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                                              Abstract 

 

 In recent years, carbon-based nanomaterials have advanced significantly in terms 

of synthesis and chemical modifications for diverse applications in nanotechnology. 

Among the carbon-based nanomaterials, single-walled carbon nanotubes (SWNT) and 

graphene oxides (GO) have been attracting researchers’ interest due to their unique 

electronic and physicochemical properties. On the other hand, studies focusing on the 

understanding of their toxicological properties and potential antimicrobial applications 

are still in their infancy. The major barriers for such applications are their poor dispersion 

in most mediums, high cost and high cytotoxicity towards mammalian cells.  

In this study, we overcome these limitations by incorporating only 3% (weight %) 

of these nanomaterials into aromatic polymer matrices of poly-vinyl carbazole (PVK) to 

improve their dispersion and antibacterial effects. The higher antimicrobial effects of 

PVK-SWNT and PVK-GO nanocomposites were attributed to a better contact of the 

nanomaterial with the bacterial cells by enhanced dispersion of the nanomaterial in the 

polymer matrix. The antimicrobial property of theses nanocomposites was observed on 

free swimming cells and on biofilms in solutions and coated surfaces, respectively. 

Cytotoxic effects of PVK-SWNT nanocomposite to mammalian cells was also found to 

be minimal due to low amount of the nanomaterial (only 3%) in the nanocomposite, 

which is promising in terms of applications where humans can be exposed to these 

nanomaterials, such as biomedical devices and water treatment systems. Furthermore, 

nanomaterials, such as SWNT and GO, were also demonstrated to be effective in 

removing biofouling agents, like protein, from aqueous solutions. GO exhibited the 



ix 

highest protein sorption capacity (~500 mg protein/g nanomaterial). The adsorption 

phenomena were found to be dependent on the surface charge of the nanomaterial and 

solution chemistry. Besides investigating the potential applications for these 

nanomaterials, their fate and impact in the environment were investigated. Acute 

exposure of GO to wastewater microbial communities involved in the carbon, nitrogen 

and phosphorous biogeochemical cycles was investigated. A dose dependent inhibitory 

effect of GO was observed on the wastewater microbial metabolic activity. Furthermore, 

GO was found to adversely affect the bioremoval of carbon, nitrogen and phosphorus in 

the wastewater treatment process at concentrations as low as 10 mg/L.   
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Chapter 1 Research Hypothesis and Literature Review 

 1.1 Research Hypothesis 

There has been significant development in synthesis and applications of different 

types of nanomaterials with the advancement of nanotechnology. One of the most 

promising class of nanomaterials is the carbon-based nanomaterials, which possess 

unique properties compared to their bulk counterparts; therefore, they have various 

potential applications [1]. All carbon-based nanomaterials are essentially derived from 

graphene, which is a single layer of carbon atoms arranged in a 2-dimensional honey-

comb lattice [1].  

In recent years, broad groups of graphene-based nanomaterials have been 

synthesized, either by different physical orientation (like carbon nanotubes) or surface 

functionalization (graphene oxide) or both. Among all the carbon-based nanomaterials, 

we evaluated in this study mainly graphene oxide (GO) and single-walled carbon 

nanotubes (SWNT) for their significant antimicrobial and adsorption properties. Up to 

date, several studies demonstrated inhibitory effects of carbon-based nanomaterials on 

pure bacterial cultures [2-5]. The two main common mechanisms of toxicity were 

hypothesized to be cell membrane damage via direct physical contact with the 

nanomaterials, and oxidative stress via production of reactive oxygen species (ROS). In 

general ROS are oxygen containing chemical species (O2
-
, OH

-
 and H2O2) with reactive 

chemical properties, which can interact with cell membrane and cell organelles [6]. 

Although these nanomaterials possess significant toxic effects towards various 

microorganisms, the investigation of their applications as antimicrobial agents is very 

limited. The major challenges for the wide application of these nanomaterials are that 
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some of these nanomaterials present high mammalian cell cytotoxicity, high cost, and 

lack of dispersion in most polar solvents (especially for SWNT). However, cytotoxic 

properties can significantly be reduced by incorporating the carbon-based nanomaterials 

into biocompatible polymers. The polyethylene glycol (PEG) and other polymers mixed 

with SWNT and GO were reported to be able to penetrate mammalian cells without 

damaging the plasma membrane, and their accumulation did not show significant toxic 

effect on the cell cycle [7-9]. Therefore, it was hypothesized that successful dispersion of 

GO and SWNT in a biocompatible polymer may be a promising way to reduce 

mammalian cytotoxicity and at the same time produce an antimicrobial material.  

Although numerous studies have demonstrated antimicrobial properties of carbon-

based nanomaterials on pure bacterial cultures, their effects on diverse groups of 

environmental microorganisms are mostly unknown. Because of the possibility of wide 

applications and the likelihood of large-scale production, it is highly likely that carbon-

based nanomaterials will find their way into the environment and, as a consequence, may 

impact it negatively.  In both natural and engineered (wastewater treatment plants) 

aquatic systems, diverse microbial communities carry out degradation of organic matter, 

remediation of toxic or carcinogenic compounds and removal of excess nutrient  

(nitrogen and phosphorus) by biogeochemical cycles, to reduce the pollution of receiving 

waters . Considering the toxic effects on pure culture, it can be hypothesized that 

carbonaceous nanomaterials may also affect microbial communities in natural and 

engineered aquatic systems. In a recent study, it was found that single walled carbon 

nanotubes (SWNT) can differentially impact microbial communities in activated sludge 

processes and adversely affect treatment efficiency  [10]. Hence, it is necessary to extend 
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the antimicrobial study from pure culture microorganisms to diverse microbial 

communities found in natural aquatic systems and wastewater treatment plants. The 

understanding of environmental toxicity of nanomaterials is essential to help designing 

better and safer nanomaterial-based products and to determine safe ways to dispose them 

in the environment.   

  In my research work, both implications and applications of carbon-based 

nanomaterials were investigated. More precisely, I investigated single-walled carbon 

nanotubes (SWNT) and Graphene Oxide (GO) and their polymer (poly-N-vinyl 

carbazole, PVK) based nanocomposites in terms of toxicity, cytotoxicity and possible 

applications. The main goals of this research study were: (a) Investigation of the toxicity 

mechanisms of nanomaterials and nanocomposites on pure bacterial culture; (b) 

Application of nanomaterials and nanocomposites for biomedical and water treatment 

applications. (c) Investigation of the effects of nanomaterials on microbial communities 

involved in the biogeochemical cycles of wastewater treatment.  

The main hypotheses behind my study are: 

Hypothesis 1 

Nanocomposites, with small load of carbon-based nanomaterials in a 

biocompatible aromatic polymer matrix, will improve dispersion of SWNT and GO, 

reduce cytotoxic effects, but still maintain the antimicrobial properties. 

Hypothesis 2 

Carbon-based nanomaterials and nanocomposites deposited on surfaces maintain 

identical antimicrobial properties as their counterparts dispersed in solutions.  
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Hypothesis 3 

Unregulated environmental disposal of antimicrobial SWNT and GO can pose a 

threat to the biological functions of different microbial communities found in wastewater 

treatment.  

This dissertation is divided in literature review of carbon-based nanomaterials 

(Chapter 1); synthesis and characterization of SWNT and GO nanocomposites, as well as 

their antimicrobial applications in suspension and on coated surfaces (Chapter 2 and 3). 

In Chapter 4 and 5, their anti-microbial and anti-fouling characteristics are applied for the 

development of anti-microbial coated membranes filters and as adsorbent for the removal 

of biofouling agents, such as proteins, respectively. Lastly, in Chapter 6, the effects of 

GO on biogeochemical cycles in wastewater treatment plant is presented.



 

5 

 

1.2. Carbon-Based Nanomaterials 
 

 Nanomaterials are defined as particles ranging from 1 to 100 nm. Their unique 

thermal, mechanical, electrical and biological properties are currently applied across 

physics, chemistry and biological fields [1]. Carbon-based nanomaterials are of carbon 

origin and share the same bonding configurations as macroscopic carbon structures, but 

their properties and morphology are dominated by the stability of select resonance 

structures rather than the bulk averages of their crystalline forms. The physicochemical 

configurations and properties are strongly related to carbon’s structural conformations 

and thus hybridization state [11]. Depending on the bonding relationships with 

neighboring atoms, the carbon atoms can hybridize into different configurations and form 

various carbon-based nanomaterials with different structures [1, 11]. The most studied 

carbon-based nanomaterials are single-walled carbon nanotube (SWNT), fullerene, 

graphene (G), graphene oxide (GO), and nanodiamonds (Figure 1). In this chapter, we 

will concentrate our discussions mostly on SWNT, G and GO. 

 

 

   Figure 1.1. Examples of carbon-based nanomaterials. 
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1.3. Synthesis of SWNT, G and GO 
 

There are several methods for synthesizing different carbon-based nanomaterials. 

Here we will discuss some methods for synthesizing SWNT, G and GO. 

The basic small scale methods for synthesizing SWNT are arc discharge and laser 

ablation, which utilizes carbon rod and graphite rod, respectively, as a source of carbon. 

In the arc discharge method, direct current vaporizes the surface of one carbon rod and 

forms SWNT deposits on another carbon rod. In the laser ablation method, a pulsed laser 

is used to vaporize graphite inside a reactor and the vapor is cooled to form SWNT [12]. 

Both of these methods produce limited quantities of SWNT with high quality. For large 

scale production, Chemical Vapor Deposition (CVD) is the most widely used method for both 

SWNT and G. In this method, either Co or Ni is usually used as the substrate. These substrates 

are heated at 700-1000°C and hydrocarbon gas is injected as the source of carbon for the 

synthesis of these nanomaterials. In this method physical properties, like the thickness and 

number of layers, can be controlled by the concentration of the hydrocarbon gas and the reaction 

conditions. This method can produce large quantities of nanomaterials but with metal and catalyst 

impurities [11, 12]. 

A common method for synthesis of G is through mechanical or chemical 

exfoliation. In mechanical exfoliation, a graphite sheet is broken down to 5 µm thick 

sheets with plasma. The sheets are then stuck on a photoresist and peeled off layer by 

layer with scotch tape. The thin layer left on the photoresist usually is a single or a few 

layers of graphene. The process produces very low yields of graphene sheets. On the 

other hand, chemical exfoliation involves reaction with solvents like N-methyl-
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pyrrolidone or surfactants like sodium dodecylbenzene sulfonate and sodium cholate. 

Usually G solutions in these solvents or surfactant tend to be quite stable as the surfactant 

coats G sheets, which make the sheets repeal each other to allow them to be well 

dispersed. Further purification can be achieved with density gradient ultracentrifugation 

(DGU). The disadvantages of this process are the high costs and high boiling points of 

the solvents [1]. 

In recent years, modified Hummers method has become the most common 

synthesis method for production of GO and G. Generally graphite flakes are highly 

oxidized with concentrated sulfuric acid or potassium permanganate to form graphite 

oxide. Graphite oxide is highly oxygenated with OH
-
 and COOH

-
 groups which make it 

hydrophilic. In water, graphite oxide readily exfoliates and yields a stable suspension of 

single layered GO. Graphene oxide can be further reduced with agents like Hydrazine or 

sodium borohydrate to produce graphene [1]. 

1.4. Characterization Techniques  
 

Optical imaging is the most common used method for characterization of 

nanomaterials. Optical imaging techniques include atomic force microscopy (AFM), 

scanning electron microscopy (SEM), and transmission electron microscopy (TEM). 

Most often, two or more methods are applied simultaneously for complete visual imaging 

and physical evaluation of thickness and size of the nanomaterial. Usually, AFM provides 

a topographical contrast image of the nanomaterial and determines the thickness of the 

nanosheets, such as G. SEM and TEM are obtained by passing an electron beam through 

the ultrathin nanomaterials to produce an image with atomic scale resolution [1, 11]. 
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Raman spectroscopy, on the other hand, is used frequently to identify any specific 

carbon-based nanomaterials in terms of its characteristic spectra [13]. Every band in the 

raman spectrum corresponds to a specific vibrational frequency of a specific bond in the 

molecule. The vibrational frequency depends on the orientation of the band and the 

weight of the atoms in that bond [1, 14]. Raman spectroscopy is often used to determine 

the defects and alignment of carbon-based nanomaterials like carbon nanotubes. Another 

method to investigate the quality of the nanomaterial and the presence of impurities from 

byproducts or catalyst are the thermo gravimetric analysis (TGA). In the TGA, materials 

undergo a gradual increase in temperature and the variation of mass is determined as a 

function of temperature. The important parameters in a TGA curve are the oxidation 

temperature and residual mass. TGA is often used to determine the purity and thermal 

stability of synthesized carbon-based nanomaterials [15].  

In some applications, carbon-based nanomaterials can be modified with functional 

groups or blended/modified with polymers to enhance or modify the original properties 

of the nanomaterial and/or the polymer. The presence and intensity of such functional 

groups and characteristic bonds of polymers are usually examined by Fourier transformed 

infrared spectroscopy (FTIR), UV-vis absorption measurements (UV-vis) and X-ray 

photoelectron spectroscopy (XPS) [1, 14, 16]. FTIR is used to qualitatively determine the 

functional groups and also the chemical structure of functionalized nanomaterials. UV-

vis is used to quantitatively determine highly conjugated compounds like graphene, 

graphite, electroactive polymers or conjugated polymer networks [17]. XPS is a surface 

chemical analysis technique to determine quantitatively elements present on a surface, as 

well as their chemical and electronic states. For carbon-based nanomaterials, it is often 
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used to quantitatively determine the concentration of carbon and oxygen groups after 

functionalization [18].  

1.5. Brief Descriptions of the Carbon-Based Nanomaterials Presented in 

This Work  

1.5.1. Graphene (G) 

 

Graphene, the building block of graphite, is a one-atom-thick planar sheet of sp
2
-

bonded carbon atoms densely packed in a honeycomb crystal lattice. Graphene possesses 

excellent electrical conductivity, mechanical flexibility, optical transparency, thermal 

conductivity, and low coefficient of thermal expansion. However in most applications, 

achieving single layer graphene can be challenging due to agglomeration or re-stacking 

as graphite by pi-pi stacking or van der Waals forces. This problem can be tackled with 

surface functionalization, which converts hydrophobic surfaces to hydrophilic. The 

presence of these groups prevents the aggregation by polar-polar interactions or by their 

bulky size. The thickness of the graphene layer has been reported to be between 0.35 nm  

and 1.0 nm [1]. 

1.5.2. Graphene Oxides (GO) 

Pristine graphene is not suitable for many applications; therefore surface 

modifications are necessary, which can be attained by functionalization of graphene 

sheets. Proper functionalization generally prevents agglomeration of graphene sheets in 

aqueous systems and at the same time can retain some of graphene’s inherent properties. 

Usually functionalized graphene with hydroxyl, epoxide, diol, ketone, and carboxyl 

functional groups, are called GO. The presence of these groups significantly alters the 
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Van der Waals force and dispersion of this material in water and various organic 

solvents. Among many chemical synthesis processes of GO from natural graphite, the 

modified Hummers method is the most widely used [1, 19].  

1.5.3. Single-Walled Carbon Nanotube (SWNT) 

Carbon nanotube can be described as the cylindrical form of a graphene sheet. 

The diameter usually is nanoscale while the length is microscale. SWNT is one of the 

most investigated carbon-based nanomaterials, hence their synthesis techniques and 

properties are well-established. SWNT can have a metallic, semi-metallic and semi-

conducting behavior. SWNT particles are highly hydrophobic and tend to agglomerate. 

However it is possible to achieve good dispersion of SWNTs in aquatic media by surface 

modification and debundling via sonication. SWNT are considered to be one of the most 

utilized carbon-based nanomaterials with applications in bioengineering, electronics, and 

packaging industries [11]. 

1.5.4. Carbon-Based Nanocomposites 

Due to potential of various applications, in recent years, many researchers have 

successfully synthesized carbon-based nanocomposites. In most cases, nanocomposites 

are mixtures of small loads of carbon-based nanomaterials in a bulk volume of polymeric 

materials [1]. Essentially in all nanocomposites, nanomaterials or their derivatives are 

used as filler material [1, 20]. Due to the progress in manufacturing of nanomaterials in 

bulk volumes, there has been growing interest in synthesizing nanocomposites for 

specialized industrial applications. However major challenges still remain in terms of 

homogenous dispersion of nanomaterials, effective mixing of nanomaterials with the 
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polymer and ensuring the physical integrity of the nanomaterials inside the polymeric 

matrix. To achieve better dispersion of the carbon-based nanomaterials within the 

polymeric matrix, various surface functionalization methods have been adopted. Often, 

appropriate functional groups are selected to maximize the interfacial interaction between 

the polymeric matrix and the nanomaterial [21, 22].  

The most common nanocomposite synthesis techniques include solution blending, 

melt mixing, and in situ polymerization [1, 20]. In the solution blending method, the 

polymer is dissolved in a suitable solvent which is later blended with a well dispersed 

nanomaterial, e.g. graphene, graphene oxide or SWNT, and subsequently the solvent is 

removed from the suspension. During the blending process, the polymer wraps the 

nanoparticles and interconnects the nanoparticles inside the matrix [1, 23-25]. The 

disadvantage of this process is mainly the use of toxic solvents.  In the melt mixing 

process, the polymer is liquefied at high temperatures and then mixed to the 

nanoparticles. This procedure allows the dispersion of the nanoparticles in the 

nanocomposite. However, the high temperature used in this process can reduce the 

functional groups on the nanomaterial surface, hence potentially reducing the interfacial 

bonding with the polymer. In the case of the in situ polymerization process, nanoparticles 

are mixed with the monomers and the resultant mixture is subsequently polymerized to 

produce the nanocomposite. Presence of functional groups increases the initial dispersion 

of nanoparticles and hence their homogeneous distribution in the final nanocomposite. In 

nanocomposites, the interaction between the polymer and the carbon-based nanomaterial 

can be either non-covalent or covalent [20, 26]. The non-covalent interaction involves 

physical adsorption and/or wrapping of the polymer to the surface of the nanotubes. In 
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the case of carbon-based nanomaterials, such as the nanotubes or graphene sheets, some 

polymers, specially aromatics, will form pi-pi stacking with the polymer, other can have 

Van der Walls or electrostatic interactions [20]. In the covalent bonding, a strong 

chemical bonding occurs between polymers and the functional groups present on the 

surface of the nanomaterial.  

The incorporation of nanomaterials into a polymer matrix can bring new 

properties to the nanocomposites. In the case of carbon-based nanomaterials, their unique 

stiffness and conductivity can significantly enhance the mechanical strength and 

electrical conductivity of the polymer when incorporated in it. For example, 

incorporation of only 0.7 wt% of GO sheets into polyvinyl alcohol (PVA) has shown to 

improve its mechanical strength by ~70% [23]. Some of the most common polymers used 

in nanocomposite synthesis include polyacrylic acid (PAA), polyethylene glycol (PEG), 

polyethylene terephthalate (PET), polypropylene (PP), polyvinyl alcohol (PVA) and poly 

vinylidene fluoride (PVDF) [20].  Overall, the incorporation of small loads of 

nanoparticles inside the polymer matrix generates nanocomposites with exceptional 

electrical and thermal conductivity, mechanical strength and stability. These light weight 

and high strength materials have found applications in automotive, aerospace, electronics, 

packaging and biomedical industries [1, 20]. 
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1.6. Important Physicochemical, Toxic and Cytotoxic Properties  

1.6.1. Physicochemical Properties 

Diameter, length, shape, and material purity of the nanomaterials are important 

factors to attain different properties in the nanomaterials [27]. The very narrow 

diameter/thickness and long tube/sheets that many nanomaterials possess, like SWNT or 

G, leads to high aspect ratio. Hence, nanomaterials have very high surface area to volume 

ratio, which makes them significantly more advantageous for many applications than 

their macro or micro-scale counterparts [28]. For instance, this property is essential for 

applications as sorbent or scaffolding material [28, 29]. The application as a sorbent, 

however, is affected by the nanomaterial aggregation state, which is highly dependent on 

solution chemistry [30, 31]. The aggregation behavior is related to hydrophobicity, 

electrostatic and Van der Waals interactions among nanomaterials and/or between 

nanomaterials and other compounds in solution. In terms of solution chemistry, pH and 

ionic strength are the two most important parameters. The stability of the nanomaterial in 

aqueous suspension is strongly dependent on the pH. Change of pH from acidic to basic 

was found to dissociate the functional groups on the nanomaterial surface; and hence 

reducing the attachment efficiency. On the other hand, increase in ionic strength (Na
+
, 

Ca
2+

) was found to reduce the electrostatic repulsions between the nanomaterials and 

therefore increasing the attachment efficiency [31].  

1.6.2. Anti-microbial Properties of Carbon-Based Nanomaterials 

The physicochemical properties of the nanomaterials have also been demonstrated 

to enhance or reduce their anti-microbial properties. The most common parameter for the 
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nanomaterial toxicity to microbes has been reported to be their nanoscale size [2]. In 

addition, their shape, specific surface area, chemical composition and surface structure 

have also been demonstrated to play an important role in toxicity [32, 33]. Although 

available surface area is a function of particle dispersion or agglomeration in the medium 

and the dispersion is dependent on the solution chemistry where the nanomaterial is 

found. It has been established that the larger the surface area of an individual 

nanomaterial the higher will be the contact area with the microbial cells [2, 30, 34].  

For instance, dispersed nanotubes were reported to have significantly more toxic effects 

to cells than the aggregates [35, 36]. Carbon-based nanomaterials are synthesized in 

different shapes, i.e., tubes, sheets, spheres, and this shape factor can affect their 

deposition and their interaction with microorganisms [33, 37]. In the case of rod shaped 

nanomaterials, like SWNT, it was found that the diameter of the nanotubes is a key factor 

for its antibacterial properties. It was demonstrated that in the presence of small diameter 

nanotubes, bacteria produces more stress related gene products than in the presence of 

larger diameter nanotubes [2]. Similarly, sharp edges of graphene or graphene oxide 

sheets were described to physically damage and inactivate bacterial cells [38].  

In addition of the size of the nanomaterial, the cell contact time with the 

nanomaterial has also been demonstrated to increase their antimicrobial effects [39-41]. 

