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Exopolysaccharides (EPS) are biological macromolecules, constituting the major part of biofilm and 
possess antibacterial and antibiofilm properties. EPS producing strains of bacteria were exploited for 
EPS production and antimicrobial assay against plant (HT5, HT6, and HT7) and fish (SCC4, NP4, TS1, 
TM4) pathogens using Kirby Bauer disc diffusion method. MIC value recorded was 0.2mg/ml against 
plant pathogen HT7 and further antimicrobial assay was performed using turbidity assay at optimized 
concentration of EPS (0.2mg/ml). Both EPS-coated and non-coated nanoparticles (NP’s) were synthesized 
and characterized by XRD and SEM analysis. MIC value for each NP was recorded as 0.6mg/ml against 
HT7 and used for further analysis in turbidity assay. Biofilm formation was assessed by ring assay and 
maximum biofilm formation was recorded after 48 h of incubation and represented as normalized biofilm 
for quantitative estimation. BHIC agar (brain heart infusion agar with congo-red) was used for qualitative 
analysis of biofilm inhibition in presence of NP’s and revealed by inhibition of brown color of colonies. 
Antibiofilm assay for NP’s was performed at their optimized conc. using microtitre assay and significant 
reduction was recorded in biofilm. NP’s were also exploited to determine their effect on plant growth and 
wheat seeds were grown in presence of NP’s under stress of plant pathogens and significant improvement 
was observed in plant growth in presence of NP’s. EPS and NP’s showed promising improvement in 
treatment of pathogens, against biofilm producers and also helpful in improving plant growth by inhibiting 
plant pathogens and increasing plant biomass.

INTRODUCTION

Multiple microbial species are capable to secrete 
exopolysaccharides (EPS) (Castellane et al., 2014).  

*      Corresponding author: dr.iramliaqat@gcu.edu.pk, 
aishawaheedqureshi@lgu.edu.pk
0030-9923/2025/0001-0001 $ 9.00/0

  
Copyright 2025 by the authors. Licensee Zoological Society of 
Pakistan. 
This article is an open access  article distributed under the terms 
and conditions of the Creative Commons Attribution (CC BY) 
license (https://creativecommons.org/licenses/by/4.0/).

These compounds are widely used in different industries 
e.g., food, pharmaceutical and chemical as starter culture 
and co-adjutant to develop fermented foods, as drug 
delivery agents and as bio-flocculants and bio-absorbents, 
respectively. Biofilms are community of different microbes 
grown on any surface and they possess maximum 
resistance towards conventional ways of treatment 
including antibiotics. Bacteria in biofilms are more 
resistant towards antimicrobial agents, approximately 
1000 times as compared to free living bacteria (planktonic 
cells) (Mah and O’toole, 2001). 

Antibiotics used for treatment, include gentamycin, 
rifampin, tobramycin, daptomycin and clarithromycin 
(Ciofu et al., 2017) which are least effective for the 
treatment of biofilm related infections. In such condition, 
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the best way is the development of nanoparticles of metal 
oxides in order to treat drugs resistant biofilm producers 
(Baelo et al., 2015). Thus, it is a suitable agent for biofilm 
treatment and is widely used in hospitals and industrial 
settings (Allaker and Memarzadeh, 2014). 

Inorganic nanoparticles (NPs) are effective 
antimicrobial agents and exhibit antibacterial activity 
due to formation and release of reactive oxygen species 
(ROS). They are also capable of binding with nucleic acids 
disturbing the cellular functions (inhibiting the process of 
microbial replication and protein synthesis) thus damaging 
the whole cell. 

Inorganic NPs containing either metals or their 
oxides are reported to be more stable and highly effective 
and show maximum antibacterial activity as compared to 
organic NPs. Metal-based NPs are highly effective due to 
different functional groups present on their surface that 
helps to increase their interaction with target surfaces. 
The metal oxide NPs studied include iron oxide (Fe2O3), 
cerium oxide (CeO), zinc oxide (ZnO), magnesium oxide 
(MgO), aluminum oxide (Al2O3), copper oxide (CuO) and 
titanium dioxide (TiO2) etc.

EPS can inhibit the growth of different pathogens. 
It is reported that exopolysaccharides (EPS) constituents 
produced by Pseudomonas aeruginosa, can effectively 
inhibit the growth of bacterial strains of Bacillus subtilis 
and Escherichia coli. The maximum zone of inhibition 
(25.6-26.4 mm) was observed against Bacillus subtilis 
and lowest antimicrobial activity (4.2-6.0) was observed 
against Escherichia coli. Naseem and Farrukh (2015) 
studied that iron NPs synthesized from leaf extract of 
Gardenia jasminoides are capable of inhibiting growth 
of human pathogens including Staphylococcus aureus, 
Escherichia coli,  Salmonella enterica, and  Proteus 
mirabilis. 

Salman et al. (2015) reported that coating of iron NPs 
on surface of catheters can inhibit the growth of biofilm 
forming bacteria including S. aureus and E. coli. Growth 
of C. jejuni can be inhibited using ZnO NPs. The cells 
treated with ≥0.03 mg/ml of the NPs for 16 h were no 
longer culturable on agar plates. It was demonstrated that 
0.5, 0.3, and 0.1 mg/ml of ZnO NPs resulted in complete 
killing (100%) of C. jejuni cells in 3 h or less. Hence, it 
was concluded that ZnO NPs are effective at killing  C. 
jejuni  even at low concentrations. Swain et al. (2014) 
studied that zinc oxide (ZnO) NPs are highly effective 
against fungal pathogens associated with diseases of 
aquaculture because of increased rate of mortalities and 
increased antibiotic resistance. 

Study conducted by Varghese and George (2015) 
demonstrated that EPS stabilized iron NPs can effectively 
inhibit the growth of human and fish pathogens. Tested 

strains used for antibacterial activity were Aeromonas 
hydrophila and Aeromonas sobria. After incubation of 24h, 
results revealed that bacterial growth was inhibited with 
increasing conc. of NPs and MIC value was 100 µg/ml for 
both pathogens of fish. Hence concluded that, EPS plays 
important role in stabilization of iron NPs and can be used 
efficiently in treatment of infections as well. EPS coated 
ZnO NPs are highly effective antibiofilm agents against 
biofilm producers. MIC value of EPS-ZnO NP’s was 30 
µg/ml for both B. subtilis and C. albicans and 40 µg/ml 
for P. aeruginosa. EPS-ZnO NP’s treated wells indicated 
that biofilm was weakly adhered and disintegrated and 
its structure was significantly reduced and damaged, 
confirmed by COMSAT software. Hence concluded that, 
EPS coated ZnO NP’s are highly effective antibacterial 
and antibiofilm agents. 

