
1 

 

Chitosan and graphene oxide hybrid nanocomposite film doped with silver 

nanoparticles efficiently prevents biofouling  

 

 

 

Saranya Pounraj1, Prathap S1, and Subhankar Paul1* 

1Structural Biology and Nanomedicine Laboratory, Department of Biotechnology and Medical 

Engineering, National Institute of Technology, Rourkela 769008, Odisha, India. 

 

 

 

 

 

*Correspondence: Dr. Subhankar Paul, Associate Professor, Structural Biology and 

Nanomedicine Laboratory, Department of Biotechnology and Medical Engineering, National 

Institute of Technology Rourkela, Rourkela-769008, Odisha, India. E-mail: spaul@nitrkl.ac.in. 

Tel: +91-0661-2462284, +91-0661-2463284 (R). Fax: +91-0661-2462022. 

mailto:spaul@nitrkl.ac.in


2 

 

Abstract 

Here, we developed four different hybrid nanocomposite films using graphene oxide nanosheet 

(GOns), chitosan (Ch) and silver nanoparticles (AgNPs) and explored their inherent inhibitory 

effect on bacterial biofilm formation (biofouling). Various spectroscopy and electron microscopy 

results confirmed the doping of AgNPs on GOns-Ch matrix. The wettability study of films also 

confirmed that GOns-Ch-AgNP nanocomposite film has the highest surface hydrophobicity 

among all. When Escherichia coli and Bacillus subtilis were grown and biofouling was studied 

with different nanocomposite films, the silver-doped nanocomposite film was found efficiently 

inhibited the biofilm formation as evidenced from agar plate, congo red, swarming motility assay 

as well as electron microscopy imaging. We also observed from the degradation assay that the 

nanocomposites were pretty stable in solution which also showed ignorable leaching of AgNPs 

as well as minimum structural deformation of the matrix. Overall, our study clearly proves that 

AgNP doped GOns-Ch nano-composite (GOns-Ch-AgNP) exhibits anti adhesion and anti-

microbial property and might be used as a surface coating material in various industries 

including marine and health sector industries to restrain biofouling.  

 

Keywords: Graphene oxide nanosheets; AgNP doping; Chitosan; Nano-composite film; Anti-

biofouling activity. 
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1. Introduction 

Microbial contamination and colonization have always been a critical issue in industry that 

results in equipment damage as well as threat to human health [1-3]. Biofilm formation over the 

equipment’s surface in the industry and aquatic environment results in the increased maintenance 

and operational cost [2]. The most common methods presently used for the removal of biofilms 

in industries are acid/alkaline based chemical detergents treatment, disinfectants [3]. But their 

efficiency largely depends upon temperature, pH, concentration and time of exposure of the 

chemicals which are often ineffective and remove only surface growth and unsafe for humans if 

treated chemicals released in the water bodies as toxic residues [3, 4]. Many microorganisms can 

attach to surfaces and form biofilms which are protected by a matrix named extracellular 

polymeric substances (EPS) [3, 5]. Polysaccharides in EPS retain water and prevent biofilm from 

drying, thus result in greater chances of communication to other species of microbes and create a 

complex outer matrix [1].  

The complex structure of EPS matrix does not allow disinfectants or chemicals to penetrate 

deeply inside the matrix which results failure in biofilm suppressing methodology. Although the 

physical removal is the widely used method to combat with the defense strategy of the EPS layer 

but the major problem is that bacteria can redeposit in any other surface and started forming 

biofilm again. Also, it is expensive to maintain and operate equipment system separately for 

biofilm control [6]. Therefore, the necessity for the development of new and efficient method for 

preventing biofilm over surfaces has loomed. Recently, antimicrobial coatings have been 

emerged to control and combat infectious microorganisms over surfaces [7]. The advances in the 
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area of material science and nanotechnology are the driving force to promote multi approach 

antimicrobial coatings to prevent biofouling [8].  

