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Abstract
The extensive use of synthetic textile dyes raises serious environmental and health concerns due to 
their toxicity and recalcitrancy. This research investigates the possibility of Luffa sponge (LS), a widely 
available biodegradable agricultural product, as an immobilization matrix for dye removal. The study 
focuses on isolation and characterization of dye-degrading bacteria from surface water source which 
is immobilized on Luffa surface to facilitate dye removal via adsorption and degradation processes. 
Escherichia fergusonii KD01 and Staphylococcus epidermidis KSD02 are two such isolated and tested 
dye degrading immobilized strains on LS. The performance of the bacteria individually in suspension 
culture and immobilized on LS (Bc-LS) was tested under different parameters, shaking or static, contact 
time (0-8 hrs), pH (4, 6, 8, and 11) and temperatures (24, 37, 42 and 45 °C). The results displayed 
synergistic effect of physical adsorption and microbial breakdown by Bc-LS surpassing individual 
bacterial performance and untreated LS. These findings were supported by FTIR (Fourier Transform 
Infrared) which validated the interactions between dye molecules and functional groups on the Bc-
LS, while SEM (Scanning Electron Microscopy) photos showed successful bacterial immobilization on 
LS after treatment. Furthermore, cytotoxicity and phytotoxicity tests revealed a significant reduction 
in dye toxicity into less hazardous by-products. Reusability studies demonstrated LS was functional 
for dye adsorption after five cycles also. These findings display Bc-LS as an effective, long-lasting, 
and environmentally acceptable material for dye remediation, making it a suitable choice for dye 
wastewater treatment applications.
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INTRODUCTION

	 The discharge of synthetic dyes, 
notably from the textile industry, raises major 
environmental and health problems. These colors 
are highly visible, poisonous, and chemically 
stable, making them resistant to standard 
wastewater treatment methods. Their persistence 
in aquatic habitats affects ecosystems by lowering 
light penetration, impeding photosynthesis and 
depleting dissolved oxygen, which can result in 
hypoxic conditions and severe toxicity of aquatic 
lives.1 Methylene blue (MB), is one such cationic, 
inert, triphenylmethane dye bearing the chemical 
name 3,7-bis(dimethylamino)-phenothiazin-5-ium 
chloride, frequently used in paper, fabric, food 
and cosmetics industry.2 The partial or untreated 
MB in wastewaters is highly soluble and becomes 
positively charged due to ionization of the nitrogen 
atoms in the dimethylamino groups forming a 
quaternary ammonium ion. The dye imparts acute 
toxicity to phytoplanktons affecting their growth 
and chlorophyll content and disturbs the aquatic 
trophic system by diminishing zooplanktons 
like Daphnia magna, the ecological balancer.3,4 
Further, the untreated dye is carcinogenic to 
humans, affecting digestive tract, neuro-systems, 
skin, heart and genitourinary organs.5 Another 
cationic dye, Malachite Green (MG), often used 
to dye fabrics such as silk, wool, and leather, 
consist of complex aromatic compounds that resist 
biodegradation and can bioaccumulate in species, 
resulting in toxicity across the food chain from 
lower to higher species. Both MG and its reduced 
form, leuco-malachite green, can accumulate 
in tissues, and are potential teratogenic and 
carcinogenic compounds. A prolonged period 
of exposure can result in genetic changes, 
neurological, respiratory, and reproductive 
problems.6-9 Bacterial decolorization of synthetic 
dyes has attained a lucrative status due to its 
rapid growth, ease in genome manipulation, eco-
friendliness and versatility in decolorizing various 
dyes.10-13 This approach presents a sustainable 
alternative to traditional physical and chemical 
procedures like coagulation, advanced oxidation 
and membrane filtration which bear constraints 
of exorbitant operational costs, generation of 
harmful by-products and formation of excessive 
sludge.14

	 Consequently, application of dye degrading 
bacterial isolates is more impeccable for treatment 
of waste effluents dyes in green and economical 
approach.15-18 Several studies have highlighted dye 
degrading bacteria like Lysinibacillus sphaericus, 
Bacillus albus, Enterobacter aerogenes, and  
Stenotrophomonas maltophilia in decolourization 
of wide spectrum of dyes efficiently.19-23 To enhance 
stability and efficiency of these biocatalysts, 
microbial immobilization along with adsorption 
techniques, has emerged as a preferred strategy 
for speedy and sustainable dye removal.24,25 
Whole cell immobilization is more practical than 
bacterial enzymes for large scale applications 
as enzyme immobilization has technical and 
economic challenges like enzyme isolation and 
purification.26,27