The impacts of phytopathogens on agricultural 
systems, disease controls and economic losses caused 
by the pathogens are internationally important research 
subjects. Recently, increasing evidence has shown 
that phytopathogens play a critical role in mediating 
competitions among their  host plant  species  (Chen and 
Nan, 2015). Commercially available CuNP’s were tested 
in vitro and proved to be effective against a wide range 
of organisms encompassing plant pathogenic and non-
pathogenic fungi and bacteria (Banik and Luque, 2017).

MATERIALS AND METHODS

Bacterial strains
For EPS extraction from bacterial cultures, previously 

isolated and characterized EPS producing bacterial isolates 
named Bacillus cereus (EG4), Citrobacter freundii (IG-
1), Exigoubacterium auranticum (EPF1), Bacillus cereus 
(HFF), Bacillus subtilis (HFP), Bacillus subtilis (HYP), 
Bacillus subtilis (HYS), Bacillus licheniformis (SMK), 
Alkaligene faecalis (AQ-1), Bacillus subtilis (NAY) were 
revived from glycerol stocks by inoculating loop-full into 
10ml of LB-broth and incubating at 37°C for 24 h under 
appropriate conditions. These cultures were previously 
isolated by Qurashi and Co-workers in their lab and further 
used for EPS extraction (unpublished work).

Pathogenic isolates 
Pathogenic bacterial isolates, including plant 

pathogens (HT5, HT6 and HT7) and fish pathogens (TS1, 
TM4, SCC4 and NP4) were revived from glycerol stock 
previously used in research were added into sterile LB-
broth and incubated under proper sterile conditions.

The selection includes both plant pathogens (HT5, 
HT6, and HT7) and fish pathogens (TS1, TM4, SCC4, and 
NP4), which broadens the scope of the study. The inclusion 
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of both plant and fish pathogens allows for a comparative 
analysis of pathogen behavior, EPS production, and 
their roles in host-pathogen interactions across different 
biological systems. These strains were revived in sterile 
LB-broth under proper conditions, indicating that they 
are well-suited for growth in controlled laboratory 
environments. Their ability to thrive in such settings makes 
them appropriate candidates for experiments requiring 
stable, consistent bacterial cultures.

Extraction and quantification of EPS
EPS were extracted from various bacterial strains 

following method as described previously by Qurashi 
and Sabri (2016). Bacterial cultures were grown under 
appropriate conditions to produce EPS. The cultures were 
then centrifuged at 10,000 rpm for 10 min to obtain a cell-
free supernatant. To precipitate EPS, the supernatant was 
mixed with double the volume of chilled acetone (stored 
at -20°C), gently mixed, and kept at 4°C for 12–24 h. 
The precipitated EPS, appearing as white pellets, was 
collected by centrifugation at 15,000 rpm for 20 min at 
4°C and confirmed after comparing with control non EPS 
producing strains. The pellet was washed 2–3 times with 
distilled water to remove impurities and stored at -20°C 
for further use.

MIC of EPS and bacterial growth inhibition
Minimal inhibitory concentration (MIC) of EPS 

was determined by Kirby Bauer disc diffusion method 
following protocol described by Ghalem (2017). For this 
purpose, Mueller Hinton agar (MHA) was used and OD of 
test organism was adjusted 0.5 for antimicrobial activity at 
varying concentration of EPS including 0.2, 0.4, 0.6, 0.8, 
1 mg/ml. Erythromycin (3 mg/ml) was used as positive 
control. After incubation for 24 h, zone of inhibition was 
observed and measured in terms of mm/mg of EPS. The 
zone diameters were compared using CLSI Chart (2018).

Turbidity assay was performed after optimizing the 
MIC of EPS requisite to prevent bacterial growth. This 
assay was performed following the method described by 
Lourenço and Pinto (2011) to determine antimicrobial 
activity of EPS against plant and fish pathogens (HT5, HT6, 
HT7, TS1, TM4, SCC4 and NP4). For this purpose 100 μl 
EPS was added into microtitre 96-well plate along with 
100 μl of tested organisms (OD= 0.5) and erythromycin 
(3mg/ml) as positive control. After incubation, optical 
density (OD) was recorded spectrophotometrically at 600 
nm.

Synthesis of EPS coated NPs
Iron oxide (FeO) NPs were synthesized by following 

protocol described by Gottimukkala et al. (2017) using 

green tea leaf extract with the modification that the 
precursor metal used for synthesis was FeCl3. 6H20. 
Brown precipitates of NPs, settled down in bottom, were 
recovered by centrifugation at maximum speed at 15000 
rpm for 15 min. Pellet was washed and stored at -20 °C 
for further use.

Zinc NPs were synthesized following protocol 
described by Varghese and George (2015) using aloe vera 
extract and zinc acetate solution. 2M NaOH solution was 
added in order to adjust the pH 12 of the solution. White 
crystalline precipitates of zinc oxide were obtained and 
separated out by centrifugation. Pellet was washed and 
stored for further use.

EPS coated iron and zinc NPs were synthesized 
using respective EPS of 10 strains auch as EG4, IG-1, 
EPF1, HFF, HFP, HYP, HYS, SMK, AQ-1 and Nay. EPS 
coated iron NPs were synthesized using 3M FeCl3 and 
3M FeSo4 by following protocol described by Varghese 
and George (2015). Brown precipitates tend to form in 
bottom of flask and were recovered by centrifugation at 
maximum speed. Pellet was washed and then stored at 
-20°C for further use. 

EPS coated ZnO NPs were synthesized using 2M 
zinc acetate and 2M NaOH solution. White precipitates 
of ZnO were recovered by centrifugation at maximum 
speed. Afterwards, pellet was washed 3 times and stored 
at  -20°C for further use. 

