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Coastal seawater desalination using reverse osmosis (RO) membranes has the potential to 

alleviate water stress in arid regions. However, membrane biofouling, caused by bacterial 

biofilm formation, is a significant challenge for seawater desalination plants. Biofilm formation 

is regulated by quorum sensing (QS) pathways where bacteria secrete auto-inducer molecules to 

communicate with neighboring bacteria to activate biofilm formation. This research investigated 

the role of the QS system and the effect of QS inhibiting (QSIs) compounds on marine biofilm 

production and membrane biofouling. This study revealed that four different marine bacteria 

isolated from fouled RO membranes in a desalination plant produced two low molecular weight 

auto-inducer 1 (AI-1) QS molecules. Vanillin and cinnamaldehyde were then identified as the 

most effective QSI compounds with reduction of marine biofilm formed by RO membrane 

biofouling isolates and native uncultured seawater bacterial communities by more than 79% and 

70%, respectively in a microtiter plate assay. Further investigation into the anti-biofouling 

capabilities of vanillin and cinnamaldehyde in a cross-flow membrane bio-monitoring system 

indicated that vanillin in the bulk fluid (1200 mg/L) significantly reduced extracellular 

polysaccharides (>40%) and dead cells (>20%) on the RO membrane surface. In order to 
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improve the membrane in-situ anti-biofouling potential, vanillin and cinnamaldehyde were 

physically adsorbed onto various RO membrane surfaces. The addition of the QSI layer on the 

RO membrane surface significantly altered the membrane surface contact angle along with a less 

than 16% reduction in pure water permeability, but there was no significant change in salt 

rejection compared to unmodified membranes. Under biofouling conditions consisting of four 

mixed marine bacterial species in a high pressure RO system, QSI modified membranes 

experienced a minimal loss in permeate flux compared to unmodified membranes. Extracellular 

polysaccharide production, live cells, and dead cells were significantly suppressed on vanillin 

and cinnamaldehyde modified membrane surfaces by more than 15%, 58%, and 61%, 

respectively. These findings indicate that QSIs have the potential to suppress marine biofilm 

formation and membrane biofouling for seawater desalination. 
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CHAPTER 1. INTRODUCTION 
 

 

1.1. Background 

Brackish and seawater desalination have been regarded as an effective way to relieve 

water stress in arid regions by producing drinking water [4].  Desalination using reverse osmosis 

(RO) technology accounts for approximately 50% of the global desalination capacity due to the 

recent advancement in thin-film composite membranes [4]. RO desalination will likely continue 

to expand as a result of increased water shortages stemming from climate change and rapid 

population growth.   

However, desalination plants are plagued by RO membrane biofouling, which lowers 

water production and raises energy consumption. In the Middle East, it is estimated that 

approximately 70% of the seawater RO membrane desalination plants endure membrane 

biofouling [5]. Biofouling is caused by bacterial biofilm, which is a complex matrix of live and 

dead bacteria and their metabolic products including extracellular polysaccharides (EPS), lipids, 

and proteins.  

Pretreatment processes meant to reduce the biofouling propensity of the feed water to 

protect the RO unit have not been successful in preventing membrane biofilm because a very 

small number of bacteria that escape the pretreatment process attach and form biofilm on the 

membrane surface. Membrane cleaning processes are inefficient to restore membrane 

performance for long periods of time since degraded organic matter stimulates the growth of 

surviving bacteria on the membrane surface. Frequent cleanings reduce membrane life span 

because aggressive chemical cleaning agents degrade the polyamide RO membrane surface.  
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The focus of biofouling control has more recently moved towards membrane surface 

modification [6]. Past research has extensively explored incorporating antimicrobial 

nanomaterials (i.e. silver or titanium oxide (TiO2)) onto RO membrane surfaces [6, 7]. However, 

the long-term retention of nanoparticles on RO membranes needs to be improved as indicated by 

the loss of antibacterial activity under RO operating conditions [6]. Furthermore, Lee et al. [6] 

demonstrated that antimicrobial nanomaterial incorporation onto RO membranes was not able to 

uproot natural biofilm formation on the membrane surface.  

 

1.2. Research Motivation 

Recent progress in bacteriology has identified the important role of quorum sensing (QS) 

pathways for bacterial communication, which initiates biofilm development. A recent study 

reported that 60% of bacterial species contributing to biofilm formation on fouled RO 

membranes produced QS molecules [8]. During QS, bacteria communicate with each other by 

synthesizing and secreting signaling molecules that accumulate to a threshold level based on the 

bacterial population density [9]. After the threshold is reached, the signaling molecule binds to 

the appropriate transcription regulator and either activates or represses target genes to trigger 

biofilm development [9]. 

Inhibition of QS molecules and their communication pathways has gained attention due 

to the potential for universal control of biofilm production at a cellular level. Recent studies 

demonstrated that QS inhibiting (QSIs) compounds suppress QS pathways by either degrading 

the QS signaling molecule, blocking the QS signal production, or blocking QS signal reception 

[10, 11]. Several studies have applied QSIs to control bacterial biofilm formation [12-21]. For 

example, acylase I enzyme, a QSI that breaks down a QS molecule, was immobilized onto a 

nanofiltration membrane and effectively hindered mixed species membrane biofouling in a 
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submerged membrane bioreactor [20]. In a lab-scale continuous cross-flow nanofiltration system 

subjected to biofouling under constant pressure, the permeate flux for the QSI-immobilized 

nanofiltration membrane reduced by 10%, whereas the unmodified membrane decreased by 60% 

[19]. Another study demonstrated that a furanone-modified polymer demonstrated good 

antimicrobial and inhibition of cell-adhesion for various single and mixed bacterial cultures [21]. 

Although inhibition of QS pathways have been demonstrated to be a promising approach 

to reduce biofilm, further investigation into the precise effect of QSI on bacterial growth, biofilm 

attachment, and polysaccharide production associated with seawater desalination membrane 

biofouling are required. Furthermore, the effectiveness and stability of QSI-modified RO 

membranes in seawater systems have not been investigated.  

 

1.3. Hypothesis & Objectives 

The hypothesis driving this research was that QSI compounds suppress marine biofilm 

formation, and consequently seawater desalination membrane biofouling by inhibiting QS 

molecules responsible for bacterial communication. 

The overall goal of this research was to understand the theoretical function of QSIs in 

biofilm development and the QSI’s stability on modified membrane surfaces. The first objective 

of this work was to study the role of the QS system in marine biofilm production (Chapter 3). 

The next objective was to identify the most effective QSIs to reduce marine biofilm formation 

and seawater desalination membrane biofouling (Chapter 3). Lastly, this work explored the anti-

biofouling potential of QSI compounds incorporated onto the surface of RO membranes for 

seawater desalination (Chapter 4).  
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CHAPTER 2. LITERATURE REVIEW 

 

 

2.1. The Demand for Alternative Water Treatment Processes 

Water scarcity is becoming a global concern as it is projected that two-thirds of the 

world’s population will be living in water stressed regions by 2025 due to climate change, rapid 

population growth, and industrialization [22, 23]. Alternative water treatment processes such as 

desalination, wastewater reclamation, and water reuse are gaining attention to meet the 

increasing water demand by delivering varying qualities of purified water for human 

consumption.  

Desalination produces high quality drinking water by removing contaminants (i.e. salt) 

from brackish water and seawater. By 2013, there were over 17,000 desalination plants in 

operation worldwide serving over 200 million people [24]. Water reclamation, another 

alternative water treatment technology, treats secondary sewage effluent to harvest purified water 

that can be applied in landscape and agricultural irrigation, toilet flushing, and cooling towers. 

Water reuse further processes reclaimed wastewater to produce highly purified water that is then 

blended into a groundwater basin. The blended water serves a dual purpose to protect a 

groundwater basin from seawater intrusion and then to be drawn as a source for drinking water 

treatment. In California alone, wastewater is recycled at more than 300 locations for uses ranging 

from irrigation to groundwater recharge [25]. Water reuse and desalination rely mainly on a 

semi-permeable reverse osmosis (RO) membrane to separate contaminants (i.e. bacteria, 

suspended solids, and dissolved solids) from these nonconventional water sources.   
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2.2. Current State of RO Membrane 

Technology 

During the RO process, an artificial 

hydrostatic pressure is applied to the side with the 

higher concentration of dissolved solids (i.e. 

sodium, chloride, calcium, etc.) to facilitate the 

movement of water opposite to the natural flow of 

osmosis (Figure 2.1) through a semi-permeable 

membrane [26]. RO membranes are also able to 

separate dissolved solids from a feed water source 

based on surface charge. Membrane surfaces are 

typically negatively charged to repel negatively 

charged ions in the feed water while positively charged ions are rejected to maintain the neutral 

water charge on both sides of the membrane [27, 28]. The RO membrane generally achieves salt 

rejections greater than 99% with a nominal pore size of 0.0001 µm [28, 29].  

RO membranes are most commonly configured in a spiral wound module (Figure 2.2) 

and operated in cross-flow mode to produce a high rate of purified water [30-33].  Spiral wound 

configuration consists of layers of flat-sheet RO membranes, feed spacers, and permeate spacers 

wrapped around a permeate collection tube, which increases membrane surface area to enhance 

purified water production rates [31]. During cross-flow filtration in a spiral wound module, the 

pressurized feed water enters the element axially, guided by feed spacers where a portion of the 

feed water will radially permeate through the membrane and into the permeate spacers to be 

transferred to the permeate collection tube as depicted in Figure 2.2 [30, 32]. The rest of the feed 

 

 

 

 

Seawater Purified	
  

Water 

Applied 

Pressure 
 

 

Sem
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eable M
em
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RO Membrane Process 

Figure 2.1.	
  In reverse osmosis, the applied 

pressure to the concentrated feed water side 

(i.e. seawater) overcomes the natural osmotic 

pressure gradient to drive the flow of water 

through the semi-permeable RO membrane. 
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water continues to flow axially and exits as the waste (concentrate) stream. The feed spacers 

direct the flow of water and promote fluid agitation to effectively shear off accumulated 

contaminants on the membrane surface [30, 34]. The spiral-wound configuration is inexpensive, 

has low replacement costs, and can be easily scaled-up [31-34]. 

Currently, the thin film composite (TFC) polyamide membrane dominates the RO market 

for the water treatment industry. TFC membranes comprise of an ultra-thin aromatic polyamide 

barrier layer, usually 0.2 µm thick (Figure 2.3) [35].  This active layer is supported by a micro-

porous polysulfone interlayer, about 40-50 µm thick and a polyester structural support, usually 

120-150 µm thick (Figure 2.3) [35]. The micro-porous interlayer allows the ultra-thin layer to 

withstand high-pressure compaction while the ultra-thin barrier layer reduces resistance in 

permeate transport to improve permeate water flux [35]. Therefore, TFC RO membranes achieve 

high permeate flux and salt rejection rates.  

 Permeate 

Water 

Figure 2.2. RO spiral wound module.  

Feed Water 

Feed Water 

 RO Membrane 

 Feed Spacer 

Permeate 

Spacer 

 RO Membrane 

Concentrate 
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However, membranes are still subjected to fouling, defined as the deposition and 

accumulation of undesirable materials such as minerals, organics, and bacteria onto membrane 

surfaces [29, 36]. During a fouling event, the applied pressure in a RO system compresses the 

fouling layer, which reduces the ability of the cross-flow velocity to effectively shear off 

particles that accumulate on the membrane surface [29, 37]. As a result, the permeate flux 

declines, which raises operational pressure and energy demand to maintain the initial flux rate 

[29, 37, 38]. Energy loss stemming from RO membrane fouling has been estimated to account 

for up to 50% of the total energy required for seawater desalination plants [39].  

Membrane cleaning processes use a proprietary mixture of chemical cleaning agents to 

decompose the fouling layer in order to restore membrane permeability [40-42]. Although, 

cleaning only partially restores the membrane performance for a limited time as dissolved 

minerals and salts continue to deposit and accumulate onto the membrane surface. In addition, 

surviving bacteria on the membrane surface continue to grow due to readily available degraded 

organic matter in the surrounding environment. Repeated cleanings also degrade the polyamide 

thin film, which lowers the membrane life span [43]. Therefore, the RO membrane anti-fouling 

potential still needs to be improved.	
  

The goal of this section is to review membrane properties affecting the fouling rate and to 

present a future perspective on the new generation of membranes with enhanced anti-fouling 

capabilities for alternative water treatment processes. This section focuses on biological 

Supporting Layer ~  

120-150 µm thick 

Micro-Porous Layer ~ 40-50 µm thick 
Thin Film Layer ~ 0.2 µm thick 

Figure 2.3. Cross-section of the thin film composite polyamide RO membrane. 
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properties and applications in membrane development with respect to RO membranes as opposed 

to past review papers that focus on nanoparticle and carbon nanotube membrane development [6, 

44, 45].  