	 The sponge gourd, Luffa cylindrica, of 
the Cucurbitaceae family is a natural abundant 
crop found in tropical and subtropical countries 
and offers an ideal substrate for bioremediation. 
The fibrous three-dimensional strong matrix with 
extensive porous vascular system provides excellent 
scaffold for immobilization of dye degrading 
bacteria as well as waste water treatment.28-31 The 
lignocellulosic components of Luffa portray 60% 
cellulose, 30% hemi-cellulose and 10% lignin.32 
The bacteria successfully immobilizes on Luffa 
due to the interaction between bacterial cell 
membrane components and the surface functional 
groups like carboxyl (-COOH) and hydroxyl (-OH) 
group of the matrix. Bacterial cells cling to the 
surface and interiors of the support matrix via 
hydrophobic interactions primarily with its lignin 
component and further attainable through 
electrostatic forces, often mediated by ionic 
strength and pH. Biofilm formation is also reported 
on different lignocellulosic carriers as a means of 
immobilization which can withstand changes in 
the surrounding environment with less damage. 
Once adsorbed, bacteria can grow and form 
stable biofilms in the three-dimensional structure 
of LS, turning into a highly active and reusable 
biocomposite for wastewater bioremediation.32-35

	 This study addresses key United 
Nations Sustainable Development Goals (SDGs) 
by emphasizing on clean water technologies 
and valorization of agricultural waste (LS) to 
sustainable treat textile dye effluents. While 
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several investigations focused on dye degradation 
studies by bacterial isolates alone or in consortium, 
whole cell immobilized on Luffa biocomposite 
remains unexplored. To address the issue, two 
dye degrading bacteria isolated from surface 
water of Kamarhati region, Agarapara, Kolkata 
was immobilized on LS to design a novel, low-cost 
remediation system that synergistically combines 
biosorption and biodegradation for enhanced 
dye decolourization. After 16S rRNA, the bacteria 
were identified as Escherichia fergusonii KD01 (S4 
strain) and Staphylococcus epidermidis KSD02 (S5 
strain) which were immobilized on the surface 
of LS to assess their synergistic ability to remove 
MG and MB dye from wastewater quickly. E. 
fergusonii, a Gram-negative rod shaped bacterium, 
has displayed remarkable dye removal capability 
surpassing 98% MB removal utilizing a diverse 
spectrum of dye-degrading enzymes, including 
azoreductases, laccases, and peroxidases. In 
addition to enzymatic biodegradation, the 
bacteria via surface biosorption can also aid in 
dye decolourization with negligible intracellular 
bioaccumulation. S. epidermidis, a Gram-positive 
cocci strain, however, displayed modest dye 
removal (about 50%-70%) predominantly by 
biosorption, facilitated by the strong binding 
affinity of its thick peptidoglycan layer and 
negatively charged teichoic acids for cationic dye 
molecules.36-38 

Novelty statement
	 This study reports for the first time the 
whole cell immobilization of E. fergusonii KD01 
and Staphylococcus epidermidis KSD02 on LS 
for textile dye wastewater treatment. The novel 
approach involves enhancing high adsorption 
capacity of LS conjugated with dye degrading 
bacteria to encourage rapid decolorization of 
complex textile dyes by simultaneous biosorption 
and biodegradative approach.

MATERIALS AND METHODS

Substrate, dyes and chemicals
	 Luffa Sponge (LS),  Distilled water, 
Malachite Green (MG) and Methylene Blue (MB) 
dyes, Nutrient Broth (NB), nutrient agar (NA). 
The stock dye solution (1%) was prepared using 
distilled water and subsequently diluted. LS were 

obtained from local market, MG and MB dyes from 
SRL, India and all the chemicals were procured 
from Hi-Media, India.

Isolation and screening of Dye degrading bacteria 
	 To isolate dye degrading bacteria, water 
sample from Loknath Mandir Lake of Kamarhati 
region, Kolkata, West Bengal was chosen which 
approximately bears location of 22.654° N latitude 
and 88.388° E longitude. The collected water 
samples were stored at 4 °C and then aseptically 
serial diluted for dye degradation studies. The 
highest diluent was plated on Nutrient agar plates 
supplemented with Malachite Green (MG) and 
Methylene Blue (MB) dyes at 37 °C overnight. 
Colonies from these plates were screened for dye 
degradation in Nutrient broth containing MB and 
MG dyes in a shaker incubator. From several tested 
isolates, two bacteria indicating superior dye 
removal capacity was selected for further studies. 
These isolated colonies were further streaked on 
NA to obtain pure cultures and named as S4 and 
S5.