Characterization of NPs (iron, EPS coated iron, zinc, 
EPS coated zinc) was carried out by scanning electron 
microscopy (SEM) (TESCAN Vega- LMU– Variable 
pressure Scanning Electron Microscope JSM-6490) and 
X-ray diffraction (XRD) analysis. Samples were sent to 
avail commercial services and obtained spectrum results 
were collected.

Antimicrobial activity of non-coated and EPS-coated NPs
Antimicrobial activity of FeO and ZnO NPs and 

respective EPS coated NPs and only EPS (as control) 
was determined using Kirby Bauer disc diffusion method 
(Bauer et al., 1966). For this purpose, Mueller Hinton 
agar (MHA) was used and NPs were diluted accordingly 
as mentioned concentrations (0.2, 0.4, 0.6, 0.8, 1 mg/ml). 
After incubation, zones of inhibition were observed and 
measured in terms of mm/mg of NPs and compared using 
CLSI standards. 

Turbidity assay was performed after optimizing the 
MIC of NP’s requisite to prevent bacterial growth. This 
assay was performed following the method described by 
Lourenço and Pinto (2011) to determine the antimicrobial 
activity of NP’s against plant and fish pathogens. For this 
purpose, 100 μl of NP’s were added into each respective 
well along with 100 μl of tested organisms (OD600= 0.5) 
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and erythromycin (3 mg/ml) and bacterial EPS (HFP) as 
positive control. After incubation, optical density (OD) of 
plate was recorded spectrophotometrically at 600 nm. 

	  
Qualitative assay to check efficacy of NPs on biofilm 
inhibition

Biofilm formation of bacterial pathogenic isolates 
(HT5, HT6, HT7, TS1, TM4, SCC4 and NP4) was 
determined by following protocol described by Fujishige 
et al. (2006) following same modifications as described of  
Aqsa et al. (2023). Biofilm formation was represented as 
normalized biofilm for quantitative estimation and assay 
was performed to optimize maximum time for biofilm 
synthesis.

Antibiofilm efficacy of NPs (iron and zinc) on biofilm 
formation of pathogens was done using Congo red agar 
following previous modification except for the use of 
20 % glucose instead of sucrose (3.6 %) in brain heart 
infusion medium. After incubation, plates were scored for 
inhibition of brown-black color colonies in the presence of 
NP’s and red colonies were scored as positive results while 
brown colonies were produced by biofilm formers in the 
absence of NP’s. 

Antibiofilm activity of NPs both coated and non-
coated was determined by following protocol (Hassani et 
al., 2015) against plant and fish pathogens. Polystyrene 
coupons were added into each respective well of 
microtitre plate for microscopic biofilm analysis. 100 μl 
of 0.6mg/ml NPs were added into each respective well of 
sterile microtitre 96-well plate along with 100 μl of tested 
organisms (OD600= 0.5) and erythromycin (3mg/ml) is 
positive control. After incubation of 48 h, normalized 
biofilm was calculated for quantitative estimation of 
biofilm inhibition and for microscopic image analysis, 
sterile polystyrene coupons with adhered biofilm cells 
were removed carefully, and observed under light 
microscope. 

NPs and their role in plant growth promotion in the 
presence of phytopathogens

Coated and non-coated NP’s were used for seeds 
germination in order to investigate their role in plant 
growth promotion under effect of plant pathogens. This 
experiment was performed using protocol of Afrasayab 
et al. (2010) with few modifications. For this purpose, 
wheat seeds were sterilized using 0.1 % HgCl and then 
coated with NP’s and inoculated with plant pathogens 
(HT5, HT6 and HT7). Afterwards, pots were soaked with 
water and placed in dark for 3 days at room temperature. 
And then pots were transferred to light and harvesting was 
done after 10 days to check plant growth parameters i.e. 
germination (%), root length (cm), shoot length (cm) and 

seedling length (cm).

RESULTS

Antibacterial activity of bacterial EPS
EPS extracted from 10 bacterial strains were used as 

an antimicrobial agent against plant pathogen (HT7). EPS 
showed visible zones of inhibition against plant pathogen 
and significant (p≤0.05) maximum activity was observed 
at least conc. of EPS; 0.2mg/ml (Table I) and biggest zone 
of 32.5mm was observed by HFP (Bacillus subtilis) (Fig. 
1). 

Fig. 1. Comparative quantification analysis of EPS 
production from different strains of Bacteria.

Table II shows results of turbidity assay. The maximum 
antibacterial activity of EPS was observed against isolate 
TM4 among all pathogens. When the extracted EPS of all 
strains were tested against all pathogens, it was found that 
maximum antibacterial activity was exhibited by EPS of 
strain IG1. 

Comparative analysis of antimicrobial activity of 
EPS of all strains revealed that maximum activity against 
HT5 isolate was showed by strain NAY. When EPS of 
strain HYS was tested against pathogens, it was found 
that it tend to inhibit the growth of isolate HT6 and TS1 
but maximum antibacterial activity was recorded against 
TS1 (fish pathogen) as compared to pathogenic culture 
significantly (p≤0.05). Similarly, significantly (p≤0.05) 
maximum activity of EPS of IG1 strain was recorded 
against HT7 and NP4 with maximum growth reduction 
of TM4. When EPS from EG4 strain was tested against 
pathogens then it was found that EG4 inhibited the growth 
of both HT7 and NP4 but significant (p≤0.05) reduction 
was recorded in case of HT7 (plant pathogen). In general, 
significant (p≤0.05) reduction in microbial growth was 
recorded by EPS of all ten strains against all pathogens as 
compared to bacterial culture of each pathogen (negative 
control= without EPS) (Table II). 

S. Yousaf et al.



5                                                                                        

Onlin
e F

irs
t A

rtic
le

Exploring Potential of EPS Nanoparticles against Pathogens 5

Table I. Antimicrobial activity of different concentrations of exopolysaccharides (EPS) as demonstrated by zone of 
inhibition (mm) (Mean±SE) against plant pathogen HT7.