 

2.3. Membrane Fouling with Specific Emphasis on Organic Fouling/Biofouling 

In industrial water applications, the main goal of the pretreatment process is to protect the 

RO membrane by reducing the fouling propensity of feed water. However, only minimal 

amounts of foulants that escape the pre-treatment process are sufficient enough to cause 

membrane fouling. Fouling can be classified into the following categories: scaling, organic 

fouling, and biofouling. 

 Scaling occurs due to deposition and 

precipitation of sparingly soluble salts and minerals 

such as calcium carbonate, silica, and barium sulfate 

on the membrane surface that form a scale layer 

when the concentration of the soluble components 

exceeds the solubility limit as depicted in Figure 2.4 

[3, 46].  Generally, scaling initially appears on the final RO membrane unit as it is exposed to the 

highest concentration of dissolved solids [47]. Scaling may result in physical membrane damage 

if the sharp edged crystals (i.e. barium sulfate) cut the polyamide thin film layer (Figure 2.4) 

[48]. The scale layer also provides an additional resistance barrier to filtration by creating a 

compact cake layer that blocks membrane pores (Figure 2.4) [49]. Operating at lower water 

recoveries or regulating pH using acidic chemicals or anti-scalants before the RO unit greatly 

reduces the possibility of a scaling event occurring [50].   

Figure 2.4. Scaling caused by crystalline 

barium sulfate on a RO membrane surface [3]. 
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Organic fouling occurs due to the deposition of a complex mixture of particulate and 

soluble organic compounds known as natural organic matter (NOM) on the membrane surface 

[47].  Dissolved organic matter (DOM), a major component of NOM, consists of humic 

substances, polysaccharides, proteins, and amino acids [51].  Organic fouling alters the 

membrane structure by blocking pores through colloidal NOM and creating a gel-like layer that 

covers the membrane surface similar to scaling, and likewise can be partially reversed through 

cleaning methods [47].  However, NOM can also cause irreversible damage by narrowing 

membrane pores through adsorption onto pore walls, which can only be counteracted to a degree 

with aggressive chemical cleaning methods [52, 53]. The rate of organic fouling is highly 

dependent on feed water characteristics and hydrodynamics of the RO system [54-56].   

Biofouling occurs through bacterial biofilm formation on membrane surfaces.  Membrane 

biofilm development results from the attachment and aggregation of bacterial species and its 

metabolic products, including proteins 

and extracellular polysaccharides 

(EPS) [57-59]. Biofilm formation 

happens in the following steps: 

bacterial attachment to the surface, 

microcolony formation, maturation, 

and cell detachment as depicted in 

Figure 2.5 [1]. Cell attachment is 

controlled by numerous parameters 

from feed water characteristics to membrane properties to hydrodynamics of the RO system [60]. 

EPS further affects the extent of cell attachment and acts as a diffusion barrier to protect bacteria 

Figure 2.5.	
  Stages of biofilm formation [1]. 
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by creating a three-dimensional matrix [61-63]. This matrix consists of approximately 90% of 

dry mass and only 10% of bacterial cells [59].  Microcolonies, the aggregation of attached cells, 

are considered the basic unit of the biofilm structure (Figure 2.5). Water channels separate 

microcolonies and allow for nutrient and oxygen transport within the matrix [64]. Then, biofilm 

maturation is associated with a decrease in the convective flow and transport of anti-microbial 

agents that causes increased bacterial resistance to chemical cleaning methods (Figure 2.5) [65, 

66]. When nutrient levels are marginal, the bacteria associated with the biofilm either detach and 

reinitiate biofilm formation on new locations of the membrane surface or leave the surface and 

return to planktonic mode [67, 68].  

 

2.4. Membrane Properties Affecting the Fouling Rate 

Surface roughness, hydrophobicity, and electrostatic charge significantly affect the 

membrane fouling rate [60, 69, 70]. As surface roughness increases, the fouling rate intensifies 

because there is a greater possibility that foulant particles will be trapped by the rougher surface 

[71-73]. Although, a smoother membrane surface experiences a decrease in permeate flux 

because there is less effective membrane area to produce purified water [71-73]. The leading 

TFC RO membranes in the industry have a rough surface with a higher water permeability rate at 

the expense of developing colloidal and bacterial fouling [71, 72].  

Membranes should be developed and selected based on the hydrophobicity and 

electrostatic property of the major foulants in the feed water. Past studies have demonstrated that 

a more hydrophilic surface reduced hydrophobic foulant deposition from proteins and 

polysaccharides by producing a pure water layer over the membrane surface [74, 75]. 

Additionally, the greater the electrostatic repulsive forces, or the similar the charges between the 

membrane surface and the foulant are, the less likely a fouling event will occur.  Consequently, 
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studies have demonstrated that the zeta potential, or the mean surface charge of the membrane, 

will impact the fouling rate depending on the charge of the major foulants and the membrane 

surface charge distribution [72, 76, 77].  

Steric repulsion also reduces membrane fouling due to the addition of multiple polymer 

chains on the membrane surface, which changes the foulant geometry and reactivity. For 

example, binding long-chain hydrophilic polymers onto the membrane surface will result in less 

volume for the hydrophobic foulants (i.e. proteins) to adsorb onto the membrane surface [78].  

 

2.5. Antifouling effort with Membrane Materials 

Incorporating biological compounds as new membrane materials have been gaining 

attention in order to improve water permeability, salt rejection, and anti-fouling capabilities [12, 

13, 79-82].  

 

2.5.1. Biomimetic membrane  

Cell membranes are a composite 

filter, comprised of selective proteins 

integrated into a lipid bilayer that have the 

ability to transport either water or specific 

macromolecules or ions at extremely high rates as demonstrated in Figure 2.6 [80]. Aquaporins 

are a type of protein in these cell membranes that have six membrane-spanning domains with 

charged particles that form pores for water transport and solute rejection [12, 79]. These 

membranes achieve water permeability rates at approximately an order of magnitude higher than 

conventional RO membranes by transporting water through narrow pores [80, 81]. Thus, 

aquaporins have garnered attention as new membrane materials for water treatment applications.  

Cell Membrane 

Protein Water 

Figure 2.6.	
  Water transport in a cell membrane with a 

selective protein (i.e. aquaporin). 
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The first biomimetic membranes consisted of a triblock copolymer embedded with 

aquaporin Z, isolated from the cell membranes of Escherichia coli (E. coli) bacteria and various 

plants [79, 82].  These studies found that the rate of aquaporin integration was highly dependent 

on membrane characteristics and defects in the polymer [13, 79, 80, 82].  Zhong et al. [83] then 

successfully incorporated the aquaporin Z embedded triblock copolymer onto a cellulose acetate 

membrane. The study demonstrated that pure water permeability and salt rejection rates 

increased as the amount of aquaporin Z embedded into the triblock copolymer increased [83]. 

Additionally, water permeability and salt rejection rates of the aquaporin cellulose acetate 

membrane were reasonable for water reuse applications.  

Zhao et al. [84] and Li et al. [85] created a TFC and hollow fiber aquaporin Z membrane, 

respectively. Both studies demonstrated that the pure water permeability increased over 40% for 

the aquaporin membranes compared to commercially available brackish and seawater RO 

membranes operating at a pressure of 72.5 psi [84, 85]. The salt rejection rates also increased 

from commercially available brackish (96%) and seawater (90%) RO membranes to aquaporin 

TFC (98%) and hollow fiber (96%) membranes operated at 72.5 psi with a sodium chloride 

solution (200-500ppm) [84, 85].   

Li et al. [85] further found that embedded aquaporin was relatively stable on hollow fiber 

membranes after a 40-hour period consisting of four 45 minute-periods of organic fouling (8.6 

mM NaCl, 100 ppm bovine serum albumin (BSA), 2mM calcium) with 15-minute periods of 

cleaning (30mM sodium dodecyl sulfate (SDS, pH 8-9)). As the permeate flux increased from 20 

to 35 L/m2/H for each period of fouling and cleaning, the aquaporin membrane experienced 

greater fouling as indicated by the increased trans-membrane pressure [85]. However, water 

permeability and salt rejection were relatively maintained over the 40-hour period.  
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These previous research studies have proved that aquaporins can be integrated 

successfully onto various membrane surfaces. The majority of this research has focused on 

improving water permeability and salt rejection properties of the aquaporin membrane without 

exploring the anti-fouling potential especially in relation to membrane bacterial colonization and 

biofouling. Additional research will be required to determine the long-term stability and 

functionality of aquaporin biomimetic membranes, especially in RO mode under high-pressure 

conditions.  

 

2.5.2 Quorum Sensing and Quorum Sensing Inhibition in Biofilm 

Quorum sensing (QS) and inhibition of QS pathways are gaining attention to control 

biofilm formation at a cellular level.  Past research has identified several QS inhibitors (QSIs) for 

biofilm prevention relating to the clinical field [86-88]. This section investigated the QS 

pathways and QSI compounds relating to seawater desalination and wastewater treatment.  

 

2.5.2.1.Quorum Sensing Pathways  

Past studies revealed that gram-negative (G-) and gram-positive (G+) bacteria 

communicate through QS pathways to regulate a number of target genes including biofilm 

development and maturation.  During QS, bacteria attached to a surface communicate with each 

other by secreting signaling molecules, known as auto-inducers [9]. As the bacterial population 

density increases, these signaling molecules accumulate to a threshold level [9]. After the 

threshold is reached, the signaling molecule binds to the appropriate transcription regulator and 

either initiates or suppresses target genes to activate biofilm development [9]. Since the majority 

of bacteria isolated from seawater desalination and wastewater treatment plants are G- bacteria, 
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QS pathways for G+ intraspecies communication were not explored. The pathways for 

interspecies and G- intraspecies communication are presented in Figure 2.7.  

 

2.5.2.2. Auto-inducer type 1 signaling system 

The auto-inducer type 1 (AI-1) signaling system potentially plays a significant role in 

seawater desalination membrane biofouling because the dominant bacteria present in the 

seawater intake and on RO membrane surfaces belong to the G- ɣ-Proteobacteria class [37, 89, 

90]. In wastewater treatment, it has been previously noted that G- bacteria are present in the 

Figure 2.7.	
  The steps occurring in the AI-1 (purple) and AI-2 (green) QS pathways responsible for 
G- and G+ and G- bacterial communication, respectively. These pathways are branched off of the 
activated methyl cycle (blue), which synthesizes amino acids. 
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activated sludge process as well as on RO and nanofiltration membranes [91-94]. In the AI-1 QS 

pathway, G- bacterial communication is controlled by N-acyl-homoserine lactone (AHL) QS 

signaling compounds. 

In this pathway, the LuxI family of proteins synthesizes the AHL molecules by linking 

and lactonizing the methionine moiety from S-adenosylmethionine (SAM) to a particular set of 

fatty acyl chains carried on acyl-acyl carrier proteins as shown in Figure 2.7 [74, 95, 96]. These 

AHL molecules differ in degree of saturation, number 

of oxygen substitutions, and N-acyl chain length, which 

varies between 4 to 18 carbons bonded to a lactone ring 

through an amide bond (Figure 2.8) [97].  The AHL 

signaling molecules are able to diffuse freely into and 

out of the cell until a threshold level is reached, which is 

detected by the LuxR proteins residing in the cell cytoplasm [95, 98]. Once the threshold level is 

reached, AHL-LuxR complex forms and activates transcription of the lux operon (Figure 2.7) 

[95, 99]. The AI-1 signaling system plays a significant role in intraspecies communication due to 

the high degree of specialization between the AHL-LuxR complex. Table 2.1 and Table 2.2 

summarize the previously identified AHL signaling molecules that regulate wastewater and 

marine bacterial biofilm formation.  

Table 2.1.  AHL Signaling System for Biofilm Regulation in Wastewater Bacterial Isolates 

Bacteria genus Specific AHL Signaling Molecule Ref. 

Acinetobacter 3 HO-C12-HSL [100, 101] 

Pseudomonas C4-HSL; 3OC12-HSL [102-104] 

Nitrobacter - [105] 

N 
H 

R 
 

Figure  2.8.	
  Chemical structure of the 

AHL molecule in the AI-1 QS pathway. 
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Table 2.1.  AHL Signaling System for Biofilm Regulation in Wastewater Bacterial Isolates 

Bacteria genus Specific AHL Signaling Molecule Ref. 

