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Abstract 

We report an efficient and a simple synergistic antimicrobial therapy for lysing of pathogenic E. 

coli K12 MG1655 using layer-by-layer (LbL) films of graphene oxide (GO) and poly(allylamine 

hydrochloride) (PAH). Two kinds of antimicrobial therapies have been tested in this study. The 

first therapy involves the inherent antimicrobial property of GO studied by incubating the 

bacteria with glass slides coated with GO/PAH films up to 16 h (varying number of layers from 

20 to 80). The optical density (OD) measurements at 600 nm revealed that antimicrobial activity 

of the films increased with increase in number of layers, which can be attributed to increase in 

the roughness of the films and also the amount of GO in the films. The second therapy involves 

exploiting the photothermal property of GO by exposing the films to near-infrared (NIR) laser at 

1064 nm (Nd:YAG, 10 ns pulse, 10 Hz, 85 mW) for 15 min and incubation for 4 or 16 h. The 

photothermal therapy results revealed the enhanced antimicrobial activity compared to 

incubation of bacteria with films in the absence of NIR-laser for 4 or 16 h. The enhanced 

antimicrobial activity of GO/PAH films is because of the synergistic effect resulting from 

membrane-stress induced on bacteria by GO sheets and photothermal heating in the presence of 

NIR-light. Further, we have also performed fluorescence-based live/dead assay using confocal 

fluorescence microscopy to verify the viability of bacterial cells after incubating the bacteria and 

GO/PAH films with and without NIR laser. All the results suggest that the synergistic 

antimicrobial effect of GO/PAH films causes increased lysis of E. coli compared to the 

individual effects. 
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Introduction 

     In recent times, the development of  high efficient methods for killing multidrug-resistant 

bacteria have gained tremendous research interest, due to increase in the prevalence of antibiotic-

resistant bacteria.
1
 Development of alternative methods for killing pathogenic bacteria is one of 

the biggest challenges in biomedical research. Several nanotechnology-driven composite 

materials such as silver, copper, ZnO, MgO, TiO2, etc. have attracted enormous attention in 

antimicrobial applications over traditional antibiotic drugs.
2, 3

 More recently, near infrared (NIR) 

light guiding photothermal therapy (PTT) has been explored as an attractive alternative technique 

for killing of pathogenic bacteria. PTT involves generation of heat from the photothermal agents 

due to NIR-light exposure, which causes irreparable damage to the cell-membrane and 

eventually causing cell death.
4
 So far, various gold nanoparticles (NPs) 

2, 5, 6
 and carbon 

nanotubes (CNTs) based composite materials have been used for PTT.
7
 

   Currently graphene oxide (GO), a derivative of graphene, has received a great deal of attention 

and emerged as a key nanomaterial for various industrial and biomedical applications due to its 

superior mechanical and optical properties.
8, 9

 Because of its superior solubility and amphiphilic 

nature over native graphene, various potential applications of GO in biosensors, bio-imaging, 

drug/gene delivery have been investigated.
10-16

 In addition, GO
17

 and composites of GO with 

Ag,
17, 18

 TiO2,
19

  various polymers
20-23

 and dye
24

 demonstrate excellent antimicrobial properties. 

Further, based on the photothermal conversion ability of GO upon NIR light exposure,
25

 PTT for 

killing various tumour cells and pathogenic bacteria have been reported.
26-28

  

    Over a last decade, layer-by-layer (LbL)  self-assembly of polyelectrolytes for fabrication of 

thin films or hollow capsules has been a subject of intensive research for various biomedical 

applications (e.g. drug delivery, cell adhesive materials, etc.).
29

 Due to versatility in the LbL self-

assembly, various kinds of materials such as nanoparticles, dendrimers, charged small molecules, 

micelles, carbon nanotubes, fullerenes, etc. can be incorporated in the LbL films along with 

polyelectrolytes. By using hybrid LbL films, antimicrobial properties were imparted to the films 

by incorporation of antimicrobial peptides,
30

 Ag NPs,
31, 32

 and CNTs.
33

  Over the past few years, 

our group has utilized the unique advantages of GO by incorporating the same into LbL films for 