S. No. Bacterial strains Zone of inhibition (mm) at varying concentrations of EPS (Mean±SE)
0.2mg/
ml

0.4mg/
ml

0.6mg/
ml

0.8mg/
ml

1mg/
ml

Control erythromycin 
(3mg/ml)

1. Bacillus cereus (EG4) 29±0.82 23.5±0.41 6.5±3.68 13±0.82 8±1.63 35.5±2.04
2. Citrobacter freundii (IG-1) 24.5±1.23 14.5±2.86 15±0 7±4.09 4±0 38.5±0.41
3. Exigoubacterium auranticum (EPF1) 27.5±1.23 20±0.82 12±4.09 9.5±3.68 10.5±0.41 36.5±0.41
4. Bacillus licheniformis (SMK) 26.5±2.86 20.5±0.41 3.5±1.23 4.5±3.68 3.5±2.86 36±0.82
5. Bacillus subtilis (NAY) 24±0 20±0.82 15.5±0.41 13.5±0.41 11.5±0.41 32±3.27
6. Alkaligene faecalis (AQ-1) 32±2.45 13±5.72 12.5±3.68 14±1.63 15±4.09 41±0.82
7. Bacillus cereus (HFF) 28±3.27 17.5±2.86 8.5±5.31 6.5±5.31 13±2.45 39.5±0.41
8. Bacillus subtilis (HFP) 32.5±1.23 29±1.63 23±0.82 9.5±2.04 18±0 39±0.82
9. Bacillus subtilis (HYS) 26±3.27 30±1.63 20.5±2.04 7.5±1.23 20.5±0.41 34±1.63
10. Bacillus subtilis (HYP) 28±3.27 25±4.09 23±0 26±0.82 16.5±4.5 35.5±3.68

LSD for strains= 1.94; LSD for treatments= 3.70

Table II. Antimicrobial activity of optimized concentration of of EPS as demonstrated by bacterial growth inhibition 
using turbidity measurement (600 nm).

Isolates/
Media

Zone of inhibition (mm) Mean±SE
HT5 HT6 HT7 SCC4 NP4 TS1 TM4

LB 0.108±0.008 0.109±0.001 0.111±0.002 0.109±0.002 0.115±0.002 0.119±0.02 0.123±0.004
Control 0.987±0.004 0.728±0.009 0.408±0.001 0.317±0.001 0.296±0.001 0.254±0.01 0.266±0.009

Culture 1.457±0.002 1.998±0.005 1.556±0.009 1.945±0.008 1.363±0.009 1.34±0.007 1.194±0.005

EG4 1.08±0.03 0.97±0.04 0.813±0.01 0.94±0.002 0.904±0.002 0.86±0.01 0.779±0.01

IG1 1.065 ±0.01 0.98±0.004 0.89±0.002 0.87±0.02 0.95±0.01 0.86±0.02 0.73±0.03

EPF1 1.069±0.008 1.023±0.008 0.98±0.01 0.94±0.004 1.04±0.03 0.90±0.0004 0.86±0.02

SMK 1.11±0.007 0.996±0.007 0.82±0.01 0.937±0.009 1.05±0.01 0.91±0.003 0.798±0.03

NAY 0.999±0.04 1.01±0.008 0.97±0.04 0.98±0.02 1.07±0.02 0.89±0.05 0.86±0.01

AQ1 1.11±0.01 1.04±0.007 0.9±0.006 0.98±0.006 0.92±0.005 0.89±0.01 0.9±0.03

HFF 1.03±0.02 0.996±0.008 0.94±0.11 0.96±0.005 1.04±0.03 0.85±0.01 0.78±0.03

HFP 1.02±0.04 1.01±0.03 0.91±0.05 0.89±0.006 1.02±0.006 0.82±0.02 0.9±0.02

HYS 1.05±0.009 0.93±0.02 0.82±0.005 0.92±0.01 0.99±0.002 0.82±0.007 0.89±0.02

HYP 1.11±0.02 0.996±0.07 0.91±0.03 0.97±0.01 0.99±0.004 0.92±0.02 0.98±0.03

LSD for strains=0.24 LSD for treatments =0.14
LSD for strain= 0.24; LSD for treatment= 0.14

Antimicrobial activity of non coated and EPS coated iron 
NPs

Iron NPs yield of precipitates was 1.01% 
(1.014g/100ml). While zinc NPs yield was 2.039% 
(2.039g/100ml). EPS coated iron NPs were synthesized 
chemically and their formation was confirmed by visual 

inspection of reddish brown precipitates. The yield of 
precipitates was 2.58% (2.58g/100ml). EPS coated zinc 
NPs were synthesized and white thick cloudy precipitates 
were formed at bottom of flask. The yield of precipitates 
was 2.67% (2.67g/100ml).

Table III shows that antimicrobial analysis of both 
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non-coated and EPS-coated iron NPs and only EPS 
revealed that visible zones were observed against plant 
pathogen (HT7). Antimicrobial activity of non-coated and 
EPS-coated iron NP’s revealed that maximum antibacterial 
activity was shown by non-coated iron NP’s (zone 
diameter= 31mm) as compared to EPS-coated iron NP’s 
(zone diameter= 29.5 mm) at 0.8 mg/ml conc. In general, 
significant (p<0.05) activity was observed by non-coated 
iron NPs as compared to EPS (23.5mm). Non-coated iron 
NP’s showed significant (p <0.05) antibacterial activity at 
0.8 mg/ml conc. as compared to 0.2 mg/ml conc.

The antimicrobial activity analysis revealed that 
both coated and non-coated zinc NPs showed visible zones 
of inhibition against plant pathogen (HT7). Significant 
(p≤0.05) antibacterial activity was recorded by non-coated 
zinc NP’s with largest zone diameter (22.5 mm) at 0.6mg/
ml concentration as compared to EPS-coated zinc-
NP’s (15.5 mm at 0.2 mg/ml conc.). In general, it was 
recorded that significant (p≤0.05) antibacterial activity of 
non-coated zinc NP’s was observed at 0.6mg/ml conc. as 
compared to 0.2 mg/ml concentration. 

