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Abstract 

Given its potent biocidal properties, graphene oxide (GO) holds promise as a building 

block of anti-microbial surfaces, with numerous potential environmental applications. 

Nonetheless, the extent to which GO-based coatings decrease bacterial adhesion 

propensity, a necessary requirement of low-fouling surfaces, remains unclear. AFM-based 

single-cell force spectroscopy (SCFS) was used to show that coatings comprising GO 

nanosheets bonded to a hydrophilic polymer brush, mitigate adhesion of Pseudomonas 

fluorescens cells, while preserving GO’s intrinsic biocidal activity. This work 

demonstrated the simultaneous biocidal and low-adhesion GO coatings by grafting 

poly(acrylic acid) (PAA) to polyethersulfone (PES) substrates via self-initiated UV 

polymerization, followed by edge-tethering of GO to the PAA chains through amine 

coupling. The chemistry and interfacial properties of the unmodified PES, PAA-modified 

(PES-PAA), and GO-modified PES (PES-GO) substrates were demonstrated using ATR-

FTIR, Raman spectroscopy, contact angle goniometry, and AFM to confirm the presence 

of PAA and covalently bonded GO on the substrates. Using SCFS, it was shown that peak 

adhesion force distributions for PES-PAA (with mean adhesion force �̅�Peak = -0.13 nN) and 

PES-GO (�̅�Peak = -0.11 nN) substrates were skewed towards weaker values compared to 

the PES control (�̅�Peak = -0.18 nN). The results show that weaker adhesion on PES-GO was 

due to a higher incidence of non-adhesive (repulsive) forces (45.9% compared to 22.2% 

over PES-PAA and 32.3% over PES), which result from steric repulsion allowed by the 

brush-like GO-PAA interface.  
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Chapter 1: Introduction 

As the global population of the world increases, the demand for fresh and potable water 

will continue to increase. As such, communities will be forced to find new and creative 

methods for maximizing the productivity of fresh water sources. Two areas of great 

opportunity for increasing/improving our water sources are desalinization and wastewater 

treatment/reuse. Membranes are a premier technology to address both these areas.  

Membranes function by driving a pressurized feed solution through a selective semi-

permeable structure via a pressure differential that preferentially rejects target constituents 

while allowing the permeation of water. Typically, membranes are operated in cross flow 

configuration where feed flow is tangential to the membrane surface (Fig. 1). This is done 

to prevent the accumulation of solute near the membrane surface which results in 

concentration polarization and decreased permeate quality.  

Membranes are one of the most prevalent and dependable technologies for water treatment 

used worldwide [1]. They are heavily used in an array of sectors including, but not limited, 

to the treatment of ballast water [2], drinking water [3]–[6], wastewater [6], [7], the 

desalinization of sea and brackish groundwater[8], [9]. What makes membranes so 

effective is their unique ability to selectively filter out a variety of contaminants ranging 

from suspended particulates/colloids to small dissolved molecules and ions. The treatment 

and reuse of wastewater with membranes has become a primary focus in water 

conservation. One of the greatest potentials for membranes in the wastewater industry are 

membrane bioreactors (MBRs), which offer a very viable alternative to secondary clarifiers 

in wastewater due to their superior solid’s retention, ease of operation, and small footprint 
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[10], [11]. In addition, membranes can be used as a polishing step on treated industrial 

effluent to produce reusable and even potable water [12].  

 

Figure 1 Schematic of membrane filtration for dead-end and cross-flow configuration.1  

 

While membranes clearly offer a great deal of potential for water conservation they have 

one serious drawback; all membranes are inherently prone to fouling, particularly 

biological fouling [13]–[15]. Membrane biofouling occurs when bacteria and other 

microorganisms accumulate on the membrane surface and form biofilms, resulting in 

blocked pores/channels and an additional layer of resistance in which water must permeate 

through. Adverse effects of membrane biofouling include a reduction in permeate flux 

resulting in elevated operational pressure requirements and increased pumping costs, 

reduced membrane selectivity resulting in worsened solute rejection, accumulation of 

pathogenic colonies on the membrane surface, and biodegradation/deterioration of 

membranes [9]. Unlike other forms of fouling, biofouling is significantly harder to clean, 

often resulting in irreversible damage to membranes, permanent permeability loss, and 

shorter membrane life [16]. It is also much harder to prevent biofouling by pretreatment of 

                                                 
1 Berghof Membranes. Accessed June, 2019. https://www.berghofmembranes.com/technology/ 

https://www.berghofmembranes.com/technology/
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feed solutions with biocides; removing 99.99% of microorganisms from the feed can’t 

guarantee mitigation of biofilms due to their ability to rapidly propagate across membrane 

surfaces. This is especially true for operations with high levels of nutrients in the feed 

streams such as wastewater treatment and desalination [16]. As such, a focal point of 

membrane research has been the development of anti-microbial surfaces. The most 

common approach has been the synthesis of biocidal coatings via the incorporation of 

nanomaterials that exhibit biocidal properties. Graphenic nanomaterials (GNMs, such as 

graphene, graphene oxide and carbon nanotubes) have risen to the forefront of this research 

due to their unique chemical properties, and biocidal nature. Graphene oxide nanosheets in 

particular have shown great promise given their superior anti-microbial properties [17]–

[20].  

The present work focuses on the application of graphene oxide (GO) nanosheets as anti-

microbial additives to water filtration membranes. There has already been considerable 

research centered on incorporating GO into membranes to improve filtration properties and 

reducing biofouling [21]–[24]. However, recent studies have reported that GO 

functionalization of inorganic and polymeric substrates can actually increase their bio-

adhesiveness.[25], [26]. The increased bio-adhesiveness observed from GO 

functionalization challenges the notion of GO films as anti-biofouling coatings. 

Meanwhile, the mechanism for bacterial adhesion to GO-functionalized interfaces remains 

poorly understood. A better understanding of the adhesive mechanism must be developed 

if graphene oxide is to be further realized as an anti-microbial surface. The focus of this 

paper is to modify the surface of water filtration membrane with GO nanosheets and use 

AFM-based single-cell force spectroscopy to directly measure the adhesive forces between 
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a model bacterium and membrane substrates with and without GO-modification. In 

addition, an array of characterization techniques will be used to demonstrate and explain 

the adhesive properties (or lack thereof) of GO and discuss the implications of these 

findings on the future of GO as an anti-microbial low-fouling surface for environmental 

applications. 
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Chapter 2: Literature Review 

There are generally considered to be four types of fouling: colloidal/particulate fouling, 

organic fouling, inorganic fouling (scaling), and biological fouling (Fig. 2). The type of 

fouling that occurs on membranes is dependent on feed water conditions. Reverse osmosis 

(RO) membranes used for desalinization or brackish groundwater treatment often 

experience inorganic fouling due to the precipitation of salts on the membrane surfaces 

[27] while MF and UF membranes used in wastewater and drinking water treatment are 

more prone to colloidal or biological fouling [11]. However, due to the abundance of 

microorganisms and their ability to live in a wide variety of conditions, nearly all 

membrane operations are influenced by biofouling. The four types of membrane fouling 

are summarized below. 

 

Figure 2 Schematic drawing showing the types of membrane fouling.2  

 

Colloidal/particulate fouling 

Colloids are suspended or dissolved particulates that range in scale from several 

micrometers down to nanometers. Typical colloids in aquatic environments are suspended 

                                                 
2 A. Tiraferri, Membrane-based water treatment to increase water supply, Laboratory of Colloid and 

Surface Chemistry (LCSC) University of Geneva, http://www.colloid.ch/ membranes, accessed, June 2019. 
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inorganic particulates from aquifers such as silt or clay. Additional colloids found in water 

sources include very high molecular weight organic molecules such as polysaccharides, 

proteins and humic aggregates [28]. Colloidal fouling is most often associated with the 

partial or complete blocking of membrane pores, followed by the formation of cake on the 

membrane surface [29], [30]. As the membrane surface becomes caked, the pores become 

less water accessible leading to flux decline.  

Organic fouling 

Organic fouling of membranes is due to the presence of dissolved organic matter (DOM) 

in water. DOM is abundant in all surface water, most wastewaters, and sewage [31]. Types 

of DOM include synthetic organic compounds (SOCs, such as flocculating agents, soaps, 

and dies), disinfection byproducts (DBPs, such as trihalomethanes, halogenic acetic acids, 

and chlorine hydrates), and natural organic matter (NOM) [28]. NOM is formed by the 

decay of plant and animal matter in the environment and is prevalent in most drinking water 

sources [32][28]. Depending on the type of DOM present, organic fouling can occur by 

adsorption into the membrane pores resulting in partial or complete obstruction to water 

flow, formation of gel layer across the membrane surface concealing the pores, and/or the 

tethering of particulate matter across the membrane resulting in decreased permeability 

[28]. 