Nitrosomonas C6-HSL; C8-HSL; C10-HSL; 3OH-C6-HSL [106, 107] 

Vibrio C4-HSL; C6-HSL; 3OH-C4-HSL [95, 105, 108, 109] 

Xanthomonas - [110, 111] 

 

Table 2.2. AHL Signaling System for Biofilm Regulation in Marine Bacterial Isolates 

Bacteria genus Specific AHL Signaling Molecule Ref. 

Alteromonas C4-HSL; C6-HSL [53, 54] 

Aeromonas C4-HSL; C6-HSL [112, 113] 

Ochrobactrum C4-HSL; C6-HSL [53, 54]  

Pseudomonas C4-HSL [95] 

Pseudoalteromonas - [114] 

Shewanella C4-HSL; C6-HSL [108, 114] 

Thalassomonas - [114, 115] 

Vibrio C4-HSL; C6-HSL; 3OH-C4-HSL [95, 108, 109] 

 

2.5.2.3.Auto-inducer type 2 signaling system 

The auto-inducer 2 (AI-2) signaling system is a universal QS pathway responsible for 

interspecies communication between G+ and G- bacteria. A LuxS protein converts S-ribosyl 

homocysteine (SRH) to yield homocysteine in the activated methyl cycle as well as 4,5- 

dihydroxy-2,3-pentanedione (DPD) (Figure 2.7). DPD spontaneously undergoes cyclization to 

form numerous compounds, including the family of AI-2 QS molecules, (2R,4S)-2-methyl-

2,3,3,4-tetrahydroxytetrahydrofuran (R-THMF) (Figure 2.9C), 4-hydroxy-5-methyl-3(2H) 
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furanone (MHF) (Figure 2.9B), and S-THMF-borate, a furanosyl borate diester (Figure 2.9A). 

These signaling molecules 

are then transported to the 

supernatant from the 

cytoplasm.  

 The detection of 

this auto-inducer is based 

on the specific AI-2 derived 

molecule responsible for QS, which varies in certain bacterial species. For instance, LuxP, a 

periplasmic binding protein belonging to the bacterial species, Vibrio harveyi detects S-THMF-

borate (Figure 2.7) [2, 120, 121].  Once S-THMF-borate binds to LuxP, the complex interacts 

with LuxQ, a membrane-bound histidine protein kinase, which triggers a dephosphorylation 

cascade to activate transcription of the lux operon. LsrB, another periplasmic binding protein, 

serves as the detector and receptor for the signaling compound, R-THMF, (Figure 2.7) which is 

found in Salmonella enterica and E. coli [2, 

122].  

Since biofilm associated with fouled 

membranes is generally composed of mixed 

bacterial species in all water treatment 

applications, it is imperative to understand the 

AI-2 signaling system and the signaling 

molecules produced by each bacterial species. Table 2.3 summarizes the previous research 

characterizing AI-2 production for both marine and wastewater bacterial biofilms.  

Table 2.3. AI-2 Signaling System in 

Marine and Wastewater Bacterial Isolates 

Bacteria genus Ref. 

Bacillus [70] 

Escherichia [116] 

Salmonella [117] 

Vibrio [118, 119] 

(A) (B) (C) 

Figure  2.9.	
  Chemical structure of the family of AI-2 QS molecules 

including S-THMF-borate, the furanosyl borate diester (A), MHF (B), 

and R-THMF (C)[2]. 
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2.5.2.4.Interfering with QS Signals 

Suppressing QS pathways is a potential method to prevent biofilm growth and membrane 

biofouling. There are various naturally occurring and synthetic QSI compounds that disrupt QS 

pathways by modifying the signaling molecule or suppressing the signal production (inhibiting 

synthase proteins) or reducing the ability of the signaling molecule to bind to the transcription 

regulator (inhibiting the binding or kinase proteins) [10, 11].  

QS degradation enzymes found in numerous bacteria and mammals, including AHL-

lactonase, AHL-acylase, and acylase I, have been shown to degrade the AHL QS signaling 

compound by breaking down the lactone and acyl chain [36, 123-125]. The porcine kidney 

acylase I enzyme has been shown to reduce mixed bacterial biofouling in membrane bioreactors 

for wastewater treatment [17, 20]. Kim et al. [14] further demonstrated that porcine kidney 

acylase I immobilized on a membrane surface reduced biofilm formation formed by 

Pseudomonas aeruginosa	
  bacterial strain.	
   

QS signal competitors, the focus of this research, consist of a range of natural and 

synthetic compounds that inhibit either QS signal production or reception.  For instance, kojic 

acid and vanillin, commonly used in the cosmetic and food industries were identified as AI-1 QS 

inhibitors [18, 126-129]. These compounds were found to suppress or modify the AHL molecule 

in the AI-1 QS system using a LuxR based bioreporter strain [18, 126-129]. Vanillin has been 

shown to further modify the AI-1 AHL’s structure to hinder the AHL’s ability to bind to the 

appropriate receptor protein [16, 126]. Cinnamaldehyde, another food flavoring agent and 

synthetic brominated furanone compounds were revealed to disrupt both the AI-1 and AI-2 QS 

systems by reducing the DNA binding ability of the receptor protein, LuxR [130-132]. 

Additionally, brominated furanone compounds have been demonstrated to suppress the AI-2 

LuxS protein [133].  
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The QSI’s ability to inhibit QS molecules produced by the AI-1 and AI-2 pathways have 

been researched extensively especially in the medical field [14, 16, 17, 20, 21, 126, 134]. 

However, the role of the QS system and the QSI’s potential to mitigate biofilm formation and 

membrane biofouling for alternative water treatment processes such as seawater desalination and 

wastewater treatment still needs to be evaluated.  
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CHAPTER 3. INHIBITING QS PATHWAYS TO MITIGATE SEAWATER DESALINATION RO 

MEMBRANE BIOFOULING 

 
*A modified version of this chapter has been accepted to be a publication in Desalination 

Journal. 

 

Abstract 

 

Bacterial biofilm formation, the main cause of membrane biofouling, is a crucial issue for 

membrane separation. Biofilm development is controlled by quorum sensing (QS) systems where 

bacteria produce auto-inducers to communicate with neighboring bacteria. This study identified 

that several marine bacteria isolated from a desalination plant produced two low molecular 

weight auto-inducer 1 (AI-1) signaling molecules. AI-1 production in the mixed culture of the 

four different biofilm-forming marine bacteria was greater than in the individual bacterial 

cultures. The QS inhibiting compounds, vanillin and cinnamaldehyde at 1200 mg/L significantly 

inhibited biofilm formed by these marine bacteria by more than 79% and 70%, respectively in a 

microtiter plate assay. Anti-biofilm capabilities of vanillin and cinnamaldehyde were further 

evaluated in a reverse osmosis membrane bio-monitoring system using mixed bacterial cultures 

and native uncultured bacterial communities in natural seawater. Confocal microscopy 

demonstrated that vanillin (1200 mg/L) significantly inhibited extracellular polysaccharide 

production and dead cells on the membrane surface by more than 40% and 20%, respectively.  
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3.1. Introduction 

The amount of people residing in regions with insufficient water resources is estimated to 

rise from one fifth of the global population to two thirds due to population growth and climate 

change [22]. Alternative water treatment processes such as coastal seawater desalination and 

water reuse using reverse osmosis (RO) membranes have the potential to meet this demand by 

producing high quality purified water. 

However, biofouling remains a significant challenge in membrane separation because it 

causes a reduction in membrane flux and an increase in operational pressure [29, 37, 38]. For 

seawater desalination plants, energy loss stemming from membrane biofouling has been 

estimated to be up to 50% of the total energy required [39]. Biofouling consists of the attachment 

and subsequent growth of bacteria on the membrane surface, which secretes bacterial metabolic 

products including extracellular polysaccharides (EPS) [57-59]. Only less than 0.01% of the 

106/mL of natural marine bacteria that escape the pretreatment process are sufficient enough to 

cause RO membrane biofouling.  

Typical cleaning processes for membrane biofouling use a proprietary assortment of 

chemical cleaning compounds to break down the biofouling layer in order to regenerate 

membrane permeability [40-42]. However, cleaning only partially restores the RO membrane 

performance for a limited time because degraded organic matter in the surrounding environment 

further stimulates the growth of surviving bacteria. Moreover, the remaining bacteria may 

develop resistance to chemical cleaning agents [86]. As a result, the increase in the frequency of 

membrane cleanings creates an increase in operational difficulty, a decrease in membrane life 

span, and raises plant operational and maintenance costs [43]. 
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A potential method to control biofouling is to prevent biofilm formation by blocking 

bacterial communication in quorum sensing (QS) pathways. Bacteria utilize these pathways to 

control biofilm development and maturation. During QS, bacteria synthesize and secrete auto-

inducers or signaling molecules to “communicate” with each other [9]. These auto-inducers 

accumulate to a threshold concentration based on the local bacterial population density [9]. After 

the threshold is reached, signaling molecules diffuse through cell membranes to bind to the 

appropriate transcription regulator in neighboring bacteria to initiate biofilm development [9]. 

One or more of these QS pathways may be present in bacterial species to regulate a number of 

specific genes [135-138].  

The auto-inducer 1 (AI-1) QS system produces acyl-homoserine lactone (AHL) to 

regulate gram-negative (G-) bacterial communication whereas the auto-inducer 2 (AI-2) yields a 

variety of signaling molecules to govern multi-species communication. In the well-studied AI-1 

system, the LuxI protein initiates AHL synthesis with the LuxR protein acting as a receptor [97]. 

The type of AHL molecule produced is dependent on the specific bacterial species of interest. 

AHLs comprise of a N-acyl chain length, varying from 4 to 18 carbons bonded to a lactone ring 

through an amide bond [97]. In the AI-2 system, the LuxS protein synthesizes 4,5-dihydroxy-

2,3-pentanedione (DPD), which spontaneously rearranges to produce the family of AI-2 QS 

molecules, comprising of 4-hydroxy-5-methyl-3(2H) furanone (MHF), (2R,4S)-2-methyl-

2,3,3,4-tetrahydroxytetrahydrofuran (R-THMF), and S-THMF-borate, a furanosyl borate diester 

[105, 139]. The detection of these auto-inducers is based on the specific AI-2 derived molecule 

responsible for QS, which varies in different bacterial species. 

There are various naturally occurring and synthetic QS inhibiting compounds (QSIs) that 

disrupt QS pathways by either degrading the signaling molecule or blocking signal production or 
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outcompeting the signaling molecule from binding to the receptor protein [10, 11]. Kojic acid, 

used in the cosmetic industry, and vanillin, a commonly added food-flavoring agent were 

identified as AI-1 QS inhibitors because both inhibit or alter the AHL molecule using a LuxR 

based bioreporter strain [18, 126-129]. Vanillin has further been shown to modify the AHL’s 

structure to impede the AHL from binding to the receptor protein [16, 126]. Cinnamaldehyde, 

another food flavoring agent and synthetic brominated furanone compounds were revealed to 

disrupt both the AI-1 and AI-2 QS systems by hindering the DNA binding ability of the receptor 

protein, LuxR [130-132]. Additionally, brominated furanones have been shown to suppress the 

AI-2 LuxS protein [133]. Although the QSIs’ ability to interfere with QS pathways has been 

researched extensively using bio-reporter strains or model bacterial systems for clinical and other 

environmental applications [14, 17, 18, 140-144], the QSIs’ potential to mitigate marine biofilm 

formation and seawater desalination RO membrane biofouling needs to be evaluated. This 

research investigated the role of QS system in desalination membrane biofouling by examining 

QS production in natural bacterial isolates from biofouled seawater RO membranes. Based on 

the type of QS produced, several commercially available and inexpensive QSIs were selected to 

determine the QSI’s effect on single and mixed species marine biofilm formation in a static 

environment. The anti-biofilm capabilities of the most effective QSIs were further evaluated in a 

membrane bio-monitoring system operated in cross-flow mode using native marine bacterial 

communities. The biofouled membranes were then examined under fluorescent microscopy to 

understand the biofilm structure with and without treatment by QSI.  
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3.2. Materials & Methods 

3.2.1.  Bacterial Strains and Seawater Bacterial Community 

A diverse group of bacteria, isolated from fouled cartridge filters and RO membranes at 

Carlsbad Desalination pilot plant in California (CA) and Perth Desalination plant in Western 

Australia were selected to characterize QS molecule production and to study biofilm formation 

in the presence of QSI. The four Carlsbad bacterial strains, B1 and B3 were determined to be 

Shewanella sp. while B2 and B4 were determined to be Alteromonas sp. in a previous study [90].  

The four Australian isolates were identified as Paracoccus sp. (RO28), Mycrobacterium sp. 

(RO16), Burkholderia ambifaria (RO32), and Bizionia sp. (C10) by 16S rDNA sequencing [Dr. 