Table IV shows turbidity assay performed using 
optimized conc. of NP’s (optimized conc. of iron and 
zinc NPs were 0.8 mg/ml and 0.6 mg/ml, respectively) 
in order to determine the bacteriostatic effect of NPs 
against both plant and fish pathogens. Comparative 
analysis of antibiofilm activity revealed that significant 
(p≤0.05) maximum antibacterial activity was observed 
by erythromycin as compared with EPS. While activity 
of NP’s against pathogens revealed that there was a 
general trend in growth inhibition and significant (p≤0.05) 
reduction in growth was observed by NP’s. 

Efficacy of coated and non coated NPs in biofilm inhibition
Biofilm formation was determined by crystal violet 

ring formation assay. Analysis revealed that visible 
purple ring was observed along the sidewalls of tubes. 
Quantitative estimation was represented as normalized 
biofilm. In general, it was found that maximum biofilm 
formation was recorded after 24 h by isolates HT5, 
NP4, TS1 and TM4. While isolate HT6 tend to produce 
maximum biofilm after 48 h of incubation. HT7 and SCC4 
isolates produce pronounced biofilm after 72 h. 

Table III. Antimicrobial activity of varying concentrations of non-coated and coated NPs, EPS and erythromycin as 
demonstrated by zone of inhibition (mm) against plant pathogen.

S. No Treatment Zone of inhibition (mm) at varying conc. of NP’s (Mean±SE)
 0.2mg/ml 0.4mg/ml 0.6mg/ml  (0.8mg/ml)  1mg/ml

1. Iron 10±0.82 30.5±1.23 30.5±0.41 31±0.82 24±0.82
2. Iron-EPS 5±0.82 26±0.82 29.5±0.41 28.5±2.04 22±0.82
3. EPS 3±0.82 23.5±0.41 22.5±2.04 19.5±0.41 18±0.82
4. Zinc 2±2.45 18.5±2.04 22.5±1.23 21±0.82 13±1.63
5. Zinc-EPS 15.5±1.23 8.5±2.04 8.5±0.41 7±0.82 11±0.82
6. Erythromycin 39±0.82 43±0.82 41.5±0.41 40.5±0.41 43.5±0.41

LSD for strain= 6.47; LSD for treatment= 7.08

Table IV. Antimicrobial activity of NP’s against pathogens by turbidity analysis at 600 nm.

Isolates Turbidity assay of NPs (OD600) (Mean±SE)
LB media Pure culture Zinc Zinc-EPS Fe Fe-EPS EPS Erythromycin

Plant pathogens
HT5 0.108±0.0008 1.817±0.07 0.96±0.02 0.86±0.01 1.11±0.02 1.114±0.005 1.081±0.03 0.881±0.04
HT6 0.109±0.001 2.011±0.05 0.75±0.03 0.84±0.006 0.96±0.02 1.02±0.002 1.075±0.05 1.052±0.02
HT7 0.111±0.002 1.796±0.001 0.77±0.007 0.91±0.04 1±0.04 0.87±0.04 1.204±0.06 0.51±0.07
Fish pathogens
SCC4 0.109±0.002 1.997±0.001 0.92±0.009 0.99±0.04 1.04±0.03 1.05±0.05 0.946±0.01 0.394±0.02
NP4 0.115±0.002 1.857±0.001 0.84±0.01 0.93±0.06 0.84±0.04 1.06±0.006 0.987±0.02 0.373±0.01
TS1 0.119±0.02 1.806±0.01 0.79±0.001 0.86±0.02 0.96±0.008 0.99±0.02 0.923±0.1 0.357±0.03
TM4 0.123±0.01 1.836±0.009 0.7±0.006 0.71±0.008 0.92±0.05 0.96±0.06 1.292±0.06 0.32±0.02

LSD for strain= 0.14; LSD for treatment= 0.134
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Table V. Antibiofilm activity of EPS-Coated and Non-Coated NP’s against biofilm formation by pathogens.

Isolates Culture Zinc Zinc-EPS Fe Fe-EPS EPS (HFP) Ery
HT5 0.46606842 0.66170213 0.83333333 0.62385321 0.66666667 0.81429898 0.35187287
HT6 0.61177078 0.75675676 1.1547619 1.04166667 0.86407767 0.85154062 0.7992278
HT7 0.73348018 0.98734177 0.88043478 0.71287129 0.74712644 0.32971619 0.64646465
SCC4 0.50928793 0.98913043 0.67676768 1.18446602 0.90291262 0.51175214 1.3562341
NP4 0.57831978 0.6746988 1.03333333 1.24096386 0.73076923 0.71179487 2.82786885
TS1 0.55069124 1.64935065 1.23809524 1.06521739 0.75257732 0.52802691 2
TM4 0.59457995 0.76811594 1.43478261 1.02197802 0.59139785 0.4331761 1.73088685

LSD for strain= 0.4; LSD for treatment= 0.4

Results revealed that light brown-brown black 
colored colonies were observed on negative control 
plates while plates supplemented with NPs, effectively 
inhibited biofilm formation ability of pathogens and light 
red colored colonies were observed on BHI agar plates 
(Supplementary Fig. S1). 

Effects of EPS-coated and non-coated NPs against biofilms 
of fish pathogens

Antibiofilm assay was performed for EPS-coated 
and non-coated using optimized conc. of NP’s (0.6mg/ml) 
against plant (HT5, HT6 and HT7) and fish (SCC4, NP4, 
TS1 and TM4) pathogens. Analysis of antibiofilm activity 
revealed that significant (p≤0.05) biofilm inhibition was 
observed by EPS as compared to erythromycin. While 
antibiofilm activity of NP’s against pathogens revealed that 
there was a general trend in biofilm inhibition and significant 
(p≤0.05) reduction in biofilm formation was observed by 
non-coated zinc NP’s as compared to other NP’s (Table 
V). Antibiofilm activity vary with each pathogen but there 
was a general trend in biofilm inhibition and significant 
reduction in biofilm was recorded by both EPS-coated iron 
and non-coated zinc NPs as shown in Table V. 