Inorganic fouling  

Inorganic fouling (often referred to as scaling) is caused by the precipitation of inorganic 

compounds resulting from oxidation and hydrolysis during membrane filtration. 

Crystallization is the primary form of inorganic fouling. Typically, in water filtration 

operations involving the use of RO, salt ions are rejected and concentrated in the reject 
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stream up to 10 times their feed concentrations [28]. Dissolved compounds exceed their 

solubility limit resulting in the precipitation/crystallization of salts onto the membrane 

surface. One common inorganic foulant with low solubility is CaCO3 which is used 

extensively in lime softening for drinking water treatment. Alternatively, suspended 

inorganic particulates can be deposited onto membranes via advective transport. Once 

lodged, these particulates act as nucleation sites for additional scaling of the membrane 

[28]. Most inorganic fouling occurs in operations dealing with high dissolved solids. 

Operations could include the desalinization of salt water, the treatment of brackish 

groundwater, and the reuse of industrial wastewater [27], [33]. 

Biofouling 

Biofouling of membranes involves the growth of biofilms across the membrane surfaces. 

In addition to clogging channels of porous membranes, these biofilms coat the membrane 

surface, reducing membrane selectivity and acting as an additional layer for water 

permeation [34]. Biofilm formation is a complex process that can be affected by a wide 

range of factors including the microbe species, membrane surface chemical composition, 

membrane surface roughness, feed water compositions, and even the fluid mechanics to 

and through the membranes[14], [35], [36]. In general, biofilm formation can be broken 

down into several different phases: transport/deposition of cells to a surface, adhesion onto 

the surface, and biofilm growth/propagation, and finally dispersion. Fig. 3 shows a 

representative schematic of this process with the attachment phase encompassing both 

bacterial deposition and adhesion.  
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Figure 3 Sequence of events leading to the formation of a Biofilm.3 [8] 

 

Mechanism of Biofouling 

Deposition 

In the first phase of biofilm development, microbial cells are transported to the surface of 

the membranes. As microbes approach the surface they must overcome an energy barrier 

resulting from attractive and repulsive forces prior to establishing direct contact. These 

forces can consist of Van der Waals interactions, electrostatic repulsive forces and acid 

base forces [13]. Membranes are predominantly negatively charged on their active surface 

to promote water transport via attraction to hydrophilic functional groups such as 

carboxylic acid [37], while microbes’ membrane contain negative charged groups 

hydrophilic head groups. As such, electrostatic repulsive forces between the bacteria and 

membrane surface play a significant role in deposition. Feed water ionic strength and pH 

also influence deposition. When the pH is neutral or even slightly acidic, the carboxylic 

                                                 
3 . The Biofilms Hypertextbook: Introduction to Biofilms Alfred B. Cunningham, John E. Lennox, and 

Rockford J. Ross, Eds. 2001–2008. Accessed June 2019. 
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groups on the microbe and membrane surfaces will shift to their protonated neutral state 

[38]. Once neutral, the repulsive energy from their like charges is greatly reduced, making 

deposition much more favorable. In addition, increased ionic strength influences the Debye 

length, thus affecting the range of electrostatic interactions between cells and surfaces [13].  

Adhesion 

Once microbes overcome the energy barrier necessary to deposit onto the membrane 

surface, they must irreversibly adhere to the surface. Adhesion is general believed to be the 

most critical step in establishing biofilms on membrane surfaces and is also the least 

understood [13], [39], [40]. The adhesive interactions between cells and membranes have 

been shown to be dependent on many chemical and physical factors including the microbe 

type, the composition of EPS secreted, surface charge, and surface roughness [34]. In 

particular, membrane hydrophobicity plays a significant role in adhesion [13], [41]. More 

hydrophobic, non-polar surfaces have been shown to increase biofouling [16]. The opposite 

is the case for hydrophilic membranes. This can be explained by considering the packing 

of water molecules near the membrane surface. Membranes with higher hydrophilicity 

have a greater affinity for water molecules. To minimize the interfacial energy at the 

membrane-water interface, water molecules will pack more closely at the surface. For cells 

to adhere to the membranes, they must first penetrate through this packed water layer which 

is less thermodynamically favorable when compared to hydrophobic membranes. It is 

believed that the physical appendages of bacterial cells (flagella, fimbriae and pili) are used 

to overcome the repulsive energy associated with this packed water layer and electrical 

double layer at the membrane surface (due to charged surfaces) to establish irreversible 

adhesion [40], [41]. In addition, cells excrete EPS (Extracellular polymeric substances) that 
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produce a hydrophobic conditioning film on surfaces. This hydrophobic coating is used as 

a mechanism to promotes cellular adhesion by altering characteristics of the surface such 

as charge, hydrophobicity, and roughness [42]. 

Propagation  

Once microbes have irreversibly adhered to the membrane surface, they begin the growth 

phase in biofilm development. In this phase, secretion of EPS (naturally produced high 

molecular weight biopolymers, such as proteins, polysaccharides, and lipids) is increased 

and the EPS matrix is formed. This matrix binds the microbes together in microbial 

aggregates and establishes the functional and structural integrity of biofilms [8]. In 

addition, the EPS matrix is largely considered the most influential component determining 

the physiochemical properties of biofilms [34] and is typically the largest fraction (50-

80%) of the total organic matter in biofilms [8], [28]. Main advantages of microbes within 

the matrix are increased colony stability, protection from harsh environmental conditions, 

sequestration of nutrients, and the development of synergistic relationships with other 

species [8], [43]. The additional protection is exhibited in a shielding effect in which the 

EPS molecules and exterior cells shelter the interior organisms from potential harsh 

conditions in the water (pH, biocides, etc.) by limiting mass transfer through the EPS 

matrix, thus increasing the resilience of the microbial community [8], [43]. Furthermore, 

microbes of possessing diverse metabolic pathways are aggregated in close proximity 

within the matrix, promoting sequential degradation of substances that were otherwise not 

biodegradable by a single species (cometabolism) [8], [43]. Often this syntrophic effect is 

exhibited in stratified layers of the biofilm. In total, the syntrophic interactions possible 

within the shielded EPS matrix results in rapid biofilm growth and resilience.  
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Dispersion 

The final stage of biofilm formation is dispersion. In this stage, sections of the biofilm 

slough off resulting in resuspension of viable bacteria. These cells then deposit and 

adhere to other locations, repeating the process of biofilm formation and further 

propagating the biofilm across the membrane surface [8].  

Impact of Biofilms  

Almost all membrane applications are hampered by biofouling in some form or another. 

Arguably one of the most substantial influences of biofouling has been on the practicality 

of membrane bioreactors (MBRs) in wastewater treatment. As previously mentioned, 

MBRs use low pressure membranes (UF and MF) as a substitute for traditional secondary 

clarifiers as a means of retaining biomass in activated sludge reactors. Membrane 

bioreactors rely on size exclusion rather than gravity to achieve physical separation of 

wastewater from biomass and are able to achieve 100 percent retention of biomass at any 

sludge retention time [28]. While the pressure requirements are not inconsiderable, the 

reduced footprint and increased operational control achieved by MBRs makes them 

incredibly promising for wastewater treatment and water reuse [44]. Unfortunately, 

membranes used in MBRs are incredibly prone to biofouling due to the inherent nutrient 

richness and biological density of microorganisms in activated sludge basins [11]. In order 

for membrane technologies such as MBRs to truly thrive, researchers must find ways to 

mitigate biofouling. 

Biocidal Membrane Modifications   

There has been significant research into modification of membranes to reduce their 

propensity to biofoul. Much of this research is focused on incorporating biocidal-exhibiting 
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nanomaterials into membrane structures and surfaces. This includes, but is certainly not 

limited to, silver nanoparticles (Ag NP) [45], [46], Zinc oxide (ZnO) [47], copper [48], 

silica (SiO2) [49] , and carbon nanomaterials such as graphene, graphene oxide (GO) and 

carbon nanotubes (CNTs) [21], [50]–[52]. Unfortunately, many metal nanoparticles tend 

to dissolve or leach off the membrane leading to decreased biocidal capacity of the 

membrane in addition to environmental contamination. An example of this is membranes 

functionalized with silver nanoparticles. These membranes are prone to secreting dissolved 

silver ions during operation, resulting in a decrease in biocidal capacity overtime and an 

increase in biofouling propensity [45],[53]. While it has been shown that silver NP coatings 

can be regenerated, the temporary reduction in bacterial inactivation and the environmental 

impacts associated with the leached particles can’t be avoided [46]. As such, non-leaching, 

non-depleting biocidal coatings offer significantly more potential for biofouling mitigation.  