Identification and Biochemical characterization 
of Dye degrading bacteria
	 The pure cultures of isolated strains 
(S4 and S5) were analyzed for 16S rRNA gene by 
Barcode Biosciences, India. DNA was isolated from 
respective cultures and 16S rRNA gene fragment 
was amplified using 16S rRNA-F and 16S rRNA-R 
primers which revealed a single discrete PCR 
amplicon of 1500 bp on agarose gel. The band was 
extracted, purified and using forward and reverse 
primers were sequenced using BDT v3.1 Cycle 
sequencing kit on ABI 3730xl Genetic Analyzer. 
Applying aligner software, consensus sequence 
of 16S rRNA gene was generated from forward 
and reverse sequence data. The obtained gene 
sequence of 16S rRNA underwent BLAST with 
the ‘nr’ database of NCBI GenBank database. 
Based on the maximum identity score, first ten 
sequences were selected and aligned using Clustal 
W software.39 MEGA 10 was used to calculate 
the Distance matrix and phylogenetic tree was 
constructed based on the data.40

	 Standard procedures of Biochemical 
characterization like Gram staining, IMViC, catalase 
and TSI were performed. Genbank submission of 
16S rRNA sequencing confirmed these bacterial 
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isolates as E. fergunosii  (S4) KD01 (NCBI GenBank 
Accession no: PQ001941) and S. epidermidis (S5) 
KSD02 (NCBI GenBank Accession No.: PQ478040). 
The working bacterial culture was maintained in 
nutrient agar plates and sub-cultured in sterilized 
NB at 37 °C in incubator shaker. For long term 
storage, glycerol stock was made and the bacteria 
revived in NB at 37 °C when required. 

Physio-chemical parameters of Dye degrading 
bacteria
Shaking and Static conditions
	 The bacterial strains were kept in shaking 
(120 rpm) and static conditions at 37 °C for 24 hrs 
to visualize the dye decolourization performance. 

Temperature and pH optimization
	 Temperature and pH parameters 
were tested to determine the optimum culture 
conditions desirable for effective decolourization 
of the MB and MG dyes. For the temperature 
optima, the bacterial strains (S4 and S5) were 
grown at 4 different temperatures (25, 35, 40 
and 45  °C) in shaking conditions containing 
sterile NB. 2% inoculum from overnight grown 
bacterial cells supplemented with MB and MG 
dyes at respective temperatures were grown 
for 24 hours and thereafter the spectroscopic 
evaluation done at specific wavelengths. Similarly, 
for optimum pH evaluation, pH range (4, 6, 8 
and 9) was taken. The different pH was adjusted 
using HCl and NaOH and individual bacteria with 
respective dyes were subjected to overnight 
incubation at 37 °C in incubator shaker. The 
following day, dye degradation was measured 
spectrophotometrically at respective absorption 
wavelengths of each dye in UV-Vis Double Beam 
Spectrophotometer (Shimadzu UV1800, Japan). 

Preparation of the LS
	 Luffa Sponges (LS) were collected and 
cut into uniform pieces (2 × 1.5 cm and 1-1.5 g in 
weight), rinsed with distilled water and disinfected 
in 70% ethanol for 20-30 minutes in water 
bath. This cleared off adhered dirt particles and 
loosened the porous structure, facilitating better 
attachment for bacterial immobilization. The LS 
pieces were dried in oven, autoclaved and two 
sets were prepared: one set for immobilizing with 
bacterial strains (S4) and (S5) and another set as 

un-immobilized LS, to assess physical adsorption 
alone. 

Preparation of Bacteria immobilized LS (Bc-LS)
	 The following process was adapted 
from Behera et al.41 with slight modifications. 
Bacterial cells (S4) and (S5) were revived and 
freshly inoculated in sterile flasks containing NB 
and allowed to reach log phase (OD of ~0.3). 
The ensuing cells served as seed inoculum 
for immobilization on LS. By batch adsorption 
approach, LS pieces were added to separate sterile 
beakers containing NB, inoculated with bacterial 
seed inoculum. These were incubated at static 
conditions for 48 hours at 37 °C to allow bacterial 
growth and immobilization on LS creating S4-LS 
and S5-LS by natural adsorption process. 

Dye degradation studies by Batch Adsorption
	 After 48 hours incubation, the LS pieces 
were gently rinsed with sterile distilled water to 
remove non-adherent cells. Each LS piece was 
immersed individually into 20 mL of aqueous MG 
and MB solution of known initial concentration. 
The samples were incubated under shaking 
conditions at 37 °C to allow sufficient contact time 
for the adsorption process to reach equilibrium. 
The incubation period was maintained from 5-12 
hours, based on preliminary trials that established 
the approximate time required for maximum 
dye uptake. After equilibrium was reached, the 
remaining solution was analyzed to determine 
the residual dye concentration by measuring the 
optical density (OD) at 617 nm for MG and 668 nm 
for MB. The dye degradation was calculated by the 
following formula:
	 Degradation (%) = (Initial absorbance-
Final absorbance) / (Initial absorbance) × 100

Characterization studies 
Spectroscopic studies
	 UV-Vis spectrophotometer (Shimadzu 
UV1800, Japan) was used to determine the 
residual dyes post biosorption on LS surface at 
specific wavelengths. After the dye decolourization 
was over, samples were taken out and centrifuged 
to precipitate out the bacterial biomass. The 
supernatant was used to measure the respective 
O.D of the remaining solution. The degradation 
value was calculated based on the outputs from 
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the UV-Vis and comparing them with initial 
respective dye concentrations.
	 The surface chemistry between dyes and 
LS, before and after biosorption, was analyzed using 
a Fourier Transform Infrared (FTIR) spectrometer 
in the range of 4000-400 cm-1 and resolution of 4 
cm-1. Following standard procedures, the samples 
were prepared by homogenizing the powdered 
biosorbent (LS and LS-dyes) with KBr. The resulting 
IR spectra identified the functional groups present, 
revealing vibrational frequency shifts that indicate 
which groups were involved in the adsorption 
process.