Several studies have demonstrated time dependency antimicrobial effects of 

nanomaterials on both pure culture and environmental bacteria. Antimicrobial studies 

with SWNT, GO and their polymeric nanocomposites demonstrated significant increase 

in toxicity toward both Gram-positive and Gram-negative bacteria with increase of 

incubation period from 1 h to 3 h [5, 40]. It was also observed that for Gram-positive 
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bacteria longer exposure was needed to cause significant antimicrobial effects [40].  

Similarly, a study investigating the impact of functionalized SWNT on soil microbial 

community showed major impacts to the microbial community functionality after 3 d 

exposure to SWNT. The longer the incubation period the worse was the impact to the soil 

community and the biogeochemical cycle of nutrients in the soil  [42]. 

Antimicrobial effects of carbon-based nanomaterials were not only found to be 

dependent on the physicochemical properties of the nanomaterials and the exposure time, 

but also dependent on the bacterial cell wall characteristics. Several studies have shown 

Gram-positive bacteria, which possess thicker peptidoglycan, is more resistant to the anti-

microbial properties of nanomaterials than Gram-negative bacteria [36, 40]. Besides the 

bacterial cell wall structure, other bacterial properties, such as  ability to form spores and 

unique cell injury repair mechanisms of some bacteria were hypothesized to explain the 

different tolerances of bacteria to nanomaterials [4, 43, 44]. 

Most of the investigations so far have been against diverse groups of planktonic 

microorganisms including bacteria (both Gram-positive and Gram-negative), protozoa, 

and viruses [45-50]. Few studies have shown that SWNT and GO-coated surfaces 

significantly inhibit bacterial biofilm formation, such as E. coli and B. subtilis [5, 40, 41] 

[41]. On the other hand, toxicity studies of graphene and graphene oxide is still very 

limited when compared to carbon nanotubes. Recently, few studies have shown that like 

carbon nanotube, graphene also possess antibacterial properties, but the toxicity 

mechanisms might be different [5, 38, 51, 52]. The two most common hypothesized 

mechanisms for SWNTs are physical damage of cell membranes and production of 
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harmful reactive oxygen species [2, 4, 40, 53-55]. In the case of the nanotubes, the cell 

membrane damage was derived by direct cell contact with the nanomaterials. In this 

mechanism, SWNT was found to have direct physical interaction with cellular materials 

and cause cell injury and death [33, 56]. Similarly, sharp edges of G and GO were 

reported to cause damage to bacterial cell membrane and induce cell death [38, 57]. 

Additionally, unlike carbon nanotubes, GO sheets were described to wrap around the 

bacterial cells and isolate them from their environment, preventing them to grow [5, 38]. 

In general, the main mechanisms behind toxicity of all the carbon-based nanomaterials 

have been described to be physical membrane damage and oxidative stress t [38, 53, 57, 

58]. In the presence of carbon-based nanomaterials, production of reactive oxygen 

species (ROS), like O2
-
 and  H2O2, was demonstrated and reported to cause toxicity 

toward bacterial cells [53, 57]. Excessive ROS can oxidize the fatty acids in the cell 

membrane and damage the cell permeability, which will affect essential cell functions 

[37, 58].  

Overall, from the antimicrobial studies it is evident that carbon-based 

nanomaterials can induce toxicity to both Gram-positive and Gram-negative bacteria in 

pure culture and in environmental conditions. The antimicrobial effects were attributed to 

the physicochemical characteristics of the nanomaterial as well as the experimental 

conditions like contact time and solution chemistry. The principal antimicrobial 

mechanism was reported to be cell membrane damage via physical contact with the 

nanomaterials and oxidative stress. 
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1.6.3. Cytotoxic Properties 

Besides the antimicrobial properties of nanomaterials, the cytotoxic effects of 

carbon-based nanomaterials on different types of mammalian cells have been extensively 

investigated. As observed in antimicrobial studies, size and shape of nanomaterials also 

found to play an important role in their cytotoxic properties. A comprehensive study 

investigating the correlation of GO size with its cytotoxicity showed that smaller 

nanosheets were capable of causing much higher cytotoxicity than larger sheets [59]. In 

vivo toxicological studies of GO using mice shows its accumulation in kidney and lung 

tissues and only 0.4 mg was found to be of lethal dose. 

 Several studies demonstrated the effects of dose and contact time on cytotoxic 

effects of nanomaterials. The first published cytotoxicty study was done on human 

epidermal keratinocytes cells exposed to SWNT concentrations between 0.06-0.24 mg/ml 

for 18 h. Significant loss of cell viability and morphological changes were described to be 

caused by oxidative stress [54]. Similarly, cytotoxicity effects of multi-walled carbon 

nanotube (MWNT) were also confirmed with human epidermal keratinocyte cells. Dose 

and time dependent cytotoxic effects were observed and accumulation of MWNTs inside 

the cells were demonstrated [60]. This study further demonstrated that purified MWNT 

still presented cytotoxicity, which suggested that the presence of metal catalysts were not 

responsible for the cytotoxicity of the nanomaterial. Other studies also investigated the 

cytotoxic effects of the aggregation state of the nanotubes. In one study, MWNT were 

homogenized by a grinding process to make the tubes more available to the macrophage 

cells as compared to unground aggregated nanotubes. This higher nanotube dispersion 
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increased the cytotoxicity and cell inflammation [61]. A comparative study with 

macrophages showed that the cytotoxic properties of SWNT are more pronounced than 

MWNT. However both SWNT and MWNT were found to cause significant loss in cell 

viability [62]. 

Similar to nanotubes, cytotoxic effects of GO was also found to be dose and time 

dependent. GO nanosheets were demonstrated to exhibit cytotoxicity to human fibroblast 

cells at concentrations as low as 20 µg/ml. In the presence of GO, cells were 

morphologically deformed and significant cell death occurred [9]. More detailed 

toxicological studies with GO demonstrated presence of GO not only in the cytoplasm, 

but also in lysosomes, mitochondria and even in the nucleus.  

Overall, all the cytotoxicity studies showed adverse effects of SWNT, MWNT 

and GO on mammalian cells at various extent. However comparative toxicological 

studies showed, that in general, SWNTs are the most toxic nanomaterial when compared 

to GO [63].  

1.7. Applications of Nanomaterials as Coatings and for Water Treatment 

1.7.1. Antimicrobial Coatings 

Biomedical surfaces often need to possess antimicrobial properties to prevent 

colonization and growth of pathogenic microorganisms. Conventional antimicrobial 

surfaces contain antibiotics and metal ions (silver) that resist bacterial colonization for 

short periods of time. In these antimicrobial surfaces, active anti-bacterial agents are 

loaded in the coating polymer matrix and are released to the surface via diffusion [64, 

65]. The diffused antibacterial agents (for example, Ag
+
) may interact with the bacterial 
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cell wall and adversely affect its functionality [65]. However due to continuous diffusion, 

the loading of antibacterial agents get exhausted and the surface loses its effectiveness 

over time [66, 67]. Recently, coatings with permanently attached antimicrobial agents 

have gained more attractiveness since these coatings will ensure long term effectiveness 

against microorganisms. Carbon-based nanomaterials, like SWNT and GO, have become 

potential candidates as antimicrobial agents for surface modifications, due to their 

antimicrobial properties. However, pristine SWNT, G and GO are not suitable for such 

applications since they cannot easily coat surfaces, and also as pure materials, they have 

cytotoxic effects to humans. These challenges prevent their use for biomedical and other 

applications related to human exposure.  

As a solution, recent studies have investigated the production of biocompatible 

nanocomposites, which combine carbon-based nanomaterials with biocompatible 

polymers. For instance, GO nanocomposites with polyethylene glycol (PEG) was found 

to have impressive solubility and stability in aqueous solvents, and not shown any 

cytotoxic effect to human cells. Therefore this new nanocomposite presents various 

potential biomedical applications [68]. Another study with this nanocomposite 

investigated the biodistribution and bioaccumulation of PEG-GO. This study 

demonstrated that PEG-GO does not accumulate inside the mammalian organs and 

therefore does not pose any long term toxicity issues [69]. Several other studies also 

successfully synthesized benign GO nanocomposites with biocompatible polymers like 

chitosan, perylene tetracarboxylic acid (PTCA) and polyelthylenimine (PEI) [68, 70-72]. 

These nanocomposites have been successfully used in various biomedical applications, 

i.e., sensor, drug carrier, without causing any cytotoxicity.  
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Similarly, previous studies with other mammalian cells, such as the human 

umbilical vein endothelial cells, demonstrated that a SWNT mixture with the 

phosphorycholine polymer exhibited a cytotoxicity of only ~8-10%, while 

SWNT/MWNT suspended with  polyethylene glycol (PEG) showed no considerable 

toxicity to mammalian cells [7]. SWNT in a block polymer Poly(styrene-isobutylene-

styrene) nanocomposite film was shown to not cause growth inhibition of mouse 

fibroblast cells [73]. The PEG and other polymers mixed with SWNT/MWNT were 

reported to be able to penetrate mammalian cells without damaging the plasma 

membrane, and their accumulation did not show significant toxic effect on the cell cycles 

[74].  

Although there have been successes in terms of reducing cytotoxicity of carbon-

based nanomaterials by incorporating them into biocompatible polymers, their use for the 

preparation of antimicrobial coatings is still very limited. A recent study showed that 

nanocomposites of reduced GO with polyoxyethylene sorbitan laurate can be synthesized 

as a paper like structure, which possess antimicrobial activity toward Gram-positive 

bacteria. In addition, this nanocomposite was found to exhibit negligible cytotoxicity to 

several types of  mammalian cells [75]. In another study, nanocomposite films of SWNT 

(2 wt %) in poly(lactic-co-glycolic acid) and poly(L-lysine) polymers were demonstrated 

to inactivate bacteria (~90 %) [36, 76]. Most of these findings were done in short-time 

studies and in very controlled environments. Therefore the effectiveness of these 

nanocomposites after long-time exposures to bacteria needs to be investigated at various 

environmental conditions. 



 

21 

 

1.7.2. Traditional Water Treatment Technology: Target Contaminants and 

Limitations 

Water treatment processes aim to remove both biological and chemical 

contaminants from water sources. Biological contaminants include different groups of 

pathogenic microorganism (bacteria, virus and protozoa) [30, 77, 78]. On the other hand, 

heavy metals and natural organic matter (NOM) are important components of the 

chemical contaminants present in various natural water sources [79, 80].  

Microbial disinfection is a major step in conventional water treatment systems. 

The most common forms of disinfection techniques include chlorination, ultra-violet 

(UV) disinfection and ozone treatment. Filtration devices, such as granular activated 

carbon (GAC) and sand filters do not disinfect water but physically remove them from 

the influent. Whenever available, the combination of these treatment techniques is very 

successful in preventing outbreaks. However, not all countries have access to them, 

therefore outbreaks around the world still occur at high rates [81]. Furthermore, all these 

techniques have limitations. The limitations of current disinfection methods are two-fold: 

firstly, certain pathogens can form cysts or spores that protect them against certain types 

of disinfection methods, and secondly, some disinfection methods also produce 

carcinogenic disinfection byproducts (DBPs) [78, 81]. DBPs are undesired products 

formed by reactions between various constituents of natural organic matters (NOM) and 

disinfection agents like chlorine and ozone [82-84]. NOM is a complex mixture of humic 

substances and acts as carbon source for bacteria [30, 78]. Dissolved NOMs increase the 

bacterial regrowth and biofilm formation in the water distribution systems [85]. 
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Traditional activated carbon filters are widely used for NOM removal by adsorption 

process [86]. However the adsorption process is limited by the molecular size of the 

adsorbate components and porosity of the adsorbent [30]. In addition, chemical 

compounds, such as pharmaceuticals and pesticides, have been quantified at alarming 

concentrations in natural and engineered aquatic systems [87, 88]. Many of them are 

termed as emerging contaminants since their health consequences and removal processes 

still need to be investigated [89-91]. Heavy metals are also one of the major contaminants 

to be removed during water treatment. Due to their acute and chronic toxicity effects, 

regulatory limits have been set for concentrations in drinking water [92]. In conventional 

treatment plants, GAC filters are used to remove heavy metals by adsorption. However, 

poor removal efficiency at low concentrations of heavy metals and slow adsorption rate 

often fails to meet regulatory requirements [93-95]. 

1.7.3. Application of Nanomaterials and Nanocomposites for Water Treatment 

1.7.3.1. Removal of Biological Contaminants 

The anti-microbial properties and high adsorption capacity of carbon-based 

materials led to several investigations on their potential applications for the removal of 

bacteria and viruses from contaminated water sources. Studies of bacterial adsorption to 

carbon-based nanomaterials demonstrated that carbon-based nanomaterials, like SWNT, 

possess large surface area, and therefore, superior adsorption capacity than traditional 

adsorbents [78, 96]. It was calculated that, 0.1 g of SWNT has a surface area of 

approximately 250 m
2
/g. Furthermore, a surface availability of 10% SWNT, can remove 

3.18 x10
12

 CFU/mL (Colony forming units/mL). Some nanomaterials, such as SWNT, 
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were also reported to present affinity to certain bacteria. This adsorption preference is 

important, since it can potentially selectively remove pathogens from non-pathogenic 

microorganisms. For example, an adsorption study with mixed bacterial cultures of 

Staphylococcus aureus (S. aureus) and E. coli demonstrated that S. aureus was adsorbed 

100 times more than E. coli [97].  Additionally, microbial adsorption rate on 

nanomaterial surfaces tend to be rapid, which is a desirable characteristic for adsorbents, 

point of use (POU) water treatment devices, and for the development of sensors [78, 97]. 

For instance, SWNT was found to remove 95% of E. coli and S. aureus within 5-30 

minutes of contact. In traditional drinking water treatment, removal of bacterial spores is 

very difficult by chemical disinfection or activated carbon adsorption . It was reported 

that in aqueous solution, SWNT particles can absorb almost 27-37 times more B. subtilis 

spores than powdered activated carbon [98]. This high adsorption capacity was due to the 

high aspect ratio and the fibrous structure of SWNTs, which increased significantly the 

surface availability for the attachment of spores [78].  

In addition to bacterial removal, viruses also have been successfully removed by 

carbon-based nanomaterials through adsorption. Several studies demonstrated that 

commercial membrane filters coated with carbon nanotubes can completely remove all 

viruses from an influent containing 10
7
-10

8
 plaque forming units (PFU)/ml [96, 99]. 

Removal of virus in traditional drinking water treatment systems bring challenges as 

nanometer sized virus can easily escape regular filtration membranes and activated 

carbon-based filtration systems. A linear relationship was established between the 

thickness of the nanotube layer and removal of viral particles [96, 100]. The important 

parameters governing efficiency of virus removal was reported to be ionic strength, pH 
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and NOMs [100]. Addition of Ca
2+

 ions improved virus removal via surface 

complexation with the virus. Higher attachment of virus with SWNT was observed at pH 

values lower than the virus isoelectric point (3.9). Presence of NOM deteriorated filter 

effectiveness by adsorbing to both SWNT and virus and hence bring repulsive forces 

between them [100]. 

1.7.3.2. Removal of Organic Contaminants 

Among the organic contaminants, natural organic matters (NOM) are the most 

widely found in water sources and are composed of a heterogenous mixture of humic 

substances, proteins, lipids and carbohydrates [32, 78, 101-103]. NOMs are traditionally 

removed by adsorption with granular activated carbon and powdered activated carbon. 

The NOM adsorption efficiency depends on the surface properties of the adsorbent and 

the chemical characteristics of the NOM along with the water solution chemistry, e.g. pH, 

salinity [30, 86, 103, 104]. The main physical properties of adsorbents are pore size 

(micro and meso) and presence of net positive surface charges. As activated carbon is a 

highly porous structure, size exclusion plays an important role in adsorption. NOMs with 

higher molecular weights will generally adsorb on the outer surface, while lower 

molecular fractions will adsorb inside the micropores [86].In the case of carbon-based 

nanomaterial, like SWNT and graphene, their large surface area plays an important role 

on the adsorption of different NOM fractions. For instance, it was reported that for both 

higher and lower molecular weight fractions of NOMs, SWNT exhibits much higher 

removal capacity than activated carbon [85]. Although, SWNT and graphene aggregates 

in aqueous medium, their large mesopores in aggregates and less negatively charged 
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surfaces compared to activated carbon enhances their adsorption capacity for NOMs [30, 

85]. The abundance of micropores in activated carbon also bring difficulties in terms of 

desorption of adsorbed contaminants inside the pores for regeneration of the material. In 

the case of nanomaterials, NOMs are adsorbed on the outer surface, which facilitates 

their regeneration [85, 86]. Additionally, the presence of aromatic rings in both humic 

acids and carbon-based nanomaterials allows them to have pi-pi interactions, which 

facilitate removal of NOM from aqueous environments [105]. More importantly, the 

much larger surface area of nanomaterials than activated carbon allows NOMs and 

competitive adsorbates, such as trichloroethane and synthetic organic compounds, to be 

removed more efficiently by nanomaterials [86, 106, 107]. 

1.7.3.3. Removal of Heavy Metals 

Heavy metals are one of the inorganic pollutants of most concern in drinking 

water and wastewater treatments. The majority of the heavy metal contaminations of 

water sources come from industries like metal plating, paints and textile dying industries. 

Heavy metals are one of the most aggressive environmental pollutants since it cannot be 

easily removed by conventional biological water treatment processes. In traditional water 

treatments, heavy metals are mostly removed by coagulation, flocculation, and activated 

carbon filtration processes. More recently, studies have shown that carbon nanotubes and 

graphene oxide can remove heavy metals from aqueous solutions.  In most of these 

studies, SWNTs were able to successfully remove Pb
2+

, Zn
2+

, Cd
2+

, Cu
2+

 from aqueous 

solutions [108-110]. The results from the studies investigating the affinity order of the 

heavy metal ions toward carbon nanotube are often contradictory [92, 111]. Furthermore, 
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these studies demonstrated that the adsorption capacity of carbon nanotubes are highly 

dependent on the pH of the solution, however presents significantly higher adsorption 

capacity compared to other adsorbents in similar experimental conditions [112]. The 

mechanisms of heavy metal removal by carbon nanotubes were demonstrated to be 

physical adsorption, electrostatic attraction and precipitation.  

Functionalized carbon nanotubes have also been reported to adsorb heavy metals 

[108, 110]. A comprehensive study investigating the mechanisms of Pb
2+ 

adsorption on 

acid treated multi-walled nanotubes demonstrated that Pb
2+

 interacts with oxygen 

carrying functional groups on the carbon nanotube surfaces. Other adsorption mechanism 

identified were physical adsorption of Pb
2+

 on non-functionalized areas on the surfaces, 

defect sites on the walls of the nanotubes and open ends of the tubes [113]. Similarly to 

functionalized nanotubes, graphene oxide studies also have showed promising results. 

Since most of the heavy metals are present as cations (e.g., Cu
2+

, Pb
2+

, Cd
2+

), the 

negatively charged functional groups present on the GO surface make them excellent 

adsorbents for heavy metals.  On the other hand, non-functionalized graphene has been 

shown to serve as an adsorbent of both cationic and anionic heavy metal ions to some 

extent [114]. All studies so far have demonstrated that GO can adsorb significantly more 

heavy metals (Cu
2+

, Cd
2+

, Co
2+

) from aqueous solutions than unmodified carbon 

nanotubes and activated carbon [114, 115]. Electrostatic attractions between positively 

charged metal ions and negatively charged functional groups on GO surfaces were 

reported to be the main adsorption mechanism. Additionally, small amounts of GO 

incorporated into chitosan or gelatin was found to significantly enhance their metal 

adsorption capacities [116, 117]. From all investigations with functionalized 
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nanomaterials, it was evident that carbon nanotubes and graphenes will have an enhanced 

heavy metal adsorption capacity by increasing the negative functional groups on their 

surfaces. This change on their surface chemistries can be achieved by activation 

mechanisms using oxidizing agents like KMnO4, H2O2, HNO3 and H2SO4 [1, 118, 119]. 

The changes on surface charges of these nanomaterials were determined by zeta potential 

measurements after activation. For instance, nanotubes became more negatively charged 

in solution due to the presence of –COOH and –OH functional groups [112]. 

Besides the functional groups, other reports observed that experimental conditions 

and solution chemistries play an important role on the nanomaterial adsorption of heavy 

metals. Experimental conditions like contact time, initial metal concentration and mass of 

carbon-based nanomaterials play an important role on the amount of heavy metal 

adsorbed. The pH and ionic concentrations have been reported as significant parameters 

for successful adsorption. If the pH solution is higher than the net zero surface charge of 

the carbon-based nanomaterial, then the negative surface charge facilitates adsorption of 

cationic heavy metal ions via electrostatic attraction [112]. On the other hand, lowering 

the pH will decrease the adsorption of cationic heavy metals. The pH also highly affects 

the speciation of heavy metals and introduces competing reactions among ionic species in 

the solution, which can affect the adsorption process [120, 121]. The presence of 

competing ions in a solution has been shown to reduce the adsorption capacity of the 

nanomaterial for certain metal ions. For instance, increasing ionic strengths can reduce 

the removal efficiency of different metal ions since they compete for the limited 

adsorption sites on the nanomaterial surface [122].  
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1.7.3.4. Applications of Nanomaterials and Nanocomposites on Membranes for 

Water Treatment 

The anti-microbial properties and high chemical adsorption capacity of carbon-

based nanomaterials make them very attractive for water treatment applications as 

chemical sorbents and disinfectant agents. The major challenges for their wide 

application in water treatment processes are their high cost of production; cytotoxicity 

and lack of dispersion in polar solvents. One way to overcome these issues are their 

combination with other polymers to form nanocomposites, since polymers can be less 

costly than nanomaterials [123].  