Graphemic nanomaterials (GNMs) possess the most potential for biocidal coatings owed 

to their ability to functionalized with membranes in a permanent non-leaching fashion. 

Furthermore, the biocidal mechanism for bacterial inactivation of GNMs is based on 

cellular contact and is not subjected to regeneration requirements [54]. Graphene oxide 

(GO) in particular has shown considerable capacity as an anti-microbial surface owing to 

its high specific surface area (~2,630 m2 g-1)[55], single-atom-thickness (0.34nm), superior 

hydrophilicity, and strong biocidal properties [46], [52], [56]. They offer considerable 

promise as membrane materials [57]–[59] and adsorbents for the removal of water 

contaminants [60]. Currently, graphene oxide nanosheets are the most common GNM used 

in the development of polymeric hybrid membranes for water treatment [61]. 
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Graphene Oxide 

Graphene oxide is synthesized from graphene nanosheets, one-atom-thick 2D sheets of sp2 

hybridized carbon atoms closely packed in a hexagonal lattice. GO nanosheets can be 

synthesized in a variety of manners including the Hummers, Brodie, or Staudenmaier 

methods [61]. Typical synthesis involves the oxidative treatment of graphene to graphene 

oxide which creates hydrophilic hydroxyl, carboxyl, and epoxide groups concentrated on 

the edges and surface.  

Incorporation of Graphene Oxide into Membranes 

One feature that makes graphene oxide so promising as a anti-microbial surface is its ability 

to be incorporated into membranes. There are four general methods in which membranes 

have been reported to have been functionalized with graphene oxide: i) casting, ii) 

interfacial polymerization, iii) layer-by-layer assembly, and iv) surface modification [61].  

Casting  

Casting is one of the most common ways of fabricating porous MF and UF membranes and 

porous support layers for thin film composite (TFC) membranes [61]. Functionalization 

with GO is typically performed by dispersion of graphene oxide nanoparticles into the 

casting solution. The solution is then spread at a uniform thickness over a flat surface using 

a casting knife and submerged into a solvent bath, often deionized water, where the 

dissolved polymer precipitates via phase inversion forming the GO-membrane composite. 

There have been numerous functionalized graphene oxide-incorporated membranes 

prepared by phase inversion over a variety of polymer matrices including polysulfone (PSf) 

[62], poly(vinylidene fluoride) (PVDF) [63], and poly(vinyl chloride) (PVC) [64] to name 

a few. One issue associated with this functionalization method is that much the 
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homogenously incorporated GO particles are contained within the membrane bulk, 

resulting in less efficient use of the GO compared to surface modification techniques.  

Interfacial polymerization 

Interfacial polymerization has been effective mechanism for forming the active layer of 

membranes. These active layers are responsible for salt rejection and directly affect water 

permeability [65]. Graphene oxide-incorporated TFC membranes have showed significant 

promise in NF, RO, and FO membranes [61]. A typical approach for interfacial 

polymerization is to disperse graphene oxide into an aqueous phase of m-

phenylenediamine (MPD) and deposit onto a support layer such as polysulfone or 

polyethersulfone (PES). Trimesoyl chlorine (TMC) dissolved in n-hexane is then deposited 

onto top of the aqueous MPD initiating interfacial polymerization. The result is a 

homogenously distrusted graphene oxide-incorporated polyamide active layer on top of the 

polymer support [61]. In most cases, the GO functionalized membranes showed increased 

hydrophilicity and negative charges at the surface which resulted in improvements in the 

operational capabilities of the membranes. Additionally, interfacial polymerization utilizes 

the graphene oxide only in the polyamide active layer and not support layer, resulting in 

reduced quantity of nanoparticle relative to the previously mentioned casting method.   

Layer-by-layer (LBL) assembly  

Layer-by-layer assembly requires multiple layers of graphene oxide nanosheets to be 

constructed on the membrane surface. Each layer can be adhered through a variety of 

forces. Successful LBL assembly has been performed using covalent bonds, hydrogen 

bonding, electrostatic interactions, and van der Waals forces [61], [66]. Advantages to this 
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method are that all GO is concentrated at the surfaces, maximizing the particle use 

efficiency. 

Surface Modification 

Surface modification, like the LBL method, involves the binding of graphene oxide onto 

the membrane surface, with the exception that only one layer is formed. This can generally 

be achieved in two ways:  i) covalent bonds induced by cross-linking/surface grafting and 

ii) noncovalent bonding via coating or filtration [61]. The advantage to the first approach 

is the strong attachment of graphene oxide distributed relatively evenly across the 

membrane surface, which improves the lasting durability and efficacy of the membrane 

coating. Successful functionalization of graphene oxide has been achieved across all 

membrane types (i.e. MF, UF, NF, RO etc) via this method [61]. Several studies have been 

published in which reactive amino-esters (EDC/NHS) were used in tandem with 

ethylenediamine (ED) to crosslink graphene oxide uniformly across the polyamide layer 

of TFC membranes [52],[46]. The modified membranes were shown to exhibit significant 

biocidal properties in regards to E. coli [52]. 

The second approach utilizes non-covalent bonds (i.e. hydrogen bonding and van der 

Waals interactions) to secure graphene oxide to the membrane surfaces. This method is 

typically performed via coating or filtration processes with additional supplied pressure is 

applied to force contact graphene oxide with the membrane surface. Successful 

functionalization via non-covalent interactions has been reported across an array of 

membrane materials [61]. While this method tends to be easier, the long-term functionality 

of the membrane coatings is often reduced due to hydrodynamic shearing of the weaker 
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noncovalent bonds tethering GO to the membrane. As such, a covalently bonded procedure 

is preferred. 

Biocidal Properties of Graphene Oxide 

As previously laid out, graphene oxide can be incorporated into membranes in a variety of 

manners, with the preferred method covalently tethering GO to the membrane surfaces. 

This is done to maximize the available GO at the membrane surface, thus increasing the 

bacteria-graphene interaction and bolstering the biocidal potential of the coating. Unlike 

other biocidal coatings, graphene oxide has been shown to exhibit biocidal characteristics 

when contacted directly with bacterial cells [46], [52], [56]. Bacterial inactivation has been 

reported to exceed 80%, significantly better than other GNMs [46]. Several mechanisms 

for bacterial interaction have been stated upon contact including physical disruption of the 

cell wall [67], and charge transfer and generation of reactive oxygen species [67], [68], 

[69]. These properties are similar amongst most graphemic nanomaterials. However, a 

biocidal mechanism unique to graphene oxide is the knife-like action of GO sheets. It has 

been shown that graphene oxide sheets oriented orthogonal to surfaces are able to cut into 

cell membranes and extract large amounts of phospholipids, resulting in cell death [70]. 

This additional biocidal mechanism make GO a very potent option for anti-microbial 

surfaces. While the biocidal mechanisms for GO are increasingly well understood, there is 

less information available regarding the bioadhesion mechanisms on the graphene oxide 

interface. One such method that can be used to elucidate these mechanisms is AFM-based 

single-cell force spectroscopy.  
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Single Cell Force Spectroscopy 

To understand this technology better, the principles of atomic force microscopy (AFM) are 

first explained. Atomic force microscopy involves the use of a laser-calibrated cantilever 

to measure microscopic forces between two materials. Measurements are performed by 

extending and retracting a substrate-coated cantilever against a surface of interest. The laser 

deflection upon extension and retraction of the cantilever is then used to determine the 

compressive and retractive forces and their ranges of interaction between the substrates. 

Recent advancements in AFM-based single-cell force spectroscopy (SCFS) allow us to 

examine the nanoscale interactions of bacterial adhesion onto surfaces. SCFS works by 

immobilizing a single cell onto a cantilever tip which is subsequently contacted with the 

substrate of interest in an identical manner as AFM to measure the repulsive and adhesive 

forces (Fig. 4). Analysis of the retraction curves (adhesive forces) allows the elucidation 

of the extracellular biomolecules involved in the bioadhesion process.  

While graphene oxide has been shown to exhibit a wide range of biocidal properties, further 

development of graphene oxide coated membranes has been hindered by an undeveloped 

understanding of the bioadhesive mechanisms between bacterial cells and graphene oxide 

sheets. Studies have attempted to analyze these adhesive forces with inconsistent results. 