Field Emission Scanning Electron Microscopy 
(FESEM)
	 To visualize bacterial immobilization, LS 
matrix was prepared for Field Emission Scanning 
Electron Microscopy (Zeiss Gemini, Germany). LS 
samples immobilized with the bacteria (S4 and 
S5) were fixed in 3.5% glutaraldehyde for 6 hour, 
washed with a phosphate buffer, and dehydrated 
in a graded ethanol series before being vacuum-
dried and gold-coated. These prepared samples, 
along with unimmobilized LS, were imaged at 
magnifications between 0.5 and 10 KX.

LS reusability study
	 Post-dye adsorption, the LS pieces were 
regenerated for further dye removal studies. For 
dye desorption, LS pieces were soaked in acidic 
(H2SO4) and organic solvent (ethanol) for 1 hour 
under shaking condition. Then they were washed 
thoroughly with distilled water and air-dried at 
room temperature. The desorbed LS were re-used 
in fresh MB and MG dye solutions for further dye 
adsorption under same conditions. Number of 
adsorption-desorption cycles was repeated 5 times 
and dye removal efficiency was measured after 
each cycle.

Toxicity study
	 The Phytotoxicity assay,  a part of 
ecotoxicological assessment was performed with 
the raw dyes (MG and MB) and degraded form 
of the dye on Cicer seeds (Bengal gram). Seed 
germination rate, plumule, and radicle lengths 
were measured post-treatment with dyes and its 

degraded form along with water as control. For 
the study, healthy seeds were chosen, surface 
sterilized with HgCl2 and again washed with 
distilled water. The seeds after treatment with 
raw dye and its degraded products were placed 
between wet tissue papers and allowed to 
germinate at room temperature. Control set was 
kept using tap water of the same volume at the 
same time. Thereafter all the parameters were 
recorded till 12 days’ time. The seed germination 
(%) formulae for phytotoxicity assay calculated is: 
	 Germination %= Number of Sowed seeds-
Number of Germinated seeds / Number of Sowed 
seeds × 100

Cytotoxicity assay
	 Lactate Dehydrogenase Activity (LDH 
release assay) was performed to assess the 
degree of cytotoxicity of the raw vs. degraded 
form of the dyes at defined concentrations. 
Cells release LDH after death into the medium; 
the released LDH reduces NAD to NADH, which 
is specifically detected colorimetrically at 450 
nm through microplate reader. Peripheral blood 
mononuclear cells isolated from healthy donors 
by Ficoll density gradient centrifugation, were 
treated with intact and degraded form of the MB 
and MG dye at defined concentrations in a 96 
well plate (1 x 106 cells/ well). Each concentration 
was plated in triplicate. Positive control (PBMCs 
treated with 10% Triton X-100) and negative 
control (untreated PBMCs) were plated alongside 
the test samples in triplicates. The plate was 
incubated for 24 hours at 37 °C with 5% CO2 in cell 
culture incubator. Thereafter the cytotoxicity was 
assessed by measuring the release of LDH is cell 
free supernatants and the cytotoxicity (%) was 
calculated by the formula-
	 Cytotoxicity % = (Experimental LDH 
Release- Spontaneous LDH Release) / (Maximum 
LDH Release - Spontaneous LDH Release) × 100 

Statistical analysis
	 All the data existing are mean values 
of triplicate experiment results represented as 
± standard error. Microsoft Office Professional 
2013 was used to calculate significance level and 
standard error. 



	  www.microbiologyjournal.org836Journal of Pure and Applied Microbiology

De et al | J Pure Appl Microbiol. 2026;20(1):831-847. https://doi.org/10.22207/JPAM.20.1.64

RESULTS AND DISCUSSION

Bacterial strain isolation and characterization
	 Burgeoning evidence across literature 
pinpoint the entry of unbound textile dyes into 
surface waters apart from other sources. The 
adverse impact is visible in the aquatic biotic 
communities and the tiny microbial world. 
With speculation of presence of dye degrading 
bacteria from such cradles, the isolation source 
of bacteria was determined from a local surface 
water body (Loknath Mandir Lake) of Kamarhati 
region, Kolkata. After initial screening from 21 
colonies, 5 colonies were chosen having dye 

degrading properties for both MB and MG dyes. 
Those selected colonies were further grown in dye 
supplemented NA plates from where two bacteria 
with superior dye degradation performance were 
chosen (Figures 1a,b). The bacteria displayed 
Gram- negative and Gram-positive features after 
gram staining and named subsequently as S4 and 
S5 (Figure 1c). 
	 The S4 colonies displayed white smooth, 
round cells, opaque features. They are Gram-
negative, rod-shaped, facultative anaerobic, and 
non-spore-forming bacteria. S5 demonstrated 
flat white smooth dense colonies on NA plates. 
S5 are Gram-positive cocci, clustered, facultative 