In general, during the synthesis of nanocomposites very small loads of 

nanomaterial are efficiently dispersed into the polymeric matrix, which reduces the cost 

of the nanocomposite and reduces the cytotoxicity problems [124]. This new approach of 

incorporating nanomaterials into polymers has recently led to the development of 

membranes for water treatment applications [32, 123, 125]. For instance, carbon 

nanotubes-based nanocomposites have been successfully incorporated into membranes to 

improve the membrane permeability [32]. These membranes can be broadly divided into 

two categories: 1) carbon nanotubes are aligned onto a nonporous polymeric support 

where nanotubes act as pore to pass water through; 2) carbon nanomaterials are blended 

with the membrane polymer to alter the physicochemical properties of the membrane 

[32]. The tubular shape of nanotubes allows the water to pass through the inner tubes 

while the outer surface of the nanotubes removes contaminants via adsorption [96, 126]. 

The nanotubes can be functionalized or modified depending on the contaminants 
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intended to be removed. In theses membranes, the pore structures are highly aligned, 

hence eliminate any concentration polarization due to asymmetry observed in traditional 

membranes [32, 127]. Most importantly the permeability of this type of membrane is 4-5 

times higher than predicted values, which was attributed to the nanoscale channels, 

hydrophobicity and minimal friction due to the smooth inner channels of the nanotubes 

[32]. However, despite these attractive features, such membranes are hard to synthesize, 

so the majority of studies are exploring the possibility of incorporating nanomaterials into 

the membrane matrix.  

Incorporation of the nanomaterials inside the polymer matrix improves 

mechanical properties and also the hydrophilic and or hydrophobic nature of the 

membrane [48, 128, 129]. The added advantages for nanomaterial incorporation in the 

membranes are the increase in mechanical strength and increasing porosity inside the 

membrane. The embedded nanomaterials are tightly packed inside the polymer matrix 

and hence have lower risk of detachment.  The incorporation of multi-walled nanotubes 

in polyvinyl alcohol (PVA) was reported to increase the stiffness and permeability of the 

membrane [130]. Increasing loads of carbon nanotubes (1-4% of functionalized 

nanotubes) was found to improve the water permeability and rejection of solute [131]. 

Interfacial polymerization with polyamide and nanotubes was done to effectively produce 

solvent resistant nanofiltration membranes. In these composites, highly porous structure 

was reported to enhance the solvent flux by one order of magnitude [132]. Often 

functionalized nanotubes are used to increase hydrophilic properties of the membrane. 

The most common functional groups include –COOH, -OH and –NH2. Due to the 

functionalization of the carbon nanotubes, membrane becomes hydrophilic, rejects more 
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hydrophobic pollutants and significantly increases permeability flux [133]. Hydrogen 

bonding between functional groups and water was hypothesized to  contribute  to the 

higher hydrophilicity of the functionalized nanotube containing membranes [129]. In 

another study, nanocomposite membrane was formed by adding amine functionalized 

multi-walled nanotubes with aqueous solution of 1,3-phenylendiamine.The 

characterization results suggest that incorporation of NH2-nanotube created nano-

channels on the surface, in addition, -NH2 increased hydrophilicty of the membrane. 

These improved properties contributed 160% increase in water flux across the membrane 

[134]. 
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Chapter 2 Synthesis and Characterization of the Impacts of SWNT 

and the PVK–SWNT Nanocomposite on Pure Bacterial Cultures 
 “Adapted with permission from (Ahmed, F.; Santos, C. M.; Vergara, R. A. M. V.; Tria, M. C. R.; 

Advincula, R.; Rodrigues, D. F., Antimicrobial Applications of Electroactive PVK-SWNT 

Nanocomposites. Environmental Science & Technology 2012, 46, (3), 1804-1810). Copyright (2012) 

American Chemical Society.” 

 

2.1. Rationale and Objectives 

Materials used in aquatic environments and medical devices have high potential 

for biofilm formation [135].  Biofilms are complex aggregations of microorganisms 

surrounded by an extracellular matrix and have been reported to grow on conducting and 

exposed surfaces of biomedical devices, marine and industrial instruments, and pipes. 

Biofilm growth has led to several health and economic problems. The problems include 

antibiotic-resistant infections, increased energy consumption, excessive operational 

expenditures, and accelerated corrosion problems [136]. To solve these problems, 

different types of coatings, that can protect the surface from biofilm formation, have been 

developed, such as polyamide, polypropylene with silver, antibiotics, metal ions, etc [66, 

67]. However the syntheses of biofilm resistant surfaces tend to be complex and 

expensive, and often the surfaces loose effectiveness due to leaching or depletion of the 

antimicrobial agents [36, 41, 137].  

  Recently, several studies have shown that single-walled-carbon nanotubes 

(SWNTs) have antimicrobial properties against diverse groups of microorganisms like 

bacteria (both Gram-positive and Gram-negative), protozoa, and viruses [45-49]. SWNT-

coated surfaces have also been shown to significantly inhibit E. coli biofilm formation 

[41]. However, the use of SWNT as antimicrobial agent is still limited by its poor 
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dispersibility in most solvents as well as its high cost [29, 36, 138].  Alternatively, SWNT 

combined (as a filler component) with  polymers provide better dispersion and can 

potentially increase or maintain the same antimicrobial properties of SWNT materials, 

while providing a broad range of structural, mechanical, and degradation properties [36, 

125, 135]. Unfortunately, there have only been a handful of studies about antibacterial 

effects of polymer-SWNT nanocomposites. None of them have explored the possibility 

of using these composites as robust coating materials to resist biofilm formation. 

Electroactive polymers are an excellent choice for such nanocomposites, because of their 

anti-corrosion properties and facile surface application (via electrodeposition) [139, 140]. 

Among the available electroactive polymers, polyvinyl-N-carbazole (PVK) is an 

excellent candidate due to its good thermal and mechanical properties, and its ability to 

form robust thin films (i.e. conducting polymer network (CPN)) on any conducting 

surface [141, 142]. Furthermore, PVK contains the aromatic N-carbazole group that 

facilitate π-π stacking as well as donor-acceptor interactions making it a more compatible 

polymer for carbon-based nanomaterials like SWNT [143, 144]. 

In this study, we investigated the PVK-SWNT nanocomposite antibacterial 

properties to planktonic cells (i.e. cells in suspension prior to biofilm formation) and 

biofilms. The bacterial toxicity of different concentrations of PVK-SWNT dispersed in 

water were investigated against Gram-positive (B. subtilis) and Gram-negative (E. coli) 

bacteria, as well as the potetial inhibition properties of biofilm formation on coated 

surfaces with the PVK-SWNT nanocomposite.  
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2.2. Materials and Methods 

2.2.1. Single-walled Carbon Nanotubes (SWNT) Preparation 

  Single-walled carbon nanotubes (SWNTs) were purchased from Cheap Tubes Inc. 

(Vermont, US). The characterization of these nanomaterials is presented in Table 2.1 and 

Figure 2.1. The SWNTs were further purified by heating at 200 
0
C for 6 hours prior to 

use.  

Table 2.1. SWNT properties supplied by the manufacturer (Cheap Tubes, VT) 

                     Outside Diameter (OD)                             1-2 nm 

                     Length                                                      5-30 µm 

                     Purity                                                        >90wt% 

                     Ash                                                            <1.5wt% 

 

 

 

 

 

 

Figure 2.1. Transmission Electron Microscopy (TEM) image of SWNT supplied by the 

manufacturer (Cheap Tubes, VT).       
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2.2.2. Preparation of PVK-SWNT Nanocomposite Solutions  

  The poly (N-vinyl carbazole) (PVK) was purchased from Sigma-Aldrich 

Chemicals (USA) (ca MW= 25,000-50,000 g/mol).  All solvents used for the PVK-

SWNT preparation were purchased from Sigma Aldrich (USA) and were of analytical 

grade. The PVK-SWNT (97:3 wt% ratio PVK: SWNT) was prepared according to 

previously reported procedure [139]. The PVK:SWNT ratio of 97:3 (wt%) was selected 

based on the high dispersibility and stability of SWNT for long periods of time (several 

months) as described elsewhere [139].  

Briefly, a 97:3 wt/vol % ratio of PVK:SWNT was prepared in N-cyclohexyl-2-

pyrrolidone (CHP).  The purified SWNT was first dissolved in CHP and sonicated for 4 

h.  Then, in a separate vial, the PVK was dissolved in CHP and sonicated for 30 min.  

The PVK solution was then slowly mixed to the SWNT solution and followed by 

sonication for 1 h.  After which, the PVK-SWNT dispersion was centrifuged (4400 rpm, 

1 h) and the black precipitate was removed.  The remaining solution of PVK-SWNT 

dispersion was then treated with methanol (5 mL) and again centrifuged (4400 rpm) for 

30 min. The black precipitate was collected and redispersed in water followed by 20 

minutes of ultrasonication. This procedure furnished a stable and well dispersed PVK-

SWNTs solution. For the bacterial measurements, different PVK-SWNT concentrations 

(1.0 mg/ml, 0.5 mg/ml, 0.05 mg/ml, and 0.01 mg/ml) dispersions in water were used.  

The SWNT suspension (1 mg/ml) was prepared according to method described elsewhere 

[145]. Briefly, SWNT was dispersed in DI water and the suspension was bath sonicated 

for 1 hr immediately before using for the antimicrobial tests. 



 

35 

 

2.2.3. Preparation of PVK-SWNT Nanocomposite Conducting Polymer Network 

(CPN) Films 

   Indium tin oxide (ITO)-coated glass slides (Alfa Aeser, USA) were used as 

substrates for the PVK-SWNT, PVK, SWNT film fabrication.  The ITO-coated glass 

slides were cleaned by sequentially sonicating the slides in deionized (dI) water, 

isopropanol, hexane and toluene, each for 15 minutes and the substrates were dried under 

a stream of N2.  Prior to film deposition, the ITO surfaces were plasma cleaned for 3 min. 

The electropolymerization solution was prepared by mixing 0.1 M tetrabutylammonium 

hydroxide (TBAH) (2 mL) in acetonitrile with PVK (50 μL) or PVK-SWNT suspension 

(50 μL) at 97:3 (wt %) ratio as described above.  The PVK-SWNT and PVK films were 

deposited onto bare ITO surfaces by repeatedly scanning the potential between 0 and 

1500 mV at a scan rate of 10 mV/s for 50 cycles. Ag and Pt wires were used as reference 

and counter electrode, respectively, for the electrodeposition of PVK-SWNT. The 

deposited film was rinsed three times with acetonitrile to remove any unbound material 

from the surface.  

2.2.4. Characterization of PVK-SWNT Nanocomposite 

  The PVK-SWNT dispersions were characterized by Fourier transformed infrared 

spectroscopy (FTIR) and UV-vis absorption measurements. FTIR images were obtained 

using -FTS 7000 Digilab Spectrometer in the range of 700-3500 cm
-1

. UV-vis spectra of 

the PVK-SWNT dispersion and electrodeposited film were recorded using an Agilent 

8453 spectrometer.  



 

36 

 

  The electrodeposition of PVK-SWNT conducting polymer network (CPN) films 

onto ITO were monitored by acquiring the cyclic voltammogram plots (Princeton 

Applied Research Parsat 2263) at each cycle. The nanocomposite (PVK-SWNT) 

crosslinked films were characterized using X-ray photoelectron spectroscopy (XPS) and 

UV-vis measurements.  XPS measurements of the samples were performed using a PHI 

5700 X-ray photoelectron spectrometer (XPS), which was equipped with a 

monochromatic Al K X-ray source (h = 1486.7 eV) incident at 90° relative to the axis 

of a hemispherical energy analyzer. The spectrometer was operated both at high and low 

resolutions with pass energies of 23.5 and 187.85 eV, respectively, a photoelectron take 

off angle of 45° from the surface, and an analyzer spot diameter of 1.1 mm.  High-

resolution spectra were obtained for photoelectrons emitted from C 1s and N 1s. All 

spectra were collected at room temperature with a base pressure of 1 x 10
-8

 torr. Electron 

binding energies were calibrated with respect to the C1s line at 284.8 eV. PHI Multipak 

software (ver 5.0A) was used for all data processing. The high-resolution data was first 

analyzed by background subtraction using the Shirley routine and a subsequent nonlinear 

fitting to mixed Gaussian-Lorentzian functions. Atomic compositions were derived from 

the high-resolution scans. Peak areas were obtained after subtraction of the integrated 

baseline and corrected for sensitivity factors.  

 

2.2.5. Bacterial Culture and Antimicrobial Activity determined by Optical Density 

(OD) Measurements 

 Single isolated colonies of E. coli MG 1655 and B. subtilis 102 were inoculated 

and incubated in 5 ml of Tryptic Soya Broth (TSB) (Oxoid, England) overnight at 35 
0
C 
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and 200 rpm. The bacterial culture was centrifuged at 3000 rpm for 10 minutes. The cells 

were washed and re-suspended in phosphate buffer solution (PBS, 0.01M, pH=7.4) 

(Fisher Scientific, USA). The bacterial suspension was adjusted to give an optical density 

(OD) of 0.5 at 600 nm, which corresponds to a concentration of 10
7 

colony forming units 

(CFU)/ml. For the antimicrobial activity assay, bacterial cultures were exposed for 3 hr to 

the different nanomaterials.  

Briefly, aliquots of 180 µl of bacterial suspensions (10
7 

CFU/ml) in PBS and non-

inoculated PBS  buffer with bacteria (used as blanks) were pipetted in a 96-well flat 

bottom plate (Costar 3370, Corning, NY) containing triplicates of 20 µl of the following 

samples suspended in DI water: (1) SWNT at concentration of 1.0 mg/ml; (2) PVK-

SWNT nanocomposite at concentrations of 1.0 mg/ml, 0.5 mg/ml, 0.05 mg/ml, and 0.01 

mg/ml; and (3) 1 mg/ml of PVK. The control samples contained 20 µl of DI water only 

with 180µl of bacterial suspensions. To account for the absorbance of SWNT and PVK-

SWNT nanomaterials suspended in the bacterial samples, 20 µl of each concentration of 

SWNT and PVK-SWNT were added to 180 µl of PBS only and later used as blanks to 

subtract from the original samples. The plates were then incubated at 37°C at 50 rpm for 

3 hr. After 3 hr, 20 µl of the bacteria exposed to the different materials, the negative 

controls, and the blank samples were transferred into 96 well-plates containing 200 µl 

TSB. The samples were then incubated at 37 °C at 50 rpm and the bacterial growth was 

monitored using Synergy MX Microtiter plate reader (BioTek, VT) by measuring the 

OD600 every hour until the bacteria reached stationary phase. The results for E. coli and 

B. subtilis growth after exposure to the nanomaterials were reported at their mid-log 

phases, i.e. after 3 h and 5 h, respectively. Final OD values for each bacterial solution 
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exposed to the different nanomaterial samples were determined by subtracting the OD 

values acquired from their respective blanks. The results are reported as average OD 

values with standard deviations of the triplicate samples from all three performed 

experiments. Statistical analyses (Two-sided t-Test, 95% confidence interval) were 

performed to determine whether the OD values of the samples with SWNT or PVK-

SWNT were significantly different from the control. Same statistical analysis was also 

performed between OD values from SWNT and PVK-SWNT samples. 

2.2.6. Bacterial Viability Assay 

Live/Dead assay was performed using the LIVE/DEAD Baclight kit (Invitrogen, 

USA) to quantify the number of live and dead cells after interaction of the bacterial cells 

with the most toxic concentrations of nanomaterial samples. The assay consisted of 

mixing 20 µl of the most toxic concentrations of nanomaterials for each bacteria with 180 

µl of bacterial suspensions at 0.5 OD and incubated for one hour at 35 
0
C. After 1 hr 

incubation, 10 µl of the suspension was stained with the LIVE/DEAD BacLight Bacterial 

Viability kit and observed under Fluorescence Microscope (OLYMPUS, Japan). SYTO 9 

dye was used to stain live cells and propidium iodide (PI) was used to stain cells with 

compromised membranes [146]. Three representative images at 40x were taken for each 

sample and all samples were tested in duplicate. Total cells and dead cells were counted 

with Image-Pro Plus software (MediaCybernetics, USA). The percent of inactivated cells 

was determined from the ratio of the number of cells stained with PI divided by the 

number of cells stained with SYTO-9. The results were averaged out and the standard 

deviations were calculated.  
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2.2.7. Bacterial Re-growth Potential Test (Plate Agar Test) 

The plate agar test was performed to determine the re-growth potential of bacteria 

in contact with nonmaterial samples. The unmodified ITO, electrodeposited PVK-SWNT 

(97:3 wt %), electrodeposited PVK, and spin coated SWNT-modified films on ITO were 

individually placed in a 12 well-plate (Falcon, USA). To each well was added 1.0 ml of 

bacterial culture, which was incubated at 37 °C (without shaking) for 2 h. As a control for 

potential contamination during manipulation of the ITO substrates, unmodified surfaces 

incubated in PBS were also used. The film samples were removed and gently rinsed with 

PBS to wash any unattached bacteria to the surface. The surfaces were then placed onto a 

Tryptic Soy Agar (TSA) plate with the coated side facing down onto the agar surface and 

incubated overnight at 35 
o
C. The bacterial growth around each plate was measured using 

a caliper micrometer Mitutoyo 500-196-20 Digital Caliper (MSI Viking Gage, USA). 

Averages and standard deviations were calculated from 3 replicates. 

2.2.8. Inhibition of Biofilm Growth 

 Inhibitions of biofilm growth were determined on nanocomposite coated ITO 

surfaces. Unmodified ITO, electrodeposited PVK-SWNT (97:3 wt % PVK: SWNT), 

electrodeposited PVK, and spin coated SWNT-modified films on ITO were individually 

placed in a 12-well plate (FalconBD, USA). Each well of the 12-well plate, containing 

TSB, were inoculated with 300 µl of bacterial cells at OD of 0.5 and incubated at 37 °C 

for 48 hr.  After incubation, the ITO surfaces were taken out and gently rinsed with sterile 

DI water. Biofilm fixation was done according to cell fixation method previously 

described.[147] Briefly, the ITO surfaces were incubated with 2% glutaraldehyde and 
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subsequently dehydrated with increasing concentrations of ethanol (25%, 50%, 75%, 

95% and 100%). The surfaces were vacuum dried overnight prior to AFM measurements. 

AFM topography measurements were done on the ITO substrates under ambient 

conditions with a PicoSPM II (PicoPlus, Molecular Imaging-Agilent Technologies) in the 

intermittent contact mode. Images obtained were processed using Gwyddion software 

(2.13).  

2.3. Results and Discussion  

2.3.1. PVK-SWNT Characterization 

 

The dispersion of PVK-SWNT (97-3 wt %) nanocomposites were characterized 

using FT-IR and UV-vis. FT-IR measurements confirmed the functional groups present 

on the nanocomposite (Figure 2.2, a). As controls, IR measurements of PVK and SWNT 

were also acquired. As expected, no distinctive IR peaks were observed for the pure 

SWNT. However, the PVK-SWNT nanocomposite showed similar peaks to pure PVK. In 

particular, the peak at 1255 cm
-1

, due to the C-N stretching of vinyl carbazole, was 

observed in both PVK and PVK-SWNT nanocomposite. UV-vis spectra of the PVK-

SWNT dispersion were acquired to measure interfacial interaction of SWNT and PVK. 

Results are shown in Figure 2.2 (b). Based on the results, no absorption peaks at the 

visible region were observed for pure SWNT. The pure PVK however showed two 

distinct peaks at 330 and 343 nm, which can be attributed to the transitions of the pendant 

carbazole moieties of PVK [17]. Similar absorption peaks were observed for the PVK-

SWNT nanocomposite with a slight decrease in intensity and red-shifted by ~10 nm due 

to the incorporation of SWNT. 
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Figure 2.2. Spectroscopic characterization of the PVK-SWNT (97-3 wt %) dispersion. 

(a) IR and (b) UV-Vis spectra of the pure PVK, pure SWNT, and PVK-SWNT (97-3 wt 

%) nanocomposite.  

 

  Electrodeposited PVK-SWNT coated surfaces were characterized using XPS to 

determine elemental composition on the surface. Figure 2.3 (a and b) shows the narrow 

scans in the N1s and C1s of the electrodeposited PVK-SWNT and PVK surfaces. To 

estimate the amount of SWNT after electrocrosslinking, N/C ratios of PVK-SWNT and 

PVK were acquired. For PVK-SWNT, a calculated N/C ratio value of 9.4 was obtained 

while for PVK, the N/C ratio was calculated as 9.7. Using the obtained N/C ratios, the 

amount of PVK and SWNT on the film was 97 % and 3 %, respectively. 

UV-Vis spectra after electrodeposition of the PVK-SWNT, Figure 2.3 (c), showed 

the disappearance of the well-defined peaks at 342 nm and 352 nm that were initially 

found for the PVK-SWNT dispersion (Figure 2.2. b). A new broad band centered at 450 

nm was depicted after the electrodeposition process, attributed to the electrochemical 

crosslinking of the carbazole pendants in PVK [148, 149]. These results correlates well 
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with our previous studies on electropolymerized PVK and carbazole-containing 

precursors [17, 149]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Spectroscopic characterization of the electrodeposited PVK-SWNT (97-3 wt 

%) film. XPS spectra on the (a) N 1s (b) C 1s regions of the electrodeposited PVK and 

PVK-SWNT on ITO.  (c) UV-Vis spectra of the electrodeposited PVK and PVK-SWNT 

on ITO. 
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2.3.2. Antibacterial Effects of Nanocomposites on Planktonic Cells 

The toxic effects of PVK-SWNT, PVK, and SWNT solutions to E. coli and B. 

subtilis were evaluated by OD600 measurements of the total bacterial growth. From Figure 

2.4, it is observed that for both E. coli and B. subtilis most growth inhibition happened at 

SWNT (1 mg/ml) and PVK-SWNT (1 mg/ml) concentrations. For E. coli, growth 

inhibition was ~60% and ~64% for SWNT (1mg/ml) and PVK-SWNT (1 mg/ml), 

respectively. Similarly for B. subtilis, growth inhibition was ~57% and ~63% for SWNT 

(1 mg/ml) and PVK-SWNT (1 mg/ml), respectively.  Figure 2.4 also demonstrated that 

the effects of SWNT and PVK-SWNT to E. coli and B. subtilis were not the same; 

however these findings were similar to other studies [4, 36, 44]. The different levels of 

tolerance of different microorganims to carbon-based nanomaterials are still a matter of 

continuing research. Several hypotheses for the different toxicity levels consider 

differences in cell wall structure, the protective effect of the outer membrane surface 

properties, ability to form spores and/or unique repair mechanisms of different 

microorganisms [43].  It is noticeable that PVK itself did not exhibit any antibacterial 

effects on either E. coli or B. subtilis (Figure 2.4). Furthermore, the results show that after 

3 hr of exposure to SWNT and PVK-SWNT nanocomposite fewer bacteria were viable. 