A study performed by Tu et al., suggested GO sheets pierce bacterial cell membranes in an 

orthogonal manner while other studies have shown predominantly repulsive interactions 

between GO-coated AFM probes and the negatively charged cell membranes of E. coli 

bacteria [70]. It has more recently been shown that the spatial orientation of graphene oxide 

bound to silicon surfaces plays a significant role in the adhesive forces exhibited between 

GO sheets and bacterial cells, showing that GO sheets oriented flatter across a surfaces 
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tend towards higher adhesion forces [25]. These contradictory results further cloud whether 

the hydrophilic graphene oxide coatings would reduce or increase the propensity for 

membrane biofouling.  

 

Figure 4. Schematic diagram of AFM-based single-cell force spectroscopy 

Shows the (A) experimental setup and (B) representative force curves for SCFS [71]. 

 

A recent study using SCFS have compared the bacterial adhesion pristine and modified 

membranes with hydrophilic coatings and found that the hydrophilic coatings tended to 

decrease mean adhesion forces. However, the same study found that increased bacteria-

membrane contact time revealed similar adhesion across all membranes, indicating that 

hydrophilicity is likely not enough to determine the antifouling capabilities of membranes 

[39]. The goal of this research is to apply this same methodology to graphene oxide- 

functionalized membranes. Given the unique and promising biocidal properties of GO, it 

is very much worth investigating the adhesive (or antiadhesive) nature of GO on a 

membrane. Analysis of commercial membranes functionalized with graphene oxide with 
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SCFS should yield valuable insight into whether the biocidal and physical properties of 

GO promote membrane biofouling.   
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Chapter 3: Do Graphene Oxide Nanostructured Coatings Mitigate 

Bacterial Adhesion? 

Given graphene oxides’ robust biocidal properties, there is significant promise for GO as 

a building block for anti-microbial surfaces, However, the extent to which GO mitigates 

bacterial adhesion, the most critical step in biofilm formation, is still uncertain. The 

purpose of this research was to use AFM-based single-cell force spectroscopy to 

demonstrate that GO nanosheet coatings bound to a membrane surfaces by a hydrophilic 

polymer brush layer reduces the adhesion of Pseudomonas fluorescens cells, while 

preserving GO’s intrinsic biocidal activity. This research is laid out as follows: first 

successful tethering of graphene oxide sheets to a polyethersulfone (PES) membranes by 

poly(acrylic acid) chains via a novel functionalization technique is demonstrated. Then, it 

is shown that the biocidal properties of GO sheets are maintained on the membrane surface. 

Finally, SCFS is utilized in addition to several other membrane characterization techniques 

to demonstrate and explain the adhesive properties of GO and discuss the implications of 

these findings on the future of GO as an anti-microbial low-fouling surface for 

environmental applications.  

Materials and Methods 

Graphene Oxide Functionalization 

Substrates 

All coatings investigated were formed on polyethersulfone (PES) substrates. Commercially 

available PES ultrafiltration (UF) membranes were used (30 kDa molecular weight cutoff; 

Synder Filtration, Vacaville, USA). PES membranes were soaked in 50% glycerin solution 

and stored at 4 C. Prior to use, the membrane substrates were rinsed with ultrapure (UP) 
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water (18.2 M cm, Barnstead, Thermo Fisher), soaked in 25 vol.% aqueous isopropanol 

for 24 hours, and thoroughly rinsed again with UP water to remove any residual 

preservatives.  

Poly(acrylic acid) Grafting 

Self-initiated UV graft polymerization was used to grow poly(acrylic acid) (PAA) on PES 

[37], [51], [72]–[74]. PAA chains were subsequently used to functionalize substrates with 

GO. A schematic diagram of the surface modification protocol is shown in Fig. 1. An 

aqueous acrylic acid (AA) solution (10 vol.-%) was prepared from a 99% AA stock 

solution (Sigma Aldrich) with UP water. PES coupons (9 × 14 cm2) were attached to PTFE 

frames with a holding volume of 112 mL. The PES substrates and the AA solution were 

brought to a glove box, from which oxygen had been purged to a concentration < 500 ppm 

to prevent premature radical termination. The solution and the substrates were left to 

equilibrate with the atmosphere inside the glove box for 15 minutes to lower the dissolved 

oxygen concentration in the AA monomer solution. Next, 10 vol.-% AA solution was 

poured over the PES (affixed to the PTFE frame) and allowed to soak the PES substrate. 

After 15 minutes, excess AA solution was removed, leaving a thin liquid film of AA 

monomer solution on the surface (Fig. 5 (a)). By casting the monomer solution as a thin 

film, the UV penetration depth was increased, thus accelerating the polymerization kinetics 

on the substrate. Subsequently, the AA-soaked PES surface was irradiated with a UV lamp 

(Spectroline Model EF-160C) positioned ~2 cm above the substrate. Irradiation was carried 

out for time periods ranging from 10 to 60 seconds. After irradiation, the substrates were 

rinsed thoroughly and soaked in UP water for 24 hours to remove unreacted monomers. 
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This step resulted in PAA-functionalized PES substrates (Fig. 5 (b)), which is referred to 

as PES-PAA for the remainder of the paper. 

 

 
Figure 5. Schematic of polyethersulfone (PES) surface modification with (GO).  

Self-initiated UV polymerization (a-b) results in growth of poly(acrylic acid) (PAA) 

chains from acrylic acid (AA) monomers in aqueous solution, yielding PES-PAA 

substrates. (c) EDC/NHS-mediated amine coupling binds ethylenediamine (ED) linkers 

to the PAA chains, resulting in PES-PAA-ED substrates. (d) EDC/NHS-activated GO 

nanosheets react with primary amines in the ED linker to covalently tether GO to the 

substrates (yielding PES-GO substrates).  

 

Substrate Functionalization with GO 

Single-layer graphene oxide (GO) was purchased from Cheap Tubes (Grafton, VT, USA). 

Characterization by AC mode AFM was carried out to reveal an average nanosheet 

thickness of 0.8 ± 0.1 nm, consistent with single sheets [25]. In addition, sub-micron lateral 

dimensions (Appendix A, Fig. S1 (a) and (b)) was in agreement with the manufacturer’s 

specifications (i.e., 300-800 nm). A negative zeta potential was observed for GO in aqueous 

dispersion (Appendix A, Fig. S1 (c)), indicative of deprotonation of carboxylic acid groups 

in the nanosheet edges [75]. The oxygen content of GO was 35-45%, per the 

manufacturer’s specifications. The Raman spectrum of GO nanosheets deposited on a 
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silicon wafer (Appendix A, Fig. S1 (d)) exhibited the D (∼1350 cm−1) and G (∼1590 cm−1) 

bands characteristic of GO [76].  Substrates were functionalized with 250 µg mL-1 GO 

dispersions prepared from 2 mg mL-1 stock dispersions. GO suspensions were made 

colloidally stable through bath sonication for 24 hours. PES-PAA substrates were 

functionalized with GO by adapting the procedure developed by Perreault et al.,[52] which 

was based on amine coupling [77]. Carboxylic acid functional groups in the grafted PAA 

chains were activated to amine-reactive esters with 4 mM 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC, 98%, Sigma) and 10 mM N-

hydroxysuccinimide (NHS, 98%, Sigma). Solutions were buffered at pH 5 with 10 mM 

MES (BioXtra, Sigma) supplemented with 0.5 M NaCl. The EDC-NHS activation step was 

carried out for 60 minutes under ambient conditions on a benchtop shaker at 30 rpm. 

Substrates were then rinsed gently with UP water. The amine reactive esters on the PES-

PAA surface were then contacted with 10 mM ethylenediamine solution (ED, BioXtra, 

Sigma) buffered at pH 7.5 by 10 mM HEPES (99.5%, Sigma) with 0.15 mM NaCl. The 

ED amine coupling step was performed for 30 minutes. The result was PES-PAA-ED 

substrates, as shown schematically in Fig. 5(c). Next, the carboxylic acid functional groups 

along the GO nanosheet edges were reacted to amine reactive esters in a similar way. A 

GO dispersion (10 parts, 250 µg mL-1) was mixed with 2 parts 100 mM MES buffer, 

followed by 1.75 parts 20 mM EDC in 10 mM MES buffer, and 1.75 parts 50 mM NHS in 

10 mM MES buffer. The pH of the solution was then lowered to 5.5 by addition of 1 M 

HCl dropwise (to minimize flocculation of GO nanosheets) and allowed to react for 15 

minutes. Subsequently, the pH was raised to 7.2 by addition of 1 M NaOH dropwise. The 

GO dispersion was then poured over the ED-functionalized surface (PES-PAA-ED), 
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covered, and allowed to react for 1 hour on a benchtop shaker at 30 rpm. Reaction between 

the amine-reactive esters in GO and the primary amine groups on the surface of the ED-

modified membranes resulted in covalent linkage of the GO nanosheets to produce PES-

GO membrane (Fig. 5(d)). Finally, PES-GO samples were thoroughly rinsed and sonicated 

for 5 minutes to remove non-covalently bonded GO. All substrate samples were stored in 

ultrapure water at 4 C until use. 

