D The persistence of the 610 and 664 nm absorption bands 
together with the spectral broadening below 610 nm suggests that GO 
does not quench MB uniformly but may also promote or stabilize higher- 
order aggregated species of MB on its surface, i.e. MB dimers. This 
behavior is consistent with the multifunctional nature of GO, whose 
oxygen-containing functional groups and π-conjugated domains enable 
simultaneous adsorption and possible surface-mediated trans
formations, as reported for metal-free carbocatalytic systems [44].

To analyze the dye on GO flakes, centrifugation was performed to 
separate pellets and supernatants (Fig. 1E) and the absorbance of su
pernatants (610 nm) was quantified (Fig. 1F). The reduced absorbance 
compared to original probe signal again confirms MB binding on GO. 
The increase in MB retention within the pellet when increasing probe 
concentration can be attributed to enhanced adsorption and/or aggre
gation phenomena. Indeed, when MB concentration is in excess, the high 
local dye density might promote intermolecular interactions and in
crease the carbon material aggregation. This phenomenon, in turn, 

Fig. 3. Combined effect of GO and E. coli on MB adsorption and spectral behaviour. (A) Representative images of MB solutions (31, 62, 125 µg/mL) in the presence of 
GO (100 µg/mL) and/or E. coli, showing the formation of visible GO–bacteria aggregates. (B) SEM images of GO–bacteria assemblies, highlighting the close 
interaction between GO sheets and E. coli cells. V(C) UV–Vis absorption spectra of MB solutions immediately after mixing (left) and after 24 h incubation at 37 ◦C in 
the dark (right). GO induces a general decrease in absorbance due to MB adsorption, while E. coli promotes a redistribution of spectral features with a decrease of the 
664 nm band and an increase and broadening of the ~610 nm band. The combined GO–E. coli system exhibits enhanced MB removal and stabilization of aggregated 
species, particularly after 24 h. (D) Distribution of MB between pellet and supernatant after centrifugation, highlighting the contribution of GO, E. coli, and their 
combination to probe sequestration. E. coli shows higher adsorption efficiency at 31 µg/mL, which decreases at 62 µg/mL, while GO alone exhibits limited uptake 
proportional to dye concentration. The combined system results in enhanced MB retention in the pellet, suggesting a synergistic effect. The addition of Ca²⁺ promotes 
aggregation and phase separation, leading to increased pellet-associated signal and altered partitioning of MB between pellet and supernatant. (E)Removal efficiency 
of GO calculated from supernatants (F) Fraction of MB released from the pellet after washing, indicating that only a limited amount of dye is recovered in the 
supernatant. The lowest release is observed for the GO–E. coli system, whereas higher release occurs in the presence of Ca²⁺ and at higher MB concentration, 
consistent with weaker binding interactions. (G) UV–Vis absorption spectra of methylene blue (MB) recovered from GO-containing pellets after desorption with 50% 
ethanol and 0.1 M HCl. (H) Bacterial viability expressed as percentage of live cells relative to control (CTRL) under the different experimental conditions, showing 
that GO concentration and aggregation state influence E. coli survival. GO at 100 µg/mL allows partial preservation of viability while maintaining adsorption 
performance, whereas higher concentrations lead to increased cytotoxicity. (I) The formation of GO–bacteria aggregates enables efficient MB sequestration.
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favors partitioning of MB into GO-associated sedimented phase. On the 
whole, these data indicate a measurable degree of surface adsorption 
and limited quenching of GO proportionally to available GO surface, i.e. 
to GO concentration.

3.2. E. coli can precipitate MB in dark, but is sensitive to MB toxicity

E. coli is not known as an efficient microorganism for dye degrada
tion, being neither exoelectrogenic nor a typical decolorizing bacterium. 
When E.coli is incubated with MB, a significant fraction of dye was found 
to be associated with the bacterial pellet after 24 h, leading to a reduced 
signal in the corresponding supernatants (Fig. 2A, third row). Spectro
scopic analysis of the supernatants (Fig. 2B) revealed a parallel decrease 
in absorbance at both 610 nm and 664 nm, without significant variation 
in their intensity ratio, suggesting that free dye is not modified by 
bacteria.