Lucy Skillman, unpublished results]. In addition, bacterial communities in natural seawater 

collected from Southern CA coastal sites at Dana Point, Long Beach, and Newport Beach were 

used without cultivation and isolation. The fresh seawater was unaltered and used directly in 

biofouling experiments to simulate the desalination fouling condition. 

 

3.2.2.  Quorum Sensing Inhibitors 

The four QSIs selected to investigate biofilm inhibition in this study were cinnamaldehyde 

(CNMA), kojic acid (KJ), vanillin (VA), and a brominated furanone compound (F-30). The 

selection was based on: 1) the target QS molecule for biofilm inhibition (AI-1 or AI-2); 2) prior 

demonstration of biofilm reduction in model bacterial system; 3) commercial availability; 4) 

nontoxic to humans; and 5) inexpensive to manufacture. CNMA (Sigma-Aldrich) was diluted in 

methanol and used in testing concentrations ranging from 10 to 2400 mg/L. The brominated 

furanone compound, F-30 also known as (5Z)-4-bromo-5-(bromomethylene)-2(5H)-furanone 

(Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO) and added to bacterial cultures or 
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natural seawater to experimental concentrations between 10 and 30 mg/L. KJ (Sigma-Aldrich) 

and VA (Sigma-Aldrich) were both dissolved in deionized (DI) water and used in testing 

concentrations ranging from 10 to 2400 mg/L. The solvents used to dissolve each QSI were used 

as the control for all experiments.  

 

3.2.3.  Identification of Bacterial AI-1 QS Molecule Production  

AI-1 production among marine bacteria isolated from biofouled membranes was 

investigated because AI-1 is commonly reported among G- bacteria and all QSIs tested in this 

study were able to interfere with AI-1 QS pathway. AI-1 AHL extraction was modified based on 

a previous study [145].  Briefly, four bacterial isolates (B1, B2, B3, and B4) from the Carlsbad 

desalination pilot plant in California (CA) were inoculated into an artificial seawater medium 

(ASWJP) with 2.5 g/L peptone, 0.5 g/L yeast (ASWJP+1/2PY) and incubated for 24 h on a 

shaker at 21°C [38, 146]. A 1:100 dilution was made from the bacterial cultures into ASWJP 

with 1.25 g/L peptone and 0.25 g/L yeast (ASWJP + 1/4PY). The sub-cultures were incubated 

for 6 h on a shaker at 21°C until bacteria reached exponential growth phase. The optical cell 

density was recorded at a wavelength of 600 nm (BioPhotometer, Eppendorf). The supernatants 

from cell cultures were collected after pelleting cells by centrifugation at 4°C at 5,500 g 

(Centrifuge, Eppendorf) for 20 min. Bacterial pellets were re-suspended in ASWJP and cell 

pelleted by centrifugation again to collect the supernatant. The combined supernatant from both 

centrifugations were extracted three times by liquid-liquid extraction with half volume HPLC-

grade dichloromethane [145].  Excess water was removed by adding anhydrous magnesium 

sulfate to dichloromethane extracts. After removal of anhydrous magnesium sulfate by filtration, 

dichloromethane was evaporated using a speed vacuum concentrator at 30°C (Refrigerated 
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CentriVap Concentrator, LABCONCO). The extracts were dissolved in 1 ml of 1:1 of DI water : 

acetonitrile (HPLC-grade) and stored at -20°C until analysis. N-butyryl-L-homoserine lactone 

(C4-HSL, Cayman Chemical) and N-hexanoyl-homoserine lactone (C6-HSL, Cayman Chemical) 

were used as the extraction control standards and were taken through the same extraction steps as 

described above. 

The AHL concentration of each extract was analyzed using Acquity UPLC (ultra pure 

liquid chromatography) system (Waters) coupled to a Quattro Premier XE triple quadrupole 

mass spectrometer (MS/MS) (Waters) run in positive-ion mode. For the UPLC system, 10 µl of 

each sample was injected into the 2.1 x 50 mm C18 reversed phase column (Acquity BEH) at a 

flow rate of 0.3 ml/min with mobile phases consisting of water with 2% acetonitrile and 0.2% 

acetic acid and a gradient of 0.5%–95% acetonitrile in 0.2% acetic acid.  

 

3.2.4.  Effect of QSI on Biofilm Production 

The QSI effect on single species marine biofilm growth was analyzed using the Carlsbad 

and Perth isolates (eight total). Individually, each bacterial isolate was inoculated into ASWJP + 

1/2PY then incubated for 48 h at 21℃ on a shaker. The enriched bacterial culture was diluted 

100 times with ASWJP + 1/4PY. Testing concentrations of each QSI were added to the diluted 

culture while equal volume of QSI solvents (methanol, DMSO, or DI H2O) were added to the 

control samples. An aliquot (200 𝜇𝐿) of each treatment and their respective control samples were 

transferred to a 96-well microtiter plate (Biosciences Discovery Labware) in 8 replications. 

Microtiter plates were incubated in the dark for 24 h at 21℃ until bacteria reached exponential 

growth phase.  
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In order to ascertain the effects of the QSI on biofilm formation within a competitive 

community interaction, a mixture of the four enriched Carlsbad bacterial strains were diluted 

(1:100) with ASWJP + 1/4PY and treated by QSI. The mixed culture of the Carlsbad isolates 

was also diluted with the same ratio in 0.45 µm filtered seawater (Millipore) from Newport 

Beach, CA. The filtered seawater was amended with 0.5 g/L peptone to accelerate the biofouling 

progress. Samples treated with QSI and controls were set up similar to the single species biofilm 

assay. The microtiter plates were incubated in the dark for 48 h at 21℃ for cells to achieve 

exponential growth phase. 

Lastly, uncultured natural marine bacterial communities in unaltered seawater from three 

locations along the Southern CA coast were investigated to observe the QSI’s effect on reduction 

of marine biofilm in desalination plants. Peptone (0.5 g/L) was added to seawater to expedite the 

biofouling process. QSI treatments and controls assays were set up the same as for single and 

mixed species. Microtiter plates were covered to prevent light penetration and incubated for 78h 

at 21℃. Since the natural marine bacterial community was not cultured, a longer incubation time 

was required for bacteria to reach exponential growth phase.  

At the end of each incubation time, bacterial growth was measured using optical density at 

550 nm absorbance (Spectramax 2, Molecular Devices). Biofilm density on microtiter plates was 

assessed using a crystal violet protocol [147]. Briefly, suspended cells and medium in each well 

were gently removed and rinsed with PBS (phosphate-buffered saline, pH 7.4). Methanol (99%) 

was added to each well for 15 min before removal. Biofilm attached to the well were stained 

using 100 𝜇𝐿 of 0.5% crystal violet for 20 minutes followed by a DI water rinse. The bonded 

crystal violet was released using 33% acetic acid [38, 147]. The crystal violet concentration, 

which is indicative of biofilm density, was measured at 590 nm absorbance [147]. A statistically 
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significant difference between the QSI treated and control biofilm was determined using a two-

tailed t-test with a 95% confidence level. Normalized biofilm growth results were expressed 

using the ratio of biofilm density in QSI treated samples to control samples. The responses of 

single species biofilm and mixed species biofilm were presented in notched boxplots to show the 

medium and variation between the tests with a 95% confidence level. 

 

3.2.5.  RO Membrane Biofilm Reduction 

The QSI’s effect on bacterial biofilm 

formation on a flat sheet RO membrane 

surface (SWC5, Hydranautics) was 

examined using a bio-monitoring system 

(Figure 3.1). First, each Carlsbad bacterial isolate (B1, B2, B3, and B4) was inoculated into 

ASWJP + 1/2PY and incubated for 48 h at 21℃ on a shaker. The feed tank was inoculated with 

an equal portion of each of the four bacterial cultures in a 1:100 dilution using 0.45 µm filtered 

seawater from Newport Beach, CA. The bacterial seeded seawater samples were amended with 

0.5 g/L peptone and selective QSI or QSI solvent as a control. The feed tanks were covered from 

light and mixed continuously on a stir plate. A cross-flow of 180 L/m2/h was set using a 

peristaltic pump (Masterflex) for both treatment and control RO membrane systems. The 

membrane was placed in a membrane housing with a 0.87 mm thick nylon membrane spacer to 

promote fluid agitation. The system was run in recirculation mode without permeation as 

described in previous studies [148, 149] because the effects of permeation on biofouling were 

not significant for a comparison between treatment and control membrane biofouling. Cell 

density within the batch tank was assessed using OD600 (Biophotometer, Eppendorf) at every 6-8 

Figure 3.1.	
  RO membrane bio-monitoring schematic. 
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h up to 42 h. Feed and effluent pressures were recorded, and the cross flow rate was measured 

manually. At the end of the experiment, membranes were collected for biofilm analysis. 

In addition to the seeding study using mixed bacterial isolates, the desalination fouling 

condition was simulated using uncultured natural bacterial community in seawater collected 

from Dana Point, CA. Similarly to the microtiter plate biofilm study, unaltered seawater was 

supplemented with peptone (0.5 g/L) and treated by selective QSIs. A control was step up in 

parallel by adding equal volumes of the QSI solvents to the feed tank.  

 

3.2.6.  Biofilm Quantification by Confocal Laser Scanning Microscopy (CLSM) 

Membrane samples collected from the bio-monitoring system were cut into 2 x 5 cm 

coupons and analyzed for biofilm thickness and live and dead cell counts using CLSM (Zeiss 

LSM 700). Live cells were stained green with STYO 9 and dead cells were stained red with 

propidium iodide for 30 min (FilmTracerTM LIVE/DEAD® Biofilm Viability Kit, Invitrogen).  

Live and dead cells were imaged at excitation/emission wavelengths of 480/500 and 490/635 nm, 

respectively. Five locations along the length of the membrane were examined for a better 

assessment of live and dead cells.  

Additionally, EPS on a selective number of coupons were stained for 30 min using ConA 

lectin (Concanavalin A Conjugates, Invitrogen), which binds to α-mannopyranosyl and α-

glucopyranosyl residues [150]. The membranes were then analyzed using excitation/emission 

wavelengths of 555/580 nm at three different locations along the length of the membrane 

coupons to obtain a better distribution of EPS. 

 COMSTAT 2 software was used to determine EPS, live cell, and dead cell biomass and 

thickness under standard automatic thresholding and connected volume filtering methods [34, 
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151]. The biofilm biomass was calculated as the number of pixels in all images of the z-stack 

multiplied by the voxel size and divided by the substratum area of the image stack [34, 151]. The 

biofilm thickness was determined by locating the highest point above each pixel in the bottom 

layer containing biomass [34, 151]. MATLAB and Microsoft Excel were used to create notched 

boxplots and to conduct two-tailed t-tests with a 95% confidence level to determine significant 

differences between the QSI-treated and control biofilm.  

 

3.3. Results 

3.2.1.  Bacterial AHL Production 

  UPLC-MS/MS detected C4-HSL, the AI-1 molecule in all cell supernatants of the 

Carlsbad bacterial isolates, B1, B2, B3, and B4 (Figure 3.2B, C, D, & E). Optimal C4-HSL 

production was found in the early exponential phase of cell growth (~6 h after sub-culture) 

where the OD600 reached between 0.7 and 1.0. The mixed bacterial culture, containing all four 

isolates produced the highest relative concentration of C4-HSL (Figure 3.2F). C6-HSL was also 

detected in trace amounts in the exponential growth phase of B1, B2, B3, and B4 cultures as well 

Figure	
  3.2.	
  UPLC-MS/MS Chromatograms of C4-HSL standard (A), and extracts from single 
species bacterial cultures, B1 (B) and B2 (C), B3 (D), B4 (E) and mixed culture of B1, B2, B3, 
and B4 (F). The shaded peak indicated the quantity of C4-HSL.  

(A) (B) (C) 

(D) (E) (F) 
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as in a mixed culture of these isolates (data not shown). In comparison to C6-HSL, C4-HSL 

production was relatively higher in both single and mixed cell cultures. Both AHL 

concentrations were significantly lower or nearly undetectable in the supernatants of overnight 

cultures. The results indicated that AHL production is dependent on bacterial species and 

bacterial growth phase.  