Statistical Analysis 

Unless stated otherwise, two-sided unpaired t-tests, presuming unknown but equal 

population variances, were used to determine the statistical significance of the results. 

Membrane Characterization Techniques  

Several techniques were used to characterize the unmodified and modified membranes. 

Each of the techniques, including the instruments and their respective procedures, are 

discussed in detail below. 

Fourier-Transform Infrared Spectroscopy (FTIR)  

Attenuated total reflectance (ATR) FTIR was utilized to characterize the functional groups 

covering the membrane surfaces throughout the modification procedure. Membrane 

samples were dried overnight in a desiccator to remove any residual water that might 

appear on the FTIR spectra. Spectra of desiccator-dried specimens of each substrate type 

were acquired in an FTIR spectrometer (Nicolet Series II Magna-IR System 750) equipped 

with an ATR cell. The spectra were collected in terms of % reflectance at a resolution of 

0.241 cm-1. 
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Raman Spectroscopy  

Raman spectroscopy was used to characterize GO functional groups across the membranes. 

Membrane samples were tested by first drying them overnight in a desiccator. Raman 

spectra were obtained with an Alpha300R Raman microscope (Witec). For each membrane 

specimen, 20 × 20 µm2 Raman scans were acquired at a 0.5 µm resolution, on randomly 

chosen sections of the substrates. At each point in the 2D scan, the ratio of the area under 

the D band of GO (observed at 1350 cm-1) [76] and the area under a prominent PES peak 

(observed at 1146 cm-1) was computed to generate maps characterizing the spatial 

distribution of GO nanosheets. In addition, a mean Raman spectrum was generated by 

averaging the spectra collected at each point on the 2D scan. 

Contact Angle  

Membrane hydrophobicity was characterized by oil-in-water contact angle measurements 

via the captive bubble method. The contact angle between submerged droplets of n-decane 

and the membrane were measured in an aqueous environment using a goniometer (Ramé-

Hart, Model 200) and DROP Image software (Ramé-Hart). Membrane substrates were 

affixed to a surface with the functionalized side facing a liquid cell containing ultrapure 

water. The membranes were then submerged in ultrapure water. A J-shaped needle was 

used to inject n-decane droplets (~10µL) onto the membrane surface. The droplet sizes 

were kept at this volume for each measurement to reduce the skewing effect on the contact 

angle by increased buoyant forces of larger bubbles. For each substrate type, at least 14 

contact angles were measured across three independently functionalized membranes.  
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Surface Charge  

Membrane surface charge was characterized by zeta potential. Streaming potentials of the 

membrane surface were measured using a SurPASS electrokinetic analyzer (Anton-Paar) 

from a pH of 10 to a pH pf 4 in 1 mM KCl solution. Varying aliquots of 0.05mM HCl were 

used to lower the pH. An adjustable gap cell with a fixed distance of 120µm was used. 

Three separately functionalized specimens were characterized for each membrane type. 

The zeta potential was then determined from the streaming potential data using the 

Smoluchowski-Helmholtz equation [78]. 

Nanoscale Roughness 

Nanoscale roughness of the membrane surfaces was characterized using atomic force 

microscopy (AFM). Measurements were performed with an MFP-3D-Bio AFM (Asylum 

Research) equipped with a liquid cell. AC mode AFM scans (5 × 5 μm2, scan rate = 0.25 

Hz) of two specimens of each substrate type were obtained in phosphate-buffered saline 

(PBS) at pH 7.4 using a silicon nitride cantilever (SNL probe “C”, nominal k = 0.24 N m-

1, Bruker). The surface topography was quantified in terms of the root-mean-squared 

roughness (RRMS) determined in 1 × 1 μm2 areas of each of the AFM scans for a total of 8 

roughness calculations for each substrate type. 

Biocidal Plate Assay 

The biocidal activity of the substrate interfaces was characterized by colony counting [52]. 

Pseudomonas fluorescens, a Gram-negative, biofilm-forming bacterium was used as a 

model organism [39]. Pseudomonas fluorescens ATCC 13525 bacteria were prepared in 

an overnight culture in 50mL of autoclaved LB broth under constant 125rpm stirring at 

30oC in an incubator. Bacterial suspensions were diluted 1:25 in autoclaved LB broth at 
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30oC. Stirring was increased to 175rpm for approximately three hours. Bacterial dilutions 

were harvested in the mid-exponential phase (OD  0.6), centrifuged three times at 5,000G 

for 1 minute, removing the supernatant and re-suspending the pellet with 1mL PBS (pH 

7.4) each time. After the final re-suspension, the 1mL bacterial suspension was diluted to 

10mL with fresh PBS and 1-cm2 membrane coupons were immersed in 1mL of bacterial 

suspension for 1 hour. Membranes were then removed, gently rinsed with PBS, and placed 

in 10mL of fresh PBS in 50mL falcon tubes, where they were bath sonicated for 10 minutes. 

The resulting solutions were then diluted 1:100 and 50uL aliquots of each dilution were 

smeared over agar plates evenly with a sterilized glass rod. The plates were then incubated 

overnight at 30oC and the colonies were counted after 24hrs. The experiment was repeated 

two additional times for a total of three replicates for each membrane substrate. 

Single Cell Force spectroscopy (SCFS) 

The adhesion of P. fluorescens cells to the surface of control and functionalized substrates 

was quantitatively investigated using single-cell force spectroscopy (SCFS). Bacterial cells 

were grown and cultivated following the same protocol of the biocidal assay. The 

experimental procedure of SCFS was followed from an earlier study performed in the same 

lab and detailed in a recent publication [39]. An individual P. fluorescens cell was adhered 

to a tip-less AFM cantilever (MLCT-O10 probe “C”, nominal k = 0.01 N m-1, Bruker) on 

which a polydopamine wet adhesive layer had been deposited from a dopamine 

hydrochloride solution (4 mg of dopamine hydrochloride per milliliter of Trizma buffer, 

pH 8.5) shortly before adhering the cell. An MFP-3D-Bio AFM (Asylum Research) 

integrated to a Zeiss Axio Observer A1 inverted optical microscope was used to perform 

bacterial cell adhesion force measurements. All forces were determined at room 
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temperature (25 C) in a liquid cell filled with PBS solution at a pH 7.4. Force curves, 

comprising extension-retraction cycles, were carried out at a cantilever speed of 400 nm/s, 

a piezo dynamic range of at least 3 μm, a trigger force (the maximum force applied to the 

cell as it contacts the substrate) of 600 pN. A dwell time (the time in which the bacteria is 

contacted upon reaching the trigger force) of 0 s was used. For each substrate type, a total 

of ≥ 98 force curves were collected with at least 2 independently cultivated bacterial cells, 

on ≥ 2 different substrate specimens of each type. Force curves were acquired at randomly 

chosen sites on the substrate. At each randomly chosen location, up to three force curves 

were collected to minimize deposition of extracellular polymeric substances (EPS) on the 

substrate. After each experiment, the cell viability was determined using a live/dead assay 

(BacLight, Thermofisher). Only data collected with a live cell that remained at its initial 

location were reported. 

  



29 

 

Characterization Results  

The previously mentioned techniques were used to characterize the membranes throughout 

the membrane modification procedure and to verify the efficacy of the modifications. 

Surface Chemistry 

Fourier-Transform Infrared Spectroscopy (FTIR)  

FTIR spectroscopy was used to assess the efficacy of PAA grafting by examining the 

prominent IR bands present in the AA monomer. AA polymerizes on the PES substrate 

due to UV-generated free radicals formed on the PES surface, which react with the vinyl 

double bond of the AA molecule, leading to the formation of PAA chains covalently 

bonded to the substrate [74]. The degree of grafting (i.e., the extent of AA polymerization 

on the PES substrate), and the kinetics of polymerization, are influenced by the UV 

irradiation time and UV wavelength [74], [79]. PES substrates soaked with a thin liquid 

film of 10 vol.-% AA solution were exposed to UV light for 10-60 seconds. The FTIR 

results for the PES control and PES-PAA substrates are shown in Fig. 6. The peak visible 

at 1580 cm-1, observed in all samples, was due to vibration of the aromatic rings in PES 

[80]. In addition, IR bands were seen which corresponded to carboxylic acid groups in 

PAA, namely a peak at 1700-1730 cm-1 due to C=O stretching vibration [81], and multiple 

bands in the 2500-3300 cm-1 range due to COO-H stretching [81]. These peaks increased 

monotonically with irradiation time, in line with increasing degree of PAA grafting [79]. 