Table. Biochemical characterization of S4 and S5

Biochemical tests	 E. fergusonii (S4)	 S. epidermidis (S5)

Indole	 -ve	 +ve
Methyl Red	 -ve	 +ve
Voges proskaur	 -ve	 +ve
Citrate	 +ve	 +ve
Catalase	 +ve	 +ve
TSI	 Lactose not fermented, but small	 No sugars fermented, No gas, No H2S
	 amount of glucose is fermented 
	 at butt, H2S generated at slant

Figure 1. Screening of dye degrading bacteria on dye supplemented plates. a) Growth of S4 and S5 on MB, b) 
Growth of S4 and S5 on MG, c) Gram-positive (S5) and Gram-negative (S4)

Figure 2. Effect of Temperature on (a) MG and (b) MB dye degradation by S4 and S5 bacteria
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anaerobic, and non-spore-forming bacteria. 
Both bacteria are citrate and catalase positive 
indicating citrate is used as carbon and ammonium 
as nitrogen source; also catalase enzyme is 
produced by these bacteria to protect cell from 
toxic metabolites. S4 is both Indole and methyl 
red negative. Table demonstrates the other 
biochemical properties of S4 and S5.

Optimization parameters for dye decolourization 
by S4 and S5
Shaking and static conditions
	 The dye decolourization activity of 
the bacterial strains were strongly dependent 
on agitation. Under static conditions both 
bacterial strains S4 and S5 displayed negligible 
decolourization of MB and MG after 24 hours 
of incubation at 37 °C. In shaking conditions 
at 120 rpm, both strains achieved significant 
decolourization for both the dyes within same 
time frame and temperature conditions (data 
not shown). Agitation creates aerobic conditions 
which activates oxygen dependent enzymes like 

laccases, azoreductases and peroxidases. These 
enzymes require oxygen as terminal electron 
acceptor and reducing powers like NADH and 
FADH2 to carry out robust dye degradation with 
high yield of bacterial biomass. Static conditions 
display slow oxygen diffusion from the air-liquid 
interface and with incubation time the dissolved 
oxygen is rapidly depleted creating an anoxic 
environment throughout the container. Bacterial 
growth though visible but oxygen deprivation 
blocks the functioning of the aerobic-dependent 
dye degrading enzymes. Similar reports were 
visible in Reactive Blue 160 degradation studies 
by Bacillus subtilis.29,42

Temperature and pH optimization
	 Temperature critically influences dye 
degradation, as it affects the microbial enzymes. 
To optimize the temperature influence on dye 
degradation studies, range of temperature (24, 37, 
42 and 45 °C) was setup for working of S4 and S5 
bacteria. For MG dye, S4 showed peak degradation 
at 37 °C (97%), while S5 demonstrated 94% at the 

Figure 3. a) Effect of pH on MG and b) MB dye degradation by S4 and S5

Figure 4. a) LS adsorption of MG and b) MB dyes at different pH

(a) (b)

(a) (b)
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same temperature. These results confirm 37 °C as 
the optimal temperature for dye degradation for 
both S4 and S5 (Figure 2a, b). 
	 The dye degradation activity decreased 
when the temperature was raised above 37 °C or 
below. The optimal performance at 37 °C aligns 
with physiological adaptation of E. fergusonii 
and S. epidermidis which colonize warm blooded 
bodies. Reduced dyed degradation capability at 
lower temperatures (<37 °C) results from enzyme 
deactivation and reduced cellular metabolism. At 
higher temperature dye degrading enzymes are 
deactivated with loss in cell viability.43

	 The effect of pH on both the dye removal 
by E. fergusonii (S4) and S5 was studied following 
a pH range from (5, 7, 9, and 11 for MB) and (4, 6 
and 8 for MG). Beyond pH 8.0, MG transforms into 
leuco-malachite stage (colourless). The bacterial 
survivability and enzyme activity strongly depends 
on pH and primarily rely on the isoelectric point 
of the major bacterial proteins. The results in this 
study depicts pH 8.0-9.0 best for S4 activity which 
is in agreement with the data obtained by Raj et 

al.,20 where the optimum pH was found to be 8.7 
with 98.4% dye decolorization. E. fergunosii bears 
64% similarity with E. coli whereby the isoelectric 
point of majority of the proteins reported in 
E. coli lies at pH 5.5 and pH 9.5.43 E. fergunosii 
(S4) also displayed better dye degrading activity 
between pH 6.0 and pH 9.0, with pH 7.0 maximum 
decolourization of 94% was achieved for both dyes 
(Figure 3a, b).
	 The reduction in MB dye degrading 
efficiency at alkaline pH (>9.0) could be attributed 
to inhibition of bacterial growth or reduced 
passage of dye molecules across the S4 bacteria 
cell membrane. At pH range between 8.0-9.0, 
the bacterial membrane possibly had negative 
charge which facilitated the transport of positive 
dye molecules. Similarly, at low pH (4.0) the 
MB decolorization was insignificant due to the 
possibility of accumulation of surface positive 
charge on the bacterial membrane, which 
might electrostatically resist the cationic MB 
dye molecules. At higher pH, the issue could 
be minimized as the bacterial cell surface 