This was demonstrated by the much longer time for the remaining microbial population 

to reach mid-log phase than the control samples [3, 150]. 

These comparable toxicity of PVK-SWNT nanocomposites with low SWNT  

content than pure 100% SWNT (1 mg/ml) can be explained by a better dispersion of the 

SWNTs in aqueous solution in the presence of PVK as previously demonstrated [151]. 
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This better dispersion of the SWNTs particles in aqueous media is because of the 

effective pi-pi stacking and donor-acceptor interactions between the carbazole group and 

the SWNT. In the case of SWNT toxicity towards bacteria, dispersion is an important 

parameter and highly dispersed SWNT causes greater cell contact and can potentially 

increase cell damage [46, 138].  

(a)   (c) 

 

0.01 0.05 0.5 1 SWNT, 1 Control PVK

0.0

0.1

0.2

0.3

0.4

0.5

+

++
++

++

*
*

*

**
**

**
O

D
 6

0
0

 n
m

Concentration (mg/ml)

 E. coli

 B. subtilis

PVK:SWNT (97:3, wt%)

*
+

 

                           (b)  

0 1 2 3 4 5 6

0.0

0.1

0.2

0.3

0.4

0.5

O
D

 6
0

0
 n

m

Time (hr)

*0.01(mg/ml)

 *0.05 (mg/ml)

*0.5 (mg/ml)

 *1.0 (mg/ml)

 SWNT, 1(mg/ml)

 Control

 PVK

*PVK:SWNT(97:3, wt %)

B. subtilis

 

Figure 2.4. Growth curves of (a) E. coli and (b) B. subtilis. (c) OD measurements of the 

bacterial growth at mid-log phase. The symbols * + correspond to statistically different 

results between the control and the different SWNT samples, respectively. 
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2.3.3. Viability Assay 

  The Live/Dead assay was performed to determine the viability of the bacterial 

after interaction with nanomaterials (Figure 2.5). Fluorescence microscopy was used to 

assess the loss of bacterial viability after incubation. Figure 2.5 shows representative 

fluorescence images for the bacterial solutions incubated with the nanocomposite PVK-

SWNT and the control. Results show that in the absence of the nanomaterials, all cells 

were alive (Figure 2.5.a). While, cellular damage was observed in ~94 % and ~98 % of 

the E. coli cells exposed to PVK-SWNT and SWNT, respectively. For B. subtilis, ~90 % 

and ~87 % of the cells were damaged after exposure to PVK-SWNT and SWNT, 

respectively. The two most hypothesized mechanism of SWNT toxicity to bacteria are 

physical disruption of bacterial membrane and oxidative stress [2, 36, 41, 152, 153]. 

From this study, we can say that the addition of PVK did not prevent one of these two 

mechanisms to happen since most of the cells exposed of PVK-SWNT were red–stained 

cells, which indicated that the PI dye could penetrate inside the damaged cells. 
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Figure 2.5. Viability assay for the bacteria exposed to nanocomposite: (a) E. coli (b) B. 

subtilis. (c) Correlation of the % of non-viable E. coli and B. subtilis (inactivated cells %) 

after exposure to PVK-SWNT, SWNT (1 mg/ml), and PVK.  

2.3.4. Bacterial Re-growth Potential Test 

          To demonstrate the efficiency of PVK-SWNT and SWNT as potential coating 

materials to prevent bacterial deposition and biofilm formation, the agar printing assay 

was performed with E. coli and B. subtilis. For this measurement, electrodeposited PVK-

SWNT and spin-coated SWNT onto ITO surfaces were used. The nanocomposite-

modified film contained 3 % SWNT and 97 % PVK. The results of PVK-SWNT were 

compared against electro-crosslinked PVK, spin-coated SWNT on ITO surfaces, and 

unmodified ITO surfaces as a control. The results showed that the percent bacterial 

inactivation on the coated PVK-SWNT surfaces compared to the unmodified ITO 
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surfaces were 67% and 80 % for B. subtilis and E. coli, respectively (Figure 2.6). The 

PVK-coated surfaces did not show any antimicrobial property for neither E. coli nor B. 

subtilis, which suggests that the toxicity observed with the PVK-SWNT nanocomposite 

was due to the presence of SWNT only. Furthermore, these results show that 

antimicrobial activity for PVK-SWNT nanocomposite solutions were maintained even 

after electrodeposition.  

  Even though antibacterial properties of SWNT-coated surfaces were described in 

other studies, these studies used either pure SWNT or other nanocomposite materials than 

PVK for short incubation time [2, 41, 153]. However, this study is the first one to 

demonstrate that very low concentrations of SWNTs can be embedded in nanocomposites 

without losing its antimicrobial properties after prolonged exposure to bacteria (i. e. 48 

h). In this study we embedded only 3% of SWNT in PVK-SWNT, which achieved almost 

similar inhibitory effects as 100 % SWNT (Figure 2.6). Furthermore, this study shows 

that the use of PVK improves dispersibility of SWNT in aqueous solution, achieving a 

more homogenous deposition of SWNTs onto surfaces [139] and at the same time 

maintaining the antimicrobial property of SWNT.  
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Figure 2.6. Agar printing assay to determine the survival of bacteria deposited onto ITO 

surfaces containing electrodeposited PVK-SWNT (97:3 wt% PVK:SWNT), spin coated 

SWNT (1 mg/ml), and electrodeposited PVK. Bare ITO surfaces were used as control.  

 

To investigate the long-term bacterial toxicity of the electropolymerized PVK-

SWNT films, biofilms were allowed to grow for 48 h on modified ITO surfaces. The 

biofilm growth and area covered by microbial growth on the surface were determined by 

AFM. As control, AFM images of the electropolymerized PVK, spin-coated SWNT, and 

the unmodified ITO substrate were also taken. The results show that biofilms were able 

to grow on unmodified ITO and PVK films after prolonged exposure to E. coli and B. 

subtilis (Figure 2.7) However, on electrodeposited PVK-SWNT and SWNT films, just a 

few cells, but not a biofilm, were observed on the surface after 48 h exposure. These 

observations demonstrate that the nanocomposite-modified surface can effectively 

prevent biofilm growth the same way as pure SWNT films [41]. These results are in 

agreement with previous studies where small amounts of incorporated SWNT into 

polylactic-co-glycolic acid (PLGA) or polysulfonate (PSF) exhibited almost equivalent 



 

49 

 

toxicity of 100 wt% SWNT coated surfaces [41, 153]. The mechanism of SWNT 

nanocomposites on bacterial colonization inhibition have been suggested as the direct 

contact of bacteria with SWNT ends and bundles that extend from the nanocomposite 

[153]. It is possible that our system (PVK-SWNT films) follows similar toxicity 

mechanism. It is worth mentioning that the PVK-SWNT nanocomposite can be 

electrodeposited onto any conducting surface, which in terms of cost and ease of 

application is significantly better than 100% SWNT coatings.   

 

Figure 2.7. AFM images of biofilm formation on Control, PVK, SWNT and PVK-

SWNT coated ITO surfaces (Scale: 20 µm). 

 

2.4. Conclusion 

Overall, this study shows that SWNT can be embedded into the electroactive 

polymer PVK to form stable PVK-SWNT nanocomposite dispersions and films. This 

mixture increased the dispersion and effective bacterial toxicity of SWNT into aqueous 

media and led to a homogeneous coating of PVK-SWNT on ITO surfaces via 
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electrodeposition. In both suspension and coated form, PVK-SWNT exhibited stronger 

antibacterial effects to E. coli and B. subtilis when compared to SWNT and PVK alone. 

PVK-SWNT, with only 3% SWNT (0.03 mg/ml of SWNT), exhibited similar or stronger 

antibacterial effects than 100% SWNT (1 mg/ml of SWNT). Our study demonstrated for 

the first time that by improving dispersibility of SWNT in solution, higher bacterial 

toxicity of SWNT can be achieved. These results also demonstrated that it is possible to 

obtain more economical SWNT antimicrobial coated surfaces by significantly reducing 

the need of higher loads of SWNT when embedding the SWNTs in the polymer PVK. 
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Chapter 3  Synthesis and Characterization of the Impacts of GO 

and the PVK –GO Nanocomposite on Pure Bacterial Cultures. 
“Adapted with permission from (Santos, C. M.; Tria, M. C. R.; Vergara, R. A. M. V.; Ahmed, F.; 

Advincula, R. C.; Rodrigues, D. F., Antimicrobial graphene polymer (PVK-GO) nanocomposite films. 

Chemical Communications 2011, 47, (31), 8892-8894). Copyright (2011) American Chemical Society.” 

 

3.1. Rationale and Objectives 

Biofilm formation on conducting materials (metal, metal alloys, metal oxides, and 

electrodes) has emerged as a significant problem in the long-term use of bioimplants, 

biosensors, and marine and industrial instrumentations [135, 154]. Strategies for 

controlling bacterial colonization have focused on improving and developing 

antimicrobial materials and designs to inhibit biofilm formation. Examples of 

antimicrobial agents previously used as surface coatings and showing reduced bacterial 

adhesion are mostly antibiotics and metal ions [66, 67]. However, problems related to the 

development of microbial resistance surface coating difficulties, and relatively high costs 

make these approaches unsuitable for long-term antimicrobial coatings [155].  

The incorporation of graphene on surfaces is an alternative method to prevent 

bacterial colonization. This extremely thin nanomaterial has been reported to show 

promising antibacterial activity [52, 57]. Furthermore, compared to other antibacterial 

surfaces, it is relatively inexpensive and possesses very high mechanical stiffness and 

extraordinary electronic transport property [1]. Despite many advantages that it has to 

offer, the investigation of graphene as an antimicrobial coating film has not been well 

established. To our knowledge, most of the antibacterial investigations were conducted 

either in solution or as free-standing graphene sheets [52, 57]. In this present study, we 

investigate the antimicrobial properties of graphene nanocomposite coated surfaces. At 
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present, the major challenges of working with pristine graphene are its non-dispersibility 

in either aqueous or organic solvents, direct immobilization on surfaces and 

processability, which leads to the difficulty of working with pristine graphene alone. To 

address these issues, our group has developed a method of fabricating a more stable and 

easily dispersible graphene in a polymer matrix composed of graphene oxide (GO) and 

poly-N-vinyl carbazole (PVK). GO unlike its pristine counterpart contains unoxidized 

aromatic and aliphatic regions with phenolic, carboxyl, and epoxide groups that allows it 

to be easily dispersed in various solvents. PVK on the other hand forms a pi-pi stacking 

interaction with GO through the carbazole group that stabilizes the dispersion of the 

nanocomposite (NC) and creates a conducting polymer network (CPN) that can be 

immobilized and patterned on any conducting substrate via electrochemical methods [17, 

149, 156]. In this work, we present the first report on the immobilization of graphene on 

conducting surface as an antimicrobial coating.  Specifically, we  deposited GO-PVK 

nanocomposite via electrodeposition on indium tin oxide (ITO).  The antibacterial 

property of the electrodeposited GO-PVK films was then tested against Escherichia coli 

K12 MG1655 (E. coli). 

3.2. Materials and Methods 

3.2.1. Preparation of PVK-GO Nanocomposite film 

The PVK-GO (97-3 wt%) nanocomposite was synthesized as the PVK-SWNT 

nanocomposite in previous chapter and was applied on bare ITO surface via 

electrodeposition. Briefly, the polymerizing solution was prepared by mixing 0.1 M 

TBAH (2 ml) in acetonitrile with PVK-GO (50 µl) at 97:3 (wt%) ratio. The PVK-GO 
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film was deposited on bare ITO by repeatedly scanning the potential between 0 to 1500 

mv at a scan rate of 10 mv/s for 50 cycles. Ag and Pt wires were used as the reference 

and counter electrode, respectively. The deposited film was washed with acetonitrile (3X) 

to remove any unbound material from surface. 

3.2.2. Characterization of nanocomposite coating 

The morphology before and after electropolymerization of PVK/GO on ITO glass 

substrates were characterized by AFM.  Atomic force microscopy (AFM) imaging was 

done under ambient conditions with a PicoSPM II (PicoPlus, Molecular Imaging - 

Agilent Technologies) in the Magnetic AC mode (MAC mode) using a magnetic field to 

drive a magnetically coated cantilever in the top-down configuration. Type II MAC 

levers with a spring constant of 2.8 nN/M with about 10 nm tip radius were used for all 

scans. 

 ITO surfaces coated with PVK and PVK-GO were characterized with Attenuated 

Total Reflectance Fourie Transformed Infrared (ATR FTIR). The ATR FTIR spectra 

were obtained on a Digilab FTS 7000 equipped with HgCdTe detector form 4000 to 600 

(cm-1) wavenumbers. All spectra were taken with a nominal spectral resolution of 4 cm-1 

in absorbance mode. All films were measured under ambient and dry conditions for 

several trials at different areas of the sample surfaces. 

3.2.3. Measurement of Antimicrobial Effects of Nanocomposite Suspension 

A single isolated Escherichia coli K12 MG1655 colony was inoculated in 5 ml 

Tryptic Soy Broth (TSB) overnight at 35 C. The bacterial culture was centrifuged at 

10000 rpm and for 10 min and the bacterial pellets were resuspended in phosphate buffer 
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solution (PBS). The initial optical density of the suspension was adjusted to 0.5 at 600 

nm, which corresoponds to a bacterial cell concentration of 10
7
 colony forming units 

(CFU)/ml. Aliquots of 180 µl of bacterial suspension were placed in an eppendorf tube 

containing 20 µl of sample (GO, PVK-GO, PVK) at 1 mg/ml concentration in DI water. 

Control sample contained 20 µl of DI water instead of samples. The tubes were shaken at 

50 rpm for 1 h at room temperature. The antimicrobial properties of GO, PVK-GO and 

PVK samples were evaluated by examining the bacterial growth curve via O.D.600 after 

1h exposure to these materials. Briefly, the mixture of bacteria and samples were 

transferred in 5 ml TSB broth and incubated at 37 °C. Bacterial growth was monitored by 

measuring the O.D.600 every hour using spectrophotometer (Perkin Elmer). The OD 

curves were generated by plotting the OD values versus growth time. The fast or slow 

increase in OD during the incubation represents the ability of E. coli bacteria to survive 

and grow in presence of nonmaterial samples. 

3.2.4. Measurements of Antimicrobial Effects of Nanocomposite Coated Surface 

 ITO substrates, individually coated with PVK, PVK-GO and GO were placed in 

different wells of a 12 well-plate (Falcon). To each well was added 1 ml of bacterial 

culture and then incubated at 37 C for 2 h. The samples were then removed carefully 

from solution and immediately stained with Live-Dead assay kit. The SYTO9 dye stains 

the total cell while the PI stains cell with compromised cell membranes. The samples 

were placed in microscope slide coved with cover slide and visualized with flurescence 

microscope (OLYMPUS). All acquired images were analyzed with CellSense Dimension 
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software. Percent dead cell was calculated as the ratio of total dead cells (PI stained) 

divided by the total cells (SYTO 9 stained). 

3.3. Results and Discussions 

3.3.1. Characterization 

The preparation of the PVK-GO nanocomposite film was carried out by 

electrodeposition on the ITO surface. Figure 3.1 (a) shows the CV plot monitoring the 

immobilization of PVK-GO on the surface. The first oxidation peak was observed at 1.4 

V, which was moved towards lower oxidation potential as the cycle increased. This 

lowering of potential is expected due to the formation of more pi-conjugated species 

upon the crosslinking of the carbazole pendant moieties of the vinyl backbone. The 

irreversible oxidation process could possibly be due to the reduced electron transfer 

kinetics caused by the presence of the graphene oxide. The homogeneity of the deposited 

film was determined via AFM (Figure 3.1, b).  The electrodeposited PVK-GO surfaces 

revealed excellent well-defined film coverage with a root mean squared (rms) roughness 

value of 2.38 nm. The average grain size was about 160 nm typical of the grain size 

observed for the presence of PVK on the surface. 

The ATR IR spectra for the PVK and GO-PVK-modified surfaces are depicted in 

Figure 3.1 (c). For the electropolymerized PVK, assignment of the main absorption peaks 

are as follows: 3100 cm
-1

 (aromatic C-H stretch), 2900- 3000 cm
-1

 (aliphatic C-H stretch 

from the polymer backbone), 1600 cm
-1

 (C=C stretching), 1226 cm
-1

  (C-N stretching of 

vinyl carbazole), 1100-1150 cm
-1

 (in plane –C-H aromatic), and 700-800 cm
-1

 (out of 

plane –C-H aromatic). While all these peaks were observed on the PVK-GO film, the 
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presence of GO on the surface was verified by the appearance of an intense peak at 1700 

cm
-1

 assigned for the C=O stretch; and OH stretch the broad peak that extends from 

3000-3500 cm
-1

 attributed to the OH functional groups from the carboxylic acid alcohol 

groups present in the GO [21, 157]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. (a) Cyclic Voltamemmograms (CV) of the electropolymerized PVK-GO 

on ITO (b) AFM topography images of PVK-GO nanocomposites on ITO surface (c) 

ATR-FTIR spectra of the PVK and PVK-GO modified films. 

 

3.3.2. Antimicrobial Effects of Nanocomposite Solution 

 The antibacterial property of the nanocomposite, GO-PVK, GO, and PVK were 

evaluated by incubating each of the solution with E. coli cells for 1h. The growth curves 

of bacterial-treated with GO-PVK nanocomposite, GO and PVK samples were examined 
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via optical density (OD) measurements, which corresponds to the number of live cells 

that are able to grow after 1h of exposure to the samples. In general, compared to the 

control, the samples containing GO were observed to be antibacterial. This activity was 

shown by the low OD values observed for all measured samples (Figure 3.2 a). To 

evaluate the antimicrobial effectiveness of the different nanomaterials, we measured for 

each of the growth curves the time required to reach 10
7 

CFU/mL, which corresponds to 

an OD600 of 0.5.  

 

 

 

 

 

 

 

 

Figure 3.2. (a) Growth curves of E. coli exposed to GO, PVK and PVK-GO (b) The time 

required by the bacteria to reach an OD600 of 0.5 treated with samples.   

Based on the results, all the GO-containing samples took longer time to reach OD 

of 0.5 as compared to the untreated samples (control) and the PVK samples (Figure 3.2.b). 

GO is already known to be toxic to bacteria; however, the addition of PVK resulted in an 

increased dispersion of GO in the solution, thereby resulting in an increased interaction 

with the bacteria and higher toxicity [158].  
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3.3.3 Antimicrobial Effects of Nanocomposite Coating 

After testing the antibacterial properties of the composites in solution, we tested 

the effects of modified films of PVK, PVK-GO, and GO on E. coli. In situ live-dead 

staining of the bacterial organisms attached to the differently modified surfaces were 

performed to determine the ratio of dead bacteria versus the total number of bacteria. 

SYTO 9 dye was used to show both live and dead cells, while the dead bacteria with 

compromised membranes were stained only by propidium iodide (PI). Fluorescence 

images of the surface reveal that after incubation a more pronounced antibacterial activity 

was observed for the GO-modified surfaces than the unmodified and PVK films (Figure 

3.3, a-d).  In fact, the PVK-GO and GO-modified surfaces were successful in inactivating 

E. coli by approximately 90% and 84 %, respectively. This result showed that GO 

remained effective even after surface immobilization. It is worth noting that the addition 

of PVK did not hinder its efficacy but showed an enhanced bacterial toxicity than the GO 

alone. We infer that the improved dispersion caused by the presence of PVK led to the 

results observed. Although the mechanism of antibacterial toxicity is beyond the scope of 

this study, it is possible that GO has similar antimicrobial mechanisms as other carbon 

based nanomaterials such as carbon nanotubes, i.e. the direct contact of GO with bacteria 

can lead to cell inactivation [2]. 
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Figure 3.3.  (a-d): Fluorescence images of the E. coli on (a) unmodified ITO, (b) 

electrodeposited PVK, (c) spin-coated GO, and (d) electrodeposited PVK-GO films. (e) 

Total number of bacteria (green) and  dead bacteria (red) (f) Percentage of dead bacteria. 
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3.4. Conclusions 

The antibacterial property of a PVK-GO nanocomposite and electropolymerized 

nanocomposite on ITO surface was studied. This robust antimicrobial coating can be 

applied on electrically conducting substrates. The inclusion of PVK allowed the 

immobilization of a well-defined and homogeneous film via electro-polymerization on 

the ITO surface. Antibacterial properties of the GO-containing films and solutions 

resulted in increased bacterial inactivation, relative to the control. Even with the presence 

of PVK, the nanocomposite maintained its bacterial toxicity. This result shows the 

potential of using the PVK-GO nanocomposite as an alternative antimicrobial coating for 

electrode surfaces that can be widely used in biomedical and industrial fields.  
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Chapter 4  Applications of PVK-SWNT Nanocomposites Coated 

Membranes for Water Treatment. 
“Adapted with permission from (Ahmed, F.; Santos, C. M.; Mangadlao, J.; Advincula, R.; Rodrigues, D. 

F., Antimicrobial PVK:SWNT nanocomposite coated membrane for water purification: Performance and 

toxicity testing. Water Research 2013, 47, (12), 3966-3975). Copyright (2013) Elsevier.” 

 

4.1. Rationale and Objectives 

Membrane separation systems are used for drinking water treatment because of 

their potential to remove microorganisms [159]. The major issue of membrane operations 

is that they are often affected by biofouling phenomena (e.g., bacterial adhesion) on the 

membrane surface [160]. Membrane biofouling is initiated by bacterial adhesion and 

growth on the membrane surface, which can eventually form a biofilm [159]. Hence, 

developing membranes with anti-bacterial property is certainly an attractive solution. The 

most common approach for developing anti-microbial membranes is the modification of 

commercial membrane surfaces with polymeric materials containing silver nanoparticles 

[155, 161]. Similarly, carbon based nanomaterials, like single-walled carbon nanotubes 

(SWNTs), have been reported to significantly reduce the bacterial and viral load in water 

due to its anti-microbial properties [2, 43, 96, 152].  