The remainder of the study was focused on PES substrates fabricated with a 10-s UV 

irradiation step, which resulted in materials with nanofiltration-like water permeability 

coefficient and divalent ion rejection (see Appendix A for methods and results). Irradiation 

times > 10 s resulted in a dense PAA layer and a steep loss in water permeability.  
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Figure 6. FTIR spectra of PES and poly(acrylic acid) (PAA)-functionalized PES.  

(PES-PAA, prepared with different UV irradiation times noted in the figure).  

 

The FTIR spectra of the PES, PES-PAA (10-s UV irradiation) and PES-GO substrates are 

presented in Fig. 7. The spectrum corresponding to PES-GO shows an increase in the COO-

H stretching band at 3300 cm-1 relative to PES-PAA, which was attributed to carboxylic 

acid functional groups present in the GO nanosheet edges [75]. In addition, PES-GO 

substrates exhibit a peak at ~2900 cm-1 which was absent in the other substrates. This peak 

was likely an N-H stretching vibration band (typically observed at 3100-3500 cm-1 [81]) 

due to primary amines that remain unreacted after the GO modification step.  

1500 1600 1700 2500 2750 3000 3250
20

40

60

80

100

R
e

fl
e

c
ta

n
c
e

 (
%

)

Wavenumber (cm-1)

 PES

 PES-PAA (10 s)

 PES-PAA (20 s)

 PES-PAA (40 s)

 PES-PAA (60 s)



31 

 

 

Figure 7. FTIR spectra of control PES, PES-PAA, and PES-GO. 

Spectrums of pristine PES, poly(acrylic acid) (PAA)-functionalized PES (PES-PAA, 10-s 

UV irradiation), and GO-functionalized (PES-GO) substrates. 

 

Raman Spectroscopy 

The presence of graphene oxide on the PES-GO substrates was confirmed using Raman 

spectroscopy. The average of 1600 spectra scanned over a 20 × 20 μm2 area of each 

specimen is presented in Fig. 8. The PES-GO substrate prominently shows the G and D 

bands of graphene oxide [76], thus confirming functionalization of PES with GO. All 

substrates show similar chemical signatures due to polyethersulfone, e.g., peaks at 790, 

1070, 1107, 1146, 1580 and 1601 cm-1 [82].  
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Figure 8. Raman spectra of pristine PES, PES-PAA, and PES-GO. 

Spectrums of pristine PES, poly(acrylic acid) (PAA)-functionalized PES (PES-PAA), and 

GO-modified PES (PES-GO) substrates. 

 

Confocal Raman mapping was used to assess the spatial distribution of GO on the PES-

GO substrates. The results are presented in Fig. 9. The PES-GO map (Fig. 9 (c)) exhibits 

high brightness regions indicative of the presence of GO nanosheets throughout the 

scanned area (the intensity of each pixel is proportional to the ratio of the area under the D 

peak of GO to that under the polyethersulfone peak at 1146 cm-1). Neither the PES nor the 

PES-PAA Raman maps (Fig.  9(a-b)) exhibit signatures of GO. The data in Fig. 9 shows 

that the modification protocol enabled the formation of uniform layers of tethered GO 

nanosheets on the PES substrates.  
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                    (a)                                          (b)                                            (c) 

Figure 9. Raman spectroscopy maps of (a) pristine PES, (b) PES-PAA, and (c) PES-GO. 

Spectrums of pristine PES, poly(acrylic acid) (PAA)-functionalized PES (PES-PAA), and 

GO-modified PES (PES-GO) substrates. 

 

Interfacial Properties 

The interfacial properties known to influence biofouling propensity were investigated. 

These include: hydrophobicity, nanoscale roughness and surface charge [33], [83]. To 

characterize the hydrophobicity of each substrate type, the contact angle of n-decane 

droplets in aqueous suspension was measured using the captive bubble technique. The 

angles shown below are measured from the substrate, through the aqueous phase, to the n-

decane interface, so that smaller values indicate poor wetting of the substrate by the n-

decane droplet (i.e., greater hydrophilicity). The results, presented in Fig. 10 (a), show that 

PES-PAA (θn-Decane = 20.6 ± 4.3) and PES-GO samples (θn-Decane = 19.7 ± 5.4) were 

significantly more hydrophilic (p < 0.01) than the control PES substrate (θn-Decane = 53.1 ± 

3.9). PES-PAA and PES-GO showed approximately equivalent contact angles (p = 0.6). 

This low wettability (contact angle) of PES-AA and PES-GO surfaces by a hydrophobic 

liquid (n-decane) was attributed to the abundance of H-bonding functional groups in PAA- 

and GO-functionalized surfaces (-COOH groups in PES-PAA; hydroxyl, and -COOH 

groups in GO [75], all of which are absent in PES). 
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Figure 10. Contact angle and zeta potential of PES, PES-PAA, and PES-GO. 

(a) Contact angles of n-decane droplets (θn-Decane) on the various substrates, determined in 

ultrapure water via the captive bubble technique. Error bars denote one standard 

deviation (n  14). (b) ζ-Potential as a function of pH of pristine PES, poly(acrylic acid) 

(PAA)-modified PES (PES-PAA), and GO-modified PES (PES-GO) substrates. The ζ-

potential results shown for each substrate type are the average of three independently 

modified specimens (error bars indicate one standard deviation. 

 

Surface Charge (Zeta Potential) 

The surface charge of the substrates were characterized in terms of the ζ-potential as a 

function of pH. The results are presented in Fig. 10 (b). All substrates exhibited negative 

zeta potentials over the pH range investigated. At pH 7.4, (the conditions in which other 

interfacial properties were characterized such as surface roughness, and microbial 

adhesion), all specimens showed a similar zeta potential value of ~-30 to -40 mV. This 

suggests that surface functionalization did not significantly modify the charge of the 

interface at this pH. PES-PAA and PES-GO samples were negatively charged primarily 

due to deprotonation of carboxylic acid groups with increasing pH [75], [84]. While PES 

does not have acidic functional groups, its negative zeta potential is attributed to adsorption 

of hydroxyl ions [85]. 
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Surface Roughness (AFM) 

Surface roughness influences fouling, with rougher surfaces exhibiting greater biofouling 

and colloidal fouling propensity [35], [86]–[88]. The RMS roughness (RRMS) of the 

hydrated substrates was determined using AFM. Representative 2 × 2 μm2 AFM scans 

along with average RRMS values are shown in Fig. 11. A Relatively smooth interface was 

observed in the PES substrate with low surface roughness (RRMS = 2.51 ± 0.49 nm, Fig. 11 

(a)). On the other hand, the grafted PAA chains increased the RRMS of the PES-PAA 

substrate (RRMS = 5.74 ± 2.18 nm, Fig. 11 (b)) compared to the PES control (p < 0.01). The 

negatively charged tethered PAA chains likely were in a collapsed non-extended 

conformation given that the high ionic strength of PBS (162 mM) would result in screening 

of electrostatic repulsions [89]. This PAA chain collapse yielded the rougher peak-and-

valley interfacial structure shown in Fig. 11 (b). Upon edge-tethering GO nanosheets to the 

PAA surface, it was observed that an interface with lower RRMS (RRMS = 3.63 ± 1.17 nm, 

Fig. 11 (c)) resulted compared to PES-PAA (p = 0.03). GO nanosheets appeared to cover 

the rougher PAA interfacial features, thus decreasing RRMS.          

 

 

Figure 11. Surface roughness (RMS) of PES, PES-PAA, and PES-GO. 

AC mode AFM images of (a) pristine PES, (b) poly(acrylic acid) (PAA)-modified PES 

(PES-PAA), and (c) GO-modified PES (PES-GO) substrates. The caption denotes the 

root-mean-squared roughness (RRMS) computed from eight 1 × 1 μm2 sections sampled 
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over two different 5 × 5 μm2 scans of each substrate type. AFM scans and RRMS were 

obtained in PBS (pH 7.4).  