Chitosan is a biocompatible agent and most abundant polymer having a strong antibacterial 

activity along with extraordinary non-toxic effect [9, 10]. Moreover, it has been used in 

numerous applications such as in food, textile, biomedicine, wastewater treatment, and cosmetics 

industries as films, hydrogels and membranes [11-15]. However, chitosan has poor strength and 

structural stability that results in its limited application in industries as coating materials, and 

hence to overcome the limitation of chitosan as coating materials, chitosan could be reinforced 

with graphene oxide nano-sheets (GOns) well known for its mechanical strength,  large surface 

area, high adsorption  capacity and antibacterial activity which could be an added advantage to 

improving not only strength and stability but also the antibacterial properties of chitosan for its 

application as an industrial coating material to obstruct bio-fouling [16-21]. Furthermore, 

chitosan contains abundant hydroxyl and amino groups which strongly binds to the oxygen of 

GOns and improves physical as well as mechanical strength of the composite film [22]. 

Moreover, silver nanoparticles (AgNPs) well known for its antimicrobial properties has been 

used as a doping agent to improve the antimicrobial properties of nanocomposite coating 

material [23-25]. 

In our present communication, different nanocomposites were developed using graphene oxide 

nano sheet (GOns), chitosan (Ch) and doped silver nanoparticles (AgNPs) by a cost-effective and 

environmentally safe method and their inhibitory potential to biofilm formation by bacteria such 

as Escherichia coli (Gram-negative) and Bacillus subtilis (Gram-positive) was assessed.   
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2. Materials and Methods 

2.1 Materials 

Graphite powder, chitosan, sodium nitrate (NaNO3), silver nitrate (AgNO3), sodium hydroxide 

(NaOH), starch, potassium permanganate (KMnO4), 30% hydrogen peroxide (H2O2), 

concentrated sulfuric acid (H2SO4), hydrochloric acid (HCl), congo red, Coomassie brilliant blue 

R-250 stain, nutrient agar, Luria broth, glucose, crystal violet, ethanol and glutaraldehyde were 

purchased from Hi-media, India. The chemicals used in all experiments were of analytical grade. 

All glass wares were purchased from borosil, India. Centrifuge tubes and micropipette tips used 

were purchased from Tarsons, India. 

2.2 Preparation of Graphene oxide nanosheets 

Graphene oxide nanosheets (GOns) were prepared by modified Hummer’s method through 

oxidation and exfoliation of GOns [26]. Graphite powder of 1 g and NaNO3 of 0.5 g were 

dissolved in 23 ml of concentrated H2SO4 under stirrer. After 1 h, 3 g of KMnO4 was added at a 

temperature below 20°C and stirring was continued for about 2-3 h for complete oxidation, which 

was followed by the addition of 46 ml of distilled water with continuous stirring for 30 min. 

Finally, it was diluted with distilled water followed by the addition of 10 ml 30% H2O2 solution 

to stop the reaction. The sample was allowed to settle down and washed with 10 % concentrated 

HCl to remove metal ions. The supernatant obtained after centrifugation was sonicated for the 

exfoliation of graphene layers to monolayer GOns. 

 



6 

 

2.3 Synthesis of silver nanoparticles ( AgNPs)  

The preparation of silver nanoparticles (AgNPs) was carried out using AgNO3 as precursor and 

starch as reducing as well as capping agent as described by previously reported method [27]. 

Further, 1% (w/v) of aqueous soluble starch was maintained at 70°C with continuous stirring and 

AgNO3 solution was added to the starch solution to achieve 1 mM final concentration. Then, 

NaOH was added to the reaction mixture and the reaction mixture was kept under stirring till the 

solution color turns dark yellow which confirms the formation of silver nanoparticles (AgNPs). 

2.4 Preparation of colloidal composite solutions and films 

The composite solutions with respective concentration of various components were prepared by 

mixing them under magnetic stirring and sonicated them to form well dispersed composites. We 

prepared GOns-Ch (1:1), GOns-AgNPs (0.01% doped in GOns), Ch-AgNPs (0.01% doped in 

Ch) and GOns-Ch-AgNP (0.01% AgNP doped in GOns-Ch) stable colloidal composite 

solutions. Chitosan (1%) solution was prepared in 0.1 M acetic acid solution. We carried out a 

drop-casting method to prepare all the films [28, 29]. 