 

3.2.2.  Effect of QSI on Biofilm Growth  

Normalized biofilm growth (the ratio of the QSI treated to control biofilm) in samples 

treated with the AI-1 inhibitors (VA and KJ) and AI-1/AI-2 inhibitors (F-30 and CNMA) are 

Figure	
  3.3.	
  Normalized biofilm growth in samples treated with the AI-1 
inhibitors, VA (A, B) and KJ (C, D) shown as the ratio of the QSI treated to 
control biofilm growth at different QSI concentrations. Single species 
marine bacterial biofilm (A, C) comprised of isolates from Carlsbad 
Desalination Plant, CA (B1, B2, B3, and B4) and Perth Desalination Plant, 
Western Australia (RO16, RO28, RO32, and C10). Mixed species biofilm 
(B, D) used the mixture of bacterial isolates from Carlsbad, CA or 
uncultured native seawater marine bacterial communities from Long Beach, 
Newport Beach, and Dana Point, CA.	
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shown in Figure 3.3 and 3.4, respectively. The microtiter plate assay results indicated the anti-

biofilm capability of each QSI varied, ranging from 5 to 95% with a number of outliers (Figures 

3 & 4). Overall, testing concentrations of less than 600 mg/L of VA, KJ, and CNMA did not 

have a reduction effect on biofilm growth while concentrations below 30 mg/L of F-30 did have 

an effect.	
   

   VA at concentrations above 1200 mg/L substantially reduced biofilm formed by five of 

the single bacterial isolates tested, ranging from 79.9 to 87.5% (Figure 3.3A). The other three 

isolates B1, B3, and RO32 showed an increase in biofilm production as noted by the upper range 

in the boxplot variance in Figure 3A. VA at the same concentration also exhibited significant 

mixed species biofilm reduction for the four Carlsbad bacterial isolates and native uncultured 

seawater bacterial communities, ranging from 69.8% to 94.8% (Figure 3.3B). In comparison, KJ 

at 1200 mg/L was less effective at inhibiting single species biofilm formation and in some cases 

encouraged biofilm production. Only at the highest concentration (2400 mg/L) was there 

significant biofilm reduction for the RO28 strain as indicated by the lowest whisker point on the 

boxplot (Figure 3.3C). Similar responses to KJ were also observed for mixed species bacterial 

biofilm (Figure 3.3D).  
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The anti-biofilm formation effects of the AI-1/AI-2 inhibitors (F-30 and CNMA) 

improved from single species to mixed bacterial communities (Figure 3.4). F-30 at 30 mg/L 

decreased mixed species biofilm production between 85.7% and 96.3%, whereas CNMA at 1200 

mg/L reduced mixed species biofilm between 70.7% and 90.8% (Figure 3.4B,D). The only 

exception was for a Newport Beach sample, where biofilm production increased in the presence 

of 20 mg/L of F-30 as indicated by the outlier in Figure 4B. Individual bacterial strains 

responded to CNMA at concentrations above 1200 mg/L differently as shown by the large range 

for the normalized biofilm growth with an outliner in the upper range (Figure 3.4C).  

Figure	
  3.4. Normalized biofilm growth in samples treated with the 
AI-1/AI-2 inhibitors, F-30 (A, B) and CNMA (C, D) shown as the 
ratio of the QSI treated to control biofilm growth at different QSI 
concentrations. Single species marine bacterial biofilm (A, C) 
comprised of isolates from desalination plants in Carlsbad, CA (B1, 
B2, B3, and B4) and Perth, Western Australia (RO16, RO28, RO32, 
and C10).  Mixed species biofilm (B, D) used the mixture of 
bacterial isolates from Carlsbad, CA or uncultured native seawater 
marine bacterial communities from Long Beach, Newport Beach, 
and Dana Point, CA. 
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 VA was chosen as the AI-1 and CNMA as the AI-1/AI-2 system inhibitors for the 

subsequent membrane biofouling study. The dose of 1200 mg/L was selected for both QSIs due 

to median inhibition of biofilm.  Although F-30 exhibited excellent biofilm reduction 

capabilities, it was not selected to move forward with because of toxicity concerns with similar 

brominated furanone compounds, which arise as disinfection by-products in drinking water 

systems [152, 153]. 

 

 

 

 

 

Figure 3.5. RO membrane biofilm formed from four mixed species bacterial isolates from 
Carlsbad, CA (B1, B2, B3 and B4). Samples were subjected to VA (top), CNMA (bottom), 
and their respective controls (methanol and DI water). The effectiveness of VA and CNMA 
to reduce marine biofilm were evaluated by comparing average biofilm thickness (A) and 
biomass (B) in EPS, dead cells and live cells for QSI treated samples and controls. 
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3.2.3.  QSI Effect on RO Membrane Biofilm Reduction 

Figure 3.5 shows the average membrane biofilm thickness and biomass in VA and CNMA 

treated mixed bacterial biofilm from Carlsbad and their respective controls. VA significantly 

reduced membrane EPS and dead cell thickness and biomass between 42% and 51%. However, 

there was no considerable difference in live cell biomass and thickness. In comparison, there 

were no significant differences observed in CNMA treated and its control membranes for all 

biofilm parameters tested, which may be due to the effect of methanol used as the control on 

membrane biofilm. In these experiments, methanol without QSI also reduced membrane biofilm 

biomass and thickness in comparison to DI water treated biofilm (used as control for VA) for all 

parameters tested (Figure 3.5). Therefore, the effect of CNMA on membrane biofilm reduction 

was inconclusive.	
   

Figure	
  3.6.	
  RO	
  membrane	
  biofilm	
  formed	
  by	
  native	
  marine	
  bacterial	
  community	
  from	
  
Dana	
  Point,	
  CA.	
  Samples	
  were	
  treated	
  by	
  VA	
  (top),	
  CNMA,	
  (bottom),	
  and	
  their	
  respective	
  
controls	
  (methanol	
  and	
  DI	
  water).	
  The	
  effectiveness	
  of	
  CNMA	
  and	
  VA	
  to	
  reduce	
  marine	
  
biofilm	
  were	
  evaluated	
  by	
  comparing	
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  treated	
  samples	
  and	
  controls.	
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 Similar observations for the effect of VA and CNMA on membrane biofilm reduction 

were made for the Dana Point native seawater bacterial community (Figure 3.6). The 3D images 

acquired by CSLM in Figure 3.7 illustrate the spatial distribution of Dana Point biofilm with and 

without treatment by VA. Both control and VA treated samples have uneven distribution of 

Figure 3.7. CSLM 3-D images of control (A, C) and VA treated (B, D) RO membranes that were 
subjected to biofouling by Dana Point natural bacterial community. Images were captured 48 hours 
after the initiation of the experiment. Attached live and dead bacterial cells on the control and the VA 
treated RO membrane are shown in image (A) and (B), respectively. EPS on the control and the VA 
treated RO membrane is shown in image (C) and (D), respectively. The x-axis and y-axis of the image 
shows EPS or live and dead cells along the membrane surface. The z-axis measures the fluorescence 
intensity of EPS or live and dead cells.  
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bacterial cells and EPS along the membrane surface. The decrease in dead cells and EPS were 

visible for samples treated by VA (Figure 3.7B,D). The decrease in EPS was further evident 

using COMTSTAT2 analysis where biomass and thickness were significantly reduced by 46% 

and 49%, respectively (Figure 3.6).  Similar to Carlsbad mixed isolates, there was no significant 

difference in live cell biomass and thickness (Figure 3.6). Overall VA, the AI-1 system inhibitor, 

consistently and effectively reduced RO membrane EPS production and dead cells for both the 

mixed isolates and native bacterial communities.  

 

3.4.  Discussion 

Understanding bacterial communication pathways and inhibition of their QS molecules 

potentially holds the key to prevent biofilm formation and ultimately membrane biofouling. This 

research worked towards this goal by quantifying the production of AHL molecules among a 

mixed culture of RO membrane biofouling bacterial isolates as well as demonstrating the 

relationship between the phase of bacterial growth and the rate of QS molecule production. This 

study further identified the most effective QSIs that are potentially suitable for water treatment 

technology by comparing the anti-biofouling effects of several commercially available and 

inexpensive QSIs. Lastly, this research was the first to demonstrate the effectiveness of QSI in a 

membrane system for biofilm reduction formed by native marine bacterial communities.  

The bacterial isolates used in this study are part of the dominant group of bacteria present 

on fouled RO membrane surfaces for seawater desalination, which is a good representation of the 

behavior of marine biofouling community [37, 38, 89, 154]. The crystal violet assay results of 

native marine bacterial communities were mostly consistent with individual isolates’ response to 

QSI treatment. However, the individual isolates also displayed variability in biofilm reduction in 
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response to different QSIs, suggesting multiple QSIs should be applied simultaneously to block 

multiple QS pathways for effective biofouling reduction. 

Characterizing QS production in single or mixed bacterial species is essential for 

selecting an appropriate QSI because the QSI’s anti-biofilm capability is dependent on the type 

and concentration of QS signaling compounds present. We have shown that C4-HSL and C6-

HSL were produced in single species Alteromonas sp. and Shewanella sp. biofilm, which was 

consistent with past studies [155, 156]. We have further demonstrated that co-cultivation of four 

different species in the same culture always produced a higher C4-HSL concentration than any of 

the individual cultures under the same growth conditions. Therefore, the variability in biofilm 

reduction in the QSI crystal violet microtiter plate screening was attributed to type and 

concentration of the QS compound secreted, which varied from single isolates to mixed isolates 

to native bacterial communities. The AHL quantification results among randomly selected 

isolates also indicate that AI-1 QS pathway is universally present in the majority of seawater 

desalination fouling bacteria.  

Through comparing four different QSIs in the crystal violet assay, VA was demonstrated 

to be the most effective because the majority of single and mixed bacterial biofilm communities 

were significantly inhibited (>69.8%). In addition, VA significantly suppressed EPS secretion on 

RO membrane surfaces, which is likely to offer long-term benefits in preventing permeate flux 

decline since EPS has been attributed to reducing efficiency of convectional process [157, 158]. 

VA treatment did not significantly change the live cell biomass on RO membrane surfaces, 

indicating the reduction of EPS was not due to the lethal effect of VA on bacteria. The 

effectiveness of VA was attributed to its ability to interfere with bacterial AHL without the need 

to diffuse into the cell membrane. The scavenging of AHL in cell suspension effectively reduced 
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the level of AHL and it’s binding to the transcription regulator to trigger biofilm production. This 

mechanism was more effective in comparison with QSIs that require diffusion into the cell 

membrane as a competitor to the auto-inducer binding site [16, 126]. 

CNMA, the second most effective QSI identified in the crystal violet assay, significantly 

reduced biofilm formation at 1200 mg/L in microtiter plates. However, there were no 

consistencies in the effect of CNMA on membrane biofilm reduction for native bacterial 

communities. The efficiency of CNMA to inhibit biofilm formation may rely on its diffusion 

through the cell membrane to inhibit the AI-1 and AI-2 molecules from binding to the 

appropriate receptor protein [130, 131]. The interactions between CNMA, marine bacteria, and 

membrane surface require further investigation to understand the complexity. 

These findings also imply that the QSI’s anti-biofilm capability is dependent not only on 

the bacterial species present and QS production but also on the hydrodynamic and substrate 

surface properties. The magnitude of biofilm reduction by VA and CNMA decreased from the 

microtiter plate to the RO membrane surface. This was potentially due to the change from static 

to dynamic water conditions and increased surface area on the RO membrane surface, which 

altered bacterial attachment efficiency. On the larger RO membrane surface, the observed 

bacterial attachment and growth were uneven as found in this and past research [159], which 

hindered the ability of QSI to reach all bacteria. The surface characteristics such as 

hydrophobicity and surface roughness have been known to play an important role in bacterial 

attachment [160]. Bacteria were less likely to attach and grow on the smooth polystyrene 

microtiter plate than the rough polyamide membrane surface.  

For both the microtiter plate and the RO membrane biofouling studies, the QSI 

concentration required in the bulk fluid was high and needed a constant dose to suppress biofilm 
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because the QSI was only effective against their respective QS pathway before biofilm formation 

was activated. The environmental impacts associated with discharge of QSI with concentrate 

reject have not been studied although both VA and CNMA are non-toxic to humans as food 

additives at the concentrations similar to those tested in this study. However, the requirement of 

a continuous dose of QSI in the intake water at a high concentration would be in practical as an 

approach for biofouling prevention in desalination industry. Incorporation and immobilization of 

QSI onto the RO membrane surface should be considered in future studies to potentially enhance 

in-situ membrane anti-biofouling capability. Another approach to improve biofilm inhibition 

may be to combine multiple QSIs because not all marine bacteria responded to a single type of 

QSI as shown in the crystal violet assay. 