On the contrary, spectra acquired from whole samples (Fig. 2C) show 
a marked redistribution of spectral features. In particular, after 24 h, a 
depletion of the 664 nm band, associated with monomeric MB, is 
observed together with a slight blue shift and a pronounced increase and 
broadening of the band centered around 610 nm. This behavior suggests 
a time-dependent stabilization of dimeric and possibly higher-order 
aggregated M. species, promoted by interactions with E. coli cell sur
faces. The phenomenon is visible only at 31 µg/mL. At a concentration of 
62 µg/mL, a global decrease in peak height occurs, with no modification 
of monomeric/dimeric proportion. This is probably due to toxicity ef
fects on E.coli. Indeed, CFU assay confirms that at high MB concentra
tions (>62 µg/mL), E. coli is not viable after 24 h of incubation (Fig. 2D), 
in agreement with literature values [45]. On the whole these data 
demonstrate that MB is associated with bacterial cells due to precipi
tation in the sample pellet and that when MB concentration is low and 
toxicity is not complete, the active metabolism of E. coli changes probe 
state.

Due to spectra saturation and high toxicity towards bacteria, the 125 
µg/mL concentration has been excluded from subsequent experiments.

3.3. The synergistic effect between E. coli and GO causes a higher MB 
removal due to confinement and surface contact

The combined effect of GO and E. coli on MB was investigated by 
incubating samples at 37 ◦C in the dark using a fixed GO concentration 
of 100 µg/mL in water without nutrients. The formation of GO–bacteria 
aggregates is clearly visible in the sample photographs (Fig. 3A) and 
confirmed by SEM imaging (Fig. 3B), showing close physical association 
between GO sheets and bacterial cells in both undiluted and diluted 
samples (left and right images in Fig. 3B, respectively). At this concen
tration a repulsive interaction between GO flakes is expected in water. 
UV–Vis absorption spectra recorded immediately after mixing or after 
24 h of incubation are reported in Fig. 3C for MB concentrations of 31 
and 62 µg/mL, in the presence of GO and/or E. coli. The absorbance 
profiles are significantly affected when both GO and bacterial cells are 
present. In the presence of GO alone, a general decrease in absorbance 
intensity is observed over the whole spectral range, consistent with MB 
adsorption onto GO surface and associated quenching effects reported in 
Fig. 1. The presence of E. coli leads to a pronounced redistribution of 
spectral features at 31 µg/mL, as discussed above. When GO and E. coli 
are combined, the spectral response reflects a synergistic effect. A strong 
overall decrease in absorbance is observed, due to enhanced MB removal 
from solution, together with a clear broadening and relative enhance
ment of the band below ~610 nm. This behaviour suggests that 
GO–bacteria aggregates provide a heterogeneous interface that pro
motes MB accumulation and stabilizes dimeric and higher-order 
aggregated species associated to bacteria membrane. Notably, after 24 
h, all systems containing E. coli and GO show decreased spectra in
tensity, with the effect more pronounced at higher MB concentration (62 
µg/mL) (Fig. 3C).

Since visible precipitation was observed, the distribution of MB be
tween pellet and supernatant was quantified after centrifugation, and 
the possibility of probe release upon washing was evaluated. As shown 
in Fig. 3D, E. coli adsorbs most of the probe at 31 µg/mL, while its ef
ficiency decreases at 62 µg/mL, likely due to increased toxicity at higher 
dye concentration. GO alone shows relatively low adsorption overall, 
consistent with previous observations, and its uptake scales with MB 
concentration, reflecting the availability of adsorption sites. In the 
presence of the nanomaterial and bacteria, MB undergoes adsorption 
together with a reduction of its detectable absorbance, as suggested by 
the disappearance of the signal from both pellet and supernatant in the 
GO100–E. coli–MB31 condition (Fig. 3D). At 62 µg/mL, although a 
larger fraction of MB is associated with the pellet, the removal appears 
less efficient, indicating that higher MB concentrations may inhibit 
bacterial activity also in presence of GO. To demonstrate this hypothesis, 
the addition of Ca²⁺ was used to promote the separation between GO, 
bacterial cells, and free MB. Calcium ions are indeed known to screen 
electrostatic interactions and induce tight aggregation of GO sheets and 
bacterial membranes, i.e. competing with MB for surface binding [38]. 
Under these experimental conditions, it was observed that Ca²⁺ promotes 
aggregation of GO flakes and enhances the precipitation of GO–MB 
complexes at both 31 and 62 µg/mL. When E. coli is present, the bacterial 
surface appears to be partially screened by Ca²⁺ ions and GO aggregates, 
leading to (i) a higher fraction of MB in the supernatant and (ii) an 
increased signal of MB that precipitates in the pellet. Indeed, the pellet 
signal becomes comparable to that observed for E. coli with MB 
(Fig. 3D). A plausible explanation is that Ca²⁺ reduces electrostatic in
teractions between MB and negatively charged bacterial membranes, 
while simultaneously favours GO-driven aggregation. As a result, MB 
partitioning becomes dominated by physical entrapment rather than 
active bacterial surface transformation, explaining the loss of synergistic 
effects in these conditions.