2.5 Characterizations of nano-composites 

UV-visible absorption spectra were recorded using Perkin-Elmer (Lambda 35) 

spectrophotometer in the range of 200-800 nm with a scan speed of 240 nm/min. The size and 

morphological aspects of GOns and AgNP were analyzed using Transmission Electron 

Microscope imaging (TEM, Model CM 200). X-ray diffraction (XRD) patterns were analyzed 

(Rigaku make X-ray diffractometer with monochromatic CuKα, radiation λ = 1.5406 A⁰) in the 

range of 5° to 80° at a scan rate of 5° per min. Fourier transform infrared (FTIR) spectra were 
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recorded (Perkin-Elmer FTIR) in the range of wavenumber 4000-400 cm-1. The degree of 

hydrophobicity of the films was calculated using Kruss CA apparatus for static water contact 

angle (CA) measurement. The tensile properties of the casted films (dimension = 20 mm x 10 

mm x 0.03 mm) were measured with the help of super Duper Multi-National Conglomerates 

ultimate tensile testing machine (UTM) at a temperature of 18°C. The morphology of the 

composite films and bacterial attachment over composite films were analyzed using Bruker 

made Nova nanosem Field Emission Scanning Electron Microscopy (FESEM). 

2.6 Anti-biofouling assay  

The ability of all the nano-composite films to inhibit the formation of bacterial biofilm was 

investigated using agar plate assay, congo red assay and swarming motility assay against 

biofilm forming gram-negative Escherichia coli and gram-positive Bacillus subtilis. The strains 

were cultured in LB broth and grown statically overnight at 37°C until it reached the OD@600nm 

of 0.6. 

2.6.1 Agar plate assay 

The agar base of 15 g/L mixed with LB medium was autoclaved. After cooled down to 50⁰C, 

the agar solution was poured into petri dish and allowed to solidify at room temperature. The 

solidified agar surface was plated with 50 μL of bacterial of OD@ 0.6 (E.coli and B.subtilis). The 

individual and composite films were placed over the spread culture and incubated at 37°C for  

24 h. 
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2.8 Congo red agar plate assay 

The formation of the bacterial biofilm over nanocomposite was detected by studying the 

morphology of fimbriae in E.coli and B.subtilis. overnight culture of 1 μL (OD@600= 0.6) of the 

bacteria was spotted on the centre of the nanocomposite film and placed over congo red agar plate 

(15 g/L LB agar, 20 μg/ml Congo red, 10 μg/ml Coomassie brilliant blue mixed in 20 g/L LB 

medium) and incubated at 37°C for 48 h for the assessment of fimbriae formation over the 

surface of the film confirms the bacterial biofilm formation. 

2.9 Swarming motility assay 

The surface translocation of the flagellated bacteria is very important for primary attachment 

and succeeding for the biofilm formation which was assessed by swarming motility assay [30]. 

In order to assess the effectiveness of the composite films over swarming motility of the 

bacteria, films were placed onto the center of the LB agar plate (0.5%) supplemented with 

glucose (0.8%). Overnight cultured (OD600 = 1) bacteria of 1 μL were spotted over the centre 

of the films and incubated at 37°C for 24-48 h to observe the swarm pattern of the bacteria. 

2.10 In vitro biofilm static assay 

The effectiveness of the films for the biofilm inhibition over its surface was assessed by an 

indirect biofilm static assay. Briefly, 5 ml of diluted overnight culture was added to each test 

tube with the autoclaved composite films of 2x1 cm and incubated at 37°C. After 48 h, test 

tubes were washed using Millipore water was used to remove the unattached cells from the 

walls of the test tube. Biofilms formed over the walls of the test tubes were stained with 0.1 % 

crystal violet dye for 15 min followed by washing to remove excess dye. After 1 h of drying, 
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80% ethanol was used to dissolve the dye-stained by the cells and absorbance was measured  by 

a UV-visible spectrophotometer at OD@595 which is directly proportional to the amount of 

biofilm formed by the bacteria. The lower the OD, the lesser would be the biofilm formation. 