Apart from anti-microbial properties, incorporation of SWNT into membranes has 

also been reported to improve membrane strength, thermal stability, and water flux [162]. 

The use of SWNTs to coat membranes is, however, still limited by high cost and poor 

dispersibility in aqueous solutions [123, 155, 163]. Though polymer nanocomposites 

have been used for surface modification of membranes, SWNT incorporated in the 

polyvinyl-N-carbazole (PVK) polymer has not yet been investigated for its application in 

water treatment. In our recent study with PVK-SWNT nanocomposite in suspension and 



 

62 

 

immobilized on solid surfaces, we demonstrated significant antimicrobial effects against 

both Gram-positive and Gram-negative bacteria [164]. PVK was selected as a base 

polymer because of its multiple aromatic groups that facilitate pi-pi interaction with 

carbon-based nanomaterials, making it a more compatible polymer with SWNT. Besides, 

PVK possesses excellent thermal, mechanical, and biocompatible properties and is easy 

and economical to prepare [165, 166].  Furthermore, the ratio of SWNT in the PVK-

SWNT (97:3 wt% ratio PVK: SWNT) nanocomposite reduces the use of costly SWNT in 

the membrane preparation while showing excellent dispersion of SWNT in aqueous 

solution in the presence of PVK [167]. 

In this study, we investigated the antimicrobial properties of nitrocellulose 

membrane filters coated with PVK-SWNT (97:3 wt% ratios, PVK: SWNT). Highly 

purified and well characterized SWNT was used to synthesize the PVK-SWNT 

nanocomposite. Membrane surfaces were dip coated in PVK-SWNT suspension to create 

a film of PVK with a 3 wt% SWNT load. Antibacterial and virus removal properties of 

the membranes coated with PVK-SWNT was investigated with Gram-positive (Bacillus 

subtilis), Gram-negative (Escherichia coli) bacteria and the model virus MS2. Human 

cytotoxicity of PVK-SWNT nanocomposite was investigated with human fibroblast cells 

to assess suitability of this nanocomposite for drinking water treatment. 

4.2. Materials and Methods 

4.2.1. Coating of the filter membranes 

  PVK-SWNT nanocomposite was prepared following the procedure described in 

Chapter 2. Nitrocellulose membrane filters (0.45 µm, Milipore USA) were dip-coated 

with PVK (1mg/ml), SWNT (1mg/ml) and PVK-SWNT (1 mg/ml) suspensions in DI 
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water. After coating process, the filter membranes were carefully removed and dried 

overnight in a vacuum oven. Bare nitocellulose membranes were used as controls. 

Characterization of PVK, SWNT, and PVK-SWNT suspensions and coated membrane 

filters were conducted according to procedure described in Chapter 2 [164, 167]. 

4.2.2. Bacterial Culture 

Freshly prepared suspensions of Escherichia coli MG 1655 and Bacillus subtilis-

102  were used for all experiments in this study. In order to prepare fresh suspensions, 

single isolated colonies of E. coli and B. subtilis were inoculated in 5 ml of Tryptic Soya 

Broth (TSB) (Oxoid, England) and incubated overnight at 35 
0
C and 200 rpm (INNOVA 

44, New Brunswick Scientific Co, USA). The bacterial culture was centrifuged at 10,000 

rpm for 10 minutes. To remove any residual growth medium, cells were washed twice 

and re-suspended in phosphate buffer solution (PBS, 0.01M, pH=7.4) (Fisher Scientific, 

USA). The bacterial suspension was adjusted to give an optical density (OD) of 0.5 at 

600 nm, which corresponds to a cell concentration of ~10
7 

CFU/ml.  

4.2.3. Bacterial Cell Filtration 

All the filtration apparatus were sterilized prior to use. The prepared membrane 

filters were washed for 15 min with ethanol (70%) and air dried for 24 h in a biological 

safety cabinet (LABGARD, NuAire Inc, USA) under laminar flow to evaporate any 

residual ethanol. All the filtration assays were conducted under a constant permeation 

rate (~57 L m
-2 

h
-1

) using a peristaltic pump (Cole-Parmer, USA). The filtration 

experiment set up consisted of all glass filtration apparatus with 47 mm stainless steel 
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screen (Milipore, USA). The mode of filtration was dead-end, unless indicated otherwise. 

Prior to each filtration experiment, the filter surfaces were preconditioned by passing 10 

ml of sterile PBS. For each membrane filter type (i.e., coated with SWNT, PVK-SWNT 

and non-coated), 2 ml of bacterial suspension in PBS at OD= 0.5 was passed through the 

membrane filter. Each membrane filter was tested at least in duplicate. 

4.2.4. Bacterial Viability Assay 

This test was performed to determine the percentage of inactivated bacterial cells 

retained on the surface of the membranes. The bacterial viability assay was performed 

using the LIVE/DEAD Baclight kit (Invitrogen, USA) to quantify the number of live and 

dead cells on the filter surfaces [2]. Immediately after the filtrations, the filter surfaces 

were stained with the LIVE/DEAD BacLight Bacterial Viability kit and were observed 

with a fluorescence microscope (OLYMPUS, Japan). SYTO 9 dye was used to stain the 

total number of cells, while propidium iodide (PI) was used to stain cells with 

compromised membranes. Five representative images at 40x magnification were taken 

for each sample and all the samples were tested in triplicate. Total cells and dead cells 

were counted with the Image-Pro Plus software (MediaCybernetics, USA). The percent 

of inactivated cells was determined from the ratio of the number of cells stained with PI 

divided by the number of cells stained with SYTO 9 plus PI. The results were averaged 

out and the standard deviations were calculated. 
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4.2.5. Bacterial Quantification in the Filtrate 

The plate count method was used to enumerate viable bacteria in the filtrate [159]. 

The filtrates were collected and diluted in PBS through serial dilution. The dilutions were 

plated on Tryptic Soya Agar (TSA) (Oxoid, England) media and incubated overnight at 

37
0
 C. The total number of colony forming units (CFU) was enumerated. Each filtrate 

sample was plated in duplicate and standard deviations were calculated from the results. 

4.2.6. Filter Agar Test 

Viability and re-growth potential of the retained bacterial cells on the membrane 

surfaces were tested using the agar printing assay described elsewhere [159]. 

Immediately after filtration, the filter surfaces were flipped on a TSA plate facing down 

and incubated overnight at 37
0
 C. Bacterial growth on the membrane perimeter was 

measured with a Mitutoyo 500-196-20 Digital micrometer Caliper (MSI Viking Gage, 

USA). Averages and standard deviations were calculated from triplicates. 

4.2.7. Scanning electron microscopy (SEM) Imaging 

SEM sample preparation and imaging was performed following the protocol 

described elsewhere [152]. Briefly, bacterial cells on the filter surfaces were fixed with 

2% gluteraldehyde in 0.05M cacodyle buffer solution (Fisher Scientific, USA). The fixed 

cells were subsequently stained with 1% osmium tetraoxide (Sigma Aldrich Chemicals, 

USA) and dehydrated with increasing concentrations of ethanol (25%, 50%, 75%, 95% 

and 100%). SEM images were acquired using a LEO Gemini 1500 series microscope at 
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10 keV.  Prior to imaging, the samples were mounted on carbon tape and coated with 

Au/Pd using a Denton Vacuum Desk II sputter coater.  

4.2.8. Deoxyribonucleic Acid (DNA) Quantification Assay 

This assay was performed to quantify the DNA concentration (ng/µl) in the 

filtrate that was released from damaged bacterial cells after filtration. The experimental 

procedure was adapted from  another study [2]. Briefly, immediately after filtration, 2 µl 

of the filtrates were placed in a Take 3 Plate (for DNA quantification) in the Synergy MX 

(BioTek, USA). Sterile PBS without bacteria and DNA were used as blanks. Average 

DNA concentrations and standard deviations were calculated from duplicate filtrate 

samples. 

4.2.9. Viral Culture and Quantification 

MS2 bacteriophage was selected to test viral removal by these new membranes. 

MS2 bacteriophage and its host E. coli 15597 were obtained from the American Tissue 

Culture Collection (ATCC). The stock solution of MS2 was prepared as described 

elsewhere [168]. Stock solutions of MS2 in PBS (4.5x10
11  

PFU/ml)  were used for the 

filtration experiments. The concentrations of bacteriophages were determined before and 

after each filtration experiment. The membrane filters were prepared and preconditioned 

as described in Section “Bacteria Cell Filtration”. A solution of 2 ml of the MS2 was 

filtered through the membrane filter at constant permeation rate (~57 L m
-2 

h
-1

). Filtrate 

was collected on sterile 2 ml tubes and viral concentrations were determined with the 

PFU method [168]. Briefly, each serial dilution in PBS of the filtrate was mixed with the 

E. coli host and molten soft agar (0.7% TSA), then poured on TSA plates. The plates 
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were incubated overnight at 35 

C and the plaque forming units were quantified. All the 

virus experiments were done in a biological safety cabinet. Each filter was tested in 

duplicate and the standard deviations were calculated. 

4.2.10. Human Cytotoxicity Evaluation 

Cytotoxicity test of PVK-SWNT, SWNT, and PVK solutions were performed 

against NIH 3T3 Fibroblast cells using CellTiter 96 AQueous (Promega) [169]. The NIH 

3T3 Fibroblasts were a gift from Dr. Albee Messing of the University of Wisconsin-

Madison and were cultured at 37 °C in a growth media containing 86% of Dulbecco’s 

modified Eagle’s medium, 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, 

1% 4-(2- hydroxyethyl)-1-piperazineethanesulfonic acid in  1 M HEPES, 1% L-

glutamine, and 1% minimum essential medium (MEM) in 10 mM nonessential amino 

acids solution (100×; GibcoBRL). Fibroblast cells of passages 129 and 132 were 

harvested from culture flasks by 10-12 min incubation with 0.25% trypsin and were 

resuspended in the growth media. Assay kits containing 3- (4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)- 2H-tetrazolium, inner salt (MTS) and an 

electron coupling reagent, phenazine methosulfate (PMS) were used. Briefly, cells were 

seeded onto a 96-well plate with a seeding density of 2.5x10
4
 cells/ 100 µL and incubated 

at 37 C and 5% CO2 in humidified air for 24 h. The cell culture medium was then 

aspirated from the wells and the plates containing cells were gently rinsed with 

Dulbecco’s Modified Eagle Medium (DMEM) to remove any non-adherent cells. Next, 

100 µl of nanomaterials (PVK, SWNT and PVK-SWNT) were added onto each well 

containing cells and incubated for 24 h at 37 C with 5% CO2. After the incubation, the 
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nanomaterials dispersed in solutions were aspirated and the wells were rinsed 3 times 

with DMEM.  The adherent cells were evaluated for their viability using MTS assay as 

described by the manufacturer (Promega, Madison, WI, USA). Briefly, MTS and PMS 

detection reagents were mixed, using a ratio of MTS/PMS 20:1. This procedure was done 

immediately before to addition to the cell culture media (DMEM) in which a 1:5 ratio of 

detection reagents to cell culture medium was used. Then the aspirated wells containing 

the samples were incubated for 2 h at 37 °C in a 5% CO2 atmosphere. A well containing 

only the culture medium (i.e. DMEM) was used as a “medium only” control. The 

untreated cell suspension was used as a negative control. For the positive control, 4% 

paraformaldehyde in PBS buffer was added to the cells grown on the plate. The 

absorbance of the formazan was read using a Synergy MX Microtiter plate reader 

(BioTek, VT) at 495 nm. 

4.3. Results and Discussions 

4.3.1. Filter membrane Characterization 

Prior to membrane fabrication, the PVK-SWNT and PVK sample solutions were 

characterized using UV-Vis. Figure 4.1 shows the UV-visible spectra for the pure 

SWNTs. As expected no absorption peaks at the visible region of the electro-magnetic 

spectrum were observed.  However for the pure PVK solution, main signature bands 

occurring at 331 and 345 nm were observed. These peaks are attributed to the π-π* and n- 

π* optical transitions in pendant carbazole moieties of PVK [170]. It can be seen from the 

spectra that the main absorption peaks for pure PVK still prominent in the PVK-SWNT 

nanocomposite, but the intensity was slightly reduced due to the presence of the SWNT. 
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Figure 4.1. UV-vis spectra of the pure SWNT, PVK and PVK-SWNT nanocomposite 

solutions. 

FTIR was also used to determine the functional groups present on the modified 

filter surfaces. Figure 4.2 shows the IR spectra of the nitrocellulose filter membrane with 

the following peak assignments: 832 cm
-1

 (NO stretch), 1651 cm
-1 

(asymmetric NO2 

stretch), 1282 cm
-1

 (symmetric NO2 stretch), 1060 cm
-1

 (asymmetric CO stretch) and a 

weak band at 1746 cm-1 (CO stretch) [171]. Similar peaks were observed for the PVK-

SWNT membranes corresponding to olefinic C-H bending (822-837 cm
-1

), C-N 

stretching (1012-1273 cm
-1

) and C=C stretching (1635-1645 cm
-1

), except for the weak 

band at 1746 cm
-1

 found in bare nitrocellulose filter (inset). The disappearance of this 

band as well as the significant increase of absorbance intensity in modified membranes 

suggests successful coating of the filter with PVK-SWNT. 
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Figure 4.2. FTIR spectra of the unmodified, PVK-modified and PVK-SWNT modified 

nitrocellulose membranes. 

The successful modification of the filter was characterized using XPS (Figure 

4.3). Narrow scan in the N 1s region of the unmodified filter membrane showed an 

intense peak at ~408 eV coming from N=O of the nitrocellulose membrane. Upon 

addition of PVK-SWNT, a new peak centered at ~399 eV appeared, indicative of the N-C 

coming from the carbazole moieties of PVK. Furthermore, the C 1s scan of the PVK-

SWNT showed higher peak intensity in the C-C region (284.5 eV) as compared to the 

PVK and unmodified membranes due to the incorporation of C-C containing SWNT. To 

estimate the amount of SWNT loaded on the filter membrane, the peak area ratios from 

the N-C and C-C peaks of the PVK-SWNT and PVK were used. Using this method, the 

amount of SWNT was estimated to be ~3 wt %.  This value is similar to the solution 

mixture ratios of PVK-SWNT used to prepare the modified filter.     
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Figure 4.3. XPS spectra of the unmodified, PVK-modified, and PVK-SWNT modified 

nitrocellulose membranes. (a) C 1s and (b) N 1s regions. 

 

The morphology of all the membranes were evaluated using SEM. Figure 4.4a 

depicts the SEM image of the unmodified nitrocellulose membrane, which revealed a 

layered and mat-like porous surface. The SWNT and PVK-SWNT-modified filters, on 

the other hand, formed a denser coating on the surfaces that were seen over several 

layers. Furthermore, the uniform aspect of the surfaces throughout the membranes 

demonstrates successful and homogeneous coating of the nitrocellulose membrane 

surfaces with SWNT and PVK-SWNT (Figure 4.4, b & c). 
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                    (a)                                            (b)                                                (c) 

 

Figure 4.4. SEM images of membrane morphologies: (a) bare nitrocellulose membrane; 

(b) SWNT coated membrane; (c) PVK-SWNT coated membrane. Scale: 10 µm. 

4.3.2. Antibacterial property of the coated membranes  

The LIVE/DEAD assay was performed to determine bacterial viability after 

interaction with the nanomaterials during filtration. Fluorescence microscopy was used to 

assess the loss of bacterial viability. SYTO 9 dye (green dye) was used to stain both live 

and dead cells while propidium iodide (PI) (red dye) was used to stain the cells with 

compromised membranes. Figure 4.5 (a, b) shows representative fluorescence images of 

the E. coli and B. subtilis cells on the filter surfaces. Results show that in the absence of 

the nanomaterials (control), bacterial inactivation was <10% (Figure 4.5, c). While, ~90 

% and ~81 % of the E. coli cells were inactivated after being retained on the PVK-SWNT 

and SWNT coated membranes, respectively. Similarly, ~90 % and ~40 % of the B. 

subtilis cells were inactivated after retained on PVK-SWNT and SWNT coated 

membranes, respectively. In similar studies with SWNT coated membranes, 80-90 % E 

coli inactivation was observed [96, 152]. No noticeable toxicity effects (inactivation < 

10%) of PVK coated membranes were observed on either E. coli or B. subtilis. This 

suggests that toxicity observed on PVK-SWNT coated membranes were either due to the 

presence of SWNT or synergistic effects of PVK-SWNT, but not due to the presence of 
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PVK. In the case of 100% SWNT coated membranes (Figure 4.5, c), the toxic effect of 

these membranes on B. subtilis were considerably smaller than on E. coli. However, these 

findings are similar to many other studies where E. coli and B. subtilis exhibited different 

tolerance levels towards SWNT. These finds were explained as differences in cell wall 

structure, the protective effect of the outer membrane surface properties, ability to form 

spores and/or unique repair mechanisms of different microorganisms [43, 155, 172, 173]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Viability assay for bacteria retained on membrane filters: (a) E. coli retained 

on PVK-SWNT coated filter and on bare filter (control); (b) B. subtilis retained on PVK-

SWNT coated filter and on bare filter (control). (c) % Inactivated cells. 

 

  The results demonstrated that PVK-SWNT nanocomposite with only 3% SWNT 

content achieved similar or better cell inactivation than 100% SWNT coated membranes. 

These results  can be explained by the better dispersion and debundling of SWNT in the 
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presence of PVK, which would increase the probability of SWNT to be in contact with 

bacterial cells[152]. Though the exact mechanism of SWNT-bacterial interaction has not 

been completely elucidated yet, several studies suggested physical disruption of bacterial 

membrane and oxidative stress as the major mechanisms [152, 153, 155, 174]. Therefore, 

the cells in contact with this nanomaterial were probably inactivated by one or both 

mechanisms.                              

4.3.3. Intracellular DNA Release 

Although the membrane damage test (LIVE-DEAD) is a strong indicator of cell 

damage, not all damaged membranes will lead to bacterial cell death. Current literature 

describes that the release of large quantities of intracellular material from cells, only 

occurs when bacterial cell walls and cellular membranes suffer irreparable damages [2].  

In many SWNT cytotoxicity studies, cell membrane damage has been reported as one of 

the mechanisms for bacterial toxicity. This mechanism is verified by measuring the efflux 

of cytoplasmic material (e.g. DNA) in the filtrate. In Figure 4.6, the filtration of both E. 

coli and B. subtilis yielded higher DNA concentrations in the filtrate of SWNT and PVK-

SWNT coated membranes than uncoated and PVK coated membranes. In the case of 

SWNT coated membranes, ~2 fold and ~1 fold increase in DNA efflux compared to the 

control were observed for E. coli and B. subtilis, respectively. While for PVK-SWNT 

coated membranes, ~4 fold and ~2.5 fold increase in DNA efflux were observed for E. 

coli and B. subtilis, respectively. In similar studies, release of intercellular DNA was 

observed to be as high as 5 fold for E. coli as a result of the bacterial interaction with 

SWNT and subsequent membrane damage [2, 152].  In the case of PVK-SWNT coated 
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membranes, the SWNTs were highly dispersed, which increased the chances of cell 

interaction with the open ends of nanotubes and led to cellular damage. Similar results 

were also described on studies with coated surfaces with SWNTs and other polymers 

[153, 155, 164]. 

We believe that the measured DNA concentration in the filtrate of SWNT and 

PVK-SWNT coated membranes should have been much higher than what we are 

reporting, since DNA tends to adsorb to SWNT surfaces [2]. This high efflux of DNA 

suggests considerable bacterial cell membrane damage and potential cell death.  

In Figure 4.6, the DNA efflux from B. subtilis cells (Gram-positive) was lower 

than from E. coli cells (Gram-negative), which could be explained by the thicker 

peptidoglycan cell-wall found in Gram-positive bacteria. This thick peptidoglycan cell-

wall would make it harder for nanomaterials to cause considerable cell membrane 

damage [175, 176].  
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Figure 4.6. Efflux of cytoplasmic material (DNA, ng/µL) in the filtrate after filtration of 

E. coli and B. subtilis through PVK, SWNT and PVK-SWNT coated membrane filters 

and non-coated filters (control).  

4.3.4. Filter Agar Printing Test 

Recent studies have shown that E. coli can endure and repair low to moderately 

damaged cell membranes [2, 177]. The main goal of this test was to confirm the results 

from the DNA release assay and determine at what extent the damaged bacterial cells 

retained on the membrane filter could recover from the cellular damage and grow after 

the exposure to the nanomaterial. In the results of the LIVE/DEAD and DNA release 

assays, the control and PVK coated membrane filters presented very few bacterial cells 

with compromised cellular membranes as opposed to SWNT and PVK-SWNT coated 

membrane filters. Similarly, in the agar printing assay (Figure 4.7), much higher bacterial 

growth was observed on the control and PVK-coated membranes than on the other coated 

membranes. SWNT membranes presented ~73% and ~66% growth inhibition for E. coli 
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and B. subtilis, respectively, when compared to the control. Similar inhibition was also 

observed for PVK-SWNT membranes (~70% for E. coli and ~65% for B. subtilis). These 

results suggest that bacteria retained on the membrane filters significantly lose their 

potential for re-growth. Bacterial re-growth and biofilm formation have been 

demonstrated in many studies to cause great problems in membrane operations [178]; 

these results show that this new coating has the potential to solve such problems.   
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Figure 4.7. Agar printing assay to determine the growth behavior of bacteria retained on    

membrane coated with PVK, SWNT, PVK-SWNT and bare membrane (Control).  

4.3.5. Bacterial Morphology on the Filters 

  The SEM images of E. coli (Figure 4.8) showed bacterial cells disrupted and 

shrunk on both SWNT and PVK-SWNT filter surfaces. This result corroborates our 

results of the Live/Dead assay, intracellular DNA release, and the filter agar printing test. 
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Similar bacterial damage was also observed for B. subtillis after filtration on the PVK-

SWNT and SWNT modified membranes. 