To provide a quantitative estimate of dye removal under the tested 
conditions, the removal efficiency was calculated from the absorbance 
of the supernatants at 610 nm. The calculated values confirmed that the 
combined GO–E. coli system achieved the highest MB removal efficiency 
under nutrient-free conditions (Fig. 3E). An apparent adsorption ca
pacity qewas calculated by normalizing the amount of removed MB to 
the GO mass. The apparent MB removal capacity increased with the 
initial dye concentration in both GO-containing systems. For GO alone, 
the calculated capacity increased from 199.9 to 264.6 mg g⁻¹ when the 
initial MB amount was increased from 31 to 62 μg. In the presence of 
E. coli, the corresponding values increased from 268.0 to 592.0 mg g⁻¹. 
Thus, bacterial addition enhanced the apparent removal capacity by 
approximately 34% at the lower MB concentration and by 124% at the 
higher concentration. The markedly stronger enhancement observed at 
62 μg MB suggests that the contribution of the bacterial component 
becomes increasingly relevant under conditions in which the adsorption 
capacity of GO alone begins to be limiting. Since these values were 
normalized to the GO mass, they should be interpreted as apparent 
removal capacities of the hybrid system rather than as intrinsic equi
librium adsorption capacities of GO. The enhanced performance of the 
GO–E. coli system is consistent with the formation of a confined bio
–nano interface. We hypothesize that this localized microenvironment 
may increase the local concentration of MB at the bacterial surface and 
thereby facilitate adsorption and/or membrane-associated trans
formation processes that might be elucidated in proteomic or genomic 
studies in the future.

To verify the strength of bonding the pellets were washed in fresh 
ultrapure water and the released MB was quantified (Fig. 3F). Washing 
experiments indicate that only a limited fraction of MB is released back 
into the supernatant, suggesting that interactions between MB and pellet 
components are relatively strong and only partially reversible. Notably, 
the lowest release values are observed for the combined E. coli–GO 
system, whereas the highest release occurs in the presence of Ca²⁺. As 
expected, the amount of released MB is higher at 62 µg/mL, where the 
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binding efficiency is reduced across all conditions. Nevertheless, the 
E. coli–GO combination consistently shows superior retention, con
firming a cooperative effect on MB decolorization which is impeded in 
presence of divalent ions.

To investigate the fate of MB associated with GO, the pellets were 
treated with a desorption solution containing 50% ethanol and 0.1 M 
HCl. Although the treatment detached MB from the GO surface, the 
recovered absorbance remained markedly lower than that of free MB or 
the E. coli-only control (Fig. 3G). This finding suggests that a fraction of 
the dye lost its original spectroscopic properties while associated with 
the GO-containing aggregates. Therefore, the reduced signal after 
desorption cannot be explained solely by incomplete dye recovery but is 
also consistent with a partial loss of the spectroscopic properties of 
methylene blue during the interaction with the GO–E. coli system.

GO-MB aggregation appears to improve bacterial viability, likely by 
reducing direct membrane damage caused by MB dye. It can be hy
pothesized that by increasing GO concentration a further improvement 
of detoxification occurs. However, GO is toxic at high concentration, and 
the limitation of bacterial viability induces a loss of enzymatic activity. 
To verify toxicity, bacterial viability was evaluated in the presence of GO 
at higher concentration (200 µg/mL). Indeed, the toxicity of GO itself 
reaches ~84% and the improvement of MB effect remains limited 
(Fig. 3H). A concentration of 100 µg/mL represents therefore an optimal 
compromise, providing a large available surface area for MB adsorption 
while maintaining sufficient bacterial viability, an important aspect for 
scalability in batch processes.