Figure 5. Demonstrates positive growth of the immobilized bacteria on LS in a) NA and b) NB

Figure 6. Scanning electron micrographs. a) Unimmobilized LS, b) S4 bacteria immobilized on LS, c) S5 bacteria 
immobilized on LS
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facilitates the transmembrane transport of the 
positively charged dye molecules.44,45 Similar 
results were obtained by Pillai et al.,46 where pH 
7.0 demonstrated highest azo dye degradation by 
the fungus Streptomyces. 

Dye removal capacity of LS
	 The dye concentration for both MB and 
MG was varied from 0.0125% to 1% and tested 
against single and double LS without any bacterial 
immobilization for their dye removal capacity. 
Single LS biosorbed both the dyes completely at 
their lowest concentration within 2 hours whereas 
double LS showed dye removal efficacy within 1 
hour (data not shown). After several trials, 0.05% 
dye concentration was chosen in this study for 
complete dye decolourization within time frame 
of 8 hrs. At this concentration, 98.02% and 98.56% 
of both the dyes was adsorbed by double LS. 

Dye removal capacity of LS at different pH
	 To study the effect of pH on adsorption 
capacity of LS, different pH range was chosen, 
considering the pH preference of S4 and S5 
bacteria and the ionization capacity of MG dye. 
pH concentrations range (4.0, 6.0, 8.0 and 11.0) 
for MB and pH (4.0, 6.0, and 8.0) for MG were 
considered. MB adsorption by LS was 94.55%, 
92.0%, 87.87% and 14.94% for pH 11, 8.0, 6.0 and 
4. Similarly, for MG dye adsorption on LS, 96%.75%, 
95.7% and 62.12% was displayed at pH 8.0, 6.0 and 
4 (Figure 4a, b). 
	 The results imply that dye sorption 
capacity of LS improved in basic pH region (pH 
8-11) far better than at acidic pH 4.0. At basic pH, 
the dye adsorption is improved on the LS due to the 
deprotonation of hydroxyl groups (-OH) resulting 
in negatively charged -O- groups that attract the 
cationic MG dye through electrostatic interactions.  
At acidic pH, hydroxyl groups remain protonated 

Figure 7. FTIR of unimmobilized Luffa (L) and MG and MB treated Luffa (L+MG, L+MB)

Figure 8. Dye adsorption and degradation studies. a) MG dye, LS and immobilized LS (Bc-LS-S4, Bc-LS-S5); b) MB 
dye, LS and immobilized LS (Bc-LS-S4, Bc-LS-S5) after 5 hours
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and neutral, limiting the number of active binding 
sites for MG and resulting in decreased adsorption. 
The color loss is attributed to the chemical change 
in presence of mild reducing agents and disruption 
of the conjugated system.45,46

Bacterial immobilization on LS (Bc-LS)
	 The dye degrading bacteria S4 and S5 
was immobilized on Luffa to enhance the process 
of dye removal both by physical adsorption of LS 

and enzymatic decolourization by these bacterial 
species. The interaction between bacterial cell 
membrane components and the surface functional 
groups like carboxyl (-COOH) and hydroxyl (-OH) of 
the matrix helped in the immobilization process. 
The successful immobilization through static 
incubation in NB media was demonstrated in the 
NA plate where the LS displayed bacterial growth 
after 37 °C incubation for 24 hours (Figures 5a,b). 

Figure 9. Demonstrates comparison between MB degradation capabilities of (a) individual bacteria S4 and S5 with 
that of (b) LS alone and bacteria immobilized LS (LS-S4 and LS-S5)

Figure 10. Demonstrates comparison between MG degradation capabilities of  (a) individual bacteria S4 and S5 
with (b) LS alone and bacteria immobilized LS (LS-S4 and LS-S5)

Figure 11. Comparison of Cicer seed germination. (a) MG and degraded MG, (b) MB and degraded MB
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Figure 12. Comparison of root and shoot length of germinated Cicer seeds when treated with (a) MG dye and 
degraded MG, (b) MB dye and degraded MB

Figure 13. Cytotoxicity test on WBCs. a) Different concentration of MG and (b) its degraded concentration, c) Different 
concentration of MB and (d) its degraded concentrations, (e) 96 well LDH assay plate with MB, MG, DMB and DMG 
in consecutive rows. Each dye concentration were examined in triplicate and the average plotted in LDH assay graph

Figure 14. Graphical representation of LDH assay. (a) MG and DMG, (b) MB and degraded MB. The calculated P 
values between different control and treatment groups were <0.05