 

3.5. Conclusions 

This study confirmed the production of two low molecular weight AHLs, C4-HSL and 

C6-HSL among single and mixed marine biofouling bacterial isolates.  It further demonstrated 

that a mixed culture of bacterial isolates always produced a higher C4-HSL concentration than 

any of the individual cultures under the same growth conditions, suggesting the importance of 

interspecies interactions in AHL production. The microtiter plate assay identified VA and 

CNMA as the best candidates to reduce marine biofilm formation. VA was further shown to 

effectively suppress EPS production for various marine bacterial communities on the RO 

membrane surface. The findings indicate that QSIs have the potential to alleviate seawater 

desalination membrane bacterial fouling and reduce operational costs. 
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CHAPTER 4. QSI MODIFIED RO MEMBRANES FOR BIOFOULING PREVENTION IN SEAWATER 

DESALINATION 

 

Abstract 

 

Quorum sensing (QS) pathways regulate bacterial communication to activate biofilm 

development, which is the main source of membrane biofouling. Recent studies have identified 

the important role of QS inhibiting (QSI) compounds to disrupt QS pathways and ultimately 

biofilm production. This study physically adsorbed the QSIs, vanillin and cinnamaldehyde onto 

various RO membrane surfaces to enhance the membrane in-situ anti-biofouling potential. The 

QSI layer on the RO membrane surface significantly altered the membrane surface contact angle 

to reflect the property of the QSI along with less than a 16% reduction in pure water permeability 

and no significant change in salt rejection. QSI modified membranes subjected to biofouling 

conditions in a high-pressure RO system experienced a minimal loss in permeate flux compared 

to unmodified membranes. The QSI modified membranes significantly suppressed extracellular 

polysaccharide production (>15%), live bacteria (>58%), and dead bacteria (>61%) consisting of 

a mixed culture of four different biofilm forming marine bacterial isolates on the membrane 

surface.
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4.1.Introduction 

Non-conventional water treatment technologies such as water reuse and seawater 

desalination rely on thin-film composite (TFC) reverse osmosis (RO) membranes to produce 

high quality drinking water. TFC membranes consist of an ultra-thin polyamide layer (0.2 µm 

thick) supported by a micro-porous pulysulfone intermediate layer (40-50 µm thick), and a 

polyester structural support (120-150 µm) [35]. TFC membranes achieve high permeate flux and 

salt rejection due to the micro-porous intermediate layer that allows the ultra-thin layer to 

withstand high-pressure compaction as well as the ultra-thin layer that decreases resistance in 

permeate transport [28-30, 35].   

However, biofouling compromises membrane integrity and remains a major challenge for 

the membrane industry. Biofouling is product of the deposition and aggregation of bacteria and 

their metabolic products on the membrane surface [57-59]. During a fouling event in the RO 

system, the applied pressure compacts the fouling layer, which reduces the ability of the cross-

flow velocity to efficiently shear off particles that accumulate on the membrane surface [29, 37]. 

As a result, the permeate flux declines, which raises operational pressure and energy demand to 

maintain the original flux conditions [29, 37, 38]. Membrane cleaning processes have been 

known to be inefficient to restore membrane performance for long periods of time because 1) 

degraded organic matter in the surrounding environment becomes readily available and 

stimulates the growth of surviving bacteria on the membrane surface; 2) surviving bacteria may 

develop a tolerance to chemical cleaning agents; and 3) frequent cleanings degrade the 

polyamide thin film over time [40-42, 161].  
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Suppressing bacterial communication pathways, known as quorum sensing (QS) offers a 

potential approach to inhibit biofilm formation at a biological level. The QS inhibiting agents, 

cinnamaldehyde (CNMA) and vanillin (VA) are both known to inhibit gram-negative bacterial 

biofilm formation, which are the predominant biofoulant species on fouled RO membranes in 

seawater desalination plants [16, 18, 90, 130, 131]. CNMA has been shown to further suppress 

the bacterial QS pathway responsible for communication between gram-negative and gram-

positive bacteria [130-132], which may have broader impacts on biofilm formation. CNMA and 

VA in the bulk fluid have been demonstrated to effectively reduce marine biofilm production, 

but biofilm formation on the membrane surface still persists as shown in Section 0. Additionally, 

QSIs are only effective prior to biofilm formation being activated. Therefore, a constant QSI 

dose is required, which may be impractical for scale up design and environmental impacts 

associated with QSI discharge in the waste are unknown. The goal of this research was to 

incorporate CNMA and VA onto the surface of various RO membranes to lower the membrane 

potential towards bacterial colonization and biofilm growth. This work further investigated 

changes to membrane surface and performance under QSI incorporation. The anti-biofouling 

capabilities of the QSI modified membranes were examined in a well-controlled high-pressure 

RO system using a mixture of four RO membrane biofouling isolates. Biofilm development on 

QSI modified and unmodified membranes were examined and compared using confocal 

microscopy. QSI incorporation and retention on the membrane surface was observed under 

Raman microscopy.  
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4.2.Methods 

4.2.1. QSI Compounds 

 CNMA was diluted in methanol and VA was dissolved in deionized water (DI H2O) to a 

concentration of 1200 mg/L, which was previously determined to be effective to reduce marine 

biofilm formation in the bulk fluid using a 

microtiter plate assay and RO membrane bio-

monitoring system (Section 3.2.2 & 3.2.3). 

 

4.2.2. QSI Modified RO Membranes  

Either QSI was incorporated onto the 

leading commercially available seawater grade polyamide RO membranes, SW30XLE (Dow) 

and SWC5 (Hydranautics) to ensure consistent QSI deposition following previous approaches 

[162-164]. The unmodified RO membrane was placed into a cross-flow cell (Figure 4.1) to 

expose the thin film surface to the QSI solution (1200 mg/L) for 24, 48, and 72 h at a cross-flow 

rate of 0.005 cm/s with re-circulation and no permeation. Afterwards, the membrane was rinsed 

with DI H2O to remove accumulated particles on the membrane surface and stored in DI H2O at 

4°C until further analysis. 

 
4.2.3. QSI Presence on RO membranes Detected by Raman Microscopy 

The presence and stability of either QSI on the membrane surface was determined by Raman 

Invivo microscopy (Renishaw). The Raman spectra of the unmodified RO membrane surfaces and the 

QSIs, VA (powder) and CNMA (liquid) in their natural state were acquired to determine the QSI signal 

peaks on the modified RO membrane surfaces.  Samples were placed directly under the diode laser to 

excite the sample at 532nm (visible light range) under 50,000 magnifications. Spectrums were collected 

Figure 4.1. Set-up for QSI deposition onto the thin film 

surface of the RO membrane. 
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under 3 mW of laser power and 2s exposure time at five random locations for each sample. The baseline 

was corrected for all spectrums using WIRE 3.4 software (Reinshaw). The maximum amount of QSI 

deposited onto the membrane surfaces was determined based on significant differences in the expected 

QSI signal peak areas from 24 to 72 h using a two-tailed T-test with a 95% confidence level in Microsoft 

Excel.  

 
4.2.4. Membrane Performance and Surface Property Characterization 

The QSI-RO membrane permeability and salt rejection rates were investigated in a high 

pressure RO flow cell (Figure 4.2) similar to past methods [165]. The QSI-RO membrane was 

placed in a high-pressure cassette holder (CF402, Sterlitech) with DI H2O as the feed solution at 

25°C. The starting pressure was set to 450 psi with a cross-flow velocity of 15 cm/s for 

membrane compaction and equalization. Afterwards, the flux rate was monitored for 60 minutes 

using a digital balance to continuously record the permeate weight. At the end of the 

permeability test, the membrane salt rejection rate was carried out with 50mM of sodium 

Figure 4.2. High pressure RO system schematic. 
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chloride solution in the feed tank. After the system reached steady-state conditions, conductivity 

measurements were taken of the permeate and feed streams to calculate the salt rejection rate.  

The hydrophilicity of the QSI-RO membrane was tested using the sessile drop contact 

angle method with a Goniometer (Rame-Hart) as presented in previous studies [72, 166, 167]. DI 

H2O (1 µL) was placed in ten random locations on each membrane sample and an image was 

acquired of the water droplet. The left and right contact angle were measured using Image J’s 

LB-ASADA plugin program. The results of the QSI-RO membrane testing parameters were 

compared with an unmodified RO membrane under the same testing conditions. 

 

4.2.5.  QSI-RO Membrane Anti-Biofouling Capability  

The anti-biofouling capabilities of the QSI modified and unmodified RO membranes 

were examined in the high pressure RO system (Figure 4.2). The bacterial strains, Alteromonas 

sp. (B2 and B4) and Shewanella sp. (B1 and B3), isolated from fouled RO membranes at a 

desalination pilot plant in Carlsbad, California (CA) were separately inoculated into artificial 

seawater with 0.5g/L peptone and 0.25 g/L yeast (ASWJP + 1/2PY) [146, 168]. The bacterial 

strains were then incubated on a shaker for 24 h at 21℃. Either the QSI modified or unmodified 

membranes were placed into two high pressure cassette holders with ASWJP as the feed solution 

at the operational parameters of 450 psi, 15 cm/s, and 25 °C. After overnight stabilization, 

minimal amounts of peptone (0.31 g/L) and yeast (0.06 g/L) were added to the feed tank to 

accelerate the fouling rate. An equal portion of each of the four bacterial cultures were diluted 

(1:100) in the feed tank. The system continued to run at the same low operating conditions in 

order to develop a thick biofilm layer within a 24 h period. The drip permeate flux rate was 

continuously monitored during the experimental period while the concentrate stream was re-
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circulated back to the feed tank. Cell density within the feed tank was periodically taken using an 

optical density of 600nm (OD600, Biophotometer, Eppendorf). At the end of the experiment, the 

biofouled membranes were removed to assess membrane biofilm formation. QSI retention on 

membrane surfaces was further investigated under Raman microscopy to determine if there were 

any significant differences in the QSI signal peak areas between the maximum deposited and 

biofouled QSI membranes using the two-tailed T-test with a 95% confidence level in Microsoft 

Excel. 

 

4.2.6.  Membrane Biofilm Characterization 

Biofilm development was analyzed on biofouled membrane samples using Confocal 

Laser Scanning Microscopy (CLSM, Zeiss LSM 700). Live and dead cells were stained with 

SYTO9 (green) and propidium iodide (red), respectively (FilmTracerTM LIVE/DEAD® Biofilm 

Viability Kit, Invitrogen).  EPS was characterized on separate membrane samples using ConA 

lectin (Concanavalin A Conjugates, Invitrogen) [150]. EPS, live cells, and dead cells were 

imaged at twenty locations along the length of the membrane using excitation/emission 

wavelengths of 555/580, 480/500, and 555/580 nm, respectively. Biomass and thickness of EPS, 

live cells, and dead cells were further analyzed using COMTSTAT 2 under standard automatic 

thresholding and connected volume filtering [151, 169]. Significant differences between biofilm 

biomass and thickness on QSI modified and unmodified RO membranes were determined using 

notched boxplots in MATLAB and two-tailed T-tests with a 95% confidence in Microsoft Excel.  
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4.3.Result 

4.3.1. QSI Deposited RO Membranes and Stability 

Raman spectroscopy (Figure 4.3, 4.4) revealed that the polyamide thin film RO 

membranes, SWC5 and SW30XLE have major spectral peaks located at a Raman shift of 790, 

1074, 1148, 1587, and 1608 cm-1, which was previously determined to be associated with the 

polyamide functional groups [170].  QSI (CNMA and VA) deposited RO membranes have the 

characteristic polyamide peaks at shifts corresponding to 790, 1074, 1148, 1587, and 1608 cm-1 

as well (Figure 4.3 & 4.4).  

Additionally, CNMA deposited RO membranes have significant peak formation at 1002, 

1251, 1597, 1628, and 1677 cm-1, which was consistent with peaks belonging to CNMA in its 

natural state (liquid) as depicted in Figure 4.3A,C. Past research has further identified that these 

peaks belong to C-H, C=O, and C=C bonds on the aldehyde and benzene functional groups of 

CNMA [171, 172].  

Similar to CNMA, VA incorporated membranes and VA in it’s natural state (powder) 

shared a major peak at a Raman shift of 1677 cm-1 with minor peak formations located at 999 

and 1253 cm-1 (Figure 4.4A,C) [171, 173, 174]. A major peak was observed at a Raman shift of 

1628 cm-1 for VA deposited membranes, which did not correspond to either VA or the 

polyamide thin film (Figure 4.4A,C).  