Overall, these data support a model in which MB is removed from 
solution through combined adsorption onto GO, bacterial cells, and 
GO–bacteria aggregates, with limited release upon washing and mini
mal contribution from irreversible chemical sequestration (Scheme in 
Fig. 3I). A possible contribution of membrane-associated enzymes can be 

hypothesized, potentially facilitated by the close proximity between GO 
sheets and bacterial cells, which may enhance local MB concentration at 
the cell surface and promote enzymatic transformation. However, this 
mechanism requires further genetic investigation.

3.4. NIR light can be used to stop bacteria growth after mb-go 
precipitation

Bacterial uncontrolled growth should be avoided during 
microorganisms-based environmental application. To ensure biocon
tainment after detoxification, we designed a strategy based on NIR 
adsorption properties of GO. Indeed, when a NIR laser is focused on GO, 
the absorbed photons are converted into thermal energy, leading to a 
localized temperature increase. This photothermal effect can disrupt 
bacterial cell membranes and denature vital biomolecules, thereby 
enhancing the antibacterial activity of GO [46]. We investigated 
whether NIR treatment could inhibit bacterial growth after long term 
GO and MB (31 μg/mL) bacterial confinement. To do so, we exposed 
GO–E. coli or GO-MB-E.coli aggregates at to two different NIR laser 
powers and evaluated bacterial survival. For comparison also MB- E.coli 
or untreated E.coli were irradiated. The average maximum temperature 
of GO samples at the highest power was 49 ◦C, while GO-MB reached a 
maximum of 53.5 ◦C in 240 s, due to the ability of MB to act as photo
thermal absorber itself (Fig. 4A). CFU analysis shows that, as expected, 
GO-MB can improve viability of E.coli thanks to MB detoxification. In 
particular, after 72 h, 40% living cells have been recovered in the 
sample. When irradiated with NIR at low laser power GO-MB adsorption 
of light induces increase of temperature and cell death, at higher laser 
power also GO alone is effective in cell killing, demonstrating the ability 
to control long term bacteria growth (Fig. 4B). Representative CFU 
plates of different treatments and NIR high power effects are reported in 

Fig. 4. Viability of E. coli after treatment with MB or GO–MB and effects of NIR irradiation as illustrated in scheme in (A). (B) Temperature profiles recorded 
during near-infrared (NIR) irradiation for CTRL, GO, MB, and GO–MB samples, showing the photothermal effect of GO-based materials. (C) Normalized colony- 
forming units (CFU) after NIR irradiation at low and high-power conditions, indicating enhanced antibacterial activity under higher irradiation power. (D) 
Representative pictures of E. coli colonies grown on agar plates after the different treatments (CTRL, GO, GO + NIR, MB, GO–MB, and GO–MB + NIR), illustrating the 
reduction in bacterial growth following GO–MB treatment combined with NIR high power exposure.
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Fig. 4C.
A possible contribution of membrane-associated enzymes can be 

hypothesized, but no direct evidence is provided in the present study. 
The contribution of bacterial metabolism, specific enzymatic pathways, 
oxidative species generation, or transcriptional responses cannot be 
established from the current dataset and will require dedicated studies.

Table 1.
Unlike previous graphene-based systems that mainly rely on 

adsorption or photocatalysis, the present work demonstrates that 
commercially available pristine graphene oxide and wild-type E. coli 
spontaneously cooperate under nutrient-free and light-independent 
conditions, providing enhanced MB removal through bio–nano 
flocculation.