 

 
 

Figure 4.8. SEM images of filters with retained bacterial (E. coli) cells on (a) unmodified 

membrane (control), (b) SWNT coated membrane, and (c) PVK-SWNT coated 

membrane. Scale: 1 µm (top), 200 µm (bottom). 

4.3.6. Bacterial Removal Property 

 In theory, membrane filters with smaller pore size than the size of bacterial cells 

are expected to retain all cells by a sieving mechanism. Studies, however, have shown 

that bacterial cells can entrain through membrane pores due to high filtration rates, 

solution chemistry, and lack of membrane surface uniformity [100, 179]. Our study 

demonstrated that both SWNT and PVK-SWNT coated filters had ~ 4 log higher 

bacterial removal than the control filters (Figure 4.9). This bacterial removal might be a 

combined effect of cell retention and inactivation by SWNT while passing through the 
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membranes. The small pore size (0.45 µm) of the nitrocellulose membranes, the added 

thickness of SWNT and PVK-SWNT layers to the membrane, and the strong affinity of 

the bacterial cells to SWNT surfaces increased the efficiency of the filters by cell 

inactivation, sieving, and depth filtration mechanisms [96, 100, 168]. The similar log 

removal of 100% SWNT coated membranes and PVK-SWNT coated membranes with 

only 3% SWNT load could be attributed to a more homogeneous dispersion of SWNTs 

on the membrane surface in the presence of PVK, and hence more SWNT open ends to 

inactivate bacterial cells.  
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Figure 4.9. E. coli and B. subtilis (10
7 
CFU/ml) log removal after filtration at constant 

permeation rate through bare membrane (control) and through PVK, SWNT and PVK-

SWNT coated membranes.  

4.3.7. Virus Removal Property 

  MS2 bacteriophage was used to investigate the removal efficiency of nanometer-

sized viral particles. The bacteriophages were filtered through bare membranes (control), 
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and through PVK, SWNT, and PVK-SWNT coated membranes. As expected, the log 

removal of MS2 for both control and PVK coated membranes were very poor (<1 log), 

due to the very small size of the virus (~27-34 nm) compared to the membrane pore size 

(0.45 m) (Figure 4.10). On the other hand, the log viral removal was ~3 and ~2.2 for 

SWNT and PVK-SWNT coated membranes, respectively. The mechanism of virus 

removal on SWNT coated membranes has been demonstrated to be by depth filtration 

[168].  A higher virus removal (~3 logs) by 100% SWNT coated membranes than PVK-

SWNT (with 3% of SWNT) coated membranes can be attributed to a larger amount of 

SWNT in the 100% SWNT membranes. The higher the SWNT concentration on the 

membrane, the larger will be the surface area available for the virus particles to adsorb. 

Studies have shown that SWNT loads of 0.5 mg/cm
2 

achieve more than 4 log virus 

removal. Furthermore, a linear relationship was established between the effluent virus 

concentration and SWNT load on the membrane surface [168].  
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Figure 4.10. Log removal of MS2 virus (4.5x10
11 

PFU/ml) after filtration at constant 

permeation rate through bare membrane (control) and through PVK, SWNT, and PVK-

SWNT coated membranes. 

 

4.3.8. Human Cytotoxicity Test  

During the filtration process, some SWNT particles may detach from the 

membrane surface and end up in the drinking water. Certain concentrations of SWNTs 

have been shown to be toxic to humans. For instance, pure SWNT/MWNT was described 

to damage the plasma membrane of mammalian cells and to induce considerable toxicity 

[74, 180]. Therefore, it is essential to investigate the human cytoxicity of the SWNT 

concentrations used in the filters in this study to assess their suitability for drinking water 

treatment. Fibroblast cells are part of human connective tissue and play an important role 

in wound healing; therefore they are often used in in vitro studies. These cells can easily 

get exposed by SWNT entering the human body through physical contact or ingestion 

[181]. 
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Figure 4.11. Cytotoxicity of the PVK-SWNT (1 mg/ml), SWNT (1mg/ml), and PVK 

(1mg/ml) solutions against NIH-3T3 Fibroblasts.  

 

  The exposure of fibroblast cells to SWNTs showed that the concentration of 

SWNT plays an important role in the toxic behavior of SWNT towards human cells 

(Figure 4.11). In SWNT samples, with a concentration of 1mg/ml, ~75% cytotoxicity was 

observed in the human cells. In the PVK-SWNT suspension with a SWNT concentration 

of 0.03 mg/ml was observed only ~20% toxicity. PVK, on the other hand, that functions 

as dispersant, displayed minimal cytotoxic effects (~10%). Previous studies with other 

human cells, such as  the human  umbilical vein endothelial cells, demonstrated that a 

SWNT mixture with the phosphorycholine polymer exhibited a cytotoxicity of  only ~8-

10%, while SWNT/MWNT suspended with  polyethylene glycol (PEG) showed no 

considerable toxicity to mammalian cells [7, 176, 180]. The PEG and other polymers 

mixed with SWNT/MWNT were reported to be able to penetrate mammalian cells 
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without damaging the plasma membrane, and their accumulation did not show significant 

toxic effect on cell cycle [74] . Hence, it seems that in the event of some leaching from 

the PVK-SWNT coated membranes, the SWNT used in this study will not exhibit 

considerable toxicity towards human fibroblast cells. However, the effects of SWNT 

exposure to other human cell types and effects of chronic exposure need to be further 

investigated before such material can be widely used for water treatment. 

4.4. Conclusion 

In this study, we demonstrated that membrane (nitrocellulose) coated with SWNT 

and PVK-SWNT nanocomposite can effectively remove and inactivate bacterial cells 

during filtration. The PVK-SWNT (97:3 wt% ratio PVK: SWNT) coated membranes 

achieved similar or improved bactericidal effects than 100% SWNT coated membrane. 

Log removal of MS2 virus was lower in PVK-SWNT filters compared to 100% SWNT 

filters due to smaller loads of SWNT in the nanocomposite, which reduced adsorption 

sites for the virus. The log removal efficiency (both bacteria and virus) could be further 

investigated by increasing the thickness of PVK:SWNT and SWNT coating. Again, 

substantial reduction of bacterial re-growth of the retained bacteria on the new 

membranes and the high concentrations of intracellular material efflux (DNA, ng/µL) in 

the filtrate are suggestive of irreversible bacterial cell membrane damage and bacterial 

death as a possible mechanism of bacterial inactivation by both SWNT and PVK-SWNT 

membranes. These observations are promising in terms of controlling biofouling problem 

during membrane filter operations. Cytotoxicity tests on human fibroblast cells 

demonstrated that PVK-SWNT (97:3 wt% ratio PVK: SWNT) are considerably less toxic 
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than pure SWNT (100%), which makes the application of this nanocomposite for water 

treatment very promising. PVK:SWNT coating is also significantly economical  as use of 

costly SWNT was greatly reduced. Although SWNT and PVK-SWNT membranes tested 

in this study showed impressive removal of pure bacterial culture, further study should be 

conducted with natural water where many other factors like natural organic material 

(NOM), complex microbial communities and solution chemistry can influence the 

membrane filter performance. 
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Chapter 5  Applications of Carbon-based nanomaterials 

(Graphene, Graphene Oxide and Single-Walled Carbon Nanotube) 

for the Removal of a Biofouling Agent (Protein) from Aqueous 

Solution 

5.1. Rationale and Objectives 

  Proteins are major components of naturally occurring organic matter (NOM) and 

are known to cause biofouling during membrane filtration of surface and wastewater [30, 

182,183]. Excess NOM and protein are also reported to deteriorate effluent quality and 

increase the production of harmful disinfection by-products during the chlorination 

process [184]. Traditionally, activated carbon is used in water treatment plants to remove 

organic pollutants, including proteins, from surface water and wastewater. However, the 

protein adsorption capacity of activated carbon is relatively low; for high removal 

requirements, more efficient and innovative  adsorbents should be considered [86]. 

 In recent years, carbonaceous nanomaterials such as single-walled carbon 

nanotubes (SWNT), graphene (G), and graphene oxide (GO) have received significant 

attention for their utility as absorbents [30, 87, 185, 186]. These nanomaterials are 

promising replacements for other conventional adsorbents like activated carbon, due to 

exceptionally high specific surface area available for adsorption [185]. Among the three 

nanomaterials evaluated in this study, SWNT has been most extensively examined for 

adsorption applications. Several studies have reported that SWNT possess good 

adsorption capacity for many organic and inorganic pollutants present in aqueous phases 

[186-188]. Ongoing research suggests SWNT could be a better candidate for removal of 

contaminants in aqueous solutions than conventional adsorbents [85]. Although G and 
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GO have not been studied as extensively as SWNT, several studies have shown 

promising results for their application as adsorbents; G and GO nanoparticles and their 

nanocomposites can successfully remove various contaminants like antibiotics, heavy 

metals and synthetics dyes from aqueous solutions [87, 185, 189, 190]. However, to date, 

there has been no systematic study of these nanomaterials for removal of fouling 

compounds, like proteins, for water treatment applications. So far, protein related studies 

of these nanomaterials have been limited to bio-conjugate formations with proteins and 

other biomolecules for biomedical and biosensing applications [191-196]. Hence, there is 

a need to investigate protein adsorption characteristics of G, GO, and SWNT and the 

effects of different water chemistries on their adsorption capacities for the development 

of more suitable water treatment technologies. 

In this study, the adsorption capacities of G, GO, and SWNT were investigated 

with respect to protein removal from aqueous solutions. Lysozyme was used as the model 

protein. Lysozyme is an extensively studied protein and its physicochemical 

characteristics (structure, charge distribution, hydrophilicity/hydrophobicity) are well 

known in different solution chemistries. To account for various environmental factors 

related to water treatment, adsorption experiments were conducted at several pHs and salt 

concentrations. Experimental results were fit to Langmuir, Freundlich and Tenkin models 

to better understand the adsorption capacity and adsorption isotherm parameters of this 

protein to the nanomaterials. The investigation was further extended to wastewater from 

local treatment plants to determine the efficacy of these three nanomaterials for removing 

proteins from a system with complex water chemistry. 
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5.2. Materials and Methods 

5.2.1. Synthesis of Nanomaterials and Preparation of Stock Solution 

 In this study, three carbon-based nanomaterials, i.e., graphene (G), graphene 

oxide (GO), and single-walled carbon nanotubes (SWNT) were tested for adsorption of 

protein in aqueous solution. Briefly, G nanoparticles (XG Sciences, MI) were suspended 

in deionized (DI) water to make a stock solution of 2 mg/mL [5]. The prepared stock 

solution was sonicated for 30 min before the adsorption tests. GO was synthesized from 

the graphite flakes (Alfa Aesar, USA) following the modified Hummers method using all 

reagent grade chemicals (Sigma-Aldich and Fisher Scientific, USA) [197]. Briefly, 

graphite flakes were digested with NaNO3 and concentrated H2SO4,   followed by 

oxidation with KMnO4 and H2O2. The pH of the solution was neutralized to 7.0 and GO 

was collected as a pellet after centrifuging the neutralized solution. An appropriate mass 

of GO was suspended in DI water to make a stock solution of 2 mg/mL. SWNT were 

purchased from Cheap Tubes Inc. (Vermont, US) and the stock suspension was prepared 

in DI water (2 mg/mL) according to previously published methods [40, 174]. The SWNT 

stock solution was homogenized using a bath sonicator for 15 minutes before use in the 

adsorption experiments.  

5.2.2. Adsorption Capacity Measurement 

  Lysozyme (Sigma-Aldich, USA) was used as a model protein for all the 

adsorption experiments. A 1 mg/mL stock solution of lysozyme was prepared in DI 

water. To study the effects of different initial protein concentrations on adsorption 

capacity of a fixed mass of nanoparticles, 0.5 mg/mL of nanomaterial was incubated with 
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varying concentrations of protein (0.2, 0.4, 0.6, 0.8 and 1 mg/mL). The protein stock 

solution was diluted with DI water, and 0.375 mL was added from each concentration to 

2 mL Eppendorf tubes. 0.125 mL of the nanomaterial solution was then added to the 

tubes. As a control, 0.125 mL of DI water was added to one set of tubes in place of 

nanomaterial. Preliminary experiments indicated that all three nanomaterials reach 

absorptive equilibrium after 3 h; therefore, the mixed suspensions of protein and 

nanomaterial were incubated for 3 h at room temperature while being shaken at 200 rpm. 

After incubation, the sample tubes were centrifuged at 15,000 rpm to separate the 

nanomaterial from the suspension. Protein concentration in the supernatant was 

quantified by Take 3 Plate (for lysozyme quantification, Wavelength 280/260) in the 

Synergy MX (BioTek, USA). DI water without protein or nanomaterial was used as a 

blank. Each experiment was performed in triplicate and standard deviations were 

calculated. The adsorption capacity of the nanomaterials were calculated according to the 

equation [87] 

                                                                                                                              (1) 

    

where qe = equilibrium adsorption capacity (mg protein/g nanomaterial); Ci = initial 

protein concentration; Ce= equilibrium protein concentration; and m = mass of 

nanomaterial (g). 

  To better explain lysozyme adsorption phenomena on the nanomaterials, the 

adsorption tests data were fitted into Langmuir, Freundlich and Temkin models. 

Mathematical representations of the models are as: 
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Langmuir model 

                              
 

  
 

 

  
 

 

      
                                                                                (2) 

qm = Theoretical maximum adsorption capacity of per unit of adsorbent (mg/g) 

KL = Langmuir constant 

Freundlich model 

                                               
 

 
                                                                         (3) 

KF = Freundlich constant, n= Linearity index 

 Temkin model 

                                                                                                                          (4) 

KT = Temkin constant, f = Temkin isotherm equilibrium binding constant (L/g) 

Langmuir is the simplest model, and assumes a single layer of adsorbed molecules on the 

surfaces [87]. The Freundlich model is an empirical model used for adsorption studies 

while the Temkin model is used for accounting for electrostatic interactions between 

charged surfaces [87, 198].   

5.2.3. Effects of Solution pH on Protein Adsorption   

  Effects of pH on protein adsorption capacity of nanomaterials were evaluated. For 

this and all subsequent lysozyme adsorption experiments, the protein and nanomaterial 

mass ratio was kept constant at 1:2. Aliquots of lysozyme solution were adjusted to pH 2, 

4, 6, 8, and 10 with addition of either HCl or NaOH. 0.400 mL of the pH-adjusted 
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lysozyme solutions were added to a set of 2mL Eppendorf tubes, and 0.100 mL of 

nanomaterial stock solution were added to the tubes. As a control, 0.100 mL of DI water 

was added to one set of tubes in place of nanomaterial. The suspensions were incubated 

for 3 h at room temperature while being shaken at 200 rpm, then centrifuged at 15,000 

rpm. Protein concentration was quantified by Take 3 Plate. Each experiment was 

performed in triplicate to calculate average and standard deviations values. 

 5.2.4. Effects of Solution Ionic Strength on Protein Adsorption  

 The effects of salt concentration on the protein adsorption capacity of 

nanomaterials were evaluated for both monovalent (Na
+
) and divalent (Ca

2+
) ions. Stock 

solutions 0.250 mg/mL lysozyme, 0.250 mg/mL lysozyme in 1 M NaCl, and 0.250 

mg/mL lysozyme in 1 M CaCl2 were prepared in DI water. The solution containing 

lysozyme only was used to dilute the ionic strength of the protein and salt solutions; 

protein solution with salt concentrations of 0.0, 0.2, 0.4, 0.6, 0.8 and 1 M were prepared. 

0.400 mL was taken from these protein solutions and placed into a set of 2 mL Eppendorf 

tubes, and 0.100 mL of nanomaterial solution was added to each. As a control, 0.100 mL 

of DI water was added to one set of tubes in place of nanomaterial. The suspensions were 

incubated for 3 h at room temperature while being shaken at 200 rpm, then centrifuged at 

15,000 rpm. Protein concentration was quantified by Take 3 Plate. Average protein 

adsorption with standard deviation by each nanomaterial was calculated from triplicate 

experiments. 
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5.2.5. Zeta Potential Measurement 

To better explain the protein adsorption behavior of GO and SWNT in the 

presence of divalent Ca
2+

 ion, surface charge measurements were performed with zeta 

potential. Zeta potential measurements were done for GO and SWNT particles after 

protein adsorption at 0 and 0.2 M strength of Ca
2+

 with Zeta potential/Particle sizer 

NICOMP 380 ZLS (Particle Sizing System, USA). Briefly, after 3 h of incubation, 

samples were diluted in DI water (for 0 M sample) and 0.2 M Ca
2+

 solution (for 0.2 M 

Ca
2+

 samples) to a ratio of 1:40. 1.5 ml of the diluted solutions of respective samples was 

transferred to cuvettes for Zeta potential measurements. All the experiments were done in 

triplicate to measure average and standard deviation values. 

5.2.6. Protein adsorption from Environmental Sample (Wastewater) 

The protein adsorption capacity of nanomaterials in a medium with complex 

water chemistry was investigated by measuring the adsorption of total protein present in 

wastewater. As nanomaterial may be present in environmental samples like wastewater at 

varying concentrations, dose dependent adsorption capacities of nanomaterials were 

investigated. Fresh activated sludge samples were collected three times from Sims South 

Bayou Wastewater Treatment Plant (Houston, TX) as wastewater samples. The average 

characterization values of the wastewater utilized in this study is presented in Table 5.1. 

Appropriate volumes of nanomaterial stock solutions were mixed with wastewater 

samples to give final concentrations of 10, 20, 50, 100, 200 and 300 mg/L to evaluate a 

dose dependent adsorption behavior of the nanomaterials. A 20 ml volume of activated 

sludge samples with different doses of nanomaterials were incubated in Conical tubes 
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(Corning, USA) for 3 h at room temperature at 200 rpm. Incubated suspension was 

filtered through 0.22 µm membrane filter and the filtrate was further centrifuged to 

remove any suspended nanomaterial or organics. Supernatants were used for protein 

quantification. A control was set with no added nanomaterial. Triplicate experiments 

were performed for measuring average protein adsorption from wastewater by each 

nanomaterial. 

Table 5.1. Characterization of Wastewater 

Total suspended solids, TSS (mg/L) 2666.6±942.8 

Total Protein (mg/L)                       130±2.12 

pH                       7.3±0.37 

 

5.2.7. Characterization of Nanomaterials 

            All three nanomaterials (G, GO and, SWNT) used in this study were 

characterized. Further characterization was conducted in the presence of protein and 

divalent Ca
2+

 salt. Characterization was done with Attenuated Total Reflection Infrared 

Spectroscopy (ATR-IR) and X-ray Photoelectron Spectroscopy (XPS) analysis. Briefly 

for ATR-IR analysis, bare nanomaterials, nanomaterials with protein, and nanomaterial 

with protein and Ca
2+

 were deposited on PVDF membrane via vacuum filtration. All 

three samples were subjected to ATR-IR spectral analysis on a Nicolet iS Mid Infrared 

FT-IR Spectrometer (Thermo Fischer Scientific) equipped with a ZnSe crystal. Data was 

obtained through Omnic 8 Software (Thermo Fischer Scientific). For XPS analysis, 
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samples were deposited on either zirconium coated silicon wafers (SWNT) or gold 

wafers (G and GO). This analysis was carried out on a PHI 5700 X-ray photoelecton 

spectrometer, which was equipped with a monochromatic Al K X-ray source (h = 1486.7 

eV). The X-rays were incident at 90° relative to the axis of a hemispherical energy 

analyzer. Spectra were taken at high and low resolutions, with pass energies of 23.5 eV 

and 187.85 eV, with photoelectron take off angle and analyzer spot diameter held 

constant at 45° from the surface and 1.1 mm. The survey spectrum was from 0-1400 eV, 

and high resolution spectra were collected for photoelectrons emitted from C1s, O1s, 

N1s, Ca1s, and Cl1s. Spectra were collected under a base pressure of 1x10
-8

 torr and at 

room temperature. Calibration of electron binding energies was performed with respect to 

the C1s line at 284.5 eV (C-C). All data was processed using the manufacturer's PHI 

Multipak software (version 5.0A). The high resolution spectra were first analyzed via 

background subtraction using the Shirley routine, and then fit to non-linear mixed 

Gaussian-Lorentzian functions. 
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5.3. Results and Discussion 

5.3.1. Adsorption Capacity Measurement  
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Figure 5.1. Adsorption capacity of G, GO, and SWNT at different initial protein 

concentrations.  The nanomaterial concentration was held constant at 0.5 mg/mL in all 

samples.   

             Protein adsorption capacity of G, GO, and SWNT was evaluated at different 

lysozyme concentrations in aqueous solution. Overall, GO showed the highest capacity 

for lysozyme adsorption for all concentrations. The largest increase in protein adsorption 

(~500 mg/g) was observed from initial concentration of 0.1 mg/mL to 0.4 mg/L (Figure 

5.1). Saturation of the binding sites in GO was observed in protein concentrations above 

0.4 mg/mL. Lysozyme adsorption by G and SWNT nanomaterials followed an adsorption 

pattern similar to that observed for GO, however the rate of protein adsorption was 

significantly lower (<100 mg/g). The two most common forces involved in protein 
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adsorption on surfaces are electrostatic interaction and van der Waals forces [199]. The 

relatively high protein adsorption on GO can be explained as a result of electrostatic 

attraction between protein molecules and functional groups present on GO surfaces as 

observed with other chemicals such as antibiotics, heavy metals, etc [87, 190]. Lysozyme 

molecules contain both negative and positive sites, however at pH 7.0, it has a net 

positive charge [200].  The higher adsorption of GO could be attributed to the abundance 

of functional groups (-OH and –COOH) on its surface (at pH =7) which cause an 

attractive electrostatic force [87]. The opposite charges of lysozyme and GO generated a 

high adsorption rate [198, 201].  In similar studies, the amount of protein adsorbed was 

found to be dependent on the electrostatic force, which depends on the number of 

functional groups present on the surface rather than the total surface charge [201]. 

Another cause for greater affinity of lysozyme for GO could be their hydrophilic nature 

which facilitated mutual interaction [200]. On the other hand, lysozyme adsorption on 

non-functionalized G and SWNT could be attributed to van der Waals force and some 

electrostatic attraction as observed in a similar study [194]. 