FESEM studies
	 Further FESEM analysis confirmed the 

successful immobilization of S4 and S5 onto LS 
(Figures 6a, b, c).
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	 Prior to dye adsorption, the unimmobilized 
Luffa displays network of long fiber which are 
uneven and non-uniform (Figure 6a). The uniform 
distribution of S4 and S5 bacteria across the LS 
was visible and cell morphology revealed rod 
shaped S4 bacteria (Figure 6b) and cocci shape of 
S5 (Figure 6c). Attachment and bacterial spread 
over the complete uneven surface area of LS are 
crucial factors for effective biosorption of MG and 
MB dyes. The firm attachment of bacterial cells 
to the fibrous network of the LS can be credited 
to the existence of different functional groups 
like carboxyl, hydroxyl and amino in the matrix 
surface. Concurrent studies by Zainab et al.47 also 
demonstrated LS as an excellent surface carrier for 
adhering methanogens and their biofilm. 

FTIR studies
	 FTIR spectroscopy suggested the presence 
of functional groups involved in LS-dye interactions. 
Following the adsorption of MG and MB dyes on 
LS, the dried and powdered LS were subjected to 
FTIR analysis (Figure 7). The visible spectra peak 
at 3,330 cm-1 is associated with the stretching of 
hydroxyl (OH) groups that exist in the cellulose 
structure of the material. The peaks found within 
the range of 1650-1735 cm-1 and 1100-1373 cm-1 
was attributed to the C=O stretching vibration 
of the carbonyl group and the C-O stretching 
vibration of the acetyl groups, respectively. The 
bond observed at 2,800 cm-1 is associated with 
the aliphatic C–H group found in the alkyl group. 
After adsorption, changes in the peak intensity of 
LS denote the role of respective groups (O-H, C-H 
and C-O bonds) in the adsorption process of MG 
and MB dye onto LS. Similar microscopic features 

of the cellulosic polysaccharide were observed for 
absorption of MB and MG dyes while immobilizing 
Gluconacetobacter kombuchae on Luffa aegyptica 
support for bacterial cellulose production.48,49

Dye degradation studies
	 After the successful immobilization 
process, the dye degradation experiments were 
set up based on 37 °C temperature where the 
S4 and S5 showed highest dye degradation 
properties, otherwise temperature had no 
influence separately on LS adsorption. The pH was 
also considered between 7.5-8.5, as the best dye 
degradation was exhibited by S4 and S5 and good 
adsorption by LS in these ranges. The MG and MB 
dye concentration chosen was 0.05% in this study. 
Initially the bacteria were grown to lag phase 
prior to immobilization as the larger inoculum size 
with active seed culture minimizes the length of 
adaptation (lag period) phase and facilitates the 
biomass concentration within a short time leading. 
Figure 8(a,b) displays the experimental set up of 
dye degradation and adsorption by S4 and S5 
bacteria after 5 hours. 
	 E. fergusonii (S4) individually exhibited 
high dye-degrading capacity when used alone 
displaying 54.34% and 60.04% for MB and MG dye. 
Whereas S. epidermidis (S5) exhibited superior dye 
degradation capacity with 58.16% and 62.45% for 
MB and MG dye. 
	 The reason could be attributed to 
powerful presence of dye degrading enzymes 
like azoreductase, laccase, and peroxidase 
enzymes, facilitating breakdown of dye molecules 
into less toxic forms. S. epidermidis, was more 
active enzymatically, contributed significantly to 

Figure 15. (a,b) Reusability of LS after MB and MG adsorption



	  www.microbiologyjournal.org843Journal of Pure and Applied Microbiology

De et al | J Pure Appl Microbiol. 2026;20(1):831-847. https://doi.org/10.22207/JPAM.20.1.64

adsorption through its thick peptidoglycan layer 
which enhanced surface contact and dye retention. 
When used in conjunction with LS, there was an 
enhanced degradation of 83.6% and 85.84% for 
MG dye by S4 and S5 within 5 hours compared 
to 54.34% and 58.16% for MB dye. Thus within 
5 hours, dye degradation heightened by 19.06% 
and 14.6% by S4 for MB dye. MG dye degradation 
was 25.54% quicker when S4 and 19.84% when S5 
was immobilized on LS than used alone (Figures 
9a, b and 10a, b). Thus immobilization enhanced 
dye degradation in synergistic way than the use of 
bacteria alone.