Raman spectroscopy further determined that the maximum amount of both QSIs 

deposited onto the membrane surface occurred within 24 and 48 h for SWC5 and SW30XLE 

membranes, respectively based on	
   the significantly greater QSI signal peak areas at those time 

periods (Figure 4.3B,D & 4.4B,D).   
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Figure 4.3. Characterization of CNMA deposited Dow SW30XLE (A,B) and Hydranautics SWC5 (C,D) RO membranes. CNMA peaks 
associated with the CNMA RO membrane were revealed based on the Raman spectra for the CNMA modified and unmodified 
membranes and CNMA in its natural state as a liquid (A,C). The time period for the maximum amount of CNMA incorporated onto the 
membrane surface was determined based on the QSI peak areas (1000, 1253, 1627, and 1677 cm-1) at 24, 48, and 72 h (B,D). 
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Figure 4.4. Surface characterization for VA deposited Dow SW30XLE and Hydranautics SWC5 RO membrane. VA peaks 

were identified based on the Raman spectra for the VA modified and unmodified membranes and VA in its natural state 

(A,C). The time at which the maximum amount of VA was deposited onto the membrane was based on the QSI peak areas 

(1628 and 1677 cm-1) at 24, 48, and 72 h (B,D).  
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4.3.2. QSI-RO Membrane Performance and Surface Property 

The pure water permeate flux (Figure 4.5A) for QSI modified and unmodified RO 

membranes were evaluated at an operating pressure of 450 psi and a cross-flow velocity of 15 

cm/s. CNMA RO membranes experienced between 12% and 16% reduction in pure water 

permeate flux compared to unmodified RO membranes (Figure 4.5A).  In comparison to 

unmodified membranes, VA SWC5 membranes experienced minimal changes in permeate flux 

while VA SW30XLE 

membranes exhibited a 10% 

reduction in permeate flux 

(Figure 4.5A). In addition, no 

significant difference in the 

salt rejection between QSI 

and unmodified RO 

membranes were observed 

(Figure 4.5B).   

Figure 4.6 revealed 

that QSI modified membranes 

retained its hydrophilic nature 

from unmodified membranes. 

Prior QSI incorporation, the 

unmodified SW30XLE 

(35.66°± 2.52) membrane was 

significantly more hydrophilic 

Figure 4.5. QSI modified RO membrane performance.  Normalized pure water 

permeate flux (A) and salt rejection rates (B) were calculated by the ratio of QSI RO 

membrane to unmodified membrane performance.  

(A) 

(B) 

Figure 4.6. Contact angle measurements for the unmodified SWC5 

(Hydranautics) and SW30XLE (Dow) membranes as well as the CNMA and VA 

deposited SWC5 and SW30XLE membranes. 
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than the SWC5 membrane (72.89° ± 4.63) (Figure 4.6). The contact angle for CNMA and VA 

SWC5 membranes significantly decreased to 48.47° ± 10.36 and 47.61° ± 10.15 while the 

CNMA and VA SW30XLE membranes increased to 54.32°± 4.73 and 50.46°± 5.59 (Figure 4.6).  

 

4.3.3. QSI-RO Membrane Biofilm Formation 

QSI and unmodified SWC5 and SW30XLE membranes experienced different trends in 

permeate flux over the biofouling period (Figure 4.7). The permeate flux for CNMA and VA 

deposited SWC5 RO membranes were similar to the unmodified SWC5 membrane permeate flux 

over the biofouling period (Figure 4.7A). For CNMA and VA SW30XLE membranes, the 

starting permeate flux was 

reduced by 40% compared to 

the unmodified membrane 

(Figure 4.7B). However, both 

QSI deposited SW30XLE 

membranes experienced less 

decline in permeate flux over 

the biofouling period 

compared to the unmodified 

SW30XLE membrane 

(Figure 4.7B).  

CNMA deposited SWC5 and SW30XLE membranes experienced similar permeate flux 

over the biofouling period (Figure 4.7A,B). CSLM further revealed that CNMA deposited 

membranes have similar trends in reduction of biofilm formation compared to unmodified 

Figure 4.7. Permeate flux over the biofouling period for QSI (CNMA and VA) 

modified and unmodified RO membranes, SWC5 (A) and SW30XLE (B).  
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membranes (Figure 4.8). CNMA SWC5 membranes experienced a 61.93% and 75.12% 

significant decrease in live cell biomass and thickness with a 33.64% and 28.91% reduction in 

dead cell biomass and thickness (Figure 4.8A,B). CNMA SW30XLE membranes have a 59.18% 

reduction in live cell thickness along with a significant decrease in dead cells biomass at 27.71% 

and thickness at 29.43% (Figure 4.7A,B). Additionally, CNMA SWC5 and SW30XLE 

membranes have a 15.53% and 22.80% reduction in EPS thickness, respectively (Figure 4.8B).  

However, VA deposited RO membranes experienced different trends in permeate flux 

(Figure 4.7) as well as biofilm formation (Figure 4.8). The VA modified SWC5 RO membrane 

experienced a lower starting permeate flux with minimal change over the biofouling period 

compared to VA SW30XLE (Figure 4.7A,B). VA SWC5 also had a significant reduction in live 

Figure 4.8. Biofilm formation on CNMA and VA modified and unmodified RO membranes (Hydranautics SWC5 and Dow 

SW30XLE) formed by a mixed culture of Alteromonas sp. and Shewanella sp. bacterial isolates. The effectiveness of QSI 

deposited RO membranes to reduce membrane biofilm formation was evaluated by comparing EPS, live and dead cell biomass 

(A) and thickness (B) with unmodified membranes.   
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and dead cell biomass (90.97% and 97.83%) and thickness (18.79% and 16.41%). The VA 

SWC5 membrane further experienced a significant reduction in EPS biomass (11.71%) and 

thickness (17.68%) as presented in Figures 4.8A,B. VA SW30XLE membrane showed a 

significant reduction in live and dead cell biomass (58.39% & 31.57%) and thickness (67.62% & 

32.16%) with no considerable difference in EPS production (Figure 4.8A,B). After the 

biofouling period, the QSI peaks associated with both VA and CNMA were not significantly 

retained on the modified membrane surfaces (Figure 4.9).  

 

Figure 4.9. Raman spectra of the maximum CNMA deposited and biofouled SW30XLE (A) and SWC5 
(B) membranes along with the VASW30XLE (C) and SWC5 (D) membranes before and after the 
biofouling event, respectively. QSI retention on the membrane surface was based on the QSI peak areas 
for CNMA (1000, 1253, 1627, and 1677 cm-1) and VA (1628 and 1677 cm-1) before and after the 
biofouling event. Biofouled QSI RO membranes showed minimal QSI peak formation, which could not be 
quantified. 
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4.4. Discussion 

This research worked to improve the membrane anti-biofouling potential by successfully 

incorporating the QSI compounds, CNMA and VA onto the thin film layer of two commercially 

available RO membrane surfaces. This work further demonstrated that QSI modified membranes 

significantly suppressed membrane biofilm formation with minimal loss in permeate flux over 

the biofouling period compared to unmodified membranes.  

CNMA and VA deposited primarily through physical adsorption onto the RO membrane 

surfaces since the majority of peaks on the QSI modified RO membranes belonged to either the 

unmodified membrane or the QSI in its natural form (Figure 4.3,4.4). A chemical bond 

potentially formed between VA and the polyamide thin film based on the significant peak 

formation located at a Raman shift of 1628 cm-1 (Figure 4.4A,C), which was not present on the 

unmodified membrane surfaces or VA (powder). Past research has shown that this peak 

correlates to a shift base reaction [175] between the aldehyde (VA) and amide (polyamide) 

functional groups.  

QSIs also adsorbed unevenly onto the polyamide thin film surface as illustrated by the 

large standard deviations in the QSI peak areas (Figure 4.3B, 4.4B) and contact angle 

measurements (Figure 4.6), which was potentially due to the inherit SWC5 and SW30XLE 

membrane surface roughness. In addition, there was no significant difference in contact angle 

measurements between QSI deposited SWC5 and SW30XLE RO membranes because these 

QSIs have limited water solubility due to the presence of hydrophobic (i.e. benzene) and 

hydrophilic (i.e. aldehyde) functional groups. Therefore, the QSI layer on the RO membrane 

surface significantly altered the contact angle to reflect the property of either CNMA or VA 

(Figure 4.6). 
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Since QSIs deposited primarily through physical adsorption, the QSI layer on the thin 

film potentially blocked water transport through membrane pores or narrowed pore walls to slow 

down water transport as indicated by the reduced pure water permeability for QSI modified 

membranes (Figure 4.5A). This was further evident by the reduced starting permeate flux 

(<40%) for QSI modified SW30XLE membranes during the biofouling period (Figure 4.7B). 

However, there was no significant difference in operational flux between QSI and unmodified 

SWC5 RO membranes (Figure 4.7A). These results indicate that the choice of membrane for 

surface modification plays an important role in membrane performance. 

Overall, QSI deposited RO membranes did not experience a drastic decline in permeate 

flux over the fouling period compared to the unmodified membranes. This was supported by the 

fact that QSI deposited membranes consistently had a reduction in live and dead cells compared 

to unmodified membranes. Furthermore, CNMA modified RO membranes and VA SWC5 

suppressed EPS production. The reduction in biofilm could be attributed to either the adsorbed 

CNMA or VA acting to suppress bacterial communication or the QSI layer creating a physical 

barrier to hinder bacteria attachment onto the RO membrane surface. 

CNMA and VA incorporated RO membranes have the potential to reduce membrane 

biofouling, but QSIs were not retained on the membrane surface by physical adsorption. Future 

work should investigate chemically linking QSIs onto the membrane surface to improve QSI 

stability and water permeability. Zodrow et al. [176] covalently linked biodegradable 

encapsulated CNMA onto a membrane surface, but determined that the low concentration of 

CNMA released from the membrane surface did not reduce Escherichia coli biofilm formation. 

Thus, the method for QSI incorporation will be key to ensure that the correct QSI concentration 

is present and that the QSI active site remains unaltered to prevent biofilm formation.  
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4.5. Conclusions 

CNMA and VA physically adsorbed onto RO membrane surfaces with a maximum 

deposition time of 24 and 48 h for SWC5 and SW30XLE membranes, respectively. The addition 

of a QSI layer onto the thin film membrane surface altered the membrane contact angle and 

resulted in reduction of pure water permeability with no significant change in salt rejection. 

During a biofouling event caused by a mixture of Alteromonas sp. and Shewanella sp. bacterial 

strains, QSI deposited membranes experienced less decline in permeate flux along with a 

significant reduction of biofilm formation compared to unmodified membranes. Since QSIs were 

not retained on the biofouled membrane surfaces, future work should consider chemically 

bonding QSIs to the membrane surface to improve QSI stability and water permeability.  
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CHAPTER 5. SUMMARY, CONCLUSIONS & RECOMMENDATIONS 

 

 

Understanding and controlling bacterial communication pathways at a biological level 

potentially holds the key to inhibit biofilm formation and membrane biofouling. This research 

worked towards this goal by quantifying the production of auto-inducer 1 (AI-1) signaling 

molecules among a mixed culture of Alteromonas sp. (B2 and B4) and Shewanella sp. (B1 and 

B3) bacterial strains, which were isolated from fouled RO membranes at a local desalination 

plant. This study determined that the mixed bacterial culture always produced a higher amount of 

AI-1 molecules than single cultures. This work further showed the relationship between the 

bacterial growth phase and the rate of AI-1 molecule production. 

In addition to understanding the AI-1 molecule production among marine bacterial 

isolates, this research found that cinnamaldehyde (CNMA) and vanillin (VA) were the most 

effective quorum sensing inhibiting (QSI) compounds to reduce marine biofilm formation by 

comparing several commercially available and inexpensive QSIs in a microtiter crystal violet 

plate assay. This research then demonstrated the reduction of membrane biofilm formed by 

native marine bacterial communities subjected to QSIs administered in the bulk fluid in a 

membrane system.   

The microtiter plate and the RO membrane biofouling studies indicated inhibition of 

biofilm required a constant and high concentration of QSI in the bulk fluid because the QSI was 

only effective before the respective quorum sensing (QS) pathway activated biofilm formation. 

A continuous and high dose of QSI in the intake water or after the pretreatment process is 
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impractical and expensive. There are also potential concerns associated with the environmental 

impact of QSI in the concentrate discharge, which have not been studied. Although, both CNMA 

and VA are non-toxic food additives at similar concentrations to those tested in these studies.  

This research further worked to address these concerns by physically adsorbing CNMA 

or VA onto the polyamide thin film layer of various RO membrane surfaces. The QSI layer on 

the RO membrane surface changed the membrane surface properties (i.e. contact angle) to reflect 

the hydrophilicity of the QSIs. Additionally, the QSI modified RO membranes significantly 

suppressed membrane biofilm formed by the mixed culture of RO membrane biofouling bacterial 

isolates with minimal loss in permeate flux in a high pressure RO system.  

However, QSIs were not retained on the membrane surface after the biofouling period 

and the addition of the QSI layer lowered the membrane water permeability rates. Therefore, 

future work should investigate chemically linking QSIs onto the membrane surface to improve 

QSI stability and water permeability. It will be important to select a method for QSI 

incorporation that guarantees the correct QSI dose is present on the membrane surface. 