 

Biocidal Activity and Bacterial Adhesion 

The biocidal activity and mechanism of bacterial adhesion onto GO-functionalized 

substrates was investigated. First, it was determined whether PES-GO substrates exhibit 

cytotoxicity by counting colony-forming units (CFU) of bacteria [52], [90] using a bacterial 

assay. Next, single-cell force spectroscopy was used to determine whether GO substrate 

functionalization mitigates bacterial adhesion, the first step in biofouling, in addition to 

inactivating bacteria [19], [52]. GO coatings that are both biocidal and anti-adhesive are 

preferable to those that afford only bacterial inactivation (without preventing bacteria, and 

bacterial debris, from adsorbing). While previous work on GO-functionalized polyamide 

membranes has shown that GO coatings may exert dual biocidal/anti-adhesive functions 

[91], recent studies have shown that GO nanosheets increase the adhesiveness of inert Si 

substrates [25] and weakly adhesive polymeric spacer substrates [26]. These seemingly 

contradictory results are examined and explained here.  

Biocidal Activity  

The biocidal activity of the substrates was evaluated using a colony counting assay. The 

results are presented in Fig. 12, showing the number of colony forming units (CFU) 

normalized by the PES control. Results for PES-GO substrates indicated strong biocidal 

activity against P. fluorescens, with the number of colonies on the PES-GO surface being 

8.1% of the control PES following a 1-h exposure (p < 0.05, one-sided unpaired t-test). 

This result is consistent with previous studies demonstrating the biocidal activity of GO 

films against Gram-negative (e.g., E. coli [18], P. aeruginosa [20]) and Gram-positive 
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bacteria (e.g., S. aureus [67]). While the precise mode of biocidal action of GO in bacteria 

is not completely understood, there is increasing evidence of the determining role of 

oxidative pathways [19], either mediated by GO-catalyzed generation of reactive oxygen 

species [54] or through direct GO oxidation of cell constituents [69], [92].      

 

Figure 12. Biocidal assay results for PES, PES-PAA, and PES-GO. 

Biocidal activity of pristine PES, poly(acrylic acid) (PAA)-modified PES (PES-PAA), 

and GO-modified PES (PES-GO) substrates. Colony-forming units (CFU) are shown as 

% of the PES control. Error bars denote the standard deviation of three experiments. 

 

It is important to note that the CFU data in Fig. 12 are influenced by substrate adhesiveness. 

Thus, the lower CFU count on PES-PAA compared to PES is due to the more hydrophilic 

PAA coating (Fig. 10 (a)), which lowers the extent of bacterial deposition on this substrate. 

Meanwhile, the low CFU count on PES-GO is a result of both the intrinsic cytotoxicity of 

GO and the interfacial properties of PES-GO. However, the relative contributions of 

adhesion mitigation and biocidal activity cannot be disentangled with a simple colony 

counting assay. 
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Bacterial Adhesion 

To establish the extent to which PES-GO substrates mitigate bacterial adhesion, AFM-

based single-cell force spectroscopy (SCFS) was used to directly measure bacterial 

adhesion forces. A representative force-distance curve, showing a typical 

extension−retraction force cycle, is presented in Fig. 13. For each retraction force curve, 

the peak adhesion force, FPeak, defined as the binding force with the highest magnitude, and 

the rupture separation, R, i.e., the separation at which cell-substrate forces vanish (Fig. 13) 

was recorded. The trigger force (FTr, defined as the force exerted on the bacterium when it 

contacts the substrate, Fig. 13), was set to 600 pN. This value is of the same order of 

magnitude as the permeation drag force experienced by similarly-sized colloidal particles 

during low-pressure membrane filtration [93]. Therefore, these measurements were 

performed with comparable forces to what bacteria would experience during membrane 

operation.    
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Figure 13. Representative extension-retraction force cycle recorded over PES.  

Measurements recorded with a P. fluorescens bacterial probe. The curve shows the 

definition of the trigger force (FTr), peak adhesion force (FPeak), and rupture separation 

(R). The inset shows a representative non-adhesive retraction force curve recorded over 

PES, and a digital image of a bacterial probe. 

 

Fig. 14 (a-c) presents the distribution of P. fluorescens peak adhesion forces (FPeak) 

observed over the different substrates. The “NO” column in the histograms corresponds to 

measurements in which weak adhesion (< 30 pN, equivalent in magnitude to the noise level 

in the force) or no adhesion peaks were observed (see Fig. 13 (inset) for a representative 

non-adhesive force curve).  
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Figure 14. Distribution of peak adhesion forces (FPeak) over PES, PES-PAA, and PES-

GO. 

Measurements performed with single P. fluorescens cells on: (a) pristine PES; (b) 

poly(acrylic acid) (PAA)-modified PES (PES-PAA); (c) GO-modified PES (PES-GO). 

The inset shows the number of force measurements (n). Measurements were performed in 

PBS at pH 7.4. (d) Mean peak adhesion forces (�̅�Peak) computed from (a)-(c), including 

non-adhesive events (FPeak = 0 nN). (e) Mean peak adhesion forces excluding non-

adhesive events. Error bars in (d) and (e) indicate the standard deviation. Pairwise 

comparisons denoted by * indicate statistical significance (p < 0.05).    

 

A broad distribution of peak adhesion forces was observed for all substrates (Fig. 14 (a)-

(c)), with the majority of adhesion events occurring in the  0 to 0.5 nN range, typical of 

bacterial adhesion [94]. Further, it was observed that adhesion forces were substrate-

dependent. Among the surfaces studied, PES-GO exhibited the lowest probability of 

adhesion, with 45.9% of measurements showing no-adhesion events, compared to 22.2% 

for PES-PAA and 32.3% for PES. Looking at the average of all adhesion forces (Fig. 14 
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(d)), shows that adhesion was strongest on PES (�̅�Peak = -0.18 (± 0.18) nN), while weakest 

on PES-GO (�̅�Peak = -0.11 (± 0.17) nN, p = 0.006). PES-PAA substrates also demonstrated 

weaker adhesions (�̅�Peak = -0.13 (± 0.11) nN) compared to PES (p = 0.008), while similar 

adhesiveness was displayed by PES-PAA and PES-GO (p = 0.6). The similar bacterial 

adhesion forces observed on these two substrates indicate that the lower CFU count 

observed for PES-GO (Fig. 12) compared to PES-PAA was primarily due to the 

bactericidal activity of GO. 

A more nuanced adhesion behavior emerges when the non-adhesive measurements were 

excluded from the calculation of the mean. The results, presented in Fig. 14 (e), show that 

PES substrates still exhibited the strongest mean adhesion, (�̅�Peak = -0.27 (± 0.15) nN). 

However, PES-PAA exhibited the weakest mean adhesion forces (�̅�Peak = -0.16 (± 0.10) 

nN) compared to PES-GO (�̅�Peak = -0.21 (± 0.18) nN, p = 0.04). Consequently, Fig. 14 

shows that, while PES-GO surfaces displayed the lowest probability of P. fluorescens 

attachment (the highest incidence of non-adhesion events, Fig. 14 (c)), adhering bacteria 

engaged the GO substrate with forces that were stronger than those observed over PES-

PAA, and only somewhat weaker than those observed over PES (Fig. 14 (e)).  

The results shown in Fig. 14 indicate that edge-tethering GO to a PAA coating decreased 

the mean adhesion force (�̅�Peak) of P. fluorescens compared to the unmodified PES surface 

(Fig. 14 (d)), while preserving the biocidal properties of GO coatings (Fig. 12). 

Consequently, PES-GO surfaces exhibited simultaneous low-adhesion and biocidal 

activity. However, it is important to note that the lower �̅�Peak observed on PES-GO (Fig. 14 

(d)) was due to a high incidence of non-adhesive events on the GO-functionalized substrate 
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(Fig. 14 (c)), which offsets the relatively strong adhesion forces exhibited by cells that do 

successfully adhere to the PES-GO surface (Fig. 14 (e)).     

 

Figure 15. Distribution of rupture separations (R) over PES, PES-PAA, and PES-GO. 

R defined as the distance at which cell adhesion forces vanish, for various substrates: (a) 

pristine PES; (b) poly(acrylic acid) (PAA)-modified PES (PES-PAA); (c) GO-modified 

PES (PES-GO). The inset shows the histogram average (�̅� (± standard deviation)), and 

number of measurements (n). Measurements were performed in PBS at pH 7.4. 

  

Fig. 15 presents the distribution of the rupture separation (R) over the different substrates. 