potential biomedical applications like dual-drug delivery and NIR light responsive drug release, 

etc.
10, 11, 34-37

 Thus, so far the two properties of GO i.e. photothermal therapy and antimicrobial 

property have been individually studied. It would be more interesting and versatile to combine 
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the antimicrobial and photothermal properties of GO in the form of LbL films for enhanced 

killing of pathogenic bacteria in a synergistic way. Moreover, these LbL films could be coated 

easily irrespective of the substrate unlike LB films. Langmuir-Blodgett (LB) films of GO have 

also shown antimicrobial properties.
23, 38

 More recently, Kim and co-workers have demonstrated 

an excellent sensitization method for bacteria by using highly flexible and hybrid LbL films of 

GO and 2D titanate nanosheets and these films displayed a complete sterilization of E. coli 

within 15 min.
39

 

   In this work, we have fabricated composite multilayer thin films of GO with polymer PAH by 

the LbL technique. Using these GO/PAH composite films, we have studied the antimicrobial 

activity of films with and without NIR-laser light (PTT) with E. coli culture as a model 

microorganism. By increasing the number of layers of films, antimicrobial activity was enhanced 

gradually. Photothermal killing of bacteria was achieved by exposing the films to a very low 

power pulse NIR-laser (Nd:YAG, 10 ns pulse, 85 mW). Finally, we observed that the synergistic 

antimicrobial activity obtained by combining the membrane stress induced by GO sheets and 

photothermal heating due to NIR-light exposure of GO resulted in more cell death when 

compared to the individual processes. 

    

2. Experimental Section 

2.1: Materials 

High purity graphite powder with average grain size 45 µm, PAH (Mw = 70 kDa) and KMnO4 

were purchased from Sigma-Aldrich and used without further purification. H2SO4, HCl, NaNO2, 

NaOH, NaNO3 and glass slides were purchased from SRL India. Water used in all the 

experiments was obtained from Milli-Q system with resistivity greater than 18 MΩ cm. Tryptone 

type – I, yeast extract powder and bacto agar were purchased from Hi-Media Labs. Sodium 

chloride, 1,4-diazobicyclooctane (DAPI), propidium iodide (PI) solution, glutaraldehyde, 

phosphate buffered saline (PBS) tablets were all purchased from Sigma-Aldrich and used 

without any further purification. Millipore water (18 MΩ resistivity) was used for 

rinsing/washing films. For pH adjustments, 0.1 M HCl/NaOH solutions prepared in DI water 

were used. 

2.2: Synthesis of exfoliated graphene oxide (GO) 
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The fully exfoliated GO was synthesized by using modified-Hummer’s method followed by 

ultrasonication.
40, 41

 Initially, 46 mL of H2SO4 (98%) was added to 2 g of graphite powder (45 

µm, Sigma-Aldrich) in a flask and stirred for 8 h, followed by addition of 6 g of KMnO4 slowly 

to above mixture while keeping the temperature below 20 
0
C. Next, distilled water was added to 

dilute the mixture and heated at 100 
0
C for 30 min. Then 350 mL of distilled water was gradually 

added and temperature was kept below 100 
o
C. Finally, the reaction was terminated by adding 20 

mL of H2O2 (30%) and 300 mL of distilled water. Slowly, the colour of the dispersion turned 

from dark brown to yellow. Several repeated centrifugations (8000 rpm for 25 min) were carried 

out to wash the mixture using 5% HCl and distilled water. The mixture was then subjected to 

dialysis to get rid of residual salts, acids and metal ions from the graphite oxide suspension. The 

exfoliated graphene oxide was obtained by ultrasonication (Soniclean, 160 HT, 170W, Australia) 

of the dialysed graphite oxide for 2 to 3 h. Finally, centrifugation (3000 rpm for 30 min) was 

carried out to remove any unexfoliated graphite oxide.    