2.11 Anti-adhesion property of nanocomposites 

To assess the ability of the films to inhibit bacterial adhesion and colonization, biofilm formation 

of E.coli and B.subtilis over the surface of the composite film was investigated by electron 

microscope imaging. The films were incubated inside the bacterial culture and washed with 

Phosphate Buffered Saline (PBS) to remove the unattached cells. But the attached cells were 

fixed using glutaraldehyde and dehydrated using different concentrations of ethanol and dried 

overnight to visualize bacteria. 

3. Results and discussion 

3.1 Preparation and Characterization of GOns and AgNP 

GOns and AgNP were synthesized as per the protocol described in ‘Materials and Methods’ 

section and characterized by TEM, XRD and UV-Vis spectroscopy. TEM image of transparent 

single layer GOns (Fig. 1A) along with SAED pattern indicates the hexagonal pattern which 

confirms the monocrystalline nature (001 planes) of the GOns (Fig. 1B) [31].  

The XRD spectra of GOns film showed a characteristic peak around 8.81° and the interlayer 

distance (d-spacing) of 1.03 nm which indicated exfoliation of GOns (Fig. 1C) [32]. The UV-

Vis spectra of GOns shows a sharp absorption peak at 230 nm and a shoulder peak at around 

300 nm, which are attributed to π-π * transition of C=C bond and n- π * transition of C=O bond, 

respectively [26, 33] (Fig. 1D).  
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The electron microscopic image of synthesized AgNP revealed that particles were spherical in 

shape with size around 10-15 nm (Fig. 1E). The patterns of SAED were indexed according to 

(111), (200), (220) and (311) reflections of FCC silver crystal which is consistent with the XRD 

pattern of AgNP (Fig. 1F) [34].  AgNP showed XRD peaks at 38.3°, 45.3°, 64.4°, and 77.95° 

were assigned to (111), (200), (220), and (311) crystallographic planes of face-centered cubic 

AgNPs which matched with the JCPDS silver file No.  04–0783 (Fig. 1G) [35]. The UV-Vis 

spectra of AgNP depicted a typical surface plasmon resonance (SPR) band at 412 nm because of 

the collective oscillation of AgNP electrons in resonance to the incident light wave which clearly 

indicates the formation of AgNP (Fig. 1H) [34].  
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Figure 1. Characterization of GOns by A) TEM image B) SAED pattern C) XRD pattern and D) 

UV-Vis spectra.  Characterization of AgNP by E) TEM image F) SAED pattern G) XRD pattern 

and H) UV-Vis absorption spectra. 
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3.2 Preparation and characterization of nanocomposites films 

 

Figure 2. A) Photographic images of various nanocomposites films. B) UV-Vis absorption 

spectra. C) XRD pattern, D) FTIR spectra of these nanocomposites. 

The nanocomposites films were fabricated by drop casting method (Fig. 2A and Fig. S1). The AgNP 

dispersed nanocomposites (GOns-AgNP, GOns-Ch-AgNP, and GOns-Ch-AgNP) showed 

absorption peaks at 412, 413 and 404 nm, respectively, revealed the presence of AgNPs in 

nanocomposites samples (Fig 2B) [3]. However, after the addition of AgNPs to GOns-Ch, blue 

shift by 8 nm was observed which is perhaps due to an etching process resulted in producing 

further reduction in the size of AgNPs [36]. The GOns-Ch solution showed two absorption 
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peaks at 204 nm and 216 nm which were consistent with the absorption peak of GOns solution 

(Fig. 3B). The presence of nanoparticles and polymer solution in GOns-Ch was confirmed by 

XRD measurement which showed a peak at 9.15° (001) and a broadened peak (110) (Fig. 2C) 

[37]. The intercalation of silver nanoparticles prevents the regular stacking of GOns layers in 

GOns-AgNP film resulted in broadened 001 patterns of GOns but the FCC planes (111, 200 and 

220) of AgNP were clearly noticed [35]. The silver nanoparticles immobilized in chitosan showed 

111 planes of AgNP along with the 110 plane of chitosan clearly exhibited the impregnation of 

AgNP in the chitosan matrix. The GOns-Ch-AgNP film showed 001 planes of GOns in addition 

to 110 and 111 planes of Chitosan and AgNPs [3]. 