Toxicity assays
Phytotoxicity 
	 Effect of raw dye and microbial treated 
dye on germination and growth of Cicer seedlings 
were observed. Seed germination showed a 
variance of 60% with DMG (degraded malachite 
green) and 40% growth with DMB (degraded 
methylene blue) compared to 100% germination in 
water whereas no seed germination was observed 
with the raw dyes (Figure 11). In the pot treated 
with the DMG solution, healthy plant growth was 
observed, with an average root length of 10 cm 
and shoot length of 22 cm after 12 days growth 
period. In contrast, seeds irrigated with the raw 
MG solution showed stunted growth, with an 
average root length of 5.5 cm and shoot length of 
10 cm (Figure 12a, b). 
	 In case of DMB also similar pattern 
in phytotoxicity was observed whereby 9 and 
20 cm were the lengths of root and shoot 
compared to diminished growth of raw MB 
treated dyes. Thus dye treatment with S4 and 
S5 bacteria reduced the inherent toxicity and 
mitigated the negative impacts on ecosystem and 
agricultural crops. Similar results were reported 
by Sudarshan et al.,50 where the germination 
index of Solanum lycopersicum seeds increased to 
71.42% when the MG dye was treated with green 
synthesis compound. Kishor et al.,51 reported 
100% seed germination when the toxic MB dye 
was degraded by Bacillus albus MW407057. Alaya 
et al.,52 reported 83% seed germination with 
degraded MG produced by a compost bacterium, 
Stenotrophomonas maltophilia compared to 30% 
germination with MG treated seeds. Thus the 
bacteria helped to reduce the toxicity of the dyes 

post-treatment compared to the raw dye which is 
normally present in textile effluents.

Cytotoxicity

	 LDH, a soluble cytoplasmic enzyme 
found in most cells including blood, is released 
extracellularly upon damage to plasma membrane. 
The released LDH is detected by tetrazolium salt 
in presence of NADH which is formed when LDH 
oxidizes lactate to pyruvate. A colored product 
(formazan) is formed which is detected by standard 
spectroscopic techniques. In the LDH assay graph, 
the results imply that raw MG and MB are cytotoxic 
to some extents to the white WBCs, however it is 
pretty minimal (25% for MB and 9.5% for MG). In 
contrast, degraded MG (DMG) and degraded MB 
(DMB) has far lower cytotoxicity (~1%), even at full 
strength (Figures 13a, b and 14a, b). 
	 The cytoxicity effect lies on various factors 
like the model system, dye concentration and the 
time of exposure. However the cytotoxicity effect 
of MG has been demonstrated earlier by works 
of de Almada et al.,53 on 4 different human cell 
lines. They cytotoxic effect of MG was effective 
in dose dependent manner whereby high MG 
caused tissue necrosis and low MG led to cellular 
apoptosis. Similar confirmation on MG toxicity has 
been reported on aquatic fishes, human cell lines 
and marine Vibrio fisheri.54

	 MB also imparts cytotoxicity to several 
human cell lines in dose dependent manner. 
As proven by earlier researchers working on 
the cytotoxic mechanism of MB; the dye is 
carcinogenic with serious implications on human 
brain cells, murine tumor cell line, and mouse 
fibroblast cells at high doses.55,56 Thus frequent 
exposure to MB and MG can be deleterious and 
the released dye should be degraded sustainable 
to protect lives and ecosystem.

Reusability studies
	 To evaluate the economic viability 
and practical implementation of immobilized 
cell systems on Luffa (Bc-LS), the carrier 
displayed potential for multiple use for the dye 
decolourization studies. LS matrix was exposed 
to different acid-organic solvent treatment which 
helped in the release of the dye from the matrix. 
Prior to that the immobilized cells were killed 
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after autoclaving the Bc-LS for a stipulated time. 
Post acid and organic solvent treatment showed 
difference in color intensity between the first and 
5th wash indicating a decrease in dye adsorption 
capacity of LS. 
	 The matrix after the first wash cycle 
imparts strong dye colour, indicating strong MB 
and MG loading, whereas the Luffa after the 5th 
cycle appears much lighter, showing active site 
saturation or decreased binding efficiency over 
time (Figure 15a,b). The desorption process, 
reinforces the concept of renewal and reuse of the 
biodegradable matrix. Even after five cycles, Luffa 
has 86%-88% dye degradation efficiency, indicating 
that it can be reused more than five times for 
effective dye adsorption. Alvarado-Gomez et al.,57 
reports 12 times reuse of LS for elimination of oils 
from water. 

CONCLUSION

	 Presence of stable dye families in 
the effluents poses an increasing risk to the 
environment, and efforts to find practical and 
environmentally friendly ways to remove them 
are urgent. Luffa has attracted interest because of 
its porous nature, being renewable and its strong 
adsorption properties. Surface modification of 
Luffa by immobilizing dye degrading microbes 
brings together physical binding and biological 
processes. Moreover, immobilization provides 
enhanced stability, reusability and resistance for 
these microbes. Ongoing efforts aim to improvise 
surface properties of Luffa further to make it 
suitable for domestic and industrial uses. With this 
synergistic method, not only dye uptake efficiently 
increased, but provide a low-cost, environmentally 
friendly solution to dye remediation, making it 
ideal for decentralized wastewater treatment or 
small-scale companies. However, more research is 
required to improve operational settings, ensure 
long-term microbial viability, and evaluate system 
performance under real-world industrial effluent 
circumstances.
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