2.3: Fabrication of LbL films of GO/PAH 

First, the glass slides were cleaned by sonicating for 10 min in a solution containing 2:1(v/v) 

ratio of isopropanol and autoclaved water. GO (0.5 mg/mL) and PAH (1 mg/mL) solutions were 

prepared in autoclaved water and adjusted to pH 6. The pH of autoclaved water was also 

adjusted to that of the individual solutions for rinsing purpose in between each layer deposition. 

The multilayer films of GO/PAH were deposited according to the method described by Decher 

and co-workers.
42

 The glass slides were dipped alternatively into PAH and GO solution for 30 

min and rinsed three times with autoclaved water in between each layer deposition. The desired 

number of layers were coated by repeating each deposition cycle. All the solutions (PAH, GO 

and autoclaved water) were maintained at pH 6 throughout the experiment. The final layer was 

GO in all the cases. 

2.4: Bacterial culture 

A single isolated colony of E. coli K12 MG1655 was inoculated in 5 ml LB (Luria – Bertani) 

medium and grown at 37 
o
C and 250 rpm overnight. The bacterial culture was centrifuged at 

6000 rpm for 10 minutes and the pellet was resuspended in PBS. The optical density was 

adjusted to 0.5 at 600 nm which corresponds to a concentration of 10
7
 CFU/ml. 

2.5: Antimicrobial activity of GO/PAH LbL films with E. coli culture  
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The thin film samples containing 20, 40 and 80 layers of GO/PAH were incubated in 15 mL of 

0.5 OD bacterial suspension at 37 °C and 250 rpm and OD was measured after 4 and 16 h of 

incubation. A similar set of samples were exposed to laser and the growth was assessed by 

measuring OD after 4 and 16 h of incubation with conditions as above with appropriate control.  

2.6: Photothermal therapy for killing the E. coli using GO/PAH films 

For laser treatment of the cells along with GO/PAH films, a pulsed NIR-laser light at 1064 nm 

wavelength (Nd:YAG, with 10ns pulses, 10 Hz,) with fixed power (85 mW) was used. The laser 

illumination was performed by irradiating the laser source on the samples with and without 

GO/PAH films for 15 min. Samples were covered by thin coverslips in order to minimize the 

evaporation of the medium. 

2.7: Live/Dead assay 

A fluorescence-based cell viability assay was carried out to assess viable bacteria qualitatively 

based on previously reported studies.
28, 43

 The cell suspensions treated with films for 4 h were 

exposed to propidium iodide (PI) (1 mg/mL) for 15 min to stain the dead cells with red 

fluorescence. The cells were then pelletized and washed with DI water. The live cells were then 

stained with DAPI for 5 min, which is a nucleic acid stain. The live and dead bacterial cells were 

visualized (under oil immersion 100X objective lens) with a confocal microscope (Olympus 

Fluorescence iX81). 

3. Characterization Techniques 

3.1: Scanning electron microscopy (SEM) 

Both treated and untreated bacteria cell suspensions were dropped on silicon wafers and fixed 

with 2% glutaraldehyde. Then, E. coli was subjected to sequential treatment of 30, 50, 70, 80, 90 

and 100% ethanol for dehydration. The dried samples were then sputter-coated with gold for 

imaging using scanning electron microscope equipped with field emission gun (FEI Sirion, 

Netherlands) at an operating voltage of 5 kV. The dried GO/PAH coated glass slide samples 

were coated with thin layer of gold before SEM analysis.  

3.2: UV-Visible-NIR spectrophotometry 

UV−visible-NIR absorption spectra of all the samples were measured on a Lambda 35 (Perkin-

Elmer) spectrophotometer. 

3.3: Confocal fluorescence microscope 
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The live/dead bacterial cells were visualized (under oil immersion 100× objective lens) with a 

confocal microscope (Olympus Fluorescence iX81). 

3.4: Atomic Force Microscope 

The atomic force microscopy (AFM) images of as exfoliated GO in the DI water suspension as 

well as prepared thin films of GO/PAH were taken with Nanosurf Easy Scan2 (Nanosurf AG, 

Switzerland) at room temperature. 