FT-IR spectra of all the individual components and nano-composites were rerecorded (Fig.2D). 

For GOns, an intense peak was observed at 3414 cm-1 which correspond to the OH bond. The 

strong peak at 1630 cm-1 related to the stretching vibrations of C=O, carboxylic moieties and 

other peaks at 1400.84, 1227.49 and 1094 cm-1 were corresponded to C−O−H deformation, C−H 

stretching (epoxy groups), and C−O stretching vibrations (alkoxy groups), respectively (Fig. 3C). 

Thus, overall FT-IR spectra confirmed the formation of GOns with the abundance of hydroxyl 

groups and oxygen groups on its surface [26]. The characteristic absorption bands of chitosan 

were observed at 3437.12 (O–H stretching vibrations), 2924 (C–H stretching vibrations), 1640 

(N–H bending vibrations), 1415 (C–N stretching vibrations) and a band at 1076.44 cm-1 (C–O–C 

and C–O stretching vibrations).  The characteristic band for AgNPs appeared at 3396 cm-1 (O-H 

stretching), 2927 cm-1 and 1632 cm-1 (C-H stretching and O-H stretching attributed to the tightly 

bound water presented in the starch molecule), 1384 cm-1 (C-H bending vibration), 1154 cm-1, 

1080 cm-1 and 1023 cm-1 (C-O-C ether stretching vibration in glucose bonds, 577 cm-1 (C-H 

bending) [5]. In GOns-Ch composite, the appearance of 2927 cm-1 (C-H stretching) of chitosan 
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was noticed along with the other vibrations in GOns which confirmed the blending of chitosan 

with GOns. All the AgNP impregnated films showed C-H bending and C-O-C ether stretching in 

AgNP spectrum which confirmed the impregnation of AgNP in the nanocomposites. GOns-Ch-

AgNP and Ch-AgNP composites showed characteristics C-H and C-N stretching observed in the 

spectrum of chitosan which further confirmed the presence of chitosan in the composite. 

 

Figure 3. FESEM images of prepared nano-composite films A) GOns-Ch, B) GOns-AgNP, C) 

Ch-AgNP and D) GOns-Ch-AgNP 
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The surface morphologies of the composite films were analyzed by FESEM imaging. In GOns-

Ch film, the formation of amide linkages between GOns and chitosan made GOns dispersed 

uniformly in the chitosan matrix and it was seen as rough white chitosan layer over the 

transparent GOns (Fig.3A) [29]. The aggregation of AgNPs over the chitosan matrix resulted in the 

clumping of AgNPs over the smooth surface of chitosan (Fig. 3C). Unlike GOns-Ch, numerous 

white spots were observed on the surface of the GOns-AgNP and GOns-Ch-AgNP composites 

(Fig. 3 B&D) confirming the presence of AgNPs over the surface of the composite and also 

proved that GOns matrix prevented aggregation of AgNPs [38].  

3.3 Physical properties of the composite films 

3.3.1 Contact angle (CA) measurements 

The nature of surface plays an important role in inhibition of bacterial attachment over its 

surface during the biofilm formation [39, 40]. The anti-adhesion characteristics of the films 

usually increase with the increase in surface hydrophobicity which can be measured by the 

contact angle of water over the surface of the films. Here, the GOns-Ch composite exhibited the 

highest contact angle (106.55°) among the other composites due to the interaction between 

GOns and Ch. Following GOns-Ch, GOns-Ch-AgNP and Ch-AgNP films showed 

hydrophobicity of 101.27° and 100.015° (Fig. 4A). Whereas, the absence of chitosan in the 

GOns-AgNP film made it less hydrophobic ( It showed a contact angle 58.115°) than other 

composite films which might make the bacterial attachment over its surface was easier [31]. 

Indeed, it was already reported that for the surface of polymeric materials, the contact angle 

within 40-70° with water (which imparts more a hydrophilic character to the material) enhanced cell 

adhesion and growth [39]. 
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Figure 4. A) Contact angle measurement, B) Silver leaching study, C) Tensile strength analysis 

and D) Degradation study of all the nano-composites prepared. 