Transparent plastic coupons were used for biofilm 
development. Microscopic image analysis revealed that 
thick clumps of biofilm were produced due to increased 
incubation time (Supplementary Fig. S2, Label=W, Y, 
T) thus, bacterial aggregates were developed indicating 
the presence of biofilm. Partial inhibition of biofilm was 
observed as minor clumps (Supplementary Fig. S2, Label= 
H, I, J) and it was mostly observed when NPs were used 
during biofilm development. There was a general trend of 
increased biofilm with time of incubation and thick clumps 
were observed in microscope. However, biofilm inhibition 
was clearly seen in presence of EPS as shown in image 
(Supplementary Fig. S2) label coupon A=11A indicates 
the biofilm inhibition of pathogen HT5. Microscopic 
image analysis E revealed the biofilm inhibition of NP4 
pathogen by EPS-coated iron NP’s. Visible clumps of 

TS1 pathogen were observed in image F after treatment 
with EPS-coated iron NP’s indicate the partial inhibition 
of biofilm (Supplementary Fig. S2). However, there was 
a general trend and microscopic image analysis revealed 
that results of antibiofilm activity were in line with results 
presented in Table V.

Effects of NPs in inhibiting growth of phytopathogens 
Figure 2 shows that plant germination was determined 

in the presence of both coated and non-coated zinc and 
iron NPs and %germination was recorded.

Effects of NPs on plant growth promotion
Plant germination was recorded in the presence of plant 

pathogens (HT5, HT6 and HT7) and it was observed that 
there was a general trend of decrease in seeds germination 
as compared to control plants without pathogens inoculum 
(Fig. 2). However, Percentage germination was more in 
the presence of HT5 only as compared to HT5 and EPS 
coated Zn NPs. 

Fig. 2. Germination (%) of wheat seeds in the presence and 
absence of plant pathogens.

Table VI shows the efficacy of both coated and non-
coated iron and zinc NPs was determined on plant roots 
length, it was observed that plant roots treated with NPs 
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were effectively increased. In general, significant (p≤0.05) 
increment in root growth was observed in presence of both 
EPS-coated iron and zinc NPs along with presence of plant 
pathogens (Table VI).

When shoot lengths of coated and non-coated NPs 
were determined, it was recorded that shoot length was 
effectively improved in presence of NPs and in general it 
was observed that shoot length was significantly (p≤0.05) 
increased in presence of EPS-coated zinc NP’s instead in 
the presence of phytopathogens (Table VI).

Effect of NPs was checked on seedling length in 
presence of plant pathogens and it was recorded that 
seedling length was significantly (p≤0.05) improved in the 
presence of NPs. There was a general trend of plant length 
improvement and it was observed that seedling length was 
effectively improved in presence of EPS-coated zinc NPs 
as compared to control non-treated plants (Table VI).

 
Table VI. Plant length parameters of wheat seedlings 
after treatment with NPs under effect of plant patho-
gens HT5, HT6 and HT7.

Treatment Plant lengths (cm) (Mean±SE)
Root Shoot Seedling

HT5 3.2±0.08 10.37±0.44 13.57±0.53
Fe-5 3.38±0.11 8.49±0.04 11.87±0.07
Fe-EPS 5 2.88±0.13 8.73±0.67 11.61±0.54
Zn-5 2.52±0.18 6.88±0.62 9.4±0.43
Zn- EPS 5 3.5±0.04 10.38±0.33 13.9±0.38
HT6 3.4±0.14 8.39±0.44 11.79±0.59
Fe-6 3.27±0.55 8.17±0.59 11.44±1.14
Fe-EPS 6 3.89±0.06 9.33±0.25 13.23±0.31
Zn-6 3.37±0.52 9.23±0.6 12.59±1.12
Zn- EPS 6 2.72±0.07 9.97±2.04 12.7±1.96

HT7 2.85±0.15 8.36±0.47 11.21±0.62

Fe-7 2.78±0.04 9.36±0.70 12.14±0.65

Fe-EPS 7 2.76±0.45 8.02±1.24 10.78±1.70

Zn-7 3.61±0.15 8.61±0.69 12.23±0.84

Zn- EPS 7 3.52±0.12 7.89±0.94 11.41±0.82

H2O 2.76±0.23 7.35±0.36 10.11±0.13
LSD for strain=0.42; LSD for Treatment= 0.96

DISCUSSION

Antibacterial resistance is major problem because of 
excessive and uncontrolled usage of antimicrobial agents 
and hence, to overcome this problem, antimicrobial agents 
i.e, EPS and chemically synthesized NP’s conjugated with 

EPS, were exploited against plant and fish pathogens in 
order to determine their efficacy to inhibit their growth. 
Furthermore, effect of NPs was also determined in plants 
for seeds germination in presence of pathogens under 
effect of NPs. 

EPS was synthesized, extracted and quantified 
from bacterial strains Bacillus cereus (EG4), Citrobacter 
freundii (IG-1), Exigoubacterium auranticum (EPF1), 
Bacillus cereus (HFF), Bacillus subtilis (HFP), Bacillus 
subtilis (HYP), Bacillus subtilis (HYS), Bacillus 
licheniformis (SMK), Alkaligene faecalis (AQ-1), Bacillus 
subtilis (NAY) using LB-broth medium. Antimicrobial 
activity (MIC) of EPS of all strains was determined and 
MIC value was recorded as 0.2mg/ml conc. Similar results 
were observed (Li et al., 2014) that EPS extracted from 
Bifidobacterium bifidum WBIN03 and Lactobacillus 
plantarum R315 exhibit antibacterial activity against 
pathogens including Cronobacter sakazakii, Escherichia 
coli, Listeria monocytogenes, Staphyloccocus aureus, 
Candida albicans, Bacillus cereus, Salmonella 
typhimurium, and Shigella sonnei at 300 μg/ml conc. Li et 
al. (2014). Antimicrobial analysis of EPS was determined 
against pathogens using microtitre turbidity assay and 
visible reduction in culture turbidity was recorded 
(Wang et al., 2015) also found that the EPS produced by 
Lactobacillus plantarum YW32 exhibited a concentration 
dependent inhibitory effect on the formation of biofilms 
by several pathogenic bacteria, including Escherichia 
coli O157, Shigella flexneri CMCC (B), Staphylococcus 
aureus AC1 and Salmonella typhimurium S50333.