4. Results and Discussion 

4.1: Preparation of GO/PAH multilayer films 

     The fully exfoliated GO sheets were prepared using modified-Hummer’s method and 

characterized similarly to our previous reports.
10, 11

 Thickness measurement obtained from AFM 

(Figure S1, supplementary information) revealed that as prepared GO sheets contain one or two 

monolayers of GO in the aqueous suspension, since thickness of exfoliated sheets varied from ~1 

to 2 nm.
40

 The exfoliation of graphite oxide was also confirmed by TEM analysis as shown in 

Figure S2 (supplementary information). The excellent aqueous colloidal stability of GO aqueous 

suspension was supported by its high negative zeta potential (-34.0 mV). In the next step, LbL 

films were prepared by dipping the microscope glass slides alternatively into the suspensions of 

oppositely charged PAH and GO for fabricating thin films for depositing desired number of 

layers as demonstrated in the Figure 1. The coated films after each layer deposition were rinsed 

in autoclaved water to remove free or loosely adsorbed layer material. The driving force for the 

self-assembly of the GO/PAH layers onto negatively charged glass slide is the electrostatic 

attractive force exist between positively charged PAH and negatively charged GO at pH 6 as 

demonstrated in the GO/PAH hollow capsules synthesis.
10

 To confirm, whether PAH and GO 

were being deposited under the experimental conditions, UV-visible-NIR absorbance spectra for 

each sample (20, 40 and 80 layers) was obtained from 300 and 1100 nm as shown in Figure 

2A. The absorbance of the films did not increase linearly with increasing number of deposited 

GO/PAH layers (from 20 to 80). The irregular growth of the films could be attributed to the 

existence of gaps between the adjacently deposited GO sheets, or over-lapped patches and 

deposition of multiple GO sheets instead of monolayer GO as explained earlier in the case of 

LbL films of polyethylenimine(PEI)/TiO2 nanosheets.
44

 However, UV-vis-NIR results confirmed 

the regular stepwise growth of the films on the hydrophilic surface of the glass slides. The 

absorbance basically corresponds to GO, since PAH does not show any absorbance above 190 
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nm.
45

 As shown in Figure 2A, there is a progressive increase in the absorbance band at 305 nm 

for GO/PAH films by increasing the number of layers from 20 to 80. The strong absorption band 

at 305 nm was attributed to n→π
*
 transition of C=O bonds at the edges of GO as reported earlier 

in the case of GO/Poly(vinyl alcohol) LbL films.
46

 Since glass absorbs light in the UV region 

and gives spurious peaks, the spectrum below 300 nm was not recorded.  

 

Figure 1: Schematic illustration of fabrication of LbL self-assembled films of (GO/PAH)n and study of their 

antimicrobial activity of those films with and without exposure of NIR-laser light in E. coli cells. 

     The optical photographs of prepared GO/PAH films deposited on clean glass substrates are 

shown in Figure 2B. The films appear flat and their transparency decreases (become more 

darker since GO is dark brown in colour) with increasing number of deposited layers from 20 to 

80 indicating successful deposition of GO.
28

 The SEM images (Figure 3) of GO/PAH film with 

20 layers revealed its uniform and flat morphology, where GO sheets are visible on the surface 

as shown in high magnification images (Figure 3B). The morphology of the films and their 

thickness was characterized by AFM (Figure 4) which showed that the thickness of the films 

increased proportionally with increasing the number of layers from 20 to 80 layers.  
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Figure 2: (A) UV-visible-NIR spectra of the GO/PAH films (20, 40 and 80 layers) and (B) The optical images of 

GO/PAH films of 20, 40 and 80 layers respectively. 

 

Figure 3: Low and high magnification SEM images of GO/PAH films with 20 layers. 
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Figure 4: AFM images of the GO/PAH films (20, 40 and 80 layers) shown in A-C, respectively. 