3.3.2 Leaching study of silver nanoparticles from the composites 

The leaching of AgNPs from the composite films into solution was also studied and monitored 

using UV-Vis spectra. Our result revealed no leaching of AgNPs to the solution after incubation 

as evidenced by observing no peak in the range of 400- 420 nm (Fig. 4B). The interaction 

between oxygen and amide group of GOns and Ch with AgNPs probably immobilizes 

nanoparticles in the composite which results in ignorable leaching of AgNPs from the 

composite films [22]. Therefore, immobilized AgNPs within nano-composite matrix was the 
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cause of the stability of the matrix which also helps to prevent bacterial biofilm formation for a 

long duration due to doped AgNP-based contact killing of bacteria.  

3.3.3. Tensile strength analysis 

Usually higher tensile strength helps to play an important role in reducing surface erosion and 

abrasion thereby increasing the durability of coating over the material [41] and hence the tensile 

strength of our composite films was investigated. The tensile strength of GOns-Ch film was 

increased significantly to 163.04 MPa due to possessing of strong amide linkages between 

carboxyl groups of GOns and amine groups of chitosan (Fig. 4C) [29]. GOns-AgNP, Ch-AgNP, 

and GOns-Ch-AgNP showed a tensile strength of 21.01, 43.85 and 27.175 MPa. Such reduction 

of tensile strength most probably due to the interaction of AgNPs as a doping agent with the 

amine functional groups of chitosan and the oxygen functional group of GOns which indeed 

reduce the strong interaction between GOns and Ch. Hence, to understand further the usability 

of AgNP doped composite films, we studied degradation of all films. 

 3.3.4 Degradation study of composite films 

The degradation of the nanocomposite films was carried out in PBS buffer over time of 120 h 

(Fig. 4D). The GOns-Ch-AgNP film degrades little faster than others nano-composite films. 

Although, all the nano-composite films after 120 h have lost about only ~ 10 % of weight with 

minimal structural deformation due to their higher hydrophobicity prevents lesser absorption 

water. Hence we can conclude that their high stability prescribes them as a promising material 

for coating for the long-term usage to prevent the bacterial biofilm formation. 
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3.4 Checking anti-biofilm activity of the composite films 

3.4.1 Agar plate assay 

The bacterial biofilm inhibition potential of all the nano-composite films was studied against 

E.coli and B.subtilis by agar plate assay (Fig. 5). The control images displayed the growth of 

bacteria all over the plate (Fig. 5 A & D), whereas both E.coli and B.subtilis fails to over all the 

nano-composite films due to its surface hydrophobicity and anti-adherence property (Fig.5 B-F). 

A little zone of clearance was noticed surrounding the AgNP impregnated films against E.coli 

may be due contact killing ability of AgNP [38, 42]. But no such zone was observed surrounding 

the AgNP impregnated films against B subtilis. This reduced nanotoxicity may be due to the 

thicker peptidoglycan layer of Gram-positive bacteria B subtilis [43]. The electrostatic interaction 

between the bacterial cell wall and the nanoparticle or chitosan may result in the cell wall 

disruptions [44, 45].  
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Figure 5. Antibacterial Agar plate assay against E.coli (A-C) and Bacillus subtilis (D-F). 

3.4.2 Congo red assay (Fimbriae generation assay) 

The bacterial biofilm inhibition capability of all our nano-composite films was assessed by 

congo red plate assay by analyzing the morphology of the colonies for the generation of fimbriae 

after 48 h of incubation (Fig. 6 & 7). The morphology of the colony produced over congo red 

control plate without film (A) showed rugose pink colony structure [46]. This fact was happened 

due to the absorption of congo red in the agar by the polysaccharide present in the EPS matrix 

that confirms the formation of biofilm [3, 5]. In case of all nano-composite films, f o r  both E. coil 

(Fig.6 B-E) and B. subtilis (Fig.7 B-E), there was no rugose pink colony structure as well as the 

growth of bacteria observed over the film. In GOns-Ch film, such prevention of biofilm 
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formation over its surface might be due to its hydrophobic nature while white colony formation 

surrounding the film indicates that EPS was perhaps not produced and thus inhibited biofilm 

formation (Fig.6B & Fig.7B) [47].  Whereas all the other nano-composite films impregnated 

with AgNPs (GOns-AgNP, Ch-AgNP, and GOns-Ch-AgNP film) prevented the biofilm 

formation over its surface and their surrounding mainly due to the contact killing property of 

AgNPs (Fig.6 C-E & Fig.7 C-E).  