The rupture separations were distributed broadly, with mean values (�̅�) around 1 μm that 

are a reflection of the adhesins, namely pili and flagella, that mediate P. fluorescens binding 

to substrates [95]–[97]. Fig. 15 also shows that longer ranged interactions were observed 

over PES (�̅� = 1.2 (± 0.9 μm)) compared to PES-PAA (�̅� = 0.7 (± 1.0 μm), p = 0.002) and 
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to PES-GO (�̅� = 0.8 (± 0.5 μm), p = 0.008), suggesting that more sites along individual 

adhesins bound to the PES substrate. It is also possible that higher �̅� observed on the PES 

substrate indicates that several adhesins of different contour length facilitated attachment 

on PES [39]. Rupture separations thus display behavior in line with the adhesion forces 

reported in Fig. 14 (d), since longer ranged forces were observed on the more adhesion-

prone PES substrates. Moreover, in view of the lower �̅� observed over PES-GO and PES-

PAA, Fig. 15 shows that the range of cell adhesion forces was determined by microbial 

adhesins, and that extension of poly(acrylic acid) chains during cell pull-off did not 

contribute significantly to R.  

Examining the interfacial properties presented in Figs. 10 and 11 allows the explanation 

for the differences in adhesive behavior among the three substrate types. Weakening of 

cell-substrate forces in PES-PAA (Fig. 14 (d-e)) compared to PES was due to the PAA 

coatings that resulted in more hydrophilic substrates (Fig. 10 (a)). These hydrophilic 

coatings would mitigate adhesion of P. fluorescens bacteria reliant on hydrophobic 

interactions [39], [95], [98]. In addition, PAA chain compression results in a steric 

repulsive force that contributes to weaker bioadhesion [99], [100]. It is noted that long-

range electrostatic repulsive forces involving the negatively charged substrate (Fig. 10 (b)) 

and bacterium were absent in PBS (Debye length = 0.75 nm). Two effects were observed 

upon functionalization with GO. First, an increase in the frequency of non-adhesive events 

compared to PES and PES-PAA (“NO” column in Fig. 14 (a-c)), which was attributed to 

the layer of GO nanosheets covalently bound to PES-PAA. This GO coating lowered the 

roughness of the interface (Fig. 11) thus decreasing adsorption surface area, resulting in an 

additional steric barrier that limited binding of the microbe [25]. Similarly, the higher 
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surface roughness in PES-PAA explained its lower incidence of non-adhesive events 

compared to PES. Second, an increase in the mean adhesion force relative to PES-PAA 

excluding the non-adhesive events (Fig. 14 (e)) was observed. When considering the 

similar contact angles of PES-PAA and PES-GO (Fig. 10 (a)), the stronger adhesion on the 

GO-coated substrate can’t be explained by a macroscopic view of hydrophobicity. At the 

nanoscale, however, GO is known to be amphiphilic, possessing both hydrophilic sheet 

edges [75], and hydrophobic sheet surfaces with non-oxidized graphenic domains [75], 

[101]. These nanoscale hydrophobic regions embedded in GO serve as sorption sites for 

hydrophobic molecules [102]–[104], and thus could bolster microbial adhesion through 

interactions with hydrophobic adhesins [96].  
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Chapter 4: Conclusion and Future Work 

While graphene oxide (GO) has shown strong biocidal activity, there have been conflicting 

reports as to whether GO can mitigate bacterial adhesion, the first step of biofilm formation 

and biofouling. This thesis used single-cell force spectroscopy to show that edge-tethering 

GO nanosheets to poly(acrylic acid) (PAA) brushes bound to polyethersulfone (PES) 

produces GO coatings that exhibited low P. fluorescens adhesion forces and significant 

biocidal activity. The results showed that lower mean adhesion forces observed on GO-

functionalized coatings (PES-GO) were mainly due to cell-substrate repulsive (non-

adhesive) forces. These forces originate from the hydrophilicity and steric repulsion from 

the GO-functionalized PAA layer. A significant observation is that GO is not intrinsically 

anti-adhesive and that its integration into a polymeric brush is essential to achieve a low-

adhesion interface. GO-free PAA coatings (PES-PAA) also demonstrated lower bacterial 

adhesion due to their hydrophilicity. However, these coatings did not display biocidal 

properties. In the absence of PAA or GO, PES control substrates exhibited stronger 

bacterial adhesion due to their hydrophobicity.  

In addition to the work presented in this thesis, analysis using polymer chain models was 

performed by Sara BinAhmed on the collected SCFS force curves to determine which 

extracellular structures (pili, flagella, outer membrane proteins, etc) mediate the adhesion 

process onto the substrates tested.  

In total, this research has shown that graphene oxide (GO) can’t be applied directly to 

surfaces with the intent of lowering bacterial adhesion, but must be attached using methods 

that exhibit additional bacterial repulsion (like hydrophilic polymer brushes) to achieve 

both a biocidal and anti-adhesive GO coating. Future work could focus on varying the 
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mechanism of GO tethering coupled with SCFS analysis to determine functionalization 

methods that further improve the anti-adhesive properties of GO. In addition, graphene 

oxide sheet sizes could be manipulated to determine its effect on bacterial adhesion.   
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Appendix A: Supporting Information 

 

 

Figure S1. Characterization of graphene oxide (GO) nanosheets. 

(a) distribution of nanosheet thickness determined by AC mode AFM in air using an 

AC160TS-R3 Si cantilever (Olympus) with nominal spring constant 26 N m-1 and 

resonance frequency 300 Hz; (b) representative AFM image of GO nanosheets deposited 

on a Si substrate; (c) ζ-Potential of GO in aqueous dispersion at a concentration of 250 μg 

mL-1, determined with a Stabino zeta potential analyzer; (d) Raman spectrum of GO 

nanosheets deposited on a silicon wafer. 

  

0.4 0.6 0.8 1.0 1.2 1.4
0

5

10

15

20

25

30

 

 
F

re
q

u
e

n
c
y
 (

%
)

Thickness (nm)

Average

Thickness

= 0.8  0.1 nm

(n = 43) 

(a)

1200 1300 1400 1500 1600 1700
330

340

350

360

370

380

390

400

410 G band 

     (1590 cm-1)
D band

(1350 cm-1)
In

te
n
s
it
y
 (

a
. 
u
.)

Raman Shift (cm-1)

1 2 3 4 5 6 7 8 9

-50

-40

-30

-20

-10

0

z
 (

m
V

)

pH

(b)

(c) (d)



57 

 

Characterization of Membrane Transport Properties  

The water permeability coefficient (A) of the membranes was determined in a laboratory-

scale filtration apparatus equipped with a crossflow cell (CF042D, Sterlitech, with active 

membrane area, Am, of 42.1 cm2), pump (HydraCell M-03S, Wanner Engineering), and 

temperature-controlled stainless steel feed reservoir. Membranes were compacted with a 

distilled water feed for 24 hours at a transmembrane pressure difference (∆p) of 50 psi and 

crossflow velocity of 0.08 m s-1. Following compaction, measurements of the steady-state 

permeate flow rate were recorded every second for 1 hour at ∆p = 50 psi and 20 C with a 

digital flow meter (SLI, Sensirion). The average permeate flow rate, Qp, was used to 

compute the water permeability coefficient from A = Qp/(Am∆p). For control 

polyethersulfone (PES) membranes, the flux through the membranes was determined by 

weighing the permeate, since the permeate flow rate exceeded the maximum flow rate 

measurable with the digital flow meter. Four poly(acrylic acid)-modified (PES-PAA), four 

GO-modified (PES-GO) and two control PES membranes were characterized.  

 

Effect of Surface Functionalization on Water Permeability and Ion Rejection 

Surface modification of the PES membranes resulted in additional hydraulic resistance that 

decreased the water permeability coefficient (A). For pristine PES we find A = 102.1 ± 3.5 

L m-2 h-1 bar-1. On the other hand, for PES-PAA membranes (prepared by acrylic acid 

polymerization with 10-s UV exposure), we find A = 9.0 ± 1.8 L m-2 h-1 bar-1, while for 

PES-GO, A = 7.0 ± 0.7 L m-2 h-1 bar-1, i.e., the covalently bonded GO layer further decreases 

water permeability. We also determined the Na2SO4 rejection coefficient (R) at ∆p = 50 psi 

(feed concentration = 10 mM) for the functionalized membranes using a conductivity 



58 

 

probe, finding R = 21.4% and 42.7% for PES-GO and PES-PAA, respectively. The A 

coefficient and ion rejection of PES-PAA and PES-GO materials are similar to those of 

nanofiltration membranes [105], [106]. Additional experiments with PES-PAA membranes 

prepared with 20-60 sec UV irradiation resulted in steep loss in water permeability (results 

not shown), due to the formation of a dense PAA layer (observe the prominent carboxyl 

band at 1700 cm-1 when the irradiation time was ≥ 20 s, Fig. 6).  