NPs are of great importance now a days and 
researchers are in struggle to synthesize different NPs 
using metal oxides (gold, zinc, platinum, silver, and 
palladium) (Malaikozhundan et al., 2016). To determine 
antimicrobial activity of NPs, iron and zinc NPs were 
synthesized using chemicals and plants extracts (green tea 
and aloevera, respectively). Both iron and zinc NP’s were 
conjugated with bacterial EPS and both coated and non-
coated iron and zinc NPs were used to check their effect 
on microbial growth and both coated and non coated NP’s 
were characterized by XRD and SEM analysis. 

ZnO NPs were characterized by XRD analysis using 
XRD diffractometer for 2θ values using CuKα radiation 
at λ = 1.54056Å and analysis revealed the value of 2θ as 
31.5°(100), 36°(101), 47°(102), and 62.5°(103). Similar 
findings were also reported by Varghese and George, 2015 
when they synthesized ZnO NP’s from aloevera extract, 
thus their findings and 2θ values supporting our findings 
(Varghese and George, 2015). The XRD spectrum revealed 
the hexagonal structure of synthesized ZnNPs. SEM 
analysis of ZnO NP’s revealed the crystalline structure 
and NPs were found to be needle like hexagonal centro-
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symmetric structures. Particles were found to be present 
within size range of 80-200 nm in diameter. 

Iron NPs were synthesized by green synthesis using 
green tea leaves extract and were brown-black in color. 
Similar results were reported in the previous findings 
(Markova et al., 2012; Gottimukkala et al., 2017). The 
characterization of obtained NP’s was done through SEM 
analysis and XRD. SEM analysis revealed that synthesized 
NPs were centro-symmetric crystalline structures with 
cubic morphology and size ranges from 200-700nm. 
Spepctrum analysis revealed that 2θ values 33°, 43°, 55° 
and 64°were observed revealing the planes as 311, 400, 
511 and 440, respectively. XRD spectrum analysis was 
supported by findings diffraction of planes was recorded 
as 2θ values 30° (220), 33° (311), 43° (400), 53° (422), 55° 
(511), 64° (440) and 90° (731) .

EPS-coated iron NPs were synthesized chemically 
and characterization of NPs by SEM revealed that spherical 
NPs were present with large aggregates due to presence 
of EPS and size of NPs was observed ranging from 200-
800nm (Supplementary Fig. S3). XRD spectrum analysis 
revealed that different peaks were observed 35.5°(311), 
43°(400) (Supplementary Fig. S4). Results were justified 
by finding reported (Varghese and George, 2015) they 
synthesized EPS-coated iron NPs and revealed that 2θ 
values were observed at different planes of nanostructures 
including (311), (400) and (511), respectively (Varghese 
and George, 2015). 

EPS-coated zinc NPs were synthesized and 
characterized by SEM and XRD spectrum analysis. SEM 
imaging revealed that NP’s appeared like aggregates 
of needles and film like structures and their diameter 
was recorded and NP’s were in size ranging from 200-
500nm in diameter. XRD analysis and diffraction was 
recorded at different angles recorded as 31.5°, 47° and 
69° revealing diffraction from planes (100), (102) and 
(201), respectively. Similar analysis of EPS-coated zinc 
NP’s was reported (Abinaya et al., 2018) that 2θ values 
obtained from XRD analysis of EPS-coated zinc NP’s 
were recorded as 31.67°, 34.31°, 47.40°, 56.52°, 62.73°, 
67.91°and 69.03° which correspond to lattice planes of 
crystalline structure 100, 002, 102, 110, 103, 112 and 
201 thus reporting the synthesis of pure structure of EPS-
coated ZnONPs (Abinaya et al., 2018). 

Antimicrobial potential of ZnO NPs was determined 
against plant pathogen and maximum antibacterial activity 
was recorded at 0.6mg/ml conc. and zone diameter 
was recorded 22.5 mm. Similar results were observed 
(Farzana et al., 2017) that zone size (23mm) recorded 
as antimicrobial effect of zinc NP’s against pathogenic 
bacteria, K. pneumoniae 2 strain at 0.6mg/ml conc. Farzana 
et al. (2017). Antimicrobial activity of ZnO NPs was 

determined and revealed that maximum growth inhibition 
was observed against P. aeruginosa at maximum conc. and 
zone diameter was recorded as 22 mm. 

Antimicrobial activity of iron NPs revealed that 
maximum antibacterial activity was observed at 0.8mg/m 
and zone size recorded was 31 mm against phytopathogen. 
It was reported that maximum activity of iron NP’s was 
observed at highest conc. against K. pneumoniae and 
Bacillus cereus and zone size was recorded as 26 mm and 
22 mm, respectively (Ansari et al., 2014). 

EPS-coated iron NPs were used against plant 
pathogen (HT7) and maximum zone diameter was recorded 
as 29.5mm. It was revealed that maximum activity of 
NPs was observed at 0.4mg/ml conc. and zone size was 
recorded as 7.66mm against strain of A. hydrophila (ATCC 
49140) (Varghese and George, 2015).

EPS-coated zinc NPs were synthesized and their 
antibacterial activity was observed against HT7 and it was 
found that maximum activity was shown at 0.2mg/ml conc. 
of zinc NPs and zone size was recorded as 15.5mm. These 
results were in line with observations (Abinaya et al., 
2018), when antibacterial activity of EPS-coated ZnO NPs 
was determined against gram positive bacteria using agar 
well diffusion method and revealed that maximum zone 
size recorded was 10.2mm at 0.1mg/ml conc (Abinaya et 
al., 2018). 

Antimicrobial assay was performed using microtitre 
turbidity assay and results revealed that visible reduction 
was observed in turbidity of pathogenic isolates and 
maximum antibacterial activity was recorded by non-
coated iron NPs as compared to coated ones. It was 
reported that iron NPs are effective antibacterial agents 
and significant reduction in bacterial growth was recorded 
with increasing conc. of NPs while bacterial growth was 
completely inhibited at maximum conc. 3mg/ml).

Antibacterial activity of zinc oxide NPs by turbidity 
assay revealed that maximum growth inhibition was 
recorded by non-coated zinc oxide NPs as compared to 
EPS-coated zinc NPs. Hassani et al. (2015) it was revealed 
that zinc oxide NPs are highly effective antimicrobial 
agents and they resulted in 94% OD reduction (P. 
aeruginosa) in wells of microtitre treated with maximum 
conc. 350μg/ml) of zinc NPs (Hassani et al., 2015). 