 

Figure 6. Biofilm inhibition analysis by Fimbriae generation assay against E. coli. A) Control, 

B) GOns-Ch, C) GOns-AgNP, D) Ch-AgNP and E) GOns-Ch-AgNP film. Swarming pattern 

analysis by swarming motility assay against E. coli. G) Control, H) GOns-Ch, I) GOns-AgNP, J) 

Ch-AgNP and K) GOns-Ch-AgNP film. 

3.4.3 Swarming motility assay 

The swarming motility of E.coli and B.subtilis was evaluated in the presence of all the 

composite films (Fig. 6 & 7). In the control (Fig.6G and Fig.7G), both the bacteria formed 

dendrite-like swarm pattern over the agar plates with the help of pilus surrounding its surface 
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[48]. The swarm pattern confirmed the ability of the bacteria to form biofilm over the agar 

surface. However, swarm pattern was not observed over the surface of all of ours nano-

composite films (Fig. 6H-K and Fig. 7H-K). GOns-Ch only prevents the biofilm formation over 

its surface which was due to its hydrophobic nature. Whereas, all the other nano-composite 

films doped with AgNPs (GOns-AgNP, Ch-AgNP, and GOns-Ch-AgNP film) not only prevents 

the biofilm formation over its surface and but also kills bacteria by contact killing mechanism 

of AgNPs (see Fig. 6 & 7). Thus, AgNPs doped films not only inhibited bacterial growth on its 

surface but also killed bacteria and preventing swarming pattern around the film (Fig. 6I-K and 

Fig. 7I-K) [42]. But bacteria escaped from the contact of AgNP showed lesser swarm pattern in 

other nano-composite films doped with AgNPs compared to control and GOns-Ch which also 

supports the contact killing property of AgNPs. 

 

Figure 7. Biofilm formation analysis by Fimbriae generation assay against Bacillus subtilis. (A) 

Control, (B) GOns-Ch, (C) GOns-AgNP, (D) Ch-AgNP and (E) GOns-Ch-AgNP film. 

Swarming pattern analysis by swarming motility assay against B. subtilis. (G) Control, (H) GOns-

Ch, (I) GOns-AgNP, (J) Ch-AgNP and (K) GOns-Ch-AgNP film. 
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3.4.4 Biofilm static assay 

 

Figure 8. Quantification of biofilm formation by A) E.coli & B) B. subtilis in the presence of 

nanocomposite. 

The indirect quantification of biofilm formation by E.coli and B. subtilis on various nano-composites 

films was also studied using biofilm static assay as described in ‘Materials and Methods’ section 

(Fig. 8). The biofilm formation was found highest in the control over the test tube glass surface (as 

evidenced by crystal violet dye binding to biofilm EPS) compared to those containing nano-

composite sample material of 2x1 cm dimension [49]. Results revealed that the biofilm deposition in 
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the presence of nanocomposites on the glass tube was lesser than the control for both the bacteria. 

Such inhibition of bacterial growth perhaps due to ROS mediated oxidative stress generated by both 

GOns and AgNPs as well as also by positively charged chitosan polymer which has also intrinsic 

antibacterial property that can disrupt the cell wall of negatively charged bacteria (Fig.8A & B) 

[9, 16, 17, 38, 42, 44]. However, all films prepared with AgNP doping demonstrated reduced 

biofilm deposition on the glass surface. The results indicate that nanocomposites specifically doped 

with AgNPs inhibited bacterial growth on the solid surface. 