Moreover, the chemical linking method should not alter the QSI active site required for biofilm 

inhibition.  
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APPENDIX A. SUPPORTING STUDY: SUPPRESSING RO AND FO MEMBRANE 

BIOFOULING WITH QUORUM SENSING INHIBITORS 

 

A.1. Introduction 

The goal of this study was to investigate the effectiveness of a quorum sensing 

inhibiting (QSI) compound to reduce membrane biofilm production in lab scale RO and 

FO systems. The QSI compound, vanillin was selected since it was previously 

demonstrated to be an effective inhibitor against single and mixed species biofilm 

formation (Section 3.3.3.2.2 and 0). This work was conducted at Murdoch University in 

Western Australia as part of an international collaboration. 

 

A.2. Methods 

A.2.1. RO Membrane Biofouling 

Study 

 The effectiveness of vanillin to 

reduce membrane biofilm formation 

was carried out in a lab scale high 

pressure RO membrane system (Figure 

A.1). The bacterial isolate, B2 (Alteromonas sp.), was chosen as the model foulant 

because it was found to be the highest biofilm producer among marine bacteria isolated 

from fouled RO membranes in a desalination plant [38].  The SWC5 RO membrane 

(Hydranautics) was soaked overnight in deionized water to remove the protective layer 

Figure A.1. Bench scale RO membrane system schematic. 
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and then placed in a high-pressure cassette holder. The system was stabilized for 24 h 

with sterile 0.45 µm-filtered seawater from Port Beach in Western Australia at a cross 

flow velocity of 8.5 cm/s and an operating pressure of 590 psi. The system was run at a 

lower pressure and cross flow velocity in order to develop a thick biofilm layer within a 

24 hour period.  An overnight culture of B2 was added to the feed tank along with 

peptone (0.05 g/L) to accelerate biofilm development in the batch system. Then, the feed 

reservoir was injected with or without vanillin (1.2 g/L). The system was run in a 

recirculation mode to bring the concentrate back to the feed reservoir. The drip permeate 

was collected, weighed, and recorded automatically every minute. Conductivity 

measurements were taken periodically to ensure the membrane was operating properly 

during operation. The RO membrane was sacrificed at the end of each experiment for 

biofilm characterization using confocal microscopy following methods as described in 

Section 3.2.3.2.6 and 4.2.6. 

The FO membrane biofouling system was set-up similar to the RO system expect 

there was no high pressure application and oversaturated NaCl was used as the draw 

solution. The concentrate was returned back to the feed reservoir while the diluted draw 

solution was returned back to the draw reservoir. The weight of the draw reservoir was 

recorded automatically every minute. The FO membrane (HTI) was scarified at the end 

of each experiment for biofilm characterization as well.  
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A.3. Results 

A.3.1. Normalized Permeate Flux and RO Membrane Biofilm Formation  

 Figure A.2 showed the normalized flux for the control and 1.2 g/l vanillin treated 

RO membrane biofouling systems. Both control and vanillin treated systems experienced 

severe biofouling around 15 h as indicated by the sharp decline in permeate flux (Figure 

A.2). The onset of biofouling occurred faster in the vanillin treated system, which could 

be due to vanillin acting as an organic foulant, which decreased the flux. The increase in 

permeate flux for the vanillin treated system around 17 h was potentially due to 

temperature fluctuations and membrane damage as noted by the conductivity readings of 

the permeate stream (control: 1000 µS and vanillin treated: 2500 µS systems at 24 h). 

Figure A.2. The normalized flux for control and vanillin treated RO membrane biofouling systems. The 
normalized permeate flux was calculated as the flux over the initial flux. 
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Confocal microscopy revealed that there was a 30% reduction of membrane 

biofilm thickness for the vanillin treated membrane compared to the control (Figure A.3). 

In addition, there were significantly more dead bacteria and less live bacteria present on 

the membrane surface than the control membrane. The data showed the effectiveness of 

vanillin to reduce membrane biofilm formation in a high pressure RO system. 

Figure A.4. Normalized flux for vanillin treated and control FO membrane system. The normalized permeate 
flux was measured by the flux over the starting permeate flux. 

Figure A.3. Comparison of membrane biofilm without (A) and with vanillin treatment (B) in high pressure RO system 
for the lead membrane section. The 3D image is composed of multiple layers of biofilm, which are approximately 1000 
µm in height. ImageJ automatically determines the dimensions of the y- and x-axis. The y-axis represents the bottom to 
top layer of the biofilm and the x-axis refers to bottom biofilm layer along the horizontal center of the membrane surface. 
The z-axis measures the florescence intensity of the live and dead cells. 
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A.3.2. FO Membrane Permeate Flux and Biofilm  

The normalized flux for 1.2g/l vanillin treated and control FO membrane system 

was depicted in Figure A.4. Both the control and vanillin treated systems did not 

experience severe biofouling by 20 h as indicated by the relatively stable permeate flux 

(Figure A.4). This was further evident by the presence of only a thin biofilm layer on 

both the control and vanillin treated membrane surfaces (data not shown). Therefore, 

there was no significant difference in membrane biofilm formation between the control 

and vanillin treated FO systems (data not shown).  

 

A.4. Conclusions  

There was no significant difference in normalized permeate flux and membrane 

biofilm formation between control and vanillin treated FO systems due to a thin biofilm 

layer. In a high pressure RO system, vanillin reduced membrane Alteromonas sp. biofilm 

formation. Since the onset of fouling occurred faster in the vanillin treated RO system, 

there is a potential that vanillin at 1.2 g/L acted as an organic foulant. Future work should 

consider modifying the membrane surface with vanillin to improve the membrane anti-

biofouling capability and permeate flux.  
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APPENDIX B. SUPPORTING STUDY: THE EFFECTIVENESS OF PHYSICALLY ATTACHED 

QUORUM SENSING INHIBITORS TO RO AND FO MEMBRANES TO REDUCE BIOFOULING 

 

B.1 Introduction 

Since previous studies have shown that biofilm formation on the membrane 

surface still persists after being subjected to vanillin in the bulk fluid (Section 0 and 

A.3.1), the objective of this study was to improve the membrane anti-biofouling potential 

by incorporating vanillin onto the membrane surface. The experimental studies were 

conducted at Murdoch University in Western Australia as part of an international 

collaboration. 

 

B.2. Methods 

B.2.1. QSI Modified RO Membrane Anti-Biofouling Potential  

The lab scale high pressure RO system depicted in Figure B.1 was improved upon 

from the previous section 

(Figure A.1). The 

Alteromonas sp., B2 was 

selected as the model 

foulant as in Section A.2.1.  

A SWC5 RO membrane 

(Hydranautics) and FO 

membrane (HTI) were 

separately soaked in a solution of 1.2 g/L vanillin overnight to allow sufficient time for 

Figure B.1. Bench scale RO membrane system. 
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vanillin to be coated onto the membrane surface as done in past studies for nanoparticle 

integration onto a surface [177, 178]. The physical integration of vanillin onto the surface 

was noted by the change in color of the active layer on the RO and FO membranes. 

However, the rate of QSI incorporation was not analyzed.  

The next day, the membrane was placed in a high pressure cassette holder (Figure 

B.1) and stabilized for 24 h with sterile 0.45 µm filtered seawater from Port Beach in 

Western Australia. Afterwards, overnight culture of the B2 bacterium was diluted into the 

feed tank (1:100). A chiller was used to maintain the temperature around 25°C during the 

experimental run. The feed reservoir was amended with 0.313 g/L of peptone and 0.0063 

g/L of yeast to accelerate biofilm development. The system was operated at a cross flow 

velocity of 8.5 cm/s and pressure of 590 psi to develop a thick biofilm layer within a 24 

hour period.  After 4 h, the baseline bacteria concentration was taken. Every 4 h from that 

point, bacterial dilutions were performed to dilute back to the baseline bacteria 

concentration. The conductivity measurements of the feed and permeate tank were taken 

every 4 h to ensure the membrane was operating properly. The high pressure RO system 

was run in a recirculation mode. The drip permeate was collected, weighed, and recorded 

automatically every minute. The RO membrane was sacrificed at the end of each 

experiment for biofilm characterization using confocal scanning laser microscopy as 

described in Section 3.2.3.2.6 and 4.2.6. 

 The FO membrane system was kept very similar to the set up in the previous 

Section A.2.1. In addition, bacterial dilutions were performed as in the improved RO 

membrane set up. Conductivity measurements were taken of the draw and feed reservoirs 

to ensure the membrane was operating properly during the experimental run. The FO 
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membrane was scarified at the end of each experiment for biofilm characterization as 

well. 

 

B.3. Results  

B.3.1. Flux and Biofilm Characterization for Vanillin Attached RO Membrane 

Figure B.2 showed that the normalized flux for the control and vanillin attached 

RO membranes with seeded bacteria in feed reservoir increased every 4 h due to the fresh 

media input, which was needed to maintain the bacteria concentration in the feed tank. 

The control flux experienced a severe decline in permeate flux around 15 h due significant 

biofilm formation on the membrane surface as indicated by the confocal data in Figure 

B.3A. The physically attached vanillin membrane without bacterial addition experienced 

similar trends in permeate flux with the control  (Figure B.2). The vanillin incorporated 

membrane along with B2 seeded in the feed tank experienced a faster onset of fouling than 

the control or the vanillin attached membrane without B2 as indicated by the flux decline 

(Figure B.2). This was potentially due to vanillin de-attaching from the membrane surface 

Figure B.2. Normalized permeate flux for RO membranes with the following conditions: 
control, vanillin attached, and vanillin attached without bacteria present in the feed 
reservoir. Normalized permeate flux was calculated as the permeate flux over the initial 
flux. 
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under high pressure conditions, which then caused vanillin to act as an organic foulant. 

The normalized permeate flux for the vanillin attached RO membrane without any 

bacterial foulant in the system indicated that vanillin on the membrane surface was not 

stable (Figure B.2).  

 Confocal data demonstrated that there was a 35% reduction of membrane biofilm 

thickness for the vanillin attached membrane compared to the control membrane. The 3D 

images showed that the majority of cells distributed onto the membrane surface were live 

for both control and vanillin treated membranes in the 24 h period (Figure B.3). In 

addition, there was a slight increase in live cells distributed on the vanillin attached RO 

membrane as indicated by the fluorescence intensity (z-axis) in Figure B.3.  

 

Figure B.3. 3D Comparison of single species biofilm formation on the surface of the RO membrane 
(A) and physically attached vanillin RO membrane (B). The 3D image is composed of multiple 
layers of biofilm, which are approximately 1000 µm in height. ImageJ automatically determines the 
dimensions of the y- and x-axis. The y-axis represents the bottom to top layer of the biofilm and the 
x-axis refers to bottom biofilm layer along the horizontal center of the membrane surface. The z-
axis measures the florescence intensity of the live and dead cells. 
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B.3.2. Flux and Biofilm Characterization for Vanillin Attached FO Membrane 

 The normalized permeate flux for both the control and physically attached 

vanillin FO membranes were relatively stable during the experimental period (Figure 

B.4). Confocal data revealed that the percent of biofilm thickness reduced by 

approximately 10% for the vanillin incorporated membrane compared to the control. The 

3D images displayed the live and dead cell distribution onto the control and vanillin 

treated FO membrane surfaces for the lead membrane section only (Figure B.5). On the 

lead membrane section, the vanillin attached membrane had an increase in live cells 

compared to the control membrane. There were no significant biofilm formation on the 

middle and tail end of both FO membranes.  

 

 

 

 

 

 

 

Figure B.4. Normalized flux for control and vanillin attached FO membranes. Normalized flux was 
measured as the permeate flux over the initial flux.  
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B.4. Conclusions and Recommendations  

Overall, the permeate flux over the biofouling period for the control and vanillin 

attached FO membranes were relatively stable as indicated by the thin layer of biofilm on 

both membrane surfaces. For both FO and RO systems, vanillin attached membranes 

experienced an increase in live cells. However in the presence of the high pressure RO 

system, the vanillin treated RO membrane was not stable as indicated by the permeate 

flux with and without bacterial addition. Future work should explore chemically linking 

vanillin to the membrane surface to improve vanillin stability on the RO membrane 

surface. 

Figure B.5. 3D Comparison of biofilm formation on the lead FO membrane (A) and physically attached 
vanillin FO membrane biofilm (B). The 3D image is composed of multiple layers of biofilm, which are 
approximately 1000 µm in height. ImageJ automatically determines the dimensions of the y- and x-axis. 
The y-axis represents the bottom to top layer of the biofilm and the x-axis refers to bottom biofilm layer 
along the horizontal center of the membrane surface. The z-axis measures the florescence intensity of the 
live and dead cells. 
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