4. Conclusions

Conventional metal-based photocatalysts, although effective, may 
suffer from high costs and the risk of secondary metal contamination, 
highlighting the need for metal-free alternatives such as graphene oxide- 
based systems [20]. This study demonstrates that the combination of GO 
and E. coli enables an efficient light-independent removal of MB from 
water through a cooperative mechanism involving adsorption, aggre
gation, and confinement of the dye within GO–bacteria flocs. While 
GO-induced flocculation of dyes has been previously reported [41], here 
we demonstrate that the presence of bacterial cells promotes the for
mation of hybrid bio–nano aggregates that enhance dye retention and 
transformation. Compared to GO or bacterial cells alone, the hybrid 
system provides enhanced MB sequestration, reduced release after 
washing, and improved retention of the dye in the pellet phase, indi
cating the establishment of relatively strong and only partially reversible 
interactions. A key outcome of this work is that GO at 100 µg/mL pro
vides a favourable compromise between adsorption capacity and bac
terial viability. Under these conditions, GO-mediated confinement 
appears to mitigate part of the toxic effects of MB on E. coli, while still 
enabling bacteriostatic control of the final GO–MB–bacteria assembly. 
This is particularly relevant for scalable batch-based water treatment 
processes, where maintaining a sufficient degree of microbial activity 
without uncontrolled proliferation is essential. In this respect, the pos
sibility of terminating the process by near-infrared irradiation adds an 
important level of operational control and biocontainment.

From an environmental standpoint, the proposed GO–E. coli platform 
offers relevant advantages, including operation in water and in the dark, 
the absence of added metal catalysts or oxidants, a reduced need for 
auxiliary reagents, and the possibility of limiting secondary inorganic 
contamination. Compared with conventional dye-removal routes, which 
often involve high chemical demand, sludge generation, and additional 
post-treatment requirements based on photocatalysis, this hybrid 
approach relies on spontaneous bioflocculation and adsorption-driven 
confinement of the pollutant, in line with the need for more sustain
able wastewater treatment technologies [2,36,37]. In addition, the use 
of a carbon-based adsorbent such as GO is consistent with the growing 
interest in nanomaterial-enabled platforms for wastewater remediation, 
valued for their high surface area and tunable interfacial properties [36,

47], while the incorporation of a microbial component further supports 
process sustainability by enabling operation under mild conditions 
without external energy input or nutrient supplementation.

Importantly, while the present data support the existence of a syn
ergistic interaction between GO and living E. coli cells, the molecular 
basis of this effect remains unresolved. The possible involvement of 
membrane-associated enzymes, bacterial metabolism, or ROS-mediated 
reactions remains speculative and was not directly investigated in this 
proof-of-concept study. Future work including metabolic inhibition as
says, heat-killed controls, enzyme inhibition, ROS measurements, and 
transcriptomic/proteomic analyses will be required to elucidate the 
underlying mechanism.

By combining the adsorption capacity of graphene oxide with the 
adaptive properties of bacterial cells, while maintaining the possibility 
of post-treatment bacterial inactivation by NIR irradiation, this hybrid 
strategy represents a promising step toward more sustainable and 
controllable carbon-based bioremediation systems for dye-polluted 
waters. From an application perspective, the spontaneous formation of 
visible GO–E. coli flocs may facilitate their recovery from treated water 
by conventional sedimentation or low-speed centrifugation, simplifying 
post-treatment separation(22). However, the stability and recovery of 
these aggregates in complex environmental waters containing 
competing ions and natural organic matter remain to be investigated 
before practical implementation. Future work will be directed toward 
optimizing the surface chemistry of graphene oxide to modulate its 
interaction with dyes and bacterial cells, and toward engineering E. coli 
strains with improved metabolic capabilities, in order to further enhance 
the performance and applicability of this hybrid bio–nano remediation 
strategy.
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Table 1 
Comparison of representative graphene-based and biological strategies for methylene blue removal from aqueous solutions.

Study Material Microorganism Metal 
catalyst

Light 
required

Main removal mechanism MB adsorption/removal performance

Yan et al. [31] GO No No No Adsorption GO adsorption strongly depends on oxidation 
degree

Jahan et al. [29] GO/rGO No No No Adsorption GO exhibited higher adsorption capacity
Arias et al. [32]. Green rGO No No No Adsorption High MB adsorption capacity
Mahich et al. 

[30].
GO/rGO No No No Adsorption +

photocatalysis
Enhanced removal under light irradiation

Moradi et al. [25] GO/CuO 
composite

No Yes Yes Adsorption + catalysis Efficient dye removal but requires metal catalyst
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