3.5 Assessment of anti-adhesion property of nano-composites by FESEM 

 

Figure 9. FESEM images of E.coli bacteria attached over A) Control surface, B) GOns-Ch 

film, C) GOns-AgNP film, D) Ch-AgNP film and E) GOns-Ch-AgNP film. 
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The biofilm formation and bacterial morphology over the surface of the films were analyzed by 

FESEM image analysis (Fig. 9 &10). The control image (Fig.9A & Fig.10A) clearly showed 

the formation of biofilm whereas no such biofilm formation was observed over the surface of 

all nano-composite films (Fig. 9B-E). Although GOns-Ch film (Fig.9B & Fig.10B) showed the 

individual attachment of bacteria on its surface, AgNP impregnated films (Fig.9 C-E & Fig.10 

C-E) demonstrated higher inhibition to cell attaching. Such inhibition probably was via 

disintegration of bacterial cell wall through the generation of reactive oxygen species (ROS) 

induced by silver nanoparticles [49].  

 

Figure 10.  FESEM images of Bacillus subtilis bacteria attached over A) Control surface, B) 

GOns-Ch, C) GOns-AgNP, D) Ch-AgNP and E) GOns-Ch-AgNP film. 
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While the anti-bacterial property of AgNP is well known [38, 42], evidence of such properties 

has also been documented for GOns as well [16, 17]. Therefore, the use of both the materials not 

only provides film stability or strength (from GOns) but also exhibit excellent inhibitory effect of 

biofilm forming bacterial growth. Indeed there is few repots on the anti- bacterial activity of 

nanocomposites consisting of chitosan, AgNPs and graphene oxide. Dawei et al., (year) have 

prepared nanocomposite film of  chitosan and graphene oxide film anti- bacterial activity against 

Bacillus subtilis with inhibition of 2.74-3.48 mm. Liu et al. (year) synthesized GO-Ag powder 

which demonstrated the inhibition of Staphylococcus aureus and Pseudomonas aeruginosa. Jing 

et al. (year) synthesized colloidal solution of rGO-Ch-Ag and checked its antimicrobial and 

catalytic effect. Recently Marta et al. also reported chitosan-silver nanoparticles-graphene oxide 

nano hybrids that exhibited antibacterial activity against Bacillus subtilis, however, the anti-

biofilm activity of such nanocomposite was not explored [36]. To our knowledge, people have 

worked with nanocomposite consisting of chitosan, AgNPs and graphene oxide in colloidal or 

powders form and demonstrated an antibacterial activity against only liquid bacterial culture. 

Furthermore, Biofilm forming bacterial have more resistant due to formation of protective layer 

called extracellular polymeric substances (EPS) [3, 5].  Hence in the present study, we 

impregnated silver nanoparticles in GOns-Ch to improve the antibacterial activity and 

demonstrated that Ours GOns-Ch-AgNP works in dual mechanistic way in inhibiting the biofilm 

formation. Firstly, GOns-Ch-AgNP nanocomposite film has anti-adhesion property due to its 

surface hydrophobicity. Secondly, GOns-Ch-AgNP nanocomposite film have contact killing 

ability due to impregnated silver nanoparticles. Furthermore, GOns-Ch-AgNP nanocomposite 

film possess high tensile strength make it as a good candidate as coating material for industrial 

setup to inhibit biofouling.  

4. Conclusion 

In our present investigation, we fabricated four composite films by facile and environmentally 

friendly methods possessing of biofilm-inhibiting activity against both Escherichia coli and 

Bacillus subtilis to assess its ability in restraining biofouling. The various assays confirmed that 

all the composite films exhibited contact inhibition of bacterial growth to a different extent and 
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such growth was only found in the surrounding of GOns-Ch film, however it prevented 

adhesion of bacterial species over its surface. Despite that, ignorable growth was observed 

surrounding to the AgNP impregnated films (GOns-AgNP, Ch-AgNP & GOns-Ch-AgNP) 

which inferred that doping of AgNP plays an important role in capture killing of bacteria, thus 

hampers biofilm formation. Considering the properties such as excellent hydrophobicity, 

durability, and antibacterial activity, our GOns-Ch-AgNP composite film demonstrated strong 

anti-biofilm or biofouling properties which might be used as a promising surface coating material 

in various industrial set ups including biocidal paints and glass coatings as well as domestic 

setups to forbid biofouling. 
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