4.2: Antimicrobial activity of GO/PAH films with E. coli  

     We selected E. coli K12 for antimicrobial studies, since it is known to be a multi-drug 

resistance bacterium.
47, 48

 It has been reported that E. coli K12 can grow in the presence of 1% 

sodium dodecyl sulfate as well as in several lipophilic antibiotics, such as penicillin G, 

erythromycin, fusidic acid, and rifamycin SV. In fact, a survey of recently reported antibiotics of 

natural origin showed that among those compounds which showed activity against gram-positive 

bacteria, more than 90% lacked activity at a useful level against E. coli.
48, 49

 In addition, 

Akhavan et al. reported that the gram-negative E. coli bacteria with an outer membrane were 
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more resistant to the cell membrane damage caused by GO than other pathogens lacking the 

outer membrane.
50

 They concluded that the more resistance of E. coli against the direct contact 

interaction with the nanowalls of GO as compared to gram-positive S. aureus could be assigned 

to the existence of an outer membrane in the structure of gram-negative E. coli and lack of such 

an outer membrane in the structure of gram-positive S. aureus. 

      The coated thin films with 20, 40 and 80 layers of GO/PAH were incubated in 15 ml of 0.5 

OD E. coli culture (~ 10
7
 CFU/mL) and absorbance was measured at 600 nm after 4 and 16 h 

incubation. From Figure 5, it can be seen that treating the bacterial culture with 20, 40 and 80 

layers of GO/PAH films for 16 h decreased the viability of the culture to 74, 33 and 27% 

respectively in contrast to 80% in the control samples without films. Treating the bacterial 

culture with 20 layer films for 4 hours did not show significant decrease in viable cells. 

However, 40 and 80 layer films decreased the viability of the cells to ~ 40 and 36% respectively. 

This indicates that the GO/PAH films have antibacterial activity at higher concentrations of GO. 

The morphology of the 16 h treated cultures was studied using high resolution SEM as shown in 

Figure 6A-6D. It was observed that the control and 20-layer film treated cells were intact 

(Figure 6A and 6B), whereas cells treated with 40 and 80 layer films showed a significant 

disrupted morphology as shown in Figure 6C and 6D respectively. These results clearly support 

the antimicrobial activity of GO/PAH films and their activity is enhanced by increasing the 

number of layers. There are three kinds of mechanism for explaining the antimicrobial activity of 

carbon nanomaterials including GO. 
33, 51, 52

 First one is via membrane stress induced by direct 

physical contact between the sharp-edges (nanoknifes) of GO sheets and bacteria cell walls 

resulting in membrane perturbation and release of intracellular contents.
53, 54

  Second one is by 

generating reactive-oxygen species (ROS) i.e. ROS-dependent oxidative stress
55

 and third is 

ROS-independent oxidative stress, which results in disrupting a specific microbial process.
51

 

However, a recent study on LbL films of GO/titanate sheets revealed that antimicrobial activity 

of these hybrid GO films was mainly due to the membrane stress, where ROS-independent 

oxidative stress was minor and ROS-dependent oxidative stress was completely absent.
39, 54

 In 

the case of GO/titanate sheets,
39

 there was irreversible destruction of bacterial cell wall. A 

similar of kind cell wall damage was observed after treating E. coli with GO/PAH films 

containing 40 and 80 layers as shown in Figure 6C and 6D, respectively. Thus, the sanitization of 

E.coli by GO/PAH films could be mainly because of  membrane stress caused on the cell walls 
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of bacteria, leading to damage of walls resulting in leakage of intracellular contents.
39, 53, 54

 In 

addition, the gradual enhancement of antimicrobial activity of GO/PAH films with increasing 

number of layers could be due to the increase in the surface roughness of films as well as GO 

content. As obtained from AFM (Figure 4 and roughness values were shown in Figure S3-S5, 

ESI), the surface roughness (RMS) of 7.36, 18.45 and 39.24 nm was measured for 20, 40 and 80 

layer films respectively. The increase in the roughness of films in turn offers facile adhesion of 

bacteria and enhances the antimicrobial activity of the films as explained previously for LbL 

films of GO/titanate nanosheets.
39, 54

  

 