Qualitative test for biofilm formation of pathogens was 
performed by ring and tubes were observed for appearance 
of a visible purple colored ring on the side walls and the 
tube bottom. Different pathogens form violet ring of 
biofilm with varying color intensity depending upon time 
of incubation. Similar results were observed (Liaqat et 
al., 2021) that biofilm formation of Staphylococcus sciuri 
(HP3) was observed in presence of varying conc. of NaCl 
and revealed that violet ring was formed with varying 
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thickness of ring with increased time of incubation (Liaqat 
et al., 2021). For quantitative estimation of biofilm, results 
were represented in form of normalized biofilm (OD570 / 
OD600) because there was different trend in culture growth 
and biofilm formation. The normalization of biofilm has 
been reported to be helpful and clearly present a data set 
of biofilm formation for the conditions when growth is 
limited.

Qualitative analysis for biofilm formation and its 
inhibition was tested by congo red assay in which Brain 
Heart Infusion agar was used and 3.6% sucrose (Liaqat et 
al., 2023). Following the protocol, colonies that appear on 
BHIC plates vary in color and they can be differentiated 
between biofilm formers and non-formers due to presence 
or absence of brown color after incubation (Liberto et 
al., 2009). Plates were observed after incubation and the 
colony color was recorded as light brown colored colonies 
on control plates without NP’s and the appearance of 
brown-black colonies after 24-48 h of culture incubation 
indicates that these bacteria are biofilm producers (Arciola 
et al., 2002). While plates supplemented with NPs 
shows different pattern of colony color because in the 
presence of NPs, biofilm forming ability of pathogens was 
compromised and they were unable to produce biofilm 
their colony color was varying from light to bright red 
colored colonies on BHI agar plates. Similar trend was 
observed when they performed qualitative assay of biofilm 
inhibition of Candida sp. and observed that biofilm 
formation and cell growth was suppressed by silver NPs 
(Jalal et al., 2019). 

Antibiofilm activity of both EPS-coated and non-
coated iron and zinc NPs was determined against plant 
and fish pathogens using Microtitre turbidity assay and 
significant reduction in biofilm formation was reported. 
Maximum antibiofilm activity was reported by non-
coated zinc NPs as compared to other NP’s that resulted 
in maximum inhibition of biofilm formation of pathogens 
at high conc (0.6mg/ml). Similar observations of biofilm 
inhibition were also reported (Hassani et al., 2015) that 
zinc oxide NPs are highly effective at inhibiting biofilm 
formation of pathogenic isolates of Pseudomonas 
aeruginosa and inhibition was recorded at maximum conc. 
of Zinc oxide NPs (Hassani et al., 2015). 

Biofilm inhibition was also observed by both EPS 
coated and non-coated iron NPs and it was concluded 
that EPS-coated iron NPs significantly reduce biofilm 
formation of pathogens as compared to non-coated 
(Iconaru et al., 2012) reported that iron oxide glycerol 
NPs (GIO-NP’s) effectively inhibit the biofilm formation 
of both gram positive (E. faecalis) and gram negative (P. 
aeruginosa) at increasing conc. of NPs (Iconaru et al., 
2012). 

Iron NPs have multiple agricultural applications as 
fertilisers, pesticides or growth stimulators as reported 
previously (Aleksandrowicz-Trzcińska et al., 2019). 
Effect of both EPS coated and non-coated iron and zinc 
NPs was determined on plant growth in presence of plant 
pathogens. Results of plant growth promotion revealed 
that plant growth was significantly improved in presence 
of iron NPs. Hence NPs also tend to improve plant growth 
by inhibiting growth of pathogens as well reported that 
plant growth was significantly improved at 0.05mM/l 
conc. of iron NPs and maximum plant height was recorded 
at that conc. as compared to negative control (without 
NPs). When effect of zinc NPs was determined on plant 
growth then it was concluded that maximum plant growth 
promotion was recorded by EPS-coated zinc NPs as 
compared to non-coated in presence of plant pathogens. 
Previously, it was reported that plant growth of wheat was 
significantly improved in presence of zinc NPs even zinc 
content of plants was significantly improved in presence 
of zinc NP’s as compared to non-treated plants. Lengths of 
root shoot and seedlings is lesser in case of water only than 
those in the presence of any one of all plant pathogens, 
this might be some initial positive interactions in terms of 
exchange of exudates that seems to improve plant growth 
but further experiments with different plants and different 
life stages of plants yet to be explored.

CONCLUSIONS 

The research conducted thus indicated the efficacy 
of antimicrobial and antibiofilm effect of EPS and both 
EPS coated and non-coated iron and zinc NPs on the 
phyto pathogens and fish pathogens as well. Initially, EPS 
producing strains were exploited for production of EPS 
followed by antimicrobial activity. Biofilm production 
of pathogens was analyzed qualitatively along with 
antibacterial and antibiofilm activity of EPS and both 
EPS coated and non-coated iron and zinc NPs using 
Kirby Bauer disc diffusion method, microtiter assay for 
turbidity and biofilm inhibition as well as microscopic 
biofilm analysis. The study concluded that both NPs 
and EPS were proved to be effective antibacterial and 
antibiofilm agents against both plant and fish pathogens. 
Furthermore, both EPS coated and non-coated NPs were 
found to be effective plant growth promoters by inhibiting 
growth of plant pathogens. The antibiofilm profile of NPs 
and their interaction with plants and phytopathogens have 
indicated that they can be used as effective alternative 
of antimicrobial agents against plant and fish pathogens, 
and drug resistant strains of biofilm formers and as plant 
growth promoting and seed sterilizing agents as well 
in agricultural field showing a promising approach in 
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Supplementary S2. Microscopic examination of coupons for biofilm formation.
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Supplementary Fig. S3. SEM analysis of Nanoparticles (A= Iron, B= EPS-coated Iron, C= Zinc, D=EPS-coated Zinc Nanoparticles).
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Supplementary Fig. S4. XRD analysis of Nanoparticles (A= Iron, B= EPS-coated Iron, C= Zinc, D=EPS-coated Zinc Nanoparticles).
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