5.3.2. Effects of pH on lysozyme adsorption to nanomaterials. 

             Variation of solution chemistry, especially pH, has been reported to affect protein 

adsorption on surfaces [199, 202-204]. The electrostatic state of the protein depends on 

the solution pH [201]. The adsorption behavior of  lysozyme on GO, SWNT and G was 

therefore evaluated by varying pH values below the isoelectric point of lysozyme, i.e., pH 

11 [200].  In this study, GO and SWNT exhibited moderately reduced lysozyme 

adsorption with increasing pH (Figure 5.2). On the other hand, no noticeable effect of pH 
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change was observed on the lysozyme adsorption capacity of G.  The highest amount of 

protein adsorption by GO and SWNT (~370 and 70 mg/g, respectively) occurred at pH 

4.0, the lowest pH tested. 
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Figure 5.2. Effects of pH on the adsorption capacity of G, GO, and SWNT.  The 

nanomaterial concentration was 0.4 mg/mL and the protein concentration was 0.2 

mg/mL.  

  Gradual decrease in adsorption capacity was observed for both GO and SWNT 

from pH 4 to 10. GO’s surface contains both –OH and –COOH groups while the protein 

contains –NH2 group. Increase of pH has shown to facilitate the deprotonation of these 

groups and weakening their electron accepting capacity, resulting in reduced electrostatic 

attraction and protein adsorption [87]. Overall, in this study, small to negligible effects of 
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solution pH change on lysozyme adsorption capacity of G, GO and SWNT were 

observed. 

5.3.3. Effects of salt concentrations on lysozyme adsorption to nanomaterials. 
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Figure 5.3. Effects of (a) monovalent (Na
1+

) and (b) Di-valent (Ca
2+

) ionic strength on 

the adsorption capacity of G, GO, and SWNT.  The nanomaterial concentration was 0.4 

mg/mL and the protein concentration was 0.2 mg/mL.  

The presence of dissolved salt ions is known to affect protein adsorption behavior 

of adsorbents [199, 201]. Ions can affect the interfacial interaction of protein and 

adsorbent surface and hence the electrostatic phenomena [205]. To consider ionic effects, 

the adsorption capacities of lysozyme by G, GO, and SWNT were evaluated in presence 

of dissolved mono- (NaCl) and divalent (CaCl2) salts. With the introduction of dissolved 

ions (Na
1+

 and Ca
2+

) in the solution, GO exhibited a sharp decrease in lysozyme 

adsorption capacity. The largest reductions in adsorbed lysozyme, ~200 and 300 mg/g, 
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were observed at ionic concentrations of 0.4 M Na
1+

 and 0.2 M Ca
2+

, respectively (Figure 

5.3 a & b).  Such reduction of adsorbed protein in the presence of ions was  also observed 

in other studies with lysozyme on negatively charged surfaces like GO, as the result of 

double layer interactions on both particles [205]. The positive cations balance the 

negative charges on GO, reducing the interaction strength between GO and the protein; 

cations are selectively bound due to the relative bulkiness of the protein. Beyond 0.4 M 

salt concentrations, no change in protein adsorption was observed with further 

concentration increase (0.4 M to 1.0 M). Interestingly, SWNT exhibited an opposite trend 

in protein adsorption behavior when compared to GO.  With introduction of both Na
1+

 

and Ca
2+

, a sharp increase in adsorbed protein (~200 mg/g) was observed. Cations are 

known to form cation-pi bonds on carbonaceous nanomaterials like SWNT, creating 

positive surface charge [87]. It is probable that these positive sites bind with negative 

sites in the protein and cause increased protein adsorption. However, no increase in 

protein adsorption to SWNT was observed when the ionic strength was increased beyond 

0.2 M, suggesting saturation of adsorption sites. For G, slightly increased lysozyme 

adsorption was observed with increased ionic strength (Na
1+

 and Ca
2+

). 

5.3.4. Characterization and analysis of protein adsorption  

  IR spectra of G, GO and SWNT are presented for samples containing protein and 

protein with salt (Figure 5.4). Pristine graphene exhibited no functional groups at all, and 

so had a smooth spectrum (Figure 5.4a). The samples containing only graphene and 

graphene with protein are nearly identical. The spectrum of the sample containing 

graphene, protein, and salt had small peaks at around 1626 cm
-1

 and 3388 cm
-1

, 
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corresponding to amide and amino groups, respectively [206]. The relative weakness of 

these peaks indicated a low amount of protein adsorbed to the nanomaterial. The 

spectrum of the pristine GO sample corresponds well with other spectra from the 

literature (Figure 5.4b). In the presence of lysozyme, the major change in the spectrum 

was the replacement of the broad –OH peak from around 3000 – 3600 cm
-1

 with a 

narrower –NH peak from 3300 – 3500 cm
-1

, indicating the hydroxyl groups on the 

surface of the GO were masked by the sorbed protein [207]. 
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Figure 5.4. Infrared spectra of (a) G, (b) GO and (c) SWNT in DI water solution, protein 

solution, and protein-salt solution. In the legends, P indicates the presence of protein in 

the trial and S indicates the presence of CaCl2 salt.  
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 In the sample containing GO, protein, and salt, this peak widens again, indicating 

a smaller amount of protein on the GO’s surface. Similar to graphene, bare SWNT had no 

functional groups and therefore showed a smooth spectrum (Figure 5.4c). The sample 

containing SWNT and protein were again almost identical to that containing SWNT only, 

which indicated that there was a negligible amount of protein bound to the SWNT. The 

sample containing SWNT, protein, and salt had peaks at 1628 and 3619 cm
-1

, 

corresponding respectively to the amide and amine groups of lysozyme. Robustness of 

these peaks indicated significant adsorption of protein by SWNT. 

                    

 

Figure 5.5. XPS of (a) G, (b) GO and (c) SWNT in DI water solution, protein solution, 

and protein-salt solution.  Samples were prepared on PVDF filters by gravity filtration, 

and allowed to dry at room temperature. P, protein; S, salt. 
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XPS was used to further confirm the presence of adsorbed protein on 

nanomaterials. Figure 5.5 shows the scans of the nanomaterials in the presence of the 

protein and protein in the presence of salts. Using the XPS spectra, three distinct elements 

were used to identify the presence of the nanomaterial, protein, and salt. The elements 

were selected based on the most abundant or distinct element given in each material. 

Specifically, the C1s peak at ~285 eV was used to identify the carbon-based 

nanomaterials, N1s peak at ~400 eV was assigned for the presence of the protein, and 

~C12p peak at ~199 eV. XPS spectra for all nanomaterials depicts resulted in the 

appearance of the N1s peak at 400 eV, which confirms the presence of the protein. This 

peak was not observed for the pristine samples. Upon addition of the salt, an additional 

peak at ~199 eV designated as Cl2p due to the salt was observed for all nanomaterial 

samples. It is worth noting that even in the presence of the salt, protein in the sample 

indicated by the peak at ~400 eV was still present. This confirms that even after the 

addition of the salt, protein was not removed from the nanomaterials. 

5.3.5. Zeta potential measurements 

  GO and SWNT exhibited opposing lysozyme adsorption patterns in the presence 

of salts, both mono- and divalent (Figure 5.3); e.g., with addition of 0.2 M of Ca
2+

, 

lysozyme adsorption was reduced by ~300 mg/g on GO while increasing by ~250 mg/g 

on SWNT surfaces. To further verify the influence of Ca
2+

 ion presence on adsorption 

behavior, zeta potential measurements were performed on GO and SWNT nanoparticles 

after protein adsorption at 0 and 0.2 M Ca
2+ 

(Figure 5.6). The highest zeta potential value 

was for GO in 0.0 M CaCl2, which correlated well with high protein adsorption as 
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observed in Figure 5.3b.  Lysozyme carries a net positive charge, while GO carries a 

negative charge at this pH, which facilitated high protein adsorption on GO surface in the 

absence of ions. 
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Figure 5.6. Zeta potential values of GO and SWNT nanoparticles in the presence of 

lysozyme at different concentrations of Ca
2+ 

(0 and 0.2 M). The nanomaterial 

concentration was 0.4 mg/mL and the protein concentration was 0.2 mg/mL.   

 

           On the other hand, in the presence of 0.2 M Ca
2+

,  Zeta potential dropped to ~20 

mV in GO samples as the amount of protein adsorption was significantly reduced (Figure 

5.3b). Similarly, net surface charge on SWNT surface was found to be strongly correlated 

with the amount of adsorbed lysozyme. In the presence of 0.2 M Ca
2+

, Zeta potential 

values in the SWNT samples increased from ~30 mV to ~80 mV which confirmed the 
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increased protein adsorption observed previously (Figure 5.3b). Overall, the differences 

in adsorbed protein correlate well with change of total surface potential on both GO and 

SWNT surfaces. 

5.3.6 Adsorption isotherms of lysozyme. 
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Figure 5.7. Adsorption isotherm of lysozyme on G, GO and SWNT nanomaterials.  The 

nanomaterial concentration was 0.5 mg/mL in all samples. All samples were incubated 

for 3 h at room temperature.  

The adsorption isotherms of lysozyme on G, GO, and SWNT surfaces are 

presented in Figure 5.7. Overall, with increasing equilibrium lysozyme concentration, 

increasing adsorbed lysozyme was observed on all three nanomaterials. However, GO 

exhibited the highest capacity for lysozyme adsorption among the three nanomaterials at 

all concentrations of lysozyme. To better explain lysozyme adsorption phenomena on the 

nanomaterials, the adsorption tests data were fit to Langmuir, Freundlich, and Temkin 
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models. and the calculated fitting parameters for lysozyme are presented in Figure 5.8 

and Table 5.2. 
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Figure 5.8. Model fitting of lysozyme adsorption on G, GO and SWNT using (a) 

Langmuir (b) Freundlich (c) Temkin.  The nanomaterial concentration was 0.5 mg/mL in 

all samples. All samples were incubated for 3 h at room temperature.  

  The Langmuir model was found to be the best fit for lysozyme adsorption on G 

and SWNT (R
2
 =0.98 t and 0.94, respectively). On the other hand, it was not a good fit 

for lysozyme adsorption on GO (R
2 

= 0.66); however, the fitting parameter of qm 

(1428.57 mg/g) was indicative of relatively high adsorption capacity of GO 

(Experimental qm~500 mg/g). Similarly in case of Freundlich model, it was observed that 

lysozyme adsorption on G and SWNT could be fitted better compared to that for GO 
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(based on R
2
 values in Table 5.2). However, the fitted Freundlich constants (KF) for G, 

GO and SWNT are in good approximation with Freundlich constants reported in similar 

studies with lysozyme adsorption to hybrid adsorbents [198]. In case of Temkin model, 

the higher values of KT (198.97 and 23.099 on GO and SWNT, respectively) suggest 

electrostatic interaction as a possible mechanism of lysozyme adsorption on GO and 

SWNT. Abundance of –OH and –COOH groups on GO surface facilitates its electrostatic 

bonding with lysozyme. Similarly, along with pi-pi interactions, electrostatic bonding on 

defected sites on SWNT has been reported as a significant mechanism of lysozyme 

adsorption on SWNT [194]. 

Table 5.2. Fitting parameters of Langmuir, Freundlich and Temkin models for adsorption 

of lysozyme on G, GO and SWNT. 

 Langmuir Parameters Freundlich Parameters Temkin Parameter 

 R
2
 qm 

(mg/g) 

KL 

(L/mg) 

R
2
 KF 

(L/mg) 

n R
2
 KT 

G 0.983 52.083 0.005 0.945 2.003 2.032 0.949 12.15 

GO 0.656 1428.571 0.001 0.616 1.099 1.396 0.741 198.97 

SWNT 0.943 95.238 0.005 0.849 7.788 1.964 0.767 23.099 
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5.3.7. Application of G, GO and SWNT as adsorbent for wastewater treatment. 
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Figure 5.9. Effects of nanomaterial exposure on adsorption of proteins present in 

wastewater.  Wastewater samples were incubated by varying concentrations of G, GO, 

and SWNT for 3 h at room temperature at 200 rpm. 

              The results show that G, GO, and SWNT can remove lysozyme in DI water 

solution under different solution chemistries, indicating that they can be applied for 

adsorption. However, natural aquatic systems generally contain a wide variety of proteins 

and often other types of natural organic matter that can influence adsorption by these 

nanomaterials [86]. The presence of multiple proteins mixed with other organic matter 

may influence the adsorption capacity of any adsorbent. Therefore, dose-dependent 

adsorption capacities of G, GO, and SWNT to total protein present in wastewater were 

also investigated (Figure 5.9). Overall, with increase in nanomaterial dose, increased 
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adsorption of natural proteins present in wastewater was observed for G, GO and SWNT. 

Protein removal capacities (~ 120-160 mg/g at 250 mg/L) of these three nanomaterials 

from wastewater were considerably higher than the previously reported protein removal 

capacity (26.6 mg/g at 250 mg/L) of activated carbon from wastewater [86]. These results 

suggest that G, GO, and SWNT are significantly more efficient than the traditional 

adsorbent, activated carbon, for removing organic fouling agents like protein. Although 

in pure lysozyme solution GO exhibited the highest adsorption capacity, in wastewater 

the adsorption capacities were not very different among the three nanomaterials. This 

could be due to the complex nature of wastewater proteins, NOMs and other solution 

chemistry factors. Further studies could be performed to investigate the effects of 

wastewater composition and chemistry on the adsorption behavior of these adsorbents. 

5.4. Conclusions 

             In this study, we investigated the protein adsorption capacities of three widely 

used carbonaceous nanomaterials: G, GO, and SWNT. Overall, GO exhibited the highest 

adsorption capacity (~500 mg protein/g nanomaterial) for lysozyme among the three 

tested nanomaterials at equilibrium. This could be attributed to the presence of –OH and 

–COOH functional groups which facilitated electrostatic attraction with lysozyme. The 

effects of varying solution chemistry were investigated by varying pH conditions and the 

concentrations of mono- and divalent salts. No significant effects of changing solution 

pH on the lysozyme adsorption were observed for the three nanomaterials. However, the 

presence of mono- and divalent ions significantly affected the adsorption of lysozyme to 

GO and SWNT. At a salt concentration of 0.2 M, a sharp decrease and increase in 
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lysozyme adsorption were observed for GO and SWNT, respectively. All three 

nanomaterials were found to be significantly more efficient in removing total proteins 

present in wastewater samples compared to activated carbon reported in literature.  
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Chapter 6 Environmental Impact of GO on Wastewater Microbial 

Community Using Culture Dependent Methods 
“Adapted with permission from (Ahmed, F.; Rodrigues, D. F., Investigation of acute effects of graphene 

oxide on wastewater microbial community: A case study. Journal of Hazardous Materials 2013, 256–257, 

(0), 33-39). Copyright (2013) Elsevier.” 

 

6.1. Rationale and Objectives 

  Graphene oxide (GO) is the functionalized form of graphene containing epoxy, 

hydroxyl, and carboxyl groups [57, 208]. GO possesses excellent electrochemical 

properties, hence, it has wide applications in electronics, biosensors, pipes, 

semiconductor, and packaging in both pure and nanocomposite forms [209, 210]. Due to 

the potential wide utilization of this nanomaterial, it is expected that wastes containing 

this nanomaterial will be generated and end up in landfills and wastewater treatment 

plants. A typical wastewater treatment plant utilizes the functions of diverse groups of 

microorganisms for degradation of organic matter, remediation of toxic or carcinogenic 

compounds and removal of excess nutrients (nitrogen and phosphorus) to reduce the 

pollution of receiving waters [211]. However, contaminants in the wastewater influent 

may adversely affect the functions of these microorganisms. In recent years, disposal and 

fate of nanomaterials in aquatic systems have become a matter of concern; however very 

few studies are available on this topic.  One study recently demonstrated that high loads 

(219 mg/L) of single walled carbon nanotubes (SWNT) can differentially impact various 

microbial communities in activated sludge processes and adversely affect treatment 

efficiency [212]. 

In the case of GO, no studies so far have investigated the effects of GO on the 

wastewater processes. However, the fact that SWNT, like GO, is also made of graphene 
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and presents adverse effects to activated sludge processes, it is reasonable to hypothesize 

that GO will also present toxic effects to the wastewater microbial community. 

Additionally, several studies have reported that better dispersion and longer contact time 

of carbon-based nanomaterials with pure bacterial cultures increase their antimicrobial 

effects [2, 43, 172, 174]. When comparing GO to SWNTs, GO presents stronger 

hydrophilic nature and is more stably dispersed in aqueous solution than SWNTs. Hence 

these properties can potentially enhance the contact of GO with microbial communities 

and produce stronger adverse effects to the wastewater treatment process than SWNTs.  

Furthermore, in recent studies investigating the antibacterial properties of GO to 

pure bacterial cultures, it was demonstrated that GO is toxic to pure bacterial cultures 

(Gram-positive and Gram-negative) on both planktonic and biofilm stages [38, 52, 213]. 

In these studies, depending on the concentrations (~40-80 mg/L), significant levels of 

inactivation (~60-80%) were observed in pure cultures [52, 213, 214].
  
So far, all these 

studies on the antimicrobial properties of GO were done using microorganisms in pure 

cultures under controlled laboratory conditions. However, natural and engineered aquatic 

systems are more complex than the simplified system used in these studies in terms of 

microbial community, solution chemistry, nanomaterial aggregation, and presence of 

suspended particles and natural organic matter. Therefore, more complex environments 

need to be investigated to determine the real impact of GO to the environment and its 

effect on the normal functions of the ecosystem [38, 52]. 

The global market for graphene-based products, such as graphene, is projected to 

increase in 5 years in 51.7% and reach a global market of $122.9 M in 2017 and $986.7 

M in 2022 [4]. Therefore, wastewater treatment plants can potentially experience an acute 
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exposure to this nanomaterial, i.e. short term exposure to high GO concentrations (ppm 

level). The objective of this study is to evaluate the effects of acute exposure of 

wastewater microbial communities to GO, using batch scale tests. The short term effects 

of GO on wastewater microbial communities were evaluated in terms of metabolic 

activity and bacterial inactivation. The effects of GO on wastewater process performance 

were evaluated through bacterial removal of organic carbon (Biochemical Oxygen 

Demand, BOD), removal of nutrients (ammonia nitrogen, NH3-N and phosphate, PO4
-
), 

effluent quality (turbidity), and sludge quality (dewatering properties). 

6.2. Materials and Methods 

6.2.1. GO Preparation and Characterization 

GO was prepared by the modified Hummers method [197].  All chemicals were 

reagent grade and were purchased from Sigma-Aldrich and Fisher Scientific, USA. 

Briefly, graphite flakes (Alfa Aesar, USA) were allowed to react with NaNO3 and 

concentrated H2SO4 for 30 min in an ice bath. Later, oxidation was carried out by adding 

KMnO4 and incubating at 35 °C for 12 h. Further oxidation was carried out by adding 

H2O2 at 90 °C in oil bath. The resultant mixture was sieved out with 425 and 250 µm US 

Standard Testing Sieves to remove any remaining graphite flakes. The resultant solution 

was centrifuged repeatedly with base and acid washing steps to neutralize pH to 7.0. The 

GO pellet was collected and washed with methanol and dried for 3 days in a vacuum 

oven. Then, the dried GO pellets were suspended in deionized water (DI) to prepare GO 

stock solutions with a concentration of 500 mg/L and were homogenously dispersed by 

probe sonication (5 min) (Tekmar, USA) and bath sonication (24 h). Prior to the toxicity 

assays, the stock solution was vortexed for a few seconds. 
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The characterization of the prepared GO was carried out using atomic force 

microscopy (AFM) to examine morphology and X-ray photoelectron spectroscopy (XPS) 

to determine the functional groups.  The topographical measurement of the nanomaterial 

was done under ambient conditions with a PicoSPM II (PicoPlus, Molecular Imaging-

Agilent Technologies) using the intermittent contact mode. The GO sample used for 

AFM measurement was a spin coated GO film onto indium tin oxide (ITO) substrate.  

XPS measurements were performed using a PHI 5700 X-ray photoelectron 

spectrometer equipped with a monochromatic Al K X-ray source (h=1486.7 eV) incident 

at 90° relative to the axis of a hemispherical energy analyzer. The spectrometer was 

operated both at high and low resolutions with pass energies of 23.5 eV and 187.85 eV, a 

photoelectron take off angle of 45 ° from the surface, and an analyzer spot diameter of 

1.1 mm.  The survey spectra were collected from 0 to 1400 eV, and high resolution 

spectra were obtained for photoelectrons emitted from C1s and O1s. All spectra were 

collected at room temperature with a base pressure of 1 x10 
-8

 torr. Electron binding 

energies were calibrated with respect to the C1s line at 284.5 eV (C-C). A PHI Multipak 

software (version 5.0A) was used for all data processing. The high resolution data were 

analyzed first by background subtraction using the Shirley routine and a subsequent non-

linear fitting to mixed Gaussian-Lorentzian functions.  

6.2.2. Wastewater Sample Collection and Preparation 

 Activated sludge samples were collected from the aeration tank of Sims South 

Bayou Wastewater Treatment Plant (Houston, TX). This treatment plant uses 

conventional activated sludge process with no enhanced phosphorus or nitrogen removal 
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process. Briefly, fresh activated sludge samples were collected and transported to the 

laboratory inside a styrofoam container filled with ice packs to maintain the samples at 

4
o
C. The collection and preparation of the wastewater samples were adapted from a 

previous study [10]. Briefly, activated sludge samples were aerated for 1 h and 20 ml was 

transferred to conical tubes (Corning, USA), which were used as batch reactors. 

Appropriate volumes of the GO stock solution were calculated and added in each reactor 

to attain final concentrations of 10, 20, 50, 100, 200 and 300 mg/L of GO. The GO 

concentrations selected for this study were based on a preliminary metabolic assay study 

with the activated sludge (data not shown) and on previous studies investigating acute 

effects of heavy metals and other nanoparticles in activated sludge. In these studies, the 

concentrations used were between 1 to 3000 mg/L [212, 215-217].  The incubation was 

carried out at room temperature in a shaker at 200 rpm (New Brunswick Scientific, 

USA).  To evaluate short term toxic effects, the incubation time was ~5 h according to 

previous similar studies [212, 216].  All the tests were performed in triplicates and a 

paired t-test statistical analysis was performed. The physiochemical characteristics of the 

wastewater were measured according to the Standard methods and presented in Table 6.1 

[211]. 