Figure 5: Shows the survivability of E. coli on treating LbL films of GO/PAH (20, 40 and 80 layers) with and 

without 1064 nm laser exposure, where control (black colour plot) represents only bacteria without any GO/PAH 

films with and without laser exposure. 
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Figure 6: Shows SEM images of the control bacteria (A) and bacteria treated with GO/PAH films of 20, 40 and 80 

layers respectively were shown in (B), (C) and (D) respectively. (Scale bars represents 500 nm in all the images) 

   

In the next step, a similar set of 15 mL bacterial culture (0.5 OD) along with GO/PAH films (20, 

40 and 80 layers) were exposed to pulse NIR-laser (Nd:YAG, 10 ns pulses with power of 85 

mW) for 15 min and the absorbance was measured after 4 and 16 h incubation. As shown in 

Figure 5, after 16 h, 42% survivability was found in case of 20 layer films, while for 40 and 80 

layer samples no bacteria survived. Increasing the number of deposited layers from 20 to 80 lead 

to an increase in NIR-light absorption as shown in UV-visible-NIR spectra Figure 2, which 

resulted in generation of higher local heating compared to the 20-layer film. Thus photothermal 

therapy (PTT) carried out with 40 and 80 layer films showed much higher antimicrobial activity 

compared to 20-layer film. Even for 4 h incubation, the cell viability was 63% for 20 layer, 

whereas 40 and 80 layered films showed less than 10% viability. Moreover, the control sample 

of bacterial culture without films after exposing to NIR-laser (85 mW) for 15 min, did not affect 

the viability of the bacteria (~ equal to control sample without any films). The applied power of 

NIR pulse laser (85 mW) is much lesser than the power required to kill E. coli using pulse 
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Nd:YAG laser (~100 W).
56

 It clearly indicates that increased killing of bacteria by laser exposed 

film was because of photothermal effect of GO present in GO/PAH films.
25, 28

  

 

Figure 7: Shows SEM images (A) laser control bacteria and (B) to (D) show bacteria after NIR laser irradiation for 

15 min using 20, 40 and 80 layer films respectively. (Scale bars represents 500 nm in all the images). 

 

       The incident laser light absorbed by GO/PAH films caused a local rise in temperature of 

more than ~ 100 °C within 15 min exposure, which was measured using a digital thermometer by 

immersing the thermometer into the falcon tube containing the GO/PAH films. For comparison, 

the temperature of ultrapure water treated with the same irradiation condition was also recorded 

and negligible heating of the solution without GO/PAH films was observed. The increase in the 

temperature could denature the enzyme and could inhibit necessary intracellular reactions, 

damage proteins and lipids on the cell membrane, and finally lead to bacterial death.
28

 It is 

known that carbon allotropes such as graphene, GO and CNTs possess excellent photothermal 
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conversion ability under NIR-light exposure. GO has a higher photothermal conversion ability 

than CNTs.
28

 The morphology and membrane integrity of E .coli cells with and without the NIR-

laser exposure were examined by electron microscopy (Figure 6-7 and Figure S6). SEM images 

revealed that every bacterial cell membrane was disrupted indicated by the white arrows in both 

the Figures (6 and 7). When compared to the cells in the absence of NIR laser (Figure 6), the 

NIR-laser exposed cells clearly showed more damage to the cell-membrane as highlighted with 

white arrow marks (Figure 7). This cell-membrane damage could be due to bubble formation and 

photothermal disintegration.
28

 In addition, there is a clear difference between the morphology of 

the cells treated with NIR-laser (Figure 7) and films alone as shown in Figure 6.  Over all, the 

faster and better efficient killing of bacteria by GO/PAH films with help of NIR-laser treatment 

was attributed to the synergistic antimicrobial activity causing by the photothermal effect of GO 

sheets due to NIR laser irradiation and the mechanical stress induced by GO sheets. Since the 

bacteria was in physical contact with GO/PAH films for 4 or 16 h even after NIR-laser exposure 

for 15 min, there could be mechanical stresses induced onto bacteria in addition to photothermal 

heating by GO. Therefore, we believe that the efficient lysis of bacteria in the presence of NIR-

laser could be the synergistic antimicrobial effect. On other hand, antimicrobial activity of PAH 

along could be negligible, since PAH can have antimicrobial activity against E. coli only at 

concentrations above 2.0 mg/mL in solution.
57

 However, in the form of films with poly(acrylic 

acid), (PAH/PAA) showed negligible antimicrobial activity against S. epidermidis.
58
 Thus, the 

antimicrobial activity of GO/PAH films is attributed primarily due to the presence of GO, which 

induces membrane stress or photothermal heating in the presence of NIR-laser. In addition, LbL 

films of GO can be fabricated with other cationic polymers like PEI. For instance, GO/PEI 

composite also showed good antimicrobial activity against S. aureus cells.
51

  