Table 6.1. Physico-chemical characteristics of the activated sludge samples. 

Total suspended solids, TSS (mg/L) 2666.6±942.8 

Dissolved oxygen, DO (mg/L) 9.81±0.83 

pH 7.3±0.37 

Ammonia-nitrogen, NH3-N (mg/L) 1.46±0.35 

Phosphate, PO4
-
 (mg/L) 5.3±0.56 
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6.2.3. Bacterial Metabolic activity and Viability Assay 

           The microbial metabolic activity assay was performed with the activated sludge 

after interaction with GO according to previously reported procedure [218]. Briefly, 100 

µL of incubated activated sludge samples were transferred in a 96-well flat bottom plate 

(Corning, USA). A volume of 60 µL of C12-resazurin (Vybrant Cell Metabolic Assay kit, 

Molecular Probe, USA) was added to each well. The mixtures in the 96-well plates were 

incubated for 15 minutes at 37 °C in the dark. In the presence of metabolic active cells, 

C12 resazurin is reduced to red fluorescent C12-resofurin. The production of C12-resofurin 

by the activated sludge was quantified with a Synergy MIX Microtiter plate reader 

(BioTek, USA) at 530/587 nm wavelength. Bacterial viability test was done according to 

the heterotrophic plate count agar methodology described in the Standard Methods [211]. 

6.2.4. Organic carbon degradation test 

A Biochemical Oxygen Demand (BOD5) test was performed according to the 

Standard Methods to investigate the bacterial capacity to degrade organic carbon in 

presence of GO [211].  Briefly, after 5 h incubation, 15 ml of samples from each reactor 

were placed and mixed in 300 ml BOD bottles. A DO probe with stirrer (YSI 

Incorporated) was used to read the initial DO and final DO (after 5 d incubation).  

6.2.5. Removal of nutrients (Nitrogen and Phosphorus) 

Removal of Nitrogen was measured by determining the conversion of ammonia 

(NH3-N) to nitrate (NO3
-
) (nitrification process), while removal of phosphorus was 

measured in terms of phosphate (PO4
3-

) bacterial uptake.  Soluble ammonia-nitrogen 
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(NH3-N), NO3
-
 and PO4

3-
 were measured from the incubated samples according to 

previously described methods [211, 219]. Since nitrification is a slow process (~20 h), 

GO and activated sludge samples were incubated for 20 h prior to ammonia and nitrate 

final concentration measurements. These tests were done as follows: 5 ml of the control 

and the incubated activated sludge samples with GO were filtered through 0.22 µm 

membrane filters to remove the suspended flocs and 1 ml of the filtrate was diluted with 

DI water for ammonia, nitrate and phosphate quantifications. Colorimetric methods were 

used to quantify NH3-N, NO3
-
 and PO4

- 
in the filtrate with a DR3900 spectrophotometer 

(Hach, USA).  NH3-N, NO3
-
 and PO4

3-
 were measured by the salicylic acid method 

(method 8155, Hach), cadmium reduction method (method 8039, Hach) and the ascorbic 

acid method (method 8048, Hach), respectively.  

6.2.6. Effluent quality and sludge dewatering property 

To determine the effluent quality and sludge dewatering ability, turbidity of the 

supernatant (nephelometric turbidity unit, NTU) and capillary suction time (CST) were 

measured, respectively, after the settling of the activated sludge. Both the NTU and CST 

were measured according to the Standard Methods [211]. Briefly, after 5 h incubation 

with GO, batch reactors with activated sludge samples were left to settle for a period of 2 

h, which is the average residence time in the clarifier. The supernatant was removed 

carefully for turbidity measurement, while the settled sludge was used for CST 

measurement. Briefly, for the CST measurement, a stainless steel tube with inner radius 

of 1.5 inch was placed on a coarse type filter paper (Whatman, UK) and a 5 inch radius 

circle was drawn around the tube on the filter. Settled sludge (2 ml) samples were quickly 
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released inside the tube and the time to wet the filter from radius 1.5 to 5 inch was 

recorded as CST. 

6.2.7. Scanning electron microscopy (SEM) and Fluorescence imaging 

 To observe the interaction of activated sludge flocs and microorganisms with 

GO, SEM and fluorescence microscopy were conducted [10, 174, 176]. Briefly, for the 

SEM samples, at the end of 5 h incubation, 0.5 ml of solution was taken from each 

reactor and fixed with 2% gluteraldehyde in 0.05M cacodyle buffer solution (Fisher 

Scientific, USA). Fixed samples were serially dehydrated with increasing concentrations 

of ethanol (25%, 50%, 75%, 95% and 100%). SEM images were acquired at 10 Kev 

accelerated voltage with JSM 6010LA (Jeol, USA). For fluorescence imaging, 0.2 ml of 

each sample was stained with 0.2 µl of green dye (SYTO9, Invitrogen, USA) and images 

were taken with a fluorescence microscope (OLYMPUS, Japan). For each sample, 10 

representative images were recorded. GO dispersion in DI water was imaged under bright 

field condition with a fluorescence microscope (OLYMPUS, Japan). 

6.2.8. Reactive Oxygen Species (ROS) production and oxidative stress 

 

  Dose dependent  ROS production by GO was reported in previous studies [59]. 

ROS are known to cause oxidative stress in cells, hence ROS production by GO in 

wastewater was investigated [2, 59, 220]. ROS production was quantified as oxidation of 

glutathione (GSH) according to Ellman’s Assay method described elsewhere [220]. GSH 

is a thiol containing polypeptide present in prokaryotic and eukaryotic cells which is 

known to protect the cells from stress caused by ROS [59, 220, 221]. Oxidation of GSH 
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in aqueous solution in presence of nanomaterials is an indirect measure of ROS 

production. Briefly, various GO concentrations in filtered wastewater were spiked with 

GSH in bicarbonate buffer solution in a 12 well-plate. Then, the plate was incubated for 2 

h in dark to prevent any photochemical reaction. After the incubation period, the 

Ellman’s reagent, 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB), was added and the 

resultant yellow solution was filtered with a 0.22 µm filter to remove GO from the 

solution. DTNB reacts with aqueous GSH which can be quantified colorimetrically. A 

volume of 200 µL of the solution was placed in a 96-well plate and quantified at 412 nm 

wavelength with the Synergy MIX Microtiter plate reader (BioTek, USA). The negative 

control did not contain GO, whereas in the positive control contained 1 mM of H2O2 for 

oxidation of the GSH. 

6.3. Results and Discussions  

6.3.1. Characterization of GO 

  Digital image of the GO in aqueous solution is shown in Figure 6.1 (a).  A typical 

GO solution has a brownish color and is well dispersed in aqueous solution as opposed to 

pristine graphene in water, which is black and non-dispersible in water. Figure 6.1 (b) 

shows a representative atomic force microscopy (AFM) image of the spin coated 

graphene oxide dispersion on an indium tin oxide (ITO) surface. The AFM analysis 

revealed that the average interlayer spacing of exfoliated GO obtained in this work was ~ 

1 nm (Figure 6.1c), indicating that exfoliation of graphite down to individual GO 

nanosheets was successfully achieved.  
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Figure 6.1. (a) Digital images of graphene oxide in water. (b) AFM image of spin coated 

GO on ITO substrate. (c) Height profile of the GO (labeled as 1 in Figure b).   

6.3.2. Effects on Bacterial Metabolic Activity and Viability 

  The acute toxicity effects of GO was first evaluated through the metabolic activity 

assay of the wastewater bacterial community in the presence of different concentrations 

of the nanomaterial. In this assay, only viable bacteria are able to reduce non-fluorescent 

resazurin to red-fluorescent resofurin [218]. The results of this assay showed that, at all 

GO concentrations tested, significant inhibition of the wastewater microbial community 

metabolic activity (~20-70%) was observed (Figure 6.2). Additionally, the results show 

that the toxicity of the nanomaterial is concentration dependent, since at higher GO 

concentrations (100-300 mg/L), significantly higher inhibition of bacterial metabolic 

activity (~50-70%) was observed. The GO concentration at 300 mg/L showed statistically 

significant inhibition of metabolic activity compared to the other GO concentrations. 

These results agree with several toxicity studies with bacterial pure cultures, where 

significant inhibition of the bacterial metabolic activity was observed in the presence of 

GO and other carbon-based nanomaterials (e.g. carbon nanotubes and fullerenes) [2, 38, 

52, 53]. 
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Figure 6.2. Metabolic activity of the bacteria in activated sludge after 5 h incubation with 

different concentrations of GO. * refers to statistically significant different results 

between control and the corresponding sample.  

The antibacterial effect of GO in wastewater was further verified by the plate 

count method. The results from the plate counts corroborated the metabolic activity 

assay, since the increase in GO concentrations resulted in reduced numbers of viable 

bacteria (Figure 6.3). 
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Figure 6.3. Enumeration of total viable bacterial cells (CFU/ml) in activated sludge after 

5 h incubation with different concentrations of GO. * refers to statistically significant 

different results between control and the corresponding sample.  
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 The significant reduction of metabolic activity (~50-70%) at GO concentrations 

of 100-300 mg/L, resulted in ~35% bacterial growth inhibition. This difference in the 

bacterial growth inhibition compared to bacterial metabolic activity was previously 

observed in antibacterial studies with other carbon-based nanomaterials [2]. This 

difference was explained by the fact that bacterial cells will, under unfavorable 

conditions, reduce their metabolic activity and resume growth when switched to 

favorable conditions (i.e., addition of nutrients or removal of an inhibitor), like a 

bacteriostatic agent [2, 177]. This reduced bacterial metabolic activity and viability 

results suggest that GO can potentially inhibit the essential biological functions of 

bacteria in the activated sludge process. 

6.3.3. Inhibition of Biodegradation of Organic Carbon 

 In order to verify the acute effect of GO in the wastewater treatment process, a 

standard BOD5 test was conducted to determine the ability of microorganisms to remove 

the organic matter in the wastewater under aerobic conditions. The results showed > 50% 

reduction in the BOD5 at all concentrations of GO (Figure 6.4). These results can be 

explained by the lower bacterial metabolic activity observed in the metabolic activity 

assay (Figure 6.2). During the BOD5 tests, the lower metabolic activity of 

microorganisms in the presence of the nanomaterials led to reduced oxygen consumption 

by aerobic microorganisms during the metabolization of the organic waste in the 

wastewater, hence leading to a reduction in the BOD5 values. It is noteworthy that the 

different GO concentrations in the activated sludge did not show considerable variation in 
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their effect on the BOD values, which suggests that the minimum concentration to inhibit 

degradation of organic matter is around 10 mg/L. In a similar study with multi-walled 

carbon nanotubes (MWNT), ~50 % BOD reduction was observed at various 

concentrations. However, with MWNT, the concentrations used were much higher (1440 

to 3240 mg/L) than the GO concentrations used in this study [222].  
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Figure 6.4. 5-day BOD results of the activated sludge samples with different 

concentrations of GO. * refers to statistically significant different results between control 

and the corresponding sample.  

6.3.4. Effects of GO on the Biological Process of Nitrogen Removal and Phosphorus 

Accumulation 

  Nitrogen (as NH3-N) and phosphorus (as PO4
3-

) are two major nutrients that must 

be removed from the influent during wastewater treatment. The microbial communities in 

the activated sludge responsible for removing nitrogen and phosphorus are ammonia 

oxidizing bacteria (AOB) and polyphosphate accumulating organisms (PAO), 

respectively. Details of the chemical processes of nitrogen and phosphorus removal are 

described in the Supporting Information section.  Briefly, in a functional activated sludge 
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process, ammonia is converted to nitrate, through the aerobic process of nitrification. In 

our study, with increasing GO concentrations, we observed ammonia accumulation due 

to reduced conversion of ammonia to nitrate (Figure 6.5), which suggests inhibition of 

nitrifying bacteria in the activated sludge sample in the presence of GO. 
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Figure 6.5. Concentrations of NH3-N and NO3
-
,
   

measured in activated sludge samples 

incubated with different GO concentrations. * refers to statistically significant different 

results between control and the corresponding sample.  

Another important microbial community in the wastewater treatment process is 

the PAO community, which is responsible for removing phosphorus nutrients from the 

wastewater. In the wastewater process, phosphorus exists as PO4
-
 which gets accumulated 

by PAO and hence removed from the wastewater. 
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Figure 6.6. Concentrations of PO4

3-
,
 
measured in activated sludge samples incubated 

with different GO concentrations. * refers to statistically significant different results 

between control and the corresponding sample.  

 

 In our results (Figure 6.6), significant effects of GO on the PAO microbial 

community were observed at higher concentrations of GO (200 – 300 mg/L). At these 

high concentrations, the activity of PAO was inhibited since PO4
- 
concentrations in the 

wastewater did not decrease over time as observed in the control samples.  

Therefore, these results suggest that acute exposure of the wastewater microbial 

community to GO, especially at higher concentrations (~100-300 mg/L), can inhibit the 

activated sludge microbial community functions, such as ammonia degrading and 

phosphate accumulating microbial communities.  

6.3.5. ROS Production and Oxidative Stress 

Several studies have shown that carbonaceous nanomaterials like GO can produce 

chemically reactive species in aqueous solution and can adversely impact microbial and 

eukaryotic cell structures [59, 220, 221, 223]. In our study, significantly higher ROS 

production was found at high concentrations of GO in the wastewater samples when 
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compared to the control samples (Figure 6.7). Previous studies with GO in aqueous 

solution demonstrated ROS production was a dose dependent phenomena [59]. The 

increased loss of GSH at higher concentrations of GO samples (200 and 300 mg/L) 

suggests that ROS production could be contributing to the increasing toxicity observed 

(~60-70%, Figure 6.2) to the microbial community at those concentrations. Although we 

did not determine the exact toxicity mechanism generated by the ROS on the wastewater 

microbial community, other studies suggest that ROS can cause severe damages to 

bacterial DNA, proteins and cell membranes as a cause for GO toxicity [8, 11, 16]. 
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Figure 6.7. Loss of Glutathion as an indicator of ROS production. * refers to statistically 

significant different results between control and the corresponding sample.  

6.3.6. Effects of GO on Sludge Settling and Dewatering 

  In a typical activated sludge process, turbidity of the effluent is an indicative of 

the effectiveness of the treatment process and successful removal of organic matter from 

the wastewater. High turbidity carries two implications in the disinfection process before 

the discharge into receiving waters. First, higher turbidity signifies higher organic matter 
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content in the water. To treat such wastewater, higher concentrations of disinfecting agent 

(chlorine) will be required, since organic matter can reduce the availability of free 

chlorine for microbial disinfection [224]. Secondly, the presence of organic matter 

increases formation of carcinogenic disinfection by-products (DBP), since chlorine reacts 

with organic matter to produce DBP [184]. Therefore it is important to determine the 

effect of GO on the turbidity of the effluent. In a typical wastewater treatment plant, 

turbidity of the supernatant of the settled sludge in a clarifier unit is routinely measured to 

monitor the effectiveness of the treatment process. We performed similar settling tests in 

the batch reactors to observe any potential effects of GO on the turbidity of the 

supernatants. 
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Figure 6.8. Turbidity (NTU) of the supernatant of activated sludge samples after 2 h 

settling period.* refers to statistically significant different results between control and the 

corresponding sample. Control sample does not contain any nanomaterial. 
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The results of the sludge settling test showed that with the increase in GO 

concentrations, the turbidity of the effluent steadily increased (Figure 6.8). Microscopic 

analysis of the supernatant revealed that increased turbidity is attributed to the presence 

of both suspended GO and attached organic matters onto GO surfaces. Overall it was 

observed that the addition of GO to the wastewater effluent increased the final effluent 

turbidity.  
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Figure 6.9. Capillary suction time (CST) required for dewatering of settled activated 

sludge samples after 2 h settling period. * refers to statistically significant different 

results between control and the corresponding sample.  

The sludge dewatering, or removing water from the sludge, is the final process in 

the wastewater treatment. The dewatering of sludge is very important since dewatered 

solids are cheaper and easier to incinerate, produce less offensive smells, and reduce 

volume and disposal costs in landfills [225]. The typical values of municipal sludge 

dewatering is variable (CST>100 sec) and is highly dependent on the sludge composition 
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and treatment steps (addition of polymer or other thickeners).  In the present study, the 

results of the dewatering tests showed that with increasing GO concentrations, the 

dewatering capacity of the activated sludge is significantly reduced, since the capillary 

suction time (CST) increased. Increase of dewatering time was observed to be ~45% at 

GO concentrations of 50 mg/L and above compared to controls (Figure 6.9). The possible 

cause for this phenomenon could be a combination of both chemical reactivity and 

antimicrobial characteristics of GO. However these potential mechanisms need to be 

further investigated. 

6.3.7. Interaction of GO and Activated Sludge 

  The fluorescence images from the sludge samples incubated with GO shows that 

GO nanosheets accumulated inside the floc matrix (Figure 6.10.c). SEM images show 

adsorption of bacteria and other microorganisms to the GO nanosheets (Figure 6.10.f). 

Several studies suggested that the accumulation of nanomaterial in activated sludge flocs 

could result into longer retention of GO in the treatment system and therefore pose 

chronic toxicity [10]. Future studies are needed to better understand the effects of GO 

accumulation in the activated sludge flocs as well as the potential chronic toxicity of this 

nanomaterial to the microbial community. 
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Figure 6.10.  (a) Bright field image of aqueous suspension of GO; fluorescence image of 

(b) control activated sludge and (c) activated sludge with GO. SEM image of (d) aqueous 

suspension of GO, (e) control, and (f) activated sludge with GO. Red arrow shows GO 

sheets.  

6.4. Conclusion 
 

This study shows that acute exposure of activated sludge to GO can impact the 

wastewater microbial communities. Bacterial metabolic activity was significantly 

compromised in the presence of GO, which indicates that GO has the potential to hinder 

the essential microbial functions needed in activated sludge processes, such as removal of 

organic matter and other nutrients from the wastewater. The presence of GO in the 

activated sludge led to reduced BOD5 values and low nitrogen and phosphorus removal 

by the biological treatment process, which can potentially lead to excess of organic 

matter, nitrogen and phosphorus, respectively, discharge into receiving waters from the 

treatment plants. Furthermore, GO also negatively impacted the effluent quality and 
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sludge dewaterbility, which can cause regulatory violations and increased disposal cost of 

sludge, respectively. As applications and disposal of engineered nanomaterials, such as 

GO, are in rapid rise, these findings suggest that further studies, especially on the chronic 

exposure of this nanomaterials to the wastewater microbial community is needed. Both 

acute and chronic microbial exposures to GO are essential for a complete understanding 

of the effects of GO to the wastewater treatment process and prevention of their adverse 

effects to the treatment performance.  
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Summary and Future Directions 
 

The present study determined that SWNT and GO can be successfully embedded 

into PVK to form stable nanocomposite suspensions and coatings. The presence of PVK 

in the nanocomposite allowed the dispersion of the nanomaterials and immobilization of 

a homogeneous film. The PVK-SWNT and PVK-GO nanocomposites exhibited 

significant toxicity towards bacteria in planktonic and biofilm stages. The principal 

mechanism of bacterial inhibition was found to be due to the cell membrane damage in 

the presence of SWNT and GO nanoparticles. These findings show the potential use of 

PVK-SWNT and PVK-GO nanocomposites for antimicrobial coatings in biomedical 

applications. The application of the antimicrobial nanocomposites was further 

investigated for drinking water treatment. Nitrocellulose membranes coated with PVK-

SWNT effectively removed and inactivated bacterial cells and prevented biofilm growth. 

Due to the small load of SWNT (3 wt%), PVK-SWNT exhibited significantly less 

cytotoxicity to mammalian cells, which shows great promises for possible applications in 

drinking water treatment.  

Again, a systematic study to investigate the capacity of carbon-based 

nanomaterials (G, GO and SWNT) to remove biofouling agent (protein) was performed 

for water treatment purposes. GO showed the highest adsorption capacity for the model 

protein, lysozyme (~500 mg protein/g of nanomaterial), which could be attributed to the 

strong electrostatic interaction between the negatively charged GO and the positive sites 

in the protein structure. However, adsorption properties of SWNT and GO were found to 

be highly dependent on the solution chemistry i.e., ionic strength. Interestingly, all three 
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nanomaterials were found to be significantly more efficient in removing total proteins 

present in wastewater samples compared to activated carbon. The preliminary results 

obtained from this study could be utilized for developing efficient nanomaterial based 

adsorbents for water purification applications. On the other hand, environmental 

implications of nanomaterial (GO) were found to be significant. In case of acute 

exposure, GO was found to significantly compromise the metabolic activities of the 

microbial communities in activated sludge; hence adversely impact their biological 

functions to degrade organic carbon, nitrogen and phosphorus. The antimicrobial 

mechanism of GO to wastewater bacteria was found to be adsorption to bacterial cells 

and production of reactive oxygen species (ROS). 

Future Directions: 

1. The antimicrobial properties of PVK-SWNT and PVK-GO nanocomposite coatings 

need to be tested under different environmental conditions with diverse group of 

microorganisms.  

2. The bacterial removal and inactivation properties of the PVK-SWNT coated 

membranes should be tested with natural waters collected from rivers, lakes or other 

drinking water sources. Since, it is expected that the presence of high load of organic 

matter, varying pH and salinity will affect the efficiency of nanocomposite coated 

membranes.  

3. The adsorption study of SWNT and GO with lysozyme can be further extended to 

other types of proteins. Different protein structures and surface charge distributions on 

protein surfaces may affect the interaction mechanism with the nanomaterials. A better 
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understanding of the protein-nanomaterial interaction mechanism will be helpful to 

design more efficient nanomaterial-based adsorbents for water treatment. 

4. To better understand the effects of nanomaterials on diverse microbial communities, 

culture independent methods, e.g., DNA microarray, can be utilized. By analysing the 

gene expression of the microbial community, we may get a better understating about the 

inhibitory effects of GO on various bacterial communities. This will help to identify a 

safe environmental concentration of nanomaterials to better regulate their disposal. 
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