4.3: Live/Dead assay 

      We further performed fluorescence-based live/dead assay to verify the viability of bacterial 

cells after incubation with GO/PAH films with and without pulse NIR-laser irradiation using 

confocal fluorescence microscope and results are shown in Figure 8. We carried out this 

fluorescence-based cell viability assay to verify the bacterial survivability based on the 

previously reported works. Elimelech and co-workers applied similar fluorescence dye methods 

to study the antimicrobial activity of SWCNTs and MWCTs,
43,59 

and more recently Ling et al. 

also utilized the same method to check the antimicrobial activity of GO.
28

 Membrane-
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impermeant propidium iodide (PI) labels dead bacteria with red fluorescence, whereas 

membrane-permeant 4′-6-diamidino 2-phenylindole (DAPI) labels live bacteria with blue 

fluorescence.
28, 43

 PI can only enter through damaged bacteria membranes and will be converted 

to a strongly red fluorescent dye through intercalating DNA.
4
 On viewing through a fluorescence 

microscope, it was observed that most of the cells exposed to 40 and 80 layer films (Figure 8C 

& 8D) were stained red indicating that the PI dye penetrated inside the damaged cells while the 

20 layer film (Figure 8B) treated samples had very few cells stained in red. The control sample 

(Figure 8A) however did not show any uptake of PI. It was also observed that the samples 

subjected to laser exposed films of 20, 40 and 80 layer (Figure 8F-H) showed an increased 

uptake of PI dye (red colour). These results are indicative of the physical disruption of the 

bacterial membrane by the GO/PAH films and consistent with that of the survival rates shown in 

Figure 6 and 7. 

 

Figure 8: Confocal fluorescence microscope images of E. coli after treatment with (A) absence of GO/PAH films 

(B) to (D) shows the 20, 40, 80 layer films respectively and NIR-laser treated samples (E) laser light without films 

and (F)-(H) represents laser treated samples of 20, 40 and 80 layers respectively. (Scale bar in all the images 

represents 5 µm)  
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5: Conclusions 

    In summary, we have reported the first study on synergistic antimicrobial therapy for effective 

killing of E. coli by combining the intrinsic antimicrobial activity of GO sheets via induced 

membrane stress and the photothermal heating by GO due to NIR-laser exposure in the form of 

GO/PAH LbL multilayer films. GO/PAH composite films showed antimicrobial activity towards 

E. coli and their antimicrobial ability was enhanced by increasing the number of GO/PAH layers. 

The photothermal activity of these films showed an excellent sanitization efficiency with very 

low power NIR-pulse laser (Nd:YAG, 10 ns pulse, 85 mW) for 15 min. Finally, we have 

concluded that the synergistic antimicrobial effect (membrane stress + photothermal heating) 

caused more cell death as compared to only membrane stress inducing by incubation of GO/PAH 

films with bacteria. Thus, we strongly believe that these GO/PAH composite films system could 

be used for effective and efficient sanitization of other pathogenic bacteria. Further, these 

GO/PAH films can be coated as antimicrobial coatings over the any biomedical devices or 

implants or consumer products irrespective of their size and shape because of versatility of LbL 

films. In addition, the biocompatibility of graphene oxide/ PAH system makes it more beneficial 

for biomedical devices. In our future perspectives, we intend to test the sanitization of other 

bacteria and fungi with these GO/PAH films. 
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Graphical Abstract 

 

Simple and high-efficient synergistic antimicrobial coatings based on graphene oxide, which could be coated on 

any substrate irrespective of shape 
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